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'ABSTRACT

We present a rough but consistent model for the
- origins and time variations of fhe radiation

spectrum of a typical source Qver‘all wave bands.

The type example is the guasar 3C273B; we mean to
include by extension various other active galactic:
nuclei. Primary_éynchrotron emission is in the
infra-red; thé stéep décliné on the low—frequéncy;
side of‘the power peak is due, not to self—absorptioh,
-but to the cyclotron turnover. Optical and x—ray-
continua are Compton—récoiirphoﬁons; the radio out-’
bursts arise in the familiar expanding clouds. The
dynamical model which naturally fits the requirements
is that of a condensed, rotaéing; magnetized body,
evolving nén—thermally, the spinar.
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1. Recent observations (Kleinmann and Low 1970; Aumann and Low
1970) reinforce the inferences from previous work (Johnson and
Low 1965; Low and Kleinmann 1968:5Pacholczyk and Weymann 1968;
Becklin and Neugebauer 1969)5 powerful infra-red emission is a
common feature of strong radiation sources as diverse as our
Galactic nucleus,'the Seyfert nuclei, and thé guasars. They all
exhibit roughly similar épectral characteristics, a peak power

in the rangé betWeén_a few microns to a few hun@red microns wave-
lengfh, and a steep decline at both the low; and high-frequency
edges. The.powef in the IR band often dominates any.other singlei
- insfrumenéél band, and'conceivably outmeasures the whole rest of
the spectrum.

Our working hypéthesis is that éuch'sources aré basically IR
objects. The IR emission is primary; we examine its mechanism and
its relationships with the other spectral,bands. The theory is still
in a preliminary form, and eveﬁ the observations are not complete
;for any single object. The model although tentative accounts con-
sistently for what is known of:the whole spéctrum, and gives a rough-

guantitative description of all emitting reéions.

\ .
2. We take as a guide for our considerations 3C273, the source

'perhaPS'best known for its overall spectrum, in keeping with the
present purpose. ‘Since unfortunately the 3C273 data are less clear
juSt in the IR, and in addition the source is complex, some discussion

. . . 1 .
is in point. '

1 We assume throughout the indicated red-shift distance, about
600 Mpc within the accuracy of the Hubble constant.
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.Meter band and longer wavelen@ths (Kellermann and‘Pauliny-Toth
1969; von Hoerner~l966)° This emission comes largely frem the very
extended (lO4 pc) component 3C27324; it is constant in time. The
flat power-law spectrum decrea51ng smoothly from a poorly-known 1l.f.
cut-off presents no problems for a weak-field synchrotron emission
mechanism. The éenetic connection with 3C273 B, and the long—-time
energy evolution will be‘discussed in another paper.

Radio emission below 1m wavelength -(Kellermann and Pauliny-

Toth 1968): A remarkably successful picture of these emissions,

whieh explains their composite spectrum, the time-varying intensities
and‘downward shifting 1.f. cut-offs, arises from the model of ex-

panding plasma clouds (van det?Laan 1966) emitted from time to time

by a centre of activity at the optical pesition of 3C273 B. The

clouds become detectable only after they have exéanded to about 1

light month in dlameter, when the internal fields are around 1 gauss, they
expand visibly for a few more years, until the ‘magnetic field ‘reaches
slowly-changing 1nten51tles, ‘well below a milligauss. Their energy

content ranges up to' & 1054 or 1055 ergs, and the mean power 1mplled
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perhaps to g 10 erg/s. The unusual Seyfert galaxy 30120 (NGC 1275)

fits the same pattern even more quantltatlvely (Pauliny-Toth and

. Kellermann 1968). / .

Millimetetyradiation (Kellermann, Clark, Bare.gt_gl 1968): The
varieus_expandiné radio outburst clouds, resolved by interferometry

as spatially compact components of the complex centimeter-band

spectrum, account for the’' emission and its time course up to a
. N ' .
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11 c¢/s. Just shortward of this, the

frequency of several times 10
radiaiion rises steeply witﬁ-frequency, but varies in time on a
scale of months or weeks. This is largely the earliest sight,of.
the outburst clouds, withia self-absorption cut-off appropriéte

