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ABSTRACT

Context. Several new phenomena have arisen in the area of study of the repeating thermonuclear explosions called novae. For example,
recurrent novae have been proven to be efficient cosmic ray hadronic accelerators thanks to the recent observations of RS Ophiuchi by
different γ-ray instruments. Novae have also been demonstrated to have the ability to carve large cavities into the interstellar medium
(ISM), with parallels with the remnants of supernovae.
Aims. Our aims are to calculate the effects of novae on their surrounding media, and the distances over which these effects dominate
over the average quantities that are measured in the ISM.
Methods. We calculated the filling factor of novae and their contribution to cosmic ray fluxes using cosmic ray propagation codes. To
limit the atomic density of the ISM surrounding the region of RS Oph, we used Fermi-LAT observations of the region.
Results. The filling factor of novae in the Galaxy is not significant under all assumptions done in the paper. They do not dominate
over the local cosmic ray fluxes, even at the lowest energies, for distances larger than a few parsecs. The particle density of the ISM
surrounding them is, however, very much modified, being lowered by more than one order of magnitude with respect to galactic
averages, confirming estimates done using other observatories.
Conclusions. Even though at global galactic distances, novae do not seem to be dominating cosmic ray transport, they have the power
to modify the conditions of their surrounding ISM over parsec distances.
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1. Introduction

Cataclysmic variable stars are semi-detached binaries that con-
sist of a primary white dwarf (WD) accreting material from
a companion star. Novae constitute a sub-class of cataclysmic
variable stars and they consist of outbursts caused by the accu-
mulation of hydrogen-rich material on the surface of the WD,
which results in a thermonuclear runaway creating thermonu-
clear explosions and resulting fast shocks. A nova is denom-
inated as classical when only one outburst has been reported
and recurrent when repeated eruptions have been documented
(Chomiuk et al. 2021). The repetition period can vary from years
to decades or almost centuries (Anupama 2013; Darnley 2021).
The further sub-classification of a symbiotic nova denotes that
the donor star has evolved from the main sequence, for exam-
ple a red giant star, and therefore the WD is immersed in the
donor star’s wind. Novae can increase their brightness by 6 to
19 magnitudes during these outbursts,which can last from weeks
to months (see Chomiuk et al. 2021 for a review). Novae have
been studied from radio up to X-rays for decades, but only
14 years ago was high-energy (HE; E >100 MeV) γ-ray emis-
sion first reported, from the recurrent symbiotic nova V407 Cyg
by Fermi-LAT (Abdo et al. 2010). Later on, classical novae were
also established as HE gamma-ray emitters (Ackermann et al.
2014). The number of novae detected in HE gamma rays has
been increasing since then (Cheung et al. 2016; Franckowiak
et al. 2018; Aydi et al. 2020). Even though these observations
⋆ Corresponding author; rlopezcoto@iaa.es

pointed towards the acceleration of cosmic rays (CRs) by novae,
the origin of this gamma-ray emission was still unclear. Their
spectra could be represented well by models considering lep-
tons producing gamma rays by inverse Compton up-scattering
of photons from the photosphere or protons decaying into π0 and
producing gamma rays (Sitarek & Bednarek 2012). RS Ophiuchi
(RS Oph) is a recurrent symbiotic nova that displays major out-
bursts every 15–20 years (Dobrzycka & Kenyon 1994). Its last
outburst took place on August 8 2021. The event was panchro-
matically observed and is one of the best studied transient nova
events. It was followed up by observing energies ranging from
radio up to very high-energy (VHE; E > 100 GeV) gamma rays.
In the HE regime, Fermi-LAT measured gamma rays coming
from the direction of RS Oph (Cheung et al. 2022; H. E. S. S.
Collaboration 2022). Most importantly, at VHE gamma rays,
RS Oph was also detected by Cherenkov telescopes in the TeV
regime, including MAGIC (Acciari et al. 2022) and the LST-1
of CTAO LST Collaboration (Abe et al. 2023) in the northern
hemisphere and H.E.S.S. (H. E. S. S. Collaboration 2022) in
the southern one. In X-rays, it was observed by Chandra and
XMM-Newton (Orio et al. 2021), INTEGRAL (Ferrigno et al.
2021), MAXI (Shidatsu et al. 2021), NICER (Enoto et al. 2021),
NuSTAR (Luna et al. 2021), and Swift (Page et al. 2022). In the
optical, photometry and spectroscopic observations were car-
ried out (Taguchi et al. 2021a; Munari et al. 2021; Munari &
Valisa 2021a; Munari & Valisa 2021b; Taguchi et al. 2021b;
Nikolov & Luna 2021; Shore et al. 2021a,c,b; Fajrin et al.
2021; Ricra et al. 2021; Zamanov et al. 2021, 2022). Infrared
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(Woodward et al. 2021) and radio (Sokolovsky et al. 2021; Peters
et al. 2021; Williams et al. 2021) observations were also carried
out. Upper limits on the neutrino flux were also established by
IceCube Multimessenger (Pizzuto et al. 2021). In the gamma-
ray energy range, the continuation of the spectrum and similar
flux decay between the HE and VHE measurements point to a
common radiation component arising from a single high-speed
shock (a two-shock model is presented in Diesing et al. 2023).
Independent of the multiplicity of the shocks in which particles
are accelerated, the current consensus is that the underlying par-
ticle population producing this emission is of hadronic origin. A
pure leptonic origin could still be possible (see Bednarek 2022;
Bednarek & Sitarek 2023), but the hadronic interpretation is
strengthened by energetic and multi-wavelength temporal evolu-
tion arguments (see Acciari et al. 2022; H. E. S. S. Collaboration
2022 for details). The efficient acceleration of hadronic CRs in
nova shocks, converting a significant fraction of the nova explo-
sion energy into accelerated CRs that reach an energy budget of
∼1043 erg, justifies the investigation of a sizeable contribution
of novae to the CR sea. Acciari et al. (2022) and H. E. S. S.
Collaboration (2022) argue that the contribution of each single
outburst (i.e. an impulsive injection of CRs) is sub-dominant to
the average Galactic cosmic-ray population beyond ∼1 pc.

