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Abstract

The stellar companion to the weak-line T Tauri star DI Tau A was first discovered by the lunar occultation
technique in 1989 and was subsequently confirmed by a speckle imaging observation in 1991. It has not been
detected since, despite being targeted by five different studies that used a variety of methods and spanned more
than 20 yr. Here, we report the serendipitous rediscovery of DI Tau B during our Young Exoplanets Spectroscopic
Survey (YESS). Using radial velocity data from YESS spanning 17 yr, new adaptive optics observations from
Keck II, and a variety of other data from the literature, we derive a preliminary orbital solution for the system that
effectively explains the detection and (almost all of the) non-detection history of DI Tau B. We estimate the
dynamical masses of both components, finding that the large mass difference (¢ ~ 0.17) and long orbital period
(235 yr) make the DI Tau system a noteworthy and valuable addition to studies of stellar evolution and pre-main-
sequence models. With a long orbital period and a small flux ratio (f2/f1) between DI Tau A and B, additional
measurements are needed for a better comparison between these observational results and pre-main-sequence
models. Finally, we report an average surface magnetic field strength (B) for DI Tau A, of ~0.55 kG, which is
unusually low in the context of young active stars.

Unified Astronomy Thesaurus concepts: Binary stars (154); Visual binary stars (1777); Pre-main sequence stars

(1290); Radial velocity (1332); High angular resolution (2167); Fundamental parameters of stars (555)

Supporting material: machine-readable tables

1. Introduction

A star’s mass, chemical composition, and magnetic-field
strength determine how its physical properties evolve over
time. At pre-main-sequence (PMS) stages, there are significant
differences in the evolutionary tracks predicted by different sets
of models (e.g., Hillenbrand & White 2004; Simon et al. 2019).
Mapping a binary star system’s astrometric orbit combined
with radial velocity (RV) data provides a way to measure the
dynamical masses of the stellar components and test the
predictions of evolutionary models (e.g., Rizzuto et al. 2020;
Biller et al. 2022). At the distance of the Taurus star-forming
region (~140pc, Torres et al. 2009; Roccatagliata et al. 2020),
a face-on binary in a circular orbit with a total mass of 1 M,
and a period of 10 yr would have a maximum projected
separation of ~33 milliarcseconds (mas) on the plane of the
sky. Binaries in nearby star-forming regions that can be
resolved through high-resolution imaging techniques, such as
speckle interferometry or the use of adaptive optics (AO), have
periods typically longer than a decade (e.g., Schaefer et al.
2006). Taken together, these conditions make mapping out the
orbits of young binaries difficult. Longer-period systems in
particular are more easily overlooked by RV surveys, as their

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

RYV variations can be small. Young visual binaries tend to have
orbital eccentricities larger than 0.2 (e.g., Schaefer et al.
2012, 2014; Rizzuto et al. 2016; Allen et al. 2017; Rizzuto
et al. 2020; Schaefer et al. 2020; Czekala et al. 2021; Zufiga-
Fernandez et al. 2021). Given that higher eccentricity systems
spend most of their time far from periastron, they are even
more likely to be missed by RV surveys and, thus, potentially
leave a hole in the binary demographic.

DI Tau (HBC 39) is a PMS star with an age of about 1.6 Myr
(Herczeg & Hillenbrand 2014) and a spectral type of MO
(Nguyen et al. 2012) located at a distance of ~137 pc (Bailer-
Jones et al. 2021; Katz et al. 2022) in the Taurus-Auriga star-
forming region (Table 1). DI Tau B was first discovered by
Chen et al. (1990) using the lunar occultation technique at the
Wyoming Infrared Observatory on 1989 August 24. This
discovery was later confirmed by Ghez et al. (1993) with
speckle imaging observed on 1991 October 18 at the Hale 5 m
Telescope of Palomar Observatory. The results from these two
studies are included in Table 2

Follow-up observations failed to recover DI Tau B. Simon
et al. (1996) observed DI Tau twice (on 1993 September 26 and
1993 October 25) with the Hubble Space Telescope’s (HST)
Fine Guidance Sensors (FGS) and reported no detection. Using
the near-infrared (NIR) Coronagraph Imager with Adaptive
Optics (CIAO) at the Subaru telescope on 2004 January 11,
Itoh et al. (2008) described a candidate companion to DI Tau A
with a separation of 5718 and AK of ~10 mag, later shown to
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Table 1
DI Tau Basic Properties
Parameter Value Source®
Astrometry
R.A. (J2016.0) 67.4270079 Gaia EDR3
Decl. (J2016.0) 26.5468834 Gaia EDR3
/1, cos & (mas yr’l) 8.007 + 0.049 Gaia EDR3
s (mas yr ') —21.771 £ 0.037 Gaia EDR3
o (mas) 7.2690 + 0.0467 Gaia EDR3
Distance (pc) 137.35 £ 0.86 Bailer-Jones et al. (2021)
Mean RV (kms™") 13.16 £ 3.56 Gaia DR3
Photometry

Ggp (mag) 13.086 £ 0.0051 Gaia DR3
G (mag) 11.959 £ 0.0030 Gaia DR3
Grp (mag) 10.903 + 0.0048 Gaia DR3
J (mag) 9.323 £+ 0.026 2MASS
H (mag) 8.599 + 0.024 2MASS
Ks (mag) 8.391 £ 0.020 2MASS
WI (mag) 8.267 £0.023 WISE
W2 (mag) 8.239 £ 0.018 WISE
W3 (mag) 8.040 + 0.024 WISE
IRAC 36 (mag) 8.296 £ 0.058 Spitzer
IRAC 45 (mag) 8.410 £ 0.053 Spitzer
IRAC 58 (mag) 8.135 £ 0.051 Spitzer
IRAC 80 (mag) 8.069 £ 0.051 Spitzer

Note.

% Gaia EDR3, Lindegren et al. (2021); Riello et al. (2021); Gaia DR3, Katz
et al. (2022); 2MASS, Skrutskie et al. (2006); WISE, Cutri et al. (2012);
Spitzer, Evans et al. (2003).

be an unrelated background object based on statistical studies
of proper motion (Daemgen et al. 2015). Kraus et al. (2011)
observed DI Tau on 2008 December 23 using Keck II NIRC2
with a non-redundant mask and also reported a non-detection
on DI Tau B. The last imaging that we know of for DI Tau
prior to the observations described here was published in
Schaefer et al. (2014) using the Keck II NIRC2 with AO on
2013 January 27 and again resulted in a non-detection.

Beyond the detections and non-detections of DI Tau B, this
system poses another uncertainty: Is DI Tau a Weak-line T
Tauri Star (WTTS) or a Classical T Tauri Star (CTTS)? Some
studies have classified DI Tau as a CTTS (disk-bearing PMS)
because it shows mid-IR excess (e.g., Kenyon & Hart-
mann 1995; Sullivan & Kraus 2022); however, others classify
DI Tau as a WTTS because it exhibits little to no veiling in
optical spectra (e.g., Nguyen et al. 2012; Herczeg &
Hillenbrand 2014).

In this study, we identify the elusive companion of DI Tau A
with RV data from our Young Exoplanets Spectroscopic
Survey (YESS) (Prato et al. 2008; Crockett et al. 2012; Johns-
Krull et al. 2016). The YESS program was initiated in 2004 to
search for stellar and substellar companions to young active
stars, mostly T Tauri stars (TTSs), using RVs from optical and
NIR wavelength regions. Here, we use optical and NIR RVs
data from YESS spanning 17 yr alongside new Keck II NIRC2
AO images and other literature data to determine an orbital
solution and fundamental stellar parameters for the DI Tau
system. We also show that DI Tau is likely a WTTS. In what
follows, Section 2 describes the observation and data reduction
of the RVs, AO imaging, and photometry used in this study. In
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Section 3, we describe a Keplerian orbital fit to the combined
RV, imaging, and lunar occultation data. The measurement of
DI Tau A’s mean surface magnetic-field strength is presented
in Section 4. In Section 5, we evaluate DI Tau’s V band
photometric variability over a decade-long timescale and
describe a two-component SED fit to the resolved and
unresolved photometry. Finally, in Section 6, we discuss the
non-detections of DI Tau B in the literature, evaluate the lack
of evidence for a circumstellar disk around DI Tau A, and
compare our dynamical mass estimates with those predicted by
theoretical evolutionary models. A brief summary of this study
is given in Section 7.

