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ABSTRACT

The gas giant HD 80606 b has a highly eccentric orbit (e ~ 0.93). The variation due to the rapid shift of stellar irradiation
provides a unique opportunity to probe the physical and chemical timescales and to study the interplay between climate
dynamics and atmospheric chemistry. In this work, we present integrated models to study the atmospheric responses and
the underlying physical and chemical mechanisms of HD 80606 b. We first run 3D general circulation models (GCMs) to
establish the atmospheric thermal and dynamical structures for different atmospheric metallicities and internal heat. Based on
the GCM output, we then adopted a 1D time-dependent photochemical model to investigate the compositional variation along
the eccentric orbit. The transition of the circulation patterns of HD 80606 b matched the dynamics regimes in previous works.
Our photochemical models show that efficient vertical mixing leads to deep quench levels of the major carbon and nitrogen
species and the quenching behaviour does not change throughout the eccentric orbit. Instead, photolysis is the main driver of
the time-dependent chemistry. While CH, dominates over CO through most of the orbits, a transient state of [CO]/[CH4] > 1
after periastron is confirmed for all metallicity and internal heat cases. The upcoming JWST Cycle 1 GO program will be able
to track this real-time CH4—CO conversion and infer the chemical timescale. Furthermore, sulfur species initiated by sudden
heating and photochemical forcing exhibit both short-term and long-term cycles, opening an interesting avenue for detecting
sulfur on exoplanets.

Key words: methods: numerical —planets and satellites: atmospheres —planets and satellites: composition — planets and satel-
lites: individual: HD 80606 b.

have increasing transit and eclipse probability as compared to their

1 INTRODUCTION circular-orbit counterparts with the same orbital period, making them

The orbital eccentricity of planetary systems sheds light on formation
history and dynamical evolution. The demographic of eccentricity
has been constructed through radial velocity (e.g. Shen & Turner
2008), transit (e.g. Shen & Turner 2008) surveys, and synthesis
analysis (e.g. Kipping 2013). The majority of close-in planets have
circularized orbits owing to the strong tidal interaction (Pont et al.
2011), which dissipates eccentricity on a timescale that steeply
shortens with the semimajor axis at a power-law rate (Goldreich &
Soter 1966). On the other hand, the discovered exoplanets exhibit a
diverse eccentricity distribution beyond a semimajor axis of ~0.1 au
(Butler et al. 2006; Kane et al. 2012). To understand the mechanisms
causing high eccentricity and its impact is of great interest. Kane &
von Braun (2009) have also shown that eccentric planets on average
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ideal observation targets.

The Shoemaker-Levy 9 impact event in 1994 presented a dramatic
but one-time example of what can temporal evolution teach us
(Harrington et al. 2004; Hammel et al. 2010). Individually, an
eccentric planet manifests climate variability periodically, as the
stellar irradiation varies across the orbit. As opposed to the generally
steady state of tidally locked planets in circular orbits, the eccentricity
induced variability provides unique information on how physical
and chemical processes interact in the atmosphere. Furthermore,
extremely eccentric planets could spend most of the orbit receiving
Earth-like irradiation while being briefly heated near periastron and
affording direct observations. This climate regime transition provides
an illuminating connection between Solar System planets to close-in
exoplanets.

HD 80606 b is a gas giant (4 M) in the binary system of HD 80606
and HD 80607. The extremely high eccentricity of HD 80606 b

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

€202 dunf 90 uo 1sanb Aq GE€ZZ0.//98€/E/0ZS/PI0IME/SEIUL/WOO"dNO"dlWapede//:Ssdny Wolj papeojumoq


http://orcid.org/0000-0001-8342-1895
mailto:shangmit@ucr.edu
mailto:steinrueck@mpia.de
http://creativecommons.org/licenses/by/4.0/

3868  S.-M. Tsai et al.

Y
1400
0.3 -
0.2 1 - 1200
0.1
S - 1000g
< 0.0 <
|_
—014 - 800
—0.21 - 600
_03 .
to Earth 400
—0.4

-0.2 -0.1 0.0 0.1 0.2
AU

Figure 1. The configuration of the HD 80606 system. The eclipse illustrates
the orbit of HD 80606 b, colour coded by the planet’s equilibrium temperature.
The black circles mark the secondary eclipse and primary transit and grey
circles mark periastron and apoastron. The dotted circle around the star
shows the circular orbit with the same rotational period as that in a pseudo
synchronous rotation adopted in our model.

(e ~ 0.933) places it among rare handful of planets with e greater
than 0.8. The high eccentricity and close orbit of HD 80606 b are
potentially a result of ‘Kozai migration’, i.e. the companion star
perturbed the planet with an initially inclined orbit into an eccentric
orbit, then tidal dissipation drew the planet inward after Kozai
oscillation stopped (Wu & Murray 2003). During the planet’s close
encounters, its planetary spin is expected to be quickly synchronized
with the orbital revolution at periastron by the strong tidal force
(pseudo-synchronous state). However, Spitzer observations have
suggested that the exact rotational period might differ from the
pseudo-synchronous state (de Wit et al. 2016; Lewis et al. 2017).

The eccentric configuration and the variation in stellar radiation of
the HD 80606 system are illustrated in Fig. 1. The unique dynamics
of HD 80606 b have attracted various theoretical and observational
studies. Laughlin et al. (2009) provided the first look at the Spitzer
photometric observations at 8 um. By measuring the increase of the
planetary flux, Laughlin et al. (2009) estimated the global radiative
timescale to be ~4.5 h, much shorter than that in cooler atmospheres
in Solar System (~days). de Wit et al. (2016) followed up with the 4.5
pwm channel observation spanning a longer phase coverage around
the periastron. de Wit et al. (2016) further considered the effect of
the revolving substellar longitude by planetary rotation and inferred a
rotational period longer than the pseudo-synchronous period (~93 h).
The tidal quality factor of HD 80606 b is also estimated to be much
higher than that of Jupiter, indicating a lower rate of tidal dissipation
that is consistent with the high eccentricity the system retained.
Finally and excitingly, HD 80606 b will soon be observed by the
NIRSpec and MIRI instruments on JWST during Cycle 1 General
Observers (GO) program JWST-GO-2008 (PI Kataria) and JWST-
GO-2488 (PI James Sikora). These observations will provide time-
series spectra to reveal how the planet responds to the flash heat
around periastron in detail.
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From the modelling effort, 1D time-stepping radiative models
have been applied to studying the thermal evolution of the full
phase (Iro & Deming 2010; Mayorga et al. 2021). To probe the
atmospheric dynamics, Langton & Laughlin (2008) applied a sallow-
water model and identified the fast zonal flow driven by rapid heating
near periastron. Lewis et al. (2017) explored the effects of rotational
period with a 3D general circulation model (GCM) and found that
the timing of the planetary flux strongly depends on rotation. Lewis
etal. (2017) also suggested that observed phase curve near periastron
could be explained by the emergence and dissipation of optically
thick clouds.

