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Abstract

We present the low-resolution transmission spectra of the puffy hot Jupiter HAT-P-65b (0.53 Myyp, 1.89 Ry,
T.q=1930K), based on two transits observed using the OSIRIS spectrograph on the 10.4 m Gran Telescopio
CANARIAS. The transmission spectra of the two nights are consistent, covering the wavelength range
517-938 nm and consisting of mostly 5 nm spectral bins. We perform equilibrium-chemistry spectral retrieval
analyses on the jointly fitted transmission spectrum and obtain an equilibrium temperature of 16457333 K and a
cloud coverage of 361?%%, revealing a relatively clear planetary atmosphere. Based on free-chemistry retrieval, we
report strong evidence for titanium oxide (TiO). Additional individual analyses in each night reveal weak-to-
moderate evidence for TiO in both nights, but moderate evidence for Na or VO only in one of the nights. Future
high-resolution Doppler spectroscopy as well as emission observations will help confirm the presence of TiO and
constrain its role in shaping the vertical thermal structure of HAT-P-65b’s atmosphere.
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1. Introduction

Titanium and vanadium oxides (TiOs and VOs) exhibit
prominent molecular absorption bands in the optical spectra of
M dwarfs, and their signatures gradually disappear in cooler L
dwarfs (Top ~ 1700-1900 K; Kirkpatrick et al. 1999). Simi-
larly, TiO and VO have long been expected to be the dominant
opacity sources in the atmospheres of highly irradiated hot
Jupiters and responsible for causing thermal inversions
(Hubeny et al. 2003; Fortney et al. 2008).

Up until now, thermal inversions have been detected in the
dayside of several ultra-hot Jupiters using low-resolution
emission observations (e.g., Haynes et al. 2015; Evans et al.
2017; Sheppard et al. 2017; Arcangeli et al. 2018; Mansfield
et al. 2018). Recent high-resolution Doppler emission
spectroscopy observations (Pino et al. 2020; Yan et al. 2020;
Nugroho et al. 2020) reveal that these inversions are at least
partly induced by optical absorbers such as atomic Fe or Mg
lines or continuum H™, regardless of the presence of TiO or
VO (Lothringer et al. 2018).

Indeed, TiO and VO have been rarely detected. The most
confident detection of TiO comes from the atmosphere of
WASP-33b with high-resolution Doppler emission spectrosc-
opy (Nugroho et al. 2017; but also see Herman et al. 2020;
Serindag et al. 2021). Sedaghati et al. (2017) reported a
detection of TiO in the low-resolution transmission spectrum of
WASP-19b, while Espinoza et al. (2019) reported a nondetec-
tion based on independent observations. Tentative evidence of
TiO/VO was also claimed in the low-resolution transmission
spectrum of WASP-121b (Evans et al. 2016, 2018), but later
Merritt et al. (2020) reported nondetections for both TiO and
VO using high-resolution Doppler transmission spectroscopy.
Thus, the existence and detectability of TiO/VO in hot-Jupiter
atmospheres remain an open question.

Here, we report strong evidence for TiO in the atmosphere of
the hot Jupiter HAT-P-65b using low-resolution transmission
spectroscopy. HAT-P-65b is a very puffy hot Jupiter (0.53 My,
1.89Ry,p) orbiting a G2 star every 2.61 days (Hartman et al.
2016). With an equilibrium temperature of 1930 4+ 45K, it falls
near the transition regime where ultra-hot Jupiters are defined
(e.g., Teq>2000K; Lothringer et al. 2018). In Section 2,
we summarize the observations and data reduction. We then
describe the light-curve analysis in Section 3 and interpret
the transmission spectrum in Section 4. Finally, we give the
summary and discuss its implications in Section 5.

2. Observations and Data Reduction

We observed two transits of HAT-P-65b under the programs
GTCMULTIPLE2C-18A (PI: G. Chen) and GTC24-20A (PL:
E. Pallé) using the OSIRIS spectrograph (Cepa et al. 2000)
installed on the 10.4 m Gran Telescopio CANARIAS (GTC) in
La Palma, Spain. OSIRIS is equipped with two CCDs to cover
the unvignetted field of view of ~7’5. In both observations,
OSIRIS was configured in the long-slit mode with a 127 slit.
The target star HAT-P-65 (+' = 12.95 mag) and the reference
star 2MASS J21034527 + 1158213 (' = 12.88 mag, 2/19
away) were both located on CCD 1 and simultaneously placed
in the slit. The 200 kHz readout and 2 x 2 binning (0”254 per
binned pixel) were adopted. The R1000R grism was used
to acquire the spectra, covering a _wavelength range of
510-1000 nm at a dispersion of ~2.6 A per binned pixel. The
HeAr, Ne, and Xr arc lamps were observed through a 1723 slit.

The two transits were observed on the nights of 2018 July 29
(Night 1) and 2020 August 7 (Night 2), covering UT windows
of 21:27-05:41 and 21:08-04:05, respectively. The typical
seeing was ~0”9 for Night 1 and ~0”6 for Night 2. To avoid
saturation, a slight defocusing was used in both nights,
increasing the FWHMs of the point-spread function (PSF) in
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Figure 1. White light curves of HAT-P-65b observed by GTC/OSIRIS on the nights of 2018 July 29 (left, Night 1) and 2020 August 7 (right, Night 2). From top to
bottom are (i) raw flux time series of HAT-P-65 and its reference star, (i) raw white light curves of HAT-P-65 (i.e., normalized target-to-reference flux ratios), (iii)
white light curves corrected for systematics, and (iv) best-fit light-curve residuals. The best-fit models are shown in black.

the cross-dispersion direction to median values of ~1”3 (Night
1) and ~1”0 (Night 2). An exposure time of 75 s was used for
both nights, resulting in 305 and 255 spectra for the first and
second nights, respectively. For Night 1, there was a thin cirrus
crossing event after the ingress ended. Nine spectra acquired
during that time were discarded.

