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RevMexAA (Serie de Conferen
ias), 15, 184{189 (2003)IONIZATION FRONT INSTABILITIESR. J. R. WilliamsDepartment of Physi
s and Astronomy, Cardi� University, UKRESUMENLas nebulosas fotoionizadas resueltas, tales 
omo las regiones H II y las nebulosas planetarias, tienen estru
turas
omplejas y din�ami
as pero el origen y la evolu
i�on de estas estru
turas permane
an 
omo temas 
ontrovertidos:>se deben a las inhomogeneidades en el gas ambiental, o a una inestabilidad intr��nsi
a del 
hoque y del frentede ioniza
i�on que rodean la regi�on? Des
ribo trabajos num�eri
os y anal��ti
os que investigan la estabilidad deestos frentes de ioniza
i�on en un intento de ayudar a resolver estas preguntas.ABSTRACTResolved photoionized nebulae, su
h as H II regions and planetary nebulae, have 
omplex and dynami
 stru
-tures, but the origin and evolution of these stru
tures remain 
ontroversial: is it the result of inhomogeneity inthe upstream gas, or intrinsi
 instability of the sho
k and ionization front surrounding the region? I des
ribenumeri
al and analyti
 work whi
h investigates the stability of ionization fronts, aiming to help resolve thesequestions.Key Words: H II REGIONS | ISM: KINEMATICS AND DYNAMICS | PLANETARY NEBULAE1. INTRODUCTIONMany of the most spe
ta
ular of astronomi
al ob-je
ts result from emission from photoionized gas. Ex-amples in
lude H II regions, in whi
h the intense ul-traviolet radiation emitted by young, massive starsphotoevaporates the mole
ular material from whi
hthe stars originally formed, and planetary nebulae,where a lower mass star, 
oming to the end of its lifeas a white dwarf, is hot enough to ionize the materialblown o� in its �nal stages of evolution.The sizes of H II regions vary from sub-parse
to gala
ti
 s
ales. I will 
on
entrate here on theproperties of 
lassi
al H II regions, whi
h surroundone or a few massive stars and whi
h have es
apedtheir enveloping mole
ular material to be observ-able in opti
al re
ombination lines. Well-resolvedexamples su
h as the Eagle nebula (M16) and Orion(M42) nebula have intri
ate stru
tures on a varietyof s
ales, ranging from small-s
ale wisps and globulesto large 
olumns of neutral gas. Spe
tros
opy 
on-�rms this impression of dynami
 a
tivity, with linewidths of up to 30 km s�1 observed in the ionized gas(Casta~neda 1988; O'Dell 2000), and signi�
ant velo
-ities observed in the neutral gas whi
h surrounds it.Planetary nebulae grow as they get older, but theirdynami
s will often be dominated by the e�e
ts ofthe fast wind blowing from the 
entral star. I willdis
uss one example, the Helix nebula, in whi
h thewind is believed to be weak and the dynami
s maybe dominated by photoevaporation.

The simplest models of the stru
tures of H IIregions, whi
h assume spheri
al symmetry, predi
tthat for most of their life the ionized gas should berelatively uniform and quies
ent. The origin of thestru
tures that are observed has long been 
ontrover-sial. Do they result from intrinsi
 instabilities of theionization front (IF) or overall H II region stru
ture(as suggested by Frieman 1954 and Spitzer 1954), ordo they simply re
e
t the 
lumpy stru
ture of themole
ular gas adve
ted into the regions (Kahn 1958;Pottas
h 1958)?In this paper, I will des
ribe work modeling thestability of IF, and the stru
ture of individual ele-ments of photoionized nebulae. The IF will often bepre
eded into the neutral gas by a pressure wave orsho
k, so that an important parameter is the ratio ofthe radius of the nebula to the thi
kness of the swept-up layer between the dis
ontinuities. The di�eren
esbetween the 
ows with thi
k or thin swept-up lay-ers were emphasised in a global 
ontext by Gar
��a-Segura & Fran
o (1996). Whether, as assumed bythese authors, this thi
kness is determined by the ef-�
ien
y of 
ooling in the swept-up gas, or whetherthe upstream sho
k is weak, as in an H II region thatis old or has an open geometry (a blister or \
ham-pagne 
ow"), both limits are of pra
ti
al importan
e.I will �rst dis
uss the stability of fronts where theupstream neutral gas is at rest (that is, the extreme
ase of a thi
k shell), and then where a thin denseshell of gas exists between IF and sho
k.184
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IONIZATION FRONT INSTABILITIES 1852. THE STABILITY OF PLANE IONIZATIONFRONTSIF are 
lassi�ed as R-type or D-type, dependingon the speed at whi
h gas passes through them. Gasis adve
ted into a weak R-type front at supersoni
velo
ity, and exhausts at a marginally lower, but stillsupersoni
, velo
ity. In 
ontrast, a D-type front a
-
elerates neutral gas from subsoni
 
