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WANG ET AL.

ABSTRACT

We present K-band interferometric observations of the PDS 70 protoplanets along with their host
star using VLTI/GRAVITY. We obtained K-band spectra and 100 pas precision astrometry of both
PDS 70 b and c in two epochs, as well as spatially resolving the hot inner disk around the star.
Rejecting unstable orbits, we found a nonzero eccentricity for PDS 70 b of 0.17 4+ 0.06, a near-circular
orbit for PDS 70 ¢, and an orbital configuration that is consistent with the planets migrating into a 2:1
mean motion resonance. Enforcing dynamical stability, we obtained a 95% upper limit on the mass of
PDS 70 b of 10 Mjyp, while the mass of PDS 70 ¢ was unconstrained. The GRAVITY K-band spectra
rules out pure blackbody models for the photospheres of both planets. Instead, the models with the
most support from the data are planetary atmospheres that are dusty, but the nature of the dust is
unclear. Any circumplanetary dust around these planets is not well constrained by the planets’ 1-5 ym
spectral energy distributions (SEDs) and requires longer wavelength data to probe with SED analysis.
However with VLTI/GRAVITY, we made the first observations of a circumplanetary environment with
sub-au spatial resolution, placing an upper limit of 0.3 au on the size of a bright disk around PDS 70
b.

Keywords: Exoplanet formation (492), Exoplanet atmospheres (487), Orbit determination (1175), Long

baseline interferometry (932)

1. INTRODUCTION

The process of transforming the dust around stars into
mature planetary systems is complex and multifaceted.
The initial stages of planet formation are mostly hidden
from observations as planets grow from small embryos
to large cores to natal protoplanets through processes
such as streaming instability, planetesimal accretion, or
even gravitational instability (Bodenheimer 1974; Pol-
lack et al. 1996; Youdin & Goodman 2005). For gas
giants like our own Jupiter, after they have grown large
enough to undergo runaway growth, we can begin to
indirectly observe them as they carve out gaps and ex-
cite density waves in the circumstellar disk as they orbit
the star (e.g., van der Marel et al. 2013; Casassus et al.
2013; Pérez et al. 2014; ALMA Partnership et al. 2015;
Andrews et al. 2018). During this process, the dynam-
ical interactions between the protoplanet and the disk
can cause the planet to migrate in the disk (Lin & Pa-
paloizou 1986; Ward 1997; Duffell et al. 2014). In sys-
tems with multiple protoplanets, interactions with the
disk and planets can excite eccentricities, cause dynam-
ical instabilities, or lock the planets in resonance (Dong
& Dawson 2016). As the protoplanets accrete more ma-
terial, they grow to detectable levels, and emerge from
the shroud of dust and gas that obscured them from di-
rect observations (Zhu 2015; Ginzburg & Chiang 2019a;
Szuldgyi et al. 2019). After the circumstellar gas disk
clears, the gas giant planet formation process is effec-
tively over, leaving behind the many planetary systems
we see today.

T 51 Pegasi b Fellow

Catching a glimpse of protoplanets in the process of
forming is difficult due to circumstellar and circumplan-
etary dust shrouding them at the earliest times (Zhu
2015; Szuldgyi et al. 2019). The distances of nearby sys-
tems young enough to still be undergoing planet forma-
tion (e.g. Boccaletti et al. 2020) are £ 100 pc making it
difficult to spatially resolve them from their circumstel-
lar disks using single-dish 8-10 m telescopes. For both
of these reasons, the ability to identify and characterize
young protoplanets currently have been limited. Several
protoplanets have been reported (Kraus & Ireland 2012;
Quanz et al. 2013; Biller et al. 2014; Reggiani et al. 2014;
Currie et al. 2015; Sallum et al. 2015), but have had their
classification questioned (Thalmann et al. 2015; Rameau
et al. 2017; Follette et al. 2017; Mendigutia et al. 2018;
Ligi et al. 2018).

Out of all the sources reported, only the two sources
around PDS 70 are undeniably protoplanets in nature.
Like many other protoplanet candidates, the star PDS
70 harbors a circumstellar disk with features such as
a large gap that may be due to planets in the system
(Hashimoto et al. 2012; Dong et al. 2012; Hashimoto
et al. 2015). As part of the SHINE exoplanet survey
(Chauvin et al. 2017; Vigan et al. 2020), PDS 70 b was
discovered clearly inside the gap and imaged at multiple
wavelengths unlike other protoplanet candidates, mak-
ing it easy to rule out confusion with circumstellar disk
features (Keppler et al. 2018; Miiller et al. 2018). PDS
70 ¢ could not be confidently identified as a protoplanet
initially due to the fact it appeared adjacent to the rim
of the circumstellar disk in projection. It was discovered
with Ha imaging (Haffert et al. 2019), which took ad-
vantage of the fact that only protoplanets and their host
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stars that are actively accreting material are hot enough
to emit strong atomic hydrogen emission lines. The pro-
toplanet nature of both planets was confirmed by their
strong Ha detections that imply mass accretion rates
of at least 1078 Mjy,,/yr (Wagner et al. 2018; Haffert
et al. 2019). Assuming their orbits are coplanar with
the circumstellar disk that has been well characterized
in the near-infrared and mm (Keppler et al. 2018, 2019;
Francis & van der Marel 2020), the planets are near the
2:1 period commensurability (Haffert et al. 2019; Wang
et al. 2020). Dynamical studies have shown that hav-
ing these two planets in mean-motion resonance (MMR)
would be stable and could create the disk features we see
(Bae et al. 2019; Toci et al. 2020). However, with a short
orbital arc and uncertainties of several mas, their exact
orbit remains uncertain (Wang et al. 2020).

Owing to their protoplanetary nature, it is currently
inconclusive what emission we are seeing from the plan-
ets and their circumplanetary environments. Current
low-resolution spectroscopy and photometry from 1-5
pm point to emission that is very dusty with only one
tentative water absorption feature for PDS 70 b (Miiller
et al. 2018; Haffert et al. 2019; Mesa et al. 2019; Christi-
aens et al. 2019b; Wang et al. 2020; Stolker et al. 2020).
The cause of the dusty spectrum could be due to high
level hazes in the atmosphere, the accretion of material
onto the planet, or a circumplanetary or circumstellar
disk obscuring the planet, with recent analysis favoring
accreting material being responsible (Wang et al. 2020;
Stolker et al. 2020). The spectral characterization of
PDS 70 ¢ has been especially challenging, requiring high
angular resolution imaging and disk modeling to prop-
erly extract photometry from the protoplanet (Haffert
et al. 2019; Mesa et al. 2019; Wang et al. 2020; Stolker
et al. 2020). Despite having a relatively large wavelength
coverage, the emission from both planets was found to
still be consistent with a single blackbody, with no sup-
port from the data for using more sophisticated models
(Wang et al. 2020; Stolker et al. 2020). However, it is un-
likely that the true emission from these protoplanets are
blackbodies. As these planets are accreting, there also
should be dust in their circumplanetary environments.
There has been tentative evidence for a circumplanetary
disk (CPD) around PDS 70 b with K — and M-band ex-
cess (Christiaens et al. 2019a; Stolker et al. 2020), and
a significant ALMA detection of dust at the location of
PDS 70 ¢ (Isella et al. 2019).

Long-baseline optical interferometry allows us to com-
bine multiple single-dish telescopes together to achieve
an order of magnitude boost in angular resolution, im-
portant for discerning protoplanets from circumstellar
and circumplanetary dust (Wallace & Ireland 2019). Re-

cently, the GRAVITY interferometer at VLTI made the
first direct detection of an exoplanet with optical in-
terferometry using its pioneering phase-referenced dual-
field mode (Gravity Collaboration et al. 2019). This
mode has shown GRAVITY can achieve astrometric pre-
cisions down to 50 pas and obtain high signal-to-noise
K-band spectra of exoplanets at R~500 (Gravity Col-
laboration et al. 2020; Molliere et al. 2020; Nowak, M.
et al. 2020).

In this work, we will leverage the superior angular res-
olution of GRAVITY combined with its ability to dis-
tinguish coherent and incoherent emission to study the
PDS 70 protoplanets. In Section 2, we describe the ob-
servations made of PDS 70 b and ¢ as well as its host
star, the data reduction, and spectral calibration. We
then fit the orbit of both planets and make dynamical
mass constraints based on stability arguments in Section
3. In Section 4, we fit multiple atmospheric models, ex-
plore the evidence for extinction and circumplanetary
disk emission, discuss the nature of the photospheric
emission from these protoplanets, and place limits on
Bry accretion signatures. We also use the long-baseline
data from GRAVITY to attempt to resolve the circum-
planetary environment in Section 5. Finally we offer
some concluding thoughts in Section 6.

2. OBSERVATIONS AND DATA REDUCTION
2.1. GRAVITY Observations

The observations were carried out using the GRAV-
ITY instrument (Gravity Collaboration et al. 2017) on
the VLTI using the four Unit Telescopes (UT). The log
of the observations are given in Table 1. Atmospheric
conditions ranged from very good (atmospheric coher-
ence time 79 = 20ms) to average (79 ~ 2ms). The first
observation, in 2018, is a classical interferometric ob-
servation of the star (PT M. Benisty, ID 0101.C-0281).
The 2019 observations were obtained as a backup of
the AGN large program (PI E. Sturm, ID 1103.B-0626,
for PDS70b), and from director discretionary time (PI
A. Vigan, ID 2103.C-5018, for PDS 70 ¢). Last, the 2020
observations were obtained as part of the ExoGRAVITY
large program (PI S. Lacour, ID 1104.C-0651).

The 2018 observations were carried out using the
single-field on-axis mode. On-axis means the beam split-
ter was used (Pfuhl et al. 2014), therefore sending 50%
of the flux to the fringe tracker (Lacour et al. 2019) and
50% on the science channel. Single-field means the fringe
tracker and the science fibers observed the same object:
in this case, the star PDS70 A. The observations were
followed by observations of the calibrator HD 124058.
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Table 1. Log of the observations.

Target Date UT Time Resolution Nexp/NDIT/DITa airmass To seeing
Planet Star
PDS70 A | 2018-06-25 | 01:13:21-01:30:12 | MEDIUM — 3/30/10s | 1.05-1.07 | 2.0-2.7ms | 0.55-0.80"
HD 124058 | 2018-06-25 | 01:44:45-02:01:42 | MEDIUM — 3/30/10s | 1.07-1.09 | 2.0-2.7ms | 0.55-0.80"
PDS70 b | 2019-07-16 | 00:09:49-01:01:39 | MEDIUM | 3/12/60s | 3/64/1s | 1.07-1.15 | 1.7-2.3ms | 0.87-1.32"
PDS70 b | 2020-02-10 | 07:09:28-08:38:48 | MEDIUM | 3/8/100s | 6/8/10s | 1.05-1.21 | 11.0-21.4ms | 0.61-0.73"
PDS70 ¢ | 2019-07-19 | 00:11:46-01:19:17 LOW 7/16/30s | 8/64/1s | 1.08-1.21 | 3.7-5.5ms 0.72-1.2"
PDS70 ¢ | 2020-02-10 | 07:29:01-09:13:45 | MEDIUM | 4/8/100s | 6/8/10s | 1.05-1.21 | 11.0-21.4ms | 0.61-0.73"

%Nexp is the number of exposures; NDIT is the number of sub-integrations; DIT is the detector integration time. The three

values can be multiplied together for the total integration time.

MJD ARA ADEC | o0ara | oADEC 14
(days) (mas) | (mas) | (mas) | (mas) -
b | 58680.032 | 102.61 | -139.93 | 0.09 0.24 | 0.39
b | 58889.341 | 104.70 | -135.04 | 0.09 0.11 | -0.89
c | 58683.034 | -214.95 | 32.22 0.13 0.13 | 0.28
c | 58889.353 | -214.30 | 27.19 | 0.07 0.16 | -0.72

Table 2. Relative astrometry of PDS 70b and c. Due to
the interferometric nature of the observations, a correlation
coefficient p is required to properly describe the confidence
intervals, which are not aligned on the sky coordinates. The
covariance matrix can be reconstructed using cara® and
O’ADECQ on the diagonal, and poaracapec off-diagonal.

The reduction of this dataset was standard using the
ESO GRAVITY pipeline! (Lapeyrere et al. 2014).

The observations of the exoplanets used the dual-field
on-axis mode. Dual-field means the fringe tracker and
the science fibers observed different objects. Thanks to
the splitter, the fringe tracker observed the star for phase
referencing, and the science fiber observe the planet.
Non-common path phase aberrations were calibrated by
interleaving the observation of the planet with single-
field on-axis observations.

