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ABSTRACT

We present a method for including steady-state gas flows in the plasma physics code Cloudy, which was
previously restricted to modeling static configurations. The numerical algorithms are described in detail, to-
gether with an example application to plane-parallel ionization-boundecktions. As well as providing the
foundation for future applications to more complex flows, we find the following specific results regarding the
effect of advection upon ionization fronts iniHegions:

1. Significant direct ffects of advection on the global emission properties occur only when the ionization
parameter is lower than is typical foriHregions. For higher ionization parameters, advectifects are
indirect and largely confined to the immediate vicinity of the ionization front.

2 The overheating of partially ionized gas in the front is not large, even for supersonic (R-type) fronts. For
subsonic (D-type) fronts we do not find the temperature spike that has been previously claimed.

3. The most significant morphological signature of advective fronts is an electron density spike that occurs at
the ionization front whenever the relative velocity between the ionized gas and the front exceeds about one half
the ionized isothermal sound speed. Observational evidence for such a spike is founil 16584 A images
of the Orion bar.

4. Plane-parallel, weak-D fronts are found to show at best a shallow correlation between mean velocity
and ionization potential for optical emission lines even when the flow velocity closely approaches the ionized
sound speed. Steep gradients in velocity versus ionization, such as those observed in the Orion nebula, seem to
require transonic flows, which are only possible in a diverging geometry when radiation forces are included.

Subject headingggas dynamics, H Il regions, numerical methods

1. INTRODUCTION ized regions, ranging in scale from cometary knots in plan-
The classic early work on theffects of dynamics on the ~€t&ry nebula (bpez-Marin et all| 2001) and photoevaporated

emission structure of kregions was carried out by Harring- circumstella_r disks in H regions (O'DeII. 2001, and refer- :
forl (1977), who studied weak-D fronts in which the gas mo- €MNC€S therein) up to champagne flows in giant extragalactic

tions are always subsonic with respect to the front. Within the 1l regions (Scowen et 5l. 1998) and the photoevaporation
fully ionized interior of the Hi region the gas was found to be  Of cosmological mini halos (Shapiro & Raga 2001). In such
close to thermal and ionization equilibrium. Significant non- 1OWS, non-equilibrium #ects will be somewhat more impor-
equilibrium efects induced by the dynamics are confined to tant than in subsonic weak-D fronts due to the higher veloci-
the edge of the region, near the ionization front, where therel€S involved; Sankrit & Hester (2000) made a first attempt at
exist large gradients in the radiation-field intensity and in the detailed modeling of the emission structure of the flow from

physical conditions of the gas such as temperature and degre@}efheaﬂ of the columns in M16, using static equilibrium mod-
of ionization.[Harringtoh found that the dynamics only had a 'S fort g lonization structure. i th al uti
small dfect on the integrated forbidden line spectrum of the _ S€cond, continuous improvement in the spatial resolution

models he considered. However, there are various reasons tg"d Wavelength coverage of observations, together with ad-
revisit such calculations now. vances in theoretical and observational atomic physics, how

First, ionization fronts are now studied in a diverse range &lloW @ much more detailed comparison between model pre-
of astrophysical contexts in which the classical, spherically dictions and spatially resolved observations of a multitude of

symmetric, subsonic expansion studied[by Harrington mayemitting species. In this context, even moderate and localized

be the exception rather than the rule. Transonic photoevapchanges in the predicted spectrum due to dynamifietes

oration flows seem to be a ubiquitous feature of photoion- €20 be important. .
q P Third, a dynamical treatment allows the self-consistent cal-

Electronic addres$: w.henney,j.arthur@astrosmo.unam.mx culation of the velocity field, which allows comparison with
E:ecifon!c afd‘gfeSfff Robin. Willams@awe. .Uk high-resolution spectral line profile observations that provide
ectronic adaress. gary@pop.Liky.=du further constraints on the models. Furthermore, it permits

1 Work carried out in part while on sabbatical at Department of Physics . .
and Astronomy, University of Leeds, LS2 9T, UK. a unified treatment of the entire flow from cold, molecular
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gas, through the photon-dominated or photodissociation re/Williams & Dysori[1996). If the gas is magnetized, then the
gion (PDR), and into the ionized region. Previous studies classification becomes more complicated since there are now
of non-equilibrium models of PDRS (Londdon 1978; Natta & three wave speeds to take into account (Bifvspeed plus
Hollenbachi 1998; Stoerzer & Hollenbach 1998) have tendedfast and slow magnetosonic speeds) instead of just the sound
to treat the PDR in isolation without considering the k- speed. Thus, one may have a slow-mode D-critical front, a
gion in any detail. Richling & Yorke (2000) presented numer- fast-mode weak-R front, etc (Redman et/al. 1998; Willlams
ical radiation-hydrodynamic simulations of the photoevapo- [et al| 2000; Williams & Dyson 2001).
ration of proplyd disks but the physics of the PDR was calcu- These classification schemes were developed for plane-
lated in a simplified manner. parallel fronts but will be approximately valid so long as the
In common with most other photoionization codes, Cloudy radius of curvature of the front greatly exceeds its thickness.
(Ferland et all 1998; Ferland 2000) has traditionally calcu- This is usually the case since ionization fronts are in gen-
lated static equilibrium models in which time-dependent ef- eral very thin compared with the sizes ofiHegions unless
fects are neglected, such as isochoric (constant density) othe ionization parameter is small (see below). What type of
isobaric (constant pressure) configurations. The task of com-ionization front actually obtains in a given situation depends
bining hydrodynamics with detailed simulation of the plasma on the upstream and downstream boundary conditions of the
microphysics can be approached from one of two angles.front, in particular the upstream gas density and the down-
One method would be to add the atomic physics and radia-stream gas pressure and ionizing radiation field, together with
tive transfer processes to an existing time-dependent hydrothe large-scale geometry of the flow, which need not be plane-
dynamic code. The other, which is the method pursued in thisparallel.
work, is to add steady-state dynamics to an existing plasma Since the gas velocity through the front is high for an R-
physics code. type front, so is the flux of neutral particles that must be ion-
The current paper is the first in a series of three that will ized for a given upstream density, which in turn requires a
present detailed results from our program to include a self- high ionizing flux at the downstream boundary. As a result,
consistent treatment of steady-state advection in a realisticR-type fronts are usually transient phenomena accompanying
plasma physics code. This first paper introduces the methodiemporal increases in the ionizing flux, such as the “turning
ology employed in the series as a whole and then concen-on” of an ionizing source. In the most common case, the front
trates on the restricted problem of “weak” ionization fronts will be propagating rapidly through slowly moving gas. In
in a plane-parallel geometry. The second paper of the serieghe limit of an extreme weak-R front, the gas velocity in the
includes the molecular reaction networks necessary for mod-ionization front frame and density are constant throughout the
eling the neutrgimolecular PDR, while the third paper con- flow.
siders “strong D” ionization fronts, where the gas accelerates D-type fronts are more common and the limit of an ex-
through a sonic point, as found in divergent geometries suchtreme weak-D front corresponds to a static constant pressure
as the photoevaporation of globules. front in ionization equilibrium. Weak-D fronts require a high
We first discuss the general problem of advection in ion- downstream pressure and therefore are likely to be found in
ization fronts (sectiofp]2). We then describe the modifications cases where the ionization front envelops the ionizing source.
that have been made to the Cloudy photoionization code inStrong-D and D-critical fronts, on the other hand, are con-
order to treat steady-state flow (sect[dn 3). Results from asistent with the free escape of the downstream gas and hence
small sample of representative models are presented in secapply to divergent photoevaporation flows, for example, from
tion[4 and the application of our results to observations of the globules.
Orion nebula is discussed in sectldn 5. Further technical de- Advection of material through the ionization front may be
tails of the physical processes and computational algorithmsexpected to have variougfects on the emission properties of

are presented in a series of appendices. a nebula. In order to simplify the discussion, we will consider
a plane-parallel nebula, illuminated at one face by a given ra-
2. ADVECTION IN IONIZATION FRONTS diation field and in a frame of reference in which the ioniza-

