o

‘Lecture Notes

NRAO Lecture Program - Summer 1965

N

. GALACTIC RADIO SOURCES. I .-

.‘b?

, D. E. Hogg o
‘National Radio Astronomy Obsérvatory
~ Green Bank, West Virginia

ROPE _ GOVERNMEN
PROPERTY OF THE U. S. GOVER
;‘;%'\'jo ASTRONOMY OBSERVATORY
_ GREEN BANK, W. VA. ,

JuL 30 1965



_GALACTIC RADIO SOURCES, I
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In the course of the eatly surveys of radio soufces, it was;found that e
there was a mérked dif ference in the properties of'those sour ces with
|p] > 10° aﬁd:tpose with |i>| < 10°. 'The 'seﬁrces“ aAt low galactic latitudes in.
generalAwere strong, endthad large (> Sf)Idiameters. With fhfther wogk it be-'
came clear that the majority of sources with [b] < 16° were sources within our
galaxy and were of two types: Those with flat spectrum were HIT regiens.and'
'ﬂhése with epntbermal spectrum-were;apparently,remnants of sppernevae.‘ This
first lecture will be concerned with the thermal sources.

The concept of’a(regien’of ionized gas associated with an early type
(0 or B) star was-first introdueed by Bt Stf%mgren'(1939)} He'considered'the
. case in which the hot central star is completély surrounded_ey an'isethermal
hyd rogen cloud of unifo;m density. The central star eﬁits'ﬁltratio;et radiatien
which maintains the interstellar metErial in'thevionized state. It will now .
be shown follow1ng Wnrm (1958), that the radlus of the 1onlzed region depends.
upen the density of the 1nterste11ar medlum and the" spectral type of the star

The modlfled Saha (1on1zat10n equat1on) for a p01nt at dlstance s parsecs

from the star, whose color temperature is T, is

N.N.v e"'TCU - L L
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where-Np, Ne, and NH are the depsities of protons, electrons, and hydrogen .

. o L =Ty . .y . e e s
atoms, respectivel in cni~3.. e~ VY is a factor which corrects for the extinction
9 9 : B .

of the starlight over the distance s, and
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C = 10,.(0.5_1 + 9X1) Tg/z(__f) o (T"Te)b (2)

with T . the electron temperaturé'of'the'nebuiaff

5040
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X1 -13.59:ev‘

‘ rv(T,Te) a function tébulétedvby-wurm

Let the fraction of all hYdfdgen which'is‘ioniZedAbc X. Ihén,‘if the fotal i

vhydrogen density. is N ’ : - -
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and X2 . ¢ T | . : : )

The optical depth is given by

@t = (1-x)NG - 3.08 : 1018.ds @y

“where EvAisﬂthevmegn absorption .coefficient at the Lyman contiﬁuum 1imit, -

. 'The mean absorptidﬁﬁcoefficient has been tabulated byPEberleihx(1955).

- From equations (3) and (4)

- -~ N® _ : _ o A C
e Ty dT =— x2 s2 © 3.08 - 1018 a ds. o (5)
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By substituting in equations (5) and (3), respectively, the quantities

y=e 'V (i,z y > 0) R B (6)
N® A ’
dz =— . 3,08 - 1018 a s®ds e (7

(z =0 for s = 0)

get the solution, in the form of two simultanedﬁs equations.

D i = '-Xz

(8)

withe =y el (3.08 -~V10v'18-20')-'2

For a glven value of a, these equatlons may be 1ntegrated numerecally, and a

. solution for the var1at1on of electron density with dlstance from the exciting
star'determ1ned‘ It is found‘that in general the degree‘ef~ionization re-
mains high,'i;e,? x ~ 1 out to a distance given by z ~ 1; aftetiﬁhich it drops

’_very quickly towards zero. This- cr1t1ca1 radlus, the radius of the Stromgren

’
g .

sphere, is obtalned £ rom equatlen (7)

- - Q}"Nz.-308x1018

This is frequency written / e

U= sy N?/§\ o c AT T
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where now U is a function of the exciting star alone. The folioWing;table

gives, for N = 1 cm=3; the radius of the HII'region asfa'function of,thé

s

.spectral type of the:céntral Star.' The stellar parameters have been,takén‘v

from Pottasch (1956).

