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THE INVERSE COMPTON EFFECT

’I{ Background
Even in the early days,of»radié astronomy (ca. l950's)>it‘was

‘recognized‘tﬁat'ﬁhe physical process résponsible for the emission

of "cosmic“‘radio wavesvwas,syﬁéhrotfon‘raaiétion. Thisvméchanism,
1which had its mathematical roots in,a‘ciéssic.paper,by-J. Schwinger
(Phys. Rev; 1948)v§ho was interested in radiation losses suffered by
particles.in synchroécyclotrons, was applied extensively to radio
Méoﬁféés B& Ehé Ruésiéns,Ciﬁzburg,“Syfovéfskii, Shklovsky én& 6tﬁef$. :
Theée first autﬁors referred to the process as "magnetic bremsstrah-
lung" because of the following énaiquvto’the faﬁiliar coulomb

 bremsstrahlung:
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{

~ Coulomb bremsstrahlung ' Magnetic bremsstrahlung
(free-free emission) - ,

In Coulomb bremsstrahlung a photon is emitted as the electron is de-
flected by a positive ion; in synchrotroﬁ radiation the electron is

.deflected by a magnetic field line causing the emission of a photon.



' Conéeqﬁehtly, observationsvof‘syn@hrotfon radiatidnfindicaté thé pre-
éeﬁce‘of'two,"ingrediéhts":
| v a)» enérgetic electrons
'vr‘b) magﬁetic fields
How énergetiC«aré the synéhrd;rdn éléctrons?'
- The syﬁchrotron ﬁower.P(v) radiated by a single éleétron of

. energy ¢ in a magnetic field H is schematically.

| _\ogavm

P L
—— e v — o

Most of the energy appears at a ériticalbfrequency

3e‘u | 2:
Ve T Grme 4mme H (E/mc )
=1.61 x 10 ~ H E"(eV) Hz.

- If Vo is to be in the radio dbmaiﬁ, Vo :_109 Hz then

| .
g~ 10
H1/2

eV .

. in ordlnary radio sources, for example our own galaxy, the magnetlc

fleld is ~10 5 O_é gauss so»that -



E f'lOlO“eV«~ 104 MeV

’ 4so-that the electrons giving rise tovsynchrotroﬁ radio sources are

highly relativistic indeed!

II. The Inverse Compton Effect

"A. Consider what happens when one of these synchrotron electrons

~ collides with a weakly energetic photon, for instance either a radio or

- a starlight photon which have energiés of,
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he10™ - 6 x 1073 ~ 0.4 ev.

Radio:;-E(vR)v

Starlight: E(v,)

~ In such a collision one ofbtwo things may-héppen,

1) The photon is absorbed 4.synchro;ron self absorption

2) ' Elastic collision - phbton gains energy from the electron.

Inverse Compton Efféct = The collision .of a fast electron and a low

energy photon with the éohsequent production of a high‘energy recoil

photon and a corresponding decrease in electron energy.
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- b) Electron Rest Frame Sl‘(Ordina;y Compton SCattering) L



The angles at which the photon is incident on the electron a,
alviﬁ,the two_framés are related by the usual relativistic formula for
" the aberration of light,

1 “sin. o

tan o~ =
Y (cos a+B)

‘For highly relativistic electrons, B~1, y>>1 which means that al is

SE véry small except for a-m. Physically this means that a photon flux

V,:isotropicuin S will be sgeﬁ.inlsxtas;a welllcollimated aﬁdﬁalmost_x
"ﬁnidirectional photon beam coming-ffom the .right 'in the diagtam.
"iB.“What‘is the Energy of the Recoil Photon in S?
" The relativisticbDopﬁler formula_gives a transformation
V , fét»the incident energiesViﬁ S and Sl, |
- elg= Ye (1+B cos a) -

and similarly for the scattered photoné

1 NN

e, = vey (1-8 cos al)‘

In S1 the process is precisely ordinary compton scattering so

that the compéon relation>5etween the incoming and outgoing photon’ener—#‘
giesﬂholds, .
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l.+‘(el/mc2) (1fcos‘61)



Nowysubstitute el.and ei

tion and solve for €, as a function of ¢ and we‘find that the energy

- from the Doppler relations into this equa-

of the recéil photon in the cosmic frame S is,

vyze(l+8 cos a) (1-B cos ai)

177 2 « 1
1 + (ye/me”) (148 cos o) (1-cos 67)
recalling again that the photon énergies e<<leV and tﬁé Lorentz factors
for the electrons'afe‘large, y~104, we can apply ﬁhe condition

- ,._.L,..‘..v R P 2 ST
ye << mc’
and note that the angle factors above can all be set equal.to 1. The

recoil energy is now simply,

Through this,rélation.ong may'obSerVe the brincipie“téSult of the':
inversé,compton effect:  soft phdtons can be'raiéed to vefy high.eﬁergies.
As an example | H | |

'Ka) Radio pﬁotons,,hv~10-5ev aré converted to X—rays (*103éV).