While most of the previous works about eccentric planets focused
on the thermal response, they often assume a constant composition
when analysing the light curves. However, changes in the atmo-
spheric chemistry can significantly alter the photospheric levels
probed by the observations (Dobbs-Dixon & Cowan 2017; Parmen-
tier, Showman & Fortney 2021) and hence the derived planetary
properties (e.g. rotational rate). The assumption of maintaining
thermochemical equilibrium instantaneously is also not expected to
hold due to various disequilibrium processes, such as atmospheric
mixing, photochemistry, and the stellar flux variation along the
eccentric orbit, etc. Visscher (2012) provides an analytical overview
of the chemical conversion on eccentric planets and indicates that
the disequilibrium processes play an important role in the CO-CH,
interconversion.

Despite the great effort devoted to study HD 80606 b, a compre-
hensive understanding of how chemistry and dynamics evolve in an
eccentric system is still lacking. To unveil the essential atmospheric
properties en masse, we assemble 3D GCM and photochemical
models in this work to study the climate and compositional re-
sponse in tandem. In Section 2, we discuss GCM modelling and
the global thermal and dynamical responses to the rapid heating.
In Section 3, we introduce the 1D time-dependent photochemical
model and show the chemical response from simple timescale
comparison to detailed photochemical pathway analyses. We bring
together the modelling results and present synthetic spectra at
the end of 3. Opportunities for future work and observations are
addressed in Section 4, and we sum up the highlight of this study in
Section 5.

2 THE THERMAL AND DYNAMICAL
VARIATIONS

2.1 The setup of 3D GCM simulations

We simulate the 3D global thermal and dynamical properties of HD
80606 b’s atmosphere with the SPARC/MITgcm model (Adcroft
et al. 2004; Showman et al. 2009). The SPARC/MITgcm model
has been extensively applied to study the circulation of gas giants
and brown dwarfs (e.g. Showman et al. 2009; Parmentier et al.
2016; Powell et al. 2019; Steinrueck et al. 2019; Tan & Komacek
2019). For radiative transfer, we assume chemical equilibrium and
use the correlated-k method with 8 Gauss points within each of
the 11 wavelength bins. A solar spectrum is used as an analog star
for HD 80606. The simulations employ a resolution of C32 on the
cubed-sphere grid and 53 vertical layers over 170 and 2.4 x 1076
bar. While the rotation period is one of the fundamental planetary
properties that control the climate dynamics, it is challenging to place
tight constraints on the rotation state of HD 80606 b. In this work,
we follow Hut (1981, 1982) and assume that the planet is ‘pseudo-
synchronized’ with its host star, i.e. the planet’s rotation period is
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Table 1. Model parameters of HD 80606 b for the SPARC/MITgcm.

Symbol Description Value

R, planet radius 0.98 R; ¢

g gravity 10510 cm?s~! @

a semimajor axis 0.449 au“

e eccentricity 0.933¢

Q rotational period 40.475 h

cp heat capacity 13000 T kg~! K~!

R specific gas constant 3714 T kg~ K~!

Tirr irradiation temperatureb 4152230 K
at periastron, apoastron

Tint internal temperature 100 400 K

Resolution C32

Simulated time

“Pont et al. (2009).
b Tiw =T, (R,,/D)”2 where R, is the stellar effective temperature and D is
the instantaneous orbital distance.

9.5 orbits (1059 Earth days)

equal to the revolution period of a circular orbit at periastron, which
is the dynamically stable configuration. The pseudo-synchronous
rotation period is determined by the orbital period and eccentricity
(Hut 1981)

(143e* + 2eh)(1 — e?)¥?

15,24 45,4, 5,6
1+ze+se+me

Trot = Torb X (D
We adopted a pseudo-synchronous rotational period of 40.475 h for
HD 80606 b. de Wit et al. (2016) estimated the rotational period of
93 h from the thermal fluxes observed by Spitzer, about twice as long
as that of pseudo-synchronous rotation though. We defer the readers
to Lewis et al. (2017) for the dynamical effects of different rotational
periods for HD 80606 b.

Liu et al. (2018) performed high-resolution spectral analysis
and found the metallicity of HD 80606 to be about twice the
solar value. Additionally, tidal dissipation is expected to increase
the internal heating of eccentric planets (Leconte et al. 2010).
Therefore, we further explore the effects of atmospheric metallicity
and internal heating. We performed models for one time, five times
solar metallicity, and internal temperature 7j,, = 100, 400 K,
respectively. A summary of the model parameters used in this study
is listed in Table 1. A periodic steady state is found after just a
few orbits, where the temperature and wind structures at the same
orbital position between different orbits show negligible changes.
The output after nine orbits of simulation runs is used in this
work.

2.2 The rise of temperature and winds around periastron

Owing to the high eccentricity of HD 80606 b, the stellar irradiation
received by the planet shifts drastically from that similar to Earth
at apoastron to about 800 times higher at periastron, raising the
equilibrium temperature from ~300 to ~1500 K (Fig. 1). The
planet spends more than half of the orbital period with a distance
greater than 0.7 au to its host star and only about 2 days with a
distance less than 0.1 au. We can, in fact, regard HD 80606 b as a
warm Jupiter that enters a brief period of hot Jupiter regime every
~100 d.

The thermal and dynamical responses to the rapid heating near pe-
riastron are illustrated in Fig. 2. The pulse heating excites planetary-
scale waves that associate with the momentum transport of the mean
flow (Showman & Polvani 2011; Tsai, Dobbs-Dixon & Gu 2014;

The highly eccentric planet HD 80606 b ~ 3869

Showman, Tan & Parmentier 2020). The patterns resemble those
commonly seen in the spin-up stage for circulation under stationary
forcing (Arnold, Tziperman & Farrell 2012; Debras et al. 2020;
Hammond, Tsai & Pierrehumbert 2020). Typically, the zonal jet on
tidally locked planets takes about 10-100 Earth days to approach
equilibrium from the initial rest state (i.e. the spin-up process; Show-
man & Polvani 2011; Hammond & Pierrehumbert 2018; Hammond
et al. 2020). Hence, the rapid heating of ~2 d near periastron does
not provide enough time for the jet to fully develop before the
forcing fades out. The jet speed evolves steadily throughout the orbit
between 500 and 2000 m s~! but the circulation pattern outside of the
periastron passage does not vary much and is similar to that shown at
apoastron.

