
�>���G �A�/�, �B�M�b�m�@�y�j�3�8�R�8�N�N

�?�i�i�T�b�,�f�f�?���H�@�B�M�b�m�X���`�+�?�B�p�2�b�@�Q�m�p�2�`�i�2�b�X�7�`�f�B�M�b�m�@�y�j�3�8�R�8�N�N

�a�m�#�K�B�i�i�2�/ �Q�M �R�9 �L�Q�p �k�y�k�k

�>���G �B�b �� �K�m�H�i�B�@�/�B�b�+�B�T�H�B�M���`�v �Q�T�2�M ���+�+�2�b�b
���`�+�?�B�p�2 �7�Q�` �i�?�2 �/�2�T�Q�b�B�i ���M�/ �/�B�b�b�2�K�B�M���i�B�Q�M �Q�7 �b�+�B�@
�2�M�i�B�}�+ �`�2�b�2���`�+�? �/�Q�+�m�K�2�M�i�b�- �r�?�2�i�?�2�` �i�?�2�v ���`�2 �T�m�#�@
�H�B�b�?�2�/ �Q�` �M�Q�i�X �h�?�2 �/�Q�+�m�K�2�M�i�b �K���v �+�Q�K�2 �7�`�Q�K
�i�2���+�?�B�M�; ���M�/ �`�2�b�2���`�+�? �B�M�b�i�B�i�m�i�B�Q�M�b �B�M �6�`���M�+�2 �Q�`
���#�`�Q���/�- �Q�` �7�`�Q�K �T�m�#�H�B�+ �Q�` �T�`�B�p���i�2 �`�2�b�2���`�+�? �+�2�M�i�2�`�b�X

�G�ö���`�+�?�B�p�2 �Q�m�p�2�`�i�2 �T�H�m�`�B�/�B�b�+�B�T�H�B�M���B�`�2�>���G�- �2�b�i
�/�2�b�i�B�M�û�2 ���m �/�û�T�¬�i �2�i �¨ �H�� �/�B�z�m�b�B�Q�M �/�2 �/�Q�+�m�K�2�M�i�b
�b�+�B�2�M�i�B�}�[�m�2�b �/�2 �M�B�p�2���m �`�2�+�?�2�`�+�?�2�- �T�m�#�H�B�û�b �Q�m �M�Q�M�-
�û�K���M���M�i �/�2�b �û�i���#�H�B�b�b�2�K�2�M�i�b �/�ö�2�M�b�2�B�;�M�2�K�2�M�i �2�i �/�2
�`�2�+�?�2�`�+�?�2 �7�`���M�Ï���B�b �Q�m �û�i�`���M�;�2�`�b�- �/�2�b �H���#�Q�`���i�Q�B�`�2�b
�T�m�#�H�B�+�b �Q�m �T�`�B�p�û�b�X

�.�B�b�i�`�B�#�m�i�2�/ �m�M�/�2�` �� �*�`�2���i�B�p�2 �*�Q�K�K�Q�M�b���i�i�`�B�#�m�i�B�Q�M�% �9�X�y �A�M�i�2�`�M���i�B�Q�M���H �G�B�+�2�M�b�2

�h�Q�r���`�/�b �� �*�Q�K�T�`�2�?�2�M�b�B�p�2 �o�B�2�r �Q�7 ���+�+�`�2�i�B�Q�M�- �A�M�M�2�`
�.�B�b�F�b�- ���M�/ �1�t�i�B�M�+�i�B�Q�M �B�M �*�H���b�b�B�+���H �h �h���m�`�B �a�i���`�b�, ���M
�P�.�u�a�a�1�l�a �a�i�m�/�v �Q�7 �i�?�2 �P�`�B�Q�M �P�"�R�# ���b�b�Q�+�B���i�B�Q�M

�*���2�H�2�v �o�X �S�B�i�i�K���M�- �*���i�?�2�`�B�M�2 �*�X �1�b�T���B�H�H���i�- �*�Q�M�M�Q�` �1�X �_�Q�#�B�M�b�Q�M�- �h�?���M���r�m�i�?

