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1. Intruction

Directly-imaged exoplanets provide a unique window to understand atmospheric structure and chemistry.
This information shed light on the formation pathway and evolution history.

Chemical composition is best studied with spectroscopy whereby spectral lines or bands are resolved and chemical
abundances can be measured.

Conventionally, spectroscopic data come from ground-based low-to-medium resolution (R<5000) integral field unit
(IFU)

Now, JWST Early Release Science (ERS) program has given us a glimpse of the opportunities and challenges in
modeling and interpreting atmospheres with JWST data.

Not every object will receive spectroscopic observations.



1. Introduction

This work attempts to address to what extent one can characterize planetary atmospheres with JWST photometric
data pointsin conjunction with archival ground-based low-spectral resolution data.

HIP 65426 b—a JWST target in the Early Release Science (ERS) program
photometric data from JWST/NIRCam and MIRI (=2-16 um) and VLT/SPHERE-IRDIS (~1-2.5 um)
spectral data from VLT/SPHERE-IFS (~=1-1.65 um)
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2 Retrieval framework

They model exoplanet atmospheres based on petitRADTRANS and consider both low and high resolution modes
(R=1,000 and R=1,000,000) when such data are available.

For the temperature profile, they adopt a flexible P-T profile as described in Petit dit de la Roche et al. (2020).

To sample the posterior distributionin a Bayesian framework, they used PyMultiNest (Buchner et al. 2014).

We include MgSiO3 clouds (Molli'ere et al. 2020) with a new addition of featureless extinction.
The extinction T follows the exponential relation with wavelength (A) such that 7 (1) = exp(—a - ™) (Gordon et

A
al. 2003), where o is the extinction coefficient.
) Table 1. Parameters used in retrieval and their priors.

Parameter Unit Type Lower Upper

or Mean or Std

. . . . Surface Gravity (log(g cgs Uniform 2.5 5.5
A full list of parameters and their priors are in Table 1. Planet Radius (Fip)( & Myupieer  Uniform 05 5.0
H2O Mixing Ratio (log(mru,0)) s Log-uniform -10 -1
CO Mixing Ratio (log(mrco)) S Log-uniform -10 -1
CO2 Mixing Ratio (log(mrco,)) cee Log-uniform -10 -1
CH4 Mixing Ratio (log(mrcn,)) s Log-uniform -10 -1
Temperature at 3.2 bar (tjn¢) K Uniform 800 2500
AT between 100 and 32 bar K Uniform 0 2500
AT between 32 and 10 bar K Uniform 0 2000
AT between 10 and 3.2 bar K Uniform 0 1500
AT between 3.2 and 1 bar K Uniform 0 1000
AT between 1 and 0.1 bar K Uniform 0 1000
AT between 0.1 bar and 1 mbar K Uniform 0 1000
AT between 1 mbar and 10 nbar K Uniform 0 1000
MgSiO3 Mixing Ratio (log(mrygsios)) S Log-uniform -10 -1
Vertical diffusion coefficient (log(K)) cm2-s~1  Log-uniform 5 10
vsettling/vmixing (fsed) T Uniform 0 5
Width of log-normal particle size distribution (og)) cee Uniform 1.05 3.05

Extinction coefficient («) s Uniform 0.0 5.0
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3 Testing with mock data

3.1 Generating mock data

To generate model spectra, we use the model parameters listed in the “Input” column of Table 2.
Four cases are considered in terms of metallicity (1x and 10x solar) and the mixing ratio of MgSiO; (low at -4 dex and
high at -3 dex).

Table 2. Input and Retrieved Parameters Using Mock Data.

