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Abstract

Very-high-energy (VHE; 100 GeV < E < 100 TeV) and high-energy (HE; 100 MeV < E < 100 GeV) gamma rays
were observed from the symbiotic recurrent nova RS Ophiuchi (RS Oph) during its outburst in 2021 August by
various observatories, such as the High Energy Stereoscopic System (HESS), Major Atmospheric Gamma Imaging
Cherenkov (MAGIC), and Fermi-Large Area Telescope (LAT). The models that have been explored so far tend to
favor a hadronic scenario of particle acceleration over an alternative leptonic scenario. This paper explores a time-
dependent lepto-hadronic scenario to explain the emission from the RS Oph source region. We have used
simultaneous low-frequency radio data observed by various observatories along with the data provided by HESS,
MAGIC, and Fermi-LAT to explain the multiwavelength spectral energy distributions corresponding to 4 days
after the outburst. Our results show that a lepto-hadronic interpretation of the source not only explains the observed
HE-VHE gamma-ray data but the corresponding model synchrotron component is also consistent with the first 4
days of low-radio-frequency data, indicating the presence of nonthermal radio emission at the initial stage of the
nova outburst. We have also calculated the expected neutrino flux from the source region and discuss the
possibility of detecting neutrinos.
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1. Introduction

A nova outburst happens in a binary star system comprising
a white dwarf (WD) as the compact object and a companion
star. The material from the companion star is accreted onto the
WD’s surface. When enough layers of material have
accumulated, they eventually cause a thermonuclear runaway
explosion on the surface of the WD. The subsequent eruption
ejects the bulk of the accreted material at a few thousand
km s~ and brightens the WD up to ~10*° L., (Gomez-Gomar
et al. 1998; Hellier 2001; Warner 2003; Knigge et al. 2011).
While the companion in nova systems is, in general, a low-
mass main-sequence late-type star (Bode & Evans 2008;
Chomiuk et al. 2021), in some cases the companion is a red
giant (RG; or sub-giant, in general an evolved star). These
systems are classified as a symbiotic nova (Shore et al. 2011;
Mikotajewska 2012; Shore et al. 2012). Since the material
ejected from the WD’s surface produces a shock in the ambient
medium, the nova outburst phenomenon provides the extreme
conditions that are needed to accelerate particles. A shock can
occur when slow-moving ejecta collides with faster-moving
ejecta (internal shock), as observed in classical novae.
Alternatively, a fast-moving outflow can collide with preexist-
ing dense wind of the RG star and produce a shock (external
shock), which is typically considered to be happening in
symbiotic novae. Since a nova outburst is a hotbed for particle
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acceleration, gamma-ray emission is also expected to be
observed from such transient phenomenon.

Although novae have long been observed in the optical
wavelengths, during the last decade over a dozen novae have
been detected at GeV gamma-ray energies by the Fermi-Large
Area Telescope (LAT; Ackermann et al. 2014; Cheung et al.
2016; Franckowiak et al. 2018; Chomiuk et al. 2021; Gordon
et al. 2021), starting with the detection of GeV gamma rays
from the nova eruption of V407 Cygni (Abdo et al. 2010) in
2010. The spectra of these sources were usually well-described
by a simple power law with a spectral index close to —2 and an
exponential cutoff of a few GeV. However, the recent gamma-
ray detection of the RS Ophiuchi (RS Oph) nova outburst on
2021 August by the Major Atmospheric Gamma Imaging
Cherenkov (MAGIC) and High Energy Stereoscopic System
(HESS) observatories has provided conclusive evidence that
the particles during a nova outburst can be accelerated to TeV
energies (Acciari et al. 2022; Aharonian et al. 2022).

RS Oph is a symbiotic recurrent nova that shows nova
outbursts every 15-20 yr (Dobrzycka et al. 1994). The binary
system comprises a massive WD (1.2-1.4 M) and an RG star,
which is usually identified as M0-2 III (Dobrzycka et al. 1994;
Anupama & Mikotajewska 1999; Barry et al. 2008; Brandi
et al. 2009). The distance of RS Oph is a matter of intense
debate. The distance of the source has been posited to be
D = 1.4 kpc (Barry et al. 2008; Aharonian et al. 2022), as well
as D =2.45kpc (Acciari et al. 2022). In this particular work,
we have considered the distance of the source to be 2.45 kpc,
following Acciari et al. (2022). The binary separation of the
components is approximately 1.48 au (Booth et al. 2016;
Cheung et al. 2022). GeV-TeV emission from symbiotic
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novae, especially RS Oph, was previously predicted in
Tatischeff & Hernanz (2007, 2008), but it had not been
detected earlier. On 2021 August 8, the outburst of RS
Oph was detected in optical observations at a visual magnitude
of 4.5 (Kafka 2021). Subsequently, MAGIC and HESS
reported TeV gamma rays from the source region up to 4-5
days after the outburst (Acciari et al. 2022; Aharonian et al.
2022). Fermi-LAT data analysis also provided GeV gamma-ray
detection from the source region (Cheung et al. 2022). The
detection of HE-VHE gamma rays from the outburst indicates
particle acceleration in the source region and confirms that
novae can be TeVatrons. The production of gamma rays can be
explained using accelerated protons colliding with the down-
stream gas (hadronic 7° decay model) or energetic electrons
scattering low energy photons in the nova photosphere
(Ieptonic inverse Compton (IC) model). The hadronic nature
of gamma-ray emission has generally been preferred in
previous studies of RS Oph (Acciari et al. 2022; Aharonian
et al. 2022), although a leptonic scenario cannot be entirely
ruled out. Aharonian et al. (2022) have explained the HE-VHE
gamma-ray emission using a single shock, single particle
population model. In contrast, Diesing et al. (2023) have
explained the HE-VHE gamma-ray emission using a multiple
shocks, single particle population scenario. Note that none of
these models considered lower energy data points (e.g., radio).
A purely leptonic scenario has been neglected in these models,
citing that leptons will lose energy very efficiently and will not
be able to produce the observed HE-VHE gamma-ray emission.