2.2. Reduction of Relative Astrometry

The coherent flux was extracted following a standard
procedure with the ESO GRAVITY pipeline. From this
first step, we obtain Vonplanet (b, ¢, A) and Vopstar(b, ¢, A),
the coherent flux observed on the star and the planet as
a function of baseline b, time ¢, and wavelength .

The removal of stellar contamination was performed
during a second step. The details of the computation is
described in detail in Appendix A of Gravity Collabo-

Lurl: https://www.eso.org/sci/software/pipelines/gravity

ration et al. (2020). The code is available as a Python
library developed by our team?. The main objective
of the algorithm is to calculate R(\,b,t), the ratio of
the uncontaminated coherent flux between the star and

planet:

“planet Vplanet (ba ta )‘) (1>
f}/star ‘[star(bv ta >‘)

where Vigar(b,t,A) and Vplanet(b,%, A) are the coherent
flux of both objects in the absence of stellar speckle.
The additional term v comes from the fact that the sci-
ence fiber is not exactly positioned at the location of the
target in the focal plane (see Appendix A). The astrom-
etry was obtained from the argument of R, the ratio of
the coherent flux:

R(b,t,\,) =

Dbt \) = —2§(ARA u+ADECv)  (2)

in which (u,v) are the coordinates in the frequency do-
main and (ARA, ADEC) are the sky-coordinates of the
planet relative to the star.

The values, obtained by x? minimization, are given
in Table 2. The error bars given here correspond to
the precision of the measurement. They are estimated
from the scatter of the astrometric values (between each
file, or by splitting the files into independent measure-
ments). The typical precision is 100 pas. The system-
atic errors, which are ultimately limiting the accuracy
of the astrometry, are theoretically smaller. They were
estimated to be 16.5 u (Lacour et al. 2014).

2.3. Reduction of Spectra and Calibration

The coherent fluxes Viar (b, t, A) and Viianet (b, £, A) are
not normalized and therefore include the shape of the
spectrum. To extract the spectrum Fpianet(A), we as-
sumed the planet to be unresolved. The amplitude of

2 Software available on GitHub upon request.
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Figure 1. Plot of the visibilities of PDS70 A. The dashed
line is the average of the visibility, equal to 94 & 1%. The
inset panel represents the u-v coverage of the observations.

coherent flux of the planet is then equal to the planetary
flux:

Vplanet (ba t7 )\) = Fplanet (>\) eXP(lq’(b» tv >‘)) 9 (3)

with the phase derived from the astrometry obtained as
described in the previous section.

The star itself has an angular size much smaller than
0.1 mas and therefore was not resolved by our observa-
tions. However, the visibilities are still below one be-
cause the interferometer did partially resolve the hot
inner disk:

‘/star(bv ta A) = Fétar(A)Jstar(ba t? >‘) (4)

where Jgar (b, t, A) is the visibility drop due to resolving
the central source (star and inner disk). Hence:

_ PYstarFstar()\) R(/\7 b7 t)']star(b7 t7 )\)
= < - >pt -
Yplanet exp(i®(b, t, \)) ’
(5)
The notation <> corresponds to the mean notation:
the coherent flux ratio is averaged over b and ¢. The
injection efficiencies Ystar and Yplanet are real numbers
between 0 and 1, where 1 is the theoretical maximum.
The value of yplanet Was nearly 1 for most epochs except
for the first epoch of PDS 70 ¢ when we did not know
the precise position of the planet. During this obser-
vation, the fiber was pointing 16.5 mas away from the
planet, which gave an injection efficiency of p = 0.84.
The calculation of this term is given in Appendix A.
To obtain Jypar(b, ¢, A), we used the observation of
PDS 70 A, calibrated by the star HD 124058 (assuming
a diameter for the calibrator of 0.136 & 0.002 mas). The
obtained visibilities are showed in Figure 1. They are
mostly consistent with a single constant:

Fplanet ()\)

Jstar (b, t, A) = cst. (6)

The value of the constant does depend on the normaliza-
tion of the stellar flux. We found that 944+1% of the flux

on-axis of the star is unresolved, independent of base-
line. That is, 6% of the flux came in excess emission
from the hot inner circumstellar disk that is resolved
with GRAVITY. An inner circumstellar disk has been
predicted from SED analysis (Hashimoto et al. 2012;
Dong et al. 2012; Long et al. 2018), detected in scat-
tered light (Keppler et al. 2018; Mesa et al. 2019), and
resolved in the mm (Francis & van der Marel 2020).

Because the inner disk is resolved, we cannot sim-
ply use the 2MASS K-band photometry of the system
(Cutri et al. 2003) to normalize the stellar model of the
star to calibrate the planetary spectra, since it would in-
clude excess emission from the circumstellar disk, which
is not part of Fyar(A). Fortunately, the combined scat-
tered light and thermal emission from the inner disk at
shorter wavelengths contributes <5% of the total flux
from the system (Dong et al. 2012), comparable to the
1o errors on the stellar photometry. Therefore, we used
a BT-NextGen stellar atmosphere (Allard et al. 2012)
determined from a joint evolutionary-atmospheric model
fit to literature optical and near-infrared photometry us-
ing the procedure described in Wang et al. (2020). We
did not impose a prior on the effective temperature as
in Wang et al. (2020), but all other aspects of the fit
were the same. From the resulting posterior distribu-
tions of the fitted and derived parameters, we measured
an age of 84+1 Myr, a mass of 0.88+0.02 M), an effective
temperature of 41091@8 K (higher than the spectroscop-
ically derived value of 3972 + 36 K; Pecaut & Mamajek
2016), and a surface gravity of log g = 4.23 + 0.02 [dex].
The mass estimated from SED fiting is significantly
higher than previous literature estimates from SED fit-
ting (0.76 &+ 0.02 Mg; Miiller et al. 2018), but in bet-
ter agreement with the dynamical mass estimates from
circumstellar disk modeling (0.875 + 0.03 My; Keppler
et al. 2019) and from the orbit fits presented in Sec-
tion 3. A synthetic stellar spectrum was computed by
randomly drawing 200 samples from the Markov Chain
Monte Carlo (MCMC) chain, taking the median and
standard deviation of the flux at each wavelength as the
adopted spectrum and corresponding uncertainties, re-
spectively. We used this spectrum as the spectrum of
the star (Fyiar) to calibrate our planet spectra. The
statistical uncertainties in the model stellar spectrum
are much lower than the uncertainties on the planetary
spectra, but do not include any estimate of systematic
errors in the stellar models.

Comparing our stellar model to the 2MASS K-band
photometry, we also measured a significant K-band ex-
cess of 14 &+ 3%, caused by emission from circumstellar
material close to the star. This is much greater than the
6% excess emission resolved by GRAVITY. As the stel-
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lar variability is dominated by the rotation modulation
of the star (Thanathibodee et al. 2019), it is unlikely
to be responsible for this disagreement, as the photo-
metric measurements used in the stellar SED fit should
average over this variability. Rather, the GRAVITY ob-
servations probe spatial scales of 0.2-0.5 au, which are
right in the middle of the spatial extent of the inner disk
based on models from Dong et al. (2012) and Long et al.
(2018). The remaining ~8% could be emitted closer in
to the star where it is not resolved by GRAVITY, or
further out at larger spatial scales that are outside the
field of view of GRAVITY (~50 mas). We did not see
significant change in the visibilities over the baselines
observed, indicating the emission must be significantly
closer in or significantly further out. Inner disk models
have the inner edge of the disk at 0.05 au so there could
be emission that is a factor of ~3 closer in (Dong et al.
2012; Long et al. 2018). On the other hand, Keppler
et al. (2018) detected the inner disk in polarized light
with VLT /SPHERE and found the inner disk could be
extended out to 20 au, and Francis & van der Marel
(2020) found an outer cutoff of 10 au at mm wavelengths
with ALMA. This also agrees with disk-modeling anal-
ysis that found the inner disk to end at 15 au (Long
et al. 2018). Any emission outside of 6 au would not
have been seen by GRAVITY (would not couple into
the single mode fibers). The location of the emission
affects our photometric calibration as emission at larger
separations do not need to be included in Fgi,, whereas
emission unresolved by GRAVITY needs to be included
in Fyay which ultimately changes the absolute bright-
ness of the planets. Without further information at the
moment, we assumed that half of the remaining 8% ex-
cess emission comes from the star. For simplicity, we
assumed that it has the same spectrum as the star, so
we essentially multiplied our model stellar spectrum by
1.04. A 4% change is already much smaller than the 1o
uncertainties on the planet spectra, so the exact scale
factor and spectral shape of the excess dust emission
should negligibly affect our results.

Since the star is young and accreting with clear Ha
emission (Thanathibodee et al. 2019), line emission from
the star could affect the calibration of the planetary
spectra. However, the stellar Paf line has not been de-
tected (Long et al. 2018). Given that the Bry line is
expected to be even weaker, and given that it should be
unresolved, the impact of the Br~ line on a single spec-
tral element of our planetary spectra should be negligi-
ble given the relatively large error bars of a single spec-
tral channel (~15% of the total flux). Similarly, (Long
et al. 2018) did not find appreciable CO line emission
in the K-band, which too should be unresolved in our

data, and thus have a negligible impact on our spectrum.
Thus, we concluded that our omission of emission lines
in our model stellar spectrum is a reasonable approxi-
mation.

With the coherent flux ratio R(\,b,t) and this model
spectrum of the star Fyar (M) scaled by 1.04, Eq. (5) gave
us the spectra for both planets. The resulting spectrum
as well as the uncertainties are plotted in Figure 2.

2.4. Reanalysis of SPHERE IFS PDS 70 ¢ data

We also reanalyzed the SPHERE IFS data on PDS
70 ¢ published in Mesa et al. (2019). Specifically, we
reanalyzed the data from 2018-02-24, which were ob-
tained in exquisite conditions (0.40” seeing). The data
were acquired with SPHERE (Beuzit et al. 2019) in its
IRDIFS-EXT mode where IFS (Claudi et al. 2008) and
IRDIS (Dohlen et al. 2008) observe in parallel, with IF'S
covering the Y JH bands and IRDIS in K1 and K2 band
(Vigan et al. 2010). The data were collected with the
apodized pupil Lyot coronagraph (Carbillet et al. 2011;
Guerri et al. 2011) in its N.ALC_YJH_S configuration op-
timized for the H band. The raw data were prepro-
cessed using the v1t-sphere® open-source pipeline (Vi-
gan 2020) to produce calibrated (x,y,\) data cubes of
coronagraphic images and off-axis reference PSFs.

Stellar PSF subtraction and spectral extraction of
PDS 70 ¢ was done using pyKLIP version 2.1 (Wang et al.
2015). We used angular differential imaging (ADI; Liu
2004; Marois et al. 2006) and spectral differential imag-
ing (SDI; Sparks & Ford 2002) to build up a model of the
stellar PSF. We used any frame where PDS 70 ¢ moved
by one pixel due to ADI and SDI to calculate the prin-
cipal components to model the star. We used the first
10 principal components, as this gave us the best signal-
to-noise on the planet. We used the forward modeling
framework described in Pueyo (2016) and Greenbaum
et al. (2018) to measure the spectrum of PDS 70 ¢. We
injected eight simulated planets at the same separation
but at different azimuthal positions as PDS 70 ¢, mea-
sured their spectra in the same way, and used the scatter
in their measured spectra to estimate the uncertainties
on the spectrum of PDS 70 c.

Due to the fact the planet is adjacent to the edge of
the circumstellar disk, there is concern that the spectral
extraction is biased by the disk even with forward mod-
eling. To assess this, we injected five simulated plan-
ets at similar separations as PDS 70 ¢ but at other az-
imuthal positions in the image where the simulated plan-
ets would be adjacent to the disk edge and computed

3 https://github.com/avigan/SPHERE
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Figure 2. GRAVITY K band spectra of PDS 70 b (left in blue) and PDS 70 ¢ (right in red). In both panels, The circle
points denote the estimated flux in each spectral channel in MEDIUM resolution mode. The darker and lighter shaded regions
denote the 1o and 20 confidence intervals of the MEDIUM resolution data, accounting for the estimated correlation between
neighboring spectral channels. For PDS 70 b, both epochs of data were combined together to create a single spectrum. For
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Figure 3. Reanalysis of the PDS 70 ¢ SPHERE IFS spec-
trum. The dark gray circles are the spectral channels ex-
tracted in this work, whereas the light gray squares are from
Mesa et al. (2019). We found larger error bars per spectral
channel and did not detect the planet shortwards of H-band.

the average bias in the flux after spectral extraction. We
found and corrected for biases that were at most the size
of the 1o uncertainty of each spectral channel. We also
verified that the scatter in flux between these five plan-
ets is consistent at the 20% level with the uncertainty
we estimated for PDS 70 c in the previous paragraph. In
both cases, the errors in the spectral measurements are
dominated by the low signal-to-noise of the planet, and
not by systematics due to the presence of disk signal.
We found that PDS 70 c is only detected in the last
12 spectral channels of the IFS data (i.e., H-band). Un-
like Mesa et al. (2019), the Y— and J— band spectra
are consistent with non-detections, and the scatter we

measured at those wavelengths is due to noise. We note
that the PDS 70 ¢ spectrum from Mesa et al. (2019)
only significantly deviates from their median spectrum
of the circumstellar disk in the H-band (see their figure
5, panel c), which may indicate their PDS 70 ¢ spec-
trum at Y and J bands are contaminated by the disk.
Our measured spectrum appears to be less affected by
the disk likely because we used a more aggressive stel-
lar PSF-subtraction routine that filtered out more disk
signal. We also found larger uncertainties per spectral
channel on average. Our extracted spectrum of PDS 70
¢ is plotted in Figure 3. Both reductions have indica-
tions of correlated noise, as neighboring spectral chan-
nels have less scatter than the error bars would imply
for uncorrelated spectral channels.

