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High energy astrophysics

To radiate high-energy gamma-ray, particles (electrons and hadrons) have to be accelerated to TeV energies or
more:

* huge gravitational, magnetic and electric fields

* very dense background radiation

* relativistic bulk motions (black hole jets and pulsar winds) shock waves (SNRs), highly excited (turbulent) media, etc...
* Involves rich interdisciplinary teams

* (Generates new statistical problems (very large and very small number of events)

* |s one of the most attractive topics to reach the general public

Includes: X-ray astronomy, g-ray astronomy (MeV-TeV), neutrino astronomy, gravitational wave astronomy, cosmic
ray astrophysics, and cosmology.



Research topics in VHE (Galactic science)

Content of the course

 Acceleration and propagation of CRs

» Galactic CRs : Luminosity, maximum energy, propagation
Hadronic accelerator
Leptonic accelerators

 Understanding the media in which CRs propagate
» Targets: Clouds and photon fields

* Prospects in Galactic physics
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Galactic gamma-ray disk: not only due to the presence of many (relatively) nearby discrete
sources, but also due to diffuse emission resulting from the interaction of cosmic rays
(mostly p's) with the interstellar medium (ISM), e.g. atomic H, molecular clouds

Basic Component of the ISM:
Matter, GCRs and GMF

Dynamic balance processes triggers instabilities in
the Galaxy structure

WCR ~1 eV/cm3

ws = B2/8m ~1 eV/cm3 Confinement

WU 455 = Pgas V2turb ~1 €V/em3
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Orion B Herschel © ESA
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The Quest Cosmic Rays: a driver for the high energy domiain

More than 100,000 cosmic rays will hit each of

you during this lecture

In 1912, after 9 balloon ascents to record
lonisation levels,Victor Hess concluded that

“A radiation of very high penetrating power

enters our atmosphere from above”.

The newly discovered radiation was
dubbed “cosmic” by Robert A. Millikan in
1925.

In 1936, Victor Hess was awarded with the
Nobel Prize for his discovery.
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log Particles/(m? sr s GeV)

Cosmic ray Spectrum
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CRs Luminosity

CR Energetics
- Energy Density of CRs ucr~1 eV/cms3
Balactic

- Volume of the Galaxy Vga = 11 Raisk?(2h) ~ 3x1011 pc3 ~107 cms3 | | A . halo
- Luminosity L=UCR*Vga|/tCR | 5 kpe =

- Isotropic in the Galaxy

->

: 300 pe

- If we measure the CR confinement time (nuclear abundance) |
tcr~107 yrs: ' . o
L=Ucr™Vgaltcr = 5x1040 erg/s F o+ .

0 F:;'u

We need Galactic accelerators that can provide the right energy budget, up to PeV energies, at the required rate to make the
distribution homogeneous.

v L=Ucr™Vgalltcr = 5x1040 erg/s

v Homogeneity
v' Up to PeV energies




CRs Maximum energy

What is the maximum energy a particle can reach in a Galactic source?

* Acceleration is always (expect for non-ideal cases) carried out by an electric field
* For a particle with charge g, moving a distance L

E=q|E|L

* We can define the acceleration efficiency as:
n=BIE

then:

E = gnBL

| This two value will define the maximum energy
L = Size of the source

B = Magnetic field in the source




CRs Maximum energy

We can derive the same condition considering confinement:
the Larmour radius should be smaller than the size of the accelerator

necessary condition but not determining y

R, (=E/gB)<R =>E__ =TqgBR
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Aartsen et al (lceCUBE) 2017

CRs Maximum energy
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CRs Maximum energy

Aartsen et al (lceCUBE) 2017
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Diffusion in the Galaxy

1INUOUS

e SN
o .gg%
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dN/dE ~Q/D(E) ~ E-(@+k3) k=3/2, 1 Q mpulsive injection of CRS

D(E) = Do(E/Eo)?, Do ~1026-30 cm?2s-1 Difusion ength




Diffusion in the Galaxy

INUOUS \ A /
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wait but, CRs are charged particles!
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a) Gamma-ray Emission from relativistic protons
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b) Gamma-ray Emission from relativistic leptons
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a) Gamma-ray Emission from relativistic protons
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b) Gamma-ray Emission from relativistic leptons
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Radiation Mechanisms
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Radiation Mechanisms
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Radiation Mechanisms

Inverse Compton
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Radiation Mechanisms
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Regions of high density:
Galactic Center, dense clouds, SNRs

Pair Production: yN(e) — e+e- N(e)
e+e- annihilations: e+e- = yy (511 keV line)



Radiation Mechanisms
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Radiation Mechanisms
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Radiation Mechanisms
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Radiation Mechanisms

107°, .
10~/

108 |

E*dN/dE [ergs~' cm 2]
(-
<
k|

10712 || —

IC (CMB)
IC (FIR)

IC (NIR)
IC (total)

Synchrotron 21
Synchrotron-Curvature

Bremsstrahlung

Proton-Proton
i | y A A A - | |

10—13 -

10~ 10° 10! 102 10° 10% 10° 10° 10 108A109 101 10** 10%*2 10% 10*¢

Photon energy [eV]



Radiation Mechanisms
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Radiation Mechanisms
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Radiation Mechanisms
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Area ~ 1 m2..~\ _
Background ~ Diffuse gamma
Angular Resolution ~1-0.1°
Aperture ~ survey

Duty cycle >95%

R
Air Cherenkov Telescopes™

Energy range 0.05-50 TeV
Area > 10* m?

Background Rejection > 99%
Angular Resolution ~0.05°
Aperture 0.003 sr

Duty cycle 10%

FermiLAT

Water Cherenkov Telescope

Energy range 1-100 TeV
Area > 10% m?

Background Rejection > 95%
Angular Resolution ~0.3-0.7°

Aperture > 2 sr
Duty cycle 90%




Major HE/VHE Instruments

Satellites
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Duty cycle 90%




CR Accelerators - hadronic



Hadronic CRs
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Hadronic CRs
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Diffuse CR
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Sources
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Dominant process?



