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PRE-MAIN SEQUENCE STARS
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Abstract. With the third data release of the Gaia mission, Gaia DR3 with its precise photometry and astrometry,
it is now possible to study the behavior of stars at a scale never seen before. In this paper, we developed new
criteria to identify T-Tauri stars (TTS) candidates using UV and optical color-magnitude diagrams (CMDs) by
combining the GALEX and Gaia surveys. We found 19 TTS candidates and five of them are newly identified
TTS in the Taurus molecular cloud (TMC), not cataloged before as TMC members. For some of the TTS
candidates, we also obtained optical spectra from several Indian telescopes. We also present the analysis of
distance and proper motion of young stars in the Taurus using data from Gaia DR3. We found that the stars
in Taurus show a bimodal distribution with distance, having peaks at 130.171.31−1.24 pc and 156.251.86

−5.00 pc. The
reason for this bimodality, we think, is due to the fact that different clouds in the TMC region are at different
distances. We further showed that the two populations have similar ages and proper motion distribution. Using
the Gaia DR3 CMD, we showed that the age of Taurus is consistent with 1 Myr.

Keywords. Gaia—stars: pre-main sequence—stars: kinematics and dynamics—stars: Hertzsprung–Russell
and C–M diagrams.

1. Introduction

Taurus–Auriga molecular cloud complex (TMC in
short) is one of the nearest dark star-forming regions,
where low-mass stars are being formed. The TMC
spans about 15 × 15 square degrees on the sky (Esplin
et al. 2014; Esplin & Luhman 2017). TMC is an ideal
region to study star formation from the deeply embed-
ded source, i.e., proto-stars that are at the early stages
of evolution to disk-free class III source at the end of
their pre-main-sequence (PMS) lifetime and are thought
to be the precursor to planetary systems (Furlan et al.
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2007, 2011; Kenyon et al. 2008). TMC does not have O
or B-type stars and contains about 104 M� of molecular
gas. The cloud has a filamentary structure, which was
identified through surveys in 12C16O, 13C16O and OH
surveys (Kenyon et al. 2008).

There are several studies that have been carried out
to estimate the membership of the TMC and to under-
stand the PMS populations of the region (e.g., Elias
1978; Bertout et al. 1999; Furlan et al. 2007, 2011;
Kenyon et al. 2008; Rebull et al. 2010; Luhman et al.
2011; Galli et al. 2018, 2019; Luhman 2018). How-
ever, there are only a few dedicated studies to search
and characterize the T-Tauri Stars (TTS). TTS are low-
mass PMS stars, generally categorized into classical
TTS (CTTS) and weak-line TTS (WTTS) based on
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their Hα equivalent widths (Bertout 1989). CTTS show
strong Hα emission indicating active ongoing accretion
from the circumstellar disk to the central star, while non-
accreting WTTS show weak emission lines, suggesting
weak or no accretion. The study of TTS is fundamental
for our understanding of the formation and evolution of
the Solar system.

The accretion process in CTTS causes the release
of excess energy, which appears as excess emission
in the UV continuum regions of spectral energy dis-
tribution (SED) as well as in the spectral indicators
(C II, S II, Fe II, Mg II, C IV and the H2 molecular
emission; Gómez de Castro 2009). The excess UV con-
tinuum and UV spectra are the primary indicators of the
accretion process in CTTS. The CTTS also emit excess
emission in infrared to millimeter wavelengths, caused
by radiation from the disk. Non-accreting WTTS also
show UV excess due to their chromospheric activity, but
are significantly low compared to CTTS. Therefore, by
constructing the SEDs of stars by combining UV pho-
tometry with available optical/IR photometric data, one
can not only distinguish the CTTS from WTTS, but also
identify new TTS candidates and characterize them.

Most of the previous studies in search of TTS can-
didates are based on secondary indicators, such as
equivalent width of the Hα emission line or the presence
of enhanced flux in the infrared region of SEDs (Furlan
et al. 2011). Only a few studies have also searched TTS
in the UV (Findeisen & Hillenbrand 2010; Gómez de
Castro et al. 2015). However, all these studies used a
fixed distance to all the members of TMC and did not
have information on the proper motions of members.

Most of the studies identified TMC to be located at a
distance of 140 pc (e.g., Elias 1978; Furlan et al. 2007,
2011; Kenyon et al. 2008). However, later studies iden-
tified TMC to be more extended, possibly from 125 to
168 pc (Bertout et al. 1999; Torres et al. 2007, 2009;
Galli et al. 2018; Fleming et al. 2019). The distance
to TMC has been estimated through different meth-
ods, such as star counts (145 pc, Greenstein & Shapley
1937; 142 pc, McCuskey 1939), photometry of bright
stars associated with the reflection nebulae (135 ± 10
pc; Racine 1968), reddening turn-on method using stars
associated with Lynds dark clouds (d = 140–175 pc;
Straizys & Meistas 1980; Meistas & Straizys 1981)
and parallax measurements comprising spectroscopic
parallax (140±10 pc; Kenyon et al. 1994) and trigono-
metric parallax with Hipparcos (13910−9 pc; Bertout
et al. 1999), and VLBI (dnear = 126.6 ± 1.7 pc and
dfar = 162.7 ± 0.8 pc; Galli et al. 2018, 2019).

