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Generalities



Fligh' Energy: Particles & Radiation
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* Non-thermal Universe regime: € » kT ~2x 10> (T/ 10°K) eV (thermal black body, Planck),

particle distributions not Maxwellian, but e.g. power-laws (no characteristic scale)...
* Electromagnetic spectrum: Photon energies from X- up to Y-ray energies.
» Charged particles with energies up to ~ 1020 eV (Cosmic Ray Spectrum).

e X-rays: 0.1-100 keV, HE y-rays z 50 MeV, VHE y-rays z 100 GeV.
* Note: | eV [SI]= 1.6 x |02 erg [cgs]; | eV =h=h (24 x [0* Hz).
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3C279 Ra=194.04623(deg) Dec=-5.78935(deg) (NH=2.0E20(cm”*-2))
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Figure 2: Example: Electromagnetic radiation (photon energy distribution) seen from an Active Galaxy (3C279, z = 0.54) as a
function of frequency [Credits: ASDC].



Cosmic Ray Spectrum

Energies and rates of the cosmic-ray particles
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Gamma-Ray Production I¥lechanisms

e electron inverse-Compton (soft photon field): ow € phton Y-ray

» hv ~ ¥2 hvs (Thomson), hv ~ Yeme 2 (KN) L/L’ (\fy

o relativistic electron bremsstrahlung: -

» hv ~ ('/3) ¥YeMe c2 : [tbr~ [0/ (/ cm-3/n) )/”] °
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proton

e proton synchrotron:

» Ve ~ 108 (me/m) Y2 B [Hz], [tyn ~ 1011/ (¥ B yr ]

e proton-proton interactions (ambient matter): e o

»eg, ptp2>ptpt T MO

» mean energy & ~ 0.1 Ep, [tpp ~ 08 (| cm=/n) yr |

e proton-photon interaction (soft photon field):

»eg, ptyY 2 p+ T TIO

low E photon

» mean energy & ~ 0.1 Ep pion photoproduction




Need sources & acceleration mechanisms facilitating production of

» ultra-high energy (UHE) CRs, e.g. up to ¥p ~ |0 (proton £, = 1020 eV),

» > |0 TeV gamma-rays,eg. upto Ye = [0 TeV / mect ~ 107 (IC-KN)

Confinement limrt for UHE protons ( "Hillas plot™ ): EcrR ~(vxB)gl:
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Progress in Gamma-Ray Astronomy



— -

High energy (HE) photons > 50 MeV

* Direct detection in space (‘'small’” area),
always active

e Pair production in detector (gamma-ray
conversion In thin lead folls) &
calorimeter
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IACT/HESS., MAGIC... (2004-)

Very high energy (VHE) photons > 100 GeV

* Need huge collection areas as flux I1s weak,
so ground-based strategy

e indirect (Cherenkov) technigue: Particle
cascade created by a VHE photon in
atmosphere, with blue Cherenkov light
beamed towards telescopes



Fermi-LAT Collab 2019
2019arXiv190210045T
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O Mo asspciation ® Possible associaton with SNR or PWHN = AGN
* Fulsar A (Globular cluster * Starburst (Galaxy ¢ PWN

® Birary + Galaxy o SNR # Nova
* Star-forming region = Unclassified source




™ -l = (o o ' |
L/ CVCIODITNICHICS 11 Bl k= \JdlllITd=sINay Z2\S LLONOLTLY
4th Fermi LAT catalog (4FGL) > 50 MeV
Fermi-LAT Collab 2019

2019arXiv190210045T
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0 No association ® Possible association with SNR or PWN = AGHN
* Fulsar A (Globular cluster * Starburst (Galaxy ¢ PWN
® Binary + Galaxy o ShR # Nova
* Star-forming region = Unclassified source

4FGL (preliminary): 5098 sources out of which

> 2940 identified as AGN / blazars, 241 as pulsars, 40 SNR...



