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ABSTRACT

We model the dynamics of a fast, isothermal ionized stellar wind loaded with mass injected from
photoevaporated globules surrounding the massive star. The effect of the mass injection is to produce a
density profile such that the ionization front can be trapped for 10° yr, depending on the physical char-
acteristics of the neutral globules inside the H 1 region.

We find that for neutral globules with sizes R, ~ 0.01 pc, masses of M, ~ 1 M, and number densities
N,~2x 10* pc3, thought to be representative of globules in regions of massive star formation, the
implied mean density and size of the mass-loaded regions of ionized gas are about 10*-10* cm ™3 and
about 0.1 pc, respectively, similar to those of compact H 1 regions. Dust absorption of ionizing photons
is important and decreases the densities of the mass-loaded winds with respect to their dust-free counter-
parts. Also, mass-loaded winds with dust evolve more slowly, since the dusty globules survive for longer
times than the dust-free ones.

Our models predict ionized flows with mass flow rates of M ~ 1075 to 10™* M, yr~ . These ionized
flows could be studied in radio recombination lines. Assuming N, does not decline sharply with distance
to the central star, the ionized flow will recombine after the characteristic “Stromgren™ radius rg at
which the ionizing photon rate goes to zero. Therefore, after this radius a neutral flow will accelerate
adiabatically to a terminal velocity of vg; ~ 40 km s~ 1. Neutral flows of this type could be searched for

in the neutral hydrogen line at 21 cm in absorption against the continuum of the compact H 1 regions.
Subject headings: H 11 regions — ISM: globules — ISM: jets and outflows — radio lines: ISM

1. INTRODUCTION

Compact H 1 regions are thought to be produced by
recently formed O and early B type stars still embedded in
their parent cloud. They are usually found in groups and
are characterized by having electron densities in the range
of approximately 10°-10* cm™3, sizes 0.05-0.3 pc, and
emission measures approximately 107 pc cm™¢ (e.g., Wood
& Churchwell 1989, hereafter WC; Garay et al. 1993 here-
after GRMC; Kurtz, Churchwell, & Wood 1994, hereafter
KCW). Since regions of ionized gas born in a medium of
constant density are expected to expand into the lower pres-
sure ambient neutral gas, then their sizes would indicate
their ages. For instance, using the classical model of the
evolution of H 1 regions (e.g., Spitzer 1978), a region of
ionized gas excited by an O7 star, born in a medium with an
ambient density of 105 cm™3, would have expanded to a
radius of 0.1 pc in a lapse of time of about 10* years. The
small sizes of the compact H 1 regions (~0.1 pc) would then
imply that they are very young objects, with lifetimes of
about 10* yr. In an ambient medium with a density gra-
dient, the evolution of the H 1 regions can be even faster
(e.g., Franco, Tenorio-Tagle, & Bodenheimer 1989, 1990),
implying that the compact regions could be even younger.
WC found, however, that there are too many compact and
ultracompact (hereafter UC; diameters <0.05 pc) H 1
regions to be consistent with their short dynamical ages.
They concluded that the expansion of these H 11 regions is
inhibited by some mechanism, so that their small sizes do
not necessarily indicate that they are extremely young.
Several suggestions have been made to explain the large
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discrepancy between the observed number of compact and
UC H 1 regions and the number expected from the forma-
tion rate of massive stars and the time they spend in this
compact phase (see Churchwell 1990).

Van Buren et al. (1990) and Mac Low et al. (1991)
propose that compact H 1 regions are excited by O stars
that are in motion relative to the molecular cloud and that
have formed a bow shock supported by its stellar wind. In
this model, the ram pressure of the molecular gas flowing
into the shock of a moving H 1 region balances the pressure
that the stellar wind exerts on the ionized gas producing
static cometary configurations, neither expanding nor con-
tracting. H i regions would then remain compact as long as
the moving star remains embedded within the dense core of
the molecular cloud.

Alternatively, Hollenbach et al. (1994) propose that newly
formed OB stars are surrounded by massive primordial
disks which provide the source for the dense ultracompact
regions of ionized gas. The dense gas that is photoevaporat-
ed from the circumstellar disk around the star gives rise to a
UC H 1 region. The reservoir of dense gas within the disks
may last for a period of about 10° yr. Thus, these types of
UC H 1 regions could live much longer than their estimated
“dynamical age” because they are constantly being reple-
nished by a dense circumstellar reservoir.

These two models, however, may not explain fully the
apparent paradox between the large number of compact
H n regions and their short dynamical ages. Of the large
sample of compact H 11 regions surveyed by WC and KCW,
only 20% exhibit cometary morphologies. In addition,
investigations of the kinematics of cometary-like H 1
regions using radio recombination lines (Wood & Church-
well 1991; Garay, Lizano, & Gomez 1994) show that com-
etary morphologies are produced both by bow shock flows
as well as by champagne flows (Tenorio-Tagle 1979; Yorke,
Tenorio-Tagle, & Bodenheimer 1983; Franco et al. 1990).
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On the other hand, firm evidence for the presence of pho-
toevaporated disks is available in only one case, the ultra-
compact H 11 region around MWC 349A (see, e.g., Planesas,
Martin-Pintado, & Serabyn 1992; Thum, Martin-Pintado,
& Bachiller 1992; Rodriguez & Bastian 1994), although the
large fraction of the presently detected compact H 1 regions
that remain unresolved are potential candidates.

