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Gamma-ray observations as a probe of

cosmic-ray acceleration



Gamma-ray astronomy: a recent field

Space-based gamma-ray astronomy

¢ First gamma-ray detection: 1958 (Peterson & Winckler)
e 22 events detected with Explorer 11 (Kraushaark & Clark 1962)

(~ 50 MeV—500 GeV)

Ground-based gamma-ray astronomy (~ 50 GeV—100 TeV)

e 1968: Whipple - first detection of the Crab pulsar at these enegies (Weekes et al 1989)
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The GeV sky as seen with the Fermi-LAT
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(Credits: NASA)

Count map for E > 1 GeV (5 years of Fermi-LAT data)




The Galactic TeV sky as seen with H.E.S.S
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The gamma-ray sky

The GeV catalog (High energy, HE)

- 5065 sources

- 75 extended sources

- 1337 with no counterparts
- more than 3130 blazars

- 239 pulsars

(Fermi-LAT collaboration, 2019)

0 No association ® Possible association with SNR or PWN = AGN
* Pulsar A Globular cluster * Starburst Galaxy ¢ PWN
. ® Binary + Galaxy © SNR # Nova
The Tev catalog (Very hlgh energy, VH E) + Star-forming region = Unclassified source

- More than 200 sources +90
- Majority are extragalactic - 7|\
- 39 2HWC sources
- 78 HGPS sources

Source Types

6 Extended TeV Halo PWN

6 Binary XRB PSR Gamma
BIN

6 HBL IBL FRI FSRQ
Blazar LBL AGN
(unknown type)

&9 Shell SNR/Molec. Cloud
Composite SNR
Superbubble

+180

. Starburst

b DARK UNID Other

6 uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR

(http://tevcat2.uchicago.edu) 80 6



http://tevcat2.uchicago.edu

Gamma-ray emitting sources in the Galaxy

Supernova remnants (SNRs) Particular focus on these sources;
— Best candidates to accelerate Galactic
cosmic rays (up to ~3 x 1015 eV)

Pulsars and their nebulae (PSRs, PWNe)

Star forming regions and Superbubbles

Binaries

Diffuse emission

Large amount of unidentified gamma-ray sources: new types of sources?



Supernova remnants

Unshocked

interstellar medium (ISM) Front shock

Contact discontinuity

Reverse shock

Unshocked
ejecta

Particle acceleration (diffusive shock acceleration mechanism) at the shock front ¢



Supernova remnants

¢ Free expansion phase/ejecta-
dominated phase

Unshocked
interstellar medium (ISM)

Front shock @ Sedov-Taylor phase

. . 1
Contact discontinuity 1
EN\°® 2
Reverse shock Rs — ]. . 1 5 — 15
PO

Unshocked
ejecta

¢ Radiative phase

T ~ 104 K, recombination of the ionized gas
with electrons => Dense and cold shell
Radio/GeV/Optical line emission

Evolutionary stage of a supernova remnant (SNR) depends on Mej, Esh and ng

- Particle spectrum described by a power law with an exponential cut off
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- Break in the electron spectrum due to synchrotron cooling (Se2 = Se,1 + 1)



Broadband nonthermal emission from SNRs

(lllustrative case)
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Broadband nonthermal emission from SNRs

(lllustrative case)
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Gamma-ray emitting supernova remnants

H.E.S.S. (2015) RXJ171\3.7-3946, E>250GeV |BEH | H.E.S.S. ('2016) RX J0852.0-4622
RX J1317-3946 Vela Junior
t=1-2kyr t=2—-4kyr
RCW 86 HESS J1731-347
t~1.8 kyr

(historical SNR) t ~2.5 kyr

~ 30 likely GeV SNRs + 14 candidates (Fermi-LAT SNR catalog, 2016)
~ 30 TeV SNRs (or composite SNRs, emission may arise from the PWN)

Origin of the emission (leptonic or hadronic) still under debate for most of them
12



SNRs as cosmic-ray accelerators
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Young SNRs and SNRs/MC

-9 & RXJ1713.7—-3946: 1.7 kyr B 1C443: 10 kyr
10 = RCW 86: 2 kyr & W44: 20 kyr
- + Vela Junior: 3 kyr
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Hard spectrum and brightest at TeV energies

Evidence for proton acceleration and brightest at GeV energies



Pulsars and their nebulae

(Gaensler & Slane 2006)
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¢ Electrons extracted from the neutron star
¢ Photon emission => e+/e- pair creation
¢ e-/e+ diffuse away from the PSR and are re-accelerated at the termination shock

of the PWN

15



Coun

Intensity

Gamma-ray emission from PSRs
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¢ Pulsed emissions in radio/X-rays/gamma rays (not from the same region)

e Cut-off in gamma for E < 10 GeV
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Broadband nonthermal emission from PWNe
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~ 5 GeV PWNe (11 candidates, Acero et al. 2013)
~ 30 TeV PWNe - most numerous TeV Galactic sources (~ 20%)
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Gamma-ray emitting PWNe

Crab Nebula (Fermi-LAT Collaboration 2009)

HESS J1825-137 (H.E.S.S. Collaboration 2011)

16

600

400

200

N 0

1 TeV<E < 10TeV

PWN often extended

Extent shrinks close to the PSR
(unless very far)
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Composite supernova remnants

(a) (Matheson & Safi-Harb 2005) (b) -
Interstellar Material Blast Wave
G21 5-0 9 and Swept-up
t~1-2Kkyr
| arcmin Chandl’a
' G327.1-1.1  t~17kyr
Free expansion Reverse shock Relic stage ot L Tt e o y :

204y interaction 20-100 kyr?