We can gain physical insight into the transition of dynamical
regimes by comparing the circulation of HD 80606 b at different
orbital phases with the grid of models with different stellar fluxes
and rotational periods in Showman, Lewis & Fortney (2015). The
pseudo-synchronous rotational period of HD 80606 b is close to
the median rotation case [Q2,cq; hereafter following the notation in
Showman et al. (2015)]. The eccentric planet swings between the
hot state (H2,¢q) and the cold state (C<2eq). Showman et al. (2015)
find that the hot state is dictated by the day-night thermal forcing,
while the cold state exhibits zonal symmetry and is mainly driven by
rotation effects.

The high eccentricity makes HD 80606 b stay in H2,,.q only for
less than 2 d before returning to C2pq. For most of the orbit, it
shares circulation features similar to CS2p,q, €xcept the equatorial
wind speed is faster than that in CQyeq. In this regime, the planet
received weaker irradiation with the latitudinal temperature gradient
pre-dominating over the day-night temperature difference. The stellar
irradiation swiftly increased by 2 orders of magnitude as the planet
approaches periastron and enters HS2,,.q regime. In this regime, the
thermal and wave structures resemble those in HQ,.q but without
the fast equatorial jet. This feature can be understood by considering
the radiative timescale of an atmosphere with characteristic pressure
P and equilibrium temperature Ty (e.g. Showman & Guillot 2002;
Mayorga et al. 2021),

1500K
~1x 103 (——
4go Ty T

PCP

) sec 2)

Trad ™

where cp, g, and o are heat capacity, gravity, and the Stefan—
Boltzmann constant, respectively. t,,q of HD 80606 b is in the order
of hours near periastron, which is consistent with the estimate from
the phase-curve observation (Laughlin et al. 2009; de Witet al. 2016).
Therefore, the thermal response of the atmosphere (~hours) is much
faster than the growth time of the jet (~10-100 d). This thermal
forcing initiates the Matsuno-Gill type (Matsuno 1966; Gill 1980;
Showman & Polvani 2011) standing waves that reset the mean flow
but at the same time pump momentum towards the equator. In the end,
although the flash forcing does not allow the jet to develop during the
short periastron passage, it contributes to accelerating the equatorial
wind over time out of the periastron passage. This explains the
stronger (~1000 ms~! faster) equatorial jet of HD 80606 b outside
the periastron passage, while comparing to CQ,eq in Showman
et al. (2015) without the ‘flash forcing’. The mean equatorial jet
speed over a period is shown in Fig. 3, where the sinusoidal
cycle associates with wave-pumping acceleration for about half
of the orbit and gradually slowing down of the jet for the second
half.

Fig. 4 presents the overall response near periastron for different
metallicities and internal temperatures, showing the dayside averaged

MNRAS 520, 3867-3886 (2023)
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Figure 2. Temperature (colour contours) and horizontal winds (arrows) at 160 mbar level of our HD 80606 b GCM with solar metallicity and i, = 100 K
(nominal model). Each panel displays a snapshot at different times, and the black vertical line indicates the longitude where the star is directly overhead (varying
in the pseudo-synchronous rotation). The wind vectors scale the same but the temperature colours do not.

temperature and root-mean-square (RMS) vertical wind as a function
of time relative to periastron. A transient thermal inversion occurs
immediately after periastron in all cases. Both temperature and
vertical wind remain elevated until transit (~5.6 d after periastron)
with respect to those before periastron. Compared to the model
with solar metallicity and Tj, = 100 K (referred as the nominal

MNRAS 520, 3867-3886 (2023)

model hereafter), we find that a higher metallicity increases the
atmospheric opacity and enhances the shortwave absorption, leading
to a warmer stratosphere and a more pronounced updraft near
periastron. On the other hand, the temperature and vertical wind
in altitudes above the 1-bar level are not directly sensitive to internal
heat.
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Figure 3. The evolution of the zonal jet speed at different pressure levels
averaged over 20 latitudes for an orbit.

3 THE CHEMICAL VARIATIONS

3.1 The setup of 1D time-dependent photochemical model

We then simulate the time-dependent atmospheric composition for
HD 80606 b based on the temperature and wind structures from
the GCM. We employ a well-vetted 1D photochemical kinetics
model VULCAN (Tsai et al. 2017, 2021). The photochemical model
treats thermochemistry, photochemistry, diffusion, and condensation
processes. We apply the C-H-N-O-S chemical scheme,' including
90 species with 1028 thermochemical reactions and 60 photodis-
sociation reactions. We adapted VULCAN to have temperature
and stellar irradiation that continuously varied with time according
to the orbital position of eccentric planets. The time-series of
GCM output provides the dayside average properties as input for
VULCAN to simulate the compositional variation. HD 80606 is
a G5 star with effective temperature of 5645 K, and we used the
solar spectrum (Gueymard 2018) as an analogue. Since the planet
is assumed to be in pseudo-synchronous rotation, we define the
dayside at periastron to be the dayside hemisphere throughout the
orbit, i.e. our 1D photochemical model represents the dayside that is
quasi-synchronous around periastron and keeps track of the same
geographical hemisphere for the rest of the orbit. In this way,
the dayside model captures the shifts of stellar irradiation near
periastron, while the diurnal cycle of instellation makes the dayside
and global average temperatures and wind almost identical away
from periastron. We do not include the compositional feedback to
the 3D GCM self-consistently and will discuss the limit of our 1D
chemical model in Section 4.3. The same planetary parameters in
Table 1 and a zenith angle of 58° are used in the dayside average
photochemical model.

Atmospheric mixing is commonly parametrized by eddy diffusion
in 1D models. To track the variation of vertical mixing with time,
we derive the eddy diffusion coefficients from the dayside averaged
vertical wind (w,,s) at a given time according to the mixing length
theory K,, = 0.1 wyys x H, with H being the pressure scale
height and the factor of 0.1 following the empirical factor from
tracer studies (e.g. Parmentier, Showman & Lian 2013; Charnay,
Meadows & Leconte 2015). The temperatures and K,, are kept at
the same values from those at the top boundary of the GCM (~1073

Uhttps://github.com/exoclime/VULCAN/blob/master/thermo/SNCHO_pho
to_network.txt
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bar) when extending to 10~® bar for the photochemical model. Fig. 5
shows the eddy diffusion profiles around an orbit, compared to the
temperature scaling expression in Moses et al. (2021). Our wind-
derived K, shows a weaker pressure dependence, but the magnitude
is consistent with the bounds given by the expression in Moses
et al. (2021). We further explore the sensitivity to eddy diffusion in
Section 3.3.3.

