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ABSTRACT

Nearby, isolated, old neutron stars (IONSs) accreting interstellar material might be detectable as sources of
UV and soft X-ray radiation. We investigate the interaction between this radiation field and the surrounding
medium, assumed to consist of purely hydrogen and helium. This interaction results in a cometary H 11 region
around the star which we model in detail by including all the relevant time-dependent ionization, recombi-
nation, heating, and cooling processes. We find that preheating of the ambient gas to temperatures higher
than 10* K may significantly quench the accretion rate onto these neutron stars, thereby reducing the IONS
number counts in the EUV and soft X-ray bands predicted by previous investigations. However, the repro-
cessing of hard radiation by the surrounding H 11 regions may enhance the detectability of IONSs at optical
wavelengths. Searches for nearby accreting IONSs are currently being undertaken.

Subject headings: accretion: accretion disks — H 1 regions — stars: neutron — ultraviolet: stars —

X-rays: stars

1. INTRODUCTION

Neutron stars are typically observed through nonthermal
emission as pulsars, through X-ray emission from rapid accre-
tion in binary systems, and possibly through gamma-ray emis-
sion in the three known soft gamma-ray repeaters. However,
the vast majority of neutron stars in the Galaxy remain unde-
tected, since those which started out as ordinary, isolated radio
pulsars are now in general far too old to emit detectable pulsed
radio emission. The Galaxy is believed to contain N, ~
108-10° such dead pulsars. Given the expected local space
density, about 10~ 4 (N,,/10%) pc ™3 (Paczynski 1990; Blaes &
Madau 1993), the nearest such star is only ~ 10 pc away. For
comparison, the nearest observed pulsars are ~100 pc away
(Taylor, Manchester, & Lyne 1993). As first discussed by
Ostriker, Rees, & Silk (1970), these nearby, isolated, old
(~10'° yr) neutron stars might be detectable by the radiation
released from the accretion of interstellar material. This possi-
bility has received renewed interest because the ROSAT and
Extreme-Ultraviolet Explorer (EUVE) all-sky surveys have
recently achieved the required sensitivity (Treves & Colpi
1991; Blaes & Madau 1993; Colpi, Campana, & Treves 1993;
Madau & Blaes 1994). A successful detection of these IONSs
would provide a unique probe of the star formation and chemi-
cal enrichment history of the Galaxy and the long-term evolu-
tion of neutron stars. Interesting candidate sources are already
known, e.g., the X-ray source MS 0317.7 — 6647 (Stocke et al.
1995).

This is the third paper in a series aimed at assessing the
observability of accreting IONS:s as sources of optical/UV and
X-ray radiation. In Paper I (Blaes & Madau 1993), we present-
ed a detailed calculation of the kinematic properties of the
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IONS population in the solar neighborhood and estimated the
numbers of sources which would be detectable in the ROSAT/
EUVE all-sky surveys. Assuming blackbody emission and
N, = 108N neutron stars in the Galaxy, we estimated that, in
the case of isotropic accretion over the entire stellar surface,
about 200N accreting IONSs should have been detected in
the ROSAT PSPC all-sky survey, with ~60Ng of them
showing up in the ROSAT Wide-Field Camera (WFC) and
EUVE surveys. An accretion flow channeled onto 1 km? mag-
netic polar caps produces instead ~1000Ng detectable X-ray
sources in the PSPC survey, and only ~ 10Nz EUV sources in
the WFC and EUVE surveys.

In Paper II (Madau & Blaes 1994) we improved on the
analysis of Paper I by including the effects of dynamical
heating of the IONS population.* The scattering of IONSs by
molecular clouds, spiral arms, and whatever else might be
responsible for the increase in velocity dispersion with age
observed in the local disk population of stars (e.g, Wielen
1977) heats, over the lifetime of the Galaxy, the low-velocity
IONS:s to higher speeds, thereby reducing by up to a factor of
10 the predicted source number counts (as low-velocity IONSs
have the highest accretion luminosities).

