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1.1

1.2

1.3

14

Image of an active region from NASA’s Solar Dynamics Observatory
(SDO) in 2011, specifically active region 1302. In this image, the darkest
central part of each sunspot is the umbra, and the less dark region
surrounding the umbra is the penumbra, which is larger in area. Also,
this image shows that sunspots are not perfect circles and tend to form in
groups, which is seen the easiest with the middle sunspot group that has
multiple umbral regions. Courtesy of NASA/SDO and the ATIA, EVE,
and HMI science teams. . . . . . . . . . . . . .. ...
Observations of sunspots from the Royal Greenwich Observatory (RGO) started
in 1874 and include measurements of the size (percent of the latitude strip in this
case) and position (latitude on the Sun’s surface). This ”butterfly” diagram plots
the latitude of each sunspot versus the day it was observed from 1875 to 2016.
The color of each point corresponds to the percent of the latitude strip area of
each spot, which is used as the sunspot size indicator. For this diagram, the large
sunspots are yellow, with the smallest sunspots in black and red in the middle.
It is called a ”butterfly” diagram because of the shape the sunspots make over
time looks like a butterfly. This indicates that sunspots form at higher latitudes
in equal numbers on the either side of the Sun’s equator, and then, they form
more towards the equator as the Solar cycle continues in time. This diagram
also shows the sunspot cycle as the sunspots form then disappear and reappear
over the course of approximately 11 years. Courtesy of NASA’s Marshall Space
Flight Center (data available at http://solarscience.msfc.nasa.gov/). . . . . .
Image of an active region from SDO in 2019 in white light showing
active region 2741. The darker sections show the sunspot portion of the
active region, with the smaller, brighter parts to the left of the sunspot
indicating the faculae, which is hotter than the Sun’s photosphere. In
this case, the active region is an individual sunspot with the faculae
region following. Courtesy of NASA/SDO and the AIA, EVE, and HMI
science teams. . . . . . L. oL oL oL oo e e
Image of an active region from SDO in 2017 in the UV region of light that
shows prominences (the streams of plasma that reconnect back to the
Sun in the bottom right) and several medium sized flares (the outbursts
of plasma that escape the Sun’s gravity above the prominences). These
prominences and flares are clearly connected to the active region below
them, and they are showing up very clearly in the UV because they are
higher energy than the Sun’s surface. Another smaller active region can
also be seen in the bottom left of the image. Courtesy of NASA /SDO
and the AIA, EVE, and HMI science teams. . . . . . . . . . ... ...
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1.5

1.6

1.7

1.8

The transit light source effect is shown here as a schematic, taken from
[1]. The figure shows a schematic of a star with dark spots both in the
path of the planet on the bottom and out of the path of the planet on
top. The figure of the two plots to the right of the schematic shows the
stellar spectrum (flux versus wavelength) for the assumed star that is
unspotted (blue) versus the actual light source which has many spots
(orange), and they are noticeably different. The second figure shows the
difference to the transit planetary spectrum (this is plotted as transit
depth as a percentage versus wavelength) because of the spots with the
observed spectrum shown in green and the true spectrum shown in gray.
Again, in this figure, there is a clear difference between the observed
spectrum and the true planetary spectrum once it has been corrected for
stellar activity contamination. . . . . . . . . . .. .. ... ... ..
Doppler imaging as a starspot measuring technique shown as a schematic,
taken from [2]. The schematic shows the star with one large starspot
as a sphere on top at four different points in the star’s rotation. Below
the star itself is one example corresponding line profile (normalized flux
versus wavelength) for a star with no spots (dashed line) versus the star
shown above it with one large starspot (solid line). The solid line shows
a clear bump in the third panel, when the spot is at the center of the
star, with smaller bumps in panels two and four as the spot moves in
and out of view. . . . . . . ..o
Schematic of HAT-P-11 star and planet system with spots and transit
chord shown, taken from [3]. The HAT-P-11 star and planet are mis-
aligned such that the star’s rotation axis (dashed line through the star’s
poles) is not perpendicular to the planet’s transit chord (e.g. A # 0°) [4].
STSP then was used to measure this star’s spot sizes and positions as the
planet crosses in front of the spots, like in this schematic. . . . . . . . .
This figure shows three theoretical spots on HAT-P-11’s surface in the top panel
with the corresponding in-transit bumps shown in the light curve below the star.
The top plot specifically shows three different size spots (in green, blue, and
red) with different positions with respect to the transit chord (shown by dashed
lines). The bottom plot shows relative flux versus orbital phase for each of the
three theoretical spot models made with STSP with each line being the same
color as its corresponding spot. This figure shows both how the STSP method
works (see Section 1.3.1), and the degeneracy between spot size and position
in the transit chord (latitude usually). In this case, all three theoretical spots
produce very similar bumps in the model light curves because a smaller spot
directly in the transit chord produces a similar amplitude bump to a larger spot
that is slightly above or below the transit chord (see Section 1.3.3). . . . . . .
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2.2

2.3
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2.5

2.6
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2.8

Top: Normalized transit light curves of KOI-340 from the Kepler DR25 [5] data
release are shown as a function of phase. The out-of-transit data is displayed
in green, the ingress and egress is in red, and the measurements made when
the companion is in-transit (between the second and third contact points) are
in blue. The black line model is generated by using the DR25 parameters for
KOI-340 with the batman software [6]. Bottom: Residual Kepler transit light
curves of KOI-340 compared to the model generated from the parameters from
the DR25 [5] data release versus phase. The out-of-transit data is in green, and
the measurements made between the second and third contact points are in
blue. The significant increase in in-transit scatter compared to the immediately
adjacent out-of-transit data are the signature of the secondary star occulting
starspots on the surface of the primary star. We have chosen not to plot the
ingress and egress points to highlight the difference between the in-transit and
out-of-transit points. . . . . . . . . . Lo oL Lo
Top: Four normalized transit light curves of KOI-340 which show little or no
starspot crossing features. The data are phase-folded with the period in Table 2.1
and plotted versus phase. The red line [7] model generated from the MCMC
analysis of these primary transits along with the radial velocity measurements
and secondary transits from Kepler. The depth of the transit derived from
only unspotted transits is § = 0.020164 4+ 0.000096. Bottom: All normalized
secondary transits observed in the long cadence Kepler data of KOI-340 phase-
folded with the ephemeris presented in Table 2.1 and plotted versus phase. The
red line model is generated from the MCMC analysis described in Section 3.2.
The phase of the secondary transit occurs at 0.319 due to the eccentricity of
the system. . . . . . .. Lo L oL
Radial velocity points from [8] of KOI-340 phase-folded with the ephemeris
presented in Table 2.1 and plotted versus phase. The red line model is
generated from the MCMC analysis described in Section 3.2. . . . . .
The Lomb-Scargle Periodogram over all Kepler data with primary transits
removed. The period at maximum power suggests a rotational period for
KOI-340 of 13.02 = 0.97 days. . . . . . . . . . . . . . ...
Top: Plot of the surface of KOI-340 with the final spot groups shown
as black filled circles along with the red line denoting the longitude of
the star at mid-transit and with blue lines denoting the full extent of
the transit path for the secondary object. Bottom: Light curve for final
STSP fit (red line) along with the no spot model for KOI-340 (cyan line)
for Transit 21. The residuals (model - data) are shown below the light
curve with blue point with the error bars shown as light gray lines. . . .
Similar plot to Figure 2.5 except for Transit 19. . . . . . . . . . . . ..
Similar plot to both Figure 2.5 and Figure 2.6 except for Transit 29.
Distribution of spot group central longitudes for KOI-340 is shown here
in blue. This distribution shows no true peak meaning KOI-340 has spots
at every longitude equally. As there are no longitudes that are highly
favored, it is unlikely the M dwarf companion is inducing spots on the
surface of KOI-340 that are large enough to be detected over the rotation
induced spots. . . . . . . ... e
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2.9

2.10

2.11

2.12

2.13

2.14

Distribution of spot group central latitudes for KOI-340 is shown here in
blue. The distribution is centered at —19.3°, which coincides with where
the M dwarf companion crosses (solid black line). The dashed black lines
shows the full extent of the secondary crossing path. 24% of the spots
fall outside the dotted lines and are thus grazing spots. . . . . . . . ..
KOI-340’s spot radius distribution is shown in grey with spot radius
distributions for typical Solar maximum and Solar minimum sunspots
over same duration as the Kepler mission (four years). Here the spot
radius is given in relative radius, Rgpot /R, with a bin size width of 0.018
for all three distributions. For comparison, the black dotted vertical lines
correspond to the smallest spot (centered around 563.25 BKJD) found in
Transit 19 and the main spot (centered at 610.4 BKJD) found in Transit
21 (see Figures 2.6 and 2.5), and the red dotted line corresponds to the
largest sunspot ever found by [9] converted to relative radius as shown in
[Bl. o e
Area of transit crossing chord that is spotted assuming there are no
spots anywhere else on the front hemisphere of KOI-340 is shown as
the black distribution. This distribution is then the minimum fractional
spotted area for the front hemisphere of KOI-340 compared to the Solar
maximum fractional spotted area (red distribution) and Solar minimum
fractional spotted area (blue distribution). The Solar maximum and
minimum distributions are the same time frames as shown in Figure
2.10. All three distributions have bin sizes of 0.001 (or 0.1%) fractional
spotted area. The y-axis has been broken from 0.4 until 0.9 as the Solar
minimum distribution has much smaller fractional spotted areas so all of
the values areinone bin. . . . . . . . . . . .. ... ...
Plot of longitude versus time of all 122 spots modeled for KOI-340
with the markers being sized with respect to the relative radius of the
spot group and colored with relative radius as well. The green boxes
surrounding each transit correspond to the longitude coverage for each
transit. When the green boxes overlap with the next transit, we looked
for signs of the spots surviving to the next transit in order to search
for signs of differential rotation. An example of this is shown with the
overplotted cyan arrow which encompasses two such instances of possible
signs of spots moving in longitude over time. . . . . . . . . . ... ..
Top: Plot of the surface of KOI-340 with the final spot groups shown
as black filled circles along with the red line denoting the longitude of
the star at mid-transit and with blue lines denoting the full extent of
the transit path for the companion. Red circle denotes the bright spot
modeled in this transit. Bottom: Light curve for final STSP fit (red line)
along with the no spot model for KOI-340 (cyan line) for Transit 11. The

residuals (model - data) are shown below the light curve with blue points. 65

Full light curve encompassing one full rotation period (12.96 days) for
simplest primary transit model (Transit 21). The original Kepler data
is shown in blue with the STSP model shown in red. Three spots were
needed (at minimum) to model the full light curve in addition to the one
fixed in-transit spot. . . . . . . . ... L.

x1
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2.15

2.16

2.17

3.1

Fractional spotted area plotted versus midpoint time of primary transits
in BKJD. KOI-340 is shown using green symbols with the Sun’s total
fractional spotted area coverage given as a solid red bar [10] and HAT-
P-11’s range of fractional spotted areas given as two black dashed lines
[3]. The green upper triangles denote the minimum fractional spotted
area for that transit found using the in-transit spots, and the green
points are positioned at the total fractional spotted area found using
the full out-of-transit light curve modeled using the minimum number of
additional spots as described in Section 2.4.6. . . . . . . . .. ... ..
Total spotted area for Transit 21’s full out-of-transit light curve plotted
versus total number of spots needed to fit the data. The in-transit
spots are fixed at 1, so in total 7 additional spots were needed until the
fractional spotted area started to level out. The minimum number of
spots needed to fit the data was 3, so we added more spots on top of those
4 until the spotted area starts to level out meaning we are approaching
the minimum total spotted area for the entire star. . . . . . . . . . ..
Fractional spotted area of stars from [11, 12, 13, 3, 14, 10] versus their
Rossby number. The points are colored by their rotational period in days.
Rossby numbers were calculated using their convective turnover time in
days derived from their (B-V) color as done in [15]. Stars that have their
fractional area derived from spectroscopic methods are plotted using
square symbols with the other photometric methods denoted by a circle
symbol. KOI-340 is denoted with a star symbol around 0.4 in Rossby
number with a dark blue color. The Sun is the blue point around 0.65 in
Rossby number with no clear error bar, and HAT-P-11 is shown as both
a light blue circle and square around 0.3 in Rossby number as it has both

photometric and spectroscopic fractional spotted area measurements [3, 14]. 69

Left: HAT-P-11’s stellar photosphere spectrum with Teg = 4800 K
and log g = 4.59 in grey. Spectrum for spot temperature of 4500 K and
logg = 4.591 is shown in magenta. Spectra were obtained using the
expecto python package, which provides a PHOENIX model spectrum
for an input effective temperature and surface gravity. Right: The
fluxes over which the spectra were integrated for the Kepler filter for the
photosphere and spot are shown in filled in hatches of blue and magenta
respectively. Once integrated over, the hatched regions correspond to
the Iypor (magenta) and Ippet (grey) in Equation (1) which becomes a
contrast of 0.32. . . . . . . ...
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3.2

3.3

90
3.5

3.6

3.7

Theoretical contrast values for HAT-P-11 assuming Teg = 4800 K and
log g = 4.59. A range of spot temperatures from 3700-4700 K in 100 K
steps were used to calculate the contrast of the starspot for a range of
filters. The contrast values are plotted as points at the filter’s central
wavelegnth, though the contrast applies to the entire bandpass. In order
of central wavelength, the filters used were: SDSS ¢’, SDSS r/, Kepler,
SDSS 4/, TESS, OAO Zs, and SDSS 2. The solid black line at 0.3
corresponds to the area-weighted sunspot contrast assumed in [3] for
their starspot modeling. The lines are colored by their spot temperature
with the coolest spots in cyan. The black star corresponds to the contrast
value for magenta spot spectrum shown in Figure 4.15. . . . . . . . ..
Data from LCO MuSCAT3 from HAT-P-11b transit on 07-05-2021 binned
to 200 seconds for SDSS 7/ (red) and SDSS #' (magenta) and 210 seconds
for SDSS ¢’ (green) and Zs (blue) with all filters plotted on top of each
other. The bottom panel shows the residuals of the no spot model (cyan
line) minus the binned data points. . . . . . . . ... ...

Starspot models using theoretical contrast curves assuming spot temper-
ature of 3700 K for SDSS ¢’ (green line), SDSS »’ (red line), SDSS i’

(magenta line), and Zs (blue line) filters compared to Kepler data (black

points) and the no spot transit model (cyan line). This spot temperature

assumes the spot temperature difference versus photosphere temperature

model from [16]. This spot temperature produces too dark spots (bumps

are too big) to fit thedata. . . . . . . . . ... .o
Starspot models using theoretical contrast curves assuming spot temper-
ature of 4500 K for SDSS ¢’ (green line), SDSS »’ (red line), SDSS i’

(magenta line), Kepler (yellow line) and Zs (blue line) filters compared

to Kepler data (black points) and the no spot transit model (cyan line).
This spot temperature fits the Kepler data best and corresponds to a

contrast of 0.32 in the Kepler band, similar to the value of 0.3 assumed

in [3]. . . .
Left: Data collected by MuSCATS3 instrument for HAT-P-11 b transit obtained

on July 5th, 2021. The ¢’ band data are shown in the top panel with a precision

of 0.58 mmag with an exposure time of 70 s. The 7’ band data are shown below

the ¢’ with a precision of 0.57 mmag with an exposure time of 40 s. The i’ band

data are shown next with a precision of 0.62 mmag with an exposure time of

40 s. Lastly, the Zs band data are shown in the bottom panel with a precision

of 0.54 mmag with an exposure time of 70 s. Right: Simulated light curves

of LCO data in ¢’,r’,i" and Zs bands from top to bottom panels respectively

assuming the star was spotted as in the Kepler light curve in Figure 3.3.3. Black

points correspond to simulated data with appropriate error bars. The no spot

transit model for each filter is shown as a cyan line with the residuals (no spot

model - simulated data) shown as black dots in bottom panel of each figure.
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3.8

3.9
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4.3

4.4
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4.8

Simulated light curves of binned LCO data in ¢/,7’,4" and Zs bands (top
left, top right, bottom left, and bottom right respectively) compared to
three STSP models corresponding to Tef gy, = 4300 K (blue line), 4500
K (orange line), and 4700 K (green line) with residuals of model - data
shown for all three cases in bottom panel. In all cases the x? of the
STSP model compared to the simulated data is lowest for T.g = 4500 K,
though the two closest spot temperature models (4400 and 4600 K) fit
within the A 2 of the 4500 K STSP model. . . . . . . . .. ... ...
Data for calculated HAT-P-11 contrast versus spot temperature for the
following filters are shown as data points with dashed lines: SDSS ¢’
(blue), SDSS / (magenta), SDSS ¢’ (red), SDSS 2’ (cyan), TESS (orange),
Kepler (green), and OAO Zs (black). Two polynomial fits are shown for
the SDSS " and SDSS 4’ as solid colored lines. . . . . ... ... ...

Top: TESS Sector 22 long-cadence light curve with the TOI-3884b
transits denoted in blue. Differing transit depths is an artifact of the 30-
minute cadence. Bottom: Short 2-minute cadence of the TESS Sectors
46 and 49 with the transit model in blue. Both sets of light curves use the
PDCSAP flux without additional out-of-transit GP detrending required.
Light curves for individual ground-based observations and the phase-
folded TESS Sectors 22, 46, and 49. Light blue points were masked in
order to fit the transit shape during our analysis and the best-fit non-
spotted transit model is plotted in red with the appropriate dilution terms
included for the TESS sectors (0.98, 0.86, 0.84 respectively). Residuals
for the respective transit models are plotted in the bottom panel for each
light curve. . . . . . . . . L
NESSI 50 contrast curve of TOI-3884 with the 2’ filter. The inserted
image is the final speckle image which shows no nearby sources with
Amag > 3.5 outside 0.2 arcsec . . . . . . .. ...
The full HPF RV time series with the best-fit model plotted in blue, with
the 1-0 quantile included as a lighter shade. . . . . . . . . .. .. ..
The HPF RVs phased to the best-fit period of TOI-3884b. Best-fit model
and the 1-0 quantile are plotted in blue. Mid-transit occurs at phase 0.
Comparing the width of the CCFs of TOI-3884 (red curves) in 6 different
orders in HPF in 6 different panels to the CCFs of slowly rotating
calibration star, Ross 128. The grey-dashed lines show the unbroadened
calibration star, and the black lines show the calibration star artificially
broadened to the best fit value. The TOI-3884 spectra show evidence for
rotational broadening. . . . . . . . . ..o
I am currently working to fix this back to an actual table. . . . . . ..
I am currently working to fix this back to an actual table. . . . . . ..
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4.9

4.10

4.11

4.12

Top: Projected starspots on TOI-3884’s stellar surface for an aligned system
using the APO 4’ filter transit observed on 2022 April 05 assuming a spot
temperature of 2900 K and a photospheric temperature of 3200 K (spot contrast
of 0.5). The planet’s crossing path is defined by the blue dotted lines with the
central dotted line corresponding to the equator of planet and the outer dotted
lines denoting the full extent of the planet, and the central latitude of the transit
is marked with a red vertical line. The large spot in the middle has a relative
radius Rgpor = 0.44 R, with the two smaller spots having radii Repot = 0.10
and 0.07 Ry respectively. The fractional spotted area in the transit chord for
these stellar surface features (assuming there are no spots anywhere else on the
star) is 11%. Middle: Best fit star spot model for aligned system shown in red
line compared to the no star spot transit model in cyan with the APO 20s ¢/
band data as black points with error bars. Bottom: Residuals from the best-fit
starspot model. . . . . .. Lo 0oL
TESS Sector 46 short cadence (2 minute) data shown in black points
with aligned starspot model (red line) and polar starspot model (cyan
line). The same pattern can be seen in TESS Sector 49 short cadence
data though it is not reproduced here. . . . . . . . . . ... ... ...
Top: Projected star spots on TOI-3884’s stellar surface for a polar star spot
with a stellar spin axis tilt of —65° and A = 75° using the APO SDSS i’ filter
transit observed on 2022 April 05 assuming a spot temperature of 2900 K and
a photospheric temperature of 3200 K (spot contrast of 0.5). The large spot
in the middle has a relative radius Rgpot/Rs = 0.29 with the two smaller spots
having radii Repot/Rs = 0.16 and 0.09 respectively. The fractional spotted area
in the transit chord for these stellar surface features assuming there are no spots
anywhere else on the star is 3%. The black line shows the path of the equator
of the planet as it crosses the star. Bottom: Best fit starspot model for the
oblique (not aligned) system shown in red line compared to the no starspot
transit model in cyan with the APO 20s i’ band data as black points with error

Top: Projected star spots on TOI-3884’s stellar surface for a polar star spot
with a stellar spin axis tilt of —65° and A = 75° using the APO SDSS 7’ filter
transit observed on 2022 June 03 assuming a spot temperature of 2900 K and
a photospheric temperature of 3200 K (spot contrast of 0.7 for r’ band). The
large blue spot in the middle has a relative radius Repot/Rs = 0.31 with the two
smaller blue spots having radii Repot/Rs = 0.22 and 0.11 respectively with the
red starspots corresponding to the same starspots shown in Figure 4.11. The
fractional spotted area in the transit chord for the blue stellar surface features
assuming there are no spots anywhere else on the star is 4%. Middle: Best fit
starspot model for the oblique (not aligned) system shown in blue line compared
to the no starspot transit model in cyan with the APO 7’ band data as black
points with error bars. The red line is the STSP model created by extending
the SDSS i’ polar spot model to the SDSS 7’ contrast. Bottom: Residuals
from the best-fit star spot model (blue points) and scaled from SDSS i’ polar
spot model (red points). . . . . . . . . ..o

XV



452

453

454

455

457

458

459

460

461

462

463

464

465

466

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

484

485

486

487

488

489

490

491

492

493

494

4.13

4.14

4.15

5.1

5.2

Sample of transiting M dwarf planets that have precise mass measure-
ments (> 30). a) Mass-Radius plane showing the small sample (~ 15)
of giant planets (R, > 4 Rg) orbiting M dwarfs (Teg < 4000 K), color
coded by Teg. b) The masses for all M dwarf planets as a function of Teg,
showing how TOI-3884b stands out in terms of its stellar host. Transiting
planets are shown as circles, whereas RV only (m sini) detections are in
squares. The clump of planets at ~ 2600 K represent the TRAPPIST-1
system [17]. . . . . . oL
Transmission Spectroscopy Metric (TSM) as a function of planetary
equilibrium temperature for all planets with a known (>30) mass and
Teq cooler than 1000 K. Points are colored based on their host star’s
effective temperature with planets around M dwarfs denoted with solid
coloring. The approximate temperature when ammonia appears in a
planet’s atmosphere (assuming equilibrium chemistry) is denoted with
the black dashed line. TOI-3884b (blue circle) possesses one of the highest

TSMs of any non-Hot-Jupiter and the highest TSM for planets < 500 K.