(Klepser et al. 2015)




: G327.444
Composite supernova remnants Ei

Relic PWN embedded in the SNR G327.1—1.1:

Age (yr)
- 17000
4000

| 2 = 900
P A 200

et o

50

.e-24
5.e-26

1.e-29i (Temim et al, 2015)

Youngest e- loose rapidly their energy close to the PSR

Oldest e- still undergo synchrotron and IC scattering far away from the PSR
20



Composites SNRs seen with H.E.S.S.

GaZTAAL -

N (H.E.S.S Collaboration 2018)

HESS J1119-614
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Not clear whether the emission comes

TeV emission from the PWN
from the PWN or the SNR (or both)

e VHE centroid compatible with the X-ray

¢ Spatial coincidence with the radio PWN
PWN

¢ VHE emission < SNR size

Difficult to disentangle emission from components nested within a small radius
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Binaries

High/low-mass
gamma-ray
binaries

HE and VHE emission
close to periastron

Novae

HE emitters - No
VHE emission

(Dubus 2015)

(a)
stellar
wind

(b)

| corona

(c)

enveloppe

white .
dwarf

(d)

stellar
wind

Microquasars
(X-ray binaries)

HE emission from the
jet (VHE emitters? -
4.9 sigma with MAGIC)

Colliding winds
Vs = 1000 - 2000 km s-"

1 Only Eta Car detected

in HE and VHE

Lower CR efficency for other systems?
Small wind shock fraction?

Instable shock compared to SNR?

22



Nonthermal emission from the binary LS 5039

LS 5039: a high-mass gamma-ray binary
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E-2 electron scattering on photons from the star (isotropic approx. and no cooling)

e MeV /GeV /TeV spectra not simply connected
¢ Fluxes modulated on the orbital period with different phasing

Complex spectrum
=> different population of HE particles and/or emission mechanisms

Binaries: more than a dozen at HE, roughly 5 at VHE
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Superbubbles and Star forming regions

e Supperbubbles: detection of 30 Dor C in the LMC with H.E.S.S. (largest X-ray
synchrotron shell)
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Superbubbles and Star forming regions

e Star forming regions

Among most massive young stellar clusters in the Milky Way

Westerlund 1 Westerlund 2
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Could be diffusing protons accelerated by multiple SNRs and cluster winds

Origin of the emission unclear (large source confusion; and too high W, or too low D)
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GeV versus TeV range
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Take home messages - Part |

e High diversity of gamma-ray sources in the Galaxy

H.E.S.S. (2016) RX J0852.0-4622

SNRs

HESS J1356-645

PSRs, PWNe

Binaries

: SN 1987A '

Superbublles, SFR

¢ Where are the Galactic cosmic-ray accelerators?
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Take home messages - Part |

e High diversity of gamma-ray sources in the Galaxy

H.E.S.S. (2016) RX J0852.0-4622

SNRs PSRs, PWNe

HESS J1356-645

Binaries

¢ Where are the Galactic cosmic-ray accelerators?

Superbublles, SFR
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Difficulties in gamma-ray analyses

e PSF larger than that of most radio and X-ray instruments!

Bt

12" 10° 10°
Energy (keV)

(Reynolds et al., 2017)
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Difficulties in gamma-ray analyses

e Source confusion

12

0°40" § Two Gaussian components

? detected by H.E.S.S.

Galactic Latitude

- i 2
- - Sigma ~ o.24©
= Rsl:l)ec — 0.380 .

29°20' 00" 28°40' 20"
Galactic Longitude

Significance map from H.E.S.S Collaboration (2018)
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Difficulties in gamma-ray analyses

e Source confusion

12

0°40' §

7O X

HES§]18432033 110

Radio SNR candidates
(Anderson et al. 2017)

Galactic Latitude

-0°20' g
- - Sigma ~ 0.24
- Rsl:l)ec — 0.380 . . .
29°20' 00" 28°40' 20"
Galactic Longitude

Significance map from H.E.S.S Collaboration (2018)
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— Partll —

Identification of gamma-ray sources

1. Methods
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The H.E.S.S. Galactic Plane Survey

Planck CO(1-0) map

SN 1006

< e ~ 2700 observation hours
HESS J0632+057 ® PSF ~ (0.08°
e Sensitivity <= 1.5% Crab

