A High-Resolution Spectroscopic Survey of Directly Imaged Companion Hosts
I. Determination of diagnostic stellar abundances for planet formation and composition
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Table 1. Observing schedule for targets in this work

- Automated Planet Finder (Lick Observatory), 2.4 m

Number of Integration Time  Observation date  Total Int.

farget frames per frame (s] (UT) Time (s)
- Levy optical echelle spectrometer (R=130,000, 374-900n)
HIP 25278 ¢ 1 148 December 27, 2016 148
51 Eri 1 54 August 26, 2015 54
HR 8799 1 300 July 29, 2015 300
HD 984 1 997 November 6. 2015 997
GJ 504 4 25 February 27, 2021 100
1 900 August 7, 2023
HD 206893 1 900 August 9, 2023 3600
1 900 August 25, 2023
1 900 August 26, 2023
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We identified several stellar absorption lines that could be used for the estimation of carbon and oxygen abundances,
and subsequently the C/O ratio. For carbon, we use the C 1 lines at 4772, 4932, 5052, 5380, and 6587 A. Obtaining the
oxygen abundance is more difficult due to the lack of easily detectable atomic oxygen features in the optical region of
the stellar spectrum as well as other complications (e.g., blends, three-dimensional, non-LTE effects) (Asplund 2005).
In the optical region, the only lines present are the forbidden [O 1] line at 6300 A (which is low-excitation and very
sensitive to minor changes in the stellar atmospheric temperature; Asplund 2005) and the O 1 triplet lines at 6155-58
and 7771-75 A. These lines are usually present for stars of spectral types BAFGK, which applies to the stars in our
dataset (Takeda & Takada-Hidai 2013). For the remaining 13 elements (Na, Mg, Si, S, Ca, Sc, Ti, Cr, Mn, Fe, Ni, Zn,
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Target Work T (K) log g (cgs) [M/H] [C/H] [O/H]
.03 £0.08% 0. 0.08 ¢
This work 7277 + 164 4324023 -0.01+011 OO F b 04 % 0. b
0.024 0167 -0.01 £ 017
51 Eri Saffe et al. (2021) 7259 + 167 4.12 + 0.20 -0.06 £ 0.10
Arentsen et al. (2019) | 7366 + 146 4.09 £+ 0.21 0.09 £ 0.07
Luck (2017) 7146 + 62 4.23 0.24 £+ 0.35
Koleva & Vazdekis (2012) | 7414 + 31 4.09 £+ 0.13 -0.02 £+ 0.08
013 £0.04% 0.10 £ 0.07 ¢
This work 7317 £ 176  4.32 £ 0.20 -0.57 £ 0.08 3 b +0.07 b
0.04 %+ 0.19 0.11 £ 0.20
HR 8799 Saffe et al. (2021) 7301 £+ 190 4.12 + 0.23 -0.70 £ 0.15
Wang et al. (2020) 7390 + 80 4.35 &+ 0.07 -0.52 £ 0.08  0.11 & 0.12 0.12 £ 0.14
Sadakane (2006) 7250 4.30 -0.50 0.20 0.19
Gray et al. (2003) 7422 4.22 -0.50
0.06 £0.07% 0.00 0079
This work 6401 + 177 4.42 £ 0.16 -0.01 £ 0.09 ! b +0.07 b
0.04 % 0.09 0.10 £ 0.24
HD 984 Costes et al. (2024) -0.01 £0.12  -0.05 = 0.10 0.09 £ 0.20
Rice & Brewer (2020) 6479 + 42  4.43 £ 0.05 0.06 = 0.02
Luck (2018) 6266 + 24 4.31 0.27
Valenti & Fischer (2005) 6490 4.83 -0.05
. a a
This work 5950 + 145 4.65 + 0.33 0.12 + 008 27 £0.03 b 0.28 = .11 b
GJ 504€ 0.35 = 0.19 0.47 £ 0.16
Hirsch et al. (2021) 6080 + 100 4.3+ 0.1  0.21 = 0.06
D'Orazi et al. (2017) 6205 + 20 4.29 £ 0.07 0.22 £ 0.04 -0.004 £0.109 0.030 £ 0.059
o 0 . a
This work 6617 + 46 427 +0.15 0.06 + 018 O 4003 b s == DOF b
0.12 % 0.16 0.02 £ 0.15
HD 206893 | Zakhozhay et al. (2022) 6680 4.34 0.08
Delorme et al. (2017) 6500 + 100 4.45 £ 0.15 0.04 = 0.02
Maldonado et al. (2012) -0.01
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Table 8. Companion masses and C/O ratios

