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1. ABSTRACT

We present an updated ephemeris, and physical parameters, for the exoplanet WASP-77 A b. In this
effort, we combine 64 ground- and space-based transit observations, 6 space-based eclipse observations,
and 32 radial velocity observations to produce this target’s most precise orbital solution to date aid-
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ing in the planning of James Webb Space Telescope (JWST) and Ariel observations and atmospheric
studies. We report a new orbital period of 1.360029395 + 5.7 x 10~8 days, a new mid-transit time
of 2459957.337860 & 4.3 x 10~° BJDTDB and a new mid-eclipse time of 2459956.658192 + 6.7 x 105
BJDTDB. Furthermore, the methods presented in this study reduce the uncertainties in the planet’s
mass 1.6654 +4.5 x 1073M ,,;, and orbital period 1.360029395 + 5.7 x 10~8 days by factors of 15.1 and
10.9, respectively. Through a joint fit analysis comparison of transit data taken by space-based and
citizen science-led initiatives, our study demonstrates the power of including data collected by citizen
scientists compared to a fit of the space-based data alone. Additionally, by including a vast array of
citizen science data from ExoClock, Exoplanet Transit Database (ETD), and Exoplanet Watch, we can
increase our observational baseline and thus acquire better constraints on the forward propagation of
our ephemeris than what is achievable with TESS data alone.

2. INTRODUCTION

Correctly determining a planet’s transit ephemeris is essential for the efficient scheduling of follow-up
observations (Zellem et al. 2020) with telescopes such as the James Webb Space Telescope (JWST),
the Hubble Space Telescope (HST), or the upcoming Ariel mission scheduled to launch in 2029 that
will observe the atmospheres of 1000 exoplanets. Accurate ephemerides help ensure that these highly
competitive space-based telescopes are utilized as efficiently as possible to maximize their science output
by helping to reduce overheads . Precise exoplanet mid-transit times, whereby a planet passes directly
in front of its host star, are crucial for characterizing an exoplanet’s atmosphere through transmission
spectroscopy. Due to ephemeris uncertainties, observation time buffers must be included before and
after the predicted mid-transit time to ensure that the entire transit is captured in addition to pre
and post transit baseline measurements of just the host star flux. As a planet completes additional
orbits around its host star, uncertainties in its mid-transit time increase, creating the need for repeated
follow-up observations and new analyses (Dragomir et al. 2019; Zellem et al. 2020; Kokori et al. 2023).
Since the number of confirmed exoplanets and exoplanet candidates continues to increase, expected to
surpass 10,000 from NASA’s TESS mission alone (Kunimoto et al. 2022), there will be a high demand
for updated exoplanet ephemerides to enable more efficient analyses of these new worlds.

Previous studies have demonstrated that successfully updating an exoplanet’s mid-transit time can
be achieved through collaborations with professionals and citizen scientists utilizing small, ground-based
telescopes (see, e.g., Mizrachi et al. 2021; Fowler et al. 2021; Pearson et al. 2022; Hewitt et al. 2023).
In one such example, students enrolled in a fully online research course at Arizona State University
acquired observations of the planet WASP-104 b taken with a ground-based, robotic, 6-inch telescope
(Hewitt et al. 2023; Hewitt et al. 2023b). These students were able to improve upon the uncertainty on
the mid-transit time for this particular target by 2.7 percent when compared to the next most recent
publication. Efforts like these lay the foundation for continued professional and citizen science-based
collaborations that can assist with exoplanet ephemeris maintenance.

Along with a planet’s mid-transit time, the mid-eclipse time is also a crucial parameter for astronomers
characterizing exoplanetary atmospheres. During eclipse, the planet passes behind the star, temporarily
blocking its reflected light and thermal emission. Eclipses, when the planet passes behind its host star,
enable astronomers to measure a planet’s reflected light and thermal emission. For example Smith et al.
(2024) leveraged this method with JWST to use the difference in the observed light curve of WASP-
77 A b during eclipse, as compared to just before or after, to isolate the planet’s own emission from
that of the star. Determining a planet’s mid-eclipse time when an eclipse was not previously observed,
requires not only its mid-transit time, but also knowledge of the planet’s eccentricity and argument of
periastron, parameters that can be deduced from radial velocity measurements. As such, the inclusion of
radial velocity data to the analysis significantly improves precision in predicting transit, eclipse timing
(Pearson et al. 2022), and the planet’s orbit for the planning of JWST and Ariel observations (Zellem
et al. 2020; Burt et al. 2024, in prep). Additionally, constraints on the planet’s mass helps alleviate
degeneracies when performing atmospheric fits (Batalha et al. 2018).

In this effort, we use WASP-77 A b to demonstrate the power of combining a broad suite of transit and
eclipse photometry data (collected by both citizen scientists and space-based telescopes) with archival
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radial velocity data to acquire precise orbital and planetary parameters. WASP-77 A b, a hot Jupiter
orbiting a G8 V spectral-type star with V-mag = 10.294 + 0.007 (Maxted et al. 2013).

WASP-77 A b has been the target of multiple spectroscopic campaigns designed to measure its atmo-
spheric composition and constrain its formation history. Via high resolution spectroscopic measurements
with Gemini-South/IGRINS, WASP-77 A b’s atmosphere was initially inferred to have a subsolar metal-
licity and solar C/O ratio (Line et al. 2021), an uncommon but not implausible prediction within the
core accretion paradigm (e.g., Madhusudhan et al. 2017). Measurements with HST’s Wide Field Camera
3 (WFC3) favored instead a supersolar metallicity (Mansfield et al. 2022), in apparent tension with the
previous subsolar inference from Gemini/IGRINS. However, recent observations with JWST /NIRSpec
(August et al. 2023) as well as a joint analysis of both the NIRSpec and IGRINS data (Smith et al. 2024),
have confirmed the original subsolar metallicity measurement. Additionally, a recent reanalysis of the
WEFC3 data that takes into account contamination of the stellar companion WASP-77 B found that the
WEFC3 data indeed also favors a subsolar metallicity (Edwards & Changeat 2024). Within the context
of the formation simulations by Bitsch et al. (2022); Khorshid et al. (2023), WASP-77 A b’s atmospheric
composition is consistent with formation beyond the CO; ice line and inward migration after disk dis-
sipation. The planet star system does not reveal evidence of rapid orbital decay nor other significant
orbital perturbations (Cortés-Zuleta et al. 2020). Currently, no additional planetary companions have
been reported for WASP 77 A and upper mass limits for potential companions have been calculated by
Cortés-Zuleta et al. (2020).