Thanks to the Gaia survey, which provides accurate
estimation of parallax and proper motions with less than

a few percent error. With the help of Gaia, the number
of TMC members is now increased to over 500 from a
couple of hundred (Luhman 2018; Fleming et al. 2019;
Esplin & Luhman 2019). Recently, using Gaia’s second
data release (Gaia DR2, Gaia Collaboration et al. 2018),
it was reported that the sources in TMC show a bimodal
distribution in the distance (Fleming et al. 2019). The
two populations peak at 130.6±0.7 and 160.2±0.9 pc,
respectively. Fleming et al. (2019) further showed that
these two populations have different kinematic behavior
as well, with a mean value in proper motion at 24.5±2.8
and 20.1 ± 2.4 mas yr−1, respectively.

Gaia’s data release 3 (Gaia DR3) brings a significant
advancement compared to Gaia DR2 in terms of preci-
sion improvement in photometry, systematic errors and
astrometric solutions. Precision in parallax is increased
by 30%, in proper motions, it is improved by a fac-
tor of 2. The systematic errors in the astrometry were
suppressed by 30–40% for parallax and by a factor
of ∼2.5 for proper motions. Gaia DR3 also provides
better precision in photometry, which is homogeneous
across color, magnitude and celestial position with no
systematics above 1% level in any passbands (G, BP,
RP) (Gaia Collaboration et al. 2021). As discussed ear-
lier, the presence of UV excess in a PMS star indicates
that the star is a TTS, where UV excess generates from
the accretion process or chromospheric activity. There-
fore, UV observation of PMS stars and comparing them
with their optical observation will help us to identify the
TTS, and measuring the UV excess tells us about their
accretion or chromospheric properties. GALEX GR6/7
is the most recent catalog of all-sky UV surveys, pro-
vides photometry as deep as 22 mags in AB systems
in far-UV (FUV, λeff ∼ 1528 Å) and near-UV (NUV,
λeff ∼ 2310 Å) passbands (Bianchi et al. 2017) with
a spatial resolution of 5′′. There have been previous
attempts to use an older version of GALEX GR5 data
(Bianchi et al. 2014) to identify TTS by Gómez de Cas-
tro et al. (2015), where authors used UV–IR color–color
diagrams to separate TTS from other stars. However,
due to the absence of the Gaia survey, authors ended
up in finding many TTS candidates that are not part of
Taurus. At the same time, the authors categorized some
CTTS as WTTS (e.g., V836 Tau) based on the color–
color diagram, which shows a strong signature of FUV
line emissions (like C IV) (Ingleby et al. 2013).

In this work, we have searched for new TTS can-
didates in the TMC by combining Gaia-DR3 (Gaia
Collaboration et al. 2022) and GALEX GR6/7 (Bianchi
et al. 2017). We also carry out follow-up optical–IR
spectroscopic observations of some of the newly iden-
tified TTS using India’s ground-based telescopes and
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measure the strength of Hα emission to confirm their
candidature. As mentioned earlier, accretion is the main
reason for the excess UV emission in the accreting
TTS and non-accreting TTS emit relatively less UV
emission. Therefore, if we can measure the UV lumi-
nosity in TTS, we can characterize the TTS whether
they are accreting or non-accreting based on their excess
UV emission over photospheric emission. On the other
hand, the emitted UV luminosity in accreting TTS will
give a direct measure of accretion luminosity. There-
fore, using the follow-up spectroscopic observation, we
will be able to establish a relation between UV lumi-
nosity (a primary indicator of accretion luminosity)
and Hα luminosity (a secondary indicator of accretion
luminosity).

As discussed above, the distance to the TMC is not yet
well established. Different studies have reported differ-
ent values of distance. A recent study by Fleming et al.
(2019) using Gaia-DR2 reported that the distribution of
TMC members has two peaks with two different kine-
matics. Now, this finding gives birth to the following
questions whether TMC is a combination of two differ-
ent clouds, or both are part of the same molecular cloud,
but falling apart due to tidal interaction, and whether
both the populations have the same star-formation his-
tory. With the improvement in the astrometric solution
in Gaia-DR3, we have also re-analysed the bimodality
of TMC using a more robust and larger (by a factor of 2)
sample of stars as compared to Fleming et al. (2019)
and try to address the above questions. In Section 2,
we described our sample and the process of retrieving
the Gaia DR3 and GALEX data. In Section 2.1, we
discussed the following spectroscopic observations of
newly identified TTS candidates. In Section 3, we pre-
sented the results on the distance and proper motion
distribution of stars in TMC. We also discuss various
binning techniques and the caveats in interpreting the
histograms when data is binned at various intervals.
This sets the results from our analysis and a very strong
statistical footing as compared to previous distance esti-
mates. The major results of this study are summarized in
Section 4.

