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RevMexAA (Serie de Conferen
ias), 12, 43{49 (2002)THE HYDRODYNAMICS OF PHOTOIONIZED FLOWSG. J. Ferland,1W. J. Henney,2R. J. R. Williams,3 and S. J. Arthur2RESUMENEstamos trabajando para unir los elementos que son ne
esarios para ha
er una des
rip
i�on 
ompleta de laf��si
a y la hidrodin�ami
a de plasmas, que permitan un modelaje auto
onsistente de las regiones 
on l��neas deemisi�on, 
omo las regiones H II Gal�a
ti
as (
omo Ori�on), las regiones H II extragal�a
ti
as y las galaxias 
onbrotes de forma
i�on estelar luminosos. Estamos in
orporando la hidrodin�ami
a en Cloudy, un 
�odigo de emisi�onde plasma que in
luye la f��si
a ne
esaria para simular ambientes 
on gases ionizados, at�omi
os y mole
ulares.El 
ujo hidrodin�ami
o desde la nube mole
ular ha
ia la regi�on H II, pasando por la PDR, a~nade t�erminosadve
tivos a los balan
es t�ermi
os y de ioniza
i�on, permitiendo que las regiones H II y PDR sean tratadasde forma auto
onsistente. Esto permitir�a explotar la regi�on espe
tral del 
er
ano al lejano IR y entender laevolu
i�on qu��mi
a en las sistemas hu�espedes, as�� 
omo la forma
i�on estelar a varias es
alas. Nuestra primeraapli
a
i�on se ha
e 
on Ori�on, el mejor estudiado de estos sistemas.ABSTRACTWe are working to bring together the ingredients ne
essary for a 
omplete des
ription of both the mi
rophysi
sand the hydrodynami
s of plasmas, allowing a self-
onsistent treatment of emission line regions su
h as thosefound in Gala
ti
 H II regions like Orion, extragala
ti
 H II regions and luminous starburst galaxies. We arein
orporating the ne
essary hydrodynami
s into Cloudy, a plasma emission 
ode that in
ludes the physi
sneeded to simulate the ionized, atomi
, and mole
ular phases of the environment. The hydrodynami
al 
ow,from the mole
ular 
loud through the PDR into the H II region, brings adve
tion terms into the thermal andionization balan
e allowing both the H II region and PDR to be treated self-
onsistently. This will enable usto fully exploit the mid to far IR spe
trum to understand the 
hemi
al evolution of the host system as well asstar formation on many s
ales. Our �rst appli
ations are to Orion, the best observed of these systems.Key Words: GALAXIES: STARBURST | H II REGIONS | HYDRODYNAMICS | STARS: FOR-MATION1. INTRODUCTION|THE H II REGION-PDRCONNECTIONThe starburst phenomenon produ
es the most lu-minous obje
ts in the universe, whi
h 
an be used asprobes of star formation and 
hemi
al evolution inthe high redshift universe (Sanders & Mirabel 1996).The goals of present and future major IR missions,su
h as SOFIA, SIRTF, and NGST, are to under-stand fundamental gala
ti
 properties su
h as the
hemi
al evolution of the interstellar medium (ISM)and the formation of 
lusters of stars with an as-so
iated initial mass fun
tion (IMF), and perhaps
alibrate the sour
es as standard 
andles (Rowan-Robinson 2001; Thompson et al. 2001; Mao et al.2000). At the same time, nearby H II regions su
has Orion are a 
han
e to study what is basi
ally thesame phenomenon, but at a mu
h lower level of a
-tivity, and one where we have superb spatial andkinemati
 resolution.1University of Kentu
ky, USA2Instituto de Astronom��a, UNAM, Morelia, M�exi
o3University of Wales, Cardi�, UK

Both starburst galaxies and Orion are likely tohave the same underlying physi
s|amole
ular 
loudis exposed to ionizing radiation from a young star
luster. Heated material 
ows away from the mole
-ular 
loud be
oming �rst atomi
 (the PDR) andeventually fully ionized (the H II region). In nearbyH II regions it is possible to spatially resolve the gasas it a

