" Summer Student Lecture Notes -~ 1972

RADIO RECOMBINATION LINES AND H II REGIONS |

~

- M. A. Gordon

1. THE NATURE OF H II;REGIoNs

" As éﬁetyonetknOWS5 stars condehse from the'interstellar‘medium¥-a.
gas of unhnown thermodynamic oharaoteriotios, polluted with helium, Strangé
molecules, ahd dust;-but consiotingumainly"ofhhydrogon. ObéerVatiohs'of
the 21-cm liné ofvneutral hydrogen tell us that the gas is inhohogeneOus'an&
‘torbulent.t Presumébly; the’right conditions canuexist where stars oan'form;
Formatjon proceeds rapldly, and wnth respeot to other ‘time ocalos in the -
intervtellqr gas, we can 1mag1ne the star simply to "turn on"

The young'stars omit considerable ultraviolet'(UV)_radiétion. fhétb
componcnt of the radiation hav1ng wavelengths shorter than 912A 1on12esv
:the urrounclng hydrogen atoms, thereby creatlng hydrogon 1ons whlch Sharpless
amed H II to dlstlngulsh it from neutral hydrogen, known as. H I. Some of
the H I meodlatelv recomblnes wlth the nearest avallable ffee eleotron; h
’ '31d consoquently emLtq a ohoton.:‘If.thoowavéléngth of this photon is less

 than 912A, it‘too will,cause,an iooizatioh whon;it oollides with thé‘hehréscvv
heuttol hydrogen étom. It is.ihportant totnote”thatkwhereas the initiailv
photon came froﬁ the difection of the stor, this secondaryvphotoh cao bé re-‘
,emitted'into'aﬁyhditeotion.' Thus théLUV radiationtfield ftom.the stér is
“écattéxéd and diluted. inbgenefal;'though; this ionizotion ftoht mQQeS -

) fadially outward ffom thé‘star,tleaﬁihg behiod it aﬁ ionization iono or

"H II Region".
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Some of the UV radiation from the star is lost. If the hydrogen ion
and the free electron recombine into an upper energy state of the hydrogen
atom, no UV photon is produced. The electronVSUbsequently cascades downward

from state to state emittlng a series of llnes known as recombination 11nes,

as it tumbles down this quantum stalrway. Another method of losxng energy
from the uv radiation_field is by collisions. In general, the ionized atoms
obtain kinetic energy from thevUV photons, eince.the energy ebsorbed by the
atom is usually greater~than that needed for ionieetion. Binary collisions“
with other ionized components‘qulckly redlstrlbutes.thls kinetlc energy so
as to raise the temperature of the gas from, say, the 100° K of the neutral
.gas to: approx1mate1y 10 000° 71 The exact temperature depencs upon the
avallable infrared tran31t10ns whlch cool the gas by radlatlon. |
Because of the hlgh temperature, the pressure of the H II regions
exceeds ‘that of the surroundlng cold neutral gas. Thus the reglon also ex-.
pends mechanicelly,rsometimesvathsupersonic‘velocities s0 as to.cause shock"
: weyes;to develon‘uithin.the ﬁtil region., For‘moetiﬁ II:regions, We_expeCt_con~ .
V51derablevvarratlone in den31ty (and hence Lempereture) - » |
Because of their assoc1at10n w1th young stars and hence’clumps of
: neut1a1 hydrogen H II reglons are apt to 11e in. the splral arms of the
nigalaxy. They are dlfflcult to observe optlcally ow1ng to the large amounts
of gas‘and dust whlch obscureithem from us.. Notable H II reglons lylng
' nearby are the Orion Nebula, the Omega - or Horseshoe Nebula, and the Rosette
Nebula. The visible radietlon from ‘these nebulae-is largely COmposed of

radiation from oxygen atoms, known as 'mebular lines', and of course, Ha.
Xy s : ‘ > £



»

"“IT. “RADIO RECOMBINATION LINES

One method of piercing the surrounding'interstellar‘gas énd dhsi to‘
study these gegions is to use radio waves. At frequencies above 100 MHz, '
the interstellar medium effects little absorption. 'Using discfete radio
lines, we can observe Doppler shifts and fhué éosition the H II‘regioné With_'.
1'respectfﬁo,the:galagtig’rotatiop.system by their velocitieé;