In this time-resolved photochemical model, one orbit of HD 80606
b is divided into 574 temporal grid points, with a separation of 1 h
near periastron to resolve the rapid variation and 13.3 h for the
rest of the orbit. The temperature and eddy-diffusion at each grid
are updated from the GCM output, and the UV flux is adjusted
according to the orbital distance. The stepsize in the photochemical
model is bounded by the grid size (e.g. 1 h near periastron) to resolve
the orbital evolution. To reduce the convergence time, we first run
the chemical model at apoastron to the steady state. Then the steady-
state composition at apoastron is used to initialize the time-dependent
model with orbital motion. With our initialization and the planet’s
long period (about 111 d), we find it takes less than five orbits to
reach a periodic steady state. We have also tested the temperature
dependence of UV cross-sections of CO, and H,O (Tsai et al. 2021)
and found negligible differences. After obtaining the composition,
we use the open-source radiative-transfer tools HELIOS (Malik et al.
2019a) to generate emission spectra and PLATON (Zhang et al. 2019,
2020) for transmission spectra in Section 3.4.

3.2 The variation of chemical composition

3.2.1 Orbital-position independence of vertical quenching

First, following Visscher (2012), we will rely on equilibrium chem-
istry and timescale comparison to gain insight. Fig. 6 illustrates the
temperature profiles and the transitions of CH4—CO and NH3-N,,
overlying the chemical timescales of CO and NH3. Thermochemical
equilibrium predicts CHs dominates CO for the entire atmosphere
at cold apoastron, while CO can take over CH, at altitudes above
the 1-bar level at periastron as the temperature rapidly increased.
Similarly, NH3 is favoured over N, at apoastron between 1 bar and
0.1 mbar, while N, pre-dominates at periastron. In reality, however,
as the timescale of chemical conversion exceeds that of atmospheric
transport at lower temperatures/pressures, the species retain uniform
distributions above the levels where the two timescales are equal,
i.e. the quench levels (e.g. Visscher, Moses & Saslow 2010; Tsai
et al. 2018). The quenched abundances generally provide the basis
distribution in the observable region (Moses 2014; Fortney et al.
2020; Baxter et al. 2021).

For eccentric planets, one might expect that the shift of tempera-
tures and the strength of mixing would lead to temporal variations
in the quenching process. Yet it is not the case for HD 80606 b.
Fig. 6 indicates that both CO and NHj; are quenched in the deep
atmosphere between 10 and 100 bar, where the radiative timescale
is too long to manifest any temperature variations along the orbit.
Hence, for a given K,,, the quench levels are independent of the
thermal variations throughout the orbit. The elevated vertical wind
(Fig. 2) after periastron also turns out to be not important for
affecting the quench levels, because the steep decline of chemi-
cal timescales implies that the quench levels are not sensitive to
merely a few factors of variation of K,,. Ultimately, we find the
quenched abundances of the major carbon and nitrogen species
remain unchanged throughout the orbit. In the next section, we
will discuss how the chemical response is pre-dominantly driven by
photochemistry.

MNRAS 520, 3867-3886 (2023)
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relation (Moses et al. 2021) with Teq calculated for an orbital distance of
semimajor axis.
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Figure 6. The temperature profiles of our HD 80606 b model at apoastron
(blue) and periastron (orange) overlaying the contours of the chemical
timescales of CO and NH3, given by the expressions in Tsai et al. (2018).
The dashed line shows where CH4 and CO (NH3 and Nj) are in equal
abundance. The green circles indicate the quench levels corresponding to
vertical mixing timescales of 10*~107 s taking into account mixing-length
uncertainty (estimated from pix ~ H?/K,, in the atmosphere below 1 bar).
The quench levels are deep such that the temperature at the quench levels
remains unchanged along the orbit.
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3.2.2 Photochemistry-driven response near periastron

Photochemistry produces abundant radicals, which can drive atmo-
spheric composition to respond much faster (than what pure thermal
kinetics allows) in the upper atmosphere. We now examine how
the composition varies in response to the sudden shift of incident
stellar flux and temperature during the periastron passage. The
compositional response is depicted by the mixing ratio profiles as
a function of time in Fig. 7.

The stratosphere between ~ 1 and 10~* bar quickly heats up when
the planet is approaching periastron. It becomes warm enough (about
half day before and 1 d after periastron) such that CO would have
dominated over CHy4 above 1 bar in thermochemical equilibrium, as
suggested by Fig. 6 and confirmed in Fig. 8. However, the duration
of this hot state is orders of magnitude shorter than the CO-CHy
chemical timescale (Fig. 6). We find photochemically produced
radicals, such as H, OH, and S, to be key to promptly initiate the
CH4—CO conversion. After periastron, the produced CO mixing ratio
can exceed 10~ for a few days before getting dissipated by vertical
mixing. An intriguing feature is that the slope of CO abundance in
time in Fig. 7 essentially captures the lifetime of the transient CO.

The variation of [COJ/[CH4] ratio at 1 mbar is further illustrated
in Fig. 9. [CO]/[CH4] starts to rise just before the eclipse and peaks
about 8 h after periastron, where [COJ/[CH4] 2, 10-10%, depending
on the atmospheric metallicity and internal temperature. The JWST
Cycle 1 observations probing the atmosphere above ~10 mbar,
especially by NIRSpec where CH; and CO have strong features
within this wavelength range, will potentially provide the first real-
time track of CH4—CO conversion.

We also find that the variation of H,O inversely follows CO,
as oxygen is transferred from H,O to CO in the net reaction
CH4 + H,O — CO + 3 H,. In addition, photochemical products,
such as HCN and C,H,, are promoted near periastron and have
significantly higher concentrations than their equilibrium abun-
dances. The production of HCN follows the shared dissociation
levels of CHy4 and NHj3; (Moses et al. 2011; Tsai et al. 2021) and
dissipates similarly to CO after periastron. C,H, briefly reaches a
high concentration of 10~* across the atmosphere (0.1-10~> bar)
around periastron. The transient peak of C,H, is a combination
of C,H, being photochemically produced and thermodynamically
favoured at temperature >1000 K around periastron. Conversely,
CO, momentarily falls back to the lower abundance in chemical
equilibrium by about 2 orders of magnitude during this period. The
peak of CO; in the upper atmosphere is restored just before transit,
following the recovery H,O which produces OH radical turning CO
into CO,. Lastly, while most substantial variation of the main carbon,
oxygen, and nitrogen species occur near periastron, the overview of
the variation of their abundances along the full orbit can be found in
Fig. Al.

