cosmic rays and gamma rays

- Galactic cosmic rays
* energetics of the sources
e supernova remnants: photons observed?

—> extragalactic cosmic rays
* energetics of the sources

* gamma ray bursts

* active galaxies

-> general
» shock acceleration
* an example: supernova remnants




total flux = velocity x density

4Jrde(E ) C P

energy density is the key !

1 TeV =1.6 erg
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cassiopeia A supernova remnant in X-rays

gravitational energy
released is trans-
formed into
acceleration

9

E-2 spectrum

acceleration when
particles cross
high B-fields




Cosmic Rays & SNRs
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SNRs provide the environment and energy
to explain the galactic cosmic rays!




Steady state cosmic ray flux in the Galaxy

mrEE -3 -26 -3 -1
— o =10""ergcem ™~ or 10" ergcm—"s™ for
particles with an average confinement

time in the galaxy of 3x10° years

1 : . . 41 —1
— this requires accelerators delivering 10° ergs

- 67 3
in a volume of 10" cm

— W =10"erg every 30 year

1 solar mass (1053 erg) x 0.01 (lost to V’s) x 0.1 efficiency
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origin of galactic cosmic rays

free propagation
confined
to accelerator

clouds &
near accelerator

VHE gamma rays from secondary interactions:

* p: m° production and decay
* e: Inverse Compton scattering and bremsstrahlung
* trace beam density X target density




neutrinos
from

supernova

remnants :

molecular
clouds In star-
forming regions

where super-
nova explode:
beam dumps!

Dense
molecular
cloud

Compressed
shell of hot gas

Supernova

remnhant

Inverse Compton
scattering— y-rays
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emissivity (units: (note!) per unit volume per GeV
per second) in photons produced by a number
density of cosmic rays N, interacting with a target
density n,s per cm?

production total cross
rate section

qr0 = /dEp A"rp(E’p) (S(Eﬂ.o — f7r0 'p,kz'n) Upp<Ep) Ngas €

a5



pi-zero bump at m_/2
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Evidence for threshold w® — yy production
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volume of the remnant energy in >TeV photons
produced by cosmic rays

1012 erg/em? per cm? per sec



Y, V flux of galactic cosmic rays

a SNR at d = 1 kpc transferring W = 10 erg to cosmic
rays interacting with interstellar gas (or molecular clouds)
with density n > 1 cm’™ produces a gamma-ray flux of

dN
E £ (>17TeV)=
dE
> 10" em™s™! :2/ n i ( i )‘2
10" erg lcm™ 1kpc
should be observed by present Milagro sources ?

TeV gamma-ray telescopes RX J1713.7-3946??




neutral pions

are observed as

gamma rays

charged pions

are observed as

neutrinos




V flux accompanying TeV gammas

L dN,
dE 2 dE

dN,

number of events = Area Time f dE T

=151n (E“flalX ) events per km’per year per source!

E

min




Cygnus region : Milagro

direct translation
of TeV gamma
rays into TeV
neutrinos:
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MGRO J1908+06: the first Pevatron?

MGRO J1908+06
Milagro data

H.E.S.S. data

fitted y spectrum

calculated v spectrum
— — mean atm. v spectrum
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EZ: flux (TeV s' em?)

Gamma and Neutrino Spectra

Spectra for MGRO J1908+06 Neutrino spectra for all sources
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Halzen, Kappes, 0’'Murchadha: arXiv:0803.0314
O Assumed E£2 with Milagro normaliztion (MGRO J1908 index = 2.1)

0 v spectrum cutoff @ 180 TeV
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cosmic rays and gamma rays

- Galactic cosmic rays
* energetics of the sources
e supernova remnants: photons observed?

—> extragalactic cosmic rays
* energetics of the sources

* gamma ray bursts

* active galaxies

-> general
» shock acceleration
* an example: supernova remnants




equal energy in cosmic rays and neutrinos

(&1 ][ep, ]

dN,
dE
dN -
py(E,) =E1 2 m10%ergMpe yr”
P

& t, =evolution of sources x Hubble time

s (E) = —
l p

pv+V (E) H 4‘77;E2

dN,
dE

2 o] e AL C ]
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equal energy in cosmic rays and neutrinos

actually...

v
pv+17(E)=n' E

*n_ <1 transparent (to photons) source; equality 1s the WB bound
°n_. =1 obscured source
*observed flux 1s well below the WB bound (at 20~100PeV); have

to observe PeV photons



ankle - one 109 eV particle

per km squared per year per sr




total flux = velocity x density

4Jrde(E ) C P,

3%x10° ” TeV

f E cm3

=,,,10gEmaX E10—19 Tez/
Jist cm

| 1TeV =1.6erg
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Cosmic Rays & GRBs
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GRBs provide environment and energy
to explain the extragalactic cosmic rays!




