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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
fits to NUV-NIR spectra of nine classical T Tauri stars in Orion OB1b as part of the Outflows 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 find that the accretion rates of these targets are relatively high for the region’s
intermediate age of 5.0 Myr; rates range from 0.5-17.2x1078 Mg, yr~!, with a median value of 1.2x10~8
Mg yr—t. The NIR excesses can be fit with 1200-1800 K inner disk walls located at 0.05-0.10 AU from
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2 PITTMAN ET AL.

the host stars. We discuss the significance 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.

Keywords: Stellar accretion disks; Protoplanetary disks; Star formation; Pre-main sequence stars;

Reddening law; Interstellar extinction

1. INTRODUCTION

The coevolution of T Tauri stars (TTS) and their sur-
rounding protoplanetary disks is one of the most im-
portant subjects in the field of planet formation (Ma-
nara et al. 2022). Accretion of disk material onto the
star can be traced by continuum excesses in the near-
ultraviolet to optical region of the spectrum (Valenti
et al. 1993; Gullbring et al. 2000; Herczeg & Hillenbrand
2008). Emission from the frontally-illuminated inner
wall of the disk can be traced by continuum excesses
in the near-to mid-infrared region (Natta et al. 2001;
Tuthill et al. 2001; D’Alessio et al. 2005). A model that
can self-consistently reproduce the spectra of actively-
accreting T Tauri stars from the ultraviolet to the in-
frared is a vital tool for understanding the coevolution
of the star and inner disk. To reproduce the NUV-NIR
spectra of CTTS, one can combine accretion shock and
inner disk wall models to create a consistent descrip-
tion 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 & Gull-
bring 1998; Muzerolle et al. 1998, 2001) has been widely
used in explaining observations of UV-excesses and emis-
sion lines in CTTS (for a review, see Hartmann et al.
2016). Bouvier et al. (2020) and the Gravity Collab-
oration (2020) confirmed that hydrogen Brvy 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 fit the
optical spectra in addition to the NUV, as accretion es-
timates that fit excesses only at blue wavelengths under-
estimate the accretion rates by a factor of ~2 (Fischer
et al. 2011). To account for both NUV and optical con-
tinuum excesses in classical T Tauri stars (CTTS), In-
gleby et al. (2013) found that a multi-column accretion
shock model should be used (based on the shock model
of Calvet & Gullbring 1998).

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 deter-
mined primarily by the wall’s geometry and the miner-
alogy 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 & Peeters 2021). The pri-
mary implication of this is that observed emission from
a curved wall does not depend heavily on disk inclination
1, whereas emission from a vertical wall depends strongly
on i. McClure et al. (2013) best fit the 2-10 pm con-
tinuum excesses of four T'TS by approximating a curved
wall using two vertical walls at different radii, each with
a different height, dust size distribution, and composi-
tion.

The Hubble UV Legacy Library of Young Stars as Es-
sential Standards (ULLYSES) DDT program (Roman-
Duval et al. 2020), combined with the PENELLOPE
Very Large Telescope (VLT) Large Program (Manara
et al. 2021), provides an ideal sample for exploring the
variation in CTTS system properties across ranges of
spectral types, ages, and masses. The Outflows and
Disks around Young Stars: Synergies for the Ezploration
of ULLYSES Spectra (ODYSSEUS) collaboration (Es-
paillat et al. 2022) is maximizing the scientific impact
of these data by studying accretion, outflows, and disk
chemistry in the largest sample of TTS observed with
the Hubble Space Telescope (HST) to date. This paper
focuses on modeling the accretion and inner disks of the
first sample of TTS observed by ULLYSES.

ULYSSES began observations with Orion OBI1, lo-
cated about 400 pc away (Bricefio et al. 2019). Here,
we study nine CTTS in the Orion OB1b star-forming
region, which has a mean age of 5.0 Myr and a disk
fraction of 12% (Bricenio et al. 2019). This is intermedi-
ate between Cloud B (2.5 Myr, 31% CTTS) and OBla
(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 CTTS as Manara et al. (2021) to demonstrate the
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significance of using NUV spectra to determine the ac-
cretion and extinction properties of these targets. For
the first time, we model both accretion and inner disks in
a sample of CTTS using contemporaneous spectra from
2000-24000 A. Once this analysis is extended to the full
ULLYSES sample of ~60 CTTS in nine star-forming re-
gions, 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 Section 2, we
discuss the sample of TTS, multiplicity in the sample,
stellar parameters, and observations. In Section 3, we
describe the accretion shock and disk models used to fit
the NUV-NIR continua of the CTTS. Section 4 presents
the modeling results. In Section 5, we compare our re-
sults to those of previous studies and discuss the signifi-
cance of the choice in extinction law and the wavelength
range of data available. Finally, in Section 6 we present
a summary of our findings 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 CTTS in
the Orion OB1b subassociation (Briceno et al. 2001,
2005, 2019) and two WTTS (weak-lined TTS, non-
accreting sources) in the 25 Ori cluster, which are used
as template photospheres in this analysis (see Figure 3
in Appendix A for a justification of their classification
as WTTS). Each target was observed with both HST
and the VLT contemporaneously. One of these targets,
CVSO 165, was discovered to be a binary system com-
posed of two CTTS, so 11 TTS were observed in to-
tal spanning spectral types M3.5-K6 and masses 0.3—
0.9 M.

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. 2021).
The primary component of CVSO 104 was found to be a
spectroscopic binary (Kounkel et al. 2019; Manara et al.
2021; Frasca et al. 2021), but these components are not
resolved in the HST observations. Proffitt 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
photospheric templates used in this work are listed in

Table 2. For targets not affected by unresolved bina-
rity in their X-Shooter observations, values for spectral
type (SpT), mass (M,), distance (d), and veiling (r) are
adopted from Manara et al. (2021), and their values for
stellar radius (R,) and V-band extinction (Ay) are in-
cluded for comparison with the values we derive. Effec-
tive 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. (2021) derive distances from Gaia
Early Data Release 3 parallaxes that have reliable as-
trometric solutions (typically RUWE < 1.4). For those
without reliable solutions, the mean distance to the as-
sociation is used and an uncertainty of 10% assumed.

2.1.1. CVSO 165 binary

We obtain the effective temperature (T.s;) and the
visual extinction (Ay) 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 PMS stars (e.g., 3.0 < log(g) < 4.5) and interpo-
late the spectral library to obtain theoretical grids with
intervals of 50 K in T,yy. For each theoretical spec-
trum, we apply values of Ay from 0 to 5 in steps of 0.01
using the standard interstellar reddening law (Ry=3.1)
from Cardelli et al. (1989). Minimizing x?, we obtain
the Tosr and the Ay from the best match between the
observed HST spectra and the reddened synthetic spec-
tra. To avoid contamination from accretion flux, we use
the spectral range from 6000-9000 A. We also avoid the
region around He, fitting a Gaussian function to the
line profile and ignoring the spectral range between -50
and 450 from the center of the line. Finally, the uncer-
tainties in the estimated values are obtained using the
Monte Carlo (MC) method of error propagation (An-
derson 1976), varying the HST spectra fluxes randomly
500 times within their reported uncertainties. The val-
ues reported in Table 2 are the median and standard
deviation of the 500 MC results.