Recently, DePree, Rodriquez, & Goss (1995) proposed
that UC H 1 regions are born in very high density (n > 107
cm %) and warm (Tx ~ 100 K) molecular cores, thus arriv-
ing to their final equilibrium radius (e.g., Dyson & Williams
1980) in short timescales of about 10* yr. This possibility is
supported by the detection, with single dish instruments, of
very dense molecular material in regions of high-mass star
formation (e.g., Cesaroni, Walmsley, & Churchwell 1992;
Olmi, Cesaroni, & Walmsley 1993), but it has to be con-
firmed with high spatial resolution VLA detection of dense
cores around UC H 1 regions (e.g., Garay & Rodriguez
1990; Garay, Moran, & Rodriguez 1993; Cesaroni et al.
1994). An interesting work along these lines is that of
Hofner et al. (1996), who studied the G9.62+0.20 star-
forming region with the Owens Valley interferometer and
found UC H 1 regions of different ages immersed in high-
density molecular gas.

Here we present yet an alternative model that lengthens
the compact phase of H 1 regions and reconciles their
observed small sizes with their long lifetimes. This model
should be particularly appropriate for compact H 11 regions
with irregular morphologies, which make up about 20% of
the H 11 regions in the samples of WC and KCW. The model
we propose in this paper is that of an H 11 region formed in a
primordial clumpy medium, which we will show can result
in long-lived (~ 10° yr) compact H 1 regions. The presence
of externally ionized globules near recently formed stars has
been reported in several works (e.g., Lacques & Vidal 1979;
Felli, Hjellming, & Cesaroni 1987; Garay, Moran, & Reid
1987; Churchwell et al. 1987; Garay 1987; Felli et al. 1993).
Their spectra have also been modeled by Pastor, Cant6, &
Rodriguez (1991). The globules could be the result of a
fragmentation process during the gravitational collapse of a
cloud core that led to formation of a massive star. They may
represent cores about to undergo, or in the process of, col-
lapse to form a low-mass star.

The dynamics of photoevaporation globules have been
studied theoretically by Oort & Spitzer (1955), Dyson (1968,
1973), Kahn (1969), Tenorio-Tagle (1977), Bedjin &
Tenorio-Tagle (1984), Bertoldi (1989), and Bertoldi &
McKee (1990). Here we study the mass injection due to the
photoevaporation of neutral globules inside regions of
ionized gas (Dyson 1994) and how this injection lengthens
the compact phase of H 1 regions. In particular, since OB
stars are known to have very powerful winds, we model a
fast (v, > 2000 km s~ initially) isothermal stellar wind
loaded with mass from these globules, in the same way as
Hartquist et al. (1986) considered the mass loading due to
hydrodynamical ablation of pressure confined globules
inside windblown bubbles: bow shocks will exist around the
globules in which the injected material is accelerated up to
the wind speed. In this work, we do not consider the hydro-
dynamical ablation process, which is expected to be smaller
than the mass loss due to the photoevaporation of globules
exposed to the high ionizing photon rates characteristics of
massive stars. Recent calculations show that, under the con-
ditions appropriate for young massive stars, mass loading
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due to the hydrodynamical ablation of self-gravitating
clumps is less important than that due to photoevaporation
(Arthur & Lizano 1996). This happens because ablation of
self-gravitating globules occurs only through mixing layers
which have a low ablation rate compared with the photo-
evaporation rate of globules exposed to high ionizing
photon fluxes. In the present work, it is shown that photo-
evaporation alone can inject sufficient mass into the outflow
to absorb the ionizing photon flux (i.e., form a quasi-
stationary and finite Stromgren radius) and produce
compact H 11 regions for at least 10° yr. We include the
effect of dust absorption of ionizing photons in the mean
flow and in the mass injection from the neutral globules.
Outside the Stromgren radius, the flow becomes neutral.
The neutral flow will adiabatically accelerate to about 40
km s~ ! with a mass flow rate of 107> to 10"* Mg yr ™%

Recently, Dyson, Williams, & Redman (1995) and
Redman, Williams, & Dyson (1996) have studied models of
mass injection in H 1 regions. The difference with respect to
this work is that in their models the mass injection rate is a
free function, while in our models we calculate the mass
injection rate corresponding to the photoevaporation of
globules in the ionizing photon flux of a given central star
and the time evolution of this mass injection rate as the
globules are destroyed.

2. MODEL

2.1. Overall Characteristics

We model a fast, isothermal, ionized stellar wind that is
loaded with mass due to the photoevaporation of neutral
globules (see Fig. 1). The model is based on observations by
GRMC of regions of ionized gas covering a fivefold range in
angular resolution. These observations suggested that
several of the UC H 11 regions cataloged by WC may not be
internally excited but correspond to the ionized surfaces of
very dense neutral structures embedded within inhomoge-
neous regions of ionized gas excited by a single luminous

Neutral

F1G. 1.—Cartoon of a wind mass loaded by the photoevaporation of
neutral globules.
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star. These partially ionized neutral globules are the so-
called PIGs. In our model, the PIGs would provide a source
of dense ionized plasma near the star that can trap the
ionization front or produce a core-halo morphology for
timescales of about 10° yr, depending on the distribution of
neutral globules. In fact, from the contour maps of several
irregular H 1 regions in the surveys of WC and KCW (e.g.,
G35.05—-0.52, G111.28—0.66, and G31.28+0.06), one
derives a number density of globules between 2 x 103 and
3 x 10* pc~3, globule radius between 0.006 and 0.02 pc, and
volume filling factors between 0.006 and 0.06. The globules
have, typically, radii R, ~ 0.01 pc, which we adopt as the
standard radius. As a standard value for the number density
of PIGs, we adopt N, ~ 2 x 10* pc™?, consistent with the
values quoted above and the density of PIGs observed in
the Orion Nebula region (e.g., Garay 1987). We assume that
the mass of an individual globule is about 1 M, implying
that the turbulent or thermal velocities in the globule would
be of order 1 km s~ %, if in virial equilibrium. This mass
implies a hydrogen number density within the globule of
about 4 x 10° ¢cm 3. Hereafter we will refer to globules
with these properties as the standard globules. Finally, we
consider central stars with Lyman-continuum photon lumi-
nosities in the range 10*’-10*° photons s~ !, corresponding
to zero-age main sequence (ZAMS) stars of spectral types
between B0 and O6.