Companion Mass (Mjup) C/O Ratio References
51 Eri b <11 (Dynamical) 038009 1,2 34,5 6,7,8
2—-9 (Evolutionary)
HR 8799 b 5.84 + 0.3 0.578" 0 one 9, 10, 11
HR 8799 ¢ 7.6310 0% 0.562 £ 0.004 9, 10, 11
HR 8799 d 9.81 + 0.08 0.551 000 9, 10, 11
HR 8799 e 7.64% 057 0.60" 505 9, 10, 12
HD 984 B 61 + 4 0.50 + 0.01 13, 17
0.6 , -
GJ 504 b 1.3°, 31((’Young system) 0.20+0.09 14
23.0"2" (Old system) '
HD 206893 B 28.0%37 0.65-0.90 15, 16
HD 206893 c 12.7712 15

References—(1) De Rosa et al. (2020), (2) Dupuy et al. (2022), (3) Macintosh
et al. (2015), (4) Samland et al. (2017), (5) Nielsen et al. (2019), (6) Brown-
Sevilla et al. (2023), (7) Whiteford et al. (2023), (8) Elliott et al. (2024), (9)
Sepulveda & Bowler (2022), (10) Zurlo et al. (2022), (11) Ruffio et al. (2021),
(12) Molliere et al. (2020), (13) Franson et al. (2022), (14) Bonnefoy et al.
(2018), (15) Hinkley et al. (2023), (16) Kammerer et al. (2021), (17) Costes

et al. (2024)



Dusty substructures induced by planets in ALMA disks:
how dust growth and dynamics changes the picture
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REWY A NIEET B St~ 33 x 10 and St ~ 3.3 x 1073 at R,. Since we can
only model one dust fluid, we assume that the small grains are per-
emallgpsmall lb{% Zblg fectly coupled to the gas and their surface density is always given by

=(1-X) k" +X Kl'ff,, zemal = (1 — Xo)eoZ,, where X = 28 /(Zsm!l + £M) is a coagulation
fraction and &y = 24/X, = 0.01 1S the initial dust-to-gas ratio. The