ow 
loser to thesound speed (whi
h is also substantially greater inthe ionized gas) when it is a weak front, or beyondthe sound speed for a strong front. While R-typefronts have interesting stability properties (Newman& Axford 1967; Williams 1999), I will 
on
entrateon the more observationally signi�
ant D-type IF.The linear stability of IF may be analyzed in asimilar manner to the the Rayleigh-Taylor instabil-ity. Treating the stru
ture of the 
ow in the ionizedand neutral 
omponents separately, equations 
anbe derived relating the surfa
e perturbations in theposition, velo
ity, and pressure for evanes
ent solu-tions. Mat
hing the surfa
e perturbations betweenthe 
omponents gives a dispersion relation for in-terfa
e waves. The 
ase of ionization fronts di�ersfrom the Rayleigh-Taylor instability in that there isa �nite mass 
ux through the interfa
e between thephases (and that there need be no net a

elerationof the interfa
e to trigger instability).Vandervoort (1962) analyzed the stability ofweak D-type IF assuming that there was no re
om-bination in the ionized gas, i.e., that the radiation
ux in
ident on the interfa
e was independent of theionized gas 
ow. In this 
ase the fronts were unsta-ble in general, whether the ionizing �eld was in
identat right angles to the interfa
e between ionized andneutral gas, or raked to it. For the 
ase of normalin
iden
e, this 
an be understood qualitatively by
onsidering the 
ow through a surfa
e wave. Thedivergen
e of the 
ow streamlines at the apex of theperturbation (
loser to the radiation sour
e) meansthat, for a �xed 
ux, the pressure is lower than wherethe 
ow streamlines are 
onverging 
lose to the fur-thest part of the instability. The result of this pres-sure in the neutral gas is to divert 
ow towards theapex, further amplifying the instability.However, Kahn (1958) had already pointed outthe likely role of re
ombination in saturating su
h in-stabilities. The additional path-length of ionized gasin the troughs of the instability will tend to de
reasethe 
ux through its surfa
e. Axford (1964) appliedthis reasoning to Vandervoort's analysis for the 
aseof perpendi
ular irradiation, by in
luding the resultof the de
rease of radiation 
ux due to re
ombinationin the jump 
onditions applied to the ionized/neutral

(a)

(b)

(
)

