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Introduction

One might define “High-energy astrophysics” as the astrsiglywhich deals with
high-energy processes and their applications in the astsiqal context. The goal
of these lectures is to describe the main high-energy pseseand their applica-
tion in astrophysics. This is certainly one of the most exgitareas of modern
astrophysical research and involves some of the most dtfficoblems of contem-
porary physics. A few examples include the study of masdaekiholes in active
galactic nuclei and the acceleration of high energy paicl

Until 1945 astronomers could only study the Universe in thical waveband.
Since that time there has been an enormous expansion of ttebarads available
for astronomical study. The new disciplines of radio, mliter, infrared, ultra-
violet, X and~-ray astronomy combined with optical astronomy have lech& t
growth of many new areas of astrophysics. This has beenij@gbianks to the
rapid development of new technologies and the launch ollisege

For these lectures we will mostly follow the books by Londair
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Chapter 1

Historical remarks

1.1 The discovery of cosmic rays

The cosmic rays story begins about 1900 when it was foundeleatroscopes
discharged even if they were kept in the dark well away fromrses of natural
radioactivity. It was then shown by Rutherford that mosthef tonisation was due,
however, to natural radioactivity.

In 1910 Wulf performed an experiment on the Eiffel Tower atheight of
330 m using electro-meters. He found that the ionisation felirfii< 106 ions m =3
to 3.5 x 10° ions m~3 as he ascended the Eiffel Tower. If the ionisation had been
due toy-rays originating at the surface of the Earth, the intensityre ions should
have decreased to half its value within oslymeters and would have been negli-
gible at the top of the Tower.

A big step forward was made in 1912 and 1913 when first Hess laenl t
Kolhérster made manned balloon ascents in which they measuréahikation of
the atmosphere with increasing altitude ranging ffotn 9 K'm. They found that
the average ionisation increased with respect to the iborsat sea-level above
aboutl.5 K'm. This is clearly evidence that the source of the ionisatiarstne
extraterrestrial.

From the 1930s to the early 1950s, the cosmic radiationsigedva natural
source of very high energy particles which were energetizigh to penetrate into
the nucleus. This way turned out to be the main technique hghwiew particles
were discovered until the early 1950s:

the positrore™ in 1932 (Anderson);

the muonu ™ in 1936 (Anderson and Neddermeyer);

the pionsr® in 1947 (Powell et al.).

Further particles were found in cosmic rays. However, by318t& acceler-
ator technology had developed to the point where energiggparable to those
available in the cosmic rays could be produced in the laboyatccordingly, the
interest in cosmic rays shifted to the problems of theiriarand their propagation
in astrophysical environments from their sources to theérgay.
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In the region of the energy spectrum which is unaffected bypttopagation of
the particles to the Earth through the Solar Wit 10°¢V), the energy spectra
of the cosmic ray particles can be described by

N(E) = kE™* (1.1)

in the energy rang&0? — 10'4eV, with z ~ 2.5 — 2.7 andk a constant.

This relation is valid for protons, electrons and nucletacly with other values
of the constank. For photons one finds other values for

The chemical composition of the cosmic rays is similar toabandances of
the elements in the Sun, with some exceptions, particufarlyhe light elements
which appear to be higher in cosmic rays.

At very high energies cosmic rays are detected by large aivsharrays on
the surface of the Earth. Their arrival rate is very low, mthaless particles with
energies up ta0?°cV and even beyond have been detected.

How high the maximum energy of cosmic rays reaches is one evfribst
important problems in cosmic rays research. Possible til@mieof cosmic rays
with energies aboveé0?’cV has given rise to many discussions regarding their
energy.

Indeed, if high energy cosmic rays (protons) come from detsif our galaxy,
they interact with cosmic microwave background photons @arthot travel cos-
mological distances. This interaction causes a cutoff énehergy spectrum near
5 x 1019V (Greisen-Zatsepin-Kuzmin GKZ cut-off) [3, 4].

The mean free path length is ab@tM pe, corresponding to roughly the dis-
tance to the nearest cluster of galaxies (Virgo cluster).

If cosmic rays with energies above the GZK cut-off are cordidrthen there is
the problem to explain their origin. A problem thus which iidl spen: either the
particles get accelerated within our galaxy, but what istieehanism responsible
for it, or there are new particles which decay and give riskigh energy cosmic
rays.

1.2 X-ray instruments

X-ray astronomy can only be carried out at very high altisidlecause of photo-
electric absorption of X-rays by the atoms and moleculeB@Barth’s atmosphere.

Thus the exploration of the X-ray sky was possible only afterkets flight
were possible.

e The full scope of X-ray astronomy became clear in the earR0$9with the
launch of the first dedicated X-ray satellite, tHelURU satellite Observa-
tory.

e In 1978, theEinstein X-ray Observatory was launched. It provided the first
high resolution images of many X-ray sources and made vesp darveys

2
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Figure 1.1: (a) The relation between the temperature of ekddady and the fre-
quency (or wavelength) at which most of the energy is emiftde: frequency (or
wavelength) plotted is that corresponding to the maximuia lofack-body at tem-
peraturel’. Convenient expressions for this relation are:

Vmaz = 10'Y(T/K) Hz; Aoz T = 3 x 105 nm K

The ranges of wavelength corresponding to the differentelvamds - radio, mil-
limetre, infrared, optical, ultraviolet, X angrays are shown. (b) The transparency
of the atmosphere for radiation of different wavelengthke $olid line shows the
height above sea-level at which the atmosphere becomespanamt for radiation
of different wavelengths. From Ref. [5]
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Figure 1.2: The spectrum of an extragalactic backgrounidtiad as it was known
in 1969 (Longair and Sunyaev 1971). The solid lines indicaggons of the elec-
tromagnetic spectrum in which extragalactic backgrounliiateon had been mea-
sured. The dashed lines were theoretical estimates of tigimind radiation due
to discrete sources and should not be taken very seriousin Ref. [6]



of small areas of the sky and a first good in sight into the butlperties of
the intracluster plasma in galaxy cluster was provided [7].

The ROSAT, the ROetgen SATellite (turned off, after a long life, on keb
ary 12, 1999) provided observations in great detail of ttragtuster medium,
revealing different forms of interaction of the relativisand thermal plasma.
Other main research goals were studies of the solar systara,and stellar
clusters, compact galactic objects, nearby normal gadeaiel active galac-
tic nuclei.

ASCA (the Advanced Satellite for Cosmology and Astrophysicgaisan’s
fourth cosmic X-ray astronomy mission. The satellite waegsfully laun-
ched on February 20, 1993. ASCA is the first X-ray astronomgsian to
combine imaging capability with a broad pass band, goodtsgieesolution
and large effective area. The mission also is the first #atéd use CCDs
for X-ray astronomy. With these properties, the primarestific purpose
of ASCA was the X-ray spectroscopy of astrophysical plagsecially the
analysis of discrete features such as emission lines arutmion edges.
The sensitivity of ASCA's instruments allowed the first dietd, broad-band
spectra of distant quasars to be derived. In addition, ASGite of instru-
ments provides the best opportunity so far for identifying sources whose
combined emission makes up the cosmic X-ray background.

The X-ray satelliteSAX or BeppoSAX(in honour of Giuseppe (Beppo) Oc-
chialini), a program of the Italian Space Agency with papition of the
Netherlands Agency for Aerospace Programs, was launchefipah 30,
1996 from Cape Canaveral. The payload is characterised ®ryawide
spectral coverage from 0.1 to 300 keV, with well balancedgoerances
both from its low and high energy instrumentation. Its s allowed
the exploitation of the full band for weak sources, openiag perspectives
in the study of spectral shape and variability of severads#a of objects.
Furthermore, the presence of wide field cameras allowedtororg of the
long term variability of sources and the discovery of X-regnsient phe-
nomena.

BeppoSAX provided an important contribution in severabaref X-ray as-
tronomy such as:

- Compact galactic sources: shape and variability of theouarcontin-
uum components and of the narrow spectral features (e.qg. lime,
cyclotron lines); phase resolved spectroscopy. Discoaad/study of
X-ray transients.

- Active Galactic Nuclei: spectral shape and variabilitytted continuum
and of the narrow and broad features from 0.1 to 200 keV inhbrig
objects (soft excess, warm and cold absorption and relataddoFe
edges, iron line and high energy bump, high energy cut-off);
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- Cluster of galaxies: spatially resolved spectra of neailijgcts and the
study of temperature gradients; chemical composition angerature
of more distant clusters;

- Supernova remnants: spatially resolved spectra of egteneimnants;
spectra of Magellanic Cloud remnants;

- Gamma-ray bursts: temporal profile with 1 msec resoluttomf60 to
600 keV. X-ray counterparts of a subset with positional eacy of 5.

e NASAs CHANDRA X-ray Observatory, which was launched and deployed
by Space Shuttle Columbia in July of 1999, was designed te traee times
the area of the Einstein mirror at low energies and to havsiderable col-
lecting area between 6 and 7 keV, corresponding to the emarge of iron
lines emitted by many astrophysical sources.

The combination of high resolution, large collecting araad sensitivity to
higher energy X-rays makes it possible for CHANDRA to stuajr&amely
faint sources, sometimes strongly absorbed, in crowdedkfiel

X-rays from distant clusters of galaxies (which are faind amall) can be
imaged and spectra measured as a function of position witig@rcluster.
Furthermore, since clusters emit the characteristic iireey the redshift can
be measured directly. The spectral and spatial data cochltieineate the
gravitational potential. The distribution of all mattenciuding dark matter,
within distant clusters can be determined.

e A project of the European Space AgerXWIM (renamedXMM-Newton),
the X-ray Multi-Mirror Mission, is the second cornerstonktioe Horizon
2000 program of the European Space Agency (ESA). XMM wasclaeah
on December 10, 1999. XMM provides images over a 30 arc mifieitk
of view with moderate spectral resolution using the Eurogehoton Imag-
ing Camera (EPIC). High-resolution spectral informatismiovided by the
Reflection Grating Spectrometer (RGS) that deflects halheflieam on
two of the X-ray telescopes. The observatory also has agraali 30 cm
optical/UV telescope called the Optical Monitor (OM). XMMbgervations
include apart from clusters of galaxies the study of the ¢osfrray back-
ground radiation, of normal and starburst galaxies, agjalactic nuclei and
quasars, stellar black holes, neutron stars, pulsarsrybgtars, supernova
remnants, the hot phase of the galactic ISM, cool gas, steli®onae and
comets.