WASP-77 A b is an ideal candidate for this study due the significant amount of archival transit and
radial velocity data readily available for this target. As such, to perform the combined transit and
radial velocity analysis described in the remainder of this paper, we collected 34 transit photometry
data from three different citizen science initiatives: ExoClock (Kokori et al. 2022a,b, 2023), Exoplanet
Watch (Zellem et al. 2020), and the Exoplanet Transit Database (ETD)(Poddany et al. 2010) along
with space-based photometry data from two sectors of TESS (Ricker et al. 2015). These mid-transit
measurements were combined with archival radial velocity data from the CORALIE and High Accuracy
Radial velocity Planet Searcher (HARPS) spectrographs in conjunction with mid-eclipse times derived
from JWST, Spitzer and HST. The analysis and methods implemented in this work for WASP-77 A b
can be applied when updating the ephemerides of other exoplanets that are high priority targets (e.g.,
Zellem et al. 2017; Kempton et al. 2018; Hord et al. 2023) for follow-up analysis with larger ground-based
or space-based initiatives.

3. OBSERVATIONS
3.1. Clitizen Science Data

We incorporated 34 observations from citizen science initiatives (11 from Exoplanet Watch, Table 1; 19
from ExoClock, Table 2; 4 from the Exoplanet Transit Database, Table 3) taken with telescopes as small
as 4.5-inch Unistellar (Peluso et al. 2023) eVscopes and the Harvard Smithsonian Center for Astrophysics’
6-inch “Cecilia” MicroObservatory Robotic Telescope on Mount Hopkins in Arizona (Sadler et al. 2001).
Citizen science networks can help refresh and improve transit ephemerides at far less cost than the
equivalent effort of larger and more competitive professionally operated facilities (Zellem et al. 2020). For
example, the Exoclock project (Kokori 2021; Kokori et al. 2022a,b, 2023) has updated the ephemerides
for at least 450 planets using space-based, large ground-based and citizen-science observations from
the Exoclock network. Figure 1 displays the resulting light curves from all 34 citizen science transit
observations.
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Table 1. WASP-77 A b Derived Parameters from Exoplanet Watch Transit Data Individual Fits

Observer

Rp/Rs

Mid-transit (BJDTDB)

Inclination (deg.)

Ores

Martin J. F. Fowler (FMAA) (this study)
Martin J. F. Fowler (FMAA) (this study)
BTSB (this study)

Andre O. Kovacs (KADB) (this study)
Andre O. Kovacs (KADB) (this study)
Andre O. Kovacs (KADB) (this study)
Andre O. Kovacs (KADB) (this study)
Jake Postiglione (PJAE) (this study)
SAJB (this study)

Justus Randolph (this study)

Justus Randolph (this study)

0.138488 + 0.011202
0.130407 £ 0.008210
0.167188 £ 0.009166
0.109212 + 0.002484
0.109670 £+ 0.003064
0.133428 £ 0.004877
0.145692 £ 0.001675
0.140661 £ 0.005349
0.133104 £ 0.000757
0.114845 £ 0.004284
0.121547 £ 0.003251

2459146.757993 £ 0.003096
2459150.837953 £ 0.001785
2459475.883336 £+ 0.002862
2459524.851427 £ 0.000618
2459546.613122 £+ 0.000767
2459565.643618 £ 0.001494
2459584.691209 + 0.000363
2459909.739026 £ 0.001112
2459957.337524 £ 0.000198
2459845.810377 £ 0.001304
2459901.578087 £ 0.001122

85.313903 + 1.445707
84.937192 + 1.059638
89.775798 £ 1.057500
89.970091 + 0.490967
89.863576 + 0.606149
87.404846 + 1.337892
84.910237 £ 0.022267
87.120092 + 1.155684
88.615123 £ 0.497671
89.984181 + 0.762004
89.053012 £ 1.047644

0.011491
0.006623
0.010702
0.008491
0.007160
0.009443
0.006784
0.009801
0.003242
0.006574
0.004139

NoTE—The observations in this table were acquired from NASA Exoplanet Watch citizen science project (Zellem et al. 2020)

Table 2. WASP-77 A b Derived Parameters from ExoClock Transit Data Individual Fits

Observer

Rp/Rs

Mid-transit (BJD)

Inclination (deg.)

Ores

Pavel Pintr (this study)

Yves Jongen (this study)

Lorenzo Betti (this study)

Yves Jongen (this study)

Paolo Arcangelo Matassa (this study)
Martin Valentine Crow (this study)
Alessandro Nastasi (this study)
Alessandro Nastasi (this study)
Frangois Regembal (this study)
Martin Fowler (this study)

Marc Deldem (this study)

Yves Jongen (this study)

Antonio Marino (this study)

Yves Jongen (this study)

Dimitrios Deligeorgopoulos (this study)
Dominique Daniel (this study)
Claudio Lopresti (this study)
Nikolaos I. Paschalis (this study)
Lionel Rousselot (this study)

0.100245 + 0.003589
0.129250 £ 0.001734
0.129802 + 0.001138
0.124696 £ 0.002344
0.132062 £ 0.003724
0.140826 £ 0.007180
0.115978 £ 0.002669
0.112150 £ 0.003711
0.128294 + 0.003477
0.116704 £ 0.006113
0.122177 £ 0.004267
0.131871 £ 0.002423
0.150334 £ 0.007487
0.130505 £ 0.003079
0.115777 £ 0.003506
0.127054 £ 0.007057
0.129025 £ 0.002699
0.135951 £ 0.006095
0.119026 £ 0.004222

2458850.274405 £ 0.000707
2459067.879321 £ 0.000514
2458431.383446 + 0.000269
2459131.799264 £ 0.000654
2459568.375690 £ 0.002321
2459149.479783 £ 0.001457
2458820.353259 £ 0.000452
2458790.433805 £ 0.000826
2459153.562620 £ 0.000698
2458855.715261 £ 0.001465
2457702.409628 + 0.001268
2459456.847265 £ 0.000472
2457377.366686 + 0.001927
2459138.600169 £ 0.000722
2458835.313724 £ 0.000657
2459523.492783 £ 0.001510
2459160.361783 £ 0.000740
2459145.399718 £ 0.001569
2458529.309950 £ 0.000921

88.273883 £ 0.907354
89.150409 + 0.641214
87.606257 £ 0.405009
89.448679 + 0.781300
84.917774 £ 1.421284
85.368562 + 1.203334
89.886516 £ 0.457542
87.571683 + 1.030419
87.453267 £ 0.964544
89.997814 + 1.132437
89.991455 + 0.845319
87.687640 + 0.792568
87.237357 £ 1.361995
89.893542 + 0.743697
87.954140 £ 0.924682
84.981891 + 1.009943
86.890974 + 0.908180
89.758226 + 1.279541
89.810029 + 0.746735

