The Astrophysical Journal, 978:42 (10pp)2025 January 01 https://doi.org/10.3847/1538-4357/ad968c
© 2024.The Author(s)Published by the American Astronomical Society.

OPEN ACCESS
CrossMark

Chemical Links between a Young M-type T Tauri Star and Its Substellar Companion:
Spectral Analysis and C/O Measurement of DH Tau A

Neda HejaZi*®, Jerry W. Xuar?®, David R. Corid @, Erica Sawczynet®, Ian ). M. Crossfield, Paul I.Cristofari®,

Zhoujian Zharfg @, and Maleah Rhehn
! Department of Physics and Astronddmjyersity of Kansad,awrenceKS 66045, USA; nhejazi@ku.edu
2 Department of Physics and AstronoGeprgia State Universi#tlanta,GA 30303, USA
3 Department of Astronor@ylifornia Institute of TechnoloBgsadena A 91125, USA
4 Department of Astronorbpiversity of TexasAustin, TX 78712, USA
5 Center for AstrophysicsHarvard & SmithsoniaGambridgeMA 02138, USA
6 Department of Astronomy and Astrophyditsiersity of Californiganta CruzCA 95064, USA
Received 2024 September 16; revised 2024 November 11; accepted 2024 November 21; published 2024 December 24

Abstract

The chemical abundance measurements of host stars and their substellar companions provide a powerful tool to
trace the formation mechanisntloé planetary systeméle present detailed high-resolution spectroscopic

analysis of a young M-type stddH Tau A, which is located in the Taurus molecular cloud belonging to the
Taurus-Auriga star-forming region. This star is host to a low-mass companion, DH Tau b, and both the star and the
companion are stilh their accreting phaste apply our technique to measure the abundances of carbon and

oxygen using carbon- and oxygen-bearing molecules, such as CO and OH, respectively. We determine a near-solar
carbon-to-oxygen abundance ratio of C/O = 0.555 + 0.063 for the host star DHM@uoknpare this stellar

abundance ratio with that of the companion from our previous@tuwdy(54 §:99, which also has a near-

solar value. This confirms the chemical homogeneity in the DH Tau system, which suggests a formation scenario
for the companion consistent with a direct and relatively fast gravitational collapse rather than a slow core accretic
process.

Unified Astronomy Thesaurus concepts: M dwarf stars (982)

1. Introduction to distinguish between brown dwasfsich form top-down,
Versus gas giant planets, which form bottom-up. Brown dwarfs

Young, directly imaged planets and brown dwarf compa %Via gravitational instability (e.g., S. S. R. Offner et al. 2010;

provide an excellent laboratory to study the initial conditio
planetary and stellar systems. In the past few years, the gr
capabilities of high-contrasgh-resolution spectroscopy hav

provided uswith increasingly robustmospheric abundance 1996). Giantplanets form much slower via core accretion on
measurementer dozensof substellarcompanionge.g., ) P

J. W. Xuan etal. 2022;). Wangq etal. 2023:C.-C. Hsu etal Myr timescales which allow protoplanets to incorporate varying
2024-R. Landman etal 2022] W. Xuan et al. 2024a: quantities of gas and solids into their atmosppetestially

Iting in a wide range ofatmospheric metalliciti€gO
Y. Zhang etal. 2024). The James Webb Space Telescope resu 1271 ; .
(JWST) is also ushering in an eraof preciseatmospheric ratios,and "*C/ 'C ratios (e.g. ). B. Pollack etal. 1996;

measurements for substellar companions (S. Gandhi et al. ?%Oberg etal. 2011; Y. Alibert et al. 2013; Y. Alibert 2017;

. . ‘Bergin et al. 2024).
i EI I\él(l)lgz)et al. 2023) and isolated brown dwarfs (C. E. Hoo Severalstudies have already identified emerging trends that

The atmospheric compositionsgifinetsparticularly the could delineatdifferentformation pathwaysor example,

abundances of volatile elements, provide a fingerprint intoltﬁlglg(%a;ﬁtoagézoma) showgd thﬁt a Ssmpljel of elight w}i)dely
formation histories. Because of their influence on exoplane?‘?c?ra ea;10-30 M,, companions have broadly solar carbon

and gas chemistrthe stellar abundances of volatile element§NC OXygen afbundancgsA{hicr:j could poi.r;ttt;\]/iv;rdthesz
like H, C, N, O, S, and possibly isotopologue ratios such as companions forming via top-down gravita pse€an

12C/ 3C make excellent planetary formation and evolution representing the tatind of binary starformation (see also
diagnostics (e.g), J. Fortney 2012D. Turriniet al. 2021; L(ér'é.oxvérl;ldogg et:rl{ (Z:c?rzng);)-rs?tlii)fu%ngrlwflﬁyst?:tg?:c\i\?hci)?hthe
Y. Zhang et al. 2021b, 2021a; Y. Chachan etal. 2023; Y9 P !

I J. M. Crossfield 2023;K. Ohno &). J. Fortney 2023; J. W. Xuan et al. (2024a) argued to most likely be solar given the
D. R. Coria etal 2024) To the firstor.der'host-cor{wpanién measured solabundancesf otherstarsin the same star-

; ; i i .g., N. C. Santos et al. 2008; V. D'Orazi et al.
carbon and oxygen abundance ratio comparisons may be L%D Ing regions (e.g., . ! ;
y9 P y (§1H11 K. Biazzo etal. 2017).In contrastgiantplanets with
7 m 0 10 N|,, appeato have atmospheres tlaae enriched in
NASA Sagan Fellow. P . N
g metals compared to their stars (P. Molliére et al. 2020; J. Wang
. . et al. 2023; Z. Zhang et al. 2023; E. Nasedkin et al. 2024).
Original content from this work may be used under the terms A btain i d " | £
By of the Creative Commons Attribution 4.0 licence. Any further, S we obtain improve composﬁyormeasgremen er
distribution of this work must maintain attribution to the author(s) and thdmged planets and brown dwarfs, it is crucial to also advance
of the workjournal citation and DOL our knowledge ofheirhoststarabundance3he exoplanet

Bate 2012; K. Kratter & G. Lodato 2016; J. D. Ilee et al.
; K. Hawkins et al. 2020), a much faster(sub-Myr
etimescalesp)rocessthan core accretion (JB. Pollack etal.
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systems mosamenable to dire¢tost-companion abundance companion in the DH Tau system in Sectiofh® summary
comparisons typically consist of a well-characterized, field-affehis study is presented in Section 6.