Transmission spectra generated with ExoTransmit for a 100x Solar
metallicity atmosphere in chemical equilibrium with gray-absorber aerosol
layer at 10 and 100 pgm. Simulated data is created using PandExo for
two transits of JWST-NIRSpec and based on the cloud-free model. The
two dominant absorbers, water and methane, are labeled for reference

141

though other molecules including ammonia are also included in the models. 142

Top: Projected starspots on TOI-3884’s stellar surface using the APO ¢’ filter
transit observed on 2022 April 05 assuming a spot temperature of 2900 K and
a photospheric temperature of 3200 K (spot contrast of 0.5) with an updated
transit depth to match [18]. The large spot in the middle has a relative radius
Rspot = 0.29 R, with the largest spot to the left of the middle spot having a
radius Repot = 0.38 R and the smallest spot to the right of the middle spot
having Repot = 0.07 R,. The fractional spotted area in the transit chord for
these stellar surface features (assuming there are no spots anywhere else on the
star) is 11%. Middle: Best fit star spot model for previous transit depth shown
in blue line compared to the updated best fit STSP model shown with red line
and the updated no star spot transit model in cyan with the APO 20s i’ band
data as black points with error bars. Bottom: Residuals from the both the
previous best-fit starspot model in blue points and the updated best-fit model
inred points. . . . . . L. Lo Lo oL e
Top: Best fit STSP model scaled to the SDSS 7/ contrast (still assuming
a spot temperature of 2900 K and a photospheric temperature of 3200 K)
for the updated transit depth model (red line) and previous best fit STSP
model (blue line) shown alongside updated no-spot transit model in cyan
with APO SDSS 7’ data in black points.Bottom: Residuals from the
both the previous best-fit starspot model in blue points and the updated
best-fit model in red points. . . . . . . . ..o
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5.3

5.4

Top: Projected starspots on TOI-3884’s stellar surface using the APO ¢’ filter
transit observed on 2023 February 16 for modeling assuming a spot temperature
of 2900 K and a photospheric temperature of 3200 K (¢; = 0.5) with an
updated transit depth to match [18]. The large spot in the middle has a relative
radius Rgpot = 0.37 R with the largest spot to the left of the middle spot having
a radius Rgpot = 0.22 R, and the smallest spot to the right of the middle spot
having Rgpor = 0.08 Rs. The red lines show the transit chord of the planet.
The fractional spotted area in the transit chord for these stellar surface features
(assuming there are no spots anywhere else on the star) is 5%. Middle: Best fit
star spot model for APO ¢’ filter transit observed on 2023 February 16 shown
in black line compared to the ¢’ data (red points). The ¢’ data that was taken
during the same transit is shown in green points red line with the scaled STSP
model for the g’ contrast (¢ = 0.7) shown in magenta line. Bottom: Residuals
from the both the i’ best fit model compared to its data in red points and the
g’ best-fit model to its data in green points. . . . . . . . . . . . ... ..
Left: Ratio of the in-transit spectrum of TOI-3884 (phase=-0.013) to
the out-of-transit spectrum assuming the planet is covering 100% spot.
The coolest spot (top, blue line) produces relative fluxes closest to 1.0
because there is little light lost when the planet blocks a very dark, cool
spot. As the spot temperature approaches the photospheric temperature,
the relative fluxes will approach a flat-line with a value derived from the
transit depth (0 = 3.6%). Right: H20-K2 index with 1o error bars versus
Tspot for a range of sizes fopor = 12, 14, 16, 18, & 20% spot coverage. . .
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Abstract

Starspots are a major source of stellar contamination in transmission spectroscopy
of exoplanet atmospheres, and the correction for exoplanet analyses depends on
the temperature of the starspots and the covering fraction. Using high-precision
data from both space-based and ground-based observatories, we use the starspot
modeling program STSP to measure the position and size of stellar surface features
on KOI-340, an eclipsing binary consisting of G-type subgiant with an M-dwarf
companion and TOI-3884, an M dwarf with a planetary companion. STSP uses a
novel technique to measure the spot positions and radii by using the transiting
secondary as a magnifying glass to probe down to less than 1% changes in the
surface brightness of the star for high-precision photometry. Our published results
on the starspot properties of KOI-340, and our preliminary starspot modeling
results for TOI-3884 are presented here. One necessary component to all of our
analyses is the contrast of the spot which is related to the spot temperature,
photosphere temperature, and the filter of the observed transit. With known
spot position and radius, simultaneous multi-filter transits will show different
spot signatures that can only be attributed to differences in the contrast (or
temperature) of the spot. We have developed a technique to compare the contrast
found using simultaneous multi-filter transits to theoretically determined contrast
curves, which are determined by interpolating synthetic spectra over a given
filter for both the stellar photosphere and a range of spot temperatures. We

introduce this technique for HAT-P-11, a K-dwarf with known spot properties and

xXviil



s90 a high-precision (diffuser-aided) simultaneous multi-filter transit obtained using

s the MuSCAT3 instrument on LCOGT’s 2-m telescope at Haleakala Observatory.
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Chapter 1

Introduction

1.1 Magnetic Fields and The Sun

1.1.1 Magnetic Fields of Stars

Magnetic fields and their subsequent effects are a key component to the structure
and evolution of stars. Stars are made up of extremely hot and dense plasma
that can act as a fluid [19]. For all stars, the core of the star is the densest
region with the density lowering as you move to the surface of the star. Low mass
stars that lie above the fully convective boundary (0.35 M, < M < 1.5 Mg
[20]), like the Sun, transport the energy being produced in the dense core of
the star through radiation, so the energy transport mechanism works through
radiative transfer processes where the photons move in a random walk fashion
[21]. Once the temperature and density in the interior of the star is low enough
to act more like fluid, the type of energy transport changes to convection until
the star’s surface (photosphere) is reached, so the photons are now being moved
via convection cells where the hotter, denser plasma moves up and the cooler, less
dense plasma moves down just like the bubbles when boiling water [21]. When
hot, ionized plasma moves in this fashion, magnetic fields are generated both on
a small single convection cell basis and a large bulk stellar motion basis. The
primary driver of the bulk motion of the star is the rotation of the star, which is

started when the star itself is forming from the gravitational collapse of a cold,
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dense, molecular cloud [19]. The rotational period of the star then increase as
the star continues to collapse and get smaller as the angular momentum must be
conserved, and once the star reaches the main sequence, it maintains its rotation
period until the radius of the star once again changes as the star starts to die [21].
While the star is on the main sequence however, it’s rotation combined with the
convective nature of the plasma under the surface of the star creates a number of
phenomena, referred to generally as ”activity”, that can be seen by observing the
star. These phenomena all arise from some form of interplay between magnetic
field lines themselves or between magnetic fields and other matter [21]. While
it is well known that active regions form because of magnetic fields and ionized
plasma flow, the exact mechanism that drives the formation of sunspots and other

active regions is still unknown and an active area of research [22].

1.1.2 Sunspots and Their Structure

When there is magnetic activity that inhibits the convection occurring in small
portions of the photosphere, the photosphere in that section will appear darker
compared to the rest of the photosphere, i.e. a starspot or sunspot for the Sun
[23]. Sunspots have been observed for over 2000 years, and once telescopes had
been invented, Galileo and others in the 1600s observed sunspots moving across
the surface of the Sun, which became the first evidence that the Sun was rotating
[22]. Sunspots have complex structures that consist of a darker central region
called the umbra and a lighter outer ring called a penumbra, and they are often

circular in shape though they are usually asymmetric (see Figure 1.1 for an image
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of an active region with multiple sunspots) [19]. The contrast of sunspots can
range from 0.5-0.8 in the umbra to 0.15-0.25 in the penumbra, where the contrast
of a spot is a measure of the flux of the spot region to the flux of the star’s warmer
photosphere (i.e. a spot with a contrast of 1 is perfectly dark) [22]. Sunspots also
tend to form in groups that are referred to as groups, complexes, or networks
[23]. We have also known that sunspots are variable on a cycle since the 1800s
with sunspot activity moving from no sunspots at all on the Sun during Solar
minimums to 10s of sunspots during Solar maximum periods [22]. Additionally,
during this Solar cycle, sunspots appear at higher latitudes earlier in the cycle
and move closer to the equator as the cycle progresses, as seen in the "butterfly”
diagrams (see Figure 1.2) [10]. While sunspots do move in latitude during the
course of the Solar cycle, they typically appear at only the two active latitudes
which start at up to 40° on either side of the equator. Sunspots do eventually
disappear or decay, and though the exact decay rate equation is not agreed upon,

they will decay within days or weeks typically [24].

1.1.3 Other Magnetic Activity on Sun

Sunspots are only one sign of magnetic activity occurring on or starting from
the surface of the Sun. Indeed, all of the magnetic activity signatures that are
observed on the Sun are interconnected as they are all formed from the same
process [23]. As a whole, these regions of magnetic activity are called active
regions because they consist of darker regions of the photosphere (sunspots),

brighter regions of the photosphere (faculae, see Figure 1.3), bursts of plasma from
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Figure 1.1: Image of an active region from NASA’s Solar Dynamics
Observatory (SDO) in 2011, specifically active region 1302. In this
image, the darkest central part of each sunspot is the umbra, and the
less dark region surrounding the umbra is the penumbra, which is
larger in area. Also, this image shows that sunspots are not perfect
circles and tend to form in groups, which is seen the easiest with the
middle sunspot group that has multiple umbral regions. Courtesy of

NASA/SDO and the AIA; EVE, and HMI science teams.
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Figure 1.2: Observations of sunspots from the Royal Greenwich Observatory
(RGO) started in 1874 and include measurements of the size (percent of the
latitude strip in this case) and position (latitude on the Sun’s surface). This
"butterfly” diagram plots the latitude of each sunspot versus the day it was
observed from 1875 to 2016. The color of each point corresponds to the
percent of the latitude strip area of each spot, which is used as the sunspot
size indicator. For this diagram, the large sunspots are yellow, with the
smallest sunspots in black and red in the middle. It is called a ”butterfly”
diagram because of the shape the sunspots make over time looks like a
butterfly. This indicates that sunspots form at higher latitudes in equal
numbers on the either side of the Sun’s equator, and then, they form more
towards the equator as the Solar cycle continues in time. This diagram also
shows the sunspot cycle as the sunspots form then disappear and reappear
over the course of approximately 11 years. Courtesy of NASA’s Marshall

Space Flight Center (data available at http://solarscience.msfc.nasa.gov/).
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the photosphere (flares and prominences), and large bursts of energy that interact
with the extremely hot corona that surrounds the Sun (coronal mass ejections)
[23]. Figure 1.4 shows an image of multiple prominences and flares on the Sun
observed in the ultraviolet (UV) as they are higher energy activity signatures.
Each signature is unique, but they are all connected, which means a coronal mass
ejection (CME) is linked to an active region on the surface of the star, like a
sunspot or flare [21]. Since we know that the smaller scale activity signatures
on the Sun like spots and faculae are connected to the larger scale activity like
CMESs, it is necessary to study both small and large scale magnetic activity in
order to fully understand the magnetic dynamo of the Sun. In theory since most
low mass stars have a similar interior structure with a radiative zone near the core
surrounded by a convective zone, low mass stars should all have similar magnetic
activity properties [19]. Once stars drop below a mass of ~ 0.35 M, they become
fully convective with no radiative zone, but even fully convective stars should
exhibit the same types of magnetic activity as the convection is driving the active
regions [20]. For high mass stars, the story is much different because they have a
convective zone around the core and then a radiative zone right underneath the

photosphere [19], and therefore, I will focus on low mass stars.

1.2 Methods for Measuring Starspots on Other Stars

While we can resolve sunspots easily, it is not trivial to measure spot properties

on other stars. In general, there are two main properties of starspots that are



Figure 1.3: Image of an active region from SDO in 2019 in white light

showing active region 2741. The darker sections show the sunspot
portion of the active region, with the smaller, brighter parts to the left
of the sunspot indicating the faculae, which is hotter than the Sun’s
photosphere. In this case, the active region is an individual sunspot
with the faculae region following. Courtesy of NASA /SDO and the

ATA, EVE, and HMI science teams.
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Figure 1.4: Image of an active region from SDO in 2017 in the UV
region of light that shows prominences (the streams of plasma that
reconnect back to the Sun in the bottom right) and several medium
sized flares (the outbursts of plasma that escape the Sun’s gravity
above the prominences). These prominences and flares are clearly
connected to the active region below them, and they are showing up
very clearly in the UV because they are higher energy than the Sun’s
surface. Another smaller active region can also be seen in the bottom
left of the image. Courtesy of NASA/SDO and the ATA, EVE, and

HMI science teams.
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measured: (1) spot temperature (or contrast) and (2) the covering fraction. In
addition to studying the magnetic activity of stars other than the Sun, there
is another key benefit to measuring these properties in the field of exoplanet
transmission spectroscopy [1]. When an exoplanet transits in front of its host
star, the light coming from the star passes through the exoplanet’s atmosphere (if
it has one), and if spectroscopy is preformed for the duration of the transit, the
exoplanet’s atmospheric spectrum can be disentangled from its host star’s spectrum
(e.g. the transit light source effect, see Figure 1.5) [1]. However, if the star itself has
stellar surface features like spots, those will contaminate the exoplanet’s spectrum.
In fact, even spot covering fractions of 1% will contaminate the resulting spectrum
more than any other potential uncertainties in the observations [25]. Thus, as
transmission spectroscopy becomes increasingly more important with JWST) it is
becoming even more vital to characterize the starspot properties of many stars

using multiple techniques.

1.2.1 Spectroscopic Methods

The most common methods of studying the spot properties of stars are all
spectroscopic methods. Each method is slightly different, but they all employ
some form of spectroscopic measurements. Two of the most powerful methods
for mapping the spot distribution of active stars is Doppler imaging and Zeeman-
Doppler imaging. Doppler imaging involves using the spectral line profiles as
a map of the stellar surface, though this technique is reserved for only rapidly

rotating stars [26]. As the star rapidly rotates, there will rotational broadening
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Figure 1.5: The transit light source effect is shown here as a schematic,
taken from [1]. The figure shows a schematic of a star with dark spots
both in the path of the planet on the bottom and out of the path
of the planet on top. The figure of the two plots to the right of the
schematic shows the stellar spectrum (flux versus wavelength) for the
assumed star that is unspotted (blue) versus the actual light source
which has many spots (orange), and they are noticeably different. The
second figure shows the difference to the transit planetary spectrum
(this is plotted as transit depth as a percentage versus wavelength)
because of the spots with the observed spectrum shown in green and
the true spectrum shown in gray. Again, in this figure, there is a
clear difference between the observed spectrum and the true planetary

spectrum once it has been corrected for stellar activity contamination.
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of the line profiles, and if a cool spot is present on the surface, a bump will
appear in the line profile as it rotates into and out of view, see Figure 1.6 [2]. By
inverting bump in the line profiles over time, a map of the stellar surface can be
produced. Doppler imaging by nature relies heavily on the stellar atmosphere
models, the stellar parameters, and the atomic line lists that are used. Since
these parameters must be assumed, a wrong estimate of the temperature of the
photosphere will impact the resulting spot distribution [2]. Additionally, Doppler
imaging has trouble when the star rotates near equator-on because the spots
will create symmetric Doppler shifts in the line profiles [27]. Zeeman-Doppler
imaging is similar to Doppler except it uses spectropolarimetric data, which allows
for the disentanglement of different magnetic field distributions by using the
Zeeman-splitting of line profiles [28]. Typically the Zeeman signatures caused by
starspots would be too small to be observed given the current instrumentation,
but if multiple lines are combined together to increase the signal-to-noise, it can be
done [29]. Given the additional polarmetric data obtained with Zeeman-Doppler
imaging, more detailed mapping of the magnetic field can be done, which means
the different components of the magnetic field like the radial and azimuthal fields.
While this technique can be very powerful, these measurements require very
precise spectropolarimetric observations, and again depend on the assumed stellar
photospheric temperature and line profiles [2].

The other main spectroscopic techniques involve using the molecular bands
present in the spectra of active stars. Specifically, certain molecular lines can

only be formed in cool spots for G and K type stars. TiO lines are the most

11
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Figure 1.6: Doppler imaging as a starspot measuring technique shown
as a schematic, taken from [2]. The schematic shows the star with
one large starspot as a sphere on top at four different points in the
star’s rotation. Below the star itself is one example corresponding line
profile (normalized flux versus wavelength) for a star with no spots
(dashed line) versus the star shown above it with one large starspot
(solid line). The solid line shows a clear bump in the third panel, when
the spot is at the center of the star, with smaller bumps in panels two

and four as the spot moves in and out of view.
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commonly used molecular bands as they produce the strongest features [30]. This
technique combines the spectra of a standard star of one temperature for the
photosphere and one for the spot with a spot covering fraction weight applied
[30]. Once the correct covering fraction and spot temperature has been found,
then the resulting model spectrum of the star will match the observed spectrum.
This is then done multiple times over the course of one stellar rotation in order
to create a spot distribution map for that time period. This technique is great
at determining an estimate of the overall covering fraction of a star, but because
these temperature sensitive lines only appear at low enough temperatures, this
method is sensitive to the umbra of the spot [2]. Additionally, once the effective
temperature of the star is low enough to start producing these molecules in the
photosphere, this method is no longer as ideal because it becomes very difficult to
disentangle the spot versus photosphere [31]. A variant of this technique involves
using a comparison between the line depth between a temperature sensitive line
compared to an insensitive one. The line depth ratio will then change depending
on the temperature of the spots and the spot covering fraction [32]. However,
the temperature of the spots and the spot area are closely entwined parameters
no matter the technique, so a measured spot covering fraction is dependent on
the spot temperature or vice versa. In order to break this degeneracy, another

independent measurement is needed, such as simultaneous photometry [33].
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1.2.2 Photometric Methods

There are photometric techniques that can model the stellar variations caused by
spot modulation. These techniques all involve using the light curve of a object
or system, i.e. the normalized flux of the star over time. One such method of
this light curve modeling is by simple trial and error, where a number of spots
of a pre-defined shape are placed on the surface of the star and the resulting
light curve is modeled (see [34] and references therein). This type of technique
is numerical in nature, and it requires many free parameters. Also, while the
modeled light curve may match the data well, the solution is not unique as
different spot distributions than the one assumed could also fit the data just as
well. Rather than assuming the spot distribution, another photometric technique
called light curve inversion was developed. This method assumes that the intensity
coming from the star contains contributions from both the lower temperature
spots and the hotter photosphere with the weight of each being determined by
the spot covering fraction. Then, if you measure the flux of the star over an entire
rotation period, the inverted light curve can produce a distribution of the spot
covering fraction [2] over one rotation of the star. In this case, the distribution
of the spot covering fraction produced gives only a sense of the large scale spot
structure, and it is dependent on the assumed spot temperature. Both of these
photometric techniques once again only provide information on the general sense
of the covering fraction for stars, and given that spot distributions can change on

quick time scales, there is no guarantee that modeled spot covering fractions are
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the same for any later observations of the star.

1.3 STarSPot: Strengths and Limitations

1.3.1 Unique Photometric Method

Unlike other techniques for measuring the properties of starspots, STarSPot (STSP)
uses a novel photometric method involving the primary transit of a secondary
object [3]. When a planet or other companion transits in front of a star, a portion
of the flux received from the star is blocked. The amount of flux blocked by
the companion is directly related to the radius of the object, and this technique
has been used since 1999 to detect and characterize exoplanets [35]. However,
if the star has dark or bright spots on its surface, there is the possibility a
transiting companion will cross one during a transit (see Figure 1.7). When one
of these starspot crossing events occurs, the planet crosses in front of less flux
because spots are darker than the rest of the star’s photosphere, and this creates
a sudden decrease in the observed transit depth, i.e. a bump appears in the
transit when crossing a dark spot (see Figure 1.8) [36, 3, 37]. In the same way, if
a companion crosses in front of a bright spot (i.e. a facula), a sudden increase
in the transit depth, or a dip, occurs [37]. From these in transit depth changes,
three measurements can be made: (1) the amplitude of the bump or dip; (2) the
width of the bump or dip; and (3) the timing of the bump or dip. These three
measurements are inherent in the input data file for STSP, but STSP also requires

information about the orbit of the companion in order to correctly determine
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where the planet is in its orbit compared to the star [3]. The orbital information is
usually determined from modeling any unspotted transits of the object; though if
there are no unspotted transits, more rigorous modeling is required. Lastly, STSP
also requires information about certain stellar properties including the rotational
period of the star and the inclination of the star’s spin axis. Then, STSP can take
all of this knowledge and use the companion as a knife-edge probe of the stellar

surface itself [3].

1.3.2 How the Code Works

STSP is an entirely C based code that consists of two main parts: (1) a light curve
generating engine and (2) an affine-invariant Markov Chain Monte Carlo (MCMC)
optimizer (similar to [38]). The light curve generating engine is where the main
calculations take place. The precise information about the companion’s position
in its orbit along with the star’s properties allow for specific information about
the location of the spots with respect to the path of the companion. The way
this is calculated is that circular spots are projected on the spherical surface of
the star and fixed in one location [3]. At every time step in the input light curve,
the flux coming from the star is modified by the spots and the transiting planet
according to the area of the spot (i.e. the radius), the contrast of the spot (i.e.
how dark the spot is compared to the photosphere), the crossing of the planet
and the star, and crossing of each spot and the star. The center of the light curve
generating engine is the mathematical calculation for the intersections between

the planet and star and the spots and the star. These are calculated for every
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Rotation Axis

Figure 1.7: Schematic of HAT-P-11 star and planet system with spots
and transit chord shown, taken from [3]. The HAT-P-11 star and
planet are misaligned such that the star’s rotation axis (dashed line
through the star’s poles) is not perpendicular to the planet’s transit
chord (e.g. A # 0°) [4]. STSP then was used to measure this star’s
spot sizes and positions as the planet crosses in front of the spots, like

in this schematic.
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time step and for every spot, but they have analytic solutions since the spots are
defined to be circular [3].

The light curve generating engine is then wrapped by an affine-invariant
MCMC which actually solves for the best fit set of spot properties for the input
number of spots (N;). STSP is designed to model three spot properties: (1) the
latitude (6;); (2) the longitude (¢;); and (3) the radius (r;) for each spot. This
type of optimizer allows the user to have many ”walkers” (or chains) with different
initial guesses for the spot properties that move through the parameter space
towards the minimum x? for a given number of steps. The best fit solution is
then determined when all of the walkers converge on one minimum x? solution
[38]. As the spot latitude and longitude are not independent parameters, the
coordinates for the next guess (or step) for the walker are determined from the
current ¢; and ¢;. The distance that is moved away from the current position is
determined randomly but is constrained by a scaling factor, a, which is a tunable
input parameter. Thus, a moderates the step size, so a smaller a value results in
steps that are closer to the current spot properties.

STSP can then produce a precise location and size for each spot in a given
transit after the MCMC has reached the global minimum y2. Given that STSP is
a light curve generating engine wrapped in an MCMC, it also produces a model
light curve for the best fit spot parameters [3]. This model light curves can then
be compared directly to the data and studied by eye to determine if the current
best fit model has enough detail to match the data well. The bump structures

within transits can be very complex, and that level of complexity can be hard
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to match with the model if we only consider the statistics [37]. Additionally, by
comparing the STSP model and data directly, it is much easier to determine if the
number of spots that was assumed at the start was the correct number of spots
needed. Lastly, since STSP does have an optimizer built in, uncertainties can be
calculated for all of the spot properties, and these are important due to the many

degeneracies involved [3].