2. Observations and Data Reduction

Three different types of data are used in this study:
spectroscopy, AO imaging, and photometry. In the following
subsections, we introduce each by describing the observations
first and then the reduction process.

2.1. Spectroscopy and Radial Velocities
2.1.1. Optical

Optical spectra were obtained with the Robert G. Tull Coudé
Spectrograph (Tull et al. 1995) mounted on the 2.7 m Harlan J.
Smith telescope at the McDonald Observatory. A detailed
description on the setup of these observations can be found in
Prato et al. (2008), Mahmud et al. (2011), and Crockett et al.
(2012). Here, we only give a short summary and provide
information related to our DI Tau observations. In total, we
obtained 22 spectra of DI Tau between 2005 January and 2022
January, spanning about 17 yr (Table 3). Typical exposure
times were ~2500 s, but ranged from 1600 to 3600 s depending
on the sky conditions. Each observation used a 1”2 slit width,
achieving a resolving power R = A/A X ~ 60,000 and covering
3986-9952A. Wavelength calibration relied on the Th-Ar lamp
exposures taken before and after each DI Tau observation.

We reduced the optical spectra with custom IDL code built
on the procedures of Valenti (1994) and Hinkle et al. (2000).
Spectra were bias subtracted, flat fielded, and corrected for
scattered light. We then proceeded with optimal spectral
extraction. The effect of the blaze on each order’s extracted
spectrum is removed in two steps: first, by dividing by the
extracted spectrum of the flat lamp, and second, by dividing by
a second-order polynomial fit to the intensity of each order. For
wavelength calibration, we used approximately 1800 Th-Ar
lines observed with an internal comparison lamp exposures and
fit with a two-dimensional polynomial function in pixel space.
The dispersion solution was determined with a two-dimen-
sional polynomial fit to the line locations in wavelength space.

For our RV analysis we used observations of six standard
stars (HD 4628, 107 Psc, 7 Ceti, HD 88371, HD 80367, and
HD 65277) for absolute RV uncertainty calibration. This
external precision was combined with the measured internal
RV precision (i.e., the standard deviation of RVs obtained from
different echelle orders) for each target star to obtain the total
uncertainty in the absolute RV measurement, similar to the
procedure described in Stahl et al. (2022). Overall, our absolute
RVs are accurate to a median level of 0.531 kms™}, adequate
for characterizing long-period binary orbits.
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Table 2
DI Tau Relative Astrometry Properties
Epoch (UT) Julian Year P P.A. Flux Ratio Filter Reference
(yyyy-mm-dd) (mas) (deg) f2/f1
eV} 2) 3) (C)) 5) (6) @)
Image
1991-10-18 1991.7945 120 £ 10 294 £ 4 0.13 +0.01 K Ghez et al. (1993)
2022-02-13 2022.1184 75.84 +2.49 292.31 + 1.88 0.203 £+ 0.022 Keont This study
2022-10-19 2022.7980 79.98 £ 2.10 289.64 £ 1.51 0.159 £ 0.032 Jeont This study
0.118 £ 0.015 Heone This study
0.188 + 0.017 Keont This study
0.244 £+ 0.021 L This study
2022-12-29 2022.9918 80.78 + 2.65 290.03 £+ 1.89 0.145 £ 0.010 Jeont This study
0.127 £0.011 H_one This study
0.183 £0.011 Keont This study
0.232 £+ 0.009 L This study
1D Lunar Occultation®
1989-08-24 1989.6441 72.1+£0.7 257 0.13 +0.02 K Chen et al. (1990)
Note.

# For the 1D lunar occultation observation, P.A. is the direction of the lunar occultation, and p is the projected separation along the P.A.

2.1.2. Near-infrared

NIR spectra were taken using the high-resolution immersion
grating infrared spectrometer (IGRINS, Yuk et al. 2010; Park
et al. 2014; Mace et al. 2016, 2018). IGRINS is a cross-
dispersed echelle spectrograph that simultaneously covers the
full H (1.49-1.80 um split into 25 orders) and K bands
(1.96-2.46 pm split into 22 orders). With no moving parts, the
spectrograph’s fixed 0”8 width slit delivers an R ~ 45,000.
IGRINS has been deployed at the McDonald Observatory’s
2.7 m Harlan J. Smith Telescope, the 4.3 m Lowell Discovery
Telescope (LDT, formerly the Discovery Channel Telescope,
DCT), and the Gemini South telescope.

DI Tau was observed once with IGRINS at McDonald
Observatory on 2015 October 10 and four more times at the
LDT in 2016 and 2017 (Table 3). Observations of DI Tau were
taken with either an AB or ABBA nodding sequence. The AB
nodding sequences used a longer exposure time of 300 s, while
the ABBA sequences used shorter exposures of 100 s, except
for the observation at McDonald, which had an exposure time
of 400 s with ABBA nodding.

IGRINS spectral reduction was done using the IGRINS
pipeline package version 2.2.0 (plp v2.2.0;® Lee et al. 2017),
and the associated NIR RVs were obtained using the python
package IGRINS RV’ developed by our group (Stahl et al.
2021; Tang et al. 2021). A detailed description of IGRINS RV
can be found in Stahl et al. (2021); here, we provide only a
brief summary of the package.

IGRINS RV is designed to exploit the unique advantages of
the IGRINS spectrograph. The broad wavelength coverage,
high resolution, and mobile, compact design of IGRINS has
made it a powerful tool for efforts such as characterizing ultra-
cool objects’ atmospheric compositions (Mansfield et al. 2022;
Tannock et al. 2022), mapping young stellar objects’ mean
surface magnetic fields (Sokal et al. 2020) and fundamental
parameters (Lopez-Valdivia et al. 2021), as well as constraining
the mass of exoplanets (Mann et al. 2022). At the same time,

8 https://github.com/igrins/plp
? https://github.com/shihyuntang /igrins_rv

IGRINS was not designed with sub-meter-per-second RV
precision in mind. The spectrograph is not pressure and
temperature controlled. Without a built-in gas cell, laser
frequency comb, or FabryPerot etalon, determining precision
RVs from IGRINS data presents a challenge. IGRINS RV was
designed to overcome this obstacle by using a modified
forward modeling technique that takes advantage of the Earth’s
atmospheric absorption lines (telluric lines) as a wavelength
calibrator. The code uses the Telfit (Gullikson et al. 2014)
package to create synthetic telluric templates based on fits to
telluric standard star observations taken shortly before or after
science targets. This produces telluric templates that are high-
resolution yet sensitive to the variability of telluric absorption.
Stellar templates are generated with the SYNTHMAG C++
code (Kochukhov 2007) using the VALD line database
(Ryabchikova & Pakhomov 2015) and Phoenix “next genera-
tion” (NextGen) model atmospheres (Allard et al. 1997;
Hauschildt et al. 1999).

The accuracy and precision delivered by IGRINS RV v1.0
(Tang et al. 2021) was validated through long-term monitoring
of two RV standard stars (GJ 281 and HD 26257) and two
known planet-hosting stars (7 Boo and HD 189733), with
estimated RV precisions of ~27 ms ™' in the K band and ~31
ms~ ' in the H band typical for slowly rotating targets.
However, the code could only measure relative (not absolute)
RVs to such precisions. This is because, for a given target, RVs
derived from different spectral orders were affected by constant
zero-point differences (Figure 6 in Stahl et al. 2021). IGRINS
RV v1.0 simply subtracts out these zero-point offsets to
achieve more accurate and precise relative RVs. This approach
was shown to be robust based on the success of recovering the
planet-induced RV signal from the 7 Boo and HD 189733
systems (Stahl et al. 2021). Nevertheless, users still had the
option to run the code in “absolute RV mode, letting the zero-
point offsets remain and sacrificing precision.