3. ORBITAL DYNAMICS
3.1. Orbit Fitting

With only two epochs of GRAVITY measurements
for each planet, we were able to constrain the positions
and velocities of PDS 70 b and ¢ with 100 pas precision
(see Table 2, but the accelerations and ultimately the
orbital elements of the planet are still limited by the
precision of astrometry from single dish telescopes. We
supplemented the GRAVITY astrometry with imaging
astrometry from Miiller et al. (2018), Mesa et al. (2019),
Haffert et al. (2019), and Wang et al. (2020) (see Table
8 in Appendix B).
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To define the orbit, we used the following orbital pa-
rameters: semi-major axis (a), eccentricity (e), inclina-
tion (i), argument of periastron (w), longitude of the
ascending node (), epoch of periastron in units of frac-
tional orbital period (7), system parallax, and the com-
ponent masses of each body (Blunt et al. 2020). We
defined the orbital elements for each planet in Jacobi
coordinates as they vary less when accounting for the
effects of multiple planets (see next paragraph). The
reference epoch for 7 for both planets was MJD 55,000
(2009-06-18). To keep the orbits realistic, we used the
same priors as Wang et al. (2020) to impose PDS 70
b and ¢ have non-crossing orbits as well as near copla-
narity of the planets and circumstellar disk. We rejected
all orbits for which periastron of PDS 70 c is inside of
apastron of PDS 70 b. We also applied a Gaussian prior
centered at 0 with a standard deviation of 10 degrees
on the coplanarity of planet b with the disk, planet ¢
with the disk, and planet b with planet c. We fixed the
disk plane to i = 128.3° (equivalent to i = 51.7° but
for clockwise orbits) and PA = 156.7° based on Keppler
et al. (2019) measurements of the outer disk. The only
prior we changed is the one on the stellar mass: we used
a Gaussian prior centered at 0.88 My with a standard
deviation of 0.09 Mg based on our stellar SED fit in
Section 2.3 but with 10% errors to account for model
systematics. All our priors are listed in Table 3.

We are sensitive to perturbations on the visual orbit
of one of the planets around the star due to the other

planet. Essentially, our visual orbits are defined by the
relative separation between the planet and the star. A
second planet, to first order, perturbs the star’s posi-
tion and causes the measured distance between the first
planet and the star to change, creating epicycles in the
visual orbit (note that this effect is different from direct
planet-planet gravitational interactions, which we will
not consider and are much smaller in amplitude). We
followed the prescription defined in Brandt et al. (2020)
where only the perturbations of inner planets are ac-
counted for. Thus, the visual orbit of PDS 70 c relative
to the star is sensitive to the orbit and mass of PDS 70
b, but not the other way around. For a Jupiter-mass
planet at 20 au, the peak-to-valley amplitude of this
perturbation is 400 pas. To properly model the GRAV-
ITY astrometry, we needed to account for this effect.
However, we note that with only two GRAVITY epochs
per planet, we did not constrain the masses. Simply,
the orbital elements we inferred would have been dif-
ferent if we assumed the planets were massless rather
than Jovian mass. In this work, we added uniform pri-
ors on planet mass between 1 and 15 Jupiter masses
for each planet. Even though recent work (e.g., Wang
et al. 2020; Stolker et al. 2020) inferred masses closer to
1 Mjy,p than 15 My, we purposely extended the prior
range to higher masses to assess if we could rule out
high-mass solutions via dynamical stability arguments.

The orbital parameters were inferred by Bayesian pa-
rameter estimation using an unreleased version of the
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orbitize! package with commit id 8335649 (Blunt
et al. 2020), which uses the parallel-tempered affine-
invariant sampler ptemcee (Foreman-Mackey et al.
2013; Vousden et al. 2016). This version of orbitize!
automatically handles the covariances of the uncertain-
ties in R.A. and decl. that result due to the u-v coverage
of the observations. We ran the sampler using 20 tem-
peratures, 1000 walkers per temperature, and 100,000
steps per walker. Convergence was assessed by visual
inspection of the walker chains, and by checking that we
ran the sampler for at least 100 autocorrelation times.
We also accounted for the perturbations on the visual or-
bits of each planet due to the other planet in the system
as described in the previous paragraph. The posterior
was formed using the last 40,000 steps from each walker
at the lowest temperature. The visual orbit for PDS
70 b is plotted in Figure 4 and the posterior credible
intervals (CIs) are listed in Table 3.

With the new GRAVITY data, we constrained the
semi-major axis of PDS 70 b (ap) to £2 au (95% cred-
ible interval), but a. to only £5 au for the same credi-
ble interval. Perfectly circular orbits for PDS 70 b are
disfavored by the current data whereas PDS 70 ¢ is con-
sistent with circular orbits. The period ratio of PDS
70 ¢ to PDS 70 b is 2.137037 (68% credible interval;
2.13f8:2g for the 95% credible interval), putting it near
the 2:1 mean-motion resonance (MMR) as has been pro-
posed by Haffert et al. (2019) and Bae et al. (2019). For
the first time, we are able to strongly disfavor all other
first-order mean-motion resonances such as the 3:2 and
4:3 MMR. Given these planets are thought to be Jovian
mass (Wang et al. 2020; Stolker et al. 2020), if they are
locked in MMR, it would likely require the strength of
a first-order resonance (e.g., André & Papaloizou 2016).
Thus, the 2:1 MMR is the single likely candidate for
orbital resonance.

3.2. Dynamical Constraints

The period ratio, slight eccentricity, and masses of the
planets bear strong resemblance to the HR 8799 system
where at least the innermost two planets (HR 8799 d
and e) harbor eccentricities near 0.1, are likely locked in
a 2:1 MMR, and have a period ratio slightly larger than
2. Wang et al. (2018) proposed that HR 8799 d and e
arrived at this orbital configuration due to resonant mi-
gration in the protoplanetary disk: radial migration in
MMR excites the planets’ eccentricity while eccentricity
damping due to the viscous circumstellar disk repelled
the planets to period ratios greater than 2.

We investigated whether PDS 70 b and c are in a
similar dynamical scenario by searching for dynamically
stable orbits. Following the procedure in Wang et al.

0.25 4

J1

0.20 A

0.15 A

Frequency

0.10 A

0.05 A

0.00

2 4 6 8 10 12 14
Mass (Mjyp)

Figure 5. Mass constraints on PDS 70 b and ¢ based on
the dynamical stability prior. The mass of PDS 70 c is un-
constrained, whereas PDS 70 b disfavors high masses.

(2018), we performed rejection sampling on our poste-
rior of orbital parameters by imposing a stability prior
that the orbital configuration is stable for the system’s
age of 8 Myr, noting our results are not extremely sen-
sitive to the exact choice of age. For each orbit in the
posterior, we used the REBOUND N-body package with
the IAS15 integrator to advance the system backward
in time for 8 Myr (Rein & Liu 2012; Rein & Spiegel
2015). We assigned component masses for all three bod-
ies based on the mass posteriors from our orbit fit. Note
that only the mass of the star was constrained by our
orbit fit, and that the posterior masses from the two
protoplanets were dictated by the prior. We considered
a system unstable if the two planets pass within one mu-
tual hill radius of each other (~3.3 au) or if any planet
is ejected to 500 au. During the simulations, we logged
the 2:1 resonance angle between the two protoplanets
that we define as

ec:b = )\b - 2)\6 + @, (7)

where w = ) + w is the longitude of periastron, and
A = w + M is the mean longitude (M is the mean
anomaly). We used the same algorithm as Wang et al.
(2018) to identify where in time series of 0., is it li-
brating or circulating (see their figure 7), and saved the
fraction of time the angle was librating over 8 Myr in
each simulation.

In these simulations that just account for the gravi-
tational interactions of the three bodies, we found that
41% of the orbital posterior is dynamically stable and
only 3% of the stable orbits have the two planets in res-
onance lock (where 6, is librating > 95% of the time).
In fact, the majority of stable orbits had .., circulating
the entire time, indicating that the planets were not in



10 WANG ET AL.

Table 3. Orbital Parameters for PDS 70 b and ¢

Orbital Element Prior Near-Coplanar Dynamically Stable
ay (au) LogUniform(1, 100)% | 20.17775 {*19) 208705 1)
. 0.07 0.14 0.06 0.11
eb Uniform(0, 1)% 0.227007 00 0177008 o)
i (°) sin(i)? 132.8720 (417 131.0128 (499
wp (%) Uniform(0, 2m) 164i§ ?3?) 161i§ Efzi))
(%) Uniform(0, 27)? 1705747 (£10:0 169.7748 (F55)
™ Uniform(0, 1) 0.40370: 0% Foroee) | 0.40270057 (F000)
ac (au) LogUniform(1, 100)% 33,2t§:2 Efi:g)) 34.3ﬁ‘_§ Eté:g;
. a +0.052 (40.104) +0.041 (40.088)
€ec Uniform(0, 1) 0.0517 g5 (~0.049) 0.037" 1 o5 (~0.035)
ie (°) sin(i)? 1316759 (15 130.5755 (F39)
we (%) Uniform(0, 2) 563 (o) 53758 (1)
Q. (°) Uniform(0, 27)® | 1610742 (459 | 1617741 (45D
- Uniform(0, 1) | 0.51%0% (048 | g ggt000 crozo
Parallax (mas) | A(8.8159,0.0405) | 8.8217070%, (0000 | 8.8217 0000 (+00°0)
My (Myup) Uniform(1, 15) 79T 0 3253 (55
M. (Myup) Uniform(1, 15) 785 e 75 )
+0.065 (+0.131) +0.066 (+0.128)
M, (Mg) N(0.88, 0.09) 0.967 0 0ea o ae) | 098270000 (050

NoOTE—The orbital parameters used here are defined in Blunt et al. (2020) and are in
Jacobi coordinates. For each parameter, the median value of the posterior is listed,
with superscript and subscript describing the 68% credible interval (95% credible

interval in parentheses).

@ Additional prior on periastron of ¢ is larger than apastron of b

bAdditional Gaussian prior on the coplanarity of b, ¢, and the disk

resonance for any significant period of time in the simu-
lations. The relatively small fraction of stable orbits in
resonance lock is likely due to the significant uncertain-
ties in the orbital parameters, with many combinations
of orbital parameters lying well outside of any region
with MMR can occur. This difficulty in finding reso-
nant orbits has also been seen in HR 8799 (Wang et al.
2018).

However, we note that we have not included planet-
disk interactions and gas drag, which could affect the
planets’ orbits. It also does not rule out that these
planets could in the future migrate into orbital reso-
Thus, we will avoid investigating the detailed
dynamical interactions of the system with our simula-
tions alone. Encouragingly, Bae et al. (2019) accounted
for these effects and showed that having planets in the
approximate orbital configuration of PDS 70 b and ¢
migrate into resonance while accreting from the circum-
stellar disk would create a circumstellar disk and gap
that is consistent with the mm wavelength observations
and imply mass accretion rates consistent with the Ha
luminosities. Furthermore, they predicted that such a

nance.

migration into resonance would pump the eccentricity
of PDS 70 b to ~0.1-0.2, which agrees very well with
our inferred eccentricity of 0.17 + 0.06 for PDS 70 b as-
suming dynamical stability. The current observations
are thus consistent with planets being in 2:1 resonance.
However, we cannot reject other scenarios that do not
require the planets to be in resonance at this time.