1.3.3 Limitations of STSP

While STSP is unique in its method, it does have limitations as all methods do.
There are a few assumptions that must be made in order to be able to calculate
the intersection points, namely the spots must be circular and they are assumed
to be only one temperature. These assumptions are unlikely to be physically true
as sunspots are asymmetric and have two distinct temperatures [22], but they
must be made in order to do the analytic calculations. Another assumption that
must be made in order to solve the problem is the contrast of the spot. Since
there are only three measurements (see Section 1.3.1) but four properties (spot
contrast, spot size and two spot position parameters) to measure, one property
must be assumed. The easiest one to assume is the contrast. Additionally, there
are a number of degeneracies inherent to the problem even after these assumptions
[3]. The first major degeneracy is between the contrast of the spot and the size
of the spot. If the contrast of the spot is changed to a darker spot, the spots
themselves would need to change in size and latitude in order to create the same

bump height [3]. The other degeneracy is between the spot latitude and spot
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radius. As the center of the spot moves closer to the center of the path of the
companion, the bump height grows because the companion is covering more of the
darker section and thus less light is seen by the observer [3]. Thus, if the spot is
large in radius and directly in the center of the companion, the bump height would
also be large, as shown in Figure 1.8. Since these two parameters are so closely
entwined, it can be difficult to finesse the exact right combination to match the
data. However, with enough steps and close monitoring of the model light curves,
STSP can manage to combat this issue while in the path of the companion. That
leads to the final limitation of STSP, which is it is most sensitive to the portion of
the star that is traversed by the companion [37]. STSP is not technically limited to
only in transit data, so it can model full out of transit light curves with observed
spot modulation. However, given the degeneracy between the spot radius and
latitude, it is more difficult to achieve physically realistic and/or complex results
without the latitude constraint that is provided by a transit crossing. Again, STSP
can model these types of light curves successfully (see [39]), but it is more likely
to provide a general sense of the total spotted area of the star rather than detailed

information about the spot properties of a star.

1.4 Previous STSP Results

To date, STSP has only been used on a handful of systems as the program is
powerful but does require large amounts of computing time and finesse to get the

best results [3, 39, 37, 40]. Most of the systems that have been modeled with STSP
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Figure 1.8: This figure shows three theoretical spots on HAT-P-11’s surface
in the top panel with the corresponding in-transit bumps shown in the light
curve below the star. The top plot specifically shows three different size
spots (in green, blue, and red) with different positions with respect to the
transit chord (shown by dashed lines). The bottom plot shows relative flux
versus orbital phase for each of the three theoretical spot models made with
STSP with each line being the same color as its corresponding spot. This
figure shows both how the STSP method works (see Section 1.3.1), and the
degeneracy between spot size and position in the transit chord (latitude
usually). In this case, all three theoretical spots produce very similar bumps
in the model light curves because a smaller spot directly in the transit chord
produces a similar amplitude bump to a larger spot that is slightly above or

below the transit chord (see Section 1.3.3).
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are objects with space-based photometric data. Using space-based photometry is
ideal for STSP as high-precision, high-cadence data is necessary to get the most
detailed model of the stellar surface. Additionally, space-based data allows for
less observing constraints, so the highest number of transits can be observed for
each system. Here I will mention one example before moving onto the systems I

analyzed and modeled with STSP.

1.4.1 HAT-P-11

HAT-P-11 is a K4 dwarf (T,g = 4770 K) with a known rotation period of 29.2
days that hosts one known transiting planet [41, 4]. HAT-P-11b is a Neptune
sized planet with P, = 4.88 days, R = 0.4 R;, and M = 0.08 M. [42] used
the Rossiter-McLaughlin effect to measure the angle between the rotation axis of
the star and the orbital plane of the planet, and these measurements revealed that
the planet orbits from pole-to-pole (i.e. A = 106+26//-10°). This means that the
planet will cross many latitudes during one transit but stay over approximately
the same stellar longitude. There are 205 transits in the short cadence Kepler
dataset with only 10 of those transits showing no signs of starspots in the transit
chord [3]. [3] modeled all of the spotted transits using STSP with an assumed
spot contrast that is a combination of sunspot umbral and penumbral average
contrasts. Sunspots have complex structures with a smaller, darker umbral region
and larger, less dark penumbral region, and if you combine the two with the
correct area for each region, a contrast (¢) of 0.3 is calculated. For HAT-P-11, [3]

found that 95% of the spots could be modeled with this contrast with the other
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5% needing a range of higher contrasts (i.e. darker spots). As the majority of
spots only required the average sunspot contrast values, ¢ = 0.3 was adopted for
the STSP modeling.

[3] found that most of the spots on HAT-P-11 are similar in radius to Solar
maximum sunspots, but with some spots having radii up to 30% the radius of
the star. Due to the circular nature of spots within STSP, these larger spots
are more likely to be asymmetric spot complexes that consist of many smaller
spots very close together. HAT-P-11 itself has a radius that is about 70% the
radius of the Sun, so the physical size of its spots are again very similar to Solar
maximum sunspots. Spots on HAT-P-11 were also found at two active latitudes
near +15° which is a similar structure to the Sun [3]. While there are many
Kepler transits, the longitude coverage for HAT-P-11 is unfortunately not as
complete as the latitude coverage because the planet orbits misaligned and with a
nearly 6:1 resonance between the rotaional period and orbital period. Therefore,
HAT-P-11b only covers about 6 longitude regions, so [3] found no conclusive results
about longitudinal spot coverage patterns. While the spot radii for HAT-P-11 are
similar to sunspots, the total area of spot coverage (also called the spot covering
fraction) is 10-100x higher for HAT-P-11 due in part to the larger number of spots
compared to the Sun [3]. With STSP, the in transit modeling is only sensitive to
the transit chord (or path of the companion), which usually means we can only
see one latitude band on the star without any knowledge of the rest of the star’s
surface. However, since HAT-P-11 orbits across many latitudes in one transit

and spot coverage should be symmetric across the star’s surface longitudinally,
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each transit should sample an unbiased slice of the star’s stellar surface. Thus, [3]
conclude that the surface of HAT-P-11 has a total spotted area of 3%$%, which
is much larger than the maximum sunspot covering fractions of 0.6% [43]. [3]
conclude from their detailed STSP modeling of the high-precision Kepler transits
of HAT-P-11b that a K4 dwarf star has a very similar dynamo to the Sun due to

the similar contrasts, sizes, and active latitudes.

1.4.2 Thesis Outline

The rest of my dissertation will be structured as follows. Chapter 2 will introduce
and provide the results of using STSP to model the stellar surface features of s
subgiant star with an M-dwarf companion using its Kepler high-precision data.
This was published in a paper in the Astronomical Journal in 2022. Chapter 3 will
introduce and show the results of using multi-filter, high-precision, ground-based
data to measure the temperature of starspots that have been modeling using STSP.
This was submitted to the American Astronomical Society’s (AAS) journals on
March 10th, 2023 and is currently under peer-review. The next chapter introduces
and provides the results for an M dwarf with a gas giant planet that has a
persistent starspot feature in every transit, which I modeling using high-precision
ground-based data. This chapter was also submitted to the AAS journals in
February 2023 and is currently in the process of resubmitting the paper after
peer-review revisions have been addressed. The final chapter will address future

work endeavors relating to modeling stellar surface features.
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Chapter 2

Modeling Surface Features on a Subgiant Star

Reproduced from my first author paper published in the Astronomical Journal

(volume 164, issue 1) in 2022.

2.1 Introduction

Sunspots, the locations of where magnetic fields tangle and erupt to the surface
of the Sun, have been observed and studied since the late 19th century. They are
known to form in groups and have a non-uniform temperature with a darker cooler
umbra surrounded by a slightly warmer, brighter penumbra. Sunspot groups are
complex in nature, and their size and overall complexity play a significant role in
the underlying magnetic activity level [23]. The overall sizes of sunspot groups
vary on the eleven year solar cycle with groups range in radius from ~ 0.3 % of
the Sun during a typical Solar minimum period and on average ~ 7 % during a
typical solar maximum period with the largest sunspot on record having a radius
of 11% the radius of the Sun [9]. Sunspots also grow and decay over time, though
for individual spots the decay rate appears to be constant no matter the area
of the spot. The number of sunspots in each group increases as the area of the
group gets larger, meaning there are more likely to be many small spots within a
group rather than one large spot [24].

Detailed studies of starspots, the stellar equivalent of sunspots, are key to

understanding the magnetic activity on the surface of stars. These studies expose
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key underlying magnetic features which can provide valuable constraints on stellar
dynamos [44]. Stellar activity that is similar to the Sun can be seen on M-dwarfs,
including a subset of active M-dwarfs that exhibit significantly more activity and
more energetic flares than seen on the Sun (see e.g. [44]). Stellar activity on other
spectral types can be found as well through studying the brightness fluctuations
of the stars over time [45]. For solar type stars, there is also a distinct connection
between the rotation period of a star and the magnetic activity level, with faster
rotating late-type stars exhibiting stronger activity [46]. Thus, a late-type star
with a fast rotational period will be much more active than a slowly rotating star
of a similar temperature. Furthermore, giant stars in short-period binary systems,
e.g. RS CVn systems, can also be much more active than their younger, main
sequence counterparts [13].

Analyses of the spotted areas of stars is also key to studying planet atmo-
spheres using transmission spectroscopy as stellar activity is a major source of
contamination for these observations [47]. When considering the effect of spots on
the surfaces of stars in transmission spectroscopy, the overall fraction of the star
that is covered in spots is a key parameter, and [25] showed that for even a total
spotted area of 1%, starspots would be the dominant source of uncertainty for
a transmission spectrum of an exoplanet. [1] also showed that spot and faculae
covering fractions for M-dwarfs generally underestimate the stellar contamination,
and with realistic stellar contamination levels, the resulting transit depth effects
can be up to 10 times that of planetary atmospheric features. This has been

shown with the M dwarf K2-18 where [48] found that stellar surface brightness
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variations could explain the inferred detection of a water absorption feature on
its sub-Neptune habitable zone planet’s atmosphere found by [49].

With some active stars having spotted areas of up to 40% [12], the charac-
terization of the activity on all stars is imperative to correctly understanding
the transmission spectra of exoplanets around all stars. At the high levels of
spectrophotometric precision that missions like JWST and ARIEL will provide,
this is now a critical effect to understand and mitigate [47]. The Pandora SmallSat
mission will also allow for simultaneous visible time-series photometry and near-IR
spectroscopy of exoplanet targets to understand and mitigate the effect of stellar
activity on exoplanet atmospheres [50].

There are many different techniques that have been developed to study
starspots including Doppler imaging [51], observations of molecular lines [30],
spectropolarimetry [29], and long-term photometric observations [3]. Each indi-
vidual technique is important because each one tells us about various aspects of
starspots such as their temperature from molecular line observations, differential
rotation with Doppler imaging, and stellar activity evolution from photometric
observations [44]. Additionally, high precision transit photometry can allow one
to spatially resolve starspots, using the transit (whether planetary or stellar) as a
knife-edge probe of the star. While the transit is occurring, the overall flux of
the host star is reduced. If the companion crosses in front of a spot (or a plage),
there will be a signature positive (or negative) bump during the in-transit part of
the light curve. Both spectroscopy and transit photometry provide insight into

the overall spotted area of a star, i.e. the filling or covering factor. Spectroscopic
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observations probe the net amount of spatially unresolved spots, whereas transit
photometry can spatially resolve spots along the transit chord blocked by the
companion during transit.

[52] were the first to use this novel technique to map a starspot on the surface
of CoRoT-2 were the spot was occulted during a planetary transit. [3] and [53]
then applied this novel photometric technique to Kepler satellite data of the
K-dwarf star, HAT-P-11, and the young solar analogue, Kepler-63, respectively.
HAT-P-11 has a similar rotation period to the Sun at ~ 29 days, but as it is
a cooler star, it has a deeper convection zone which could lead to higher levels
of activity than seen in the Sun [3]. The deeper convection zone of cooler stars
leads to more turbulence in the star and thus more activity [44]. [53] found that
Kepler-63 has two bands of spots in its Northern hemisphere with larger spots
closer to the equator and pole. Kepler-63’s fast rotation rate (~ 5.4 day period)
could explain why it has larger spots near the equator and pole of the star [53].
Both [3] and [53] were able to study distribution of spot latitudes and the change
in the spot latitudes over time because both planets have nearly polar orbits.
[53] found little evidence of differential rotational in Kepler-63, indicating that it

rotates almost as a solid body.

We identify KOI-340 (KIC 10616571, TIC 273376221, 2MASS J19503952+4748050)

as an eclipsing binary system consisting of a G subgaint primary and an M dwarf
companion that exhibits in-transit starspot crossing features in the original long
cadence Kepler data. Figure 2.1 shows all 38 normalized transits of KOI-340

overplotted by the model generated from the DR25 data release [5]. The residuals

28



980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

compared to that model plotted in Figure 2.1. These residuals exhibit a significant
increase in in-transit scatter compared to the immediately adjacent out-of-transit
data, which is the signature of variations in surface brightness (i.e. active regions)
on the primary star being occulted by the secondary star during the transit.

In this paper, we model the Kepler long cadence light curves of KOI-340 to
characterize the starspots on the primary star. In Section 3.2, we present updated
physical and orbital parameters of the eclipsing system to determine the unspotted
transit light curve. In Section 3.2.1, we describe the modeling of all Kepler transits
showing in-transit starspot crossing features to derive the properties of the spots.
In Section 3.4, we discuss the implications of the derived spot properties and put
KOI-340 into the broader context of known objects with starspot measurements.

Finally, in Section 3.5, we summarize the main conclusions of the paper.

2.2 Physical and Orbital Properties of KOI-340

KOI-340 is a highly eccentric eclipsing binary consisting of a G subgiant primary
star with an M-dwarf companion in a 23.67 day orbit. [54] were the first to
conclude that the system was a single-line spectroscopic binary based on two radial
velocity (RV) measurements made at quadrature with the SOPHIE instrument.
An additional 21 RV measurements obtained at eight different phases with the
high resolution spectrograph, CAFE, on the 2.2-meter telescope at Calar Alto
Observatory [55] were modeled along with the primary and secondary transits

from Kepler [8] to derive the orbital parameters and determine this is a highly
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eccentric (e = 0.513 £ 0.005) eclipsing system with a mass ratio, ¢ = 0.20 £ 0.05.

[56] present the spectroscopic stellar parameters, Teg, log g, vsini and metal-
licity, for KOI-340 as determined by fitting its stellar spectrum with synthetic
spectra, and fit isochrones to obtain a mass and radius estimate for the primary
star. Using these techniques, the authors find the following stellar parameters
for the primary star: Teg = 5593427 K, log g = 3.964+0.05, [M/H| = 0.28+0.01,
vsini = 6.940.5 kms™!, M, = 1.217003 Mgy, and R, = 1.89 Ry. Furthermore,
[57] analyzed 10 months of Kepler data to measure the rotation period of 1570
objects. KOI-340 was included in this analysis, and [57] found a rotational period
for KOI-340 of 12.942 + 0.018 days.

The transit model presented in the DR25 Kepler data release and shown as the
black line in Figure 2.1 was derived from all the primary transits of KOI-340, most
of which have starspot crossing features. This results in a default model with a
depth that is shallower than what would have been derived from unspotted transits.
However, accurate characterization of the starspots depends on an underlying
transit model shape that reflects the non-spotted stellar surface flux with limb
darkening. In addition, correct characterization of the longitude and latitude of
the starspots on the surface depends on the most accurate orbital properties of
the two-body system and knowledge of the stellar rotation period and tilt of the
spin axis of the star. Therefore, we derive updated values for the physical and
orbital properties of the KOI-340 system using only a subset of transits that show
little or no in-transit spots, while also incorporating in the fit the 21 existing

radial velocity measurements from [8] and all the secondary transits in the Kepler
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light curve to fully constrain the eccentric orbit.
The primary and secondary transits are normalized while preserving the transit
depth in the presence of out-of-transit variability using the technique discussed in

[3]. We normalize all primary and secondary transits using the following steps:

e Fitting and subtracting a second-order polynomial from the out-of-transit

fluxes within 3 hours of each transit.

e Add the peak quarterly flux to each detrended transit (which approximates

the unspotted brightness of the star)

e Divide the fluxes by that same peak value

This technique removes trends in flux due to stellar variability and normalizes the
out-of-transit fluxes to near-unity, while maintaining a uniform transit depth over
all transits.

We then apply a Markov-Chain Monte Carlo (MCMC) analysis simultaneously
to the normalized light curves and radial velocity points following the method
described in [58] and [59]. Our light curve model adopts the analytic formulae
presented in [7] to describe the shape of the primary transit with limb darkening.
As a single-lined eclipsing binary with a mass ratio, ¢ ~ 0.2, we have chosen to use
this well-tested code to characterize the precise shape of the unspotted primary
transit and directly measure the orbital parameters that describe the position of
the secondary companion. These parameters include the orbital period P, pital,
the time of mid-primary transit Ty, the eccentricity e, the argument of periastron

w, the radial velocity semi-amplitude K, the centre-of-mass velocity of the system
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v, and depth of the secondary transit (A Fg.). These parameters with their
robust uncertainties are given in Table 2.1. While definitive masses and radii are
beyond the scope of this paper, adopting a mass for the primary star from [56] as
mentioned above allows for analytically calculating the amplitude of the secondary
radial velocity curve, K, the mass ratio, ¢, and the orbital separation, asini by
inverting the equations given in [60]. These values are also provided in Table 2.1.
Finally, the shape of the primary transit is accurately described by the [7] model
with a depth, § = 0.020164 + 0.000096, impact parameter, b = 0.331 4 0.020, and
mean stellar density, p, = 0.208 4+ 0.018 with theoretical four parameter limb
darkening coefficients of ¢; = 0.624, co = —0.286, c3 = 0.867, ¢4, = —0.447 which
were determined using quasi-spherical PHOENIX model atmospheres [61]. The
primary transit model and the secondary transit are shown in Figure 2.2. The
radial velocity curve is shown in Figure 2.3.

In addition to the orbital properties and shape of the transit, we measured
the stellar rotation period and the tilt of the rotation axis out of the plane of
the sky. The period is measured from all available quarters of long cadence
Kepler light curves after eliminating the transits of the companion star. We run a
Lomb-Scargle periodogram [62] over the entire Kepler data set with the primary
transits removed from the data. The periodogram over all of the quarters is
plotted in Figure 2.4.

The Lomb-Scargle (LS) periodogram displays a maximum power at a period of
13.02 #+ 0.97 days, which is consistent with the more robustly measured rotation

period using the auto-correlation technique (12.942 + 0.018 days) as found by
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[57]. If you instead run a periodogram on each individual Kepler quarter, a
range of rotational periods is obtained with the average period of those individual
periodograms being 12.93 days with a standard deviation of 0.28 days which is
also in agreement with the period found by [57]. The relatively large range of
measured rotation periods is likely due to real physical phenomena such as the
stochastic emergence of spots at different phases and/or the differential rotation
of the star leading to spots that emerge at different latitudes. [63] recently showed
that multiple different peaks when examining the LS periodograms for each Kepler
quarter of an object may be used to put possible constraints on the differential
rotation of the object. However, they do assume that the spots on the surface of
the object do not evolve within one quarter (~ 90 days), which may not be the
case for KOI-340 (see Section 2.4.4 for more details). As such, we leave further
exploration of the quarter-to-quarter LS periodogram differences to future work.

A comparison between the measured vsini and the vsini calculated from
the rotation period and stellar radius can be used to constrain the tilt of the
rotation axis of the star. The vsini was measured by [56] to be 6.9 & 0.5 kms™'.
Adopting the radius, R, = 1.89 4+ 0.05 R determined from isochrone fitting
in [56] and using the rotation period derived by [57], we calculate the vsini
to be 7.40 £ 0.03 kms™!. This value is consistent with a tilt of 0° toward the
observer and implies that the companion star will pass over approximately the
same latitudes during every transit. Assuming the companion’s orbit is aligned
with the star’s stellar rotation axis, i.e. A = 0°, STSP calculates this latitude as

—19.3° based on the measured impact parameter of b = 0.331. In the absence of
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an obliquity measurement, we assume the M dwarf companion’s orbit is aligned
with the host star so we can determine the latitude and longitude of the active
regions location on the surface of the primary star. As shown in Section 2.4.4, we

do track spots over multiple orbits meaning the system is likely aligned.

2.3 Modeling Active Regions on KOI-340

We model the long cadence Kepler light curves of 38 primary transits of KOI-340
using the modeling program, STarSPot (STSP) [3] to characterize the surface
starspot features around the latitude of —19.3°. STSP is a C based program that
models the surface brightness variations (i.e. starspots) on the primary star’s
photosphere in a two-body gravitationally bound eclipsing or transiting system.

The parameters for the transit model derived above define the unspotted
transit, but almost all of KOI-340’s Kepler transits contain evidence of stellar
surface activity features, namely starspots and plages. Using this model as a
starting point, we employ STSP to derive simulated spotted light curves of the
primary transit of KOI-340 by adding a fixed number of spots each with a fixed
contrast to the surface of the star. The contrast of the active regions is decided
by the ratio of the integrated flux for the active region over the integrated flux for
the star’s effective photosphere relative to a certain bandpass. We use a contrast
equal to the average area-weighted contrast for sunspots (¢ = 0.3) for every spot
and [3]. We are modeling Kepler light curves, so the contrast value we use is

for the Kepler bandpass. Given the flux of the secondary is around 2 orders of
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magnitude less than the primary, the effects modeled here are coming from the
primary star.

Using an affine-invariant Markov Chain Monte Carlo (MCMC) [38], STSP
optimizes the transit model by sampling different radii (Rgpot/R+) and positions
(latitude and longitude, 8 and ¢ respectively) of each spot, ultimately adopting
the model that produces the lowest y2. We perform an initial MCMC run for
every transit by starting 300 chains with one or two spots placed in random initial
conditions on the star and allowing the spot configuration to evolve for an initial
fixed time of approximately 4000 steps with each chain evolving independently.
Then, we choose the chain with the lowest x? to be the best fit STSP model for
that run. If the minimum x? solution to this run matches the spot features in
the transit with a reduced y? less than 10, we consider this to be the final spot
configuration for that transit. If the initial run appears to have the correct number
of spots to match all the occultation features but not a sufficiently low reduced
x?2, we continue running the MCMC optimizer for more time, re-starting from the
last accepted step for all chains, until it reaches the required minimum x? (i.e.
less than 10). We chose to consider our runs complete with a reduced y? of less
than 10 as after running the transits for over 40,000 steps the x? values were not
decreasing anymore and corresponded to a reduced x? of less than 10.

As an example, consisder Kepler Transit 21 centered around time 610.4
Barycentric Kepler Julian Date (BKJD, i.e. BJD - 254833). This is the simplest
spotted transit for the system, showing only one distinct spot feature during the

transit. The initial MCMC optimization run found a single large spot (centered
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around 610.6 BKJD) almost entirely in the path of the secondary, as seen in
Figure 2.5 (bottom). The model light curve shown in red (Figure 2.5, top) results
in a reduced y? = 4.5 relative to the Kepler data. We decided this fit was sufficient
and no attempts with additional spots were necessary. With a best fit Rqpot /R
= 0.16 + 0.01, this spot is ~ 70% larger than the largest ever sunspot (relative
radius of 11% the radius of the Sun) [9].

Typically, the KOI-340 transits have more complex structures than shown with
Transit 21. If the initial one- or two-spot run cannot match all the subtle features
in the light curve, we add additional spots and apply the MCMC optimizer in
4000 step runs until the best fit STSP model matches the data well and has a
reduced x? less than 10. Depending on the complexity and number of spots, each
transit typically takes 10 of these STSP runs to satisfy the convergence criterion,
making the total steps taken approximately 40,000 steps.