elerates. Both the PDR and the H II re-gion are sour
es of strong emission lines, with spe
iesranging from H2, CO, [C I℄, [O I℄, [C II℄, throughhigher ionization spe
ies su
h as H I, He I, [O III℄,and [Ne III℄. Embedded grains produ
e the strongthermal infrared 
ontinuum. When properly inter-preted, these lines and 
ontinua 
an be used to de-termine the form of the IMF, star formation rates,and 
hemi
al 
omposition of the host ISM.The material produ
ing the observed emission isfar from thermodynami
 equilibrium. The 
on
eptof a temperature has little meaning, and the physi
alstate of the gas is set by a host of mi
rophysi
alpro
esses. The in
ident and emitted radiation mustbe transferred through opaque media. The density of43
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44 FERLAND ET AL.the gas is set by the hydrodynami
s of the 
ow fromthe mole
ular 
loud through the H II region. Thisset of strongly inter
oupled problems must be solvedsimultaneously to fully understand the informationpresent in the observed spe
trum.Until now the PDR and H II region have beentreated as two distin
t problems. They are not: boththe transport of gas and of radiation intimately linkthe two. Our goal is to develop the theoreti
al toolsneeded to understand the emission line regions ona holisti
 basis, and develop interpretive tools thathave not been possible to date.To this end, we are working to dire
tly in
or-porate hydrodynami
s into a 
omplete plasma 
odeCloudy (Ferland et al. 1998; Ferland 2000). The
ode and its do
umentation are openly available onthe web.4 This development will make it possible toin
lude dynami
s in a typi
al spe
tral 
al
ulation,thus improving our ability to unravel the messagehidden in the spe
trum.2. CURRENT STATUS OF H II REGIONSIMULATIONSThe �nal state of the gas, and its observed spe
-trum, is the result of a host of mi
rophysi
al pro-
esses. In the H II region, the dominant heatingpro
esses are photoionization of hydrogen and grains(for example, Baldwin et al. 1991), and the dominant
ooling is by 
ollisional ex
itation of the observedopti
al and IR forbidden lines (Osterbro
k 1989). Inthe PDR, the dominant heating pro
esses are pho-toionization of grains, line absorption of the IR 
on-tinuum, and 
ooling by 
ollisional ex
itation of IRforbidden lines (Hollenba
h & Tielens 1999). Bothregions emit IR lines and 
ontinua; indeed many lines([C II℄� 158�m, [O I℄� 63�m) are formed in both re-gions.The 
urrent version of Cloudy in
ludes all atomi
�ne-stru
ture transitions for lines from all stages ofionization of the �rst thirty elements (H{Zn) withknown atomi
 data (mostly the result of the IronProje
t, see Hummer et al. 1993). These in
ludethe infrared lines mostly 
ommonly produ
ed andobserved from a photoionized gas. Atoms of the hy-drogeni
 isoele
troni
 sequen
e and the helium iso-ele
troni
 sequen
e are modeled as large multilevelatoms (typi
ally 50 levels per ion, but 
oded so thatthe number of levels is limited only the pro
essorpower). All lines are transferred in
luding 
ontin-uum pumping, destru
tion by ba
kground opa
itysour
es, and thermalization.The mole
ule network presently in
ludes H�, H2,4See http://nimbus.pa.uky.edu/
loudy.

Depth (cm)

1.5e+17 1.6e+17 1.7e+17 1.8e+17 1.9e+17 2.0e+17

m
ol

ec
ul

ar
fr

ac
tio

na
l

10-4

10-3

10-2

10-1

100

T
em

pe
ra

tu
re

100

1000

10000

-
lo

g
fr

ac
tio

na
li

on
iz

at
io

n 0

1

2

He0

He+

C+2

H2

C0

H+

H0

CH

CO

OH

H2O

H2O

Fig. 1. The 
omputed thermal (top), atomi
 ionization(middle), and mole
ular (bottom) stru
ture of a 
onstantgas pressure H II region and PDR similar to Orion. Thedepth from the illuminated fa
e of the layer is the inde-pendent axis. The interfa
e between the H II region andPDR o