0.001845
0.001676
0.001453
0.002639
0.007001
0.014618
0.003295
0.003678
0.005479
0.005860
0.005132
0.002031
0.014233
0.003175
0.004149
0.006525
0.002571
0.009116
0.003881

NoTE—The observations in this table were acquired from the ExoClock citizen science project (Kokori et al. 2022a,b, 2023)

Table 3. WASP-77 A b Derived Parameters from the Exoplanet Transit Database (ETD) Transit Data Individual Fits

Page 4 of 28

Observer Rp/Rs Mid-transit (BJDTDB) Inclination (deg.) Ores
Napoleao T., Silva,S., Kulh,D. (this study) 0.125011 £ 0.002695 2458349.782454 £ 0.000589 87.631431 + 0.892017 0.003467
Phil,Evans (this study) 0.112988 £ 0.000419 2457695.608264 + 0.000147  89.978600 £ 0.109655 0.005567
Ferndndez-Lajus E., Di Sisto R. P. (this study) 0.069934 + 0.001692 2459550.688000 + 0.000443  85.250493 + 0.222586 0.001769
Coline Guyot, Julien Dibon (this study) 0.119733 £ 0.001505 2456958.477899 + 0.000568 84.910753 £ 0.043606 0.005393

NoTE—Observations in this table were acquired from the Exoplanet Transit Database (ETD) (Poddany et al. 2010)
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Figure 1. Individual light curves were produced from 34 sets of terrestrial citizen science data during the process
described in Transit Photometry Reduction Section 4.1.

3.2. Transiting Exoplanet Survey Satellite (TESS) Data

WASP-77 A was observed by TESS during Sector 4 (2018-10-19 to 2018-11-14) and Sector 31 (2020-
10-22 to 2020-11-18) in 2 minute cadence during which time WASP-77 A b completed 30 transits (Table
4). The individual time series files used in this study were obtained from public TESS data on the
Mikulski Archive for Space Telescopes (MAST) following the prescription described in Pearson (2019),
which performs an updated aperture selection and can improve the photometric scatter by up to 30%
for some targets by reducing pointing-induced systematics. We removed any data points taken within 30
minutes of the TESS momentum dumps, as these data points typically contain large systematic errors.
We next removed 3 sigma outliers from a rolling median filter with a bin size of 32 minutes, as well
as any quality-flagged data points. We also applied the Python package WOTAN (Hippke et al. 2019) to
detrend WASP-77 A’s variability from the light curves while ensuring the transit signal remains intact.
Figure 2 displays the resulting light curves.
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Table 4. WASP-77 A b Derived Parameters from the Transiting Exoplanet Survey Satellite
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(TESS) Transit Data Individual Fits

Source

Rp/Rs

Mid-transit (BJDTDB)

Inclination (deg.)

Ores

TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this
TESS (this

study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)
study)

0.117211 + 0.000484
0.118047 £ 0.001131
0.117444 + 0.001152
0.117935 £ 0.000484
0.117839 + 0.001126
0.117399 £ 0.000466
0.118875 £ 0.001119
0.116758 £ 0.001099
0.117346 £ 0.001158
0.117514 £ 0.000461
0.117219 + 0.000466
0.118470 £ 0.001079
0.117228 + 0.000466
0.118145 £ 0.000446
0.117360 £ 0.001118
0.118147 £ 0.000438
0.115917 £ 0.000477
0.116917 £ 0.001061
0.117727 £ 0.001095
0.117967 £ 0.000487
0.118133 £ 0.000464
0.118279 £ 0.000463
0.116907 £ 0.001010
0.116926 £ 0.000475
0.118292 £ 0.001041
0.117624 £ 0.001107
0.117233 £ 0.000454
0.117431 £ 0.000480
0.117304 £ 0.000444
0.116017 £+ 0.000440

2459169.880555 £ 0.000141
2458416.424934 £+ 0.000362
2458428.664764 £ 0.000363
2459145.400138 £ 0.000142
2458430.025059 £ 0.000353
2459164.440698 £+ 0.000142
2458415.064802 £ 0.000346
2458435.465274 £+ 0.000339
2458412.344649 £ 0.000349
2459150.840086 + 0.000140
2459160.360695 £ 0.000145
2458431.384909 £+ 0.000333
2459146.760236 £ 0.000141
2459154.920533 £ 0.000139
2458417.784887 £ 0.000360
2459161.720527 £+ 0.000139
2459167.160783 £ 0.000151
2458427.305095 £+ 0.000358
2458413.705108 £ 0.000354
2459163.080668 £ 0.000148
2459153.560254 £ 0.000142
2459168.520838 £+ 0.000139
2458425.945066 £ 0.000330
2459148.120307 £+ 0.000140
2458434.105215 £ 0.000335
2458432.745412 £+ 0.000348
2459152.200533 £+ 0.000154
2459165.800856 £+ 0.000153
2459159.000638 £ 0.000143
2459149.480297 £+ 0.000159

88.173852 £ 0.290894
87.712535 + 0.633352
87.963218 £ 0.692152
88.168883 + 0.277498
87.884216 £ 0.671382
88.106095 + 0.259252
87.598829 + 0.530363
88.042295 + 0.664903
88.291218 + 0.677087
87.934221 + 0.220790
87.852512 + 0.218656
87.716047 + 0.584771
88.069922 + 0.253357
87.800839 + 0.207198
87.782367 + 0.646523
87.843743 + 0.211657
88.613443 £+ 0.409135
88.297732 + 0.686959
87.799733 + 0.634761
88.139851 + 0.278206
88.156333 + 0.274597
87.931649 + 0.222379
88.750602 + 0.613404
87.840918 + 0.200418
88.173898 + 0.681437
88.002729 + 0.679718
88.415422 + 0.412857
88.291654 + 0.336392
88.147033 + 0.260625
88.157882 + 0.301488

0.001788
0.000714
0.000741
0.001665
0.000796
0.001814
0.000812
0.000765
0.000905
0.001703
0.001622
0.000796
0.001665
0.001666
0.000781
0.001676
0.001725
0.000794
0.000708
0.001715
0.001642
0.001666
0.000774
0.001633
0.000770
0.000785
0.001749
0.001731
0.001661
0.001661

NoTE—TESS observations in this table were acquired from the Mikulski Archive for Space Telescopes (MAST)
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Figure 2. These individual light curves are produced from the 30 TESS transit observations during the process
described in Transit Photometry Reduction Section 4.1. The wellness of fit in each light curve demonstrates the
reliability of TESS for precise transit photometry measurements.