The classification of ionization fronts depends on the be- tion front is at rest. This is illustrated in Figrp.IThe gas is
havior of the gas velocity in the frame of reference in which supposed to enter the front from the neutral side with velocity
the ionization front is fixed (Kahin 1954; Goldsworihy 1961). v, and to leave on the ionized side with velocity Results
In this frame, the gas flows from the neutral side of the front from this simplified model are described§i2.2 but we first
(denotedupstrean) towards the ionized side (denotddwn- discuss the relation between this model and reakébions.
strean). If the upstream gas velocity on the far neutral side is . .
subscr:)nic with rgspect togthe front t¥1en the front is said to be 2.1. Physical Context of Advective Fronts
D-type while if it is supersonic the front is said to Betype In this section, we consider two typical scenarios in which
A further distinction is made between those fronts that con- advective ionization fronts may be encountered and investi-
tain an internal sonic point, which are said todisng and gate to what extent they may approximated as steady flows in
those that do not, which are said to Wweak For example, the frame of reference of the ionization front. In this discus-
a weak-R front will have supersonic velocities throughout the sion we follow| Shii[(1992) in denoting gas velocities in the
front, whereas in a strong-D front the gas starts at subsonic veframe of reference of the ionizing star kygas velocities in
locities on the neutral side, accelerating through the front tothe frame of reference of the ionization frontdyand pattern
reach a supersonic exhaust velocity on the ionized side. Wherspeeds of ionization and shock fronts by
the downstream gas velocity is exactly sonic the front is said . .
to becritical. There is also the possibiiity ofracombination 2.1.1. Classical Stromgren Sphere
front, in which the sense of the gas velocity is reversed and the The evolution of a classical Stmgren-type Hi region in a
flow is from the ionized side towards the neutral side, with a constant density medium has been described by many authors
similar range of possible structurés (Newman & Axford 1968; (e.g.,, Goldsworthy 1958; Spitzer 1978; $hu 1992; Dyson &
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Williams||1997).  If the ionizing source turns on instanta-  Fg. 2.— Evolution of the ionization front radius and the “exhaust’ Mach
neously, then the ionization front is initially R-type and prop- number of newly ionized gas in the frame of reference of the advancing ion-
agates supersonically through the surrounding gas with littleization front in a classical Simgren sphere. These quantities are plotted as a
accompanying gas motion. By the time the ionization front function of time since the front reached the initial@tgren radius, in units

L9 . . of the sound crossing time at that radius.
reaches the initial Simgren radius (where the rate of recom-
binations in the ionized region approximately balances the
ionizing luminosity of the source), the front propagation ve-
locity has slowed to the order of the sound speed in the ionized 2.1.2. Photoevaporation Flow
gas and the front becomes D-type, preceded by a shock that

accelerates and compresses the neutral gas. The initial R—typeignhSOtggggﬁ?r:at\',\?ﬁe22:’/\'; t"ﬂ: igﬁig’aggmr::%? i;ncé)onrvéi?rorfr;
phase is very short (of order the recombination timescale),g ' 9

and consequently is of little observational importance. The _tgre]_ F:E(ijtaosf t\gef\rl\éé)lf t:t?eg)rwzel\n% S?r%r;et’hgl?rso r?tllo‘év'r;%]tr:gs
structure of the region during its subsequent D-type evolution '©N12€¢ gas 1o Ireé€ly way ont. Examp
is shown in Figuré hy include bright-rimmed globules and proplyds iniHegions

. and cometary knots in planetary nebulae. On a larger scale,

The propagation speed of the shock is roughly equal to that”,. . ;
of the ionization front and also to the velocity of the gas in the PISter-type Hi regions can ?'SO be considered photoevapora-
neutral shell: t|on'flows (Bertoldi & Drain¢ 1996). _ .
~ U ~u 1) Figure[T show the structure of an idealized photoevapora-
o s = Mt = _ tion flow, roughly corresponding to the equilibrium cometary
whereas the ionized gas expands homologously with a velocglobules of Bertoldi & McKeg[(1990). The neutral gas is as-
ity that increases linearly with radius, reaching half the speedsumed to be approximately at rest with respect to the ion-

of the ionization front at the front itself: izing source and the ionization front to be D-critical with
1(r v ~ Ui =~ ¢. The ionization front eats slowly into the neu-
U = 5 § Uit. ) tral gas withU; = —v, = cn/(20i2) < ¢, and the Mach number

: L . . reached by the ionized gas at the front will-b&. Outside the
Hence, the velocity of the ionized gas immediately down- 5 ‘the jonized gas accelerates as an approximately isother-
stream of the ionization front in the ionization front frame 1,5/ wind. as observed around the Orion proplyds (Henney &
1S Arthur[1998).

v = Ui(R¢) — Ut = —0.5Uj. 3)
The ionization front propagates very slightly faster than the 2.2. Direct and Indirect Efects of Advection

gas in the neutral shell, giving a small upstream neutral gas | order to provide some physical insight into advective ion-
velocity in the ionization front frame of ization fronts and to guide the interpretation of the numerical
vn = Up — Ui < —2¢2/c ~ 0.1kms?, (4) simulations, we have developed a simple analytic model for a
plane-parallel weak-D ionization front, in which the gas tem-
perature is assumed to be a prescribed monotonic function of
the hydrogen ionization fractiow, With this assumption, and
considering mass and momentum conservation, it is possible
2¢; 5) to find algebraic solutions for the density, gas velocity, and
[4(Ra JRnit)¥? - 1]1/2’ spund speed as functions >o(see_ Append@]\_). These solu- .
f/Fnit tions form a one-parameter family characterized by the maxi-
whereRy;; is the initial Stdmgren radius. The Mach num- mum Mach number of the gas in the rest-frame of the ioniza-
ber reached by the ionized gas just inside the ionization front,tion front, reached asymptotically as— 1. If we now take
measured in the frame of reference in which the front is sta-into consideration the ionization balance and radiative trans-
tionary, is given byM = 0.5Ujt /c;. This is plotted in Figure]2  fer, one can find a solution fax(z), the ionization fraction
as a function of ionization front radius. During the lifetime as a function of physical depth, by solving a pair of ordinary
of a typical O star (and assuming an ambient density of or- differential equations.
der 1 cn13), the radius of a classical Hregion will expand Apart from the maximum Mach numbe¥{,, the solutions
by roughly a factor of 4, so, as can be seen from Fiflire 2,are found to depend on two dimensionless parametgss,
M = 0.3-0.5 is typical of the majority of the evolutionary andr,.. The first of these¢,q (defined in equatiop A18), is
lifetime. roughly the ratio of recombination length to mean-free-path

wherec,, ¢; are the isothermal sound speeds in the neutral and
ionized gas, respectively. The evolution of the ionization front
propagation speed can be described in terms of its radius as

Ui =
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Fic. 3.— Dynamic slab solutions from the simplified model developed
in Appendix[A. @) 7. = 30, low ionization parameter, fat IF.b 7. =
3000, high ionization parameter, thin IF. Electron density (solid line) and
gas velocity (dashed line) are shown in each case for 6 modelsAith=

0.0, 0.2, 0.5, 0.7, 0.9, 0.99 (corresponding respectively to successive curves

from right to left). Electron density is normalized by the fiducial density
nm, velocity is normalized by the maximum sound speggdand distance is
normalized by the static Simgren depttzo—see Appendik for details.

of ionizing photons in a D-critical front and is not expected
to vary greatly between Hregions, having a typical value of
£ad = 10. The second parameter,(defined in equation A17),

is roughly the ratio of the thickness of the fully ionized slab to
the thickness of the ionization front and is proportional to the
ionization parameter at the ionized face: ~ 10°Y, where

T = Fo/(npc). The global importance of advection for the
system as a whole can be characterized by the paramgter

defined as the ratio of the flux of hydrogen atoms through the

ionization front to the flux of ionizing photons at the illumi-

nated face of the slab (equatigns A10 fnd]A19). For small val-

ues of,q, its value can be approximated &g =~ £agMm/Tx.
This can be understood as follows: the locfikets of ad-

vection at the ionization front itself are always substantial (so

long asM, is not too small), being of ordegpgMy,. On the

other hand, the partially-ionized zone occupies only a small

volume compared with the fully ionized gas unless the ion-
ization parameter is small, so the globé&leets of advection
are reduced by a factor of.

Detailed results are calculated in Apper{dix A for both a low
ionization parameter modet.( = 30) and a high ionization
parameter model( = 3000). The structure of these models
for different values oMy, is shown in Figur¢[3. In the low-

T model, the direct globalfiects of advection are expected
to be significant and indeed the thickness of the ionized slab
is reduced by 50% aad,, approaches unity. In the high-
model (more representative of typicaliHlegions), the direct
global gfects of advection are expected to be negligible since
Aad = 3% 103 M,,,. However, we find that even in this case
the thickness of the ionized slab varies by about 5%\&s

is varied between 0 and 1. This is due to a pronounced peak
that develops in the electron density distribution at the ion-
ization front for M, > 0.5 (for a static model the electron
density declines monotonically through the front). We also
find that the ionization front becomes substantially sharper as
M, is increased, which is due to a decrease in the ioniza-
tion fraction for a given value of the optical depth to ionizing
radiation. Both these indirectfects of advection have sig-
nificant efects on the emissivity profiles of optical emission
lines (see Figure A2 of Appendix|A), especially those such as
[01] 16300 A and [S1] 16716+ 6731 A that form close to the
ionization front. One can also calculate the spectral profiles
of emission lines from the models, as shown in Figlires A3
and[A4 of the Appendix. Again, it is lines that form in the
partially ionized zone that show the most interesting behav-
ior. These may show RMS line widths roughly equal to the
sound speed and significant velocitffsets, both due to the
gas acceleration in the ionization front. The derived widths
are roughly four times the thermal width of lines emitted by
light metals.

Although this analytic model has provided insight into
some of the flects of advection, it is obviously deficient in
many respects. Many physical processes have been ignored
and in particular the use of a fixed temperature profi(e)
does not allow for the fact that(x) itself may be &ected by
the advected flow.

