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ABSTRACT

In recent years, very low mass stars and brown dwarfs, tegktiown as ultracool dwarfs,
have unexpectedly been detected as a radio transient seureee periodic bursts of ra-
dio emission were also discovered. Periodicity has sulesdtyubeen detected inddand
other photometric data from a number of these objects. lamneed unclear whether this
periodic behavior was related to the presence of the perjmaised radio emission. This
thesis investigates this possible connection, and preseulti-epoch periodic photomet-
ric variability from a lengthy campaign encompassing stkioaletected ultracool dwarfs,
spanning the-M8 - L3.5 spectral range. These include the M tight binary dw® 349-
25AB and L tight binary dwarf 2MASS J0746+2000AB, as well las M8.5 dwarf LSR
J1835+3259, the M9 dwarf TVLM 513-46546, the M9.5 dwarf BRRQ-0214, and the
L3.5 dwarf 2MASS J0036+18. Five of these dwarfs exhibit @eic photometric variabil-
ity, where three of these are newly discovered. One othevspersistent variability, with
the possibility of periodicity detected in the data. Thigkwas primarily carried out using
the GUFI photometer (Galway Ultra Fast Imager), an instmimemmissioned during this
campaign to specifically detect optical signatures frorsehabjects, currently stationed on
the 1.83 m Vatican Advanced Technology Telescope, on Mth&rg Arizona. We sought
to investigate the ubiquity of periodic optical variahyjlih both quiescent and time-variable
radio detected ultracool dwarfs. The periodic variabil#tyssociated with the rotation of
the dwarf in all cases and we consider a number of causal gbloéoic phenomena, includ-
ing magnetic cool spots and atmospheric dust. An excititeyr@tive may associate the
periodic variability with chromospheric auroral hot spdirectly related to the previously
discovered periodic radio emission. One dwarf in this siggart of this larger study, and

we present the photometric results possibly associatddthig phenomenon.

In addition to the search for optical signatures from thd@eool dwarfs, and based

on the newly discovered rotation periods for the binary dsyarve investigate the orbital



coplanarity of LP 349-25AB and 2MASS J0746+2000AB. We finattin both cases, the
inclination angle of the binary spin axes are consistertt Wwéing aligned perpendicularly
to the system orbital planes to within 10 degrees, as obddovesolar-type binary forma-
tion. We consider a number of formation mechanisms for suchl@gnment, including

turbulent core fragmentation, disk fragmentation, migdtifprmation via competitive ac-
cretion and dynamical interactions. For 2MASS J0746+2@0Re have estimated indi-
vidual component masses and radii based on evolutionargisiaghich place the binary
system at, or just below, the substellar boundary, andlat?;. This is the first direct

evidence of spin-orbit alignment in the very low mass binagime.

In supplementary work, we conducted high-speed photoowatnitoring of the active
M flare stars YZ CMi and AD LEO, in order to investigate the vetlight flaring emission
present in a stellar flare. We present high-speed photormeBy and V-band, aimed to
observe sub-structure in small to large flare events thatiscessible to spectroscopy (due
to slower cadence). For one flaring event in YZ CMi in partcuive report the detection
of resolved loop oscillation events in the decay phase offldre. These data indicate
that a periodically repeating structure is being maintdidering this phase of the event.
Magnetic reconnection has the ability to accelerate nematll electrons in to the lower

atmospheric regions of these stars - perhaps producingdhtsmuum emission.

Finally, in the later stage of the doctoral work, we built asammissioned a second
instrument - the Caltech Hlgh-speed Multi-color camERACBHMERA. This photometer
has the capability of observing simultaneouslyginand either’ or //, and does so by
using the new innovative technology from Andor - the NEO sC3/detectors. These are
capable of obtaining 100 frames per second full frame; 8600 frames per second sub-
frame. The instrument was commissioned at prime focus oPdlemar 200" telescope,
and is stationed as a facility instrument to be used as a Raldransient Factory follow-
up instrument, as well as being available for a wide rangesttbaomical observations,
such as eclipsing binaries, transiting exoplanets, browerts, flare stars, and indeed any

detected transient source in the sky.



AUTHOR' S NOVEL CONTRIBUTIONS

Harding et al. 2012a, ApJ Ch. 2,3,4,5

e Discovery of three rotation periods of radio detected dsvaiiwo more were con-
firmed and their values constrained. Strong case for optar@bility being ubiqui-

tous for radio detected ultracool dwarfs.

¢ Investigated and established levels of amplitude and p$taddity over timescales
of years for some targets. A baseline of 5 years for TVLM 56845 infers that

spatial conditions of the surface feature responsible argmatly changing.

e Instrument scientist for GUFI (Galway Ultra-Fast Imagenpfometer - optical de-

sign, calibration, commissioning and utilization of instrent for doctorate data.

e Development of routines for data registration, fringe eotion, data analysis and

post-photometry assessment of lightcurve.

Harding et al. 2012b, ApJL Ch. 6

e Discovered first direct evidence of spin-orbit alignmenthia very low mass binary

regime.

¢ Implications that formation characteristics of solargypnary stars may hold in the

very low mass range (magnetically activel(.7 kG field) close binary~2.7 AU)).

¢ Inferred individual age, mass and radii, for each compoanétite system.



Harding et al. 2012d, in prep. Ch. 7

e Coordinated GUFI photometric component of flare star cagmpai

e Detection of possible resolved periodic loop oscillativaerds in the decay phase of

a flaring event in B-band from the dM4.5Ve flare star YZ CMi.

Harding et al. 2012c, in prep. Ch. 2,8; Ap. C

e Instrument scientist for CHIMERA (Caltech High-speed Nhatblor camERA) mk.|
photometer - optical design, calibration, commissioning atilization of instru-

ment.

e Optical test design for CHIMERA mk.1l at prime focus of Hale®@ - larger field of
view of ~10 x 10. Current CHIMERA mk.! field of view of 83x 2.7.

“...Adastra...”
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PHILOSOPHY

Ithough I am fully convinced of the truth of the views given in this uate,

| by no means expect to convince experienced naturalistsehonds are

stocked with a multitude of facts all viewed, during a longise of years,
from a point of view directly opposite to mine. But | look witlonfidence to the future
to young and rising naturalists, who will be able to view bsitles of the question with

impartiality.

— Charles Darwin (1809 - 1882), The Origin of Species.

o placidly amid the noise and haste, and remember what peaoe ey be

in silence. As far as possible, without surrender, be on geaas with all

persons. Speak your truth quietly and clearly; and listeatbers, even the
dull and ignorant; they too have their story. Avoid loud amgj@essive persons, they are
vexations to the spirit. If you compare yourself to othermj ynay become vain and bitter;

for always there will be greater and lesser people than pdfurs

... Be yourself. Especially do not feign affection. Neitter cynical about love; for
in the face of all aridity and disenchantment it is perenagthe grass. Take kindly the
counsel of the years, gracefully surrendering the thingsath. Nurture strength of spirit
to shield you in sudden misfortune. But do not distress yaltivgith imaginings ... With
all its sham, drudgery and broken dreams, it is still a béautiorld. Be careful. Strive to

be happy.

— Excerpt from “DESIDERATA” - Found in Old St. Paul’s Church,Baltimore; 1692.
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INTRODUCTION & M OTIVATION

Astronomy astro (aoTepe) = star;nomos(ropoé) = law

Greek language

“A man should look for what is, and not for what he thinks sladod”

Albert Einstein

Although originally postulated in the 1960s, it was not U895 that the first con-
firmed detection of a bona fide brown dwarf was achieved (Niaeagt al., 1995). Since
this initial detection, the population of detected brownadfs has exploded, and we now
know brown dwarfs to be one of the most populous classes eftctdhjn our galaxy. Low
mass stars and brown dwarfs, together known as ultracoafsiveae fully convective ob-
jects that occupy the spectral rang®17 (Kirkpatrick etal., 1997), L, T and Y (temperature
<2500 K). These spectral classifications are elaboratedrtmeiuin Chapter 1. Although
it has not yet been confirmed for all very low mass stars, aliegrto the standard mod-
els of Chabrier & Baraffe (2000), it is generally acceptedl thbjects later than spectral
type ~M3 - M4, or ~0.3 - 0.4, including ultracool dwarfs, move away from partially
convective configurations and become fully convective ctisjeWhereas stars with higher
mass are thought to generate their magnetic fields via tloalded o2-dynamo (Parker,
1975), it is not yet established what dynamo mechanism tgera such fully convec-
tive stars and brown dwarfs. Although the dynamo is not wetlarstood, M dwarfs later
than M3 are associated with intense magnetic activity,l@ihg large magnetic reconnec-
tion events of up to 1Bergs in Johnson U-band (Hawley & Pettersen, 1991; Hilton.et a
2010; Kowalski et al., 2010), and often possessing surfaagnetic field strengths of a
few kilogauss (kG) and greater, e.g. Saar & Linsky (1985hn3eKrull & Valenti (1996);
Reiners & Basri (2007). Moreover, Donati et al. (2006) répdrthe presence of large-

scale, axisymmetric dipolar fields, via spectroscopic nrappf magnetically-sensitive
i
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lines of the M4 dwarf V374 Peg. Following this work, they sefsently found toroidal
and non-axisymmetric dipolar fields in observations encagsmg a sample of early MO
- M3 type stars, where their results yield stars lowest ingsrtasexhibit the large-scale
fields of mid-M dwarfs (Donati et al., 2006). Large-scale metic topologies of mid- and
late-M dwarfs have also been shown via the spectropolariecnatalyses of Morin et al.
(2008, 2010) - further evidence of stable magnetic field goméitions which can cover a
significant fraction of the stellar surface. Similarly, RFRao et al. (2009) have revealed
smaller magnetic structures for these configurations,gt@atide significant magnetic en-
ergy in stellar photospheres. An alternate dynamo, posgetse ability to sustain such
fields, must therefore be effective and present in low madly,donvective stars.
Observations have now probed the coolest part of the HeurggRussell (H-R) dia-
gram, and these studies have yielded surprising resulisseltltracool dwarfs have now
been shown to produce both thermal and non-thermal radiessoni, but at the same lu-
minosities as early to mid-M active dwarfs. Interestindty, ~M7 dwarfs and later, H
and X-ray luminosities drop sharply signaling that chroptesic and coronal heating be-
comes less efficient, despite very rapid rotation (Mohan8a&ri, 2003; West et al., 2004;
Reiners & Basri, 2008; West & Basri, 2009). Here lies theadtrol dwarf regime, where
reduced levels of ionization in the stellar atmospheresyel as an increase in resis-
tivity, inhibit the necessary injection of energy requifedlocalized plasma heating. The
magnetic fields therefore become decoupled in these atranosplgions, and the chromo-
sphere and corona are no longer effectively supported. ileebiis reduction in quiescent
emission, a number of &ddand X-ray flares have been detected from ultracool dwarfs, in
dicating that chromospheric and coronal activity is indpeskent (Reid et al., 1999; Gizis
et al., 2000; Rutledge et al., 2000; Liebert et al., 2003 rmdister & Schmitt, 2004; Rock-
enfeller et al., 2006b). Furthermore, Berger et al. (208pprted persistent radio emission
from the M9 brown dwarf LP 944-20 - the first detection of radmission from a brown
dwarf. This result was highly irregular based on the essaleli relationships between the
peak X-ray and radio luminositiek { - L) for main sequence stars (Gudel & Benz, 1993;

Benz & Gudel, 1994). In fact, this unexpected detectiohated thel x - Ly Glidel-Benz
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relationship by many orders of magnitude. More detectioliewed in the coming years,
where all detected sources had high rotational velositsirfi) values (up to 60 kmTs)
(Berger, 2002; Berger et al., 2005; Burgasser & Putman, 2B8fger, 2006; Osten et al.,
2006; Hallinan et al., 2006, 2007; Antonova et al., 2007 PBao et al., 2007; Osten et al.,
2009; Berger et al., 2009; Route & Wolszczan, 2012). Thispeakaps an indication that
the rotation-activity relationship held for radio emiginltracool dwarfs even though this
relation seemed to break down for other activity tracerhraschy or X-ray. More radio
discoveries followed the observations of Berger et al. {300onfirming long-term vari-
ability of these objects, and most importantly, confirmiregivee and sustained magnetic
field environments. Hallinan et al. (2006) reported rotadilonodulation due to a coherent
emission process for the M9 dwarf TVLM 513-46546. This wassaquently confirmed
to be due to the coherent electron cyclotron maser (ECMalmigly, after 100% circularly
polarized bursts of periodic radio emission were deteatah this object, along with two
others (Hallinan et al., 2007, 2008). Berger et al. (2008) detected radio pulsing from an
early L dwarf binary. Thus it was clear that these substeltgects were transient sources
of radio emission.

Following the initial discovery of Gleise 229B, the first einigally confirmed brown
dwarf, many studies followed in an attempt to characterime ttansient nature at opti-
cal wavelengths of these newly discovered substellar thjé&arly searches proved to be
fruitful, and variability (both aperiodic and periodic) waoon detected in broadband op-
tical photometry e.g. Tinney & Tolley (1999); Bailer-Jor&dundt (2001); Clarke et al.
(2002) - other studies are outlined in Chapter 1. Two causas wrimarily invoked as
the cause of this variability - 1) the presence of photosplsgots associated with high
strength magnetic fields, or 2) the condensation of the mefraatory elements in the
cool neutral atmosphere of the dwarf into clouds of dust. #nguing third possibility
of this optical variability may be due to emissions assedawith particle precipitation
into the photosphere and atmosphere, due to the presenuoe pétsistent magnetic fields
responsible for the pulsing radio emission. In effect, thgaal variability may be caused

by processes very similar to those responsible for aurardleeamagnetic poles of the
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planets in our solar system, but much more powerful (Hatliedal., 2012). This thesis
directly investigates this possibility. Indeed, modelthgse alternative explanations in the
photosphere or atmosphere of an ultracool dwarf informsbhasitathe different temporal
variations expected in a spectrum for each case. If a dwardignetic field is large-scale
and stable for example, the radio pulsing must thereforeobdéireed to a range of phase
of rotation of the dwarf, which is directly related to the magjc field topology. Similarly
at optical wavelengths, the stability of the feature resjae for the periodic and aperi-
odic variability can be investigated by correlating the gghaf the optical periodicity from
multiple epoch observations. In order to achieve this pigahbwever, it is necessary to
establish the period of rotation to a high level of accuracy.

To date, four ultracool dwarfs have been found to be prodypariodic bursts of radio
emission (Hallinan et al., 2007, 2008; Berger et al., 20884, in two of these cases, these
pulsing dwarfs have also been found to be periodically Wein broadband optical pho-
tometry where the detected periods match the radio pulsese(kt al., 2007). We therefore
undertook a campaign to investigate the ubiquity of optiealodic variability for known
radio detected ultracool dwarfs, using the Galway Ultrat Fasiger (GUFI) photometer
and the VATT 4K CCD Imager, on the 1.83 m Vatican Advanced fhebtbgy Telescope
(VATT)?, on Mt. Graham, Arizona. GUFI was designed and commissidyetie candi-
date during this doctoral work, to search specifically fotica signatures from ultracool
dwarfs. With this goal in mind, over 250 hours of multipleddgohotometric monitoring
was obtained. Since a large amount of this campaign wasedaott simultaneously to
spectroscopic and radio observations, the data presentbdithesis provides an insight
into the cause of this optical emission and its possible eotion to the radio processes.
Furthermore, it enables us to assess whether optical pesmphals are preseonlyin ra-
dio pulsing dwarfs, or perhaps are also observed for qurtsadio detected dwarfs in the

sample. The campaign encompassed multiple epoch obsersddr six ultracool dwarfs.

1The Vatican Advanced Technology Telescope (VATT) telesdaility is operated by The Vatican Ob-
servatory Research Group (VORG), at the Mount Graham latemmal Observatory (MGIO). Further infor-
mation regarding detector specifications can be found g:/fdameras.itl.arizona.edu/VATT.
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All confirmed periodically variable sources were taken aveiltiple epochs where the pe-
riodic variability is categorically present in the data.thms work, we consider a number of
astrophysical scenarios (established, hypothetical padudative) that could account for

the reported optical periodic signals from these dwarfs:

1. Established: The detected periodic variability is present in a wide raoflw mass
objects, where the observed optical periodicity may belated to the reported radio emis-

sion/radio periodic pulses.

2. Hypothesis: There is some connection, perhaps magnetic in nature, betthe de-
tected periodic variability and the periodic bursts of cadmission, where the optical pe-

riodicity is not directly caused by the radio process at work

3. Speculative: The optical and radio emission are inextricably linked, vehihe same

magnetic process is responsible for the periodic behawieach regime.

These are discussed at length in the relevant chaptersall@aw.f In addition to the
VATT telescope, we also obtained data with the 1.52 m tel@séo Loiand, Bologna,
Italy, as well as the 1.0 m and 1.55 m telescopes of the Unitatt$SNaval Observatory
(USNOY, for selected targets.

Two of the ultracool dwarf sample are in fact very low massbjrsystems. These are
the M8 tight binary LP 349-25AB and the L tight binary 2MASS746+2000AB. Both
of these systems have been the focus in other work over theeof the last decade or
so, which have included a number of high-precision dynahnizess measurements (Bouy
et al., 2004; Dupuy et al., 2010; Konopacky et al., 2010), #edfirst resolved rotation

velocity study that yielded individual componensini measurements (Konopacky et al.,

2The Loiano Observatory (Observatorio Astronomico di Bolapis based in Bologna, Italy. Refer to
http://www.bo.astro.it/loiano/, for more details. Infoation regarding the United States Naval Observatory
(USNO) telescopes and detectors can be found here: httpr/msno.navy.mil/lUSNO.
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2012). In this thesis, we present the period of rotation foe component of LP 349-
25 (most likely LP 349-25B), and the period of 2MASS JO074832A. These periods, in
addition to the well established dynamical mass and higlipion photometric and spec-
troscopic parameters, have allowed us to investigate thitabcoplanarity of each system.
Previous observations of solar-type binaries have shoantkie inclination angle of the
binary component equatorial spin axis was perpendicul#neéaorbital plane of the sys-
tem, at separations40 AU (Hale, 1994). This work investigates the orbital pndigs of
the low mass binary 2MASS J0746+2000AB, and the results shatveach component
of this system is indeed in agreement with such an alignmanmumber of prominent
formation mechanisms have been shown to support coplaigaanants, which include
turbulent core fragmentation, disk-driven fragmentationltiple formation via compet-
itive accretion and dynamical interactions (Kratter, 2044d references therein). Based
on the results in this work, it is not clear which mechanisraldde responsible for the
orbital coplanarity reported here - we discuss these smenisr more detail in Chapter 6.
This is the first such concrete result in the very low massrginegime. Since we only
detect one rotation period for the LP 349-25 system, it wHdit to properly assess this
relationship, however tentative analysis which was basechodel-derived radii from the
literature (Dupuy et al., 2010), suggests that at least oneponent is indeed coplanar.
This is perhaps an indication that a scaled-down versiom@fsblar-type binary forma-
tion model may exist for substellar objects, at much clospasations (e.g~3 AU), and
therefore may be expected to hold for all binary stars.

The final section in this thesis reports on high-cadencerghtens of a number of
mid-M type flare stars. This campaign aimed to observe stifdliang events. During these
impulsive events, non-thermal energetic electrons areleated down coronal loops via
magnetic reconnection. A sharp increase in the white lighission is observed - the so-
called ‘blue continuum emission’. However, the source efwhite light remains a mys-
tery. We therefore chose to observe simultaneously to atéselved spectroscopic cam-

paign being carried out by colleagues from the UniversityMaishington, on the Apache
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Point Observatory (APG)3.5 m telescope, as well as simultaneolgjiy and f photom-
etry, at slower cadence, on the 0.5 m ARCSAT telescope at AGtometric monitoring
can help to assess the correlation between spectral cantiioe variations and the prop-
erties of the photometric lightcurves for stellar flares. kb\Was ideal for the photometric
component of this campaign, since its high-cadence capabiénabled the study of much
smaller structure in the lightcurve than a large amount e¥jous photometric monitoring
work. We report on the detection of loop oscillation eventthie decay of a large flare de-
tected by GUFI in B-band, from the dM4.5Ve dwarf YZ CMi, clgeidentified as a result
of observations which were taken at exposure times@fl seconds. Importantly, this is

one of the first examples of resolved high-cadence looplatoihs from a flare star.

The subsequent chapters in this thesis outline the indistudies and campaigns that
were undertaken to investigate the goals presented abbveughout the thesis, Chapter 2
is referred to as Harding et al. (2012c), Chapter 4 is refietoeas Harding et al. (2012a),
Chapter 5 and Chapter 6 are referred to as Harding et al. (B0a@d Chapter 7 is referred
to as Harding et al. (2012d). Ongoing and future researcis@udsed in the final part of
the thesis - Chapter 8.

Chapter 1 introduces the background theory and discovery of ultrbdearfs. We
outline the search for these objects, the subsequent apelassification and the evolu-
tionary models which predict characteristics such as madists, and gravity relations, for
a given age. We also discuss magnetic activity in stellarsastellar objects, since the
optical photometric campaign for the ultracool dwarfs im sample was largely motivated
by these unexpected radio discoveries. Finally, we détaiphenomenon of periodic emis-

sion from ultracool dwarfs, and the associated opticakmlity campaigns that continued

3The Apache Point Observatory (APO) is operated by New MeStete University (NMSU) and owned
by the Astrophysical Research Consortium (ARC). ARC caasiSNMSU, The University of Washington,
University of Chicago, and Princeton University. The Ihge for Advanced Studies, John Hopkins Univer-
sity, University of Colorado and University of Virginia henalso since joined. Further information can be
found here: http://www.apo.nmsu.edu/.
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- even throughout this thesis.

Chapter 2 outlines the two astronomical instruments that were deslgiuilt and
commissioned over the course of this doctoral work. The GhHetometer was designed
and used specifically for the ultracool dwarf campaign. CHRA, the Caltech High-
speed Multi-color camERA, is a two-color photometer thataw stationed at prime focus
of the 200” Hale telescopeon Palomar Mountain. This instrument is a Palomar Tramsien
Factory (PTF) follow-up instrument, designed specifically for transisatirce characteri-
zation at photometric wavelengths.

Chapter 3 discusses the data reduction techniques and statistithbaseused for the
assessment of the detected periodic variability and thecaged period error, in addition to
photometric errors. We briefly explain the functionalityvafrious astronomical software
packages and outline pipelines and other routines dewveldpeng this work. We also
detail the reduction methods used to achieve the high-goecphotometry required for
ultracool dwarf photometric variability studies. The @hatal tools used in this thesis
include the Lomb-Scargle (LS) periodogram, Phase Disperbiinimization, the Chi-
squared {?) test, sinusoid fitting algorithms, methods of phase fajdiatasets and period
uncertainty estimation.

Chapter 4 reports on the results of the photometric campaign for sioraetected
ultracool dwarfs. Periodic variability was detected foefof these targets, with the pos-
sibility of the sixth also exhibiting periodic behavior. e of these targets are newly
discovered. These results established that the dwarfsrisaple exhibit very similar
photometric signatures in terms of the stability of the pérfand thus features evolving
or present on these timescales), and also amplitude, tntiddat the thermal conditions
were not greatly changing between the feature respongibkaé periodicity and the sur-
rounding photosphere.

Chapter 5 outlines the long-term stability of amplitude and phase TOLM 513-

4The Palomar Transient Factory (PTF) is a fully automatedewield survey, that is dedicated to the
search for optical transient and variable sources. The P{20& telescope is run and operated by Palomar
Observatory staff from Caltech, in addition to other parsngho include Cornell University, the University
of California and the Jet Propulsion Laboratory (JPL).
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46546, over a baseline of5 years of data. This dwarf is shown to exhibit very stable
periodic variability in both amplitude and phase over tlset frame. These data were
also the photometric component of a larger simultaneoustsyseopic and radio cam-
paign, which was investigating the correlation of periodaciability across a large range
of wavelengths. We find high-correlated periodic variapiin this respect, which may be
due to auroral emissions of the dwarf (Hallinan et al., 2012)

Chapter 6 details an investigation in to the orbital coplanarity af tbw mass binaries
LP 349-25AB, and 2MASS J0746+2000AB. With the newly disgederotation periods
for one component of each system in this work, along with tle¥ipusly published dy-
namical mass measurements, rotation velocity measursnaeult photometry, we were
able to assess the relationship of the inclination angl@é@®quatorial spin axes with re-
spect to the orbital plane. We find, in the case of 2MASS J0Z066AB, that the system
is consistent with being coplanar. This is the first suchdalinedication of this alignment
for a very low mass binary dwarf. LP 349-25AB was more diffitalassess on account of
only one discovered rotation period, but at least one compiis likely to be coplanar.

Chapter 7 extends the study in to the mid-M dwarf regime, where we cohdigh-
speed photometric monitoring of active M-dwarfs in ordeirteestigate the white light
flare emission during flaring events. These observatioridedethe detection of loop os-
cillation events by GUFI in B-band (high cadened).1 seconds) and also simultaneously
inu, d, and f by ARCSAT (slower cadence ef30 seconds).

Finally, Chapter 8 concludes with an overview of this work, and outlines ongand

future projects.



“When | look down, | just miss all the good stuff. When | look Ljust trip over
things.”

Ani Defranco, As Is

“I was born not knowing and have had only a little time to charthat here and
there”

Richard Feynman

Background Theory and Discovery of
Ultracool Dwarfs

1.1 Introduction

fter years of futile searching, the first confirmed detection afaebfide brown

dwarf was announced by Nakajima et al. (1995), who discavére brown

dwarf Gleise 229B. We now know that brown dwarfs and low mésssac-
count for most of the stellar mass in our galaxy. Since the tifrthe initial discovery, these
substellar objects have now been assigned four spectesedawhich were based on the
vast accumulation of stellar characteristics, both by técal and observational studies.
In this chapter, we discuss some of the background matetetied to the ultracool dwarf
field. § 1.2.1 summarizes the initial searches for these elusivectdhjand consequently
the spectral classification that followed. Progress in ustdading the physics that governs
the theoretical modeling of these atmospheres, has led tach greater understanding of
the dynamic and thermal properties in these regions. Thesespheres are predicted to
be highly dynamic environments due to these convectivegitgs coupled with rapid ro-
tation (Allard et al., 2001). Thus, we also briefly outline #volutionary models that are
used to predict mass, radii, gravity and other photometmameters, for a given substellar
age. § 1.3 outlines the magnetic field environments of stellar anuktellar objects, and
how the dynamo model responsible for the generation of setdsfin partially convective
stars, no longer exists in the fully-convective regirkeM3). We also briefly discuss the
magnetic fields in planets and the associated aurora in &m giagnetized planets in our

10



1.2. What is an Ultracool Dwarf? 11

solar system. As this thesis continues, we will find correfet and similar processes for
planets and ultracool dwarfs, with respect to the repordibremission, and its connection
to the observed optical photometric variability presertere. Indeed, the recent detection
of coherent radio emission from a mid-T dwarf, confirming fpresence of a-1.7 kG
magnetic field (Route & Wolszczan, 2012), is a strong indibcathat similar radio pro-
cesses are in operation throughout the ultracool dwarftsgiesequence. Finally§ 1.4
details a large amount of the optical work carried out thusdad describes the various
photospheric or atmospheric stellar features thought teggonsible for the variability.

1.2 What is an Ultracool Dwarf?

Brown dwarfs and low mass stars are now collectively dubbedaool dwarfs, which is
a spectroscopic term identified by spectral typdd7 (Kirkpatrick et al., 1997). Brown
dwarfs occupy the mass range between gas giant planetspanaidss stars; thus they
lie just at, or below, the substellar boundary. They are obgtcts who reside at the tail-
end of the Hertzsprundrussell (HR) diagram, and are therefore much cooler than stars
like our Sun. Ultracool dwarfs are fully convective, and temperatures below2000
K, their atmospheres become increasingly cool and neutsiltheir life continues, they
cannot maintain stable luminosities and temperaturestlfargiget cooler with time; with
the current generation of telescopes, it is quite diffiaubbbserve ultracool dwarfs beyond
~100 pc. The brown dwarf mass range is generally considerée teetween-13 - 75
times the mass of Jupitet(;), with an upper limit of~75 - 80M (i.e. ~0.0012 - 0.075
M,). Let us first consider the upper end of this range. As sighlajean upper mass limit,
brown dwarfs cannot sustain stable thermonuclear hydrbgemng in their cores (like
stars on the main sequence). Theory predicted that a stav#tagional collapse would
be hindered by the presence of electron degeneracy befdredsn burning can occur
(Kumar, 1963). Therefore, objects at this point with lesssihan~0.07 - 0.08M/ can
never fuse hydrogen in their cores and undergo the samegs@E@s a main sequence
object. Evolutionary models such as those of Burrows efl8P7) and Chabrier & Baraffe
(2000) have been used to define the substellar boundary. predict a hydrogen burning
minimum mass (HBMM) of 0.070 - 0.07%/., for solar metallicity. However, Ushomirsky
et al. (1998) identify the HBMM to be slightly lower at0.0681/,, with core temperatures
of ~3 x 10 K, surface temperatures of betwee600 - 1750 K and luminosities of 6
1075 L. We elaborate further on this in1.2.2.

By the early 1990s, the work of many groups had establishaduhracool dwarfs
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were expected to be fully convective objects, harborindnfpgessure environments, and
slowly losing their luminosities, temperatures, and gational potential energies (GPE),
over a long life time (e.g. Burrows et al. (1993), and refeemtherein). Although brown
dwarfs generally cannot sustain their radiative lossesheamonuclear processes, which
is used as an upper limit on their mass (outlined above), tleejlave some temporary
thermonuclear burning. Dwarfs heavier tha.0012)/, (~13 M) fuse deuterium, and
those above-0.06 M, (~65 M) fuse lithium (Basri, 2000). Thus, the so-called ‘lithium
test’ was initially used as an strong indicator for the conéition of a brown dwarf, by the
identification of the atomic lithium line at 670°8(Rebo|o et al., 1992). More specifically,
the abundance of this light element was a powerful diagotsti for a test of substellarity.

The principle of the lithium test is as follows: fusion enebh star to burn its lithium
in ~100 Myr due to the associated core temperatures. Howev&gradttions of low mass
objects by Dantona & Mazzitelli (1985), found that for oligee 0.06 M., subject to core
degeneracy, the minimum lithium burning temperature coultibe achieved. The test
can be somewhat ambiguous, however. Consider the folloviam@g young stellar object,
lithium can be depleted. But it can also be depleted for a nuldér larger mass brown
dwarf. In addition to this, in the case of mid to late-T dwaltihium is now in molecular
form and thus cannot be detected by the 6&0he, although it can be identified at the
~15.5 um band (Burrows et al., 2001). The spectral properties of M twarfs have
since been characterized by a large number of ground ane spadies, and therefore the
lithium test is no longer relied upon for brown dwarf confitina. Although the Wide-
Field Infrared Survey Explorer (WISE) space telescope hasynmission science goals
and capabilities, a large portion of its time is dedicateth®search and characterization
of ultracool dwarfs, and can provide high-resolution spewathich is ideal for such spectral
characterization. We elaborate further on this poirit in2.3.

At the lower end of the ultracool dwarf range lies the trdosibetween giant planets
and brown dwarfs. Although the deuterium fusion point-&0012M,, or ~13 M, is
generally accepted as the defining characteristic thahldghne presence of a brown dwarf,
some formation properties can also be used. Burrows et@)1(discuss such formation
processes as a proxy for this classification - whereas bravanfd form by the gravitational
collapse of an interstellar cloud, planets form via the @neg of protoplanetary disks
and require the initial formation of a rocky core. Furthermoplanets do not undergo
thermonuclear fusion, and since deuterium fusion occursugthly 0.0012V/,,, this mass
was consequently adopted as the giant planet/brown dwarfdzoy.

A brown dwarf is therefore defined as a substelad. 0012 - 0.075//,,), fully convec-
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tive object, whose mass is not large enough for hydrogemmsiut is capable of fusing
lithium at ~0.06 M, and deuterium at0.0012)/.. We now discuss the long awaited
discovery of a brown dwarf, which was predicted over 30 ybafsre the announcement,
in 1995.

1.2.1 The Search for Brown Dwarfs: a Brief History

The earliest dedicated searches for brown dwarfs was adtungj time for astronomers,
where false alarms and upper limit constraints were oftponted - likely due to the sen-
sitivity limits of technology that was available at the tim#/e note that comprehensive
reviews can also be found in Oppenheimer et al. (2000) and &48%0). The earliest sur-
veys included looking for candidates in clusters, compasi@arches, deep imaging and
radial velocity studies. Three main categories were ifiedtin the brown dwarf popula-
tion: the first were the oldest, visible dwarfs, whose terapges and luminosities were
much lower due the lack of sustained thermonuclear fusitwe.Second category included
dynamically active brown dwarfs, whose orbital properaiewed tentative estimates of
their mass. These studies were conducted by observing éivéajronal perturbations of
the dwarf’s stellar companion. However, any estimates weresidered as lower limits
only, since the inclination angle of the system’s orbit wdkex poorly constrained, or
unknown. The third category were young, luminous dwarfg,@are sometimes difficult
to distinguish between the lowest mass stars at a young agee Brown dwarfs were
expected to be very red objects, a large amount of infrarejing was used for these
early searches. One of the first detections was reported lfyakiey et al. (1985), who
claimed they located a companion to the flare star VB 8B, viagBckle imaging. How-
ever, subsequent follow-up observations by Perrier & Mar{@987) and Skrutskie et al.
(1987) failed to detect this source, which was likely an yeeted artifact in the data.
More surveys by Skrutskie et al. (1989) and Henry & McCarth990) followed which
did yield tentative results, however these detections Watez confirmed to be low mass
stars. Latham et al. (1989) conducted radial velocity mesmsants of the star HD 114762,
and reported small-scale variations at the very edge of tietection limit. These obser-
vations implied a mass of11 M ; for the companion star. Alas, the poorly constrained
inclination of the system hindered a bona fide confirmation.

At this time and in the years that followed, a number of larggaal and radio surveys
were conducted which yielded interesting, but ultimatehguccessful results (Krishna
Kumar, 1985, 1987; Boeshaar et al., 1986; Skrutskie et 8B0;1Henry & McCarthy,
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1990; Shipman, 1986; Beichman, 1987; Winglee et al., 19B6is was once again a time
of heightened frustration, and indeed skepticism in th&vbrdwarf community. Would the
detection of a substellar object ever come? Interestiaglyther study at this time reported
a faint companion to GD 165 in an infrared search of white dsv@ecklin & Zuckerman,
1988). Kirkpatrick et al. (1993) identified this object avimg a cool spectrum and thus
was one of the strongest brown dwarf candidates at that tirh@wever this potential
candidate has not yet been confirmed as a substellar objeehteday. Other surveys of
the Hyades, Taurus and Pleiades clusters were carriedsouglbas inp Ophiuchus and Lk
Ha 101, identifying a number of potential candidates, but maste later confirmed to be
background or stellar sources, e.g. Leggett & Hawkins (J98&rest et al. (1989); Rieke
& Rieke (1990); Barsony et al. (1991); Bryja et al. (1994);aet al. (1994). In the 1995
meeting of AAS, G. Basri and his research collaborators announced a #abstndidate
that appeared to have passed the lithium test for substel{iater Basri et al. (1996)).
This was the M6.5 dwarf PPI 15, which showed the 620&hium line. However, at the
time, an accurate measure of the age of the Pleiades clasterdt yet been established -
the cluster where the brown dwarf lay. This delayed the cordiron of PPI 15 as a bona
fide brown dwarf, which was subsequently confirmed to be tee.ca

It was at the Tenth Cambridge Cool Stars Workshop in Florant895, that Nakajima
et al. (1995) announced the undisputed discovery of a bromarfd With a mass-20 -
50 M}, Gliese 229B was detected as a faint companion to the neatbygwarf, Gleise
229. Although the group detected this companion in theia @atear previous to this,
they waited for proper motion confirmation before annougdire result. The unexpected
detection of methane was reported in the atmosphere ofé2@@B by Oppenheimer et al.
(1995) - a signature common in the atmospheres of planets. session was in fact the
same meeting that the first extrasolar planet discovery wasumnced. More discoveries
were announced at a conference two years later, thus thdgbiopuof ultracool dwarfs
began to grow (Basri, 2000). Confirming the presence of sllbsbbjects in our galaxy
had been accomplished, and the age of characterizationdvatiegun.

1.2.2 Interior Physics

Here we present a brief summary of the physics associatddulitacool dwarfs. The
subtleties of substellar (and stellar) interiors are Igrgegnaled by their equation of state,

SAmerican Astronomical Society meeting.
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which defines the relationships between an object’s pressuass and temperature. In the
low mass star regime however, consideration of a numberctdis (described below) are
required in order to effectively derive their equation @ftst This review is largely based
on the reviews of Burrows et al. (1997), Basri (2000), Chatb& Baraffe (2000) and
Burrows et al. (2001). For a more in-depth analysis of théfeets, we refer the reader to
these texts, and the references therein.

It has now been well established that staid3 become fully convective objects. Here
lies the realm of low mass stars, where the physics can vargrdkéng on the mass of the
object. These interiors exhibit densitiesipf~ 10— 10° g cm3, temperatures df,, < 10°
K and pressures of, ~ 10° Mbar (Burrows et al., 2001), requiring considerations of
pressure partial ionization, and polarized and partiaflgeherate classical and quantum
plasmas. Indeed, the plasmas in M3 stars and greater stdvbeclassically, whereas the
matter for stars at the HBMM is subject to partial degenerdegcribed by the degeneracy
parameter)) = kT /kTr. The electron Fermi temperat8rd -, will indicate the degree
of degeneracy, where the Maxwell-Boltzmann (classicatjtlis v — +oo, and in the
case of full degeneracy (characterized by Fermi-Diradsties), v — 0. We show the
relationships between the central temperatures, thettksnand the degeneracy parameter
with respect to a range of mass for ultracool dwarfs and silasbbjects (of both solar
metallicity at 5 Gyr, and metallicities of the order of #0Z, for 10° years) in Figure 1.1
(Chabrier & Baraffe, 2000). Let us consider central pressand densities.

In accordance with the standard model for stellar structman sequence stars have
a polytrope index ofi = 3. A measure of the polytrope index is important, sinceféne
to the Lane-Emden equation which relates the pressiiet¢ the density 4.), and is
given by P, = Kpﬁ("“)/”), whereK is a constant. Due to an increasing radiative core
for stars ofM > 0.4 M., the polytrope changes from= 3/2 ton = 3 as the masi\)
increases. We pointed out before that stars beédbw 0.4 M, become fully convective
(with an associated polytrope indexmf 3/2), whereM « radius R), and thep, o« M2,
since the gas still behaves in the classical regime. As apfamoaches the HBMM point,
the electron degeneracy, is < 0.1 and thus is approaching complete degeneracy. The
properties therefore change again, whHdrec 23, andp,.. oc M2, signaling non-monotonic
behavior ofp. and P. with respect to mass. These mass-radius relations do netaupply
to objects like Jupiter or brown dwarfs that are subject tvigladegeneracy, since all have

5The Fermi energy is essentially the energy of the higheshigua state in a system of fermions at
absolute zero temperature; Fermions include quarks amangpN.B. The Pauli Exclusion Principle states
that no two identical particles can occupy the same quantata simultaneously.
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Figure 1.1: We show plots of mass versus central temperdfiifen K), central density,

p. (in gcn3), and degeneracy parametey, for low mass stars and substellar objects of
both solar metallicity Z.) at 5 Gyr &olid line), and metallicities of the order of 18 Z,

for 10° years @otted ling. This was taken from Chabrier & Baraffe (2000).

similar radii yet can span orders of magnitude in mass. $ongtconsideration of these
correlated effects must be included in an equation of siatieation.

Finally, regarding the chain reactions that support themmetear burning. Ultracool
dwarf formation follows standard formation theory via theieus fragmentation stages of
stellar evolution (e.g. Bodenheimer (1978); Shu et al. {AR8This includes the collapse of
interstellar molecular clouds and thus the gravitationakiaction of a protostar (substellar
in this case). When contracting protostars, of mass grélader the HBMM, reach core
temperatures and pressures high enough to ignite the ppot@on chain (pp-1), these
reactions provide-99% of the energy for substellar objectsQ.07 M), whereas pp-ll
reactions only contribute-1%. The first branch in the pp-I fusion chain (Equation 1.1
below) defines the thermonuclear burning processes ofcoltalwarfs, and is the most
relevant for these objects (Burrows et al., 1993; Chabri&agaffe, 1997):
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p+p—d+et +u, (1.1
p+d— v+ He (1.2)
3SHe +2 He —* He + 2p (1.3)

Deuterium burning, although short-lived due to its low atbamce, was predicted by
Hoxie (1970), for objects above0.0012 M, and is sustained for 0.& 7 < 10 Myr.
During this stage of deuterium burning95% of the total luminosity radiated from the
star is given by Equation 1.2, whereas lithium isotopes ilin for stars>65 A/ ; (M >
0.06 M) via the following reactions:

p+"Li—2a and p+° Li — o +3 He (1.4)

where the lithium depletion point is somewhere about 100 (@yrabrier & Baraffe, 2000).
Lithium burning occurs at this mass Bf ~ 0.06 M, as opposed to the HBMM 6£0.07
M. It was thus because of the close proximity of the lithiunmiog point to the HBMM,
that the presence of the lithium absorption line at 6£0&as initially used as a test of
substellarity.

1.2.2.1 Temperatures, Luminosities, Radii and Gravity

The evolution of brown dwarfs, which has largely been basesiathetic spectra and other
models, has been documented at length by the works of e.goriéh& Baraffe (2000)
and Burrows et al. (2001). There is a significant departutberatmospheric conditions of
ultracool dwarfs than earlier M-type dwarfs. The increghirtooler atmospheres allow for
the presence of atmospheric particulates, the collisiexatation (absorbers and emitters)
and the formation of various molecular species, dependmie temperature - and other
factors such as gravity. Since these substellar objecta@aer stabilize their temperatures
and luminosities, and thus their radiative losses, we elesarslow and steady decrease
in their temperature profiles after the initial protostetantraction phase. We can clearly
see this cooling by considering the evolution of the effectiemperaturesit;,) for a
given mass, as a function of time, in Figure 1.2. Whereas brdwarfs of~0.075 M,
can sustain temperatures of a few thousand Kelvin (up w800 Myr), after this time



1.2. What is an Ultracool Dwarf? 18

2500

2000

Teff

1500

1000

log t

Figure 1.2: Evolution off.;, versus time (logr, years). The different masses and evo-
lutionary model sets are shown by tkelid, dashedand dash-dottedsochrones. The
solid linescorrespond to the DUSTY models, which consider turbulentimgiin the at-
mospheric regions. Theashed linegsepresent the COND models, specific to inefficient
atmospheric mixing. And theéashed-dotted lineshow the NextGen models, developed by
Allard et al. (1996), which have dust-free environments.3ew this plot for the purpose
of illustrating the steady decrease in substellar tempegator a given mass, as a function
of time. This plot was taken from the work of Chabrier & Baeaf2000).

temperatures will never stabilize and will slowly fall fdre brown dwarf’s life.

Burrows et al. (1997), Chabrier & Baraffe (2000) and Burratsl. (2001) identify
this HBMM point to be~0.070 - 0.079V/, and Ushomirsky et al. (1998) infer a HBMM
temperature of-3 x 10° K, with surface temperatures of betwee600 - 1750 K, and
luminosities of 6x 105 L. Similarly, Burrows et al. (2001) identify the minimum d&el
luminosity to be~6 x 107° L. Burrows et al. (2001) also discuss relations which have
been used to adequately estimate evolutionary paramatkens imass star formation:

109yr 0.32 M 0.83 Kp 0.088
T.p ~ 1550K S S— 15
1 ( t ) (0.05M®> (10—2cm29rrr1) (15)

10%yr\ 12 M —2.64 Kn 0.35
-5
Lired 10 LQ( t ) (0.05M@) (10—2cm29m—1) (1.6)

wherex is the mean opacity. These clearly follow power-laws, havekie formulation
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Figure 1.3: Evolution of luminosityl{.) of M dwarfs and substellar objects, with solar-
metallicity 7 = Z., as a function of time (log-, years). Stars are shown witolid
lines whereas brown dwarfs and planets are shown détbhedanddashed-dottedines,
respectively. This plot was taken from the work of Burrowale{1997), where they define
a planet as an object that does not achieve deuterium bufating.0012)1/.). The lowest
three curves are that of objects with masses equal to Sdtalfithe mass of Jupiter and
finally one Jupiter mass. The luminosity disconnect forsstard brown dwarfs is clearly
shown at~1 Gyr, or logr 9.0.

of such relations are based on solar-type metallicitied this, in addition to other param-
eters such as the atmospheric opacity, can result in diffecdutions for equation 1.5 and
equation 1.6 above.

Although a brown dwarf’s temperature and luminosity chagdte significantly with
time, models (Burrows et al., 1997) predict quite a stabtdwdion of the dwarf’s radius
over its lifetime. We illustrate this in Figure 1.4 takenrftdhe models of Burrows et al.
(1997), where we show evolutionary model-derived plotd'9f vs. R, as a function of
time from~300 Myr - 3 Gyr (log 6.5 - 9.5 years). These plots show a steadyahse in
the radius, likely due to factors such as compression duscteasing degeneracy over its
lifetime (Burrows et al., 1993). Although much larger for ayger object, the radius of
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Figure 1.4: Plot of radiusR) vs. effective temperaturd; ), for dwarfs from 0.0003\/;,

(i.e. mass of Saturn) to 0.7, (HBMM). This is shown for a range 0£300 Myr - 3 Gyr,

or log 6.5 - 9.5 years. Theolid linesrepresent brown dwarfs, whereas theeshed-lines

trace the evolution of the lowest mass brown dwarfs, wheseughper limit of this range

is approximately at, or just above, the deuterium fusiompolaken from Burrows et al.
(1997).

a brown dwarf is usually within 1.8- 0.4 R; over most of their life. Indeed, the models
of Chabrier & Baraffe (2000) also follow this relation. Slarito Burrows et al. (1993),
Marley et al. (1996) report the following formulas that déise relations of mass and radius
for low mass objects:

g \064 [Ty 0.23
M ~ 36M; (—— —J 1.7
30 J(moo) (1000 (3.7)
g \ 018 [Ty 0.11
~ 67200 km ( —— 1.8
ft ~ 67200 m(moo) (1000 (1.8)

where, again, changes in metallicity and opacity can yidfdrent results.
The surface gravity for low mass and main sequence starsaceye from a logy ~
4.4 for an object ok1 M, alogg ~ 5.5 at the HBMM forZ = Z, to logg ~ 3.4 for
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Figure 1.5: Gravityg, cms~2) versus effective temperaturé,(, in K) for brown dwarfs
and planets, for a range of masses (0.0003 - 0Z), over a range of ages from 300
Myr - 3 Gyr (log 6.5 - 9.5 years). Note that gravity steadilgrieases with time for all
solid tracks indicating brown dwarfs, andashed linesrepresenting planets. Taken from
Burrows et al. (1997).

objects at the deuterium burning limit and belo®0(0012M;). Similar to how the radii
evolves for these objects, we show in Figure 1.5 that fortikelly flat mass tracks, the
gravity remains constant for a given age - except for thedsgimass brown dwarfs, who
are likely undergoing a period of contraction at higher terafures and earlier stages of
their evolution.

1.2.3 Atmospheres and Spectral Classification: from M- to Yfype
Dwarfs

The atmospheres of ultracool dwarfs are high gravity, higdsgure environments, subject
to a rich diversity of molecular particulates and thus atpmasic chemistry. It is thought
to be at roughly~M3 that objects move away from partially convective confagions,
up to that point possessing both convective and radiativer$a to fully convective stars.
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Figure 1.6: Spectra of a late-M, early to mid-L and late-L dwtaken from Kirkpatrick
et al. (1999). They have marked the prominent metal hydyriaetal oxides, strong ab-
sorption lines and neutral alkali and dust grains. It iseuolear that the spectrum of the
L-dwarf doesnot contain the oxide absorption features, whereas it is domihlay alkali
and hydride bands.

Below this point £4000 K), hydrogen and carbon are generally found4irakid CO form,
where other species present such as TiO, VO aytd ¢bntain oxygen (where there is a less
abundance in OH and O molecules) (Fegley & Lodders, 1996)ei@nhetal oxides are also
present such as FeH, CaH and MgH, and strong absorptiondfiB® and VO (optical)
and HO and CO (IR) are prominent. It is at roughly 2000 K that thesaracteristic TiO
and VO bands of M dwarfs condense to form neutral alkalis esvdhydrides. Thus, these
band strengths signaled the M dwarf spectral classificdokpatrick et al., 1991, 2000).
However, at~2000 K or so, TiO and VO markers become far less dominant, evbely a
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Figure 1.7: Here we show NIR spectra from a mid-L, a late-L aidddwarf (Gliese 229B),
taken from Kirkpatrick et al. (1999). We point out in the sppacabove, the absence of
methane (CHl) in the late-L dwarfs, however the CO absorption featuresséll present.

small amount remains in the spectra.

