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Abstract. Optical spectroscopy offers the most direct view of the stellar properties and the accretion indicators.
Standard accretion tracers, such as HB, Ho and Ca II triplet lines, and most photospheric features fall in the
optical wavelengths. However, these tracers are not readily observable from deeply embedded protostars because
of the large line of sight extinction (A, ~ 50-100 mag) toward them. In some cases, however, it is possible
to observe protostars at optical wavelengths if the outflow cavity is aligned along the line-of-sight that allows
observations of the photosphere, or the envelope is very tenuous and thin, such that the extinction is low. In
such cases, we not only detect these protostars at optical wavelengths, but also follow up spectroscopically. We
have used the HOPS catalog (Furlan ez al. in 2016) of protostars in Orion to search for optical counterparts for
protostars in the Gaia DR3 survey. Out of the 330 protostars in the HOPS sample, an optical counterpart within
2" is detected for 62 of the protostars. For 17 out of 62 optically detected protostars, we obtained optical spectra
(between 5500 and 8900 A) using nt Object Spectrograph and Camera (ADFOSC) on the 3.6-m Devasthal
Optical Telescope (DOT) and Hanle Faint Object Spectrograph Camera (HFOSC) on 2-m Himalayan Chandra
Telescope (HCT). We detect strong photospheric features, such as the TiO bands in the spectra (of 4 protostars),
hinting that photospheres can form early in the star-formation process. We further determined the spectral types
of protostars, which show photospheres similar to a late M-type. Mass accretion rates derived for the protostars

are similar to those found for T-Tauri stars, in the range of 107/=1078 Mg yr~!.

Keywords.

1. Introduction

One of the central questions in star formation is, when
does a star attain its final mass? The relatively low mass
accretion rates observed for T-Tauri stars (~107% M
yr~ 1) (e.g., Hartmann er al. 1998) suggest that the star
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must acquire most of its mass during the protostellar
phase (e.g., White & Hillenbrand 2004). It is also in
the protostellar phase that the protoplanetary disk is
formed, and the initial physical and chemical conditions
for planet formation are set (e.g., Vorobyov 2009; Krat-
ter et al. 2010; Li et al. 2014; Tobin et al. 2020; Pokhrel
et al. 2023). Measuring the accretion rate and accretion
feedback from protostars is essential in comprehend-
ing the process of star and planet formation. However,
determining the accretion rates of protostars poses a
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challenge. The conventional accretion tracers like HS,
Ho and Ca-II IR triplet lines (Hartmann er al. 2016)
are situated in the optical wavelengths and are not eas-
ily observable due to significant line-of-sight extinction
(A, ~ 50 mag; Whitney et al. 1997) towards deeply
embedded protostars. Protostars have been extensively
studied in the near-infrared (NIR) range, where accre-
tion tracers like Pa and Bry can be utilized to quantify
the mass accretion rates (e.g., Greene & Lada 1997,
Doppmann et al. 2005; Greene et al. 2018; Fiorellino
et al. 2023). However, all the NIR signatures of accre-
tion are secondary tracers and the UBV continuum
excess (Hartmann ef al. 2016), which is the direct tracer
of accretion, lies in the optical wavelengths.

Optical detection and observations of protostars have
been few and far between (e.g., Kenyon et al. 1998;
White & Hillenbrand 2004; Riaz et al. 2015). Optical
spectroscopy has played a central role in advancing our
understanding of low-mass star formation, especially
pre-main sequence evolution. It is the most accurate
tool for characterizing the stellar photospheric proper-
ties (e.g., Tefr or spectral type, log g and [Fe/H]) (White
& Hillenbrand 2004). With optical spectra of embedded
protostars, we can address the long-standing question of
‘When does the photosphere first form in protostars?’
By detecting the photospheric features, we can assign
a spectral type to the protostars, which has long been
challenging. Spectra at wavelengths <1 pwm can provide
adirect estimate of the mass accretion rate, an important
probe on the mass accretion/ejection processes in proto-
stars, and constrain the physical conditions of accretion
shock models (White et al. 2007). Thus, measuring stel-
lar photospheric properties and probing the processes at
the star—disk interface requires spectroscopic observa-
tions at the optical wavelengths, where protostars are
barely visible.

