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ABSTRACT

The hydrogen ionization and dissociation front around an ultraviolet radiation source should merge when the
ratio of ionizing photon flux to gas density is sufficiently low and the spectrum is sufficiently hard. This regime
is particularly relevant to the molecular knots that are commonly found in evolved planetary nebulae, such as
the Helix Nebula, where traditional models of photodissociation regions have proved unable to explain the high
observed luminosity in Hlines. In this paper we present results for the structure and steady state dynamics of
such advection-dominated merged fronts, calculated using the Cloudy plasma/molecular physics code. We find
that the principal destruction processes fgrafie photoionization by extreme ultraviolet radiation and charge-
exchange reactions with protons, both of which fddm , which rapidly combines with free electrons to undergo
dissociative recombination. Advection moves the dissociation front to lower column densities than in the static
case, which vastly increases the heating in the partially molecular gas due to photoionizatidntef, lded H.

This causes a significant fraction of the incident bolometric flux to be reradiated as thermally excited infrared
H, lines, with the lower excitation pure rotational lines arising in 1000 K gas and higher excitaion lines
arising in 2000 K gas, as is required to explain thesdectrum of the Helix cometary knots.

Subject headings: hydrodynamics — molecular processes — planetary nebulae: individual (NGC 7293)

1. INTRODUCTION In this paper, we calculate in detail the internal dynamics
) , and chemistry of merged ionization/dissociation fronts (IF/
The ultraviolet photons from hot stars, such as main-se- prs) concentrating on the particular case of compact photo-
quence OB stars or the central stars of planetary nebulaggaporating molecular knots in evolved planetary nebulae
(CSPN), will dissociate and ionize the surrounding circum- (PNe) such as those seen in the Helix Nebula (Young et al.
stellar and interstellar gas. In the classical picture (e.g., Hol- 1999: Meixner et al. 2005: Hora et al. 2006: O'Dell et al. 2007,
lenbach & Tielens 1997), the extreme ultraviolet (EUV) pho- hereafter OHF07). The stellar spectrum from the hot central
tons with energieby > 13.6 €V photoionize the hydrogen gas, giar of a PN is harder than that from an OB star, leading to an
forming an Hur region bounded by a relatively sharp ionization - gy [uminosity that is much greater than the FUV luminosity.
front (IF), while the far-ultraviolet (FUV) photons with energies |, 4qdition, the ionization parameter of the knots is much lower
6 eV<hr < 13.6 eVpenetrate the IF to form a neutral photo- {hap, js typically seen in Hi regions, resulting in very litlle
dissociation region (PDR) that surrounds therlegion. The  atenuation of the EUV flux by recombinations in the ionized
dissociation ofH, in such a PDR is dominated by a two-step g55 Both of these factors place the knots firmly in the merged
radiative process (Stecher & Williams 1967; Abgrall et al. |r/pF regime. The most comprehensive existing theoretical
2000), in which absorption of an FUV photon leaves the H  gtdy of PDRs in planetary nebulae is that of Natta & Hol-
molecule in an electronically excited state, from which it has |gnpach (1998), who present detailed modeling of the time-
a certain probability £10%) of decaying to the vibrational  gependent evolution of an expanding circumstellar shell as the
continuum of the ground electronic state. . luminosity and spectrum of the CSPN evolves, finding that soft
However, as shown by Bertoldi & Draine (1996), a classical x_rays can be important in exciting the molecular gas at late
extended PDR cannot exist if the FUV flux is sufficiently weak jmes. However, OHF07 showed that this is not the case in the
compared with the EUV flux at the IF; rather, the IF and disso- Hejix since it is only in the EUV band that the CSPN lumi-

ciation front (DF) should merge. Bertoldi & Draine considered ity is sufficient to excite the knot PDRs. Natta & Hollenbach
the case of Hi regions around OB stars and found that this regime ,sed an analytic treatment of therHegion, which is assumed

was most relevant for cases in which the dust optical depth throughty have absorbed all the EUV radiation. and were thus unable
the ionized gas is low, which corresponds to a low-ionization 1 model the case of a merged IF/DF. '

parameter (the ionization parameter is a dimensionless number
equal to the ratio of the number density of ionizing photons to

the number density of hydrogen nuclei). To date, no models have
been calculated of the structure and emission properties of such In order to investigate the structure of advective IF/DFs in

fronts, which are also expected to show strong deviations from PNe, we have calculated steady state, plane-parallel slab models
static chemical and ionization equilibrium. using the Cloudy plasma/molecular physics code (Ferland et

al. 1998). Details of the computational scheme used to treat
the steady state dynamics are given in Henney et al. (2005),
and these methods have now been coupled to a hydrogen chem-