3. ADDING DYNAMICS TO CLOUDY

In order to study the structure of advective ionization fronts
in greater detail, we need to include a wide range of additional
physics. This could be done in a variety of ways, for example
by integrating through the steady state equations or by includ-
ing source terms in a time-dependent hydrodynamic simula-
tion. In each case, an implicit treatment of the source terms
is necessary, as the many physical processes with timescales
shorter than the dynamical timescale lead to the problem be-
ing very stit.

In the present work, we have chosen to adapt the photoion-
ization code, Cloudy, which already includes a comprehensive
treatment of the physical source terms. Cloudy, in common
with other traditional plasma codes, searches for equilibrium
solutions of the ionization equations. In order to treat steady
advective flows, we have included advective source and sink
terms in the equilibrium balance equations. Theet of this
is that the equilibrium search phase now in fact determines
the implicit solution of the advective equations, and so treats
short-timescale processes in a stable manner.

In this section, we present the basic equations and outline
the methods which we use to solve them.

3.1. Equations

Cloudy takes into account the conservation equations for
each species and also the heating and cooling balance under
the simplifying assumptions of constant density or constant
pressure. This procedure can be summarized as balancing
source and sink terms for the ionization and energy equations.



Dynamic Models of lonization Fronts 5

For the ionization equation in the static case this can be ex-the iterative scheme. Instead, we take advantage of the cur-
pressed as rent algorithm used by Cloudy andfidirence the equations
q implicitly. Such an implicit scheme has the advantage that the
n_ - e . timestep is not limited to the shortest ionization or recombina-
dat Gi+ Z Rj-inj =N [S' * Z R“’JJ =0, (6) tion time, which is clearly unsatisfactory for an astrophysical
system in which the dynamical timescales are general much
wheredn /dt is the rate of change of the volume density of longer than the ionization or recombination timescales.
a particular ionization state, which in equilibrium is equal to At iteration m, the advection terms may be approximated
zero. TheR,_,; are the rates for ionization (whejés a higher based on the value in the present zone and an upstream value
state than) and recombination (whergis a lower state than  in the previous full iteration as
i). G; andS; cater for processes not included within the ion- d XM(2) — X1z — AZ)
ization ladder, and are respectively the source of ions from —x ' I ,
such processes and the sink rate into them. A detailed discus- dz Az
sion of the solution method for the ionization networks in the wherex™(z) is the value ofx; = nj/n at positionz at themth
equilibrium case is given in Appendi¥ B. iteration of the scheme, antiz is an adjustabledvection
The general Cloudy solution method works by a series of length For the first iteration no upstream values are avail-
nested iterations. The innermost loop is the ionization net- able so no advection terms are included in the equations. It is
work, external to this is the electron density iteration, which useful to define the look-back operator
enforces charge neutrality, then the temperature loop, which m me1
enforces therr?wal balancey. Finally, an o;[))tional outerFr)nost it- Ladl 52 = X" (2~ A2) (13)
eration loop varies the density to achieve pressure (or morefor values, such asg;, given per unit material. Values speci-
generally momentum flux) balance. The whole system is iter- fied per unit volume need to be scaled to a conserved variable
ated until convergence within a given tolerance. before the look back is applied, so that
Once dynamics is included, the continuity and momentum MrA] _ Mom-1
equationsymust be added to the set of equgtions to be solved, Laz" ()] = nx™(z = A2). (14)
kinetic and internal energy transport and pressure work mustThis may be thought of as a first-order Lagrange-remap solu-
be taken into account, and advection terms must be added téion for the advection equation.
the ionization balance equations. For example, for a plane- For the scheme discussed in Apper[djx B for the ionization
parallel steady-state flow (the simplest case, but one that idadder, the advective terms may then be included simply as an
applicable to blister K regions), the equations to solve in additional source term,

j#i j#i

(12)

flux conservative form are Laz[X"(2)]
P G = nv—A'Z s (15)
—(pu) =0, 7
ax(p ) @ and sink rate v
0 Si=— 16
5P+ Pu) = p3 8) Az (o)
in the linearized form of the equations, and iterated to find the
a9 ouw+ 1e\lcnc ) non-linear solution as in the time-steady case.
0X 2 ’ The energy balance equation may be treated in a similar

5 manner. Using the mass conservation equation[(eq. 7), we
&(niu) ~G+ Z Ri_in; — 1 (Si N Z RHJ]. (10) have from equatiorj {9) )

I# 1# pv.V (w + -uz) =H-C, (17)
Here,a is an acceleration e.g., gravity or radiation driving, 2
is the specific enthalpy = ¢ + p/p, wheree is the specific ~ which may be dierenced as
internal energy, andi — C is heating minus cooling. Here 12 12
the specific internal energy includes only the thermal energy (w +3v ) ~ Lz (w +3v )
of translation, s& = 3/2(p/p), as transfers from other physi- pv AZ

cal energy components (ionization energy, binding energy, Vi- The terms on the left side of this equation may then be treated

bration and rotation energy of molecules, etc.) are treated as;s aqditional heating and cooling terms in the temperature
explicit heating and cooling terms in the underlying thermal gqyer.

balance scheme. The continuity and momentum equations are more easily
The advection terms have the general fornvof(niv) (for — geat with. The continuity equation is taken into considera-
steady state), whereis the advection velocity. This can be jg, simply by eliminating the velocity in terms ofp in all

“H-C. (18)

written as ; : T
equations using the substitution
V- (n) = no - V(ni/n). ay g
purd = constant (19)
3.2. Differencing Scheme which comes from integrating the general form of equdtion 7

Although it is possible to solve the ionization equations in whered = 0, 1, 2 indicates plane parallel, cylindrical or spher-
an explicitly time-dependent way, this is not the best way to ical geometry, respectively. The initial condition is given at
proceed. The photoionization terms in the steady-state soluthe illuminated face.
tion will often have very short timescales, so stability con-  The dynamical pressure, which appears in the momentum
straints would limit the time step to this short photoionization equation, is taken into account by adding the ram pressure
timescale, and hence cause an extremely slow convergence aérmpv? to the total pressure.



low enough value, then all physical processes that occur on
timescales longer thait = Az/v have converged, so the ad-
vection length can be reduced. This has tifea of lower-

ing e but also temporarily increases due to the release of

| 1 shorter-timescale processes from strict local equilibrium, so

T T T ]
Azyg /10 em ——

0.1

001 =t 7 several iterations must be carried out at the new valugzof
\ N This procedure is continued ungl has fallen to a sfticiently
\ B
0001 N e ] low value.
Vet \\ s .
VN N N e, 4. RESULTS
! A \ ! D H H i
107t F N [N E In this section we present results for selected advective

ionization fronts calculated using Cloudy, all using a plane-
parallel slab geometry. The principal input parameters for the
models are the hydrogen number densigy,gas velocitypo,
hydrogen-ionizing photon flux, all specified at the illumi-
nated face. The spectral distribution of the incident radiation
field was assumed to be a black body witfeetive tempera-
ture, Ter. All these parameters are shown in Tgbje 1 for the
three models presented here. The gas-phase elemental abun-
dances for all the models were set at the standard ISM val-
ues (Baldwin et al. 1996) and Orion-type silicate and graphite
grains were included (Baldwin et/al. 1991). Since this paper
cesses are treated. Thdfdirencing we have chosen has the is concerned with theffects of advection on the ionization
effect that processes far more rapid thszjv are treated as  front, all molecules were turnediocand the integration was

in static equilibrium, while slower processes are followed ex- stopped when the electron fraction fell below 10The in-
actly. The correct steady-state solution is found in the limit clusion of molecular processes in the PDR will be described
Az — 0, but the smaller the advection length chosen, thein a following paper. The models also include an approxi-
longer the system will take to reach an equilibrium state. The mate treatment of a tangled magnetic field (see Appgnix C),
natural procedure is then to use a first iteration solution by characterized by the field strength at the illuminated f&ge,

10-5 I ! ! ! ! ! ! ! !
40 50

Iteration Number
Fic. 4.— Convergence behavior of an example model as a function of iter-

ation numberm. Solid line: advection lengthz (units of 13° cm); dashed
line: convergence errog; ; dotted line: discretization errog,.

90

Varying the Advection Length- The advection lengthAz, in
this scheme determines the manner in whicfiedent pro-

ignoring the advection terms, and then gradually decraase
until Az ~ Azyiq, WwhereAzyiq is the size of a spatial zone in
the simulation, at which stage the treatment of advection will
be as accurate as that of photoionization.