We reduced the raw data using the methodology adopted in
our previous studies (e.g., Chen et al. 2018, 2020a). The
spectral images were corrected for overscan, bias, flat, sky
background, and cosmic rays. The one-dimensional spectra
were extracted using an aperture radius of 9 pixels (Night 1)
and 8 pixels (Night 2). The aperture radius was optimized by
minimizing the point-to-point scatter in the white light curves.
We note that there is a faint background companion star at
~3”6, but contributing negligible flux within the chosen
apertures (see Appendix A). The initial wavelength solution
was constructed by the arc lines, which was later revised to
allow that all the spectra of the target and reference stars were
well aligned in the wavelength domain. The time stamp was
created in Barycentric Julian Dates in Barycentric Dynamical
Time (BJDtpg; Eastman et al. 2010).

We created the white light curves by summing the flux
within the wavelength range 514-908 nm, but excluding the
754-768 nm region to avoid the telluric oxygen A-band. To
create the spectroscopic light curves, we divided the spectra

Table 1

Parameters Derived from White Light Curves

Parameter Prior Posterior Estimate

P [d] 2.6054552(fixed) e

i[°] U(80, 90) 89.101983

a/R, UQ, 8) 52211095

R,/R. 1(0.05, 0.15) 0.099415:9923

u N(0.356, 0.045%) 0.33310:937

U N(0.277, 0.027%) 027073938
2018-07-29: Night 1

Toia [MID%] 14(8329.53, 8329.57) 8329.5482810:90029

o, [1079] U(0.1, 5000) 284718

InA U-10, —1) —6.417938

InT, U(—6, 6) —2.52%933

InT, U(—6, 6) 1.647041
2020-08-07: Night 2

Thmia [MID%] 1(9069.48, 9069.52) 9069.49472+0-00034

o, [1079] U(0.1, 5000) 14713

InA U-10, 1) —6.74%933

Inn U(—6, 6) —3.32%927

InT, U(—6, 6) 3.52508

4 MJD = BJDpg — 2450000.
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Figure 2. Transmission spectra of HAT-P-65b measured jointly (black) and individually (blue and orange) for the two nights. The top subpanel shows an example of
the stellar spectra for HAT-P-65 and its reference star, along with the passbands used in this work marked in shaded colors. The right subpanel presents the distribution
histogram of the two-night differences, which has been normalized by the measurement uncertainties.

into 63 channels of 5 nm bin, 6 channels of 11 nm bin, and 1
channel of 31 nm bin. We set up broader bins at longer
wavelengths due to the appearance of a fringing pattern at
A 2 830 nm.

3. Light-curve Analysis

We modeled the white and spectroscopic light curves
following the approach described in Chen et al. (2018,
2020a). Here we first give a summary of general procedures,
and then present the specifics in the subsections.

The light curves were assumed to consist of astrophysical
signals and correlated systematics. The transit was described by
the Mandel & Agol (2002) model, implemented via the Python
package batman (Kreidberg 2015) and parameterized by
orbital period P (fixed to 2.6054552 d; Hartman et al. 2016),
orbital inclination i, scaled semimajor axis a/R,, radius ratio
R,/R,, mid-transit time Ty,q, and limb-darkening coefficients
u;. A circular orbit was adopted (Hartman et al. 2016). The
correlated systematics were treated as Gaussian processes
(GPs; Rasmussen & Williams 2006; Gibson et al. 2012),
implemented via the Python package george (Ambikasaran
et al. 2015).

The quadratic limb-darkening law was adopted, and the
coefficients u; and u, were fitted with Gaussian priors. The
priors were calculated using the Kurucz ATLASO stellar
atmosphere models by a Python code from Espinoza & Jordan
(2015). The grid with stellar effective temperature T.g=
5750 K, surface gravity log g, = 4.0, and metallicity [Fe/H] =
0.1 was used to derive the prior mean values, while the average
differences among the grids with T.s= 5500 K, 5750 K, and
6000 K were adopted as the prior sigma values.

To explore the marginalized posterior distributions of fitted
parameters, the affine-invariant Markov Chain Monte Carlo
(MCMC) was used, implemented via the Python package
emcee (Foreman-Mackey et al. 2013). The walkers are
initialized around literature values for transit parameters and

arbitrary values for others. The number of walkers are set to be
at least twice the number of free parameters (50 and 32 for the
white and spectroscopic light curves, respectively). We always
run two short chains (1000 steps) for the “burn-in” phase and
then start a long chain (20,000 steps) for the posterior
estimation. The chain length is kept to be more than 50 times
autocorrelation time to ensure convergence.

3.1. White Light Curves

The white light curves of the two nights were jointly fitted,
sharing the same values for (i, a/R,, R,/R., u1, u>). The transit
model was adopted as the GP mean function, while the Matérn
v=13/2 kernel

ki =AX(1 + 3 D;)exp(—./3D}) ()

was adopted as the GP covariance matrix, where Dif =

Zﬁle(fa,i — )Ea,j)2 / Ti, and A and 7, are the characteristic
correlation amplitude and length scale. We chose time ¢ and
spectral drift x as the GP covariance matrix inputs (see
Appendix B for model selection details). In the light-curve
modeling, uniform priors were adopted for (i, a/R., R,/R.,
Tmia> 0w), While log-uniform priors were adopted for (A, 7, 7,),
where o,, is the white noise jitter to inflate the light-curve
uncertainties.