3.2.3 The effect of orbit-induced quenching

To further understand how the eccentric orbit impacts the composi-
tion variations, we perform control experiments to isolate the effects
of orbital motion. In this setup, we rerun the same photochemical
model at each orbital position except keeping the planet fixed,
allowing the composition to evolve until the steady state has reached.
Fig. 10 provides the mixing ratio profiles at the same orbital positions
as Fig. 7.

Fig. 10 shows that with enough time, CH, can fully convert to
CO above ~ 10 mbar within the synchronous-rotation period in the
nominal case (about 1 d before and after periastron). The depletion
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Figure 7. The dayside volume mixing ratios for several species of interest as a function of pressure and time (zero at periastron), showing the compositional
response during the periastron passage. Note that the colours are shown on a linear scale. Following Fig. 4, the white dotted line indicates secondary eclipse
while the black dotted lines enclose the synchronous-rotation period and the lime dotted line denotes the primary transit.

of CH,4 subsequently restrains the production of HCN, making the
variation of HCN completely differ from the continuous response in
the nominal model with orbital motion. Outside of the synchronous-
rotation period, CH4 remains the dominant carbon-bearing molecule.
The elevated vertical mixing after periastron is somewhat more
favourable for CHy than CO and subsequently suppresses CO, at
steady state. This further confirms that in the nominal model with

MNRAS 520, 3867-3886 (2023)

an eccentric orbit, the peak of CO, around transit is a result of the
leftover CO.

We highlight the role of orbit-induced variations in Fig. 11 by
comparing the nominal model, fixed-orbit model, and chemical equi-
librium for apoastron and periastron. While the difference between
the equilibrium abundance and the fixed-orbit model informs us the
effect of disequilibrium chemistry alone, the comparison between
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the nominal model and the fixed-orbit model allows us to tease out
the orbital effects.

The close match between the nominal and fixed-orbit models in the
left-hand panel of Fig. 11 indicates that the orbit-induced variations
has minimal effect at apoastron, since the irradiation and temperature
vary little away from periastron. In this cold state, CO maintained a
quenched mixing ratio around 1073, with a small amount of leftover
from the hot state. It is pre-dominantly vertical quenching, which
is generally time-independent (see the discussion in 3.2.1), which
controls the major species with little contribution from the orbital
motion. On the other hand, the atmosphere experiences rapid heating
and a surge in the stellar flux over a few days during the periastron
passage. The eccentric orbit motion takes over to dictate the thermal
and chemical variations in this hot state. This can be seen in the right-
hand panel of Fig. 11 that several main species undergo rapid change
but do not have enough time reach steady state. CO production
initiates around 1 mbar while the residual H,O and CH,4 from the
cold state are partially destroyed. An important consequence is that
under the intense UV flux, the excess CH4 makes C,H, and HCN
much more abundant above 10 mbar due to orbit-induced quenching.

3.2.4 The short-term and long-term response of sulfur species

We have discussed the behaviour of carbon, oxygen, and nitrogen
species so far. Next, we will examine the response of sulfur species.

The highly eccentric planet HD 80606 b 3875
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Figure 9. [COJ/[CH4] ratios around the periastron passage for different
assumptions of atmospheric metallicity and internal temperature in our HD
80606 b model. The black and grey dotted lines indicate the secondary eclipse
and primary transit, respectively. The scheduled observation time with JWST
Cycle 1 program is depicted by the bottom grey band.

Fig. 12 presents the dayside composition variation of several impor-
tant sulfur species near periastron while that of the full orbit is shown
in Fig. 13.

H,S is the thermodynamically stable sulfur bearing molecule in
a H, atmosphere. Under shortwave irradiation where H atoms are
produced in the upper atmosphere, H, S is attacked by H and branches
to S or SH (Zahnle et al. 2016). The reaction that recycle sulfur back
to HzS,

SH+H, — H,S +H, (3)

has a high energy barrier and strong temperature dependence. For
instance, the rate constant of Reaction (3) at about 0.1 bar increases
from 1072° cm ™ s7! to 1073 em™3 s~! as temperature climbs from
400 to 1300 K near apoastron. Therefore, H,S can remain stable at
higher altitudes with rising temperatures. The stable level of H,S
tracks the thermal structure around periastron (Fig. 4) and remains
elevated for a few days after periastron. The elevated abundance of
H,S is important in bringing it to the H-rich photolysis region and
initiating the production of elemental S (Tsai et al. 2021), which sets
up both short-term and long-term evolution along the orbit.

For the short-term response during periastron passage, S is oxi-
dized to SO and SO; in the upper atmosphere where OH is abundant,
reaching a peak just before transit. Unlike other main species that
respond primarily to the rapid irradiation near periastron and exhibit
little variation for the rest of the orbit, sulfur also undergoes long-
term cycles across the orbit, where it grows into elemental allotropes
in the cold and reducing conditions. The evolution of sulfur species
for a full orbit are illustrated in Fig. 13. After periastron passage, the
temperature gradually cools down and the lower UV flux allows
the upper atmosphere to resume a more reducing condition. S
starts to from allotropes in sequence: Once abundant atomic S
is liberated from H,S by photochemistry, S, can form via either
S+SH — S, +H or S+ H,S — S; + H,. S, then continues
with third-body assisted self reactions to form bigger allotropes
(S,). These growth steps following S — S;, S3 — S4 —> Sgare
captured in Fig. 13. We find Sg to be the main sulfur-bearing species
in the gas phase above 0.1 bar outside the periastron passage. Sg
becomes saturated and condenses to form sulfur hazes between 1 and
0.01 bar with temperatures lower than about 360 K (Gao et al. 2017;
Tsai et al. 2021). This long-term sulfur cycle is remotely analogous
to the photochemical evolution after Shoemaker-Levy 9 impacts and
shocks on Jupiter (Moses, Allen & Gladstone 1995; Moses 1996).

MNRAS 520, 3867-3886 (2023)
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Figure 10. The same dayside volume mixing ratios for some species from Fig. 7 except the planet in our photochemical model is fixed at each orbital position

and allowed to reach steady state.

3.2.5 The impact of sulfur on other species

Tsai et al. (2021) identify that sulfur can impact other species in
a non-linear way, including accelerating CH;—CO conversion with
catalytic paths. Since CHy4 can only partially convert to CO near
periastron, HD 80606 b provides an ideal setting to test the effects of
sulfur on carbon conversion. To this end, we performed our nominal
model except without including sulfur chemistry. Fig. 14 compares
the abundances from the models with and without sulfur 6 h after
periastron, when the CH4,—CO conversion reaches maximum. Sulfur
participation significantly enhances CO production between 1072
and 10~ bar, producing the peak of CO seen in Fig. 7.