Most studies on protostar are carried out in the NIR
or longer wavelength regimes, where these sources are
relatively bright (e.g., Greene & Lada 1997; Doppmann
et al. 2005; Greene et al. 2018; Fiorellino et al. 2022,
2023). However, there are two significant advantages
of optical spectroscopy compared to NIR spectroscopy
when it comes to characterizing stellar and accretion
properties (White & Hillenbrand 2004):

1. Optical spectroscopy provides a more direct view
of the stellar properties and accretion luminosity.
In the NIR range, the emission can be domi-
nated by thermal emission from warm dust and
gas. However, in the optical range, the light is
primarily emitted from the photosphere and the
accretion shocks. This distinction allows optical
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spectroscopy to offer a clearer and more direct
understanding of the stellar properties and the
energy released during accretion.

2. Optical wavelengths are more efficient at scat-
tering by small dust grains compared to NIR
wavelengths. Consequently, even when the stel-
lar photosphere is not directly visible due to high
circumstellar extinction, the presence of cavities
can enable the observation of the photosphere
and accretion shocks through scattered light. This
scattering phenomenon provides an opportunity
to gather valuable information about the stellar
and accretion processes that would otherwise be
obscured in the NIR spectrum.

Thus, measuring stellar photospheric properties and
probing the processes at the star—disk interface requires
spectroscopic observations at the optical wavelengths,
where protostars are barely visible.

The dust in the protostar envelope reprocesses the
shorter-wavelength photons emitted by the central star
and the accretion shocks, and re-emits at mid- to far-
infrared wavelengths (Dunham et al. 2010, 2014).
Owing to this, the SEDs of the protostars peak in the
far-IR, and little optical emission is detected from pro-
tostars. However, in some cases, it is possible to observe
the protostar at optical wavelengths provided the enve-
lope cavity of the protostar is aligned favorably with
respect to the line-of-sight so as to permit the observa-
tions of the photosphere and accretion shock through
scattered light (Kenyon et al. 1998; White et al. 2007)
or the envelope is very tenuous and thin such that the
extinction towards the protostar is low (Narang ef al. in
prep). In such cases, it is possible even to obtain opti-
cal spectra of the protostars (e.g., Kenyon et al. 1998;
White & Hillenbrand 2004; Riaz et al. 2015).

In this work, we leverage the sensitivity and spa-
tial resolution of Gaia to detect faint objects, even
in crowded regions. Since the protostars are deeply
embedded, Gaia provides us with an extensive and deep
survey that can be used to detect some of them. We
present a sample of 62 protostars from the Orion star-
forming region with an optical counterpart detected
in the Gaia EDR3/DR3 (Gaia Collaboration et al.
2021). Section 2 discusses the sample and the Gaia
cross-matching process. In Section 3, we investigated
the differences between the protostellar properties of
the parent sample and optically detected sample. We
compared the bolometric luminosity and bolometric
temperature. Section 4 presents the optical spectra of
some of the optically bright protostars and we estimate
the spectral types and derive the mass accretion rates
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onto these protostars. Finally, we summarized our find-
ings in Section 5.

2. Sample selection

To ensure a homogeneous sample of protostars with
well-determined properties and comprehensive follow-
up observations, we used the protostellar sample from
Herschel Orion Protostellar Survey (HOPS) (Megeath
etal.2011; Manoj et al. 2013; Furlan et al. 2016; Feder-
man et al. 2023). The HOPS sample consists of 92 Class
0 protostars, 125 Class I protostars, 102 flat-spectrum
sources and 11 Class II sources totaling 330 objects.
This is the largest sample of protostars studied from
a single star-formation region within 500 pc from us.
For these protostars, photometry data from 2MASS,
Spitzer, Herschel, APEX and ALMA have been com-
piled, and the protostellar properties are robustly and
homogeneously determined.