This work proposes an alternative approach to explain the
HE-VHE gamma-ray emission with a single shock, multiple
particle population (lepto-hadronic) scenario. This scenario was
explored previously in Sitarek & Bednarek (2012), Martin &
Dubus (2013), and Ahnen et al. (2015) for the cases of novae
V407 Cygni and V339 Del. However, the lack of any
significant VHE gamma-ray data rendered this scenario
inconclusive for the cases explored at that time. With the
VHE gamma-ray data from MAGIC and HESS, and HE
gamma-ray data from Fermi-LAT, we attempt to explore the
feasibility of a lepto-hadronic scenario of particle acceleration
in RS Oph nova eruption. Considering that it is unlikely that
the entire HE-VHE gamma-ray emission is produced from a
purely leptonic scenario, we propose that the HE gamma rays
observed from the source region are produced by IC cooling of
accelerated leptons, whereas VHE gamma rays are hadronic in
nature. In addition, we have also used the observed low-
frequency radio data to create multiwavelength (MWL) spectral
energy distribution (SED) for the first 4 days after the outburst.
These MWL SEDs were explained by solving a time-
dependent, diffusion-loss (TDDL) equation iteratively, using
the open-source code GAMERA (Hahn 2016). The combined
lepto-hadronic model that is explored in this paper satisfactorily
explains the MWL SEDs in the HE-VHE gamma-ray range for
all 4 days. Additionally, the corresponding model synchrotron
emission is also consistent with first 4 days of radio data, which
essentially indicates that the total low-frequency radio emission
from the region was nonthermal synchrotron dominated during
the first few days after the outburst, at the very least. The
presence of synchrotron emission during the first 4 days after
the outburst confirms the presence of accelerated electrons near
the forward shock. Well-sampled early-time MWL analyses of
future nova outbursts are necessary to confirm the actual
particle acceleration scenario(s) in these sources. Moreover, we
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have calculated the total neutrino flux that is expected from the
source region in our model and discuss the probability of
neutrino detection from RS Oph by the next-generation of
neutrino detectors.

We explain the simple model explored in this work in
Section 2. We then present our results in Section 3. Next, we
discuss the obtained results in Section 4. Finally, we conclude
in Section 5.

2. The Model

A symbiotic recurrent nova such as RS Oph is a complex
hydrodynamic process in which a shock results from the
interaction between high-velocity ejecta and the surrounding
circumbinary medium, and behaves as a small-scale supernova
system but with a shorter timescale of a few weeks to months.
The interaction between the shock and the stellar wind in the
circumbinary medium produces both forward and reverse
shocks, separated by a contact discontinuity. We only consider
the forward shock for explaining the gamma-ray emission,
similar to Acciari et al. (2022), Aharonian et al. (2022), and
Zheng et al. (2022). During the early evolution of the nova, the
ejecta is in the free expansion phase and the shock moves at a
constant velocity. The corresponding wind density is shaped as
po< (r* + a* — 2ar cos#) ™', where a is the semimajor axis of
the binary system and r is the distance from the WD. So the
wind structure at a small radius is aspherical, centered at the
WD. However, at » > > a the wind density structure is close to
a spherical structure with pocr 2. In this work, we have
considered the spherical approximation of the wind structure
for simplicity.

When enough material gets swept up by the expanding
shock, the free expansion stops and the shock decelerates.
Subsequently, the shock enters the energy-conserving, adia-
batic, Sedov-Taylor phase. During this phase, the shock radius
and velocity evolve as rg, 773 and vy, 13, respectively,
for the stellar wind case (Zheng et al. 2022). Subsequently, the
deceleration rate increases further when the shock goes into
momentum conserving, radiative phase, where radiative cool-
ing starts to dominate. During this phase, the shock radius and
velocity evolve as rg, x /'/? and Vsh ot/ 2, respectively, for
the stellar wind case (Zheng et al. 2022). We are only interested
in the first 4 days after the outburst, during which the shock
remains in the adiabatic phase (Aharonian et al. 2022; Zheng
et al. 2022). In this work, we assume a day 1 shock radius
(ren1) and velocity (vg, 1) of 4 x 10" cm and 4500 kms™ ',
respectively, following Acciari et al. (2022). In addition, we
assume ejected mass (Me;) = 1076M@, mass-loss rate of the RG
star (Mgg) =5 x 1077 M, yr~"', and velocity of the RG wind
(vrg) =10 km s ! to be fixed in this work (Acciari et al. 2022).
For an adiabatic shock, the shock radius and velocity evolve in
time as

2

T (1) = rsh,l(l c;ay)3’ (1)

1

v (£) = vsh,l(l ;ay) ; ®)

Note that these sets of equations will not be valid at later
stages of the evolution and one has to consider radiative shock
conditions.
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Particles get accelerated at the adiabatic shock through the
diffusive shock acceleration mechanism. The accelerated
particles, i.e., protons and electrons, then interact with the
ambient medium to produce observable gamma rays. The
proton population will interact with the ambient matter, either
with nova ejecta or matter in the RG wind. Both ejecta matter
density and RG wind density decrease as the nova shock
progresses. The matter number density of the nova ejecta can
be estimated as (Acciari et al. 2022)

M.
N = ————
! 47rhr53hm,,
V, - 2 2
=1.62 x 1010(i‘) (—h) cm™3, (3)
Vsh,1 Tsh,1

where it has been assumed that the ejecta has concentrated at a
distance of ry, in a layer of thickness hrg, with h=0.1.
Meanwhile, the number density of the material contained in RG
wind can be given by (Acciari et al. 2022)

nRG = —MRG
47rr§lvRGmp
) -3
—99 x 108(ﬂ) (’—h) cm3, )
Vsh,1 Tsh,1

Since we only consider the particles accelerated in the forward
shock, which propagates in the RG wind, nrg has been used as
the target proton density for hadronic p—p interaction in
this work.

Similar to protons, electrons also get accelerated in the
shock. In a leptonic scenario, the observed gamma rays can
originate from IC cooling and bremsstrahlung radiation on the
ambient matter. The accelerated electrons interact with the
thermal, soft photons of the nova photosphere and produce
gamma rays through IC cooling. The temperature of the soft
photons is considered to be Ty, = 8460 K (Acciari et al. 2022).
Assuming a nova photosphere radius (rpp) of 200 R., we
consider the soft photon energy density to be (Acciari et al.

2022)
2 -3
Uph = 1.26( Vsh ) (rg—h) erg cm . 5)
Vsh,1 Tsh,1

We have also taken into account IC emission from leptons
interacting with the cosmic microwave background (CMB),
characterized by Tcmypg =2.7 K and ucyp =0.25eV cm 2.
Apart from interacting with soft photons, the electrons also
interact with the matter in RG wind and produce gamma rays
through Bremsstrahlung radiation. We have also included this
component in the model. Note that the above mentioned
equations may be crude assumptions because the parameters
related to transient sources such as nova outbursts are poorly
constrained. Nevertheless, we assume these conditions to
remain congruent with the previous literature and to investigate
the conditions for which a lepto-hadronic scenario is viable in
the limit of previously explored studies.

Since we are considering electron acceleration in a nova
shock, it is reasonable to expect radio synchrotron emission to
be present in the source region. The synchrotron emission
depends on the magnetic field present in the ambient medium.

De Sarkar et al.