In this paper we examine the interaction between the ion-
izing radiation field of the star and the surrounding medium.
As we first suggested in Paper I, a portion of this radiation will
be reprocessed to form a cometary H 11 region. A study of such
regions is important for three reasons. First, detectability
requires the flow to be hydrodynamic so that accretion occurs
in the Bondi-Hoyle regime. This will only occur if the medium
is ionized out to the accretion radius, which can only be
accomplished in neutral media by photoionization by the

4 We also adopted a more definite global model of the interstellar medium
consisting of a low-density spherical cavity embedded in a higher density
homogeneous slab. This alone altered the predictions of Paper I by factors of
1.3-4.
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stellar radiation field itself. Second, the accretion rate is sensi-
tive to the sound speed at the accretion radius, which in our
previous calculations was simply assumed to be 10 km s~ 1.
This is typical of UV-photoionized gas at ~10* K, such as in
static H 11 regions around early-type stars. However, the radi-
ation field of an IONS is much harder and could preheat the
ambient gas to higher temperatures, thereby quenching the acc-
retion rate. In addition, the motion of the star relative to the
ambient medium can cause the cooling time of the accreting
material to exceed both the flow and the heating times. Hence,
the sound speed must be determined self-consistently. It is
exactly this time-dependent preheating of the accretion flow
which we wish to examine here in detail. Finally, given the
possibility that IONSs may be lurking among the unidentified
sources in the surveys, it is important to devise an obser-
vational strategy to detect them. At first, this may appear to be
an impossible task. Assuming that the surface emission is
thermal, IONSs are expected to be extremely faint in the
optical (B > 25.6 at a distance of 100 pc, the characteristic size
of the local bubble; see Paper II). Because the error boxes
associated with sources detected in the mentioned sky surveys
are so large (of order a few arcminutes), confusion is a serious
obstacle to searches at such deep limiting magnitudes. We shall
see, however, that reprocessing by the H 11 region may enhance
the detectability of IONSs at wavelengths longer than the
EUY, thereby aiding identification.

Detailed modeling of cometary H 11 regions including all the
time-dependent ionization, recombination, heating, and
cooling processes associated with the constituent elements of
the gas is an ambitious undertaking. In this paper we shall
consider the model problem of a medium free of dust and
metals. Beyond its pedagogical importance, a detailed numeri-
cal modeling of cometary H 1 regions in a medium consisting
of pure hydrogen and helium may provide reasonably com-
plete answers to the questions of preionization and preheating,
as well as a partial description of the reprocessed spectrum.
The plan of the paper is as follows. In § 2 we present simple
analytic estimates of the hydrogen ionization structure of the
nebulae in both the optically thin and thick limits. In § 3 we
discuss the equations and assumptions of our numerical
models. The actual model results are presented in § 4, where we
also show how the preheating of the ambient gas by emergent
soft X-rays can quench accretion onto a neutron star, thereby
significantly reducing the predicted IONS number counts. We
estimate continuum and emission-line luminosities from such
nebulae in § 5 and summarize our conclusions in § 6. Although
our empbhasis is on the ionization nebulae surrounding IONSs
accreting from the interstellar medium (ISM), the formalism we
develop and our results can also be applied to the interaction
of any discrete source of EUV/soft X-ray radiation with the
ambient medium, such as, e.g., the H 11 regions produced by the
luminous supersoft X-ray sources recently detected by ROSAT
(Rappaport et al. 1994), or low-luminosity, wind-fed X-ray
binaries. We note that a crude analysis which first touched on
many issues that we discuss here was done some time ago by
Shvartsman (1971).

2. SIMPLE ESTIMATES OF IONIZATION STRUCTURE
If the flow is adiabatic, the accretion rate is given by
- 4ni,G*M2 p
(v* + c2)’?