�h�?���M���i�?�B�#�Q�/�2�2�- �L�m�`�B�� �*���H�p�2�i�- �C�Q�?�M �q�2�M�/�2�#�Q�`�M�- �C�2�b�m�b �>�2�`�M�€�M�/�2�x�- �*���`�H�Q �6�X

�J���M���`���- �6�`�2�/ �q���H�i�2�`�- �S�û�i�2�` �•�#�`���?�€�K�- �2�i ���H�X

�h�Q �+�B�i�2 �i�?�B�b �p�2�`�b�B�Q�M�,

�*���2�H�2�v �o�X �S�B�i�i�K���M�- �*���i�?�2�`�B�M�2 �*�X �1�b�T���B�H�H���i�- �*�Q�M�M�Q�` �1�X �_�Q�#�B�M�b�Q�M�- �h�?���M���r�m�i�? �h�?���M���i�?�B�#�Q�/�2�2�- �L�m�`�B��
�*���H�p�2�i�- �2�i ���H�X�X �h�Q�r���`�/�b �� �*�Q�K�T�`�2�?�2�M�b�B�p�2 �o�B�2�r �Q�7 ���+�+�`�2�i�B�Q�M�- �A�M�M�2�` �.�B�b�F�b�- ���M�/ �1�t�i�B�M�+�i�B�Q�M �B�M �*�H���b�b�B�+���H
�h �h���m�`�B �a�i���`�b�, ���M �P�.�u�a�a�1�l�a �a�i�m�/�v �Q�7 �i�?�2 �P�`�B�Q�M �P�"�R�# ���b�b�Q�+�B���i�B�Q�M�X �h�?�2 ���b�i�`�Q�M�Q�K�B�+���H �C�Q�m�`�M���H�-
���K�2�`�B�+���M ���b�i�`�Q�M�Q�K�B�+���H �a�Q�+�B�2�i�v�- �k�y�k�k�- �R�e�9�- ���R�y�X�j�3�9�d�f�R�8�j�3�@�j�3�3�R�f���+�3�N�3�/���X ���B�M�b�m�@�y�j�3�8�R�8�N�N��



Towards a Comprehensive View of Accretion, Inner Disks, and Extinction in Classical T
Tauri Stars: An ODYSSEUS Study of the Orion OB1b Association

Caeley V. Pittman1 , Catherine C. Espaillat1 , Connor E. Robinson2 , Thanawuth Thanathibodee1 , Nuria Calvet3 ,
John Wendeborn1 , Jesus Hernández4 , Carlo F. Manara5 , Fred Walter6 , Péter Ábrahám7,8,9 , Juan M. Alcalá10 ,

Sílvia H. P. Alencar11 , Nicole Arulanantham12 , Sylvie Cabrit13 , Jochen Eislöffel14 , Eleonora Fiorellino7,9,10 ,
Kevin France15 , Manuele Gangi16 , Konstantin Grankin17 , Gregory J. Herczeg18,19 , Ágnes Kóspál7,8,9,20 ,

Ignacio Mendigutía21 , Javier Serna4 , and Laura Venuti22
1 Institute for Astrophysical Research, Department of Astronomy, Boston University, 725 Commonwealth Avenue, Boston, MA 02215, USA;cpittman@bu.edu

2 Department of Physics & Astronomy, Amherst College, Amherst, MA 01002, USA
3 Department of Astronomy, University of Michigan, 311 West Hall, 1085 S. University Avenue, Ann Arbor, MI 48109, USA

4 Instituto de Astronomía, Universidad Autónoma de México Ensenada, B.C, MÉxico
5 European Southern Observatory, Karl-Schwarzschild-Strasse 2, 85748 Garching, Germany

6 Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA
7 Konkoly Observatory, Research Centre for Astronomy and Earth Sciences, Eötvös Loránd Research Network, Konkoly-Thege Miklós út 15-17, 1121 Budapest,

Hungary
8 ELTE Eötvös Loránd University, Institute of Physics, Pázmány Péter Sétány 1/ A, 1117 Budapest, Hungary

9 CSFK, MTA Centre of Excellence, Konkoly-Thege Miklós út 15-17, 1121 Budapest, Hungary
10Osservatorio Astronomico di Capodimonte, via Moiariello 16, 80131 Napoli, Italy

11Departamento de Fisica, Universidade Federal de Minas Gerais, Av. Antonio Carlos 6627, 30270-901 Belo Horizonte, MG, Brazil
12Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA

13Observatoire de Paris, PSL University, Sorbonne University, CNRS, LERMA, 61 Av. de l’Observatoire, 75014 Paris, France
14Thüringer Landessternwarte, Sternwarte 5, D-07778 Tautenburg, Germany

15Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, Boulder, CO 80303, USA
16Osservatorio Astronomico di Roma, via di Frascati 33, 00078 Monte Porzio Catone, Italy

17Crimean Astrophysical Observatory, Department of Stellar Physics, Nauchny, 298409, Crimea†
18Kavli Institute for Astronomy and Astrophysics, Peking University, Yiheyuan 5, Haidian Qu, 100871 Beijing, People’s Republic of China