Subtracting these zero-point offsets, however, is only
feasible when they can be accurately estimated. When a target
only has a few observations—such as DI Tau, for which we
only have five—then an alternative solution is needed. Here,
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Table 3
DI Tau Radial Velocities
UT JD—-2450000 RV ORV
—1
(yyyy-mm-dd) (days) ms )

@ @ (©)) “
McDonald Optical RV

2005-01-04 3374.63557 15.309 0.526
2005-11-23 3697.94388 15.335 0.480
2012-01-04 5930.73613 14.213 0.502
2012-01-07 5933.70076 14.528 0.503
2012-11-24 6255.80512 13.887 0.506
2012-11-25 6256.75581 13.841 0.503
2012-11-26 6257.75658 13.608 0.510
2013-11-10 6606.78132 14.101 0.495
2015-08-30 7264.97482 13.219 0.567
2015-08-31 7265.96691 13.357 0.510
2015-09-01 7266.95489 13.659 0.525
2015-09-02 7267.95900 13.683 0.564
2021-11-12 9530.78801 16.298 0.473
2021-11-13 9531.78707 16.606 0.474
2021-11-14 9532.78109 16.309 0.490
2021-11-15 9533.81662 16.289 0.462
2021-11-16 9534.77699 16.244 0.472
2021-11-17 9535.76688 16.327 0.471
2021-12-30 9578.70943 16.432 0.454
2021-12-31 9579.68523 16.307 0.453
2022-01-03 9582.72080 16.340 0.454
2022-01-04 9583.64689 16.414 0.453
2022-01-05 9584.71378 16.339 0.471
2022-11-13 9896.78786 16.538 0.482
2022-11-14 9897.83955 16.545 0.568
2022-11-18 9901.77441 16.890 0.538
IGRINS NIR RV
2015-10-29 7324.80190 13.635 0.055
2016-10-04 7665.97106 13.449 0.056
2016-12-08 7730.89895 13.294 0.056
2017-09-29 8025.91475 15.410 0.057
2017-11-23 8080.84341 15.649 0.055

(This table is available in its entirety in machine-readable form.)

we introduce TGRINS RV v1.5.1, which almost completely
removes the zero-point offset issue in the K band (Figure Al)
and includes a more robust treatment of offsets in the rare cases
when they remain. Beyond a number of smaller improvements,
the biggest change to the pipeline involves the masking of H,O
absorption lines during the spectral fitting process, as these
lines were skewing the derived wavelength solutions. More
information on IGRINS RV wv1.5.1 is provided in
Appendix A. The upgrade to v1.5.1 significantly improves
accuracy while maintaining the precision of v1.0. The new
improvements particularly benefit targets with only a handful
of observations (<10). We use IGRINS RV v1.5.1 with a
synthetic stellar template of T, = 3800 K and log g =4.0 to
measure K band RVs for DI Tau, providing the results shown
in Table 3. The T.¢ and log g adopted are the products of the
magnetic-field strength study described in Section 4.

2.2. Keck NIRC2 Adaptive Optics Imaging

We obtained AO images for DI Tau on UT 2022 February
13, October 19, and December 29 using the near-infrared
camera (NIRC2, Wizinowich et al. 2000) on the 10 m Keck II

Tang et al.

Telescope at the W. M. Keck Observatory. The images were
taken using the narrow-field camera that gives a field of view of
10” square. On the first night, we collected 18 images in the
Keon filter with 3 s exposure times and 1 coadd each, dithered
by 3" across the detector. On the other two nights, we collected
sets of 12 images in four different filters (Jeont Heont Keont L')
with 0.18-1.0 s exposure times and 10 coadds each, dithered by
2" across the detector. Immediately following the observations
of DI Tau for each night, we observed a nearby single star (DH
Tau A on 2022 February and DN Tau on 2022 October and
December) as a point-spread function (PSF) reference using the
same AO frame rate (1054 Hz on 2022 February and 438 Hz on
2022 October—-December). The images were flat fielded using
dark-subtracted dome flats, and the sky background was
removed by subtracting pairs of dithered images.

Figure 1 shows the coadded image of DI Tau AB in panel (a)
and DH Tau A in panel (b) for comparison. Because DI Tau A
and B’s Airy rings overlap with each other, we used the
separate observations of DH Tau and DN Tau as a PSF
reference to measure the relative separation (p), position angle
(P.A.), and flux ratio (f>2/f;) of DI Tau B relative to A
following the PSF fitting techniques described by Schaefer
et al. (2006, 2014). In summary, we constructed a binary model
by summing two images of the PSF together and varying the
relative position and flux ratio of the components through a
grid search Brocedure to find the combination that gave the
minimum Y~ value. We then corrected the positions for
geometric distortions in the detector, adopted a plate scale of
9.971 £0.004 maspixel ', and subtracted an angle of
07262 + 02020 from the raw P.A. to correct for the orientation
of the camera relative to true north (Service et al. 2016). The
final values and uncertainties for the positions and flux ratios
were computed from the mean and standard deviation of results
from multiple images. In 2022 October and December, the
positions were averaged from the H,, and K, images as a
compromise between the stability of the AO corrected PSF and
angular resolution. The final measurements for DI Tau are
given in Table 2.

2.3. Lowell V Band Photometry

CCD photometry for DI Tau was obtained between 2012 and
2020 using the Lowell Observatory’s 0.7 m telescope in robotic
mode. The exposure times were typically 3 minutes through a V
band filter. Two or more visits were obtained on every night of
observation. The data were reduced via conventional differ-
ential aperture photometry using the MPO Canopus software.
The approximate V band zero point was determined using five
comparison stars (TYC 1837-0139-1, GSC 1837-0200, GSC
1837-0252, GSC 1837-0318, and GSC 1837-0087). Since
2020, observations have been taken using Lowell Observa-
tory’s Hall 1.1 m telescope with a V band filter and 30s
exposures. The comparison stars used for the calibration and
reduction procedures were the same as those used with the
0.7m telescope data. The resulting 871 measurements are
given in Table 4. The average nightly internal uncertainly was
~0.007 mag per observation.

3. Visual Orbit and RV Joint Fit

We used the RVs (Table 3) and the direct imaging data
(Table 2) to compute a joint orbital fit and solve for the period
(P), time of periastron passage (7Tj), eccentricity (e), semimajor



THE ASTROPHYSICAL JOURNAL, 950:92 (17pp), 2023 June 20

B —

02r DITauB

ADecl. [arcsec]

o
o

o

_|

Q

(=

>

1 1 1

1
©
[N)

T

I

0.2 .

ADecl. [arcsec]

o
o

O

T

_|

Q

C

>

1 1 1

1
©
[N

T

I

| T T TR T T TR SO T 1

04 b
0.4 0.2 0.0 -0.2 -0.4

AR.A. [arcsec]

Figure 1. Keck NIRC2 AO coadded image with K., filter on UT 2020
February 13. (a) DI Tau AB and (b) DH Tau A, the PSF calibration source. DH
Tau B, with a projected separation of 273 from DH Tau A, is outside the
plotting region, and is not affecting the PSF subtraction result for DI Tau.

axis (a), inclination (i), longitude of the ascending node (£2),
argument of periastron (wp), and RV semi-amplitude of the
primary star (Kp). To account for possible offsets between the
optical and NIR RV measurements, we solved for the system
velocity separately for the two sets (Yop and vy, TESpectively).
To investigate the quality of each data set, we initially fit an
orbit separately to the optical RVs and the NIR RVs. For a fit to
only the NIR RVs, the reduced x* was 6.1, suggesting that the
NIR uncertainties are underestimated. We increased the
uncertainties for the NIR RVs by a factor of 2.5 compared
with those reported in Table 3 to force the reduced X2 to 1, so
that the uncertainties more adequately reflect the scatter in
the data.

We explored the range of orbital solutions that fit the data by
randomly selecting each of the 10 orbital parameters from a
broad range of possible values. For each iteration, we started
with the randomly drawn parameters as initial values and
optimized the fit by using a Newton—Raphson method to

Tang et al.
Table 4
DI Tau Lowell Observatory V Photometry
HID Vv oy
(days) (mag) (mag)
2456256.62833 12.916 0.003
2456256.63051 12.922 0.003
2456256.73847 12.921 0.003
2456256.74065 12.920 0.002
2456256.85653 12.917 0.002
2456256.85870 12.916 0.002
2456256.93987 12.914 0.002
2456256.94205 12.918 0.002
2456257.01213 12911 0.002
2456257.01430 12911 0.002
(This table is available in its entirety in machine-readable form.)
Table 5
DI Tau AB Preliminary Orbital Parameters

Parameter Units Value
Period (P) yr 35.113%0
Time of periastron passage (7)) JY 2017.32f8_‘%2
Eccentricity (e) 073475438
Semimajor axes (a) mas 76.8+{%3
Inclination angle (i) deg 81.2+27¢
Longitude of the ascending node (£2) deg 107.941%*
Argument of periastron (wp,;) deg 236.241%°
Primary RV semi-amplitude (Kp) kms™' 1.85%0%8
Opt. system RV (Yop) kms™! 15.3550%
NIR system RV (i) kms™! 15.907342

Derived parameters

Total mass (M) M, 0.957931
Primary mass (M) M, 0.82 +0.32
Secondary mass (Mgec) M, 0.141097
Mass ratio (Msec/Mpri) 017598
Semimajor axes (a) AU 10.6733

Note. Masses and semimajor axes in AU were derived using the Gaia distance
of 137.35 £+ 0.86 pc.

minimize the x> by calculating a first-order Taylor expansion
for the equations of orbital motion. We performed 1000
iterations and selected the orbital solution with the lowest x>
value as the best fit. The final orbital parameters are given in
Table 5.

