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Abstract

We present a detailed analysis of an extragalactic slow classical nova in M31 exhibiting multiple peaks in its light curve.
Spectroscopic and photometric observations were used to investigate the underlying physical processes. Shock-induced
heating events resulting in the expansion and contraction of the photosphere are likely responsible for the observed
multiple peaks. Deviation of the observed spectrum at the peak from the models also suggests the presence of shocks.
The successive peaks occurring at increasing intervals could be due to the series of internal shocks generated near or
within the photosphere. Spectral modeling suggests a low—mass white dwarf (WD) accreting slowly from a companion

star. The ejecta mass, estimated from spectral analysis, is ~10~*

M, which is typical for a slow nova. We estimate the

binary, by comparing the archival Hubble Space Telescope data and eruption properties with stellar and nova models, to
comprise a 0.65 M., primary WD and a K1 cool evolved secondary star.

Unified Astronomy Thesaurus concepts: Classical novae (251); Andromeda Galaxy (39); Shocks (2086);
Photometry (1234); Light curves (918); Light curve classification (1954); Photoionization (2060); Spectroscopy
(1558); Radiative transfer (1335); Transient detection (1957); Cataclysmic variable stars (203); Optical

astronomy (1776)
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1. Introduction

Novae are cataclysmic events caused by a thermonuclear
runaway reaction on the surface of a white dwarf (WD),
accreting matter from a secondary star. The consequences are the
brightening of the binary system by several orders of magnitude
accompanied by ejection of matter (S. Starrfield 1999;
M. F. Bode & A. Evans 2008; S. Starrfield et al. 2016; M. Kato
et al. 2022).

Nova systems typically host a dwarf secondary star
(I. Fuentes-Morales et al. 2021). However, giant secondaries
are not rare (L. Chomiuk et al. 2021; B. E. Schaefer 2021).
Systems with low WD mass (<1 M.,) and/or low accretion
rates (<107° M., yr ') take a long time, more than 100 yr, to
accumulate H-rich material necessary for the thermonuclear
runaway reaction. Such novae have been observed to erupt
only once and are termed classical novae (CNe). Meanwhile,
some systems with high WD mass (Z1.2 M.) and high
accretion rates (107° to 107® M., yr ") need less ignition mass
to erupt and thus are seen frequently in outbursts and are
termed recurrent novae (RNe; O. Yaron et al. 2005;
M. M. Shara et al. 2018).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Novae show diversity in their light curves and spectra, leading to
classifications based on their speed class (very fast, fast, moderate,
slow, and very slow; B. Warner 2003), spectral class (Fe 11, He/N,
and hybrid; R. Williams 2012), and light-curve morphology
(smooth, cuspy, plateau, flat-topped, jittery, dusty, and oscillatory;
R. J. Strope et al. 2010). Different spectral phases are thought to
originate at different evolutionary stages of a nova depending on
the opacity, density, and ionization of the ejecta. Systems that
evolve rapidly can cause some of these spectral phases to be
missed, particularly during the early evolution (E. Aydi et al.
2024). However, rapid responses in modern times have enabled
observations during most of the spectral phases, even in the fast
RNe (U Sco, D. P. K. Banerjee et al. 2010; G. C. Anupama et al.
2013; RS Oph, R. Pandey et al. 2022). Models have suggested that
the WD's mass (Mwp), accretion rate (M), and the intrinsic
temperature (Twp) or the luminosity (Lwp) are the three most
important parameters responsible for describing the nova behavior
in a cataclysmic variable (CV) system (O. Yaron et al. 2005;
S. Starrfield et al. 2012; Y. Hillman et al. 2016). Other secondary
parameters affecting the CV properties include the binary
separation, composition of the accreted matter, type of secondary
star, and magnetic field strength of the WD.

Recent advances in multiwavelength observations of novae
have revealed ~-ray and hard X-ray emissions concurrent with
optical emission (L. Chomiuk et al. 2021, and references
therein). The presence of internal shocks in novae has become
more evident and is also backed up by models (B. D. Metzger
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et al. 2014; P. Martin et al. 2018). However, these high-energy
radiations, constrained by sensitivity, can be tested only on
galactic novae. For extragalactic novae, we must rely on the
effect of shocks seen in UV —optical bands.

M31, the nearby large galaxy, is a treasure trove for nova
hunters, given its suitable distance, size, inclination, visibility,
and high nova rates (M. J. Darnley et al. 2006; T. A. Rector
et al. 2022). Such outstanding possibilities have led to
astronomers surveying M31 for decades. More than 1100
novae have been discovered in M31 in the past century
(W. Pietsch 2010; M. J. Darnley & M. Henze 2020). M31 has
been home to numerous RNe, almost double the number
discovered in our Galaxy (A. W. Shafter et al. 2015). The most
exotic ones have a recurrence period of <10 yr (A. W. Shafter
et al. 2024), including the unusual RN with a 1 yr period M31N
2008-12a (J. Basu et al. 2024b). These systems have massive
WDs and thus are among the nearest Type la supernova
prospects through the single-degenerate scenario (M. Kato
et al. 2014). These objects, along with a diverse population of
novae in M31, establish the motivation to survey M31.

This paper discusses a slow CN AT 2023tkw, discovered by
the fully robotic 0.7m GROWTH-India Telescope (GIT;
H. Kumar et al. 2022a) during its M31 survey. In Section 2,
we talk about the discovery, classification, and follow-up
observations of the object. We discuss the imaging and
spectroscopic analysis in Sections 3 and 4. Section 5 sheds
light on the binary components of this system. We end with a
discussion on the properties of the nova.