19Department of Astronomy, Peking University, Yiheyuan 5, Haidian Qu, 100871 Beijing, People’s Republic of China
20Max Planck Institute for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany

21Centro de Astrobiología(CSIC-INTA), ESA-ESAC Campus, 28692, Villanueva de la Cañada, Madrid, Spain
22SETI Institute, 339 Bernardo Ave., Suite 200, Mountain View, CA 94043, USA

Received 2022 June 15; revised 2022 August 2; accepted 2022 August 7; published 2022 October 18

Abstract

The coevolution of T Tauri stars and their surrounding protoplanetary disks dictates the timescales of planet
formation. In this paper, we present magnetospheric accretion and inner disk wall model� ts to near-UV(NUV) to
near-IR(NIR) spectra of nine classical T Tauri stars in Orion OB1b as part of the Out� ows and Disks around
Young Stars: Synergies for the Exploration of ULLYSES Spectra(ODYSSEUS) survey. Using NUV–optical
spectra from the Hubble UV Legacy Library of Young Stars as Essential Standards(ULLYSES) Director’s
Discretionary Program and optical–NIR spectra from the PENELLOPE VLT Large Programme, we� nd that the
accretion rates of these targets are relatively high for the region’s intermediate age of 5.0 Myr; rates are in the range
of (0.5–17.2) × 10� 8 M� yr� 1, with a median value of 1.2× 10� 8 M� yr� 1. The NIR excesses can be� t with
1200–1800 K inner disk walls located at 0.05–0.10 au from the host stars. We discuss the signi� cance of the choice
in extinction law, as the measured accretion rate depends strongly on the adopted extinction value. This analysis
will be extended to the complete sample of T Tauri stars being observed through ULLYSES to characterize
accretion and inner disks in star-forming regions of different ages and stellar populations.

Uni� ed Astronomy Thesaurus concepts:Pre-main sequence stars(1290); Stellar accretion(1578); Stellar accretion
disks(1579); Protoplanetary disks(1300); Reddening law(1377); Interstellar extinction(841); Hubble Space
Telescope(761); Very Large Telescope(1767)

Supporting material:data behind� gure, machine-readable tables

1. Introduction

The coevolution of T Tauri stars(TTSs) and their surrounding
protoplanetary disks is one of the most important subjects in the
� eld of planet formation(Manara et al.2022). Accretion of disk
material onto the star can be traced by continuum excesses in the
near-UV(NUV) to optical region of the spectrum(Valenti et al.
1993; Gullbring et al. 2000; Herczeg & Hillenbrand2008).
Emission from the frontally illuminated inner wall of the disk
can be traced by continuum excesses in the near-IR(NIR) to
mid-IR (MIR) region (Natta et al.2001; Tuthill et al. 2001;
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D’Alessio et al.2005). A model that can self-consistently
reproduce the spectra of actively accreting TTSs from the UV to
the IR is a vital tool for understanding the coevolution of the star
and inner disk. To reproduce the NUV–NIR spectra of classical
TTSs(CTTSs), one can combine accretion shock and inner disk
wall models to create a consistent description of the physical
mechanisms producing the observed spectra, as has been
demonstrated in GM Aurigae by Ingleby et al.(2015).

The magnetospheric accretion model(Koenigl 1991; Shu
et al. 1994; Hartmann et al.1994; Calvet & Gullbring1998;
Muzerolle et al. 1998, 2001) has been widely used in
explaining observations of UV excesses and emission lines in
CTTSs(for a review, see Hartmann et al.2016). Bouvier et al.
(2020) and the Gravity Collaboration(2020) con� rmed that
hydrogen Br� emission associated with the magnetospheric
accretion paradigm originates well within TTS corotation radii,
reinforcing the hypothesis that the emission comes from
accretion columns rather than a wind farther away from the
star. When modeling this emission, it is important to� t the
optical spectra in addition to the NUV, as accretion estimates
that � t excesses only at blue wavelengths underestimate the
accretion rates by a factor of� 2 (Fischer et al.2011). To
account for both NUV and optical continuum excesses in
CTTSs, Ingleby et al.(2013) found that a multicolumn
accretion shock model should be used(based on the shock
model of Calvet & Gullbring1998).