One further physical process was disabled in these mod-
els: the radiative force due to the absorption of stellar contin-
uum radiation (principally by dust grains). This was done for
purely pragmatic reasons, since the inclusion of this process

In order to track the convergence of the models and to deter-for high ionization parameter models makes it verffidillt to
mine when to reduce the advective timestep, we monitor theset the approximate desired conditions at the ionization front
behavior of two error norms; ande,. Both are calculated by varying conditions at the illuminated face. Models that do
as the squared norm over all zonegs,and ionigmolecular include this process are discussed further in seffign 5.2.
speciesj. The first of these norms is th@nvergence errgr The first two models, ZL009 and ZH007, are weak-D fronts
defined as with low and high ionization parameter, respectively, with pa-
rameters similar to the toy models discussed in Appendix A.
The velocity at the ionized facep, was set somewhat below
the isothermal sound speed in order to avoid the possibility
of gas passing through a sonic point during an intermediate
iteration (transonic fronts will be considered in a following
paper). The third model, ZH050, is a weak-R front in which
the gas velocity relative to the front is supersonic throughout.

n™—

1
-
Az/v

: (20)

Zi

€ =

which measures the fiierence between the model solutions
for the last two iterations. The second is ttliscretization
error, defined as

N —Lam) ni—-L n;
€= H ! n az(0) _ M A(AZZ/Z)( ) , (21)  Such R-type fronts are likely to be transient and thus of lim-
zfv z/20 zi ited observational significance. Nevertheless, this model is

which measures the accuracy of the present estimate of thélseful since it provides a stringent test of our simulations in

advective gradients in the solution compared to an estimatethe limit of high advective velocities. _
with half the advection length. As well as the advective models, we also calculate equiv-

If &1 < e, then the solution is converged with the present alent static models for each of the three cases considered,
Az, while if the errors in the Lagrangian estimate of the gradi- Which have constant pressure for comparison with the weak-
ent of the value are still significant, then the timestep should D fronts or constant density for comparison with the weak-R
be decreased. Cuttintg whene? < 0.1¢5 produces substan- ~ front.
tial improvements in the rate of convergence of the advective
solutions. However, it can still take a substantial number of
iterations to reach equilibrium for large advection velocities.  This model, ZL009, has physical parameters that are in-

An example of the way in whiclAz, e;, ande, vary during spired by those of cometary globules in planetary nebulae
a model calculation is given in Figufé 4 (which corresponds such as the Helix, although the geometry is plane-parallel
to model ZLO09 discussed in the following section). It can rather than spherically divergent. The ionization parameter of
be seen that whilaz,q remains constant, the convergence er- the model is very low? = 3.33 x 107°), which accentuates
ror, €1, decreases with each iteration, whijehardly changes  the global &ects of advection and also leads to the ionization
after the first iteration for a givenz. Whene /e, falls to a front thickness being comparable to thedBtigren thickness

4.1. Low lonization Parameter, Weak-D
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3-107"% — T T . .
TABLE 1 — HaA6563 A (advective)
MoODEL PARAMETERS 2.107% | <o Ha AG363 A (static) i
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log(no/cm3) 35 40 40 .o~ U N
up/km st -90 -7.0 -500 o ‘ e
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log(Ter/K) 4.6 50 46 0 <o [NUJAGSS A (static) |
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g0 | i Fic. 6.— Emissivity structure of model ZL009. As Figyre 5 but showing
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Fig. 5.— Structure of model ZL0O09 as a function of depth from the illu-
minated face.d) Velocity and isothermal sound speetl) Gas temperature.
(c) Number density of hydrogen nucleond) Hydrogen ionization fraction.
(e) Helium ionization fractions. Panets-e show the advective model results Fie. 7.— Face-on emission line profiles of model ZL009 including ther-
(solid line) and the results from an equivalent static constant pressure modeimal broadening: H.16563 A (thick solid line), [N1]16584 A (thin solid
(dashed line). line), [O1] 16300 A thick dashed line), [§ 16731 A (thin dashed line), and

[Om] 45007 A (thick dotted line). All lines are normalized to their peak in-
tensities.

—40 —30 —20 ~10 0 10 20 30
Doppler shift (km s~1)

of the ionized layer.

As can be seen from Figufé 5, the advection has large ef-
fects on the model structure as would be expected given thethe intrinsic Balmer decrement is increased in the advective
large value oflyq. The depth of the ionized region is reduced model, which gives K/HB = 3.29 (reddening by internal
by more than a factor of two with respect to the static model, dust is not included in the line ratios given in TafJe 2). This is
with concomitant reductions in the brightness of the hydro- because the temperature at low ionization fractions is signif-
gen recombination lines (see Taple 2). The collisional lines icantly higher in the advective model, which leads to a non-
of [O1], [Su], and [Nu] are also reduced in intensity, albeit negligible collisional contribution to the Balmer emission that
to a lesser degree ([@ emission from this model is neg- preferentially excites . The temperature in the more highly
ligible due to the low ionization parameter). Interestingly, ionized zone is also increased somewhat by ttects of ad-
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vection.
Also listed in Tablg R are the mean velocities and full-
width-half-maxima of the dferent emission lines, calculated

J—
—c

e
10 F

Gas velocity, sound speed (km s1)

assuming that the model is observed face on. The emission J
line profiles are illustrated in Figufg 7. The contribution from 5y 1
each computational zone to the line profile is thermally broad- , L2
ened using the local temperature and the atomic weight of :

— T, (advective)

the emitting species. As a result, the Hne is significantly
broader than the collisionaly excited metal lines. TheIN
line is blue shifted with respect to [$ and [O1], which is
due to the acceleration of gas through the ionization front, as
can be seen in Figufga5The Hx line has two components: a 0
broad blue-shifted component due to emission from the ion- _
ized flow, and a narrow component at zero velocity, caused *
by a subsidiary peak in the electron density that occurs at low :
ionization fractions where the temperature changes sharply.
For the [S1] line, the thermal broadening and the gas accel-
eration both contribute in equal amounts to the predicted line ‘ ‘
width. For the lighter metal lines, the acceleration broadening B G —
remains roughly the same but the thermal width is increased 2 "™ [ - =" Gt
somewhat. For H, the thermal broadening dominates.

1-10" b ..o T, (static) T

Temperature (K)

— u (advective)

--- n (static)

In this model, the gas velocity and Mach number increase = o2 |
monotonically as the gas flows from the neutral to the ionized o ¢

side, reaching a maximum Mach numberMf, = 0.84 at the L E
illuminated face. As a result, emission lines from more highly
ionized species are more blue-shifted (see Table 2). However,
the efect is slight with only 5 km s velocity difference
between [Q] and [Ou].

z(He™) (advective)

")
*) (static)
++

S
o

z(He

action

— x(H
oo a(He

3 — z(He™ ) (advective)

oo z(Hett) (static)

Ton Fr:
=3
o

o

e
i

0

4.2. ngh Ionization Parameter, Weak-D 0 2.5-10'¢ 5-10'¢ 7.5-10' 1-10'7 1.25-107  15-107  1.75-10'7

Depth, = (cm)

. Th_IS model, ZHO07, has .phyS|caI parqmeters (See Eble,' 1) Fic. 8.— Structure of model ZH007 as a function of depth from the illumi-
inspired by the central region of the Orion nebula (Baldwin nated face. All panels as in Figirk 5.

et al[1991). The density is only slightly higher than in ZLO09
but the ionizing flux is much higher, resulting in a far higher
ionization parameten({ = 3.3x 1072). The ionization front is
much thinner than the depth of the fully ionized slab. The lo- profiles, it can be seen that the initial heating of the gas as it
cal advection parametef,q (see Sectioh|2 and Appendix A), is ionized is more gradual in the advective model than in the
is somewhat higher than in the previous model due to thestatic model due to the photo-heating timescale being longer
hotter gas temperature and softer ionizing spectrum but thethan the dynamic timescale. However, once the ionization
much higher value of. that accompanies the higher ioniza- fraction exceeds about 20% the photo-heating rate exceeds
tion parameter means that the global advection paramigter, the static equilibrium model because the neutral fraction at
is very small. a given value of the ionizing flux is higher than in the static
The structure of the advective model as a function of depth case. This produces a characteristic overheating, which is of-
into the slab from the illuminated face is shown by solid lines ten seen in advective fronts. In the current case it is relatively
in Figure[8. For some panels, an equivalent constant-pressurenodest, producing an extended*:0 plateau forxe = 0.3—
static model is also shown (dashed lines). The indirffetes 0.9. Forx. > 0.9 the gas approaches static thermal equi-
of advection are much greater than the direct loss of 0.1%librium again and the two curves coincide with temperature
of the incident ionizing flux due to the ionization of fresh gas. variations determined by radiation hardening and the varying
The largest fect is a roughly 3% increase in the mean density importance of the diuse field. Figurg®shows the variation
in the ionized zone (the densities at the illuminated faces arein the gas density and it can be seen that the density on the
set equal in the static and advective models) due to the varyingar neutral side is significantly higher in the advective model.
importance of ram pressure as the velocity varies through theThis is a result of the lack of ram pressure on the neutral side
slab. Due to the diierence in density dependence of recom- (see Figur¢ ), which means the thermal pressure must in-
bination and dust absorption, this leads to a slight decrease ircrease to compensate. The magnetic field at the illuminated
the ionized column density together with an increase in theface in this model was set to belOnG, implying a negligible
emission measure, caused by a reduction in the fraction ofcontribution to the total pressure in the ionized gas. However,

ionizing photons that are absorbed by dust grains. on the far neutral side, where the density is higher the field is
Figure[9 shows some of the same quantities as in F[gure 8much larger (assumed to grow with compressioBasp?/3,
but this time plotted against the electron fractigg,= ne/n. see Appendik ), so that the magnetic pressure becomes ap-

This dfectively ‘zooms in’ on the ionization front transition preciable, limiting the density in the cold gas. The inferBed
itself, allowing one to appreciate details of the structure that in the neutral gas is similar to observed values in the neutral
are not apparent in the plots against depth. Note that the moreveil of Orion (Troland et al. 1989).