We derive V magnitudes for each component of
CVSO 165 by multiplying the HST spectrum by the
Johnson V-filter transmission curve. We obtained V =
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 (Lindegren 2020). Therefore, we
assume a distance of 400 & 40 pc (Briceno et al. 2019)
to estimate the stellar luminosity for CVSO 165A and
CVSO 165B using the visual magnitude corrected by ex-
tinction. Finally, comparing the location on the H-R di-
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agram with the MIST evolutionary model (Dotter 2016),
we obtained the stellar masses reported in Table 2 for
each component. The uncertainties in the masses were
obtained using the MC method of error propagation and
the uncertainties estimated for the luminosity and T¢¢y.

2.1.2. Veiling

Veiling measurements are necessary to set the flux of
the WTTS template photosphere relative to the CTTS
spectrum, with the relationship given by Fpnot,n =
Forrs a/(1+ 7). In our analysis, we scale the WI'TS
template spectrum to the data using the observed veil-
ing at one wavelength, Ag. First, the WTTS spectrum
is scaled to the observed CTTS spectrum at Ag with a

Lonso) o, Then, it is scaled to the observed veiling
Fonot (Xo) )

with a iy term such that the contribution of the pho-
tosphere to the data’s continuum flux at Ag is equivalent
to the contribution implied by the veiling measurement.
Only the absolute flux of the WT'TS 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 A\o=5500 A
(rs500) are available for 7 out of 9 of the CTTS
from VLT/UVES and VLT/ESPRESSO (Manara et al.
2021), and we use the value from the epoch closest
in time to the HST/STIS observations for these tar-
gets. CVSO 90 has VLT/X-Shooter veiling available
at \g=7100 A, so this is used in place of rs509 for
this target. The veiling measured from the unresolved
CVSO 165 spectrum is split between the two compo-
nents according to the ratio of their U-band fluxes.
CVSO 104 has not yet been formally modeled at the
wavelengths relevant to accretion; however, its rs500
has been estimated from modeling the UVES spectrum
when the objects are nearly in conjunction (A. Frasca,
priv. comm.). The observations used to measure the
veiling for each target are shown in Table 1, and the
veiling values are included in Table 2.

2.2. HST/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: STIS/G230L (spectral res-
olution 500-1010, plate scale 0.025” /pixel, and NUV-
MAMA pixel size of 25 pm), STIS/G430L (spectral

Table 1. Observation Log

Object Telescope/Instrument  Date (MJD)

CVSO 58 HST/STIS® 59184.97
VLT /X-Shooter® 59185.25

VLT/UVES"® 59185.09

CVSO 90 HST/STIS® 59199.60
VLT /X-Shooter®* 59198.06

CVSO 104 HST/STIS® 59180.21
VLT/X-Shooter® 59180.13

VLT/UVES®® 59179.12

CVSO 107 HST/STIS" 59188.02
VLT/X-Shooter? 59187.08

VLT/UVES®*® 59188.14

CVSO 109 HST/STIS® 59181.20
VLT /X-Shooter® 59181.15

VLT/UVES"® 59181.17

CVSO 146 HST/STIS® 59192.85
VLT /X-Shooter” 59192.08
VLT/ESPRESSO"* 59193.09

CVSO 165 HST/STIS® 59197.82
VLT /X-Shooter” 59197.08
VLT/ESPRESSO®*® 59198.10

CVSO 176 HST/STIS" 59182.86
VLT /X-Shooter? 59185.17

VLT/UVES"* 59183.15

NoTE—*Observed through the ULLYSES HST DDT
Program (Roman-Duval et al. 2020). °Observed
through the PENELLOPE VLT Large Programme
(Manara et al. 2021). “Used for veiling measure-
ment.

resolution 530-1040, plate scale 0.051” /pixel, and CCD
pixel size of 21 pm), and STIS/G750L (spectral resolu-
tion 530-1040, plate scale 0.051” /pixel, and CCD pixel
size of 21 um), all using the 52X2 slit. These spectra
span a total wavelength range of 1710 — 10,000 A af-
ter they are combined and trimmed. See Table 1 for
the times of observations. Values of AF) that are less
than 1 x 10715 erg/s/cm? are removed. The spectra
analyzed here come from ULLYSES Data Release 4,
which separates spectra for the resolvable binary sys-
tems (CVSO 36, CVSO 104, CVSO 109, and CVSO 165)
into their constituent components. The data between
1710 and 3300 A are dereddened with our derived Ay
using the Whittet et al. (2004) extinction law based on
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HD 29647 in Taurus (normalized to the Cardelli et al.
(1989) standard ISM law), as the Whittet et al. (2004)
law removes a potential overcorrection of the 2175 A
bump that is present in standard ISM extinction laws.
From 3300 A onwards, the data are dereddened using
the Cardelli et al. (1989) law to align with the analysis
of Manara et al. (2021). Both laws assume an interstel-
lar reddening of Ry = 3.1.

2.3. VLT/X-Shooter observations

Contemporaneous VLT /X-Shooter observations were
taken through the ESO PENELLOPE Large Pro-
gramme (Manara et al. 2021, PI: Carlo Manara; see
their Figures F.1 and F.2 for the X-Shooter data over-
plotted with the HST data). See Table 1 for the times
of observations. Though observations were taken in the
UVB, VIS, and NIR arms, we use only the NIR spec-
tra (spectral resolution ~11600, plate scale 0.248” /pixel,
using the 0.4” slit) for modeling the inner disk wall be-
cause HST data are available out to 1 um. As described
in Manara et al. (2021), these flux-calibrated data are
dereddened using the Cardelli et al. (1989) extinction
law and corrected for telluric absorption using molecfit
v3.0.3 (Smette et al. 2015; Kausch et al. 2015). Again,
points with AF\< 1 x 1075 erg/s/cm? 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 flux between the two components to achieve a
better representation of the resolved NIR spectra. As
described in Espaillat et al. (2022), the X-Shooter spec-
trum of CVSO 109A is scaled by the J-band fluxes of the
two components and their difference found by Tokovinin
et al. (2020). The J-band flux 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 com-
ponents have different spectral types. However, our in-
ferred NIR flux ratio of the primary to the secondary of
2.4 is reasonably consistent with our measured V- and
R-band flux ratios of 2.6 and 2.7, respectively.

The HST and X-Shooter observations of CVSO 176
were separated by about 65 hours, and this seems to
have produced a significant discontinuity between the
data. This can likely be attributed to variability, as vari-
ations on the order of hours to days are expected from
magnetosphere-disk interactions (Venuti et al. 2017; Ser-
gison et al. 2020; Fischer et al. 2022). Both the flux 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 con-
temporaneous photometry from AAVSOnet that shows

a decrease in Sloan i-band flux of 0.6 mag between MJD
9182.67-9189.84.! 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 fits to
CVSO 109A, CVSO 165A, CVSO 165B, and CVSO 176
presented in Figure 1.

2.4. TESS observations

TESS, the Transiting Exoplanet Survey Satellite
(Ricker et al. 2014), has observed these targets on two
occasions, in Sector 6 (2018 Dec 11 through 2019 Jan 07)
and in Sector 32 (2020 Nov 19 through Dec 17). The lat-
ter coincided with the observations reported here, and
these data were used to estimate the stellar rotation pe-
riods 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 sta-
ble and of continuous cadence, suffer from coarse spatial
resolution (21" pixels). TESS is a single-channel pho-
tometer 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. Be-
cause 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 con-
verge on the median background level. We assume that
the background is spatially flat in this region.

