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Abstract

We describe the time-dependent properties of a new spectroscopically confirmed Mira variable, which was
discovered in 2013 as MASTER-Net Optical Transient J212444.87+321738.3 toward the Cygnus constellation.
We have performed long-term optical/near-infrared (NIR) photometric and spectroscopic observations to
characterize the object. From the optical /NIR light curves, we estimate a variability period of 465 + 30 days. The
wavelength-dependent amplitudes of the observed light curves range from Al ~ 4 mag to AK ~ 1.5 mag. The
(J — K) color index varies from 1.78 to 2.62 mag over phases. Interestingly, a phase lag of ~60 days between
optical and NIR light curves is also seen, as in other Miras. Our optical/NIR spectra show molecular features of
TiO, VO, CO, and strong water bands that are a typical signature of oxygen-rich Mira. We rule out S- or C-type as
ZrO bands at 1.03 and 1.06 um and C, band at 1.77 um are absent. We estimate the effective temperature of the
object from the Spectral Energy Distribution, and distance and luminosity from standard Period—Luminosity
relations. The optical /NIR spectra display time-dependent atomic and molecular features (e.g., TiO, Nal, Cal,
H,0, CO), as commonly observed in Miras. Such spectroscopic observations are useful for studying pulsation
variability in Miras.
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1. Introduction

Mira-type variables are in the Asymptotic giant branch
(AGB) phase, which is the last stage of stellar evolution before
they turn into planetary nebulae. Miras are long-period
(100-1000 days) pulsating variables with a large visible
amplitude of more than 2.5 mag. These giants have initial
masses ~0.8—-8 M., (low to intermediate main-sequence mass)
and are generally surrounded by circumstellar matter from huge
mass-loss rates of ~107*-10"* M. yr~' (Jura & Kleinmann
1990; Habing 1996; Mattei 1997; Olofsson 2004; Herwig
2005). Mira variables have a low effective temperature
(<3500 K), cool extended atmospheres (radius up to few
100 R..), and luminosities that can reach up to several 10° L.,
(Mattei 1997). High luminous Mira variables play a significant
role in the studies of stellar evolution, stellar populations, and
galactic /extragalactic structure and evolution (Dejonghe & van
Caelenberg 1999; Lancon et al. 1999; Groenewegen et al.
2009), and they enrich the interstellar medium significantly
through their high mass loss (Habing 1996). The high mass loss
and relatively low surface temperature of these evolved stars
provide a habitable zone for several molecules such as TiO,
VO, H;0, and CO in their extended atmospheres. These
molecules play important roles in the spectral appearance of
Mira variable stars at visual and NIR wavelengths (Lancon &
Wood 2000; Gautschy-Loidl et al. 2004; Aringer et al. 2009;
Nowotny et al. 2010).

The stars in the AGB phase are radially pulsating and
become unstable. Mira variables are thought to be fundamental
mode pulsators (e.g., Wood et al. 1999; Ita et al. 2004). The

pulsation mode of Miras is a function of period, mass, and
radius (Wood & Sebo 1996). The Mira pulsation is thought to
originate from the variable ionization zone of hydrogen and
helium below the stellar surface (e.g., Keeley 1970). From each
pulsation cycle, shock waves are generated under the photo-
spheric surface, which in turn create a very complex and
dynamic atmosphere (Reid & Goldston 2002). The photometric
light curves of Mira variables represent the oscillating behavior
of brightness, surface temperature, radius, atmospheric struc-
ture, and opacity as the star pulsates (Le Bertre 1992; Castelaz
et al. 2000). The significant visual variation is attributed to the
opacity variation of metal oxides in the Mira atmosphere (Reid
& Goldston 2002). The observed radii of Mira stars
significantly differ at different optical/NIR wavelengths as
seen from high angular resolution observations (e.g., Thomp-
son et al. 2002; Ireland et al. 2004; Perrin et al. 2004; Mondal
& Chandrasekhar 2005). These results indicate the presence of
molecular layers above the continuum-forming photosphere
(Wittkowski et al. 2008). The theoretical hydrodynamic
pulsation models have been developed to understand the
pulsation and mass-loss mechanisms, which can predict the
time-dependent structure and temporal variations over multiple
cycles (Fleischer et al. 1992; Bessell et al. 1996; Winters
et al. 1997, 2000; Hofner et al. 1998; Loidl et al. 1999; Tej
et al. 2003b). These models are characterized by pulsation-
driven shocks, non-equilibrium chemistry, and the formation of
dust grains (Bieging et al. 2002).

Spectroscopic observational studies are valuable tools to
understand pulsating atmospheres and mass loss of Mira
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variables throughout the outer layer (Hinkle et al. 1982;
Castelaz & Luttermoser 1997; Alvarez et al. 2000; Castelaz
et al. 2000; Lancon & Wood 2000; Tej et al. 2003a). Phase-
dependent spectroscopic studies are very efficient for probing
the atmospheres of the stars, and such studies are limited in the
literature. From radial velocity, excitation temperatures and
line-broadening measurements using high-resolution spectrosc-
opy, it is evident that two separate line-forming regions of the
atmosphere sometimes contribute toward the spectrum of H,O
(except maximum light), CO (Av =2) and OH (Hinkle 1978;
Hinkle & Barnes 1979a; Nowotny et al. 2010). More complex
stratification may also exist (e.g., Tej et al. 2003b; Tsuji 2009).