3.3. Eclipse Data

The derivation of accurate and precise eclipse ephemerides is also critical for the efficient use of space-
based observatory time (e.g., Zellem et al. 2020; Pearson et al. 2022; Burt et al. 2024, in prep). We
used six mid-eclipse times to derive the mid-eclipse ephemeris for this study (Table 5). Eclipse data
for WASP-77 A b came from JWST NIRSpec (Program GTO 1274 August et al. 2023) with NRS1 and
NRS2 covering the wavelength ranges of 2.674 — 3.716 pm and 3.827 — 5.173 pm, respectively. We
utilized eclipse light curves from HST/WFC3+G141 grism between 1.1 and 1.7um (Program GO-16168
Mansfield et al. 2022). Two of the six mid-eclipse times were estimated from publicly-available phase
curves obtained by the Spitzer Space Telescope (Werner et al. 2004) IRAC2 (Fazio et al. 2004) at 3.6
and 4.5 pm (Program GO-13038). For more information about the analyses of the eclipse data, see
Eclipse Data Reduction Section 4.2. Two additional mid-eclipse times were taken directly from Spitzer
(Program GO-10102) and derived by Garhart et al. (2020).
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Table 5. Mid-Eclipse Times Used In This Study

Source Mid-eclipse (BJDTDB) Mid-eclipse Uncertainty (days)
JWST (this study) 2459816.57496 0.00013
HST (this study) 2459161.04312 0.0003
Spitzer IRAC2 3.6pm (this study) 2457854.05090 0.00043
Spitzer IRAC2 4.5um (this study) 2457722.12849 0.00041
Spitzer IRAC2 3.6um Garhart et al. (2020) 2456975.47418 0.00070
Spitzer IRAC2 4.5um Garhart et al. (2020) 2456978.19514 0.00076

NoTE—This table lists the six mid-eclipse times that were used in joint fit analysis in Joint Simultaneous
Fit of Transit, Eclipse, and Radial Velocity Data Section 4.5.

3.4. Radial Velocity Data

We considered radial velocity observations from five public sources, ultimately selecting three for
inclusion in the final analysis. Two data sets came from the WASP-77 A b discovery paper (Maxted
et al. 2013, Table 6). The first (Program 088.C-0011(A)), from the HARPS spectrograph on the 3.6-
meter telescope at the European Southern Observatory’s (ESO) La Silla Observatory in Chile (Mayor
et al. 2003). The second was from CORALIE, a high-resolution radial velocity spectrograph which is
attached to the 1.2-meter telescope at La Silla (Queloz et al. 2000). We also included a set of HARPS
radial velocities (Program 0102.C-0618(A)) taken after the instrument’s fiber upgrade in 2015. These
post-upgrade HARPS data (hereafter referred to as HARPS15) are obtained from the December 11, 2023
ESO/HARPS Radial Velocities Catalog ((Barbieri 2023) see Table 7).

We identified an additional set of radial velocity observations taken with the SOPHIE spectrograph,
located at the Haute-Provence Observatory in southern France (Bouchy et al. 2009). The SOHPIE data
could not be confirmed by the SOPHIE team as having passed requisite quality checks, thus, these data
were excluded from our analysis. We also identified data taken with ESO’s radial velocity spectrograph,
ESPRESSO (Pepe et al. 2021), but noted that this data was taken during the planet’s transit as part of
a Rossiter-McLaughlin (Rossiter 1924; McLaughlin 1924) analysis, and thus did not include these data
in our analysis. To accurately detect the influence of WASP-77 A b on the host star’s orbital velocity,
individual points taken during Rossiter-Mclaghlin effect were excluded which can contain shifts in the
measured radial velocity. One radial velocity measurement was removed from CORALIE and eight from
HARPS15 that were taken during transit. Our final data set for analysis included 8 radial velocity
measurements from HARPS, 10 from CORALIE, and 14 from HARPS15.
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; Table 6. WASP-77 A b Archival Radial Velocity Mea-
3 surements from HARPS and CORALIE Spectrographs from
4 Discovery
5
6 Instrument BJDTBD RV (m/s) RV uncertainty (m/s)
7 HARPS 2455832.8615 1462.6 2.0
) HARPS 2455832.9040 1511.1 2.4
HARPS 2455832.9110 1523.3 2.5
9 HARPS 2455889.7458  1406.3 3.6
10 HARPS 2455890.5370 2022.0 3.7
11 HARPS 2455890.7386  1865.6 4.1
12 HARPS 2455891.5721  1767.0 4.4
13 HARPS 2455891.7468  1988.5 4.6
CORALIE 2455069.7803 1324.6 4.9
14 CORALIE  2455163.6091 13362 5.2
15 CORALIE  2455169.6920 1967.3 4.9
16 CORALIE 2455170.6625 1570.6 5.3
17 CORALIE 2455188.6258  1969.6 5.4
18 CORALIE 2455856.7095 1865.5 5.3
CORALIE 2455914.6783  1710.5 4.3
19 CORALIE 24559156775 1332.8 44
20 CORALIE 2455916.6681  1708.7 4.8
21 CORALIE 2455917.6500 1954.4 4.7
22 CORALIE 2455918.6645 1554.2 6.5
23 NoTE—The table contains the radial velocity (RV) data from the
24 discovgry paper (Maxjﬁed et '?11. 2013)_used in the radiaiul velocity
analysis as described in Radial Velocity Analysis Section 4.4.
25 Radial velocity measurement from 2455916.6681 BJDTDB is
26 remf)ved from anal}/sis as it was taken during transit with
27 Rositter-McLaughlin effect.
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
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Table 7. WASP-77 A b Archival Radial Velocity Measure-
ments from HARPS Post 2015 Spectrograph Upgrade

Instrument BJDTBD RV (m/s) RV uncertainty (m/s)

HARPS15 2458428.61 1806.21 1.76
HARPS15 2458428.70 1647.38 1.63
HARPS15 2458428.71 1653.28 1.61
HARPS15 2458427.79 1470.02 1.57
HARPS15 2458428.69 1649.61 1.72
HARPS15 2458428.63 1807.35 1.74
HARPS15 2458428.65 1783.76 1.61
HARPS15 2458428.75 1595.07 1.54
HARPS15 2458428.59 1831.09 2.10
HARPS15 2458428.66 1750.56 1.63
HARPS15 2458428.74 1608.90 1.51
HARPS15 2458428.58 1851.24 2.87
HARPS15 2458428.56 1879.97 1.79
HARPS15 2458428.78 1568.45 1.56
HARPS15 2458428.64 1812.43 1.75
HARPS15 2458428.77 1578.39 1.60
HARPS15 2458428.67 1713.48 1.64
HARPS15 2458428.68 1680.07 1.83
HARPS15 2458428.57 1868.40 2.19
HARPS15 2458428.72 1638.30 1.56
HARPS15 2458428.604 1817.661 2.013
HARPS15 2458428.73 1624.98 1.53

NoTe—Radial velocity (RV) data from the December 11, 2023
ESO/HARPS Radial Velocities Catalog ((Barbieri 2023) used in
this study. Eight measurements taken during the planets transit
that were affected by Rositter-Mclaughlin effect, are removed
from analysis for measurements between 2458428.63 and
2458428.71 BJDTDB. The remaining 14 radial velocity
observations listed here are fit as described in Radial Velocity
Analysis Section 4.4.

