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Abstract

M dwarfs have been the subject of renewed interest as potential habitable planet hosts
and have increasingly become the targets of planet detection surveys. Currently, how-
ever, the number of detections of transiting M dwarf planets remain low. The char-
acterisation of M dwarf activity is an important consideration for such surveys, and
provides constraints on the modelling of magnetically active low mass stars. Currently
the spottedness of M dwarfs is not well understood owing to their intrinsic faintness

and the lack of diagnostics for assessing starspot morphologies and distributions.

The WFCAM Transit Survey (WTS) contains long term observations of M dwarfs
in the near infra-red and presents an opportunity to study the long term variability
of M dwarfs. The M dwarfs in the WTS are identified by use of colour-spectral type
relations, and the periodically variable M dwarfs in the sample are detected using a
Lomb-Scargle periodogram analysis. A total of 72 periodically variable M dwarfs are
found with periods ranging from 0.16 to 90.33 days. The relations between the spectral
subtypes, amplitudes and periods are studied and comparisons to earlier works studying
M dwarf rotation are made. A number of examples of significant spot evolution are
found, which exhibit complex light curve morphologies that vary in form and amplitude
over periods of months to years. This provides an indication as to the nature of the

spottedness of these stars.

Simulations are performed to probe the connection between spot coverage, temper-

ature and light curve amplitude. Using the results from these simulations, the spot
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coverage fractions of the WTS M dwarfs are estimated and they are found to be heav-
ily spotted. Dynamic models with spots evolving at various average rates are used
to explore how spot evolution can drive increased dispersion in the light curves, and
to what extent this affects the detectability of periodicity by the method used. It is
found that spot evolution can invoke significant noise in an M dwarf light curve, and in
combination with photon noise, can in some instances inhibit the detection of a period.
In reflection of the results, the relation between the light curve dispersion and spot
coverage of the WT'S M dwarfs is considered and it is found that more heavily spotted
M dwarfs have intrinsically noisier light curves. The morphologies of the light curves
produced by the simulations, and the manner in which they evolve, are qualitatively
similar to the real M dwarfs in the WTS sample and indicate how models extrapolated

from sunspot distributions can explain behaviour seen in active M dwarf light curves.
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Introduction

The M dwarfs constitute the coolest, lowest mass, and most plentiful members of the
main-sequence. Main-sequence M dwarf (MV) stars span the mass range of approxi-
mately 0.075-0.6Mg but are defined by the presence of TiO absorption bands in their
spectra, being cool enough for such metal oxides to be stable in their atmospheres. M
dwarfs straddle the peak of the initial mass function (and thereby, for low-mass stars,
the present day mass function) at 0.1Mg and are the most common class of star in
the galaxy. The 100 closest known stellar systems to the Sun include 99 M dwarfs as
either single stars or binary companionﬂ. Indeed, the closest known star to the Sun,

Proxima Centauri, is an M5 dwarf.

During an era in which the number of exoplanetary discoveries per year is growing

IResearch Consortium of Nearby Stars, http: //www.chara.gsu.edu/RECONS/TOP100.posted. htun,
see Henry et all (2006)
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exponentiallyH, the interest in low-mass, main-sequence stars has been augmented for
manifold reasons from both the perspective of photometric and spectroscopic observa-
tions. A combination of the drive to understand planet formation in lower mass regimes
and the prospect of detecting habitable planets orbiting low mass dwarfs, enabled by
improvement of near-infra-red detector technology, has hugely increased the rate of
publications concerned with M dwarfs in recent years.

There is a real possibility that the first approximately Earth-size (0.5-2 Rg) planet
in a habitable zone (HZ) to be detected will be orbiting an M dwarf given the tentative
frequency of such planets predicted from Kepler observations (Borucki et all, 2011}
Kopparapu, 2013). Estimates for 7s, the frequency of HZ Earth-size planets (0.5-
2 Ry), range from 0.15702% (Dressing & Charbonnearl, 2013) to 0.517315 [Kopparapu
(2013) for M dwarfs implying there could be significant numbers of such planets, and
even >10 within 10pc of the Sun. Assessing the variability of stars is vital for the proper
characterisation of any orbiting planets by means of both radial velocity and transit
detection. Even on relatively inactive G type stars, variations in magnitude have been
shown to be an important consideration for the prospect of detecting transiting planets
during preparations for now-fruitful missions such as Kepler (Carpano et all, 2003)
where such noise could not simply be assumed to be white, while Ballerini et all (2012)
show how incomplete consideration for the effects of stellar spots warrant revisions of
transiting planet parameterisation.

Naively, the prospects of detecting a transiting Earth analogue around an M dwarf
seem favourable. Firstly, the ratio of the sky-projected area between the planetary
disc and that of the the star is ten-fold greater than for a solar analogue, secondly,
M dwarfs are plentiful in the local population of stars, and thirdly, the period of
such a planet orbiting in the HZ is necessarily short. As of mid 2013, however, only
9 planets transiting M dwarfs have been detected, none of which orbit within the
habitable zone (although three Kepler Objects of Interest [KOIs| do, as of July 2013, if
they are confirmed as planets). NASA’s planned Transiting Exoplanet Survey Satellite

(TESS) will search for planets transiting nearby M dwarfs at near infra-red wavelengths

2See lexoplanet . eu
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(Ricker et all; 2010). While the activity of solar-like stars is well constrained, this
cannot be said for M dwarfs, and the effects M dwarf activity has on planetary transit
detections remain an open inquiry.

The question of M dwarf activity is also important in answering some more tentative
questions pertaining to astrobiology. Intense flaring on M dwarfs (e.g. [Tofflemire et all,
2012) could also have implications for biochemistry and macroscopic life on orbiting
planets, and luminosity variations in the relatively inactive Sun are under contemporary
scrutiny for their contribution to climate variation on Earth. While understanding
the fundamentals of M dwarf magnetism and activity are concerns for contemporary
astronomers, future questions of how the more active M dwarfs could affect the ability

of an M dwarf planet to sustain life will be informed by current endeavours.

1.1 The stellar dynamo

While a full discussion and investigation of stellar dynamos and magnetic phenomena
are beyond the scope of this work, it is important to discuss them to give some context

to the observations of M dwarf activity and the extent of our knowledge concerning it.

1.1.1 Partially radiative

The MV spectral type traverses the range of low-mass stars amidst which the radiative
envelope surrounding the core disappears and the switch over to being fully convective
occurs. This occurs at m ~ 0.3My, corresponding to stars where Teg ~ 3250 —
4100K (Chabrier & Baraffd, 2000). For stars above this mass, including the Sun, there
exists a boundary between the convective and radiative zone called the tachocline
(Spiegel & Zahn, [1992). It is here that there is a strong shear caused by the solid-
body like rotation of the radiative core and the differential rotation of the convective
zone. This form of dynamo, found in partially radiative main-sequence stars, is known
as the af2 dynamo. The () refers to the stretching of the meridional magnetic field
by differential rotation such that it develops a strong azimuthal and ultimate toroidal

component, while a refers to the twisting of this toroidal field into smaller loops, as
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FIGURE 1.1: An illustration of the stellar a2 dynamo from ?. In a to d the differential
rotation acting on the poloidal magnetic field results in the toroidal component (the 2 effect)
while in e to f the convective turbulence twists toroidal fields regenerating the poloidal
component (the « effect).

shown in Figure [l

Magnetic flux tubes are stored as rings at the base of the convection zone in the
convective overshoot region, where convection overshoots into the radiative zone. In-

stabilities in the rings cause them to be driven poleward out of the equatorial plane and

towards the surface under magnetic buoyancy (e.g. [Parkei, [1955; IMoreno-Insertis ef, al

bl I Y

1992). Driven by discoveries of high-latitude spots on stars other than the sun (as dis-

cussed in Section [LZZ), [Schiissler et all (1996) modelled the trajectories of flux tubes

through the convective zone in order to understand how the rotation rate of a star
determines the range at which flux tubes emerge and form spots on stars including the
Sun. Magnetic buoyancy, through the stratified plasma of the convection zone, causes
the part of the wreath like toroidal flux tube formed by the 2 component to rise through
the plasma, while the Coriolis force causes the rising flux tube to be deflected polewards
until emerging from the photosphere. The exact emergent latitude is determined by

the balance of the magnetic buoyancy, the field line curvature, and the rotationally
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FIiGURE 1.2: The ‘Butterfly Diagram’ for The Sun from ?, updated with new data up
until June 2013. The diagram shows the latitude dependant emergence of spots over time
illustrating the solar cycle.

induced forces. For this reason there is an expectation that rapidly rotating partially
radiative main sequence stars should exhibit high latitude spots. Sunspots emerge in
two regions that girdle the Sun, the average latitude of which migrates from +£27°to
+8%ver the course of a solar cycle (Parker, [1955; [Ossendrijver, 2003); the distribution
of sunspot locations on the Sun are well portrayed by the famous ‘Butterfly Diagram’

that charts the latitudes of sunspots with time, as shown in Figure

1.1.2 Fully convective

For an M dwarf with m < 0.3M, there is no radiative zone and thus no tachocline can
exist. Furthermore, differential rotation occurs at a lesser, possibly negligible, rate for
low-mass dwarfs (Petit_et. all, 2004; Barnes et all, 2005). A naive expectation would be
that there is a sharp decrease in magnetic activity as the means of dynamo generation
ceases to occur. However, the converse of this is true, and there is in fact a gradual
transition to a more active regime. It is known that turbulence in the convective

zone can also generate a dynamo (Durney et all, [1993) and that this could therefore
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generate small scale, turbulent magnetic fields in fully convective M dwarfs. This form
of dynamo, thought to operate in fully convective stars and Brown dwarfs, is the a?

dynamo Durney et _all (1993); [Chabrier & Kiiker (2006).

Observations of the magnetic fields of fully convective M dwarfs paint a somewhat
contrary picture. [Donati (2011) presents Zeeman Doppler Image (ZDI) observations of
late-F to late-M dwarfs and reveal a variety of different magnetic field topologies for
the fully convective dwarfs in fields, as predicted from magnetohydrodynamic (MHD)
simulations of rapidly rotating fully convective M dwarfs (Browning, 2008), that re-
semble those of stars with a dynamo largely generated by a tachocline. This is some-
what surprising given the expectation of a dynamo generated by turbulence in the
convective zone. In stark contrast to this are others that show a more distributed,
non-axisymmetric toroidal topology; a dichotomy [Donati (2011) suggests may result
from a bistable behaviour of dynamo processes. The various dynamo configurations
are shown in Figure [[3 Morin et all (2008a) find in ZDI observations of the M4V star
V374 Peg, as do [Phan-Bao et all (2009) for the young M4V star G 164-31, that the
magnetic energy is mainly stored in a combination of the global axisymmetric, poloidal

field as well as small scale fields.

A number of attempts to model the dynamo of fully convective stars, both on the
large and small scale, have been made. [Dobler et all (2006) perform MHD simulations
to find the large scale magnetic field of a fully convective rotating sphere heated like
a star and find a symmetrical quadrupolar topology with a dipolar component for
the global field. Browning (2008) model 0.3M, fully convective stars and find that
near the core energy transfer is still a primarily radiative process. The results of
these simulations agrees with those of [Dobler et all (2006) in that at some rotation
rates a symmetric field with a dipolar component can be produced, in addition to
those occurring on small scales, and a strong toroidal component that can persist for
years. Studies by [Dorch & Ludwig (2002) into the small scale magnetic fields in fully
convective M dwarfs indicate that such fields are qualitatively similar to the small scale

fields of the Sun and grow on a time scale of a few minutes.

A full understanding of the how the dynamo of wholly convective stars operates,
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HD 78366
® HD 76151

Sun

Stellar mass (Mg)

'l 11 l

Rotation period (d)

FIGURE 1.3: The properties of the magnetic topologies of main-sequence stars from [Donati
(Iﬁl, Figure 1). Symbol size indicates the relative magnetic energy density, colour denotes
field configurations (blue for purely toroidal to red for purely poloidal fields) and shape depicts
the degree of axisymmetry of the poloidal component (decagons for purely axisymmetric and
stars for purely non-axisymmetric poloidal fields respectively). The dotted, dashed and solid
lines represent Rossby numbers (1, 0.1 and 0.01 respectively) that is essentially the ratio of
the Coriolis force to the inertia from the angular momentum of the star. The diagram shows
the diverse nature of the magnetic fields for both the fully convective and partially radiative
M dwarfs.

and how this forms the magnetic field topologies seen in the limited observations of
those of M dwarfs, and indeed, to what extent these dictate the formation of spots, is
lacking due to current observational constraints. Therefore, it remains unclear what the

expectations of spot coverage should be and how much we can infer a spot pattern from

the magnetic topology, and vice versa (Dobler et all, 2006; [Reinerd, 2012). At least in

the case of the Sun, the latitudinal distribution of sunspots does not reflect the full

topology of the solar magnetic field (Ossendrijver, 2003); as discussed in Section [LTT],

it is the toroidal component of the solar magnetic field that ultimately gives rise to

sunspots. (Chabrier & Kiiker (2006) predicts that a turbulent dynamo such as that
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found in fully convective stars would produce small, low contrast spots, but refers to
the need for Doppler Images (see [[Z2) of fully convective stars to verify this. Thus,
questions remain: in M dwarfs, does a distributed dynamo mean a more distributed
spot coverage, does a toroidal field mean a latitude dependent spot coverage, and does
the duration of magnetic structures in stars dictate the life time of spots? It is beyond
the scope of this work to consider fully answering such questions, although they remain
important considerations in the context of building a fuller picture of the activity of M

dwarfs.

1.1.3 Rotation and activity

As a protostellar core collapses under gravity, the conservation of angular momement
causes an increase in the rotation rate with decreasing radius. Angular momentum is,
however, lost through various processes that slow the rotation rate; while bipolar flows
can moderate the angular momentum gained from material accreted on to the forming
star, it is transfered away from the star through instabilities in the its associated disk,
and through magnetic braking (?). The latter occurs when the inner stellar wind is
connected magnetically to the star such that it is corotating, and angular momentum
is thus lost with the material composing the wind as it departs the star. This process
continues once the star enters the main sequence with some initial rotation period, and
the star continues to lose angular momentum due to magnetically driven stellar winds
(Kawalex, 1988).

Much of the knowledge of M dwarf activity is the result of observing chromospheric
emission lines as activity tracers, such as Ha and Ca 11. Some studies of Ha emission of
M dwarfs show that He is saturated across rotation periods. Mohanty & Basri (2003)
suggest that this is either because the dynamo of M dwarfs is so strongly dependent
on rotation that it saturates even at low rotation rates, or that a turbulent M dwarf
dynamo is efficient enough to saturate Ha emission independently of rotation period.
With a larger sample, [Reiners & Basri (2008) find that for stars rotating slower than
their detection limit there is instead a larger scatter of Ha luminosities, perhaps indi-

cating some dependency at sufficiently slow rotation. In a Ca 11 H and K line survey
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of M dwarfs Browning et all (2010) find that vsini > 2.5kms™" (the minimum they

measure) is sufficient but not necessary to cause activity. [Reiners et. all (2012a) obtain

a similar threshold of vsini > 3kms~! from Ha emission. They also find that, following
the trends in rotation, there is an onset of more scattered activity moving to fully con-
vective stars. They find that for earlier M dwarfs the fraction of active stars is very low,

rising greatly for spectral types of around M3 and later. While the fraction of active M

dwarfs as traced by Ha emission increases with later spectral type (Mohanty & Basri,

00: ,12010), Reiners & Basri (2008) and Bell et all (2012) also find that Ha

‘[Lee et al

Y

luminosity decreases with later spectral types. ILee et all (201(0) examine short term
Ha light curves and find that amplitude increases with later spectral types, although
this is potentially because the overall luminosity for later spectral types is lower. From
Ha observations the emerging picture is, therefore, of the fraction of M dwarfs showing
activity increasing for later spectral types, so too the variability in activity, while the

magnitude of the activity decreases.

M dwarf vsinz measurements have shown a correlation between rotation and spec-

tral type. In a compilation of new and literature sources of M dwarf vsini, LJenkins et al

2009, and references therein) show that there is an increase in the dispersion of vsini

for later spectral types, and that M dwarfs form two significantly distinct populations

dependent on whether they are partially radiative or fully convective. This is thought to

be an aspect of the increased spin down time for later M dwarfs (e.g. Mohanty & Basri,

2003). The reason for this, as suggested by Mohanty & Basri (2003), is that the in-

creasingly neutral atmosphere of mid- to late-M dwarfs decouples from the magnetic

field resulting in less efficient magnetically driven angular momentum loss, in addi-

tion to the aforementioned decrease in Ha emission. [Reiners et all (2012a) find the

increase in vsini dispersion holds for early- to mid-M dwarfs also, however. [[rwin et al

011) find periodically variable M dwarfs in the MEarth survey light curves of period

between 0.28 and 154 days. They similarly find the onset of more rapid rotation for
fully convective M dwarfs, confirming the results of vsini surveys. Age estimates for
fully convective M dwarfs in the MEarth sample show that all the young (<2Gyr) stars

rotate with periods of a few days or less, whereas the old (>8Gyr) stars hold a range of
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periods from <1d to >100d. It is supposed by the authors that the magnetic topology
is the cause for this: the dynamo of fully convective stars is expected to be turbulent
and less effective at causing angular momentum loss via stellar wind. Contrary to the
earlier models invoking the change in magnetic topology, or its interaction with the
stellar atmosphere, as the cause for the increase in shorter rotation periods (and thus
high vsini and activity for later M dwarfs), Reiners & Mohanty (2012H) show it is in
fact purely the magnetic field strength, ultimately dependent on the radius, that is

responsible for this relation.

1.2 Starspots

1.2.1 The Solar Case

While the study of photospheric spots on stars in general is by no means a fully matured
field of research, the study of stellar spots in one specific case, the Sun, has been an
active area of the scientific research since the 19*® century. Systematic observations
of the Sun throughout the 20" century have allowed for the long term behaviour and
trends in the nature of sunspots to be determined.

A sunspot is a cool, dark, depressed area on the Sun’s photosphere. Sunspots
are formed at the intersection of emerging magnetic flux tubes with the photosphere,
generated at the base of the convection zone as described by [Parker (1955), girdling
the axis of the Sun. Although ICowling (194€) first proposed that part of the tube was
convected towards the surface, it is now thought that parts of the flux tube rise due to
magnetic buoyancy in a plasma stratified by gravity (Parker, 1955). Although a flux
tube emerges as an () shaped loop from the photosphere, it does not necessarily form
two similar spots at both photospheric footprints; the leading polarity tends to form
larger spots whereas the trailing polarity forms more dispersed and fragmented spots
(Fan_et._all, 1993).

Once fully formed, sunspots are comprised of small, central regions called umbrae

and larger, surrounding penumbrae. The penumbra of a spot is hotter and brighter than
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the umbra, and is approximately four times the size of the umbra. A table of literature

sources as summarised by ISolanki (2003) in a review of sunspots of the ratio between

total and umbral sunspots area (r4) can be found in Table [Tl Regions of a sunspot

can be as cool as 2000K cooler than the surrounding photosphere (Siitterlin & Wiehi,
1998).

TA Source

5.2-6.3 (solar max to min) Jensen et al. (1955)

59 £ 1 Tandberg-Hanssen (1956)
59+ 1 Gokhale & Zwaan (1972)
49 + 0.6 Rodriguez Medina (1983)
441 Osherovich & Garcia (1989)
4.6 Steinegger et al. (1990)
4.1-5.2 (large to small spots) Brandt et al. (1990)

5.7 Antalova (1991)

5 Beck & Chapman (1993)

TABLE 1.1: A collection of values for ra = Aiota1 /Ay, the ratio of umbral to total sunspot

area, compiled by Solanki (2003). ensen et all ) find a ~1 difference in values due
to time in the solar cycle and Brandt et all (1990) find a dependence of r4 on spot size.
In the simulation carried out in Section B3l a value of 5 is assumed for the r4 following

Solanki & Unrubl (2004).

The distribution of sunspot sizes is now well known to be of log-normal form, as

first found by [Bogdan et all (1988) using data obtained from the Mount Wilson plates

collected between 1917 and 1982, and subsequently confirmed with other observations

(e.g.Baumann & Solanki, 2007; [Penn_& MacDonald, 2007). The form of the solar spot

Y Y

size distribution, as described by IBogdan et all (1988), is as follows:

dNY\ = (InA—In(4))? dN
ln(a)— oo, aa) (11)

and is commonly rearranged in the exponential form:

o) e
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where N is the number of spots, A is the area of a spot, (dN/DA)yayx is the maximum
height of the distribution, o4 determines the width of the distribution, and (A) rep-
resents the mean spot size. These latter three parameters are deterministically linked
to the spot coverage fraction of the photosphere, such that given any particular values
of o4 and (A) the height of the distribution will determine the coverage fraction, and
so on. The implication of this distribution is that most of the area of the spotted
photosphere is accounted for in smaller spots while small amounts of the spottedness

of the photosphere contribute to the largest of spots.

This log normal distribution is ubiquitous in the description of sunspot sizes.
Banmann & Solanki (2005) used the Greenwich Photoheliographic Results (the longest
and most complete record of sunspots spanning 98 years of observations) to investigate
both the distribution of sunspot sizes at their maximum development, and the instanta-
neous distribution. They found that, in both cases, the distribution is well described by
the form found by [Bogdan et _al! (1988). Furthermore, they found that the distribution
holds regardless of whether the entire spot areas, inclusive of the penumbrae, or just
the umbrae, are considered, or whether single spots or sunspot groups are considered.

The distribution can therefore be considered temporally and scalingly robust.

Sunspot growth is reasonably rapid, occuring on a timescale of hours, and driven
primarily by growth in the penumbra. Schlichenmaier et all (20101) perform observa-
tions in the G band and Ca n K line and find that once the umbra has formed its
size remains nearly constant. The evolution in the spot size is largely the result of
changes in the penumbral size, a result largely corroborated by IGafeira et all (2012),
and is driven by small-scale magnetic flux emergence (Schlichenmaier et all, 20104).
Sunspots grow more rapidly than they decay, with the extremes of the decay rate dis-
tribution reaching orders of 10* % day~! (Howard, [1992; [Lustig & Wohl, [1997). Using
combined data from the Greenwich Observatory and the Solar Optical Observatories
Network from 1874 to 2009, .Javaraiah (2011) finds that the growth rate of spots av-
eraged over the period of 1874 to 2009 is ~70% greater than the similarly averaged
decay rate. The growth rates themselves are found to be heavily dependent on the

solar cycle, with the annual averages ranging from an a minimum of 52% day~! and a
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maximum of 183% day~!. (Howard, 1992) finds from the Mount Wilson sunspot data
spanning 1917 to 1985 that the average growth rate is 502% day~!.

Sunspot decay, being a more gradual process, has been subject to a greater degree
of characterisation than growth. It has long been established that sunspots begin to
decay as soon as they have reached their maximum area (Cowling, [1946). The lifetime
of a sunspot from its emergence to is decay is described by the Genvyshev-Walder

relation Waldmeien (1957), and takes the form:
Ay =WT, (1.3)

where Aj is the maximum area the spot reaches, T is the lifetime of the spot, and W
is the decay rate, determined to be 10.89 + 0.18 MSH day ™! (micro solar hemisphere,
i.e. 5x 107Ay, [Petrovay & van Driel-Gesztelyi, 1991). It follows that if the lognormal
distribution of areas is linearly related to the lifetime of spots, the spot lifetimes must
also be lognormally distributed, although it does not determine the rates at which
spots grow and decay overall.

While there is a linear relation between maximum spot size and lifetime, a popu-
lation of sunspots decays with a lognormal distribution of decay rates. This is not a
contradiction but is in fact necessitated if larger spots decay with a smaller percentage
change than small spots yet have larger absolute decay rates. The result of this is that
the decay rates are lognormally distributed in such a way that there remains a linearity
between the maximum spot area and the spot lifetime as dictated by the relation. The
distribution of sunspot decays rates was first determined, much like the distribution
of spot sizes, to be described by a log normal distribution by (Martinez Pillet et all,
1993). Simulations by [Banmann & Solanki (2005) find that scenarios invoking such log
normally distributed decay rates better match observations of sunspot size distribu-
tions both taken instantaneously and considering the maximum areas of fully developed
sunspots.