Sun-like star; however,a large subsetof host stars to

directly imaged companions have late K or M spegtpek. 2. Observations

Traditional stellar abundance measurements calibrated to warhe Immersion GRating Infrared Spectrograph (IGRINS:

with opticaldata are often insufficiefdr these coolestars ;
: PN +Wang et al. 2010; I.-S. Yuk et al. 2010; M. Gully-Santiago
because of the overwhelming metal absorption lines prese?ﬂ Qflzm 2: |-V, Han et al. 2012; B. Moon et al. 2012: U. Jeong

theirspectraThis meansthatspectrainformation on their ;
; ) . [.2014; ). S. Oh et al. 2014, C. Park et al. 2014) is a cross-
carbon and oxygen content is most accessible using molec@%? rsed high-resolution (R ~ 45,6p84trograph providing

; . . S

absqrpt|on features in the near-infrared (NIR). There are Se¥ﬁ§fﬁtaneous spectra in both the H and K bands (1.45-2.48 um!
studiesthatsuccessfully measure elemenablundancefor in a single exposUMGRINS observations of DH Tau A were

older K/M dwarf stars (e.g., D. Souto et al. 2017, 2018, 2022'taken on 2015 November 6sing the 2.7 m Harlan Smith

N. Hejazi et al. 2023, 2024); howeverthere are nUMerous  rojescope at McDonald Observatory (G. Mace et al. 2016) and

challenges involved in deriving abundancesfiststars of  gptained using the public Raw and Reduced IGRINS Spectral

directly imaged companiowsich are predominantly young archivé (E. Sawczynec etl. (2023), (2024, in preparation).

(0100 Myr). For example, rapid rotation of young stars causgge observations of DH Tau A were paired with observations

significant line blending (e.g., Z. Zhang et al. 2023), magnetis 3 nearby A0V standard star,k Tau, to allow for the

fields alter the line profilesof many atomiclines (e.g.,  correction of telluric features in the speBoth DH Tau A

P. I. Cristofariet al. 2023), and veiling effectscomplicate  and k Tau were observed using a single ABBA nod sequence

abundance measurements from absorption lines by addinga@hg the slit, using a standard slit position angle of 90° east of

extra layerof continuum emission (e.R. Lépez-Valdivia  north,which avoids flux contamination from nearby compa-

et al. 2021). In this paper, we present an NIR spectral analysison DH Tau b for the science specfach individual frame

for one such young, challenging, cool dwarf star host to a highbH Tau A had an exposure time of 250 s, resulting in a 1D

priority directly imaged companion: DH Tau A. reduced spectral signal-to-noise ratio (SNR) of ~120 and ~140
DH Tau A is a young, accreting M2.3 dwarf (V. Roccatagligter resolution element in the H and K bardpgctively.

et al. 2020) located at a distance of 133.4 pc (Gaia Collaboratidine observations were reduced using a beta version of the

et al.2021) from the SuBH Tau A forms an ultrawide binary IGRINS Pipeline Package (IGRINS PLP v3;K. Kaplan et al.

system with DI Tau at a projected separation ©5” (e.g., 2024), which performs standard echelle spectroscopy reductior

A. L. Kraus & L. A. Hillenbrand 2009). DH Tau is also host to techniquesuned forIGRINS data. Data reduced using the

possibly accreting (M. Bonnefoy et al. 2014; Y. Zhou et al. 20GRINS PLP v3is  cosmicray and instrumentaflexure

R. G. V. Holstein et al. 2021; R. A. Martinez & A. L. X3aU} corrected (E. Sawczynec et al. 2024, in preparation) before the

widely separated (=310 au), low-mass companion DH Tau ABqdualexposures for each sfibsition (A/B) are stacked.

for simplicity, DH Tau b), which was first discovered by Y. Itdie stacked A nod is then subtracted from the stacked B nod,

et al. (2005). PreviousSPHERE observationselated to the ~ removing any background contributions from the sky, thermal

immediate surroundings of substellar objects, including DHETASHON, stray light, or hot pixels. The detector readout patter

hinted at the existence of a point source close to DH Tau b Wigfnged befor¢he echellogram isflat fielded and the

estimated mass of ~which if confirmeit,would be the individualD echelle orders are rectifigtle 1D spectra are

firstof its kindJeading to profound insights into the formati@§nerated using a modified version of the opertaiction
evolution,and occurrenceof such giant pairs. Recently, deScribed in KHorne (1986) for each ordd@he wavelength

J. W. Xuan etal. (2024a)inferred a mass of2 + 4 My, for solution forthe spectra iscalculated using 2D polynomial
. W. . + p

; ; s itti f the known OH emission lines locationsin the
DH Tau b based on its bolometric luminosity and a system 5' 'Eﬁ 0 .
0.7 93Myr. Using K-band high-resolution spectra from 2.29 %e ogram of the sky frames for the night to convert detector

2.49 pm collected by Keck/KPIC, which show clear C@and sition to wavelengthinally, the 1D reduced DH Tau A

) ) ; ! ectra were divided by the 1D reduced k Tau spectra (airmass
absorption lines in the companion, J. W. Xuan et al. (2024a)8Tﬁ%rence of~0.004)an)c/i multiplied by a modedfrilega”(

performedtmospherietrievaanalysesusing petitRAD- from R. L. Kurucz (1979) to produce the finaélative flux-
TRANS (P. Molliere et al. 202_0) to c%ggtraln Cand O abundapgRSrated and telluric-corrected science spectra for DH Tau A.
and measured a near-90far= 0.54 53 ratio angC/H ] = We furtherprocessed thespectrausing the SpeXTool

- 0.3Z§3¢ for DH Tau b. Here, we measure the C/O ratio of thipeline’s xtellcor_basic routine (M. C. Cushing etal.

host star DH Tau A to provide a direct comparison to that opU4) to account for any small wavelength offset between the

Tau b. To do so, we updatehe methodology presented in spectra of DH Tau A and AOV standard star, and then using the

N. Hejazi efal. (2024) to accouffibr the effects of rotation and xmergeorders routine to trim out wavelength areas with

veiling.