2. MODELS

* Contains materia® British Crown Copyright 2007/MOD, reprinted with

permission. . . .

2 Centro de Radioastrondeny Astrofsica, Universidad Nacional AUitoma ical network (Abel et al. 2005) and combined with the 1893-
de Mexico, Morelia, Mexico. level model ofH, described in Shaw et al. (2005).

AWE, Aldermaston, RG7 4PR, UK. In this initial study, we restrict ourselves to models with

4 . . . . i
v IigggétmentofPhysws and Astronomy, University of Kentucky, Lexington, elemental abundances from Henry et al. (1999) that are illu-

5 Department of Physics and Astronomy, Vanderbilt University, Box 1807- minat_ed by a blackbody source of luminosity 120 and an
B, Nashville, TN 37235. effective temperature of 130,000 K, chosen to match the CSPN

LO0O



LO0O0 HENNEY ET AL. Vol. 671

TABLE 1 10
MODEL INPUT PARAMETERS 1 — w/lkms? : il ]
D U n, = B 1] ceaprar—e ]
Model ()  (kmsYH  ©Em?d)  (CEm?3sY Ay E 01 L[ - w/105em g ]
A0 ........ 0.137 10 3162 3.36x 10° 0.94 B oo [ T . LA . S 4
AO6 ........ 0.137 6 3162 3.36x 10° 0.56 (S =d
AO3 ........ 0.137 3 3162 3.36x 10° 0.28 0001 | T/10%K S
AOL........ 0.137 1 3162 336x 10° 0.09 T P PP ISP PPIY (PR PPT R YOvY
A0 ........ 0.137 0 3162 336x 10° 0.00 _ Zones: I | m | m |
AALO ...... 0.137 10 1000 3.36x 10° 0.30 b 1.10017 F " T S A P e e
B10 ........ 0.244 10 1000 1.06x 10° 0.94 % — H;0-0 5(0) to 5(5)
BO6 ........ 0.244 6 1000 1.06x 10° 0.57 S 75.108 | —- H, 0-05(6) 0 5(14) ! -
BOO ........ 0.244 0 1000 1.06x 10° 0.00 g e Hy 2.12m ,
C10 ........ 0.433 10 316 336 10° 0.94 & s f \ I -
= Her 6563 A i
CO6 ........ 0.433 6 316 3.38 10° 0.56 2 o Tt I3
CO0 ........ 0.433 0 316 3.3& 10° 0.00 E 25 1078 | 1 1
Note.—Stellar parametersi = 120 L, [T, = 130,000 K , E ! i e et T
Qu = 7.57x 10° s, Quyy = 1.33x 10 s, 10% 10' 107 10'8 109 102
. . . . -2
of the Helix Nebula (Bohlin et al. 1982; adjusted for the trig- Tt H coltmun, it

onometric parallax of 217 pc [Harris et al. 2007]). We have  Fis. 1.—Structure of a representative advective model (B06; see Table 1)
also calculated some models using a Rauch (2003) stellar atmoas a function of column density of hydrogen nucteip: Various flow variables
sphere with the same luminosity and effective temperalure. I ol o vl S s s sty
We vary th_ree d'ﬁefe”t .mo‘?'e' pararpeters SO as to sz_in theandygasgtemperatu;'l'a )I;ottc?m: Emissivity of imporian’t coolant lines. ’
range of physical and illumination conditions that are seen in PN
knots: distance from the CSPRN; hydrogen nuclei density at the
illuminated facen, ; and gas velocity at the illuminated face,
Table 1 summarizes the input parameters of our médels.
The magnitude of advective effects in the models is, to first
order, dependent only on the dimensionless combination:
Nag = NQU ATDYQ,, whereQ,, is the ionizing photon lumi-
nosity of the source. This advection parameter (Henney et al.

