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~ INTERSTELLAR NEUTRAL HYDROGEN AND ITS SMALL SCALE STRUCTURE
"PART'i,- GENERAL THEORETICAL’cbVSIDERATIoNs"‘

o fA;* The 21 cm Em1531on Llne of Weutral Hydroﬂen

Approximately 5 to 10 per cent of the mass of the Mllky Way is
tin the form of 1nterstellar atomlc hydrogen. ‘The study )
' of the phy31ca1 propertles of this matter is only p0351b1e because the

_5U.ground state (1 31/2) can undergo a hyperflne tran51tlon g1v1ng rise to

: radio em1531on (or absorpclon) at a wavelength of 21 2 cm. The tran51t10nA
foccurs when the electron reverses 1tsvsp1n relatlve to that‘of the proton;

o the hlgher energy state belng the one in which the two splns are parallel
b(the magnetlc moments are parallel) and the lower state the one when they
-Hare ant1~paralle1. The predlction that thls should be an observable tran« f

.  sit1on was made in 1944 well before radlo telescopes and recelvere ex1sted.y"
to oake the measurements and in 1951 three groups, nearly 51multaneously, |
‘ej‘reported the detectlon of emission from 1nterstellar neutral hydrogen (HI)
- The ﬁrequency of_rheitran51t1onxhas been accerately determlned in the

laboratory duriﬁg the 1960's, using hydrogen masers. It is 1420.405752 Mz,

1. The Emission Spectrum
. The equation‘of transfer cah'beeéritten'idfrhe usual form
-~ dIv

ety e @

'. where»i is. the spec1f1c 1nten51ty at ! frequency v at a dlstance r from the
observer. The volume coeff1c1ents of emlss1on and absorptlon are 3 and
K, followlng the notatlon used by herr (1968) A 31mllar'dlscu331on to
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’jand we may express the observed 1nten31ty as a- brlghtness temperature,.T"

~ the one that follo&s is given-in Shklovsky‘(1960)vpége 208.

" The general solution to this equation is.
e

I = 'gw jv é#p'(- { K drl)dr ‘vh("'v o h:' 2)

B*

"/which is customary in radlo astronomy.

C T m e———— . ch . M"'f o o j,'irl‘ : "n‘ (3)e

'bybthe Rayleigh-Jeans law and simiiatiy»thebeﬁissioﬁ coefficient can be

- expressed in temperaturetunits by writingd

. j - - B .:fv, o ;-;, '.%‘.” A '(4) '

Finally, Kirchoff's law, relating the emission and absorption coefficients

with a temperature can be used, i.e.,

=K T (s

T is called the spln temperature.

Comblnlng (4)5 (3) and (2) we can get

T, ) = {71 exp (- [F e, art ydr

-Tl h - | ‘.,- :‘:t ,'. , ,:s'f(6>'_'
\Y . T :

~where Tv f K dr1 is thefoptical depth tolé distance r at frequency V.

If T is constant along the line of 31ght we derlve the most ba31c..

equatlon for hydrogen llne work, i.e.y -
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o where T(v) 1s the total optlcal depth at frequency v, through the -

{;ent1re line of sight.

2, oThe,Spin Temperature, Ts o

: If a cloud is in theromodynam1c equ111br1um at temperature

': TS’ the number of atoms in the upper and 1ower states (n and n ) isb

‘ - given by the Boltzmann dlstributlon law, v1z..

‘h

_ v10 _.'.
Lol (9)
DB,

o.

"'where gl and g;‘are'the statistical weights of the ubperband lower levels
.respectlvely.i We find that since g = - 2F + l,where F is the sum of the

- electronlc and nuclear spins,wh1ch takes on the values 1 or 0 thatvgl =3

mig, =i Ry
.. n1v=‘3no e ,AS e e . (10)

g The 1mportant p01nt to note is that even 1f the cloud is not in thermo-

dynamic equlllbrlum we can deflne a convenient temperature whlch would

hfaccount for the dlstrlbutlon of atoms'between the two states and 1t is this
':i.temperature which is called the spln or exC1tat10n temperatnre,TS |
It is generally assumed that the populatlon of the states is ”"
' ‘determlned prlmarlly by colllslons between atoms, ‘since Field (1950) has»‘%

”shown that other factors, such as Lyman a, llght or mlcrowave radlatlon



L em1331on observable,

~ cannot compare w1th colllslons in 1mportance. Normally the probabllity

' of a spontaneous tran51t10n occurrlng is glven by the Elnsteln coeff1c1ent,

'Alo,_'?‘gs x 10 sec

".whlch 1mp11es one event per atom per 11 mllllon years. Collisions how-'

:'ever, increase this to one transitlon per 400 years,whlch makes the 21 cm

© 3. Line Widths - A

The natural llne width of the trans1tion is given by _le

which is 1n31gnif1cantly small but the Doppler broadening produced by

"kithermal motlons in the clouds gives the line a fln;te»width.

- Within each'cloudqthe atoms have a Maxwellian'velocity distri—r1.

bution which means that the*numbers at any velocity are proportional to

.2 | | | |
a term llke exp( T This has the shape of a quassianifunctiod, i;e.;’

-

2
. exp (—25>,;where o is the dlsper31on. We can ‘use. the observed dlsper31on

20

- to‘derivelan estimate for the temperature in the gas. Thls is done by

. equating exponents in the two expre531ons above, namely

2 kT
of = ==
m

The»kinetic‘temperature, TK,jis.then'given by v

.