Developments intV A E Gamma-Ray Astronomy

TeVCat (2019):
>200 sources
(~ 75 AGN)
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6 DARK UNID Other

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



+90° Source Types

6 TeV Halo PWN/TeV Halo
PWN

) Binary XRB PSR Gamma
®
BIN

TeVCat (2019):
>200 sources
(~ 75 AGN)

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

- - Sl , "~ & Shell SNR/Molec. Cloud
180° po - > -‘--m-ﬁ“-h‘i'ﬂ“-\w'-*(; =" Ait-/g‘nv,‘?r-v- e .1m O Composite SNR
+ : ; T T e R . _— ) : Superbubble

—_

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




TeVCat (2019):
>200 sources
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=> maximum particle energy, emission process...
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+90° Source Types
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+90 Source Types
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+90° Source Types
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+90° Source Types
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H.E.S.S. Galactic Plane Survey (flux > 1 TeV)

Galactic particle accelerators:

3 Supernova remnants
A Pulsars
3 Pulsar Wind Nebulae
A Binaries
3 Galactic center (BH?)



Supernova remnant shells




Supernova remnant shells
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SNR - RX] 1713.7-3946

(distance ~ | kpc, size = 20 pc,age ~ | kyr)

Particle acceleration to beyond ~100 TeV
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HESS Collab., 2018



I | I

100 = e

E ¢ HESE =

—_ . o  Fermi-LAT e _

an B i Electrons % ? + n"";o«a.,.\.’ -

8. [ — - Protons # '\0 1

> 10-1 7}4‘ | —

5 F T N :

TEe: IIAL R

s j | :

. ] W 4o12|- / \ i

Could see emission = )

from accelerated A AR A R L T
107 107 n0R 0 D 0S50

eIeCtrons (IC)I Photon Energy (eV)
and/or SR .

protons (pp). i

3 Proton spectrum assuming ny = 1cm™3
W,(E, > 1TeV) = (5.80 +0.12) x 10 erg (#’ETJ)

-1

S 10v7L
s
45
210 :
E . Electron spectrum
10%F W, (E, > 1TeV) = (1.19 £ 0.05) x 10 erg
104}
1043 " FEEPEE PRy | 2 A 2 22221 2 el 2 22228 ataazl
1011 1012 1013 1014 1015

Particle Energy (eV)
HESS Collab., 2018



Core-collapse or thermonuclear explosion of star
Supernova Remnant Cartoon

Forward Shock
into Interstellar or
Circumstellar Medium

kinetic energy of SN ejecta Exin~ 10! erg

Shocked ISM

Contact

ejected mass M¢j~ (1-10) Mg Discontinuity

Unshocked Ejecta

initial (free) expansion speed of ejecta: o Reverse Shock
Ejecta

> Vej~ (2 Exin/ Mej)!12 ~ 107 (Bin/ 10°" erg)l2 (Mo / Mej) 172 km/s

> free expansion Ry(t) = vt o aviss shos rapesue o o st rom e

» radio synchrotron radiation (GeV electrons, B~104 G)...
free expansion ends when swept-up mass = ejected mass

> (4T1/3) Rows pism = Mgj , tsw = Row/vey ~ few 100 yr

» reverse shocks forms & propagates inwards, heating ejecta. ..

» thermal-pressure driven (adiabatic) expansion: Tycho SNR (1572) as seen by the VLA (22 om)
Credit: NRAO et

Sedov-Taylor phase (lasting ~104 yr): Rs(t) oc t2/3, vs(t) o< t 3>



‘ Galactic Particle Accelerators

B Supernova remnants
A Pulsars
8 Pulsar Wind nebulae
8 Binaries
8 Galactic center (BH?)




Crab Pulsar in‘the Crab Nebula

(distance ~ 2 kpc, period = 33 ms, age ~ 1 ky
[AD 1054])- - .
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Excess Counts/(Bin Width/0.007)
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Pulsed VHE gamma-ray emission from the Crab Pulsar
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B power-law with extension up to TeV
B PLindex ~ -3.5 (P1), -3 (P2)
B extension or new component?