2005) is the ratio of particle flux.to .phPtO'.‘ flux, which in- where the ionization fraction i80.01. Zone Il is much warmer
creases withu, and decreases with ionization parameter. Thqn the advective model (2000 Kin zone lla. 1000 K in zone

appropriate value of the downstream flow velogity —depends;,yyoin the static model (500 K) and, as a resHl, line
sensitively on the boundary conditions at the illuminated face emission is more than an order of magnitude brighter.

aﬂdton the g!{pbalkgetom?rt]ry Ofl.tha flow.f_ln_ the case of a The rates of formation and destructiontdf  for model BO6
Fheoigﬁ;/z%%og? dlgl,? r\l/(\;illvgle 0?%%%; tﬁec%nn;gér:jgs%rjsgirp?egg are shown in Figure 3, where it can be seen that the destruction
(=10 km s, ang this is the case we concentrate on in this rate pottom pandl) has a narrow peak at the leading edge of
paper. In the case of a more shell-like configuration of the zone lla, dye to collisional processes with protons and electrons,
molecular aas would tend to be lower together .Wlth a broader peak covering zones Ilg a_nd lib, du.e to
9ast, : photoionization by hard EUV photons. The principal reaction
channel for thed} ions formed by these processes is dissociative
3. PREDICTED MODEL STRUCTURE recombination with free electrons (e.g., McCandliss et al. 2007),

Figure 1 shows the results from a typical advective model, W'th_ only ~10% reacting with Hto re-formH, . Othe, _for-
BO6, while Figure 2 shows results from a static model, B0, Mation mechanisms have even smaller rates ganel), with
with exactly the same incident flux and density as B06. For the resultthat, once they have been destroyed, ost  molecules
ease of discussion, we divide the model into three broad zones€Ver re-form during the=300 yr that they remain in the DF.
zone | is closest to the ionizing source and is largely ionized, _ "€ heating and cooling rates for model BO6 are shown in
with a very low molecular fraction; zone Il is the dissociation F9ure 4. Inzone |, as is typical for low-excitationitHegions,
front, in which the hydrogen is half-neutral and half-molecular the heat_lng IS domm_ated by’fpho'_[oelectrlc h_eatmg, while the
(for the advective models, this zone is subdivided into lla and €0°ling is due to H lines and optical metal lines such asiN
lb); and zone IIl is farthest from the ionizing source, where 6584 In zone lla, Fiphotoelectric heating still dominates the

heating, whereas in zone llb, photoelectric heating df &tel

° Note that all flow velocitiesy, are in the frame of reference of the IF/DF, H, mcrgasmgly t?ke over. In a”. of zone ”. the cooling is over-
but since we find thatl becomes very small at great depths, this is also Whelmingly dominated byH, line emission. In zone Ill, the

hydrogen is fully molecular. Table 2 shows typical physical
" conditions in each zone for the advective models.

The differences between the advective and static models are
stark: in the advective model, the DF occurs at the very low
column density of 1§ cm™2 from the illuminated face and
strongly overlaps with the ionization front, whereas in the static
model the DF occurs much deeper2at 10 cni? ,inaregion

approximately the rest frame of the molecular gas. heating rate is much lower than in the other zones and is due
TABLE 2
PHYSICAL CONDITIONS IN DIFFERENT ZONES OF A TYPICAL ADVECTIVE IF/DF STRUCTURE
Column T u
Zone (cm™) Ky (kms™ n./n fu, NN, Heat Cool
| <10'® 10 5 0.6 10° 1 Hpe. Metal, H lines
lla ...... 1x 10*-4 x 10 2000 0.5 0.1 0.3 10 HHE, H,p.e. Hlines
b ...... 4 x 10"-2 x 10 1000 0.2 0.03 0.6 20 HeH, p.e. H, lines