However, the contribution of these recurrent novae (RNe),
defined as the sub-class of the cataclysmic variables that expe-
rience repeated thermonuclear eruptions on timescales of a
human lifetime, can last millions of years, injecting protons
semi-continuously in the surrounding environment during the
evolutionary path of the system (Healy-Kalesh et al. 2023).
Due to these continual eruptions, a dynamical structure, either
a nova shell or a larger remnant, is formed. This object, called
a nova super-remnant (NSR) has recently been identified in the
Andromeda Galaxy around the nova M31N 2008-12a (Darnley
et al. 2016), extending over a size that rivals that of supernova
remnants (SNRs; with ∼100 pc radius), perhaps more simi-
lar to superbubbles observed around massive stellar clusters
(Ackermann et al. 2011; Aharonian et al. 2019). Even though this
effect has been simulated and studied, leading to the conclusion
that there is an apparent shortage of these systems in the Local
Group (Healy-Kalesh et al. 2024b), a cavity in the far-infrared
archival IRAS images fulfilling these characteristics has been
found in the region surrounding RS Oph (Healy-Kalesh et al.
2024a). The cavity is described as an ellipse with a semi-major
axis of ∼40 arcmin modeled as the effect of 650 000 eruptions
that took place during a period of 25 Myr. This corresponds
to a projected size of ∼16 pc, for a distance of 1.4 kpc (Barry
et al. 2008), although the distance to RS Oph has been sub-
ject of intense debate (see Sect. C.1 of Acciari et al. 2022) and
we also consider a distance of 2.45 kpc derived in Rupen et al.
(2008) based on VLBA radio imaging of the nova shock expan-
sion. Assuming a similar efficiency in the previous outbursts,
one would naively expect an accumulation of CRs being injected
continuously over a lifetime of millions of years. Each of these
outbursts is expected to excite very turbulent plasma around the
nova, plasma that fills up the cavity, potentially confining CRs
within the bubble. These CRs can eventually radiate in gamma
rays through proton-proton interaction when interacting with the
tenuous gas within the cavity, and reach detectable levels if the
accumulated CRs are energetic enough.

In this work, we investigate the contribution of RNe to the
CRs as a continuous particle accelerator. In Sect. 2, we estimate
the contribution of the accumulated protons to the CR sea, as a
function of the distance to the nova and the filling fraction con-
sidering RS Oph as a prototype of RNe. In Sect. 3, we derive

upper limits on the NSR gamma-ray emission, which trans-
lates to constraints on the proton and density of the interstellar
medium (ISM) at 16 pc surrounding RS Oph.

2. RNe as local and global CR accelerators

If the TeV outburst of RS Oph is to be considered archetypal of
the acceleration of protons in RNe, it can be shown that the con-
tribution to the CR sea would be no more than 0.2% (Acciari
et al. 2022). Likewise, if we reduce the problem to the local con-
tribution of CRs around the star, we also find that the energy
density of the CRs injected by the nova would dominate over the
energy density of the CRs in the Milky Way (MW) only for a
region with a radius of Rnova . 0.5 pc, assuming a homogeneous
distribution of the CRs in the region (Acciari et al. 2022). The
estimates above concern the single contribution of a given nova.
We can now entertain the contribution of a population of similar
classical novae independently exploding in the MW to calculate
the total filling factor of their regions of influence.