We performed pathway analysis to look into the role of sulfur par-
ticipation. Without sulfur, the main pathway for CH4—CO conversion
is

CH4+H —> CH3+H2
CH3+H — CH2—|—H2
CH,+H — CH+H,
H,CO + H — HCO + H, )
HCO X H+co
2(H,0 ™ OH + H)
2(OH + H, —> OH + H)
net : CHy; + H,O — CO + 3Ho,.

MNRAS 520, 3867-3886 (2023)

where the reaction involving water to form H,CO is the rate-limiting
step. In the presence of sulfur, CH, goes through a catalytic pathway,
similar to that identified on HD 189733 b (Tsai et al. 2021):

CH4+H—)CH3—|—H2

CH, +S — HCs +H

HCS +H —> CS + H,

CS +OH —> OCS + H

OCS +H —> CO + SH ®)
SH+H—> S+H,
2(H,0 ™ OH + H)

OH+H, — H,0+H

net : CHy + H,O — CO + 3Ho,.

where the rate-limiting step in (5), CH, + S — HCS + H, is about
3 orders of magnitude faster than the reaction producing H,CO in
(4) at 1 mbar. This reaction and pathway (5) rely on abundant S to be
efficient, thus the peak of sulfur-enhanced conversion of CH4—CO
follows S as shown in Fig. 14.

3.3 Sensitivity to atmospheric metallicity and internal heat

‘We have seen that CHy, instead of CO, remains the dominant carbon-
bearing molecule for the majority of the orbit except for a few
days during the periastron passage. Since CHy is less favoured at
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Figure 11. Composition profiles of HD 80606 b in our nominal model (solid) and the fixed-orbit model (dashed), at apoastron (left) and periastron (right). The

dotted lines show the equilibrium abundances.

high metallicity and high temperature, we now address whether the
general behaviour holds when we increase atmospheric metallicity
and internal heat. We also test the sensitivity to vertical mixing.

3.3.1 Sensitivity to internal heat

The higher Ti, sets up a greater lapse rate in the deep layers
below 10 bar, but the thermal and dynamical structure above 10 bar
level remains insensitive to this increase in internal heat (Fig. 4).
We are aware that the GCM might take a much longer time to
converge in the deep region (Carone et al. 2020; Mendonca 2020;
Wang & Wordsworth 2020). Nevertheless, it is unlikely that the
temperature and wind above 10 bar would be largely affected by the
deep evolution. CH4 remains the dominant carbon-bearing molecule
despite the higher quenched CO abundance. Overall, our 7}, =400 K
models show qualitatively similar thermal and chemical variations
to the same models but with T3, = 100 K, as seen in Fig. 9 (solid
lines and dashed lines).

3.3.2 Sensitivity to metallicity

The temperature in the photosphere rises when metallicity increased
(Fig. 4), owing to the increased opacities (Drummond et al. 2018),
mainly contributed by water. The combined thermal and chemical
effects make the relative CH, and CO ratio more sensitive to the
change of metallicity than raising the internal heat alone.

Fig. B1 compares the composition distributions with solar and
five times solar metallicity at apoastron and periastron. When Tiy

remained the same (upper panels), CO and CHy4 have very close
quenched abundances when metallicity increased by five times.
During the periastron passage, CO takes over CH, as the main carbon
molecule above about 0.1 bar. When T, is raised to 400 K, the general
trend remains the same but now the quenched CO abundance exceeds
that of CHy4. An intriguing feature is that in both of our five times solar
metallicity models, a second CH4—CO conversion peak occurred
deeper at about 0.1 bar due to stronger temperature inversion. As
indicated in Fig. 9, the maximum CO/CH,4 ratios with five times
solar metallicity are 1-2 orders of magnitude higher than their solar-
metallicity counterparts. Overall, the parameters we explored suggest
that both supersolar metallicity and high i, are required to have CO
as the pre-dominant carbon molecule over CH4 throughout the orbit.

3.3.3 Sensitivity to K,

Regarding the parametrizing uncertainty of vertical mixing, we
performed sensitivity tests with varying eddy diffusion. Fig. B2
compares the models with the nominal eddy diffusion coefficient
derived from the GCM’s vertical wind to those scaled by 3 and
1/3. We find the quench levels remain not too sensitive to shifting
K,,. However, eddy diffusion can affect composition distributions
in two major ways. First, vertical mixing controls the level where
molecular diffusion becomes dominated and the species started to
stratify following their own scale heights, i.e. homopause (Leovy
1982; Sinclair et al. 2020). This stratification effect is seen in the
decay of the water profiles in Fig. B2. Secondly, eddy diffusion
controls the photochemical lifetime of the species in the stratosphere

MNRAS 520, 3867-3886 (2023)

€202 dunf 90 uo 1sanb Aq GE€ZZ0.//98€/E/0ZS/PI0IME/SEIUL/WOO"dNO"dlWapede//:Ssdny Wolj papeojumoq


art/stad214_f11.eps

3878  S.-M. Tsai et al.

H,S

2.1x1075
1.9x107°
1.6 x 107°
1.4x107°
1.2x107%

9.9x10°°

Pressure (bar)

7.7%1076

5.5% 1076

10t
3.3x107¢

102

4.4x1071°

T T T T T T T T

S 1 o 1 2 3 4 5 6
Time from Periastron (Earth days)

SO

1.2x1077
1.1x1077
9.6 x 1078
8.3x1078
7.0x 1078

5.8x 1078

Pressure (bar)

4.5%1078
3.2x10°8

1.9x1078

1.4x 10777

-2 -1 0 1 2 3 4 5 6
Time from Periastron (Earth days)

cs

3.1x107°
2.8x 1076
2.5x107°
2.1x10°°
1.8x107°

1.5x 1076

Pressure (bar)

1.2x 1078

8.2x1077

4.9%x1077

43x1071°

-2 -1 0 1 2 3 4 5 6
Time from Periastron (Earth days)

Pressure (bar)

Pressure (bar)

Pressure (bar)

4.0x10°®
3.6x10°°
3.1x10°°
2.7x107°
2.3x10°°
1.9x 1076
1.5x 1076
1.0 x 1076

6.3x1077

B 2.2x107V7
-2 -1 o0 1 2 3 4 5 6
Time from Periastron (Earth days)

10-6 SO,

1.3x1078
1.2x1078
1.0x 1078
8.9x 1079
7.6 x107°
6.2x107°
4.8%x107°

3.4x107°

2.1x107°

3.2x10723

-2 -1 o0 1 2 3 4 5 6
Time from Periastron (Earth days)

HCS

3.9x107°
3.5x107°
3.0x107°
2.6 x107°
22x107°
1.8x107°
1.4x107°
1.0 x 107°
6.1x1071°

2.7x10720

-2 -1 0 1 2 3 4 5 6
Time from Periastron (Earth days)

Figure 12. Same as Fig. 7 but for sulfur species.

produced during the periastron passage. Stronger vertical mixing
transports and dissipates these species more efficiently, resulting in
the K,, dependence of the surplus CO at apoastron in Fig. B2.