The Galactic Plane in Gamma-rays
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https://www.mpi-hd.mpg.de/hfm/HESS/hgps/
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The standard paradigm: SNRs

CR Accelerators v L=Ugr™Vaa/tor = 5x10%0 erg/s

v" Homogeneity
v' Up to PeV energies

 Energetics
Exin = 10°1 erg
T ~ 2-3 year
Lsn = 1051 / T = 6x104%erg/s => 10% into CRs should be sufficient

 Maximum energy
Vsh ~ 108 km/s, B ~few mG => Emax ~ 1017 eV



Chandra (color)
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Uchiyama et al, 2017
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tsyn ~ 1/5 BmG-1'5EKe\/'O'5 yearS
B~1mG

Brightening = Electrons
Acceleration

tace~ NBma 1-°E0-5V 3000 Years
B~1mG (n~1)



The standard paradigm: SNRs
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CRs accelerators: SNRs
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CRs accelerators: SNRs

HESS Coll, 2010

HESS Coll, 2016
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that light, moving at a

constant speed of 300,000 Arab : ’ ¥ . -" ] —' v ad £ Kr’:?l!i'”S SNR PrOkhorOV et al, ICRC 2021

Km/s, travels in one year.
One ||g’7t year is just under IKetli ‘ 1. be ¢ ; ¥ Likelihood of Identification: Definite
10 trillion kilometers. Sk % o, Distance Estir 3,000 light years

s: European, Chinese, Korean

Type: Thermonuclea )sion of white dwarf?
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MAGIC Coll, 2014

CRs accelerators: SNRs

MAGIC Coll, 2017
VERITAS Coll, 2019

HESS Coll, 2016

A.D. 1054 A.D. 1680

RCU‘J‘ 86 2 > [\ <' JOE - r & - A
, Cassiopela A

Historical Observers: Chinese bservers: Chinese, "

ervers: Chinese, Japanese cal Observers: European?

Ikelihood of Identificat : Possible antif ¥ K € AETY
‘ ‘ ik lih od of Identific Likelihood of Identificatio Uni
Dista o ' g y

Type: Thermonuclear explosion of white dwarf

A.D. 1572

Tycho's SNR

ESS C ll 2 1 l ers: Chines Historical Observers Ainese, Korean v N
l i O y O 8 1 of Identification: Possible Likelihood of Ide ) - Y y )
Distance Estimate: 3,000 light years \ Distance Est : 7,50( : oy wh 3 e p e r

Type: Core collapse of m ve star

* LIGHT YEAR: the distance

that light, moving at a & | e | \ i L ' ./:‘ J
constant speed of 300,000 SLOric v ' Ay S 30 et & J P kh t l ICRC 202 1
Km/s, trla‘ue S in one year. LA i~ ¥ ’ :"'m%{' S ro Oro V e a 7

One light year is just under ation: Definite oy -— to
10 trillion kilometers. stan : 6,000 ligh ‘ ars
N .

vhite dwarf?

T
DESY 35 VERITAS Coll, 2017



Dec (J2000)

CRs accelerators: SNRs

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV  |HED
- 1280

| - We see TeV gamma-ray shells

)| {240

-39°00' g

+ 1220
I {200

- 4180

2

40" Ml {160 =
(=]

40

"

S

20 X

-40°00' o m [ 100

18m 16m 14m “12m 17h10m
RA (J2000)

But energy cutoff at a few tens of TeV,
where are the PeV CRs?



Dec (J2000)

CRs accelerators: SNRs

-39°00'

20

40' 8

-40°00' &

20

40

'H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV

18m 16m 14m “12m 17h10m
RA (J2000)

It {140

i~ We see TeV gamma-ray shells

—-160‘2
>
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B 100
| B
| 60
Il <0

B 20

-20

(D)
IC 443

5)

“ dN/dE (erg em”

E

Energy (eV)

107 ¢

W44

g Energy (nV)

10' 10"

We see GeV gamma-ray shells & pion-peak shape

But energy cutoff at a few tens of TeV,
where are the PeV CRs?



Dec (J2000)

CRs accelerators: SNRs

'H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV  |BESS

- 1280

|~ We see TeV gamma-ray shells But energy cutoff at a few tens of TeV,

-39°00'

1220

where are the PeV CRs?
® RXJ1713.7-3946
ot 1B ® CasA
| B 103° -
| ; ® HESS)1731-347
20 | N Tycho
i N ® \Velar
“ £ 1034 - ® SN 1006 SW
18m 16m I:Am(jzooo) 12m 17h10m % E
3]
2
2 103 -
< :
@ casz | | W44 =
= R . - | /} .‘\ c 1032 4
: ' ey I‘f ‘ v ]
5 | 5 L =
- : 't ’}.s =
— d 10" 7] () \
S il y ¢
2 | 3 * 1031 -
e S D — 5 N
w Y er e \\ N
3 - I \
10 10™ 10° . 10° ' 10' ;0" : J 1030 ' oo el ' oo el
Energy (eV) Energy (eV) 10_1 100 101

We see GeV gamma-ray shells & pion-peak shape Energy (TeV)



Dec (J2000)

CRs accelerators: SNRs

"H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV

-39°00'

We see TeV gamma-ray shells But energy cutoff at a few tens of TeV,

where are the PeV CRs?

20

® RXJ1713.7-3946
— ® CasA
1035 -
: ¢ HESS)1731-347
20 Tycho
N ® \Velajr
18m 16m 14m 12m 17h10m wn :
RA (2000) § ]
=
>
=
6 103 -
= ]
a) 1 W) g
! IC 443 'f"“" W44 =
10" - o > | S ! Y ©
~ [ 4 . ~ | 4 | c 1072 -
L 4 A 10
5} S ’
0 2 '1 ’}\s 4 =
— & 10"E 111 | () \
L W - %% > ’
3 F 9 * 1031 -
3 s e : N
w u et LAY \ N
107 ' W \
Hre stral ] wil . ‘\
10° 10" 10 10 10" ‘1"_;' ‘A1:' dl:' ;o' 1030 ' ' ol ' ' L
Ene[gy (@V) E-nmgy (eV) 10_1 100 101

We see GeV gamma-ray shells & pion-peak shape Energy (TeV)



CRs accelerators: SNRs

Evolution

Free Expansion Adiabatic (Sedov-Taylor)

R~ t, VMW?J, >> MlSM’ < 200'300 m R ~ t2/5, MQL ~ MISM’ 104yI'S
v ~ 5000 km/s - 10000 km/s oot >> tyyn =Adiabatic
M, ~few M, -1 Mg Expansion

VWAV
WA

Compact object
_appoximated as a
. point source

SN explosion &
free expansion of the ejecta

DESY momentum

Radiative

PeVatron Phase Highest Gamma-ray Luminosity

Radhative cooling

7 A

Adiabatic expansion Ambient gas being
swept up, sharing

Dissipation into ISM vg, ~200 km/s

CR Propagation

4
L]
. ‘.ﬁ
°
R
-
v
Dissipation of SNR

Page 4



CRs accelerators: SNRs

Free Expansion: PeVatron Phase ?