We used the dynamical stability prior to place upper
limits on the masses of the two planets, and plot the
1D marginalized posterior distribution of their masses
in Figure 5. We found nearly no constraint on the mass
of PDS 70 ¢ from enforcing stability, but we found a
95% upper limit of 10 Mjy,, for PDS 70 b, consistent
with the masses predicted by Wang et al. (2020).

The mass of the host star is also constrained by the
orbital motion of the planets. Given that the masses of
young stars are more difficult to constrain from photom-
etry or spectroscopy alone compared to main-sequence
stars, the dynamical mass constraints on the host star
is another piece of useful information from the orbit fit.
We found a stellar mass of 0.982 + 0.066 Mg in our dy-
namically stable solutions. Compared to the dynamical



PDS 70 PROTOPLANETS INTERFEROMETRY 11

mass estimate of 0.875 4+ 0.03 My from fitting velocity
maps of the circumstellar gas (Keppler et al. 2019) and
the model-dependent mass estimate of 0.88 + 0.02 Mg
from the stellar SED fit described in Section 2.3, our
dynamical mass estimate from the planetary orbits is
systematically high, although it is consistent at the 1.60
level. Due to the short orbital arc, there remains ~10%
uncertainties in our dynamical mass estimate from the
orbital motion of the planets, since orbital period, semi-
major axis, and stellar mass are degenerate. Because of
this, using our dynamical mass posterior as a prior in
our stellar SED fits results in no change in the derived
stellar spectrum. If we instead fix the stellar mass to
1 Mg in our SED fits, the K-band excess predicted by
SED fits drops to 10%, but the J and H band photom-
etry become 20 discrepant with the model. Extending
the orbital coverage with more astrometric monitoring
will improve our stellar mass estimate.

4. SPECTRAL ANALYSIS

We investigated the nature of the emission from PDS
70 b and ¢ with the additional constraints provided by
our GRAVITY K-band spectra. We followed the same
approach as Wang et al. (2020), who found that a sin-
gle blackbody was the best description of the spectral
energy distribution of both planets. We investigated
whether a blackbody remains the best model for the
photospheric emission we observe, or whether more com-
plex models are needed.

We fit the following forward models to the data: a
blackbody, the BT-SETTL atmospheric models (Allard
et al. 2012), the DRIFT-PHOENIX atmospheric mod-
els (Woitke & Helling 2003, 2004; Helling & Woitke
2006; Helling et al. 2008), and the Exo-REM atmo-
spheric models Charnay et al. (2018). For all four mod-
els, we also considered augmenting each forward model
with extinction prescriptions to emulate dust redden-
ing and with a second blackbody element to emulate
circumplanetary dust emission. We note that, for the
extinction prescriptions, we were agnostic to whether
the dust is in the planet’s atmosphere, surrounding the
planet, or in the circumplanetary or circumstellar disk.
Interstellar reddening was found to be negligible (Wang
et al. 2020).

4.1. PDS 70 b SED Fitting

We used the following literature measurements in
the fits along with our GRAVITY K-band spectrum:
VLT/SPHERE Y JH spectrum at R~30 (Miiller et al.
2018), VLT/SPHERE photometry at H and K bands
(Miiller et al. 2018), and 3-5 pm photometry from
Keck/NIRC2, Gemini/NICI, and VLT/NACO (Miiller

et al. 2018; Wang et al. 2020; Stolker et al. 2020). All of
the literature photometry we used are listed in Table 7
in Appendix B. We excluded fitting the VLT /SINFONI
spectrum from Christiaens et al. (2019a) as it disagrees
with both the GRAVITY spectrum and the SPHERE
photometry at the same wavelengths by being ~30%
brighter. Whether this is astrophysical variability (the
SINFONI data was taken ~4 years earlier) or instru-
mental systematics is uncertain at this point, so we did
not consider it here for simplicity.

With only a tentative water absorption band between
the J and H bands, Wang et al. (2020) found that a sin-
gle blackbody was the most justified model. However,
our GRAVITY spectrum shows a dip at the blue end of
the K band that is consistent with the water-absorption
band seen in substellar atmospheres. To perform this
test quantitatively, we performed Bayesian model com-
parison between the different fits. We fit each model us-
ing the same Bayesian framework as Wang et al. (2020).
We used a Gaussian process with the same square ex-
ponential kernel to empirically estimate the correlated
noise in the SPHERE Y JH spectrum when fitting the
atmospheric models to the data. The GRAVITY spec-
trum has its covariance estimated as part of the data
reduction and we used this covariance matrix when ac-
counting for its correlated noise in the likelihood.

For the priors, we picked uniform priors in effective
temperature (Teg) between 1000 K and 1500 K and uni-
form priors in effective radius (R) between 0.5 and 5
Jupiter radii. For grids with surface gravity (log(g)),
metalicity ([M/H]), and carbon to oxygen ratio (C/O),
we used uniform priors with the bounds spanned by the
edges of the model grids: for BT-SETTL, 3.5 < log(g) <
5.5; for DRIFT-PHOENIX, 3.0 < log(g) < 5.5 and
—0.3 < [M/H] < 0.3; for Exo-REM, 3.0 < log(g) < 4.5,
—0.5 < [M/H] < 0.5, and 0.3 < C/O < 0.75. We used
pymultinest to sample the posterior distribution and
numerically compute the evidence of each model (Buch-
ner et al. 2014). The median and 95% credible intervals
of each parameter are listed in Table 4 in the “Plain
Models” section. The evidence allows us to compute
the Bayes factor B to test the relative probability of
two models:

P(M,|D)
P(M,|D)

P(D|My)P (M)

= (8)

b P(D[My) P(My)

In this equation, P is the probability of a quantity, My
and M are the two models that are being compared,
and D is the data. The left hand side is the relative
probability of M; compared to M, given the current
data. On the right hand side, P(D|M) is the evidence
of a given model, and P(M) is the prior probability of a
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given model. Assuming equal weight for all models, as
we do not think one model is better justified than any of
the others, the Bayes factor of two models is equal to the
ratio of evidences. We benchmarked all of the models
we considered against the simple blackbody model (i.e.,
we set it as Ms) given it has been the preferred model
in previous work (Wang et al. 2020; Stolker et al. 2020).
We list the values of B for each model relative to the
plain blackbody model in the rightmost column of Table
4.

Given the accreting nature of PDS 70 b, it is possi-
ble that the planet is extincted by accreting materials
or by circumplanetary and circumstellar dust. Indeed
previous atmosphere modeling indicated that both plan-
ets should be shrouded by its dust (Wang et al. 2020;
Stolker et al. 2020). The emission we observed could be
a planetary atmosphere attenuated by obscuring dust.
Although it is not entirely accurate, we first considered
a simple interstellar medium (ISM) extinction law. An
ISM extinction law has been shown to be an adequate
approximation of stars shrouded by their circumstellar
disks, so it is not unreasonable (Looper et al. 2010b,a).
We used an extinction law derived for stars attenuated
by the interstellar medium in the near-infrared by Wang
& Chen (2019). This extinction law follows the form of

where A, is the magnitudes of extinction at a wave-
length A, Ay is the extinction in the V' band with center
wavelength Ay = 0.55 ym, and [ is the power-law index
of 2.07 derived by Wang & Chen (2019). As we fixed
the power-law index, Ay is the only new free variable
introduced. We placed a uniform prior on Ay between
0 and 10 mags. We repeated the fit of the four model
grids, but now with the model flux attenuated by

Fobs = 107A/\/2'5chita (10)

where F,p, is the observed flux and F,,,;; is the original
flux from the model grids. We recorded the best-fit pa-
rameters and B relative to the plain blackbody model
with no extinction in Table 4 under “ISM Extinction.”

Given that the ISM extinction law may not be fully
representative of accreting dust in a circumplanetary en-
vironment where we expect grain growth (e.g., Birnstiel
et al. 2012; Kataoka et al. 2013; Piso et al. 2015), a more
general case where the dust particles follow a variable
power law in grain sizes may better describe the data.
Such dust extinction prescriptions have been shown to
fit dusty free-floating brown dwarfs (Marocco et al. 2014;
Hiranaka et al. 2016) and directly imaged companions
(Bonnefoy et al. 2016; Delorme et al. 2017). Thus,

we considered replacing the ISM extinction law with
a power-law dust extinction prescription. We assumed
MgSiO3 dust with particle size distribution n oc aBaust
with a being the radius of the dust, and Squst being the
power-law exponent. We set a minimum dust radius of
1 nm, and vary the maximum dust radius amax, as the
minimum grain size does not significantly impact the
spectrum. For a given apax and Bqust, we computed the
extinction cross section (o4yst) of the dust as a function
of wavelength with PyMieScatt (Sumlin et al. 2018) by
using the refractive indices from Scott & Duley (1996)
and Jaeger et al. (1998). To relate the cross-sectional
area to an amount of attenuated flux per wavelength,
we used the relation

9dust

Fops = €778t Fonit = 10_AV/2'56_ Tdust.V Fomits (11)

where o4ust,v is the cross-sectional absorption area av-
eraged across the V band, and 74, is the optical depth
of the dust. Our uniform prior on am.x was between
0.01 and 10 gm and and our uniform prior on Byust was
between -10 and 0. Our prior on Ay remained between
0 and 10 mags.

We also considered augmenting the forward models
with circumplanetary disk (CPD) models. We first used
a simple blackbody component to model the CPD as
has been considered in the past work (Wang et al. 2020;
Stolker et al. 2020). CPD models have indicated that
the bulk of the thermal emission from a circumplane-
tary disk would come from the inner edge of the disk
(Zhu 2015; Szuldgyi et al. 2019). For the second black-
body, we adopted priors for the temperature of the sec-
ond blackbody component (7> and Rs respectively) that
are motivated by these modeling studies. The 75 prior
was a uniform prior between 100 K and T,g, the effective
temperature of the first component. The Ry prior was a
uniform prior between R, the effective radius of the first
component, and 50 Rjyup. These priors are not uniform
in T and Ry, but if we marginalized over Tog and R,
we get priors that only weakly favor lower temperatures
and larger radii.

Since extinction of the planetary atmosphere may play
a significant role, we considered the case of an extincted
atmosphere model plus a second blackbody component,
similar to what was done in Christiaens et al. (2019a).
This case attempts to model circumplanetary dust ab-
sorbing the light from the protoplanet and reradiating it
away at longer wavelengths. We used the simple ISM ex-
tinction law, as it has fewer free parameters, even though
we note that the slope may not be perfectly accurate for
circumplanetary dust. We only applied the extinction
to the atmospheric model and not the second blackbody
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Table 4. Model fits to SED of PDS 70 b
Model \ Ter (K) R (Ryup)  log(g) [M/H] C/O | Ay (mag) Gmax (pm) Baust B
Plain Models
Blackbody 1244750 2477523 - - - - - - 1
BT-SETTL 1252732 1977005 3.515001¢ - - - - - 5.5 x 107°
DRIFT-PHOENIX | 1384747 1.85%92% 5251022 _(.15+0-3¢ - - - - 96
Exo-REM 1051777 3.62704F 3.507000%  0.047005  0.7075 0 - - - 5.3 x 107°
ISM Extinction
Blackbody 135210130 2.167057 - - - 2.9757 - - 0.69
BT-SETTL 1418199, 1.98T01%  3.87H01% - - 6.1753 - - 84
DRIFT-PHOENIX | 1442732  1.85752% 4627051 —0.12793S - 3.0737 - - 59
Exo-REM 1234727 2887050 3.897032  0.01%05;  0.6170%7 | 83713 - - 46
Power-Law Dust Extinction
Blackbody 1273771 2.3470-27 - - - 29754 0.1025:0%2 —2.47123 0.14
BT-SETTL 1402778 2.537578  3.897053 - - 3.5733 2.41%52¢ —3.9731 3.8
DRIFT-PHOENTIX | 1413725 1.8075%  5.0470%  —0.077533 - 31753 0.0977936% —2.4722 20
Exo-REM 1223129° 2817092 3.847037  0.001055  0.617077 | 4.775 0.705 58 —4.173° 1.1
2nd Blackbody T> (K) R2 (Riyup)
Blackbody 1252148 2.4210-24 - - - - 3511552 2457333 0.53
BT-SETTL 1266157 1.3470%5  3.8810:52 - - - 10371397 31753 15
DRIFT-PHOENTX | 139375F 181752 5307919 —0.1170% - - 3017159 28.4129 ] 38
Exo-REM 1121755 1.447955 416703, 0.141532  0.547035 - 1078755 31798 0.44
ISM Extinction 4+ 2nd Blackbody
Blackbody 13671128 2117038 - - - 31752 3697553 26.57317 0.34
BT-SETTL 1392155 1961039  3.83105) - - 54132 4071253 26.6731°2 147
DRIFT-PHOENIX | 1449737 1.84i8¢§§ 5117938 _0.11F538 - 3.0753 3841323 3.8718 2.2
Exo-REM 12351590 2.867057  3.89%050  0.03T93  0.6010:07 | 8.0157 3181207 24,7253 14
Accreting CPD MpM (M.]Qup/yr) Rin (Riup)
Blackbody 1257755 2.3810°2¢ - - - - 3.3754 x 1077 2.7113 0.24
BT-SETTL 12597526 1687532 3.5510 03¢ - - - 291115 %1077 11733 0.55
DRIFT-PHOENTX | 1409742 1.7679% 5267922 0.02+5:2¢ - - 3.2+50 x 1077 2.9111 14
Exo-REM 1076177 2.5970%5 35270 0% 0267032 0.66709% - 2.8727T x 1077 11792 | 28 x107°

NoTE—For each parameter, a 95% credible interval centered about the median is reported
and lower bounds of that range.