urs at a depth of ' 1:9 � 1017 
m. The gasdensity within the PDR is several orders of magnitudegreater than the density in the H II region, due to the
onstant gas pressure assumption, so far more mass islo
ated in the PDR then in the H II region.H+2 , H+3 , HeH+, OH, OH+, CH, CH+, O2, O+2 , CO,CO+, H2O, H2O+, H3O+, and CH+2 . Rea
tion rate
oeÆ
ients are from Hollenba
h & M
Kee (1979;1989); Tielens and Hollenba
h (1985), Lenzuni,Cherno�, & Salpeter (1991), and Wol�re, Tielens, &Hollenba
h (1990); Crosas & Weisheit (1993); Puyet al. (1993), and \The UMIST Database"5 The re-sulting 
hemistry is in good agreement with standardPDR 
al
ulations.CO in
ludes both 12C16O and 13C16O usingshielding rates from van Dishoe
k & Bla
k (1988)and all radiative transfer pro
esses. These mole
ulesare treated as rigid rotators, with a 
omplete 
al
u-lation of the level populations and emission from theground rotational ladder. Any number of levels 
anbe in
luded and 
ollision rates from de Jong, Chu,5http://www.rate99.
o.uk/
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HYDRODYNAMICS OF PHOTOIONIZED FLOWS 45
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Fig. 2. The full spe
trum from the Orion H II region andPDR.& Dalgarno (1975) are used. The e�e
ts of supra-thermal ele
trons are important in the PDR, even inOrion (due to the transmitted di�use X-ray 
ontin-uum dis
ussed below) and kno
k-on se
ondary ion-ization rates are treated as in Dalgarno et al. (1999).A major e�ort has gone into making the grainphysi
s state-of-the-art. The 
urrent implementa-tion is des
ribed by van Hoof, Weingartner, et al.(2001). A built-in Mie 
ode 
an be used to generateopti
al properties for any grain 
onstituent, and thegrain population 
an be resolved into any number ofsize bins. Grain 
harging, heating, temperature anddrift velo
ity are then 
omputed for ea
h size (e.g.,Baldwin et al. 1991). Resolving the grain size distri-bution is 
ru
ial sin
e smaller grains tend to be hot-ter, produ
e the greatest photoele
tri
 heating of thegas, and so have a profound e�e
t on the spe
trum.PAHs and single-photon heating (Guhathakurta &Draine 1989) are also fully treated. The 
urrent im-plementation of the grain physi
s fully reprodu
esthe results presented by Weingartner et al. (2001)but with the added advantage of in
luding a self-
onsistent solution of the physi
al state of the gassurrounding the grains (radiation �eld, ele
tron ki-neti
 energy distribution, et
).Figure 1 shows the ionization and thermal stru
-ture predi
ted by a 
al
ulation of an isobari
 H IIregion and PDR. Parameters are 
hosen to be sim-ilar to those in inner regions of Orion, 
lose to theTrapezium stars (Baldwin et al. 1991). Although weassume 
onstant gas pressure to join the H II regionand PDR for this illustration, our goal is to self-
onsistently 
onne
t these by solving the underlyinghydrodynami
s.Figure 2 shows the full spe
trum emitted by thisgeometry. There is a strong thermal infrared 
ontin-uum from the photo-heated grains, and strong ioni
,