It has been well established via spectroscopic obsensabbih dwarfs, that absorp-
tion at these wavelengths is due to the presence of metabegdieH, CrH, CaH, MgH),
strong alkali lines (K, Na, Rb, Cs) and CO andabsorption lines. The level of opac-
ity also changes as a result of the existence of chemicatpkates (Al, Ca, Fe, Mg, Si)
(Kirkpatrick et al., 1999; Martin et al., 1999). We show tffiference in spectra between
a late-M, early to mid-L and late-L dwarf in Figure 1.6, wheve point out the weaken-
ing/absence of oxide absorption (TiO) features in the L dwspectra, and the dominance
of the alkali and hydride bands, e.g. CrH & FeH (Kirkpatrigdkaké, 1999). In addition
to this, the L I, Rb | and Cs | lines strengthen whereas Na | wealkas we move down
the spectral sequence. Indeed, ultracool dwarfs are vedyobgects and thus are very red
in the optical/near infrared (NIR). Furthermore, the irmieg slope after-7500A also
contributes to the color, which is very obvious in Figure, is&aused by the broadening of
the K | doublet. Kirkpatrick et al. (1999, 2000) derived afeefive temperature range for
L dwarfs based on the optical features in the spectra, andetkthis to be 2006- 1300
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Figure 1.8:TOP: Plots from Cushing et al. (2011), who showdaband spectrum of five
ultracool dwarfs, spanning the T4 - YO spectral range. TheTbdand T8 spectra are the
spectral standards of Burgasser et al. (2006), wherea®thad YO are WISE discoveries.
BOTTOM Opacities: NH (Yurchenko et al., 2011), CHFreedman et al., 2008) and @
(Freedman et al., 2008) f@t. ;s ~ 600 K andP = 1 bar. Note that the WISEP J1738+2732
dwarf shows excess absorption that correlates to thg Bgishown.

K. Other studies, such as Basri & Martin (1999); Pavlenkale{2000); Stephens et al.
(2001); Leggett et al. (2001) show consistent predictiandte upper end of this range,
but can vary up te+300 K for the lower end.

As we move down the sequence, the L/T transition has largegnbdentified by a
further decrease in condensate opacity, where the eféet@imperature remains relatively
stable (Golimowski et al., 2004; Stephens et al., 2009)tHeamore, the equilibrium form
of CO molecules slowly become Gt about 1300 - 1500 K. These dwarfs were initially
dubbed the ‘methane dwarf’, and later the T dwarf. In fact fitst bone fide brown dwarf,
Gliese 229B, was spectroscopically confirmed to be a T dwitef anethane absorption
lines were detected (Oppenheimer et al., 1995). The feamir¢his spectral class are
now signaled by the absence of hydride bands, with much moraipent HO absorption
features than an L dwarf in the optical. Figure 1.7 showstspaéom two late-L dwarfs and
a T dwarf, highlighting the transition across the L/T bourydahere the detected GHbf
the ‘prototype T dwarf’, Gliese 229B, is marked. We can diesee that in the IR, KO and
CH, also dominate. We refer the reader to Burgasser et al. (20@R)eferences therein,
for an in-depth discussion of T dwarfs, and their spectrassification, and Kirkpatrick
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Figure 1.9: Plots from Cushing et al. (2011), that show thexspl standards of a T6, T7
and T8 dwarf Burgasser et al. (2006), as well as a T9 and YOfdveavly discovered by
WISE and reported in their paper. Cushing et al. point out WMESEP J1738+2732 ex-
hibits absorption from 1.53 - 1.58m, perhaps identifying Nkas the feature responsible.
They illustrate this further in theottom rightplot, where the tentative NHabsorption

is much more prominent when compared to T6 - T9 standardsy &lse point out the
roughly even change in width of tilkband peaklfottom lef}, as opposed to the obvious
decline of the blue component of th&band between UGPS 0722-05 (T9) and WISEP
J1738+2732 (the now YO).

(2005) for a detailed overview of the L and T spectral seqaenc

In the years that followed the spectral classification of Myid T dwarfs, some groups
proposed the creation of a fourth spectral class - the ‘Y @iwtirat would follow the T
dwarf range (e.g. Burrows et al. (2003); Kirkpatrick (2008)here were certain proper-
ties that were predicted to be quite distinct from T dwarfljch in turn supported a new
spectral range. For example, atmospheric models predibtgdhe NIR colors of cool
dwarf atmospheres (which are much bluer for the hotter T thadwe to CH dominated
flux in the H- andK-bands), would move toward the red at roughly 300 - 400 K -ceffe
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tively at the end of the Wien tail of the SEDThe Y spectral class was finally invoked by
Cushing et al. (2011), who assigned the Y spectral classditéo the YO dwarf WISEP
J1828+2650, along with five others, with temperature ramg&90 - 500 K (the coolest
brown dwarfs discovered at that point). These were diseavby the WISE space mis-
sion and provided a clear morphological spectral transitietween the T and Y spectral
classes. Although the characteristic T dwarf,Githd HO bands were also present, Cush-
ing et al. (2011) reported absorption from 1.53 - 1,58, which tentatively identified Nk

as the feature responsible. Cushing et al. (2011) illusthas further in Figure 1.%pttom
right), where the (apparent) NHabsorption is much more prominent when compared to
T6 - T9 standards. They also point out the roughly even chamgedth of the J-band
peak pottom lef}, as opposed to the obvious decline of the blue componehedftband
between UGPS 0722-05 (T9) and WISEP J1738+2732 (the now Ki@thermore, they
identified a feature from WISEP J1828+2650 that walsn any T dwarf. That was that the
amplitude of thel- andH-band intensities, plotted in units of normalizéd were roughly
equal. Furthermore, this was the reddest brown dwarf im Hzaenple. We show the spectra
from Cushing et al. (2011), of early to mid- and late-T dwaslisd a newly classified YO
dwarf, WISEP J1738+2732, in Figure 1.8.

Therefore WISEP J1738+2732 was assigned a YO spectralfidagen. Lastly, the
J-H colors of the newly discovered Y dwarfs suggest that theyrateed turning toward
the red, as predicted by Burrows et al. (2003) and Kirkplatf008), which is consistent
with models for objects df.;; ~ 300 - 400 K.

1.3 Stellar and Substellar Magnetic Activity

Magnetic activity is an important diagnostic tool in undargling the various structures
in regions of a stellar or planetary atmosphere. Radio ebtiens provide the means of
assessing such structures at different layers of thesesptmeces. The Sun is a strong ra-
dio source and consequently was one of the first objectsteetby radio telescopes. In
fact, J. S. Hey detected a large solar flare from the Sun in ¥@4eter-wavelength radar
receivers. Therefore, the various emission mechanismemnssble for quiescent and flar-
ing emission were investigated soon thereafter. In this@eowe will briefly discuss the
mechanisms responsible for radio emission from the Suntamns, sncluding the magnetic
dynamo that sustains and generates solar magnetic fieldals@/give a summary of radio

’Spectral Energy Distribution.
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discoveries and the associated mechanisms from ultraeaofs] and outline the changes
in magnetic field configurations and topologies that haven lodxserved down the M spec-
tral sequence, and what proposed dynamo mechanism couspensible for these man-
ifestations. Finally, aurorae have also been detectedwatddio frequencies from some of
the magnetized giant planets in our solar system. We brigyuds the beamed emission
responsible for the observed radio bursts, from the plamatel. Indeed, this mechanism
is also responsible for the observed periodic bursts obraniission from ultracool dwarfs
(Hallinan et al., 2008). Later in this thesis, Chapter 5ioet the optical and NIR pho-
tometric component of a recent large simultaneous specpis, radio and photometric
campaign, that sought to investigate the (correlated)®oms from the M9 dwarf TVLM
513-46546 (Harding et al., 2012a; Hallinan et al., 2012)esehphotometric observations
now appear to be inextricably linked to the radio and spectspic emissions, and are au-
roral in nature. We therefore include the sections thabWallto provide the reader with
some context for these connections, in stellar, substfidmplanetary regimes.

1.3.1 Radio Emission from the Sun and Stars

This section follows treatments given by Dulk (1985), andefer the reader to these texts
and the references therein for a more in-depth analysisyftaims of radio emission have
been observed in stellar and substellar regimes. The deasiics of these emissions can
manifest themselves over a range of radio frequenciesndi@pgon the amount of energy
associated with the event. For example, a number of meahani®ught to be responsible
for quiescent or continuum, non-flaring, radio emissioneghia@en well characterized (usu-
ally attributed to incoherent radiation processes), intamtto more energetic events such
as solar flares (detected via bursts of radio emission, agdljaassociated with coherent
radiation). Indeed, many of the radio processes that hame Betected in stars were first
identified from studies of our Sun.

A large amount of detected radio radiation, is due to callial excitation where elec-
trons are accelerated or deflected in Coulomb fields anddeolliith ions, thus causing
braking or deceleration or charged particles. This knowhramsstrahlung or ‘free-free’
emission, where the kinetic energy is converted into phatéiternatively, electrons could
also follow spiral paths within a magnetic field, which cateafyield much greater acceler-
ations in comparison to particle collisions. These emispimcesses are called incoherent
radiation. For mildly relativistic particles, gyrationcamd these field lines is known as gy-
rosynchrotron emission, whereas for ultra relativistidipkes, it is known as synchrotron
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emission. Cyclotron, or gyroresonance emission, is alesgnt, but for nonrelativistic
particles. However in some cases, instabilities can ocectiré plasma, and can lead to co-
herent emissions, such as the electron-cyclotron masaf]Ehese particle-wave plasma
instabilities are caused by the resonance between gyraliatyons in the magnetic field
and the electric field of electromagnetic waves at a givequiegacy. Plasma radiation is
another example of coherent emissions. These are detédpédfic frequencies, and can
also be generated at the first harmonic in the case of plasiaticmn.

We briefly turn to the coherent ECM mechanism, since we wdlisethe next section
that the observed bursts of radio emissions from ultracealrts have now been attributed
to the ECM instability - although we note that other procesme likely also present and
responsible for the quiescent non-flaring component of dldgremission (see: Hallinan
etal. (2008)). The ECM is a non-thermal process that wasriivsstigated by Twiss (1958)
and Schneider (1959). However, contrary to these studaptedicted environments that
allow for escaping radiation from the plasmas, Wu & Lee ()9a®9expectedly showed
that these conditions were not necessarily as extreme,@ndrbktrated that the radiation
could in fact arise from less hostile conditions. The ECM hatsm is a very important
emission process, and in some cases is responsible forlleestt radiation detected from
magnetized plasmas. These plasmas require instabilitidsite the maser, in addition
to strong magnetic fields (see Dulk (1985)). Twiss & Robet@58) and Mangeney &
Veltri (1976) both investigated the ECM in the context ofet#éed solar radio type | bursts.
Others, e.g. Melrose (1976) and Hewitt et al. (1981), shotkadl it could be used to
explain the decametric radio emission from the Jovian m@agpéere. In the same work
mentioned above, Wu & Lee (1979) used ECM to interpret thenkétric radiation from
Earth - i.e. the aurora. Thus, the ECM has been identifiedeastithanism responsible
for the Earth’s aurorae, Jupiter's decametric emissiod chers. Could ECM also be used
to interpret emissions from ultracool dwarfs? We discussiththe following section.

1.3.2 Radio Emission from Ultracool Dwarfs

It has been well established that stars with higher massrgen@nd amplify) their mag-
netic fields via thex(2-dynamo (Parker, 1975). The basis for supporting any magfeid
by some effective dynamo is via the motion of a conductinggéa fluid; this motion in-
duces an electric field across the magnetic field, in turnyeciogd) more electric field which
drives current, thus generating a magnetic field and a faheel(orentz force), and so the
loop continues. It is quite clear that a fully operating dymarequires complex interac-
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tions. In the Sun’s case, poloidal and toroidal fields areigfnd to be created where the
convective envelope meets the radiative layer - a regionmed by highly turbulent plas-
mas. It is differential rotation at the base of the convectune, the so-called ‘tachocline’,
that converts the weaker poloidal fields to large scale daidields. These fields are moved
up the zone via magnetic buoyancy and rise through the steitéace. However, rotation
once again generates poloidal fields which are transpostétettachocline thereby start-
ing the process again and maintaining the dynamo. Thusy t@mponent of this effect
describes the ‘stretching’ and ‘winding’ of magnetic fieidds, which is caused by stel-
lar differential rotation. By contrast, the effect ‘twists’ these lines in to loops, which is
thought to be as a result of the upthrust of magnetic tubens the stellar surface. The
magnetic stresses are therefore created through the dgagfimagnetic field lines by
powerful stellar fluid motions. Indeed, the release of tresesses provide the requisite
energy needed to sustain a corona and chromosphere. Theatara chromospheric X-
ray and Hv emission, largely used as a measure of magnetic activityfat attributed to
the af2-dynamo (thought to hold forF to ~M3 stars), originating from the base of their
convective layers.

However, it has not yet been established what dynamo istefég operating in stars
>M3 (~0.3 - 0.4 M.,), where stars migrate from partially convective configiorad, to
fully convective. Indeed, stars later than M3 have been shovexhibit intense magnetic
activity, where magnetic field strengths of a few kG and grnehtive been detected (Saar
& Linsky, 1985; Johns-Krull & Valenti, 1996; Reiners & Bas#i007). Furthermore, since
lower mass stars harbor increasingly cooler, neutral ghimergs, and thus higher atmo-
spheric resistivity, dynamo theory predicted the presericmall-scale fields, as well as
the presence of a turbulent dynamo, or alternatively |agge, non-axisymmetric config-
urations. However, Donati et al. (2006) confirmed the unetgukpresence of a strong,
large-scale axisymmetric field for the M dwarf, V 374 Peg. Yheported this via spec-
troscopic mapping of magnetically-sensitive lines of tiead. They subsequently found
toroidal and non-axisymmetric dipolar fields in observasie@ncompassing a sample of
early MO - M3 type stars (Donati et al., 2008). Other groupgehalso confirmed large-
scale magnetic topologies of mid- to late-M dwarfs (Moriakt2008, 2010). Thus, stable
magnetic field configurations, covering a significant fraictdf the stellar surface, must be
present.

Chabrier & Kiulker (2006) have developed a model dynamo basedagnetohydrody-
namics simulations which generate large scale magnetitsffel fully convective objects
- the o dynamo. In this case, the effect in field generation essentially refers to the ef-
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fects of rotation and stratification of fluid density on thédjevith no differential rotation
present. Their results yielded large scale, non-axisymaofetlds, where the? effect was
successful in generating such fields with kG field strengtidully convective objects,
where faster rotating stars produced larger field strengths

In the ultracool dwarf regimeXM7), we observe reduced levels of ionization in the
stellar atmospheres, as well as an increase in resistiViiys the necessary injection of
energy required for localized plasma heating is also redluitiee magnetic fields therefore
become decoupled in these atmospheric regions, and thenobphere and corona are no
longer effectively supported. Moreover, current generatiecomes even more difficult
due to decreasing conductivity (Mohanty et al., 2002), Whiould suggest that large-
scale configurations could not be maintained. Althouglelstudies identified an obvious
reduction in quiescent emission, there were a number@ofaHd X-ray flares detected,
which supported the presence of chromospheric and coratigita (Reid et al., 1999;
Gizis et al., 2000; Rutledge et al., 2000; Liebert et al.,2@uhrmeister & Schmitt, 2004;
Rockenfeller et al., 2006b). All the same, these dwarfs \aéridentified as rapid rotators,
possessing rotation velocities of up to 60 km ¢Basri, 2001). Most importantly, in later
chapters in this work, we will show long term optical periodgariability of an M9 dwarf,
which exhibits high levels of stability in terms of ampliiénd phase over &5 year
baseline. We will also show that the optical and radio eraissare now inextricably linked
for this dwarf, where sustained field strengths-@&kG have been detected, suggesting that
a stable magnetic dynamo must be present. These resulssitlygt an alternate dynamo,
possessing the ability to sustain such fields, must thexdfereffective and operating in
low mass, fully convective stars.

Berger et al. (2001) reported persistent and flared radisgan from the M9 brown
dwarf LP 944-20, which was the first such detection of radigssian from a brown dwarf,
and furthermore was unexpected and highly irregular, basetthe established relation-
ships between the peak X-ray and radio luminositles { Lz) for main sequence stars
(Gudel & Benz, 1993; Benz & Gudel, 1994). Moreover, thisadéion violated the ‘Glidel-
Benz relationship’ by many orders of magnitude. More dé&testfollowed in the com-
ing years (Berger, 2002; Berger et al., 2005; Burgasser &Bnt 2005; Berger, 2006;
Antonova et al., 2007; Phan-Bao et al., 2007), where allmihad measured rotational
velocities of at least 15 knTs.

To date, quiescent radio emission has been detected froaittenool dwarfs (Berger
et al., 2001; Berger, 2002; Berger et al., 2005; Burgasseungn, 2005; Osten et al.,
2006; Berger, 2006; Phan-Bao et al., 2007; Hallinan et 80622007; Antonova et al.,
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Figure 1.10: We show the radio lightcurves of Hallinan et(2007). The top plot con-
tains a lightcurve of total intensity (Stokes I), whereas bottom lightcurve shows the
circularly polarized (Stokes V) emission. These were detbat 8.44 GHz from the M9
dwarf TVLM 513-46546 using the VLA, where the right circdla{RCP), and left cir-
cularly (LCP), polarized components are marked on eachs& barsts were detected as
100% right and left circularly polarized emission, and weetected to a period 6f1.96
hours. These bursts confirmed that ultracool dwarfs carbédovherent radio emission,
associated with the presence of large-scale, stable, k@etiadield configurations.

2007; Berger et al., 2009; Route & Wolszczan, 2012), four bfclv have been found
to be producing periodic pulses (Hallinan et al., 2007, 2@&ger et al., 2009). The
mechanisms that appear to drive this radio emission have agebuted to both inco-
herent and coherent phenomena. Berger (2002) argued thab#erved radio emission
from the M9 dwarf TVLM 513-46546 was due to incoherent gyragyrotron emission, a
process responsible for supporting nonthermal populatddmildly relativistic electrons
which cause the associated broadly peaked radio emisstamédx perpendicular to the
field (Dulk & Marsh, 1982). An alternative mechanism respblesfor the radio emission
from ultracool dwarfs is the ECM, a process that accountth®observed periodic behav-
ior (attributed to rotationally modulated emission) fromjexcts containing high-strength,
stable magnetic fields such as 2MASS J0036+18 and LSR J1235+B8allinan et al.,
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2008). This emission is generated and detected at the @becyclotron frequencyy,. ~
2.8 x 10° B Hz. Thus, observations by Hallinan et al. (2007) of TVLM 54@546, reveal
ECM emission as the mechanism responsible for the obse@@% Tircularly polarized
periodic pulses, implying magnetic field strengths of astéakG in the dwarf’'s magne-
tosphere (Figure 1.10). Indeed, such a maedguireskG magnetic field strengths and
implies that such fields are large-scale and stable in caratfligun. Although these obser-
vations confirmed the ECM process to be the cause of the pethperiodic emission, it
is still unclear as to which mechanism (incoherent or caftgries driving the quiescent
component of the radio emission. kG magnetic field strenigthi®w mass stars have also
been confirmed via Zeeman broadening observations (RefnBesri, 2007). Their sam-
ple included M2 - M9 spectral types, where field strengths 89 kG were measured, and
they find for late M-dwarfs, that the greatest field strengitesgenerated by the most rapid
rotators.

Thus, it was clear that the expected dearth of magneticiggiivcluding magnetic field
strengths, configurations and consequent emission pesedisl not hold in the ultracool
dwarf regime. Many groups were working along side the abaderstudies, who instead
were probing the optical transient nature of these objats elaborate further on this in
§1.4.

1.3.3 Magnetic Activity in the Planets, and the Observed Aurrae

Here we include a brief discussion of the magnetosphere aratad emissions from the
planet Jupiter, where there are many components of radissgsni from various regions
of its magnetosphere; these emissions are far higher thantaar magnetized planet in
our solar system. The Jovian magnetosphere is an extrenm@mment, harboring an
intense quasi-dipolar magnetic field, which acts as a paweHtrticle accelerator, where
electrons can reach kilo-electron-volt (keV; cyclotrodiedion from high latitude auroral
field lines) and mega-electron-volt (MeV; decimeter syottun radiation from particle
belts) energies. Various studies have detected a dozem, sadio components in the
Jovian magnetosphere and the surrounding regions (e.g.eCalr (1983); Zarka (1998);
Ergun et al. (2000) and references therein). In fact, Jupieagnetosphere is responsible
for a large magnetic ‘well’ in the path of the solar wind, opging a sizable radius of 60 -
120 Ry; this ‘well’ consequently aids electron acceleration ie thagnetosphere. Jupiter’s
rapid equatorial rotation velocity (12.6 km's and ([2x 7 x 1 R;]/P) x sin{) =P ~9.9
hours), as well as a unique rich supply of plasma from onesafitons (o), all contribute
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Figure 1.11: This plot shows Jupiter's magnetosphericoregyi We highlight sources of
decameter radiation (DAM), broadband kilometric radiat{bKOM), narrowband kilo-
metric radiation (nKOM), hectometer radiation (HOM) ancideeter radiation (DIM) in
its vicinity. Note the circuit from lo to Jupiter's magnefield. Taken from Murdin (2001).

to immense particle precipitation in its magnetosphergimes, and thus the production of
intense magnetic activity. We refer the reader to e.g. ZgrRA8) and references therein,
for a more in-depth discussion of radio emissions from theroplanets.

Similar to Earth’s kilometric radiation, it is the decameteroadband kilometric and
hectometer radiations that produce the Jovian auroralstonis. These are generally lo-
cated at high latitude regions (as shown in Figure 1.11){altlee precipitation of electrons
along field lines, although there is a component of decamatiation from Jupiter’'s mag-
netic interaction with its satellite, lo. As previously t&d, these emissions can be used as
a measure of Jupiter’s period of rotation, since they a@ngty modulated and beamed
in conical configurations where the axes are aligned withmtlagnetic field lines. These
emission cones can therefore be detected by radio telesespibey sweep Earth due to the
geometry of the beaming - thus the observers inclinatioheangh respect to the beaming
angles is very important for such observations. Indee@striow been established that the
periodic bursts of radio emissions from ultracool dwar#s analogous to the Jovian con-
ical beams, albeit with much more powerful magnetic fieldalliHan et al., 2007, 2008),
as outlined irg 1.3.2. We point out the significance of these similaritied&ter sections
in this thesis.
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1.4 The Phenomenon of Optical Periodic Variability from
Ultracool Dwarfs

The successes in characterizing the transient radio emss$&iom ultracool dwarfs were
conducted in parallel with a vast number of studies at otlealengths. These investiga-
tions were undertaken in the last decade, and have fouraesend IR variability in this
class of object. We have already highlighted the expectetposition of ultracool dwarf
atmospheres i§ 1.2.3, and use this section to specifically discuss optNHR and IR
variability, where this atmospheric dust has largely befarenced as the cause of these
transient detections. The optical characterization ahatiol dwarfs took the following
path: 1) ‘the era of discovery’: initial large surveys, angdd in§ 1.2.1; 2) identification of
physical parameters (e.g. Tinney et al. (1993); Dahn eR@DZ); 3) spectral classification
as outlined ir§ 1.2.3 and finally, 4) the search for variabilityl.2 to§ 1.3 have discussed
the first three steps above. We now move on to the opticalbitityeof ultracool dwarfs.

Optical studies have shown that atmospheric dust has agstftect on the stellar pho-
tosphere of low mass objects. Indeed, absorption of elesriartheir gas phase due to
the presence of dust changes important properties of tihessigh as the metallicity or
the opacity. Allard et al. (2001) have shown that turbulemtditions in these regions are
expected, and this, coupled with rapid rotation and thegmes of evolving chemical and
other atmospheric dynamics, could all be important fadiothe classification of stellar
transient lightcurves. Moreover, the magnetic propedidew mass stars can be effected
by photospheric dust. We have discussed previously, ag @w@sospheres become in-
creasingly cool and neutral, plasma decoupling can ocoun fn-situ magnetic field lines,
most likely due to increasing electrical resistivity inraltool dwarf atmospheres after the
M/L transition (Mohanty et al., 2002). Similar to the steltagime, optical variability was
expected for low mass objects (due to e.g. magnetic spastaft confirmation of radio
emission), however the transitional temperatures from péty L type dwarfs introduced
difficulties when identifying the source of this variabjlidue to the increasing presence
of this atmospheric dust. Indeed, with the recent confiromadif a~1.7 kG magnetic field
for a mid-T dwarf €1300 K) via radio observations (Route & Wolszczan, 20123, dtear
that a combination of stellar magnetic and atmospheriaifeatcould potentially drive
variability in ultracool dwarfs of lower temperatures. Walmrate further on this matter
in later chapters.

As a result of the above, variability has mainly been atteldio magnetic spots on the
surface of the dwarf, or the presence of atmospheric dustdeed both. Chromospheric
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and magnetospheric emission has also been considered i work (Littlefair et al.,
2008). Modulation at the expected rotation period has beend in various studies (Clarke
et al., 2002; Koen, 2006; Lane et al., 2007; Littlefair et 2aD08). Similarly, aperiodic
variability, or periodic modulations on time-scales na@sated with rotation have been
inferred (Gelino et al., 2002; Lane et al., 2007; Maiti, 2p07hotometric studies of these
objects allow us to investigate the physical nature of thiemospheres; for example, are the
features responsible for detected variability stable i@y or short timescales? Variability
studies have generally been carried out fred000 - 250004, usually using broadband
filters such as the Sloan or Johnson filter sets, as well asimiearedJ H K filters and
Ha. We briefly outline some variability studies which attrieuhagnetic spots, and/or
atmospheric dust, in the following sections. Table 1.1 shdetails from some of these
respective campaigns.

1.4.1 Variability due to Magnetic Cool Spots

Magnetic spots are areas of reduced temperature that fothreastellar photosphere, and
are created as a result of intense magnetic activity whictseguently suppresses con-
vection in these regions. Constrained by the inclinatioglemelative to the observer’s
line of sight, this feature could cause optical modulatisrtlze star rotates. A number
of methods can be used to assess fluctuations in emittedrdlak. For example, Zee-
man Doppler Imaging (ZDI) is often employed, whereby pegododulation of Zeeman
signatures (magnetically sensitive spectral lines) dusiellar rotation, can be identified.
However ZDI can generally only be used downtM7 dwarfs or so, since these objects
get much dimmer and consequently much more difficult for frggolution spectroscopy
- with respect to assessment of a rotation period. Simjlénky Line Depth Ratio (LDR)
method can be used where spectral lines sensitive to tetnperare measured. Starspots
have a lower temperature than the surrounding photospaedethus the profile of tem-
perature sensitive lines can change with respect to deiis.ig only effective for slowly
rotating stars. Photometry is another method, which meagte flux variations of incom-
ing electromagnetic radiation; this has proven to be velgcéle with the advent of the
newest CCD devices, and has been utilized for the majorityitedicool dwarf variability
studies.

The association of magnetic activity with optical varigiin ultracool dwarf photo-
metric investigations was prompted as a result of the raddieas in§ 1.3.2, which showed
the detection of both quiescent and time-variable radission in the late-M and L dwarf
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range. For higher temperature objects (specifically latard early-L dwarfs), the pres-
ence of magnetic spots and other magnetic related actastgeen for earlier M-dwarfs,
may also be present (Rockenfeller et al., 2006a; Lane 2@07). Lane et al. (2007) re-
ported quasi-sinusoidal periodic variability from the M@atf TVLM 513-46546, with a
period of~2 hours. This period of rotation was consistent with resoittsined by Halli-
nan et al. (2006), who found a periodeR hours via radio observations. Periodic bursts
of radio emission was later confirmed to this same periodlifiéal et al., 2007, 2008). In
addition to this, Littlefair et al. (2008) reported sinugali variability to the same period
once again in simultaneous Sloan broadbgrahdi:’ optical photometry. However, most
intriguingly, they reported anti-correlated lightcunimesheir ¢’ andi’ bands, which seemed
to refute the proposed model of starspots at that time asairsecfor the optical variabil-
ity. Instead they argue that this anticorrelated signal kka$y due to photospheric dust
coupled with stellar rotation; however they concede thigtelplanation was problematic
when comparing temperature models for this class of dwarf.

1.4.2 Variability due to Atmospheric Dust

In § 1.2.3, we outlined the spectroscopic properties of M, L, @ andwarfs - which is

of paramount relevance to this section. The studies thairdd these spectral properties,
confirmed the presence of characteristic TiO and VO bands dwrfs; metal hydrides
(FeH, CrH), strong alkali lines (K, Na, Rb, Cs), CO angHabsorption lines, an increased
level of opacity and the presence of chemical particulad&€Ja, Fe, Mg, Si) for L dwarfs;

a decrease in condensate opacity, in addition to the presgnCH;, for T dwarfs; and
prominent NH absorption, as well as a turn to redder colors based on andeaflthe blue
side ofH-band, tentatively defining the Y dwaff .2.3 and references therein). Therefore,
photospheric clouds of dust are an important consideratitime transient morphology of
an ultracool dwarf photometric lightcurve.

Magnetic activity, as signaled byd decreases further after the M/L transition (West
et al., 2004); therefore in most cases, optical variablldg been attributed to the expected
presence of dust in the dwarf’s atmosphere (Bailer-Jonesutad¥l 2001; Martin et al.,
2001; Gelino et al., 2002; Enoch et al., 2003; Maiti, 200Zt|éfair et al., 2008; Goldman
et al., 2008; Clarke et al., 2008). These studies were chaoig in broadband optical
photometry as well ag H K photometry. Indeed, the presence of such clouds of dust
existing on timescales longer than a given observatiorettegy with stellar rotation, can
lead to periodic and aperiodic time variability. Bailemés & Mundt (2001) suggested
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that the dwarf’s photometric lightcurve could be affectethe temporal evolution of the
dust was on shorter time-scales than the rotation periothefstar. Similarly, Artigau
et al. (2009) and Radigan et al. (2012) reported the preseheariability in separate
photometric IR studies of two early T dwarfs, where both goattributed this behavior
to high-contrast cloud features in these cool stellar apheses. We have already pointed
out that Littlefair et al. (2008) supported areas of sugtdiphotospheric dust as the cause
of their anti-correlated periodic variability of the M9 dwd VLM 513-46546. They point
out that their Sloary’ band is expected to be dominated by continuum opacity, valsere
the Sloani’ by molecular absorption, and thus a cloud in the dwarf’s ahere could
subsequently decrease and increase these bands, resigectiv

Whereas late-M dwarfs were originally confirmed to have k&nadic fields (Hal-
linan et al., 2007, 2008), we now know that L and T dwarfs algotain high-strength
magnetic field environments (Hallinan et al., 2008; Bergeale 2009; Route & Wol-
szczan, 2012). Studies of late-M and early L-dwarfs proynp#ntified magnetic spots as
a strong, plausible, explanation for periodic variabititye to magnetic activity (Rocken-
feller et al., 2006a,b; Lane et al., 2007). However, sincgme#ic activity is clearly present
in awide range of ultracool dwarf spectral classes, evelmamegime where dust is thought
to dominate, both features (spots and dust) must be coesidenariability studies - for
all spectral classes.

1.4.3 The Exciting Alternative: Variability due to Auroral Hot Spots

We have outlined above the various features thought to hnssble for variability at
optical and NIR wavelengths. Indeed, Table 1.1 shows a Emggunt of studies that favor
the presence of atmospheric dust, as the feature causwgahability. This thesis is
different from many of the studies included in the aboveaervsections, since our sample
containsradio detectedultracool dwarfs - including the four periodic pulsing dégarWe
are therefore investigating magnetically active dwarfeeme dust may also be prominent
for the cooler objects in the study.

In a recently completed large campaign, Hallinan et al. P20fave obtained multi-
wavelength observations of the M9 ultracool dwarf TVLM 54@546. This campaign
utilized many telescopes, and included spectroscopidophetric and radio observations.
The data presented in Chapters 4, and 5, of this thesis, aghtitometric component of
this study (Harding et al., 2012a). Hallinan et al. (2012ndastrate that the optical and
radio emissions are produced by the same population ofretexin the magnetosphere
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Study Trg/SpT Band Variable? Explanation
1) 2 3) 4) (5)
Tinney & Tolley (1999) M(1)/L(1) TiO Some Dust
Bailer-Jones & Mundt (1999) L(3) [ Some+PP  RMP+Ha
Bailer-Jones & Mundt (2001) M/L(21) I Some Dust+RM
Martin et al. (2001) BRI 0021(M) [ Some+PP Dust+RM
Gelino et al. (2002) L(18) I Some Dust
Bailer-Jones (2002) J1145() 0.5-2.5um¢ Some Dust
Clarke et al. (2002) Kelu-1(L) TiO/CrH Periodic Dust+RM
Koen (2003) L(11)/T(2) I Some RM+?7?
Enoch et al. (2003) L/T(9) K Some Dust
Bailer-Jones & Lamm (2003) L(3) J/IK Some Dust
Koen et al. (2004) L/T(18) JHK Some RM
Maiti et al. (2005) L(3) R Some Dust
Koen (2006) JO605(L9) R/I Some RM/spots/opéc
Rockenfeller et al. (2006a) M(19) G/RI/I Somé+P  Spots+RM
Rockenfeller et al. (2006b) M(19) U/VIG/RI/ Somet+F  Spots+RM
Morales-Calderon et al. (2006) L(3) SpitzerfR) Some Dust
Lane et al. (2007) M(2)/L(1) I Periodic Spots+RM
Maiti (2007) L(6) R/ Some+P Dust
Littlefair et al. (2008) TVLM 513(M} gl Periodic Dust+RM
Clarke et al. (2008) L/T(8) J Some+P RM
Bailer-Jones (2008) L/T(4) JHK Some Dust
Goldman et al. (2008) L/T(5) JHK Some Dust+RM?
Artigau et al. (2009) J0136(T) J/IK Periodic Dust+DR
Scholz et al. (2009) VLM(100) I Some RM
Radigan et al. (2012) J2139(T) JHK Periodic Dust+RM
Harding et al. (2012a) M(4)/L(2) R Periodic Spots+RM
+Aurorae’

Table 1.1: Studies of Optical Variability in Ultracool Dwarfs (1999 - 2012).

DETAILS: Here we show a list of the many ultracool dwarf studies fron®99
2012, that have been conducted since the initial discoveliese 229B, in 1995. We

refer the reader to the references in these works for othieabibity studies.

COLUMNS: (1) Reference of study(2) Target (Trg) or spectral class (SpT). We have
abbreviated some targets but elaborate below. We alsoaitedibe number of dwarfs in
each study (where applicablef3) The wave band used in each consecutive study.
Here we indicate if variability was detected in the studym®&acronyms are used and are

detailed below(5) The proposed cause of the variability in each study.

ACRONYMS/ABBREVIATIONS: (a) Possible Periodicity. ) Rotational Modulation.
(c) BR10021-0214. d) 2MASS J1145572+231730)(IR spectroscopy studyf)(A study
of 100 VLM brown dwarfs in the cluster IC4665g)(2MASS J06050196-2342270h)(
Opacity. () Periodicity. () Flaring. k) Spitzer IRAC observations at 4.5 & 8/m. (1)

TVLM 513-46546. (n) SIMP J013656.5+093347n) Differential Rotation. ¢) 2MASS
J21392676+0220226p) Results presented in this thesis.
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of the dwarf, and may bauroral in nature. Harding et al. (2012a) have also shown that
the periodic variability of TVLM 513-46546 is extremely bta in terms of amplitude and
phase over a-5 year baseline, suggesting that the feature causing tiedpsty is long-
lived, and sustained over this time frame. Therefore, pEtlhe mechanism responsible
for the optical and radio periodicities are no longer muyuakclusive. In fact, the detected
ECM emission at 4 and 8 GHz frequencies in their work suggéstissuch a process in
ultracool dwarfs is analogous to the coherent radio emssiiserved by Zarka (1998), as
outlined in§ 1.3.2, from the magnetized planets of our solar system.e3tM emission
has now been shown to operate effectivelgliradio pulsing dwarfs (Hallinan et al., 2007,
2008; Berger et al., 2009), it is quite possible that thisima@ism has the ability to provide
a sustained bombardment of energy to the stellar surfagghdfmore, it appears that the
ECM mechanism is stable on timescales of years in the cas¥I0fT513-46546, since

it has been observed in many studies (Hallinan et al., 20087,22008; Hallinan et al.,
2012), and therefore could explain the apparent stabifith@® causal hot spot detected in
our data. We explore this fascinating alternative in Chapteand Chapter 5.

1.5 Summary

In this chapter, we have highlighted some of the importastaleries, and subsequent
research that followed, in the ultracool dwarf field. It wasgte components of study that
drove the research carried out in the following chapterth@digh Kumar (1963) originally
postulated the existence of brown dwarfs, which has beeatestdor over 50 years now,
there were many fundamental questions that needed to bessaddr. Our understanding
of the internal physics, evolution and characterizatiotheke objects, have answered and
confirmed much of the original theoretical predictions.cgithe discovery of Gliese 229B
by Nakajima et al. (1995), the number of brown dwarfs discedéhas grown exponen-
tially, and have been found in many different environmemmsluding clusters, isolated,
and in binary and other hierarchical systems. These disasvsubsequently have led to
the allocation of four new spectral classes - M-, L-, T- andwarfs. Although the early
era of ultracool dwarf research has yielded a wealth of readter aid our understanding,
it also created new fields such as the study of the transig¢ntenaf these objects, in the
radio, and in the optical regimes.

Following the initial discoveries, ultracool dwarfs weorihd to be radio active sources,
confirming the presence of magnetic activity (Berger eR8i01). Subsequent observations
have confirmed the presence of high-strength, stable madiedtls, with field strengths
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of ~1 - 4 kG over a wide range of spectral regimes (Hallinan et28lQ7; Reiners &
Basri, 2007; Berger et al., 2009; Route & Wolszczan, 2012k€8l on the properties of the
radio emission, the ECM process was shown to operate e#édgctn these magnetospheres
(Hallinan et al., 2008). Other work has also confirmed theg@nee of both axisymmetric
dipolar field configurations, and non axisymmetric fieldsifBt et al., 2006; Morin et al.,
2008). The periodic bursts of radio emission, attributegtelar rotation coupled with
the ECM, are analogous to the kilometric radiation in theoealrregions of the Jovian
magnetosphere, albeit much more powerful.

Optical variability studies of ultracool dwarfs have alseh fruitful, yielding a confir-
mation that these objects are indeed transient in visidR @4d IR wavelengths. This vari-
ability, which exhibits both periodic and aperiodic vaigais, has mainly been attributed to
the unexpected presence of photospheric dust, or due toetiegty-induced cool spots
on the stellar surface. We undertook an optical photometiapaign, which aimed to
investigate the ubiquity of optical variability radio detectediltracool dwarfs. In order to
do this, we designed and commissioned an optical photonteeeGalway Ultra Fast Im-
ager (GUFI), built specifically to detect variations in tHeopometric lightcurves of these
stars, and have to date obtained over 250 hours of photandetia in this respect. All of
these objects have been subject to multi-epoch obsergatiom some have been part of
larger simultaneous campaigns to investigate an excittegnative to the dust or cool spot
explanations - the possibility of auroral emissions frortradool dwarfs. These optical
observations have also yielded interesting results in l@assbinary star formation, and in
the study of flaring from earlier-type M dwarfs. This thesisriefore describes the research
carried out in the ultracool dwarf regime, the astrophydioglications of these results,
and the optical instrumentation that was built and comrorssil during this time, to do so.
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“Leon - the next time you take a break from the observing, aaddoutside for a
few moments looking at the stars and inhaling all that co@edteair, just remember it's a
privilege to be an astronomer - and that | am as envious as tielt I'm not out there with
you guys ... ”

Dr. Aaron Golden, Ph.D. supervisor, 28/Jan/2009 12:53 (UTLC



“What achimerathen is man! What a novelty! What a monster, what a chaos, what
a contradiction, what a prodigy! Judge of all things, feeblthworm, depository of
truth, a sink of uncertainty and error, the glory and the sleamifithe Universeé.

Blaise Pascal, French Mathematician, Philosopher and Phiast (1623-1662)

“For the resolving powers of our scientific instruments decat a given moment, of
the size and the vision of our Universe, and of the image wertiake of ourselves.

Albert Claude

Optical Instrumentation

n this chapter, we outline the optical instrumentation thasweveloped and used

during this doctoral work. Two instruments were designedl Bnd commissioned,

and are currently stationed at telescopes on Mt. GrahanzoAai, and Palomar
Mountain, Californid. Section 2.1 and 2.2 discuss the role of each instrumentthand
optical design and setup, respectively. All of the instratagon, the optical setups, the
optical designs (Zemax), the hardware designs (SolidwWpeksd the detector characteri-
zation was carried out solely by the author, unless otherimdicated in the text.

2.1 The GUFI mk.lIl Photometer - Gaway Ultra- Fast | mager

The GUFI instrument was originally commissioned by astroacs in NUI Galway as an
optical photometer capable of high-time resolution imgdfdheehan & Butler, 2008). We
modified the GUFI mk.Il system to be compatible with the 1.8¥A1 T on Mt. Graham,
Arizona, where it is currently stationed as a visitor instant. It saw first light in May
2009, and the Moflagreement between NUI Galway and VATT has been extended for
three consecutive years, based on the research succgssiuled out to date (Harding
etal., 2012a,b,d).

We designed and commissioned GUFI mk.ll (hereafter GUHI)tli@ sole purpose
of detecting the transient signatures from ultracool dsvaHowever, the instrument can

*§ 2.1 - GUFI: optical photometer, brown dwarf science. PI: Ray Butler.
t§ 2.2 - Chimera: multi-color photometer, PTF follow-up. PtoP Gregg Hallinan.
8Memorandum of Understanding.

42
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Parameter Corresponding Value(s)
1) (2)
Active pixels 51512
Digitization 14-bit (16-bit available @ 1 MHz)
Pixel size {im) 16x16
Spectral sensitivity (nm) ~300 - 1000
Field of view (arcminutes) ~3x 3
Active area well depth (g 200,000
Linear gain register well depth (¢ 400,000
Readout rates (MHz) 10,5, 3,1
Pre-amplifiers 4.6, 2.4 1.0x
Readout amplifiers Conventional (3 & 1 MHz) / EM-CCD
Readnoise <1 e (with EM gain)
Frame rates (fps) 34 (full) - 526 (windowed)
Binning modes %1, 2x2, 4x4
Vertical clock speedsum) 0.4 - 6.0 (variable)
Peak QE (BV 575 nm) 92.5%
Dark current -70/-90C (e pixel~'sec™) 0.012/0.0035

Table 2.1: GUFI mk.lIl Photometer Overview (System Characteristics).

We show specifications for the Andor iXon DV887 detector, mheystem parame-
ters are shown in (1), and corresponding values in (2). Fr@ata sheet: iXon DV887
Camera Systems. Andor Technology, 2004), and (Data Sts=eie(i3): CCD97-00 Back
llluminated 2-Phase IMO Series, Electron Multiplying CCE@nSor, e2v technologies,
2004), viahttp://www.andor-tech.conmd@ndhttp://www.e2vtechnologies.com/.

also be used over a wide range of astronomical research auedisas lunar/interplanetary
imaging, ‘lucky’ imaging and post exposure image sharpgniransiting exoplanets, AM
CVns, flare stars, and any other transient sources in thelskiact, we have conducted
observations for the purpose of our own research inter@sésidition to collaborative ef-
forts, in each of these respective fields. The system usesitier iXon DV887 EM-CCD
camera (Figure 2.1a), which has a CCD97 thinned back-ilateid sensor from e2v tech-
nologies, hosting-90% quantum efficiency (QE) with a native 5%2512 frame transfer
(FT) sensor. The FT option allows for the omission of a meadashutter, minimal trans-
fer times (~2 ms) and thus is capable of extremely high cadence. Sincde@7 chip is
back illuminated, it has much improved QE over a wide specarage of~300 - 1000 nm
(Figure 2.1b) - as compared to a front illuminated sensoofférs variable readout rates
up to 10 MHz and can operate full-frame at 34 frames per seffpsiiand up to 526 fps
in a windowed configuration, thus producing large data loddsorder to process these
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Quantum Efficiency of the "GUFI" CCD97 Chip
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Quantum Efficiency, QE (%)
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Wiavelenigih, ()
(a) Andor iXon Detector.
(b) QE curve of the CCD97 chip.

Figure 2.1: Here we show the Andor iXon DV887-BV camera (a)vall as the measured
QE curve for the CCD97 chip (b), as used by GUFI. Note the hightQoughout the
majority of the visible spectrum and in to the NIR (e.g. JamB, R, and I-bands).

excessive data volumes, we modified and utilized the GURelpip (Sheehan & Butler,
2008), that was developed using PyRAButines. We elaborate on this further in Chap-
ter 3,8 3.1.1. The pixel size in this sensor is L&, and the CCD chip is hermetically
sealed - providing a dust free vacuum. The chip has on-boaosting via a three-stage
thermoelectric cooler, which impressively, can cool thgodb -50° C. It can be cooled
further to -90 with the aid of a liquid cooling system which removes any ssdeeat that
is generated from the heat sink to the thermoelectric codles native field of view (FOV)
of GUFI at the VATT Cassegrain focus 4s 1.7" x 1.7" with a corresponding plate scale
of 0.2" pixel~!. Focal reducer (FR) options for wider fields are limited by #fhort VATT
back focal distance of 50.8 mm, but GUFI provides near-nefilaand visible-optimized
FRs, offering a FOV ofv 3’ x 3’ and a larger plate scale of 0/3pixel~!. The great ad-
vantages of GUFI for this study are its 100% observing dutecywith a~2 ms readout
rate), very low readout noise and high QE. A GUFI system ae&ris shown in Table 2.1.

2.1.1 L3-CCD Technology and the Andor iXon DV887

Charged Couple Devices (CCDs), were first developed by AT&T Baboratories in the
1970’s (see: Janesick (2001)). Its silicon wafer chip is posed of many pixels in an array

9PyRAF is based on the Python scripting language. It was dpeel by the Space Telescope Science
Institute (STSsI): http://www.stsci.edu/institute/sedre hardware/pyraf/.
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of electrodes, which produces charged packets via the ptiotuof electron-hole pairs,

and subsequent collection of photoelectrons in wells ecey an electric field. These are
then read out through a register, and are amplified and zigiti However, this moving

charge creates noise in the output signal associated vétratke of the readout. With the
advent of L3-CCD devices, known as low-light-level CCDsages of low intensity can

now be obtained at much lower readout noise levels thanquedetectors.

An additional feature of L3-CCDs over classical CCD devirethat of the electron
multiplication (EM) register, also known as the ‘gain’ reggr, which consists of a number
of stages, each with four electrodes. By applying a voltagg. (40 - 50 V) to these elec-
trodes, the consequent potential difference (PD) prodaga®cess known as ‘avalanche
multiplication’, thus amplifying the charge. The gain r&gir has larger depths than other
serial registers so that the wells can accommodate thisfeatibn. The EM-register con-
trols the applied voltages in this process, and has no ctiondo the pixel readout rate -
this is an important feature, since the user can operatstdtfene rates without a dramatic
increase in readout noise. We refer the reader to Sheeh@8)(20r an in-depth discussion
of CCD and L3-CCD technology.

The EM process, as outlined by Basden et al. (2003), can peocddded noise in the
output. Other parameters such as the variance of the outpyieid input ¢;,) signals, in
addition to the EM-gain level must be considered. This irdloise Q) can be calculated
as follows (Robbins & Hadwen, 2003):

0.2

2 _ op o N

Q° = (EMgam)%—fp where EM i = (1 + ) (2.1)
anda is the probability of multiplication occurring in a giveresfe (~0.01 - 1%), andV is
the number of stages. Robbins & Hadwen (2003) explain futtiegt Q will approximate

to:

2
Q* = ] (2.2)

becauser < EM-gain. Interestingly, this noise will effectively hindéhe QE of the chip
because more signal is required to obtain the same SNR aselexs scenario. By adopt-
ing a value of~0.01 - 1% for the occurrence of EM in Equation 2a@2,< 1, thusQ ~
V2 = 1.414, which is the theoretical limit for the noise factor.

Dark current, and clock induced charge (CIC) are also ingmbrtonsiderations when
using L3-CCD devices. Essentially, dark current is the ltesfithermally generated elec-

trons that are trapped in pixel wells. Electron energiel¥ob Fermi distribution within
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Comparison of SNR for a given signal for a CCD vs. an EM-CCD

. .
10° 10° 10°

1(‘)“
Signal (e-)

Figure 2.2: We show a plot of an assessment of the SNR of a C&Dsplid line) vs.
an EM-CCD (black dashed-dotted line) for a given signal etakom Sheehan (2008).
The plot was computed in this case for object with an angut& af 1’ and a plate scale
of 0.5’ pixel~'. The readout noise was 8 and 1 pixel~! for the CCD and EM-CCD
respectively. Note the reduced SNR values at high signalsdewith the effect of EM
induced noise. This plot highlights the importance of moulé parameter selection for an
EM-CCD device. As illustrated here, effective readout aoialues for CCDs can be as
high as 8 e pixel! (typically 2 - 3 € pixel~! for good CCDs), whereas this is factors less
for an EM-CCD, at 1 e pixel~.

the silicate structures, and therefore at temperatur&sK, some will occupy higher en-
ergy states due to this thermal excitation. Some may be e&phy the standard registry
process outlined above, and thus is registered as extralsiggmown as ‘dark current’.
Indeed, dark signal non-uniformity can also arise, wherdfardnt level of dark current
is produced by different pixels. This effect can be courntdrg acquiring exposures for
a given observation that assess this dark current level chwéan then be removed (N.B.
the same chip temperature, exposure times and mode settogide used). However, we
note the extremely low level of dark current for the iXon DW8&hip, which approximates
to 0.0035 epixel~'sec!, at -90. CIC is also an excess effect in the process, whereby
extra electrons are created by the clocking out processs ffect can sometimes be a
primary source of noise for L3-CCDs operating at these ex¢ihg cold temperatures.

For a conventional CCD, the (total) photometric noisg,(;), which includes dark
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(1) Readout Amplifier Pre-amp 1.0x Pre-amp 2.4x Pre-amp 4.6x

Conventional 10.08: 0.04 4.07+0.01 2.111+ 0.003
EM-CCD 57.45+ 0.47 24.20+ 0.10 12.64+ 0.04
(2) Readout Rate Pre-amp 1.& Pre-amp 2.4<x Pre-amp 4.6x
1 MHz, Conv 10.88 7.07 6.21
3 MHz, Conv 16.03 10.74 9.45
1 MHz, EM 56.08 31.48 24.38
3 MHz, EM 64.84 40.42 32.98
5 MHz, EM 112.86 63.40
10 MHz, EM 185.24 112.72

Table 2.2: (1) Measured Sensitivity (€ ADU'), and (2) Readnoise (e pixel~!
readout™).

