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Constraints on cosmic-ray origin from gamma-ray
observations of supernova remnants

feh, t L - ] o o " " . ;
Chaves et al. HESS (2008)

Marianne Lemoine-Goumard
(CENBG, Université Bordeaux, CNRS-IN2P3, France)
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Radiative processes in SNRs
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The gamma-ray sky viewed by satellites

4 years of data (3™ Catalog)
LN il

3000_sour¢es detected with 4-
- years of data (to be submitted)

> 1 GeV

Linassoc Unassoc

Similar percentage of
unassociated sources
(thanks to on-going
effort on deepening
2FGL 3FGL counterpart catalogs)

(1873 sources) (=3000 sources)

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



VHE gamma-ray experiments

Higher energy coverage (E > 20 GeV)
Smaller field of view: 3.5° (MAGIC) - 5° (HESS)
Better angular resolution (in comparison to Fermi !): <0.1°
~150 VHE gamma-ray sources (2/3 are Galactic)
20 being associated to SNRs/molecular cloud

Source Types

. PWHN
' XREB PSR Gamma BIN

. HBL IBL FRI FSRQ LBL
AGN (unknown type)

. Shell SNR/Molec. Cloud

. Starburst

. DARK UNID Other

. uQulasar Star Forming
Region Cat. Var.

Massive Star Cluster BIN
WR

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



A large sample of SNRs detected in gamma-rays

Evolved SNR without MC
interaction

Credit: M. Renaud, SF2A4, 2011

CVWE6 7135
9 . S b - “SN1008

T sl o
_ J L J\_ J\ )
Y A Y Y
Evolved SNRs Young SNRs  Young shell-type Historical
Interacting with  interacting with SNRs SNRs

Molecular Clouds  Molecular Clouds

interaction/association with MC N.B: ~50% SNRs are detected
isolated at GeV (Fermi) and TeV

See Talk by
Emma de Ona tomorrow

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



SNRs interacting with Molecular Clouds at GeV

Ages between 10 000 to 100 000 years

Interaction with MCs can act as target material for pion production

Bright in Fermi-LAT energy range (very high luminosity up to 10%¢ erg/s)
Usually extended with a size consistent with the radio emission

(2) WS1C

05 dog

Terml LAT 2-
.Uchiyama et g

Tycho

(b) W44

10 GeV counts map
1. 2011 ==
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Cas A @
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Mid-age SNR
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SNRs interacting with Molecular Clouds at TeV

Typically faint TeV sources (if detected)

(a) W51C (b) W44

Not detected

05 deg 05 deg

(d) W28 -3 1
| HESS J1801-233 ﬂ:::““m

105
Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



A good example: the SNR W51C

D ~6 kpc; Age ~20 kyrs

Clear sign of molecular cloud interaction (OH maser)

SNR diameter: 30 arcmin

Detected by HESS at TeV energies: 3% Crab (above 1 TeV)
Several possible associations: PWN, star forming region, molecular
cloud interaction

Detected by Fermi-LAT above 200 MeV:; clearly extended

Fermi-LAT counts map (2 - 10 GeV)

Declination
—
by
o

-
=
=

H.E.S.S. sig.
contours

o . Preliminary

- 10.000 B, fA
294.000 292,000 290,000 288,000 2860

Right ascension
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Broad-band modeling of W51C

Broken PL spectrum

Leptonic models need large
electron/proton ratios; pion-
decay is favoured

Brems: hard to reproduce the
radio synchrotron spectrum =»
less likely but not fully excluded

IC: very large energy content in
electrons and very low density =>
very unlikely

Parameters

Model a./a, As Phy B nH W, We

(GeV e ') (pG) (ecm?) (10" erg) (107 erg)
(a) t-decay D02 14 15 41 10 5.2 U.13
(b) Bremsstrahlung 1.0 1.4 5 15 10 (.54 (.=7

: )
(c) Inverse Compton 1.0 2.3 20 2 0.1 8.4 11




Fermi LAT Spectra of SNRs W44 & IC443:
Signature of we-decay gamma-rays

| Preliminary IC 443 - Preliminary __ .:.W44,

€ n’-decay model
(w/o fine tuning)

Our previous papers reported spectra only >200 MeV

Here we report spectra down to 60 MeV thanks to:

Recent update ("Pass-7") of event reconstruction, which largely
improved effective area at low energies

Increased exposure time: 1yr & 4 yr

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



Two main scenarii proposed
See Talk by S. Gabici

4 2
« Aharonian & Atoyan » type Scenario:
Molecular SNR blastwave
Clou L

(CRs escaping from SNR
and colliding with nearby MCs

Runaway CRs e.g.. Gabic1+09, Fujita+10, Ohira+10
k. )

‘elying on Blandford & Cowie 82)
see also Bykov+00

\ cloud shock radio & vy

[« Uchivama+10 » type Scenario:

radio/y-ray coming
radiatively compressed zone

behind “cloud shock™

blastwave Compressed CRs
\. /

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014




Escaping cosmic-rays: the case of W44

Counts map (2 — 100 GeV) .
(a) + - -
3.000 5
2FGL J1857.6+0211
- +
— 2.000 &
{}'
1.000 : A4
i <
-D.!Ilﬂ
i +
| e i i
287.000 286000 285.000 _ 284.000  283.000 262000  281.000 PR7.Q00 _ 286.000  285.000 _ 284.000  283.000 282000 281.000

Subtraction of W44 assuming radio map = gamma-ray map

- Excess gamma-ray emission coincident with surrounding dense clouds
- Cosmic-rays that escaped from the SNR ?