The white light curves are presented in Figure 1. The best-fit
residuals have a standard deviation of 282 ppm (Night 1) and
159 ppm (Night 2), which are 2.94x and 1.63 X photon noise,
respectively. The derived parameters are presented in Table 1.
Our transit parameters do not agree well with those reported in
the discovery paper (i =84.2 4+ 1°3, a/R, = 4.57 £+ 0.20; Hartman
et al. 2016). This can be probably attributed to the fact that all the
follow-up observations in the discovery paper only covered partial
transits.
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Figure 3. Transmission spectrum of HAT-P-65b and retrieved atmospheric properties assuming equilibrium chemistry. The first row presents the jointly derived
transmission spectrum (white circles) and retrieved models (blue line and shaded areas). The second and third rows present the retrieved temperature—pressure (T—P)
profile, cloud-top pressure Pejouq, enhancement over H, Rayleigh scattering Agg, cloud coverage ¢, equilibrium temperature 7.4 used in the TP profile, C/O ratio, and
atmospheric metallicity Z. The blue, red, and green lines and shaded areas refer to the retrieval results based on the joint, Night 1 (N1), and Night 2 (N2) transmission

spectra, respectively.

In addition to the joint analysis, we also performed the
light-curve modeling for each transit individually. This
resulted in i = 88°96*073 a/R, = 5.188700%, and R, /R, =
0.1029+3003 for Night 1, and 88°897978 5234003 and
0.09667:993% for Night 2. While the best-fit transit depths
are discrepant to some extent, the large uncertainties still
make them consistent at 1.30. We note that the strong (but
achromatic) systematics in Night 2 might have contributed to
this bias.

3.2. Spectroscopic Light Curves

Before modeling the spectroscopic light curves, we first
derived the empirical common-mode systematics models by
dividing the white light curves by the best-fit transit model. For
each night, the spectroscopic light curves were divided by the
corresponding empirical models to correct for the common-
mode systematics. The corrected spectroscopic light curves
were then fitted in a similar way as described in the last
subsection, except that the values of i, a/R,, and Tyq were
fixed to the best-fit values obtained for the white light curves.

Fixing the values of i and a/R, to Hartman et al.’s (2016) has
negligible impact on the derived transmission spectrum (see
Appendix C). We chose the transit model as the GP mean
function and time ¢ as the GP covariance matrix input (see
Appendix B). Consequently, the free parameters were (R,/R,,
Uy, Uy, Oy A, Tp).

The spectroscopic light curves of the two nights were fitted
in two separate runs. In the first run, the two nights were fitted
individually, so as to examine the consistency between them. In
the second run, the two nights were fitted jointly, sharing the
same values for (Rp/R*, uy, ). In general, the spectroscopic
light curves of Night 2 have better precision than Night 1. For
Night 1, the standard deviation of the best-fit residuals achieve
1.3-2.1x photon noise, while for Night 2 it is 1.0-1.8 x photon
noise.

Figure 2 gives an illustration of the spectroscopic passbands,
and presents the individually and jointly fitted transmission
spectra. The two nights are consistent with each other at 1.5¢0
confidence level (x~ = 81.7 for 68° of freedom, hereafter dof),
after excluding two outlier channels located at 629 nm and
823 nm in which the two nights are different for more than 3o0.
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Figure 4. Transmission spectrum of HAT-P-65b and retrieved atmospheric properties assuming free chemistry. The first row presents the jointly derived transmission
spectrum (white circles) and retrieved models (blue line and shaded areas). The second and third rows present the retrieved isothermal temperature T, cloud-top
pressure Pgou4, €nhancement over H, Rayleigh scattering Ags, and mass fractions X; for H,O, TiO, VO, Na, and K. The blue, red, and green lines and shaded areas
refer to the retrieval results based on the joint, Night 1 (N1), and Night 2 (N2) transmission spectra, respectively.

Nevertheless, the histogram of the two-night differences
follows a nearly Gaussian distribution. The derived transmis-
sion spectra are given in Table 3 in Appendix D.

4. Transmission Spectrum

The jointly fitted transmission spectrum of HAT-P-65b
roughly spans five scale heights (H/R,=0.001475, where
H = kgTeq/ 118p). Two broad spectral features at ~590 nm and
~620 nm appear prominent.

To calculate the Bayesian evidence Z for the spectral
retrieval analyses, we used the Python package PyMultiN-
est (Buchner et al. 2014), which relies on the MultiNest
library (Feroz et al. 2009) and implements the multimodal
nested sampling algorithm. For model comparison, we
calculated the Bayes factor (Bjg = Z,/Z,) and adopted the
criteria. of InBjyp = 1.0, 2.5, 5.0 as the starting points of
“weak,” “moderate,” and ““strong” evidence in favor of model
1 over model O (Trotta 2008), respectively. To compare with
literature, the Bayes factor was converted to the traditional
frequentist significance (Trotta 2008; Benneke & Seager 2013),

but the number of “sigmas” does not necessarily mean a
detection (Welbanks & Madhusudhan 2021).

