
Scientific Justification

One of the fundamental questions about supermassive black holes (SMBHs) is why some are active
while others, located in apparently similar galaxies, are not. Since almost all massive galaxies host nuclear
SMBHs (Magorrian 1998). it is clear that a trigger is required to "turn on" the SMBH. However, the
trigger mechanism remains elusive. We believe this is because -- until now -- an unbiased survey has
been impossible, since AGN emission in the IR, optical. UV. and soft X-ray is obscured in a large fraction
(~50%) of AGN by dust and gas in the line ofsight (e.g. Mushotzky 2004) and onlya small fraction can be
radio selected. Further, other indicators of activity in obscured objects, such as IR continuum and [OIII]
(Heckman et al 2005) are indirect measures of AGN power, and can be strongly affected by star formation
and extinction. Alone among all tracers, hard X-ray emission (E > 20keV) is (1) not strongly affected by
obscuration (r due to photoelectric absorption is small) and (2) directly associated with the AGN.

Until recently, a high-sensitivity hard X-ray survey was impossible due to insufficient angular resolution

to identify 'unique' counterparts in other wavebands and insufficient solid angle and sensitivity to yield a

large sample. This situation has been radically changed by the Swift BAT survey (Markwardt et al 2005,

Tueller et al 2008, 2010). which has detected ~850 AGN above a threshold of 5.5<7. The BAT data are

~30 times more sensitive than previous all-sky surveys (Levine et al. 1984). Indeed. BAT has revealed a
significant fraction of AGN that would not have been identified in previous surveys at any waveband.

We have found (e.g. Koss et al 201lab, 2012) that the properties of host galaxies of the BAT-selected
AGN are quite different from matched sets of non-AGN hosts or SDSS-selected AGN hosts. At high
stellar masses, the BAT AGN are «100X more likely to be in spiral morphologies than inactive galaxies
(Koss et al. 2011a). This difference indirectly suggests that a subset of AGN activity may be driven by
stochastic accretion ofcold gas that should be more prominent among these late-type systems (Hopkins &
Hernquist 2006). Recent theoretical work (e.g. Hopkins et al 2005) shows strong connections between the
obscuring material and the growth of the black hole. It seems that growth requires large densities of gas
in the centers ofgalaxies which naturally generate obscuring column densities, and thus should be ideally
studied via molecular line imaging possible for low redshift objects. Contrary to work based on prior
(i.e. biased) surveys, the CO detection rate of BAT-selected AGN is over an order of magnitude greater
than for a comparison sample of SDSS AGN chosen to have the same mass and redshift. and we find a
correlation between CO and hard X-ray luminosity. This suggests that we may have found the long-sought
link between fuel supply and AGN triggering.

We believe that these results were not found in previous CO surveys of AGN due to selection bi
ases. For example, the best existing high-resolution study, NUGA. includes among its selection criteria the
availability of high-resolution optical/NIR HST data, thus biasing against obscured AGN; further. NUGA
picked objects known to be ideal for high-resolution CO detection and thus these objects are unrepresen
tative and under-represent high X-ray luminosity AGN. By contrast, our sample uses the first unbiased
AGN survey and thus provides a fundamentally new sample for investigating the origin of AGN activity.

Our team has obtained a wide range of complementary data, including Spitzer IR spectra (Weaver
et al 2011), optical spectra and imaging (Winter et al 2011; Koss et al 2011a). X-ray spectra (Winter et
al 2009) and Herschel FIR data (Fig 1. top). However, our CO results used the JCMT. yielding 2 kpc
resolution at best, inadequate even to separate out the galaxy disk. We have CARMA observations of
CO(1-0) scheduled for 10 BAT AGN at 2" resolution to map low excitation gas. However, CO(3-2) is
needed to probe gas affected by AGN radiation, since the higher J lines are known to be enhanced near
AGN (Matsushita et al 2004, Krips et al 2011). CO(2-l) and (1-0) are unreliable tracers of this gas because
they are more easily excited and only trace cloud surfaces (Hsieh et al 2011, Krips et al 2011). The ratio



of CO(3-2) to CO(l-O) flux is known to be agood indicator of molecular gas excited by J^gjjJ
al 2010). Indeed, the SMA has already successfully observed CO(3-2) in the prototypical AGN NGC1068
Krips et al 2011; Tsai et al 2012). where the CO (3-2)((2-l) and (3-2)/(l-0) hue ~e«

substantially enhanced relative to galactic disks, with the (3-2) line 4x times stronge'̂ ^ <£«£
and 18x stronger than the (1-0) line, demonstrating the importance of observing the (3-2) CO line latiiu
than the (2-1) line so as to probe the gas affected by the AGN. Afurther advantage of observing (3-2) CO
over (2-1) is that we can simultaneously obtain HCN and HCO+. known to be superb AGN tracers.