2.2. Equations

We assume that the wind density is sufficiently high that
it does not have an adiabatic phase (e.g., Weaver et al. 1977).
Under these assumptions, the steady state equations in
spherical coordinates for the gas are as follows:

1. The equation of continuity,
1 d(r*pv) _
2 dr

where r is the distance to the cental star, v is the gas velocity,
p is the ionized gas density, and ¢ is a mass source term

q, 1)

(g cm ™3 s 1), which will be discussed below;
2. The momentum equation,
dv ,dp )
pv dr = —¢ dr - (U + Uinj)q s (2)

where c¢; is the isothermal sound speed of the ionized gas
and v;,; is the injection velocity of the photoevaporated
material, which has a direction opposite to the flow speed.
As discussed below, v;,; has the magnitude of c;; therefore, it
becomes an important effect in the region in which the flow
speed v < c;.
3. Theionizing photon rate equation,
S 2
Z—f — —S4,N, — 4nr2aR<miH> — S, ()
where § is the total number of ionizing photons (hv > 13.6
eV) flowing through a shell of radius r per unit time, 4, and
N, are the area and number density of the globules, respec-
tively, oy is the case B recombination rate to the energy
levels n > 1, my is the proton mass, g, = 2 x 10721 cm? is
the dust UV mean cross section per hydrogen atom and n;,;
is the hydrogen number density of the material injected by
the photoevaporated globules into the flow. Since the total
mass density is p = my(n,, + n,,;), where n,, is the density of

H 1 REGION PHOTOEVAPORATED FLOWS 741

the stellar wind, then
M M
L= Lt —— =1, 4
Ping dnrivmy <M ) @)

w

where M, is the wind mass-loss rate and M(r) = 4nr?pv is
the mass flow rate at a given radius. This material should
contain dust, since the injected mass is a remnant of the
primordial molecular cloud material. Accordingly, the third
term of equation (3) corresponds to photons absorbed by
the dust in the flow material that comes from the evapo-
rating globules. The first term corresponds to the ionizing
photons absorbed by evaporation of the globules, and the
second term corresponds to the photons absorbed by newly
recombined gas.

The absorption of photons by dust and by hydrogen
atoms produced by recombinations reduces the flux of ion-
izing photons that arrives at the surface of a globule, F,,
and therefore it reduces the hydrogen nucleus flux injected
by the photoevaporation of each globule given by n;yc; =
F,, where ny, is the density at the D-critical type ionization
front (IF) moving slowly into the globule. This condition
expresses the physical result that each Lyman-continuum
photon that reaches the surface of the globule liberates an
electron/proton pair. The assumption of a D-critical type
ionization front implies that the injection velocity of the
photoevaporated material in equation (2) is v;,; = ¢;.

In the absence of dust, the flux of ionizing photons that
arrives at the surface of a photoevaporated globule is given
by

F,=F — J agn?dl , ®)
Rg

where F = S/4nr? is the flux of ionizing photons from the
star, and [ is the distance to the center of the globule. Taking
the density profile of the photoevaporating globule as n; =
nio(l/R,)~* (see Dyson 1968 for an exact solution), the above
equation becomes a quadratic equation for n,,, given F
(Spitzer 1978). Since recombinations in the dense evapo-
rating flow of the globule dominate, F is approximately
equal to the columnar recombination rate. Then

Ny = _ 38\ ~3 x 10°SI2R Y2 r em ™3, (6)
: 4mog R, 1? I

where R,;s = R,/10'® cm, ry; =7/10'7 cm, and S, =
$/10%°s71,

Pastor et al. (1991), using Dyson’s density profile (instead
of n; oc I~ 2 assumed above), found that the effect of dust in
the photoevaporation of globules in equation (5) can be
parameterized as

F = nio Ci 80.451’9 + 0.120(R nizo Rg 60‘37@ 5 (7)

where the dust opacity from infinity up to the globule
surface is 7, = a,n;o R,.* This is a transcendental equation
for n,,, which is reduced with respect to the dust-free case
(equation [6]). We used this equation to obtain n;, and the
mass source term given by

q=ni0ciAgNgmH' (8)
The above equations can be expressed in nondimensional
variables writing r in units of the mean free path for a

* This equation is valid for z, < 10, which is always true for our models.
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photon to hit a globule ry = (4,0 N,) ™', where 4,, = nR,
is the initial globule area at t = 0 (see§ 2 3);vin umts of ¢;;
the photon rate normalized as § = S/S*, where S, is the
stellar photon rate; p in units of p, = mH(S*/4nr0 ag)’?,
hence, the number dens1ty in units of ny = po/mH, the mass
flux normalized as i = M/M,, where M, = 4nrZ p, c;; and
the mass source term g in units of §, = nyc; Ayo N,my. The
parameter r, is approximately the Stromgren radlus of the
mass-loaded wind; p,, M,, and ¢ are the corresponding
parameters evaluated at ro. This can be seen by equating
the mass flow through the Stromgren surface to the total
mass-loading rate of all the globules inside of r,. It is inter-
esting to note that in this case of Lyman-induced, photoeva-
porative mass loaded winds, r,, is independent of S > and the
Stromgren radius of the models is not very sensitive to S « (see,
e.g., Table 2) Increasing S increases the photoevaporatlve
rate, which increases the dens1ty in the wind, which thereby
keeps the Stromgren radius constant. We note also that the
mean separation between globules, I, is of order N, '/, and
that the Strémgren radius is of order lg(lg/Ryo)2