D’Alessio et al.(2005) found that the spectrum of a heated
inner wall of a dusty disk located at the dust sublimation radius
dominates the emission at NIR� MIR wavelengths. The
structure and intensity of emission from the inner wall of
protoplanetary disks are determined primarily by the wall’s
geometry and the mineralogy of the dust(e.g., Muzerolle et al.
2003; McClure et al.2013). Gas accretion onto the star is likely
driven by turbulence in this inner disk, which also necessarily
causes diffusion of dust particles that are coupled to the gas; the
strength of this diffusion dictates the shape of the inner wall,
independent of dust composition, with the wall geometry
ranging from short and curved to tall and vertical(Schobert &
Peeters2021). The primary implication of this is that observed
emission from a curved wall does not depend heavily on disk
inclination i, whereas emission from a vertical wall depends
strongly on i. McClure et al.(2013) best � t the 2–10� m
continuum excesses of four TTSs by approximating a curved
wall using two vertical walls at different radii, each with a
different height, dust size distribution, and composition.

The Hubble UV Legacy Library of Young Stars as Essential
Standards(ULLYSES) DDT program(Roman-Duval et al.2020),
combined with the PENELLOPE Very Large Telescope(VLT)
Large Program(Manara et al.2021a), provides an ideal sample
for exploring the variation in CTTS system properties across
ranges of spectral types, ages, and masses. The Out� ows and
Disks around Young Stars: Synergies for the Exploration of
ULLYSES Spectra(ODYSSEUS) collaboration(Espaillat et al.
2022) is maximizing the scienti� c impact of these data by
studying accretion, out� ows, and disk chemistry in the largest
sample of TTSs observed with the Hubble Space Telescope
(HST) to date. This paper focuses on modeling the accretion and
inner disks of the� rst sample of TTSs observed by ULLYSES.

ULYSSES began observations with Orion OB1, located about
400 pc away(Briceño et al.2019). Here we study nine CTTSs in
the Orion OB1b star-forming region, which has a mean age of
5.0 Myr and a disk fraction of 12%(Briceño et al.2019). This is

intermediate between Cloud B(2.5 Myr, 31% CTTS) and OB1a
(10.8 Myr, 6% CTTS), indicating an intermediate level of disk
evolution in the region.

In this work, we model the same Orion OB1b sample of
CTTSs as Manara et al.(2021a) to demonstrate the signi� cance
of using NUV spectra to determine the accretion and extinction
properties of these targets. For the� rst time, we model both
accretion and inner disks in a sample of CTTSs using
contemporaneous spectra from 2000 to 24000 Å. Once this
analysis is extended to the full ULLYSES sample of� 60
CTTSs in nine star-forming regions, we can constrain the
relationships between stellar parameters and accretion and
inner disk properties to an extent that has not been done before.

This paper is organized as follows. In Section2, we discuss
the sample of TTSs, multiplicity in the sample, stellar
parameters, and observations. In Section3, we describe the
accretion shock and disk models used to� t the NUV–NIR
continua of the CTTSs. Section4 presents the modeling results.
In Section5, we compare our results to those of previous
studies and discuss the signi� cance of the choice in extinction
law and the wavelength range of data available. Finally, in
Section6 we present a summary of our� ndings and future
work that will be possible through ODYSSEUS.

2. Sample and Observations

The ULLYSES program(Roman-Duval et al.2020) began
observations with a sample of eight CTTSs in the Orion OB1b
subassociation(Briceño et al.2001, 2005, 2019) and two weak-
lined TTSs (WTTSs; nonaccreting sources) in the 25 Ori
cluster, which are used as template photospheres in this
analysis(see Figure3 in AppendixA for a justi� cation of their
classi� cation as WTTSs). Each target was observed with both
HST and the VLT contemporaneously. One of these targets,
CVSO 165, was discovered to be a binary system composed of
two CTTSs, so 11 TTSs were observed in total, spanning
spectral types M3.5–K6 and masses 0.3–0.9M� .

2.1. Objects and Stellar Parameters

CVSO 17, CVSO 36, and CVSO 109 are known to be
physical binaries(Tokovinin et al.2020), and CVSO 104 and
CVSO 165 have visual companions with which they are not
kinematically associated(Manara et al.2021a). The primary
component of CVSO 104 was found to be a spectroscopic
binary(Kounkel et al.2019; Manara et al.2021a; Frasca et al.
2021), but these components are not resolved in the HST
observations. Prof� tt et al. (2021) found that the primary
component of CVSO 165 is also itself a binary. The ULLYSES
HST observations of this object are able to resolve the two
components, which both show signatures of active accretion
and are thus both modeled in this analysis.

Stellar parameters for all CTTS targets and WTTS photo-
spheric templates used in this work are listed in Table2. For
targets not affected by unresolved binarity in their X-Shooter
observations, values for spectral type(SpT), mass (Må),
distance(d), and veiling(r) are adopted from Manara et al.
(2021a), and their values for stellar radius(Rå) and V-band
extinction(AV) are included for comparison with the values we
derive. Effective temperatures for all targets except the
CVSO 165 binary system come from the temperature–spectral
type relation given for 5–30 Myr stars in Pecaut & Mamajek
(2013). Manara et al.(2021a) derive distances from Gaia Early
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Data Release 3 parallaxes that have reliable astrometric
solutions(typically RUWE< 1.4). For those without reliable
solutions, the mean distance to the association is used and an
uncertainty of 10% assumed.