neutral gas is on the left in Figufé 9, whereas it was on the The line emissivities as a function of depth for the ZH007
right in Figurg 8. In Figurg]®, which shows the temperature model are shown in Figufe [LO. The main change between the
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TABLE 2
EmissioN LINE ProPERTIES FROM WEAK-D PHOTOIONIZATION M ODELS
Model ZL009 Model ZH007
Line Intensity Line Intensity
Line pl Static Advect v Av Static Advect v Av
Ha 6563 295 329 -5.89 216 292 292 -6.46 200
[O1] 6300 240 491 -504 63 35(-3) 28(-3) -6.99 64
[Nu] 6584 397 623 -6.07 69 042 043 -7.56 60
[Sn] 6731 352 533 -517 53 0.04 003 -7.29 43
[Om] 5007 Q05 003 -750 61 521 521 -6.32 50
HB 4861 -2.868 —3.382 Q435 Q440
Nore. — Line intensities are all calculated for a face-on orientation and are
given relative to I8 except for KB itself, which is log(intensity) in units of
ergcnt2st,
o 6-107'7 T . .
E 5[ i i i i i ] i )
= 4-10717 ¥ 1
L 4 S T~ T
3 2.107"7 — Ha A6563 A (advective) 1
2 5 | o - HaAG563 A (static)
£ 0 : :
£ ‘ ‘ ‘ ‘ ‘ 410707 . . .
Z 0 fqr [ INHIAGSEA (advective) """ 1
- o 7, (advective) X ) - [N1] A6584 A (static)
<ttt T, (static) — 210717 ]
g e 110717 7
2 5.10° L B b
g 0
& 1.5-10717 . . .
0 * * * * * — 0176300 A (advective)
T 1.10717 L ---- [O1]A6300 A (static) ]
n (advective) 1
LN (static) S |
L i o LS : . :
210717 r T T
N . . . . . I — [Su]A6716 + 6731 A (advective)
C . . . . : . LA S AGTIG + 6731 A (static) ]
x(HY) 110717 - 1
P — a(Het) ] 18
r(Het) 5.1071% L ,
[ 1 d
0
r q 1.5-1071¢
d
. o=
1 . . . . . 110700 4
° 3.10°° P 1 .
% — Puuag 51077 £ [0m] A5007 A (advective) g
g 2107 — Pam ] o [0m] 5007 A (static) :
Z 0 : :
z 1107 1 0 5.10'° 1-10'7 1.5-10'7 2.10'7
= o Depth, 2 (cm)
E 0 L . .
A 0 0.2 04 0.6 0.8 1 L2 Fic. 10.— Emissivity structure of model ZH007 in units of »2
Electron Fraction, ne/n 10-16 erg cnr3 S—l)_ Panels as in Figu@ 6.

Fie. 9.— Structure of model ZH007 as a function of electron fractigrin.
Panels )—(c) as in Figuré:}}. d) lonization fractions of H (medium weight
line), Het (thick line), and H&" (thin line). () Partial contributions to the
total pressure: thermal gas pressure (medium weight line), magnetic pressure

(thin line), and ram pressure (thick line). ionization front itself, such as [§ and [O1], are somewhat
reduced in intensity in the advective model due to the nar-
rowing of the ionization front by advection (see discussion in
AppendixA).

static and advective models is the sharp peak at the ionization Unlike in the the low ionization parameter model of the

front that is seen in the emissivity of lines from singly-ionized previous section, in this model the velocity and Mach num-

species such as [N. This peak is due to the electron density ber do not increase monotonically from the neutral to the ion-

peak seen in Figufg 3 and discussed in Appendiix A. ized side. Instead, the maximum Mach numbet{ = 0.73),

The integrated emergent emission line spectrum (Table 2)which also corresponds to the maximum velocity, occurs at
is barely d@fected by the advection. As a result of the increase the H&/He* front. Although this does not correspond to the
in emission measure discussed above, although the ionizatiomaximum temperature, it is a maximum in the sound speed
front moves appreciably inward (FigUrg)g the Balmer line  due to the decrease in the mean mass per particle when He
flux is actually slightlyhigherin the advective model thanin is ionized. There is a second, slightly lower, maximum in
the static model. On the other hand, lines that form in the the sound speed, Mach number, and velocity just inside the H
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Fic. 11.— Face-on emission line profiles of model ZH007 including ther-
mal broadening. H16563 A (solid lines), [Ni] 16584 A (dashed lines),

[O1] 26300 A (dotted lines), and [i§ 16731 A (dot-dashed lines). Vertical 5-10°
axis units are arbitrary. 1

Gas Density (cm™?)

— a(H*) (advective)
0.75 = ... z(H*) (static)

0.5

ionization front where radiation hardening causes a tempera-
ture maximum. The velocity also starts to increase again very [
close to the illuminated face. 0

Due to this complex velocity structure, the trends of
blueshift with ionization parameter are less clear in this
model, as can be seen from Tgble 2 and from Figufe 11, which
shows simulated emission line profiles.

Ion Fraction

r #(He™) (advective)

r(He')
#(He ) (advective)
(. )

r(Het ™) (static)

x static)

Ton Fraction

. . . 0 [N L L L i L
4.3. High lonization Parameter, Weak-R 0 5-10% 1107 L5101 2101
This model, ZHO050, is identical to ZH007 except that the P _
gas velocity at the illuminated face is set to 50 kh produc- ~ Fie- 12— Structure of model 21050 as a function of depth from the filu-
ing a weak-R front. The model structure as a function of depth inated face. All panels as in FIgUTp 5.
is shown in Figurg 72 and as a function of electron fraction in
Figure[13. In both cases, the advective model is now com-
pared with a constant-density static model as opposed to thébe due to these authors including fewer cooling processes than
constant-pressure model that was used for comparison withare included in Cloudy (for further discussion, see Williams &
the weak-D models. As can be seen from Fidura 4@dc Dysori 2001, and references therein). The greater width of the
the velocity and density are roughly constant across the fronttemperature spike in the Rodriguez-Gaspar & Tenorio-Tagle
as is expected in the weak-R case. The extremal Mach nummodels is due to the fact that they were considering lower den-
ber in the front (which for R-type fonts is a minimum, see sities, so the gas moves further from the ionization front in the
AppendiX A) is M, = 4.01, which occurs on the ionized side  time it takes to cool to the equilibrium temperature.
of the front (see Fid. 19 at xe ~ 0.93.

5. DISCUSSION

4.4. Temperature Structure of the lonization Fronts In this section, we look for evidence of advectivieets
Figure[Td shows that our weak-R model has a pronounced in one of the closest and best-studied kegions, the Orion
temperature spike at the ionization front, together with a nebula. We concentrate on the clearest signatures of advection
smaller spike at the He ionization front. Figureplshows to emerge from our simulations: the electron density spike
that this is a more extreme manifestation of the overheatingand the ionization-resolved kinematics.
in the ionization front that was seen in the weak-D model _ .
(Fig.[3). However, even in this case of a rapidly propagating 5.1. Electron Density Structure of the Orion Bar

front we do not find the overheating to be very great, reach-  One firm prediction of the advective model thaffeiis from

ing a maximum temperature of only X80 K. Other authors  the static case is the existence of a sharp electron density peak
have found more pronounced over-heatiffigets in dynamic 4t the position of the ionization front. This peak manifests
ionization fronts ((Rodriguez-Gaspar & Tenorio-Tagle 1998; iicaif most clearly in the emission of the [116584 A line

Marten & Szczerba 1997) but forféerent values of the phys- <o Figuré 70), producing a narrow emissivity peak at the
ical parameters| Marten & Szczefba found temperatures agqge of the broader peak that comes from the neutral Helium
high as 20000 K behind R-type fronts moving at a substan- ;one - in Figurg 14 we show an [jlimage of the bright bar

tial fraction of the speed of light, which would befiitult  o4i0n in the Orion nebula that shows evidence of just such a

to model using our steady-state code. Rodriguez-Gaspar &y cture? The bar is believed to be a section of the principal
Tenorio-Tagle studied the time-dependent evolution of an H {57 ation front in Orion that is seen almost edge-on. It can
region after the turning-on of an O star, finding temperatures

of order 15000 K behind the ionization front soon after its 2 thjsimage is based on data obtained with the WFPC2 instrument on the
transition from R to D-type. Their higher temperatures may Hubble Space Telescopgrovided by C. R. O'Dell.
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Fic. 13.— Structure of model ZH050 as a function of electron fraction,

ne/n. All panels as in Figurg]9 except foc)( which shows the isothermal
Mach number.

be seen as afiluse strip of [Ni] emission (width~ 10" =~

6 x 10'® cm) stretching from the top-left to bottom right of
the image. The principal source of ionizing radiation is the
O7V star6* Ori C, located € the image to the NW. A sharp,
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compared by multiplying the model lengths by a factor of two
such that the spatially broad component to tha][®mission

is predicted to have a thickness=o# x 10 cm~ 77, in rea-
sonable agreement with what is observed. The electron den-
sity peak at the ionization front is predicted to have a thick-
ness of 2 x 10'° cm =~ 0.3”, which is also very close to the
observed thickness of the narrow ridge iniNnote that this
thickness is fully resolved by tHdST, which has an angular
resolution of~ 0.1” at optical wavelengths).