However, a typical scenario of calculating the magnetic field
strength and evolution in a nova system is not well understood.
Adopting a similar prescription discussed in Chomiuk et al.
(2012), we get the magnetic field near the shock assuming an
equipartition with the thermal energy density of the RG wind
upstream of the shock,

B = \327mnggkpTrG, (6)

where kp is the Boltzmann constant and Ty is the temperature
of the RG wind (~10° K). We have further assumed that the
conditions pertain to the wind before it was heated and
subsequently ionized by the nova outburst (Chomiuk et al.
2012). A similar treatment was also considered in Martin &
Dubus (2013). We use Equation (6) to calculate the model
synchrotron component. Note that there is an alternative way of
calculating the magnetic field by assuming an equipartition
with the relativistic electrons, which is a simplification that is
commonly used to interpret the radio emission from super-
novae (Chomiuk et al. 2012). However, we do not follow that
approach in this work and instead calculate the magnetic field
near the shock following the same concept as Martin &
Dubus (2013).

Considering all of these relations, we have solved the TDDL
equation iteratively using GAMERA (Hahn 2016). The TDDL
equation is given by

ON,/p Oe/pNesp) N/p
T Qs (Eppe £) — e 7
ot Q /p( v ) aEe/p 7-:S/Cp @

where Q./,(E./p, 1) signifies the injection spectrum of the
considered parent electron and proton populations,
besp="b(E,.p, 1) is the energy loss rates of these parent
particles, 7,7, is the escape timescale and N, is the resulting
particle spectrum of the system at a given time z. While solving
the TDDL equation given in Equation (7), we have considered
IC, synchrotron, and bremsstrahlung cooling for electrons
(Blumenthal & Gould 1970; Ghisellini et al. 1988; Baring et al.

1999), as well as hadronic p—p interaction for protons
(Kafexhiu et al. 2014). The losses due to adiabatic expansion of
the source with time have also been considered. We have
considered the effect of particle escape in the form of escape
timescale, given by 7¢7, = 2rg,/c, where ¢ is the velocity of
light. Moreover, the full Klein—Nishina cross section was
considered for the IC mechanism incorporated in the TDDL
equation. Furthermore, we assume a power law with the
exponential cutoff as the injection spectrum for both electron
and proton populations. The injection spectra for electrons and
protons are given by

ON, u E,

— x E “exp| ——— 8

OE, ¢ p( E;“‘) ®)
and

ON, E

—L x E,“exp|——=|, ©

OE, E;'“

where o, and a,, are spectral indices, and E;** and E;" are
cutoff energies of the accelerated electron and proton
populations, respectively. The normalization factors (in



THE ASTROPHYSICAL JOURNAL, 951:62 (14pp), 2023 July 1

erg”'s™!) of Equations (8) and (9) are calculated through the

relations

L, — fE de (10)
and
f E ”dE,,, (11)

where L, and L, are luminosities of the electron and proton
populations, respectively. The power-law spectral index of the
proton population o, was fixed at the value of 2.2, following
Aharonian et al. (2022), whereas a somewhat harder power-law
spectral index of a,=1.5 was considered for the electron
population, following Sitarek & Bednarek (2012). The
minimum energy of the proton (electron) population has been
fixed at the rest mass energy of the proton (electron), i.e., El‘,nin

~1GeV (E™" ~0.511 MeV).

To estimate the maximum energy that the electron popula-
tion can attain, we first note that the acceleration rate of the
electrons is parametrized by P = &cE/R;, where R; is the
Larmor radius of the particle with energy E in perpendicular
magnetlc field B in Gauss, the energy of electron E, is in GeV,
€=10"*¢_, is the acceleration parameter, and c is the speed of
light. The acceleration timescale can be written as (Sitarek &
Bednarek 2012)

Ticc = Ee/Bxcc ~ 1Eg/§,4B S. (12)

In addition, the cooling timescales for synchrotron and IC
processes (in the Thompson regime) for the electrons can be
estimated as (Bednarek & Pabich 2011; Ahnen et al. 2015)

E,m? 3.7 x 10°
Tsyn = 7 e 2 ~ 2 N (13)
gCO‘TMBEe B Ee
and
E.m? 170 -
m,
TiIC/T = ~ p24 s, (14)
3 coru ph E? E, rph rh

where o is the Thomson cross section, up and up, are the
energy densities of the magnetic and the radiation fields, m, is
the electron mass, and Ty 4 = Tpn/ (10* K). Now, by comparing
the acceleration timescale (Equation (12)) with the IC cooling
timescale in the Thomson regime (Equation (14)), we get the
maximum energies that the electrons can attain as (Bednarek &
Pabich 2011; Sitarek & Bednarek 2012; Ahnen et al. 2015)

EM ~ 13(6_,B)'/2 5" GeV. (15)
ph,47ph

The acceleration parameter expected from a second-order
Fermi acceleration on the nova shock has the order of ¢ <
(vsh/c) ~10~* (Acciari et al. 2022), so we consider Ea=1
throughout this work. By using the model parameter values
considered in this work (discussed in later sections) in
Equation (15), we find that the maximum energy of the
electron population can go up to ~30 GeV for the case in the
study. This result is consistent with the idea adopted in this
paper that the HE gamma ray observed by Fermi-LAT is
produced from the IC cooling of the accelerated electrons.
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Meanwhile, similar to electrons, we also estimate the
maximum energy the proton population can obtain. The
timescale for the energy losses on pion production in inelastic

p-p collisions can be estimated as (Bednarek & Pabich 2011)

2
V.
Top = (Gppkengg)™ ~ 6.3 x 1042013 K08 (16)

MRg,-4

where ,, ~3 x107>° cm® is the cross section for p—p

interaction, k=0.5 is the inelasticity coefficient in this
collision, rg, 13 = r¢,/(10"7 cm), Vshg = Ven/(10® cms™ 1), and
Mgg, 4 = Mg/ 10~* M, yrfl) By equating the acceleration
timescale of the protons 74, (~1E,/{_4B s) with the cooling
timescale of the inelastic p—p interaction (Equation (16)), we
get the maximum proton energy (Bednarek & Pabich 2011)

M

ES™ ~ 63(£_,B) TeV. a7

Mgg,—4

Note that Equation (16) is only valid if the condition
MRG,,4 > 0.2rsh,13vfh,8 is fulfilled. We find that the for the
typical value of Mgg (=5 x 1077 M, yr~ ') considered in this
paper, this condition is not fulfilled for all 4 days. In this case,
the maximum energy of protons is determined by the escape
along the shock and can be estimated as (Bednarek &
Pabich 2011)

EM™ ~ 300(¢_,B) -2 Tev. (18)
Vsh,8

For the typical parameter values considered in this model,
we find that the maximum energy obtained by the accelerated
proton population can go up to ~40 TeV during the first 4
days, following Equation (18). Due to the unavailability of the
data in even higher energy regimes, in this work we have used
phenomenological cutoff energies in the form of E/* and E;™
for electron and proton populations, respectively. We have only
tuned the luminosities and cutoff energies of the electron and
proton populations to explain the gamma-ray data in the HE-
VHE range. Although the cutoff energies were varied to fit the
data, we have considered that these cutoff energies cannot be
larger than the maximum energies of the electron and proton
populations, as obtained by Equation (15) and (18), respec-
tively. One should note that because the TeV gamma rays
produced are within the radiation field of the companion RG
star, the pair production process due to gamma-gamma
absorption could be an additional mechanism in principle.
However, the effect of the gamma—gamma absorption on the
model spectrum is minor, as reported by Aharonian et al.
(2022), Acciari et al. (2022), and Diesing et al. (2023), and
therefore we do not include this process in our current
theoretical modeling because its inclusion does not drastically
alter the results presented in this work. We discuss this point in
detail in Section 4.

