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ABSTRACT

We present the follow-up campaign of the luminous red nova (LRN) AT 2019zhd, the third event of this class observed in M 31.
The object was followed by several sky surveys for about five months before the outburst, during which it showed a slow luminosity
rise. In this phase, the absolute magnitude ranged from M, = —2.8 = 0.2mag to M, = —5.6 + 0.1 mag. Then, over a four to five
day period, AT 2019zhd experienced a major brightening, reaching a peak of M, = —9.61 + 0.08 mag and an optical luminosity of
1.4x10% erg s™!. After a fast decline, the light curve settled onto a short-duration plateau in the red bands. Although less pronounced,
this feature is reminiscent of the second red maximum observed in other LRNe. This phase was followed by a rapid linear decline
in all bands. At maximum, the spectra show a blue continuum with prominent Balmer emission lines. The post-maximum spectra
show a much redder continuum, resembling that of an intermediate-type star. In this phase, Ho becomes very weak, HB is no longer
detectable, and a forest of narrow absorption metal lines now dominate the spectrum. The latest spectra, obtained during the post-
plateau decline, show a very red continuum (7¢ =~ 3000 K) with broad molecular bands of TiO, similar to those of M-type stars.
The long-lasting, slow photometric rise observed before the peak resembles that of LRN V1309 Sco, which was interpreted as the
signature of the common-envelope ejection. The subsequent outburst is likely due to the gas outflow following a stellar merging event.
The inspection of archival HST images taken 22 years before the LRN discovery reveals a faint red source (Mpsssy = 0.21+0.14 mag,
with F555W—-F814W = 2.96 + 0.12 mag) at the position of AT 2019zhd, which is the most likely quiescent precursor. The source is
consistent with expectations for a binary system including a predominant M5-type star.

Key words. binaries: close — stars: winds, outflows — stars: individual: AT 2019zhd - stars: individual: M31-LRN2015 —
stars: individual: M31-RV — stars: individual: V838 Mon

* Tables A.1 and A.2 are only available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/646/A119
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1. Introduction

The luminous red nova (LRN) designation covers a heteroge-
neous class of gap transients (Pastorello & Fraser 2019). In
contrast with other families of gap transients, LRNe span an
enormous luminosity range. Intrinsically faint transients (My =
—4 to —6.5 mag) such as OGLE 2002-BLG-360 (Tylenda et al.
2013) and V1309 Sco (Mason et al. 2010; Tylenda et al. 2011)
are usually observed in our Galaxy, while much brighter events
(My < —12 mag) such as NGC4490-20110T1 (Smith et al. 2016;
Pastorello et al. 2019a), AT 2015dl in M 101 (Blagorodnova et al.
2017), AT 2017jfs (Pastorello et al. 2019b), and AT 2018hso (Cai
et al. 2019) are occasionally discovered in other galaxies. This
suggests that faint LRNe are common and can be observed with
a rate of once per decade in a galaxy such as the Milky Way,
while luminous events are intrinsically rare (Kochanek et al. 2014;
Howitt et al. 2020).

The detailed photometric and spectroscopic follow-up of
V1309 Sco revealed the physical mechanisms powering at least
most of LRN outbursts. For a few years before the outburst,
V1309 Sco showed a short-period photometric modulation with
a pseudo-period of about 1.4d due to the inspiraling motion
of the secondary star in a binary system. Later, the photomet-
ric period started to decline. The photometric modulation disap-
peared as soon as the light curve reached a minimum followed
by a slow luminosity rise of ~4 mag, lasting about six months.
This was interpreted as the signature of the common-envelope
(CE) ejection which obscured the binary system. The final LRN
outburst was likely due to the gas outflow following the stellar
coalescence. Recent theoretical studies (e.g., Pejcha et al. 2016,
2017; MacLeod et al. 2017, 2018) support this scenario.

Starting from an alternative characterization of the sub-
families of gap transients, Soker & Kaplan (2020) recently pro-
posed a jet-powered toy model to explain the observed properties
of different types of objects. Regardless of whether the physical
scenario is a merging event or simple mass transfer that leaves
the binary system intact, the accretion of mass through a disk
may launch polar jets (Kashi & Soker 2016; Soker & Kashii
2016). The efficient conversion of kinetic energy into radiation
produced by the jet colliding with pre-existing circum-stellar
material may account for the light curves of LRNe and other
gap transients (see, also, Soker 2020).

The large range of observed peak luminosity of LRNe is
related to the different masses involved. Kochanek et al. (2014)
propose that the most luminous outbursts are produced by more
massive mergers. This finding is supported by Pastorello et al.
(2019a), who found a possible correlation between the luminos-
ity of individual light curve features and the luminosity of the
quiescent progenitor system.

In this paper, we present the results of our follow-up cam-
paign of LRN AT 2019zhd, which was discovered in M 31.
This is the third LRN that has been discovered so far in M 31,
after M31-RV (Boschi & Munari 2004) and M31-LRN2015
(Kurtenkov et al. 2015; Williams et al. 2015; Lipunov et al.
2017; Blagorodnova et al. 2020). Interestingly, all of them have
rather similar observational properties. The follow-up campaign
of AT 2019zhd has been carried out during the pandemic period
in part, and has been affected by a limited access to the observa-
tional facilities. Despite these restrictions, the past few months
have been prolific in terms of LRN discoveries as AT 2020hat
and AT 2020kog (Pastorello et al. 2021) were announced soon
after AT 2019zhd.