To cross-match the HOPS sources with Gaia
EDR3/DR3 (Gaia Collaboration et al. 2021). We used
the source position listed in Furlan ef al. (2016) and
cross-matched it with the Gaia EDR3/DR3 catalog. We
used a search radius of 2”, which resulted in 68 cross-
matches for 62 HOPS sources. In addition, six of the
HOPS sources have another companion detected with
GaiaDR3 within 2”. These sources are HOPS 45, HOPS
71, HOPS 163, HOPS 170, HOPS 293 and HOPS 378.
This work analyses the optical source closest to the IR
position.

The final sample of Gaia detected HOPS protostars
consisted of 62 sources with 18 Class I sources, 36 flat-
spectrum sources, and 8 Class II sources. No Class
0 protostars were detected with Gaia. All the Gaia
detected sources are within 1.3” of the IR position
listed in Furlan et al. (2016) with a median offset of
only 0.3”. So far, this is the largest sample of optically
detected protostars from a single star-forming region.
This work has increased the number of optically visible
protostars currently known by a factor of 2-3.

Spatial distribution of the parent sample and the
HOPS sources with Gaia DR3 counterparts are shown in
Figure 1. There is no preference for the Gaia detected
sources to be either predominantly from Orion A or
Orion B. Since the protostars have a large line of sight
extinction, they are extremely faint at shorter wave-
lengths. This is the major reason why not many studies
on the optical properties of protostars have been carried
out. In Figure 2, we show the distribution of Gaia G

band magnitude for the optically detected HOPS sources.

The optically detected sources are faint with a median
magnitude of 18 in the G band.
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Figure 1. Spatial distribution of the HOPS sources in the

OMC region overlaid on the SPIRE 250 pm image. The
HOPS sources with optical counterparts are shown as solid
red circles and the HOPS sources of the parent sample from
Furlan et al. (2016) are shown as solid blue circles.
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Figure 2. The Gaia G band magnitude of the optically
detected HOPS sources.

3. Evolutionary status

Among the 62 sources detected optically, 60% exhibit
flat-spectrum characteristics, while roughly 30% belong
to Class I sources. Interestingly, no Class O sources have
been detected at optical wavelengths using Gaia. The
initial sample from which these detections were made
consisted of 27% Class 0 sources, 40% Class I sources,
30% flat-spectrum sources and 3% Class II sources.
Comparing the optically detected sources to the parent
sample, it appears that the optically detected sources are
more evolved.
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(a) The Ly distribution of the parent sample (blue histogram) and the HOPS sources with Gaia DR3 counterparts

(peach histogram). The Y axis represents the fraction of the HOPS target in each sample (either optically detected or the
larger parent sample). The Ly, distribution is similar between the two samples. (b) The Ty, distribution of the parent sample
(blue histogram) and HOPS sources with Gaia DR3 counterparts (peach histogram).

We compared the bolometric luminosity, Ly and
bolometric temperature, Tyo of the parent sample and
optically detected sources. We used the Ly and Tyl
listed in Furlan et al. (2016) for this purpose. In
Figure 3(a), we have shown the Ly distribution. To
test whether Ly distribution of the parent sample
and the sources with optical counterparts are sim-
ilar or different. We use the two-sample two-sided
Kolmogorov—Smirnov test (Virtanen et al. 2020).

The Ly distribution of the parent sample and the
sources with optical counterparts have a two-sample
KS statistic D = 0.11 and an associated p-value of
47%. Since the D value is small and the p-value is
large, we cannot reject the null hypothesis in favor of
the alternative. This suggests that the Ly, distribution of
the parent sample and optically detected protostars are
similar and likely drawn from the same parent sample.

The Tyo distribution (Figure3b) of the optically
detected sample is, on an average, higher than the par-
ent sample. The two-sample KS test on the Ty values
of the two samples gives us the two-sample KS statistic
D = 0.55 and an associated p-value of 2 x 10713%.
The low p-value indicates that the probability that the
two Tyop distributions are drawn from the initial sam-
ple distribution is vanishingly small, suggesting that the
Tyo1 distributions of these two samples are statistically
different.