This paperis organizedas follows. In Section 2, we 8 RRISA

summarize the spectroscopic observations of the host star bﬂgroughtour spegtrOSC_oPic anagﬁ;s?f %%%l dwarfs Lisitrﬁg IGIRINS Stpectra!, g
H H we nave determined a minimum or ~ per resolution element require

TauAand t.he data reduction teChmque’s well as the éor simultaneously measuring tedundancesf differentelementswith

preprocessing needed to prepare the spectra for the abundameRntccuracy (N.Hejazi et al. 2023, 2024). FortunatelyOH lines are

analysis. The physical parameter determination of the hostigitly affected by spectral noise, due to the numerous well-shaped lines that

; f : ide in the H band (E. Melo et al. 2024). Prominent CO lines in the K band,
is presented in Section 3. The measurements of the EIemerLféjvcgler,are relatively more influenced by noisehich is why we have

and O abundances and C/O abundance ratio of thestawst  igentified fewer CO lines appropriate for this analysis (see Table 2).
along with their error analysisge detailed in Section ¥Ve 10 https://github.com/igrins/plp
discussthe chemicalconnection between the hosttar and ™ http://kurucz.harvard.edu/stars.html
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largetelluric residualsand combinethe individualechelle DH Tau A) and weak-lined star¥, D'Orazi et al. (2011)
ordersinto a single, 1D spectrum.We then flattened the  obtained a mean metallicity of [M/H] = —0.01 £ 0.05 and the
observed 1D spectra using the method describedHijd¥i solar abundances for the a element Si and the Fe-peak element
et al. (2023, 2024). We note that the resulting flattened spedcaordingly, the derived metallicity values of DH Tau A found in
do not presentontinuum-normalized spectnat these are  the literaturehat are significanthydifferentfrom the solar
(pre)processed spectra that will be used for continuum/psenditallicity likely suffdrom large biaseBor this reasonye
continuum normalization and abundance measurgsemnts assume a solar metallicity with a typical uncertainty of 0.10 dex
Section 4.1). (e.g.,N. Hejazietal. 2024) for DH Tau A.In Section 4.2we
explain thatven a larger uncertainty for metallicity (agswell
. other physic@larameters) would nbénge the uncertainty of
3. Physical Parameters of the Host Star DH Tau A the C/O ratio noticeably.
Physicalparameters of DH Tau A have been measured by We obtain the physicpbrameters &H Tau A using the
various studiesHowever,many of these analyses have not method described inIPCristofarétal. (2023),where a new
taken into account the effects of magnetic field and veiling thde ZeeTurbo was introduced by incorporating the Zeeman
are of importance in the atmosphere of young stellar objeceffectand polarized radiative transfer capabilities to the widely
(e.g.,R. Lépez-Valdivia etl. 2021).The splitting of spectral used radiative trans€ede Turbospectrum (R. Alvarez &
lines into multiple components by the magnetic field (ZeenBinPlez 1998;B. Plez 2012).We implemend Markov Chain
effect) can change the shape of spectral linesAeRginers Monte Carlo (MCMC)analysis based on the emcee package
& G. Basri 2007). Veiling (R) is a nonstellarontinuum  (D. Foreman-Mackey et al. 2013) to simultaneously estimate the
emission asa result of severalphysicalprocessesuch as physical parameters along with the average surface magnetic f
chromospheric activity (e.hy., Calvetetal. 1984),emission  as well as theircorresponding uncertaintieBfbFau A as
from accretion flow onto the star or in the vicinity of the steflidlows: effective temperatigre3726 + 30 K, surface gravity
surface (e.g., S.J. Kenyon & L. Hartmann 1987), and emissiollog (g) = 4.00 + 0.05 dex, projected rotational ¥glsitity=
from gas and dust in the surrounding disk (e.g., A. Natta et 0 0.1 km's'(which is higher than typical rotational velocities
2001; W. Fischer et al. 2011). The effect of veiling emerges asf old M dwarfs), veiling in the H bgrdM®0 + 0.03, veiling
an additional continuum superimposed on the stellar spectiithe K band Rc = 0.99 + 0.03!? and the average magnetic
which decreases the depth, and in turn, the equivalent widtfietd B = 2.8 + 0.1 kG. The errorbars are estimated from
the spectralines (e.g.,A. H. Joy 1949; H. C. Stempels & the posterior distributions and accéamiboth photon noise
N. Piskunov 2003).As a result, the physicalparameters of and systematics,following the detailed approachfrom
young stars derived from methods that do not include thesk.tiv@ristofariet al. (2022, 2023). We use these parameters
effects may not be reliable. as inputin our abundancanalysis.The inclusion of the
We find a significantdegeneracy between veiling Rand magnetic field in the MCMC process certainly results in more
metallicity M/H]; a decrease in [M/H] causes a decrease in accurate values for other paramétegeneralHoweverwe
the depth of spectiates,which can be mostly compensated find thatthe moleculal©OH and CO lines thatare used to
with a decrease in Rand vice versaAs a result,a spectrum  measure the O and C abundances, respectively (see Section 4),
may be well fit with multiple synthetic models having differang not considerably sensitiveo magneticfields, and the
pairs of[M/H] and R. Simultaneous variations of these two magnetic effect on these lines can be ignored. For this reason,
parameters during the model fitting process thus may givewiselo not take this effectinto accountfor our abundance
to a false best-fit model. To overcome this problem, we optrmeasurements. The physical parameters of DH Tau A inferred
use a metallicity value obtained from an independent studyfimrd severadtudies are listed in Table 1 for comparigyn.
keep this parametefixed in our syntheticspectralffitting. visual inspectionye find the synthetic model associated with
However, there is no unique and reliable determined metaltitétyparameters obtained from this study shows the best match
for DH Tau A in the literature among the reported metallicityith the observedspectrumas compared tothe models
values ranging from near-solar metallicities ([M/H]e.6., constructed using the parameters derived from other studies.
H. Jonsson etl. 2020; D. Sprague eél. 2022) into the low-
metallicity regime ([M/H] ; —1e.qg.,Abdurro’uf et al2022; . .
R. Wangyet gl. 2023). Further%orecurrentphotometric 4. Chemical Abundance Analysis of the Host Star DH
metallicity relationhave been calibrated using field (and TauA
mostly old) M dwarfs and may not be applied to young, 4.1.Elemental Abundance Measurements
accreting M dwarf stars. Thus, we have employed photometric . ,
calibrationof M dwarf metallicity from C.Duque-Arribas The atomic lines of ligletements such as O and C are too
etal. (2023) butfound unrealistic values for DH Tau Ale weak and blended to be |dent.|f|e.d.|n the NIR spectra.of M dwar
have also used the photometric calibrations fromMaiw, ~ On the other hantthere are a significantmber of prominent
et al. (2015, 2019) to derive the effective temperature as weffHdines (in the H band) and CO lines (in the K band), which can
mass and radius that can be converted to surface gravity (3§,Used to measure the abundances of these two eWéeents.
N. Hejazi et al. 2032nd again found the parameter values féfi€refore measure the elentenbain and oxygen abundances
OH Ty Afar beyond the ranges vl for Mype s Lan oIl C0 200 OL nspectheioLgh asel
Brﬁr_lr_wapd:.ed us to search fgret anothemetallicity proxy for the method described irHgjazietal. (2023,2024) using an
DH Tau A belongs to the Taurus-Auriga star-forming regiesn T wor Tolowing Equation (1) in R. Lopez-Valdivi
that encompasses the Taurus molecular cloud containing hi¥EAS. e eling paremeter folowng Egustion 1), Lopez ol
of newly formed stardsing seven low-mass members of thepest fiweiling values have been determined fothelvavelengths in the H
Taurus-Auriga region, including both classical T Tauri (similaaridand K bandseparately.