atomi
, and mole
ular emission lines. These 
on-tinua and lines are all diagnosti
 indi
ators of theproperties of the emitting gas, and 
an be used todedu
e the gas 
omposition, dust to gas ratio, andthe form of the ionizing 
ontinuum (and hen
e inves-tigate the properties of the 
entral stars).In the past the H II region and PDR have beentreated as totally separate problems, using spe
tralUV/opti
al/IR signatures to derive independent pa-rameters for ea
h. In an ideal world, they wouldbe treated together, with the H II region a simple
ontinuation of the PDR and the properties of bothdetermined by hydrodynami
al 
ow equations.3. HYDRODYNAMICS IN A PHOTOIONIZEDENVIRONMENTIn the simplest 
ase, the instantaneous turn-on ofa star in a uniform density 
loud, the evolution of anexpanding H II region goes through several distin
tstages. At �rst the expansion is rapid with many ion-izing photons arriving at the ionization front. ThisR-type ionization front has nearly the same den-sity on either side, but a large jump in temperaturea
ross the front. The 
ux of photons striking thefront de
reases as the front moves out, and the ion-ization front evolves from R-type to D-type, eventu-ally (if the star lives long enough) tending towardsthe extreme weak-D front that is approximated bythe 
onstant-pressure 
loud 
onsidered above.However, it is known that real-world H II re-gions rarely follow su
h a tidy pattern|a result ofthe 
haoti
 and 
lumpy nature of the environmentin whi
h massive stars are born. In fa
t, obser-vational sele
tion e�e
ts lead to the brightest andmost spe
ta
ular H II regions (variously des
ribed as
hampagne 
ows, H II blisters, or photoevaporation
ows) generally having strong-D or D- 
riti
al ion-ization fronts, whi
h slowly eat into dense mole
u-lar 
ores and 
lumps (e.g., Bertoldi & Draine 1996;Henney 2001). The Orion nebula is a prime ex-ample of this type of region and the vast quantityof high quality observations of this obje
t, in
lud-ing spatially-resolved, high-resolution spe
tros
opyin many atomi
 and ioni
 spe
ies (Bali
k et al. 1974;Baldwin et al. 2000). Orion o�ers a unique oppor-tunity for 
riti
ally testing photoionization modelswhi
h 
an then be applied to more luminous regionsin starburst galaxies where the observations are ne
-essarily less ri
h.The 
al
ulations presented here 
enter on theweak-D phase. We hope to progress to the R andstrong-D fronts that are likely to be found earlierin the evolution of a star 
luster. Solutions involv-ing the strong-D and D-
riti
al fronts have wide ap-
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46 FERLAND ET AL.pli
ation sin
e these are also likely to des
ribe thephotoevaporation of gas from a 
ometary globule(O'Dell, Henney, & Burkert 2000), proplyd (Henney& Arthur 1998; Henney et al. 2001) or photoionized
olumn (Williams, Ward-Thompson, & Whitworth2001). 3.1. Stru
ture and adve
tionSeveral levels of approximation 
an be introdu
edin the solution to the general hydrodynami
s prob-lem. For any spe
ies A, possibly an ioni
 or mole
-ular density, the full 
onservation equation will takea general formDDt (A=�) � ��t (A=�) + u � r (A=�)= (sour
es� sinks) : (1)Here the �rst term on the right hand side repre-sents 
hanges in the system over time, and the se
-ond term is the adve
tion of fresh material from up-stream (away from the star 
luster). This is equalto the rate new material enters, perhaps as the re-sult of new mass introdu
ed by loss from embeddedobje
ts. In a steady-state 
ow the �rst term is zero.The se
ond term may be small if 
onditions do not
hange a
ross the region.For a steady-state 
ow, the standard equations ofmotion for a 
ompressible 
uid, in a plane-parallelgeometry appropriate for a blister on a mole
ular
loud, may be written as��x (�u) = 0; (2)��x �p+ �u2� = �a; (3)��x ��u�w + 12u2�� = �Q; (4)��x (niu) = niXj Rij�Xj njRij : (5)Here a is the a

eleration e.g., gravity or radiationpressure, w is the spe
i�
 enthalpy w = "+p=�where" is the spe
i�
 internal heat, and Q is heating mi-nus 
ooling. With a full solution these lead to a de-s
ription of the 
loud density as a fun
tion of depth(needed to fully integrate the H II region and PDRproblems) and also in
lude terms that enter the ion-ization and thermal balan
e of the gas and grains inboth regions.Most plasma 
odes impli
itly ignore the termson the left hand sides of these equations, solving for

ionization and thermal equilibrium for a predeter-mined density distribution, and no ordered velo
-ity �eld. Under this assumption, equation (1) 
anbe rewritten as sour
es = sinks. This leads to theusual forms of the statisti
al and thermal balan
eequations given in standard referen
es, for instan
e,Aller (1984); Osterbro
k (1989); Davidson & Netzer(1979); and Netzer (1990).We are now fo
using on the broad 
lass of astro-nomi
al obje
ts where the 
ow is 
lose to being ina steady state. Then the rate at whi
h atoms leaveany level j is modi�ed by adve
tion and given by�nj�t = � ��x (unj) + njXk 6=j (nkRkj � njRjk); (6)and the 
orresponding energy equation will be simi-lar to �U�t � ��t 0�32Xj njkT1A= G� L+ p� ���t � Ur � u; (7)where U is the internal energy and where G and Land the energy gains and losses per unit time, and uthe velo
ity.Ignoring the dynami
al terms is a good assump-tion when the physi
al 
onditions a
ross a 
ow
hange more slowly than the atomi
 times
ales. Thisis likely to be the 
ase within the H+ region of H IIregions, but is not likely to be the 
ase 
lose to anyionization front (e.g., the H+-H0 or He+-He0 fronts).Progress in in
orporating hydrodynami
s intoplasma 
odes has been slow. Harrington (1977) stud-ied the 
ase of a weak-D front and found that opti-
al and UV emission lines 
hanged by only 10 to30%. This has been used as justi�
ation for not in-
luding this physi
s in plasma 
odes. (The e�e
tsof adve
tion should be mu
h larger in the strong-Dor D-
riti
al 
ases that apply to the photoevapora-tion regions we will 
onsider.) The 
lass of \sho
k
odes" (Daltabuit & Cox 1972; Raymond 1979; Do-pita & Sutherland 1996) also in
lude mu
h of the ap-propriate physi
s, but have not been applied to thepredominantly photoionized star-forming regions we
onsider, nor to dusty mole
ular regions.4. WHY THIS IS HARDThe fa
t that plasma and hydrodynami
al nu-meri
al approa
hes have not been fully integrated isthe result of the histori
al gap between the two 
om-munities, a gap that we are trying to bridge, but
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Fig. 3. The H0-H+ ionization front on su