-
o
=g

Ty g
| a2 R SR
R = 121 ¢~ if o is measured in Km s 4_(11)
B or _=f5.4‘ozlif o ie'@easurea in KHz = - (lZ)I‘-

.
-4



e el QCBY i s

Since the spin temperature T is determined prlmarily by

‘_colllsions, it is usual to equate TS and TK

We should briefly prove that. the em1351on line is Gau381an,

'd’:_but first we. will derlve an eapre331on whlch will allow us to calculate

!

~ the number of hydrogen atoms respon51ble for an observed spectral line.'h

H

4" Line of Slght Hydrogen Content b'
' Again, follow1ng Kerr we note that the atomic absorption co-
H,h'efflcient, av’ is related to the‘volume coeff1c1ent of absorptlon by
. KV ‘=v=‘av.(no - nl.gze)vA t"f fl  nv;;”;(13)
from Mllne (1930)
In radlo astronomlcal work hv<<TS and therefore u31ng (9)
';and (13) ve get |

:Kv "% % kT S ’v:, (;é):~

- Now av is related to the Elnsteln coeff1c1ent A (absorptlon) by,

2"_3,

.avf-.AOl 2 g, f<V) ST (}S)‘

8mv
~ where f(v) dv is the probabilitynthat a traneition occurs between v and
From (10) we note that, for hv<<TS; the total number of ‘atoms a

in the cloud (n) is glven by n=4 no}
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Combinlng equation (14), (15), and (7) and con51der1ng only

a unit frequency interval of l kHz, the total number of hydrogen atoms in
a cyllnder of unit cross—section (1 cm ) along the whole line of 51ght
‘~yis glven by

o mm o T
NH = 3.88 x 10" ITS'T(v)dv_ o (16)

' H

A more readlly usable ver51on of (16) is obtalned by notlng

(or if a l‘Km s-lihterVal.is used N, = 1.823 X 10 fT ﬁ9<h0

L T

;,that equatlon (8) reduces to’
S Tg(v) =_T(“),Ts

for low optical depth. Provided we can assume low optital depth, and
this is often done in hydrogen line work 51nce any other assumption makes

«;the job more dlfflcult, we can rewrite (16) as

NH = 3{88‘x 1017 ITB(v)dv. ‘ : ; (7)

"which is a quantity which can be derived from theISpectrum since the in-

tegral is the area under‘the observed spectral line.

5. The Line Shapes
From the fact that the number_of atoms at a given velocity is
a functicn of velocity (or frequency)-we can write that the number at
frequency v, in terms of the number at some central frequency Vg is
L Y el
. (v=v
(v-v,)



.. But from (16) we see that
T o NH
T = constant X o7/— =
v oo o T.
s
therefore_we can write ~ T s _l.‘ L o
e - O o T B

This means.that the hydrogen emlssion (or.absorptlon) llne is gau551an
on a llnear optical depth scale and is only gaussman in brightness tem-
perature 1fv1<<l 51nce then T = TTS" | |

| Gaussian shapes (1n optical depth) are found for the narrow—
‘est ahsorptlon llnes, but the narrowest emlssion llnes observed to date

versus V. Thls forces

.do not show a gau351an shape when plotted as TB

us to conclude that, 1n these cases at least, T>1

- B. Absorption Spectra and Emission Spectra Contrasted.

S Measuring Absorption Spectra

Absorptlon and em1351on 11ne observatlons reveal very dlf-
’errent aspects of the 1nterstellar HI. The f1rst most obv1ous dlfference
:is that 31ngle d1sh observatlons of emlsslon or absorptlon spectra have

very dlfferent angular'resolutlons.J All the emission in the beam of the tele-
scdpe contributes to’the enission Spectrum whereas only-the matter dlrectly
'i"in front of the radlobsource, whose angular size. may be orders of magnltnde

‘ 1ess than ‘the telescope beanw1dth oontrlbutesvto the absorptlon spectrum.'
‘The second imporcant differenee.is shown'by aldiscossion.of

the detailed equations relating to the absorption measurements.
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If a,radio.telescope‘is pointed at a radio source producing

~a brightness temperature, TBS’ which is assumed constant over the fre—’ ,
,quency range 1n which we are interested then a cloud of Optlcal depth

ot absorb this radlatlon to give a spectrum 11ke ‘

' A1'f'{;' . ~~T(v) e
Tg = Tgge Q9

'f““f‘i3f'“‘b Hdwever;-the emission in the beam of the.telescope~will-add”

,h,tofthis absorption'spectrum and give an.ObserVed'spectrum given bY-

Y%T(v) i

AR B

- In practice. the emission spectrum‘{Zud term in (21)] has'to _

'f,bfbe determlned separately and subtracted from T (v) 1n order to derive .

- }tion is 1nvar1ably wrono however,'and is only valld of T

the true absorptlon spectrum T (v) : Thls can be done by‘assumlng that

the hydrogen structure varles»slowly around the source;' ThiS»assumpF

BS‘>> INOR

for then the errors 1ntroduced by such an assumptlon are con31derab1y
reducedg
. [

; A practical observatlon of an absorptlon spectrum neccesxtates h

maklng a measurement off the frequency of the spectral llne so that re-

d ceivers are used which sw1tch between a measurement of T (unabsorbed):
"and T (absorbed).' In_other words the data are usually better-expressed

L &) ] ] B

‘ T(u)
T + T BS

s e | s‘['

T o
(22)

- . d -r(v)': S
B N A

"

(Tg



i-}glve a smaller 51gnal.

'Jﬁow'note that for large T

TB(") =Ts _ TBs : | (23)

.:rwhich is'constant overvthat part'of.the spectrum uhere large T holds.',-

We then say that the line is saturated Clearly ‘a very cold cloud w1ll

Lul::give the largest negatlve going s1gnal (T small),whereas a hot cloud Wlll

c,v .