2.5. WTTS 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 ~6,000 A comes from the HST /STIS spectrum clos-
est in spectral type to the CTTS, and the remaining
data out to 24,000 A come from the VLT/X-Shooter
spectrum that provided the best photospheric fit in Ma-
nara et al. (2021) (except for CVSO 165B, which has a
spectral type different than that assigned to the unre-
solved CVSO 165 system). All targets have HST WTTS
within +1 spectral subtype except for CVSO 176, which
is fit with a WTTS 1.5 subtypes earlier. Each pair of

L http://www.astro.sunysb.edu/fwalter/SMARTS/Odysseus/
cvsol76.phot.html
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http://www.astro.sunysb.edu/fwalter/SMARTS/Odysseus/cvso176.phot.html
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WTTS stitched together as photospheric templates for
each CTTS target are listed in the “Template” column of
Table 2. Note that there are four X-Shooter WTTS for
which extinction estimates are unavailable. Ay, for these
targets is assumed to be zero because they were cho-
sen from regions of low extinction (Manara et al. 2013).
This should not have a significant effect on the fitted Ay
and M values because extinction is most important at
wavelengths shorter than these X-Shooter WT'TS spec-
tra cover.

3. ACCRETION AND DISK MODELS

The accretion and disk wall models used in this work
are computed and fit in order to be consistent with
one another. First the accretion shock model is cal-
culated for the specific stellar parameters of each target
and fit to the data. Then, the output stellar radius,
accretion rate, and shock temperature are used as in-
puts to the disk wall model, which is then calculated
for the given stellar parameters and fit 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 radiative trans-
fer model (DIAD, D’Alessio et al. 1998, 1999, 2001, 2004,
2005, 2006).

3.1. Multi-column 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 fluxes. These approximate a flow with a density
gradient, as was recently found in GM Aurigae (Espail-
lat et al. 2021). Following Calvet & Gullbring (1998),
we assume a magnetospheric truncation radius (R;) of
5 R, for all objects but CVSO 109A.2 R;, R,, and M,
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 solu-
tions. We add V-band extinction Ay as a free parameter
in the Markov chain Monte Carlo (MCMC) fitting pro-
cess, then calculate the stellar radius R, from the fluxes
of the dereddened CTTS spectrum and its associated X-
shooter WTTS template scaled by the measured veiling.
For details regarding the updates applied to the model,
see Robinson & Espaillat (2019).

2 Modeling of Hae and HJ lines of CVSO 109A showed a smaller
R; of 2.3 R4 (see Espaillat et al. 2022), but this analysis is still
in preparation for the other objects (Thanathibodee et al., in
prep.). We note that changing R; to 2.3 Ry from 5 R, increases

the calculated accretion rate by a factor of 1.4.

The complete shock model is composed of: a WTTS
template photosphere Fppot (M) scaled to the veiling mea-
sured by Manara et al. (2021) ry, (shown in Table 2),
plus three accretion columns of low, medium, and high
flux densities (F = 1x10%°, 1x 10!, and 1x10*? erg s~!
ecm ™2, respectively). The emission from these columns
is scaled by the stellar radius R, the distance d, and fill-
ing factors f, which represent the fraction of the stellar
surface that is covered by each accretion column. Thus,

the total dereddened model flux is given by

_ 0.4A/\0 Fobs(AO) thot()\) & P & T
Fion(2) =10 Fonot(Ao) 1+ 72, }—F( d ) ;fﬁ(k)
(1)

where A, is the extinction as described in Sections 2.2
and 2.3; Fpnot(A) is the WTTS template photosphere
scaled by Fobs(Ao)/Fphot(Ao) to the observed STIS spec-
trum at Ag; n sums over the three accretion columns
of different energy-flux densities; f; are the filling fac-
tors associated with each accretion column; and F; are
the accretion shock spectra calculated as the sum of the
emission from the heated photosphere and the preshock
region of the system for each accretion column.

Equation 1 is fit to the HST continuum (with emission
lines masked out) between 2000-10,000 A for each object
using an MCMC with 2,000 steps, 100 walkers, and a
burn-in of 550. Ay has a tophat prior ranging between 0
and 2 on account of the low extinction reported for Orion
OBl (median Ay = 0.65 mag, Briceno et al. 2019), and
the sum of the filling factors is restricted between 0 and
40% of the stellar surface, as modeling has demonstrated
that the footprint of the accretion column can produce
detectable emission that covers up to 39% of the TTS
surface (Ingleby et al. 2013, 2014; Robinson & Espaillat
2019). Once the best-fit model is obtained, the average
temperature of the shock (Tshock) is calculated by fitting
blackbody curves to the three columns’ spectra, then
weighting each column’s associated accretion luminosity
by its fractional filling factor according to

fie10 fien fie12 4
Tigio + Tign + Tiga| - (2)

ftot ftot ftot

Tshock =

The blackbody given by Tghock 1S an important input to
the inner disk wall model, as both the stellar and the
accretion luminosities irradiate the wall.

3.2. DIAD

We also model the protoplanetary disk’s frontally-
illuminated inner dust wall, which is located at the dust
sublimation radius, using the D’Alessio Irradiated Ac-
cretion Disk radiative transfer models (DIAD, D’Alessio
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et al. 1998, 1999, 2001, 2004, 2005, 2006). The inner
dust wall begins contributing significantly at 1 pm, af-
ter which the total model consists primarily of emission
from the photosphere and the disk, with non-zero but
less significant emission from the accretion columns at
these longer wavelengths. Because our data extend only
to 2.4 pm, our model includes only the inner wall, not
the disk behind it.

For details regarding the DIAD model used here, see
the ODYSSEUS 1 paper (Espaillat et al. 2022, Sec-
tion 6.1.2). In short, we model the inner dust wall as-
suming a fractional abundance of graphite and pyroxine-
type silicates of 0.0025 and 0.004, respectively, in ac-
cordance with the Draine & Lee (1984) model for the
diffuse ISM. The grains are spherical with a size distri-
bution that scales as a P between grain radii of amin
and amax and p of 3.5 (Mathis et al. 1977). The min-
imum grain size is held at 0.005 pym. Since the NIR
spectra do not extend to 10 pum, we cannot confidently
constrain the 10 pm silicate feature. Instead, we assume
an me, of 10 pm because Maucé et al. (2018) fit the
10 pm silicate feature well with this value for the three
objects from this analysis that were included in their
study (CVSO 104, CVSO 107, and CVSO 109). The
wall is illuminated by the stellar luminosity and the ac-
cretion luminosity, which is given by the Ty,ock derived
for each target from its best-fit accretion shock model.

To obtain the best fit to the SED of each target, we ad-
just the height of the inner wall (zyan) between 0.5 and
20 gas scale heights (H), noting that the larger values of
Zwall are indicative of excess emission likely originating
from an optically-thin dust cavity in a pre-transitional
disk for which we do not account in this model (Maucé
et al. 2018). We adjust the temperature of the op-
tically thin wall atmosphere (Tan) between 1200 and
1800 K. Disk inclination ¢ is estimated as described in
Section 3.3.