Parameter Unit 1x solar 10x solar All Varying Input
MgSiO3 low™ high low high varying

log(g) cgs  4.03700% 3.9970. 012 4147010 3397015 3171098 4.337027 4.0

Rp Ryupiter  3-537001 3.467005 3547002 3.3870-03 3.50 2.89710 00 3.5
log(mry, ) e -2.605 -1.655 —2.63570:0% —2.54970:193  -2.605 or -1.655
log(mrco) e -2.258 -1.303 —2.1697011%  —2.05170330  -2.258 or -1.303
log(mrco, ) e -6.300 -4.337 —8.575T09%)  —8.4207 019 -6.300 or -4.337
log(mrc, ) e -5.669 -5.661 —5.905102%  —7.3427120°  _5.669 or -5.661

+54 +75 +102 +95 +69 +72

tint K 1795758 1771775 18387192 2349795, 1677759 1618772, 1800

AT between 100 and 32 bar K 15127839 1860178 13747107 12547831 17657552 21071379 2000

AT between 32 and 10 bar K 16397350 1776135%  1237799% 10897513 16911100 15017319 1500

AT between 10 and 3.2 bar K 9547125 9857395 5417337 10827305 6317350 1761357 1000

+86 +118 +117 +95 +101 +167

AT between 3.2 and 1 bar K 5177 08 3317713 7157 56 845715, 3307104 1687107 500

AT between 1 and 0.1 bar K 479772 687t 311t 553195 475773 4967798 500

AT between 0.1 bar and 1 mbar K 5471280 3607372 7667152 618752 5431257 54017258 500

AT between 1 mbar and 10 nbar K 51113% 5157331 4731330 5437308 5147285 512129¢ 500
log(mrygsio, ) . —4 -3 —4 -3 -3.36705%  —4.077%55 -4 or -3
log(K:=) cm2-s~ 1 8.0 8.041998 8.0

Fsed e 1.3 3.367097 1.3
Cloud log-normal size g4 e 1.31 2.06fg:gg 1.31
Extinction coefficient o 3.1070:08  3.3470-15 2991022 2537032 2.96101% 3.6270-32 3.0

C/0 co 0.55 0.55 0.55 0.55 0.6510 02 0.6670 70 0.55

NoTE—*: Low, high, and varying refer to cases with low (-4), high (-3), and varying mixing ratio for MgSiO3; see §3.2 for more details of each
case (or column).



3 Testing with mock data

3.1 Generating mock data

To simulate the mock data, we resample a model spectrum to the wavelength grid of existing data.
Table 3 tabulates the data set including VLT/SPHERE-IFS between 1.00 and 1.65 pum (Chauvin et al. 2017), VLT/SPHERE-

IRDIS H and K-band photometry (Cheetham et al. 2019), and JWST NIRCam and MIRI photometry (Carter et al. 2023).

Table 3. Joint Data for JWST and Table 3 (continued)
SPHERE Filter A0 FAD.Y Hux
(um]  [um] [W/m /pum]

Since the spectral resolution of low-resolution data is not Fier a o R

uniform across the wavelength range, sampling the o] [pm] W/

1.216  0.019  6.36 +0.57 x 10717

N : N ! H2 1.588  0.053 8.57+0.38x 1077 235  0.019  6.76 £ 0.60 x 1017
synthetic spectrum to the wavelength grid of existing data Hy 1667 0085 10.43%0.56 x 10717 L oot 7112008k 107
. . K1 2.102 0.102 7.50 + 0.60 x 10717 1.274  0.019  7.23+40.63 x 10~ 17

ensures that the synthetic spectrum has the same varying e oam o000 107 L 001 7000 107

spectral resolution as the original spectrum. FIOM 2990 0310 2s9%0.20 10717 o e ]

—17
F356M 3.560 0.780 3.36 + 0.23 x 10 1372 0.019  5.52 + 0.87 x 10—17

For JWST photometric points, we convolve the response PAION. 4000 0430 2449 0,15 x 10717

F444M  4.420 1.020 1.97+0.13 x 10~ 7 1411 0.019  5.20 + 0.55 x 10~ 17

profile of each filter (Rodrigo & Solano 2020) with the FLLOC 11300 1600 7.40 & 1.16 x 1071 Loty as 00

F1550C 15.500 1.800  2.74 4 0.46 x 10~ '
1.467 0.019 5.37 + 0.48 x 10~ 17

model spectrum to compare to the data. B bt

1.504  0.019  5.93+ 0.50 x 10717

1.021 0.011 3.56 4+ 0.57 x 10~ 17 1.522  0.019  6.26 +0.52 x 10~ 17
1.030  0.011  3.20 4 0.43 x 10~ 17 1.539  0.019 6.78 +0.56 x 10717
1.040 0.011 4.09 + 0.48 x 10— 17 1.556  0.019  7.3240.60 x 10717