In (1) above, we show the measured sensitivity in ADU~!, where ADU is ‘Ana-
logue to Digital Unit’, of the iXon DV887, as provided by And¢Data sheet: iXon
DV887 Camera Systems. Andor Technology, 2004).(2yy we show the combinations
of readout rates and amplifiers available via the Andor saféw and the associated
noise levels in e pixel~! readout!. Although EM mode increases nominal readnoise, it
decreases effective readnoisetb e

current (V,4.,1), and readout noise ), can be characterized as follows (Janesick, 2001):

Ototal = \/Nph + Npim ' (Nsky + Ndark + 0-123[)) (23)

where N, is the photon count, and/,,, and NV, are the number of pixels included in
a photometric aperture or an area of interest on the chip tlemdky background count
in this region, respectively. Since the Andor iXon DV887-Bvan EM-CCD device, we
must also consider the effects of EM noise as outlined ab®les, Robbins & Hadwen
(2003) propose that we modify Equation 2.3 to incl@@le the induced noise during the
EM process. As we will see in Equation 2.4, all componentsapfdfion 2.3 are scaled by
Q, with the exception ofzp, to get:

OEM _total = \/Q2 : Nph + Npix : (Q2 : Nsky + Q2 : Ndark + O-lz%D) (24)

During testing of this camera for the GUFI mk.| phase, Sheg2908) use Equa-
tions 2.3 and 2.4 to investigate the SNR of a CCD device vs. MACED device, for a
range of signals (€. We include this plot, in Figure 2.2.

The Andor iXon system has two modes of operation - the eleatnaltiplication am-
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plifier and the conventional amplifier, as well as three prgiier options - 1., 2.4x,
and 4.6<. During data acquisition, we use a combination of thesenggstthat provides
the desired trade-off between exposure sensitivity, aactfects of readnoise. The con-
ventional and electron multiplication modes have manyalde readout rates (10, 5, 3, 1
MHz), but can only be used for certain modes and pre-amjfees shown in Table 2.1.
Furthermore, the effective readnoise of the systemise™ (with EM gain), since the
amount of EM-gain used essentially scales the readnoise,Bysin / Capplicd_gain-

Finally, we highlight the importance of the amplifier and-araplifier with respect to a
balance, or trade off, between instrument sensitivity @ad moise, in Table 2.2. Sheehan
(2008) and Sheehan & Butler (2008) point out the interdepeod of these parameters, and
explain that one must be cautious when applying EM-gairgesihreduces the effective
well depth of the pixels - which is 400,000 dor the CCD97 chip. They show that the
peak count and thus the level of EM to be applied can be easihpated, where the peak
count ) is:

F-t Well depth
- 2.7 &2 - EM gain
whereF is the flux,t is the exposure time, arids the FWHM/2.354 (where FWHM is the
Full Width at Half Maximum). Saturation can therefore beided by assessing the peak
count, and ensuring that the level of EM gain applied (if ashygs not cause such an effect
in the EM register during the amplification process.

P (2.5)

2.1.2 Optical Setup and Instrument Design

We designed the instrument box for GUFI to be light-weighd aompact (see Figure 2.3
and Figure 2.4a). We used 0.5” aluminium plates for the nretrument enclosure, which
was attached to the Cassegrain focus of VATT via an adaptugdlaesigned specifically
for the telescope mounting pedestal. The instrument flafege was designed to the pre-
cise specifications detailed by the VATT engineers (showrigure 2.3), however due to
the nature of the telescope’s primdf¥ mirror, and the virtually non-adjustable secondary
mirror (a few mm), the CCD97 chip has to placed at the backl fdistance of 50.8 mm,
and even closer when a FR is used. Since we did not include@rized linear translation
stage in the optical design, mechanical spacers were @osdiin between the front face
of the iXon camera, and the front plate of the instrumentgelaee three different foci posi-
tions depending on whether the NIR or optical FR is used, 00 iR is used. This optical
setup provided seeing-limiting image quality at the VAT Ts€agrain focus. Furthermore,
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Figure 2.3: GUFI instrument box, and adapter plates/mdontSassegrain focus at VATT.
We also include the CAD drawing as provided by members of (RET\engineering team,
which was used to design the counter-bored hole patternseociricular adapter plate.

a FOV of~ 1.7 x 1.7" was achieved, with a corresponding plate scale df pigel~* (no
FR), or alternatively, a- 3’ x 3' FOV and a larger plate scale of 0/3gixel~* (with FR).
These FRs were obtained from Edmund Opficand are both achromatic lenses with 25
mm diameters and 60 mm focal lengths. Each have a specifierdisp and coating that
optimizes their performance at their respective wavelengnges.

A light-tight trap, mounted on the left side of the instrurh@nsures that no stray light

PEdmund Optics (EO): http://www.edmundoptics.com/.
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(a) GUFI during assembly.

(b) Mounted at Cassegrain focus.

Figure 2.4: The GUFI photometer was assembled (a) on sit&EL ¥h May, 2009, after
being successfully lab tested at the NUI Galway CfA. It wastimounted at the Cassegrain
focus of VATT (b), before its lengthy commissioning obséima run in June, and July, of
that year.

enters the main enclosure, and communication, power arlthgarmables, are run through
this passage (Figure 2.3). We did not include a filter whdelmal to the instrument, since
VATT provides 2x 4 position filter wheels, that are located above the mourgetdgstal.
These filter positions are controlled via the telescoperobsbftware (TCS) in the VATT
control room. VATT offers the full Sloan and Johnson phottneganges, as well as the
Vilnius interference filter range, addffilter, and others. We refer the reader to the VATT
website (footnote #1, page iv in the front matter of the thefgir more information.

VATT is run and operated by the Steward Observatory, basgtedtiniversity of Ari-
zona, and is part of the Mount Graham International ObseryaWATT saw first light in
1993, and since that time it has been an active telescopdWbats visitor instruments, as
well as facility photometers and spectrographs. The sesiNgTT is generally excellent -
indeed, we have observed close to’G&eing during some observation runs, and typically,
observers report sub-arcsecond seeing conditions (wi#d)o making it one of the best
sites in the world. The primary mirror of VATT is dfl ‘honeycombed’, borosilicate mir-
ror, which was constructed at the University of Arizona, aras in fact the first spin-cast
and stressed-lap built mirror. These techniques were Ustdl to build the 6.5 m Multiple
Mirror Telescope (MMT), as well as the mirrors of the Large®&tular Telescope (LBT) -
both 8.4 m in diameter.
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In the next section, we discuss the hardware and softwaktoseontrol GUFI. The
control computer is located on the main telescope azimuthse, underneath the primary
mirror cell, and close to the instrument. The iXon cameramomicates with the control
computer via an Andor propriety network cable. Howevergsi®@UFI has imaging capa-
bilities of up to 526 fps, the length of this cable is limitex<10 m, in order to preserve
data rates. Thus, the control computer is permanenthosigdiiin the dome, and controlled
remotely from the VATT control room by using an Ethernet cection; an Ethernet hub is
mounted on the right fork of the alt-az telescope structure.

All of the photometric data presented in this thesis, andrstibd for publication, was
obtained using GUFI (and the VATT 4K CCD). Therefore we shawpnoof of concept
work in this section, since these data are presented in Etsapt 7 .

2.1.3 Hardware and Software

The GUFI system uses a Dell 1800 sekethat controls the camera and stores the data
after acquisition. Data is obtained by using Andor’s prefyriSOLIS software, and com-
municates with the control computer by an Andor network caapable of processing
extreme data rates via the onboard camera internal memdtiiough Andor designed
this software for image acquisition, it also has a large amhofi functionality for image
analysis during or after an acquisition. It gives the us#icfantrol of image properties, in-
cluding pixel readout rates, horizontal/vertical binnfagtors, exposure times, automated
frame accumulation options, pre-amplifier settings, EM @mventional amplifier selec-
tion, triggering mechanisms, vertical shift speeds andadyin gain settings. Furthermore,
the software’s region of interest statistics (labeled ‘R@lthe GUI) enables the user to
assess the mean and standard deviation of the signal, assmtle maximum and min-
imum counts and FWHM. ‘Spooling’ allows direct data storagehard disks, therefore
by-passing memory. Finally, the AndorBasic programminggleage provides options for
scripting. As the software contains many more options andtfans, we refer the reader
to the Andor website for more details.

2.1.4 Time Server (NTP) Implementation

Since GUFI was designed to be an instrument used for the taetenf variable signals
from ultracool dwarfs, and other transient sources, théegysequired a dedicated time

11Basic specs: 2 Xeon 2.8 GHz processors; 2 GB RAM; 5.5 TB storage (RAID-0 apjfi
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server, in order for the GUFI control computer to be acclyatgnced with Coordinated
Universal Time (UTC). Indeed, this is clearly of paramounportance for any simulta-
neous observations with other telescopes. The Andor iXomeca has the capability of
directly receiving a Transistor-Transistor Logic (TTL)Ip@ via an external trigger port.
However we chose not to install the required GPS antenna totanaan accurate pulse,
and instead implemented a simpler setup via the Network no¢ocol (NTP), which
acquires an accurate read of UTC from a receiver on Mt. Graffidma NTP then updates
the Windows XP desktop clock, which provides this time toititernal iXon clock. In
fact, the NTP identifies five different in situ Mt. Graham rigees - stationed at VATT, the
Sub-Millimeter-Telescope (SMT) and LBT, and pings eactheke locations every 10 ms,
to assess their latency response. The server thereforsehdwe receiver with the least
amount of latency. SOLIS writes the newly acquired time gtameach .fits header file,
thus preserving UTC accuracy, which is accurate to miltiesel time resolutions.

2.2 CHIMERA - Caitech Hl gh-speedM ulti-color camERA

“The Chimera (iutpa) is a monstrous fire-breathing creature of Lycia, depictedadion,
with the head of a goat, and a tail that takes the form of a sisakead. It describes a
mythological or fictiona[instrument] animal with parts taken from varioysmstruments]
animals.”

Greek Mythology

We designed and built CHIMERA as a high-speed, multi-cotatpmeter, for deploy-
ment at the prime focus of the Palomar 200-inch telescope. if$trument is optimized
for monitoring of targets that vary on timescales from reétonds to hours, and is posi-
tioned to target new classes of short duration transiert paniodic sources, revealed by
iPTF*? and ZTF2. These sources include compact binaries, flaring starsitiiag planets
and eclipsing binaries. The exquisite absolute timing eemuoffered by the instrument
(< 1 ps) is particularly useful for multi-epoch timing experinterfe.g. AM CVns). At
the heart of CHIMERA lie two innovative Andor NEO sCMOS ddtes (2560x 2160;
5.5 Mpx), that outperform the current generation of CCDs BMICCDs in many key

12The Palomar Transient Factory (PTF, where iPTF is the neas@lof PTF with the inclusion of high-
throughput spectrographs used for spectral classificat®a wide-field survey used to detect transient
sources. Zwicky Transient Factory (ZTF) is due to be comimigs] in 2015, and will be used for spec-
tral classification and photometry of crowded host galaxgsie
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Parameter Corresponding Value(s)
1) 2
Active pixels 2562160 (5.5 Mpx)
Digitization 11-bit and 16-bit
Pixel size {im) 6.5x6.5
Spectral sensitivity (nm) d[] ~300 - 550; {'/7'] ~550 - 900
Field of view (arcminutes) ~3 x 2.8
Pixel well depth (g) 30,000 (typical)
Readout rates (MHz) 560, 200
Readnoise <le
Readout modes Rolling/Global shutter
Frame rates (fps) 100 (full};1,600 (windowed)
Pixel binning 22,3x3,4x4, 8x8
Peak QE (BV 550 nm) 57%
Dark current -40C (e pixel~'sec™!) 0.03

Table 2.3: CHIMERA Photometer Overview (System Characteristics).

We show specifications for the Andor NEO sCMOS detector, ligpk
ing the main parameters (1) and corresponding values (2). kenTafrom:
(Data sheet: LNeoSS 0412 R1 NEO sCMOS. Andor Technology, 120Yia
http://www.andor.com/scientificameras/nescmoscamera/

areas. In particular, they can simultaneously deliveatibw noise €1 e1), rapid frame
rates (100 fps full frame; 1,600 fps windowed) over a wide dynamic range3(0,000:1).
CHIMERA also offers simultaneous observing in the Slgaand, and either of the Sloan
r" or Sloani’ bands. Indeed, the filter wheel on the (red) transmitted amhold up to
9 filters. The instrument currently operates with a field @&wiof 3 x 2.8, with a future
upgrade planned to extend this to 10 square arcminutes (gaendlix C). The instrument
saw first light on the Palomar 200-inch on August 1, 2012. iftillowing sections, we
discuss the new sCMOS technology briefly, as well as the alptegjuirements at prime
focus of the 200-inch that were needed to achieve seeinitgtimerformance, and finally
the hardware we use and the science goals intended for tinenrent. CHIMERA system
properties are shown in Table 2.3.

2.2.1 sCMOS Technology and the Andor NEO

Complementary metal-oxide-semiconductor technologyedfeer ‘CMOS’, was devel-
oped in the 1960’s and is used in a wide range of technologpalications, such as micro-
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Quantum Efficiency of the "CHIMERA" sCMOS Chip

Quantum Efficiency, QE (%)

6(‘)0 7l‘30 860
Wavelength, A (nm)

&

(a) Andor NEO Detectors. (b) QE curve of the sSCMOS chip.

Figure 2.5: Here we show the Andor NEO sCMOS detector (a),elsas the measured
QE curve (as per the Andor specifications manual outlinecainlel 2.3) for the sCMOS
chip (b), as used by CHIMERA.

processors, random access memory, imaging sensors, amduroocations. These circuits
are quite complex which can result in a reduction of the aléa area for light sensitivity.
However, since the 1960's, modern CMOS sensors now have greeter sensitivity than
their earlier counterparts. Unlike a CCD, each column oéfsixn a CMOS sensor contains
individual amplifiers, digitization (ADU conversion) andise reduction circuits. Because
of this complex design structure, the pixel area respoadin light capture is reduced,
and because conversion is performed for each individual pimage uniformity is lower.
Nevertheless, CMOS sensors have faster readout capebditid lower noise. Both CCDs
and CMOS images offer unique imaging performance, where £i@ve often been cited
for their high QE range and image quality, whereas CMOS gsitsve more functions on
the chip, and lower power dissipation.

However, the new sCMOS (scientific CMOS) detectors have bpedifically designed
for scientific imaging, which requires consideration ofsgiframe rate, dynamic range,
QE, thermal control, and so on. The CHIMERA system uses twdoAMNEO sCMOS
detectors, to simultaneously image different wavelengtiyes. The NEO now offers two
readout modes - the global shutter mode, and the rollingteshotode. In the sSCMOS
sensor, each column has dual amplifiers and ADU convertets,dn the top and bottom
of the sensor, thus allowing for split sensor readout. Tesigh reduces readout noise,
while maximizing the dynamic range. The architecture of MO chip while using the
rolling shutter mode provides lower readnoise than the ajlotode (e.g. 1€ vs. 2.3
e ! at 200 MHz). In the rolling mode, each column is read out (byit/n amplifier) and
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shifted to an electrical bus. The format of the readout if1hat each row is individually
read out from one side to the other (leading to a temporah¢gtbetween beginning and
end of readout). One must heavily consider this charatiteifshe NEO is being used
for variable object science, especially if the time scalthefvariations (expected or other)
approximate the time scale of the latency. By contrast, tbbaj mode reads the entire
chip to the electrical bus, at the expense of greater ndiseirhportant to note that since
the rolling shutter reads different parts of the chip outiffetent times, the final image
could be subject to artifacts such as skew, wobble or paskipbsure, due to changing
conditions during acquisition. Although the global shutteode can avoid these effects,
if these same conditions change during a global acquisitidifacts such as image blur
can occur. The NEO sensor has 2562160 active pixels, with pixel sizes of 6,6m,
providing 5.5 Mpx in total. Based on the above sCMOS archite; the NEO can can
simultaneously delivex1 e! of noise, at frame rates of 100 fps full frame, and,600
fps with a 128x 128 pixel region, with rolling shutter enabled, as well asidendynamic
range 0#~30,000:1. The Andor NEO camera and a plot of QE of the sSCMOislshown
in Figure 2.5, which reaches a maximum-~a%7% at~550 nm. The overall instrumental
response<400 nm was poor, therefore we decided to only include therSiodilter on
the reflected arm - we discuss this further in the followingtisms. The NEO camera also
contains a spurious noise filter option, capable of reduttiagffects of random high-noise
(>5 e rms) pixels. For an in-depth discussion of the noise charestics and associated
assessment of these effects for CMOS detectors, we refee#lter to Tian (2000, and
references therein).

2.2.2 CHIMERA at Prime (f/3.5) Focus of the 200-inch

The optical design of CHIMERA involved overcoming the ckalijes presented by plac-
ing the instrument at prime focus of the 200-inch Hale tedpsg the most pertinent being
coma aberratiori. The resolution at focus of a paraboloidal mirror is limiteg coma,
and is particularly worse for smaller focal ratio (“fasferhirrors. Other effects such as
field curvaturé® and astigmatisAi of the primary mirror must also be considered. These
problems were reduced on the 200-inch, by including thetiegis\ynne corrector (see:

B3These effects are essentially due to the departure from iniéafing surface, in this case the curvature
of the primary mirror. The resulting shape of the wavefrandlifferent for each effect labeled above, and
therefore the points of foci with respect to the image plamestrongly effected, leading to a variety of spot
aberrations. We refer the reader to Ross (1933, 1935) fdepth discussion of these effects.
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Wynne (1949, 1965, 1972)) in the optical path for CHIMERA ig¥hprovides a 24 ar-
cminute focal plane, with minimal aberration. When the 2@k was originally being
commissioned in the 1930's, a large amount of research waedaut by F. E. Ross,
where he worked to characterize and minimize these effgctsebinclusion of a correct-
ing lens system between the primary mirror and focus (R@&33)1 Although the system
proved to be effective in removing the primary aberratioi@saszdoublet lens with spher-
ical surfaces, it did introduce spherical aberrations assalt. He later suggested that by
using non-spherical surfaces that the effect could be adpidowever later Wynne (1949)
showed that this was not the case. Ross (1935) then publéshedel three-element cor-
rector, which did in fact take care of the primary and spla@omponents of aberrations
as previously observed in earlier designs. Based on thissRiesign, Wynne (1965) out-
lined a corrector specifically for the 200-inch. Althougkstlystem corrected for coma on
axis, FOVs of~10 arcminutes were still subject to some coma effects. Wyh®@&7) pro-
vided another iteration of these paraboloid correctotis,tthe employing a four-element
corrector - this design is currently being used at the 2@dsiand provides a 24 arcminute
FOV. We show the optical layout of the Wynne corrector, whilocated 4.459” before
the prime focus, in Figure 2.6.

Although the Wynne corrector minimizes the inherent comtnefprimary mirror, we
still needed to carefully consider what optics would bessprve the image quality of the
primef/3.5beam - since lens and mirror properties can all contributbtrrations at the
image plane. These optics were ultimately required in ci@ehift the prime focal plane to
a position where CHIMERA could effectively image-&8' x 3 field. We found this FOV
to be the maximum field size we could achieve, whilst still mb@ining seeing-limiting
spot sizes (of e.g~0.5" on axis and~1.3" off axis, where~1" is typical seeing for the
Palomar site) in our RMS radius assessments, without thetafemistom optic design. We
elaborate on this further in the following section.

2.2.3 Optical Setup and Final Instrument Design

A 1:1 relay consisting of a combination of visible achrormatbublet lensé4 was used to
collimate and re-focus the image from this corrected fotai@, on to our two Andor NEO
detectors (shown in Figure 2.6). This combination was aaflg@nportant in minimizing

aberrations as the prime beam moved through the system. aNdtameter of 2” and a

YAl of the optical lens elements, the optical breadboardtpand mounts (and other smaller components)
were obtained from THORLABS; www.thorlabs.com/.
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Figure 2.6: Here we show the optical design of CHIMERA, whichs assessed using
the Zemax optical design software. Since we discussed then&/gorrector irfy 2.2.2,
we also include the 4-element Wynne optical system, whi¢bdated in the prime focus
cage of the 200-inch, 4.459” before prime focus. The trattechiand reflected arms are
highlighted; however we opted to omit ray tracing for theaetitd arm via the dichroic
beam splitter, for clarity in the diagram. Each elementiuding telescope focus, the pupil
position after the collimator, and the filter wheel, is nuicalty indicated.
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focal length of 4”, these doublet lenses were selected Isecatitheir visible coatings
which are optimized at 400 - 700 nm - the QE range of the sSCMO® NEip. We split
the light along this path via a long pass silica dichroic besptitter (with an angle of
incidence (AOI) of 48, anti-reflective coatings, and a diameter of 2”). The reflece and
transmittance curves meet at 567 nm, and ha98% throughput for each component. A
nine position filter wheel on the ‘red arm’ houses 1.25and:’ filters, whereas the ‘blue
arm’ has an integrated 1.25" filter. These filters were acquired from Astrodgrand are
designed based on the SDSS photometric standards of Falaigit. (1996). The pair of
achromat doublets used for collimation, were placed at @ie (d~ Fcollimatmg_lem*)
from the focal point of the telescope, in order to collimdte kight.

The dichroic beam splitter is located in collimated space decause of severe space
constraints, it was placedl.6” in front of the optimal pupil position. We were requirtx
move the mirror by this amount, to physically allow for thedfilwheel to be placed in the
light path (position #5 in Figure 2.6), before the re-foagdiens (position #6 in Figure 2.6),
to allow for focus movement. A second pair of achromat daghkused to re-focus the
light after the filter wheel on the transmitted arm, and samy, the third pair of achromats
is used to re-focus the reflected beam. Threaded lens cageslpustable lens tubes allow
for easy adjustment of foci during lab calibration. This d@nation of achromat lenses
in the system provided lab tested diffraction-limiting igeaquality, and the optical setup
provides a FOV of~ 3’ x 2.8, with a corresponding plate scale of 0/Qpixel~!. We
assessed this quality by simulating a telescope in the tah fwo lenses to provide an
f/3.5beam. We collimated this beam at infinity with respect to thewn telescope focus
point by using the collimating doublet element, and therdus®0,:m pinhole to focus
the system and assess the FWHM of the focused spot. The syslieavail of 4 x 4
pixel binning, in order to sample the PSF owe3 or 4 pixels (optimum seeing conditions).
We show ZemaX RMS spot radius diagrams in Figure 2.7a, for different moion the
image (on axis, out to 3 arcminutes as indicated), which weezl to assess the image
quality across the full FQV, for a given range of wavelengffigure 2.7b shows the same
information, where we plot the FOV (x-axis, degrees), agidime RMS spot radius (y-axis,
wm). Figure 2.7 illustrates this assessment for the integriitix of theg’, ' and/’ filters,
where the relative positions of the optical elements in tamax analyses were optimized

5Astrodon; Dr. Don Goldman; http://www.astrodon.com/.

fwhere d = distance, and F = focal length.

6Zemax is an optical design program of Radiant Zemax, LLC (Rmud, Washington);
www.zemax.com/.
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(a) RMS spot radius: on-axis (top left); 0.&op right); ¥ (bottom left); 1.5
(bottom right). “RMS radius” correspond i + r’ + ¢’ flux; this differs from
Table 2.4 to follow, showing spots for each band separakedgh grid square is
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(b) Plot of RMS spot radius vs. field position. Colors indeatavelength (nm
x 1073). Seeing-limited PSFs are more or less maintained for aleleagths
until the outer edges of the field-(2.8").

Figure 2.7: Assessment of the image quality of the opticsiesy via Zemax.
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Parameter d Filter r’Filter i’ Filter
RMS spoto (um, on-axis) 44 48 50
RMS spot® (um, 1) 42 46 48
RMS spoto® (um, 2) 52 60 60
RMS spot® (um, 3) 86 100 102
PSF (arcseconds, on-axis) 1.02 1.06 1.07
PSF (arcseconds))1 1.02 1.04 1.06
PSF (arcseconds))2 1.08 1.13 1.13

PSF (arcseconds))3 1.34 1.46 1.48

Table 2.4: CHIMERA Optical System Image Quality Assessment.

We show the properties of CHIMERA's optical system, in terofsthe RMS spot
size diameterd) for on-axis beams, and for beam positions’aRland 3, on the sensor
FOV for each SDSS filter. We also show the quality of seeingttiesystem can produce.
We note that average seeing at Palomar mountaisilisrcsecond. We highlight that we
are essentially seeing-limited at all points of the FOV,eptcat the very edge of the 3
arcminute field, where we lose30% of our quality, and are subject to some aberrations
(Figure 2.7a, bottom right). These spot radii were assassied Zemax. Figure 2.7 shows
diagrams and a plot of RMS radius vs. field position for alethwavebands summed
together. This table reports the individual spot sizes émhfilter, assessed independently.

with respect to a range 6¥400 - 850 nm. We also include these analyses in Table 2.4, but
for each filter assessed independently.

A filter mount was custom built for the' dilter, which screws directly in to the lens
tube on the reflected arm. A baffle is also included after maltion, whose clear aperture
(~25 mm) is~50% larger than the beam size at that poal§é mm) - we conservatively
selected this aperture to ensure no mechanical vignettioigroed. This baffle acts as a stop
for any stray or internally reflected light within the opticystem, thus preserving image
quality at the image plane. Finally, we custom designed camm@unts, which allowed for
re-positioning of each NEO camera in any direction obthgplane. These mounts can be
seen in the Solidworkédrawing in Figure 2.8, and in lab pictures in Figure 2.9b.

The CHIMERA instrument box, like GUFI, was designed to beyatiweight structure,
and thus was made of 1/8” aluminium. As shown in Figure 2.8, @allows for easy ac-
cess to the main instrument, since the enclosure can bg easibved from the instrument

7Solidworks is a 3D mechanical CAD (computer-aided desigere of software, that was devel-
oped by Dassault Systemes Solidworks Corp., a subsidiaBasbault Systems, S. A. (Velizy, France);
www.solidworks.com/.
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Breadboard

Pedestal Adaptor

i Filter Wheel
‘d Collimator Side Gusset

Figure 2.8: Here we show a Solidworks drawing of the CHIMERAtiument. Note that
we have removed the lens tube housing on the collimator elerteallow the reader to
view the setup in a clearer fashion. Similarly, we removeslghsts from the refocusing
lenses for the same reason.

structure. All cabling (including power, communicatiorm.¢tis connected to the control
computer via a light-trap access point on the right of thérimsent. In addition to the
larger enclosure size, the optical requirements were nmrglticated (as outlined above),
and therefore we had to accommodate many lens elements araar{plus mounts and
posts), a filter wheel, two Andor NEO cameras, and a largeraldet box for the mechani-
cal shutter (shutter and controller described th2.4). We used a 0.5” optical breadboard,
with 1/4”-20 threads on 1” centers, as the main instrumesgéb@he custom front plate of
the instrument was designed to be secured to this breadlaatdn order to ensure com-
plete structural support in every plane of motion, we inelditivo large triangular gussets,
supporting against stress at the rear of the optical boas pek the mounting require-
ments of prime focus instruments on the 200-inch, we weraired to custom design a
pedestal adaptor plate, which attached to the front pla@HMERA, and then on to the
main prime focus structure. We show labelled SolidWorksmvitigs of the CHIMERA
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(a) Components on the optical breadboard. (b) CHIMERA fully assembled.

Figure 2.9: (a) CHIMERA at the early stage of assembly. (blyrassembled, lab-tested,
and ready for commissioning. Components reflect labelirfggare 2.8.

Figure 2.10: Optical setup showing the dichroic beam spl{it), and the/’ filter (2), held
at the front end of the focusing tube of the collimating lense
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design and layout in Figure 2.8, and pictures before and assembly in Figures 2.9 and
2.10, where optical components that reflect labeling in Fed218 are shown. Finally, a
mechanical shutter is mounted at the open aperture of thérmounting plate. A custom

mount was built for this purpose. Since the Andor NEO sCMO8ara does not include

a physical mechanical shutter on-board, the inclusion dfudter was important for the

acquisition of bias frames. Furthermore, by placing thetshat the open aperture of the
instrument, this was the only way to guarantee a light-tegitiosure.

Briefly, a few words about the 200-inch Hale telescope. It iuaift by Caltech, and
is named after George Hale - an astronomer that publishedtiate anany years before
the commissioning of the 200-inch, detailing his vision ©hé Possibilities of Large Tele-
scopes”. The telescope saw first light in 1949, and was irtfectvorld’s largest telescope
for many decades. Indeed, the American astronomer EdwirelPélubble was the first
astronomer to use the telescope. A great many discovenesdweme from this facility,
e.g. quasars and hundreds of asteroid detections. Tymeaig at the 200-inch is-1
arcsecond, where1 arcsecond is considered to be excellent conditions. Tdiéyahosts
a wealth of astronomical instruments, including faciltgtrnments, pseudo-facility instru-
ments and public instruments. As a PTF follow-up instrum@uIMERA is currently
stationed as a facility instrument.

2.2.4 Hardware and Software

CHIMERA is operated by a Supermicro SC825 2U seffriek RAID-5 configured storage
solution offers 8 TB of capacity and allows sustained datesraf 1.4 TB hr!. The server
is mounted in the prime focus cage with CHIMERA. We designedistom “V-plate” -
a 30" x 20" (L x W), 0.5” thick aluminium plate, built specifically as a moufot the
server. This V-plate mount is then secured on to one of theyrf\aslots”, on the wall of
the cage. The computer is remotely controlled from the 2@B-icontrol room, and has a
dual-booted OS, including a Windows Server OS, and a LinudhRedistribution. Andor
SOLIS software runs and operates the Andor NEO sCMOS canfrerasthe Windows
partition option. The NEO SOLIS software offers similar étionality to that of the iXon
SOLIS versions, and as before, communicates with an ordboetwork card via a pro-

fCalifornia Institute of Technology.
BIntel Xeon 2.40 GHz 2 quad core E5620 processors, 24 GB DDR3 RAM, 8 TB storage (REIRon-
figured). Full system specs can be found here: http://wwyesnicro.com/products/chassis/2u/825/sc825tq-
r720u.cfm.
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prierty network cable, as outlined in more detailsi2.1.3. However, the latest versions
of NEO Solis are basic test platforms only, and could not leddta rates>10 fps, with-
out significant readout times. We highlight that these reatimes were software-based
bottle-necks, not hardware. Under the Solis operatiors &le first stored in the virtual
memory section of the selected hard drive. Once the acmuisg complete, this data is
then written to disk, which can take longer than acquisitiores if spooling>10 fps, thus
reducing the cadence and nullifying the advantage of higtioet rates. Therefore, in order
to avoid this loss of time on sky, control software was depetbin a Linux environment
that is capable of controlling both cameras simultanequskgddition to dealing with any
data rate the camera systems offer. It also contains guwipgbilities, as well as auto-
focus, PSF assessment and weather assessment, and it canrdoate with the Palomar
TCS. The software is currently being benchmarked, and igabe fully launched at the
beginning of observing semester 2012B.

As outlined in§ 2.2.3, we employed a shutter at the front of the CHIMERA unstent
box. We obtained a UniblitzZCS65 mechanical shutter, with a 65 mm iris aperture. To run
and control the shutter mechanism, a VCM-D1 single chartnétear driver was installed,
which is mounted inside the instrument enclosure - as shawiigure 2.9b. The shutter
is remotely controlled in the telescope control room via@tiMERA server by running
simple C-code, which provides instructions to open or ctbseshutter iris.

Finally, in order to accommodate the 1.25” filter size, weaitiéd a 9-position ATIK®
EFW?2 electronic filter wheel - which can house both 1.25” ahéll@r sizes. On-board
drivers allow the wheel to be controlled by a USB connectmthe CHIMERA control
server, and simple software, such as Astroart or Maxim Dimpmoainicates directly with
the filter wheel.

2.2.5 GPS Tracked Timestamping and Guiding

GPS-assisted timing in CHIMERA provides sub-microsecobsblute timing accuracy,
to facilitate multi-epoch timing experiments, as well agmbnated multi-frequency ob-
serving campaigns with other telescopes. In order to aehigese timing accuracies, an
IRIG-B compatible GPS PCI-e card was installed in the CHIMEEdNtrol server. This
card connects directly to an RG58/RG59 coaxial cable, nmto the prime focus cage of

fCredit: Jennifer W. Milburn, Astronomical Instrumentati§oftware Engineer, Caltech.
fUniblitz: Vincent Associates; http://www.uniblitz.com/
ATIK Instruments; http://www.atik-cameras.com/.
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the 200-inch from a distribution amplifier. This amplifiecisnnected to a GPS antenna on
the side of the telescope dome, ensuring uninterrupteeblitséght for satellite commu-
nication. The coaxial cable carries an IRIG-B output sigmddich synchronizes directly
to the GPS receiver. The NEO cameras contain an internak elith 25 ns accuracy.
They are (simultaneously) externally triggered by the kinantrol software where a TTL
pulse is provided directly to the camera, and maintainethdwtata acquisition. These
time stamps are logged and written to the header files of eaaiefonce the data write is
complete.

The telescope does not have a stand-alone guiding systenefdhe all instruments
on-sky are expected to have their own system in place. TheddC&pts communication
via a TCP/IP interface. TCS requires two primary instrutsito perform correction: 1) a
coordinate offset formatted as an ASCII command string wébimal values of right as-
cension (RA) and declination (DEC), and 2) a slew rate foheags in units of arcseconds
per second. Guiding capabilities have therefore been dieclun the control software,
which provides this information to TCS. The software obgagnframe every seconds,
taken from files already written to disk, and usa$.daofindroutines to locate stars on the
frame. It then calculates any coordinate shift which is written to a text file, in the format
that the TCS requires to make guiding correction.

2.2.6 CHIMERA as a Palomar Transient Factory Instrument

CHIMERA will commence targeted campaigns of known clasdeshort duration vari-
ables, including those identified by PTF, in semester 208Avever, as well as carrying
out targeted observing campaigns, CHIMERA will be avagatal PTF to perform early
photometric follow-up on candidate PTF transients, tovalimick identification of rapidly
varying sources. This mode of operation will commence inester 2012B. To date, PTF
follow-up observations with the Palomar 200-inch involhe tuse of the Large Format
Camera (LFC) at prime focus, and the Double SpectrograplS@)Bt Cassegrain focus,
for photometric and spectroscopic follow-up of candidaa@sients. The location of these
instruments at different foci has allowed these instrumtmbe used together on individual
nights, maximizing the efficiency of PTF observing with tl@®2nch.

CHIMERA has been developed as a prime focus instrument ¢avatito be used as
a direct alternative to the LFC for photometric follow-upRTF candidate transients. It
will exceed the performance of the LFC in producing deep fiags, for example on ex-
tragalactic candidate transients, while simultaneouffigring the capability to provide
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Figure 2.11: We obtaineg’ and ' data at two different time intervals in the night for
an AM CVn target. This is shown here as proof of concept datg tnillustrate the
commissioned status of CHIMERATOP] We showr’ lightcurves taken on August 1,
2012. We were observing another target during the breakeid#ta £6.10 - 7.25 UT).
Data were taken with 10 second exposuf@4lDDLE] Individual lightcurves fromrOP
plotted to show more detai[BOTTOM LEFT]First lightcurve binned by a factor of 2,
where we highlight a detected binary eclipse.

higher time resolution with little impact on sensitivity investigate short duration vari-
ability. The ability to simultaneously observe in two phwietric bands, thereby allowing
a rapid color-based preliminary classification, is alsdipalarly useful for PTF transient
classification.

The newly commissioned instrument began testing on thenigal@00-inch on August
1, 2012 and will soon be fully available to fulfill its role faarly photometric follow-
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up of candidate PTF short duration transients. The instnirél commence targeted
campaigns of confirmed targets of interest in 2013A. Progboicept data from the August
1, 2012, instrument commissioning is shown in the followsodpsection.

2.2.7 “First Light” - Proof of Concept Data

Here we include ‘proof of concept’ data that was obtained argust 1, 2012, during
CHIMERA's commissioning run. Although the primary goal dig scheduled time was
an optical and mechanical test of the instrument, a fullrex@eprogram was prepared
for use as test data. The instrument, as well as the contropater and V-plate, were
successfully mounted and balanced in the prime focus cajle,n@ mechanical issues.
The weather was excellent (.8’ seeing); however there were some periods of intermittent
cloud throughout.

The optical performance of the instrument was in excellgné@ment with the Zemax
software tests, and lab tests, prior to commissionng.2.3). The system was seeing-
limited for on-axis points, where typical FWHM values wereasured to be-7 - 15
pixels (with a binning factor of 4x 4), corresponding te-1.5" seeing - which were in
agreement with the seeing estimates from the Palomar imsitither station. As expected,
aberrations were present for stellar PSFs outside field etiens 0of>2.8. In addition to
software, timing, focus and camera performance charaetern tests, we observed two
eclipsing binary systems, two exoplanet transits (wheté kbphemerides were known),
and a brown dwarf, in multiple bands, simultaneously. We alstained deep pointings of
dense starfields in order to assess stellar PSFs, and Gdigrahtions, over the field. These
data are currently being processed. For the purpose of CIRIM@roof of concept data,
we includer’ lightcurves from an eclipsing binary in Figure 2.11, takeithwlO second
exposure times.

2.3 Summary

In this chapter, we have outlined the optical instrumeatathat was developed and used
during this work. Two instruments were designed, consedietnd commissioned during
this time, each with specific capabilities to facilitateithresearch goals, but also capable
of being used for many other observational areas of int@nesttronomy.

GUFI, the Galway Ultra Fast Imager photometer, was re-aiegidrom the initial mk.|
version, to be deployed on the 1.83 m VATT telescope, on Mah@m, Arizona. It was
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commissioned on VATT in May 2009, and has been stationed gimat time as a visitor
instrument. GUFI is a high-speed photometer, which usedtigor iXon DV887-BV
camera, whose primary goal is the search for variabilitynfratracool dwarfs (Harding
et al., 2012a,b). It has also been involved in many flare stanpaigns to search for large
and small flaring events, obtained with high-cadence in@fifarding et al., 2012d). The
instrument is located at Cassegrain focus of VATT, and sffemative FOV of- 1.7' x 1.7/,
with a corresponding plate scale of 0.gixel~!. However, GUFI also has options for
visible and NIR focal reducers; when installed, the systdfar® a~ 3’ x 3/, with a
corresponding plate scale of 0”3pixel~!. The great advantages of GUFI, particularly
for observations in transient astronomy, are its 100% ofrsgduty cycle (with a~2 ms
readout rate) and very low readout noise, while still mamitey high QE.

CHIMERA, the Caltech High-speed Multi-color camERA, waveleped as a prime
focus instrument on the Palomar 200-inch telescope. Theument has the capability
of providing low-noise, high time resolution images in njlkk photometric bands, where
users can simultaneously select the SDS8tgr, with either the for i’ bands. The system
uses the new Andor NEO sCMOS technology, which deliver rijpithe rates (100 fps full
frame,>1,600 fps windowed) over a wide dynamic range30,000), with low noise<{1
e !). CHIMERA also offers absolute timing accuragy {1 s), which is extremely useful
for multi-epoch timing experiments (e.g. AM CVns, flaringust, transiting exoplanets).
Thus, it is optimized for monitoring of targets that vary angscales from milliseconds to
hours, and indeed, any transient or periodic source, detdnt PTF or ZTF. The system
offers a FOV of~ 3’ x 2.8, with a corresponding plate scale of 0’@ixel~, and therefore
utilizes software pixel binning options, where the chipiised to 4x 4 to sample the PSF
over many pixels. CHIMERA was commissioned and tested o2@@einch on August 1,
2012, and remains at prime focus as a Caltech/Palomartyacisitrument.
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The Crab Nebula (M1) as taken by CHIMERA on August 1, 2012, at
prime focus of the 200-inch. This is a two-color 10 second exposure.
(Observers: Gregg Hallinan, Pl; Leon Harding, Inst. Scientist; Gillian Kyne)



“To err is human, but to really foul things up requires a conaplt

Farmers’ Almanac

“Programming today is a race between software engineersirsrito build bigger
and better idiot-proof programs, and the Universe tryingptoduce bigger and better
idiots. So far, the Universe is winnirg.

Rick Cook

Data Reduction & Variability Analysis

he primary focus of research in this thesis, is an investigaingo the optical

signatures from mid M dwarfs, to early L dwarfs. In this claptve discuss the

data calibration/reduction techniques and time-resobmttal differential pho-
tometry that was applied to the data obtained from the ins#nts commissioned during
this work and described in Chapter 2, as well as the subségtagistical analyses of the
detected periodic and aperiodic signals. A number of otflestope facilities and instru-
ments in addition to those described in chapter 2 were aled aser the course of this
study. In each case, data reduction and differential phetgmvas also carried out, in or-
der to monitor for such variability. However, different cderations needed to be applied
for each data set, since each telescope and instrumenemilyecontains unigue sources
of error, different image properties in calibration datad &o on. These considerations
are discussed in Chapter 4. We also outline the data redugipeline (Sheehan, 2008),
that was modified and used for GUFI mk.ll VATT data, and davafiother telescopes and
instruments. In many of the sections, we give a brief ovenoéthe theory/methods first,
followed by descriptions of these methods in more detathengaragraphs that follow. All
of the photometric and statistical routines and scriptsia thapter were developed and
implemented by the author unless stated to the contraryeisaming text (some of which
utilized well established routines that are cited in thevaht sections).

3.1 Data Reduction and Photometry

In this section, we discuss the pipeline that was largelyd usereduce the data in this
thesis § 3.1.1). Where applicable, other techniques/pipelinegwaplemented for given
70
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datasets - this is highlighted in the relevant sections. driggnal pipeline, hereafter ‘L3
pipeline’, was developed by Sheehan (2008), and was useditee GUFI mk.l data sets.
Like the first iteration of GUFI, the Andor iXon DV887-BV camee (utilized by GUFI
mk.Il in this thesis) has been used to acquire the data inntbik. Therefore we decided
to use the existing routines for any GUFI mk.Il data, in addito making modifications
to some of the routines for compatibility with other instremts and telescopes. We also
developed registration and analysis routines and intedridtem into the pipeling; 3.1.3
briefly outlines some scripts that were written to deal witbwdar rotation offsets in some
data sets. These offsets were due to guiding and derotatiors evhile using the VATT
telescope§ 3.1.2 discusses the effects of OH spectral emission on NI& -dsommonly
known as “fringing”. We detail the routines that were writt® remove these effects. The
remaining sections outline the photometric techniqueswieae used in this work, as well
as how reference stars were assessed post-photometrypaftg fiow the photometric
errors were quantified.

3.1.1 The ‘L3 GUFI Pipeline’ - Photometric Data Reduction

Due to modern imaging technology, far higher frame ratesave possible, allowing for
large amounts of data to be collected per given observatiotgeed, the CHIMERA or
GUFI systems have the capability of producing Terabytes @fRlata during an observa-
tion. The L3 pipeline was built for the purpose of managingsth considerable amounts
of data, and accommodating the many operational modesablailo the user from the
Andor camera systems - as shown in Chapter 2. It uses thePiRyRAF software lan-
guage, where all routines are executed as pipeline modutlesna PyRAF environment,
which has the capability of calling IRARasks. These modules are GUI-based, and use
the standard CCD reduction techniques of IRAF. These emvients were selected over
the ‘IRAF CL scripting tools, since the latter do not comtaufficient debugging or er-
ror analysis capabilities. Python allows error or excaeptiandling, which was a strong
motivation behind this decision.

As data is acquired by the Andor SOLIS software, image in&dram is written to FITS
format (.fits) header-files, e.g. acquisition mode, readatat, amplifier, target RA & DEC,

fPython programming language is developed by the Pythom@mdtFoundation, and is a general purpose
high-level programming language. Details found here::Hitgvw.python.org/

flmage Reduction and Analysis Facility. Developed by theidwet Optical Astronomy Observatory
(NOAO), found here: http://iraf.noao.edu/.
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Data Management:
Calibration:
1. Make lookup file lists
2. Fix .fits headers > 1.Generate a ‘Masterbias.fits’
3.Errorsin data? /' frame for each group of
4. Group data (modes) // different modes
5. Output final lists ‘
c‘ |
v

2a. Match Masterbias.fits
| frame for each flatfield group

A |

Groupings: 2b. DEBIAS flatfield frames
and create a ‘Masterflat fits’
Bias -- Flatfields -- Science frame
’
Preparing for Photometry: 3a. Match Masterbias.fits and
Masterflat.fits for each
1.Image registration < SCIENCE group

2. Locate stars 3b. DEBIAS and FLATFIELD

3. Suitable reference stars? each science group

Figure 3.1: Flow-chart of the data management, data céliovaeduction, and pre-

photometry steps, of the L3 pipeline. The highlighted red indicates material that was
added to the pipeline by the author in this work. All of theatsteps were developed by
Sheehan (2008).

image type, UTC, and so on. The pipeline makes use of thessdatatin order to begin
the data management process. We will break the pipelinetaghree categoriest) Data
Management?) Data Calibration/Reduction, ar®) Preparing for Photometry. A flow-
chart of these steps, internal to the pipeline, is showngpiife 3.1.

1) Data Management The pipeline first creates an inventory of each folder tymas,
flatfield, science, focus, test, etc.) via the ‘mdkéler’ routine. Folders are created for an
observation night, which contains sub-folders, into whtol respective files (classified as
‘image types’) are placed. Although the pipeline was desiio work with this data man-
agement format, it can be made compatible with any layootutdin appropriate user input,
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and thus can be used for detectors other than the Andor cam@race these folders are
created, a GUI interface allows the user to input file pathelvpoint to these locations
(‘make.list’ routine). The pipeline consequently creates “logK-tiles for each image,
and an initial data check is executed. This check searchieanfoinconsistencies in the
image headers, such as corrupt filing information (‘chdeka’). There are also options to
check each frame for hot pixels and bad columns; these caequbntly be removed if
necessary. Once the pipeline has confirmed non-corruptupdists, the user is required
to add calibration data and additional Andor acquisitiorde®to the header files - these
fields are later used to group frames of the same modes togkththe calibration steps
that follow. Header information is modified via the ‘headiet routine, where a GUI al-
lows the user to input information such as: observer infdiona telescope information,
filters, readout rates & modes, detector readnoise, EM-galires, airmass, and UT and
JD time-stamps. Since SOLIS saves the date and time in aediie¢d (“DATE-OBS”),
this routine is essential as it creates a stand-alone UTevahurthermore, SOLIS only
saves thdeginningtimestamp of each exposure, and therefore if the user hasmatated

a datacube of images, each image will only contain thisahliT value. The ‘headefix’
routine saves a time-stamp for each frame (which also tdie£ tms readout rate into
account). Finally, once these requisite fields have beenfradd&nd added, a final rou-
tine groups common frames, e.g. those of the same filter tgpeout rate, amplifier and
mode, and creates final look-up group lists (‘majeups’). The data is now ready for the
automated data reduction steps.

2) Data Calibration/Reduction: The second stage consists of de-biasing and flatfielding
the science frames. ‘Bias’ is the pixel-to-pixel structuréhe positive electronic offset on
the image, which prohibits the effects of readout noise fgiwimg negative digitized val-
ues during the readout process. A bias frame is acquiredkinygta zero second exposure
with the shutter closed, and is then subtracted from eadfefthand science frame. Flat-
fielding is a function of pass-band (filter) and optical seflipis, in addition to the fact that
the sensitivities of individual pixels on a CCD are not idealt requires the acquisition of
flatfield frames. These are taken by exposing the chip to anlyikiminated section of
the sky or dome. The flatfielding process has the effect of emsgting for the shading
effect of any object(s) in the light path that can appear eniittege as artifacts of optical
system, e.g. dust, or other such artifacts, on the lens er §iftstems. The flatfield correc-
tion is made by dividing the image to be corrected, by the éitfiFlatfield frames must be
corrected for bias and dark effects prior to combining. Taadeduction steps of the L3
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pipeline are labeled ‘1’ (‘biaslata’ routine), ‘2’ (‘flatdata’ routine) and ‘3’ (‘scidata’ rou-
tine) in Figure 3.1, and are implemented as follows: 1) ‘llasa’ locates all bias frames of
common modes, co-adds these files, and then averages therodtae a ‘masterbias.fits’
frame. 2a) ‘flatdata’ first assigns one of the masterbias.fits frames to ttfeefthsample
(based on the modes etc.). 2b) Individual flatfield framestaae de-biased, co-added, and
normalized to a mean value of 1, to produce a ‘masterflatifagie. Finally, 3a) ‘scdata’
assigns a masterbias.fits and masterflat.fits frame to eamtteaqyroup. 3b) Each science
frame is individually de-biased and flatfielded. The dateois neduced.