2. Identification of new Taurus candidates

In search of new TTS candidates, we first selected
∼15 × 15 square degree GALEX GR6/7 (Bianchi et al.
2017) data around the TMC regions. Then, we restrict
the data where both FUV and NUV observation are
present. We also remove sources if there are any FUV
or NUV artifacts in the data. Then, we cross-matched

the GALEX data with Gaia-DR3 and look for the closest
match with a search radius of 3′′. We put constraints on
some of the Gaia parameters and removed the sources
with higher astrometric excess noise (>1.3) and higher
RUWE (>10). We are left with 8846 sources. We also
cross-matched the data with the Gaia-DR3-distance cat-
alog by Bailer-Jones et al. (2021) to get the distance to
each source. We considered that the extent of the TMC
is between 100 and 200 pc and removed all the sources
having distance outside this distance range from the
cross-matched catalog. Finally, we ended up with 330
sources within 100–200 pc.

The left panel of Figure 1 shows the UV color–
magnitude diagram (CMD) of 330 sources in gray,
while the right panel shows the Gaia CMD of the same
sample. Comparing the recent catalog of Taurus pop-
ulations (Esplin & Luhman 2019) with Gaia DR3, we
get the range in proper motion values for the Taurus
members, discussed in detail in Section 3.3. After apply-
ing the above proper motion criteria to the sample, we
are finally left with 48 sources, which are members of
the TMC having both FUV and NUV observations. We
have also over-plotted these sources (marked as black
points) in the UV and optical CMDs in Figure 1. In
the UV CMD, we clearly see two different popula-
tions. The sources bluer than the red line represents
hotter and FUV bright populations. We marked the FUV
bright TMC members as a red plus. If we locate these
FUV bright populations in the optical CMD, we also
noticed that a few are distributed in the WD region,
while the rest are found in the PMS phase. The FUV
bright populations located in the PMS phase are the
probable candidates for TTS in the TMC. We found that
there are 19 such TTS candidates. We have listed these
candidates in Table 1.

We have compared our TTS catalog with the cat-
alog given by Gómez de Castro et al. (2015), where
the authors have listed 63 new TTS candidates along
with the previously known ones. However, distance and
proper motion criteria indicate that most of their newly
identified TTS are not a part of TMC, and only 23 of
them follow the distance and proper motion criteria.
However, we found only seven sources in common with
the previously known TTS catalog by Gómez de Castro
et al. (2015). This is because we removed the sources
with higher astrometric excess noise and higher RUWE.
We have also compared with the recent catalog of Tau-
rus members by Esplin & Luhman (2019) and found
14 sources common with them; however, only three of
them are categorized as TTS. Hence, in this study, we
are able to identify 19 TTS candidates, and only eight
of them are categorized previously in the literature. We
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Figure 1. UV (left) and optical CMD (right) of sources with GALEX observations along the TMC. The sources with 100–
200 pc are marked as gray, while the sources with a proper motion similar to that of TMC members are marked as black
points. The red line in the UV CMD separates hotter and FUV bright TMC members, marked as a red plus. The same FUV
bright populations are located in the WD and PMS region of the optical Gaia CMD. The FUV bright sources located in the
PMS region are nothing but the TTS with excess flux in the FUV due to the accretion process.

Table 1. Table represents the list of 19 TTS identified using our method by combining GALEX GR6/7 and Gaia-DR3.

RA Dec FUV FUVerr NUV NUVerr Plx Plxerr pmra pmraerr pmdec pmdecerr
(deg) (deg) (mag) (mag) (mag) (mag) (mas) (mas) (mas yr−1) (mas yr−1) (mas yr−1) (mas yr−1)

61.714059 25.691264 20.1 0.15 17.98 0.04 6.296 0.036 12.204 0.044 −17.973 0.026
62.418896 18.752410 21.56 0.42 21.6 0.37 8.285 0.085 4.178 0.097 −13.201 0.073
63.340774 18.173326 22.15 0.42 21.46 0.25 8.090 0.028 3.544 0.031 −13.581 0.025
63.553892 28.203310 20.21 0.22 17.93 0.03 8.326 0.131 6.54 0.163 −27.792 0.11
63.556643 28.213549 19.64 0.15 17.92 0.03 7.575 0.024 8.383 0.03 −24.54 0.02
63.697142 26.773903 20.78 0.22 19.82 0.1 7.844 0.026 8.99 0.033 −22.658 0.021
63.699467 26.802960 21.14 0.26 20.33 0.14 7.890 0.020 8.745 0.026 −22.53 0.017
67.464850 26.112366 20.46 0.19 18.6 0.05 7.604 0.036 5.951 0.045 −21.309 0.036
67.684368 26.023442 18.71 0.08 16.96 0.02 7.575 0.050 6.315 0.056 −21.434 0.047
68.630425 17.372167 20.18 0.2 19.09 0.07 6.863 0.035 12.123 0.046 −20.087 0.03
72.947481 30.786982 18.31 0.05 16.34 0.02 6.567 0.037 5.238 0.046 −25.917 0.032
73.795776 30.366385 17.65 0.05 16.7 0.02 6.325 0.049 3.748 0.059 −24.298 0.035
73.904063 30.298532 20.19 0.16 17.39 0.03 6.360 0.021 4.509 0.024 −24.177 0.014
73.953558 17.129578 15.86 0.02 16.38 0.02 5.636 0.057 13.803 0.072 −14.943 0.049
74.008471 30.350913 19.39 0.16 18.95 0.07 6.053 0.082 5.317 0.109 −23.992 0.065
74.762711 30.049984 19.67 0.14 18.16 0.04 6.380 0.017 4.533 0.017 −24.641 0.013
75.012883 30.018997 19.1 0.1 17.92 0.03 6.247 0.062 4.696 0.068 −23.608 0.048
75.228523 32.487903 20.29 0.18 18.82 0.05 6.001 0.026 6.849 0.027 −26.475 0.019
76.945728 31.338377 17.72 0.05 16.07 0.01 6.313 0.019 4.129 0.019 −24.458 0.014