2.1.1. CVSO 165 Binary

We obtain the effective temperature(Teff) and the visual
extinction(AV) for each component of the CVSO 165 system
by comparing the HST spectra against the PHOENIX synthetic
spectral library(Husser et al.2013). We use values of surface
gravity adequate for stars(e.g., 3.0 log g 4.5( )� � � �) and
interpolate the spectral library to obtain theoretical grids with
intervals of 50 K inTeff. For each theoretical spectrum, we
apply values ofAV from 0 to 5 in steps of 0.01 using the
standard interstellar reddening law(RV = 3.1) from Cardelli
et al.(1989). Minimizing � 2, we obtain theTeff and theAV from
the best match between the observed HST spectra and the
reddened synthetic spectra. To avoid contamination from
accretion � ux, we use the spectral range from 6000 to
9000 Å. We also avoid the region around H� , � tting a
Gaussian function to the line pro� le and ignoring the spectral
range between� 5� and + 5� from the center of the line.
Finally, the uncertainties in the estimated values are obtained
using the Monte Carlo(MC) method of error propagation
(Anderson1976), varying the HST spectra� uxes randomly
500 times within their reported uncertainties. The values
reported in Table2 are the median and standard deviation of
the 500 MC results.

We deriveV magnitudes for each component of CVSO 165 by
multiplying the HST spectrum by the JohnsonV-� lter transmis-
sion curve. We obtainedV= 13.875± 0.002 for CVSO 165A and
V= 15.775± 0.004 for CVSO 165B. The RUWE astrometric
parameter is highly sensitive to unresolved binary systems; the
high RUWE value of 14.3 for CVSO 165 indicates a poor
astrometric solution(Lindegren2020). Therefore, we assume a
distance of 400± 40 pc (Briceño et al.2019) to estimate the
stellar luminosity for CVSO 165A and CVSO 165B using the
visual magnitude corrected by extinction. Finally, comparing the
location on the H-R diagram withthe MIST evolutionary model
(Dotter2016), we obtained the stellar masses reported in Table2
for each component. The uncertainties in the masses were
obtained using the MC method of error propagation and the
uncertainties estimated for the luminosity andTeff.

2.1.2. Veiling

Veiling measurements are necessary to set the� ux of the
WTTS template photosphere relative to the CTTS spectrum,
with the relationship given byFphot,� = FCTTS,� / (1 + r� ). In
our analysis, we scale the WTTS template spectrum to the data
using the observed veiling at one wavelength,� 0. First, the
WTTS spectrum is scaled to the observed CTTS spectrum at� 0

with a F
F

obs 0

phot 0

( )
( )
�M
�M

term. Then, it is scaled to the observed veiling

with a
r

1
1 0�� �M

term such that the contribution of the photosphere
to the data’s continuum � ux at � 0 is equivalent to the
contribution implied by the veiling measurement. Only the
absolute� ux of the WTTS template spectrum is changed, not
the shape of the WTTS spectrum. This scaling process allows
us to use the observed veiling to determine the amount of
continuum excess emission for which we need to account with
the accretion shock and inner disk wall models.

Three epochs of veiling measurements at� 0 = 5500 Å
(r5500) are available for seven out of nine of the CTTSs from
VLT/ UVES and VLT/ ESPRESSO(Manara et al.2021a), and
we use the value from the epoch closest in time to the HST/
STIS observations for these targets. CVSO 90 has VLT/ X-
Shooter veiling available at� 0 = 7100 Å, so this is used in
place ofr5500 for this target. The veiling measured from the
unresolved CVSO 165 spectrum is split between the two
components according to the ratio of theirU-band � uxes.
CVSO 104 has not yet been formally modeled at the
wavelengths relevant to accretion; however, itsr5500 has been
estimated from modeling the UVES spectrum when the objects
are nearly in conjunction(A. Frasca, private communication).
The observations used to measure the veiling for each target are
shown in Table1, and the veiling values are included in
Table2.

