A (Galactic) case study:

the supernova remnant
RX J1713.7-3946

\; Stefano Gabici Cmrs
PV APC, Paris %

www.cnrs.fr



High-energy particle acceleration in
the shell of a supernova remnant

F. A. Aharonian', A. G. Akhperjanian?, K.-M. Aye’, A. R. Bazer-Bachi’,
M. Beilicke’, W. Benbow', D. Berge', P. Berghaus®*, K. Bernlohr'”,

0. Bolz', C. Boisson®, C. Borgmeier’, F. Breitling’, A. M. Brown’,

J. Bussons Gordo’, P. M. Chadwick’, V. R. Chitnis'**°*, L.-M. Chounet'',
R. Cornils’, L. Costamante'*°, B. Degrange'’, A. Djannati-Atai°,

L. 0°C. Drury'?, T. Ergin’, P. Espigat’, F. Feinstein’, P. Fleury'',

G. Fontaine'', S. Funk', Y. A. Gallant’, B. Giebels'', S. Gillessen',

P. Goret'’, J. Guy'’, C. Hadjichristidis’, M. Hauser'*, G. Heinzelmann’,
G. Henri'’, G. Hermann', J. A. Hinton', W. Hofmann', M. Holleran'®,

D. Horns', 0. C. de Jager'S, 1. Jung"'**, B. Khélifi', Nu. Komin’,

A. Konopelko'”’, . J. Latham’, R. Le Gallou’, M. Lemoine'’, A. Lemiére®,
N. Leroy'', T. Lohse’, A. Marcowith®, C. Masterson'*’, T. J. L. McComb’,
M. de Naurois'’, S. J. Nolan’, A. Noutsos’, K. J. Orford’, J. L. Oshorne’,
M. Ouchrif'>°, M. Panter', G. Pelletier'®, S. Pita’, M. Pohl'"*,

G. Piihlhofer"-'*, M. Punch®, B. C. Raubenheimer'®, M. Raue’, J. Raux'’,
S. M. Rayner’, I. Redondo' "%, A. Reimer'’, 0. Reimer'’, J. Ripken>,
M. Rivoal'’, L. Rob'®, L. Rolland'’, G. Rowell’, V. Sahakian®, L. Saugé'°,
S. Schlenker’, R. Schlickeiser'’, C. Schuster'”, U. Schwanke’,

M. Siewert'’, H. Sol’, R. Steenkamp'®, C. Stegmann’, J.-P. Tavernet'’,
C. G. Théoret’, M. Tluczykont'"*°, D. J. van der Walt'¢, G. Vasileiadis’,
P. Vincent'’, B. Visser'®, H. J. Volk' & S. J. Wagner'*

' Max-Planck-Institut fiir Kernphysik, PO Box 103980, D 69029 Heidelberg,
Germany

*Yerevan Physics Institute, 2 Alikhanian Brothers Street, 375036 Yerevan,
Armenia

*Department of Physics, University of Durham, South Road, Durham DHI 3LE,
UK

*Centre d’Etude Spatiale des Rayonnements, CNRS/UPS, 9 av. du Colonel Roche,
BP 4346, F-31029 Toulouse Cedex 4, France

>Institut fiir Experimentalphysik, Universitit Hamburg, Luruper Chaussee 149,
D 22761 Hamburg, Germany

®Physique Corpusculaire et Cosmologie, IN2P3/CNRS, College de France, 11 Place
Marcelin Berthelot, F-75231 Paris Cedex 05, France

"Institut fiir Physik, Humboldt-Universitit zu Berlin, Newtonstrasse 15, D 12489
Berlin, Germany

8LUTH, UMR 8102 du CNRS, Observatoire de Paris, Section de Meudon, F-92195
Meudon Cedex, France

°Groupe d’Astroparticules de Montpellier, IN2P3/CNRS, Université Montpellier
II, CC85, Place Eugene Bataillon, F-34095 Montpellier Cedex 5, France
"“Laboratoire de Physique Nucléaire et de Hautes Energies, IN2P3/CNRS,
Universités Paris VI & VII, 4 Place Jussieu, F-75231 Paris Cedex 05, France
""Laboratoire Leprince-Ringuet, IN2P3/CNRS, Ecole Polytechnique, F-91128
Palaiseau, France

2Dublin Institute for Advanced Studies, 5 Merrion Square, Dublin 2, Ireland
Service d’Astrophysique, DAPNIA/DSM/CEA, CE Saclay, F-91191 Gif-sur-
Yvette, France