Furthermore, to take into account the reduced mass
injection in the central zone of the H 1 region as the area of
the photoevaporating globules, A4, decreases with time, a
function ¢(r, t) is introduced, such that Ay = Ay g(r, t) (see
§ 2.3). Equations (1)—(3) can be written in terms of the non-
dimensional variables as

dm

o 109, ©
dv’  20°[nog(1 + v + v?) — 2]
r rir(1 — v?) ’

where the normalized velocity of the injected material is set
;s = 1, since a D-critical IF was assumed; and

ds . m\? .
i —Sg — <r_v> — ToMin; S » (11)

where 17, = 0,11y, and the nondimensional mass injected
by the photoevaporating globules is

i, [ 1
Rinj = % (m_w - 1) 5 (12)

where m,, is the nondimensional wind mass-loss rate. The
density in the globule ionization front is obtained from the
nondimensional equation (7),

(10)

1/2 iogl/2
1/2 0.37tg0ni0g1/ + €nyo e0.451:gon,og / , (13)

— = Bnivg
where B = 0.12R,/ry, and € = (4nro/og S,
globule optical depth is 7,5 = 7 R /7.
Equations (9)—(11) can be solved given the boundary con-
ditions at the stellar radius: r,) =1, niu(r,) = M,,/M,,
v(ry) = v,/c;, where v, is the wind velocity. Note that
equation (10) has a critical point when 3r3n;,g = 2ri1. This
critical point depends on the nondimensional photon rate §
through equation (13) and, as will be shown in § 3, flow
solutions go through a shock and through a sonic point at
this critical point. This sonic transition occurs when the rate
of ionizing photons decreases, i.e., one can show that there
is no sonic point if § = 1. Our result is consistent with the
sonic transition discussed by Williams, Hartquist, & Dyson
(1994) for mass-loaded barotropic flows (see also Hartquist

)2¢;, and the
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et al. 1986). They considered a uniform mass-loading term
such that the sonic transition occurs at the edge of the
mass-loading region at which the gradients in the flow vari-
ables become infinite. In our case, if 7, = 0 the mass loading
decreases, as the square root of the flux of ionizing photons,
g oc (§/r®)'?, which decreases continuously with distance
from the central star. The sonic transition occurs in the
region in which § decreases abruptly to 0.

To fix the normalization, we will take as reference values
R,o = 0.01 pc and a number density of N, =2 x 10* pc~3
(see discussion in § 2.1). In terms of these reference values,
the normalization units can be written as

To)_ i _Reo \7(___N, 7
<pc)_1'6x10 <0.01pc> <2><10“pc‘3 . (142)

no s RgO 3 Ng 3/2
<cm )_ 3710 <0.01 pc) <2 x 10* pc~3

S 1/2
X <16T) ; (14b)
M Rgo -1 Ng - 1/2
<M® yr- ) 45 %10 (0.01 pc) (2 x 10* pc~?
S 1/2
~ (10—> ’ (40
and
to = 5.6( —a0 N, P8 )"
o7 7\0.01 pc/\2 x 10* pc~3 109 s71) -
(14d)

2.3. Evolution of Photoevaporated Neutral Globules

To study the effect of the photoevaporation on the
globules, we consider a simple model such that the mass M,
and radius R, of a globule at a time ¢ is related to its mass

M,, and radius Ry at t =0 by Mt)/R,(t) = M,o/R,
(Vahd e.g., if the globules are virialized and evolve with a
constant velocity dispersion). For simplicity, we ignore the
attenuation of ionizing photons, i.e., §(r) = 1. This assump-
tion overestimates the destruction of the globules close to
the Stromgren radius at which § — 0.

The evolution of the globule’s mass at a fixed distance
from the star r is given by

oM
ot
With the above assumptions, this equation can be rewritten

in nondimensional variables and in terms of the area func-
tion g(r, t), such that R, = R, g(r, t)"/* as

dg
E = —hy g, (16)

g = —nio CiAgmH . (15)

where the time has been normalized with ¢, =

M ,o(2ngc; Ajomy)~*. In the dust-free case (equation [13],
witht, =0and € = 0), this equation can be integrated ana-
lytically, giving

(1LY 17
gnd(rﬁ t)_ +4ﬂ05 > ( )
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where the subscript “nd ” refers to “no dust.” This equation
shows that the evaporation of globules is more efficient in
the center, in which the photon flux is higher. This equation
implies that, if all the globules inside the H 1 region are
identical at t =0, then, at a later time ¢, there is a
“destruction radius ” r, = (t/4)f~°-° that corresponds to the
distance from the star inside which the globules’ radius have
decreased by a factor of 4. The numerical value of this
destruction radius is

pc 1 M, 10%9 571
o [Raeo 372 t
0.01 pc 5x10*yr)’

Including the effect of dust, equation (16) can be inte-
grated numerically, given the transcendental equation for
n;0 (€q. [13]). The evolution of standard globules exposed to
the radiation field of an O6 star is presented in Figure 2,
which shows g(r, t) as a function of nondimensional distance
to the central star for different times: ¢t; = 103, ¢, = 104, and
ts = 10° yr, where t measures the time since the evaporation
of the globules began. The continuous lines correspond to
the evolution of dusty globules, and the dashed lines corre-
spond to the evolution of dust-free globules for the same
times. This figure shows that the effect of the dust is very
important in the survival of the globules: the ionizing
photons are absorbed by dust in the evaporating flows of
the globules, and the dusty globules survive for longer
times.