4. ANALYSIS

Using these transit photometry, eclipse photometry and radial velocity data, we performed a joint
orbital analysis for WASP 77 A b. Our methodology adheres to the process described in Pearson et al.
(2022).

4.1. Transit Photometry Reduction

We modeled individual light curves for each photometric time series to derive the best-fit parameters
including transit depth, inclination, and mid-transit time. We performed model fitting of transit light
curves using EXOTIC (EXOplanet Transit Interpretation Code), a comprehensive Python data reduction
tool designed to support the citizen science and professional community in analyzing exoplanet transit
data (Zellem et al. 2020; Fatahi 2024, in prep). The code uses priors from the NASA Exoplanet Archive,
ensuring the use of the most-recently published system parameters. EXOTIC yields full posteriors and
uncertainties for each parameter.

To enhance the precision of our parameter estimates, we employed UltraNest (Buchner 2016), a robust
multimodal nested sampling algorithm. To prevent the influence of data points that might not represent
significant transit signals, light curves with residuals larger than the transit depth were removed to ensure
that the model’s fit captured significant transit signals from WASP-77 A b. Individual data points failing
a 3o clip were discarded prior to fitting the light curve. Observations with a flux standard deviation
greater than 0.03 were also excluded to eliminate data with excessive noise, as high scatter can indicate
instability in the observations or environmental contamination. Observations with airmass values larger
than 2 were excluded.
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Table 8. Stellar Priors Used for This Study

Parameter Units (Cortés-Zuleta et al. 2020)

M., mass [Mg] 0.903 £6.6 x 10?2

R. radius [Rg] 0.910 £2.5 x 10?2

Tess Effective 5617 +7.2 x 10!
temperature Kelvin
(K]

Metallicity (dex) [Fe/H] -0.10 1.1 x 10™*

Stellar surface gravity | [logg (logio(cm/s?))] | 4.476 £1.5 x 1072

For ExoClock and ETD observations that did not include airmass or the elevation of the observatory,
we calculated the airmass values by extracting the latitude and longitude of the observer’s location and
then used the Google Maps API to derive the elevation based on geographic data. This geographic
information was then passed to EXOTIC to calculate the airmass values for each time stamp of the
corresponding observation.

Limb darkening coefficients depend on the host stellar parameters and the wavelength at which the ob-
servation was taken and must be derived to fit the model accurately. Based on the filter used for the obser-
vations, we assigned a corresponding passband within EXOTIC utilizing the Python package Exotethys
(Morello et al. 2020) with stellar parameters for effective temperature 5617 7.2 x 10! kelvin, Metallic-
ity (dex) -0.10 +1.1 x 107! [Fe/H], and stellar surface gravity 4.476 +1.5 x 1072 log g (log,o(cm/s%))
(Cortés-Zuleta et al. 2020) (see Table 8) to derive the limb darkening coefficients for each fit.

The citizen science mid-transit times and TESS data were incorporated into a comprehensive joint
transit, eclipse and radial velocity analysis described in Joint Simultaneous Fit of Transit, Eclipse,
and Radial Velocity Data Section 4.5. (Refer to Tables 1, 2, 3 and 4 for the list of mid-transit times
from Exoplanet Watch, ExoClock, ETD, and TESS.) Properly model fitting the individual transit data
accounting for airmass and limb darkening effects provided constraints on the transits’ inclination, RpRs,
and most relevant to our study, precise mid-transit times for our joint transit, eclipse and radial velocity
analysis. The resulting citizen science individual mid-transit times were used as priors in our joint fit
analysis in 4.5.

4.2. FEclipse Data Reduction

The two JWST eclipse light curves from August et al. (2023) were simultaneously fit together here
to derive one mid-eclipse time via the same global fit process used for the transit data in Global Fits
of Citizen Science and TESS Transit Data for Comparison Section 4.3. The same process is used for
two HST eclipse light curves from Mansfield et al. (2022). The Spitzer eclipse data were processed using
a public pipeline based on the pixel-map method (Lewis et al. 2013) with additional optimizations for
handling the ramp effect and uncertainty estimation using nested sampling. The pipeline uses gaussian
kernel regression with a nearest neighbor technique to estimate the intrapixel sensitivities in each dataset.
Non-physical solutions can arise if the priors are too large and not correlated to one another with con-
sequences manifesting as negative night-side temperatures and wildly varying hot-spot offsets compared
to GCM models. To avoid non-physical solutions, we used conditional priors to model the phase curve
components (i.e., day-night amplitude and hot-spot offset) which is important for deriving physically-
plausible solutions when using a linear system of equations. Two additional Spitzer mid-eclipse (emid)
values were adopted from Garhart et al. (2020).

4.3. Global Fits of Citizen Science and TESS Transit Data for Comparison

The lightcurves individually fit for better constraints on transit parameters described in Transit Pho-
tometry Reduction Section 4.1, were combined and fit simultaneously here in a global fit in order to
compare the use of citizen science and professional transit data sets. The inclination, planet-to-star ra-
dius ratio, and the mid-transit time were left as free parameters in the individual fits and, once derived,



oNOYTULT D WN =

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

AUTHOR SUBMITTED MANUSCRIPT - PASP-101743

12

were passed to the global fit for more precise constraints on these parameters with the addition of the
orbital period. For the global fit, in order to ensure the ephemeris remains fresh longer, we adopted the
mid-transit time from the most recent available light curve in the corresponding data set as our weighted
prior for the new ephemeris. See Results and Discussion Section 5 for results and comparison of the
global fits.

4.4. Radial Velocity Analysis

To determine if stellar variability impacted in the HARPS and CORALIE data, we searched for
correlations between various activity indicators and the radial velocity data (Saar & Donahue 1997;
Desort et al. 2007; Lovis & Fischer 2011). Specifically, we made use of two spectral line indicators (H-
alpha and the S-index) and three metrics from the radial velocity Cross Correlation Functions (CCF),
the FWHM, BIS, and Contrast. These values provide insights on whether the magnetic phenomena
exhibited by a star, such as spots, plages, and granulation, are impacting the stellar absorption lines
significantly enough to impact the measured radial velocities.