3
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Table 1
The Physical Parameters and Abundance Ratios of DH Tau A (Ho®2§H/3au b (Companion)
R. Lépez-Valdivia et al. Abdurro'uf et al.

Host (2021) (2022) J. Yu et al. (2023) Y. Wang et al(2024) This Work

Terf (K) 3477 £ 125 3594.7 +7.8 3594.70 + 106.00 375150+ L 3726 +30

log g 3.89+0.22 3.560 + 0.026 3.560 + 0.100 4.00102997 + L 4.00 £ 0.05

VrotSini 8.4+2.1 10.58766 + L L L 7.1+0.1

(km s

B (kG) 2.21+0.32 L L L 2.8+0.1

C/0 L L L L 0.555 +0.063

Companion Y. Itoh et al(2005) J. Patience et al. (2012) Y. Zhou et al(2014) R. G. van Holstein et al. J. W. Xuan et al.
(2021) (2024a)

Mass (Myp) 30-50 1110 1M1+3 157 12+4

Radius (Rup) L L 2.7+0.8 L 2.6+0.6

Tetr (K) 2700-2800 2350 + 150 2200 + L 2400 + 100 2050 128

Vosini (km § L L L L 5.7 98

c/0 L L L L 0.54 338

20/ 3¢ L L L L 5333

Note. The companion parameters reported in this table from J. W. Xuan et al. (2024a) are from atmosphere retrievals assuming a clear atmosphere. J. W.)
(2024a) noted that the evolutionary models predict a {igfi@850 + 200 K instead. No number has been shown if there is not any inferred value for a specific
parameter from a particular paper.

automatic cod®utoSpecFit,” which, in conjunction with 1.05

the Turbospectrum code (R. Alvarez & B. Plez 1998; P .

B. Plez 2012), MARCS model atmospheres (B. Gustafssonet ! ‘ e
2008), and a set of atomic and molecular line lists, carries ot
iterativeline-by-line ¥ minimization ovex set of selected
spectral lines to measure the abundances of individual elerr
simultaneously.

We identify the OH and CO lines thatre nearly isolated o
from otherspecies and have a well-defined shape (ergpt
distorted by noise or bad pixels, for example, due to artifact oss
incomplete data reduction) and are also strong enough to b
distinguished from the prevaldyackground D opacities - :
common in M dwarf spectra. In order to select the best line: |
our study, the observed spectrum is first normalized relative et B iy w—
an initial guess of the best-fit model over each line candidatF?.ure 1. Comparison between an initial guess of bestfit modgi(bad
W.e generate, a Synt.hetlc modﬁdreafteMoch,) associated Iinge) and the oFl))served spectrum of DH Tgu A (red dots) normalized to this
with the star’s physicgbarameters (Section apd the solar  modelover two adjacer®H lines using their common normalizing regions
absolute abundances fdf element’; which is an approx- (green-shaded areas) and normalizing wavelength data points (black dots).
imation of the star's best-fitmodel.The mostappropriate
“normalizing” data points within the neighboring continuum/
pseudo-continuum regioasound each line candidateare the determined normalizing data points. In Figures 1 and 2, we
specified through a linear fit to the residual, R = obs/syn, asillustrate the selected normalizing regi@m the corresp-
function of wavelengtiuhere “obs” is the observed flux and onding normalizingdata points for OH and CO lines,