We first compared HAT-P-65b’s transmission spectrum to a
flat line and a sloped line. The spectrum is inconsistent with a
flat line at the 4.20 level (X2 = 127.7 for 69 dof). The flat and
sloped lines have In Z = 456.23 and 466.20, respectively,
indicating that the sloped line is preferred over the flat
line at 4.80 level. The derived slope d(R,/R,)/d(In\) =
—0.00405 4+ 0.00078 corresponds to a scattering index of
a=—2.7540.53 if it is assumed to be induced by a power-
law scattering cross section kK = ko(A/Ag)* (Lecavelier Des
Etangs et al. 2008) in an atmosphere at the equilibrium
temperature.

We then performed spectral retrieval analyses on the
transmission spectrum using the Python packages peti-
tRADTRANS (Molliere et al. 2019) and PyMultiNest. We
adopted the modified Guillot (2010) temperature—pressure (T—
P) profile (Molliere et al. 2019), which consists of six free
parameters. Following MacDonald & Madhusudhan (2017),
the atmosphere was assumed to be covered by clouds and hazes
at a fraction of ¢, with the rest being clear. The clouds and
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hazes were parameterized as a cloud-top pressure (Pgouq) and
an enhancement factor over nominal Rayleigh scattering (Ags).
The reference pressure Py at the planet radius R, = 1.89 Ry was
a free parameter. We started from equilibrium chemistry, using
two free parameters (C/O and metallicity log Z) to interpolate
mass fractions of H,, He, CO, H,O, HCN, C,H,, CH,, PH;,
CO,, NH3, H,S, VO, TiO, Na, K, SiO, e, H, H, and FeH in a
precalculated chemical grid (Molliere et al. 2017). Collision-
induced absorption of H,—H, and H,-He and Rayleigh
scattering of H, and He were also included.

Figure 3 presents the best retrieved model (In Z = 475.79,
x> =77.9 for 58 dof) assuming equilibrium chemistry, along
with the posterior distributions of the T-P profile and
atmospheric properties. This physics-motivated model is
strongly favored over the flat-line (6.60) and sloped-line
(4.80) models. We note that the data points at 629 nm and
734nm contribute significantly to the resulting chi-square
(Ax*=13.4). We obtained a T-P profile that is nearly
isothermal across a wide range of pressure levels. We retrieved
an equilibrium temperature of 164572333 K, and a cloud
coverage of 36713%, which has a poorly constrained cloud-
top pressure (0.8—1585 mbar) and a haze scattering amplitude
that is 8-398 x H, Rayleigh scattering. The C/O ratio and
metallicity are not well constrained by current data.

We also performed the spectral retrieval analyses assuming
free chemistry to search for the species responsible for the
observed spectral signatures. In this case, we adopted an
isothermal T-P profile and described the clouds/hazes proper-
ties using P.ouq and Ags, without the consideration of cloudy/
clear sections. We only included H,, He, TiO, VO, Na, K, and
H,O in the full model, and set the mass fractions of the latter
five as free parameters. Figure 4 shows the best retrieved model
(In Z = 476.34, x*=76.6 for 61 dof; Ax*=14.4 from
629 nm and 734 nm) and posterior distributions of atmospheric
properties. The mass fraction posterior distributions show clear
modes for TiO, VO, and Na at logX = —8.2702, —8.5703,
—5.611, but not for K and H,0O. We experimented with
decreasing the prior limit and found that the TiO posterior
remained the same while the posteriors of VO and Na exhibited
tails bound by the lower prior limit. On the other hand, we
removed certain species one by one and compared their
Bayesian evidence to that of the full model. Removing any one
of TiO, VO, or Na would decrease the Bayesian evidence by
AlnZ = =52, —0.9, —1.2, respectively. This indicates that
the presence of TiO is strongly favored.

Since Night 2 is heavily weighted in the joint analysis due to
higher precision, we performed the retrieval analyses in each
night to inspect their individual constraints on the atmospheric
properties. The derived parameters and statistics for all the
analyses are presented in Tables 4 and 5 in Appendix D. We
found weak-to-moderate evidence for TiO in both nights and
the measured mass fractions were in broad agreement. In
contrast, we only found moderate evidence for VO in Night 1
and moderate evidence for Na in Night 2, but no evidence for
them in the other night. This is consistent with the results
obtained in the joint transmission spectrum, highlighting the
importance to conduct repeated observations to improve the
credibility of any detections.

Finally, we investigated the impact of stellar heterogeneity by
adding contamination of spots and faculae to the free-chemistry
retrieval analyses. We included the component of stellar
contamination in a way similar to Chen et al. (2021). For both

Chen et al.

individual and joint transmission spectra, the Bayesian evidence
decreases significantly if no planetary atmosphere is considered,
indicating that the spots/faculac alone cannot explain our
observations. The retrieved planetary atmospheric properties
remain consistent with those obtained in the case when no spots/
faculae are included (see Figure 7 in Appendix D), except for
Na mass fraction, which increases from logX = —5.6"}1 to
—2.5713. On the other hand, the Bayes factors disfavor stellar
contaminations in the retrievals for Night 1 and joint transmis-
sion spectra, but not for Night 2. However, we confirm that even
if stellar contamination exists in Night 2, it does not contribute
any spectral signatures mimicking TiO in the case of HAT-P-65
(see Figure 8 in Appendix D).