" Table I

':l_Spectral Type = o ;Sov(pc)'

05 100
07 ' 70

BO . R S es

The;amount:of}radio.emi$Sion.originéting.in a*Strgmgfen-sphere of this’
typé is easily.computed from thé'equétioqs of the emission, as given pre-
-viously..vFor;énnisotherma;fnebula} the brightness tempefature,is

T (1-¢"

N

[}

w1th ) o Tv(s) [k, ds "‘ o ::_ - _ >7;i\7'

o N2 o
. .y N € - n. ° ——
9f776,x"10'15. TPT 7% in [ﬁQ §]V

C and . | k

R N 2 T =3/2
\Y) e e

It has been found that the electron.temperature in most HII regions lie in

" the range: 5000°K to 15000°K. Values of R, for . a températuré~Té'='1[x 104°K

~are given, for various frequencies, in Table II.



-5-
Table IT
" Frequency R - y< o R -

: : Voo ‘ v
Y MC‘/S’ » : cgs . cgs

_~‘ 8000-'ﬂ ©0.0852 ' 1,33 x 10721
© 3000 o B 0;0948 | © 1,05 x 10-20
1400 . 0.102  5.22'x 10-%0

| _‘?60‘ ; ; o ; 0.106 1.15 x 10-18

200 S 0.115 o 7.15.x 10519

Let,th:inebuiéfsubtend a solid angle Q. . The iadiovflux.sv may then

bé derived,ffom the‘brightneSS'tempefafure'byzmeané of the relation

.2kv2

The qﬁahtity /'Nez ds-ha$ been{defined.bywStrgmgrénnas the emission

measure E, and is. usually quoted in units of cm~6 pc. Thus

./ N_2ds'=3.08 x 1018 E N ¢ )

a
0

3.08. x 1018 R E 1;:6/2 o (13)

and, if T, <1

n

2]
n

v

s, sl oae S an

3.08.x.1018 R T ~1/2 E (e

= 0.850 R T,<~1/2 -2 [ Edg (15)

AN



—6-

with E in cm’e.pc; X in cm, S in wm*z/cps Tbband ie in fK;:and R, in cgs .
units, as in Table II
Therefore, if an HII reglon is observed W1th a rad1o telescope of hlgh
resolution so that the br1ghtness temperature is measured equatlon (14) may -
be used to determlne the em1351on measure, and the electron dens1ty distrl-
hutlon as well, 1f a model of the nebula is assumed Such a procedure has.
been followed. by Ter21an (1964) for 4 reglons If the resolution is poor,vso
that only a total flux is measured then equat1on (15) can be used to obtaln
a mean’emlssaon<measure, averaged over thepnebula. Measurements of the latter.
type haue been made, for'example, of planetary’nehulae (Menon*and,Terzian,
© 1965). B - | | | o
Theerelatlomship‘betueen'the‘radio'flux aﬁd the‘ekcitatioh of the ﬁlIv
reglon is seen by -comparison of equat1ons (15) and (9). ’ The quantlty JNEdQ

is related to U d1rect1y, since

where R is the distance from the'observer‘to the nebula, in pc. Therefore}

U ﬂV/O 281 R® T,Y/% 2 s (16)

Equation (16) shoWs that for a classical Strgmgren region, in whic¢h the

from (15)

'entire amount of ultraviolet energy radiated.by’the exciting star (or stars)
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is absorbed by fhe nebula, the absolute radio flu# 4nRQSU isiproportional to.
the stellar ultraviolet flux, as meésured by thé'quantity U.( The moétvcommon
application of this relationship is in the detemmination of whether the HIT
region is,a_StrSmgren zone or not. Thus, if the U-value computed'from,the ,

radio flux is smaller than that computed from the spectfal type of the excitihg

'star, then it can be concluded that the HII region is density bounded, and

‘that some of the stellar ultraviolet escapes the nebula. An alternative is

to aésume that the HII rééion is a Serﬁgren zdne,,énd ffom the radio flux and:‘
the spectral type Qf the exciting sfaf, deduce:fhe distanbe'of'the object.