The format of the paper is as follows. In Sect. 2, we report
information on the discovery of AT 2019zhd, along with its dis-
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Fig. 1. AT 2019zhd in M 31: r-band image of the LRN field obtained
on 2020 February 14 with the 1.82m Asiago Copernico telescope,
equipped with AFOSC.

tance and interstellar reddening; in Sect. 3, we discuss the pho-
tometric properties during the different phases of the LRN evo-
lution, while in Sect. 4 we describe the spectroscopic evolution;
in Sect. 5 we analyse the bolometric light curve and the evolu-
tion of the photospheric temperature and radius, compared with
the other LRNe in M 31; in Sect. 6 we characterise the nature of
the progenitor system, while a discussion and a short summary
follow in Sect. 7.

2. The discovery of AT 2019zhd

AT 2019zhd' was discovered by the Zwicky Transient Fac-
tory (ZTF) on 2019 December 14.10UT (Ho 2019) at an
apparent magnitude r = 20.35 = 0.20mag. The transient
is observed at RA =00"40m375905 and Dec = +40°34'52"85
(equinox J2000.0), which is in the south-west outskirts of the
M 31 disk. The object was then spectroscopically classified as
a possible luminous blue variable (LBV) outburst or a LRN
by Kawabata (2020). The association of the transient with the
galaxy is confirmed through its spectra, whose emission lines
are slightly shifted towards bluer wavelengths, consistent with
the negative recessional velocity of M 31%. The region in M 31
with AT 2019zhd is shown in Fig. 1.

The distance of M 31 is well constrained through a num-
ber of methods. In this paper, we adopt the statistical estimate
from Tully et al. (2013), based on different methods (includ-
ing cepheids, the tip of the red giant branch, and the surface
brightness fluctuation) and scaled to Hy =73kms~! Mpc~'. The
inferred distance is d = 0.785 + 0.009 Mpc, which provides a
distance modulus u = 24.47 + 0.06 mag.

! Alternative survey designations are ZTF19adakuot and ATLAS
19berq.

2 The redshift of AT 2019zhd measured from our early spectra (see
Sect. 4) is consistent with that of the nearby emission line source 2035
(z = —0.001764) discussed by Merrett et al. (2006).


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039952&pdf_id=1

A. Pastorello et al.: Forbidden hugs in pandemic times. L.

AT2019zhd

m z-2
i—1

13
14
15
16
17
18
19
20
21
22
23
24

POOACOLO
I

R <
++++ =0

Magnitude
L w N —

HCH
HCH

ArrryrrrryrrrryrrrrrrrTT [ rTr T T[T T T T[T T T T TTTT [T T TT [T T TT [ TTTTT]T1]
[ [ [ [ [ [ [ [ [ [ [ [

Plateau
(H recomb.)

First Peak -

(merger outflow)

Slow Rise
(post—CE ejection)

TIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-140 -120 -100 -80
Days from

-60 -40 -20
the r—band peak

0 20 40

Fig. 2. Long-term light curve of AT 2019zhd, which includes both pre-outburst photometry and the LRN outburst. The phases are computed from
the r-band maximum (MJD =58892.0 +(.5). Only significant detection limits are shown in the figure.

The Galactic line-of-sight extinction at the location of the
transient is E(B—V) = 0.055 mag (Schlafly & Finkbeiner 2011).
Our early spectra of AT 2019zhd (see Sect. 4) do not show evi-
dent absorption features of interstellar NaI that can be attributed
to additional host galaxy reddening. For this reason, we assume
that the total reddening towards AT 2019zhd is consistent with
the Galactic value.

3. Photometric data

Photometric data reduction was carried out using the SNOoPY
pipeline (Cappellaro 2014). After correcting the science images
for standard calibration images (bias and flat-fields), and after
performing astrometric calibration, SNOoPY allows us to carry
out the simultaneous PSF-fitting photometry of the target along
with a number of stellar sources in the field of the transient.
The instrumental photometry was then calibrated using zero
points and colour term corrections inferred, for each night and
instrumental configuration, using standard stars from Smith
et al. (2002). Finally, the Sloan-band photometry was fine-tuned
through a comparison of the magnitudes of a number of stars in
the field of AT 2019zhd with those of the SDSS catalogue.

A catalogue of comparison stars in the B and V Johnson fil-
ters was obtained converting SDSS to Johnson-Bessell magni-
tudes using the transformation relations of Chronis & Gaskell
(2008). The final magnitudes of AT 2019zhd are reported in
Tables A.1 and A.2. The comprehensive multi-band light curves
of AT 2019zhd are shown in Fig. 2.

3.1. Pre-outburst phase

Although the object was discovered about two months before
the r-band light-curve maximum (see Sect. 3.2), we collected
data from the major public surveys to track its pre-outburst evo-

lution. Photometric data come from ZTF® (Bellm et al. 2019;
Graham et al. 2019), the Panoramic Survey telescope and Rapid
Response System (Pan-STARRS, hereafter PS; Chambers et al.
2016; Magnier et al. 2020), and the Asteroid Terrestrial-impact
Last Alert System (ATLAS; Tonry et al. 2018; Smith et al. 2020).
While the ZTF photometry was obtained with nearly standard
Sloan-g and r filters, PS provided data in the i band (which is
close to Sloan-i) and the wide (w) filter (nearly covering the
g+rband). ATLAS provided magnitudes in the cyan (hereafter c,
which is approximately g+r) and orange (hereafter o, nearly r+i)
filters. While the few ATLAS-c magnitudes have been converted
to Sloan-g magnitudes following the prescriptions of Tonry et al.
(2018), the PS-w and the ATLAS-0 magnitudes have been left in
their original photometric systems.