1.573  0.019  7.56 +0.62 x 10~ 17
1.589  0.019  8.04+0.67 x 10717
1.605 0.019  8.50+0.71 x 10717

1.050 0.011  3.83 +0.43 x 10~ 7
1.060 0.011  4.15+ 0.49 x 10~ 7

1070 0.011  4.46+0.52 x 1077 1.621  0.019 8.58+0.71 x 10717
1.081  0.011  4.68 +0.43 x 10~ 17 1.636  0.019  9.01+0.76 x 10~ 17
1.091 0.011 5.14 + 0.48 x 10— 17 0.000  0.000  0.00 £ 0.00 x 1017

—17
1102 0011 4.75+0.54 X 10 Note—x: H and K photometric data are from Cheetham

1.112  0.011 5.13+ 0.58 x 10~ 7 et al. (2019); JWST photometric data (beginning with
17 “F”) are from Carter et al. (2023); rows without a filter
1.123  0.011  4.78 4+ 0.64 x 10 name are data from SPHERE integrated field unit (Chau-

1.133  0.011  5.23 +0.68 x 10~ 17 vin et al. 2017).



3 Testing with mock data
3.2 Analyzing mock data

We start with a more constraining
condition in which we fix chemical
abundance to 1x or 10x solar and cloud
properties.

We then relax some constraints to allow
for the variation of mixing ratios for

molecules and the cloud species MgSIO3.

We fix planet radius at the input value of

3.5 Rjupiter and fix chemical abundance
to 1x solar metallicity.

Lastly, we allow all parameters to vary.

Table 2. Input and Retrieved Parameters Using Mock Data.

Parameter Unit 1x solar 10x solar All Varying Input
MgSiO3 low™ high low high varying

log(g) cgs  4.03T005  3.9970-12 4147070 3397015 3.17700% 4.331027 4.0
Rp Ryupiter 3537001 3.467005  3.547092 3.387002 3.50 2.89+0.06 35
log(mry,0) -2.605 -1.655 —2.63570-030  —2.54970-192  -2.605 or -1.655
log(mrco) -2.258 -1.303 216970130 —2.05170330  -2.258 or -1.303
log(mrco,) -6.300 -4.337 —8.57570940  —8.42075 015 -6.300 or -4.337
log(mrc, ) -5.669 -5.661 —5.905T03%  —7.3427120°  _5.669 or -5.661
tint K 1795738 1771773 18387102 2349795 1677159 1618772, 1800
AT between 100 and 32 bar K 15127839 18601555 13747157 125473l 17657402 21071378 2000
AT between 32 and 10 bar K 16397350 17767585 123779%% 10897513 16917520 15017359 1500
AT between 10 and 3.2 bar K 9547125 9857305 5417337 10827335 6317252 1767754 1000
AT between 3.2 and 1 bar K 517750, 331111 T15TIIT 845795, 3307104 1687107 500
AT between 1 and 0.1 bar K 479772 687> 311780 55373 475753 4967159 500
AT between 0.1 bar and 1 mbar K 5471200 3601373 7667130 618732 5431257 5401253 500
AT between 1 mbar and 10 nbar K 5117532 5151331 473F30L 5437308 5147253 5127398 500
log(mrygsio, ) —4 -3 —4 -3 -3.36705%  —4.077958 -4 or -3
log(K:2) cm2-s—1 8.0 8.04fg:g§ 8.0
fsed 1.3 3.367037 1.3
Cloud log-normal size g4 1.31 2.06f8:gg 1.31
Extinction coefficient a 31070057 3344016 5 gg+0.22 2.96+0-23 3.6270-29 3.0
C/0 0.55 0.55 0.55 0. 0.657002 0.6670-79 0.55

NoTE—s*: Low, high, and varying refer to cases with low (-4), high (-3), and varying mixing ratio for MgSiOs3; see §3.2 for more details of each

case (or column).