“syn” is the synthetic flux,usually along with two iterative respectivelyThe blue line shows the synthetic modelJylpd
o-clippings(20 and 1.50). This requiresa trial-and-error and the red dots show the observed data normalized to this

0.95

Flux

[ I
1 I
| '
| 1
| I
| I
I l
1 |
| '
| I

inspection where differemtavelength intervals the con-
tinuum/pseudo-continuum arouhd line of interestare
examined untilat least one or two data pointson each

modelusing the normalizing pointBhe pseudo-continuum
around spectrdihes is dominated by prevailingieak H,O
lines,many of which are not well modeled due to incomplete

side of the line are determined. On occasion, a couple of lindsO line lists. This generally results in a discrepancy between
are close to one anotheand the same normalizing regions the observedand model spectrum withinsome pseudo-
around, and in some cases, also between these lines are chosatinuum regiongwhile theseweak H,0 lines have a

The observed spectrum over each specific line is normalizedegligibleeffect on the prominentnalyzed lines),which

after dividing the spectrum by the linear fit to the residualsratkesit challengingto find appropriatelata points for

3 An estimate ofthe star's best-fitmodelis associated with an absolute

abundance equal to the solar absolute abundance plus metallicityeM/H],
AX) = A(X) o*+[M/H], for each element X, where A(X) is absolute abundance

(Equation (2)). However,for this study, the metallicity of DH Tau A is
assumed to be zero.

normalizationFor many of the analyzed lines,we have,
therefor@nly been able to determine a few normalizing data
points on each side within narrow intervafsthe pseudo-
continuumthough they are sufficierfor the normalization
process. We select the OH and CO lines that show a reasonable
consistency between the normalized observed spectrum and tf
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i Figures 3 and 4 show the comparison between the resulting
best-fitsynthetianodeland the target'sobserved spectrum
(normalized to the best-fit model) over all selected OH and CO
lines, respectivelyThe best-fitmodelis associated with the

star's physical parameters and the O and C abundances inferre
from this analysi$he O and C abundances are the weighted
average abundancef all the analyzed OH and CO lines,
respectively (see Mejazi et al2023,2024 for more details),

and the best-fit model does not necessarily show a perfect mat
to all these lines. Nevertheless, there is an excellent consistenc
between theobserved spectrum and tldetermined best-fit
model for most of the lines, as seen in these figures by eye and
054 confirmed by AutoSpecFit's x 2 minimization process.

2.371225 23723 2.37235 23724 2.37245 2.3725 2.37255
Wavelength (A) x10%

1.02 23724.24
1

0.88

0.86

4.2. Abundance Errors
Figure 2. Comparison between an initial guess of best-fit mogdgl(Mad . L .
line) and the observed spectrum of DH Tau A (red dots) normalized to this  TO obtain the uncertainties of the inferred abundavees,

model over one single CO line using its respective normalizing regions (gréarst determine the random (statistical) errors using the standar
shaded areas) and normalizing wavelength data points (black dots). error of the mean, i.6y,8 Std/\/N, where std is the standard
deviation of the abundancefrom differentlines of each

synthetic model Mgg We exclude any line for which there isspeciesas shown in the ninth column dfable 4. We also
a significandiscrepancy in depth and/shnape between the derive the systematic errors by determining the sensitivity of
normalized observed spectrum and the estimated best-fit rAbdgdances to physical parameters. We deviate each paramete
Our selected linespcluding 24 OH and eightO lines, are by its uncertainty (Section 3jn both positive and negative
listed in Table 2. The oscillator strengths of these lines are gl§@ctions one & time (Tables 3 and 4)We then carry out
shown in the fourth column of this table. AutoSpecFit 10 times, in each of which only one parameter

The above-determined normalizing continuum/pseudo-cisn@iviated in a specific direction while the other parameters ar
nuum regions corresponding to each selected line are recokeed #redsame as the target's parameters, and the abundances
will then be used as input in the nextlstadditiorfor each ~ carbon and oxygen areinferred from each run.Columns
analyzed line, we manually select a fittiRgvargow, mostly  (4)-(12) of Table 3 and columns (2)-(7) of Table 4 show the
far from the outermgsartof the wingsas anotheinputto abundance (ombsolute abundanteéariationsdue to the
perform thé yninimization process, which is shown in the thaleyiated parameters in both positive and negative directions
column of Table 2. There are a variety of sources that may dgRlative to the inferred C and O abundances [KéH], the
rise to noise in stellar specttah as photon noise or randomthird column offable 3) as well as the average oébsolute
fluctuations dhe starlighstellarvariabilitysky background, —Vvalues &bungof these variations related to each parameter.
Earth’s atmospheriwrbulencend instrumentaloise from The above variationsin general,depend on the specific
telescopes and detectd¥e find some spectrakgions with ~ deviated parameter and the direction of deviation, i.e., positive
relatively lowerSNR values compared to othewavelength ~ or negativeas well as the particular element,, carbon or
intervalswhich are notably perturbed by naissyltingina  0xygen. For example, the oxygen abundance is more sensitive
substantial mismatch between the observed and model spdetttii], as compared to the carbon abundance. On the other
Nevertheleseven within these regiorthere isstill a good ~ hand.the carbon abundance is more sensitive.£018g(g),
agreemeibetween the observed spectrum and synthetic maifed V,osini, as compared to theoxygen abundancelhe
inside mosof these strong absorption lines around their cor@@undanceof the two elementsshow roughly similar
Our choice of fitting windows also considers the minor effegeBsitivityto the veiling factor R with small differences
the dominantweak H,0 lines on the innerregion of the depending on the direction in which this parameter is deviated
prominerenalyzed lineFogether with the previously inferred’he systemati@bundancerror, osys of each elements
atmospheriparametersf the star (Section 3), we run determined by the quadrature sumalfithevalues from all
AutoSpecFit to measure the abundancesf oxygen and  parameters (column (8) of Table 4):

carbon. We show our results in Table 3; the number of analyzed ———
lines,N, is shown in the second columand the abundance Ssys= |a [(Dabunds] (3)
[X/H] is presented in the third column, which is defined by s