2.1. Filling factor of novae in the Milky Way

The rate of novae in the MW – N = 50+31
−23 yr−1 (Shafter 2017) or

N = 26 ± 6 yr−1 in more recent estimates (Kawash et al. 2022) –
makes one wonder if a significant fraction of the MW could be
covered by the remnants of these explosions. Without making
any initial assumptions about the volume that is covered by a
nova remnant, we computed what the percentage of the MW
covered by these objects would be. To estimate the volume of
the MW, we considered it to be contained in a cylinder of radius
RMW = 20 kpc and height HMW = 200 pc (Vieira et al. 2023).
We made the very simplistic and conservative assumption that
every nova creates a sphere of radius Rnova without considering
any overlapping between the regions created by different novae.
The fraction (F) covered is therefore given by

F = N
4/3πR3

nova

πR2
MW2HMW

t ≈ 2 × 10−4

(

Rnova

1 pc

)3 (

t

106 yr

)

, (1)

where t is the time that is considered for nova eruptions to sus-
tain such a cavity and we assume N = 26 ± 6 yr−1 (Kawash et al.
2022). This is represented in Fig. 1 for the assumption of t =
1 Myr, together with different significant radii and percentages of
the Galaxy covered. We can see that even in the most optimistic
scenario of no overlapping between regions, this novae popula-
tion would cover a significant fraction (>10% of the MW) only in
the case of extending the novae’s region of influence for regions
with a radius larger than 5 pc and/or lasting for a significant time
longer than 1 Myr. As a first-order approximation, the radius of
influence over the ISM for a single nova calculated using Eq. (16)
of Acciari et al. (2022) is ∼0.5 pc, and even though that for a RN
can reach distances larger than a few parsecs (Eq. (17) of Acciari
et al. 2022), the volume of the region of influence of a RN is
smaller than that of independent single novae that erupted the
same number of times as the recurrent one.

2.2. Local CR contribution

We next went one step further and computed what the contri-
bution of novae to the local CR spectrum surrounding a RN
is. For the calculations, we used the EDGE code (López-Coto
et al. 2018), assuming a source continuously injecting protons for
25 Myr. We assumed the optimistic scenario in which the total
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the one inferred in Healy-Kalesh et al. (2024a), the only possi-
ble explanations are that we are at the level of detection of the
source or that the average amount of energy per eruption over
the 25 Myr considered is smaller than that of the last eruption,
or that CRs actually escape from the source.

4. Conclusions

We have evaluated the contribution of the TeV gamma-ray novae
population to the Galactic CR sea. Even though novae have been
proven to be able to accelerate CRs up to multi-tera-electronvolt
energies (Acciari et al. 2022; H. E. S. S. Collaboration 2022),
we have found that a population of RS Oph-like novae, with a
similar energetic output, would not contribute significantly to the
CR sea (<0.2%), or to large regions around them; that is, local
bubbles with radii of more than a few parsecs.

Local hadronic CRs could come from novae only in extreme
conditions, with novae needing to be nearby (a few tens of
parsecs) and regular (with cadences of a few decades). Using
simple calculations, we conclude that only an insignificant frac-
tion (<10%) of the Galaxy can be covered by nova remnants.
These NSRs might be abundant in our Galaxy; however, they are
difficult to detect in gamma rays. The continuous outbursts dur-
ing the nova’s lifetime blow away the matter of the ISM around
it, creating a cavity around the binary systems of a low-density
medium (Chomiuk et al. 2021). This is confirmed by the analy-
sis of the LAT data on the NSR associated with RS Oph. When
excluding the period in which the latest outburst was recorded,
no gamma-ray source was found in the region defined by the
infrared cavity found by Healy-Kalesh et al. (2024a). The upper
limits allow us to establish an upper limit on the ISM atomic
density of n < 0.1 cm−3, under the hypothesis of a history of
similar energetic outbursts to the one in 2021. This density is a
factor of ten lower than the average density in the ISM and in
agreement with the simulations described in Healy-Kalesh et al.
(2024a). These cavities are common around SNR explosions and
stellar clusters with strong winds and reflect the strong effect of
stellar activity on the surrounding ISM up to a hundred-parsec
scale. LAT observations from other energetic close-by gamma-
ray novae off-outburst can therefore be used to map the ISM
densities in different regions of the Galaxy.
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