(H.E.S.S Collaboration 2018)
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Association process

Catalogs: PSRs, « SNRcat », Fermi-LAT (3FGL, 2FHL), 20 extern analyses

» J]1843-033

Note that VHE PWNe are often offset from its PSR and extended beyond its X-ray
counterpart
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Firm identifications

Identification criterion

1. Correlated multi-wavelength (MWL) variability

2. Matching MWL morphology

3. Energy-dependent gamma-ray morphology due to the cooling of energetic
electrons as they are transported away from the pulsar

E > 10 TeV

Compact binary systems: Point-like sources + variability also seen at lower
energies

SNRs: Extended sources (provided the SNR is sufficiently large and close) +
nonvariable + possible shell morphology with MWL counterparts

PWNe: MWL counterparts and energy-dependent morphology
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Population in the HGPS

Emission from the SNR, N

the PWN, or both 8

Composite No cataloged objects
spatially coincident

4« ith the H.E.S.S.

source

Binary

36
Not firmly identified

/

- Contributions from multiple sources (in complex regions)
- Several possible scenarios

L‘Lm




Multi-wavelength data exploitation

Radio IR/Optical/UV X-rays Gamma rays
le-7 1e-5 1e-83 1e-1 1el 1e3 1e5 1e7 1e9 1el1l 1el3 eV

Planck ROSAT Fermi-LAT H.E.S.S.
MGRIS
Chandra
THDR Suzaku

XMNI-Newton
ASCA

NVES, VGPS, SGPS, SWift/XRT

CGPS, CHIPASS

Parnkes

PMN. 87GB. MAGPIS (Devin et al. in prep)
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Multi-wavelength data exploitation

¢ Radio spectral index |

S,/ X UV OSNR ™ —0.5 OPWN " —0.3—-0

Thermal emission: o > 0

e X-ray/TeV data

2T 2T r
5 Fsyn _ Eaicrev = Eigcrev \'/
10 G o G(F) X X E2_F E2—F

H 2 SYN keV — “1,9YN keV

Bpwn ~ 3 — 10 uG (evolved PWNe) Bsnr ~ 15 — 20 uGG' (linear DSA)
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Multi-wavelength data exploitation

HESS J1356-645

e Fermi-LAT counterparts
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The unidentifed source HESS J1427-608

H.E.S.S. significance map

0°05' & - - - - - - 10 . . .
¢ Point-like source in the HGPS
HESS J1427-608

ol
/ e Suzaku extended source

(Fujigana et al., 2013)

00"
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314°35' 30' 25| 20' 15' I'x :3,1+8'g
Galactic Lbngitude oY

Ny = 117022 x 10*° cm ™

e Point-like Fermi-LAT source
(Guo et al., 2018)
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F, (mJy)

HESS J1427—608 - radio observations

Galactic latitude (°)

L= 1S
314.6 314.48 314.2 -_C'D 314.6 314.4 3142 | 314.6 314.4

Galactic longitude (°) (Devin et al. in prep)

1000 T

R1 a = —0.3840.36 R2 a = —0.99 +0.34
e
\\\:i \\\\\\\\\\ -
- T =
100~ \\\\\\ \\\\\ f é 100 -
\\\\\\\\l =




Galactic Latitude

Galactic Latitude

0°00' g

-0°10' §

20' §

HESS J1427—608 - X-ray observations

ROSAT (0.9 - 2.4 keV

HESS J1427-608

314°40'

314°30"

30' 20'
Galactic Longitude

25'
Galactic Longitude

10

3e 0

count s!

4

6

8

320 ]

26.2~

No tight constrain on B

14.6

50 upper limit on B-field (uG)

8.8

3.0
10 12 14

N(H) (x10*' cm™)

x 1071% erg s71 em™?

Fo_10 kev = 8-9J_r§j8
'geps = 2.85 +0.22

I'x = T'acps (Tx = 3.1572)

(Fujigana et al., 2013)

B =109 [7.7 — 15.4] uG

Similar to that obtained for evolved PWNe
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HESS J1427—608 - GeV observations
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| I T 1T 11 I|
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' I
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%‘ 4FGL J1427.8-6051

{
\

|
4
i

N 3FHL J1427.9-6054
Guoetal. 17
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N\

\
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HESS J1427—608: a strong PWN candidate

¢ Radio: extended source with o = —0.38 == 0.36 HESS J1427,608

1

=> Nonthermal emission

e Rayons X: extended source with B ~ 10 uGG

e GeV:

=> Similar to that obtained for evolved PWNe

107°F

T T T T T T T T -
- I HESS J1427-608 1
4FGL J1427.8-6051 7]
- 3FHL J1427.9-6054
L Guo etal. 17 4
"o 10" T —
= - .
ey C e ]
s LT ]
g 0 F 1) -
2 v—J
pd 8
I 10" —
i1 o 5\ ]
g K\ ]
107 . I . L . . !
10* 10°