%Mode of posterior reached edge of model grid

. The superscript and subscript denote the upper

component. We used the same priors on Ay, To, and
Ry as previously.

Last, we considered using the more sophisticated ac-
creting CPD model from Zhu (2015) that model the
emission from a CPD with density and temperature gra-
dients and account for molecular and atomic opacities.
The resulting spectra are parameterized by the product
of the planet’s mass and its mass-accretion rate (MpM )
and the inner edge of the CPD (R;,). The spectra are
only weakly sensitive to the outer disk edge. Zhu (2015)
produced models with the outer radius being 50 and

1000 R;,, and we marginalized over the two outer radii
in our SED fits, as there was no statistically significant
difference.

In all, we tried six different modifications to the four
forward models, resulting in 24 models. We plotted the
best-fit model for the model modification with the high-
est Bayes factor for each of the four atmospheric forward
models in Figure 6 and listed all the results in Table 4.
We discussed the model selection and implications fur-
ther in Section 4.3.
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Figure 6. Spectral energy distribution data and models for PDS 70 b. For each of the four forward model grids, we plot
the best-fit model from the modification case with the highest Bayes factor. The data are also overplotted. The GRAVITY
spectrum (in blue) is binned with each point representing the weighted mean of 19 spectral channels and the error bar is the
1o weighted error of the binned flux (note that the fits were still done on the unbinned data). The SPHERE IFS spectrum is
the gray, and the literature photomety is in black. The inset plot zooms in on the K-band region, plotting the models and only

the GRAVITY data for comparison.

4.2. PDS 70 ¢ SED Fit

In addition to the GRAVITY K-band spectrum and
the re-extracted SPHERE IFS Y JH spectrum, we also
used the K-band photometry from Mesa et al. (2019)
and L-band photometry from Wang et al. (2020). We
listed the exact numbers for the literature photometry
that we used in Table 7 in Appendix B. In this system-
atic exploration of models, we did not fit the 855 pum
continuum emission coming from the location of PDS
70 ¢ (Tsella et al. 2019), as the Exo-REM and accreting
CPD grids did not extend to those wavelengths, and to
primarily focus on the 1-5 ym SED where the bulk of the
planetary emission should be (see the end of the section
for more fits with this data point).

We used the same four base forward models. We mod-
ified the prior for T,g of the blackbody models to be
between 700 to 1200 K instead, as the previous prior
range for PDS 70 b was too high. We did not modify
the Tog for the other forward models because they did
not go below 1000 K. For all four models, the range of
Teg remained 500 K, so the impact of a different Teg
prior on the evidence of the blackbody models should
be negligible.

We also used the same extinction and CPD modifica-
tions as for PDS 70 b. The only change was changing the
prior limits for Ay to be between 0 and 20 mags instead
of 0 and 10 mags, as preliminary analysis indicated the
extinction could be greater than 10 mags. Increasing
the prior range on Ay may decrease the evidence of the

models with extinction slightly, but we accepted this in
order to have a more flexible extinction prescription.

The 95% CI centered about the median of each pa-
rameter of each model fit along with the Bayes factor
of each model relative to the single Blackbody model
with no modifications are listed in Table 5. The best-
fit spectrum of the model modification with the highest
Bayes factor for each of the four base forward models
are plotted in Figure 7.

Given that Isella et al. (2019) used the 855 pm detec-
tion to demonstrate the existence of a CPD disk around
PDS 70 ¢, we ran a few fits including this photomet-
ric point to verify this conclusion and characterize the
CPD. As baseline models, we repeated the single and
two blackbody fits with this longer wavelength measure-
ment. From the fits above to the 1-5 ym data, we found
that the model with the most support from the data was
the plain DRIFT-PHOENIX, and that augmenting it
with a cooler blackbody component was acceptable (see
Table 5 and Section 4.3). We thus also refit the plain
DRIFT-PHOENIX model and the DRIFT-PHOENIX
model supplemented with a cooler blackbody compo-
nent. In the fits, we extended the upper limit on the
prior for Ry to 5000 Ry, (2.4 au) and the lower limit
of T5 to 10 K based on the results from (Isella et al.
2019) and Wang et al. (2020) that point to a very large
and cold CPD. Since the data used in the fit changed,
we avoided direct model comparisons between these fits
and the fits to only the 1-5 pm data, and only compared
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these four models among themselves. We define Bgss as
the Bayes factor between one of these models and the
plain blackbody fit that includes the 855 pym data point.
We list the results of the model fits in Table 6.

4.3. Model Comparison

For the purposes of model selection, we denoted any
model within a Bayes factor of 100 of the best-fitting
model (i.e., highest Bayes factor) to be “adequate.” The
relative probability of adequate models are > 1% com-
pared to the best fitting model, which we considered
good enough to not be excluded. First, we discuss the
fits that only consider the 1-5 pum data. For PDS 70
b, we found that the BT-SETTL model modified with
both extinction and a second blackbody component has
the most support from the data. For PDS 70 c, the plain
DRIFT-PHOENIX model has the highest Bayes factor
by being able to fit the data the best without unneces-
sary free parameters. Thus we considered models with
B > 1.5 and B > 6 x 10° to be adequate for PDS 70 b
and c, respectively.

Based on the Bayes factors, the new GRAVITY K-
band spectra are able to reject the pure blackbody model
for the photosphere of both protoplanets in favor of the
three planetary atmosphere models. In particular, the
falling slopes in both the short and long wavelength
ends of the K band are incompatible with blackbody
predictions (see inset of Figure 6 and Figure 7), and re-
quire opacity sources such as water, molecular hydrogen,
and carbon monoxide absorption to create the observed
slopes in the GRAVITY spectra. For PDS 70 b, this
corroborates the tentative 1.4 pm water absorption fea-
ture seen in the SPHERE IFS data (Miiller et al. 2018).
The difference in Bayes factors is far steeper for PDS
70 c. This appears to be due to the fact that the slope
of the GRAVITY K-band spectrum for PDS 70 c is in
much starker disagreement with the predictions made
by the blackbody model. Thus, we will mainly focus on
the three planetary atmosphere models, as all three are
adequate fits given the appropriate modifications.

The plain DRIFT-PHOENIX model, in addition to
being the most favored model for PDS 70 c, is the model
with the second highest support for PDS 70 b. Adding
modifications to the DRIFT-PHOENIX model did not
improve the fit, resulting in lower Bayes factors. This
can also be seen in the range of Ay, T, and Ry parame-
ters derived in the fits with modifications. The ranges of
these parameters are typically consistent with the lower
bounds of the priors for these parameters, implying they
are minimally altering the DRIFT-PHOENIX spectrum.

The BT-SETTL and Exo-REM models, on the other
hand, are poor fits to the data without modifications,

with a Bayes factor orders of magnitude worse than
both the plain DRIFT-PHOENIX and blackbody mod-
els. However, adding some sort of extinction to change
the overall 1-4 um slope drastically improved their fit,
pulling their Bayes factor to within a factor of 100 of
the best fitting model. The ISM extinction amplitude
of 3.9 < Ay < 9.4 mag for BT-SETTL fits to PDS 70
b corresponds to an 0.23 < Ax < 0.54 mag, which is
similar to the extinction values found for dusty brown
dwarfs (Marocco et al. 2014; Delorme et al. 2017).

Switching from ISM extinction with one free parame-
ter to a variable power-law dust extinction with three
free parameters caused drops in the Bayes factor in
nearly all cases, except for the Exo-REM model of PDS
70 ¢ (although this model’s B was too low to be consid-
ered adequate). We do not think this implies that we
are seeing extinction from ISM-like grains, but rather
that the current data are insufficient to constrain more-
flexible extinction models. In all cases, we ruled out ex-
treme size distributions with Bqust < —5 that are dom-
inated solely by small particles. While the maximum
dust size (amax) is relatively unconstrained for PDS 70
b, most of our fits ruled out dust particles larger than
about 1 um for PDS 70 c. However, we note that only
the DRIFT-PHOENIX model with power-law dust ex-
tinction has an adequate B for PDS 70 c, so it is unclear
how robust this conclusion is. Rather, we are worried
that the free parameters in the model are compensating
for other model deficiencies. Overall, the lack of im-
provement in the B indicates the current data is unable
to characterize the properties of any obscuring dust.

The DRIFT-PHOENIX and Exo-REM models have
free parameters to describe the composition of the at-
mosphere ([M/H] and C/0O). In all the adequate fits to
the data, these parameters are essentially unconstrained
(e.g., [M/H] spans the whole prior range for acceptable
DRIFT-PHOENIX models of PDS 70 b). There are
a few edge cases that are excluded (e.g., C/O < 0.4
is excluded for adequate Exo-REM models of PDS 70
b), but we take such constraints with caution as atmo-
sphere models can spuriously constrain C/O when there
are other inaccuracies in the model (e.g., the plain Exo-
REM fits to both planets have the smallest uncertainties
on C/0, but the lowest B of all models).

For all three planetary atmosphere models, the im-
plied masses based on the retrieved log(g) and radii gen-
erally favor masses > 10 Mj,,. However, our priors are
biased to high masses as the model grids generally do
not go down to a sufficiently low surface gravity for the
~2 Ryyp effective radii we measured: a 1 My, and 2
Rjup planet has log(g) = 2.8, which is below the bounds
of all our model grids. If we instead use the mass poste-
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Table 5. Model fits to SED of PDS 70 ¢

Model \ Ter (K) R (Ryup)  log(g) [M/H] C/O | Ay (mag) Gmax (m) Baust B
Plain Models
Blackbody 1005783 2.3970%3 - - - - - - 1
BT-SETTL 1155737 127709 3.507000¢ - - - - - 3.4 x 107
DRIFT-PHOENIX | 105473  1.987539 4547061  —0.227585 - - - - 6.2 x 107
Exo-REM 1024735 1.89792% 35070924  0.47709%%  0.651502 - - - 3.1x 1077
ISM Extinction
Blackbody 14017925 1.4079:%% - - - 141738 - - 19
BT-SETTL 1289799, 1.60%9:39  4.10%9:34 - - 18.1+18 - - 3.6 x 10°
DRIFT-PHOENIX | 1086712 1.97t%4%  5.05%941 0117937 - 5.3%51 - - 5.5 x 107
Exo-REM 111243 2427089 3877035  0.017075 0507070 | 18.67173 - - 2.2 x 10°
Power-Law Dust Extinction
Blackbody 13381355 1.23705% - - - 16.015% 0.3170 34 —2.8722 13
BT-SETTL 13271118 1.247551 43871082 - - 15.2742 0417279 —2.5723 4.3 x 10°
DRIFT-PHOENIX | 107473%  1.92%535 4737085  —0.1470:32 - 11.3752, 0.089715-59° —257235 | 2.1 x 107
Exo-REM 1118%13%  1.967030  3.927052  —0.157057 0.47103% | 163737 0.377042 —2.0739 | 2.9x10°
2nd Blackbody 7> (K) R> (Riyup)
Blackbody 1024755 2257018 - - - - 2687129 21.9%752 0.12
BT-SETTL 1152757 0.807519  3.5270.09¢ - - - 811772, 4.072% 41x1073
DRIFT-PHOENIX | 105475  1.967530 446732  —0.19754} - . 26917738 22.4%245 | 1.6 x 107
Exo-REM 1064755 0.627037  3.9470353  0.22707%  0.5370:)7 - 878154 3571 | 31x107°
ISM Extinction + 2nd Blackbody
Blackbody 11867122 1.8070:59 - - - 78723 265739 23.4735% 1.3
BT-SETTL 1201750 1.59703% 4117058 - - 17.873% 2787338 2147352 | 8.3 x10°
DRIFT-PHOENIX | 1088712" 1.90%537 4917026  —0.02+52 - 55048 2521757 24.8725L | 9.6 x 10°
Exo-REM 11235007 2367087 3.9200.01  0.021031 0497030 | 18.5717 2611395 21.67255 | 5.4 x 10°
Accreting CPD M, M (M3up/yr)  Rin (Ryup)
Blackbody 1026755 2.221929 - - - - 22768 1077 3.179% 0.038
BT-SETTL 1153759 0.8175:27  3.52F0.09¢ - - - 31734 %1077 1.37033 1.8 x 107*
DRIFT-PHOENIX | 1059727 1.89%928 440703  —0.18%542 - - 2.67%:5 x 1077 3.0195 3.4 % 10°
Exo-REM 1051755 0.637035  3.797037  0.20702%,  0.5510:2% - 271112 51077 12722 | 32x107*

NoTE—For each parameter, a 95% credible interval centered about the median is reported. The superscript and subscript denote the upper
and lower bounds of that range.

