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"Equipped with his five senses, man explores the universe around him and calls the 
adventure Science." 
 
                                                                               Edwin Hubble 

  
 
 
 
    

Abstract 
 
Brown dwarfs and low-mass stars together comprise the group of galactic objects known 
as ultracool dwarfs. A number have been detected as radio sources – in some cases, 
emitting periodic radio pulses synchronised to the dwarf's known rotational period. 
Detections of optical variability in ultracool dwarfs have been primarily attributed to stellar 
rotation, with the modulations observed a consequence of either magnetic spots on the 
surface, the presence of atmospheric dust, or auroral emission. A combination of these 
mechanisms may be required to explain some dwarf lightcurves. Rotational estimates of 
ultracool dwarfs are typically obtained spectroscopically; however accurate estimates of 
true rotation velocities require knowledge of the dwarf's rotational inclination axes. Direct 
measurement of a rotational signature in photometric data however provides an 
unambiguous rotational period, and this information can be used to constrain dwarf 
inclination geometries.  
 
   In this thesis, we report on over ~ 160 hrs monitoring in I-band of multiple epochs from 
four ultracool dwarfs, spanning M tight binary dwarf 2MASS J1314203+132001A and L 
tight binary dwarf 2MASS J0746425+200032AB, the M9.5 dwarf BRI 0021-0214, and the 
L3.5 dwarf 2MASS J00361617+18211. This photometric campaign was carried out using 
the Galway Ultra-Fast Imager (GUFI) on the 1.8m Vatican Advanced Technology 
Telescope (VATT), on Mt. Graham, Arizona. All selected dwarfs exhibit periodic optical 
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variability, where periods of both secondary components for our binary samples were 
newly discovered. 
 
   This thesis discusses the use of two photometric analysis tools with the explicit aim of 
improving the quality of ground-based photometric measurements. Each data set was 
used to test the performance of the two systems. We find the LuckyPhot technique has 
obvious benefits to high precision photometry by reducing photometric errors, where the 
mean RMS error was reduced by ~ 47% with respect to the errors produced by the more 
standard GUFI pipeline method. 
 
   This thesis also outlines a novel tool, Light Curve Fitter, which we apply to the binaries 
to investigate the presence of periodic photometric modulation in both binary members: 
refining the dominant member variability parameters, and searching for an elusive period 
of the weaker member. Light Curve Fitter is a python-based program, capable of detecting 
superposition of two sinusoidal waves to untangle the weaker components variability 
signature from that of the dominant source variability.  
 
   We identify a newly discovered optical variability in the primary and secondary 
components of ultracool dwarf binary 2MASS J1314203+132001AB and 2MASS 
J0746425+200032AB, respectively. The optical data presented for both systems shows 
strongly correlated emissions in terms of phase and temporal variability. We have also 
shown the A and B variability signals of both dwarf binaries 2MASS J0746425+200032AB 
and 2MASS J1314203+132001AB, respectively, to be extremely consistent and stable 
over multiple epochs. This stability had seen in both radio and spectroscopic data, and 
the mechanism driving these processes in different parts of the electromagnetic spectrum 
could perhaps be fundamentally linked.    
 
   We also investigate the orbital coplanarity of both binary dwarfs. Here the ability to 
deconvolve the inclination angle from the spectroscopic radial velocities, using direct 
estimates of the dwarf rotational periods, allows us to constrain the spin-orbit coupling of 
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the binary system. In the case of the L dwarf binary 2MASS J0746425+200032AB, we 
calculate the equatorial inclination angle of the binary rotation axes are in alignment with 
the orbital plane of the system to within 10 degrees, consistent with solar-type binary 
formation mechanisms. For the M7 dwarf binary 2MASS J1314203+132001AB, due to 
missing parameters for the primary component, we investigate a tentative alignment of 
the spin-orbital axes of the A component. We find that the equatorial inclination angle of 
the secondary member spin axes is largely consistent with being aligned perpendicularly 
to the orbital plane. Finally, we find the rotation axes of the two single dwarfs are not 
perpendicular to our line of sight. 
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" It is clear to everyone that astronomy at all events compels the soul to look upwards 
and draws it from the things of this world to the other." 
                                                                                         
                                                                                       Plato 

 

  

Thesis Motivation 
 
This work commenced in February, 2016 and initially started as an investigation of 
periodic photometric variability of four ultracool dwarfs spanning the ~ M7 - L3.5 spectral 
range - the M tight binary dwarf 2MASS J1314203+132001AB and L tight binary dwarf 
2MASS J0746425+200032AB, the M9.5 dwarf BRI 0021-0214, and the L3.5 dwarf 
2MASS J00361617+18211. Although all four targets have high spectroscopically derived 
rotation rates, we were motivated to conduct I-band optical observations in order to 
confirm photometric variability for 2MASS J00361617+1821, 2MASS 
J1314203+132001AB and 2MASS J0746425+200032AB, and to determine whether the 
optical periodicity in these objects existed and was stable over the years. In addition, we 
were motivated to remove the uncertainty around the possible periodicity of BRI 0021-
0214, and to investigate the presence of optical modulation in the 2MASS 
J1314203+132001B and 2MASS J1314203+132001A, since no periodic optical variability 
had been detected from both so far. Knowledge of these rotation periods for both 
components of the binary dwarfs would allow us to investigate the orbital coplanarity of 
each system, and provide further insight into the astrophysics of these targets. 
 
   Another goal in this work was to investigate the performance of optimum aperture vs. 
standard (fixed) differential aperture photometry, aiming to produce more precise 
lightcurves with lower photometric scatter. This would allow us to improve lightcurve fits 
and to investigate secular stability of the rotation periods, amplitudes and phase of these 
dwarfs.
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“Astronomy is useful because it raises us above ourselves; it is useful because 
it is grand… It shows us how small is man’s body, how great his mind, since his 
intelligence can embrace the whole of this dazzling immensity, where his body 
is only an obscure point, and enjoy its silent harmony.” 
 
                                                                           Henri Poincaré 
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1.1 Introduction  
 

or many years, brown dwarfs were considered to be the missing link 
between the massive gas planets and the lowest mass stars. The 
existence of brown dwarfs was predicted more than 30 years before 
they were first observed (Kumar, 1963; Hayashi and Nakano, 1963). 

The first study that confirmed the discovery of a brown dwarf was by Nakajima et 
al. (1995), who observed the cool brown dwarf Gliese 229B (Gl229B). The 
category of ultracool dwarfs consists of brown dwarfs and low mass stars, which 
together represent most of the stellar mass in the Milky Way Galaxy. Based on 
an extensive accumulation of theoretical and observational studies of their stellar 
properties, four spectral groups (late-M, L, T and Y) have been assigned to these 
stellar or sub-stellar objects.   
 
   This chapter is structured as follows: Section 1.2 is an overview of ultracool 
dwarf stars and their properties. Section 1.3 presents a summary of the physics 
of ultracool dwarf stars. We outline the thermonuclear processes of ultracool 
dwarfs in Section 1.4. In Section 1.5, we summarise the evolutionary models for 
sub-stellar objects that are adopted to predict temperature, luminosity, mass, 
gravity and other parameters. In Section 1.6, we briefly outline the spectral and 
atmospheric properties of late-M, L and T-type dwarfs. Section 1.7 outlines the 
magnetic activity in stellar and sub-stellar objects, and the mechanism that is 
responsible for generating radio emissions in both cases. Lastly, in Section 1.8, 
we discuss the various causes responsible for periodic optical modulation from 
ultracool dwarfs. 
 

1.2 Ultracool Dwarf Stars  
 
As already noted, ultracool dwarfs (UCDs) encompass brown dwarfs and low 
mass stars together. These very faint, dense and cool objects are very difficult to 
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detect and very hard to classify (Basri, 2000). These objects are found at, or 
below, the stellar-substellar boundary (end of the Hertzsprung-Russell (H-R) 
diagram), with a spectral class range of M7 and later (Kirkpatrick et al., 1997). 
UCDs are fully convective objects, with an effective temperature below 2500 K, 
which makes their atmospheres increasingly cool and neutral (Harding, 2012). 
Unlike the main sequence stars, these objects are not large enough to sustain 
thermonuclear fusion, and therefore have very low temperatures and luminosities. 
Indeed, it is extremely difficult to monitor UCDs more distant than 100 pc, even 
with the latest generation of large terrestrial telescopes. Today, about 15% of the 
known objects in the solar neighborhood are UCDs (Cantrell et al., 2013; Bartlett 
et al., 2017; Fernandes et al., 2019). The brown dwarf categories have hazy 
boundaries, they are too large to be planets and too small to be stars. Brown 
dwarfs have masses between ~ 13 and 75 - 80 times the mass of Jupiter or ~ 
0.0125 to 0.077 the mass of the Sun (Saumon et al., 1995, Basri, 2000). Objects 
with mass less than ~ 0.07 - 0.08 𝑀⨀ can never sustain thermonuclear hydrogen-
burning (fusing H – He) in their core, like our Sun (Basri, 2000). Theory predicted 
that the presence of electron degeneracy before hydrogen-burning occurred 
could hinder the gravitational collapse of a star (Kumar, 1963). While this 
description can be considered to be a rough definition of a brown dwarf, it is not 
rigorous enough, considering that some higher mass brown dwarfs can 
accommodate some hydrogen fusion (Basri, 2000, Lane, 2008). Many 
evolutionary models (e.g., Burrows et al., 1993, Burrows et al., 1997, Baraffe et 
al., 1998, Chabrier et al., 2000, Burrows et al., 2001, Baraffe et al., 2003, Saumon 
and Marley, 2008, Dieterich et al., 2014, Baraffe et al., 2015, Dupuy and Liu, 
2017) predicted a hydrogen-burning minimum mass limit of 70 - 80 𝑀UAB (0.07 – 
0.08 𝑀⨀) for an object of solar metallicity, and ~ 98 𝑀UAB	for an object of zero 
metallicity. The central temperature for an object of solar metallicity is roughly 3 x 
106 K, and the surface temperature is in the range of ∼ 1600 - 1750 K with a 
luminosity of 6 × 10−5 𝐿⨀ (Ushomirsky et al., 1998). Several studies (e.g., Burrows 
et al., 1993; Reiners and Basri, 2009), showed that mid-M dwarfs (∼ M3.5) are 
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probably fully convective objects, believed to harbour high-pressure 
environments, and gradually losing their luminosity, gravitational energy and 
temperature over long timescales.  
 
   As already noted, brown dwarfs are not massive enough to ignite hydrogen 
steadfastly in their cores, but deuterium fusion can occur in brown dwarfs that are 
as little as ~ 13 𝑀UAB (~ 0.012 𝑀⨀), as it requires a lower temperature of initiation 
(Basri, 2000, Joergens, 2005). Also, dwarfs of mass heavier than ∼ 65 𝑀UAB            
(~ 0.06 𝑀⨀) can fuse lithium (Basri, 2000). By the early 1990s, the so-called ‘Li 
test’ was used to distinguish between substellar and stellar objects, by detecting 
the Li absorption line at 6708 Å in their atmosphere (Rebolo et al., 1992). The 
principle behind the lithium test is relatively simple, as stars cannot retain their 
lithium beyond ∼100 Myr at most, because of the associated central temperature 
(Basri, 2000). This never happens in most brown dwarfs. Dantona and Mazzitelli 
(1985) found that objects whose mass is less than ~ 60 𝑀UAB	(~ 0.06 𝑀⨀) never 
attain the minimum lithium burning temperature in their cores due to core 
degeneracy. However, this test is not a perfect indicator, since lithium is also 
detected in young stellar objects, which have not yet had enough time to deplete 
fully. Conversely, high-mass dwarfs can deplete their lithium if they are old 
enough (Lane, 2008; Harding, 2012). In the mid to late-T dwarfs, Li is in molecular 
form and therefore cannot be identified by the 6708 Å absorption line, although it 
can be detected as a band near ~ 15.5 μm (Burrows et al., 2001).  
 
  There is still some debate about the boundary between brown dwarfs and giant 
planets. Although the mass threshold for deuterium fusion is roughly 13 𝑀UAB (the 
lower mass limit of brown dwarfs), it has been revealed that planets can also burn 
deuterium at roughly 0.0012 𝑀⨀ (~ 1.25 𝑀UAB) (Hoxie, 1970; Joergens, 2005; 
Mollière and Mordasini, 2012; Bodenheimer et al., 2013). Brown dwarfs begin 
forming the same as ordinary stars, by gravitational collapse, whereas 
protoplanetary disks form giant planets (Burrows et al., 2001). The main 
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difference between these processes of formation is the need for giant planets to 
form a rocky core first, which for stars and brown dwarfs is not the case.  
 
 

1.3 Interior physics of ultracool dwarf 
stars 
 
This section is mainly based on Burrows et al. (1997), Basri (2000), Reid et al. 

(2000), Chabrier and Baraffe (2000) and Burrows et al. (2001). 
 
   The relation between pressure and other locally-varying parameters such as 
mass and temperature is known as the equation of state for stellar objects. While 
it is a challenge to calculate the equation of state for ultracool dwarfs, it 
necessitates taking partial pressure ionization, polarized and partially degenerate 
classical and quantum plasmas into consideration. The interior models of brown 
dwarfs exhibit typical conditions in the core involving densities of 10	g	cm[\ 	≲

	𝜌^ 	≲ 	 10\	g	cm[\, temperatures 𝑇 		as low as ~	3 × 10b	K, and pressures of 
𝑃 	~	10d	Mbar (Burrows et al., 2001). The physics of low-mass stars relies on their 
masses. Studies have emphasized that stars < 0.4	𝑀⊙ (later than spectral type 
M3 – 3.5) are fully convective but still behave classically (Wright and Drake, 
2016), whereas hydrogen-burning minimum mass stars are partially degenerate. 

This degeneracy is identified by the degeneracy parameter, 𝜓 = :?
:?n

  where 𝑇= is 

the electron Fermi temperature, which will indicate the degree of degeneracy 
(𝜓 → 0 corresponds to full degeneracy (defined by Fermi-Dirac statistics)), while 
𝜓 → +∞ corresponds to the classical limit (Maxwell-Boltzmann). It should be 
noted that the degeneracy parameter 𝜓 is of order unity and the temperature is 
the order of the electron Fermi temperature 𝑇=. See Figure 1.1, which illustrates 
the relationships between the mass of ultracool dwarfs and substellar objects and 
their central temperatures, densities and degeneracy parameter. 
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It is important to calculate the polytropic index, which features in the Lane–Emden 
equation where the pressure is related to the density in the form: 
 
 

𝑃 = 𝐾𝜌^
(tu/)/t ………(1.1)	

 
 

Figure 1.1  Plots of central temperature 𝑇  (in K), density 𝜌^ (in g cm−3), and degeneracy 
parameter 𝜓^ against the mass range of ultracool dwarf stars for objects with solar 
metallicity 𝑍⨀ at 5 Gyr (solid line) and 108 yr (dashed line), and with a metallicity Z = 10−2 
𝑍⨀ at 5 Gyr (dotted-line). This was adapted from Chabrier and Baraffe (2000). 
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where is 𝑛 is a constant and known as the polytropic index, 𝑃  and 𝜌^  are the 
central pressure and density, respectively, and 𝐾 is a constant. For stars greater 
than ∼ 0.4 𝑀⨀, the polytropic index changes slowly from 𝑛 = 3/2	 to 𝑛 = 3  as the 
mass increases, due to the growing radiative core. Based on the standard stellar 
structure model, main sequence stars like our Sun have an index n = 3 polytrope 
(Pols, 2011), and 𝑃  and 𝜌^		increase with increasing mass. In contrast, main 
sequence stars below 0.4 𝑀⨀ become fully convective (with an index n = 3/2 
polytrope) and so cannot possess a tachocline layer like our Sun. In these stars, 
radius (𝑅) is proportional to mass (𝑀), and central density increases with 
decreasing mass ( 𝜌^	𝛼	𝑀[y), since the gas is still within the classical regime. For 
objects below the hydrogen-burning minimum mass, the electron degeneracy 
parameter,	ψ, is nearly zero (full degeneracy). Because of this, the properties 
change, where the mass-radius relationship turns into 𝑀	𝛼	𝑅[\, and the central 
density begins to decrease with decreasing mass 	𝜌^	𝛼	𝑀y, yielding non-
monotonic behavior of 𝜌^	and 	𝑃  with 𝑀. These relationships between mass and 
radius do not apply to objects that are subjected to partial degeneracy such as 
Jupiter or brown dwarfs, which all have similar radii. 
 
 

1.4 Thermonuclear Processes within 
Ultracool Dwarfs 
 
Ultracool dwarfs begin just like their main-sequence siblings, as their formation 
follows the traditional theory of formation through the first stages of star evolution 
(Bodenheimer, 1978; Shu et al., 1987). This involves the collapse of an interstellar 
cloud of dust and gas, gravity tightly gathering the components and forming a very 
young star (protostar) at its centre. When gravitational contraction heats a 
protostar of mass greater than the hydrogen-burning minimum mass limit, when 
the core reaches a temperature and pressure high enough to trigger 
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thermonuclear fusion reactions in the core and ignite the proton-proton chain 
(pp − I):  
 

𝑝 + 𝑝	 → 𝑑 +	𝑒u +	𝑣+ ………(1.2)	
 
   Equation 1.2 describes the thermonuclear fusion process of ultracool dwarfs 
(Burrows et al., 1993; Chabrier and Baraffe, 1997) , where 𝑝 are free protons, 𝑑 
are deuterium ions, 𝑒u are positrons and 𝑣+ are electron neutrinos. The deuterium 
generated in the first branch in the proton-proton chain (pp − I) can combine with 
another free proton to produce the light isotope of  Helium, 3 𝐻𝑒. 
 

𝑝 + 𝑑 ⟶	3	𝐻𝑒 + 	𝛾 ………(1.3)	
 

   Research by Hoxie (1970) predicted that objects greater than ∼ 0.0012	𝑀⨀         

(~ 1.25 𝑀UAB) burn all their deuterium in a short time (between 0.1 < 𝜏 < 10	Myr) 
due to low deuterium abundance. About 95% of the total luminosity emits from 
the object during the deuterium-fusion process.  
 

3	𝐻𝑒 +	3	𝐻𝑒 ⟶	4	𝐻𝑒 + 2𝑝………(1.4)	
 

   These reactions in Equations 1.3 and 1.4 are the chief source of the energy 
(more than ~ 99%) for substellar objects (≤ 0.07	𝑀⨀), while pp − II reactions 
detailed below provide only ∼ 1%. For objects greater than 65 𝑀UAB (~ 0.06 𝑀⨀) 
lithium isotopes Li are fused according to the following equations which form part 
of the pp-II branch: 
 

𝑝 +	7	𝐿𝑖 ⟶ 2𝛼………(1.5)	
 

𝑝 +	6	𝐿𝑖 ⟶ 𝛼 +3	𝐻𝑒 ………(1.6)	
 

   As we mentioned before, the lithium depletion point occurs at ~ 100 Myr 
(Chabrier et al., 2000). Objects of mass ≧ 0.06	𝑀⨀ burn their lithium, in contrast 
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to the hydrogen-burning minimum mass of ∼ 0.07	𝑀⨀. It was thus because of the 
close proximity of the lithium burning point to the hydrogen-burning minimum 
mass point, the Li test was initially used to differentiate between substellar and 
stellar objects. 
 
 

1.5 Evolution of Ultracool Dwarfs 
 
There has been numerous research, e.g. Chabrier et al. (2000), Burrows et al. 
(2001) and Baraffe et al. (2015) to study the evolution of brown dwarfs, which 
relied largely on empirical spectra and evolutionary models. There is a 
considerable departure in the atmospheric conditions of ultracool dwarfs 
compared to the M-type dwarfs down to type M6. In comparison to stars like the 

Sun, the atmosphere of brown dwarfs and low-mass stars is cool enough to form 
neutral atoms, to have collisional excitation (absorbers and emitters) and many 
chemical molecular species, depending on factors such as temperature and 
gravity. In fact, the temperature and luminosity for sub-stellar bodies are unstable 
since the nuclear reactions described in Section 1.4 cannot be sustained for long 
and hence their radiative losses evolve. As shown in Figure 1.2, the temperature 
profile 𝑇+,,		of sub-stellar objects decreases steadily after the initial protostellar 
contraction stage. While brown dwarfs of ~ 79 𝑀UAB		(~	0.075	𝑀⨀)	can maintain 
temperatures of a few thousand Kelvin (for up to about 300 Myr), brown dwarf 
temperatures never stabilize after this time and gradually decrease over their 
lifetime. 
 
   As noted in Section 1.2, the hydrogen-burning minimum mass point is 
approximately 0.070 − 0.075	𝑀⨀. The central temperature for solar-type 
metallicities at the hydrogen-burning minimum mass is as low as ~ 3 x 106 K, the 
surface temperature range is ∼ 1600 - 1750 K (Ushomirsky et al., 1998), and the 
luminosity is ~ 6 × 10−5 𝐿⨀ (Ushomirsky et al., 1998; Burrows et al., 2001). The 
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essential evolutionary quantities in the formation of substellar-mass objects can 
be adequately estimated, using the relationships below that follow approximate 
power-laws (Burrows et al., 2001): 
 

𝐿	~	4 × 10[d	𝐿⨀		(
10�	𝑦𝑟
𝑡 )/.\		(

𝑀
	0.05	𝑀⨀

)[y.b�		(
𝑘�

10[y	𝑐𝑚y	𝑔𝑚[/)
0.\d ……… (1.7)	

 

𝑇+,,	~1550𝐾		(
10�	𝑦𝑟
𝑡 )0.\y		(

𝑀
	0.05	𝑀⨀

)0.�\		(
𝑘�

10[y	𝑐𝑚y	𝑔𝑚[/)
0.0�� ………(1.8)	

 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Effective temperature 𝑇+,,		vs. time (log	 t,	years) for different masses (in 𝑀⨀) 
and sets of atmospheric models. The solid red lines represent DUSTY models (with dust 
opacity), which takes into account turbulent mixing in atmospheric areas. The dotted 
green lines correspond to COND models (no dust opacity), which relates to inefficient 
atmospheric mixing. The black dashed-dotted lines show the NextGen models (no dust 
formation), which are based on dust-free environments (Allard et al., 1996; Hauschildt et 
al., 1999). This plot was taken from Chabrier and Baraffe (2000).  
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where 𝑘� represents the mean opacity. Note that these relationships are valid for 
solar-type metallicities, whereas, for other atmospheric opacity prescriptions 
(such as for silicate clouds) different solutions to the above equations will be 
obtained (Burrows et al., 2001). 
 
    

Figure 1.3 The evolution of the luminosity (𝐿 𝐿⨀� ) of M dwarfs and sub-stellar objects vs. 

time (in yr). The solid, dashed and dot-dashed lines correspond to stars, brown dwarfs 
and planets, respectively, whose masses are marked (in 𝑀⨀). This figure was taken from 
Burrows et al. (1997), who designate brown dwarfs as objects that can have deuterium 
fusion (above ~ 0.0012 𝑀⨀), whereas they define planets as objects that do not have 
enough mass to burn deuterium - although, as noted in Section 1.2, the non-deuterium-
burning basis of the planet definition has since been questioned. The lowest three curves 
in this plot correspond to Saturn (~ 0.3	𝑀UAB), half the mass of Jupiter and one Jupiter 
mass. As can be seen from the curves, there are luminosity bumps between 10� and 10� 
yrs for stars and brown dwarfs, due to the formation of silicate and iron grain.    
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Figure 1.4 The evolution of radius (𝑅) with effective temperature (𝑇+,,), for different 
masses (from Saturn mass (0.0003 𝑀⨀) to the hydrogen-burning minimum mass                      
(0.07𝑀⨀)). The brown dwarfs and planets are shown as solid and dashed curves, 
respectively. This evolutionary model is shown for a range of 6.5 - 9.5 log years ( ∼ 300 
Myr - 3 Gyr). As is clear from the plot, the radius of brown dwarfs decreases steadily with 
time, possibly due to compression factor due to increasing degeneracy pressure over 
their lifetime (Burrows et al., 1993). This plot was taken from Burrows et al. (1997). 
 
 
Evolutionary models by Burrows et al. (1997) and Chabrier et al. (2000) predict 
that the temperatures and luminosities of brown dwarfs change dramatically with 
time (Figure 1.2 & 1.3). Because of their low temperatures and extremely low 
luminosities, this makes them very difficult to detect. On the other hand, the radius 
of the brown dwarf has a steady evolution over its lifetime as the models predict 
(Burrows et al., 1997; Figure 1.4). 
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The mass and radius relationships for low mass stars were obtained by Burrows 
et al. (1993), Marley et al. (1996) and Burrows et al. (2001), where 𝑔 represents 
the surface gravity: 

𝑀	~	35𝑀@AB		(
10d

𝑔 )[0.b�		(
𝑇+,,
1000𝐾)

0.y\ ………(1.9)	

	

𝑅	~	6.7 × 10�𝑘𝑚		(
10d

𝑔 )0./�		(
𝑇+,,
1000𝐾)

0.// ………(1.10)	

 
 

Figure 1.5  The evolution of  log/0 gravity (in cgs units)  vs. effective temperature 𝑇+,, (in 
K), for M-dwarfs, sub-stellar and planetary objects. These evolutionary tracks are shown 
for a range of log 6.5 - 9.5 years. The evolutionary tracks of brown dwarfs, planets and 
stars are shown as solid green, red and blue lines, respectively. This plot was taken from 
Burrows et al. (1997). 
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The surface gravity which depends only on radius and mass ranges from log𝑔 ≃ 
4.4 at ∼1 𝑀⨀ (like our Sun), log 𝑔 ≃ 5.5 for 0.070 𝑀⨀ (the hydrogen-burning 
minimum mass) and log𝑔	≃ 3.4 for objects at the deuterium-fusion minimum mass 
(≤ 0.0012 𝑀⨀). Figure 1.5 shows the variation of	log𝑔 with 𝑇+,,, as the gravity 
increases with time in all cases. Note that in the case of massive brown dwarfs, 
the temperature remains stable or increases slightly due to gravitational 
contraction, before irresistibly decreasing in later times.  
 
 

1.6 Atmosphere and Spectral Classification 
of Late-M, L and T-type Dwarf Stars 
 
The atmosphere of an ultracool dwarf plays a key role in determining the evolution 
and appearance of the object, despite being a small fraction of the total mass 
(Marley and Robinson, 2015). The relatively cool, dense atmosphere of ultracool 
dwarfs is regarded as a good environment for molecular particulates formation 
and hence atmospheric chemistry (Visscher et al., 2006). The atmosphere 
regulates the object's spectral signature, as it imprints on the thermal radiation 
emitted the different signatures of gases, condensates, gravity, and temperature 
profiles. For this reason, our ability to understand the atmospheres of ultracool 
dwarfs depends on our understanding of the spectrum and evolution over time of 
these cool objects (Marley and Robinson, 2015). It has now been well established 
that the transition from partially convective configurations to fully convective 
interiors (not possessing a tachocline layer) occurs in the mid-M stars (~ M3 
spectral type) around a mass of ~ 0.35 𝑀⨀ (Reiners and Basri, 2009; Harding, 
2012; Wright and Drake, 2016). 
 
   At  𝑇+,,		about 3500 K (spectral class ∼ M3), hydrogen and carbon are present 
in the form of 𝐻y and 𝐶𝑂 respectively, while excess oxygen is bound in titanium(II) 
oxide (𝑇𝑖𝑂),  vanadium(II) oxide (𝑉𝑂) and 𝐻y𝑂, and less so in the form of 𝑂𝐻 and  
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Figure 1.6 Spectra of late-M (M9), early- to mid-L (L3), and late-L (L8) dwarfs for 
comparison. Prominent features in the spectra such as hydride bands (𝐹𝑒𝐻, 𝐶𝑟𝐻, 𝐶𝑎𝐻, 
and 𝑀𝑔𝐻), metal hydrides (𝐹𝑒𝐻, 𝐶𝑎𝐻, and 𝑀𝑔𝐻), strong absorption lines (𝑇𝑖𝑂, 𝑉𝑂, and 
𝐻y𝑂) and alkali lines (𝐾, 𝑁𝑎, 𝑅𝑏, 𝐶𝑠) are indicated. There is an obvious weakening/ 
disappearance of oxide absorption (𝑇𝑖𝑂) features in the L dwarfs spectrum, while 
features such as alkali and hydride bands (e.g. 𝐹𝑒𝐻 and 𝐶𝑟𝐻) are prominent. The 𝑁𝑎	𝐼 
line becomes gradually weaker as we move down the spectral sequence. In addition, the 
slope after ∼7600 Å is increasing due to the exceptional broadening of the K I resonance 
doublet, which contributes to the color. This plot is adapted from Kirkpatrick et al. (1999). 
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𝑂 molecules (Fegley Jr and Lodders, 1996). Signatures of metal oxides and metal 
hydrides such as (𝐹𝑒𝐻, 𝐶𝑎𝐻, and 𝑀𝑔𝐻) are found in the spectrum at the 
temperature of this regime, and absorption lines are prominent for 𝑇𝑖𝑂 and	𝑉𝑂 at 
optical wavelengths and in the infrared for 𝐻y𝑂 and 𝐶𝑂 (Figure 1.6). Thus, the 
strong presence of 𝑇𝑖𝑂 and 𝑉𝑂 absorption lines in the spectra are characteristic 
of the M dwarf spectral class (Kirkpatrick et al., 1991; Kirkpatrick et al., 2000). 
However, the 𝑇𝑖𝑂 and 𝑉𝑂 bands become much less prominent at 𝑇+,,		∼ 2000 K 
or so, with a small amount of 𝑇𝑖𝑂 remaining in the spectrum (Kirkpatrick et al., 
1999). 
 
   Based on spectroscopic observations, the subsequent spectral class, the L 
dwarfs, have been shown to be cooler than type M dwarfs, with an effective 
temperature in the range 2000 ∼ 1300 K (Kirkpatrick et al., 1999). They are 
defined by spectroscopic signatures in the optical region of the spectrum, where 
metallic oxides absorption (𝑇𝑖𝑂 and 𝑉𝑂) lines are replaced by metallic hydride 
emission bands (𝐹𝑒𝐻, 𝐶𝑟𝐻, 𝑀𝑔𝐻, and 𝐶𝑎𝐻) and the dominance of neutral alkali 
metal lines such as 𝐿𝑖, 𝑁𝑎, 𝐾, 𝐶𝑠, and 𝑅𝑏 and 𝐻y𝑂 and 𝐶𝑂 molecular absorption 
lines (Figure 1.6 & Figure 1.7) (Kirkpatrick et al., 1999). Due to the presence of 
chemical particulates (such as 𝐶𝑎, 𝐴𝑙, 𝐹𝑒, 𝑆𝑖, and 𝑀𝑔), the opacity level changes 
(Kirkpatrick et al., 1999; Martín et al., 1999). 
 
   At  𝑇+,,		about 1300 - 1500 K, a slow transition takes place in the equilibrium 
form of carbon monoxide (𝐶𝑂) molecules to become methane (𝐶𝐻�). This 1300K 
boundary led to the definition of a new spectral type of UCD, initially dubbed 
‘methane dwarfs’, and later the T-dwarfs (Fgure 1.7). Gl 229B (which orbits the 
red dwarf Gl 229A) became the prototype of the T dwarfs, after methane 
absorption features were revealed in its spectrum (Oppenheimer et al., 1995). 
The T dwarf optical spectrum is characterized by a lack of metal hydrides, a 
greater 𝐻y𝑂 absorption compared to L dwarfs and a steeper spectral slope, in 
addition to methane absorption bands that dominate in their spectra (Figure 1.7). 



 
17 

For an in-depth discussion of spectral type L and T dwarfs, we refer the reader to 
Burgasser (2001); Burgasser et al. (2002); Kirkpatrick (2005).  
 

Figure 1.7 Near-infrared spectra of a mid-L (2MASS J0850359+105716), a late-L 
(2MASS J1632291+190441) and a T dwarf (Gl 229B) for comparison. In the spectrum of 
the late-L dwarfs, we note the presence of a 𝐶𝑂 absorption band and the absence of 

methane (𝐶𝐻�) absorption features. We also point out that in the infrared, 𝐻y𝑂 and 𝐶𝐻� 
absorption bands dominate. This Figure was taken from Kirkpatrick et al. (1999). 
 
 

1.7 Radio Emission Processes from Stellar 
and Substellar Regions 
 
In this section, we present an overview of the different radiation mechanisms that 
are thought to play a role in radio emissions from stellar and sub-stellar objects. 
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Radio observations from the most massive O-type stars down to the very low 
mass dwarf stars play a fundamental role in understanding the outer atmospheres 
of stars. Radio emissions from the sun and stars arise from several different 
phenomena, and their characteristics may vary depending on the amount of 
energy associated with the event (Dulk, 1985; Seaquist, 1993). It has now been 
well established that there are a number of mechanisms that may be responsible 
for non-flaring, steady and quiescent emissions (usually caused by incoherent 
radiation processes), in addition to intense and extremely energetic events such 
as solar flares activity (usually caused by coherent radiation processes) (Dulk, 
1985).  
 
   Much of the radio radiation observed is caused by the collision excitation as 
electrons accelerate or deflect when they travel through Coulomb fields and 
collide with ions, causing deceleration or braking, or charged particles. Electrons 
may collide with the nucleus, so electrons are either slowed down or entirely 
stopped by the force of any atoms they encounter. The kinetic energy of electrons 
is converted into photons. This process is referred to as thermal bremsstrahlung 
or ‘free-free’ emission (Dulk, 1985; Shu, 1991; Seaquist, 1993; Güdel, 2002; 
Rybicki and Lightman, 2008). For electrons that are mildly relativistic (𝛾 < 2 𝑜𝑟 3), 
gyrosynchrotron radiation arises from considerable acceleration due to spiralling 
around magnetic field lines (Dulk, 1985; Seaquist, 1993; Güdel, 2002; Wu et al., 
2019). These emission processes are known as incoherent radiation processes. 
Two other incoherent emission processes, synchrotron emission and 
gyroresonance emission (the alternative name is cyclotron), are also present in 
many systems, but for electrons with highly relativistic energies (𝛾	 ≫ 1) and 
nonrelativistic particles (𝛾	 ≈ 1), respectively (Dulk, 1985; Seaquist, 1993; Güdel, 
2002).  
 
   One form of coherent radio-emitting process is the plasma emission, which can 
occur at the plasma frequency. However, other observed kinds of coherent 
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emissions are believed to occur when there is instability in the plasma, such as 
electron cyclotron maser (ECM) emission. It is believed that these particle – wave 
plasma instabilities could be caused by gyrating electrons in the magnetic field 
lines oscillating in resonance with the electric field lines of electromagnetic waves 
at a particular frequency (Dulk, 1985; Seaquist, 1993). This emission is produced 
near the electron cyclotron frequency: 
 

𝑣^	 ≈ 2.8 × 10b	B	Hz	……… (1.11) 
    
   where 𝑣 is frequency in Hz and B is field strength in Gauss. These two types of 
emission have gained increasing attention both for solar and stellar bursts; for 
details see Dulk (1985); Seaquist (1993); Güdel (2002); Benz (2002). The ECM 
mechanism was theoretically predicted by Twiss (1958); Gaponov (1959a); 
Gaponov (1959b); Schneider (1959), then experimentally by Pantell (1959). This 
mechanism could be responsible for the excessively high-energy radiation 
generated in magnetized plasma environments (Treumann, 2006). The 
necessary condition for this plasma to host the maser (Microwave Amplification 
by Stimulated Emission of Radiation), is instability in the plasma  along with a 
strong magnetic field (Dulk, 1985; Treumann, 2006). 
 
   Over the past two decades, the ECM instability mechanism has gained 
increasing attention as a source of radio emission bursts in ultracool dwarfs 
magnetospheres, although it is possible to detect other radiation processes that 
may be a source of the non-varying quiescent component of the radio emission 
(for details, see Hallinan et al. (2008); Harding (2012)). Maser activity is thought 
to be the cause of certain spectral types of solar and stellar radio bursts (e.g., 
Twiss, 1958; Mangeney and Veltri, 1976; Dulk and Marsh, 1982; Bingham et al., 
2001; Kellett et al., 2002; Treumann, 2006). Other studies (e.g., Melrose, 1976; 
Hewitt et al., 1981; Zarka, 1998) pointed out that the ECM mechanism is likely to 
dominate in magnetospheres of planets such as Jupiter, as it explains the 
observation of Jovian decametric emissions. Also, the ECM mechanism has been 
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suggested to be responsible for other intense radio emissions, such as the auroral 
kilometric radiation of the Earth (Wu and Lee, 1979; Pritchett, 1984a; Pritchett, 
1984b). 
 
   It is widely believed that the magnetic field of high mass stars is generated by 
so-called the 𝛼Ω −	dynamo (Parker, 1975). Magnetic fields are predominately 
produced by the rotation of a conductive charged fluid, which induces an electric 
field across the magnetic field. The production of more electric field can drive 
electric current and thereby produce a magnetic field, and so the magnetic field 
loop continues. Poloidal and toroidal magnetic fields (in the case of Sun-like stars) 
are widely believed to be generated when the outer convective zone meets the 
inner radiative zone. Between these two zones, there is the transition region kno- 
 

Figure 1.8 This series of processes called the αΩ-dynamo (Ω-effect and α-effect) can 
produce a self-reinforcing magnetic field. This Figure is adopted from: 
https://www.crediblehulk.org/index.php/2017/01/12/the-solar-dynamo-the-physical-
basis-of-the-solar-cycle-and-the-suns-magnetic-field/. 
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-wn as a 'tachocline', which contains a strong differential rotation at the base of 
the solar convective zone that converts the weaker poloidal (meridional) magnetic 
fields into stronger toroidal (azimuthal) magnetic fields, and vice versa (e.g., 
Ossendrijver, 2003; Howe, 2009). These magnetic fields are brought through 
magnetic buoyancy to the stellar surface. However to sustain the dynamo cycle, 
the process begins again when the rotation of the star once again produces  
poloidal magnetic fields that are moved to the transition region (tachocline), and 
so on. 
    
   Stellar differential rotation stretches out and winds the magnetic field lines 
around the Sun, which results in transforming poloidal magnetic fields into toroidal 
magnetic fields: this phenomenon is called the Ω-effect (Figure 1.8) (Bushby and 
Mason, 2004). In contrast, the α effect is that magnetic field lines are reversed 
and twisted into loops of field, due to the upthrust of flux tubes of magnetic fields 
from the surface of a star which converts toroidal magnetic fields to poloidal 
magnetic fields. Together, these two effects comprise the αΩ dynamo (Figure 1.8) 
(Bushby and Mason, 2004; Harding, 2012). Therefore, strong stellar fluid motions 
generate magnetic stresses by dragging magnetic field lines (Harding, 2012). In 
fact, the energy needed to maintain a corona and chromosphere can be provided 
by releasing magnetic stresses. Indicators like the CaII	K absorption line, 
chromospheric and coronal X-ray emission and H¤		emission are often used as 
reliable tracer tools to indicate the presence of magnetic fields in main sequence 
stars (Schrijver et al., 1989; Pevtsov et al., 2003).  
 
   The αΩ-dynamo is widely believed to hold with spectral classes ranging from F 
to early-M, while the dynamo breaks down around spectral class M3/M4 (around 
a mass of 0.3 - 0.4 𝑀⨀), where stars transition from partially convective (Sun-like) 
and develop fully convective interiors. Despite this, previous studies have shown 
that magnetic activity is prevalent in stars that are cooler than M4, where stars 
can produce kilogauss magnetic field strengths without the help of tachocline 
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shear (Saar and Linsky, 1985; Johns-Krull and Valenti, 1996; Donati et al., 2006; 
Reiners and Basri, 2007; Browning, 2008). Moreover, given that atmospheres of 
ultracool dwarfs become increasingly neutral and cool, and therefore have a 
higher electrical resistivity, dynamo theory originally suggested that these dwarfs 
could potentially generate small-scale fields, with a turbulent dynamo, or 
alternatively generate large-scale, non-axisymmetric fields. Observational studies 
have, however, revealed a large-scale axisymmetric magnetic field in the M4 
dwarf V374 Peg via spectroscopic magnetic mapping of its surface (Donati et al., 
2006).  In addition, Zeeman Doppler Imaging of M type stars shows a shift in the 
geometry of the magnetic field from toroidal and non-axisymmetric fields in M0 - 
M3 dwarfs to poloidal axisymmetric fields in M4 stars. This shift coincides with the 
migration from partially convective to fully convective interiors and may provide 
further evidence of a change in the dynamo mechanism (Donati et al., 2008; Morin 
et al., 2008). 
 
