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Abstract

Stellar accretion plays an important role in the early stages of stellar evolution, particularly in Classical T Tauri
Stars (CTTSs). Accretion of a CTTS can be related to different physical parameters such as effective temperature
(T.tr), age, abundance of hydrogen, etc. We can infer how accretion works by examining it across different
wavelength regions. Accretion can be traced using veiling, a parameter that measures how excess emission from
accretion affects the photospheric spectrum of CTTS. In this study, we selected a sample of CTTSs, Weak-line T
Tauri Stars, and field stars, observed as a part of the SDSS-V Milky Way Mapper using the Baryonic Oscillation
Spectroscopic Survey spectrograph. We measured veiling for CTTSs through comparing them to theoretical
spectra. Next, we assessed the effect of veiling on different stellar properties, including wavelength, Ha emission,
effective temperature, and age. We investigated how veiling changes with these parameters and what the physical
reasons behind the changes can be. Finally, we evaluated how our findings align with existing accretion shock
models. This study highlights veiling as a critical diagnostic tool for understanding accretion in young stars.

Unified Astronomy Thesaurus concepts: Young stellar objects (1834)

1. Introduction

Accretion plays a crucial role in the early stages of stellar
evolution, particularly in a type of young stars known as
Classical T Tauri Stars (CTTSs). These stars are magnetically
active and accrete material from their surrounding circum-
stellar disks, which are the birthplaces of future exoplanets
(L. Hartmann et al. 2016). The timescale for planet formation
coincides with that of star formation, and accretion processes
significantly influence the lifespan of these disks, typically
lasting a few million years (L. Hartmann et al. 2016).
Accretion not only affects the mass transfer to the star but
also plays a crucial role in angular momentum evolution and
jet launching (W. J. Fischer et al. 2023). Therefore, under-
standing accretion is vital for developing comprehensive
theories of stellar and planetary formation.

In the magnetospheric accretion model (F. Shu et al. 1994;
M. M. Romanova et al. 2002; N. Bessolaz et al. 2008;
L. Hartmann et al. 2016), the magnetic field of a CTTS
truncates the inner disk at a few stellar radii, channeling the
disk material into accretion columns that fall onto the star at
nearly freefall velocities. This process generates accretion
shocks, leading to emission lines and excess continuum
emission superimposed on the star’s photospheric spectrum,
a phenomenon known as veiling (A. H. Joy 1949; N. Calvet &
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E. Gullbring 1998). Veiling (7)) can be defined as following:
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where, Fource, ) 1S the total normalized flux coming from the
source, Fypon is the normalized model flux, and r, is the
veiling (G. Basri & C. Batalha 1990; B. Kidder et al. 2021).

High veiling values indicate substantial ongoing accretion,
which can significantly influence the thermal and chemical
properties of the disk and affect the conditions under which
planets form (A. Morbidelli & S. N. Raymond 2016).

The mass accretion rate (M) is a critical parameter in
studying the evolution of pre-main-sequence stars and their
disks. It can be estimated from the accretion luminosity (Lacc),
which is derived from accretion-powered emission lines using
empirical relations (E. Gullbring et al. 1998; J. M. Alcal4 et al.
2017). Alternatively, M,.. can be inferred by comparing veiling
values to accretion shock models. These models, initially one-
dimensional and plane-parallel (N. Calvet & E. Gullbring 1998),
have evolved to incorporate multiple energy fluxes and filling
factors, allowing for complex accretion column structures
(L. Ingleby et al. 2013; C. E. Robinson & C. C. Espaillat
2019; C. C. Espaillat et al. 2022; C. V. Pittman et al. 2022).
Optical veiling can also be used to infer accretion luminosity, as
demonstrated by studies like C. Stock et al. (2022). Analyzing
the relationship between veiling and stellar rotation provides
further insights into the dynamics of accretion processes.

Traditionally, veiling has been assumed to be constant
across different wavelengths, typically modeled using a
handful of discrete lines (C. Bertout 1989; G. F. Gahm et al.
2008). Only a few of the studies have been done where veiling
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has been compared with wavelength (G. Basri & C. Batalha
1990; L. Ingleby et al. 2013). Theoretical models suggest that
veiling should vary as a function of wavelength due to the
different physical conditions in the accretion stream and the
circumstellar environment (N. Calvet & E. Gullbring 1998).