(b) Starlight photons, hv~{1eV'become.hardvgamma rays (~10meV).

C. Total Compton Power Radiated by a Discrete Source . .-
We have so far considered monoenergetic electrons. In most
radio sources we find that the relativistic electron distribution has

~ a power law form,

N(E)dE é'Nbﬁ“de;



If ée also consider the pheton distritﬁtioh to have‘a biackbddy distri_
‘tutien characterized'by'eﬁ effeetive temperature'T (e;g.'for radio
photons T ~ lO—ZQKg for starlight T - 103°K)vthen the'total”specific
'intensity resulting,from cempton collisions is i

I, =107 (3.66 x 10703 R T(m 372 <1~m)/2 |

Photqﬁs/cmzesec—sterad . o

.. _where p is tﬁe total photoe‘energy density an&vR is‘aimeesure of the
':size of the radiatiné veiume.:vThe detaiis‘of this calCﬁiation may be
found in Felten and Morrisdn,‘Ag.-J;,‘Lﬁg;‘686 (1966) .
L The iﬁportanttresult here; endvone we shall heﬁe oecasion te
v tefer to latef, is that the compton intensity ie propbrtionai td the 
.normelization of the electron diettibution‘end tﬁe frequency,v
I, =N, b(lem) /2
'III} ,Applicatioh.qf IﬁVefee Com@toe Seattering TobRedie Sources
;in'radio sourcee the inverse Cemptonteffect'manifests itself in -
two ways:. o | | |
. 1) It produces higﬁ eﬁergy photons (X;reys, y;tays)
| 2) It llmlts the llfetlme of the synchrotron’electrons
‘Lets 1ook at each of these effects separately. : |
A ngh Energy Photons |
o 1.  Total Spectrum of a Redlo Source
Ifgthe radiation den31ty &ue to.synehtqtroe tadiation is:

sufficiently intense to allow Compton scattering it is also possible



that a particular photoh may be scattered two or more times. In fact

the number of scatterings - is limited only by the form of the cross

' section which changes from the classical Thomson form to the Klein-
- Nishina expression for photon energies much in excess. of 100 keV. There
is also, of course, an absolute limit to the energyibf the scattered

phbtons'determined by the maximum energy of the electron flux. If we

account fqr all»ordefs‘of Compton séatterings and refer to the re-

{h o4 : ) . B . A
sultant photon intensities as esc(v?, escz(v), esc3(v) (for once,-

 twice, three times and higher'ordef,scatterings, etc.). Then the total

‘spectfum of a radio source will have the following idealized shape -
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where'es(v)'is the radio synchrotron part of the spectrum. Notice

also that as the energyvper photon at the higher frequencies is much

lérger than that contained by'the radio photons, the energy denéity in



the twice scattered'compton spectrum actually exceeds that in either the
once scattered part or the integrated radio energy density. In fact,
one has the folloWing ratios

€ ¢ €
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Thesé ratiés don't increase indefinitely due. to the ghéﬁge'in crosé
section noted eérlier.

‘thvis to be expected, therefore, ghat»strong,ﬁc0mpact‘radio sources
shoﬁld‘be:intenéé emitters of X—féys and.#;rays becausé.bf the inverse
éompﬁon effect: such'objects are ﬁhe subjects‘fof curfent seafches at
these energies. -

2. Dgfermination of tﬁe Magnetié Fieid’in'Radio Sources
| Realizing thatvmany fédio sources emit through thevsynch—
rotroﬁ mechanism, it should be clear‘that_a anw1edge of»tﬁe magnetic
field in'thése objects‘isvessential;ﬁ Unfortunately such a determination
is very diffiéult} There are three main ways of obtainingja value for
vthié paraméter in.a parficular sourcé, | |
(@D bbserﬁing a low frequency cut-of f
(2) equipartition arguments
',(3) observing inverse.Comptbn X-rays .