3

for the densities ~ 1 cm ° and fields 2 1 Gauss. Total output from

0.3 mm to 30 m: a few 1046

ergs/sec.
Infra—réd radiation (Kleinmann and Low 1970; Aumann and Low 1970):
' This wide and less-known band, which we take as extending from

several hundred microns down to one micron wavelength, holds the

primary emission power of 3C273B. Within its high-frequency end,

-
s

from l.l‘/b to about 10 M (the'rangeuwherefground based observing is'
possible) the integrated power output exceeds by one order of
magnitude the total radiation in all othex regions, reaching say a

few 1047

ergs/sec. There is evidence for an even larger power output,

‘strongly varying iﬁ time, at wavelengtﬁs up.to 70 M- . The emission

peak must come somewheré betweén 20, 4 . and a few hundred; if it

comes at the shorter wavelengths, the power is the value cited, if

at the longer waves, the power goes up by one order éf magnitude,
Optical gontinﬁﬁm (Oke'1§66): - the falloff in-frequency'in the

| near IB is much faster than the rough 1A9.behav10r of the opticai.

| continuum (which is perhéps less clear in 3C273B than in other quasars).

46

. ) ) . .
Output, about 10" ergs/s from 3000 to 10000A. Time variations on

scales from weeks to decades are -seen.
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Optical lines (Osterbrock and Parker 1966; Burbidge and

Burbidge 1967): Atomic emission lines come from a gas shell,

oxr possibly a more filamentary structure, surrounding the source
at distances of the ordexr of tens of light years. The gas must

have a mass of some 105 or 106 My with these models the i

-

H

excitation coming»either rrom hard photohs or directly from
leakage partacles. The line emitting gas shows bulk motion,
whether orbital or turbulent, cons1stent With a large central
mass, some 109 MO | o ;
”'X~rays: A recent experlment (Bowyer, Lampton,.Mack et al 1970;
Friedman l97Q).has detected.a‘power~oﬁ sbout»1046 ergs/s from 0;2 to 10Xk
oohsisteﬁt with a l/y_ ‘extrapolation from the optical. At'present

resolution, however, the X-rays could originate in either oxr in

both of the components A and B.

»Z;So active a guasar as-3C273 is perhaps unusual, but we

. believe that the.model it implies holds also with differing para- - s

meters, for a wide range of other objects.- Certainly some Seyferts -

also appear to be predominanhtly IR emitters., often with-a flatter,

_non-thermal optical continuum (Oke 1968; Visvanathan and. Oke 1968) .

: . , . i
- ‘ - . |

‘3. Can the IR power be>méde by electron synchrotron emission?

'ARecent work (O Dell and Sartori 1970) on synchrotron em1551on

;v offers a fresh way to re-examine the_issue . _... .

by reconsidering the role at intermediate % > 101.1

Hz). frequencies
of self- absorption, which turns out not to be the oxrigin of the

1.f. cut~off. ' y



a) Single i)articles of energy chz spiralling at small pitch
angle Q in a magnetic field B, with 3/971'emit a synchrotron

spectrum compressed within the limits:

Ve o, 5 4 2 By
e < 4 - 0 = A '.:..!.. .gw—-
3/@1 V. . 4 VB J’ ",V., '(\/B',z;r ,p‘«(_ ) . (1)

The lower limit is modified both by the increased electron mass

-

and by the blue-shift of electrons contributing along the line

of sight; the upper limit corresponds to an effective radius of J

curvature <={_§f_ _QY,, in a helicoidal orbit. The radiation
3 @

pattern has a width Aqﬁx—' C,é‘.’)g ' alx(zay.g:: approaching 4?\}':&'@

y

- at the lower limit. - :
B N |
b) For an electron energy distribution l"/()’}"’ g (&’z{&/éﬁ) the h.f.

contributions to radiation at frequency V¥ give the familiar

*iy

power law: E, ~ 136 x (Number of electrons with )/wgv,v i.e.”(V/B@)
: -

x (inverse width of the radiation pattern at Y & Y 2, (}//‘39)“‘) =(3@)’—Zf );‘ 71
At low frequencies Va ,VBya/@z , the same eétimate gives F;/rv V.G‘@?Br-l
using the other limiting fadiation pattern d/y/’,t £ . Note that the

' highest energy e;lectrons do_minaté ‘also the lowest energy emission. The
two limiting si_c'apes meet at the cyclotron turnover \}@5 , a fair
estima}te of thé .'posi.i;.ion of the .power' m;ximum.~ For uncorrelated OV
and (@ ; & microscopic average ovér thef_effective pi;cchA angle
distribution is to be taken, cf. also 0'Dell and Sartori 1970.