Cosmic Rays & SNRs

Equivalent ¢c.m. energy S (GeV)
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SNRs provide the environment and energy
to explain the galactic cosmic rays!



300 GRB per Gigaparsec’ per year
for 10'° years (Hubble time)

3030 x10" yr =3x107" erg3
Gpc” yr cm

2x10>* erg x

e correct cosmology: same answer
* Fermi: photon (electron) energy less than this ?

1Gpc® =2.9x10%cm’® Hubble time =10" years




> energy in extra-galactic cosmic

raysis ~ 3x10-1° erg/cm?3

3x1044 erg/s per active galaxy
2x10°1 erg per gamma ray burst

energy in cosmic rays ~ photons\




collapse of massive
star produces a

gamma ray
burst 4
/

spinning black hole

shocks produced
in the outflow of
the spinning
black hole:
electrons (and

protons ?)




speed of light
size of grb ?

characteristic

time At ?
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(not duration!)

size of the
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GRB: vy =300 > 1020V

* acceleration time < duration of the burst

v
peini
{ianaanvaugE vy eB
11
i e R
107 eV R
* electron synchrotron losses < energy gained in acceleration
T D Jansessh SHke B cassanapteEac],
Z——— with t =——— inrestfmmene=(mec) FERELT
c cyeB b et 6rmAN, 8wy
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e R
300 E
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fireball

X

fireball frame observer frame at time t

e 1 MeV —
—+ 10 msec

AR=cAt=R,att=0




superluminal motion: boosted accelerators

E, = yE

obs

At = v1AL

vAt sin
V —
wp cAt vArcostU

C C

strongest effect :

=vic  y=(1-p2)e d
g 1= Canp =Oorcosﬁ=z=/3’
D-'= (1+z) (1 - § cosB) vy di C

or D=y




RL~100km  cosf = LE

21712

= [1—"—9 ~ 10°-10°
=




Simple relativistic kinematics (see Fig. 9) relates the radius and width R’
and AR’ to the observed duration of the photon burst cAt:

R = ~%(cAt) (34)
AR" = ~cAt (35)

From the observed GRB luminosity L., we compute the photon energy density
in the shell:

LA/ L
T A7 R7Z?AR’ 47w R"ZcH?

(36)



The pion production by shocked protons in this photon field is, as before, cal-
culated from the interaction length:

/
1 U'y / 1

Also as before, o is the cross section for py -+ A — nnt and (z,,,) ~ 0.2.
The fraction of energy going into m-production is

AR’

fo T (33)
fr = 47302 g: 741At0A (@pm) (39)
o= o] [ [ [

. [IO_ZSAcm2: _<x8._;> | (40)




N2 /1 MeV
1.4 x 1018 oV (L) ( ©

1

4

300 E,

(tprm) Ep~ 7 x 10" eV.

)



We are now ready to calculate the neutrino flux:

dN,, cU, U, ¢ 1|1 :
dE, = E, _4xE, iE, lif"’t”E] ’ (43)
where the factor 1/2 accounts for the fact that only 1/2 of the energy in charged

pions is transferred to v, 4+ 7,. As before, E is the injection rate in cosmic rays

beyond the ankle (~4 x 10**ergMpec—yr—') and ty is the Hubble time of
~10'° Gyr. Numerically,

dN, o 1 A [TX10MeV] [ fa tu
ag, — x0T emTs s E, 0.125 | |10 Gyr

E
44
8 [1044 erg Mpc—3 yr—ll (44)




photon density in the fireball

L At/y
4tR"?AR’

N
R' = y?cAt

AR' = ycAt

note: for y = 1 (no fireball) the optical depth of
photons in the fireball is =

= Ryn,0p;, ~ 10" for 10°2 erg in Ry~10 km
h




numerology

L, = 10°1--10°2 erg/s
Ry = 100 km (At = 1-10 msec)
E, =1MeV

vy = 300
dE/dt = (1-4)x10%* erg Mpc3yr-
t, = 1070 years

Pyt = 10° E, 28 (in TeV)
= 1028 cm? for p+y=>n+m
=f =0.2

P27 7T

Opy
X
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neutrinos associated with extragalactic cosmic rays
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neutrino flux
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15




[ceCube Preliminary

100

L) L Lt bttt | L . LI, L It AL |
107" H—e— Ahlerset al. -
| —— Waxman-Bahcall | ® ;
— i
[
—_
w —
'Tw .
o™ 10_ -
o
)
t}
'QJ
3
—
G
o ;
DO
1) - .
e s .. aaal
10* 107

Neutrino break energy = (GeV)

<80

~470

< 60

o0

40

30

20

Exclusion CL (%)




cosmic rays and gamma rays

- Galactic cosmic rays
* energetics of the sources
e supernova remnants: photons observed?