L (>1 TeV) < 2.2x10°¢ erg/s => W,,,(n ~10°-10* cm~) < 1.4x10**f" erg

For f ~ 0.2 (spherical symmetric distribution) => W,, < 9x10*%erg (1% to nuclei)

b c
= _. -69°06’ x10° _
E c 2 —0-20 »
& -68°48 3 & XMM-Newton (0.5 - 8 keV) £
- ] o = ©
o 0 c - =
9 8 ,Q ona’ »)
3 c g 9% 0.15 ©
£ .69°00' ©o £ -
o °
Q Q
Q Q

69°12’ -69°12 0.10

-69°24' 69215 0.05

o SN 1987A
-69°36’
) -69°18’ 0.00
05"40™00° 05"35m00° 05"37™ 05"36™ 05"35™

DESY. | SNRs @ Right Ascension (J2000) Right Ascension (J2000) HESS. Science 2015 Page 5



CRs accelerators: SNRs

tacc~ NBma1-°E%-5V3000 years

Free Expansion: PeVatron Phase ?

In strong fields, the maximum EQ results from t oy = toe. => E, B2 vy, => E,,, o« E,B'2 oy,

VWAAA W AN

NR G1.9+0.2
. 10‘9 _ S S S —
* Youngest SN in our Galaxy (age ~150 vrs) |
»  Fast shock vy, ~ 14000 km/s (=> E, ~ 10 keV) o,:; 10710t
Q
* Chandra+nustar: Cutoff at 1.5 keV. . | ~
=> i o0 1071 | G1.9+0.3 —e— -
Not an efficient accelerator 5 | ._’*RX 173 e e
«  Was it a PeVatron? > |
revalon Z 02| ¢ 3. 1
Nm _ +
10713 :-Yang & Aharonian, A&A 2018 T

0.1 1 10 100

Energy/V,>(keV/(14000 km/s)”)

DESY. | SNRs @ high energies | Emma de Ona Wilhelmi, 29 May 2019 Date 'age 6



CRs accelerators: SNRs

Free Expansion: PeVatron Phase ?

In strong fields, the maximum Eo results from t.,, = t,.. =>

a3 - N S ' ' -
¢ 8 N I :U & v A ||. :‘- 1 F 1 P )
“Zza,, % e l i, _.:Ll —— | ” =
WwJINI N \J J T U.J
Sonat’ \ . o T G m N

Youngest SN in our Galaxy (age ~150 vrs)
Fast shock vy, ~ 14000 km/s (=> E, ~ 10 keV)

Chandra+nusStar: Cutoff at 1.5 keV
=> Not an efficient accelerator

Was it a PeVatron?

Run-away protons R(D=103%%cm2/s) <~30pc => 10 arcmin

W, (n~100 cm~)<10%° erg/s

R — '\/2 Dtcool

Eo

o< B-1/2 MSh => \AEAJVDV o< EOB1/2 ocyAsv\bv

VAN

10-1 .
—  IC (CMB)
IC (IR)
IC (optical)
— IC (total)
~—  Sync
&+ &+ Chandra
10°12 @ @+ Nustar
B>12 uG
10714}
10'° 1614 1613 1()‘22 | 1626 | 1030

Frequency [Hz]

Yang & Aharonian, A&A 2018



CRs accelerators: SNRs

Sedov-Taylor phase: Maximum of the gamma-ray emission?

Cassiopeia A

Age ~ 340 vrs

Fast shock vy, ~ 5000 km/s

Highly turbulent Bfield ~ 0.2-0.3 mG
Ecut = 3.5 TeV

« Composition: can reduce gamma efficiency by factor 2!
« Spectrum dominated by plateau, shell higher cut off?

MAGIC, A&A 2018

8- Formi .smmmw

A\
- %

s 2 sasssell & & s asses 2 2 sassael 4 & 4 sasas 5 14 4 3
10" 1 10 10° 10’ 10*
E [GeV]




CRs accelerators: SNRs

Sedov-Taylor phase: Maximum of the gamma-ray emission?

Dec (J2000)

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV

16m
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17h10m
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240

- 1220

- 1200

- 41180
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£ 4140
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40

20

-20

Excess counts

Dec ()2000)

-39°00"

20'§

40

-40°00°

20'

40°

HESS, A&A 2018

'H.E.S.S. (2016) RX J1713.7-3946, E > 2 TeV

_ () 68% PSF

18m

16m

Hadronic or leptonic?

14m
RA (J2000)

12m

17h10m

40

8 130

N
o

Excess counts



CRs accelerators: SNRs

Recognized as essential
feature: CR escape from

remnants
e.g. Malkov et al., arXiv:1207.4728

=> CR current generates
turbulent magnetic fields
that are crucial for

the acceleration

- PeV cosmic rays only
contained during the first
O(100) years (?)

X-ray contour
tracing the
shock

4

RX J1713.7-3946
H.E.S.S. Collab.
arXiv:1609.08671




CRs accelerators: SNRs

Sedov-Taylor phase: Maximum of the gamma-ray emission?
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Did particles run-away?

T T T T
3

= Proton spectrum assuming ny = 1cm®

-
3

: Electron spectrum
e We(Ee > 1TeV) = (1.19 = 0.05) x 107 erg

- W,(E, > 1TeV) = (5.80 = 0.12) x 10*° erg (2)
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CRs accelerators: SNRs

Radiative phase: Old CRs reservoirs? Observations of the CR pion peak

10_9 From S. Funk
= e W51C
~-|> 3000 years|s S
- L T ® RXJ1713.7-3946
e 10-10 — e B CasA
" - f L3 el p
o = p 30,000 yrs 1000 - 3000 years
= E . .
9 10" — ,". (,"’
. =7/
L -y
© I
>l
T 10
W E /
1073 §-"4 r
: | | k'{lllll | | lllllll | | lllllll | | llllll‘.q | | lllll‘\l | | lllllll“". | | lllllll “.
10° 10° 10'° 10" 10" 10"
Energy (eV)

DESY. | SNRs @ high ene

Page 15



CRs accelerators: SNRs

Radiative phase: Old CRs reservoirs? Observations of the CR pion peak

Morphological and High resolution spectroscopic Studies

H.E.S.S.