102 10° 102
Energy (GeV)

=> PSR + PWN-like spectrum

Need more observations in X-rays to detect the putative PSR!
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— Partll —

Identification of gamma-ray sources

2. Difficulties

45



Declination (J2000)

The puzzling case of the PWN Vela X

(HESS Collaboration 2012)

HESS contours & B HESS contours _ S HESS contours
o S O g S
_ £ - . 5 &
~ = < | = 4500’ g
k= =
-46°00" =89
' -47°00° .
08"40™ 08"35™ 08"30™ 0 08"40™ 08"35™ 08"30™ 08"40™ 08"35™ 08"30™
Right Ascension (J2000) Right Ascension (J2000) Right Ascension (J2000)
X-rays (ROSAT) Radio (Parkes) GeV (Fermi)

e PSRB033-45: 7. = 11 kyr FE =6.9 x 103¢ erg s™! (d =290 pc)

VHE morphology:

— 35% X-ray like: difference can be explained by cooling times
— 65% radio-like: another electron population?
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E? dN/dE (erg cm? s™)

—

—
S
w0

The puzzling case of the PWN Vela X

Fermi-LAT steepening of the spectrum cannot be explained by cooling given the
condition in the nebula (for Ee <10 TeV, t > 30 kyr and tage = 10 kyr)

=> Could be escaping particles

No cooling in cocoon (Se =2, Ecut = 70 TeV, B = 4.5 muG)

4 \
7

e 4
c?Q ! ' ’
0@ ’ \ /

1T

N

[ IIIIIII
~

S
3
|

IR

<

Erlrergly-dlepel d

C(Hinton et al. 2011) .~ "\ 7

10 10 10

Energy (eV)

I'gev = 2.41 4+ 0.09

'rev = 1.32 -

- (0.06
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The puzzling case of the PWN Vela X

Best-fit disk (E < 100 GeV) => high correlation with radio
Best-fit disk (E > 100 GeV) => overlapping cocoon
2 different components in the Fermi-LAT band

10—10 1 iaaaal N
: -4
_ 2T+
T T T
m $\ ~
v -
E ™ E
O 109-11{ % HESS.2012 '
2 1 4 3FHL
9 4 Grondin 2013
LU W this work LE
O .
this work HE
- HP
©
™N
L —
107+
1 (Tibaldo et al. 2018) ,/

1(,)0 . 1'61 - 102 =, 103 — 104 — ....1..05
Energy (GeV)

o : I

| Multi-wavelength data interpretation puzzling
! for nearby and complex sources!

48
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Evolution of the SED with time:

The « dark TeV sources »

¢ Ancient PWNe

(Tanaka & Takahara, 2010)

vFv[ergs/cmZ/sec]
' ) L
o = o

—h

Q
-d
w

300yr

1kyr

kyr

—

10%°




The « dark TeV sources »

i i : Gabici et al, 2009
¢ Molecular clouds illuminated by cosmic rays ( )

CR spectrum at the location of the cloud:
N Escaping CRs 1E
_ CR sea :
e ~
Molecular cloud 104
« > ;
d =100 pc Bl

(Es1 =1,d =1 kpc, M = 105 solar masses)

32 8 2 05 tage (kyr)

Highest energy CRs leave the SNR first and diffuse faster than lower energy CRs
=> Sharp low-energy cut-off moving to lower and lower energies with time 50



The « dark TeV sources »

i i : Gabici et al, 2009
¢ Molecular clouds illuminated by cosmic rays ( )

Broadband spectrum of the cloud:

i CR sea
’ oo ettt
| -t =2 kyr CRs (SNR)

3: Neutral pion decay - y
-

2 and 4: Synchrotron and § '

Bremsstrahlung from ¥

background CR electrons o
EJ .

1 and 5: Synchrotron and 2

Bremsstrahlung from

secondary electrons 40 5 0 0

D
Log(E) [keV] Steady

Depends on d, t and ng

. . .
' Concave gamma-ray spectrum and faint emission at other wavelengths

|
I
‘\
L , R

=> Physics itself limits the identification of these so-called « dark TeV sources »
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Take home messages - Part |l

¢ |dentification of gamma-ray sources relies on MWL counterparts (or constrain),
variability studies and energy-dependent morphology

3
HESS J1554-550 Hg
al

E > 10 TeV

8
Composite

e More than half of the HGPS sources are unidentified

e |dentification not always straightforward Bioary

l e — 36
|

Not firmly identified

; Nearby and complex sources (PWN Vela X)
|
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— Part lll —

Identification and analysis of the
gamma-ray emission from a composite

supernova remnant
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Galactic Latitude

-1°30' |

-2°00" |

The composite SNR G326.3-1.8

Rad iO Free expansion Reverse shock Relic stage
i interaction 20-100 kyr?