X H Teear= 10g(Nx /Nishear - 10g(Nx /Nit)o where the index S takeshe sequence TM, G, V, and R

corresponding to the deviated parametefdVH], log(g),
Viotsini, and R, respectively (Tables3 and 4). The total

whereNy denotesthe numberdensity of elementX, Ny abundance errog,ds o_btained by the quadrature sum of the
indicates the number density of hydrogen, and A(X) shows fR@dom and systematic errors:

absolute abundante
' _ [2 2
Stot = S ran+ Ssys (4)

A(X) = log(Nx/Ny) + 12. )

= AX)star- A(X)e (M

as shown in the last column of Table 4 for each element.

These results show slightly supersalarbon and oxygen 14 gased on Equation (1), since the Solar absolute abundanca(X) ¢, is
abundances for DH Tau A. constan®) [X H Jstar= DA (X)star
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Table 2
The Selected CO and OH Lines Used to Measure the Abundances of C and O of the Host Star DH Tau A
Species Central Wavelength X Window log(gf) Comments
A A
co 23006.89 23005.80-23007.70 —5.457 Blended with one CO line: 23006.36g(gf ) = —4.994
co 23015.00 23014.10-23015.85 —5.474 Blended with one CO line: 23014.83g(gf ) = —4.985
co 23023.52 23022.75-23024.45 —5.491 Blended with one CO line: 23023.686g(gf ) = —4.976
co 23341.23 23340.55-23342.00 —5.065 Blended with one CO line: 23341.1dg(gf ) = —4.481
co 23434.27 23433.45-23435.15 —5.239 L
co 23476.00 23475.20-23476.85 —5.322  Blended with two CO lines:23475.46g(gf ) = —4.743 and 23476.8lag(gf ) = —5.075
co 23724.24 23722.90-23725.20 —6.037 Blended with one CO line: 23723.73g(gf ) = —5.86
co 24104.19 24103.45-24105.10 —5.456 Blended with two CO lines: 24104.26g(gf ) = —4.590 and 24104.6lhg(gf ) = —4.690
OH 15129.66 15129.15-15130.15 —5.499 L
OH 15145.77 15145.20-15146.25 —5.447 L
OH 15147.94 15147.55-15148.40 —5.447 L
OH 15266.17 15265.70-15266.65 —5.429 L
OH 15278.52 15278.10-15278.95 —5.382 L
OH 15409.17 15408.60-15409.70 —5.365 Blended with one OH line: 15409.08g(gf ) = —6.605
OH 15419.46 15418.85-15420.00 —5.323 L
OH 15422.37 15421.85-15422.90 —5.323 L
OH 15572.08 15571.60-15572.60 —5.269 L
OH 15719.70 15719.20-15720.20 —5.254 L
OH 15726.72 15726.20-15727.25 —5.219 L
OH 15730.44 15729.90-15731.00 —5.219 L
OH 16052.77 16052.30-16053.25 —4.910 L
OH 16055.46 16054.95-16056.00 —4.910 L
OH 16065.05 16064.50-16065.50 —5.159 L
OH 16190.13 16189.70-16190.65 —4.893 Blended with one OH line: 16190.26¢(gf ) = —5.145
OH 16260.16 16259.65-16260.65 —5.087 L
OH 16352.22 16351.60-16352.80 —4.835 L
OH 16534.58 16534.00-16535.15 —4.746 L
OH 16538.59 16538.00-16539.20 —4.746 L
OH 16704.36 16703.80-16705.00 —4.732  Blended with two OH lines: 16703.88g(gf ) = —5.383 and 16704.7lag(gf ) = —5.383
OH 16872.28 16871.35-16872.80 —4.975 Blended with one OH line: 16871.96g(gf ) = —4.999
OH 16895.18 16894.60-16895.80 —4.685 L
OH 16909.29 16908.70-16909.95 —4.654 L
Table 3

The Chemical Abundances of Carbon (Using CO Lines) and Oxygen (Using OH Lines) and Their Sensitivity to the Variation of Physical Rafdinabetls T
log(g) for the Host Star DH Tau A

Species N DVHI] AT err AM/H] Alog(g)
-30 +30 (Dabundr —-0.10 +0.10 ((Dabungh, —0.05 +0.05 (Dabund;
(K) (K) (K) (dex) (dex) (dex) (dex) (dex) (dex)
C(COo) 8 +0.064 +0.011 —0.011 0.011 —0.003 +0.005 0.004 —0.040 +0.047 0.044
O (OH) 24 +0.050 +0.007 —0.001 0.004 —-0.015 +0.033 0.024 —0.028 +0.041 0.035

Note.The units are associated with the respective deviated parameters shown in the first row.

4.3. Carbon-to-oxygen Abundance Ratio We employ the C and O abundance errors (Section 4.2) to
calculatethe uncertainty ofthe inferred C/O. Since the

We determine the star'€/0 abundance ratio using the abundance ratio ofhe element€ and O depends on the

equation ; g ;
q subtraction of their absolute abundances (Equatioth)),
co = Ne _ 10A©)- AO) (5) (correlated) systematic uncertainties related to the variation of
No each parameter largely cancegking the contribution of all

o L parameters (after adding in quadrature) to the total systematic
whe.re I'Nand N indicate the number densities and A(C) and A-rorof C/O (Equation (9)) relatively small.It should be
(O) indicate the absolute abundanceeleiments Cand O, noted that the increase of the parameter uncertainties (even by
respectivelyWe find a nearly solar C/O = 0.555 for DH Tau  100%) would notsignificantly change the totatror ofthe
A. For reference, the solar ratio is (€43).540 based onthe (/0 ratio. This is because the increase in the uncertainty of
solarabundances from Narevesse eal. (2007) (whichwe  each parameter will change the abundances of C and O in the
also use for our abundance analysisee N. Hejazi et al. same direction (positive or negative) such that the change in
2023,2024 for additional information). the subtractionof A(C) — A(O) would remainsmall. In



The Astrophysical Journal, 978:42 (10pp)2025 January 01 Hejazi et al.