Mode of posterior reached edge of model grid

rior for PDS 70 b from Section 3.2 as a prior on log(g),
we obtained surface gravity values for PDS 70 b near
the lower bound of all of the model grids, but none of
the other atmospheric parameters changed significantly.
As spectroscopic masses from surface gravity and radius
have been shown to be unreliable for brown dwarf atmo-
spheres of comparable temperatures (e.g., Zhang et al.
2020), we avoid overinterpreting the results on these pro-
toplanetary photospheres.

It appears that the 1-5 ym data alone does not pro-
vide significant evidence CPD emission. Evidence for

a second blackbody component by itself is marginal in
our fits. For both PDS 70 b and ¢, the models with
a second blackbody component for both the blackbody
and DRIFT-PHOENIX models have smaller B than the
plain models. Adding a second blackbody does improve
the Bayes factor from the plain models for the BT-
SETTL and Exo-REM models for both planets, but only
the BT-SETTL model for PDS 70 b with a hot compact
second component has an adequate Bayes factor.

The addition of extinction to the BT-SETTL and Exo-
REM atmospheric models combined with the second
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Figure 7. Same plot as Figure 6 except for PDS 70 c. To make it clearer to see by eye, both GRAVITY datasets have been
binned together into a single spectrum (in red) using a weighted mean for each bin.

Table 6. Model fits to SED of PDS 70 ¢ including 855 pm photometry

Model \ Ter (K) R (Ryup)  log(g) [M/H] To (K) Ro (Ryuwp) | Bsss
Plain Models
Blackbody 1005735 2397052 - - - - 1
DRIFT-PHOENIX | 105175 1.9970%%  4.5370-57  —0.2170:53 - - 7.0 x 107
2nd Blackbody
Blackbody 1021449 2.274017 - - 1194152 43071188 | 1.7 x 10°
DRIFT-PHOENIX | 1055753 1.967035 4.46%075 —0.19%070 | 125753 419731 | 1.7 x 10"?

NoTE—For each parameter, a 95% credible interval centered about the median is reported. The super-
script and subscript denote the upper and lower bounds of that range.

blackbody component generally improved the Bayes fac-
tor significantly more than the addition of the second
blackbody component alone. The BT-SETTL model
with extinction and a second blackbody component has
the highest Bayes factor for all of the models considered
for PDS 70 b. However, all other extincted models with
a second blackbody result in a lower Bayes factor than
those with the addition of just ISM extinction alone.
Switching from the pure blackbodies to accreting CPD
models from Zhu (2015) only decreases B, so there is no
evidence that these models are better. The M, M we de-
rived are consistent with mass and mass-accretion values
from evolutionary models (Wang et al. 2020). At these
low mass accretion rates, the CPD SEDs look similar to
blackbody emission (Zhu 2015), but may be less flexible
than the blackbody model (e.g., the blackbody model
prior range is flexible enough that it can negligibly al-

ter the planetary SED in the observed spectral ranges if
needed), resulting in a worse fit.

Evaluation of CPD emission would not be complete
without considering emission at 855 um from PDS 70
¢, which argues for circumplanetary dust emission from
PDS 70 ¢ (Isella et al. 2019). This data point has a sig-
nificant impact on the evidence for CPD emission given
its large spectral lever arm. Unlike in the previous case
of considering just 1-5 pm data, the DRIFT-PHOENIX
model augmented with a cooler blackbody has the high-
est evidence by a factor of 10%, strongly ruling out mod-
els without a CPD (as seen in Table 6). Reassuringly,
the parameters of the atmospheric model remain un-
changed from Table 5, demonstrating that this 855 pm
data point only probes CPD emission. Thus, our previ-
ous conclusions regarding the atmospheric properties of
these protoplanets using soley the 1-5 um data should
hold. With this single data point constraining the CPD
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properties, the radius and temperature of the second
blackbody component are dengenerate, but are consis-
tent with the values found by Isella et al. (2019).

Thus, we found that there is some evidence for a sec-
ond blackbody component for both planets when only
considering the 1-5 pum data. The inclusion of the
ALMA 855 pum detection for PDS 70 ¢ definitively re-
jects models without a second blackbody component,
demonstrating the need for observations at longer wave-
lengths to characterize the circumplanetary dust. These
findings are consistent with those of Stolker et al. (2020),
who found that the sole driver of the second black-
body model for PDS 70 b was their M-band photometry
point, and Isella et al. (2019), who originally presented
to detection of the CPD around PDS 70 ¢ at 855 pm.

4.4. What emission are we seeing?

We interpret the favoring of planetary atmosphere
models over featureless blackbody models to indicate
that we indeed are seeing into the atmospheres of these
protoplanets and that the accreting dust is not com-
pletely blocking all molecular signatures as was proposed
by Wang et al. (2020). The effective radii of PDS 70 b
from the best-fitting BT-SETTL model with extinction
and an added blackbody component is between 1.8 and
2.2 Rjyyp. Similarly for PDS 70 c, the plain DRIFT-
PHOENIX model inferred radii between 1.7 and 2.3
Rjyup. Regardless, these effective radii are much smaller
than has been found from previous works (Miiller et al.
2018; Wang et al. 2020), and are even starting to be con-
sistent with hot-start evolutionary models (Baraffe et al.
2003). Using the protoplanetary evolutionary models
from Ginzburg & Chiang (2019a), for this age and lumi-
nosity, these effective radii are consistent with the lowest
mean opacities for the atmospheres of the protoplan-
ets (< 2 x 1072 cm? /g using the values for PDS 70 b).
Such low opacities have been predicted to occur due to
the accretion of dust grains that have undergone grain
growth or by coagulation of grains after accretion onto
the planet, resulting in a distribution of grain sizes that
favors more larger-sized grains than typical ISM distri-
butions (Mordasini 2014; Piso et al. 2015).

The plain DRIFT-PHOENIX model without any
modifications has some of the highest Bayes factors for
both planets. Given that these models were originally
designed to fit dusty, but older, brown dwarfs, we in-
vestigated why they have the most support from the
data we have obtained so far. We found that this is
due to the fact the DRIFT-PHOENIX models do not
reproduce the L-T transition by having the clouds clear
up at lower effective temperatures, but rather produce
thicker clouds at T.g < 1600 K that create a redder

near-infrared spectrum (Witte et al. 2011). Given that
our retrieved T, are all lower than 1600 K, all of the
best-fit plain DRIFT-PHOENIX models should appear
more dusty than typical substellar atmospheres due to
the model creating a large dust cloud purely from at-
mospheric physics. However, the PDS 70 planets are
known to be accreting (Haffert et al. 2019), with the ac-
creting dust expected to shroud the atmosphere (Wang
et al. 2020). Thus, we caution against interpreting these
model-fitting results as indicating that PDS 70 b and ¢
are just extremely cloudy substellar objects. Instead,
it may be that this known deficiency in the DRIFT-
PHOENIX models of producing extremely cloudy plan-
ets for Tog < 1600 K may be emulating extinction from
accreting dust to current measurement precision.

The plain DRIFT-PHOENIX models may not be so
different from the extincted BT-SETTL and Exo-REM
models that also have significant support from the data.
These extincted models also seek to redden the plan-
etary atmosphere to better match the overall 1-5 pm
SED of both planets. The similar extinction amplitudes
with dusty brown dwarfs that are not actively accreting
may be a coincidence due to large uncertainties in the
extinction characteristics. The sedimentation timescale
of the dust in these protoplanet atmospheres should be
on the order of 10 years (Wang et al. 2020), so it is un-
likely that we are seeing lingering dust from accretion
in the field brown dwarfs. The formation of aerosols in
the upper atmosphere through some undetermined pro-
cess has been proposed to explain the dusty brown dwarf
population instead (Hiranaka et al. 2016).

Overall, we interpret the fact that DRIFT-PHOENIX
models and extincted BT-SETTL and Exo-REM models
having the most support form the data to indicate that
the planetary atmospheres are indeed significantly ex-
tincted by dust from the the planet formation process.
The current spectral data does not well constrain the
dust properties, so it is difficult to say how consistent
the dust properties are compared to the 1072 cm?/g
that is implied by evolutionary models. However, the
Ay required for the extincted BT-SETTL and Exo-
REM models are consistent with the constraint that
Ape > 2 mag to be consistent with the non-detection
of either planet with H 3 spectroscopy (Hashimoto et al.
2020). The drastically higher extinction of Ay ~ 10 for
PDS 70 ¢ compared to PDS 70 b implies significantly
more dust shrouding PDS 70 c. This could be inher-
ent to the planet or circumplanetary environment since
only PDS 70 ¢ has a significant mm signal at its posi-
tion, which implies a larger CPD than PDS 70 b (Isella
et al. 2019). On the other hand, the inferred accretion
rates are lower for PDS 70 ¢, which would imply that it
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harbors less dust around it (Haffert et al. 2019; Wang
et al. 2020). Alternatively, the extinction could be en-
hanced due to additional extinction by the flared edge of
the circumstellar disk (Keppler et al. 2018), which has
been ignored in this and previous studies of PDS 70 ¢
(Mesa et al. 2019; Wang et al. 2020). Better character-
ization of the 3D vertical structure of the circumstellar
disk can help pinpoint if the extinction is due to the
circumplanetary or circumstellar environment.

4.5. Bry Upper Limits

Although both protoplanets have been seen to emit
in Ha (Wagner et al. 2018; Haffert et al. 2019), no
discernible Brvy emission has been seen in previous ob-
servations (Christiaens et al. 2019b) or in our GRAV-
ITY spectra. Here, we quantified some upper limits on
the Bry luminosity and its constraints on the accretion
rates.

We can decompose the planetary flux density that we
measure into continuum and line emission:

Fplanet()\) = Fplanet,cont(A) + Fplanet,Br'y ()\> (12)

The continuum emission Fpianet,cont is the broad K-band
spectral shape that we have measured in our GRAVITY
spectrum and analyzed in the previous SED fitting sec-
tions. Since the Ha emission does not appear to be
resolved at 10 times higher spectral resolution than our
GRAVITY observations, we expect that any Bry emis-
sion would be unresolved with a spectral shape that is
simply the line spread function of the GRAVITY instru-
ment centered at the Bry line. Assuming a Gaussian line
spread function LSF(\) with standard deviation orsp,
the flux density of the planet’s line emission Fpianet,Bry
can be written as

fplanet Bry ( ()\ - )\Br7)2>
Filonet Brv(A) = =———Lexp | ——5—""—
planet,B 'y( ) T?TO’LSF b 20%5}7‘ (13)

= fplanct,Br’yLSFBr’w

Here, fplanet,Bry is the flux of the Bry line integrated
over all wavelengths, Ap,y, = 2.166um, and orsr =
0.0018 pm.

We estimated the integrated flux of the Bry line by
performing a matched filter of the continuum subtracted
GRAVITY spectra with LSFp,~, the expected spectral
shape of Bry emission line. The matched filter across
the GRAVITY spectral channels is written as:

(Fplanet - Fplanet,cont)Tcil(LSFBr'y)
(LSFBT,Y)TC_I(LSFBT,Y) ’
(14)
where C' is the covariance matrix of Fplanet(A) that we
computed as part of our spectral extraction in Section

fplanet,Br'y =

2.3. The error on fplanet,Bry is then defined as

1
OfBry = )
1B = LSFp)TC-Y(LSFp,-)

(15)

We approximated the continuum emission Fpanet,cont
by applying a 41-channel median filter on the origi-
nal planetary spectrum, Fplanet. Subtracting off this
continuum emission from the original spectrum of each
planet gave us an estimated wavelength-integrated Brvy
flux of 0.1 & 1.7 x 1072° W/m? for PDS 70 b, and
0.3 4 1.3 x 10720 W/m? for PDS 70 c. Both are fully
consistent with non-detections. These correspond to
30 upper limits of 5.1 x 1072 W/m? for PDS 70 b
and 4.0 x 1072 W/m? for PDS 70 c¢. The PDS 70
b upper limit is consistent with the 50 upper limit of
8.3 x 10729 W/m? derived by Christiaens et al. (2019b).