Empirical profiles of veiling across a broad range of
wavelengths are sparse, limiting our understanding of accre-
tion processes in young stars. So, assuming veiling to be
constant across different wavelengths may not capture the true
complexity of the accretion processes. Instead, understanding
how veiling varies with wavelength can provide insights into
the structure and dynamics of the accretion flows in CTTSs.

The Sloan Digital Sky Survey in its fifth iteration (SDSS-V;
J. A. Kollmeier et al. 2025, in preparation), has obtained an
unprecedented sample of optical and near-infrared spectra of
millions of stars using the Baryonic Oscillation Spectroscopic
Survey (BOSS) and Apache Point Observatory Galactic
Evolution Experiment (APOGEE) spectrographs. The SDSS-
V Milky Way Mapper program, through the APOGEE &
BOSS Young Star Survey (ABYSS), aims to achieve high-
resolution, multiepoch spectra of over 100,000 young stars
with ages less than 30 Myr. This provides a unique opportunity
for statistical analysis of accretion processes (M. Kounkel
et al. 2023). In the ABYSS program, more than 18,000 young
stars, including over 5500 CTTSs, have been identified using a
newly developed method (S. Saad et al. 2024).

In this paper, we aim to use SDSS optical spectra to
examine the veiling in CTTSs, its dependence on wavelength,
and its variation with different physical properties such as
effective temperature, age, and the equivalent width (eqw) of
the Ha line. In Section 2, we describe the data used for our
analysis, including the sources of the spectra and the methods
for extracting stellar parameters. In Section 3, we detail the
analysis methods, including the correction for extinction and
the calculation of veiling across different wavelength bins. We
also discuss the empirical methods used to measure veiling
without assuming a specific model. In Section 4, we present
the results of our veiling measurements, comparing veiling
values across different temperature and age bins, and
examining their consistency. Finally, in Section 5, we discuss
the implications of our findings for understanding accretion
processes in CTTSs and compare our results with theoretical
models and previous empirical studies. We conclude in
Section 6 with a summary of our findings and their
significance for future research on accretion in young stellar
objects.

2. Data

BOSS is a low-resolution spectrograph operated by the
SDSS-V. There are two 2.5 m telescopes: one located in the
Northern Hemisphere at the Apache Point Observatory (APO;
J. E. Gunn et al. 2006) and the other in the Southern
Hemisphere at the Las Campanas Observatory (LCO;
I. S. Bowen & A. H. J. Vaughan 1973). The strategic
positioning of these observatories allows for comprehensive
sky coverage, capturing spectra from both hemispheres. BOSS
covers a wavelength range of 3600-10400 A, with a resolving
power of R ~ 1800 and a pixel scale of ~1 A(S. A. Smee et al.
2013). Each spectrograph at APO and LCO is capable of
observing 500 spectra simultaneously within a field of view of
3° and 2°, respectively. BOSS has a typical flux calibration
precision of ~10% relative to the standard stars observed in
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the same field. This scatter is mostly driven by fiber
positioning errors and variations in standard star distributions
to be within 0.1. This level of precision is sufficient for reliable
veiling measurements. The ABYSS program within SDSS-V
focuses on obtaining spectra of approximately 100,000 young
stars (M. Kounkel et al. 2023). Since its initiation in 2021,
BOSS has observed over a million stars, among which 40,000
of these targets being young stars identified by the ABYSS
program.

We extracted fundamental stellar parameters of the sources
observed by BOSS using BOSS Net, an advanced neural
network. These parameters include effective temperature
(T.sr), surface gravity (log g), metallicity ([Fe/H]), and radial
velocity (RV; L. Sizemore et al. 2024). The BOSS Net can
predict T with a precision of 0.008 dex and logg with a
precision of 0.1 dex at a signal-to-noise ratio of approximately
15, calibrated to theoretical models and specifically calibrated
for YSOs. Accurate RVs are essential for precisely identifying
spectral lines, especially those that are weak and narrow.