2. Discovery and Observations

M31 has been observed at a daily cadence by the GIT in the
SDSS g’ and r' bands in the months of July to February every
year starting from 2022 under a proposal to search for nova-like
transients through image subtraction techniques using reference
images from Pan-STARRS of each field daily, following the
methods in H. Kumar et al. (2022b). Candidates were screened
via our vetting interface. On 2023 September 19, we detected
an unidentified source at just over 20 mag in both g' and r’
bands at the J2000 coordinates (R.A., decl.) = (00:41:24.169,
+41:08:05.26). Checks for minor planets using mpchecker’
showed no matches. The transient was not reported to the
Transient Name Server (TNS) earlier. No cross-match was
found in the M31 nova catalog,'’ in the foreground galactic
variable star search,” or in STMBAD.'? The new source was
named GIT20230919aa and reported to TNS (R. Kumar et al.
2023), which designated it as AT 2023tkw. We also note its
detection by the Zwicky Transient Facility (ZTF; E. C. Bellm
et al. 2019; M. J. Graham et al. 2019; R. Dekany et al. 2020)
under the name ZTF23aayatam. The object was found to be
brightening, i.e., it was discovered before it attained its peak
magnitude. Spectroscopic observations followed once it was
bright enough, which led to its classification as a nova in its
Fe 11 phase (J. Basu et al. 2023).

2.1. Photometry

Optical photometric observations of AT 2023tkw were
performed using the robotic GIT. We supplement these

0 https: //minorplanetcenter.net/cgi-bin/checkmp.cgi

' hitps:/ /www.mpe.mpg.de/ ~ m31novae/opt/m31/M31_table.html
1 https: //www.aavso.org/vsx/index.php
12 https: / /simbad.cds.unistra.fr/simbad/
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Table 1
Log of Spectroscopic Observations

Date of Obs Tel/Inst R Exp Air Mass
(UT) ()
2023-10-05 07:46 P200/DBSP 1000 3784 1.01
2023-10-18 19:33 HCT/HFOSC 600 3600 1.10
2023-10-22 08:19 Keck I/LRIS 750 300 1.09
2023-10-26 13:48 HCT/HFOSC 600 3600 1.31
2023-10-26 14:54 HCT/HFOSC 600 3100 1.13
2023-10-29 06:46 Keck II/NIRES 1000 300 1.17
2023-11-19 13:24 HCT/HFOSC 600 3600 1.12

observations with forced photometry obtained using the ZTF
Observing System, installed on the 48-inch Samuel Oschin
Telescope (Schmidt-type) at the Palomar Observatory.

2.1.1. GROWTH-India Telescope

The GIT, located at the Indian Astronomical Observatory
(IAO), Hanle, equipped with a 0.7 field of view, was used to
obtain images of the object in the Sloan g’, ', i’, and 7’ filters.
After the discovery on 2023 September 19, we performed
dedicated observations of the field from 2023 September 20 to
December 25, with a roughly daily cadence. Images were
acquired in single or multiple coadded 300s exposures,
depending on the brightness of the object, sky conditions,
and filter used. The images were processed on a nightly basis
following the steps mentioned in H. Kumar et al. (2022a).
Host-subtracted photometry was obtained after performing
image subtraction with Pan-STARRS Data Release 1
(K. C. Chambers et al. 2016) reference images as described
in H. Kumar et al. (2022b).

2.1.2. Zwicky Transient Facility

The ZTF forced-photometry service (F. J. Masci et al. 2019)
was used to obtain photometry of the object in the ZTF-g and
ZTF-r filters, following a roughly 3 day cadence. These
observations supplement the dense light curve obtained with
the GIT. The ZTF light curve revealed a long prediscovery
plateau of the object from 2023 July 19 until its first rise ~2
months later. The photometry table obtained from the service
was carefully filtered following the steps described in
F. J. Masci et al. (2023).

2.2. Spectroscopy

The spectra of the object were taken in optical and infrared
(IR) using the telescopes and instruments given in Table 1. All
the optical spectra were calibrated with the nearest broadband
g, r', i’ magnitudes owing to the dense photometric coverage
with the GIT. The extrapolated ;' mag was additionally used to
calibrate the Keck/LRIS spectrum. The velocity measured
from the FWHM of emission lines was deconvolved with the
instrument's resolution before being reported in the text.

2.2.1. P200/DBSP

The Double Beam Spectrograph (DBSP) is a low-resolution
(R ~ 1000) grating instrument for the Palomar 200-inch (P200)
Hale telescope (J. B. Oke & J. E. Gunn 1982). The first
spectrum for AT 2023tkw was taken with the DBSP on 2023
October 5. It has a blue camera observing in the range of
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3400-5600 A and a red camera for the 5650-10500 A region.
The spectrum was wavelength calibrated using arc lamps and
flux-calibrated using the standard star Feige 34. The spectra
were processed with the python package dbsp drp
(M. S. Mandigo-Stoba et al. 2022) implemented within the
pypeit framework.

2.2.2. HCT/HFOSC

The Himalayan Chandra Telescope (HCT), located at the
IAO, Hanle, is equipped with a low-resolution spectroscopic
instrument, the Himalayan Faint Object Spectrograph Camera
(HFOSC)." Tt was used to obtain the spectra of the transient
AT 2023tkw with grism 7 in the wavelength range
3500-7800 A. A FeAr lamp was used for wavelength
calibration. Flux calibration was carried out against Feige
110 for observations on October 18 and 26, whereas Feige 34
was used for the observation on November 19. The two spectra
taken on October 26 were similar and hence combined to
increase the signal-to-noise ratio.

2.2.3. Keck/LRIS

The Low-Resolution Imaging Spectrometer (LRIS) is an
optical wavelength imaging and spectroscopy instrument
operating at the 10m telescope Keck I (J. B. Oke et al.
1995). It observed the object just after the primary peak. The
blue and red dispersion regions are 3000-5650 A and
5650-10250 A, respectively. The spectrum was wavelength
calibrated using standard arc lamps and flux-calibrated using
the standard star G191-B2B. The spectra were processed with
the id1 package (D. A. Perley 2019) and were flux-calibrated
using standard-star observations.