We propose SMA CO(3-2) observations of four BAT AGN. selected so that we can investigate the
poorly probed high X-ray luminosity regime. We select the four BAT AGN observable in the Spring that are
close enough that the 0.8" resolution of the SMA extended array is sufficient to probe the X-ray dominated
(XDR) region surrounding the AGN. where the chemistry and excitation is expected to be significantly
influenced by the AGN. Using the results of Spinoglio et al (2012). for the luminosities of our target AGN
we expect the XDR to extend over a diameter of 200 to 500 pc. Three of our targets (NGC 4388, NGC
3516, NGC 5506) are near enough that they can be studied at a scale of ~100-150pc with a 0.8" beam.
The fourth object (NGC 5995) is further away and thus will have a coarser resolution (~400pc). but it is
the most luminous and thus should have a correspondingly larger XDR size. These four galaxies enable us
to cover a range of Seyfert types (lh. li. 1.5. 2).

Science goals: We seek to understand why the hard X-ray selected AGN are systematically more
luminous in CO. why CO and hard X-ray luminosity are correlated, and whether this implies we have
found links between fuel supply, AGN triggering, and AGN effects on star formation. Specifically, we hope
to test whether XDRs can explain the CO-hard X-ray correlation in AGN. Using SMA CO(3-2) data in
combination with CO(1-0) data from CARMA. we can estimate the density and temperature of the gas
with LVG analysis (Goldreich &; Kwan 1974) to gain insight into its heating mechanisms and the effect
of the XDR. We will determine the ratio of CO(3-2) to CO(1-0) intensities, R^i, which quantifies the

molecular gas excitation and is correlated with the star formation rate surface density to disentangle the

gas nearby and directly affected by the AGN from the star-forming gas further out. We can thus determine

the relative fractions of molecular gas associated with AGN activity or star formation, which indicates the

source of fuel for the AGN. We will relate the CO distribution and velocity field to other properties of
the AGN such the gas column densities implied by the AGN X-ray spectra. With high-angular resolution
kinematic data, we will also look for evidence of AGN fueling and molecular winds/feedback.
Technical Justification

As described in the Science Justification, we need subarcsecond resolution in the (3-2) CO line to
probe XDRs in high X-ray luminosity AGN. indicating the need for the SMA Extended Array at 345 GHz.
In single Rx 4GHz mode; with 128 channels per chunk, we can average the 0.7 km/sec channel resolution
to 30 km/sec to maximize signal-to-noise while preserving the kinematic information. The 4 GHz band
spans 3500 km/s, easily sufficient for gas orbiting the AGN and useful for searching for winds. HCN
and HCO+(4-3) can be observed in the upper sideband. Using the SMA sensitivity calculator, we expect
rms ~20 nijy/bm in a 30 km/s channel at 6 hours per source in typical weather at the CO frequency
corresponding to our typical z. We have detected CO (3-2) in all four targets at the JCMT (Fig 2) with a
14" beam. Herschel images trace FIR emission likely to be correlated with CO emission; these images (Fig
3) show unresolved (<s5") cores that contain most of the FIR emission within the 14" JCMT beam; even
for NGC 4388, for which Herschel also shows extended flux, more than 70% of the emission is unresolved.
Assuming then that in the worst case in each channel the CO(3-2) flux observed at the JCMT is uniformly
distributed over 5", we expect flux > 1- 3<7 in each channel over most of the line profile.
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Fig. 1.— Integrated intensity maps (in units of Jy beam-1 kin s"1) of NGC 1068 taken with the SMA from
Tsai etal 2012. (Left) CO(3-2) integrated intensity. Contour levels are at 10. 20. 30, 40, 50, 60, 70. 80. 90.
100. 110. and 130 a. where la = 4.0 Jy beam-1 km a'1. The synthesized beam is 2.29"x 2.00"(~ 160x
140 pc2). (Right) CO(1-0) integrated intensity. Contour levels are at multiples of 5a. where la = 0.81 Jy
beam-1 km s"1. The synthesized beam is 3.46"x 2.56".
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Fig. 2.— CO spectra of NGC 5995. 3-2 (blue) and 2-1 (red).
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Fig. 3.— Top: SDSS (color- logstretch) and Herschel (contours logarithmically spaced) images of NGC4388
(top left) and NGC5506 (top right) NGC 3516 (bottom left). NGC 5995 (bottom right).