In S. Saad et al. (2024) we developed LINEFOREST, a
pipeline to measure the equivalent widths and identifying the
young stars based on them. Spectral lines, such as LiI, optical
HI, and Call, are excellent indicators of stellar youth and can
be used to distinguish young stars from other sources. These
lines either appear in emission or absorption, depending on the
physical conditions of the star and its surrounding environ-
ment. For example, the presence of the LiI 6708 A absorption
line is a direct indicator of stellar youth, as lithium is rapidly
depleted in stars older than a few million years (R. D. Jeffries
et al. 2017). Similarly, optical HI lines, such as He, often
appear in strong emission in young stars due to accretion
processes, and Call lines are associated with chromospheric
activity, which is more prominent in younger stars (C. Bricefio
et al. 2019). LINEFOREST can estimate the equivalent widths
of 50 different youth-sensitive line regions of any optical
spectra of a star. The pipeline then applies a set of criteria
based on the properties of the spectral lines to identify young
stars that have age <30 Myr. In S. Saad et al. (2024), we also
developed a technique that can predict whether any of these
young stars are CTTSs or not. This developed technique is
based on the equivalent width of the Ha line, a good indicator
of strong accretion activity. Based on this pipeline and method
we identified around 40,000 young stars and around 1900
CTTSs. Figure 1 shows us the distribution of the 7. and Ha
eqw of the sources. We used these sources in this work to do
further analysis to understand their accretion process.

We inferred the ages for each of these selected sources using
Sagitta (A. McBride et al. 2021). Sagitta is a neural net that
first identifies stars that are in premain sequence and then
calculate their ages based on photometry, parallax, and average
extinction. Comparing to the traditional techniques that relies
on theoretical isochrones for predicting ages, Sagitta offers
more stable performance with respect to 7. (M. Kounkel
et al. 2023).

3. Analysis

To measure extinction and veiling in the spectra it is
necessary to compare the spectrum of CTTS with another
stellar spectrum that is not affected by either extinction or the
accretion stream.

There are two possible methods in extracting veiling—either
(1) comparing the continuum level of the model and the
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Figure 1. Plotted Hae eqw vs. Tegr of our sample color coded by mean veiling
for each of the sources.

observations, or (2) to look at the relative line depths between
the model and the spectra. In the former case, it is common to
use spectra neighboring Weak-lined T-Tauri Stars (WTTSs);
however, as the signal-to-noise ratio of most observations in
our sample is <30, doing so would have introduced significant
noise in our calculation of veiling. It is also possible to use the
synthetic spectra; however, with them, the first method would
not be optimal due to various factors needed to properly
calibrate the continuum, including calculating the radius of the
star. As such, with synthetic spectra it becomes more efficient
to work with fully normalized spectra and examine the effect
of veiling in the line strengths instead.

Thus, we used synthetic PHOENIX spectra, which are high-
resolution spectral templates created for a wide range of stellar
parameters across various wavelength ranges (optical, near-
infrared, infrared, and ultraviolet; T.-O. Husser et al. 2013).
The PHOENIX library covers a parameter space adequate of
all stages of stellar evolution: effective temperature (7.¢) from
2300 K to 12,000 K, surface gravity (logg) from 0.0 to +6.0,
metallicity ([Fe/H]) from —4.0 to +1.0, and alpha enhance-
ment ([«/Fe]) from —0.2 to +1.2. We used [Fe/H] =0 and
[cr/Fe] = 0 for our models to ensure a consistent baseline, as
these values represent solar metallicity and no alpha enhance-
ment, which are typical for the young stars we are studying
(M. Kounkel et al. 2023; S. Saad et al. 2024). Using these
templates, we can perform spectral corrections and analyses on
the observed CTTSs spectra.

3.1. Dereddening Spectra

The first step was to correct for extinction (reddening) in the
spectra. Extinction is not the only one, but a dominant source
of discrepancy between the synthetic model and the observed
spectra other than the accretion. Though extinction can be
stronger in blue and weaker in red, it can be characterized
using a single coefficient (Ay). The observed spectra were first
matched with the corresponding synthetic spectra from the
PHOENIX library. We first performed a subgrid interpolation
between the observed spectra and the synthetic spectra to
match physical parameters like 7. and logg. Then we
compared each observed spectrum to the corresponding
synthetic spectrum using G23 model of python “dust_extinc-
tion” library (K. Gordon 2024). This helped us to calculate the
extinction parameter (Ay) for each spectrum. Once the Ay was
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determined, we dereddened the spectra through dividing by the
extinction profile. These dereddened spectra are the ones we
used for calculating veiling.