There is some degree of controversy surrounding the decay law that describes how
a spot decreases in size with regards to its decay rate and time. Although early

work considered exponential decay laws (Bumba, [1963), the focus of recent papers
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studying the decay laws of sunspots concerns the validity of either a parabolic or

linear decay law (Martinez Pillet et all, 11993; [Petrovay & van Driel-Gesztelyi, [1997;

) ) 2

Baumann & Solanki, 2005). The aforementioned simulations by [Banmann & Solank

2001) and observations by Martinez Pillet. et all (1993) are unable to distinguish be-

tween the two laws, whereas [Petrovay & van Driel-Gesztelyi (1997) conclude, from

their fitting to observed decay rates, firmly in favour of a parabolic decay law.

1.2.2 The spots of other stars

While predictions of spot patterns from observations of the magnetic fields and mod-
elling of their dynamos are currently unable to fully inform us of expected spot distri-
butions on all M dwarfs, the spot coverage itself can be directly parameterised. This
is commonly addressed through three means: spectroscopic observations, photometric
observations, and model based predictions.

The are multiple ways through which spectroscopy can be used to measure spot

coverage in many main-sequence stars. [0’Neal et all (2004) used titanium oxide (TiO)

bands as a measure of the filling factors and spot temperatures of G and K dwarfs. They
determine the visible surface spot coverage at different phases by means of measuring
the varying strength of the TiO bands that become stronger at lower temperature.
Filling factors between 0.22 and 0.45 are found for the active stars they observed. This

technique is of no use for M dwarfs as low-mass stars are cool enough for the entire

photosphere to show strong TiO bands (O’Neal et all, 2005) which are thus a defining

feature of M type spectra; indeed, M dwarf spectra are used a proxy for spot spectra by

O’Neal et all (2004). IO’Neal et all (2005) also attempted to use vanadium oxide (VO)

lines as a diagnostic of spot coverage in M dwarfs, but with little success. A lack of
an analogous diagnostic for M dwarfs remains a challenge to the proper measurement

of their spot coverages, although the use of the FeH band at 9900A remains a future

possibility (O’Neal et. all, 2005).

Y

Another technique reliant on spectroscopy is Doppler imaging (DI). As pioneered

by Vogt. & Penrod (1983) and Vogt et all (1987) for the use of mapping the RS CVn

star HD 1099, it exploits the Doppler effect to measure the changes in a line profile as
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FIGURE 1.4: Adapted from Vogt & Penrod (1983), this illustration shows the effects of
a spot being rotated through the angle of observation on an absorption line profile. Each
section contributes a line with some degree of Doppler shifting due to rotation, summing to
a broadened line. In the case where section III is 50% covered in an absolutely black spot, as
depicted, a line of 50% depth from a continuum of 50% intensity causes an apparent emmision
bump in the broadened line profile. As the star rotates, this bump will move through the line
profile tracing the movement of the spot through the angle of observation as the star rotates,
the speed at which it does indicative of its latitude.
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FIGURE 1.5: Doppler images of the stars HK Aqr (top) and RE 1816 1541 (bottom) from

Barnes & Collier Camerorl (2001).

a cool spot rotates with the spherical surface of a star, first distorting the blue side of
the Doppler-broadened line and then the red, as shown in Figure [[4. The change in
flux due to spotted regions of the star being rotated into and out of view changes the
profile of a line broadened by Doppler shifting due to rotation. The size of the bump
created in the line is dependant on the spot area and temeperature, while the rate at
which it transits the line is dependant on its latitude. Thus such features in absorption
lines can be used to generate a surface map of the spottedness of a star. Doppler
imaging is, however, limited to determining the spot patterns on only rapidly rotating
M dwarfs. In order for the Doppler effects to be measurable the star is required to be
rapidly rotating (which also observationally aids the attainment of a more complete
phase coverage) and must be bright enough such that the signal to noise ratio is large

enough for the effects to be detectable. The technique was first applied to M dwarfs by
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Barnes & Collier Cameron (2001) to map spots on two rapidly rotating stars, HK Aqr
(dM1.5¢) and RE 1816 1541 (dM1-2), shown in Figure revealing a latitudanally
distributed spot pattern, that is, a spot pattern not necessarily restricted to a narrow
range in latitudes. Further Doppler imaging of HK Aqr found that the differential
rotation rate was essentially consistent with near-solid body rotation. The distribution
of photospheric spots remained morphologically similar over 11 months (Barnes et all,
2004), although the exact spot patterns were found to have changed. Polar spots are
a common phenomenon observed in Doppler images of rapidly rotating cool stars due
to the aforementioned effect of the Coriolis force driving emergent flux tubes to higher
latitudes dependent on the period (Schiissler et all, [1996), combined with a super-Solar
meridional flow [Mackay et all (2004), but it is clear from the presence of low latitude
spots in Doppler images that such effects can only be partially deterministic of spot

patterns.

There are currently few such Doppler images for main-sequence stars of a later
spectral type than this, and none for the latest M dwarfs, although ZDI observations
(as discussed in Section [CTZ) indicate that the magnetic fields can either take ax-
isymmetric poloidal or distributed toroidal topologies. This suggests that the spot
configurations could in fact be much like those found in partially radiative stars, with
some showing distributed spot patterns and others showing polar cap like distribu-
tions (e.g lleffers et all, 2007). Morin et all (20084) perform ZDI observations on the
fully convective M4 dwarf V374 Peg and find a mostly poloidal magnetic field stable
over year-long time scales. They find a distributed spot coverage of low-contrast spots
occupying 2% of the photosphere. The possibility of unresolved small spots is not dis-
counted however, and small scale magnetic fields cannot be constrained. Contrary to
this, [Phan-Bao_ et all (2009) find a single area of spot coverage occupying one pole for
the young M4V star G 164-31 in an incomplete DI, which they interpret as a single,
low contrast spot. Similarly, this does not discount the possibility of smaller spots

distributed across the photosphere.
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FIGURE 1.6: A selection of some of the phase folded M dwarf light curves presented by
Irwin et all (2011)) showing spot modulation in the form of sinusoid-like variation over a range

of periods.

1.2.3 Light curve modulation due to spots

The presence of cool star spots coupled with stellar rotation leads to photometric

modulation as the starspots rotate into and out of view, as shown in Figure ??. For

light curve variation to be detected above the photon noise, the photosphere must be

sufficiently covered in unevenly distributed spots. The designation of BY Dra type is

occasionally used to refer to stars exhibiting this type of light curve modulation, after

BY Draconis (Helminiak et all; 2012). Many surveys designed for rotation studies,

particularly of angular momentum evolution in open clusters have had an auxiliary

result of providing a wealth of spot modulated light curves at varying wavelengths.

Messina. et al

2001

) describe the factors that relate star spot coverage to light

curve amplitude. The amplitude of any light curve is the product of the stars inclina-

tion, the contrast in temperature, and thus the brightness of the spotted and unspotted
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photosphere, the spot areas, and the distribution of the spots over the photosphere, as
follows:

Inclination: all stars will have some inclination between the two extremes of pole-on
inclination, =0°, and equator on inclination, i=90°, with a random distribution of
inclinations typically assumed. In the case of pole-on inclination the amplitude as a
product of rotation rate will be zero as the same hemisphere of the star will constantly
be visible from the perspective of the observer. In the case of equator on inclination,
the amplitude due to a given spot distribution will be maximal as the entirety of the
photosphere is rotated through the angle of observation as the star rotates. Therefore,
amplitude scales wholly between some maximum value and zero with an amplitude
that approaches zero as the stellar inclination approaches zero for a fixed spot pattern.
If the spot pattern evolves, changes in brightness will still occur, and any periodic
behaviour occurring for a star orientated thusly could be due to some cycle analogous
to the solar cycle.

Temperature contrast: the flux density of a star is determined as a first approxima-
tion, from the Stefan-Boltzmann equation, to be directly proportional to T* (assuming
it behaves as black body). In reality this is modified by temperature-dependant molec-
ular absorption lines, particularly so in M dwarfs. The sensitivity of the amplitude
to changes in the contrast of the spotted to unspotted photospheric temperatures is
greater when the contrast is lower, for example, a 100K change in spot temperature
of AT=200K to AT=300K, where AT =T, — T, will cause a larger amplitude change
than a similar 100K changes from AT=1200K to AT=1300K. This is because the con-
trast ratio at 1200K is already low. Stellar atmospheres are not black bodies however,
and as the presence of different atomic and molecular species varies with temperature
so too do absorption signatures in the photospheric and spot spectra, modifying the
contrast ratios.

Spot distributions: a maximum possible amplitude would be the result of the en-
tirety of the spotted photosphere being located on one hemisphere in the form of a
large single equatorial spot. This would lead to a light curve with a flax maximum

and a minimum morphologically similar to those of some eclipsing binaries (EBs).
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FIGURE 1.7: Maximum light curve amplitude versus rotation period for late type, partially
radiative field and cluster dwarfs, adapted from [Messina et all (2003), showing the decrease
in amplitude for longer rotation periods.

Conversely, the light curve amplitude may be minimised if the entirety of the spot
coverage is distributed uniformly over the photosphere as infinitesimally spots. Inter-
mediate cases could take forms that are strictly sinusoidal, or in the case of a large
spot trailed by smaller spots, saw-toothed. Essentially, the presence of multiple spots
or complex patterns adds higher order Fourier components to the light curve. Another
interesting example is that of a star with two large spots on opposing hemispheres.
Such a stars would have two different minima and maxima per phase. As such the
amplitude, and crucially, the morphology of the light curve is determined by both the
fractional area covered in spots and their distribution across the viewable surface of

the star.

Because of the degeneracies between these three parameters, the amplitude of a light
curve can only be a crude proxy for the true level of stellar activity. In considering the
light curve amplitudes of samples of M dwarfs with respect to some other parameter
it is therefore necessary to consider an upper envelope of a distribution of light curve
amplitudes (Messina et all, 2001) as these are likely to be those less affected by the
inclination of the star. Messina et all (2003) fit two such envelopes to the late type
dwarfs in a study of activity tracers of rotating stars in field and cluster stars of different
ages, as shown in Figure [[7 For each of their spectral type bins, a general trend of
decreasing amplitude upper envelope with increasing rotation period was found. The
V band amplitudes of these stars largely occupy a range from 0.01 to 0.2 with one

larger than 0.3. Each of the stars considered in their work is also an X-ray source,



1.2 STARSPOTS 21

allowing for the use of the ratio between X-ray luminosity and bolometric luminosity
as a tracer of chromospheric activity, finding a similar result of decreasing activity
for longer periods. [Kiraga & Stepient (2007) also find a decrease in activity for longer
rotation periods. In studies of variable stars of type GV or later in the open cluster
M11, Messina et all (2011) find further evidence of the relation between decreasing
light curve amplitude with increasing period. The dependence on activity levels with
rotation period is expected due to the dependency of the dynamo in partially convective
stars with the rotation rate. [Rockenfeller et all (2006) perform a periodogram analysis
on multi-band observations of M and L dwarfs in order to probe a possible relation
between spectral type and amplitude and establish variable fractions, finding no trend

between amplitude and spectral type but finding variable fractions >0.25 for M dwarfs.

Ciardi et all (2011) study the variability of all stars in the Kepler survey by deter-
mining the y? statistic, testing for a significant deviation from the null hypothesis of
no variability, for each light curve and binning them in x? > 2, 10 and 100 bins. In
particular they seek to characterise the variability of the M dwarfs in the sample. They
find that nearly 70% of M dwarfs fall into the x? > 2 bin considering stars where the
Kepler mag < 14, and 47% fall into the x? > 100 bin. In this most variable bin, 90%
of stars in a periodogram analysis exhibit some significant periodicity (although the
nature of the periodicity is not explored) while in the lower variable bin the source of
the variability was stochastic noise. While it is not discussed what the actual cause of
this prevalent stochastic variation is, it is possible it could be an indication of transient
photospheric features that exist on a time sale less than the rotation period such that
no coherent modulation is ever established. The noise is described by the authors as

being white, i.e., with amplitude independent of frequency.

Harrison et all (2012) find a greater variable fraction of 79% for stars of spectral
types later than KOV and earlier than M2V inclusively in the Kepler light curves. They
note a few stars where it is clear there is some overall change in the spot configuration
over month long time scales but a long term coherence is still maintained due to a
dominant spot (group). If the Gnevyshev-Walder relation does hold for spots on other

stars with solar-like dynamos then a prediction of this would be exactly this observed
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behaviour where one large spot persists, taking a long time to decay, while smaller
spots evolve on shorter time scales. In other stars in their sample it appears that the
spots evolve or change location much faster, altering the morphology and amplitude
of light curves on the time scales of < 1 phase. [Lane et all (2007) find one of the first
examples of an apparent change in spot morphology in a spot modulated M dwarf
light curve. The light curve of the KOI-256, a post-common envelope binary system
consisting of an M3V star and a transiting white dwarf shows a clear illustration of
how large scale changes in the spot morphology can occur, as the light curve changes
from being almost purely sinusoidal with one maximum and minimum per phase to
having two maxima and two minima per phase, and then returning to a morphology
similar to the former one over time scales of hundreds of days (Muirhead et all; 2013).

Another means of determining spot characteristics from light curves is by occulta-

tions of spots by transiting planets. This is discussed later in Section [[3

1.2.4 Light curve synthesis from spot modelling

Attempts to make deductions about the nature of the spottedness of a star from pho-
tometry are limited due to degeneracies between parameters. The number of free
parameters causally linked to the observed light curve compounds the ability to di-
rectly measure any one of those parameters from photometry. The amplitude of a light
curve is dependent on the configuration of the spot pattern and the filling factor of
the photosphere, itself dependent on the difference between the unspotted and spotted
photospheric temperatures and the percentage spot coverage of the photoshere, the
latter of which is to some extent a dependency of the spot configuration. Spot config-
urations appear to only sometimes be connected to the dynamo and rotation rate of
the star, with some stars showing only polar caps of spots while others show distribu-
tions over all latitudes in partially radiative stars, and expected spot coverages on fully
convective stars with multi-polar or distributed dynamos are uncertain. Despite this,
photometric monitoring of variable M dwarfs can make some a priori predictions about
activity levels on M dwarfs and is a vital consideration for other light curve science

such as planetary transit detection.
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FIGURE 1.8: RIJH light curves for an M3 pre-main-sequence star from [Frasca._et. all dZOﬂd)
with the accompanying two-spot model fitted to the light curves, shown by the solid line.

Multicolour photometry combined with spot models can yield further parameteri-

sation of spottedness. [Strassmeier et all (1994) use U BV I photometry in conjunction

with an iterative least squares model invoking rectangular spots to monitor changes
in spot size and lifetime on the RS CVn binary HR 7275.
the spot model code MACULA using two spots fitted to RIJH light curves of pre-

Frasca. et al

2009

) use

main-sequence variables in the Orion nebula cluster, as shown in Figure [, following

the work [Frasca_ et all (2005) that shows that light curves can be modelled with just

two circular spots. Later use of MACULA by [Kippin

201

), has enabled differential

rotation to be estimated. This also relied on fitting small numbers of spots in order

to model stellar light curves showing rotational modulation. Modelling of the late

type dwarf Kepler light curves by [Harrison et _al

201

) employ single spots due to the

observation that many of the light curves have flat maxima indicating that one hemi-

sphere of the star appears to be relatively spot free. It is noted that a single spot or
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pair of spots cannot adequately reproduce the morphology observed in the light curves
and they conclude that a pattern that is more complex with respect to longitude would

be expected, and hence the above results are questionable.

It is apparent, therefore, that these models, while powerful at providing a possible
solution for any given light curve, rely on the implementation of a small number of
monolithic spots that minimise the entropy of the parameters to characterise a star
with a dynamic model for analytic fitting, and may not be strictly physically justified
given what is known about spot distributions on stars. That is, that the distributions
imply that small spots contribute a significant fraction to the overall spottedness and
ZDI observations of late M dwarfs indicate that the magnetic field of M dwarfs is either
strongly poloidal or highly distributed. It is conceivable, though, given that it is known
in the Sun’s case that the form of the distributions that describe individual spots hold
for spot groups and therefore models invoking large monolithic spots may do so validly
as a proxy for unresolvable spot groups. These degeneracies will only be broken by high
precision Doppler images of the spot patterns on active stars, and until then it remains
to be seen whether models with parsimonious free parameters are genuine informers

on the nature of spot patterns on active M dwarfs.

Given this, some approaches have used liberal parameterisations to predict pa-
rameters that observed stars may take. LJackson & Jeffries (2013) use a Monte Carlo
approach to predict the distribution of light curve amplitudes for variable M dwarfs
in NGC 2516. While using the commonly employed filling factor and 7),/7} ratio they
use a nearly equivocal scale length between spotted areas rather than spot distribu-
tion itself, with the spotted areas of the stars being modeled by filled, square bins.
An interesting result from this approach is that it is the most heavily spotted stars
that exhibit small light curve amplitudes as the spot placement distribution is more
uniform over the surface. A uniform distribution would not be a realistic expectation
of M dwarf spot sizes if there is any size distribution, however. If their spot sizes do
follow a lognormal distribution, as they do on the Sun and other earlier stars, it would
imply some combination of a few large spots with more medium and small spots. This

would result in larger amplitude light curves if the total spot coverage is high. There
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is therefore a need to examine how a non-uniformly sized random spot distribution
would affect the resultant light curve distribution. These models are also static, and

the evolution of spots on low-mass stars is yet to be well constrained.

1.3 Considerations for planet detection

The assessment of variability remains a challenge in many methods of planet detection.
Recent conservative estimates of the 0.5-2Mg planet frequency around M dwarfs of
0.517035 by Kopparapii (2013) lend even more necessity to the proper characterisation
of M dwarf variability.

Spots have the ability to change the shape and depth of planetary transits in two
ways. The first, more simplistic way, is due to the overall change in brightness as spots
rotat into view, changing the base brightness of the star which will effect the relative
depth of the planetary transit. The second way is the result of the planet occulting
spotted areas of the photosphere. As the planet moves from transiting unspotted to
spotted photosphere the flux increases. For a single mid-transit spot this is manifested
as a bump in the transit profile (e.g. Rabus et all, 2009), although for a heavily spotted
photosphere it could appear as stochastic variations or noise depending on the spot
pattern. The effects of spots on a transit are shown in Figures and [CT0, the former
an illustration of how spots can effect transit profiles, the latter a plot of a real transit
for the planet COROT-2b showing variations due to real star spots (Silva-Valio et all,
2010). Observations and modelling by Barros et all (2013) of the transit of the hot
Jupiter WASP-10b orbiting its K5V star show that transit-timing variations (TTVs)
suspected to be induced by perturbations by an additional, small planet in a resonant
orbit are actually the results of spot occultation. Such TTVs can appear, for example,
due to a planet transiting a spot near the stellar limb as the planet egresses causing
the flux to increase earlier than expected. A proper assessment of the spot coverages,
sizes and distribution expected across the spectral types can therefore inform us of the
expected level of distortions expected in transit shapes and lead to a more informed

constraint on planet size and orbital configuration.
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FIGURE 1.9: Illustrative cartoons of the effects of, in the first example, a planet occulting
a single spot on a star, and in the second example, a planet occulting multiple spots of
varying size on the star. In these examples it is assumed that the transit duration is much
smaller than the rotation period of the star. As the planet begins to occult a darker area of
the photosphere it ceases to occult a brighter area of the photosphere, decrease the overall
depth of the transit as the net flux received from the star increases. Spots on the stellar limb
similarly have the effect of changing the slopes of the transit profile. Over multiple transits,
assuming the spot pattern changes with respect to the angle of observation and time, these
effects would result in an apparent systematic noise and reducton in the depth of the transit,
impeding planetary parameterisation.

Ballerini et all (2012) show the necessity of multi-band transit photometry in order
to alleviate the impact of spots on transit morphology due to the dependence of colour
variability on photospheric spots. They model the relative change in flux in visible
and infra-red bands with respect to the spot filling factor to show that in cases where
the cadence of a transit survey is not sufficient to show discrete features associated
with individual spots in a transit profile (under the assumption the spots are small
and uniformly distributed) the true planetary radius given any filling factor can only

be found through simultaneous multiband photometry.

Observations of spots occulted by the transiting hot Jupiter Kepler-17b are used
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FIGURE 1.10: Light curves of the hot Jupiter COROT-2b transiting the young G7V star
COROQOT-2 from ?. The black points are from a transit at a time when the star is minimally
spotted atr the transit latitude and the red points are from a typical transit. The lower panel
shows the residual light curve of the data with a model transit subtracted. The spottedness
for the star at the transit latitudes is found to be 10-20%.

by Désert et all (2011) to constrain spot lifetimes on the G2V star to at least 100

days as the 5 detected spots persist throughout observations. In instances such as
these, it is possible to predict when a spot will affect a transit, although in cases

where there is a large angular offset between the orbital inclination and the equatorial

plane of the star, such as in the case of HAT-P-11b as discussed by [Winn et _all (2010),

a transiting planet and spot will rarely intersect repeatedly. [Llama. et all (2012) have
shown, through modelling, that is ispossible to use changes in transit shape due to spots
to map variations in the spot distribution in the case of rapid and solar-like rotation.

This would enable reconstructions of solar butterfly-like diagrams for spotted stars from
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3.5 years of Kepler observations. Assuming planets orbiting M dwarfs are detected by
Kepler systems where such observations of spot distortions in transit can be made they
will provide a useful accompaniment to direct Doppler imaging of spotted M dwarfs in
informing the general picture of M dwarf spottedness and magnetic activity.

The activity of M dwarfs is also an important consideration for radial velocity
detections of orbiting planets. [Barnes et _all (2012) show that radial velocities measured

L are presently

at the reddest visible and NIR wavelengths with precisions of <10ms~
achievable, sufficient to detect super Earth mass (1-2 Mg ) planets in M dwarf habitable
zones assuming moderate rotation (assuming < 50 epochs of observations). At these
precisions spots can greatly effect the number of observations required to detect a
planet. Barnes et all (2011) model spotted M dwarfs and determine the RV variations
expected at different levels of spottedness considering different vsini and values of T /T,
at different wavelengths. Both the temperature contrasts and spot coverages can result
in a planet being undetectable, even after hundreds of observations, i.e. moving from
~10% spot coverage to ~60% coverage can render a planet that could be detected
with 50 observations to being undetected after hundreds of observations. The work

also shows how even moderate rotation can rapidly decrease the efficiency at which

detections can be made.

1.4 Summary and aims

Partially radiative low-mass stars possess a tachocline and are thought to have solar-
like dynamos with a poloidal and toroidal component. They are predicted to have
high latitude spots for faster rotation rates. This is the case in many observed stars,
although some partially radiative M dwarfs show spots distributed across all latitudes.
Fully convective M dwarfs are observed to have strong, dipolar fields or distributed
toroidal fields, and modelling suggests they are capable of holding both. Like partially
radiative stars, the few Doppler images of fully convective stars indicate that at least
in terms of large, resolvable spots, both distributed and polar spot coverages can be

formed.
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The distributions of sunspot parameters are well characterised and can help inform
the characterisation of spots on other stars. The inability to resolve small spots and
magnetic fields through (Zeeman) Doppler Imaging currently means the true spot dis-
tributions of other stars can only be inferred from other techniques, like TiO band anal-
ysis for stars earlier than M, Doppler imaging and light curve analysis and modelling.
Although Doppler imaging for early M dwarfs has provided some key benchmarks for
the overall spot distributions for these spectral types, there is a lack of Doppler images
for any star later than M4V.

Models of spotted M dwarfs can place constraints on the spots of M dwarfs through
both analytic modelling and Monte Carlo simulations, although more work is needed to
be done to understand the effects of spot size distributions and the evolution thereof on
light curves. It is clear that only a minority of M dwarfs are periodically variable while
a much larger fraction of them express changes in magnitude akin to white noise. Thus
far M dwarf variability has been little observed in the near infra-red. The WFCAM
Transit Survey (WTS) has produced light curves for thousands of M dwarfs for three
years and presents an opportunity to investigate the variability of M dwarfs over a
longer time scale than has so far been conducted with aims to expand the number of
known long-period M dwarfs and to detect large scale changes in the spotted surface
coverage.

In Chapter Bl the means of selecting M dwarfs from their colour indexes and then
selecting the periodically variable M dwarfs among them using periodograms is de-
scribed. In Chapter Bl the observed variable M dwarfs are discussed including trends
with spectral type, period, and amplitude, as well as new and novel examples of stars
exhibiting evolving spot patterns. In Chapter ll simulations to determine the sensitiv-
ity of the periodograms to varying periods and amplitudes are described. Simulations
are then used to determine the nature of the spot distributions on the M dwarfs, to

show how an evolving spot coverage can generate some of the light curve morphologies

observed in WTS and Kepler.
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Detection of Variable M Dwarfs

This chapter is composed of work published in “J-band Variability of M Dwarfs in

the WFCAM Transit Survey”, IGoulding et all (2012). Work presented pertaining to

the selection of MV type stars was also used in contribution to the co-authored papers

“Four ultra-short-period eclipsing M-dwarf binaries in the WFCAM Transit Survey”

Y

Nefs et all; 2012), “Discovery and characterization of detached M dwarf eclipsing bina-

ries in the WFCAM Transit Survey” (Birkby et all,2012), “The first planet detected in

the WTS: an inflated hot Jupiter in a 3.35 d orbit around a late F star” (Cappetta et al

Y

2012), and “WTS-2 b: a hot Jupiter orbiting near its tidal destruction radius around a

K-dwarf” (Birkby et. all, 2013, in prep) for the purpose of planetary transit and eclips-

ing binary candidate prioritisation.