»

Z 11T T = 1.1F T T 1.1F T = 1.1FT T T

= 15129.66 15145.77 15147.94 15266.17 15278.52

g Lok | - oL > | 1.0k ; 4 1.0k |

'7; 0.9} ) 4 0.9\ | ) y 0.9} ) i 0.9} ) 4

Eosf, i ] 0.8 . = 0.8, - . 0.8 ; A

Z  15128.9 15129.6 15130.3 15145.3  15147.2 15149.2 15265.4 15266.2 15267 15277.5 15278.6 15279.7

w

£ 11T T ] 11F T 11T T = 11T T T

= 15409.17 15419.46 15422.37 15572.08 15719.70

g 10 | s 1.0 1.0k | 4 1.0 et |

=09} ' 4 0.9} 0.9} ' a 0.9} ' 4

go.s—I ; = 08F, 08F, . . 08F, . .

Z  15408.2 15409.1 15410 15418.6 15420.9 15423.3 15571 15572 15573 15718.8 15719.7 15720.6

»

—:= 1.1 T T 1.1 T T 1.1 T T T 1.1 T T T

Z11F . aF m aF

©1.0 15726.72 15730.44 1.0 16052.77 16055.46 1.0 16065.05 16190.13

g Log . OF ° . S 1.0 f

= 0.9 0.9 0.9F ' - 0.9F g ' 3

£ 0.8}, . . 08}, . . 08f, . . 08F, 1

=]

Z 15725.5 15728.7 15731.8 16052.1 16054.2 16056.3 16063.6 16065 16066.4 16189.2 16190.1 16191

»

E: 1.1_ T T ] 1.1_I T ] 1'1_ T T T ] 1'1 T T T

3 1o, 1626016, Lok 1635222 1 1653458 1 oL 16538.57

Z 09| . 4 0.9} . 4 0.9} . 4 0.9F °° . 3

Eosf, : 1 0.8}, . 1 08}, . s 08}, . 1

=

Z  16258.8 16260.1 16261.4 16351 16352.3 16353.6 16533.5 16534.6 16535.7 16537.6 16538.6 16539.6

Wavelength (A)

51.1-' T = 1.1F T 117 T = 117 T T

E 1.0 167(I)4.36 1ok 16872.28 1.0 168?5.18 1.0] 169(?9.29

= 0.9} . 4 0.9 0.9} . - 0.9} . 4

go.s-I . 1 0.8 08}, . 1 0.8}, . E

Z  16703.2 16704.5 16705.8 16869.3 16871.9 16874.5 16894 16895.2 16896.4 16908.3 16909.2 16910.1
Wavelength (;&) Wavelength (A) Wavelength (;&) Wavelength (A)

Figure 3. Comparison between the normaligbderved spectrum of DH Tau A (red dots) and the bestefite(blue line) over the selected OH lines used to
measure the oxygen abundance. The adjacent OH lines, which are normalized using common normalizing regions, are shown in the same panel. The loca
central wavelength of each OH line is shown by a green dashed line in the respective panel.
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Figure 4. Comparison between the normaliabderved spectrum of DH Tau A (red dots) and the bestefitelblue line) over the selected CO lines used to
measure the carbon abunddfttelocation of the central wavelength of each CO line is shown by a green dashed line in the respective panel.

Table 4
In Continuation of Table 3, the Sensitivity of Carbon and Oxygen Abundances to the Variation of PhysicalBsirdrarteRsa¢ Well as the Systematig o
Random g,, and Total Uncertaintieg,dor the Host Star DH Tau A

AV osini AR

Species Osys Sran= St/VN Otot
-0.1 +0.1 (Dabun?*/ —-0.03 +0.03 (Dabundk
(kms™) (kms™ (km s
C(CO) —0.056 +0.008 0.032 —-0.037 +0.036 0.037 0.067 0.041 0.079
O (OH) —0.040 +0.010 0.025 —0.030 +0.040 0.035 0.061 0.012 0.062

Note.The units are associated with the respective deviated parameters shown in the first row.

contrastthe (uncorrelated) random (statistical) errors of theuncertainty is also smallThe systematic erroof the C/O
two elementsare added togetherin quadraturethough  ratio is calculated as follows. We first determine the difference
the overall contribution ofthe random errorto the total in theDabundvalues between the two elements C and O for
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each parameter: Neverthelesshere are other elemerafalindance ratios in
_ addition to C/O thamay actas indicators of core accretion
dlA(C) - A(O)ls = X abungc -D( abungso  (6)  formation in substellar companions. Certain volatile abundance

where S indicates the same parameter sequence as describ@figsin the atmospheresf these substellaobjects,when
Equation (3)These values show how the variation of a givencomparable to thehroststarvalues,would be indicative of