   Alternative dynamos have been proposed for magnetic field generation in fully 
convective dwarfs, such as the α2-dynamo, which is based on 3-dimensional 
magnetohydrodynamic simulations that would produce large-scale magnetic 
fields for low-mass stars, brown dwarfs, and probably gaseous planets (Chabrier 
and Küker, 2006). Indeed, many studies indicated that the underlying magnetic 
dynamos could be very similar in brown dwarfs, low-mass stars and giant planets 
(Christensen et al. 2009; Morin et al. 2011); however, this approach is currently 
under study (see Kao et al. 2016). The α2 effect in magnetic field generation 
indicates the effects of stratification and rotation of fluid, assuming no differential 
rotation. Chabrier and Küker (2006) found that this model dynamo efficiently 
generates large-scale, non-axisymmetric magnetic fields, in which the α2 effect 
produced several kiloGauss field strengths for fully convective stars such as very 
late-type stars and brown dwarfs, where larger magnetic field strengths can be 
generated from faster rotating bodies. 
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Cooler than spectral type ∼ M7, there is a distinct change in magnetic activity. A 
number of initial studies have shown that the magnetic activity traced in Hα and 
coronal X-ray emission decreases sharply, while Hα and X-ray flares were 
detected in a small number of objects, despite an apparent decline in quiescent 
emission (Reid et al., 1999; Liebert et al., 1999; Gizis et al., 2000; Rutledge et al., 
2000; Liebert et al., 2003; Fuhrmeister and Schmitt, 2004; Rockenfeller et al., 
2006; Robrade et al., 2010). Indeed, this detection of Hα and X-ray flares 
effectively supports the presence of chromospheric and coronal activity. It is beli- 
 
    
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.9 Plot of radio against X-ray luminosity for magnetically active stars including 
the Sun. The tight correlation between 𝐿� and 𝐿¥ is unambiguous, but this correlation 
begins to breakdown beyond spectral type M7. The observational data for late-M and L 
dwarfs are taken from Rutledge et al. (2000), Berger et al. (2001), Berger et al. (2002), 
Berger (2005), Berger et al. (2006), Burgasser & Putman (2005), and Audard et al. 
(2007), while other data are adapted from Güdel (2002). The inset plot confirms the 
departure from a constant ratio of radio to X-ray luminosity, for late M and L spectral 
types. This Figure is taken from Berger et al. (2008). 
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-eved that the overall decline in magnetic activity is due to reducing atmospheric 
ionization levels with spectral type (below 2300 K) or probably a change in the 
nature of the magnetic dynamo (Berger, 2002; Mohanty et al., 2002). The 
magnetic fields become decoupled in these atmospheric conditions, reducing the 
necessary injection of the magnetic field energy needed to heat the plasma. 
Furthermore, as a result of declining conductivity, it becomes difficult to  
generate current, which would indicate that it is not possible to maintain large-
scale configurations (Mohanty et al., 2002). 
 
   Since the rotation of the stars plays an important role in the magnetic dynamos, 
the relationship between the magnetic activity and the rotational period can 
provide a unique window for understanding the dynamo mechanism. In the case 
of solar-type stars, higher levels of Hα and coronal X-ray emissions are emitted 
by more rapidly rotating stars. But the rotation - magnetic activity relationship has 
been shown to break down for objects beyond spectral type ~ M8, as there is no 
indication of these activity markers in many rapid rotators (Neuhaeuser et al., 
1998; Gizis et al., 2000; Mohanty and Basri, 2003; West et al., 2004; Berger et 
al., 2009a; Reiners et al., 2010; Konopacky et al., 2010; Williams et al., 2013).  
 
   There is a tight correlation between the radio and the peak X-ray luminosities 
of a wide range of magnetically active stars up to spectral type M7, known as the 
Güdel–Benz relations (Guedel and Benz, 1993; Benz and Güdel, 1994). 
However, the radio emission from the M9 brown dwarf LP 944-20 observed by 
Berger et al. (2001) diverged from the Güdel–Benz relations by several orders of 
magnitude, and subsequent detections have proved that this divergence is not 
uncommon e.g. Berger et al. (2008) and Berger et al. (2009a) (Figure 1.9). 
Recently, a study carried out by Williams et al. (2013) revealed that differences in 
radio activity and other activity indicators (which are inconsistent with the Güdel–
Benz relations) may be possible for later spectral types and faster rotational 
velocities (v sin i) > 20 km s-1.   
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Figure 1.10 Three samples of radio lightcurves from ultracool dwarfs. For each example 
of lightcurves, the top plot displays the total intensity (Stokes I) while the bottom plot 
contains the circularly polarized emission (Stokes V). (A) TVLM 513-46 at 8.46 GHz 
showing significant periodic double pulses (100% right and left circularly polarized 
emission), occuring every ∼ 1.96 hrs, and weak quiescent emission. This Figure is 
adopted from (Hallinan et al., 2007). (B) L dwarf binary 2M J0746+20 at 8.46 GHz show- 

A. 

B. 

C. 
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Caption of Figure 1.10 continued from previous page 

-ing a strong single short-duration burst, right circularly polarized, that occurs at ~ 4 UT, 
and quiescent non-variable emission. This Figure is taken from (Berger et al., 2009b). 
(C) 2M J1314+13AB at 4.86 GHz showing that the radio emission is varying sinusoidally 
at 4.86 GHz. This Figure is adopted from (McLean et al., 2011). 

 
 
In the case of ultracool dwarfs, the decline in magnetic activity seen in Hα or 
coronal X-ray emissions does not indicate a decrease in field strength or filling 
factor (Lynch, 2014). Indeed, past observations have revealed quiescent and 
flaring non-thermal radio emissions from some dwarfs (late M type dwarfs, L 
dwarfs, and T dwarfs), confirming that some ultracool dwarfs are still capable of 
producing intense magnetic fields (Berger et al., 2001; Berger, 2002; Berger et 
al., 2005; Burgasser and Putman, 2005; Osten et al., 2006; Hallinan et al., 2006; 
Berger, 2006; Antonova et al., 2007; Hallinan et al., 2007; Berger et al., 2009b; 
Route and Wolszczan, 2012; McLean et al., 2012; Williams et al., 2013; Hallinan 
et al., 2015; Kao et al., 2016).  
 
   It has been well established that ultracool dwarfs with detectable radio 
emissions can exhibit a wide range of behaviors (Figure 1.10). A few surveys 
(e.g., Berger et al., 2008; Ravi et al., 2011) have reported quiescent radio 
emission of ultracool dwarfs, where this emission is broadband, does not vary 
detectably, and has low levels of circular polarization. Several dwarfs have 
lightcurves that exhibit variation in agreement with the rotation period. Either 
these lightcurves show smooth variations (e.g., McLean et al., 2011) or have short 
highly circularly polarized flare peaks (~ 100%) of very short duration (e.g., 
Burgasser and Putman, 2005; Hallinan et al., 2007). It appears that the underlying 
mechanisms that give rise to this radio emission are both incoherent and 
coherent. Berger (2002) proposed that incoherent gyrosynchrotron emission from 
a non-thermal distribution of mildly relativistic electrons could be a cause of the 
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persistent and flared emission from TVLM 513-46. The electron cyclotron maser 
ECM instability is an alternative mechanism accepted to be responsible for the 
pulsed emission from ultracool dwarfs such as TVLM 513-46546, 2MASS 
J0036+18 and LSR J1835+3259 (Hallinan et al., 2006; Hallinan et al., 2007; 
Hallinan et al., 2008; Berger et al., 2009; Williams & Berger 2015). This emission 
is responsible for the detected 100% circularly polarized periodic burst (Figure 
1.10, panel A). Equation 1.11 implies the presence of kilogauss magnetic fields 
of ∼ 3 kG in a large-scale stable magnetic field configuration, which is consistent 
with the typical average magnetic field strengths > 3.9 kG measured from Zeeman 
broadening of magnetically sensitive FeH lines for several samples of M dwarfs 
ranging from M2 down to M9 spectral type (Reiners and Basri, 2007). In fact, a 
number ultracool dwarfs spanning the spectral type range M8 to T6.5 have been 
observed to exhibit similar radio pulsing behavior (Route and Wolszczan, 2012). 

 
 

1.8 Periodic Photometric Variability of 
Ultracool Dwarfs  
 
Over the past decade, many photometric surveys have revealed that brown 
dwarfs and very-low mass stars are optically variable. The reason behind these 
surveys is also to study the physical nature of their atmospheres; for instance, to 
investigate if the features that are the most likely cause of variability rapidly form 
and disappear or are stable over long timescales. Various surveys have found 
variation at the predicted rotation period for an object ( e.g., Clarke et al., 2002; 
Koen, 2006; Lane et al., 2007; Littlefair et al., 2008). Ultracool dwarfs have also 
shown non-periodic variability, or periodic variability of time scales not correlating 
with the rotation of these very cool objects ( e.g., Gelino et al., 2002; Lane et al., 
2007; Maiti, 2007).  
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There are three plausible sources for producing optical variability as the star 
rotates: magnetic-induced spots, atmospheric dust, and auroral hot spots, or 
alternatively a mix of them (Martín et al., 2001; Gelino et al., 2002; Rockenfeller 
et al., 2006; McLean et al., 2011; Harding, 2012; Harding et al., 2013a; Hallinan 
et al., 2015; Croll et al., 2016; Pineda et al., 2017).  
 
   Optical studies have indicated the major influence of the presence of 
atmospheric dust in the photosphere of ultracool dwarfs. It has now been well 
established that the presence of photospheric dust is a consequence of some 
elements being absorbed from the gas phase, altering the metallicity or opacity 
of the atmosphere. After the M/L transition, the formation of dust grains initiates 
under the cool and dense conditions in the photosphere of ultracool dwarfs, and 
becomes more prominent in such environments; the presence of photospheric 
dust thus defines the L spectral classification (Littlefair et al., 2008). Previous 
studies have shown the potential for turbulent conditions in the atmospheres of 
ultracool dwarfs, together with rapid rotation and the existence of chemical and 
other atmospheric dynamics, all of which are likely to be parameters in the 
classification of stellar lightcurves (Allard et al., 2001). Furthermore, It is believed 
that the presence of photospheric dust can affect the magnetic properties of 
ultracool dwarfs (e.g., Marley & Robinson 2015). As was mentioned in Section 
1.7, a largely neutral and cool atmosphere, coupled with persistent collisions in 
the dense atmosphere between dust grains and charged particles, results in more 
electrically resistive atmospheres in L- dwarfs (Mohanty et al., 2002; Gelino et al., 
2002). Variability due to dust clouds is more fully explored in Section 1.8.2. 
 
   Magnetic spots are more common in solar-type stars, where the magnetic 
activity is generally attributed to the αΩ-dynamo, but while this mechanism 
apparently cannot operate in ultracool dwarfs, the α2 or turbulent dynamos 
(outlined in Section 1.7) may (Rädler et al., 1990; Durney et al., 1993; Browning, 
2008; Christensen et al. 2009; Yadav et al. 2015). A number of campaigns have 
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observed optical modulation of brown dwarfs and low mass stars (attributed to 
e.g. magnetically induced spots after radio emission detection); however, the 
transitional effective temperatures after the M/L transition presented another 
cause of this modulation in L spectral type, due to the prominent presence of 
photospheric dust clouds for these objects (Artigau et al., 2009; Radigan et al., 
2012; Gillon et al., 2013; Radigan et al., 2014; Buenzli et al., 2014; Crossfield et 
al., 2014b). In support of this conclusion, previous studies found that magnetic 
activity, as signaled by Hα, decreased rapidly in the M/L transition, approaching 
negligible levels in the spectral type L3 (West et al., 2004). While the detection of 
radio emission flares from a T6.5 dwarf (~ 900 K) (Route and Wolszczan, 2012), 
confirms that magnetic activity (~1.7 kG) persists beyond the observed drop-off 
in chromospheric/coronal activity detected across early-to-mid L spectral classes 
(Schmidt et al., 2015; Pineda et al., 2016; Gizis et al., 2017), a mixture of stellar 
magnetic and atmospheric features is likely to be the cause of modulation in these 
cool objects (Harding, 2012). Variability due to magnetic spots is more fully 
explored in Section 1.8.1. As a result, up until 2015, variability was largely 
attributed to magnetic cool spots, or to the presence of dust clouds, or both. 
Chromospheric and magnetospheric emissions have also been considered a 
plausible candidate as a cause of variability in ultracool dwarfs (Littlefair et al., 
2008). 
 
   In recent years, another favoured scenario for producing variability in ultracool 
dwarfs has arisen: auroral activity (Hallinan et al. 2015; Kao et al. 2016; Pineda 
et al. 2017), very similar to that responsible for polar aurorae on the magnetized 
planets in our Solar System including the Earth (e.g., Clarke et al., 1980). For a 
more in-depth discussion of this fascinating alternative possibility, see Section 
1.8.3.  
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1.8.1 Optical Variability due to Magnetically 
Induced Spots 
 
Lower temperature regions formed on the photosphere of a star and produced by 
the presence of powerful magnetic activity, which in turn suppresses convection 
in these regions, are dubbed magnetic spots. Visibility of this surface feature is 
constrained by the inclination angle for the rotation axis of the object relative to 
the line of sight of the observer, and may be responsible for optical variability as 
the object rotates. Several techniques may be employed for assessing variations 
in the emitted light of cool stars, such as:  
 

• Zeeman–Doppler Imaging (ZDI), which is used to study the magnetic fields 
of fully convective stars, also measures the properties of the surface field 
of these objects. Moreover, periodic modulation of Zeeman signatures can 
be identified during the rotation of the star. However, the use of the ZDI 
technique is much more challenging for late-M dwarfs (M7-M9) or later 
spectral types (≲	2000 K), as these objects become much fainter and 
therefore increasingly hard to measure via spectroscopic techniques with 

regard to the assessment of the stellar rotation period. 
 

• Another diagnosis known as Line Depth Ratios (LDRs) may be employed 
where temperature-sensitive lines can be measured. The temperature 
contrast between the starspot and the surrounding photosphere causes 
the temperature-sensitive lines to change their intrinsic depth (Catalano et 
al., 2002). Based on some test observations, this technique has been 
found to be effective for slowly rotating stars.  
 

• Photometry is of course a technique widely used to study the flux variations 
that are being emitted from an object (Howell, 2006). With the advent of 
the latest CCD technologies, this method has proven its effectiveness and 
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has been employed in variability studies for the majority of brown dwarfs 
and low-mass stars. 
 

   As noted earlier in Section 1.7, the photometric studies of ultracool dwarfs that 
were initiated as a result of radio studies showed that magnetic activity and optical 
variability could be associated. Until recently, there was no reason to doubt that 
the existence of starspots and other activity is a likely cause of variability that is 
relatively common in late-M and early-L dwarfs (Rockenfeller et al., 2006; Lane 
et al., 2007; Croll et al., 2016). McLean et al. (2011) reported periodic photometric 
modulation from the M7 dwarf 2M J1314+13AB in the g and i optical bands with 
a period of 3.79 hours. This period of rotation was in good agreement with the            
3.89 ± 0.05 hrs period obtained via multi-epoch radio observations. They reported 
that the g- and i-optical band variations are correlated. Since they found that g- 
and i- band variations are in phase, this correlation is compatible with models of 
star spots induced variability (McLean et al., 2011). For comparison, the M8.5 
dwarf TVLM 513-46 exhibits quasi-sinusoidal periodic photometric modulation 
with the same ∼ 2 hours period seen in the radio and Hα emission (Lane et al., 
2007; Hallinan et al., 2007; Hallinan et al., 2008; Harding, 2012; Harding et al., 
2013a). Most intriguingly, however, Littlefair et al. (2008) reported anti-correlated 
variations in the Sloan g′ and i′ bands for TVLM 513-46. They referred to dust 
clouds coupled with stellar rotation rather than cool spots as a plausible cause of 
optical variability. However, they recognized that this interpretation was 
problematic when considering the fairly warm atmosphere of this type of dwarf. In 
addition, high-resolution Doppler images of the M9 dwarf LP 944-20 showed 
magnetic spots at high latitude (Barnes et al., 2015). They proposed that the 
optical variability generated by this type of feature could be attributed to auroral 
activity. 
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1.8.2 Optical Variability due to Dust Clouds 
 
In section 1.6, we mentioned the characteristics of M, L and T dwarfs’ optical 
spectra which are of fundamental importance to this section. Atmospheric dust 
clouds are considered to be a significant parameter, and could affect the shape 
of the photometric lightcurves of ultracool dwarfs. 
 
   Once the effective temperatures of low mass stars and brown dwarfs drop after 
the M/L transition, the magnetic activity is expected to decline sharply (as signaled 
by a lack of Hα or X-rays) (Neuhaeuser et al., 1998; Gizis et al., 2000; West et al., 
2004); therefore, atmospheric dust clouds are likely responsible for the large 
amplitude modulation that has been detected in these objects (Bailer-Jones and 
Mundt, 2001; Gelino et al., 2002; Enoch et al., 2003; Maiti, 2007; Littlefair et al., 
2008; Goldman et al., 2008; Clarke et al., 2008; Artigau et al., 2009; Radigan et 
al., 2012; Gillon et al., 2013; Radigan et al., 2014; Buenzli et al., 2014; Crossfield 
et al., 2014a). Indeed, multi-wavelength photometry of such objects suggests that 
the observed variability is thought to be driven by the presence of dust cloud cover 
coupled with stellar rotation, which may result in periodic and nonperiodic time 
variability of these dwarfs. Most intriguingly, atmospheric dust clouds may not be 
confined only to the M/L transition. Spitzer / IRAC observations pointed out that 
almost all L-dwarfs are likely variable objects (Metchev et al., 2015). Also, we 

have already mentioned that anti-correlated lightcurves have been discovered in 
Sloan g′ and i′ bands of the M8.5 TVLM 513-46 (Littlefair et al., 2008). They 
indicated that the Sloan-g′ and Sloan i′ bands are dominated by continuum 
opacity and molecular absorption, respectively. Consequently, the formation of a 
dust cloud in the dwarf's atmosphere can either decrease or increase the flux of 
these color bands. They attributed the cause to atmospheric dust clouds as a 
likely explanation for the periodic variability. 
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A number of studies have emphasized the presence of kG fields for M, L, and T 
dwarfs (Hallinan et al., 2006; Hallinan et al., 2007; Reiners and Basri, 2007; 
Hallinan et al., 2008; Reiners and Basri, 2009; Morin et al., 2010; Route and 
Wolszczan, 2012; Route and Wolszczan, 2016; Kao et al., 2016; Shulyak et al., 
2017). We have already mentioned in Section 1.8.1, there have been numerous 
studies of late-M and early L-dwarfs concluding that magnetically induced spots 
on the surface of the dwarfs are a likely source of the periodicity due to magnetic 
activity in these objects (Rockenfeller et al., 2006; Lane et al., 2007; Croll et al., 
2016). A wide range of ultracool dwarf spectral types have been shown to exhibit 
magnetic activity, even in a regime where dust clouds are believed to dominate, 
where early/late L and even T dwarfs still exhibit Hα emission (Schmidt et al., 
2015; Pineda et al., 2016). Therefore, for all spectral types, both the 
aforementioned astrophysical causes (starspots and dust clouds) might be 
responsible for the periodic modulation. 
 
 
 

1.8.3 Optical Variability due to Auroral Hot Spots 
 
All planets within our solar system, including Earth that possess magnetic fields 
with atmospheres/magnetospheres, exhibit aurorae. Traditionally, there are three 
dynamo mechanisms that produce auroral currents in our solar system. The first 
mechanism governs Earth's and Saturn's auroras (e.g. Cowley et al., 2004), as 
these arise from magnetospheric disturbances caused by the solar wind. Such 
disturbances are sometimes sufficiently powerful to alter the paths of charged 
particles in both magnetospheric plasma and solar winds. The charged particles, 
in particular electrons, accelerate along magnetic field lines that lead to the 
precipitation of these electrically energetic particles into the high-latitude regions 
of the upper atmosphere, where they collide with gas atoms, causing the atoms 
to glow colourfully. The second mechanism is that auroras arise from electrical 
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currents along magnetic field lines produced by the relative motion between the 
rotating planet and an orbiting satellite. This mechanism is responsible for the 
auroral emission associated with the moons Enceladus and Io of Saturn and 
Jupiter, respectively (e.g. Saur et al., 2004). Finally, a co-rotation breakdown 
between an orbiting plasma disk and the magnetosphere of the planet can result 
in a shearing layer that induces auroral currents. This mechanism dominates the 
main Jovian auroral oval (e.g. Cowley and Bunce, 2001). 
 
   Several studies have recently found that all three kinds of auroral activity, but 
much more powerful, may extend from magnetized planets to the ultracool dwarf 
regime. A large multi-wavelength monitoring of the M8.5 dwarf TVLM 513-46 
revealed lightcurves that are highly correlated in phase between all signals (Yu et 
al., 2012; Harding, 2012; Harding et al., 2013a). This high degree of phase 
stability has not been previously detected in the ultracool dwarf regime. This 
supported the new idea that the variability could be due to an auroral hot spot on 
the surface of the dwarf rather than clouds of dust (Harding, 2012; Harding et al., 
2013a). The contradictory results of TVLM 513-46 between the Littlefair et al. ( 
2008) study and the newer studies are attributed to the possibility that 
atmospheric dust cover being more active when observations were taken by 
Littlefair et al. (2008) and therefore have a significant effect on the dwarf. In 
addition, Harding et al. (2013a) reported stability over ~ 5 years in both amplitude 
and phase of the optical period, implying the persistence of features that made it 
possible to rule out dust cloud features. This activity in TVLM 513-46 is similar to 
the aurorae seen on planets that have magnetic fields in our own solar system, 
including the Earth (Clarke et al., 1980).  
 
   More recently, a study by Hallinan et al. (2015) reinforced the argument that 
"the detected variability of ultracool dwarfs may be due to auroral behaviour". 
Simultaneous optical spectroscopic and radio monitoring of the late M-dwarf LSR 
J1835 + 13 was performed, and the findings in some optical wavelengths revealed 
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variability that was anti-correlated in phase to other wavelengths. In fact, the multi-
wavelength observations of LSR J1835 + 13 showed that the object supported 
auroral activity that is significantly more powerful than any aurora previously 
discovered from magnetised-planets in our solar system, as a result of interaction 
between charged particles and hydrogen in the atmosphere of the dwarf. They 
reported that LSR J1835 + 32 is variable with the same periodicity in pulsed radio 
emission, optical, and Balmer lines (Hallinan et al., 2015). They proposed that the 
same population of electrons in the dwarf's magnetosphere is causally 
responsible for radio and optical emissions (Yu et al., 2012; Harding, 2012; 
Hallinan et al., 2015). Hallinan et al. (2015) postulated that such an auroral feature 
could also explain the anti-correlated lightcurves of TVLM 513-46, that was 
previously thought to be due to cloud phenomena (Littlefair et al., 2008). 
 
   A series of recent studies have indicated that auroral activity may be present at 
detectable levels on cooler objects of spectral classes late L, T and even Y. 
Notably, the radio emission observed from dwarfs of spectral types such as T2.5 
(Kao et al., 2016) and T6.5 (Route and Wolszczan, 2012; Williams et al., 2015) 
indicated auroral activity. Therefore, auroral activity could be the cause for some 
of the periodic optical modulations across L and T spectral types (Artigau et al., 
2009; Radigan et al., 2012).  
 
   As outlined in Section 1.7, multi-wavelength observations of TVLM 513-46 
revealed electron cyclotron maser (ECM) instability as the underlying mechanism 
responsible for the detected highly circularly polarized periodic radio bursts 
(Hallinan et al., 2006; Hallinan et al., 2008). The discovery of ECM emission at 4 
– 8 GHz bandwidth (Hallinan et al., 2006; Hallinan et al., 2008), suggested that 
such an emission process would be similar to that driving the auroral radio 
emissions in the giant magnetized solar system planets (Zarka, 1998). Recent 
studies have shown that ECM emissions have been widely observed in all radio-
emitting dwarfs ( e.g., Treumann, 2006; Hallinan et al., 2007; Hallinan et al., 2008; 
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Berger et al., 2009b), and therefore this process is likely to be able to produce 
sustainable particle bombardment to the surface of the dwarf. Moreover, in the 
case of TVLM 513-46, many studies have reported the stability of ECM emissions 
on timescales of years (Hallinan et al., 2006; Hallinan et al., 2007; Hallinan et al., 
2008; Yu et al., 2012; Harding, 2012; Harding et al., 2013a), which speaks to the 
stability of the hot spot observed in the ultracool dwarf regime. Although a number 
of studies (e.g., Treumann, 2006; Hallinan et al., 2007; Hallinan et al., 2008) have 
shown that the ECM instability mechanism must be behind the aurorae in 
ultracool dwarfs, the physical conditions that cause the aurorae remain a 
debatable point. Pineda et al. (2017) discussed potential auroral scenarios in the 
ultracool dwarf regimes. They expected that the three auroral dynamo 
mechanisms that are responsible for polar aurorae on the magnetized planets in 
our  solar system would perform slightly differently, in the case of ultracool dwarfs. 
Pineda et al. (2017) assumed that ultracool dwarfs in binary systems rotating 
around much larger stars interact with the stellar wind of the companion, much as 
planets do around our Sun. Verifying this observationally would be difficult, 
because while on the one hand, the production of powerful aurorae is not 
preferred for those ultracool dwarfs with larger separations (about 10 AU) (Zarka, 
2007), on the other hand, dwarfs with very close separation are very difficult to 
observe, demanding adaptive optics technology and/or using astronomical 
interferometry such as very long VLBI baseline interferometry. And of course, 
some known aurora-emitting dwarfs like TVLM 513-46 and LSR J1835+13 have 
no stellar or dwarf companions. Several authors have suggested that both co-
rotation breakdown and satellite interaction scenarios could generate enough 
energy to power the auroral activity (Schrijver, 2009; Nichols et al., 2012; Hallinan 
et al., 2015). Pineda et al. (2017) pointed out that there is no need for an external 
star to power an auroral electrodynamic engine, as ultracool dwarfs could produce 
the aurora internally due to large magnetosphere currents. Although the 
underlying physical conditions are ambiguous, ultracool dwarf systems need 
“strong magnetic field strengths, fast rotation rates, large-scale magnetic field 
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topologies, and the presence of powerful magnetospheric plasma”. They believed 
that co-rotation breakdown is the dominant underlying mechanism in UCD 
regimes for the generation of auroral activity and may involve the existence of 
close-in planetary companions to these cool objects (Pineda et al., 2017). 
 
 

1.9 Thesis Overview 
 
Chapter 1    In this introductory chapter, we outline the background theory of 
ultracool dwarfs. We review the search for these objects, the subsequent spectral 
classification and the evolutionary models for sub-stellar objects that are adopted 
to predict temperature, luminosities, mass, gravity and other local parameters. 
We also discuss the magnetic activity in stellar and sub-stellar objects, and the 

mechanism that is responsible for generating radio emissions in both cases. 
Finally, we highlight the various causes responsible for periodic optical 
modulation from ultracool dwarfs, and the associated photometric variability 
observations that helped to distinguish these causes. 
 
Chapter 2   This chapter concentrates on the optical instrument (the GUFI 
photometer) that was designed explicitly for our ultracool dwarf campaign, and 
used on the 1.8m VATT telescope, on Mt. Graham, Arizona. We discuss also the 
use of automated data calibration/reduction techniques implemented in the Low 
Light Level (L3) GUFI Pipeline, that was applied to the large datasets acquired 
from the GUFI photometer. 
 
Chapter 3  This chapter addresses the photometric time-series analysis 
methods employed in the thesis. It outlines time-resolved optical differential 
photometry with a standard fixed aperture. It also describes a new technique 
called Lucky Photometry (LuckyPhot) that can increase the differential 
photometric precision by selecting the best frames from a dataset and also finding 
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an optimum aperture for each frame. It then highlights the use of the statistical 
tools in this thesis including the Lomb-Scargle (LS) periodogram, Markov Chain 
Monte Carlo (MCMC), Phase Dispersion Minimization (PDM), the Chi-squared 
test, model-fitting and phase-folding data. These were all used to detect and 
evaluate periodic variability and the associated period and amplitude errors. A 
special focus of this chapter is on our Light Curve Fitter routine, that was scripted 
in Python and used during this work to disentangle a weaker source variability 
signature from that of a dominant source of variability. 
 
Chapter 4    This chapter reports on the findings of our I-band observations for 
two radio-detected objects - the L3.5 dwarf 2MASS J00361617+18211 and the 
M9.5 dwarf BRI 0021 - to determine whether optical periodicity was present over 
a scale of years and examine the correlation, if any, between the optical and radio 
regimes. This chapter also calculates the inclination angles relative to our line of 
sight of these two single dwarfs. Also, it compares the two photometric methods 
employed: Lucky Photometry with optimum aperture (O.A.) vs. fixed aperture 
(F.A.) with no Lucky Photometry. Finally, it discusses the proposed source of the 
periodicity. 
 
Chapter 5   This chapter describes our multi-epoch I-band observations and 
results for 2MASS J0746425+200032AB and 2MASS J1314203+132001AB. A 
particular focus of this chapter is the use of Light Curve Fitter, as we were unable 
to monitor each component of these binary systems as a single point source due 
to their close separations. By subtracting the period of each component out, we 
successfully deconvolved the optical behaviour of each component of the two 
binary systems. This chapter also presents an analysis of the orbital properties of 
the two binaries helps to investigate whether a scaled-down version of the 
formation mechanism for solar-type binary systems still holds in the regime of 
very low mass binary stars. 
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Chapter 6    Thesis summary and conclusions. We conclude with an overview 
of this work, and the possibilities for future projects and improvements. 
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" Man must rise above the Earth—to the top of the atmosphere and beyond—
for only thus will he fully understand the world in which he lives." 

                                                                                                            
Socrates 
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2.1 Introduction 
 

his chapter contains two parts. The first part outlines the optical 
instrumentation that facilitated this research, which was designed 
and used explicitly for the ultracool dwarf campaign, commissioned 
on the 1.8m VATT telescope, on Mt. Graham, Arizona. The second 

part describes the data calibration/reduction suite called Low Light Level (L3) 
Pipeline that was applied to the data obtained from the GUFI photometer. 

 
 

2.2 Optical Setup – Vatican Advanced 
Technology Telescope (VATT) 
 
The largest enabling factor in this work was the optical observations that were 
analysed and carried out using GUFI (Galway Ultra Fast Imager), a photometric 
camera currently in-situ at the 1.83m Vatican Advanced Technology Telescope 
(VATT) on Mount Graham in southeast Arizona, United States. VATT is part of 
the Mount Graham International Observatory (MGIO) and is operated by the 
Vatican Observatory, in partnership with the University of Arizona. MGIO is 
considered as one of the best sites in the world, where typical values of seeing 
range from 0.8′′ to 1.7′′ during the majority of observation runs. The 1.83 m is a 
Gregorian telescope designed for observations in the optical and infrared. It 
achieved "first light" in 1993. The telescope has an f/1.0 'honeycombed' 
borosilicate primary mirror which was manufactured at the University of Arizona. 
Borosilicate glass has low thermal expansion (coefficient of thermal expansion ≈ 
3 × 10−6 K−1 at 20 °C), and impressive chemical durability. The telescope has a 
16.48 m focal length, and offers the full Sloan and Johnson photometric filter sets, 
a Hα filter, and others. Due to the red nature of UCDs, we observed only in the 
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Location Specifications 
Longitude 109 53' 31.25" W  

Latitude 32 42' 04.69" N  

Elevation 3191 m 

Telescope Specifications 

Optical System Aplanatic Gregorian, f/9 

Primary Mirror f/1.0, Diameter 1.83 m 

Secondary Mirror f/0.9, Diameter 0.38 m 

Focal Length 16.48 m 

Back Focal Distance 50.80 mm 

Vignetting-Free Field 72 mm diameter (15 arcmin) 

Image Scale 12.52 arcsec/mm 

Image quality 0.1 arcsec throughout 6.8 arcmin 

Guide Camera sensitivity 
 

18th magnitude in one second 
 

Mount Altitude/Azimuth 

Instruments 
VATT 4K VATT CCD Imager 

GUFI Galway Ultra Fast Imager 

VATT Spec VATT CCD Spectrograph 

Table 2.1 VATT Specifications. Values are adapted from: https://www.vovatt.org/the-
telescope-instruments/vatt-specifications and https://www.as.arizona.edu/vatican-
advanced-technology-telescope. 
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VATT I-Arizona (∼ 7200 - 9100 Å) broadband filter. The VATT specifications are 
in Table 2.1. 
 
 

2.3 Galway Ultra-Fast Imager (GUFI) 
 
In 1969 the first charge-coupled device (CCD) was invented at AT&T Bell 
Laboratories by Willard Boyle and George E. Smith (Janesick, 2001), while 
attempting to design a medium for bubble memory. 
 
   A CCD is an electronic detector constituted by many square light-sensitive 
"pixels" (each of which is a metal-oxide-semiconductor capacitor). When light 
(photons) falls on each pixel, the incoming photons will be converted into 
electrons due to the photoelectric effect (which states that electrons or other free 
carriers are emitted when light hits a material), and the amount of charge stored 
in each pixel is proportional to the incident photon flux over the duration of the 
exposure. 
 
   The simplest analogy commonly used to picture the mechanism involved in how 
a CCD works is that of an array of buckets (pixels) being used to measure 
raindrops (photons) (Howell, 2006). Imagine that a 3 by 3 array of buckets to catch 
raindrops is neatly distributed in rows and columns over a given area as shown 
in Figure 2.1. Rain dropping will be collected by the buckets (during the course of 
the exposure); the depth of the buckets represents the well depth, or how much 
charge (the accumulated water) each pixel can hold. These buckets are placed 
on conveyor belts, and when the belts start running, the accumulated water 
(charge) in each line of buckets (pixels) is transferred one by one to the readout 
register, which in turn is passed to a large measuring container (amplifier) which 
measures the amount of charge and converts it into a voltage. These voltages 
are then sampled, digitized in preparation for a computer to analyse the data. 
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However, there are a number of features associated with a CCD process that 
must be considered when performing high precision photometry, e.g. when the 
charge moves sequentially from one pixel to an adjacent pixel and onto the serial 
readout register which in turn passes the charge to the amplifier, it will create 
noise in the output signal associated with the rate of the readout and the quality 
of the electronics. Whereas, the L3-CCD (low-light-level CCD) technology we 
used in GUFI allows to obtain images with much lower effective readout noise 
levels than previous devices. 
 
   We conducted observing campaigns with the Galway Ultra Fast Imager (GUFI) 
photometer, in February 2017, March 2017, October 2017, November 2017, 
December 2017 and May 2018. GUFI is a lightweight high speed photometer 
system based on the Andor iXon EMCCD DV887-BV camera (Figure 2.2). It was 
originally designed, assembled and tested in NUI Galway and sky-tested on the 
1.5m Loiano telescope in Italy (Sheehan and Butler, 2008). It was later modified 
by Harding (2012) to be compatible with the 1.8m VATT on Mt. Graham, Arizona: 
here it is currently deployed and available to all VATT users. GUFI was designed 
specifically for long-term observational campaigns to examine variable stars that 
require second to sub-second timescales such as ultracool dwarfs, with a near-
100% exposure duty cycle. This photometer can detect the small variations in 
visible and near-IR light from ultracool dwarfs, by measuring the brightening and 
fading that takes place as the star rotates. Furthermore, GUFI can also be used 
widely in other astronomical research fields, such as transiting exoplanets, 
planetary imaging, flare stars, high S/N studies of bright sources and any other 
transient sources in the sky. The Andor iXon DV887 EMCCD camera contains a 
CCD97 thinned back-illuminated chip, quantum efficiency greater than 90%. It 
has a 512 × 512 pixel format, where each pixel is 16 µm × 16 µm, giving a total 
imaging area of 8 mm2. This camera is designed to alleviate the problem of read 
noise at MHz readout rates, with a readout noise of less than one electron at a > 
17 MHz pixel readout rate (Figures 2.2 & 2.3, and Table 2.2). The CCD97 
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technology has the advantage of obtaining data in frame transfer mode. The 
frame transfer CCD sensor is composed of two distinct portions that can be 
independently clocked and are located on the same chip. The upper area is the  
 

 
 

Figure 2.1 An analogy for the operation of a CCD (Image Credit: (Howell, 2006)). 
 
 
photosensitive region that is allocated to collect and convert photons into 
electrons and store them, and the other area is the storage region (masked area). 
The latter is structurally identical to the photosensitive region but is masked off in 
order to avoid any exposure to light (Figure 2.3). After capturing the image in the 
photosensitive area, the entire image is quickly transferred (∼ 2 ms) to the storage 
area. After moving the image to the masked storage area, while the 
photosensitive area is already capturing a new image, line after line is read out 
through a shift register. These are then amplified and digitized. Therefore, a 
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mechanical shutter is unnecessary, and the exposure duty cycle jumps to nearly 
100%.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 The DV887 iXon camera (adapted from https://andor.oxinst.com/products 
/ixon-emccd-cameras). 
 
 

   This camera has two different operation modes, electron multiplying and 
conventional readout, with the latter being used in our case. Traditionally CCDs 
have been front-illuminated, where the light must pass through the poly-silicon 
gates before it reaches the bulk silicon, but this structure has a disadvantage in 
that some of the incoming light can reflect off or be absorbed by the gates, which 
reduces the signal that is available to be captured. Contrary to the front-
illuminated sensor, a back-illuminated sensor (e.g. CCD97) arranges the silicon 
gates behind the bulk silicon by flipping the silicon wafer during manufacturing 
and then thinning its reverse side so that light can strike the bulk silicon without 
passing through the gates (Figure 2.4). This improves the chance of an input 
photon being captured from about 60% to more than 90%. Therefore, the 
quantum efficiency of the thinned back-illuminated CCD97 is high over the visible 
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spectrum (U, B, V and R bands) as well as the near-infrared spectrum (e.g. I 
band) with a range of ∼ 350 - 1000 nm (Figure 2.4 & 2.5).  
 
   The system offers 1, 3, 5 and 10 MHz pixel readout rates and produces large 
data loads by operating at 34 frames per second (fps) in full-frame and up to 526 
frames per second in a windowed configuration. The CCD chip is held in a 
hermetically sealed vacuum head with an anti-reflection coating on the optical 
window to maximise throughput to the sensor.  
 
 
 

 

 

 

Figure 2.3 Schematic of an EMCCD showing its frame-transfer architecture. (Image 
credit:https://www.olympuslifescience.com/en/microscoperesource/primer/digitalimagin
g/concepts/emccds/). 
 
 
 
   Since thermal dark current adds noise in CCD exposures, it is necessary for the 
CCD chip to be at an extremely low and steady temperature. Therefore, a 3 stage 
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thermoelectric cooler located in the vacuum head is capable of cooling the chip 
to - 90°	C. An additional liquid coolant circulator (Koolance EXT-AO3) improves 
the performance of the thermoelectric cooler by removing excess heat from the 
heat sink. The CCD is kept at - 80° C for all observations on the VATT telescope.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4  Comparison of simplified back-illuminated and front-illuminated pixel cross-
sections. This figure is adapted from Sheehan (2008). 
 