The XMM observations can be used to study several key priepast the hot
intracluster medium. Spatially resolved spectroscopyadldw the determi-
nation of the radial variations of the gas density, tempeesand metallicity.
The knowledge of metallicities is important in the contektlee chemical
evolution of galaxies and gas in cluster.
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X-ray observations can also be used to map the distributidroiogas and
thereby the distribution of matter in elliptical galaxiesdaclusters. Up to
30% of the total mass of galaxy clusters has been identified as/emitting

intracluster gas. This is a significant fraction of the foripémissing” mass
and XMM offers a possibility to trace even fainter emissibart previous
satellites (and thus more gas and thereby mass).

In some cases, e.g. the Perseus cluster, X-ray observatonslso be used
to study the interaction of a jet emanating from a radio car@ massive
elliptical galaxy with the ambient hot gas.

Compared to the current generation of X-ray satellites, Xifférs im-
proved capabilities in all three general observing teaesg(imaging, spec-
troscopy and photometry), with the additional advantageswide energy
passband and simultaneous optical/UV observations.

1.3 Important astrophysical production mechanisms

The main production mechanisms are shown on the Figuredrdcyarly relevant
are thebremsstrahlungtheinverse Compton effeeind thesynchrotron radiation

Matter-antimatter annihilation (particularly™ e~ annihilation), radioactivity
as well as energetic particles collisions are important@sees foty-rays produc-
tion, which are for instance studied by the Integral saee(land previously by the
Compton Observatory).

In the following we will concentrate on the three main medbians we men-
tioned above, giving for each of them examples of astroglysipplications.



j000,  Blackbody radiation Power law - Thenmal bremsstrahiung

2 T=2x105K
E‘ 100
E]
£
2
3 10} :
« Spectral index = ~1
1 R . R . . .
0.01 0.1 1 01 1 10 100 0.1 1 10 100
Photon energy {keV) Photon energy (keV) Photon energy (keV)

Figure 1.3: Three basic spectral forms expected from asypal processes. At
the left is the blackbody spectrum expected from a densetafa temperature of
2 x 10% K. Atthe center is a power-law spectrum expected feymchrotron radi-
ation produced in a region containing a magnetic field and highgsnelectrons.
At the right isthermal bremsstrahlundrom a thin, very hot gas. The different
shapes are signatures of the physical production proceSsms Ref. [8]
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Chapter 2

Bremsstrahlung

Whenever a charged particle is accelerated or decelettageatits electromagnetic
radiation: bremsstrahlungs the radiation emitted in the encounter between an
electron and a nucleus [10]. This process corresponds tdkilwavn asfree-free
emissiorin atomic physics, in the sense that the radiation corredptmtransitions
between unbound states in the field of a nucleus. Whenewuer ithbot ionised gas
in the Universe it emitremsstrahlung

From electrodynamics we know that the total radiation rateah accelerated
particle is given by Larmor’s formula:

B S 215 12
_ d_ _ [P0 | _ 4 7 | : (2.1)
dt ),.g Omec® 6mencd

wherepy is the dipole momentunyl, = ¢ 1), g being the charge of the particle.
In this formula the acceleration is the proper acceleratibthe charged particle
and the radiation loss is measured in the instantaneoufaest of the particle.

We consider now the radiation loss of an accelerated chgrggitle moving
at relativistic velocities. The radiation Ioﬁ%%) is a Lorentz invariant and is thus
invariant under a Lorentz transformation. Consider theenles’s reference frame
S in which@ = #and@ = . In the instantaneous rest frame of the partidé,
the acceleration four-vector {&, 0), whered, = r, is the proper acceleration of
the particle. The acceleration four-vector of a particle ba written as:

dyv dry . v-a . v-a
at =~ <E7 E) = (72614‘ <6—2> v, <6—2>> ) (2.2)

1

wherey = (1 — (9)2) ? is the Lorentz factor. Accordingly, by equating the

C

norms of the four-vectors in the reference frardesndS ’/, one finds:
7@\’
a2 + > <7> ] . (2.3)

11
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Since the radiation loss raféZ) is a Lorentz invariant we have:

dEN _ (dE\ ¢ lao|* @7
dt )s \dt)g, 6rec® brecd’

or using equation (2.3):

dE Pt e o0
e R 7 va 2.4
(dt)s 6reocd | + c ’ 24)

which is the relativistic generalisatibnnotice thatz, v and# are measured in the
framesS.

Usually @ is written as the sum of a component parallel to the velogjty,
and a component perpendiculal,: @ = aj - ij + a; i, (wherei; andi, are
unitary vectors respectively parallel and orthogonal ®®Rlocity vectory) and
|@|* = ajf + af . Using this notation one finds:

dE Py T e 9o
<E>S = o o 3 [CZJ_ + v (IH:| . (25)

Consider now the spectral distribution of the radiation mfa&celerated elec-
tron (g = e), in particular the Fourier transform of the acceleration:

“+oo

v (t) = =/ 7 (w) e ™! dw
. _-i?ooo . . (2'6)
7 (w) = \/% [ v(t)et™tde.
Parseval’s theorem states then:
—+o00o “+o0
/ 17 (w) [Pdw = / i (1) Pt 2.7)

Accordingly (?: 6’) we get for the integrated radiation loss:

—+00 +oo

dFE e? .
—dt = o(t)|dt =
/ dt / 67 €g 3 [(#)]
70 ¢ |6(w)|2dw = 27 ¢ |6(w)|2dw (2.8)
67 €y 3 B 67 €y 3 ' '
—00 0

1F0r% < 1, v — 1 and equation (2.4) reduces to equation (2.1).
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As the total emitted radiation is defined Ad (w)dw, we find:
0

2 ) o2
I(w) = @ = g @] +a@?] - @9)

The acceleration of an electron, due to an electrostatid éieh (high energy)
proton or nucleus, can be split into its components paraltel perpendicular to
the particle’s trajectory; supposing that theaxis and thez-axis are respectively
parallel and perpendicular to the trajectory, one finds ttleling expressions:

e

3meg 3

an = 0. = _eby _ ~vZe2ut
- Yxr — - 3
I e 4m €9 me(b2+(yvt)2)2
(2.10)
8 E Ze%b
a)] =0V, = ——c;n: — q ,

3
4m €9 me(b2+(yvt)2)2

whereZe is the charge of the nucleus ahds the distance of closest approach of
the electron to the nucleus (at= 0). It is assumed that the electron is initially
at rest and that the electron is not accelerated to relativenergies. Thus the
magnetic field can be neglected.

Now we have to compute the Fourier transform of the acceberais given in
equation (2.10):

vZetvt Fiwt
ap(w) = / e tdt
” V2 ) dregme (02 + (yt)2)3
+00

1 Ze?2 1 / T (i<2)
= - = - ——e\ "W/ dx
V2m 4w €g me ybu (1+m2)§

1 Ze?2 1
= —— —7 2.11
V2r 4w €g me ybu 1y) ( )
with 7 = 2%,y = 2 bandI(y) = 2iyKy(y), whereKy(y) is a modified Bessel
function of orderO
Analogously
1zt 1
—_— 1. 2.12
V21 AT €9 me b 2(4) » ( )
wherel,(y) = 2yK;(y), with K (y) being a modified Bessel function of order
Accordingly we find for the radiation spectrum of an electiotthe encounter
with the charged nucleus (equation (2.9)):

Z2eb w? 1 wb wb
I(w) = — K? + K2 (=)]. 2.13
(w) 24mteg3 €3 me2 Y202 [72 0 (fyv) 1 (’yv)} ( )

Fory < 1, Ko(y) = —Iln(y) andKy(y) = 5; instead fory > 1, Ko(y) =

Ki(y) = \/;e Y.

ay (w) =

13



Thus at high frequencies we find an exponential cut-off inrtitkation spec-
trum.
In the low frequency limit the spectrum has the form

Z2¢b 1 1 [wb\? wb
I(w) = 1- = (=) m*(=)]. 2.14
@) 2474e03 3 me? b20? [ 2 (71}) " (71}) (2.14)
In this limit the second term in the square brackets can béategl and hence
I(w) is constang.
In the high frequency limit the spectrum reduces to the Vaihgy:
Z2eb 1 [ 1 _2ub

? + 1:| e v, (215)

W)= —2°%
() 48m3ep3cdme2 yus

The duration of the relativistic collision is ~ 2%, which corresponds to a fre-

yv
quencyr ~ % orw ~ X, The exponential cut-off means that little power is
emitted at frequencies greater than~ 2.

Let's consider in the following the low frequency limit, wige moreover, the
second term in the square brackets can be neglected, sf(that= const . As
next we have to integrate over all relevant collision paramsewhich contribute to
the radiation at frequenay. If the electron is moving relativistically, the number
density of nuclei it observes is enhanced by a fagia@ue to the relativistic length
contraction. Therefore, in the moving frame of the elect®@h = vN, where N
is the space density of nuclei in the laboratory frame. Thalmr of encounters
per second is, accordinglyy’v.

Thus we get for the radiation spectrum in the frame of thetedac

bmaz
Z2eb 1
I = 2wbyNvdb
() 2474 €3 3 M2 / p2p2 VY

b'min

_ Z°¢*Ny 1 e
12w e3 B mlu '

(2.16)

bmin

2.1 Non-relativistic and thermal bremsstrahlung

We consider two cases:

i. we evaluate the total energy loss ratedygmsstrahlundgor high energetic
but still non-relativistic electrons;

ii. we compute the continuum spectrum and radiation logsaban hot ionised
gas in which the velocity distribution of the electrons anperaturel” is
Maxwellian.

2, — 0 means a very short period, thus the momentum impulse is jdstuaction, whose

Fourier transform is a constant.

14



In both cases we neglect the relativistic correction facter— 1).