Transit 19 is representative of most KOI-340 transits, with the final STSP
modeling results shown in Figure 2.6. For this transit, we initially modeled it
using initial conditions in STSP with two spots. However, we quickly found that
two spots were not sufficient to fit the complex bump feature (centered around
563.00 BKJD) along with the bumps on ingress and egress (centered around 562.8
BKJD and 563.25 BKJD respectively). Once we increased the number of spots
to four, we were able to fit the primary transit very well with a final reduced y?
value of 2.2. In this case, the shorter, wider bump (at time 563.0 BKJD) is best
fit with two smaller spot groups that are located right next to each other rather

than one large spot group. This is in comparison to the sharper, larger bump seen
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in Transit 21 which was fit very well with only one spot. As seen in Figure 2.6, all
of the spot groups modeled with STSP for this transit are well within the path of
the companion, and all four of the spots have radii from Rgpet/Rs = 0.07 — 0.10
which are comparable to Solar maximum sunspots (see Section 2.4.2 for more
details on typical sunspot sizes) [10].

One of the key features in many KOI-340 transits is spot groups on the ingress
and egress of the transit as shown in Transit 19. However, spots on the ingress and
egress can lead to very different final spot parameters depending on the duration
of the feature. Transit 29 showcases this phenomenon as seen in Figure 2.7. For
the spot on the ingress of Transit 29 (centered around 799.6 BKJD), it extends
over five cadences (150 minutes total for Kepler long cadence data) and is very
distinct from the no spot model. Thus, STSP finds the best fit spot to be both
large in size and mostly in the path of the secondary (Rgpet/R« = 0.234). In
comparison, the spot on the egress of the transit (centered around 800.0 BKJD)
only lasts for three cadences (90 minutes) and is not as distinct from the no spot
model in Figure 2.7 (cyan line) leading to a smaller spot that is fully in the path
of the secondary (Rgpot/R« = 0.115). Both of these spots are distinct from the
small bump in the middle of the light curve centered around time 799.8 BKJD.
Finally, for the small bump in the middle of the transit, STSP finds the best fit to
be a smaller spot (Rspot/R« = 0.089) fully in the middle of the secondary crossing
path as expected. As all of the spots are distinct from each other, it is much
easier to determine that there are only three spots in this transit, in contrast to

the complex spot structure centered around 563.0 BKJD in Transit 19 (see Figure
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2.6). The smaller bump in the middle of the transit is also a good contrast to the
sharper, taller bump seen in Transit 21 (centered around 610.4 BKJD, see Figure
2.5), which gave rise to a much larger spot radius.

There is a known degeneracy between the central latitude and radius of a spot
because at the precision and sampling of the Kepler data most features that can
be fit by a small spot that is fully in the path of the transit chord can be equally
well fit by a larger radius spot that is barely grazing the transit (see Figure 5 in [3]).
To mitigate this problem, we manually select the best fit results that favor smaller,
in-transit spots as opposed to grazing spots, and we provide error bars for the
relative radius of the spot, which accounts for these near-equivalent solutions. The
error bars are calculated from the MCMC output using the corner.py software
which calculates the appropriate 2D Gaussian density rather than the regular 1D

lo error bars [64].

2.4 Results and Discussion

We used STSP as described in Section 3.2.1 to model 36 tranists of KOI-340 that
show evidence of spot occultations during a transit. Two of the 38 total transits
show no signs of surface brightness variations and were not modeled with STSP
with two additional transits showing very little sign of variation that were modeled
using STSP giving a 89.4% probability of strong starspot crossing features during
a primary transit for KOI-340.

The best fitting transit models for the 36 transits produce 122 total starspots
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in the path of the planet, each defined by its position on the surface of the star
and its size relative to the stellar radius (latitude, longitude and Rgyor/Ry). It is
important to note that the spots identified on KOI-340 are likely to be starspot
groups like the active regions on the Sun, rather than individual starspots, given

their large sizes.

2.4.1 Spot longitudes and latitudes

In Figures 2.8 and 2.9, we plot the distribution of spot longitudes and latitudes,
respectively. The longitude distribution reveals that there are spot groups oc-
curring at every longitude, and spot occultations in nearly every transit, and
thus there is no preferred longitude for spots detected at mid-latitudes in the
path of the secondary. We also do not find any evidence of two preferred active
longitudes that are 180° apart from each other as has been seen in multiple other
types of active stars like RS CVn type stars [65], FK-Com type stars [66], young,
active Solar analogues [67], and even in the Sun [68]. However, active longitude
studies typically involve long term photometric observations which we do not have
for KOI-340. In comparison, the histogram of latitudes of the spot groups (see
Figure 2.9) illustrates a more defined distribution, as expected because modeling
in-transit spots is only sensitive to the portion of the host star that is covered
by the path of the transiting object. The center of the transit path is shown in
Figure 2.9 as a solid black line with the full extent of the transit path shown with
dashed black lines. 24% (29 of the 122 total spots) of spots have their central

latitude outside of the path of the planet (i.e. they don’t fall in the dashed line
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region). We refer to these as grazing spots.

2.4.2 Spot Radii

We next compare our distribution of spot sizes for KOI-340 to a representative
distribution of sunspots at Solar maximum and Solar minimum with the same
baseline as the Kepler mission of 4 years (Figure 2.10). For the Solar maximum
distribution, we used a subset of data from 1956-1960 shown in red, and for the
Solar minimum distribution, we used a subset of data from 1962-1966 shown in
blue [10]. These subsets were chosen because they are periods of time that are
solely Solar maximum or minimum.

The distribution of KOI-340’s spot size peaks with a value around 7.5% of
the star’s radius, which is similar to the peak of the Solar maximum distribution.
These spots are the most common sized spots on KOI-340 as well as the Sun
during Solar maximum. The smallest spot shown in Figure 2.6 during Transit 19
is an example of this typical spot. However, KOI-340 has many more larger spots
than the Sun as evidenced by the tail of the distribution that extends out to a
relative radius of ~ 1/3 the size of the star. KOI-340’s median spot radius is
Repot/Rs = 0.1144 making half of the spots detected on KOI-340 larger than the
largest ever sunspot (11% of the Sun, [9]). Despite the degeneracy between spot
radius and latitude (described above), only 29 of the very largest spots in the 122
spot distribution are grazing spots that may appear artificially large. Discarding
all spots with centers not in the path of the transiting companion, the distribution

still extends out to Repot/Rs = 0.29 which is 2.6 times the largest ever sunspot.
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This tail of larger spots could also be due to unresolved spot groups which causes

the spot groups to appear larger.

2.4.3 Fractional Area

In addition to spot radii, we also calculate a lower limit on the fraction of
the star that is covered by spots at the time of each transit. This quantity is
important because it is immune to the spot-radius degeneracy, and it is necessary
for transmission spectroscopy analyses when calculating the depth correction to
the transit due to starspots. Indeed, [25] showed that for even a total spotted area
of 1%, starspots would be the dominant source of uncertainty for a transmission
spectrum of an extrasolar planet. [1] showed that for the very active M-dwarf
TRAPPIST-1 system, with spot covering fractions around 8%, the resulting
stellar contamination affects the transit depths 1-15 times more than planetary
atmospheric features. However, observations of the system have yet to produce
evidence for significant transit contamination by dark starspots [69, 70, 71], while
bright regions have been proposed to explain the rotational modulation of the
host [72, 73].

We calculate the area of each circular spot that falls in the path of the
companion and sum over all spots. We then divide the total spotted area in
the transit chord by the total area of the hemisphere of the star (2rR?). This
quantity represents the minimum fractional area of the stellar surface covered
by spots because it assumes no other spots exist on the front face of the star.

Figure 2.11, compares the lower limits derived for all transits of KOI-340 to the

41



1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

monthly average values for the Solar minimum (blue) and Solar maximum (red)
distributions (as defined in above). We use the monthly average because the
orbital period of KOI-340 (~ 23d) allows us to take a snapshot of the stellar
surface approximately once a month over the 4-year duration of the Kepler survey.

KOI-340’s fractional spotted area ranges from 0.4% to 5% of the stellar surface,
and is almost always greater than the Sun’s. All but one snapshot show a minimum
spot covering fraction that is greater than the spot covering fractions over the
whole Sun at any point during its cycle. The mean value for the minimum spot
covering fraction on KOI-340 is 0.0198 Hemispheres (Hems), which is ~10 times
greater than the largest Solar fractional spotted area ever recorded [74] and large
enough to create significant uncertainty in any transmission spectra of planets
orbiting stars like KOI-340.

In Figure 2.12, we plot the longitude of every spot for a given transit versus
the midpoint time of that transit. We have formatted the size of the marker to
correspond to the radius of the spot group and colored the points according to
relative spot radius. The green boxes surrounding each transit correspond to
the total longitude coverage for each transit. In seven cases there are enough
consecutive transits that we can combine every other transit in groups of three
to create a complete 360 degree view of KOI-340 in longitude space (the transits
centered around 400, 450, and 500 BKJD for example). By using these seven
total instances, we can compute a lower limit for the fractional area of the entire
star in the transit crossing region. In doing so, we get a range of fractional areas

for the entire star in the transit crossing path to be 2.1-4.3%. If we assume that
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KOI-340 were to act similarly to the Sun, then we might expect KOI-340 to have
a matching band in the Northern hemisphere of the star that is similarly active
to the region of the transit crossing which would give a total fractional spotted
area for the entire star of 4.2-8.6%. If we simply scale up the minimum total
fractional spotted area for the entire star of 2.1% in the transit crossing path to
be the same across the entire star, we get a value of ~14% for an estimate of the

total fractional spotted area of KOI-340.

2.4.4 Longitude Evolution

Figure 2.12 is also used to determine how the spots evolve over time. If two spot
features are detected at similar longitudes in consecutive transits, this provides
evidence that those features are caused by the same spot that has survived for
more than the orbital period of the companion (23 days). Of the 122 total spots
for KOI-340, there are 54 possible spots that could be seen in the next transit, and
in 30 of those instances, a second spot feature is detected at a similar longitude
in the following transit. Thus, there is a 55% probability that the spots persist to
the consecutive transit meaning there is a 55% chance of the spots living longer
than 23 days. In comparison, sunspots typically live for around a day but can
live up to months depending on the size with larger sunspots lasting for longer
amounts of time [22].

Furthermore, we use Figure 2.12 to estimate the differential rotation at a
latitude of —19.3° on KOI-340 by quantifying the progression in longitude of the

30 spots that are observed in consecutive transits. The majority of these spots
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progress forward in longitude, suggesting that the rotational motion of the latitude
where the companion crosses is moving faster than the average rotation period
defined by spots at all latitudes [36]. Estimating the differential rotation from the
slope of the cyan line provided in Figure 2.12, we get a value of AQ ~ 0.004£0.001
rad day~! which is an order of magnitude lower than the Sun’s differential rotation
value of AQ = 0.055 rad day~! [44]. Presumably, the rotation period of KOI-340
measured from the periodogram is also generated by some of the same spots as
we use here to infer the differential rotation implying the rotation rates should be
similar between the two measurements. This is consistent with the small value
we measure here for the differential rotation. Thus, this estimate is only a weak
lower limit. Also, the long orbital period of 23 days for KOI-340’s companion
provide a sampling time that is not fine enough for a definitive measurement
furthering our assumption this is a weak lower limit. With other stars like GJ
1243 in well-sampled Kepler data and with careful STSP modeling of the in-transit
variability, there are signs of progression in longitude of the spots leading to an
indication of differential rotation on the surface of GJ 1243 [36].

Finally, we also investigated if the radius of the spot changed at all from one
transit to the next for the 30 spots that survive consecutive transits and found
that the spots do not grow or shrink in any significant way. Unlike sunspots which
decay more rapidly over time, the spots on KOI-340 appear to not change in size

significantly if they survive for one complete orbital period (23 days).
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2.4.5 Modeling of Plage

In one instance during a primary transit, we were able to model a bright stellar
surface feature for KOI-340. During this transit, there was a dip significantly
below the expected no-spot transit model as seen in Figure 2.13 at around time
373.7 BKJD which indicates the presence of a plage rather than a darker spot as
seen in the other transits. We implemented a new feature in STSP to allow for two
contrasts to be specified during a modeling run. For the contrast of the bright
spot, we chose to use a value of 1.3, that is 30% brighter than the photosphere,
as for the dark spots we used a value of ¢ = 0.3 as described in [3]. The modeling
of this transit was not unique in any other way, so our best fit model was still
required to meet our convergence criteria mentioned in Section 3.2.1. The best fit
solution for the plage is a feature with Rypet/R. = 0.10. This plage seems to be
closely followed by a larger, grazing spot, and it has been suggested that spots

and plages are co-located on active G and K stars [75].

2.4.6 Out-of-transit Starspots

Given that the secondary companion crosses the primary at a latitude of —19.3°,
the primary transit models that we have modeled and described in Section 3.2.1
only give us information about the surface features in the latitude range of —27.8°
to —10.6° which encompasses the secondary’s coverage on the host star. In order
to study the surface features on the rest of the star, we model both the in- and
out-of-transit light curve for one rotation period of KOI-340 centered on each

primary transit. We model this entire light curve in STSP by fixing the previously

45



1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

determined in-transit spots and adding on additional spots until the brightness
variations for the out-of-transit data are well modeled. As there is no constraint
on the latitude of the added spots, the best fit spot positions and sizes from the
out-of-transit variability provide degenerate results.

Thus, we choose all chains with x? values within 20% of the global minimum
x? to be acceptable solutions. We then calculate the fractional spotted area of
KOI-340 for all of the acceptable chains. Finally, we average the fractional spotted
area across all acceptable chains to find the best fit fractional spotted area for one
full rotation of KOI-340. For this procedure, we start with adding one additional
spot and calculating the average fractional spotted area. However, the added spot
needs to be large in size in order to match the variability seen in the out-of-transit
data, so we repeat the same procedure adding additional spots until the fractional
spotted area stops decreasing. Once the fractional spotted area appears to be
constant even with an additional spot, we consider the out-of-transit modeling to
be complete for that rotation.

Currently, we have modeled all of the full rotations of KOI-340 with STSP with
the minimum number of additional spots needed to match the full out-of-transit
light curve for that rotation. An example of this full light curve modeling with
the in-transit spots held fixed and the minimum number of spots added is shown
in Figure 2.14 with this full rotation of the star being centered around what we
call Transit 21 (see 3.2.1). Using the total fractional spotted area of the entire
star for each full light curve (of which there are 36), we can estimate the possible

upper limits of the fractional spotted area for KOI-340. This is shown in Figure
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2.15 where we have plotted the fractional spotted area versus the midpoint time
of the transit (i.e. the center of the full light curve) with the green upper arrows
indicating the minimum spotted area found using only the in-transit spots and
the green points with approximate error bars showing the total fractional spotted
area of the star using the full light curve with the minimum number of spots
added. In Figure 2.15, the Sun’s fractional spotted area is plotted as a solid red
bar [10] along with HAT-P-11’s range of possible fractional spotted area plotted
as black dashed lines [3].

However, with adding only the minimum number of additional spots to the
light curve, the best fit spots end up being large in size in order to fit the large
out-of-transit variability as seen for example in Figure 2.14.

In order to determine a more accurate total fractional spotted area, we add
additional spots and run STSP until we find a new best fit model. Then, we
recalculate the fractional spotted area for KOI-340. In doing so, we can find the
minimum fractional spotted area that still fits the full light curve which would
then replace the current values shown as green points in Figure 2.15. We have
done this successfully so far for the simplest primary transit (Transit 21) as the
total number of spots needed to fit the full light curve ended up only being 8. The
upper limit error bars attached to the green points represent the ~10% spread
found when we add additional spots to the model for this transit. Figure 2.16
shows the total spotted area versus the total number of spots, and when you add
additional spots, the total spotted area decreases and then levels out indicating

that we are approaching the minimum total spotted area. With every additional
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spot that STSP needs to model the complexity of the problem increases by a factor
of 3 so the modeling runs end up taking 24-48 hours on average to complete rather
than 8 hours for the regular in-transit modeling. Since the STSP modeling runs
take days to complete, we leave the completion of the other 35 full light curves to

future work.

2.5 Conclusions: KOI-340 in larger context

KOI-340 is a G subgiant star with Tz =~ 5600 K, M, = 1.2173%3 M., R, =
1.89 £ 0.05 R with a rotation period of 12.96 + 0.97 days and an M-dwarf
secondary (M, = 0.214 £ 0.006 M). KOI-340 has a cool temperature for its
radius, and while there is no direct mass measurement for this star, [56] estimates
the mass from the temperature and radius to be around 1.2 M, indicating that
KOI-340 is likely in the process of evolving off the main sequence. KOI-340 also
has a relatively slow rotation period for its estimated mass (~ 13 days compared to
~ 5 days for main sequence stars [76]) which could be due to angular momentum
conservation as the star is getting larger. From the STSP modeling, we have
determined that the radii of the in-transit spot groups can be much larger than
typical Solar-maximum spots which might not be expected for a star of this mass
and rotation rate.

In Figure 2.17, we have plotted a variety of stars with estimated fractional
spotted areas derived from other methods using spectroscopic features [11, 12, 13],

other stars that have been modeled with STSP [3], and the Sun [10] versus their
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Rossby number [77]. Their Rossby number was calculated using the equations in
[15] which gives an empirical equation for a star’s convective turnover time as a
function of its color. The points and error bars are colored by their rotational
period, and the square symbols denote stars whose filling factor was determined
by spectroscopic methods while the circle symbol denotes stars whose fractional
spotted area was found through photometric methods like STSP. Figure 2.17 shows
that typically the lower the Rossby number the higher the fractional spotted area.
This trend makes physical sense as a lower Rossby number indicates a system
with fast rotation and/or larger convection zones, which are therefore more likely
to be active systems. Therefore, the large spots on KOI-340 compared to the
Sun could be due to its faster rotation and increasing convection zone depth as it
evolves off the main sequence.

It is also important to note that for KOI-340 we have chosen to use the mean
minimum fractional spotted area (2.1%; see Section 2.4.3) even though some of
the individual transits can have much higher estimated fractional spotted areas
assuming certain conditions. We have chosen to use this conservative lower limit
as we are only sensitive to the transit crossing path using our in-transit STSP
models though once we have fully investigated the out-of-transit variability for
KOI-340 as well we will be more sensitive to the entire star’s spotted area. If
the entire star was spotted at a similar rate, that gives a value of 14% shown as
the extent of the upper error bar for KOI-340. A more accurate measurement of
the fractional spotted area will come from fully understanding the out-of-transit

variability of KOI-340.
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In summary, KOI-340 is an eclipsing binary system consisting of a G subgiant
with an M dwarf companion that has starspots two times larger than the majority
of sunspots on average. We used data from the Kepler spacecraft to model both
starspots and one plage using the starspot modeling program STSP which measures
the position and radius of the surface features. We modeled 36 Kepler transits
and found the minimum fractional spotted area of KOI-340 is 2712 % while the
spotted area of the Sun is at most 0.2%. The starspots on KOI-340 were found to
be present at every longitude with possible signs of differential rotation seen in the
evolution of spots along with a 55% of spots longer than 23 days. Thus, KOI-340
is a G subgiant star with an M dwarf companion that has considerable stellar
activity covering 2t12% of the primary star at a minimum. Future work includes
fully understanding and modeling the out-of-transit variability of KOI-340 which

will provide constraints on the total spot coverage of KOI-340.
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Figure 2.1: Top: Normalized transit light curves of KOI-340 from the
Kepler DR25 [5] data release are shown as a function of phase. The out-of-
transit data is displayed in green, the ingress and egress is in red, and the
measurements made when the companion is in-transit (between the second
and third contact points) are in blue. The black line model is generated
by using the DR25 parameters for KOI-340 with the batman software [6].
Bottom: Residual Kepler transit light curves of KOI-340 compared to the
model generated from the parameters from the DR25 [5] data release versus
phase. The out-of-transit data is in green, and the measurements made
between the second and third contact points are in blue. The significant
increase in in-transit scatter compared to the immediately adjacent out-of-
transit data are the signature of the secondary star occulting starspots on the
surface of the primary star. We have chosen not to plot the ingress and egress
points to highlight the difference between the in-transit and out-of-transit

points.
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Figure 2.2: Top: Four normalized transit light curves of KOI-340 which
show little or no starspot crossing features. The data are phase-folded with
the period in Table 2.1 and plotted versus phase. The red line [7] model
generated from the MCMC analysis of these primary transits along with the
radial velocity measurements and secondary transits from Kepler. The depth
of the transit derived from only unspotted transits is 6 = 0.020164 £ 0.000096.
Bottom: All normalized secondary transits observed in the long cadence
Kepler data of KOI-340 phase-folded with the ephemeris presented in Table 2.1
and plotted versus phase. The red line model is generated from the MCMC
analysis described in Section 3.2. The phase of the secondary transit occurs

at 0.319 due to the eccentricity of the system.
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with the ephemeris presented in Table 2.1 and plotted versus phase.

The red line model is generated from the MCMC analysis described

in Section 3.2.
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Table 2.1: Ephemeris and orbital properties of KOI-340 system

Value Units

To

Porbit

Ky

A Fsec

asini

6200.95698 + 0.00025% days

23.673113 £ 0.000011 days

0.493 £ 0.019

-122.0 £ 1.2 degrees
15.80 £ 0.40 kms~!
-83.97 £ 0.02 kms?