Fig. 1. Dispersion relations for surfa
e modes (Williams2002). (a) Normal in
iden
e with 
2=
1 ! 1; (b)Normal in
iden
e, 
2=
1 = 0:1, exhaust Ma
h number" = 0:9; (
) In
lined in
iden
e with tan � = 0:6, for arange of exhaust Ma
h numbers, " = v2=
2.
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186 WILLIAMSboundary. Axford 
on�rmed that the instability wasquen
hed by re
ombination, although he found thatthe e�e
ts of density perturbations in the ionized gaswere rather greater than the simple re
ombination-distan
e e�e
t. In essen
e, an interferen
e pattern ofover- and under-densities appears in the ionized 
owfrom the surfa
e of an IF perturbed by a periodi
wave form, and it is only when the radiation �eldis integrated through this waveform that the totale�e
t on the instability 
an be evaluated.Axford's (1964) results are shown in Figure 1a.These results were obtained for the simpler 
asein whi
h the ratio 
2=
1 of the sound speeds ofthe ionized and neutral gas, tends to in�nity. Thegrowth rate of the unstable modes de
reases as theirwavelength approa
hes the re
ombination length,
2=n2�B. However, the short wavelength modes re-main unstable (although it was argued that the �nitewidth of the IF might saturate the instability here),and even in the long-wavelength limit, the modes areonly ever marginally stable in this approximation.More re
ently, Sysoev (1997), Ryutov et al.(2001) and the present author (Williams 2002) haverevisited the stability problem. For normal in
i-den
e, Axford (1964) found that for long wavelengthsthe roots of the dispersion relation were marginallystable: to be 
ertain about stability, pro
esses ne-gle
ted in his analysis have to be in
luded. Ryutovet al. (2001) treated the stability of in
lined frontsin general, by assuming that the pressure at the IFwas related uniquely to the in
ident ionizing 
ux.By treating the dispersion relation (in
luding theexpli
it solution for the perturbations in the ion-ized gas) for �nite 
2=
1, Sysoev (1997) found thatwhile the 
ow was genuinely stable for intermediatewavelengths, it be
ame unstable again at long wave-lengths (see Figure 1b). This may be understood asa result of the �nite time the ionized 
ow takes todevelop the stru
ture 
orresponding to the presentsurfa
e form of the IF: the lag present in this systemallows an overstability to develop. Williams (2002)
on�rmed Sysoev's (1997) results for normal in
i-den
e, and dis
overed that even when re
ombinationis in
luded and the \ablation pressure" determinedexpli
itly, in
lined IF are unstable at essentially allwavelengths.Figure 2 shows the results of numeri
al simula-tions of the development of an IF instability, 
al-
ulated using an adaptive mesh re�nement 
ode(Williams 2002). A small initial 
ow perturbationgrows �rst to form �ne-s
ale 
renellations of the IFstru
ture. This demonstrates the presen
e of thesmall-s
ale instability for these 
ows, but also shows

that it saturates when its amplitude is 
omparableto the re
ombination length (
ompared to the wave-length 
riterion found by Axford 1964).When modeled in �ner detail, the saturatedspikes have a 
hara
teristi
 stru
ture, with plateausin the IF surfa
e separated by narrow spikes of ion-ized gas rea
hing into the neutral region. The indi-vidual �ngers jostle and intera
t, merging when theyare for
ed too 
lose, and breaking apart when al-lowed to broaden. Downstream in the ionized gas inplane-parallel simulations, there is very little stru
-ture in the density of the 
ow, but signi�
ant 
hangesin velo
ity, whi
h are only gradually damped by theweak numeri
al vis
osity. In the 
ontext of a 
owfrom the surfa
e of a dense globule or 
olumn of neu-tral gas, this velo
ity stru
ture would lead to di�er-en
es in the density as the 
ow expanded, and hen
eto observable striations roughly perpendi
ular to theIF surfa
e.Eventually, however, long-wavelength instabili-ties begin to grow. Figure 2b shows the 
lear separa-tion in wavelength between the saturated small-s
aleinstabilities and those growing on the larger s
ale.The wavelength and growth-rate of these large-s
aleinstabilities are an ex
ellent mat
h to those foundfrom the linear analysis, 
on�rming that it is rea-sonable to treat the smooth 
ow in this mannereven when non-linear small-s
ale stru
ture is present.Eventually, the long-wavelength instabilities grow tonon-linear amplitude, forming large 
olumns of neu-tral gas dire
ted into the ionized region. While these
olumns are strikingly reminis
ent of the stru
turesobserved in M 16 and other H II regions, it is as wellto be 
autious in interpreting them as su
h 
olumns
an form for a multipli
ity of reasons (Williams,Ward-Thompson, & Whitworth 2001).As the instabilities grow, the mean position ofthe IF moves away from the sour
e of the ionization.This implies that the 
onditions in the 
ow, whenlooked at on the largest s
ales, have be
ome 
loserto D-
riti
ality, the 
ase where subsoni
 
ow of neu-tral gas into the IF leads to soni
 
ow of ionized gasin its exhaust. Hen
e even in 
losed geometries, ef-fe
tively D-
riti
al fronts may be more 
ommon thansuggested by one-dimensional analysis. It remains,however, to model in detail the e�e
ts of di�use ra-diation, dust absorption, radiation pressure and neta

eleration on these instabilities.3. SWEPT-UP SHELLSThe treatments in the previous se
tion all fo-
ussed on the 
ase in whi
h the neutral gas aheadof the sho
k is uniform, at least on the s
ale of the



W
in

d
s,

 B
u

b
b

le
s,

 &
 E

x
p

lo
si

o
n

s:
 A

 C
o

n
fe

re
n

c
e

 t
o

 H
o

n
o

u
r 

Jo
h

n
 D

y
so

n
.