2.2. Hubble Space Telescope/STIS Observations

HST Space Telescope Imaging Spectrograph(STIS) and
Cosmic Origins Spectrograph(COS) observations of these
targets were taken as part of the ULLYSES DDT program
through proposals GO16113, GO16114, and GO16115
(Roman-Duval et al.2020; PI: Julia Roman-Duval). This paper
utilizes observations of each target with the following gratings:

Table 1
Observation Log

Object Telescope/ Instrument Date(MJD)

CVSO 58 HST/ STISa 59184.97
VLT/ X-Shooterb 59185.25
VLT/ UVESb,c 59185.09

CVSO 90 HST/ STISa 59199.60
VLT/ X-Shooterb,c 59198.06

CVSO 104 HST/ STISa 59180.21
VLT/ X-Shooterb 59180.13
VLT/ UVESb,c 59179.12

CVSO 107 HST/ STISa 59188.02
VLT/ X-Shooterb 59187.08
VLT/ UVESb,c 59188.14

CVSO 109 HST/ STISa 59181.20
VLT/ X-Shooterb 59181.15
VLT/ UVESb,c 59181.17

CVSO 146 HST/ STISa 59192.85
VLT/ X-Shooterb 59192.08

VLT/ ESPRESSOb,c 59193.09

CVSO 165 HST/ STISa 59197.82
VLT/ X-Shooterb 59197.08

VLT/ ESPRESSOb,c 59198.10

CVSO 176 HST/ STISa 59182.86
VLT/ X-Shooterb 59185.17
VLT/ UVESb,c 59183.15

Notes.
a Observed through the ULLYSES HST DDT Program(Roman-Duval et al.
2020).
b Observed through the PENELLOPE VLT Large Programme(Manara et al.
2021a).
c Used for veiling measurement.
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STIS/ G230L(spectral resolution 500–1010, plate scale 0025
pixel–1, and NUV-MAMA pixel size of 25� m), STIS/ G430L
(spectral resolution 530–1040, plate scale 0051 pixel–1, and
CCD pixel size of 21� m), and STIS/ G750L (spectral
resolution 530–1040, plate scale 0051 pixel–1, and CCD
pixel size of 21� m), all using the 52X2 slit. These spectra span
a total wavelength range of 1710–10000 Å after they are
combined and trimmed. See Table1 for the times of
observations. Values of� F� that are less than 1× 10� 15 erg
s–1 cm–2 are removed. The spectra analyzed here come from
ULLYSES Data Release 4, which separates spectra for the
resolvable binary systems(CVSO 36, CVSO 104, CVSO 109,
and CVSO 165) into their constituent components. The data
between 1710 and 3300 Å are dereddened with our derivedAV

using the Whittet et al.(2004) extinction law based on HD
29647 in Taurus(normalized to the Cardelli et al.1989
standard interstellar medium(ISM) law), as the Whittet et al.
(2004) law removes a potential overcorrection of the 2175 Å
bump that is present in standard ISM extinction laws. From
3300 Å onward, the data are dereddened using the Cardelli
et al. (1989) law to align with the analysis of Manara et al.
(2021a). Both laws assume an interstellar reddening of
RV = 3.1.

2.3. Very Large Telescope/X-Shooter Observations

Contemporaneous VLT/ X-Shooter observations were taken
through the ESO PENELLOPE Large Programme(Manara

Table 2
Adopted Stellar Properties of Orion OB1 Targets

Object SpT Temperature Luminosity Radius Mass Distance AV r Template
(K) (L� ) (R� ) (M� ) (pc) (mag)

Single CTTSs

CVSO 58 K7 3970 0.32 1.19 0.81 349.00± 2.8 0.8 0.81± 0.04 HBC 427+ TWA 6
CVSO 90 M0.5 3700 0.13 0.88 0.62 338.70 3.7

3.8
��
�� 0.1 1.8± 0.4f TWA 7+ TWA 14

CVSO 107 M0.5 3700 0.32 1.38 0.53 330.40± 2.5 0.3 0.98± 0.11 TWA 7+ TWA 14
CVSO 146 K6 4020 0.80 1.84 0.86 332.00± 1.7 0.6 0.44± 0.10 HBC 427+