MOST (843 MHz)
SNR

PWN .
45' § - '

X-rays
(Temim et al 2013)

' Pulsar

“candidate

(Whiteoak & Green, 1996)

326°30' 15 00’
Galactic Longitude % \%

SNR radius = 0.3°

Sedov-Taylor phase (Temim et al., 2013):

d =4.1 kpc, age = 16 500 yr, Vshock = 500 km s1,np = 0.1 cm-3
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Galactic Latitude

The composite SNR G326.3-1.8

Ho (Optical) Gamma
SHASSA BRI 5530 |
020 oS
-1°30' & 1560 S
o
S |
480 = -56:00 g
T o |
X =
45 400 §. .§ |
© s A
320 g 301
240
-2°00" ¥ : |
(Van den bergh, 1979) 160 57:00 g
326°30" 15 00" 16:00:00 58:00 56:00 54:00 52:00 15:50:00 48:00 46:00
Galactic Longitude Right Ascension (J2000)

¢ |nteraction of the shock with dense material
=> NE and SW parts of the SNR have already entered the radiative phase

=> The origin of the gamma-ray emission was uncertain (PWN or SNR?)
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Preparing the analysis

Modeling the region of interest

e Starting with the latest Fermi-LAT source catalog, diffuse emissions and IRFs

¢ Likelihood fit of the spectral parameters of the sources in the model simultaneously
with those of the Galactic and isotropic diffuse emissions

XML model definition file to fit:

<source name="3FGL J1510.2-5754" type="PointSource">
<spectrum type="PowerLaw">
<parameter free="0" max="10000" min="0.0001" name="Prefactor" scale="le-12" value="3.489012031" />

<parameter free="0" max="10" min="0" name="Index" scale="-1" value="2.51926" />
<parameter free="0" max="500000" min="30" name="Scale" scale="1" value="1095.514771" />
</spectrum>

<spatialModel type="SkyDirFunction">
<parameter free="0" max="360" min="-360" name="RA" scale="1" value="227.57" />
<parameter free="0" max="90" min="-90" name="DEC" scale="1" value="-57.9156" />

</spatialModel>
</source>
. . . . dN _9
Test of a presence of a source in each pixel with a generic spectrum: o AXFE

Test Statistic: T'S = 2 x (logLy — logLo) Add sources in the model

?
Likelihood with the source T where TS > 25
Likelihood without the source 56



Galactic Latitude

Preparing the analysis

Modeling the region of interest

¢ 6.5 years of Fermi-LAT data from 300 MeV to 300 GeV
e Selected events with the best angular reconstruction quality

11 sources added in the model with TS > 25

Count map and residual TS map (300 MeV - 300 GeV):

2° 8

00

o 8

WCH

-0° B

— 30
{27
124

e N
N o (00] -
Counts/pixel

=

o W o O

328° 326° 324° 322°
Galactic Longitude

330°

Galactic Latitude

2° 3

0° &

o 1

_4° 8

6° B

330°

+ Radio contours

328° 326° 324°
Galactic Longitude

322°

Emission from G326.3-1.8 described with 2 Fermi-LAT cataloged sources

— 25.0
122.5
120.0
117.5

15.0
12.5 ¥
10.0
7.5
5.0
2.5
0.0
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Morphological analysis

Residual TS maps (without the Fermi-LAT sources in the model):

— 300

. Zﬁ/ Radio contours
=

1210
180
150
120
90
60
30

0

-1°30' §

45' f

Galactic Latitude

-2°00" §

326°30' 15 00!

— 15.0
113.5
112.0
110.5

148

10 - 30 GeV

30 - 100 GeV

3

142

-1°30' & 136

~
Ul
TS

45' |

-

326°30' 15 00' 326°30' 15 00"
Galactic Longitude Galactic Longitude

Galactic Latitude

-2°00' g

= — —— —

B

towards the PWN at higher energ

Energy-dependent morphology shrinking




Morphological analysis

Morphological fit using a 2D symmetric Gaussian in different energy bands

350} 15=342.0 (Devin et al., 2018)
1°30' | 300}
Y 250}
© =
2 TS =217.0 Lo =230
S o,y 200¢
o 45 .
0 150}
©
S 0.3-1 GeV 1004 ISexi =103. 275 _ g5 4
1-3 GeV
-2°00' +3-10 GeV . 50} TS —36.6 Tsext =45.0
10-30 GeV e TS =23.4
30-100 GeV oL TS =1.0 i _ TS =0.4 2
oapy o o 10° 10 10 10
326°30 15 00 E (GeV)

Galactic Longitude




Morphological analysis

radio PWN

-1°39' §

42'

Templates

45' §

Galactic Latitude

48' 3

51'§

326°18" 15' 12' 09'
Galactic Longitude

(Devin et al., 2018)