We have then to insert into equation (2.16) the correct esgwa forb,, ., and
bmin. We should only integrate on those valueshdbr which %b ~ 1, since for
larger values ob the radiation at frequency lies on the exponential tail of the
spectrum and thus gives negligible contribution. This,, = &. For b, we
consider two possibilities. For small velocities< (Z-) c, one can use the clas-

sical limit given by by, = Smozﬁ This is appropriate when considering the
bremsstrahlungf a region of ionised hydrogen @t ~ 10* K. At higher temper-
atures and thus higher velocities ¢ (137) ¢) one has to consider the quantum
mechanical constraints, thép,;, ~ 5, which is obtained by simply consider-
ing the Heisenberg uncertainty prlnC|pIe

This way we get for the radiation spectrum
Z2e5N 1

Iw)=—2¢7" =
() 127m3€03c3me2 v

InA , (2.17)

whereA = 8”;0% for low velocities, and\ = 2%”2 for high velocities. To get
the total energy loss rate of an high energy particle one hasdgrate equation
(2.17) over all frequencies. This means integrating OO w4, Wherew,,q.
corresponds to the cut-aff,,;,, ~ 2 — for high velocities. The maximum amount
of energy which can be emitted in a single encountéi.is~ 2mev as it corre-

sponds to the kinetic energy of the electron. Accordingly,. ~ mﬂ“ and we
get:

Wmazx .
— <@> ~ / 2N 1 — InA dw
dt ) proms / 1273 €93 3 me2 v
N Z2eSNv
T 24m3 g3 A me B
where thev dependence ilmA has been neglected. Sincés proportional to the
square root of the kinetic enerdy, we have that- - dE is proportional taFs.
As next we compute thbremsstrahlungf a gas at temperaturg, with the
electron velocity distributed according to a Maxwelliarfa@fows:

InA ~ const Z* Nv , (2.18)

3 me v2
ne(v) = 47 N, ( )2 e (2.19)

27 k:T
whereNV, is the electron density, which can be a function of the spptiaition.

The spectral emissivity of the plasma, defined as the eméitedlgy per unit
time, frequency and volume, is given as

oo

k, = /ne(v) I(w,v) dv (w=27mv), (2.20)
0

The closest distance of approach corresponds to thatioollrameter at which the electro-
static potential energy of interaction of the high energytiple and the electron is equal to the
maximum possible energy transfer.

15



wherel(w, v) is given by equation (2.17). One gets as follows:

1 ™y Z2%eb Me\ 3 _hv
- () 2 () e
32 \6/ €} cAm2 \kT 9 T) e«

=68 x 107 Z2 T3 N N, g(v,T) ¢ #F (WmS3 H'], (2.21)

where N is the density of the nuclei (for instance protons) a@idthe electron
density,g(v, T') is the so calledcaunt factor which is the proper form of the term
in A integrated over the velocity. In terms of quantum mechathies$Saunt factor
gives the number of states.

According to the frequency interval considered thaunt factorcan be ap-
proximated, such that suitable forms for the radio and theywavelengths are
respectively:

=

,7
™

V3 [ ( 128 €2 kT3 >
in —

=Y A R
9, T) 2 me et v2 Z2

in the radio rangg and

oty = 1o (1)

in the X-ray range.
By integrating the spectral emissivity, over the frequency one finds the
total energy loss rate of the plasma:

E

- (%) =1435x 1070 22 T2 g NN, [Wm™3], (2.22)
brems

whereg is the averageaunt factorover frequency, which turns out to be in the

rangel.1 — 1.5, so that we will in the following assumg= 1.2.

2.2 Bremsstrahlung loss of a galaxy cluster

Galaxies are not strewn randomly throughout the universestead, nearly all
galaxies are found in associations, either in groups orusters. Groups gen-
erally have less than 50 members and are abalit;; Mpc across. On the other
hand, the clusters may contain from approximately 50 to ghods of galaxies,
within a region of space aboﬁhgolM pc. Groups of galaxies, clusters of galaxies
and clusters of clusters (called superclusters) make ufatpe scale structure of
the universe [13].

The Virgo cluster of galaxies was first recognised in the teighth century,
located where the constellations of Virgo and Coma Beranioeet. The center
is located about 16 Mpc from Earth. This rich, irregular thuss a collection

43 = 0.577... is the Euler constant.
>The Hubble constant is parametrizedis = 50hs0 km/(sec Mpc).
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Figure 2.1: HEAO-1 A-2 low resolution X-ray spectra of clrst, showing the
Fe K line at aboutrkeV. The plot gives the number flux of X-ray photons per
ecm? sec keV versus photon energy eV, for the Coma cluster. From Ref. [11]
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Figure 2.2: The X-ray spectrum of the Perseus cluster ofxgedaobserved by
the HEAO-A2 instrument. The continuum emission can be ausalfor by the
thermal bremsstrahlung of hot intracluster gas at a teryrer&orresponding to
kT = 6.5 keV,i.e. T = 7.5 x 10" K. The thermal nature of the radiation is
confirmed by the observation of the d&yand Ly3 emission lines of highly ionised
iron, Fet25, at energies 06.7 and7.9 keV respectively. The ionisation potential
of Fet?*is8.825 keV and hence the gas must be very hot. From Ref. [12]
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of approximately 250 large galaxies and more than 2000 smaiies, contained
within a region about 3 Mpc across. Like most irregular @dustthe Virgo cluster
is made up of all types of galaxies and the center is dominbyethree of the
cluster’s four giant elliptical galaxies (M84, M86 and M87)

The nearest rich, regular cluster of galaxies is the Comstelult is believed
that the Coma cluster consists of perhaps 10000 galaxiest, shthem dwarf el-
liptical that are too faint to be seen. It contains 1000 Wriggdaxies, but only 15
per cent of them are spirals and irregulars. At the clusiegister there are two
large, luminous cD elliptical.

In 1966, X-ray emission was detected from the region arobhedyalaxy M87
in the center of the Virgo cluster. In fact, M87 was the firsfeob outside of our
galaxy to be identified as a source of astronomical X-ray gionis Five years later,
X-ray sources were also detected in the directions of theaCana Perseus clus-
ters. Since these are three of the nearest rich clusterasisuggested that clusters
of galaxies might generally be X-ray sources. The launchhefUHURU X-ray
astronomy satellite permitted a survey of the entire skyXarny emission [14]
and established that this was indeed the case. These eatlRUHbbservations
indicated that many clusters were bright X-ray sources Withinosities typically
in the range ofl0*3—4 ergs/sec. The X-ray sources associated with clusters were
found to be spatially extended,; their sizes were compatalites size of the galaxy
distribution in the cluster. Unlike other bright X-ray soas but consistent with
their spatial extends, cluster X-ray sources did not vamypiarally in their bright-
ness.

When cluster of galaxies were found to be an important clbXsray sources,
there were a number of suggestions as to the primary X-ragseom mecha-
nism. The three most prominent ideas were that the emissguited from thermal
bremsstrahlung from a hot diffuse intracluster gas [15hat the emission resulted
from inverse Compton scattering of cosmic background pistgp to X-ray en-
ergies by relativistic electrons within the cluster [16],19f that the emission was
due to a population of individual stellar X-ray sourcesglithose found in our
galaxy [18].

Models in which the emission comes from diffuse thermal gaslipt:

e The spectrum will be roughly exponential, the intensity dirys per cm?
persecond per Hertz) varies ad,, ~ exp(—hv/kpT,), whereT, is the gas
temperature.

e The thermal velocity of protons in the gas(xpT,/m,)'/? will be compa-
rable to the velocity of the galaxies in the cluster, as boghkeund by the
same gravitational potential.

e There will be no strong low-energy photoabsorption.

e Emission lines will be present if the gas contains significamtamination
of heavy elements like iron.
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Observations have provided a great deal of support for #rertal bremsstrahlung
model, and have generally not supported the other two stiggses

Thus the observed X-ray emission from the cluster must bredldremsstrah-
lung from a hot plasma. The interpretation requires thasfizee between galaxies
in clusters be filled with very hot{ 108 K), low density (~ 10~3atoms/cm™3)
plasma.

The following heating mechanisms have been proposed im to@éxplain such
a large gas temperature [13]:

e If the gas is initially cold and located at large distancerfrthe cluster and
subsequently falls into the cluster, its kinetic energyl Wwé converted to
thermal energy due to friction and multiple scattering. irifalling gas can
be heated up to temperatures:

o 2
T, ~5 x 108 <W> K,

whereo, is the line-of-sight velocity dispersion of the cluster.iFtemper-
ature is a factor 5-10 times larger than the observed X-maypégature. This
discrepancy can be explained as following: the gas wasllyitbound in
the cluster (thus the temperature is overestimated) or d@isefejl in at the
same time the cluster collapsed (the heating is then caysegplal variation
of the gravitational potential during violent relaxatiojhese models can-
not explain the observed iron abundances, thus anotheramisch may be
responsible.

e Ejection from galaxies which move through the intraclugi@s or supernova
explosions could heat up the gas and they may be importattdoenrich-
ment of the intracluster gas.

e The heating may be due to friction between the gas and th&igalthat are
constantly moving throughout the cluster.

e The relativistic electrons responsible for radio emissioclusters can inter-
act with the gas and may heat it. But models with relativistextrons suffer
from these general problems: the total energy requirensetextreme for
a single radio source, the radio sources generally occulyyaosmall frac-
tion of the cluster. Furthermore it is difficult to explainvih@everal discrete
sources would heat the whole gas.

The X-ray emission from clusters is due to diffuse intraidts gas at a temper-
ature ofT,,s ~ 10% K and an atomic density of ~ 103 cm 3. At such tempera-
tures and densities, the primary emission process for agyapased mainly of hy-
drogen is thehermal bremsstrahlungmission. If the intraclusters gas is mainly at
a single temperature, then equation (2.21) indicateshieaXtray spectrum should
be close to an exponential function of the frequency. Indé®zlobserved X-ray
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spectra of clusters of galaxies are generally fairly weteéitby equation (2.21),
with gas temperatures frotnx 107 to 10° K.

The clearest evidence in favour of tkieermal bremsstrahlung mode the
detection of strong X-ray line emission from clusters, imtigalar the strong~
7 keV Feline.

Consider a cluster of galaxies with typical density~ 10~3 ¢m ™3 (corre-
sponding toN ~ 10% m™3), mainly protons, and a similar density of electrons
(charge neutrality). Assuming spherical symmetry for thister and a typical ra-
dius of~ 0.5 Mpcwith Z = 1, T ~ 10" K, g = 1.2, one finds the following
expression for the total X-ray luminosity:

dE ‘
L= /— <%> dV =28 x 108 erg st (8 x 103 W) , (2.23)

where— (4£) is given by equation (2.22).

Typically one finds X-ray luminosities for clusters in thenge 103 — 10%°
erg s—1. Usually one observes a flux of photons coming from the chata given
frequency; withC, = [ k, dV/, the observed flux is given b;;f;ﬁ, whereD is the

distance from the cluster, and thus its frequency deperdsrales ag(v, T)e_z_’; :
with g(v,T) ~ In (L) in the X-ray range.

