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ABSTRACT
Line-of-sight extinction estimates to well-studied young T Tauri and Herbig Ae/Be stars are based on many
different measurements and analysis methods. This has resulted in wide scatter among the published AV values
for the same star. In this work, we discuss the challenges in measuring extinction to actively accreting and
especially outbursting young stellar objects (YSOs), and explore a method not previously applied to young
stars, utilizing diffuse interstellar bands (DIBs). In early-type stars, narrow correlations exist between DIB
equivalent widths and the column density of interstellar material, and therefore the line-of-sight extinction.
Here, we measure equivalent widths of the 5780 Å and 6614 Å DIB features in a sample of actively accreting
YSOs, and apply established DIB–reddening calibrations to derive reddening, and subsequently extinction. We
also compare the DIBs-inferred optical line-of-sight extinction values with previous extinction estimates for our
sample stars.
Keywords: stars: pre-main sequence
1. INTRODUCTION

Young stars begin their lives as deeply embedded objects.
In addition to the molecular cloud and the collapsed cloud
core out of which the star formed, there is an envelope of
gas and dust. Eventually the star emerges, but the sightlines
to young stars are complex, consisting of the low-density
foreground interstellar medium, the higher density molecular
cloud, and any circumstellar material. As a result, measuring the total line-of-sight extinction to the partially obscured
underlying stellar source is challenging.
Although they are difficult to obtain, credible line-of-sight
extinction measurements are critical for interpreting observations of young stellar systems. Extinction corrections
are necessary for many important analyses of YSO properties, e.g., SED modelling, bolometric luminosity calculations, emission line flux measurements, and X-ray luminosity estimates. Without good extinction corrections, the precision with which stellar and circumstellar properties can be
determined suffers. Difficulty in measuring extinction precisely for both YSOs and their older cousin T Tauri and Herbig Ae/Be stars, contributes significantly to the historic inconsistencies in estimated parameters of pre-main-sequence
populations.
In addition to being situated along complex sightlines,
YSOs and young stars are highly active, including frequent
flares, ongoing accretion, and potentially large-amplitude
outbursts. The time-variability in the continuum and line
emission from the system can make it difficult to characterize the underlying photosphere and therefore determine the

line-of-sight extinction. Even quiescent-state measurements
of extinction can be difficult, and uncertainties are large, especially given the short timescale variability. YSO spectra
are dominated by contributions from large spots, and from
bright continuum veiling produced during accretion from hot
inner disk gas. A study of the literature on relatively calmer
T Tauri stars shows that extinction values for any given T
Tauri star can vary by 50% or more, depending on the measurement method (e.g. McJunkin et al. 2014, 2016, see also
§3 below).
One extinction measurement method which seems promising uses diffuse interstellar bands; Krełowski (see 2018,
for a review). Hundreds of individual DIB absorption features have been identified in optical and near-infrared spectra. Among them, several bands are strong and are therefore
well-known and well-studied, e.g., λ5780, λ5797, λ6270,
λ6614. Although the DIBs carriers remain unidentified, the
line strengths have been shown to correlate well with the
column density of interstellar material along a given sight
line (Friedman et al. 2011; Vos et al. 2011; Lan et al. 2015).
Such correlations have been demonstrated for many of the
strongest lines listed above, and may be used to estimate
interstellar extinction. A principal benefit of DIB measurements calibrated to extinction is that the DIB strengths are
independent of continuum changes in the SED, and thus the
DIBs can be usefully employed as extinction probes in quiescent as well as in flaring or outbursting YSOs.
We have been able to identify strong DIBs in the spectra of about two dozen known outbursting young stellar objects, including many FU Ori stars. We present below the
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first application to young stellar objects of the established
DIBs-based methodology for estimation of line-of-sight extinction. While the DIB line features are themselves not fully
understood, they seem a promising way to estimate the extinction to these outbursting and other similarly challenging
young stellar objects. The present effort highlights the potential utility of DIBs, in light of the difficulty in estimating
YSO extinction through other methods. Our success with
DIBs-based extinction measurements may serve as a guide
for future work.
The paper is organized as follows: §2 we provide background on DIBs and their empirical correlation with interstellar reddening and extinction. §3 examines the variety of
extinction measurement methods in use for common T Tauri
targets and the wide range of extinction values found in the
literature for the same star. §4 and §5 describe our young
stellar object sample and the spectral data we used, §6 describes the DIBs we identified and the equivalent width measurements we performed, and §7 describes the conversion
steps to reddening and subsequently extinction estimates. In
§8 we place our derived AV s in the context of existing literature extinction measurements for our targets. Finally, in
§9 we discuss the implications of our work, and in §10 we
summarize our results.
Appendix A contains a summary of some of the major T
Tauri star extinction efforts in the literature, elaborating on
our discussion in §3. In Appendix B we show the DIBs regions of all of our targets and the limits of integration for
our equivalent width measurements. Appendix C contains
measurements of the 5797 Å DIB and a discussion of the
sightlines to our targets. In Appendix D we present a new
determination of the spectral type of RNO 1.
2. BACKGROUND ON DIBS AND THEIR STRENGTH

IN DIFFERENT ENVIRONMENTS
The DIBs have been studied extensively in early spectral
type main sequence stars (Herbig 1993; Munari et al. 2008;
Hobbs et al. 2008; Friedman et al. 2011; Vos et al. 2011; Kos
et al. 2013; Kos & Zwitter 2013; Lan et al. 2015; Zasowski
et al. 2015; Fan et al. 2017, etc.). Their carriers, however, are
yet to be definitively identified. DIBs have not been studied
much in the spectra of stars later than spectral type A, including in any low-mass pre-main sequence stars. This may be
due to the larger number of stellar features that are present in
the cooler, later spectral types, whereas for the earlier types,
stellar line contamination is relatively minor compared to
the broad DIBs features (Hobbs et al. 2008; Friedman et al.
2011).
Many studies correlate DIBs strength to column densities
of interstellar gases such as N (H) or N (H2 ), or directly to
the reddening measurements of the targets (Friedman et al.
2011; Vos et al. 2011; Kos & Zwitter 2013; Lan et al. 2015).

Comparing the DIBs strengths with the understood properties of the ISM along well-studied sight lines can illuminate
how they behave in different environments. This can be critical for interpreting DIBs strength measurements in spectra
of stars that do not lie along extensively studied sight lines,
or in well-understood environments.
An example of this is Fan et al. (2017), which studies the
molecular hydrogen fraction, fH2 , in different environments
where DIBs have been measured. Fan et al. find that the
strengths of some of the most well-studied DIBs, including
those at 5780 Å, 5797 Å, and 6614 Å, demonstrate a peak
WDIB /E(B − V ) ratio at around fH2 = 0.2. This indicates
that there may be a favorable fH2 for certain DIBs formation.
They also find that in environments with greater values of
fH2 , the WDIB /E(B − V ) ratio can be quite weak.
This dependence of WDIB /E(B − V ) on the local fH2
may help explain some of the outliers in the aforementioned
correlations. It may also help explain the behavior of the
σ − ζ effect, which has been identified in large DIBs studies of the ISM (Vos et al. 2011; Kos & Zwitter 2013; Lan
et al. 2015). The effect was first noted when Krelowski
& Wegner (1989) found that the sightlines to σ Sco and
ζ Oph had drastically different WDIB (5780)/WDIB (5797)
ratios. It has since been found that sight lines with
varying WDIB (5780)/WDIB (5797) ratios have different
WDIB /E(B − V ) ratios (Vos et al. 2011; Kos & Zwitter 2013; Lan et al. 2015). Fan et al. find that the peak
WDIB (5780)/WDIB (5797) ratio appears at roughly fH2 ∼
0.2. The strength of the σ − ζ effect may therefore scale
with the sensitivity of the λ5780 and λ5797 line carriers to different fH2 environments. The sensitivity of the
WDIB (5780)/WDIB (5797) ratio to the molecular hydrogen fraction provides further evidence that the carriers of the
two DIBs differ in their preferred environments. This may
be a marker of the sensitivity of some carriers to their radiation environments, where denser environments which are
also richer in molecular hydrogen may shield the carriers better. It may also or otherwise be an indication that some of the
DIBs simply require denser environments for their formation
mechanisms.
In light of these complex relationships between the DIBs
and their environments, determining ISM properties directly
from DIBs measurements can be difficult. Nevertheless, the
use of DIBs equivalent widths may be able to provide better
extinction measurements than are otherwise available, specifically for YSOs which are particularly challenging sources.
However, it must also be considered that the complex environments of YSOs means that there may be multiple contributions to the total line-of-sight extinction.
An important question to consider when measuring extinction to any particular YSO, is the depth probed by the measurement method. That the λ5780 and λ6614 DIBs correlate
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well with N (H) (Friedman et al. 2011), indicates that they
likely measure well much of the interstellar extinction. However, the rapid fall-off of the WDIB /E(B−V ) relation in environments with high molecular hydrogen fractions indicates
that DIBs extinction measurements may be less sensitive to
circumstellar extinction. The DIBs insensitivity to continuum level, and thus continuum variations, also indicates that
the DIBs likely arise outside the sphere of influence of any
accretion-related variability in YSOs.
3. ESTABLISHED METHODS FOR ESTIMATING

EXTINCTION TOWARDS YOUNG STARS
It is well known that extinction values reported in the literature for individual young stars can vary greatly for the same
object, among the different sources of information. Some of
the purported differences are caused by astrophysical variability in the observational diagnostic used to infer extinction, e.g. photometric color. Others are induced by systematics in the different methods that have been adopted to derive
extinction estimates.
As an illustration of the conflicting information that is
available, we present in Table 1 a compilation of literature
extinction values for a set of T Tauri stars. This sample is
chosen for the repeated appearance of these same objects
across varied works, and includes many of the best-studied
young stars in one of the closest star forming regions, Taurus. A thorough discussion of the methods used to measure
the extinctions in each reference given in Table 1, is provided
in Appendix A.
We present the results graphically in Figure 1 to highlight
the amplitude of the discrepancies for individual sources.
For the sample selected, 57 % (13) of the targets have
σ(AV ) > 0.5 mag, and 48 % (11) of the targets have
σ(AV )/median(AV ) > 0.5. While 30% of the sample is
known to be a close (< 100 ) binary, the binaries are indicated
in Table 1 and do not demonstrate significantly greater scatter in their literature AV values than the single component
systems. Only 4 of the 13 targets with σ(AV ) > 0.5 mag
and 3 of the 11 targets with σ(AV )/median(AV ) > 0.5 are
close binaries.
The standard extinction techniques can be divided into two
general types: those based on dust-extinction measurements
and those using gas column measurements. Dust-extinction
measurements rely on assumptions about the emission source
that is used to establish a truth spectrum against which to
measure a color or a flux excess. Gas column measurements
use gas line strengths measured against a continuum, and
gas-to-dust conversion relations to compute the corresponding extincting dust column.
The dust-based extinction measurements all share the common flaw that they rely heavily on assumptions made about
the underlying emitting source. In addition to the stellar pho-

tosphere, which may be young enough to show gravity effects in the spectrum, colors, and spectral energy distribution, there may be activity effects ranging from spottedness
to accretion. The former can alter spectra and colors depending on the spot temperature contrast and covering fraction.
The latter can add a hot (ultraviolet and optical wavelengths)
or cool (infrared) continuum. Placing extincted, reddened
young stars both accurately and precisely on the HR diagram
has long proved difficult due to the significant consequence
of extinction estimate uncertainties, mainly on the derived
source luminosities.
The gas-based measurements, by contrast, are more robust
to assumptions regarding the underlying, unextincted source.
They rely only on the accuracy of the gas line measurement
against a continuum. For some species such as the Na I
D lines discussed by (Pascucci et al. 2015), there is a need
to disentangle stellar photospheric from interstellar contributions. There is a strong dependence for gas-based extinction
estimates on assumptions about the interstellar medium along
the line of sight to the target, and the relationship between
the gas being measured and the well-mixed extincting dust.
Along lines of sight where these relationships are less well
known, the assumptions can break down and the extinction
measurements become less reliable.
While DIBs-based extinction measurements are similar to
the gas line-based measurements described above, both being line-of-sight absorption techniques, there are some important differences. Most notable among these is the fact that
although there can be contamination from other gas species
absorbing at the same wavelengths, the DIBs themselves do
not arise from any known stellar photosphere. Thus the column measured by the DIBs is exclusively circumstellar or interstellar. This is a significant advantage for extinction measurements to YSOs because of the previously-discussed challenges to modeling the underlying photospheric spectrum.
4. MOTIVATION AND DEFINITION OF SAMPLE