The higher Ty, values of the optically detected HOPS
sources indicate that they are more evolved than the
parent sample. This is also consistent with the fact
that most of the optically detected protostars are flat-
spectrum sources and Class I sources, and we do not
detect any Class 0 sources. Since these sources appear
to be more evolved than the parent sample, they have

likely dissipated some of their envelope material, mak-
ing to detect them easily at the optical wavelengths.

4. Optical spectroscopy of HOPS targets

As shown in Figure 2, the median Gaia G band magni-
tude of the optically detected protostars is ~18. Some
protostars are bright enough to be observed using 2—4-m
class telescopes. For these HOPS sources, we obtained
low-resolution (R ~ 1100-2500) optical spectra. We
observed these protostars using the Aries-Devasthal
Faint Object Spectrograph Camera (ADFOSC) on the
3.6-m Devasthal Optical Telescope (DOT) and the
Hanle Faint Object Spectrograph Camera (HFOSC) on
the Himalayan Chandra Telescope (HCT). The spec-
tra were obtained between December 2019 and January
2022. We observed 16 HOPS sources with the ADFOSC
instrument (as part of DOT-C1-P50-2021; PI-Mayank
Narang) using the 676R Grism (35008950 A) with a
slit width of 1”. We also observed optical spectra of
six protostars using HFOSC using Grism8 (5000-9100
A) and a slit width of 1.92”. We obtained spectra for
flat-spectrum 17 protostars, with multi-epoch spectra
for three protostars.

We used the HFOSC-Automated-Pipeline (HAPILI)'
(see also Appendix) to reduce the HFOSC data. HAPILI
is an automated pipeline to reduce data of the Faint
Object Spectrograph (FOS) class of instruments and
was developed for HFOSC on HCT. We further mod-
ified the HAPILI pipeline to reduce ADFOSC data
as well. HAPILI is a python-based pipeline that runs
PYRAF as the back-end. The pipeline performs dark,

Uhttps://github.com/Mayankattifr/HAPILL


https://github.com/Mayankattifr/HAPILI

J. Astrophys. Astr. (2023) 44:92 Page 50f9 92
50 HOPS 58 HOPS 235 Ha
Ca IR Triplet 175 1
I i
s He @ L,=48L, .
= L, =45L, 1 £ 125 _ Ca IR Triplet
30 1 -g0k S Ty~ 680K | T
Y bol ™~ o 100 |
5 8 \
% P19 | |
5 20 ] ERE
z O L i | = e | |
MYVTE Pl LSRR 11| |} A il )
10 on | A | e sl 50, [O|I] N hﬂwww«w by, |
Y i b ) NALA"“" Lf A""’Wm il
L i 25F st LF- eIV
o, — I L I B
5500 6000 6500 7000 7500 8000 8500 9000 5500 6000 6500 7000 7500 8000 8500 9000

Wavelength (4)

Wavelength (4)

Figure 4. Optical spectra taken with ADFOSC on DOT for HOPS 58 and HOPS 235 were obtained as part of DOT-2021-C1-
P50 (PI-Mayank Narang). Also identified are the prominent lines and TiO band (the spectra, however, is not flux calibrated).
These two protostars have very similar protostellar properties, but have different spectral profiles.

bias correction and flat fielding, and automatically does
the aperture identification and extraction. This is fol-
lowed by wavelength calibration to produce the final
spectra.

4.1 Detection of photospheric features in protostars

Several broadband (TiO AA 6250, 6800, 7140; VO
AA 7510; White & Hillenbrand 2004; Herczeg & Hil-
lenbrand 2014) and narrow absorption (e.g., Ca I AX
6156.023, 6471.662; Fe 1 A1 5295.312, 6151.617,
6469.193; K I 217665, 7699; Na I AA 8183, 8195;
White & Hillenbrand 2004; Rei et al. 2018) features are
present in the 5000-9100 A range in the spectra of main-
sequence and T-Tauri stars. These features have been
extensively used for spectral typing T-Tauri stars (e.g.,
Luhman 2004, 2006; Herczeg & Hillenbrand 2014).
Some of these features were also used by White &
Hillenbrand (2004) spectral-type protostars detected at
optical wavelengths. For four out of the 17 protostars,
the photospheric feature of TiO 7140 A band is detected
in the spectra, suggesting that the photosphere can form
early in the star-formation process. In these cases, the
central (proto)stars appear to have a photosphere similar
to that of a late M-type star.