2.2.4. Keck/NIRES

The Near-Infrared Echellette Spectrometer (NIRES) is a
prism cross-dispersed near-IR spectrograph mounted on the
10 m Keck 1II telescope (J. C. Wilson et al. 2004). It observed
the object in the wavelength region corresponding to the JHK
bands. The spectra were reduced, extracted, and wavelength
calibrated using sky emission lines with the idl tool
spextool (M. C. Cushing et al. 2004) and were telluric
corrected and flux-calibrated using xtellcor (W. D. Vacca
et al. 2003).

2.3. Extinction Correction

The extinction toward AT 2023tkw was calculated from a 1’
region around the nova in the M160 resolution dust map of
M31 (B. T. Draine et al. 2014) following a correction factor
outlined in J. Basu et al. (2024a). The obtained Ay = 0.621 and
Ry = 3.1 were used to deredden all the optical-IR spectra. We
used the CCM89 extinction law from J. A. Cardelli et al.
(1989) in the extinction package (K. Barbary 2021) to
correct for the extinction.

3. Light and Color Curves

3.1. Features and Classification

The ZTF light curve (see Figure 1) provides information
about prediscovery evolution from 2023 July 19. It shows

13 https: //www.iiap.res.in/centers /iao/facilities /hct /hfosc/
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modulations and rises slowly by 1 mag in 60 days. It then
showed a steep rise of ~1 mag in 5 days, followed by a drop of
more than 0.5 mag in the next 5 days. Immediately, a second
sequence of peak and dip was observed in the next 10 days. It
rose again from ~20.25 mag and attained the primary peak at
Mpeax = 18.5 mag in 12 days, 90 days after its first detection.
The extinction-corrected peak absolute magnitudes reached by
the object are —6.52 (g/), —6.58 (), and —6.40 ().
These are typical of novae in M31 but narrowly toward the
fainter end (A. W. Shafter et al. 2009). We should point out that
M31 was in solar conjunction before mid-July, causing
uncertainty in determining the exact time of the eruption.
However, there is no doubt about the slow rise of the object
from its light curve. M31 novae with jitters have been seen to
brighten up more slowly than those with a smooth rise (Y. Cao
et al. 2012). The nova then headed toward a dip of 2.5 mag in
the next 20 days. After that, it started rising again, up to almost
2 mag, and sustained a jittery plateau for around 15 days. It
then showed another dip, this time at a slower rate, and faded to
20.5 mag. Our light-curve coverage ends with a last rise at
approximately day 155-160 before finally fading away. The
light curve resembles a J-class nova from R. J. Strope et al.
(2010). It is quite similar to the historical nova RR Pic
(J. Lunt 1926) with a slow and ragged rise, a quick drop
followed by multiple rises. Another contemporary example of a
slow nova with a rare gradual rise and multiple peaks is
Gaia22alz (or Nova Velorum 2022; E. Aydi et al. 2023).
However, before drawing any comparison, we should note that
the slow rise, in the case of AT 2023tkw, is restricted only to
the final 2-3 mag before the peak. Prior information about the
evolution from quiescent is unavailable.

A linear fit to the decline of g/, ¥, and i light curves from the
primary maxima to the mpe. +2 value yields 16.0, 20.2, and
15.9 days, respectively. Such a short #, time might suggest that
the object is a fast nova (B. Warner 2003). But novae with
J-class light curves can cross the m,cq + 2 threshold more than
once. For such cases, R. J. Strope et al. (2010) used the last
time when the light curve crossed the mpe + 2 to determine
the 7, time. AT 2023tkw reaches close to but does not cross the
Mpea + 2 value in g, #’ bands for the second time during its
decline at day ~60 from the primary peak, whereas the i’ band
crosses it at day 61 again, although not for the last time. Due to
scarce coverage beyond day 160 since first detection (see
Figure 1), we could only put constraints on the #, time being
t, > 75 days, confirming the slow nature of the nova.

The g — ' color becomes redder during the major dip at
day 100-115 as shown in Figure 1. The color also seems to
become redder during the other minor dips in Figure 1, but the
change is within the error bars. A likely cause for this is
enhanced Ha emission, which tends to dominate as the
continuum flux decreases. The " — i’ becomes blue during the
major dip for the same reason as above. The g' — i’ color, on
the other hand, is devoid of the strong Ha flux. During the
decline around day 100-115, it becomes redder before
becoming bluer at the light-curve minima at day 110.

4. Spectroscopy
4.1. Spectral Evolution

The sequence of spectra shown in Figure 2 was observed at
different phases of the light curve, i.e., at dips, at primary
maxima, during the decline, and during the second maxima
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Figure 1. Optical light curve and extinction-corrected color curves. The temperature evolution, obtained from spectral modeling, is shown in the last panel. The data

associated with this figure will be available online.
(The data used to create this figure are available in the online article.)

using different instruments. H Balmer lines are visible in all the
epochs in the optical spectra. The line fluxes were initially high
during the rise, and the continuum was blue in the first epoch,
as seen in the top panel of Figure 2. The pre-maxima widths of
the Balmer lines were 350 km s, indicating a slowly
expanding ejecta. At the peak of the light curve, the continuum
dominated the optical bands. The emission lines weakened in
intensity and broadened to more than 600 km s~ '. However,
this could be overestimated, as it is at the edge of HFOSC's
resolution. During its decline to the first dip, the H line widths
in the LRIS spectrum decreased to FWHM ~ 400-500 kms~'.
Almost all the emission lines in the LRIS spectrum are
accompanied by superimposed P Cyg absorption features at
roughly —700 kms ™' from the emission peaks (third panel of
Figure 1). The emission lines progressed to increase in strength
and in width, up to 1000 km s~! measured in the HFOSC and
NIRES spectra (fourth and fifth panels of Figure 2). At the
same time, the peak of the SED shifted to shorter wavelengths,
manifesting flatter spectra in the optical and IR bands, beyond
5000 A. The Fe 11 (42, 48, 49) lines can be seen in the principal
spectra. The second peak was characterized by similar features
to those in the first peak, i.e., dominated by a blue continuum,

weakened emission-line strength, and velocities reducing to
500 kms~'. The observed spectral evolution aligns with the
typical pattern for novae displaying multiple peaks.