As discussed earlier, we also compare the synchrotron
contribution of the model to the low-radio-frequency data
observed by various radio observatories. However, as studied
in the case of the previous outburst of RS Oph in 2006 (studied
during ¢ ~17-351 days post outburst at frequency
v =0.24-1.4 GHz; Kantharia et al. 2007), the low-frequency
radio emission likely suffers from substantial foreground
absorption due to the preexisting, ionized, warm, and clumpy
red giant wind (Weiler et al. 2002; Kantharia et al. 2007). Since
we also use low-frequency radio data in this case, we have also
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Table 1
Low-frequency Radio Data Used in this Work
Day Frequency Flux Density Observatory References
(GHz) (mly)
Day 1 15.5 0.80 +0.08 AMI-LA Williams et al. (2021) (ATel 14849)
Day 2 5.0 0.38 +0.06 e-MERLIN Williams et al. (2021) (ATel 14849)
15.5 1.50 £ 0.15 AMI-LA Williams et al. (2021) (ATel 14849)
Day 3 1.28 0.29 +0.03 MeerKAT Williams et al. (2021) (ATel 14849)
1.28 0.349 £ 0.048 MeerKAT de Ruiter et al. (2023)
Day 4 0.816 0.486 + 0.068 MeerKAT de Ruiter et al. (2023)
1.28 0.276 + 0.045 MeerKAT de Ruiter et al. (2023)
1.28 0.593 £ 0.087 MeerKAT de Ruiter et al. (2023)
2.6 4.710 £ 0.140 JVLA Sokolovsky et al. (2021) (ATel 14886)
34 5.328 + 0.093 JVLA Sokolovsky et al. (2021) (ATel 14886)
5.1 10.012 £ 0.058 JVLA Sokolovsky et al. (2021) (ATel 14886)
7.0 15.607 £ 0.057 JVLA Sokolovsky et al. (2021) (ATel 14886)
13.7 24.088 + 0.055 JVLA Sokolovsky et al. (2021) (ATel 14886)
16.5 25.573 £ 0.059 JVLA Sokolovsky et al. (2021) (ATel 14886)
31.1 35.973 £0.140 JVLA Sokolovsky et al. (2021) (ATel 14886)
349 38.318 £ 0.160 JVLA Sokolovsky et al. (2021) (ATel 14886)

considered the effect of the absorption in this model. In fact, the
radio emission at ¢ ~1-4 days occurs from the shocked shell
close to the WD+companion system, and will suffer more
foreground absorption compared to relatively late time radio
emission because the radio emitting shell will be further away
from the binary system at later times. The correction factors
corresponding to the surrounding homogeneous, as well as
clumpy mediums, were taken into account and were applied to
the model synchrotron component using the following set of
equations (Weiler et al. 2002; Kantharia et al. 2007):

B
t—1o | CBM
Fscy(;lré = Fiym:(—) eXp(_Thomog)

20 days
1 - exp(_TcClErl\rfps
X , (19)
TClumps
where
_ §
o =1<1( . )2'1 S (20)
omos 1 GHz 20 days
and
- s
Siomps = Kz( = ) RN @0
cumps 1 GHz 20 days

In this case, Fyn and Fg: are model and absorption-
corrected synchrotron fluxes, respectively, t—, is the time since
the outburst, K| is the attenuation by a homogeneous absorbing
medium, and K is the attenuation by a clumpy/filamentary
medium at a frequency of 1 GHz, 20 days after the outburst.
The optical depths T%f,x)g and TSE,I},/IPS are due to the ionized
circumbinary material (CBM) external to the emitting region.
The optical depths in the homogeneous and clumpy/filamen-
tary CBM are described by 6 and ¢’. Finally, ( signifies the rate
of decline of flux density in the optically thin phase (Kantharia
et al. 2007). The best-fit values of the parameters used in

Equations (19), (20), and (21) are f=—1.031173%22 K, =

0.0018 09008, 6=—5.338703178, K, =0.6349"500%, and
8 = —2.9874759737, and they were obtained from fitting the
low-frequency radio light curve, which was constructed from
the observational data corresponding to t ~5 to 287 days post
outburst at v=0.15 to 1.4 GHz (A. J. Nayana et al. 2023, in
preparation). The absorption-corrected model synchrotron flux,
Fghe» was used to compare the nonthermal synchrotron
emission expected from our model to the observed radio data
of the first 4 days. The results obtained from the model
discussed in this section are given in the next section.

3. Results

In this section, we discuss the results of our work. As
discussed earlier, we only consider data from the first 4 days
after the outburst. We have used the MAGIC and HESS data
obtained by Acciari et al. (2022) and Aharonian et al. (2022) to
construct SEDs at the VHE range. The same authors have also
analyzed the Fermi-LAT data in their work. We have also used
these Fermi-LAT data points at the HE range. In the X-ray
regime, Page et al. (2022) have analyzed data obtained from
Swift X-ray Telescope (XRT) and provided the model X-ray
flux data for the first 4 days, which we have plotted in our
SEDs. However, these data points are model data points, and
the model used in Page et al. (2022) is of thermal origin. So it is
expected that our model, which gives nonthermal radiation as
output, will not be able to explain these X-ray data points. For
this reason, we have used the X-ray data points as upper limits
in our SEDs to compare how the model SED compares with the
X-ray data points. We have also used the first 4 days of radio
data from different observatories, such as Arcminute Micro-
kelvin Imager—Large Array (AMI-LA), e—Multi-Element
Radio Linked Interferometer Network (e-MERLIN), Meer-
KAT, and Karl G. Jansky Very Large Array (JVLA) to make
multiband SEDs. To our knowledge, this is the first time that a
nova eruption event has been studied in various wave bands
(from radio to TeV energy range) simultaneously. The radio
data points of the first 4 days, along with their frequencies, flux
densities, and other information, are given in Table 1. The
MWL SEDs, corresponding to 1 to 4 days after the outburst,
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Figure 1. The MWL SED data points for day 1 along with the SED computed from the model. The panel labeled (a) corresponds to the MWL SED corresponding to
T-Ty = 1 day after the outburst. The panel labeled (b) is the same as panel (a) but zoomed at HE-VHE range of the MWL SED. MAGIC (brown) and HESS (teal) data
points are taken from Acciari et al. (2022), and Aharonian et al. (2022), respectively. Fermi-LAT data points are taken from Aharonian et al. (2022, cyan) and Acciari
et al. (2022, purple). Radio data are shown in green. Swift-XRT model fluxes are shown in the form of upper limits (Page et al. 2022) in royal-blue triangles. The
orange-shaded region corresponds to the uncertainty interval related to the parameters signifying absorption correction, as discussed in Section 2.

are shown in Figures 1, 2, 3, and 4, respectively. The model
parameters used to explain the MWL SEDs are given in
Table 2.