found 11 new TTS candidates in the TMC, out of which,
five are added as Taurus members for the first time.

2.1 Spectroscopic followup observations of TTS
candidates

To further confirm the candidature of these newly iden-
tified TTS, identify them as CTTS or WTTS, and study
their accretion properties, we have also started obtaining

optical–near IR spectra of these sources using the TIFR-
ARIES near-infrared Spectrometer (TANSPEC) in the
3.6-m Devasthal Optical Telescope (DOT) and Hanle
Faint Object Spectrograph Camera (HFOSC) in the
2-m Himalayan Chandra Telescope (HCT). However,
we plan to obtain spectra of all the 19 candidates, to con-
firm the candidature of previously TTS. The TANSPEC
has a resolving power of R ∼ 2750 and wavelength
coverage from ∼400 to 2500 nm (Sharma et al. 2022).
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Table 2. Table represents the details of spectroscopic observation of six TTS candidates out of the 19
sources listed in Table 1.

RA (deg) Dec (deg)
Observation

date

Single
exposure
time (min)

Number of
frames Telescope Instrument

68.630425 17.372167 29-11-2021 6 6 DOT TANSPEC
73.953558 17.129578 29-11-2021 6 6 DOT TANSPEC
63.553892 28.203310 17-01-2021 10 1 HCT HFOSC
63.556643 28.213549 17-01-2021 20 3 HCT HFOSC
75.012883 30.018997 18-01-2021 45 3 HCT HFOSC
75.228523 32.487903 17-01-2021 20 3 HCT HFOSC

Figure 2. This figure shows the optical spectra of two TTS candidates. The left spectrum (RA: 68.630425, Dec: 17.372167)
shows strong Hα emission indicating the source to be a CTTS obtained using DOT, while the spectra right panel (RA:
75.228523, Dec: 32.487903) indicates the source to be a WTTS with weak Hα emission obtained from HCT. The right-hand
spectrum is one of the five new TTS members to Taurus.

HFOSC works in the wavelength range from 350 to
1050 nm with a range of resolving power (R ∼ 150–
4500) based on the alignment of the grism and slit.1

For this study, we used grism 8 with a slit configuration
of 1671 (simslit width of 1′′) and resolving power of
R ∼ 2000. In cycle 2022-C1, we were able to obtain
the spectra of two sources using DOT on 29 November
2021. For both sources, we used six frames of observa-
tion with 6 min each (3 min in dither A and 3 min in
dither B positions). Therefore, the total exposure time
was 36 min per source. We also obtained spectra of four
TTS candidates using HCT/HFOSC in cycle 2021-C1.
The observational details of DOT and HCT are tabu-
lated in Table 2. The optical part of one of the TANSPEC
spectra is shown in the left panel of Figure 2. The spec-
trum in the left panel shows the presence of strong Hα

emission, which indicates the source to be a CTTS.
One of the HCT spectra is shown in the right panel
of Figure 2, which indicates the source to be a WTTS
with weak Hα emission. In the upcoming observational

1https://www.iiap.res.in/iao/hfosc.html.

cycle, we plan to obtain the spectra of the rest of the
TTS candidates using DOT and HCT. Once we have the
spectra of all the sources, we will estimate the equiv-
alent width of Hα emission to categorize the sources
as CTTS or WTTS and estimate their mass accre-
tion rate. We also plan to establish a relation between
UV luminosity (a primary indicator of mass accre-
tion) and Hα luminosity (a secondary indicator of mass
accretion).

