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RS Ophiuchi - First nova detected in very high energies (VHE)

DESY/H.E.S.S., Science Communication Lab

Simon SteinmaBl. RS Oph with H.E.S.S. ~-2022. 6th July, 2022



RS Ophiuchi - A white dwarf - red giant accreting binary system

.

DESY/H.E.S.S., Science Communication Lab $
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RS Ophiuchi -The 2021 outburst

https://skyandtelescope.org/astronomy-news/recurrent-nova-rs-ophiuchi-just-blew-its-top/

H.E.S.S. Nova ToO Criterion RS Oph
Ejecta velocity > 1500 km/s | > 2600 km/s (Atel #14838)
Visual magn. m, <9 m, = 4.5 (AAVSO)
Fermi LAT det. Yes 60 (ATel #14834)

e ~ 1.4 kpc from Earth
(Barry et al., 2008)

e Reports of a new
outburst on 8th Aug
2021, 22:20 UTC
(AAVSO)

Trigger

H.E.S.S. observations
starting on 9th Aug,
18:17 UTC
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RS Ophiuchi - H.E.S.S. detection results

Night Tobs Livetime Significance
(UTC) (hours) (o)
09 Aug. 2021 18:17:40 32 5.8(6.4)
10 Aug. 2021 17:53:46 3.7(2.8) 9.0(7.1)
11 Aug. 2021 17:44:08 37 9.8 (9.6)
12 Aug. 2021 18:17:12 23 13.6
13 Aug. 2021 17:44:43 2.8 10.5 (9.4)
25 Aug. — 07 Sep. 2021 17:48:03; 19:47:31 14.6 (13.4) 3.3(2.3)

To + (1-5) days

52" o
Right Ascension (J2000)

H.E.S.S. Collaboration, 2022

(https://doi.org/10.1126/science.abn0567)
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Independent analysis in

e Stereo with the four 12m telescopes
e Mono with the 28m telescope (upgraded in 2019)

Detection in real time analysis triggered
observations in the following nights (Atel #14844)

Detected by H.E.S.S. in each of the first 5 nights
individually - followed by observation break due to
moon

Observations again from 25th Aug to 7th Sep

3 sigma signal in cumulated nights after the moon
break
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RS Ophiuchi - Light curve results
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H.E.S.S. flux between 250
GeV and 2.5 TeV

Fermi flux between 60 MeV
and 500 GeV
Peak H.E.S.S. flux:

e 3 days after optical peak

(To)
e 2 days after Fermi LAT

maximum
Comparable decay slope

~-ray emission still visible
after ~ 20 days
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RS Ophiuchi - Spectral results
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e Combined spectral fits to Fermi and
H.E.S.S. data on nights 1-5
individually (with log-parabola)

e Smooth spectral behaviour over whole
energy range

e General trend: (Fermi) flux level
decreases, parabola widens

e Light curve and spectrum suggest

single component for gamma rays for
the whole time span

H.E.S.S. Collaboration, 2022
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RS Ophiuchi - Interpretation

e Shock velocity: 4000 — 5000 km/s for first
week from spectroscopy (ATel #14852)

e Consistent with observations from 2006
outburst (for several months)

e Quasi-spherical shock

e Expanding into the open wind of the red giant
e Pinched at binary orbital plane (Booth et al.,
2016)

— Particles undergo diffusive shock acceleration

Image Credit: DESY/H.E.S.S., Science Communication Lab
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RS Ophiuchi - 1D hydrodynamical model

e Describes motion of ejecta and dynamics of forward shock (radius & speed )

e Changing enviroment (e.g. decreasing upstream density)

e Hadronic & leptonic scenario tested with single-zone model
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RS Ophiuchi - Maximum energy

Confinement limit (Bell et al. 2013)
. 1/2 5
gesc ) M/Vwind < Ugh )
4 — | TeV
. 121 (0.01 101! kg m~! 5000 km s~ * ‘

e Efficiency parameter £oqc: fraction of energy density flux processed by the shock &

lost to the upstream escaping energetic particles - typically ~ 1%
e M mass-loss rate, Viing wind velocity of red giant, ug, shock velocity
e For RS Oph: M/viing = 6 x 10" kgm™?, 1y, = 4000 — 5000 km s+