The X-ray continuum emission from an hot diffuse plasma is gumarily to
three processeshermal bremsstrahlun{free-free emissionrecombinationftee-
bound emissignand two-photon decay of metastable levels. At the high &mp
atures which predominate in clusters of galaxiesrmal bremsstrahlungs the
main X-ray emission process. For solar abundances, thesiemis mainly due to
hydrogen and helium.

Since the intracluster gas contains die@avyelements (typically correspond-
ing to values fron0.3 to 0.5 times solar metallicity) there is also line emission (for
instance from Iron and Oxygen).

Processes contributing to X-ray line emission from a défggasma include
collisional excitation of valence or inner shell electroregliative and dielectronic
recombination, inner shell collisional ionization andiedide cascades following
any of these processes.

The emissivity due to a collisionally excited line is usyallritten as:

/k’line dv = N(LEZ) Ne h‘3 v (Tg) B |: 2

AE
. KTy 2.24
4 wys(a?) 73 m3 kTg] c (2.24)
wherexz! is the ion of the speciessw,; is the statistical weight of the ground state,
hv is the energy of the transition\ E is the excitation energy above the ground
state of the excited leveR is the branching ratio for the lifeand(2 is thecollision
strength which depends on the gas temperatijye

5The probability that the upper state decays through thissttian.
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Nowadays there are very efficient compilations of the emitéss for X-ray
lines and continua, which are used to analyse the data dfitestdike XMM-
Newton andCHANDRA .

As next we give a crude estimate for the cooling time of thergdlactic gas.

The internal energy of the electron gasAs ~ % N kT, and on the other
hand the radiation energy loss rate is given by equatior2)ZsettingZ = 1 and
N ~ N.). This way the cooling time,,; is proportional toF /E/, namely

E 3 N kT
Leool X = = 1
E 143 x 10740 T3 N2
1
N \'( T \2
_ 10 e
= 46 x 10 <103 m_3> <108—K> years. (225)

We thus see that the cooling time for the intracluster plasntamparable, if not
even higher, to the age of the Universe, which is atiéut 10° years.

2.3 Determination of the total mass of a cluster of galaxies

We assume that the gas is in hydrostatical equilibrium souatthe following equa-
tion holds:

VP = —pgas VO(r), (2.26)
whereP is the pressure, which is givéby:
P = pgas L , (2.27)
wmp

where is the average atomic weight-(0.63), m,, the proton mass andl(r) is
the gravitational potentiélof the cluster.

Then one obtains from equation (2.26):
G M(r)

1 dP  dd(r)
¥ = = as — e Ne ) 2.28
Pgas dr dr 72 Pg (me +my) ( )

and thus for the total gravitating mas$(r) inside the radius:

KTy (r)r (din(py(r)) = din(Ty(r))
M(T)__uzlpG ( dln?r) + dln?r) >’ (2.29)

wherep,(r) andTy(r) are respectively the gas density profile and the temperature
profile.

In principle py(r) andT,(r) can be measured with X-ray satellites (provided
the spatial and spectral resolution are high enough). Heweene observes the

"Assuming an ideal gas.
8Assumed spherically symmetric.
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bi-dimensional projected surface brightness, from whicé bas to reconstruct the
three-dimensional profiles. This can be done when assurpimgrisal symmetry.

Often one assumes an isothermal gas, so that the tempesatorestant], =
const, and is given by thdéremsstrahlungcontinuum. For the gas density one
makes the following Ansatzitmodel) [19]:

2\ —58
po(1) = o <1+ (—) ) , (2.30)

wherer, is the core radiuspy is the central density and is a free parameter.
Using equation (2.30), equation (2.29), for an isothernaal, gurns into:

_ 3B KT, r (%)2
e ()

2
T
Ty r (’“_C)

10 keV' Mpc 1_1_(%)

M(r)

=1.13x 10" 3

> Mg, (2.31)

where we assumed = 0.59.
For an isothermal gas which followszamodel, one finds for the X-ray surface
brightness (bi-dimensional projection):

2\ ~30+3
S.(6) = So <1+ (g) > , (2.32)

where# is the angle under which an observer sees the bi-dimenspogcted
distancer (accordinglyé. for r.).

Typical values for3 are in the rang8.65 — 0.9. For the Coma cluster one finds
that the gas contributes abd@t% to the total mass.
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Figure 2.3: The Coma Cluster, an aggregate thousands ofigmlas observed by
XMM-Newton. The picture is a mosaic of 12 partially overlapp pointings ob-
tained with the EPIC-pn camera. The cluster was chosengliXiviM-Newton’s
performance verification phase to prove the observatobjlgyato map and anal-
yse data from large extended X-ray sources.

Bottom, a close-up view of the temperature structure in timeti region of the
Coma Cluster of galaxies, highlighting the X-ray hardnas$@rresponding tem-
peratures around the giant elliptical galaxies NGC 4889 MG 4874 and the
gas in the central part of the cluster. Courtesy U. Briel, Nedanck Institut fir
extraterrestrische Physik, Garching, Germany.
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Chapter 3

Photoelectric absorption

For low photon energiesiw < m, ¢2, the dominant process by which photons
lose energy is photoelectric absorption.

If the energy of the incident photon Igv, it can eject electrons which have
binding energyE; < hw from atoms, ions or molecules. The remaining energy
(hw — Ey) goes into the kinetic energy of the ejected electron

The energy levels of the atoms for whitly = E; are callecabsorption edges
because ejection of electrons from these energy levelstipassible if the pho-
tons are at lower energy. For photons with higher energy,cthes-section for
photoelectric absorption from this level decreases rougsl —3.

The absorption cross-section for photons with engigy>> Ej, but hw <
me ¢2, due to the ejection of electrons from the K-shell atoms, can be computed
in quantum mechanics and is as follows:

7
2\ 2
OK :4\/§ ar Oé4 Z5 (%) s (31)

_ 62 . - o e .
wherea = Treo e IS the fine structure constant, apg = Gt mz A IS the

Thomson cross-section. Sineg; ~ Z° there is a strong dependence on the
atomic number, and thus heavy elements, although less abutithn hydrogen,
contribute substantially to the absorption cross-section

An important application of the photoelectric absorptisiihie hard ultraviolet
and X-ray absorption due to interstellar matter.

A useful formula for the X-ray absorption is given by the eptidepthr, =
f o:Np dl, whereo, is the absorption cross-section aNg is the number density
of hydrogen atoms, thug Ny di corresponds to the column density. One finds:

8
. hw 3
Ty =2 x 1072 (W) /NH dl . (3.2)

!Photoelectric effect by Einstein 1905
2i.e. from the 1s level.
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Figure 3.1: The absorption cross-section for intersteflas with typical cos-
mic abundances of the chemical elements. The discontsuiti the absorption
cross-section as a function of energy are associated wathKtbhell absorption
edges of the elements indicated. The optical depth of theéumed given by

T = [0, (E) Ny dl whereNy is the number density of hydrogen atoms. From
Ref. [20]
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Figure 3.2: The absorption coefficients for hydrogen, carlmxygen and argon
atoms as a function of photon energy (or wavelength). From[R¥|
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For iw Z 1keV the photoelectric absorption is generally no longer reievin-
deed, typical column densities are of the ordé?—2¢ H atoms per square me-
ter (for instance towards the Magellanic clouds), then#or ~ 1keV 7, ~

8
(k)3 ~ 1, and foriw > 1keV 7, — 0.

When observing X-ray sources in the soft X-ray regigh1keV’) one has to
take into account the absorption due to the interstellamgdscorrect thus accord-

ingly.
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Chapter 4

Compton scattering
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Figure 4.1: The spectrum of the Cosmic Microwave BackgrdRadiation as mea-
sured by the COBE satellite in the direction of the North @G&¢aPole. Within the
quoted errors, the spectrum is that of a perfect black bodynfRef. [22]

In Compton scattering an incoming high energy photon satie an elec-
tron (assume it to be at rest) and thus a fraction of its moumergnd energy is
transferred to the electron. Therefore, the photons ditecsllision have less en-
ergy and momentum. Let's consider first Thomson scattesiuch one gets as
limiting case of Compton scattering for low energy photdns,< m. c?.

We will derive the formula for the scattering of an unpoladzbeam of radi-
ation (propagating inta direction as illustrated in Figure 4.2) upon a stationary
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Figure 4.2: Geometry of Thomson scattering of a beam of tiadisby a free
electron .

electron.
The electric fields experienced by the electron (at the wrigithe reference
frame) in ther andy directions are:

E,=E, e“ and E,=E, ", (4.1)

respectively. Accordingly the electron experiences arlacation in these direc-

tions: g B
o= and iy = L (4.2)

Me Me
The intensity of the radiation scattered through an afgieo the solid angle
ds) is

dE e? |iy| sin26 et |E,|? cos’a
=) A= ————F— dd = —————= dQ2 4.3
( dt >w 1672 ¢ ¢? 1672 m2 eg 3 ’ (4.3)
wherea = 5 — 6. Notice that by integrating equation (4.3) over the solidlan
dQ) = 27 sinf df one gets— (%)md = ﬁr'e;‘)cf, i.e. equation (2.1). We take

the time average of?, which is B2 = %Eﬁo, and sum over all infalling waves
which contribute to the: component of the radiatiorfy,. This way we consider
the infalling energy per unit surface on the electron. Thiargity is given by the
Pointing vector:

Se=(EANH)=cey E>i,,

i, being a unit vector in the direction. Its time averaged value is given by:
E}
— —Zo
Sx = Z C€p 9
(2
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where the sum is over the infalling photons.

Thus y
dE e* cos“a
=) dQ = ———5— S, d2. 4.4

<dt>x 16m2m2edct ™" (4.4)
From the Figure 4.2 one sees that the radiation inzthplane from the accelera-
tion of the electron in the direction corresponds to the scatteringlat 7 and
therefore the scattered intensity in thedirection is just given by equation (4.4)
but with 2 replaced by andcos?« replaced byi:

dE et
=) d = ————— 5, dQ2.
(dt>y 16m2m2ect Y

The total infalling energy per unit surfaceSs= S, + .S,,, and for unpolarized
radiationS, = S, = 5. Thus the total scattered radiation inif is just the sum
of the intensities of the radiation scattered in thendy directions:

dE et S
—| == 1dQ = ——5—— (1 2a) ZdQ) . 4.5
(dt) 16W2m§e%c4( eos )2 (4.5)

The differential scattering cross-sectids is then given by:

Te (1 + cos2a)

Q 4.
Y ae, (4.6)

dO‘T =

wherer, = Meﬁ is the classical electron radius
The total cross-section is thus given by integrating overdlid angled$2 =
27 sina da;, which leads to:
8
or = % r2 = 6.65 x 1072 m?,
which is the Thomson cross-section.
Assuming that the incident photon beam is alongitltais, the photons num-
ber density decrease is given by:
dN
———=o0p N N, (4.8)
dx
with V being the number density of photons aiNgd the number of electrons per
unit volume. Thus the photon number density decreases exrpiatly:

(4.7)

N = Ny e Jor Neds (4.9)

Theoptical depthr is defined as

T = /UT N, dx . (4.10)

1d;—ﬂT corresponds to the energy radiated per unit time per und aagle divided by the incident

energy per unit time per unit area (i.§).
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Accordingly themean free patlof the photon through the electron gas is defined
as:
e = (o7 N,)7 1. (4.11)

In the Thomson scattering there is no change in the frequehtige radiation,
which is a good approximation as long/as < m, c?.

