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Abstract

We present here initial results of our spectro-photometric monitoring of XZ Tau. During our
monitoring period, XZ Tau exhibited several episodes of brightness variations in timescales of
months at optical wavelengths in contrast to the mid-infrared wavelengths. The color evolution
of XZ Tau during this period suggests that the brightness variations are driven by changes in
accretion from the disc. The mid-infrared light curve shows an overall decline in brightness
by ~ 0.5 and 0.7 magnitudes respectively in WISE W1 (3.4 um) and W2 (4.6 um) bands. The
emission profile of the hydrogen recombination lines along with that of Ca Il IRT lines points
towards magnetospheric accretion of XZ Tau. We have detected P Cygni profile in HB indicat-
ing of out-flowing winds from regions close to accretion. Forbidden transitions of oxygen are
also detected, likely indicating jets originating around the central pre-main sequence star.

Keywords: Star formation, Young Stellar Object, Eruptive variables, Episodic Accretion

1. Introduction

The process of accretion is fundamental in the formation of stars even though it is poorly
understood (Hartmann et al., 2016). Initially, a steady state accretion rate was theorized for
the formation of stars (Larson, 1969; Shu, 1977; Terebey et al., 1984). However, the observed
discrepancy in the luminosity of Class I young stellar objects (YSOs) with that of the theoretical
models gave rise to the ‘Luminosity Problem’ (Kenyon et al., 1990; Evans et al., 2009). The
idea of ‘episodic accretion’ at early stages of pre-main sequence (PMS) evolution came up as
a possible solution to the luminosity problem. Observations indicate that episodic accretion
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phenomena span the entire PMS evolutionary stages from Class O to Class II (Safron et al.,
2015). Various theoretical models have been proposed to explain the origin of the circumstellar
disk instabilities that lead to the episodic outbursts. These models range from gravitational
instabilities to external perturbations by an eccentric binary (Audard et al., 2014).

The phenomenon of episodic accretion was first observed in 1936 when FU Ori underwent
an outburst of > 5 magnitudes in the V band. Since then, around 33 sources have been discov-
ered that have demonstrated episodic accretion behavior with outburst magnitudes > 2 mag-
nitudes in the V band, along with a wide variety of rise and decay timescales (Audard et al.,
2014). YSOs that exhibit episodic accretion behavior are classified as FUors and EXors using
a binary classification approach. FUor outbursts are manifested as 4-5 magnitude variations
in the V band with absorption features in their spectrum and outburst timescales of decades.
EXors on the other hand, undergo outbursts of 2—3 magnitudes with their spectra consisting of
emission features and outburst timescales of 1-2 years.

In this paper, we will be presenting initial results of our spectro-photometric monitoring of
a YSO, XZ Tau. Lorenzetti et al. (2009) classified XZ Tau as a bonafide EXor. It is located
at an approximate distance of 140 pc in the L1551 dark cloud of Taurus star-forming region.
Previously, Lorenzetti et al. (2012) and Audard et al. (2014) have reported irregular brightness
variations in optical wavelengths with timescales of months. They have attributed these varia-
tions to short scale enhancements of disk accretion. However, simultaneous multi-wavelength
photometric monitoring backed with spectroscopic observations is lacking. Such studies will
enable us to understand the origin of such small scale enhancements in accretion rate, thus mo-
tivating us to carry out the monitoring of XZ Tau. This paper is arranged as follows: Section 2
describes the observations and the data reduction techniques employed. In Sect. 3, we describe
the photometric and spectroscopic evolution of XZ Tau during our monitoring period and finally
in Sect. 4 we conclude this paper based on our findings in Sect. 3.

2. Observation and Data Reduction
2.1. Photometric data

We have obtained multi-epoch photometric data of XZ Tau in broadband optical and mid-
infrared (MIR) filters. The optical monitoring was obtained using the archival data from the
Palomar Transient Factory (PTF; for details, see Law et al., 2009), the Asteroid Terrestrial-
impact Last Alert System (ATLAS; for details, see Tonry et al., 2018), the Zwicky Tran-
sient Facility (ZTF; for details, see Bellm et al., 2019), and the American Association for
the Variable Star Observers (AAVSO). The optical data was obtained in Johnson—Cousins
(AAVSO observations are in the Johnson-Cousins filter system) B (0.44 um), V (0.55 um),
R (0.65 um) and 7 (0.80 um), PTF g (0.477 um) and R (0.63 um), ZTF zg (0.48 um) and zr
(0.64 um) and ATLAS cyan (0.53 um) and orange (0.68 um) bands. Time series MIR data
were obtained from the Near-Earth Object Wide-field Infrared Survey Explorer (NEOWISE)
survey (for details, see Mainzer et al., 2014). The MIR observations are in W1 (3.4 um) and
W2 (4.6 um) bands and are obtained from the NASA/IPAC Infrared Science archive (https:
/firsa.ipac.caltech.edu/Missions/wise.html).
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Table 1: Log of spectroscopic observations.