In Figure 4, we show the ADFOSC spectra of HOPS
58 and HOPS 235 obtained as part of DOT-2021-C1-
P50 (PI-Mayank Narang). Both HOPS 58 and HOPS
235 have similar Lpo and Ty, yet HOPS 58 displays
the TiO feature, while HOPS 235 does not show the fea-
ture, indicating that even for protostars having similar
protostellar properties (Lpo1 and Tho]), the optical spec-
tra can be very different. This dichotomy in the spectra
of essentially similar protostars can be due to two pos-
sible reasons: either the photosphere is yet to form in
HOPS 235, or that HOPS 235 has a hotter photosphere

(spectral type earlier than M-type) and hence, does not
have the TiO feature.

Even though we detected the broadband TiO feature,
no narrowband features were detected in the spectra.
There are two main reasons why we have not detected
any narrow photospheric lines: (i) accretion shocks can
produce an underlying ~10,000 K blackbody contin-
uum, which can fill in the absorption lines leading to
their diminished strength. This is known as veiling
(Bertout & Bouvier 1988; Walter et al. 1988). If the
veiling is strong, as might be the case for protostars, the
entire line can be filled in, resulting in the absence of
the narrow features in the spectrum. (ii) Another possi-
ble reason for the non-detection of narrow photospheric
features could be the low SNR of our spectra. Nonethe-
less, from this analysis, the main conclusion we can
draw is that the photospheres can form fairly early, at
least in some cases, as early as the flat-spectrum stage.

4.2 Mass accretion rates from protostars

We computed mass accretion rates for the protostars
for which we have optical spectra. We use the relation
between accretion and line luminosity derived for T-
Tauri stars. A similar prescription has been used by Riaz
etal. (2015), who used relations derived for T-Tauri stars
to compute the mass accretion rates from protostars.
From the optical spectra, we measured the equivalent
widths of He; then estimated the continuum underlying
the Ho line from Gaia Grp (similar to Mathew et al.
2018) that is de-reddened using the A, values listed in
Furlan et al. (2016) following the prescription in Arun
et al. (2019). We computed the Ho luminosity (Lyy)
using these quantities. In the case of T-Tauri stars, it
has been shown that Ly, is correlated with accretion
luminosity (Lacc) (e.g., Muzerolle et al. 1998; Alcala
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Figure 5. Distribution of mass accretion rate of protostars
in Orion (orange histogram) and mass accretion rates from
well-studied T-Tauri stars from Taurus.

et al. 2017) such that:

L
log,o ( La;C) = (1.13 £0.05) log;((LHe)

+ (1.74 £ 0.19). (1)

Accretion luminosity is connected to mass accretion
rate (M) as (Hartmann et al. 2016):

 GM My (1 Ry >

R, Rin ’
where M, and R, are stellar mass and radius and Rj, is
the disk truncation radius from which the gas falls onto
the star. For T-Tauri stars Rj, is typically assumed to
be ~5R, (Gullbring et al. 1998). Therefore, the above
equation can be written as:

Mayce = (1 — Ry/Rin) X (LaccRx/GMy)
~ 1.25(Lacc R/ GM,). (3)

We have considered Ry/M, ~ 5Rs/Mg (similar to
the values used for T-Tauri (e.g., Kenyon et al. 1998;
Herczeg & Hillenbrand 2008) and used above equation
to estimate M. acc for all the protostars.