: " their formation via gravitational instabiiyen C/N, N/O,
g:;ir:ste(ge:vgglcéIcf;zggetnhc;aacri]lzfei;)efnggiggv;l]eaenn dtr;;.ablé?] S/N, C/S, or O/S ratios deviate significantly from that of their
. uteabu ; ygen. hoststar, this is a counter-indication oformation via core
Following the derivative equation:

accretion and subsequegas/pebble accretion as the planet
d(10% = In(10) (10¥)d(x) (7) migrates throughout the disk (D. Turrini et al. 2021; E. Pacetti
) ) . . . etal. 2022; 1. J. M. Crossfield 2023). With recent detections of
and using Equation (5)ye derive the variation of C/O ratio H,0, CO, CO,, SO,, H,S, CH,, and NH in brown dwarfs and
due to the variation ofA(C) — A(O)k for each paramet&  gas giant exoplanets (D. Barrado et al. 2023; G. Fu et al. 2024;
(Equation (6))as the systematic errors: C.-C. Hsu et al. 2024; E. Nasedkin et al. 2024; D. Powell et al.
s = In(10) (CO)dIA(C) - A(O)]«. 8 2024; S.A. Rafi et al.2024; E. Schlawin et al2024; J. Yang
(Ssyslco. s (10 CL)AC) (Olls (& etal. 2024), these volatile abundance ratios may be used for
The total systematic error is obtained by the quadrature glirect comparisons when measured in both the host star and ir
of all systematic errors: the substellar companion and provide a better insight into theil

- > formation scenarios.
(Ssysdco = @ [(Ssys)cpo, s1°- 9
3

The random error is calculated in the same way:
_ We measure the O and C abundances as waslthe C/O
(Sradco =In(0)(C/O) @arco (10 abundance ratio of the young M-type star DH Tau A using its

but(dran)c o is the quadrature sum of the random errors of Qigh-resolution IGRINS spectra (~45,000) in both the H and K
and O abundances (the ninth column of Tabl&#pilar to ~ PandsWe determine the star’s physical parameters (Table 1),

; ; ; ich are then used as input for our abundance measurement:
E;qtlijc?g(f)?h(g)ﬁgsi csj'[ear;vss_l't_gtakuncertamty of 0.063 for the d@?a careful visual inspection, we select 24 OH (in the H band)

and eightCO (in the Kband) lines (Table 2) to infer the
elementadbundances o® and H, respectivelyWe briefly
describe our approach to normalize the observed spectrum by
Our measurement of C/O = 0.555 + 0.063 for DH Tau A isillustrating two examples (Figures 1 and\&.finally apply
fully consistenwith the value for the companion DH Tau b, our automaticcode, AutoSpecFit,  which performsan
CO = 0.543% (. W. Xuan et al. 2024a). This directly iterativeline-by-line y* minimization oveall the selected
validates the chemidadmogeneity in this systemhich was  lines until the final abundancesf O and C are reached
already suggested in J. W. Xuan et al. (2024a) based on predousltaneously (Table 3).
measurements of Fe abundances for other stars in the TauruiVe find a near-solar C/O = 0.555 + 0.063 for the host star,
star-forming region (N. C. Santos et al. 2008; V. D'Orazi et alwhich is completely consistent with that of the companion DH
2011).Our results indicate théte 12 + 4 N}, companionis  Taub, CO = 0.54 g3 This confirms thathe two compo-
compatible with forming via direct gravitational collapse, eitleertsare chemically homogeneoushich suggestsdirect
from a disk ora molecularcloud.While formation via core  gravitational collapse (with a timescale of <1 Myr) as a more
accretion beyond the CO ice line also results in stellar C/O gmdbablemechanism forthe formation ofthe companion.
metallicity as long as the companion accreted more solids tGaen the very young age ofhe system@.7' 33 Myr), it is
gas (Y. Chachan etl. 2023;). W. Xuan etal. 2024a),this unlikely that the companionwas formedthrougha core
scenario is unlikely for DH Tau b due to various reasons. Firatcretion process (with a typical timescale of several Myr).
core accretion is expected to take several Myr to cotyilete, The comparison between the chemical abundances of planet
the DH Tau system is extremely young, with an estimated agredofubstellar objects with those of their host stars can provide
0.7 33 Myr from isochrone fitting §V. Xuan etal. 2024a). essentiatlues on the formation pathways of host-companion
Secondthe mass ratio between DH Tau b and DH Tau Ais systemsWith the adventf space-based telescopes such as
=0.026,which implies thamassive disk is required to form JWST, chemicalcompositiormeasurement®r substellar
the companion. Massive disks with large disk-to-star mass raimpanionshave become possible. While the chemical
are prone to gravitational instability, which again makes thalionelancesf many hotterfWST FGK-dwarf hostshave
accretion formation scenario unlikely. already been measured (eJgR. Kolecki &]J. Wang 2022;
We note thatJ. W. Xuan et al. (2024a) also detE@@dn A.S. Polanski et al2022), due to the complexity of M dwarf
DH Tau b, and found?CO/'3CO = 53'34. In addition to the  spectrapnly a smallnumber of cooler JWST M dwarf hosts
abundance ratio C/O, future studies should attempt to measave reported abundances (e.g., N. Hejazi et al. 2024; E. Melo
12C0/"3CO for the host stars of giant exoplanetge.g., et al. 2024). Spectroscopic analyses of M-type host stars, such
D. R. Coria etal. 2024; ). W. Xuan etal. 2024a),which will as the one presentedn this paper, are paramounto
allow a direct comparison with the abundance profiles of thenderstanding the conditionprbtoplanetary disks and the
companiondoweverthe fastrotation and veiling athese ~ subsequenformationof planetsor low-mass substellar
young hosstars may obscure minisotopologue signatures companionsThis work has demonstratesliccessfulNIR
from carbon- and oxygen-bearing moleculéf{©g'*0H, spectrafitting of an actively accreting M dwarf star and will
3co, C'®0). allow for the derivationof high-precisionmulti-element

6. Summary

5. Discussion: Host-companion Connection
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abundances of several high-priority JWST M dwarf exoplanedully-Santiago, M., Wang, W., Deen, C., & Jaffe, D. 2012, Proc. SPIE, 8450,

hostsand hoststo young, directly imaged exoplanetnd

brown dwarfs including the targets in J. W. Xuan et al. (2024&5;);

and many others.
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