5. Summary and Discussion

We observed two transits of HAT-P-65b using the OSIRIS
spectrograph on the 10.4 m GTC, and derived two consistent
individual transmission spectra. We then jointly fitted the two
nights to derive the final transmission spectrum, in which at
least two of the TiO absorption bands were clearly resolved
(i.e., ~585-598 nm and ~615-628 nm). We performed spectral
retrieval analyses on the joint transmission spectrum and found a
relatively clear atmosphere showing strong evidence for TiO.
The analyses on the individual transmission spectra instead
reveal weak-to-moderate evidence for TiO in both nights, but
only moderate evidence for VO or Na in one of the nights (no
evidence in the other).

The detection of TiO in transmission spectroscopy is still
rare and intriguing. Several mechanisms have been proposed to
explain the lack of TiO detection, such as cold trapping either
in deeper atmosphere or on cooler nightside (Hubeny et al.
2003; Spiegel et al. 2009; Parmentier et al. 2013), photo-
dissociation (Knutson et al. 2010), or thermal dissociation
(Lothringer et al. 2018; Parmentier et al. 2018). The strong
evidence for TiO suggests that these mechanisms have not
completely removed TiO from HAT-P-65b’s observable
atmosphere.

The presence of TiO in the upper atmosphere could absorb
incoming stellar radiation and introduce a thermal inversion
in the T-P profile (Hubeny et al. 2003; Fortney et al. 2008).
We have retrieved a nearly isothermal T—P profile for the
atmosphere at the day—night terminator. Given the equilibrium
temperature of ~1930 K, it is likely that HAT-P-65b’s dayside
temperature is not sufficiently hot to thermally dissociate TiO.
Therefore, it is possible to look for the TiO signature in follow-
up secondary-eclipse observations and to investigate its role in
changing the vertical thermal structure.

We note that it is difficult to claim the detection of either
TiO, VO, or Na at this stage. In particular, the Na line overlaps
with the TiO band at ~585-598 nm, which are difficult for
low-resolution transmission spectroscopy to resolve. Fortu-
nately, high-resolution Doppler spectroscopy, acquired using
state-of-the-art ultrastable spectrographs like ESPRESSO (e.g.,
Ehrenreich et al. 2020; Chen et al. 2020b; Casasayas-Barris
et al. 2021), will likely be able to unambiguously distinguish
different atomic and molecular species and possibly their
morning—evening differences, which will strongly improve our
understanding of atmospheric circulation in hot Jupiters.
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Appendix A
Impact of Flux Dilution by a Companion Star

Hartman et al. (2016) resolved a background companion star
to HAT-P-65 with a similar effective temperature at a distance
of 376 (AJ=4.91+0.01 mag and AK=4.95+0.03). This
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companion star is also resolved in our GTC/OSIRIS observa-
tion, with a projected distance of 13.13 pixels (3734) along the
slit. We adopted an aperture radius of 9 pixels (2729) and 8
pixels (2703) in the spectral extraction. To quantitatively assess
the impact of the dilution of the companion star, we fitted the
PSF of HAT-P-65 and its companion following the methodol-
ogy described in Chen et al. (2021). We used the out-of-transit
spectra images to calculate the fully integrated companion-to-
target flux ratio spectrum, and recorded the standard deviation
as its uncertainties. Similarly, we also calculated the flux-ratio
spectrum within the aperture that was used to extract the
spectra of HAT-P-65. We fitted the integrated flux-ratio
spectrum using the spectral templates from the PHOENIX
stellar atmospheres (Husser et al. 2013). This resulted in the
stellar parameters To; = 5443718 K, logg = 3.11701], and
[Fe/H] = —0.11703} for the companion star, with a flux
rescaling factor of f= 0.01289709%0%% and T.;=5835K,
logg = 4.18, [Fe/H]=0.10 being fixed for HAT-P-65. In
Figure 5, we present the integrated and in-aperture flux-ratio
measurements. The dilution caused by the in-aperture compa-
nion flux is almost negligible. Even if the companion were fully
included in the aperture (i.e., the integrated spectrum), the
wavelength-dependent dilution difference is too small to
explain any spectral signatures observed in the transmission
spectrum. Therefore, we conclude that this companion star does
not impact our results.
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Figure 5. Top: fully integrated (black) and in-aperture companion-to-target flux-ratio spectra. The red line shows the best-fit flux-ratio model. The inset illustrates the

PSF fitting for HAT-P-65 and its companion star. The pink area indicates the

aperture adopted in Night 1. Bottom: dilution effect compared to joint transmission

spectrum. The blue line shows a constant value (0.1000), and the black line and shaded areas correspond to the values after being diluted by the fully integrated flux-

ratio spectrum.
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Appendix B
Model Selection for Light-curve Analysis

To determine the optimal GP mean function, we experimented
with the transit model, the transit multiplied by a linear trend or by
a quadratic trend. For the GP covariance matrix input, we also
tested different combinations of state vectors X, (e.g., time
sequence ¢, spectral drift x, spatial drift y, spatial FWHM s,). We
used PyMultiNest to implement the multimodal nested
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sampling algorithm and to calculate the natural log of the
Bayesian evidence (In Z). Table 2 lists the resulting In Z for all
the tested models. For the white light curves, Model 2 gives the
most evidence and is significantly better than the other models
(>30 for AlnZ > 3.15), while Model 1 is the best for the
spectroscopic light curves that have been corrected for the
common-mode systematics. We note that the derived transit
parameters were in general consistent even if a different model
was used.