0.00088 £ 0.00016

80.6 &+ 1.0° kms~!
0.20 £ 0.05°
39.24+0.5° Ro

@ Barycentric Julian Date — 2450 000

b Calculated assuming M = 1.21M [56]
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Figure 2.4: The Lomb-Scargle Periodogram over all Kepler data with
primary transits removed. The period at maximum power suggests a

rotational period for KOI-340 of 13.02 £ 0.97 days.
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Figure 2.5: Top: Plot of the surface of KOI-340 with the final spot
groups shown as black filled circles along with the red line denoting
the longitude of the star at mid-transit and with blue lines denoting
the full extent of the transit path for the secondary object. Bottom:
Light curve for final STSP fit (red line) along with the no spot model
for KOI-340 (cyan line) for Transit 21. The residuals (model - data)
are shown below the light curve with blue point with the error bars

shown as light gray lines.
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Figure 2.6: Similar plot to Figure 2.5 except for Transit 19.
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Figure 2.8: Distribution of spot group central longitudes for KOI-
340 is shown here in blue. This distribution shows no true peak
meaning KOI-340 has spots at every longitude equally. As there
are no longitudes that are highly favored, it is unlikely the M dwarf
companion is inducing spots on the surface of KOI-340 that are large

enough to be detected over the rotation induced spots.
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Figure 2.9: Distribution of spot group central latitudes for KOI-340
is shown here in blue. The distribution is centered at —19.3°, which
coincides with where the M dwarf companion crosses (solid black line).
The dashed black lines shows the full extent of the secondary crossing
path. 24% of the spots fall outside the dotted lines and are thus

grazing spots.
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Figure 2.10: KOI-340’s spot radius distribution is shown in grey
with spot radius distributions for typical Solar maximum and Solar
minimum sunspots over same duration as the Kepler mission (four
years). Here the spot radius is given in relative radius, Rspot/ R+ with a
bin size width of 0.018 for all three distributions. For comparison, the
black dotted vertical lines correspond to the smallest spot (centered
around 563.25 BKJD) found in Transit 19 and the main spot (centered
at 610.4 BKJD) found in Transit 21 (see Figures 2.6 and 2.5), and the
red dotted line corresponds to the largest sunspot ever found by [9]

converted to relative radius as shown in [3].
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Figure 2.11: Area of transit crossing chord that is spotted assuming
there are no spots anywhere else on the front hemisphere of KOI-340 is
shown as the black distribution. This distribution is then the minimum
fractional spotted area for the front hemisphere of KOI-340 compared
to the Solar maximum fractional spotted area (red distribution) and
Solar minimum fractional spotted area (blue distribution). The Solar
maximum and minimum distributions are the same time frames as
shown in Figure 2.10. All three distributions have bin sizes of 0.001
(or 0.1%) fractional spotted area. The y-axis has been broken from
0.4 until 0.9 as the Solar minimum distribution has much smaller

fractional spotted areas so all of the values are in one bin.
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Figure 2.12: Plot of longitude versus time of all 122 spots modeled
for KOI-340 with the markers being sized with respect to the relative
radius of the spot group and colored with relative radius as well. The
green boxes surrounding each transit correspond to the longitude
coverage for each transit. When the green boxes overlap with the next
transit, we looked for signs of the spots surviving to the next transit
in order to search for signs of differential rotation. An example of this
is shown with the overplotted cyan arrow which encompasses two such

instances of possible signs of spots moving in longitude over time.
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Figure 2.13: Top: Plot of the surface of KOI-340 with the final spot
groups shown as black filled circles along with the red line denoting the
longitude of the star at mid-transit and with blue lines denoting the
full extent of the transit path for the companion. Red circle denotes
the bright spot modeled in this transit. Bottom: Light curve for final
STSP fit (red line) along with the no spot model for KOI-340 (cyan
line) for Transit 11. The residuals (model - data) are shown below the

light curve with blue points.
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Figure 2.14: Full light curve encompassing one full rotation period
(12.96 days) for simplest primary transit model (Transit 21). The
original Kepler data is shown in blue with the STSP model shown in
red. Three spots were needed (at minimum) to model the full light

curve in addition to the one fixed in-transit spot.
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Figure 2.15: Fractional spotted area plotted versus midpoint time of
primary transits in BKJD. KOI-340 is shown using green symbols with
the Sun’s total fractional spotted area coverage given as a solid red
bar [10] and HAT-P-11’s range of fractional spotted areas given as two
black dashed lines [3]. The green upper triangles denote the minimum
fractional spotted area for that transit found using the in-transit spots,
and the green points are positioned at the total fractional spotted
area found using the full out-of-transit light curve modeled using the

minimum number of additional spots as described in Section 2.4.6.
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Figure 2.16: Total spotted area for Transit 21’s full out-of-transit
light curve plotted versus total number of spots needed to fit the data.
The in-transit spots are fixed at 1, so in total 7 additional spots were
needed until the fractional spotted area started to level out. The
minimum number of spots needed to fit the data was 3, so we added
more spots on top of those 4 until the spotted area starts to level out
meaning we are approaching the minimum total spotted area for the

entire star.
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Figure 2.17: Fractional spotted area of stars from [11, 12, 13, 3, 14, 10]
versus their Rossby number. The points are colored by their rotational
period in days. Rossby numbers were calculated using their convective
turnover time in days derived from their (B-V) color as done in
[15]. Stars that have their fractional area derived from spectroscopic
methods are plotted using square symbols with the other photometric
methods denoted by a circle symbol. KOI-340 is denoted with a star
symbol around 0.4 in Rossby number with a dark blue color. The Sun
is the blue point around 0.65 in Rossby number with no clear error bar,
and HAT-P-11 is shown as both a light blue circle and square around
0.3 in Rossby number as it has both photometric and spectroscopic

fractional spotted area measurements [3, 14].
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Chapter 3

Temperature of Starspots

Reproduced from my first author paper submitted to AAS Journals on March

10th, 2023.

3.1 Introduction

It is well accepted that the Sun’s myriad of activity signatures, including Sunspots,
Sunspot cycles, flares, and coronal mass ejections are driven by Solar dynamo
theory [78]. Our proximity to the Sun enables us to quantify the complex short and
long time-scale evolution of activity phenomena across a multitude of wavelength
regimes, providing rich observational constraints on dynamo theory. Sunspots
form in groups and have a non-uniform temperature (see. [22]). The complex
and varied sizes and shapes of Sunspot groups constrains the underlying magnetic
activity driving their creation [23].

Starspots, the equivalent of sunspots on the surfaces of other stars, are a
cornerstone observable that constrains our understanding of magnetic activity
levels, variations, and magnetic cycles of stars other than the Sun. Numerous
techniques are capable of identifying and characterizing starspots, such as Doppler
imaging [51, 79, 80], spectropolarimetry [29], and long-term photometric observa-
tions [76, 3, 81, 82]). Starspots have been studied on a variety of stars, including
giants [13, 65], subgiants [37, 83], M dwarfs [44, 84, 85], K dwarfs [3], and young

Solar analogues [53].
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Spot sizes and spot temperatures are two key observational parameters that
are useful for characterizing starspot activity. Quantifying these parameters has
broad applicability to the interpretation of exoplanet transmission spectroscopy,
whereby spot activity is known to contaminate efforts to characterize exoplanetary
atmospheric properties [86, 1, 87, 88]. Even small covering fractions of 1%,
starspots would be the largest source of contamination when trying to retrieve an
exoplanet’s atmosphere from transmission spectroscopy [25].

Spectroscopic starspot measurements on giant and subgiant stars are able to
measure the darkest portion of the spot because the activity lines appear only at
low temperatures, so their starspot temperature measurements are on the order
of AT = 1000 K. Additionally, covering fractions (i.e. the total area across the
surface of the star covered by spots) on giants and subgiants can be measured
as upwards of ~40%. However, these methods lend themselves well to statistical
studies and empirical relationships between the temperature of a star and the
temperature of a starspot as shown in [44] and [16]. As noted in both papers,
these empirical relations should be treated with caution as they fail to reproduce
the well known solar spot temperature contrasts. While they should be applicable
to all types of stars, it is best to be cautious especially around younger G type
stars and older Solar analogues.

Historically, quantifying the temperatures of starspots has been pursued
using integrated optical spectroscopic observations of cool stars, for example by
leveraging the different temperature sensitivities of TiO bands (i.e. TiO § 8860A4)

in the red-optical [89, 30]. TiO only appears at much lower temperatures (e.g.
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AT ~ 1000K) than the photosphere of G and K type stars [13], making it a
particularly good diagnostic of spot temperatures for these stars. With the correct
spot covering fraction and a model of an inactive M-dwarf spectrum for the spots
and an inactive stellar temperature spectrum for the star, the active host star’s
spectrum can be reproduced.

It is more challenging to measure spot temperatures in M dwarfs using TiO
lines as activity and the photospheric contributions blend [44]. Spot temperature
measurements typically require estimates to be made about the spot covering
fractions at the time of spectroscopic observations, but starspot distributions can
change dramatically over time, including over single stellar rotation periods, which
can impact efforts to approximate covering fractions. Recently two-temperature
spectral deconvolution analyses have constrained spot filling factors by the broad
photometric modulations they produce [83] while using simultaneous spectra to
measure the spot temperature.

High cadence, high precision photometric observations of starspot crossing
events, whereby a companion transits a starspot or plage feature, enable precise
measurements of the covering fraction, size, and number of starspots on the surface
of the star [52, 3, 37, 53, 40]. Because there is a degeneracy between the sizes,
location, and temperatures features measured via starspot crossing events, this
method requires one to make an assumption of the temperature of the starspots.
In this paper we explore use of high-precision, multi-filter photometric observations
of starspot crossing events to simultaneously determine both temperatures and

sizes of individual starspots.

72



1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

1549

1550

1551

1552

1553

1554

1555

HAT-P-11 is a K4 dwarf star with two planets, a close in Neptune-sized planet
that orbits every 4.88 days [41] and gas giant planet that orbits every ~ 9 years
[90]. Only the Neptune-sized planet (HAT-P-11b) is known to transit the star, but
the planet’s orbital axis is oriented at an oblique angle compared to the star’s spin
axis. [42] found the sky-projected angle between the spin axis and orbital plane
to be A = 103725° using the Rossiter-McLaughlin effect. HAT-P-11 exhibits high
level of activity, with 95% of HAT-P-11b’s Kepler transits exhibiting starspot
crossing events [3]. Modeling these starspot crossing events led [3] to determine
that HAT-P-11’s starspots were similar in physical size to Solar maximum sunspots
but had covering fractions nearly two orders of magnitude higher than the Sun.

One of the major assumptions used to model HAT-P-11’s starspots was the
spot contrast, i.e. the ratio of the integrated flux of the spot compared to the
star’s unspotted photosphere. [3] used the area-weighted contrast of sunspots (c
= 0.3) which blends the sunspot umbra and penumbra temperatures with their
appropriate areas. In this paper, we will describe our technique to simultaneously
spot sizes and temperatures on HAT-P-11, using simultaneous multi-band transit
photometry obtained with LCOGT’s MuSCATS3 instrument on the 2.0-meter

telescope at Haleakala Observatory.
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3.2 Methods and Analysis

3.2.1 Modeling Active Regions on HAT-P-11

[3] used the program STarSPot (STSP) to model the starspot crossing events in
Kepler observations of HAT-P-11 (Figure 3.3.3). STSP’s functionality has been
described and applied to model starspot characteristics in other cool star systems
[84, 3, 39, 37, 40]. STSP generates synthetic light curves for a star using a pre-
defined number of static, non-overlapping spots or spot complexes, and computes
spot properties from a y? comparison between observed and synthetic fluxes using

an affine-invariant Markov Chain Monte Carlo (MCMC) based on [38].

3.2.2 Synthetic Spectra and Theoretical Contrast

The contrast of a starspot is approximated as:

c=1-— ]spot/]phot (31)

where I,y is the integrated flux of the spot in a given wavelength range and
Lhot 1s the integrated flux of the photosphere in the same wavelength range [22].
Previously when modeling the active regions of HAT-P-11, [3] used the area
weighted mean sunspot contrast of 0.3, as this contrast was found to best fit the
data. This area-weighted contrast takes into account the difference in contrast
and area between a sunspot’s umbral and penumbral regions with the umbra
being much darker but also much smaller. [3] used a mean umbral contrast of 0.65

and mean penumbral contrast of 0.2 with the penumbra having an area around
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Figure 3.1: Left: HAT-P-11’s stellar photosphere spectrum with Teg =
4800 K and log g = 4.59 in grey. Spectrum for spot temperature of
4500 K and log g = 4.591 is shown in magenta. Spectra were obtained
using the expecto python package, which provides a PHOENIX model
spectrum for an input effective temperature and surface gravity. Right:
The fluxes over which the spectra were integrated for the Kepler filter
for the photosphere and spot are shown in filled in hatches of blue
and magenta respectively. Once integrated over, the hatched regions
correspond to the Iy, (magenta) and Ipne (grey) in Equation (1)

which becomes a contrast of 0.32.

four times larger than the umbra [22], which provides an area-weighted sunspot
contrast of 0.3.

In order to theoretically determine the spot contrast needed for a filter, a
synthetic spectrum is needed for both the photosphere’s temperature and for the
spot’s temperature, with the surface gravity assumed to be the same across the
entire region of the star. We used the python package expecto which retrieves

PHOENIX [91] synthetic model stellar spectral. Figure 4.15 shows the PHOENIX

Thttps://expecto.readthedocs.io/en /latest /index.html
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synthetic spectrum for HAT-P-11’s stellar photosphere.

After obtaining synthetic spectra for the photospheric temperature and a
range of spot temperatures, we multiplied each spectrum with the filter response
curve for each bandpass of interest. The filter response curves were obtained using
the SVO filter profile service [92, 93]. For our purposes, we used the following
filters: SDSS ¢/, 7/, ', and 2’ [94]; Kepler [95]; TESS [96]; and OAO Zs [97]. Once
we multiplied each spectra for all of the filters, we finally integrated over the
wavelength region of the filter for both the stellar photosphere and the starspot
temperature.

For HAT-P-11, we used a stellar photosphere temperature of 4770 K (rounded
to 4800 K) and a surface gravity of 4.59 [3]. We used a range of active region
temperatures starting at 3700 K and increasing by 100 K until we reached 4700 K.
The calculated contrasts for each spot temperature and filter are shown in Figure
3.2 with contrast values plotted at their central wavelength. When looking at
the Kepler filter, the closest spot temperature that corresponds to the previously

assumed contrast of 0.3 is 4500 K (black star indicates this point).

3.3 LCO MuSCAT3 Observations

3.3.1 MuSCATS3 Simultaneous Multi-filter Photometry

Using the theoretical contrast values for a variety of spot temperatures for HAT-
P-11, the next step is to compare those contrast values using data from multiple

filters including the Kepler bandpass [3] used in modeling the Kepler transits.
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However, to ensure that we are comparing the same active region occultation in
each filter, simultaneous multi-filter photometry is needed. One such example of
this type of instrument is LCO’s MuSCATS3 instrument on the 2.0-meter FTN
telescope at Haleakala Observatory [97]. MuSCATS3 allows for simultaneous multi-
band photometery in four filters: SDSS ¢’, v/, and ¢/ and OAO Zs. Unique to
MuSCATS3 are the available engineered diffusers for each of the four filters. These
types of diffusers increase the precision of ground-based photometry of transiting
systems to the level of space-based data [98]. For a bright target like HAT-P-11,
the diffusers allow for the precision needed to potentially observe a starspot
occulation. We were awarded time with this instrument to observe two targets to
increase our chances of observing a starspot crossing event. We observed one full

transit of HAT-P-11b on 07-05-2021.

3.3.2 HAT-P-11

On July 5th, 2021, we obtained a full transit of HAT-P-11b using the MuSCAT3
instrument. With magnitudes around 9 in all four filters (SDSS ¢/, 7/, and ¢’ and
OAOQO Zs), we opted to use available diffusers for each filter as the diffusers reduce
the scintillation noise. Due to the nature of the instrument, the light from the
star is split into four, so the amount of light in each filter is reduced compared to
a single filter CCD. Because of this fact, the exposure times used were 40 seconds
in the 7" and ¢’ filters and 70 seconds in the ¢’ and Zs filters. These long exposures
lead to peak counts of 65,000-100,000 ADU, which is well below the saturation

limit for each CCD (> 100,000 ADU). These data were automatically processed
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using the LCO BANZATI pipeline [97]. We then ran each individual filter through
the multi-aperature photometry process using AstrolmageJ [99]. The precision
for this transit was excellent with all filters having <1 mmag precision. There is
one section of all four light curves that is slightly worse at the very start of the
observation, which is attributed to partly cloudy weather at that time. Even after
removing the poor section at the beginning of the night, it does not appear that
there was a visible active region occultation at any point in the transit.

In order to further constrain the limits on a spot crossing event in the transit,
we binned the data to 200 seconds for the SDSS 7’ and ¢’ filters and 210 seconds
for the SDSS ¢’ and Zs filters and plotted all of the filters at once in Figure 3.3.
We also plotted the residuals of the the binned data with respect to the no spot
transit model for each filter (cyan line shows Zs transit model as example). From
the residuals, we see no evidence of a color-dependent spot crossing event during
this transit. Even with the excellent precision data (less than 1 mmag in every
filter’s unbinned data), there is a possibility that there was a spot in the path of

the planet during this transit, but the spot was too small to detect.

3.3.3 Simulated Light Curves

Since we did not observe a starspot crossing occultation in our MuSCAT3 transit
of HAT-P-11b, we instead looked to Kepler transits of the planet to test our
theoretical contrast values for various filters. First, we chose a transit of HAT-
P-11b that had one unusually large starspot and one smaller, more typical size

starspot for HAT-P-11 (see Figure 3.3.3). Considering the starspots for this transit
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have already been modeled by [3] using STSP, we know the radii and locations for
the two spots as shown in Figure 3.3.3. Using this information and our theoretical
contrast values, we can model how the spot occulation changes with different
contrast values using STSP. We can then use this data to estimate what we should
have been able to observe with MuSCAT3 data if there were similar size spots in
the transit we obtained.

First, we must assume a spot temperature in order to know which contrast
values to use for the four MuSCATS3 filters. If we were to use Equation 5 from
[16] to estimate the temperature of the active regions of HAT-P-11, the spot
temperature would be around 3700-3800 K (a difference of ~ 1000 K from the
photosphere). However, as seen in Figure 3.5, the STSP models for all of the filters
including the Kepler bandpass result in starspot crossing events that are too high
and do not match the data well as these methods determine the temperature for
the darkest starspot regions rather than the average temperature. If we instead
find the spot temperature that best matches the Kepler data, the spot temperature
would be 4500 K as seen in Figure 3.6, which also shows that the STSP models
are much closer to the correct height. As a spot temperature of 4500 K matches
the data the best, we will use that spot temperature for the rest of the paper.
Though a 4500 K spot temperature best matches the data, there is no way to
confirm with only one filter, and if the spot radii and positions changed slightly,
the best fit spot temperature could change.

Even though we did not observe a starspot crossing during our HAT-P-11

MuSCATS3 transit, we were still able to use the excellent data collected to estimate
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what we could have observed. In order to simulate what the spots might look
like for MuSCAT3, we took the data collected for each filter and subtracted the
no spot transit model to get an accurate noise profile for the each filter with the
same cadence as the observed data. Then, we added on our corresponding STSP
model for a 4500 K starspot for each filter in order to simulate what the spots
seen in this transit of HAT-P-11 would look like for the observed noise levels from
our MuSCATS3 transit. Our simulated light curves for each filter can be seen on
the right hand side of Figure 3.7 as the grey points with error bars. The real data
from the LCO MuSCATS3 transit can be seen in the left hand side of Figure 3.7

for comparison.

3.4 Results and Discussion

We will now treat our simulated HAT-P-11 data as the true data we received from
MuSCAT3. Thus, we took the grey data points from Figure 3.7 and modeled
them in STSP with the known spot parameters. Keeping the spot parameters the
same for all four filters, the only independent variable to change is the contrast
for each filter. We modeled eleven spot temperatures for each filter (3700 - 4700
K). Then, we compared all the spot temperature curves to the simulated data
and calculated the x? for each temperature. The comparison between the binned
simulated data (pink points) and three different spot temperature models (4300 K,
4500 K, and 4700 K) are shown in Figure 3.8. For all four filters, the calculated y?

for each spot temperature model compared to the simulated data is the lowest for
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the 4500 K model. However, there is some uncertainty in the spot temperature
such that the 4400 and 4600 K models have x? values that fall within the A y?
of the 4500 K model. Thus, the determined spot temperature for HAT-P-11"s
starspots would be 4500 4+ 100 K.

Previously, starspot temperatures have been measured using spectroscopic
techniques (see [44] and references therein). This technique has been applied to
many different types of stars, and though it has been mostly G and K stars, it has
not been used to measure the starspot temperature of HAT-P-11. [14] used a spot
temperature difference of AT, = 250 K in their modeling of spectra obtained
with the ARC 3.5-meter telescope at Apache Point Observatory, but that spot
temperature was assumed in order to measure the spot covering fraction. [14]
indicates that their method would not be able to accurately determine the spot
covering fraction (or spot temperature if you assumed the spot covering fraction
instead) because their method is not sensitive to spot covering fractions of less

than 20%, and HAT-P-11’s maximum spot covering fraction is around 14% [3].

3.4.1 Limitations of Method

For this technique to be very successful, there are a few key factors that must be
considered. One is that we need high-precision and high-cadence photometry in
order to possibly catch a starspot crossing event. Fortunately, we can achieve very
high (< 1 mmag) precision from ground based facilities that have diffuser-assisted
imaging available. High-precision transit photometry is also available through

current and past space-based missions like Kepler, K2, TESS, and CHEOPS [100],
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but this technique does require observations of the same starspot in at least two
filters to confirm rather than estimate the spot temperature, which those missions
do not have. This leads to the last key factor which is target selection limitations.
Since we are currently limited to ground-based high-precision photometry, there
are only so many known systems with starspot crossing events that are bright
enough to be observed from the ground. However, for those objects, there is no
guarantee that a starspot crossing event that can be seen from the ground (i.e. a
sufficiently large starspot like the big one in the simulated HAT-P-11 light curves)
will occur during the observed transit. Additionally, it may be possible to observe
the same starspot region with both TESS and CHEOPS, which would open the
target list to many more options.

The limitations of this method were shown quite clearly in this paper, as
HAT-P-11 is an ideal target for diffuser-assisted ground based observations due to
its brightness. HAT-P-11 also has very well characterized stellar surface features
and is known to host starspot crossing events in 95% of its Kepler transits.
Additionally, our LCO MuSCATS3 transits had <1 mmag precision in every filter.
However, most of the starspots on HAT-P-11 are sized more similarly to the
smaller bump in Figure 3.3.3. As is seen in Figure 3.8, the smaller of the two
bumps can only be clearly seen in the binned SDSS ¢’ data. Even with the
exquisite precision from the LCO data, it would only be possible to catch a large

starspot crossing in multiple filters for HAT-P-11 and likely other targets as well.

82



1734

1735

1736

1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

1751

1752

1753

1754

1755

3.4.2 Future Work

With the JWST [101] and upcoming Pandora SmallSat [50] missions, there will
soon be an influx of transmission spectroscopy done on exoplanet atmospheres
around a wide range of host stars. Thus, it is becoming increasingly more
important to be able to characterize and model stellar surface features on stars
with a wide range of temperatures and rotation periods. In the modeling of
starspots and faculae, the temperature of the active region is necessary in order
to accurately determine the size of the region. With our introduced method
of theoretically determining the contrast of the starspots for a range of spot
temperatures, it is possible to determine within 100 K the temperature of the
spots with only one transit in at least two filters, assuming there is a starspot
crossing event observed during the transit. If there is a persistent starspot that is
observed in multiple transits and with different filters, then this method could
also be successful in determining the spot temperature, though any observational
difference (e.g. weather or seeing shifts during the transit) could influence the
observed spot occultation as well (see [40] for example). In either case, this
method is not observationally expensive as only one or two transits for each object
is required.

Even with only single band photometry, it would be possible if there are
simultaneous spectra taken of the object to measure the spot temperature. This
could be done using a combination of modeling the spots using the photometry,

either with in-transit spot occultations or out-of-transit photometric modeling
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(see [39] for reference) which provide a simultaneous measurement of the spot
covering fraction. With this simultaneous spot covering fraction measurement,
then the concurrent spectra can be modelled using a two temperature spectral
decomposition framework. This type of light curve modeling combined with
spectral decomposition modeling has been done by [83] on a subgiant star with a
large covering fraction of 32%, although their work was done for non-simultaneous
photometric and spectroscopic data. However, with a mission like the upcoming
Pandora SmallSat mission [50], it will be possible to preform this type of method

with simultaneous single-band photometry and near-IR spectra.