The Keck LRIS spectrum shows numerous H Balmer, H
Paschen, and Fe 11 multiplets, along with Ca, O I, N I, and C I
lines identified in Figure 2. The P Cyg absorption component
of the Balmer, Fe II, and O I lines is suggestive of a dense shell
moving outward at a velocity of 600-800 km s~'. The IR
spectrum displays prominent Paschen and Brackett lines, as
well as C I and O I lines marked in Figure 2. The line lists given
in R. Williams (2012) and D. P. K. Banerjee & N. M. Ashok
(2012) were used to identify the emission features in the optical
and IR spectra, respectively.

The O 1 AA11287 and 8446 lines are seen to be enhanced by
fluorescence due to Ly pumping, which is commonly seen in
novae (S. O. Kastner & A. K. Bhatia 1995).

4.2. Spectral Modeling

We used the PHOENIX (T. O. Husser et al. 2013, and
references therein) and CLOUDY (G. J. Ferland et al. 2017, and
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Figure 2. Top: spectroscopic evolution of AT 2023tkw. The spectral epochs are overplotted on the light curve in the right panels. Bottom: line identification in the

Keck LRIS and NIRES spectra.
(The data used to create this figure are available in the online article.)
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references therein) codes to model the optically thick and
optically thin phases of the nova, respectively.

4.2.1. Optically Thick Phase

The PHOENIX code was developed to model stellar
photospheres, including optically thick expanding atmospheres
of novae and supernovae (P. H. Hauschildt & E. Baron 1995).
The models are generated under non-LTE conditions by solving
spherically symmetric special relativistic radiative transfer
equations (P. H. Hauschildt et al. 1997). These include
thousands of transitions, including Fe, C, O, and N lines, and
span a wide range of temperatures and velocities to cover the
evolution of nova spectra (P. H. Hauschildt et al. 1997).
The models are characterized by the model temperature (7), the
luminosity (L) (connected to radius of photosphere R by Stefan—
Boltzmann's law), the density parameter N in p o< r~ ", the
mass-loss rate (M), the velocity (vo) of the expanding
photosphere at R, and the metallicity z (G. J. Schwarz et al.
1997). The luminosity of the central star was fixed
at 50,000 L., typical of outbursting novae (see Figure 1 in
M. Kato et al. 2024). Previous studies have shown that N = 3 fits
nova spectra well (G. J. Schwarz et al. 1997; G. J. Schwarz et al.
1998; G. J. Schwarz et al. 2001). With an assumption of constant
M, the velocity field becomes linear with radius. Models were
generated by varying 7, v, and z. A grid search was performed
for T in the full range of [6000, 30,000] K, v, in
[1000, 1500] kms~!, and z in [0, 0.4]. The velocity was
constrained by the width of emission lines in the observed spectra.

The models closely resembling the optically thick spectra
obtained during the rise up to the initial decline and during the
secondary peak are displayed in Figure 3, and the parameters
are given in Table 2. The models can reproduce the continuum
and the emission features in all the optical spectra observed at
different epochs except the one taken at the primary peak
around day 90 from the first detection. The P Cyg features are
also well reproduced in the models. A low temperature at the
optical maxima aligns with the picture, indicating that the
photosphere is at its maximum expansion during the optical
peak. Further evolution of the temperature (see the bottom
panel of Figure 1) signifies ejecta becoming optically thin,
revealing the shrinking photosphere exposing the inner hotter
layers of the system. The Ha line in the Keck /LRIS spectrum
has been ignored while comparing with the models, as the line
peak is saturated. At the phase on October 26 (~8 days from
peak), we can see that the observed Ha flux exceeds the
atmospheric model prediction, while other lines fit relatively
better. This excess Ha emission could be coming from the part
of the ejecta that has decoupled from the photosphere and
evolved to an optically thin state. It could also be coming from
the ionized circumbinary material.

We also tried to model the IR spectrum with PHOENIX, but
the continuum could not be matched for this case. Another
issue was reproducing the fluorescence line from O 1 A\11287.
PHOENIX underestimated the line strength across the temper-
ature, velocity, and metallicity grid.

The spectrum taken at the secondary peak is again well fit, in
terms of both continuum and emission lines, by PHOENIX. Ha
is observed to be enhanced at the second maxima. This could
be the emission from the already-photoionized ejecta from the
previous mass ejection episode. The drop in temperature is also
consistent with the photosphere expanding again during the
second peak.
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Figure 3. Top: PHOENIX models overplotted on the optical spectra. Bottom:
CLOUDY model of the IR spectrum overplotted on the observed spectrum.