 
   The GUFI photometer (Figure 2.6) offers a native field of view (FOV) at the 
VATT Cassegrain focus of ∼ 1.7′ × 1.7′ with a corresponding plate scale of 0.2′′ 
pixel−1. However, GUFI has options for near-infrared (NIR) and visible-optimised 
focal reducers; when installed, it offers a FOV of ∼ 3′ × 3′ and a larger plate scale 

of 0.35′′ pixel-1. The 3' x 3' FOV covers enough of the night sky to typically have 
a few sufficiently bright photometric comparison stars; between 1 - 6 reference 
stars in the data reported in this thesis. The iXon camera unit is mounted within 
an instrument box constructed of 10 mm thick aluminium plates, along with the 
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focal reducer optics. The liquid coolant circulator is mounted on the outside of the 
instrument box. 

   

Figure 2.5 Quantum efficiency (QE) of the Andor iXon  DV887 back-illuminated EMCCD 
camera as a function of the photon’s wavelength (adapted from Andor specification 
sheet). The QE peaks at 575 nm with a QE of ~ 92.5%.  

 

   A GUFI system overview is shown in Table 2.2. We refer the reader to Sheehan 
(2008) and Harding (2012) for an in-depth discussion of L3-CCD technology and 
the GUFI photometer. 
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Figure 2.6 GUFI photometer mounted at the Cassegrain focus of VATT. Photo by Salam 
Dulaimi. 
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Parameter Corresponding Value(s) 

Active pixels 512 x 512 

Pixel size ( W x H; μm ) 16 x 16 

Image area (mm) 8 x 8 

Spectral sensitivity (nm) ∼350 - 1000 

Pixel readout rate (MHz) 10, 5, 3, 1 

Digitization @ 10, 5, 3, 1 MHz readout rate 14-bit (16-bit available @ 1 MHz) 

Conventional amplifier 3 & 1 MHz 

Pre-amplifiers 4.6×, 2.4×, 1.0× 

Read noise < 1 e− (with EM gain) 

Frame transfer time ~ 2 ms 

Active area pixel well depth (e− , typical) 200,000 

Linear gain register pixel well depth (e− , typical) 400,000 

Max frames per second 34 (full) - 526 (windowed) 

Binning modes 1×1, 2×2, 4×4 

Vertical clock speeds (μm) 0.4 to 6.0 (variable) 

Peak quantum efficiency (BV 575 nm) 92.5 % 

Dark current @ - 70◦C (e− pixel−1 sec−1) 0.012 

Dark current @ -90◦C (e− pixel−1 sec−1) 0.0035 

Field of view (arcminutes) ∼ 3 × 3 

Table 2.2 GUFI Photometer characteristics. We present specifications for the Andor iXon 
EMCCD DV887 camera. These values are adapted from: Data sheet: iXon DV887 
Camera Systems. Andor Technology (2004), and Data Sheet (issue 3): CCD97-00 Back 
Illuminated 2-Phase IMO Series, Electron Multiplying CCD Sensor, e2v technologies 
(2004), via http://www.andor-tech.com/ and http://www.e2vtechnologies.com/ and 
Harding (2012) 
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2.4 Factors affecting CCD photometric 
precision  
 
A photometric measurement has two primary characteristics; time resolution and 
photometric accuracy. The time sampling needed to evaluate the physical 
phenomena of interest will decide the necessary time resolution of the instrument. 
The photometric accuracy attainable at this time resolution is influenced by the 
instrument's sensitivity, telescope aperture size, and target's brightness. In 
variable star work, the magnitude of the variability will determine the necessary 
photometric accuracy.  

   A number of major types of noise can affect the quality of the image that can be 
achieved with a CCD (Banse et al., 1992); (1) Photon Noise, (2) Thermal Noise; 
(3) Readout Noise, (4) Quantization Noise and (5) Sensitivity Noise; (6) Cosmic 
rays are also an important factor. 

   Numbers (2) through (5) of these types of noise emerge from imperfections in 
the CCD sensor. Although CCD technology has constantly improved since its 
invention in 1969 (Smith, 2010), some key behaviours and characteristics still 
need to be taken into account when attempting to produce high accuracy 
photometry. 
 

1- Photon noise, also known as shot noise, is related to the nature of the 
incident photon flux. The amount of photoelectrons collected from a non-
variable source by a CCD sensor during a given exposure varies. The 
typical (1 sigma) variation of the number of photoelectrons collected 
(photon noise) is found to be equal to the square root of the average 
number of photons (s§¨©ª©t	= «𝑁§¨©ª©t ); therefore, the photon noise is 
dependent on the number of photons captured. It also depends on the 
exposure time, since the longer the exposure, the larger the number of 
photons recorded and the greater the signal to noise ( ¬®¯°¯±

«¬²®¯°¯±
= «𝑁§¨©ª©t), 



 
53 

but this will affect the time sampling so it is not a fix for all situations. 
Increasing the aperture size of the telescope plays a role in increasing the 
photons gathered, thus suppressing the photon noise effects. Noise of this 
sort is not something inherent to the CCD, but a result of the photon’s 
nature; thus, it is inevitable and ultimately limits the precision of a 
photometric measurement. 
 

2- The second source of noise is the thermal noise or dark noise, described 
as a result of thermal vibration which can liberate electrons from the CCD 
imager itself, and then, these thermal electrons are gathered within the 
CCD pixel wells, where they are recorded as an additional signal or 
otherwise known as dark current. The quantity of "dark electrons" in a pixel 
increases linearly with exposure time. The noise arising from the dark 

current (s789:)	is governed by Poisson statistics as the square root of the 

average number of dark currents: 

s789: = ³𝑁(789:	) ……… (2.1) 

where 𝑁(789:) is the average dark current level (e- pixel-1 sec-1). The L3-

CCD detector is designed to substantially decrease the number of thermal 
electrons within the chip by cooling the CCD chip to below -100°	C. 
 

3- Readout noise is an electronic noise property inherent in all CCDs, a result 
of the non-ideal operation of physical electronic circuitry. Readout noise is 
generated in the reading out phase of the CCD, as the electrons present 
in the pixels are transferred from the CCD chip to the camera output (from 
a packet of electrons to an analog voltage to a digital number). This 
transferring and conversion process can add or subtract spurious electrons 
in the measured signal, which add random scatters to the output value. 
The amount of noise is independent of the capture time. Relative to photon 
and thermal/dark noise, the readout noise is more significant for images 
with short acquisition time and/or very faint background levels. 
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Remarkable improvements over time have been made in readout noise 

reduction in CCD imagers, since the readout noise value was >	500 e− per 
readout in early CCD cameras, but this value has been effectively lowered 

to <	1 e− per pixel readout in the L3-CCD devices. 
 

4- Quantization noise arises when the analog signal is converted to a digital 
output by the CCD’s A/D converter. This kind of distortion occurs when the 
division of the analog voltage by the Gain (quantization factor) of the A/D 
converter leaves a remainder corresponding to 1 or more electrons, and 
this remainder is then discarded due to rounding to the nearest A/D output 
value. Quantization noise is usually associated with readout noise as both 
are evident during the readout stage. 

 

5- All pixels across the light-sensitive region of the CCD will not have the 
same light sensitivity, that is to say, some CCD pixels are more/less 
sensitive than their neighbours; this variation is termed sensitivity noise (or 
alternatively, pixel response non-uniformity - PRNU). The variations in 
sensitivity between pixels can be caused by variations in the layer of silicon 
thickness and other small manufacturing defects. The sensitivity noise is 
not a big issue for astronomers, as the source of this noise and other 
variations in the relative amount of light reaching each pixel (due to dust 
shadows and vignetting) can be mainly eliminated by dividing by a flat-field 
image. This is possible because it is a systematic and stable form of noise, 
unlike the previous 4 types described, which are all random noise. It is 
worth mentioning that the correction process can be more effective, if the 
colour/spectral type of the flat field image light source and the observation 
targets, if possible, are approximately the same. 
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6- Cosmic rays, high-velocity charged particles of celestial origin, can cause 
'impact ionization' in the silicon wafer that can significantly boost the 
number of electrons measured by a CCD pixel. Cosmic ray "hits" are 
identified on the image as very bright spots or a bright line of pixels. Of 
course, as the readout electronics cannot distinguish between counts from 
celestial sources and counts from a cosmic ray, calculations such as star 
magnitudes, bias pixel values or flat field pixel values can be distorted. The 
way to get rid of cosmic ray hits in image space is to stack multiple, 
registered images with statistical rejection of high-valued outliers. Another 
way to decrease the impact of cosmic rays events dramatically is by using 
a digital filtering method known as RealPhot, which is an implementation 
of the extraction method described by Everett and Howell (2001). It 
involves the analysis of which provides the basis for rejecting the full frame 
(Collins, 2014). It must be noted, however, that unlike the previous 5 types 
of noise, cosmic ray hits only affect a tiny minority of pixels in any CCD 
frame. 

 
   Since for our observation campaign, only the Conventional amplifier was used 
(no EM gain), the total noise 𝜎ª©ª8µ	t©<O+ can be calculated as follows (Janesick, 
2001): 

 

𝜎ª©ª8µ	t©<O+ =	³𝑁∗ + 𝑁B<·+µ	(	𝑁O + 𝑁7 + 𝜎�y	)	………	(2.2)	

 
   where 𝑁∗ is the total number of photons gathered from an observed object, 
𝑁B<·+µ	 is the total number of pixels included in a photometric aperture calculation, 
𝑁O is the total number of photons per pixel from the sky background region,  𝑁7 is 
the total number of electrons caused by dark current per pixel and 𝜎�y is the total 
number of electrons per pixel produced by readout and quantization noise. It is 
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assumed here that sensitivity noise/PRNU has been removed by flat-fielding, and 
that pixels affected by cosmic ray hits have been excluded. 

 

2.5 Low Light Level CCD (L3-CCD) 
Technology and Astronomical Usage 
Considerations 
 
 
L3-CCD/EMCCD cameras were first introduced into the scientific imaging 
community in 2001. The GUFI photometer used for this project incorporates the 
CCD97 sensor developed by E2V technologies, which has dual readout amplifiers 
– Conventional and Electron Multiplication (EM). The L3-CCD operates on a 
principle similar to ordinary CCDs that generally have one readout amplifier; the 
only differences are the inclusion of an extra readout register called the gain 
register, also known as the electron multiplication (EM) register, between the CCD 
serial shift register and the output gain amplifier. The amplification of charge 
occurs in the EM register when higher-than-typical clock voltages (> 40V) are 
applied to the extended multiplication register during the readout operation 
(Figure 2.3). This high voltage is sufficient to trigger a process known as ‘impact 
ionization’: when a charge has enough energy to excite and promote from the 
valence band into the conduction band and create a new electron-hole pair, 
thereby a free electron charge in the conduction band can create another charge 
(Sheehan et al., 2006; Hirsch et al., 2013). The depths of the EM register are 
larger than other serial registers so that the wells have a capacity to 
accommodate this amplification. The EM gain is highly proportional to the applied 
voltage; this implies that it can be controlled either by increasing or decreasing 
the voltage, and has no relation to the pixel readout rate. The EM-gain will 
increase the signal above the noise floor of the amplifier, hence increasing the 
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Signal to Noise Ratio (SNR). Consequently, the user can operate at fast frame 
rates without increasing readout noise.  
 
   Each pixel in the gain register represents a multiplication process known as a 
multiplication stage that has a very low probability of producing gain. In moving 
the charge from one stage to the next, there is a 1% probability to release another 
electron as a result of the low probability of impact ionization occurring in a given 
stage. However, utilizing hundreds of multiplication stages in which impact 
ionization can occur will yield a high gain of up to thousands, enough to effectively 
eliminate the relative readout noise and diminish it to zero, as indicated by the 
following equation:  
 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒	𝑅𝑒𝑎𝑑𝑜𝑢𝑡	𝑁𝑜𝑖𝑠𝑒 =
𝑅𝑒𝑎𝑑𝑜𝑢𝑡	𝑁𝑜𝑖𝑠𝑒	𝑤𝑖𝑡ℎ	𝑔𝑎𝑖𝑛	𝑜𝑓𝑓

𝐴𝑝𝑝𝑙𝑖𝑒𝑑	𝐸𝑀	𝐺𝑎𝑖𝑛 		……… (2.3) 

   This allows running at higher frame rates and duty cycles without the usual 

penalty of higher readout noise (Coates, 2006; Sheehan et al., 2006).  

   There are other properties influencing the L3-CCD sensitivity that must be 
considered, such as dark current and clock induced charge. Dark current is one 
of the major sources of noise in CCD sensors. Physically, some electrons 
assemble in the CCD pixels even in the absence of light falling on the detector. 
These dark current electrons are randomly created by thermal agitation within the 
CCD chip that is sufficient to eject electrons from the silicon lattice, which are then 
trapped by the CCD's potential well and counted to become part of the signal, 
indistinguishable from “true” astronomical photo-electrons. The Andor iXon 
DV887-BV chip at - 90°	C, was found to have a very low level of dark current 
about 0.0035 e− pixel−1 sec−1 (Harding, 2012). Dark current strongly depends on 
the operating temperature of the CCD, therefore to better improve performance, 
it is very important to diminish the dark current generated in the pixels of the 
device to negligible levels through an effective cooling strategy (electronic Peltier, 
or even better a liquid cooling system) where the CCD is cooled down e.g. to 
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below -100°	C. An effective cooling system can enhance the sensitivity of the 
CCD camera vastly and permits the acquisition time to be extended up to several 
hours. Subtracting a dark frame - an exposure of matching duration and 
temperature, with no light entering the sensor - then reduces the residual dark 
current in the final frame. 

   When an electron (charge) is shifted (clocked) during the readout phases, a 
primary source of noise for L3-CCDs is generated called Clock Induced Charge 
(CIC), which occurs in any CCD but is normally buried in the readnoise. 

Table 2.3 Presented are the matrix of readout rates, Conventional and EM amplifiers as 
well as pre-amplifier options that available to users of the Andor iXon system, and the 
associated noise levels in e− pixel−1. Despite the fact that EM mode increases nominal 
readnoise, it decreases effective (actual) readnoise to <1 e−. This table is taken from 
Sheehan et al. (2006). 

 

Readout Rate, Amplifier  

Pre-amp 1.0 x 

Readout Noise (e- pixel-1) 

Pre-amp 2.4 x 

 

Pre-amp 4.6 x 

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 -------- 



 
59 

Unfortunately, the gain multiplication process enhances clock induced charge to 
significant levels, particularly when it originates early in the readout register. 
Therefore, at high EM gain, we can see such individual electrons amplified in the 
image as sharp spikes. This phenomenon is a function of readout rate, and 
exposure time has no impact on it. However, it is subject to several parameters, 
including the clocking levels, pulse shape and width, and the operating mode of 
the CCD (Zhang et al., 2009; Harding, 2012). 

   Despite all these points of interest when using the option of the EM amplifier, 
we need to locate the “best” operation mode. We utilised the conventional 
amplifier (no EM gain) just like a regular CCD during all observation epochs, since 
we did not need to run the L3-CCD camera exceptionally fast. Instead, exposure 
times of 5 or 10 sec were used to measure the desired physical phenomena (the 
exposure time was selected according to how bright the objects are in the star 
field, and how rapidly their light varies). It can be seen from Table 2.3 that by 
using a readout rate of 1MHz, we were getting the slowest readout rate, but the 
least amount of noise. The most common setting we used was a readout rate of 

1MHz and a variable pre-amp gain of 2.4x, which collect more e-/ADU compared 

to a pre-amp of 4.6x. The conventional amplifier has been configured to have a 
low readout noise (this is covered by the values in the table 2.3). 
 
   One might wonder why we utilized the L3-CCD rather than a standard CCD, 
since we didn't utilize EM gain?  The answer for the most part depends both on 
the desired frame rate and on flux levels. Figure 2.7 showing SNR vs signal can 
be instructive in making such decisions. On this basis, we conclude that: 
 

1- Under slower frame rates (5 sec exposure time), when we have the option 
to read out as a ‘conventional CCD’, it tends to be beneficial to do so in 
terms of decreasing readout noise and accomplishing a better signal to 
noise. Since employing EM gain reduces the effective CCD well depth, it 
forces the use of a higher frame rate to avoid saturation. But overall 
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readout noise increases as the square root of the total number of frames. 
So a higher frame-rate, producing many more frames in a given 
observation, can be noisier in net terms - even when EM gain is enabled. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 A comparison between the performance of an L3CCD (black dashed-dotted 
line) and a normal CCD (or the Conventional readout channel of an L3-CCD) (red solid 
line). The readout noise was 8 e−  pixel−1 for the regular CCD and 1 e−  pixel−1 for the 
EMCCD. Due to the effect of EM-induced multiplication noise (Excess Noise Factor), we 
note the reduced SNR values at high signal levels compared to the regular CCD. This 
figure is taken from Sheehan (2008). 
 
 

2- The EMCCD gain is portrayed as a stochastic process at each stage in the 
EM register where the final output EM gain cannot be predicted precisely; 
this is because the avalanche process that stimulates the electron signal 
before the readout phase is likewise not predictable in nature. We can, 
however, determine the mean of the EM gain only. The output EM intensity 
distribution therefore contains an additional photometric uncertainty called 
the Excess Noise Factor, a.k.a Multiplication Noise. Its impact on an 
image’s signal-to-noise ratio (SNR) is as if the sensor’s quantum efficiency 
was cut in half (as seen at higher signal levels of the dashed line in Figure 
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2.7).  In the event that the EM register enhances our signal by a gain of 𝑀, 
the Excess Noise Factor is defined by the following equation: 

 

								𝐸𝑥𝑐𝑒𝑠𝑠	𝑁𝑜𝑖𝑠𝑒	𝐹𝑎𝑐𝑡𝑜𝑟	y = s	¯¿°
À

SÁÂÃ±	
À s	Ã±

À ……… (2.4)	   where     𝑀T8<t=	(1 + a)¬	

 
   where s	©Aªy  and s	<ty  are the variance of the output and input signal for 
the EM register respectively, a is the probability of multiplication per stage 
and N is the number of multiplication stages (Robbins and Hadwen, 2003). 
However, because EM gain >> a, Robbins and Hadwen (2003) found the 
𝐸𝑥𝑐𝑒𝑠𝑠	𝑁𝑜𝑖𝑠𝑒	𝐹𝑎𝑐𝑡𝑜𝑟	y  to be: 
 

𝐸𝑥𝑐𝑒𝑠𝑠	𝑁𝑜𝑖𝑠𝑒	𝐹𝑎𝑐𝑡𝑜𝑟	y =
2

a + 1………(2.5) 

 
   As the probability of EM multiplication is between ∼ 0.01 - 1%, the 
acceptable limit for the 𝐸𝑥𝑐𝑒𝑠𝑠	𝑁𝑜𝑖𝑠𝑒	𝐹𝑎𝑐𝑡𝑜𝑟	y  for large EM gain tends to 
be √2 ≈ 1.414. Thus, the excess noise factor is equivalent to the reduction 
in Poissonian signal-to-noise that would occur if the sensor's quantum 
efficiency was halved (Figure 2.7). 
 

3- The frame transfer structure (Figure 2.3) is an important factor to deliver 
high sensitivity with high speed, which alone is all we need in most 
situations: to also utilize EM gain would be pointless. As seen before in 
Table 2.3, the CCD97 has the great advantage of acquiring data in frame 
transfer mode to improve the duty cycle, since frame transfer mode 
enables the image to transfer rapidly (transfer times ~ 2 ms) from the 
captured region to the storage zone situated on the same chip. In this way, 
a camera shutter is not essential, and the exposure duty cycle - defined as 
(exposure time / [exposure time + readout dead time]) jumps to nearly 
100%. 
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4- The dynamic range of a CCD is an important consideration in the ability to 
linearly measure suitable comparison stars with the target star. It is defined 
as the ratio between the brightest regions (full well depth) and the faintest 
regions (in extrema, equal to the readout noise) of an image which can be 
captured simultaneously. The dynamic range improves at first with 
increasing EM gain, until the effective read noise of the system is 
suppressed by the EM gain to a theoretical minimum of < 1 e−  (the amount 
of EM-gain scales the read noise by:	 	s		±¯	ÁÂÃ±

s	ÂÆÃÇÈ	ÁÂÃ±
	), and then, the dynamic 

range declines due to a continuous decrease in effective well depth of 
pixels, according to the following equation: 
 

𝐷𝑦𝑛𝑎𝑚𝑖𝑐	𝑟𝑎𝑛𝑔𝑒 = 	
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒	𝑤𝑒𝑙𝑙	𝑑𝑒𝑝𝑡ℎ	

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒	𝑟𝑒𝑎𝑑𝑜𝑢𝑡	𝑛𝑜𝑖𝑠𝑒		……… (2.6) 

 
   Therefore, for applications requiring a large dynamic range, using EM 
gain is not the most suitable choice. We refer the reader to Sheehan (2008) 
for a more in-depth explanation of CCD and L3-CCD technology. 

 
 

2.6 Atmospheric noise effects 
 
One of the big problems astronomers face is terrestrial atmospheric turbulence, 
which adds noise to ground-based observations. Photometric measurements are 
therefore subject to atmospheric effects, which have a fundamental influence on 
the quality of the image. Three atmospheric factors can reduce photometric 
precisions: 1) atmospheric extinction, 2) atmospheric scintillation and 3) 
atmospheric seeing (Young et al., 1991). 
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2.6.1 Atmospheric Extinction 
 
   Atmospheric extinction can be characterized as the reduction in brightness of 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.8 The effect of atmospheric extinction: scattering due to the interaction of the 
light rays from a target star with particles in the atmosphere layer. This Figure is taken 
from Collins (2014). 

 
 
the stellar objects as light rays make their way through the Earth’s atmosphere. 
Some photons will collide with atoms, molecules, liquid (water) droplets, dust 
grains, and other particles in the atmosphere. Therefore, absorption and 
dispersion of these photons can happen; either way, light rays from the star will 
be attenuated (Figure 2.8). As a result, the observers capture fewer photons from 
the celestial body than they would have seen on a planet free of air.  
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The atmospheric extinction effects are dependent on: 
1) transparency,  
2) observer elevation,  
3) zenith angle,  
4) wavelength of light observed. 
 
   While the cause of atmospheric extinction can be attributed to three factors:  

1) Molecular absorption caused by atmospheric ozone and water molecules. 
2) Rayleigh scattering due to air molecules. 
3) Aerosol scattering due to dust, water and man-made pollutants. 

 
   Atmospheric extinction also includes the inhomogeneous variations effect of 
any cloud structure on photometric accuracy (De Kleer, 2009; Wang et al., 2012).  
 
 

2.6.2 Atmospheric Scintillation and Seeing 
 
Atmospheric scintillation and atmospheric seeing, are inherently random noises 
that have a significant influence on astronomical observations. Both are the result 
of mixing in the atmosphere of Earth. Variations in air density caused by 
heterogeneous air temperatures lead to fluctuations in atmospheric refractive 
index, and therefore, the light waves that come from space through the turbulent 
layers in the atmosphere are refracted in random directions, causing rapid 
changes in brightness and position, and also intermittently defocusing the light of 
the telescope aperture (Sheehan and Butler, 2008; Collins, 2014; Osborn et al., 
2015);  see Figure 2.9. 
 
   The effect of turbulence is more apparent near the horizon, as the light waves 
coming from celestial objects must pass through a more dense atmospheric layer, 
and therefore have longer paths through the atmosphere before being detected. 
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Figure 2.9 Atmospheric turbulence effect: light rays passing through Earth’s atmosphere 
bend differently as they cross through air pockets at different temperatures. This Figure 
is taken from Collins (2014). 

 

 
This effect is strongly related to atmospheric seeing; atmospheric scintillation is 
mostly a result of high-altitude turbulence, whereas seeing is a result of effects 
arising generally closer to the ground-based telescope (Dravins et al., 1997). 
 
   The effects exhibit themselves differently; seeing has a deforming effect on the 
point spread function (PSF) of the photons incident on the CCD detector, without 
losing flux. The scintillation process, however, has the effect of flickering 
reductions in the observed flux from stars (Collins, 2014). Poor seeing is 
problematic because it widens the PSF out, which has 2 negative impacts: 
 
(1) it forces the use of a larger photometric aperture with greater underlying sky 
photon noise; 
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(2) it causes objects at close angular separations to contaminate each other's 
fluxes.  
 
   The effect of the atmosphere is changeable with variations on a timescale of 
the order of milliseconds (Redfern, 1991; Mackey et al., 2005). Increasing 
deviation in individual optical measurements increases the uncertainty that limits 
the photometric accuracy, due to the incoherence in the variations of weather 
conditions.  
 
   Since both effects depend on the wavelength of light, prior studies have shown 
that using standard colour filter systems, such as the Johnson (Johnson and 
Morgan, 1953) or Sloan (Fukugita et al., 1996), result in diminishing the effect of 
the varying atmospheric turbulence on optical measurements. The effect of a 
variable atmosphere can also be reduced by narrower filter systems, with the 
caveat of a loss of flux; however, bright objects combined with large telescope 
apertures can still deliver plenty of flux (Colón et al., 2010). 
 
   Observer elevation can also play an important role to reduce the atmospheric 
effects; in fact,  placing observatories at high altitudes and equipping telescopes 
with adaptive optics is the most preferred option. There is only one way to entirely 
eliminate the atmosphere: by placing telescopes orbiting outside the atmosphere.  
The space-based telescope is the optimum solution, such as the Hubble, James 
Webb and Spitzer space telescopes (Batalha et al., 2013). But, the cost of space 
telescopes is prohibitively expensive compared to building terrestrial telescopes, 
and it is also extremely difficult to maintain this kind of telescope.  
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2.7 The Low Light Level (L3) GUFI 
Pipeline 
 
Data gathered with the GUFI photometer is reduced using our in-house L3 GUFI 
Pipeline (Sheehan, 2008). The GUFI photometer is capable of recording and 
storing Terabytes (TB) of data in a single night of observations due to its high 
time-resolution, and so this pipeline is designed to cope with the considerable 
volumes of datasets generated (Harding, 2012). The L3 GUFI Pipeline makes use 
of PyRAF, based on the Python scripting language and capable of calling IRAF 
tasks, to execute routines as pipeline modules, using IRAF’s standard CCD 
reduction/calibration techniques. This language is used in preference to 
traditional IRAF CL scripts due to their lack of error analysis tools and debugging 
capabilities. 
 
   The L3-GUFI Pipeline consists of three main parts (Figure 2.10): 

1. L3_group() 
2. L3_calib() 
3. L3_work() 

Figure 2.10 The L3-GUFI Pipeline start-up screen. 
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There is a set of modules / GUIs within each part of the pipeline that can perform 
multiple tasks on the data files. 
 
 

 
2.7.1 L3_group() 

Figure 2.11 Flow-chart of modules within L3_groups(). 
 
 

• make_lists(): This is the first stage for all reductions. It creates look-up 
files and performs a preliminary checking of the various data folder types:  
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2.12 The make_lists GUI to manage all data acquired from the GUFI photometer.  
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bias, flats, science. This routine excludes any corrupted data from all 
subsequent processing. Night number and directory paths are required 
from the user to determine where each file is located (Figure 2.12). 
Consequently, it creates two folders for the given observation night- 
filelists_n* to hold the look-up files and caliblists_n* to store the 
calibration frames, with ‘*’ referring to the given night number; see Figure 
2.13 (Sheehan, 2008). 

 

Figure 2.13 Example of the folders created for a given night via the make_lists routine. 

 
 
 

• hdr_fix(): Due to possible changes in software control during 
observations, not all information can be consigned to the FITS headers. 
This routine allows the user to insert additional essential information to the 
FITS header such as: general information about the name of observer, the 
instrument used during the observation, name and coordinates of the 
target star, telescope information, filter information, readout rates & 
modes, readnoise of detector, gain values, airmass, and Universal Time 
(UT) and Julian Day (JD) timestamps (Figure 2.14). Having all the correct 
header information is important later for the calibration process, because 
it is used to group frames of the same modes together via the 
make_groups() routine (Sheehan, 2008; Harding, 2012).  
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• other_hdr_fix(): Our data was taken with the Andor iXon camera, thus it 
was not necessary to use this module. The other_hdr_fix routine allows 
the L3 pipeline to operate on non-Andor iXon data files. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2.14 The hdr_fix GUI for amending the FITS image header information. 

 
 

• check_data(): This module investigates datacubes for corrupted image 
planes (i.e. errors in the data). It was found that corrupted image planes 
either return a mean count of zero, or else the minimum and maximum 
counts are identical. The module uses this criterion in order to recognise 
and find the broken planes and exclude them from new datacubes 
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generated from the good data which exists before and after the broken 
image planes, see Figure 2.15 (Sheehan, 2008). The correct timestamp 
information is preserved for each image plane in the new datacubes. This 
module is also designed to detect bad bias frames. The threshold 
boundaries were set such that the lower ADU threshold (lowthres) was 
lowered to 990.0, and the upper threshold (upthres) was raised to 1150.0, 
thus avoiding the removal of good bias frames. 
 
 

 

 

 

 

 

 

 

 

Figure 2.15 The check_data GUI for detecting and trimming any damaged datacubes. 

 
 

• make_groups (): Once the data has been checked and modified with the 
correct header information, the data will be ready for the make_groups  
module that creates the final look-up group lists, by sorting the data type 
based on their acquisition settings; see Figure 2.16 (Sheehan, 2008).  
 

1. Bias frames are grouped by: readout speed, EM-gain and preamp 
settings and readout mode. 
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          Figure 2.16 The make_groups GUI for grouping the common frames. 

 
 

2. Flat-field frames are grouped by: readout speed, EM-gain and pre-
amp settings, readout mode and filter type. 

3. Science frames are grouped by: readout speed, EM-gain and Pre-
amp settings, readout mode and filter type 

The FITS data is now ready for the reduction / calibration stage, i.e. the standard 

CCD reduction methods. 

 

2.7.2 L3_calib() 

The second part of the L3 pipeline is the image calibration/reduction process that 
is necessary for producing good quality CCD images by correcting systematic 
effects in the camera sensor and optical system. It comprises of de-biasing and 

flat-fielding the science frames; see Figure 2.17. 

• bias_data() : The bias is an inherent systematic from the camera sensor, 
which represents the offset that is applied when a pixel is read from the 
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camera sensor. In order to remove this effect, we need to measure the 
bias by taking the shortest possible exposure with the shutter closed 
(Figure 2.18). The bias_data routine creates a master bias frame for each 
night and camera setting (according to the groups made earlier by 
make_groups()), through the average combination of multiple bias frames 
(to reduce effective readout noise). The master bias frames are named as 
masterbias ∗.fits, where ∗ refers to the group number, and are stored in 
the ‘calibfiles_n*’ folder (Lane, 2008; Sheehan, 2008; Harding, 2012). 

 
 

• flat_data(): To remove the sensitivity noise/PRNU described in Section 
2.4, we need to capture flat-field frames where the CCD sensor is evenly 
illuminated by a light source across the entire chip. Usually, we have two 
options to accomplish this, either using a flat sky at twilight or using in-
dome artificial light sources (Romanishin, 2006). Flat-fielding techniques 
also help to cancel out the dust rings (dark spots) on an image, projected 
by dust on the camera sensor or a filter just ahead of it; see Figure 2.19. 
The flat-data routine searches for a matching masterbias from the 
previous bias_data step for each group of flats and subtracts it from the  
 
 

Figure 2.17 Shows flow-chart of modules within L3_calib(). 
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Figure 2.18 Bias frame acquired by taking the shortest possible exposure (milliseconds) 
with the GUFI L3-CCD camera. 

 
 
relevant group. Then it coadds the flat-fields and normalizes them to a 
mean value of 1. The resulting master flats are named as masterflats ∗. 
fits. They are stored in the calibration folder. In addition, this routine can 
locate saturated pixels to generate a Bad Pixel Mask (BPM) so that they 
can be excluded later (Sheehan, 2008; Harding, 2012; Collins, 2014). 
 

• sci_data(): This is the final step of part II of the L3-GUFI Pipeline. The 
science frames reduction is performed with this routine (Figure 2.20). This 
routine automatically finds the correct masterbias.fits and masterflat.fits 
files in the ‘calibfiles_n*’ folder by matching them to each corresponding 
group of science frames (based on modes etc.), though it also allows for 
the user to manually specify other calibration files. It then performs 
debiasing and flat fielding of each science frame. At this step, a set of BPM 
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Figure 2.19 Flat-field frame from GUFI. This frame was taken by exposing the CCD to an 
evenly illuminated source (i.e. the dome). 

 

files can also be created for each science frame (Sheehan, 2008; Harding, 2012).  
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Figure 2.20 The sci_data GUI used for the reduction of science frames. 

 
 

2.7.3 L3_work() 
 
Once data has been reduced and calibrated, the L3 pipeline offers various 
modules in part III to set up the science data for photometry analysis, including: 
 

• ISIS(): The L3 pipeline has two options to register images are either utilise 
the iraf.xregister task, or the ISIS registration program (Alard & Lupton, 
1998; Alard, 2000). We opted to utilised the iraf.xregister task on our 
relatively uncrowded ultracool dwarf fields, as the ISIS registration code is 
not suitable for sparse fields. 
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• data_ops(): This module breaks up FITS datacubes (which may contain 
hundreds of FITS frames) into individual FITS frames, before registering  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2.21 The data_ops() GUI used for the breaking up of FITS datacubes, binning, 
registering and co-addition of FITS files. 

 
 

and co-adding or binning up them into single FITS frames; see Figure 2.21. 
Co-adding (temporal combination) and binning up (spatial combination) 
techniques improve the SNR for the final FITS image, and also decrease 
the number of files that need to be handled individually. The separated 
FITS frames are then saved (Sheehan, 2008; Harding, 2012).  



 
78 

The registration option within the routine is essential when there is pixel 
shift or drift between successive frames. This arises only if there has been 
de-rotation/tracking errors on-sky such as when the VATT telescope, 
which has ~1 arcmin hr-1 of tracking errors, was operated without 
autoguiding. However, if the user intends to perform photometry on each 
individual frame, they can choose between two approaches: 
 
(1) Register the frames to one particular reference frame, so that the 
resulting star list will be common for all frames; 
(2) Do not register the frames to each other, but create an individual star 
list for each frame (which takes time and resources). 
 

• starlist(): The IRAF/DAOPHOT task daofind is utilised to locate stars in 
the image, and the user identifies any particular star of interest (target) in 
each frame using SIMBAD. The target and selected reference stars’ IDs 
and coordinates are stored in an output file (this step is very important for 
subsequent photometry routines). Before utilizing the starlist routine, we 
need to manually examine the (possibly coadded) image by displaying the 
image in SAOimage ds9 and using the IRAF task imexamine to determine 
the FWHM of the PSF and the standard deviation "STDDEV" of the sky 
background; these values must be entered into the routine. A ‘threshold’ 
value (multiplier of the standard deviation) must also be selected, usually 
between 5 and 25, as higher values will cause only the brightest stars to 
be detected; see Figure 2.22 (Sheehan, 2008).  

 
• app_size(): After testing different photometric aperture sizes, this routine 

finds aperture size with the highest signal noise ratio (SNR) for the target 
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Figure 2.22 The starlist GUI used for finding stars and numbering them with their 
coordinates in the output file. 

 
stars. This value will be used in the following routines as the photometric 
radius value; see Figure 2.23 (Sheehan, 2008). 

 
• ref_stars(): This routine finds the ideal (most suitable) differential 

photometry comparison stars for the target, within a range of +/- 0.5 
magnitudes. These comparison stars are utilised for differential 
photometry: they normalise the target in order to remove systematic flux 
variations in the field of view, ensuring that variations in the target’s flux 
are inherent in its activity; see Figure 2.24 (Sheehan, 2008; Harding, 
2012).  
 
 
 
 
 



 
80 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Figure 2.23 The app_size GUI used to test a number of photometric aperture sizes and 
find the one that provides the highest SNR. 

 
 

• The Andor SOLIS software saves only the initial timestamp of each 

exposure, and consequently, after a FITS datacube has been broken up, 
each FITS image will only possess these initial UT and JD values. As a 
result, we temporarily break out of the pipeline flow, to update timestamps 
(UT & JD) of the FITS files using our python-script code which adds the 
cumulative time interval to each FITS frame since the first frame in that 
broken-up datacube. We then calculate the Modified Julian Date MJD by 
subtracting 2400000.5 days from the JD of each frame; this modification 
will facilitate simplified chronological calculations. The regular Julian Date 
for each frame is also converted to Heliocentric Julian Date (HJD) using 
an Excel macro (HJD differs from the JD by as much as 8.3 minutes (500 
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s, 0.0058 days)). We used the HJD correction because there are variations 
in light arrival times due to the relative positions of the Earth and the target 
star, as Earth gradually travels around the Sun, altering the star's distance 
from us. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 2.24 The ref_stars GUI used to locate appropriate reference stars, which will be 
used later for differential photometry. 

 
 
   Without HJD correction, our timing measurements of variability in the 
target would drift out of synchronization with the target's behaviour at 
source. The difference builds up when analysing data over multiple 
observation nights, so accounting for this is needed for accuracy. In fact, if 
we used UT and JD/MJD alone, the target star's inferred rotation period 
would appear to drift. 
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• data_analysis(): This routine is the final stage of the L3-GUFI Pipeline. It 

is capable of performing three different types of photometric analysis 
(aperture, PSF-fitting, and differential: all three functions based on 
IRAF/DAOPHOT), although in our case only differential photometry was 
used to examine the targets’ behaviour across time; see Figure 2.25 & 2.26 
(Sheehan, 2008). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
Figure 2.25 The data_analysis GUI which allows the user to perform photometric 
analyses such as differential photometry. 
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Figure 2.26 One of the three parameter set (PSET) windows for the data_analysis GUI, 
where the user has options to enter the required parameter values for differential 
photometry. 

 

• Finally, in order to reduce the impacts of minor photometric errors and 
increase the SNR, we developed python code bin_lightcurves.py for 
binning the lightcurves into one-minute frames. 

 
 

2.8 Fringing effects  
 

As our I-band optical observations were performed using a CCD97 thinned back-
illuminated chip, noticeable interference effects (fringing effects) were present in 
the science frames as a result of the night sky emission lines (e.g. OH) in the 
Earth's upper atmosphere. Fringing is not noticeable at shorter wavelengths but 
grows in amplitude as we expose to red/NIR wavelengths, since CCD silicon 
material easily absorbs shorter wavelengths. A thinned CCD’s substrate becomes 
transparent for I- band and can cause many internal reflections. The fringing 
pattern position does not change for a given CCD chip, but the pattern’s amplitude 
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varies depends on sky background, moonlight, and so on (Howell, 2006; Lane, 
2008; Harding, 2012). It is an additive effect; essentially some of the sky 
background offset becomes spatially modulated across the sensor. Since the I-
band amplitude variations detected in our selected ultracool dwarf targets amount 
to ∼ 0.3 − 1.50%, these additive effects need to be eliminated if the amplitude 
variations that result from fringing effects are greater than the target star 
differential lightcurves.  
 
   The fringing pattern is removed from the science frames by creating a fringing 
template, using fringe frames which are specifically taken for defringing. The 
observer obtains data on one field on the sky (preferably sparse with few stars), 
and then moves (or “dithers”) the telescope to another field on the sky, and 
obtains data. This is repeated many times and if done correctly with properly 
chosen fields, it ensures that no two pixels on the detector will have the same star 
or the same value. What this means in the creation of a fringing template, is that 
we can median combine the dithered data. This process will look at the same 
pixel in many frames and take the median value of these pixels. So, if we have 
100 pixels where only, say, 1% of them are affected by the presence of a star, 
and 99% contain the sky value, the median value will essentially be the sky value. 
Bias frames are used to create master_biasfringe.fits, in addition to recording 
and reducing master_skyflat.fits (using twilight flats). The fringe frames are 
debiased and flat fielded; then, all the fringe frames are listed in a text file, stacked 
and median-combined to create the template master_fringe.fits.  
 