3.5 Conclusions

Starspot properties, such as their temperature, are important components to
understanding both stellar magnetic dynamo theory and exoplanetary transmission
spectroscopy. Using high precision, multi-filter photometry, we have demonstrated
the ability to determine the spot temperature to within 100 K if there is a
starspot occultation event using a HAT-P-11b transit obtained using the MuSCAT3
instrument on LCO’s 2.0-meter FTN telescope. This method can be used for any
two filters with different enough contrasts, though SDSS ¢’ and SDSS 4’ created
the largest signal difference with the highest cadence in our work. Future missions
such as Pandora will provide simultaneous photometric and spectroscopic data
during transiting events, which will allow for even more measurements of spot

temperatures and covering fractions.
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3.7 Appendix

3.7.1 Polynomial Fits to Contrast Curves

In addition to calculating the contrast for every spot temperature in every filter as
described in Section 3.3, we have fit a polynomial to the contrast values shown in
Figure 3.2. For our polynomial fitting, we are interested in the ability to input any
spot temperature and calculate a contrast for the chosen filter for HAT-P-11. Thus,
we fit the polynomial to our calculated contrast data versus spot temperature
rather than wavelength as shown in Figure 3.9. We have shown the contrast
versus spot temperature for the following filters as data points and dashed lines:
SDSS ¢’ (blue), SDSS 7/ (magenta), SDSS ¢’ (red), SDSS 2’ (cyan), TESS (orange),
Kepler (green), and OAO Zs (black) with the example polynomial fits shown for
the SDSS " and SDSS ¢’ as solid colored lines. All the polynomial fits have been
done using third order polynomials of the form given in Equation (2) where x
stands for spot temperature, [a, b, candd] are the polynomial coefficients, and p(x)
provides the contrast for that spot temperature. The polynomial coefficients for
each filter are given in Table 3.1. These polynomial curves will thus allow for
the ability to choose any spot temperature (x) in any of the listed filters and
calculate the contrast for a star with the same effective photosphere temperature

and surface gravity as HAT-P-11 (T.g= 4800 K and log g= 4.59).
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Table 3.1: Polynomial Coefficients

Filter a b c d
SDSS ¢’ 1.846e-10 1.715e-06 -5.339¢-03  6.514
SDSS 7’ 2.932e-11 -6.964e-07 3.568¢-03  -4.329
SDSS 4" -2.979e-11 1.357e-07 -1.750e-04  1.003
SDSS 2’-1.426e-11 1.708e-09 2.249e-04 4.526e-01

Zs  -5.947e-11 5.331e-07 -1.878e-03  3.297

TESS -1.414e-11-7.307e-08 7.371e-04 -2.964e-01

Kepler -4.579e-11 1.909e-07 1.298e-04 3.452e-02

p(z) = ax® + b2® 4+ cx +d

1819
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Figure 3.2: Theoretical contrast values for HAT-P-11 assuming Teg =
4800 K and log g = 4.59. A range of spot temperatures from 3700-4700
K in 100 K steps were used to calculate the contrast of the starspot
for a range of filters. The contrast values are plotted as points at the
filter’s central wavelegnth, though the contrast applies to the entire
bandpass. In order of central wavelength, the filters used were: SDSS
g', SDSS r', Kepler, SDSS ¢, TESS, OAO Zs, and SDSS z’. The solid
black line at 0.3 corresponds to the area-weighted sunspot contrast
assumed in [3] for their starspot modeling. The lines are colored by
their spot temperature with the coolest spots in cyan. The black star
corresponds to the contrast value for magenta spot spectrum shown

in Figure 4.15.
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Figure 3.3: Data from LCO MuSCAT3 from HAT-P-11b transit on
07-05-2021 binned to 200 seconds for SDSS ' (red) and SDSS ¢
(magenta) and 210 seconds for SDSS ¢’ (green) and Zs (blue) with
all filters plotted on top of each other. The bottom panel shows the
residuals of the no spot model (cyan line) minus the binned data

points.
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Figure 3.4: Top: Plot of the surface of HAT-P-11 with the final spot
groups shown as black filled circles along with the red line denoting
the equator of the star and with dashed lines denoting the full extent
of the transit path for the secondary object (given A = 103725%).
Bottom: Light curve for final STSP fit (red line) along with the no
spot model for HAT-P-11 (cyan line) for chosen transit. The residuals

(model - data) are shown below the light curve with black points.
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Kepler data (black points) and the no spot transit model (cyan line).
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model (cyan line). This spot temperature fits the Kepler data best
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Figure 3.7:

transit obtained on July 5th, 2021. The ¢’ band data are shown in the top
panel with a precision of 0.58 mmag with an exposure time of 70 s. The r’
band data are shown below the ¢’ with a precision of 0.57 mmag with an
exposure time of 40 s. The ¢/ band data are shown next with a precision of
0.62 mmag with an exposure time of 40 s. Lastly, the Zs band data are shown
in the bottom panel with a precision of 0.54 mmag with an exposure time of
70 s. Right: Simulated light curves of LCO data in ¢’,7’,7’ and Zs bands
from top to bottom panels respectively assuming the star was spotted as in
the Kepler light curve in Figure 3.3.3. Black points correspond to simulated
data with appropriate error bars. The no spot transit model for each filter

is shown as a cyan line with the residuals (no spot model - simulated data)

Left: Data collected by MuSCAT3 instrument for HAT-P-11 b
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Figure 3.8: Simulated light curves of binned LCO data in ¢’,7’,7" and

Zs bands (top left, top right, bottom left, and bottom right respectively)

compared to three STSP models corresponding to Tegsper = 4300 K

(blue line), 4500 K (orange line), and 4700 K (green line) with residuals

of model - data shown for all three cases in bottom panel. In all cases

the x2 of the STSP model compared to the simulated data is lowest

for Teg = 4500 K, though the two closest spot temperature models

4400 and 4600 K) fit within the A y2 of the 4500 K STSP model.
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Chapter 4

Modeling Surface Features on an M dwarf

This chapter is reproduced from Libby-Roberts, Schutte et al. (2023) submitted
on February 9th, 2023. The entire paper is reproduced here, but I lead the starspot
modeling and analysis sections with the planet characterization lead by the first
author Libby-Roberts. I included the entire paper for completeness and so all

relevant background information was available.

4.1 Introduction

Giant planets larger than 6 R4 are notably infrequent around FGK-dwarf stars
compared to smaller sub-Neptunes and super-Earths [102]. Giant planets orbiting
M dwarfs are even rarer with < 15 discovered to date (e.g., [103, 104, 105, 106]).
This sparsity was predicted by [107] who postulated the smaller protoplanetary
disks should make it near-impossible for cores to accrete and experience runaway
growth within the disks’ lifetimes. TFESS [108], however, continues to discover
new giant planets orbiting M dwarfs. All previously discovered giant planets orbit
early- and mid-M dwarfs with stellar masses > 0.35 M, [109].

TOI-3884b is the first transiting super-Neptune discovered orbiting a M4 Dwarf
with a stellar mass of 0.30 M. Its planetary nature was originally validated by [18],
who obtained several ground-based transits with ExTrA [110] and LCOGT [111]
as well as two radial velocity (RV) points with ESPRESSO [112]. Interestingly,

TOI-3884b possesses a persistent signature in every transit indicative of a star spot
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crossing event. Given the lack of notable out-of-transit variability, [18] suggest
the spot is a long-lived pole-spot.

Pole-spots are a common feature on young M dwarfs like TOI-3884. These
spots can persist beyond 6-12 months (e.g., [113, 114]). In-transit spot crossing
events provide an interesting probe for monitoring spot evolution [115, 116]. As
the planet passes over a cooler and darker spot, the amount of flux blocked by
the planet decreases yielding a bump in the transit light curve (e.g., [4, 3, 116].
For TOI-3884b, [18] used the duration and wavelength-dependent amplitude of
this feature to approximate the spot temperature and area. Assuming a polar
location, they also estimated the orbital obliquity concluding that TOI-3884b
must be misaligned relative to its star’s spin-orbit axis.

The TOI-3884 system is a promising target for future JWST observations.
TOI-3884b possesses the highest transmission spectroscopy signal-to-noise ratio
per transit for a planet with an equilibrium temperature < 500 K making it a
favorable planet for atmospheric characterization. With the assured spot crossing,
the transit of TOI-3884b may also provide a direct measure of the spot’s impact
on the atmospheric transmission spectrum of the planet [117].

In this paper, we present an in-depth analysis of the TOI-3884 system. We
describe our observations in Section 4.2 which we use to derive updated stellar
and planetary parameters in Section 4.3. We perform a detailed analysis of
the stellar spots in Section 4.4. Section 4.5 discusses these results, as well as
places TOI-3884b in context to the growing M dwarf giant planet population. We

conclude in Section 4.6.
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4.2 Observations and Data Reduction

4.2.1 TESS

TOI-3884 (TIC 86263325; Tiag = 12.91; Jmae = 11.13) was flagged as an object
of interest host in the TESS Sector 22 (2020 February 19 — 2020 March 17) long
cadence (30-minute) data by the TESS Quick Look Pipeline (QLP) [118] during
the Faint-Star Search [119]. The transit shape was noted to show an unusual
shape by the TESS Follow-up Observing Program (TFOP)?. TOI-3884 was again
observed by TESS in Sector 46 (2021 December 04 — 2021 December 30) and
Sector 49 (2022 March 01 — 2022 March 25) with 2-minute exposures.

We use the lightkurve package [120] to download all three sectors assuming
a ‘harder’ quality flag, removing all NaNs and initial outliers from the Pre-search
Data Conditioning Simple Aperture Photometry (PDCSAP) [121, 122]. Folding
the 2-minute short cadence light curves in both Sectors 46 and 49 on the expected
4.56 day period for TOI-3884b clearly shows an unusual transit shape (Figure 4.2)
— an ingress, a bump that spans half the transit, and then the continuation of
a normal transit shape through egress. This bump is also present in Sector 22

though the long 30-minute cadence is too sparse to resolve any structure in-transit.

4.2.2 Ground-Based Transit Photometric Follow-up

We observe seven photometric transits/partial-transits of TOI-3884b using three

separate ground-based facilities using Bessell I, SDSS i/, and SDSS 1’ filters. We

Thttps://exofop.ipac.caltech.edu
Zhttps://tess.mit.edu/followup/
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Figure 4.1: Top: TESS Sector 22 long-cadence light curve with the
TOI-3884b transits denoted in blue. Differing transit depths is an
artifact of the 30-minute cadence. Bottom: Short 2-minute cadence of
the TESS Sectors 46 and 49 with the transit model in blue. Both sets
of light curves use the PDCSAP flux without additional out-of-transit

GP detrending required.
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18« highlight each set of observations below and plot each individual transit, along

18s. with the folded TESS transits for Sectors 22, 46, and 49 in Figure 4.2.

e 4.2.3 0.3 m TMMT

157 We observed three separate transits of TOI-3884b (2022 February 14, 2022 Febru-
s ary 23, 2022 March 4 UT) using the 0.3 m Three-hundred MilliMeter Telescope
o (TMMT) [123] at Las Campanas Observatory in Chile. Each night used the
oo Bessell I filter with 180 second exposures. Every observation included the entire
181 transit though pre- and post-transit baselines did not span the same length of time.
182 Images collected during each night were then reduced following the procedure
s highlighted in [123)].

1804 We perform aperture photometry on the reduced TMMT images using AstroImageJ
wos  [124]. We assume a photometric aperture radius of 10 pixels (11.9 arcseconds)
18os around the target and 14 reference stars while the median background value was
o7 derived from an annulus with inner and outer radii of 15 pixels (17.9 arcseconds)
s and 25 pixels (29.5 arcseconds) respectively before being subtracted. We divided
180 the target star’s flux by the combined flux from the reference stars and derived
w0 the flux uncertainties from a combination of stellar, background, and dark current
w1 photon noise plus the expected read noise of the instrument. We detrend the light
w02 curves by dividing out a linear out-of-transit best-fit model. A similar bump in

w03 the transit light curve was present in all three observations.
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Figure 4.2: Light curves for individual ground-based observations and

the phase-folded TESS Sectors 22, 46, and 49. Light blue points

were masked in order to fit the transit shape during our analysis

and the best-fit non-spotted transit model is plotted in red with the

appropriate dilution terms included for the TESS sectors (0.98, 0.86,

0.84 respectively). Residuals for the respective transit models are

plotted in the bottom panel for each light curve.
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4.2.4 3.5 m ARC Telescope

We observed two transits of TOI-3884b on 2022 April 05 and 2022 June 03 and a
partial transit on 2022 April 23 with the ARC 3.5 m Telescope at the Apache Point
Observatory (APO) in New Mexico. For all three nights we used the optical CCD
Camera ARCTIC equipped with an engineered diffuser [125]. As discussed in
[125], the diffuser enables near photon/scintillation-limited precision light curves
by spreading the stellar PSF into a stable top-hat profile without the need to
defocus the telescope.

The observations for each night applied the same instrument set-up: quad
and fast read-out mode, 4 x4 pixel binning, and 20-second exposures. Biases and
dome flats were collected either before or after each observing run. ARCTIC does
not experience significant dark current for exposures < 60 seconds and was not
accounted for in our reduction.

On 2022 April 05 we observed the full transit using the SDSS 1 filter with good
weather and photometric skies. We also used the SDSS {1 filter for the 2022 April
23 transit, though poor weather caused us to miss the first half of the transit and
led to significant scatter in the data. To check for chromaticity both in the bump
and in the overall transit depth, we observed TOI-3884b on 2022 June 03 using
the SDSS 1’ filter. We experienced non-photometric skies due to dusty conditions.

We reduce each observation with bias subtraction before dividing by a nightly
median combined normalized flat field. Aperture photometry was again applied

using AstroImageJ assuming an aperture size of 20 pixels (9.1 arcseconds), 5
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reference stars, and background annulus of 25 (11.4 arcseconds) and 30 (14.7
arcseconds) pixels for inner and outer radii. Similar to TMMT, we detrend the
data by dividing out a linear model calculated from the out-of-transit points. On
2022 June 03, we observed a slight increase in flux prior to transit beyond the

linear model which we attributed to a potential micro-flare.

4.2.5 0.6 m RBO

We observed the 2022 June 03 transit ingress using the Bessell I filter with the 0.6
m telescope at the Red Buttes Observatory (RBO) in Wyoming, though weather
created significant scatter in the transit. While we opted not to include this
transit in the analysis, we observed the same slight increase in flux prior to transit
as the 2022 June 03 transit obtained with APO. This confirmed the feature is

astrophysical and not instrumental or weather-related.

4.2.6 NESSI High Contrast Imaging

We exclude potential background sources that may impact the overall transit
signal (depth or shape) using the NN-EXPLORE Exoplanet Stellar Speckle Imager
(NESSI) [126] on the WIYN 3.5 m telescope at Kitt Peak National Observatory
(KPNO) in Arizona®. We took a 9-minute sequence of 40 ms exposures using
NESSI's 7' filter on 2022 April 18. These images were then combined and processed

following the methods highlighted in [127].

3The WIYN Observatory is a joint facility of the NSF’s National Optical-Infrared Astronomy
Research Laboratory, Indiana University, the University of Wisconsin-Madison, Pennsylvania
State University, the University of Missouri, the University of California-Irvine, and Purdue
University.
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We plot the final contrast curve and speckle image in Figure 4.3. We detect
no nearby sources with a Az’ magnitude brighter than 3.8 from 0.2 out to 0.8
arcseconds and magnitudes brighter than 5 from 0.8 out to 1.2 arcseconds. We
compliment this with archival Gaia DR3 Data [128] which finds no nearby sources
within 20 arcseconds. Gaia also assigns TOI-3884 a Renormalized Unit Weight
Error (RUWE) equal to 1.25 which is consistent with a single star [129, 130].

TOI-3884 is a single star in a fairly sparse region of the night sky.

INESSI Speckle

0
0.5 —— NESSI 2/
1_ L
° 0.0
i
22 ~0.5 ‘
&0
]
= 31 i
<
4 I
5 |

I I I I I
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Figure 4.3: NESSI 50 contrast curve of TOI-3884 with the 2’ filter.
The inserted image is the final speckle image which shows no nearby

sources with Amag > 3.5 outside 0.2 arcsec
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4.2.7 HPF Radial Velocity Follow-Up

We performed an intensive RV follow-up of TOI-3884 using Habitable-zone Planet
Finder [131, 132] starting on 2021 December 01. HPF is a high resolution (R
~55,000) near-infrared (810 — 1280 nm), fiber-fed [133], stabilized [134] precision
RV spectrograph, on the 10 m Hobby-Eberly Telescope in Texas [135]. Over
the next 5 months, we observed TOI-3884 27 nights with each night obtaining
two 945-second exposure measurements. Each spectrum was analyzed using the
HxRGproc package which corrects for bias, non-linearities, cosmic rays, and then
calculates the flux and variance of the individual spectra as described in [136].
We use barycorrpy [137] to perform the barycentric correction on the individual
spectra, which is the Python implementation of the algorithms from [138]. A
wavelength solution was created by interpolating the wavelength over all other
exposures in the same night of each observation, which was then applied to the
respective TOI-3884 spectra.

We removed all nights (8 total) which possessed unbinned S/N ratios less than
50% of the expected S/N of 74 at 1.04 um calculated from the HPF Exposure

4. These S/N ratios ranged between 21 to 31. An inspection

Time Calculator
of these low S/N observations determined they were all obtained during less
than optimal sky conditions (variable seeing > 2 arcseconds, background i'-band
magnitude was brighter than 16.5, transparency was < 75% and/or bad weather

or clouds were noted in the night logs). Every other observation possessed a

S/N > 43 and met our required observing conditions for transparency, seeing,

“https:/ /psuastro.github.io/HPF /Exposure-Times
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and good weather conditions. We also removed the spectra from 2022 April 5 as
these were observed during the transit spanning the large bump. As the planet is
crossing an active region of the star, this may introduce potential contamination
in the RV signal. This left 36 unbinned spectra taken over the course of 18 nights
(Figures 4.4 and 4.5).

We applied a template-matching method [139] using the SERVAL pipeline
[140] modified for HPF [141]. A master template was created by combining all
spectra and masking tellurics and sky-emission lines. This template was then
shifted to match each individual spectrum by minimizing the y? statistic before
converting this shift into velocity space. We binned the two nightly individual
RVs reported from SERVAL using a weighted-average based on their respective
S/N ratios. The final binned RVs used for our analysis are listed in Table 4.2.7

and are plotted in Figure 4.5.

RV [m/s]

Residuals

I I I I I I I
550 575 600 625 650 675 700
BJD 1y - 2459000 (days)

Figure 4.4: The full HPF RV time series with the best-fit model plotted

in blue, with the 1-0 quantile included as a lighter shade.
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Figure 4.5: The HPF RVs phased to the best-fit period of TOI-3884b.
Best-fit model and the 1-0 quantile are plotted in blue. Mid-transit

occurs at phase 0.

4.3 Analysis

4.3.1 Stellar Properties

We derived the spectroscopic stellar parameters: effective temperature (Teg),
metallicity ([Fe/H]), and log g of TOI-3884 by applying the template matching
methodology on the HPF spectra as outlined in [141]. Using the HPF-SpecMatch
package [141], we apply the spectral matching technique to the HPF Order 5
spectra (853 — 864 nm) which has little to no telluric contamination. We list the
spectroscopically derived stellar parameters for TOI-3884 from this analysis in

Table 4.7.
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With the isochrones package [142], we create an SED fit using the combina-
tion of the derived stellar spectroscopic values, the g, r, i, z, and y magnitudes
reported from Pan-STARRSI1 [143][144], the W1, W2, and W3 WISE-band mag-
nitudes [145], the J, H, and K magnitudes reported by 2MASS [146], and the
parallax from Gaia DR3 [128]. We utilize Gaussian priors for all parameters
except for a flat prior on the Ay extinction and flat-log age prior up to 2 Gyr (see
Section 4.3.1). We utilize the relations in [147], calculated for the Gaia reported
distance of 43 pc, to place an upper Ay extinction limit of 0.1. We determine a
stellar mass and radius of 0.298 £+ 0.018 My and 0.302 £ 0.012 Rg, respectively
(stellar density: 15.26 + 2.04 g/cm?) for TOI-3884. We verify these values by
repeating the same fits using the ExoFASTv2 package [148], deriving masses and
radii within 1o. We verify this stellar density using the high-precision 2022 April
05 APO transit where we obtain a best-fit density of 15.43 4+ 0.39 g/cm? (assuming
a circular orbit).

Using ESPRESSO, [18] suggests that TOI-3884 is a slowly rotating star with a
slow vsini of 1.1 km/s. They note this slow rotation suggests an inactive star — in
contrast with the large spot crossing event. We use our HPF spectra in an attempt
to verify the slow rotator scenario by constraining the rotational broadening
of TOI-3884 using two separate methods. First during the spectral-matching
process, HPF-SpecMatch performs an optimization for the optimal rotational
broadening [149]. This results in a vsini = 3.6 £ 0.9 km/s. Second, we compare
the widths of CCFs of TOI-3884 to the CCF widths of artificially broadened

slowly rotating reference star of a similar spectral type. The HPF-SpecMatch
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analysis highlights Ross 128 as an excellent spectral match to TOI-3884b with a
Ter = 3192 £ 60 K [150], which matches well with the effective temperature of
TOI-3884 of T = 3180 + 80 K (Table 4.7). Further, [151] demonstrate that Ross
128 is an inactive slowly rotating M dwarf with a long rotation period of > 100
days, suggesting minimal rotational broadening.

Figure 4.6 compares the CCFs of TOI-3884 to the CCF's of Ross 128 from 6
HPF orders clean of tellurics, suggesting that a vsin¢ > 3km/s is warranted, and
we derive a vsini = 3.2 £ 0.9 km/s estimate from the average and the standard
deviation values from the 6 HPF orders, respectively. We note that in trying to
use other slowly rotating stars of similar spectral types results in similar v sin
values. We elect to formally adapt the vsin¢ value derived from HPF-SpecMatch,
as through its x? minimization process of the full spectra it can better account
for differences in normalization offsets that could lead to differences in the CCFs.
We were unsuccessful to resolve the slower 1.1 km/s vsini as originally published
for this star.

The relatively rapid vsin¢ from this work suggests TOI-3884 should be active
and relatively young (<1 Gyr) [152]. We support this conclusion with the LAM-
OST spectra which covers Ha. LAMOST reports an Ha equivalent width (EW)
of -3.86 £ 0.02 A in emission. From Equation 1 in [153], an inactive star with
TOI-3884’s properties should have an How EW of 0.18 A in absorption. TESS
observes three large flaring events in the two short cadence sectors, and the HPF
spectra also show clear Ca IR triplet (Ca IRT) excess in emission.

We apply pyHammer [154] to the archival Large Sky Area Multi-Object Fiber
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Figure 4.6: Comparing the width of the CCFs of TOI-3884 (red curves)

in 6 different orders in HPF in 6 different panels to the CCF's of slowly

rotating calibration star, Ross 128. The grey-dashed lines show the

unbroadened calibration star, and the black lines show the calibration

star artificially broadened to the best fit value. The TOI-3884 spectra

show evidence for rotational broadening.
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Spectroscopic Telescope [155, 156] spectra assuming the metallicity derived from
the HPF spectra. Using a template-matching routine of empirical M dwarf spectra,
we determine the best-fit spectral type to be either an M4 or M5 dwarf. We adopt
M4 as the spectral type for this work.

Significant spot coverage can affect the measured photospheric temperature of
the star and influence the SED derived stellar mass/radius. However, we detect
no significant deviation from a single star SED fit to the observed magnitudes
using ExoFASTv2. Moreover, we calculate a spot covering fraction of 15% with a
spot temperature of 2900 K will impact the actually stellar temperature by 50-100
K for TOI-3884. This is within the Teg uncertainty reported by HPF-SpecMatch.
Therefore, the derived stellar parameters in Table 4.7 are minimally affected by

the large spot (see Section 4.4).