The orbital fit is complicated by several factors. The three
higher precision Keck AO measurements span a very small
portion of the visual orbit (<1 yr). They are complimented by
two additional observations that span a ~30 yr time frame, but
the lunar occultation (Chen et al. 1990) is only a one-
dimensional measurement of the projected separation along the
direction of the occultation, and the early speckle observation
(Ghez et al. 1993) has a larger 10 mas uncertainty in position.
The RV measurements fortuitously sampled the most recent
periastron passage; however, the RV curve is relatively flat
outside of the peak amplitude, and the RV measurements span
only about half of a period for the best-fit orbit, so they do not
provide a strong constraint on the period.

To better assess the quality of the orbital fit and determine
reasonable uncertainties, we performed a Monte Carlo (MC)
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Figure 2. Model orbits of DI Tau AB. (a) The black thick line shows the best-fit orbit and the gray shaded lines are other possible orbits from the 50 random sampling
draw from the bootstrap solutions (Section 3). Red solid squares represent the astrometry from Table 2. The olive lines are the lunar occultation measurement from
Chen et al. (1990), where the dashed line shows the direction of the lunar occultation along a position angle of 257° and the solid line shows the projected separation of
72.1 mas. The red triangle shows the intersection of the model to the lunar occultation measurement. The blue open squares show locations of the secondary based on
the best-fit orbit model for the observations that did not resolve DI Tau B (see Section 6.1); the references and separations at the time of observation for the best-fit
orbit model are indicated. (b) Best-fit radial velocity (RV) curve for the primary (thick blue line) and the secondary (thick orange line). The thin shaded lines are the 50
randomly sampled bootstrap solutions. The observed RVs from Table 3 are shown in black squares for optical RVs and in black triangles for NIR RVs.

bootstrap analysis. We randomly selected measurements, with
replacement, from the RV and direct imaging data sets, keeping
the total number of measurements in each set the same (i.e.,
optical RVs, NIR RVs, two-dimensional positions, and one-
dimensional separations). We then randomly varied the new
selected set of observations within their measured uncertainties
assuming a Gaussian distribution. Finally, we optimized the
orbital parameters using the values in Table 5 as the starting
points, and optimized the fit to the new set of observables using
a Newton—Raphson technique. We generated 10,000 bootstrap
samples and computed uncertainties by calculating the range
for each orbital parameter that included 68% of the values
around the median of each distribution. The uncertainty ranges
are reported in Table 5. The overall best-fit orbit and 50 random
samples of the bootstrap solutions are overplotted in Figure 2.
Corner plots of the parameter distributions are shown in
Appendix B Figure B1.

The dynamical total mass (M) of the system and the
individual masses of the two components of DI Tau were then
computed using the best-fit orbital parameters, adopting the Gaia
distance of 137.35 4 0.86 pc. This yielded My, = 0.957031M.,
My =0.82 £ 0.32M, and Myc = 0.147 001 M..

4. Magnetic-field Strength

Strong magnetic (B) fields are a hallmark of TTSs, helping
produce their characteristic strong high-energy (e.g., X-ray)
emission and playing an essential role in how CTTSs interact
with their disks (Bouvier et al. 2007; Hartmann et al. 2016).
Because of the wavelength dependence of the Zeeman effect
(x\?) compared to that of Doppler broadening (x\'), the K
band is one of the most sensitive wavelength regimes for
measuring stellar magnetic fields (Johns-Krull 2007). We use
IGRINS K band data to measure the magnetic field on DI Tau.

As DI Tau A dominates the observed flux, the measured
magnetic field is attributed to the primary component only.

We follow the approaches in Johns-Krull (2007) and Sokal
et al. (2020), measuring the magnetic field on DI Tau by
looking for excess broadening in magnetically sensitive Ti I
lines near 2.225 ym (Figure 3 panels (a) and (b)). The
magnetically  insensitive CO lines near 2.312pum
(Figure 3(c)) serve as a check on all other nonmagnetic line-
broadening mechanisms that may be present. For a first-order
check, we compare the Ti I lines to the CO lines and found
similar line widths, indicating a relatively weak magnetic field.
For our detailed analysis, we coadded all five IGRINS K band
spectra to obtain the highest possible S/N (~220 in the
continuum) spectrum.

We use SYNTHMAG (Piskunov 1999) to compute synthetic
spectra. When generating spectra with a magnetic field present,
the field is assumed to be radially oriented at the star’s surface.
A NextGen model atmosphere (Allard & Hauschildt 1995;
Allard et al. 1997; Hauschildt et al. 1999) was used for
computing the synthetic spectra. These model atmospheres are
tabulated on a regular grid of effective temperature, surface
gravity, and metallicity. Herczeg & Hillenbrand (2014)
estimate 7= 3774 £88 K for DI Tau. For our spectrum
synthesis, we assume solar metallicity for DI Tau and choose a
model from the grid that most closely matches the temperature
for DI Tau (T.=3800 K) and adopt log g =4.0, which is
typical for young stars in Taurus (Lépez-Valdivia et al. 2021).
We adopt a microturbulent broadening of 1 kms ™' and a radial
tangential macroturbulence of 2.0 kms™' because they are
likely appropriate for a star with DI Tau’s parameters
(Gray 2005); our results are very insensitive to these specific
values because other line-broadening mechanisms (rotation and
magnetic) dominate.
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Figure 3. SYNTHMAG model fits to the observed IGRINS DI Tau spectrum for B = 0.55 kG and B = 0 kG. Panels (a) and (b) show the magnetic sensitive Ti i lines
and panel (c) shows the magnetically insensitive CO lines. IGRINS spectra are shown in black lines, and the best-fit model with T.¢ = 3800 K, log g = 4.0, B =10.55
kG is shown in red. The zero B field model spectrum is shown in cyan for comparison.

In addition to the magnetically sensitive Ti I lines, the K
band contains a number of relatively magnetically insensitive
lines, such as the CO lines of the v=2-0 rovibrational
transitions near 2.3 ym. Between the two pairs of Ti I lines are
four fairly strong lines of Fe I, Sc 1, and Ca I that we include in
the spectrum synthesis (Figure 3(b)). For all lines, we obtained
the basic data from the VALD atomic line database (Kupka
et al. 1999) and computed their Zeeman splitting patterns under
LS coupling from the transition data contained in the database.
In addition, VALD returns several other weak lines in this
region which we retain for the spectra synthesis. For the four
Ti I lines, the oscillator strengths (log gf values) were tuned
(Johns-Krull et al. 2004). This process was not carried out for
other lines in this region; we follow the procedure used in other
studies (e.g., Johns-Krull et al. 2004; Yang & Johns-Krull 2011)
and do not use the magnetically insensitive lines when fitting
the synthetic spectra. The role played by these additional lines
is to prevent the code from unnecessarily fitting magnetic
components to nonmagnetic features (e.g., in the far wings of
the Ti I lines) and also help ensure that the fit to the veiling (7,
non-photospheric excess fluxes, Bertout et al. 1988) is driven
by the depth of the Ti I lines.

4.1. Multicomponent Fit

We fit three different models for the spectra of DI Tau to
estimate the magnetic field on the star. In all three fits, we
determined the K band veiling (rk) in the Ti I and CO spectral
regions separately. The best way to fit for the magnetic field
using the K band spectra is to allow for a distribution of
magnetic-field strengths on the stellar surface (Sokal et al.
2020). Because of the finite spectral resolution and the intrinsic
width of the photospheric line profiles (caused by, e.g., thermal,
turbulent, and rotational broadening), we only allow for a
limited number of magnetic-field components when fitting the

observed spectra. Our past studies (e.g., Johns-Krull et al.
2004; Johns-Krull 2007) found that a 2 kG resolution in the
field results in fairly robust fits. A significantly finer resolution
in the allowed magnetic-field strengths will only cause fitted
distributions to oscillate substantially. As a result, we fit model
spectra for field strengths of 0, 2, 4, and 6 kG, solving for the
filling factor of each of these field components.