Our initial interest in the topic of this investigation was
driven by the observation that DIBs features are often prominent in outbursting YSOs – sources which have recently increased their brightness by factors of ten to hundreds. This
included several objects studied and published as YSO outbursts by the second author, as well as noting the presence
of DIBs in YSO spectra published by others, e.g. SiciliaAguilar et al. (2020). Motivated by these findings, we initiated a more systematic investigation into the presence of
DIBs features in young stars.
For purposes of testing and calibrating our methodology,
we first sought to identify DIBs features in spectra of wellstudied T Tauri stars. However, we were unable to distinguish and hence measure the DIBs due to the strong stellar
contamination from Fe I and other lines near the known DIBs
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Table 1. Literature Measurements of Extinction to T Tauri Stars. Columns are ordered according to the measurement method.
Dust Column from Optical SED

Dust Column from IR SED

Opt/IR Color Excess

Targeta

Gas Column Absorption

V93

Gu98

Fi11

HH14

Fu11

Lu17

Gr17

KH95

Re20

McJ14

McJ16

X(DEM)

X(1T2T)

AA Tau
BP Tau
CI Tau
CW Tau
DH Tau
DI Tau∗
DK Tau∗
DL Tau
DM Tau
DN Tau
DR Tau
FM Tau
GH Tau∗
GI Tau
GK Tau
GM Aur
HN Tau∗
Hubble 4∗
IQ Tau
IW Tau∗
LkCa 15
V827 Tau
XZ Tau∗

1.30
0.85
2.00
2.40
1.35
···
1.15
1.35
0.05
0.50
1.00
0.80
1.28
1.50
1.00
0.54
1.00
···
1.20
···
···
···
1.70

0.74
0.51
···
···
···
···
1.42
···
···
0.25
···
···
···
1.34
0.94
0.31
0.65
···
···
···
···
···
···

1.34
1.75
···
2.10
···
···
1.83
3.00
···
···
···
···
···
···
···
···
3.05
···
···
···
···
···
···

0.40
0.45
1.90
1.80
0.65
0.70
0.70
1.80
0.10
0.55
0.45
0.35
0.40
2.05
1.50
0.30
1.15
1.35
0.85
0.40
0.30
0.05
1.50

1.90
1.10
2.31
1.99
2.17
···
1.30
1.99
0.70
0.90
1.42
0.70
1.10
2.24
1.60
0.60
1.10
···
1.49
···
1.10
···
3.91

0.99
0.82
2.31
1.99
1.81
0.11
1.99
2.49
0.39
0.21
1.70
0.75
0.82
2.02
1.99
0.50
1.07
2.17
1.49
0.57
0.71
0.25
2.80

0.92
0.89
1.44
1.95
0.57
0.76
1.33
1.82
1.50
0.42
1.23
···
···
1.36
1.01
0.32
···
···
1.25
···
···
···
1.68

0.50
0.50
1.77
2.29
1.25
0.76
0.80
···
0.00
0.50
···
0.70
0.52
0.87
0.87
0.10
0.50
0.76
1.25
0.83
0.60
0.28
2.91

0.04
···
2.63
···
···
···
2.17
···
0.00
···
0.10
···
1.00
1.93
2.15
···
···
···
1.95
0.14
0.46
1.97
4.32

0.34
0.17
···
···
···
···
0.46
···
0.48
0.18
0.48
···
···
···
···
0.51
0.36
···
···
···
0.31
···
···

1.80
1.10
···
···
···
···
···
···
0.90
···
0.90
···
···
···
···
1.10
1.70
···
···
···
0.40
···
···

7.04
0.39
3.55
···
1.29
0.90
1.61
···
···
0.45
···
0.97
0.58
2.45
2.91
···
···
1.61
3.16
···
···
0.39
1.81

6.07
0.58
4.00
···
1.16
0.78
2.00
···
0.78
0.39
···
0.90
0.71
2.65
2.58
···
1.29
2.00
2.65
···
···
0.32
1.55

N OTE—Sources: V93: Valenti et al. (1993), Gu98: Gullbring et al. (1998), Fi11: Fischer et al. (2011), HH14: Herczeg & Hillenbrand (2014),
Fu11: Furlan et al. (2011), Lu17: Luhman et al. (2017), Gr17: Grankin (2017), KH95: Kenyon & Hartmann (1995), Re20: Rebull et al. (2020),
McJ14: McJunkin et al. (2014), McJ16: McJunkin et al. (2016), X(DEM, 1T2T): Güdel et al. (2007) using their DEM and 1 or 2 thermal source
(1T2T) models.
a Targets marked with an asterisk are known close (< 100 ) binaries.

wavelengths that are common in later spectral types. We
found that for spectral types later than G0, the contamination
is not negligible and requires careful analysis to remove (see
§6.2 below). Due to the aforementioned difficulty in establishing the true photospheric spectrum for young stars, in addition to the difficulties involved in continuum-fitting highly
reddened T Tauri stars with numerous line complexes, such a
procedure would introduce a large amount of uncertainty in a
DIB equivalent width measurement. A brief search for DIBs
in Herbig Ae/Be stars did not turn up many reports of them
either. Furthermore, the ones appearing in spectra to which
we do have access, were extremely weak.
Despite the apparent rarity and/or weakness of DIBs in
well-studied YSOs, we have been able to identify strong
DIBs in the spectra of many outbursting YSOs, including
FU Ori type objects. Our assembled DIBs-bearing sample

includes both “classical” FU Ori stars (e.g. FU Ori, V1057
Cyg, V1515 Cyg, BBW 76), and more recent photometric
outbursts that have been identified with young stars. Several
of these are indeed bona fide FU Ori events (e.g. V2493 Cyg
/ HBC 722, V899 Mon, V960 Mon, Gaia 17bpi). Others represent different flavors of episodic accretion in young stars
(e.g. LkHa 225 S, V582 Aur, V1331 Cyg, PTF 15afq). Still
others may not be young stars at all (e.g. ASASSN 15qi, PTF
14jg).
We have included one non-outburster in the sample, RNO
1A. As we discuss in Section 9, the comparison of DIBs
equivalent widths measured in the RNO 1A spectrum to those
in the RNO 1B outburster spectrum provides an interesting
experiment in DIBs environments. As these two sources lie
along almost the same interstellar sightline, differences in the

5

Figure 1. The data from Table 1, with source name abbreviations explained in the table note. The objects are ordered left-to-right by increasing
median extinction value. Similar hues connote similar methods used for the extinction measurement. A wide range in the extinction estimates
is exhibited for each of these stars, with about half the sample having a factor of two or more spread in AV .

DIBs equivalent widths may imply differences in the circumstellar environments.
The full sample of sources for which we measured DIBs
is listed in Table 2. We include the signal-to-noise ratios
(SNRs) of our spectral data, common aliases of the targets,
and their locations in J2000 coordinates. The stellar properties of targets in the sample are amassed from previous literature and listed in Table 3 for reference. For many of the
targets, there is disagreement in the literature about spectral
type and measured bolometric luminosity. This is in large
part due to the difficulty in identifying the extinction to the
sources, and the contributions of circumstellar emission and
absorption above an underlying stellar photospheric emission
and absorption.
5. DATA

5.1. Target Spectra
Spectra used in this analysis were acquired at the W.M.
Keck Observatory Keck I telescope with the HIRES (Vogt
et al. 1994) high dispersion spectrograph. Several different
spectrograph setups were used, driven by the main science
program for each observing night, but all covered both primary DIBs regions under investigation here. The 5780 Å
feature was usually in the “blue” CCD of HIRES, while the
6614 Å feature was always in the “green” CCD of HIRES.
The spectral resolution ranged between 25,000 and 60,000
depending on the decker width. Data were taken over several
years, between 2008 and 2020.

All spectra were processed with the MAKEE pipeline reduction package written by Tom Barlow. The final spectra
are in units of counts or ADU vs wavelength, in the heliocentric frame. Individual orders were normalized by fitting a
5th order polynomial to the regions around large absorption
or emission lines.
The SNR of the sample varies greatly, ranging from 8 (PTF
14jg) to 180 (BBW 76). Examples of each of the two DIBs
regions are shown in Figure 2, showcasing high, typical, and
low SNRs. For the noisiest spectra (SNR . 20), we apply a
σ = 10 pixel Gaussian smoothing kernel to identify the integration limits for our equivalent widths, but we then perform
the integrations on the non-smoothed spectra.
Due to the significant uncertainty in the literature RVs for
many of our targets, and the fact that some do not have literature RV values at all, we apply our best estimate of a stellarframe RV correction. In systems with literature values, we
use those. For targets without literature values, we use stellar
lines near the DIBs as a reference, but do not apply a correction to the spectra.
5.2. Standard Spectra
The G2, K0 and K4 spectral standard stars used to assess
stellar contamination to the DIBs features in Section 6.2,
were acquired at the McDonald Observatory’s 2.7m Harlan
J. Smith Telescope using the Robert G. Tull cross-dispersed
coudé echelle spectrograph (Tull et al. 1995). The ∼110
spectra of each standard were taken from 2004-2019, roughly
once per night over 5-10 night observing runs per year.
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A spectral resolution of R ≡ λ/δλ ∼ 60000 was achieved
using a 1.200 slit. The spectra were cross-dispersed into 54-55
orders and recorded on a Tektronix 2080x2048 CCD. Wavelength scales and instrumental radial velocity shifts determined by reference to a Thorium-Argon comparison lamp
spectrum taken before and after stellar spectra. The spectra
were reduced using a custom IDL routine similar to the procedures described in Valenti (1994) and Hinkle et al. (2000).