3) Preparing for Photometry: Once data calibration and reduction has been completed,
the pipeline offers various routines to prepare the scielata for photometry. These in-
clude: breaking up datacubes into individual frames (‘dgiabreakcube’), data registra-
tion (‘dataopsreg’) - this only accounts fox-y shifts (not rotation), creation of star lists
(x-y pixel positions; ‘findstars’), optimum aperture size for aperture photometrgess-
ment of aperture radius in pixels vs. SNR; ‘ape’), reference star evaluation (selection
of suitable reference stars for differential photometrye explain this further i 3.1.5;
‘ref_stars’), and finally, routines for crowded-field or apertph@tometry (‘dataanalysis’).
For image registration, the pipeline can use eitheirdifexregistertask, or thdSISC lan-
guage registration code (Alard & Lupton, 1998; Alard, 2008pwever,ISISis generally
unsuitable for sparse fields, and thus we opted to usetahgregistertask on our rela-
tively uncrowded brown dwarf fields. Star lists, aperturkeston, reference star evalua-
tion, and photometry are all addressed in the followingieast

3.1.2 Atmospheric OH Spectral Emission - “Fringing”

Fringing is an optical effect in the thinned-substrate ofksdluminated CCDs and is
present as a result of spectral emission (e.g. OH) in thesgihere. Fringing interferes at
red/NIR wavelengths much more so than at shorter wavelsnpgitice shorter wavelengths
are absorbed much easier in the CCD silicon material. Byraepta CCD’s substrate
becomes transparent for wavelengths from the redder sithe @pectrum (e.g. Johnson I-
band), thus suffering from many internal reflections, andrspwaveband that approaches
the NIR is more susceptible to these fringing effects. We alste that emission lines are
more numerous and stronger in the red. The amplitude of ithgifig pattern can vary, but
not its position. Since the amplitude variations expectethese ultracool dwarf targets
are of the order of 0.2 — 1.20% (waveband depending), it is important to remove these
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Figure 3.2: An example of a reduced Johnson I-band sciemreefr from the 2MASS
J0746+2000 binary star field, from thel2 x 12 VATT 4K detector on VATT. The frame
on theleft sideclearly contains the fringing pattern, which is noticeablyrse at the edges
of the chip where the imperfections in the silicate struetand thus the internal reflections,
are worse. We also show the same frame, after fringing relmam&applied (ight). The
fringing pattern has been completely removed after runoung'de-fringing’ routine. A
column of bad pixels is still present.

additive effects if the amplitude variations due to fringiare potentially greater than the
target star differential lightcurves. We show these effatt-igure 3.2. In order to remove
this pattern, we developed a ‘de-fringing.py’ routine tthvas scripted in Python, and run
in the PyRAF environment. The standard procedure for thisection, and the main steps
in this Python script, are as follows:

1. Creation of a fringing template from well sampled ditltére-pointed median-combined
deep sky frames, containing only the fringing pattern.

2. Normalizing this template to each individual frame’s slackground level.
3. Subtracting this normalized pattern out of the scient¢a.da

4. Since this subtraction also removes sky backgroundgifinlal step we add the original
mean sky background value to the frames.
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We obtained dithered sky frames for all Sloaamd I-band observations to allow for
fringe removal if necessary. We also took dome flatfields wvisientain none of these at-
mospheric effects, in addition to twilight flatfields. We cucted tests to investigate the
effect of this artifact on each consecutive data set, arteitimplitude of the fringing pat-
tern was varying at a greater level than that of the mean s&gdvaund, it was removed.
We show the full L3 pipeline procedure, including data maamagnt, calibration/reduc-
tion, de-fringing and final science frame production, inUfegy3.3. De-fringing was only
applied to science data that was fully reduced. It is impatianote that the fringing tem-
plate itself (created in step #1 above), needed to be ded&sd flatfielded. Thus, dome
flatfields were used to flatfield these frames, since twilighy) flatfields will also contain
the fringing artifact in I-band, whereas dome flatfields da no

3.1.3 Caorrecting for Circular Rotation in the Field

The VATT guider system uses an off-axis “horse-shoe” mjreord the TCS contains a
catalogue of stars that appear on this mirror, based on liggctgpe pointing. The guiding
software requires focused stars, in the guiding windowh witminimum flux of~1,000
counts, where-65,000 counts is the saturation point for the guiding camg&lthough the
guide star is off-axis, telescope tracking with guidingreation maintains a fixed position
on the selected star. However, for some observations at MAE€Tobserved a pixel shift
(linear migration) of the field over several arcseconds,somdetimes up to 0.5 arcminutes,
over the course of an 8 hour observation. In most casesntigsation’ seemed to be linear
across the frame, i.e. moving in omey direction. However, some de-rotation tracking
errors must also have contributed to this pixel offset fragibning to end of observation.
We established this ‘circular rotation’ by blinking framatsthe beginning and end of an
observation, and identified these trends. Furthermoreirdéfigregistertask, which can
only deal with translations, not rotations, found it difficto accurately register stars on
the same pixel that were located at the edge of frames - dinceatation was worse off-
axis. This was most likely due to guide stars moving towagrdgtige of the guiding off-
axis mirror, where the software found it more difficult to acately centroid the PSF, thus
leading to small guiding errors that accumulated over sg\Veurs. Differential flexure
between the guiding and imaging systems cannot be disaberiteer.

Since standard registration tasks were not adequate tovitbathis circular drift, we
developed a Python script using the IRA&ofind, xyxymatch, geomapdgeotrantasks.
This procedure was implemented via the ‘registration.pytine as follows:
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1. iraf.daofind: This routine detects stars in an image, once you providanpaters such
as the standard deviation of the sky background, the FWHMes§tars, and an upper and
lower sigma pixel threshold for a detection. It thereforéedts a peak amplitude greater
than this threshold value above the local background. Téledatputs this new star list in
to a user-defined text file, where a range of parameters alkgedt - the most important
being the pixek-y position.

2. iraf.xyxymatch Oncedaofindhas logged all of the stars in each frame, we x\gey-
matchto match thes&-y pixel coordinates. It does so, by referencing every fraroe&-
dinate file to a master reference list (e.g. the first framénéngeries) and performs pixel
matching via the ‘triangles’ algorithm. This can deal witiglar shifts, axis flips, rotations
and scale changes, by applying triangular pattern matdbtigiques. The user can spec-
ify a ‘tolerance’ (in pixels), and thus the amount of cooatas to be matched. Once this
IS done, the task writes this information to a ‘matched cowt list’, which can be used
to register frames via image transformation.

3. iraf.geomap We can now use thgeomaptask, which computes a transformation that
maps two coordinate lists from different coordinate systepmovided by thexyxymatch
task previously. The task outputs a file containing infoioratregarding the common
points in the image of the reference and input lists, as vedha required computed trans-
forms to map these pixels on to one another.

4. iraf.geotran This is a powerful tool, that corrects for image distorteomd misalign-
ment using the geometric information provideddsomap Indeed, it is these geometric
transformation capabilities that allowed us to correcttfar circular distortions in the im-
ages for some of the VATT data. The final images are then storadist file, and the data
has now been calibrated, reduced, de-fringed and registere

3.1.4 Aperture Photometryvs. PSF Fitting

Photometry is a technique that is used to measure the leflakdhat is being emitted from
an astronomical object. Thus, it is very useful in quantifythe behavior of an object’s
emission, and has been taken advantage of in this work tg gted/ariability of ultracool

dwarfs. Aperture photometry was chosen over PSF fitting,veasl carried out using the



3.1. Data Reduction and Photometry 79

iraf.photpackage. PSF fitting works best for crowded fields, wheretapgephotometry is
less effective. Furthermore, it also more effective fonfer stars, since the distribution, or
standard profile of a star is fitted to all objects in the imagggre the amplitude is adjusted
for each source accordingly. Indeed, the PSF fitting tealnttps no risk of an aperture
radius getting contaminated by additional flux from closerses. We employed aperture
photometry for our fields, since they contained relativaliglit, isolated sources on the
CCD chip, and were quite sparse. Thus we found that the apgrhotometry technique
was very effective in treating each star’s profile indepeigeby sampling all of the light
from each point source, providing an absolute measurenfeheastar’s brightness, and
could operate effectively with our data since the chosentapgeradii did not contain stray
light from ‘wings’ of other PSFs. Thehottask also computes accurate centers for each
object, in addition to sky values, which are later used inrtfagnitude calculations. The
L3 pipeline provides a routine to carry out this task - ‘datelysis’, which outputs a final
photometry file containing file names, date, UT, stellar a&fdrence star flux, magnitudes,
errors in flux and magnitude, and a differential photometailculation, which we outline
below.

Before carrying out aperture photometry, we selected a rurabsuitable reference
stars to be used for differential photometry (outlined i@ tiext section). These stars were
chosen based on the following guidelines:

1. The reference stars must show near-Gaussian PSFs, ahdempgant sources.

2. They must be isolated from other reference stars on thgiohorder to avoid con-
tamination within annuli of other stars.

3. They must be present on all exposures for continuity.

4. They must not be saturateicg. linear to within~75% of the CCD well-depth satu-
ration limit in case of changing photometric conditions.

5. lIdeally, if possible, the stars should have the same appete color/spectral type
as the target to minimize the effects of telluric extinctfoom increasing airmass. This is

not always possible if there are unknown stars in the field.

Once suitable, non-variable reference stars are chosetccordance with the above
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guidelines (computed via tHeef_stars’ routine outlined in S 3.1.1), aperture photometry
was performed on the target and reference stars. We prothdédsk with important initial
parameters for these calculations, such as the FWHM of Hrs,ghe standard deviation

of the sky background, the aperture to be used, the annaldsi§rof the sky aperture) and
dannulus (width of the sky annulus), and the target and eatsr star ID numbers (pro-
vided from the L3 pipeline’s ‘findstars’ package). The variables that are used to compute
the photometric calculations lgghot are described here, and we define these quantities
as: R, the aperture of the radius in pixelsp,[the area of the aperture in pixélwhere

A=m R?]; [o, an estimate of the standard deviation of the sky backgrofmohd via the
iraf.imexam.ntask]; [, the exposure time]; and finallyi:L 4 pr, the gain in electrons per
ADU]. The phottask then computes an estimation of the pixel-to-pixel skgkiground

in the sky annulusj/,,, and thus the total number of counts in the apertéie,z,, ex-
cluding the sky values. Finally, it determines the instrataémagnitude) ag,, and the
associated errors,.,.. These computations are determined as follows:

Fluz, = (Fa)) — A - Mgy, (3.1)

Mag, = (zmag) — (2.5 - logyg - Fluz,) + (2.5 - logy - t), (3.2)

where (Fy,) is the total number of counts including the annulus in thertape, and
zmagis the zero point of the magnitude scale. The errors are attofrom:

Fluz, 2
Err:\/ ur —|—A-O‘2—|—A2-U— (3.3)
Gejapu Msky
E
Moy = 1.0857 - ——— where my,, < 1 (3.4)
Flux,

whereErr is a formal photometric error via photon statistics, ang, is the number of

sky pixels used byhotfor photometry. The L3 pipeline task ‘apgpze’ provides a calcu-

lation of the highest SNR, for a given aperture radius (gixela thephotroutines. The

user can select a range of apertures, aimok provides a list of formal IRAF errors in the

instrumental magnitude for each aperturex(s»), from which the task then computes the

corresponding SNR. Equation 3.4 can be modified, where SMRz, / Err, such that:
1.0857

SNR = , Orpar < 1 (3.5)
OIRAF
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Figure 3.4: We show a plot of an optimum aperture assessmuenthe ‘appsize’ module.
We selected an aperture radii range of 1 - 25 pixels, in stepgpixel. Note how the SNR
dramatically decreases for larger apertures, due to isgrganoise from sky background.
The optimum aperture in this case, with the largest valueNiR Ss 5 pixels, as shown.
However, the highest SNR value was rabvayschosen, and thus other pixel values in
proximity, as indicated by the routine, were sometimes #ethp These variations can
depend on factors such as a drastic change in seeing carglitio the contribution of
formal and informal errors (and other systematics) in tha.da

Photometric apertures (in pixels) were assessed to estafhiich provided the highest
SNR for the target star. Although this was a good approxiomatif the best fit aperture
radius, we found that other pixel values close to the high&#R value were sometimes
selected for aperture photometry; aperture and sky anuliginseters varied from night to
night depending on the average seeing conditions, and algteacontribution of the vari-
ous systematic errors due to formal and informal errors. Wedt compute the optimum
aperture for every frame, but rather fixed it per night. Anumate calculation of the opti-
mum aperture can sometimes be difficult, since small apestonly sample a fraction of
the total light, whereas larger apertures can be dominateskyp background, or artifacts
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from other nearby sources. In this work, we selected an aygebtased on the evaluation
of pixel vs. SNR values from th@pp sizeroutine, and we show an example of this assess-
ment in Figure 3.4. Some of the key parameters for this caficui are indicated in the top
right corner of the figure.

3.1.5 Differential Photometry

Differential photometry is a technique that is used to asies change in a star’s flux, or
magnitude. We applied to it the data in this work to produdkedintial lightcurves of the
target and reference stars. It was chosen over absoluterpbuty, since this relies heavily
on stable atmospheric transparency and careful calimafar changing airmass. 3.1.4
outlined the methods used to conduct aperture photometighwiltimately produces a file
containing target and reference star fluxes, magnitudesriors in these quantities, and
so on. Differential photometry was obtained by dividing theget flux by the mean flux of
selected reference stars. However, there are many fabtmrsdn contribute to variability
in a photometric lightcurve that may not be intrinsic to ag&drstar. These can be quite
effectively assessed, and quantified, by investigatingunsental effects for example, or
by considering the effects of telluric extinction on stafglifferent color indices. When
carrying out differential photometry, all stars in the fielce relatively close together on
the sky, and therefore are subject to more or less the sarherfiler effects. For example,
their air masses are approximately the same and thereforeton effects such as k(X
X.) also cancel out, where Kk is a first order extinction coeffiGi¥, is the air mass of the
variable star (target) and Xs the air mass of the comparison star. However, it is worth
noting that if a comparison star has a different color to Hrget, telluric extinction can
behave differently for different colors at increasing amsa. The FOV of GUFI and the
VATT 4K photometers capture between 3 - 30 reference stasdoven field. Photometry
for all reference stars was also obtained as a measure p$tahility, in order to ensure that
variability was intrinsic to the target star. As discussed B.1.4, these stars were chosen
on the basis of their stability, position, isolation, theperties of their seeing profiles, and
being of comparable magnitude (to avoid saturation of muayhber objects for a given
exposure time) and color to the target. The L3 pipeline medata analysiscalculates
relative magnituder(,.;) lightcurves, as a function of UT, via theaf.photroutines. In
order to carry this out, it useBy, the reference flux in ®DU ! for starR, where the
number of reference stars in that frame can range ffore 1 ... N. Therefore the
reference flux of framé’;, is the mean value of all chosen reference star fluxes forengiv
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exposure. Thus:

N
1
Fr=~ ZR:FR (3.6)

A time series ofn,,; can be found by calculating the difference in relative magtes
between the target and reference star magnitudes. Themetestar magnitude is defined
as:

mp = —2.5-logyo - Frg, (3.7)

so therefore the relative magnitude of the target is defised a

F
Myel = Mp — MR = 25 lOglO : <_R) ) (38)
Iy

where F'r andmy are the corresponding target flux and target relative madejtrespec-
tively. mp was calculated by averaging fluxes rather than magnitudese shis gives
higher weighting to brighter stars with intrinsically hgghlSNR, and thus lower photomet-
ric errors. Before producing the final differential photdneelightcurve, we move to one
final consideration of reference star stability with regpie¢he target star, and accounting
for poor/intermittent changing weather conditions.

3.1.6 Post-Photometry Assessment of Lightcurve

In addition to the calibration, reduction, reference stmegsment, and photometric analy-
ses, we developed post-photometry routines which wergedito identify poor quality
regions in the lightcurve. Based on the identification of@ased rms scatter, this analysis
investigates reference star stability, in addition to @@siof poor weather conditions (e.g.
intermittent cloud, high winds etc.), where the SNR of all,some, signhals has gotten
worse), and also identifies erroneous data points in the sines. These routines were
written using the MATLAB? environment. We describe the various steps in this proesdur
below, and illustrate the steps in Figure 3.5.

2OMATLAB has been developed by MathWorks (www.mathworks.goamd is a numerical computing
environment capable of matrix manipulation, plotting, tise of algorithms, the creation of user interfaces,
and can also accept other computing languages such as Grithga on
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Figure 3.5: Here we show the four main steps in the “qualityticd” MATLAB routines.

We use an observation from October 9 2010 UT, of the M dwaréiyin.P 349-25AB.
This was selected as an example since the seeing was ggrexedllent throughout the
observation; however there were a number of times whennmitent cloud caused much
lower SNR in the data. We highlight the effectiveness of ta@hnique in removing such
unwanted artifactsA: Lightcurve from October 9 2010 UT where we show some parts
of the night subject to intermittent cloud caused detetiogatransparencies and seeing
conditions. This is quite obvious based on the increasedoaiser of the data points. The
seeing, as measured by the FWHM of the stars, got worse taivarend of the night as
the airmass increaseB: We show the raw flux of each reference star (1 - 3; black; green;
blue) as well the target (red). The reference stars, as wdha photometric parameters
(e.g. apertures) were carefully selected, and therefarie gar’s flux was consistent for a
given aperture radius throughout the night. Based on tharilthe lightcurve, it is clear at
~8 UT, as recorded in our observation logs, that cloud causkdsiic reduction in stellar
flux. C: Based on the ‘quality’ routine, we select a standard dexia5TD) flux cutoff
point of 0.008. We have highlighted this with a red dashedzbotal line. All data points
above this will not be used in the final differential photorreetalculation.D: Lightcurve
after example poor weather data points were automaticathored by the routine, where
the final lightcurve contains no obviously erroneous daiatpo
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1. Plot the raw target flux, as well as all reference starseffubor a given observation/ex-
posure (marked ‘B’ in Figure 3.5). Assess the ratio of rafeeestar flux, with respect to
the target star. If a reference star has much lower SNR thHar®otn the sample, or if its
flux was subject to other effects at some stages in the nigitigolated cloud, hot pixels,
cosmic rays, contamination from other stars in its annulue)do not use the star.

2. Calculate the mean value for each frame of all referenmes,sand create one mean
flux for all selected reference stars which we call the “stipet (defined asF'r in Equa-
tion 3.8).

3. The value of eacindividual reference star is known from #2, and is divided By to
calculate each reference star’s departure from the ‘supérthus, larger values imply a
larger difference between a given reference star and thpefflux’, which suggests that
this reference star’s flux variations are also behavingbfiitly. We define this difference
for each star, of a total number asFy;ss(n).

4. Next, we derive the “quality factor) F, for reference stars = 1 ... NV, which is:

 flux,ep(n)
= = Fags ) (3:9)

where fluz,.; is the flux of each reference stdfy is the ‘superflux” and; s is the
ratio of each reference star’s mean flux with respect to theedlux’. This quality factor,
when plotted, allowed us to assess the stability of the eefa star fluxes throughout the
night in terms of erratic/unusual behavior. We illustrdtestin Figure 3.5, marked ‘C’,
where there is clearly a difference at data peii60 and again at around 300 or so.

4. We now assign a standard deviation cutoff point, whichsieruwlefined based on the
observed scatter. This point is then used as an absoluteé@on®n what data points are
included for the final differential photometric calculatio Any data point exhibiting an
rms scatter above threshold, is not used. This is again siowigure 3.5, marked ‘C’,
with the red dashed horizontal line. In this case, we selsthaadard deviation threshold
of 0.008 in units of relative flux.

5. The routines have now logged what data points to excludedban this newly defined
cutoff. These logs include target flux, and reference staeflult also updates the UT data
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series, to maintain accurate timestamping throughouh(eicdata point was referenced
to a corresponding target and reference flux data point abélgenning of the routine).
We must re-defind’; at this point which is calculated from this log file, and thrsgthen
used for the final differential photometric calculationprad with the target flux values
from the same log file. We show an example of this proceduma fBxtober 9 2010 UT
in Figure 3.5. The final lightcurve is marked ‘D’, and when qmared to ‘A’ (the original
lightcurve), it is clear that the periods of intermittenbwtl during this night have been
effectively removed.

We note that we thoroughly checked these erroneous pointsbgl means in the raw
frames, and by their structure in the lightcurve, especiibse that were isolated, and
exhibited large-amplitude variability. M dwarfs are aetistars are thus such objects are
commonly subject to flaring events. Since these routineawm@mated, the potential exists
for ‘real’ data values to be identified as erroneous pointg. algo maintained extremely
accurate observation logs during this work, and consefuémse could be correlated
with the above analyses as well. In order to avoid real datapbeing incorrectly filtered
out, we highlight an alternative whereby the routine is oatgployed as far as stdp
thereby flagging all data points below a given relative tpanency of e.g. 30 - 50%. This
would also account for the erroneous data points that hame tmmoved in this example.

3.1.7 Photometric Error Estimation

Once the final photometric lightcurves have been calculatedmust indicate the pho-
tometric errors on each data point of the time series. Magdgiterrors in the target
and reference star datapoints were initially calculatedheylL 3 pipeline, in the module
data.analysis and were included in the final photometric data file, as petiing 3.1.4.
Such error estimates are an effective indication of botifah®al and informal errors as-
sociated with photometric datasets. Formal errors aresthat are derived from photon
statistics and known instrumental readnoise by IRAF, weeieformal errors are derived
from other sources during the data reduction process, suitiatielding and defringing. In
this respect, by estimating the total photometric errorceue account for formal/informal
sources; indeed, this is a powerful diagnostic tool, siratfi¢lding or fringing errors are
quite difficult to assess independently.

The total photometric error in the differential lightcur{®en,,;) can be computed as
follows, where we definen, andm,, to be the magnitude errors in the target, aid
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reference star, respectively:

2 N
(rn? = (om0 + (g ) S FRGm (3.10)

whereN is the number of reference stars uség,is the combined flux of these reference
stars and; is the flux of then'" reference star. This is a good measure of the total error
in the lightcurve, and can in principal be applied to eaclagetint. However, in order to
calculate thendividual photometric errors o, andm,,, we plotted their formal errors as
calculated by IRAF €;r4r) VS. the rms scatter of their lightcurves. The free paramete

& b, used as first order polynomials to this fit, determined thersrin these magnitudes
via:

ororarL = @+ b-0rrar (3.11)

whereororay 1S the total rms scatter of the lightcurve. Once we deterththese photo-
metric errors in the stellar magnitudes, we used theseito@&st the errors in the individual
flux data points. These errors can also be applied to a fluxikedion. In order to calcu-
late the error on each data point, we must take the targets @s well as the sum of the
errors fromn reference stars, in to account. This was done as followssidenthe target
star, T, and three references stars, R1, R2 and R3. The radgretrors as calculated in
Equation 3.10 in each of these aver, dmpr1, dmps anddmpgs, respectively. Thus, the
error in the target magnitude is known. Now consider the fluthese objects, F, Fz1,
Fr2 and F; - those of the target, and three reference stars respgctielce the error in
the magnitude is a percentage, we apply this percentageofle in the same manner,
which we calld Firy, 0 Fry andd Frs. These flux errors include the contribution of formal
errors as calculated by IRAF. The total flux of the referenegssis F;; + Fro + Frs =
Fror. Thereforep Fror can be found via:

§Fror = /(6FR1)? + (6Fra)? + (0 Frs)? (3.12)

Therefored Frror | F = ém,..f, the magnitude errors of all reference stars. Finally:

5mdatapoint - \/(67’)1]“)2 + (6mref)2 (313)

wheredmaaapoint 1S the magnitude error for each lightcurve data point. Thexsers are
indicated in all lightcurves in this work, which we will see Chapters 4 - 8.
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3.2 Variability Analysis of Photometric Datasets

In order to detect periodic variability, and assess itsifitance, we used a variety of sta-
tistical tests as a means of measuring the validity of thedaletl periodic variability and
the associated errors. This assessment was carried ot andbr of the following proce-
dures, and will be further explained in the sections below:

STEP 1 The Lomb-Scargle (LS) Periodogram - this provided thequerange, the statis-
tical significance of detection (false alarm probabilitytlmed in S 3.2.1 which follows),
and the corresponding power of each significant period.

STEP 2 Phase Dispersion Minimization (PDM) - this provided a measf the period
with the highest statistical significance (obtainedniaMonte-Carlo simulated lightcurves)
via phase folding based on range input by the user. This wa#isecompared to the solu-
tions obtained from STEP 1.

STEP 3 Sinusoid fitting and the Chi-squareg?] Test - we assessed the periods which
have the greatest significance from the steps above, angénfarmedy? testing for each
lightcurve to assess the amplitude and the error in the &amdgliof each lightcurve.

STEP 4 Photometric error estimation (outlined§r8.1.7) and period uncertainty assess-
ment.

The mean amplitude variabilityr(,,.) of the target lightcurves was established by Step
3, where the phase and amplitude of the sine function weredjaand then a least squares
fit (LSF) calculation was performed. We took this amplituderg,. The PDM routines
also give an estimate of the lightcurve amplitude. The spwoading reference star vari-
ability (o,.;) was found via the standard deviation of its lightcurve - aket this value
as the mean of all reference star standard deviations, mteaget field. We plotted each
reference star flux against all the others, as a test that ®glebhted reference star was
non-variable. Although variability can statistically betdcted if the standard deviation
is only fractionally larger than the error in the lightcus/eelative magnitude, the peri-
odic variability detected in our target data is categolygatesent in each epoch, where the
variability is clearly above the standard deviation of te&erence star relative flux. Fur-
thermore, different sets/combinations of reference sten® used as a ‘sanity check’ to
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confirm that the signal was indeed intrinsic to the target sta

3.2.1 The Fourier Transform and the Lomb-Scargle Periodogam

The Fourier Transform is based on Fourier series analysighwas first outlined by Jean
Baptiste Joseph Fourier (1768 - 1830), a French mathemataeid physicist. Fourier se-
ries analysis essentially fits the sum of an infinite numbesireé and cosine functions to a
set of data. Therefore this analysis is based on the decaotigoosf periodic signals into
these trigonometric components. In order to do this, theiBoliransform (FT) carries out
a mathematicdtansformof such data from the time domain, to the frequency domairs th
the transform is a frequency domain representation of thggnad function. The FT can
work on several variables or finite groups; however the amyuof a periodic determina-
tion can be largely dependent on the amount of informatierFfh uses for its computation
(e.g. the number of data points in a time series). Let us dens given frequency),
wherev=1/period, and is time in seconds. The FT is described as:

F(v) = /_ h £(t) expl@™) gt (3.14)

The classical FT is called the Discrete Fourier TransforR )9 and can be applied
to a function with a finite duration. The first method used tog tletection of periodic
signals in this thesis was the calculation of the Lomb Seafg5) Periodogram (Lomb,
1976; Scargle, 1982), a technique which is effective foventy spaced data. The ‘peri-
odogram’ was coined by Arthur Schuster in 1898, and was testas the spectral density
of a signal. The reader may find descriptions of the perioglogby Press et al. (1992).
Specifically, the LS Periodogram utilizes the DFT, whichyides power spectra that are
analyzed for significant peaks. Importantly, in the contxtjuasi-periodic time series,
FTs have extremely important properties, one of which i¢ tihe FT of a sine wave is a
delta function in the frequency domain.

The LS periodogram is essentially a modification of the ata¢periodogram. How-
ever, it over comes some of the inherent difficulties withuamdy spaced data and thus
provides greater statistical stability. For example, #leates the statistical significance
of a spectral feature where periodicity may, or may not, les@nt, e.g. pseudo-periodic
behavior due to trends in the noise, where any significamaigalue can be computed by
the algorithm. This assessment is very important for sudtefaatasets, since other fea-
tures such as spectral leakage, or aliasing, may also berjiré8¥e show examples of these
effects in Figure 3.6. Although the LS periodogram giveggaigicant power solution for a
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Figure 3.6: (a) We highlight powers of adjacent frequendigge.g. f ~ between 1 - 1.5
Hz) which present themselves as a result of spectral leakémgever, the LS periodogram
evaluates the significance of these peaks, where we comiird® significance, marked
by the horizontal dashed-dotted lines. (b) These datagearple the red sine wave well,
but not the green. This undersampled period will therefer@iesent in the periodogram
analysis.

periodic signal, the power in the periodogram can preseelfihot only at one frequency,
but also at adjacent frequencies due to spectral leakagaré~B.6a). This can occur at
nearby, or distant, frequencies, and is caused by diffdrequency components being
spread in to other DFT bins. This occurs when a window fumcisoapplied to the time
function, where the window function has a finite duration amerefore frequencies can
‘leak’ in to adjacent bins. Aliasing, or alias periods, araés a result of sampling whereby
periods are undersampled and therefore appear as othedpé€Figure 3.6b). Thus, the
more data points these analyses use (where e.g. the sigralra periodic function),
the periodogram will yield frequency estimations with muggher significance. Let us
now consider the Lomb Scargle periodogram.

In the case of an arbitrary (unevenly) sampled dataset, 8@etiodogram is calculated
by the following (where the power spectruf) is a function of angular frequency):

Pl — L[S B) cos wts =P | [Sy(hi = ) sin-wo(ts = P

B 3.15
202, Y08t -l —7) S G

wherew = 2rf > 0,7 = tan(2-w-t) = (D>, sin -2 - wt;/ Y . cos - 2 - wt;), each
consecutive data point i, the mean of the data isand the variance is?,,. The purpose

of the Lomb Scargle periodogram is to identify a given sigmigspite the presence of
noise. In order to do this, the periodogram assigns weightinthe data based on the
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individual data points, rather than a per time interval fasiowever most importantly,

it tests the null hypothesis which is the assumption thatttea is described by normally
distributed noise. Under this hypothesis, the probaltitiat a measurement at a given peak
frequencyw, with a power ofZ (w) > 0, is P(> Z) = e~Z. Therefore, using Figure 3.6a
as a reference, in the casernoindependentrequencies, the probability that none of these
values off give larger values thaa, is:

(1—e %) (3.16)

which was computed by the Lomb-Scargle periodogram rositinEhe user inputs any
number of significance valueZ), and the algorithm also calculates an estimate of the
number of independent frequencies. (There are many ways to calculate for example
Horne & Baliunas (1986) calculate the number of independfleafuencies by applying
fitting techniques to empirically generated valuesnds a function ofN,, the number

of data points, and found the following formula: = —6.362 + 1.193 - Ny + 0.00098 -

NZ. The LS routine that we employ here calculateas follows: n = 2 - a/b, where

a is (0.5 x the over sampling parameter the input parameters defined as the highest
frequency examined divided by the Nyquist frequencthe length of the series, aitds

the oversampling parameter. In this way, ghatistical significancef all presented peaks

in P(w) of Equation 3.15 is:

P(>Z)=1—(1-e?)" (3.17)

as shown in Figure 3.6a by the dashed horizontal lines, wherstipulate 0.6 - 4
significance computations (labeled @s= 0.5 - 0.001, wherex corresponds to the FAP
calculated here as a percentage outside the symmetrieahterao, ac]). Theses values
can be changed as the user desires in the Lomb Scargle pgnémaooutines - which were
acquired from the Matlab File ExchartgéPress et al., 1992, via Brett Shoelson who coded
the routine).

In this work, we selected a range of peaks correspondinggsible periodic solutions
(of significance>5¢) as provided by the techniques above for each target. Lebitsaily
consider lightcurve 1 and lightcurve 2, where lightcurvedswbtained one night previous
to lightcurve 2: we shifted lightcurve 2 in time by: known &t x number of rotations
(corresponding to this period) between lightcurve 1 andyinBpecting the correlation of

2Inttp://www.mathworks.com/matlabcentral/fileexchange/
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the lightcurve peaks, we could further assess which periealutions were valid. Finally,
we compare the LS power solution for each separate epoclvéstigate which powers
were in greatest agreement. Despite the effectivenessedfahrier-based LS method,
a number of periodic solutions were identified as strong ickates for each target - due
to the various reasons outlined above. Consequently wehs@alglitional techniques to
identify which of these solutions were statistically makely, and a means of assessing
the error in this calculation. Finally, we also point outttbaring this work, we observed
a number of mid M dwarf flare stars, where large transient tsvienthe form of stellar
flaring were detected in all cases. Periodogram analysisesfecially useful during this
work. We elaborate further on these events in Chapter 7.

3.2.2 Phase Dispersion Minimization

We employed a PDM technique (Stellingwerf, 1978), in additio the LS periodogram
analysis, as a second statistical tool. Stellingwerf (J@&&cribes the PDM method as a
LSF approach where a fit is calculated by using the mean curfealata, controlled by
the mean of each bin (which can be specified in the algoritang the period that produces
the least datapoint scatter, or ‘PDM theta statistit},(about this computed mean, is the
most likely solution.

The characteristics of the PDM approach are defined as fsllowet us consider a
discrete observational time series, represented via c@dwhflux, F and time,t. These
data can be phase folded, where the phasis,taken as a fraction of a peridd, at a given
time. Thusg can be calculated with respect to an arbitrary referencetepg as follows:

t—to
°="p

As data is phase folded closer to the correct period solutimnmean scatter about the
lightcurve data points will minimize. It is in this way, thidte PDM technique indicates the
most likely periodic solutions. The" observation igF;,, ¢,,), whereM data points follow
n =1 ... M. Stellingwerf (1978) defines? as the variance of the individual flux valu€s
where the meait, is calculated as thg" F,, /M. So:

(3.18)

o2 = Z(ﬂ"—ﬁ (3.19)

At this point the observation sample variance = ¢?; however, we must consider
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Figure 3.7: (a) Phase folded lightcurves of the M8.5 dwarfiRLB 835+3259, a newly dis-
covered period reported in this work. Lightcurve 1 has bedtefd to an incorrect period
of 2.760 hours that exhibits a large PDM theta statistic, kedmith a corresponding ‘1’
in Figure 3.7b, whereas lightcurve 2 has been folded to thecoperiod of 2.845 hours,
marked with a ‘2’ in Figure 3.7b. The scatter in each phaservai/bin in lightcurve 1 is

clearly larger than of lightcurve 2. (b) A plot of the outpubin the PDM routines, high-
lighting the correct period of 2.845 hours and the corredpanminimumtheta statistic

assessment.

subsets of this discrete series in order to effectivelyuate the variance for all samples,
wherev? is the variance of each sample within this series. Thus, aga& takingvl data
points fori = 1 ... M, the overall variances? for n; data points is:

overall

2
Toveratt = Zz(nn__l)Mv (3.20)
Therefore, the PDM routines seek to minimize the variane@elightcurve by iterating
through different periods. The variance defines the meattesa# F,, as a function oty
(as shown in Figure 3.7). The minimum theta statisti¢sjs calculated by using Equa-
tions 3.19 and 3.20, as follows:

2

O = O overall (3 21)

o2

For incorrect periods in the sample3,.,., ~ 0%, s0© =~ 1, and for periods ap-
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proaching the true valué&) will approach zero - marked with a ‘2’ in Figure 3.7 for the
correct period in the example. In this work, we take the mumm® from the PDM anal-
ysis, and compare it to the highest peak in the power spetthed.S. The PDM routine
also provides the amplitude of a signal. The period solstibiat we found to be in best
agreement were then used to set a range of parameters fpf thst, as another statistical
confirmation of lightcurve properties, but more specifigah assessment of the amplitude
variability of a target lightcurve.

PDM differs from the DFT approach, whereby the selecteddigives are phase folded
to a given period as defined by the user; the routine canéd¢nabugh many different pe-
riodic values and independently assess their significahas,we use a PDM period range
obtained from Fourier analysis via the LS power spectra (e/lpeaks have as5signifi-
cance). The PDM approach is useful for data sets with large gad also for time series
with a substantial amount of data points. Furthermore,iitgensitive to the lightcurve’s
shape and therefore makes no assumptions with regard tadttpdology. The routine also
includes a Monte-Carlo test, used for assessing the #tatistgnificance of the detected
© minima. Essentially, this test evaluates whether the tesany giver© level could be
a result of noise. It computes this by randomizing the datatmsder, which removes the
signal component. We repeated this fof fials in order to cover a significant distribution
of © values due to noise. This distribution of values is then ousis Monte-Carlo signifi-
cance values, which correspond to the best estimate of a gamodic candidate. Similar
to the LS technique above, it is possible for many periodiatgms to present themselves
due to aliasing - a consequence of gaps in the data. Theréfes@ statistic can mini-
mize at many different period solutions. For example, FegBii7b clearly identifies other
© minima at~2.72 hours,~2.83 hours and again at2.92 hours. Therefore strong con-
siderations must be given between the correlation of thedri®gogram solutions and the
PDM solutions, in addition to a rigorous visual inspectidiraw lightcurve peak corre-
lations throughout the baseline for given period values. d&more indepth discussion of
significance treatments, we refer the reader to descriptigrStellingwert.

3.2.3 They? Test, the LSF and Sinusoid Fitting

Once the statistical techniques outlined in the previousaes identified a period solution
for each target with the greatest statistical significameemoved to characterize the mean

thttp://www.stellingwerf.com/rfs-bin/index.cgi.
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amplitude variability of a given lightcurve. Sinusoid fitj is a very simple approach and
proved to be effective for this estimation. It does howewsaike the assumption that the
lightcurve varies in a sinusoidal manner - but this is to bgeeked in many scenario’s of
rotational modulation. Furthermore, the confirmed pedadilutions can also be further
assessed based on the correlation of a model sinusoidaltfiithe real data. The mean
amplitude variability §;,,) of the target lightcurves was found by varying the ampktud
period and phase of a model sinusoidal signal, and then @laired §?) and least squares
fit (LSF) calculations was performed. We used both techrscuilece they?> method does
not treat each data point equally as does the standard L8Hase, where the error in each
data pointis also included in the calculation. Althoughfihal result from each technique
was very similar, based on the errors included imthéest, as well as the model fits, it can
also provide a good estimation of the error of each variedrpater. At this point, the cor-
responding reference stars’ variability was also foundhig/iineans, in order to ensure that
the transient signals were intrinsic to the target star d@ditgon to this, post-photometry
analysis of each reference star was carried out, as outimgd.1.6). The model sinu-
soidal wavex, was generated simply as follows:= a - sin((2-7- f - t) + ¢), whereais
the amplitude of the wavé,is the period?!, t is the time and is the phase offset. We then
fit this model to real data, and iterated through a range oflitudes, periods and phases.
We implemented this method by writing a simple Python scdpscribed here:

1. Open the file and read columns of flux, and time¢{, in to a list file.
2. Create two NumP¥ arrays and populate the arrays withandt.

3. Fit the input, ready fog? or LSF assessment. Also, provide an initial guess of ampli-
tude, and phase. The period can also be varied and assessedstary.

4. Carry out they?/LSF, where the parameters of the model fit in # 3 above arestatjuo
best fit the real data. For the data set contaiirandt, wheret is an independent variable
andF' is the dependent variable, for= 1 ... N, the generated model has the fozfn, «),
whereq is varied. The LSFS identifies the best fit whe8is at a minimum:

22Extension to Python which supports multi-dimensional ysrand matrices. A large volume of high-
level mathematical functions are also provided, thus atigvior more efficient computation times.
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Figure 3.8: Least Squares Fit to a raw lightcurve from the M@ud TVLM 513-46546.
The LSF algorithm revealed a,, of ~0.54% variability, with a corresponding detected
(LS, PDM) period of 1.95958 hours - also identified by the L®HEtine as the best fit
period solution.

S=3(F - 2(t;,a))? (3.22)

=1

However, as outlined above, the LSF treats all data pointls agual weighting, there-
fore we also carried out &2 minimization, that provided error values for the amplitude
variability, period and phase of a given lightcurve. Thiswalculated as follows:

N (s 2
X2 _ Z <FZTEt“a)) (3.23)
=1

whereF; is the error or standard deviation (calculated by the methgl 3.1.7) of thei*"
data element.
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5. The results are plotted, where the real data has the besbdiel over-plotted. The
results are written to an output file and the best fit amplitai@ phase are output to the
screen.

As a final check of our identified period, we also varied thequeof the model wave.
In all cases, the best fit period matched those from the LS &1 Bnalyses described
in § 3.2.1 and 3.2.2. In the context of the data in our work thataios some noise
component, the mean amplitude variability was thereforeanmeasure of the peak to
peak amplitude of the wave (i.e. from the highest to lowetd gaints per given rotation),
but rather measured from the central points inside theescat shown in Figure 3.8. This
amplitude variability assessment was carried out for iildial nights of each epoch, of
each target. It was important to identify any change in atugé over the course of our
campaign, since the sample of late-M to mid to early-L dwarts by nature, very active
sources. Thus, these dynamic stellar environments copldlyaevolve causing a change
in 0;,, OvVer any given timescale. Furthermore, different wavebauth as the Johnson
R-band or I-band, were shown to exhibit large differenceamplitude variability. Our
method of sinusoid fitting via thg? and LSF minimization techniques were effective in
assessing these differences. We discuss this further mekieant results chapters.

3.2.4 Binary Lightcurve Modelling

The sample of radio detected ultracool dwarfs in this thesigains two very low mass
binaries - the M dwarf tight binary LP 349-25AB, and the L diMaght binary 2MASS
JO0746+2000AB. In each case, the photometry carried outumedithe combined flux from
both binary members. In a following chapter, we present ti@agmetric results from this
campaign. Here we briefly describe the binary lightcurve etiod that was carried out,
and why.

The photometric behavior of 2MASS J0746+2000AB was simaaother single tar-
gets, where, in addition to a primary periodic signal, soperiadic variations were also
presentin epoch lightcurves. However, for LP 349-25AB|idiietcurves exhibited changes
in phase and quite significant changes in amplitude over these of the observation
epochs. Amongst other possibilities that we discuss in @&nafy we interpreted such
characteristics as the possible superposition of two blrisources - i.e. the presence of
both binary members, varying in phase and amplitude, with dsfiéiperiods (or perhaps
a detected period from one and aperiodic variations fronother), over our observation
timescales. Thus, similar #3.2.3, we developed a Matlab-based script that modeled the
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Figure 3.9: Here we show the October 2010 epoch from one ofdhelow mass binaries
in our sample - LP 349-25AB. The red model sinusoid overtptbis the best fit single
sinusoid from our Matlab routines.

superposition of two sinusoidal waves. The functid):

M) = [sin(m(i)—i—(bl)* <P%-7T) -al] 4 [sin(z(i)+¢2)* (%.w) ~a2] (3.24)

produced a model fit, where for a data set of length1 ... IV, the dependent (chang-
ing) variables above are the flux valugsthe phase of the first wave,, the amplitude
of the first wavea;, the phase of the second wave, and period of the second wave,
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P,, and the amplitude of the second wawe, The only independent variable in the above
calculation was the period detected in our woFk, We varied the amplitudes, and
as, from 0 - 3% in steps of 0.01%; the peridd from 1 - 4 hours in steps of 0.01 hours;
and the phases;, and¢,, from 1 - 360 in steps of 2. A y?/LSF produced the best fit,
which we ran on each epoch dataset independently. We coutdm¢his on the full 2 year
baseline, because we did not have an accurate enough periBdtb do so. In Chapter 4,
we outline the results of this modeling in more detail. Heeeshiow some raw lightcurves
from LP 349-25AB and the resulting red model sinusoidal sigwerplotted in Figure 3.9.

3.2.5 Period Uncertainty Estimation

The periods reported in this work were identified via the mdthoutlined in the previous
sections. We also needed a means of assessing the erroiserdéitections. We assessed
the error for two different categories in this work: 1) théargets that could be phase con-
nected, or 2) those that did not have enough periodic acgtiwdme phase connected. The
potential periods from e.g. the LS periodogram, or PDM rrwegj were used to investigate
which of these solutions allowed us to phase together lights within/between individ-
ual epochs. Standard phase connection techniques wereyadplia Equation 3.18. This
allowed us to combine data from two different epochs, if tkequ from a single epoch
could be calculated with sufficient accuracy, such that ttational phase of the second
epoch was unambiguous - in this work we define this threshwlietip < 0.25. This
method can then be continued throughout the entire obsemadseline, since each itera-
tion should give a more constrained period solution for égdhat lien rotations apart, but
only if there is one possible solution per given epoch’stiotel phase. The initial period
accuracy in the first epoch was established via the methdtisexnlin S 3.2.1 and S 3.2.2.

For targets where phase connection was not possible (orpmydgible for some of
a target’s baseline if the period accuracy achieved did howvdor phase connection to
other epochs), we overplotted the LS power spectrum peaioge with a Gaussian profile,
and calculated the FWHM. Thus, the width of the FWHM as deteech by the Gaussian
profile, contained a range of possible period solutionsptoesstatistical significance. In
this way, we estimatedl.errors on the period uncertainty/) for these targets. Since the
FWHM = 2v/2In2 o = 2.354820, § P is therefore defined as:

FWHM
oP = 535480 (3.25)
We find that the uncertainty range calculated for each tdoyehe best-fit period of
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(a) Sinusoid model with random noise added. (b) LS analysis withyP fit assessment.

Figure 3.10: (a) Here we show a model sinusoidal signal Kpladth a period of 1.95
hours. Overplotted in green, is the same signal with a ranglmise component added. (b)
We ran a LS periodogram on the green data in (a), and foundriagieak of the power
spectrum indicated a period of 1.96 hours. By calculatingéd® = FW HM/2.35482
based on this profile, we find a period and error of 149®.2 hours - a conservative
estimate of the error, which brackets the true period by a&wndrgin.

rotation, allowed other possible solutions within thisgarto be phased together within
epochs. This technigque was an effective estimatiaivgfsince the calculation was based
on the same LS power spectrum that was used for period asseisshhese estimates are
considered upper limits. We show an example of this appiinah Figure 3.10. On the
left in Figure 3.10a, we first plot a model sinusoidal signé&hva period of 1.95 hours
- shown in black. We then added a random noise componentgositpnal, which we
overplot in green. On the right, we show in Figure 3.10a thepe8Bodogram analysis,
where the highest peak in the spectrum-is.96 hours. By adopting our method above,
and establishing the FWHM of the highest peak, we identifyeagal and an associated
error of 1.96+ 0.2 hours. This is a conservative error estimate where the geriod
clearly lies inside the allowed range.

We also used sinusoidal fitting techniques and assessedrtinarethe best fit period
via the x? test, as outlined in a previous section, S 3.2.3. Other asithave established
various means of assessing the error in the frequency ofralsig.g. Schwarzenberg-
Czerny (1991) or Akerlof et al. (1994). These techniquelizetparameters such as time
span of observations, amplitude of the signal, number & gaints, the error in the data
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points, and so on. In estimating the error in a given frequdrmwever, these techniques
can largely rely on data where the epochs are uniformly sadnipl time. Thus, similar
to Equation 3.25, they were effective in calculating an efoo a single epoch, but not for
an unevenly spaced lengthy baseline. Finally, we note tigebéhavior of the photometric
signatures from the very low mass binaries in the sample s@mewhat less stable than
those of the single targets. Therefore, error estimatiothbge means proved to be more
challenging. We will see this in Chapter 4.

3.3 Summary

In this chapter, we have outlined the various data calibnedind reduction techniques that
were implemented in this thesis. We have also discussedntigeresolved optical differ-
ential photometry, as well as the aperture photometry tgci@s and photometric error es-
timation used to produce time series data. In order to chrsyaut, we used and modified
the data reduction and analysis pipeline (Sheehan, 2008% pipeline provided strong
data management functionality, which was essential whatirdgwith extremely large
data sets from the Andor camera systems. Data reductionaadadalysis are included in
the routines, which utilize IRAF tasks via a Python-baseBA&y environment. We also
outlined the various routines that were created duringwlugk, such as de-fringing rou-
tines to account for the effects of OH spectral emission B Wavebands, post-photometry
scripts that were written to assess reference star behdwmrghout a given observation,
and scripts that were implemented to counter various ggittecking errors present during
epochs, such as circular rotation errors.

Once data had been calibrated and reduced to produce a tireg, $ee used a variety
of signal analysis techniques to assess the periodic vrabr aperiodic variability, as
well as other lightcurve properties such as the mean andgl¥ariability, of our campaign
sources. In order to do this, we used the Lomb Scargle pegrado, Phase Dispersion
Minimization routines, sinusoid fitting, lightcurve modwe and finally, period uncertainty
estimation. Each confirmed period had multiple epochs oédagions, where the periodic
variability was categorically present in the data - as dstladd by the techniques in this
chapter. These statistic tests were useful for other tamgehis work, such as mid M dwarf
flare stars, where a large amount of data has been acquiradherfinvestigate M dwarf
stellar flaring events at high cadence, at photometric veangths. These tools provided
the means of assessing the variable nature of these objects.



“We will never know how to study by any means the chemical ositipn (of stars),
or their mineralogical composition.”

Auguste Comte (1835)

“Either we are alone in the universe, or we are not. Eitherdgat is frightening.”
Author C. Clarke

Periodic Optical Variability in Radio
Detected Ultracool Dwarfs

4.1 Introduction

revious studies of ultracool dwarfs have yielded the detection oifogkc bursts

of radio emission from four of these objects (Hallinan et2007, 2008; Berger

et al., 2009). The extraordinary characteristics of thisad@mission, specifically
the presence of 100% circularly polarized periodic pul$esje led to these substellar
objects being dubbed ‘ultracool dwarf pulsars’. Remarkatwo of these pulsing dwarfs
have also been detected as periodically varying opticatcesu both in broadband optical
photometry (Lane et al., 2007), and one in the (Berger et al., 2008a), where in all cases,
the detected periods match the radio pulses.

As discussed in Chapter 1, optical periodic and aperiodi@baity has largely been
associated with the presence of atmospheric dust, and/exfiected presence of magnetic
spots on the stellar photosphere. Since all of our targets heen detected as transient ra-
dio sources, magnetic activity is clearly present and ectind thus could play an impor-
tant role in the characteristics of the optically variabdéune of such stars. It has been well
established that magnetic spots can exist on timescalesany ryears (Schwabe (1845)
observed for 17 years and discovered thkl year solar cycle). However, we cannot
discount the effect of dust in these regions, especiallgesawarf photospheres become
increasingly cool and neutral after the M/L transition2000 K). If such clouds of dust
could be maintained over comparable timescales, they catilbe responsible for the

102
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previously observed optical variability. We note howeteat we have not established that
stability on timescales ofearsis required for the optical variability discussed here.hist
thesis, we present an exciting alternative to the aboventhgtbe present during the many
epochs of observations and perhaps over baselines of yearsssociates particle accel-
eration in the dwarf’s magnetospheric regions with the gmes of the same high-strength
magnetic fields that are responsible for the pulsed radiggom. By establishing a causal
connection to the optical and radio emissions, we have fabatdthe optical variability
may be caused by processes very similar to those respoifaitdarorae at the magnetic
poles of the planets in our solar system, but much more poivgtllinan et al., 2012).
We present the optical photometric component of this stadis work (Harding et al.,
2012a).