For 1ow r, T (v) = r(v) (T -T ) and 1t is stlll true that

’the colder cloud glves a larger 31gual than the hot cloud

This may be contrasted w1th the expre381on (8) for the emis-~

. sion speCtrum alone. For hlgh opt1ca1 depth

O =Ty '. (24)

>iuso the»hotter the cloud‘the larger theesignalfv For low T, T (v) + r(v) T

- s0 we Stlll observe the larger signal for the hotter cloud

Hot clouds are more readlly observed in emission spectra work

‘ but cold clouds are selected out in absorpt1on work Comparlson of the

results of em1551on surveys or- absorptlon llne surveys is therefore not

lﬁva11d 51nce they appear, to a flrst approx1mat10n, to deal w1th dlfferent :

clouds and also Vlth dlfferent resolutlons However,»the‘plcture is not

:qulte 30‘31mp1e'since'in,many‘cases very cold clouds can clearly be seen in

emission. - In fact, the coldest clouds observed to date are seen in emission.



S 2. Obtaining'An Accurate Absorption Line

We.note briefly that in order‘to derive the-tWo unknowns,

uTs and T(v), in equatlon (21) one had to 1nterpolate between surroundlng

i3

.em1331on spectra 1n order to estlmate the second term, Wthh would allow

'one to solve for the two unknowns. A mOre accurate method exists-how—

ever.r Ideally one would llke to observe the spectrum in the presence '

and then 1n the absence,of the radlo source. Thls is p0351b1e for pul—’

o sars, 81nce they sw1tch themselves on and off and is also p0551b1e WHen
‘_observing.varlable radio sources‘which do not actually switch themselves

_completely off. One then has two equatlons like (21) with T A and "

BS

T 52, thch are measurable and one can solve for T and T unamblguously.

B S

- Alternatlvely, a. llnearly polarlzed radlo source can be observed parallel_-
~and normal to the plane of polarlzatlon, but thls means that the polari-’

'”zation'characteristics-haVe to be very well undetstood before reliance

can be placed in the difference sPectrum~that emerges.

YF:Lastly, anvinterferometer can be nsed_to,get rid of the‘un; ,>
’wanted em1s31on in the prlmary beam. 'lfvthe lohe size is-comparable to
the radlo source size- then the surroundlng enlsslon w1ll hopefully cancel'””
»out in the other lobes of the 1nterferometer and a true absorption spec—

Jtrum can be obtalned

3, Suoetoosition of Clouds

Notlce,that 1f several clouds are. llned up at the same velo—

’h"c1ty in front of a radlo source, the absorptlon they produce 1s given by

e @ D . - T L I

Py



'depth:is gfeatest_and'theréfore;the cloud respbnSible’has T

o

e Ts T, T2 T
E :BS g. TBS e e - e

S (25)

'so that optical depths'add in absorption lines. For an émission line

produced'by'severa1 c1oudé alligned in the line of sight we must write

»»TB(v)lb TS_ (1-e ) +iIé (;Ae : ) e -+.ff »(26)

S n o
“and prévided T =kT‘ = T, ‘we find thét;
: -8 S s ,
. : r . "2 T T
B RO T ¢ Bt S IS R €10

Thérefore-optical‘depths only add»if]théAspin_temﬁeratures

‘are constant. For large T in emission, the second and subsequent terms

in (26) are zero so that only the néaresﬁ ciéud isASeeh.

.: fKahn (_ . ) hés_suggeétéd tha;lthe méﬁimumfbfightnesg tem~
peraturé:obsexvéd.iniagy direction will‘ﬁe the hgrmonié mean of the spin_
tempetatures‘ihrthe lipe.bf;sight, i.e;,ﬁ o

-1

o (max) = -] -
- Tplmax) = Tg

~Since the maximum temperature observed anywhere in 21 cm

emission work is 135°K (Burton (19711, mény workers have assumed that

' TS_= 135°K everywhere, which is a very poor éséumption as will be dis-

cussed later. The assumption is thatfthe,haximum TB

S = 135’Kf

,',For‘example, this temperature may equally well be produced when the hot

intercloud medium of 1000°K has a maximum optiéal depth of'0.135.

e e = o

'is seen where the optical

.
~ma
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PART II - DISCUSSION OF THE OBSERVATIONS OF THE SMALL SCALE
‘ STRUCTURE IN THE INTERSTELLAR HI

'IA Clouds or No Clouds?

F1rst we need to make one point clear and that concerns the use of

' the word cloud in referrlng to the interstellar HI. Many radlo astrono-

fappllcable to the:HIL.;. The clouds we are famlliar W1th on earth are dls—

mers have obJected to .the use of the cloud concept because it may - not be

crete physlcal entities wrth_well deflned boundaries contalnlng matter

clearly distinguishable from the immediate surroundings. Interstellar

"space contains widespread HI and from this HI stars ultimately form in

some way. 'Obviously,'when the stars have formed it is possible'to clearly

’Adistinguish between them and their'surroundings. Furthermore,ithere-are,

‘discrete physical entities which are called dust‘clouds,and which have

well defined boundaries, visible on photographs of the Milky Way. So at

least we know that there are clouds in interstellar space and at some

time a proto-star must also separate itself from the more'general distri- ..