3. New look at Taurus population

To ensure that we had the most comprehensive sam-
ple of stars in TMC, we used two different catalogs
of TMC stars for analysis. The first sample of 519
stars was taken from Esplin & Luhman (2019), and the
second sample of 215 stars was taken from Rebull et al.
(2010). To obtain accurate distances to these stars, we
cross-matched these samples with Gaia DR3. Out of
the 519 stars in Esplin & Luhman (2019), we found a
Gaia counterpart for 453 stars. Similarly, out of the 215

https://www.iiap.res.in/iao/hfosc.html


   83 Page 6 of 13 J. Astrophys. Astr.           (2023) 44:83 

Figure 3. The spatial distribution of the Esplin & Luhman
(2019) sample with the distance to each of the stars color-
coded and overplotted on the extinction map of TMC from
Dobashi et al. (2005). The major Lynd clouds and Bernard
clouds are also marked.

stars in Rebull et al. (2010), we found a Gaia coun-
terpart for 194 stars. The spatial distribution of the
Esplin & Luhman (2019) sample is shown in Fig-
ure 3, over-plotted on the extinction map of TMC from
Dobashi et al. (2005).

In this section, we have analysed the spatial distribu-
tion of young stars in TMC. We have analysed various
optimal binning methods for identifying the features
in a distribution in subsection 3.1. We show that there
is a bimodality in the distribution of stars in TMC in
subsection 3.2. We further analysed the proper motion
of these stars in subsection 3.3. This is used to assess
whether any morphological or dynamical distinction is
seen between the samples of stars in the near and far
end of TMC as claimed by Fleming et al. (2019), dis-
cussed in subsection 3.4. Finally, a Gaia CMD of the
sample is presented to ascertain the age of stars in TMC
in subsection 3.5.

3.1 Identification of optimal bin size for a distribution

Optimal binning of data is one of the crucial aspects
of data-driven astronomy. When the distribution of data
points is represented in the form of a histogram, the
number of bins can influence our interpretation of data.
By reducing the number of bins considerably, we are, in
a way of smoothing the distribution and thereby degrad-
ing the information in the data. Instead, if we increase
the bin number, artificial trends start appearing in the

distribution. This can lead to a wrong interpretation of
the science case.

Over the years, various methods have been proposed
for estimating the number of bins for a given data sample
(also see Legg et al. 2013). Unfortunately, of all these
methods, there is no single method that is universally
recognized as the best approach for bin size selection.
There are five major methods used to estimate the bin
size: Sturges’ rule, Rice rule and the rule of square roots,
Doane’s rule, Scott’s rule, and Freedman–Diaconis rule.
Details about these methods are mentioned in Appendix
section. Each of the binning rules has its own merits and
demerits. For our analysis, we employed each of these
binning methods on the two different samples of stars in
TMC and the results are discussed in the next section.

3.2 Application of binning methods to the sample of
TMC candidates

To convert the parallax to distance, we used the dis-
tance measurements estimated from Bailer-Jones et al.
(2018). Also, we considered stars that have a distance
range of 100–200 pc for this study. Using the various
binning techniques discussed in the previous section, we
analyse two samples of stars. This is shown in Figure 4.
The bimodal distribution in the distance for the young
stars belonging to TMC is evident from Figure 4. A sim-
ilar distinct grouping of stars was reported by Fleming
et al. (2019). They, however, constructed the histograms
by grouping the sources in 3 pc bins without explain-
ing the justification for the bin size and the number of
bins. They further used the sample from Rebull et al.
(2010), which only has 159 stars, almost half the num-
ber of Luhman (2018). From Figure 4, it is evident that
the width and peak values change with various binning
schemes. Hence, a proper analysis of the sample with
various binning schemes is presented in the following
section.

To identify the peaks and width of the bimodal distri-
bution, we fitted the histogram distribution with double
Gaussian. We used the Markov chain Monte Carlo
method implemented using the emcee python package
(Foreman-Mackey et al. 2013) to fit the double Gaus-
sian. We fitted a double Gaussian of the form:

f (x) = A1 × e(−(x−μ1)
2)/(2×σ 2

1 )

+ A2 × e(−(x−μ2)
2)/(2×σ 2

2 ), (1)

where x is the distance in parsec, A1 and A2 are the
peak amplitudes, μ1 and μ2 are the means of the two
Gaussians and σ1 and σ2 are the standard deviations
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Figure 4. In each of the sub-figures, the distribution of distance for the stars from the two samples (Esplin & Luhman 2019,
blue; Rebull et al. 2010, red) is shown as the histogram using the various binning schemes are shown. (a) Sturges’ rule, (b)
Rice rule, (c) rule of square roots, (d) Doane’s rule, (e) Scott’s rule and (f) Freedman–Diaconis rule. Also shown are the fits
to the histograms as solid lines.

of the two Gaussians. We assumed a prior distribu-
tion of A1 and A2 to be uniform between 0 and 150,
for μ1 and μ2, we had a uniform distribution between
100 and 200 pc, while for the standard deviations σ1
and σ2, we assumed a uniform distribution between
0 and 40 pc. The result of this analysis is tabulated
in Table 3. It can be seen from Figure 4 and Table
3 that the nearby population of stars (distance < 140
pc) show a broader distribution with higher amplitude,
whereas the far population show less σ with lower
amplitude.