c) The range of the émitted' spectrum .is not necessariiy given by
the full range ’in _electfon energ.y. On thé‘ one hand,l correlations
between energy and angle, tend to, be built ﬁp by energy gain and

ioss processes in ‘th-c—A: sense of higher g/ going together with
smaller (£ ,. If J/@Lﬁ const, piliﬂg up of radiation at the 1.f.

edge will steepen the spectrum; if j/ e N const, the same effect

3
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occurs at the h.f. limit. On the other hand; the assumption of
uniform B may well be too schematic, both acceleration and energy

loss can depend on p051tlon, thus modifying the spectrum; |
Y
the different dependences on B of the 1.f. speCLLum (~ B )
Tt

and of the h.Ef. spectrum (~ B 2 ) weight dlfferently contribution

from low'and high B regions Also, dependence of self- absorption

on spreads in k’ and 0 should be conSioered moreover, beam

visibility conditions in a well ordered geometry tend to reduce the
contributlon of high energy electrons.
A precise determination of epectpal.shapes will require .

further consideration. We conclude at thisietage that the key de-

- partures f£0m“past schemes are:. First,fa 1.f. cut-off can appear in

_«self~absorption if

_”high B, near. large “(even 81ngle) anchoring masses.

‘optically thin conditions at reasonable'values of the magnetic field;

namely, the frequeney - Yh/@ is larger than the synchrotron

whereiégiienthe flux at theiobeervedhturnover, aﬁd X is the observed

angﬁlar width of the souroe. “second; the h.f. cut-off is loweredﬂ

.at least to x ?; e Third there*is a‘gualitative tendency'to

i-shrlnk the speotral range TEEi11 further. TheigroéslféatUres"ofithé”ik_

peak Can thus be explalned by synchrotron eﬁission from optically-

- .thin electrons, mOVing at small pitch angles Wlthln a moderately

We now fig those.magnitudes which do~not_strongly depend
upon the IR,speotrai‘Shape,.»First_of aillVthertxansitftime“atgaj

ments set the diameter'of the emittihg regioh at 1016 cm, a smallexr

. 8ize than that derived from the current angular resolution of

VLBI. We pJace the emitting volume at 1047 cm3.



‘The total synchrotron power is given byv .
lebf” or 1048 erqg & 3 10713 _B2 (3/@ )2 nv

where n is the mean number density of relativistic electrons.

]

The fréquency of peak power , not well known, is given by the

cyclotron turnover frequency %% £ 1012 or 1013

Hz. Oné

additional relation is provided by the requirement that the

_magnetic fields preserve the form of thé region; so that the

magnetic stresé must dominate the electron loss stress, giving -
2

ATAmnma%/ >4, Moreover, for the correct use of the synchrotron

relations, we must require that»(J/@ y> 1 for'all)iA consistent
' 7 8

set of parameters is given by B % 104 Gauss and n = 10 or 10~ cm

To exhibit separatélyfthe values of )/ and the pitch angle, we

choosé . a pair, not for the cyclotron peak power frequency, but

: v v 2
for say 1014 Hz, with the usual relation Viw -‘-‘Z/ VB‘()/ 6 = /o " //2
-Such electrons then have an energy 32;103 and a pitch angle

Ox 10—2. The low-energy electron cut-off )g will reasonably be

some tens;the overall range of_theeléctron spectrum is then about

(Yz/‘r, w~ 30 fbfo . The maés ‘Aflow works out to some 10 Mg /ycar
(taking one‘proton‘per electron). In section 5 we will show that
this size, stress ratio, mass flow, and magnetic field all fit
~naturally intp the framework 6f our dynamical model.

hAngular.concentration of the soufce,_and the likelihood of

‘short term,'étrong fluctuatioﬁs afe known, inferesting properties
of a collimateai(qn the average).geometry of the‘emitting

'particles'(Wo;tjer 1966) .