3 Measuring extinction with red clump stars
3.3 Lessons learned from mock data

Summarize what has been learned from the exercise of retrieving on mock data:

* In the absence of modeling systematics, we are able to constrain the mixing ratio for molecular species, cloud species
MgSiO3, and the extinction coefficient o to describe a featureless spectral slope.

* In more constraining cases in which molecular species are fixed to chemical equilibrium values and/or some cloud
parameters are fixed, typical uncertainties for MgSIO3; and o are 0.2 dex and 0.1-0.3 dex, respectively.

* Planet properties such as surface gravity and planet radius are generally retrieved within 0.1 dex and 0.05 Ry, fOr
constraining cases in which molecular species are fixed. However, retrieved planet properties are unreliable when
chemical abundances become free parameters in retrievals.

* By comparing the “all varying” case of 1x solar metallicity and the case where abundances are fixed at 10x solar
metallicity, we can distinguish between 1x and 10x solar metallicity cases at 3-o level using CO and 6-0 level using H,O.

* By comparing C/O ratios between fixed and varying cases, the C/O has a typical error bar of 0.1 and a upward bias of

~0.1.



Retrievals on SPHERE+JWST

joint data



4 Retrievals on SPH

RE+JWST

4.1 Solar metallicity and C/0O<1 for HIP

65426 b

We perform retrieval analyses for the joint data set of SPHERE and JWST data with different combination of C/O

joint data

ratios (0.40, 0.55, and 1.00) and metallicities (1x and 10x solar). We also run retrieval by varying all parameters. The

results are given in Table 4.

By comparing Bayesian evidence (EV), the
retrieval model using sub-solar C/O (C/O
= 0.40) and solar metallicity has the
highest Bayesian evidence. The next most
preferred model using solar C/O (C/O =
0.55) and solar metallicity has a
differential natural log evidence (AIn(EV )
of -1.47). Therefore, the data can be
explained by a model with 1x solar
metallicity and two C/O ratios at 0.40
and 0.55.

Other models are strongly disfavored.

Table 4. Retrieved Parameters Using Real Data.

Parameter Unit C/0 = 0.40 C/0O = 0.55 C/0 = 1.00
Solar Metallicity 1x 10x 1x 10x 1x 10x All Varying
log(g) cgs 3.1970-23 3.41+519 3.0370-21 3577012 2.63+0-12 2.6019:99 2.6010-99
Rp Rjupiter ~ 1.2370052 1.2370-02 1.2579-02 1.251062 1187903 1.1470:02 1187001
log(mri,0) —2.311 ~1.366 —2.605 —1.655 —4.314 —3.994 —1.1075:66
log(mrco) —2.259 -1.312 —2.258 —1.303 —2.290 -1.322 591723
log(mrco,) —5.988 —4.036 —6.300 —4.337 —8.954 ~7.475 —7.231140
log(mrc, ) e —5.913 —5.957 —5.669 —5.661 —-3.913 -3.331 -7.101178
tint K 1853138 19061137 18427+3% 1849F79 248715, 24859, 22447141
AT between 100 and 32 bar K 1206t}_§3 1212tgf{{ 10427711 1238t_g},'~; 9451558 9057793 1281ig;g
AT between 32 and 10 bar K 3001558 11227302 2571558 5391532 1737153 3021378 1015t;§_§
AT between 10 and 3.2 bar K 687157 4677575 61753° 1637297 457350 6750 6661520
AT between 3.2 and 1 bar K 37f‘2’}1 SQtégg 42f‘2"é 56fig Sfl,l llf},"‘ 265f}2?
AT between 1 and 0.1 bar K 112755 26724 142797 45738 306788 94739 867100
AT between 0.1 bar and 1 mbar K 882156 562795 870157 797158 620755 638135 231152
AT between 1 mbar and 10 nbar K 493333_ 7591335 475+2%9 591333_ 145131 220158 954139 )
log(mrygsio,) e 2567036 1927036 _338t0-3T 2107051 —164703% 1257001 1627033
log(K.) em2s™t 5.49%0%5  6.10703% 548705 556703 7400037 842703 7.380
fsed 0.63%031 0413057 044%398 051035 031%ghT 016757 0.3670:13
Cloud log-normal size og 1.2270-19 1.2970-34 1.2179-20 1.26*_‘3;‘}; 1.21+9-58 1.2210-18 1.2115:3¢
Extinction coefficient o 0.0675:9° 0.0579-03 0.0719:92 0.0715:02 2.0970-22 2.241018 0.0370:03
In(EV) -23.76 -15.86 -304.19 -365.29 -20.43
log(L/Le) —4.16775 003 —4.160%07003 —4.16870 005  —4.16470005  —4.160%0063  —4.158¥000;  —4.15870.003
Test K 147715, 148071712 1463710 1464119 1515113 154019 151117