31
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2.1 Chapter Overview

The sources detected within the entirety of the WFCAM transit survey are selected
on the basis of being bright, point-like sources. By making use of cross matched
magnitudes of the Sloan Digital Sky Survey (SDSS) with the WTS observations the
luminosity class and spectral type of the stars in the sample are found. A Lomb-Scargle
periodogram is conducted on each of the late-type main-sequence stars in the sample

to produce a final sample of periodically variable M dwarfs.

2.2 The WFCAM Transit Survey

Utilising the Wide Field Camera (WFCAM) on the UK infra-red Telescope (UKIRT),
the WFCAM Transit Survey is a near infra-red survey designed for the detection of
planets transiting M dwarfs. The survey was proposed by [Pinfield (2007), and first
described by Birkby (201() with the first results published by [Nefs et all (2012), where
the survey is first described in the literature. WTS is described in full by [Kovacs et al.
(2013). The survey is complimentary to other contemporary transit surveys such as
Corot and Kepler that target earlier main-sequence stars, with additional science goals
of studying M dwarf variability, and detecting low-mass eclipsing binaries, Kuiper Belt
objects, and high proper motion white dwarfs.

WFCAM'’s detectors are four 2048 x 2048 18um HgCdTe Rockwell Hawaii-II infra-
red detectors, each covering 13.65 x 13.65 arcmin? with a resolution of 0.4 arcsec
pixel~!. The light curve observations are made in the J band with single deep exposures
additionally made in the ZY JH K bands. The J band is used as this is near the location
of the peak of the spectral energy distribution for M dwarfs, as shown in Figure P22
An M4 star is approximately 4 times brighter in J than in the V band. As shown
by [Ballerini et all (2012) the ratio of the brightness between spotted and unspotted
photosphere is also greatly reduced in the J band. While this is undesirable from the
perspective of studying spots, it can partially mitigate the degree of obfuscation of

transit signals due to spots. The sensitivity to spots in the WFCAM transit survey is
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FIGURE 2.1: The WTS fields in Galactic coordinates with transformed celestial coordinates
also shown. The 03hr, 07hr, 17hr and 19hr fields are covered by the red, purple, blue and
green polygons respectively, surrounded by boxes to highlight their positions.

discussed in Chapter Hl

Four fields, the 03hr, 07, 17hr and 19hr fields, were selected, each 1.5 degrees?,
shown in Figure 21l Fields were selected to be outside (but still close to) the galactic
plane, so as to reduce overcrowding and reddening in the fields, and to detect a high
ratio of dwarfs to giants (Kovdcs et all, 2013). Each field is observed in eight point-
ings labelled a to g, each pointing itself being composed of the paw print from the
four detectors labelled 1 to 4, such that an object observed is labelled, for example,
19b_3.23134, where the latter number is unique to each observed object on that de-
tector. The data reduction is performed by the Cambridge Astronomical Survey Unit
(CASU) pipeline and aperture photometry is used as described by [rwin_et. all (2007)
to derive the magnitudes constituting the light curves. The photometry is capable of
~1% precision at J=16 and ~0.25% at J =12, with saturation occurring at brighter
magnitudes. The target number of epochs per field was 1000 and, as of the time of
writing, this number has been reached for the 19hr field. Thus far there are two planet
detections, WTS-1b, an inflated 4.01+0.35 M; hot Jupiter in a 3.35d orbit around an
F7+1V type star ICappetta et all (2012) and WTS-2b, a 1.12£0.13M; hot Jupiter in
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FIGURE 2.2: Synthetic spectra from [Allard et all (I%)_]_d) for main-sequence stars of
Terr =2500K, 3000K and 3500K, approximately corresponding to spectral types M7V, M4V
and M1V respectively. The peak of the SED approaches the J-band for later spectral types,
where the J-band flux far exceeds that in the V-band.

a 1.02d orbit around a K242V star [Birkby et al! (2013, in prep).

Although observations in the J-band are not optimised for spot detection, the

long baseline of observations means WTS should be capable of detecting M dwarfs

with periods of months such as those found by [rwin et all (2011), and should be

sensitive to detecting M dwarfs with periods corresponding to ages up to the Hubble

time. The number of M dwarfs in WTS should provide a substantial addition to

previous samples of variable M dwarfs, such as those presented by [rwin_ et all (2011)

and [Kiraga & Stepien (2007). M dwarf photometric variability has thus far not been as

extensively characterised in the near infra-red as it has at visible wavelengths. M dwarfs
with varying amplitude light curves and morphologies should be found and the long
baseline should be capable of detecting changes on time scales yet to be observed. The

change in ratio of visible to infra-red fluxes with increased spot coverage (see Figure
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3, Ballerini et all, 2012) indicates that the V band is more sensitive to spots than J,
and as such the maximum amplitudes found should be less than those found at shorter
wavelengths (e.g. Messina et all, 2011). This also means that WTS is less sensitive to
lightly and moderately spotted M dwarfs and thus the fractions found may be smaller,
although the same trends of decreasing maximum amplitude for later spectral types
should be found. From wvsini and previous light curve surveys it can be expected that
the fastest rotators are of a later spectral type and the dispersion of rotation periods
increases with spectral type. WTS is sensitive to periods of potentially hundreds of
days and provides a rare opportunity to discover long-period M dwarfs and populate

a currently sparsely studied space.

2.3 M Dwarf Selection

The full WTS data set represents a total of 1,043,129 sources. The breakdown of source
numbers per field can be found in Table XTIl In order to make the search for variable
M dwarfs in the W'TS observations an efficient process, various sources that were not

of interest or use are removed, as outlined in the following sections.

2.3.1 Initial Cuts

The initial step to greatly reduce the number of objects that would make for inappro-
priate targets for a variability search is to remove those where the random noise in the
light curves occurs on a scale that inhibits the ability to detect any variable signal. As
the noise increases as a function of magnitude (see Figure BI) this entails determining
the minimum brightness at which it is possible to reliably detect a periodically variable
signal by means of the method described in Section 24l As discussed in Section [L2.2,
variability found in the V' band has an amplitude typically much less than 0.3 mag
Messina. et all (e.g2011) and J band amplitudes of variable M dwarfs will be less than
this. Therefore sources fainter than the corresponding J = 17.5 were removed from

the sample as at this point possible amplitudes for variable M dwarf will be less than
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Field | No. of sources J < 17.5 J <15 Unblended  Retained sources
03hr 164235 25676 5131 140991 16845
07hr 201084 36311 7056 168919 23136
17hr 216102 26949 4355 184638 16923
19hr 461708 119522 17601 329296 59460
Total 1043129 208458 34143 208458 116364

TABLE 2.1: List of the number of sources, including number of sources where the J-band
magnitude is less than 17.5, and where the J-band magnitude is less than 15. The retained
sources are those for which J < 17.5 and are flagged as unblended, and these are the objects
that are subject to the spectral typing procedures described in Section EE331

the scale of the noise in the light curve. A complete analysis of the effects of the ran-
dom noise in each magnitude bin is detailed in Section L1l The number of remaining
sources per field is shown in Table EZT], as is the number of sources where J < 15 for
comparison.

The data reduction pipeline flags sources that appear to be blended, and these
blends were removed from the sample as it would not be possible to precisely determine
the nature of any of the objects comprising the blended source, and the number of these
found in the full sample is shown in Table BTl

The process of removing these faint or blended objects leaves a total of 116364

sources with light curves observed by WTS.

2.3.2 main-sequence Star Selection

After magnitude and blended-source cuts, the data still contain objects yet to be
confirmed as stellar, such as galaxies or observational artifacts. Objects that are not
main-sequence stars must next be removed. In order to do this the sample of objects is
first cross matched with the Sloan Digital Sky Survey Data Release 7 (DR7) catalogue
(Abazajian et all, 2009). The coverage of the SDSS extends only to the 03hr, 07hr and
19hr WTS fields.

The cross match was done by means of an SQL query selection of the nearest star

observed in the SDSS within 0.5 arcminutes of the object observed in WTS, where
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FIGURE 2.3: A plot of SDSS r — 4 versus g — r with the useful region, where the dwarf
(diamonds) and giant (crosses) colour sequences diverge, is indicated by the dashed box. The
solid lines are the spline fits to each sequence. The blue limit is set at the value of r — 4
corresponding to M1V as at blue colours the dwarf and giant fits converge, althought there is
likely some degeneracy still in this region due to the larger error bars on the main-sequence
series, although the effection should be small due to the robustness of using multiple colours.
While the spline fits are separated by 0.5 in g — 7 in the red end, the dispersion of the giant
colours here warrants curtailing the useful region (at ~M6V) so as not to erroneously identify
any giant stars lying between the two sequences as belonging to the main-sequence.

the difference between the WTS Z—band magnitude (882 nm) and the SDSS z’'—band
magnitude (905 nm) is less than 0.1 mag to reject false matches. Objects flagged by the
SDSS pipeline as being galaxies are also removed from the sample. The 03hr, 07hr and
19hr fields fully overlap with SDSS observations, and ~ 96% of the J<17 objects have
corresponding SDSS magnitudes, whereas the 17hr field is not covered by SDSS (see
Section ZZ34), and a spectral type was only assigned to those with SDSS observations.

As the aim is to obtain a pure sample of M dwarf stars on which to conduct a
variability search, the primary concern is to eliminated as many potential interlopers
as possible. Here the work of [Covey et al! (2007) who make use of the solar metallicity

spectral standards as determined by [Pickled (199&) is used to ascertain the colours of
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F1GURE 2.4: As with Figure B3t a plot of SDSS and 2MASS z — J versus i — z. The
useful region is narrowed by the redder point of divergence between the sequences and the
termination of the dwarf sequence at a bluer colour than the giant sequence. Whilst the two
sequences lie close in colour space with a difference of 0.3 in ¢ — z, meaning faint objects with
large error bars will be identified as being ambiguous, the sequence still allows for positive
identification of brighter stars.

main-sequence and giant stars across the spectral types from O5V to M6V and from
OSIIT to M1OIII. The colour sequence for dwarf stars is extended to M9V by use of
the median colours of late M dwarfs as found from 70841 spectroscopically identified
M dwarfs by West. et all (2011)).

In order to make make use of techniques employed in the literature for stellar
identification, it is necessary to convert from the Mauna Kea Observatory (MKO)
system to the Two Micron All Sky Survey (2MASS) system using the empirical relations
described by [Hodgkin et all (2009):

Jw = Jy — 0.065(J5 — Hy), (2.1)

Hy = Hy + 0.07(J, — Hy) — 0.03, (2.2)

Ky = Ky + 0.010(J, — K>), (2.3)
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FI1GURE 2.5: As with Figure 23t a plot of SDSS and 2MASS z — J versus i — z. The two
sequences diverge rapidly for z — J > 1.3 with M dwarfs appearing bluer than M giants of
equivalent subtype in J — H, and with the M dwarfs series terminating at bluer values of

z—J.

which can be rearranged to give:

Jo = 1.064Jy — 0.074Hy, — 0.002, (2.4)
H, = 1.070Hyy — 0.080.Jy + 0.032, (2.5)
Ky = 0.990Ky — 0.010J,, (2.6)

where W suffixes WFCAM magnitudes and 2 suffixes 2MASS magnitudes.

Each bright, point like WT'S source now has ugriz SDSS magnitudes and equivalent
2MASS JH Kg magnitudes. On SDSS/2MASS wugrizJHKg colour-colour diagrams,
as presented by |Covey et all (2007), the loci of main-sequence and giant stars are
discernible enough to fit discrete tracks. The relative positions of each WTS star
to these tracks are used to estimate whether a star is on the main-sequence or not.
Regions where the tracks are discrete are found on plots of the colours of consecutive

passbands: r — ¢ versus g —r, z — J versus ¢ — z, J — H versus z — J, H — K, versus
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F1GURE 2.6: As with Figure B3 a plot of SDSS and 2MASS z — J versus i — z. As
with other colour-colour relations, the two sequences digress from their degeneracy from one
another for redder colours.

J — H; additionally colours of wider baselines were used: i — K versus g — i, r— 2
versus J — H. These colour-colour relations are plotted in Figures to &8 The
use of multiple colour-colour plots allows for greater robustness in the identification,
in particular where the trends for giants and dwarfs are more divergent at the red end
of the trends where it is necessary to distinguish between M dwarfs and M giants.
Cubic splines are least-squares fitted to each of the trends to create fits for giants and
dwarfs in colour-colour space using seven knots. An area where the fits are divergent
is chosen, generally corresponding to the stars of spectral types M. The areas, as
indicated by the boxes on the figures, are limited in the z direction by the approximate
point of divergence of the colour series in the blue and either by the termination of a
series or increasing degeneracy in the red end. In the y direction the boundaries are
effectively arbitrary and are set so as to contain the stars to be typed. A quantified
comparison between a star’s colours and the interpolated equivalent colours on the

dwarf and giant tracks in each diagram can then be made by finding the residuals of
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a star from each track. A star’s separation in colour space from each track is found
and divided by the 20 error on the star’s colour index to identify which track a star
lies closest to. Stars that lie within 20 of one of the spline fits are assigned as being
a dwarf or giant, respectively, whereas all other stars are flagged as being ambiguous
under that colour-colour regime. The modal identification from the comparisons with
the seven colour-colour relations is found giving each star an overall categorisation as
either dwarf, giant or ambiguous. Using colours from across the visible and NIR bands
increases the robustness of the identification beyond that which could be obtained from
a single colour-colour relation, as well as increasing the number of stars whose spectral
types can be identified. As most stars occupy a degenerate position on the tracks this
serves primarily to eliminate any star from the sample that can be positively identified
as being a giant. 5.6% of the stars are identified as being giants and are removed from

the sample.

2.3.3 Spectral Type Selection

The spectral types of the majority of stars in the WTS data are unknown. Although
colour cuts, which are latterly used, have shown to be a useful tool for extracting sam-
ples of M dwarfs while eliminating sources of contamination (Plavchan et all, 2008), an
estimation of spectral subtypes is preferential for analysing relations between spectral
type and other parameters. Spectral classifications using colour-spectral type relations
to identify the WTS M dwarfs are therefore made. For the process of selecting M
dwarfs from the sample a method similar to that used by [Kowalski et all (2009) is
implemented. Covey et all 2007 find the location of main-sequence stars across the
Morgan-Keenan spectral types from near infrared 2MASS JH K, and visual Sloan
Digital Sky Survey (SDSS) ugriz photometry. They find the median position of stars
across spectral type O to M for main-sequence, giant and supergiant stars in a 7 di-
mensional colour space and the relationship between spectral type and colour. Using
these relationships it is possible to estimate a spectral type for any given star providing

it is observed in SDSS.
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Hawley et_all (2002) discuss the usefulness of SDSS and 2MASS colours from rizJ K
magnitudes as spectral type diagnostics. While r—4 does not perform well as an indica-
tor of spectral types later than M8 due to degeneracies with the increasingly blue early
L dwarfs, i — z and z — J allow for discrimination between late M and early L subtypes,
and conclude that combinations of optical and near-infrared photometry suffice for the
identification of low-mass dwarf spectral types. The colour indices therefore used to
identify the M dwarfs and the subtypes thereof in the WTS are the consecutive r — 1,
i—z, and z — J (e.g. Figure ZZ33)); other SDSS and 2MASS colours being either too
metallicity dependent or having too large uncertainties. Indeed, ugr photometry has
been shown to be an estimator of metallicity (Ivezié¢ et all, 2008) and thus if a metal-
licity dependency exists for these bands it is prudent to minimise potential sources of
dispersion in the colour-spectral type space by utilising only the riz SDSS magnitudes.

The method for finding the spectral type is similar to that used to find the luminos-
ity class, where smoothing splines were fitted to the colour index-spectral type relations
and a spectral type for each star in the sample is found by interpolation. The mean
and standard deviation of the spectral types interpolated for each colour index give
an estimation for spectral type and error in spectral type of each star in the sample.
Because of the continuous nature of output interpolated spectral types, the types were

rounded to the nearest subtype.

2.3.4 Additional Colour Cuts

In their selection of a sample of M dwarfs using data from the 2MASS| [Plavchan et al.
(2008) make use of a series of colour cuts to remove contamination in the form of
reddened background sources and M giants. Although the WTS fields were chosen
to minimise such contamination, to further ensure the sample contained no such con-
taminants, these colour cuts are applied to the sample of stars to further identify and
remove any potential contaminating objects.

One constituent field of the WTS, the 17hr field, was not observed in the SDSS,
and therefore spectral sub-type estimates are not made, although a variability selec-

tion described in the following section is made for the reddest stars at H — K > 0.175
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FIGURE 2.9: The colour-spectral type relations used to estimate spectral types for the
WTS sample. The points are the colour indices for types, earlier than MO from (Covey et al.
(2007) and for later types from [West. et all (2011) which extend the series to M10. The fitted
spline was used to infer spectral types for the stars in the WTS sample.

(corresponding approximately to K7V and later), combined with other colours cuts
presented by [Plavchan et all (2008) to eliminate M giants and background, reddened
sources from this sample. While sources from this field are also included in the vari-
ability search, they therefore are only identified as being M dwarfs, with the sub-type

unknown.

2.3.5 M dwarf Identification

To assess the reliability of the classification of M dwarf subtypes using the colour-

spectral type relations, the method is applied to 44084 low-mass dwarfs of known
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spectral types from catalogues published by [West. et. all (2008). Figure EXT0 shows that
the match between the estimated spectral type and the spectroscopically determined

spectral type follows a 1:1 relation with an error of approximately +1 sub-type.

L T
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FIGURE 2.10: A 2-D histogram of the spectral types of known M dwarfs versus the spectral
types found from the methods presented here, showing the accuracy of our spectral typing is
~ £1. A bin size of one sub-type is used. The colours from white through to black indicate
the number of stars.

For later spectral subtypes the identification method did not perform as well, es-
timating a spectral type ~ 1.0 subtypes earlier for MOV and 0.5 for M5V, as shown
in Figure ZT1l This effect may in part be caused by the use of r — i which does

not perform as well as an indicator of spectral type for M6V and later (Hawley et _all,

2002), as stars later than this become degenerate in r — i at they are increasing blue

from MS8V. This effect, however, is of little overall impact as the method finds very few

stars later than M5V. Some stars are assigned spectral subtypes +5 from their true
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Table 22 Number Of M dW&I'fS Fleld Number Of M dW&I'fS
with J < 17.5 found per field. In

the case of the 17hr fields H — K 03hr 5970

C?lo.ul" Was. used as a means of 07hr 3061
distinguishing the late type stars

as this field does not have SDSS 17hr 6633
coverage, cf. ~6600 M dwarfs 19hr 9535

found by INefs et all (2012) at

J < 16 in WTS. Total 18199

type. While this constituted < 0.1% of the stars, it indicates that stars identified as
being earlier than MOV may in fact be misidentified M dwarfs, especially if there is
a large error on the spectral type as found from the colours. Therefore, all the WTS
stars that fall within the colour cuts used by [Plavchan et all (2008) are included in the
variability search, and the spectral type (and error thereof) estimation serves to inform
the reliability that a star is indeed an M dwarf. As described in Section ZZ2 further
constraints placed on the nature of the variability found serve to provide a source
of stellar identification. In other work including the identifying the spectral types of
WTS stars, e.g. Birkby et all (2013, in prep) and [Cappetta et all (2012), broad band
spectral energy distribution fitting is used to estimate T.s for candidate planet hosts
and eclipsing binaries (EBs) using, SDSS and UKIRT bands (as also used here). The
estimates of T, for these stars typically have errors of one to several hundred K, or
0.5 — 1 spectral subtypes, and thus do not yield significant gains in accuracy over the
methods used here.

The majority of the stars found by the aforementioned methods are of spectral type
MV4 and earlier (Figure EZI2). This can be accounted for by the luminosity function
of low-mass stars in the galactic disk. The luminosity function of M dwarfs peaks
at M, ~ 11 (Bochanski et all, 2011) which corresponds approximately to M3V-M4V
(Bochanski et all, 201(). The breakdown of stars per spectral type found in the three
fields with SDSS coverage is shown in Figure EZT2 The results of the spectral typing
reveal in total 15664 stars identified as M dwarfs from the 03hr, 07hr and 19hr fields. In
addition 2535 that were sufficiently red in H — K were selected, as shown in Table 22,

giving a total of 18199 stars subject to the variability search described in Section 241
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FIGURE 2.11: A plot of the all the estimated spectral types with a linear fit (green) and
a third order polynomial fit (red). The blue line indicates where spectral type is equal to
estimated spectral type.
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F1GURE 2.12: Histograms showing the frequency of each spectral type in the sample. The
light grey represents all stars with magnitude J<17, the dark grey J<15.
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2.4 Variability Selection

As discussed in Section [[Z3, periodic variability is characterised by a repetitive change
in a star’s magnitude typically, to a first approximation, taking the form of a repeating
function such as a sine or saw-tooth wave. Given the ubiquity of repetitive cycles in
stars, from rotation periods and binarity to activity cycles and cataclysmic variation,
the study of stellar variability has been a focus for research since the discovery of
the periodic variability of Mira at least four centuries ago. The variability found in
observations of M dwarfs takes the form of both periodically variable fluctuations in
brightness and stochastic, noise-like variability (e.g. [Ciardi et all, 2011). Here the aim

is to detect the former of those occurring in the WTS sample of M dwarfs.

Regardless of the wavelength at which observations of variable M dwarfs are made,
the morphology of the light curve variability appears as a sine curve or summation of
sine curves. Methods to detect such variations in time series observations therefore
usually employ some kind of fitting of sine-like functions. Such methods produce a pe-
riodogram which displays a frequency or period against a power spectrum of peaks of
varying significance which can inform the process of determining whether a periodicity
exists in the light curve. For evenly spaced observations, or where observations are
closely enough spaced such that even sampling rates can be interpolated, the discrete
Fourier transform (DFT) and fast Fourier transform (FFT) algorithms can be used to
form a periodogram. This Fourier analysis is done by means of deconstructing a light
curve into constituent harmonics and expressing the amplitude of these as a function
of the frequency. These periodograms remain popular today after being shown to be
superior to comparable methods for astronomical purposes, such as the Jerkevich pe-
riodogram (Swingler, [1989), although these still see some use in astronomy. Examples
of astronomical use of Fourier analysis include the detection and Fourier synthesis of
variability in the light curve of the M3~4.51 star S Persei (Chipps et all, 2004), where
both DFT and FFT are used, and in the analysis of the light curve modulation of the
cataclysmic variable triple star system FS Aurigae (Chavez et all, 2012). Less com-

monly used algorithms include AoVHarm, as implemented by [Hartman et all (2011),
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and Supersmoother (e.g Becker et all, 2011), both used to select variable, low-mass
stars.

One of the most popular algorithms for periodogram analysis is the Lomb-Scargle

periodogram (Lombh, 11976; |Scargld, [1982), which is optimised for finding sinusoidal

shaped periodic signals. This efficient algorithm (e.g. [Press & Rybicki, [1989) has been
widely used in astronomy and implemented in FORTRAN 77, Python, IDL, C and
R, as well as others, in particular for the analysis of variable M dwarf light curves

00

: IMessina. et al

(e.g. [Lane et all, 2007; [Frasca. et _al ;

: , 12011). It has also seen use

Y

in spectroscopic observations of M dwarfs, for example, measuring the variation in the

Ca 1 K flux line as a tracer of chromospheric activity cycles (Buccino et all, 2011),

and in determining the periods of planets by use of the radial velocity method (e.g.

Dumusque et all, 2012). The periodogram calculates a normalised power spectrum

across a defined range of periods and frequency intervals; the peaks corresponding to
periodic variations in the light curve with varying significance. It is robust with respect
to a varying amplitude in that, while a linear change in amplitude will attenuate a
signal and a periodic change in amplitude will introduce a second signal, the signal

corresponding to the primary variability period will still be detected.