However, when the photon scatters with an electron it loresgy and thus its
wavelength increases. A detailed relativistic calculatjves the following result
for the ratio of the frequencies before and after the séager andw’ respectively:

W' 1— 5 cost)

— , (4.12)
w  1—/cost + (1 — cosar)

YMe 02

Jun

where = 2,y = (1 - 2) 2 is the Lorentz factor, witv the velocity of the
electron, andx is the angle between the incoming and the outgoing wavesssct
of the photon andk’ respectivelyd is the angle betweeh and ¢ ' (the velocity
of the electron before the scattering), afids the angle betweek’ and v’ (the
velocity of the electron after the scattering).

For a stationary electron, i.€.= 0, v = 1 and equation (4.12) reduces to:

w’_ 1
w 1+W%(1—cosa)’

or

AN N =) fuw

S~ = P (1 = cosa) . (4.13)
For energies of the photons comparable or bigger than tlutra@terest energy,
i.e. hw > m, %, one has to compute the cross-section using relativistmigun

mechanics. The relevant total cross-section is given bKtem-Nishina formula:

1 2 (c+1) 1 4 1
2
—ar2 2| (1- In(2e+1)+ =+ - — 4.14
OKN 7TT€€|:< 2 >n(e—|—)—|—2—|-6 22 1 1) , (4.14)

wheree = — 02 For low energy photons, i.e.< 1, equation (4.14) becomes
8T
OKN = 5 T¢ (1—-2¢)=o0p (1 —2¢) ~op; (4.15)

whereas in the ultrarelativistic regime;> 1, it becomes

5 1 1
OKN =TT~ (ln26+ 2> . (4.16)

If the photons have low energy, whereas the electrons aarelttivistic, one gets
the situation in which the photons acquire energy, instédasing it. This process

is calledinverse Compton scatteringecause the electrons lose energy rather than
the photons.
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Figure 4.3: lllustrating the Compton scattering of a Pladiskribution by hot elec-
trons in the case in which the Compton optical depth f(k:Te/mecz)aTNe dl =
0.15. The intensity decreases in the Rayleigh-Jeans regiorecdgctrum and in-
creases in the Wien region. From Ref. [23]
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If the energy of the photons in the centre of momentum franmeuish smaller
thanm, ¢? (i.e. Yhw < m, ¢?), and thus the centre of momentum frame is very
closely that of the relativistic electron, one can show thatenergy loss rate of the

electrons is given by:
dE 4 v\
< dt > = 5 0T C Upad <C_2> Yy (417)

whereu,..q is the energy density of the radiatiom.(; = N hw).

The maximum energy which a photon can acquire in the inveogepion scat-
tering (corresponding to an head-on collision in which thetpn is sent back along
its original path) is

U 2
(h) = hiro 72 (14 2) " = 497 huso (4.18)

wo being the photon frequency before the colligioypically the resulting fre-
quency of a photon scattered by an ultrarelativistic etects of orderw ~ +2 wy.
In various types of astronomical sources electrons ardexated such that their
Lorentz factor is~ 100 — 1000.

Just as examples consider photons scattering on electitina ixorentz factor
of 1000: radio photons with frequenay, = 10° Hz become ultraviolet photons,
v = 10 Hz, and optical photonsy, = 4 x 10'* Hz, becomey-rays with
frequencyr = 4 x 10%° Hz (aboutl.6 MeV).

Clearly the inverse Compton scattering process is a meamooiuping very
high energy photons. On the other hand this is also a way foaralativistic
electrons to lose energy whenever they go through a regiamhioh there are
many photons.

4.1 Comptonisation

Let’'s consider a hot thin plasma, as is the case for instamtkei vicinity of X-
ray binary sources, in the hot intergalactic gas in clusiégalaxies, or even in the
primordial plasma in the early phases of the Big Bang. Ptsotdnich pass through
such a medium will lose or acquire energy from the electroie consider the
non-relativistic regime in whick 7, < m. ¢* (T, is the electron gas temperature)
andiw < m, c¢*. As seen in equation (4.12) the energy transferred to stjo
electrons from the photons (ifv < m, c?) is as follows:

g _ fw (1 — cosa) . (4.19)

€ Me C2

In the reference frame of the electron the scattering is lsifihomson scatter-
ing and the photons are isotropically distributed such ifnae average over the

2The electrons are relativistic so~ 1.
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scattering anglex we get:
Ae hw
<—>= 5
€ Me C

(4.20)

since< cosa >= [ cosa dQ = 0.
On the other hand for the energy loss rate of high energyrelesin collision
with low energy photons, taking the low energy limit of eqoat(4.17), one finds:

dE 4 v 2
() = erenes (2" o2

The number of scattered photons per second is equal to

ar Nphot C= 0T Urad hwi() > (4.22)
hwy Is the photon energy before the scattering.
Thus the average energy gain of the photons per Comptosioallbecomes

< % > = % (%)2 ) (4.23)

obtained dividing equation (4.21) by equation (4.22) antiipgic = hwy.
If the electrons have a thermal distribution of velocitietemperaturd,, then

L me <v? >= 3 kT, and equation (4.23) reduces to

2

A T.
cBe - (4.24)
€ Me C
As a result the overall energy change of a photon is
A T.
Ae_ _ hwo | ke (4.25)

€ Me C2 Mme C2

Accordingly foriwg = k T, there is no energy transfer between the photons and
the electrons gas, whereas energy is transferred to themhéarhwy < 4 k T,
and to the electrons faiwy > 4 k T,.

The optical depth for Thomson scatteringris= N. o7 [ (if N, is constant).
If 7. > 1 then the photon will be scattered several times beforegabie region,
more precisely it turns out that the number of scatteringg idnstead, ifr, < 1
the number of scatterings is just Hence the condition for a significant distortion
of the photon spectrum by inverse Compton scattering is that

§:4kTe

- 3 maz(re,72) > 1.
&

e

An exact treatment of the description of how the photon spattgets modified
through the scattering on electrons requires the use of tierBann equation,
whose solution is quite involved.
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However, when the electrons are non-relativistic, thetivaal energy transfer
% per scattering is small. The Boltzmann equation can therxpareled to the
second order in this small quantity, leading to an appro#ongthe Fokker-Planck
equation), which for photons scattering off a non-relatieithermal distribution of
electrons was first derived by Kompaneets (1957) [24] andasvk asKompaneets

equation
The Kompaneets equation is as follows:
on 1 0 | 4 5 On
— == — — 4.2
dy 22 Ox [gj (n—l—n * 8;1?)} ’ (4.26)

wheren(v) is the photon occupation number at frequency = Z—; and

Y= / i TGQ or Ne dl, (4.27)
Me C
if T, does not depend on the position thers proportional to the optical depth

The termon/dx represents the diffusion of photons along the frequency. axi
The terms: andn? represent the cooling of the photons. One can easily vérifiy t
the term in the brackets in equation (4.26) vanishes for @& Eosstein distribution,
for which the occupation number is = [exp (z + 1) — 1], wherey is the
chemical potential. Then this is a solution of the Kompasieguation for which
on /0y = 0. In general it has to be solved numerically.

An important application of the Kompaneets equation is tecdption of the
distortions of the spectrum of the7 K cosmic microwave background (CMB)
radiation. There are two important cases:

i. If for some reason the intergalactic gas were heated tayahigh temper-
ature such thaf, > T, (T, = 2.7 K is the CMB temperature), then the
Compton scattering would increase the energy of the phaibiise CMB.
As a result there would be a deviation from Planck’s distidou If this
process occurred instead in the early universe before tbehepf recom-
bination, there would have been many scatterings and thesvaequilib-
rium would have been set up with a Bose-Einstein distriloutigth a non-
vanishing chemical potential. In the previous situation, where the electrons
have been heated up after recombination there would notdggértime to
set up the equilibrium distribution and one would have to potae the spec-
trum according to the Kompaneets equation (4.26), but witllee terms
n andn? describing the cooling, since the photons cannot give aWwaly t

energy:
871 1 a 48”
— = — — . 4.2
dy a2 Ox <;17 8:1:) (4.28)
Zeldovich and Sunyaev have found a solution to this equatidnch leads
to:
Sty _,, e [m (e +1> —4} , (4.29)
Uy et —1 et —1
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where
87 h?

= -1

3 [e" T —1]

is the radiation energy density per frequency for a blacklsmectrum. The

intensity of the CMB increases in the Wien region of the spastand de-

creases in the Rayleigh-Jeans regiong 1), where using equation (4.29)
one finds:

Uy =

AT
T,
COBE measurements have given the following constraints :

—2y. (4.30)

) <9 x107°
y<1.2x107°

wherey is theComptonisatiorparameter.

ii. A second important application is the Compton scattgeoh photons of the
CMB as they propagate to the Earth through regions of veryidrosed
gas, as is in the case of clusters of galaxies which are emsbeddan hot
intracluster gasunyaev Zeldovich Effet970) [25] [26].

As an example we consider the Coma cluster of galaxies:

T. ~ 108 K is the electron temperaturd/, ~ 3 x 10 m~3 is the electron
density, o7 = 6.6 x 10729 m?, the core radius is- 0.5 Mpc and for the
extension of the cluster we take a radius~ofl Mpc. With these values
we findy ~ 0.9 x 10~* and accordinglyAT /T, ~ —1.8 x 10~% in the

Rayleigh-Jeans region.

This corresponds to a decrease of the temperature of the GNt2 @rder

of AT ~ 0.1 mK in the Rayleigh-Jeans part of the spectrum. These are dif-
ficult measurements, which are now performed by severalpgroun already

a substantial amount of clusters.