4.3.2 Joint Analysis of Transit and Radial Velocity Observations

We perform a joint-analysis of the transit and radial velocity (RV) observations to
measure TOI-3884b’s mass and radius. However, the lack of a pristine non-spot
crossing transit light curve of TOI-3884b creates a challenge for transit analysis.
We create an individualized starspot-mask based on visual inspection to each
ground-based transit and to the three folded TESS sectors. We then fit a transit
model to the unmasked points. We calculate a x? of the residuals along with a
by-eye examination. Points that still demonstrate bump-structure are masked
and we repeat the procedure until we minimized the y?. Masked duration and

location vary slightly between data sets though all fell between 39 minutes prior
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Table 2. Summary of stellar parameters for TOI-3884.

Parameter Description Value Reference

Main identifiers:

TOI TESS Object of Interest 3884 TESS mission

TIC TESS Input Catalogue 86263325 Stassun

2MASS e J12061746+1230249 2MASS

Gaia DR3 e 3919169687804622336 Gaia DR3
Equatorial Coordinates, Proper Motion and Spectral Type:

Q32016 Right Ascension (RA) 181.571808 Gaia DR3

832016 Declination (Dec) +12.507030 Gaia DR3

d Distance in pc 43.1 Gaia DR3

Av,maz Maximum visual extinction 0.04 Green
Optical and near-infrared magnitudes:

B Johnson B mag 17.46 + 0.23 APASS

|4 Johnson V mag 15.74 £ 0.01 APASS

g Sloan g’ mag 16.62 + 0.09 Pan-STARRS1

r' Sloan r" mag 15.17 4+ 0.06 Pan-STARRS1

i Sloan i’ mag 13.58 & 0.06 Pan-STARRS1

J J mag 11.13 + 0.02 2MASS

H H mag 10.55 + 0.02 2MASS

K K mag 10.24 £+ 0.02 2MASS

w1 WISE1L mag 10.16 + 0.02 WISE

w2 WISE2 mag 9.99 £ 0.02 WISE

w3 WISE3 mag 9.76 + 0.05 WISE
SpecMatch Spectroscopic Parameters:

Tes Effective temperature in K 3180 + 88 This work

[Fe/H] Metallicity in dex 0.04 £+ 0.12 This work

log(g) Surface gravity in cgs units 4.97 £ 0.05 This work
Model-Dependent Stellar SED and Isochrone Fit Parameters:

M, Mass in Mg 0.298 4 0.018 This work

R Radius in Rg 0.302 &+ 0.012 This work

Ps Density in g/cm® 15.26 &+ 2.04 This work
Other Stellar Parameters:

vsinis Rotational velocity in km/s 3.59 + 0.92 This work

Prot(is = 90°) Non-tilted maximum rotational period in days 4.22 + 1.09 This work

ARV “Absolute” radial velocity in km/s 3.16 £ 2.89 Gaia DR3

References are: Stassun (Stassun et al. 2018), 2MASS (Cutri et al. 2003), Gaia DR3 (Gaia Collaboration et al.
2021), Green (Green et al. 2019), APASS (Henden et al. 2018), WISE (Wright et al. 2010), Pan-STARRSI1

(Chambers et al. 2016; Magnier et al. 2020)

Figure 4.7: I am currently working to fix this back to an actual table.
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to mid-transit (Ty) to 25 minutes post Ty; i.e, ~60% of the transit duration.
Figure 4.2 plots the ground-based and folded TESS light curves with the masked
points denoted in blue.

We perform a joint fit with exoplanet [157] using both the masked TESS and
ground-based transits and the HPF RVs. We fit for a single transit ephemeris,
period, impact parameter, a/Rs, and transit depth using the combination of the
three masked TESS sectors, three TMMT transits, and three APO observations.
We include a dilution term to the transit depth for each of the three TESS sectors
fixed on the ARCTIC SDSS i’ transit. exoplanet uses the built-in starry [158]
package to model the quadratic limb darkening parameters. As each instrument
uses a different broadband filter, we fit for quadratic limb darkening terms specific
to the various wavelength coverage (TESS bandpass, Bessell I, SDSS i', and SDSS
1'). Last, we included a jitter term added in quadrature to the flux errors and a
flux offset to each transit observation. Neither the TESS out-of-transit baseline
(PDCSAP) nor the ground-based observations required additional detrending. We
plot our best-fit transit model in red for each transit in Figure 4.2.

We assume a Keplerian model for the RVs allowing eccentricity and the
argument of periastron (w) to float as well as the RV semi-amplitude. Similar
to the photometric transits, we include a jitter and RV offset terms as well as a
general trend line. Including a GP had no effect on the RV results thus do not
include an activity dependent GP for the RV orbit. We determine TOI-3884b
is a super-Neptune with a mass of 32.59773% M, and radius of 6.43 4 0.20 R,

Figure 4.5 plots the best-fit RV model along with the 1o contours. We report the
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best-fit properties from this joint analysis as well as the final planetary properties
for TOI-3884b in Table 4.8. We note that the derived mass of TOI-3884b is based
on the model’s assumption that the planet is the main source of the RV variation.
Periodograms of the Ca IRT, differential line widths, and chromatic index show
no peaks with False Alarm Probabilities < 10% at the planet’s period (nor any

other period) indicating that the RV signal is not dominated by stellar activity.

4.4 Starspot Analysis

We now focus on analyzing the ubiquitous spot feature that is present in all
the transit light curves shown in Figure 4.2. In-transit flux increases like this
one are commonly observed in planetary transits, when the planet passes in
front of a localized region of reduced flux on the surface of the star (i.e. a
starspot) [159, 115, 3, 116]. Precise knowledge of the planet’s orbital properties
in combination with the stellar rotation and tilt can provide specific positional
information about the spots in the path of the planet as shown in [3, 116].
Conversely, observations of multiple in-transit spot occultations combined with
inferences about the spot properties can provide information about the obliquity
of the planet, as found in [115]. It is important to note that while we refer to the
spots as "spots” what we are most likely modeling are entire spot complexes.
TOI-3884 shows a prominent star spot crossing feature in every high cadence
transit between December 2021 and June 2022, and a single point flux increase

in-transit in the long-cadence TESS light curve from Spring 2020. While spot
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Table 3. Derived Parameters for TOI-3884b.

Parameter Units Value®
Orbital Parameters:
Orbital Period ............ P (days) ......... 4.5445828 + 0.0000098

Eccentricity...............
Argument of Periastron...
Semi-amplitude Velocity ..
RV Trend.................
RV Jitter .................

Transit Parameters:

Transit Midpoint .........
Scaled Radius.............
Scaled Semi-major Axis. ..
Orbital Inclination........
Impact Parameter ........
Transit Duration..........

Dilution®

Planetary Parameters:

Radius....................
Density ..........ooooiii
Semi-major Axis..........
Planetary Insolation

Equilibrium Temperature®

Kms"Y........
dv/dt (ms~" yr= 1)

oupr (ms ') .....

Te (BJDTDB) .....
R,/R.
a/Rs

0.0615 55
-1.9614:28
28.0315-99
0.58+5 %8

7.86120%

2459556.5166940.00025
0.197 + 0.002
25.9015-96
89.8110-18
0.089700%2
0.06661 5 0024
0.98 & 0.12
0.86 + 0.03
0.84 + 0.03

32.591 731
6.43 + 0.20
0.6715 15
0.0361 + 0.0008
6.29 + 0.84
441 + 15

%The reported values refer to the 16-50-84% percentile of the posteriors.

b Dilution due to presence of background stars in TESS aperture, not accounted

for.

©We assume the planet to be a black body with zero albedo and perfect energy
redistribution to estimate the equilibrium temperature.

Figure 4.8: I am currently working to fix this back to an actual table.
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occultations are often detected in multiple, different transits of the same star,
TOI-3884 is unique in that the feature persists at the same orbital phase in the
first half of the transit for at least two years. The similarity of the amplitude,
duration, and shape of the features combined with its persistence suggests that
we are observing the same long-lived spot in all the light curves.

There is a very limited parameter space of stellar rotation and stellar inclination
that would result in the same spot being detected at the same orbital phase over
the 6-month duration of the observations, given the well-defined orbital period of
the planet. If the star is spinning upright (i.e. the stellar inclination is 0°), the
persistent spot could only occur if the star was rotating so slowly that the spot
appeared fixed in place (which is incredibly unlikely over two years of monitoring),
or if the orbital period of the planet was an exact integer multiple of the star’s
rotation period so that each time the planet transited, a spot feature was back in
the same location relative to the observer. The only other scenario which would
result in the fixed phase of the star spot feature is one in which the star is tilted
away from the line of sight and the large persistent spot is fixed at or near the pole
so that it doesn’t move relative to the observer even as the star rotates. Based on
the measured vsin ¢, we rule-out the slow rotating scenario. However, we explore
the other two possibilities: i) a non-tilted star with synchronous rotation and ii)

a tilted star system with a non-zero obliquity.
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4.4.1 Starspot Model of a Non-Tilted Star with Synchronous Rotation

We apply the program STarSPot (STSP) [3, 116] to the high-precision 2022 April
05 APO observation with the procedure outlined in [116]. STSP is specifically
designed to model the light curves of transiting systems in which star spots and/or
faculae create localized surface brightness variations on the host star. Using
an affine-invariant Markov Chain Monte Carlo (MCMC) [3] optimizer, a single
run of STSP samples different radii (Rgpot/Rs), latitudes, and longitudes (6 and
¢ respectively) for every spot, but applies a fixed spot contrast (defined by its
temperature and the filter of the observed transit) in order to break the known
degeneracies between these properties.

For TOI-3884, we assume a photospheric temperature of 3200 K derived from
the HPF spectroscopic parameters and perform STSP runs with the following set
of spot temperatures: 2600, 2700, 2800, 2900, 3000, and 3100 K. We calculate the
contrasts defined by these temperatures by first interpolating PHOENIX synthetic
[91] spectra at both the stellar and spot temperatures. We then integrate over the
specific filter response curve of the observed light curve and sum the integrated
flux in that filter. Finally, we calculate the contrast for each spot temperature by
dividing the integrated spot flux by the integrated photospheric flux (Schutte et
al. In Prep).

We first consider the star-planet orientation in which the spin-axis of the star
is in the plane of the sky and aligned with the orbital axis of the planet. In

this case, the measured v sins provides a rotation period of P,oy = 4.22 +1.09 d,
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which is consistent with the orbital period (P, = 4.54 d). Adopting a rotation
period for the star of P, = 4.54 d that is synchronous with the orbital period
and applying the STSP program to the APO i’ band transit, we quickly find that a
single circular starspot is insufficient to describe the structure of the feature, but
a three spot model, with one large spot surrounded by two smaller spots produces
the lowest 2, regardless of spot contrast. Even after forcing the model to have
two medium-sized spots in the place of the large central spot, the optimization
preferred one large pole-spot combined with the two smaller nearby spots.

The best-fit three spot model is shown in Figure 4.9, consisting of one large
central spot (Rspot/Rs = 0.44) surrounded by two smaller spots (Rgpot/Rs = 0.10
and 0.07 respectively). This model has a reduced x? of 2.14 and corresponds to
a spot temperature of 2900 K (contrast = 0.5). However, spot temperatures
of 2700 and 2800 K produce equally good solutions (reduced y? values of 2.19
and 2.17 respectively which fall within 0,2 = 34) with similar spot configurations.
While the reduced x? values are larger than one, the data are ground-based data
with likely underestimated error bars. Hotter spot temperatures (3000 and 3100
K) cannot reproduce the amplitude of the feature and are therefore not possible
solutions regardless of the spot configuration. The coolest spot temperature of
2600 K produces a similar spot configuration, but the reduced y? falls just outside
of the above variance. Given the discrete 100 K sampling of our models, we find
the temperature of the large spot to be between 2700 to 2900 K, with a preference
for the hotter 2900 K spot. From these fits we constrain the radius of the large

spot to be Rypot/Rs = 0.44 £ 0.08.
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This scenario produces a very large (radius of ~ 44% the star’s radius) star
spot which will produce significant photometric out of transit variability of >
1% if that is the only large feature on the star. Interestingly, we do not detect
any clear photometric modulations in the two short-cadence TESS sectors nor in
the publicly available ground-based monitoring with Zwicky Transient Facility
(ZTF) [160], All-Sky Automated Survey for Supernovae (ASAS-SN)[161], and the
Asteroid Terrestrial-impact Last Alert System (ATLAS) [162]. Figure 4.10 shows
TESS Sector 46 data as an example with Sector 49 showing the same pattern. To
explore this scenario fully, we model the full light curve for both TESS Sector
46 and 49 with the in-transit star spots fixed but with an additional three spots
allowed to vary. We found that in order to decrease the out of transit variability
enough to be less than the noise level (< 0.5%) of the TESS light curves, there
must be additional spots such that as the star rotates there is always a near
equal fraction of spotted area (20%) rotating out of view as is rotating into view.
Thus, it is possible the photometric spot modulation of TOI-3884 is simply hidden
within the noise assuming the spots are configured such that they are uniformly
spread across the surface of the star and cover a large fraction of the star.

This leads to the concern that the RV-observed 4.56 d signal is partially due
to the stellar rotation and not the planet. However, none of the HPF activity
indicators show any periodic signal which would be characteristic for large spots
[114].

While observations cannot formally exclude this scenario, the requirements

are contrived: TOI-3884 must have a rotation exactly equal to its planet, possess
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a spotted surface such that the photometric variability is < 0.5% over the two
TESS sectors, maintain the same starspot with very little evolution across in the
transit chord while keeping the rest of the transit chord nearly spot-free. We

therefore disfavor this hypothesis.

4.4.2 Model of Tilted Star System with Non-Zero Obliquity

Tilting the star such that the spot does not rotate in and out of view would
minimize the out-of-transit variability [163]. In this scenario, TOI-3884’s large
spot must be located on or near the pole of the star with the star’s spin axis
inclined (i5) such that the pole of the star is pointed towards the observer. In order
for the spot feature to occur at the same phase in the first half of the transit, the
spin axis of the star and the planet’s orbital axis must be misaligned (i.e. A #0) .
Because STSP assumes the planet’s position and the star’s tilt are well known, it
is not designed to derive the optimal stellar inclination and A. However, the fixed
phase of the spot feature allows us to constrain the tilt of the star’s spin axis and
A. For example, if the pole of the star is pointed exactly towards the observer
(stellar inclination of 0°), the bump would occur in exactly the middle of the
transit regardless of A\. Conversely, a tilt that is too close to the plane of the sky
(i.e. inclination > 60°) produce spot crossings during ingress of the transit. Thus,
we first performed a comprehensive search of every stellar inclination value from
60° down to exactly pole on in increments of 5°. From our search, we found that
the only possible if i5 was 25° 4+ 5°. After determining the best stellar inclination

for the star, we then performed a series of simulations which varied A from 0° to
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180° in increments of 10°. From our search, we determined that A = 75° + 10°
provided the best fit to the APO SDSS i’ light curve. It is important to note the
provided uncertainties were derived from an exploration of the possible stellar
inclinations that fit the data, and then, the uncertainties for A assume the stellar
inclination is constant. Since these parameters are actually entwined, a more
formal determination of the error bars is left to future work.

Once we determined the stellar spin axis and A for the misaligned scenario, we
modeled the star spots in the same way as before with STSP where the radii and
locations of the spots are allowed to vary. For this scenario, we assume the same
number of spots and spot temperature as found for the best-fit aligned model
(three spots with temperatures of 2900 K) as it is likely the spot temperature and
number of spots is the same no matter the tilt of the star. We found the best fit
stellar surface features for this scenario to be one large spot (Repot/Rs = 0.29) that
is slightly off-center to the pole with two smaller spots on either side (Rgpot/Rs =
0.16 and 0.09 respectively). This spot configuration is shown in Figure 4.11 and
has a final reduced x? of 2.6. Finally, we calculate the out of transit variability for
the TESS short cadence data and find it produces variability well below the TESS
noise level with no additional large spots needed (see Figure 4.10). Table 4.2
reports the best-fit values from this analysis

We use SOAPv2 [164] to test the impact of a pole-spot on the RVs. A pole-
spot under this scenario will inject a ~10 m/s signal, which is 30% of the
RV semi-amplitude. However, SOAPv2 assumes an optical bandpass as it was

designed specifically for the HARPS wavelength range (380 — 700 nm). Stellar
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activity decreases at longer wavelengths where the contrast between the spot
and photosphere temperatures decreases [165]. As HPF operates at near-infrared
wavelengths, we expect the overall impact of the spot to be suppressed by ~
2x [165, 114]. Thus, the pole-spot’s impact with this configuration is < 5 m/s —

within the 1o semi-amplitude uncertainty of 28.0 4+ 6.3 m/s.

4.4.3 Evidence for Spot-Complex Evolution

We extend our spot model derived from the SDSS i’ transit to the APO SDSS 1/
and TESS short cadence observations. We calculate new contrast values for the
TESS and SDSS 1’ band filters for a spot temperature of 2900 K. Using the exact
spot-complex configuration for the misaligned system, we model the r’ band and
TESS short cadence transits using STSP. The results showed that the same spot
configuration could not fit either the TESS or APO 1’/ band transits.

A close inspection of individual TESS transits suggest slight changes in
spot amplitude, duration, and location (though it always starts during ingress).
However, the lack of precision within the individual TESS transits makes it
near-impossible to map spot evolution of subsequent transits.

For the APO SDSS 1/ transit, we chose to assume the same number of spots and
spot temperature while allowing the location and spot radii to vary. We discover
that the polar spot remains the approximately same radius but shifts slightly
while the other two spots slightly increase in area (blue spots in Figure 4.12).
Thus, while the general location of the features near the pole are consistent across

six months, the individual star spots are most likely evolving from one transit to
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the next. This tentative evidence for small-scale spot changes suggests caution

when directly comparing transits observed at different times.

4.5 Discussion

4.5.1 Comparison to Previous Work

While our qualitative conclusions generally agree with those from [18], there are
notable exceptions.

Stellar Rotation Period: We determine a stellar vsini of 3.59 4+ 0.92 km/s
for TOI-3884 in contrast to [18] who find a vsini of 1.1 km/s. We arrive at the
more rapid rotational value both via HPF-SpecMatch and CCF methods. We also
attempted to duplicate their method by using a template star near-identical to
their comparison star, LHS 1140° which is slightly cooler and lower mass than
TOI-3884. However, we still obtain a vsini of 3.5 km/s. Using the LAMOST-
derived Hae EW, models from [153] constrain TOI-3884’s rotation period < 10
days — faster than a vsiné of 1.1 km/s.

Planetary Mass: [18] derive a planetary mass of 16.5773 Mg using two RV
ESPRESSO points. This is a 2.20 discrepancy from our higher mass measured
with HPF. We attempt to jointly fit both the HPF and ESPRESSO RV points,
however, our model requires a 14 m/s jitter term added to the ESPRESSO RVs.
ESPRESSO’s bandpass of 380 — 780 nm is more susceptible to stellar activity [165].

SO0APv2 approximates our pole-spot model should introduce a ~10 m/s signal into

5TLHS 1140’s declination is inaccessible to the HET.
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optical ESPRESSO RVs — similar to the required jitter of our model. With 17
near-IR HPF RVs, we robustly measure a 40 planetary mass; a measurement
which should possess less stellar contamination.

Planetary Radius and Transit Depth Chromaticity: We measure a larger
planet of 6.43 £ 0.20 Rg compared to [18] who report two different radii: 6.31 £
0.28 Ry from GP fitting and 6.00 4+ 0.18 R4 from starry. When investigating
this discrepancy, we discovered that their transits [18] demonstrate significant
chromatic variability even outside of the modeled pole-spot. Chromatic transits
can either be explained via a background eclipsing binary [166], or unocculted
stellar activity [117]. As we rule-out nearby companions, we explore the impact
of stellar activity on our transit depth.

We fit a transit model to the two masked APO SDSS i’ and SDSS 1’ transits
holding a/Rg, impact parameter, transit ephemeris, and transit depth (R,/Rs)?
constant across both transits. We check for chromaticity in the masked APO
transit depths between the SDSS i and SDSS 1’ observations which could indicate
a contaminating background source. Using the two masked transits we fit a transit
using exoplanet [157] holding a/R, impact parameter, transit ephemeris, and a
dilution term multiplied to the SDSS 1’ transit depth. Assuming no chromaticity,
the dilution term is equal to one. We determine a dilution term of 1.01 4 0.02.
There is no significant transit depth difference between these two wavelength
bandpasses. However, both these depths are slightly shallower than the bluer
g’ transit in [18] and deeper than the IR ExXTRA observation. Differing spot

contrasts compared to the hotter photosphere creates deeper transits at bluer
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wavelengths [117]. We approximate by eye the depths of their individual transits.
We fit both our and their wavelength-dependent depths using a simple unocculted

star spot model from [117]:

D
Dops = (4.1)

Fys
1= fop(l - Fi:pz;b)

where D5 is the wavelength-dependent observed transit depth, D is the true
transit depth, fg, is the spot coverage fraction, and F) is the wavelength-dependent
flux of the spot (sp) and photosphere (ph) respectively. The unocculted spot
model fits the four transit depths assuming a spot temperature of 2900 K, total
unocculted spot coverage of 16%, and a true planet radius of ~6.2 Rg. We do not
include uncertainties in these numbers as the [18] transit depths and uncertainties
are relied on by-eye approximations. However, this model demonstrates that the
chromatic transit depth is explained by unocculted stellar activity which slightly
impacts the measured radius of the planet (~1o discrepancy from our radius).

Stellar Inclination and Spot Properties: We fit a spot model based on the
values reported in [18] to the SDSS i’ transit, determining a best-fit x? of 6.09.
Assuming the spot is evolving over time, it is possible that the spot evolved
between the two observations. However, their spot model generates significant
(~1%) out of transit variability that is not observed in the TESS nor ground-based
photometry. Accounting for the lack of baseline variability enabled us to constrain
the stellar inclination to 25 4+ 5° which in turn impacted our overall best-fit spot

model.
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4.5.2 Comparison of TOI-3884b in M Dwarf Planetary Parameter-

Space

Super-Neptunes (4 Rg < R, < 8 Rg) represent a transitional population of planets
between the rocky terrestrial planets and Jovian gas giants. TOI-3884b adds to
the growing sample of well-characterized (with precise 30 masses and radii) super-
Neptunes orbiting M dwarfs. In particular, 4.13a shows TOI-3884b’s position
in a planetary mass-radius plane with respect to other M dwarfs (Tz< 4000 K)
planets with known (> 30) masses and radii. Figure 4.13b plots the same sample
as a function of stellar effective temperature.