3.4 Synthetic spectra

In this section, we present the synthetic spectra generated by our 1D
dayside average model. We do not take into account the change of
Earth-facing hemisphere and the contribution from the nightside but

MNRAS 520, 3867-3886 (2023)

focus on the shape and features of the spectra. Fig. 15 compares the
emission spectra of HD 80606 b 6 h before, 8 h after, and at the
secondary eclipse. We find that the emission flux is sensitive to the
temperature increase with higher metallicity a few hours before and
at the eclipse. During this period, the eclipse and pre-eclipse emission
spectra are ideal for constraining the atmospheric metallicity. After
the eclipse, the temperatures from models with different metallicities
start to converge as the strong temperature inversion dominates the
flux, leading to similar emission spectra. However, while the Spitzer
measurement at 4.5 micron favours a slightly enhanced metallicity
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Figure 13. The full-orbit evolution of the dayside composition of several sulfur species that form allotropes and hazes. Sg particle mixing ratio is shown in
nsg /Ngas, Where ng,s is the number density (cm™3) of the total gas. Note the elemental sulfur cycle consisted of S—S>—S4—Sg sequence that spanned the orbit.

between solar and 5 solar values, none of our models are able to fit
the Spitzer IRAC Ch1 and Ch2 data simultaneously.

Fig. 16 illustrates how the emission spectra of our nominal model
evolved before and after the eclipse. Since the chemical conversion
does not occur instantaneously, significant differences in the CHy
and H,O band exhibit when assuming chemical equilibrium. We
find that the spectra before the eclipse are generally characterized by
prominent emission features and those after the eclipse start to show

absorption features. At the eclipse, the smaller temperature gradient
makes the spectra closer to blackbody emission. The transition can
be easily seen by the strong features of CH, at 3—4 and 7-9 micron.
Similar transitions are also found for H,O around 11 micron and
HCN around 14 micron. Only minor features of CO at 4-5 micron,
owing to the pressure level where CO absorbs the most coincide
with the isothermal part of the atmosphere. Nevertheless, the CHy—
CO conversion can potentially be inferred by tracking CH4 and H,O
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Figure 14. The composition profiles of HD 80606 b 6 h after periastron in
our nominal model (solid) and the same model but without sulfur (dashed),
while the dotted lines indicate the equilibrium abundances.

(also see Fig. C1 for spectral variation due to trace composition
isolated from the thermal variation). Within this JWST cycle 1
window between 10 h before and after the eclipse, CO, falls back
to the lower equilibrium composition and cannot be detected in the
emission spectra.

Lastly, Fig. 17 shows the theoretical transmission spectra of HD
80606 b, where the transit occurs about 5.6 d after periastron. CO,
CO,, and HCN exhibit significant disequilibrium features at 4-5
and 14 micron, respectively. The effects of orbit-induced quenching
can also be seen by comparing the nominal kinetics model with
the ‘fixed-orbit” model. Notably, leftover CO is carried over and
contributes to the production of CO, and HCN, where the feature
of HCN at 14 micron shows the most pronounced differences. Since
CO; reached a peak value in the upper atmosphere during the transit,
we suggest future transit observations to look for CO, to put our
photochemical modelling to the test. Although SO and SO, also
reached highest abundances before the transit, SO, does not reach
high enough abundances to be detected in all models we explored.?

4 DISCUSSION

4.1 Uncertainties in sulfur Kinetics

Considerable uncertainties exist in sulfur kinetics, especially the
reactions involving reduced sulfur species (Zahnle et al. 2016; Tsai
et al. 2021). One important initial step in forming sulfur allotropes
is to make S, from SH or S. For the three-body recombination

reaction that forms S, from S, S + S » S,, we followed previous
works and adopted the latest calculation from Du et al. (2008).
This rate coefficient by Du et al. (2008) is consistent with Fair &
Thrush (1969) but about 3 orders of magnitude smaller than another
experimental rate Nicholas, Amodio & Baker (1979). Thus, we
consider our S, formation in this study as a conservative limit.
Another unsettled reaction that might be more relevant for HD

80606bisS + CO X OCS, whose reaction rates at low temperatures
spread across a few orders of magnitude in the literature. Tsai et al.
(2021) found that this reaction is key to OCS formation and S,
production on directly imaged gas giants, while Ranjan et al. (2020)
have shown that it can influence the CO abundance in a N,—CO,

2The opacity of the more abundant SO is not included due to lack of data.
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Figure 15. Emission spectra of HD 80606 b 6 h before (upper), 8 h after
(lower), and at the eclipse (middle), for models with different metallicities
and internal heat. The data points in the middle panel are the eclipse depths
observed by Spitzer IRAC with Ch2 and Ch4 (de Wit et al. 2016).

atmosphere as well. We reiterate the need of further investigation to
resolve the OCS recombination rate.

4.2 Photochemical hazes

The combination of CH,4 carried over from the cold phase and
the intense UV radiation seemingly entails an ideal condition for
photochemical hazes near periastron. Indeed, our nominal models
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Figure 16. Emission spectra (left) of HD 80606 b 6 h before the eclipse, at the eclipse, and 8 h after the eclipse, where the grey spectra are with equilibrium
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and 14 micron. An animation of the full time-lapse spectra and atmosphere profiles is provided in the supplementary material.
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Figure 17. Transmission spectrum of HD 80606 b compared to that assuming
chemical equilibrium and in steady state without the orbital motion.

find copious CoH; (~100 ppm) along with some hydrocarbon haze
precursors, such as C¢Hg (peaked around 0.01-0.1 ppm). If monomer
formation and growth occur fast enough (Seinfeld & Pandis 2016;
Ohno & Okuzumi 2017), organic hazes could affect the periastron
passage. We will leave simulating the organic aerosols variations for
future work (Ohno et al. in preparation). On the other hand, Sg is
produced outside of the periastron passage and condenses between
0.01 and 1 bar once the temperature cools down. Sg hazes scatter
strongly and reduce the emission in the infrared. Fig. 18 illustrates 1
pm-sized Sg hazes substantially lower the emission flux. Our models
suggest that organic hazes might be promoted during the periastron
passage and deeper sulfur hazes could prevail a large portion of the
orbit.

Additionally, Na,S sodium sulfide could form via
2Na+ H,S — Na,S(s) + H,, where Na,S particles condense out
between 10 and 0.1 bar (Lewis et al. 2017; Mayorga et al. 2021).
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Figure 18. Synthetic emission spectra of HD 80606 b at apoastron, with and
without Sg aerosol opacity.