The earliest detections (from ~150 to 100 days before maxi-
mum) are provided by the PS survey. From Fig. 2, we note that
a very faint source (at i = 22.25 + 0.40 mag) was first observed
at the location of AT 2019zhd on MJD =58745.59, hence 146d
before the peak of the outburst (see Sect. 3.2). Then, the source
experienced a moderate magnitude rise of 1.6+0.3 mag (100d)"!
in the ¢ band and 2.6 + 0.2mag (100d)~! in the r band (these
slopes have been obtained approximating ATLAS-0 and PS-w
magnitudes to Sloan-r). Finally, a much more evident brighten-
ing started on MJD ~ 58887; the evolution of this outburst will
be detailed in Sect. 3.2.

3.2. Multi-band light curves

The LRN outburst was well monitored by the surveys men-
tioned in Sect. 3.1 and, in the g band, by the All-Sky Auto-
mated Survey for Supernovae (ASAS-SN; Shappee et al. 2014;

3 The data have been obtained through the Lasair (Smith et al. 2019)
and the ALeRCE brokers (Forster et al. 2020).
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Fig. 3. Multi-band light curve of the AT 2019zhd outburst.

Kochanek et al. 2017). Supporting multi-band photometry has
been obtained at the 2.0 m Liverpool Telescope equipped with
I0:0 and the 2.56m Nordic Optical Telescope (NOT) with
ALFOSC and StanCam®*, hosted at the Roque de los Mucha-
chos (La Palma Canary Islands, Spain); the 1.82m Copernico
Telescope with AFOSC, and the 67/92 cm Schmidt Telescope at
Mt. Ekar (near Asiago, Italy). Additional unfiltered photometry
(scaled to Sloan r-band) has been taken using a 35 cm telescope
of the Itagaki Astronomical Observatory (Yamagata, Japan).

The rise to the outburst peak is very fast, lasting 4—5 days in
the g and r bands. The peak parameters were determined through
a low-order polynomial fit. We obtained that the light curve
reached the peak in the r-band on MJD =58892.0 £ 0.5 (rmax =
15.00 + 0.01 mag), and in the g-band on MJD =58991.5 +0.7
(gmax = 15.38 £ 0.01 mag). Hereafter, the epoch of the r-band
peak will be considered as the reference time in this paper. The
maximum is followed by an initially fast decline and then by a
flattening, which is marginally visible in the blue bands, while it
is more evident in the redder bands. The magnitude of the plateau
in the r band is r = 16.55 + 0.05mag. A plateau or a broad
second maximum have been observed in a number of LRNe
(see, Pastorello et al. 2019a, and references therein). However,
while the second red peak is prominent in the intrinsically lumi-
nous events, usually it is relatively shallow in fainter LRNe (see,
e.g., Pastorello et al. 2019a, their Fig. 15). After the secondary
peak (or the plateau) the light curve declines monotonically in
all bands. The overall photometric evolution of the outburst in
the different bands is shown in Fig. 3.

3.3. Comparison with other LRNe

In Fig. 4, we compare the r-band absolute light curve, the
B—V colour evolution, and the pseudo-bolometric light curve of
AT 2019zhd with those of a sample of LRNe (see Pastorello et al.
2019a, and references therein). The top-left panel of Fig. 4 shows

4 The NOT data have been obtained in the framework of the Nordic
optical telescope Unbiased Transient Survey 2 (NUTS2) collaboration
(Holmbo et al. 2019); see https://nuts.sn.ie/
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the pre-outburst light curves of a few objects whose fields were
covered by survey observations, highlighting the pre-outburst
photometric evolution of the LRN precursors. In particular, the
historical light curve of V1309 Sco published by Tylenda et al.
(2011) is considered as a milestone for our comprehension of
the LRN phenomenon. V1309 Sco is a Galactic LRN routinely
observed by the OGLE project (Udalski 2003) from 2001 to
late 2007, and showed a modulated light curve with photomet-
ric period decreasing with time. This photometric variability was
likely produced by a binary system that was rapidly losing angu-
lar momentum. In early 2008, a broad photometric minimum and
a later brightening by 4 mag in about six months were observed,
while signatures of a light curve modulation were no longer vis-
ible. This was interpreted as the result of the common envelope
ejection, which embedded and obscured the two stellar compan-
ions. A much more evident outburst, characterised by a brighten-
ing by further 4 mag in about one week, was later observed, and
is believed to be due to gas outflow triggered by the coalescence
of the two stellar cores.

Unfortunately, V1309 Sco is the only LRN for which high
signal to noise (S/N) and high cadence photometry is avail-
able. For this reason, the past history of binary variabil-
ity is not detectable for other objects. However, SNhunt248
(Kankare et al. 2015; Mauerhan et al. 2015, 2018), AT 2015d1
(Blagorodnova et al. 2017), and OGLE-2002-BLG-360 (Tylenda
et al. 2013) showed a long period of slowly rising luminosity
before the outburst onset, with in some cases minor to moderate
luminosity fluctuations (see, e.g., M31-LRN2015; Blagorodnova
et al. 2020).

AT 2019zhd was observed for almost five months before the
LRN outburst, during which its absolute magnitude increased
from M, = -2.8 to M, ~ —5.6mag. This relatively slow rise
is likely due to the photometric evolution of the stellar system
after the common envelope ejection, similarly to V1309 Sco. The
light-curve bump observed for a few months before the outburst
is closely reminiscent that of V838 Mon (Munari et al. 2002;
Goranskij et al. 2002; Kimeswengen et al. 2002; Crause et al.
2003, 2005, see Fig. 4, top-left panel) before the main peak.
We also note that the absolute magnitude of AT 2019zhd, both
before and during the outburst, is intermediate between luminous
extra-galactic events such as SNhunt248 and AT 2015dl, and the
faint LRNe observed in the Milky Way, such as V1309 Sco and
OGLE-2002-BLG-360. Hence, its absolute magnitude at peak
(M, = -9.61 + 0.08 mag) is somewhat comparable with that of
V838 Mon.