We set the resolution of the model spectra to R = 60,000,
matching our IGRINS observations in the wavelength regions of
interest. We then performed a first set of fits; allowing the stellar
v sin i to float and found a best-fit value of 12.7 kms™~".'" We use
this value in the subsequent fits to the magnetic field. The final
multicomponent fit resulted in filling factors of /(0 kG) = 0.75,
f2 kG)=0.23, f(4 kG)=0.00, and f(6 kG)=0.02, which
gives a mean field of B = XBf = 0.56 kG. The best-fit veiling
values were (.14 in the Ti I region and 0.23 in the CO region.
By fixing the v sin i, the only free component in the CO region
is the veiling.

4.2. One Magnetic Component and a Single Zero Field
Component Fit

TTSs typically show significantly stronger fields in the
2-3 kG range (e.g., Johns-Krull 2007; Sokal et al. 2020; Flores
et al. 2022) making the above-estimated B on DI Tau A lower
than typical. The multicomponent magnetic-field fit is
dominated by the 2 kG component (f= 0.23). The very small
6 kG component (f=0.02) may be the result of fitting weak
features in the wings that are not actually part of the Ti I lines
(e.g., blends). We therefore tried another model with only one
magnetic component and a zero field component. This time, we

10 The ysiniof 12.7kms 'is slightly higher then the 12.5 km s ™' determined
by IGRINS RV; however, this small different results in a different B well
within 1o of the final result.
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Figure 4. Results of photometric analysis. (a) Periodogram of the Lowell
Observatory V band photometry. The strongest signal at ~7.7085 days is
highlighted and the false-alarm probability (FAP) with a power of ~0.05 is
shown as the red line. (b) Lightcurves from Gaia Ggp, G, Grp, Lowell V, and
ZTF g folded at the rotational period of 7.71 days. Photometry other than
Lowell V are shifted in magnitude for comparison purpose. (c) Lowell V band
folded lightcurve color coded by the year and month of observation (color bar).

let the field strength of the magnetic component and its filling
factor vary along with the veiling in the two spectral regions.
The resulting best-fit model has a field strength of 1.8 kG with
a filling factor of f= 0.3, resulting in a mean magnetic field of
B = 0.54 kG. The veiling values are 0.12 and 0.23 in the Ti I
and CO regions, respectively.

4.3. Single-component Fit

Finally, we performed a third fit in which we assumed that a
single mean magnetic-field value covers the entire star. This
model is motivated by a number of recent studies of TTS (e.g.,
Sokal et al. 2018, 2020; Flores et al. 2019, 2022) which also (or
solely) use the spectrum synthesis code MoogStokes
(Deen2013) to measure magnetic fields on TTSs. Our treatment
with this fit is not identical to these other MoogStokes-based
studies, though, since such studies typically use MARCS stellar
atmospheres (Gustafsson et al. 2008) instead of NextGen
models.

With only a single field value covering the entire star, the
best-fit model we find has B = 0.96 kG with veiling of 0.29
and 0.23 in the Ti I and CO spectral regions, respectively. The
mean value of this single field-component model is
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significantly stronger than that of the other two models;
however, the resulting x* for this model is a factor of 1.65
worse than the two multlcomponent models, which have nearly
identical x* values. For comparison, we also performed a field-
free fit to the spectra where the two veiling values are the only
free parameters. The resulting veiling is 0. 11 and 0.23 in the Ti
1 and CO regions, respectively, but the x* of this model is a
factor of 5.45 worse than the multicomponent field models.

4.4. Summary of Magnetic-field-strength Analysis

The uncertainty in the mean field was estimated by MC
simulations of the data using the measured S/N in the observed
spectra and fitting each data realization the same way we fit the
observed spectrum. The standard deviation of these MC fits is
0.031 kG, which we take as the random uncertainty. Yang et al.
(2005) performed tests of magnetic fits to see how sensitive
these were to typical errors in the assumed T.¢ (200 K) and
log g (£0.5), and concluded that the resulting systematic errors
are about 10% of the field measurement, 0.055 kG in our case.
Adding this in quadrature to the random uncertainty, we
estimate a mean field uncertainty of 0.063 kG. Although the
small difference, 0.02 kG, in the final magnetic-field estimates
between the two multicomponent models is reassuring, we are
not fully confident that the 6 kG component (f= 0.02) in the
multicomponent model, which contributes 0.12 kG to that final
mean field estimate, is valid, as noted in Section 4.2. Therefore,
to be conservative, we assign an uncertainty of 0.10 kG to our
final mean magnetic-field estimate. We conclude that the mean
field on DI Tau A is 0.55+0.10 kG (Figure 3) with
rg~0.20 £ 0.06 (mean and standard deviation of the veiling
measurements from the aforementioned three methods).

5. Photometry

Compared to the pronounced photometric variability in
CTTS induced by interactions with the surrounding disk (AV
can be up to ~2 or 3 mag, Grankin 2007), photometric
variations in WTTS are smaller (AV ~ 0.1 mag) as they are
dominated by the effect of spots on the surface of a rotating star
(Herbst et al. 1994; Grankin et al. 2008). In extreme cases,
variations of ~0.5 mag in the optical flux from WTTS can
occur (e.g., V410 Tau and V836 Tau, Grankin et al. 2008). To
investigate the stability of the unresolved photometry used in
the two-component SED fit, we first study the lightcurve of DI
Tau AB system, and then introduce the two-component SED fit
in the following section.

5.1. Photometric Variability

Figure 4(a) shows the result of the Lomb-Scargle period-
ogram analysis for 10 years of V band photometric data taken
with the Lowell 0.7and 1.1 m telescopes (Table 4). The
strongest signal in the periodogram at ~7.71 days is similar to
results in the literature: e.g., 7.9 days, 7.50 days, and 7.733
days (Vrba et al. 1989; Bouvier et al. 1993; Xiao et al. 2012,
respectively). The lightcurves from the Lowell V band, Gaia
DR3 (Eyer et al. 2022; Gaia Collaboration et al. 2022), and
Zwicky Transient Facility (ZTF, Bellm et al. 2019) data are
shown in Figure 4(b), folded to a period of 7.71 days. In
general, similar periodic modulation can be seen in all
lightcurves. Yearly changes in DI Tau AB’s V band lightcurve
shape can be seen in Figure 4(c), color coded by year and
month. These shape variations occur because of the evolution,
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in terms of size and location, of spot(s) on the stellar surface.
The most active season present in the Lowell V band lightcurve
was from 2012 to 2013, showing an amplitude of ~0.06 mag.
The quietest season was from 2020 to 2021, with an amplitude
of ~0.02 mag. Compared to the V band amplitude of ~0.02
mag from Vrba et al. (1989) and ~0.1 mag from Bouvier et al.
(1993), we can conclude that DI Tau AB is relatively inactive,
consistent with the relatively long rotation period and the low
magnetic-field strength (Section 4.4).

5.2. Two-component SED Fit

To estimate the individual luminosities and 7 for DI Tau A
and B, we used the unresolved (Table 1 and Figure 5(a)) and
resolved photometry (Table 2 and shown in Figure 5(b)) to fit a
two-component model. The 13 photometric measurements in
Table 1 were carefully chosen to be uncontaminated by flux
from DH Tau and to have well-defined filter transmission
functions (Rodrigo & Solano 2020). We did not use the flux
ratio from Ghez et al. (1993) because of a lack of proper
reference to the accurate filter transmission profile. For the
model spectra, we used the pysynphot (STScl Development
Team 2013) python package to query and interpolate BT-Settl
atmosphere model grids (Allard et al. 2011), and use the
pyphot'!' python package to inte%rate the flux within different
filters (Rodrigo & Solano 2020).'* For all model spectra used
in the SED fitting, we adopted a solar metallicity and
log g =4.0.