~bution of matter. The question now 1s, at what stage can the distribu-

‘tlon of the more common 1nterstellar HI best be descrlbed by 1nvok1ng a

cloud concept or will this really misrepresent the true situatlon? Alter—~

. native words, such as a concentration or a complex have been used, but

'these do not really make any (but a semantlc) dlfference

Let us suggest the follow1ng deflnltlon for a "cloud" in 1nter—'

- stellarfspace.“ It is an entity which has clearly:defined,borders, either

i
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-indlcated by a tran81tion between ‘the presence and absence of the mater1al

5under con31deratlon or by a dlstlnct trans1tion 1n some other property of

.Athe medium. The border‘may:be.an apparent" one if the transition from :

Meloud" to "‘ntercloud" spaca involves only a change in temperature. It

is coneeivable'that a radio.astronomical observation only sensitive to

cold matter would reveal such a cloud in "temperature space", e.g., if there

':wereba cold region suspended in a hot medium. The density might remain

' constant, but with our definition we would still be entitled to talk

.-

about a discrete entity, or hcloud".

‘Another situation which conld be'envisaged‘is tnatuthe Velocity
of material in a partioular_region:of space might suffer a sudden &is;
eontinuity. ‘An~obsetpation.of the wap~the intensity of emission at a
given velocity varies with position might indicate-tne disappearance of

emission at that veloc1ty at some p01nt in space w1th the a ppearance

'of emlsslon at some dlfferent velocity at an adjacent point. Clearly

it would be dlfflCult, from such a limited amount of 1nformat10n to be-

sQre whether'one had observed two "clouds" at physically different dis-

' tances or one coherent entity with sudden veiocity changes within it.

These considerations suggest a definition of a cloud as aniobjeet

‘within which the various observable properties, such as density, tem-

perature or velocity remain coherent. Sudden discontinuities of any of

these, which cannot be accounted forvby'a simple physical model ofva

~ single object, would necessitate invoking more than one "cloud" to account

“for the data. The: cloud concept is therefore used in'this chapter although

there may well be many marginal cases where the Boundaries between the

K2 PO



h'*jthe concept of clouds, because dlStlnCt phases are predlcted theoretl-

14

' cloud and 1ntercloud medium appear so. vague that" the use of the word

,cloud_may not be Justlf;ed.' If such cases occur they will be p01nted

Out.

. The two—componeﬁt model now being COnstaatly referred to’in dis=

’3fcu351ons of 1nterste11ar HI, that is, a model in whlch two distinct
. phases of the 1nterstellar HI ex1sts, a cold cloud phase and a hot,

flinterc10ud phase, glves us some Justiflcatlon for cont1nu1ng to use

,cally.' Naturally we should expect that they may well have a range of

‘=-pftemperatures and'den31t1es. Many examples of "real" ‘clouds w111 be

discussed below.

B. 21 cm Emission Surveys

f,l;\ Interstellar HI in Clcsters, Associations and H‘II’Regions

At present stars are. known to form in reglons where the

'den31ty of 1nterstellar matter is high., We mlght st111 expect to see

7,an excess of matter in these reglons unless there has been very hlghly

eff1c1ent star formatlon whlch has used up all the gas. )

Several observers have investigated the HI.distributionvln those direc-

‘tions where starfformatioh has recently occurred or'in which it might '
'.still be'occurring. These are the young populatlon 1 ObJeCtS such as

H II reg1ons, stellar assoclatlons ‘and galactlc clusters.»~

;‘,The'results can be summedhup as follows; there is strong

“~1‘~evidence‘of eXCess HI-in»the immediate.vicinity of~severa1fvery.compact'

T
\

‘H II reglons, but observatlons in the dlrectlon of at least 28 clusters

.,show no excess HI emission whlch can be unamblguously assoc1ated w1th

I T IO
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" those objects. For the case.of some other clusters and associations, HI

islfoundvin their directions, but no obvious connection hetweenfthe

-:stellar groups and the HI “clouds" is apparent.

:_g. . ... The search for HI associated with H II reglons was motlvated

. by the hope of flndlng expandlng shells of neutral matter around the

,f»ionized reglon. Rlegel (1966) examined 27 galactlc HI reglons and

e e S

- least l 6 X 10 M however, whlch compares W1th a more recent announcement-

B by Kesteven and Brldle (1970) that a large HI cloud of 107

clalms that in the d1rectlon of 4 of them neutral hydrogen components are

found Wthh are clearly related ‘to the fIr regions, although there is

“,novevadence for empansive motlons around any ofvthem. The data he shows

. do reveal rather strongly, that IC 5146 is 1ndeed assoc1ated w1th an HI

cloud»of ‘about 700vmt; The mass of HI associated w1th NGC 281 is at

5 M is associated

with the extended thermal radlo souree NRAO 621, of which two compact H II
d regions, k3-50 and NGC 6857 form a part. They:suggest that.thls reglon '

f'may be in an early stage of formatlon of a star cluster.

2. The Orion Region

The Qrion nebula isia well-known H II region associated with

‘the Trapezium stars and is located in a larger area showing'strong emission

vand'reflection and<containing dustvclouds.'vThe’latitude of the nebula,

-20°, makes-it a favorable one for detailed study since'there is not too.

'much foreground or background matter at such a hlgh latltude. -C. P.