4 Retrievals on SPHERE+JWST joint data

All retrievals return a mixing ratio for MgSiO3 that is at least -3.4,
a value that we can confidently detect for mock data (83).

The dip In the 11.4 um photometry (Fig. 1) is another visual
evidence for the silicate clouds.

The peak pressure levels (~0.1 bar to 5 mbar) of the spectrally-
averaged contribution function overlaps with that of the cloud
opacity distribution (Fig. 2).

107°
----- Cloud Opacity
10-4 —— Spectrally-Averaged Contribution
[ P-T Profile (1-0)
10-3 = Physical MgSiOs Cloud
—1072
©
2
a 1071
10°
10!
102
0 1000 2000 3000 4000 5000 6000
TIK]

Figure 2. Retrieved P-T profile (1-0 region in red shaded region) for HIP 65426 b (assuming
1x solar metallcity and C/0=0.4) The spectrally-averaged contribution function is shown as the black
solid line, which completely overlaps with retrieved cloud layer (black dashed line). The pressure level of
the retrieved cloud layer is consistent with that of a physical MgSiO3 cloud (blue dotted line). More results
with other assumptions can be found in Table 4.
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Figure 1. Retrieved spectra for HIP 65426 b (assuming 1x solar metallcity and C/0=0.4). Top
three panels are the observed spectroscopic and photometric data (black) and the 1-o (16 to 84 percentile,
darker red) and 2-¢ (2.5 to 97.5 percentile, lighter red) distribution of modeled spectra. The bottom panel
is a residual plot with data minus model and divided by the individual errors. More results with other
assumptions can be found in Table 4.



4 Retrievals on SPHERE+JWST joint data

4.3 No Evidence of featureless dust

extinction

We would like to investigate the possibility of HIP 65426 b processing an enshrouding dust that produces a
featureless extinction spectral slope, similar to that as inferred from the PDS 70 planets (Wang et al. 2021).

We do not find any evidence of such an enshrouding dust.

It is not surprising to find a zero o
because of the older age of HIP
65426 b(14+4 Myr) than PDS 70 b
and c(5-8 Myr). HIP 65426 b may
have already ceased the accretion
and the dust has already settled a few
Myrs after the active accretion.

Table 4. Retrieved Parameters Using Real Data.