YL andessternwarte, Kénigstuhl, D 69117 Heidelberg, Germany

">Laboratoire d’Astrophysique de Grenoble, INSU/CNRS, Université Joseph
Fourier, BP 53, F-38041 Grenoble Cedex 9, France

'SUnit for Space Physics, North-West University, Potchefstroom 2520, South Africa
Ynstitut fiir Theoretische Physik, Lehrstuhl IV: Weltrm==s _
Ruhr-Universitit Bochum, D 44780 Bochum, Germ
YInstitute of Particle and Nuclear Physics, Charles
180 00 Prague 8, Czech Republic !
YUniversity of Namibia, Private Bag 13301, Wind
*°European Associated Laboratory for Gamma-Ra _

november 4th 2004

letters to nature

particle
shocks is
vocal evi

-39° 30°

the SNR:
similar t
high-ener
indicates

17 h 15 min 17 h 11 min

image the

energy of the primary r-ray. Combined with the approach ¢
stereoscopic imaging of the cascade using a system of telescope
as pioneered by the HEGRA collaboration', this yields a ver A
powerful technique for imaging and obtaining energy spectra « 10-6
astronomical sources at TeV energies.

The HESS experiment is such a stereoscopic system, consisting ¢
four 13-m-diameter telescopes'' spaced at the corners of a square «
side 120 m, each equipped with a 960-phototube camera'? coverin
a large field of view of diameter 5°. Construction of the telescop
system started in 2001; the full array was completed in Decembe
2003 with the commissioning of the fourth telescope. HESS has a
angular resolution of a few arc minutes, an effective energy rang
from 100 GeV to 10 TeV with energy resolution of 15-20% and
flux sensitivity approaching 10~ "> ergem™?s™'. These characte:
istics, together with its southern hemisphere location, make HES
ideally suited for spectroscopic and morphological studies ¢
Galactic plane sources such as RX J1713.7—3946, which is no
the first SNR shell to be confirmed as a TeV source. TeV emission h:
also been reported from the remnant of SN 1006 (ref. 13), a resu
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A significant fraction of t ensity of the interstellar
medium is in the form of hifgffenergy charged particles (cosmic
rays)'. The orjgirefeifeseparticles remains uncertain. Although
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performed between May and August 2003 during two phases of tt
construction and commissioning of HESS. In the first phase, tw
telescopes were operated independently, with stereoscopic ever
selection done offline using GPS time stamps to identify coincider
events. During the second phase, also using two telescopes, coinc
dent events were selected in hardware using an array level trigge
The total on-source observation time was 26 h; after run selectio
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and dead time correction a data set corresponding to 18.1 live how
was used in this analysis. At the trigger level (for observation altituc 1
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Why do we care?

COSMIC RAYS FROM SUPER-NOVAE

By W. BAADE AND F. ZWICKY

MoUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

A. Introduction.—Two important facts support the view that cosmic
rays are of extragalactic origin, if, for the moment, we disregard the
possibility that the earth may possess a very high and self-renewing
electrostatic potential with respect to interstellar space.

to my knowledge, the first paper invoking Galactic supernovae as sources of CRs is Ter Haar 1950



The supernova remnant origin of CRs




The supernova remnant origin of CRs

modern formulation of the hypothesis ,

3 SN/century in the Galaxy, each one releases
105 erg in form of kinetic energy.

Lisn VSN
Wsn = 10*7
>N (105lerg> (3/century> erg/s
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The supernova remnant origin of CRs

modern formulation of the hypothesis

3 SN/century in the Galaxy, each one releases
105 erg in form of kinetic energy.
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Let’s start from the beginning...



The discovery

MPE Report 203, 1896

of RX J1713.7-3946
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ROSAT Observation of a New Supernova Remnant in the

Constellation Scorpius
E. Pfeffermann and B. Aschenbach

Max-Planck-Institut fiir Extraterrestrische Physik, Giessenbachstrasse, D-§5740 Garching, Germany