We also followed the accretion luminosity and mass
accretion analysis from Christiaens et al. (2019b), ac-
knowledging that the relations are not calibrated to
planetary mass companions forming in the disk, so un-
known biases exist. Using the Calvet et al. (2004)
relation between Bry and total accretion luminosity
for T Tauri stars, we find upper limits on the to-
tal accretion luminosity of < 9.6 x 107°Lg and <
7.7 x 107°Lg for PDS 70 b and PDS 70 c, respec-
tively. Then, we can relate total accretion luminos-
ity (Lacc) to mass accretion rate M using the equation
M = 1.25 Lacc Rplanet /G Mplanet that Christiaens et al.
(2019b) used from Gullbring et al. (1998). For PDS 70
b, assuming a mass of 3 My, and a radius of 2 Ryyp
based on evolutionary model fits (Wang et al. 2020),
we found an upper limit on the mass accretion rate of
< 2.9 x 107" Mjyp /yr for PDS 70 b. For PDS 70 c, as-
suming a mass of 2 My, and a radius of 2 Ry, from the
same evolutionary models, we found an upper limit on
the mass accretion rate of < 3.4 x 10_7MJup/yr. Both
rates are consistent with most literature results (Wag-
ner et al. 2018; Haffert et al. 2019; Christiaens et al.
2019b; Wang et al. 2020). This PDS 70 b upper limit
from Bry is incompatible with the lower limit derived
by Hashimoto et al. (2020) based on the detection of
Ha but non-detection of HB, and only marginally con-
sistent with the range of mean accretion rates derived
by Wang et al. (2020) from evolutionary models. The
disagreements are not surprising given that we used re-
lations that were calibrated to stars and not planets.
Models of planetary accretion are needed to translate
our Bry upper limits to more realistic mass accretion
limits.

5. SPATTALLY RESOLVING THE
CIRCUMPLANETARY ENVIRONMENT
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Figure 8. Normalized visibilities (Jpianet (b)) of planets b and c as a function of projected baseline length. The data from each
night are averaged by baseline. A visibility of 1 corresponds to a coherent flux equal to the flux measured by SPHERE direct
imaging. The uncertainty on the normalization due to errors in the SPHERE K-band photometry are shown as the gray-shaded
region. The blue- and red-shaded regions represent the range of model visibilities allowed based on 1o upper limits on the radii
of PDS 70 b and c respectively, assuming all the emission is coming from a uniform disk

. Inset panels: u-v plane coordinates.

5.1. VLTI Capabilities

With baselines up to 130 m, the VLTI at K-band
wavelengths can achieve an angular resolution (\/2B) of
~2mas (and can marginally resolve features at smaller
angular scales given a sufficient signal-to-noise ratio in
the data). The PDS 70 planetary system has a parallax
of 8.8mas (Gaia Collaboration et al. 2018), meaning
that GRAVITY is able to spatially resolve scales down to
at least 0.2 au (400 Ryjy,p) in projected separation. Here,
we present our attempt to resolve the circumplanetary
environments of the protoplanets.

Qualitatively, the marker of a resolved circumplane-
tary environment would be a drop in the coherent flux
coming from the planet and its circumplanetary environ-
ment. We can look at two indicators to assess whether
any emission was spatially resolved. The first indica-
tor is the total coherent flux measured by GRAVITY,
which probes spatial scales of a few mas, compared to

the total flux within ~40 mas measured by single-dish
telescopes in the K band. If GRAVITY is spatially re-
solving the source, the coherent flux should be lower
than the incoherent flux. With uncertainties of ~10-20%
from SPHERE photometry, we did not see a significant
drop for either PDS 70 b or c.

The second indicator would be a drop of the coherent
flux as a function of increasing baseline. It would in-
dicate that the longest baselines are spatially resolving
structure that appears point like to the shorter base-
lines. Again, we did not see any significant drop of at
least ~10% in the flux going to longer baselines (see
Figure 8). However, we used this technique to quantify
upper limits on the spatial extent of the circumplane-
tary region. This is done by fitting synthetic visibility
models to the measured visibilities.

5.2. Uniform Disk Model
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In this section, we considered the case where all the K-
band emission is coming from a uniform circular disk.
This could be true early on in the planet’s formation,
when the planet has just finished the runaway accretion
phase and could have radii of ~1000 Ry, or ~0.5 au
(Ginzburg & Chiang 2019a). This is unlikely for these
planets, given that the photometrically derived radii (see
Section 4) are orders of magnitude smaller, and that the
mass accretion rates measured with Ha and through
evolutionary models have indicated that these planets
are near the end of their formation process when their
radii have contracted to near their final radii (Wagner
et al. 2018; Haffert et al. 2019; Wang et al. 2020). Al-
ternatively, this could approximate the case where the
emission is dominated by the CPD (Zhu 2015; Szuldgyi
et al. 2019), although in Section 4.3 we favored emission
from the planetary atmosphere. Regardless, we consid-
ered this a simple and limiting case for our ability to
resolve the planet or its circumplanetary environment.

In the previous sections, we assumed that each planet
was point like. This assumption resulted in Eq. (3)
where the contrast is equal to the planetary flux. We
can remove this assumption by including a normalized
visibility term Jpjanes (b, ¢, A) proportional to the ratio
between coherent flux, Viianet (b, ¢, A), and total flux from
the protoplanetary object, Fpianet(A):

Vplanet (b; ta >‘) = Jplanet (b; ta A)Fplanet()\) . (16)

The normalized visibility can therefore be obtained from
the ratio of the coherent flux between the planet and
star, R(\,b,t), using the equation:

Jstar (b7 ta )\)Fstar()\)
14 Fplanet(A) ’

where Jgtar (b, €, A), Fsar(A), and p are established in
Section 2.3. Additionally, it requires the knowledge of
Fplanet(A). We assumed in this section that Fpianet(A)
is a BT-SETTL model of temperature 1300 K. The ex-
act model used is not important given our measurement
precision. What plays a major role is the absolute scal-
ing of the model: the higher it is, the lower the nor-
malized visibility of the planet will be. In this work,
we scaled the model to agree with the K-band magni-
tude of 16.5 + 0.1 for PDS70b (Miiller et al. 2018) and
17.74+ 0.2 for PDS70¢ (Mesa et al. 2019) that were ob-
tained through imaging.

The visibilities as a function of projected baseline
length are plotted in Figure 8. To increase the signal-
to-noise ratio, we averaged the visibility Jpianet(b,t, A)
over all wavelengths and time: only one visibility value
is obtained for each epoch and baseline. We used a uni-
form disk model, a Bessel function of first order (J;)

Jplanet (b7 ta )\) = R(Au b7 t) (17)

with Rplanet as the exoplanet radius and vu? + v? the
projected length of the baseline in units of A:

J1 (277Rp1anet V u? + U2)
7"'Rplanet Vu? 4+ v? '

Fitting these models to both PDS 70 b and ¢, we derived
a lo upper limit on the radii of the exoplanets of, re-
spectively, 0.2 and 0.4 mas. Using a 30 upper limit, we
found a maximum planetary radius of 143 Ry, for PDS
70 b and 285 Ryyp for PDS 70 c. These upper limits are
consistent with our photometrically derived radii from
Section 4 and protoplanet evolutionary models that are
much smaller (Ginzburg & Chiang 2019a).

Jplanet(b;taA) = (18)

5.3. Circumplanetary Disk Model

In reality, we expect an exoplanet of size ~ 1 —2 Ryyp
with a circumplanetary disk (CPD) that is more ex-
tended. Thus, we constructed a two-component model
where a small uniform disk represents the planet, and a
larger uniform disk represents the CPD. For simplicity,
we fix the radius of the planet to be 2 Rj,p,, which is
consistent with our photometrically derived radii from
Section 4. We also assumed that the CPD contributed
10% of the K-band flux. This is near the upper bound
of what is predicted by our models that include a second
blackbody component in the SED fits. Alternatively, the
CPD could be bright due to scattered starlight, since
scattered starlight dominates the K-band emission of
the outer circumstellar disk. Regardless, a CPD bright-
ness much lower than this would be completely unde-
tectable given our measurement errors, so our analy-
sis here is only suitable for constraining a bright CPD.
Thus, we created a model which included the contribu-
tion of both the planet and the CPD:

2J1 (xplanet> +0.1 2J1 (-TCPD)
Tplanet ZTCPD

JIplanet (b) = 0.9 (19)
where the only free parameter is the radius of the CPD
(Rcpp):

Tplanet = 2T Rplanet V u? 4 v? (20)

zcopp =27 Repp u'?2 + v'? (21)

Note that the projected baseline length, vu'2 + v'2,
which corresponds to a position in the frequency plane,
is modified to account for the inclination of the CPD.
The CPD will look shorter in the direction perpendic-
ular to its position angle due to viewing geometry. We
assumed the CPD has the same orientation and inclina-
tion as the circumstellar disk. We took values derived
from ALMA mm measurements: the inclination of the
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disk is ¢ = 51.7° and the position angle is a = 156.7°
(Keppler et al. 2019). Hence, the u-v plane is shifted to
the new coordinates:

u =cosi (ucosa — vsina) (22)

v/ =usina +vcosa. (23)

For PDS70 b, we found a lo upper limit of Recpp <
1mas, which we translated to a 30 upper limit of 0.3
au. Although we did not detect any signature of a CPD,
we have demonstrated the first observations that can
resolve scales of < 1 au around a protoplanet.

For PDS 70 c, the fit is dominated by the error caused
by the normalization of the visibilities (the visibility
of 1 is assumed to correspond to a coherent flux of
Kmag = 17.7+0.2). If we neglected this uncertainty, the
fit converged to a large CPD of radius Rcpp > 10 mas.
Because the extent of such CPD seems unrealistic (see
below), we are inclined to think that the drop in visibil-
ity is purely instrumental, due to the uncertainty in the
SPHERE K-band magnitude.

5.4. Comparison to Predicted Circumplanetary Disk
Sizes

The size of a CPD is governed by either the Hill or
Bondi radius, whichever is smaller. The Hill radius (Ryy)
for an eccentric planet is defined as

Ry =a(l —e){/M,/(3M,), (24)

where a is the semi-major axis, e is the eccentricity, M,
is the planet mass, and M, is the stellar mass. For
PDS 70 b, if we use a planet mass of 3 My, based on
evolutionary models (Wang et al. 2020), a stellar mass of
0.9 Mg, a semi-major axis of 20 au, and an eccentricity
of 0.2 from our orbit fit (Section 3), then we derive Ry =
1.6 au.
The Bondi radius for an isothermal ideal gas is
~ GM, GMyu

Es 2 kT’ (25)

where p is the mean molecular weight, G is the grav-
itational constant, kg is the Boltzmann constant, M,
is the planet mass, T is the gas temperature, and c; is
the sound speed. Assuming the gas is a blackbody in
thermal equilibrium with the star, the gas temperature
is 50 K. Assuming the same planet mass as before and
@ = 2 amu for molecular hydrogen, we found a Bondi
radius of 8 au. Our upper limit of Rcpp < 0.3 au thus
corresponds to 0.2 Ry or 0.04 Rp.

With Ry < Rp, we are likely looking at a planet
that is slightly above the thermal mass, the mass above
which accretion starts transitioning into a 2D process

from a 3D one (Ginzburg & Chiang 2019b; Rosenthal
et al. 2020). We compared our upper limit on PDS 70
b’s CPD to the CPD models of Szuldgyi et al. (2017)
and Fung et al. (2019) that explore planet masses above
the thermal mass regime. Szuldgyi et al. (2017) reported
results in Ry whereas Fung et al. (2019) provided disk
sizes in Rp. For planets with comparable Hill radii,
Szuldgyi et al. (2017) found CPDs with spatial scales of
up to 0.1 Ry, which agrees well with our upper limit
of 0.2 Ry. Fung et al. (2019) found that the CPD are
about 0.1 Rp for planets just above the thermal mass.
We found a upper limit in units of Bondi radii that is
~ 3 times smaller. We note though that we assumed a
very bright CPD (10% of the total K-band flux), and
that a fainter CPD would escape detection even if it
was more extended than 0.04 Rg. Our upper limit of
0.3 au is also consistent with the upper limit of 0.1 au
for a CPD around PDS 70 b derived using SED fitting
by Stolker et al. (2020), accounting for a non-detection
at 855 pm.