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



Amount of escaping cosmic-rays

W4 is known to besurrounded by a complex of MCs.
Size ~100 pc, Mass ~10° Mz, (Dame+1986)

. i |
", Surroundings|

E? dN/AE [erg e

MC complex is illuminated
by a“CR halo™ around W44

M Molecular clouds illuminated by escaping Solving the diffusion
CRs (assumed to be uniform within r<L) equation, we estimate

%k L ~100 pc, Mass = 0.5x10° Mg - the total kinetic energy
[] Diffusion coefficient of the ISM (isotropic) channeled in CRs to
% D(p) = Das (cp/10 GeV)?6 108 cm? /s (0.3-3)x10% erg

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



Young shell-type SNRs in the TeV range

5 shell-type SNRs detected by HESS

L RX J1713.7-3946 Vela Junior
oof :
; o T :
395 . ; g
5
é- D
—-40 —3
=]
[ PsE
[ @ ; hgem B
. ﬂml al i \ Th: a eoneom oeneom RA (hours) I‘F‘ii?'lt Ascen Siﬂ1ﬂ4 rj%ou'

=34400m

N.E. Region

Dec (deg)

SN1006 [,

Declination

~34d30m

-35d00m

1Thidm

15h04m 15h02m
RA (hours) Right ascension
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Young shell-type SNRs in the GeV range
The 2 brightest are detected by Fermi-LAT

b)  °Counts 'm'ap | Spectrum

Op o
O SourceB

=
A
ipf' 0 Source C

o
Source A

E2dN/dE [ MeV cm2s-1]

/' —a— Fermi LAT (24 months)
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1.}
Zirakashvili & Aharonian 2010 (|G deminatet);
|
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1
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The case of RCW 86

—
Du

No significant detection using
40 months of Fermi observations

—
=

E® dN/dE (erg cm® s7)

Upper limits derived

<18
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o
=
=
S
[a'}
L

Whatever the origin of the
gamma-ray signal: E < 8% E_, T —

Energy (keV)
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Young shell-type SNRs in leptonic-dominated model

Using parameters from literature
* Similar y-ray luminosity for different SN type
* Similar physical scenario ?
Leptonic dominated scenario ?
Similar seed photons for IC

Best fit leptonic models

* Except SN 1006. Why ?
- high latitude
- Bipolar morphology, lower Vaccel

7]
[+
e
@
w
L=,
=
=
L

* Caveat:
Distance uncertainties can be large

Energy (eV)

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



The Historical SNRs Cas A & Tycho

Cas A: Type IT, ~AD1680 Tycho: Type Ia, SN1572
Detected by MAGIC, VERITAS & Fermi Detected by VERITAS & Fermi
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&
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=
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m
=

NS
s ‘. ¥
VLA - Radio Abdo at al., 2010, .
ApJL, 710, 92 Fermi-LAT TS map

Hubble - Optical
andra - X-rays
Fermi - y-rays

with X-ray contours

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



Good cases for proton acceleration

For Tycho, hadronic
implies:

Steep spectrum (I'=2.2)
Maximal energy ~ 500 TeV
B field > 200 u6

Energy content in CR ~ 6% E_,
(~ 2% for Cas A)

Proton acceleration favoured for 2

different SN types

scenario

_ Tycho: Morlino d

Log(v) [Hz]

10 15 20 25

E? KE) [eV/cm? /s]

S
S
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E? dN/dE (erg em=2 §71)

—_

e
-
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Some first thoughts

Finally: proof of proton acceleration in SNRs
...bout we're far from smoking gun for PeV Galactic CRs

And the acceleration efficiency in young SNRs is much lower than
the 10% generally used to maintain the CR flux in our Galaxy

Some ideas.....

Marianne Lemoine-Goumard, TeVPA-IDM, Amsterdam, June 2014



1- Very rare PeVatrons ?

If 3SN/century and SNRs are PeVatrons for few 100yrs => only ~10
PeVatrons in whole Galaxy

Distant sources => hard to detect with current instruments sensitivity

..However, if SNRs accelerate up to PeV energies, they should still be
surrounded by an over density of escaped PeV cosmic-rays (see Gallant et
al., Cosmic-ray Origin 2014

The TeV emission depends on the SNR age
-> RXJ1713 is already too old to look like a PeVatron

the actual behavior dep;nds on gas
density, explosion energy, magnetic field
evolution, diffusion coefficient... Gabici & Aharonian. 2007

Marianne Lemoine-Goumari



2- Extreme Accelerators ? The case of HESS J1640-465

See talk by S.
Ohm (tomorrow)

Previously associated as a PWN
New HESS data suggest an asymmetry along northern SN shell
GeV-TeV spectra connect and looks like other SNR detected at GeV/TeV

Implication of SNR scenario:

Product of energy in protons and target density of 4 x 10% erg cm3 is
required to explain observed luminosity

=> need high densities (up to 350 cm=3) such dense gas has not been found

GMAT/ATCA

for density of ~100 cm= and
canonical 10% in CRs:
- E_, could be ~4 x 10° erg

— Acceleration efficiency could
be up to 40%
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Energy (2V]
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Still so much to learn ! An exciting field

evolution: increased wave damping by neutrals &

escape from slower shock? neutral feedback on

shock? particles ageing inside 7

or no evolution, but reacceleration of pre-existing increase in ambient density?
Galactic CRs 7 “long” acceleration time?

IC 443 RXJ1713.7-3946|
Wd4 Cas A
Cygnus Loop Tycho

ey ')

5

eV om

dNV/d L

E"

s
. Tibaldo
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