5.2. Velocity-lonization Correlation in the Orion Nebula

The mean velocity of dierent optical emission lines from
the core of the Orion nebula has long been known to cor-
relate with the ionization potential of the parent ion (Kaler
1967;|O'Dell et al| 1993} Henney & O'De|l 1999; O'Dell
et al|[2001; Doi et al. 2004). Lines from more highly ionized
species such as [©] 15007 A are blue-shifted by approxi-
mately 10 km st with respect to the molecular gas of OMC-
1, which lies behind the nebula, with intermediate-ionization
species such as [N 16584 A being found at intermediate ve-
locities.

The results of section| 4 show that just such a correlation
can be qualitatively reproduced by our models. However, on
closer inspection, many significantfi¢irences are revealed
between the model results and the Orion observations. A
much clearer velocity-ionization correlation exists in model
ZL009 (low ionization parameter) then in ZHO007 (high ion-
ization parameter, more pertinent to the Orion nebula), as can
be seen from Table| 2 and Figufgs 7 anfl 11. This is not sur-
prising since the emission in the high ionization parameter
model is dominated by ionized equilibrium gas, where veloc-
ity changes are rather small and are driven by variations in the
thermal balance (the complex interplay of radiation hardening
and the excitation of dierent coolant lines) rather than be-
ing directly caused by ionization changes. Furthermore, both
the magnitude of the velocity shifts seen in the models and
the broadening induced by the gas acceleration are somewhat
smaller than is observed in Orion.

bright edge to the emission can be seen on its SE side along a |n order to better reproduce the observations, what is re-
considerable fraction of the bar, which may correspond to theduired is a means of continuing the acceleration of the gas

electron density peak.
The geometry of the nebula in the vicinity of the bar is

inside the body of the nebula, where hydrogen is fully ion-
ized. There are two means by which this might be achieved:

sumed in the models, making a quantitative comparison dif-1Z€d gagdust mixture, or, second, by considering a transonic
ficult. The bar probably consists of at least two overlapping Strong-D ionization front in a non-plane, divergent geometry.

folds in the ionization front and its appearance is al¥ecied

The results of a model that includes the continuum radia-

by protruding fingers of neutral gas and interactions with the tion force are shown in Figufe 116. The thick line in the lower

HH 203204 and HH 528 jets. However, the straight region
of the bar to the NE of the HH 208304 bowshocks show a

panel shows the integral along the radiation propagation di-
rection of the radiative force per unit volumig,g, that acts on

relatively simple structure, which we will attempt to compare the material in the flov?i. In response to this radiative forcing,
with our model predictions. We present in Fig[iré 15 emission the total pressure increases with depth and, since the flow is
line spatial intensity profiles along a short section of narrow Subsonic, the gas pressure and density increase in the same
slit parallel to the bar, with position as indicated in Figure 14. direction. By mass conservation, this leads to an acceleration
Comparison of Figurg 15 with the model profiles of Figurg 10 of the gas towards the illuminated fa_lce, as can.be seen in Fig-
shows good general agreement. ure[ 16 (compare Figuri® where this process is absent).

The electron density in the bar region has been mea- However, this acceleration of the fuIIy-|on|_zed gas does_ not
sured from the [$] 16716+ 6731 A line ratio to be around have a very large féect on the mean velocity Of. the emis-
4000 cm® (Wen & O'Dell [1995;| Garea Diaz & Henney sion !lnes, as can be seen from FigQiré 17. This is because
2003), whereas model ZHO07 predicts a value 8000 cnt® the higher-velocity gas represents only a small fraction of the
for the [Su]-derived density. On the other hand, the incident total emission, even for the [@] line. Although the model
!onizing flux can be estimated to be abouti®?2 Cmiz’ which 3 The dust-gas drift velocity is always much slower than the flow velocity
is half that of the model ZHOO07. Thus the model has the samej, these models, so it is valid to suppose that the gas and dust dynamics are
ionization parameter as the bar and the results can be directlyerfectly coupled.
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ZHRO012 does show a clear relation between velocity and ion-

ization (unlike ZH007), the gradient is very small, being less
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Fic. 16.— Structure of model ZHR012, which includes the continuum radi-
ation force. &) Velocity and isothermal sound speeH) Partial contributions
to the total pressure: thermal gas pressure (medium weight line), ram pres-
sure (thin line), integrated radiative force (thick line), resonance line radiation
pressure (dashed line), and magnetic pressure (dotted line).

than 1 km s? between [Q] and [On], compared with an ob-
served diference of 5to 10 km$ in the Orion nebula. Also,
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parallel advective models in face-on orientation. The ionization potential of
the parent ion increases from left to right.

any deviations from a strictly face-on orientation of the ob-
server would tend to reduce the observed gradients.

In order to reproduce the observed kinematics of the Orion
nebula, one needs a strong acceleration of the gas in the region
between the hydrogen and helium ionization fronts, since this
is the region where the ionization of heavy elements such as
oxygen and sulfur is changing most swiftly. We have shown
that it is not possible to achieve this with a plane-parallel
model. In such a geometry, gas acceleration requires either
a gradient in the sound speed or the application of a body
force, neither of which are present with the required mag-
nitude in the relevant region. Strong changes in the sound
speed only occur at greater depths, in the hydrogen ionization
front, while the dective gravity associated with continuum
radiation pressure acts mainly at shallower depths, where the
heavy-element ionization is not changing.

On the other hand, as we will show in a following paper,
the requisite acceleration is a natural consequence of mod-
els in which the flow is divergent (either spherical or cylin-
drical) rather than plane-parallel. Although such models are
obviously relevant to such objects as proplyds (Hennéy &
O’Dell[1999) and photoevaporating globulées (Bertoldi & Mc-
Ke€[1990), it is not so apparent that they should apply to the
large-scale emission from the Orion nebula, which has been
traditionally visualized as a bowl-like cavity on the near side
of the molecular cloud OMC-1. However, three-dimensional
reconstruction of the shape of the ionization frgnt (Weh &
O’Dell|1995) indicates that the radius of curvature of the front
is larger than its distance from the ionizing star. In such a case,
the divergence of the radiation field can lead to a (weaker) di-
vergence of the flow (Henngy 2003). Another possibility is
that the mean flow is the superposition of multiple divergent
flows from the many bar-like features that have been found in
the nebula (O'Dell & Yusef-Zadeh 2000).

6. CONCLUSIONS

In this paper, we have developed a method for including
the dfects of steady material flows in the plasma physics
code Cloudy|(Ferland 2000), which was previously capable
of modeling only static configurations. We have presented a
detailed description of the numerical algorithms and an ex-
ample application to the restricted problem of plane-parallel
ionization-bounded H regions where the flow does not pass
through a sonic point (weak fronts). The most important con-
clusions from our study are as follows:

1. The local #&ects of advection are most important in

those regions of the flow where physical conditions are
strongly varying over short distances, such as in the hy-
drogen ionization front.

. The global &ects of advection on an iHregion de-

pend on the relative thicknesses of the ionization front
and the region as a whole, which is a function of the
ionization parameter. Only for low values of the ion-
ization parameter, such as are found in cometary knots
of planetary nebulae, do we find a significant direct ef-
fect of advection on the emission properties integrated
over the entire the region. For higher ionization param-
eters, more typical of kl regions around O stars, the
effects of advection are indirect and more localized.

. One such indirectfBect is a modification of the temper-

ature structure in the ionization front due to the over-
heating of partially ionized gas. However, we find
the magnitude of thisféect to be much less than has
previously been claimed (Osterbrdck 1989; Rodriguez-
Gaspar & Tenorio-Tagle 1998), probably due to our
more realistic treatment of heating and cooling pro-
cesses. For weak D-type fronts (subsonic flows), the
temperature reached in the front does not exceed the
equilibrium temperature in the fully ionized gas (see
Figureg[). Even for supersonic R-type fronts, the peak
temperature is only about 20% higher than the equilib-
rium ionized value (see Figufe )8 The temperature
increase causes an increase in the peak emissivity of
the [01] 16300 A line, but the total emission of this line
tends to bdessthan in an equivalent static model be-
cause advection acts to sharpen the ionization front and
hence decreases the width of the zone wherg [©
emitted.

. Another indirect fect of advection in high ionization

parameter regions is the production of a sharp spike in
the electron density, which occurs at the ionization front
whenever the peak Mach number in the flow exceeds
about 0.5. This spike does not occur in static models
and its existence can be shown analytically to be a con-
sequence of the exchange between thermal pressure and
ram pressure as the gas is accelerated through the front
(Appendix[A, Figurd Al). As such, it can serve as a
useful diagnostic for the presence of advection in ion-
ization fronts, best observed in the jN16584 A line,

for which advective models predict a two-component
structure (Figuré T): a broad peak of emission from
the equilibrium H-He® zone plus a narrower peak from
theng spike at the ionization front. Just such a structure
is seen inHST images of the Orion bar (Sectifn b.1),
suggesting that advection is important in that region.