-1°30' §

Galactic Latitude

-2°00' g

Spatial models TS Naot TSpwn
Radio PWN 593.4 2 —
Point source 503.3 4 —
Point source + radio PWN | 661.4 6 158.1
Disk 681.8 5 —
Disk + radio PWN 694.8 7 13.0
Radio SNR 667.3 2 —
Radio SNR + radio PWN | 683.0 4 15.7
SNR mask 670.3 2 —_—
SNR mask + radio PWN 696.4 4 26.1

Best-fit one-component model

Best-fit two-component model

45' g

radio SNR

SNR mask

-1°30'

45'

Galactic Latitude

-2°00'

326°30' 15' 00'
Galactic Longitude

326°30' 15' 00’
Galactic Longitude

T

(uniform emission)

(1 GeV — 300 GeV)
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Galactic Latitude

Morphological analysis

Residual TS maps (1 GeV — 300 GeV)

1°15' I8

w
Q

N
v

Only the radio PWN included: Only the SNR mask included:

60 . -
-1°15' |
154
148
142 9 30"
=
©
—
= 45'
(©)
©
I
O

(Devin et al., 2018)
30°
Galactic Longitude

30°
Galactic Longitude

Showing the minimal contribution of the other component

16

114

112

110
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Spectral analysis

e Spectral separation bewteen the two components (SNR + PWN):

Soft spectrum for the SNR and hard spectrum for the PWN

I'sng = 2.17 £0.06 I'pwny = 1.79 4
- I N 50
¢ SNR mask
i . | ¢ PWN 1140 '-
o 10-11
= 1 I 7
@) l _}: 130
O l ? W
b5 I | =
21012 120
=
©
CETJ 110
(Devin et al., 2018)
10 10t 10° 10! 107 0
E (GeV)

¢ SNR dominates the gamma-ray emission

- 0.12
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Broadband nonthermal modeling of the SNR emission

Particle spectrum

Power law with an exponential cut off (+ break for the electrons)
—1 p—2
Teyne = (1.25 x 10%) x EL. By ¥
3r?
16(r — 1)

—1
Tace = 30.0 X X kg X ETGVBIOOush,S yI

By, o B™% Xt

tage — Tsync

6 tace = MiN(Toyne, tage)  Bmax X min(B™ "2V, BV2 X tag.) (age-limited)

Emax X BV2 X tage

With d = 4.1 kpc, age = 16 500 yr, Vshock = 500 km s-1, ng = 0.1 cm-3 (Temim et al., 2013)
1

E\° 2
Ry = 115(%) ts Fsy =5 x 10°Y erg
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Broadband nonthermal modeling of the SNR emission

¢ SNR - Leptonic scenario

Break and maximum energy are calculated:

Scenario Model BuG) W,(erg) K., I'ci/T.p, E, (TeV) Emaxe (TeV) I Emaxp (TeV) np (cm™)

Leptonic consistent 20  5x 10 05 1828  19° 23 2 2T 0.1"

3 B=20 ILLG —— Synchrotron Ty decay ® SNR (radio) |
10 —— ICon CMB — Total(y) @ SNR(y) [
' Bremsstrahlung

ROSAT 10% of Esn
RS | transmitted to CR protons:

W, =9 X 10*° erg

l

Kep = 0.5 (>> 0.01)
W, = 2.5 x 10* erg

% 10-135 High radio flux!

10141 ' (Devin et al., 2018) _ N0\
10131011 109 107 105 103 101 101 10° 10° 10’
E (MeV)

=> Energetic in electrons too high + Cut-off IC at too high energy
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Broadband nonthermal modeling of the SNR emission

¢ SNR - Hadronic scenario

Ha => evidence of the interaction of the shock with dense material (facilitating proton-
proton interactions)

Parts of the shock in two different phases:
- Sedov-Taylor phase (main shock: v, = 500 km s~ ')

- Radiative phase (radiative shock:vs = 150 km 51 )
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Broadband nonthermal modeling of the SNR emission

¢ SNR - Hadronic scenario

(following Uchiyama et al., 2010)

us, = 500 km s 1
ng = 0.1 cm™

Ush,c1 = 100 km s™

3 —_—

Upstream in the clouds
3

10,cl = 1.88 cm ™

1

BO,cl —4.11 ,LLG

no
Ushel = K X Ugh,
nO,cl
no.cl
By =0 — MG,
cm
B2
m k2 2
< = K nouyu
87 sh?
2 Nm
By =4[z X X Boc1,
3 1.l
, 2
3 BZ
nm j— - X
TTUH 4pH X Ush cl

. | B,, =158 uG

n, = 88.3 cm™°

Downstream in the cooled regions
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Broadband nonthermal modeling of the SNR emission

¢ SNR - Hadronic scenario

Scenario Model BuG) W,(erg) K., I'ci/Teco Ep(TeV)  Epye (TeV) I, Enap (TeV)  ng (cm™)
Hadronic

main shock consistent 10 5x10%  0.03 2/3* 1.4* 1.4* 2% 1.4* 0.1*

radiative shock consistent 13.6* 1.88*
- cooled regions ~ 158* 19x10* 003 1.8/2.8 002  0.08 2 008 883

