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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.



This work attempts to address to what extent one can characterize planetary atmospheres with JWST photometric 
data points in 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 μm) and VLT/SPHERE-IRDIS (~1-2.5 μm)
spectral data from VLT/SPHERE-IFS (~1-1.65 μm)
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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 distribution in 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 𝜏 follows the exponential relation with wavelength (λ) such that 𝝉	(𝝀) 	= 	𝒆𝒙𝒑	(−𝜶	 · 	 𝟏	/𝒎𝝀 	)	(Gordon et 
al. 2003), where α is the extinction coefficient.

A full list of parameters and their priors are in Table 1.
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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 MgSiO3 (low at -4 dex and 
high at -3 dex).



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 µm (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).

Since the spectral resolution of low-resolution data is not 
uniform across the wavelength range, sampling the 
synthetic spectrum to the wavelength grid of existing data 
ensures that the synthetic spectrum has the same varying 
spectral resolution as the original spectrum. 
For JWST photometric points, we convolve the response 
profile of each filter (Rodrigo & Solano 2020) with the 
model spectrum to compare to the 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. 



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 α 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 α 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 R𝐽𝑢𝑝𝑖𝑡𝑒𝑟	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-σ level using CO and 6-σ level using H2O.

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



• All retrievals return a mixing ratio for MgSiO3 that is at least -3.4, 
a value that we can confidently detect for mock data (§3).

• The dip in the 11.4 µm 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). 



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 α 
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.



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 0 
indicating an abnormally high O and low C abundance. This is driven by the aforementioned high H2O mixing ratio 
and low CO mixing ratio.

The Bayesian evidence for the all-varying run has a Δln(EV ) of -
20.43 as compared to the preferred model. Therefore, the all-
varying run and the inferred non-physical molecular mixing ratios 
should be regarded with extremely low confidence.
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Petrus et al. (2021) conducted a thorough analysis of the joint data set of VLT/SINFONI, SHERE, and NaCo that 
covers ∼1-5 µm. 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 𝑅@ are 3.19EF.GHIF.GJ	and 
1.23EF.FGIF.FG vs. <4.2 and 1.28EF.MMIF.MF in their Table 2. Error bars and systematics for log(g) and 𝑅@ in our retrieval 
analysis can be as high as 0.6 dex and 0.1 𝑅NOPQRST 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/O (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 0.05EF.GGIF.GW	 and C/O is lower than 0.50. 

• Our retrieved effective temperature  𝑇SYY is 1477EMFI\ 	𝐾. In comparison, 𝑇SYY	 in Petrus et al. (2021) is 
1518E^MI\\	𝐾, which is consistent within 1-σ. Our inferred planet luminosity is log 𝐿 𝐿⊙⁄ = −4.167EF.FFGIF.FFJ, which 
is also consistent with the result in Petrus et al. (2021) at log 𝐿 𝐿⊙⁄ = −4.10± 0.2.



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 𝑅NOPQRST , log(g) of 3.93	 ± 	0.07, and 𝑇SYY	 of 
1282EJMIGg	𝐾. 
Fitting atmospheric models results in a planet radius of 0.92 ± 0.04 𝑅NOPQRST , log(g) of 4.07	 ± 	0.19, and 𝑇SYY	 of 
1667EGWIGH	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.



• 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(𝑚𝑟ijkQlm), log(𝐾nn), 𝑓pSq , and 𝜎j are just “a glorified way” of parameterizing clouds. These parameters, 
however, are not self-consistently included in the model.  

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

• §4.4 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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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-σ to distinguish between 1 dex difference in metallicity (i.e., 1x 
and 10x solar metallicity) and a few tenths in C/O (§3.3). 

• 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 µm 
photometric data point (Fig. 1 and §4.2). 

• 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 (§3). 
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