. Finally, the advective models provide a mapping be-

tween the ionization state of the gas and its velocity
and can hence be used to predict kinematic profiles of
different emission lines, which can be compared with
spectroscopic observations. We make such a compar-
ison in the case of the Orion nebula but find that the
plane-parallel models presented in this paper are utterly
incapable of explaining the observed kinematics (Sec-
tion[5.3). The observations seem to demand a strong
acceleration of the gas in the region between the hydro-
gen and helium ionization fronts, whereas the only ac-
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APPENDIX

A. SIMPLIFIED ANALYTIC MODEL FOR WEAK-D IONIZATION FRONTS

In this appendix, we develop a simple analytic model for a plane-parallel ionization front in order to explore the most importar
effects of advection upon the front structure. The principal simplification involved is the assumption that the gas temperature,
follows a unique prescribed function of the hydrogen ionization fractiort is a generic property of ionization fronts that the
temperature tends to increase as one passes from the neutral to the ionized side of the front. In the analytic model, we ass
that the increase is monotonic and has the form:

1- ¥
1+
whereT, is the limiting temperature in the ionized gas$ 1), Ty is the limiting temperature on the far neutral side-$ 0), and

Bt is a parameter controlling the sharpness of the transition. In reality, for moderate to high ionization parameters, the harden
of the radiation field as one approaches the ionization front causes the temperature to have a maximsomfawhat less

than unity (see, for example, Figyrp)9 However, for weak-D fronts, equatidn (A1) isfBaient to capture the mairffects of
advectiorftAlso, it turns out that advection itself will modify tH(x) curve (see Sectian} 4) but, again, we ignore this complication

in the analytic model. We further simplify the model by only considering the ionization of hydrogen and ignorirftetie ef

radiation pressure, dust, and magnetic fields.
With these approximations, the gas pressure is given by

P =n(1 + X)kT, (A2)

wheren is the hydrogen number density. For a static front, the gas pressure will be constant, so it is a simple matter to calcul
the variation of gas density, and electron density,, with ionization fraction:

T(X) =Tm- (Tm - TO)s (Al)

-1
o) = -

These are all plotted as solid lines in Figlire] Al. In this and all following examples, we use temperature-law parameters
Br =1/3 andTo/Tm = 0.02, which agrees within 10-20% with the temperature profiles of all the weak-D models in §éction 4. It

4 For D-criticafstrong-D fronts, on the other hand, the position of the temperature maximum is critical.
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can be seen that, although the gas density declines with incregqgimgelectron density is a monotonically increasing function
of x (this is always true, whatever the valuess).

In order to calculate the structure of a non-static, dynamic front it is necessary to consider the conservation of mass a
momentum, which are given, in plane-parallel geometry, by

nmu==®, and P+nm,? =TI, (A4)

wherev is the gas velocity andy andIly are the (constant) mass and momentum fluxes. It is convenient to define the dimen-
sionless variable:

_ o
"= st (A5)
which, by equationg (A4), is related to the isothermal Mach numbér(v/c) via
1 1
¢—§(M+M), (AB)
with the inverse relation .
1
M:¢i(¢2—l)/, (A7)

in which the— sign applies to a subsonic flow and theign to supersonic flow.

Equation [(A§) shows that > 1 everywhere and that = 1 corresponds to the sonic poin¥{ = 1. A given ionization front
can be characterized by the parameftgr which is the minimum value ap anywhere in the front. This is achieved when the
isothermal sound spee@dttains itsmaximunvaluecy, and, in the case of the weak-D fronts considered here, corresponds to the
maximum value of the (subsonic) Mach numbai;,.5 For a temperature profile such as equa (Ad)occurs atx = 1 and
the sound speed varies wixtas

T(X) 1+ x 12
c(X) cm( T2 ) . (A8)

It can be seen that all weak-D fronts with a give(x) form a one-parameter family, characterized by their maximum Mach
numberM;,. For a givenMy,, the corresponding, can be calculated frorh (A6) and then frdm {A5) we ha{®) = ¢mCm/c(X),
which can be inserted intp (A7) to give((x), from whence we also haw€x) = M(X)c(x), N(X) = NuMmCm/v(X), andne(x) =
xn(X). Hence, the full structure of the ionization front as a functiorxafin be found algebraically. The results are plotted in
Figure[A] for various weak-D fronts betwegr,, = 0 and 099.

For M, = 0.2, the velocities are everywhere very subsonic and the density structure is hardlyfargndfrom the static case
(lower panels). In this regime, the velocity rises approximately asc> Mm/cm « (1 + y)T(y). There is hence an initial brisk
acceleration foy < 0.05, driven largely by the increase T followed by a slower, almost constant, acceleration, driven largely
by the increase in ion fraction. For high#i,,, the gas density contrast between the ionized and neutral sides increases and fo
Mm > 0.7 this causes there to be a maximummjrat an intermediate value gf Solutions withM,, > 0.7 also show a second
episode of steep accelerationas> 1.

In order to apply these results, it is necessary to find the mapping between the ionization feactiod,physical position
within the ionization front. For this, it is necessary to introduce more parameters than have so far been considered. The ioni:
gas is assumed to have an inner bounda#y0, at which the ionizing flux i, and withz being the distance into the ionized
gas, measured from the illuminated face, in the direction of decreasi@obally, the flux of ionizing photons at= 0 must
be balanced by the recombinations per unit area, integrated throughout the stploitee (constant) flux of hydrogen nuclei
through the front:

Fo = Do, a(X)x°n? dz (A9)
my 0

wherea is the recombination cdicient, which we approximate as a power-law in the gas temperatutew,(T/Tm) 2. The
global importance of advection on the ionization balance can be characterized by the relative magnitude of the two terms on
RHS of this equation, so we define a dimensionless “global advection parameter”:

Dg
Adgd=E ——. A10
ad Fom-q — (DO ( )
We also define a characteristic “8itngren distance” as
1+ 0
2= [ itz (A11)
in terms of which,[(AD) becomes
Fo = amn2,2. (A12)

5 For R-type fronts, on the other hantify, is the minimum Mach number. For D-critical and strong-D frori$, = 1 and is no longer a turning point j#,
not even a point of inflexion, although, is still a maximum ing.
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At each pointz, within the structure we also have tloeal ionization equation:
[Of) dx
m, dz
whereF is the local value of the ionizing flux and is the mean photo-absorption cross-section for ionizing photons, evaluated
by integrating over the ionizing spectrum at that point. The attenuation of the ionizing radiation is expressed by
% = —on(1- x)F. (Al4)
Equations[(AIB) and (A14) can be reexpressed in dimensionless form as

ax’n® — F(1- x)no = dgz(xnu) = , (A13)

dx 1 anx =
— = — —T1.€7], Al15
0~ Mt [o’(l - (A15)
and 4
& naR -, (A16)
dr
with dimensionless variables:
. Z . n . . T — F
7= —, fi=—, a=—, o= —, T7=-In—.
2 Nm m 0 Fo
Equations[(AIp) and (A16) also make use of two dimensionless parameters:
7. = Nmo0%: (AL7)
and oo
fag= 220, (A18)
m
in terms of which the global advection paramefigg, can be expressed as
EadMm
Adagg= —————, Al9
ad Ty — fade ( )

and whose significance is explored more fully in sedtion 2. These tiiereintial equations can be integrated numerically to find
the full solution for the ionization front structure in physical space. Note that for the static #&se=(0), (A15) is undefined
and we instead have simply that the term in square brackets is zero.
We now present sample results from solving equatipnsj(A15)[and (A16) using parameters appropriate tegiarHllumi-
nated by an O star. We approximate the reduction in photoabsorption cross-section due to the hardening of the ionizing radia

field ase” = [1+0.2(7 + ;2)]71' This is a good fit to the exact result from assuming the ionizing spectrum of a 40 000 K black-

body andr(v) « v~3, from which we also obtaifrg = 0.5050(vp) ~ 3x 10718 cm?. We also assume,, = 2.6 x 1013 cm3 s,

cm = 10 km s1, which give&,q = 11.5. For the parameter,, we adopt the values 30 and 3000, corresponding to a low and a
high ionization parameter, respectively, with the second being more representative of typieibhs. The results are shown

in Figure[3. In each case, curves of the electron density and gas velocity are shown for models with (rightMg lef€.0, 0.2,
05,07, 09, 099. Forr, = 30 the direct &ects of advection are considerable, singg= 0.64M,,, so that for the higher Mach
numbers a substantial fraction of the incident ionizing flux is consumed by ionization of new atoms, which pushes the ionizatic
front to the left.

It can also be seen that the advection decreases the width of the ionization front. In the static front, the width is determined
the mean free path of ionizing photons in the partially ionized gas, which givegno)~t, whereas in the advective fronts the
ionization fraction at a given value of the ionizing flux is smaller, leading to a sharper front (4 times narrower in the near-critice
case). Also, the electron density in the advective models has a peak at the ionization front, which is not seen in the static mod
Forr, = 30, we havel,g = 0.0038M,, so the direct fects of advection on the global properties of the model should be very
small. Nonetheless, the ionization front position varies by about 5% between the static model Afg £1€.99 model, which
is due to the ffect of the electron density peak.