For PDS 70 c, using a planet mass of 2 Mj,, (Wang
et al. 2020), a semi-major axis of 30 au, and an eccen-
tricity of 0, we found Ry = 2.7 au. Assuming a gas
temperature of 40 K at 30 au, we find Rg = 10 au. The
limits from Szuldgyi et al. (2017) and Fung et al. (2019)
imply CPD sizes of 0.5 au (5 mas) and 1 au (9 mas) re-
spectively. Both are smaller than the 10 mas mentioned
in the previous suction that would explain the visibility
normalization offset, arguing for photometric calibration
to be responsible for the offset.

6. CONCLUSIONS

In this work, we present interferometric observations
of protoplanets PDS 70 b and c, as well as their host
star, using the GRAVITY instrument at VLTI. Using
baselines up to 130 m at K band, we obtained the high-
est spatial-resolution observations of the system to date.
We spatially resolved the inner circumstellar disk, find-
ing that it contributes at least 6% of the K-band lu-
minosity from the system. Such an excess is consistent
with SED fits of the star that only use photometry with
wavelengths shorter than the K band that find a 14%
excess. It is uncertain whether the remaining 8% emis-
sion is further out than 6 au, or closer in than 0.2 au.

We obtained R~500 K-band spectra and 100 pas as-
trometry of both protoplanets over two epochs. We fit
the GRAVITY astrometry on both planets to a near-
coplanar orbital model and rejected orbits that are not
dynamically stable for 8 Myr. We found a nonzero ec-
centricity for PDS 70 b of 0.17 +0.06, whereas the orbit
of PDS 70 c is nearly circular. The semi-major axes
and eccentricities are consistent with models of the two
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planets migrating into 2:1 MMR while accreting from
the circumstellar disk (Bae et al. 2019), but we found
that MMR may not be required for dynamical stability.
Agnostic to whether the planets have to be in MMR,
we placed a dynamical mass upper limit of 10 My, for
PDS 70 b that is consistent with predictions from evolu-
tionary models (Wang et al. 2020). We were not able to
constrain the mass of PDS 70 ¢ dynamically. However,
we were able to constrain the mass of the star to be
0.982 4+ 0.066 M, which is 1.60 higher than the masses
derived from the stellar SED fits in this paper and dy-
namical mass measurements from velocity maps of the
circumstellar gas (Keppler et al. 2019). Future GRAV-
ITY astrometry will constrain the orbital acceleration
of the planets at GRAVITY-level precision and will sig-
nificantly improve our orbital and mass constraints.

We combined our GRAVITY K-band spectra of both
places with a re-reduction of the SPHERE IFS spec-
trum of PDS 70 ¢ and archival data to characterize the
photospheres of both planets. We considered four at-
mospheric forward models, each with a suite of modi-
fications to account for extinction and circumplanetary
dust emission, to describe the photospheres of the two
protoplanets. The spectral shape of the GRAVITY K-
band spectra were able to reject pure blackbody models
for both planet unlike previous work (Wang et al. 2020;
Stolker et al. 2020). We found the best fitting models
are plain DRIFT-PHOENIX models or extincted BT-
SETTL and Exo-REM models. Both classes of models
appear to be emulating a dusty planetary atmosphere
that can arise if accreting dust shrouds the atmospheres
of the protoplanets. However, we cannot pinpoint the
location of the dust (e.g., in the atmosphere, around
the planet, in the circumplanetary or circumstellar disk)
with our analysis. The extinction values we found for
the dust are consistent with the non-detection of Hf
(Hashimoto et al. 2020). The fact we favored planetary
atmosphere models is promising as better observations
of these protoplanet atmospheres may be able to con-
strain their atmospheric composition, which can then
be related to measurements of the composition of cir-
cumstellar material. PDS 70 is currently the only sys-
tem that can allow us to directly study how the final
composition of a planet comes to be.

When compared to evolutionary modes, the inferred
photospheric radii of 1.7—2.3 Ry, implied that the dust
grains have low mean opacities of < 2 x 1072 cm?/g,
and could be evidence for grain growth (Ginzburg &
Chiang 2019a). We also placed upper limits on Brvy
emission of < 5.1 x 10720 W/m? for PDS 70 b and
< 4.0 x 10720 W/m?2 PDS 70 c from our GRAVITY
spectra.

With 1-5 pm spectrophotometric data alone, the ev-
idence for CPDs is not definitive. We found some ev-
idence for seeing emission from a circumplanetary disk
in PDS 70 b, but more data at longer wavelengths are
necessary to confirm such a hypothesis, as the current
findings rely on the single M-band photometry point
from Stolker et al. (2020). Only when including the 855
pm detection of continuum emission from PDS 70 ¢ from
(Isella et al. 2019) did we find definitive evidence to re-
ject models without a CPD for PDS 70 ¢. However, this
data point alone cannot constrain both the temperature
and radius of the CPD, as none of the our 1-5 ym data
provided significant constraints.

With an angular resolution of 2 mas (0.2 au), we were
able to spatially probe the circumplanetary environment
of the protoplanets. We did not find any evidence that
we spatially resolved either protoplanet or its CPD. As-
suming that all the emission is coming from a uniform
sphere, we placed 3o upper limits on the radius of the
sphere to be 285 and 499 Ry, for PDS 70 b and c, re-
spectively. Alternatively, we considered a model with
a compact photosphere with a radius of 2 Rj,, emit-
ting 90% of the K-band flux and a bright, extended disk
emitting the rest. We placed an upper limit on the size of
the bright CPD of 0.1 au for PDS 70 b that corresponds
to 0.2 Ry or 0.04 Rp, consistent with models of CPDs
(Szuldgyi et al. 2017; Fung et al. 2019). We note that
fainter diffuse emission further out would have escaped
detection. Larger infrared interferometer arrays, like the
proposed Planet Formation Imager, are needed to spa-
tially resolve the CPDs around these planets (Monnier
et al. 2018).
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Figure 9. Injection losses v as a function of the misalignment (Ac«) of the fiber.

APPENDIX

A. INJECTION LOSSES

For the first observations of PDS 70 b& c, the uncertainty of the position of the exoplanets were high. We positioned
the fiber using best-guess positions from previous orbit fits. Therefore, the science fiber was not perfectly centered on
the exoplanet. This resulted in injection losses, which we calculated here under the assumption of no atmosphere.

The complex field injected into the fiber is the normalized scalar product between the fundamental mode of the fibre
(E) and the incoming wave front (U). According to the Parceval-Planchet theorem, the calculation can be done either
at the entrance of the fiber (focal plane) or in the Fourier domain (pupil plane). The calculation is easier in the pupil
plane. Therefore, using the z and y the coordinates inside the pupil, we can write the complex coupling parameter as:

[T U,y) . B*(2,y) dady
\/ff+oo |U(x,y)|2dzdy x ff+°O |E(x, y)|2dxdy

The amplitude of the injected flux is |A|?. In our case, we want to calibrate the losses caused by the fact that the
exoplanet flux is slightly coming off axis, with an angle A«a. Assuming such a tilt, for a telescope of diameter D, the
electrical field of stellar origin is:

(A1)

exp (2imAa) if /a2 +y? < D/2

0 otherwise

U(z,y) o (A2)

where the effect of the atmosphere is considered fully corrected by the adaptive optics. The same approach can also
include a phase term for the residuals of atmospheric correction (Perrin & Woillez 2019), but the effect of such a term
is neglected here. The fundamental mode of the fiber is a Gaussian profile:

2 .2
vty
E(x,y) xe — . A3
(z,y) o< exp ( 22 ) (A3)
To maximize the injection, the mode is centred on the pupil, and has a half-width maximum of wg = 0.32D. In such
a case, for a full pupil, |A|2, .. = 81%. However, since both observations of the star and the planet were obtained
using the same single mode fiber, it is easier to use -, the normalized amplitude of the injected flux:

> x x +
|A|mlsa11gned _ ffPUP eXp (QZWAOLX - y )d:l?dy
|A|0n axis ffPup exp (_ x;+g )dl‘dy

(A4)
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Table 7. Literature Photometry

A AN Flux Flux Error
Planet | (um) | (pm) | (W/m?/pm) | (W/m?/um) Reference
b 1.5888 | 0.0266 | 6.43 x 1077 | 1.04 x 1077 | Miiller et al. (2018)
b 1.5888 | 0.0266 | 7.92 x 1077 | 1.75 x 1077 | Miiller et al. (2018)
b 1.6671 | 0.0278 | 6.83 x 1077 | 1.05 x 1077 | Miiller et al. (2018)
b 1.6671 | 0.0278 | 7.53 x 1077 | 1.14 x 1077 | Miiller et al. (2018)
b 2.100 | 0.051 | 1.203 x 107'¢ | 3.46 x 1077 | Miiller et al. (2018)
b 2.100 | 0.051 | 9.16 x 1077 | 0.43 x 1077 | Miiller et al. (2018)
b 2.2510 | 0.0545 | 1.156 x 107'7 | 2.57 x 107! | Miiller et al. (2018)
b 2.2510 | 0.0545 | 9.35 x 10717 | 0.42 x 107! | Miiller et al. (2018)
b 378 | 0.35 | 7.67x 1077 | 3.09 x 1077 | Miiller et al. (2018)
b 3.80 | 0.31 | 5.95x 1077 | 2,50 x 1077 | Miiller et al. (2018)
b 3.776 | 0.350 | 7.52x 1077 | 1.22 x 107'7 | Wang et al. (2020)
b 4.0555 | 0.0308 | 5.35 x 1077 | 1.36 x 107" | Stolker et al. (2020)
b 4.7555 | 0.2961 | 6.56 x 1077 | 1.63 x 1077 | Stolker et al. (2020)
c 2.110 | 0.051 | 3.10 x 1077 | 0.52 x 1077 | Mesa et al. (2019)
c 2.110 | 0.051 | 3.73 x 1077 | 0.40 x 1077 | Mesa et al. (2019)
c 2251 | 0.055 | 2.77 x 107'7 | 0.53 x 1077 | Mesa et al. (2019)
c 2.251 | 0.055 | 3.59 x 1077 | 0.49 x 1077 | Mesa et al. (2019)
c 3.776 | 0.350 | 3.31 x 1077 | 1.31 x 107'7 | Wang et al. (2020)
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The result of this calculation is plotted in Figure 9 as a function of A«a. The worst coupling happened for PDS 70 ¢
on 2019-07-19, when the fiber was situated 16.5mas from the exoplanet. The coupling efficiency was only 84% of the
optimal value (not including the effect of the atmosphere). For the other epoch of ¢, the exoplanet position was better
determined (5mas), and the efficiency was 98%. For the two epochs of PDS 70 b, the coupling was 91 and 99% of the

maximum on-axis coupling.

B. LITERATURE DATA

We listed the photometry from the literature for PDS 70 b and PDS 70 c in Table 7. For each photometric data
point, we listed the wavelength (\) and half width (A)) to represent the wavelength coverage of that filter. We did
not list the SPHERE IFS spectra for both planets used in the SED fit.

The literature astrometry for PDS 70 b and PDS 70 c are listed in Table 8. These were used to supplement the two

GRAVITY epochs for each planet.
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Table 8. Literature Astrometry

Epoch | Separation | Sep. Error PA PA Error
Planet | (MJD) (mas) (mas) ) (°) Reference
b 56017 191.9 21.4 162.2 3.7 Miiller et al. (2018)
b 57145 192.3 4.2 154.5 1.2 Miiller et al. (2018)
b 57145 197.2 4.0 154.9 1.1 Miiller et al. (2018)
b 57173 199.5 6.9 153.4 1.8 Miiller et al. (2018)
b 57173 194.5 6.3 153.5 1.8 Miiller et al. (2018)
b 57522 193.2 8.3 152.2 2.3 Miiller et al. (2018)
b 57522 199.2 7.1 151.5 1.6 Miiller et al. (2018)
b 57540 189.6 26.3 150.6 7.1 Miiller et al. (2018)
b 58173 192.1 7.9 147.0 2.4 Miiller et al. (2018)
b 58173 192.2 8.0 146.8 2.4 Miiller et al. (2018)
b 58289 176.8 25.0 146.8 8.5 Haffert et al. (2019)
b 58642 175.8 6.9 140.9 2.2 Wang et al. (2020)
c 56017 191.9 21.4 162.2 3.7 Miiller et al. (2018)
c 58173 209.0 13.0 281.2 0.5 Mesa et al. (2019)
c 58289 235.5 25.0 277.0 6.5 Haffert et al. (2019)
c 58548 225.0 8.0 279.9 0.5 Mesa et al. (2019)
c 58642 223.4 8.0 280.4 2.0 Wang et al. (2020)
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