The final continuum normalization for individual orders is
accomplished by fitting a second order polynomial to the regions surrounding the stellar lines of interest. To boost the
overall SNR of the standard spectra, we coadd all observations of the same source achieving final SNR values > 500
for the reference stars.
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Figure 2. The spectral vicinity of the two strong DIBs features analyzed in this work, shown for BBW 76, PTF 15afq, and PTF 14jg. These
three sources represent the SNR range in our spectra, with high (180), medium (40), and low (8) SNR values respectively. The vertical dotted
lines mark nominal DIB line centers at 5780 Å and 6614 Å, though DIBs profiles are known in the literature to vary slightly from source to
source. The λ5797 DIB is also visible in these examples, with further discussion of this DIB provided in Appendix C.
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Table 2. Sample names, aliases, J2000 coordinates, and SNRs
Target

BBW 76
FU Ori
Gaia 17bpi
Gaia 19ajj
IRAS 06068-0641*
LkHa 225 S
2MASS J06593158-0405277*
PTF 10qpf
iPTF 15afq
RNO 1B
V582 Aur
V733 Cep
V1057 Cyg
V1331 Cyg
V1515 Cyg
V900 Mon
Z CMa
ASASSN 15qi
PTF 14jg
PTFS1821n
RNO 1A
VES 263

Alias

RA

Dec

SNR

-33d06m24.00s
+09d04m12.30s
+18d27m52.23s
-35d55m33.14s

181.2
144.9
20.57
16.7

06h09m19.2s
20h20m30.6s

-06d41m55.89s
+41d21m26.34s

128.1
38.67

V960 Mon
06h59m31.6s
V2493 Cyg, HBC 722
20h58m17.0s
Gaia 19fct
07h09m21.4s
V710 Cas A
00h33m51.8s
···
05h25m52.0s
Persson’s star
22h51m36.6s
LkHα 190
20h58m53.7s
LkHα 120
21h01m09.2s
HBC 692
20h23m48.0s
···
06h57m22.2s
MWC 165, HBC 243
07h03m43.1s
Other Photometric Variables with DIBs
···
22h56m08.8s
···
02h40m30.1s
[NSW2012] 284
21h38m39.8s
RNO1, KW97 3-17
00h33m57.5s
Gaia 18azl
20h31m48.8s

-04d05m27.76s
+43d53m43.34s
-10d29m34.51s
+63d12m22.91s
+34d52m30.10s
+62d16m24.80s
+44d15m28.38s
+50d21m44.80s
+42d12m25.78s
-08d23m17.68s
-11d33m06.23s

147.9
105.7
40.7
6.5
92.45
7.5
112
55.2
85.4
10
180

+58d31m04.13s
+60d52m45.50s
+57d08m47.11s
+63d13m00.12s
+40d38m00.06s

28.4
8
50
60.6
40

Young Star Outbursters
V646 Pup
07h50m35.5s
Nova Ori 1939, HBC 186 05h45m22.4s
···
19h31m05.6s
···
08h08m53.0s
V899 Mon
V1318 Cyg S

∗ We refer to these by their more common aliases hereafter.

6
10
26
32
14
13
···
···
···
···

28
4.5
35.8
0.92
-13.5
38.1
1.6
···
···
···
···

FU Ori

Gaia 17bpi

Gaia 19ajj

V899 Mon

LkHa 225 S

V960 Mon

PTF 10qpf

PTF 15afq

RNO 1B

V582 Aur

V733 Cep

1
17
···
29
31

-30
-58.1
-38.1
···
6.61
-4.1

Z CMa

ASASSN 15qi

PTF 14jg

PTFS1821n

RNO 1A

VES 263

33

23
···

-12
···

V900 Mon

V1331 Cyg

V1515 Cyg

6
···

-16
···

V1057 Cyg

3

5

30

BBW 76

Ref

System RV

Target

Ref

12

21

21

24

20,21

6

30

19

27

7.1

13.5

3.5

2.4

2.4-3.9

11.5

6.5,5.6

14.5

···

3.4

1.5

7.2

2.6-4.5

6

3

1.4

2.1

4

4

4

25

6,4

4

18,4

4

···

16

4

9

3

26

10

6

5

Ref

B1

31

27

···

17

7

5.6

3.6

···

4.75

3.6

Table 3 continued

A b & late F c & G-K d
B1h
F5III*

F8

31

27

···

17

7

Other Photometric Variables with DIBs

6500K

6400K

G2-G5

F0-F4/G5

F7-G3

G0Ie
G5-6Ibb & M7-8g

F8II

···

K7III-M2IIIg, e & K7-M0 f

9

A2Ve
11

···
G2-K1

26
···

M3

8
10

G0

5

GKd -Mg

T=9620K

AV

Young Star Outbursters
G0-G2b & K/Md

SpT

···

···
14000

···
···

17
···

31

···

···

130

7

4

3548m
18

4

6,22

22

4

4

18

28

2

16

15

···

3

···

10

4

5

Ref

99

103-200

53

500-1050j
43k
100l

527

111

2.69

4.8

···

···

0.1-0.3

···

4.1

4.1

4.1

···

4.1

···

···

···

···

4.1

2.6

···

162

···
···

0.3

66

453i

Lquiescent

4.1

81

···

AV (X-Ray) a

Table 3. Literature properties of outbursters in our sample.

···

···

···

···

17

1000

···

···

···

···

7

···

···

···

···
···

···

···

···
···

···

···

4

···

13

4

9

3

···

···

···

1652

···

12

48

750

419

10

···

···
7.5

···

Ref

···

Lburst

9

System RV

Ref

SpT

Ref

AV
Ref

AV (X-Ray) a
Lquiescent
Ref

Lburst
Ref

(2018). The updated luminosity would be 4540L .

(2018). The updated luminosity would be 40L .
l Work by Kuhn & Hillenbrand (2019) using Gaia DR2 parallaxes places V1057 Cyg at 795 pc, rather than 550 pc cited in Connelley &
Reipurth (2018). The updated luminosity would be 209L .
mWork by Kuhn & Hillenbrand (2019) using Gaia DR2 parallaxes places Z CMa at 1120 pc, rather than 990 pc cited in Connelley & Reipurth

k Work by Kuhn & Hillenbrand (2019) using Gaia DR2 parallaxes places V733 Cep at 825 pc, rather than 800 pc cited in Connelley & Reipurth

i Reipurth et al. (2002) assume a distance of 1800 pc to the source. New Gaia parallax measurements give the distance to BBW 76 as 1092 pc,
which decreases the value to 166 L
j Depending on the association, whether V582 Aur belongs to Auriga OB1 or Auriga OB2 (Zsidi et al. 2019)

hDetermined by similarity to the optical spectrum VES 263 in the 5000-7500 Å range.

g According to characteristics of a near-infrared spectrum.

f Determined during system quiescence

e Determined during an outbursting episode

d According to characteristics of a red spectrum

c According to characteristics of a green spectrum

a A s from Kuhn & Hillenbrand (2019), derived from XMM-Newton X-Ray spectra or adopted for their analysis.
V
b According to characteristics of a blue spectrum

N OTE—Literature Sources: (1) Hillenbrand et al. (2015), (2) Sewiło et al. (2019), (3) Ninan et al. (2015), (4) Connelley & Reipurth (2018), (5)
Reipurth et al. (2002), (6) Herbig et al. (2003), (7) Herczeg et al. (2016), (8) Kenyon et al. (2000), (9) Magakian et al. (2019), (10) Hillenbrand
et al. (2018), (11) Park et al. (2020), (12) Fang et al. (2020), (13) Miller et al. (2011), (14) Takagi et al. (2018), (15) Kóspál et al. (2015), (16)
Cohen & Kuhi (1979), (17) Hillenbrand et al. (2019b), (18) Zsidi et al. (2019), (19) Semkov et al. (2013), (20) Chavarria-K. & de Lara (1981),
(21) Gramajo et al. (2014), (22) Sandell & Weintraub (2001), (23) Herbig (1977), (24) Kolotilov & Petrov (1983), (25) Chavarria (1981), (26)
Hillenbrand et al. (2019a), (27) Staude & Neckel (1991), (28) Skinner & Güdel (2020), (29) Gaia Collaboration et al. (2018), (30) Reipurth
et al. (2007), (31) Munari et al. (2019), (32) Hillenbrand et al. (2022), (33) Sicilia-Aguilar et al. (2020)
∗ We derive a spectral type closer to A0 or F8 for RNO 1A, see Appendix D for more details.

Target

Table 3 (continued)
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6. DIBS EQUIVALENT WIDTHS

We focus our analysis on the λ5780 and λ6614 DIBs, as
they appear most strongly and consistently in our sample.
The λ5797 DIB also appears in our targets but is on the edge
of a spectral order and therefore measurements of its equivalent width are less reliable. We discuss our measurement of
the λ5797 DIB equivalent width further in Appendix C. The
λ5780 and λ6614 DIBs equivalent width measurements were
made in two primary steps, which are explained in detail below. First, we describe how we performed the spectral equivalent width measurements by direct integration. Second, we
discuss the stellar contamination correction we derived and
applied to the equivalent widths. Where significant, with the
exception of 4 strongly contaminated targets (FU Ori, Gaia
19ajj, PTF 14jg, and V1515 Cyg), these corrections amount
to a . 40% effect in 25% of the sample.
6.1. Equivalent Width Measurements
DIBs lines are generally broader than stellar lines, with
complex asymmetric profiles. As such, considerable care is
needed in measuring the DIBs line strengths. To avoid assumptions about the profiles (such as the common gaussian
approximation to an irregular shape), and to prevent overor under-estimating the line strength in a fitting process, we
measure the line equivalent widths manually, through direct
integration. We rely on our previous normalization to establish the continuum level, which we assume to be at 1.0.
In Figure 3, we present one example of the equivalent
width measurement, shown for V1057 Cyg and each of the
two DIBs features studied in this work. We illustrate the
DIBs profiles for our entire sample in corresponding plots
that appear in Appendix B.
We adopt an uncertainty that assumes our lines are relatively weak, so that the average flux in the integration band is
comparable to the continuum flux. Although this may not be
true for the strongest DIBs, the sense of the assumption is that
it overestimates our uncertainties. In this weak line limit, we
can then use Equation 3 from Vollmann & Eversberg (2006),
√ (∆λ − Wλ )
2
(1)
SN R
where ∆λ is the width of the integration band and SN R is
the signal to noise ratio of the continuum.
σ(Wλ ) =

6.2. Correcting for Stellar Line Contamination
Early spectral types such as B and A stars have relatively
clean spectra, and it is for this reason that they have been
the traditional “lightbulbs” in DIBs studies. As mentioned
in Section 2, for spectral types much later than G0, there
is significant contamination in the DIBs regions from the
stellar photosphere. Specifically, the λ5780 DIB is contaminated by Fe I (5780.5994, 5780.8036), Cr I (5780.9050,