W28 (Radio Boundary)

)
L
=
<
=
=]
=]
™
ﬁ
T
L
(=

18h03m Looks like it in some old SNRs at low energies, but still, no trace of PeV energies



CRs accelerators: SNRs

Radiative phase: Old CRs reservoirs? Observations of the CR pion peak

Morphological and High resolution spectroscopic Studies

)
L
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=
=]
=]
™
ﬁ
T
L
(=

W28 (Radio Boundary)

/‘.
>
HIl Regions ’ ‘

RA J2000.0 (hrs) u e
18h03m e

Looks like it in some old SNRs at low energies, but still, no trace of PeV energies



CRs accelerators: SNRs

Radiative phase: Old CRs reservoirs? Observations of the CR pion peak

Morphological and High resolution spectroscopic Studies
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=]
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™
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T
L
(=

Nl
HIl Regions it J'

18h03m

RA J2000.0 (hrs) u . "

Looks like it in some old SNRs at low energies, but still, no trace of PeV energies



CRs accelerators: SNRs

Radiative phase: Old CRs reservoirs? Observations of the CR pion peak

Morphological and High resolution spectroscopic Studies

TIXN

. W28 (Radio Bound:

ea
'\-\.\-
.H.
'\

Dec J2000.0 (deg)

Bound

18h03m

NANTEN CO
10-20 km/s

Looks like it in some old SNRs at low energies, but still, no trace of PeV energies



CRs accelerators: SNRs

Radiative phase: Old CRs reservoirs? Observations of the CR pion peak

Morphological and High resolution spectroscopic Studies

W W28 (Radio nd

\ 2

/?’
HIl Regions — |

RA J2000.0 (hrs) u .
18h03m e

Looks like it in some old SNRs at low energies, but still, no trace of PeV energies



CRs accelerators: SNRs

Radiative phase: Old CRs reservoirs? Observations of the CR pion peak

Morphological and High resolution spectroscopic Studies

+

10_9 1

2FGL J1857.6+0211,
+ CSammae SRC-1

-

Dec J2000.0 (deg)

T W28 (F{adlo '!dl

10712

RA J2000.0 (hrs) U .

18h03m Looks like it in some old SNRs at low energies, but still, no trace of PeV energies



Galactic Latitude

CRs accelerators: Stellar clusters

* Other accelerators - Old massive Stars (wind-wind, clusters, collective effects)

* Energy reservoir ~1038-39 erg over ages of T=106 years
* In the GeV range: huge structures covering few degree

-56°00"

-57°00'

PSR J1023-
+

Westerlund
PSR J1028-5819
+

|
'ﬂ‘ SNR G284.3-01.8 +
-59°00"

-+
o
O
o
)
(9}
)
o
S

Dec (J2000)

l H
\ PSR B1046-58 psR ]1044-5737
+ ++

-60°00"

342° 341° 340° 339° 338°

Galactic Longitude 50mO00s 40m00s 30m00s  10h20m00s
RA (J2000)

Knowing the matter, we can derive the CR image:
Planck free-free (HII) and CfA (CO) maps in the [-11,21] km/s.

Gal. latitude (deg)

82

009 016 025 0.36

81 80 79 78
Gal. longitude (deg)

77



CRs accelerators: Stellar clusters

* Other accelerators - Old massive Stars (wind-wind, clusters, collective effects)
* Energy reservoir ~1038-39 erg over ages of T=106 years
* In the GeV range: huge structures covering few degree - too large for leptonic emission

Residual Map (E>10 GeV) molecular and neutral atomic

after subtracting point like 0. e hydrogen column density
sources

+42°00" f :
 TeV4203. +4139

+44°00°

 +42°00°

Dec (J2000)
Dec (2000

+40°00" +40°00"

+38°00" +30°00

© Fermi LAT

50mO00s 40mO00s 30m00s 20h20mO00s
RA (J2000)

5 Omuos
RA ()2000)

Knowing the matter, we can derive the CR image:
Planck free-free (HII) and CfA (CO) maps in the [-11,21] km/s.



CRs accelerators: Stellar clusters

Cygnus Cocoon

10% <° Ma Cygnus Cocoon Argo —li

u.|§ CMZ —@— The spectra (of some of them) extends to high energies
g -; y :?\—“"f.;\ Wd 1 Cocoon —@— . o :
.c§ 3 107 ° > With remarkably similar shape and spectral index (2.2)
> P
- D .
0 5 No indication of energy cutoff (with the available statistics)
2 g 107 ®q

Q0
g S - Proton spectrum described with:
— 5
— 0 - E, =0, E, =0, .
o % 10 B s A Yok E'2-3exp(-E/vI§v9V) with E, =0.2 (1), 0.5 (2) PeV
C 5
O = 3| _
® ° al § => For Kolmogorov-type turbulence, D(E) «< E'3, we arrive at a
?DE E ‘classical’ E~2-type acceleration spectrum.

_ W
1026 — —d —
10”° 10° 10’ 10 10° 10

Energy (GeV)



CRs accelerators: Stellar clusters

b
107"
The CR proton radial distribution follows a 1/r line (>10 TeV)
(for the Cygnus Cocoon we extrapolated from LAT energies)
Wd 1 Cocoon (x0.1) Exceeding the local CR by a factor of 10 (from AMS)
We parametrized the CR density as:
: l
> w(r) = wo(rlrg)”
zg _ Local CR (>10 TeV) x10
L e N W, = Azf,w@r)rdr
- ~ 2.7 x 10" (we/1 eV ecm™)(Ry/10 pe)? erg

0 50 100 150 200

Projected distance (pc)



CRs accelerators: Stellar clusters

We define R as the extension of the source (50 and 300 pc), or more conservatively, the maximum given by
the diffusion condition:

Rp = 2«\/T()D(E) ~ 3.6 X 103(D30T6)1/2 pC

Since Wcr cannot be larger than Wit => f(= 10 TeV) ~ lwgD3g L3—91

Measuring the Local diffuse coefficient:

Wiot = fLoTy = 3 X 10°* fL3gTg erg if f=10% => D ~1028 cm2 s

Halos as large as 300 pc and with a density still 2 order of magnitude larger than the local CR density

W, = 4r /OR" w(r)r? dr .
ource Cygnus Cocoon CMZ Wd 1 Cocoon
~ 2.7 X 1047 (wol/l eV cm'3)(R0/lO pC)2 crg Extension (pc) 50 175 60
Age of cluster (Myr)3° 3-6 2-7 4-6
Kinetic luminosity, Lyin, of cluster (ergs™) 2 x 1038 (ref. V) 1x1032 (ref. 40) 1x1032 (ref. 41)
Distance (kpc) 1.4 85 4