Note that in the case of a vertical wall, the inner disk
wall height is degenerate with the inclination of the sys-
tem. Since these disks are unresolved, we cannot distin-
guish between a high wall and a highly inclined viewing
angle (we receive maximum wall emission from a disk in-
clined at 60-80°, see Dullemond et al. 2001; Calvet et al.
2005).

The radius in the disk at which the wall is located
(Rwan) is derived using the best-fitting Ty following

1/2

(Ly + Lace) Ks 1
Ryan ~ |t zmeed o Byl (3
i 16mo R + md) T2 (3)

which assumes that the thickness of the atmosphere is
negligible compared to the radius (Muzerolle et al. 2003;
D’Alessio et al. 2004), where og is the Stefan-Boltzmann

constant; ks and kg are the mean opacities to the inci-
dent and local radiation, respectively; L, is the stellar
luminosity; and L, is the luminosity of the stellar ac-
cretion shock as given by the output accretion rate (M)
and R, of the multi-column accretion shock model de-

scribed in Section 3.1, with
Lace = (1 —1/R)(GM,M/R,). (4)

As described in Section 3.1, R; is taken to be 2.3R, for
CVSO 109A and 5R, for all other targets. Disk models
with Ryan located at the dust sublimation radius pre-
dict values of Ry between 0.07-0.54 AU, with stronger
accretors having larger values of Ry, as indicated by
Equation 3 (Muzerolle et al. 2003).

3.3. Inclinations

We infer the inclinations of our targets by estimat-
ing their stellar rotation periods from their TESS light
curves and taking measurements of vsins from Man-
ara et al. (2021) and Kounkel et al. (2019). Temporal
analysis of the light curves uses the Scargle periodogram
analysis (Scargle 1982; Horne & Baliunas 1986) as imple-
mented in IDL?. We look for peaks in the power spectral
density (PSD) between 1 to 10 days in excess of a 99%
confidence level.

When power is found, we fold the data on the pe-
riods that show significant power. To minimize long-
term secular variability, we construct a running mean
of width 1.5 times the period, and subtract that from
the light curve prior to folding. We bin the data into 20
phase bins, setting the uncertainty in each phase bin to
the variance in that bin and test the binned light curve
against the null hypothesis.

We also examine the auto-correlation of the light
curve. The width of the correlation peak is proportional
to the duration of the typical features contributing to the
variations. We also consider the positive and negative
excursions in the light curve separately: positive excur-
sions may be due to bright patches on the photosphere;
negative excursions may be due to occultations of the
surface by circumstellar material, or by starspots. To
define positive and negative excursions, we de-trend the
light curve with a polynomial fit (3" to 6" order, de-
pending on the number of points) and retain only those
points above or below the trend. Brief discussions of the
individual targets can be found in Appendix B.

4. ANALYSIS AND RESULTS

3 J6rn Wilms 2005: http://astro.uni-tuebingen.de/software/idl/

aitlib/timing/scargle.html
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Figure 1. Fitting the NUV-NIR continua of Orion OB1b targets. We show the HST (0.2-1 pum) and X-Shooter (1-2.4 pm)
data (black) along with the photospheric template (grey), which is scaled using the optical veiling derived from VLT spectra
listed in Table 2. The single model with the highest likelihood is shown in red. The median model parameter values and their
associated lo uncertainties are listed in Tables 3 and 5. The best fit model is a combination of the accretion shock model
(consisting of the three columns with energy fluxes of 1x10%°, 1x10'!, and 1x10'2 erg/s/ch—cyan, sea-green, and brown
dotted lines, respectively—with filling factors as indicated in the legend) and the DIAD model (consisting of the emission from
the inner disk wall; lime green dashed line). Residuals are shown in the bottom panel of each figure. Emission lines were
excluded from the fit, and regions significantly affected by telluric absorption were excluded from both the observed spectra and
model fitting; this produces the gaps seen in the residual plots.
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Figure 1 shows the best fits of the accretion shock
and accretion disk models to the full NUV-NIR spec-
tra of the nine CTTS analyzed here. Tables 3 and 5
list, respectively, the accretion and disk model parame-
ters associated with each fit. Using our accretion shock
model, we derive V-band extinction, stellar radius, ac-
cretion rate, and accretion column structure for each
target.

Our results indicate that accretion remains strong in
TTS longer than originally expected. Hartmann et al.
(2016) predict an accretion rate on the order of 3 x 10~°
Mg yr~t for a 0.7 Mg star of 5 Myr (the median age
of the Orion OB1b region). However, Ingleby et al.
(2014) measured accretion rates on the order of 1x 1078
Mgyr~! for CVSO 58, CVSO 90, and CVSO 109.
Similarly, our derived accretion rates range from 0.5—
17.2x1078 Mg yr~!, with a median value of 1.2x10~8
Mg yr~!. These accretion rates are comparable to those
of the 1-2 Myr regions Taurus and Chamaeleon I (In-
gleby et al. 2013). These high accretion rates produce
associated accretion luminosities that range from 0.07—
1.96 L,, with a median accretion luminosity of 0.25 L,.
Given that the accretion luminosities are comparable to
the stellar luminosities for these targets, the accretion
rates from the accretion shock model are important in-
puts to the inner disk wall model.

The average accretion shock temperatures range from
4800 K to 10542 K, in agreement with the range pre-
dicted by Calvet & Gullbring (1998). With a mean
temperature of 6511 K, these targets have Tgpocx notably
lower than the typically-assumed temperature of 8000—
10000 K for a single accretion column (e.g., D’Alessio
et al. 1998; Fischer et al. 2011). The average tempera-
tures of the three accretion columns are 4274 K for the
low flux-density column; 6695 K for the medium flux-
density column; and 10786 K for the high flux-density
column. See Table 7 in the appendix for the best-fit
temperatures for each column of each target.

We are able to attain satisfactory fits to the NIR ex-
cesses of five targets, though there are a number of cases
in which the photosphere goes above the data around
1 pm and thus forces the total model fit to be above the
data (CVSO 58, CVSO 104, CVSO 107, CVSO 109A,
CVSO 165B, and CVSO 176). In the cases of CVSO 107,
CVSO 109A, CVSO 165B, and CVSO 176, there is no
clear NIR excess above the photospheric and accretion
shock emission, so no inner disk wall is fitted to these
targets. This may result from variability in the veiling,
which dictates the scaling of the WTTS photospheric
template. This will be examined further in future work.

The lack of NUV spectra of WT'TS templates with the
same spectral subtype as some of the CTTS may pro-

duce scaling that results in mismatches in the NIR. Four
out of the five targets that are fit with an inner wall re-
quire a wall height in excess of 5 gas scale heights to pro-
duce enough emission to account for the excess. These
targets are likely pre-transitional disks, which have ex-
tra emission from an optically-thin dust component in
their inner disk cavities (Maucé et al. 2018). Our future
work will examine whether this additional component
produces a better fit to the data.

4.1. Uncertainties

The average accretion shock model uncertainty, quan-
tified by an MCMC nuisance parameter, is 14%. This
statistical goodness-of-fit is a lower limit to the actual
uncertainty as it does not take the uncertainties of the
input parameters, the photospheric templates, or the ex-
tinction curve into account. When accretion rates are
calculated considering the uncertainties in R, and the
filling factors, and assuming an uncertainty of 2R, for
the magnetospheric truncation radius Rj;, the median
percent error increases from 4% to 32%.