Electron acceleration to beyond ye~ 5 x 106

MAGIC Collab., 2016



basic Fhysics Sheet - Fulsars

{3)

rotating & strongly magnetized neutron star (Bn ~1019-15G at surface)

typical mass: 1.4-3.2 Mo (Chandrasekhar limit), radius Ry = 10 km
Spin axis

rotation/pulse periods P = 2T1/Q) between | ms - 10 sec: b

» Crab: P = 33.5 ms =0.033 sec (age = 950 yr)

» Vela: P =89 ms (age ~ 0% yr)

» Geminga: P = 23/ ms (age ~ 3 x 10> yr; nearest to us ~ 250 pc)

Radiation

Beam
pulsar is living off its rotational energy (’spin-down luminosity”)

)/
| 7%

» I=(2/5) MR?* momentum of inertia; for the Crab: | =104 erg s2
dE. . 4m*IP

Magnetic
Field

1 2
} EthEIQ —

» decrease in rotational energy:

~ 4% 10822 (for Crab)
dt P3 sec

22
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® rotating & strongly magnetized neutron star (Bn ~1019-15G at surface)

® typical mass: |1.4-3.2 Mg (Chandrasekhar limit), radius Ry = 10 km

Spin axis
® rotation/pulse periods P = 2T1/QQ between | ms - 10 sec: <
» Crab: P =335 ms =0.033 sec (age = 950 yr)
» Vela: P =89 ms (age ~ 104 yr) W
» Geminga: P = 23/ ms (age ~ 3 x 10> yr; nearest to us ~ 250 pc)
® pulsar is living off its rotational energy (”spin-down luminosity”) \ Magnetic
Field
| B 2m°l @
» E =—1Q%=
2 P2

» I=(2/5) MR?* momentum of inertia; for the Crab: | =104 erg s2
dE. . 4m*IP

» decrease in rotational energy:

~ 4% 10822 (for Crab)
dt P3 sec

® Magnetic dipole radiation (elm radiation of a varying magnetic moment):

» magnitude of mag. moment: m = B R3

| 2} 2@m)* 2 27\
» radiated power (Larmor formula) : P, ; = 33 = 3 " 3 3(BR sin a) )
c c c

» B-field estimate via dErot/dt = Prag = B > 3 x 102 G (Crab) 22



‘ Galactic Particle Accelerators

8 Supernova remnants
¥l Pulsars
M Pulsar Wind nebulae
8l Binaries
¥l Galactic center (BH?)

G21.5-0.9 in X-rays
Chandra / H.Matheson & S.Safi-Harb



HESS ]J1825-137 - energy-dependent morphology

(d ~ 4 kpc, size ~ tens of pc)

PSR J1826-1334
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‘ HESS ]J1825-137 - energy-dependent morphology
(d ~ 4 kpc, size ~ tens of pc)




‘ HESS ]J1825-137 - energy-dependent morphology
(d ~ 4 kpc, size ~ tens of pc)

\
"
"
"

PSR J1826-1334 " .




‘ HESS ]J1825-137 - energy-dependent morphology
(d ~ 4 kpc, size ~ tens of pc)
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1 - 2.5 TeV




‘ HESS ]J1825-137 - energy-dependent morphology
(d ~ 4 kpc, size ~ tens of pc)
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Dec (J2000)
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Spectral Map of Nebula (HESS J1825-137)
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B extension up to ~75 pc

B emission up to > 30 TeV

B spectrum becomes softer
with distance

B result of particle transport

- (advective?) & cooling

Spectral Index

|
w
o

— —3.4

28m 26m 24m 22m 18h20m
RA (j2000)

Electron acceleration to beyond ye ~ 107
H.E.S.S. Collab., 2019
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¢ PWN = bubble of radiating, shocked

relativistic electrons produced when

pulsar wind interacts with environment.

e fast ete - pulsar wind (I'=104) efficiently
confined by surrounding SNR
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19
19

PWN = bubble of radiating, shocked

relativistic electrons produced when

pulsar wind interacts with environment. D

fast ete- - pulsar wind (I'=104) efficiently

confined by surrounding SNR

Particle Flow

o

SNR Shell

Blast/

Wave

pulsar wind expands until its ram pressure is balance by surrounding nebula

» formation of a pulsar wind termination shock at which particle acceleration occurs.

» rough estimate for location (Rees & Gunn |1974): balance ram pressure of wind
with energy reservoir in nebula accumulated steadily over its lifetime:

. 12
Lo, trg E, dlage Vewn
Frree = Ryg = Rpyy .