RXJ1543.1-3920
CVSO 176 M3.5 3260 0.34 1.83 0.25 302.40 2.8

2.9
��
�� 1.0 0.34± 0.16 CVSO 17/ 36+

TWA 15A

Binary CTTSs

CVSO 104e M2 3490 0.37 1.66 0.37 360.70 3.8
3.9

��
�� 0.2 0.8h CVSO 17/ 36+

TWA 2A
CVSO 109Aa M0 ± 0.5 3767.6± 81.2 0.59 0.13

0.17
��
�� 1.81± 0.25 0.50 0.05

0.07
��
�� 400± 40 0.06 0.24

0.24
��
�� 0.90± 0.08 TWA 7+ TWA 14

CVSO 165A K5.5± 1.0 4221± 28 0.90 0.15
0.19

��
�� 1.78± 1.07 0.84± 0.05 400± 40 0.32± 0.05 0.21± 0.03g RECX 1+

RXJ1543.1-3920
CVSO 165B M1± 1.5 3849± 7 0.47 0.08

0.10
��
�� 1.55± 0.93 0.58± 0.23 400± 40 1.35± 0.12 0.15± 0.02g TWA 7+ TWA 14

WTTSs

RECX 1b K5 4140 1.0 1.8 0.9 97 0.0 L L
RX J1543.1–

3920c
K6 4020 0.40 1.19 L 150 0.1± 0.1 L L

HBC 427b K7 3970 0.8 1.9 0.8 140 0.0 L L
TWA 6d K7 3970 0.11 0.67 0.66 51 L L L
TWA 14d M0.5 3700 0.15 0.90 0.73 96 L L L
TWA 7b M1 3630 0.5 1.8 0.5 50 0.0 L L
TWA 2Ad M2 3490 0.33 1.51 0.55 47 L L L
CVSO 17e M2 3490 0.30 1.50 0.37 414.2 8.9

9.3
��
�� 0.0 L L

CVSO 36e M2 3490 0.22 1.28 0.39 335.5± 3.0 0.1 L L
TWA 15Ad M3.5 3260 0.11 1.00 0.30 111 L L L

Notes.The following stellar parameters for the CTTSs come from Manara et al.(2021a) unless otherwise noted: spectral type, luminosity, mass, distance(derived
from GAIA Early Data Release 3 parallaxes when reliable solutions were available; see Gaia Collaboration et al.2021), AV, andr. All veilings are at 5500 Å unless
otherwise noted. The adopted temperature comes from the temperature–spectral type relation for 5–30 Myr stars in Pecaut & Mamajek(2013, Table 6), with an
average used for intermediate spectral types. The radius is calculated from the luminosity and temperature using the Stefan–Boltzmann relation. Italicized WTTSs
come from X-Shooter; otherwise, they come from HST/ STIS. The average of CVSO 17 and CVSO 36, weighted by their uncertainties, is used because the individual
spectra have low signal-to-noise ratio in the NUV.
a Espaillat et al.(2022).
b Ingleby et al.(2013).
c Manara et al.(2017).
d Manara et al.(2013).
e Unresolved spectroscopic binary system.
f Veiling at 7100 Å from X-Shooter.
g Veiling for the primary and secondary components of CVSO 165 attained by scaling the ESPRESSO veiling of 0.36± 0.05 for CVSO 165 to the ratio of the
components’ U-band� uxes.
h Veiling at 5500 Å estimated from modeling the UVES spectrum when the binary components are nearly in conjunction(A. Frasca, private communication).
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et al.2021b, PI: Carlo Manara; see their Figures F.1 and F.2 for
the X-Shooter data overplotted with the HST data). See Table1
for the times of observations. Though observations were taken
in the UVB, VIS, and NIR arms, we use only the NIR spectra
(spectral resolution� 11,600, plate scale 0248 pixel–1, using
the 0 4 slit) for modeling the inner disk wall because HST data
are available out to 1� m. As described in Manara et al.
(2021a), these� ux-calibrated data are dereddened using the
Cardelli et al.(1989) extinction law and corrected for telluric
absorption usingmolec� t v3.0.3 (Smette et al.2015; Kausch
et al.2015). Again, points with� F� < 1 × 10� 15 erg s–1 cm–2

are removed.
The X-Shooter data for the binary targets CVSO 109 and

CVSO 165 are unresolved, so it is necessary to split the total
� ux between the two components to achieve a better
representation of the resolved NIR spectra. As described in
Espaillat et al.(2022), the X-Shooter spectrum of CVSO 109A
is scaled by theJ-band� uxes of the two components and their
difference found by Tokovinin et al.(2020). The J-band� ux
difference is not available for CVSO 165A and CVSO 165B, so
these spectra are simply scaled down to align with the HST
continua. This is just an approximation given that the two
components have different spectral types. However, our
inferred NIR� ux ratio of the primary to the secondary of 2.4
is reasonably consistent with our measuredV- andR-band� ux
ratios of 2.6 and 2.7, respectively.