In this chapter, we present final results from a lengthy cagmptinat was undertaken
to investigate the ubiquity of optical periodic variahjilfor known radio detected ultracool
dwarfs - this work was carried out solely by the author. Adinatl in Chapter 2, we con-
structed and commissioned the GUFI photometer on the 1.8BTi Yelescope, that was
built specifically for detecting optical signatures fronese stars. Throughout the cam-
paign, we also used the VATT 4K CCD Imager on VATT, as well asribw2k and Tek2k
detectors, on the 1.0 m, and 1.55 m telescopes at the USN@&ctesely. Data was also
obtained using the GUFI mk.l system from the 1.52 m telesebfiee Loiano Observatory
in Bologna, Italy. These data may provide an insight intodéwse of this optical emission
and its possible connection to the radio processes. Fuonthretr we can assess whether
optical periodic signals are present in only some of, or falttee radio pulsing dwarfs, or
perhaps are also observed for the quiescent radio dwatfe isample. We present results
of periodic variability, from multiple epoch observatiofws five ultracool dwarfs: the M
tight binary dwarf LP 349-25 and L tight binary dwarf 2MASSW746425+200032, as
well as the M8.5 dwarf LSR J1835+3259, the M9 dwarf TVLM 518646, and the L3.5
dwarf 2MASS J00361617+1821104. Each confirmed period hétshetepochs where the
periodic variability is categorically present in the dat&e have also observed the M9.5
dwarf BRI 0021-0214 and detected variability. There is s@awvidence of periodicity in
this data, and we will discuss this further in this chapter.

The chapter is structured as follows: the next secti9As?2 and; 4.3, discuss the stellar
properties of each target in order of ascending spectral, tgpd further outline details of
the respective observation campaigris4.4 discusses the optical observation3s4.5 -
4.5.2 presents the photometric results of optical periadit aperiodic variability for each
source. Finally§ 4.6 discusses the proposed source of the periodicity. Thepaign
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Parameter LP 349-25AB 2M JO746AB LSRJ1835 TVLM513 BRI0021 [ JO036

SpT M8+M9 LO+L1.5 M8.5 M9 M9.5 L3.5
Dis (pc) 13.10 12.20 ~0.6 ~10.5 ~11.5 ~8.8
+ 0.28 + 0.05
My 12.40 15.03 12.90 15.10 15.02 16.05
109(Lyor/ L) -3.19(A) -3.64(A) -3.51 -3.65 -3.40 -3.98
-3.34(B) -3.77(B)
vsini (kms™1) 55+ 2(A) 19+ 2(A) 50+ 5 ~60 ~34 ~37
83+ 3(B) 33+ 2(B)
Lithium? No No ? No No No
Est. Mass (/) 0.121 0.151 <0.083? >0.06 <0.06 0.06 - 0.074
+ 0.009 + 0.003
Ref. 1-3 2,4-6 7-9 10-13 11,14-17 4,5, 18-20
Radio Ref. 21 22 23 24 24 25

Table 4.1: Summary of Campaign Sample Properties

References: (1) Gatewood & Coban (2009). (2) Konopacky et al. (2010, 2012
(3) Basri & Marcy (1995); Reiners & Basri (2009). (4) Dahn &t @002). (5) Vrba
et al. (2004). (6) Bouy et al. (2004). (7) Reid et al. (2008) Berger et al. (2008a). (9)
Hallinan et al. (2008). (10) Tinney et al. (1993, 1995). (L&pgett et al. (2001). (12)
Basri (2001). (13) Reid et al. (2002). (14) Reid et al. (199@5) Mohanty & Basri
(2003). (16) Reiners & Basri (2009). (17) Chabrier & Baraf2900). (18) Average of
Jones et al. (2005) & Zapatero Osorio et al. (2006). (19) Real. (2000). (20) Hallinan
et al. (2008) based on work of Reid et al. (2000); Vrba et &108). (21) Phan-Bao et al.
(2007). (22) Antonova et al. (2008). (23) Berger (2006).) Bdrger (2002). (25) Berger
et al. (2005).;Total system mass.

targets are abbreviated as follows: 2MASSW J0746425+2D0Q0d&ceforth 2M J0746);
LSR J1835+3259 (henceforth LSR J1835); TVLM 513-46546 ¢kéorth TVLM 513);
BRI 0021-0214 (henceforth BRI 0021) and 2MASS J003616121184 (henceforth 2M
J0036). A summary of object properties is shown in Table Bdva.

4.2 Discussion of Binary Systems

We selected two very low mass binary stars at the M/L tramrsitor our campaign - LP
349-25AB and 2M J0746AB. These objects were of particultarest, since they are the
only binary dwarfs reported thus far to exhibit radio enmossin the very low mass binary
regime (Phan-Bao et al., 2007; Osten et al., 2009; Antonb\a. €2008; Berger et al.,
2009), defined to bé/;or <0.185 M, (Close et al., 2003). Furthermore, both objects
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were subject to high-precision dynamical mass measurenveich were followed up
by laser guide star (LGS) adaptive optics (AO) spectrosdiyfy 349-25: Dupuy et al.
(2010); Konopacky et al. (2010, 2012), 2M J0746: Konopadkal.g2010)). These latest
v sin i data are unique, since eaddsolvedcomponent of the binary systems provided
a measured rotational velocity for each star, and they ameaezuently the first resolved
AO measurements of this kind (Konopacky et al., 2012). Iddéeth LP 349-25AB and
2M J0O746AB were cited as the two binaries with the largededihces in component
v sini in this study. These latest results therefore make the Ilsdarcperiods all the
more pertinent. Based on these dynamical mass and rothtieloaity measurements, an
accurate period of rotation for the system provides the medrassessing the system’s
orbital and rotational parameters, where the rotationial @each component with respect
to the other and the orbital axis of the system may be furtbesttained. Moreover, a
range of radii can also be estimated. Our method for applyiratp constraints is explained
in Chapter 6.

4.2.1 LP 349-25AB

LP 349-25 is a tight binary that is located at a distance 01@3: 0.28 pc (Gatewood &
Coban, 2009). Forveille et al. (2005) reported evidencénefdystem’s binarity via AO
observations, where these observations also yielded aasepeestimate of 0.125% 0.01
arcseconds. The system has an inferred total ma8sl®f + 0.009 M, and an orbital
period of 7.31+ 0.37 years (Konopacky et al., 2010). Evolutionary modelsrege the
binary’s age to be 14@ 30 Myr (Dupuy et al., 2010), which infers it should have an
abundance of lithium. However, Reiners & Basri (2009) deteclithium in the binary
dwarf’s atmosphere, which suggests that the age derivedfnodeling is perhaps an un-
derestimate of the system’s true age. Moreover, based orotbeinformation obtained
(companion star in the IRVIx,=10.46 andAmg,=0.26+ 0.05), the spectral type combi-
nation of the system is most likely M7.5V+M8.5V or M8V+M9V.

LP 349-25 was reported as the most radio luminous ultracmatfdyet detected (Phan-
Bao et al., 2007); however no radio pulsing similar to othHgeots such as TVLM 513, 2M
JO746 or 2M J0036 (Hallinan et al., 2007, 2008; Berger e2@D9) was found during the
observation. They argued that either gyrosynchrotronemtedn cyclotron maser emission
could be the mechanism responsible.

Osten et al. (2009) performed multi-frequency follow-usetvations to characterize
the physical nature of the observed radio emission and tthese properties as a tool for
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comparison with other radio detected ultracool dwarfs. yTthetected broadband, stable
radio emission in two additional epochs of observationsntbon timescales of 10 s - 10.7
hours, as well as on timescales of 0.6 - 1.6 years. Howeway,fdund that the system did
not show evidence of large-scale variability as was seetherstudies of radio detected
ultracool dwarfs such as those of Hallinan et al. (2006) arty8r et al. (2009), where
periodic bursts were observed for example. Due to the lackaagbility and the flat
spectral index, they argue in favor of incoherent gyrosyoitbn emission. Similarly,
more recent radio observations of the system by McLean €R2@l2) also detected the
binary at 8.46 GHz, where no radio pulsing was observed.

Konopacky et al. (2012) measured the rotational velociifesdividual components
of very low mass binaries, including LP 349-25, via NIR AO sfpescopy. Interestingly,
they show av sini of 554+ 2 km s™! and 83+ 3 km s™! for LP 349-25A and LP 349-25B,
respectively. Under the assumption of a rotational axisctvig orthogonal to the orbital
plane, the inferred equatorial velocities ar€2 km s and~95 km s, respectively.
This would make LP 349-25B the fastest rotating very low n@gsct ever discovered.
There are some discrepancies in the literature with regatdPt349-25 component radii
estimates. Indeed, these estimates have strong imphsaioo the maximum period that
can be inferred for each system. We consider this later irpén®.

Thus far, no optical variability has been detected for LP-389 We therefore chose
to monitor the binary dwarf to investigate the presence dicapvariability. We used
the VATT I-band and R-band broadband filters for observatioith GUFI mk.II over the
course of three separate epochs, for a total®4 hours, spanning1.2 years.

4.2.2 2MASS J0746+2000AB

2M J0746 is an L dwarf binary (LO+L1.5) with a separation~e2.7 AU (Reid et al.,
2001) that is located at a distance of 122®.05 pc (Dahn et al., 2002). Based on the
measurements of Vrba et al. (2004), it has an effective teatywe of between 1900 -
2225 K and an inferred bolometric magnitude ofllgg/L, ~ —3.64. Bouy et al. (2004)
initially obtained dynamical mass measurements of theegysestimating the total system
mass to be 0.146:)3¢ M., which classified the primary star to be low mass but the
secondary to be a brown dwarf (individual mass estimatesrongel based age estimate,
which was found using the DUSTY models by comparing isocksowith luminosity-
age, color/magnitude-age, effective temperature-agettamabsence of lithium vs. age).
However, Gizis & Reid (2006) argue that the secondary corappmay not be a brown
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dwarf and may in fact be at, or above the sub-stellar limigreéby classing it as a low
mass star. The latest total system mass measurement ofntny 8 0.151+ 0.003 M
(Konopacky et al., 2010).

Berger (2006) observed the binary at 8.46 GHz and detectealdim emission above a
3o limit of <48 Jy. However, the first detection of confirmed radio emissias veported
by Antonova et al. (2008), where they detected radio emrmsai@l.9 GHz with an average
flux level of 286+ 24 ;Jy during a 2 hour observation. It was not determined which
component of the system was the radio emitter due to the clegaration of the stars.
They also report the detection of a 100% circularly polatiarst which reached 2.3 mJy;
this event followed a rise in quiescent activity to an averfigx of ~400 1.Jy, which took
place~40 minutes before the burst. They conclude that the burst hike$y originated
from a small region {<radius of the dwarf) of intense magnetic activity, and reegi
coherent ECM emission. This would point toward a magnetid f¢rength of~1.7 kG
for 2M JO746 (based on the electron cyclotron frequency haabserved radio emission
at 4.9 GHz) for one component of the system.

Following this observation, Berger et al. (2009) reportedigrlic radio emission at
4.86 GHz of 2.07+ 0.002 hours, as well as quiescent radio emission at 8.46 Gtz w
an average flux of 154 14 ;Jy. Similar to the pulses found from TVLM 513, LSR
J1835 and 2M J0036 (Hallinan et al., 2007, 2008), these 106%larly polarized period
radio bursts were stable, and were therefore attributedeltassrotation. Based on the
similarities of the emission properties in each case, Beggal. (2009) outline that it is
likely that a coherent emission mechanism is responsiblégnéoradio emission. They infer
a magnetic field strength ef1.7 kG for the 4.86 GHz detected pulse - a strength consistent
with that confirmed by Antonova et al. (2008). In addition e quiescent and transient
radio detections, they report sinusoidal periodie émission. The period is the same in
the optical and radio, which is attributed to stellar raiati and is assumed to be coming
from the same component of the binary.

A number of rotational velocity studies of 2M J0746 have dsen carried out in the
past decade. The latest work is that of Konopacky et al. (R@h2re they reported the first
resolvedv sini measurements of the system. They measwrsimi of 194+ 2 km s !, and
334+ 2 km st for 2M JO746A and 2M J0746B, respectively. The same assongpas
for LP 349-25 are adopted, where the member’s rotationa exassumed to be inclined
with respect to each other, and with respect to the orbitalglor at least one component),

To date, in terms of rotation period measurement in optitatgmetry, there have
only been rough estimates where periods of 1.84 - 5.28 hoars wferred fronv sin
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I and radius estimates (where','*7’, * R and ‘v sin i’ were known in the following:
(2-pi- R/P)-sini = v sini, thusP could be estimated - e.g. Bailer-Jones (2004), as
well as some photometric variability which was detected larke et al. (2002b), showing
weak evidence of periodicity 6£3 hours.

We obtained multiple epoch I-band observations totali&® hours, taken over four
separate epochs, spanning years. These observations were taken with the VATT 4K
system as well as the GUFI mk.ll photometer.

4.3 Discussion of Single Systems

4.3.1 LSR J1835+3259

The M8.5 dwarf LSR J1835 is located at a distance-6fpc (Reid et al., 2003) and is a
rapid rotator with as sini of 50+ 5 (Berger et al., 2008a). Reid et al. (2003) show a bolo-
metric luminosity for LSR J1835 of ldg,,/L, = —3.51. Berger (2006) conducted a large
radio survey of 90 dwarf stars and brown dwarfs (M5 - T8) antbcted radio emission
(0.525+ 0.015 mJy) from LSR J1835 during-a2 hour observation. The observed emis-
sion was assumed to be due to incoherent gyrosynchrotrassemibased on the inferred
brightness temperature and the physical properties ichpliehe paper for the source size
and magnetic field strength. Berger calculates a field stihesig< 30 G from the fraction
of polarization {. < 9%) and the observed fluxes at 8.5 GHz.

Hallinan et al. (2008) selected this source for observatiased on the detection of
radio emission discussed above by Berger (2006), becauteabdse proximity £6 pc),
and because of its similar spectral type (M8.5) to the prestipdetected pulsating dwarf
TVLM 513 (M9) (Hallinan et al., 2006). They observed the diMar 11 hours at 8.44
GHz, and reported persistent 100% circularly polarizececeht pulses of radio emission
with a period of 2.84+ 0.01 hours, which they attributed to the dwarf’s rotatiomiq
They argue in favor of ECM emission as the dominant sourckeptiised radio emission
from LSR J1835. Therefore the detection of ECM emission woetjuire magnetic fields
of ~3 kG, since the electron cyclotron frequency is found.at 2.8 x 10° B Hz and based
on the fact that the corresponding dwarf’s pulses were tedest 8.44 GHz. Indeed, the
detection of a kG magnetic field is in agreement with the fnesiy confirmed magnetic
fields for other ultracool dwarfs (Hallinan et al., 2006, ZOReiners & Basri, 2007).

Based on the above radio activity of LSR J1835, we decidedrtbdr investigate the
presence of such variability for the dwarf at optical wanglhs, and whether it was peri-
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odic in nature like the optical periodic variability presed by Lane et al. (2007) for the
M9 dwarf TVLM 513. We conducted observations over a periog-8fyears, encompass-
ing three separate epochs. Initial epochs were taken addtsonly for the GUFI mk.l
system in July 2006 in the Johnson I-band, using the 1.52esdepe in Loiano, Bologna,
Italy. We also include Johnson I-band and R-band data fraUBNO 1.55 m telescope
in Flagstaff, Arizona, obtained by group members in Sepem@®06. Finally, we ob-
served the dwarf in the VATT I-band with the GUFI mk.II system the 1.83 m VATT
telescope, Mt. Graham, Arizona, to confirm its periodic nata June 2009. The three
epochs contair-33 hours of observations on source.

4.3.2 TVLM 513-46546

TVLM 513 is an M9 ultracool dwarf£2200 K) which is at a distance f10.5 pc (Tinney
et al., 1993, 1995). It has an inferred mass@ 08 M, at an age of>400 Myr, however
the fact that no lithium has been detected to date puts @nttron the star’s minimum
mass, which consequently must b®.06 M., (Chabrier & Baraffe, 2000; Reid et al.,
2002). Therefore, TVLM 513 is categorized as either a higtssrbrown dwarf or a very
old low mass star. Leggett et al. (2001) show a bolometricmtade of lod.,./L, ~
—3.65 based on 1-2.bm spectroscopy. The dwarf is located at the substellar benynd
and is one of the most rapidly rotating dwarfs discovered fauwith av sini of ~60 km
s~! (Basri, 2001). All the same, only weak levels ofiHhave been found in its spectrum
(Martin et al., 1994; Reid et al., 2001; Mohanty & Basri, 3D0wvith no X-ray detections
reported so far.

However, Berger (2002) detected transient radio emissid4® GHz from TVLM
513, which also included a highly circularly polarized fléitax density~1100.Jy) where
the fraction of polarization at or near the peak of the flare av&6 + 4%. TVLM 513 was
also detected during a VLA radio campaign by Osten et al.§2808.4, 4.8 and 1.4 GHz,
however no obvious flaring or circular polarization was fouand only a small level of
variability.

Hallinan et al. (2006) observed the dwarf simultaneousk.88 and 8.44 GHz using
the VLA where they found persistent periodic radio emissabiboth frequencies with a
period of~2 hours. They concluded that this periodic variability was tb stellar rotation,
which supported the measuredini of ~60 km s (Basri, 2001). This rotational velocity
measurement gives a maximum rotation period of2@.2 hours, and furthermore would
require a high inclination angle ¢f 65°. Hallinan et al. (2006) argue that coherent ECM
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emission could generate the high levels of observed cirpalarization, in addition to the
levels of brightness temperatures reported for this olagienv.

Following this, Hallinan et al. (2007) once again observ®d.W 513 and reported the
detection of periodic bursts of radio emission (100% cadyl polarized) which enabled
them to constrain the period t01.96 hours. These observations were conducted simul-
taneously to a photometric monitoring campaign by Lane.€f8l07), who also detected
a periodic signal o~1.96 hours in photometric I-band data - these observatistahe
lished that the periodicity was due to the rotational motloitaof the star, as put forward
by Hallinan et al. (2006). This radio detection was also ¢ardtion that ultracool dwarfs
were capable of producing broadband, coherent radio emnisgihich is typically asso-
ciated with the presence of kilogauss magnetic field sthengh fact, Lane et al. (2007)
attribute this periodicity to magnetic spots coupled wittllar rotation. However, Little-
fair et al. (2008) reported anti-correlated Slaaandi’ photometry of the M9 dwarf. They
argue against star spots being the cause of the detectexdlipdyi, and instead propose
that atmospheric dust is responsible - since the star spdélmaas inconsistent with this
result.

Interestingly, in an observation by Berger et al. (2008a@ytdetected sinusoidaldH
and H3 periodicity, with a period o2 hours, matching the periods found by Hallinan
et al. (2006, 2007) and Lane et al. (2007). This was an inidicdhat localized heating
existed near the surface of the dwarf via a chromosphergplabdior perhaps some other
magnetically-induced structure in the dwarf’s chromosjghegions.

We observed TVLM 513 in optical photometric VATT I-band obsgions with GUFI
mk.Il on VATT in June 2009. We also observed the dwarf durimgé additional I1-band
epochs in February and April 2011 using GUFI mk.ll once agamd in May 2011 using
the the VATT 4K CCD and a Sloai filter. In this work, we also include data taken by
members of the group using the USNO 1.0 m telescope, fromaehap 2008, and earlier
VATT data, obtained in 2006. This baseline therefore exddnd~5 years encompassing
~53 hours of data.

4.3.3 BRI0021-0214

BRI 0021-0214 is a nearby, rapidly rotating M9.5 dwarf, whis located at a distance of
~11.5 pc and has a measuredini ~ 34 km s! (Reid et al., 1999; Mohanty & Basri,

2003). Based on the work of Leggett et al. (2001), the dwasfdraeffective temperature
of 2100 K and a bolometric magnitude of log,/L ., ~ —3.4. Neuhauser et al. (1999) show
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no detection of X-rays from BRI 0021. Although Reid et al. 929 reported a weak &
flare of luminosity lod../L,,; ~ 102, a level which is a factor of 3 times lower than the
mean quiescent emission of early to mid M dwarfs, no persiste: emission was found
during observations by Tinney & Reid (1998).

However, in a campaign investigating magnetic activity ittacool dwarfs, Berger
et al. (2010) found steady and variable: l#mission from BRI 0021 on &0.5 - 2 hour
time-scale, albeit no detected radio emission, despiigqus low-level detections of radio
emission €40+ 13 ;. Jy at 8.46 GHz) with peak flux densitiessB60 ;. Jy reported from
the dwarf (Berger, 2002). Other optical variability hasodieen reported by Martin et al.
(2001), who find I-band variability during multi-epoch pbaotetric observations, including
strong peaks in periodogram analysis - indicating peridds20 hours and-4.8 hours.
Their baselines included two separate epochs, where 16sragh 4 nights of observations
were obtained, respectively. They argue that since theféypaeared to have low levels of
magnetic activity, the variability was probably not due pots on the stellar surface, but
rather due to dust clouds in the dwarf’s atmosphere - siregitasence of silicate and iron
clouds are expected based on the dwarf’s spectrum (Cha&bBaraffe, 2000).

Since BRI 0021 was shown to exhibit this chromospheric adractivity, in addition
to some photometric variability, we decided to observe thvartlin broadband optical
photometry with GUFI mk.Il and consequently obtained dataaftotal of~28 hours over
three epochs of 1.2 years of separation, using the VATT I-band filter.

4.3.4 2MASS J0036+18

2M J0036 is a nearby~8.8 pc) L3.5 brown dwarf with an inferred mass of 0.06 - 0.074
M, based on a surface gravity measurement ofjleg5.4, which places the dwarf right at
the sub-stellar boundary (Dahn et al., 2002; Schweitzdr,e2@01). Although Schweitzer

et al. (2001) reportedasini of ~15 km s!, consequent studies by Jones et al. (2005) and
Zapatero Osorio et al. (2006) found respective rotationaities of 38 and 36 kms. The

L dwarf has an inferred effective temperaturexdf900 K and a bolometric magnitude of
logLyw/Ls =~ —3.98 (Vrba et al., 2004). Hallinan et al. (2008) predict a imum age of
>800 Myr based on this bolometric luminosity, and no detectiblithium thus far.

Berger (2002) detected persistent radio emission, inctuflaring, via 8.46 GHz VLA
radio observations. They found the emission to be persistig the fraction of polariza-
tion during flaring to bex —62 + 5%, indicating left-circularly polarized emission. Berge
et al. (2005) then confirmed the presence of highly varigi@epdic radio emission, with
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a period ofx~3 hours, in two separate epochs of observations. This ldu&dio emis-
sion violated the Gudel-Benz relationship (refer to ckaft § 1.3.2) by many orders of
magnitude. They interpret the emission as incoherent gywasotron radiation, with a
corresponding magnetic field strength of 175 G.

However, Hallinan et al. (2008) reported 2M J0036 to be ogegrea persistent source
of radio emission, including the presence of 100% circylpdlarized pulses of extremely
bright radio emission. Periodic unpolarized radio emissi@as also observed. Most im-
portantly, the unpolarized component of this observatidnlgted brightness temperature
constraints that excluded gyrosynchrotron radiation asssiple mechanism for the ob-
served radio emission (see Hallinan et al. (2008)). Thidicoed that ECM emission was
the mechanism responsible for the pulsed radio emissiaifuathermore that it required a
magnetic field strength of at least 1.7 kG, for 2M JO036. I, fiuis field strength measure
was the first confirmation of kG magnetic field strengths foL atwarf.

Prior to these observations, Lane et al. (2007) conductetbptetric I-band observa-
tions of 2M J0036, and found the dwarf to be photometricadiable, with a periodicity of
~3 hours. This confirmed that the periodicity was due to thkesteotation of 2M J0036.
They argue that magnetic spots on the surface of the dwanhled with the rotation of the
star, were a likely source of the3 hour periodicity. Some evidence of aperiodic variability
was also present, which they attribute to dust clouds in tlodec L dwarf atmosphere.

We chose to observed 2M J0036 in optical photometry at thee saavelength range
as Lane et al. (2007) to determine whether the optical peitgdvas present over time-
scales of years. We used GUFI mk.ll on VATT at I-band wavellksgfor two nights in
December 2010, for a total ef10 hours.

4.4 Optical Observations

The GUFI instrument and its capabilities was outlined inagjigetail in Chapter 2. Here
we give a brief description of the other instruments thatenesed during the campaign, as
well as an overall summary of the campaign observationldetaid data reduction carried
out.

4.4.1 The VATT 4K Imager

The VATT 4K CCD camera is the primary in-house photometetictad at VATT. It
houses a back-illuminated STAO500A CCD with a transfer gsen$ 4064 x 4064 pix-
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els, a native FOV ofv 12.5' x 12.5" and a plate scale of 0.18®ixel~!. The standard
readout rate for the camera is 50 seconds, however fasouteates can be achieved
based on the level of windowing applied to the frame.

4.4.2 The USNO Detectors

Some observations, as outlined in the relevant targetidetaifable 4.2 and 4.3, were
obtained with the USNO 1.0 m and USNO 1.55 m telescopes. TW&kheamera on the
1.0 m telescope has a FOV 25.2" x 23.2" and a pixel scale of 0.8%ixel~!. We used the
Tek2k camera on the 1.55 m, which has a corresponding FQVY.8f x 11.3" with a pixel
scale of 0.33 pixel~*.

4.4.3 Observations and Data Reduction

The observation campaigns were carried out between May 2008y 2011. We used
the Johnson I-band filter(7000 - 110004), the VATT I-Arizona (~7200-91004) and
R-Harris (~5600-88004) broadband filters, as well as the Slo&6500-950QR) filter

- for selected targets (Table 4.2 and 4.3). Transmissiovesuior each filter are shown in
Figure 4.1. The campaigh encompassed observations tdhseangeriodic variability of
all radio detected dwarfs listed in Table 4.2, that wereblesfrom the VATT observatory
site (32424.78 1095332.5'W). We also obtained data from the 1.52 m telescope, in
Loiano, Bologna, Italy, as well as the 1.0 m and 1.55 m USN@stpes, in Flagstaff,
Arizona, as shown in Table 4.2. Figure 4.1 includes spedtemdV18.5, an L0.5 and an
L3.5 dwarf, which covers the range of ultracool dwarf spadiypes that our observations
covered. Typical acquisition parameters are also sumetiizTable 4.2 and 4.3.

Data reduction was carried out using the in-house GUFI L&IRip, as outlined in
Chapter 3. Standard data reduction techniques were entplelgere the data were bias
subtracted using zero-integration frames and flat-fieldaaguwilight flat-fields. Twilight
flat-fields for any given observation consisteddf00 median-combined dithered frames
taken from a blank part of the sky. Frames were registeredamned in image space to
increase the SNR, and differential photometry was carrigda all science data in order
to achieve milli-magnitude photometric precision.

The FOVs of the GUFI, the VATT 4K and the USNO photometersyjl® between
1-20 reference stars for a given field. Photometry for abmefice stars was also obtained
as a measure of their stability in order to ensure that vait\alvas intrinsic to the target
star. These stars were chosen on the basis of their stapifigytion, isolation, the prop-
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Source Epoch Total Time/Baseline Date of Obs. Length of Obs. Exp. Time

# (~hrs; yrs) (Ut cohrs) (sx coadd)

LP 349-25AB 3 64;1.2 2009 Sept 22 7.2 x524
2009 Sept 26 4.0 5 24

2010 Oct 9 4.0 5¢ 12

2010 Oct 10 6.4 5 12

2010 Oct 11 5.2 5 12

2010 Oct 12 5.5 5 12

2010 Oct 13 6.5 5 12

2010 Oct 14 7.0 5 12

2010 Oct 15 6.0 512

2010 Nov 16 7.3 5¢ 12

2010 Nov 27 5.0 5¢ 12

2M J0746AB 4 62; 2 2009 Jan 25 6.0 251
2009 Jan 26 6.8 25 1

2009 Jan 28 7.4 25 1

2010 Feb 19 45 5 12

2010 Feb 20 4.0 X 12

2010 Nov 13 4.6 5¢ 12

2010 Nov 14 55 5¢ 12

2010 Dec 2 6.0 5 12

2010 Dec 12 3.0 X 12

2010 Dec 13 6.8 5 12

2010 Dec 14 7.0 5 12

LSR J183% 3 33;3 2006 Jul 17 7.0 5 12
2006 Jul 20 6.5 5 12

2006 Sept 22 3.6 3Q 2

2006 Sept 24 3.0 30 2

2009 Jun 11 2.2 X 12

2009 Jun 13 4.0 5 12

2009 Jun 16 4.0 X 12

2009 Jun 30 3.0 X 12

TVLM 513% 6 53;5 2006 May 21 4.8 3 3
2008 Jun 17 6.0 6& 2.5

2009 Jun 12 3.6 X 12

2009 Jun 13 4.1 5 12

2009 Jun 16 4.0 X 12

2011 Feb 18 3.5 X 12

2011 Feb 25 4.3 X 12

2011 Apr 12 7.0 5¢< 12

2011 May 7 8.0 25¢ 1

2011 May 8 8.0 25¢ 1

BRI 0021 3 28;1.2 2009 Sept 14 4.0 512
2009 Sept 16 5.1 512

2010 Nov 13 4.0 5« 12

2010 Nov 14 55 5¢ 12

2010 Dec 2 5.1 5 12

2010 Dec 3 4.5 5 12

2M J0036 2 10; 0.03 2010 Dec 1 5.5 524
2010 Dec 13 5.0 X 24

Table 4.2: Observation Details
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Source Band Readout Rate Amplifier Refs Telescope/Instrunms
(MH2z) #)
LP 349-25AB I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
R 1 Conv. 4 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
2M J0746AB I Conv. 20 VATT/4K
I Conv. 15 VATT/4K
I Conv. 19 VATT/4K
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
LSR J183% I 1 Conv. 5 Loiano/GUFI
I 1 Conv. 5 Loiano/GUFI
I 10 USNO/Tek2k
R 10 USNO/Tek2k
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 4 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
TVLM 513¢ | 6 VATT/2K
I 10 USNO/new2k
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
I 1 Conv. 5 VATT/GUFI
I 1 Conv. 6 VATT/GUFI
7 12 VATT/4K
i 12 VATT/4K
BRI 0021 | 1 Conv. 1 VATT/GUFI
I I Conv. 1 VATT/GUFI
I 1 Conv. 1 VATT/GUFI
I 1 Conv. 1 VATT/GUFI
I 1 Conv. 1 VATT/GUFI
I 1 Conv. 1 VATT/GUFI
2M J0036 I 1 Conv. 6 VATT/GUFI
I 1 Conv. 6 VATT/GUFI

Table 4.3: Observation Details (cont.)
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Figure 4.1: Filter transmission curves with over-plottpegctra of an M8 dwarf (A), an
LO.5 dwarf (B) and an L3.5 dwarf (C) - the spectral range wheclcompasses our study.
The spectra have been normalized (y-axis left) by the peakdfluhe M8 dwarf spectra
at 95004, which corresponds to the end of the waveband range. Thelvean ranges
(x-axes) and % transmission (y-axis right) are indicatethieydashed lines, with the asso-
ciated band marked beside each cunl&t fo right] - Wavebands: VATT R-bandy{5600-
8800A), Sloan I (~6500-95008) and VATT I-band (7200-91004).

erties of their seeing profiles, and comparable magnituddscalor to that of the target.
Photometric apertures (in pixels) which provided the hggt8NR for the target star were
selected for aperture photometry; however aperture andrshylus diameters varied from
night to night depending on the average seeing conditiohg;hatypically ranged from
0.7 to 1.6 arcseconds. Differential photometry was obthlmedividing the target flux by
the mean flux of selected reference stars. Although charggemg conditions can ulti-
mately introduce photometric errors, for all observatiaesensured that the photometric
parameters remained constant for all stars - this allowed#me fraction of total flux to
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be observed in the aperture of each source.

4.5 General Results

We report periodic variability for five of the six radio deted dwarfs in the sample, shown
in Table 4.4. The properties of this periodicity is gengrabnsistent for all dwarf spectral
types, where we detect periodic sinusoidal variabilityrdiraescales of years, where there
is some evidence of aperiodic variations in lightcurves. aéess the change in levels of
amplitude of target lightcurves via th€ test, which provides a measure of the amplitude
and the error for a given observation (Table 4.5). This isuhsed further in the following
sections. The binary dwarfs exhibit significant changesnpléude during some observa-
tions. We investigate the various possibilities that casldse this behavior.

In the following subsections, we outline general results aariability analysis of each
target, as well as lightcurve and photometric propertidsc@afirmed periods in these data
were detected to significance values exceedingié the LS periodogram. In all cases, the
periodic variability is associated with the rotation of thearf, coupled with an additional
feature present in the dwarf photosphere or atmosphereidtless these possibilities later
in this chapter.

4.5.1 Binary Dwarfs
4.5.1.1 LP 349-25AB (M8+M9)

We detect the binary as a periodically varying source in VAIBaNnd and R-band, which
we report as the first detected optical variability of thisteyn. The primary period of
1.86+ 0.02 hours is present in each band and varying with,arange of 0.22 - 0.71%
in I-band, and 0.98%2% in R-band (single observation), as shown in Figure 4.2. The
LS and PDM statistical analysis is shown in Figure 4.3. Mean were calculated to be
~0.38% and 0.96% in I-band and R-band, respectively. We sgerta.. ; in R-band due to
intermittently poor seeing. It is difficult to assess the &étage ratios between each band,
since the amplitude level in the I-band is varying to a sigaiiit level as shown in Table 4.5.
Furthermore, we did obtain simultaneous R-band and I-batal d he significance of this
color information is discussed further §4.6.

Despite the consistency of the primary periodic componlerdgughout the observa-
tions, we observe some aperiodic variations in additiongniicant variations in ampli-
tude during some I-band observations (e.g. Oct 10, 11 & 19R0We do not image
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Parameter LP 349-25 2MJ0746 LSRJ1835 TVLM513 BRI0021 2M JO&G

(1): Period (hrs) 1.86 3.36 2.845 1.95958 ? ~30
+ 0.02 + 0.12 + 0.003 4 0.00005 + 0.7
(2): New? Yes Yes Yes No No*
(3): LSP (hrs) 1.86 3.36 2.845 1.95958 2.5
(4): PDMP (hrs)  1.86 3.32 2.844 1.95959 2.5
(5): Gtar (%) 1:~0.46 1~0.48 [:~0.63 I~0.41 I:~0.46 I~1.05
R:~0.98 R:i~0.81"  i":~0.47
(6): oy (%) ~0.38 ~0.36 ~0.33 ~0.34 ~0.37 ~1.4
~0.96" ~0.65 ~0.36
(7): [PL:[v sin 1] 0.62:0.57
(8): LS Sign. ¢) >5 >5 >5 >5 >5

Table 4.4: Confirmed Optical Periodic Variability in Radio Detected Ultracool Dwarf
Sample

Row (1) Period of rotation and associated error as calculate®ention 1.4. (2)
Newly discovered period, or not. Contains references betotihose not discovered in
this work. (3) Lomb-Scargle Periodogram periods: the gigiteriods are those which
were determined to be the most likely solution based on theeladion of the highest
peaks in all periodograms (all data combined and indiviépalkchs). (4) Phase Dispersion
Minimization periods: the PDM periods shown here repreghet lowest© statistic
calculated by the PDM routines, as is shown in Section 4 aVigan amplitude variability
of target lightcurves (mean value of all lightcurves showndach target for all epochs).
Amplitude variability for individual target observatiois shown in the following Table,
4.5. (6) Mean amplitude variability of reference star lightve in I-band (mean standard
deviation of all reference stars used in each case). (7) paciy et al. (2012) report
individual rotational velocity measurements for 2M JO7865A hese values subsequently
yield av sini ratio of ~1.7. We calculate a period ratio 6f0.62 based on our reported
3.36+ 0.12 hour period for 2M J0746A. This ratio was calculated bing the periodic
radio pulses of 2.07 0.002 hours of Berger et al. (2009) - the period of rotatior ki
JO746B. Elaborated upon in Chapter 6. (8) LS detection fsogmice for quoted periods.
These correspond to a False Alarm Probability (FAP) of 5.%¥330°7, or a detected
period with a statistical significance of5

“Mean amplitude variability for R-band data. Similarly for, .
®Mean amplitude variability for Sloail. The same fob,.;.

References: {Berger et al. (2009).Lane et al. (2007): TVLM 513 originally pub-
lished as~1.96 hours, 2M J0036 published a8 hours.
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Source Date of Obs. Band oy, 00 tar 0Ciar2.5%  00tar97.5% 00y
x?min.  Bootstrap Bootstrap C.l. 95%
(UT) (%) G.E£%) (%) (%) (%)
1) 2 B @& ®) (6) () (8)
LP 349-25AB 2009 Sept22 |  0.24 +0.03 0.18 0.30 oo
2009 Sept26 | 0.71 +0.05 0.63 0.81 o
2010 Oct 9 | 052 +0.04 0.45 0.59 oo
20100ct10 | 045 40.02 0.39 0.52 oo
2010 0ct11 | 022 +0.02 0.18 0.26 ool
20100ct12 |  0.47 +0.02 0.43 0.52 oo
2010 0ct13 | 045 +0.02 0.40 0.50 obe
2010 0ct14 | 029 +0.02 0.25 0.32 Ho.08
2010 0ct15 R  0.98 +0.08 0.81 1.20 o
2010Nov16 | 056 +0.04 0.47 0.66 o0
2010Nov27 | 042 40.02 0.38 0.46 ool
2M JO746AB 2009 Jan 25 | 020 +0.03 0.15 0.26 o8
2009 Jan 26 | 049 +0.04 0.40 0.60 058
2009 Jan 28 | 039 +0.03 0.33 0.46 oo
2010Feb19 |  0.63 +0.04 0.55 0.70 oo
2010Feb20 | 066 +0.04 0.59 0.75 o0
2010Nov13 | 059 +0.03 0.53 0.66 oot
2010Nov14 | 052 +0.04
2010 Dec 2 | 034 40.03 0.29 0.40 o8
2010Dec12 |  0.69 +0.03 0.62 0.76 oo
2010Dec13 | 076 +0.03 0.70 0.82 o0
2010 Dec14 | 048 +0.03 0.42 0.54 e
LSRJ1835 2006 Jul 17 | 054 +0.05 0.45 0.63 o
2006 Jul 20 | 051 40.04 0.44 0.59 oo
2006 Sept22 | 0.73 +0.07 0.62 0.87 ol
2006 Sept24 R 0.81 +0.26 0.50 1.36 o0
2009 Jun 11 | 062 40.03 0.57 0.67 oue
2009 Jun 13 | 067 40.03 0.55 0.68 0%
2009 Jun 16 | 066 +0.02 0.62 0.70 ool
2009 Jun 30 | 068 +0.02 0.63 0.75 oot
TVLM513 2006 May2l |  0.41 +0.06 0.29 0.54 o
2008 Jun 17 | 033 40.07 0.22 0.49 016
2009 Jun 12 | 028 40.03 0.22 0.35 .07
2009 Jun 13 | 036 +40.03 0.29 0.44 +o.08
2009Jun16 | 057 +0.03 0.51 0.64 .01
2011Feb18 | 060 +0.04 0.53 0.68 oo
2011Feb25 |  0.35 +0.04 0.28 0.43 o-08
2011 Apr12 |  0.38 +0.03 0.33 0.44 e
2011 May7 i’ 048 +0.03 0.42 0.55 oot
2011 May8 i’ 0.46  +0.04 0.38 0.55 ohe

Table 4.5: Amplitude Variability Analysis (columns explained on next page).
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Table continued from
previous page

BRI 0021 2009 Sept14 | 0.55

2009 Sept16 | 0.45

2010 Nov13 | 0.36

2010 Nov 14 | 0.79

2010 Dec2 | 0.34

2010Dec3 | 026 ..
2M J0036 2010 Dec1 | 1.10+0.09 0.88 1.26 *J35

2010 Dec 13 | 0.99 £0.11 0.87 1.15 *0I6

Table 4.6: Amplitude Variability Analysis (cont.) .

Column (1) Target name. (2) Date of the observation in UT. (3) Phetoim band
used. R- and I-band correspond to the Johnson system; aodresponds to the Sloan
system. (4) Amplitude variability as measured by t{fetest, outlined in Chapter 3,
§ 3.2.3. (5) The standard error (S.E. #)&as calculated by the? routines. (6) Confidence
interval (C.l.) by means of the Bootstrapping technique. B@®tstrap the data 1,000
times and obtain two ‘tails’ on either side of the mean valtua 5% C.I. curve. We show
one limit of the amplitude range at the first ‘tail’ at 2.5%) {[he other limit at the second
‘tail’ of the curve at 97.5%, indicatinga&errors in the amplitude calculation. (8) Errors in
the calculated amplitude via the Bootstrap with C.I. of 98%)( as defined by (6) and (7).
Note: We show example plots of the output from the LSF ayfdtest, as well as the
Bootstrap technique in the following chapter, where we stigate specifically the
amplitude stability of TVLM 513-46546.

each component of the binary as a single point source in thieservations, therefore the
detected sinusoidal periodicity in our data is due to thelmaed flux of both binary mem-
bers. We observe fascinating behavior for one night in galr (Oct 14 2010), where
the periodic signal appears to move in and out of pltaseng a single observation of8
hours. We discuss this further §M.5.1.2.

It is important to note that in Figure 4.2, the second R-baeakpn the signal was
an interval of poor weather conditions (thin cloud) showeacly by an increase in the
photometric error measurements. The September 2009 epastalso subject to poor
weather conditions (intermittent cloud & thin cloud thrdwagit), and was therefore binned
by a factor of 2 compared to the other data. Photometric &as are applied as outlined
in Chapter 3. The bottom right (red) plot shows a selecteereeice star that was chosen
at random. We plot its raw flux against the mean raw flux of dtleotreference stars
used in the field. This is used as an example of referencetataility compared to target
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Figure 4.2: LP 349-25: UT dates and times are marked on egltclirve’s x-axis. The
HJD time above each figure denotes the start-point of eaatnedison. It is important to
note that the x-axis range is not the same for each plot, sinservations were of different
lengths. All data in this figure was taken in VATT I-bang {000 - 110004), with the
exception of October 15 2010 UT which was taken in VATT R-b@n6600-8800,&) -

this is marked on the relevant lightcurve. Note the diffeeeim scale on the y-axis for the
R-band labeled plot.bottom right - we selected a reference star at random, and plotted
its raw flux against the mean raw flux of all other referencesatiaed in the field. This is
used as an example of reference star stability comparedget teariability.
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Figure 4.3: LP 349-25:Higures A - 0 Lomb-Scargle Periodograms analysiKgure A
shows a periodogram for the binary dwarf for the Septemb88 2poch. We include a
dashed-doted line on each plot which representsfalSe-alarm probability of the peaks as
determined by the Lomb-Scargle algorithm in each case.|&ilyiFigure BandFigure C
are the October and November 2010 epochs,Fagdre D is all data analyzed as one time
series. We also indicate the detected period of #8802 hours, detected as the highest
peak in the periodograniigure F). Figure E shows the Phase Dispersion Minimization
plot, of period against the ‘Thetad) statistic for all of LP 349-25 data. This statistic was
determined based on 10lonte-Carlo simulations which randomize the data points an
test whether the result at any giverlevel could be as a result of noise.
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variability. We note that this lightcurve is an example oamght only, however we used
the same reference stars for all epochs in a given band. The mé&erence star variability
for all reference stars used in this campaign is shown ineléfdl, row 6, where the different
bands are indicated in the table.

Dupuy et al. (2010) obtained dynamical mass measuremerdssample of late-M
dwarfs, including LP 349-25AB. Their modeling subsequenikld radii estimates of
~1.30-1.44R; for LP 349-25A and-1.24 - 1.37R; for LP 349-25B. However, Konopacky
et al. (2010) find much larger radii estimates~a. 7" R; (A) and~1.68"0% R, (B).
Based on the radii of Dupuy et al. (2010), it is more likelytthhee detect LP 349-25B as
the periodically varying source. If the system’s orbitame is orthogonal to the equatorial
axes of each binary member as has been observed in solabitygry formation (Hale,
1994), this reported period can be used to test this expadiggument. We consider this
further in Chapter 6. 1§ 4.6, we discuss the various possibilities for what may beicau
the optical photometric periodic variability of LP 349-25B

45.1.2 The Unusual Behavior of LP 349-25

In this section we discuss the behavior of the lightcurvethefbinary LP 349-25AB. As
outlined in§ 4.5.1.1, we observe significant changes in amplitude imdbas shown in
Table 4.5, as well as changes in phase during single obgersaand also during epochs.
Due to the close separation of the binary members, the pledt@naperture used enclosed
the combined flux of both components. Therefore the presafrtee periodically varying
sources in these data and thus the superposition of thess\gaone possible explanation
for the varying amplitude we observe here. However, aparigdriability of a single
periodic source could also cause this behavior - in thiseetspe must also consider other
astrophysical phenomena. This is an obvious distinctiahoare that we investigate below.
We first consider the possibility of the presence of two pi#idally varying sources by
subtracting the main 1.86 hour period out of the raw data. M/éhis by generating a sinu-
soidal model wave function with a period of 1.86 hours. Wentherated through a range
of amplitude and phase values, and performed a LSF fit to thelaaa from the October
2010 epoch. We chose this set of data because we had corgighservation nights from
October 9 - October 15 2010 UT, as shown in Figure 4.2. Thedwodstion which fitted the
raw data parameters was subtracted out. Lomb Scargle pgriath analysis was run on
the remaining data points, which searched for residuabdarsignatures. We observed no
obvious evidence in the periodogram of any underlying picigource. As a follow-up,
we modeled the superposition of two sinusoidal sources tiyngea period of 1.86 hours
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Figure 4.4: LP 349-25: We show lightcurves from October 2@p0ch, with a model
sinusoidal fit of P = 1.86 hours, the primary periodic compurtketected in our data. We
have scaled the time{axis UT) for each consecutive observation with respect to Oct 10
The lightcurves exhibit most unusual behavior, where welseenodel fit move in and out
of phase in some cases (e.g. Oct 10, Oct 14). We cite TVLM 5hB &xample of a source
exhibiting consistent phase stability throughout, asulised in Chapter 5.

for one source, varying the other period, as well as the augdiand the phase of both
waves, and performed a LSF to our data - as outlined in Ch&pte8.2.4. We note that
these models are rudimentary and do not take other systeenadr into account. The best
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fit to our models yielded a second period~ef.6 hours. It is worth noting that Konopacky
et al. (2012) indicate wsini ratio of ~1.5 for the system, placing the other period-4t25
hours or~2.80 hours, assuming coplanarity (Hale, 1994), and adgphia radii estimates
of Dupuy et al. (2010). However, the lack of evidence in thequkograms, as well as the
inability to clearly detect an underlying source in the desil data after subtracting the
main 1.86 hour period out, does not point toward the preseharother period.

Nevertheless, the varying component of amplitude and pfeasains in these data, as
shown in Figure 4.4. In this plot, we show raw lightcurvesirthe October 2010 epoch
(Oct 10 - Oct 15 UT) with a model sinusoidal wave overplottedréd). A period of
1.86 hours was used, and corresponding amplitudes frone Bablwere adopted for each
lightcurve. We use a fixed phase&f = 2.18 radians (125 degrees) for all nights. As we
observe the model wave for each observation, we can se&é&ative is in phase for some
nights (e.g. Oct 11, Oct 13 and Oct 15). By contrast, the $igpears to have moved out
of phase for Oct 12. We can also see, for Oct 10 and Oct 14,bkanbdel is largely in
phase for the first half of each observation (although uposetlinspection there is some
evidence of trailing and leading peaks and troughs), but theves partiallyout of phase
as the amplitude of the signal increases - we also note ceandightcurve morphology
for these sections.

Although our investigation outlined above did not yield afyious evidence for the
presence of the other component, it does not preclude trehildy of another source -
perhaps a more robust modeling technique is required tdifgehe presence of another
period. Alternatively, this behavior could be characteisf a high-dynamic environment
in these regions, where the source of the variability is\weaglon these timescales. Perhaps
a magnetic feature is not stationary on the stellar photrgplor alternatively a combina-
tion of features could be effecting lightcurve morphololy\reover, if these features were
undergoing changes in size or temperature, this could aee &n effect on the sinusoidal
shape. However, the presence of dust, coupled with a mags@i for example, does
not explain this change in phase, where for example the idaraf the sinusoidal signal
appears to be longer from101 - 104 UT (+ offset) for Oct 14 in Figure 4.4, than-a99
- 101 UT (+ offset) in this same observation.

Finally, we briefly mention the phenomenon of pulsationsame main sequence ob-
jects, which can result in multiple periods due to the asgedioscillations. For example,
Kurtz et al. (2011) have reported two pulsation modes for@/@apidly oscillating [pecu-
liar] A type stars), where these fascinating stars exhibisgtions in high overtone, non-
radial, pressure modes. However, the internal physicslamslthe structural properties of
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A type stars are clearly very different to M dwarfs, so thiskof association is prema-
ture, albeit very interesting and worth mentioning. Ohtagna contiguous time series of
LP 349-25 over many periods of rotation, would allow us to eneffectively investigate
these interesting changes in lightcurve morphology whighlat possibly establish such
oscillations in the data. Indeed, this is an intriguing depment, which made the period
constraint of this binary quite difficult. Magnetic spotdgoshotospheric dust as possible
sources of the periodicity and aperiodicity are discussadare detail irg 4.6.