Figure 3 shows the nondimensional mass source function
/4, for the dusty globules as a function of nondimensional
distance to the central star. The continuous lines corre-
spond to models with dust at times t; = 103, ¢, = 10%, and
ts = 10° yr from top to bottom. The dashed lines corre-
spond to dust-free models for the same times. This figure

g(r.t)

| L L 1 " L N s | L " L " | I
0 V] 0.5 1 1.5
r/ry

Fic. 2.—The function g(r, t) as a function of nondimensional distance to
the central star for different times: t, = 103, t, = 10%, and t5 = 10° yr.
Continuous lines correspond to the evolution of dusty globules, and
dashed lines correspond to the evolution of dust-free globules for the same
times.
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0 0.5 1 1.5
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FiG. 3—The nondimensional mass source function ¢/g, for the dusty
globules as a function of nondimensional distance to the central star. Con-
tinuous lines correspond to models with dust at times t5 = 103, ¢, = 10%,
and t; = 10° yr from top to bottom. Dashed lines correspond to dust-free
models for the same times.

shows the effect of dust in the evolution of ¢ and therefore
on the evolution of the mass-loaded ionized winds. Dust
lowers the mass injection rate because of its attenuation
effect on the photoevaporating photons.

Hence, the function g(r, t) takes into account the evolu-
tion (shrinking) of the globules due to photoevaporation.
With this simple model, we take into account a reduced
mass injection in the central zone of the H 1 region as the
globules are photoevaporated.

3. RESULTS

In the models we will consider as source of winds and
ionizing photons zero-age main-sequence stars of spectral
types 06, 09, and BO. Their properties are shown in Table
1. These values are taken as representative of massive stars
(see, e.g, Panagia 1973; Lamers & Leitherer 1993;
Vilkoviskij & Tambovtseva 1992).

We consider first models of winds loaded with mass from
the evaporation of standard neutral globules with Ry, =
0.01 pc, N, =2 x 10* pc™?, and a mass of My, =1 Mo.
Table 2 shows the global properties of photoevaporated
models for each central star evaporating standard globules:
case A, O6 star; case B, O9 star; and case C, BO star. The
first column is the time since the photoevaporation of the
globules began, immediately after the initial Stromgren
radius is established. This time is used in the integration of
equation (16) to take into account the reduced mass injec-

TABLE 1
PROPERTIES OF THE CENTRAL STARS

S, M, v,
Star 7Y Mg yr™?)  (kms™Y)
06...... 1.2 x 10*° 1x10°¢ 2800
09...... 1.2 x 10*8 1x1077 2500
BO...... 2.3 x 10*7 6 x 1078 2200
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TABLE 2
GLOBAL PROPERTIES OF MODELS EVAPORATING STANDARD GLOBULES

Age
(yl') rS/rO <n2> 1/2/n0 MS/MO vS/ci rsonic/ro Ssonic/g* rshock/ro
Case A*
0 ....... 0.49 1.84 0.29 1.18 0.465 0.0084 0.312
10%...... 0.49 1.83 0.29 1.18 0.469 0.0084 0.315
10%...... 0.51 1.75 0.30 1.18 0.488 0.0084 0.322
10°...... 0.71 1.18 0.34 1.19 0.673 0.0083 0.400
Case B®
0. ....... 0.42 291 0.22 1.26 0.384 0.0098 0.130
10°...... 043 2.88 022 1.26 0.388 0.0095 0.130
10%...... 0.44 2.78 0.22 1.25 0.401 0.0094 0.133
10°...... 0.56 2.06 0.26 1.25 0.518 0.0088 0.160
Case C°
0. ....... 0.42 3.82 0.28 1.29 0.377 0.0188 0.12
10%...... 0.43 3.79 0.28 1.29 0.380 0.0184 0.12
10%...... 043 372 0.29 1.29 0.388 0.0183 0.12
10°...... 0.51 3.02 0.32 1.28 0.465 0.0170 0.14

2 Central star 06: ry = 1.59 x 107! pc, ny = 6.27 x 103 cm™3, M, =4.90 x 10™* M

yrt
yrt
yrt
tion in the center of the H 11 regions as the globules evapo-
rate. The second column is the nondimensional Stromgren
radius, Rg/ro. The third column is the nondimensional root
mean square density, <n*>'/?*/n,, of the H u region. The
fourth column is the nondimensional mass flow rate of the
ionized flow at the Stromgren radius, Mg/M,. The fifth
column is the ratio of the flow speed at the Stromgren
radius vg to the sound speed c;. The sixth, seventh, and
eighth columns are the nondimensional sonic radius, ion-
izing photon rate, and nondimensional shock radius respec-
tively. The last three columns are useful in obtaining the
detailed numerical solutions discussed below. The normal-
ization units are given by equations (14a)-(14b) and are
indicated in each case.

Figure 4 shows the logarithm of nondimensional velocity,
the logarithm of the nondimensional number density, the
nondimensional ionizing photon rate, and the non-
dimensional mass flux as a function of the logarithm of the
nondimensional distance to the central star, for model A at
t=0yr. Up to t ~1 x 10 yr, the solutions are almost
identical because the globules have not yet been destroyed
in the center and the mass loading is efficient (see global
properties Table 2). This model has an isothermal shock at
Fyou/To = 0.312 and a sonic point at rg,./ro = 0.465.
According to equations (9)and (11), the mass flow rate m is
continuous through the shock, with a continuous deriv-
ative, while the photon flux is continuous but with a discon-
tinuous derivative as shown in the figure. Figure 5 shows
the same model at t = 10° yr. At this time, the model has an
isothermal shock at a radius rg,. /o = 0.40 and a sonic
point at a radius r,,,;./r, = 0.673. Because the globules have
been evaporated in the center, the density profile goes as
n oc r~ 2 in this region (an unloaded, constant velocity, free-
flowing stellar wind), until the mass loading starts and flat-
tens the profile, trapping the ionization front of the H n
region. As the globules are evaporated, the H 1 region
becomes more extended with a smaller mean density. It is

b Central star 09: ro =159 x 107! pe, ny =198 x 103 cm™3, My = 1.55 x 10™* Mg

Central star BO: ro =159 x 107! pc, ny =8.67 x 10° cm™3, My =6.77 x 107° Mg

notable that although the ionized gas is flowing outward,
because of the deceleration and mass loading on the flow,
the electron density actually decreases with radius in the
outer regions. The two solutions shown in Figures 4 and 5
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F1G. 4—Model of an isothermal stellar wind loaded with mass injected
by photoevaporating globules. The central star has an ionizing photon rate
S, =12 x 10* s, a stellar wind mass-loss rate M,, = 107° Mg yr ™,
and a stellar wind velocity v, = 2800 km s~! (see Table 2). The figure
presents the logarithm of the nondimensional velocity, the logarithm of the
nondimensional number density, the nondimensional ionizing photon rate,
and the nondimensional mass flux as a function of the logarithm of the