From X-ray measurements one can determine the temperatdrhe elec-
tron density of a given cluster. From SZ measurements on&etmmine
y and thus the size of the cluster. On the other hand the andidareter
is also inferred from the observations. Thus one can deterithie angular
distance of the cluster and then the Hubble constant.

If the cluster is moving with respect to the CMB rest frameréhwill be
an additional spectral distortion due to the Doppler eftédhe cluster bulk
velocity on the scattered CMB photons. The so-called kin8# is of the
magnitude [26]:

ATsz _ . Ycluster

Teums c
whereuv st IS the velocity component along the line of sight.

)

3or equivalently the proton density.
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Figure 4.4: Spectral distortion of the cosmic microwavekigaound (CMB) radia-
tion due to the Sunyaev-Zeldovich effect (SZ). The left pahews the Rayleigh-
Jeans brightness temperature. The thick solid line is #erthl SZ and the dashed
line is the kinetic SZE. For reference thg’ K thermal spectrum of the CMB in-
tensity scaled by 0.0005 is shown by the dotted line in thiepahel. The cluster
properties used to calculate the spectra are an electrquetamre ofl0 keV, a
Comptony parameter ol0—4, and a peculiar velocity df00 km s—!. From Ref.

[27]
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Figure 4.5: The measured SZ spectrum of Abell 2163. The dzitd pt30 GH 2

is from the Berkeley-lllinois-Maryland-Association (BW) array, at140 GH z it
is the weighted average of Diabolo and SuZIE measuremedtatai8 GH z and
270 GHz from SuZIE. The best fit thermal and kinetic SZ spectra arevehoy
the dashed line and the dotted lines, respectively, witlspieetra of the combined
effect shown by the solid line. The limits on the Compigparameter and the pe-
culiar velocity areyo = 3.56 70517030 x 107* anduv, = 410732304150 km 571, re-
spectively, with statistical followed by systematic urtearties at 68% confidence.
From Ref. [27]
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Chapter 5

Synchrotron radiation

The synchrotron radiation emitted by relativistic and argativistic electrons is
one of the dominant processes in high energy astrophysiissthe radiation emit-
ted by very high energy electrons gyrating in a magnetic fi€lds mechanism is
at the origin of the radio emission of our Galaxy, from supgemremnants and ex-
tragalactic sources. One refers to it also as non-thermiglsgon, which means that
the spectrum cannot be described by a black body or a brexhkstg spectrum.
Consider a magnetic fiel, uniform and static, an electron with velocity

moves according to the Lorentz equation:

d . L

a(’ymev) =e (v/\B) ,
where~ is the Lorentz factor. In a magnetic field the acceleratioalugays per-
pendicular to the velocity vector of the particle, thén= 0 anddy/dt = 0. Thus
equation (5.1) reduces to

(5.1)

dv . -
Y Me d—: =e (17/\8) =evBsinai
with 7, a unit vector perpendicular ®and the angle between the magnetic field
B and the electron velocity. This way we get for the perpendicular component of

the acceleration: '
e v B sina

| = ———r . (5.2)
Me 7Y
Following equation (2.5) witla, = 0, we get for the total radiation loss rate of the
electron due to synchrotron radiation:

dE\ 2yt 9
- = |a]

dt 67 € 3

eyt e?v? B2 sin’a

67 ¢ 3 m2 ~2
4 B2 2
= 672 (E> 72 sin*a . (5.3)
6megcmi \c
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With Uy,ay = B?/2 uo the energy density of the magnetic fietd; the Thomson
cross-section and® = 1/0¢g, equation (5.3) can also be written as:

dE o v\ 2 2 . 9
_ <E> =207 cUpag <E) ¥ sin“a . (5.4)

This result is valid for an electron with a given anglécalled also th@itchangle).
Assuming an isotropic distribution of pitch angles we caarage over it, taking
into account that the distribution is as follotvs

1
p(a) da = 3 sina da

T 2
/ sindada ==,
0 3
we get for the radiation loss:

dE\ 4 N2

and that the average is given by:

N =

/ p () sin’a do =
0

During its lifetime an high energy electron is likely to bendamly scattered, and
thus equation (5.5) is the correct expression for its avesaprgy loss rate.

5.1 Synchrotron lifetime

For an ultrarelativistic electromt = (E/m. ¢2)* andv ~ ¢ such that? ~ 1)

equation (5.5) gets:
(%) o 56)

with p = % or cumag/mg et

This equation can be solved and leads to

1
(E) = pt + const .

Let's assume that far= 0, E = Ey > m. ¢?, then

Ey

e 5.7
1+pE0t ( )

E(t)

After the timet

E(t) =%

Notice that[" p(a) do = 1.

= p—lEO the energy of the patrticle is half of its initial energy :

1
2
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Correspondingly

5.1 x 10 m, c?
(B[Gauss))*  Eo
We apply this result to the Crab nebula, which is the remgirgha supernova
explosion which took place in the year 1054. The Crab nelsuéastrong emitter
of synchrotron radiation of abou?® erg/s, with a spectrum ranging from low

radiofrequencies up to theray frequencies. The synchrotron spectrum is rather
flat and decreases rapidly above a maximum frequency given by

2
Vs = 007 <5 ( Eo > , (5.9)

Me ¢ \ M, C?

t

[s] = (5.8)

1
2

with a typical value of3, ~ 5 x 10~* Gauss. Solving equation (5.9) foE, and
substituting in equation (5.8), one finds the following eeqsion fort%:

t1[s] = 6.1 x 10 (B[Gauss)) ™2 (vmas [H2]) 2 . (5.10)

1
2
FOr Ve =~ 1020 Hz (@andB ~ 5 x 10~* Gauss) we see that, is about10
weeks! Since the Crab nebula is n649 years old, this means tﬁat the nebula is
continuingly refurbished of ultrarelativistic electrorgected by the pulsar itself,
which lies in the centre of the nebula.

5.2 Spectral distribution of the synchrotron radiation

As next we compute the spectral distribution of the syncbrotadiation (see also
chapter 14 in Jackson). Consider a currefit, t) which generates an electric field
which in the far (radiation) zone is given by:

o S 97
E=—-—--7—"=
T

5.11
—, (5.11)

whererns = % with » = ||, is a unit vector directed towards the observer. For a
point charge the current is given by

J@t)=ed(t) & @@-2(1)

with 7 (t) = Z(¢).
The emitted radiatiot”,..; per unit time and solid anglé? is then

d2 ET[ld 2 C

dQdt | 1672 e
Accordingly the total emitted radiation per solid angle is:

dErad 2 C /+OO — )
=7r" — E(t)|7dt. 5.13

E@) . (5.12)
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Analogously to equation (2.7) one can apply Parseval'srdmpso that

+00_; +00_;
/ |s<t>|2dt=/ (W) 2 dw,

where€ (w) is the Fourier transform of (), defined similarly to equation (2.6).
From the definition of the emitted radiatioh{w) = dFE,.q/dw, following equa-
tions (2.8) and (2.9) we get in the same Way

dl (w) 2r2¢ -

= 2, 14

Taking the Fourier transform of the curreft(z, t):

- [ = 1 . 7o o
j (k‘,w) =5 /dt et /d?’x e R T (T 1),

from equation (5.11) one gets:

- 1 27 w? L L =
1€ (w)]? = 2 A AT j (k:,w) 2, (5.15)

which inserted in equation (5.14) gives:

w1 :
—2 . A
0wl B 7r|n/\n/\j (k‘ w>| (5.16)

For a pointlike charge, witﬁ = g the current has the following expression:

i(kw) = /twt/d%e—m () 8 (@ — 2 (1)

—

— dt iwt —zkz
- /_OO e ')

then

dl (w +o0 . . . i _RE)
déz) 167T3eoc|/ inandme =5 ape, (5.17)

with £ = @ Notice that the vector A i A § points to the same direction &51).
We evaluate now equation (5.17) for relativistic electrofise particles rotate
around the magnetic field lines at an angular frequeney eB/ym. and with a
pitch anglex with respect to the magnetic field direction. At any time thigitchas
a certain radiug, which for instance at a given instant of time lies in theplane
as in Figure 5.1. We put the origin of the reference frame atpthint where the

“Notice that the factoz comes from the equalityf "> |& (w) [* dw = 2 [ |€ (w) |? dw.
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Figure 5.1: Geometry for evaluating the intensity and psédion properties of
synchrotron radiation. At = 0 the particle velocity is along the axis andp is the
radius of curvature of the trajectory. From Ref. [1] and [10]

velocity vectoru of the particle lies in the:z plane. The vectofi pointing towards
the observer lies also in the: plane:

i = (cos 0,0, sin 0) ,

wheref is the angle betweefi andv at timet = 0. They axis points then at= 0
in the direction of the radius of the orbi; lies on they axis andej = 7 A €.
Attime ¢t = 0 the particle is sitting at the origin of the reference framvagereas
after a timet the particle has moved to a distaneeon the orbit, which can be
parametrized as follows:

t t
Z(t) = <,0 sinv—,p —p cosv—, 0> ,
p p
whereas the corresponding velocity vectofis= 7/c);
= t t
8= (ﬁ cos%,ﬁ S’in%,O) , (5.18)

and thus
L (=7 vt vt .,
n/\(n/\ﬂ):—ﬂsm—q_—kﬁcos—ste”.
p p
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We need to know these function only for very short periodshefdrder ofp/vc
as well as small anglgs ~ 1/+, so that we can make an expansion and get (with
v~c):
L o= 7 c -
n/\(n/\ﬂ):—;el—i-Qe”. (5.19)

To evaluate equation (5.17) we need moreover:

wt—kZ(t) = wl|t—

: Z(t)]

oI ol

.ot
= wl|t—=sin— cosQ]
1)

[ 1 [ot)? vt 02
t—p+ 22 (Z) 222 4
c6 \ p cp 2

which we expanded up to the third order in the small parareétandut/p. Since

1
&

B=+1—-721-08~ # and by inserting, whenever possibie= 1 we get:
wt—kZ(t) ~ = L t+it3 (5.20)
2 ~2 3p? '

It is evident that the largest contributions come from thealsest values of the
term in brackets in the exponential in equation (5.17). ig term would be large
there would be many oscillations in the integral, which vdoaverage out to a very
small value. Moreover synchrotron radiation is stronglgred in the direction of
motion of the electron. This implies that the main contritmtcomes from small
values off andvt/p, thus justifying the approximation procedure.