4.5.1.3 2MASS J0746+2000AB (LO+L1.5)

Although we do not resolve each component of the binary asrda pource, most intrigu-
ingly, we show optical periodic modulation of 3.36 0.12 hours, where the sinusoidal
variability exhibits a range of,, of ~0.20 - 0.76% in VATT I-band and corresponding
o,y 0f ~0.36%. Therefore, this optical periodic variability ongtes from thethercom-
ponent to that producing the radio emission - reported by&eet al. (2009) where the
binary exhibited periodic bursts of radio emission of 2:067.002 hours. By adopting
radii of ~0.994+ 0.03R; and~0.97+ 0.06 R, in addition to thev sini measurements
outlined earlier in this chapter (Konopacky et al., 2012),derive maximum period values
of ~4.22 hours and-2.38 hours for 2M JO746A and 2M JO746B, respectively. Tlozeef
this infers that we may have detected the period of rotatioPM JO746A, the primary
component of the system, whereas Berger et al. (2009) foomgseon from the secondary
- 2M JO0746B. This optical periodicity is categorically peesin the data, thus we propose
that the period of rotation of 3.36 0.12 hours is that of thelower component of the
binary dwarf. The discovery of this period has also allowsdaiinvestigate the orbital
coplanarity of the system. We discuss this further in Cheafpte

Campaign results are shown in Figure 4.5. These data weea iakVATT I-band
(~7000 - 11000&) over a~2 year baseline. We report periodic variability for one camp
nent of the binary, with a period of 3.360.12 hours. The amplitude variation throughout
the observations varies from0.20 - 0.76 %. Photometric error bars are applied to each
data point as before. In the bottom right of the figure, we ploexample reference star
lightcurve to illustrate the stability of the chosen refere stars as compared to the tar-
get star variability. The mean reference star variabiltydll reference stars used in this
campaign for 2M J0746 is shown in Table 4.4. Finally, we shiogvdtatistical analysis of
the binary in Figure 4.6, where LS periodograms and PDM nastidentified the period
of 2M JO746A. As shown in the figure, this period was confirmedtkie highest peak in
the periodogram, and where the PD#/statistic minimized. Based on the length of the
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Figure 4.5: 2MASS J0746+2000: UT dates and times are mankezhoh lightcurve’s x-
axis along with HJD time above each figure (start-point oheatoservation). These data
were taken in VATT I-band~+7000 - 110008) over an~2 year baseline. The amplitude
variation throughout the observations varies fre 20 - 0.76 %. We note that January 25
& 26 2009 were taken during deteriorating weather condgti@hin cloud and high winds)
and were therefore binned by a factor of 2 compared to othter ddne arrow marked on
the November 14 2010 lightcurve points to an interval of ctatgpcloud cover, therefore
these data were removed.
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Figure 4.6: 2MASS J0746+2000Fipgures A - B Lomb-Scargle Periodograms analysis.
Figure Ashows a periodogram for the L binary dwarf for the January92€@och. We
include a dashed-doted line on each plot which represenisfal&e-alarm probability of
the peaks as determined by the Lomb-Scargle algorithm ih ease. SimilarlyFigures

B - E are the February, November and December epochs, as well psridgslogram that
analyzed all of the data as one time series. We also indibatddtected period of 3.36
0.12 hours, detected as the highest peak in the periodogtiguré¢ F). Figure G shows
the Phase Dispersion Minimization plot of the entire 2M J®Bdseline, of period against
the ‘Theta’ @) statistic, again, using t0Vlonte-Carlo simulations.
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baseline, and the large amount of data in each epoch, a peeodr of + 0.12 hours is
quite large. However, similar to the lightcurves of the bynBP 349-25AB, 2M JO746A
also exhibited some aperiodic behavior - e.g. Jan 26 200922010, Dec 13 2010. Thus
it was difficult to phase connect the data to the level of aamcyirequired to connect the
~2 year baseline. The error we placed on the period was threredken as ad error on
the detected period, as outlined in Chaptef 3,2.5. Once again, here we only present the
photometric results, and discuss the possible cause atthgi¢nt nature of the lightcurves
in§4.6.

4.5.2 Single Dwarfs
4.5.2.1 LSR J1835+3259 (M8.5)

We determined a photometric period of 2.845).003 hours in VATT I-band, consistent
with the VLA radio observations of Hallinan et al. (2008), evteport periodic pulses of
2.84+ 0.01 hours. This optical period is newly reported in this kyaxhich was con-
ducted between July 2006 and June 2009 with the GUFI mk.l dall systems. We also
find a period of~3 hours in R-band data obtained from the 1.55 m USNO telescipe
weather for this observation was very poor; therefore we adnctlude the R-band data
in the determination of the quoted period of rotation. Horeit appears that LSR J1835
has larger R-band amplitude variability than I-band - samib other targets in the sample.
These data exhibit long-term stable periodic sinusoidahidity with means,,, ando,. s
scatter of 0.63% ang0.33% in I-band, and 0.833> % and~0.65% in R-band. Further-
more, the calculated period supports the rotational vgl@stimate ot sini ~50+ 5 km
s~! (Berger et al., 2008a), which implies a high inclination lengf ~ 90° for the system.
These data also appear to be in phase based on this peridd#6f20.003 hours during
constituent epochs. Although we do not achieve a high enpaghd accuracy in order to
phase connect the3 year temporal baseline, we could phase connect the 209&dd|
September data.

Figure 4.7 shows the photometric lightcurve results of LR35 from the~3 year
campaign. The 2006 July epoch was taken as test data for tid @kll system. We
note that R-band%5600-8800A) data obtained via the USNO on September 24 & 25
2006 UT, were subject to poor seeing on both nights. Thus Ve mesent the R-band
lightcurve from September 24 2006. As mentioned at the laggnof this section, the
period of rotation of 2.845- 0.003 hours matches the periodic pulses reported by Hallina
et al. (2008), who attributed this periodicity to the dwanfotation. We also attribute the
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Figure 4.7: LSR J1835+3259: These data were taken ove3 gear baseline at I-band
wavelengths {7000 - 11000&), where the 2006 July epoch was taken as test data for
the GUFI mk.| system. We also observed the dwarf in R-barB600-88004) using the
USNO on September 24 & 25 2006 UT. The seeing on both nightyerggpoor however.
Here we show a binned data set, marked with an R-band labeh, September 24 2006
UT. We overplot a model sinusoidal fit (red) to the detectedopeof 2.845 hours. The
arrows shown in June 13 & June 16 mark data gaps due to thistslgpassing too close

to the zenith for the telescope’s Alt-Az tracking. Once agae show a reference star
lightcurve (bottom right) to illustrate the variability ehe target with respect to a non-
variable source. Although we have~&3 year baseline, we do not achieve an accurate
enough period to phase connect the 2006 and 2009 epochs.
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Figure 4.8: LSR J1835+3259Figures A - D Lomb-Scargle Periodograms analysisg-
ure Ashows a periodogram for LSR J1835 for the entire 2006 epoehindliude a dashed-

doted line on each plot which representscafélse-alarm probability of the peaks as de-

termined by the Lomb-Scargle algorithm in each case. Sipil&igures B- D are the
2009 epochs, all of the epochs together, and the highestipéiad periodogram of. We

show the detected period of 2.8450.003 hours, detected as the highest peak in the peri-
odogram Figure D). Figure E shows the Phase Dispersion Minimization plot of all of the

LSR J1835 data - period against the ‘Thet¥)' §tatistic (10 Monte-Carlo simulations).



4 5. General Results 132

periodicity to stellar rotation in this case. The arrowswhaon June 13 & June 16 mark
data gaps due to this object’s passing too close to the zéoritthe telescope’s Alt-Az
tracking. Once again we show a reference star lightcurvédimoright) to illustrate the
variability of the target with respect to a non-variableseu Although we have a3 year
baseline, we do not achieve an accurate enough period te pbasect the 2006 and 2009
epochs. The statistical analysis for LSR J1835 is showngnr€i4.8, where as before, we
include the LS periodogram and PDM plots, and mark the dedgo¢riod of 2.845 hours.

45.2.2 TVLM 513-46546 (M9)

We confirm consistent, stable sinusoidal periodic vanghif 1.95958+ 0.00005 hours,
with o;,, of ~0.41% in VATT I-band and-0.47% in Sloan’. The morphology and am-
plitude of the lightcurves are generally consistent fohbeavebands throughout the cam-
paign, with a meam, . of I: ~0.34% and’:~0.36% - we show the variations in amplitude
in Table 4.5. This period once again supports previous stuiiom Hallinan et al. (2006,
2007), Lane et al. (2007), Berger et al. (2008a) and Lititefizal. (2008), and a clear indi-
cation that the photometric I-band periodic variabilitypaprs to be stable over time-scales
of up to 5 years in this case. It is also consistent with théusd sini and inclination
angle estimates outlined in Hallinan et al. (2008). Thewaleds,,, in I-band is in broad
agreement with the amplitude variability reported by Lahale(2007). However, thé
variability is much higher than that observed by Littlefatral. (2008), who detect;,.
of only ~0.15% in their data. Lightcurves from each of the six epockssaown in Fig-
ure 4.9 and the LS and PDM analysis is shown in Figure 4.10hbp€r 5, Figure 5.1 and
Figure 5.1, we show phase connected lightcurves over thebhgseline in order to in-
vestigate the target’s phase stability - this study diyactlestigates the positional stability
of the stellar feature responsible for the periodicity. ##haonnecting the total baseline of
TVLM 513 allowed us to establish a period accuracy much graatin one limited by the
minimum time intervals between data points, which we cali®uto bet+ 0.00005 hours.
This confirmed period greatly constrains the period-df96 hours reported by Lane
et al. (2007) in I-band, and the period e hours reported by Littlefair et al. (2008)
in ¢’ andi’. As always, a randomly selected reference star lightcwsviedluded and
shown as the bottom right plot of Figure 4.9, which was onehef ithany used in the
differential photometric calculation. This level of sthtyiin the phase of this M9 dwarf
was remarkable, considering the active nature of such atbbyVe consider this further
in the next chapter.
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Figure 4.9: TVLM 513-46546: We obtainedb3 hours of data, over-ab5 year baseline for
TVLM 513. Our data shows an extremely stable period of 1.8599.00005 hours, which
we phase connect over this baseline. The data shown hereakesinh I-band 7000 -
11000A) and Sloan’ (~6500-95008), which is marked on the relevant lightcurves (May
7 & May 8 2011 UT).
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Figure 4.10: TVLM 513-46546: Higures A - H Lomb-Scargle Periodograms analysis.
Figure Ashows a periodogram for the M9 dwarf for the entire 2006 epddte dashed-
doted line on each plot which representsd&lse-alarm probabilityFigures B- F are the
2008, 2009 and 2011 epochs, as well as all of the epochs &rgatid the highest peak in
the periodogram oE. We show the detected period of 1.95958.0005 hours, detected
as the highest peak in the periodogrdfig(re F). Figure G shows the Phase Dispersion
Minimization plot of the entire-5 year baseline, where we plot period against the ‘Theta’
() statistic. As before, this statistic was determined by MOnte-Carlo simulations.
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Figure 4.11: BRI 0021-0214: We observed BRI 0021 for a tdtélmights, over 3 separate
epochs. We selected a single reference star based on tlseobéatsi stability which was
assessed by Martin et al. (2001). We report aperiodic hiditiafor BRI 0021, with am-
plitude variations 0+0.46%. Although the periodograms show favorable evideoce f
period of~5 hours, we take this only as a tentative estimate due to the@ observed in
the lightcurves above; i.e. we could not constrain oneyikelution for all epochs without
imposing large errors.

4.5.2.3 BRI 0021-0214 (M9.5)

We report photometric VATT I-band aperiodic variabilitytiwimeans,,, of ~0.46%, and
orey 0f ~0.37%, which is shown in Figure 4.11. We note that due & x 3’ FOV of GUFI,
there was only one suitable reference star used for diffiagghotometry. This star was
selected as a suitable candidate on the basis of its obs&adaitity compared to the target
star, during the I-band observations of BRI 0021 by Martimle (2001). They identify
possible periodicity 0f-20 hours and-4.8 hours, respectively. We do not have sufficient
temporal coverage to effectively assess the presence-@8dDahour period. Although there
is evidence in our statistical analysis of periods betweer Hours, we observe substantial
aperiodic variations throughout our observations. Uposel inspection of these possible
periodic solutions, we do not observe one definitive solutar a given epoch. Since we
only have one reference star as a comparison sourée2®0 23°.735,-02 59 06.27),
which cannot be independently assessed in this case, we eggariodic variations with
possible periodic variability. Interestingly, these smuos of ~4 - 7 hours, are in violation
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(a) Photometric results of 2MASS J0036+18.

Figure 4.12: 2MASS J0036+18: (a) We report a period of8.0.7 hours for 2M J0036.

Unfortunately, both nights of observation were subjectdorpveather conditions (heavy
cloud). Nevertheless, our range of periods are in agreemigémthe observations of Lane
et al. (2007), who detect &3 hour period for this source in the Johnson I-band. Berger
et al. (2005); Hallinan et al. (2008) showed this dwarf to ddi@ pulsing with a period of
3.08+ 0.05 hours. We note that the lightcurves above were binn@dute frames in

order to increase the SNR. (b) The LS periodogram and PDM/sisalSince the weather
was so poor, the LS gives a broad range of likely periods, a&s tloe PDM. Since we
had the period of rotation from previous work (Lane et alQ20we identified the correct
solution within our calculated errors.

with the currenw sini estimates 0£-34 km s! found by Mohanty & Basri (2003) - which
indicate a maximum period for this system ©8.59 hours. Indeed, a periodic signal
present and greater than this estimate, could be an inaiicttat the radius of the star
has been underestimated. Further observations, withegreaterage on a given night are
needed to constrain and qualitatively confirm this result.
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Figure 4.13:SUMMARY OF SAMPLE STATISTICS: Lomb-Scargle Periodograms for
all periodically detected sources. Each figure shows a gegiam plot for all epochs of
each target (grey), as well as periodograms for individpakés over-plotted to illustrate
period correlation between consecutive epochs. Detalasfollows: [P 349-25 Black

- Sept 2009; Blue - Oct 2010; Red - November 20M[J0744§ Black - Jan 2009; Blue

- Feb 2010; Red - November 2010; Green - Dec 208K J183bRed - 2006 data; Blue
- 2009 data. TVLM 513 Black - May 2006; Blue - June 2008; Red - June 2009; Green -
2011 data. 2M J0036 Black - Dec 1 2010; Red - Dec 13 2010. The x-axis (Dayof
each figure is scaled to the approx. period range as caldldgiteur uncertainty technique,
with the exception of 2M J0036 where we show the full rangessieased values due to
poorer temporal coverage. We also include a vertical retathbne corresponding to the
guoted period of rotation value.
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4.5.2.4 2MASS J0036+18 (L3.5)

We find sinusoidal periodic variability of 3.@& 0.7 hours withoy,, of ~1.05% in the
optical I-band. However, these data were obtained undegrealy poor seeing conditions
on both nights of observation. All the same, the range ofgolsriwithin the calculated
error matches the-3 hour periodicity found by the photometric measurementkaofe
et al. (2007) and the radio measurements of Berger et al5§20@ Hallinan et al. (2008).
The observed,,, is larger than that of other I-band data in this work. Thisisedssed in
Section 4.6. We show the differential lightcurves in Figdrg2, and the analysis of these
in Figure 4.12b.

4.6 Source of the Periodicity

In the sample of M8 - L3.5 ultracool dwarfs in this work, whereriodic variability was
observed, the periodicity has generally been in the formuafsgsinusoidal modulation,
consistent with stellar rotational modulation associatétl a surface or atmospheric fea-
ture. The sample of ultracool dwarfs in this paper somewlitgrd from a large number
of previous studies, since these here are all radio detsci@ates. Hallinan et al. (2007),
Hallinan et al. (2008) and Berger et al. (2009) also attelibe observed periodic pulses
of radio emission in their work to stellar rotation. We ondithree scenarios when consid-
ering both the radio emission and optical periodicity inge@eral case, and then consider
if any are applicable in the case of the data reported in Hasis. Established: The first

is that the detected periodic variability is present in gégoercentage of low mass objects,
where the optical periodicity is unrelated to any reportdiao activity. Hypotheses: The
second is that there is some connection between the deteetiedlic variability and the
periodic bursts of radio emission, but where the opticalqukcity is not directly caused
by whatever process is causing the radio detectiSpsculative: The third is that there is
a causal connection between the optical and radio emissioere the same magnetic pro-
cess responsible for the periodic behavior at radio fregesns somehow also responsible
for the feature causing periodic variability at optical wkngths.

We first consider a feature due to stellar magnetic actiftgvious studies at the M/L
transition have argued that magnetic spots on the steltfacgiwere responsible for the
detected periodic signals (Rockenfeller et al., 2006agletral., 2007). Rockenfeller et al.
(2006a), for example, base this assumption (for magmettspots) on model spectra of
an M9 dwarf generated by the atmospheric modeling of Allaed.€2001). Let us consider
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the multi-color photometric properties of the lightcurueghis thesis, more specifically ad-
dressing the possible presence of a stellar hot or cool §aotently, our understanding of
starspot temperatures, and thus contrast differencedfiipmetric bands with respect to
photospheric and spot temperature differences, is lalggged on measurements obtained
via modeling of brightness and color variations, Doppleagimg investigations, modeling
of molecular bands and atomic LDRs, and so forth. In this weelhave observed greater
amplitude variations at shorter wavelengths for LP 349MB+4M9; R-band vs. I-band)
and LSR J1835 (M8.5; R-band vs. I-band), as shown in TableStdrspot contrast ratios
become more difficult to evaluate for lower temperature cisjefor example, studies have
shown that the temperature difference between the spotrensurrounding photosphere
can be~2000 K for GO stars, whereas this can falk@00 K for M4 dwarfs (Berdyugina,
2005). Indeed, Rockenfeller et al. (2006a) estimatea spot vs. photosphere tempera-
ture difference o~100 K for an M9 dwarf in their sample via atmospheric modelifiig
Allard et al. (2001), which they based on high amplitude afitity in G-band, variability
to a lesser degree in R-band, and lesser again in I-band e Maebility trends are con-
sistent with the results of Littlefair et al. (2008) and witte results in this thesis, in that
larger amplitude variability has been detected at shoréeedengths in all cases. In recent
work by Ballerini et al. (2012), they show a range of contastfficients as a result of the
presence of a magnetic cool spot, by using optical and NIR a@ad synthetic stellar spec-
tra (see Ballerini et al. (2012)). They infer that spot castris larger in blue band-passes
for cool stars (M dwarfs), perhaps due to the increasinggmes of molecular bands in the
IR, which supports the Rockenfeller et al. (2006a) modelesylts of an M9 dwarf, men-
tioned above. Thus, these studies provide evidence thrapsta with cooler temperatures
than the photosphere can cause larger amplitude varjasilghorter wavelengths.
However, in addition to the presence of magnetic cool s@rtsas of increased tem-
perature (hotter than the surrounding photosphere) camadsifest themselves at various
layers of a star. For example, faculae are bright regionseénstellar photosphere that
surround cool spots. Their contrast is generally obsereethéinge from center-to-limb,
where their brightness depends on their size and wavelengthddition to these, pho-
tospheric (or chromospheric) hot spots can also be preaedtare primarily detected in
white light. Most interestingly however, a reduction initheontrast with respect to an
unchanging photosphere is expected in the NIR (Solanki 8ubnt998; Frohlich & Lean,
2004), since contrast will depend ! (Chapman & McGuire, 1977). Could another
mechanism be responsible for such hot spots in ultracooifd®d he confirmation of the
ECM as the dominant source of bursting radio emission inetloégects was a significant
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alternative to broadband incoherent gyrosynchrotronataxh usually thought to be re-
sponsible for radio emission in cool stars (Hallinan etz00Q7, 2008; Berger et al., 2009).
More recently, Hallinan et al. (2012) demonstrate that tbgcal and radio emissions are
produced by the same population of electrons in the magpletos of the late-M dwarf
TVLM 513, and may beuroral in nature. By considering this model for radio detected
ultracool dwarfs, they highlight an intriguing scenaridyeveby the possibility exists that
the mechanism responsible for the optical and radio pegitbes are no longer mutually
exclusive. In fact, the detected ECM emission at 4 and 8 GEiguiencies in their work
suggests that such a process in ultracool dwarfs is anasdgdhe coherent radio emission
observed by Zarka (1998), from the magnetized planets ofolar system. Since ECM
emission has now been shown to operate effectivebllimadio pulsing dwarfs, it is pos-
sible that this mechanism has the ability to provide a snethbombardment of energy to
the stellar surface. These areas could manifest themsadvaasroral hot spots, induced by
localized heating due to the downward propagating eledbeam. So, in contrast to the
cool spot scenario outlined above, the higher degree calgity at R-band wavelengths
rather than at I-band wavelengths for example, could alpp@t a hot spot in the photo-
sphere, or in the chromosphere. This distinction is modteging, since the spectrum of
a cool spot vs. a hot spot have strong similarities, and icdiméext of the photometric data
presented in this thesis, we cannot definitively associttterefeature as the sole cause of
the periodic variability in our sample.

We also observe a higher level of variability in I-band fag t18.5 dwarf 2M JO036 than
for our other targets. This dwarf’s1900 K photosphere (Vrba et al., 2004~200-300
K cooler than other late-M dwarfs in our study, and Lane ef20107) have previously at-
tributed this periodicity to magnetic spots. Although alteglevel of variability compared
to other targets would suggest greater contrast betweeaptitand photosphere, the work
mentioned above by (Berdyugina, 2005) provides some evalémat spot contrasts de-
clines monotonically for cooler temperature objects. Bpshthe size of the spot is larger,
or alternatively another mechanism could be aiding thel lefreariability. Our photomet-
ric data cannot provide any insight in to these possibdjtlewever we can conclusively
report a higher degree of variability for the coolest objaaiur sample.

Atmospheric dust must also be considered for other dwai§latransitional temper-
atures, since L dwarf atmospheres become increasinglyacabheutral, harboring higher
levels of dust opacities. Over the course of each dwarf'®lagion baseline (spanning
M8 - L3.5), we observed a range of amplitude variabilitiethi@ photometric lightcurves.
Therefore the temperature contrast, and relative aretsebe the stellar photosphere and
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the feature responsible for the periodicity must be chaptprihe levels of variability re-
ported here (Table 4.5). In the case of TVLM 513, Littlefdiak (2008) is in disagreement
with the star spot explanation, instead supporting areasistiined photospheric dust to
account for the periodic variability. Indeed, there is neatlevidence thus far that refutes
dust as a feature that could cause this periodicity - or dvetoing-lived, highly correlated
period variability reported in this work. The dynamics dfratool dwarf atmospheres are
not yet completely understood; however Allard et al. (20ta)e highlighted that one could
expect quite dynamic atmospheric conditions due to corveeind rotation. Perhaps for
this class of object, the distribution of such clouds of dustild require little turbulence
in the associated regions to account for the stability olsph@ported here? This line of
thought would not be consistent with the stability of theagneed spot of Jupiter, which
is stable despite the presence of turbulent surroundintiginegions of the Jovian atmo-
sphere (Vasavada & Showman, 2005). Moreover, althoughpbetsaim of TVLM 513
covered by the I-band and Slodrband is dominated by molecular absorption, its effec-
tive temperature 02200 K is still quite hot for bands such as TiO and VO to condens
and form dust grains. This transition roughly occurs-@000 K, which would suggest a
relatively dust-free photosphere in this case, or perhapaironment that is unlikely to
be dominated by dust. We discuss this target in more detthierfiollowing chapter.

Although we did not achieve accurate enough periods to pt@seect all epochs for
every other target in the sample, the periods recoveredafdr target were stable through-
out individual epochs, which ranged from weeks to yearshédontext of our data, we
point out the following:

1. Pulsing Dwarfs: We recover the same period of rotation as that reported wiqus
radio observations, with the exception of the binary 2M BYwhere we detect the other
binary component to that producing the radio emission (dision to follow in #4). Thus,
since all of these targets exhibited radio emission, it ssfide that periodic optical vari-
ability could be ubiquitous in radio pulsing dwarfs, due e fpresence of high-strength
kG magnetic fields and consequently the presence of maghgtinduced surface fea-
tures, such as hot or cool spots. Nevertheless, we canramutisthe presence of dust
grains in these regions, especially at cooler temperaur2800 K). Metal hydrides, alkali
lines, CO and HO absorption lines and dust opacity all become prominemrtiraperatures
<2000 K. Therefore dust grains could contribute to some aperivariations or indeed
periodic variability if present on timescales longer thagiveen observation.
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2. Changes in AmplitudeAs shown in Table 4.5, all targets exhibit changes in amgéitu
over the course of observation epochs spanning years in sages. Furthermore, the
lightcurve morphology changes quite significantly. Thesaracteristics are not consistent
with a stable surface feature. Although it is evident thatférature responsible is not sub-
ject to stochastic behavior on a large-scale, the evideresepted here showing changes
in amplitude in addition to some aperiodic variability armgehthe periodic signals sug-
gests that the thermal conditions are changing to the |shel&n in Table 4.5. However,
based on the detected periods of rotation in our work, th#digves are in phase from
night to night within epochs, for all targets (and over thiéhaseline for TVLM 513). As
outlined in #5, this is perhaps evidence that the featuretigrving over these timescales.

3. LP 349-25:Although the observed optical periodicity for LP 349-25 sloet have sup-
porting data containing radio pulses, it was detected atatvely strong source of radio
emission by Phan-Bao et al. (2007). Therefore magneticags®s are clearly present in
this dwarf’s magnetosphere, and as outlined above, pethapsagnetic field alignment of
the binary with respect to their spin axes and thus the obssitine of sight, is preventing
such a detection where the radio emission is being beameg awa

4. 2MASS J0746+2000AEBtrong considerations must be given as to why we do not ob-
serve optical photometric periodic variability from thalia detected binary component,
2M J0746B ¢ sini = 33 km s!) (Berger et al., 2009), or why the slower component,
2M JO746A ¢ sini = 19 km s'!), does not exhibit radio emission. Indeed, in addition
to the periodic bursts of radio emission of 2.670.002 hours, Berger et al. (2009) also
detected periodic W emission from 2M J0746B to the same period - signally an activ
chromosphere. Yet we find periodic variability from the atbemponent. According to
model-derived temperature estimates of Konopacky et@Lqp 2M JO746A has &, ~
2205+ 50 K, whereas 2M J0746B is coolerAt;; ~ 2060+ 70 K. Since our photometry
contains the combined flux of both stars, 2M JO746A could beepoominent as a result.
If the optical and radio emission are inextricably linkedvwses put forward as a possibil-
ity, why also do we not also observe radio emission from thealby periodic source 2M
JO746A7? Perhaps the component we detect at optical watbkeisgn fact pulsing at radio
frequencies, but is undetectable due to the inclinatioteaoiithe system. However, if the
binary rotation axes are orthogonally aligned with respedhe system orbital plane as
expected (Hale, 1994), and furthermore since the fastepoaent was detected by Berger
etal. (2009), the inferred alignment geometry should supjeiectable beaming from both
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stars. This of course assumes that the magnetic field alighoheach member is the same
with respect to their rotation axes, which may not be the.c8seh a misalignment could
mean that the radio emission from 2M JO0746A is being beamey &om observer. Al-
ternatively, unlike 2M J0746B, it is also possible that 2M46A does not exhibit beamed
ECM emission at all, but perhaps only small levels of quiascadio emission that has not
yet been detected by previous studies of the system. The {Ssalgle periodogram anal-
ysis in this work should extract both signals if they are boteésent and strong enough,
and our data shows strong evidence of variability of the raghe emitting component.
Some aperiodic variability is also present for some obgiEma (e.g. 2009 January 26 &
2010 December 13) - perhaps the second member is effecenitihary periodic signal,
or some other photospheric feature could be responsibtkeeth this is evidence against
our discussion of optical variability being ubiquitous ilhradio detected sources. How-
ever we note that our radio detected sample provides onlif statistics for such a claim.
Resolved photometry would be an interesting confirmatidghefradio-active source is in
fact also optically variable.

5. TVLM 513-46546The periodic quasi-sinusoidal variations are in-phase aveb year
baseline. This suggests that the feature responsibledaptical periodicity is10t moving
and is therefore being generated and sustained by some méhirsthe dwarf’s photo-
sphere, or perhaps in the chromosphere if a hot spot outtihede exists. It is interesting
that Littlefair et al. (2008) detected much smaller ampléwariations in Sloa#i, in addi-
tion to an anti-correlated signal in Slogh this certainly does not follow the consistency
and phase stability we have observed over-o&ryear observation baseline, albeit we do
haveg’ data in our work for comparison. We discuss the possibilitgroauroral hot spot
in the following chapter.

It seems quite possible that either magnetic spots and&irodwld be responsible for
periodic variability over a wide range of ultracool dwarfesgral classes. We have also
shown that for larger amplitudes in R-band vs. I-band, th@adity is perhaps consistent
with a hot spot, but not that it cannot be a cool spot. This isngportant distinction.
Finally, based on the detection of variability for all radietected dwarfs in our sample
(with one exception outlined above), as well as the recenlte of Hallinan et al. (2012),
we likely have a case which supports optical variabilityt ik@ssociated in some way with
the reported radio emission, and thus is expected to bergrigsall radio active ultracool
dwarfs.
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4.7 Summary

We have reported on optical photometric observations ofilsiacool dwarfs spanning the
~M8 - L3.5 spectral range. We detect periodic variability foree of these dwarfs for
the first time. Lane et al. (2007) presented a period of mnafor TVLM 513 of ~1.96
hours, as well as a period 6f3 hours for 2M J0036. We confirm these values in our data
and further constrain the period of TVLM 513 to 1.95958.00005 hours. We found the
M8.5 dwarf LSR J1835 to exhibit I-band periodic modulatidr2d345 4+ 0.003 hours, a
periodicity that has been established over three sepgraths, from 2006 - 2009. A single
R-band observation under poor weather conditions yieldeeri@ad of~3 hours for LSR
J1835, with higher amplitude variations than that of theuhdh observations. Similarly to
TVLM 513 and 2M J0036, the optical periodic signals for LSRB34 are consistent with
the radio pulses detected by Hallinan et al. (2007, 2008&g&wect al. (2009), which they
argue is due to the rotation of the dwarf.

In the case of the tight binary dwarfs, we present I-bandypléeisinusoidal variability
of 1.86 + 0.02 hours and-3.36 + 0.12 hours for LP 349-25 and 2M J0O746A, respec-
tively. We also obtained R-band observations of LP 349-25fannd the same periodic
behavior; like LSR J1835, these signals were varying atdriginplitudes than in I-band.
We present these data as the first periodically modulatexttien from one component of
the system - likely LP 349-25B. In addition to this, LP 349B2&xhibits unusual behavior
over this campaign, where we observe large changing letalsiplitude and phase shifts.
Although we have not completely ruled out the potential pneg of the other source, our
investigation yields the likely cause of this behavior toaperiodic variations of a single
periodic source. However this morphology could also sighalpresence of a dynamic
environment where the source region is evolving on thesesales. We find a most in-
triguing result in the case of 2M J0746. This binary dwarf whaserved by Berger et al.
(2009) to exhibit periodic radio pulses with a period of 2-6D.002 hours. However, we
report the non-radio detected component to be periodigallying in optical bands with a
period of 3.36+ 0.12 hours, which we infer to be 2M JO746A.

We investigate potential sources of the periodicity, idahg magnetic cool spots, the
presence of photospheric dust, and an alternative exjparalated to the previously dis-
covered periodic radio emission. Although we observe statation periods for each
target’s observation baseline, we cannot discount any effeatures above as the sole
cause or contributor to this periodicity.



“You can know the name of a bird in all the languages of the djdoluit when you're
finished, you'll know absolutely nothing whatever aboutdhé ... So let’s look at the
bird and see what its doing — that's what counts. | learned/\early the difference
between knowing the name of something, and knowing sorgéthin

Richard Feynman

“Don’t worry about people stealing an idea. If it's originayou will have to ram it
down their throats!”

Howard Aiken

The Phase and Amplitude Stability of
TVLM 513-46546

5.1 Introduction

Ithough some ultracool dwarfs have shown consistent periodic behaver a

number of observations (e.g. Berger et al. (2005); Hallitzad. (2006, 2007);

Lane et al. (2007); Hallinan et al. (2008)), here we invegggwhether this
stability is long term and stable in phase for the M9 dwarf TWBE13, and whether this
modulation evolves morphologically over these timescalésachieve an accurate enough
period of rotation of 1.95958 hours for the M9 dwarf to phaserect the entire 2006 -
2011 baseline, with an associated error in the period ofd@BMours, thereby allowing
us to assess its modulated behavior ovBryears. We find long-term, periodic variability
which is stable in phase over this time frame. The level of lgoge variability is shown
in Chapter 4, Table 4.5, however we discuss this furtherigiadhapter.

The observations of TVLM 513 in this thesis were part of a mlasfgyer campaign
(Hallinan et al., 2012), which sought to investigate therelation of periodic variability
across many parts of the electromagnetic spectrum. Thdaeadathus the photometric
component of this study, which were taken in the Sldaand Johnson | wavebands, as
shown in Chapter 4. The discovery of periodic radio burstall{fn et al., 2007, 2008),
in addition to photometric and spectroscopic periodicataifity of ultracool dwarfs (Lane
etal., 2007; Berger et al., 2008a) prompted this more detaivestigation. In this chapter,
we make a clear distinction between: 1) the work solely edrout by the author§ 5.2
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- § 5.3, and 2) the larger campaign carried out by Hallinan e{28112) that utilized the
TVLM 513 data in this thesis§ 5.4. We note that all of the spectroscopic data (and some
photometric data) toward the end of this chapter, are aitecetb Hallinan et al. (2012) -
which we include for the astrophysical completeness ofihiigk, but more importantly to
illustrate the high level of agreement of the GUFI data teséether observations. We will
reference these figures accordingly in the following setio

The chapter is structured as follow§5.2 -§ 5.3 are a continuation of the results for
TVLM 513 presented in Chapter 4, and therefore show restdts our investigation in
to the phase and amplitude stability of the dwarf. In additio this, we show some of
the techniques used in an attempt to statistically assedsighly correlated nature of the
emissions ir 5.3. Finally, we include a short discussion on the resulthefHallinan et
al. (2012) campaign which have confirmed auroral emissionghis particular object, in
§ 5.4. These results are the astrophysical implicationsebtiserved correlation between
radio, spectroscopic and photometric wavelengths. Fondepth discussion of all radio
and spectroscopic observations, we refer the reader tandalket al. (2012), who have
conceived the aurorae hypothesis and are soon due to pthiisé extraordinary results.

5.2 Phase Connecting and Amplitude Analysis of Datasets

5.2.1 Phase Connecting the 5 Year Baseline

In this section, we use the phase connection techniqueaiaegl in Chapter 3 3.2.5.
Based on these methods, we plot two figures - Figure 5.1 andd-&2, which illustrate
the level of stability in phase of TVLM 513 over the5 year baseline. Lightcurves in
each case were selected at random from each of the four epoatter to investigate this
correlation. Indeed, this level of agreement is consigermughout all target epochs. In
each case in Figure 5.1, and®b.OT 1of Figure 5.2, lightcurve time stamps were phase
folded to the detected period of 1.95958 hours. We soughtustriate this correlation
further inPLOTS 2 - 5in Figure 5.2, where we overplot a model sinusoidal sigred )r
with the same period of 1.95958 hours, and most importaralfjxedphase solution. It is
clear that this dwarf exhibits highly correlated behaviotarms of phase over this baseline,
and thus, the stellar feature responsible for such behawiost exist as a feature equally
as stable during these observations. Data were phase foldedOTS 6and 7 in the
same figure. Although it is clear from visually plotting theefd-phase model to the data,
in addition to strong agreement of the phase folded lightesirwe sought to statistically
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Figure 5.1: This figure illustrates the correlated behawior VLM 513 over the~5 year
baseline, specifically for the optical photometric dataeJéraw lightcurves, labeled with
the corresponding UT dates, were included in order to agbessorrelation of the peak
of each lightcurve. We selected lightcurves in this figugerfrthe 2006, 2008, 2009 and
2011 epochs, as shown. This level of agreement is consifsesatl lightcurves in the
sample. In each case, the time stamps were phase folded petioel of 1.95958 hours.
We mark two vertical dash-dotted red lines, which highlitite correlation of the center
of each lightcurve peak. We note that the June 13 2009 andi&ebi8 2011 epochs had
shorter baselines than the others. Therefore, for comyirom the figure, we plotted each
lightcurve again and added a value of +1ifl each case, marked with crosses.
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Figure 5.2:[PLOT 1]: This figure illustrates the correlated behavior of TVLM 5d\aer
a~5 year baseline. These raw lightcurves, labeled with radriefA - D (bottom - top),
were selected at random from four of the observation epdday 006 - May 2011). As
before in each case, the time stamps were phase folded tcetlosl pf 1.95958 hours.
[PLOTS 2 - 5] To show this agreement further, the lightcurves A, B, C & CPinOT 1
correspond to PLOTS 2, 3, 4 & 5, respectively. Each lightewwntains an overplotted
model sinusoidal signal (red), with a period of 1.95958 kpand dixedphase, which was
applied to the full 2006 - 2011 dataset, where we set valuegdes individual observations
and epochs to zergPLOT 6 & PLOT 7] We phase fold the entire data set (2006 - 2011,
containing~3,500 data points) to the detected period of 1.95958 hours.black phase
folded lightcurve in PLOT 6 is raw and has no binning or saalifhe red phase folded
lightcurve in PLOT 7, once again of all data, has been binryea factor of 10.
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Figure 5.3: Amplitude Variability AnalysisfTOP LEFT:] Single night showing the raw
flux of May 8 2011 UT. We have overplotted a LSF in blue and a Wesd LSF in green.
The green model takes errors in each data point into accpt@P RIGHT:] Plot showing
residuals from the model fit which validate the fitting. Thesénts should be random as
shown, and should not follow any pattern or linear trend. ISigatures would identify
a source of systematic error in the fiMIDDLE LEFT:] Q-Q plot. This compares the
distribution of standardized residuals with respect t@adard normal distribution (plotted
as the 45 degree linear regression black line). The redgshduld lie on this line, where
outliers shown here identify erroneous data points in thdightcurve; some examples are
clearly evident at e.g~7.5 UT and~11.8 UT.[MIDDLE RIGHT:] Distribution of period
vs. amplitude carried out by the Bootstrap meth¢dOTTOM LEFT:] Distribution of
phase vs. amplitude carried out by the Bootstrap metfgdTTOM RIGHT:]Distribution
of phase vs. period carried out by the Bootstrap method.
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investigate any possible phase jitter between the peakksedightcurves. We discuss this
further in the following section.

5.2.2 Amplitude Analysis

We employ the techniques outlined in Chapter 3 and Chapteim¥éstigate the amplitude
variability of TVLM 513, and show an example of this analy&s the May 8 2011 UT
observation in Figure 5.3. As outlined in the previous chgpihe Bootstrapping technique
was employed which outputs @.I. of 95%, also providing an error in each amplitude
value. Previously, we have discussed in great length thewsamechanisms that could
be responsible for the periodic variability, as well as tlgnigicance of the changes in
amplitude. In the context of the larger Hallinan et al. (20d2mpaign and specifically the
author’s contribution to this work, we consider the projsrof the amplitude variations
of TVLM 513 further in§ 5.4.

5.3 Cross Correlation (XCF) Analysis

5.3.1 The XCF Function

The Cross Correlation Function (XCF) as described by Edelsidrolik (1988), is a statis-
tical measure of the correlation between two waveforms.itgemented this technique in
an attempt to statistically quantify the difference in tleaks of two different observation
nights, as a function of a time lag, This was an effective way of assessing the morphol-
ogy of the quasi-sinusoidal behavior of TVLM 513 at variog®ehs, to investigate by
other means than a visual inspection, if the peaks of thesesvaere located at similar
points for a known period. If so, this establishes the sitghaf the lightcurve’s spatial
peak position, and thus the stability of the feature cauthiegpptical periodic variability -
since we would expect the peak of each wave in the lightcunahainge over time if the
feature responsible was also spatially changing over tlesscales. We used the ‘xcorr’
function of Matlab, which provides an estimate of the catieh between two sets of data,
aandb, as follows:

(a-b) = /_00 a*(t) b(t+7) dr (5.1)

o

wherea* is the complex conjugate af
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Figure 5.4: (a) Here we include a plot of the XCF between Mayd Kay 8 2011 UT.

In this case, the two lightcurves (shown in (b)) were phag#efibto the period of 1.95958
hours. We then can calculate a time lagshown here to be 2 between the two data sets.
T represents the integer difference between the peak dattsdieach data set. Thus, we
can calculate the phase shift in radians as folla@vst - Exp.time - 7/ P, whereExp. time

is the time interval between data points (which must be theedar both data sets), afd

is the period. (b) We include the two lightcurves that the X&45 run on in (a). Here we
plot May 7 2011 UT as normal, and then shift May 8 UT as indidatbove: May 8 UT

- 1.95958x 12, where 12 is the number of rotations between the two obsens for a
period of 1.95958 hours.

5.3.2 Applying the XCF

We tentatively assessed potential phase jitter betweempeh&s of the raw lightcurves
using the XCF so described, which was calculated for obsenabetween each epoch.
However, this technique in the case of our data was not ittlead,number of reasons. Since
the XCF in our Matlab routines relies heavily on evenly spbdata points in the sample,
the differences in the peak of each lightcurve were caledlaly comparing lightcurves of
equal data point spacing; this required further binningsfame of the time series datasets
since these were taken with different detectors and expdsues. However the technique
does not consider sources of error in these data, such adféioe @& poor weather at
some points of a signal - therefore it was difficult to rectathis possible phase drift as a
true measure of jitter between lightcurve peaks. We showample of the XCF that we
applied to the May 2011 epoch of TVLM 513, between May 7 and BI&yf in Figure 5.4.

In these plots, we show a time lag(an integer difference between data points which is



5.4. A Magnetically-Driven Auroral Process 152

then scaled by the exposure time), of 2 as provided by the X@kysis. This corresponds
to a phase shift between the lightcurve peaks-8f94 degrees (where 180 degrees is a
completely anti-correlated signal). Ultimately we decidet to use these Matlab XCF
routines to identify phase jitter based on the difficultieioed above.

5.4 A Magnetically-Driven Auroral Process

In this section, we briefly discuss the radio, spectroscapit photometric results, from
the long campaign that investigated the correlated entissiom TVLM 513 (Hallinan et
al., 2012), where the GUFI data in this thesis was the phatdcr@mponent on this work.
Our understanding of the magnetic field, and magnetic agtenvironments, associated
with ultracool dwarfs has drastically changed over the gdastide or so. Based on the re-
cent detections of radio emissions and the associatechbpigmatures, it now appears that
the ultracool dwarf regime has provided the building-bltitkt bridges the much debated
mass range between solar-type star$)(075 M) that exhibit coronal and chromospheric
activity, and giant planets{ 0.0012 M) such as Jupiter, that possess large-scale magnetic
field configurations, as well as cool and neutral atmospheres

Such discoveries provided an insight in to the charactersstnilarities between the
lowest mass, low mass stars, and giant planets. Howevép&the most drastic measure
of planet-like behavior was that of the observed radio eimmssfrom ultracool dwarfs. We
have previously discussed the periodic optical variaboit TVLM 513. The possibility
arose that the photometric periodicity and the spectral line were related, and further-
more that they were related to the radio pulses of Hallinaal.gf2007). Hallinan et al.
(2012) have now confirmed that the correlation between tbesssions, in all bands right
across the electromagnetic spectrum, are being drivendytsence of high-strength,
quasi-stable channels of current (unknown what electnicect is being drive by), operat-
ing in the magnetospheric regions of the M9 dwarf. Indeethraliemissions from Jupiter
have previously been observed, where such correlatedoiéyidnas been observed in the
Lyman+ line and in molecular hydrogen (ultra-violet), imHoptical), in H; (infrared),
and in the radio (Zarka, 1998). Therefore, it appears thantlodel for the ultracool dwarf
TVLM 513, is consistent with the auroral emissions from Jeipibut many orders of mag-
nitude more powerful. During this campaign, in additiontie +53 hours of photometric
GUFI data (and others) encompassing years of an observation baseline reported in this
thesis, Hallinan et al. (2012) have conducted simultaneadi® and time-resolved spec-
troscopic and photometric observations, using the AreairmbEVLA radio observatories,
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Figure 5.5:Correlation of GUFI data (BLUE; lightcurve G) with Hallinan et al. (2012)
campaign (all other lightcurves A - F): In this figure we show further examples of the
periodic spectroscopic and photometric behavior from TVRM, as detected from a large
number of telescopes and instruments throughout the cgmgbiallinan et al., 2012;
Harding et al., 2012a). All of the lightcurves have been pHatded to the detected pe-
riod of 1.95958 hours. For the various spectral lines ancemdar bands, the continuum
was used for the differential calculation. (A) GeminitH(B) NTT Ha; (C) NTT Ol at
5577A; (D) NTT Sloan+’; (E) VLT ¢’; (F) Overplotted phase folded lightcurves of (A)
- (D); finally, (G) GUFI VATT ¢ in blue, from this work and published in Harding et al.
(2012a). The periodic optical variability detected in théesta are auroral emissions from

an ultracool dwarf (Hallinan et al., 2012).



5.4. A Magnetically-Driven Auroral Process 154

10 g - ; 08 T
s Ha 07} HpB
8 06
o 509
(O S 04 TiO TiO  TiO NA D Ha A
g & g 03 ‘,r ) ". W \
g | © ~[ A 1 M " J
s 4t c 02 G v MO W™ e N e
c 0 N4
o 3 ' - 5
-ag 1| . NA D | ugi 01
x TiO 0
: W M -
-01
o ]
; ] ) " _02 1 1 1 1
3500 4000 4500 5000 5500 6000 6500 7000 4500 5000 5500 . 6000 6500
Wavelength, A Wavelength, A
(@) Gemini spectrum of TVLM 513. (b) (Max) - (min) spectrum of TVLM 513.

Figure 5.6: Hallinan et al. (2012 Gemini spectrum of TVLM 513 obtained from the
Gemini archive by Hallinan et al. (2012) - Program GN-200Q@40. In black, they show
the maximum spectrum observed minus the minimum spectrwgareéd on this night. It
is clear that the variability of the individual spectraldsnand molecular bands is present.
Furthermore, they include the expected spectrum for a hatt@p the surface of an M9
dwarf. This was modeled via the DUSTY atmospheric models ludlLier & Baraffe
(2000), and is shown by the red line.

as well as ULTRASPEC on NTT, and ULTRACAM on the VLT. Spectiaghs on the
TNG, and on the Gemini and Keck telescopes were also usedhdvensin Figures 5.5,
these observations yielded the:Hine and other continuum waveband ranges to be period-
ically in phase. Furthermore, the optical continuum wagaéed to exhibit a high degree
of amplitude variability, showing-7% amplitude variations (peak to peak), in the Slean
(lightcurve(D) in Figure 5.5). This variability is many times higher thanative report in
the Johnson I-band and in the Sloafrom GUFI data (Harding et al., 2012a), shown in
blue in the same figure. In addition to this, the Ol line at 55 W&as detected as a periodi-
cally varying line, also shown in Figure 5.5, lightcurv@sndF, and had the same period
of 1.95958 hours. Incredibly, this line is responsible foe green terrestrial aurora, which
was once again in phase with thexldnd optical continuum, as shown.

After establishing this remarkable degree of correlatidalj/inan et al. (2012) decided
to obtain Gemini archival data of TVLM 513 [Program GN-200QA60] that was previ-
ously obtained using the GMOS spectrograph, which coveddd 3 6680A. Based on
these data, Berger et al. (2008a) had reportedkriodicity of TVLM 513. This spectral
range is dominated by many temperature sensitive molespkuies, such as TiO. Since
auroral hot spots are much hotter regions than the surrngmdiotosphere, bands such as
TiO should be strongly effected by the associated injeaif@nergy required for an auroral
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hot spot. Figure 5.6, which was plotted by Hallinan et al.120and inserted here, shows
the correlation of these bands in emission to that of a mquegltsum of an M9 dwarf from
the DUSTY models of Chabrier & Baraffe (2000) (plotted in nedrigure 5.6a), indicating
the presence of an auroral hot spot. Importantly, we note thett the spectral signatures
of a magnetic cool spot are not too dissimilar to that of a pot.sHowever, Hallinan et al.
(2012) are putting forward that@romospheri@uroral hot spot is more likely based on
the correlated emissions in their work.

Thus, these results confirm the presence of an auroral hbbegbe surface of TVLM
513, and are a very significant result in the ultracool dwegime. This was the first direct
indication that a new kind of magnetic activity existed a #nd of the main sequence,
based on these magnetospheric phenomena. The GUFI photamhdtVLM 513 pre-
sented in chapter 4 of this thesis, and the phase stabibiyepted in this chapter was the
photometric component of this aurora campaign, and provadkey part of the baseline
required to assess this correlation across the wide rangevalengths observed. As out-
lined before, the high degree of correlation in phase of tb&Qlata suggests the presence
of a spatially-stable stellar region that does not appeandwe by a significant amount
over the entire TVLM 513 baseline. Considering these priggerthe phase connected
lightcurves presented in this thesis for the optical pecityl could point towards not only
a magnetic mechanism responsible for this behavior, bligpsra single, sustained feature
over these timescales. This would infer that the opticalradtb emissions appear inextri-
cably linked - perhaps by an auroral hot spot provided anthswesl by the ECM process
(discussed previously). This level of photometric phaabity has not been observed be-
fore in the ultracool dwarf regime, and carries a large amhoftirmplications with respect
to the feature responsible, and the mechanism that is stupgptiiese emissions.