5781.1670, 5781.1790, 5781.7510), and Si I (5780.3838).
The λ6614 DIB is contaminated by Fe I (6613.8245) and
Cr I (6612.1880). The stellar contamination from these lines
in late spectral types can be seen in the standard spectra presented in Figure 4, shown for each of the two DIBs regions.
The YSO outbursters in our sample generally present strong,
relatively line-free continuum, often similar to that of earlier
spectral type main sequence stars, since the spectrum is probably dominated by a hot accretion shock component. However, many outbursts do show some GK-type spectral signatures as well. For any individual object, the optical spectral
presentation depends on the accretion rate and the vertical
temperature structure of the accretion disk. To determine the
extent of any photospheric line contamination in our DIBs
line strength measurements, we use the 3 later standard stars,
HD 88371 (G2), HD 80367 (K0), and HD 65277 (K4), none
of which exhibit any DIBs. We omit the F3 standard in the
final photospheric contamination calculation, though we include it in the discussion below for the purpose of illustrating
the decreasing stellar contamination toward earlier spectral
types.
The amplitude of any possible contamination to the DIB
features can be assessed by measuring the spectral line
strength within the DIB region relative to a nearby spectral
line not within the DIB integration band. The comparison
lines are neighboring stellar lines, where we are specifically
looking at line complexes, that is, multiple closely spaced
lines. These complexes are strong enough that they appear
as broad features in the outburster spectra due to the rapid
rotation and consequent line blending. We study the 5785
Å complex, which spans roughly 2-3 Å and the 6605 Å
complex, which has a similar 2-3 Å broadness (highlighted
in green in Figure 4). Both line complexes contain lines
from the same species as those contaminating the DIBs regions. Specifically, the 5785 Å complex comprises lines
from Fe I (5783.8933, 5784.6576, 5785.2699) and Cr I
(5783.0650, 5783.85, 5784.9690, 5785.7350, 5785.9158,
5785.9449, 5787.0210). The 6605 Å complex comprises
lines from Fe I (6604.5854), Cr I (6505.5420), and Sc II
(6604.6010). In the standard star spectra, these lines are easily resolved into individual features, but as demonstrated in
Figure 4, they blend together for v sin i values greater than
30 km s−1 .
In order to assess the potential for stellar line contamination in DIBs measurements, we first compute the total equivalent widths of the 5780 Å and 6614 Å stellar line complexes
in the DIBs-free spectral standards. We then divide those
equivalent widths by the total equivalent widths of the 5785
Å and 6605 Å stellar line complexes in the standards. Both
sets of integration ranges are shown for the standards and
for V1057 Cyg in Figure 4. Since the spectral types of our
young star sample are not well established and have signa-
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Figure 3. The integration limits for the λ5780 and λ6614 DIBs in V1057 Cyg. The blue band shows the integration limits for the equivalent
width measurement. The red line marks the continuum for reference. The green vertical line shows the location of the stellar line complexes
used for stellar contamination corrections. Similar plots for the rest of the sample are shown in Appendix B.

tures of spectral types ranging from late M to early A, we
average the line complex ratios we compute from our three
later spectral-type standards, excluding the F3 standard.
We then measure the equivalent width of the non-DIBs
5785 Å and 6605 Å line complexes in our targets. Multiplying these equivalent widths by the ratios derived from
our standards, we find the approximate stellar contamination
present in the wavelength range over which we compute the
DIBs equivalent widths, as detailed below.
The process is illustrated in Figure 4. In the figure, the
DIBs contaminating lines and the 5785 Å and 6605 Å line
complexes can be seen as resolved individual lines for the
G2, K0, and K4 standards. In the F3 standard, as well as
the rotationally broadened spectra of the G2, K0, and K4
standards, the individual lines in these complexes and the
contaminating lines in the DIBs integration bands blend into
broad features. In the spectrum of V1057 Cyg, the individual
lines are not resolved, but the broad feature at 5785 Å can be
favorably compared to the blended lines in the rotationally
broadened F3 standard.
The stellar contamination in the DIBs bands increases for
later spectral types. The contamination in the F3 standard is
significantly weaker than in the rotationally broadened profiles of the G2, K0, and K4 standards.
We apply corrections for stellar contamination to the directly measured DIBs equivalent widths as:
W∗ (5780) = Wλ (5785) × r5780 Ref ,

(2)

W∗ (6614) = Wλ (6605) × r6614 Ref

(3)

Here, W∗ (5780) is the computed stellar contamination in
the 5780 Å DIB band. Wλ (5785) is the measured equivalent width of the 5785 Å line complex in our target, and

Ref (5780)
rRef = W
WRef (5785) is the ratio of the equivalent widths in the
reference standard spectra. An analogous correction method
is applied to the 6614 Å DIB band. Hereafter we refer to the
corrected measurements as WDIB (5780) and WDIB (6614),
and we take these to be the equivalent width measurements
of the DIBs. The observed and corrected measurements for
our targets are recorded in Table 4. The ratios for the individual standard stars appear in Table 5 and for the corrections
we use the mean of the reported ratios.
Among our sample, the mean contamination from photospheric absorption within the λ5780 and λ6614 DIBs is
0.171 Å and 0.045 Å respectively, with medians of only
0.127 Å and 0.036 Å. The standard deviations around the
mean values are 0.179 Å and 0.050 Å for the two bands.
Fractionally, the contamination ranges from 0-50% and 040% in all but 4 targets, with a median value of 28% and
18% in the λ5780 and λ6614 DIBs respectively. The contamination is larger than the formal measurement errors in
only 40% and 25% of λ5780 and λ6614 DIBs measurements
respectively, and is therefore insignificant in a relative sense,
compared to the uncertainty in the equivalent width measurement for most of our targets. The sources for which the corrections are significant are marked as such in Table 4.

7. CONVERTING TO EXTINCTION ESTIMATES

To convert our equivalent width measurements of the two
DIBs features into extinction measurements, we adopted linear fits characterizing the correlation between DIBs equivalent widths and E(B − V ) values found in the literature
(e.g. Vos et al. 2011; Kos & Zwitter 2013; Friedman et al.
2011). These fits, summarized in Table 6, were performed
along a variety of sightlines in diverse ISM environments.
As mentioned in Section 2, the sources are primarily early
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Table 4. Equivalent width measurements for the λ5780 and λ6614 DIBs
Wλ (5780)

σλ (5780)

W∗ (5780)

WDIB (5780)

Wλ (6614)

σλ (6614)

W∗ (6614)

WDIB (6614)

Å

Å

Å

Å

Å

Å

Å

Å

BBW 76
FU Ori
Gaia 17bpi
Gaia 19ajj
V899 Mon
LkHα 225 S
V960 Mon
PTF 10qpf
PTF 15afq
RNO 1B
V1057 Cyg
V1331 Cyg
V1515 Cyg
V582 Aur
V733 Cep
V900 Mon
Z CMa

0.365
0.272
0.709
0.168
0.251
0.458
0.600
0.492
0.381
1.099
0.256
0.074
0.518
0.503
0.918
0.618
0.142

0.033
0.031
0.299
0.228
0.046
0.137
0.046
0.050
0.136
0.742
0.041
0.071
0.047
0.057
0.746
0.607
0.023

0.023
0.036
0.184
0.115
0.023
0.083
0.026
0.035
0.091
0.738
0.041
0.059
0.041
0.043
0.585
0.411
0.014

0.030
0.057
0.121
0.018
0.015
(-0.003)
0.077
0.014
0.097
0.054
0.034
(-0.015)
0.056
0.012
0.064
0.064
(-0.013)

0.103
0.023
0.181
0.033
0.068
0.080
0.154
0.055
0.071
0.300
0.100
0.091
0.092
0.135
0.290
0.233
0.061

ASASSN 15qi

0.642

0.182

0.171

0.049

0.262

PTF 14jg*
PTFS1821n
RNO 1A
VES 263

0.723
0.713
0.444
0.828

0.409
0.142
0.097
0.139

0.604
0.102
0.053
0.095

0.208
0.021
0.014
(-0.002)

0.156
0.252
0.201
0.292

Target

Young Star Outbursters
0.139
0.226
0.133
0.228
0.044
0.059
0.214
0.495
0.365
0.160
0.008
0.051
0.075
0.176
0.083
0.092
0.366
0.163
0.137
0.463
0.231
0.241
0.238
0.069
0.071
0.310
0.168
0.433
0.666
0.354
0.063
0.193
0.134
(-0.013)
0.087
0.076
0.315
0.203
0.148
0.127
0.376
0.147
0.280
0.638
0.354
0.265
0.353
0.297
0.002
0.140
0.048
Other Photometric Variables with DIBs
0.052
0.590
0.311
0.792
0.052
0.027
0.054

0.0
0.661
0.417
0.774

0.364
0.273
0.215
0.290

N OTE—The values of W∗ marked in italics are those for which the estimated stellar contamination exceeds the 1σ uncertainties
reported in the previous column. For these sources, the correction to the measured equivalent width is significant.
∗ The W
(5780) value is reported as negative here, possibly due to overestimation of the stellar contamination to the DIB. The
DIB

large positive WDIB (6614) value indicates this may be the case.

Table 5. Stellar contamination equivalent widths and ratios for different FGK spectral types
Target

SpT

Wλ (5780)

Wλ (5785)

Ratio

Wλ (6614)

Wλ (6605)