Gordon (1970) has reported on a comprehen81ve H—llne survey of thlS

general reglon and finds ev1dence for'a large HI complex show1ng rotational -

N
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‘Lmotions,andicentered onvthe nebula. Again, no evidence for expansion

, was found. A'maxinum in the Hl'nas found'to he associated with the’

r'optical object but no excess hydrogen em1331on could be assoc1ated with

.'Barnard 's rlng; the glant 100p of brlght materlal in the nelghborhood

h.of'the Orlon nebula. The mass of gas assoc1ated w1th the nebula is

| found to be about 7 X 104 P%)and Gordon found that a dlstinct cloud at

=10 Km six with respect to the local standard at rest covered ‘about 30/
r;srof the Orion regron..Aﬁm:dv'.'J | | T |

v R el - s ) B

& =

:Menon (l970) haspdiscussed'evidence fortthe existence of excess -
‘emission assoc1ated Wlth the dense conical absorptlon band seen ‘in.
lprojectlon.agalnst the nebula. This . is conflrned by the data shown in
h Fzg. . These are several snectra both- on the p051t10n of the nebula and
15 minutes and 30 mlnutes of arc away from the source to the N, S, E;‘
" and W. The only Vay to explaln the varlatlon of the brlghtness at +13
Km s—1 1s»to place'a cloud, at this veloc1ty,_on the p031t1on of the dense
vbaustfgldq&. ’SQChva,good”correlation_hetneen:the‘position.of afdust‘cloud
. and an HI feature ls; ho&ever, not comnonbin 21'cm'observations‘published-
:to‘date, | n
d'The conclosions We may draw’from'theSe‘discussions of the
hydrogen dlstrlbutlon 1n and around these various populatlon I obgects is
‘that sometimes we see excess HI em1331on and sometlmes we don t.. Thls
‘statement holds true for .any dlrectlon observed in space of course, so the
Aresults are inconclusive, Perhaps we can only state that the very young obgects
1'ﬂlare located ‘in reglons generally containlng lots of HI » .8y splral arms,whlch,
is not surprlsing.~ Since most of thelobjects studled are in the plane we can—

‘not attach much significance to the apparent lack of excess emission at the
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p051t10n and veloc1ty of these objects since there is so much HIvardund‘

"that it effectlvely "obscures" a good look at the obJect in questlon.

2'3; “The Cold Cloud In The Dlrectlon 0f The Calactlc Center.

- One strlklng HI cloud, not obv1ously associated wlth anythlng
else;vsuch as a dust cloud or any_populatlonvI obJects, is an exten51ve
'.objectfcovefing at least iOO square degreesABetweep 1ohgitude.about’350'
“;dandflidef It»is seen in absorptien agaidst all the radio sodrees in
: ﬁhe éiane in this parb ef theAsky and is elso visible_in the surrounding
..emlssnon spectra as a deep absorption llne; This ﬁeans’that’it must be very
‘close to the sun for it to be absorblng the-more distant hydrogen em1551on.‘
Riegellandeennings (l969);have estlmated-that thls cloud has a probable
‘.temberature of aBout 206K and is Iocaﬁed within 1 Kpc of the sun;‘ The
~cloud is- 1nterest1ng because it is not obv1ously assoc1ated with anythlng
else in this part of the sky and its veloc;ty‘(+7 Km s ) is constant over mueh

of its extent.'

4. Ekplosive Fvents in The Galactic Plane

Supernovae shells must,et some point in their eleution have
expanded so far‘ﬁhat they'mefgeAwitﬁ the norﬁalyinferstellar ﬁedidm. It
'vhas been‘sdggested that they push HI along with‘them_in'dﬁeif_sldw ex;
:pan31on phases before they dlsappear entlrely. |

. At least two papers have presented ev1dence for expand-

v-ing motlons at low galactlc latltudes._ Katgert (1969) dlscusses

.
' \ .
\

-

- e ama -
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.:.a:sheli>¢énteréd.a;’l.= 6?S, b = Of3'with.tﬁe mas§ of hydfogen.iﬁvolved
béiﬁg 5 x 105‘%:)assdming a feaéonab1e distan¢é of:S Kpc fof the object.v
"ilHé.admits thét there is‘OQly a "...rather weak resemblance withva finé"_
in’thé‘ﬁllhe maps, which is mo&ing'me's_l.faster fhan”fhe maximuﬁ
vélqcity allowed fof this 1ongitﬁde,“;cc§rdingft§ the gaiattic rotation
Aigw.‘ In thé hex# chaptér.(Burton) it ié ﬁoted tﬁaﬁ random, or_hanf
circular motiOné, of 10 Km s_1 are oftgn foupd in §ur-gaiaxy;
| A;muéﬁ Ia;ger éﬁploéive phendmehon haé been invokedrby
Rickard'(l968)jih'order‘t§ explain his 6Bser§ationsvof the-HI in thevv
.vPérSecs arm (£ = 100 to 1&00).  It'h§s alwayé been well-known that
'oﬁticélbabsorption lines in this part of the_sky shdw a»doublefpeaked
structure éhdvthe Hydrogen'emission'and abSorpfion lines also éhow this very
_.st:ongly. f:v' Rickard explaiﬁs ﬁhis in térmsléf an expaﬁding ring or
~ shell invthe,gaiaétic plane which contains about 107'}%)and is expanding
- at about 20 to 30 Km s—l._It is éentefcd‘on 2 =.120°»andfobvi6usiy no
single,supefnova is involved here, b#t he-sugéests.that several may ﬁave
_'been required. The ring.éf hyarogen is not unliké ﬁhose seen in the
. Magellanic élouds.  We might_note in passing thatvpulsars Are supposed ﬁo
 bé the last remains of stars which exploded to give rise to sﬁperﬁové and
'thérelarg‘B located within 5° of tHe cehter of Kétgefts HI ring-and
nearést‘obserVed‘in thé direciton'of Rickérds event is aboht 8° from
ﬁié sdggcstea center..'Later.we will diséuséﬂigsheils‘éhd explosioné’a;

high galactié latitudes.