We note however, in the context of the TVLM 513 photometritadathiswork (Hard-
ing et al., 2012a), we have shown that optical variabilitgassistent with a hot spot - but
not that it cannot be consistent with a cool spot. We referrdagler to Hallinan et al.
(2012) for a more indepth discussion of aurora in ultracewids, which include the true
(final) spectrum of auroral emission, the temperature iffees between the auroral hot
spot and the surrounding photosphere, and the amount afyetiext is used in these mag-
netospheric regions to sustain such a spot.
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5.5 Summary

We establish an accurate enough period in this work to phaseect thev5 year baseline
of TVLM 513, and thus assess the stability of the periodicalality in both amplitude and
phase over these epochs. We find that the peaks of the data ginase for the detected
period of 1.95958 0.0005 hours, indicating a stable stellar feature thatngdlived and
sustained over this baseline. These photometric data Wenghtotometric component of a
much larger campaign (Hallinan et al., 2012), in which siaous radio, spectroscopic
and photometric observations were obtained, in order exdyrinvestigate the presence of
an auroral hot spot on the surface of TVLM 513. These data baréirmed the presence
of such a feature on the M9 dwarf TVLM 513, which is a significdaparture from the
previously associated mechanisms that were thought t@c¢hasptical variability for this
dwarf. Furthermore, these discoveries indicate that mashes driving magnetic activity
at the end of the main sequence may extend all the way dowre tgiéimt planet regime -
which further bridges the gap between solar-type stars evidid-type planets.
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Aurorae from the north and south polar regions of the planet Jupiter ...

Credits: John Clarke (University of Michigan), and NASA




“Theories have four stages of acceptance:
i. this is worthless nonsense;

ii. this is interesting, but perverse;

iii. this is true, but quite unimportant;

iv. | always said sd.

J. B. S. Haldane, 1963

“ ... If it be now, 'tis not to come; if it be not to come, it wilnow; if it be not now,
yet it will come.The readiness is all .”.

William Shakespeare - Hamlet, V ii, 234-237

On the Orbital Coplanarity of Very Low
Mass Binary Stars

6.1 Introduction

tudies of solar-type binaries have found coplanarity between thetorial and or-

bital planes of systems witkk40 AU separation. By comparison, the alignment

of the equatorial and orbital axes in the substellar regintethe associated impli-
cations for formation theory, are relatively poorly coasted. In Chapter 4, we present
measurements of the rotation periods for one componenteofigit (1.8 AU) ultracool
dwarf binary system, LP 349-25AB (M8 + M9), and for one comgainof the tight (2.7
AU) binary system, 2MASS J0746+20AB (LO + L0.5) - the othemigepreviously dis-
covered by Berger et al. (2009). These period of rotatiogetiver with well constrained
orbital parameters and rotational velocity measuremealsyw us to infer alignment of
the equatorial planes of both components with the orbi@h@lof the systems to within
10 degrees. This result suggests that solar-type binanyatoon mechanisms may extend
down into the brown dwarf mass range, and we consider a nuafldermation theories
that may be applicable in this case. This is the first suchrgbienal result in the very low
mass binary regime. In obtaining these geometries, we Hagesatimated masses, radii
and ages, for the binary dwarfs, based on the atmospherielsnofiChabrier & Baraffe
(2000). We adopt the very low mass binary mass boundary fdker <0.185M/, from
Close et al. (2003).

This chapter is structured as follows: §n6.1.1 - 6.1.3 we briefly discuss previous
158
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discoveries of system properties, including dynamicalsmasasurements (Dupuy et al.,
2010; Konopacky et al., 2010), individual rotation velgciheasurements (Konopacky
et al., 2012), and the discoveries of system periods ofiootdbr each object (Berger
et al., 2009; Harding et al., 2012a), as well as colors andtsgiefeatures (Bouy et al.,
2004; Reiners & Basri, 2009). We decided to include thesaildeds stand-alone sections,
since these data provided a significant amount of systemepgomformation that was
used in constraining binary masses, outlined later in tlagth. Finally,§ 6.2 discusses
some background theory of previous coplanarity studiesradrlg systems, and some of
the associated formation properties, as well as the resbtned and published during
this work (Harding et al., 2012a,b).

6.1.1 High-Precision Dynamical Mass Measurements

The recent high-precision dynamical mass measuremen® 8#B-25AB, and 2M JO746AB,
have provided astrometric orbital parameters and photacmeéasurements (Dupuy et al.,
2010; Konopacky et al., 2010), as well as important evoh&ig model-derived system
properties. In these studies, these authors presenteshéisiis of the physical properties
of late-M and early L dwarfs in their samples via spectroscdgser-guiding AO obser-
vations. In both cases, they used the DUSTY evolutionaryetsodf Chabrier & Baraffe
(2000), as well as the TUCSON models of Burrows et al. (19@7)fer these properties.
Both these systems had under gone enough orbital motiowlér trat their relative orbital
parameters, and thus their total system mass, could beedeiiowever, Konopacky et al.
(2010) find inconsistencies between their dynamical masasarements and those pre-
dicted by the evolutionary models, such as TUCSON and DUSrows et al., 1997,
Chabrier & Baraffe, 2000), where the models over- or undedigt the stellar dynamical
mass. These differences suggest that either these atmmmspiuglels are predicting in-
accurate temperatures for a given age, or alternativetyttieamass-radius relationship as
predicted by the models is inaccurate.

Dupuy et al. (2010) express concerns for LP 349-25AB in paldr, since the LYON
(DUSTY) and TUCSON models predict an age of 24@0 Myr for the system. However,
based on the lack of detected lithium in the dwarf’s spectfBauy et al., 2004), this age is
in disagreement with the empirical lithium depletion poimhich implies that the system is
older. Thus, similar to Konopacky et al. (2010), the stroaggibility exists that the models
once again are predicting some of the properties inacdyratech as the luminosities for
example. However, Dupuy et al. (2010) did not adopt the samelasions as Konopacky
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et al. (2010), rather arguing that model atmospheres asitif based on their temperature
estimates that proved to Be250 K warmer than DUSTY model predictions (Chabrier &
Baraffe, 2000).

The high-precision dynamical mass measurements fromulkléestabove were in close
agreement for LP 349-25AB, where Konopacky et al. (2010)suesa total mass of 0.121
+ 0.009M,, and Dupuy et al. (2010) measure a total mass of 0322 M. Konopacky
et al. (2010) also included 2M J0746AB in their study, andwiea total system mass of
0.151+ 0.003M,,, initially measured to be 0.1465-01¢ M, by Bouy et al. (2004), placing
the dwarf in the very low mass binary regime. As outlined iragter 4,5 4.2, Gizis &
Reid (2006) instead favored a substellar or low mass stasifieation. These parameters,
in addition to the properties outlined in the below sectjdres/e allowed us to investigate
the system’s orbital coplanarity.

6.1.2 Individual Rotational Velocity Measurements

As outlined in Chapter 4, the resolved rotational velocityrkvof Konopacky et al. (2012)
has yielded a/ sini of 55+ 2 km s! and 83+ 3 km s™! for LP 349-25A and LP 349-
25B, respectively. Similarly, they measuresaini of 19 + 2 km s!, and 33+ 2 km
s!, for 2M JO746A and 2M J0746B, respectively. They discuss tihia difference in
thev sini measurement is difficult to reconcile based on the closerfeabe component’s
spectral types, whereas they argue that they expect jastifiensic differences between
other targets in their sample due to the different spectesdses. So, it must originate
from either an intrinsic difference in the velocities of rabject, or else mutually inclined
rotation axes. Before this study, only combined systesin i estimates were published,
and thus could only have been adopted as tentative estiraftég rotation velocities
of each component. These individual measurements havedpobus with a powerful
diagnostic tool in establishing the system'’s equatorigrdgation with respect to the orbital
plane. However, in order to truly assess this geometryesygeriods of rotation must also
be known, since it is a parameter within the calculation efufsin i, in addition to the
system radii. We consider the radii in later sections, aeddation periods next.

6.1.3 Periods of Rotation, Colors and the Presence of Lithm?

We have already outlined the discoveries of the rotatiorogerfor each of these systems
in chapter 4. Since these were critical in the investigatiborbital properties of these
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systems, we briefly mention these findings again here, irtiaddb the color information
used, and the question of whether lithium is present in tbessy dwarfs.

6.1.3.1 LP 349-25AB

To date, there were no periods of rotation recovered for tltevelrf binary LP 349-25A, or
LP 349-25B. Although the system has been shown to exhikiemély bright radio emis-
sion (Phan-Bao et al., 2007; Osten et al., 2009), only levetgiiescent activity has been
observed, where no periodic radio bursts, and thus a ratagoiod measure, have been
detected. These were interesting results, since this datected binary dwarf was quite
similar to another in spectral type (2M J0746, which we discun the next sub-section),
where both binaries were rapid rotators (as outlinegl@®nl.2) and were magnetically ac-
tive, but 2M J0746 exhibited periodically pulsed radio esita (Berger et al., 2009). The
first period of rotation for one component of this binary systwvas discovered in this work
(Harding et al., 2012a), that of LP 349-25B, with a period @6€l+ 0.02 hours. Conse-
quently, in our investigation of the orbital coplanarityld® 349-25AB, we investigate the
alignment of LP 349-25B only.

The color information that we use in this work are that of Kpacky et al. (2012),
who reveal well constrainetiH K photometric measurements of LP 349-25A and LP 349-
25B. The colors obtained by Dupuy et al. (2010) are also vieigecto those of Konopacky
et al. (2012). Finally, no lithium was detected in the spautrof LP 349-25AB in an
investigation by Reiners & Basri (2009), which is in disagreent with the model-derived
radii and mass estimates of Dupuy et al. (2010), in additioiiné estimates presented in
this work. We discuss this further later in the chapter.

6.1.3.2 2MASS J0746+2000AB

Berger et al. (2009) reported radio emission with a rotagpienod of 2.07+ 0.002 hours,
where they also detected periodialdmission. The period was the same in both instances,
and was consistent with stellar rotation. They reportesi pleriodicity to be that of the pri-
mary binary member, 2M JO746A. However, the photometriegesf rotation discovered

in this work of 3.36= 0.12 hours, in addition to the individual rotation veloameasure-
ments outlined ir 6.1.2, as well as radii estimates discusseglér.1, allowed us to infer
which binary member was exhibiting the radio bursting, ainiclv was perhaps responsi-
ble for the photometric variability. These data infer masimperiods of rotation 0f4.20
hours and~2.35 hours for 2M J0746A and 2M J0746B, respectively. Thus, periodic
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bursts of radio emission must have been emanating from ttendary, faster rotating, bi-
nary member, with a period of 2.6% 0.002 hours, and the period of 3.360.12 hours
was that of 2M JO746A.

Like LP 349-25AB, we use the coldrH K information of Konopacky et al. (2012) for
2M J0746AB, which were obtained during the same campaigruyga al. (2004) have
established that no lithium is present in the L tight binawad’s spectrum. We show
a full list of target properties, including these photoriteipparent magnitudes later in
this chapter, in Table 6.1. At this point we highlight thetféltat both binary dwarfs in
our sample are magnetically active based on the reported ealission above. Could
magnetic fields effect the stability of a coplanar orbit iegh cases? We describe the
various concerns regarding the presence of such fieldsgist@tiar formation irg ??. We
first consider previous studies of coplanarity in solaretipmary stars.

6.2 The Orbital Coplanarity of Very Low Mass Binaries

There have been many investigations of the evolution oftirmjanterstellar clouds, the
multiplicity of solar-type stars and their associated fatimn properties, and the inclination
of binary rotation axes (Weis, 1974; Abt & Levy, 1976; Bodeirher, 1978; Fekel, 1981,
Hale, 1994, and references therein). As a result, a largeianod current theory for solar-
type binary star formation predicts that the rotation axesuch systems are likely to be
perpendicularly aligned to the orbital plane, at all fragad¢ion stages of their evolutionary
track. The formation of our solar system was used as a proxhése early investigations,
since it was an example of a multiple system which formed feosingle cloud where
planetary axes are roughly coplanar. Furthermore, exargileetrograde rotation only
exist in the planets Venus and Uranus, and in the moon Trtbich has a retrograde orbit
with its host planet, Neptune. Thus, coplanarity and coiatefor short-period multiple
systems was expected (and later confirmed for a large nunilbémaries) based on these
observations.

Hale (1994) demonstrated that coplanarity between theteqakand orbital planes ex-
isted for solar-type binaries with separationd0 AU. Many studies previous to this have
also yielded similar results over a range of spectral ckafde F] (Weis, 1974). Abt &
Levy (1976) conducted studies of long-period orbital systeand concluded that a break-
down in coplanar alignment is expected for systems in theinge with periods>100
years. They outline that each component could be subjecifferaht gravitationally-
bound environments, and therefore by contrast much difteational momentum vec-
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tors. Fekel (1981) investigated coplanarity of hierarahimultiple systems, and found
that~33% of the systems studied did not indicate coplanar aligrisneetween the inner
and outer orbits; however he found that orbital perigd®0 years were expected to follow
this coplanar prediction. Interestingly, Jensen et alo@@nd Monin et al. (2006) have re-
ported planar alignmerand misalignment for wider-separation binaries. Similar tesé
studies, in the case of very close binaries of semi-maja &%i.3 AU, there have been
some examples where systems exhibit both aligned and gnealiaxes (Albrecht et al.,
2009, 2011). More recently, Wheelwright et al. (2011) hage aeported coplanarity be-
tween HAe/Be binary systems and circumstellar disks. Th@gppears that although the
binary spin axes have generally been observed to be pemq#sadio the orbital plane,
there are some exceptions for close, intermediate and \wjolration solar-type systems.
In the years following the initial detection of the first bnowlwarf Gl 229B by Naka-
jima et al. (1995), a number of surveys yielded the discoeérnjinety-nine low mass star
binary and brown dwarf binary systems (hereafter ultrade@rf binaries), e.g. Burgasser
et al. (2007). Following these discoveries, the introducdf LGS AO systems on ground-
based telescopes provided the means of assessing the dghamaiss of such systems
(Bouy et al., 2004; Dupuy et al., 2010; Konopacky et al., 20Mbre recently, Konopacky
et al. (2012) obtained resolved LGS AO spectroscopic measemts of individual com-
ponent rotation velocities for a sample of eleven very lowssndwarf binaries. These
data provided additional parameters for intermediatepassed sources(l - 10 AU),
but could only be used to tentatively investigate the systdnital properties, since other
parameters such as individual component rotation peret,system properties inferred
from evolutionary models, such as radii, were still eithekmown or poorly constrained.
Previous studies of binary star formation have highlightexipossible physical effect
of magnetic fields during the early stages of binary forrrafpoocesses (Mestel, 1977;
Bodenheimer, 1978; Fekel, 1981; Li et al., 2004, and refeertherein), whereby the
presence of such fields in some cases could potentially hthdegravitational collapse of
the cloud, or indeed contribute to a loss of angular momerteatween the spin axis and
orbital motion of such systems. Are these concerns of spegivance in the ultracool
dwarf regime? M dwarfs later than M3 are now associated witrise magnetic activity,
often possessing surface magnetic field strengths of a fearklreater (Reiners & Basri,
2007; Hallinan et al., 2008; Berger et al., 2009). In thiscletwe now have new data to
sufficiently investigate the orbital properties for the metjcally-active very low mass L
dwarf binary, 2MASS J0746+20ABWror = 0.151+0.003M ). If the system is coplanar,
this informs us on the formation of very low mass binary starsd could signal that a
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scaled-down version of evolutionary formation for solgve binary systems could hold
in this regime, despite the possible presence of magneliis fat the early stages of these
object’s life. It is clear that characterizing the fundanaémproperties of very low mass
binary star formation is important in establishing a catieln, if any, in the formation and
evolution of all types of binary stars.

6.2.1 Estimating Masses and Radii

We used the DUSTY atmospheric models of Chabrier & Baraf@Q@ to estimate the
masses and radii of each object. In order to do this, we fiesttified what parameters we
would use as given inputs. These were:

A. The established total system mass of each system (Dupuy 2040; Konopacky et al.,
2010).

B. The well constrained photometddH K measurements and bolometric luminosity mea-
surements of Konopacky et al. (2010).

C. The absence or presence of detected lithium in the binaryfdvepectrum (Bouy et al.,
2004; Reiners & Basri, 2009).

At this point, we were able to place constraints on the euamhatry models of Chabrier &
Baraffe (2000) in determining the mass range, and consdguee radii, of each com-
ponent. We make no initial assumptions for the age of theegyshowever young ages
were ruled out based on this absence of lithiurhathcases. Thus we had three measured
quantities to estimate the mass track (i&H K colors, L;,;, and Li). We constrained the
mass as follows:

1. Identify a range of ages that did not contain lithium for eitctomponent and ignore all
others.

2. Interpolate over the range of masses from #1 based on thelaioon between thd@ H
K colors of Konopacky et al. (2010), and those of the Chabri@&agaffe (2000) models.

3. Interpolate over the range of bolometric luminosities witspect to #1 and #2, thus
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establishing the best agreement between ndad« colors, Li andL,,,.

4. Since each binary member must be coeval, the sum of each camg@mass must lie
within the errors of the estimated total system mass of Kackyet al. (2010).

5. Steps 1 - 4 above provided a number of ages for the systemttibusdividual mass
estimates and age range consequently inferred a range sibf@sadii for each binary
component.

Once the range of possible radii were identified, we could theve to assessing the
orbital coplanarity of the system. At this point we had altleé system parameters in hand:
the periods of rotation of the binary components, ¥t&ni of each component, and the
radii. The methods expressed above were especially relévatne 2M JO746AB system
analysis. Studies such as Dupuy et al. (2010) had alreadjucted in-depth model-based
estimations of system properties for LP 349-25AB. We foumat tve also identified the
same mass and age values for this M dwarf binary as reveaf@éwous studies. Having
only one period of rotation for one component was helpfuldsessing the coplanarity of
that specific binary member, however we could not truly estduhe coplanarity of the
system as a whole without the second rotation period. Therelao serious problems
with the age estimate of this system. We elaborate furthétrariollowing section.

In Figure 6.1 we include plots for a given age, of l6g(..), radius R), M;, My,
M and gravity vs. mass, for the binary 2M J0746AB, to illustrdite method above. We
determine that the three most likely ages are 1 Gyr (log 2.@5 Gyr (log 9.1) and 1.5 Gyr
(log 9.2) [i.e. 1.25+ 0.25 Gyr], for the L dwarf binary, as indicated by the red,ebénd
green evolutionary tracks, respectively. We note furthat the estimates of gravity were
also estimated from the correlation of the Chabrier & B&#&#000) evolutionary models
and data previously outlined in this chapter, and not byratieans such as spectral fitting.
Plot B shows the radii estimates of each component that were ettatllbased on this
process - we discuss these further§is.2.2.2 where we show this plot in more detail
and also include error bars in the calculation. Although wendt include errors bars in
each measurement in Figure 6.1, the mass estimaigsq of each member are in good
agreement with the evolutionary tracks of each paramgtaxiq.

Finally, we highlight the dependency of the total systemsnas,, photometry (and
S0 on), on the parallax measurements of a stellar systenseTpaameters are therefore
positively correlated - this effect between the paramagten®t accounted for in this work,
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Figure 6.1: Constraining the physical properties of 2M BMRA. The three most likely
ages of 1 Gyr (log 9.0), 1.25 Gyr (log 9.1) and 1.5 Gyr (log @@ indicated with the red,
blue and green evolutionary tracks, respectively. A legenagges and binary members

are indicated in figuré.

(A) Bolometric luminosity: log(./Ls) vs. mass {//M). (B) Radius: R/R; vs. mass
(M/Ms). (C) J Magnitude: Absolute magnitud&/; vs. mass {//M.). (D) H magni-
tude: Absolute magnitudé/y vs. mass{//M.). (E) K magnitude: Absolute magnitude,
My vs. mass{//M.). (F) Gravity: log g vs. massN//M).
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where again, the fitting is solely based on the evolutionaogehs of Chabrier & Baraffe
(2000).

6.2.2 Results
6.2.2.1 LP 349-25AB

The detected rotation period from LP 349-25B in this workvles an important param-
eter in assessing whether solar-type binary formation nsayapply in the very low mass
binary regime. We therefore plot the measuvesin i of Konopacky et al. (2012) in Fig-
ure 6.2, and investigate the case of an expected orthoghgaireent between the binary
member’s rotational axes and the system'’s orbital plane ©). We do this by adopting
the new period of 1.86- 0.02 hours for one or other component of the system. Kongpack
et al. (2010) estimate radii of ISR, for LP 349-25A and and 1.68 2R, for LP
349-25B, both of which are estimated based on evolutionasglaiderived parameters
from the DUSTY and COND models (Allard et al., 2001). Consiag these estimates,
as well as an orbital inclination angle of 61431.5 degrees from their work, we derive
a maximum period of rotation 6£3.77 hours and-2.47 hours for LP 349-25A and LP
349-25B, respectively. Therefore, in this case, it wasdliffito assign our detected period
to either binary member. Furthermore, these radii appdae te@ry large when considering
the evolutionary models of Chabrier & Baraffe (2000) for aegi range of aged,:.;, and
total system mass presented in their work, in addition tack td detected lithium in the
binary spectra (Reiners & Basri, 2009). Contrary to thesienases, Dupuy et al. (2010)
estimate smaller radii 0£1.30 - 1.44R; for LP 349-25A and-1.24 - 1.37R; for LP 349-
25B, inferring maximum periods 0£2.65 hours and-1.67 hours respectively. Similar to
Konopacky et al. (2010), they use two different evolutignaodel sets to establish these
values (Burrows et al., 1997; Chabrier & Baraffe, 2000).sIdiscrepancy could arise from
the fact that since Konopacky et al. (2010) use the effetéwgperature as one of the in-
puts for model-predicted mass, Dupuy et al. (2010) obtagir temperature estimates via
NIR fitting, which is~650 K higher than those of Konopacky et al. (2010), who usg onl
broadband photometry.

We also attempted to estimate the binary radii via the atimasp models of Chabrier
& Baraffe (2000), as per the method outlinedifi.2.1. We note that LP 349-25 is a mag-
netically active very low mass binary (Phan-Bao et al., 2@D3ten et al., 2009). There
are some difficulties in estimating radii of young magnélycactive low mass stars. Al-
though the age and radii of this object are very much so anobigjas we will see, Dupuy
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Figure 6.2:. Here we plot the sini of LP 349-25A (red) and LP 349-25B (blue) of
Konopacky et al. (2012). The dashed red and blue lines qmrekto the error in this
measurement. This figure investigates the radii estimdt&®wopacky et al. (2010) &
Dupuy et al. (2010), and whether the binary member’s eqiztaxes are coplanar with
the system’s orbital plane (Hale, 1994). We place one exmanstraint here: the pres-
ence of a rotation period of 1.86 0.02 hours for one or other of the components. We
illustrate this by aligning the measured system inclimatogle of 61.3+ 1.5 degrees, i,
x-axis bottom) at 90 degrees to the equatorial axes (x-&xigp); as shown by the green
vertical line and the associated dashed error lines. Karlgpet al. (2012) report equa-
torial velocities of~62 km s* and~95 km s! for LP 349-25A and B, respectively. It
is clear that the radii estimates of Konopacky et al. (2018)owerestimated, based on an
orthogonally aligned system. Assuming that the equatersiak are perpendicular to the
orbital plane, a period of 1.86 0.02 hours is inconsistent with that of LP 349-25A, which
requires a much smaller radius €0.96 ;. However, a radius of1.45 R, is expected
for LP 349-25B, which is in loose agreement with the estimateDupuy et al. (2010), by
taking errors in the period andsini into account. We therefore have a case to argue for
the detection of a 1.86 0.02 hour rotation period for LP 349-25B.
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Figure 6.3: Here we sketch the configuration of LP 349-25ABich loosely illustrates
the possible system orientation of LP 349-25B. Based oniasastimate for LP 349-25B
of ~1.37R; (Dupuy et al., 2010), in addition to thesini of 83 + 3 km s! (Konopacky

et al., 2012), and the period of 1.860.2 hours in this work, there is strong indication that
the orientation of the equatorial axis of LP 349-2%8;, is perpendicularly aligned with
the inclination angle of the system orbital plane, to withihdegrees.

et al. (2010) predict an age estimate of H4@0 Myr - thus we briefly address this in this
paragraph. As outlined in Chapter 1 and Chapter 4, the effddhe presence of convec-
tion and magnetic field environments on the interior of siansot yet fully understood.

Nevertheless, it is clear that a magnetic dynamo is effelstioperating in the very low

mass regime (Donati et al., 2006, 2008; Morin et al., 200&020However, Chabrier et al.
(2007) demonstrate the effect a reduction in convectiveieffcy can have on the radii of
magnetically active, young, low mass object(35 M, in their study). Since the adia-
batic properties of a star increase with mass, such an emagat reduces convection in
the outer areas. The end result is a also a reduction in lwsitynand core temperatures
(since more energy is needed to transport heat), causingtdheand thus the radius, to
expand.
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However, the calculated total system mass of 0.220.009 M, classifies LP 349-
25AB as a very low mass object, and furthermore it may welhgecase the LP 349-25AB
is much older than original estimations. Based on the abavanpeters (mass and pho-
tometry) and the absence of lithium, the only ages that snédiree with these measured
parameters suggests that the system has a total mass tbatéads the total mass above.
We find an age consistent with Dupuy et al. (2010)-a#0 Myr, howevelithium is present
in this range. Dupuy et al. (2010) have suggested that pertiepabsence of lithium in
the spectrum of LP 349-25AB was due to flux domination fromghemary member, and
given the predicted mass of LP 349-25B in their work, thedaublet is expected since
LP 349-25B potentially lies below the theoretically predd lithium depletion point at
~0.055 - 0.065V/,. This remains to be seen, and requires resolved spectradstigate
if lithium is in fact present. Indeed, based on the discreparetween the measured lu-
minosities of Dupuy et al. (2010) and Konopacky et al. (20p@rhaps the total system
mass is under-estimated, which would place LP 349-25AB ailéer age in the models
of Chabrier & Baraffe (2000), consequently supporting tbeasved absence of lithium.
Dupuy et al. (2010) also point out this concern.

The equatorial velocity from Konopacky et al. (2012) 062 km s! for LP 349-
25A, requires a radius 0£0.96 R ; (lower dash-dotted line in Figure 6.2). Similarly, the
equatorial velocity of-95 km s'! for LP 349-25B requires a radius ef1.45 R ;, shown
as the higher dash-dotted line in Figure 6.2. This predictar LP 349-25B is in good
agreement with the estimates of Dupuy et al. (2010), by takimors in the period and
sini into account. We therefore have a case to argue for the detexdtLP 349-25B as the
periodically varying source in R-band and I-band wavelbagivith a period of rotation of
1.86+ 0.02 hours. This tentatively supports a coplanar alignmf@nvne component of
the system, as shown in Figure 6.3. However, the rotationgef LP 349-25A is required
to properly assess this possibility.

6.2.2.2 2MASS J0746+2000AB

We find an age ofv1 - 1.5 Gyr for the binary based on the model estimates outline
§ 6.2.1, as well as individual mass estimates of 0.67/8004 M., and 0.073+ 0.004 M,
for 2MASS J0746+20A and 2MASS J0746+20B, respectively.s€hmass estimates are
consistent with Bouy et al. (2004), Gizis & Reid (2006) anchkpacky et al. (2010), and
infer that each component lies at, or just below, the sulbstebundary, and furthermore
supports the prediction of a low mass star classificationlfersecondary member (Gizis
& Reid, 2006). The difference in rotational velocity betwdbese stars is most intriguing,
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Parameter 2MASS J0746+20A 2MASS J0746+20B
Rot. period (hrs) 3.36:0.12 2.07+ 0.002
vsini (kms™1) 19+ 23 33+ 33

Period ratio 10.624:0-0

vsini ratio 30.574)13

Orbital period (yrs) 12.71# 0.07 12.714+ 0.07
Semi-major axis (mas) 23787 237.375
Inc.orp (degy 41.8+ 0.5 41.8+ 0.5
Inc.gq (degy 32+ 6 36+ 5
Age (logyrs) 9.1+ 0.1 9.1+ 0.1
Mass,q (M) 0.151+ 0.003 0.151+ 0.003
Mass (V) 0.078+ 0.004 0.073+ 0.004
Lithium? Na* No*
Radius () 0.99+ 0.03 0.96+ 0.02
Gravity (logg) 5.34+ 0.02 5.34+ 0.02
Lyt (log L/Ls) -3.64+ 0.02" -3.77+ 0.02*
Abs. mag () 11.85+ 0.04 12.36+ 0.10°
Abs. mag @) 11.13+ 0.02 11.54+ 0.03
Abs. mag K) 10.62+ 0.02 10.98+ 0.02
References 1,3,4 2,3,4

Table 6.1: Properties of the L Tight Binary 2MASS J0746+2000AB.

References. - (1) Harding et al. (2012a). (2) Berger et @092. (3) Konopacky
et al. (2012). (4) Bouy et al. (2004). (5) Chabrier & Baraf2®Q0)

tDerived in this work from the models of ref. (5) and parametesm (1) - (4).

fInc.orp is the system orbital inclination as measured by Konopadkgle (2012),
whereas Ing;q is the equatorial inclination of each component with respathe orbital
plane, calculated in this work.

considering that each component mass estimate is so sifdibavever, it is also possible
that there is in fact a larger difference in component méass) tvhat has been estimated by
evolutionary models in the above studies.

We have already pointed out that only the faster rotator le@s letected as a mag-
netically active dwarf, and is likely to be 2MASS J0746+20mBis implies that either 1)
2MASS J0746+20A is magnetically active, and the geometith@imagnetic field is such
that we cannot detect the emission based on the inclinatigle aelative to the line of sight,
2) the magnetic activity of 2MASS J0746+20A is not as stroea@®ASS J0746+20B,
and thus was not detected during the observations of Betgdr €009), or 3) 2MASS
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Figure 6.4: We show three low mass star evolutionary tratkadi (R ;) vs. mass {/.),
for ages of~1 (log 9.0),~1.25 (log 9.1) and-1.5 Gyr (log 9.2), derived from the evolu-
tionary models of Chabrier & Baraffe (2000). The measuréal &ystem mass of 0.15%
0.003M,,, in addition to well constrainedl H K photometry (Konopacky et al., 2010), was
used as a constraint in parameter-space. Furthermore ghkght thatno lithium was de-
tected in the binary dwarf’s spectrum by Bouy et al. (2004eréfore we only considered
ages where no lithium is present for the above parametersuittfeer note, that the errors
associate with the individual mass estimates were basedaeoronstraints of the Chabrier
& Baraffe (2000) evolutionary models.

JO0746+20A is not magnetically active. Assuming the magshasts above are roughly
accurate, and if 2MASS J0746+20A exhibits no or weaker radigsion than its counter-
part, would magnetic braking therefore not have a greatectebn 2MASS J0746+20B?
Chabrier & Kuker (2006) have discussed that magnetic bhgpkain become increasingly
inefficient in this mass regime, based on the presence obrmymmetric field configu-
rations. Although such a configuration has not been confifoe8MASS J0746+20AB,
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Figure 6.5: We illustrate the rotation velocity of 2MASS 46#20A, by plotting the equa-
torial rotational velocity y-axis, lefy against the inclination angle of the orbital plamxe (
axis, botton). The measured sini of 19 & 2 km s! is shown by the red solid curve.
The dashed lines either side of this are the associatedseffbe green vertical solid line
and dashed error lineg-@xis top highlight the alignment of the equatorial spin axis with
respect to the inclination of the orbital plane of the systemaasured to be 418 0.5 de-
grees.Y-axis, right corresponds to the radius of the dwarfAn (~69550 km). We show
our estimated radius of 0.92 0.03 R; by the black solid horizontal line, as measured by
the evolutionary models of Chabrier & Baraffe (2000), all in Section 6.2.1. This ra-
dius implies that 2MASS J0746+20A has a spin axis inclimasingle of 32+ 6°, whereas
the orbital plane has an angle of 41:8).5°, as measured by Konopacky et al. (2012). By
plotting the orange horizontal solid line, we illustrate tequiredradius of~0.78+ 0.09

R; in order to satisfy a perfectly coplanar alignment.
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Figure 6.6: Same axis layout and illustration as Figure &®ept for the case of 2MASS
JO0746+20B. Itw sini of 33+ 3 km s is shown by the blue solid line, where the dashed
lines represent the errors in this measurement. We highbighestimated radius of 0.96
+ 0.02 R, with the green ‘orthogonal’ vertical track, which appearshtive a spin axis
inclination angle of 36t 5°. A radius of~0.84+ 0.08 R, (orange line) is required for a
perfect alignment.

others have shown that they can operate in this class oftqipjeoati et al., 2008). A~1.7
kG magnetic field estimated by Berger et al. (2009) for anailpéthis age, is not unex-
pected under the assumption of a rotation-activity retesiop. If magnetic activity was
perhaps playing a role in each member’s rotation rate, @abéshing the magnetic proper-
ties of 2MASS J0746+20A, one could further investigate tbiational velocity departure.
This would be an interesting investigation in to why two abgeof such close mass have
such different equatorial velocities.

The above mass estimates place each star just belfy, s shown in Figure 6.4,
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Figure 6.7: Here we sketch the configuration of 2M JO746ABctviilustrates the system
orientation of each member. Most importantly, the centethefsolid ellipsoidal tracked
line connecting the stars ot the center of mass of the binary system. We use this only
as a reference frame for the orientation of the equatorial &gs, ©, with respect to the
orbital plane, i.

where we estimate 0.99 0.03R; for 2MASS J0746+20A and 0.96 0.02R; for 2MASS
JO0746+20B. Indeed, these predictions are in agreementthade of Konopacky et al.
(2010). Furthermore, an age ofL - 1.5 Gyr identifies the system as a much older binary
dwarf than originally predicted by Bouy et al. (2004), whaifiol the system to be 150

- 500 Myr old. This is a large discrepancy - Bouy et al. (20Gnitify this range of
ages, despite thabsence of lithiunm each component spectrum, which is expected to be
present for stars of this age. This age is also in disagreewitinsurface gravity estimates
of Schweitzer et al. (2001), who compared spectra to the madeéillard et al. (2001).
Although their temperature estimates agree with Bouy €2804), the gravity is too high
for a 150 - 500 Myr old object. Bouy et al. (2004) put forwardttravity estimates could
be effected by the presence of high-strength alkali linestjdvhich would consequently
bias a gravity measurement. So, based on the absence ofrithhich has been reported
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by a number of studies (Reid et al., 2002; Bouy et al., 2004) have investigated older
ages for the dwarf. A summary of system properties is oudlinelable 6.1.

Based on the spectroscopic observations of Konopacky €l2), and the radio and
photometric observations of Berger et al. (2009) and Haréinal. (2012a), respectively,
we calculate a sini ratio of 0.57-)13, and a period ratio of 0.62)-02. By adopting these
v sini and rotation period measurements, the estimated radiigmbrk indicate that each
component in the system is closely aligned with respect¢b ether’s equatorial spin axis,
and the system orbital plane, thus supporting a coplangnrakent to within 10. Alter-
natively, under the assumption of a perfectly coplanamatignt, the evolutionary models
could be over-predicting the radii for a given mass and agseB on the above discussion,
we have shown that the spin axes are inclined at32 and 36+ 5°, respectively, with
respect to the observer’s line of sight (shown in Figure @dfigure 6.6). These rotation
axes inclinations are in agreement with the inclinationl@rmg the orbital plane, to within
a 2o level. It is not uncommon for small misalignments to existhese systems, even
under the assumption of orbital coplanarity. Indeed, theiSunisaligned by-7.25 from
the ecliptic in our own solar system (Allen, 1973). Furthere) we point out that any
calculated departure from a perfectly perpendicular atignt could be due to an accumu-
lation of measured errors in thvesini, the periods of rotation, the radii, and the inclination
angles of the orbital plane and the equatorial axes. Hal@4(18utlines that objects are
likely to be coplanar to within:10°, based on such selection effects. Finally, we highlight
a geometric effect with respect to system spin axis indlomat The orientation of the spin
axes of each system, could be independently pointed towarlin@ of sight with respect
to the orbital plane, or alternatively be pointed away. Thlue inclination of each equato-
rial axes could still be roughly the same, but not necesasaligined since there is this extra
dimension in a 3-D system to consider.

There are numerous binary (and multiple) star system foomaheories, the most
prominent of which are turbulent core fragmentation, disigfmentation, multiple forma-
tion via competitive accretion, and dynamical interacsi¢iratter, 2011, and references
therein). This is the first study to assess the orbital aligmmproperties of a very low mass
binary system. Orbit-spin alignment is consistent with tiplg formation pathways. Disk
fragmentation naturally produces aligned systems, anélsandrive components towards
equal mass (see Kratter et al. (2010, and references thetdowever, disk fragmentation
is more likely for higher mass systems ( M) (Kratter et al., 2008; Offner et al., 2010).
Notably, these models have not been extended down to thenlmewarf regime. Stamatel-
los & Whitworth (2009) proposed an alternative disk fragtaéion scenario, where binary
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brown dwarfs are born within the disk of a more massive sthrs $cenario is somewhat
inconsistent with 2MASS J0746+20AB, as it produces onlyVegh eccentricity binaries
(they predict > 0.6 compared to this systemés= 0.487 (Konopacky et al., 2010)).

Both core fragmentation and competitive accretion can pteduce aligned systems.
In the former scenario, fragments may share the core’s gedanmomentum vector (Mat-
sumoto & Hanawa, 2003). Recent work by Jumper & Fisher (20&2) shown that a
straightforward extrapolation of the turbulent core fragnation model to lower masses
naturally reproduces the separation distribution of bralwarfs. However, an analysis
by Dupuy & Liu (2011), finds that the eccentricity distrilbriof ultracool dwarf binaries
is statistically distinct from that of solar type systemsgdamore consistent with the clus-
tered, competitive accretion model of Bate (2009, 2012)erEw such systems are born
misaligned, tidal torquing between disks can re-aligne®gstems (see Lubow & Ogilvie
(2000)). Interaction with a circumbinary disk, as seen iteB2012), might also align stars
with initially random orientations. As noted above, magnetteractions, which might be
even stronger for fully convective stars, can also alten-gpbit alignment.

In the case of 2MASS J0746+20AB, alignment cannot be usedstinguish between
various formation models. On the contrary, a strongly ngsed system would be more
indicative of dynamical processing. Nevertheless, thausdtppn of such data for low
mass binary systems will place tighter constraints on féienamodels. Comparing the
orbital properties of stars across the mass spectrum wila@hte where different formation
pathways dominate.

6.3 Summary

We assessed the rotational and orbital parameters, assubk aadii, of the binary dwarfs
LP 349-25AB and 2M JO0746AB. We do this by using the recent{pggcision dynamical
mass measurements of Bouy et al. (2004); Dupuy et al. (28b@ppacky et al. (2010), the
individual rotation velocity measurements of Konopackwlet{2012), as well as rotation
period solutions for each component (Berger et al., 2009didg et al., 2012a). From
these data, we infer that the binary orbital plane is orgnqterpendicular to the stellar
spin axes within 1@ Such alignment has previously been observed in studiedaft/pe
binaries (Hale, 1994), and also more massive stars (Whigdiivet al., 2011). This work is
the first direct evidence of spin-orbit alignment in the viemy mass binary regime, which
informs us on the formation of low mass binary stars.

The newly discovered period of rotation of LP 349-25B in thisrk (Chapter 4) pro-
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vided an additional parameter to assess the system’s lgpbitameters. We find that the
predicted radii of Konopacky et al. (2010) for a period of6l-8 0.02 hours, are incon-
sistent with this orthogonal relationship. A radius-01.45 R is required for such an
alignment for LP 349-25B. This is in close agreement withdius of ~1.37 R; (Dupuy
et al., 2010), tentatively indicating that at least one congnt, LP 349-25B, of the system
is coplanar.

In the case of 2M JO746AB, we find that the rotational and atltanes of 2MASS
JO0746+20AB are consistent with a coplanar alignment toiwithl0°. We estimate indi-
vidual mass estimates of 0.0#80.004 M., and 0.073t 0.004 M, for 2MASS J0746+20A
and 2MASS J0746+20B, respectively, as well as radii of G99.03 R; for 2MASS
JO746+20A and 0.96 0.02 R;. We outline the numerous binary formation models that
are consistent with the observed alignment. Further thieatevork and a larger sam-
ple of very low mass systems will place tighter constraimtgtee most likely formation
pathways.



“The grand aim of all science is to cover the greatest numbempirical facts by
logical deduction from the smallest number of hypotheses«mms.”

Albert Einstein

"Astronomy compels the soul to look upwards and lead us filmeworld to another.”

Plato

Flaring in M Dwarfs and the Associated
Loop Oscillation Events

7.1 Introduction

uring a stellar flare event, non-thermal energetic electrons ecelerated

down coronal loops via magnetic reconnection events. Téetreins follow

the associated magnetic field lines which penetrate intdativer regions of
the stellar atmosphere, where synchrotron radio emissidrhard X-ray emission takes
place. At this point of the flare, a sharp increase in whithtlgmission, also called blue
continuum emission, is observed. Although this phenomdrasrbeen well characterized
with optical spectroscopy, the source of the white light stimains a mystery. Based on
the radiative hydrodynamic modeling of M type dwarfs by Adret al. (2006), the charac-
teristics of the flare spectrum should exhibit a clearly+tediBalmer jump at a wavelength
of 3646A. However, current optical spectra do not show this exgeB@mer jump, but
rather exhibit a fascinatingg9000 - 10000 K blackbody spectrum. Moreover, the models
predict that as the electron beam traverses the stellaogplotre, its energy is greatly ab-
sorbed and consequently is only heated to 100 - 1000 K, at fHastley & Fisher, 1992;
Allred et al., 2006). Therefore, fundamental questionshaisen as to nature and cause
of the white light, and whether this emission is due to bladkbemission or perhaps
the predicted Balmer jump. More recently, Kowalski et aDXQ) observed the dMe4.5
are star YZ CMi in U-band optical photometry using the New MexState University
(NMSU) 1 m telescope, and also using high-cadence speopgstith the Apache Point

179
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Observatory (APO) 3.5 m using the Double Imaging Spectiag(®I1S). They observed
white light emission during a long lasting flare event, andnid that the white light was
the sum of a Balmer continuum and a hotI0000 K blackbody, where each compo-
nent was in anti-correlation. Remarkably, the flare spetigueatly resembled an A-type
star spectrum, with the Balmer continuum in absorption rehg explaining the observed
anti-correlation. Indeed, hydrodynamic models of relatpdctra do not include such a
blackbody component. Therefore, further spectroscopseniations are required in order
to assess whether this component of the emission is presenggeaks of a flaring event.

Together with colleagues from the University of WashingfohV), we decided to ob-
serve the dM4.5e flare star YZ CMi, and the M3.5Ve flare star Ad0.L\We also observed
the M4 flare star GJ 1243, and include these results in ApgeB\dGUFI would provide
simultaneous photometric monitoring of AD Leo and YZ CMi wi8.5 m APO spec-
troscopy. The photometric component presented in thistehap extremely important
for such observations in order to assess the correlatiomelegt spectral continuum/line
variations, and the properties of the photometric lightesrfor stellar flares. Such simul-
taneous observations could provide evidence, or lack dfiepéthe Balmer jump at bluer
wavelengths. The author coordinated and conducted theopigdtic component of this
campaign. This was necessary for the following reasons:

1. To provide high-precision flux calibration in V-band. VAE 1.8 m mirror, coupled
with the observational effectiveness of GUFI, would alldwe spectroscopic observations
to correct for slit loss.

2. The high-cadence{2 ms readout) capability of GUFI would enable the study of-sub
structure in small, moderate or large flare events inadokessi spectroscopy. They provide
an insight into localized mechanisms that may be aiding wirdy the process.

3. The Hx line behaves differently than the higher order Balmer lihesng flares (Hilton
et al., 2010), and is known to vary on short time-scales (ltesd.£2010). However, H
observations of flare stars are difficult with spectroscogingithe 3.5 m APO, since the
Ha line saturates quite regularly during moderate flaring.h-tgdence H narrow band
observations with GUFI will provide the necessary measergsof b variability during
flaring.

We were awarded time during February 2010 and April 2010 dt™Mr photometric
monitoring of these flare stars, which would be conductedikaneously to 3.5 m APO
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time-resolved spectroscopic monitoring by our UW collators, in April 7 and 8 2010
UT. This campaign aimed to further investigate these winflet iflare continuum events.
In the following sections, we report on the results in a pmeeoological manner, and
conclude the chapter with a brief discussion of some passikplanations.

7.2 Selected targets and Observations

The targets for the campaign were selected based on thdse satple of Kowalski et al.
(2010) and Hilton et al. (2010). AD Leo is a very active M3.54@arf (Montes et al.,
2001), which has been studied extensively by many authaddfo’ et al., 1989; Hawley
& Pettersen, 1991; Bookbinder et al., 1992; Hawley et al95t Mauas & Falchi, 1996;
Cully et al., 1997; Hawley et al., 2003; Hilton et al., 2010¢aeferences therein). During
these studies, many flares have been observed that arerdionttzose observed in the
Sun, exhibiting properties such as impulsive continuumssian, as well as long-lived
chromospheric emission. The dwarf is located at a distaheed® pc, and has an/y
of 9.43 (Hag et al., 2000) and is the brightest very activeftdar that is visible from the
northern hemisphere. YZ CMi is an dM4.5e flare star (Jenkired.e2009), located at a
distance o6 pc, and has an/;, of 11.1 (Perryman et al., 1997; Koen et al., 2010). Like
AD Leo, this has also been a much observed flare star, e.g.féi|df974; Kahler et al.,
1982; Worden et al., 1984; van den Oord et al., 1996; Hawley.£2007; Kowalski et al.,
2010), as a results of its close proximity and strong flarictivédy. In order to maximize
our chance of observing flaring events, these targets weseator this campaign.

Observations were conducted as follows: YZ CMi was obsebatdieen February 22
2011 UT - February 26 2011 UT, in the Johnson B- (3510 - Géyend V-bands (4810
- 6820A) using GUFI on the 1.8 m VATT telescope. Exposure times<6f2 seconds
were used in order to sample the lightcurves at high-timeluéisn, and thus detect sub-
structure in any flaring events on time-scate8.2 seconds. We obtained22 hours of
photometric data aned’500000 frames, and detected 20 flaring events over thesevabse
tions. Some observations were subject to poor weather ttonsliheavy and intermittent
cloud throughout). Frames were windowed to sub-frame ftsraB80 x 200 pixels from
the native resolution of 512 512, which allowed for a reference star in the field that was
suitable for differential photometry.

AD Leo was observed from February 18 2011 UT - February 26 20T land again
on April 8 2011 UT - April 13 2011 UT, in the Johnson B- and V-bapand in a narrow
Ha band (6560 - 6618, centered on 6588). Again, frames were windowed to 60 280
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Source Total Time Date of Obs. Length of Obs./# frames Exp. Tie Flares
(~hrs) (um (~hrs/#) (s) #
YZ CMi 22 2011 Feb 22 4.32/64497 0.28746 3
2011 Feb 23 5.52/82500 0.23704 2
2011 Feb 24 3.01/62400 0.087 0
2011 Feb 25 4.58/136000 0.11759 10
2011 Feb 26 4.33/128607 0.11759 5
AD Leo 27 2011 Feb 18 2.89/97200 0.28746 2
2011 Feb 22 4.,13/90000 0.15917 0
2011 Feb 23 4.52/99000 0.15917 1
2011 Feb 26 2.85/84634 0.11759 0
2011 Apr 08 1.81/16292 0.11759 0
2011 Apr 09
2011 Apr 11 2.68/80000 0.11710 1
2011 Apr 12 2.42[72000 0.11759 1
2011 Apr 13 5.56/165430 0.11759 1
Source Band Readout Rate Amplifier Window Instruments
(MH2z) (pixels)
YZ CMi \% 1 Conv. 80x 200 GUFI/NMSU/ARCSAT
\% 1 Conv. 80x 200 GUFI/NMSU/ARCSAT
\% 1 Conv. 80x 200 GUFI/NMSU/ARCSAT
\% 1 Conv. 80x 200 GUFI/NMSU/ARCSAT
B 1 Conv. 80x 200 GUFI/NMSU/ARCSAT
AD Leo \% 1 Conv. 60x 280 GUFI/NMSU/ARCSAT
\% 1 Conv. 60x 280 GUFI/NMSU/ARCSAT
\% 1 Conv. 60x 280 GUFI/NMSU/ARCSAT
B 1 Conv. 60x 280 GUFI/NMSU/ARCSAT
B Conv. 60x 280 GUFI/NMSU/ARCSAT/DIS
B 1 Conv. 60x 280 GUFI/NMSU/ARCSAT
B 1 Conv. 60x 280 GUFI/NMSU/ARCSAT
Ha 1 Conv. 60x 280 GUFI/NMSU/ARCSAT

Table 7.1: Flare Star Observation Details

Here we show the observation details of the flare star campdigat was carried
out using the GUFI photometer on VATT. These were taken gamebusly to the NMSU

1 m telescope and 0.5 m ARCSAT telescopes at APO, which pedvBloanu’ - ¢
photometry, albeit at much slower cadence than GUFI. Bindilne-resolved optical
spectra from 3400 - 9008 was due to be obtained using the DIS spectrometer on the
3.5 m APO on April 8 2011 and April 9 2011 UT, as indicated aboowever, both
telescopes were shut on April 9 2011 UT due to poor weatheroaty VATT was open
April 8 2011 UT - APO could not open, again, as a result of weationditions (snow).
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pixels in order to achieve frame rates-0® Hz. We obtained-27 hours of data, including
~705000 frames, and we detected 6 flares during these obsas/atinfortunately, we
could not obtain data on all of these nights due to poor wedttieud (Feb) and snow
(Apr) conditions).