Ratio

HD 23326
HD 88371
HD 80367
HD 65277

F3V
G2V
K0V
K4V

0.053
0.186
0.385
0.326

0.050
0.181
0.420
0.405

1.072
1.025
0.917
0.805

0.014
0.016
0.046
0.045

0.026
0.050
0.090
0.092

0.562
0.312
0.511
0.494
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Figure 4. Demonstration of the potential for stellar contamination in the λ5780 (left column) and λ6614 (right column) DIBs. The blue regions
show the equivalent width integration limits of the DIBs and the green regions show the reference regions containing the stellar line complexes
that are used to compute the contamination ratios. Top Row: The green, black, red, and blue spectra are those of HD 23326, HD 88371, HD
80367, and HD 65277 respectively with spectral types as labelled. The green F3 spectrum is a rapid rotator so its lines are broadened compared
to the other standards. The integration limits in blue and green are chosen to capture the stellar lines most likely to contribute to the reference
line complexes and DIBs, and are those used to compute the ratios given in Table 5. Bottom Row: The red, blue, and black dashed-dotted
lines show the K4, K0, and G2 spectra rotationally broadened by a broadening kernel with v sin i = 30 km s−1 . The magenta spectrum at
the top is V1057 Cyg, shown in more detail in Figure 3. The blue and green regions show the integration limits used for the equivalent width
measurements made on V1057 Cyg, as also shown in Figure 3. The integration limits do not exactly match the standards due to the rotational
broadening and blending of the stellar lines and the breadth of the DIBs features themselves.
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broader coverage in the Friedman et al. (2011) fits. The maximum WDIB (5780) and WDIB (6614) values for which the
various literature models were fit are indicated in Figure 5.
A final step is to convert the E(B − V ) values to AV values. To do so, we assume the Bessell & Brett (1988) total to selective reddening law RV = 3.1 and the equation
AV = RV × E(B − V ). The AV measurement is thus sensitive to the assumed value of RV , which is difficult to know
without more understanding of the sightline. The Bessell &
Brett value is that most commonly used in literature. However, there is significant evidence (Cardelli et al. 1989; Indebetouw et al. 2005) that in denser regions of the ISM the RV
value can be as high as around 5. To allow for these possibilities, we show in Figure 6 our E(B − V ) − Wλ relations
converted to AV − Wλ relations using two different RV values: 3.1 and 5.
The final WDIB (5780) and WDIB (6614) values are plotand
2
ted
against one another in Figure 7. The equivalent width
σb = σB /B .
measurements are well-correlated with one another, with a
The models for which we have used this transformation are
Pearson correlation coefficient of 0.885 and a p < 10−5 sigidentified in Table 6.
nificance level. The correlation between the contaminationOur analysis makes use of the general model of Friedman
subtracted equivalent widths is also strong, with a correlation
et al. (2011), given in Table 6. We also consider the ζ sightcoefficient of 0.86, corresponding to a p < 10−5 . This corline models presented in Table 6, having determined that alrelation coefficient is lower than the 0.96 and 0.94 reported
most all of our targets lie along ζ sightlines; see Appendix
by Friedman et al. (2011) and Kos & Zwitter (2013) respecC for discussion. For our values, we take the mean of the ζ
tively, but agrees well with the 0.85 reported by Vos et al.
sightline fit parameters presented in Table 6 and the Fried(2011). We also plot the resulting E(B − V ) values against
man et al. fit parameters. For our uncertainties, we take the
one another, with a y = x line for reference. Almost all of
mean of the uncertainties added in quadrature with the stanour measured E(B − V ) values fall within 1σ of the 1-1 cordard deviation of the parameters. The resulting linear models
relation. Our final E(B − V ) values are reported in Table
that we adopt are:
7, alongside the uncertainties in the measurements and AV
values for different assumed RV values.
E(B−V ) = (0.0622 ± 0.0774)+[(2.008 ± 0.373) × WDIB (5780)]
(4)
8. COMPARISON OF DIBS EXTINCTION RESULTS TO
and
PREVIOUS EXTINCTION ESTIMATES
spectral type stars, no later than early A. Nevertheless, we
are suggesting here that for continuum-dominated or stellar
line-corrected young stars, the existing relations could be applied. In order to do so, however, there is a need in some
cases to extrapolate some of the existing fits to equivalent
width values which are larger than the range over which the
fits were performed.
Some of the models in Table 6 are presented in their respective works in the form Wλ = A + B × E(B − V ).
We invert these relations so that they match our desired
E(B − V ) = a + b × Wλ by assigning a = −A/B and
b = 1/B. Similarly, the uncertainties on the parameters are
propagated through this inversion so that
q
2
2
σa = (σA /B) + (σB A/B 2 ) ,

E(B−V ) = (0.043 ± 0.045)+[(4.256 ± 0.567) × WDIB (6614)] . Having demonstrated consistency between the two DIBs
lines both in their strength and in their implied extinction es(5)
timates, we now compare our extinction results with those
Below we present the results for the Friedman et al. (2011)
previously derived for the objects in our sample. We begin
general ISM model, and for the ζ sightline model. We also
with a general comparison between our measurements and
present a version of our analysis for the σ sightline fits in
those in Table 3, and then discuss in more detail the reliabilTable 6, in Appendix C.
ity of the values in the table and the methods by which they
An important consideration for our measurements is the
were derived.
range of E(B − V ) values over which the original literaIn general, the AV values we find using RV = 3.1 are systure correlations we used were determined. The models of
tematically lower than the literature values in Table 3. AdoptVos et al. (2011) and Kos & Zwitter (2013) were only fit
ing RV = 5 brings many of the values in closer agreement
to WDIB (5780) ∼ 0.32 and WDIB (5780) ∼ 0.6 respec(1σ for some), though some significant outliers remain. The
tively. The models given in Friedman et al. (2011) were
dispersion in the AV values in Table 7, as measured by the
generated from fits extending out to WDIB (5780) ∼ 0.8,
standard deviation of the differences between the AV (5780)
which provides better coverage of our own measurements.
values and the AV (6614) values, (adopting RV = 3.1) is 0.8
We justify the adoption of the combined models, includmagnitudes. This becomes 0.75 magnitudes for the stellaring extrapolations of the Vos et al. (2011) and Kos & Zwitcontamination-subtracted AV values. This scatter in the exter (2013) fits, by the strong agreement provided with the
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Table 6. Fits of the E(B − V )-WDIB correlation for the λ5780 and λ6614 DIBs derived from the literature. The format of the presented fit is
E(B − V ) = a + b × Wλ
λ5780

λ6614

a5780

b5780

a6614

b6614

Sightline

Source

-0.0058 ± 0.0071
-0.0047 ± 0.012
0.0568 ± 0.0119

2.165 ± 0.060
1.56 ± 0.106
2.385 ± 0.078

0.012 ± 0.0067
···
···

5.624 ± 0.146
···
···

Avg
σ
ζ

Vos et al. (2011)*
Vos et al. (2011)
Vos et al. (2011)

0.0028 ± 0.0062
0.0138 ± 0.0057
-0.0084 ± 0.0035

1.977 ± 0.0197
1.659 ± 0.0156
1.98 ± 0.01

-0.0016 ± 0.0086
0.0066 ± 0.0057
0.02 ± 0.0037

5.216 ± 0.0697
3.882 ± 0.0366
4.63 ± 0.04

σ
ζ
Avg

Kos & Zwitter (2013)*
Kos & Zwitter (2013)
Friedman et al. (2011)

∗ Linear fits in this work were originally presented in the form W

DIB

= A + B × E(B − V ).

Table 7. Computed E(B − V ) and AV values using the fits from Equation 4 and Equation 5, and the RV = 3.1 and RV = 5 reddening laws
λ5780

λ6614

Targets

E(B − V )

BBW 76
FU Ori
Gaia 17bpi
Gaia 19ajj
V899 Mon
LkHα 225 S
V960 Mon
PTF 10qpf
PTF 15afq
RNO 1B
V1057 Cyg
V1331 Cyg
V1515 Cyg
V582 Aur
V733 Cep
V900 Mon
Z CMa

0.52
0.15
1.06
0.08
0.41
0.80
0.99
0.57
0.68
1.40
0.45
0.24
0.47
0.82
1.34
0.77
0.34

ASASSN 15qi

1.25

Young Star Outbursters
0.13
1.60
2.58
0.48
0.10
0.46
0.75
0.05
0.63
3.27
5.28
1.08
0.47
0.24
0.39
0.18
0.14
1.29
2.07
0.33
0.32
2.47
3.99
0.75
0.21
3.08
4.96
0.70
0.16
1.76
2.84
0.28
0.31
2.12
3.42
0.34
1.51
4.34
7.00
1.32
0.13
1.40
2.25
0.47
0.16
0.74
1.19
0.43
0.14
1.46
2.35
0.43
0.20
2.53
4.08
0.62
1.52
4.17
6.72
1.28
1.23
2.39
3.86
1.04
0.10
1.06
1.71
0.30
Other Photometric Variables with DIBs
0.43
3.86
6.23
1.16

PTF 14jg*

-0.08
1.39
0.90
1.62

0.82
0.38
0.26
0.41

PTFS1821n
RNO 1A
VES 263

σE(B−V )

AV (3.1)

-0.23
4.31
2.79
5.01

AV (5)

-0.38
6.95
4.50
8.08

E(B − V )

0.71
1.11
0.90
1.29

σE(B−V )

AV (3.1)

AV (5)

0.12
0.16
0.79
0.49
0.12
0.37
0.15
0.16
0.39
3.15
0.19
0.26
0.19
0.20
2.50
1.75
0.08

1.50
0.16
3.34
0.56
1.03
2.32
2.17
0.86
1.06
4.10
1.46
1.34
1.34
1.91
3.96
3.21
0.93

2.42
0.26
5.39
0.91
1.67
3.74
3.50
1.39
1.71
6.61
2.36
2.16
2.16
3.08
6.38
5.18
1.50

0.74

3.59

5.80

2.57
0.46
0.26
0.44

2.19
3.46
2.78
3.98

3.54
5.57
4.48
6.43

∗ For PTF 14jg we report the non-physical negative extinction after the stellar contamination correction for transparency. The computed
E(B − V ) values for this target prior to stellar contamination correction are 1.515 and 1.594 respectively. The non-zero measurement in the
λ6614 DIB indicates we may have overestimated the stellar contamination to the λ5780 DIB.

tinctions based on which DIB is used, is comparable to the

typical standard deviation of the AV measurements for any
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Figure 5. Linear fits of the E(B − V ) vs WDIB relationship for
the λ5780 and λ6614 DIBs, adopted from the literature. The maximum WDIB reported in each study is denoted by a tick mark on the
horizontal axis.

given target in the T Tauri sample we discussed in Section 3.
We interpret this finding as an indication that our method is
at least as reliable as existing methods – with the benefit of
being robust to large scale continuum changes.
As discussed in Section 1 and Appendix A, the methods
for determining extinction to young stars and YSOs, including outbursters, often rely on fitting template spectra based
on an assumed (or simultaneously fitted) spectral type. Most
of the literature AV values presented in Table 3 are estimated
using this method, which can be unreliable for – in particular
– highly variable objects. Besides the photometric variability,
outbursting sources are known to change their spectral type
during an outburst (e.g., Hillenbrand et al. 2018, 2019b; Munari et al. 2019), varying sometimes from typical KM spec-

Figure 6. Mean models used in this work to convert Wλ to AV
measurements, shown for two assumptions of ISM reddening law.

tra during quiescence to FG during outburst. Furthermore, in
some cases (FU Ori, PTF 14jg and Gaia 17bpi, Herbig et al.
2003; Hillenbrand et al. 2018, 2019b, respectively) estimates
of the spectral type can vary with wavelength, from F or G
in the bluer regions of the spectra to K and even M in the
redder regions. Given the difficulty in identifying a proper
spectral template for these objects, any template-fitting-based
method against which to measure their extinctions can give
highly suspicious results. As noted in the comments of Table
3, many of the published AV values towards our sources are
estimates based on significant assumption by the authors.
Extinctions derived from X-rays seem less influenced by
outburst variability (Kuhn & Hillenbrand 2019). However,
they cannot always be simply converted into V band extinctions. For example, in the case of FU Ori, translating
the inferred N (H) from the X-rays to AV gives AV = 81
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Figure 7. Correlation between our measurements in the two different DIB features studied here. Left: The uncorrected measured equivalent
widths with a linear fit to the correlation shown for reference. Center: The stellar contamination corrected WDIB values, shown in blue,
with a linear fit to the data shown for reference. Right: The E(B − V ) values, shown in blue, computed from the stellar contamination
corrected WDIB values and our averaged linear model, with a 1 : 1 correlation line shown for reference. PTF 14jg cannot be seen in the
stellar-contamination-corrected plots since its estimated stellar contamination in the λ5780 DIB is greater than the measured width, placing it
at a negative ”corrected” E(B − V ) value.

mag, which would totally obscure the object in the optical.
However, FU Ori is not completely obscured, and the X-ray
N (H) value is clearly over-estimating the extinction to the
optical source, even if it does accurately describe the obscuration to the X-ray continuum. For the few targets with Xray derived AV s from Kuhn & Hillenbrand (2019), there is,
however, some agreement with our DIBs-inferred AV s for
the two other sources in common (V960 Mon and Z CMa).
We assert that our DIBs measurements produce extinction
values which are independent of assumptions regarding the
underlying spectrum or spectral energy distribution of the
source. Although the DIBs may be present in the circumstellar environment, we find that their strength relative to continuum is unaffected by outbursting or quiescent phases for
YSOs. The principal uncertainty in the DIBs extinction measurements then, is that which plagues most extinction calculations: what is the source of the continuum to which we are
measuring the extinction? We expand upon this point in the
discussion below.
9. DISCUSSION

A main result of our study is the prevalence of DIB absorption towards outbursting young stellar objects. In none of
these sources was there a high-dispersion spectrum taken before the outburst, only after the outburst peak, so it is impossible to say whether the DIB features were present in the preoutburst state or not. However, the existence of post-outburst
DIB absorption has raised several possibilities. First, can the
DIBs be used to estimate line-of-sight extinction to outbursting sources, which are otherwise challenging to derive extinctions for? We advocate that the answer to this question
is yes, albeit with some caution as demonstrated in our analysis above. Second, where do the DIB carriers reside along
the line of sight, and can the presence of DIB absorption inform us about circumstellar environments, or only about the
interstellar column?