M

(Bondi 1952; Hunt 1971; Ruffert & Arnett 1994), where M, is
the star mass, v;= 20v,, km s~ ! is the speed of the neutron star
relative to the interstellar medium, and c, and p = nm,, are the
sound speed and the interstellar mass density at infinity,
respectively. We take the neutron star to have mass M, = 1.4
M and radius R, = 10 km. The accretion eigenvalue 4, is
unity for supersonic accretion. The accretion luminosity of the
star is

cM. M ~ 1.7 x 103nV;3 ergs s~ !, 2

where V = (v? + c2)'/? = 20V,, km s~ . In the following, we
shall assume that the stellar emission spectrum is a blackbody
with temperature T, and emitting area 4 = 1045 km? For
polar cap accretion, we assume that the magnetic axis is mis-
aligned with the rotation axis and the star is rotating sufficient-
ly rapidly that the stellar emission is isotropic on all timescales
of interest. (In practice, this requires the rotation period to be
much less than a year; see eq. [4] below.)

Provided V < 70n'3A4; /3 km s~ !, which will be true of all
detectable IONSSs in the sky surveys (Paper II), then the hydro-
gen Lyman edge is in the Rayleigh-Jeans region of the stellar
spectrum, and the rate of emission of ionizing photons by the
star is given by

S~ 1.1 x 1041n34Y ;94 444 51 )

We shall assume that the gas is neutral and homogeneous far
ahead of the star. Gravitational focusing of the gas will be
negligible on scales larger than the accretion radius, which we
crudely define as

GM
R,.= V2* ~5x 1013V;¢ cm . @

This radius is very small compared to the scales of the nebula
discussed below. Throughout this paper, we shall therefore
simply take the gas to stream by the star on straight line trajec-
tories. Provided V < 300nY!°B;!* km s™!, where B=
10!2B,, G is the surface magnetic field of the star, the Alfvén
radius will be inside the accretion radius and the influence of
the star’s magnetic field on the flow will also be negligible.

For the purposes of making simple estimates of the nebular
ionization structure, we assume for the remainder of this
section that the gas consists of pure hydrogen. We can define
three important characteristic length scales in the nebula. The
photon mean free path at the Lyman edge in neutral gas is

1
Ry, =—=16 x10'"n"! R
abs ne, X n cm (5)

where ¢, = 6.3 x 1078 cm? is the photoionization cross

section of the ground state of hydrogen at threshold. We can
also define an ionization length scale

Sao

1 [ Anl(R)
R = — 220
" 4mw J;o dvoy(Y) W dmw

= 2.8 x 1015034V ;840;0 A4 cm  (6)

(Alcock & Illarionov 1980; Verdon et al. 1991), where I (R) =
B,(T,) is the specific intensity at the surface of the star and o(v)
is the hydrogen photoionization cross section. The velocity
dependence of R,; reflects the fact that at high velocities there is
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a smaller probability of a given fluid element being ionized as it
flows past the star. Finally,

R =——=77 x 1011 ;0 om ™
B

is a recombination length scale (Alcock & Illarionov 19¢’
Here ap =2.6 x 10713 cm3 s™! at 10* K is the hydrogen
recombination coefficient to the excited bound states. At high
velocities, ionized gas will extend farther out into a long tail
downwind of the star before recombining.

2.1. Optically Thick Limit

If most of the ionizing radiation is emitted near threshold
and R,,, < R;, the photon mean free path is short in the
neutral gas and the ionization front near the star may be taken
to be perfectly sharp, i.e., the Stromgren approximation is valid
(“ionization-bounded nebula ”). The usual Stromgren radius is

38\
Ry=(g—5—) =46x107n 92V 0441 em (8)
B,

and is the characteristic size of the nebula produced by a
slowly moving star. Note that R, ~ (R; R, R,,)*">.

Many neutron stars will be moving fast enough to cross their
Strémgren radius in much less than a recombination time, i.e.,
R, > R, or n < 120V350v32/7 A5 "7 cm™3. In this regime, the
ionized region is stretched into a long, thin cometary shape
(Raga 1986; Paper I). The shape of the ionization front near
the star is given by (Rasiwala 1969; Paper I)

RE 2
3R,(1 + cos 0)] ’ ©)

R(6) = [
where 0 is the polar angle measured from the direction of
motion of the star. The distance of the ionization front directly
ahead of the star is therefore

3

R3\1/2
R(0) = (ﬁ) ~ 6.6 x 10'°n~ 8V ;28542458 cm .