4. The next high frequency bands of the spectrum, the optical

-3



and possibly the X-ray continua, can arise from inverse Compton
scattering of the same IR photons by energetic electrons. The;

ratio of inverse Compton to parent synchrotron powor (Woltjerll966)

N &3
Bt bt

can be expressed as

. J . 4
.E.‘l;;_ J/ILU;-ML’Q
. P
: : ) o 5
where L . is the - length of the regions, © is the angle

between electrons and photons, the index ' applies to the reglon
. where the scatterlng actually takes place, which is not
necessarlly c01nc1dent with the region of synchrotron photon
generatlon (’ ﬁftf7b y is a fair estlmate of the cross section
as long as }’LVH«AMCL. Notice that the opac1ty to Compton |
scattering‘V}AlHG? is ,appreClable - for lgggg objects where
A&Lélfi%“é%;l + unless the angle éy stay5~very small. The gain
in energyvefrsingle photons is of order [JZ-, un’ess again the
angie is very small. Sﬁccessive scatterings will extend the 4
spectrum weakly up to J’Av’~4ncl;'where'the cressAseetion

decllnes.

Thus an average curvature of the llnes of B will 1nev1tably
start a Compton cascade,if not at the IR emission region 1tse1f
then sllghtly beyond it, where synchrotron photons from other
‘regions of tﬁe:seurce“eﬁcounter'the'electrons moving nearly

along B under a substantial collision ahgle. The synchrotron

life time being short compared with the transit time, the

*In contrast to sources with much larger surface-tc-volume ratio

like the circumpulsar region in Crab Nebula.

- 8 -~



!
_ energy, spectrél distribﬁtion, and total output of the Comptonf
photohs will depend sharéiy'ﬁpon the'relativé position (or'ovef~
'lapping) of the accelérationiand the emission regions. ‘ _

We take a ﬁew steps more on the assumption that yfﬁly andf:
Qgﬁ £ . Then the inverse Compton.photpps extend over a rangéi
fixed by that of the primary electrons, (3Q/f‘y', In the Jf;é‘
‘correlated model for the IR emission one finds 36/}?‘@ 30 - 50;
and hence would éxpect inverse Compton phétons extendiné oVer tbree
'décades}.stértingrwiﬁh'about 1015 Hz. One expects an X-ray conf
tinuum with a shape like the optical oﬂe,‘about 4/& . Notice :
also that the cross-section decline would.begin at V=2 IQIZ}J Hz;
the specfrﬁm ought not to persis£ into thé‘@émma ray region, peithér‘
on the‘basis‘of the IR bandwiéth nor ffoﬁ total energy argﬁments.~
The unseen ﬁands between the visible and the keV‘X~rayé‘must also
contribute_output power, for the mést part absorbed in the gas of
any surrounding galaky, which is a few times the observed optical
p§wer. - . :.- i {;g'j' =

_At the other extreﬁé ofwthe iénge of-eieétroﬁ parameters, we
-  expeCt ap;exceés of low-energy eleétrbﬁsIWith J/Q < 1 ;whiché

’ﬂcdhtribute afnarféﬁ IR'peakfrbughly a£:5vé/c)';JWhiie the high‘t

‘energyueleétfons generate an optical éynchrotron"édntinUﬁm,Vahd the
Compton photbné become unimportant. ;Such'a spectrum would not flat-
ten markedly'going from IR fb the optical band;’would extend much
lessvfar into the X-ray region, and might tend to a higher polari-
zation in the visible'than in the IR. ?

5. The above emission scheme, although in principle independent,

fits Very well with qualitative and quantitative features of the
spinar dynamical model (Morrison 1969; Cavaliere,-PaCini, Setti 1969;

Cavaliere 1970; Woltjer 1970) for the cores of violent sources.
g - :
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The main links are the strenqth of ‘the magnetlc field, its
extent and curvature, the continuous acceleration of electrons,
the overall energeticg and the mass loss. -

The model independently. requires fields about 105 G at

15 on in radius; the general

the surfaoe_of the spinér,some 10
poloidal field varies outwards with a law between the extremes

%1 and é3(or steeéer for multipoles highérfthan'dipole),
as the stress ratio increases. In this ‘framework, the IR region'
would_be'located within the critical éurface, with radius-

xi% <& lO17 cm, say close to 1016 cm. In rotating models,
the poloidal B develops gradually into a toroidal component at
the criticél surface, so that electrons are cer: ain,at least
there, to collide with photons at non-negligible angle.
Continuous and efficient accoleration ofvelecttons, electrosﬁatic
and electromagnetic, is predicated by the model, if ohly by
analogy witﬁ the'pulsan; though the details of the acceleration
are not'undérstood, largo—scale, strong electric fields are
. expected at least within the critical surface. Thé dvnamical
and e.m. stresses corresponding to the-mass loss cause the body
to lose angular ﬁomentum and hence to evolve by continuously
releasing gravitational energyéfirst,into rotaﬁional:energy}
and ﬁhereffom efficiently into particle and e.m. enérgy,by way
of the B field. The thermal energy content always remains small.