Abstract. During the ROSAT X-ray all-sky survey a pre-
viously unknown extended X-ray scurce has been discov-
ere¢ centered at a(2000) — 17h13™42¢, §(2000) = -39°
46'27". The source has a slightly elliptical shape with a
maximum extent of ~ 70°. The size, the morphology and
the energy spectrum suggest a thermal, shell-type galactic
supernova remnant. The X-ray spectrum of the remnant
shows pronounced absorption at low energies with signifi-
cant variation of the absorbing column density across the
emission region. The X-ray flux is 4.4x10 % ergcm *s !
between ().1- 2.4 keV ranking it among the brightest. galac-
tic supernova remnants. The Sedov solution with & canon-
ical SN explosicn energy of 10%' erg puts the remnant at
a distance of 1.1 kpe, with a surprising lcw age of ~2100
years. Two X-ray point sources have been detecled in the
extended emission region. Candidates for the eastern point
source arc the Wolf-Rayet star WR 85 embedded in an H,
region of 13’ radius (RCW 118) and a G5IA star. A coun-

terpart. for the second source conld not. yet be found.
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Fig. 1. Smoothed X-ray mmage of RX J1713.7-3946 in the en-
ergy range from 0.5- 2.4 keV.
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[Question 1] What is the
distance to the object we

want to study?
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* also internal absorption should be taken into account...



How far is RX J1713.7-3946 ?

| extremely rough, but {
measuring distances is tough! |
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[Question 2] How old is

the object we want to
study?



[Inset 1] The life of
a supernova remnant
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Astrophysical explosions
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Astrophysical explosions

interstellar medium

free expansion

4 (constant speed)
1 2E <N M.\~ 1/2
ESN — —Me]?]ghﬁ VUgh — Mej ~ 10000 <M®J> km/s
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Astrophysical explosions

interstellar medium

Mej = Mgy Mej Esn ) 4 74

it takes few centuries
to reach this moment
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Astrophysical explosions

interstellar medium
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Astrophysical explosions

interstellar medium

. This solution holds
until +~104-105 yr,

after that the SNR
cools due to emission
of X-ray photons

. Sedov-Taylor solution m
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SNR shocks in one slide

X stellar explosion of energy Esn = 10°! erg ejecting Mc; solar masses

mass of the ISM swept up

early times —> LMGJ' > by the shock

¢ solution must depend on p
o (ISM density) and not M.t




[End of Inset 1]
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[Question 3] How much
energy we heed to explain
the TeV emission?



[Inset 2] Hadronic versus
leptonic dichotomy in
gamma-ray astronomy
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Synchrotron X-rays from RX J1713:
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Fermi data are more consistent with leptonic models
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[Inset 3] What is the
maximum possible energy
particles can get an a given

source?
The Hillas criterion
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Charged particles and electromagnetic fields

cosmic rays are charged particles —> they are affected by electromagnetic fields

2 50

Simplifying assumption —> consider only constant fields

A particle of charge g moving at a velocity u fill experience a force:

N
ST _q<E x>
.

relativistic momentum p = fymﬁ’

Lorentz force
L to velocity —>
doesn't change
| the particle energy!
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i unfortunately, that's quite difficult...
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An excess of electrical charge is needed to maintain a static electric field. However we
should remember...

"..a _basic property of plasma, its tendency towards electrical neutrality. If over
a large volume the number of electrons per cubic centimeter deviates appreciably
from the corresponding number of positive ions, the electrostatic forces resulting
yield a potential energy per particle that is enormously greater than the mean
thermal energy. Unless very special mechanisms are involved to support such large
potentials, the charged particles will rapidly move in such a way as to reduce these
potential difference, i.e., to restore electrical neutrality.”

(Lyman Spitzer "Physics of fully ionised gases”)
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; unfortunately, that's quite difficult...
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An excess of electrical charge is needed to maintain a static electric field. However we
should remember...

"..a basic property of plasma, its tendency towards electrical neutrality. If over a
large volume the number of electrons per cubic centimeter deviates appreciably
from the corresponding number of positive ions, the electrostatic forces resulting
yield a potential energy per particle that is enormously greater than the mean
thermal energy. Unless very special mechanisms are involved to support such large
potentials, the charged particles will rapidly move in such a way as to reduce
these potential difference, i.e., to restore electrical neutrality.”

(Lyman Spitzer "Physics of fully ionised gases”)

So, the answer is no..

I e
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Way-out: time varying B

.~ We DO need electric fields o accelerate particles! |

- L

'd Maxwell equations ﬂ

—

w =4mp =0 —> plasma quasi-neutrality

Q F_ar'aday Icﬂ

VE = o

. Ar - 10 E_’ A time varying magnetic field |

V X B = 7 acts as a source of electric field! |
¢! ot e
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An equivalent way: change rest frame

— —————————— M — — 77—7

. Consider a magnetised cloud of plasma moving at a (non relativistic) velocity u |

primed quantities —> cloud frame

i_-
[

| an observer in the lab frame sees an electric field!