= Emax =1 —10 TeV
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RS Ophiuchi - Hadronic scenario
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p-p emission

H.E.S.S. stereo

H.E.S.S. mono

Fermi-LAT

Confinement limit is the dominant
constraint for protons

Measured fluxes imply > 10% of
internal energy to accelerate
protons

Delay in Fermi vs. H.E.S.S. peak
= finite acceleration time

Hadronic model consistent with

spectral evolution observed

Simon SteinmaBl. RS Oph with H.E.S.S. ~-2022. 6th July, 2022 12



RS Ophiuchi - Leptonic scenario
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e Electron acceleration must overcome
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RS Ophiuchi - VHE implications

@ <= 3q

Acceleration to TeV energies possible in novae! (1st time observed)

Total energy release: ~ 103 erg with large fraction converted to relativistic
protons & heavier nuclei

In case of RS Oph: recurrent injection of cosmic rays could lead to local CR
enhancement
But contribution of novae sub-dominant to average Galactic cosmic ray population

Theoretical limit for maximum energy via diffuse shock acceleration reached

Extremely efficient accelerator — if extrapolated could explain PeV cosmic rays
from supernovae
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RS Ophiuchi - Conclusions & outlook

First nova seen in the VHE regime - hopefully more to come!

Strong signal allows time resolved analysis

Combined Fermi & H.E.S.S. analysis suggests single component for gamma rays
Gamma ray emission with

e Most likely hadronic origin

e Extremely efficient acceleration to E.x =~ 1 — 10 TeV
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Backup slides - Novae

e Prerequisites:

e Binary system of white dwarf and stellar
companion (cataclysmic variables or symbiotic
binaries)

e Accretion flow from companion to WD

e Accumulation of accreted layer on surface of
WD

e Eruption due to (runanway) thermonuclear
fusion of accreted material

e Eventual ejection of accreted layer

e Can be recurrent process

Credit: NASA/CXC/M.Weiss



Backup slides - Nova schematic timeline

TNR Slow Fast Shock Supersoft

Preoutburst (peak burning) outflow outflow emergence phase Quiescent
w
3 UV-optical
£
£ UV-X-rays
IR Hard X-rays
Tsr;r?c(;sK Photoionized
B ejecta
Soft X-rays
5 Gamma rays l
2
@

xi I
3! g 8
o Q SRR
« B! 1 2 :2
] 5! olo | E-SEE-S
2 H 2. 19
w S! £, !'=
S v
- fXa
h-days Day h: hs-years ~1-107 years




Backup slides - Recurrence
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Backup slides - Fermi-LAT detections of novae
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Standard picture: thermal emission as driving
force

First detection of nova by Fermi LAT in 2010 -
big surprise

Fermi LAT has detected 17 novae so far —
there must be non thermal processes / shocks
involved

Typical cut-off at 1-10 GeV & lasting up to a
few weeks



Backup Slides - Analysis challenges

e Challenging analysis due to

_aofA 1 e non optimal & varying
oaof —— == e atmospheric conditions
£ o .
<20 St e varying night sky
> > \’L (\\\ Q\h Q\(’)
2T & o e background
% 1.0 s Uncorrected CT1-4 stereo
& fmmcnon e Correction scheme using the
0.6 mmm H.ES.S. A8A 457, 899915 (2006)
atmospheric transparency
B
2. . .
20 = —% coefficient
<25 3 e L3
o5 o7 o ° 7o e Checks on Crab run lists

categorized by atmospheric

H.E.S.S. Collaboration, 2022 transparencies

— correction validated



Backup slides - LC with optical
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Enorgy Fiux (erg em~%s~)

Backup slides

Spectral Evolution

g
100
0 ~
§ §
g 1o H
B B
£ g
.
©  Fermi-LAT
A HESSCTS
® HESS.CT14
0
107" 10° 10" 10° 10°
Energy (Ge)
12 Aug’ 13Mug)
s 10
°
2089 ) o
P 10w
H
100 g 10
4 F
10 g o .
10 10
O Fermi-lAT ©  Fermi-LAT
# HESS.CTI4 # HESS.CTI4
= o
T e e e e L T TS
Energy GoV) Eneray GoV)