Finally inserting equations (5.20) and (5.19) into equa(f®.17) we find:

dl (w) _ e? w?
dQ 1673 e c

| — AL(w) €L+ Aj(w) 7, (5.21)

where

A (w) = % /+°° 17 LGe) vt 2l gy
(5.22)

+oo iw c2 3
Afw) = 6 / o 1(+0?) 352 2]
Let’s perform the following change of variables:
1 3
wp 2
=— |—=5+0
L (72+ >
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and introduce the new integration variable

o 1
Py + 02

This way equations (5.22) become:

1 too
Al(w) = g<?+92>/ z 37 (2+32°) gy

—0o0

xr =

(5.23)

1
1 3 [teo
Aj(w) = ro (—2—1—92> / eian (#+32%) gy

c \7 oo

Finally we find for equation (5.17):

dI (w) €2 w2 (1 N\, 62 )
= LY (= +02) |K K
ds) 1271‘3600(0) '72+ %(n)—l_%—k@? %(77) ’
(5.24)

v
where we used the modified Bessel functions of o2& and 1/3 respectively,
which are defined as follows:

K% (n) = \/gfoooxsin (gn <x+ém3>> dx

K = V8 [ ool (v4 1)) an

In the limit cases) > 1 andn < 1 one can use the following asymptotic approxi-
mations of the modified Bessel functions:

(5.25)

n<1 K, (n) ~

p>1 K~ fren (140(0))

Thus fory > 1 equation (5.24) decreases@s”. From the definition of; one
sees that) gets large for all angleg if the frequencyw is large. Accordingly we
can define a critical frequency requirig = 1 for 6 = 0. This gives:

_3. 3 (¢
we =3 <p> . (5.27)

(5.26)
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In the forward direction{ = 0) one gets the following approximate expressions
for equation (5.17):

1

(dl (w)> ~ ¢’ [F (g)r <§>3 <ﬂ>§ forw < w
AV Joy  Amegc| 4 ¢ 3
(5.28)

dl (w) o~ 3¢ 2 (2 e e forw > w
dQ ),y  8mlec K We ©

We see thus that fat = 0 the spectrum increases firstﬁé, reaches a maxi-
mum for a valuev nearbyw, and then decreases exponentially.

One can also give a crude estimate of the angular dependamé&peadf equation
(5.24) for a given frequency. We define, for a given frequency, the critical
angled. from the relationn (6.) = 1 (0) + 1. For low frequencies < w. as
defined by equation (5.27))(0) is very small so that (6.) ~ 1. Thus we get

1
2 2 1
3c\3 1 1 /2w.\3 . 2
0, ~ [<—> - —2] ~ = ( ) for w < w, , (since 1/9* < 1).

wp Y Y\ w
(5.29)
On the other hand fav > w,  (0) > 1 and thus
dI dl _3.2p2w
o~ R 27 we .
aQ <d9>9_0€ ’ (5.30)

3
where we used the expansiofi ¢+ 2 62)2 ~ 1 + 342 9% + ...). For the critical

angled. ~ % (23%)% the spectral intensity decreaseslhy. One sees that at high
frequencies the radiation is very much directed in the fodwgirection.

As next we integrate equation (5.24) over the solid angleite the energy
per frequency range radiated by the electron per compléi¢ iarthe projected
normal plane. During such an orbit the emitted radiationlisogt completely
confined to the solid angle which lies within an angleof a cone of half-angle
«, which is the pitch angle. Thus one can approximate the solgle element by
dQ2 = 27 sina df (i.e. to replacesind by sina). This way we find

e? w? p? sina (10 2 N2 19
I (w) = W/_w (1++76%)" K5 (n) do

(5.31)

e? w? p? sina [T 2 92\2 22 -2

where the integration limits have been extended-to rather thantw. However
since the integrand function is concentrated to small whieAd abouta, the
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error in doing so is negligible. On the other hand this wag fiassible to carry out
the integration, such as to get

\/3 e2 v stno

I (w) = “Brec [F (z) + G (2)]
(5.32)
e? v sina
B = B ) a),

wherez = = andw, is the critical angular frequency defined in equation (5.27)
and the functiong” () andG (z) are given in terms of modified Bessel functions:

Fa) = o [ Ky dy.

G(z) = mK;(a:),

notice thatF’ (x) is maximal forx ~ 0.29.

We recall that the radius of curvature, which enters in thigndien of the
critical angular frequency., is the one defined in the spiral orbit of the particle.
However the plane containing the particle’s orbit is inetinat a pitch anglex to
the magnetic field. Therefore, with respect to the guidingtreeof the particle’s
trajectory, the radius of curvature js= v/ (w, sina), w, = wy/v being the rela-
tivistic gyrofrequency, withv, = 27 v, = fn—Be the non-relativistic gyrofrequency.
This way we get

_ _3(¢\ .3 -
We =27V, = 3 (;) v wy sina, (5.33)

or v, = 3% v, sina, from which we see that most of the radiation is emitted at
a frequency ~ 2 v,. Equation (5.32) represents the energy emitted in the two
polarisations during one period of the electron in its grisihich corresponds to
the timeT, = v, ! = 2r vy m./e B.

the total emissivity of a single electron by synchrotroniaidn is the sum of
the emissivity in the two polarisations divided By:
I (w) +f|| (w) V33 Bsina

— F . 5.34
T, T, 872 € ¢ M () ( )

J ()

this is the spectral energy distribution, which has a broagimum centered at the
frequencyr = 0.29 v..
The total energy loss rate is thus given by

() - [roe

= 07 cUnag ¥’ sin’a (9\/§> / F(z) dv. (5.35)
0
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Figure 5.2: The intensity spectrum of the synchrotron rtaatieof a single electron
shown (a) with linear axes and (b) with logarithmic axes. Turetion is plotted
in terms ofx = w/w. = v/v., wherew, is the critical angular frequency,. =

2ny, = % (%) 3w, sina. From Ref. [1]
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The last integral can be performed to get:

9v/3 [™®

— F de =2.
) (z) dx

Thus

dE
— <%> =207 cUpag 72 sina ,

which is exactly equation (5.4).

With the asymptotic expressions fbr(z), for x < 1 andz > 1, one gets the
following expansions fop (w):

Jj(v) o vie v forz> 1 (v>vr.), (5.36)

€2 eBsina\3 1
; = 3 forx k1 <L w.) . (6.37
IO = g arae () @) sl @) 630

Y Me
5.3 The synchrotron emission of a power-law distribution
of electron energies

The energy spectra of cosmic rays and cosmic ray electranbeapproximated
by power-law distributions of the form

N(E) dE =k E™" dE, (5.38)

whereN (E) dE is the number of electrons per unit volume in the energy vialer
[E,E + dE], k being a constant. To get the emissivity of the electrons pér u
volume we have to compute

(e e
T (w) = / (@) kB dE (5.39)
0
2 2 4 . 1 _3
wherer = & = w2 = s = 2. ThusdE = —} A2z 2dx,

sinceFE = \/A/z, and therefore:

k &0 —
J(w) = 71/ j(x) 2" do (5.40)
2A72 Jo
p—1
V3 Bksina wmd ¢t _TF B+B r p 1
~ 8m2ecme (p+1) \3eBsina 4 12 4 12)°

As last point we have to integrate over the pitch angldor which we shall
assume an isotropic distribution (clearly according todpplication other distri-
butions will be more appropriate and thus the results willrefe). An isotropic
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distribution means that varies according t(% sina dea, and therefore with equa-
tion (5.40) we see that we have to carry out the integral:

1 /7T siinga da = @ . (5.41)
0 2T (pT”)

The emission per unit volume averaged over the pitch andlaisgiven by

J ()

B V3e2 Bk wm? et T
~ 16m2egcme (p+1) 3eB
VAT TE LT

5.42
r+0) >

The main dependences for the emissivity in the above forenaa
T (W) ok B% w i, (5.43)

we see that if the electron energy spectrum has power-laexipdhe spectral
index of the synchrotron emission of these electroriis

5.4 The radio emission of the Galaxy

Once detailed radio maps of the Galaxy were made it was satined that it was
essentially due to synchrotron radiation. The spectrumbsadescribed (in the
direction of the galactic north pole) as:

I(v)~v 04 for v 200 MHz
I(v)~v 09 for v 2400 MHz.

This observed spectrum can be compared with the prediceciram assuming
that the energy spectrum of cosmic ray electrons observdwedop of the Earth
atmosphere is representative of the local interstellarinmecis a whole. Below
an energyFE < 10 GeV the electron spectrum is strongly modulated by the Sun,
whereas foly > 10 GeV it can be described as follows:

(5.44)

ticl
N (E) dE =29 x107° E™33 dE [M]

m3 sec

Let's assume that this is representative for the ultraxét electrons in the local
interstellar medium. Electrons of ener§y= v m. ¢ radiate most of their energy
at a frequency ~ 28 42 B GH z, where3 is measured if'esla. Adopting an
average local magnetic field strengsh= 3 x 10710 5 Tesla (n ~ 0.5 — 2), then
10 GeV electrons radiate most of their energy at a frequemcy 3.2 n GHz,
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Figure 5.3: The spectrum of the Galactic radio emission.idtegcorresponds to
the anticentre direction at high galactic latitudes, argiore Il corresponds to the
interarm region. From Ref. [28]

Observed
radio spectrum

log (e,)

Prediction from
electron spectrum

log (v/MHz)

Figure 5.4: Comparison of the observed radio emissivithefihterstellar medium
with that expected from the local electron energy spectrondifferent values of
the magnetic field strength. The radio emissivity is showrelative units. The
adopted radio emissivity a0 M Hz is3 x 1073 W m~2 Hz~'. From Ref. [1]
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which lies unfortunately just outside the range over whiadh galactic radio spec-
trum has been accurately measured. Therefore the best nrdoda to find out
if the predicted spectrum matches smoothly onto the obdegatactic radio spec-
trum, since the synchrotron radiation spectrum of a powerdistribution of elec-
trons energies is expected to be broad-band and smooth.

Inserting equation (5.44) into equations (5.42) or (5.48),see thap = 3.3
and?;! = 1.15, thus

j(w) o k (T] 6)2.15 w—1.15 .

By varyingn one can get quite a good qualitative agreement with the ehisens.
The assumption that the electrons can be described by thin@asured spectrum
can be checked as well and has to be somewhat modified.