To investigate how this bimodality in distance distri-
bution translates to the structure of TMC, we analysed
the 3-dimensional distribution of stars in TMC from the
Luhman (2018) sample. This is shown in Figure 5, also
shown are the prominent dark clouds identified in TMC,
namely B209, L1495, L1517, L1521, L1524, L1527,

L1536, L1551 and L1558 (with the position and dis-
tance compiled from Luhman (2018)). From the 3D
representation, it is evident that the structure of the cloud
is not strictly bimodal, as seen from the distance distri-
bution. We see that there is a large clumpy of stars at a
distance of 120–140 pc and a slightly diffused clumping
of stars around 160–180 pc (Figure 5).

The near population of stars is found to align with
the prominent clouds B209, L1495 and L1524. How-
ever, the stars contributing to the far peak in distance
distribution are spread out over wide scales. The larger
width values seen in the population of stars at the far
end of the cloud is due to the fact that they are spread
over a large distance. Also, this population of stars is
sparsely populated in each of the clouds. In the case
of near population, more stars are present, and they are
concentrated spatially.
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Table 3. Distribution of fit parameters for Figure 4.

Sample from Esplin & Luhman (2019)

Method Number of bins μ1 (pc) σ1 (pc) A1 μ2 (pc) σ2 (pc) A2

Sturges’ rule 9 129.8913.08−2.26 5.4110.06−2.47 79.9622.46−17.10 151.007.3−3.01 15.441.84
−5.41 74.467.95−36.23

Rice rule 15 129.941.24−1.09 6.490.97−1.14 56.928.19−8.99 154.912.35−3.74 12.202.68−2.03 46.034.55−4.37

Square root 20 129.891.08−1.01 5.881.18−1.84 43.907.21
−6.54 154.122.53−3.79 12.292.51−1.94 34.763.47−3.13

Doane’s rule 8 130.9911.61−2.16 7.407.02−2.30 92.5619.23−29.42 152.504.43−4.48 12.763.01−3.43 86.7910.84
−22.65

Scott’s rule 12 129.331.31−1.24 4.202.17−1.37 71.6318.62−14.70 150.425.00
−2.59 14.441.66−3.44 60.315.20

−5.13

FDR 12 129.331.31−1.24 4.202.17−1.37 71.6318.62−14.70 150.425.00
−2.59 14.441.66−3.44 60.315.20

−5.13

Figure 5. 3D representation of clouds and stars in the TMC. The names of the known clouds are represented in the plot.
The distribution of newly added TTS are also shown.

3.3 Proper motion analysis

From Gaia DR3, we have accurate proper motion values
of 310 stars in TMC. The distribution in proper motion
in RA and DEC for the sample of stars is shown in
Figure 6. Based on the discussion in Section 3.2, we
divided the sample into two distance bins. From Fig-
ure 6, one can also see that the spread in the distribution
of proper motion of near and far members in the TMC
is different. The near members show less spread in the
proper motion values when compared to those at the
far end of TMC. To quantify the distribution, we have
included 16th and 84th percentile as a representation
for dispersion in proper motion. This means that stars
at the far end of the TMC distribution show a large
range of velocity values, which is not seen with the
near population. This suggests that the morphological
distinction seen in the distribution of stars in the near
and far end of the TMC (Figures 4 and 6) is related to the

distinction in dynamics. However, the mean proper
motions of both the near and far ends of the TMC
are similar (Figure 6). This stands in contrast with the
findings of Fleming et al. (2019), where they reported
that the two populations had two distinct proper motion
values. However, as stated before, the analysis done in
Fleming et al. (2019) was for a much smaller sample of
Taurus members. With the improved proper motion val-
ues from Gaia DR3 and a much larger sample, we do not
see two distinct populations on the bases of kinematics.
In Figure 7, we have shown the proper motion vector
diagram of the Taurus members, which also suggests
that sources are moving in the same direction.

In Figure 6, we have also highlighted the distribution
of new TTS and sources with UV detection. We noticed
that the proper motion of new TTS has a spread similar
to the spread found in the far-end population. We can
see that most of the sources with UV detection also
follow the same spread. This is an artifact due to the lack
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Figure 6. Proper motion diagram for the TMC members
in Esplin & Luhman (2019) is color coded with distance. A
clear distinction in proper motion value with distance cannot
be seen in the figure. The average values of proper motion for
stars belonging to the two peaks are shown as green (distance
between 124 and 135 pc) and cyan (distance between 139
and 166 pc) crosses. The standard error in the mean is used to
represent the dispersion in proper motion for stars belonging
to both peaks. The proper motion distribution of new TTS
members are also highlighted with bigger filled circle.

of GALEX data in most of the Taurus region, mainly
avoiding the region with a dense population due to the
instrument’s safety. This aspect gets more clear in the
proper motion vector diagram in Figure 7, where we can
see the spatial distribution of the UV detected sources
is mostly spread all over, but not in the clumpy region.
However, the figure shows that the kinematics of the
UV-detected sources including the new TTS are similar
to the rest of the populations.