 P
á

tz
c

u
a

ro
, 
M

ic
h

o
a

c
á

n
, 
M

é
x

ic
o

, 
9

-1
3

 S
e

p
te

m
b

e
r 

2
0
0
2
.


 E
d

it
o

rs
: 
S.

 J
. 
A

rt
h

u
r 

&
 W

. 
J.

 H
e

n
n

e
y

©
 C

o
p

y
ri

g
h

t 
2

0
0

3
: 
In

st
it
u

to
 d

e
 A

st
ro

n
o

m
ía

, 
U

n
iv

e
rs

id
a

d
 N

a
c

io
n

a
l A

u
tó

n
o

m
a

 d
e

 M
é

x
ic

o

IONIZATION FRONT INSTABILITIES 187(a)

(b)

(
)

Fig. 2. Development of instability for an IF with exhaust Ma
h number 0:9. (a) The �ne-s
ale instability grows rapidly,but saturates at an amplitude 
omparable to the re
ombination length. Longer-wavelength instabilities eventuallyappear (b), and grow to form 
olumnar stru
tures (
).perturbations. However, the overpressured ionizedgas will generally drive a sho
k into the surroundingneutral medium. When the layer of material sweptup by the shell but yet to be photoionized is thin, soon after the sho
k has been laun
hed, in 
losed ge-ometries and parti
ularly when the upstream neutralgas 
an 
ool e�e
tively, the system of sho
k and IFhas to be analyzed as a whole.
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188 WILLIAMS

Fig. 3. Propagation of an IF into a region with a weak density gradient. The ionizing radiation is in
ident from theleft, and the upstream neutral density is smoothly varying, with an overdensity by a fa
tor 10 in the midplane. Thisimage shows thin-shell instabilities in the main IF, and the inje
tion of neutral material into the ionized region in themid-plane.The stability of thin layers bounded by IF andsho
ks was analyzed by Giuliani (1979). The 
om-bined system shows typi
al thin-shell instabilitymodes (Vishnia
 1983). Gar
��a-Segura & Fran
o(1996) des
ribe the development of the instability inan ionized nebula: where the IF and sho
k are mostadvan
ed, they drive the neutral material whi
h theysweep up apart, dire
ting it into the slowest movingparts of the 
ombined front. The resulting 
hangesin 
olumn density a
ross the shell allow the advan
edregions to a

elerate yet further.This pro
ess tends to a

entuate the 
urvature of
on
ave regions of the shell, until eventually a gra-dient dis
ontinuity appears. The stru
ture resultingfrom this breakdown of the smooth pro�le of the IFand sho
k bounded shell is analogous to that of ashaped 
harge (Bat
helor 1967). Cant�o, Tenorio-Tagle, & R�ozy
zka (1988) dis
uss the 
ase wheretwo parts of su
h a dense shell 
ollide at an angleleading to the formation of a jet from the apex. Re-
ent experimental studies in laser-driven 
avities andmagneti
 z-pin
hes have 
on�rmed the e�e
tivenessof this me
hanism for driving dire
ted 
ows (Farleyet al. 1999; Lebedev et al. 2002). For a thin-shellimplosion (Kimura & Tosa 1991), material es
apesin streams behind the intera
tion regions, while thepressure of gas in these regions may be very high.

