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| Abstraét

If a eo111s1on of two large, massive, fast gas clouds occurs, the1r
kinetie energy is converted to radiation in a pair of shock fronts at
their 1n§grface The resu1t1ng structure is described and the relevance

of this as k! rad1at1on source for QSO s is cons1dered

-



-_ 1. The Méthaﬁism.v-

| A very simple solution to the long stand{ﬁg'problem of the QSO

eneréy source may exist in a mechéniém being.considered-by Osterbrock

_ (see,lfor instance,.OSterbfock, 1971) for active galactic nuclei, including

-those of Seyfert galaxies. ‘ThisAprocess involves the conversion of large
sca]e‘kihetic energy to e]ectromagneticvradiation at or near a pair of
shock fronts between dense colliding gas clouds. In this sectioh we explore
the basic constraints which are imposed on such a model by observations of
Qs0's. |

| As material flows {nto a shock front; its energy is first thekmalized

and, if time permits, is radiatéd. AS-a'cbhsequence, the total Tuminosity

of a pair of such fronts between clouds of cross-sectional area A is

oo

.;Zi = 2A x (mv§/2) Xn

where nd is the number density in the clouds and v_ is the shock velocity

0
(172 of fhe relative velocity of the clouds).

In the caée'of a QS0, the shock velocity is 1imited by tﬁe}observed.
Tine widths (see, for instance, BUfbidge (1967) for a revieonf Qso
properties) to-be generally about 1000 km/sec, imp1ying from 5kT = mv§/2
(m = avefage mass of the nuc1ei)'that the post shock temperature is roughly
- 1.5 x_107°K, taking the helium abundance to be about 10% by number. In
~ addition fluctuations on a time scale of order one year require thaf the
cooling time behind thé‘shock be about 1 year, assuming that the Tuminosity
f]uctuation§'éimp1y mirror fluctuations in the'density of material entering
‘the shock frgnt. Theiéoo1ing time}is given by 5kT/Ln, where L is the
~cooling ‘toefficient (in ergs ¢m3/sec). If bremsstrahlung accounts for most
of the cbo]ing.(Cox and Da]tabuit, 1971) tHen t, v 0.1 v /n yeafs; |

“ Therefore we requi}e ny = 107 partic]es/cm3. The total radiation flux is



- then approximately povg'/z'z 107 ergs/cm? sec, or ]-watt/cmz, which is-
similar to a low wattage 1ight bulb. |

If this mechanism is to be the QSO energy source we c]éar]y require a
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- very 1arge shock area. For example 10 ergs/sec are generated by a shock

38 cmz.- The radius of the.smaller cloud involved in the collision

-must then be about 1.3 pc. The mass of such a cloud is 2.5 x 106 M o

area of 10

similar to a large globular clustér. It should be noticed that this
'.'eoliision would last pn]y for a time Zr/v0 or 2400 years, implying that the
- state of being a QS0 is ephemera] or repetitive.
0f course it must be shown that such an energy converter produces the
correct spectrum, and that the physical conditions wﬁich would produce the
collision are achie?ab]e. These points are discussed briefly in the

subsequent sections.

' Ii. Structure ana Spectrum
A Shock Fronts and Coo]1ng Regions.
As the two c]ouds come together, the gas of each enters a shock front
”:'Qhere its kinetic energy is therma]ized, its densityvraised to 4n0 and its
Velocity reduced to v /4. These are standard results for High ye]ocity
-shock waves (see for instance, Zel'dovich and Ra1zer 1967). Behind each
shock there is a cooling reg1on with near]y constant pressure from which . |
most of the thermal energy is rad1ated as the gas flows through, The width
”>of.this region is approximate1y equal to the cooling time tc multiplied by
; the flow ve]oeity_v°/4, or | ' | .

4 =7.5 x-10 /n o (= 7.5 x 10‘4 )

where the number -in parehtheses corresponds to vo = 108 cm/sec and

— +al =3 v
“o»' 10" em ™. E =

: This shock and cooling region effectively converts the entire kinetic




energy ‘of the entering gas to—e]ectromaghetfc radiation.