The HST and X-Shooter observations of CVSO 176 were
separated by about 65 hr, and this seems to have produced a
signi� cant discontinuity between the data. This can likely be
attributed to variability, as variations on the order of hours to
days are expected from magnetosphere–disk interactions
(Venuti et al.2017; Sergison et al.2020; Fischer et al.2022).
Both the� ux and slope of the HST and X-Shooter continua do
not agree. However, if the X-Shooter spectrum is scaled up by
a factor of 1.75(corresponding to a change of 0.6 mag), it
aligns with the HST spectrum. This agrees with contempora-
neous photometry from AAVSOnet that shows a decrease in
Sloan i-band � ux of 0.6 mag between MJD 9182.67 and
9189.84.23 This likely indicates a change in the emission from
the inner disk wall. Both the scaled and unscaled X-Shooter
data are shown in the model� ts to CVSO 109A, CVSO 165A,
CVSO 165B, and CVSO 176 presented in Figure1.

2.4. Transiting Exoplanet Survey Satellite Observations

The Transiting Exoplanet Survey Satellite(TESS; Ricker
et al. 2014), has observed these targets on two occasions, in
Sector 6(2018 December 11 through 2019 January 07) and in
Sector 32 (2020 November 19 through December 17). The
latter coincided with the observations reported here, and these
data were used to estimate the stellar rotation periods of our
targets(expected of order 4–9 days; Percy et al.2010). We note
that the 27-day viewing window of TESS samples only a few
of the expected periods, so this analysis only reveals gross
trends in very complex light curves.

We download the full-frame image data from the MAST
archives using the TESScut software(Brasseur et al.2019).
TESS images, while photometrically stable and of continuous
cadence, suffer from coarse spatial resolution(21� pixels).
TESS is a single-channel photometer with a 600–1000 nm

bandpass. The temporal resolution was 10 minutes in Sector 32
and 30 minutes in Sector 6.

We extract the data using aperture photometry with a 1.5-
pixel radius. The background is extracted from an annulus
between 5 and 10 pixels from the source. Because there are
often other sources in the background annulus, we iterate on the
background pixels, removing those more than 3� from the
median level until we converge on the median background
level. We assume that the background is spatially� at in this
region.

2.5. Weak-lined TTS Photospheric Templates

The template photospheres constructed for each of the CTTS
targets are composed of two WTTS spectra stitched together: the
wavelength range between 2000 and� 6000 Å comes from the
HST/ STIS spectrum closest in spectral type to the CTTSs, and
the remaining data out to 24000 Å come from the VLT/ X-
Shooter spectrum that provided the best photospheric� t in
Manara et al.(2021a) (except for CVSO 165B, which has a
spectral type different from that assigned to the unresolved
CVSO 165 system). All targets have HST WTTSs within± 1
spectral subtype except for CVSO 176, which is� t with a WTTS
1.5 subtypes earlier. Each pair of WTTSs stitched together as
photospheric templates foreach CTTS target is listed in the
“Template” column of Table2. Note that there are four X-Shooter
WTTSs for which extinction estimates are unavailable.AV for
these targets is assumed to be zero because they were chosen from
regions of low extinction(Manara et al.2013). This should not
have a signi� cant effect on the� tted AV and M�� values because
extinction is most important at wavelengths shorter than these
X-Shooter WTTS spectra cover.

3. Accretion and Disk Models

The accretion and disk wall models used in this work are
computed and� t in order to be consistent with one another.
First, the accretion shock model is calculated for the speci� c
stellar parameters of each target and� t to the data. Then, the
output stellar radius, accretion rate, and shock temperature are
used as inputs to the disk wall model, which is then calculated
for the given stellar parameters and� t to the data. In
Sections 3.1–3.2, we describe our implementation of the
Calvet & Gullbring (1998) accretion shock model and the
D’Alessio irradiated accretion disk(DIAD) radiative transfer
model(D’Alessio et al.1998, 1999, 2001, 2004, 2005, 2006).

3.1. Multicolumn Accretion Shock Model

We model the NUV and optical HST continua using the
Calvet & Gullbring(1998) accretion shock model, updated to
include three accretion columns of varying energy� uxes. These
approximate a� ow with a density gradient, as was recently
found in GM Aurigae(Espaillat et al.2021). Following Calvet &
Gullbring(1998), we assume a magnetospheric truncation radius
(Ri) of 5Rå for all objects but CVSO 109A.24 Ri, Rå, and Må
determine the infall velocity of the accreted material, which is
assumed to be the freefall velocity. The updated model is
solved for individual parameter combinations rather than
interpolating over a presolved grid of solutions. We add

23 http:// www.astro.sunysb.edu/ fwalter/ SMARTS/ Odysseus/ cvso176.
phot.html

24 Modeling of H� and H� lines of CVSO 109A showed a smallerRi of 2.3Rå
(see Espaillat et al.2022), but this analysis is still in preparation for the other
objects(Thanathibodee et al., in preparation). We note that changingRi to
2.3Rå from 5Rå increases the calculated accretion rate by a factor of 1.4.
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