‘nondimensional distance to the central star at a time ¢ = 0 yr. This model

has an isothermal shock at a radius r,, /ro = 0.312 and a sonic point at a
radius r,,; /7o = 0.465. The dimensional global properties of these models
are shown in Table 2.
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FIG. 5—Same as Fig. 4 but for a time ¢t = 10° yr. This model has an
isothermal shock at a radius rg, . /ro = 0.40 and a sonic point at a radius
Teonic/To = 0.673. The global properties of these models are shown in
Table 2.
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are representative of all the solutions in the parameter space
explored: the Stromgren radius of mass-loaded H 11 region
increases with time as the globules are evaporated in the
center and the mean density decreases. Also, the shock
radius and the sonic radius increase as the loading of mass
decreases in the center.

Table 3 shows models for different stars at ¢t = 0 yr, where
the number density of the globules has been increased to
N, =5 x 10* pc™>. Except for the first column that corre-
sponds to the central star used in the model, the rest of the
columns correspond to those described above for Table 2.
An examination of Tables 2 and 3 shows that the models
with higher number density of globules predict H 1 regions
with smaller sizes and higher densities than the models with
lower number density of globules.

Table 4 shows the global properties of photoevaporated
models for the three different central stars evaporating stan-
dard globules without dust. At ¢ = 0, these dust-free models
have higher densities and smaller sizes than their dusty
counterparts in Table 2. These models evolve faster than the
models with dust, and at t = 10° yr they have similar sizes
although higher densities.

Finally, Table 5 shows the effect of changing the stellar
mass-loss rate for a central star with S, = 1.2 x 10*° s7*
and a stellar wind velocity v,, = 2800 km s~ %, evaporating
standard globules. This table shows that the major effect of

TABLE 3

GLOBAL PROPERTIES OF MODELS EVAPORATING GLOBULES WITH N, =5 X 10* pc~3
AND R, = 0.01 pc (t =0 yr)

Star rs/ro {nH12[n, MS/M 0 vs/c; T sonic/To S sonic/ S* Tsnock/To
06°...... 0.77 0.82 0.40 1.14 0.75 0.0065 0.575
09°...... 0.60 1.57 0.26 122 0.56 0.0078 0.238
BO°...... 0.59 2.14 0.33 1.25 0.54 0.0140 0.208

* Central star 06: ry = 6.37 x 1072 pc, ny = 248 x 10* cm™3, M, =3.10 x 107* M,
yr~L .
® Central star 09: ry, = 6.37 x 1072 pc, n, = 7.84 x 10* cm™3, M, =9.81 x 1075 M,
-1

® Central star BO: ro =637 x 1072 pc, ny =343 x 10° cm™3, M, =428 x 107° Mg
-1

yr~ L

yr

TABLE 4
GLOBAL PROPERTIES OF MODELS EVAPORATING STANDARD GLOBULES: No DusT

Age
(yr) rs/ro Iy n, Ms/M, vs/c; Tsonic/To S, e/ Sk Tsnock/To
Case A?
0. ....... 0.39 6.32 0.46 1.24 0.355 0.0415 0.155
105...... 0.67 3.00 0.60 1.19 0.638 0.0260 0.255
Case B®
0. ....... 0.39 6.53 0.38 1.26 0.347 0.0340 0.075
10°...... 0.54 4.14 047 1.22 0.505 0.0250 0.115
Case C°
0. ....... 0.39 6.32 0.39 1.29 0.350 0.0386 0.084
105...... 0.49 4.70 0.44 1.26 0.451 0.0306 0.105

2 Central star 06: ry = 1.59 x 10™! pc, ny = 6.27 x 10% cm™3, M, =4.90 x 10™* Mg

-1

yr L .

® Central star 09: ry = 1.59 x 107! pc, ny = 1.98 x 10® cm™3, M, = 1.55 x 107* M,

-1

yr L. .
° Central star BO: 7, = 1.59 x 107! pc, n, = 8.67 x 10% cm™3, M, =6.77 x 107> M

yrt.
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TABLE 5
GLOBAL PROPERTIES OF MODELS EVAPORATING STANDARD GLOBULES: CHANGE OF M,

M,
(MO yl‘_ 1) "s/ro <n2> 1/2/n0 MS/MO Us/ci rsonic/rO Ssonlc/s* rshock/rO
Central Star O6*: §, = 1.2 x 10*°; v,, = 2800 km s ~*
1078 ...... 0.42 1.13 0.07 1.25 0.384 0.0011 0.038
1077 ...... 0.43 1.47 0.11 1.24 0.390 0.0021 0.103
1076 ...... 0.49 1.84 0.29 1.18 0.465 0.0084 0.312
1075 ...... 1.00 6.00 1.70 218

ro = 1.59 x 1071 pc, ny = 6.27 x 10?

changing M,, is that the position of the shock moves inward
as the mass-loss rate decreases. It shows also that for a high
enough wind mass-loss rate (e.g, M,, = 107> Mg yr~!)itis
possible to obtain solutions without shocks, where the
ionized flow is decelerated smoothly as it is mass loaded but
is always supersonic.