B. HII:Regiohs.  -

Most of_the radiation from the cooling regioﬁs, however, is beyohd
‘the Lyman limit and as it}propagates either upstream into the clouds, or
 downstream into the already cold deﬁse gas_f]owing out of the cooling
regions i£ is strongly absorbed to form HII regions, one leading and one
trailing each shock. These two"ﬁ}i reQions process nearly equal amounts of
the ionizing radiatibn, but they differ in size and secondary spectrum

because of their extreme difference in density. The leading HII region

- has a density of 107 cm'3; The trai]fng HIT region has a pressure povg,
implying a density of ]0n cm'3 if its temperature is 104°K, or in general

3, where Td is the local temperature. (This value of the density

1015/, e
depends on the contribution of magnetic fields to the pressure, which has
‘been neglected heée.) - |
Again-assuming bremsstrahlung to be the dominant cooling meéhanism in
the cooling regions, the average‘nﬁmber of ionizing photons which must be
processed by the HiI'regionsvis approximately 5 (IH/kT) = 20 for every
atom entering the shdck front. Inreither HIT region the density is so high
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that its thickness is qUite_Ema]],'ab6UE“3 x 10°7 cm for the leading region

and perhaps 4 x 10°

cm for the trailing region, so that all the emitted

| radiation is converted to photons with hv < 13.6 ev in a pair of thin
sheets sandwiching the narrow cooling region. Even the bremsstrahlung
X-rays are absorbed within a.very shori distance in the c]ouds (which are

neutra]’betause of the very short recombination time for hydrogen).

C. Ahticipated Spectrum.
Both the cooling and the HII regions have considerable temperature and

jonization structufe. -Jhe HII regions are expected to be similar to those
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consideféd byﬂMac A]pihe (1972) and Davidson (1972), except for the low
radiation density in the primary source considered here. The emiésion
1ings will thus originate from a wide range of ionization stages. Some of
the most intense lines expected from the cooling and HII regions_are shown
in Table 1. Since the gas‘behind the shock slows down as it cools, coming.
essentiai]y to rest with respect to the clouds, the lines observed will
have widths up to IOOOvkm/sec,'éﬁrresponding to the velocity separation
- between the emitting regions. In the denser region behind the shock
collisional quenching can be expected for some lines. These lines will
thus suffer only the thermal broadenihg that occurs in the leading HII
region. The spectrum will then consist of a mixture of broad and narrow -
lines similar to that described by Burbidge (1971).

There is a very dense sheet of material between the two shock fronts.
' This consists of materialvwhich_has passed completely thro&gh one or the
other'of‘the'shocks,.and_its“associﬁted_cooling and HII -regions. -As has
been mentioned the density in this sheet, in the absence of magnetic fields,

-3, and the sheet thickness would be about 4 x 10]0

would be 10'°/T cm T, cm
.whén the collision is half bver, If sufficient dust is present in this
region {t may be expected that the radiafion reaching it will be absorbed
-by ﬁo]ecu]es and dust, and be're-radiated as characteristic or black-body

‘radiation.  If so, thé effective temperature would be a few hundred. degrees.

- D. -OpaCityiof'thé Neutral Clouds.
The column density of neutral hydrogen in one of these clouds. is about

4 X 1025 chZ_ To prevent the entire Tuminosity of this object from

escaping only in the jnfrared, it is required that the dust to gas ratio in

4

the clouds, which surround the emitting regions, be 10" - 105 times smaller

than in the interstellar medium in our galaxy. If the clouds are assumed



to have 10ftimes 1éss heavy element abundahce, simi]ar to population II

3. 104 tfmes smaller

'stars; the dust to heavy elemeht ratio need only be 10
fhan in our galaxy. On the other hand, if the interior cold dense region
is_to be thick enough to provide characteristic or thermal infrared radiation,
the dust to gas:ratio there should be s]ight]y higher. This may bé a :
reasonable conseqdence of the matéria]'é density and thermal history, i.e.,
the baking which this gaé undergoes in passing through the interior HII

region could have stimulated molecule and dust formation. We havé not

- pursued this idea numerically. d

-The flux of non hydrogen-ionizing radiation produced in the cooling
region and in both HiI regions is sufficient to ionize all the heavy
elements.with jonization energy below that Qf hydrogen, and to do s0 without
diminiéhing-appreciab]y._.This flux is also more than sufficient to ionize
all the H that forms in the clouds. This means that the bound-free opacity
from both heavy‘elements and H"is negligible. The electrons existing
in the cloud have such low abuhdancé; and the HII region is so thin, that
electron scattering is of no.consequence. The free-free opacities thh
from H™ and. the heavy e]ementsdonly become important in the far infrared or
beyond because of the low electron abundance.