9.1. Extinction to What?
A crucial part of interpreting extinction measurements is
understanding “to what” the extinction is being measured,
given the diagnostic being used. Extinction measurements
that rely on template fitting and comparison of observed
emission to template properties require a good understanding of the underlying source, as we have discussed above.
Measurements of spectral absorption features against a continuum, such as we present in this work, measure the extinction to the dominant continuum emission source.
In early-type main sequence stars, due to their relatively
featureless spectra, regardless of whether an emission excess
or an absorption method is used there is some assurance that
the source to which extinction measurements are made is the
stellar photosphere. In the targets we have studied, however,
this assumption is no longer as reliable. Many YSOs have
complex, dynamic circumstellar environments with dust and
gas which can contribute to the SED at a range of wavelengths. In targets where hot inner disk emission or accretion
veiling contribute significantly to the infrared and/or optical
continuum, we can not be sure that the extinction measurement extends all the way through that environment to the stellar photosphere. McJunkin et al. (2014) present an excellent
illustration of the challenges in their discussion of the various
line-of-sight emission and absorption sources for Lyα.
In outburst events, such as those recently undergone by the
YSOs in our sample, both the source luminosity and at least
some aspects of the source temperature or radial temperature
distribution, are expected to increase. Spectral absorption
features which originate deep in the circumstellar environment, nearer to the stellar photosphere, could change during
the event, either in the spectral feature carriers, or from spectral veiling changes due to the continuum contribution of the
outburst. Based on several objects in our sample with multiple spectra over many years, we find that the DIBs are re-
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markably consistent through significant variability in source
brightness, and hence the optical continuum level against
which the DIBs are measured. This would seem to indicate that the DIBs carriers reside outside the region where
the photometric variability arises in outbursting young stars.
However, we have some reason to believe that the DIBs
may probe the circumstellar environment as well. The evidence lies in the somewhat discrepant DIBs absorption
strengths measured in the spectra of RNO 1A and RNO 1B
(Table 4). These two stars lie along almost the same interstellar sightline, separated by only 5000 , but their E(B − V ) values from the DIBs equivalent widths measurements differ by
a factor of ∼ 1.5. Although the uncertainty on the E(B − V )
of RNO 1B is large, and thus the measurement may be consistent with that of RNO 1A, this apparent difference in the
DIBs strengths could originate from a difference in the local
DIBs population in the immediate environment of each star,
under the assumption that the interstellar contribution is the
same.

9.2. Limitations of DIB-Based Extinction Values in
Star-Forming Environments
The difficulty in describing the formation environment
of DIBs limits the certainty with which the AV measurements that we present can be interpreted. The work by
Fan et al. (2017) demonstrates the sensitivity of various
DIBs to their molecular environment, as discussed previously. We estimate, based on the WDIB − fH2 relationships presented in Fan et al. (2017), that the fH2
may decrease the WDIB (5780)/E(B − V ) slope and the
WDIB (6614)/E(B − V ) slope by a factor of 3.161 if the
local value of fH2 is closer to 0.7 than 0.2. This effect may
cause our measurements to be underestimates of the local extinction.
Another item to consider is the range of WDIB values over
which the original literature correlations we used were determined. As we discussed in Section 7, the extrapolated models of Vos et al. (2011) and Kos & Zwitter (2013) are in good
agreement with the Friedman et al. (2011) models, which
cover almost our entire WDIB measurement range. However, the behavior of DIBs in denser environments is not well
understood. The measurements of WDIB (5780)/E(B − V )
and WDIB (6614)/E(B − V ) presented by Lan et al. (2015)
seem to indicate that the DIBs saturate at values of E(B −V )
greater than ∼ 1. This phenomenon may be due to increased
fH2 fractions in the denser, more extincted environments, as
discussed by Fan et al. (2017). In either case, our extinction
1

This comes from comparing the apparent peaks of the lambda curves in Fan
et al. (2017) Figure 4. The peak/min for 5780 is 2.75/2.25 and for 6614 is
2.5/2 in log space.

measurements may be underestimates of the full extinction
column.
9.3. Reliability of DIB-Based Extinction Values
While unreliable for typical low-mass T Tauri type stars,
due to the high level of contamination from photospheric
lines, the DIBs-based extinction method appears promising
for both the higher mass young stars, and for the YSO outbursters studied here. In these targets, stellar contamination
is low due to the hotter temperatures of the τ = 1 surface.
Furthermore, the DIBs measurements converted to AV values seem more reliable than other existing methods. The literature estimates of extinction to the targets in our sample are
highly uncertain due to the challenges we have presented in
Section 8. As our DIBs measurements do not rely on many of
the assumptions traditionally made to compute extinction to
YSOs, we believe them to be more robust for these enigmatic
sources. This is especially true in systems with large continuum variability or large continuum contributions from accretion, which do not impact DIBs extinction measurements.
Further study of the use of DIBs to estimate extinction towards outbursting and other highly variable objects is warranted. We limited our primary study to two bands, the 5780
Å and 6614 Å DIBs, because they appeared strong in all
of the outburster spectra we investigated. The λ5797 DIB
also appears strongly in many of our spectra, but it is on the
edge of a spectral order. We discuss our measurements of
the λ5797 DIB and reasons for excluding it from our primary analysis in Appendix C. Many of the spectra show the
λ6270 as well, but it does not appear consistently in all of
our sources.
9.4. Uncertainties in the Interpretation of DIB Strength
Although we believe DIBs measurements to be reasonably
reliable, especially compared to existing methods for estimating the extinction to YSOs, there are numerous sources of
uncertainty that are intrinsic to the method. Most of these are
described above, and incorporated into the error bars shown
in our figures, and presented in Tables 4 and 7. There are,
however, additional uncertainties that are important to consider when assessing the utility of the method for YSOs.
The first of these sources of uncertainty is astrophysical,
and perhaps the most basic: we do not know much about
the interstellar sightlines along which these objects lie. For
many of the sources in our sample, they are first detected in
wide-field transient surveys as they enter an outburst phase.
Consequently, the environments around them may not contain many well-studied sources. Study and characterization
of targets using our proposed AV measurement method requires assuming the target lies along a σ-type or ζ-type sightline. We present our derived AV s under the assumption that
the targets lie along σ-type sightlines, as described in Section
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2 and justified in Appendix C. However, for new targets, this
assumption may not be valid and those which lie along ζtype sightlines, or some combination of the two, will require
a different model.
Another source of uncertainties is methodological, and
concerns the stellar contamination correction. To calculate
the potential contamination from photospheric features to
the DIBs spectral region without assuming spectral types for
them, we relied on measurements of neighboring line complexes. This introduces two possible sources of uncertainty.
First, the act of performing an equivalent width subtraction introduces an additional uncertainty term in the stellarcontamination-corrected equivalent widths. This is signal-tonoise dependent, and approximately the same magnitude as
the original uncertainty, so the resulting total uncertainty on
the corrected measurements
√ can be obtained by multiplying
our reported values by 2. Second, in applying the contamination corrections, we have taken the mean of equivalent width ratios that appear to be sensitive to spectral type.
This uncertainty is more difficult to estimate, but we believe
it is relatively inconsequential. The ratios of the equivalent width of the contaminating stellar line complexes to the
neighboring stellar line complexes increases towards earlier
spectral types. This is important because the actual quantity
of contamination decreases towards earlier spectral type, so
that averaging the ratios over the standards as we have done
will serve to slightly over-estimate the contamination in later
spectral types. Another consideration is that the majority of
our targets are believed to be G or F spectral types, so the
actual degree of stellar contamination is expected to be low.
We reiterate that although the DIBs-derived extinction
measurements are uncertain, they provide extinction measurements which are independent of the source of the optical
continuum and of any continuum variations. The extinctions
also do not require a precise determination of the stellar line
contributions to the equivalent width measurements. In the
cases where such corrections may be necessary, we provide
a method by which to make the correction which relies minimally on assumptions about the spectral type of the target. A
benefit of our method compared to popular gas-line extinction measurements is that our species do not appear in the
underlying stellar spectrum.

10. CONCLUSION

We have presented a promising technique for measuring extinctions to outbursting YSOs by using equivalent
width measurements of identifiable DIBs (diffuse interstellar
bands) in a sample of 23 sources (22 outbursting YSOs plus
RNO 1a) observed using the Keck Observatory’s HIRES instrument. We focused our analysis on the strong 5780 and
6614 Å lines, both of which appeared in all of our spectra,

though other weaker DIBs complexes are also present in most
sources.
We carefully measured the equivalent widths of the DIBs
in the continuum normalized spectra. To account for the possibility of photospheric line contamination within the DIBs
integration ranges, we computed the expected contribution to
the DIBs absorption profiles using line strength ratios derived
for main sequence standard stars. We used the ratios of total
equivalent widths of known stellar line complexes near each
DIB to those within the DIBs integration regions, calibrated
by the ratios in standard stars, to estimate the stellar contamination to the measured DIBs features in the outburster
spectra.
With DIBs band equivalent width measurements WDIB ,
we then used empirical relations found between E(B − V )
and WDIB in three separate published surveys to compute
the E(B − V ) towards each outburster spectrum. We considered both the measured Wλ and the stellar contamination
corrected WDIB . Although the small corrections shift some
of the reddening values, the overall correlation between the
extinction values for each of the two DIBs remains strong,
with p < 10−5 . We therefore conclude that – for these
particular sources – the stellar line contamination within the
DIBs features does not significantly affect the strength of the
E(B − V ) – WDIB correlation in these targets. Finally, we
converted the E(B − V ) reddening values to visual extinction AV values using total-to-selective reddening ratios of
RV = 3.1 and RV = 5. With the inferred E(B − V ) values
and an RV of 3.1, we measure AV values up to 6 mag for our
outburster sample.
We have demonstrated that DIBs equivalent widths measurements can be used to estimate the extinction to outbursting YSOs. We have also shown that the AV values computed
from the DIBs measurements show only slightly greater dispersion at σ(AV ) ∼ 0.8 mag than is present in AV values
computed for much less extincted, and better understood, T
Tauri star where σ(AV ) ∼ 0.5 mag is common among different measurements.
Consequently, we recommend searching for DIBs in spectra of outbursting variables and utilizing them as a starting
point for extinction estimates. The DIBs appear more reliable
than other extinction estimation prospects for these enigmatic
sources. Furthermore, the DIBs are apparently robust to the
sources of variability in the spectra, remaining constant as the
continuum level changes as YSOs enter and exit from an outburst or other variable phase. As more is understood about
the origin of DIBs, they may also prove a powerful probe of
the circumstellar environment around even embedded variables.
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APPENDIX