Figures 1, 2, 3, and 4 show that the VHE MAGIC and HESS
gamma-ray data points can be explained by gamma rays produced
by the hadronic interaction between protons accelerated in the
forward shock and protons present in the RG wind. This
conclusion is similar to that explored in Acciari et al. (2022),
Aharonian et al. (2022), and Heng et al. (2022). However, we find
that the hadronic component does not entirely explain the HE
gamma-ray data points for the choices of parameter values
considered in our model. Nevertheless, our model is similar to that
discussed in Sitarek & Bednarek (2012) and Ahnen et al. (2015).
Moreover, the observed VHE gamma-ray data better constrain our
model. The proton luminosity and the cutoff energy were varied

to explain the VHE MAGIC and HESS data. Similar to the
protons, we vary the electron luminosity and cutoff energy to
explain the HE gamma-ray data. We also considered gamma rays
originating from Bremsstrahlung emission, where accelerated
electrons interact with the RG wind, but we found it not to be
significant enough to contribute to the HE-VHE gamma-ray
regime. From Figures 1, 2, 3, and 4, we can see that the
combination of leptonic and hadronic components from the nova
explains the HE-VHE gamma-ray data well for all 4 days of
observations. From Table 2, one can also see that the electron-to-
proton (L./L,) luminosity ratio obtained from our model
contradicts the condition presented in Ahnen et al. (2015), in
which a limit of L, < 0.15 L, was given, considering MAGIC
upper limits available at that time. However, using MAGIC and
HESS data, we were able to show that proton luminosity is, in
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Figure 2. The MWL SED data points for day 2 along with the SED computed from the model. The panel labeled (a) corresponds to the MWL SED corresponding to
T-T, = 2 days after the outburst. The panel labeled (b) is the same as panel (a) but zoomed at HE-VHE range of the MWL SED. The color schemes of the plots are

same as those given in Figure 1.

fact, a few orders higher than electron luminosity in the case of a
lepto-hadronic model, which is in contrast to what was obtained in
Ahnen et al. (2015).

Although not all recurrent novae are detectable in synchrotron
radio, previous RS Oph outburst in 2006 showed clear nonthermal
origin until 351 days post outburst at »=0.24 to 1.4 GHz
(Kantharia et al. 2007, 2016). The low-frequency radio light curve
of RS Oph 2006 outburst has been explained using a
phenomenological model of nonthermal synchrotron emission,
while taking into account the absorption due to the clumpy red
giant wind (Kantharia et al. 2007). The clumpiness of the ambient
medium leads to a decrement of the optical depth encountered by
the synchrotron photon compared to that of a uniform medium,
and hence an increment in the observed synchrotron flux can be
expected (Kantharia et al. 2016). The radio light curve of the 2021
RS Oph outburst also hints toward a nonthermal origin, at least

until 287 days post outburst at »=0.15 to 1.4 GHz, as will be
discussed in A. J. Nayana et al. (2023, in preparation).
Consequently, we have considered the nonthermal synchrotron
emission expected from our model and compared it with the
observed radio data in low frequencies. After calculating the total
synchrotron component using the same parent electron spectrum
considered to explain the HE Fermi-LAT gamma-ray data, we
have also corrected it by considering absorption of the
synchrotron photons due to homogenous and also clumpy
medium present in the line of sight because the clumpiness of
the medium also affects the synchrotron emission in the case of
the 2021 RS Oph outburst. As seen from Figures 1, 2, 3, and 4,
we find that the absorption-corrected model synchrotron emission
is consistent with all 4 days of radio data. Through the MWL
modeling reported in this paper, we are able to show that a
nonthermal synchrotron component is responsible for the low-
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Figure 3. The MWL SED data points for day 3 along with the SED computed from the model. The panel labeled (a) corresponds to the MWL SED corresponding to
T-T, = 3 days after the outburst. The panel labeled (b) is the same as panel (a) but zoomed at HE-VHE range of the MWL SED. The color schemes of the plots are

same as those given in Figure 1.

frequency radio emission at the early stages of RS Oph nova
outburst. Since a partially thermal contribution could be a
possibility, we have further tested the nonthermal origin of the
low-radio-frequency data by calculating the brightness temper-
ature using the following equation (Chomiuk et al. 2021):

-2 -2
E B 1200 SV ( ; ) ( 9 ) '
K mly )\ GHz arcsec

where S, is the observed flux density at frequency v. We have
considered S, and v from Table 1, and 6 was calculated using
the distance, shock velocity, and expansion time (i.e., the shock
radius) from Table 2 for all 4 days after the outburst. We have
found a very high brightness temperature for all 4 days, i.e., Tp
> 10°-10° K, which is indicative of a shock-induced

(22)

nonthermal synchrotron emission (Chomiuk et al. 2021). The
presence of synchrotron emission is expected from shock
interaction for novae such as RS Oph, V745 Sco, and V3890
Sgr because these source systems have a RG star as their
companion. Meanwhile, novae such as U Scorpii have an
evolved K2 IV companion, while the companion in T Pyxidis
is a main-sequence star. Consequently, synchrotron radio
emissions from these sources were not detected in low-
frequency radio surveys (Anupama et al. 2013; Pavana
et al. 2019).

4. Discussion

In this paper, we have provided a single shock, multiple
particle population, lepto-hadronic model of RS Oph nova
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Figure 4. The MWL SED data points for day 4 along with the SED computed from the model. The panel labeled (a) corresponds to the MWL SED corresponding to
T-T, = 4 days after the outburst. The panel labeled (b) is the same as panel (a) but zoomed at HE-VHE range of the MWL SED. The color schemes of the plots are

same as those given in Figure 1.

outburst and used this model to explain the HE-VHE gamma-
ray data observed for the first 4 days. In addition, we have
considered simultaneous low-frequency radio observations
(given in Table 1) and used them to test the presence of
accelerated electrons in the source region. Time-dependent
conditions were considered for the components of the ambient
medium, following Acciari et al. (2022) and A. J. Nayana et al.
(2023, in preparation). By solving the TDDL equation
(Equation (7)), we explain the MWL data ranging from highest
energy gamma rays to low energy radio band. We summarize
the key points of this work below:

1. Considering only the data in the HE-VHE range, it is
difficult to confirm that a purely hadronic or leptonic
scenario is at play in the source region. Although both IC

emission in a leptonic scenario and inelastic p—p
interaction in a hadronic scenario are able to explain
the HE emission, when VHE emission is also considered,
the hadronic scenario gets an advantage because leptonic
interaction is affected by Klein—Nishina suppression at
VHE range. However, it is likely that electrons are also
accelerated, similar to protons. So a reasonable contrib-
ution from electrons to the total gamma-ray flux should
be expected. This fact suggests that HE gamma-ray data
is more likely to be explained by the leptonic component,
whereas the VHE gamma-ray data is hadronic in origin.
The lepto-hadronic interpretation of RS Oph nova out-
burst discussed in this paper not only satisfactorily
explains first 4 days of MWL data but can also be used to
explain the temporal features of the outburst. For
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Table 2
Parameters Used in the Model
Day Component Parameter Value
Day 1 Nova structure Shock velocity (vgp,) 45 x 10% cms™!
Shock radius (rg) 4% 10" cm

Hadronic Injection spectral index (cy,) 2.2
Cutoff energy (E;") 400 GeV
Luminosity (L) 2.14 x 10*° erg s~
Ejecta density (nj) 1.62 x 10" cm ™3
RG wind density (npg) 9.9 x 108 cm™3
Leptonic Injection spectral index (c,) 1.5
Cutoff energy (ES") 10 GeV
Luminosity (L,) 3.5 x 10*? erg s7!
Magnetic field (B) 0.11 G
Photon energy density (up) 1.26 erg cm >
Electron-to-proton luminosity ratio (L./L,) 1.6 x 1072

3.5 % 10% cms™!

Day 2 Nova structure Shock velocity (vgp)
Shock radius (ry) 6.34 x 10" cm
Hadronic Injection spectral index (cy,) 2.2
Cutoff energy (E;") 600 GeV
Luminosity (L) 5.5 x 10% ergs™!
Ejecta density (1) 4.05 x 10° em ™3
RG wind density (rg) 3.9 x 108 cm™3
Leptonic Injection spectral index (c,) 1.5
Cutoff energy(ES™) 10 GeV
Luminosity (L,) 7.2 x 10% erg s !
Magnetic field (B) 0.07 G
Photon energy density (upy) 0.5 erg cm >
Electron-to-proton luminosity ratio (L./L,) 13%x 1073
Day 3 Nova structure Shock velocity (vgp) 3.1 x 108 cms™!
Shock radius (ry) 8.32 x 10" cm
Hadronic Injection spectral index (cy,) 22
Cutoff energy (E;") 700 GeV
Luminosity (L) 7.6 x 10%° erg s !
Ejecta density () 1.8 x 10° cm™3
RG wind density (nrg) 23 %108 ecm™3
Leptonic Injection spectral index (c,) 1.5
Cutoff energy (ES™) 10 GeV
Luminosity (L,) 8.8 x 107 ergs™!
Magnetic field (B) 0.05 G
Photon energy density (up) 0.29 erg cm ™
Electron-to-proton luminosity ratio (L./L,) 1.1x107°
Day 4 Nova structure Shock velocity (vgp,) 2.8 x 10% cms™!
Shock radius (rg) 1 x 10" cm

Hadronic Injection spectral index (oy,) 2.2
Cutoff energy (E;™) 850 GeV
Luminosity (L,) 9.2 x 10% erg s !
Ejecta density () 1.05 x 10° em™
RG wind density (nrg) 1.5 x 10® cm™3
Leptonic Injection spectral index («,) 1.5
Cutoff energy (ES") 10 GeV
Luminosity (L,) 6.7 x 10*? erg s7!
Magnetic field (B) 0.04 G
Photon energy density (up;) 0.20 erg cm >
Electron-to-proton luminosity ratio (L./L,) 73 x107*

example, when fitted with a power law, the index for the
temporal decay in the case of HESS data came out to be
apggess = 1.43 £ 0.18, whereas the same for Fermi-LAT is
apat = 1.31 £20.07 (Aharonian et al. 2022). Although
both of these values are roughly consistent within error,
different best-fit values may indicate the different origins

10

of HE and VHE gamma-ray data, which can potentially
be solved by a lepto-hadronic scenario. In addition to the
points discussed above, the gamma-ray light-curve peak
observed by HESS in TeV energies is delayed by a few
days as compared to the GeV gamma-ray light-curve
peak observed by Fermi-LAT, as the Fermi-LAT light-
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curve peaks on 2021 August 9—10 (Cheung et al. 2022),
and the HESS light-curve peaks on 2021 August 12
(Aharonian et al. 2022). Aharonian et al. (2022) have
explained the observed time delay between light-curve
peaks at different energies as the finite acceleration time
of the >1 TeV protons in a single shock, single particle
population scenario. Meanwhile, Diesing et al. (2023)
have explained the same by considering a slow, highly
luminous shock component, which produces the GeV
emission at early times, and a fast, less luminous shock
component, which produces hardened TeV emission at
later times. In the alternate model discussed in this paper,
although we take a single shock scenario, the GeV and
TeV emissions have been attributed to electron and
proton populations, respectively. The IC cooling time-
scale of electrons is less than that of p—p interaction, and
the maximum energy of the electron population acceler-
ated at the shock can go up to ~30 GeV, as discussed in
Section 2. Consequently, electrons will likely lose energy
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Figure 5. The estimated total muonic neutrino flux reaching the Earth from RS
Oph, according to the lepto-hadronic model explored in this work. 90% C.L.
upper limit obtained by IceCube is given in black (Pizzuto et al. 2021).

very efficiently through IC cooling, and the bulk of the
gamma rays produced will be observed in the GeV range
at early times. Meanwhile, the hadronic interaction
timescale is comparatively higher than the IC cooling
timescale; hence, it will take more time for the
accelerated proton population to produce observable
gamma rays. In addition, the maximum energy of the
proton population can go up to ~40 TeV (see Section 2);
hence, most of the gamma rays produced through
inelastic p—p interaction will be observed in the TeV
range at slightly later times. So in the single shock, lepto-
hadronic scenario discussed in this paper, the TeV delay
can be naturally explained by attributing the GeV light-
curve peak to the fast cooling of the electron population
and the TeV light-curve peak to the hadronic interaction
of the proton population. Nevertheless, in this work, we
refrain from discussing the temporal features of the RS
Oph outburst in more detail and primarily focus on
explaining the spectral features of the early-time MWL
data with a lepto-hadronic model, similar to that explored
in Sitarek & Bednarek (2012).