The periodogram as defined by [Scargle (1982) is:

1 > Xicosw(t; — 7')]2 > Xisinw(t; — 7')]2
Pm(u)) - 2 ( ZZ COS2W(ti _ 7_) ZZ SiHQW(ti B 7_) ) ’ (27)

where t; is the time of a measurement, ‘w is the frequency to be tested, and Xj; is the

measured variable, in this instance the magnitude of a star, defined such that:
X; = Xs(t;) + R(t;). (2.8)

In this case X(t;) is the signal to be found and R(¢;) is the random observational error
on the measurement, where 7 is defined such that:

>, sin 2wt;

=t 2.
>, cos 2wt; (29)

tan 2wt =

and is the time delay such that when the data are evenly sampled 7 = 0.
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2.4.1 Implementation of the Lomb-Scargle Periodogram

Due to its prevalent use and previous implementation the Lomb-Scargle method is the
preferred choice for the analysis of the WTS light curves, through the use of an IDL
routine that allows for the calculation of a false alarm probability (FAP). The FAP
threshold, as described by [Horne & Baliunas (1986), is determined to enable the peaks
in the periodogram to be identified with a given level of confidence and to filter out
peaks that are probably caused by noise. The threshold is defined such that all peaks
in the periodogram with a value greater than this value correspond to a real signal
with 99 per cent confidence or better. By this means all peaks in the periodogram
lower than the maximum peak obtainable from Guassian noise are discarded as they
likely pertain to spurious signals. An example of the output periogogram from the
Lomb-Scargle procedure used is shown in Figure

While this method tends to reject most of the peaks as insignificant and, there-
fore, likely products of random errors in the measurements, a number of peaks that
do not correspond to the rotation period are found. These additional peaks are the
product of three phenomena: spectral leakage, aliasing with the observational period,
and unknown but real sources of variation.

Although the uneven sampling of the WT'S prevents aliasing on scales of less than
a day, the ability to only observe the stars for a limited window once a day often
results in a peak at 1 day in the periodogram. This is simply because a sinusoidal
function with a period of 1 day where the point at which the sinusoid crosses the
mean value of the magnitudes lies temporally at the mid point of the observations.
Deviations from this that do not correspond to real frequencies in the data will have
greater residuals. The significant one day periods also suffer from spectral leakage
such that significant peaks will appear at n and 1/n where n is an integer, often but
not always to 2 or 3 significant figures. Furthermore, because observations occur at
a range of times during each one day observational period, these peaks corresponding
to the observation period can be broadened or split such that there may instead be
peaks at ~140.1 which further complicates their identification. The significant yet still

false positives are not by default eliminated, as it is entirely possible that a star does
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FiGURrE 2.13: Example periodogram for the WTS star 19h_3_.16170. This periodogram
is the result of performing a Lomb-Scargle analysis over periods of 0.1 to 1000 days testing

1 x 10° frequencies. The solid cyan lines indicate i, %,% and 1 days and the solid blue line
indicates 1 year. The dotted red lines indicate the peaks more significant than necessitated
by a false alarm probability of 0.01 and the green dotted line indicates the maximum peak
corresponding to the real periodicity of the star. The peaks aliasing with the observational
period for this periodogram are split due to spectral leakage or due to the range of observation
timings during the observational period, or both. There is another significant peak at ~400

days that may correspond to the expected ~1 year period.

happen to rotate with a period of ~ n or ~ 1/n, and indeed, the presence of these
peaks may hide the true period of the star. Therefore, all light curves with significant
peaks are folded about those significant peaks. At the other end of the period scale,
some aliasing with 1 year and 1/2 year periods can be detected as individual stars
are only observable for limited periods during a year, although this is of less concern

as it is beyond the range of expected periods for rotating M dwarfs.

From the light curves in the sample a peak to peak amplitude for each light curve is
obtained by binning the folded light curve, while the period is obtained directly from

the highest peak in the periodogram not to have been previously discounted.

Each light curve is then broken down into three separate consecutive epoch ranges
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each containing a third of the observations and each range is again tested for variability.
While the significance of the peak in the periodogram varies for each epoch range, its
presence tests whether the periodic signal is maintained in the photometry of the
star for the duration of observations. This process also enables the discovery of some
examples of evolving variability as discussed in Section

Since the Lomb-Scargle periodogram, while fast and thus efficient for detecting
periodicities in large data sets, suffers from spectral leakage and aliasing, the CLEAN
algorithm is used on each light curve showing significant periodicity. The CLEAN
algorithm was initially developed for deconvolution of radio data (Hoghom, [1974) and
was later adapted for use on dimensional data by [Roberts et all (1987), specifically for
the purposes of time series analysis. Much like the Lomb-Scargle periodogram, CLEAN
finds the power spectrum of a time series but works to remove artifacts generated by
unevenly sampled data with gaps. It is, however, much slower to implement and thus
unsuitable for efficiently analysing large data sets, and more suitable for a second
order refinement of the periods initially detected by the Lomb-Scargle periodogram.
For each of the variables found in WTS, the CLEAN algorithm is performed in the
light curve and the period is found from the highest peak in the periodogram. The
Lomb-Scargle and CLEAN periodograms for 72 variable M dwarfs in the WTS can be
found in Figures

2.4.2 Variability Contamination

After systematic sources of confusion in the periodogram have been eliminated, there
remain real sources of variability in the photometry for some objects which are the
result of genuine astrophysical processes, namely, variables of other varieties such as
CVs and Miras, and eclipsing binaries.

Most eclipsing binaries can be identified due to the morphology of their light curves.
Clark et all (2012) find, using spectroscopic data from the Sloan Digital Sky Survey
(SDSS), that the fraction of M dwarfs that are close binaries (defined as a<0.4AU) to be
2.9t8;§%. Binaries that are not in contact have light curves that are punctuated by non-

contiguous drops in magnitude of alternating depth due to the primary and secondary
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eclipses of the system, and are thus different from the contiguous and sinusoid-like
morphologies of spot modulated M dwarfs. Therefore, detached binaries are not treated
as a potential source of confusion. Systems with components earlier than M types
should also be eliminated in the spectral typing procedures. In instances where both the
components are both M type dwarfs this would not be the case, and close binaries could
therefore prove a source of contamination. Contact binaries where the components have
equalised temperatures, indeed including those observed in WTS (Nefs et all, 2012),
do result in light curves that are nearly sinusoidal as from the point of observation,
although so long as one star has a greater luminosity than the other the light curve
will still display the dichotomous depths that are indicative of an eclipsing binary. In
addition to this, the overall amplitude of the light curve far exceeds the values typically
expected from spot modulation. Furthermore, confusion here should only be caused
for very short periods. Nefs et all (2012) show that periods for contact binary systems
composed of M dwarfs of similar spectral types go from ~0.05 days for an M5V star
to ~0.21 days for an M1 star. Any variables with such short periods should be treated
with caution, although the work by Nefs et all (2012) should have found any such
eclipsing binaries in the WTS variable sample, making potential confusion unlikely.
For eclipsing binaries that vary on time scales greater than these the components will

be detached and therefore break the sinusoid-like light curve morphology.

Many known types of variable star, such as Beta Cephei and Alpha Cygni are of
spectral types O and B and can be simply discounted as being too blue to remain
in the sample after colour cuts and spectral type selection, while others such as SRa
and Mira variables, being red and potentially evading the aforementioned cuts, rotate
with amplitudes of AV >2 which greatly exceeds the V-band amplitudes of late-type,
main-sequence stars (e.g. Messina et all, 2010), and indeed the amplitudes found at
any wavelength for M dwarfs in other sources. Other SR type stars do not rotate
with a regular period. Despite these stars not being direct constituents of the variable
M dwarf sample, it is possible that photometric artifacts such as diffraction spikes or
the encroachment of the bright, variable star’s point spread function into the aperture

centred on the M dwarf could contaminate the photometry of the M dwarf and invoke
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a periodic signal. Each variable star candidate is inspected by eye in the WTS images
of the field to reduce the potential of having any variations in magnitude invoked by
variability in other sources.

There are few instances when the periodic variability of an M dwarf is not due
to spot modulation. It is conceivable that a circumstellar disk around an M dwarf
could produce periodic variations in the brightness if it was of variable density or if
the disk was warped IMuzerolle et _all (2009). This possibility can be largely excluded
however; (Gantier et _all (2007) find no evidence for dust disks around M dwarfs older
than 1Gyr of more than 1072 — 10™*Mj, from Spitzer 24um observations. Observations
of M dwarf dust disks are exceptionally rare and limited to M dwarfs tens of Myr old
(e.g. [Forbrich et all, 2008), and a side-on geometry would be required for any influence
on the WTS light curves. Therefore, this is discounted as a likely explanation for the
variability of any of the M dwarfs in WTS, and ongoing space motions analyses of the

WTS stars will place more formal age constraints on them.

2.5 Summary and results of the Lomb-Scargle search

WTS JH K colours combined with SDSS ugriz colours are used to to classify the stars
in WTS. In particular, the M stars are identified and giants are eliminated through use
of spectral type and luminosity colour relations and colour cuts. The Lomb-Scargle
periodogram is used to identify stars that exhibit significant variability and extract a
sample of periodically variable M dwarfs. The light curves are reviewed by eye and the
CLEAN algorithm is used to deconvolve the periodogram power spectrum and identify
the periods.

From the results of the Lomb-Scargle search of the WTS M dwarf sample, a total
of 3192 light curves with a significant peak in the periodogram are found by the Lomb-
Scargle search. This is inclusive of spurious peaks such as those imposed by aliasing as
discussed previously. After reviewing them by the above described method, a total of 84
stars with clear periodic variability are found. The remaining light curves are primarily

eliminated because the periodic signals corresponded to one day or fractions thereof,
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and are therefore imposed by the observation period, while others were elimininated
because upon folding the light curve it showed no obvious variability, and thus the
significant peaks are likely due to random noise or an unaccounted systematic. As the
FAP is set for a significance corresponding to a probability that the signal is genuine
of 0.99, it is expected that 0.1 (i.e. ~32) of the variable light curves can be accounted
for purely by signals emmerging from random noise.

From these remaining 81, one star was excluded as it was blended with the diffrac-
tion spike from a known Mira type star V1134 Cyg (Millex, [1966) evoking a period of
327.01 days, close to the previously published period for V1134 Cyg of 340 days. All
other potential identities for the variables are discounted through the reasoning above.
A total of 9 suspected or known eclipsing binaries are identified in the sample as having
light curves with periodic troughs of two distinct depths, indicative of the primary and
secondary eclipse of the system, or periodic magnitude variations of AJ>0.02. THese
EBs are shown in Figures This leaves a remaining sample of 72 stars, 68
of which have SDSS photometry and therefore spectral sub-type estimates. The re-
maining four are in the 17hr field, with infra-red colours indicative of them being M

dwarfs.



Periodic Variability of WFCAM Transit
survey M Dwarts

This chapter is composed of work published in “J-band Variability of M Dwarfs in the
WFCAM Transit Survey”, IGoulding et all (2012), and “Periodic variability of spotted
M dwarfs in WTS” | IGoulding_et. all (2013).

3.1 Overview of results

From the selection process a total of 72 periodically variable M dwarfs are found, listed
in Table Bl The light curves and periodograms are plotted in Figures [Adlto [A72l The
periods found range from several hours to several months. [[rwin et all (2011) similarly

find long periods, in a wavelength region approximately corresponding to the ¢4z bands

57
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for M dwarfs ranging between 0.28 and 154 days in their study of rotating M dwarfs
in the MEarth Transit Survey. Benedict et all (1998) find evidence for periodicity
in Barnard’s Star of ~130 days and Proxima Centauri of ~40 and ~83 days, the
latter confirmed by [Kiraga & Stepien (2007). Whilst the WTS periodic variable M
dwarf sample produced no convincing evidence of a large number of stars exhibiting
periodicity on these time scales, a large number of periods > 80 days were found in
the periodicity search and subsequently rejected when no sinusoidal variability was
seen. Such peaks in the periodogram may, however, correspond to seasons over which
any given star is observed during a year and W'TS may, therefore, not be particularly
sensitive to periods of this length. In addition, phase incompleteness may prevent the
detection of long periods as illustrated in Section ??7. WTS is not wholly insensitive to
periods longer than this as evidenced by the detection of a 327.01 day period for the
Mira V1134 Cyg. A diffraction spike from V1134 Cyg, which was itself saturated in the
WTS observations, affected the photometry of an M dwarf in the initial colour-selected
M dwarf sample; this was identified by the visual examination of the WTS images.
As the entire sample selected by colour cuts was tested by periodicity a few variables
detected (such as 03e_-1.02053), while appearing as M dwarfs in the near infra-red,
some have more dispersed colours in SDSS resulting in an overall identification as a K
dwarf. These are retained in the sample presented below for the sake of completeness.
Errors in the periods found are not quoted; the Lomb-Scargle periodogram does not
find errors in period and typically finds precise periods, particularly for periods >10
days, while periods estimated by the CLEAN algorithm are of the order 1 x 10% days
and therefore are at least two orders of magnitude smaller than the shortest period

found here.

The overall fraction of periodically variable M dwarfs found in WTS appears small,
with just 72 variable stars found in the M dwarf sample. Considering only those 68 vari-
ables with spectral sub-type estimates, this represents just 0.007 of the stars searched
for periodic variability. For comparison [Hartman et all (2011) finds the fraction of
variables at 0.057, and 0.001 for just field M and K dwarfs, in the HATNet survey.

Ciardi et all (2011) finds a variability (but not necessarily periodic variability) fraction
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of 0.367 in Kepler, while Rockenfeller finds the variable fraction of field M dwarfs to
be 0.21+0.11. The fraction found in Kepler is likely much higher due to the better
signal-to-noise ratio and observing at shorter wavelengths where the effects of spots
are greater. From plots of magnitude versus light curve amplitude (Figure B) it is
clear there is a completeness dependency on brightness, although considering just the
most complete magnitude bins of 12 < J < 14 the fraction of variable M dwarfs found
in WTS is 0.02. Simulations further exploring the completeness and the interaction of
the Lomb-Scargle periodogram with light curves of varying amplitude and period are
discussed in Section Bl No variable stars later than M4 were detected in the WTS
sample. This is perhaps because while the fraction of active M dwarfs increased for
later M types, the level of activity decreases (e.g. [Reiners & Basri, 2008; Bell et all,
2012). [Rockenfeller et all (200€) find, in a compilation of variable M and L dwarfs,
that I-band light curve amplitude increases greatly during the mid M to mid L types,
so the non-detection of periodic variables in WTS is likely the result of the relatively
small fraction of bright mid to late M dwarfs in the sample. Most variables are found
in the 07 and 19hr fields, which are closest to the Galactic plane, where ICiardi et al.

(2011) find a greater fraction of variability for M dwarfs.



Name RA® Dec® Jo ST*® Period®  Amplitude®  RA (SDSS J2000)/ Dec (SDSS J2000)/ vy (kms™1)9
03d.1.04395  55.115972  39.134701 14.32 MI + 1.01  4.880  0.017 + 0.004 — — —
03¢.1.02053  53.784274  38.954377 14.95 K5+ 9.36 24.100 0.015 + 0.006 — — —
03¢.2.03325  54.204782  38.846530 14.08 M1 + 1.01  7.090  0.024 + 0.004 — — —
03f.1.03040  54.006089  38.807408 16.30 M4 + 1.01  8.110  0.037 + 0.014 — — —
03h2.01177  55.772275 38.959886 14.64 MO + 7.64 12.440  0.020 + 0.004 — — —
03h_4.04646  55.184813  39.423991 15.13 M3 4+ 1.00 37.690 0.017 4 0.006 — — —
07b-2.02081 106.059460 12.868579 15.69 M4 + 1.00 2.120  0.029 4 0.009 — — —
07b2.02125 106.158970 12.867247 14.10 M3 + 1.00 16.660 0.014 4+ 0.004  -1.410 + 2.642 -1.606 =+ 2.642 3.047 + 0.624
07b_2.02237 106.272010 12.863213 13.24 M4 4+ 1.00 5950  0.019 & 0.003  -16.955 + 2.547 6.120 4 2.547 15.996 4+ 1.925
07b.3.00631 106.072930 13.345031 14.31 M4 + 1.01 0490  0.011 + 0.004  -1.657 + 2.853 -1.733 + 2.853 3.317 + 0.705
07b.3.02281 106.137370 13.257735 15.64 MO + 1.06  4.670  0.043 + 0.008  -4.709 + 2.797 -3.696 £ 2.797 49.275 + 9.840
07¢-2.00282 106.827750 12.938019 13.71 M2+ 1.00 14.920 0.013 = 0.003 0.142 + 2.421 -3.279 + 2.421 115.837 4 22.843
07¢2.00294 106.899370 12.937313 13.91 M3+ 1.00 1.530  0.012 =+ 0.003 9.569 + 2.617 -2.292 + 2.617 16.275 4 2.652
07c¢-4.04250 106.459880 13.336219 14.76 M3 4 1.00 52.490  0.009 =+ 0.005 1.724 4 2.924 -19.953 4+ 2.924 42.274 + 9.217

@ Coordinates in SDSS (epoch J2000) if available ® WTS average UKIDSS system J band magnitude MKO system ¢ Spectral type estimate as

determined by method described in Section with error determined by standard deviation in colour-type space and minimum uncertainty of +1

(see Figure ZZI0) ¢ Period in days as determined by maximum peak in CLEAN periodogram € Amplitude in J band magnitude / Proper motion in

masyr—! from SDSS 9 Tangential velocity in kms™*

TABLE 3.1: A table of the 72 variable M dwarfs found. Included are stars outside the M dwarf spectral type range but with H-K >
0.175 suggesting a redder, late type star that the spectral typing procedure erroneous assigned an earlier spectral type, and have been

retained for maximum inclusivity.
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Name RA® Dec® Jo ST*® Period?  Amplitude® RA (SDSS J2000)/ Dec (SDSS J2000)/ vy (kms™1)9
07d_1.02956 106.627350 12.859053 13.83 M1 +1.00  2.780  0.037 £ 0.003  -3.240 + 2.481 -1.363 + 2.481 7.927 + 1.486
07d_1.03180 106.617910 12.780124 16.04 MO + 1.11  1.190  0.042 + 0.011  -3.872 £ 2.970 -0.899 + 2.970 37.971 + 8.498
07d_1.06063 106.510690 12.913766 15.35 M3 +1.00  7.800  0.013 £ 0.007 8.695 + 3.114 -1.453 + 3.114 22.054 + 4.435
07d4.03625 106.725960 13.303723 13.87 M3 +£1.00  1.630  0.028 + 0.004 5.903 + 2.561 -16.933 + 2.561 27.624 + 4.870
07d.4.04577 106.692980 13.339136 16.70 MO + 1.01  1.410  0.047 £ 0.020  -1.171 + 3.130 1.261 + 3.130 25.460 + 6.040
07¢.2.01022 105.870700 12.686058 12.45 K2 4220 21.270 0.078 £ 0.002  -3.729 4 2.322 1.183 + 2.322 12.746 4+ 2.243
07e.2.02466  105.869530 12.632173 14.99 K7 +1.44 12.860 0.110 & 0.007  -1.946 + 2.392 -0.524 =+ 2.392 16.488 + 3.097
07e.2.06232 105.994080 12.512096 15.27 MO £ 1.01  2.290  0.023 £ 0.011 0.327 + 2.764 -0.321 + 2.764 2.618 + 0.580
07f.3.00675 106.076750 13.042346 12.62 MO + 10.21  3.870  0.051 + 0.002  -11.750 + 2.322 -1.021 + 2.322 34.156 + 4.526
07f.3.03235 106.172640 13.106071 14.94 M4 +1.00  6.310  0.019 + 0.005  -4.006 + 3.053 -6.566 + 3.053 13.356 + 2.988
07g_1.04615 106.386640 12.613818 14.49 MO + 1.03  35.790 0.012 + 0.005  -14.678 + 2.514 -8.399 + 2.514 77.421 £ 10.105
07h_1.03267 106.617800 12.550436 14.59 MO + 1.08  1.290  0.022 + 0.005 0.743 + 2.616 -5.523 + 2.616 22.316 + 4.654
17a.1.01533  4.50169  0.064409  16.38 — 0.630  0.055 & 0.018 — — —
17a.3.00950  4.50686  0.072623 14.96 — 41.63  0.060 & 0.005 — — —
17a.3.03244  4.50811  0.070696  14.96 — 45.21  0.068 & 0.005 — — —
17d_1.06032  4.50811  0.070696  13.12 — 1.66  0.022 + 0.006 — — —
19a.1.00838 292.765130 36.419518 15.99 MO + 1.61  24.650  0.025 + 0.011 1.516 + 2.956 -3.306 + 2.956 39.212 + 3.310
192110932  292.511620 36.308370 16.08 MO £ 1.02  8.410  0.030 £ 0.011 5.269 + 4.318 2.332 + 4.318 52.077 + 6.235
192.3.01981 293.095110 36.809146 15.64 M4 +1.00  1.680  0.027 + 0.008 — — —
192.3_10735 293.304660 36.915622 15.14 MO + 1.21  1.200  0.059 + 0.006 — — —
19a.3_11735 293.329960 36.744529 16.78 MO + 1.00  0.160  0.081 £ 0.017  -36.959 & 4.379 51.498 & 4.379  813.932+ 78.904

TABLE 3.1: Continued.
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Name RA® Dec? Jo ST® Period?  Amplitude®  RA (SDSS J2000)/ Dec (SDSS J2000)/ vy (kms™1)9
19b_1.10542 292.815320 36.294256 16.36 M1 + 1.19 2.060 0.038 + 0.014 — — —
19b_3.03003 293.389460 36.815246 15.58 M4 £+ 1.00 1480  0.015 £ 0.008 — — —
19b_3.08292 293.505170 36.904554 16.39 MO + 1.05 28.710 0.028 £ 0.013 1.228 + 3.669 -3.199 £+ 3.669 44.699 £ 4.699
19b_3.09282 293.527870 36.925772 16.99 M1 £ 1.06 7.680 0.028 + 0.020 — — —
19b_3.12753 293.601230 36.745270 16.71 M3 £+ 1.01 2450  0.037 £ 0.016 — — —
19c¢_2_.05428 294.422680 36.416670 1591 K7 +£1.00 20.680 0.115 + 0.010 2.969 + 2.681 -2.105 + 2.681 41.374 £ 3.151
19¢_3.01804 294.179440 36.758408 16.27 M3 £ 1.00 7.700 0.036 + 0.012 — — —
19¢.3.03299 294.205130 36.760331 13.17 MO £ 1.00 5.620 0.016 £+ 0.002 7.245 + 2.438 -18.289 £ 2.438 42.647 £+ 2.796
19¢.3.04974  294.235120 36.750789 12.41 M2 £ 1.64 1.450 0.010 +£ 0.002 -10.040 £ 2.393 0.388 £ 2.393 21.279 £ 1.379
19¢.3.05921 294.252830 36.875064 15.37 M4 £ 1.05 42.400 0.016 %+ 0.006 — — —
19¢.3_11273  294.354460 36.709272 15.75 M3 £ 1.06 90.330 0.016 % 0.008 — — —
19c¢_4.10571 293.851810 36.888130 15.92 M4 £ 1.02 1.440 0.032 £ 0.011 — — —
19c¢.4.12623 293.864930 36.921243 16.54 M3 £ 1.10 3.600 0.034 + 0.016 3.934 £ 5.675 -17.812 £ 5.675 88.260 £ 14.006
19d_1.06078 294.046830 36.381880 15.14 M1 + 1.00 15.490 0.023 £ 0.006 2.722 + 3.513 2.695 + 3.513 15.304 £+ 1.497
19d_1.06603 294.036450 36.297312 16.21 M2 £+ 1.10 5.360 0.027 + 0.012 — — —
19d-1.12693 293.923010 36.287590 16.00 M4 £ 1.03 0.730  0.033 £ 0.010 — — —
19d2.00740 294.453090 36.487943 15.54 M3 £ 1.00 8.050  0.025 £ 0.008 — — —
19d_3.01140 294.441370 36.901497 15.64 M4 + 1.01 2.410 0.019 £+ 0.008 — — —
19d_3.01271 294.445960 36.921308 16.38 M4 £+ 1.00 0.560  0.026 £+ 0.013 — — —
19d-3.02216 294.461610 36.796780 14.10 M4 £ 1.00 2.010 0.023 £ 0.003 12.883 + 4.176 5.053 £ 4.176 14.979 + 1.616
19d_3.03681 294.482160 36.713086 15.83 MO + 1.00 17.480 0.019 £ 0.009 — — —

TABLE 3.1: Continued.
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Name RA“® Dec? Jb ST® Period?  Amplitude®*  RA (SDSS J2000)f Dec (SDSS J2000)f vy (kms™1)9
19d_3.05922 294.526470 36.803361 16.08 M2 £ 1.12 23.060 0.029 £ 0.010 -0.337 £ 3.841 2.172 + 3.841 11.717 + 1.263
19d-3.07286 294.550410 36.755946 15.38 MO £ 1.00 7.170 0.026 £ 0.007 1.442 £ 2.741 4.024 £+ 2.741 25.633 £ 1.961
19e_1.03204 292.733110 36.090610 16.79 M1 £ 1.19 1.950 0.042 £ 0.018 — — —
19e2_.02880 293.130710 36.239925 15.18 M4 £1.00 50.020 0.013 £+ 0.006 3.037 £ 3.696 3.874 + 3.696 8.848 + 0.920
19e.2.09200 293.301440 36.154486 15.22 M4 £ 1.00 1.350 0.018 +£ 0.006 — — —
19e.3.09622 293.199860 36.614838 16.46 M4 £ 1.00 1.620 0.025 + 0.014 — — —
19£.3.08798 293.508310 36.571411 1598 M4 + 1.00 65.390 0.026 + 0.010 12.862 + 4.506 13.205 £ 4.506 39.388 £ 4.858
19£.3.12800 293.593410 36.489227 1597 M3 £ 1.18 3.890  0.018 £ 0.009 — — —
19f.4 06780 292.808650 36.620585 17.02 MO £ 1.76  2.620  0.048 £ 0.022 — — —
19g_1.04348 293.805310 36.117012 16.34 MO =+ 1.06 1.420 0.042 £ 0.014 3.106 £+ 3.109 1.070 £ 3.109 32.632 £ 2.962
19g_1 05313 293.787750 36.249911 16.76 M4 £+ 1.00 34.220 0.041 + 0.017 — — —
19¢_1.10773 293.683380 36.080351 16.16 M4 +1.08 5.910 0.023 £ 0.011 — — —
19g 2 03649 294.179550 36.224328 16.47 M3 £+ 1.00 9.420 0.053 £ 0.015 — — —
19g 306870 294.268510 36.556675 15.62 M4 4+ 1.06 13.000 0.014 &£ 0.008 -8.732 £ 3.748 -1.280 £ 3.748 18.177 + 1.921
19g4 00989 293.744820 36.504677 16.20 M4 £+ 1.20 40.050 0.025 +£ 0.012 — — —
19h_3.16170 294.703050 36.655522 16.99 MO £ 1.31 7.560  0.052 £ 0.018 -5.934 + 3.846 -12.512 £ 3.846 309.087 £+ 34.741

TABLE 3.1: Continued
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FIGURE 3.1: Plots of all the M dwarfs found in the three fields with SDSS coverage.
The amplitudes of the variable stars found in WTS are shown as red stars. The green lines
show the effective upper 1o value for standard deviations of the lightcurves per magnitude
bin. There is a clear dependency on magnitude for the minimum amplitude detected per
magnitude bin closely following the trend in dispersion of lightcurves with magnitude.