Telescope Date Grism Wavelength  Resolution Exposure

Range R Time
3.6m DOT  23/20/2020  Cross- 0.55-2.5 um ~ 1500 120 s x 4 frames
(TANSPEC) dispersed

2m HCT  22/02/2023 Gr7 0.38-0.68 um  ~ 1200 1500 s

(HFOSC)

2m HCT  22/02/2023 Gr8 0.58-0.84 um  ~ 2000 1500 s

(HFOSC)

2.2. Spectroscopic data

We have spectroscopically monitored XZ Tau during two epochs using the Hanle Faint
Object Spectrograph Camera (HFOSC) of the 2m Himalayan Chandra Telescope (HCT) —
details about the HFOSC instrument are available at https://www.iiap.res.in/iao/hfosc.html —
and the TIFR-ARIES Near-infrared Spectrometer (TANSPEC) of the 3.6 m Devasthal Optical
Telescope (DOT; Sharma et al., 2022). Table 1 contains the log of spectroscopic observations.

The HFOSC observations were obtained using grisms Gr. 7 and Gr. 8 which provide a res-
olution of R ~ 2000 providing wavelength coverage of 0.4 to 0.9 um. The HFOSC spectrum
was reduced and calibrated using the standard IRAF modules. IRAF is distributed by National
Optical Astronomy Observatories, USA, which is operated by the Association of Universi-
ties for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation for performing image processing. The details of the reduction and calibration pro-
cedures are described in detail in Ghosh et al. (2023a). TANSPEC observations were obtained
using 1” slit that provides a resolution of R ~ 1500 providing a wavelength coverage of 0.55
to 2.5 um. The TANSPEC spectrum is reduced using the TANSPEC data reduction pipeline
named pyTANSPEC (Ghosh et al., 2023b). Other details of the TANSPEC data reduction pro-
cedure have been outlined in Ghosh et al. (2023a).

3. Results and Analysis
3.1. Light curve

Figure 1 shows the light curve (LC) of XZ Tau spanning an almost ten year period, begin-
ning from 2013 to 2023. The typical uncertainties in the optical bands is below 0.05 magnitudes.
During this period, XZ Tau has exhibited multiple episodes of brightness variations in optical
bands. XZ Tau brightened by about 1.3, 1.1, 0.9, and 0.8 magnitudes in optical B, V, R, and 1
bands respectively between March 28, 2013 and March 03, 2014. We do not have photometric
coverage in the subsequent months of 2014; however, we see another episode of 1 magnitude
brightening in the V band between November 09, 2014 and February 21, 2015. Next we observe
that XZ Tau displays a peak brightness of 11.5 magnitudes in the orange band on September 03,
2017 and is gradually decaying to 12.6 magnitude on December 26, 2017. It started to brighten
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Figure 1: Light curve of XZ Tau in Johnson—Cousins B, V, R¢ and I,
ZTF zg and zr, PTF g’ and R, and NEOWISE W1 and W2 bands. The
AAVSO survey multi-band photometric data is labeled with AAVSO
prefix whereas the Palomar survey data is prefixed with PTF. The AT-
LAS survey data is denoted by the cyan and orange levels respectively.
The NEOWISE W1 and W2 magnitudes are scaled by 4 mag to bring
forth the variations in light curve more clearly.

again, reaching 11.6 magnitude on January 06, 2018, after which it gradually faded to 13.0 mag-
nitudes in orange on March 06, 2018. Between September 18, 2018 and November 01, 2018,
XZ Tau brightened from 12.9 magnitudes in orange to 11.6 magnitudes. During the same time
period, it brightened by ~ 1 magnitude in the B and V bands, reaching peak brightnesses of
13.6 and 12.5 magnitudes, respectively. The R and [ bands also display similar evolution dur-
ing this period, reaching peak magnitudes of 11.5 and 10.4 magnitudes, respectively. It started
to decay from peak brightness reaching a minimum on January 06, 2019 with Am ~ 1.2, 2,
2 and 1 magnitudes in the orange, B, V and I bands, respectively. Another brightening event
was recorded by the ATLAS survey starting from September 10, 2019 and reaching maximum
brightnesses of 11.7 and 12.8 magnitudes in the orange and cyan bands, respectively on Jan-
uary 26, 2020. During this interval, Am was 1 magnitude in both the orange and the cyan
bands. After January 26, 2020, XZ Tau faded by approximately 0.5 magnitudes in both orange
and cyan bands. The brightness of XZ Tau remained almost constant for the rest of 2020. In
2021, XZ Tau exhibited a sudden fading event with Am ~ 1 magnitude in the orange, B, V and
I bands. Following this fading event, the brightness of XZ Tau started to rise, almost reaching
the brightness levels of the pre-fading level. The LC of XZ Tau was stable for the rest of 2021.
Starting from January 01, 2022, the R band brightness rose by ~ 0.8 magnitudes to 12.6 while
the variation in AV and Aorange were ~ 0.9 magnitudes and 0.7 magnitudes, respectively, with
peak V and orange band magnitudes of 13.6 and 12.4, respectively. These brightness variations
occurred over a period of 113 days. Another brightness variation is observed beginning from
September 25, 2022, in which Am varied by almost 0.8, 1 and 1 magnitudes in the orange, V
and cyan bands respectively, after which the magnitudes returned to their pre-brightening levels
of 13.4 and 14.8 in the orange and cyan bands on February 14, 2023.