Uncertainties in our derived stellar radii take into ac-
count the error in the data fluxes, CTTS distance, veil-
ing, visual extinction, and an assumed 10% error in the
WTTS template fluxes. Our estimates have an average
percent error of 8%. The updated luminosity measure-
ments included in Table 3 propagate our derived error in
R4, but no uncertainty is assumed for the stellar temper-
ature. The uncertainties in the average shock temper-
ature are dominated by the errors in the filling factors.
Since the errors are often asymmetric, the larger of the
upper and lower uncertainties is taken as the error in
propagation.

A significant source of systematic uncertainty comes
from the availability and scaling of the WTTS photo-
spheric templates. There are seven total WITTS tem-
plates with NUV spectra available between SpTs K5 and
M2, and there are no templates of type K6 or M0. All
CTTS studied here are fit with a template within 1.5
subtypes of their own spectral classification, but even
this difference in spectral type introduces some amount
of error. Fitting each target CTTS with the next clos-
est template on either side, when available, changes the
best-fit visual extinction by 0.37 mag on average.

Once a template is chosen, it must be scaled to the
data by the veiling measurement, which has its own vari-
ability and uncertainty. Three measurements of veiling,
each separated by a day, were available for all targets
except CVSO 90 and CVSO 104. The measured veiling
for a given target varied, on average, by a factor of 1.6
across the three epochs. By choosing the epoch closest
in time to the HST observations, we minimize the influ-
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NoTeE—Figure 1 continued. The unscaled X-Shooter spectrum of CVSO 109 is shown in light grey.
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ence of veiling variability, but it cannot be completely
removed.

Our derivation of inclinations are rough estimates
given that the stellar rotation periods in the TESS data
can easily be obscured by other processes, such as occul-
tation dips and discrete accretion events. Uncertainties
have not been determined for the period measurements,
so the quoted uncertainties in inclinations come from
errors in vsin¢ and R,. We note that if the inclination
estimates are wrong, the only parameter that would be
affected is the height of the inner disk wall zya.

5. DISCUSSION

In Section 5.1, we place our results in the context of
previous studies. In Section 5.2, we examine the signifi-
cance of the choice of extinction law and the wavelength
range of data available.

5.1. Comparison to previous results

Robinson & Espaillat (2019) applied the multi-column
accretion shock model from Ingleby et al. (2013) to
multi-epoch observations of five CTTS and found that
mass accretion rates vary with a spread of a factor of ~2
for a given object. Similarly, Venuti et al. (2014) found
that the accretion rate for a given object has a spread of
0.5 dex (a factor of ~3) from studying about 200 CTTS
in NGC 2264. Rather than merely representing this in-
trinsic variability, the best-fit values for accretion rate
and visual extinction presented in this work are system-
atically higher than those found by previous studies of
objects in this sample (Calvet et al. 2005; Ingleby et al.
2014; Maucé et al. 2018; Manara et al. 2021). See Ta-
ble 6 for the individual values found by each work.

Calvet et al. (2005) modeled all CTTS analyzed here
(though their observations of binaries CVSO 109 and
CVSO 165 were unresolved), obtaining accretion rates
for each using photometric excesses in U-B and U-V.
They cite an overall uncertainty of a factor of 3 for each
measured accretion rate, with the largest contribution
coming from uncertainty in the extinction. They calcu-
late Ay from the V — Io color using the Cardelli et al.
(1989) extinction law with Ry = 3.1. The accretion
rates measured here are 0.6-9.7 times that of those pre-
sented in Calvet et al. (2005), with a median ratio of
2.3. This cannot be attributed to different flux levels,
as all of our observed U-V colors are redder than those
presented in Calvet et al. (2005). Additionally, our mea-
sured extinctions are systematically larger than those of
Calvet et al. (2005), with a median difference of 0.8 mag.
Because our accretion rates are systematically higher, it
is likely that the different accretion rates result from sys-
tematic effects in the different modeling techniques and

Table 3. Best-fit Accretion Shock Model Parameters of Orion OB1 CTTS

Tshock

fiei2

fien

fiE10

R* L* Lacc

Av

Object

(fraction of stellar surface covered)
0.231+9-529

(107 Mo yrY)

(Lo)

(Lo)
0.2540.03
0.124-0.03

(Ro)

(mag)
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5239+105
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—0.0007
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0.00020*
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0.25

0.31
—0.31

0.03
—0.30
+0.05
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0.04
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0.02

0.02

0.02

0.02

0.02

0.03
—0.03

CVSO 90

0.00003
0.00024
0.0004

0.00006
+0.0005
0.0051% 9026

0.00456F

0.0004
0.0027

0.00015F

0.0027
—0.004
0.004

0.076+

0.04
0.17
—0.3

0.05
17.2F

4.84%

0.0021

0.33179:942

0.003
40.04
0.6175 53

0.36+0.06 0.0655%

1.97F

1.16%

CVSO 104
CVSO 107

—0.00008
0.0026

0.0073%

—0.007

0.0006+

° 0.66+0.10

2.55%

0.0021
0.0011

0.0159%

0.011
0.0005
0.005

0.155+

1.0
-7

0.530%

1.184+0.19

1.25%

0.28F

CVSO 109A 0.83F

497527

0.00005
0.00004

0.00058+
0.0000485F

0.0010
0.0004

0.00287F

—0.006
0.1020"

0.017
—0.015
0.708+

0.003
0.0027
0.0017
0.0015
0.005

0.374+0.05 0.0926F
0.56+0.13 0.0617F

1.697

CVSO 146

4800+14
10542+343

0.000007
—0.0000023
0.00008

0.00275%

—0.00028

0.00009*

0.0024
0.003

0.00013F

0.017
0.05
0.06

0.020
41819

1.65F

0.176+

2.00%

1.23%

CVSO 165A  0.33F

—0.00012

0.000267+

0.00015
0.00003

0.00106*

0.00007
0.0019

0.0004
0.004

0.0108F

—0.006

0.0815%

1.1440.29
1.084+0.21

3.261

1.447F

CVSO 165B
CVSO 176

5043+254

0.000017
0.000015

0.00026
0.00020

0.12
0.10

0.0023
0.0020

NoTE—Best-fit accretion shock model parameters for each CTTS. To calculate the models, the stellar mass, distance, temperature, and veiling are adopted

as given in Table 2. R; is taken to be 5R, for all targets except CVSO 109A, which has R; = 2.3R, as described in Section 3.1. For the best-fit temperatures

of individual accretion columns, see Table 7 in the appendix.
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NoTE—Figure 1 continued. The X-Shooter data for CVSO 165 are unresolved, so the NIR spectra have been scaled to align
with the HST continuum of each component. This is just an approximation given that the two components have different
spectral types. The X-Shooter spectrum of CVSO 176 has been scaled up to the HST continuum by a factor of 1.75 to
account for the discontinuity between the continua, which is likely due to variability given that the observations were ~65

hours apart. The unscaled X-Shooter spectra are shown in light grey.
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Table 4. Periods and Inclinations of Orion OB1 CTTS