4.2.2. Optically Thin Phase

Motivated by the booming H emission lines and expansion
of the ejecta during the decline phase, we decided to model the
NIRES spectrum taken 11days after the peak using the
photoionization code CLOUDY (v22.0; G. J. Ferland et al.
2017; M. Chatzikos et al. 2023). CLOUDY is capable of
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Table 2
PHOENIX Model Parameters of Optical Spectra and CLOUDY Model
Parameters of the IR Spectrum Observed on 2023 October 29

PHOENIX Model Parameters

Date Phase T Vo Metallicity
UT) (10° K) (km s~
2023-10-05 Pre-maxima 14.0 1000 0.0
2023-10-18 Peak 9.5-12.0 1000-1500 0.0
2023-10-22 Decline 15.0-15.5 1000-1500 0.0
2023-10-26 Decline 15.5 1500 0.0-0.2
2023-11-19 Peak 13.5-14.5 1000-1500 0.0-0.2
CLOUDY Model Parameters
Parameter Value
Ionizing source Blackbody
Tgs 21380 K
Luminosity 10%ergs s
Hydrogen density 7.94 x 10%cm™
Density parameter N -3

5.25 x 10" cm
10.96 x 10" cm

Inner radius
Outer radius

Filling factor 0.1
C/Ci 37.17
Ejected mass 8.92 x 107° M.,

Note.
2 The solar abundance of C relative to H was taken to be 2.69 x 10~* from
N. Grevesse et al. (2010).

generating synthetic spectra of a gas cloud irradiated by a hot
source. The output spectrum is calculated from ionization,
temperature, and density distribution in the cloud. A 1D model
was generated using a single cloud component in the
spherically expanding ejecta. The free parameters in a model
were the blackbody temperature of the source and the hydrogen
density and abundance of the ejecta. The ionizing source was
found to be a blackbody radiating at a temperature of 21,380 K
with a luminosity of 10*®ergss™'. The density parameter
N = —3 was chosen to satisfy a ballistic expansion, like in
PHOENIX. The inner and outer radii of the shell were
calculated from the emission-line velocities, assuming the first
detection as the eruption date. All the parameters were chosen
following the methods in M. Pavana et al. (2019, and
references therein) and are mentioned in Table 2. The above
parameters with an H density of ~8 x 10® cm > could match
the Paschen and Brackett lines in the NIR spectrum shown in
Figure 3. A high carbon abundance of C/C, = 37 was required
to model the observed C lines. An overabundance of C and
other elements has been found in nova ejecta owing to ablation
of material from the WD surface during the thermonuclear
runaway reaction (R. D. Gehrz et al. 1998). The ejecta mass
was estimated to be of the order of 10* M. The temperature
prediction from CLOUDY modeling is consistent with a hot
ionizing source, achieved when the ejecta has become optically
thin and geometrically thick.

5. The CV System
5.1. Archival Nondetections

We combined images of the nova field from the GIT
archives to search for the nova system at quiescence. We
selected 10 images from both g' and ' bands, each of 240s
exposure and captured under the best seeing conditions
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(FWHM = 2"—3"), between 2022 July and September. Two
sets of coadded images were generated by performing a median
and sum combination in SWarp (E. Bertin 2010). No source
was detected in either set at a 30 limiting AB magnitude of
21.3 and 21.2 in the g’ and r bands, respectively.

The ZTF forced-photometry service was also used to obtain
archival upper limits for the source between 2018 May 30 and
2023 July 16, covering ~850 and ~1150 epochs in the ZTF-g
and ZTF-r bands, respectively. The median and standard
deviation of the upper limit achieved were 20.9 + 0.6 (g) and
20.7 £ 0.6 (r), with the deepest limiting magnitude of 21.97 (g)
and 21.72 (r).

No sources were detected in archival AstroSat Ultraviolet
Imaging Telescope (UVIT; K. P. Singh et al. 2014;
S. N. Tandon et al. 2020) images observed on 2017 November
8, up to a limiting magnitude of 22.83 in F148W, 22.07 in
F172M, 22.36 in N219M, and 21.87 in N279N.

The Swift XRT 2SXPS upper limit server (P. A. Evans et al.
2020) was used to obtain a limit of <3.1 x 10~* counts s~ ' in
the 0.3—10.0 keV range,'* between 2006 September 1 and
2018 July 26.

We looked for the object again in the GIT images once M31
was visible in the second half of 2024. The object was not
detected up to a limit of 18.9 mag in the GIT r’ images taken on
2024 August 10.

5.2. HST Photometry

The Hubble Space Telescope (HST) observed the field on
2022 December 27 during HST Cycle 29 under proposal GO-
16796 (PI: Benjamin Williams). The images were taken using
Hubble's Advanced Camera for Surveys’ (ACS; J. E. Ryon &
D. V. Stark 2023; N. P. Hathi 2024) Wide Field Channel
(WFC) in the F475W and F814W filters, with an effective
exposure time of ~1000 s in each.

Accurate astrometry and identification of the source in the
dense stellar field (Figure 4) were performed by resampling
images from the GIT using SWarp (E. Bertin 2010) to the
ACS/WEFC resolution of 0.05pixel ' and then registering
them to the HST images using Spalipy (J. D. Lyman 2021).
A source in the HST/ACS images, consistent within the GIT
1o error circle (r = 0/./26) of AT 2023tkw, was found at the sky
coordinates («, ) = (00:41:24.1638, +41:08:05.243) as shown
in the top panel of Figure 4. The source density near the object
in the HST/ACS image was found to be 0.56 sources arcsec ~.
Thus, the probability of a field star being present within the
GIT error circle is rather low at 11.89%. However, since we do
detect a source in the HST/ACS images within the GIT error
circle, it is quite likely that the source is the host system of AT
2023tkw. However, we should note that there is a nonzero
chance that this source is not the host and the system at
quiescence is fainter than the detection limit.