Figure 4 (bottom-left panel) shows that the B—V colour evo-
lution of AT 2019zhd during the first month after the outburst
ranges from about O (at the blue peak) to 2 mag at the end of
the plateau. This colour becomes redder much more rapidly than
what has been observed in the extra-Galactic LRNe discussed
in Pastorello et al. (2019a), and this evolution is comparable to
those shown by fainter Galactic objects, such as V1309 Sco.

Figure 4 (right panel) compares the quasi-bolometric evolu-
tion of AT 2019zhd, obtained after integrating the flux over the
optical domain only, with those of a wide sample of LRNe. The
luminosity of AT 2019zhd at peak, 1.4 x 10*ergs~!, is simi-
lar to that of the prototypical V838 Mon. The optical luminos-
ity of AT 2019zhd is over two orders of magnitude fainter than
that of the luminous SNhunt248 (Kankare et al. 2015), AT 2014e;j
(Stritzinger et al. 2020), and AT 2017jfs (Pastorello et al. 2019b),
and about 25 times brighter than V1309 Sco. After maximum, the
light curve decline is initially very fast, it flattens after one week,
and increases again at late phases. The figure also shows that
fainter LRNe have light curves with shorter duration than those
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of the most luminous counterparts. In general, AT 2019zhd has a
luminosity similar to V838 Mon and the other two LRNe in M 31,
although with a faster-evolving light curve, which is reminiscent
of that of V1309 Sco. The short-duration plateau of AT 2019zhd
is likely due to a smaller ejected mass than other LRNe.

4. Spectral evolution

The spectroscopic follow-up of AT 2019zhd lasted about one
month. The monitoring campaign was limited by the short vis-
ibility window of the object, which was observable only soon
after sunset. Nonetheless, we obtained ten spectra using the
2.0m Liverpool Telescope equipped with SPRAT (Piascik et al.
2014), the 2.56 m NOT with ALFOSC, the 10.4 m Gran Telesco-
pio Canarias (GTC) with OSIRIS, the 1.82m Copernico Tele-
scope with AFOSC, and the 1.22m Galilei Telescope with a
B&C spectrograph. We monitored all crucial phases of the LRN
evolution, from the initial blue peak to the end of the plateau.
The spectroscopic data were reduced through standard tasks in
IRAF® or dedicated pipelines, such as the FOSCGUI®. Technical

> IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.

® FOSCGUI is a graphic user interface developed by E. Cappellaro, and
aimed at extracting supernova spectroscopy and photometry obtained

information on the spectra is reported in Table 1, while the entire
spectral sequence is shown in Fig. 5.

Early spectra, taken soon after the blue peak, show a blue
continuum with superposed prominent emission lines of the
Balmer series. A number of Fell features with a predominant
emission component are also clearly detected, along with Call
H&K, which is instead observed in absorption. The continuum
temperature decreases from 7" = 9500+700 to 7900+500 K from
0.9 d to 2.8 d after maximum. The best resolution B&C spectrum
at +2.8d (Munari et al. 2020) allows us to constrain an upper
limit for the full-width at half-maximum (FWHM) velocity for
the Ha emission, which is about 280 km s~!.

The following spectra show a remarkable transition, with the
continuum becoming rapidly redder (7" = 5400 + 400K at 4.9d,
T =4700+£400K at 5.9d,and T = 4100+ 600K at 15.8d). In a
moderate resolution GTC spectrum obtained at 8.8 d after maxi-
mum, Ha shows a P-Cygni profile with an absorption component
which is blue-shifted by about 160 kms~!. During the first two
weeks past maximum, the Balmer emission components become
progressively weaker, and only He is barely visible at 15.8d,
with a slightly blueshifted peak (see Fig. 6). In this phase, the
spectrum is dominated by a forest of narrow absorption metal
lines. Following Pastorello et al. (2019a, see their Fig. 10), we

with FOSC-like instruments. A package description can be found at
http://sngroup.oapd.inaf.it/foscgui.html
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Table 1. General information on the spectra of AT 2019zhd.

Date MID Phase Instrumental configuration Exptime Resol. Range
(days) (s) (nm) (nm)

2020 Feb 13 588929 +0.9 LT+ SPRAT 300 14 400-800
2020 Feb 14  58893.8 +1.8 Copernico + AFOSC + VPH7 + VPH6 1200+ 1200 1.5+1.5 330-930
2020 Feb 15 58894.8 +2.8 Copernico + AFOSC + VPH7 2000 1.5 340-730
2020 Feb 15 58894.8 +2.8 Galileo + B&C + 300tr 5400 0.6 330-780
2020 Feb 17 588969 +4.9  NOT + ALFOSC + gm4 1800 1.4 360-960
2020 Feb 18  58897.9 +5.9 Copernico + AFOSC + VPH6 + VPH7 1800+ 1500 1.5+1.5 350-920
2020 Feb21  58900.8 +8.8 GTC + OSIRIS + R2500V + R2500R 360 + 360 0.21+0.25 443-768
2020 Feb 28  58907.8 +15.8  Copernico+ AFOSC + VPH6 3600 1.5 500-920
2020 Mar 05 589139 +21.9 NOT + ALFOSC + gm4 2700 1.8 350-960
2020 Mar 12 589209 +28.9 NOT + ALFOSC + gm4 1200 1.8 420-960

Notes. The phases are from the r-band maximum (on MJD =58892.0 + 0.5). LT = 2.0 m Liverpool Telescope (La Palma, Canary Islands, Spain);

Copernico=1.82m Copernico Telescope (INAF — Padova Observatory;

Mt. Ekar, Asiago, Italy); Galileo=1.22m Galileo Telescope (Padova

University, Asiago — Pennar, Italy); GTC = 10.4 m Gran Telescopio Canarias (La Palma, Canary Islands, Spain); NOT =2.56 m Nordic Optical

Telescope (La Palma, Canary Islands, Spain).
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Fig. 5. Spectroscopic evolution of AT 2019zhd, from the light curve peak to late phases. No reddening and redshift corrections have been applied

to the spectra. For clarity, the spectra have been shifted in flux by an arbitr:

identify the prominent Fe IT multiplets in absorption, along with
Scll, Ball, Till, Nal doublet, Call and OI. This transitional
spectrum is typical of LRNe during the second, redder peak
(Smith et al. 2016; Blagorodnova et al. 2017; Pastorello et al.
2019b; Cai et al. 2019; Stritzinger et al. 2020), although here the
transition is much more rapid, in agreement with the rapid light
curve evolution.