The frequency v of any transition between two principal quantum states

of the hydrogen atom may be calculated from the Rydberg formula,
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where Rvis the Rydberg>constan£,>c the speed of light,-z the nuclear charge’
j-aﬁd An the change iniquéntumAnumbefbn. The ﬁydberg constant varies with mass -
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(a) '_RadiO‘TradSitions

Consider transitions where An << n. Then
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" after expansion. Furthermore, we can calculate the separation between these

lines



(b). Table

We may use the above equations to produce the following table

VOHz) A n o av(Hz)
3x106 1004 13 690 000
3%105° 1lmm 28 . 32 000
304 lem 60 1500
3%103  10em 130 70
3x102 . 1w . 280 3.2
30 10m 600 . oas

. III. LINE FORMATION

-nv(a)n Liﬁé'shage' '

| vl To be seen, these lines must radiate adeduaﬁé power. From our
;qualltatlve dlécu331on on the nnture of the H I1 reélon we should expect
 the 1onlzed gas to thermalize qulckly, that is, achleve a velocity distri-
‘bution known as Maxwellian.‘ In fact, the‘number of atoms with velocity com—

ponents along the line of 51ght is

dN(v. ) =N \/7——= exp |- =21 dv
x’ 2TkT, ‘ . 2kT X



Owing to the Doppler effect, each atom will radiate at a frequency v compared
to the line rest frequency, vo;
v

= --—-—-)-(— .
v _‘vo(l c),

or ‘
v
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Now the total number of emitters within a velocity interval control the

'vintensity of the line within a frequency interval,

Car) %.dN(vx) B
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'fFSubstitution gives the line shape to be
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which is the equation for a gaussian line. We -can make this into a more con-

- venient equation by rewriting the equation in terms of the total width at

.

half-intensity, Aa. -
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~ and if we define the line shape function f(v) to be

.dI(v) = 1 f»f(v)dvk

~ then

which described the éxpeéted shape of the recombination line, where the
square of the total width at half-intensity is
‘ 2 o 2 2kT 2
"(A.v). -~4 “Z’V,ITCT AN
.’ in the case of pure thermal broadening. Iﬁ there érevtdrbuleﬁtAééils;withinlb
the beamwidth, then
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where <v§>- is the most probable velocity of the turbulence.



(b) Line Intensities.

The differential»intensity

contributed from an elemental volume of

“length dx, in the direction of the ob-

server, is

aL = cTkdx o+ 3dx_ T
absorptlon emission A - lelescope

. ' AT jeg
vhich interprets to

-
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«emltted "-'7"' bacﬁéround _‘A

‘when the source function S is defined as
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and the optical depth 1 is_:
(L) = kdx
s ' o .

If S is a constant, and k # k(x), then
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(L) f_%~(1/- é’kL) + j(o)e”
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and the problem is now to find the emission and absorption coefficients.
- Consider the following picture
> i
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"and at line center, we calculaté'the ratio of line to continuum antenna tem-

peratures to be

R R (S 9 A
| }:I_‘i = (I‘L + IC) -.' Ic = l = —k L ~> - 1 Lo
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s ‘and 1if the gas .j_sﬂgptically‘ thin,’: .

,‘(kib+ kc) L §< ;
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which is just the ratio of the absorption coefficients. Substituting for

k. and k_, we obtain
L c
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tIV; USE OF RECOMBINATION LINES
,' The above'équatioﬁ can bé used ﬁb,méasure the temperature of thé gas

Te.v All we have.to do is to observe the lines;_ Letfs put -in a proposal
to Bill.Howard fér the A3fgm receiver aﬁd the 140-foot telescope so as to -
observe the 86+85 transition at 10.522 GHz, and‘the»1054106 transition af‘
10.738 MHz. | | | | |

| After making the obéervatiohslpfbthe Orion Ngbula; we.calculate Te ,
_ fromvthe aata'to ge: e

T

Line ‘ B e
H85a ~8000° K

| HI068 | 19500° K

and discoVe;.that &é gét different temperatufes;for éach line. why?

The feason ié that we assumed that all the levei pobulations of the
hydrogen can be described by a single value of temperatgfe;- In other'WOrds,
we assumed that_thesg levels interacted with tﬂe gas by means 6f collisions

to the same degree. This assumption is often called thermodynamic equilibrium (TE).