. From the discussion above, it is evident that a single
shock, lepto-hadronic scenario can explain the HE-VHE
gamma-ray data obtained from RS Oph nova outburst
comparatively better than a single shock, purely hadronic,
or a purely leptonic model. Nevertheless, testing the same
lepto-hadronic scenario in an MWL context should
provide a more compelling argument for the case. To
that end, as discussed earlier, we have also included the
results from simultaneous low-frequency radio observa-
tions (Table 1) in conjunction with HE-VHE gamma-ray
data to construct MWL SEDs of RS Oph. From our
model, we were able to show that the synchrotron
component obtained from the parent electron population
is consistent with the observed radio data for all 4 days.
The magnetic field near the forward shock that was used
to calculate the synchrotron emission was fixed a priori,
so the fact that synchrotron emission from the parent
electron population was able to explain all 4 days of the
radio data indicates that the presence of accelerated parent
electron population near the shock region is a valid
assumption. We note that in a recent paper by de Ruiter
et al. (2023), the authors posited that an old synchrotron

11

emission component from 2006 RS Oph outburst may be
responsible for the early-time (¢ < 5 days) low-frequency
radio emission observed. However, in our model, we
show that the synchrotron emission component resulting
from electrons that were freshly accelerated during the
2021 RS Oph outburst can also consistently explain the
early-time, low-frequency radio emission.

. Modeling VHE gamma-ray emission using a hadronic

scenario inevitably leads to the production of astrophy-
sical neutrinos. Detecting these astrophysical neutrinos is
crucial because that would confirm the presence of
hadronic interaction at the VHE range. High-energy
neutrinos from symbiotic nova such as V407 Cygni have
been predicted earlier (Razzaque et al. 2010). To
calculate the flux of the muonic neutrinos v, + 7,
resulting from our model, we use the semi-analytical
formulation developed in Kelner et al. (2006). Following
Kelner et al. (2006), we have included the muonic
neutrinos produced from direct decay of charged pions (7
—u v,,) and from the decay of muons (¢ — e v, v,). Our
estimated muon neutrino flux is shown in Figure 5.
IceCube, ANTARES, and KM3NeT/ARCA are state-of-
the-art neutrino detectors that are capable of detecting
astrophysical neutrinos from Galactic sources. IceCube
has searched for muon neutrino flux from the direction of
RS Oph during a three day time window covering the
beginning of observed optical outburst. A time-integrated
muon neutrino flux upper limit of 4.8 x 107> TeV cm >
at 90% confidence level was derived, under the assump-
tion of E2 power law, between 2 TeV and 10 PeV
(Pizzuto et al. 2021). Our estimated muon neutrino flux
shown in Figure 5 is well below the derived IceCube
upper limit. KM3NeT/ARCA is a next-generation
neutrino observatory that can detect neutrinos across a
wide decl. range (Aiello et al. 2019). Considering RS
Oph decl. of —06°42/28", we find that although the
source position is well within the observable range of
KM3NeT/ARCA, the maximum neutrino flux obtained
from RS Oph in our model is well below the sensitivity of
KM3NeT/ARCA at that decl. Note that MGRO J1908
+06 is the closest to RS Oph in terms of decl. among the
sources reported in Aiello et al. (2019). KM3NeT/ARCA
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predicted neutrino detection from MGRO J1908+06 after
6 yr of observation. However, MGRO J1908+06 is a
continuously emitting source, and from Figure 2 of Aiello
et al. (2019) it can be seen that the neutrino flux of the
MGRO source is ~10"'% erg cm > s~ ' at 10 TeV. Since
novae such as RS Oph are transient sources, i.e., they can
only be observed during a few months timescales, and the
neutrino flux at 10 TeV is negligible for RS Oph, as can
be seen from Figure 5, it is very difficult to observe
astrophysical neutrinos from RS Oph with even the next-
generation neutrino detectors. Acciari et al. (2022) and
Guetta et al. (2023) also corroborated that neutrino
emission is not expected to be detected from the novae
outbursts such as RS Oph by the current experiments.
With neutrinos being a by-product of the hadronic
interaction, neutrino detection would have been smoking
gun evidence for the hadronic scenario in the source
region. Neutrino flux measurements from a future higher
magnitude nova outburst will be able to confirm the pure
or partial hadronic nature of particle acceleration.

We note here that in this work we do not intend to fit the data
because the MWL data, especially in radio and X-ray ranges, is
poorly constrained. Consequently, we have only adopted
different parameter values following the previous literature,
reported in Table 2, to explain the MWL SEDs corresponding
to 1 to 4 days after the outburst and to discuss the conditions
necessary for a lepto-hadronic interpretation of 2021 RS
Oph outburst. Nevertheless, we have tried to fit the data by
treating seven parameters of the model (i.e., L,,, v, E,f“‘, L., o,

ES™, B) as free parameters instead of adopting the values
reported in Table 2 for four MWL SEDs given in Figures 1, 2,
3, and 4. As expected, we have found that although the best-fit
values obtained from such method are very close to the adopted
values reported in Table 2, the 1o errors of the free parameters
are very large because of the small number of constraining data
points at the early time. As a result, we refrain from reporting
the fit results and their 1o uncertainties in the paper. Future
simultaneous observations in multiple wavelengths will be
helpful in constraining the model parameters, thereby further
confirming the emission mechanism occurring in novae
outbursts.

A hard spectral index (~1.5) for the parent electron spectrum
was previously used in the lepto-hadronic interpretations of
V407 Cygni and V339 Del novae outbursts (Sitarek &
Bednarek 2012; Martin & Dubus 2013; Ahnen et al. 2015).
Since this work involves a phenomenological modeling of RS
Oph 2021 outburst, we have assumed a similar hard electron
index as that considered in previous literature. We were able to
show that emission from the parent electron population with
hard spectral index is able to explain the radio and HE gamma-
ray data, which essentially proves to be a natural continuation
of previous studies to explain novae outbursts with a lepto-
hadronic scenario. However, the plausible acceleration scenario
behind this hard index is beyond the scope of this paper.
Nevertheless, in general, magnetic reconnections in Poynting
flux dominated outflow can produce ~1.5 spectral index. The
electrons originating from proton—photon interactions, which
can have a very hard spectral index, is another possibility.

It has been found in several studies that the RG companion
star, being a M-type star, has an effective surface temperature
in a range of 3200 K < T < 4400 K (Barry et al. 2007;
Pavlenko et al. 2008, 2016). Given the temperature at the
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surface of the RG companion, the temperature of the dense
wind produced from the same companion is expected to be less
than, or at most of the same order of, the surface temperature.
As discussed earlier, we have additionally assumed that the
relevant conditions related to the wind are considered before
the wind is heated and ionized by the outburst, similar to that
considered in Chomiuk et al. (2012) for nova V407 Cygni, in
which a wind temperature of ~700 K was set. Taking these
factors into account, we have considered an order of magnitude
estimate by assuming the RG wind temperature of 10° K in the
equipartition magnetic field, given by Equation (6). The order
of the resulting magnetic field is not only comparable with that
found in previous literature (Martin & Dubus 2013) but the
resulting synchrotron emission due to this magnetic field also
consistently explains the observed radio emission. A somewhat
higher value of the RG wind temperature of 10* K was adopted
in Bode & Kahn (1985), but using this value of the wind
temperature would result in a larger magnetic field that is
neither consistent with the observations nor with the previous
estimates.