When the light curve starts the fast post-plateau decline, the
spectral continuum temperature further decreases to 7 =3100 +
400K at 21.9d, and T =2600 + 500K at 28.9d. In these
later spectra, broad absorption bands produced by molecules
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ary amount. The phases are from the Sloan-r band luminosity peak.

are clearly detected at about 5450 A, 5900 A, 6250 A, 6750 A,
7150 A, 7700 A and 8300 A; in particular, TiO bands are becom-
ing prominent (Valenti et al. 1998). Again, the presence of
molecular bands is a common feature of late-time optical
spectra of LRNe (Smith et al. 2016; Blagorodnova et al. 2017;
Pastorello et al. 2019a,b; Cai et al. 2019), although it hap-
pens earlier in faint, fast-evolving LRNe observed in the Milky
Way (e.g., Martini et al. 1999; Munari et al. 2007; Goranskij
& Barsukova 2007; Kaminski et al. 2009; Mason et al. 2010;
Barsukova et al. 2014). A comparison of the latest spectrum of
AT 2019zhd with late spectra of other LRNe is shown in Fig. 7.
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Fig. 7. Comparison of late-time spectra of LRNe, with the most promi-
nent molecular bands highlighted. The sample includes AT 2019zhd
(phase ~29 d), AT 2020hat (~76 d) and AT 2020kog (~100 d; Pastorello
et al. 2021), NGC4490-20110T1 (~218d; Pastorello et al. 2019a),
AT 2015dl (~252 d; Blagorodnova et al. 2017), and V1309 Sco (~62d;
Mason et al. 2010).

5. Bolometric light curve and evolution of the
temperature and the radius

As noted in Sect. 3.2 (see Fig. 4, right panel), AT2019zhd
belongs to the LRN sample having intermediate luminos-
ity at maximum (My ~ — 10mag). This group also includes
V838 Mon, and two other LRNe discovered in M31: M31-
LRN2015 (Kurtenkov et al. 2015; Williams et al. 2015; Lipunov
et al. 2017; Blagorodnova et al. 2020) and M31-RV (Rich

et al. 1989; Mould et al. 1990; Bryan & Royer 1992; Tomaney
& Shafter 1992; Boschi & Munari 2004). The fact that only
intermediate-brightness LRNe have been discovered in M 31 is
somewhat puzzling. While it is not surprising that very lumi-
nous LRN events have not been observed so far in M 31 as they
are intrinsically rare (Kochanek et al. 2014), faint events simi-
lar to V1309 Sco are expected to be common, and they should
have been discovered in M 31. One may invoke selection effects
to explain the lack of faint red nova discoveries in this galaxy.
Objects similar to V1309 Sco, at the distance of M 31, would
have a peak apparent magnitude of about 18, hence they should
be comfortably observed, unless they occur in crowded or dusty
regions. In this respect, we note that a few tens of nova candi-
dates are discovered every year in M 31 in the magnitude range
17-21 mag, and a large fraction of them (nearly 50%, from
the on-line database of M 31 novae’; see Pietsch 2010) remain
unclassified. Hence, it is plausible that low-luminosity events
similar to V1309 Sco can be found among these unclassified
candidates.

To best characterise the three LRNe in M 31, we now com-
pare their parameters inferred from the available photometric
data, adopting a similar approach as MacLeod et al. (2017,
see their Fig. 2). For M31-LRN2015, we adopt a moderate-
reddening scenario (E(B—-V) = 0.37mag, Kurtenkov et al.
2015).

In Fig. 8 (top-right panel), we show the B—V colour curve as
in Fig. 4 (bottom-left), but we limit the sample to the three LRNe
in M 31. The colour evolution of the three objects is remarkably
similar, with B—V growing from about 0.1 mag at maximum to
over 1.4—2 mag (depending on the object) after one month. The
B-V colour increases more rapidly in AT 2019zhd than in the
other two LRNe, reaching B—V ~ 2mag at about 15d after
maximum. The late evolution, up to +82 d, is observed only for
M31-RYV, and the colour seems to flatten to B—V ~ 1.8 mag.

In order to determine the evolution of the bolometric lumi-
nosity (Lpoy), the temperature (Typ,) and the photospheric radius
(Rpn), we first construct the spectral energy distribution (SED)
for each object, and for any epochs with available multi-band,
reddening-corrected photometric data. When the measurement
in a determined band is missing, its flux contribution can be
estimated through an interpolation using the magnitudes at adja-
cent epochs, or extrapolating the missing magnitude by assum-
ing a constant colour from the closest epoch. This assumption
is very crude, and is critical mainly in the pre-maximum phases,
when the object is expected to have a very rapid colour evolution.

The total flux (Fyp) and Ty, are estimated for each epoch
through a Monte Carlo simulation. Firstly, flux values at differ-
ent wavelengths (F;) are generated with a Gaussian distribution
centred at the measured F,, and with a standard deviation equal
to the measured F, error. Then, we fitted a black-body to the
randomly generated F,; values, obtaining an ith estimate of the
total flux Fyp; and the temperature Ty ;.