The stru
ture of the global 
ow is 
riti
ally de-pendent on the properties of the doubly-sho
ked gaswhile it resides in the intera
tion regions. For gaswith a sti� equation of state, the intera
tion 
an leadto the formation of both a reservoir of material atthe resolved velo
ity of the 
ollision and a jet witha small amount of rapidly moving material dire
tedupstream. That gas might be expe
ted to es
ape inboth dire
tions from su
h an intera
tion is apparentby 
omparison to the stru
ture of internal workingsurfa
es in jets (Falle & Raga 1993), where the anti-parallel in
ows of material drive gas to es
ape fromall sides. In the present 
ase, the jet of rapidly mov-ing material would be driven forward into the neu-tral envelope. This was the e�e
t for whi
h shaped
harges were designed (Bat
helor 1967), but stru
-tures su
h as the ring of bullets around the waist of� Carinae may also be examples of this pro
ess|
ertainly, the linear relation between proper motionand distan
e throughout this nebula suggests thatthe dynami
al origin of the motions was 
lose in timeto the original explosion.This pi
ture of thin-shell instability may alsobe relevant to the stru
ture of the Helix nebula(Williams, Henney, & Ste�en 2003). The Helix isan old planetary nebula in whi
h the wind of the
entral star is weak, so its stru
ture is likely to be
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IONIZATION FRONT INSTABILITIES 189dominated by the dynami
al e�e
ts of ionization. Inthe standard pi
ture of the stru
ture of bipolar PNe,the expansion of the bubble in the equatorial plane isheld ba
k by larger densities in the upstream mate-rial. Figure 3 is the result of a numeri
al 
al
ulationthat illustrates the development of an IF driving athin shell into su
h a density stru
ture. Small thin-shell instabilities develop a
ross the surfa
e of theIF, but the dominant stru
ture is in the equatorialplane, where the passage of the main IF/sho
k leavesbehind dense globules of neutral gas.This 
al
ulation is performed in slab symmetry,so the stru
ture that results in three dimensions isa matter for 
onje
ture. However, there are somefeatures of the Helix nebula that seem to suggest thatglobules su
h as those observed may be the result.As the gas passes through the sho
k leading theIF, it is subje
t to an in
rease in pressure. If theknots were features present upstream, they wouldbe expe
ted to de
rease in radius. However, as thereare ' 3500 
lumps with radius 2 � 1015 
m dis-tributed in a thi
k disk at a distan
e 3 � 1017 
mfrom the 
entral star, the volume �lling fa
tor ofthe 
lumps is (
=4�)�110�3, while they 
over about(
=4�)�14� 10�2 of the sky as seen from the whitedwarf (where 
 is the solid angle subtended by thethi
k disk, 
=4� ' 0:1). The 
ombined winds of theglobules, treated as a 
ylindri
al 
ow, are suÆ
ientto blow a toroidal bubble in the nebula similar insize to the region of low H� surfa
e brightness in theregion �lled by the knots, in a similar fashion to thelow-density region seen at the head of the left-mostglobule in Fig. 3.So most of the sky as seen from the white dwarfis presently 
overed by knots, and if they have 
ol-lapsed by a fa
tor of 100, they would have initially�lled almost the entire volume of the thi
k disk!(However, the es
ape of material along the poles ofthe nebula will prevent the a
tual 
ompression beingthis great.)However, this 
al
ulation negle
ts the mass ofneutral hydrogen in the tails behind the observedknots. The ionized gas at the surfa
e of the knots hasa density of � 103 
m�3, while that of the mole
ulargas in the heads is � 106 
m�3. The tails are sur-rounded by gas with density � 102 
m�3, so if theirmole
ular density is larger by a similar fa
tor to thatfound in the heads, most of the neutral gas in theinner region of the Helix may in fa
t be in the tails.R. J. R. Williams: Department of Physi
s and Astronomy, Cardi� University, PO Box 913, Cardi� CF24 3YB,UK (robin.williams�astro.
f.a
.uk).

Just as in M16, the distin
tive head region may sim-ply be the rea
tion of the tail to dire
t illumination,rather than the tail having formed in the shadow of aglobule. The 
overing fa
tor of tails to the observer isof order unity, and their surfa
e density on the basisof the previous estimate, � 4� 1020 
m�2, is similarto the surfa
e density, � 1:2 � 1020 
m�2, of 1M�of material swept up by the main IF at 0:3 p
 fromthe star, as might be expe
ted if they resulted frommatter whi
h had es
aped inwards from su
h a shelland been subje
t to non-axisymmetri
 instabilities.In 
on
lusion, photoionized 
ows have fas
inat-ing and dynami
 observed stru
tures, and fas
inat-ing dynami
s. Mu
h work remains to determinewhether a 
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