   To apply the fringing template to the reduced science frames, we adopt 
image_list.txt (which represents the list of all science frames that need 
remediation) and master_fringe.fits as parameters in the python script 
mean_defringe_rescale.py that was developed by Harding (2012). In Harding's 
code, the fringing template is multiplied by a constant rescale_constant to scale it 
correctly to the background level in the image. We made two improvements to the 
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algorithm: (1) we changed from mean to mode as the better sky estimator in the 
presence of stars; (2) we added an additional multiplicative scaling factor for 
frames where the fringing (OH strength) is a different percentage of the sky mode 
than it was when the template observations were made. 
 
 

2.9 Summary 
 
In this chapter, we have described the optical instrument known as Galway Ultra 
Fast Imager (GUFI) that was used during this campaign, to study variability in 
visible light from ultracool dwarfs. GUFI is a high speed photometer, based on the 
Andor iXon DV887-BV camera (Sheehan, 2008, Harding, 2012). This photometer 
was mounted on the 1.83 m VATT telescope, on Mt. Graham, Arizona. 
 
   We also outlined the reasons why we used the L3-CCD (without EM gain) in 
this work rather than a standard CCD. We introduced approaches to overcome a 
number of factors and effects that can reduce the photometric precision of CCDs. 
We described the data flow in the L3-GUFI Pipeline, our data reduction and 
analysis pipeline (Sheehan, 2008), and explained how its routines use 
IRAF/PyRAF tasks via the Python software language. We also explained the de-
fringing routine mean_defringe_rescale.py, that we improved, to remove the 
fringing effects at NIR wavelengths. 
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" I look up at the night sky, and I know that, yes, we are part of this Universe, 
we are in this Universe, but perhaps more important than both of those facts 
is that the Universe is in us. When I reflect on that fact, I look up—many 
people feel small, because they’re small and the Universe is big, but I feel 
big, because my atoms came from those stars." 
 
                                                              Neil deGrasse Tyson 

 
 
 

 
 
 
 
 
 

Photometric analysis 
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3.1 Introduction 
 

stronomical photometry is a method used to measure the flux or 
intensity of light we receive from celestial bodies such as a star or 
galaxy. It is therefore very beneficial in assessing the behavior of 
the emission of an object. The photometric method involves a 

number of measures that take the raw datasets from the ground-based telescope 
to the ultimate lightcurve. Acquisition, extraction and analysis are the three distinct 
parts of the photometric method. The acquisition and the extraction phases were 
discussed beforehand (Chapter 2). In this chapter, we will discuss the photometric 
analysis of the astronomical data. 
 
   We outline in this chapter, time-resolved optical differential photometry with a 
fixed aperture and describe a new technique called Lucky Photometry 
(LuckyPhot) that can increase the differential photometric accuracy by selecting 
those frames from a dataset having optimal seeing conditions/photometric 
accuracy (Sheehan, 2008; Collins, 2014). The photometric results of the two tools 
are discussed in Chapters 4 and 5. We also, discuss the time series analysis tools 
used in this thesis including the Lomb-Scargle (LS) periodogram, Phase 
Dispersion Minimization (PDM), Markov Chain Monte Carlo (MCMC), phase 
folding, the Chi-squared test, and model fitting. These were all used to evaluate 
the detected periodic variability and the associated period and amplitude errors. 
Finally, we describe a Light Curve Fitter routine that we scripted in Python and 
used during this work to untangle the weaker source variability signature from that 
of the dominant source variability in the photometry of unresolved binary dwarfs. 
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3.2 GUFI pipeline photometry 
 

Astronomical photometry was applied in this work to study the optical variability 
of ultracool dwarfs. We carried out two photometric techniques on our datasets: 
GUFI pipeline photometry and Lucky photometry, and we assessed whether the 
latter technique can reduce the effect of the atmosphere and thus produce a lower 
photometric scatter in the resulting differential lightcurves.  
 
   GUFI pipeline photometry, also known as aperture photometry is defined as the 
calculation of flux falling within a specific aperture; generally, a circular aperture 
of some fixed size. This technique is provided by the data_analysis module in the 
L3-CCD GUFI pipeline (Section 2.7.3), which is a direct implementation of the 
iraf.phot package (Davis, 1987). Aperture photometry works best when the 
images contain isolated point sources; such algorithms can handle the profile 
(point spread function, PSF) of each star individually by sampling the same 
proportion of the light from each point source, providing an accurate estimation of 
the relative brightness of stars. Another reason for choosing this technique is that 
the radius of the aperture selected can be chosen to avoid stray light from the 
wings of other stars' PSFs (Harding, 2012). The iraf.phot package also calculates 
accurate centers for each star, as well as sky values, which are subsequently 
adopted in the magnitude calculations. This requires the user to input an 
approximate FWHM value for the stars, the standard deviation "STDDEV" of the 
sky background (STDDEV is an IRAF abbreviation), the photometric aperture 
radius to be used for the target star and reference star(s), the sky annulus inner 
radius, the width of the sky annulus and ID numbers of the target and reference 
star (obtained from the pipeline’s 'starlist module’) (see Figure 2.24). The output 
photometry file stores the image file name, date of observation, Universal Time 
(UT), Julian Date (JD), Heliocentric Julian Date (HJD), exposure time (𝑡), gain in 

e- ADU, intensity/flux and magnitudes of the target and reference star(s), error 

calculations in flux and magnitude and a calculation of differential photometry. 
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The star sits on an offset of sky background, so the phot package calculates and 
subtracts that background.  
 

𝐹𝑙𝑢𝑥	Oª89=	∑−	𝐴 ×	𝑀O:P ………	(3.1)	
	

𝑀𝑎𝑔	Oª89	=	𝑍S8T	−	2.5	.		𝑙𝑜𝑔/0	(𝐹𝑙𝑢𝑥	Oª89 + 𝑡)………	(3.2)	
 
   where 𝑀O:P is the mean per pixel estimation of the sky background within the 
sky annulus, å  is the sum of counts in the aperture, 𝐴 is the area of the aperture 
disk, 𝑡 is the exposure time in seconds and 𝑍S8T is the zero point magnitude - 
which can have an arbitrary value, as it will cancel out in differential photometry. 
    
   The errors in the photometry derived by IRAF: 

 

𝑃ℎ𝑜𝑡𝑜𝑚𝑒𝑡𝑟𝑖𝑐	𝐸𝑟𝑟𝑜𝑟	=	³=µA·	Ë°ÂÌ
T8<t

+ 𝐴 × 𝜎y + 𝐴y × ÍÀ

¬ËÎÏ
	………	(3.3)	

	
𝑀𝑎𝑔	Ð99©9	=	1.0857 ×	

§¨©ª©Ñ+ª9<^	Ð99©9
=µA·	Ë°ÂÌ

		,	𝑀𝑎𝑔	Ð99©9 ≪ 1	………	(3.4)	
 
   where  𝑁O:P is the number of sky pixels in the annulus around the star and 𝜎 is 
an estimate of the standard deviation of the sky background. 
    
   Ultracool dwarfs are primarily faint and they have small variability amplitudes, 
so it is essential to obtain the highest SNR for a target's photometry. The correct 
selection of aperture size is a critical factor in implementing good aperture 
photometry. As we mentioned previously in (Section 2.7.3), the app_size routine 
in the L3-CCD GUFI pipeline offers a calculation of the highest value of SNR, for 
a range of aperture radius values in the phot routine. Equation 3.4 can be 
modified, since 𝑆𝑁𝑅 = =µA·	Ë°ÂÌ

§¨©ª©Ñ+ª9<^	Ð99©9	
 , to give: 

 
𝑆𝑁𝑅 = /.0�dÓ

Í	Ô�Õ=
	,		𝜎	𝐼𝑅𝐴𝐹 ≪ 1	………	(3.5)	
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where 𝜎	𝐼𝑅𝐴𝐹 is the formal photometric error in the instrumental magnitude in the 
aperture. However, informal photometric errors arising from the image reduction 
process are neglected in this calculation. The phot task assesses photometric 
aperture sizes to establish which produces the largest SNR for the star, from 
which the user can select the most appropriate aperture size for the target star 
(see Figure 3.1). The diameters of the optimum aperture and sky annulus differ 
from night to night based on the seeing conditions (Harding, 2012). Using the 
GUFI pipeline, the data were binned to one-minute frames in order to determine 
the optimum aperture, and this single constant aperture size (Fixed Aperture, 
F.A.) was applied to all stars and across all frames throughout a given observation 
night, assuming that the fixed aperture size can be applicable as long as 
astronomical seeing throughout an observation night is comparatively stable. This 
is a standard approach, and was adopted also by Smith et al. (2004), who 
developed the QVAR (Quasar Variability) technique. An assessment of GUFI F.A. 
performance  and another technique (Lucky Phot + Optimum Aperture O.A.) are 
elaborated on further in Chapter 4 and Chapter 5, and determine which system 
would deliver the lowest lightcurve scatter.  
 
   Before performing GUFI differential photometry on the target and a selection of 
reference stars, choosing inherently non-variable reference stars over the 
timescales of the observation is very important. 
 
 

3.3 Differential Photometry 
 
Differential photometry is the method performed on all datasets studied in this 
work, which accurately measures the changes in magnitude/flux of a target object 
and generates differential lightcurves of the target object with respect to an 
ensemble of reference stars. This method was selected over absolute 
photometry, as absolute photometry depends heavily on atmospheric effects and 
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accurate calibrations for changing airmass. By contrast, with differential 
photometry, since the target we are studying and the reference stars are relatively 
close together on the sky and lie in the same frame in CCD images, all stars in 
the field will be equally affected to first order by changes in conditions. This gives 
a stability to the photometry that is necessary for time-series observations. 
Differential extinction corrections must be taken into account in the case of a large 
field-of-view (FOV), since the reference stars could be observed through different 
airmasses within the same CCD frame. However, with the 3' x 3' FOV of the GUFI 
photometer, the airmasses of all stars in the field are relatively the same and 
therefore extinction corrections are not required. The data_analysis module 
measures differential magnitude (	𝑚	7<,,	), as a function of UT, via the iraf.phot 
routines. Differential photometry is the difference in flux between a target star and 
an ensemble of selected reference stars: 
 

𝑚	7<,,	=	𝑚	?	-	𝑚9+,
		___ 	=	−	2.5	. 𝑙𝑜𝑔	/0	. (	

=ÌÇ×
	___

=	Ø
	)	………	(3.6)	

   where 𝑚	7<,, is differential magnitude, 𝑚	? and  𝐹	?	are the magnitude and flux 
of the target star for that frame, respectively, and 𝑚	9+,

		___  and 𝐹9+,		
	___ 	are the mean 

magnitudes and fluxes of the all selected reference stars for that frame, defined 
as follows: 

𝐹9+,		
	___ = 	

1
𝑁Ù𝐹<

¬

<

………(3.7)	

𝑚9+,
		___ = 	−	2.5	. 𝑙𝑜𝑔	/0	. (	𝐹9+,		

	___ 	)		………	(3.8)	

   Equations 3.7 and 3.8, which are based on averaging reference star fluxes, 
were chosen over the alternative of averaging reference star magnitudes directly, 
since this method provides greater weighting for brighter stars with greater signal 
to noise ratios and substantially reduced photometric errors.  



 
92 

 
 
 
 
 
 
    
 
 
 
 
 
 
 

 
Figure 3.1 A plot of SNR versus aperture size (pixels) to determine the optimum aperture 
radius in the app_size module. As seen from the plot, too large an aperture radius will 
add more noise from the sky background and then the SNR decreases dramatically. In 
this example, the most suitable aperture radius is approximately 5 pixels. This plot is 
taken from (Harding, 2012). 

 
 
The ref_stars module in the L3-CCD pipeline (outlined in Section 2.7.3) allows 
for selection and rejection of reference stars from the process based on the 
following selection criteria (Bailer-Jones and Mundt, 2001):  
 

1) The selected reference stars must be point sources, with near-Gaussian 
point spread functions (PSF). 

2) They must be isolated from other neighbours on the image, to prevent 
contamination within annuli of other sources, and must not be located near 
the edge of the frame. 
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3) The selected reference stars must be present on every image to maintain 
continuity. 

4) The flux of the selected reference stars must be ≤ 75% of the CCD 
detector saturation limit, to prevent non-linearity. 

5) The chosen stars should be within a range of magnitudes (brightness 
range) of +/- 0.5 of the target star. 

6) If possible, the reference stars and the target should be of the same 
approximate color/spectral type in order to reduce the telluric extinction 
effects which would affect photometric accuracy. 
 

   Once appropriate reference stars are provided according to the above criteria, 
the differential photometry would distinguish the inherent variation of the target 
star from external noise sources. We refer the reader to Lane (2008), Sheehan 
(2008) and Harding (2012) for an in-depth discussion of GUFI photometry with a 

fixed aperture. 

 

3.4 Optimum Aperture (O.A.) & Lucky 
Photometry (LuckyPhot) 
 
We also used second photometric technique, which is regarded as being capable 
of reducing  photometric errors, allowing better lightcurves to produced (with lower 
scatter) from a given data set; this technique is called Lucky Photometry 
(LuckyPhot), developed by Collins (2014) in the MATLAB environment. The 
LuckyPhot technique can limit the impact of turbulent weather conditions on 
photometric measurements through data selection. The photometric scatter 
imposed by the atmosphere can be considerably decreased by selecting frames 
that were captured under similar ambient circumstances. We used the same 
inherently non variable reference stars that were used in GUFI photometry. 
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As previously discussed, selecting the appropriate aperture size is a significant 
choice when extracting flux counts from an image. Photometric apertures that are 
too small will omit a large fraction of the flux from the star, photometric apertures 
that are too big will add undesired variations to the signal from the background. 
We tested a technique which can calculate the optimum aperture (O.A.) (Collins, 
2014), modified from a method described by Deeg and Doyle (2001). It was 
written using the MATLAB environment. Collins (2014) summarized the 
motivation behind O.A.:  
 

• Due to optical aberrations, all stars cannot have the same width PSF within 
a frame.  

• Variations in atmospheric seeing throughout the observation night can 
cause variations in the PSF of a star; therefore, it cannot be assumed each 
star’s PSF has the same width between frames. 

 
   Previous studies (e.g. Figure 3.1) have determined the method of calculating 
the optimum aperture for a single star, and the aperture size for each other star 
can be measured accordingly (Deeg and Doyle, 2001). They assumed that the 
ratios between aperture sizes of the stars within a frame are constant from frame 
to frame and assumed that the atmospheric effects that affect seeing are applied 
equally to all stars. No such assumption is made by the O.A. technique, as it 
calculates the optimum aperture radius for each star within each frame. It follows 
the same approach to the fixed aperture method (Section 3.2), determining the 
most suitable aperture radius by using the SNR of each photometric aperture size 
(Figure 3.2). Additionally, this technique searches for the zero-crossing point in 
the SNR derivative for a range of aperture sizes applied to the star. The zero-
crossing point indicates a decent assessment of where the star counts dominate 
and where sky background counts begin to dominate (Figure 3.2).  
 
 
 



 
95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

Figure 3.2 The process of O.A. selection. The upper panel shows the SNR plotted against 
aperture radius. The lower panel shows the zero-crossing point of the derivative of the 
SNR which represents a good assessment of the optimum aperture (O.A.) size for a 
given distribution. This figure is taken from Collins (2014). 
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Figure 3.3 A summary of the Lucky Photometry (LuckyPhot) technique. This figure is 
taken from Collins (2014). 
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Each step of the LuckyPhot process will be explained, following the flow shown 
in Figure 3.3. Let us assume that we have a frame (image) with three reference 
stars and one target. The first step is determining the optimum aperture (O.A.) to 
extract the flux from each star in each frame as we described before. Then, the 
ratio of the flux of each reference star to every other reference star (e.g. R1/R2 , 
R1/R3 and R2/R3) within a frame is calculated, to create a measure for the 
conditions of this frame (Table 3.1). This produces a pattern (array of ratios) which 
define the atmospheric photometric characteristics in that specific frame, on the 
basis of which the selection process will identify which frames have common 
photometric characteristics. As shown in Figure 3.4 & Table 3.1, by performing a 
sigma-rejection scheme for each reference star ratio calculation across all frames, 
the most common value for each ratio calculation is identified. The frame selection 
method is carried out through the application of the pass/fail scheme. The frame 
is chosen when all ratio combinations lie within their respective σ limits (Figure 
3.4). On the other hand, the frame is rejected if any ratio combination does not lie 
within its σ limits. Frames are then grouped into bins by averaging each star's 
fluxes in batches of the surviving frames. The time sampling is maintained as not 
entire data bins are completely rejected - at least 1 frame will be retained per bin, 
even if, in a worst case scenario, technically it failed the sigma-rejection test. 
 
   We used the same output data of the data reduction/calibration process (L3-
GUFI pipeline). In addition, we used the same outputs of the data_ops module 
(breaking up FITS datacubes and registration etc), and used the same reference 
stars that the starlist routine (*_fr.fits.coo.1) had selected for the GUFI/aperture 
photometry. We wrote a Python script called the Input_phot module that takes 
IRAF phot output files and parses them into the correct format for the LuckyPhot 
technique. The main output file generated by the Input_phot module contains 
the extracted flux values from each frame. In essence, the data is in blocks of 
frames. Within each block, we sub-block it into aperture size (as there is a line for 
each aperture size defined by the start aperture, aperture step and end aperture 
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sizes), and within this sub-block each star gets a line recording its flux in that 
aperture (Figure 3.5). 
 
 
 
 
 

 

 

 

 

Figure 3.4 Plots A and B illustrate the LuckyPhot frame selection method. A σ rejection 
scheme is performed for each reference star ratio calculation across all image frames, 
the commonest value for each ratio calculation is identified. Horizontal bars represent the 
σ limit. In plot B, the box "a" shows a frame in which all ratio calculations lie within their 
respective sigma limits. Therefore, this frame would be chosen for the final differential 
lightcurve. Whereas the box "b" shows the case where the two ratio calculations (R1/R2 
and R1/R3) lie within their respective sigma limits, but (R2/R3) does not. Thus this 
particular frame would be excluded. The selection process may be repeated a number 
of times, with fewer improvements. This figure is taken from Collins (2014). 

B. 

A. 
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A. 
Frame 

# 

R1 

Star 1 

R2 

Star 2 

R3 

Star 3 

R1/R2 R2/R3 R1/R3 

1 Flux 1 Flux 2 Flux 3    
2 Flux 1 Flux 2 Flux 3    
3 Flux 1 Flux 2 Flux 3    
n       
    Mean 

(R1/R2) 
Mean 

(R2/R3) 
Mean 

(R1/R3) 

 

B. 
Frame 

# 

Res (R1/R2) = R1/R2 

– Mean (R1/R2) 

Res (R2/R3) = R2/R3 - 

Mean(R2/R3) 

Res (R1/R3) = R1/R3 

– Mean (R1/R3) 

1    
2    
3    
n    

 

C. 
Frame 

# 
σ1 = Res (R1/R2)2 σ2 = Res (R2/R3)2 σ3= Res (R1/R3)2 

1    
2    
3    
n    

Table 3.1 Tables that are calculated during the LuckyPhot technique: A. creates a pattern 
that describes the atmospheric photometric characteristics for the frames. B.  calculates 
the residuals of the ratio for each pattern. C.  calculates sigma σ for each ratio. The σ 
value allows to set optimum rejection level for each ratio. 
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The basic design of the Input_phot output file is as follows - see Figure 3.5 for 
an example with real values: 

Frame 1 

Aperture N for star 1 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N for star 2 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N for star 3 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Etc.. for all stars 
Aperture N+1 for star 1 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+1 for star 2 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+1 for star 3 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Etc. for all stars 
Aperture N+X for star 1 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+X for star 2 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+X for star 3 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Etc. for all stars where N+X is the final aperture size. 
End of frame 1 
 
Frame 2 
Aperture N for star 1 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N for star 2 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N for star 3 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Etc.. for all stars 
Aperture N+1 for star 1 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+1 for star 2 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+1 for star 3 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Etc. for all stars 
Aperture N+X for star 1 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+X for star 2 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Aperture N+X for star 3 | Uncalibrated Flux | Area | Calibrated Flux | Magnitude | Error | 
Etc. for all stars where N+X is the final aperture size. 
End of frame 2 
. 
. 
Frame n 
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Figure 3.5 Example of the format of the file for one frame for input to LuckyPhot. 

 
 
There are two main MATLAB scripts to implement LuckyPhot: RUN_OVAR and 
RUN_SELPHOT, which are run sequentially. The RUN_OVAR routine (Figure 
3.6) reads a data file, runs the O.A. technique and plots results. The output from 
RUN_OVAR is a set of standard differential lightcurves. We used this to appraise 
our data and fine tune our settings (time bins & reference star selection). When 
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the user is happy with the data, then it is necessary to save the output of the data 
using this command: save ('the_object', 'out_data', 'jd_list'). 
 
 

Figure 3.6 The user settings for the RUN OVAR routine. in_path here is the full path to 
the input file. Data is combined (binned) into intervals of time_bin_size seconds. There is 
an option to drop selected variable reference stars. 

 
 
   Next, the user runs the RUN SELPHOT routine (Figure 3.7). This executes the 
LuckyPhot technique (selects frames with reference star ratio consistency). The 
output from this is a set of plots showing magnitude errors (Figure 4.13), number 
of dropped frames (Figure 4.14), and final differential lightcurves. 
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Figure 3.7 The user settings for the RUN SELPHOT routine. data_path here is the user 
saved file from the previous step (RUN_OVAR). The sig_limits are sigma limits for how 
hard the user drives the process. It basically means that the user can limit the number of 
redundant processes. num_iters is the number of times to iterate the LuckyPhot routine. 

 

3.5 Post-Photometry Assessment of 
Lightcurves 
 
Astronomical observing under poor weather conditions (e.g. intermittent cloud 
that leads to gaps in the differential lightcurve (data removal), high humidity which 
affects transparency, and high winds that affect seeing) can affect the quality of 
the final differential photometric lightcurves. We have rewritten the MATLAB 
scripts called “post-photometric routines” originally developed by Harding (2012), 
which aim to assess the stability of reference stars with respect to the target star 
and to identify areas of poor quality in the final differential lightcurve, based on 
the detection of increased scatter rms. This assessment detects periods of bad 
weather conditions and recognizes erroneous data points in the time series. Each 
step of this assessment can be explained as follows: 
 

• For a given observation night, the ratio of the flux of each reference star 
compared to the mean of the remaining reference stars is plotted, to 
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analyse the quality of the reference stars used. We reject as unsuitable 
any reference star when it has significantly lower SNR than other reference 
stars in the sample or when its flux has been affected by other impacts in 
some frames (e.g. hot pixels, isolated cloud, cosmic rays, contamination 
from other objects in its photometric annulus). 
 

• The mean value of all selected reference stars for each frame, known as 
the superflux, is calculated. Then, averaging across all the frames, the 
mean of all the superfluxes, and the mean flux for each reference star, are 
also calculated. 

 
• The quality factor is calculated using Equation 3.9 (Harding, 2012) for the 

reference stars numbered n = 1 .... N:  
 

𝑄𝑢𝑎𝑙𝑖𝑡𝑦	𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑠𝑡𝑑 Û	Ü=µA·	ÝÇ×	
(t)

ÞAB+9,µA·
	ß − ÜS+8t	=µA·	ÝÇ×	

(t)

S+8t	ÞAB+9,µA·
	ßà	………	(3.9)	

 
where 𝑠𝑡𝑑() is a standard deviation operation over all values of n (all 
reference stars), 𝐹𝑙𝑢𝑥	�+, is the flux value of each reference star and 

𝑀𝑒𝑎𝑛	𝐹𝑙𝑢𝑥	�+, and 𝑀𝑒𝑎𝑛	𝑆𝑢𝑝𝑒𝑟𝑓𝑙𝑢𝑥 were calculated in the previous step. 
This equation compares the instantaneous fractions of the superflux taken 
by each reference star to their long-term average fractions. We expect the 
fractions to be very consistent, but in unstable conditions, they can diverge, 
driving up the quality factor value.  
 

• A quality factor threshold can therefore be set by the user on the basis of 
the observed quality factor scatter (Figure 3.8). This threshold is utilised as 
an absolute constraint on data points, since all points with quality factor 
values above the designated threshold will be removed from the final 
differential photometry calculation. 
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Figure 3.8 Illustration of the post-photometry routines. We selected an observation made 
on February 23 2018 UT, of 2M J1314+13AB, since the seeing was generally excellent 
throughout the exposure, but some parts of the night were impacted by intermittent cloud 
causing deteriorating transparency and seeing conditions, resulting in an increase in the 
rms scatter for some data points, as shown in the top panel. We assign a quality factor 
threshold of 0.015 (highlighted with a red dashed horizontal line in the middle panel). All 
data points above the assigned threshold will be filtered out and will not be used in the 
final differential calculation. The bottom panel shows the final lightcurve after removing 
low quality data points automatically. 
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The outputs of this routine are logged to a file which includes the fluxes of the 
target and reference stars and their UT time of acquisition. We recalculate 
superflux from this file and this is then subtracted from the flux of the target star 
to compute the final differential photometry. 
 
   Lastly, we found the STD quality filtering is not necessary when running the 
LuckyPhot technique, since LuckyPhot already rejects such bad data points 
automatically. LuckyPhot always keeps *some* point in each binned interval, 
whereas quality selection can potentially throw away entire bins. 
 
 

3.6 Photometric Error Model 
 
In order to achieve high precision differential photometry on these faint objects, 
the photometric errors on each lightcurve data point must be investigated. 
Magnitude errors in the target and reference star data points were computed 
using the photometric techniques used in this work; GUFI photometry (Section 
3.2), which is provided by the data_analysis module in the L3-CCD GUFI pipeline 
(Sheehan, 2008), and the LuckyPhot technique (Collins, 2014), which is provided 
by the RUN_OVAR routine (Section 3.4). In this work, a photometric error model 
described by Bailer-Jones and Mundt (2001) was used to quantify formal and 
informal photometric errors. Errors resulting from photon statistics and 
instrumental readout noise are computed by the IRAF task phot, and are regarded 
as formal photometric errors. Other effects that are hard to estimate accurately, 
such as residuals after flat fielding and fringe removal, are known as informal 
photometric errors. This model is based on the fact that reference stars are 
inherently non-variable objects (this assumption is tested in the process of 
ratifying reference star selections). We compute the photometric errors of the 
target object and each reference star by plotting their formal photometric errors 
(𝜎	Ô�Õ=), as calculated by the IRAF task phot, versus the standard deviation of 
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their lightcurves (𝜎	9ÑO	O^8ªª+9). The model assumes a linear relationship 
between 𝜎	9ÑO	O^8ªª+9 and 𝜎Ô�Õ= (Figure 3.9), and a simple linear fit of the data 
can be performed: 
 

𝜎	9ÑO	O^8ªª+9 	= 𝑎 + 𝑏. 𝜎	Ô�Õ= ………(3.10) 
 
   where 𝑎 & 𝑏 are coefficients of the first order polynomial to linear fit of the data.  

Figure 3.9 The final error model fit for the six reference stars used for the analysis of 
2MASS J0746+2000AB on March 04, 2017 UT. 

 
 
   At each point in the target's differential lightcurve, the total photometric error 
from both the target object and the reference stars can be calculated from 
Equation 3.11, adopted from Bailer-Jones and Mundt (2001): 
 

(𝛿𝑀	ª©ª8µ)y =	(𝛿𝑀	ª89T+ª)y + (
1

	𝑁	. 𝐹	9	
)yÙ𝐹<y

¬

<

	(𝛿𝑀<	)y ………(3.11)	
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where 𝛿𝑀	ª89T+ª, 𝛿𝑀	< are the magnitude errors in the target object and 
𝑖ª¨		reference star respectively, calculated by applying the a & b fit coefficients 
from Equation 3.10 to each measurement, 𝑁 is the number of reference stars 
used, 𝐹	9		is the combined flux of reference stars and 𝐹< is the flux of the 𝑖ª¨	 
reference star.  
 
   To determine the errors in the individual flux data points, let us assume that we 
have a frame with four reference stars and one target. The magnitude error of the 
target is known from Equation 3.11. Now, we apply the error in the magnitude of 
each reference star to their flux and call the resulting flux errors 𝛿𝐹9/, 𝛿𝐹9y, 𝛿𝐹9\,
𝛿𝐹9�, 𝛿𝐹9d and 𝛿𝐹9b. The total flux error of the reference stars can be found: 
 
𝛿𝐹	9+,	ª©ª8µ 	=	«(𝛿𝐹9/)y + (𝛿𝐹9y	)y + (𝛿𝐹9\)y + (𝛿𝐹9�)y + (𝛿𝐹9d)y + (𝛿𝐹9b)y	…	(3.12)	

	
 
   Therefore, the magnitude error of all reference stars used is: 
 

𝛿𝑀	9+,	 = 	
𝛿𝐹9+,	ª©ª8µ

𝐹	9
……… (3.13)	

 
   Equation 3.13 is valid for 𝛿𝑀	9+,	 << 1. Lastly, the magnitude error for each 
lightcurve data point 𝛿𝑀	â8ª8B©<tª	 is: 
 

𝛿𝑀	â8ª8B©<tª		=	«(𝛿𝑀	ª89T+ª)y + (𝛿𝑀	9+,)y ………(3.14)	
 
   Note that	𝛿𝑀	â8ª8B©<tª		in Equation 3.14 amount to the same thing as 𝛿𝑀	ª©ª8µ		in 
Equation 3.11, they are both the net error for a single point on the target's 
differential lightcurve.  
 
   These photometric errors are plotted as the error bars in all differential 
lightcurves in Chapters 4 & 5. 
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3.7 Detecting Periodic Variability of 
Photometric Datasets 
 
To identify and evaluate periodic variability in our datasets, a range of statistical 
techniques were used in this work to measure the validity of the periodic variability 
detected and the associated errors. 
 
 

3.7.1 The Lomb-Scargle (LS) Periodogram  
 
The Lomb-Scargle (LS) periodogram, based on the contributions of Lomb (1976) 
and, independently, Scargle (1982) & Scargle (1989), is one of the statistical tools 
used in this work. This particular algorithm is ideal for the astronomy community 
as it was designed to detect and characterize periodic signals in unequally-
spaced time-series, and it uses the discrete fourier transform (DFT) which is a 
periodic function of frequency. Basically, the LS periodogram is a modification of 
the classical periodogram. There are statistical problems connected with 
unevenly-spaced data due to the data loss and an increase in aliasing; however, 
this periodogram can overcome these inherent statistical problems and provide 
greater statistical stability. The LS periodogram algorithm takes the photometric 
output file, and returns a power spectrum (signal power vs. temporal frequency) 
that has been thoroughly examined for significant peaks to investigate the 
presence of periodic variability. This technique is very significant for limited and 
patchy lightcurves, since other effects could be present such as spectral leakage, 
which spreads power into smaller peaks on either side of the true peak frequency,  
or aliasing, which maps frequencies (f) above half the sampling frequency (fs/2) 
back to a lower, false aliased frequency (fs - f) (Figure 3.10 & Figure 3.11). 
Despite the advantages of using the LS periodogram, the power in the 
periodogram can appear not only with a single frequency, but also at other 
frequencies in the nearest neighborhood, leading to artificial amplitudes due to 
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the effect of spectral leakage. The reason for spectral leakage to occur is when a 
window function which has a finite span is applied to the time function, and 
therefore frequencies can propagate into adjacent DFT bins (Harding, 2012; 
Bowdalo et al., 2016). Another issue, known as aliasing or false periods, arises 
when the data sampling is too slow for the changes in the signal (undersampling), 
and thus appear as other periods. More data produces more significance at the 
true frequency, which reduces spectral leakage, but not aliasing: that requires a 
higher rate of sampling, not a longer span of data. Due to large data gaps between 
consecutive observations owing to various natural phenomenons, (like day/night 
cycle, weather, moonlight contamination and seasonal cycles, etc.), spectral 
leakage and aliasing may also occur (Baluev, 2012; Harding et al., 2013a). 
 

Figure 3.10 We see power peaks at adjacent frequencies, f (e.g. f ∼ between 10 - 20 Day 
-1) that result from the effect of spectral leakage. Whereas, frequencies between 20 - 30 
Day -1 look like noise peaks. The red horizontal dashed lines represent the significance 
of the main peaks ranging from 0.6 - 4σ, as computed by the LS algorithm. 

 
 
   The LS periodogram calculation for an arbitrarily (nonuniformly) sampled data 
set is given by the following Equation: 
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𝑃	ãÞ	(𝜔) =
/
yÍÀ

	ä[∑ (¨Ã[æ̈)ç
Ãèé 	^©Oê(ªÃ[ëìí)]À

∑ ^©OÀç
Ãèé ê(ªÃ[ëìí)

+ 	 [∑ (¨Ã[æ̈)ç
Ãèé 	O<tê(ªÃ[ëìí)]À

∑ O<tÀç
Ãèé ê(ªÃ[ëìí)

ï………	(3.15)	

where 𝑃	ãÞ	 is the power spectrum,	ℎ represents each consecutive data point, ℎð	is 
the mean of the data points, N is the time series length, 𝑡< represents the sampling 
time of the 𝑖	ª¨   astronomical observation, sigma 𝜔 is the angular frequency 
defined by 𝜔 = 2𝜋𝑓 > 0  and 𝜏ãÞ is given by : 

𝜏ãÞ = tan(2𝜔𝑡) =
∑ sin 2𝜔𝑡<¬
<õ/

∑ cos 2𝜔𝑡<¬
<õ/

………(3.16)	

Figure 3.11 Simulated data where a sinusoid at f1 = 11 Hz, when evenly undersampled 
at fs = 16 Hz [correct sampling would be fs = 2*f1 = 22 Hz], is aliased to f2 = (fs - f1) = 
16 – 11 = 5 Hz. 

 
 
   Based on the LS periodogram analysis, we can estimate the period uncertainty 
for the potential rotation periods detected for our targets. To do that, we 
overplotted the LS power spectrum strongest peak period range with a Gaussian 
profile, and then measured the FWHM, since the width of its FWHM covered a 
range of possible true periods (Figure 3.12). 
 
   The period uncertainty (δP) is calculated as follows: 
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		𝛿𝑃 = 	
𝐹𝑊𝐻𝑀
2.35482	………

(3.17)													, since		𝐹𝑊𝐻𝑀 = √2 ln 2À 	𝜎 = 2.35482𝜎	
	

   This gives an estimate of the period uncertainty 1𝜎. We used this technique with 
each lightcurve to calculate the uncertainty range for the detected rotation period. 
Unfortunately, we could not find sufficient periodic precision to allow us to phase 
lightcurves together between observation epochs for our samples.  

Figure 3.12 Shows the LS periodogram constructed from the February and March 2017 
combined lightcurve of the primary component of M7 binary dwarf -  2M J1314+13A. We 
detected the strongest LS power spectrum peak indicated at a period of ~ 3.79 hrs. Based 

on this profile, we calculated the period accuracy δP = úûüý
y.\d��y

	, yielding a rotation period 

and an associated error of 3.79 ± 0.05 hrs - a conservative error estimate where the 
correct period unquestionably lies inside this allowed boundary. 
 
 
 
   For the datasets acquired for this project, the span of observations set the upper 
limit for the maximum possible periodicity of our targets. Therefore, we ran the LS 
periodogram to search for any periodicity in each separate epoch of our targets, 
then we investigated which LS power solutions (of significance > 5σ) were in 
greatest agreement. In addition, we combined all the observation epochs of the 
photometry of each target as a single time series to maximize the number of 
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cycles within the lightcurve. This has a benefit that the time span over which the 
data are period-searched is also extended and the final error estimates are 
minimized. 
 
 

3.7.2 Phase Dispersion Minimization (PDM) 
 
Phase dispersion minimization (PDM), as described by Stellingwerf (1978), is the 
second data analysis tool employed in this work. The PDM algorithm searches 
for periodic variation in time series data of variable stars and other celestial 
bodies. It is an efficient and effective technique for irregularly spaced samples 
(with gaps), non-sinusoidal signal shapes and any other problems that will render 
Fourier transform techniques inoperable (Stellingwerf, 1978; Linnell Nemec and 
Nemec, 1985; Schwarzenberg-Czerny, 1989; Schwarzenberg-Czerny, 1997). 
Basically, the PDM technique works by phase-folding the data on a trial period, 
picking the arithmetic mean of the intensities in each phase bin to calculate the 
mean value of the lightcurve, calculating the scatter within each bin with respect 
to its mean, and iterating over different trial periods to minimize the variation 
(dispersion) within the bins of the data points. The period that produces the least 
possible data point scatter compared to neighbouring periods is most likely the 
true period. 
    
   To describe the PDM approach more rigorously, any discrete set of time series 
data can be expressed by (𝐹@,𝑡@  ), where 𝐹@ , 𝑡@ represent the flux and the observing 
time of the 𝑗ª¨  observation. Given 𝑁 number of data points in all ( 𝑗 =1 ...... 𝑁), the 
variance of 𝐹 can be defined as: 
 

𝜎y = 	
∑ÿ𝐹@ − 𝐹ð)y

𝑁 − 1 ………(3.18)	
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where 𝐹ð is the mean of the flux values; 	𝐹ð =
∑=!
¬
	.	To calculate the variance of the 

observation sample within each bin 𝑣<y, we use an almost identical equation: 
 

𝑣<y = 	
∑(𝐹< − 𝐹ð<)y

𝑛< − 1
………(3.19)							

 
   where 𝑛<	is the number of data points in the 𝑖ª¨	bin. The overall variance for all 
bins,  𝑆y, is then given by: 
 

𝑆y = 	
∑(𝑛< − 1). 𝑣<y

∑ 𝑛< − 𝑁
………(3.20)	

 
   Through a series of different test periods, the PDM technique looks for the true 
period in which the scatter of the derived lightcurve is minimized and corresponds 
to the maximum amplitude of the mean lightcurve (Figure 3.13).  This scatter is 
calculated by the PDM theta statistic Θ = 𝑆y

𝜎y�  (the ratio of the overall variance 

for all bins to the variance of the unbinned lightcurve). For a true period in the 
sample, Θ will be very small, hopefully near-zero. However, for a false period, 
𝑆y ≈ 𝜎y, and Θ is approximately 1.  
 
   We performed a Monte-Carlo test, in order to evaluate the statistical 
significance of the potential outcomes of the PDM method (Linnell Nemec and 
Nemec, 1985). Although the PDM algorithm is widely accepted in variable star 
research, it suffers from some limitations if there are large gaps in the dataset 
between consecutive observations. This is because the PDM theta statistic can 
minimize at many different period solutions, when there is aliasing, similar to the 
LS method in Section 3.7.1. Essentially, a Monte-Carlo numerical test can show 
the reliability of the identified period by assessing whether the period solution at 
any minimum Θ level could be due to pure noise. We began the Monte Carlo test 
by randomizing the dataset’s sequences, which removes the original signal 
component. For these randomized data points, we used the PDM method again 
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Figure 3.13 Outputs from the LS periodogram technique and the PDM technique for the 
L binary dwarf 2MASS J0746+2000AB in the November 2017 epoch. In Panel A, we 
indicate the rotation period of 3.34 hours, detected as the most significant peak in the LS 
periodogram. As determined by the LS periodogram algorithm, we include the red 
dashed-dotted horizontal lines on the plot which	represent a > 5σ false-alarm probability 
of the peaks. Panel B Shows the PDM plot of the same epoch, where we plot Theta 
statistic against frequency (Day -1). We indicate the minimum theta statistic and the 
corresponding period of 3.29 hrs. We can clearly see that, the LS periodogram findings 
are directly in line with the PDM findings; then we examine this period with other routines 
for further confirmation.   

A. 

B. 
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using the same parameters as with the actual data. The Monte Carlo tests were 
iterated for 105 trials until the full distribution of the noise-generated Θ values was 
covered. This distribution was then used to estimate the statistical significance of 
a given period solution. 
 