Homework 1

ASTR670

Spring 2011
Prof. Alberto Bolatto

1) Use the discussion by Carl Heiles (1979) to estimate the energy necessary to blow
a bubble of 100 pc radius in the local ISM. What about a 1 kpc radius bubble?

2) Let us try to estimate the amount of energy necessary to blow out a chimney in
the cold ISM of the galaxy at about the Solar circle. This is, by necessity, a very back-
of-the-envelope, wave-of-the-hands, fly-by-the-seat-of-your-pants calculation. You
get the idea.

Use the simplified vertical potential for the Galactic disk in Eq. 40 of Kuijken &
Gilmore (1989) paper I. Look up the values of the parameters in the follow up paper
(same authors, same year, paper II). To avoid being confused by the strange units
please convert everything to cgs. Assume the density of the cold ISM is n~l cnr3 on
the plane, with an exponential vertical scale height H-250 pc.

Estimate how much energy do you need to blow a 100 pc radius tunnel in this
material, sending it to lkpc height over the Galactic disk.

3) Use the ratio of the thermal energy density over the emissivity discussed in class
to find out the cooling time through radiative processes of a T~106 K plasma with
density n~0.001 cnv3. What is the cooling time for a T~107 K plasma?
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2.2 Photoionization and Recombination ofHydrogen 19

2.2 Photoionization and Recombination ofHydrogen

Figure 2.1 is an energy-level diagram of H; the levels are marked with their quantum
numbers n(principal quantum number) and L(angular momentum quantum number),
and with S,P,D,F,... standing for L=0, 1, 2, 3, ... in the conventional notation.
Permitted transitions (which, for one-electron systems, must satisfy the selection
rule AL =±l) are marked by solid lines in the figure. The transition probabilities
A(nL n'V) of these lines are of order 104 to 108 s"1, and the corresponding mean
lifetimes of the excited levels,

hiL = E E AnL,n'L'
' L'=L±1

(2.3)

Figure 2.1
Partial energy-level diagram of HI, limited to n<7and L<G. Permitted radiative transmons
to levelsn < 4 are indicated by solid lines.
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90 5 The Ionized Interstellar Gas

Table 5.1gives thenumber 5(0)of photons in theLyman continuum of hydrogen
and5(1) in theLyman continuum of helium (see later) emitted bydifferent types of
hot stars, calculated from stellar atmosphere models by Schaerer & de Koter [456].
We can readily derive U from this table. For hydrogen, the results of these models
are notmuch different from those of Panagia [395] which arewidely used, but they
are very different for helium.

Table 5.1. Fluxes ofionizing photons S0 = NLyC(H i) and S\ = NLyC(He i) in the hydrogen
andheliumLyman continuaforvarious typesof hotstars withsolar abundances, fromSchaerer
& de Koter [456].

Sp. type V(dwar0 III(gian ) I(supergiant)
log Teff log So log Si log Teff log S0 log Si log Teff log So logS,
K s-1 s-1 K s"1 s"1 K s"1 s"1

03 4.710 49.85 49.42 4.707 49.97 49.52 4.705 50.09 49.63
04 4.687 49.68 49.23 4.683 49.84 49.38 4.678 50.02 49.56
04.5 4.676 49.58 49.12 4.670 49.78 49.32 4.665 49.98 49.53
05 4.664 49.48 49.01 4.657 49.71 49.25 4.650 49.94 49.47
05.5 4.652 49.38 48.86 4.644 49.64 49.16 4.636 49.88 49.35
06 4.639 49.28 48.75 4.630 49.56 49.05 4.620 49.81 49.24

06.5 4.626 49.17 48.62 4.615 49.47 48.91 4.604 49.73 49.12
07 4.613 49.05 48.44 4.601 49.36 48.75 4.588 49.64 48.91

07.5 4.599 48.93 48.25 4.585 49.24 48.53 4.571 49.53 48.65
08 4.585 48.80 48.05 4.569 40.09 48.14 4.553 49.42 48.37
08.5 4.570 48.64 47.74 4.553 48.94 47.80 4.534 49.29 48.05
09 4.555 48.46 47.37 4.536 48.76 47.40 4.515 49.12 47.67
09.5 4.539 48.25 46.92 4.518 48.56 46.95 4.495 48.90 47.21
BO 4.523 48.02 46.41 4.499 48.33 46.47 _ _ _

B0.5 4.506 47.77 45.86 4.479 48.11 46.03
- - -

Photons with energy only slightly higher than 13.6 eV are mostly absorbed by
hydrogen. Those with higher energies can beabsorbed by helium, nitrogen, etc. In
practice, the most efficient element ata given photon energy is the one which has an
ionization threshold immediately smaller than this energy. This results from the fast
variation in v-3 of the photoionization cross-sections. Aconsequence of this is the
formation of an ionization structure in relatively uniform gaseous nebulae.