(a) Departures from TE

- Consider the relative size of the hydrogen atom as a function

2
106 17 _
5| =L

times larger for the B8 line than for the o line, and the 108th‘quantum.leve1

_ L e 2 .
of quantum number. ' The area varies with n". So the atom is (
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is more apt‘to intefaét with.the‘kinetic field of the'gas than the BSth
quantum level simply because its "target area" is 1afgef,

If we balance the'ﬁumbgr of Qays into a quantum level wiﬁh the number
of ways out of a level, one can calculate the»numbef of atoms,aétuaiiz in a

level with the number of atoms.which'should be in the level 7-‘thé factor

being known as the .

ol Ramnve

PROCESSES |
poMiaTE .
b .. Cocttsicuac :
. oaf .« Processes
b o OOMINATE
n ‘ .
0BT -
0.y L + ‘é{ ‘6 L
4o 3 to 1000
- . n -

anfactor,- Thié assumption is kﬁowh as étatistical equilibrium,‘and it
implies that the levei‘populations are statisticaliy»invarianﬁ over timé_
scales 1ong'compared to the microprocesses.

The figure shows that' at lérgérh; where the target area is lérge,
level populations are controlled by the kinetic.tehperature. Ihus our
bn—factor is one. At small quantum numbers, the atom interacts poorly with

the kinetic field. These levels are controlled by radiative processes.
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;infthe.intermediate region, the upper levels of any transition arexélightly

overpopulated with respect to the lower levels, that is

and a slight_maser effect océurs that cauéés the line intgnsity‘to incfeésé

 é£d corrésPQndingly; the deriyed kinetic temperature'td be erxéneously low. .
".”In facté for frequenéieé whefe thevgas is'optically thin, and wherer
: méser.effects are significant, the;épparent'(excitatién) temperature relates
to the trﬁe kinetic temﬁer;tufé by' _ | |
| E'JZTe' "qznbn

/(bn +Vconst.>. . b

0.87
"n - dn '

An).

T =T
“apparent  true

. In the bracket, the first tefm corrects for the number of atoms in the upper
level; the second term for the‘"maser"'ampiification.I'Note‘that the emission
',measure‘is a co-factor of‘the-bn—slopea- ForvH,II,regiops with low emission

measures [fnezdi], masérveffects,will be small.

-v;"ﬁsﬁ,oF;RECOMBINAIiON L1NEs

’j:'It is boééible to use liné'inten;ities ;b fihd the kinéti¢ tempera-‘
ftuteAbj a numbér of ;ééhniques;‘ Oﬁe is to make.a gehérél non*TEisolutiohb
_ to'obser§ations‘qf maﬁy lines. fAnotheriis to'maké'observations of a;‘B; {,‘
étq, Iiﬁes at a éiﬁglg freqﬁency‘(consténtvkcﬁ);  Hereieééh higher-;rder  >
trahéition‘involves:ablarégrjn, and we'explote'thé bn-cﬁrve gkperiﬁeﬁ;élly;_

In any case, the 1ines'¢an be used to measure thelvelocityiof,the
gas with respect to fhe obéérvet’bétauseléf Dopple: effgcté. »Aftef coi; |

rection for thermal broadening, the 1ine_widths refiectAthebdispersipﬁ of
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velocities along the line of sight subtended by the beam of the radiotelescope.

Such veldcities'are'often_called microturbulence. But in the case of the

comparatively large beams of radiotelescopes, velocity gradients perpendicular
to the line of sight result in 1arger values of microturbulence than those |
observed with the high resolutlon telescopes of optical astronomers. The .
velocities of the line peaks give 1nformat10n about velocity gradients across
the H 11 region.» ’ ‘ - o

- Any highly ékcited atom, being apérbximatély hydrogenic, can emitvr
‘ fecombihation lines in the radio domain. Thué‘we'see lines of helium, carbon,
- and possibly those of héévy atoms. ‘HoWevef,‘owing.td the behavior of the o
Rydberg constant as a function of mass; lines of heavy elements tend to pile
" - up near the rest fréduency‘for'm—ao. This crowding makes identlfication of

a given line emitter of heavy mass difficult. = -