Object vsini Period v )
(km/s)  (days)  (km/s) )
CVSO 58 17.9+1.3 5.7 9.3+£0.5
CVSO 90 8.3£1.6 5.1 8.31£0.9

17.7£1.3 25.1+4.1
15.6+£0.9 22.3£3.9
19.8+1.2  9.3£2.7
11.5+£0.7 25.8+4.8
19.9+£1.4 50.8+6.5
23.5+1.9 40.9+4.9
23.2+£1.9 52.447.8

CVSO 104 7.5£1.0 4.7
CVSO 107 5.9£0.9 6.4
CVSO 109A  3.2£0.9 6.5
CVSO 146 5.0£0.8 5.5
CVSO 165A 15.4%0.9 4.3
CVSO 165B  15.440.9 4.3
CVSO 176 18.4+1.2 7.1

NoTE—Calculated inclinations ¢ for our targets. wvsin¢
comes from the VLT modeling that produced the veil-
ings used in this paper (Manara et al. 2021) for all targets
except CVSO 90, which takes vsini from Kounkel et al.
(2019). Stellar rotational velocities v are calculated using
the radii we derive here. The derived v for CVSO 58 is
smaller than its vsini, and the calculated ¢ for CVSO 90
has an error of almost +180°; thus, inclination is assumed
to be a standard 60° for these targets, corresponding to
cos(i) = 0.5.

Table 5. Best-fit Accretion Disk
Model Parameters of Orion OB1
CTTS

Object Zwall Twall  Rwall
H) (K) (AU)

CVSO 58 5 1200 0.10
CVSO 90 5.5 1600 0.06
CVSO 104 5.5 1200 0.07

CVSO 146 18 1800  0.05
CVSO 165A 8 1400  0.07

NoOTE—Best-fit parameters for the the
accretion disk models given input pa-
rameters as shown in Tables 2 and 3.
We adopt amin = 0.005 pm, amax =
10 pm, and p = 3.5. Disk inclinations
i are taken from Table 4.

adopted extinctions rather than solely from true vari-
ability.

The closest analogue to our modeling technique is
that of Ingleby et al. (2014), who modeled CVSO 58,
CVSO 90, CVSO 107, and the unresolved CVSO 109
system. They used the veiling at V and I to estimate
extinction by comparing the observed photospheric V-
Ic colors to the standard colors in Kenyon & Hartmann
(1995). They note that their inferred V-band extinc-

tions would decrease by 0.2-0.4 mag had they used the
colors of Pecaut & Mamajek (2013), and this in turn
would decrease their Ms by a factor of 1.8-2.4. They
then deredden their data using the Whittet et al. (2004)
law towards HD 29647, as we do here. The MagE and
MIKE spectra they used for these four targets covered
only 3400-9000 A, so their fitting does not include the
NUV.

Ingleby et al. (2014) thus fit the excess shock emis-
sion beyond the Balmer jump using a five-column ac-
cretion shock model also based on Calvet & Gullbring
(1998) (the three columns used here plus two interme-
diate columns). However, instead of using the standard
accretion shock model, they found that they needed to
increase the low-density preshock emission by up to a
factor of five to accurately reproduce the bluest regions
of the excess emission spectra. This likely explains why
the structure of their accretion columns, specifically the
area they cover, is notably different from this work.
Some of our model fits show a trend of underestimating
the flux near the Balmer jump; future work will exam-
ine whether increasing this preshock emission produces
a better fit to the data, or whether this is merely an
effect of Balmer-line crowding that is not accounted for
by our continuum model.

The ratios of our accretion rates to that of Ingleby
et al. (2014) are 0.7 (CVSO 58), 1.2 (CVSO 90), 19.3
(CVSO 107), and 5.7 (CVSO 109). Note that had they
used the same spectral type—color conversion as we did
(Pecaut & Mamajek 2013), these ratios would have been
higher as described above. The differences in our de-
rived accretion rates correspond to the differences in U-
and V-band magnitudes between our respective observa-
tions. CVSO 58 was dimmer in both bands in our epoch
of observations (AU = 0.70 mag, AV = 0.38 mag), and
we find a lower accretion rate. The other three CTTS
were brighter in both bands in our epoch — CVSO 90
(AU = —0.48 mag, AV = —0.53 mag), CVSO 107,
(AU = —0.61 mag, AV = —0.04 mag), and CVSO 109A
(AU = —1.11 mag, AV = —0.09 mag) — and we found
higher accretion rates for these. The greatest increase in
U-band belongs to CVSO 109A, which is consistent with
the TESS light curve that shows that our HST obser-
vation occurred near a local maximum in CVSO 109’s
light curve (Espaillat et al. 2022). These magnitudes
come from observed, rather than dereddened, data, so
differences in our treatments of extinction have no ef-
fect. Thus, our accretion rates are in broad agreement
with those of Ingleby et al. (2014).

Maucé et al. (2018) estimated accretion rates for
CVSO 104, CVSO 107, and the unresolved CVSO 109
system using the Ha-M relation found for Taurus CTTS
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Table 6. Literature comparison

Object Mcos  Av,cos M Avia  Mwis  Avans Muzi Ay mar BC* Mpa2 Ay p22
(x107%)  (mag) (x107%) (mag) (x107%) (mag) (x107%) (mag) (x107%) (mag)

CVSO 58 0.45 0.12 1.60  0.840.5 0.43 0.8 1.03109¢ 1.3970-0
CVSO0 90 177 0.00 1.00  0.0+0.4 0.25 0.1 1.25702°  0.9210:93
CVSO 104  0.75 0.00 0.56 0.1 0.32 0.2 1147508 0.0579:03
CVSO 107 1.09 0.32 0.25  0.740.4  0.29 0.4 5.01 0.3 4.837039 1161592
CVSO 109 2.52 0.00 3.00  0.8+0.5  0.67 0.0 3.24 0.1 A 17.275%  0.837092
CVSO 146  0.81 0.37 0.27 0.6 0.52970:916  0.2870-03
CVSO 165  0.37 0.00 0.08 0.2 A 070875821 0337002
. . . . B 1.65700°  1.237002

CVSO 176 0.43 0.00 1.45 1 4197017 1447003

NoTeE—Comparison between the accretion rates and visual extinctions derived here and those derived by Calvet et al. (2005) (C05),
Ingleby et al. (2014) (I14), Maucé et al. (2018) (M18), and Manara et al. (2021) (M21). *For the binary targets that are resolved in
this study, the BC column indicates which binary component is being referenced.

by Ingleby et al. (2013): log(M)=1.1(30.3)log(Lus) —
5.5(+0.8), where the value of the Ha line luminosity was
estimated as its equivalent width times the continuum
flux. Espaillat et al. (2022) found that for CVSO 109
this method produces a lower accretion rate than do
the accretion shock models. This is what we find here,
as the ratios of our accretion rates to theirs are 2.0
(CVSO 104), 16.7 (CVSO 107), and 25.7 (CVSO 109).
The discrepancy may result from 1) the small number
of sources used to determine this relation (10 CTTS), or
2) the assumption of a uniform distance for all Taurus
CTTS (140 pc) in the determination of Ly,,.