After the individual indices were calculated, we measured their Pearson correlation coefficients with
the radial velocity data. The highest-ranked index was the FWHM, which had a correlation coefficient
of 0.58 with the radial velocities. As this was below the r = 0.6 limit generally used to identify moderate
correlation (Akoglu 2018), we asserted that WASP-77 A exhibits no significant stellar activity, and
therefore we did not include activity-mitigation steps in our radial velocity fitting methodology. We
adopted the Pearson et al. (2022) methodology of using a Keplerian model to fit the radial velocity data
and determine the orbital period, argument of periastron, eccentricity, and semi-amplitude of WASP-
77 A b (Fig. 3.)
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43 Figure 3. Top: phase-folded radial velocity curve for WASP-77 A b. The radial velocity data included are from
44 the discovery paper Maxted et al. (2013) and recent HARPS data from the ESO archive. Bottom: radial velocity
45 residuals for WASP-77 A b after removing the contribution for the planetary orbit.
46
47
23 267 4.5. Joint Simultaneous Fit of Transit, Eclipse, and Radial Velocity Data
50 268 We leveraged a joint-simultaneous fit of the transit, eclipse, and radial velocity data to place strong
51 269 constraints on the system parameters, including new transit and eclipse ephemerides, following the
52 270 prescription of Pearson et al. (2022). To do so, we coupled the underlying orbit equations between
53 o the planet and star to ensure a self consistent solution — something that is not possible when using
54 2 separate code-bases for each respective measurement type. We updated WASP-77 A b’s parameters
55 273 for orbital period, mid-transit time, inclination, argument of periastron, eccentricity, planet mass, and
56 274 the radius ratio between the planet and the star with a nested sampler. Our joint analysis utilized the
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stellar priors in Table 8 from Cortés-Zuleta et al. (2020). The joint optimization leveraged a combined
likelihood function with contributions from radial velocity, photometry, and ephemerides: Ljoin: =
LRV + Ltransit + Lmidftransit + Lmidfeclips&

The final posterior distributions from the nested sampling algorithm can be seen in Figure 4 depict-
ing the most probable parameter estimates and their uncertainties. The Gaussian distribution about
the narrow likelihood maximum peak ensures we effectively explore the parameter space and that our
estimates represent the data.

The stacked light curves in Figure 5 from TESS, display the wellness of fit when analyzed simultaneously
with eclipse and radial velocity data in the joint analysis. The TESS stacked lightcurves yield a a 8560
detection of the transit depth RP/R*2 0.013695 +1.6 x 10~°. Mid-transit times for the citizen science
data were incorporated into the joint fit as priors. For individual fit plots of the transit data, see Figures
1 and 2. Table 9 presents our joint fit final parameters with comparison to prior work described in Results
and Discussion Section 5. The observed minus calculated (O-C) diagram presented in Figure 6 illustrates
the mid-eclipse timing residuals for WASP-77 A b from our joint analysis. The grey error bars represent
a lo uncertainty from the predicted mid-eclipse time. We also produce an O-C plot for WASP-77 A b’s
mid-transit times (Fig. 7) which indicates how much our ephemeris derived here (grey-shaded region)
improves upon the current ephemeris uncertainty in the published literature (Cortés-Zuleta et al. 2020)
(pink shaded region).
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1,005 WASP-77 A b from Joint Fit of Transit and RV Data
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Figure 5. We present the phase-folded TESS transit data from the joint simultaneous fit of WASP-77 A b. The
top plot is a stacked light curve plot from Joint Simultaneous Fit of Transit, Fclipse, and Radial Velocity Data
Section 4.5 depicting the wellness of fit. The transit data is displayed as colored points, with the predicted light
curve displayed as a red line. The lower plot is the residuals illustrating the difference between the observation
data and the model.
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Table 9. System Parameters for WASP-77 A b Joint Fit Comparison with Prior Papers
Parameter Units (Cortés-Zuleta et al. 2020) (Kokori et al. 2023) This Work
P Orbital Period | 1.36002854 +6.2 X 1.360028949 +7.5x 1078 | 1.360029395

[days] 10-7 +5.7 x 1078
Tmid Mid-tranist 2457420.88439 2458693.870688 +3.9 x | 2459957.337860
time [BJDTDB] | +8.5 x 10~* 1075 +4.3 x 10~°
Epid Mid-Eclipse 2457658.2054 n/a 2459956.658192
time [BJDTDB] | +4.4 x 1073 +6.7 x 10°°
i Inclination [deg] | 88.91 +£9.5 x 10~! n/a 89.99
+1.0 x 1071
w Argument of pe- | -166 £7.5 x 107! n/a -88.29 +2.4 x
riastron [deg] 10!
e Eccentricity 0.00740 £6.9x10~3 n/a 0.01353 +6.0 x
10~
M, Mass of planet | 1.667 6.8 x 1072 n/a 1.6654 +4.5 X
[M.up] 10~°
Ry /R« Radius of planet | 0.13354 +7.4x107* n/a 0.117026 +6.9 x
in stellar radii 10~°
a Semi-major axis | 0.02335 £4.5x107% n/a 0.023233633
[AU] +3.7 x 1078
a/R. Semi-major axis | 5.332 8.1 x 1072 n/a 5.4900859
in stellar radii +8.6 x 107
K Radial Velocity | 323.4 £3.8 x 10° n/a 327.21 +£8.8 X
semi-amplitude 107t
[m/s]
Propagated | [BJDTDB] 2462503.31104 2462503.311774 +2.14 x | 2462503.312887
Tmid  to +2.47 x 104 (£18sec) +1.15 x
2030-01-01 10~ 3(£213sec) 104 (£9.9sec)
Propagated | [BJDTDB] 2462502.6271 n/a 2462502.633219
Emid  to +4.9 X +1.26 X
2030-01-01 107 3(+425.35s€c) 10~ 4(4+10.89s€c)

NoTE—This table cross-references the parameters in the joint transit, eclipse, and radial velocity fit to prior
publications on WASP-77 A b: (Cortés-Zuleta et al. 2020; Kokori et al. 2023).
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Eclipse O-C plot for WASP-77 A b

3« +

Residuals [min]

=21 Uncertainty (+ 10)

Period: 1.360029395+-0.000000057 days
E_mid: 2459956.658192442+-0.000067484 BJD

¥  Mid-Eclipse Measurement

—2000 —1500 ~1000 —500 0
Epoch [number]

Figure 6. Eclipse O-C plot for WASP-77 A b with mid-eclipse times as listed in Table 5. The residuals are
shown in minutes and represent the difference between the observed and calculated mid-eclipse times based on a
fixed linear ephemeris. The grey bar denotes a 1o uncertainty. This constricted grey region illustrates the power
of our analysis in ensuring a fresh eclipse ephemeris.
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Transit O-C plot for WASP-77 A b
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Figure 7. O-C plot for mid-transit times of WASP-77 A b based on our joint analysis. The residuals are
shown in minutes and represent the difference between the observed and calculated mid-transit times based on a
fixed linear ephemeris. The grey bar denotes a 1o uncertainty. The pink shaded area indicates the propagated
uncertainty of the prior ephemeris without incorporating the updates from our current study. The distribution
of residuals around the zero line validates the precision of the updated orbital parameters.