W, (>10 TeV) (eVem™) 0.05 0.07 1.2



Mohrmann et al, ICRC 2021

CRs accelerators: Stellar clusters

e What do we see in the VHE with Cherenkov instruments? Look at the most massive SC
Westerlund 1

H.E.S.S. preliminary

Declination

w
<

I
=N
o

O
o
=)

w
<L

—47°00

16h 5om 48m 44m 40m
Right Ascension

Complex morphology

-~
-~

\\\
-~

==+ Sum of box regions
i ® Combined flux points

7V model

H.E.S.S. preliminary

§‘§
~
~

———
E [TeV]

Ec =400(+250_130) TeV
W, ~ 5x1049 (n/10cm-3)(d/3.9 kpc)? erg

Similar spectra along the 1° (70 pc at 3.9 kpc) source & similar radial

profile at different energies

Dip in the surrounding of Westerlund 1
Spectrum extends to 100 TeV



CRs accelerators: Stellar clusters

« What do we see in the VHE with Cherenkov instruments?
Cygnus Region

s _ T 107 5
‘ . ' . — — = Continuous injection
6 . S , _ — A recent burst
5 ‘. —y
3 ™ 3 'n _
' )
s 2l '
- AsH g 1 0-11 -
Q 1 %; 3
0 =
; 8 ¢ HAwWC
10712 - -4 Fermi 4FGL
—2 E Fermi-LAT Collaboration (2011)
- Aharonian et al. (2019)
—4 ARGO
107"°

= 9 10 11 12 13 14 15
85 84 83 82 81 80 79 78 77 76 75 74 10 10 10 10 10 10 10
1 E,(eV)

4 -2 0 2 4 6 8 10 12 14 HAWC 2021 result

Significance (o)




CRs accelerators: Stellar clusters

* |f PeVatrons: where are particles accelerated and how?
 LHAASO results >> 100 TeV!
* To be continue...



CRs accelerators: Galactic Center

 Energetics - Outburst-like event /slow outflows

Exin = 3x10%4 erg
Lir ~ 1.6x1042 erg/s

* |s there any indication of such behaviour?



CRs accelerators: Galactic Center

* |In the TeV regime:

G 0.9+D1

SEG J1746-2851

SEG J1744-3011

<EG J1744-3D1




CRs accelerators: Galactic Center

* Parent proton population up to 1 PeV: first detection of a PeVatron

e |nthe TeV regime: » Constant injection and diffusion for > 1 kyrs
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CRs accelerators: Galactic Center

The injection time should be larger than the escape one:
At > tgg ~ R?/6D =~ 2 x 10*(D/10% cm?s~1)~! yr,
Q,(> 10 TeV) =~ 4 x 10°"(D/10°° cm?*s™!) erg/s.

Rather modest injection for thousands of years:
- Galactic center?

- Stellar clusters in the inner region?



CRs accelerators: Galactic Center

* Parent proton population up to 1 PeV: first detection of a PeVatron
» (Constant injection and diffusion for > 1 kyrs

The injection time should be larger than the escape one: g |
~ R2 ~ 3 30 p2a—1\—1 g 78
At > tgig = R*/6D =~ 2 x 10°(D/10°° em?s~*)~! yr, . }

Q,(> 10 TeV) =~ 4 x 10°"(D/10°° cm?*s™!) erg/s.

Rather modest injection for thousands of years:
- Galactic center?
- Stellar clusters in the inner region?
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CRs accelerators: Galactic Center

* In the GeV regime:

Fermi sky
above
10 GeV




Scale of the Fermi bubbles

. Gamma-ray emissions = . - = e . . |
- - Xrayemissions o | f SR
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eROSITA (0.6-1 keV)




~14 kpc
EBs < >




CRs accelerators - other hadronic accelerators?

 We see a large number of unidentified sources

Galactic latitude (°)
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Galactic Latitude

Galactic Latitude

CRs accelerators - other hadronic accelerators?

 We see a large number of unidentified sources
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If hadronic => Ec (Mp=2) > 0.83 PeV

=> Wp (Ep>1 TeV) > 1.8x1047 erg

(1.7)0.55 PeV, (2.3)1.16 PeV)

If leptonic => E¢ (le=2) > 0.12 PeV

=> We (Ep>1 TeV) > 8.1x1045 erg

((1.5)0.06 PeV, (2.5)0.52 PeV)



Galactic Latitude

Galactic Latitude

CRs accelerators - other hadronic accelerators?

— Point
Spreac
Functio

s

 We see a large number of unidentified sources

Any other population that can accelerate protons?
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CR Accelerators - leptonic



CRs accelerators - leptonic accelerators
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CRs accelerators - leptonic accelerators

Stage 1 (< 10 kyr) Forward shock

Contact
discontinuity

Reverse
shock
Pulsar velocity

B ——

ISM density
gradient

(in all three panels)




ompact objects: GeV and TeV Pulsars

Fermi LAT still detecting ~25 gamma pulsars per year.

250+ — Total ' ’ '
| --- Millisecond Pulsars |
| — Radio/X-ray selected |
200f| --- y-—ray blind search | :
n o . .
©
n
) ; _
Q 150} st b
> - 1> FAST pulsar 4
© ; ;
— : :
ﬂ'; Radio quiet MSP
€ 100/ : :
=
©
O
LAT radio-loud pulsar 50 Lo 732021 mode change _.-*
LAT millisecond pulsar ' | - Q
_ --r é 10" Black Widow/Redback
e known pulsar, gamma phase folded but not gamma detected. . ‘ e | : . . ; z
B AT radio-quiet pulsar EGRET=dp ——
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year



Compact objects: GeV and TeV Pulsars

e known pulsar, gamma phase folded but not gamma detected.

LAT radio-loud pulsar
LAT millisecond pulsar

LAT radio-quiet pulsar

Fermi LAT still detecting ~25 gamma pulsars per year.

Gamma-ray pulsars
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How do we identify pulsars?



High energy radiation from pulsars
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High energy radiation from pulsars

Super-exponential cutoff
(magnetic absorption)

Polar cap model u

Exponential cutoff (photon-
photon absorption)

Magnetic
axis /

neutron
star

Jopur£o 131

[Many ]

DESY 69



High energy radiation from pulsars

® Not super-exponential

® Not large differences for different
magnetic fields

=> Up in the magnetosphere

MAGIC Collaboration 2008
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e Evolution of the peaks
=> Caustic of different size?

© 50.02GeV |

® Deficit at <1 GeV when assuming
pure curvature radiation

=> synchrotron contribution?
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and much more about LCs and transitional behaviour...