— — —




Order of magnitude estimates
of the induced electric field

EEEE—— . 10B
| 'rime;var'ying B-field ﬂ V X I = Py




Order of magnitude estimates
of the induced electric field

F . 108
iﬁ 'hme;var'ymg B-field V X I = Y

characteristic length

1
V X %\Z

o 1
ot /,T

characteristic time




Order of magnitude estimates
of the induced electric field

i . 108
| time-varying B-field ﬂ V X I = sy

characteristic length

1 characteristic velocity
V X %\Z LB U B/

2 I l T ¢ ¢

ot T

characteristic time



Order of magnitude estimates
of the induced electric field

— -~ 10B
| time-varying B-field ﬂ V X I = sy

characteristic length

1 characteristic velocity
V X %\Z LB U B/

2 I l T ¢ ¢

ot T

characteristic time

N Lorentz — U =
, | F=——x28B
transformation C




Hillas criterion

Let's go back to the results obtained for the electrostatic accelerator

EMe* = gEL

U
FEF~—B
C



Hillas criterion

Let's go back to the results obtained for the electrostatic accelerator

electric charge velocity
Eme® — gL N /
. ET & (%) B U L
EF~ —B / \
C Size

B-field



Hillas criterion

M Let's go back to the results obtained for the electrostatic accelerator

BT = gBL

electric charge velocity

N/
) (i
Dl ;B ‘ / l\size

B-field

B U L
Emer ~ 3 v 10127 [ = | eV
t 8 (,LLG> (1000 km/s> <pc> ©




Hillas criterion

M Let's go back to the results obtained for the electrostatic accelerator

electric charge velocity
Eme® — gL N /
el YEmONTy
FE~ —B f / \
C size

B-field

B U L
Ef® ~ 3 x 1077 — ) eV
2 () (mowr) ()

T e — o ___

i| very general, we didn't assume anything abouf The na'rur'e of the acceler'a‘l'or'l




Hillas criterion

M Let's go back to the results obtained for the electrostatic accelerator

electric charge velocity
N/
el YEmONTy
FE~ —B f / \
C size

B-field

EMe = gFL

\
B U L
E ~ 3 x 1072 — | eV
. (,LLG> (1000 km/s) <pc> -

T e — o ___

i| very general, we didn't assume anything abouf The na'rur'e of the acceler'a‘l'or'l




Hillas criterion for RX J1713

B U L
EmeTr ~ 3 % 1077 | — ] eV
t " (,uG) (1000 km/s> (pc> ©




Hillas criterion for RX J1713

B U L
EmeTr ~ 3 % 1077 | — ] eV
t " (,uG) (1000 km/s> (pc> ©




Hillas criterion for RX J1713

B U L
Emaer o~ 3 5 1027 [ = ] eV
t " (MG> <1000 km/S> <pc> )

acceleration region
(5-10% of Rs)




Hillas criterion for RX J1713

B U L
Emaer o~ 3 5 1027 [ = ] eV
t " (MG> <1000 km/8> <pc> )

3 1

R, 2R
U, = = ~ 3000 km/s
dd 57

age

acceleration region
(5-10% of Rs)




Hillas criterion for RX J1713

B U L
Emaer o~ 3 5 1027 [ = ] eV
t . (MG> <1000 km/8> <pc> )

1/2 correction for

spherical geometry 3 .
(Hilla 2005) iR 2 R \
u, = — = ——— ~ 3000 km/s
dr 5 7,

acceleration region
(5-10% of Rs)




Hillas criterion for RX J1713

B U L
EmeTr ~ 3 % 1077 | — ] eV
t 8 (,uG) (1000 km/s> (pc> ©

1/2 correction for

spherical geometry 3 !
(Hilla 2005) iR o R \
u, = — = =% ~ 3000 km/s
dr 5 7,

B
E___ =100 ( ) TeV acceleration region
o 20 uG (5-10% of Rs)




Hillas criterion for RX J1713

B U L
EmeTr ~ 3 % 1077 | — ] eV
t 8 (,uG) (1000 km/s> (pc> ©

1/2 correction for

spherical geometry 3 !
(Hilla 2005) iR o R \
u, = — = ——— ~ 3000 km/s
dr 5 7,

B,
E, .= 100 ( Fx] TeV acceleration region
20 uG (5-10% of Rs)

this is the upstream field!
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Summarising...
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“«' this applies to protons only! (we ignored energy losses...
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B
E, .= 100 ) TeV — B, . ~4X B, 5 100 uG
20 uG

more or less consistent
with hadronic scenario
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"L electrons cool, so the expression above is an optimistic figure |
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T e ———— e — S e — _ ]