DOLPHOT (A. Dolphin 2016) was used to perform
photometry of the images. The ACS/WFC pixel area maps
and corresponding PSFs for the filters were used for
photometric calibration, following the standard steps described
in A. E. Dolphin (2000). We filtered out DOLPHOT sources that
had a crowding > 0.2 to remove poorly measured stars. The
remaining sources were then cross-matched with sources in the
HST catalog'’ for each image, and the median photometric

14 https: //www.swift.ac.uk /2SXPS /ulserv.php
15 d0i:10.17909 /bdvg-pal7
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Figure 4. Top: HST ACS/WFC image of the likely host system, marked in the
green circle in the F814W filter. The coordinate of AT 2023tkw obtained by
relative alignment with the HST image is marked by a yellow circle. The GIT
localization and its uncertainty are marked by a cyan circle. Bottom:
photometric errors as a function of magnitude, obtained using the provided

HST reference catalog magnitude error (m;ef) and the DOLPHOT catalog

errors (m ).

errors were calculated as a function of magnitude (see the
bottom panel of Figure 4). We obtain AB magnitudes of the
(potential) nova host system of 25.75 £ 0.13 in the F475W
filter and 23.89 + 0.08 in the F814W filter. Correcting for the
extinction calculated in Section 2.3 and assuming a distance of
778 kpc (K. Z. Stanek & P. M. Garnavich 1998), the absolute
magnitudes are 0.66 £ 0.13 and —1.35 £ 0.08 in the F475W
and F814W filters, respectively.

6. Discussion
6.1. Binary Parameters

From the ZTF light curve on days 0-60, we tried to
determine whether any periodicity was associated with it.
However, the periodogram signal was weak, and the results
were inconclusive.

The extinction-corrected quiescent absolute magnitudes of
the potential host system detected in the HST/ACS images are
0.66 = 0.13 (F475W) and —1.35 4+ 0.08 (F814W). These are
consistent with giant stars (subgiants/main sequences being
fainter by >2.5 mag). Converting to B, I mag using the suitable
transformations (M. Sirianni et al. 2005; W. E. Harris 2018),
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we obtained the color B — [ = 3.07. This resembles cool
K-type evolved companions whose B — [ values are around
~2.3 (KO 1), ~2.6 (K2 II), and ~3.6 (K5 III). We should
note that the F475W filter can likely have contributions from
the accretion disk; thus, the secondary could be an even
cooler star.

The estimated ejecta mass from the CLOUDY modeling of the
NIR spectrum yielded a value of ~9 x 107> M. This is on the
higher end of the ejecta mass, but this is not unusual for a CN.
It is close to the ones observed for slow novae with a low-mass
CO WD (e.g., V723 Cas; A. Evans et al. 2003).

Upon comparing the observed properties of the outburst, that
is, Moj = 10°* Mg, and vy, =~ 700 km sfl, with models from
O. Yaron et al. (2005), the closest WD parameters that match
are around Mywp = 0.65 M., M =5 x 1073 M, yr!, and
Twp = 30MK. Such systems evolve very slowly, which is
consistent with the observations. Their recurrence timescale is
of the order of hundreds of millions of years.

The low accretion rate and long evolution timescale might
seem unusual for nova systems hosting evolved secondaries.
However, there have been instances of CNe, such as V841
Oph, CP Cru, GK Per, and V723 Cas, with evolved secondaries
(B. Warner 2008). In fact, V723 Cas shows a slow rise, and the
decline comprises multiple peaks (S. Kiyota et al. 2004),
similar to AT 2023tkw. Some more examples can be found in
P. Mréz et al. 2015 (V2674 Oph, V5589 Sgr) and B. E. Scha-
efer 2021 (FM Cir, V392 Per, V1534 Sco, V5583 Sgr). HV Cet
(A. P. Beardmore et al. 2012), V1708 Sco (K. Sokolovsky et al.
2020), and V3732 Oph (P. Mroz & A. Udalski 2021) are some
recent CN systems hosting evolved secondaries. P. Mréz et al.
(2015) also mentioned the presence of two peaks in the orbital
period distribution of CNe, corresponding to main-sequence
and evolved secondaries.

6.2. Cause of Multiple Peaks in the Light Curve

The AT 2023tkw light curve exhibits two brightenings
during its rise to the primary peak. A broader secondary peak is
seen 30-45 days after the primary maximum (Figure 1).
Several novae have shown rebrightenings in their light curves
(e.g., V723 Cas, S. Kiyota et al. 2004; V2540 Oph, T. Ak et al.
2005; V1548 Aql, V4745 Sgr, B. Csék et al. 2005; V1186 Sco,
G. J. Schwarz et al. 2007; V458 Vul, R. Poggiani 2008a;
V5558 Sgr, R. Poggiani 2008b; V1405 Cas, V606 Vul, FM
Cir, E. Aydi et al. 2024).

Y. Cao et al. (2012) and J. G. Clark et al. (2024) reported
many M31 CNe from their respective surveys with rebrighten-
ing features in their light curves before and/or after the primary
peak. All of these are CNe and have a slow rise time. The
distribution between smooth- and jittery-class novae in M31
was broadly consistent with that in the Milky Way. Below, we
discuss some causes of the observed rebrightenings.

6.2.1. A Case of Dust Dip?

The dip in the light curve at day 110 may resemble a “dust
dip” as seen in Figure 1. But such a feature is usually seen
50-100 days after the peak during the #3 transition timescale
(R. J. Strope et al. 2010). On the contrary, the dip is noticed at
10 days from the peak here, earlier than the #, time. Further,
dust dips are generally observed to be deep, sometimes as deep
as 10 mag (D-class light curves). R. J. Strope et al. (2010) also
argue that the shallow dips seen in some D-class light curves
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(such as OS And, V476 Cyg, and NQ Vul) may not be caused
by dust. AT 2023tkw does show a comparatively shallow dip
of 2.5 mag. Using the data from the Spitzer survey of M31,
A. W. Shafter et al. (2011) reported on the IR excess during
dust formation and the correlation of dust condensation
timescale with the speed class of novae. Theoretical models
of S. C. Williams et al. (2013) also backed up the dependency
of dust formation on the speed class of a nova. For a slow nova,
like AT 2023tkw, the dip in magnitude is unlikely to be caused
by dust. Dust dips are usually distinct features in light curves
and can be seen as stark deviations from the decline, but the
decline is smooth in this case. The lack of evidence of a red
continuum in the color curves (Figure 1) and spectral evolution
(Figure 2) also contradicts the dust formation scenario.
Additionally, the light curves indicate the presence of another
shallow dip around day 150. We therefore rule out dust
formation as the cause of the dips in the light curve.