" ...... >2 x 10%° 200 0.03 3x 10* 0.9 100 H lines FIR metal lines
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Fic. 2.—Same as Fig. 1, but for an equivalent static model (B0O). ) ) ) .
Fic. 3.—Destruction and formation rates ldf , in units of molecules per hy-

principally to the absorption o, lines emitted in zone I, drogen nucleus per second, for the advective model shown in Rign:IFormation
while the cooling in zone Il is dominated by collisionally rates.Bottom: Destruction rates. Note the different scales ofytraxes.
excited far-infrared metal lines. Figure #oftom) shows the Figure 6 shows predictions of the ful, line spectrum for
difference between the heating and cooling rates, which is equalransitions with upper-level excitation temperatuds,500 K,
to the net rate of energy transfer from the radiation field to the which includes most near-infrared and mid-infrared lines. Three
gas. This can be seen to have a sharp peak at the boundarpepresentative models are shown (Table 1): a static model, COO,
between zones | and lla, where it represents a significant frac-and two advective models, C06 and A06, with, respectively, a low
tion of the total heating. Outside this narrow heating front, the and a high incident flux. The line intensities are shown in the
gas is everywhere in approximate thermal equilibrium. The standard way as effective column densities, which would be pro-
fraction of the bolometric stellar luminosity that is converted portional toexp (—E,/kT) in the case of a Boltzmann distribution
into thermal and kinetic energy of the gas can be shown to beat a single temperatur@, giving a straight line on the semilog
=Nl o/ Traa WhereT, &10° K) is the zone | gas temperature  piot.
andT,.y &T.y) is the color temperature of the incidentradiation. Al static models show a typical fluorescent spectrum with
For the model shown, this fraction is 7%, in good agreement strong deviations of the level populations from a Boltzmann
with the analytic estimate. distribution, whereas advective models show a much smaller
Other advective models show extremely similar structures. The dispersion in the effective columns of levels with similar exci-
shift in column density of the DF with respect to the static models tation energies, indicating that the excitation is largely thermal.
is roughly proportional toA,, but even models with\,, =
0.09have gas temperatures similar to model BO6 in zones lla and . Ty
IIb. Models using a Rauch atmosphere instead of a blackbody also * — ot

produced extremely similar results, despite this spectrum having '; 1000 | — — Halines |
a 20 times smaller flux at soft X-ray wavelength&4.4 eV). 8 ---- H" photoionization
A plane geometry is a poor approximation in zone | for the — He photeienizati

100 t --- H, photoionization.....ee e
- He" photoionization

case of photoevaporating knots, in which the ionized flow is ex-
pected to be transonic and divergent (O'Dell et al. 2005). However,
the small observed spatial offset betweenkhe «, &hd [N11]
emission (OHFQO7) indicates that the flow in zones Il and Ill is
approximately plane parallel. The flow timescale through a column
density,N, is equal toN/nyu, = 32\ ,(N/10"® cm?) yr, which

is much less than the PN evolutionary timescale foHhe  -emit-
ting portions of the flow, justifying our steady state assumption.
However, nonsteady effects may be important in zone I, as may
the formation of CO and magnetic fields, neither of which is . . .
included in the present models. —

3000 ; : : e :
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aanl el ol sl
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3
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|
Figure 5 shows the radiative efficiency of the models in § 1000 '
converting the stellar luminosity intdl, emission lines= w ] L '
Lines/L,. The value ofy,, corresponding to the sum of all 10% 10' 10" 108 10° 10%
H, lines, is<0.01 for the static models and rises rapidly with Total H column, cm ™2

A for the advective models, approximatel =
ad PP Y 8 Fic. 4—Thermal balance of the advective model shown in FigTdp:

0.9 H 1 i
]j'l}‘ad/_(l + )‘ad) (Flg. S, daShed Curve)' The doj[ted line in the . Principal contributions to the atomic/molecular heating rate per unit mass,
figure indicates the maximum fluorescent efficiency, assuming shown on a logarithmic scalliddle: Same as top panel, but for cooling rate.

that all FUV radiation is converted intd, lines. Bottom: Difference between heating and cooling rates, shown on a linear scale.