In order to investigate theffects of advection on the emission-line properties of the nebula, we consider a generic recombina
tion line with emissivity

Nred(X) = ArecdeNjs1 T77, (A20)
wheren;,; is the number density of the recombining ion, and a generic collisionally excited line with emissivity
Acolnenj e E/kT
1+ BeoneT Y2 VT~

whereE is the excitation energy of the upper level aBg, is the collisional de-excitation cfiecient. The ion density can be
assumed to be; « ne = xnfor singly-ionized ions and; « (1 — x)n for neutral atoms.

The results are shown in FigyreJA2, which compares the line emissivities as a function of radiusrfortB@ model at two
values ofMp,: 0.0 and 0.99. The total emission from all the lines is significantly reduced in the nearly D-critical model with

(A21)

Neol(X) =
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Fie. A2.— Line emissivity structure of static and dynamic ionization fromts< 30), in which diferent line types corresponding to a generic recombination line
(solid), optical collisional line of an ionized species (dashed), and of a neutral species (dotted). The set that peaks to the right is from a stadig eI (
while the set that peaks to the left is from a nearly D-critical modél(= 0.99).

respect to the static model due to the smaller depth of the ionized zone. On the other hand, the relative intensities integrated
the entire structure change by less than 10%. The peak of the neutral collisional line is much sharpened in the advective mc
due to the narrowing of the ionization front. In addition, the singly-ionized collisional line and the recombination line both show
peaks in their emissivity at the ionization front, which are due to the electron density peak there (sefg|Figure 3).

The line emissivity can be combined with the velocity structure of the front to create synthetic emission line profiles. W
assume that the front is observed face-on from the ionized side, so that the lines are all blue-shifted with respect to the neu
gas, which is assumed to be stationary. We calculate the emergent intensity piwfijlef an emission line ignoring any optical

depths fects:
oo T
0= [0 exp| -0 0z (A22)

whereu is the observed velocity anti is the thermal Doppler width, calculated at each point in the structure assuming typical
atomic weights of 16 for the collisional neutral line, 14 for the collisional ionized line, and 1 for the recombination line.

The resultant profiles are shown in Fig A3 for the collisional Ifh@$e increasing blue-shift of both lines with increasing
maximum Mach number is evident. For the singly-ionized line, there is hardly any dependence of linewidth on the advectic
strength because most of the emission comes from the almost fully ionized gas, which shows only small velocity gradients. F
the neutral line, on the other hand, the nearly critical model shows a much broader, double-humped line. The redder compor
of the line is due to the emissivity peak arouxnd 0.5 and is little changed betwee¥,, = 0.5 and M, = 0.99, whereas the
bluer component in thaA,, = 0.99 model comes from the nearly fully ionized gas and is hence relatively stronger in the model
with the higher ionization parameter,(= 3000).

The behavior of the mean velocity, and RMS velocity width, o, of the collisional lines as a function @1, is shown in

Figure/A4.

6 The recombination line has a very similar emissivity profile to the singly ionized collisional line and the low atomic weight only serves to smear out the
details of the line profile.
7 For a Gaussian line profile the full-width-half-maximus, is related to the RMS width bjw = 2.3060-.
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Fic. A3.— Predicted line profiles from analytic ionization front model fay £, = 30 and b) 7. = 3000. Top panels shows a generic optical collisional line of
a neutral species while bottom panels show the same for a singly-ionized spefiegeridiine types correspond fdm, = 0.0 (solid line), 05 (dashed line, and
0.99 (dotted line).



20

@
10 T T T
RMS width: ionized line —e—
RMS width: neutral line ---©---
81 Mean velocity: ionized line —— o
Mean velocity: neutral line ---#---
6 & o Y - A
@-==========""" e-"""
_______ e
4 - JUUPTL e =
—‘*—----‘
2L . e _|
ﬂ“+"'
0 | | | |
0 0.2 0.4 0.6 0.8 1
M
(b)
10 I I I -0
RMS width: ionized line —e—
RMS width: neutral line ---©---
81 Mean velocity: ionized line —— o N
Mean velocity: neutral line =---#-:--
-9
66 ———————=—== —6- -©- — @
@mmmrmmmmmnnns & e
4 | .
ﬂ"r
2 -
!‘*’
0 il | | | |
0 0.2 0.4 0.6 0.8 1
M,

Fic. A4.— Predicted mean velocities and RMS widths (in &m) of collisionally excited lines from the analytic ionization front model as a functiongf
for (@) 7. = 30 and b) 7. = 3000.

B. TREATMENT OF IONIZATION LADDERS
The rate of change of the fractional abundance of a particular ionization state is given by

6ni
5t =Gj +ZRj—>inj =N [Si +ZRi—>J']’ (B1)

j#i j#
where theR_,; are the rates for ionization (whejés a higher state thaf and recombination (whergis a lower state thar). G;
andsS; cater for processes not included within the ionization ladder, and are respectively the source of ions from such proces
and the sink rate into them.



Dynamic Models of lonization Fronts 21

In previous versions, Cloudy treated the ionization ladders in isolation, &ite S; = 0, andR;; # 0 only for processes
coupling neighboring ionization states,

Ri j =i+1

RiﬁJ': Iji=j+1 (BZ)
0 otherwise

In this case, equatiofi (B1) in equilibriurd/dt — 0) gives the equations
O0=nyRy — .04 (B3)
0= ngﬂz + nlfl - n2(I2 + Rl) (B4)
0= n4R3 + nzfg — n3(I3 + Rz) (B5)
0=nN_17N-1 — NNRN-1 (B6)

for the abundances of an N-state ionization ladder. These equations yield a simple expression for the relative abundances ¢
neighboring ionization states,
Niea/Ni = 23 /Ri. (B7)

The overall abundance of each ionization level can be found using this relation together with a sum rule for the conserved tc
abundance of the species.

This analysis does not apply if we require a time-dependent solution, or there are more complex interactions between lev
(such as the Augerfiect), or external sources and sinks of ions (resulting, for example, from molecular processes).

If we assume a general form for all these additional terms, we are left with a computationally expexbiveatrix problem to
solve. However, the largest diieients in the matrix derived from equatign (B1) will either be the ionization and recombination
rates, for which we know that a simple solution is possible, or possibly the time-dependent terms (as, for instance, in nc
equilibrium cooling behind a shock). This suggests that we should be able to find a solution to the ladder ecftiateril/e
using iterative techniques.

We rewrite equatior] (B1) as

DAy = (A + Apn; = by. (B8)
j j

We separate the matri4;; into two parts, a tridiagonal componeﬁ@ and the remainde&;j. The components o&-,— will in
general be far smaller than those/y, so we can use the iterative scheme

nl = Al (b - A.n“) =n"+AL(b-An" (B9)

to converge to the solution to the ionization state. In particular, in the nonlinear system we are treatindfitierdeénA andb
will themselves be functions of the ionization state of the gas, and sfiitessito take a single step of the iterative schgmé (B9)
before these values are updated. A

There is one problem with this treatment. In the limit of small advectfor,becomes singular. In this limit, the solution we
require is the null eigenvector &, and as in the previous treatment we can set its magnitude using an additional normalizatior
constraint. However, the rounding error in the summation of ionization and recombination terms on the diagoceh téad
to the numerical solution of equatidn (B9) having negative abundances for states which are substantially less abundant than t
neighbors. The ease with which the solutipn](B7) is found suggests that this is not unavoidable. By re-writing the standa
tridiagonal solver in Press et|al. (1992) to treat matrices in the particular foAr(arid providing the ionization, recombination
and diagonal sink vectors to this revised algorithm without summation), a near-cancellation is avoided. The resulting schel
gives solutions which are manifestly positive, given the physical limits on the signs of the various vector elements.

C. MAGNETIC FIELD

Magnetic field &ects can now be included in Cloudy simulations by specifying the magnetic field strength and geometry a
the illuminated face. Both an ordered field and a ‘tangled’ field may be specified, although currently the ordered field is restrictt
to plane-parallel slab models with advection. The tangled field may be used in any geometry and with advective or static mode

The tangled field is assumed to provide an isotropic magnetic pressure. In addition to the field strength at the illuminat
face, Baangleqo, the dfective magnetic adiabatic indexnag, must also be specified. This determines the response of the field to
compression of the gas:

ymag
2

Btangled = Btangledo (ﬁ) . (Cl)
Lo

A valueymag = 0 implies a constant magnetic field strength throughout the model, whgregs 4/3 (the default) corresponds

to conservation of magnetic flux and is what would be expected in the absence of dynamo action or magnetic reconnection.
For the ordered field one must specify a comporgnthat is parallel to the integration direction through the slab and a

componeng; that is transverse to the integration direction. The parallel compdBastconstant throughout the slab, while the

transverse component is a function of the varying gas velacity,

U0 — Up

B: = Bipo =, (C2)
U_UA
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wherev), is a characteristic speed (Williams & Dyson 2001):

2
* BZ

Up = .
A 4rpovg

Magnetic pressure is included in the gas equation of state, having the form

Btzangled Bt2 - B§
mag = Tgr * 8n
The magnetic contribution to the enthalpy density is given by

dyne cm2.

2 2 2
Ymag Btangled+ Bf + B;

Ymag—1 8m 4

Wmag =

dyne cm?.

(C3)

(C4)

(C5)
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