 
3.7.3 Phase Folding 
 
In the case that a period solution can be detected using e.g. the LS method or the 
PDM method described in the previous sections, the lightcurve data are then 
folded to the known rotation period (𝑃) in such a way that all the discrete time 

series data are plotted together as a single rotation period (Figure 3.14A), in order 
to give us an accurate picture of what the repetitive pattern of object variability 
looks like. This means plotting relative flux (𝐹) as a function of phase (𝜙), rather 
than plotting relative flux (𝐹) as a function of time (𝑡). We applied the following 
equation to compute the phase (𝜙) of each time point t with respect to epoch time 
(𝑡©) and period 𝑃: 
 

𝜙 =
𝑡 − 𝑡©
𝑃 ………(3.21)	

 
   By discarding the integer part of phase 𝜙, all data points can be plotted in a 
single composite cycle. The phase folding method proved to be highly useful, as 
visual inspection shows whether the phased period is reasonable. More 
importantly, this method is a test of the measured period: If the data is phased to 
a false period, the lightcurve’s shape becomes less coherent and shows a large 
scatter in each phase bin without a clear trend (Figure 3.14, Panel B). Whereas, 
if the sample is phased to a true period, the lightcurve’s shape will be smooth and 
the data points will lie near this curve, and the scatter in the raw lightcurve is 
nearly the same as the scatter in the phased curve (Figure 3.14, Panel A). 
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Figure 3.14 Phase folded photometric lightcurves of the M7 dwarf 2M J1314+13A from 
the May 2018 epoch, after using Light Curve Fitter (Section 3.7.4) to subtract out the 
period we discovered for the secondary component. Panel A has been phase folded to 
the detected 3.79 hours period from the LS method. Whereas, Panel B has been folded 
to a false period of 3.7 hrs. It is clear that Panel A is a smooth lightcurve showing a clear 
trend for the data points, conversely, Panel B shows no trend for the data points and the 
scatter in each phase interval is greater than in Panel A. 

A. 

B. 
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Figure 3.15 The same phased lightcurve of the M7 dwarf 2M J1314+13A from Figure 
3.14, Panel A. This data has been binned by a factor of 10, to reduce the effect of random 
variation. The trend for the data points is now extremely clear. 
 
    
In Figure 3.14, Panel A, on a visual inspection, we can see the general trend 
iterated in the data points with a lot of irregular variation. This variation could be 
mainly due to random observation errors. We can reduce this variation about the 
overall pattern by performing binning on the data points, i.e. by averaging out the 
data in phase intervals (Figure 3.15). 
 
 

3.7.4 Markov chain Monte Carlo (MCMC) 
 
Another analysis tool we used was Markov Chain Monte Carlo (MCMC), to 
estimate the period by fitting a sinusoidal model to the lightcurve of our targets. 
MCMC is a Bayesian statistics method that comprises a class of algorithms for a 
sampling of the posterior probability distribution function. MCMC sampling 
generates a chain of positions in parameter space, each of which is an 
approximation of the posterior probability distribution function. Using an MCMC  
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Figure 3.11 Posterior probability distributions obtained from applying the MCMC 
algorithm to the BRI 0021 lightcurve on October 10 2017. Vertical dashed lines show the 
median and 1σ uncertainties on the best-fitting model parameters, which are defined by 
the 16 % and 84 % quantiles of each distribution. Contours show the 0.5, 1.0, 1.5, and 

2.0 σ uncertainties of the posterior probabilities in each two-dimensional parameter. 
 
 
algorithm to fit the lightcurves will naturally provide uncertainties and covariances 
on the parameters via the posterior probability distribution.  
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Several algorithms exist for constructing such Markov chains, but the MCMC 
algorithm we used was the widely used the Metropolis-Hastings algorithm 
(MacKay, 2003). Putting together the ideas of the MCMC algorithm, it is a 
repeated process that results in a single chain of parameter sets used to estimate 
the posterior probability distribution function. MCMC begins with an initial guess 
to draw samples from the posterior. A proposal step is made by adding random 
noise, which calculates the probability functions of the initial and proposal step. 
The probability function ratio indicates whether the proposal step (the random 
values) provides a better fit to the data. If the proposal step is more probable, the 
algorithm retains the values proposed and the process is repeated. If the proposal 
step is less probable, the proposal step is retained with a probability determined 
by the probability ratio. If the random values do not agree with the data, then the 
last chain position is simply repeated (MacKay, 2003). Once the maximum 
probability parameters are found, the Metropolis-Hastings algorithm converges to 
a stationary set of samples. During the initial "burn-in" stage, a number of steps 
are skipped so that the algorithm can start with unbiased parameters. 
    
   An affine-invariant sampling algorithm has been proposed by Goodman and 
Weare (2010), which has better performance than standard Metropolis-Hastings 
algorithms by generating independent samples with much shorter autocorrelation 
times (i.e. with fewer chain's steps). This process includes the concurrent 
evolution of a group of chains known as "walkers," in which the proposal 
distribution for one walker is based on the current positions of the group of walkers 
(Foreman-Mackey et al., 2013).  
 
   In order to obtain the full posterior probability distributions for each parameter 
of the sinusoidal model, we use sin_emcee.py developed by Vos (2019). An 
example of using this code appears in Allers et al. (2020). They used an open-
source implementation of the affine-invariant MCMC ensemble sample 
(Goodman & Weare, 2010), and the emcee package (Foreman-Mackey et al., 



 
121 

2013). We explored the 4-dimension parameter space to model the lightcurve 
using 500 walkers with 20000 steps and discarding an initial burn-in sample of 
1000 steps. Figure 3.16 shows the posterior probability distributions of the 
amplitude, period, phase and the fitting model parameters. For observational data 
taken of BRI 0021 obtained on Oct 10 2017, using the same methodology as 
originally applied by Allers et al. (2020). Each parameter is constrained, and the 
MCMC algorithm determines a period of 3.046 ± 0.008 hrs. 
 
 
 

3.7.5 Light Curve Fitter (LCF) 
 
Two binary system samples were selected for this project: the M7 dwarf tight 
binary 2MASS J1314203+132001AB, and the L dwarf tight binary 2MASS 
J0746+2000AB. In each case, differential photometry was performed with a 
chosen photometric aperture that enclosed the combined flux of these 
components. GUFI could not image each component of both binary systems as 
a point source: they cannot be spatially resolved with a ground-based telescope 
limited by atmospheric turbulence, due to ~ 2.7 AU (~ 0′′.23) and ~ 1.6 AU (~ 
0′′.130) separation between the A and B components for 2MASS 
J1314203+132001AB and 2MASS J0746+2000AB, respectively. Due to the likely 
presence of two sources periodically varying, a complex combined lightcurve 
shape was produced with superimposed variability (Figure 3.17). 
 
   The binary nature of the targets posed the question: if we subtract the dominant 
period out, do we see another weaker signal? And can we characterize it? 
 
   A software package, titled Light Curve Fitter (LCF), was developed to address 
these questions. This application was written in Python. LCF can deconvolve two 
superimposed sinusoidal waves and discriminate the weaker variability signature 
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from that of the dominant variability. This was accomplished using a combination 
of Least Square Fitting (LSF) and chi-squared 𝜒y techniques.  
 

Figure 3.17 Lightcurve of the binary 2MASS J0746+2000AB on March 20, 2017. Both 
members contribute to the optical variability, resulting in superimposed variability and a 
complex lightcurve shape. 
 
 
    
   The LSF technique finds the best fit for a data set which occurs when the sum 
of the squared residuals, 𝑆, is at the minimum: 
 

𝑆 =Ù(𝐹: − 𝑥(𝑡:,𝛽))y
t

:õ/

………(3.22)	

 
   where the data set consists of flux 𝐹 (the dependent variable) and time 𝑡 (the 
independent variable), for 𝑘 = 1…𝑛 data points, and the form of the generated 
model is 𝑥(𝑡,𝛽), where the 𝛽 vector is varied. The LSF technique treats all data 
points equally, unlike the 𝜒y method. Equation 3.23 calculates 𝜒y minimization, 
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where 𝐸: is the error or standard deviation that is previously calculated by 
methods in Section 3.6: 
 

𝜒y = Ù 	(
𝐹: − 𝑥(𝑡:,𝛽)

	𝐸:	
)y

t

:õ/

………(3.23)	

 
   Both techniques can estimate the error of the amplitude variability, period and 
phase of a given lightcurve. Results showed that the final outcome from each 
method was very similar. Although other uses are also possible, the LCF was 
developed specifically to determine the amplitudes and periods of the 2M 
J0746+20B and 2M J1314+13A where the 2M J0746+20A and 2M J1314+13B 
amplitudes and periods are known. The function 𝐿𝐶𝐹 is given by: 
 

𝐿𝐶𝐹 = ä𝐴/	𝑠𝑖𝑛 ä
2𝜋𝑡
𝑃/

+ ∅/ï + 𝑂/ï + ä𝐴y	𝑠𝑖𝑛 ä
2𝜋𝑡
𝑃y

+ ∅yï + 𝑂yï………(3.24)	

 
																																															 

𝑃𝑟𝑖𝑚𝑎𝑟𝑦	𝑆𝑡𝑎𝑟																								𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦	𝑆𝑡𝑎𝑟											 
 
   where the dependent variables above are the phase of the first periodic signal, 
∅/, the amplitude of the first waveform, 𝐴/, the offset of the first waveform,	𝑂/, the 
phase of the second waveform, ∅y, and 𝑃y period of the second waveform, the 
amplitude of the second waveform, 𝐴y,and the offset of the second waveform,	𝑂y; 
and the independent variables were the period detected in our work, 𝑃/ and 
time,	𝑡.  
 
   To explain the approach of LCF, consider the scenario of a binary star as a 
single source (for example 2M J0746+20AB), where we run LS and PDM on the 
combined flux of each observation epoch and then on all epochs combined, and 
the detected period represents the dominant source. Subsequently, to seek for 
the elusive secondary period a sinusoidal signal is set to the dominant rotation 
period in each of the original lightcurves (Figure 3.18). This fit is then subtracted 
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out, and the LS, PDM and MCMC are re-applied to the residual data points. This 
method can therefore identify the possible presence of an underlying period from 
the weaker member. If true, then this is repeated on the original time series, or on  
 

Figure 3.18 The March 04 2017 lightcurve of 2MASS J0746+2000AB. The red model 
sinusoid over-plotted is the best fit using the Least Squares Fit LSF in LCF routine. 
 
 
the time series with one or both signals removed - for example, refining the 
strongest variability parameters, by using a sinusoidal model fit set to the period 
of the detected weaker signal. The LCF algorithm can determine the mean 
amplitude variability of the target lightcurve via sinusoid fitting, which permits 
variation in the amplitude and phase of the sinusoidal function. In addition, it is 
also possible to use this technique as an additional evaluation of the period 
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solutions obtained from the LS and PDM analyses of single and binary stars, 
based on the correlation of the model sinusoidal fit with the real lightcurve data.  
 
   The operational flow diagram for the LCF software is described below and 
illustrated in Figure 3.19 & Figure 3.20. The LCF was developed using the Agile 
software development lifecycle as outlined in Fitzgerald et al. (2019). We coded 
and tested this application on OSX using the PyCharm IDE (integrated 
development environment) 2018 Community Edition, in Python 2.7 with later 
iterations using Python 3.7. There were eight iterations of this application before 
the code was then Frozen, allowing for the creation of a single executable file that 
can be distributed to users. This executable contains all the code and any 
additional resources required to run the application, and includes the Python 
interpreter that it was developed on. The major advantage for distributing 
applications in this manner is that it will work immediately, without the need for 
the user to have the required version of Python (or any additional necessary 
libraries) installed on their system. For further information on this approach, see 
Fitzgerald et al. (2019).   
 

Figure 3.19 The operational flowchart for the Light Curve Fitter (LCF) application 
illustrated in Figure 3.20. 
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The following python packages were used: 
 

• Numpy 
• scipy.optimise 
• scipy.stats 
• matplotlib 
• Tkinter 
• csv 
• pylab 

 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.20 GUI outlining the sequence of steps to calculate and plot the LSF for 
data.  The output of this sequence is illustrated in Figure 3.21. 
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The Graphical User Interface (GUI) is designed to be as intuitive as possible for 
users and does not require any previous training. The following sequence follows 
a path within the operational flowchart diagram (Figure. 3.19). The numbering 
sequence below corresponds to the functionality in Figure 3.20. 
 

1- Select data type - The user must select one of the radio buttons informing 
the application whether they want to use data with/without error bars. 
 

2- Select star system type - Single Star or binary. If Single Star is selected 
then the fields that set the parameters for the second star's amplitude, 
period and phase will be unavailable to the user, allowing them to only set 
the parameters for the first star. If a binary system is selected, then they 
have access to set parameters for both stars. 

 
3- Load data button - Select a text file containing data. At this point users will 

have the option to plot and view the data contained within the selected file. 
This can be done by selecting the Plot Data button (number 5). 

 
4- Input parameters – These parameters are set by the user and can be used 

to ascertain a good fit to the data when plotted (step 6). 
 

5- Plot Data button - This button will plot the data in the selected text file and 
will include error bars if that option was selected. 

 
6- Plot Waveform & Data button - This button will plot the data within the 

selected text file in addition to the sine wave based on the system type and 
parameters set by the user in step 4. This can then be used to determine 
a better LSF and Chi-Squared for goodness of fit GOF. 
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7- Calculate & Plot LSF button – This button will take the parameters from 
step 4 to calculate the LSF for the data selected in step 3.  It is then plotted 
(see Figure 3.21) and a Chi-Squared GOF is calculated.  The console (9) 
is updated to display all results.   
 

Figure 3.21 Output based on the sequence of events in Figure 3.20.  

 
 
 

8- Calculate and plot GOF button - If the user knows (or even if they do not 
know) the amplitude or period for the primary star, they can then determine 
the Chi-Squared GOF by setting percentage tolerances for the amplitude, 
period and phase of the stars. The tolerance ranges from 3% to 20% for 
the amplitudes, and is calculated by selecting the parameters (which are 
determined based on the combinations generated) with the lowest Chi-
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Squared GOF. This can take a considerable amount of time depending on 
how high the GOF tolerance (%) is set by the user. 

 
9- Console - The GUI is also equipped with a console that provides feedback 

to the user on files selected, values updated, optimum values for the LSF 
and corresponding Chi-Squared GOF. 
 

10-  Close button – This button terminates the application. 
 
 
 

3.8 Summary 
 
This chapter has described the signal analysis methods used in this work to 
evaluate the periodic optical variability of our radio detected dwarfs. Once our 
GUFI datasets were calibrated and reduced using the L3-CCD GUFI Pipeline to 
create a time series, we used two photometric tools to perform differential 
photometry on our targets, and also to evaluate which tool used would produce 
lightcurves with a lower spread. In the case of the GUFI/aperture photometry tool, 
we computed a single optimum aperture and fixed it per night. The LuckyPhot 
method helped us to determine the optimum aperture for each image, and it also 
chooses frames that are most photometrically identical but cannot differentiate 
between atmospheric and instrumental effects. Once we had extracted differential 
lightcurves, we utilised the LS periodogram, PDM, MCMC and phase folding to 
detect and verify the periodic variability of our targets.  
 
   In the case of binary systems where there is suspected variability in both 
components, we have developed a new tool called Light Curve Fitter (LCF) to 
untangle the photometric signal of the weaker source from that the dominant 
source. 
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" I am just learning to notice the different colors of the stars, and already 
begin to have a new enjoyment." 
 
                                                                          Maria Mitchell 
 
 
 
 
 
 
 
 
 

 
 
 
 

Periodic Optical Variability 
in Single Ultracool Dwarfs 
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4.1 Introduction 
umerous observations to date have unmistakably shown that very 
low mass stars and brown dwarfs with spectral types of ∼M7 and 
later - collectively known as ultra-cool dwarfs (UCDs) - can generate 
and dissipate strong magnetic fields. Optical observations give a one 

of a kind insight into UCD magnetism, as magnetic activity is known to play a role 
in the characteristics of the optically variable nature of such stars. Therefore, we 
optically observed two radio-detected objects (late-M/early-L dwarfs) to determine 
whether optical periodicity was present over a scale of years and to examine the 
correlation, if any, between the optical and radio regimes. This correlation would 
imply that the periodic optical and radio emissions in UCD may be related by 
some kind of magnetic phenomenon (i.e. star spots or aurorae, see Hallinan et 
al., 2015). However, for the two selected objects in this work, it is not clear at this 
point whether such a possible connection is causal in nature.  

   There have been several studies conducted in recent years of the M9.5 dwarf 
BRI 0021+021 (hereafter BRI 0021) and the L3.5 dwarf 2MASS 
J00361617+18211 (hereafter 2M J0036) that led to the detection of periodic radio, 
optical emissions and an Ha flare (e.g., Tinney and Reid, 1998; Reid et al., 1999; 
Martín et al., 2001; Berger, 2002; Ménard et al., 2002; Gelino et al., 2002; Berger 
et al., 2005; Lane et al., 2007; Maiti, 2007; Hallinan et al., 2008; Berger et al., 
2009a; Goldman et al ., 2009; Harding et al., 2013a; Metchev et al., 2015; Croll 
et al., 2016; Pineda et al., 2016).  

   In this chapter, we present photometric results, from multiple epoch I-band 
observations of these two ultracool dwarfs, obtained with the Galway Ultra Fast 
Imager (GUFI) on the 1.8m Vatican Advanced Technology Telescope (VATT) on 
Mt. Graham, Arizona. Each object exhibited periodic variability, and there were 
multiple epochs where the photometric variability is markedly present in the data. 
Two photometric analysis tools we used for comparison, as Lucky Photometry 
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analysis (Collins (2014), as discussed in Chapter 3) allowed to improve lightcurve 
solutions and to investigate the secular stability of these periods, amplitudes and 
phases. We also demonstrate how this approach reduces the uncertainty around 
periodicities detected using conventional photometric methods. 2M J0036 with its 
periodicity previously known, was chosen as the test case for results comparison 
to determine which of the two photometric techniques used in this work could 
improve differential photometric precision, the results are discussed in Section 
4.4.3. We discovered a new periodic modulation in the photometry of BRI 0021. 
Our observations confirm the periodicity of 2M J0036 (Lane et al., 2007; Harding 
et al., 2013a; Croll et al., 2016).  

   This chapter is structured as follows; Section 4.2 discusses the stellar properties 
of each target. Section 4.3 discusses our optical observations. Sections 4.4 
presents the photometric results of optical periodic and aperiodic variability for 
each source. We discuss the inclination angle relative to our line of sight of the 
two single dwarfs that we obtained from this work. We also present the results of 
the Lucky Photometry analysis with optimum aperture (O.A.) and compare it with 
fixed aperture (F.A.) with no Lucky Photometry (GUFI photometry). This section 

concludes with a discussion of the proposed source of the periodicity.  

 

4.2 Target Selection 
 

4.2.1 BRI 0021+0214 

BRI 0021, an M9.5 dwarf is a rapid rotator (v sin i = 34.2 ± 1.6 km s-1) (Basri and 
Marcy, 1995), and is located at a distance of ∼11.55 pc (Basri et al., 1996; Reid 
et al., 1999). According to the evolutionary models of Chabrier et al. (2000), the 
absence of lithium in the object's spectrum implies that the object is no younger 

than 300 Myr nor less massive than 0.06 M⊙. Recently, Gonzales et al. (2018) 
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estimated age of BRI 0021 to be in the range of 500 – 10000 Myr. Filippazzo et 
al. (2015) used evolutionary model isochrones to derive mass and radius 
estimates of 0.075 ± 0.010 M⊙ and 0.109 ± 0.005 R⊙, respectively. Based on 

spectroscopic observation by Leggett et al. ( 2001), the effective temperature and 

bolometric magnitude (log Lbol/L⊙) obtained for this dwarf were, respectively, 

about 2100 K and ≈ −3.43. Cesetti et al. (2013) developed spectroscopic 
diagnostics for cool stars and identified the effective temperature of ~ 2600 K. 
Based on the colour-temperature relation, Meneses-Goytia et al. (2015) found Teff  

of ~ 2466 K. Following that, Gonzalez et al.(2018) derived the temperature Teff 
and bolometric magnitude (log Lbol/L⊙) of  2385 ± 77 K and – 3.44 ± 0.04, 
respectively. 

   Early observations to discern magnetic activity were not promising.Ha emission 
was not detected (Basri and Marcy, 1995), nor were observations using ROSAT 
successful (Neuhaeuser et al., 1998). Subsequent more sensitive observations 
by Reid et al. (1999) confirmed the presence of a magnetic field in this object by 

detecting extremely low levels of the Hα flare emission with a luminosity log Lα/Lbol 

≈ 10−4.2, a factor of 3 lower than the average level of quiescent emission of early- 

to mid-type M dwarfs, and this was followed by the detection of low-level radio 
emission (average value of 40 ± 13 μJy at 8.46 GHz) with peak flux densities of 
360 ± 70 μJy from the dwarf (Berger, 2002). Subsequent simultaneous X-ray, 
radio and Hα observations demonstrated clear evidence for a steady variability of 
Hα emission from BRI 0021 on a timescale of 0.5 - 2 hours, although there were 
no detected X-ray or radio emissions (Berger et al., 2009a).  
 
   A photometric campaign was carried out by Martín et al. (2001) to search for 
the presence of optical variability. They found I-band variability with periods of      
∼ 20 hrs and ∼ 4.8 hrs. They inferred that the variability was likely not due to spots 
on the stellar surface, since preliminary studies showed the dwarf appeared to 
have low levels of magnetic activity. Rather, they argued that the cause would be 
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due to dust clouds in the dwarf’s atmosphere, as there are silicate and iron clouds 
are in the spectrum of BRI 0021 (Chabrier et al., 2000; Ackerman and Marley, 
2001). However when Miles-Páez et al. ( 2013) studied near-infrared linear 
polarization of rapidly rotating ultracool dwarfs from late-M to early-T dwarfs, they 
detected no linear polarization of BRI 0021 at optical or near-infrared wavelengths 
during different observation epochs, which might have been expected for a dust-
dominated modulated signal (Osorio et al., 2005). 
 

   Previously, Harding et al. (2013a) observed BRI 0021 in unfavourable 
conditions for a total of ~ 28 hrs using the same instrumentation configuration        
(GUFI/VATT). They presented evidence for aperiodic variations with possible 
periodic variability with a period between 4 – 7 hrs, with the strongest evidence 
for a periodic solution of ~ 5 hours albeit at low significance. Although in 
agreement with the faster ~ 4.8 hours period found by Martín et al. (2001), this 
measured period is inconsistent with a maximum period of about 3.59 hrs inferred 

from v sin i observations (Mohanty and Basri, 2003). The target properties are 
shown in Table 4.1.  
 

   Given both the poor quality of the previous observations of BRI 0021, we 
decided to implement a follow-up observation campaign for this object using 
GUFI/VATT over a longer baseline to definitively estimate an unambiguous 
rotational period for this dwarf. 
    

 

4.2.2 2MASS J00361617+18211: 

2MASS J00361617+18211 (hereafter 2M J0036) is a dwarf located at a distance 
of ~ 8.8 pc with a spectral type L3.5 (Reid et al., 2000; Dahn et al., 2002). It has 
a bolometric luminosity of log (Lbol/L⊙) = - 3.950 ± 0.011 (Dieterich et al., 2014). 

The temperature has been determined based on the spectra and models of 
Leggett et al. (2001) to be 1800 K (Berger, 2002), while Dahn et al. ( 2002) and 
Vrba et al. (2004) found Teff ~ 2000 K and 1900 K, respectively. Recently, Vos et 



 
135 

al. (2017) calculated Teff of 1909 ± 6 K. Based on a gravity measurement of 
surface log g ≈ 5.5, Schweitzer et al. (2001) concluded that the mass range is 
between 0.060 - 0.076 M⊙; the latter proves the star is located right at the sub-
stellar boundary. Based on evolutionary models, Filippazzo et al. (2015) derived 
surface gravity log g of 5.21 ± 0.17 and mass of 0.063 ± 0.012 M⊙ (66.07 ± 12.98 
MJ). With the failure to detect lithium in the dwarf’s spectrum thus far, Hallinan et 
al. (2008) suggesting the age is not younger than 0.8 Gyr, a range of possible 
radii of 0.092 to 0.098 R⊙. Later, Filippazzo et al. (2015) assumed an age of 0.5 – 
10 Gyr for 2M J0036. From observation by Japanese infrared astronomical 
satellite AKARI for 16 ultra-cool dwarfs, Sorahana et al. (2013) obtained a radius 
of 0.088 ± 0.005 R⊙ for 2M J0036 based on the distance and the flux scaling 
factor. Their findings agreed with theoretical predictions for early-L and T dwarfs 
(Burrows et al., 2001). However,  Filippazzo et al. (2015) predicted the range of 
radii between 0.94 - 1.08 RJ (1.01 ± 0.07 RJ  or  0.101 ± 0.007 R⊙) based on 
evolutionary models isochrones of Saumon & Marley (2008). Schweitzer et al. 
(2001) reported an initial estimate of a v sin i  of ~ 15 km s−1. Two later studies 
Reiners and Basri (2008) and Blake et al. (2010) provided two separate values of 
v sin i of 45 ± 5 and 35.12 ± 0.57 km s−1, respectively. The most recent measured 

v sin i of 36 ± 0.2 km s−1 by Vos et al. ( 2017). 

   Observations with FORS1 instrument at the Very Large Telescope (VLT) 
showed that this dwarf is linearly polarized in the Bessel I filter (Ménard et al., 
2002), while 4 years later another observation by Goldman et al. ( 2009) was 
carried out with the same instrument, which revealed no polarization above the 
3𝜎 level. Osorio et al. (2005) reported that no significant linear polarization in the 
Johnson I-band data. Very Large Array (VLA) observations were carried out on 
2M J0036 at 8.5 GHz, which exhibited a flare and persistent emission, indicating 
this star appears to be variable (Berger, 2002). Following this, data were collected 
using multi-frequency 4.9 GHz and 8.5 GHz observations simultaneously, which 
yielded periodic radio variability, highly circularly polarized in both bands, with ∼ 
3 hr rotation period (Berger et al., 2005). This detection reveals a breakdown of 



 
136 

the Güdel and Benz relation (Benz, 1993; Benz and Güdel, 1994) by at least four 
orders of magnitude. The relation assumes an empirical correlation between radio 
and X-ray emissions which holds over many orders of magnitude and based on 
that, radio emissions from cool dwarfs and brown dwarfs in particular were 
generally assumed to be either absent or very weak (for further details, refer to 
Chapter 1). Gyrosynchrotron radiation was classified as a mechanism for the 
radio emission with a magnetic field strength of 175 G (Berger et al., 2005). An 
alternative mechanism responsible for the radio emissions from ultracool dwarfs 
was proposed by Hallinan et al. (2008) when they confirmed 2M J0036 has 
persistent radio emissions and 100% circularly polarized periodic pulses with a 
period of 3.08 ± 0.05 hrs. Periodic non-polarized radio emissions were also 
detected. It is somewhat surprising that the non-polarized emission showed 
brightness temperature constraints that ruled out gyrosynchrotron radiation as a 
potential mechanism for the observed radio emissions (Hallinan et al., 2008). This 
confirmed the electron cyclotron maser ECM process to be the cause of the 
pulsed radio emission, which requires a magnetic field strength of at least 1.7 kG.  

   Previous observations indicated that no Hα emission was detected in the L3.5 
dwarf 2M J0036 (Berger et al. 2005), however later observations by Pineda et al. 
(2016) with the Keck telescope demonstrated the presence of Hα in the dwarf's 
magnetosphere/atmosphere. 

   Photometric campaigns were performed on 2M J0036 to search for optical 
variability in both the I-band and R-band. Gelino et al. (2002) detected no 
periodicity and considered  2M J0036 to be non-variable. Conversely, Maiti (2007) 
reported distinct optical variability in both the I and R-bands. There are a number 
of reasons why non-variability may have been reported in the Gelino et al. (2002) 
campaign , such as (1) undersampling, where they observed 2M J0036 for 1 to 2 

hrs per night and used approximately half of the frames in their analysis, (2) noise 
and (3) there might have been non-variability in the object at that particular epoch. 
While Maiti (2007) observed 2M J0036 for a long period of time, only a very small 
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number of frames were taken each night. Therefore, the lightcurves from these 
data sets were undersampled with respect to the period of rotation. Following this 
observation, Lane et al. (2007) studied the photometric variability of 2M J0036 by 
conducting photometric monitoring over ~ 7.5 hrs. They found sinusoidal 
photometric variability in the I-band filter with a period of ~ 3 hrs subsequently 
determined, in agreement with its 3.08 hrs radio periodicity. This consistency 
between radio and optical periods confirms that the periodicity was associated 
with the stellar rotation of this dwarf. They attributed the ~ 3 hr period to a 
magnetic spot on the star's surface, coupled with the rotation of the star as the 
source of this variability, although Berger et al. ( 2005) found that the dwarf was 
not chromosphericly active but radio active. Interestingly, they observed some 
aperiodic variations, which they imputed to atmospheric dust on the L dwarf. 

Following this, under very poor seeing conditions, Harding et al. (2013a) used  

Parameter BRI 0021 2M J0036 
Spectral type M9.5 L3.5 

Distance d (pc) ~ 11.55 ~ 8.8 

log(Lbol / L⊙) (dex) – 3.44 ± 0.04            – 3.950 ± 0.011 

Rotational velocity (km s−1) 34.2 ± 1.6 36 ± 0.2 

Rotation Period (hours) 3.052 ± 0.006 * 3.11 ± 0.03 (F.A.+ No LuckyPhot) * 

3.081 ± 0.0005 (O.A.+ LuckyPhot) * 

Radius (R/R⊙ ) 0.109 ± 0.005 0.101 ± 0.007 

Estimated Mass (M⊙) 0.075 ± 0.010 0.063 ± 0.012 

Inclination angle  ( o ) 	51.6		[0.y	u0.\	* 62.6 ± 0.3 * 

Table 4.1 A summary of the physical properties of the two targets in our campaign. 

References:  (1) * This work; (2) Reid et al. (1999); (3) Reid et al. (2000); (4)  
Leggett et al. (2001) ; (5) Martín et al. (2001); (6) Dahn et al. (2002); (7) Mohanty 
and Basri (2003); (8) Vrba et al. (2004); (9) Hallinan et al.(2008); (10) Crossfield 
(2014); (11) Dieterich et al. (2014); (12) Filippazzo et al. (2015); (13) Vos et al.      
( 2017). and (14) Gonzalez et al.(2018). 
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GUFI on VATT at I-band wavelengths to monitor the object for a total of ∼ 10 hr. 
The range of periods they obtained were in agreement with the I-band 
observations of Lane et al. (2007), as well as with Berger et al. (2005) and 
Hallinan et al. (2008) who detected a periodicity of ~ 3.08 hrs in radio. After that, 
Metchev et al. 2015 used 3.6 and 4.5 𝜇𝑚 infrared Spitzer/IRAC to monitor 2M 
J0036 for a total of ~ 14 hrs and reported a period of 2.7 ± 0.3 hrs. Lastly, multi-
wavelength observation for 22 nights was conducted by Croll et al. 2016 and the 
rotation period was determined to be 3.080 ± 0.001 hrs. This period was 
recovered from the 𝑅, 𝐼, 𝑍 and 𝐽 bands and was highly consistent with the above-
mentioned optical, radio and mid-infrared studies. The target properties are 
shown in Table 4.1.  

   Consequently, we concluded that further research on 2M J0036 would be 
appropriate to determine whether the optical periodicity is stable over a longer 
temporal baseline. 

 

4.3 Photometric Observations and Analysis 
Multi-epoch photometric observations were conducted of the two well-studied  

Date of Obs. 

(UT) 

Length of 

Obs. 

(hr) 

Exp. Time 

(s x no. 

frames) 

Readout 

Rate 

(MHz) 

Amplifier Reference 

Stars  

(No.) 

2017 Oct 10 3.4 5 x 12 1 Conventional 1 

2017 Oct 12 3.9 10 x 6 1 Conventional 1 

2017 Oct 14 4 5 x 12 1 Conventional 1 

2017 Oct 15 2.1 5 x 12 1 Conventional 1 

2017 Dec 19 2.5 5 x 12 1 Conventional 1 

2017 Dec 22 3.1 5 x 12 1 Conventional 1 

Table 4.2 Observation details for BRI 0021. 



 
139 

UCDs, BRI 0021 and 2M J0036, using the VATT I-Arizona (∼7200 - 9100 Å) 
broadband filter with GUFI photometer (Chapter 2) on 1.83 m VATT, Mt. Graham, 
Arizona.  

   BRI 0021 was observed on four occasions in October 2017 (10th,12th,14th and 
15th) and on two occasions in December 2017 (19th and 22nd) for a total of ∼ 19 
hrs, shown in Table 4.2. In all cases, conditions were transparent, with seeing 
between 0.9'' to 1.7''. 

   In the case of 2M J0036, we used the same optical filter range that was used in 

previous observations by Lane et al. (2007), Harding et al. (2013a) and Croll et 
al. (2016). We observed this object for a total of ∼14.5 hrs on the nights of 25 & 
26 November 2017 and 15 December 2017 encompassing two separate epochs, 
see Table 4.3. The seeing was between 1.02'' and 1.12'' during the observation 
campaign. Unfortunately, due to tracking problems with the VATT telescope, 
other data acquired on 23 December 2017 were of poor quality and were not 
utilized in the analysis. 

Date of Obs. 

(UT) 

Length of 

Obs. 

(hr) 

Exp. Time 

(s x no. frames) 

Readout 

Rate 

(MHz) 

Amplifier Reference 

Stars  

(No.) 

2017 Nov 25 5.4 10 x 6 1 Conventional 4 

2017 Nov 26 5.1 10 x 6 1 Conventional 4 

2017 Dec 15 4 5 x 12 1 Conventional 4 

Table 4.3 Observation details for 2M J0036 

 
   We had another 11-night observing run in October 2018 on VATT to monitor 
2M J0036; however even on the one relatively cloudless night, we could not open 
the dome due to high humidity and variable fog density throughout the night.  
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Science frames of BRI 0021 and 2M J0036 were processed using the in-house 
GUFI L3 pipeline, as described in Chapter 2. Standard data reduction techniques 
were implemented on all frames. The science images were de-biased using 
nightly masterbias frames, and then flat-fielded using twilight flat-fields, which for 
any given observation, were made up of more than 90 median-combined dithered 
frames taken from a blank part of the sky. Once the science data were fully 
reduced, a de-fringing routine was then applied, using a fringing template 
produced from the median of a large number of dithered, reduced science frames.  
The frames were then registered to correct any potential guiding drift, and co-
added in 1-minute batches to increase the signal-to-noise ratio (SNR). A 
registration process is essential if there has been de-rotation/tracking errors on-
sky, and the VATT telescope has ~1 arcmin hr-1 of tracking errors. Differential 
photometry was carried out on all science data for BRI 0021 and 2M J0036.  
 
   The 3' x 3' field of view of GUFI provided between one and six reference stars 
for a given field. These reference stars must not be variable in nature over the 
timescales of the observation. This provides a basis for separating inherent 
variability in the target from external sources of noise. If the reference stars and 
the target are spectrally different, the atmosphere will affect both incoherently. In 
addition, there are other criteria according to the reference stars that have been 
selected (outlined in Chapter 3). Four reference stars were used in the differential 
photometry of 2M J0036, whereas only one reference star was used with BRI 
0021.  
 
     The analysis was repeated only with 2M J0036 calibrated data, using a 
combination of optimum aperture (O.A.) and LuckyPhot (Chapter 3). A major 
problem was with the calculation of the appropriate photometric aperture and how 
to extract an estimate of the flux from a star as accurately as possible for every 
frame. The (O.A.) technique that is carried out using OVAR (Optical VARiability 
technique) utilises the SNR of a range of aperture sizes to determine the correct 
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aperture for each star within each frame, for all frames (Collins, 2014). 
Traditionally, the photometric aperture was calculated to provide the highest SNR 
for the target star and fixed it for each night, which is called fixed aperture (F.A.), 
and in our setup this was carried out using the L3-GUFI pipeline (Sheehan, 2008) 
(see Chapter 3). We tested these two methods on 2M J0036 for comparison to 
determine which gave the best results, characterized by lightcurves with a lower 
spread (lower scatter). 
 
 

4.4 Results 
 

4.4.1 BRI 0021+0214 
 
We carried out F.A. differential photometry using the L3-GUFI pipeline and found 
I-band periodic variability with mean amplitude variability of 0.0031 to 0.0056 
mag, which is shown in Figure 4.1 and Table 4.4. The 3' x 3' field of view (FOV) 
of GUFI is relatively small and in this case, it only contained one appropriate 
comparison star, since we discarded a number of reference stars from the 
analysis process due to their poor stability compared to the target star. The 
selected reference star (00h 24m 24s.636 -01o 58' 20''.14) is the same as the 
comparison star selected by Martín et al. (2001) and later by Harding et al. 
(2013a) based on its observed stability relative to the target star. Martín et al. 
(2001) identified two periods for this target which were ∼ 4.8 hrs and ∼ 20 hrs, 
respectively. However, Harding et al. (2013a) showed possible solutions of ∼ 4 to 
7 hrs. Because we observed BRI 0021 for a limited time of ~ 19 hrs, we do not 
have enough time coverage to evaluate the hypothesised 20 hrs period. Thus, 
technically, the longer rotation period for BRI 0021 cannot be excluded. Our 
analysis of the differential magnitudes, timestamped with Heliocentric Julian Date, 
revealed sinusoidal periodic variability of 3.052 ± 0.006 hrs (as shown in Figures 
4.2A & 4.3). We used bootstrapping distribution for uncertainty determination, 
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which indicates an uncertainty of 0.001 hours (as shown in Figures 4.2B). We 
also used a sinusoidal fitting model using Markov Chain Monte Carlo (MCMC) 
algorithm to determine and evaluate the period of this object which will naturally 
include uncertainties on the parameters via the posterior probability distribution, 
as we selected randomly on the night of 22 December 2017 (Figure 4.4). The 
resulting periods and uncertainties of all statistical analysis are in agreement with 
each other. The MCMC method gives a rotational period of 3.048 ± 0.004 hrs. 
 

Figure 4.1 BRI 0021 was monitored for a total of six nights, over two separate epochs. 
The peak-to-peak amplitude variations throughout the observations varied from 0.0031 - 
0.0056 mag, and photometric error bars were applied to each data point as calculated in 
Table 4.4. MHJD is Modified Heliocentric Julian Date (HJD - 2,400,000.5 days).  
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Caption of Figure 4.2 continued from previous page 
 
Figure 4.2 A. Lomb-Scargle periodogram of all BRI 0021 epochs, calculated from the 
combined data set in Figure 4.1. The red dashed and dotted horizontal lines represent a 
5 σ false-alarm probability of the peaks, as determined by the LS periodogram algorithm. 
The x-axis is plotted in day-1 because each epoch was time-stamped in units of 
Heliocentric Julian Date (HJD). The vertical red dashed line at the most significant peak 
(shown in close-up in the inset plot) corresponds to a period of 3.052 ± 0.006 hrs at a 
significance of > 5σ. B. Distribution of retrieved highest power periods from boot-
strapping indicates an uncertainty of 0.001 hr. 
 

 

 

Figure 4.3 Phase dispersion minimization plot of all of the BRI 0021 data – Theta statistic 
against frequency (Day-1) for 105 Monte-Carlo simulations. The minimum theta 
corresponds to ~ 3.05 hrs, which is largely consistent with the rotation period resulting 
from the LS periodogram. 
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Our period is in good agreement with the rotational velocity of 34 ± 2 km s-1  found 
by Mohanty and Basri (2003) - which implies to a maximum rotation period for this 
system of ∼ 3.59 hrs. Two later studies Reiners and Basri (2010) and Crossfield 

(2014) reported two separate values of v sin i  of  33 ± 3 and  34.2 ± 1.6 km s−1, 

respectively. In Figure 4.5 we show the combined lightcurve from all nights, phase 
folded on 3.052 hrs.  