The two-component SED fit was done using x* minimiza-
tion and adopted the NLOpt python package (Johnson et al.
2008) for optimization with the Nelder-Mead algorithm
(Box 1965; Nelder & Mead 1965). The X2 for the unresolved
photometry (X§ED) is:

X%ED = Z

i=1

n Fio* im2
[w] W

Ti0

where n is the number of the photometry points, F, is the
observed flux, Fi, is the total model flux from the primary and
the secondary, f'is the overall flux scale, and O’io is the error in
the observed flux. The overall flux scale is defined as
f=R /D)2, where R is the radius of the stellar object and D
is the distance of the object from the Sun, which we fix at 137
pc. The fF; ., can be further expressed as:

fFi,m = fprj E,m,pri + fgec Fi,m,sec- 2

The visual extinction (Ay) also serves as a free parameter, and
is applied to the model spectra based on the reddening law from
Cardelli et al. (1989) with R(V)=3.1.

The x? for the flux ratio from the resolved photometry
(X?ratio) has the form:

i 2
(R ux,i,o — R ux,i, )
X%ratio - Zl L > 2 L - ° (3)

i=1 Tio

where [ is the number of the filters in Table 2, Rgyx o is the
observed flux ratio, Rqyx i.m is the model flux ratio, and Uio here
is the error of observed flux ratio. In total, we fit for five

' byphot: https://pypi.org/project/pyphot/.

'2 SVO Filter Profile Service: http://svo2.cab.inta-csic.es/theory /fps/.
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Figure 5. Two-component SED fit to the unresolved (a) and the resolved (b)
photometry of DI Tau AB. (a) Solid circles are the observed fluxes in Table 4.
Band passes for these data, from the shortest to longest wavelengths, are Gaia
Ggp, Gaia G, Gaia Grp, 2MASS J, 2MASS H, 2MASS Ks, WISE W1, IRAC
36, IRAC 45, WISE W2, IRAC 58, IRAC 80, and WISE W3. The solid gray
line is the best-fit BT-Settl model for DI Tau A, and the gray dashed line is the
best-fit model for DI Tau B. The final model spectrum for DI Tau AB is shown
with a black line with the integrated flux for each filter shown with open square
symbols. (b) Keck II NIRC2 AO flux ratios for the component-resolved
imaging from Table 2 are shown with black solid circles and the model-fit
results are shown in orange open squares. Band passes for these data, from the
shortest to longest wavelengths, are Jeone Heonts Keonts and L'. The uncertainties
for both the unresolved and resolved photometry are 2.9 times larger than those
given in Tables 1 and 2 is because of the inflated errors to force a reduced x* of
1 (see Section 5.2).

parameters: Tegepris Tefrsec, Stellar radius ratio (Rgec/Rpii), Av,
and fi.

The best-fit parameters along with their associated uncer-
tainties (estimated from MC simulations with the data
uncertainty increased by 2.9 forcing the XIZ/ to 1) are given in

Table 6. The resulting Ay of 0.63 *J%3 mag is reasonable for a
typical WTTS in the Taurus system, and agrees with the value
estimated by Herczeg & Hillenbrand (2014) of 0.70 = 0.2 mag.
The best-fit model spectra for DI Tau A and B are shown in
Figure 5 panel (a) as the gray solid and gray dashed lines,
respectively. Figure 5 panel (b) shows model-fit results of the
resolved photometry.

6. Discussion
6.1. Previous Non-detections of DI Tau B

In Figure 2(a), the best-fit model’s predicted locations for DI
Tau B at the times of observations that resulted in non-
detections (Section 1) are highlighted with open blue squares.
On UT 2004 January 11, the separation of the primary and
secondary was in the range ~40 to ~83mas, given the
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Table 6
DI Tau Physical Parameters
Parameter Units Value
IGIRNS K Band Magnetic Fitting

Effective temperature (7g) K 3800 (fix)
Surface gravity (log g) cgs 4.0 (fix)
Projected rotational velocity (v sin i) kms™' 12.7

K band veiling (rg) 0.20 £+ 0.06
Mean photosphere magnetic strength (B) kG 0.55 +0.10

SED Fitting
Pri. effective temperature (Tegg pri) K 3900 +18
Sec. effective temperature (Zef sec) K 2868 t§§§
Radius ratio (R ratio) 0.65 £330
Reddening (A,) mag 0.63 1%
Log pri. flux ratio (logf, ;) —19.12+0:0%
Derived parameters
Pri. luminosity (L) L. 0.47 1302
Sec. luminosity (Lgec) Lo 0.06 1312
Pri. radius (Rpy) R 1.68 4+ 0.04
Sec. radius (Rgec) R 1.11 £0.15
Lightcurve
Rotation period (Pyo) day 7.709

uncertainties from the MC bootstrap analysis described in
Section 3. With the Subaru CIAO angular resolution of
~100-200 mas FWHM (Itoh et al. 2008), DI Tau B was
unresolved. For the observation on UT 2012 October 1, our
model predicts a separation range of ~13 to ~52 mas: too
small for Gemini North’s NIRI to resolve given the FWHM of
the measured PSF, ~80mas (Daemgen et al. 2015). The
observation by Schaefer et al. (2014) on UT 2013 January 27
occurred near periastron, when our model predicts a separation
range of ~14 to ~51 mas, with the best-fit model predicted
separation of ~19 mas. These predicted separations are below
the diffraction limit of ~54 mas for the 10 m Keck telescope in
the K band, and are therefore consistent with the non-detection
of the companion reported during this epoch.

For the non-redundant masking (NRM) observation taken by
Kraus et al. (2011) on UT 2008 December 23, our MC
bootstrap analysis predicts a separation range of ~15 to ~63
mas; the best-fit model gives a separation of ~23 mas. The
detection limit (AK’) of DI Tau B estimated by (Kraus et al.
2011, Table 4) for separations of 10-80 mas is 2.66—5.7 mag,
which is larger than our observed AK of 1.47-2.22 mag
(Table 2). It is not clear what the cause of the non-detection by
Kraus et al. (2011) was, but at the minimum separation our
orbital solution allows for, the published detection limit is quite
close to our maximum measured flux ratio. Thus, if our orbital
uncertainties are marginally underestimated, the true separation
during 2008 December may actually have been below the
NRM detection limit. Similarly, the measurement uncertainty
in the NRM results might be marginally underestimated and
produced smaller AK’ detection limits at the closest separa-
tions. Additional observations that improve the precision of the
calculated visual orbit could resolve this ambiguity.

The non-detections of DI Tau B on UT 1993 September 26
and 1993 October 25 were likely the result of DI Tau B’s low
flux compared to the detection limit of HST’s FGS (Simon
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Figure 6. Optical and NIR spectra of DI Tau around the Ha and Brackett ~y
emission lines. (a) McDonald optical spectrum from UT 2021 November 13
where the Ho is most prominent in our data (EW (Ha) = 2.9 £ 0.02 A). The
self-absorption around the peak of the Ha emission is a non-LTE effect for
slowly rotating convective stars (Hawley & Fisher 1994). (b) All five epoch of
IGRINS K band spectra (color lines). The gray horizontal line show the
flux = 1 continuum. No emission features can be seen for the Brackett ~y
(~2.1661 pm). IGRINS spectra shown here are not been divided by telluric
standard star. Four major telluric lines are highlighted with & symbols.

et al. 1996). Simon et al. (1996) estimated a V band magnitude
>16.5 mag for DI Tau B, based on their non-detection. Using
the best-fit model for DI Tau B from the two-component SED
fit in Section 6.3, a distance of 137 pc, a Johnson V band filter
profile (Johnson & Morgan 1953), and the associated Vega
zero point, we found a V band magnitude for DI Tau B of
~18.5 mag, in agreement with the results of Simon et al.
(1996).

6.2. Is DI Tau A a CTTS, a WTTS, or Something in Between?

The zero veiling measurements reported in the literature at
optical wavelengths (e.g., r;510=0.0; Herczeg & Hillen-
brand 2014), and the absence of Brackett + emission lines
and weak Ho emission (EW y(Ha) ~ 1.1 4+ 0.46 A) in our NIR
and optical spectra (Figure 6), indicate a lack of ongoing
accretion at least onto DI Tau A. Also, the low NIR veiling
reported in the literature (e.g., r;~0.1£0.11 Folha &
Emerson 1999), and found in this study (rg ~ 0.2, Section 4)
indicate that no inner dust disk is present around DI Tau A. The
only evidence supporting a circumstellar disk in the DI Tau
system was a reported excess of mid-IR flux (Kenyon &
Hartmann 1995; Sullivan & Kraus 2022). Subsequent studies
(e.g., Meyer et al. 1997; Hartmann et al. 2005), however,
demonstrated that the IRAS 12 um excess was contaminated by
DH Tau and that the WISE W4 excess was contaminated as
well, as shown in Figure 7. Therefore, we suggest that DI Tau
is a WTTS.
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Figure 7. WISE W1, W2, W3, and W4 images showing DI Tau AB and DH
Tau AB. Compared to DH Tau AB, flux from DI Tau AB falls off rapidly at
wavelengths longer than W1. The ALLWSIE (Cutri et al. 2021) W4 magnitude
for DI Tau AB (4.963 £+ 0.032 mag) is contaminated by DH Tau AB
(~3.032 £ 0.023 mag). We conclude that no mid-IR (W4) excess is present in
DI Tau AB.