The MIR LC of XZ Tau shows an overall decay in brightness from February 25, 2014
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to the end of our coverage on September 03, 2021. At MIR wavelengths, XZ Tau faded by
~ 0.5 magnitudes in the W1 and 0.7 magnitudes in the W2 band. The MIR LC displays a
huge scatter which can be attributed to the fact that individual NEOWISE measurements are
noisy. The uncertainty in individual NEOWISE measurements can arise from a variety of
factors which are highlighted on the NEOWISE website (https://wise2.ipac.caltech.edu/docs/
release/neowise/expsup/sec3_2.html). The uncertainty in individual NEOWISE measurements
is less than 0.05 magnitudes. Further analysis of MIR data has been done by taking the median
value of the individual magnitude measurements for a given Julian day (typically three to five
exposures for a given Julian day) and the error is estimated by taking the standard deviation
of the magnitude variations. This has been done to estimate the error in the individual mea-
surements as the photometric error in individual measurements are small. Previously, similar
method has been employed in the case of V2493 Cyg by Ghosh et al. (2023a) to deduce its
long-term brightening from the similarly noisy individual NEOWISE measurements.

The brightness variations observed in the LC can be due to fluctuations in the accretion rate
or due to change in line of sight extinctions or a combination of both. We will investigate the
variations in the next section based on the color evolution of XZ Tau.

3.2. Color analysis

In this section, we will investigate about the brightness variations that we observe in the LC
of XZ Tau. YSOs like XZ Tau display brightness fluctuations that are driven by several factors.
According to Herbst (2018), the PMS variability can be classified into three broad categories:
Type-I variability which is attributed to the stellar spots modulated by the stellar rotation period
having typical variability amplitude of 0.1 magnitudes; Type-II variability which is driven by
accretion; Type-III variability, also known as “dippers,” which occurs due to the occultation
of the central PMS star by matter within the disk, that causes the observed variations. The
Type-II and Type-III variability can be distinguished by their slopes of color evolution in the
color-magnitude diagram (CMD) plane. The dippers follow the slope of the extinction vector,
whereas Type-II sources exhibit slopes that are different from that of the extinction vector. This
scheme has previously been followed by Hillenbrand et al. (2022). Figure 2 (left panel) shows
the color evolution of XZ Tau during our monitoring period in V vs. (V — R) CMD plane. We
have also drawn an extinction vector of Ay = 1 magnitude to compare the slope of the color
variations with that of the extinction variations. From Fig. 2 (left panel), it is evident that the
slope of the color evolution of XZ Tau is distinctively different from that of the extinction vector.
This implies that the probable cause of the observed variability to be driven by accretion as the
dominant factor. This implies that XZ Tau is possibly displaying Type-II variability. From the
left panel of Fig. 2, it also evident that there is a distinct clustering of the position of XZ Tau in
the optical CMD for the time period between mid-2021 to mid-2022 which is probably due to
a combination of decrease in the accretion flux and increase in extinction which resulted in the
red-ward movement of XZ Tau in CMD plane.

Recent theoretical advancements in the field of episodic accretion by Liu et al. (2022) have
led us to better understanding of the MIR color evolution. Their models define regions of the
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Figure 2: (Left) Color evolution of XZ Tau in the V vs. (V —R)
color-magnitude plane between 2013 and 2023. A reddening vector
of Ay = 1 mag is drawn to show the photometric color evolution based
on extinction alone. (Right) Evolution of XZ Tau in the W1 absolute
magnitude vs. W1 — W2 color plane with time. The model isomass
curves obtained from Liu et al. (2022) for 0.3M., Ay = Omag and
Ay =20 mag and for mass 0.6 M, is plotted to highlight the movement
of XZ Tau in MIR CMD across the transition (11 = 1) and sufficient
dominance (1] = 5) regions due to changes in accretion.

