Sources of Cosmic Gamma Rays

Martin Obergaulinger

31.1.2003



Cosmic Gamma-Ray Sources

. Production and Absorption Processes
II.  All-sky mapsin Gamma

1. Spead Sources
Solar Flares
Sedlar Sources
Gadactic Continuum
Extragdactic Sources
Ganma-Ray Burgts

V. References

31.1.2003 Sources of Cosmic Gamma Rays



Cosmic Gamma Ray

Electromagnetic Spectrum
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Fig. 1.1. The electromagnetic spectrum, from radio to y-ray energies. The electro-
magnetic radiation can be characterized either by its photon energy (measured in
eV) or by its frequency (measured in Hz) or by its wavelength (measured in m)
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Thermd Production d Ganma Rays

o Spedrum of theradiaion of ablack body of temperature T
Is described by Planck’s law
1 E’
2! 2 E

3
C e

I(E;T) =

p

and Wien's law for the maximum of the energy spedrum
E,.. =2.82kT

Max

o For athermd radiator with sgnificant emisson in Ganma
Rays of ~ 1 MeV, T would be of the order of 100K

¥4 Thermd production isnot the typicd processfor Ganma
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Nontherma Production of Gamnma Rays

Gyraion d charged particlesin B with cyclotron frequency
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Maximum of synchrotron spedrum (for eedrons)
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Ancther type of radiation d chargesin magnetlcflelds

synchro-curvature radiation | T

= magnetic bremsdrahlung
Typicd agtrophysicd gtes:
INRs, pulsars, AGN
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31.1.2003 Sources of Cosmic Gamma Rays



Nontherma Production of Gamnma Rays

Cross &dion for bremsstrahlung of

dedrons interacting with nucle: :f"\\y qyrf k!
ds _4Z°aa 2EA EKOI 192 : =
dw m'w ? 3E E’p Z¥ =
The phaon spedrum has a maximum | //Mm\
energy Ema = Ein, partice e

Depending on the energy distribution o  asb.322

Die Bremsstrahlung in der Weizsacker-

the pa"“CI&, We (31 dlglnngh thamd Williams-Naherung. Die Energien des ein-

und auslaufenden F] sktrons werden mit

md nonhamd braﬂsgrmlung \_[iielEn]z:’/l o w:]']:l.ltll Dl: l\lltlliux HiL ;’;i:::tw:: i;llj
. . . Energie o'

Typicd astrophysicd stes. solar flares,

NR, 13V, ..
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Nontherma Production of Gamnma Rays

| nverse Compton Effed: low-energy
phaons are scattered up to X-Ray and
Gammaby rdaivistic particles

.2
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m- EJ eleVge2d0°eVg
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| CSnedals high phdon densaity

Like the previous nontherma processes,

| CSneals aparticle-accderaion

medanism

Stesfor ICS pulsars, NR, X-Ray
binaries, ISV, AGN, IGM, ..
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Energie der Photonen/GeV
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Abb. 3.19

Die Energie der riickgestreuten Photonen
bei der Streuung von Laserlicht (w =2 ¢V)
an 20 GeV-Elektronen. Der Streuwinkel x
ist in Vielfachen n von m/E aufgetragen.
Siehe dazu die Erlauterungen im Text



Nuclear Production d Gamma Rays

Trangtions between nuclear energy levels lead to gline spedra

|mportant in astronamy are eg.
deuteron production:
p(n;gd E,= 2.2MeV
lines from excited nucla that may be produced by radioactive
decy (here mostly b):
4“Ti (1.16MeV) S65/Nj, 5657Co (122, 817, 1238 keV)

261 (1.81MeV) 60Fe (59, 1173, 132 keV)
7Be (487keV) 160*(6.13MeV)
26Mg* (1.8IMeV) 12C* (4.48MeV)

Cdestid sourcesfor thee lines are solar flares, Sas, Novag,
pernovee...
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Nuclear Production d Gamma Rays
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Particle-Physics Production d Ganma Rays

Reactions of particle physics producing Ganma Rays:
et-e annihilaion and pion decy
Before decying, e"e form abound system at low kinetic
energy (postronium) B rdatively long lifetime, delayed g
Decys and spedradetermined by conservation laws of J<:
ee(F0)| 20 B peka 511keV
ee(k1)| 3g B continuum from Oto 511keV.
P°| 2g B pek a ~ 68 MeV
pt-| m-| energetic € producing seondary g-rays
Cdedtid sources:
solar flares, Novae, NR, Cosmic Rays interacting with 13\,
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Absorption d Cosmic Ganma Rays

- Absorption rocessesin matter: nucleonic trangtions,

aomic and nuclear phao effed, Compton effed and pair
cregtion in the vicinity of anucleus

| n low-density space: par creation with CMB/ star light
go| e'e| lower-energy phaons

These processs are, dueto low cross gdions and dengdities,
rdaively inefficient, s0 Ganma-Ray astronamy can seefar,
but a higher energies, the horizon is limited.
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Absorption d Cosmic Ganma Rays
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These processs are, dueto low cross gdions and dengities,
rdaively inefficient, s0 GanmaRay astronamy can seefar,
but a higher energies, the horizon is limited.
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Overview of the &y in Gamma Rays