big grains are initialized with ng; = Xp&o2y 0, and evolved according

KRPpP =
’ bi
Z(Sjmall | Zdlg

il £ 027 Teem?/g, k™ ~ 0.41 T¢® cm?/g,

K;lg X /(P ~ 4.6cm?/g, to Eq. (%),
vV ZNENhOMRZON/OFFLTEEZR S |
e In our fiducial models we include all radiative terms in the Model EOS X  « feedback  backreaction
energy equation Eq. (1c). The dust opacity is computed as k = iso loc. isothermal 0.9 N/A No
(1 = Xp)*™ + X,«™¢, assuming that the redistribution of big grains iso-b loc. isothermal 0.9 N/A Yes
does not affect the opacity. rad radiative 0.9 No No
e In models with opacity feedback we recalculate X = rad-o radiative 0.9 Yes No
ZZ‘g/ @l + Zg'g) at each timestep and update the dust opacity ac- rad-ob radiative 0.9 Yes Yes
cordingly. rad-X0.99 radiative 0.99 No No
e In models with backreaction we further include the term in rad-o-X0.99 radiative 0.99 Yes No
Eq. (6). These correspond to our most realistic models. rad-ob-X0.99 radiative 0.99 Yes Yes
e As a control, we also run models with a locally isothermal rad-X0.01 radiative 0.01 No No
equation of state, where we set T = T, instead of evolving Eq. (1c). rad-o-9.01 radiative 0.01 Xes No
rad-ob-X0.01 radiative 0.01 Yes Yes
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Figure 4. Perturbed gas surface density (top left), dust-to-gas ratio (bottom
left), and dust brightness temperature at 1.25 mm (top right) for the fiducial
model rad after 1100 planetary orbits. The gas shows gaps, vortices, and
pressure bumps, while the dust emission shows bright crescents and rings. A
green cross marks the planet’s position.
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Figure 9. Similar to Fig. 7, but for models with opacity feedback and back-
reaction. For X = 0.9, (panel b) including these effects results in a ring rather
than a vortex at the outer gap edge. For X = 0.01 (d) the results are identical
to the fiducial model without feedback and backreaction in Fig. 7. A small,
compact vortex is visible near the outer ring for the locally isothermal (a)
and X = 0.99 (¢) models.
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Figure 10. Density-weighted, azimuthally averaged cooling timescale £ and
optical depth g for models with and without opacity feedback. The cooling
timescale increases in the optically thin dust-depleted regions due to the lack
of opacity-carrying mm grains, and near pressure bumps due to the local
enhancement of the dust-to-gas ratio rendering the disk optically thick. The
difference between models with and without feedback is filled in to guide the
eye. Gray bands approximately mark the location of substructures.



Gaussian Process Models Impact the Inferred Properties of Giant Planets around Active Stars

QUANG H. TRAN' AND BRENDAN P. BOWLER'

L Department of Astronomy, The University of Texas at Austin, 2515 Speedway, Stop C1400, Austin, TX 78712, USA

... Norm. Flux (ppt)

Resicdual
(ppt)
&

6140

6160

/*Jbﬁb?\ﬁi_l

II\_

E3 JZ

""""""""""

It

w!u
Il

- ) : _ a .

6200 6220 6240 6260

6180 6280 6300 -

BJD - 2450000 (d)

(RV))ETODXEDREE (&,

_—
—

640

BJD - 2450000 (d)