= Kis RPWN

using that tege = Rewn / Vewn and trs = Rys/ ¢ ; Esq = spin-down luminosity

» forthe Crab: Rpwn~ .5 pc, Vpwn ~1000 km/s = Rrs ~ 0.1 pc

IpulifD M3

26



‘ Galactic Particle Accelerators

8 Supernova remnants
8 Pulsars
8 Pulsar Wind nebulae
Jd Binaries
B Galactic center (BH?)




‘ LS 5039 - periodic VHE emission

PSR J1826-1334

==

t(- c‘;f' ~u
e %
{ *
) =
4
~ F o

'. ~ﬂ-:’

. LS 5039



‘ LS 5039 - periodic VHE emission

PSR J1826-1334 .
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Gamma-ray period:
3.908+0.002 days

. LS 5039




LS 5039 - periodic VHE emission
——

Microquasar

PSR J1826-1334 .
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LS 5039 (distance ~2.5 kpc):

Gamma-ray period: e binary system:

3.908+0.002 days compact object (~4 Mo black hole?) in
eccentric 3.906-day orbit around 20-30

. LS 5039 Mo star

* closest approach ~ 10!2 cm or about
~2 stellar radii




Periodic TeV emission & spectral variations
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P VHE gamma-rays beyond 10 TeV

B SUPC spectrum: compatible with
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B modulation induced by variation in
yy-absorption, IC (anisotropic),
plus possibly particle acceleration

IC scattering (KN) needs > 10 TeV electrons



E?x F(E) (erg cm? s™)

Periodic TeV emission & spectral variations
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B SUPC spectrum: compatible with
pure PL (index 2.4)

B INFC: softer PL with exp. cutoff

B modulation induced by variation in
yy-absorption, IC (anisotropic),
plus possibly particle acceleration

IC scattering (KN) needs > 10 TeV electrons



® compact object - either pulsar
(neutron star) or a black hole
(micro-quasar)

® VHE modulation induced by
orbital varying absorption and
anisotropic |C scattering

e VHE produced inside or very
close to system (LS 5039)

F. Mirabel 2006

‘f Microblazar
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compact object - either pulsar
(neutron star) or a black hole
(micro-quasar)

VHE modulation induced by
orbital varying absorption and

anisotropic |C scattering

VHE produced inside or very
close to system (LS 5039)

F. Mirabel 2006

varying absorption via pair-production (Yy — etfe’):
»  threshold-dependence on interaction angle (6=TT head on): €, €,,4 (1 — cos ) = 2mezc4

» optical depth (describing absorption o e7) dependent on interaction probability
t(e,) ~ (1 —cos0) 0, ny, (€ 2 €,,4) §

» at SUPC, compact object is behind star: close to head-on collision (8=TT head on) with

stellar photons (point-like source of soft photons), increased absorption.. ..
Khangulyan+ 2007



The center of our Galaxy
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The center of our Galaxy

H.E.S.S.

Galactic plane

“Diffuse” y-rays tracing
molecular clouds

Point sources subtracted

Emission along the Galactic Plane

- L4
Mystery Source HESS J1745-303



Evidence for a PeVatron in the Galactic Center I

Without subtraction

~140 pc

< — =

1 degree

H.E.S.S. Collab., Nature 2016

P diffuse VHE emission evident
(level Lyev ~1033-34 erg/s)

B hadronic origin (pp with clouds -
correlation)

B estimate CR density in different
regions from ratio of TeV flux to
target material via:

Lyi(> EY) ~ WcRr,i(>10 Ey) / tpp,i

B distribution compatible with
continuous injection in central
10 pc & diffusion for > 1 kyr



Evidence for a PeVatron in the Galactic Center I

~140 pc
1 degree

H.E.S.S. Collab., Nature 2016

P diffuse VHE emission evident
(level Lyev ~1033-34 erg/s)

B hadronic origin (pp with clouds -
correlation)

B estimate CR density in different
regions from ratio of TeV flux to
target material via:

Lyi(> EY) ~ WcRr,i(>10 Ey) / tpp,i

B distribution compatible with
continuous injection in central
10 pc & diffusion for > 1 kyr



Evidence for a PeVatron in the Galactic Center I
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Wea(= 10 TeV) (107 eV cm?)
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H.E.S.S. Collab., Nature 2016

P diffuse VHE emission evident
(level Lyev ~1033-34 erg/s)

B hadronic origin (pp with clouds -
correlation)

B estimate CR density in different
regions from ratio of TeV flux to
target material via:

Ly,i(> Ey) ~ Wcr,i(>10 Ey) / tpp,i

B distribution compatible with
continuous injection in central
10 pc & diffusion for > 1 kyr