‘on the other hand, one needs a slightly smaller Eax, which helps a bit...
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RXJ1713: difficulties of one-zone
leptonic models

two features in the electron spectrum:
acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool
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leptonic models

two features in the electron spectrum:

acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool \
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two features in the electron spectrum:

acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool \
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RXJ1713: difficulties of one-zone
leptonic models

two features in the electron spectrum:

acceleration time = synchrotron loss time -> acceleration cutoff at Emax
SNR age = synchrotron loss time -> cooling break at Ecool \
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RXJ1713: difficulties of one-zone
leptonic models

(Finke&Dermer 2012)
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no cooling break is expected.. one-zone IC model




Hadronic RXJ1713: a SNR inside a MC?

Zirakashvili & Aharonian 2010, Fukui+ 2012, Inoue+ 2012, Gabici & Aharonian 2014

| clumpy ISM & _
. diffuse intercloud n ~1 cm? stellar wind sweeps the gas and
- creates a cavity

wind bubble G

n ~0.01 cm~ ‘
dense clumps survive (unshocked) both
the stellar wind and the SNR shock

no 'rher'mal X -rays! I




Hadronic RXJ1713: a SNR inside a MC?

Zirakashvili & Aharonian 2010, Fukui+ 2012, Inoue+ 2012, Gabici & Aharonian 2014

| clumpy ISM &
——— diffuse intercloud n ~1 cm?® stellar wind sweeps the gas and
- creates a cavity

wind hubble G
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the stellar wind and the SNR shock
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Hadronic RXJ1713: a SNR inside a MC?

Zirakashvili & Aharonian 2010, Fukui+ 2012, Inoue+ 2012, Gabici & Aharonian 2014
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Hadronic RXJ1713: a SNR inside a MC?

Zirakashvili & Aharonian 2010, Fukui+ 2012, Inoue+ 2012, Gabici & Aharonian 2014
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CTA superior angular resolution
- > morphological studies

different morphology in hadronic and leptonic scenarios! —> Acero et al. 2017, Celli et al. 2018
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CTA superior angular resolution
- > morphological studies

different morphology in hadronic and leptonic scenarios! —> Acero et al. 2017, Celli et al. 2018
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CTA superior angular resolution
- > morphological studies
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..and X-ray telescopes

RXJ1713 (Uchiyama+ 2007), Cas A (Uchiyama & Aharonian 2008)

fast X-ray variability

O Requires amplified
magnetic field

O Size of the emission
~20 arcsec

RX J1713

| exercise: estimate B !H
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..and X-ray telescopes

RXJ1713 (Uchiyama+ 2007), Cas A (Uchiyama & Aharonian 2008)

fast X-ray variability

O Requires amplified
magnetic field

O Size of the emission
~20 arcsec
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Small clumps are there!

(a) H.E.S.S. Gamma-ray (£ > 250 GeV) ) \\\ (b) ALMA 2CO(J = 1-0) (Visr: ~16.0 — =6.0 km s-')

Contours: Tota lnterstpllar proton column densny A (\\\ 1) - _ Contours: Chandra X-rays (E: 1.0-2.5 keV)
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Vissani & Aharonian 2012

Neutrinos

predictions of the neutrino flux (> 50 GeV)
per (km2 x yr) from RX J1713 as a fct of time
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Neutrinos

predictions of the neutrino flux (> 50 GeV)
per (km2 x yr) from RX J1713 as a fct of time
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Neutrinos

predictions of the neutrino flux (> 50 GeV)
per (km2 x yr) from RX J1713 as a fct of time
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Neutrinos

predictions of the neutrino flux (> 50 GeV)
per (km2 x yr) from RX J1713 as a fct of time
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Neutrinos

predictions of the neutrino flux (> 50 GeV) .
per (km2 x yr) from RX J1713 as a fct of time totally model independent

Vissani & Aharonian 2012
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Neutrinos

predictions of the neutrino flux (> 50 GeV) .
per (km2 x yr) from RX J1713 as a fct of time totally model independent
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Conclusions

Most of the history of astronomy can be probably described as an ethereal
struggle to measure distances of far away bodies —> first question for any
problem si: how distant is this phenomenon taking place?

& Use photons of all possible wavelengths, particles of any possible kind, and also
read old stuff in any language!

& You will invariably end up with more solutions for a given problem —> Always ask
"how much it costs?” (in terms of energy)

& Most important: NEVER do sophisticated calculations before having guessed the

solution with simple order of magnitude estimates