In this paper, we have studied an object, which was first
detected from Mobile Astronomical System of TElescope
Robots (MASTER) Optical Transient (OT) alert on J212444.87+
321738.3 (hereafter, J2124+-32) on 2013 March 13 with 10.7 mag
at unfiltered CCD (Tiurina et al. 2013). The MASTER Global
Robotic Net’ consists of several identical observing instruments at
different observatories (e.g., MASTER-Amur, MASTER-Tunka,
MASTER-SAAOQO). The facilities provide very fast sky-survey
(128 deg” per hour) with limiting magnitude 19-20 (Lipunov
et al. 2016, 2017). The primary goals of the MASTER-net
are to observe gamma-ray bursts in alert mode. However, it
discovers many OTs in the survey mode. The other identification
of the object (J2124+-32) is USNO-B1.0 1222-0647260, 2MASS
21244500+3217377, and WISE 1212444.98+-321737.73.440
(Tiurina et al. 2013). Following the OT announcement, we have
started spectro-photometric monitoring observations on the object
in optical /NIR wavelength since 2013 March 20 for more than
1.5 years using different telescope facilities. We present here the
result of the characterization of MASTER OT J2124+32, which
turns out to be a new O-rich Mira variable. From the third and
fourth edition of General Catalog Variable Stars, the galactic Mira
detection limit is complete down to a maximum magnitude
V =~ 9 mag (Kharchenko et al. 2002). This new Mira variable has a
peak magnitude at /-band ~10.4 mag, which corresponds to
V = 14 (Kharchenko et al. 2002). Because of faintness, the object
might not be included in the variability monitoring program. This
paper is organized as follows. We describe the details of our
observations and data reduction procedures in Section 2. Section 3
presents our new results and discussion. Finally, the summary and
conclusion of our studies are presented in Section 4.

2. Observations and Data Reduction

Optical imaging observations of J2124+4-32 were performed
using a front-illuminated 4K x 4K CCD camera on the 40 cm
/6.8 Optimized Dall Kirkham telescope at the private
observatory ROAD (Remote Observatory Atacama Desert) in
Chile (Hambsch 2012). The source was monitored in the
optical I-band and unfiltered CCD (400-900 nm) filter-band
(Clear, C) over 550 days during 2013 April 02 to 2014 August
31. The accuracy of these observations varies from 0.004 at
I =1040 to 0.047 at I = 14.30, while from 0.007 at
C = 12.35 to 0.045 at C = 15.70 mag, respectively.

The NIR photometric and spectroscopic observations were
carried out using Near-Infrared Imaging Camera cum Multi-
Object Spectrograph (NICMOS-3) on 1.2m Mt. Abu telescope,
India, and TIFR Near-Infrared Spectrometer and Imager (TIR-
SPEC) on 2 m Himalayan Chandra Telescope (HCT) at Hanle,
India. The NICMOS3 has 256 x 256 HgCdTe detector array and
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provides a resolution R ~ 1000; while TIRSPEC has 1024 x
1024 Hawaii-1 array and provides resolution R ~ 1200. The
spectral coverage of NICMOS-3 were on JHK-bands. The
spectrograph in the NICMOS-3 instrument does not cover
the whole K-band in a single shot. We observed in two parts:
the first part covers 1.9-2.3 pm (termed as K'), and the second part
covers 2.1-2.4 ym with some overlap (termed as KA). The
TIRSPEC spectra were taken at the YJHK bands. Additional
details of TIRSPEC can be found in Ninan et al. (2014).
Photometric observations in JHK'-bands were taken in five
dithered positions, and multiple frames are taken in each dithered
position to get better signal to noise ratio (S/N). In spectroscopic
observing mode, the spectra were taken at two different positions
along the slit, one after another, immediately to subtract the sky,
and several frames were observed to improve the S/N. We have
estimated the S/N of our spectra as ~50 (J-band), ~80 (H-band),
and ~80-100 (K-band) for TIRSPEC data, while the S/N is ~30
(JHK) for the NICMOS-3 data. A log of our observations is
mentioned in Table 1.

The optical spectra are taken using Himalaya Faint Object
Spectrograph and Camera (HFOSC) on the 2m HCT at Hanle,
India. The HFOSC instrument has several grisms covering
different wavelength ranges and resolutions, and we have used
Grism No. 8 (Gr#8) for our studies, which covers the wavelength
range of 580-920 nm and provides a resolution R ~ 2200.°

The data reduction was performed with the help of standard
tasks of the Image Reduction and Analysis Facility IRAF’). In
NIR photometric reduction, the sky frames were generated
using all dithered frames by median combining and subtracting
from object frames. In optical photometric reduction, bias-
correction, flat-fielding, and removal of cosmic rays were
performed on raw images to clean the science frames. The
aperture photometry was carried out with these processed
images using APPHOT package of IRAF. The zero-points of
photometry were determined using the standard stars.

The spectroscopic analysis was done using the APALL task
of IRAF. The TIRSPEC data was reduced with the TIRSPEC
pipe-line® (Ninan et al. 2014) and was cross-checked with the
IRAF reduction. Both techniques agree well. The wavelength
calibration in the NICMOS-3 data was performed using OH
skylines, while Argon lamp is used for TIRSPEC data. The
wavelength calibration of optical spectra (HFOSC data) was
done by using an FeNe arc spectrum. The science frames are
divided by a standard star, observed at similar airmasses to the
science targets, to remove the telluric features of the Earth’s
atmosphere. Then, the flux calibration of the target stars is
performed using the standard star.