Parameter Unit C/0O = 0.40 C/O = 0.55 C/O = 1.00
Solar Metallicity 1x 10x 1x 10x 1x 10x All Varying
log(g) cgs 3197023 3.41%0 32 3.037021 3577012 2.6370:02 2.6010 08 2.607002
Rp Ryupiter  1.2370:03 1237002 125002 1257002 1187003 1147002 1187001
log(mr,0) —2.311 ~1.366 ~2.605 ~1.655 —4.314 —3.994 ~1.107005
log(mrco) —2.259 ~1.312 —2.258 ~1.303 —2.290 —1.322 -5.9172%0
log(mrco,) —5.988 —4.036 —6.300 —4.337 —8.954 —7.475 -7.231140
log(mrcm, ) . —5.913 —5.957 —5.669 —5.661 —3.913 —3.331 —7.101178
tint K 1853138 19061117 18427F3% 1849170 248715, 248579, 22447141
AT between 100 and 32 bar K 1206732 1212+533 1042782 12381712 9457853 905753 1281+570
AT between 32 and 10 bar K 3001578 11224352 257155% 5391532 173+152 302378 1015+344
AT between 10 and 3.2 bar K 68197 4671573 61733° 1637377 45%39 67150 66632
AT between 3.2 and 1 bar K 3775, 891103 42758 56790 gt 11t 2657153
AT between 1 and 0.1 bar K 112755 26724 142197 4533 306+52 94139 867100
AT between 0.1 bar and 1 mbar K 882150 562193, 870157 797158 620755 638739 231122
AT between 1 mbar and 10 nbar K 4931290 7591505 4751339 5911237 145101 220156 954739
log(mrygsio,) 2567030 —1.92703¢ 3387037 —2107007 —1e4tpde —125%00%  —1.627033
log(K.-) em2s~! 5491029 6.1070-2% 5.4870-2% 5.5670:23 7.4010:28 8.42+02¢ 7.3810 39
fsea 0635937 041¥0T  04a¥ig 0515050 031TG57 0167501 0.36750%
Cloud log-normal size o 1224019 1297034 1217520 1267033 1214048 1224018 1214938
Extinction coefficient o 0.06"_’?):8‘2 0.051’8'_83 0.071_8:?,3 0.07fg:g‘2 0.03fg‘_gg
In(EV) 0.00 -23.76 -1.47 -15.86 30419 365729 -20.43
tog(L/Le) 416710099 416070908 416870993 —4.164%0092 416010003 —4.158°090% —4.158+0903
Test K 147748, 1480712 1463710 1464719 1515112 154019, 15117F7




iﬁ\ertrlevals n SPHEIIZRE+JWST joint data

on-sensible chemica
abundances

We find that the retrieved mixing ratios for molecules (Table 4 “All Varying” case) are significantly different from the
chemical equilibrium cases that we have considered.

Fig. 3 shows the retrieved C and O abundances and C/O for the all-varying retrieval run. The retrieved C/O is at O

indicating an abnormally high O and low C abundance. This is driven by the aforementioned high H20 mixing ratio
and low CO mixing ratio.

The Bayesian evidence for the all-varying run has a AIn(EV ) of -

N ; 03 : M p—— 20.43 as compared to the preferred model. Therefore, the all-
I | | .
[ |Retrieved : : : o :
6 : 05 ! 3 — qF varying run and the inferred non-physical molecular mixing ratios
5 | B 1 5 | . .
- | To1 : = should be regarded with extremely low confidence.
2 I ' 1 I
I | |
.0 o._fi 10 %955 S0 I_z,s 03 : 2 Table 4. Retrieved Parameters Using Real Data.
C/O log(C/H) log(O/H)
Parameter Unit C/O = 0.40 C/O = 0.55 C/O = 1.00
Figure 3. Retrieved C and O abundances solar Metallicity 1x 10x 1x 10x 1x 10x All Varying
g
and C/0O: C and O abundances from posterior  los(e cgs 3195033 3a41gos 303505 357I0%5 263%00c 260705 260700
] . Rp Rjupiter ~ 1.2370052 1.2310-02 1.2579-02 1.251062 1187003 1147002 1187001
samples are blue histograms, and stellar values are o5y, 0) —2.311 ~1.366 —2.605 ~1.655 ~4.314 ~3.994 —1.1070:%
the black dashed lines. Free retrieval by varying  lee(mrco) —2.259 -1.312 —2.258 ~1.303 —2.290 ~1.322 591755
. log(mrco,) - —5.988 —4.036 —6.300 —4.337 —8.954 ~7.475 723710
all parameters returns non-physical results (e.g., log(mrcy, ) ~5.913 ~5.957 —5.669 —5.661 ~3.913 ~3.331 —7.10+173

C/0O~0). More details can be found in §4.4.
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o Discussion
5.1 Comparison to Petrus et al. (2021)

Petrus et al. (2021) conducted a thorough analysis of the joint data set of VLT/SINFONI, SHERE, and NaCo that
covers ~1-5 um. Here we compare our result of the run with the highest evidence to their “K band with continuum”
run in their Table 2 .

Planet bulk properties such as log(g) and RP are consistent. Our inferred log(g) and Rp are 3.197923 and

1.23%0-02 s, <4.2 and 1.28%3-1% in their Table 2. Error bars and systematics for log(g) and Rp in our retrieval
analysis can be as high as 0.6 dex and 0.1 R,;;ter for the fixed abundance cases as learned from §3.