A. EXTINCTION METHODS HISTORICALLY USED FOR YOUNG STARS

In this Appendix, we review in detail the literature containing the most robustly derived extinction estimates for young stars
in the Taurus region. The subsections are organized following the column order in Table 1. The order is based on the general
attention to the scientific details underlying the extinction determination method. Both dust-based and gas-based diagnostics have
been employed.
A.1. Dust Extinction Measurements
A.1.1. Valenti 1993
Valenti et al. (1993) use low resolution spectra with WTTS standards as templates against which to measure the excess spectra
of their CTTS program stars. The WTTSs first serve as templates for a veiling correction, and then after determining the veiling
continuum, they are used to measure the reddening excess.
Veiling is measured in three regions: 4226 Å (CaI resonance line), 4400-4600 Å (V and Fe complexes at 4380, 4405, and 4460
Å and CH contribution at bluer wavelengths), and 3580-3590 Å (Fe complexes). The WTTS spectra are normalized and the
veiling corrections applied manually to best match the CTTS spectra.
To account for color excess in the CTTS system caused by accreting material, Valenti et al. (1993) use a model of a hydrogen
slab appearing between the observer and the stellar photosphere. They then perform a simultaneous fit of the slab and stellar
contributions, and the interstellar extinction to the veiling-corrected WTTS template, assuming the slab suffers the same extinction
as the stellar photosphere. In cases where they are unable to find a good fit for the AV after fitting the slab, they allow the slab
and AV parameters to vary simultaneously. When they were unable to identify a good fit when varying AV , they adopted an
existing literature value.
A.1.2. Gullbring 1998
Gullbring et al. (1998) perform extinction measurements by simultaneous fitting of the veiling factor r and the visual extinction
AV to a template spectrum (taken from a known WTTS).
The function for the observed flux Fio in wavelength bin i, which they seek to fit, is given as
t

o

Fio = C1 Fit 100.4(Ai −Ai ) (1 + ri ).

(A1)

Here C1 is a constant scaling factor accounting for the different angular sizes of template and CTTS, and Fit is the flux of the
template in wavelength bin i. The veiling coefficient in wavelength bin i, ri , is given by
r=

Flo /Fco − Fl∗ /Fc∗
.
1 − Flo /Fco

(A2)

Ati is the visual extinction of the template, and Aoi is the visual extinction of the observed star.
A.1.3. Hartigan and Kenyon 2003
We did not include their measurements in Table 1, but it is important to describe the work of Hartigan & Kenyon (2003) in any
discussion of TTS extinction measurement methods. This sub-arcsecond binary study captures both WTTS and CTTS using STIS
spectra. The authors determine AV values for the WTTS using the m5400 − m7035 color, computing the continuum magnitudes
in 30 Å bands around the two wavelengths.
For the CTTSs, they first determine the spectral type and then fit the veiling continuum using the best matching WTTS template.
The veiling fit is based on similar processes in Valenti et al. (1993) and Gullbring et al. (1998). The critical assumption is that
the observed continuum is an arithmetic mean of a photometric spectrum and a veiling spectrum, so that by use of non-accreting
template spectra, the excess can be identified and subtracted.
Reference wavelengths of 6100 Å and 8115 Å are used along with the assumption for the medium-resolution data of a linear
model for the veiling between those wavelengths, and for the low resolution spectra a quadratic model. The authors then fit their
veiling continuum models to the template WTTS spectra. These veiling fitted spectra are then used to determine the reddening,
at that which results in a veiling-fitted template with a flat residual spectrum in the wavelength range 6000 Å to 8500 Å.
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A.1.4. Fischer 2011
Fischer et al. (2011) use IRTF/SpeX low resolution spectra to compute line veilings and then extinction for CTTS targets.
Veiling is computed in regions around 0.82, 0.91, 0.97, 1.05, 1.18, 1.31, 1.98, 2.11, 2.20, and 2.26 µm by comparison to spectral
templates and three WTTS spectra. The AV values are computed by fitting the same reddening law given in Equation A1 above,
but in the rearranged form
2.5 log [Tλ (1 + rλ )/Oλ ] = kλ (AV,O − AV,T ) − 2.5 log C,
(A3)
where O denotes quantities of the observed spectrum, T denotes quantities of the template spectrum, kλ = Aλ /AV , and the other
parameters are defined as above.
The best-fit line to the 2.5 log [Tλ (1 + rλ )/Oλ ] vs kλ relation provides the value of AV for the target star.
A.1.5. McClure 2013
McClure et al. (2013) use new observations of WTTS plus templates from the IRTF spectral library (Rayner et al. 2009) to
determine the veiling and extinction in SpeX spectra of CTTS through a similar procedure to Fischer et al. (2011). The sample
has little overlap with our selected stars, and as a consequence we do not report their measurements in Table 1, but we summarize
their procedure for completeness. The authors target 14 lines ranging from 0.8 to 2.3 µm for their veiling measurements, using
an equivalent width relation to determine rλ
Wλphot
= 1 + rλ .
(A4)
Wλ
Using the equivalent widths of selected lines to determine veiling using this relation is a more robust way to determine the veiling
contribution than when computing it directly for many lines simultaneously, as demonstrated in Basri & Batalha (1990). This is
in large part because with individual measurements, lines with anomalous profiles due to surface gravity sensitivity or differential
veiling can be ignored.
After determining the veiling continuum, the authors use a version of Equation A1 to compute the extinctions to the target
CTTSs. Using the fit, they approximate the 3σ uncertainties on their measurements.
A.1.6. Herczeg and Hillenbrand 2014
Herczeg & Hillenbrand (2014) use Keck LRIS low resolution optical spectra in a large survey of stars in the Taurus-Auriga
clouds, presenting extinction measurements for many of the most-studied targets in the region. They perform an analysis similar
to that of Hartigan & Kenyon (2003).
The authors first demonstrate that the accretion continuum in CTTSs can be treated as a flat spectrum, given that veiling
measurements using WTTS templates are approximately flat. We note this assumption for the continuum differs from that
adopted by Hartigan & Kenyon (2003). Herczeg & Hillenbrand then use the veiling fit and estimated spectral type to compute
the extinction necessary to match the template to the observation.
Using the values from this first pass as the starting values for a second pass, Herczeg & Hillenbrand then simultaneously fit the
spectral type, veiling, and extinction. The veiling fit is performed by studying the excess emission in the broad and deep Ca I
4227Å absorption line and visually confirming the quality of the fit in this region while simultaneously fitting the entire spectrum
for the template spectral type and the extinction.
A.1.7. Furlan 2011
Furlan et al. (2011) use the 2MASS survey magnitudes to compare J − H and H − K colors for their T Tauri targets to
assumed photosphere colors from Luhman et al. (2010) and compute color excesses. For objects with little long wavelength
excess emission, and thus little H-band excess, they use the extinction derive from the J − H calculation. For objects where
these J − H derived extinctions fall below similarly derived H − K extinctions, they use J − K. If an excess at H-band was
inferred based on the source colors at longer wavelengths, the authors use either the slopes of the SpeX spectra around 1µm
(compared to those expected from their template spectra), or the intrinsic H-K colors for late K and M CTTSs (Meyer et al.
1997). We convert the values reported by Furlan et al. from AJ to AV , using the Mathis RV = 3.1 conversion AV = 3.55AJ .
A.1.8. Kenyon and Hartmann 1995
Kenyon & Hartmann (1995) use a simple color excess method to determine AV . They compare the optical and IR colors
observed in their program stars (listed in their Appendix A) with the colors of Main Sequence standards of similar spectral type,
and take the difference to be the color excess. They then convert the measured excesses to AV and AJ values by the extinction
law in Bessell & Brett (1988).
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This color excess method, although popular for a simple estimation of the color excess in a target, and also used by the next
several authors we discuss, can be misleading. Young stars (especially CTTSs) are known to have many possible sources of
excess emission in their spectra, from flares to spots to accretion to disk emission. Even determining the spectral type of a CTTS
for comparison to an assumed standard color is nontrivial.
A.1.9. Luhman 2017
Luhman et al. (2017) estimate the extinction in AJ to their program stars through a variety of methods. Most of the stars in
Table 1 have their AJ s determined by computing the slope of the SED around 1µm and comparing to observed WTTS standards.
Some extinctions are computed by comparison of J − H from Furlan et al. (2011) and some by assuming the J-H intrinsic colors
for CTTSs given in Meyer et al. (1997).
A.1.10. Grankin 2017
Grankin (2017) use photometric color excesses to measure extinction to their target CTTSs. They use long-term photometry
of young stars over 22 years (1984-2006) to study the sources of excess emission in the spectra and determine the degree of
variability. They identify stars whose variations are caused by the presence of dark spots or hots spots or accretion variability.
For WTTS stars, Grankin identify the V band observations they believe to be least affected the presence of dark or bright spots.
In the case of a dark-spot-covered star, that would be the brightest. If the star is covered by hot spots, the optimal observation
would be the dimmest. They assume this dimmest V magnitude, Vph , as the most representative of the photosphere of the target
star.
In the case of CTTSs, where accretion dominates the variability, the authors look to the E(B − V ) observed in the star versus
that expected for the spectral type of the target. They then choose the V magnitude, Vph , where E(B − V ) = 0, so that the blue
excess due to accretion disappears. The corresponding E(V − R) is calculated according to the V − R color relation and used
to compute AV = 3.7E(V − R).
A.1.11. Rebull 2020
Rebull et al. (2020) use V magnitudes (either measured or interpolated from Gaia G magnitudes) and 2MASS Ks -band photometry to compute the V − Ks colors for their program stars. They then use the spectral type of the target to determine the
expected V − K color and thus compute the excess E(V − Ks ). For some stars the E(V − Ks ) values come from de-reddening
in the (J − H) vs (H − Ks ) diagram, or from SED fitting. We convert the reported color excesses to AV values in Table 1 using
the relation AV = 1.1E(V − Ks ).
An advantage of the V − Ks color is the long wavelength baseline, which allows relatively small extinction values to be
detected. Also, infrared photometry is less susceptible to the bright bluer accretion excess that can appear in optical photometry
of these targets. However, a disadvantage is the possible confusion between reddening excess and disk excess, as mentioned
above.
A.2. Gas Column Measurements
A.2.1. McJunkin 2014
McJunkin et al. (2014) use careful modeling of the Lyα emission expected from a young star to predict the original profile for
the geocoronoal contamination near line center. They then employ a detailed radiative transfer model to account for the line of
sight absorption in Lyα to estimate the neutral hydrogen column N (H). The Bohlin et al. (1978) relation: N(H) = 4.8 × 1021
E(B − V ) is used to compute E(B − V ). The authors also probe how different assumed reddening laws, RV , can affect the
measured AV .
The procedure relies on the ability to accurately predict the Lyα emission at the source and estimate the degree of absorption.
A.2.2. McJunkin 2016
McJunkin et al. (2016) employ a slightly different method from McJunkin et al. (2014). They take the modeled Lyα profiles
and measure the amount of H2 absorption in the line of sight to the target. This method relies less on the ability to model the Lyα
profile accurately, as the absorption measurements are generally taken from the much broader profile, which can be normalized
in the narrow H2 line ranges.
The challenge to this method is that there is an unknown amount of H2 self-absorption between the emitting source and
the observer. The method is also generally unable to distinguish between H2 in the circumstellar environment and that in the
interstellar environment. Thus it is not clear how deeply the H2 measurement probes. Furthermore, the conversion from N(H2 ) to
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AV the authors present results in AV values which differ significantly from those derived in McJunkin et al. (2014) for the same
targets.
The assumption may be that the H2 -based measurement probes the circumstellar environment, whereas the Lyα-based measurement can only capture interstellar absorption. In either case, the question of what the emitting source to which extinction is
being measured is remains consequential to the interpretation of the measurement.
A.2.3. XMM Newton XEST
Güdel et al. (2007) perform model fits to X-ray spectra from the XMM Newton satellite using XSPEC (Arnaud 1996). They
fit the vapec thermal collisional equilibrium ionization model to their spectra, using single and double spectral component fits,
and a separate, power-law based model. They allow the N (H) out to their targets to vary as a model parameter. We convert this
21
value to an AV value following the prescription in McJunkin et al. (2014, 2016), where AV = 3.1 × 4.8×10
N (H) . The AV values
we compute from the N (H) are reported in Table 1.
Although this method avoids the problem of optical variability in young star systems, it still may be affected by X-ray variability
from extreme flare activity. It also depends on the gas-to-dust conversion assumed along the line of sight to compute a color excess
or extinction value.
B. LINE PROFILES AND INTEGRATION LIMITS FOR INDIVIDUAL DIBS