e o B s o o mn o
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l s;ijust and Hl
?robably‘tne most confusing'aspect of.tne-HIadistribution.
problem:is whether or not the gas is.correlated with interstellar duStr
;Before we dlSCUSS the present situatlon we should state strongly that there
'is a very largeuamount of HI in the Mllky Way and since we always have

many clouds in the 11ne of sight at latltudes less than about lO°

o _picklng one out of the mess and assoclatlng 1t Wlth some other feature

rf;such as a dust cloud, is g01ng to be nearl; 1mp0551ble in most cases.
- . Many 1ntroductory texts on H llne work state that we are
fortunate to have‘the 21 cm 11ne because lt enablesvus to see rlght
through the obscurlng dust which hampers the optical study of distant
parts of the nalaxy. However, although large numbers of nearly trans-:
:_parent-HI clouds llned»up one,behlnd-the'other might not actually obscure

'nthe v1ew, untangllng the data becones so confu31ng that the p0531b111t1es

'H~for a detalled study of 1nterstellar matter in.the plane are. con51der-

uiraably hampered

The study or the correlatlon oetween dust and Hl.has produced |

.almost any result one can 1mag1ne. lhe most. recent paper on the top1C“
s aptly entltled "Correlatlon Between Gas and Dust”": by Wessellus and
-uVSanC131 (1971) They conpared the dlstrlbutlon of dust, as derlved from

.galaxy counts, w1th the 1ntegrated hydrogen den51ty averaged over the sane
'Vvareas used for the galaxy counts and f1nd no éeneral"bcorrelation'between
gas and dust.‘ However, some parts of the sky, when examlned more closely
alido show a posrtlve correlatlon, in particular two parts of the Gould si”

belt system.
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" In searching for more‘detailed-correlation between HI and

dustfclouds one generally needs:tO»investigate whether there'is an excess

:i,of emlssion at any veloc1ty over the area covered by a dust cloud »One

such assocratlon has been p01nted out before, in the dlSCUSSlon of the

§0r1ongreglon.

A prellmlnary examlnatlon by thls author of maps showrng the

',inten31ty of the HI em1331on at- varlous V81001tles as a functlon of p031-

H

:"tion 1n a reglon of sky at about +lS° latltude, reveal that at some velo—v

Loag e

fcities some peaks coinclde wlth’some dust clouds and at*other velocitles e

A’some mlnlma c01nc1de w1th dust clouds and some dust clouds c01nc1de wlth

,neither peaks no minima at any velocity. This result'would probably be true

for any areas chosen randomly on. the maps.‘ Such a'project needs to be

".followed"throughvrlgourously to test the $1gnificance of any correlations

lxtfound;

Various workers, notably Helles (1967) have notlced the

ﬂ,~apparent anti—correlatlon between dust and excess HI em1881on.. His data

B have suggested that drst1nct mlnlma, perhaps absorptlon features, are

TassOC1ated w1th some dust clouds. A notable example is the HI spectrumv"

in. the dlrectlon of the Taurus dust cloud where the dlp in the hydrogen

'spectrum is veryfdeep and 1s only present on the pos1tlon of the dust

_,cloud'(Flg. ). In*general such a depre351on or minima'lnAtheYSpectrum

A ncould be produced by three 31tuatlons._.

a) A true lack of hydrogen gas,

b) An- apparent lack of hydrogen, produced because‘vpvn_‘

it is all 1n the molecular form or
c) Because the HI thCh is present is very cold and

produces an absorptlon line.

by
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In the latter case the assoc1ated HI needn t even be denser
bfthan the surroundlngs, for, if 1ts temperature 1s low enough and its
"optical depth high enough it w111 absorb the background HI em1351on.

Helles, in: the case of the Taurus dust cloud, and Garzoll

- . and Varsavsky (1969) for the same general reglon,‘clalm that the apparent

anti—correlatlon between dust and HI. brlghtness is explalned by the pre-
Afhsence of much’molecular hydrogen.ln-the dust clouds concerned . Sanc1si _
and Wessellus (1971) have argued strongly that the more plausible explana—
v tion is 31mply that the neutral hydrogen 1s cooler in these regions and
in particular in the dust cloud'#2 of Heiles. 'Spin_temperatures of'30

to 50°K comblned w1th opt1ca1 depths of 2 0.5 would produce the observed
eftects.‘ | | | |

'Howeuer,‘it is yery nearly impossible to favor either inter—

pretation unlees.strong additional arguments are made for.one.or the

other case; Until thenvneither should be nreferred over the other.
*. One cogent argument concerns the stability_of the clouds. Since they

are very discrete, in s0 far‘asAthe apparent dust_distribution is con-

- cerned, they'might be erpected to -be grauitationaliy.etable and enough

" is known about them so that-one can argue that this can only be achieved
if iarge quantities of invisible'molecular.hydrogen exist‘within them.
a,oﬁ thevother hand, a mereblach of HI seemevunlikely_to‘nroduce such narrow
'hbsorptiOn"vlines.

In an extensive'survey of dust clouds in order to find ex~-

e lcess HI"emission”from'them,Heiles‘(1967) found none'andﬁconcluded that

the clouds were deficient in HI. Hoxever, the results could Just as well
—~ -
~ be interpreted as being due to the great variability that normally exists

4in the HI line of sight densities from point to point in the sky so that
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,obserV1ng abconsdderable excess‘in one directlon and def1c1encies in 2
;.‘others (as he dld) and findlng nothing very 1nteresting in 45 other cases
rmay in fact,,means very 11ttle. It certalnly does not support the con-_
;c1u51on that there are deflciencles caused by- the hydrogen all being in
the molecular state.' Perhaps all the neutral matter in these clouds too,
'1s very cold and Just isn't v151ble as‘excess em1551on and is. not cold
‘or dense enough to produce absorption.