- All-sky Images taken from COMPTEL and EGRET iIn
different energy ranges from MeV to GeV show some
prominent features, namely.
the sun, diffuse radiation from the gdactic plane, individud
gdactic sources like pulsars, AR, ..., an extragaactic
background, extragdactic sources like AGN
Other sadlites :1owed the exisence of Ganma-Ray burgts.
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Overview of the &y in Gamma Rays

Comptel &ll—Sky Map FPhose 1424 3% 1 - SFuely Complel &l1l—Sky hdap I F—10key

Complel All—-Sky Map Phaose 14243 10— 3Z0MaY
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Overview of the &y in Gamma Rays
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Overview of the &y in Gamma Rays
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Gamma Rays from Solar Flares

Reease of < 10°3 erg by recombination of magnetic fieds.

¥ Gas motion, plasma heating
paticle (e, ions") accderaion by shock accderation,
stochastic accderaion a DC dedric fidd accderation

‘Magnetic
—Field

III
nergy
Release

Yohkoh X-ray Image of a Solar Flare, Combined Image in Soft X-rays (left) and
Soft X-rays with Hard X-ray Contours (right). Jan 13, 1992,
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Gamma Rays from Solar Flares

Accderaed particles interacting with solar amosphere amit g
e B bremsgrahlung continuum
scattering reactions of p*, a, ions
B excitation o nucle B nuclear glines
B neutron roduction B d productionB 2.2MeV line
B b*-ungtable nude (*C, O, °0) B ddayed 511keV ¢
B pYproductionB 70MeV ¢
B p*- productionB e~ B 511 keV ling, bremsdrahlung
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GammaRays from Solar Flares
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Gamma Rays from Selar Nucleosynthesis

Sars emit Ganma Rays as a by-product of reactionsin the
nucleosynthess networks. Due to the high dengity of the
gdla interior, where the reactions take place most of the ¢
rays can orly be seen after various sateringsto lower energy.

%2 Nucleosynthess Ganmalines observable result from long-
lifetime decays of nucla produced in the interior and then
moved out of it by stelar winds or Supernovae, eg..

Al Mg~ +e€"  E,=1809keV,t = 1.041CF yr
Other linesfrom stdlar NSmay result from (cf. explosve NS
Ni| >Co| °Fe (847,128 keV)

%Al accumulated in | SM in regions of massve gars like
Cygnus can be detected.
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Gamma Rays from Selar Nucleosynthesis

CGRO ! COMPTEL 1.8 MeV, 5 Years Observing Time

Uwne Qberlach etal
Py 2, 1997

=
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%Al accumulated in | SM in regions of massve gars like
Cygnus can be detected.
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Gamma Rays from Explosve Nucleosynthesis
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Gamma Rays from Explosve Nucleosynthesis
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Fig. 10.7. SN 1991T spectrum as measured by COMPTEL. after subtraction of
a background model. Reproduced with permission from Morris et al. 1995
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Gamma Rays from Explosve Nucleosynthesis
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Gamma Rays from Explosve Nucleosynthesis
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Gamma Rays from Qupernova Remnants
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Gamma Rays from Qupernova Remnants

Gasgeded (~M,,) from a3\ expands in aroughly spherica
cloud; ashock wave propagates through | SM hegting (> 107 K)
it up and accdlerates particles (power-law spectrum = E-21 up
to 104 eV)

B SNR are sources of gray emisson and Cosmic Rays

¥a hadronic g-ray production in NRs.
pion decy induced from ionic aollisons
eledronic processs.
bremsdrahlung in ambient matter, inverse-Compton
scatering of CMB/ | R/ optica phaons, synchrotron radiaion
In the magnetic fiddds of NR
B high-energy continuum emissonin 10MeV ... TeV range
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Gamma Rays from Qupernova Remnants

—~ -10
'Q
o :
Table 8.1. SNRs probably detected in ~y-rays Q‘E | I CANGAROO 96
-10.5
Size  F,, (Jy) Age Distance EGRET (>100MeV) o -
Name | Typolmo . CANGAROO 97
arc-min atl GHz (yr) (kpc) 10" cm™ s o c
[¢)
W44 35x27 230 (6-20)x10° 3.0£1.0| C | 6.75£0.86 1.9340.10 ]
v Cyg 60 340 (5-10)x10%°1.5-1.8 | S | 12440.67 2.0840.04 & -11
10443 45 160 (3-6)x10° 1.5-20 | S | 5144035 2.01£006 S
w28 42 310 1.8 C | 6134067 2.10£0.10  ~»
MSH11-62| 15x13 16 C | 3254062 247+0.21 -
Vela 580 1750  11x10° 05 | C 930 ® -11.5
Crab 7x5 1040 943 20 | P 50404  1.97+0.07 =
CTA 1 90 36 S | 4.2340.55 1.8540.10 o
S147 180 65 S | 1.9140.40 2.6740.22 c
G312.4-0.4| 38 44 S | 6.4240.88 2.12+0.14 g
Kes 67 | 18x13 27 S | 10.26+1.25 2.69+0.19 o -12
G40.5-05 | 22 11 S | 6.214089 2.3840.17
\
-12.5 ‘ e
115 12 12.5 13 13.5
Log(E)(eV)
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Gamma Rays from Pulsars