4.6. Transit Timing Variation Analysis

Transit timing variations (TTVs), periodic perturbations to the mid-transit times of a known planet,
can indicate the presence of additional planets in a system (e.g., Agol et al. 2005; Holman & Murray
2005; Ford et al. 2012; Hadden & Lithwick 2016; Pearson 2019). TTVs can reveal long-term periodic
trends, usually associated with precession, as well as short-order perturbations (Ragozzine & Holman
2010; Deck 2014; Pearson 2019; Korth 2020), so a two-term model is needed to capture the dynamics of
both. We generated Lomb-Scargle periodograms to look for Transit Timing Variations (TTVs) in the
O-C data residuals, indicating potential periodic signals in the power versus orbital period, Figure 8.

For our WASP-77 A b data, we calculated BIC values for a linear fit and a Fourier fit to the data
to help us determine which model better represents the data. If there is periodicity in the mid-transit
times, then the Fourier fit will have the lower BIC value as it can detect periodicity that cannot be
detected by the linear model (Schwarz 1978). When comparing Bayesian Information Criterion (BIC)
values between different models, the model with the lowest BIC is typically considered the best fit to the
data (Schwarz 1978) and is derived by the equation:

BIC = kln(n) — 2In(L), (1)

where k is the number of parameters estimated by the model, n is the number of observations or sample
size, and L is the maximized value of the likelihood function of the model. The term k - In(n) penalizes
complexity to avoid overfitting, while —2 - ln(f/) pertains to the goodness of fit.

The false alarm probability (FAP) is a statistical measure used to assess the likelihood that a perceived
signal in the data could arise from random fluctuations alone rather than any actual periodic variation
(Xie et al. 2014). FAP values are ultimately used, along with Bayesian evidence, to signify the presence
or absence of a periodic variation in our transit times.

Panel A describes the power versus orbital period. Panel B overplots the O-C data with our two

Fourier models, while Panels C and D depict phase-folded solutions for Fourier fit 1 and 2 respectively,
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illustrating how well they correspond with the observed data. In the phase folded plots, the x-axis is in
phase relative to orbital epochs determined by the mid-transit point of the orbit and period, indicating
that the mid-transit times are plotted against the phase of the planet’s orbit. Each point represents the
deviation of the observed transit time from a predicted time, based on the orbital period. Based on the
BIC values, we do not find a significant periodic trend with a single term. We do not see significant
evidence for a two-term periodic model and report no transit timing variations in the mid-transit times
from this study.
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Figure 8. Diagnostic plots to search for transit timing variations using a periodogram analysis with the Lomb-
Scargle algorithm. A) Power versus orbital period plot indicating the potential for underlying periodic signals.
“Detrended” data also presented. B) O-C data overlaid with single-period (Fourier Fit 1) and two-period (Fourier
Fit 2) models. C) A phase-folded solution for Fourier fit 1. Based on the BIC value reported in B, we do not
find a significant periodic trend with a single term. D) A phase-folded plot for the second term in Fourier fit 2
after subtracting the first term. For more details, please see TTV Analysis Transit Timing Variation Analysis
Section 4.6.

5. RESULTS AND DISCUSSION
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Our joint analysis of the combined radial velocity, eclipse, and transit data set, constrains the or-
bital parameters of WASP 77 A b to high precision (Table 9). We present a new orbital period of
1.360029395 +5.7x10~® days, mid-transit time of 2459957.337860 +4.3x10~°> BJDTDB, mid-eclipse
time of 2459956.658192 +6.7x10~° BJDTDB, inclination 89.99 +1.0 x 10~! [deg], argument of perias-
tron -88.29 £2.4 x 10~ [deg], eccentricity 0.01353 £6.0 x 10, mass of planet 1.6654 £4.5 x 1073 M j,,,,
radius of planet in stellar radii 0.117026 £6.9 x 10™° R, /R., semi-major axis 0.023233633 £3.7 x 1078
[AU], semi-major axis in stellar radii 5.4900859 +8.6 x 1075 a/R., and radial Velocity semi-amplitude
327.21 £8.8 x 107! K [m/s].

5.1. Forward Propagation of Transit and Eclipse

To accurately predict future transit and eclipse times and their uncertainties for WASP-77 A b, we
employed an analytical error propagation method for forward propagation using the notation of Zellem
et al. (2020). The precise prediction of an exoplanet’s next transit time (Tiiq) is given through the
equation:

Tid = Norbit - P+ To (2)

where nq,1i; represents the number of orbits until the future transit event, P is the orbital period of
the planet, and T} is the established mid-transit or mid-eclipse time. The analytical derivation of the
uncertainty in the mid-transit time (AT},;q) incorporates the propagation of errors in the orbital period
(AP) and the starting mid-transit time (ATp), as:

Mo = [(20) - (AP) + (AT3). ®)

The prior mid-transit time we constrained and propagated was taken from the most recent transit data
which was from an Exoplanet Watch user. Using the most recent observation reduces the uncertainties
that older published mid-transit times may have.

For our joint fit analysis results of the citizen science and TESS transit data, eclipse data, and radial
velocity data, we find a January 1, 2030 (a reasonable date for the start of the Ariel mission science
operations (Burt et al. 2024, in prep)) propagated mid-transit uncertainty of +9.94 seconds. Similarly,
from the joint fit analysis we find a propagated mid-eclipse time uncertainty of £10.89 seconds. Our
forward-propagation results demonstrate how we can obtain a lower uncertainty in the propagated mid-
transit time with the addition of all of the latest available data. Compared to a previously published
mid-transit time from a similar study by Cortés-Zuleta et al. (2020), we demonstrate we can achieve a
tighter constraint on the forward propagated mid-transit time by a factor of 21.5 by including the latest
data. When our new mid-eclipse time is forward propagated to January 1, 2030, we improve precision
by a factor of 39.1 compared to the previous study’s propagated mid-eclipse time (Cortés-Zuleta et al.
2020).