3.4 Spatial and proper motion analysis of classes II
and III sources

In the above analysis, we have used classes II and
III sources. We, however, further wanted to investi-
gate whether the distinction in the distance and proper
motion for the sources in TMC is connected to its evo-
lutionary phase. It has been suggested that CTTS and
WTTS are found over distinct distance ranges in TMC,
with the former found between 126 and 173 pc, whereas
WTTS is found on both sides of the molecular clouds,
between 106 and 259 pc (Bertout & Genova 2006). This
suggests that classes II and III sources are distributed in
different manners. To assess this, we used the sample of
519 stars from Esplin & Luhman (2019). The spatial dis-
tribution of the sample is shown in Figure 8. We do not
see any difference in the spatial distribution of classes
II and III populations. The sources with UV detection
are found to be spread mainly in the outskirts, avoiding
the central dense star-forming clouds and dense clumps,

Figure 7. Position as well as proper motion of known mem-
bers of TMC along the new TTS candidates are shown in this
study. We have also shown the sources that have both NUV
and FUV also detected. The blue horizontal bar on the top
left represents the proper motion of 20 mas yr−1. The major
Lynd clouds and Bernard clouds are also marked.

Figure 8. Spatial distribution of the known members of
TMC (separated into different evolution stages) along the
new TTS candidates in this study overplotted on the extinction
map of TMC from Dobashi et al. (2005). We have also shown
the sources that have both NUV and FUV also detected. The
major Lynd clouds and Bernard clouds are also marked.

which is due the lack of GALEX observations in those
regions. We also noticed that many UV detected sources
are mostly overlap with class II sources, indicating that
they might be actively accreting material from their cir-
cumstellar disks. With the current UV telescope, UVIT
and upcoming INSIST, we can get more of UV coverage
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Figure 9. (a) Distribution to the distance of the class II
(red) and class III (blue) sources from the Esplin & Luhman
(2019) sample, is shown. Also shown is the fit to the distribu-
tion. (b) Proper motion of the class II (red points) and class
III (blue points) sample from Esplin & Luhman (2019) as a
function of distance.

of the Taurus region and detailed analysis of different
class of populations and TTS.

We then analysed the distance distribution of classes
II and III sources, which are shown in Figure 9(a). It
is evident from Figure 9(a) that both classes II and
III sources independently show two peaks in the dis-
tance distribution and it is more prominent for class
III. This agrees with Figure 4, where we included the
whole sample of stars for the analysis. We found that
class II sources show distance distribution peaking
at 131.231.87−1.86pc and 157.92.59−2.87pc, whereas class III
sources peak at 127.981.82−1.40pc and 158.73.48−4.38pc. The
2-sample KS test shows that the probability of drawing
the two distance distributions from the same sample
is 52%

The proper motion for the classes II and III sources
are calculated from μα and μδ values. The proper
motion values are plotted with distance in Figure 9(b).
The proper motion values of the sources span a range
from 10 to 35 mas yr−1. However, most of the sources
are found to be around 22 mas yr−1, agreeing with
previous studies (Bertout & Genova 2006). It can be
seen from Figure 9(b) that classes II and III sources
are indistinguishable in terms of proper motion values.
The two-dimensional two-sided KS test reveals that the

Figure 10. Gaia CMD containing 304 TMC members over-
plotted with the MIST isochrones of ages 0.1, 1, 10 and 100
Myr. The blue crosses are the stars in the distance range of
123–133 pc, and the red circles are stars at 140–161 pc.
The green plus symbols are the stars that do not belong to
near or far populations in the distance histogram. We used
the MIST isochrones with metallicity, Z = 0.0152 and
(V/Vcrit) = 0.4.

associated probability that the two samples are drawn
from the same populations is 17%. Hence, we concluded
that the distribution of classes II and III sources in TMC
are similar both spatially and kinematically.

3.5 Gaia color–magnitude diagram

To check whether the two populations seen in the
distance (Figure 4) translate to distinction in stellar
parameters, we plotted the sample of stars in Gaia CMD.
We found Gaia magnitudes for 304 stars from Luhman
(2018), in the distance range of 100–200 pc. The sample
of stars belonging to two sub-populations are denoted
in distinct colors. The sample of the near population
belongs to the distance range of 123–137 pc, whereas
the far population is from 146 to 167 pc (considering
the FDR scheme). The stars which do not belong to
both these populations are mentioned as ‘others’ in Fig-
ure 10. We have not corrected the CMD for extinction
since the reddening vector and the sequence of stars in
TMC CMD are parallel (see Esplin & Luhman 2019).
The reddening vector is represented in Figure 10.

Overplotted in this figure are the isochrones for age
estimation. ‘Modules for Experiments in Stellar Astro-
physics (MESA) isochrones and evolutionary tracks’
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(MIST, Choi et al. 2016) are used for the present anal-
ysis. MIST isochrones of ages 0.1, 1, 10 and 100 Myr
are plotted along with the main sequence from Pecaut &
Mamajek (2013). It can be seen that the whole sample
of stars is found to be in the age range of 0.1–10 Myr.
We are not able to fit the fainter and the redder part of the
CMD as these are probably brown dwarfs and MESA
does not reach that lower mass limit. Interestingly, there
is no distinction between the location of stars belonging
to the near and far ends of TMC.