Figure 2 shows the on sky distribution of identified young
star candidates, with colors indicating the extinction parameter
(Ay). Higher extinction is concentrated along the Galactic
plane where dust density is greater. Figure 3 displays the
spatial distribution of young star candidates in Cartesian
coordinates also color coded by (Ay). The radial pattern shows
how extinction varies with distance.

3.2. Measuring Veiling

The next step is to measure the veiling profile for all the
sources. Veiling (r)) can be defined using Equation (1).
Veiling depends on wavelengths and, unlike Ay, it cannot be
characterized with a single constant. So, we empirically
calculated veiling at various wavelength ranges without
assuming any model for it. At first we interpolated the
extinction-corrected spectra with the corresponding synthetic
spectra for each of the sources for a common wavelength grid.
Then we divided both the synthetic and observed spectra into
different wavelength bins. The wavelength bins were 1000 A
wide with advancing in steps of 100 A, for the total BOSS
spectra wavelength range of 3600-10000 A. Using individual
lines to calculate veiling can limit us to isolated regions of the
spectrum with missing subtle variations and wavelength
dependent trends in veiling that could provide insights into
the broader accretion structure. So, instead of using individual
lines to measure veiling, we chose an empirical approach
across broader wavelength bins.

To calculate the veiling for each wavelength bin, we
performed a least square optimization between the observed
spectra and the corresponding PHOENIX template. In that
case, each of the wavelength bins were allowed to have the
best ry for Equation (1), where Fyno s is the synthetic flux
coming from the PHOENIX template. Figure 4 illustrates the
observed spectra (blue), extinction-corrected spectra (purple),
and veiling + extinction-corrected spectra (green) compared to
the synthetic PHOENIX spectra (red). The veiling +
extinction-corrected spectra represent the star’s photosphere,
with veiling increasing and extinction decreasing the flux. All
spectra are normalized for clarity.

We performed our analysis and veiling measurements for all
the sources, including all of CTTSs, WTTSs, and some field
stars. Analysis for WTTSs and field stars may seem
unnecessary because of the lack of accretion disk, but we
performed the analysis for these sources to understand the
systematic biases behind our approach.

In doing this we have obtained independent measurement of
veiling (r,) for a total of ~70 unique measurements per
spectrum at different mean wavelengths for around 1800+
CTTSs, 35,000+ WTTSs, and selected 15,000+ field stars.
Figure 5 displays the veiling profiles of CTTSs, WTTSs, and
non-YSOs across different wavelengths and effective temper-
ature (T.r) ranges. The veiling is shown as a function of
wavelength in bins of 100 K for T.. WTTSs and non-YSOs
show veiling due to factors such as stellar spots. We also
recorded the veiling uncertainty for each of the sources while
calculating veiling.
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3.3. Correcting the Veiling Measurements

The measured veiling can be affected by different
systematics, some of which are wavelength dependent and
some of which are dependent on the physical properties of
stars like the Te.

One such case is when the spectra are affected by infrared
(IR) excess. IR excess in the stellar spectra can occur due to a
dusty disk around the star. This excess is not accounted for in
template matching and occurs due to a different process, which
can bias veiling measurements where the IR excess is
significant. For most sources, excess luminosity is only present
in the infrared, outside of the BOSS spectral range. But in a
handful of more extreme cases, the excess is prominent enough
to be seen at the wavelength <1 ym which is roughly the
wavelength limit of BOSS spectra. To address this, the SEDFit
Python package was used (M. Kounkel 2023). This Python
module queries VizieR to download all available photometric
data for a source based on its coordinates and other stellar
parameters such as Ty and logg, and then performs SED
fitting. The SED fitting process identifies the longest

wavelength that is not affected by IR excess for each of the
targeted sources by comparing the real data with a model.
Thus, it is possible to determine the wavelength range from
which the spectrum is affected by the IR excess. Veiling
measurements were then limited to this unaffected wavelength
range to ensure accuracy in the succeeding analysis.

Another important consideration are the temperature
dependent systematics from the mismatch between the
synthetic spectra and the real data of young stars. This is
why we observed nonzero veiling in WTTSs and field stars,
which do not have accretion disks and are not expected to
exhibit veiling. For instance, the presence of spots in WTTSs
can produce a multitemperature spectrum that does not
perfectly match the theoretical models, thereby introducing
an excess veiling effect.

Additional systematics are caused by imprecise measure-
ments of continuum opacity, line opacity, and incomplete line
list, which would affect the overall agreement between the
synthetic template and the real observations of the flux.