Photons with an energy larger than 24.6 eV, the ionization potential of helium,
produce a region of ionized helium in the inner zone of the Hn region. Table 5.1
gives the number ofhelium-ionizing photons asa function of the spectral type of the
central star. If this star is hot enough, the He n zone is co-extensive with the H n one.
This occurs when 5]/50 > 0.1, i.e. for stars hotter than 08. Hera (54.4 eV) isonly
visible around the very hottest stars (some Wolf-Rayet stars). Oxygen having an
ionization potentialveryclose to thatof hydrogen, the O n zone is co-extensive with
the Hiizone. Ora (35.1 eV) isonly found inthe central regions ifthe starisvery hot.
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hj more than one component, but the angular resolution of the present survey is not suf-
< ficient to allow a reliable decomposition.

The model of a spherical H n region of uniform density has been adopted for the fol
lowing computations. The following relations were originally derived in Paper I, but
are given here in a slightly modified form. Note, however, that the factors a1'2 in equa
tions A13 and A14 of Paper I should be in the denominators. At 15 GHz a can deviate
from unity by as much as 15 per cent; the factor is therefore retained in the numerical
computations. Temperature values have to be substituted in degrees Kelvin (rather than
in 104 ° K) in the following equations. The diameter of the component (column 11) is
computed from

2R. = D6Bph . (3)

Distances have been taken from Table 4. The relation 0flph = 1.471 6q (Paper I) has
been used to compute the equivalent angular diameter of a spherical source from the ob
served HPW of the Gaussian source, 0g = V(0max • #min), which is defined as the geo
metric mean of major and minor HPW's. The distance z from the galactic plane, given in
column 12, has been computed from

2 = D sin (&") . (4)

In cases where the distance ambiguity has not been resolved (§ IV), the values cor
responding to the farther distance of a component are given in brackets.

The electron density (col. 13) is calculated from

hVojP

i0 5

LkpcJ Lmin arcJ

This relation yields the total number of electrons per cubic centimeter, so the density
must be decreased by the factor 1/[1 + iV(He+)/iVT(H+)] for the computation of the total
mass of ionized hydrogen (col. 14).

[„ -i0 05 r T -10.175 r C -]0 5

GSiJ L^kJ LltJ
(6)r_p_V i r eQ •)» i r NQEhfi)r*

A LkpcJ Lmin arcJ L1 ~*~ 2V(H+) J '

The emission measure in the center of the source (col. 15) is independent of the distance,

fcfc.] • ^ -«*w [m-T [hT [&} tfcsT- <*
In addition to these quantities, we have computed the excitation parameter of both

individual components and the background (cols. 16 and 17):

UfJ - «"•-««l«w^ l-h-T IhT IB m1"-»
This is a quantity which can be used to estimate the spectral type of the exciting star
(§ VII). All components have been evaluated in the same way for the sake of consistency.
Some of the physical parameters of these sources have been derived in more detail else
where, and we refer to these cases in the Notes to Table 5.
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Table 4.1. Collision Strengths for Excitation by Electrons

Number of p
Ion

Levels

£y*(eV) 0(/,fc)electrons Lower Upper V^"1)

1,5 CII *./a ^3/2 0.0079 1.33 2.4X10-6

Nell 2>v *./> 0.097 0.37 8.6xl0~3

Sill 2'./2 2>V2 0.036 7.7 2.1 X10-4

2 N II *o- *! 0.0061 0.41 2.IXI0-6

3^o- ^2 0.0163 0.28 7.5X10"6

%- ^ 0.0102 1.38 7.5X10-6

3/>- '*>2 1.90 2.99 4.0X10-3

3P- % 4.05 0.36 1.1

0 III %- % 0.014 0.39 2.6xl0~5

>Po~ *2 0.038 0.21 9.8X10"5

*l- *2 0.024 0.95 9.8X10"5

3/>- '^2 2.51 2.50 2.8XI0"2

3/>- % 5.35 0.30 1.8

3 on
4o 2Din 3.32 0.88 4.2X10-5
4c.