Table 2
Model Selection for Light-curve Analysis

” Model White Spectroscopic

GP Trend InZ AlnZ InZ AlnZ
1 GP(r) 3615.89 —4.63 204343.95 0
2 GP(t, x) 3620.53 0 204294.21 —49.7
3 GP(, y) 3617.38 -3.15 204337.49 —6.5
4 GP(, sy) 3616.49 —4.03 204301.83 —42.1
5 GP(1) B=cy+cit 3602.86 —17.66 203044.76 —1299.2
6 GP(, x) B=co+cit 3608.32 —12.20 202898.40 —1445.6
7 GP(, y) B=cy+cyt 3605.45 —15.08 202968.37 —1375.6
8 GP(t, s,) B=co+cit 3605.83 —14.69 202916.09 —1427.9
9 GP(r) B=co+cit+ Cztz 3608.54 —11.98 202745.46 —1598.5
10 GP(t, x) B=cy+cit + o 3608.83 —11.69 202604.22 —1739.7
11 GP(, y) B=co+cit + o 3609.66 —10.87 202652.96 —1691.0
12 GP(, s,) B=cy+ eyt + o 3611.73 ~8.80 202618.98 —~1725.0
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Appendix C
Transmission Spectrum Derived from Different Orbital
Parameters

It has been shown that due to the limb-darkening effect,
fixing impact parameter to imperfectly estimated values could
introduce wavelength-dependent offsets to transmission spec-
trum in certain cases (Alexoudi et al. 2018, 2020). We have
derived the values for i and a/R, that are significantly different
from the discovery paper (Hartman et al. 2016). To assess how
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this would impact our derived transmission spectrum, we
performed the same analyses for the white and spectroscopic
light curves as we did in Section 3, except that we always held
i =2847°2 and a/R, =4.57 fixed. Figure 6 presents the derived
transmission spectrum based on Hartman et al.’s (2016) orbital
parameters, which is consistent with our self-consistently
derived transmission spectrum. We conclude that the orbital
parameters (i and a/R,) are not the origin of the detected
spectral signatures in our case.
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Figure 6. Comparison of transmission spectra based on different orbital parameters. Our transmission spectrum (black cicles) is self-consistent, with i = 89710 and a/
R, =5.221 determined from our white light curves. The other one (pink squares) is derived using i = 84°2 and a/R, =4.57 (Hartman et al. 2016). The two
transmission spectra agree well with each other. The model spectrum is the same as the one shown in Figure 4.
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Appendix D
Additional Tables and Figures

Table 3 presents the transmission spectra derived from the
individual and joint light-curve analyses. Tables 4 and 5 give
the parameters and statistics obtained in the spectral retrieval
analyses performed on these individual and joint transmission
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spectra. Figure 7 shows the retrieved models and posterior
distributions of planetary and stellar parameters assuming free-
chemistry planetary atmosphere with stellar spots/faculae
contamination. Figure 8 shows the stellar contaminations
obtained in the retrieval analyses where both free-chemistry
planetary atmosphere and stellar spots/faculae contamination
are considered (i.e., Model D1 in Table 5).

Table 3

Transmission Spectrum of HAT-P-65b

R,/R, (N1)

R,/R. (N2)

R,/R, (Joint)