3. Result and Discussion
3.1. Optical Light Curves and Period

Figure 1 shows the optical light curves in the I-band and
unfiltered (400-900 nm) CCD (Clear, C). The amplitudes of
optical variability are estimated to be ~4.00 mag and ~3.4 mag
in the / band and unfiltered CCD, respectively. Such large
amplitude of variability with a long-term period is only observed
in a case of Mira-like variables (Whitelock et al. 2003). The
general criteria for being a Mira variable is having amplitude
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Table 1
Log of Photometric and Spectroscopic Observations
Date of Observation Observation Type Spectral Band Int. Time (s) No of Frames Telescope Remarks
2013 Mar 20 Photometry J/H/K 0.4/0.2/0.2 5" [21/21/21] 1.2 m Mt. Abu clear sky
2013 Mar 22 Photometry J/H/K 0.5/0.4/0.2 5% [11/11/21] 1.2 m Mt. Abu clear sky
2013 Apr 28 Photometry J/H/K 2/1/0.3 5 [15/15/25] 1.2 m Mt. Abu clear sky
2013 Apr 29 Photometry J/H/K 0.5/0.5/0.2 5% [31/31/31] 1.2 m Mt. Abu clear sky
2013 May 27 Photometry J/H/K 0.3/0.7/1 5" [15/15/35] 1.2 m Mt. Abu clear sky
2013 May 28 Photometry J/H/K 1/1/0.3 5" [21/21/35] 1.2 m Mt. Abu clear sky
2013 May 30 Photometry J/H/K 0.3/0.5/1 5" [15/15/15] 1.2 m Mt. Abu clear sky
2013 Jun 20 Photometry J/H/K 0.3/0.5/1 5" [15/15/15] 1.2 m Mt. Abu clear sky
2013 Oct 30 Photometry J/H/K 0.3/0.5/1 5 [15/15/15] 1.2 m Mt. Abu clear sky
2015 May 08 Photometry J/H/K 0.3/0.5/1 5" [15/15/15] 1.2 m Mt. Abu clear sky
2013 Apr 02 Photometry I/CV 60/30 515/515 40 cm Chile
- 2014 Aug 31
2013 Mar 20 Spectroscopy J/H/K /KA 120/90/60/60 21 1.2 m Mt. Abu clear sky
2013 Apr 28 Spectroscopy J/H/K /KA 90/75/60/60 271 1.2 m Mt. Abu clear sky
2013 May 30 Spectroscopy J/H/K /KA 90/60/60/60 21 1.2 m Mt. Abu clear sky
2013 Oct 15 Spectroscopy 600-920 nm 1800 1 2m HCT clear sky
2014 May 21 Spectroscopy 600-920 nm 300 1 2m HCT clear sky
2014 Aug 18 Spectroscopy H/K 30/30/20/10 2'5 2m HCT clear sky
2014 Aug 19 Spectroscopy 600-920 nm 300 1 2m HCT clear sky
2014 Oct 06 Spectroscopy YJ/HK 100/100 2*7 2m HCT clear sky
600-920 nm 600 1
2014 Dec 12 Spectroscopy YJ/HK 100/100 27 2m HCT clear sky
600-920 nm 600 1
2015 Jan 13 Spectroscopy YJ/HK 100/100 27 2m HCT clear sky
2015 Jan 18 Spectroscopy 600-920 nm 900 1 2m HCT clear sky
2015 Jul 05 Spectroscopy YJ/HK 100/100 2*5 2m HCT clear sky
600-920 nm 1 1
2015 Aug 11 Spectroscopy YJ/HK 100/100 2*5 2m HCT clear sky
2016 Dec 19 Spectroscopy HK 100 2'5 2m HCT clear sky

variability in the I-band greater than 1.0 mag (Soszynski et al.
2012).

For determination of the period of this object, we used the
Lomb-Scargle (LS) periodogram (Lomb 1976; Scargle 1982),
the algorithm publicly available at the starlink” software
database. The LS method is used to find out significant
periodicity even with unevenly sampled data and verified
successfully in several cases to determine periods from such
sparse data sets (Mondal et al. 2010). The left bottom panel
of Figure 1 shows the periodograms of the light curves
determined from the LS method. We found the period to be
512 £ 100 days, and significant uncertainty in period is due to
limited time coverage, which does not cover a complete
periodic cycle. The period is also verified from PERIOD04'”
(Lenz & Breger 2005), which provides the same result.

As noted in Lebzelter et al. (1999), the classical method for
deriving a period using a Fourier analysis-like LS method does
not always provide satisfying results for light curves of AGB
variables. Alternatively, we have used the Fourier decomposi-
tion technique with the fitting of the following function as in
Ngeow et al. (2013),

N
m () =Ag + > Ay sin(kwt + ¢,) (1)

k=1

° hup: //starlink.eao.hawaii.edu /starlink
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where w = 27/P, P is the period in days, A, and ¢ , represent
the amplitude and phase-shift for xth-order, respectively, and
N is the order of the fit. To fit the light curve, we use up to
third-order terms. From the X2 minimization technique, we find
a best-fitted period of 465 4 30 days on our light curves. The
solid black line is the Fourier fit, which is shown in Figure 1
along with observed data in the respective panels. The
estimated period of this red object is consistent with those of
the red Large Magellanic Cloud (LMC) Miras (J — K > 2.08)
having periods of 300—500 days (Ita et al. 2004).

3.2. Near-infrared Light Curves

NIR JHK’-bands photometric observations were carried out
during 2013 March 20 to 2015 May 09 in a sparse sampling of
the Mira cycle, and JHK' magnitudes are listed in Table 2. Our
JHK' magnitudes on the first two epochs are reported
immediately at ATEL (Mondal et al. 2013). The NIR JHK'
light curves are shown in the right panels of Figure 1. For
comparison, the optical I-band light curve is also overplotted
on those NIR light curves after scaling with JHK’ magnitudes.
The light curve is fitted to the Equation (1) mentioned above
with the same period of the optical light curve fit. The
amplitudes (peak to peak) of the variability are estimated from
our light curves to be AJ ~ 2.2mag, AH ~ 1.9 mag, and
AK ~ 1.5 mag, respectively. These optical/NIR light curves
confirm typical Mira behavior of strong wavelength depend-
ence, i.e., the pulsation amplitude decreases with increasing
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Figure 1. The left panels show the optical light curves of J2124+4-32 with fitting using Equation (1) in the /-band (left top) and unfiltered CCD in 400-900 nm (C) (left
middle). The periodograms of optical light curves are shown in the left bottom panel. The NIR JHK light curves of J2124+4-32 are shown in the right three panels
(JHK"), where the filled circles are our observed NIR data points, while the solid lines are fitted light curves with P = 465 days. The optical I-band light curve (scaled
with NIR light curves) is overplotted on NIR light curves for comparison. The data used to create this figure are available.