4. Conclusion

In this work, we have developed a new method using
UV and optical CMD to identify TTS candidates. A
large photometric survey of star-forming regions with
UV telescopes (like UVIT and INSIST) combined with
Gaia data will reveal many more new TTS candidates.
We do see two peaks in the distance distribution of Tau-
rus members, but they are not very distinct, as suggested
by Fleming et al. (2019) and named as two horns. We
noticed that the far end has a relatively larger spread
over the distance compared to the near-end population.
Fleming et al. (2019) reported that the mean proper
motion of these two horns was also different, where the
authors used Gaia DR2 data. Using Gaia DR3 with a
significant improvement in astrometry over Gaia DR2,
we found that the mean proper motion of both the
far and near-end population are similar and the far-
end population has a relatively large spread in proper
motion compared to the near-end. We concluded that
we do not find a distinction in the kinematics of stars
at the near and far ends of the TMC. Since the loca-
tion of these young stars is correlated with the location
of the dark (Lynd & Barnard) clouds, such a distinc-
tion is connected to the star-formation process in TMC.
We also found that both populations have similar age
distributions.

The major results of this study are summarized below.

• We have developed new criteria to identify new
TTS candidates using UV and optical CMDs by
combining the GALEX and Gaia surveys. We
found five new Taurus members, which are newly
identified TTS candidates in the TMC.

• The distance distribution of Gaia sources in the
TMC is found to have two peaks, at 130.171.31−1.24
and 156.251.86

−5.00 pc (from the FDR method),
respectively, but not very distinct as reported pre-
viously. This may suggest a dumbell-type of mor-
phology in the distance distribution of sources in

TMC. However, from the three-dimensional rep-
resentation of the sources in RA-DEC-distance
space, we found that the sources at the far end
of the TMC (>140 pc) are more scattered when
compared to the nearby sources.

• From the proper motion analysis, we do not find
a distinction in dynamics between the near and
far sources in the TMC, however, the sources on
the far end have a larger spread in proper motion
compared to that found on the near end.

• The spatial and kinematic distributions of classes
II and III sources are very similar.

• The distinction in the spatial location of stars does
not translate to a difference in age, as seen from
their distribution in the Gaia CMD.
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Appendix A. Sturges’ rule

Sturges’ rule (Sturges 1926) provides a simple method
of binning the data based on the number of data points,
n. Sturges’ rule makes the assumption that the histogram
consists of normally distributed data points, approxima
ted as a binomial distribution. The optical number
of bins, k, using the Sturges’ rule (Sturges 1926) is

https://www.cosmos.esa.int/gaia
https://archives.esac.esa.int/gaia
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given as:

k = 1 + log2(n). (A.1)

Appendix B. Rice rule and the rule of square roots

Other methods based on the number of data points in
the sample are Rice rule2 and the rule of square roots.
The number of bins, k, as given by Rice rule is k =
3
√
n × 2 and from the rule of square roots is k = √

n.
The issue with these methods is that they do not consider
the inherent skewness of the data.

Appendix C. Doane’s rule

If the data points are not normally distributed, we
can use a modification of the Sturges’ rule, known
as Doane’s rule (Doane 1976). Doane’s rule tries to
account for the skewness of the data. The number of
bins, k, is given as:

k = 1 + log2(n) + log2

(
1 + |g1|

σg1

)
, (C.1)

where g1 is the estimated 3rd-moment-skewness of the
distribution and is given as:

g1 = �n
i=1(Xi − X̄)3

[�n
i=1(Xi − X̄)2]3/2

. (C.2)

Here, Xi are the data points and X̄ is the mean of the
sample. σg1 is given as:

σg1 =
√

6(n − 2)

(n + 1)(n + 3)
. (C.3)

Appendix D. Scott’s rule

Scott’s rule (Scott 1979) is based on the standard devi-
ation, σ , of the data. Unlike previous methods, Scott’s
rule gives us the optimal bin width, h, and not the num-
ber of bins, k. The bin width, w, is correlated with the
number of bins by k = R/w, where R is the range in
the distribution. The bin width is given as follows:

h = 3.49σ
3
√
n

. (D.1)

Appendix E. Freedman–Diaconis rule

The Freedman–Diaconis rule (hereafter FDR; Freed-
man & Diaconis 1981) has a similar approach as that of

2http://onlinestatbook.com/Online_Statistics_Education.pdf.

Scott’s rule, wherein the optimal bin width is considered
instead of the number of bins. The optimal number of
bins in the FDR rule depends on the interquartile range
IQR(x). The IQR(x) is less sensitive to deviant out-
lier points than the usual standard deviation estimations.
Standard deviation calculation depends on the mean of
the data, where outlier data points are included. This
may affect the accuracy of the result, and hence IQR(x)
will be the best way to estimate the bin size. The optical
bin width is estimated as:

h = 2
IQR(x)

3
√
n

. (E.1)
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