A (nm) u; Prior u, Prior

517-522 N(0.526, 0.064%) N(0.219, 0.048?)
522-526 N(0.512, 0.060%) N(0.237, 0.040?)
527-532 MN(0.499, 0.057?) N(0.244, 0.037%)
532-536 N(0.491, 0.058%) N(0.247, 0.038%)
537-542 N(0.485, 0.058?) N(0.251, 0.038?)
542-546 N(0.478, 0.059%) N(0.256, 0.039%)
547-552 N(0.477, 0.0562) N(0.252, 0.037%)
552-556 N(0.467, 0.0562) N(0.258, 0.0362)
557-562 MN(0.458, 0.056?) N(0.261, 0.036%)
562-566 N(0.456, 0.055%) N(0.261, 0.035%)
566-571 MN(0.449, 0.052?) N(0.263, 0.032?)
572-576 N(0.441, 0.054%) N(0.271, 0.033%)
576-581 MN(0.439, 0.053?) N(0.268, 0.033%)
582-586 N(0.428, 0.053%) N(0.276, 0.032?)
586-591 MN(0.428, 0.055?) N(0.269, 0.035%)
592-596 MN(0.420, 0.052%) MN0.277, 0.032%)
596-601 MN(0.413, 0.052%) N(0.278, 0.031%)
602-606 N(0.407, 0.051%) N(0.281, 0.030?)
606-611 N(0.407, 0.050?) N(0.277, 0.030?)
612-616 N(0.401, 0.050%) N(0.273, 0.030%)
616-621 N(0.397, 0.050?) N(0.277, 0.030?)
622-626 N(0.394, 0.049?) N(0.276, 0.028%)
626632 N(0.389, 0.050%) N(0.280, 0.029%)
632-636 N(0.385, 0.049%) N(0.279, 0.029%)
637-642 N(0.380, 0.049?) N(0.281, 0.029?)
642-646 N(0.373, 0.049%) N(0.283, 0.029%)
647-652 N(0.366, 0.049%) N(0.286, 0.028?)
652-656 N(0.320, 0.053%) N(0.315, 0.029?)
657-662 N(0.311, 0.051%) N(0.314, 0.026?)
662-666 N(0.359, 0.048?) N(0.286, 0.028?)
667-672 N(0.358, 0.048%) N(0.283, 0.028%)
672-676 N(0.356, 0.045%) N(0.282, 0.026?)
677-682 MN(0.354, 0.045%) N(0.281, 0.026?)
682-686 N(0.350, 0.044%) N(0.281, 0.025%)
686-691 N(0.347, 0.044%) N(0.281, 0.025%)
692-696 N(0.344, 0.045%) N(0.281, 0.025%)
696-701 MN(0.342, 0.045?) N(0.280, 0.025%)
702-706 N(0.339, 0.044%) N(0.280, 0.025%)
706-711 N(0.334, 0.045%) N(0.281, 0.025%)
712-716 MN(0.331, 0.045?) N(0.281, 0.025%)
716-721 MN(0.329, 0.043?) N(0.278, 0.024%)
722-726 N(0.325, 0.044%) N(0.281, 0.024%)
726-731 N(0.323, 0.043%) N(0.279, 0.024%)
732-736 MN(0.321, 0.043?) N(0.281, 0.024%)
736-741 N(0.317, 0.040?) N(0.277, 0.022?)
742-746 N(0.313, 0.041%) N(0.279, 0.022?)
746-752 MN(0.310, 0.042%) N(0.281, 0.023%)
752-756 MN(0.308, 0.042%) N(0.282, 0.023%)
766-770 N(0.298, 0.041%) MN(0.281, 0.022%)
771776 N(0.297, 0.039?) N(0.280, 0.021%)
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Table 3
(Continued)
A (nm) u, Prior u, Prior R,/R, (N1) R,/R. (N2) R,/R, (Joint)
776780 N(0.293, 0.039%) N(0.282, 0.020%) 0.1045*0.00% 0.0986+0:9011 0.0998+3:0011
781-786 N(0.292, 0.0382) N(0.280, 0.0202) 0.101673.0013 0.0979+3:5013 0.099575:9912
786-790 N(0.291, 0.0412) N(0.283, 0.021?) 0.102173%19 0.099315:99% 0.1003*339%
791-796 N(0.289, 0.0412) N(0.281, 0.0222) 0.1016+0:5928 0.1003*5:9934 0.1006+3.9922
796-800 N(0.288, 0.0412) N(0.282, 0.022%) 0.106470:0033 0.098475.999%8 0.09895:9908
801-806 N(0.285, 0.0412) MN(©0.281, 0.022%) 0.0995+ 59038 0.1001+3:5013 0.0999+3:9910
806-810 MN(0.285, 0.0412) N(0.280, 0.0222) 0.1003+3:5947 0.097679:5523 0.0994+5%013
810-815 N(0.283, 0.043%) N(0.282, 0.024%) 0.098975:9913 0.098673:9013 0.0989+7:9009
816-820 N(0.278, 0.0412) N(0.280, 0.022%) 0.096975.992¢ 0.09850:9013 0.098375:39%
820-825 N(0.275, 0.039%) N(0.279, 0.021%) 0.09503:55% 0.1022-5:99% 0.10075:9913
826-830 N{(0.275, 0.039%) N(0.281, 0.021%) 0.098475:9024 0.0990+3:9%08 0.0991%33%%7
830-835 N(0.274, 0.040?) N(0.278, 0.021%) 0.098215:9910 0.0970=5:9919 0.098075:99%
836-840 N(0.272, 0.0392) N(0.278, 0.0212) 0.0965t8_881‘§ 0.09933‘;88;% 0.0969+3:501%
840-851 N(0.264, 0.039%) N(0.281, 0.020%) 0.09947 53024 0.097673:55% 0.0979* 3008
852-862 N(0.258, 0.039%) N(0.281, 0.020%) 0.1001+5:35%7 0.0998+3.5012 0.1001+5:39%¢
862-874 N(0.247, 0.032%) MN(0.271, 0.015%) 0.099075:991% 0.0988* 00012 0.09907 59919
874-884 MN(0.253, 0.0372) N(0.280, 0.0192) 0.097575:9920 0.097313:9019 0.0974+ 59908
885-896 N©0.256, 0.0372) N(0.279, 0.0192) 0.097228319 0.0974t8,83,‘§ 0.09720:9008
896-906 N(0.245, 0.0332) N(0.271, 0.016%) 0.008275%0%3 0.100475,001 0.10015530%
907-938 N(0.248, 0.037%) N(0.281, 0.0192) 0.0977+5:9928 0.0977+3:9020 0.0980+3:9017
Table 4
Parameter Estimation for Spectral Retrievals
Parameter Prior Posterior Estimate
2018 Jul 29 2020 Aug 7 Joint
Retrieval assuming equilibrium chemistry
T-P log 6(bar™ ") N(=5.5,2.5%) —6.6713 —6.4718 —6.151%
T-P log~y NO, 2% —1.4%99 —0.9+12 —1.0114
T-P T;,(K) (0, 1500) 974+33) 895378 789448
T-P T.(K) U(0, 4000) 1612753, 1774730 16457233
T-P 10g Byans(bar) N(-3, 3% —5.1%14 —3.924 —3.8419
T-P o N(0.25, 0.4 0.35+028 0267938 0.2679%
log Py(bar) U-4,2 —3.7403 -3.6104 —3.5%03
log Pjoua(bar) U—4,2) —0.5513 —1.2417 —1.61]8
log Ags UQo, 4 12498 16709 17432
C/0 1(0.05, 2) 0.7+94 14493 12154
logZ U-2,3) 0.4135 0.979% 0.0%}4
¢ Uo, 1 0.377833 0.3778% 0367077
Retrieval assuming free chemistry
T-P T;o(K) U(800, 3000) 1170%35 2410129 1018422
log Py(bar) U—4,2) —3.3%07 —3.6794 —3.479%
1og Pyoua(bar) U—4.2) 05719 27493 02413
log Ags U-2, 4) —0.4+19 —0.4+19 0.397
log Xrio U-10, 0) —8.550¢ —74703 -8.2703
log Xvo U(—10, 0) —7.979¢ —9.1:87 —8.5%93
log Xna U(—10, 0) -8.0113 —3.3+07 —5.641
log Xk U(-10, 0) —6.511¢ —8.2+14 —8.1714
log Xu,0 U(—10, 0) —6.872) —6.0%37 —6.4133
Retrieval assuming free chemistry with spots/faculae contamination
T-P T;o(K) (800, 3000) 12417343 1900738 1091732
log Py(bar) U(—4,2) —-3.5598 -3.11% —~3.0598