We also compared forward propagated mid-transit times from the global fits of the citizen science
data alone, the TESS data alone, and then with these two combined sources, to quantify the benefit
of incorporating citizen science data when updating exoplanet ephemerides. The resulting mid-transit
times and errors were also forward propagated to the date January 1, 2030. The TESS data alone
produces a mid-transit time uncertainty on January 1, 2030 of £40.35 seconds, while the citizen science
data alone produces a propagated mid-transit time uncertainty of +22.55 seconds (Table 10). The lower
uncertainty, despite the larger per-measurement uncertainty, may be due to a longer time baseline of the
citizen science data giving an advantage in constraining some parameters like period and mid-transit time.
The longer baseline may explain why the derived parameters have smaller uncertainties in the citizen
science data alone fit, by enabling us to effectively bin down the noise and constrain the ephemeris
more precisely than with the TESS data. We can compensate for the lower SNR measurements with
more measurements over a longer baseline (Dragomir et al. 2020). While this is a minimal difference in
the observational padding required, it nonetheless demonstrates how the broader baseline of the citizen
science observations increases the mid-transit time precision beyond what is possible with the higher
precision, but more temporally concentrated, TESS data alone. Figure 7 depicts the concentrated TESS
data and temporal spread of the citizen science data illustrating how these observations can aid in filling
in gaps between TESS sectors. Unsurprisingly, our global fit analysis demonstrates that we obtain the
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; Table 10. Parameters for comparison of global fits and joint transit + eclipse + RV analysis.
3
4 Parameter Units Citizen Science TESS Citizen Science+TESS Transit+Eclipse+RV
5 P [days] 1.36002984 1.36002877 1.36002947 1.360029395
6 +1.2x 1077 +1.9x 1077 | +£1.0 x 1077 +5.7x 1078
7 Tmid [BJDTDB] 2459957.33826 | 2459169.880764| 2459957.337881 2459957.337860
8 +1.3 x 1074 +3.5 x 107° +7.4 x 107° +4.3 x 107°
9 % [degree] 90.00 +1.1 x | 88.073 +5.3 x | 88.371 89.99 £1.0 x
10! 102 +5.9 x 1072 10~!
10 Rp/R« [ratio] 0.11500 £2.8x 0.11746 £1.1x | 0.117012 0.117026
11 104 10—* +9.7 x 1075 46.9 x 10~°
12 Transit  light | # 34 30 64 64 transit, 6
13 curves eclipse
14 Radial velocity | # n/a n/a n/a 32
15 measurements
16 Propagated [BJDTDB] 2462503.31412 | 2462503.311279| 2462503.313049 2462503.312887
Mid-Transit to +2.61 x 107* | £4.67 x 107* | £2.01x 1074 +1.26x 1074
17 Jan 1 2030 (£22.55s¢c) (+£40.35sec) | (£17.37sec) (+£9.94s¢c)
::g NoTeE—This table 'Cross-reference'?s the 'e;.)herner.ides bet'ween the fits of only the terr(?sFrial cit'izen sci'enC(.e transit data,
only TESS transit data, combined citizen science with Tess data, and the final joint fitting, which included both
20 citizen science and TESS transit data with eclipse and radial velocity data.
21
22
23
24
25 315 most precise constraints when we combine both the citizen science and TESS photometry data, which
26 376 produces a January 1, 2030 mid-transit time uncertainty of +17.37 seconds, a factor of 2.3 improvement
27 377 over the TESS data alone.
28 378 The stacked TESS and citizen science light curves (Figure 9) show excellent agreement with the best-
29 379 fit model. We can infer from the quality of the fit that the model is reliably fitting the citizen science
30 380 and TESS data to derive the parameters of WASP-77 A b. The low uncertainty on transit depth of
31 381 0.013692 4 2.3 x 10~° and the random distribution about 0 in the residuals implies a good fit between
32 382 the data and the model. The ephemeris improvement with the addition of citizen science data further
33 383 demonstrates the importance of utilizing all available data in conjunction with the continuous yield of
34 384 TESS to fill in the gaps and keep exoplanet ephemerides fresh.
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
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Figure 9. The top plot is a stacked light curve plot from global fit analysis described in Global Fits of Citizen
Science and TESS Transit Data for Comparison Section 4.3 and 5.1 of WASP-77 A b. The lower plots are the
residuals depicting the difference between the observation data and the model. For individual fit plots of the
transit data, please see Figures 1 and 2.

6. CONCLUSION

A cornerstone of this effort is the joint-simultaneous analysis of transit photometry, eclipse pho-
tometry, and radial velocity measurements. By merging these data types, we are able to achieve a
high level of precision in the best-fit model for WASP-77 A b with a new orbital period improved to
1.360029395 & 5.7 x 10~% days, mid-transit time to 2459957.337860 & 4.3 x 10~°> BJDTDB, mid-eclipse
time to 2459956.658192 4+ 6.7 x 107> BJDTDB and mass to 1.6654 + 4.5 x 1073M ;. Methodology from
this study aids the community in updating exoplanet ephemerides precisely and showcasing the impact
of collaborative data use and nested sampling (Pearson et al. 2022).

The code for this study will be made publicly available on GitHub so that professional and citizen
scientists can precisely update ephemerides of targets scheduled for observations by JWST and Ariel.
With new innovations in obtaining spectroscopic measurements such as EXCITE (Exoplanet Climate
Infrared Telescope) (Bernard et al. 2022; Tucker et al. 2018) or the Pandora SmallSat (Quintana et al.
2021; Hoffman et al. 2022), along with existing technologies, this code can be used by scientists for
planning observations and performing atmospheric models that require the most precise and up to date
ephemerides.

The incorporation of citizen science data from sources such as Exoplanet Watch, Exoclock, and ETD
in our study was an integral component of the achieved precision in the updating of WASP-77 A b’s
ephemeris giving us a broader time baseline. Furthermore, our results demonstrate that when citizen
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science light curve data is added to the TESS data it improves the propagated January 1, 2030 mid-
transit time uncertainty by a factor of 2.3. By incorporating citizen science observations into this study,
we were able to leverage an observation taken on January 12, 2023 that would have not be possible
without planned observations with space-based and large ground-based telescopes or by using previously
published mid-transit times alone. With the number of newly discovered exoplanets continuing to grow
there is an ongoing need for continued ephemeris maintenance. Dragomir et al. (2020) demonstrates
that exoplanets observed by TESS can have an over 30 minute uncertainty on the mid-transit time only
one year after it was observed. By supporting citizen science-based exoplanet initiatives, the astronomy
community can keep up with the demand for exoplanet ephemeris updates.

Our study underscores the significant impact of combining various data sources by including citizen
science contributions, ground-based observations, space telescope data, and radial velocity measurements,
for the refinement of exoplanetary parameters. This comprehensive approach not only enhances the
precision of orbital parameters crucial for atmospheric characterization but also improves the observation
scheduling for missions like JWST and Ariel. The application of our publicly available Python code can
be applied to various exoplanets, fitting radial velocity, transit, and eclipse data from both professional
and citizen science sources substantially increasing ephemeris precision for the community. We advocate
for sustained support of citizen science data contributions.
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