The theory of synchrotron radiation predicts that little

‘radiation will be emitted at frequencies less than the so called

"synchrotron self absorption frequency'. This arises because electrons
in spiraling about magnetic field lines can absorb photons as well as

emit them (iﬁ order to conserve energy) and low frequency photons are

preferentially absorbed (cf. Gringbueg ahd'Syrovatskii, The Ofigin of
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~Cosmic Rays). This cnt~off in the radlo‘spectrum is directly:related
to the nagnetic‘field H and,nrovides'a means for its determination. Un-—
‘fortunately'such calculations are often unreliable because other effects'
‘such as a low energy cut«off in the electron dlerlbutlon or the Ra21n
effect can also produce a low frequency radlo cut-off and its 1mposs1ble‘k
to tell for certaln that synchrotron self absorptlon ls in fact present.
Equ1part1tlon arguments involve the follow1ng reasonlng
E A radlo source is in a most energetlcally favorable p081t10n when the energy
- in relativistic particles exactly equals the energy in‘the magnetic
- field. 7An0ther nay of looking at this is to say that the ontward "pressure"
of the relat1v1st1c partlcles is . exactly balanced by the confining
vpressure of the magnetlc field. The energy in relat1v1st1c electrons,
E_ée’ ls easily derived from a knowledge.of thejradio spectrum and the usual
synchrotron formulae. :However;vbecause of the‘much-larger mass:of'thef
'proton as’compared‘to.the»electron; most'of~the‘energy in relativistic
particles in a radio source resides. with the-protons not the electrons
and the protons do not eXhlblt themselves in any observatlonally veri-
“flble way. One thus must resort to the assumptlon that a factor f more
energy exists in relativistic protons than there is in relativistic

electrons; the equipartition relation then is,

E 4+ E = (1+£)E. = H" /8.
e tE, = (HDE =B/

. bne really‘has'no way offknowing f but it is usuallyitahen to be ~100
'vlafter aomebearly calculations'by Burbidge (1957}. The'magnetic field
then follows immediately but is uncertain hoth becausethie}uncertain'i
~and because one has no way of knowing ifveQuipartion holds or not in

a particular source.
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But now suppose X-rays are observed from a radio source
and we specify that these X-rays arisévfrom Compton scattering of synch-
rotron radiation. In this case, the Compton flux at a pafticular’X«raij

- frequency vx is
X~-ray: I(vx) NO v, .erg/Hz sec

as we noted before. Simiiarly; the synchfotron radio flux observed at

a'freQuencyuvR is

Radlo (\) ) . N H(l’*‘(l)

R ‘grg{sechz,

Consequently, if the radio and X-ray flux can be measured in a particular

source then we can unambiguously establish the magnetic field without
knowing anything else about the source‘(e;g. the distance or size doesn't

enter explicitely in this method as it does in those discussed preViouSly):

I(QR)V (vx T“' f(°‘+l)_
vax)» Vg } S

We now‘have X~ra§ and radio measurements on several 6$jecté and are iﬁ,v

a position fo apﬁly this method -- thévfields that result are 10"6 ‘-'10_7
‘gauss,‘values which are.lo—lOOVtimes smaller than thosevgbt from either
equipaftition afgumeﬁts or low frequency cﬁf~offs.‘.The reason for this -
 discrépancy seems to be'the”differeﬁt‘solidvangles used to view the source
~in thé radio ‘and in the X~rayi When the angulaf'reSOIUtion‘df X-raj
detectors 'bécomes comparable with that‘éf radio telescopes'one can expect

more reliable measurements. -
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B. Inverse Compton Limits on the Lifetime of Synchrotron Electrons.
The relativistic electrons in radio sources will scatter any

other radiation which is present as well as their own synchrotron radia-

- tion. The dominant form of radiation in many extended sources may be the

~ primevial blackbody microwave radiation which présentlyvhas a temperature

T ~ 3°K and an energy density U ~ 1eV/cm3.v‘In all "big bang'" cosmologies .

"- these quantities scale with redshift Z»=:X observed/k'emitted‘as

T = Tov(1+z)

Because of the presence of this radiation the electrons will lose energy

~through the inverse Compton effect at a rate

(g%) = 10”0 v (B/mchH? ergs/sec

and ‘it will also lose energy by synchrotron radiation in a similar way,

' dt S L

T R | |
: QE)” = —107'6"H (E/mcz)2  erg/sec

The lifetime of an electron will be
107.6 mc2

} 'r(E) - 5 '
E(UHL"/4m)

sec

so the lifetime of a relativistic synchrotron electron is limited even

as ‘the magﬁitudé of the magnetic field H»0! And since U scales with

- redshift this statement is particularly relevant at high Z: in fact.

losses due to Compton scattering’will equal those due to synchrotron

radiation when
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HciQ 4 x 10_6 (l+Z)2 gauss

'Fo: sources having fields H < Hc we éxpect*the iﬁverse Comptén'effect
to Bé important, i.e., we exﬁéct to.be abie to observe X-rays. ‘The

‘total spectrum of a'?édio sourcé with'arbitarily émalliH shouid have !
the folléwiﬁg form when account ié taken:of Cémpton,scattéring.of the

relativistic electrons on the 3°K microwave background:
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