 
   Assuming our measured periodic signal of 3.052 ± 0.001 hrs corresponds to the 
rotational period of BRI 0021, this data allows us to break the v sin i degeneracy 
and so calculate the inclination angle for the rotation axis of BRI 0021 relative to 
our line of sight. Using the dwarf’s derived radius of 0.109 ± 0.005 R⊙ or 1.09 ± 

0.05 RJ, where RJ ~ 69911 km (Filippazzo et al., 2015), the most recent v sin i 
34.2 ± 1.6 km s−1 (Crossfield, 2014), and our estimated rotation period. 
 

   The inclination angle, 𝑆𝑖𝑛	𝑖, is derived as follows: 

 

𝑆𝑖𝑛	𝑖 =
(𝑣	𝑠𝑖𝑛	𝑖)
2𝜋	. 𝑅/𝑃………(4.1)	

   and the scaling relationship between 𝑣 and object radius 𝑅 follows from: 
 

𝑅 = 𝑣	𝑃 2𝜋⁄ ………(4.2)	
  
   We derive an inclination angle of 	51.6		[0.y	u0.\  degrees for the rotation axis relative 
to our line of sight and an equatorial rotational velocity of 43.6 ± 2 km s-1, as 
shown in Figure 4.6. The derived radius of 0.109 R⊙ from Filippazzo et al. (2015) 

is in good agreement with the predicted radius of ~ 0.11 R⊙ from evolutionary 

models Chabrier et al. (2000), and consistent with Martín et al. (2001) who found  
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Figure 4.4 A. The fitted sinusoidal model (red curve) of BRI 0021 on December 22 2017. 
B. Posterior probability distributions for the model parameters. 
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Figure 4.5 A. Phase-folded lightcurves of all epochs in the BRI 0021 observation 
campaign. B. The same binned by a factor of 10. Each lightcurve was phase-folded to 
the detected period of 3.052 ± 0.001 hrs. It is plausible that the periodicity of 3.05 hrs, as 
the most significant rotation period observed, is the true rotation periodicity.  
 
 
 
 
 

A. 

B. 
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Figure 4.6  Here, we plot the v sin i  of BRI 0021, 34.2 ± 1.6 km s−1 (Crossfield, 2014), 
shown by the solid black curve, with dashed lines representing the associated errors. 
Equatorial rotational velocity vs. the inclination angle for the rotation axis of BRI 0021 
relative to our line of sight. The solid blue vertical line highlights the inclination angle, 
calculated using Equation (4.1). The second Y-axis, right, is the radius of the dwarf, 
tracking the equatorial rotational velocity as per equation (4.2), where we have marked 
the predicted radius of 1.09 ± 0.05 RJ from Filippazzo et al. (2015) as a solid red line that 

indicates an equatorial velocity 43.6 ± 2 km s-1.  

 

 
a radius of ~ 0.14R⊙, which was considered to be 30% larger than the models 
had predicted, and explained that the radius may have been inflated due to stellar 
insolation. However, the radius of BRI 0021 cannot be increased in the same way 
because there is no nearby main sequence star. Due to a lack of detected X-ray 
emissions during previous observations (Neuhaeuser et al., 1998), the probability 
of having a compact relativistic primary, like a neutron star or black hole, was 
ruled out.  
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Date of Observation 

(UT) 

(1) 

Band 

 

(2) 

Amplitude Variability Target 

(mag) 

(3) 

Photometric Error 

(mag) 

(4) 
2017 Oct 10 I 0.0048±0.0003 0.0046 

2017 Oct 12 I 0.0052±0.0003 0.0028 

2017 Oct 14 I 0.0040±0.0004 0.0031 

2017 Oct 15 I 0.0038±0.0003 0.0047 

2017 Dec 19 I 0.0031±0.0004 0.0058 

2017 Dec 22 I 0.0056±0.0004 0.0073 

Table 4.4 Amplitude variability and photometric error analysis of BRI 0021.                  
Column 1: Date of observation in UT. Column 2: Waveband used. Column 3: Peak-to-
peak amplitude variability with associated errors as measured by the Chi-squared test. 
Column 4: Mean photometric error for lightcurve data points per night, as measured by 
the iraf.phot routines.  

 

 
The derived radii of ~ 1.09 ± 0.05 RJ (Filippazzo et al., 2015), in addition to the 
well-established v sin i measurements (Crossfield, 2014), allow us to infer 
maximum rotation period for BRI 0021 of ~ 3.88 hrs. This means our established 
rotation period of 3.052 ± 0.001 hrs is more realistic and is in good agreement 
with the v sin i  of 34 ± 2 km s−1 (Mohanty and Basri, 2003), which indicates a 
maximum rotation period of ~ 3.59 hrs, and is also in agreement with Martín et al. 
(2001) who expected the rotation period to be ~ 3.36 hrs. 
 
   As stated in Section 4.2.1, BRI 0021 has been associated with intermittent Hα 
flaring activity, and coherent radio emission, certainly suggestive of magnetic 
activity on this M9.5 dwarf. Under the auroral model, best demonstrated to be 
operating within the magnetosphere of the nearby M8.5 dwarf LSR J1835+3259, 
beamed radio emission is coincident with an auroral oval emitting in Hα 
 and the underlying atmosphere heated by associated particle beams yielding 
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differing radiated response as a function of frequency depending on the resulting 
plasma’s optical thickness (Hallinan et al., 2015). Critical to the radio beams’ 
visibility is the inclination angle of the dwarf’s rotation axes to our line of sight, as 
when coherent radio emission originates from the electron cyclotron maser 
instability, the maximum intensity is beamed perpendicular to the dwarf’s rotation 
axis. For the case of BRI 0021, with an inclination angle of 	51.6		[0.y	u0.\  degrees, 
significantly less beamed emission is anticipated, although any particle beams 
impacting the dwarf’s atmosphere would be likely to yield a discernible modulated 
optical signature. Given the intermittent nature of BRI 0021’s Hα 
and radio emission, combined with the weak optical signal presented in this work, 
the evidence is consistent with an intermittent auroral mechanism associated with 
it’s magnetosphere. 
 
   That being said, this intriguing dwarf’s variability is likely due to more than one 
astrophysical cause. Time-evolving atmospheric dust clouds could periodically 
conceal the cool/hot spots on the stellar surface (Lane et al. 2007; Heinze et al. 
2013; Metchev et al. 2015), with the auroral activity previously described playing 
an occasional role in this process (Hallinan et al. 2015). 
 
   Further multiwavelength observations are required to determine if BRI 0021 
hosts a functioning auroral mechanism, along with the necessary stable and 
structured kG fields to sustain such magnetospheric processes, or whether this 
dwarf is the exception to the rule as regards the subset of known radio-active 
dwarfs spanning the substellar boundary. In addition, further research with a wide 
field of view that allows more comparison stars to be used for differential 
photometry. In fact, more coverage is needed on a given night to confirm the 
presence of the ~ 3.05 hrs period. 
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4.4.2 2MASS J00361617+18211 

We selected 2M J0036 as a test specimen to carry out photometry with a fixed an 
aperture and optimum aperture and compare them to determine which would 
have a lower scatter. We find sinusoidal periodic variability of 3.11 ± 0.03 hrs and 
3.081 ± 0.001 hrs, with mean peak-to-peak amplitude variability of 0.0013 - 
0.0051 mag and 0.0012 - 0.0046 mag, respectively for a fixed aperture without 
LuckyPhot and an optimum aperture with LuckyPhot technique (Table 4.5, Figure 
4.7, Figure 4.8A and Figure 4.8B). We also used bootstrapping distribution 

method for O.A.+LuckyPhot, indicates an uncertainty of ~ 0.0005 hr (as shown in 

 
Date of 

Observatio

n 

(UT) 

(1) 

Band 

 

 

(2) 

Amplitude 

Variability Target 

F.A.+No 

LuckyPhot  

(mag) 

 (3) 

Amplitude 

Variability Target 

O.A.+LuckyPhot 

(mag) 

(4) 

 

Photometric 

Error 

F.A.+No 

LuckyPhot  

(mag) 

(5) 

Photometric 

Error 

O.A.+LuckyPhot 

(mag) 

(6) 

2017 Nov 25 I 0.0051±0.0005 0.0046±0.0003 0.0039 0.0028 

2017 Nov 26 I 0.0034±0.0004 0.0032±0.0003 0.0031 0.0025 

2017 Dec 15 I 0.0013±0.0003 0.0012±0.0002 0.0021 0.0018 

Table 4.5 Amplitude variability and photometric error analysis of 2M J0036.  

Column 1: Date of observation in UT. Column 2: Waveband used. Column 3 & Column 

4: Show the peak-to-peak amplitude variability using the two different methods with 
associated errors as measured by the Chi-squared test. Column 5 & Column 6: Show 
the mean random photometric error for lightcurve data points per night using the two 
different methods as predicted by the iraf.phot routine.   
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Figure 4.8C). We randomly selected the night of 22 December 2017 for 
O.A.+LuckyPhot, and used MCMC approach which gives a period of 3.082 ± 
0.004 hrs (Figure 4.10). 

   From the LS periodogram, PDM and MCMC (see Figures 4.8, 4.9 & 4.10), we 
find the optical periodic modulation detected by both photometric technique is 
largely consistent. In addition, they are in good agreement with earlier 
observations that reported a period of 3.08 ± 0.05 hrs in radio (Hallinan et al., 
2008) and a period of ~ 3 hrs in optical I-band (Lane et al., 2007; Harding et al., 
2013a) and a period of 2.7 ± 0.3 hrs in mid-infrared (Metchev et al., 2015). 

   The amplitude variability calculated with all techniques was lower than the 
amplitude variability reported by Harding et al. (2013a) (as shown in Figure 4.7 & 
Table 4.5). This may be due to a decrease in magnetic activity during our 
photometric observations or a change in atmospheric conditions, akin to the 
evolution in the size or extent of Jupiter's Red Spot. 
    
   We determined the periods in LS by establishing the FWHM of the highest peak 
which is the real period that is clearly located within the allowable range (Figure 
4.8). It is clear that 2M J0036 exhibits a periodicity of ~ 3 hrs in the optical I-band 
which confirms the reported periods from previous studies in radio (Berger et al., 
2005; Hallinan et al., 2008) and optical (Lane et al., 2007; Harding et al., 2013a; 
Croll et al., 2016) and infrared (Metchev et al., 2015). In Figure 4.11 we show the 
combined lightcurve from all nights, phase folded on the periods found by our 
analyses (3.1 hrs and 3.08 hrs). We overplotted a sinusoidal model of 3.11 ± 0.03 
hrs, on a randomly selected night (15th Dec 2017), to demonstrate the accuracy 
of the 3.1 hrs period derived from the lightcurve measured through F.A. with no 
LuckyPhot (Figure 4.12). 

 
   The estimated radius from evolutionary models of 1.01 ± 0.007 RJ (Filippazzo 
et al., 2015), in addition to the well-established v sin i measurements (Vos et al., 
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2017), allow us to infer maximum rotation period for 2M J0036 of ~ 3.42 hrs. As 
mentioned in Section 4.2.2, the source of the variability of this target has been 
attributed to a magnetic spot (Lane et al., 2007), while the level of variability in 
this object would assume a significant contrast between the spot and the 
photosphere. However, Berdyugina (2005) found that the contrast in temperature 
between the spots and photosphere decreases in cool stars. Recently, Croll et al. 
(2016) suggested that the plausible cause of variability is a magnetic spot, with 
some complex interaction between hot (aurora)/cool magnetic spots and clouds 
of dust. In line with previous studies, we attributed the variability in I-band 
lightcurves of the L3.5 dwarf to auroral activity, similar to that result in periodic Hα 
emission and periodic radio emission (Hallinan et al. 2015).  In the case of ECM 
process, Hallinan et al., (2008) found that the mechanism driving of periodic radio 
emission is consistent with the ECM process which requires a magnetic field 
strength of at least 1.7 kG. This process provides evidence for the presence of 
stable auroral current systems in a large-scale magnetosphere, and could be 
associated with periodic optical and Balmer variability (Hallinan et al. 2015). The 
auroral effect could be responsible for the stability of the photometric variability of 
2M J0036 over ~ 13 years, as the previous study attributed long-lived stable 
surface features to this effect (Pineda et al., 2017). 
 
   A possible explanation for the greater level of variability observed by Harding et 
al. (2013a) is that the size of the magnetic spot may be larger. Or perhaps another 
mechanism incites the level of variability. On the other hand, during our 
observation, magnetic effects may be responsible for the low-amplitude I-band 
variability. We cannot give any insight into these possibilities from our optical data.  
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Figure 4.7 Lightcurves of 2M J0036 taken in VATT I-band over three nights (25th and 26th 
November 2017 and 15th December 2017) for a total of ~ 14 hrs. Unfortunately, the data 
acquired on 23th December 2017 was not usable due to tracking problems with the VATT 
telescope. This figure compares the results obtained with the two different techniques to 
compute a differential lightcurve for 2M J0036. The left column shows the lightcurves 
using an F.A. size without LuckyPhot. While the right column shows the lightcurves after 
applying O.A. with LuckyPhot. Photometric error bars from Table 4.5 were applied to 
each data point. These data exhibit changes in amplitude between the three nights ( as 
shown in Table 4.6). Gaps in the lightcurves  for 25th and 26th November 2017 correspond 
to periods of cloudy sky, and therefore, these data have been removed.  
 
 
 
 

A. 
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Caption of Figure 4.8 continued from previous page 
 
Figure 4.8 A and B – Lomb-Scargle Periodogram analysis of F.A. with No LuckyPhot 
(GUFI photometry) and O.A. with LuckyPhot on 2M J0036 for the entire 2017 epoch. The 
dashed and dotted line on each plot represents a 5σ false-alarm probability. The x-axis 
is plotted in day-1, since each epoch was time-stamped in units of Heliocentric Julian Date  
(HJD). The vertical dashed red line (shown in close-up in the inset plots) corresponds to 
3.11 ± 0.03 hrs and 3.081 ± 0.001 hrs for Figures A and B, respectively. C. Using 
bootstrapping distribution method of retrieved highest power periods (O.A. with 
LuckyPhot), shows the uncertainty of ~ 0.0005 hr. 
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O.A.+LuckyPhot 

F.A.+No LuckyPhot 

A. 

Figure 4.9 Plots A and B compare the results obtained from PDM using F.A. with No 
LuckyPhot (GUFI photometry) and O.A. with LuckyPhot on 2M J0036 for the entire 2017 
epoch: the theta statistic (105 Monte Carlo simulations) against frequency (Day-1). The 
minimum theta corresponds to the determined rotation period ~ 3.1 and ~ 3.08 hrs for 
F.A.+No LuckyPhot and O.A.+LuckyPhot, respectively. These solutions are highly 
consistent with the rotation period resulting from the LS periodogram. 

B.

.. 
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Figure 4.10 A. The fitted sinusoidal model (red curve) of 2M J0036 on November 25 
2017. B. Posterior probability distributions for the model parameters. 
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Figure 4.11:  A and B are unbinned phase-folded lightcurves of all data for 2M J0036. 
They are folded to the periods found by the LS analysis (3.1 hrs and 3.08 hrs) using F.A. 
with No LuckyPhot (GUFI photometry) and O.A. with LuckyPhot, respectively. C and D 
show the results of binning A and B by a factor of 20. 
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Figure 4.12  We overplotted a sinusoidal model of 3.11 ± 0.03 hrs, on a randomly selected 
night (15th Dec 2017), to demonstrate the accuracy of the period derived from the light-
curve measured through F.A. with no LuckyPhot. The lightcurve shows relative flux 
versus Heliocentric Julian Date (HJD). 
 

 
One of the objectives of this research was to determine the inclination angle 
relative to the observer’s line of sight. Previous studies have pointed out that the 
angle of inclination affects the measured variability amplitudes, and that the 
highest variability amplitudes were observed in different bands when 𝑖 was close 
to 90° (Crossfield et al. 2014; Metchev et al. 2015; Vos et al. 2017). This makes 
sense when the dwarf is almost equator-on, it will allow us to measure the 
maximum amplitude variability through optical monitoring. In contrast, the low 
inclination angle results in lower amplitudes of variability (Kostov & Apai 2013). 
To calculate the inclination angle of the L3.5 dwarf, we adopted the 1.01 ± 0.007 
RJ the mean of predicted range of radii of 0.94 - 1.08 RJ (Filippazzo et al., 2015). 
In addition, we used the 3.081 ± 0.0005 hrs rotation period from using 
O.A.+LuckyPhot technique, found in Figure 4.8. This indicates an inclination 
angle of 62.6 ± 0.3 degrees (as shown in Figure 4.13). This gives a value outside 
range of inclination angle between 70 and 90 degrees determined by Hallinan et 
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al. (2008), but in agreement with Vos et al. (2017) who calculated an angle of 51 
± 9 degrees.  
 

Figure 4.13 The latest value of v sin i  for 2M J0036, 36 ± 0.2 km s−1, is shown by the 
solid red curve; the dashed lines represent the associated errors. Equatorial rotational 
velocity (y-axis, left) is shown versus the inclination angle for the rotation axis to the 
observer’s line of sight. The solid green vertical line highlights the inclination angle 
relative to our line of sight. The y-axis, right, corresponds to the radius of the dwarf (in 
units of Jupiter radii, RJ ~ 69911 km), where we have marked the predicted radius of           
~ 1.01 RJ (~ 0.101 R⊙), the mean of predicted range of radii 0.94 - 1.08 RJ (Filippazzo et 
al., 2015). The solid blue horizontal lines show the corresponding equatorial velocity of ~ 
40.5 ± 0.1  km s-1 . 
 

 
4.4.3 Optimum Aperture vs. Fixed Aperture 

An important part of this project was to produce better lightcurves i.e. higher SNR 
with lower photometric scatter. According to (Collins, 2014), the LuckyPhot 
technique has been utilised to reduce photometric scatter introduced by the 
atmosphere, by rejecting frames that cause the photometric variations in the 
reference stars. Once data calibration and reduction had been completed using 
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the in-house L3-GUFI Pipeline, we applied F.A. without LuckyPhot and O.A. with 
LuckyPhot. We selected the 2M J0036 dataset as a test case for comparing 
techniques to determine which would improve differential photometric precision. 
The data was binned at 60 seconds in both systems. The final differential 
lightcurves of 2M J0036 are presented in Figure 4.14, measured through both 
techniques. This allows a direct comparison to be made. The lightcurves do show 
important evidence of variation, with mean peak-to-peak amplitude variability of 
0.0013 to 0.0051 mag and of 0.0012 to 0.0046 mag for F.A.+ without LuckyPhot 
and O.A.+ LuckyPhot, respectively. The LuckyPhot technique does not add new 
structure to the  lightcurve, and the original structure remains, but the errors have 
been reduced as shown in Table 4.5 and Figure 4.15. We find that the LuckyPhot 
technique along with O.A. has obvious benefits to improve the photometric 
precision achievable for a given data set by reducing photometric errors, where 
the mean RMS error was reduced by ~ 22% with respect to the errors produced 

by the more standard GUFI pipeline method.  

   The difference between the rotation periods resulting from both techniques can 
be attributed to the frame selection process in LuckyPhot, which selects only the 
frames which are most photometrically similar (Figure 4.16).  
 
   A simple Python script was written called results comparison tool, to compare 
and quantify which system had a lower scatter. For each differential lightcurve, 
we grouped the relative fluxes at set time intervals or bins, and then found the 
standard deviation of the data in each bin. A smoothly varying lightcurve, with 
small random fluctuations, would yield small standard deviation values in each 
bin, so this process allows for greater clarity to evaluate which photometric 
analysis technique has a lower scatter (lower spread) (Figure 4.17). It is obvious 
that with a combination of O.A. and an optimum frame selection routine 
(LuckyPhot), the error on a photometric data set is significantly reduced. 
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Figure 4.14 We present the 2M J0036 differential lightcurves using the entire data set of 
25 and 26 November 2017 and 15 December 2017, when an F.A. with no LuckyPhot 
(GUFI photometry) (black star marker) is used and when O.A. with LuckyPhot (red square 
marker) is used. Relative differential flux is plotted against Heliocentric Julian Date. This 
plot shows the effectiveness of the O.A. with LuckyPhot technique. The nights of 25 and 
26 November 2017 were taken under thin cloud and high wind conditions, and therefore, 
these data have been removed. 
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Figure 4.15 The errors from the lightcurves (shown in Figure 4.14). Table 4.5 shows the 
mean of these errors. 

 
 
 

25 Nov 2017 

26 Nov 2017 

15 Dec 2017 
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Figure 4.16 The number of points within each data bin before and after the LuckyPhot 
process for the 2M J0036 data set. Clearly, the level of selection varies from bin to bin, 
highlighting the impact of the technique. The data gaps seen in Figure 4.14 also affected 
the selection of points per bin. 

25 Nov 2017 

26 Nov 2017 

15 Dec 2017 
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Figure 4.17 Comparison of techniques to determine which one has a lower spread. Each 
figure shows the standard deviation (STD) of the lightcurve in temporal bins, each 
containing a number of data points varying between ~ 16 and ~ 25, versus Modified 
Heliocentric Julian Date (MHJD).  
 
 
 

4.5 Summary 
 
We report the results of a recent I-band photometric study of two ultracool dwarfs 
that of spectral types M9.5 and L3.5 using the GUFI high speed photometer. We 
discovered a new periodic variability for one of these dwarfs for the first time. In 
the case of 2M J0036, preliminary work undertaken by Berger et al. (2005), Lane 
et al. (2007), Hallinan et al. (2008),  Harding et al. (2013a), Metchev et al. (2015) 
and Croll et al. (2016) revealed a periodicity of ~ 3 hrs in infrared, optical and 
radio. Our result ties well with previous studies and improves on their accuracy 
wherein since we reported a very consistent optical rotation period of 3.11 ± 0.03 
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hrs and 3.081 ± 0.0005 hrs for F.A. with No LuckyPhot (GUFI photometry) and 
O.A. with LuckyPhot, respectively. 
 
   Even though we did not replicate the previously reported rotation period (∼ 4.8 
hrs), our results suggest that we discovered a new periodic variability for BRI 0021 
that is more consistent with previous studies. Our results for this object go beyond 
previous reports, showing that the M9.5 dwarf exhibited a consistent periodic 
signal of 3.052 ± 0.001 hrs over two separate epochs (October and December 
2017).  From the latest v sin i measurements and estimated radius, we inferred a 
maximum rotation period of ~ 3.88 hrs. This shows our new rotation period is well 
within the maximum bound of 3.59 hrs inferred from previous v sin i observations 
(Mohanty and Basri, 2003) and in agreement with Martín et al. (2001) who 
expected the rotation period to be ~ 3.36 hrs. 
 
   When combined with rotational velocity data obtained from previous work, our 
newly discovered rotation periods for BRI 0021 and 2M J0036, give interesting 
results: inclination angles of 	51.6		[0.y	u0.\  and 62.6 ± 0.3 degrees for the rotation axis 
relative to our line of sight for BRI 0021 and 2M J0036, respectively.  
 
   The viewing angle of BRI 0021 is likely to significantly diminish the anticipated 
duty cycle associated with the presence of any suspended dust clouds and/or 
auroral ovals co-rotating with the dwarf, and in particular, to significantly 
diminish the likelihood of auroral associated beams of coherent radio emission 
crossing our line of sight; and it is certainly consistent with observations made to 
date of this rapidly rotating substellar object. 
 
   Our results for 2M J0036 indicate a possible correlation between the sources of 
the optical and radio periodic variability. This correlation implies that the optical 
and radio periodic behaviour may be related to some kind of magnetic 
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phenomena (i.e. star spots or aurorae (Hallinan et al., 2015)). The reasons for 
this, and whether such a possible connection is causal in nature, are not clear.   
 
   In the last part of this chapter, we discussed the main reasons for using the 
LuckyPhot technique. It has the clear benefit to high-precision photometry of 
reducing the effect of atmospheric variations, through frame selection. It does not 
alter structures in the lightcurve, when compared to the results of standard 
photometric techniques. 
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" Do not look at stars as bright spots only. Try to take in the vastness of the 
universe." 
                                                                                            
                                                                          Maria Mitchell 
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5.1 Introduction 
 

n this chapter, we present multi-epoch optical observations of the L0+L1.5 
binary system 2MASS J0746425+200032AB (hereafter known as 2M 
J0746+20AB) and the M7 binary system 2MASS J1314203+132001AB 
(hereafter known as 2M J1314+13AB). We again used the VATT I-Arizona 

(∼7200 - 9100 A ̊) broadband filter with our GUFI photometer on the 1.83 m 
Vatican Advanced Technology Telescope ( VATT ), Mt. Graham, Arizona. Due to 
the close separation between the two components in each of 2M J0746+20AB 
and 2M J1314+13AB (~ 2.7 AU and ~ 1.6 AU, respectively), we were unable to 
monitor each component of these binary systems as separate point sources in 
our campaign. Therefore, we wrote a Python code, called Light Curve Fitter, 
capable of detecting the superposition of two sinusoidal waves, and applied it to 
decouple the weaker component’s variability signature from that of the dominant 
signal. By running Light Curve Fitter on the time-series data, and subtracting the 
period of each component out in turn, we successfully deconvolved the optical 
behaviour of each component of the two binary systems. The rotation period is 
one of the 3 significant parameters of a system, along with a radius estimate and 
a v sin i measurement, to infer spin-orbit alignment of the binary members 
(Harding et al., 2013b), which can be an important diagnostic of formation and 
evolution theories. Our results indicate that we identified the secondary and 
primary rotation periods of 2M J07464+20AB and 2M J1314+13AB. Allowing us 
to investigate their orbital properties, and can probe the formation of very low 
mass VLM binary stars. Our results suggest that a scaled-down version of the 
formation mechanism for solar-type binary systems still holds in this regime.  
 
   As in Chapter 4, we also used two photometric analysis tools with 2M 
J1314+13AB to test which system produces the best lightcurves: Optimum 
Aperture (O.A.) with Lucky Photometry analysis and Fixed Aperture (F.A.) with no 
Lucky Photometry (as discussed in Sections 4.4.2 and 4.4.3.).  
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This chapter is structured as follows; Section 5.2 discusses the stellar properties 
of each binary system and explains further details about findings from previous 
observation campaigns of the targets. Section 5.3 discusses the optical 
observations. Sections 5.4 presents the photometric results for each source, 
including the comparison of the results from the two photometric techniques. 
Section 5.5 discusses some background theory of previous coplanarity studies of 
binary systems, and the results obtained for the two binary systems in this work. 
Finally, Section 5.6 is a discussion of all these results. 
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5.2 Targets 
 

5.2.1 2MASSW J0746425+200032AB 
 
2M J0746+20AB is a binary system of two L-dwarfs in the Gemini constellation. 
It was discovered by Kirkpatrick et al. (2000) and was later unequivocally 
determined to be a binary system by Reid et al. (2001) with a separation of 2.7 
AU. Bouy et al. (2004) measured the spectral types of the two components (L0 ± 
0.5 for A and L1.5 ± 0.5 for B). The system is located at a distance of only 12.2 
pc (Dahn et al., 2002). The A and B components have effective temperatures of 
1900 K and 2225 K and bolometric magnitudes of log(Lbol/L⊙) ≈ −3.64 and -3.77	

(Vrba et al., 2004; Konopacky et al., 2010). The initial total mass measurements 
by Bouy et al. (2004) yielded, m ∼ 0.146[0.00bu0.0/b M⊙, which placed the dwarfs in the 

VLM binary regime. This was revised by Konopacky et al. (2010) who measured 
the total dynamical mass to be 0.151 ± 0.003 M⊙ based on observations over a 

longer time baseline. Later, Harding et al. (2013b) estimated individual masses of 
~ 0.078 M⊙ and ~ 0.073 M⊙ for 2M J0746+20A and 2M J0746+20B, respectively, 
more consistent with (Konopacky et al., 2010). After that, Dupuy & Liu (2017) 
measured individual masses of 0.0787[0.00/�u0.00/\ M⊙ and  0.0749± 0.0013 M⊙ for A 
and B, respectively. More recently, Zhang et al. (2020) found the masses of A 
(0.07954± 0.00034 M⊙) and B (0.0756± 0.00025 M⊙). Blake et al (2010) and 
Konopacky et al (2012) both measured an unresolved v sin i for 2M J0746+20AB, 

and obtained almost identical values: 33 ± 3 km s−1. A summary of object 
properties is shown in Table 5.1.  

   Several studies revealed Hα variability which indicates chromospheric and/or 
magnetic activity (Bouy et al., 2004). A radio detection at 4.86 GHz was published 
and indicated a magnetic field strength of ∼ 1.7 kG which is based on the detection 
of a single highly circularly polarized burst of emission (Antonova et al., 2008). 
Following this observation, Berger et al. (2009b) conducted joint VLA/Hα/X-ray 
observations to (at the time) confirm correlated coronal incoherent 
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gyrosynchrotron processes from both dwarfs. These authors detected variable 
coherent radio emission at 4.86 GHz with a period of 2.07 ± 0.002 hrs, in addition 
to a quasi-sinusoidal Hα emission with the same period. They suggested that the 
source of both periodic emissions originated from the same binary member. 2M 
J0746+20A, because the magnetic field strength was consistent with Antonova et 
al. (2008). Lynch et al. (2015) used the VLA to obtain multi-epoch radio 
observations of 2M J0746+20AB, and reported a period of 2.071481 ± 0.000002 
hrs, which lies within the uncertainty range of the 2.072 ± 0.001 hour period 
measured by Berger et al. (2009b). Recently, Zhang et al. (2020) used VLBI 
observations and found that both binary members are radio emitters.  

   In terms of optical variability, weak evidence of periodicity (of a few hours) was 
reported by Clarke et al. (2002) and Bailer-Jones (2004). After that, Harding et al. 
(2013b) ruled out the idea that the 2.07 hours period emanated from the primary 
component, since they revealed a period of 3.32 ± 0.15 hrs for 2M J0746+20A 
and calculated maximum rotation periods for 2M 0746+20A and 2M J0746+20B 
of ∼ 4.22 hrs and ∼ 2.38 hrs, respectively. Thus, they deduced that Berger et al. 
(2009b) had, in fact, detected the less-massive secondary component in the 
radio. These findings were confirmed by Zhang et al. (2020), who detected radio 
periods of 3.2 ± 0.2 hrs and 2.1 ± 0.1 hrs for the primary and secondary sources. 
Previous observation of this system, by a collaboration using the Giant Metre 
Radio Telescope array at 600 MHz and 1.3 GHz (Zic et al., 2018), demonstrated 
the presence of stable radio emission in both bands, with suggestions of a 
dominant coherent component at 1.3 GHz. The tentative detection of highly 
polarized emission at 1.3 GHz is consistent with auroral emission. 

   Thus far, no periodic optical variability has been detected for 2M 0746+20B. 
Therefore, we chose to monitor the binary to investigate the presence of optical 

variability in the secondary component, and to determine whether the optical 
variability of the primary, 2M J0746+20A, was stable over a timescale of years. 

We report on our campaign of observations in Section 5.3. 
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Property 2M J0746+20A 2M J0746+20B Reference 

 
Spectral type L0 ± 0.5 L1.5 ± 0.5 Bouy et al. 

(2004) 

 
Total mass (M⊙) 0.151 ± 0.003 

 

0.151 ± 0.003 

 

Konopacky et 
al. (2010) 

 
Mass(M⊙) 0.07954 ± 

0.00034 

 

0.0756 ± 0.00025 

 

Zhang et al. 
(2020) 

 
Distance d (pc) 12.20 ± 0.05 

 

12.20 ± 0.05 

 

Dahn et al. 
(2002) 

 
Orbital Inclination ( o ) 41.8 ± 0.5 41.8 ± 0.5 

 

Konopacky et 
al. (2012) 

 

v sin i  ( km s−1 ) 19 ± 2 33 ± 3 

 

Konopacky et 
al. (2012) 

 
Age (log yrs) 9.1 ± 0.1 

 

9.1 ± 0.1 

 

Harding et al. 
(2013b) 

 
Radius (RJup) 0.99 ± 0.03 

 

0.96 ± 0.02 

 

Harding et al. 
(2013b) 

 
log( Lbol/L⊙ ) (dex) -3.64 ± 0.02 

 

-3.77 ± 0.02 

 

Vrba et al. 
(2004) & 

Konopacky et 
al. (2010) 
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Table 5.1 A summary of properties of 2M J0746+20AB with relevant references. 

 
 

5.2.2 2MASS J1314203+132001AB  

This M7 binary dwarf was discovered as a radio-emitting source in 2007 during a 
Very Large Array (VLA) survey of nearby mid-and late-M dwarfs (McLean et al., 

2011). Lucky imaging at z′ and i′ bands of 2M J1314+13AB resolved it into a 
binary with a separation of ∼ 1.6 AU and a companion fainter by ∼ 1 mag than the 

primary in the i′ band (Law et al., 2006). Lepine et al. (2009) measured its 
parallactic distance of 16.39 ± 0.75 pc, in addition to determining its M7.0 ± 0.5 
spectral type. More recently, the joint analysis of Keck adaptive optics and Very 
Long Baseline Array (VLBA) radio interferometry determined that the binary is 
located at a distance of 17.249 ± 0.013 pc (Forbrich et al., 2016). A combination 

of spectral analysis and resolved JHKL′-band photometry has estimated an 
effective temperature of 3200 ± 500 K and 3100 ± 500 K for the A and B 
components, respectively (Schlieder et al., 2014). Dupuy et al. (2016) used the 

evolutionary models of Baraffe et al. (2015) to determine that the average Teff is 

2950 ± 5 K, which is 180 K hotter than the 2770 ± 100 K expected from a spectral 
type - Teff relation (Herczeg and Hillenbrand, 2014) based on BT-Settl models 

(Allard et al., 2012). Dupuy et al. (2016) proposed that this Teff  contradiction may 
be due to systematic errors in either or both of the evolutionary and atmosphere 
models. Dupuy et al. (2016) and Forbrich et al. (2016) determined that the A and 
B members have nearly identical (to within ± 2%) masses of 92.8 ± 0.6 MJ (0.0885 

Gravity (log g) ( cm s−2 ) 5.34 ± 0.02 

 

5.34 ± 0.02 

 

Harding et al. 
(2013b) 

 
Semimajor axis (mas) 237.3	[0.�	u/.d 237.3	[0.�	u/.d Konopacky et 

al. (2010) 
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± 0.0006 M☉) and ~ 91.7 MJ (0.0875 ± 0.0010 M☉) (𝑀ª©ª8µ= 0.1761 ± 0.0015 M☉). 
These mass estimates are in good agreement with Schlieder et al. (2014), who 
also used the evolutionary models of Baraffe et al. (2003) and derived masses of 
~ 0.0925 M⊙ and ~ 0.0868 M⊙ for the A and B components, respectively, 

indicating that both components are near the substellar boundary. A study by 
McLean et al. (2011), inferred the radii of both components to be ~ 0.13 R⊙ (~ 

1.29 RJ) which is 30% larger than the ~ 0.1 R⊙ (~ 0.99 RJ) model predictions for a 

field age M7 dwarf by Demory et al. (2009). But the high levels of magnetic activity 
present in 2M J1314+13AB may alter their radii, making them oversized by ∼ 20% 
(Williams et al., 2015). More recent studies - (Dupuy et al., 2016; Forbrich et al., 
2016) which represent the more precise data so far – found model radii that are 
too small by ~ 13%, which yielded component radii of ~ 1.831 RJ and ~ 1.808 RJ 

,respectively. Schlieder et al. (2014) derived bolometric luminosities for the A and 
B components: 𝑙𝑜𝑔/0 (𝐿/𝐿⨀)= - 2.64 ± 0.06 and 𝑙𝑜𝑔/0 (𝐿/𝐿⨀)= - 2.68 ± 0.06, 
respectively. This was based on resolved photometry, distances, and the 
bolometric corrections of Liu et al. (2010) for spectral types of M7. Dupuy et al. 
(2016) measured bolometric luminosities of 𝑙𝑜𝑔 (𝐿	+©µ/𝐿⨀)= - 2.616 ± 0.010 and - 
2.631 ± 0.010 for 2M J1314+13A and B, respectively. Target properties are 

shown in Table 5.2.   

   The system has strong chromospheric Hα emission, confirming the presence of 
magnetic activity (Lepine et al., 2009). Activity is not only present in optical 
radiation, since radio emission has been reported in several studies.  
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Property 2M J1314+13A 2M J1314+13B Reference 

 
Spectral type 

 

M7.0 ± 0.2 
(Integrated)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

 Dupuy et al. 
(2016) 

 
Age (Myr) 

 

79.9[	y.Óu	y.d 81.7[	\.\u	y.� Dupuy et al. 
(2016) 

 
Total mass (MJup) 

 

184.5 ± 1.6 

 

184.5 ± 1.6 

 

Dupuy et al. 
(2016) 

 
Mass (MJup) 92.8 ± 0.6 91.7 ± 1.0 Dupuy et al. 

(2016) 

 
Distance d (pc) 

 

17.249 ± 0.0136 17.249 ± 0.0136 Forbrich et al. 
(2016) 

 
Orbital Inclination ( o ) 49.34[	0.y\u	0.y� 49.34	[0	.y\u	0.y�  Dupuy et al. 

(2016) 

 

v sin i  ( km s−1 )  45 ± 5 

 

McLean et al. 
(2011) 

 
Radius (RJup) 1.831 ± 0.018 

 

1.808 ± 0.018 

 

Dupuy et al. 
(2016) 

 
log( Lbol/L⊙ ) (dex) -2.616 ± 0.010 

 

-2.631 ± 0.010 

 

Dupuy et al. 
(2016) 
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Gravity (log g) ( cm s -2 ) 4.836 ± 0.010 

 

4.842 ± 0.011 Dupuy et al. 
(2016) 

Semimajor axis (mas) 146.6 ± 0.5 146.6 ± 0.5 Dupuy et al. 
(2016) 

Table 5.2 A summary of properties of 2M J1314+13AB with relevant references.  

 
 

This binary system revealed highly circularly polarised periodic radio pulses due 
to the electron cyclotron maser instability (ECMI) process. McLean et al. (2011) 
detected persistent radio emission from 2M J1314+13AB  with a flat spectrum 
over a range of frequencies at 1.43, 4.86, 8.46 and 22.5 GHz, and reported radio 
emission varying sinusoidally with a period of 3.89 ± 0.05 hrs at two of these 
frequencies (4.86 and 8.46 GHz) in multi-epoch VLA observations. They also 
found periodic modulation in g and i band filters with a period of ∼ 3.79 hrs and 

measured v sin i  of 45 ± 5 km s−1. They suggested the optical-radio period 
difference could be due to differential rotation, with ∆Ω ≈ 1	rad	day[/ between the 
equatorial and polar regions of this target. The same phenomenon had been 
observed previously in the magnetic chemically peculiar star CU Virginis as well, 
but the period difference was much smaller (around 1 sec). It was suggested that 
an unseen companion or instability in the emission could be the origin of this 
behaviour (Ravi et al., 2010; Pyper et al., 2013). They attributed this measured 
rotation period in both radio and optical to the primary component (McLean et al., 
2012; Schlieder et al., 2014). VLBI observations revealed that the origin of the 
radio emission is only from the secondary component (Forbrich et al., 2016). 
Williams et al. (2015) detected two optical periodicities, 3.7859 ± 0.0001 hrs and 
3.7130 ± 0.0002 hrs - both of which are compatible with the relatively large 
uncertainties of the F.A. and O.A./LuckyPhot periods we report in Table 5.10. 
Williams et al. (2015) ruled out that the two similar rotation periods were a result 
of differential rotation, as it not expected to occur in the UCDs mass range. 
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Instead, they attributed this extraordinary differential rotation to the unusually 
magnetically active system. Indeed, this system outputs the highest X-ray and 
radio luminosities detected from an ultracool dwarf to date, due to its extreme 
levels of magnetic activity (Williams et al., 2015). McLean et al. (2011) found that 
g- and i- band variations are correlated, indicating that magnetic spots are the 
likely explanation. Using the Giant Metre Radio Telescope array at 6 GHz and 1.3 
GHz, Zic et al. (2018) reported the lowest-frequency detections of 2M 
J1314+13AB and 2M J0746+20AB to date at ∼ 610 and 1300 MHz. 