3 3 —— Synchrotron —— m, decay B SNR (radio) || - - Radiative shock
10} —— IConCMB — Total & SNR(y) |
| Bremsstrahlung 3.8% of Esn

10°} 'f
| ROSAT | transmitted to CR protons

W, = 5.7 x 10*7 erg

— Main shock

"10% of Esn

transmitted to CR protons

W, = 1.5 x 10* erg

ol 2 N L S L N

103101t 10° 107 10 102 10*t 10! 10° 10° 10’
E (MeV)

Emission from the radiative shock dominates the broadband emission o




Conclusions of the analysis

e Evidence of a two-component contribution (PWN + SNR)

Q@

¢ First morphological and spectral separation between two nested gamma-ray
components (here in a composite system)

e Broadband spectrum of the SNR explained by the emission from the radiative
shock

=> New indication for proton acceleration in SNR

=> (G326.3—1.8 = perfect example of Galactic CR accelerators: accelerating the
two components (leptonic and hadronic) of the cosmic-ray spectrum
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— PartIlV —

Searching for Galactic PeVatrons
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Proton acceleration in SNRs

E? dN/dE (erg cm™?s™)

t =10 kyr

-
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(Ackermann et al. 2013)
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Looking at young SNRs

The SNR Cassiopeia A (350 yr) - One of the youngest Galactic SNR propagating
into a dense circumstellar wind (and nH = 10 cm-3 in the post-shock region)

_ . Y n I. 2 1 .'.__‘ 1 11; R " 1 LA ] .1 LA I 1 LA ]]E | 1 TITTI N
2.08r{Yuan et al. 2013) % [(MAGIC Collaboration 2017) :
I M g . _

= 2.1 "o o '
8 ' f—w“‘r“'t,%‘ﬁ s L 10" : : + —
E | - I/-A:r“ o ‘ 6 E - E
S 1ol r [ N | G i :
g 2.12 e '__Q:MACIC %% - :
T I -8 S ] |
- | X8 W .

o -2.14 ; VERITAS
& | : . 1072 —
®© ' - A Py E
O -2.16[ - .
-2.18_— : I —e— MAGIC [ Statistical uncertainty I .
111.75 A 11.7 sl ‘ —& Fermi D Systemati; uncertainty B
. : 10 °F =
Galactic Longitude (deg.) ' . 3
7 Ii L1 11 lE | 111 | | L1111 I | L1 11 IIE l 1 11 n
107" 1 10 10° 10° 10°*

E [GeV]

® Pion bump detected but Emax = 12 TeV: Have PeV particles already escaped?

. Search for emission from escaped CRs interacting with the surrounding
material (fainter than the one from CR accelerated in the SNR but last longer)

I _ __ , _ I — , —




Escaping cosmic rays from the SNR W44?

<= Background-subtracted count map

1 AGILE (2011) [
.0 ® Fermi(2010) |
0

10—f)t__.,.

e SRC1+2

w = O

210710
-005 O 0.05 0.1 015 02 025 03 035 04 =
o0
3
D =100 pc, M =5 x 105 solar masses 3 107"
Z
‘_'é

Solving the diffusion equation:

10~ 12}

#Molecular cloud complex
| | | |

107 108 107 1010 10! 102
E [eV]

Strenghtens SNRs as main sources of Galactic CRs 72

Wesc = (03—3) X 1050 erg




Can we detect PeV particles in SNRs?

Simulated SNRs in the Galaxy with Emax = 1 PeV at the transition between the free
expansion and Sedov-Taylor phase

Number of PeVatrons with integrated flux above 1 TeV > 1% Crab Nebula (HESS

sensitivity):

(Cristofari et al, 2018}
knee = 1PeV

10—

=

Number of PeVatrons

— ALL SKY
HESS GPS

.

43

4.10 4.15 4.20 4.25
(@

4.30

4.35

4.40

Compatible with no detection

Depends on the particule spectra, and large
fluctuations between different realizations in

the Galaxy

More optimistic situation if Emax = 3 PeV

Hard particle spectrum Steeper spectrum

~ 3.1 (HGPS)

~ 5.5 (All sky) ~1.7

|
!
@

~ 0.7 (HGPS)
(All sky)




Detection of a PeVatron in the Galactic center

Diffuse emission around
Sgr A*

Galactic Latitude (deg.)

Galactic Longitude (deg.)

PeV particles produced in the accretion
flow or further away have been proposed
(accretion rate not sufficent to explained the
flux of CR up to the knee => more activity in
the past?)

.
e
3

E*x< Flux (TeVem?s")

-
Q

10-13

Galactic Latitude (deg.)

] I )
00.4 00.2
Galactic Longitude (deg.)