4. DISCUSSION

Figure 6 plots the root mean square densities versus the
ionized “Stromgrem ™ diameters derived for the different
models presented here. The three lines connecting the filled
triangles represent the mean densities versus radii as a func-
tion of time predicted by models using standard globules
and for three different central stars (06, O9, and B0, from
top to bottom, respectively). The first point in each line

F T T T T T T T T T T T T T T T

108

el

T T T T
-
1

<n?>'2/cm-3

]
T
- | |
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s ]

100 TSR | vl ool L
%01 0.01 0.1 1 10

(2.*R5)/pc

FiG. 6.—The root mean square densities vs. the ionized “ Stromgren”
diameters for the different models in this work. The three lines connecting
the filled triangles represent the mean densities vs. radii as a function of
time predicted by models using standard globules and for the three differ-
ent central stars (06, 09, and B0, from top to bottom, respectively). The
first point in each line corresponds to ¢t = 0 yr, the last point corresponds
to t = 10° yr (see Table 2). The isolated filled squares are the models in
Table 3 for N, = 5 x 10* pc™2 (from top to bottom, the central star is an
06, 09, and B0). The isolated filled square in the top left corner corre-
sponds to the model of an O6 star evaporating globules with N, =5 x 106

3 and Ry, = 1072 pc. The isolated filled square in the bottom right
corner corresponds to a model of an O6 star evaporating globules with
N, =3 x10* pc~? and R, = 1072 pc. Models without dust (Table 4) are
shown with filled circles that correspond to ¢ = 0 yr and t = 10° yr, respec-
tively.

em™3, My, =490 x 107*Mgyr~ 1.

corresponds to ¢t = 0 yr, and the last point corresponds to
t = 10° yr (see Table 2). If globules with lower (higher)
masses are considered, the times can be simply scaled
changing t,,. The same figure shows as isolated filled squares
the models in Table 3 with N, = 5 x 10* pc ™ (from top to
bottom, the central star is O6, O9, and B0). This figure
shows that stellar winds mass loaded by the photoevapora-
tion of PIGs can survive as compact H 11 regions for times
t 2 10° yr, depending on the properties of the PIGs. Note
that the H 1 regions evolve faster as the inner globules are
destroyed. Furthermore, survival timescales much longer
than 105 yr would require a high number density of
globules with masses much larger than 1 M, which would
be difficult to justify observationally. Also, models without
dust are shown with filled circles connected with a dashed
line, corresponding to t = 0 yr and t = 105 yr, respectively.
From top to bottom they correspond to an O6, 09, and BO
central star, respectively (see Table 4). These models evolve
faster because the dust-free globules are evaporated faster
than the dusty globules. The isolated filled square in the
upper left corner corresponds to the extreme case of an O6
star evaporating globules with N, =5 x 10° pc™3, Ry =
0.001 pc; the isolated filled square in the lower right corner
corresponds to the case of an O6 star evaporating protopla-
netary disks with N, = 3 x 10* pc™3, R, = 0.001 pc (see
below). These evaporating disks would correspond to the
“proplyds” discovered by O’Dell, Wen, & Hu (1993) and
O’Dell & Wen (1994).

A change in the properties of the globules will result in
models with different mean densities and radii. Recall that
our standard model has R,, = 0.01 pc and N, =2 x 10*
pc~3. As shown in Table 3 if the number dens1ty of the
globules N, increases, the mean densities of the H 11 regions
increase, and the size decrease with respect to the models in
Table 2, which evaporate standard globules. On the other
hand, smaller globules result in less mass loading, which
decreases the flow density and increases the Stromgren
radius. In particular, mass loading by protostellar disks
with radii R, ~ 107> pc, number density N, ~ 3 x 10*
pc~3, and masses M,~1x107% Mg (McCaughrean &
Stauffer 1994), produces ionized flows with low densities
(Kn*»12 ~ 850 cm™3) and large sizes (Rg ~ 0.5 pc). Since
they load mass very inefficiently in the wind, in this simple
model they are not an important source of mass to main-
tain compact H 1 regions. An interesting possibility that
may allow a more efficient mass loading for this latter type
of objects is that a photodissociated flow, preceding the
photoionized flow in the globule, may boost the mass
loading (Hollenbach, Johnstone, & Shu 1996).

To compare the model predictions with the observed
properties of compact H 1 regions, we plot in Figure 7 the
root mean square densities versus the diameters derived for
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FiG. 7—The root mean square densities vs. the diameters derived for
ultra compact and compact H 1 regions: the surveys of WC (open
triangles), KCW (crosses), and GRMC (open hexagons). The shaded area
indicates the range of densities and sizes of the models of mass-loaded
stellar winds.

ultracompact and compact H 1 regions. The data for ultra-
compact H 1 regions is taken from the survey of WC (open
triangles) and from KCW (crosses), while that for compact
H 1 regions is taken from GRMC (open hexagons). The
shaded area indicates the range of densities and sizes of the
models presented in this work. This figure shows that
models of stellar winds from massive star mass loaded by
photoevaporated globules cover a significant region of the
parameter space of the compact H 11 regions.

It is important to point out that in our models we con-
sidered constant globule number densities N,, since this
parameter is very difficult to determine. It is interesting to
consider what would happen if this density is a function of
distance to the central star. In particular, if the distribution
of neutral globules around the star is truncated spatially
before the ionizing photons are completely absorbed, the
ionization front will not be trapped. In this case, the mass-
loaded wind will have its density increased in the region of
mass loading plus a fast drop of the emission measure after
the truncation radius, resulting in a compact H 11 region
with a core/halo morphology for as long as the neutral
globules survive. This could move the model points upward
and to the left in Figures 6 and 7 and could fill in some
additional parameter space in this region.