The magnetic field near the shock region can also be
amplified by the streaming of accelerated particles in the shock
precursor. The amplified magnetic field can be proportional to
the equipartition magnetic field, given by Equation (6). This
would introduce a proportionality factor fz, which would
essentially act as a free parameter, considering the equipartition
magnetic field to be fixed. However, as discussed earlier, it is
very difficult to constrain the total magnetic field with such few
number of degrees of freedom in low energies (no data in
X-ray, few data in radio). Consequently, it will be difficult to
constrain the value of f3 due to poor statistics in low energies.
Considering a value of fp associated with magnetic field
without properly constraining it would turn out be an ad-hoc
assumption because no typical values of fz are known a priori.
Since our main motivation behind this work is to report the
conditions necessary to explain the MWL emission with a
lepto-hadronic scenario, we have tried to fix multiple parameter
values beforehand following some reasonable assumptions. As
a result, in this case, we refrain from introducing fz as another
free parameter of the model and fix the magnetic field to the
values estimated by the equipartition argument to avoid further
complications.

Acciari et al. (2022) have noted that it is difficult to explain
the shape of curvature observed in the measured gamma-ray
spectrum between 50 MeV and 250 GeV range with leptonic
processes. It is indeed the case that a single IC leptonic
component will be unable to explain the observed curvature, as
well as the VHE gamma-ray data, without introducing a strong
break in the parent electron spectrum. However, in the lepto-
hadronic model discussed in this paper, the curvature is
explained by a combined contribution of the leptonic and the
hadronic components (mainly dominated by the leptonic
component). We have used an electron injection spectrum
with a cutoff at tens of GeV, which is also limited by the
maximum attainable energy of the electrons. Consequently no
ad-hoc break was needed in the electron spectrum. The
curvature has been automatically explained by combining the
resulting leptonic component with the hadronic component
used to explain the VHE gamma-ray data. We have provided
zoomed-in images of only the HE-VHE gamma-ray section of
the MWL SED plots to show that the total combined model
SEDs (primarily dominated by the leptonic component) readily
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explain the curvature observed in 50 MeV to 250 GeV range
(see Figures 1, 2, 3, and 4).

We have neglected the effect of gamma—gamma attenuation
in this model following the conclusion drawn by previous
studies on RS Oph (Acciari et al. 2022; Aharonian et al. 2022;
Diesing et al. 2023). Aharonian et al. (2022) have posited that
the attenuation of TeV gamma rays occurs due to the
interaction with optical-IR photons and X-rays provide the
dominant target for GeV photons. Gamma—gamma attenuation
is most relevant for VHE gamma ray; whereas, it is important
for GeV photons only a few hours after the outburst, when the
source size is small. This happens because in early time, the
optical-IR luminosity is larger (~10°" ergs '; Kafka 2021)
when compared that for X-ray (~10* ergs ') at a distance of
2.45 kpc (Sokoloski et al. 2006). Aharonian et al. (2022) have
shown that for the optical depth for photons considered in their
work (see equation S31 of the supplementary material;
Aharonian et al. 2022), the spectrum change due to the
gamma-gamma absorption is expected to be minor (see Figures
S10A and S10B of the supplementary material; Aharonian
et al. 2022). Acciari et al. (2022) have also stated that the effect
of gamma-gamma attenuation of the emission in the photo-
sphere radiation field of RS Oph is not significant. Diesing
et al. (2023) have posited that although close to 7-T, ~1 day,
the gamma—gamma attenuation is expected to be modest (by a
factor of ~2) and this attenuation is negligible at the radius
corresponding to days 1 to 4, i.e., during the rise and
subsequent peak of the observed TeV Iluminosity. Conse-
quently, the authors also neglected absorption in their emission
estimates. Following the arguments presented above, it can be
assumed that the effect of gamma—gamma attenuation is not
significant from the first day onward after the outburst.
Nevertheless, even a modest gamma—gamma absorption is
also unlikely to change the main conclusion of this paper.
Consequently, we have chosen to neglect the effect of gamma-—
gamma absorption in this particular work.

It is to be noted that the source region was considered to be
spherically symmetric for the modeling of the first 4 days after the
outburst in this work. But given the binary separation of 1.48 au
(2.2x10" cm) and the shock radii given in Table 2, one can see
that the binary separation and shock radius values are comparable,
at least for first 4 days. In such conditions, the density profile tends
to become more complicated given that an anisotropic distribution
better represents the ambient matter at this stage. In the first few
days, the shock is more likely to expand as a bipolar blast wave
moving orthogonal to the accretion disk (Aharonian et al. 2022).
Modeling this bipolar (later quasi-spherical) shock wave, centering
at the WD position, is very complicated, sophisticated, and beyond
the scope of this paper. However, as in Zheng et al. (2022), we
expect the spherical shock assumption to be a good approximation
and the inclusion of an anisotropical shock treatment will not
significantly change the main aim of the results reported in this

paper.

5. Conclusion

In conclusion, we have provided a theoretical lepto-hadronic
interpretation of MWL data observed from the 2021 RS
Oph nova outburst. We have shown that the VHE gamma-ray
data can be explained by a hadronic component, whereas the
HE gamma-ray data is satisfied with a leptonic component. The
presence of a leptonic component also helps explain the low-
frequency radio data points observed for all 4 days. Our work
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vastly improves upon the inferences drawn by Sitarek &
Bednarek (2012) and Ahnen et al. (2015), and better interprets
the MWL data compared to a purely hadronic or a purely
leptonic scenario discussed in Acciari et al. (2022) and
Aharonian et al. (2022). However, further observations are
needed to categorically confirm the proper nature of particle
acceleration occurring in nova’s environment. Given that
recurrent outbursts of novae are a relatively regular occurrence
in the Galaxy, future observations of HE-VHE gamma rays
with current generation observatories (Fermi-LAT, MAGIC,
HESS), as well as next-generation gamma-ray observatories
such as Cherenkov Telescope Array (CTA; Cherenkov
Telescope Array Consortium et al. 2019) and Southern Wide-
field Gamma-ray Observatory (SWGO; Albert et al. 2019),
along with further simultaneous observations in radio and
X-ray energy ranges will be able to confirm the exact nature of
the emission. Moreover, sophisticated simulations taking into
account the anisotropic matter distribution and an aspherical
shock-wave structure would also be helpful for complete
theoretical modeling of the nova region. If next-generation
neutrino observatories can detect neutrinos from the outburst
site, then effective contributions of hadronic and leptonic
interactions will also be unveiled, thus opening new possibi-
lities to model and understand the exact nature of this type of
interesting source.
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