Evidence for a PeVatron in the Galactic Center 11

~140 pc
1 degree

-
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E’x Flux (TeV em? g
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|| Diffuse emission
—— Model (best fit): Diffuse emission

« « Model: Diffuse emission E__ ““ = 2.9 PeV
Model: Diffuse emission E_, °“ = 0.6 PeV
Model: Diffuse emission E_,. °* = 0.5 PeV

lll | | lllllAl

1 10

Energy (TeV)

H.E.S.S. Collab., Nature 2016

P Diffuse emission shows no cut-
off, spectrum implies accelera-
tion of protons to ~PeV (1015eV)

energies;

B VHE CMZ emission possibly due
to CR propagation from central
source (black hole);

B energetically plausible (average
injection rate ~few x 1037 erg/s)

B if more active in past, Sgr A*
might have played significant
role for flux of PeV cosmic rays
in our galaxy (~5x1038 erg/s)

Evidence for proton acceleration up to 1015 eV
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black hole mass inferred from infrared observations

. 10 light days .

of stars on close orbits: Mgn = 4 x10¢ Mg

» Schwarzschild radius rs =2 GMgn/ c2=1.8x 1012 ¢m

current bolometric luminosity Lyol ~ few x 1036 erg/s
<< Lgqd ~ 5 x 1044 erg/s = very low accretion rates

“non-active” black hole - but could have been more
active in the past (driving jets in the environment? )

possibly related to origin of “Fermi bubble” ? i TR
» gamma-ray lobes up to beyond 100 GeV (expon. o xemesre O

cut-off?) with radio/microwave counterparts ik [,5?"?_’00'?5'“2%“8' "
» sharp edges, spatially uniform (hard, ~E-2) spectra
» origin:increased jet activity of Sgr A* ¢

» need ~10-2 erg (electrons)
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black hole mass inferred from infrared observations

. 10 light days .

of stars on close orbits: Mgn = 4 x10¢ Mg

» Schwarzschild radius rs =2 GMgn/ c2=1.8x 1012 ¢m

current bolometric luminosity Lyol ~ few x 1036 erg/s
<< Lgqd ~ 5 x 1044 erg/s = very low accretion rates

“non-active” black hole - but could have been more
active in the past (driving jets in the environment? )

possibly related to origin of “Fermi bubble” ? i TR
» gamma-ray lobes up to beyond 100 GeV (expon. o xemesre O

cut-off?) with radio/microwave counterparts ik [,5?"?_’00'?5'“2%“8' "
» sharp edges, spatially uniform (hard, ~E-2) spectra
» origin:increased jet activity of Sgr A* ¢

» need ~10-2 erg (electrons)




Extragalactic particle accelerators:

¥ Active Galactic Nuclei



M87 - 1st detected extragalactic VHE source

distance = 17 Mpc M 87 (HESS)

BH mass (EHT) = 6.5 x 10° Mo

!‘.
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28 et | ¢
{ :,\ .(;, . * o=
-] "V' (o4 J

8 < -
' 12"31"00° _ 12"30"30°
| |

90 cm radio emission (arb.)

Declination (deg)
Declination (deg)

Right Ascension (hours) : Ri-ht Ascension (hours)



Declination Offset (mas)

M87 - towards locating the site of the VHE emission

VLBA Difference Images of M87

" iy ( Feb. 2008 VHE flare )

:Z 20/~ S VERITAS | Very-high-energy ’
2 _ | | *macIc gamma-ray flare... |
0 » [ |"HEss |
-2 e =
24 2 L i
-6 B -
-8 o 10
12 2008 Feb. 25 ;=_< -
1.0 =
8 S T
.6 g e o ¢ .o
4 o TN S S AU S S PO | |-
; 5 o H
.0
-2 B | 1 1
: - ..followed by increase of radio
B VLBA (43 GHz), | mas = 0.08 pc |ACT resolution ~0.1° =30 kpc 2™ flare close to the black hole
* %™ RightAscension Offset (mas) . 0 = | "
3
o
e a1 . 8
B VHE day-scale variability implies size ~ rs | <
-
. . . >
P radio nucleus progressively brightened
. e n e rg etl C pa rtl Cle I nJ eCtI O n Close to BH Apr l2007 Jul 21007 Oct 5007 Jan l2008 Apr l2008
Time
<102r
( 0 S) Acciari+ 2009, Science