3.2 Period versus spectral type

In order to take advantage of the variables detected and measured in WTS to enable
comparisons with other works on the kinematic properties of variable M dwarfs, esti-
mates of tangential velocity (vy ) are used as tracers of population (e.g. Reiners & Basri,
2008). In the absence of radial velocity measurements of the WT'S stars the full space
motion cannot be estimated. The proper motions of most of the WTS stars are mea-
sured in the SDSS proper motion catalogue (Munn_ et all, 2004, 2008). To calculate
v from the proper motions, distance estimates must be made. The distances are es-
timated using the empirical photometric parallax technique for SDSS M dwarfs by
Bochanski et all (2011) relating observational values of r — z to M,. A spline inter-
polation is used to find the values of M, for the WTS M dwarfs from their SDSS
r — z values, and the distance is then estimated from M, and r. Using these distance
estimates the proper motions can be interpreted as tangential velocities; both are tab-
ulated in Tables BI-?7. Following [Reiners & Basri (2008), stars with a v; 2 30 kms™?
are considered probably old disk stars while any stars with v; <15 kms™! are considered
thin disk. Two of the faintest stars in the sample, one with v, =309435kms™! and

another with v, = 814489 kms™!, have velocities consistent with being members of the
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FIGURE 3.2: Spectral type versus period for the WTS periodically variable M dwarfs.
Symbols are described in Section

halo (e.g. [Lépine et all; 2003; [Scholz et_all, 2005). In Figures to depicting the

periods, amplitudes and spectral types, the stars with v; > 30 kms~! are shown as red

L are shown as yellow diamonds, the stars with

diamonds, the stars with v; S15kms™
Halo-like vy are shows as black stars, other stars are shown in orange, and stars with

no SDSS proper motions are shown as black triangles.

The periods versus spectral types of the WTS variable M dwarfs are shown in
Figure B3 While the standard deviation of the stars later than M3 is larger than
those earlier than M4, a Kolmogorov-Smirnov (KS) test reveals that the probability
they are drawn from the same distribution is 0.265. Thus it cannot be said with any
great probability that the periods for early and mid M dwarfs are drawn from different

distributions, and comparisons to the significantly different distributions of vsini across

the spectral types found by Llenkins et all (2009) cannot be made. The WTS sample,

however, is more lacking in mid to late M dwarfs. As [Stelzer et all (2013) finds for

the M dwarfs within 10pc of the Sun, the dispersions of rotation rates is greater at
M4 than it is for earlier M dwarfs; they also find an onset of more rapid rotation at
M4V. With the exception of 19a_3_11735 (discussed below), this result is corroborated
by the findings in WTS as all other stars for which p < 1d are of spectral type M4V,
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FIGURE 3.3: Spectral type versus period for the WTS dwarfs and those presented and
compiled by [rwin et all (2011). Black triangles are stars with no matched proper motions
in SDSS, black stars are stars for which v, suggests a halo star, coloured symbols are
described in the key and further exlained in Section B2 Old (~1-2Gyr) main sequence stars
from literature sources compiled in that paper are shown as crosses and old (~8-10Gyr) main
sequence stars are shown as unfilled diamonds. Stellar masses have been converted to spectral
type by use of spectral standards compiled by IMamajek (2011). The star designated with
the black star symbol with the shortest period is 19a_3_11735, as discussed in Section

although the fraction of rapid rotators is smaller.

Comparisons between the early M variables found in W'TS with the variable mid M
dwarfs found by Irwin_et _all (2011) can be made. They present the variable M dwarfs in
the MEarth survey with other literature sources of periodically variable field M dwarfs.
They compare their proper motions with those predicted by models for thin and thick
disk stars (assumed to be old and young disk stars respectively) in order to assign
population memberships to each. They find, via a KS test, that the period distributions
for each classification are significantly different. A KS test performed analogously on
the WT'S stars does not show a high probability that the two distributions are different,
with a probability that they are from the same population of 0.267. Despite this, it
is found that most of the slowest rotators (p<20d) are amongst the ‘old’ stars, while
the ‘young’ stars show a greater range of periods. The mean period of the ‘old’ stars

is 19.4d, with a robust mean curtailed at 20 of 12.7d (0=3.6d). For the ‘young’
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stars the mean is 12.6d with an alike robust mean of 3.6d (0=0.5d). The six ‘old’
stars with periods >10d appear on Figure as expected for stars of their spectral
type, although the presence of 3 ‘old’ early M dwarfs with periods 5d< p <10d is
noteworthy as no old M dwarfs have been detected in this parameter space before. In
general, the result from [rwin et all (2011), showing longer maximum rotation periods
with decreasing mass, is corroborated, i.e. the longest rotation for the WTS mid M
dwarfs is longer than the periods for the earlier WTS M dwarfs.

It is particularly unusual that the star, 19a_3 11735 (Figure [A33), with the shortest
period in the sample, has a velocity consistent with being a halo star. Such stars are
10-12 Gyr old (e.g. lofré & Weiss, 2011), and as such a period this short would not
be expected from models of M dwarf spin down time (Irwin et all, 2011). Using the
(r—z)— (g —r)-metallicity dependent quantity (¢, [Lépine et all, 2007) from [West. et al
(2011) and the ¢-[Fe/H] relation from [Woolf et all (2009) this star appears not to be
particularly metal poor ([Fe/H]>-0.34) and thus does not suggest an older, Population
IT star as might be expected from a star with such a large tangential velocity. This star
also has the largest amplitude of all stars found in the sample, and may perhaps be a
contact binary with components of equal temperature not found in previous searches for
such systems in WTS by INefs et all (2012), although due to the dynamo dependency on
rotation for early M dwarfs it is not surprising to see the largest light curve amplitude
in the sample for the fastest rotator. Simulations discussed in Chapter Bl do indeed
produce stars with this magnitude of light curve amplitude due to spot modulation.
Future spectroscopic observations should provide further information as to the nature

of this star and others in the WTS.

3.3 Amplitude versus spectral type

In order to estimate the amplitudes of the variable stars, the folded light curves are
binned in 30-observation intervals and the difference between the minimum and max-
imum is found. The error on the amplitude is found from the standard deviation of

the light curve after the variability has been subtracted. The amplitudes of the sample
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FIGURE 3.4: A plot of WTS variable M dwarf spectral types versus amplitudes. Black
triangles are stars with no matched proper motions in SDSS, black stars are stars for which
Vtan Suggests a halo star, coloured symbols are described in the key and further exlained in
Section

range from 0.00940.005 to 0.11540.010 in the J-band. The amplitudes are plotted
with respect to spectral type in Figure B4l A Spearman rank correlation coefficient
calculated for the amplitudes with respect to spectral type indicates a weak trend
for lesser amplitudes at later spectral types (Rg=-0.35, 99.7% significance), with the
largest amplitudes detected from the earliest type stars. This is perhaps an indicator
of lesser activity of stars with later spectral type, as a larger amplitude may result from
a greater, less uniform spot coverage, as shown in Chapter @l Alternatively, this could

be because the contrast in spot and photosphere temperatures, thus brightnesses, is

lesser for later spectral types (Berdyugina, 2005).

Observations of Ha emission, a tracer of chromospheric activity, in mid M to late L

dwarfs have shown the normalised Ha luminosity decreases with later spectral types.

Bell et all (2012) find that while Ha emission decreased for later M spectral types the

variability of the Ha emission increases, but suggest this is because small, transient

emitters of Ha such as flares contribute a greater fractional change in Hoa luminos-

ity for lower activity stars that those with higher activity. [Reiners et all (20124),

Mohanty & Basri (2003) and others, however, find that the actual fraction of early
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M dwarfs showing Ha activity is low, rising steeply at M3 to >50% while the nor-
malised Ha luminosity decreases. Thus, while the Ha luminosity decrease with later
spectral type, the fraction of active stars increases from early to mid M. The finding in
WTS that the later M dwarfs have lower amplitude light curves is perhaps indicative
of decreasing photospheric activity with later spectral type, although for periodically
variable M dwarfs observed in the GRI bands by Rockenfeller et all (2006), no definite
trend is found with increasing spectral type. As so few periodically variable M dwarfs

are found in WTS it is not possible to discern the relative fractions per spectral type.

3.4 Amplitude versus period

For early M dwarfs the stellar dynamo operates at the tachocline where convective
and radiative zones meet as discussed in Section [LTJl, and therefore it is expected
that phenomena caused by magnetic activity will some exhibit rotation period depen-
dent behaviour. In a study of field and cluster main sequence stars of varying ages
Messina. et all (2003) study the dependence of X-ray emission on star spots and the
subsequent dependence on rotation. X-rays are known to be a tracer of magnetic
coronal activity and it is shown in that paper that relative X-ray luminosity is cor-
related with spot modulated light curve amplitude. For late K and early M dwarfs
Messina et all (2003) find that maximum amplitudes per period bin can be described
with two envelopes defined as a power law of decreasing amplitude with increasing
period. Envelopes are used as upper amplitude limits in that paper instead of trends
to account for effect of amplitudes being lessened for ¢ < 90°. A similar trend for
decreasing amplitudes for longer periods is found in a sample of periodically variable
M dwarfs in the HATNet survey by Hartman et all (2011). Studies of Ha emission
(e.g. Reinerd, 2012) have shown an increase in activity for faster rotators, in that low
activity is only found in slow rotators, although there is a large dispersion of activity
levels amongst the faster rotators. Such studies have shown that rotation and activity
are not absolutely interdependent, as some fast rotators show no Ha emission while

some slow rotators are found to be active.
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FIGURE 3.5: A plot of WTS variable M dwarf period versus amplitudes. Black triangles are
stars with no matched proper motions in SDSS, black stars are stars for which vy, suggests
a halo star, coloured symbols are described in the key and further exlained in Section

In the WTS variable M dwarfs, a weak trend, with smaller amplitudes at longer
periods, is found using the same Spearman rank coefficient (Rg=-0.24, 95.5% signif-
icance), although as previously discussed this trend will have been affected by the
varying inclinations of the stars reducing the amplitude. In Figure B8, showing the
periods versus amplitudes, three stars with periods >10d are found above the main
series of amplitudes. A similar result is found by [Messina. et all (2001), who find some
some late K—early M dwarfs with large amplitudes far removed from the overal trend
for main sequence dwarfs, as can be seen in Figure [ Like other studies of photomet-
rically variable M dwarfs such as [Kiraga & Stepien (2007) and Trwin_et. all (2011), M
dwarf with very slow rotation rates on the order of months in length have been found

to be sufficiently active to induce spot modulation.

3.5 Evolving light curves

Three of the light curves found in the sample show notable evidence of evolution. The

star 07e_2_02466, shown in Figure B0, displays four different, distinct morphological
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FIGURE 3.6: The unfolded light curve of the star 07e_2_02466, with subsequent plots phase
folded over the 22.86 d period, each showing a distinct morphology, each corresponding to
the labelled section of the original lightcurve. The final plot shows the overlayed folded
lightcurves from all the periods of observation showing the dispersion that can occur in a
light curve if long term spot evolution is not accounted for.
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configurations in its light curve throughout the observations, each last for at least a few
months. The first appears as a repeating arc shape, the second a sinusoid, the third
as a saw tooth and the fourth as a zig-zag. In each instance the amplitude and mean
brightness changes. Such changes in the lightcurve are clear evidence of a complex and

evolving spot morphology.

The star 17d_1.06032, shown in Figure B, shows a little periodic behaviour or an
undetectably low amplitude in the first two observing periods of this field. In the first,
no significant peak is found in the periodogram. In the second, however, a small but
insignificant peak appears corresponding to the same period that is evident in the third
observing period, showing a distinct sinusoid like variability. Such a change is evidence
of reasonably rapid and large scale evolution in the spot pattern and/or coverage on
the star, either indicating the star becoming more active and spotted, or the exact
configuration of spots changing to become significantly less uniform in the ~150 days
between observation periods. 17d_1.06032 also served as a test for the ability of the
Lomb-Scargle periodogram to detect a signal amongst an only partially variable light
curve. The significant peak was detected in the periodogram for the entire light curve
dependent only on the periodic variability established in the latter observations. The
identification of a non-significant peak in the periodogram of the observations labelled
b may indicate that the spot distribution had already begun to change sufficiently to
invoke some modulation signal in the light curve despite this not being apparent in the

folded light curve.

Another example is found in 19¢_2_05428, shown in Figure B8 The changes in mor-
phology are similar to those seen with 07e_2.02466 but on longer time scales. For the
first two years of observations the light curve exhibits a morphology between sinusoidal
and saw toothed. In the third year the amplitude doubles and the light curve becomes
more arc shaped. On the darker hemisphere, between the temporal ranges a and b, a
large spot, or group of associated spots, evolves decreasing the brightness of the darker
hemisphere and increasing the amplitude of the light curve. The larger dispersion of
points on the light curve maxima at this time may be indicative of spot evolution on

the least spotted side of the star, although the maxima remains at approximately the
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same brightness throughout the observations indicating that no large spots form on
this hemisphere. During the fourth and fifth years of observations the large spots has
seemingly decayed as the amplitude decreases and the morphology changes to a more
complex one, with multiple minima on the darker hemisphere of the star. This may be
due to evolution of mid to large sized spots or dense spot groups on this hemisphere
of the star, or perhaps indicates the large spot that previous evolved has subsequently
fragmented while decaying.

Among other stars in the WTS, several show some evidence of evolving morphol-
ogy with time. Stars such as 17d_1.06032 , 19a_3_01981, 19a_3.10735, 19d_1_06078
(Figures [A30, [A33], [A34] respectively) and others all seem to show some time-
dependent changes in amplitude and morphology. Such changes in light curves appear
to take place over months and years. If this modulation is due to small spots then spot
evolution requires growth and decay rates much slower than those observed on the Sun,
however, if the spots are considerably larger than those on the Sun, such as those found
in DI observations of M dwarfs, then decay rates may be much faster in order to invoke
sufficient evolution in the spots to change light curve morphology. These possibilities
are explored in more detail in Chapter Bl It may also be that M dwarfs undergo cycles

of activity like the Sun, but on much shorter time scales.
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FIGURE 3.7: The unfolded light curve of the star 17d_1_06032, with subsequent plots
phase folded over the 1.66 d period. The first two folded light curve plots (a and b) each show
the light curve folded over the period found from the both periodograms performed over
the entirity of the observations. These two folded light curve indicate no obvious periodic
variability, although a separate periodogram performed on the observations labeled b shows
a small but non-significant peak corresponding to the later period while a periodogram. The
observations labelled ¢ however show clear sinusoidal variation, and a seperate periodogram
performed on c¢ indicates it is these epochs alone contributing the significant 1.66 d peak in
the periodogram. This, therefore, seems to be evidence of an inhomogeneity in the spot
coverage of the star forming.
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FIGURE 3.8: The unfolded light curve for 19¢_2_05428 (top left) with folded light curves
for each different morphology observed (panels a, b and ¢). Between a and b it appears as if
a large spot, or group of associated spots, has evolved on the darker hemisphere of the star
decreasing the brightness of the minima. For the epochs labelled ¢ it that appears the large
spot or spot group on the darkest hemisphere subsequently decays again over a period of
~ lyr. The morphology observed in ¢ shows a distinctly non-sinusoid or saw tooth form with
multiple minima flanking the peak in the light curve, indicating a spot morphology of several
medium to large spots or associated spot groups. It is noteworthy that the maximum and
minimum remain in phase and the maximum does not vary much in brightness, indicating
that either no significant differential rotation has occurred on the time scale of the spot
evolution, or that all spots on the star evolve at a constant latitude and that some aspects
of spot pattern have remained stable.
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3.6 Flaring

No attempt was made to detect transient events, such as flaring, in the M dwarfs in
the WTS. The J-band is not optimal for observing flaring; [Tofflemire et all (2012)
find no evidence of flaring in JH Kg bands during simultaneous optical and infrared
monitoring of three M dwarf stars for 47 hours corresponding to the flaring events
they detect in the U-band. One flaring event, as shown in Figure is serendipitously
found in the periodically variable M4V (+£1) star 19d_1.12693, of >A0.2 in J band
magnitude. The incomplete observations of the flare lasted for 49 minutes and thus
the overall duration could have been several hours. The brightness of the flare is in
contrast to the results of [Tofflemire et all (2012) who expect to find flaring events in
the J band occurring on mmag scales, and would transform to a u-band response of
> 6 magnitudes. By extrapolation of the frequencies of flaring events per magnitude
found by IDavenport. et all (2012) such an event would be expected to be observed less
than once a year. Due to such a low rate of occurrence it is unlikely that such a flare
would obfuscate the detection of periods or a planetary transit and contribute any
significant noise, but such high intensity flares may have astrobiological significance
(France et all, 2012) and considerations of such flares may help refine the definition of
the habitable zone of active M dwarfs. A number of other potential flares are found in
the light curves of the stars 19¢_4_10571 (Figure [A47), 19d_3.01271 (Figure [A53)), and
19d-3_02216 (Figure [A5H]).
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FIGURE 3.9: The flare observed from the variable M4V star 19d_1_12693. Consecutive ob-
servations are joined. The observation of the flare is partial but those observations composing
it were made over a 49 minute period.
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Simulations of Spotted M Dwarts

The work in Sections 1] and appears in “J-band Variability of M Dwarfs in the
WFCAM Transit Survey”, IGoulding et all (2012). Work appearing in Section ap-
pears in “Periodic variability of spotted M dwarfs in WTS” | |Goulding_et. all (2013).

4.1 Sensitivity analysis

It is important to establish some context for the relatively small fraction of periodically
variable M dwarfs in WTS. This may be found by means of testing the sensitivity of
the methods used for detecting M dwarfs in such a way that accounts not only for
the amplitudes but also the periods. Given that the sample contains field stars of a
mix of ages it is not possible to predict what the amplitude and period distribution

should be for the sample of M dwarfs in WTS without prior knowledge of their ages.
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However, a simulation can be employed to give greater insight into the sensitivity of

the Lomb-Scargle periodogram across period and amplitude.

Light curves from each magnitude bin between J=12 and J=17 from the 07hr
and 19hr field are selected with no significant peaks corresponding to any period in
a Lomb Scargle periodogram. The observations are randomised with respect to time
to maintain the same magnitude distribution but to further ensure that no real signal
remains in the light curve. Sinusoids with random amplitudes between AJ = 0 and
AJ = 0.2 and random periods between P > 0 and P = 50 days are chosen and
added to the randomised WTS observation light curves, for 100,000 realisations. The
same period detection procedure is performed as described in Section ZZ4.1] on each of
the 100,000 light curves. Any significant peak not corresponding to 1d or a fraction
thereof is constituted as a detection, since peaks that occur due to the real period but

not necessarily corresponding to it (such as those due to aliasing) are found in the real

WTS data.

The results of the simulations are shown in Figures BETl to 24l It is clear that the
recovery rate as a function of amplitude is dependent on the noise of the light curve
as expected. In the simulations at J=16 and J=17 the sensitivity is poor, reaching
a maximum of ~30% for some periods, up to AJ = 0.03. This is the range in which
the majority of detected amplitudes for the WTS variables lie for brighter stars, and
thus this explains the inability to detect many periods for stars dimmer than J=16
despite these stars constituting the majority of the sample. At J=12, however, the
method performs relatively well for AJ >0.01 and P < 20d and is able to retrieve
all injected signals, and therefore it can be assumed that for the brightest stars in
the sample the completeness approaches absolute in terms of amplitude dependence
for short periods. The results of the simulations also shows the striking effects of the
discontinuous observing strategy even in the most complete Winter (19hr) and Summer
(07hr) fields. At certain period ranges the Lomb-Scargle periodogram is completely
unable to detect any significant period in the light curve (it should be noted in these
cases that significant peaks are found corresponding to 1 day and fractions thereof even

in these ranges). The only cause for this can be due to aliasing with the windows of
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observation in WTS. In the 19hr field, as the number of epochs has exceeded 1000,
the periods at which detection is greater as phase coverage for light curves varying
with larger periods is improved. The 07hr field suffers from greater period-dependent
sensitivity as a result of fewer epochs of observations and therefore less phase coverage
at certain periods. In the 07hr field, it is therefore possible that many variable stars
with periods greater than 10 days are not detected due to the strong dependency of
sensitivity with period. It is not surprising, therefore, that the number of variables
detected in each field varies with the number of epochs of observations for each field.
Long term variability studies that use continuous monitoring of targets, such as Kepler,

should suffer increasingly less from these effects.
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FI1GURE 4.1: The binned results of the sensitivity simulation for the 19hr field showing
the fraction of simulations in which a significant period not corresponding to the observation
period is detected. In the plots on the left the bins are 1 day by 0.01 amplitude with an
average of 1666.7 data per bin and on the right they are 0.25 day by 0.002 amplitude with
an average of 83.3 data per bin. For magnitudes J=12-15 the insensitivity is dominated by
aliasing effects with the period and only affected by noise at the lowest amplitude range.



4.1 SENSITIVITY ANALYSIS

83

Amplitude (J) Amplitude (J)

Amplitude (J)

J=15
0.20 H .,
0.15 I|
|
0.10 1
0.05 . II f
' T ||
0.00
0 10 20 30 40
Period (days)
J=16
0.20
0.15
0.10
0.05
0.00
0 10 20 30 40 50
Period (days)
J=17
0.20
0.15
0.10
0.05
0.00

0 10 20 30 40 50
Period (days)

Amplitude (J) Amplitude (J)

Amplitude (J)

0.20

0.15

0.10

0.05

0.00 ks

0.20

0.15

0.10

0.05

0.00

| |
[ (111
ok b i b il L -E “mL‘.