After reiterating this procedure for 200 times, we adopt the
median values of Ty ; and Fyp; as best estimates of Fip, and Ty
for that epoch, and the errors are given by the standard devia-
tion of the 200 Tyy,; and Fyyp; estimates. Adopting the distance
given in Sect. 2 and assuming spherical symmetry for the emit-
ting source, from Fy, we infer Ly, for that epoch. Finally, Ry,
corresponing to the above Ly, is obtained through the Stefan-
Boltzmann law for an emitting sphere. Trivial error propagation
provides the uncertainties on the Ly, and Ry estimates. The
evolution of Ly, Tw, and Ry are obtained by repeating the full

7 https://www.mpe.mpg.de/~m31novae/opt/m31
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Fig. 8. Comparison of the physical parameters of the three LRNe in M 31 (adopting u = 24.47 + 0.08 mag for M 31): AT 2019zhd, M31-LRN2015
and M31-RV. Top-left: bolometric light curves. Top-right: B—V colour evolution. Bottom-left: evolution of the blackbody temperature evolution.
Bottom-right: evolution of the radius. The data of M31-RV are from Boschi & Munari (2004), those of M31-LRN2015 are from Kurtenkov et al.
(2015), Williams et al. (2015), Lipunov et al. (2017), Blagorodnova et al. (2020). For the total reddening of the comparison objects, we adopt
E(B-V) = 0.37 mag for M31-LRN2015 (from Kurtenkov et al. 2015), and E(B-V) = 0.12 mag for M31-RV (Boschi & Munari 2004).

procedure for all available epochs. We remark that, while in gen-
eral a temperature inferred through black-body fits to the SED
is not a good proxy for the photospheric temperature in spectra
dominated by deep TiO features (e.g., Flux et al. 1994), this is
acceptable in the case of AT 2019zhd, as the TiO bands become
relatively prominent only at late epochs (~30days after maxi-
mum, see Sect. 4).

The resulting bolometric light curves of the three objects are
shown in Fig. 8 (top-left panel). AT 2019zhd peaks at L ~ 2.1 X
109 ergs™! (hence, L ~ 5.5 x 103 Ly), about two times fainter
than M31-LRN2015 (L = 4x10*° erg s~!). We note that the bolo-
metric light curve of M31-RV® shown here is the most luminous
in the M 31 LRN sample, peaking at L ~ 5.1 x 10*° erg s~!. This
is due to the large NIR contribution to the bolometric luminos-
ity, obtained through the NIR observations originally presented
by Mould et al. (1990).

The evolution of Ty, is shown in Fig. 8 (bottom-left panel).
While the pre-maximum evolution is very uncertain for all
objects due to the incomplete colour information, from the
available data we note that M31-LRN2015 peaks at almost
8000K, AT 2019zhd peaks at about 7000 K, while M31-RV
seems to peak at much lower temperatures (7T, ~ 3800 K). Soon
after maximum, their temperatures undergo a fast decline dur-
ing the first week, and then the decline rates become slower.
At one month after maximum, the temperature measured for

8 We assume the epoch of the early peak is MJD =47355.5 (Mould
et al. 1990). Unfortunately, no precise colour information is available at
that epoch, and this uncertainty affects the accuracy of the bolometric
correction. The first epoch with multi-band photometry was obtained at
about 36 d days after the peak.
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AT 2019zhd was Ty, = 2500 K, while both M31-RV and M31-
LRN2015 have hotter blackbody temperatures, i.e. Ty, ~ 3200 K
and 3600 K, respectively.

Finally, Fig. 8 (bottom-right panel) shows the evolution of
Ryn. Again, the evolution of Ry is very uncertain in the pre-
peak phases for the reasons mentioned above. At maximum,
Rpn ~ 500R; in both AT 2019zhd and M31-LRN2015. After
a short-lasting decline soon after peak, R, increases almost lin-
early in AT 2019zhd until phase ~35d (Ryn ~ 1500 R5). At the
same epoch, Ry, ~ 1800 Ry in M31-LRN2015, while M31-RV
appears to be much more expanded, with Ry, ~ 3000 R,

We note that in AT 2019zhd and M31-LRN2015 the evolu-
tion of Ty, and Ry follows a similar trend as more luminous
LRNe, such as AT 2020kog (Pastorello et al. 2021), AT 2018hso
(Cai et al. 2019), AT2017jfs (Pastorello et al. 2019b), and
AT 2014ej (Stritzinger et al. 2020), that have higher tempera-
ture (T, > 7000K) and a more compact radius at the early
maximum. In contrast, M31-RV is much redder (the temper-
ature is lower by a factor of two) and has a larger radius at
maximum. This behaviour is reminiscent of those of AT 2015d1
(Blagorodnova et al. 2017) and AT 2020hat (Pastorello et al.
2021), which do not show a prominent early, hot peak. The vari-
ety in early-time temperatures and radii of LRNe could be a con-
sequence of the different geometry of the expelled gas, the radii
of the two stellar components, the total masses involved, and
the final outcome of the dynamic interaction process. Detailed
modelling is thus necessary to infer whether the heterogeneous
evolution of the above parameters brings some information
on the fate of the system. In particular, the LRN observables
are expected to be different when the post common-envelope
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evolution has led to coalescence, or eventually to a new stable
binary configuration.