Table 2
Near-IR JHK' Photometry

Date of Obs. Optical Phase Telescope/Instrument J H K J—-K)
(um) (mag) (mag) (mag) (mag)
2013 Mar 22.02 0.049 Mt. Abu/NICMOS-3 5.852 £ 0.055 4.467 £+ 0.062 3.765 £ 0.049 2.087
2013 Mar 24.01 0.051 Mt. Abu/NICMOS-3 5.642 £ 0.044 4.483 £ 0.035 3.765 £ 0.034 1.877
2013 Apr 28.93 0.118 Mt. Abu/NICMOS-3 5.668 £ 0.043 4.654 £+ 0.052 3.751 £ 0.010 1.917
2013 Apr 29.98 0.119 Mt. Abu/NICMOS-3 5.557 £ 0.021 4.510 £+ 0.023 3.720 £ 0.012 1.837
2013 May 27.92 0.169 Mt. Abu/NICMOS-3 5.621 £ 0.051 4.466 £ 0.063 3.827 £ 0.045 1.794
2013 May 28.95 0.170 Mt. Abu/NICMOS-3 5.718 £ 0.047 4.452 £+ 0.053 3.752 £ 0.048 1.966
2013 Jun 20.83 0.213 Mt. Abu/NICMOS-3 5.807 £ 0.034 4.621 £ 0.024 4.021 + 0.029 1.786
2013 Oct 30.50 0.450 Mt. Abu/NICMOS-3 7.110 £ 0.020 5.660 £ 0.030 4.850 £ 0.020 2.260
2015 May 08.91 1.60 Mt. Abu/NICMOS-3 7.868 £+ 0.017 6.426 + 0.06 5.243 £ 0.015 2.625
1998 Jun 18.00" 2MASS/NICMOS 7.825 £ 0.026 5.971 £ 0.017 4.818 £ 0.015 3.007
Average Mt. Abu/NICMOS3 6.093 £ 0.257 4.859 £+ 0.220 4.077 £ 0.17 2.016
Amplitude (light curve) Mt. Abu/NICMOS3 2.2 1.9 1.5

Note.
# Cutri et al. (2003).
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wavelength (Smith et al. 2002). Bessell et al. (1996) showed
that colors such as V — K change much more with phase than
near-IR colors (e.g., (J/ — H), (H — K), (J/—K)), which is
another way of saying that visual amplitudes are larger than
near-IR amplitudes. The fact that the pulsation amplitude
decreases with increasing wavelength is a result of the changes
in T.e that accompany the changes in luminosity, which is
exacerbated by the dependence of TiO opacities on temper-
ature. Another interesting feature, a phase lag of about 60 days,
corresponding to ~0.13 of phase, between the optical and NIR
maxima or minima is observed here in Figure 1, which is seen
in Mira variables (Smith et al. 2002). Such phase lag in
oxygen-rich Miras may be due to the opacity of TiO molecules
in their atmosphere (Smith et al. 2006), and even large visual
amplitudes might be due to the formation and destruction of
TiO molecules during the passage of periodic shock waves
(Reid & Goldston 2002). The 2MASS (J — K) color is 3.0 mag
(Cutri et al. 2003). We also find a large (J — K) color index,
ranging from 1.78 to 3.0mag (Table 2), which is, again,
consistent with the source being an extreme red Mira variable
(Whitelock et al. 2000; Ita et al. 2004). We rule out that the
object is a semi-regular variable, as they are not this degree
of red.

3.3. Distances and Luminosity

To estimate the distance to the source, we have used the
period—Iluminosity (PL) relation for the Miras based on the
distance modulus of the LMC to be 18.50 &+ 0.02. The PL
relation is taken from Ita & Matsunaga (2011) expressed as

Mg = (—=3.675 £ 0.076)log P 4 (1.456 £ 0.173).  (2)

According to the relation, the absolute K-band magnitude of
the source is estimated to be Mg = —8.34 £ 0.34 mag. We
have also examined other available PL relations in Feast et al.
(1989) and Whitelock et al. (2008), and the value of My is
within the uncertainty limit. The Galactic interstellar extinction
in the direction of the source is Ay = 0.57 (Ax = 0.05; Schlafly
& Finkbeiner 2011) or Ay = 0.68 (Agx = 0.06; Schlegel
et al. 1998). Taking Ax = 0.05, we have obtained the distance,
d, to the object, 3.27 £ 0.02 kpc using the relation my, — Mg =
S5logd — 5 + Ag. The uncertainties in the distance measure-
ment come from the estimated period, PL relation, and
photometric error of calculating the K-band magnitude. We
have also estimated the bolometric magnitude My, using the
following PL relation for Miras (Hughes & Wood 1990)

My = —3.22-7.76[log(P/day) — 2.4] £ 0.38.  (3)

We have estimated the bolometric magnitude of My =
—5.29 + 0.38 corresponding to luminosity ~10250 L., which
is consistent with other PL relation of Feast et al. (1989). The
O-rich Miras with P > 420days are over luminous (Feast
et al. 1989; Hughes & Wood 1990), which is consistent with
our result. Feast et al. (1989) showed that a few Miras, which
have periods >420 days, are 0.7 mag brighter than the expected
extrapolation of the PL relation. Also, Whitelock et al. (2003)
suggested that Miras’ with periods >400 days have higher
luminosities due to hot bottom burning. Puttingour object on
the mass—luminosity relation in Figure 6 of Hughes & Wood
(1990), the object with P = 465 days and My, = —5.29 lies
between the mass (M) range of 1.0 M, — 1.5 M.

To understand the galactic location of the new Mira variable,
we have estimated the scale height of the object from the
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distance above the galactic plane (Z) following Jura &
Kleinmann (1992). We find that the scale height of the object
is about 270 pc, which agrees with the thin disk population as
given by Habing (1988), Jura & Kleinmann (1992), Eggen
(1998), and Juri¢ et al. (2008).