Lastly, reference mlght be made to two papers discussing the
=dust - HI relatlonshlp in a ‘region 1n Ophluchus. MeZaros (1968) finds no
marked excess of HI at the p031t10n of some of Khavta551 s well mapped
.dust clouds and'suggests that there is sone:ev1dence for a decrease 1n
‘ NHAfor‘sufficiently high dustbdensity,from‘which the presence of molecular
.hYdrogen is again inferred, Sancisi and von woerden (1970) examine the
same reglon and note only the presence of a dlStlﬂCt elongated (although ‘
not completely maoped) feature not‘aSSOC1ated with the obscured reglons.
They note that thelr elongated feature shows ‘no connection with-any
. optical features - Some people have observed;that this "non-connection"
isFSO'striking as to,be an anti-correlation! |

The conclusion'I wiéh to suggest after this brief discussion

of dust - HI relatlonshlps is that it is st111 a case of "anythlng goes

“-It depends what you want to prove! -

7,h'Summary‘ofFSection'III B

o ~.Clearly one may now ask whetherianything uSetul can.be learned about
the HI distribution at low latitude which may‘be relevant:to the study of
_ the gas dynamics of'clouds.in interstellarvspace; The answer is probably,

\/

-t .
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no! On the other hand we w1ll show below that when one gets above

~about |10°| latltude the hydrogen 1s much less ' confused" owing to the

absence of matter beyond a few hundred parsecs in the line of<slght so

that the picture becomes much clearer.,

of course, low latltude surveys are st111 essentlal for the study

of.the large scale, gross_distribution ofbmatter in the_MilkyaWay and -

-_thisfwill-be dealt with in the next chapter.
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- C. 21 cm Absorption Experiments

1. W49

The earliest publlshed works on 21 cm absorption spectra

“dealt only with the strongest radlo sources and the spectra looked much -

Athe.same no matter which telescope was ; used. 'The.interpretation of the

data were basically similar too. But recently, as these measurements have

‘been carried forward to include weaker radio sources, the situation gets
‘more and more confused, especially when it comes to an examination of the

‘conclusions reached by various authors. Let me stress that these remarks

apply mainly to single'dish measurements. Interferometer measurements

are hopefully less subject to errors produced by the presence of small

 HI clouds'in their beam.

‘We will consider the present situation by first examining

the rather unusual case of W49, ‘Six‘paperS'totaling 24 pages of print,

v all concerning the absorption spectrum ova49, have appeared in the

journals. Three of them are based‘oh the same data as the Maryland-Green

.Banﬁ Calactic 21 cm Lineksurvey! There are some startling differehces

‘between the conclusions drawn. Hughes and Rourledge (1970).find a -spin
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‘temperature of between 60 and 70°K foria cloud at’ +17Km s ;'whereas“

dfcosachlnskii and Bystrova (1968) analyzed ‘the same data dlfferently |

| to get 22 K. The relevent cloud ‘covers the two components of W49 un-
'»equally and Hughes and‘Routledge f1nd optlcal depths of 2 5 and 1.8 in
'front of W49 and B whereas Sato et al. (1967), used a 210" dish w1th
.fa beamwxdth not vcry different from that of the 300' to get opt1ca1 R

.td:depths of 1 3 and 0.6 for the same features. -

“The orlglnal use to which the study of the‘absorptionbspece
', trum of W49 was put was to derlve the dlstance to the H 11 reglon sincet
,it was so hlghly obscured 0pt1cally as to be invisible. Zlcm.absorp—'

:tlon llnevdata are.useful for thls because'if ahsorptlon features are
found‘out'to a given'velocdty then onehcan estinate; from the gaiactic
h‘rotatlon law (neht chapter), what the lower 11mit at- the dlstance to the
radlo-source 1s.' Sato et al. and Sato (1968) belleve ‘that the two com- :
'kponents of W49, one an. H II reglon, the other a supernova remnant, are
at least 1 kpc apart 1n the 11ne of 51ght. |

‘ ) . Our Flg. shows the absorptlon spectrum of w49 taken w1th
Athe 140'>telescopc w1th a beamw1dth of 20' arc whlch 1ncludes both W49A
| and B. Also shown are four spectra taken 30' .of arc away from the source
{”to N;,.E.; W., and S. The-so~called "true absorptlon spectrun is also .

hshown. This Spectrum 111ustrates perfectly the problems that are faced
"'in 1nterpret1ng 81ngle dish 21 cm absorptlon data. It is customary to S
‘compare the average of the four spectra taken around the source with the

S on*source'spectra to get the true»absorption line.
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iheré are'9 hahsorptionﬁ.mihiﬁa»in fig. ‘ vand two (possihiy -

A&) excess—emission maxima. These positlve g01ng peaks suggest that
around the posztlon of the source there is certainly excess emlssion at
'“Several wavelengths. Now which are true absorptlon lines? Clearly
| he feature at +17 Km s'l 1skone because it 1s most strongly v151b1e.'\If
Jche hlghly asymmetrlc feature around +40}Qn s %'and the clear double lihe'
vnear +63'Km s.l’are real absorption llnes then are Qe not also entltled |
to attach s1gnif1cance to the two p051tive g01ng features at —30 and —12
A:{Km s’ 173 Do they indicate hydrogen which must be assoclated w1th W49 or-t
:h are these merely statlstlcal fluctuatlons in. the HI dlstrlbutlon. On
the!otherthand, if we do not'attach any weight to the‘presenee of larget'
ﬁpositire-going signals.of ldfk; what significahce can we attaehvto hega- :
-'_tive,gqing siénaispof this;srze?_‘lf 16°K'antehnaateﬁperature:ihdicates
:hthe raneem spatialbfiectdatiens to be expected in this part'ef the'sky
then we might enlyh“beliere"'the +174Gn sf1'line siﬁee it is the onlyi
vf one eiearlysrisibie at‘the positidh of the‘source;vh | |
| : In the absence of any other 1nformat10n we would suggest that
the 140' data (bandw1dth 6 5 KHz, beamw1dth 20 ) are too confu31ng to allow _
. a r;gorous‘analy31s to be undertaken. Th;s ;s_probably also true ef the
t-bther éapers, whieh”are:nd‘less shbjeet'te‘the cenfusing effeets of the
.spatlal structure of the HI in the plane. | | |