10 20 30
Period (days)

J=16

N
||{‘i

10 20 30
Period (days)

10 20 30
Period (days)

Fraction of injected periods detected

50

50

0.0 0.2 0.4

0.6

0.8

1.0

FIGURE 4.2: As in Figure L1l For magnitudes J=15-17 noise begins to become a greater
source of insensitivity across the range of amplitudes at which variability in brighter stars
was detected.
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4.2 Preliminary spot modelling

The results of the variability and period search in the WFCAM transit survey reveal
some new and interesting behaviour for variable M dwarfs. Due to the degeneracies
discussed in Section [CZ3, specifically those factors listed by Messina et all (2001)
that contribute towards the amplitude and morphology of a light curve, it is difficult
to retrieve much information about the spot coverage of M dwarfs with any certainty.
Despite this, parameter windows for any given star can be established using benchmark
models.

The star spot simulations utilise a Doppler imaging code called ‘Doppler Tomog-
raphy of Stars’ (DOTS; [Collier Cameron, [1997). The code can be used to construct a
surface brightness map of a star using a two temperature model and spot filling factor.
Spectroscopic or photometric data may be synthesised from a constructed spot model
of a star. As a first approximation, models of spotted stars that were first introduced
and compiled by Llefferd (2005) are used. These were created for testing the effects of
unresolved spots on the RS CVn binary SV Cam in eclipsing mapping studies, and
later developed and adapted by [Barnes et all (2011) for modelling spotted M dwarfs.
The models use the solar spot distribution described in Section [LZ1] as determined by
Bogdan et all (1988), that is:

So() e[

where N is the number of spots, A is the area of a spot umbra, (dN/DA)y.x is the
maximum height of the distribution, o4 determines the width of the distribution, and
(A) represents the mean spot size, and using values as tabulated in [Barnes et all (2011,
Table 1) and reproduced here as Table ??. Spots are distributed randomly latitude
and longitude and an umbral to penumbral area ratio of 1:3 is used as per ISolanki
(1999), with the penumbral temperature set to be midway between the spot and umbral
temperature. In addition to these models, a model with a single equatorial spot is used
to gauge the effects of a very asymmetric spot coverage and to measure the relative
amplitudes at different bands in the simulation. Spot coverage is defined as total

fraction of the surface that contains some degree of spot filling. Spotting filling factor
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Model 1 2 3 4 ) 6

o4 (MSH) 3.8 5.0 6.8 92 122 158
(AN/dA)max 5 25 65 125 205 305
Umbral spot coverage 0.0003 0.003 0.016 0.061 0.18 0.48
Total spot filling 0.0003 0.003 0.019 0.009 0.295 0.624

TABLE 4.1: Relevant values taken from Table 2 in [Barnes et all (2011). Models 1 and 2
correspond to Solar minimum and maximum coverages and Model 6 extended to extremely
active cases. MSH is defined as a micro Solar hemisphere, i.e. 5 x 107Ag, where Ay is the
surface area of the Sun.

FIGURE 4.5: Images of the models used for the preliminary simulations as described in
Table 1l Temperatures scale with brightness: white for the hottest part of the photosphere
and black for the coolest.

is the mean spot filling of all the pixels over the surface of the model, where the
unspotted photosphere is represented by a filling factor of 1.0 and the coldest area of
spot by 0.0. Hence the total spot coverage may be 100% but the filling factor may be
80%. See Table BTl for the coverage and filling factors of the models used.

For each model a simulations is run under three different temperature rations:
T, — Ty =250K, Ty = 0.87,, and Ty = 0.67},, rounded to the nearest 250K, for a range
of photospheric temperatures from 2250K to 3750K at 250K intervals. A light curve is
generated for each model by rotating the model at zero inclination and synthesising pho-

tometric observations in the J band from stellar SEDs as detailed in [Collier Cameron
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FIGURE 4.6: Output magnitudes for the 8 preliminary DoTS simulations (7 spotted simu-
lations as described in the text and one additional single spot model). Triangles indicate the
simulations where Ts =T, —250K, squares indicates simulations where T; = 0.8T), and circles
indicate simulations where Ty = 0.6T,. Tgand T,are always rounded to 250K intervals.
The colours from red through green to magenta are from T, = 2250K through T, = 3000K
to T}, = 3500K respectively. The boxed symbols indicate simulations where a single, large
spot with a radius of 5° was placed on the equator. In all simulations i=90°. The pink and
blue solid lines indicate the equivalent maximum and minimum range in the I band and V
band, respectively, for comparison. The dashed lines indicate the maximum and minimum
amplitude of the WTS variable M dwarfs. The downturn seen for the most heavily spotted M
dwarfs is due to the increasingly homogeneous photosphere with increasing numbers of spots.
The downturn never approaches zero however as contrast between umbrae and penumbrae
result in varying photospheric brightness even at 100% spot coverage.

(1997), and the peak to peak amplitude for each light curve is found. The results are
plotted in Figure LG An additional model with 100% coverage (~80% filling factor)
was also used for the sake of completion, as well as a model with a single, uniformly

dark spot with a width of 5 degrees on the equator.

The models show that a random spot coverage of the order of ~10% is required
in order to produce the amplitudes detected in WTS, with spot models corresponding
to 18% coverage and 48% coverage being plausible for the lower Ts/T), ratios and the

6.1% coverage model being plausible assuming higher contrast spots. There is a general



4.3 A NEW MODEL FOR SPOTTED STARS &9

trend of increasing amplitude with increasing spot coverage. Amplitude increases with
increased spot coverage, and for any given coverage with increasing ratio between spot
and photospheric temperature ratio. For the most heavily spotted model there is a
slight downturn in amplitude. This is because the surface becomes more uniform at
high spot filling factors when the photosphere is covered in many spots leading to
a lower amplitude brightness variation as the star rotates. The single spot model
indicates the amplitudes possible due to a monolithic spot for comparison, and is able
to generate a sufficiently large amplitude in there high contrast models albeit with a
light curve morphology dissimilar to the sinusoidal and saw-tooth like morphologies

indicative of the more complex spot distributions observed.

4.3 A new model for spotted stars

The previous models used invoke a fixed spot pattern on a rotating star in order
to generate a light curve. As discussed in Section [LZZ the light curve morphology is
heavily dependent on the latitudinal and longitudinal distribution of spots and therefore
using single static models may not necessarily give a complete comparison to a sample
of variable M dwarfs. In order to allow for a more thorough understanding of how
correlated the relation between surface coverage, spot temperature and light curve

amplitude is, a more dynamic means of modelling is required.

4.3.1 Constructing the model

The models used by Lleffers (2005) and Barnes et all (2011) are based on a spot dis-
tribution parameterisation theoretically extrapolated to more active stars by ISolanki
(1999). Further means of extrapolating the changes observed between solar minimum
and maximum activity are explored by [Solanki & Unruh (2004), motivated by the dis-
parity between the values of spot coverage obtained from TiO band monitoring and
Doppler imaging. This was in order to address what distribution parameterisation
would be capable of producing the correct number of spots detectable by DI for any

given filling factor analogous to the one found by TiO observations. Two approaches
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FIGURE 4.7: Excerpts of Figures 3 and 6 from Solanki & Unruh (2004) showing the dis-
tribution describing spot sizes for stars more active than the Sun with varying o4 (left) and
(A) (right). Solanki & Unrub (2004) finds that a distribution with varying o 4 more efficiently
produces the larger spots found in DI observations in the proportion found relative to the
filling factors found in TiO band observations.

are taken to extending the distribution to stars with a greater photospheric spot cov-
erage: the first is to increase o4, the width of the distribution, which simultaneously
produces larger and smaller spots about a fixed mean; the second is to increase the
mean spot size (A), to produce spots that are on average larger for a distribution of
fixed width. In both instances dN/dA is allowed to vary as a product of the coverage
and variable parameter. The result of model distributions shows that varying o4 is a
more efficient means of reproducing observed spot distributions obtained from relative
TiO and DI measured coverages assuming single spots, whereas varying (A) is less
efficient at doing so and thus requires some grouping together of spots such that the
groups can be resolved by DI. In reality, some combination of these two scenarios may
occur. As discussed in Section [LZ2] no reliable molecular band, analogous to the TiO
band used for earlier spectral types, that can be reliably used as a spot filling factor di-
agnostic has been identified for M dwarfs. Therefore, there is no constrained disparity
between spots detected by DI and actual spot filling factors for which a similar extrap-
olation can be performed. The parameter sets for a number of instances are given in
Tables 7 and 8 in |Solanki & Unrul (2004), and plotted examples of distributions are

shown in Figure B

The ratio of 1:3 between umbra and penumbra areas assumed by Solanki (1999)



4.3 A NEW MODEL FOR SPOTTED STARS 91

is in fact an under estimation of the size of the penumbra, as typical values in the
solar case are approximately 1:5 (Table ??) in the solar case. Indeed, Solanki & Unruh
(2004) invoke spots where the umbral area contributes a fourth of the total spot area.
DI observations of spotted M dwarfs by Barnes et _all (2004), Morin_et. all (2008h) and
Phan-Bao et all (2009) superficially show that M dwarf spots are similarly constructed
with a small, central region of high spot occupancy surrounded by extended penumbral
regions of lower occupancy. Such effects, however, could be the result of the smoothing
of spot occupancy inherent in Doppler Imaging, and the true umbra to penumbra area
ratios are not truly known for stars other than the Sun. Given this, the solar case is

assumed pending observation direction as to true nature of stellar spot structures.

In the context of an unclear picture of spot distribution with respect to latitude
and longitude, the simplest approach of assigning spot locations randomly across the
surface of the stellar sphere is taken. Each spot is assigned random longitudes between
0° — 360° and latitudes of § = arcsin(2x — 1) where x ~ U([0, 1]) such as to eliminate

an artificial clustering of spots at the poles.

The model constraints are used to build a surface pattern for an M dwarf (by
means of an IDL procedure). The input parameters are spot coverage, photospheric
temperature and spot temperature. The temperatures are gridded at 250K intervals
and are such that T, < T, and 3750 > T, > 2250 and 3500 > T, > 1500. Previous
works by llackson & Jeffries (2013) assumed spot temperature ranges of 0.5 < T, /T, <
0.9 and 1500K < T, < T, — 250K by Barnes et all (2004). [Solanki & Unrub (2004)
quote values of T,/ T, ~ 0.7 from TiO observations for early (late G to K) type active
stars. In a review of star spots, Berdyngina (2005, and references therein) tabulates
the known values of AT across spectral types and fits a trend of decreasing AT for

cooler photospheric temperatures, with AT for M1V/M0OV of ~500K.

In the absence of a consensus on M dwarf spot temperatures due to degeneracies
inherent in studies of M dwarf spots, the full ranges, as listed above, are initially

assumed plausible inputs for the model.
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FIGURE 4.8: Example models set to 30% surface coverage, on the left, where o 4 varies with
spot coverage, and on the right, where (A) varies with spot coverage. As can be seen, varying
o4 generates a model with a mix of larger spots and smaller spots as a wider distribution
increases the diversity of spot sizes, whereas varying (A) increases the number of larger spots
but restricts the diversity of spots, having a prohibitive effect on the generation of large spots.
It should be noted that due to pixel resolution in the graphical display of the models, the
smallest spots cannot be seen in these images.

4.3.2 Spot coverage and light curves

The simulations in Section provide an insight into the general trends expected
between spot coverage and light curve amplitude but only reflect the results of eight
individual spot patterns. In order to more fully explore this parameter space, sim-
ulations are run whereby random spot coverages are generated 14,000 times by the
above method for ranges of spot coverage from 0% to 70%. A surface coverage of 70%
assuming maximal spot temperature in these models (Ty = T), —250K’) would result in
a filling factor of ~0.6, just larger than the upper limit of filling factors found in TiO
studies of active stars at 0.56. All input parameters are chosen randomly within the
constrains of the conditions described previously. Both cases where either o4 or (A)
are allowed to vary with increasing spot coverage are employed in order to establish
by which means a spot coverage capable of generating the range of amplitudes found
in WTS and other light curves studies is formed.

The spotted star model generated is the input to DoTS which synthesises a light
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curve for a complete phase of the star’s rotation for an arbitrary period with 120
observations across the entire phase, i.e. one observations for every 3°. A peak-to-peak
amplitude is calculated in the V' and J bands for the output light curve (AJ, AV). The
complete output amplitudes for the simulations are plotted in Figures and EET0.
As can been seen in the figures, the amplitudes generated by stars where the spot
distribution changes with spot coverage by varying o4 are much greater than those
for varying (A). This is because, as found by [Solanki & Unrub (2004), varying o4
more efficiently produces the larger spots or spot groups observed in Doppler Images
of active stars, as shown in the models in Figure L8 Such large spots result in less
homogeneity in the brightness of the photosphere, as opposed to the spot distribution
being accounted for by a peppering of many small spots. This in turns results in larger
overall amplitudes in the light curves.

In Figures BE9 and EET0, the upper envelope, that is, the minimum boundary that
contains all the simulated amplitudes, is plotted in each figure. The upper envelope
is found by fitting a power law to the maximum point for each 0.05 width coverage
bin. The boundary can be described by a power law with differing parameters for each

wavelength and for each case where o4 and (A) vary:
AM =nC™ (4.2)

where AM is amplitude in magnitude, C'is the fractional spot coverage, and the values
for the variables n and m are given in Table 32 Ideally, such a power law is obtained
so that the envelope is minimised per amplitude bin, so that no amplitude as found
from the simulations is greater than the power law for any given coverage. Assuming
the model represents a realistic approximation of the spottedness of active M dwarfs
then this power law can be used to predict the minimum spot coverage required to
generate such an amplitude. In practice, however, the coverage is likely to be greater
as all points lie below the envelope, and because the models assume 7 = 90°. Inclination
differing from this would attenuate the amplitude of the light curve by reducing the
fraction of the photosphere that is rotated through the viewing angle.

The results of the simulations for the case of varying o4 are plotted in Figures ELT1]
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FIGURE 4.9: The overall output of amplitudes (AV, AJ) for the simulations of spotted
M dwarfs in log-log space for 04 varying with coverage. The upper envelope for each band
is marked by the dashed line. There is a downturn in amplitudes at ~0.5 spot coverage
as increasing the spottedness decreases the unspotted photosphere and surface brightness
becomes more homogeneous. This is not accounted for in the power law as spot coverages
>0.5 are still capable of producing increasingly larger amplitudes if the spot coverage is
sufficiently asymmetric.
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FI1GURE 4.10: As for Figure but for varying (A).
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Parameters n m
(A), V 0.20 0.725
(A), J 0.15 0.725
Oas V 3.2 1.4
Oay J 24 1.4

TABLE 4.2: The values of power law in equation for each parameter set.

(V) and (J) and for the case of varying (A) in Figures ETT to EETAl The data are
binned according to the difference between the photospheric and spot temperatures.
The AT=250K bin shows the greatest degree of dispersion due to the disparities in the
range of photospheric temperatures which could occupy it, whereas the AT=1750K
bin shows limited dispersion because only the hottest models could occupy it. The
dispersions per bin are a consequence of the limits placed on the model by the maximum

photospheric temperature allowed and the minimum spot temperature allowed.

The reason for the dispersion of any given AT is due to the non-linear dependence
on flux with temperature. By the Stefan-Boltzmann law, the flux is dependent on T%.
Thus, to illustrate this, if we assume two cases in which AT = 250K where in one case
we have 1750*/2000* = 0.586 and in the other 3750*/3500* = 0.759 we can see the
proportional contribution to luminosity attenuation due to some spotted fraction of
the photosphere is greater for a lower T,. This is interesting to note in the context of
the observed decrease in amplitude with respect to later spectral types (Section B3]).
The rate at which amplitudes change is different for the V and J band. In the V
band, the rate of change of amplitude with respect to increasing AT is non-linear and
is much greater for small values of AT than it is for larger values due to the sensitivity
of the V' band to small changes in temperature, such that moderate increases in AT,
for example, on the scale sampled in these simulations, produce very small gains in
amplitude. In the J band the rate of change of flux with AT is more linear and thus
the amplitudes are more dispersed as moderate changes in flux effect moderate changes

in amplitude. This additionally results in the larger overall amplitudes in the V' band.

The comparison between the two sets of results for varying 04 and varying (A) allows
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FiGURE 4.11: Key : AT = 1750K, 1500K. 12501, , 750K, 500K, 250K where
AT =T, — T,. The upper plot shows all the V band amplitudes found from the simulation
where oavaries. The solid lines show the average for each AT bin. In the lower plot each
polygon represents the range of amplitudes resulting from the simulations, the upper solid
line in each polygon is for the minimum T, and lower line is for the maximum T,, and the
middle solid line is the average as per the upper figure.
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FIGURE 4.12: As for Figure EEIT] but for the J band amplitudes.
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for comparisons of the effectiveness of each scenario in explaining the results of the
periodically variable M dwarf sample in WTS. For values of (A)that vary linearly
with increased activity, the simulations achieve the range of amplitudes found in WT'S
only for the larger values of AT. For AT = 250K and 500K only the coolest stars
had amplitudes of ~0.01 in J and simulations for larger values of AT only managed
to produce amplitudes of the scale of the largest found in WTS as outliers typically
for the cooler stars in those bins. This is expected from the simulations made by
Solanki & Unrubl (2004) who show that larger (A)is typically unable to produce the
large spots observed in DIs of active stars. A lack of larger spots necessarily means
that, withholding large groups of spots approximating larger spots, the spot coverage
is more evenly distributed over the photosphere and thus cannot cause large amplitude
modulation. Conversely, varying o4 with activity, which increases the proportion of
larger spots, efficiently populates the range of amplitudes found in WTS for all values
of AT. A notable conclusion to be derived from this is that large light curve amplitudes
are necessarily either indicative of large spots or large spot groups acting as effective

proxies for large spots.

The interpretation of these simulations in terms of inferring which case is truly
representative of active M dwarfs is mired through the lack of knowing the true frac-
tion of periodically variable M dwarfs. For example, it could be the case that a spot
distribution that is driven by varying (A) does indeed best describe the distributions
found on M dwarfs and the very small fraction found in WTS represents the extreme
outliers with the greatest amplitudes, as WTS is not sensitive to the ranges of am-
plitudes most efficiently populated by varying (A). The opposing case would imply
that varying o4 is a more realistic parameterisation but the absolute variable M dwarf
fraction is small. The ability of the latter case to better explain DI observations of a
disparity between the spot area accounted for by large spots and the true filling factor
of earlier active stars supports this parameterisation, however. It is not possible to use
the simulations to infer a true value of completeness for the methods used to detect
the variable sample. Samples of variable M dwarfs in the literature, in more complete

surveys (i.e. those conducted in the V band or another band where amplitudes are
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FIGURE 4.15: Figure 7 from Berdyngina (2005) showing compiled empirical values for AT
illustrating the decreasing trend in AT for cooler photospheres. While few observations of
spot temperatures have been made for early M dwarfs and none have been made for mid to
late M dwarfs, these observations can be used to inform estimates of spot coverages for given
amplitudes by constraining which models likely represent realistic combinations of T for a
given T, .

typically larger), either lack a quantification of the completeness themselves or lack suf-
ficient details to extrapolate a completeness to a predicted real fraction of periodically
variable M dwarfs. Assuming the simulations here can be taken as being representative
of real spot modulation on M dwarfs, surveys such as Kepler, which are sensitive to
even the lowest amplitudes found here, should be able to definitively provide a fraction
of periodically variable M dwarfs.

The expanded simulations can constrain the possible range of surface coverages for
variable M dwarfs found in WTS. In order to make estimates of the surface coverage a
value for AT must be assumed. Assuming the values of AT compiled by [Berdyugina
(2004, see Figure EETH) hold for the WTS variables, and that o4 is the driver behind the
larger spots observed on M dwarfs, surface coverages can be interpolated from the AT
binned results of the simulations. The W'TS variable M dwarfs are of spectral types M0
to M4, approximately corresponding to the T), values of 3750K to 3000K respectively.
For this range of T, the value of AT is shown by Berdyugina (2007) to be 250K-500K,
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FIGURE 4.16: The amplitudes and surface coverages of the simulated variables in the bins
used to predict surface coverages for the WT'S variable M dwarfs. The mean value is indicated
by the dashed line and the maximum value power law by the solid line. The colours indicate
the photospheric temperatures of the simulated stars as follow: , , 3250K, 3000K.

corroborated by later DI observations by Morin et all (20084). For the purposes of

these estimates, it is assumed that WTS M dwarfs typically obey the trend compiled

by Berdyugina (2005). For the estimates of surface coverage for the WTS variable M

dwarfs, therefore, only four bins of the simulations are considered: T,=3750K, AT
=500K; T,=3500K, AT =500K; T,=3250K, AT =500K; and T,=3000K, AT =250K.
The data for these bins are plotted in Figure and approximately occupy the same
distribution. The minimum surface coverage for any amplitude is found by a power
law with values adapted for these data with n =0.62 and m =1.2, and the mean of the
amplitudes for varying surface coverage predicts a mean surface coverage for each star.
The coverages interpolated from the light curve amplitudes are shown in Table

The ranges of minimum amplitudes found here indicates the somewhat obvious
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result that surface coverage of spots on these M dwarfs is considerably larger than that
of the Sun, ranging between 3.0% and 25.2%. It is important to again consider these
values as minima in the context of inclination; as these simulations were performed
at ¢ = 90°, the interpolated coverages of the real M dwarfs will be less than the
real surface coverages so long as their inclination is < 90°. The interpolated mean
surface coverages also attenuate due to this effect. The minimum value found here is
9.2% while the uppermost values exceed the range of simulations at >70%. It may
be the case that the simulations used here do in fact underestimate the true AT for
these stars and the largest amplitude examples are just those that happen to exhibit a
AT > 500K. To take into account this possibility surface coverages were interpolated
assuming the power law with parameters as described in Table For this case
the surface coverages vary between 1.8% and 11.4%. This range of surface coverages
is similar to that compiled from DI observations by Solanki & Unrull (2004) for late
G and early K dwarfs, while the mean values found from these simulations occupy a

range more comparable to the filling factors obtained from TiO observations.