10

101

0 Aug . T A
100 ub'e
o~ 10
Tﬁ
g
2 10
10
O FemidAT O FemidAT
A HESS.CTS A HESS.CTs
# HESS.CT14 # HESS.CT14
107 10° 10" 10° © 10" 10° 10 10°
Energy (GeV) Energy (GeV)
Data set b0 Eoy a B
[10~%TeV-lcm—2571]  [GeV]
09 Aug. 2021 7.06 +0.58 1.0 1.98£0.04 0.19+£0.01
10 Aug. 2021 4.27+0.43 1.0 2.124+0.05 0.13+0.01
11 Aug. 2021 3.69 +0.42 1.0 2.01+0.06 0.1340.01
12 Aug. 2021 1.79 £0.32 1.0 2.02+0.09  0.1140.02
13 Aug. 2021 1.94+£0.32 1.0 2.05+0.07 0.12+0.02
Data set %o By Index T'
(101 Tev—1em—2571) [TeV]
‘mono 09 Aug. 2021 TL9 = 27w T (3-0)ayut 0.18  3.22 % (0.38)qar. = (0.20)ys
10 Aug. 2021 25.2 = (4.7 )star. & (5.0)syst 018 4.01 & (0.48)ga. = (0.20) st
11 Aug. 2021 285 = (3.8)at. £ (5. sy 018 3.15 % (0.23)a. = (0.20)y
stereo 09 Aug. 2021 0.91 £ (0.28 ). % (014)gy 035 424+ (0.75)a = (0.15)yst
10 Aug. 2021 L1.90  (0.32)uar. £ (0.38)syst. 035 332+ (o 30)sa. = (0.15)yst
11 Aug. 2021 357+ (0.54)qu. + (o 035 4.08 & (0.42)ar. = (0.20) gy
12 Aug. 2021 300 4+ (0.3 ). + 035 3.27 4 (0.21)sar. = (0.15)syu
13 Aug. 2021 + (0.25)gu £ ( 035 324+ (0.24)w. = (0.15)yu,

Sereo 35 Aug 2021 - 07 Sep 2021 | 0.238 = (0.080 ) = (0 025).“.

035 3.33F (0.45)w. = (0.15)yu

Fermi +
H.E.S.S.

H.ES.S.
only



Backup slides - Model schematic

RG wind

Image Credit: H.E.S.S.,2022 & DESY/H.E.S.S., Science Communication Lab



Backup slides - Cooling times

time since eruption, t. (day)

H.E.S.S. Collaboration, 2022



Backup slides - Magnetic field and

Magnetic Field (G)

25

15

0.5

photon

T T T T T T T T T
downstream magnetic field: B.= 1G ——

M B.=10G - - -

\;\ TS

— e ey = ]

Target Energy Density (erg cm'a)

25 3 35 4
Time (day)

4.5

5

field evolution

102 -
i B Optical-IR photon field at forward shock

10 downstream magnetic field: B.= 1G

100 [ B.=10G

10" F

102

108 L

10* F

105 F

108 [

107 . . . . . . . . .

0 05 1 15 2 25 3 35 4 45
Time (day)

H.E.S.S. Collaboration, 2022




Backup slides - Particle energy and luminosity evolution
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Backup slides - Particle spectra evolution
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Backup slides - Attenuation
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Backup slides - Model parameters

Parameter Symbol, unit p-pmodel  IC model
Acceleration slope electrons ke - 2.2
Acceleration slope protons p 2.2 -
Cutoff exponent electrons Be - 0.5
Cutoft exponent protons Bp 0.5 -
Fraction of energy in electrons Ke 0 3%
Fraction of energy in protons Kp 50% 0
Acceleration efficiency of electrons e - 10m
Acceleration efficiency of protons p 30w -
Escape efficiency Eesc 10-2 -
Electron low energy cutoff Enin - 10%mec?
Proton low energy cutoff FEin 2.mpc2 -
RG surface magnetic field B., G 1.

RG radius, au Ry, au 0.35

RG mass-loss rate M’/uw, gem™ ! 6.3 x 10t

WD orbit radius Torb, all 1.48
Distance from Earth kpc 1.4

Ejecta initial speed Ugj,0, km s 1T 3000

Ejecta mass Mej 10~ Mg,



	RS Ophiuchi - Interpretation
	Thanks for listening!  Any Questions?
	Appendix
	Backup