In Figure 5 (also see Table 1), we show the distribu-
tion of M e derived for the protostars. We also show the
mass accretion rates derived for a well-studied sample
of T-Tauri stars from Taurus (Furlan ef al. 2011) using
the latest LAMOST DR7 spectra (Luo et al. 2022). The
median mass accretion rate derived for the protostars is
~1.3 x 1078 Mg yr~—!. The mass accretion rate derived
for the T-Tauri sample is ~5 x 107 M yr~!. Thus, we
found that the mass accretion rates of protostars in our
sample and that of T-Tauri stars are similar. Similar val-
ues of accretion rates in the range of 1 x 10710—1 x 10~7
Mg yr~! (using optical wavelength) have been derived
by White & Hillenbrand (2004), Kenyon et al. (1998)
and Riaz et al. (2015). At such low (and steady) mass
accretion rates, a Sun-like star cannot be formed in ~0.5
Myr. This strongly suggests that either episodic accre-
tion is the dominant mode of accretion in protostars

Lacc 2
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or that most of the stellar mass is accreted very early
during the Class O stage (e.g., Vorobyov & Basu 2005;
Stamatellos et al. 2012; Zakri et al. 2022; Megeath et al.
2023).

S. Summary

This work presents our results from an optical search of
protostars in the Orion Molecular Cloud (OMC) region
with Gaia DR3. Out of the 330 protostars in the HOPS
catalog, we detected optical counterparts for 62 sources,
thereby increasing the number of optically detected
protostars by a factor of 2-3.

We further showed that the optically detected pro-
tostars are more evolved than the parent sample and
prominently consist of Class I and flat-spectrum sources.
The optically detected protostars have an Ly, distri-
bution similar to that of the larger parent sample in
Orion (listed in Furlan er al. 2016). The Ti) distribu-
tion of the Gaia detected protostars, however, is different
from the parent sample: the optically detected protostars
have a higher Ti,,) when compared to the parent sam-
ple. A higher Ti,) indicates that these sources are more
evolved.

We obtained optical spectra of the Gaia detected pro-
tostars using HFOSC on HCT and ADFOSC on the
3.6-m DOT. For 17 out of 62 optically detected pro-
tostars, we were able to obtain low-resolution optical
spectra. Furthermore, for four out of the 17 protostars,
photospheric features, such as TiO bands are detected
in the spectra, suggesting that the photosphere can form
early in the star-formation process. In these cases, the
central (proto)stars appear to have a photosphere similar
to that of a late M-type star.

We detected strong emission lines, which we used to
compute the mass accretion rates onto these protostars
and found them to range between 5 x 10719 and 1 x
10~7 M yr—!, which are similar to those found for pre-
main sequence T-Tauri stars. At such low mass accretion
rates, a Sun-like star cannot be formed in ~ 0.5 Myr.
This strongly suggests that either episodic accretion is
the dominant mode of accretion in protostars or that
most of the stellar mass is accreted very early during
the Class 0 stage.
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Table 1. Properties (Lpol, 1ol and A,) and Gaia Grp magn@tude of the protostars along with equivalent width of Ho (EW

Hea) detected in the optical spectra. The mass accretion rate My derived using the EW Ha are also listed.