The formation of Jovian planets around M dwarfs should be inhibited by
the longer orbital time scales with respect to the disk lifetimes [107, 167]. This
is corroborated by empirical data from RV surveys [168, 169, 170, 171]. How-
ever, [107] predict that M dwarfs should host an abundance of Neptunes that
fail to accrete a massive enough core (~ 10 Mg) [172] in a timely manner to
initiate runaway gaseous accretion. Using models from [173] and propagating
the uncertainties in planetary parameters using the Monte-Carlo method, we
predict TOI-3884b’s core mass to be about 21 + 4 Mg,. It should therefore have
experienced some runaway gaseous accretion. The fact that TOI-3884b did not
accrete a Jovian-mass atmosphere suggests that its core was slow to form, or there

was a lack of nearby gas/material for rapid accretion or both.
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4.5.3 Atmosphere of TOI-3884b

While the spot portion of the transit may complicate the analysis, TOI-3884b has
the highest transmission spectroscopic metric (TSM) [174] of any known planet
with an equilibrium temperature < 500 K (TSM: 230 — Figure 4.14). Owing to
its bright host star and large transit depth, this planet also has one of the highest
metrics of any known non-Hot Jupiter planet. At 430 K, TOI-3884b’s atmosphere
likely contains methane as the carbon-dominant molecule along with water and
some ammonia — assuming equilibrium chemistry [175, 176, 177, 178]. Deriving
the overall abundances of these molecules would provide an approximate C/N/O
ratio, a useful measurement for constraining where this planet originally formed in
its disk [179, 180, 181]. [182] demonstrate the connection between C/O ratios and
various molecular snow-lines. [183] expand on this study by noting that nitrogen
provides information surrounding the disk’s overall metallicity, as it is unaffected
by the condensation of molecules such as water, carbon dioxide, and methane.
Only the ammonia snow-line at ~100 K and Ny snow-line at ~78 K significantly
affects its overall ratio in the disk. TOI-3884b is therefore an extremely promising
target to observationally test the link between nitrogen abundance and formation
location.

Due to the combination of its cool equilibrium temperature along with ex-
periencing UV-radiation from its active M dwarf host, TOI-3884b’s atmosphere
is likely comprised of photochemically created hazes such as tholins (e.g., [184])

or even soot [185]. Photochemically created hazes (e.g., [186]), and aerosols in
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268 general, are common in exoplanetary atmospheres with several studies linking
260 their presence to temperature [187, 188, 189]. Assuming the trend highlighted
270 in [189] holds, we would expect TOI-3884b to possess a fairly hazy transmission
2z spectrum in the near-infrared. However, [190] show that hazes should become
a2 translucent at longer wavelengths assuming the overall particle sizes are small.
213 Thus, extending out to >3 pum should enable atmospheric characterization of
a1 ' TOI-3884b regardless of its expected hazy atmosphere.

2375 We generate the expected transmission spectrum of TOI-3884b using ExoTransmit
2 [176] assuming a 100x Solar metallicity atmosphere with no aerosols, aerosols at
a7 pressures of 100 pbars and aerosols at pressures of 10ubars (Figure 4.15). For
23s - these simulations we assume a gray-opacity aerosol layer which is wavelength
29 independent. Using the cloud-free model, we used PandExo [191] to simulate
2380 two transit observations with JWST NIRSpec-Prism. We find that we should
zs1  easily retrieve methane and water in both the cloud-free and 100 pbars cases.
22 At 10 pbars we will still observe methane absorption features with tentative
283 detection of water. It should be noted however, that these simulations assume
238 a typical transit shape which allows for easily derived uncontaminated transit
2385 depths. Assuming the bump-feature in TOI-3884b’s transit remains long-lived, it
2386 1S possible that the uncertainties presented in Figure 4.15, are underestimated
27 and stellar contamination will also need to be included in modeling the observed

238 transmission spectrum.
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4.5.4 Orbital Alignment of TOI-3884b

Assuming the pole-spot hypothesis, TOI-3884b possesses a misaligned orbit with
an obliquity of 75 £+ 10°. TOI-3884b therefore joins the growing population of
misaligned warm-Neptunes (R >4 Rg), which includes the two M dwarf Neptunes:
GJ 3470b [192] and GJ 436b [193].

Neither Gaia nor the HPF RV residuals detect evidence of any outer massive
companion in the TOI-3884 which could have been responsible for TOI-3884b’s
misaligned orbit [194]. Of the four misaligned Neptunes orbiting K and M dwarfs,
two (HAT-P-11b and WASP-107b)] [195, 196] have a confirmed outer companion
while [192] does not exclude the existence of an outer planet in the GJ 3470 system.
Giants around M dwarfs are uncommon; it is unlikely that TOI-3884 hosts an
additional gas giant responsible for the misalignment of TOI-3884b. However, our
RV observations are limited to < 6 months. Continued radial velocity monitoring

is required to detect longer period massive planets in this system.

4.6 Conclusion

We confirm the planetary nature of TOI-3884b, a super-Neptune crossing a
persistent spot during transit. This spot-crossing event is chromatic, and we
conclude this bump is created by a large star spot which appears at the same
location in every transit spanning over a year of monitoring. We present two
hypotheses: 1) TOI-3884’s rotation is exactly equal to its planet’s orbital period of

4.56 d, or 2) TOI-3884 rotational axis is tilted along our line of sight and TOI-3884b
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crosses a polar spot. Given the lack of significant photometric or spectroscopic
variability in the RVs, TESS light curves, and ground-based monitoring spanning
over six months, we strongly prefer the second pole-spot hypothesis. In this
scenario, TOI-3884’s spin-axis is inclined along our line-of-sight. TOI-3884b
therefore possesses a misaligned orbit that is nearly polar to its star. TOI-3884b
joins the population of misaligned warm-Neptunes around low-mass stars [197].

We also discover signs of spot evolution between the different transits. While
the in-transit bump appears at a similar position, its overall structure changes
on measurable timescales. The TOI-3884 system presents a rare opportunity to

monitor pole-spot evolution on an active mid-M dwarf.
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Table 4.1: The ~30 minute binned HPF RVs of TOI-3884. Low S/N

points removed from the analysis are not included.

BJDrpp (d) RV (m/s)o (m/s)

2459550.99616 25 13
2459569.95174  -44 16
2459571.94743  -20 15
2459575.93822  -56 18
2459597.88347  -33 12
2459619.82335  -18 11
2459623.80447 14 12
2459629.97493  -36 17
2459663.88252 7 14
2459678.84026  -25 14
2459680.83590  -55 17
2459681.65219 2 13
2459682.64507 18 14
2459705.76008  -13 15
2459706.76349 -4 12
2459712.74903  -29 15
2459713.74422 16 12
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Figure 4.9: Top: Projected starspots on TOI-3884’s stellar surface for an
aligned system using the APO ¢’ filter transit observed on 2022 April 05
assuming a spot temperature of 2900 K and a photospheric temperature of
3200 K (spot contrast of 0.5). The planet’s crossing path is defined by the
blue dotted lines with the central dotted line corresponding to the equator
of planet and the outer dotted lines denoting the full extent of the planet,
and the central latitude of the transit is marked with a red vertical line.
The large spot in the middle has a relative radius Repot = 0.44 Rs with the
two smaller spots having radii Rspot = 0.10 and 0.07 R respectively. The
fractional spotted area in the transit chord for these stellar surface features
(assuming there are no spots anywhere else on the star) is 11%. Middle:
Best fit star spot model for aligned system shown in red line compared to the
no star spot transit model in cyan with the APO 20s " band data as black

points with error bars. Bottom: Residuals from the best-fit starspot model.
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Figure 4.10: TESS Sector 46 short cadence (2 minute) data shown in
black points with aligned starspot model (red line) and polar starspot
model (cyan line). The same pattern can be seen in TESS Sector 49

short cadence data though it is not reproduced here.

Table 4.2: Parameters Derived from Pole-spot Model

Spot Temperature Range (2700, 2900] K
Spot Radii (Ryper/Rs) 0.29, 0.16, 0.09
Stellar Inclination (i4)® 25 £+ 5°

Sky-Projected Obliquity (\)* 75 £ 10°

@ Uncertainties derived independently of one another.
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Figure 4.11: Top: Projected star spots on TOI-3884’s stellar surface for
a polar star spot with a stellar spin axis tilt of —65° and A = 75° using
the APO SDSS ¢’ filter transit observed on 2022 April 05 assuming a spot
temperature of 2900 K and a photospheric temperature of 3200 K (spot
contrast of 0.5). The large spot in the middle has a relative radius Repos/Rs
= 0.29 with the two smaller spots having radii Repot/Rs = 0.16 and 0.09
respectively. The fractional spotted area in the transit chord for these stellar
surface features assuming there are no spots anywhere else on the star is 3%.
The black line shows the path of the equator of the planet as it crosses the
star. Bottom: Best fit starspot model for the oblique (not aligned) system
shown in red line compared to the no starspot transit model in cyan with

the APO 20s 7' band data as black points with error bars.
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Figure 4.12: Top: Projected star spots on TOI-3884’s stellar surface for
a polar star spot with a stellar spin axis tilt of —65° and A = 75° using
the APO SDSS 7’ filter transit observed on 2022 June 03 assuming a spot
temperature of 2900 K and a photospheric temperature of 3200 K (spot
contrast of 0.7 for t' band). The large blue spot in the middle has a relative
radius Repot/Rs = 0.31 with the two smaller blue spots having radii Repot/Rs
= 0.22 and 0.11 respectively with the red starspots corresponding to the
same starspots shown in Figure 4.11. The fractional spotted area in the
transit chord for the blue stellar surface features assuming there are no spots
anywhere else on the star is 4%. Middle: Best fit starspot model for the
oblique (not aligned) system shown in blue line compared to the no starspot
transit model in cyan with the APO 7’ band data as black points with error
bars. The red line is the STSP model created by extending the SDSS 4’ polar
spot model to the SDSS ' contrast. Bottom: Residuals from the best-fit
star spot model (blue points) and scaled from SDSS 4’ polar spot model (red

points). 139
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Figure 4.13: Sample of transiting M dwarf planets that have precise
mass measurements (> 30). a) Mass-Radius plane showing the small
sample (~ 15) of giant planets (R, > 4 Rg) orbiting M dwarfs (Teg <
4000 K), color coded by Teg. b) The masses for all M dwarf planets as
a function of Teg, showing how TOI-3884b stands out in terms of its
stellar host. Transiting planets are shown as circles, whereas RV only
(m sinz) detections are in squares. The clump of planets at ~ 2600 K

represent the TRAPPIST-1 system [17].
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Figure 4.14: Transmission Spectroscopy Metric (TSM) as a function of
planetary equilibrium temperature for all planets with a known (>30)
mass and Teq cooler than 1000 K. Points are colored based on their
host star’s effective temperature with planets around M dwarfs denoted
with solid coloring. The approximate temperature when ammonia
appears in a planet’s atmosphere (assuming equilibrium chemistry) is
denoted with the black dashed line. TOI-3884b (blue circle) possesses
one of the highest TSMs of any non-Hot-Jupiter and the highest TSM

for planets < 500 K.
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Figure 4.15: Transmission spectra generated with ExoTransmit for a
100x Solar metallicity atmosphere in chemical equilibrium with gray-
absorber aerosol layer at 10 and 100 ym. Simulated data is created
using PandExo for two transits of JWST-NIRSpec and based on the
cloud-free model. The two dominant absorbers, water and methane,
are labeled for reference though other molecules including ammonia

are also included in the models.
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Chapter 5

Future Work

5.1 More Stars with STSP

STSP is a powerful tool that can illuminate stellar surface features on small scales. Given that
the best constraints on the stellar surface involve using the transit of a companion, there are
some restrictions to the systems that can be throughly modeled using STSP. However, with the
large number of known exoplanet and eclipsing binary systems with high precision data from
space-based missions like Kepler, K2, and TESS, there are a number of systems that could
still be modeled. In order to investigate the exact systems with many starspot crossing events
during transits, a through statistical search would need to be preformed for the Kepler, K2, and
TESS catalogs. The exact statistical measure with which to decide systems to include would
need to be decided, though it would need to include a comparison between the in-transit versus
out-of-transit normalized fluxes. There is at least one very unique red giant star with an M
dwarf companion (KOI-1786) that has been identified as a very good target for STSP modeling
by an undergraduate student. KOI-1786 shows signs of spots in every one of its Kepler transits
with some spot features reaching to nearly the baseline normalized flux. With spots of that
amplitude, they must be very dark and large, and they could be a direct comparison to TiO
band modeling done on other red giants stars [13].

Another future step is to determine for previously modeled systems, like HAT-P-11 and
KOI-340, if they have any significant more recent starspot crossing events in their TESS data.
Since TESS is observing the whole sky to detect new exoplanet transits, it will also re-observe
known transiting objects, which means for the systems we know host starspot crossing events
there is new data to model. TESS is optimized for brighter stars, and due to the large pixel
size, there is a lot of blending that can occur between any nearby objects [96]. This means the

data might not be as precise as the Kepler data, but it should still be precise enough to model
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with STSP, considering we have successfully modeled ground-based light curves as well.

5.2 TOI-3884: The Future

5.2.1 Updated Transit Depth Spot Modeling

While in the process of submitting and publishing the results from our STSP modeling of
TOI-3884 (see Chapter 4, another group published additional ground-based follow up on the
same object and modeled the persistent spot with a different technique [18]. They modeled the
spot feature using starry, which is a python package that can model starspots using spherical
harmonics [198]. From their modeling, they were only able to fit it as one large spot with
similar stellar inclination and misalignment of the planet’s orbit (i.e. A # 0°). The effect of
the large polar spot causes changes in the transit depth with wavelength due to the transit
light source effect [1]. As mentioned, STSP requires knowledge of the transit model parameters
themselves in order to accurately determine the spot sizes and locations, so any interference
from the spot on the transit depth will impact the resultant spot properties. However, they
obtained a near-infrared (near-IR) transit of the system, which minimizes the interference from
the spot on the transit depth itself [18]. It is important to note that while this near-IR transit
does minimize the effect of the spot on the true transit depth, it does still show signs of a spot
feature, so in order to get the true transit depth, a far-IR transit would need to be obtained.
Using the updated transit depth from the near-IR data, we remodeled the SDSS i APO
transit. Though we updated the transit depth, we did not change any other transit model
parameters as they were all within the uncertainties for our model [40]. For our initial remodeling
of the spots, we have assumed the number of spots (3) has not changed from our previous best
fit models, and we started with the same best fit contrast (corresponds to a spot temperature
of 2900 K). We then ran STSP with an initial guess for the spot sizes and positions equal to
the previous best fit solution. The updated best fit STSP model (red line) is shown compared
to the previous model (blue line) in middle panel of Figure 5.1 with the associated projected

spots shown in the Top panel of Figure 5.1. Interestingly, the biggest difference between the
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two models is the spot closest to the ingress of the transit is much larger in our updated model
with little change to the middle and egress spots. This model does produce the lowest reduced
x? =2.06 of any of the STSP models.

While our updated model does produce a better overall fit to the SDSS ¢’ data, one of the
main concerns with our previous model is that it did not match the SDSS 7’ transit that was
obtained around one month later. With our newly updated best fit model, we wanted to check
if this model could now fit the 7’ transit. After changing the contrast to match the r’ band
while keeping the spot configuration fixed, we plotted the updated best fit model along with the
previous best fit model in Figure 5.2. The updated best fit model still does not fit the SDSS »’
data well, which lends more credence to possible small scale spot evolution occurring on month
timescales that was proposed in [40].

While our updated ¢’ model is a step in the right direction towards producing the best possible
spot model for TOI-3884, there is still more work to be done. In addition to completing the
modeling for the APO SDSS 7/ transit, we have observed an additional transit this past January
in another filter, Semrock [98]. Also, there is evidence in small changes between individual TESS
transits, so it would be very interesting to model each TESS transit independently to further
study the possible small-scale spot evolution in the system. This larger scale STSP modeling of

every individual transit for TOI-3884 b is thus left as future work.

5.2.2 Modeling of Simultaneous g and i Data

We have also obtained one transit of TOI-3884 b on 2023 February 16 using APO’s 3.5-m ARC
telescope that was observed in two filters, SDSS ¢’ and SDSS 4, simultaneously. This transit
was observed using a filter swapping technique where the filter wheel moves from one filter to
anther between exposures. Using this technique, we can observe the persistent starspot feature
in two filters simultaneously without needing a multi-filter instrument. However, the cadence
is not as optimal compared to a multi-filter instrument because there is an extra time added

when moving the filter wheel, and we can only observe in one filter at a time so there are less
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data points for both filters per transit. Since we observe in one filter at a time, we do not lose
any light do to the beam splitting that is necessary with multi-filter instruments, which is great
for an object like dimmer object like TOI-3884. For this observation, the ¢’ was observed with
a 10 s exposure time, and the ¢’ was observed with a 45 s exposure time. Unfortunately, the
engineered diffuser that is available at APO was not operational on this night, so the object
was instead defocused to help increase the precision of the observations. The data were reduced
using AstrolmagelJ [99] with precision of 6 mmag in ¢’ and 7 mmag in ¢'.

The modeling for these data is still ongoing; however, I will present my most recent results.
Since we have previously modeled an APO i’ transit, the initial modeling was based on the
previous best-fit STSP model (see Figure 5.1). From the previous modeling, we concluded that
the most likely spot temperature is 2900 K, so we started with that spot temperature for our
modeling of these transits (correspond to ¢; = 0.5 and ¢ = 0.7). Also, the ¢’ data is slightly
higher precision and is the same filter as the previously modeled transit, so we chose to optimize
the model using that transit. From my initial STSP modeling of this ¢’ transit, the best fit
starspot configuration is very similar to previous models with one large spot Rgpot = 0.37 R
in the middle surrounded by one slightly smaller spot before Rgpot = 0.22 R and after Rqpos
= 0.08 R, the middle spot (see Figure 5.3). This model produces a reduced x? = 2.53. If we
then take this spot configuration and change the contrast to match for the ¢’ filter, we can
produce the STSP model for that data since the spot configurations should be the exact same.
This produces an STSP model with reduced y? = 2.82 for the ¢’ transit. The comparison of
these STSP models to the data can be seen in Figure 5.3.

While this spot model does fit the data well, this is still only a preliminary result as we
have yet to fully explore the other spot temperatures, the number of spots, and the system
parameters (specifically the A and stellar inclination angle). We have also not yet compared
this spot configuration and model to any of the previous transits. A complete investigation of

all of the transits and possible spot temperatures is therefore left as future work.
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5.2.3 TOI-3884 with JWST

Ideally, we would also observe a transit of TOI-3884 b spectroscopically as well in order to
measure the temperature of the starspot using multiple techniques. However, for M dwarf stars,
the usual molecular band modeling is not ideal as most of the temperature sensitive lines are
present in the photospheres of these stars (e.g. TiO index). Therefore, the contributions from
both the photosphere and cooler spots blend together [2]. Therefore, we need a temperature
sensitive index that is catered towards M dwarf stars, like the H20 - K2 one described in [199]
and shown below.

(F(2.070 — 2.090))/(F(2.235 — 2.255))

H20 = K2 = 55 235~ 2.255)) /(F(2.360 — 2.380))

where (F'(a — b)) denotes the median flux level in the wavelength region defined by a and b.
This H20 - K2 index is an infrared index which makes space-based missions like JWST ideal.
Additionally, the effect in the index versus spot temperature is subtle and requires no telluric
water to be present in the spectrum, which would further require space-based spectrophotometric
capabilities. Since the spot on TOI-3884 is so large, the effect of the planet would be negligible
compared to the effect of the spot on the spectrum, which is good as we are interested in
measuring the spot temperature rather than the exoplanet’s atmosphere.

In order to investigate if we could measure the spot temperature using the proposed index,
we generated synthetic spectra for TOI-3884 from 1.66-3.09 pum, binned to the resolution of the
G235M grating on the NIRSpec instrument with appropriate uncertainties from the available
JWST ETC for three separate points in the transit. We created an out-of-transit spectrum, an
in-transit spectrum that assumes the planet is completely covering the spot, and an in-transit
spectrum that assumes the planet completely covers the photosphere. The left panel of Figure
5.4 shows the ratio of the in-transit spectrum where the planet covers the spot completely
compared to the out-of-transit spectrum for six different spot temperatures for a total spot
covering fraction of 12%. The gray bars in this figure indicate the wavelength regions used to
generate the temperature sensitive index mentioned above. We then generate the H20-K2 index

for all six spot temperatures for the following set of fractional spotted areas: 12%, 14%, 16%,
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18%, and 20%. This is plotted in the Right panel of Figure 5.4, which shows the calculated
index versus spot temperature. Our spectroscopic index is highly sensitive to the temperature
of the spot, but is largely insensitive to the fractional spotted area, which is great as the goal of
this type of observation is to measure the spot temperature regardless of the fractional spotted
area. Again, it is important to note that while this measurement is only feasible with JWST as

the index changes are very small and thus require the absence of any Earth’s atmosphere.
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Figure 5.1: Top: Projected starspots on TOI-3884’s stellar surface using the
APO ¢ filter transit observed on 2022 April 05 assuming a spot temperature
of 2900 K and a photospheric temperature of 3200 K (spot contrast of 0.5)
with an updated transit depth to match [18]. The large spot in the middle
has a relative radius Repot = 0.29 R, with the largest spot to the left of the
middle spot having a radius Repor = 0.38 Ry and the smallest spot to the
right of the middle spot having Repor = 0.07 Rs. The fractional spotted area
in the transit chord for these stellar surface features (assuming there are no
spots anywhere else on the star) is 11%. Middle: Best fit star spot model
for previous transit depth shown in blue line compared to the updated best
fit STSP model shown with red line and the updated no star spot transit
model in cyan with the APO 20s i’ band data as black points with error bars.
Bottom: Residuals from the both the previous best-fit starspot model in

blue points and the updated best-fit model in red points.
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Figure 5.2: Top: Best fit STSP model scaled to the SDSS r’ contrast
(still assuming a spot temperature of 2900 K and a photospheric
temperature of 3200 K) for the updated transit depth model (red
line) and previous best fit STSP model (blue line) shown alongside
updated no-spot transit model in cyan with APO SDSS 7/ data in
black points.Bottom: Residuals from the both the previous best-fit
starspot model in blue points and the updated best-fit model in red

points.
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Residuals

Figure 5.3: Top: Projected starspots on TOI-3884’s stellar surface using
the APO 4’ filter transit observed on 2023 February 16 for modeling assuming
a spot temperature of 2900 K and a photospheric temperature of 3200 K
(¢; = 0.5) with an updated transit depth to match [18]. The large spot in
the middle has a relative radius Repot = 0.37 R, with the largest spot to the
left of the middle spot having a radius Repot = 0.22 R, and the smallest spot
to the right of the middle spot having Repot = 0.08 Rs. The red lines show
the transit chord of the planet. The fractional spotted area in the transit
chord for these stellar surface features (assuming there are no spots anywhere
else on the star) is 5%. Middle: Best fit star spot model for APO ¢’ filter
transit observed on 2023 February 16 shown in black line compared to the
i’ data (red points). The ¢’ data that was taken during the same transit is
shown in green points red line with the scaled STSP model for the ¢’ contrast
(¢ = 0.7) shown in magenta line. Bottom: Residuals from the both the ¢’
best fit model compared to its data in red points and the ¢’ best-fit model

to its data in green points.
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Figure 5.4: Left: Ratio of the in-transit spectrum of TOI-3884 (phase=-
0.013) to the out-of-transit spectrum assuming the planet is covering
100% spot. The coolest spot (top, blue line) produces relative fluxes
closest to 1.0 because there is little light lost when the planet blocks
a very dark, cool spot. As the spot temperature approaches the
photospheric temperature, the relative fluxes will approach a flat-line
with a value derived from the transit depth (6 = 3.6%). Right: H20-K2
index with 1o error bars versus Ty, for a range of sizes fgpr = 12,

14, 16, 18, & 20% spot coverage.
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