| One might suggest that unless the absorptlon llnes are deeper’

'than about twice the peak-to—peak varlatlon of the. surroundlng enission

spectra one should not place tOmeuch weight‘on srngle‘dish,data,
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2. y.z:;zg__A_
- Another good example of d1ff1culties encountered is 1llus-;
crated by the case of Vlrgo A. Us1ng an 85' telescope (36' of arc beam- -

.;width) Ullllams (1965) found evidence for an absorptlon line of optlcal

1vdepth 0 17 u51ng the class1cal" method of observatlon, i. e.,'comparlng:i

- the on-source spectra with the average of several off-source spectra._

Radhakrlshnan and Murray (1969) dlsagree Wlth thls result and set an upper

'A-limlt of 0 005 to the opt1cal depth. They used a 210' dish although

Iib‘Radhakrl hnan (1971) has 31nce repeated the experlment and found a llne’

- at'~7.3.Km s l,w;th’r =.0.008. Measurements made w1th the‘140' tele-
dAScope-(ZO' of arcvbeam)'show a l;ne with t = 01020 at —6lﬁn s‘l!' The

: optical:depth‘here»aPpears-to'depend inversely on thedsize‘of the'teiee :
'd'scope used' ‘ | | e | | s
Ciearly there is only one reliable wav to check the result

aand that is to observe the source w1th an 1nterferometer. Thls,has been.

~_.done and Colvin et alr,(l9]0) report the presence'of an*absorption line

>b'{r;at»-8 S'Kﬂl s-lwith a1 = 0. 019. Th1s result is based on observatlons

vf:at three basellnes, 200 400 and 800 feet, 1nd1cat1ng that the measuredv
,optical depth has ceased to be a functlon of telescope 51ze' |
Virgo A is ‘at a very hlgh latltute (+75°) so that one would
.”shope that the confu31on.due to small scale HI structures around the
| source dlrectlon would be small but clearly thls isn't the case; even. -
'hthere. ObV1ously one must not take the 1nterpretat10n of 51ngle dlsh data
'too far unless the results are conflrmed by observatlons w1th a very

'7_d1f£erent resolutlon or - 1f the absorptlon ‘lines are so 1ntense as to be ‘
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gonvlderably in excess of the fluctuation in: the em1531on around the

;sourcc. This condition is satisfied for Cas A, Tau A Cygnus A and
h;?o a_1esser extent for. only about 4 or - 5 other sources in the Northern

' Hemisphere.

3."Interpretation of Other Absorption Line Data

Shuter and Verschuur (1964) decomposed their ‘single dish

'v"observatlons of absorption llnes 1nto 1nd1vidual gau831an components

d; and estimated that the median of the temperatures of the cool clouds

is 67°K Clark (1965), using the Cal ‘Tech interferometer was able to

hh‘observe several more sources and obtained brightness distributions for
‘_ several absorbing clouds. -Clark suggested that the data could be well ap- |
E proxinated by 1nvolv1ng a two—component model one a cold cloud medium at
v“lOO°K, the other a hot interfcloud medium at about lOOO.K.

"}Hughes, Thompson and Coluin (1971) fiﬁd:a mean‘tenperaturev
.hiof 72 j;§°K'for the‘Clouds‘seen.in absorption against 64fsources in‘theA
‘:Northern Hemisphere,v Optical depths greater-thanaO.S are found only |
- within 20° of the galactic plane except 1n the region of the Cetus arcm
‘f”where they found T - 1.4 at a position near b = -40°- Hughes et a1 used'
;the Cal Tech interferometer to make their measurements and were able
to obtain apparently reliable results on many more sources than would-
have been_possible‘with a'single dish. ’ “ |

- More recently a series of papers based on 21 cm absorption
"line'data obtained with the Parkes interferometer have appeared.{lAﬁ

least .60 sources are listedvby‘RadhakriShnan‘et alr:(l9713)fand‘GOSSd
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';é al,u(197i) and the equipment is described by Radhakrishnan et al.

,(Igflb). Radhakrishnan and Coes'(1971) have‘performed:a.statisticel

nalysms of the gaus31an f1ts to the absorptlon spectra and concluded

’lthat the hydrogen seen’ 1n the. galactic disk has a mean value of N /T

-1 -1

":,Of 1 5x lO19 atoms cm.2 K.” Kpc .~ The llne of 31ght 1ntersects on »1':'”
"'i average 2.5 clouds per Kpc which compares well w1th the estlmate of

»vCIarP (1965) who found 4 1 for thls number.

: The next few years will see a rapld 1ncrease in the number L
._of'pepers 1nterpret1ng'these data further as well as dlocus51ng other
‘4_data obtalncd w1th 21 cm 1nterferometers, espec1ally the synthe51s obser—:f

o ;t1ons now belng made at Cal Tech and at the NRAO
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