In terms of chemical properties, we find that models with solar metallicity, solar C/O (C/O = 0.55) or sub-solar
C/0 (C/O = 0.40) are the most likely models. This is consistent with the finding in Petrus et al. (2021) that the
planet metallicity [M/H] is 0.0579:53 and C/O is lower than 0.50.

Our retrieved effective temperature Tgsf is 1477+, K. In comparison, Ters in Petrus et al. (2021) is

1518758 K, which is consistent within 1-o. Our inferred planet luminosityis log(L/L o) = —4.1675:393, which
Is also consistent with the result in Petrus et al. (2021) at log(L/L@) =—4.10+ 0.2.



o Discussion
5.2 Comparison to Carter et al. (2023)

Carter et al. (2023) inferred planet properties using two methods: fitting evolutionary tracks and atmospheric
models. The two methods return significantly different results.

Fitting evolutionary tracks results in a planet radius of 1.45 £ 0.03 Rypiter , l0g(g) 0f 3.93 + 0.07, and T of
1282725 K.

Fitting atmospheric models results in a planet radius of 0.92 + 0.04 Ryp;¢er, l0g(g) Of 4.07 £ 0.19, and Tefs of
166723 K.

They concluded that the result by fitting evolutionary tracks is more physical because a larger planet radius is

expected for a young contracting planet.
Our result in this work is different from either of their results. This can be attributed to the different approach:

we conduct retrieval analysis whereas Carter et al. (2023) fit the same data set with evolutionary tracks and
atmospheric models.



o Discussion
5.3 Potential future improvement

While we find strong evidence for silicate clouds, current retrieval analysis does not allow us to make more
physical and quantitative statement about the silicate clouds. As pointed out in Molli'ere et al. (2020), using
log(mrygsio, ). 109(K ), fsea. and o, are just “a glorified way” of parameterizing clouds. These parameters,
however, are not self-consistently included in the model.

In addition, while MgSiOs5 is the only cloud species that is considered this work, there can be other unaccounted
cloud species (e.g., Si0,, Fe, and Mg, Si0,, Burningham et al. 2021) to condensate around ~1500 K, which is the
effective temperature of HIP 65426 b.

84.4 already discusses the unrealistic chemistry that is inferred from the all-varying run. This can be largely
attributed to the lack of data with higher spectral resolution: the JWST and SPHERE data that are used in this
work are either photometric data or IFU data with R lower than ~15. Including data with higher spectral
resolution such as VLT/SINFONI (R~5,500), JWST (e.g., NIRSpec with R up to 3,600), and VLT/HIRISE (R~100,000,)
will resolve molecular lines and offer a much better direct measurement and constraint on chemical abundances.
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6 Summary

We perform retrieval analyses on a joint data set of SPHERE and JWST for HIP 65426 b.

We find that the atmosphere of HIP 65426 b is more likely to have a solar metallicity and a C/O ratio at 0.4 or
0.55 than 10x solar metallicity and a C/O=1.0 based on model comparison using Bayesian evidence.

The preferred model shows strong evidence of silicate clouds and the presence of silicate clouds is robust
against all assumptions that we consider in this work.

We find no sign of an enshrouding dust for HIP 65426 b that exists in other young planets such as PDS 70 b and
C.

Below we summarize our findings from retrieval analyses with low-resolution IFU data and JWST NIRCam and MIRI
photometric data points.

Low-resolution and photometric data points that cover a broad wavelength range can provide a certain level of
constraint on metallicity and C/O ratio, e.g. >3-0 to distinguish between 1 dex difference in metallicity (i.e., 1x
and 10x solar metallicity) and a few tenths in C/O (83.3).

The presence of clouds and the type of cloud can be inferred by comparing the pressure range for the cloud
opacity and the pressure range for the flux contribution function (Fig. 2), and by checking the dip of the 11.4 um
photometric data point (Fig. 1 and 84.2).

Our work suggests using mock data to test the retrieval code and understand the limitations of the actual data
set, the mock data set, and the retrieval analysis (83).
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