°3/2 2Dyi 3.32 0.59 1.8X10-4

^3/2 2Di/2 0.0025 1.16 4.2XI0-5

\ clCi^Vv ".

;TTe^)
^o^^e^ ^^^sa

CV. \j&*. ^

d x^v. \.o\ o-*-^.-

Y~0. VVv cWo ^e-^^; L^S, Z2S> Z2P, 2.2P"3 ^2P± ^5, ,yp, VP,

VD; '32D 5. , O^C

rt-C £-£V^3
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spatial wave functions involved. The subscript number following each
letter (S, P, or D) in Table 4.1 is the J value for each particular level.

Energy level diagrams for the ground electron configurations of O II
and O III are shown in Fig. 4.1; those for O I and N II are similar to that
for O III except that for O I the relative positions of the three fine-struc
ture levels of the ground 3P term are inverted, with the J = 2 level (3P2) the
ground state. For excitation of the higher levels of N II and O III, the
transitions for all three levels of the ground 3P term are grouped together
to give a total tt(j,k) in Table 4.1; each of these three fine-structure levels
contributes to Q(J,k) in proportion to the statistical weight 2J + 1 for that
level.

For each upper level, the sum of the spontaneous radiative transition
probabilities, AkJ, from that level to all lower levels is given in the last
column of Table 4.1 [1,2]. Electric dipole transitions are forbidden for all
these transitions, as is generally the case among energy levels of the same
electron configuration; hence the radiative transition probabilities given in
the last column are all very small.

We consider next the values of yJk for excitation by H atoms and H2
molecules. Evidently such collisions are of primary interest in H I regions,

5-

4-

3.330T

3.3 20

3

UJ
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.04
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0

2Ppr,/2
1.3/2

] *D3/2
z

2D5/2

on

(three p
electrons)

•4S,

01

(two p
electrons)

Figure 4.1 Energy level diagram for

O II, O III. Each horizontal bar repre
sents an atomic level with an excita

tion energy shown on the left-hand
scale, which changes abruptly to
show separation of the fine structure
levels in some spectroscopic terms.
The forbidden radiative transitions

which produce astrophysically im
portant lines are shown by arrows.

Sf'.T-^^rL,
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%1C <2©^°3

Table 4.1

H 1recombination lines (Case A, low-density limit)

"Cu. *M

T

2,500 K 5,000 K 10,000 K 20,000 K

4nJHp/nenp
(erg cm3 s-1)

2.70 x 10~25 1.54 x 10~25 8.30 x 10~26 4.21 x 10~26

ogCcm3*"1) 6.61 x 10-'4 3.78 x lO-14 2.04 x lO"14 1.03 x 10~14

Balmer-line intensities relative to H/3

JHa/JHp 3.42 3.10 2.86 2.69

JHy/JHp 0.439 0.458 0.470 0.485

Jus/Jap 0.237 0.250 0.262 0.271

JHs/JHfi 0.143 0.153 0.159 0.167

Jm/Jap 0.0957 0.102 0.107 0.112

Jw/Jnp 0.0671 0.0717 0.0748 0.0785

Imo/Mp 0.0488 0.0522 0.0544 0.0571

Jms/Jap 0.0144 0.0155 0.0161 0.0169

Jwo/Jnp 0.0061 0.0065 0.0068 0.0071

Lyman-line intensities relative to H/3

JLa/JHp 33.0 32.5 32.7 34.0

Paschen-line intensities relative to H/J

JPot/JHp 0.684 0.562 0.466 0.394

Jpp/Jwp 0.267 0.241 0.216 0.196

JPy/JHP 0.134 0.126 0.118 0.110

Jn/Jup 0.0508 0.0497 0.0474 0.0452

Jplo/JHp 0.0258 0.0251 0.0239 0.0228

Jpis/Mp 0.00750 0.00721 0.00691 0.00669

Jpio/Jlip 0.00310 0.00300 0.00290 0.00280

For hydrogen-like ions of nuclear charge Z, all the transition probabilities
AnL,n'L' ^e proportional to Z4, so the PnLyL>, and CnL^L, matrices are independent
of Z. The recombination coefficients anL scaleas

anL(Z,T) = ZanL(l,T/Z2);

the effective recombination coefficients scale inthis same way, and since the energies

vtm,(Z) = z\n,(i),

hvnnt scale as

OTCK^fcocii
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Table 4.2

H I recombination lines (Case B, low-density limit)