6. The quiescent progenitor

In order to characterise the progenitor of AT 2019zhd, we
searched in the Mikulski Archive for Space Telescopes for
Hubble Space Telescope (HST) images covering the site of the
transient. While M 31 has been observed extensively with HST,
the site of AT 2019zhd was only covered by one epoch of multi-
band imaging, due to its small field of view. These images were
taken with WFPC2 on 1997 December 9, with exposure times
of 2x350s, 2x260s and 2 x 260 s in the F439W, F555W and
F814W filters respectively. The site of AT 2019zhd falls on the
WF4 chip, which has a pixel scale of 0.1” pix~!, and is unfortu-
nately <10 pixels from the edge of the detector.

To precisely localise the position of AT 2019zhd on the
WFPC2 images, we performed differential astrometry between
the F814W images and a 35s r-band image of the transient
taken on 2020 February 17 with the NOT plus ALFOSC. Seven
point sources common to both images were used to determine
a geometric transformation. From this, we find the pixel coor-
dinates of AT 2019zhd to be (792.67, 522.15) on the F814W
image. The associated uncertainty on this position is 103 mas
(~1 WF pixel) from the rms scatter of the sources used in deriv-
ing the transformation. However, due to systematic effects, this
is likely an underestimate of the true uncertainty on the position.
Firstly, the only sources visible in common to both the NOT and
HST images were bright foreground stars. These will potentially
exhibit proper motion at >mas level over the 22 years between
the HST and NOT images. As AT 2019zhd lies at the extreme
edge of the WF4 chip we must extrapolate the geometric trans-
formation (since the reference sources used for the alignment all
lie to one side of the transient). Finally, our geometric transfor-
mation has six free parameters, while we are only using seven
sources to derive the transformation. All things considered, we
adopt three times the transform uncertainty (i.e. 0.31”) as a con-
servative uncertainty on the location of AT 2019zhd in the HST
images.

In order to identify sources on the HST images, we used
the DOLPHOT photometry package (Dolphin 2000). All sources
detected by DOLPHOT at >30 confidence are plotted in Fig. 9.
One source was found to be consistent with the position of
AT 2019zhd (designated as Source A), along with two sources

just outside our adopted positional uncertainty (Sources B and
C). While we regard Source A as a credible counterpart to
AT 2019zhd on its location, we note that it also has markedly dif-
ferent colour with respect to the other sources in the field. PSF-
fitting photometry was performed for Source A using DOLPHOT,
and we find magnitudes for the source (in the Vega mag-
nitude system) of F555W 2485 + 0.12 and F814W =
21.82 + 0.03 mag, while it is not detected in the F439W filter,
down to ~25.6 mag. Source A is extremely red, hence it is not
surprising it is undetected in the F439W filter. A comparison to
other sources in the field in Fig. 10 shows it to be far redder than
the majority of sources in the field, and this difference with the
local stellar population makes source A as an appealing progen-
itor candidate for AT 2019zhd.

For Source B, we measure F555W = 25.93 + 0.12 mag;
F814W = 2474 + 0.18 mag; while for Source C, we find
F555W = 24.83 £ 0.12mag; F814W = 24.36 + 0.19 mag. As
these are further from the location of AT 2019zhd, and appear
very similar to other sources in the field, we regard them as
unlikely to be the progenitor.

Turning back to Source A, after correcting for foreground
reddening (E(B—-V) = 0.055 mag), and adopting a distance mod-
ulus for M 31 of u 24.47 + 0.08 mag, we find an absolute
magnitude of Mpsssy = 0.21 £0.14 mag and a F555W—-F814W
colour of 2.96 + 0.12mag. While this candidate progenitor is
much redder than those of most LRNe studied so far (e.g.,
Pastorello et al. 2019a), its red colour is somewhat reminis-
cent of that of the progenitor of AT 2020hat (Pastorello et al.
2021). The progenitor of M31-LRN2015 has been also detected
in archive images, showing a brighter absolute magnitude (My =
—1.50 + 0.23 mag) and a bluer colour (V-1 = 1.05 + 0.15 mag;
Williams et al. 2015). We remark that, as most (if not all)
LRNe are closely interacting binary systems, the two stel-
lar components contribute to the magnitudes and the colours
inferred here.

An alternative scenario is that none of the three sources
mentioned above is the progenitor of AT 2019zhd, hence source
A is merely a chance alignment with the location of the
LRN. Accounting for the detection limits of the HST images,
a non-detected progenitor would have F439W > 25.6 mag,
F555W > 25.7mag and F814W > 25.4 mag, hence Mpazow >
0.9mag, Mpsssw > 1.1 mag and Mpgi4w > 0.8 mag. Such
a faint source would not comfortably match the correlations
between progenitor versus light curve absolute magnitudes
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(Pastorello et al. 2019a), as it would fainter than the expected
absolute magnitude of the progenitor of a LRN whose light
curve peaks at My = -9.1mag (see, also, Fig. 9 of
Pastorello et al. 2021). Moreover, the exceptionally red colour
of Source A is markedly different from other sources in the field,
and may be explained by a puffed-up star that has formed a
common-envelope. For this reason, while we believe that source
A remains the most plausible progenitor of AT 2019zhd, a bluer
progenitor below the detection threshold of the HST images can-
not be definitely ruled out.

7. Discussion and conclusions

In order to infer the V-band magnitudes of AT 2019zhd at a few
critical phases of its evolution, we apply the conversion relations
between photometric systems from Jordi et al. (2006). During
the slow magnitude rise before the LRN outburst, AT 2019zhd
reaches a maximum V-band absolute magnitude My = -5.74 +
0.28 mag. Superposed to the global rise, the light curve shows
some fluctuations, similar to those observed for instance in M31-
LRN2015.

