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• Thermonuclear explosions caused by matter 
from a donor star collecting on a white dwarf 
surface in a binary system 

• Matter on surface is in thermal equilibrium and 
eventually reaches fusion flashpoint 

• Nova have a rate ~ 50 per year ( Shafer, A. ApJ 
2017) 

• Various Classifications are adopted, in particular: 

• Classical -> MS donor star 

• Symbiotic -> Evolved donor star/RG 

• Recurrent -> Multiple observed outbursts 

• Dwarf -> mini-outbursts (thought to be AD 
instabilities)
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• Recurrent and classical are more an 
observational classification 

• Since precision astronomy has only been 
around a few hundred years, only a few 
known nova are recurrent 

• Recurrent nova such as RS Oph, are 
typically symbiotic and fill their Roche Lobes 

• Larger mass loss rate (~10-7 M⊙/yr) from 
Red Giant winds, create a dense 
environment surrounding WD
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O. König, et al. Nature 2022

https://ui.adsabs.harvard.edu/abs/2022Natur.605..248K/abstract


• V407 Cyg was the first nova 
(symbiotic) detected in the high 
energy (HE) gamma-ray energy range 
(Fermi-LAT, Science 2010) 

• Classical nova soon followed with in 
2014 (Fermi-LAT, Science 2014) 

• Unable to distinguish between 
Hadronic or Leptonic (IC + Brem) 
origins

6Novae: Known Sources for HE Gamma-ray Emission
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(Fermi-LAT, Science 2014)

https://ui.adsabs.harvard.edu/abs/2010Sci...329..817A/abstract
https://ui.adsabs.harvard.edu/abs/2014Sci...345..554A/abstract
https://ui.adsabs.harvard.edu/abs/2014Sci...345..554A/abstract


• Located at the Roque de los 
Muchachos observatory at La 
Palma, Canary Islands, Spain 

• Two 17m diameter imaging 
atmospheric telescopes 

• Specially designed to measure 
the lowest energies of the VHE 
regime (~50 GeV) and up to 10s 
of TeV
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• MAGIC initiated a follow up program 
on novae in 2012 

• VHE (>100 GeV) data is critical to 
understand emission mechanisms 

• Constraining upper limits from V339 
Del, 2013 eruption 

• No VHE detection until RS Oph

8Novae with MAGIC
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MAGIC Coll., A&A, 582 (2015)
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https://www.aanda.org/articles/aa/abs/2015/10/aa26478-15/aa26478-15.html


• Recurrent nova in a symbiotic binary 

• WD (1.2−1.4M⊙) + M0-2 III RG star (0.68−0.80M⊙) 
Schaefer Astrophys. J. Suppl. Ser. 2010 

• One of the most well studied recurrent nova 

• Recurrent rate ~ 15-20 years 

• Optically maximum mv ~ 5,  
quiet state mv ~ 12.5 

• Distance debated, range from  
1.4 – 4.3 kpc with caveats for each 

• We used 2.45 ± 0.18 kpc, derived from Rupen 
et. al., ApJ 2008 

• In line with recent Gaia DR3 parallax 
measurement which derives a distance of 2.69 
± 0.18 kpc  
Gaia Col., A&A 2016, Gaia Col., 2022
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https://ui.adsabs.harvard.edu/abs/2010ApJS..187..275S/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...688..559R/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...688..559R/abstract
https://ui.adsabs.harvard.edu/abs/2016A&A...595A...1G/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220800211G/abstract


• Has major outburst every ~ 15 - 20 years 

• 2021 outburst very well studied in almost all wavelengths
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• Last RS Oph outburst, Fermi-LAT had not launched 

• Novae were not known to be gamma-ray emitters 

• Tatischeff, V. & Hernanz, M. ApJL 2007,  predicted GeV and VHE emission from RS Oph
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Rupen et al. ApJ 2008

Bode et al. ApJ 2006

O’Brien et al, Nature 2006

https://ui.adsabs.harvard.edu/abs/2007ApJ...663L.101T/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...688..559R/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJ...652..629B/abstract
https://ui.adsabs.harvard.edu/abs/2006Natur.442..279O/abstract


• Many telescopes had been 
anticipating RS Oph’s eruption 

• Optical Discovery by Brazilian 
Astronomer Alexandre Amorim 
(https://www.aavso.org/rs-ophiuchi) 
and confirmed by Keith Geary 
(vsnet-alert 26131) and Fermi-LAT 
ATel #14834 

• MAGIC observations began on 9 
Aug 22:30 UT 

• MAGIC - MAGIC Collab. Nat Astro 
2022 

• H.E.S.S. - H.E.S.S. Collab, Science 
2022 

• Fermi-LAT -  Cheung, C.C , ApJ 
2022 

• Swift - Page K. L. MNRAS 2022 

• XMM - Orio, M. ApJ 2022 

• VLBI - Munari, U. A&A 2022
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• HE shows rapid rise (brightest nova to date) 
and fall (exponential halving time (2.20 ± 
0.18 days) 