11



THE ASTROPHYSICAL JOURNAL LETTERS, 913:L16 (14pp), 2021 May 20 Chen et al.
Table 4
(Continued)
Parameter Prior Posterior Estimate
2018 Jul 29 2020 Aug 7 Joint
10g Rigua(bar) U4, 2) 0.5519 —0.6513 0.0%13
log Ags U2, 4) —0.6759 0.2+12 0297
log Xrio U(-10, 0) —8.8+08 -7.7%%3 —7.7+08
log Xvo U(-10, 0) —8.2707 —9.0157 —8.4+07
log Xna U(—10, 0) —8.2+1% —1.0%9%3 —2.5+13
log Xk U(-10, 0) —6.8H14 —8.0"1% —7.741%
log Xm0 U-10, 0) —6.7418 —5.8124 ~-5.9123
Topo(K) U(2000, 5835) 5358+2%9 4292+8¢7 49307398
Jipor uo, 1 0.15%5% 0.13%5%7 0.10%555
Ttacutac(K) U(5835, 7000) 59971343 62577334 61167133
ffﬂculae Z/{(O, 1) 0254:8%3 OSOtggg 053j8%3
Table 5
Statistics from Bayesian Spectral Retrieval Analysis

” Model dof 2018 Jul 29 2020 Aug 7 Joint

Xaaet Wz AmzZ FS' x4’ mz Amz FBS" X4e'  mz Amz  FS°
A. Simple assumption
1 Flat line 69 1354 41098 —0.3 N/A 132.1 442.09 —6.9 4.10 127.7 456.23 —100  4.8¢
2 Sloped line 68 127.8 411.25 0 Ref. 111.1 448.94 0 Ref. 99.1 466.20 0 Ref.
B. Retrieval assuming equilibrium chemistry
1 Full model 58 107.1 419.05 0 Ref. 93.2 457.82 0 Ref. 77.9 475.79 0 Ref.
C. Retrieval assuming free chemistry
1 Full model 61 103.1 423.22 0 Ref. 83.8 459.48 0 Ref. 76.6 476.34 0 Ref.
2 No TiO 60 109.9  421.12 -2.1 2.60 94.9 455.62 -39 330 89.2 471.14 —-52 3.70
3 No VO 60 115.1 418.49 —4.7 3.50 84.0 460.78 1.3 —2.20 81.9 47541 —-0.9 2.00
4 No Na 60 102.4 42396 0.7 N/A 92.3 456.26 -32 3.00 79.5 475.18 -12 210
5 No K 60 1052 422.03 —-1.2 210 83.8 460.05 0.6 N/A 76.8 477.05 0.7 N/A
6 No H,0 60 102.4  423.60 0.4 N/A 84.1 458.82 -0.7 N/A 76.4 476.04 -0.3 N/A
7 No TiO+Na 59 110.1 421.68 —1.5 2.30 112.7 449.50 —10.0 4.80 98.8 468.08 —8.3 4.50
D. Retrieval assuming spots/faculae contamination
1 C1 with spots/faculae 57 99.6 420.70 0 Ref. 72.7 463.09 0 Ref. 73.9 474.98 0 Ref.
2 Spots/faculae only 65 106.7 417.84 -29 290 93.4 457.08 —6.0 390 86.4 471.97 -3.0 3.00

4 X2 for the maximum a posteriori (MAP) model.

® The Bayes factor By = Z;/Z, or InBjy = Aln Z, was converted to frequentist significance (FS) following Trotta (2008) and Benneke & Seager (2013). It is
labeled as N/A if |Aln Z| < 0.9. The number of “sigmas” is a useful frequentist metric to express the odds in favor of a more complex model, which does not
necessarily mean the detection of a species in the spectrum of a planet (Welbanks & Madhusudhan 2021).
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Figure 7. Transmission spectrum of HAT-P-65b and retrieved atmospheric properties assuming free chemistry along with contamination from spots and faculae. The
first row presents the jointly derived transmission spectrum (white circles) and retrieved models (blue line and shaded areas). For comparison, we show the best model
from another retrieval analysis where only spots/faculae contamination is used to fit the data (orange line and shaded areas). The second to fourth rows present the
retrieved planetary atmosphere properties (see the description in Figure 4) and stellar spots/faculae properties (temperatures Tspot, Ttacutae and fractions fopor, fracutac)-
The blue, red, and green lines and shaded areas refer to the retrieval results based on the joint, Night 1 (N1), and Night 2 (N2) transmission spectra, respectively.
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Figure 8. Stellar contaminations obtained in the retrieval analyses assuming free-chemistry with spots/faculae (see Figure 7), for Night 1 (N1, red), Night 2 (N2,
green), and joint (blue) transmission spectra, respectively. The spectral signatures observed at ~585-598 nm and ~615-628 nm in the transmission spectra cannot be

explained by these contaminations.
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