MIR CMD plane into transition (n = 1) and sufficient dominance regions (11 = 5) which are
based on the competitive dominance between the photospheric emission and disk emission. At
low accretion rates, the stellar photospheric radiation is dominant with the contribution of the
redder flux coming from disk and vice versa (Liu et al., 2022). The MIR color evolution of
XZ Tau also points towards gradual decline in accretion rate resulting in migration towards the
N =1 line from the 11 = 5 line as evident from the right panel of Fig. 2.

3.3. Spectral features

Figure 3 shows the continuum normalized medium resolution spectra of XZ Tau obtained
using TANSPEC and HFOSC respectively. The bottom panel of Fig. 3 shows the zoomed-in
view of the line profiles presented here. The main spectroscopic features that are identified in
the TANSPEC spectrum are the absorption features in the CO bandheads of (2-0) and (3—1)
transitions, the 2.2 um Na I and the 1.083 pum He I lines. The spectrum also exhibits emission
features in hydrogen recombination lines of Bracketty, Paschenf3, Ho and Ca I infrared triplet
(IRT) lines. A detailed analysis of the line profiles has already been reported in our previous
work Ghosh et al. (2023b). In summary, the observed line profiles with TANSPEC point towards
the magnetospheric accretion regime in XZ Tau. The HFOSC spectrum was obtained almost
two and a half years after the TANSPEC spectrum. Comparing our HFOSC spectrum with
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Figure 3: The top panel shows the continuum normalized spectra of

XZ Tau obtained during our monitoring period using HFOSC with the
2m HCT (~ 0.4-0.9 um) and TANSPEC with the 3.6 m DOT (~ 0.65—
2.4 um). The HFOSC spectra were taken using the Gr. 7 and Gr. 8
grisms and are shown in blue and green, respectively; the TANSPEC

spectrum is shown in red. Important spectral features of XZ Tau are

marked in the spectra. The bottom panels show the zoomed-in view of

the line profiles that have been used in the present study. The solid and
dashed lines represent the HFOSC and TANSPEC line profiles, respec-

tively
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that of the optical part of the TANSPEC spectrum, we observe that the spectrum still exhibits
the emission features in Hoe and Ca 11 IRT, but the normalized fluxes of the spectral features are
reduced in the latest spectra. This is also supported by our photometric monitoring which clearly
shows that the magnitude of XZ Tau dimmed by ~ 1.4 and 1.7 magnitudes, respectively in the
orange and cyan bands between October 2020 and February 2023. The decrease in normalized
fluxes of Ha and Ca 11 IRT can be likely attributed to a decrease in the accretion rate. The most
interesting spectroscopic features of XZ Tau that we have observed are the P Cygni profile in
Hp and the forbidden transitions of oxygen at 6300 A and 6363 A. The observed P Cygni profile
in HP line is indicative of outflowing winds from regions close to accretion as it has a similar
origin than Ho (Ghosh et al., 2022). The forbidden emission lines in YSOs are believed to
originate in jets and winds around the central star (Kwan, 1997). The presence of the forbidden
transitions in oxygen at 6300 and 6363 A therefore indicate outflowing jets from XZ Tau.

4. Discussion and Conclusion

We have presented here the initial results of our spectro-photometric monitoring of XZ Tau.
During our monitoring period, XZ Tau exhibited multiple episodes of small scale brightening
events of Am ~ 1 magnitude in the optical regime. Such magnitude variations were not ob-
served in the MIR regime during our monitoring period. The MIR magnitudes show an overall
decline by ~ 0.5 and 0.7 magnitudes respectively during our monitoring period. The optical
color evolution of XZ Tau during our monitoring period can possibly be attributed to the vari-
ations in the accretion rate. In this regard, we can possibly classify the variability exhibited by
XZ Tau to be of Type-II variability based on the Herbst (2018) classification scheme. We have
monitored XZ Tau spectroscopically on two epochs. The emission features in the hydrogen
recombination lines and the Ca 11 IRT lines implies that XZ Tau to be accreting via the magne-
tospheric accretion regime (Folha et al., 1997; Muzerolle et al., 1998). There is a decrease in
the normalized flux of Ho and Ca1l IRT lines between our two epochs of observations which
further lends weight to our finding that the observed photometric color variations are driven by
changes in the accretion rate. The HFOSC spectrum of XZ Tau displays a P Cygni profile in
Hp, indicative of outflowing winds from regions close to accretion. Forbidden lines of oxygen
[O1] 16300 and 16363 A have also been observed in the HFOSC spectrum of XZ Tau which
indicates the presence of outflowing jets from X7 Tau. We plan to further undertake spectro-
photometric observations of XZ Tau in future to understand the evolution of the accretion and
outflowing jets and winds with that of the photometric color changes.
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