The effect of dust absorption of ionizing photons is to
reduce the mass injection from the globules due to the
absorption of photons by dust in the evaporating flows, and
to decrease the size of the H 1 regions because of dust
absorption of photons in the mean flow. Because of these
two effects, the dusty H m regions have smaller densities
than their dust-free counterparts, but similar sizes (compare
Tables 2 and 4). Models with dust evolve more slowly, since
the dusty globules survive for longer times than the dust-
free ones.

Finally, as seen in Tables 2, 3, and 4, the velocity of the
ionized gas at the Stromgren radius is quite constant in all
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the models, vg/c; ~ 1.2-1.3. Once the wind is mass loaded,
only accelerations to thermal speeds are possible. Then, in
these models the stellar winds have been decelerated to
u(rg) ~ 16 km s~! by the mass loading, and the mass flow
rates of the ionized flow have increased to Mg~ 107% to
107* Mg yr~! at r, depending on the rate of ionizing
photons. This ionized flow could be studied in radio recom-
bination lines, looking for weak emission in extended wings.
Recently Gaume et al. (1995) detected toward the UC H 11
region NGC 7538-IRS 1 emission in the H66a line with
about 180 km s~! widths (FWHM). They interpreted the
wide emission as arising from an ionized stellar wind evapo-
rating neutral clumps, seen in their continuum map as
bright emission clumps. If we apply our model to the
extreme conditions of this source, inferred from their con-
tinuum map: N, ~ 5 x 10° pc™3, R,, = 0.001 pc, we obtain
rs ~ 0.02 pc, (n?)M2 ~ 6 x 10* cm %, and M = 107* M
yr 1. This model is shown as the upper left filled square in
Figure 6. Although our model is very idealized,® it can
reproduce the global properties of this source.

After rg, these mass-loaded winds should recombine and
accelerate, as the flow expands adiabatically, to a terminal
velocity vy, ~ 40 km s~ 1. This velocity is obtained by con-
sidering only the adiabatic expansion of the flow, in which
case v — v(rg)[1 + 2y/(y — 1)]'/3, and using y = 5/3. We note
that this flow speed can be decreased and the neutral mass
flow rate increased if there is still mass loading by hydrody-
namical ablation from globules outside rg. A detailed mod-
eling of this neutral flow is beyond the scope of this paper.
Therefore, massive neutral outflows will accompany the
compact H 1 regions produced by the mass loading of the
ionized stellar wind. These neutral flows could be observed
in absorption against the continuum of the H 1 region.
Neutral flows of this kind may also provide the origin of the
fast CO outflows observed around compact and UC H 11
regions (Harvey & Forveille 1988; Shepard & Churchwell
1994).

5. CONCLUSIONS

Fast isothermal ionized stellar winds mass loaded by
photoevaporated globules surrounding the massive stars
can trap the ionization front for 10° yr, depending on the
physical characteristics (number density, mass, and radius)
of the neutral globules inside the H 1 region. These mass-
loaded winds would then help to lengthen the compact
phase of H 1 regions for timescales long enough to explain
the large number of compact H 11 regions observed around
O stars.

In the case of neutral globules of the characteristic sizes
and observed number densities of the so-called PIGs, we
find that the mean densities and sizes of the ionized regions
of these mass-loaded winds correspond to those observed in
compact H 11 regions: electron densities n, ~ 103~10* cm ~3
and diameters D ~ 0.1 pc. The detection of the proposed
globules with the VLA, for instance in lines of ammonia, is a
challenging project.

On the other hand, if globules with larger number den-
sities and smaller sizes are found, as in the case of the source
NGC 7538-IRS 1 (N, ~5 x 10° pc™3, R,o ~ 1073 pc),
these types of UC H 11 regions (rg ~ 0.02 pc) could also be
explained as ionized mass-loaded winds, since our models

6 As discussed by Gaume et al, this source could also have a photoevap-
rated disk.
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can reproduce the exceedingly small sizes and high densities
characteristic of these regions. Nevertheless, our models
should be more appropriate to the more extended, irregular,
multiple-peaked, compact H 1t regions detected in the radio
continuum surveys. The multiple peaks would then corre-
spond to the ionized surface of PIGs. The observed irregu-
lar regions have overall sizes similar to those of the
mass-loaded wind regions presented here (see Fig. 6), while
the observed continuum peaks have sizes and number den-
sities similar to those of the standard PIGs used in our
models.

The photoevaporated material should contain dust, since
the neutral globules are probably remnants of primordial
molecular cloud material. The effect of dust absorption of
ionizing photons is to decrease the size of an H 1 region
with a fixed electron density distribution. However, dust
also reduces the mass injection rate from the globules
lowering the electron density in the mass-loaded flow,
which has the opposing effect of increasing the size of the
H 1 region. The net effect is that the dusty H 1 regions have
smaller densities than their dust free counterparts, but
similar sizes. Dust also increases the survival times of the
dusty neutral globules, and therefore the dusty mass-loaded
winds evolve more slowly than the dust-free ones.

These models imply that this type of H 1 region should
have ionized flows with mass flow rates of M ~ 1075 to
107* My yr~! at rg, depending on the rate of ionizing
photons of the central star. The ionized flows could be
studied in radio recombination lines. Furthermore, beyond
the H 1 region, a neutral flow should be observed, since the
ionized flow will recombine after rg and accelerate adia-
batically to a terminal velocity of vy; ~ 40 km s™*. These
neutral flows could be looked for at 21 cm in absorption
against the continuum of the compact H 11 regions. These
neutral flows may provide the origin of the fast CO outflows
observed around compact and UC H 11 regions.
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