5.5 Synchrotron emission of Radiogalaxies

In 1954 Baade and Minkowski identified the radioemitting reeulCygnus Aas
being due to the brightest galaxy in a cluster of galaxiet watshiftz = 0.057.
This way they found that the luminosity in the radio band esponded to about
L ~ 10* erg/s, which is10” more than a typical galaxy emission in the radio and
about10 times the total optical luminosity of a galaxy. Early radierferometer
observations established then the extended natuCg@fus Asource, in form of a
double structure about a central elliptical galaxy. Thisdwour is quite common
with a central galaxy or a quasar. These radio lobes are thdtref gigantic
jets of relativistic particles ejected from the centralaggl These particles collide
then with the intergalactic medium and also loose energyutiin interactions with
the magnetic field present in the lobes, then producing set@mn radiation in
the radio band. Again the synchrotron age is short compardtet age of the
radiosource, requiring thus a continuous supply of raktt electrons from the
radiogalaxy itself.

As next we estimate the energy content of a radiogalaxy, ljuating the
minimal energy content in form of relativistic particlesdastored in the magnetic
field.

For electrons we assume a power-law distribution as givequation (5.38)

N(E)=kE™,

valid in the energy rang&, < E < FEs. The total kinetic energy of the electrons

is then:
FEo E>

E.= EN(E) dE =k / EPTL4E . (5.45)
E1 El

On the other hand the total synchrotron luminoditgue to the electronis given

3The radiation loss of a single electron is given by equati®#)( where we pu3 sina =
B, for the transverse component of the magnetic field, thus ad&tion loss can be written as
const B3 E?, where the constant can be inferred from equation (5.4).
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Figure 5.5: The distribution of synchrotron radio emissfoom nearby normal
galaxies. In the Andromeda galaxy (M31, NGC 224), the syottbn radio emis-
sion originates from a ring of emission with no central corication of the radio
emission, as in our Galaxy. There is a weak diffuse sourckercentral regions.
From Ref. [29]
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Figure 5.6: Extension of the radiolobes of some galaxiesgaadars.
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by:

E>
L = / const B2 E* N (E) dE
E4

= const Bik‘/
E4

E>
E P2 4E .

(5.46)

Moreover the values af, and E, can be expressed through the critical frequency
as given in equation (5.3%8)Finally we get:

E.=C (p,we,,we,) LB3 (5.47)

whereC depends op, w,, andw,, .
From the observations (by measurifigw) in equation (5.42)) one getsw,,,
Wey, L and thusEk.
The total energy stored in the radio lobes (particles andhe@gfield) is given
by:
Eiw=FE.+E,+ Ep, (5.48)

where E, is given by equation (5.47)Ez = g V' is the magnetic energy/(

being the volume of the radio lobes filled with a magnetic jield, is the energy
of protons and other heavy particles which we assume to bgopional to F,

(E, = k E. with 1 < k < 103. This way the total energy becomes

2
Eir = (1+k) CLB 2 + % V. (5.49)

The magnetic field strength is unknown, so the best way taiatalit is to min-
imize the total energy as a function Bf Note that this value (sometimes called
equipartition field) is not a minimum value for the magnetaldibut that which
leads to the lowest total energy.
The minimum of equation (5.49) leads to:
3 _

Ep = (1+k) E.,

which inserted into the expression for the magnetic eneiggsg
L\?
B -
“(v)

B o L7 VT

and

*Wherew., o« By EZ withi = 1,2 andv? ~ (E/mc2)2.
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As an example we consider the radio emission in Fbenax A for which the
observations give a value = 0.75 for the spectrum in betweem ~ 107 Hz
andvy ~ 109 Hz. In that range the luminosity in the radiobandZlis= 2.8 x
104 erg/s. The estimated emission volumelis= 2.2 x 107 ¢m? and assuming
k = 100 one finds:

Et(gzm) ~ 1.3 x10% erg

B~ 8 % 107% Gauss .

The frequency interval corresponds for synchrotron emiisg an energy range of
the electrons betweel80 MeV and9 GeV, assuming3 = B(min),

The density of the electrons is of the ordér'° ¢m =3 and then lifetime of
9 GeV electrons in a8 mGauss magnetic field is about: ~ 1.4 x 107 years,
thus relatively short. One sees that there is the problém@ptoduction of the
huge amount of energy which is possibly originated in a estrpermassive black
hole.
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Chapter 6

The diffusion-loss equation for
high energy electrons

Here we will study how the various energy loss processesisisd in the previous
chapters will affect the spectrum of high energy electranghay propagate from
their source through the interstellar medium.

The following equation describes the energy spectrum anities density at
different points in the interstellar medium in the presenteontinuous energy
losses and supply of new particles from sources:

AN (E)  d
dt — dE

b(E) N(E)]+Q(E,t)+DAN (E) , (6.1)

D is a scalar diffusion coefficienty (E) is the number of particles per unit volume
in the energy rangé&, F + dE, Q (E,t) is the injection rate per unit volume of
new particles (for instance coming from supernovae). Théighes (electrons)
within a certain volume overcome to energy gains and los$eshvean be written

as follows: B
- <%> —b(E) . (6.2)

thusb (F) stands for the energy loss by bremsstrahlung (equatioB)j2.Zomp-
ton or inverse Compton effect (equation (4.17)) or syncbrotadiation (equation
(5.5)).

The first term on the right hand side of equation (6.1) dessrilhe fact that
due to energy losses the particles in the energy rdnge + dE get shifted to
another energy range and replaced by other particles, whlene before in an-
other range. The second term describes the injection of aeticlkes and the third
term the diffusion. Equation (6.1) is also knowndiusion-loss equatiofor rel-
ativistic electrons. It is possible to solve equation (6at)a given distribution of
sources and boundary conditions [30]. Here we will just noen& special case
valid when considering steady state solutio% (= 0). For an infinite, uniform
distribution of sources each injecting electrons with ectpenQ (E,t) = k E~P
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one finds that if bremsstrahlung dominat¥g £) ~ E~P, that is the spectrum
stays unchanged, whereas if inverse Compton effect or sytmoh losses domi-
nateN (E) o« E-®*1 the spectrum gets steeper by one poweE of
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Chapter 7

Acceleration of high energy
particles

One of the most important and to a large extent still openlprobn astrophysics
is the mechanism by which high energy particles are acdel&ta ultrarelativistic
energies. In the following we will only briefly discuss thassical Fermi accelera-
tion mechanism, since in the meantime this subject has becuite involved and
a throughout treatment is beyond the scope of these notes.

The Fermi mechanism was first proposed by Fermiin 1949 [3&]sischastic
means by which particles colliding with clouds in the inteligr medium could be
accelerated to high energies. In the original picture cdgarticles are reflected
from magnetic mirrorsassociated with irregularities in the galactic magnetikcifie
or from massive clouds.

Consider thus a collision of a particle with a massive cl@adthat the velocity
of the latter remains unchanged. The angle between thaliditiection and the
normal to the surface 8. The centre of momentum frame coincides with that of
the cloud (as it is infinitely massive) moving at velocity

In that frame the particle’s energy in the collision is caned, but in the ob-
server's frame the energy’ of the particle after the collision is given by:

E' =~°E

2
2ch030+ <V> 7 7.1)

1
+ 2

C

whereE andwv are respectively the energy and the velocity in the obsdraene

- —1/2 , . .
before the collision and = ( — ‘C/—;) . Expanding the previous equation to
the second order iﬁci one gets:

E'—FE AE 2V wcost <V>2
= = +2 .

T - & = — (7.2)

C

As next we have to average ov@ér The probabilities of head-on and following
collisions are proportional to the relative velocities ppeoach of the particle and
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the cloud, namely + V cosf andv — V' cos#, respectively. In the following we
will assumev =~ ¢ (relativistic particles) and thus the probabilities aregmrtional
to1l+ (V/c) cosh, where0 < 0 < .

Moreover the probability that the pitch angldies betweery andé + df is
proportional tosind df, with x = cosf, we find (in the limitv — ¢) that the
angular average over the first term in equation (7.2) becomes

- 2V cosf o <ﬂ> _+11 z (1+Y2) do 2 <V>2

C

J4 (Ut ) do 3

Thus in the relativistic limit the average energy gain pdlision is

AE 8 [(V)?
== a2 () . 7.
<5 > 3<c> (7.3)

C C

Thus the famous Fermi result tells that the average incrieasgergy is only of the
second order iﬁg. This result leads to an exponential increase in the endrtheo
particle since the same fractional increase occurs at edli$ian.

If the mean free path between clouds along a field ling, ithan the average
(over angles) time between collisions turns out tahg = 2\ /c

Therefore the typical rate of energy increase is given by

dE AE 4 [V?
= _ () E=aE. 7.4
dt tcoll 3 <C )\) “ ( )

Let’'s assume that the particle remains in the acceleragiggn for a characteristic
time 7.5, we have then to add a term% on the right hand side of equation
(6.1).

Suppose we are interested in the steady state solution ebtheodified equa-
tion (6.1), thusdN/dt = 0, and moreover we assume that there is no source,
Q(FE) = 0, and no diffusion. The energy loss termh{&) = —% = —a E (here
it is an energy increase). This way we get the following eiguat

d N(E)
—@[O{EN(E)]—K—O, (75)
which leads to
dN (E) __ (14 1 E
dE ATese) B

or
N (E) = const E™% |

wherez = 1+ (« 7ege) .

We thus see that the so obtained spectrum is a power-lawndisnced after-
wards by the observations.

Clearly the above derivation is oversimplified, nevertbglmore detailed cal-
culations lead also to power-law solutions [32].
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Appendix

« Some useful definitions and formulae

— Energy conversion factors:

E:hu:%:@:zx.mﬁxw—l%ev
(N in pm = 107% m and v in Hz)

1eV =1.602 x 10712 Joule = 1.602 x 1072 erg

E =kT =1.380 x 1072 T Joule
=8617Tx107° T eV
(T in Kelvin)

« Astronomical wavebands
— Radio waveband :

3x10°Hz<v <3x101°Hz
(B3MHz<v<30GHz)
100m>A>1cm

— Millimetre and sub-millimetre waveband :

3x 10" Hz<v<3x10"2 Hz
(30 GHz < v <3000 GH=z)
10mm > A > 0.1mm
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Infrared waveband :

3x 102 Hz<v<3x10" Hz
100 um > A > 1 um

Optical waveband :

3x 10" Hz<v <10 Hz
1um > X>300nm

(10000 A > A > 3000 A)

Ultraviolet waveband :

10° Hz <v <3 x 106 Hz
300 nm > X > 10 nm

X-ray waveband :

3x 100 Hz<v<3x10" Hz
10 nm > X > 0.01 nm

(100A > A > 0.1 A)
0.1 keV < E <100 keV

— ~-ray waveband :

v>3x10"° Hz

A <0.01 nm (0.1 ‘&)
E > 100 keV
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