To correct for all of these zero-point shifts in our veiling
measurements, we subtracted the measured WTTS veiling
(which is expected to be absent in them, and thus should
primarily originate from the aforementioned systematics) from
the CTTS veiling for each wavelength bins for all the sources.
For this, we first divided the WTTSs veiling measurements in a
set of Teff bins of 10 K, between 2300 and 11,000 K, weighted
them based on their uncertainties. Then, we subtracted the
WTTSs veiling from the CTTSs veiling by matching the T.¢ of
CTTSs to WTTSs. This correction ensures that the veiling
measurements accurately reflect the properties of the CTTSs
without being influenced by systematic errors present in the
theoretical models (Figure 6).

To verify the effectiveness of this correction method, we
applied artificial veiling to several WTTS through adding
continuum to them. As the resulting veiling profile from that
added continuum is known, we were able to compare it to the
profile extracted with this pipeline, and we were able to
recover the expected veiling. One of the sources that we
selected for this test is shown in Figure 7.
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due to spots and other factors of synthetic spectra.

4. Results

We expect to observe differences in the accretion properties
in CTTSs based on various factors such as effective
temperature (T.), the star’s age, and the equivalent width of
certain accretion sensitive lines like Ha in the spectra. The
veiling and its dependence on these factors can also vary
across different wavelength ranges. We explore these aspects
in detail.

Veiling
w

SNSRI
4000 5000 6000 7000 8000 9000 10000
Wavelength(A)

Figure 6. Corrected Veiling vs. Wavelength plot for a total 45 CTTSs among
1800+ sample which are in a very narrow (3330-3450 K) T, range color
coded by the Ha eqw before binning them. Each line here depicts one CTTS
source. All these veiling values have been corrected by subtracting WTTSs
veiling for the corresponding T range.
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Figure 7. An example of of veiling recovery of artificially veiled WTTS spectra
for one of the sources. We added constant excess continuum corresponding to
veiling values of r =1, 2, and 3 relative to the median flux to representative
WTTS spectra and processed them through our pipeline. Dashed lines show the
originally injected veiling profiles and solid lines show the recovered veiling.
The strong agreement supports the veracity of our methodology.

4.1. Comparing with the Previous Studies

A few previous studies have explored the relationship
between veiling and wavelength. Among these, G. Basri &
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C. Batalha (1990) and L. Ingleby et al. (2013) stand out as
significant contributions because of the resolution they
achieved. To compare our findings, we searched for the
sources studied in these works within our sample. While no
matches were found with the sources from G. Basri &
C. Batalha (1990), we successfully identified two sources,
CVSO 90 and CVSO 58, from the study of L. Ingleby
et al. (2013).

We attempted to approximate the veiling trends for these
two sources as presented in L. Ingleby et al. (2013) to compare
them them with our measurements in Figure 8. The curved line
for CVSO 58 may not perfectly replicate the original data, but
it is a good representation of their result. To ensure
consistency, we constrained our analysis to the same
wavelength ranges used in their study.

We used the following two equations to recreate the veiling
trends:

For CVSO 90:
ry = —0.000233 - \ + 2.6. 2)

For CVSO 58:
ry = —0.0001575 - A + 1.6175 3)
+5 x 1078 . (A — 7000)>. “)

Here, )\ is wavelength in A and ry is the veiling.

Additionally, C. V. Pittman et al. ( have measured veiling
for these two sources from ULLYSES spectra, obtained with
the Hubble Space Telescope. Their measurements are also
included in Figure 8.

We do find a broad agreement between the observations. For
CVSO 58, although the normalization of the veiling is
different between each work, the slope of the veiling profile
as a function of wavelength has remained broadly similar. On
the other hand, for CVSO 90, the veiling profile in this work
matches the profile from C. V. Pittman et al. (2025) both in
magnitude and in shape, rapidly rising toward r) ~ 3 toward
the blue end, but L. Ingleby et al. (2013) have reported a
significantly flatter and more gradual ).