   Based on all of this reported radio and optical activity, we chose to monitor the 
binary to investigate the existence of such variations in optical wavelengths in 
both components, but in particular 2M J1314+13A, where no one had discovered 
optical variability so far. We report on our campaign of observations in the next 
Section (5.3).  

 

5.3 Optical Observation and Outline of 
Data Analysis 
Observations for 2M J0746+20AB and 2M J1314+13AB were carried out on the 
1.83 m VATT, Mt. Graham, Arizona, to investigate the presence of periodic optical 

variability from both or either components of the binary systems. We used the 
VATT I-Arizona (∼7200 - 9100 Å) broadband filter with the GUFI photometer for 
both targets (Section 2.3). A total of 72.3 hrs of optical observation were made of  
2M J0746+20AB over the course of three separate epochs (March, November 
and December 2017), shown in Table 5.3, where typical values of seeing range 
from 0.8′′ to 1.6′′.  
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Unfortunately, due to very poor weather on some nights in the December 2017 
epoch, we did not include this data in the determination of the period of rotation 
of 2M J0746+20AB.  

   We monitored 2M J1314+13AB for a total of 47.2 hrs in I band, encompassing 
three separate epochs (February 2017, March 2017 and May 2018) , as listed in 
Table 5.4. The seeing was between 1.1'' to 1.7'' during the campaign.  

 

Date of Obs. 

(UT) 

Length 

of Obs. 

(hr) 

Exp. Time 

(s x no. 

frames) 

Readout 

Rate 

(MHz) 

Amplifier Reference 

Stars (No.) 

2017 March 04 2.5 5 x 12 1 Conventional 6 
2017 March 17 2.3 5 x 12 1 Conventional 6 

2017 March 19 2.6 5 x 12 1 Conventional 5 

2017 March 20 3.5 5 x 12 1 Conventional 6 
2017 March 21 3.5 5 x 12 1 Conventional 6 
2017 November 22 4.3 5 x 12 1 Conventional 5 

2017 November 23 4.7 3 x 20 1 Conventional 5 
2017 November 24 4.9 5 x 12 1 Conventional 6 
2017 November 26 3.9 5 x 12 1 Conventional 6 

2017 December 19 6 5 x 12 1 Conventional 5 
2017 December 23 6.5 5 x 12 1 Conventional 5 

2017 December 24 5.7 5 x 12 1 Conventional 6 

2017 December 25 5.8 5 x 12 1 Conventional 5 
2017 December 27 4.7 5 x 12 1 Conventional 6 

2017 December 28 4.9 5 x 12 1 Conventional 5 

2017 December 29 6.5 5 x 12 1 Conventional 5 

Table 5.3 Observation Details of 2M J0746+20AB. Here, "no. frames" means the number 
of successive CCD frames stored together in each datacube file. 

 

   Differential photometry was performed on the calibrated frames, comparing 2M 
J0746+20AB and 2M J1314+13AB to a small number of field stars. We applied  
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Date of Obs. 

(UT) 

Length 

of Obs. 

(hr) 

Exp. Time 

(s x no. frames) 

Readout 

Rate 

(MHz) 

Amplifier Reference 
Stars (No.) 

2017 February 24  4.5 5 x 12 1 Conventional 4 

2017 February 28 2.8 5 x 12 1 Conventional 4 
2017 March 01 3.7 5 x 12 1 Conventional 4 
2017 March 03 4.1 10 x 6 1 Conventional 4 

2018 May 04 3 5 x 12 1 Conventional 4 
2018 May 05 7.2 5 x 12 1 Conventional 4 

2018 May 07 6.6 5 x 12 1 Conventional 4 
2018 May 08 6 5 x 12 1 Conventional 4 
2018 May 09 6.2 5 x 12 1 Conventional 4 

2018 May 11 3.1 5 x 12 1 Conventional 4 

Table 5.4 Observation Details of 2M J1314+13AB. Here, "no. frames" means the number 
of successive CCD frames stored together in each datacube file. 

 

Figure 5.1 I-band images of the 2M J0746+20AB and 2M J1314+13AB fields, obtained 
at the 1.8m VATT using our GUFI photometer.  
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O.A. with LuckyPhot to data sets of 2M J1314+13AB to test the performance of 
the system and compared it with F.A. without using LuckyPhot  (We used the 
same photometric analysis process that we used with 2M J0036 in Chapter 4). 

   The photometric aperture used encloses the combined flux of both components 
in each binary system, due to the close separation of the binary members of the 
two targets (Figure 5.1). The presence of two periodically varying sources in this 
data (as the results in Section 5.4 will illustrate) produces superimposed variability 
and a complex lightcurve shape. Our Light Curve Fitter Python code (Section 
3.7.4) was used to dismantle the weaker variability signature from that of the 
dominant variability. 

 

5.4 Results  
 

5.4.1 2M J0746+20AB 
 
We performed aperture photometry with a fixed aperture (F.A.) on the target and 
a selection of reference stars, using the L3-GUFI pipeline. As mentioned in 
Section 5.3, we could not image each component of 2M J0746+20AB as a point 
source due to ~ 2.7 AU (~ 0′′.23) the separation between the A and B components 
(Figure 5.1). As a result, Light Curve Fitter was used to separate the superposition 
of two periodically varying sources, by producing a χ2/LSF fitting model to the I-
band lightcurves of 2M J0746+20AB (Figure 5.2). Light Curve Fitter would help to 
refine the primary’s variability parameters and search for the elusive secondary 
period. 

   We ran Light Curve Fitter with a period of 3.32 hrs (the rotation period of the 
dominant source) on each of the nightly lightcurves independently. We then 
subtracted the 3.32 hr waveform out and re-ran LS periodograms, PDM and 
MCMC on the residual data points to see if any other variability signature under 
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the primary variability could be present. Our statistical analysis of these residuals 
(LS periodogram and PDM) show periodic optical variability with mean peak-to-
peak amplitude variability of 0.0011 to 0.0053 mag in I-band (Table 5.5, Figure 
5.4, Figure 5.8, Figure 5.9). This is attributed to the secondary 2M J0746+20B; 
with a periodicity of 2.14 ± 0.07 hrs, discovered optically for the first time (Table 
5.6). This agrees with Berger et al. (2009b) and Lynch et al. (2015) who reported 
radio pulses with a period of ~ 2.07 hrs, and highly consistent with radio period of 
2.1 ± 0.1 hrs revealed by Zhang et al. (2020). We randomly selected the night of 
27 December 2017 for O.A.+LuckyPhot, and used MCMC approach which shows 
a period of 2.14 ± 0.08 hrs (Figure 5.10). We phase folded the residual data points 
to 2.14 hrs, and the resulting phase curve supports the possibility of an underlying 
period from the secondary component (Figure 5.12).  

   This process was repeated again on the original I-band lightcurves of 2M 
J0746+20AB (Figure 5.2) by running Light Curve Fitter and subtracting the 2.14 
hrs period out (Figure 5.3). We then re-ran our statistical analysis tools on the 
residual data points (Figure 5.5, Figure 5.6), and phase folded on the detected 
primary period to confirm whether 2M J0746+20A is a periodic source (Figure 
5.11). We randomly selected the night of 24 November  2017 for O.A.+LuckyPhot, 
and used MCMC approach which yields a period of 3.32 ± 0.018 hrs (Figure 5.10). 
We confirm periodic optical variability of 3.32 ± 0.003 hrs with mean peak-to-peak 
amplitude variability of 0.0014 to 0.0154 mag (Figure 5.3, Figure 5.5, Table 5.5 & 
Table 5.6), largely consistent with a previous study by Harding et al. (2013a and 
2013b), who reported a period of ~ 3.32 hrs for the slower component. Our period 
is broadly consistent with 3.2 ± 0.2 hrs radio periodicity measured by Zhang et al. 
(2020). This demonstrates that the variability parameters of the primary 2M 
J0746+20A are stable on timescales of years. Such stability is unlikely in the case 
of dust clouds on the surface of the object.  

   Due to large gaps in the data between consecutive observations that cause 
spectral leakage, we noticed multiple LS power spectra peaks and PDM theta 
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minima around  (left and right of) the discovered rotation periods (Figure 5.5 & 
Figure 5.6 for A component; Figure 5.8 & Figure 5.9 for B component). However, 
this does not compromise our analysis, since we detected the same period for 
each component when we ran our statistical methods in each epoch separately. 

 

Table 5.5 Amplitude variability and photometric error analysis of 2M J0746+20A & 2M 
J0746+20B. Column 1: Date of observation in UT. Column 2: Waveband used. Columns 

3 & 4: Peak-to-peak amplitude variability with associated errors as measured by the Chi-
squared test. Columns 5: Mean photometric error for lightcurve data points per night, as 
measured by the iraf.phot routines.  

 

 

Date of Obs. 

(UT) 

(1) 

Band 

 

 
(2) 

Amplitude of the 

Variability 

2M J0746+20A 
(mag) 

(3) 

Amplitude of the 

Variability 

2M J0746+20B 
(mag) 

(4) 

Photometric 

Error 

 
(mag) 

(5) 
2017 March 04 I 0.0040 ± 0.0003 0.0028 ± 0.0005 0.0056 

2017 March 17 I 0.0026 ± 0.0004 0.0023 ± 0.0004 0.0052 

2017 March 19 I 0.0093 ± 0.0002 0.0013 ± 0.0003 0.0038 

2017 March 20 I 0.0086 ± 0.0005 0.0053 ± 0.0004 0.0057 

2017 March 21 I 0.0014 ± 0.0002 0.0031 ± 0.0003 0.0039 
2017 November 22 I 0.0027 ± 0.0004 0.0041 ± 0.0004 0.0048 
2017 November 23 I 0.0036 ± 0.0003 0.0014 ± 0.0003 0.0110 

2017 November 24 I 0.0154 ± 0.0002 0.0042 ± 0.0005 0.0092 
2017 November 26 I 0.0033 ± 0.0004 0.0019 ± 0.0006 0.0043 

2017 December 19 I 0.0034 ± 0.0003 0.0014 ± 0.0004 0.0106 
2017 December 23 I 0.0018 ± 0.0005 0.0017 ± 0.0003 0.0046 
2017 December 24 I 0.0067 ± 0.0006 0.0038 ± 0.0005 0.0121 

2017 December 25 I 0.0027 ± 0.0002 0.0011 ± 0.0003 0.0059 

2017 December 27 I 0.0061 ± 0.0003 0.0017± 0.0003 0.0018 
2017 December 28 I 0.0024 ± 0.0004 0.0028 ± 0.0003 0.0108 

2017 December 29 I 0.0032 ± 0.0002 0.0016 ± 0.0003 0.0052 
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Figure 5.2 continued from previous page 
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Caption of Figure 5.2 continued from previous page 

Figure 5.2 2M J0746+20AB: I-band lightcurves showing target flux relative to 5 to 6 
reference stars vs. Modified Heliocentric Julian Date (MHJD). The HJD time above each 
figure denotes the start-point of each observation night. Both components of the binary 
contribute to the variability seen here. Some possibly aperiodic variations are observed 
during some observations (e.g. 29th December 2017). The arrow marked on the 24th 
November 2017 lightcurve indicates a period of full cloud coverage, and this data has 
been removed. We note that on 23rd November 2017 and December 19th, 24th and 28th 
2017, the data were taken during bad weather conditions (thin cloud). The impact is 
shown clearly by an increase in the photometric error estimates and an increase in the 
scatter of the lightcurve itself. 
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Figure 5.3 continued from previous page 

 

 

 



 
190 

Caption of Figure 5.3 continued from previous page 

Figure 5.3 2M J0746+20A: The same lightcurves as Figure 5.2, after running Light Curve 
Fitter to subtract out the secondary component. Each figure shows relative flux vs. 
Modified Heliocentric Julian Date (MHJD) time. Note the difference in scale on the y-axis 
for the 24th November 2017 plot, due to the lightcurve exhibiting a larger amplitude 
variation of 1.54%. Photometric error bars for 2M J0746+20AB are applied here as listed 
in Table 5.5.  
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Figure 5.4 continued from previous page  
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Figure 5.4 continued from previous page  

 

 

Figure 5.4 2M J0746+20B: The same lightcurves as Figure 5.2, after running Light Curve 
Fitter to subtract out the 3.32 hrs rotational period of the primary component. Each figure 
shows relative flux vs. Modified Heliocentric Julian Date (MHJD) time. Photometric error 
bars for 2M J0746+20AB are applied here as listed in Table 5.5.  
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Figure 5.5 A. Lomb-Scargle (LS) periodogram of all three epochs of the I-band GUFI 
photometric data of 2M J0746+20A, after subtraction of the putative ~ 2.14 hrs rotational 
period of the secondary component. The x-axis is plotted in Days-1, since each epoch 
was time-stamped in units of Modified Heliocentric Julian Date (MHJD). The red dashed 
and dotted horizontal lines represent a 5σ false-alarm probability of the peaks, as defined 
by the LS periodogram algorithm. The mean peak-to-peak amplitude variability of 2M 
J0746+20A varied between 0.0014 to 0.0154 mag on different nights. B. The same LS 
periodogram, zoomed into the area around the highest peak. The vertical red dashed line 
corresponds to 3.32 ± 0.08 hrs, the detected optical period from our work. C. Distribution 
of retrieved highest power periods from boot-strapping, gives an uncertainty of 0.003 hr. 

5σ 

A. 
B. 

C. 
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Figure 5.6 A. Phase dispersion minimization (PDM) plot of all epochs of 2M J0746+20A, 
showing a plot of theta statistic against frequency (Day-1). This statistic was determined 
based on 105 Monte Carlo simulations which relies on repeated random sampling to 
obtain numerical results and test whether the result at any given theta level is caused by 
noise. The deepest minimum of the quantity theta marks the most likely rotational period 
of ~ 3.32 hrs. B. The same PDM theta plot, zoomed into the area around the deepest 
minimum theta statistic that corresponds to the primary's period of rotation established in 
this work, which is largely consistent with the rotation period resulting from LS 
periodogram.  

A. 

B. 
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Figure 5.7 A. The fitted sinusoidal model (red curve) of 2M J0746+20A on November 24 
2017 (O.A.+LuckyPhot). B. Posterior probability distributions for the model parameters. 
The MCMC method yields a rotational period of 3.32 ± 0.018 hrs. 
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Figure 5.8 A. Lomb Scargle (LS) Periodogram of all epochs of 2M J0746+20B (Figure 
5.4), after subtraction of the primary 3.32 hrs period: power spectra vs. frequency (Day-

1). Dashed, horizontal red lines denote the 5σ, false alarm probability of the peaks. The 
period obtained for the combined dataset is ~ 2.14 hrs, a newly discovered optical period. 
This periodicity lies within the period uncertainty range of Berger et al. (2009b), Lynch et 
al. (2015) and Zhang et al. (2020) who measured the radio period at 2.072 ± 0.001 hrs, 
2.071481 ± 0.000002 hrs and 2.1 ± 0.1 hrs, respectively, as well as being consistent with 

the 2.07 hrs period of quasi-sinusoidal Hα emission (Berger et al., 2009b). B. The same 

LS periodogram, zoomed into the area around the highest peak. The dashed red line 
corresponds to our detected optical secondary period of 2.14 ± 0.11 hrs. C. Distribution 
of retrieved highest power periods from boot-strapping, shows an uncertainty of 0.07 hrs. 

5σ 

A. B. 

C. 
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Figure 5.9 A. Phase dispersion minimization plot for all three epochs of 2M J0746+20B. 
The theta statistic was determined from 105 Monte-Carlo simulations. The minima theta 
indicates the most likely rotational period of ~ 2.14 hrs, in agreement with the rotation 
period resulting from the LS periodogram. B. The same PDM theta plot, zoomed into the 
area around the minimum theta statistic. 
 
 
 

A. 

B. 
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Figure 5.10 A. The fitted sinusoidal model (red curve) of 2M J0746+20B on December 
27 2017 (O.A.+LuckyPhot). B. Posterior probability distributions for the model 
parameters. The MCMC method gives a period of 2.14 ± 0.08 hrs.   
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Figure 5.11 A. Phase-folded lightcurve of 2M J0746+20A from all three epochs, after 
subtracting out the secondary period of 2.14 hrs. These unbinned data points are folded 
to a period of ~ 3.32 hrs. The observed sinusoidal variability to the same reported period 
from Harding et al. (2013a), shows that this dwarf is stable on timescales of years.              
B. The same data in plot A except binned in phase by factors of 20. 

A. 

A. 

B. 

B. 
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Figure 5.12 A. Phase-folded lightcurve of 2M J0746+20B from all epochs combined, after 
subtracting out the ~ 3.32 hrs periodicity attributed to the rotational period of the primary 
component. These unbinned data are folded to our newly discovered rotation period in 
the optical of ~ 2.14 hrs. B. The same data in plot A except binned in phase by factors of 
10.  

 

A. 

B. 
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As previously discussed, 2M J0746+20AB has 4.86 GHz radio emission with a 
period of 2.07 hrs (Berger et al., 2009b; Lynch et al., 2015; Zhang et al., 2020). 
Harding et al. (2013b) previously used our high speed optical photometer GUFI 
to observe this system regularly over a 2 year baseline. They analyzed optical 
periodic lightcurve variations and detected a 3.32 hrs period, which when 
combined with rotational velocity analysis helped to calculate maximum rotation 
periods of ∼ 4.22 hrs and ∼ 2.38 hrs for binary components A and B, respectively 
(Table 5.6). These data allowed them to assign the rotation period of 3.32 hrs to 
the primary, implying that the 2.07 hrs periodic radio and Hα emissions are from 
the secondary component (Harding et al., 2013b). This conclusion was confirmed 
by Zhang et al. (2020), who revealed radio periodicity of ~ 3.2 hrs and ~ 2.1 hrs 
for A and B components, respectively. In this work, we have demonstrated 
evidence of the presence of periodic optical emission in both components, by 
using Light Curve Fitter to decouple the optical behaviour of each component of 
the binary. However, we noticed that on some nights we only observed periodic 
I-band modulation of 2M J0746+20A, and some nights only 2M J0746+20B 
showed modulation, and on some nights both were variable (Figure 5.2, Figure 
5.3 & Figure 5.4). These results need to be interpreted with caution. One of the 
scenarios considered for this behaviour is that the magnetic activity of each binary 
component may be lower during some nights. This finding corroborates the ideas 
of Lynch et al. (2015), who suggested that radio over-luminous UCD's like 2M 
J0746+20AB have a weak field and non-axisymmetric magnetic topologies that 
lead to a quiescent component and small regions with strong fields giving rise to 
the pulsed emission. 
 
   To assess this further, we combined the raw differential flux of 2M J0746+20AB 
from all three epochs and re-ran LS (Figure 5.13), and then phase-folded the 
lightcurve on the dominant period of 3.32 hrs (Figure 5.14). In Figure 5.13, the 
two sets of peaks that were detected above the noise-floor (exceeding 5σ) confirm 
the presence of optical variability signatures of both components in our datasets. 
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Comparing the complex double-peaked shape and relatively high scatter of 
Figure 5.14 to the cleaner sinusoids of the separated component signals in 
Figures 5.11 and 5.12 also affirms the double period detection. We also 
overplotted the best fit model combining two sinusoidal waves on randomly 
selected nights (17th and 20th March 2017), to visualize the superposition of the 
two varying sources (Figure 5.15).   

Figure 5.13 Lomb-Scargle (LS) periodogram of all epochs combined of I-band GUFI 
photometric data of 2M J0746+20AB. We adopted the LS periodogram analysis which is 
designed to detect a periodic photometric signal of the target whether it is present in 
datasets. From the plot we can see that evidence of optical variability of each component 

of this binary system in our data. 
 

   The question posed now is what are the probable causes of optical variability 
of each component? As we described earlier, we found that the variability 
parameters of the primary 2M J0746+20A are stable on timescales of years. Dust 
clouds are less stable over long timescales and there are also magnetic surface 
features, which offer an alternative mechanism to dust. Berger et al. (2009b) 
reported variable chromospheric emission and an active magnetosphere. Zhang 
et al. (2020) found that both binary members are radio emitters. Thus, the 
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presence of magnetic surface features such as hot or cool spots should be 
considered for both components.  

 

Table 5.6 Preview of 2M J0746+20AB results from this work.  

 

   We identify a newly discovered optical variability in the secondary component 
of pulsating ultracool dwarf binary 2M J0746+20AB with a period of 2.14 ± 0.07 
hrs. This value lies within the period uncertainty range of Berger et al. (2009b), 
Lynch et al. (2015) and Zhang et al. (2020) who reported radio periodicity of 2.072 
± 0.001 hrs, 2.071481 ± 0.000002 hrs and 2.1 ± 0.1 hrs, respectively. Berger et 
al. (2009b) also detected quasi-sinusoidal Hα emission modulated with the same 
period, although not in phase, and confirmed the presence of a ∼ 1.7 kG magnetic 
field, which is consistent with Antonova et al. (2008). The recent observation of 
this system by a collaboration using the Giant Metre Radio Telescope array at 
600 MHz and 1.3 GHz (Zic et al. 2018) - demonstrated the presence of stable 
radio emission at both bands, with suggestions of a dominant coherent 
component at 1.3 GHz, although sensitivity and instrumentation constraints 
limited their ability to definitively assert this as being the case, nor indeed to 

Property 2M J0746+20A 2M J0746+20B Reference 

 
Rotation period (hrs) (Optical) 3.32 ± 0.003 

 

2.14 ± 0.07 

 

This work 

 
Maximum rotation period (hrs) ~ 4.23 ~ 2.37 This work 

 
Equatorial Inclination ( o ) 32 ± 4 

 

37 ± 4 

 

This work 

 

Equatorial Velocity ( km s−1 ) 36 ± 4 55		[b		u�.d This work 
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discern any pulsed or periodic modulations in the radio data. It is important to 
state that, whilst low frequency (i.e. 600 MHz) emission is expected to be 
dominated by incoherent gyrosynchrotron processes, the tentative detection of 
highly polarized emission at 1.3 GHz is consistent with auroral emission, albeit 
from a lower magnetic field environment (as the fundamental emission modes 
from the electron cyclotron maser instability scales as 𝑣^	≡ 2.8 × 106 B Hz, where 
B is in Gauss). All these findings support the idea of a correlation between radio, 
spectroscopic and photometric wavelengths in both components, and therefore 
the observed optical variability in 2M J0746+20A and 2M J0746+20B may be 
attributed to stellar rotation coupled with magnetic spots on the surface, or auroral 
emission. 
 
   Harding et al. (2013b) showed that auroral activity could be the cause of 
periodic optical variability produced by most radio-detected ultracool dwarfs, 
similar to Hallinan et al. (2015), who spectroscopically observed LSR J183513259 
in radio and optical bands simultaneously, to establish the relationship (or lack 
thereof) between periodic emissions in a range of wavelength domains. They 
detected periodic radio, broadband optical and Balmer line emission from LSR 
J183513259, and argued that this variability was due to an auroral hot spot. 
 

   Further radio/Hα observations of 2M J0746+20AB are required for a multiple of 
the A component’s 3.32 hrs rotation period; 1) to confirm the presence of 
quiescent and periodic modulations in Hα emission from the system, coincident 
with the radio data, 2) to test the hypothesis that the auroral emission from this 
binary system is not unique to the 2.07 hrs B component, by assessing whether 
auroral activity is present on the slower component; and furthermore 3) to test 
whether such auroral emission from these L dwarfs is less stable than that 
observed from spectral class M brown dwarfs. 
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Figure 5. 14  A.  Phase-folded lightcurves of 2M J0746+20AB from all epochs combined. 
Both component's variability signals are present here. In Figure 5.11 & 5.12 we can see 
the effect of isolating each signal and phase-folding the data to their respective periods 
after using Light Curve Fitter. B. The same data in plot A, except binned in phase by 
factors of 20.  

 

 

A. 

B. 
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Figure 5.15 A and B - Lightcurves of 2M J0746+20AB from two nights (17th and 20th 
March), selected randomly from the 2017 March epoch. We overplotted the fitted model 
(red) consisting of superimposed sinusoids with periods of 3.32 hrs and 2.14 hrs detected 
from the primary and secondary component, respectively. What is evident in these plots 
is the presence of both binary components, varying with different rotation periods.  

 

 

 

A. 

B. 
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5.4.2 2M J1314+13AB 

In this chapter, we performed GUFI photometry with a fixed aperture on 2M 
J1314+13AB, and we also applied the “LuckyPhot” technique (Collins, 2014) to 
this data. Since after 2M J0036 (Section 4.4.2), another test case was needed to 
assess whether LuckyPhot delivered benefits to high precision photometry. Since 
we found that the use of LuckyPhot had obvious benefits to high precision 
photometry of the single dwarf 2M J0036. Due to a separation of ∼ 1.6 AU 
between the two binary components, their angular separation of ~ 0′′.130 is not 
resolvable with a conventional ground-based telescope (Figure 5.1), and no 
optical variability of the primary component had yet been detected. Therefore, we 
used Light Curve Fitter to search for optical variability in the primary component, 
and to determine whether the variability of the secondary component was stable 
over timescales of years.  

   Once the I-band lightcurves were obtained for 2M J1314+13AB using the two 

photometric systems (F.A. without using LuckyPhot and O.A. with LuckyPhot), 
the next step was to untangle the optical behavior of each binary component, by 
running Light Curve Fitter on these lightcurves (Figure 5.16 & Figure 5.17). First, 
we subtracted out the putative rotational period of 3.79 hrs for the secondary 
component. Our LS analysis detected a period of 2.06 ± 0.05 hrs and 2.05 ± 0.04 
hrs for a fixed No LuckyPhot (GUFI photometry) and Optimum Aperture 
LuckyPhot techniques, respectively (Figure 5.20A, Figure 5.20B & Table 5.10). 
We used bootstrapping distribution for O.A.+ LuckyPhot technique, indicates an 
uncertainty of 0.006 hours (as shown in Figures 5.20C). This is a newly 
discovered optical period (2.05 ± 0.006 hrs) of the primary component (as was 
also the case with 2M J0746+20B). On different nights, the peak-to-peak 
sinusoidal amplitude of 2M J1314+13A varied between 0.0011 - 0.0086 mag in 
the standard GUFI photometry, and between 0.00122 - 0.0092 mag with Optimum 
Aperture with LuckyPhot (Table 5.7, Figure 5.18). The above process was 
repeated again after subtracting out the discovered primary period. We detected 
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periods of 3.79 ± 0.05 hrs and 3.78 ± 0.04 hrs from 2M J1314+13B (Figure 5.20D, 
Figure 5.20E & Table 5.10), with peak-to-peak sinusoidal variability on different 
nights varying between 0.0022 - 0.0154 mag and 0.0019 - 0.0152 mag, for 
standard GUFI photometry and Optimum Aperture + LuckyPhot techniques, 
respectively (Table 5.8, Figure 5.19). With the bootstrapping distribution, we find 
an uncertainty of 0.008 hrs for O.A.+ LuckyPhot technique (as shown in Figures 
5.20F).  
 
 
 

Date of Obs. 

 

(UT) 
 

(1) 

Amplitude Variability Target 

 

F.A.+No LuckyPhot 
(mag) 

 

(2) 

Amplitude Variability Target 

 

O.A.+LuckyPhot 
(mag) 

 

(3) 
24 Feb 2017 0.0029 ± 0.0004 0.0034 ± 0.0004 

28 Feb 2017 0.0086 ± 0.0005 0.0092 ± 0.0003 

01 March 2017 0.00152 ± 0.0003 0.00122 ± 0.0003 

03 March 2017 0.0034 ± 0.0003 0.0037 ± 0.0002 

04 May 2018 0.00124 ± 0.0003 0.00127 ± 0.0003 

05 May 2018 0.0030 ± 0.0003 0.0028 ± 0.0003 

07 May 2018 0.0033 ± 0.0003 0.0031 ± 0.0002 

08 May 2018 0.0031 ± 0.0003 0.0029 ± 0.0003 
09 May 2018 0.0011 ± 0.0003 0.00124 ± 0.0002 

11 May 2018 0.0034 ± 0.0008 0.0045 ± 0.0005 

Table 5.7 Amplitude variability of  2M J1314+13A using F.A. + No LuckyPhot & O.A. + 
LuckyPhot. Column 1: Date of observation in UT.  Column 2 & Column 3: Peak-to-peak 
amplitude variability using F.A. + No LuckyPhot (GUFI photometry) & O.A. + LuckyPhot 
with associated errors as measured by the Chi-squared test. 
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Our F.A. and O.A./LuckyPhot periods (Figure 5.20 & Figure 5.21) are marginally 
compatible with the 3.89 ± 0.05 hrs radio pulses period reported by McLean et al. 
(2011). However, both our periods are compatible with the 3.785 ± 0.002 hrs 
optical period also reported by McLean et al. (2011), and with the 3.7859 ± 0.0001 
hrs and 3.7130 ± 0.0002 hrs periods reported by Williams et al. (2015), which are 
by some distance the most accurate periods to date reported for this component 
of the binary.  
 
   The rotation period of 2M J1314+13B reported in this study is a clear indication 
that the photometric I-band periodic variability appears to be stable over 
timescales of up to 8 years in this case. 
 
 

Date of Obs. 
 

(UT) 
 

(1) 

Amplitude Variability Target 

 

F.A+No LuckyPhot 
 

(2) 

Amplitude Variability Target 

 

O.A+LuckyPhot 
 

(3) 
24 Feb 2017 0.0083 ± 0.0005 0.0079 ± 0.0004 

28 Feb 2017 0.0042 ± 0.0003 0.0041 ± 0.0002 

01 March 2017 0.0113 ± 0.0004 0.0117 ± 0.0003 

03 March 2017 0.0107 ± 0.0003 0.0105 ± 0.0003 

04 May 2018 0.0027 ± 0.0006 0.0019 ± 0.0004 

05 May 2018 0.0022 ± 0.0003 0.0020 ± 0.0002 

07 May 2018 0.0127 ± 0.0003 0.0129 ± 0.0003 

08 May 2018 0.0154 ± 0.0004 0.0149 ± 0.0002 

09 May 2018 0.0150 ± 0.0003 0.0152 ± 0.0003 

11 May 2018 0.0031 ± 0.0003 0.0034 ± 0.0002 

Table 5.8 Amplitude variability of  2M J1314+13B. Column 1: Date of observation in UT.  
Column 2 & Column 3: Peak-to-peak amplitude variability using F.A. + No LuckyPhot 
(GUFI photometry) & O.A. + LuckyPhot, with associated errors as measured by the Chi-
squared test. 
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For another evaluation of A and B component periods, we chose randomly 
February 24th 2017 and run the MCMC method, which yielded periods of 2.05 ±  
0.009 hrs and 3.78 ± 0.009 hrs for A and B members (O.A.+ LuckyPhot), 
respectively (Figure 5.22). 
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Caption of Figure 5.16 continued from previous page 
 
Figure 5.16 The I-band lightcurves of 2M J1314+13AB using a Fixed Apreture (F.A.) 
without LuckyPhot. Photometric error bars were applied to each data point as listed in 
Table 5.8. Both A and B components contribute to the variability seen here. The arrows 
marked on the 24th and 28th Feb 2017 and 01 March 2017 lightcurves indicate an 
interval of complete cloud cover; therefore these data were removed. 
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Figure 5.17 continued from previous page 

 

 

Figure 5.17 The same data of 2M J1314+13AB as Figure 5.16, after applying O.A. with 
LuckyPhot. Each figure shows relative flux vs. Heliocentric Julian Date. Photometric error 
bars were applied to each data point as listed in Table 5.8. The arrows marked on the 
24th and 28th Feb 2017 and 01 March 2017 lightcurves indicate that this data has been 
removed due to an interval of complete cloud cover.  
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Date of Obs. 

 
(UT) 

(1) 

Band 

 

(2) 

Photometric Error 

F.A.+No LuckyPhot 
(mag) 

(3) 

Photometric Error 

O.A.+LuckyPhot 
(mag) 

(4) 

24 Feb 2017 I 0.0062 0.0037 

28 Feb 2017 I 0.011 0.0094 

01 March 2017 I 0.0063 0.0034 
03 March 2017 I 0.0209 0.0104 

04 May 2018 I 0.0054 0.0045 

05 May 2018 I 0.0068 0.0056 
07 May 2018 I 0.0029 0.0019 

08 May 2018 I 0.0038 0.0024 

09 May 2018 I 0.0034 0.0027 
11 May 2018 I 0.0064 0.0039 

Table 5.9 Photometric error analysis of 2M J1314+13AB. Column 1: Date of observation 
in UT.  Column 2: Waveband used.  Column 3 & Column 4: Mean photometric error for 
lightcurve data points per night using F.A. + No LuckyPhot (GUFI photometry) & O.A. + 
LuckyPhot, as estimated by  
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F.A. + No LuckyPhot O.A. + LuckyPhot  
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Figure 5.18 continued from previous page 
 
 
 

 

 

 

F.A. + No LuckyPhot O.A. + LuckyPhot  
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Figure 5.18 continued from previous page 
 
 
 
 

 

 
Figure 5.18 2M J1314+13A: Comparison of the results from utilizing F.A.+ No LuckyPhot 
(GUFI photometry: left column) and O.A.+ LuckyPhot (right column) on 2M J1314+13A 
after subtracting out the signal of 2M J1314+13B. These lightcurves plot relative flux vs. 
Modified Heliocentric Julian Date (MHJD). The HJD time above each figure denotes the 
start-point of each observation night. Photometric error bars of each 2M J1314+13AB 
measurement are applied here (Table 5.8). This figure shows clearly the difference 
between the two photometric methods in terms of the photometric error estimates. 
LuckyPhot selects frames which are affected by the most similar atmosphere (the most 
stable conditions). 
 

 
 
 
 

F.A. + No LuckyPhot O.A. + LuckyPhot  
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F.A + No LuckyPhot O.A + LuckyPhot  
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Figure 5.19 continued from previous page 
 
 
 

 

 

 

F.A. + No LuckyPhot O.A. + LuckyPhot  
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Figure 5.19 continued from previous page 
 
 
 
 

 

 
Figure 5.19 2M J1314+13B: The results obtained from using F.A. with no LuckyPhot 
(GUFI photometry) and O.A. with LuckyPhot after subtracting out the primary component. 
Photometric error bars for 2M J1314+13AB are applied here.  

 

 
 
 
 
 
 
 
 
 
 
 
 

F.A. + No LuckyPhot O.A. + LuckyPhot  
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A. 

5σ 

F.A. + No LuckyPhot (Primary component after subtracted out secondary signal) 

5σ 

O.A. + LuckyPhot (Primary component after subtracted out secondary signal) 

B. 

C. 
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Figure 5.20 continued from previous page 
 

 

 
 

 

 

 

 

 

 
 

5σ 

F.A. + No LuckyPhot (Secondary component after subtracted out primary signal) 

E. 

5σ 

O.A. + LuckyPhot (Secondary component after subtracted out primary signal) 

D. 

F. 
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Caption of Figure 5.20 continued from previous page 
 
 
Figure 5.20 Periodograms (power spectra) for each permutation of binary component 
and photometric technique, after isolating signal for each binary component by running 
Light Curve Fitter. Panels A & B: Lomb-Scargle (LS) periodogram of all epochs of the I-
band GUFI photometric data of 2M J1314+13A, after subtraction of the putative rotational 
period of the secondary component. We discovered optical variability of 2.06 ± 0.05 hrs 
and 2.05 ± 0.04 hrs, detected as the highest peak in the periodogram for F.A. + No 
LuckyPhot (GUFI photometry) and O.A. + LuckyPhot, respectively. Panels D & E: Lomb-
Scargle (LS) periodograms of all epochs of the I-band GUFI photometric data of 2M 
J1314+13B, after subtracting out the primary period. We indicated a periodicity of 3.79 ± 
0.05 hrs and 3.78 ± 0.04 hrs, detected as the highest peak in the periodogram for F.A. + 
No LuckyPhot (GUFI photometry) and O.A. + LuckyPhot, respectively. The vertical red 
dashed line (shown in close-up in the inset plot) corresponds to the detected optical 
periods using each technique for each component. The dashed- dotted line on each plot 
which represents a 5σ false-alarm probability. Panels C & F: The bootstrapping 
distribution method of retrieved highest power periods (Panels B & E), yields 
uncertainties of 0.006 and 0.008 hrs for the A and B members, respectively. 
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E. 

B. 

F. 

C. 

O.A. + LuckyPhot (Primary component after subtracted out secondary signal) 

F.A. + No LuckyPhot (Primary component after subtracted out secondary signal) 

A. 

F.A. + No LuckyPhot (Secondary component after subtracted out primary signal) 
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Figure 5.21 continued from previous page 
 

 

Figure 5.21 Phase Dispersion Minimization (PDM) plots of the entire ∼ 1.3 year baseline 
for each permutation of binary component and photometric technique after running Light 
Curve Fitter. The arrow marked on each figure indicate the most significant periods after 
trying 105 Monte-Carlo simulations. Panels A & B: PDM of all epochs of the I-band data 
sets of 2M J1314+13A. We discovered sinusoidal photometric variability with a period of 
~ 2.06 hrs and ~ 2.04 hrs, for F.A. + No LuckyPhot (GUFI photometry) and O.A. + 
LuckyPhot, respectively. Panels C & D: PDM of all epochs of the GUFI I-band data of 2M 
J1314+13B. We detected a period of ~ 3.785 hrs and ~ 3.791 hrs, for F.A. + No 
LuckyPhot (GUFI photometry) and O.A. + LuckyPhot, respectively.  Panels E & F and 
inset plots of A & B: close-ups of the region where theta reaches its minimum, yielding 
our reported periods. The findings of PDM for each component using both photometric 
techniques are highly consistent with those of LS (Figure 5.20). 

 
 
 
 
 
 
 
 
 

D. 

O.A. + LuckyPhot (Secondary component after subtracted out primary signal) 

D. 
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Figure 5.22 continued from previous page  
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Caption of Figure 5.22 continued from previous page  
 
Figure 5.22 A and C: The fitted sinusoidal model (red curve) of 2M J1314+13A and 2M 
J1314+13B on February 24 2017 (O.A.+LuckyPhot). Figures B and D: Posterior 
probability distributions of the model parameters for the A and B components. The MCMC 
method produces a period of 2.05 ± 0.009 hrs and 3.78 ± 0.009 hrs, respectively, for A 
and B members. 
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A. 

B. 

C. 

D. 

E. 
F. 

H. 
G. 

F.A. + No LuckyPhot (Primary component after subtracted out secondary signal) 

F.A. + No LuckyPhot (Primary component after subtracted out secondary signal) 

O.A. + LuckyPhot (Primary component after subtracted out secondary signal) 

O.A. + LuckyPhot (Primary component after subtracted out secondary signal) 

F.A. + No LuckyPhot (Secondary component after subtracted out primary signal) 

F.A. + No LuckyPhot (Secondary component after subtracted out primary signal) 

O.A. + LuckyPhot (Secondary component after subtracted out primary signal) 

O.A. + LuckyPhot (Secondary component after subtracted out primary signal) 
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Caption of Figure 5.23 continued from previous page 

 

Figure 5.23 A, C, E and G: Phase-folded photometric lightcurves of 2M J1314+13A and 
2M J1314+13B respectively, from all three epochs. We phase–folded the lightcurves 
produced by both photometry techniques to their detected periods from LS. The observed 
sinusoidal amplitude variability shows that this dwarf is extremely stable in period and 
phase, though not in amplitude, over a one-year timeline. Figures B, D, F and H: The 
same data as Figures A, C, E and G, except binned in phase by factors of 20. 