As discussed by Pejcha et al. (2017), the dynamical mass
transfer in a binary system, which happens when one star has
filled its Roche lobe, may cause a systemic mass loss with a
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double effect: the decrease of the angular momentum (which
may eventually lead the binary to merge) and the formation
of an optically thick expanding cocoon (the CE) that engulfs
the stellar system (Paczynski 1976). This phase is characterised
by a substantial luminosity decline. Shocks between material
ejected in more recent mass-loss events and the CE may cause
a renewed luminosity rise, as observed before the outburst of
M31-2015LRN and other LRNe (Blagorodnova et al. 2020). The
non-monotonic light curve of AT 2019zhd before the main out-
burst (see Fig. 2) can be explained with a similar mechanism as
proposed for M31-2015LRN.

The subsequent luminous blue peak in the light curve of
AT 2019zhd at My = -9.08 + 0.12mag is produced by a vio-
lent gas ejection during the merging process, which then inter-
acts with the pre-existing circumstellar material (MacLeod et al.
2017). The average magnitude of the plateau (which is consid-
ered analogous of the red peak in more luminous events) is My =
—7.59 + 0.32mag. This feature in the LRN light curve, char-
acterised by a roughly constant effective temperature, has been
explained as due to a hydrogen recombination front which prop-
agates through the expanding gas (Ivanova et al. 2013; Lipunov
et al. 2017), similar to that observed during the plateau phase
in type IIP supernovae (Popov 1993). This scenario is also con-
firmed by the Balmer decrement, which ranges from 2.4 to 2.8 in
the first two spectra, consistent with the expectations for Case B
recombination, along with the decrease of the Balmer emission
lines intensity.

While some observational properties (e.g., the light curve
shape with an early, sharp peak followed by a broader maximum
or a plateau, and the late spectra reminiscent of those of
intermediate-to-late M spectral types) are shared among all
LRNe, we have seen in Sect. 5 that other parameters (peak lumi-
nosity, effective temperature, and photospheric radius) show a
wide diversity which could be due to the dynamical processes
occurring in the binary system, and the physical properties of
the individual stellar components. Exploring the diversity in the
observed parameters through hydro-dynamical models can give
some constraints on the main parameters of the binary system
and, eventually, the final merger.

Kochanek et al. (2014) proposed a tight relation between
the luminosity of the outburst and the total mass of the binary.
This is also supported by the correlations of the LRN luminosity
with that of the progenitor system before the outburst (Pastorello
et al. 2019a), and with the outburst duration (Pastorello et al.
2021). Objects with Ly, at maximum exceeding 10*' ergs™!
have been discovered, along with transients whose Ly is 3—4
orders of magnitude smaller. In the luminosity distribution of
LRNe, AT 2019zhd lies in the middle (see Fig. 9 in Pastorello
etal. 2021), sharing similar photometric parameters with objects
such as V838 Mon (e.g., Goranskij et al. 2002, 2004, 2020;
Kimeswengen et al. 2002; Munari et al. 2002; Crause et al. 2003,
2005), M31-RV (Bond et al. 2003; Boschi & Munari 2004), and
M31-LRN2015 (Kurtenkov et al. 2015; Williams et al. 2015;
Lipunov et al. 2017; Blagorodnova et al. 2020). This implies that
these transients were likely produced by stellar systems with rel-
atively similar masses, intermediate between those of the two
groups mentioned above.

The system leading to the M31-LRN2015 event was observed
over a decade before the LRN outburst in HST images at My =
—1.50 £ 0.23mag and V-/=1.05 + 0.15 mag (Williams et al.
2015) (see, also, Dong et al. 2015), which are typical of a late-
G to early K-type stars. The progenitor of M31-LRN2015 was
somewhat redder than those discussed in Pastorello et al. (2019a).
It is important to note, however, that MacLeod et al. (2017)
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estimated a somewhat bluer intrinsic colour adopting a higher
reddening scenario (up to V-1 ~ 0.6mag, giving an F spec-
tral type source, see their Fig. 4). The M31-LRN2015 precursor
was likely formed by a primary sub-giant of 3—-5.5 M with a
radius of ~35 R, and a lower-mass (0.1-0.6 M) main sequence
companion (MacLeod et al. 2017; Lipunov et al. 2017). The
M31-RV LRN event has somewhat similar photometric charac-
teristics, and the progenitor belongs to a population of old red
giants in the M 31 halo. While no information is available on the
system before the M31-RV outburst, an in-depth analysis of the
LRN location years after the outbursts was performed by some
authors, although the results do not give firm constraints on the
identification of the survivor. Most likely, the merger faded below
the detection limit due to dust obscuration, or the survivor is even-
tually one of the red giants in the field® (Bond & Siegel 2006;
Bond 2011, 2018). In the case of AT 2019zhd, a stellar source at
the expected position of the quiescent progenitor was tentatively
identified in pre-explosion HST archive images, with absolute
magnitude Mpsssy = 0.21+£0.14 mag, and a reddening-corrected
colour F555W—-F814W = 2.96 + 0.12 mag, which is consistent
with an intermediate M-type source.

In this context, while the V838 Mon LRN event was rela-
tively similar to the above objects, its progenitor system was
more massive and bluer, and hosted in a young stellar popula-
tion environment (Barsukova et al. 2017; Goranskij et al. 2020,
and references therein), somewhat more similar to the environ-
ments of the brightest extra-galactic LRNe (Smith et al. 2016;
Mauerhan et al. 2015; Goranskij et al. 2016; Blagorodnova et al.
2017, Pastorello et al. 2019a; Cai et al. 2019).

Recent studies on LRNe have confirmed a large heterogene-
ity in their properties, which is expected since binary interaction
leading to merging events may involve stars spanning an enor-
mous range of masses. Further observational efforts and invest-
ments in developing theoretical models are necessary to pro-
vide robust correlations between the observational parameters
and those of the binary progenitor system.
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