Another noteworthy result of the simulations is the range of surface coverages that
are not detectable in the WTS. Even in the brightest unsaturated M dwarfs (J = 12)
it becomes difficult to detect stars where the amplitude is small (i.e. AJ < 0.1) where
periodicity detection rates are at best ~ 60%. Assuming that the least spotted star
found in WTS represents the lower amplitude limit to that which could be detected
in WTS, with a minimum surface coverage of >1.8%, it could be the case that the
majority of M dwarfs, while considerably more heavily spotted than the Sun, have
spot coverages below this value. This bodes well for planetary transit surveys. For
such surface coverages the maximum spot sizes are typically <1000 MSH. An Earth-
radius planet eclipsing an M dwarf, for comparison, eclipses ~10% this portion of the
stellar disc. Assuming these models hold true and it is the case that the majority
of M dwarfs lack a spotted coverage of more than a few per cent, the assumptions
made by Ballerini et all (2012) regarding spot coverage as a uniform factor of transit
depth alteration seem an appropriate treatment. Therefore effects of individual spots

on transit profiles should be small and transient due to the relative size and darkness
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Name ST AJ Cmin  Cmean Name ST AJ Cmin  Cmean
03d-1.04395 M1 0.017 0.042 0.159 19b_.3.03003 M4 0.015 0.037 0.143
03e.1.02053 K5 0.015 0.037 0.143 19b_3.08292 MO 0.028 0.066 0.237
03e-2.03325 M1 0.024 0.057 0.208 19b.3.09282 M1 0.028 0.066 0.237
03f.1.03040 M4 0.037 0.085 0.346 19b_3_12753 M3 0.037  0.085 0.346
03h_2.01177 MO 0.020 0.048 0.180 19¢_.2.05428 K7 0.115 0.237 0.823
03h_4.04646 M3 0.017 0.042 0.159 19¢_.3.01804 M3 0.036 0.083 0.332
07b_2_.02081 M4 0.029 0.068 0.244 19¢_.3.03299 MO 0.016 0.039 0.152
07b_2.02125 M3 0.014 0.035 0.133 19¢.3.04974 M2 0.010 0.026 0.095
07b_2.02237 M4 0.019 0.046 0.173 19¢.3.05921 M4 0.016  0.039 0.152
07b_3_.00631 M4 0.011 0.028 0.105 19¢.3.11273 M3  0.016  0.039 0.152
07b_3_02281 MO 0.043 0.097 0.439 19¢_4.10571 M4 0.032 0.074 0.278
07c-2.00282 M2 0.013 0.033 0.124 19c_4.12623 M3 0.034 0.078 0.305
07c¢2.00294 M3 0.012 0.030 0.114 19d-1.06078 M1 0.023 0.055 0.201
07c4.04250 M3 0.009 0.023 0.086 19d_.1.06603 M2 0.027 0.064 0.230
07d_1.02956 M1 0.037  0.085 0.346 19d_1.12693 M4 0.033  0.076 0.292
07d-1.03180 MO 0.042 0.095 0.423 19d_2.00740 M3 0.025 0.059 0.216
07d_1.06063 M3 0.013 0.033 0.124 19d_3.01140 M4 0.019 0.046 0.173
07d4.03625 M3 0.028 0.066 0.237 19d_3.01271 M4 0.026  0.061 0.223
07d_4.04577 MO 0.047 0.105 0.517 19d_3.02216 M4 0.023  0.055 0.201
07e2.01022 K2 0.078 0.167 0.727 19d_3.03681 MO 0.019 0.046 0.173
07e-2.02466 K7 0.110 0.228 0.833 19d_3.05922 M2 0.029 0.068 0.244
07e-2.06232 MO 0.023 0.055 0.201 19d_3.07286 MO 0.026  0.061 0.223
07f.3.00675 M1 0.051 0.113 0.659 19¢.1.03204 M1 0.042 0.095 0.423
07f3.03235 M4 0.019 0.046 0.173 19¢.2.02880 M4 0.013 0.033 0.124
07g-1.04615 MO 0.012 0.030 0.114 19e.2.09200 M4 0.018 0.044 0.166
07h_1.03267 MO 0.022 0.053 0.194 19¢.3.09622 M4 0.025 0.059 0.216
71a.1.01533 —  0.055 0.121 0.669 19f.3.08798 M4 0.026  0.061 0.223
17a_.3.00950 —  0.060 0.131 0.682 19f.3.12800 M3 0.018 0.044 0.166
17a_3.03244 —  0.068 0.147 0.702 19f4 06780 MO 0.048 0.107 0.651
17d.1.06032 —  0.022  0.053 0.194 19g-1.04348 MO 0.042 0.095 0.423
19a.1.00838 MO 0.025 0.059 0.216 19¢-1.05313 M4 0.041 0.093 0.408
19a.1.10932 MO 0.030 0.070 0.252 19g-1.10773 M4 0.023  0.055 0.201
19a_3.01981 M4 0.027  0.064 0.230 19¢2.03649 M3 0.053 0.117 0.664
19a.3.10735 MO 0.059 0.129 0.679 19¢-3.06870 M4 0.014 0.035 0.133
19a.3.11735 MO 0.081 0.172 0.735 19g.4.00989 M4 0.025 0.059 0.216
19b_.1_.10542 M1 0.038 0.087 0.361 19h_3.16170 MO 0.052 0.115 0.661

TABLE 4.3: The interpolated spot coverage fractions for the WT'S variable M dwarfs. Cnin
is the minimum surface coverage interpolated from the upper envelope power law as described
in the text and Cj,eqn is the interpolated from the mean amplitudes from each surface 0.05

width surface coverage bin in the simulations.
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of the largest spots in these cases. For more heavily spotted M dwarfs, effects such as

those described in Section would become greater considerations.

4.4 Dynamic models of evolving spot patterns

Another potential explanation for the small fraction of variable M dwarfs is the possi-
bility that spot modulated variabilities in M dwarf light curve do not remain coherent
over the time scales over which WT'S observations are made due to evolving spots on
the stars. Examples in WTS as shown in Section show dramatic changes in ampli-
tude and morphology over time scales of months to years, and Kepler observations have
shown that such changes can wholly distort a M dwarf light curve such that it would
not remain coherent for more than a few months (Muirhead et all, 2013). The obser-
vation by ICiardi et all (2011) that ~75% of the variable M dwarfs observed by Kepler
exhibit low-level white-noise-like variability raises the possibility that the variability
on these stars is due to a small and continuously evolving spot coverage.

As discussed in Section [L2]] while our undertsanbding of the evolution of Sun spots
has benefited from centuries of observations, no comparable studies have been possible
for other stars. Knowledge of spot distributions and evolution on stars cooler than
the Sun has been derived from only a few DI observations performed over the last two
decades and very recent light curve observations made in transit surveys such as Kepler
and WTS. As such there are no parameterisations, for example, of the distribution of
spot decay rates or the life times of spots on M dwarfs. It is therefore not possible to
quantitatively relate the changes in spot morphology observed in light curves to some
description of spot evolution on M dwarfs. In order to explore possible scenarios for
the observed variable behaviour it is therefore necessary to employ speculative models
evolving spot patterns on M dwarfs. As discussed in Section [[Z3], previous attempts
to model spotted M dwarfs have been dependent on analytically fitting the evolution
of the minimum number of spots required to explain the morphology of a light curve
(e.g. [Frasca et all, 2009). It is known that large spots (i.e. those that can be detected

by Doppler Imaging) only account for some fraction of the total spot coverage derived
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from TiO band filling factors (Solanki & Unruh, 2004), and that in some cases models
with limited numbers of spots are not complex enough to describe the full morphology
of some light curves (Harrison et all, 2012). Here, therefore, the approach is taken
to applying varying rates of spot evolution to the |Solanki & Unruh (2004) models

extrapolated to active stars.

Baumann & Solanki (2005) model the log normally distributed decay rates of spots,
previously postulated by [Howard (1992) and IMartinez Pillet_et. all (1993) and find their
models capable of reproducing observations. Due to the ubiquity of log normality in
spot parameterisations in the Sun and the ability of such distributions to be usefully
applicable for describing the spot size distributions on more active stars, it seems
appropriate to assume that spots on M dwarfs decay with a lognormal distribution of
decay rates for the purpose of simulations. These decay rates are modelled following
Baumann & Solanki (2007) using the linear decay law for spots, who find results that
are indistinguishable from a quadratic treatment. As well as applying solar decay rates
to M dwarfs, cases where the decay rates are 10 and 100 times greater than the solar
case are also modelled. For the relatively rapid growth rates of spots, the assumption
is made that they are 70% greater than the decay rates following observations by

Javaraiah (2011).

To meet the criteria that both the instantaneous distribution and the maximum
distribution both obey the same lognormal distribution, the maximum sizes of the spots
are given the initial condition of having a random fractional area of maximum extent
which each spot can grow to from, and decay from to, zero. This additionally simplifies
the placement of spots, such that they do not overlap, and thus the constrainment of
a fractional surface coverage. In effect this means that the surface coverage of the
star is free to vary between zero and the maximum input coverage and at any given
epoch will on average be at 50% of the maximum input coverage. The evolution of
the penumbra and the umbra follow the evolution of each component as observed
in sunspots, following Schlichenmaier et all (2010H) and [Gafeira et all (2012), with the
umbra emerging first and the penumbra growing after the umbra has reached maximum

size. Both umbra and penumbra decay uniformly.
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In order to limit the variables in the simulations, as described in Table 24l to just
those that are subject to the evolving spots single values of T, , Tyand AT are cho-
sen to provide a range of amplitudes characterised by the simulations in Section E.3],
specifically T\, =3500K, T; =2500K such that AT =1000K. These values are effectively
arbitrary, but keeping them constant enables the effects only from varying spot cover-
ages to be analysed. Two cases, one where maximum spot coverage is 0.2 and another
where it is 0.6 are considered. These values should give average coverages of 0.1 and
0.3, typical values for the spot coverages of the WTS variable M dwarfs. Periods occu-
pying the range of those found in WTS are sampled, specifically 1.62d, 12.74d, 22.34d
and 51.84d, and are chosen to avoid effects of picking near-integer day periods outside
of period-space regions in which the Lomb-Scargle performs poorly in the 19hr field.
Decay rates distributions are set to either 1, 10, or 100 times the solar decay rates.

A program written primarily in IDL builds the spot pattern as per previous sim-
ulations with additional subroutines to evolve and monitor the individual spots on a
0.001d temporal resolution. The coordinates of the spots are rotated about the sphere
of the star with the rotation period. The “observing strategy” is to run DoTS for a
snapshot of the model at epochs identical to those of the 19hr field star observations.
The output simulated flux values from DoTS are converted into a magnitude and nor-
malised to give a light curve varying relative to an arbitrary mean. Each simulation
is performed 20 times so as to produce examples of different spot patterns and thus
different light curve morphologies.

For reference, simulated stars are given names that reflect the input parameters:
maximum surface coverage, period, and solar decay rate factor, and iteration. For
example, ¢0.2_p12.74.d10.04 is the fourth instance under the same parameterisation
of the simulation with a surface maximum coverage of 20%, a period of 12.74 days and

an average spot decay rate 10 times that of the Sun.

4.4.1 Morphological results

The results of the simulations provide some interesting cases that are both quantita-

tively and qualitatively similar to observed instances of varying variability in Kepler



4.4 DYNAMIC MODELS OF EVOLVING SPOT PATTERNS 109

~0.02f T ~0.02f
~0.01} —0.01§
0.00¢ 0.00 ¢ |
- g ] - g S
0.01¢ E 0.01¢ E
0.02} 0.02}
0-035\ I I Il I I I Il I I I Il I I I Il I I \: 0-035‘ I I Il I I I Il I I I Il I I I Il I I \;

00 02 04 06 08 1.0 00 02 04 06 08 1.0

Phase Phase

FIGURE 4.17: The simulation c0.20_p1.62_d10.00_1. The plot on the left shows the data
from the first 200 days of observation, the data on the right the subsequent observations.
The dichotomous nature and the lack of transition between the two states is simply due
to the rapid emergence of the largest spot occurring during the analogous Summer month
observations when the star would not be observed in the 19hr field.

and WTS. The simulation ¢0.20_p1.62_d10.00_1 (Figure ELTT) bears an extremely sim-
ilar resemblance to the variability seen in 17d_1.06032 (Figure B), which shows no
apparent variability in the earliest section of the light curve and then a very significant,
sinusoid-like variability in the latter part of amplitude ~0.02. The same behaviour is
seen in the simulation of ¢0.20_p12.74.d100.00_3 and others. This is driven by the
change in spot coverage from that dominated by medium sized spots distributed across
the star to one with medium spots and one large spot emerging. The transition is
not seen as it occurs during a period when no observations are made, effectively the
Summer months for the 19hr field, and thus the light curve appears to exist in two
distinct states as with the example found in the 17hr field. Similar scenarios are found
in a variety of other simulations where a star with low amplitude variability changes
seemingly dichotomously to one with a pronounced, larger amplitude sinusoidal vari-
ability, driven by the emergence of large spot. In some cases the reverse can be seen,
where a large spot decays and a strong sinusoidal signal disappears.

Other examples show changes in light curve morphology similar to that seen in
the stars 19c¢_2_05428 (Figure BY) and 07e¢_2_02466 (Figure B6). Simulations such as
¢0.60_p12.74_d10.00_3 maintain the same morphology but vary in amplitude throughout
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Ficure 4.18: Examples of synthetic light curves referred to in the text, from the
top left going clockwise: ¢0.20_p12.74.d1.00_1, ¢0.20_p22.34_d100.00_3, ¢0.60_p1.62_d1.00_6,
c0.60_p12.74_d10.00_3.

the simulation as medium sized and small spots evolve over the surface mimicking other
simulations such as c0.2_p12.74_d1.00_1 and c0.2_p22.34_d100.00_3 mimic 07e_2_02466,
similarly transitioning between one morphology to another (Figure EEIX)) . A few sim-
ulations, such as ¢60_p1.62_d1.00_6, resemble the evolving spot coverage observed by
Muirhead et all (2013) in the white dwarf-M dwarf binary KOI-256 where light curve
morphology switches from having one peak and trough per phase to two. The examples
are shown in Figure

The overall morphological picture emergent from the simulations is a diverse one.

The variety of morphologies produced by the simulations includes many examples that
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bare no resemblance to those found in WTS and other M dwarf variability surveys.
Although there is a superficial resemblance of some light curves to eclipsing binaries,
these can be distinguished from effects due to spots either by their short periods, in the
case of contact binaries, or by wholly flat maxima. It may be that some scenarios are
not physically possible and that sinusoid and saw-tooth like morphologies are prevalent
for physical reasons. Conversely, it could be that common methods for detecting M
dwarfs are not sensitive to the more complex morphologies that can emerge from dis-
tributed, evolving spot patterns. Such simulations do not necessarily exist in a specific
parameter space, although instances where the light curve appears to move through
several morphologies typical require lower decay rates where D = 1 or D = 10. Many
of the simulations have a morphology that mimics that of eclipsing binaries with two
peaks and troughs per phase but with much longer periods caused by having spots

dimming the star on opposing East-West hemispheres.

4.4.2 Noise resulting from spot evolution

Small variations in spot coverage can be expected to invoke noise in the light curve
that would appear as white-noise-like. |Ciardi_et. all (2011) find that for many M dwarfs
in the Kepler sample white noise like variation is common. The simulations of M
dwarfs with varying spot coverage can be used to estimate the contribution to the
noise from spot evolution for different spot coverages and decay rates. In order to
measure this, a smoothing spline composed of eight parabolic segments is fitted to
each phase folded light curve and subtracted, to remove the most significant trend due
to spot modulation. The standard deviation of the light curve after this subtraction
is then found. The remaining light curve is not strictly one of pure white noise but
instead composed of fragments of the light curve at various superposed stages of spot
evolution.

Figure shows the mean standard deviation of each light curve after the aver-
age modulations have been subtracted. It is apparent in all instances that the noise
increases with a greater decay rate; it is also expected that this effect is greater for

long periods as more spot evolution would occur per phase as the time scale for spot
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FIGURE 4.19: Period and spot evolution rate against mean light curve standard deviation
for the simulations. Red stars are for C' = 0.6 and green circles for C' = 0.2. The colours
go from light to dark for decay rates D = 1 to D = 100. For higher decay rates, the noise
invoked in the light curve after the modulation is removed tends to be greater, although the
relation of this to the period is not as well defined and no trend with increasing period is
evident.

evolution approaches or is less than the period, although this is not evident in the
simulations. The noise invoked by the spot evolution is in many cases an order of
magnitude smaller than the amplitude of the light curve, with the exception of some of
the C' = 0.6 simulations (for which the average spot coverage during each simulation
is 0.3) where the standard deviation of the light curve approaches the amplitude for
the larger decay rates. The dispersion in the light curves caused by spots is of the
same order as that found in WTS for the brightest unsaturated stars, suggesting that
variation due to spots could contribute a significant component to the noise of heavily
spotted M dwarf light curves in the J band, and more so at shorter wavelengths where

the effects of spots are more pronounced.
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FI1GURE 4.20: The phase folded light curve and Lomb-Scargle periodogram for simulation
¢0.60_p12.74_d10.00_5. A significant peak is found corresponding to the real period but is
found amongst several other peaks of similar or greater significance.

The effects of the evolving spot coverage on the ability of the Lomb-Scargle peri-
odogram to detect a period corresponding to the real period are also investigated. In
order to obtain some measure of how the spot evolution affects the period retrieval, the
height of the peak corresponding to the real period in each periodogram, if there indeed
is one, is measured as a fraction of the height of the highest peak. In some instances
the effects of spot evolution obfuscates the periodogram peak corresponding to the true
period, for example in simulation ¢0.60_p12.74_d10.00_5 (Figure E20), where the peak
corresponding to the real period is less significant than a number of other spurious
peaks in the periodogram. This is only seen for stars in which the decay rates are on
average greater than those found in the Sun. In Table EE4l for each simulation, the
mean height of the peak corresponding to the real period as a fraction of the highest
peak is shown. This is also shown in Figure 211 This is averaged over all 20 instances
of each parameterisation. In some individual instances the true period is detected as
the highest peak, in some it is not detected as the highest peak but still occurs as a
significant peak (for example, the highest peak may correspond to an alias), and in

others it is not detected as a significant peak at all. For many period and coverage
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combinations, this ratio decreases for increased decay rates, indicating the diminishing
effect the rate at which the spot coverage evolves has on the ability to detect a period,
although the dependency on decay rates is much less evident here than it is for the
light curve noise, owing to the effects complex light curve morphologies can have on
period detection. As an illustrative example, light curves where there are two maxima
and minima per phase may have a period detected at half that of the actual period. In
some instances no peak is detected as the spot evolution is sufficiently rapid to wash

out the modulation due to rotation.

In addition, this was tested in the presence of additional noise equivalent to that
found in the light curves at J = 12 and J = 16. When J = 12, 2% of the rotation peri-
ods could not be detected at D = 100 and for one simulation it could not be detected at
D = 10; when J = 16, 8% could not be detected at D = 100 and 5% could not be de-
tected at D = 10. This does not necessarily mean that some alike fraction of the WT'S
variables were undetected because of rapid spot evolution, since the real average decay
rates of the WTS M dwarfs are unknown, but assuming that they are substantially
super-Solar, it could be assumed that some fraction is not detected because of rapidly
evolving spots. While some stars in the WTS do indeed exhibit morphological changes
in the light curves explicitly necessitating super-solar spot evolution rates, many do

not.

These results from the simulations suggest that some fraction of the real variable M
dwarfs in WTS may have been discounted amongst the 3108 stars not included in the
final sample for not appearing as periodically variable, as spot evolution diminished
the height or otherwise obfuscated the periodogram peak corresponding to the real
period or altered the morphology of the light curve such that it did not appear to be
a bona fide periodic variable. As the dispersion of the light curve due to spots is of a
similar order of magnitude to that of the instrumental noise, however, it would prove
difficult to distinguish these stars. Detecting noise on this level, however, perhaps has
implications for the detection of planetary transits around heavily spotted M dwarfs.
A Neptune radius planet transiting an M2V star could be expected to cause a 0.2%

drop in magnitude, less than the largest values found for spot induced noise in case of
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Coverage Period Decay Rate Peak height (J =12) (J = 16) o

0.200000  1.62000 100 0.876029  0.850939 0.676787 0.00630985
0.200000  1.62000 10 0.939541  0.876997 0.636997 0.00481057
0.200000  1.62000 1 0.963150  0.974710 0.586898 0.00271366
0.200000  12.7400 100 0.723544  0.659425 0.309202 0.00492369
0.200000  12.7400 10 0.700949  0.736282 0.513035 0.00477283
0.200000 12.7400 1 0.682717  0.692102 0.462517 0.00384849
0.200000  22.3400 100 0.987579  0.980752 0.746632 0.00497909
0.200000  22.3400 10 0.937210  0.936867 0.662749 0.00412148
0.200000  22.3400 1 0.780431  0.796435 0.581832 0.00376473
0.200000 51.8400 100 0.710258  0.637744 0.410469 0.00394735
0.200000  51.8400 10 0.829989  0.836371 0.598433 0.00377187
0.200000  51.8400 1 0.869530  0.875191 0.715849 0.00367006
0.600000 1.62000 100 0.819529  0.826167 0.826931 0.0171010
0.600000 1.62000 10 0.852807  0.854689 0.826915 0.0165583
0.600000 1.62000 1 0.874127  0.872887 0.872844 0.00769817
0.600000 12.7400 100 0.610109  0.608994 0.619248 0.0187932
0.600000 12.7400 10 0.787950  0.785160 0.802491 0.0171317
0.600000 12.7400 1 0.668704  0.674172 0.657562 0.0102244
0.600000  22.3400 100 0.651275  0.643140 0.645037 0.0203869
0.600000  22.3400 10 0.855784  0.857860 0.854992  0.0173928
0.600000  22.3400 1 0.869314  0.873004 0.846856 0.0105497
0.600000 51.8400 100 0.729557  0.726880 0.705235 0.0181943
0.600000 51.8400 10 0.756079  0.758195 0.742377 0.0172717
0.600000 51.8400 1 0.836344  0.832575 0.833486 0.00896410

TABLE 4.4: Results from the simulations averaged over the six iterations of each parameter
set; o is the mean standard deviation of the light curve after the rotational modulation has
been subtracted and peak height is the mean normalised height of the peak corresponding to
the period as a fraction of the next highest peak in the periodogram. The adjacent column
indicate this same parameter if noise equivalent to that found in light curves at J = 12 and
J =16 is added to the simulated light curves. In most instances, except at the highest decay
rate, this has little impact on the ability to detect the period as the surface coverages used
are typically sufficient for a detectable signal at these noise levels. For each period, o tends
to increase for greater decay rates while peak height decreases.
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FIGURE 4.21: A plot of the mean periodogram peak height corresponding to the true
period as a fraction of the height of the most significant peak. Symbols as in Figure ET9 No
clear trend is present indicating that other factors such as the exact spot pattern of a star
may effect the ability of the Lomb-Scargle periodogram to detect the correct period rather
than purely the noise present in the light curve.

moderately large coverage (~30%) and super Solar spot evolution rates. Continuous
tracking of a varying light curve (i.e. as with Kepler) would allow for the removal of
these effects, whereas intermittent observations (i.e. as with WTS and other ground
based surveys) would not allow for the monitoring of an evolving spot pattern, and

would thus show up as noise over long periods of observations.

From Ha observations of variable M dwarfs discussed in Section[[LT3, the variability
of the activity in M dwarfs increases with later spectral type while the magnitude of
the activity decreases (Lee et all, 2010; [Kruse et all, 2010). Activity is also found to
vary on more rapid time scales for later M dwarfs (Bell et _all, 2012). It could therefore

be expected that spot evolution on these stars is also far more rapid and well described
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by simulations of stars with a relatively low spot coverage and rapidly evolving spots.
If the trend in spot temperature contrasts, as found by [Berdyngina (2005), continues
to the late M dwarfs then it could be expected that by M5V, AT = 200K, and by
late M it would perhaps by < 100K. Therefore, even if these stars are heavily spotted
with rapidly evolving spots the noise expected to be found would be of a very low level
owing to the very low brightness contrast expected between the spotted and unspotted
photosphere. Thus in the context of detectable fractions of M dwarfs there may be a
trade off between the absolute fraction of active stars and the fraction of active stars

with long duration, high contrast spots with increasing spectral type.

4.5 Spot evolution on the WTS M dwarfs

As is apparent from the simulations, stars with a higher surface fraction of spotted
photosphere have noisier light curves due to spot evolution. As such, the WTS light
curves are reanalysed to see whether this holds true in real M dwarfs. In order to
measure spot evolution on the WTS M dwarfs, the modulation due to rotation is
subtracted in the same manner as in the simulations to leave a flat light curve with
no modulation, and the raw standard deviation o, of it is found. As the WTS M
dwarfs are observed at different magnitudes, the light curves will have different levels
of random noise. The noise corresponding to the magnitude of the star o is subtracted
from o, to find the excess noise for that star o., such that o, = \/W' This o, is
therefore presumably due to real astrophysical processes such as spot evolution. The
values of o, for the WTS variable M dwarfs are plotted in Figure as a function
of the mean estimated spot coverage. The Spearman rank coefficient is calculated for
the trend to be 0.768 with a significance of >8c. The excess noise in the light curves
is therefore quite strongly correlated with the surface coverage of the light curve to a
high degree of significance, as expected, showing that more heavily spotted stars have
noisier light curves. This provides further evidence for the description of M dwarf spot
coverage being best described as composed of a pattern of many evolving spots instead

of a few monolithic spots. With further simulations at different levels of spottedness
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FIGURE 4.22: A plot of the mean coverage Cpeqan as tabulated in Table Versus oe.
The trend appears to be linearly correlated in log-log space and thus a power law o, =
0.0211C)eqn 88 is fitted and shown by the dashed line. The two outlying points are possibly
instances where the modulation is the result of a single large spot or spot group evolving
slowing as opposed to being dependent on a number of independently evolving spots.

it should be possible to infer mean spot decay rates as a function of the mean solar
decay rate for the WTS M dwarfs. As the trend found appears linear in log-log space
a power law o, = 0.0211C,,ean*® is fitted to the data.

4.6 Summary

In order to gauge how well the Lomb-Scargle periodogram could detect light curves of
varying amplitudes and periods, simulations whereby sinusoids were injected into ran-

domised, none-period WTS light curves were tested for period detection. The strong



4.6 SUMMARY 119

amplitude-magnitude dependence (as seen in Figure Bl) due to noise becomes appar-
ent, as do the effects of the seasonal observation strategy of the WTS. Aliasing with the
observation periods results in the periodogram being unable to detect certain periods
greater than 20d. This effect is magnified for the fields where less observations have
been made, as variable light curves will have poorer phase coverage.