3.4. Spectral Energy Distribution (SED)

We use near to far-infrared multi-wavelength photometric
data to generate the SED of the source J2124+32. The fluxes,
used here for the SED fit, are taken from our JHK'
measurements and archival mid- to far-infrared catalogs. The
mean JHK' are estimated from the NIR light curves. The mid-
IR 3.35, 11.6, and 22.1 pm data are taken from AIIWISE Data
Release (Cutri et al. 2013); 8.61, 18.4 um from AKARI/IRC
all-sky Survey (ISAS/JAXA, 2010; Ishihara et al. 2010); 12,
25 pm from /RAS Faint Source Catalog (IPAC 1992) and Far-
IR 65, 90 um data from AKARI/FIS; and 60 um from [RAS.
The observed JHK' magnitudes are converted to flux densities
using the zero magnitudes flux from Bessell et al. (1998).

The radiative transfer code, More of Dusty]l (MoD),
developed by (Groenewegen 2012), was used to model the
dusty circumstellar shell of Mira variable. The MoD is a
modified version of a publicly available one-dimensional dust
radiative transfer code, “DUSTY” version 2.01 (Ivezi¢ &
Elitzur 1999). The detail mathematical formulation of
“DUSTY” was described elsewhere (Ivezi¢ & Elitzur 1997).
The MoD works to find best-fitted parameters, e.g., luminosity
(L), dust optical depth (7gss), dust temperature at the inner
radius (7,.), and slope of the density law (p), in the
minimization process. The quality of the fit is obtained through
a x> analysis.

The interstellar reddening (Ay), hydrostatic model atmos-
phere, the effective temperature of the model atmosphere,
distance (D), outer radius in a unit of inner radius, dust
properties, etc. are provided as inputs in the master-input file.
The adopted dust species are taken as mixture of
Mg, gFe; »Si04:AlO:Fe = 100:0:5, calculated using the dis-
tribution of hollow spheres (DHS) with a mean grain size
a = 0.15 ym and a maximum volume fraction of a vacuum
core frax = 0.7um (M. A. T. Groenewegen 2018, private
communication). We adopted such dust composition because
our spectroscopic studies concluded that the star is O-rich, as
will be discussed in subsequent sections. The MARCS'
hydrostatic model atmospheres (Gustafsson et al. 2008) were
used for the spectra of the central stars. The outer radius is set
to 1600 times the inner radius, where the dust temperature
becomes approximately 20 K. In the model, the distance, d, of
3.27kpc and Ay were adopted as an inputs to the standard
model as discussed in the previous section. The L, 7, T,, and p
could be fitted or set to fixed values.

To obtain the best fit of the photometric data, we generated
multiple SEDs considering MARCS model atmospheres of
temperature range 2600-3600 K in steps of 200 K and setting
other free parameters (e.g., L, Toss, 1., p) as either fixed or
variable, as listed in Table 3. This model provides minimum
reduced x* value at MARCS model atmospheres of temper-
ature 2800 K, and the parameters of MoD fitting at that
temperature for different cases are given in Table 3. Our best-fit
SEDs for all photometric measurements for various cases are

" hitp: //homepage.oma.be /marting /codes.html
12
http: / /marcs.astro.uu.se/
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Figure 2. The SED of the target is shown here using multi-wavelength data from NIR to far-IR, while the insets show different data sources, e.g., our mean JHK', All
WISE, AKARI, and IRAS data. The SED (L, 7) mean fitted SED is shown, with L, T as variables and T, p fixed. The same is true for SED (L, 7, p) and SED (L, 7, T, p).

Table 3
MoD Models for J2124+-32 for Three Different Cases

Star L (L®) Toss T. (K) p fo Remarks

9331 + 1545 10.064 + 2.489 1000 fixed 2.0 fixed 819 T., p fixed
J2124+32 9255 + 1659 9.913 + 2.746 1000 fixed 1.95 + 0.29 818 T. fixed

9282 + 1590 11.178 £+ 3.975 1248 + 511 1.75 £ 0.28 806 All free
Note.
a 2

Xpeq = Teduced X for the fit of photometric data.

shown in Figure 2. We obtained the minimum value of reduced
x> when all of the parameters were set free. The x° of the fit is
typically large as we include significant JHK’ variability in our
SED fit and non-simultaneous taking of the photometric data.
The provided errors are therefore internal errors scaled to
a reduced x* of 1 (M. A. T. Groenewegen 2018, private
communication). The best-fitted SED provides L = 9282 +
1590 L, that is comparable to our P-L based estimation in the
earlier section, 7 = 11.178 £ 3.975, T, = 1248 + 511K, and
p = 1.75 £ 0.28. The best-fit parameters, dust properties, and
actual grain size translate into a current mass-loss rate of
0.7 x 107% M., yr ' by assuming a dust-to-gas ratio of 0.005
and an expansion velocity of 10kms™".

3.5. Optical/NIR Spectroscopic Studies

Multi-epoch optical /NIR spectroscopic studies on Mira
variables at different variability phases probe the dynamic
stellar atmosphere and help us also to understand the
pulsational related variations of fundamental parameters. The
visual spectra of the object taken at several variability phases
are shown in Figure 3. The optical spectra are dominated by
molecular absorption bands of TiO and VO in the wavelength
range of 7000-9000 A , like red M stars (Bessell et al. 1989;

Fluks et al. 1994; Castelaz et al. 2000; Rayner et al. 2009). A
visual comparison shows that all of the optical spectra of the
MASTER OT object correspond to O-rich spectral types later
than M7.

The NIR spectra were taken immediately after transient alert
of Tiurina et al. (2013) and continued over several variability
phases as listed in Table 1. The JHK spectra are shown in
Figure 4. Molecular features of the TiO and VO bands
dominate in the J-band spectra, as shown in the first panel of
Figure 4. But no ZrO twin features at 1.03, and 1.06 ym is seen
here, which is a primary indicator for S-type Mira stars (Hinkle
et al. 1989; Wright et al. 2009). The most prominent feature of
the VO band is seen in one of our spectra, which covers from
1.02 pm, which signifies that it is an oxygen-rich M-type star
(Wright et al. 2009).