GUFI was well suited for these observations, since the pheter incorporates an L3-
CCD system, has low readout noise, high-cadence imagingbdéj@s, and is ideal to
successfully resolve sub-structure in small/large stélidme events as we will see in the
following sections. We show observation details in Table 7The simultaneous compo-
nent of the campaign was carried out on April 8 and April 9 2QIM While the GUFI
photometer obtained high-cadence data in the Johnson &-bamand and K on VATT,
the NMSU 1 m telescope and 0.5 m ARCSAT telescopes at APOged\sloan//, ¢’ and
r’ photometry £10 seconds with a-27 second readout), albeit at much slower cadence
than GUFI. Finally, time-resolved optical spectra from B4M000A was due to be ob-
tained using the DIS spectrometer on the 3.5 m APO. Howewth, telescopes were shut
on April 9 2011 UT due to poor weather, and only VATT was opemil2011 UT - APO
could not open, again, as a result of weather conditions\(sno

These events were unfortunate, since the original campaigposal relied on the si-
multaneous monitoring of flaring from YZ CMi and AD Leo in bdtme-resolved photom-
etryandspectroscopy, in order to investigate the correlationérainge and small structure
of stellar flares from M dwarfs. We plan to pursue this sinmgiaus campaign in the com-
ing 2013A semester. Nevertheless, VATT, NMSU and ARCSATahthin simultaneous
monitoring data over the course of the observations owtlindable 7.1. Therefore, in this
chapter we present the optical photometric component efdaimpaign, where we high-
light the effectiveness of high-cadence data from GUFI {Bband and k) in detecting
sub-structure in M dwarf flares, and compare the lightcunfddMSU and ARCSAT in
the bluer wavelengthu( - ) regimes.

7.3 Results

In this section we present the photometric results from Hre tampaign to observe flaring
events in the mid-M dwarfs YZ CMi and AD Leo. In each of the g&t$ included here, we
show individual flaring events that were detected on a giveseovation night. For those
that we detect sub-structure in the rise and decay of ewssta)so show binning factors.
In the case of YZ CMi, we include some photometric lightcuexamples of Sloan’ - ¢
flaring that were observed by ARCSAT simultaneous to the VAGUFI) B-, V- or Ha
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observations. Based on the detections in these lightcunwesan consider the following
main points in this work:

1. Investigate sub-structure in the flaring events as atreShigh-time resolution imaging.
2. For larger flares, establish periods of possible coramg bscillation events.

3. Flare statistics.

In each target’s case, we highlight the flares that were titeturing the campaign,
but we chose to focus on the largest of these events, and legvetlolved morphologically
before, during and after, the flare.

7.3.1 YZ CMi (dM4.5¢)

We report 20 flaring events for the flare star YZ CMi, which weegected over22 hours

of observations encompassirgb00000 frames. We used the Johnson B- and V-band,
and exposure times 6f0.2 seconds. We observe erratic behavior in the YZ CMi data,
specifically for February 25 2011 UT, where we highlight rekadle micro-structure in
the flares, as shown in Figure 7.1. We note the repeatingtstauin the lightcurves, where
flaring events occur with subsequent activity thereaft@esk lightcurves show an arcade
of flares, with perhaps sequential brightening at the faotprof the loops, which then
continues. Could these re-occurring events be connectéttenergies provided in the
flaring that came before - post hoc ergo propter hoc? Indeedistsomething has not yet
been characterized, where flaring can manifest itself ahastic events, with some or no
correlation to other bursts in close proximity. These preguflares have been seen prior
to larger events in other studies (Moffett, 1974; Kowalgkale 2010).

The largest flare that we detect was from February 26 20143280 UT, where we
find a relative delta magnitude efl magnitude. We show this flare, amongst other events,
in Figure 7.2 (lightcurveC) - we have binned these data by a factor of 8 to illustrate the
smaller structure that has been detected, in the bottomoli&igure 7.2. The possible
presence of loop oscillations are the structures followregdecay in the first two flares,
which we discuss further i 7.4. There is clearly a precursor flaring event&.18 UT
as shown in lightcurvé, and zoomed in on in lightcurv®, which increases the B-band
flux by ~ 70% and occurs prior to the larger flare. The impulsive rise teffeeak occurs
in ~1.2 minutes, where the B-band value in this case220% greater than the flux in
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Figure 7.1: Impulsive flaring from YZCMi on February 25 201T.\We observe fascinat-
ing sub-structure in the lightcurve of the dwarf, highliglgt the possibility of a complex
series of flaring events, supporting previous observatidesy. Moffett (1974); Kowalski
et al. (2010), who identify such precursor flares as the arfdatger events to follow.

guiescence. The decay phase, containing many possiblekmilfation events, takes8
minutes, and the B-band flux remains at a higher state of ceie® until returning to
almost the original quiescent state~aB.38 UT. We also show the simultaneous- ¢’
ARCSAT lightcurves in Figure 7.3.

The advantage of GUFI's high-time resolution is quite olngitn this lightcurve. For
example, the precursor flare was sampled by 5 data point$ lty ARCSAT, whereas
GUFI sampled the flare witk-1200 frames. These data rate comparisons are even more
important for sub-structure within the event, as we will seg7.4. However, the QE of the
GUFI Andor iXon DV-887 chip is virtually not usabts4000A based on the low percent-
age transmission at these wavelengths, as shown in Chajfligu2e 2.1b. By contrast, the
ARCSAT detector's QE peaks in the UV wavelength range. Tibese simultaneous ob-
servations using these two photometers proved to be quéetiee during this campaign,
since we essentially had an operational QE range frdii00 - 100003, thus each instru-
ment complemented the other and could provide high quadity th a given wavelength
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Figure 7.2: Flaring from YZ CMi in B-band from February 26 20U T. Lightcurves (top)
A - F show the raw data, taken at 0.11759 seconds. We presengtiteuives sequentially
as the flaring happened throughout the observation. Sigilaghtcurves (bottom)G -
L show the same flares, but binned by a factor of 8, to 0.94 secowe highlight the
precursor flare and largest flare event, shown in the firstlsindi tows.
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Figure 7.3: Simultaneous observations of YZ CMi on Febr2&y011 UT, by ARCSAT
usingv/, ¢ andr’, and GUFI using B-band, as indicated above. The precursar éia
~3.18 UT detected by ARCSAL’ was sampled with 5 data points, whereas GUFI obtains
>1200 frames. We note however, that the QE of GUFI is virtuady usable§4000,&.

By contrast, the ARCSAT detector's QE peaks at UV wavelength
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range. We refer the reader to the APO website Hievehich contains detailed descriptions
of the ARCSAT and NMSU observatories, and in-situ instruteeide discuss the causal
mechanisms for the observed flaring of YZ CMi§i7.4.

7.3.2 AD Leo (M3.5Ve)

We obtained~27 hours of data on the M3.5Ve flare star AD Leo. These data ta&sn
over two separate epochs - in February and April 2011, in ¢teson B- and V-bands,
and in the ki narrow band filter, where-705000 frames at rates efd Hz. We detected
6 flares in total during these observations, as shown in Eigut above. Although we
observed the dwarf for5 more hours than YZ CMi, we only saw30 % of the flaring
rate, indicating that YZ CMi was in a much more active staterahis timescale. The
flaring that we detect by GUFI were mostly small events in Bd ®rband (up to~10 %
amplitude variability i V-band, e.g. lightcurv&in Figure 7.4).

However, like YZ CMi, although we did not have simultaneou§ Bpectroscopy via
the 3.5 m APO, we did have simultaneous ARCSATq' andr’ photometry, as shown in
Figure 7.5. Interestingly, another precursor flare wasaleteat~9.42 UT, just before the
onset of the flare rise phase of the main flare-at8 UT, which lasted for-12 minutes.

It is quite clear in Figure 7.5 that the ARCSAT has sampled this event to much greater
detail than other wavebands. This is, of course, is not ueebepl since flaring will have
higher amplitude variations at shorter wavelengths. Treag®f the flare continues for
another~30 minutes, and again,’ flux levels are in a much higher state of quiescence
thereafter {difference of 0.1 of a magnitude), and until the end of theeoletion, as
shown. In figure 7.6, we show the 0.11759 second (ns readout) observations of GUFI
in V-band (yellow), and the-10 seconds~27 second readout) observations of ARCSAT
in 7’ (red). Since the V-band and Sloafrfilters overlap in their waveband ranges (V: 4810
- 6820A; r': 5200 - 7600,&), this figure was included to highlight the effectiveness o
high-time resolution flare star imaging. GUFI clearly désex flare at~9.8 UT, whereas

it would be difficult to establish the presence of this samenein ther’ lightcurve. We
note however, that the QE of GUFI is at its strongest at theselgngths, whereas the QE
of the ARCSAT detector is quite weak in visible, as opposeth&UV. In Figure 7.5 we
highlight the effectiveness of ARCSAT in the UV, in detegtithe precursor to the large
flare, as well as the main flare structure, that GUFI could mtité V-band.

Zwww.apo.nmsu.edu
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Figure 7.4: Flaring events from AD Leo over the course of eaur separate epochs of
observations in February and April 2011. Data were taker@Hz (0.11759 seconds)
in order to sample sub-structure in the detected flaring teaveAs before, the flares in
lightcurvesA - F are shown sequentially as they happened over the course ob#erva-
tion epochs. The bands and exposure times used are markadhrfigure in the bottom
left. We note that the H band was a narrow band filter (6560 - 664 0centered on 6585
,&), and therefore the levels of transmitted flux were not @b hiTo increase the SNR in
the lightcurves, we binned the data by a factor@0, to exposure times of 3.74 seconds.
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Figure 7.5: Here we show simultaneous observations of atdetdlare from AD Leo on
February 26 2011 UT. Observations were obtained in V-banih&yGUFI photometer on
VATT (0.11759 seconds), as well as the Slagéng’ andr’ range (10 seconds; with a 27
second readout), as labeled above. Again, we highlightaupser flare, as detected on the
YZ CMi flare of February 26 2011 UT (Figure 7.33.18 UT).

We discuss the possible detection of loop oscillation evémtthe YZ CMi flare of
February 26 2011 UT-3.18 UT, in the following section. Indeed, similar struewould
be argued in one of the largest of the AD Leo flares during the dlecay phase, as shown
in the v’ lightcurves in Figure 7.5, and to a lesser extent in the WWb@kFI lightcurves,
where some scatter is clearly present during these posssbl#ations. Although simul-
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Figure 7.6: We show the 0.11759 secor@(ms readout) observations of GUFI in V-band
(yellow), and the~10 seconds~27 second readout) observations of ARCSATifred).
We include this figure as an example of the effectivenessgif-time resolution flare star
imaging.

taneous spectra are required to establish what correlateghwlogies may be linking
the behavior of spectral lines and the photometric osmlat we can still consider what
mechanisms may be at work in the eruptive regions of thesg 8t consider thisifi 7.4.

7.4 The Periodic Variations due to Loop Oscillations from
YZ CMi

In this section we discuss the YZ CMi flare of February 26 201 tat occurred at-
3.28 UT. We consider this flare in terms of the periodic vaviag that we detect in the slow
decay phase of the event. We detect these variations withi@dpaf ~10 - 15 seconds,
where the oscillations appear to smooth out toward the etiteolecay. These results are
quite similar to those detected from the active star EQ PggHdthioudakis et al. (2006),
who reveal periodic variations of a white light flare that waserved with ULTRACAM on
the William Herschel Telescope (WHT). Intriguingly, thelg@detect variations of about
10 seconds in their data, and do so via Wavelet analysis. ddrwesider a number of causal
phenomena for these detected intensity variations. Eistpresence of acoustic waves in
the region of the event, which are impulsive-driven withileap. Second, they consider a
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Figure 7.7: We show the B-band lightcurve of the flare comtgihoop oscillations from
YZ CMi, February 26 2011 UT. The impulsive rise to flare peakws in~1.2 minutes,
where the B-band value in this case~220% greater than the flux in quiescence. The
decay phase, containing many possible loop oscillationtsy¢éakes-8 minutes, and the
B-band flux remains at a higher state of quiescence until titeo# the observation, as
is clearly evident above. Periodic variations, indicatgdte arrow in the figure, were
detected via the Lomb Scargle periodograni-t© - 15 seconds.

magnetohydrodynamic wave and its associated interactitimtiae presence of magnetic
field lines, presumably the induced perpendicular pertioha with modulations to this
period. And finally, magnetic reconnection events duringeeftue to the reconnecting of
flare loops during the main flaring event.

Previous studies have also detected periodic oscillatiosi®llar flares and other ener-
getic events in flare stars. For example, McKenzie & Mulla®9(@) have revealed modula-
tions of 10 - 60 second from non-flaring solar corona, whekea et al. (1983) reported 8
second oscillations of hard X-ray and microwave solar flansts. Kowalski et al. (2010)
have also highlighted this modulated behavior in a large frYZ CMi that they de-
tect, and consider reconnecting loops as a possible catis dehavior. Similarly, flares
within coronal loops have been reported, as well as shoatiurtransient detections from
flaring, and flare oscillations in the X-ray have also beeoalisred (Rodono, 1976; Mullan
et al., 1992; Mathioudakis et al., 2003; Mitra-Kraev et 2005). Quite often the smallest
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Figure 7.8: YZ CMi: (a) We show simultaneous observationgAFT (GUFI) and ARC-
SAT which cover UV and optical wavelengths. We note that ex@UFI B-band lightcurve

in this figure is the raw lightcurve with exposure times ofiI39 seconds, whereas pre-
viously in Figure 7.7 we show the binned 0.94 second framesete he difference in
sampling of the ARCSAT and GUFI lightcurves, where GUFI aiga-2000 frames dur-
ing this flare event. The oscillations are undetectable @&ythwith only some indication

of some change in structureih. (b) The Lomb Scargle analysis of the oscillations (con-
servatively defined between3.3 - 3.34 UT). We label two peaks in the power spectrum.
‘1’ corresponds to the over all trend in the data for that pattich yields a period in the
spectrum of~1.5 minutes. ‘2’ indicates what we have identified as thellagitin events

in the decay of the flare, 610 - 15 second modulation.
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detections of flares can be skeptical confirmations of suehtsysince instrumental noise
and the effects of sky background (scintillation and so @m) severely effect such signals.
It was therefore quite useful in this work to have the ARCSAH &IMSU telescopes of

APO at our disposal to simultaneously observe these evelaigever, as outlined in pre-

vious sections, GUFI's much higher cadence meant that itsgasitive to much smaller

flaring events than the other instruments, where cadences wpeto 40 seconds. Real
loop oscillation events are expected to be periodic, oragtlguasi-periodic in nature. The
ARCSAT photometry indicates that there is some structuesqmt, but the only evidence
for periodicity in this case is from GUFI. Thus we cannot slascillation events from the

ARCSAT component of the observation - although the deteaifcsuch events is possible
if they are on longer timescales than the ARCSAT cadence.

In figure 7.7, we present possible periodic oscillationsimdecay of a flare from YZ
CMi. The analysis of the event, and period-010 - 15 seconds was established via the
Lomb-Scargle periodogram. These variations were quifedif to evaluate because of the
morphology of the lightcurve. These variations are sitbngop of the larger flaring event,
and thus the periodogram yields periodic solutions for metrorter, and longer trends in
the data. In Figure 7.8b we show this analysis, and conseelyatiefine the period where
the oscillations took place as being betweed.3 - 3.34 UT. We label two peaks in the
power spectrum. ‘1’ corresponds to the over all trend in theador that part, which
yields a period in the spectrum ef1.5 minutes, as expected. ‘2’ indicates what we have
identified as the oscillation events in the decay of the flafre;10 - 15 second modulation.
In Figure 7.8a, we show simultaneous observations of VATORG and ARCSAT which
cover UV and optical wavelengths. We note that in the GUFlaBblightcurve in this
figure is the raw lightcurve with exposure times of 0.1175€osels, whereas previously
in Figure 7.7 we show the binned 0.94 second frames. Noteiffezethce in sampling
of the ARCSAT and GUFI lightcurves, where GUFI obtair®000 frames during this
flare event. The oscillations are undetectable ingh&ith only some indication of some
change in structure in'.

Although we do not have simultaneous spectroscopic obsengof this event, we can
speculate as to what may be causing these flaring osciltatiotine flaring region of YZ
CMi. Perhaps these are white light flare events. Indeed,ahesbn B-band includes a lot
of Balmer emission lines - thus the question arises whethewrariability is due to contin-
uum emissions, or due to Balmer lines or Ca Il, for exampla®dges the fact that the level
of agreement over a range of broadband filters is strong¢atidg continuum emission
(e.g. Figure 7.3 - although we have pointed out that thesgeasetentative variations for
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the redder ARCSAT bands). The amplitude of the oscillatseem to the consistent dur-
ing the decay of the flare, until they appear to cease3a84 UT. Upon inspection of other
similar flaring events from YZ CMi in the U-band, and in optispectroscopy (Kowalski,
private communication), the structure and temporal mdgayoof the flare seems to be
consistent. Of course there are many types of flaring evenittwvean cause a wide range
of lightcurve shapes and trends. Particularly, what is icauthe ‘flat’ part of the decay
that contains the oscillations in these events? And what tlus imply for flare physics?
The spectral properties of the models in terms of the widtits@ofiles of the lines are
reproduced quite well for the chromosphere (e.g. Balmaslhin The models also pre-
dict levels of continuum emission, but they predict far tooam Balmer continuum - thus
they are not effectively reproducing the heating distinubf the atmosphere; perhaps the
problems lie in the difficulties in predicting more heatirtdhagher particle densities, or at
lower regions of the atmosphere (see Kowalski et al. (2046 raferences therein)) - how
is energy being transported at lower altitudes? The prgssof the lightcurves in this sec-
tion could imply a complex group of reconnecting loops, p@doccurring in a sequential
manner. Furthermore, similar to the processes discussatlisr chapters, these magnetic
reconnection events have the ability to accelerate nomradleslectron beams to the lower
atmosphere of such stars, which in turn could produce thieamontinuum emission ob-
served here. Although reconnection is a dynamical proeesbscannot be easily predicted,
a chain reaction of events in these emitting regions coudthsuthe flaring reported here, if
the flaring persists. Further observations, this time siam@ously taken to high-resolution
time-resolved spectroscopy could yield interesting ftissulto the investigation in to this
blue continuum emission. We aim to resume this work in theesden starting 2013A.

7.5 Summary

We report on high-time resolution photometric observatiohthe dM4.5e flare star YZ
CMi, and the M3.5Ve flare star AD Leo. These were taken with@twé~|I photometer,
simultaneously to the ARCSAT and NMSU telescopes of APO, wiavided UV and
optical simultaneous photometric monitoring. Althougtotnights of observations were
also awarded using the DIS spectrometer on the 3.5 m APO vpeather prevented these
observations. Nevertheless, we reporte2? hours of flare star monitoring from YZ CMi,
and ~27 hours from AD Leo. 20 flares were detected from the formed, & from the
latter, implying that YZ CMi was in a much more active stateiothese timescales. ARC-
SAT provided~40 second cadenaé - »' monitoring for all observations. GUFI was ideal
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for the photometric component of this campaign, since ightdadence capabilities en-
abled the study of much smaller structure in the lightculmamta large amount of previous
photometric monitoring work.

Specifically, for YZ CMi, we report on the possible detectaiioop oscillation events
in the decay of a large flare detected by GUFI in B-band, whieldentify as a result of ob-
servations which were taken at exposure times@fl seconds. These observations aimed
to observe these sub-structures in small to large flare gteat are inaccessible to spec-
troscopy (due to the slower cadence). We detect periodiati@ms in the oscillations of
~10 - 15 seconds, based on Lomb Scargle periodogram analysse oscillations could
be due to a number of causal mechanisms, however withouttsineous spectroscopy, it
is difficult to conclusively assess the contribution of esgectral lines or continuum emis-
sion, or others. One possibility is that magnetic recorinaavents have the capability of
providing a bombardment of non-thermal electrons fromeéhetense magnetic regions to
the lower regions of the stellar atmosphere, which couldpce emissions of this kind.



“The most exciting phrase to hear in science, the one thasldsmew discoveries, is
not ‘Eureka!’ (I found it!) but ‘That's funny’ ... "

Isaac Asimov

“To suppose that the eye with all its inimitable contrivasiéer adjusting the focus
to different distances, for admitting different amountdighit, and for the correction
of spherical and chromatic aberration, could have beenddrhy natural selection,
seems, | confess, absurd in the highest degree.”

Charles Darwin, The Origin of Species

Conclusions and Future Work

8.1 Discussion and Conclusions

n this thesis, we have presented photometric data that hastigated the possi-

ble optical signatures from magnetospheric phenomena $tars at the end of the

main sequence, and for stars below the sub-stellar bounflargngst other features
present in the atmospheres of these objects, powerful tiagnechanisms could also be
responsible for the photometric periodic and aperiodicabality, as well as the impulsive
events, detected in this work. In order to carry out thesefagions and obtain these
data, we designed, built and constructed, two instrumantsgl this work, both capable
of high-time resolution imaging, each designed specifjcaith high sensitivity and ca-
dence in order to detect transient events from the activgpkaof M and L dwarfs in this
thesis. In saying this, as outlined in the relevant chaptesth instruments can be used
over a wide range of astronomical fields, and are now stadiasdacility instruments on 2
meter- and 5 meter-class telescopes in Arizona and Cakforespectively. These will be
used in the on-going projects currently being pursued by #melidate and co-workers, as
discussed in the sections that follow.

The Galway Ultra Fast Imager (GUFI) photometer was commissi on the 1.8 m
Vatican Advanced Technology Telescope (VATT), on Mt. GrahArizona, in May 2009.
Once commissioned and successfully tested, we commenegidhtitometric campaign to
establish the above correlation, if any, between the dpditd radio regimes, for six radio
detected ultracool dwarfs that were visible from the VAT TeSiln this work, we report
optical photometric periodic variability from five of thedevarfs - the M dwarf tight bi-

197
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nary LP 349-25B, the L dwarf binary 2MASS J0746A, the M8.5 dwzsSR J1835, the
M9 dwarf TVLM 513, and the L3.5 dwarf 2M J0036. One other dwane M9.5 dwarf
BRI 0021, shows persistent variability with the possigibf periodicity being detected in
the data. All dwarfs are rapid rotators 15 km s!), and exhibit the optical periodicity in
the form of quasi-sinusoidal periodic variations, that sustained on timescales of up to
~5 years in the case of some targets. The amplitude variabflihe targets in the sample
was detected to be varying at levels betwedh?2 - 1.1% in the I-band, and0.8 - 1.0%
in the R-band. LP 349-25B reveals changes in phase and adpldver given epochs
(~0.22 - 0.71%), which is likely due to aperiodic variationgiwperiodic variations from
one member, or perhaps the effect of the other member viaughergosition of two vari-
able signals. 2M J0746, the second binary in the sample salsas amplitude variability
to this level ¢-0.20 - 0.76%). In all cases, the periodic variability is asated with the
rotation of the dwarf. Coupled with this rotational modidat we consider a number of
causal phenomena for the variability. These include atim@spdust, magnetic cool spots,
or the presence of photospheric or chromospheric (aurbadl$pots. We conclude that,
although magnetically active, dust cannot be discountexdfaature that could be respon-
sible for, or perhaps effect the morphology of the light@sin our sample. We can show
however, that three out of four radio pulsing dwarfs alsalgxloptical variability, and in
these three cases, the same detected period as that ofithbuesting. Furthermore, these
periodic variations are consistent on timescales of yearslf dwarfs. The fourth puls-
ing dwarf, 2M J0746A, was detected as the periodically vayyoptical sources, despite
the presence of radio pulsing from the other member. Thiéddoe due to a number of
scenarios, including the orientation of the dwarf’'s magnild alignment with respect to
the equatorial axis, or alternatively that the primary memib exhibiting stronger optical
emissions.

For one target in particular, the M9 dwarf TVLM 513, we repstdble periodic vari-
ability in terms of phase over &5 year baseline, with a period of 1.959580.00005
hours. This data sought to investigate the spatial and lestability of the feature re-
sponsible for the periodic variability. It showed stablagé, indicating that the feature is
not moving. This photometric data was also part of a largerpaagn, which included si-
multaneous radio and spectroscopic monitoring of the d@i#aflinan et al., 2012). These
data have revealed a high degree of correlation betweeigiadls, right across the electro-
magnetic spectrum. We have shown in this work, that the phetac Sloan’ and Johnson
I-band GUFI data is also in phase with the radio and speamsdata, including |, Hj,
TiO, NA D, Ol 5577, R-band, ang'. The feature, or features, could therefore occupy the
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same approximate physical location on the dwarf’s surfasgout forward by Hallinan et
al. (2012), perhaps these data are all being driven by oreepsan the magnetosphere of
the dwarf? The established electron cyclotron maser iilgyalbesponsible for the peri-
odic bursts of radio emission, is also responsible for &ea&hg high-energy electrons on
to the stellar photosphere, and it is via this propagatiegtedbn beam that the photometric
and spectroscopic periodicity originates. This has be&rpneted as auroral emissions
from an ultracool dwarf - the same nature of emissions as éas bbserved in Jupiter for
example, albeit many orders of magnitude more powerful.s€hresults yield an entirely
different manifestation of magnetic activity at the endlad main sequence, and highlight
the similarities of the processes at work in giant planetd,those in low mass stars.

Based on the discovery of rotation periods from the tightbas in our sample, LP
349-25B and 2M J0746A, we were able to investigate the dnitgerties of each binary
system. Specifically, our data, in addition to other paranseavailable in the literature,
have allowed us to investigate the orientation of the birapyatorial axes with respect to
the system orbital plane, thus investigating the orbitalaoarity of these very low mass
binary systems. Indeed, this is the first such empiricalystfdcoplanarity in the very
low mass binary regime. In the case of LP 349-25B, based orehpoddicted radii, dy-
namical mass measurements, and individual rotation wgloatasurements, the period of
1.86+ 0.02 hours discovered in this work points toward a likelygeerdicular alignment
of the equatorial axis of LP 349-25B, and the orbital plan¢hef system. Our study, or
others before this, have not yet found the rotation periodRB49-25A, making such an
assessment of the full system difficult. However, in the cd2M JO746AB, the period of
2.07+ 0.002 hours for the secondary component, 2M J0746B, haddireeen reported
via radio observations. In this work, we reveal the periodhaf primary member, 2M
JO746A, to be 3.36t 0.12 hours. These, together with a well constrained totsiesy
mass, bolometric luminosity, and IR photometry measurdésydrave allowed us to esti-
mate individual component masses and radii via evolutypnasdels, which support the
mass-radius relation0.1 M.,. Therefore, with all of the above parameters, we have been
able to fully investigate the system’s orbital coplanaritie find, based on the above infor-
mation at our disposal, in addition to the agreement of thimgendv sini ratios, that the
equatorial axis of each component of the binary system isdddligned perpendicularly
to the orbital plane, to within 10 degrees. This implies thatar-type binary formation
may also hold in the very low mass binary regime, supportislg driven fragmentation as
the formation mechanism of binary systems at lower masseWlished these findings
in Harding et al. (2012b).
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In addition to the transient events of ultracool dwarfs, ve@ehalso investigating the
flaring in mid M dwarfs, specifically that of the dM4.5e flararsYZ CMi, and the M3.5Ve
flare star AD Leo. This campaign originally sought to obtaildFb photometric data, si-
multaneously to high-resolution time-resolved specwpgcfrom the 3.5 m telescope of
the Apache Point Observatory. However, poor weather ptedars from obtaining simul-
taneous data for the awarded nights. Nevertheless, we ththaimultaneous photometric
data from the ARCSAT and NMSU telescopes of APO. Althoughl@iver cadence than
GUFI, the detector’'s QE was at its greatest at blue wavethsnddy contrast, GUFI's QE
peaks in the visible. We obtained9 hours of data between these two targets, all of which
were simultaneous to the photometric observations at AREapbrt 26 flaring events de-
tected above the noise of the data, and in one case for thestlr&Z CMi, we likely
have a case for the detection of periodic loop oscillatiortbe decay phase of a flare from
February 26 2011 UT. We calculate a period~af0 - 15 seconds for these oscillations,
which occur at a flat part of the decay of the flare. Based onablk ¢f simultaneous
spectroscopic data, it is difficult to establish the causthe$e variations - perhaps they
originate from an active state in the Balmer lines, whichpesent in the Johnson B-band
that these events were detected in. Alternatively, theydcba as a result of continuum
emissions. A number of causal phenomena, magnetic in natu be responsible, but it
is clear that a systematic and sequential group of loopsa@merong during the flare event.

In the final stage of the doctoral program, we built and corsioised the second instru-
ment in this thesis. This was the Caltech High-speed MultbiccamERA (CHIMERA)
photometer (Harding et al., 2012c). Capable of observingikaneously in the/, cur-
rently with eitherr’ or i’, the photometer utilizes two Andor NEO sCMOS cameras - the
new innovative technology, as compared to conventional &S (of GUFI for exam-
ple). These sSCMOS detectors are capable of extreme frame (@b to 1600 fps), with
low noise k1 e pixel~! readout!), making them ideal for the study of transient events
and can be applied across a wide range of astronomical apiphs. First light of the
instrument was August 1 2012 UT. This night was a commisagpnight, where we con-
firmed the mechanical and optical working nature of the umagnt. In addition to this,
we prepared a science program to be carried out, which iedlio AM CVns, two ex-
oplanet transits (of known ephemeris), a brown dwarf, theridiula, and many Kuiper
Belt Object (KBO) fields. Proof of concept data was shown ia thesis, confirming the
working status of the instrument. CHIMERA is a Palomar TransFactory follow up
instrument, and is scheduled to be stationed as a facilyument at prime focus of the
200-inch telescope from the 2012B semester, and for seragktzeatfter.



8.2. Future work 201

In conclusion, the characteristics of the magnetic meamasiat work in the surround-
ing regions of stars at the end of the main sequence, havdestad themselves in many
different exciting and exotic ways. The evolutionary riglaships in the low mass star
regime, including age, rotation, activity, luminositydiia gravity (and so on), have been
shown to behave in different ways when compared to largesmtss on the main se-
quence. With this in mind, the data in this thesis has diyentlestigated the causal effects
of magnetic activity at optical and infrared wavelengthpedfically, the radio emission
from these objects has provided a novel framework withinclwho identify that the mag-
netic properties of ultracool dwarfs exhibit behavior tisamore like the magnetospheres
of giant planets, rather than solar-type stars. Conselyy&e have shown a strong link
between the optical and radio emissions, and based on othikety Hallinan et al. (2012),
the possibility exists whereby auroral emissions may atspresent in ultracool dwarfs,
as they are in planets. It is now quite clear that low mass stad brown dwarfs have
displayed a significant departure from the magnetic agtniitserved in larger mass stars.
Although a range that was initially plagued by false detewdiand heightened frustration
within the community, ultracool dwarfs now appear to trulydige the gap between low
mass stars and planets, in terms of magnetic activity andgbeciated optical signatures.

8.2 Future work

In the following sections, we briefly discuss the future was&me of which has already
commenced, where both the GUFI and CHIMERA photometersheillised.

8.2.1 High-Precisionindividual Dynamical Mass Measurements of Very
Low Mass Tight Binaries

Characterizing the fundamental properties of brown dwerfan important step in un-
locking the physics of substellar objects, and mass is thet faadamental parameter in
determining the properties and evolution of a brown dwarhc& brown dwarfs have no
sustainable source of internal energy, they follow a massfosity-age relation, rather
than the simpler mass-luminosity relation for main-segeestars, and thus direct mass
measurement of brown dwatrfs is critical for empirically straining substellar evolution-
ary models. This discrepancy in the mass estimates at a giweinosity and tempera-
ture has been highlighted between the evolutionary moddBioows et al. (1997) and
Chabrier & Baraffe (2000). In fact, in a large section of theRHliagram, it is greater
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than 30%. Precise mass measurementifo) especially at the low mass end of the BD
sequence are essential for constraining the physics améhigethe evolutionary models.

Dynamical mass measurement campaigns are on-going anderi&0-assisted astro-
metric observations with 8 - 10 m class telescopes and the (H8iopacky et al., 2010,
and references therein). Astrometric data is used to deterthe relative orbital param-
eters and hence total mass for the system. However, AO timmes performed over a
small field of view (typically~10 x 10 arcsec), which significantly reduces the chances
of finding background reference stars to anchor the centarasis motion of the brown
dwarf binary. This precludes establishing the masses ahttigidual components of the
system. Supplementary spectroscopic observations casungeeadial velocities which
can then be used to constrain individual component massek, dnd T dwarfs have too
high rotational velocities for this technique to be appli@thus, the masses of individual
components remains very poorly constrained, severely bangpthe ability to use these
measurements to constrain evolutionary models for browarfdw

Robo-ACG*, a new robotic system developed at Caltech, has the adwanfdtpving
low observing overheads-«(L minute), the ability to get 120 - 150 mas resolution in the
SDSSi’ andz’ bands and with its low noise Andor DV-888 EM-CCD camera, imag"
absolute magnitude targets with an SNR20 in 3 minutes of observations. The current
field of view of its visible camera (4% 47 arcsec) is larger than most AO systems and
the anisoplanatism (decorrelation of AO correction mowamgy from the laser pointing)
is less severe than Keck. We propose to use Robo-AO to coadunvestigatory study of
the known sample of about 30 close late-M, L and T dwarf bestio assess the presence of
reference field stars that can be used as astrometric reésréor a dynamical mass study.
The neighborhood of each star will be sampled with 4 dithgm@dtings of 180 seconds
each to obtain a mosaiced window around the target star.r@igms will be conducted
atz’ , with the future study to be conducted in the infrared banits the proposed Robo-
AO NIR camerd®, or with other AO systems. Separately, we would use the daséutly
the astrometric precision which can be achieved by mogais{d data. Robo-AQ visible
camera data is gathered through short, high frame rate sreagkis coadded later through
a shift-and-add pipeline. By using this shift-scale-add-aipeline, we will be able to
reduce the tip-tilt anisoplanatism which dominates the A®@rs in the field and allow us

24Christoph Baranec: Pl

25Robo-AOs optics pass a 2 arcminute FoV, which make it att@édr AO studies (such as this one) that
need large fields. Although the current IR camera cannoténtlaig FoV, an upgrade to a 780780 pixel
(sub-region) H2RG camera is being planned in the future.
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to reduce astrometric errors during mosaicing. This stwdhen published, would be a
very useful metric for Robo-AOs performance in particularveell as AO mosaicing in
general.

Based on the above, we have been awarded 7 hours of obsessaiib the Robo-AO
instrument on the Palomar 60" telescope, which will comneedaring the August and
September 2012 Robo-AO runs.

8.2.2 Resolving the Radio Detected L Dwarf Tight Binary 2MAS
JO746+20AB with Robo-AO

2M JO746AB is a tight L dwarf binary with a separation-o2.7 AU, and is one of the
two magnetically active ultracool dwarf binaries detedimas far (Phan-Bao et al., 2007,
Osten et al., 2009). The spatial resolution of GUFI (O@%el~! or 0.2'pxiel~! with no
focal reducer) is not sufficient to resolve each componettt@binary system, where 2M
JO746AB has a separation©D.35’ (Konopacky et al., 2010). As outlined in the previous
section, the Robo-AO system is capable-d.1’ resolution, with even greater resolutions
expected with the advent of the NIR camera. Although notgiesi for high-precision
photometry, the Robo-AO system could provide enough réisoltio perform photometry
on both binary components. The 2M JO0746AB system remainssemyyin the context
of the radio and optical variabilities - why do we not detdwt bptical component of the
radio emissions from 2M JO0746B, even though it has been wbddor the other three
pulsing dwarfs (Hallinan et al., 2007; Lane et al., 2007tlefair et al., 2008; Hallinan
et al., 2008; Harding et al., 2012a). Perhaps the dynamiashadignetically active binary
system are such that the magnetic field orientation of 2M 8874 misaligned with the
member spin axis. This could explain the lack of radio erisgrom 2M JO746A, but
not the lack of optical variability from 2M JO746B, espebtjalince Hx was also detected.
These resolved photometric measurements, provided by ahe-RO system, have the
means of investigating the optical variable nature of 2MABE, and assess whether it is
possible to detect even small levels of variability. If jpelic variability is also detected to
the same period as that reported by Berger et al. (2009)whigd provide an answer to
a strongly debated question by Harding et al. (2012a), atetée if a radio and optical
link also exists for this binary system.
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8.2.3 UV Ceti and BL Ceti

UV Ceti is a very active star, and is known for intense flarimgl @ther such impulsive
events. However, its binary companion, BL Ceti, is much kes$ve. In observations
by Benz et al. (1998), the radio corona of UV Ceti was resoliedVLBI observations,
however they did not detect the corona of BL Ceti. Similaflydard et al. (2003) report
a much lower X-ray flaring rate of BL Ceti as compared to UV Cdtiring Chandra X-
ray observations. Furthermore, UV Ceti has much higheorhohinosities and has been
observed to flare quite regularly. This behavior of the hinarins has provoked much
discussion, since each binary has the same approximateahagks1 )., and rotation
rates ofv siniyy cei = 29.5 km st andv sinig_cei = 31.5 km s'!, respectively (Jones
et al., 2005). As discussed in earlier sections of this wtrkre have been both strong
dipolar fields, as well as weaker non-axisymmetric dipoladt goroidal fields found for
stars 0f<0.2 M, (Donati et al., 2006; Morin et al., 2010). This came as a sseince
these stars occupy the same approximate position on the-notasi®n diagram, albeit
with similar, or approximately identical stellar parametesuch as UV Ceti and BL Ceti.
Therefore, we propose to observe the binary star, once agtirthe functionality of the
Robo-AO system. We have already conducted high time rasalphotometric monitoring
of the system with GUFI in September 2010, and found a temtgteriod of either 4.45
or 5.45 hours for one component. The differential photoynitrthis case however, was
carried out by fitting an aperture on both components of tls¢éesy - since GUFI did not
have the spatial resolution to sample each member to a higingbndegree of accuracy,
and required much higher cadence (and thus much lower SNB¢dgm to identify the
binarity. With a separation of2”, this would be a simple observation for Robo-AO. We
would thus be capable of obtaining simultaneous photometanitoring of each binary
member. This would allow us to investigate the flaring rafesagh star, thus assessing the
coronal activity between UV Ceti and BL Ceti by comparing tlaging rates during the
observation.

8.2.4 Period of Rotation Search for ZDI

It is possible to map the magnetic field topologies of stassA@eman Doppler Imaging
(ZDI), which can distinguish between different types of metism, such as strong dipolar
fields, with large-scale configurations, or weaker nonsaxrisetric fields that evolve on
much longer timescales than previously studies could td¢kéorin et al., 2008, 2010).
This ZDI technique has the ability to measure the broadenfngagnetically sensitive
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spectral lines in the stellar photosphere, regardlessenf tomplexity e.g. (Donati et al.,
2008). Based on the stellar rotation, i.e. - by samplingadtlene rotation, it is possible to
build a map of the large-scale component of the magneticdieltie surface. However, the
rotation of stars>M6 or M7 become increasingly difficult to measure via the sscopic
techniques outlined here, due to how dim the stars becomerefidre, GUFI is ideal for
sampling the rotation periods of these stars. We are catiding with Morin and co-
workers in establishing the periods of rotation of the failog M dwarf sample, during
the quiescent stages of their observations: GJ 1111, GJ, &2P4245b, GJ 2069b, GL
51, LHS 3376, UV Ceti, VB 8 and VB 10. Rotation periods for thedjects are expected
to be of the order of days. Therefore, we decided to obseraeld target in 20 minute
intervals, which was adequate to sample the periodic lights if present. Some of these
targets have confirmed ZDI periods of rotation, with no pha#tric confirmation. This
collaboration is purely based on GUFI’s ability to providie {periods of rotation for these
ZDl targets. The analyses and observations are on-going.

8.2.5 CHIMERA mk.Il and the search for Kuiper Belt Objects

A second generation version of CHIMERA will be developed @13, in a collaborative
project between Caltech and the JRICHIMERA mk.I1* will offer the much larger field
of view of 10 arcminutes at the prime focus of the 200-inclegebpe, an upgrade that
will require significant investment in custom designed cftiThis system was originally
considered during CHIMERA mk.I development. However, waatoded that either: 1)
an extremely large sSCMOS chip needed to be developed anddlacthe prime focal
plane, in order to sample the large beam size at the primefoaint. Or 2) custom optics
were required to produce a seeing limited spot on the cudkedbr sCMOS chip. An
example of such a system is shown in Appendix C. As well asiiwoimiy programs, such
as PTF follow-up, this upgraded instrument will be used foledicated survey of dense
star fields in the ecliptic to search for occultation of stay3Kuiper Belt Objects (KBOs).
This proposed survey will use the instrument at 100 framesdoond, full frame, for-100
hours, yielding a data set that will be 50 times more sersitian any previous such survey.
The two colors offered by CHIMERA allow for easy confirmatiohthe occultation, due
to the color dependent nature of the occultation diffracpattern. The resulting data set
will approach 1 Petabyte in size, untenable for storage arst-processing. A tailored

26National Aeronautics and Space Administration (NASA):Retpulsion Laboratory (JPL)
*Gregg Hallinan: PI
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Figure 8.1: We show a Kuiper Belt Object field that was obtdiwgéh CHIMERA during

the August 1 2012 UT commissioning. This frame was taken wittear filter, with an
exposure of 0.5 seconds. Here, with the nathgé x 2.8 FOV of CHIMERA, we detect
>1300 starsv 30 above the sky background.

pipeline for real-time identification of KBO occultationslMbe developed at Caltech and
JPL. Such a campaign is extremely exciting, and could psosignificant data in order to
estimate the population of the KBO field in the solar system.
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Observations of GJ 1243

In this appendix we include details of observations of the fidde star GJ 1243, which
was also observed as part of the flare star campaign as althn@hapter 7. The star
was observed in the Johnson B-band and fitters, with exposure times 0£0.15 sec-

onds. We detected 5 flares from there data on observatiomgdhe April epoch, which

encompassed-227000 frames. Again, these data were originally proposesiraulta-

neous observations to spectroscopy from the 3.5 m telesedbpe?O. However, due to
poor weather we did not obtain the spectroscopic componEme. lightcurves from the
campaign are shown in Figure A.1, and observation detalslaown in Table A.1.

April 8 2011 April 8 2011 April 11 2011
13 2
B-band; " B-band;
105! Exp: 057 s B-band; Exp: 4.56 s
. L] . B
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Figure A.1: Flaring from GJ 1243 on April 8, 11 and 13 2011 Uat®were taken in the
Johnson B-band and in theatharrowband filter. We show binned lightcurves where the
raw frames of 0.14247 seconds were summed to 0.57 seconddramincrease SNR. We

detect no Kk flaring in the data.
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Appendix A. Observations of GJ 1243 237

Source Total Time Date of Obs. Length of Obs./# frames Exp. Tie Flares
(~hrs) (uT) (~hrs/#) (s) #
GJ 1243 10 2011 Apr 08 2.75/67175 0.14247 2
2011 Apr 11 3.25/80000 0.14247 3
2011 Apr 13 3.25/79542 0.14247 0
Source Band Readout Rate Amplifier Window Instruments
(MH2z) (pixels)
GJ 1243 B 1 Conv. 8& 200 GUFI/NMSU/ARCSAT
B 1 Conv. 80x 200 GUFI/NMSU/ARCSAT
Ha 1 Conv. 80x 200 GUFI/NMSU/ARCSAT

Table A.1: Flare Star Observation Details of GJ 1243

Here we show the observation details of the M4 flare star GB,1®¥t was carried
out using the GUFI photometer on VATT. These were taken gamebusly to the NMSU
1 m telescope and 0.5 m ARCSAT telescopes at APO, which pedvBloanu’ - ¢
photometry, albeit at much slower cadence than GUFI.



Observations of GL 51, GJ 2069a, GJ
2069b and GL 1111

In this appendix we include details of observations of theyjdetflare star GL 51, GJ
2069a, GJ 2069b and GL 1111. These data were obtained dher@dtober - December
2010 VATT observation run, and were initially part of a ZDhapaign (refer to Chapter 8,
§ 8.2.4). Data were taken in 20 minute intervals, and were saimpetween~0.1 - 1
second. The purpose of these observations was not to der@agjflout instead to establish
the period of rotation of each object. This was part of a lagglaboration, where we
sought to provide rotation periods for Zeeman Doppler Imggiarameters. As explained
in previous sections, it becomes increasingly more diffitmilestablish a rotation period
via spectroscopy due to how dim the stars become at coolgraietures. Many of these
stars were thus inaccessible to the instruments being aseldso GUFI was utilized for
this purpose. Because the rotation periods of these objeetsf the order of days, the
20 minute interval observations were effective in that mpasts of the rotation could be
sampled over a number of observations per given epoch, fdr ebject. The rotation
periods for some of these stars has already been found, @hisicase we are providing
a photometric confirmation. We do not discuss the rotatiomodeanalysis here since
the values we obtained are still tentative and work is omgan this respect. We used
redder wavebands to try and avoid large flaring so we couldokathe quiescent part
of the lightcurve. However we still detect flaring in the d&aaeach source. We include
details of the observations in Table B.1 and examples of st events in the following
appendix.
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Appendix B. Observations of GL 51, GJ 2069a, GJ 2069b and GL 11

239

Source Total Time Date of Obs. Length of Obs. Exp. Time Flares
(~hrs) (um) (~hrs) (s) #
GL 51 15 2010 Nov 16 5 1 1
2009 Sept 26 5 0.14247 3
2009 Sept 25 5 0.14247 0
GJ 2069ab 8 2010 Nov 15 2 1 1
2010 Nov 16 2 1 1
2010 Nov 17 2 1 2
2010 Nov 27 2 1 3
GL 1111 6 2011 Apr 08 2 1 1
2011 Apr 11 2 1 1
2011 Apr 13 2 1 2
Source Band Readout Rate Amplifier Window  Instruments
(MH2z) (pixels)
GL 51 \% 1 Conv. 512x 512 GUFI
I 1 Conv. 512x 512 GUFI
I 1 Conv. 512x 512 GUFI
GJ 2069ab \Y 1 Conv. 512 512 GUFI
\% 1 Conv. 512x 512 GUFI
\% 1 Conv. 512x 512 GUFI
GL 1111 \ 1 Conv. 512« 512 GUFI
\% 1 Conv. 512x 512 GUFI
\% 1 Conv. 512x 512 GUFI

Table B.1: Flare Star Observation Details of GL 51, GJ 2069ab and GL 1111
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GL51 (V* V388 Cas) FLARE STAR

Mormalised Flux

UT {haours)

Figure B.1: Flaring from GL 51 on September 26 2009 UT. Dateevi@ken in the Johnson
I-band in this observation, and were originally taken taabbsh the dwarf’s period of

rotation.
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Figure B.2: Flaring from GL 51 as shown in the previous figure Neve binned this data
by a factor of 8 to increase the SNR and assess any substuectilne different phases of

the event.
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Figure B.3: Here we show the detected flaring from GJ 2069a@h@069b, obtained
during the brown dwarf observation campaign (October - Deasr 2010 epochs). We
detect flaring from both components of the GJ 2069 systermdisated above, where GJ
2069b exhibits more flaring activity.
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Figure B.4: Here we show the detected flaring from GL 1111aioled during the same
brown dwarf observation campaign as GJ 2069 (October - Deee2010 epochs). We
highlight the figure in the bottom right corner above, whéneé of the 20 minute obser-
vation intervals are shown. We clearly detect a flare, shoywthe second data segment,
however we did not sample the full event since we had moveddifferent target from
~11.5 - 12.3 UT. Note the increase in quiescent flux levels #fieevent at-13.3 UT, as
compared to flux levels:11 UT.



CHIMERA mk.Il Conceptual Designs

As discussed in Chapter 8, CHIMERA mK.Mvill offer the much larger field of view of
10 arcminutes at the prime focus of the 200-inch telescopeipgrade that will require
significant investment in custom designed optics. Here vavstonceptual designs of
an Offner relay systemthat were considered during the optical evaluation of CHRA
mk.l. The purpose of this design format, was to increaseah@ath length, such that a full
10 minute field of view could fit on to the 166 14 mm Andor NEO sCMOS chip. Such
a design requires custom optics, and very large elementise liollowing figures, C.1 and
C.2, we show a system of spherical mirrors, designed to @uaispot quality throughout
the optical system, with minimal transmission loss. We Habelled the elements in these
designs and have highlighted the corresponding elemefeifigure captions. As well
as continuing programs, such as PTF follow-up, this upgtaa&rument will be used for
a dedicated survey of dense star fields in the ecliptic tockefar occultation of stars by
Kuiper Belt Objects. Since the upgrade will still utilizeetAndor NEO, the instrument
will obtain data at>100 frames for second, full frame, andl600 frames per second
sub-frame.

We note that the conceptual designs that are shown in theniol) pages, are one ex-
ample of many optical systems that must be considered irr to@ehieve a seeing-limited
large field (10 arcminutes) at prime of the 200-inch. Indeed, by placmg@VOS chip
who’s dimensions are large enough to sample the full beaenaithis point, would also
be a viable option. However this would involve the developtr@ this technology and
thus require a considerable amount of resources. Furtherrtios design would neglect
the two-color simultaneous system. CHIMERA is due to beesighed as a second gen-
eration version in early 2013, in a collaborative projedisen Caltech and the JPL.

*Prof. Gregg Hallinan: PI

fOriginal optical design provided by Dr. Richard Dekaney @flt€ch Optical Observatories; this is
a conceptual design for another instrument and was slightdified by the author for the purpose of a
CHIMERA mk.ll concept drawing. Private communication.
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Figure C.1: Here we show an Offner relay setup, via the Zenesigth software (3D
system). The elements are labelled as follows: (1) Primedpoint. (2) Pick-off mirror at
45 degrees. (3) Reflection point 1 one side of large sphamaabr. (4) Reflection point 2
on to other side of large mirror. (5) Reflection point 3 fromgkamirror. (6) Dichroic beam
splitter. (7) Focus point. We note that we only show one paimfthe dichroic mirror,

labelled (6).
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Figure C.2: We show the same setup as in Figure C.1, but athalethe Wynne corrector
system for reference. The element labelling is identicah#d of the previous figure. We
note that the negative Z axis is pointing in to the page.



SCIENCE

“Perfect as the wing of a bird may be, it will never enable ihe
bird to fly if unsupported by the air. Facts are the air of

science. Without them a man of science can never rise”j..
Ivan Pavlov

“There is a single light of science, and to brighten it

anywhere is to brighten it everywhere” ..isaac Asimov