BEEBEDY T FILE DT HIHES

V KIFE Tld. Gaussian processD/\NT X —4 % IS
RVEEITICHE D & E DB %Z

= /O

|II'I1||

NP 2

SNTETC

S red noiseldGaussian process’di & TALE

=F N -

-RVERINT —IDHB1ITDOENWKAKICDOWTENTZ U /-

I —

==

1S H

AN

LC




Ao ABREICESD LY FRE

v non-parameteric/R[EFETIL

- R 5RABOMEEZ 71— ILERTIEE

\|s —O

L/ T

- N—RIVEBDINZ X —5 = A Y h

w(t—t")
Pgp

212

2

(t — t/)Q Sin

212

kqp(t, t,) = A° exp

Table 4. GP Hyvperparameter Postericrs from Light Curve Fits

System Ino e A le o Fep

MAPY Median 68.3% HDI MAP Mecian 68.3% HDI MAP Median 583% HDI MAP Median 68.3% HDI MAP Median 68.3% HDI
GJ 3021 -6.8 -6.8 -6.9--6.9 2.7 3.1 27-35 7.¢ 0.0 4.1-5.6 0.2 0.3 0.2-0.3 7.0 5.6 0.5-5.6
HATS-29 -27.6 =219  -2T.6--16.8 T.1 7.1 6.7-7.6 0.7 0.7 0.7-0.7 0.5 0.5 0.4-0.5 0.6 0.6 0.6-0.6
HAT-P-54 -0 -4.0 -4.0--3.9 0.2 6.0 42-T2 21.2 22.0 15.9-29.1 0.4 0.5 0.4-0.5 15.1 15.1 14.9-15.3
HD 12484 -26.2 -19.3 -27.6--159 3.2 3.3 28-3.7 2.2 5.1 4.8-5.6 04 0.4 0.4-0.4 4.3 43 4.3-4.3
HD 102195 -3.9 -3.¢ -4.0--3.3 3.7 3.8 33542 12.7 0.2 T5-10.3 0.4 0.5 0.5-0.8 11.7 10.2 985-10.4
4D 103720 -£.4 -4.4 -4.5--4.3 7.4 79 6.7-9.0 20.5 2).8 19.2-225 04 0.4 0.4-0.4 17.9 18.0 17.8-18.1
Kepler-17 -1.8 -1.8 -1.9—-1.3 2.4 26 22-29 11.2 10.9 94-12.6 0.3 0.3 0.2-0.3 12.0 1.9 11.8-12.1
Kepler-43 i -4.6 -4.8--4.5 0.9 0.9 0.8-1.0 11.1 10.5 94-11.7 0.2 0.3 0.2-0.3 13.4 13.3 13.2-13.5
Kepler-73 -13.4 -13.4 -15.5—-15.3 0.5 0.5 04-0.6 20.T 2.3 1¢.0-21.7 T5 3.0 6.5-9.3 13.8 13.9 13.6-14.1
Kepler-T7 -5.3 -5.3 -5.4--5.2 0.5 0.5 0.5-05 9.1 8.9 5.2-9.6 0.3 0.3 0.3-0.3 16.4 16.3 16.1-16.6
Kepler-447 -2, T -4.7 -4.8--4.5 8.0 3.0 TO0-8.7T 7.5 7.3 €.5—-7.8 0.4 0.4 0.4-0.5 0.4 6.4 0.9-6.5
Kepler-539 -4 R -4.5 -49-4.7 4.4 4.4 41-47 10.5 1N.5 101709 n4 n4 N4-04 119 179 1T.8-12.n
K2-29 -3.7 -3.7 -3.7—-3.0 2.6 0.7 0.0-6.3 10.8 10.8 10.2—-114 0.4 0.4 0.4-0.4 10.4 10.3 10.2-10.5
K92-237 -2.3 -2.3 -2.3--22 27 2R 25-31 a2 53 4 R-5.7 ns Nn.as Ns-0h 4R 4R 4.7-49
K2-250 -3.0 -3.0 -3.0—--2.9 0.6 0.9 4.9-6.6 3.0 3.0 2.9-3.1 15.6 16.1 12,5-194 2.3 23 23-24
Qatar-2 -1.8 -1.5 -1.8—-1.7 4.8 52 4160 729 226 16 R-252 ns N5 N4-05 196 196 193199
WASP-180 A -2.5 -2.8 -2.6—-2.3 3.5 3.7 32-41 1.4 £.4 4.0—-4.8 0.3 0.3 0.3-0.3 4.4 4.4 4.4-4.5
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where ¢t and t’' represent the pairs of observations in time,
A is the variance amplitude, [. encodes the evolution-
ary timescale, Pgp is the recurrence timescale (or pe-
riod) of the activity signal, and [, is the smoothness and

complexity of the periodic component (or the periodic
lengthscale).
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1. Constraints on physical and orbital planetary 5 b omaerens w_ o b wo ,] _ %
properties can vary dramatically: by as much as 2k — —
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tricity between different implementations of stellar

activity models. These differences are greater than - *°f | S < ;
the median measurement uncertainties for these 2 | ,”/ E )
parameters (7% and 69%, respectively). ;f_; a0 ; ;
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As part of this analysis, we compare the inferred 2 E . I
QP kernel parameters from a GP model trained on : :”"'r:il* Siven A f“ﬁ?f""’_ ““““ >

photometry with parameters determined from RVs ! 10 ] 10
'dl()nc WC ﬁnd th&t high-caanCC RV Sampling My sin i\fﬂN]li]l (A"[Jup) My sin iMmIcl?_ (ﬂfjup)
is necessary to robustly measure the stellar rota- o . ——
tion period with a GP model trained only on RV s| IR X/ ‘:l
data. For one of our systems where this constraint <ok *‘.,/’ 1 ot " ;
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was possible (GJ 3021), we found that the inferred S os} o 15t o ]
stellar rotation period is in reasonably good agree- 02k o R '
ment with the stellar rotation period derived from 5 0.0 EE—s — :
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