In the second panel of Figure 4, the H-band spectra show the
"2CO-second overtone series at 1.5582, 1.5780, 1.5982,
1.6189, 1.6397, 1.6610, 1.6840, and 1.7067 um including
OH molecular bands all over the band (Rayner et al. 2009).
These second overtone series develop at objects having
photospheric temperatures of <5000 K, and their strength is
dependent on the photospheric temperatures (Langon
et al. 2007). The OH molecular bands are prominent in M-type
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Figure 3. The top two panels show the optical spectra of the object in the range 6000-9200 A, in which visible features of TiO and VO bands at different phases of the
Mira can be clearly seen, including H,, emission at phase 0.43. The spectra have been normalized to unity at 9165 A and offset by constant values 0.0, 0.03, 0.07,
0.11,0.16, 0.19, and 0.22 (left panel) and 0.0, 0.06, 0.36, 0.70, 1.20, 1.35, and 1.40 (right panel), respectively, with respect to the bottom-most spectra. The data used

to create this figure are available.

stars, very weak in S-type, and absent in carbon stars, as all
oxygen is locked up in CO. No C, band at 1.77 ym is seen
here, as is observed in carbon-rich Miras.

The K-band spectra are shown in the most bottom panel of
Figure 4. The '*CO first overtone series at 2.2935, 2.3227 yim,
neutral atomic lines of Nal doublet at 2.20 ym, Cal triplet at
2.26 ym are seen in our spectra, which are original features in
M-type evolved stars (Rayner et al. 2009). The 12CO(2, 0) first

overtone band heads are the strongest absorption features in the
K band in cool stars, and their strength depends on both
luminosity and effective temperature (Ramirez et al. 1997;
Cesetti et al. 2013). The first overtone of '*CO is also visible in
our spectra, though its strength is relatively weak compared to
'2CO first overtone series.

The Ha emission line is seen only at phase ~0.43. The Paj
emission line appears in two visual phases, 1.83 and 1.92. The
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Figure 4. The NIR JHK-band spectra in the wavelength range 1.02—2.39 pum at eight different phases of the Mira are shown here in the first, second, and third panels,
respectively. The first three NIR spectra from the bottom (phase ~0.05, 0.12, 0.17) are taken with the NICMOS-3 instrument on 1.2 m Mt.Abu telescope, and rest are
observed with TIRSPEC instrument on 2.0 m HCT. In the J-band, molecular bands like TiO, VO, and a few atomic lines are present in the spectra. The Pag emission
line appears at two phases (1.83 and 1.92). The H-band spectra in the wavelength range 1.52—1.80 um show strong four '>CO-second overtone bands including
several OH lines. In the K-band spectra, the '2CO first overtone bands are dominated features in the spectra, and NaT and CaT are seen at 2.20 zm and 2.26 pm,
respectively. The Bry (at 2.16 pm) emission line appears at phases 1.83, 1.92, and likely at 0.05. The spectra have been normalized to unity at 12000 A (J-band),
16500 A (H-band), and 21700 A (K-band), and offset by constant values 0.0, 0.30, 0.60, 0.11, 1.70, 2.40, 3.30, 4.20, and 5.10 (first panel), respectively, with respect
to the bottom-most spectra of the same panel (J-band), and 0.30 to each spectrum of the H- and K-band. The data used to create this figure are available.

Brvy appears at phase 1.83 and reaches maximum intensity at
1.92. These emission lines appear in the spectra due to shock
wave generation in the Mira atmosphere. It should be noted that
Ha is seen at phase 0.43, while Pag and Bry are seen near the
maximum phase. Other studies find Balmer lines usually

around the maximum phase (e.g., Fox et al. 1984; Fox &
Wood 1985).

The overall low-resolution continuum shape of J, H, and K
spectra turns downwards at the end of the band, indicating
absorption due to broad H,O absorption features centered at
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Figure 5. The phase variation of [TiOl3, Sy/3sp, Nal, Cal, HO-K2 equivalent width/index are shown with the visual phase. The bottom panel shows the K-light

curve (black) and I-light curve (scaled with K-light curve).

Table 4
Definitions of Spectral Bands
Feature Bandpass (pm) Continuum Bandpass (pm) References
[TiOl5 0.8455-0.8725 0.8390-0.8410, 0.8700-0.8725 1
Nal 2.204-2.211 2.191-2.197, 2.213-2.217 2
Cal 2.258-2.269 2.245-2.256, 2.270-2.272 2
2C0(3-0) 1.5550-1.5625 o 2
2co@-1) 1.5752-1.5812 2
12C0(5-2) 1.5952-1.6020 2
12C0(6-3) 1.6170-1.6220 o 2
12C0(2-0) 2.289-2.302 2.270-2.272, 2.275-2.278 2

2.282-2.286, 2.288-2.289

Note. (1) Zhu et al. (1999), (2) Ramirez et al. (1997).

14, 19, and 2.7pum in our spectral coverage (Rayner
et al. 2009). It is clearly visible that the continuum shape is
changing over the variability phases.

3.5.1. Phase-dependent Spectral Variability

The variation in the absorption depth of TiO and VO with
T.s has been well documented for some time (Merrill
et al. 1962). Lockwood (1972) found that TiO band-strength
indices decrease in stars later than M7, and they saturate in M9
Miras. We explore the phase variation of the [TiO], index

centered at 7100 A as described in O’Connell (1973). How-
ever, the [TiO], index shows no significant variation over the
phase. Note that we do consider the optical phase varia-
tion here.

An(gther triple-headed absorption band of TiO at 8433, 8442,
8452 A, [TiO]s, is considered following Zhu et al. (1999) for
such phase variation studies. The [TiO]; is defined as

[TiO}; = —2.5 1og(§) @)
Fe
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Figure 6. The changing shape of CO-second overtones and one CO first overtone at 2.29 ;m with phases are shown here.

where, F) is the flux at )\, and Fc is the interpolated continuum
at A\. The pseudo-continuum was generated in the left window
of the band at 8390-8410 A, and the right windows at
8700-8725 A. Then, we normalized the spectrum by the

continuum, and measured the % in the range 8455-8470 A.