(10)

Note that R(0) ~ (R; R,,,)"/? and is independent of the recom-
bination coefficient. The diffuse radiation field is therefore not
important in determining the ionization structure near the star.
The maximum transverse size of the ionized region is 4R(0).
Behind the star, the gas slowly recombines in a long tail of
distance ~R,.

With the chosen scalings, equations (5) and (10) imply that
R,,, > R(0). This will in general be true for ambient densities
n S 3Vivil A3 Y7 cm ™3, If most of the ionizing photons are
emitted well above threshold, the ionization front will not be
sharp and the Strémgren approximation will be invalid even in
high-density environments.

2.2. Optically Thin Limit

In a low-density medium, R,,, > R; and photon absorption
may be neglected when calculating the ionization structure
near the star (“ matter-bounded nebula ”). Provided R, > R;, or
n <25Vvsy A7 Y7 cm™3, the nebula will again have a com-
etary shape with length ~R,, but now the transverse width
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~R;. Because photon mean free paths are larger than the
transverse width, we neglect the diffuse radiation field pro-
duced by the recombinations in the tail when considering the
structure near the symmetry axis.

Consider a fluid element on a trajectory making impact
parameter b away from the neutron star. The change in

"number density nyy of ionized atoms along the trajectory is

given by

0 1-— 2
B)-pnl

where f'= nyy/n is the ionization fraction (0 < f < 1), x is the
distance of the gas element behind the star projected onto the
symmetry axis, and R, = v/(a,n) is the recombination length
scale redefined to include recombinations to the ground state
(R, ~ 0.6R, at 10* K).

If R, > R,, it is a good approximation to neglect the effects of
recombinations ahead of the star and on scales < R, downwind
of the star. In this region, equation (11) implies

fe {1 —exp [Ryb tan~? (b/x)] x<0,
" |1 —exp {R/b [tan"! (b/x) — 7]} x>0.

(12

Note that for R; < x < R,, equation (12) implies f~ 1 —
exp (—nR;/b) and, as expected, significant ionization occurs
only for b < R;. (Eq. [12] provides a poor approximation to
the neutral fraction 1 — f very near the star, because recombi-
nations can balance ionizations when the neutral fraction is
very low.) Behind the star, for x > R;, we may neglect ioniza-
tions, and equation (11) gives f= 1/[C(b) + x/R.]. The func-
tion C(b) may be determined by matching to the solution of
equation (12), giving

_ 1 — exp (—nR;/b)
" 14 (x/R)[1 —exp (—nR/b)]

f (13)

As expected, f— 0 as x/R, — oo, so the cometary H 11 region
will extend a distance ~ R, downwind of the neutron star.
Equation (11) also describes the nebular structure near the star
if it is moving at very low velocities, provided again that
photon mean free paths are large. In this regime, the left-hand
side may be neglected, implying

_(RZR? +4R;R,R*)'?> — RiR;
- 2R? ’

f (14

where R = (b% + x?)'/? is the distance from the star. At large
radii, f— (R;R)*?/R, and the characteristic radius of the
ionized region becomes (R; R;)*/2. The estimates made in this
section will be used to understand the more detailed numerical
modeling of the nebulae, to which we now turn.

3. EQUATIONS AND ASSUMPTIONS

3.1. Ionization and Thermal Structure of the Nebula

We shall assume that the ambient gas consists of atomic
hydrogen and helium, with helium being 9.8% abundant rela-
tive to hydrogen by number (Grevesse & Anders 1989). We
neglect the effects of both dust and metals.

As before, the gas is assumed to be neutral and homoge-
neous far ahead of the star and to flow by on straight trajec-
tories at constant speed. The differential equations describing
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the ionization and thermal structure of the nebula are given by

v<%> =SJH1) - RH1), (15)
ox /,

%%) = 4(He1) — #(Hen) — #(Hen) + ZMHem), (16)
b

U(anm m) = #(He m) — 2(He m) , (17)
6x b
and
oy __2#4=%
v< 5x>b © 3k(ny + nye + 1) 19

Here # and # are the ionization and recombination rates,
respectively, associated with each ionization state, # is the
heating rate, and % is the cooling rate. Collisions are assumed
to be rapid enough to ensure that all components of the plasma
are at the same temperature T. The number density of each
ionization state is denoted by n with an appropriate subscript,
while ny, ny,, and n, denote the total hydrogen, helium, and
electron number densities, respectively. The last is determined
by n, = nygy + Ny + 21y ip- The total baryon density used to
calculate the accretion rate in equation (1) is n = ny + 4ny,.