Oyyp (1071 cm™2 s71)

M87 - characteristics of the VHE emission

C e —— -
© H.ES.S. i w -
s MAGIC April 2010 > 10 ¢ M87 (HE.S.S)
3[1 m  VERITAS | et [
—— Fit: @y I"0l/A0 o " 1
2.5} — 2 10 - 2005
Fastest variability £ -
2| ever seen at any < 10VF /
wavelength! = -
1.5¢ > E
T 10ME
1L | I 2004
10" E
0.5
O
| T 10" E
0 . 24, =
i -
Abramowski+ 2012 oL E>S.Collab. 2006 L W
%8375 55280 55285 55290 55295 55300 55305  5531( 10 1 10
Time (MJD) Energy (TeV)

B VHE variability down to day-scale (2005, 2008, 2010)
P VHE emission extends beyond 10 TeV

IC scattering needs > 10 TeV electrons (misaligned AGN)



PKS 2155-304 - extreme VHE emitting source

Blazar-type AGN
distance = 540 Mpc

Radio Loud Quasars
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BH mass ~ few 108 M@ | Blazars
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1(>200 GeV) [ 10° em?s”]

PKS 2155-304 - extreme VHE
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B VHE variability down to a few minutes !

P VHE emission extends beyond 10 TeV
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IC scattering needs > 10 TeV / I' electrons (blazar)



only few % of all galaxies (e.g., very bright, variable,
non-thermal emission, jets....)

central engine: black hole - accretion disk - jet

. dM
powered by accretion onto black hole: L =n5—c

dt

2

maximum Eddington luminosity (Frad < Fgrav):

o (L/4nr’c) < GMgym,/ r’

= Lpgq = 1.3 X 10* (M, /10°M,) erg/sec

Black hole

Accretion disk

Torus of neutral
gas and dust

BH mass 106 < Mgn/Mg <1010
outflow speeds (jets) I'= 50

42
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® only few % of all galaxies (e.g., very bright, variable,
non-thermal emission, jets....)

e central engine: black hole - accretion disk - jet

. dM 5 Black hole
e powered by accretion onto black hole: L=#—-¢c

4 Accretion disk

® maximum Eddington luminosity (Frad < Fgrav):

Torus of neutral
gas and dust

o (L/4nr’c) < GMgym,/ r’

46 g BH mass 106 < Mgn/Mg <1010
= Lpgq = 1.3 X 10 (Mpy/10°M ) erg/sec outflow speeds (jets) 's 50

® relativistic effects important [=1/(1-32)1/2 >>1:
K’ K
» relativistic aberration: @'~ T11/2 = 0 ~ |/ (beaming) ) — o =

» relativistic Doppler effect: hVeps = D hv'

D = :
I'(1 —pcosi)

< 2T

» L=D4L , Fy(V) = D3 Fy(V) ... -

Viewing angle j



Extragalactic particle accelerators:

J Gamma-Ray Bursts
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Neutron stars ,

Black hole a Disk

Central
engine

Massive

Hypernova scenario

visible

light,
Jet collides with radio
ambient medium waves

(external shock wave)

Blobs collide
(internal

Slower shock wave)

Faster blob

b|0bw

Gamma-ray
emission

Afterglow

~1013 cm >1016 cm

GRB 190114C - first VHE detection (Jan 2019)

distance z=0.4245
(d~2000 Mpc).

VHE emission >300 GeV
detected (~50 sec after
Swift alert at ~100 keV).

prompt (~4 sec) phase
seen by Fermi-GBM (10
keV-40 MeV).

initial bulk flow Lorentz
factor Mo~ 500.

Inverse Compton (optical-
infrared) or SSC (prompt)
by shock-accelerated e-?

KN energy limit = Nycmec?



Cosmic (Particle) Accelerators I

3 Supernova Remnants

."‘, ¥ Pulsars
¥ Pulsar Wind Nebulae

J Binaries
J Black Holes & AGNSs
J Gamma-Ray Bursts

» cosmic-rays from 1015-16 (galactic) to 1020 eV

» > 10 TeV gamma-rays, e.g. ¥e = 107 (IC-KN)