C
As shown in Figure 5, the [TiO]; index shows significant

variation with the pulsation phase; it increases as the visual
brightness decreases, becomes constant at certain phases
(saturation effect), and then further decreases with increasing
visual brightness.

Figure 3 shows three strong absorption bands 706724 nm
(band1l), 770-807 nm (band2), and 829-857 nm (band3),
which are related to spectral types of static giants (Fluks
et al. 1994). The flux ratio at different bands is defined by Fluks
et al. (1994). We studied the flux ratio at those bands and found
that the band2 to band3 ratio (as S,,35,) shows pronounced
variation with phase, as is shown in Figure 5. The Sy/35,
reaches its maximum at the visual maximum and reaches its
minimum at the visual minimum.

We have measured the equivalent widths (EWs) for the atomic
spectral NaT at 2.206 um and CaT at 2.263 ym. The continuum
bands for NaI and Cal are taken from Ramirez et al. (1997) and

10

mentioned in Table 4. The spectra were normalized by the local
pseudo-continuum, and EWs of the particular atomic features
were estimated by using the splot task in the IRAF by fitting a
Gaussian function to each feature. The Na doublet is present in
the 2.2051-2.2099 um region but blended with metallic lines
like SiT (2.2069 pm), ScI (2.2058 and 2.2071 pm), and V1
(2.2097 pm) in our low-resolution spectra. The Ca triplet appears
in the 2.2609-2.2665 ym regions and is very sensitive to
temperature. The third and fourth panels of Figure 5 show their
phase variation. The atomic lines, in particular, are weak features
that are very difficult to measure in low-resolution spectra, and
no significant trends with phase are apparent, except possibly
for Ca.

In the 1.5-2.4 ym region, the first overtone (Av = 2) and
the CO-second overtone (Av = 3) band heads of CO are the
dominant features in the spectra as mentioned in the earlier
section. We studied the phase-dependent variations of these
2-0 (first overtone) and 3-0, 4-1, 5-2, 6-3 (second overtone)
'2CO band heads. We estimated the EWs of CO at different
phase considering the local continuum as mentioned in the
Table 4. The continuum has been fitted with a first-order spline
fitting function (linear interpolation) at peak points. We
estimated the EWs of CO at different phases, as shown in



I

Table 5
Phase-dependent Study

Date of
Obs.

Optical
Phase

[TiO]3
Index

Sa/3.5

Nal
2.20 um

Cal CcO Cco
2.26 ym 3-0 4-1

CcO
5-2

CcO
6-3

Cco
2-0

H,0-H4
Index

H,0-K2 Sp.
Index Type®

2013
Mar
21.99

2013
Apr
29.99

2013
May
30.95

2013
Oct
15.57

2014
May
21.91

2014
Aug
18.72

2014
Aug
19.83

2014
Oct
06.73

2014
Dec
12.55

2015
Jan
13.58

2015
Jan
18.56

2015
July
05.79

2015
Aug

11.88

2016

Dec
19.54

0.05

0.12

0.17

0.44

1.0

1.23

1.41

1.41

1.92

3.00

1.36 £ 0.13

1.31 + 0.09

1.28 + 0.06

1.45 + 0.08

1.55 + 0.08

1.54 + 0.06

1.09 + 0.04

0.350 £ 0.004

0.390 £ 0.007

0.380 £ 0.006

0.331 £ 0.003

0.278 £ 0.002

0.257 £ 0.003

0.460 £ 0.006

492 £0.29

277 £ 0.21

1.26 + 0.13

1.37 £ 0.11

352 +0.13

1.77 £ 0.17

3.98 + 0.14

1.94 + 0.09

3.68 = 0.15

3.87 £0.12

3.36 + 0.31 7.30 £ 0.52 7.94 £ 0.57

2.82+0.19 1039 £ 0.67 10.97 £ 0.63

272 £ 0.21 9.46 £ 0.67 7.87 £0.31

1.10 £ 0.12 8.03 + 0.44 6.02 £ 0.33

1.06 £+ 0.11 9.81 £ 0.64 7.49 £ 0.49

1.11 £+ 0.11 9.84 £ 0.56 542 £ 0.31

0.35 + 0.07 797 £ 0.46 5.78 £0.33

1.57 £ 0.17 6.85 + 0.31 6.66 + 0.30

2.83 £ 0.22 9.04 £ 0.59 8.59 + 0.56

2.70 £ 0.18 8.38 £ 0.05 791 £ 0.04

6.52 + 0.46

10.64 = 0.59

7.96 £+ 0.29

6.22 + 0.34

7.03 + 0.46

5.92 +0.33

5.788 £ 0.32

6.03 + 0.27

9.54 + 0.63

7.19 £ 0.04

8.1 £0.58

9.38 £ 045

8.96 + 0.57

6.023 £ 0.32

6.173 £ 0.40

6.30 = 0.36

3.01 +0.19

432 £0.20

6.45 + 0.42

7.31 £ 0.04

33.68 £ 1.23

26.84 £+ 1.36

21.87 £ 1.24

18.65 £+ 1.08

3297 +£1.33

3147 £ 1.27

33.49 + 1.21

19.52 £+ 0.93

21.27 £ 145

32,15+ 141

0.96 + 0.01 0.65 + 0.01

0.60 = 0.01

0.96 + 0.01

0.58 = 0.01

0.86 £+ 0.01

M9.5

M9

0.90 £ 0.011

M9

0.85 + 0.01

0.57 + 0.01 M9

0.83 £ 0.01 0.51 = 0.01 MI10

0.83 + 0.01 0.48 + 0.01

MI10
0.93 £ 0.01 M8.5
0.72 = 0.01

0.96 + 0.01

0.97 £ 0.01 0.77 £ 0.01

Note.