High energy radiation from pulsars

e A number of bright pulsars detected in the TeV regime
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High energy radiation from pulsars

A number of bright pulsars detected in the TeV regime
Where is the emission produced?
How much can pulsars accelerate?

JETs

DESY. 72



High energy radiation from pulsars

® The light curve in the GeV and TeV agree and we observe the same tendency (i.e. peak ratio, width evolution)
=> Same electron (ex) population

® Sizeable low energy photon fields
=> susceptible of being up-scattered to high energies

® The exponential cutoff seems to be favoured
=> A clear second component = Inverse Compton on soft photon fields

DESY /3



High energy radiation from pulsars

® The light curve in the GeV and TeV agree and we observe the same tendency (i.e. peak ratio, width evolution)

=> Same electron (ex) population
® Sizeable low energy photon fields
=> susceptible of being up-scattered to high energies
® The exponential cutoff seems to be favoured
=> A clear second component = Inverse Compton on soft photon fields

e e _ e Inverse Compton in Thomson regime if b<<1
, b=15 Ee,TeVEtarget_ph,eV
woeE : => Klein-Nishina regime dominant (1-20 TeV)
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<;_ _— - Two implications for the electron spectrum
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High energy radiation from pulsars

® |[nverse Compton: only depends on the photon field (known) and electron
population

® Same electron population produces GeV (same light curve)

® GeV emission can be attributed to:

Curvature radiation (CR)
Synchrotron emission (SYN)
non-ideal MHD plasma to go beyond ~160 MeV!

[Michel, Coroniti, Lyubarskii, Kirk, Petri +]
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High energy radiation from pulsars

e Within the magnetosphere (or rather within the gaps):
Electrons are accelerated in gaps through E| = nB
HE => CR radiation

VHE => IC on low-energy photon target

DESY 75



High energy radiation from pulsars

e Within the magnetosphere (or rather within the gaps):
Electrons are accelerated in gaps through E| = nB
HE => CR radiation

VHE => IC on low-energy photon target

Magnetic /
axis /

[Many !]

DESY 75



High energy radiation from pulsars

e Within the magnetosphere (or rather within the gaps):

Electrons are accelerated in gaps through E| = nB )
HE => CR radiation o
VHE => IC on low-energy photon target
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High energy radiation from pulsars

e Within the magnetosphere (or rather within the gaps):
Electrons are accelerated in gaps through E| = nB
HE => CR radiation

VHE => IC on low-energy photon target
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High energy radiation from pulsars

e Beyond the magnetosphere:
Electrons are accelerated in the wind through magnetic reconnection in the
current sheet (CS)
HE => SYN emission on the CS
VHE => IC emission on the CS

.......... "."" [Michel, Coroniti, Lyubarskii, Kirk, Petri +]
------

Simulations by Cerruti et al 2020

DESY ’r’
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High energy radiation from pulsq

e Beyond the magnetosphere:
Electrons are accelerated in the wind through magnetic reconnect [Michel, Coroniti, Lyubarskii, Kirk, Petri +
current sheet (CS)

HE => SYN emission on the CS
VHE => IC emission on the CS

Simulations by Cerruti et al 2020

DESY ’r’









High energy radiation from pulsars

A number of bright pulsars detected in the TeV regime
Where is the emission produced?
How much can pulsars accelerate?

Blast Wave

JETs

low o

DESY. 9

~few pc

The maximum energy:

Emax = qneBrsRrs,
The magnetic density is a fraction of
the pulsar wind energy flux:

2 .
ﬁ —TIB =
87 (4nR3c)

Then the Emax:

Emax 27y~ Eyl” PeV

and if CMB (only target >100 TeV)
E. ~2.15E)- 17 PeV

Ey max = 0.9 1,7 ng® E3> PeV




Cao et al, 2021

LHAASO Observed ~10 PeVatrons - 9 have a bright pulsars associated

I
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LHAASO J2018+5157
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Galactic longitude (deg)
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®  HAASO J1908+0621
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LHAASO J1843-0338
LHAASO J1839-0545

.
LHAASO J1825-1326




LHAASO Source Pulsar Ey max Emax
[PeV] [PeV]

J1825-1326 J1826-1256  2.06 3.79
B1823-13 1.77 3.35

J1839-0545 J1837-0604 1.44 2.83
J1838-0537 2.78 4.90

J1843-0338 J1841-0345 0.41 1.04
J1844-0346  2.25 4.10

J1849-0003 J1849-0001 3.71 6.26
J1908+0621 J1907+0602 1.77 3.35
J1907+0631  0.63 1.46

J1929+1745 J1925+1720 091 1.95
J1928+1746 1.26 2.53

J1956+2845 J1954+2836 0.94 2.00
J1958+2846  0.47 1.17

J2018+3651 J2021+3651 1.99 3.69
J2032+4102 J2032+4127  0.28 0.77

J2108+5157

J2226+6057 J2229+6114  5.89 9.38

Ee max [PeV]
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Compact in binary systems

Photon field enhanced by the massive
companion - modulated emission!



Compact object in binary systems

High Energy Binary

GeV and TeV often uncorrelated:
* Max of orbital light curve

* Two spectral components
* Flares and rich phenomenology
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Compact object in binary systems

High Energy Binary Microquasars

GeV and TeV often uncorrelated: Black hole + massive companion

* Max of orbital light curve GeV detection associated to X-ray
* Two spectral components activities

* Flares and rich phenomenology = GeV/TeV detection associated to jets

Fermi-LAT . Joint Analysis Li et aI, 2020
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Compact object in binary systems

High Energy Binary Microquasars Novae

GeV and TeV often uncorrelated: Black hole + massive companion GeV Detection of a few

" Max of orbital light curve GeV detection associated to X-ray First TeV detection of RS Oph
* Two spectral components activities

* Flares and rich phenomenology = GeV/TeV detection associated to jets
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Compact object in binary systems

Novae
What are novae? lots of different kind of novae

Luminous red novae - probably stellar mergers

Dwarf novae - eruption on accretion disks in cataclysmic variables

Kilonova - neutron star mergers

Classical novae - thermo-nuclear explosions from outer layers of accreting

white dwarfs WD
Massive WD => fast ejecta with low ejecta mass
Low-mass WD => opposite

“Classical Novae”

Main-sequence
companion star (weak
and fast wind)

Helium Novae

Companionis a

Helium star, e.g.