6.3. Evolutionary Model Comparison

The Hertzsprung-Russell diagram (HRD) in Figure 8 shows
our best-fit results from Section 5.2 along with evolutionary
models from Baraffe et al. (2015; BHAC) (panel (a)) and
Feiden (2016) (panels (b) and (c)). For the Feiden evolutionary
models, we show both the standard (Std, panel (b)) and the
magnetic (Mag, private communication, panel (c)) versions as
the latter was shown to be more suitable for young stellar
objects (e.g., Feiden 2016; Simon et al. 2019).

Both the BHAC 2015 and Feiden (2016) Std models indicate
that DI Tau A has an age of ~2-3 Myr and a mass of ~0.62
M, near the lower limit of the dynamical mass,
M, =0.82 £ 0.32M, (highlighted as colored blue area in
Figure 8(a) and (b)). We see similar behavior for DI Tau B
between the models’ predicted masses and the dynamical mass.
Both nonmagnetic models predict that DI Tau B is most likely
to have a substellar mass, around 0.08 M., whereas the
dynamical mass is My, = 0.14705M. In comparison to the
standard models, the Feiden (2016) Mag tracks provide a better
fit for the primary, predicting a model mass of about 0.84 M.,
near the center of the range of possible dynamical masses.
However, the uncertainties in T are large enough that the two
components of DI Tauare consistent with being coeval.
Nonetheless, there also remains the possibility that the two
stars may have different B field strengths, which would impact
their locations on the HRD.

Identifying any potential differences in the magnetic-field
strength between DI Tau A and B requires component-resolved
spectroscopy of both stars to directly measure DI Tau B’s B.
Although challenging, such observations are possible with AO-
fed IR spectroscopy, for example, with NIRSPEC on the Keck
II telescope (e.g., Prato et al. 2002; Allen et al. 2017).
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Figure 8. Hertzsprung-Russell diagram showing DI Tau A and B with
luminosity and effective temperature (7.s) from the SED fitting (Section 5.2).
Two standard sets of evolutionary tracks (Baraffe et al. 2015, BHAC 2015) and
Feiden (2016) are shown in panels (a) and (b), respectively. Panel (c) shows the
magnetic version of the evolutionary tracks from (Feiden 2016, private
communication). The colored area in all three panels show the ranges (£10) for
the dynamical masses, Mgy, estimated from the orbital fit in Section 3.

7. Summary

In this study, we confirm the binary nature of the DI Tau
system using three epochs of NIRC2 AO imaging, a 17-year
span of optical and NIR radial velocity (RV) data, and two
historical position measurements from a speckle imaging and
lunar occultation observations. These astrometric and spectro-
scopic data, along with multiband photometry from sky
surveys, allow us to also characterize the physical properties
of DI Tau A and B. Some key highlights and results from this
study are summarized as follows:

1. We model DI Tau system’s motion and find a best-fit
orbit that accounts for both historical detections and
(almost all of the) non-detections of the secondary.

2. The small mass ratio, ~0.17, highlights the value of the
DI Tau system for testing models of PMS evolution as the
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two stars span a large parameter space across the mass
tracks.

3. With the RV data only covering one periastron passage
and a lack of full orbital sampling from the relative
astrometry, our preliminary orbital solution is uncertain
and will be revised as additional measurements are made;
however, the lower limit on the orbital period, ~32 yr, is
unlikely to change.

4. Because of the large uncertainties in the estimated masses
from the best-fit orbit resulting from the sparse
astrometric and spectroscopic observations, and the large
error bar for the T .. given the low flux ratio between
DI Tau A and B, it is impossible to distinguish between
the models shown in Figure 8. Follow-up observations to
improve the measurement of the dynamical masses and/
or T are necessary.

5. We measure an unusually low surface-averaged magn-
etic-field strength, ~0.55 kG, for DI Tau A compared to
other TTSs. This may indicate an older age for DI Tau A
(Vidotto et al. 2014), although even with the large
uncertainties evident in Figure 8, DI Tau A is likely
younger than 5-6 Myr. Spectroscopic observations of DI
Tau B at adequate signal to noise to establish its
magnetic-field strength will be important for comparison.

6. We raise the possibility of nonuniform surface-averaged
magnetic-field strengths in the two components of even
relatively short period binaries as a potential source of
non-coevality. This can be tested with spectroscopic
observations of angularly resolved close young binaries.

7. We conclude that DI Tau A is a WTTS based on the
small amplitude V band variability over the last ~40 yr,
EW,(Ho) <5A (~1.1 +046A), and a lack of IR
excess.

We are thankful for the comments and suggestions from an
anonymous referee to help improve the quality of this paper.
We thank the technical and logistical staff at McDonald and
Lowell Observatories for their excellent support of the
Immersion Grating Infrared Spectrograph (IGRINS) installa-
tions, software, and observation program described here. In
particular, D. Doss, C. Gibson, J. Kuehne, K. Meyer, B.
Hardesty, F. Cornelius, M. Sweaton, J. Gehring, S. Zoone-
matkermani, E. Dunham, S. Levine, H. Roe, W. DeGroff, G.
Jacoby, T. Pugh, A. Hayslip, and H. Larson. We also thank G.
Feiden for providing us with his magnetic evolutionary tracks
and A. Kraus, M. Ireland, T. Dupuy, and E. Evans for helpful
discussion on the NRM data of DI Tau. We thank Greg
Doppmann for taking additional images of DI Tau; ultimately,
these were not possible to calibrate and therefore are not
included in this study. Partial support for this work was
provided by NASA Exoplanet Research Program grant 80-
NSSC19K-0289 (to LP). C.M.J. acknowledges partial support
for this work through grants to Rice University provided by
NASA (award 80-NSSC18K-0828) and the NSF (awards AST-
2009197 and AST-1461918). G.H.S. acknowledges support
from NSF AST-2034336.

We are grateful for the generous donations of John and
Ginger Giovale, the BF Foundation, and others which made the
IGRINS-LDT program possible. Additional funding for
IGRINS at the LDT was provided by the Mt Cuba
Astronomical Foundation and the Orr Family Foundation.
IGRINS was developed under a collaboration between the

12

Tang et al.

University of Texas at Austin and the Korea Astronomy and
Space Science Institute (KASI) with the financial support of the
US National Science Foundation under grant AST-1229522
and AST-1702267, of the University of Texas at Austin, and of
the Korean GMT Project of KASI. Some of the data presented
herein were obtained at the W. M. Keck Observatory, which is
operated as a scientific partnership among the California
Institute of Technology, the University of California, and the
National Aeronautics and Space Administration. The Observa-
tory was made possible by the generous financial support of the
W. M. Keck Foundation. Some of the time at the Keck
Observatory was granted by NOIRLab (NOIRLab Pro-
pID:2022B-970020; PI: G. Schaefer) through NSF’s Mid-
Scale Innovations Program. The authors wish to recognize and
acknowledge the very significant cultural role and reverence
that the summit of Maunakea has always had within the
indigenous Hawaiian community. We are most fortunate to
have the opportunity to conduct observations from this
mountain.

This work made use of the VALD database, operated at
Uppsala University, the Institute of Astronomy RAS in
Moscow, and the University of Vienna. This study also made
use of the SIMBAD database and the VizieR catalog access
tool, both operated at CDS, Strasbourg, France. Some
observations were obtained at the Lowell Discovery Telescope
(LDT) at Lowell Observatory. Lowell is a private, non-profit
institution dedicated to astrophysical research and public
appreciation of astronomy and operates the LDT in partnership
with Boston University, the University of Maryland, the
University of Toledo, Northern Arizona University and Yale
University. We have used IGRINS archival data older than the
2 year proprietary period. This research has also made use of
the Spanish Virtual Observatory (https://svo.cab.inta-csic.es)
project funded by MCIN/AEI/10.13039/501100011033/
through grant PID2020-112949GB-100.