Lol Tvol Instrument/ EW Ho log;g (Macc)
Name (Lp) (K) GRrp Ay telescope Date (10\) (Mg year‘l)
HOPS 3 0.55 467 16.1 3 ADFOSC/DOT 2021-02-22 122+ 6 —8.25+0.76
HOPS 45 8.5 518 14.3 2 ADFOSC/DOT 2021-02-22 184 £ 11 —7.23+£0.67
HOPS 49 0.7 356 14.6 0 HFOSC/HCT 2021-12-22 23£1 —9.29 £ 0.86
HOPS 58 4.5 620 14.5 5 ADFOSC/DOT 2021-02-22 39+2 —7.534+0.7
HOPS 59 49.5 528 13.6 3 HFOSC/HCT 2021-12-23 40+ 1 —7.82+0.72
HOPS 70A 6.9 619 14.0 1 ADFOSC/DOT 2020-12-18 20+2 —8.57+0.79
HOPS 70B 6.9 619 14.4 1 ADFOSC/DOT 2021-02-22 7+2 —9.26 £ 0.86
HOPS 71A 5.6 277 14.0 0 ADFOSC/DOT 2021-02-22 24+ 1 —9.03+£0.84
HOPS 107 5 472 15.5 4 ADFOSC/DOT 2021-02-22 30+4 —8.49£0.78
HOPS 134 7.8 781 13.6 1 ADFOSC/DOT 2021-02-22 64 +3 —8.13+£0.75
HOPS 134 7.8 781 13.6 1 HFOSC/HCT 2021-12-23 90 +2 —7.96 £0.73
HOPS 170A 2.5 832 13.2 0 ADFOSC/DOT 2021-02-22 12745 —7.79 £ 0.76
HOPS 170B 2.5 832 13.2 0 ADFOSC/DOT 2021-02-22 60+ 1 —8.16 £0.70
HOPS 194 12.7 645 11.8 0 ADFOSC/DOT 2021-02-22 50+3 —7.59+£0.73
HOPS 194 12.7 645 11.8 0 HFOSC/HCT 2019-12-04 36 + 1 —7.84 +0.69
HOPS 194 12.7 645 11.8 0 HFOSC/HCT 2021-12-23 70+ 1 —7.51 £0.78
HOPS 199 0.2 576 15.8 3 ADFOSC/DOT 2020-12-18 76 £3 —8.42 + 0.66
HOPS 235 4.8 680 11.6 1 ADFOSC/DOT 2020-12-18 67+5 —7.16 £ 0.66
HOPS 235 4.8 680 11.6 1 HFOSC/HCT 2019-12-04 65+2 —7.17 £ 0.64
HOPS 235 4.8 680 11.6 1 HFOSC/HCT 2021-12-23 105 +2 —6.94 + 0.67
HOPS 260 1.7 600 15.6 2 ADFOSC/DOT 2021-02-22 53+2 —8.81 £ 0.81
HOPS 294 2.8 607 14.1 5 ADFOSC/DOT 2020-12-18 30+1 —7.23+0.74
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Data Processing and Analysis Consortium (DPAC).
Funding for the DPAC is provided by national insti-
tutions, particularly the institutions participating in the
Gaia MultiLateral Agreement (MLA). This research has
also used NASA’s Astrophysics Data System Abstract
Service and SIMBAD database, operated at CDS, Stras-
bourg, France. This work is based on the observations
obtained at the 3.6-m DOT, which is a National Facil-
ity run and managed by Aryabhatta Research Institute
of Observational Sciences (ARIES), an autonomous
institute under Department of Science and Technology,
Government of India. We would also thank the staff at
IAO, Hanle, and its remote control station at CREST,
Hosakote, for their help during the observation runs.

Appendix
HAPILI

A major challenge in the upcoming years is going to be
the sheer volume of data that the various astronomical

facilities will collect. In preparation for this, we have
started the development of data reduction pipelines for
the FOS class of instruments. We have developed a data
reduction pipeline for HFOSC on HCT and ADFOSC
on the 3.6-m DOT.

Since both these instruments are Faint Object Spec-
trographs, the data reduction steps between the two are
very similar. Hence, a pipeline capable of reducing the
data from both instruments was possible. The python-
based pipeline runs PYRAF (Science Software Branch
at STScl 2012) in the backend. PYRAF is the python
wrapper of IRAF (Tody 1986). PYRAF enables IRAF
commands to be called and executed within the python
environment.

The pipeline first reads the header of all the fits files
and, based on the information in the header, classifies
the fits files as bias, flats, objects and lamp. In the case
of HCT, the pipeline can distinguish between the FeNe
and FeAr lamp as well. Next, using standard PYRAF
routines, the median combined bias and flat files are
generated. The science objects are both bias-corrected
as well as flat-fielded. The pipeline next has the option of
median combining the science object before or after the
data reduction. Next, the pipeline automatically does
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aperture identification by running the standard IRAF
task ‘apall’. Standard parameters, such as the gain of
the instrument and readout noise have already been
coded in the pipeline, but can be easily modified. This
makes the pipeline versatile enough to be used with
other FOS class of instruments as well. The aperture
is then automatically traced, with the user having the
option to adjust the fit. All these are carried out auto-
matically in an IRAF terminal. Currently, the only step
that requires heavy user interaction is wavelength iden-
tification, which is done using the IRAF task ‘identify’.
We are working towards automating this step as well.
Next, we used the IRAF tasks ‘refspec’ and ‘dispcor’ to
the wavelength-calibrated spectrum and produced the
final spectrum.
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