6.2.2. Transition from Quasi-static to Optically Thick Wind State?

Another school of thought suggests that multiple peaks can
be related to the binary separation and extent of the
photosphere during the outburst. M. Kato & 1. Hachisu
(2009) found out from their simulations that nova eruptions can
have two solutions: optically thick winds and quasi-static
expansion. Massive WDs always evolve through optically thick
winds and display a sharp peak. On the other hand,
intermediate-mass WDs (0.6-0.7 M) can undergo either or
both depending on the ignition mass. A quasi-static evolution
would manifest as a flat-topped peak in the nova light curve,
unlike that of a massive WD. The nova can transition from the
static state to the optically thick wind state for the intermediate-
mass WDs. Such a shift is a violent process that releases
energy, giving rise to jittery peaks seen in nova light curves. In
their following work, M. Kato & I. Hachisu (2011) further
suggested that the close orbit of the secondary star could trigger
this transition. Under such circumstances, the secondary is fully
embedded inside the nova envelope during the eruption and can
alter the internal structure of the envelope from a static
expansion to an optically thick wind mass-loss state. This
phenomenon has been seen in the close binary V723 Cas.

However, this situation is an unlikely scenario. As discussed
in Section 6.1, the secondary, being a giant star, is expected to
be in a wide binary system. It decreases the possibility of the
secondary altering the state of the envelope to give rise to
multiple peaks.

6.2.3. Photospheric Oscillations?

J. Tanaka et al. (2011b) linked the appearance and
disappearance of P Cyg profiles of V5558 Sgr during the
maxima and minima in the light curve, respectively, to the
expansion and contraction of the photosphere. The P Cyg
velocity was also lower at the rebrightenings and higher during
the decline/minima. E. Aydi et al. (2024) attributed the low-
velocity P Cyg at the rebrightenings to the dense, slow outflow.
In contrast, the high-velocity P Cyg away from the peaks is due
to the intermediate (principal) component formed after a
collision between the slow and fast outflows. E. Steinberg &
B. D. Metzger (2020) used 1D hydrodynamical models to show
that multiple transitions between slow and fast outflows
generated by internal shocks originating near or below the
photosphere can result in multipeaked nova light curves. The
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internal shocks temporarily increase the brightness of the
system, seen as a peak in the light curve. As this shock front
quickly reaches the photosphere, it stretches the photosphere
and cools it before the photosphere contracts again, becoming
hotter. Such alternate shocks can cause the photosphere to
pulsate, changing the brightness and temperature of the source.

Interestingly, the transient V612 Sct (ASASSN-17hx) shows
a similar light curve with rebrightenings like that of AT
2023tkw (M. Pavana 2020). The rebrightenings were suggested
to be caused by oscillations of the photosphere (E. Mason et al.
2020). However, though this object had many nova-like
properties, it was termed an imposter because of its massive
ejecta ~(7—9) x 107* M., which has never been seen in
novae. It was suggested that such slow “novae” originate from
either very low mass WDs or some other transient
phenomenon.

6.2.4. Multiple Ejections and Shocks?

E. Aydi et al. (2024) suggested multiple ejection episodes as
another possible explanation for multipeaked nova light curves.
B. Csék et al. (2005) mentioned that H burning on the surface
of WDs is highly unstable, and expanding photospheres can
lead to mass loss, i.e., secondary episodes of mass ejection. If
dense shells of materials are expelled at intervals, it can lead to
shocks owing to the collision between the successive shells.
These shocks superheat the plasma to millions of degrees,
driving some charged particles to relativistic speeds. This
process results in the generation of both thermal and
nonthermal radiation.

GeV ~-rays have been detected near the optical maxima from
more than 20 novae (see L. Chomiuk et al. 2021, and
references therein).16 Some of them, such as V1369 Cen and
V5668 Sag (C. C. Cheung et al. 2016), V357 Mus
(A. C. Gordon et al. 2021), V549 Vel (K.-L. Li et al. 2020),
V1405 Cas (S. Buson et al. 2021), and V1723 Sco
(C. C. Cheung 2024; C. C. Cheung & P. Jean 2024), display
multipeaked light curves. The first nova to show a remarkable
correlation between v-ray peaks and optical rebrightening was
V5856 Sgr (ASASSN-16ma; K.-L. Li et al. 2017). The authors
suggested that the majority of the optical emission might be
reprocessed shock-heated plasma. With simultaneous optical
and ~-ray light curves of V906 Car (ASASSN-18fv), E. Aydi
et al. (2020) also found that high-energy radiation is coupled
with optical emission. The ~-ray peaks were detected ~5.3 hr
before the optical peak in V906 Car. Their spectra revealed the
presence of multiple outflows and shocks being generated in
the ejecta when fast flow fronts collide with the slow flows.

However, it should be noted that there are exceptions, such
as nova V549 Vel (K.-L. Li et al. 2020), where the ~-ray and
optical light curves were not correlated, suggesting that the
optical light may not be the reprocessed shocked emission
necessarily.