Note that a continuous reiease of 1048 erg/s of rotational
energy'by flow of mass and of e.m. angular momentum; 10 ‘3o An] )
implies a field B, at the critical surface of about 103Gauss,.

4

.again correspoﬁding to 10" or 105 Gauss at the surface. The

energetic content of the magnetosphere amounts to about 1055

- 10 =



erg; such plasma energies are associated with the larger radio
bursts. On the other hand, the core is bound to emit mass

discontinuously, with an average period something like the

‘rotational period T N1 yéar, whenever dynamically excited.

The weak=-field radio buxst phenomena correspond to the expansion

of these lumped mass ejections, in the way proposed by van der

Laan (1966). The radic bursts, therefore, while sharing a common

energetic origin with the other spectral bands, are not strictly

‘time~correlated with them, since the radio emission arises only

far beyond the critiéal_surface, wheﬁ the magnetic field is . .

well undér i Gauss. Radio=~silent QSO'S have a cyclotron turnover
cut-off but currently no radiorciouds.. Rees (1970) has already
pointed out the possible continuity of the radio burst clouds with

the filaments causing the multiple absorption red shifts familiar

in large—-z guasars iéee also.Shklovskii l969);10ptical jets and wisps,
and extended multiple radio_structu;es imply’instead occasional, major
disruptions of a'spinar into.secondary objects, themselves often ‘
sources. - |

. ) «l i
Outside the critical surface, B ~ ¥ ; i1f adiabatic

"}’JL

invariance at constant energy prevails, B, ~ ¢ . We anticipate

that eiectrons leékihg from the critical surface emit a steady i
s&nchrotron backgroﬁnd.of about 1046 ergs in the millimeter
range, falling in intensity with increasing frequency.

It is not hard to see that the idea of a coherent spinning.
object whose magnetic field decreases with distance according -

to a power law implies a power law énergy distribution for

fast protons, .once we suppose that thé sites of injection are

-11~



more or iess uniférﬁly spread'a;ohg the'radius. A similar model

for electrons, of course, must take into éccoﬁnt the radiative

. losses. One may estimate very crudely the maximum energy for
electrons by donsidering the external field beyond the light

circle as a wholly non-accelerating magnetic region (Landau |

and Lifschitz 1962). That estimate yields a maximum electron energy

2

10 GeV; tﬁis implies that the emitted e, spectrum will not

continue beyond WV & 20 Mev without a break.

We ;re very grateful td our MIT colleagues,‘Mr. S. O‘Deli and
Prof. Sért6ri, for telling us of ‘the cyclotron turnover
phenomenon before’pubiication, to Dr. T. Kinman and Prof. N.
Visvanathan for encouraging information on their unpublished’
;optical studies‘of 3&345, and to Prof. B; F. Burke and L. Woltjer

for much discussion and heipful comments .
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Caption to Figure

Fig. 1 - Schematic diagram of a typical strong source (not to

The numbered regions are described below:

0

8

Spin axis: spinar with angular momentum J, mass
10° Mp; @ ~ 1077 or 1078 571,
Surface of spinar: poloidal- field enhancement.

Synchrotron emission of IR.

Critical surface-~ r ~ c/N.

scale).

Compton-recoll emission of optical and x-ray continua.

Radio burst clouds, r.f. emission, X < 1 m (expanding as

they move out) (van der Laan 1966).'

(Osterbrock and Parker, 1966).

Emission-line optical source, excited gas filaments

Absorption—-line optical source, fast-moving cooled

gas filaments (Rees 1970).

Weak-field synchrotron plasma, r.f. mainly A > 1lm.

Particle acceleration continues throughout region 2, and perhaps

beyond.

‘The general B field falls about as l/r2 or l/r3 until the critical

surface; outside that, it is mainly toroidal, and falls as 1l/r. The

whole volume is traversed by the large output of relativistic protons.
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