We note that none of these observations were contempora-
neous—L. Ingleby et al. (2013) have observed these sources in
2011. ULLYSES spectra were obtained in 2020. And BOSS
spectra were obtained in 2021 for CVSO 58, and in 2023 for
CVSO 90. Veiling is a highly variable quantity, driven by
changes in accretion rates over time (G. Basri & C. Batalha

1990; N. Calvet & E. Gullbring 1998); thus, it is reasonable to
expect differences between these measurements. Significant
variability may be expected even on very short time frame due
to the observed geometry, whether an accretion hot spot is
pointed toward or away from the observer. Given this, it is
difficult to interpret which differences may be systematic in
origin and which differences are physical.

In subsequent subsections we examine the systematic trends
averaged out over a large sample of sources processed in a
homogeneous manner, in an effort to minimize such temporal
fluctuations.

4.2. Ha Equivalent Width

Veiling is largely produced by accretion shocks where
infalling material from the circumstellar disk impacts the
stellar surface. This excess emission that originates from hot
accretion columns and heated regions near the stellar surface
can vary with temperature because the accretion process itself
depends on spectral type.

The strength of Ha line in a star depends on the accretion
flow and the T, of the system. The Ha emission produced in
the accretion columns and shocks results in intense accretion
processes in CTTSs. Those CTTSs with strong Ha emission
thus will exhibit higher veiling. Also, Ha emission can be
related to the T of a star, so comparing the change of veiling
with both Ha eqw and T, in different wavelength regions can
be important.

To compare veiling across different temperatures, we
calculated the average veiling of sources in discrete temper-
ature bins. We separated the sources based on temperature
ranges, with each bin covering a range of 100 K, considering
temperatures from 3000 to 5000 K. For each temperature bin,
we calculated the average veiling array by taking the weighted
mean veiling value at each wavelength across all sources
within the bin, using the uncertainty in veiling as the weight.
This provided a single average veiling array for each
temperature range. Then we compared the veiling of CTTSs
with the eqw of the Ha line, by calculating the average veiling
in bins defined by the equivalent width values. Each bin
covered a range equal to 2 times the Ha eqw. We then plotted
the average veiling against wavelength for each eqw bin to
visualize how veiling varies with both the width and the
wavelength. Finally, we made three different plots for different
Tt ranges starting from 3000 to 4500 K each of them color
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Figure 9. Corrected Veiling of CTTSs color coded by the difference between
their Ha equivalent width and the CTTSs cutoff for different T.¢ ranges.

coded by the Ha eqw values. Figure 9 illustrates how veiling
varies with both Ha eqw and wavelength across three different
Tt ranges. The veiling trends are consistent across all three
temperature regions, showing three distinct peaks. The first
peak occurs in the blue region, rising from the left of the plot
and decreasing near 5000 A. The second peak is prominent in
the midoptical range, around 6000-7000 A, where veiling
reaches to more higher values. Finally, there is a rise in veiling
at the red end of the spectrum, beginning near 7500 A and
continuing toward 9000 A. When comparing veiling with Ha
eqw, the relationship becomes evident: sources with Ha eqw
values closer to O exhibit lower veiling, while sources with
more negative Ha eqw values show higher veiling across all
three To¢ ranges. This trend highlights the strong correlation
between accretion activity, as indicated by Ha emission, and
veiling.

4.3. Ages

Accretion flow can also vary with the age of CTTSs. During
the premain sequence, where age varies from O to about
10 Myr, the accretion rate from their circumstellar disks can
change. Typically, as the star evolves, the circumstellar disk
also evolves, leading to a reduction in the mass accretion rate.
This decline in accretion rate results in a reduction of the
excess emission from accretion shocks, leading to lower
veiling values in older stars. Conversely, if the accretion rate
remains high or increases with age, the excess emission and
veiling values can remain high or even increase.

To compare the veiling of CTTSs across different ages, we
calculated the average veiling values in discrete age bins. Each
age bin covered a range of 0.1 dex, and we considered ages
from 1 to 30 Myr. For each age bin, we calculated the average
veiling by taking the weighted mean veiling value at each
wavelength for all sources within that bin, using the
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Figure 10. Corrected Veiling of CTTSs color coded by age for different Te¢r
ranges.

uncertainty in veiling as the weight. This provided a single
average veiling array for each age range. We then plotted the
average veiling against wavelength for each age bin in the
previously defined 7. ranges. Figure 10 illustrates how
veiling varies with both age and wavelength. Similar to
Figure 9, the veiling trends with wavelength are consistent
across all temperature ranges, showing three distinct regions of
veiling increase: the blue region decreasing up to 5000 A; the
midoptical region, peaking between 6000 and 7000 A; and the
red region, rising above 7500 A. When comparing veiling with
age, however, no clear correlation emerges. The veiling values
appear to vary randomly with age across the plotted
temperature ranges.