Simulations using single, static models from [Barnes et all (2011) are used to gauge
how light curve amplitude varies with spot coverage and wavelength. Using spot distri-
bution models extrapolated to more active stars by Solanki & Unrull (2004), new mod-
els are created to test two different means of creating spot distributions, namely by vary-
ing the width or the mean of the spot size distribution, for more heavily spotted stars,
which can reproduce light curve amplitudes as observed in WTS. [Solanki & Unruh
(2004) find models that vary the spot size distribution by linearly varying the width
of the distribution with increasing activity levels better reproduce the fraction of large
spots as observed in Doppler images. Similarly, it is found that this can also more
efficiently replicate the W'T'S variables, and indeed is required to generate spot modu-
lated light curves of the amplitude range observed in WTS. Minimum and average spot
coverages are then predicted for the WTS stars based on their light curve amplitudes.

The models are then adapted to produce evolving spot patterns based on spot
evolution observations of the Sun at three different magnitudes of evolutionary rate,
and WTS-like observations of stars with evolving spot patterns are simulated. Stars
with a greater spot coverage and larger decay rates are shown to have noisier light
curves. The estimated spot coverages for the WTS M dwarfs are shown to be strongly
correlated with the excess noise in the light curves evidencing the paradigm of M
dwarfs with many evolving spots. While M dwarfs do not exhibit large degrees of
differential rotation, improvements to the models to include this, as well as meridional
drift, if significant, will improve the model predictions for the effects of long term spot

evolution on light curves.
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Conclusions and Future Work

Solar activity has for centuries been the subject of much study and with improved
technology in more recent times the study of the activity of small, fainter stars has
become increasingly possible. Fruitful exoplanet detections around early type main
sequence stars and efforts to detect terrestrial planets around M dwarfs has renewed
the interest in the variability of these most common stars, and data from transit surveys
has made such studies increasingly possible. Of particular interest is the spottedness
of these M dwarfs, both in the context of understanding magnetic activity and field
morphology across the partially radiative and fully convective regimes, and also for the

assessment of its impact on transit and radial velocity planet detection surveys.

Through use of tracers for chromospheric activity, such as He, it is known that the
fraction of active M dwarfs increases with later spectral type while the magnitude of the

activity decreases (e.g. Reiners et all; 20124). The spottedness of M dwarfs, however, is
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relatively poorly understood in comparison to that of earlier type stars. A diverse range
of magnetic topologies are found in fully and partially convective M dwarfs (Donati,
2011) and it remains unclear how spots are formed in the varying contexts of these.
The formation, parameterisation, and evolution of sun spots is well characterised by
long running campaigns of solar observations such as that of the Mt. Wilson Observa-
tory (Bogdan et all, 1988). Doppler Imaging of G and K dwarfs, whereby the largest
spots of a reasonably rapidly rotating star are mapped, has allowed for some character-
isation of the spots of these stars. Combined with the use of molecular bands such as
TiO as diagnostics of total spot coverage filling factors (O’Neal et all, [199€), this has
allowed for tentative characterisation of spot size distributions for more active stars
Solanki & Unruh (2004). A few such Doppler Images of early M dwarfs have been
made (e.g. Barnes et all, 2002) although the lack of any such filling factor diagnostic
prevents the true spot coverage from being measured, although observations made have
shown large spots or spot groups distributed uniformly across the stellar surface, rather
than being contained at specific latitudes or longitudes as in earlier spectral types. As
the targets are faint, however, follow up may be difficult. Additional high resolution
spectroscopy, (e.g. using an instrument such as Hectochelle, Szentgyorgyi et all, 2011)

may help to characterise the WTS sample.

5.1 Results from the WFCAM Transit Survey

The WFCAM Transit Survey provides a long baseline of M dwarf observations with
sensitivity to periods of hundreds of days. The M dwarfs in the survey are identified
by means of a robust typing procedure that relies on spectral standard colour index
relations from |Covey et all (2007) and [West. et all (2011). The variables in the M dwarf
sample are then identified with a Lomb-Scargle periodogram to detected periodicity
in the light curve. A total of 72 periodically variable stars with colours indicative of
being M dwarfs are detected with periods of 0.16 to 90.33 days and amplitudes of up to
0.115 in the J-band. Photometric parallaxes (Bochanski et _all, 2011) and SDSS proper

motions are used to estimate the population membership for the stars in the sample.
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While the stars of different age estimated groups do not appear to be drawn from sta-
tistically distinct populations, some comparison to other periodicities samples can be
made. The stars of later spectral type have a greater range of periods than the earlier
spectral types, corroborating results from [rwin et all (2011). Pending observations
using the Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST, also
known as the Guo Shoujing Telescope, [Cni_et. all, 2012) will aid the further character-
isation of the periodically variable sample (and other M dwarfs in WTS). If vsini can
be measured, for example, if assumptions of the stellar radii are made inclinations can
be estimated. Other activity indicators such as Ha or other chromospheric lines will
enable direct comparisons of chromospheric activity with the photometric variability.
Radial velocities measurements, combined with improved proper motions for the 19hr
field obtained directly from the WTS images, will allow the calculation of the space
motions for the variable M dwarfs, and thus provide a means of assessing the proper

kinematic population membership of these stars.

The amplitudes of the light curves are found, on average, to decrease with later
spectral types. This decrease is perhaps analogous to the decrease in Ha luminos-
ity observed by Mohanty & Basri (2003) and subsequent sources with later spectral
types; as the cooler atmosphere becomes increasingly neutral, magnetic effects can
become increasingly damped IMohanty et all (2002). The amplitude decrease seen for
later spectral types in WTS may be due to the decrease in the difference between the
temperatures (and therefore brightnesses) of the unspotted photosphere and the star
spots, AT . Berdyugina (2004) finds a trend for decreasing AT for decreasing photo-
spheric temperatures, and thus by mid-M the low temperature difference results in a
low contrast in brightness. This is perhaps an aspect of the same effect of magnetic
damping that could result in the decrease of relative Ha emission moving from mid to
late M dwarfs, although this will require extensive magneto-hydrodynamic modelling
to be substantiated; MHD models by [(Chabrier & Kiiker (2006) do predict that an o?
dynamo would manifest in the form of small, low contrast photospheric spots too small
to be detected in the form of light curve modulation. These effects therefore would

conspire to result in a much lower amplitude spot modulation, and may also explain
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the lack of variable M dwarfs later than M4 in the W'TS sample. Besides the relative
scarcity of late M dwarfs in the sample, as the amplitudes resulting from spot modula-
tion are already much lower in the J-band than at shorter wavelengths, and as late M
dwarfs are intrinsically faint, any spot modulation is likely of lower amplitude than the
limiting noise of the observations. For example, at J = 17, where most of the WTS
stars later than M4 are found (Figure ZZI2) the sensitivity to amplitudes < 0.05 is poor,
and for < 0.03 is zero (Figures L2 and EE4). Trwin et all (2011) detect variable mid to
late M dwarfs in the MEarth sample with amplitudes of the order of 0.02 magnitudes
at shorter wavelengths than the J-band (the MEarth pass band is centered at 715nm),
indeed indicative of smaller amplitudes for later M dwarfs. As shown in Figure E6l,
even in the /-band (806nm) amplitudes for spot modulated M dwarfs are considerably
greater than in the J-band and thus it does seem to be the case that WTS is not
sensitive to variable M dwarfs later than M4. The detection of spot modulation for
stars with periods of weeks to months long, as found in similar mid to late M dwarf
studies by [Kiraga & Stepierl (2007) and lrwin et all (2011), indicates that at least in
some instances magnetic activity is not wholly dependent on rapid rotation in early M

dwarfs.

Some light curves for the variable M dwarfs show clear examples of evolving spot
patterns as the light curve morphology and amplitude varies over time. The morpholo-
gies are indicative of complex spot patterns composed of a number of spots evolving
independently on times scales of months to years. Examples showing saw-tooth like
morphologies and multiple minima and maxima require spot patterns composed of mul-
tiple small and medium sized spots, not just a few large spots as modelled in earlier
works. In one instance, a star with no apparent periodic variability for the first two
years of observations evolves into a state exhibiting spot modulation over the latter

year of observations.
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5.2 Simulations of spotted M dwarfs

Simulations are carried out to assess the sensitivity of the methods used for detecting
periodic variability. It is found that due to the seasonal blocks of observation epochs in
the WTS observations some ranges of periods cannot be detected by the Lomb-Scargle
periodogram, and there is a strong dependence on the light curve noise on the low
limit of the amplitudes that can be detected. W'TS fields with fewer epochs are less

complete on average due to poorer phase coverage for longer period M dwarfs.

Attempts to model periodically variable M dwarf light curves, with models invoking
just a few large spots, fail to account for the complex morphologies and evolution some
variables exhibit (Harrison et all, 2012), while models based on a pattern of uniform
spot sizes similarly lack an observational precedent or support from spot size distri-
butions (Jackson & Jeffries, 2013). The results found here somewhat contradict the
general conclusions of WJackson & Jeffries (2013) from their simulations of spotted M
dwarfs that use uniform dark pixels on a stellar surface as a proxy for spots. They
conclude that low amplitude M dwarf modulations is due to a heavily spotted pho-
tosphere. While the models used here do indicate a down turn in amplitudes for the
most heavily spotted stars as the surface becomes more wholly spotted, the lowest
amplitudes are in fact found for M dwarfs with small fractional surface coverages. This
is likely due to their treatment of spots as randomly distributed dark pixels peppering
the photosphere. As the authors suggest, Doppler images provide motivation against
the treatment of spots in this manner. As shown by Solanki & Unruh (2004), com-
parisons between Doppler images and TiO derived filling factors indicate that some
portion of the spots is accounted for by larger spots with some fraction composed of
smaller spots not resolved by Doppler imaging. If spots were to be described purely
as uniform spots, the evolution as seen in WTS could not be explained. Transitions
between morphologies in light curves require reasonably large changes in East-West
hemispheric brightness of the stars that would require the simultaneous growth and
decay of many of these spots with respect to the stellar hemispheres. Nor can they be

explained by a few large spots evolving, as the morphologies require more complex spot
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patterns. Instead they necessitate a range of medium to large of spot sizes undergoing

dynamic evolution.

New models with an empirical precedent for many spots of varying sizes are used.
Extrapolations to more active stars as described by [Solanki & Unruh (2004) form the
basis for these new models of variable M dwarfs and, assuming models under which the
width of the spot size distribution increases with activity, successfully reproduce the
range of amplitudes and morphologies observed in WTS and other surveys, through
spot patterns composed of a combination of large and small spots. Power laws are
found to describe the upper limit of the amplitudes with respect to spot coverage and
thus provide a limit on the minimum spot coverage required to generate any given
amplitude in absence of knowledge about a star’s photospheric and spot temperatures.
Using these models, spot coverage fractions are estimated making assumptions about
the likely ranges of spot and photospheric temperatures of the WTS M dwarfs. The
coverage fractions are generally of the same order as those found in K dwarfs from
TiO band filling factors (Solanki & Unruh, 2004, and references therein), and in some
instances are higher. The minimum spot coverages for variable M dwarfs indicate that
the surfaces of many of the variable M dwarfs have a fractional surface spot coverage
of > 0.1. In these models, larger amplitudes are generated by medium to large sized

spots capable of reproducing the morphologies observed in WTS and Kepler.

Simulations modelling the evolution of spots at Solar and super-Solar rates quan-
titatively reproduce the behaviour as observed in WTS and Kepler M dwarfs. These
models could be used further to study the effects of spot evolution on transit surveys
conducted in a similar manner to WTS. The effects of evolving spots on the noise of
the light curve are quantified, and a connection between spot coverage and noise in-
voked from spot evolution is established. It is found that the M dwarfs with the larger
modulation amplitudes have noisier light curves after the modulation is subtracted.
This is interpreted as being the result of many spots evolving over the duration of the
observations. The picture of variable M dwarfs that emerges from the observations and
simulations is of heavily spotted stars, typically with > 0.1 fractional surface coverage.

The spots sizes are best described as a mix of a small number of large and medium
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spots with many small spots, quantified by a log-normal distribution that grows wider
with increasing levels of activity. The difference between the spot and photospheric

temperature becomes increasingly smaller with later spectral types.

5.3 Future work

A firm observational mandate for the assumptions of the simulated models is still
lacking as there are few Doppler images of M dwarfs and no known diagnostic for de-
termining spot filling factor. Photometry alone is not alone able resolve many issues,
although future Doppler Images of mid to late M dwarfs would break the degeneracies
between spot and photospheric temperature and establish the sizes of the largest spots
in the distributions for these stars. Such Doppler images of late type M dwarfs would
indeed help to verify predictions made by the models of turbulent dynamos thought
to operate in fully convective stars. High resolution observations with the VLT us-
ing UVES will enable the better characterisation of spot patterns on late M dwarfs,
more so with next generation instruments such as HIRES proposed for the E-ELT
(Pasquini_et_all, 2008), due to begin operation some time in the next decade. The FeH
band at 9900A represents a potential choice for determining the spot filling factors of
M dwarf (O’Neal et _all, 2005) which would firmly establish both the total spottedness
of M dwarfs and place limits of the parameterisation of the spot size distributions.
Multi-colour photometry of the variable M dwarfs can also aid the breaking of de-
generacies with regards to spot temperature and coverage and empirically explore the
dependency of light curve amplitudes on spot coverage at different wavelengths. This
is particularly important for determining the impact of spots on transit detections and
planet parameterisations (Ballerini et all, 2012).

The wealth of data from NASA’s Kepler telescope provides observations of M dwarfs
that are unequalled in their cadence and overall time baseline and light curves from
this survey will prove a major informer to understanding of M dwarf variability and
activity. Kepler’s observations at shorter wavelengths also result in a greater sensitivity

to spots. An analysis of the variability of M dwarfs in Kepler can be used to better
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inform models of spotted M dwarfs. As the observations are continuous, rapid spot
evolution would not result in a noise like dispersion in light curves and dispenses of the
need to fold light curves over long periods of observations in order to obtain complete
phase coverage. This could enable stricter constraints to be placed on the NASA’s
planned Transiting Exoplanet Survey Satellite (TESS) will provide further long term,
near infra red (600-1000 nm) photometric monitoring of the closest I < 13 M dwarfs
(Ricker et _all, 2010) and will provide a further wealth of M dwarf light curves that will
enable a more detailed study of the long term variability of these stars.

The WFCAM Transit Survey contains extensive light curves of main sequence stars
observed in the near infra red and can potentially provide a wealth of additional science,
for example, the variability of stars both of an earlier spectral type and other luminosity
classes and how these compare to the M dwarf sample. No full detection and analysis
of flares in the near infra red was carried out. While literature sources suggest that
bright J-band flares should be very rare (e.g. [Tofflemire et all, 2012), one example of a
particular bright flare was nevertheless found serendipitously and more may be found
in the data to place better constraints on the near infra red flaring of M dwarfs. The
simulations of spotted M dwarfs can be extended to include planetary transits to better
determine the ability of ground based transit surveys at detecting and characterising
planets of varying radii and periods in the presence of varying levels of stellar activity
and spot size distributions. Other improvements to the simulations could include
differential rotation, if this is indeed significant for M dwarfs, or the conglomeration
and fragmentation of spots. Further spectroscopic observations of the periodically
variable WTS M dwarfs, as well as the other M dwarfs with noisy light curves for
which no periodic variability is detected, may further characterise the nature of active

M dwarfs.
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Appendix

A1 Light Curves and Periodograms

This section lists the light curves and periodograms found for the stars in the WFCAM
transit survey. The format for each of the figures is as follows: Top: plot shows the
unfolded light curve with consecutive observations coloured in blocks. Middle left: The
Lomb Scargle periodogram with the peak corresponding to the period marked by the
red line and the dotted black line indicating the FAP threshold. Middle right: The
CLEAN periodogram with the red line indicating the period as found from the Lomb-
Scargle periodogram. Lower left: The light curve folded about the period as derived
from the CLEAN periodogram maintaining the colours ascribed from the unfolded
light curve. Lower right: The folded light curved binned to indicate the modulation.
In each of the peridograms the vertical red line is indicative of the initial period as
found by the Lomb-Scargle periodogram. The period found by the CLEAN algorithm
is the period ultimately settled on, as indicated by the largest peak, although the red

line indicates the Lomb-Scargle period for comparison in each CLEAN periodogram.
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FIGURE A2: As in Figure [A]l for the star 03e_1.02053. The morphology of this light curve
appears to be saw-toothed, although a differing morphology is seen for the red-coloured
epochs, perhaps indicating spot evolution.
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FIGURE A3: As in Figure [A2 for the star 03e_2_.03325.
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FIGURE A5: As in Figure [A4l for the star 03h_2_01177.
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periodograms. In both instances, the peak corresponding to the rotation period is fragmented.
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FIGURE A8: As in Figure [A7 for the star 07b_2_02125.
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FIGURE A9: As in Figure [AS8 for the star 07b_2_02237.
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FIGURE A10: As in Figure for the star 07b_3_.00631.
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FIGURE A11l: As in Figure for the star 07b_3_.02281. A long term trend is also seen
in the unfolded light curve showing the star decreasing in brightness over ~3 years.
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FIGURE A12: As in Figure [AT]l for the star 07c¢_2_.00282.
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FIGURE A13: As in Figure for the star 07¢_2_.00294.
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FIGURE Al4: As in Figure for the star 07c_4.04250. The periodic nature of this
star is not obvious in the folded light curve, although both the Lomb-Scargle and CLEAN
periodograms and binned data reveal the low-amplitude variation.
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FIGURE A15: As in Figure [AT4] for the star 07d_1.02956. This star shows obvious ampli-
tude evolution with the amplitude in earlier observations (yellow) indicating a much smaller
amplitude than is later seen after ~ years of observations (purple and blue). As the average
magnitude of the star decreases during this change, this is evidence of an increase in the
number of dark spots on the stellar surface resulting in the change in amplitude.
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FIGURE A16: As in Figure for the star 07d_1_03180.
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FIGURE A17: As in Figure for the star 07d_1_06063.
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FIGURE A18: As in Figure [AT7 for the star 07d_4_03625.
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FIGURE A19: As in Figure for the star 07d_4_04577.
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FIGURE A20: As in Figure for the star 07e_2_01022.
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FicUrRE A21: As in Figure [A20 for the star 07e_2_.02466. As discussed in Section BA, this
start shows clear evidence of spot evolution.
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FIGURE A22: As in Figure [AZ]] for the star 07e_2_06232.
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FIGURE A23: As in Figure for the star 07f.3_.00675.
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FIGURE A24: As in Figure for the star 07f.3_.03235.
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FicURE A25: As in Figure for the star 07g_1_04615. While the periodic nature is not
obvious in the folded light curve, the presence of a significant peak in any arbitrary grouping
of observation epochs indicates that a periodic signal is in fact present throughout the entirity
of the observations.
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FIGURE A26: As in Figure for the star 07h_1_03267.
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FIGURE A27: As in Figure for the star 17a_1.01533. Comparing the periodograms
for this star indicates the ability of CLEAN to derive the true period where Lomb-Scargle
finds a crowded periodogram.
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FIGURE A28: As in Figure for the star 17a_3.00950.
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FIGURE A29: As in Figure for the star 17a_3.03244. As seen in Figure the peri-
dodic nature is not evident in the folded light curve, although is found by both periodograms
throughout the observations.
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FIGURE A30: As in Figure for the star 17d_1_.06032.
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FIGURE A31: As in Figure for the star 19a.1.00838. As seen in Figure and
the peridodic nature is not evident in the folded light curve, although is found by both
periodograms throughout the observations.



A1l LiGHT CURVES AND PERIODOGRAMS 171

500 1000 1500 2000
HJD -54000

16.02

16.04

™ 16.06

16.08

16.10

O\\‘\\\‘\\\‘\\\‘\\\‘\\\

[EnY
o
T
I
[any
o
I

o
oo
T
I
©
o
T
I

o
(2}
T
I
©
(o2}
T

o
~
:

Normalised power
o
N
T
L

Normalised power

o
[N
o
(V)

o
o

1 10 100
Period (d)

16.00
16.02 ‘

16.04

16.06

J mag
J mag

16.08 -

16.10

0.0 0.5 1.0 1.5 2.0
Phase

16.12

Period (d) | 8.410
Amplitude (J) | 0.030£0.011
Spectral Type | M0+£1.02

FIGURE A32: As in Figure [A31] for the star 19a_1_10932.
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FIGURE A36: As in Figure for the star 19b_1_10542.
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FIGURE A38: As in Figure [A37 for the star 19b_3_08292.
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FIGURE A39: As in Figure for the star 19b_3_09282.
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FIGURE A40: As in Figure for the star 19b_3_12753.
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FIGURE A41: As in Figure [A40 for the star 19¢_2_05428. As discussed in Section Bl this
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FIGURE A42: As in Figure [AZ]] for the star 19¢_3_.01804.
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FIGURE A44: As in Figure for the star 19¢_3.04974.
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FIGURE A45: As in Figure [AZ4] for the star 19¢_3_05921.
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FIGURE A46: As in Figure for the star 19¢_3.11273.
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FIGURE A47: As in Figure[A40l for the star 19¢_4_.10571. Two sequentially brighter outliers
in the earlier epochs (yellow) may be a flare.
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FIGURE A49: As in Figure for the star 19d_1_06078.
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FIGURE A50: As in Figure for the star 19d_1_06603.
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FIGURE A51: As in Figure for the star 19d_1_12693. The outliers in this light curve
are likely a bright flare, as discussed in Section B8
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FIGURE A52: As in Figure [AR]l for the star 19d_2_00740.
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FIGURE A53: As in Figure[Ah2 for the star 19d_3_.01140. The period near 1 day is ignored.
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FIGURE A54: As in Figure for the star 19d_3_01271. Possible flares occur in the later

(blue) observations.
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FIGURE A55: As in Figure [AS4] for the star 19d_3_02216. A possible flare occurs in the
lattermost (green) observations.
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FIGURE A56: As in Figure for the star 19d_3_03681.
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FIGURE A57: As in Figure for the star 19d_3_05922.
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FIGURE A58: As in Figure for the star 19d_3_07286.
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FIGURE A59: As in Figure [AES for the star 19e_1_03204.
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FIGURE A60: As in Figure for the star 19e_2_02880.
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FIGURE A61: As in Figure for the star 19e_2_.09200.
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FIGURE A63: As in Figure for the star 19f_3_08798.
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FIGURE A66: As in Figure for the star 19g_1.04348.
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FIGURE A67: As in Figure for the star 19g_1.05313. The period near to 1 day is
ignored.
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FIGURE A68: As in Figure for the star 19g_1.10773. The period near to 1 day is

ignored.
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FIGURE A69: As in Figure for the star 19g_2_03649.
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FIGURE AT0: As in Figure for the star 19g_3_06870.
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FIGURE AT71: As in Figure for the star 19g_4_00989.
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FIGURE A72: As in Figure [AT for the star 19h_3_16170. The period near to 1 day is
ignored.
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A2 Eclipsing Binary Light Curves

In this section the phase folded light curves of the nine suspected eclipsing binaries
incidentally found by the Lomb-Scargle periodogram are presented, folded over the
periods as determined by the CLEAN algorithm.
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FIGURE A73: Light curve for 03g_4.00203, spectral type M1%1.1. The short period and
non-flat maxima are indicatve of a very close binary system. The similar depths of the
primary and secondary eclipse indicate the two components are of a similar luminosity.
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FIGURE AT74: Light curve for 07e_4_.01230, spectral type G4+3.4. As with 03g_4_00203,
the period and morphology indicate a close binary. While the spectral typing procedure
identified this star on average as a G4V type star, it was selected as H — K = 0.26 + 0.02,
indicative of a M5V star.
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FicURE AT75: Light curve for 19a_3_05975, spectral type M2+1.8. While the light curve
shows two peaks and troughs, neither the Lomb-Scargle peridoogram nor the CLEAN alo-
gorithm could find a period for which the light curve appeared folded properly. This may be
because the period evolved durin the observations, or because some other effect like spots or
a third body modofied the light curve from the expected morphology.
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FI1GURE AT76: Light curve for 19¢_4_11480, spectral type M141.6, a detached binary.



A2 EcLIrSING BINARY LicHT CURVES

215

15.1§

15.2 =

15.3 &

J mag

15.4§
1555

15.6 -

1570 0

i Pk W i wmmwwm|l||w‘|'\*w~ﬂ'wm~'M‘\‘4\wl‘!lﬂn‘aW'\Wu‘w‘gv‘di'\‘w'www

‘\
1.6734468 d

L

0.0 0.2

0.4
Phase

0.6

0.8

FIGURE AT77: Light curve for 19e_3_.08413, spectral type M341.01, a detached binary.
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FIGURE AT78: Light curve for 19e_4_00861, M0+1.31, a contact binary with components of
similar luminosity as indicated by the nearly sinusoidal morphology. A period of 0.22842771
d and a Tess of 4100K is reported by Nefs et all (2012) for this system, in agreement with

the period and spectral type found here.
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