- A substdntial fraction of the energy emitted in the HII fegions, and
to'a lesser extent; in the coo]jng region (Cox and Tucker, 1969) will appear
in the form of Ly o radiation. The cloud s indeed thick at this wave-

- length. Howeve;, the Ly d produced fn the cooling region and in the trailing
HII region is emitted'fér in the wings of the absorption profile of the

- unshocked portion Of'the'c]oqd.':This radiation will diffuse both in space
and in fréquency (Osterbrock; 1967) and part of it will eventually escape.
The number of scdtterings réquired for escape, however, is so large that

~ the probability of conversion to 2 photon Ly o continuum (or to other lines



~ significant.
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- by co]]is}ona] quenching of this continuum) is substantial. -This could
:contribute to the continuum spectrum of this object. The Ly a emitted in
“the leading HII region is emftted in the core ef the absorption profile,
and is all converted. All the Ly o that enters the unshocked portion of
the cloud effectively popu]ates fhe n =v2 level of hydrogen, and this
popu1atibh could be enough to make the Balmer continuum opacfty marginally
- The transfer of radiation through the eloud is not a trivial problem,
and its so]ution requires a knowledge of the spectfum of the cooling andAHII
'regions._.This ]awer problem is being studied at present. It seems,
however, that}in the'absence.of dusf, the clouds are fair]y transparent,'
and that mosf of the radiation will emerge a1host as emitted by the HII
regions.'
III. Origin

6

. This energy source requires the collision of two clouds of mass ~ 10° M 0>

and size wf] pcC, tréve]ing at velocities of 108 cm/sec. If gravitation is .

the source of acceleration, the total mass M required is given by

v2

t
= GMt/R, where R is the maximum $ize of the object containing the clouds.

 We have then (with vg = v x 107%)
> |
vg e

\.

= 4.4 (171012 M o)/R

ll

If R =1 kpc, for example, M_ = 10" M4 .

t :
- The Jeans' length for the cTouds we consider is
L g
Ap = 2.1 %107 pe (Tp/ny) /2
The clouds will therefore collapse, and the free fall time is

tff = 1.5 X 104 n, years.
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: theApnessﬁre—free!éa]cu]étion.is;abpropriate,because@the.tranSparenéy of
thené1ouds,kéeps thevtemperature ffom rising (seé, for instance, Mestel,
1965). . |
The short lifetime of such clouds'sééms-to indicate that in order to
make a collision probab]e; a number of such cTouds muét exist within a
fixed volume. By reduiring that the time between collisions be of the

order of the duration of one cq]}ision_we obtain the condition
: 3
W = (4/3) (R/r)°

. where N is the number of clouds of radi@s r contained within a radius R.

4 and most of the mass required is contained in

IfR=1kpc, N=4x 10
the form of clouds. For smaller values of R fewer clouds are allowed and
a Iafge'centra1.mass:must.supp1y the required velocities.

A1l this indicatés.that a possible location for the occurfénce.of
collisions is in the early stages of galactic formation. Consider an |
12

Jnitial mass of 10'“ M g, with a radius of 100 kpc and a temperature of

10°K. Within it assume density fluctuations with 6p/p = 107, radius of

1 kpé and mass 10° 1 o - After a;time t=5x10° years the condensations

1 will be similar to theAclouds we haQe discussed, while the who]e object
wi]i'be about 1 kpc in radius ahd Wi]] have a mean density of 104 cm’3.

A1l this has been calculated using only thé simplest arguments of non- -
rotating, spherical, pressure‘free cd]]apSé (éeé, for instance, Mestel, 1965)..

In any case, it seems veryvlikelyﬁthat the collision of two massive, |

]argé, dense, fast clouds might occur during the early stages of galactic
formation, as diécuséed, for_instance,‘by Mestel (1965) or Brosche (1970).
fhé.short lTifetime of the clouds and the comparable duration of the collision

indicate that very few collisions wi]] occur in one object. The.remnants of

. such collisions will be sheets of high density where rapid star formation
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..may occur. A]so,”ﬁagnetic ffe]ds mightAbercompreQSed in- such sheets, and if
illuminated with burSis of high energy eTectron§ from hearby supernovae |
“explosions might provide the environment for Kellerman's model of the radio
sources (Kellerman, 1966). Another possibility is that the compression and
therefore enhancement of the B fier by the shock and subsequent coo]ing,_
and the compression of any aﬁbient cosmic ray electrons (thch results in
enhanced electron energies) could alone provide the radio emission. If the
primordial B fie]d were somewhat uniform.even the dipolar structure might
be expected. One very nice feature of this model is that the energy available

54

in the original cloud motion amounts to about 4 x 107 -ergs. The energies

fequired do not then seem too overwhelming.