V445 Puppis

Symbiotic Novae®

Companion is a Red Giant 2
symbiotic binary system,
e.g. RS Oph

Most common type of
nova, few recurring

Rare

Less common overall, but more
often recurring

Short period binary (few days)

Long period (~1 year)

Low-density, fast wind from companion

Dense slow wind from RG

High-energy (FERMI-LAT) emission thought
to arise from internal shocks

External shock for GeV/TeV
emission (we argue)

FERMI detections

?

FERMI and HESS




Compact object in binary systems

Novae
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Compact object in binary systems
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Compact object in binary systems

In the GeV band:

» Transitional ms-pulsar
- Glitching pulsars

Photon flux of PSR J2021+4026 a

bove 100 MeV in 30-day bins

(Allaford+2013, Ng+2016)

Glitch!

20% flux drop

Increase in spin down rate

Change in the pulsar
profile

Decrease energy cutoff




Accelerators: Pulsar Wind Nebulae

The most numerous population in the Galaxy

Stage 2 (t ~ 10-100 kyr)
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Accelerators: Pulsar Wind Nebulae

The archetype: the Crab nebula
Bright in many wavelength

Different size <=> Different electron population




Accelerators: Pulsar Wind Nebulae
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Accelerators: Pulsar Wind Nebulae

10‘7:
y m— Total
100 TeV - = CMB
=+ FIR
-««« NIR
1078 E SSC
G
_9 _
5 10791
Im }
=%
9
W
K4
= 10710
;U .
W
10711 4
\
\ \
0\ {\‘
10—12 | | | | | | : . & |
10°° 1073 10° 103 10° 10° 1012 101°

Energy [eV]



Accelerators: Pulsar Wind Nebulae

* Energetics:

Sum of the electric fields
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Accelerators: Pulsar Wind Nebulae

Excellent correlation with X-rays (large size compensates sometimes the
relatively poor angular resolution ~0.1deg
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Accelerators: Pulsar Wind Nebulae

Excellent correlation with X-rays (large size compensates sometimes the
relatively poor angular resolution ~0.1deg




Accelerators: Pulsar Wind Nebulae

Very low magnetic fields when comparing with Lx ~ few uG => Far from equipartition

Acero et al 201 |

0.5-6 keV

y-ray

centroid
PSR




Accelerators: Pulsar Wind Nebulae

21 kys

PSR J1826-1334 .




Accelerators: Pulsar Wind Nebulae

21 kys

PSR J1826-1334 .

. LS 5039

Aharonian et al (HESS) 2005
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Accelerators: Pulsar Wind Nebulae
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Accelerators: Pulsar Wind Nebulae
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Accelerators: Pulsar Wind Nebulae
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Accelerators: Pulsar Wind Nebulae

E 2-10 TeV
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Accelerators: Pulsar Wind Nebulae

E 2-10 TeV

PSR J1301-6305

Shrinking towards high energies

But keep in mind for old systems we mixed:

Inverse Compton cooling time
Diffusion
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Accelerators: Pulsar Wind Nebulae

Spectral variation with distance from the pulsar could result from:

* energy loss of particles during propagation, with radiative cooling of
electrons propagating outward from the pulsar termination shock

* energy dependent diffusion or convection speeds

* variation of the shape of the injection spectrum with age of the pulsar
which, after propagation, translates into a spatial variation of spectra.

If a = electron index -> synchrotron cooling (Tsyn ~400 B2gE-11eV s )
Aa=1 - Al =1/2



Accelerators: Pulsar Wind Nebulae
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Accelerators: Pulsar Wind Nebulae

Spectral variation with distance from the pulsar could result from:

* energy loss of particles during propagation, with radiative cooling of
electrons propagating outward from the pulsar termination shock

* energy dependent diffusion or convection speeds

* variation of the shape of the injection spectrum with age of the pulsar
which, after propagation, translates into a spatial variation of spectra.

If a = electron index -> synchrotron cooling (Tsyn ~400 B2gE-11eV s )
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Accelerators: Pulsar Wind Nebulae

Spectral variation with distance from the pulsar could result from:

* energy loss of particles during propagation, with radiative cooling of
electrons propagating outward from the pulsar termination shock

* energy dependent diffusion or convection speeds

* variation of the shape of the injection spectrum with age of the pulsar
which, after propagation, translates into a spatial variation of spectra.

If a = electron index -> synchrotron cooling (Tsyn ~400 B2gE-11eV s )
Aa=1 - Al =1/2
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Accelerators: Pulsar Wind Nebulae

In comparison with other sources of relativistic magnetised plasma, PWNe can be resolved in great detalil
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Accelerators: Pulsar Wind Nebulae

In comparison with other sources of relativistic magnetised plasma, PWNe can be resolved in great detall




SED depends on: Pulsar

The age of the pulsar/pwn

The initial spin-down energy
The magnetization fraction (or
fraction of energy shared In
particles and in magnetic field)
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SED depends on: Pulsar Wind

The age of the pulsar/pwn

The initial spin-down energy
The magnetization fraction (or
fraction of energy shared In
particles and in magnetic field)
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SED depends on: Pulsar Wind

The age of the pulsar/pwn

The initial spin-down energy
The magnetization fraction (or
fraction of energy shared In
particles and in magnetic field)

Injection Spectrum
Radiation Field
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SED depends on: Pulsar

The age of the pulsar/pwn

The initial spin-down energy
The magnetization fraction (or
fraction of energy shared In
particles and in magnetic field)
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SED depends on:

The age of the pulsar/pwn
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Understanding the Galactic ISM



Accelerators: Haloes

Halo - Studying the diffusion of particles in the Galaxy

Stage 3 (> 100 kyr) Halo >1 TeV gamma rays




Accelerators: Haloes

Halo - Studying the diffusion of particles in the Galaxy
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Accelerators: Haloes

Halo - Studying the diffusion of particles in the Galaxy
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Accelerators: Haloes

Halo - Studying the diffusion of particles in the Galaxy
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Accelerators: Haloes

Halo - Studying the diffusion of particles in the Galaxy
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Accelerators: Haloes

Halo - Studying the diffusion of particles in the Galaxy
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Accelerators: Haloes

Understanding the ISM / photon fields
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Accelerators: Haloes

Understanding the ISM / photon fields
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Propagation of CRs

0.1 -1 QeV

1-10 GeV

Diffuse CR
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Propagation of CRs

Understanding the ISM / photon fields & the molecular content

Abdo et al., ApJ, 703, 1249, 2009 enhancement factor from CRs heavier than p
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The gamma-ray intensity exhibits a linear correlation with the atomic gas column density
The flux of CR nuclei is consistent (10%) with 1 kpc with the one measured locally at the
Earth



Propagation of CRs

Understanding the ISM / photon fields & the molecular content

Gould Be
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Using massive clouds are barometers for determine the pressure (energy density) of CRs
Large number of photons to determine the spectrum with accuracy
Nearby and dense clouds
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Propagation of CRs

Understanding the ISM / photon fields & the molecular content

Yang, EOW, Aharonian 2014
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* > 20 GeV: good agreement with CR spectrum measured at Earth
* Low energy part shows differs from cloud to cloud (deviating for pure power law)
* Related to different environment (local acceleration, low CR penetration effects, modulation effects?)