5. Discussion
5.1. Wavelength Dependence

We empirically examined the dependence of the veiling
profile on wavelength. A few previous studies have done
similar examination on wavelength dependence of veiling, but
most of them were done for only a handful of sources (G. Basri
& C. Batalha 1990; J. Muzerolle et al. 2003; L. Ingleby et al.
2014). Instead, we analyzed a comprehensive sample of 1800
+ spectra, with varying T.¢ and evolution stages. As in
previous studies, we found that veiling is not constant
throughout the optical wavelength range. In fact, we found a
number of features in the behavior. First it appears to increase
sharply toward the UV, starting from 3700 A: our values peak
near the blue limit of the BOSS spectra, likely increasing
below that point. There is also a rise at the midoptical range
from 5000 A to 7000 A, peaking near 6000 A. Finally there is a
rise from 8500 A to 10000 A, which peaks at the red limit of
the BOSS spectra. These veiling peaks at different wavelength
ranges evince several important physical processes.
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The veiling rise at the UV end of the BOSS spectra from
(3700 A to 5000 A) can be attributed to hot spots located at the
accretion shock. These spots have a low filling factor, as the
veiling increase in this part is much lower than the veiling
increase in the midoptical region of the spectra. However, due
to their high temperature (7), even a small area (A) results in a
substantial increase in luminosity (L), indicating that small,
high-temperature regions can dominate the UV emission.
Thus, these UV-emitting hot spots likely have a small filling
factor, covering a very limited area on the stellar surface. This
suggests that these regions are likely where the accretion
columns directly impact the stellar surface, creating localized,
high-temperature spots that contribute to the observed veiling
rise without needing a large emitting area.

In the midoptical range (SOOOA 7000 A) the veiling
increase is more pronounced compared to the veiling rise in
other regions, indicating a higher filling factor. But in this
range we observe a lower temperature contrast compared to
the veiling peak in the UV wavelength region, likely because
the emitting spots in this range are cooler and closer to the
stellar temperature. As luminosity (L) is proportional to
surface area (A) and the fourth power of temperature (77), a
lower temperature would require a significantly larger emitting
area for the veiling effect to be noticeable. This means the
veiling increase in this region is originated from a larger area
on the surface of the star, which compensates for the lower
temperature of the accretion related features. This increase can
be attributed to hot spots located at the accretion shock. Such
spots are created by the material accreting onto the star which
results in excess emission. This excess emission can change
the photospheric emission more than in other wavelength
regions, hence the higher filling factor. The UV-emitting spots
are possibly nested within the larger, cooler spots observed in
the midoptical range. The higher-energy spots appear to be
embedded inside the broader spots of the midoptical region.

At longer wavelengths partlcularly in the 8500 A-10000 A
range, the apparent increase in the veiling is likely not
associated with accretion, but rather due to the presence of
photospheric spots. Those spots would be different from other
surface features, only contributing significantly to the veiling
at these wavelengths. However, it is worth mentioning that our
spectra present are significantly noisier at the longer
wavelength regions, which may also cause a discrepancy in
the veiling values at the longer wavelength range.

5.2. Ha Equivalent Width

The Ha eqw is an important spectral diagnostic for
understanding the accretion processes in CTTSs. As the
dominant hydrogen emission line, He is a direct probe of the
material flowing from the circumstellar disk onto the stellar
surface. The strength of the Ha emission is directly related to
the amount of hydrogen present in the accretion stream.
Therefore, stars with stronger accretion activity tend to show
larger Ha eqw values, which corresponds to higher mass
accretion rates (M). Numerous studies have demonstrated a
clear relationship between Ha emission and accretion, with
stronger Ha emission linked to higher accretion rates
(P. Hartigan et al. 1994; R. J. White & G. Basri 2003;
C. F. Manara et al. 2014; T. J. G. Wilson et al. 2022).