T

2,500 K 5,000 K 10,000 K 20,000 K

^j\{plnenp
(erg cm3 s-1)

3.72 x 10~25 2.20 x 10~25 1.24 x lO-25 6.62 x 10~26

ag(cm3s-') 9.07 x 10~14 5.37 x 10"14 3.03 x lO-14 1.62 x lO"14

Balmer-line intensities relative to H/2

JHa/JUB 3.30 3.05 2.87 2.76

JHy/JllB
Jm/tep

0.444

0.241

0.451

0.249

0.466

0.256

0.474

0.262

JHs/JHP 0.147 0.153 0.158 0.162

Jm/Jap 0.0975 0.101 0.105 0.107

Jw/JHfi 0.0679 0.0706 0.0730 0.0744

Jmo/Mp 0.0491 0.0512 0.0529 0.0538

Jms/tep 0.0142 0.0149 0.0154 0.0156

Jmo/Jnp 0.0059 0.0062 0.0064 0.0065

Paschen-line intensities relative to Hy3

JPa/JHB
Jpp/JHP
JPy/JHB

0.528

0.210

0.1060

0.427

0.187

0.0991

0.352

0.165

0.0906

0.293

0.146

0.0820

JPS/JHP 0.0410 0.0392 0.0368 0.0343

jp \o/JH8 0.0207 0.0199 0.0185 0.0172

jpis/fnp 0.00589 0.00571 0.00530 0.00501

Jpio/Jhb 0.00240 0.00240 0.00220 0.00210

Brackett-line intensities relative to H/3

JBra/Jnp 0.1447 0.1091 0.0834 0.0640

JBrp/JHP 0.0709 0.0578 0.0471 0.0380

JBry/JKB 0.0387 0.0332 0.0281 0.0237

JBrs/JHP
JBrlo/Jup

0.0248

0.01193

0.0216

0.01065

0.0186

0.00920

0.0157

0.00796

JBr 15/JHP 0.00317 0.00295 0.00263 0.00231

JBr2Q/JHB 0.00127 0.00124 0.00109 0.00097

O Jf£~r2-^(2e> c^Vd
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HEATING AND COOLING OF H II REGIONS
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Figure 27.1 (a) Photoelectric heating function Tpe and radiative cooling function A as
functions of gas temperature T in an HII region with Orion-like abundances and den
sity nn = 4000cm-3. Heating andcooling balance at T « 8050K. (b)Contributions
of individual lines to Ace.

27.3.3 Collisionally Excited Line Radiation

In an HII region, most of the hydrogen will be ionized. Even if some He or He+
is present, the energy of the first excited state is so far above the ground state that
the rate for collisional excitation is neslisible. However, if heavv elements such as
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Figure 27.2 (a) Photoelectric heating function Fpe and radiative cooling function A as
functions of temperature T in an HII region with abundances that are (a) only 10%, or
(b) enhanced by a factor of 3 relative to the Orion Nebula. A density tih = 4000 cm-3
is assumed. Thermal equilibrium occurs for T » 15600 K and ~ 5400 K for the two
cases.

heavy-element abundances by a factor of 3, as might be appropriate in the cen
tral regions of a mature spiral galaxy, the HII region temperature drops to just
~5400K.
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Figure 27.3 Cooling function A(T) for different densities tih- The gas is assumed
to have Orion-like abundances and ionization conditions. As the gas density is var
ied from 102 cm-3 to 105 cm-3, the equilibrium temperature varies from 6600 K to
9050 K, because of collisional deexcitation of excited states.

For a given ionizing star and gaseous abundances, the HII region temperature
will also be sensitive to the gas density. When the density exceeds the critical
density of some of the cooling levels, the cooling will be suppressed, and the
equilibrium temperature will rise. Figure 27.3 shows how, at fixed Orion Nebula
like abundances and ionization balance, the cooling function A(T)/nune responds

-3to changes in the density. As the density is increased from nn = 10" cm
to nH = 105cm-3, the thermal equilibrium temperature shifts from 6600 K to
9050 K.

27.5 Emission Spectrum of an HII Region

When the gas is near thermal equilibrium, the principal cooling lines are shown in
Fig. 27.1(b), and listed in Table 27.2.

The optical spectrum of an HII region is dominated by the major hydrogen re
combination lines (Ha 6565 A, H0 4863 A, H7 4342 A), and collisionally excited

r