% The spectral type has been estimated using the correlation with [TiO]; Index.
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Figure 5. The EWs of the 3-0 and 4-1 band heads does not
demonstrate any significant change during the pulsation cycle.
The EWs of the 2-0 first overtone band change significantly.
The EWs of the 5-2 and 6-3 band heads showed weak
variation. This result should be taken with caution, as such
small variations might occur due to computational artifacts,
continuum selection, and blending effects from the weak OH
lines. The shock wave, in general, propagates through the Mira
atmosphere (CO first overtone forming-layer) in between
optical phase ~0.1-0.2, which alters the velocity profile
known from high-resolution spectra (Hinkle & Barnes 1979b;
Nowotny et al. 2010). Even in our low- to intermediate-
resolution spectra, the CO absorption features appear to change
in Figure 6. It is expected that the combination of modified
individual lines will also modify the shape of the band as a
whole.

The shape of the NIR spectra in Miras is dominated by strong,
broad water bands centered at the 1.4 um, 1.9 ym, and 2.7 um
regions (Johnson et al. 1968). The depths of water bands vary
with Mira phases and become strongest at minimum light
(Strecker et al. 1978). Due to this water absorption, the H- and
K-band spectra bend downward at the end of both bands. Thus,
the curvature of the spectral changes depends on the water
absorption. To quantify water absorption in our data, we
measured the H,O-H4 and H,O-K2 indices, which show the
curvature variation of the spectra. The H,O-K2 index is taken
from Rojas-Ayala et al. (2012) as

(F (2.070-2.090)) / (F (2.235-2.255))
(F(2.235-2.255)) / (F (2.360-2.380)) °

H,O-K2 = (5)

where (F(a — b)) represents the median flux level in the
wavelength range defined by a and b in pm. Rojas-Ayala et al.
(2012) calculated this index for M- and K-type dwarfs. Here,
that same index is explored using the spectra for M-type giants
in the wavelength range of 2.07-2.38 um.

For the H-band spectra, several authors defined spectro-
photometric indices to measure water absorption (e.g., Allers
et al. 2007; Weights et al. 2009; Scholz et al. 2012). Here, we
define a new H,0O-H4 index as,

H,0-H4 = (F(1.531-1.541)) /(F (1.670-1.690))

(F (1.670-1.690)) / (F (1.742-1.752)) ©

where (F(a — b)) represents the median flux level in the
wavelength range defined by a and b in pm.

In Figure 5, the phase variation of these two H,O-H4 and
H,0-K2 indices is shown. The smaller value of H,O indices in
H and K corresponds to greater amounts of H,O opacity. The
significant variations of these indices are apparent in Figure 5.
In Figure 5, we see that the H,O-H4 and H,O-K2 indices show
significant variation with the pulsation cycles, and the value of
indices are strongest at visual maximum while weak at visual
minimum, i.e., H,O opacity is stronger at visual minimum.
Our result confirms the trends already seen by Strecker
et al. (1978).

3.5.2. Spectral Type

The depth of the triple-headed absorption band of TiO
(8432, 8442, and 8452 A) at the optical spectra is an excellent
spectral-type indicator. Following Zhu et al. (1999), we
estimate the spectral type (ST) of the object at a different
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variability phase, which is defined as the [TiO]; index ([TiO] at
8450 A)

ST = 2.43 + 6.65[TiO]; — 1.12[TiOR. 7

We have measured the [TiO]; index using Equation (4) from
the spectra as described in the earlier Section 3.5.1. The ST is
estimated using the above relation in Equation (7), and the STs
at different phases are shown the Table 5. The ST of the object
varies from M8.5 to M10 over the phase of the pulsation cycle
in our limited phase coverage. The saturation effect of [TiO]5 is
problematic to estimate the STs over phases, as described
earlier in Section 3.5.1.

4. Summary and conclusion

From long-term optical /NIR photometric and spectroscopic
observations, we have characterized the MASTER OT J2124
+32. Our main results are summarized as follows:

1. From the best-fits of optical/NIR light curves, we
estimated the wvariability period of the object as
465 £ 30days. The strong wavelength-dependent varia-
bility amplitudes in the optical to NIR wavelengths are
observed as Al ~ 4 mag, AC (400-900 nm) ~3.4 mag,
AJ ~ 2.2mag, AH ~ 1.9 mag and AK ~ 1.5 mag. Such
large periods and strong wavelength-dependent variabil-
ity amplitude are seen in Miras only. Interestingly, a
phase lag of ~60 days between the optical and NIR light
curves is also seen, like for Mira variables. Large (J — K)
NIR colors varying 1.78-3.0 mag over phases, signify
that it is a red object, like cool Miras.

2. From the PL relation, the distance to the source is
estimated to be 3.27 + 0.02 kpc. The absolute bolometric
magnitude is determined to be —5.29 + 0.38 mag,
corresponding to the luminosity of ~10250 L.,

3. Using DUSTY-based MoD code, we have completed the
SED fit for NIR to far-IR data. The best-fit SED of all
photometric measurements provides an effective temper-
ature of 2800 K and dust shell temperature 1248 K. The
SED provides a luminosity of the object of 9282 L,
which is comparable to the P-L based estimation, and
provides a mass-loss rate of 0.7 x 107° M yr ..

4. From Optical/NIR spectra, we find that the source has
many of the spectral signatures of a cool M-type star. The
spectral features indicate it is an O-rich Mira, as it shows
the most prominent features of VO band and TiO bands.
We rule out an S- or C-type nature, as the ZrO bands at
1.03 and 1.06 yum and C, band-head at 1.77 um are
absent.

5. The phase-dependence of optical /NIR spectral features
are studied. Notable variable features in all atomic and
molecular lines (e.g., TiO, Cal, H,O, and CO bands) over
phases are seen here, which are like commonly observed
in Miras. Our optical spectral data show an apparent
variation of the spectral type of the object over the
pulsation cycle.

In conclusion, all of these observational properties of the
object J2124+32 confirm that it is a new O-rich Mira variable
toward Cygnus.
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