• The first four days of MAGIC observations 
(August 09-12) yield a VHE signal with a 
significance of 13.2σ 

• No MAGIC detection as after August 25th 
(day 16 after outburst) 

• VHE photon flux > 100 GeV constant over 
first 4 days while HE signal decreases by 
factor of <2

14RS Ophiuchi in Gamma-rays
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Acciari, V.A. Nat Astro 2022

https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• Photometry: 

• TJO and ANS simultaneous data with 
MAGIC 

• Emission described with Tph 10800K -> 
7680 K and Rph = 200 R⊙ 

• Spectroscopy: 

• Varese 0.84 m and Catania 0.91 m 
telescopes 

• 4500 ± 250 km/s for ejecta expansion 
during first 4 days 

15RS Ophiuchi in Optical
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https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• Time dependent 
modeling based 
from MAGIC Coll., 
A&A, 582 (2015) 

• Hadronic model 
favored over 
leptonic model 

• Hadronic model has 
natural CR index ~2 

• Leptonic requires 
ad hoc break and 
fits poorly

16Gamma-ray Modeling
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Acciari, V.A. Nat Astro 2022

https://www.aanda.org/articles/aa/abs/2015/10/aa26478-15/aa26478-15.html
https://www.aanda.org/articles/aa/abs/2015/10/aa26478-15/aa26478-15.html
https://www.aanda.org/articles/aa/abs/2015/10/aa26478-15/aa26478-15.html
https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• Hadronic model preferred on the daily fits 

• Slight indication of hardening (increase in 
maximum energy) vs time 

• Inline with protons cooling slowly

17Daily Gamma-ray Modeling
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Acciari, V.A. Nat Astro 2022

https://www.nature.com/articles/s41550-022-01650-x
https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• Expanding shell of ejecta - Dominates emission 
 

 

 

• Red giant wind - Contributes to ~20% of target material 
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• Proton model requires significant fraction (22%) of the nova’s kinetic 
energy:

 

• Most of this energy is carried away by escaping protons

ϵ =
Ep,nova
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• Optical and HE 
emission follow similar 
decay 

• IC emission should 
decay fast due to 
shock expansion 

• VHE emission seems 
stable 

• Hint of spectral 
hardening 

• Protons cool slowly 
+ delayed emission

20More Evidence for Protons
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Acciari, V.A. Nat Astro 2022

https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• H.E.S.S. observed RS Oph during 
early outburst 

• Observations are for higher 
energies (Flux > 250 GeV)

21Yet More Evidence for Protons
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https://ui.adsabs.harvard.edu/abs/2022Sci...376...77H/abstract
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H.E.S.S. Collab, Science 2022

• H.E.S.S. model 
also prefers 
hadronic over 
leptonic 

• Need ~50% of 
KE into protons

https://ui.adsabs.harvard.edu/abs/2022Sci...376...77H/abstract
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• Using the hadronic model proposed in Tatischeff, V. & 
Hernanz, M. ApJL 2007, able to reproduce the 
gamma-ray light curve 

• Once again, hadronic model preferred over leptonic 
model

Cheung, C.C , ApJ 2022

https://ui.adsabs.harvard.edu/abs/2007ApJ...663L.101T/abstract
https://ui.adsabs.harvard.edu/abs/2007ApJ...663L.101T/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...935...44C/abstract


• RS Oph is of the highest flux of 
other gamma-ray novae

24Context of other Gamma-ray Novae
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https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• Also intrinsically the brightest
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Acciari, V.A. Nat Astro 2022

https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• Tricky to detect other novae at VHE 
energies 

• Scaling RS Oph to V407 Cyg or V339 
Del brightness, would have been below 
detection threshold of current 
generation IACTs 

• More sensitive instruments required like 
the future CTA
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Acciari, V.A. Nat Astro 2022

https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract


• Protons can contribute to cosmic-
ray population 

• Total contribution is < 0.2% 
compared to Supernova remnants 

• Can dominate over ~ 1 pc radius 

• For frequent recurrent eruptions 
create a bubble with ~10 pc 
radius 

• Novae are not expected to 
contribute significantly to the 
measured CR spectrum

27Galactic Cosmic Rays
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• Observations of the August 2021 
outburst of RS Oph creates a 
new class of VHE emitters 

• Hadronic emission favored by 
Optical + Fermi-LAT + MAGIC 
modeling 

• Other measurements from Fermi-
LAT and H.E.S.S. also prefer 
hadronic origins 

• First evidence for hadronic origin 
of gamma-rays in novae

28Conclusions
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Acciari, V.A. Nat Astro 2022

https://ui.adsabs.harvard.edu/abs/2022NatAs...6..689A/abstract