In this Appendix, we illustrate for each source in our sample the individual DIBs features and the integration limits used for
our equivalent width measurements.
C. THE 5797 Å DIB IN OUR SAMPLE

In addition to the λ5780 and λ6614 DIBs, we identified the λ5797 feature consistently in our targets. However, we omit this
DIB from our primary analysis because it unfortunately is located at the edge of a spectral order, where the SNR is low and the
continuum normalization is less reliable. This DIB has also been shown to be more sensitive to the difference in ISM conditions
along σ or ζ sightlines, as demonstrated in Kos & Zwitter (2013) and Vos et al. (2011), which could add a source of uncertainty
in the conversion to E(B − V ). We provide our measurements of WDIB (5797) below, and discuss their relationship to our other
measurements. We also provide two more WDIB − E(B − V ) relations which we omitted from the text above for the sake of
clarity.
We computed the equivalent widths of the λ5797 DIB following the procedure described in Section 6.1. The stellar contamination correction is applied using the ratio of the width of the λ5785 line complex to that of the λ5797 line complex in our standards.
We only present the stellar-contamination-corrected equivalent widths in this appendix. The lack of a nearby independent line
complex is another reason for the omission of this DIB from our primary analysis. We also find that our measurements of the
λ5797 DIB correlate poorly with our equivalent width measurements for the other two DIBs, as shown in Figure C4, despite
its typically strong correlation with the E(B − V ) in literature (Friedman et al. 2011; Vos et al. 2011; Kos & Zwitter 2013).
This may be due to the greater uncertainty in our continuum normalization near the edges of the spectral orders and lack of an
independent stellar contamination reference band.
Although we do not use the λ5797 DIB for our extinction measurements, we explore here the ratio of the λ5780 and λ5797
equivalent widths, shown in Figure C5. This ratio is often used in DIBs studies to distinguish σ from ζ sightlines. The majority
of our targets lie below the WDIB (5780)/WDIB (5797) = 3.3 line, indicating they primarily lie along ζ sightlines. This is
expected for the YSOs because they are found in well-shielded environments, favorable for the more UV sensitive λ5797 carrier.
Also, the lower WDIB (5780)/WDIB (5797) ratio in most of our targets may indicate a greater molecular hydrogen fraction
along those sightlines (Fan et al. 2017). This is expected for star-forming environments and the molecular cores from which stars
form. Although some targets lie just above the dividing line we present, the transition between σ and ζ sightlines is smooth and
continuous, so we treat those targets as lying along ζ sightlines in our primary analysis.
We also report here the mean model we compiled for σ sightlines. The model is constructed from the literature correlations
following the description in Section 7. We only use the σ sightline linear fits from Vos et al. (2011) and Kos & Zwitter (2013) for
the λ5780 DIB. For the λ6614 DIB, we report here the linear fit Kos & Zwitter (2013), since it is the only work that derived one
for that DIB.
The resulting σ sightline models are:
E(B − V ) = (0.012 ± 0.044) + [(1.77 ± 0.33) × WDIB (5780)]

(C5)

E(B − V ) = (−0.016 ± 0.086) + [(5.216 ± 0.697) × WDIB (6614)] .

(C6)

and
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Figure B1. The λ5780 DIB in our sample. The blue region shows the region of integration for the equivalent width calculation. The red
line lies at 1.0 for reference. For the noisiest spectra (Gaia 17bpi, Gaia 19ajj, PTF 14jg, RNO 1B, V733 Cep, V900 Mon) a σ = 10 pixels
Gaussian-smoothing of the spectrum is shown in black, with the raw data shown in grey. The green vertical line marks the center of the λ5785
band used for the stellar contamination correction.
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Figure B2. The λ5797 DIB in our sample. The blue region shows the region of integration for the equivalent width calculation. The red
line lies at 1.0 for reference. For the noisiest spectra (Gaia 17bpi, Gaia 19ajj, PTF 14jg, RNO 1B, V733 Cep, V900 Mon) a σ = 10 pixels
Gaussian-smoothing of the spectrum is shown in black, with the raw data shown in grey.
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Figure B3. The λ6614 DIB in our sample. The blue region shows the region of integration for the equivalent width calculation. The red
line lies at 1.0 for reference. For the noisiest spectra (Gaia 17bpi, Gaia 19ajj, PTF 14jg, RNO 1B, V733 Cep, V900 Mon) a σ = 10 pixels
Gaussian-smoothing of the spectrum is shown in black, with the raw data shown in grey. The green vertical line marks the center of the λ6605
band used for the stellar contamination correction.

31

Figure C4. The λ5780 (left) and λ6614 (right) DIBs equivalent width measurements plotted against the equivalent width measurements of the
λ5797 DIB. All DIBs measurements have been corrected for stellar contamination following the procedure in Section 6.2. Uncertainties on the
measurements are shown in grey.

As a helpful tool for others interested in using the λ5780 and λ6614 DIBs to compute E(B − V ) but are uncertain of the nature
of the sightlines through which they are observing, we also provide a model compiled from all of the literature sources (Eqs C7
and C8). The uncertainties in the model parameters include the scatter between linear models computed for different sightlines.
E(B − V ) = (0.009 ± 0.026) + [(1.955 ± 0.31) × WDIB (5780)]

(C7)

E(B − V ) = (0.009 ± 0.011) + [(4.838 ± 0.76) × WDIB (6614)]

(C8)

and

D. THE SPECTRAL TYPE OF RNO 1

In this Appendix, we discuss the previously assumed F5III spectral type of RNO 1 (Staude & Neckel 1991) and propose an
earlier spectral type of A8 to F0, with a luminosity class between V and III, though the latter is hard to constrain.
To better identify the spectral type of RNO 1, we compare it with the spectra of HD 23326 (F3V), HD 144668 (A7III), and HD
121784 (A7V). We chose two A7 spectra to identify the gravity and luminosity class of RNO 1. We obtained the spectra of HD
144668 (Proposal 05BC17, PI Wade) and HD 121784 (Proposal 14AH14, PI Ansdell) from the Canada-France-Hawaii Telescope
(CFHT) ESPaDOnS archive. The targets were observed on 24 August 2005 and 20 June 2014 respectively, using the ESPaDOnS
spectropolarimeter. Both spectra were reduced at CFHT using the software package Libre-Esprit and we use the extracted Stokes
I profiles.
We find the presence of Paschen lines in the 8400Å–8800Å range and their contamination of the Ca II “triplet” lines indicates
a higher temperature than a mid-F star. As can be seen in Figure D6, the Paschen contributions are absent in the F3V standard.
However, the Paschen lines remain weaker than the Ca II lines, indicating a temperature cooler than an early-mid A type star.
The Ca II lines also contain some possible red-shifted absorption, though it is difficult to distinguish from the Paschen line
contamination. We also see N I lines between 8700 Å and 8720 Å in the spectrum of RNO 1 and that of the F3V standard, but
not in the A7 standards.
The wavelength range near Hβ, shown in Figure D7, also reveals a similar trend in the Hydrogen lines. We find Hβ is much
stronger in the spectrum of RNO 1 than in the F3V spectrum, but narrower than that of the A7V spectrum, matching the Hβ line
in the A7III standard well. The lower broadening in the wings of the line in RNO 1 than in the dwarf stars, indicates RNO 1 may
be lower gravity (perhaps III or IV). The Hβ line also contains significant red-shifted absorption, a possible infall signature that
matches the red-shifted absorption in the Ca II lines. An Fe I line at 4886 Å also presents as a possible temperature indicator,
appearing much more strongly in the spectrum of RNO 1 and the F3V standard than in the A standards.
We also identify the Li I 6707.8 Å doublet in the spectrum of RNO 1, as shown in Figure D8. The line is relatively strong,
with an equivalent width of 0.18 Å indicating the source may be a young pre-main sequence object. The line also appears in the

Figure C5. The W5780 /W5797 ratios for our targets plotted against W6614 as an assumed measure of E(B − V ). The black horizontal line at
1/0.3 marks the division between σ and ζ sightlines adopted in Kos & Zwitter (2013).

spectrum of the F3V standard, which is a young Pleiades member, but is not apparent in the spectra of the A standards which are
field stars and thus may be of comparable age.
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Figure D6. The 8400 - 8800 Å wavelength range containing Hydrogen Paschen lines blended with Ca II, O I, and a N I triplet. F3V, A7V,
and A7III standard spectra are provided for reference. Notice the wing broadening of the Paschen lines with gravity, indicating RNO 1 is lower
gravity than a main sequence star.
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Figure D7. The 4850 - 4920 Å wavelength range containing Hβ line. F3V, A7V, and A7III standard spectra are provided for reference. Notice
the wing broadening of the Hβ line matches the trend seen in the Paschen lines in Figure D6, growing broader with gravity, indicating RNO
1 is lower gravity than a main sequence star. The Fe I line triplet at 4890 Å more closely matches the F3V standard, indicating RNO 1 may
be between a late F and early A (F0 or A8). Some redshifted absorption in the Hβ line may be an infall signature. The A7III standard is an
emission line object and contains an asymmetry in the Hβ line.
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Figure D8. The 6670 - 6730 Å wavelength range containing the 6707.76 and 6707.91 Li I lines. F3V, A7V, and A7III standard spectra are
provided for reference.