The magnetic fidd (~ 10 G) of arotaing, conducting NS
forcethe dhargesto redigribute ' Goldreich-dulian density)
to bdancethe Lorentz forces by eectric fidds S gravitation
B gedion of charged particlesdong field lines

B equili brium between dedric fiedds and locd charge density
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Gamma Rays from Pulsars

In someregions in the arcumferenceof the NS the dharge
density isreduced, so that equili brium canna be reached
B accderaion d particles. up to ~108 eV

Accderdaionisaso possble near the surfaceof the NS

¥4 gfrom synchro-curvature radiaion and ICS intendity Is
dimmed by par production and ¢ splitting resulting in a
particle-phaon cascade
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Gamma Rays from Pulsars

CGRO tdescopes deteded 7 g pulsars and some candidates
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Gamma Rays from X-Ray Binaries

Matter transferred onto acompact objed forms an acaretion

disk of T~10®K in itsinner patsB thermd X-ray

A hot plasmacloud around the entre
of the disk comptonizes softer pho-
tonsto grays, aseand component
comes from Compton refledion o
X-Ray a the disk.
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Gamma Rays from X-Ray Binaries

Theluminosity of the XRB is~ masstransfer rate.
B Ingabilitiesin thedisk or feadback to the companion star
lead to avariability of the luminosity ontime scaesof ~ 10d
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Diff use Gdactic Continuum

In ISV, ¢ rays are generated by interaction d high-energy
cosmic rays. bremsgrahlung, inverse-Compton scattering of
background phaons and pion groduction in scattering events
B diffuse continuum emisson

CR (nucleons and eedrons of MeV...>10?° eV) originae
from SNRswith a secondary component from interaction d
primary CR with | SV
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Diff use Gdactic Continuum

Totd gray diffuse luminosty of the
Gadaxy

L. me=7.110%erg st

L. 10ques=0.4"16%erg st
cf: bolometric ~ 10* erg s*
Measuring the diff use Ganma-Ray
emisson from | SV, one @n draw
conclusions on the shape of severd
comporentsof ISM and CR
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GammaRays from AGN

Acaetiononto acentrad BH powers the big luminosties of
AGNsvarying on short time scaes. Different classes of
AGNcan be explaned easest by the orientation modé

~90 of radio-loud AGN (mostly blazars) are known to emit
ganmaup to GeV, some a/en a energiesof ~ TeV.
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GammaRays from AGN

A problem in moddlli ng the g-ray emissonisthe high ogtica
depth of afirebdl of g phaonsdueto par production

¥4 Blazars emit beamed g-rays by synchrotron and inverse-
Comptonradiaion d dectrons accelerated in the jet

(leptonic) or by phao-pion cascades from protons (hadronic
models).
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Extragdactic Background Gamnma Rays

Contributions to extragdactic background may originate from
unresolved point-like sources or diffuseregions. Apart from
the sources mentioned there are some exotic (im-?paossble
classes. primordid BHs radiating thermaly, matter-antimatter
annihilation regions, interactions of exotic particles.
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GammaRay Burgts

~ 1 very energetic g-ray burst per day detected with isotropic
gpatid distribution; the detection o optica afterglows
confirmed the extragdactic origin and the extraordinary high
energy releese of E,~10>* ergin ~ 0.01..10s
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GammaRay Burgts

A modd of GRBs hasto take some problems into account:

Energy and Compactness:

What kind of medanism is ableto producethis large anount
of energy in avery smal tempord and spatid region?

Opticd Thickness

How can g-rays escgpe from asmal region where pair
production leads to an opticd depth of ~102?

Frequency problem:
The bursting objeds must be sufficiently frequent to be
observed 1/ day.
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GammaRay Burgts

Beamed emisson d gasa very high Lorentz factors (G~
100.1000 solvesthe opticd thickness problem. Relativistic
transformation from the @-moving frame of the gasinto the
observerAsframe is necessary to interpret messurements.

B in the ®-moving frame, the fluctuations are much dower
thus dlowing alarger emitting region and the photons are
much lessenergetic thus reducing the observed opticd depth
to more reasonable vaues

g can be produced by synchrotron d particlesin the shock
front of the jet (externa shock) and in interna shocks
resulting colli sions of shells expanding a diff erent velocities

- A new problem arises. the accelerated masshasto be
aufficiently small to reach high enough Lorentz factors
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GammaRay Burgts

There are many modds for GRBs. For example:

Merger: One ompact star of abinary system is disrupted into
atorus, getting acaeted very fast onto the other one
B Iluminous (anti)neutrino radigtionB Mn® e'€ ® gg

Collgpsar: collgpse of amassve sta into aBH with very hot
acaetiondisk B (anti)neutrinoradiaionB nn® e'e ® gg
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