6.3. Increasing Time Gap between Light-curve Peaks

AT 2023tkw, as discussed in the previous sections, shows
explicit modulations in its light curve from its detection until
the last observation. The most notable features are the four
peaks as shown in Figure 1. Periodogram analysis of these
peaks did not reveal any strong signal, suggesting that these

16 https://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html
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Figure 5. Top: light curve of AT 2023tkw, with rebrightening epochs marked
with vertical dashed lines; the errors are shaded. Bottom: time interval between
successive maxima plotted against the time from the first maxima. The best-fit
log—log curve is overplotted along with similar values from the literature. The
best-fit proportionality constant b is mentioned in the legends for all plots.

features are not due to orbital modulation or any other periodic
physical processes. On analyzing the time gap between each
successive maximum, we found that it is correlated with the
time from the first maxima (see Figure 5), as was also found by
0. Pejcha (2009) and J. Tanaka et al. (2011a) for several novae.
The time gap follows the equation

log(ti — t;1) = blog(t; — to); i €N, (1)

where 1; is the ith maxima after the first maxima 7,. The best-fit
value b = 0.89 + 0.12 was obtained by least-squares
minimization. This value is within the error bars of previously
reported results in O. Pejcha (2009) and J. Tanaka et al. (2011a)
and is shown in Figure 5.

Long oscillatory cycles of rebrightenings were first pointed
out by A. Bianchini et al. (1992), suggesting that such
behaviors could be caused by a balance between gas and
radiation pressure when the system goes below the Eddington
limit. B. Csdk et al. (2005) and T. Ak et al. (2005) found that
the gap between the light-curve peaks increases with time
linearly for V4745 Sgr and V2540 Oph, respectively. Similar
patterns were noted for a sample of novae, including V4745
Sgr and V2540 Oph, by J. Tanaka et al. (2011a), who derived
an almost linear relationship between successive peaks’
intervals and the time since the first maxima (see Figure 5).
O. Pejcha (2009) discusses hydrogen-burning instability as a
likely cause for time-dependent rebrightenings and mentions its
connection to the decline rate and other yet-to-be-discovered
factors. However, R. J. Strope et al. (2010) argued strongly
against it, stating that the peaks occur randomly.

T. Ak et al. (2005) suggested a possible intermediate-polar
(IP) model to explain this trend in V4250 Oph. V4745 Sgr,
which also shows multiple peaks near the outburst, was
suggested to be an IP by A. Dobrotka et al. (2006).
Connections between IPs and oscillatory behavior are not
new. A. Retter (2002a, 2002b) proposed that a lighter disk in
IPs is prone to instabilities after the eruption. The disk
reformation process is known to be violent, accompanied by
disk oscillations. As the disk stabilizes, the rebrightenings
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become rarer and milder. However, such an explanation is valid
only for secondary peaks seen after the primary peak, unlike
the case of AT 2023tkw, where we see two rebrightenings
before the primary maxima (Figure 5).

E. Steinberg & B. D. Metzger (2020) introduced mass
ejection at different time intervals to see the effect of shocks
between different layers. These alternate slow and fast outflows
could generate multiple correlated ~-ray and optical peaks.
Such peaks were seen to be separated by different time gaps,
observed in nova light curves. This suggests that the occurrence
of the peaks is linked to the time of origin of the ejected shells
within the photosphere.

Such a correlation is seen for the first time in an M31 nova.
With more high-cadence surveys of M31, where the nova rates
are high, the picture would be clear whether this is just a chance
event or there is a causality.

6.4. Implications of Shocks and/or Free—Free Emission for the
Peak Spectrum

As we noticed in Section 4.2.1, all the spectra of AT 2023tkw
show a close resemblance to the model spectra. However, the
optical spectrum at the primary peak (top panel of Figure 3)
deviates from the PHOENIX atmosphere models. This contradicts
the expectation that the emission at the peak is from an expanding
photosphere only. It indicates the presence of additional physical
processes at the peak of the eruption. As discussed in the previous
sections, shocked emission in the UV and X-ray bands can be
reprocessed to optical, contributing a significant part to the optical
spectrum (L. Chomiuk et al. 2021). Due to the lack of ~-ray
observation, we can only speculate the presence of reprocessed
shock emission during the peak. Given the correlated emission of
~-rays and optical found in two recent novae, this is likely the case
for many other novae as well. The picture will be more transparent
with upcoming simultaneous detections of optical and GeV
photons from nova eruptions.

Another possible explanation for this deviation of observa-
tion from the PHOENIX models could be the presence of free—
free emission from the ejected winds. Spectra of fast novae are
known to be dominated by this free—free emission rather than
photospheric emission from an optically thicker region (I. Hachisu
& M. Kato 2006). However, in slow novae, photospheric
contribution plays a significant part (Figure 3 in 1. Hachisu &
M. Kato 2015). They show that in the optical passbands the
emission has substantial contributions from both blackbody and
optically thick free—free emissions. With time, as the ejecta
expands, photospheric emission takes over before recombination
and reprocessed radiation from the photoionized ejecta starts to
dominate near the dip of the light curve when the ejecta has
become optically thin (see the bottom panel of Figure 3).

7. Conclusion

In this paper, we studied in detail the extragalactic slow CN
AT 2023tkw in M31 with multiple peaks and dips in its light
curve. The object was discovered in the automated transient
detection pipeline of the GIT. It was followed up extensively
through optical imaging and spectroscopy. The important
results from our study are as follows:

1. The multiple peaks could be caused by shocks that heat
the envelope to very high temperatures. The successive
peaks seem to occur at longer time intervals caused by
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internal shocks generated timely within or near the
photosphere.

2. Spectroscopic observations near the peak hint at the
presence of another component, apart from the expanding
photosphere, contributing to the luminosity. This could
be from the shock-heated ionized material.

3. Spectral modeling using stellar atmosphere codes reveals
the expansion and contraction of the photosphere during
the rise and decline, respectively, leading to low
temperatures at the peak and higher temperatures during
the decline. Internal shocks could be responsible for these
modulations of the photosphere.

4. When the ejecta becomes sufficiently optically thin,
photoionization starts to dominate. By modeling the
spectrum near the dip, we estimated an ejecta mass of
>10* M.

5. On comparing the observed properties with theoretical
models, we derive a low-mass WD at 0.65 M, accreting
slowly at 5 x 10~"* M, yr' from a cool K III giant. This
is consistent with slowly evolving CNe.
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