Manara et al. (2021) analyzed X-Shooter spectra of all
of the ULLYSES Orion targets, using a hydrogen slab
model to obtain their accretion properties. They fit for
Ay using the Cardelli et al. (1989) extinction law. X-
Shooter spectra are available only beyond 3000 A, so the
NUV is not included in their analysis. Our multi-column
accretion shock model finds higher accretion rates for all
targets except CVSO 107, which has the highest accre-
tion rate in the analysis of Manara et al. (2021). The
median ratio of our accretion rates to theirs is 3.5.

Six of our CTTS targets have stellar radii from Ma-
nara et al. (2021) included in Table 2. There are no
individual uncertainties available for the Manara et al.
(2021) spectral types and luminosities, but previous
work using their method of determining stellar radii
showed that objects with spectral types earlier than
M4.5 have percent errors less than 25% (Alcald et al.
2017). Assuming a percentage error of 25% for the
radii calculated from the Manara et al. (2021) spectral
types and luminosities, we find that our best-fit radii
for CVSO 58, CVSO 90, and CVSO 104 are consistent

within the errors; those fit for CVSO 107 and CVSO 176
are larger by a factor of 1.4 and 1.8, respectively; and
that fit for CVSO 146 is lower by a factor of 1.5.

The systematically higher accretion rates presented in
this work can in large part be attributed to a) our use
of the accretion shock model as opposed to Ha luminos-
ity or an isothermal hydrogen slab model, and b) the
larger NUV wavelength coverage of these data, as the
NUYV is the most important region for constraining the
highest energy-flux density accretion column. The lat-
ter has the important implication that all ground-based
measurements of CTTS accretion rates may be under-
estimated. Since HST has a finite lifetime, future work
should examine whether a correction factor can be de-
termined to account for the systematic underestimation
of accretion rates caused by the lack of NUV coverage.

5.2. Eaxtinction law

When modeling NUV observations of CTTS, the
choice of extinction law is incredibly important because
of the strong attenuation by grains at UV wavelengths
and the constraint imposed by the 2175 A bump. If
a law produced for the general ISM is used, such as
Cardelli et al. (1989) or Fitzpatrick et al. (2019), the
absorption bump feature is strong and will bias results
towards lower values of Ay . If, by contrast, the Whittet
et al. (2004) law towards HD 29647 (which is embedded
in Taurus) is used, the absorption feature is much less
pronounced and the fitted Ay will be higher.

No single interstellar extinction law can describe all
star-forming regions equally well. This is supported by
the finding that Taurus and Ophiuchus exhibit very dif-
ferent ultraviolet extinction functions, which Whittet
et al. (2004) suggest is likely caused by their different
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populations of massive stars. Ophiuchus’s significant
population of OB stars produce radiation that main-
tains the strength of the 2175 A bump, so the Cardelli
et al. (1989) law is better suited for use there than is the
Whittet et al. (2004) law. Thus, NUV data for specific
TTS provide an important constraint on the character-
istics of both the individual stars themselves and their
surrounding environments. Data from HST are vital for
probing the ISM of star-forming regions to distinguish
between grain populations that significantly attenuate
around 2175 A and those that do not.

Whittet et al. (2004) law towards HD 29647
Best-fit Ay = 0.92

Cardelli et al. (1989) general ISM law (scaled)
Best-fit Ay = 0.66

AFj [erg s~ cm™2]

b T T T T
0.20 0.22 0.24 0.26 0.28 0.30

Alum] '

Figure 2. Spectra of CVSO 90 dereddened with the best-
fit V-band extinction when modeled with the Whittet et al.
(2004) law (black solid line) and Cardelli et al. (1989) law
(red dashed line, shown scaled to the Whittet et al. (2004)
law spectrum at 3000 A). The overcorrected 2175 A bump is
apparent in the red curve.

For these targets in Orion, the fits produced by the
Whittet et al. (2004) law are better than those pro-
duced by the Cardelli et al. (1989) law, which overcor-
rects for the 2175 A bump (see Figure 2). This indicates
that Orion OB1b is likely more similar to Taurus than
Ophiuchus in terms of its interstellar extinction func-
tion. This is supported by an analysis of the ultraviolet
interstellar radiation field (ISRF) of the region. The
Habing field parameter G gives the ratio of the local
field enhanced by a neighboring OB star to the typical
ISRF (Fp) according to

1 Lyyv
Gog=— 5
0 FO 4mr2 ’ ( )

where Fy is assumed to be 1.6 x 1072 erg/s/cm? (Habing
1968), Lpyv is approximated as the OB star’s lumi-
nosity, and r is the true distance between the OB star
and the CTTS target of interest (Anderson et al. 2013;
Maucé et al. 2016).

Liseau et al. (1999) found that the p Ophiuchi star-
forming region has Gy = 20-140. In contrast, G values
for our OB1b CTTS targets are much lower. Assuming

that the seven most significant OB stars around Orion
OB1b (¢ Ori, € Ori, 6 Ori, n Ori, 22 Ori, 25 Ori, and
¥? Ori) are all at the median OB1b distance of 400
pc, Go for our targets has a median value of 0.7 and
a maximum value of 67. This, in combination with the
low Ay of the region, demonstrates that though Orion
OB1b is an OB region, its interstellar extinction func-
tion should align more with that of quiescent Taurus
than of hotter, dustier p Ophiuchi. This can in part
explain the relatively high accretion rates of this region
in spite of its intermediate age, as these disks have not
been externally photoevaporated by an enhanced ISRF.
This is also consistent with the disk models from Calvet
et al. (2005), which could not reproduce the low long-
wavelength infrared fluxes observed in Orion OB1 using
small outer disk radii consistent with external photoe-
vaporation (~30 AU). Instead, they concluded that the
disks must be flatter and have larger maximum grain
sizes than those in Taurus (apmax=1 mm). For an anal-
ysis of the effect of an enhanced ISRF on circumstellar
disk evolution, see Anderson et al. (2013).

The ULLYSES survey, which will provide over 80
custom-calibrated NUV spectra of CTTS in nine star-
forming regions, will allow us to examine the goodness-
of-fit of different extinction laws in different environ-
ments. Beyond this, it would be ideal to attain extinc-
tion curves for all nearby star-forming regions rather
than using either a general ISM curve or the curve cal-
culated to the specific environment of Taurus.

6. SUMMARY

e Accretion rates for the 9 CTTS studied here range
from 0.5—17.2 x 1078 M, yr~!, relatively high for
the intermediate age of Orion OB1b.

e Our accretion rates and V-band extinctions are
systematically higher than those calculated from
optical data in previous works, in large part due
to our wavelength coverage that extends into the
NUV.

e The NIR excesses of the five targets in which an
excess is present are fit with 1200-1800 K inner
disk walls located at 0.05-0.10 AU from the host
stars.

e The choice of extinction law significantly affects
the calculated accretion rate and introduces un-
certainty that is difficult to quantify. Our analysis
indicates that the environment of Orion OB1b is
more similar to quiescent Taurus than to hot p
Ophiuchi. Ideally, extinction curves can be cal-
culated for each star-formation region in the near
future.
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e This multi-column shock and DIAD analysis will
be applied to all nine star-forming regions being
observed through ULLYSES, allowing us to extend
the analysis across distinct stellar populations and
search for correlations between accretion and disk
properties in a larger sample. Additionally, it will
be applied to the four CTTS being monitored by
the ULLYSES program (GM Aur, TW Hya, BP
Tau, and RU Lup).
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APPENDIX

A. CVSO 17 AND CVSO 36

As shown in Figure 3, we find that CVSO 17 and CVSO 36 show no significant UV continuum excess in their HST
spectra that would indicate active accretion, which aligns with the analysis of their X-Shooter spectra by Manara et al.
(2021) and confirms their photometric characterization as WT'TS by Calvet et al. (2005). Additionally, an analysis of
their far-UV spectra shows no fluorescent Hy emission, which is a clear delineation between CTTS and WTTS (France
et al. 2012; Alcala et al. 2019).
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Figure 3. The photospheric template shown is the M1 WTTS TWA 7.