essive itera-tions, with adve
tion in
luded. The adve
ted material,
owing from the right, pushes the ionization front to theleft.also re
e
ts the fa
t that 
omputers were simply notpowerful enough to do the full problem in the past.The existen
e of fast 
heap pro
essors makes this thetime to solve the full problem.Within the plasma 
ode 
ommunity the most
ommon approa
h to simulating the dynami
s of a
ow su
h as an H II region or quasar 
loud is to makea stati
 simpli�
ation to the dynami
al solution. Iso-
hori
 (
onstant density), isobari
 (
onstant pres-sure), or hydrostati
 solutions are 
ommon. Anotherapproa
h is to treat the hydrodynami
s as an exter-nal problem and 
ompute the geometry and resulting
ow independently of the plasma mi
rophysi
s. Theresulting solution is then fed into a photoionization
ode as a pres
ribed density law, and the resultingionization stru
ture and spe
trum is then 
omputed.This may be better than doing nothing, but it isnot self-
onsistent, and the solution will likely vio-late many 
onservation laws.The fundamental diÆ
ulty in 
oupling a true ra-diative transfer/mi
rophysi
s simulation with a hy-drodynami
s 
al
ulation is that the two problemsdo not share 
ommon boundary 
onditions. A pho-toionized 
loud has a well-established boundary 
on-dition at the illuminated fa
e of the 
loud|the in
i-dent radiation �eld is known here, and the gas den-sity is set as a free parameter. The radiation �eldis transported into the 
loud and attenuated withdepth. The radiation �eld at a parti
ular point willdepend mostly on the 
umulative e�e
ts of the ab-sorption and emission from gas between the illumi-nated fa
e and the point in question (although emis-sion from gas further away from the ionizing sour
emust be in
luded). So the photoionization solution

must begin at the illuminated fa
e of the 
loud. This
ontrasts with the hydrodynami
al 
ow, whi
h be-gins where the gas is 
old and neutral. Many meth-ods of solution pro
eed downstream to the illumi-nated fa
e. The essen
e of the di�eren
e is thatin photoionization, you follow the photons (whi
hmostly go away from the star), while in hydrodynam-i
s you must following the parti
les (whi
h mostly gotowards it), and the sound waves.The soni
 point is a se
ond problem, being whereone of the sound waves 
hanges dire
tion in thesteady 
ow frame (Williams & Dyson 1996; Williams2001). For steady state 
ows, integrals of motion
onstrain the hydrodynami
 solution. These integral
onstraints have multiple solutions: in very sub-soni
and very- supersoni
 
ows, the relevant solution isgenerally obvious, and mu
h previous work has 
en-tered on one of these limits. At intermediate 
owspeeds, 
are has to be taken to �nd solutions whi
hsmoothly pass through the 
riti
al speed.5. THE PROJECTPlasma 
odes sear
h for equilibrium solutions ofthe ionization equations. While it would be possi-ble to re-
ode the ionization equations in an expli
-itly time-dependent fashion, this stru
ture in fa
tworks to our advantage. The photoionization termsin the steady-state solution will often have very shorttimes
ales. If we attempt to integrate these sti�equations expli
itly, stability 
onstraints will limitour time step to the short photoionization time (Har-rington 1977 dis
usses this problem). Instead wehave developed a new approa
h, whi
h takes advan-tage of the 
urrent algorithm. To see this we �rstrewrite equation (4) as�W�x = Q: (8)The solution is to di�eren
e the equations impli
itly,i.e. to solve Wi+1 = Qi(Wi)�x+Wi (9)for Wi. This form is exa
tly that required for theequilibrium sear
h to �nd the solution. A similardi�eren
ing s
heme 
an be applied to the other dy-nami
al equations, although 
are has to be taken tosele
t the 
orre
t solution of the momentum equa-tion, 3.We have implemented the initial parts of thisinto Cloudy. Figure 3 shows part of the 
omputedstru
ture near the H0-H+ ionization front. This isthe simplest 
ase of a 
onstant-velo
ity, time-steady
ow. The 
ow is from right to left at a 
onstant
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Fig. 4. The 
omputed velo
ity stru
ture of an H II regionsomewhat similar to, but not exa
tly the same as thosegiven above. The velo
ity is determined self-
onsistently,but negle
ting adve
tion.speed typi
al of D-
riti
al ionization fronts. The po-sition of the ionization front moves to the left as ad-ve
ted neutral material is added to the ionized gas.Convergen
e is obviously fairly rapid.We have also made preliminary advan
es in themethods needed to self-
onsistently solve for the ve-lo
ity as a fun
tion of depth. Figure 4 shows a 
om-puted velo
ity stru
ture for a 
al
ulation somewhatsimilar to those presented above, but without theadve
tion terms. The a