[ ] Dittuse emission (< 10)
- Model (best fit): Diffuse emission

— « Model: Diffuse emission E_* = 29 PeV

- - Model: Diffuse emission EI_* = 0.6 PeV

Model: Diffuse emission E._.~ = 0.4 PeV

) HEss J1745-290 v

Energy (TeV)

160.0

61.7

23.0

7.8

1.9

-0.5

| 1 | ] | 1 | -1.4
00.0 359.8 359.6 3594
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Declination

PeVatron candidates

® HESS J1641-463

-46°00°

-46°30°

® QOther candidates: HESS J1826-130, HESS J1741-302 (unidentified sources)

1 6h44m

I6l142m l()h4()m
Right Ascension

l6h38m

TeV'em?s™

10'11 -

10712

1013
107+
1015 |
1076
10-17 .

10718 |

10719

' HES§ 1713.7-3946

p-p collisions

HESS J1641-463 +—e— ™. ™ ™,
Cutoff 100 TeV «:wweeee 5
Cutoff 200 TeV s

Cutoff 1000 TeV =--------
NoCutoff

HESS J1641-463 +—e— N\
Cutoff=700 TeV N
Cutoff=1000 TeV =======- 8

HESIS 1713.7-3946

~IC off CMB photons|

NoCutoff

TeV

1

10 100
TeV
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The CTA era

19 telescopes (North) + 99 (South)

B LA ULELLL Q@,’[,‘“"I '. ! """I_ L b
\ *@f’f-i,/-gs@ (Science with CTA, 2018) _
\ \Q‘,\’:.o‘flo\/ '

—

2
—
—

.-t
P ma =

I II‘I.III|

E? x Flux Sensitivity (erg cm? s™)
=)

—
|
—_
w

Differential flux sensitivity
IIII 1 1 IIlIII| 1 1 IIIIIII

107 1 10
Energy ER (TeV)

—
<
)V

® One order of magnitude more sensitive than current Imaging Atmospheric
Cherenkov Telescopes (IACTs like H.E.S.S., VERITAS, MAGIC)

® PSF: 5 times better than current IACT instruments
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The CTA era

Simulation of the Galactic Plane Survey with CTA:

Latitude (deq)

Latitude (deg)

Latitude (deg)

(Science with CTA, 2018)

330 320 310 300 290 280 270
Longitude (deg)

Renaud, 2009: 300 - 500 sources (1 - 3 mCrab sensitivity)
Dubus et al 2013: 20 - 70 SNRs and 300 - 600 PWNe



The CTA era

Simulation of the Galactic Plane Survey with CTA:

4

< e * s
Search for PeVatrons, may reveal new and unexpected phenomen
|

|
( + Population studies ;

s -‘."0 .- _re “wg P ‘- ;0. o...oQ e ¢ ‘\. .o.o h‘ot. ‘ .’. ..‘

Latitude (deg)

o

$

.

.

-
»

a.

30 20 10 0 -10 -20 -30

Latitude (deg)

(Science with CTA, 2018)

330 320 310 300 290 280 270
Longitude (deg)

Renaud, 2009: 300 - 500 sources (1 - 3 mCrab sensitivity)
Dubus et al 2013: 20 - 70 SNRs and 300 - 600 PWNe
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The CTA era

Simulation of the emission from the SNR RX J1713-3946 in case of a leptonic and
hadronic scenario:

(a) CTA lepton-dominated case (Ap/Ae=0.01) (b) CTA hadron-dominated case (Ap/Ae=100) (c) CTA hadron (Ap/Ae=100) — lepton (Ap/Ae=0.01)
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CTA will be able to differenciate between these scenarios for large and bright TeV
sources (like also Vela Junior)
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Synergy with other instruments

¢ Radio : SKA

(http:/]www.Ska.ac._Za/ )

MeerKAT image of the Galactic Center region (2° x 1°)
revealing new filamentary structures

e Optical (LSST)
o X-rays (eROSITA: large-field-of-view instrument, SVOM, Athena)

¢ Gamma rays (eASTROGAM: 0.3 — 100 MeV, LHASSO, HAWC)
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General conclusions

¢ The recent gamma-ray field has offered new insights on the Galactic sky

]l
ammmmm Population studies will help understand
CR acceleration in these objects

|
| High diversity of sources accelerating CRs!
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e Search for PeVatrons is of primary concern
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No PeV partlcles detected in SNRs! )’

- Better sensitivy and PSF to probe
photons > 100 TeV and detect potential

PeV halos around SNRs

e Studies of molecular clouds illuminated by cosmic rays are promising to
=> identify a large amount of gamma-ray sources
=> constrain the particles’ diffusion coefficient

Synergy with advanced radio and X-ray
instruments may detect secondary

electrons




General conclusions

Large amount of questions still open:

e Which sources are the Galactic PeVatrons?

¢ When does the SNR shock become most efficient? (Non detection of gamma rays

from SN 1987A implies Wcr< 1% Esn)
¢ New type of sources still unrevealed?
e What is the electron-to-proton ratio close to Galactic sources?

e Etc...
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Future instruments will help answer these questions:
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