—> extragalactic cosmic rays
* energetics of the sources

* gamma ray bursts

* active galaxies

-> general
» shock acceleration
* an example: supernova remnants




strong shocks
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non-relativistic shock

before cloud frame

HE

before our frame E =—my

Fe

E = lm(v+u)2

1
after  cloud frame E, = Em(—v—u)2
1 >
after  our frame E, = Em(— V- 2u)

1

Em(—v—2u)2 ——my




before our frame E.,p.

before cloud frame ES =y (E, +cfp,)and p* =y (pl. + /J’E)
c

after  cloud frame  E. = E; and p;, = -p;
after  our frame E, =y (Eji — c/)’p;)= y (El." + c/)’pf)

with E, = cp,

Ef zEzV2<1+/3)2
withy” =1+ 7 +...
. E,=E(1+28+28%+..)

fE. =205+ 5)

1




acceleration tim FERMI 49 ' icle collides with
\ y Porbtgliar clouds

O - G-, 4

too long

nwkyJe

® .oome clouds ( V-4 fmchon ch*a

U+4ak
come from the wrong direchion

-© 00

€ ~ 5 ()T -5 L))

e
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g a blast .shock
i.J

Vo2V 0 <Py
shockspeed U > v 4 AE - V,-V, |
definition: L Vs

* V, upstream
* v, downstream

mass conservation in shock frame :

V1=/02_1

v, p 4

PV, =PV, =



solar wind termination shock

Rl
e

Anomalous
Cosmic
Rays

M
S tek

wWind
1ermination

Shock

Interstellar
Neutral
Gas







only head-on FERMI 53 : -onlly good encounters
collisions ® shock at rest

mass conservation

PV =0,V,

ponpls: carih s magueloshere  solon flancs alan

wind,, ..., water running infaf sink... .




shock spectrum [V

E

AN _ _pt probabilty to cross shock

N
AN__(/S)kAE

N \p) E

= 3" energy gain/encounter

by dividing the two
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ln[)’=Z and InP=-2
C C

E
[J’=—f=1+A—E=1+2><(V”’)><cos¢9=>1+z
S E ‘ C C
roundtrip angular integration #1
u
0.V pch U
P=1-P =1-—F=1- =1-— shockrestframe
e e
CY‘4 67‘4

|

angular integration #2



(A—E> 2 Y1l c0s0  wherevistherelative velocity —u

E C
averageis over particledistribution N (0) = N cos6

3

2

fcos@ N(8)d¢ dcos6 fcos e
=2 rel 0 PO o

SEESE 2rel
< > ¢ [ N(0)d¢pdcosd ¢

5
fcos 6dcosb
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angular integral #2
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maximum energy

dE C L U

—=]€crosSAE= /))E=/3—S/))E—

d t )’cross tCI’OSS rgyr o
f rom ut cross = A’cross i rgy’” 0 £

acceleration requires that the mean free path for
magnetic scattering is larger than the gyroradius



maximum energy, ctd

—1

d_ES/gEL= Hilie i S
dt r C ZeB C

gyro

feiy 5 ZeB(ut)
c




the real problem: acceleration time

acceleration ends when the shock is diluted to a
density similar that of the interstellar medium

gﬂ(utypzsm o Msr

E__ = efficiency x ZeB(ut)s Z(2.4><105 GeV)

for a remnant of 10 solar masses and shock speed u of (0.01-0.1) c
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My favorite textbooks in Astroparticle

«  T.K. Gaisser Cosmic Rays and Particle Physics (new edition 2016 available!) ___
- T. Stanev, High Energy Cosmic Rays, Springer, 2004 ! Cosmic Rays

and
+ M. S. Longair, High Energy Astrophysics, Cambridge U. Press, 2010 Particle Physics :
- D. Perkins, Particle Astrophysics (2nd ed. 2009) EEREL L | B A
+  S. Rosswog & M.Bruggen High-Energy Astrophysics \ : \ COSMIC RAYS
«  C. Grupen, Astroparticle Physics, Springer, 2005 AND
. . . . | | PARTICLE PHYSICS
« M. Spurio Particles and Astrophysics, Springer \ \ e

« L. Bergstrom and A. Goobar, Cosmology and Particle A er (2n edition,2

M. Fukugita and Y. Yanagida, Physics of Neutrinos, Spi p,.cic astrophysics
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