 
 
We showed the effect of isolating each signal, in Figures 5.16 to 5.19. Then, the 
differential lightcurves of each component from both photometric techniques were 
phase folded to their respective optical periods from LS (Figure 5.23). In the same 
way as with the binary dwarf 2M J0746+20AB, we combined all 3 epochs, using 
 

Figure 5.24 Lomb-Scargle (LS) periodogram of all epochs combined of I-band GUFI data 
of 2M J1314 13AB. This finding of the presence of two optical variability sources in our 
data is in accordance with findings obtained from Light Curve Fitter code. 
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F.A.+ No LuckyPhot (GUFI photometry) as a random selection in terms of the 
photometric method, and ran again LS. This analysis found evidence for the 
presence of two variable sources in our datasets ( Figure 5.24).  
 
 

Property 2M J1314+13A 2M J1314+13B Reference 

 
Rotation period (hrs) (Optical) 2.06 ± 0.05 (F.A.) 

2.05 ± 0.006 (O.A.) 

 

3.79 ± 0.05 (F.A.) 

3.78 ± 0.008 (O.A.) 

This work 

 

Maximum rotation period (hrs)  ~ 3.93 This work 

Equatorial Inclination ( o ) 

 

 50.6[	Ó.du	�   This work 

 

Equatorial Velocity ( km s−1 )  58.2 ± 2 This work 

Table 5.10 Preview of 2M J1314+13AB results from this work. F.A. and O.A. refer to the 
two different photometry methods employed: Fixed Aperture, and Optimum 
Aperture/Lucky Photometry. 

 
 
   The performance of the proposed method (O.A.+LuckyPhot) was compared 
against traditional methods (F.A.+GUFI photometry) for 2M J1314+13AB. We 
selected the night of 24 Feb 2017 randomly as the comparison sample. The data 
was binned at 60 sec, which provided a good compromise between temporal 
sampling of the source and good statistical sampling for each data bin. The results 
can be seen in Figure 5.25. The number of frames for each data bin varied in part  
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Figure 5.25 A. Comparison of the differential lightcurves for the night of 24 Feb 2017, 
obtained from using O.A. with LuckyPhot (red square marker) and a F.A. with no 
LuckyPhot (GUFI photometry) (black star marker). The use of O.A. and LuckyPhot on 
2M J1314+13AB shows a remarkable reduction in estimated error (see Table 5.8).           
B. The number of points within each data bin before and after the LuckyPhot process. 
The higher point values correspond to a higher number of selected frames (a period of 
greater atmospheric consistency). C. The photometric errors corresponding to the 
lightcurves in Figure A. This plot illustrates, with greater clarity, the effect of the 
LuckyPhot technique. D. Comparison of techniques to determine which one has a lower 
spread after applying results comparison tool. The Y-axis represents the standard 
deviation (STD) within bins that each contained 25 consecutive relative flux values. This 
appears to be a straightforward confirmation that O.A. and an optimum frame selection 
routine (LuckyPhot), can indeed reduce scattering. 

 
 

C. 

A. B. 

D. 
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due to stoppages in acquisition and also due to rejections from the LuckyPhot 
technique; therefore, we notice a slight difference between the rotation periods 
resulting from the two techniques. To quantify the performance comparison, we 
used results comparison tool, a simple python script that we wrote to show any 
significant differences between the two methods used in terms of scattering. 
Panels A, C and especially D of Figure 5.25 provide confirmation that for this 
dataset, the LuckyPhot technique along with O.A. does indeed have the effect of 
reducing the scatter and producing a better lightcurve. We find that the O.A. with 
LuckyPhot technique has clear benefits to improve the photometric precision 
achievable for a given data set by reducing photometric errors, where the mean 
RMS error was reduced by ~ 48% with respect to the errors produced by our 
standard GUFI pipeline method. 
 
   Overall, we obtained good results with the two photometric methods used, 
which yielded a secondary component rotation period from all three epochs of 
3.79 ± 0.05 hrs and 3.78 ± 0.008 hrs of using F.A. with GUFI photometry (no 
LuckyPhot) and O.A. with LuckyPhot, respectively. This result ties well with 
previous optical studies (McLean et al., 2011; Williams et al., 2015) and is also in 
good agreement with its 3.89 ± 0.05 hrs radio periodicity (McLean et al., 2011). 
These data infer a maximum period value of ~ 3.93 hrs for the secondary 
component by applying the following formula: 
 

Pmax		=	y/	.�(0).		Þ<t	(<)1	O<t	<	(0)
……… (5.1)	

 
   where 𝐵 is the secondary member, R is the latest estimated radius of 1.808 ± 
0.018 RJ (Dupuy et al., 2016),  v sin i 	= 45 ± 5 Km s-1 (McLean et al., 2011) and 
orbital inclination i = 49.34[	0.y\u	0.y� degrees (Dupuy et al., 2016).  
 
   As noted earlier, McLean et al. ( 2012) attributed the measured rotation periods 
of the 2M J1314 + 13AB to the A member. However, this is contrary to the findings 
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of Dupuy et al. (2016) and Forbrich et al. (2016), the radio emission detected is 
entirely attributable to its secondary component, which is detected at an average 
flux density of 666 μJy. They derived a limit of 22 μJy bm−1 for radio emission of 
the primary component. Given that, Dupuy et al. (2016) and Forbrich et al. (2016) 
determined that the A and B members have nearly identical masses (to within ± 
2%), this difference in radio emission by a factor more than 30 is noticeable 
between the two members. Forbrich et al. (2016) argued many scenarios that 
could explain this difference,  as they pointed to differences in stellar rotation that 
are considered to be the key factor governing stellar activity, or differences in the 
evolution of stellar rotation over time, both of which lead to different magnetic field 
configurations. Alternatively, misaligned rotation axes of the two components 
could mean that the radio emission from the secondary component could be 
beamed toward the observer but not for the primary component. Further 
speculation about the complexities of the dwarf's radio emission and the geometry 
of beaming is outside the scope of this thesis.  
 
   As indicated in Table 5.2, the two binary members appear to have almost similar 
physical properties, such as mass, radius, age, temperature, luminosity (Dupuy 
et al., 2016; Forbrich et al., 2016). Previous studies also assumed that the rotation 
periods and rotational velocities of the A and B components were similar (McLean 
et al., 2011; Forbrich et al., 2016; Pineda et al., 2017). We disagree with these 
assumptions, as our I-band results demonstrated that for the first time, we 
discovered the primary rotation period of ~ 2 hrs. In addition to that, the 2M 
J1314+13AB case looks nearly similar to 2M J0746+20AB, as both of its 
components have similar physical properties but showed very different magnetic 
emissions. Based on the observations of the VLBI by Forbrich et al. (2016), we 
refer the periodic radio and optical emission (McLean et al., 2011; Williams et al., 
2015) to the secondary member. Resolved v sin i measurements of the two 
objects could potentially elucidate the optical emission source for each 
component. 
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In this section, we will explore the cause of this optical variability in the A and B 
components of 2M J1314+13. Optical rotational modulation in M dwarfs is 
commonly attributed to magnetic spots on the surface of the object as the most 
likely cause of periodic variability. Alternatively, since ultracool dwarfs have very 
cool neutral atmospheres, photospheric clouds are expected to also form and 
cause optical modulation as the object rotates (Bailer-Jones, 2002). 2M 
J1314+13AB is an M7 binary dwarf, so its atmosphere is still somewhat warm 
(2950 ± 5 K, as noted in Section 5.2.2) and clouds of dust are less likely. More 
generally, our basic findings may be consistent with research suggesting that 
magnetically-induced spots are the cause of the rotational modulation in both 
binary components. Since McLean et al. (2011) found that g- and i- band 
variations are in phase, this correlation is compatible with models of star spots 
induced variability.  
 
   Broadly translated the data presented here indicate a likely association between 
the source of optical and radio periodic variability in late-M dwarfs, where we 
speculate that the same magnetic features may be responsible for the periodic 
behavior at radio and optical wavelengths. Indeed, this correlation variability 
observed in the photometric and radio measurements in the 2M J1314+13B can 
be induced by an auroral electrodynamic engine. Forbrich et al. (2016) further 
used their astrometric observations to explain how auroral currents can be 
generated. They excluded the scenario of Jupiter mass companions in orbit 
around 2M J1314+13B. Alternatively, a smaller rocky planet could be sufficient to 
generate auroral emissions.  
 
   Further research is needed in the future to monitor the radio and optical 
emission of 2M J1314+13AB simultaneously and long-term. This may point to an 
origin of magnetic field structure if the optical/radio variability maintains a similar 
period and phase, and will be key in untangling the nature of the auroral 
phenomena. 
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5.5 Spin-Orbit Alignment Of the two 
binary systems: 2M J0746+20AB and 2M 
J1314+13AB 
 
 

5.5.1 Introduction 
 
A close look at VLM dwarfs reveals that binaries are the best calibrators to test 
stellar models because their components share a common age and composition. 
These binaries provide a rare opportunity to directly identify masses and to 
provide necessary reference points for the direct calibration of models. The 
dynamical masses of VLM binary can be attained from their orbital motion by the 

use of high angular resolution imaging such as adaptive optics imaging (hereafter 
AO). Knowing the dynamical masses can be a valuable resource for 
understanding the limitations of theoretical models (Bouy et al., 2004; Bouy et al., 
2008; Dupuy et al., 2010; Konopacky et al., 2010; Blake et al., 2010).  
 
   Spin axis (the true obliquity or spin-orbit angle) is a fundamental geometric 
property of such systems. It has been recognised as an important diagnostic of 
the theories of binary star formation and evolution. There have been a number of 
longitudinal studies  in recent years involving the alignment of the equatorial and 
orbital axes in the substellar regime and the possible formation mechanisms that 
are responsible for such alignment (Harding et al., 2013a; Harding et al., 2013b; 
Dupuy et al., 2016). This followed preliminary work that was carried out several 
years ago, which examined the topic of the rotational evolution of interstellar 
clouds and the spin and orbital properties of solar-type binaries (Weis, 1974; Abt 
and Levy, 1976; Bodenheimer, 1978; Fekel Jr, 1981; Hale, 1994). Hale (1994)  
found that a separation of (30 - 40) AU or less between solar-type binary 
components would have reasonable coplanarity with respect to orbit and 
equators. Weis (1974) showed that there is an orthogonal alignment between 
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rotation axes and orbital planes over a wider range of spectral classes [B-F]. 
While several observational studies of forming binaries have indicated that discs 
(protostellar disc) appear to be aligned for wide binaries, others conclude that 
such binaries with separations larger than 100 AU have strongly misaligned discs 
(Monin et al., 1998; Donar et al., 1999; Bate et al., 2000; Jensen, 2000; Wolf et 
al., 2001; Jensen et al., 2004; Monin et al., 2006). In the same context, in the case 
of very close binaries of semi-major axis ∼0.3 AU, there have been some 
examples of systems showing both aligned and misaligned axes (Albrecht et al., 
2009; Albrecht et al., 2011). Most published theoretical nebula fragmentation 
calculations have produced aligned discs due to the fact that all of the 
components are from the same region of a molecular cloud, but misaligned 
systems are also a possible outcome, depending on initial conditions (Bate et al., 
2000; Albrecht et al., 2011; Harding et al., 2013b).  
 
   Rotational velocity is an important diagnostic parameter for examining stellar 
objects as it opens a window into the angular momentum evolution of a given 
source. A star’s rotation can provide an important guide to its formation and can 
furnish diagnostics of its interior structure and evolution. Once all necessary 
parameters are provided such as rotation periods of the binary components, 
rotational velocity and estimated radii, the orbital coplanarity of the system can be 
assessed. Blake et al. (2010) reported their results of a Doppler survey using the 
NIRSPEC instrument on the Keck II telescope, by which they obtained radial 
velocity and rotational velocity measurements of 59 ultracool dwarfs, spanning 
spectral types M8/L0 to L6, over a period of six years. Following that, Konopacky 
et al. (2012) used AO on Keck II to measure v sin i for individual components of 
11 very low mass binaries with spectral types between M7.5 to L7.5.  However, 
masses and v sin i are not sufficient in themselves to probe spin-orbit alignment.   
 
   The rotational periods that we measured for all 4 components of the binaries 
2M J0746+20AB and 2M J1314+13AB, combined with well-constrained orbital 
parameters and rotational velocity measurements, allow us to deduce the 
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alignment of the equatorial planes of both members of the selected binary 
systems with the orbital plane of the systems, an exemplar for evolutionary 
models of coplanarity in binary substellar systems. This investigation can probe 
the formation of VLM binary stars, and could signal that a scaled-down version of 
the formation mechanism for solar-type binary systems holds in this regime. 
 
 
 

5.5.2 2M J0746+20AB 
 

In this section, we will illustrate the spin-orbit alignment of the L binary system 2M 

J0746+20AB. We adopted the radii of 0.99 ± 0.03 RJ and 0.96 ± 0.02 RJ for the 

A and B members, respectively (Harding et al., 2013b). In addition, we used the 
v sin i  measurements of 19 ± 2 km s−1 and 33 ± 3 km s−1 from spectroscopic 
observations (Konopacky et al., 2012). Together with our discovered optical 
rotation periods for both components, we assess the orbital coplanarity of the 
system by applying the following formulas:  

									 

𝑆𝑖𝑛	𝑖(𝐴) = (1	O<t	<	(Õ))
y/	.�(Õ)/§(Õ)

		………	(5.2)					

				

 	𝑆𝑖𝑛	𝑖(𝐵) = (1	O<t	<	(0))
y/	.�(0)/§(0)

		………	(5.3)	

 
   where 𝑣 is the rotational velocity, 𝑅 is the radius, 𝑃 is the rotation period , and 
A & B identify each binary component. Our results indicate that the axes are 
oriented with respect to the observer at 32 ± 4 degrees and 37 ± 4 degrees, 
respectively (Figure 5.26, Figure 5.27 & Table 5.6). These findings are entirely 
consistent with an equatorial inclination angle of 32 ± 4 degrees for component A 
(Harding et al., 2013b), and  36 ± 4 degrees for component B (Harding et al., 
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2013b; Lynch et al., 2015).  When comparing our findings for 2M J0746+20AB to 
those of Harding et al. (2013b), which was the first direct evidence of spin-orbit 
alignment in the VLM binary regime, it must be pointed out that we confirm that 
the rotational and orbital planes of 2M J0746+20AB are consistent with a coplanar 
alignment to within 10 degrees, and that this is in line with the assumption that  
 
 
 

Figure 5.26 Equatorial rotational velocity (y-axis, left) vs. inclination angle of the orbital 
plane (x-axis, bottom). The solid red curve plots the v sin i of 2M J0746+20A (Konopacky 
et al., 2012). The black vertical solid line and top x-axis scale refer to the alignment of 
the spin and orbit axes. The right-hand Y axis, corresponds to the radius of the dwarf, ~ 
0.99 RJ (~ 0.0995 R⊙) where RJ ~ 69911 km, as calculated by Harding et al. (2013b), 
from evolutionary models (Chabrier et al., 2000). This radius corresponds to an equatorial 
velocity of ~ 36 km s-1 from this work, highlighted as the solid blue line. The 41.8 degree 
orbital inclination angle is adopted from Konapacky et al. (2012).The dashed lines in all 
cases represent the associated errors. We measured equatorial inclination of 32 ± 4 
degrees marked with the solid green line, which is exactly consistent with what has been 
found in previous study (Harding et al., 2013b) and also confirmed that the 2M 
J0746+20A equatorial inclination is within 10 degrees of the orbital inclination angle. 
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Figure 5.27 Same axis layout and illustration as Figure 5.26, except for the case of 2M 
J0746+20B. Its v sin i  of 33 ± 3 km s−1 (Konopacky et al., 2012) is shown by the red solid 
line, where the dashed lines represent the errors in this measurement. We highlight the 

adopted radius of ~ 0.96 RJ (~ 0.0964 R⊙) (Harding et al., 2013b) with the dotted green 

vertical track, which appears to have an equatorial inclination angle of 37 ± 4 degrees, 
aligned with the orbital plane of the system to within ~ 5 degrees. We calculated an 
equatorial velocity of ~ 55 km s−1 which is marked by the solid blue line, in exact 
agreement with Harding et al. (2013b) who used the ~ 2.07 hrs radio period for the 
secondary member in his work. 

 
 
solar-type binaries, with separations of (30 - 40) AU or less, would have a 
reasonable coplanarity between the spin axis and orbital plane (Hale, 1994). 
 
   We used Monte Carlo simulations to estimate the uncertainty in these equatorial 
inclinations. The aim of using this method is to calculate the results based on 
repeated random sampling and statistical analysis. Each of the variables in 
Equations 5.2 and 5.3 had known uncertainties for v sin i (Konopacky et al., 2012), 
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PA & PB (this work) and RA & RB (Harding et al., 2013b). We generated 105 copies 
for each of these input values in Equations 5.2 and 5.3, where each repetition had 
added random noise distributed normally, based on the reported errors. We 
measured the resulting standard deviation of the variables and then calculated a 
mean value or expected value for each of the 105 simulations. This mean standard 
deviation over all of the simulations is taken as the uncertainty in each quantity 
and associated with the final calculation of the equatorial inclinations (as shown 
in Table 5.1 and Figure 5.26 & Figure 5.27).  
 
   Harding et al. (2013b) discussed the formation scenarios that are consistent 
with the observed alignment; they concluded that solar-type binary formation may 
extend to the brown dwarfs domain, supporting the disk fragmentation model as 
the formation mechanism of low mass binary regimes. This work with the new 
rotational data for this binary system supports this.  
 
 
 

5.5.3 2M J1314+13AB 
 
In the case of the M7 dwarf 2M J1314+13AB, to determine whether the binary 
member’s equatorial axes are coplanar with the system’s orbital plane, we have 
used the latest radii estimates (Dupuy et al., 2016) of 1.831 ± 0.018 RJ  and  1.808 
± 0.018 RJ  for 2M J1314+13A and 2M J1314+13B, respectively. We assigned 
the periods of rotation of 2.06 ± 0.05 hrs and 3.79 ± 0.05 hrs discovered here for 
components A and B, respectively, by using the F.A. with No LuckyPhot 
technique. Based on VLBI observations by Forbrich et al. (2016), we refer v sin i  
value to the B component. Due to the lack of v sin i (the missing piece of the 
puzzle) for the primary component, we decided to investigate the alignment of the 
spin-orbital axes of 2M J1314+13B. By applying Equations 5.2 and 5.3, we find 
evidence for the alignment of the spin and orbital axes of 2M J1314+13B, because 
we calculated the spin axis for B at an inclination of 50.6[	Ó.du	�  degrees (Table 5.10), 
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which would be aligned with the orbital plane (orbital inclination i = 49.34[	0.y\u	0.y� 
degrees (Dupuy et al., 2016)) as shown in Figure 5.28. Our results appear 
consistent with Dupuy et al. (2016), who measured the inclination of the stellar 
rotation axis with respect to the plane of sky to be i = 49 ± 8 degrees. As with 2M 
J0746+20AB, we used Monte Carlo simulations to estimate the uncertainty in the 
equatorial inclination of the B member.  
 
 

Figure 5.28 The equatorial rotational velocity (y-axis, left) vs. inclination angle of the 
orbital plane (x-axis, bottom). The green solid curve plots the v sin i of 2M J1314+13B 
(45 ± 5 km s−1) (McLean et al., 2011). We find that our photometric period of rotation, 

combined with the latest estimated radius of ∼1.808 ± 0.018 RJ (Dupuy et al., 2016), 

results in a very close coplanar alignment: an equatorial inclination angle of 50.6[	Ó.du	�  
degrees, which is orthogonal to the orbital plane of 49.34[	0.y\u	0.y� degrees (Dupuy et al., 
2016). The black horizontal lines show the corresponding equatorial velocity of 58.2 ± 
0.2 km s-1. The dashed green and black lines correspond to the error in this 
measurement.  
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Figure 5.29 Same axis layout and illustration as Figure 5.28, but here we plot the results 
obtained from the scenario that the v sin i  of 45 ± 5 km s−1  (red solid curve), measured 
by McLean et al. (2011), was originally a combination of the two rotations within 2M 
J1314+13AB. The dashed red line corresponds to the measured error in the v sin i . We 
placed explicit constraints around this assumption: the detected rotation period in this 
work for the A component and the A component's radius estimated by Dupuy et al. 
(2016). These three values were used to calculate the second equatorial inclination angle 
and investigate whether it is coplanar with the system’s orbital plane, as with 2M 
J1314+13B (Figure 5.28). The horizontal green dashed line in the plot represents the 
1.831 ± 0.018 RJ radius estimate for the secondary component (Dupuy et al., 2016). The 
magenta vertical solid line shows the corresponding tentative equatorial inclination angle 
of 24.5[	\u	\.d degrees for 2M J1314+13B. The orbital inclination angle of this system of 
49.34[	0.y\u	0.y� degrees (Dupuy et al., 2016) is highlighted by the blue vertical solid line. If the 
assumed scenario is true, we found that the equatorial inclination angle for the 
companion is not aligned with orbital plane system. The vertical black dashed line 
represents the likely inclination of the B component at ~ 64.8 degrees and in alignment 
with the orbital plane. 

 



 
244 

If we assume the same spin-orbit alignment for the A and B members (same 
equatorial inclination angle 50.6[	Ó.du	� 	), then the ratios of 𝑣 should track the ratios 
derived from 𝑃. If we also assume that the v sin i  of 45 ± 5 km s−1  (McLean et al., 
2011) is absolutely from the secondary, then by adopting the latest estimate of 
the radius of 2M J1314+13A (1.831 ± 0.018 RJ) (Dupuy et al., 2016) and our 
measured rotation period (2.06 ± 0.05 hrs), we derived v sin i for the primary 
component of 83.8[	�.bu	�.� km sec-1. However, another scenario could be that if we 
assume that the v sin i measured by McLean et al. (2011) is actually a mixture of 
the two rotations, and that the weaker source would have a weaker signal (about 
1 mag fainter in the Sloan z' filter; therefore its flux is ~ 40% of the flux of the 
dominant and < 30% of the combined flux (Law et al., 2006)) contributing to the 
observed  v sin i, that places it within the 45 ± 5 km s−1  range. With this caveat, 
we determined the lower limit of the primary's equatorial inclination angle to be in 
the range of 24.5[	\u	\.d degrees, and so it is not orthogonally aligned to the system 
orbital plane (the vertical magenta line in Figure 5.29). However, for spin axes be 
aligned with the orbital plane, we inferred that an inclination of ~ 64.8 degrees is 
expected for 2M J1314+13A (the vertical black dashed line in Figure 5.29). 

   It will be important that future research investigates an absolutely independent 
v sin i measurement for the primary, which would constrain its orbital properties 
and provide further insight into the possible formation mechanisms responsible 

for such alignments in this regime. 

 

5.6 Summary 
Within this chapter, we have reported on optical observations of two UCD binary 
systems of spectral types ~ M7 and L1.5. As we mentioned earlier (section 5.2.1), 
previous work on 2M J0746+20AB, a brown dwarf binary pair (spectral types L0 
+ L1.5), showed periodic optical variability with periods of approximately 3.3 hrs. 
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This signal is presumed to originate from one component of the binary. A report 
of periodic 4.86 GHz radio emission with a 2.07 ± 0.002 hrs period due to the 
secondary component had, so far, not been matched by a corresponding optical 
detection of the secondary period. Therefore, one of the more significant findings 
to emerge from this study is the detection of optical variability in the secondary 
component of 2M J0746+20AB. We reported on ~ 72 hrs monitoring in I-band of 
2M J0746+20AB during three epochs in 2017, using the GUFI photometer. 
Utilizing our in-house GUFI Pipeline and Light Curve Fitter code, all three epochs 
yielded a rotation period of ~ 3.3 hrs from the slower component, consistent with 
previous studies (Harding et al., 2013a; Harding et al., 2013b). The results 
indicate that we discovered the secondary rotation period of 2.14 ± 0.07 hrs, 
which agrees with the reported secondary period in radio (Berger et al., 2009b). 
We find the presence of magnetic surface features such as hot or cool spots 
should be taken into account as the cause of periodic variability in both 

components. 

   Several studies of 2M J1314+13AB revealed clear, sinusoidal photometric 
variability in several optical filters with a period of 3.79 hrs, in good agreement 
with its 3.89 ± 0.05 hrs radio periodicity (McLean et al., 2011; Williams et al., 
2015) and Both the radio and the optical periods measured were attributed to the 
rotation of the primary component of the binary (McLean et al., 2011; McLean et 
al., 2012; Williams et al., 2015). Subsequently, Forbrich et al. ( 2016) detected 
radio emissions from only one component, the secondary, as identified in the 
VLBI observations. We therefore attribute that the radio and optical periods 
detected above are the rotation period of the B component. We present optical 
photometry of 2M J1314+13AB over a period of ∼ 1.3 yrs, encompassing three 
separate epochs, obtained with the GUFI photometer. We obtained ~ 50 hrs of 
monitoring in I-band, used two different photometric tools, and in addition, used 
our Light Curve Fitter code. All three epochs, and both photometric techniques, 
showed clearly that we discovered the primary rotation period of 2.06 ± 0.05 hrs 
and 2.05 ± 0.006 hrs for Fixed Aperture + No LuckyPhot (GUFI photometry) and 
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Optimum Aperture + LuckyPhot techniques, respectively. Also, our results 
revealed a rotation period for the secondary component of 3.79 ± 0.05 hrs for F.A. 
+ No LuckyPhot (GUFI photometry) and 3.78 ± 0.008 hrs for O.A. + LuckyPhot, 
in agreement with McLean et al. (2011) and Williams et al. (2015). Our results 
demonstrate two things. First, our findings are consistent with research showing 
the existence of such optical variation in 2M J1314+13B and 2M J0746+20A. 
Second, our findings support the presence of optical variability in the primary and 
secondary components of both binaries. In addition, our results add further weight 
to a likely association between the source of optical and radio periodic variability 
in late-M dwarfs. However, at this point, the underlying physical cause of such a 
possible connection remains unclear. 

   Our newly discovered or confirmed rotation periods, in addition to other 
variables available in the literature, have allowed us to investigate the orientation 
of the binary equatorial axes with respect to the system orbital plane, thus 
investigating the orbital coplanarity of these very low mass binary systems. Our 
results on the axial properties of 2M J0746+20A, 2M J0746+20B and 2M 
J1314+13B, are broadly consistent with previous work (Harding et al., 2013b; 

Dupuy et al., 2016). 

   We have demonstrated the effectiveness of using the LuckyPhot technique on 
every night of data of 2M J1314+13AB. Since the LuckyPhot technique can 
reduce the short timescale atmospheric scatter in the reference stars, which also 
leads to a reduction in photometric error in the selected target star, this improved 
the confidence of short term variability observed in this target. 

 

 

 

 



 
247 

“The grand aim of all science is to cover the greatest number of empirical 
facts by logical deduction from the smallest number of hypotheses or axioms.” 

                                                                            Einstein 

                                                                                                         

 
 

 
Conclusions and Future 

Work 
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6.1 Discussion and Conclusions 
 

n this work, we have presented a comprehensive analysis of dozens of nights 
of I-band observations of cool stars and brown dwarfs, searching for subtle 
variabilities in their light output, and relating this behaviour to their magnetic 
fields and aurorae. Using the Galway Ultra Fast Imager (GUFI) installed on 

the Vatican Advanced Technology Telescope at Mount Graham Observatory, in 
Arizona, we obtained over ~ 160 hrs monitoring in I-band to study periodic 
variability in the optical emission from four radio detected ultracool dwarfs: the M7 
dwarf tight binary 2M J1314+13AB and the L0+L1.5 dwarf tight binary 2M 
J0746+20AB, the M9.5 dwarf BRI 0021, and the L3.5 dwarf 2M J0036. All 
selected objects are known rapid rotators (v sin i > 19 km s−1). 
 
   This thesis in addition assessed the use of two photometric analysis tools, (1) 
GUFI pipeline with Fixed Aperture photometry (F.A.) and (2) Optimum Aperture 
(O.A.) with LuckyPhot, to determine which analysis tool could maximize the 
quality of ground-based photometric measurements so as to allow better 
lightcurves to be produced (with lower photometric scatter) from a given data set. 
The test cases were one of our single dwarfs (2M J0036) and one of our binary 
dwarfs (2M J1314+13AB). LuckyPhot proved to be the better technique in this 
regard. The effectiveness of the LuckyPhot technique along with O.A. is shown in 
all examples, as the photometric scatter caused by the turbulent atmosphere 
effects was considerably decreased through its frame selection routine. On the 
evidence of the 4 nights analysed in Figures 4.14 - 4.17 and Figure 5.25, the 
photometric scatter caused by atmospheric turbulence effects was decreased by 
between 14% and 59%, and it never increased. 
 
   In this work, we report optical photometric periodic modulations from all selected 
dwarfs and confirm the periodicity revealed in previous optical/radio studies. In 
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each case, the optical periodicity was revealed in the form of quasi-sinusoidal 
periodic modulations.  
 
   For the magnetically active L3.5 dwarf 2M J0036, preliminary work undertaken 
by Lane et al. ( 2007); Harding et al. (2013a); Metchev et al. (2015); Croll et al.              
(2016); Berger et al. (2005); and Hallinan et al. (2008) revealed a periodicity of    
~ 3 hrs in the optical, radio and infrared. Our measured result ties well with these 
previous studies since we report a very consistent optical rotation period of 3.11 
± 0.03 hrs using F.A. (GUFI photometry) and 3.081 ± 0.0005 using O.A. with 
LuckyPhot. The variation had a peak-to-peak amplitude of 0.0013 - 0.0051 mag 
for F.A. and 0.0012 - 0.0046 mag for O.A. with the LuckyPhot. 
 
   Another dwarf, BRI 0021, was identified as a newly discovered optical variable 
in our data. Our findings for BRI 0021-0214 go beyond previous studies, showing 
that the M9.5 dwarf exhibited periodic modulation of 3.052 ± 0.001 hrs, with an 
amplitude variability of 0.0031- 0.0056 mag. This new rotation period is consistent 
with a maximum rotation period of ~ 3.59 hrs inferred from the v sin i observations 
(Mohanty and Basri, 2003), and in good agreement with Martín et al. (2001) who 
expected the rotation period to be ~ 3.36 hrs (error bars not given). When 
combined with rotational velocity data obtained from previous work, our newly 
discovered rotation periods for BRI 0021 and 2M J0036 give an interesting result:  
an inclination angle of 	51.6		[0.y	u0.\  and 62.6 ± 0.3 degrees for the rotation axis 
relative to our line of sight for BRI 0021 and 2M J0036, respectively.  
 
   Part of our original motivation for carrying out these observations was to seek 
and characterize any optical modulations in each component of the tight binaries 
in our sample, 2M J1314+13AB and 2M J0746+20AB. To do so, we applied a 
novel tool, Light Curve Fitter (LCF), designed to deconvolve two component 
signals within a combined binary optical time series. Applied to both binaries, this 
was used to refine the dominant’s variability parameters and search for the 
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elusive weaker period. The data for 2M J0746+20AB confirmed the periodic 
nature of the 2M J0746+20A, yielding a rotation period of 3.32 ± 0.003 hrs with 
peak-to-peak amplitude variability of 0.0014 – 0.0154 mag, consistent with 
previous optical and radio studies (Harding et al., 2013a; Harding et al., 2013b; 
Zhang et al. 2020). Our results also indicate that, for the first time, we have 
detected an optical periodicity of 2.14 ± 0.07 hrs with an amplitude of 0.0011 - 
0.0053 mag for the secondary. This agrees with the secondary radio period 
detected by Berger et al. (2009b), Lynch et al. ( 2015) and Zhang et al. (2020), 
who reported periodicity of 2.072 ± 0.001 hrs, 2.071481 ± 0.000002 hrs and 2.1 
± 0.1 hrs, respectively. 
 
   Using the same strategy, we detected periodic modulation in the photometry of 
the first binary sample 2M J1314+13AB. All three observation epochs revealed 
rotation periods of 3.79 ± 0.05 hrs and 3.78 ± 0.008 hrs using the F.A. and O.A. 
techniques, respectively. This is in exact agreement with McLean et al. (2011) 
and Williams et al. (2015) who detected radio and optical periods of 3.89 ± 0.05 
hrs and 3.7859 ± 0.0001 hrs, respectively, in both cases attributed to the B 
component of the binary. In addition, we discovered a new optical period of 2.06 
± 0.05 hrs with an amplitude variation between 0.0011 - 0.0086 mag for the 
standard GUFI photometry and 2.05 ± 0.006 hrs with an amplitude variation 
between 0.0012 - 0.0092 mag for O.A. + LuckyPhot. We attribute this shorter 
period to the primary component. The stability of periodicity in the secondary 
variable signal of these tight binaries had been seen in both radio and 
spectroscopic data, and the mechanism behind these processes could possibly 
be fundamentally linked. We speculate that the underlying physical cause of such 
a possible connection could be related to some kind of magnetic phenomenon 
(e.g. auroral activity). 
 
   The rotation periods we discovered or confirmed in the tight binaries in our 
sample, have allowed us to investigate the alignment of the spin-orbital axes of 
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2M J0746+20A, 2M J0746+20B and 2M J1314+13B, thus investigating the orbital 
coplanarity of these very low mass binary systems. Our results on the orbital 
properties of these objects are broadly consistent with previous work (Harding et 
al., 2013b; Dupuy et al., 2016; Dupuy & Liu, 2017), as the 2M J0746+20A and 2M 
J0746+20B equatorial inclinations are within ~ 10 and ~ 5 degrees, respectively, 
of the orbital inclination angle of ~ 41.8 degrees. Assuming that the known v sin i  
is entirely due to the secondary component, 2M J1314+13B appears to have an 
equatorial inclination angle of ~ 50.6 degrees, orthogonal to the orbital plane of ~ 
49.34 degrees. The established geometric results of 2M J0746+20A, 2M 
J0746+20B and 2M J1314+13B may support the detectable beaming of each 
system (Figure 5.26, Figure 5.27 and Figure 5.28). However, this relies on the 
alignment of the magnetic field of each binary member being equal to its rotation 
axes.  
 
   In all cases, our observed periodic modulations are correlated with stellar 
rotation periods in the literature. To explain this rotational modulation, we consider 
a number of probable sources for producing optical variability. These include 
magnetic-induced spots, atmospheric dust, and auroral hot spots, or alternatively 
a mix of them. A number of studies have pointed out that M, L, and T dwarfs 
exhibit magnetic activity including auroral, even in a regime where dust is believed 
to be dominant. Therefore, any of the three mechanisms might be responsible for, 
or perhaps affect the shape of the photometric lightcurve of our samples. But the 
other characteristics known for 2M J0746+20AB, 2M J0036 , BRI 0021 and 2M 
J1314+13AB (radio – active and Hα – active) can be combined with our results to 
narrow the possibilities. We found that the variability parameters of the 2M 
J0746+20A are stable on timescales of years. Such stability is unlikely in the case 
of dust clouds on the surface of the object, since Berger et al. (2009) reported a 
variable Hα chromospheric emission and an active magnetosphere. In addition 

Zhang et al. (2020) found that both binary members are radio emitters, and 
discovered radio periodicity in the slower member of 3.2 ± 0.2 hrs. Our newly 
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discovered optical variability for 2M J0746+20B is consistent with the reported 
4.86 GHz radio emission with a period of ~ 2.07 hrs period, as well as quasi 
sinusoidal Hα emission with the same period (Berger et al., 2009b; Lynch et al., 
2015; Zhang et al. 2020), confirming the presence of a ∼ 1.7 kG magnetic field for 
the 4.86 GHz radio detected pulse (Berger et al., 2009b), which is consistent with 
(Antonova et al., 2008). These findings may support the idea of a correlation 
between radio, spectroscopic and photometric wavelengths in components A and 
B. Zic et al. (2018) used the Giant Metre Radio Telescope array at 600 MHz and 
1.3 GHz, showed the presence of stable radio emission in both bands, with 
suggestions of a dominant coherent component at 1.3 GHz. The tentative 
detection of highly polarized emission at 1.3 GHz is consistent with auroral 
emission. Thus, the presence of magnetic surface features such as auroral hot 
spot or cool spots should be considered for both binary components. In the case 
of the intriguing L3.5 ultra-cool dwarf 2M J0036, the source of the variability of 
this dwarf has been attributed to a magnetic spot (Lane et al., 2007). Croll et al. 
(2016) suggested that the plausible cause of variability is a magnetic spot, with 
some complex interaction between hot (aurora)/cool magnetic spots and clouds 
of dust. We cannot give any insight into these possibilities from our optical data. 
Notwithstanding the foregoing, we report a degree of variability for 2M J0036.  
 
   As a result, the auroral mechanism appears to be the most likely process to 
generate such radio beams in these UCDs, as demonstrated for the first time in 
the nearby M8.5 dwarf LSR J1835+3259 by synchronizing periodic Hα 
modulations with beamed coherent emission (Hallinan et al., 2015). In the case 
of the M9.5 dwarf, BRI 0021 was associated with intermittent Hα flaring activity 
and coherent radio emission, which is certainly a hint of magnetic activity of this 
object. We suggest that this dwarf is likely to be variable due to more than one 
astrophysical cause. Time-evolving atmospheric dust clouds could periodically 
conceal the cool/hot spots on the stellar surface (Lane et al. 2007; Heinze et al. 
2013; Metchev et al. 2015), with the auroral activity which could play an 
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occasional role in the ultracool dwarf regimes (Hallinan et al., 2015). Lastly, In the 
case of 2M J1314+13AB, authors e.g. McLean et al. (2011) suggested that 
magnetically induced spots are the cause of the rotational modulation in both 
components of 2M J1314+13AB. Since they found that g- and i- band variations 
are in phase, this correlation is compatible with models of star spots induced 
variability. We speculate that the same magnetic features may be responsible for 
the periodic behavior at radio and optical wavelengths. Indeed, the correlation 
optical/radio variability observed in the B component can be caused by an auroral 
electrodynamic engine. 
 
 

6.2 Future Work 
 

6.2.1 LuckyPhot Development 
 
Some aspects in the LuckyPhot technique require further development that could 
fruitfully yield better results. For instance, we aggregated data points into groups 
by fixed time sections, which is convenient but this may not be optimal. The 
selection process of reference stars for the differential photometry may be another 
area of potential development of LuckyPhot technique. In its current state, 
LuckyPhot is based on a pre-selection process by the user. As we discussed in 
Section 3.4, the LuckyPhot technique requires that for a frame to be selected all 
reference (comparison) stars within that frame must be chosen through its σ 
limits. The least coherent reference star, therefore, dominates the process. An 
analysis of which ensemble stars would deliver better results would prove to be a 
reasonable approach. There may be a trade-off between the number of 
comparison stars used in this photometric analysis and the quality of each 
comparison star. 
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6.2.2 Upgrading the Galway Ultra Fast Imager 
(GUFI mk. III) 
 
As detailed in Section 2.3, GUFI is an imaging photometer designed for, and 
dedicated to, studying variable astronomical objects at the highest temporal 
resolutions. GUFI uses an Andor iXon CCD (Charge Coupled Device) camera 
with an 8.2mm sensor diagonal. Considered top of the range in 2005, this camera 
. 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 6.1 I-band image of the BRI 0021 field, obtained at the 1.8m VATT using our GUFI 
photometer. The 3' x 3' FOV of GUFI is relatively small and there was a lower chance of 
finding a suitable comparison star nearby. 

 
 
is dated compared to current models, making GUFI borderline obsolete. 
Therefore, we propose to upgrade GUFI with a much larger sensor employing 
new, low-noise sCMOS (scientific Complementary Metal Oxide Semiconductor) 
technology: an Andor Marana camera with a 32mm sensor diagonal. Integrated 



 
255 

into GUFI, we could observe a 15 times larger area of sky at greater sensitivity, 
which will confer huge advantages. Its current small CCD sensor limits the field 
of view size to 3' x 3' with its focal reducer, so in some cases we cannot capture 
the minimum viable number of comparison stars for differential photometry, e.g. 
our target BRI 0021 where we were limited to one comparison star (Figure 6.1)  
    
    Upgrading GUFI with the Marana sensor would not only make such targets 
observable, it would also yield better signal-to-noise results for all observations. 
This would extend the photometer’s ability to study aurorae and space weather 
around fainter brown dwarfs and stellar systems containing known planets. 
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