In addition to its connection to accretion, the Ha eqw
provides insights into the temperature and density of the
accretion flow. In the Ha eqw plots (Figure 9), we showed that
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stars with more negative eqw values exhibit higher veiling.
This trend is more clear up to a wavelength of 7000 A and
particularly in the wavelength regions where the veiling
increases from the continuum. On one hand, we found that
weaker Ha sources tend to exhibit a weaker UV excess, with
their veiling concentrated predominantly in the midoptical
wavelengths. On the other hand, the stars with stronger Ha
emission exhibit more pronounced veiling across the UV and
optical ranges. In the T region of 3500-4000 K of Figure 9,
this trend is the most prominent. L. Ingleby et al. (2014) found
a similar trend where they compared energy flux of accretion
shock model with normalized flux. All of this confirms that our
results are consistent with expectations that stars with stronger
Ha emission, indicative of higher accretion rates, exhibit
higher veiling values.

5.3. Effective Temperature

The effective temperature (T.¢) of a star is also related to the
Ha emission. Although Ha emission is commonly used as an
indicator of accretion, T itself is not a direct indicator of the
presence of an accretion disk.

In our study, we compared the veiling profiles across three
different temperature ranges (3000 K < T.¢ < 3500 K, 3500 K <
Ter < 4000 K, and 4000 K < T4 < 4500 K) in both Figures 9,
and 10. In them we showed that the veiling shows no clear
dependence on T as the veiling profile remains almost similar
across all the three different T, regions.

5.4. Age

Veiling can also have a relationship with the age of the
CTTSs. This variation can be driven by various factors that
influence the accretion processes throughout a CTTSs different
stages of development. In theory, as CTTSs evolve and
approach the later stages of their pre-main-sequence phase, we
would expect a gradual decrease in accretion rates as
circumstellar disks dissipate (S. E. Strom et al. 1993;
E. Gullbring et al. 1998). The circumstellar disk becomes
more thin and decreases in density as the pre-main-sequence
star evolves. As a result, the star becomes less capable of
sustaining high accretion rates. So, the older CTTSs should
exhibit a lower veiling compared to the younger CTTSs.

However, the result from our analysis in Figure 10 suggests
that the relationship between veiling and age is more complex
than a simple linear decrease. While it is true that, on average,
older CTTSs tend to show lower veiling, there are notable
exceptions. One such example can be the TW Hydra
(G. J. Herczeg et al. 2023) which is an old star but shows
significant accretion activity. Similarly, some younger CTTSs
can also exhibit low accretion activity. This demonstrates that
the dissipation of the disk and the decrease in veiling is not
strictly age dependent. Rather, the accretion activity is subject
to diverse factors. The scatter in accretion strengths across
different ages is significant, even though the general trend
points to a gradual decrease in accretion over time. This
variability highlights that stars lose their disks in a probabil-
istic manner, with some stars retaining their disks and
continuing to accrete for much longer periods, while others
lose their disks rapidly within less than 1 Myr. Thus, while age
correlates with a decrease in veiling, this trend is less
pronounced than the more direct relationship between Ha
emission and accretion strength.
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6. Conclusions

We selected a few thousand BOSS spectra of pre-main-
sequence stars in order to understand their accretion activity
through veiling. The source sample include CTTSs, WTTSs,
as well as a control subsample of field stars. We calculated the
extinction and dereddened the spectra for all the sources. Then
we measured veiling for a selected number of BOSS sources in
discrete wavelength ranges.

Next, we compared the veiling of CTTSs, WTTSs, and field
stars. We found not null veiling for WTTSs and field stars, due
to some systematics in our data. To correct the veiling of
CTTS:s for those systematics, we binned the veiling of WTTSs
for discrete T.g bins and then subtracted the average WTTSs
veiling from CTTSs. Then we compared the corrected veiling
of CTTSs with different physical properties of the CTTSs.
These properties include wavelength, Ha eqw, T.¢, and age of
the stars.

We found that veiling presents a number of features in the
BOSS wavelength range. Some of these features are attributed
to the behavior of the accretion stream and spots on the
accretion disk while some of these features are not related to
the accretion activity of the stars.

We also found veiling to be related to both Ha eqw and Tyt
More Ha eqw means more veiling. On the other hand, some of
the features in veiling were found to be more prominent in
some T ranges. We also found that the peak of the veiling in
midoptical region shifts toward redder wavelengths for lower
eqw values.

Finally, we compared veiling with stellar age, and found
that veiling varies as the star evolves. Sometimes some old
stars can still remain active and show high veiling while some
stars can show low veiling even if they are very young.
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