1If is wdrthwhfle'to‘nbte_brief19 the‘relation;Bgfween the optiéallénis-
sion 1inésyand the'rédio.COhtinuuh emission. The prominen% iines which are
observed are the Bélmer series of'hygroéent as well as the forbidden lihes of

[0II], [OIII], and N[II]. The latter are of importance in the cooling pf.the:

nebula. The volume“émissivity of the Balmer lines can be given-ih:generai by

3 =N_A huy. - | (17)

where Ap  is the Einstein transition coeffiéiénf'and‘Nh is. the number of atoms
in the nth level, given by

| Yn/KT
Ho/KT o

. )
.Nn_ (M ? ? P e

(18)

Hefe Xn is the'ionizafion potential from the quantum’state'n. Thus, the emis-

sivity i§ a fﬁnction 6f the pfodu;t Np Ne,ijust'és‘in‘thg cé;e of the rf
émission, and the ratio 6f fﬁé fluxes is therefore independent of‘sfructure
and distance. Comparison of the ;ptical_ahd'radid fiu#es have been used to
verify théitheory'of‘the rqcombinatién of hydrogen in HII regioné.

‘The recéntlv,discovéred,rf ;ihe oﬁ 5000*MH23is a transitiqﬁ be tween

upperklevels in the hydrogen atom, and is theréfore governed by these same rules.
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The re are now abbd% 50 HiI region34identifiedvas radio sﬁurces, and
many more should be foqnd in future high[resélution surveys such as the one
proposed by Mezger.A The most complete study of the emissioﬁlfrom HII regions(»
is sfill that of W?sterhouf (1958) in which approximately 25 of the brightesf
nebulae have been observed. More recent surve&s.have'been made by Wilson
(1963) and Wilson'aﬁd Bolton (1960). From the radio observations, and witﬁ
the assumption'of a model f&r each region, WEStérhouf was able to estimate the

emission measure, the electron‘density;»éhd the total mass for each nebula

detected. The range in values of the emission measure is from 10 x 10% to

1000 x 10% cm~€ pc, in ‘total mass from 50 to 10,000 solai masses.

There are more detailed observations for a much smaller number of sources.

A good ekample of such work is Menon's (1961) study of the Orion Nebula. “Be-

cause the brightness temperature distribution was actually resolved, Menon

was able to construct a model of the electron density distribution as.a func--

tion of the distance from the center of the nebula. The optical depth at'a

distance s fiom the center is related to the brightness by tﬁé equation

£

T(s) = , (19)

Te-
Then, by assuming that the'nebula\is sphérically éymmetrical and cbmposed_of

concentric shells (22 in this case), the emission distribution, and hence the

electron density distribution is derived from equation’ (17). The solution of
. i : . \

the problem is unique. For Oriop, Menon finds that the elecfron density is-
a ﬁaiimum-at the cénter,_with.é'value’Ne =2 x 1031£m‘5, and decreases towards
the edge, where ﬁe.” 10 cm™%, The}total mass of the nebula on the basis of
this model is about 160 solar masses.

That such §bservations as these can be of much value'in the interpre-

tation of the physical conditions within the HII regions is perhaps best
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illustféteduby reference to Menpn's (1962)_further work on Orion. Here‘it

is shown that the radial distribution of electron density is quite similar to
the radialvdistributioh ofVSfafs.' Such a correspondence is to_be expected
only if ionization has taken place very recently, within a time of less than,
say, 10° years. Since within the Orion Nebula clustervtpere are stars Qhose'<

gravitational contraction times are at least of the order of 108 yeérs,'it ap-

pears therefore that star formation within the cluster has been proceeding
 for a period of at least 10° years. Moreover, the formation of the exciting

stars must have taken place efte: the collapse of the cloud from which the

cluster as a whole was formed. Thus, the radio observations have been in-

strumental in raising a number of impoertant questions about thevprqcess of

'star formation. o - .
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