LO0O0 HENNEY ET AL. Vol. 671

10° — . . T . = '
SO PR ; """""" 8 100 A m=o | |
£ ‘n oA- fi lmit 3 Lo
& 102 [ Ba ¢ ] ! o we3 |
- E o p
g i 8 S
g 100 [ o B A:1051) o AX00 = A:ToalH |] 0.01 AOAQ,%_ g
g 3 A AAI1-05(1) A AA:T00 A AA:TotalH, fl‘
;,5 w0t L e e B:10S(1) o B:X00 e B:TotalH, z :
P E B ¢ C:1-05(1) ¢ C:3%0-0 ¢ C:Total H, o
= r <
-5 L . 1 n n n g 100 A m=0
10 N A n-1
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Fic. 5—Fraction of the stellar bolometric luminosity that is radiated in ~ '§ . |
H, lines, assuming 100% covering fraction of molecular gas. Black symbols £ ™ CIO .
show the totaH, line luminosity, white symbols show the sum of the pure g 2oh o 4 sy
rotational 0-0 mid-infrared lines froi®(0) t§28) , and gray symbols show % - - - -
the near-infrared 1-&1) line at 2.12dm. Different symbol shapes are for 1
different sequences of models, as shown in the key. The dashed curve shows 100 A n=0 b
an approximate analytic fit (see text). A n=1
O n=2
1 ® 1n=3 1
The slope of the excitation diagram is steeper for lower ex- 0.01 ﬁo'&m"' i
citation energies, which is demonstrated in Figure 1: the em- | Model AO6 Yo oy o & ~
issivity of the lower pure rotational lines (excitation temper- . : . : :
atures<5000 K) peaks in zone llb, where the gas temperature 0 5.10° 1-10* 15-10*
is =1000 K, whereas higher excitation lines have their peak Upper level excitation energy: Ey/k, K

emissivity in zone lla, where the gas temperatureﬁ)oo K. Fic. 6.—Excitation diagrams dfi, emission lines for three Cloudy models.

Top, model COO;middle, model C06;bottom, model A06. Symbols show the
predicted effective columns from the Cloudy models, determined from the
emergent line intensities, as a function of the excitation temperature of the
upper level. Different symbol types indicate the vibrational quantum number
of the upper levelp, , as shown in the key. The effective columns are nor-
malized with respect to the value for the =0, J, =7 level, which gives
5. DISCUSSION rise to the 0-X5) line at 6.90Zm. Thin lines show the slope of Boltzmann
distributions for 500 K ¢olid), 1000 K @ashed), and 2000 K {otted). Error
bars show the range of measured values for the Helix knots (see text).

Observations of the molecular hydrogen spectrum of the a higher population temperature 2000 K. A recent study
knots in the Helix Nebula (Cox et al. 1998; Hora et al. 2006; of an inner knot (Matsuura et al. 2007) finds a population
OHFO07) are indicated as error bars in Figure 6. It can be seentemperature of about 1800 K for these levels, in agreement
that the two advective models are in broad agreement with thewith the prediction of our relevant model (A06).
observations, whereas the static model is not. Model C06 best Rovibrationally warmH, has been detected in other PNe
matches the distance of the spectroscopically observed knotge.g., Likkel et al. 2006; McCandliss et al. 2007) and has fre-
from the ionizing star and indeed shows a better agreementquently been interpreted as evidence for shocks (Zuckerman
than model A06, which corresponds to the closer-in knots. The & Gatley 1988). However, EUV-dominated advective PDRs
observed nebular flux in the 1-§1) line and in the sum of may be a promising alternative in these cases too.
the 0-09(1) tog(7) lines is=1% and=4%, respectively, of
the bolometric stellar flux (OHFO7). From Figure 5, this can  We thank the following institutions and programs for financial
be satisfied by our models with,,> 0.3f , wheris the area-  support: UNAM, Mexico (PAPIT IN112006 and IN110108);
covering fraction of knots. A strong prediction of our model STScl (GO 10628 and AR 10653); NSF (AST 0607028); NASA
is that higher excitation lines fromthe> 1 levels should show (NNG 05-GD81G); anditzer Science Center (20343).
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