eleration of the gas as itmoves through the ionization front is dramati
, andthe gas 
oasts through the H II region itself, in gen-eral agreement with the observed velo
ity pro�les inOrion (Bali
k et al. 1974; Baldwin et al. 2000).The dynami
s have signi�
ant e�e
ts on the ob-served spe
trum. Table 1 gives intensities of someof the lines emitted by the H II region and PDR forthe 
ase illustrated in Figure 3. Spe
tra for both thestati
 and dynami
 situations are listed.6. LINE PROFILESSin
e the gas velo
ity and all other physi
al 
on-ditions are known at ea
h point in the simulations,it is a straightforward matter to 
al
ulate the pre-di
ted line pro�le in a given emission line. Examplesof predi
ted mean velo
ities and FWHM are shownin Figure 5 for a range of models, whose parameterswere 
hosen to be 
lose to the 
onditions of the prin-
ipal ionization front in the 
entral regions of theOrion nebula. The models di�er in the details of thein
ident ionizing spe
trum, the gas velo
ity at theilluminated fa
e and whether or not 
ontinuum ra-diation pressure is in
luded. All are plane-paralleland represent weak D fronts, in whi
h the 
ow is ev-erywhere subsoni
 (maximum Ma
h number rea
hed

TABLE 1ADVECTION AND THE RESULTINGSPECTRUMLine Stati
 Adve
tionH� 100. 100.L(Grain IR) 14.3 9.56CO� 862�m 0.0063 0.013C II℄� 2325�A 62.0 62.1[C II℄� 157�m 0.47 0.37[O III℄� 5007�A 4.9 5.6[O II℄� 3727�A 236. 238.[O I℄� 6300�A 9.09 4.54[O I℄� 63�m 2.18 0.93[Ne II℄� 12:8�m 37.8 36.9[Si II℄� 34:8�m 1.91 1.62= 0:4{0:6). Also shown for 
omparison are the meanobserved blueshifts with respe
t to the mole
ular gas(V� ' 28 km s�1) of lines from the 
entral region ofthe Orion nebula (Henney & O'Dell 1999).It is noteworthy that the models all fail to repro-du
e the observed strong a

eleration with in
reas-ing ionization potential that was �rst noted by Kaler(1967). All the models show a very slight a

elera-tion (' 1 km s�1) between [O I℄ and [S II℄/[N II℄ butthis is mu
h less than the observed velo
ity di�er-en
e. Furthermore, only the D10 model shows anysigni�
ant a

eleration between [N II℄ and [O III℄ andthis is again rather less than that observed, althoughit is possible that strong-D models in
luding geomet-ri
al divergen
e may over
ome this last dis
repan
y.The model linewidths (Fig. 5, lower panel) arealso all mu
h less than those that are observed inOrion, where the non-thermal 
ontribution to theFWHM is typi
ally ' 10 km s�1. In this 
ase too,geometri
al divergen
e may help in
rease the pre-di
ted linewidths.GJF thanks the NSF and NASA for sup-port through grants AST-0071180 and NAG5-8212.SJA and WJH a
knowledge support from proje
tIN117799 DGAPA-PAPIIT, UNAM, M�exi
o.REFERENCESAller, L. H. 1984, Physi
s of Thermal Gaseous Nebulae(Dordre
ht: Reidel)Baldwin, J., Ferland, G. J., Martin, P. G., Corbin, M.,Cota, S., Peterson, B. M., & Slettebak, A. 1991, ApJ,374, 580Baldwin, J. A., Verner, E. M., Verner, D. A., Ferland,G. J., Martin, P. G., Korista, K. T., & Rubin, R. H.2000, ApJS, 129, 229
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