Facilities: LDT (IGRINS), Smith (IGRINS, Tull Coudé
Spectrograph), Keck:II (NIRC2), LO:0.8 m, Hall.

Software: astropy  (Astropy Collaboration et al.
2013, 2018), matplotlib (Hunter 2007), NumPy, (Harris
et al. 2020) IGRINS RV (Stahl et al. 2021; Tang et al. 2021),
PHOEBE (Conroy et al. 2020), pysynphot (STScl Develop-
ment Team 2013).

Appendix A
IGRINSRVv1.5.1

The newest version of IGRINS RV provides numerous
improvements. A summary of the changes is included below.

A.l. Zero-point RV Offsets Between Orders

The largest update is related to the zero-point RV offsets
described in Section 1. Further investigation into the origin of
these offsets led us to Reiners et al. (2016), who note that the
Livingston & Wallace (1991) atlas of the infrared solar
spectrum, on which the wavelength calibration of IGRINS
RV synthetic telluric templates was based (see Section 3.3 Stahl
et al. 2021), itself displays inaccuracies in its wavelength scale
of up to hundreds of meters per second. This could easily
corrupt the accuracy of the synthetic telluric templates
generated by IGRINS RV. Without a high-resolution, high-
S/N, wavelength-accurate telluric observation spanning the full
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Figure Al. Data for the RV standard star, GJ 281. Results (a) from IGRINS
RV v1.0.0, and (b) from IGRINS RV v1.5.1. The biggest improvement in
v1.5.1 is the correction of zero-point RV offsets between orders in the K band.
This upgrade allows IGRINS RV to achieve higher accuracy in absolute RV
measurements while retaining the ~30 m s~ precision.

H and K bands, the telluric template generation process used by
IGRINS RV is compromised.

As noted in Stahl et al. (2021), an alternative would be to
rely on the wavelength scale internal to Telfit, which is based
on the AER line list (mostly culled from HITRAN 2016). In
Stahl et al. (2021), we opted against this method because some
HITRAN line data is known to be accurate only to hundreds of
meters per second (or even only on the level of kilometers per
second). Yet, a closer inspection of the line data in the
wavelength regions of interest showed that it was only the HO
absorption lines that exhibited such large inaccuracies. If we
mask all regions with significant H,O absorption in our spectral
fitting, then using Telfit’s internal wavelength scale almost
completely eliminates the zero-point RV offsets in the K band
(Figure A1(b)). This change was incorporated into IGRINS RV
v1.5.1, and has the side benefit of significantly reducing the
computation time required to generate the synthetic telluric
templates.

However, even with this change, some degree of zero-point
offsets between results from different orders remained. This is
particularly the case when applying IGRINS RV to spectro-
scopic binaries, in the H band, or to order 75 K band
observations taken when the spectrograph suffered from a
defocus issue (see Stahl et al. 2021, Section 2.1). After
additional testing, we found these offsets to be caused by
wavelength-dependent mismatches between our stellar tem-
plates and the data. These mismatches occur because (1) our
templates are not perfect, particularly at lower temperatures,
neither PHOENIX (Husser et al. 2013) nor SYNTHMAG
models correspond to our observed spectra as well as they do
for targets with T.gr <4000 K, and (2) spots can distort the
observed data. This adds an extra absorption component that
our applied stellar template is not guaranteed to fit in the same
way for every order. The spot-induced absorption is also from a
cooler source, which is (as per point 1) harder for our stellar
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templates to reproduce. We found this explanation to be
supported by a variety of experiments that traced the effects of
applying different stellar templates to different types of targets,
including simulated spectra of spotted stars.

Relatively warm and unspotted stars exhibit stellar absorp-
tion that is broadly well simulated by our synthetic templates,
so the RV offsets between orders for such targets are small. The
more heavily spotted or cooler a target is, the less
representative our templates become, leading to larger zero-
point offsets between orders (S.-Y. Tang et al. 2023, in
preparation). Spectroscopic binaries also show larger offsets
because their cooler secondary stellar components affect
spectra similarly to non-polar spots. In the H band, additional
investigations are still underway, but it appears that, in this
wave band, the line lists we use to generate our synthetic stellar
templates are broadly less accurate. Last, the fact that we
observe significantly greater RV offsets in order 75 when the
spectrograph mounting was loose can be explained by the
increased instrumental broadening, which produces lower
stellar and telluric information content, which in turn makes
for more poorly calibrated wavelength solutions. It is reason-
able that this would affect the measurements from order 75 in
particular, given that the region we use of this order covers the
smallest wavelength span and features the fewest absorption
lines than the other analysis regions.

A.2. Updated RV Uncertainly Estimation

Overall, stellar template mismatch will produce zero-point
RV offsets at some level in all targets, so we opted to update
our uncertainty calculation to take into account this additional
source on a target-by-target basis. The calculation is as follows:

First, for every observation x, the RV and its uncertainty are
determined for each order analyzed j, as per Section 3.7 of
Stahl et al. (2021). We call these RV,; and S,;.

Next, for each order, we compute the weighted mean and the
standard deviation of the weighted mean:

W e
Sy = Sy
RV = 30w, - RVy) (A2)
) -1
7=|,Z Sizj (A3)

We then check if the weighted means of each order are
statistically consistent with each other. For each order k and
each order m, where k = m, we compare:

IRV, — RV,| = (Jo2, + 02). (A4)

If the left-hand side is less than the right-hand side for all
values of k and m, then no significant zero-point offsets
between orders are detected, and no additional uncertainty
calculation is needed. If the left-hand side is ever greater than
the right-hand side, however, we then correct the RVs for each
order by the zero-point difference between the average RV of
the order and that of the best-performing order ¢ (in the K band,
this is order 77). Thus, the new RV for every observation and
order becomes:

RV,/ = RVy; + RV, — RV, (AS)
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where RV, and RV; are determined by Equation (A4). We then
calculate two additional uncertainty terms. The first takes into
account the additional uncertainty that comes from subtracting
measurements of the mean RV of each order:

Y= >k (A6)
J

The second uncertainty term is calculated, for each
observation, as the amount of scatter observed between the
different order RV measurements that cannot be explained by

their uncertainties:
[ 2
djx = [Ox — Z SX/'
J

where o, is the standard deviation of the mean of RV,; for a
given observation x. This characterizes the nightly deviation of
the order RVs beyond what we would expect from all the other
factors that contribute to our uncertainties. That is, for zero-
point offsets that are consistent between observations (because
of stable differences between the observed spectra and the
stellar template), the mean order correction and the inclusion of
1) ought to suffice, but in cases when the zero-point offset is
variable between observations because of changing spot
geometry or secondary stellar components, then ¢, is necessary
to describe the additional uncertainty. The final RV of each
observation is then computed as per Stahl et al. (2021) except
with RV, instead of RV,;, and the corresponding uncertainty is
expanded to include ¢ and ¢,:

)/

(AT)

(A8)
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RV, = 3 (w; - RV,). (A9)
j
The associated uncertainty is:
-1
o = ¢i+w2+(zjj Sizj) . (A10)

Typical values of 1 vary between 5 and 50 ms~', while
¢, is about 0-15 ms~ !, although sometimes can be as
high as 70 ms~'. Accounting for these new uncertainty
measurements, we found that during the period when the
spectrograph experienced a defocus, the large zero-point offsets
of our lowest-performing order (# 75) meant that including it
often led to worse precisions than if it were left out. We
therefore opt to exclude order 75 from analysis for observations
taken when the spectograph was defocused.

In summary, IGRINS RV v1.5.1 delivers a better accuracy in
the absolute RV by trading off in the relative RV precision,
~304 ms~' compared to ~26.8 ms~' in version v1.0.0’s.
Lastly, a number of smaller changes were made to the code,
including:

1. Included numba to streamline code speed

2. Updated Telfit compiler to avoid critical error that popped
up in some cases

3. Corrected bugs related to over-interpolation of templates

4. Dropped Order #74 from K band analysis

Appendix B
Corner Plot for the Orbital Fit

Figure B1 shows the corner plot of the 10,000 iterations for
the MC bootstrap results described in Section 3.
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