Yga [kpc]

Using molecular clouds as barometers

Peron et al 2021

\l

|
0 1 Lupus o
|

\| % SUN

\
E ep"h eus

Taurus \
[ ]

e ¢ MonOBl |
Orion | |

ke
Maddalena

—3 /v T
7.0 7:D 8.0

8.5 9.0 9.5 10.0 10.5
Xgal [kpc]

Ygar [kpc]

0
Xgar [kpc]

Ygar [kpcl]

D120

0
Xgal [kDC]

* Probing the CRs at different location far for us
* Analysis of molecular clouds provide localized

information on the CR spectrum far from Earth

* Results from GMCs show deviations from the local
emissivity only in the inner Galaxy, around 4-6 kpc. The
deviations are fluctuating, discouraging a global variation

E2 x Flux [MeV cm~25s71]

1077+

418 A 612 B 933 *
® 429 A Cepheus B 900 * 877
® Maddalena & OrionA B 964 902
A MonOBl1 Taurus B 876 804
A 610 Lupus
10° 104 105

E [MeV]




Galactic science In extragalactic objects
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Prospects for the upcoming years



The Multi-wavelength approach to astrophysics

Large Area Telescope (LAT)

Observes 20% of the sky at any instant, views entire sky every 3 hrs

20 MeV - 300 GeV - includes unexplored region between 10 - 100 GeV

/

Can easily go /
>300 GeV y/ /

eASTROGAM
DAMPE
AdePT

HERD

Gamma-ray Burst Monitor (GBM)
Observes entire unocculted sky

Detects transients from 8 keV - 40 MeV
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The Multi-wavelength approach to astrophysics



The Multi-wavelength approach to astrophysics
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Low Frequency Radio - (craConstruction —— — Science Verification —> User Operation )
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Mid-Hi Frequency Radio : : : : : : : : :
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ASKAP ] - ] - - :

Kat7 --> h_leerKA‘l‘ -->.SKA Phase 1 : :

: : : SKA1&2 (La/Mid)
sub)Millimeter Radio : : ; ; ; ; ;
~ JCMT, 1A, LMT, IF NOEMA, SMA,SMT, SPT, Nanten2, Mopra, Nobevama ... (many other smaller facilities)

[ ALM.

“H'l prototype —> full ops

Optical Transient Factories/Transient Finders . : : : : : : :
iPalomar Transient Factory —> (~2017) Zwicky TF LSST (buildup to full survey mode) ):
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Galactic Physics with CTA

Boosting:

- Increase sensitivity by up to a factor ~6 at 1 TeV
- Increase the detection area for transients and at the

highest energies

- Increase the angular resolution/maintaining a large FoV

New:

- Energy coverage: tens of GeV =>>100 TeV (~300 TeV)
- 2 Sites, flexibility of operation, allowing for sub-arrays

and multi-mode
- Operate as an observatory
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Galactic Physics with CTA

Boosting:

- Increase sensitivity by up to a factor ~6 at 1 TeV
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Galactic Physics with CTA

Boosting:
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Galactic Physics with CTA

Array Coordinates

Latitude: 24° 41" 0.34" South
Longitude: 70° 18' 58.84" West

CTA South
Chile, Paranal

CTA North

area covered by the | ’ B & Spain, La Palma
array of telescopes E ;

-
“

-
‘A A AL L LA AR R R R R AR R R R R R ShRan

area covered

by the array of

@ telescopes

ongitude: 17° 53’ 31.218" West
atitude: 28° 45" 43.7904" North




Galactic Physics with CTA

South: 99 telescopes spread out over ~5 km2 (70 SSTs, 25 MSTs, 4 LSTs)
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Full galactic plane (1020 h) ~2 mCrab (now ~1-2%Crab)
Deep survey of the Galactic Centre region (300 h on 10°x10° region, 525 h on GC)
The Large Magellanic Cloud (340 h in 6 pointings)

Cutout of CTA GPS from first Data Challenge
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Full galactic plane (1020 h) ~2 mCrab (now ~1-2%Crab)
Deep survey of the Galactic Centre region (300 h on 10°x10° region, 525 h on GC)
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Cutout of CTA GPS from first Data Challenge

Optical Bulge
Scale Height
Fermi Bubbles
Central Survey
Extended Survey

titude (deg)

10°

atitude

Galactic L

N

340 335 330 325 320 315 310 305 -10°

'
N

10° 0° 350° 340°
Galactic Longitude

Galactic Latitude (deg) Galactic Lz
o N & &

295 290 285 280 275 270 265 260

Galactic Longitude (deg)
Plot credits: Christoph Deil, Roberta Zanin



Slide courtesy of L. Tibaldo
8° CTA FoV

Fermi PSF CTA PSF
(50 GeV) A (3 TeV)

// \//

VLA + Spitzer + Chandra

: Wang+ 2010 MNRAS 492 895
Spitzer

Credit: NASA/JPL Caltech

= wealth of VHE diffuse emission & sources.
Including the only known PeVatron
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= |deal region for dark matter searches
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GGreat resolution for extended sources:

0.02°
CTA @ few TeV

0.1°
Simulation with

0.004°
XMM 10 keV

current IACT

(c) F. Acero & H. Gast
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> More extended sources
GeV / TeV/ PeV analysis
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Vela pulsar
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Point
Spread
Function
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GammaPy

PSR J1826-1334

(c) F. Acero & H. Gast
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Better resolution, but also better sensitivity
=> More extended sources!

GeV / TeV/ PeV analysis
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Short-time Scale Capabilities
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Short-time Scale Capabilities

Distinguish between leptonic and hadronic models

9.5
‘ hadronic scenario
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Summary

» Cosmic particle acceleration, as traced by Galactic gamma rays, is a crucial component of
our Galaxy

- We are starting to understand where CRs are accelerated and how do they distribute in
our Galaxy, but still lacking lots of knowledg

* New analysis techniques + Large dataset + New instrument improves:
exciting new results

* However the future is bright! many fantastic instruments to the rescue