The Na,S clouds can potentially suppress the emission flux but are
evaporated and dissipated near periastron. In respect of the sulfur
inventory, since sulfur is about 10 times more abundant than sodium
in solar composition, it is unlikely that Na,S would substantially
deplete sulfur.

4.3 Future modelling and observational implications

We applied a 1D photochemical model based on averaged 3D GCM
output to simulate the time-varying chemistry on HD 80606 b for
this study. In reality, there will be radiative feedback from the com-
positional variation (e.g. Drummond et al. 2016; Lavvas & Arfaux
2021) and 3D circulation can complicate the global distribution of
chemical species (e.g. Mendonga et al. 2018; Drummond et al. 2020;
Steinrueck et al. 2021). To assess the limit of our 1D photochemical
model, we have compared the dynamical timescales and found that
the horizontal transport timescale is generally shorter or comparable
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to the vertical mixing timescale. Since vertical quenching already
occurred at 10-100 bar, we expect horizontal transport simply lead to
a uniform composition based on the vertically quenched abundance
on the dayside. However, as shown in the study, photochemistry
proceeds faster in the upper atmosphere and can have compelling
interaction with the circulation. We encourage future work to treat
the chemical feedback on the thermal structure consistently and/or
utilize multidimensional photochemistry models (e.g. Venot et al.
2020; Tsai et al. 2021b; Baeyens et al. 2022) to explore the global
properties of the time-varying, eccentric systems.

We have demonstrated that the quenched abundances of CO and
CH,4 before the CH4-CO conversion kicks off around periastron
are independent of the orbital phase. The measurement at the start
of JWST cycle 1 observation should provide a baseline of the
atmospheric properties. Our results suggest that [CO]/[CH4] ratio
is highly sensitive to metallicity and mildly sensitive to internal heat.
Future spectral observations outside of the periastron passage of HD
80606 b can help us to place tighter constraints. Since CO; is typically
more sensitive to atmospheric metallicity, future transit observations
will improve our ability to constrain atmospheric metallicity and
validate the photochemical process.

We found that sulfur species are oxidized after periastron and SO
and SO, reach peak abundances near transit, while sulfur allotropes
(Sx) exhibit a long-term growing sequence along the orbit. SH and
S, are strong absorbers in the optical and Near Ultra-violet (NUV)
[e.g. S, emission has been reported after the impact of Shoemaker-
Levy 9 on Jupiter (Noll et al. 1995; Zahnle et al. 2009)]. S; absorbs
effectively near 400 nm and S4 has a weaker, broad-band absorption
between 450 and 600 nm, whereas Sg has stretching mode features
around 20 micron. We propose future observations sampling a wider
coverage of the full phase to track the sequence of polysulfur species.

Finally, although we focused on HD 80606 b in this study, it would
be illuminating to learn whether our findings can be generalized
to other eccentric systems. While detailed atmosphere variation
depends on the interplay between radiative and chemical processes,
we expect photochemistry to play a main role in the time-dependent
chemistry on other eccentric systems, given its short timescale.
Exploring the key parameter space such as eccentricity and the
irradiation temperature at periastron with coupling radiative transfer
model and photochemical kinetics would be an ideal setting to
address this question.

5 CONCLUSIONS

We present an integrated modelling framework to study the atmo-
spheric responses to the irradiation variation of the highly eccentric
gas giant HD 80606 b. We applied a 3D GCM to simulate the
fast-evolving climate dynamics and fed the dayside average atmo-
sphere profiles to a time-dependent 1D photochemical model for
the response of chemical compositions. We made predictions with
synthetic spectra and demonstrate that our knowledge of atmospheric
physics and chemistry will soon be put to the test with JWST
observation.
We summarize our findings as follows:

(i) The climate of HD 80606 b oscillates between the cold and
hot states that are governed by distinct and well-studied dominating
processes (daynight forcing versus baroclinic instability).

(ii) Vertical quenching occurs in the deep atmosphere and is
generally independent of the orbital position. Photochemistry from
the intense UV radiation near periastron is the main driver of the
compositional variation.

MNRAS 520, 3867-3886 (2023)

(iii) CHy is partly converted to CO during the periastron passage
and can be tracked by the JWST Cycle 1 GO observation. We have
isolated the orbital effect in the model and showed that orbit-induced
quenching plays an important role in this eccentric system.

(iv) We found CO, reached a peak abundance near transit and
could potentially be detected in transmission. Sulfur exhibits short-
term response with oxidized species and long-term variations with
sequence of allotropes cycle, where Sg is the main sulfur-bearing
molecule above 0.1 bar away from periastron.

(v) Our photochemical results suggest two classes of hazes as Sg
condense out for most of the orbit while organic haze precursors are
promoted near periastron.
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APPENDIX A: THE COMPOSITIONAL VARIATION OF THE C-, O-, AND N- BEARING SPECIES
ALONG THE FULL ORBIT

In this appendix, we show the variation of the abundances of several important carbon, oxygen, and nitrogen species, along the full orbit, to
reiterate that the main chemical response occur during the short periastron passage, while the composition of these species remain invariant
for most of the orbit.
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Figure A1. The dayside volume mixing ratios for several species of interest as a function of pressure and time (zero at periastron), like Fig. 7 but showing the
compositional variation across the full orbit.
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APPENDIX B: SENSITIVITY TO METALLICITY, INTERNAL HEAT, AND VERTICAL MIXING

Here, we present the composition distributions at apoastron and periastron when we vary the atmospheric metallicity, internal heat, and vertical

mixing.
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Figure B1. Composition profiles (solid lines) of HD 80606 b in our 5x solar metallicity, 73, = 100 K model (top) and 5x solar metallicity, 7j,; = 400 K
model (bottom). The left-hand panels are for apoastron and the right-hand panels are for periastron. The nominal model with solar metallicity and Ti,; = 100 K
is shown in dotted lines for comparison.
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Figure B2. Composition profiles of HD 80606 b in our nominal model (solid), with three times (dashed-dotted) and 1/3 times (dashed) eddy diffusion

coefficients.
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APPENDIX C: SPECTRAL OBSERVABILITY OF COMPOSITIONAL VARIATION ISOLATED FROM
THERMAL VARIATION
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Figure C1. Emission spectra of HD 80606 b 6 h before the eclipse and 8 h after the eclipse, similar to Fig. 16, but here we show the spectra with swapped
composition in grey (temperature profile —6 h before the eclipse with composition +8 h after the eclipse and vice versa) to demonstrate the spectral changes in
chemical composition isolated from thermal changes.
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