IV. Conclusions. |
If two clouds with the appropriate éharacteristics collide with
relative velocity of about 2000 km/sec, their kinetic energies ére transformed
3 times before aﬁ observable spectrum is produced. . The kinetic energy is o
fifst gradua]]y thermalized as the cloud flows into a standing shock front.
.The thermal energy is then radiated by thé_coo]ing region as high enérgy
- photons. 'These photons'are‘absorbéd and the energy re-radiated by the HII
 ~~_-w~¢_tegions,' A-fraction of-the HII region radiation is lost as it flows out
| -of fhe object to the opacity 6f the neutral clouds. The spectrum which is
A~theﬁ observable is expected to be rather similar to those calculated by
Mac,A]pine (1972) and DaVidsbn;(1972) [see Mac Alpine (1971) for preliminary
resu]té]. Qur resu]ts suggeét that such collisions could be expected in
the normal process of ga]éxy formétion, making QSO's rather unexceptional
' objects. Our discussjoh in no Qéy reqﬁires this; however, it is a straight-
forward way_of.getting the fequfred cloud«kinefic energies.
In closing it should be noticed that there are some superficial and-

some not so superficial resemblances between the model described here and
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;édnc]usiohs reached-by Davidson (1972),. The cloud-cloud collisions
described by~Davfd§on were used only -to provide regions of differing
density. fhe fadiatidn produced by the shock waves dufing the co]]isfohs
was ‘ignored in favor of an external unspecified UV source with.a powef. '
law spectrum. Since we propose a specific energy source, whose spectrum
can be computed, we feel fhat this work is complementary to that of Mac Alpine
and Davidson. As previousiy mgptfoned,'we are- now working to produce é
reliable spectrum of a 1000 ym/sec shock wave and cooling region which Qe
- then expect to use with the photofonization program of Mac Alpine (1972) to
'find the ultimate spectral results of our model.
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1.
~ Table 1

Stkongesf Lines That May Appear in the Spectra of the

Emitting Regions (Not Including H and He Lines)

 ”_‘Coo]ing Region (1) S HII Region (2)
Y T, )
crr 1334 ©CIII] 1909
crrl 2326 clv 1550
CITI] 1909 - I 1239-1243
CIV 1550 | [0III] 5007-4363
N 12391243 OLV] 1406
0IvV] 1406 - ovI 1033
ovl 1213 . NV] 1488
vt 1033 - [NeIII] 3869
Mgl 2748 [NeV] 3426
SiIl 1824 |  Mgll 2798

(1) MPreTimiﬁaky results of a calculation of the spectrum of
the cooling region.

(2) ‘Estimated from the results of Mac Alpine (1971, 1972).

AN
~
S,

.



12.

References

Brosche, P. ]970; Ast. and Astrophys.,}i, 240.

" Burbidge, E. M. 1967, Ann. Rev. Ast. & Astrophys., 5, 399.

1971, Pontificiae Academiae Scientiarum, Scripta Varié

No 35, p. 122.

- -Cox, D.; and Daltabuit, E. 1971, Aé. J., 167, 113.

Davidson, K. 1972, Ap. J., 171, 213.

Kellerman, K. I. 1966, Ap. J.,'lﬂg, 621.

Mac Alpine, G. M. 1971, Thesis, University of Wisconsin.

1972, preprint.

Mestel, L. 1965, Q. J. Roy. Ast. Soc., 6, 161.

Osterbrock, D. E. 1962, Ap. J., 135, 195.

1971, Pontificiae Academiae Scientiarum, Scripta Varia

No 35, p. 151.

~Zel'dovich, Ya. B., and Raizef, Yu. D. 1967, "Physics of Shock Waves and

High Temperature Hydrodynamic“Phenomena". Academic Press, N.Y. and

‘London.

~