B. TESS OBJECT NOTES

CVSO 58: In Sector 6 there was significant power at 2.87 and 5.31 days. The 2.9 day period folds well, but the
likelihood that the amplitude of the period is significant is only 0.12. In Sector 32 significant power exists at 6.45
and 1.41 days, but neither looks periodic after folding. The auto-correlation functions in both sectors show a peak
near 5.7 days. This peak is strongest for the dips; during Sector 6 the positive excursions (brightenings) show a less
well-defined peak at a period near 6 days.

CVSO 90: The Sector 6 PSD peaks at 3.15 days, but there is no significant period seen in the folded light curve.
The Sector 32 PSD shows a strong and broad peak at 5.11 days. The folded light curve is not significant due to lots of
scatter in the half of the period dominated by deep dips. The autocorrelation function shows a peak at a lag of about
4.4 days for the absorption dips, and a peak at a 5.7 day period for the brightenings.

CVSO 104: This star has a peak in the PSD near 4.7 days in each sector. It is not clear whether the light curve is
dominated by bright or dark excursions. We do not attempt to fold the two sectors together because it it impossible
to keep track of the phases over this time.

CVSO 107: The Sector 6 light curve is dominated by two deep dips spaced 12 days apart. The periodogram finds
power at 6.3 days, or half that spacing. Power at the same period also dominates in Sector 32. The brightenings show
a preferred lag of 6.5 days, while the dips lag at 7.7 days. There are three possible short flares of 2-3 hour duration in
Sector 6.

CVSO 109: The two light curves look similar, with strongest power near 6 days (6.0 days in Sector 6; 6.6 days in
Sector 32). After subtracting an 8 day running mean, the folded light curves look sinusoidal, with amplitudes of about
0.07 mag. The autocorrelation functions are broad, consistent with a sinusoidal modulation.

CVSO 146: This star is partially blended with the brighter A2 star HD 290671 in the TESS images (4.8 pixel
separation). The A star has a low amplitude 1.56 day period. There is power at about 9 days in each sector; there is
additional power at 5.5 days in Sector 6 and 4.4 days in Sector 32. None of these appear periodic. The autocorrelation
power in Sector 6 is strongest for the dips, at a period of 10-12 days; the brightenings show a correlation at 7-8 days; in
Sector 32 both the brightenings and fadings show power near 5 days, with comparable peaks near 7 days (brightenings)
and 8 days (fadings).
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Table 7. Accretion column temperatures

Object Tieo  Tien Tip12 Tshock
(K) (K) (K) (K)

CVSO 58 442241 6880+3 1091643 5493196
CVSO 90 4171+£2 6816+3 10870+3 7975+1105
CVSO 104 4051+2 66344+3 10698+3  5239+105
CVSO 107 4187+2 66963 10679+3 56561128
CVSO 109A 4255+2 6506+2 1071442 887741910
CVSO 146 4459+1 6871+3 1097343 4975427
CVSO 165A 4675+1 6853+3 1076043 4800+14
CVSO 165B  4309+1 6690+3 10729+3 105424343
CVSO 176 3938+2 6310+1 10736+2 50434254

NoTE—DBest-fit temperatures for the three accretion columns
and the resultant weighted-average temperature. Uncertain-
tieson T1g10, T1E11, and T g12 are one standard deviation
on the temperature. The error on Tgpock comes from the
propagated accretion column temperature and filling factor
uncertainties. Since the filling factor uncertainties are not
symmetric, the larger of the two uncertainties is used in the
error propagation.

CVSO 165: TESS cannot resolve this pair. The periodograms at both epochs show strongest power at 4.3 days;
in the latter half of Sector 32 there are two prominent (0.1 mag) dips, and possibly 2 others cut off, at this spacing,
but that period is not obvious at other times. There is substructure in Sector 6, with the brightenings correlating with
lags of 7.7 and 13 days and the fadings correlating at 8.8 days (twice the strongest period) and 11.6 days. In Sector 32
the brightenings and fadings correlate on the 4.3 day period.

CVSO 176: This was not observed by TESS in Sector 32. In Sector 6 the character is clearly that of a dipper, with
fadings up to 0.2 mag. Despite the periodogram placing most of the power at 3.6 days, the autocorrelation shown the
strongest peak at 7.3 days, in both brightenings and dips.

C. ACCRETION COLUMN TEMPERATURES AND MASS FLUX RATES

Blackbodies are individually fit to the three accretion column spectra of each target, then a weighted average is
taken by scaling the associated accretion luminosities by each column’s fractional filling factor according to Equation 2.
Table 7 shows the individual temperatures fit to each accretion column.

Table 8 shows the mass flux rates of the individual accretion columns for each target. We find no clear correlations
between the column that contributes the most to the total mass flux and either the stellar mass or the total mass
accretion rate. Our future analysis of the entire ULLYSES sample will allow us to expand this analysis and look for
correlations with stellar age.
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Table 8. Accretion column mass flux rates

Object M. /R Migio Mg Migi2 Mot
Me/Re) (1078 Mpyr™!) (1078 Mgyr~!) (1078 Mgyr™!) (1078 Mg yr—!)
+0.17 +0.22 +0.15 +0.11
CVSO 176 0.08 0.937%2 0.92786Z 2'3178‘(1)?3) 4.187862
+0.021 +0. —+0. +0.
CVSO 104 0.23 0.227+5:02 0.5519-04 0.36015:03, 1.1473:5¢
CVSO 109A 0.20 0.01815-2% 21107 15.111° 17.2+,°
+0.04 +0.23 +0.23 +0.19
CVSO 107 0.27 0'69_8'8?2 0'012_8'8% 4'11_8‘304 4.83_8%20
+0. +0. +0. +0.
CVSO 165A 0.34 0.531_8818 0'150_8%4 0.()25’):3_8&?13 0.708_(()“OJé7
+0. +0. +0. +0.
VSO 90 0.74 0'032_8‘833 0'0018_8'8%4 1.21_886 1.25_8616
+0. +0. +0. +0.
CVSO 58 0.77 0’206_8‘8536 0.0018_8_8(1)(1)2 0.82_88; 1.03_8_gg
+0. +0. +0. +0.
CVSO 165B 0.42 0'0007_8'8894 0.0053_8_8%0 1'64_8'857 1.65_8_8Zg
+0. +0. +0. +0.
CVSO 146 0.69 0.22015-:97 0.226991° 0.08279:907 0.52970918

NoTE—Mass flux rates of individual accretion columns with targets listed in order of increasing stellar
mass. There is no clear correlation between the column that dominates the mass flux and either the
stellar mass or the total accretion rate.