Nearly all the formulae which we use for the ionization,
recombination, heating, and cooling rates for a pure hydrogen
and helium gas are conveniently summarized by Cen (1992).
Photoionization, collisional ionization by free electrons,
recombination, and dielectronic recombination of He 11 are all
included in .# and £. Heating is due solely to photoionization
and Compton upscattering, while the processes contributing to
cooling are collisional ionization, recombination, dielectronic
recombination of He 11, collisional excitation, bremsstrahlung,
and Compton downscattering. The photoionization cross
section of He 1 given by Osterbrock (1989) is a poor approx-
imation at high photon energies, and we use instead the follow-
ing fitting formula based on the numerical data of Reilman &
Manson (1979) (see Haardt & Madau 1995):

0.6935 x 10718

OHe1 = pisz | p3as cm?, (19)
for E > 0.26, where E is the photon energy in units of 100 eV.

For high accretion rates and small emitting areas, neutron
stars can emit significant numbers of X-ray photons. We have
therefore included the effects of secondary ionizations by ener-
getic photoelectrons according to the prescriptions given by
Shull & Van Steenberg (1985). Specifically, in order to reduce
the contribution to photoionization heating by photoelectrons
with energies > 100 eV we multiply the uncorrected rates by a

factor
n 0.26637]1.3163
0.9971{1-[1-(—;&) ] } (20)
H

The additional ionization rate of H 1 is given by multiplying
the uncorrected photoionization heating rate by

0.40927]1.7592
0.3908 { — ("un . 1)
hvy ny

The corresponding multiplication factor for He 1is

0.461471.6666
0.0554 [1 _ (M) :I , 22)

hvyer ny
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where hvy, | is the ionization energy of He 1. Secondary ioniza-
tions of He 1 are not important. These formulae provide ade-
quate approximations for photoelectron energies greater than
100 eV. Strictly speaking, even electrons with energy less than
100 eV can contribute to secondary ionization, but they are
individually less efficient at doing so than higher energy elec-
trons (Shull & Van Steenberg 1985).

Different regions of the nebula will generally be coupled
together through the diffuse ionizing radiation field and optical
depth effects. These may be included in an iterative manner by
storing the temperature and ionization structure on a discrete
grid in x and b. For simplicity we adopt a uniform grid, and
because comparable resolution may be required near the ion-
ization fronts in both directions, we choose the grid spacings in
x and b to be the same. Trajectories are integrated along grid
lines of constant b using an accurate, variable step size Runge-
Kutta algorithm to go from one x grid point to the next. This
enables us to calculate accurately the nebular structure near
the star where the density and temperature may be changing
on a scale much smaller than the grid resolution, but where
absorption and the diffuse radiation field are negligible. We do
not calculate a trajectory along the symmetry axis, but rather
one displaced slightly away by an impact parameter equal to
the accretion radius or a tenth of the grid spacing, whichever is
smaller. We start our iterations off by taking the gas to be
neutral everywhere and to have a temperature of 100 K. (We
also always take these to be the initial conditions ahead of the
star.) After calculating absorption columns between every grid
point and the star, we proceed to integrate the gas trajectories,
recalculate the absorption columns, and iterate to con-
vergence. In practice, this typically requires only a few iter-
ations. We have also found that calculation of the diffuse
radiation field, along with its radiative transfer, is enormously
expensive computationally. Therefore, we have neglected it
entirely when computing the nebular structure. Instead we
have limited ourselves to calculating the diffuse radiation in
various regions of the converged nebula, checking to make
sure that its contribution to the heating and ionization rates is
negligible. This is generally true ahead of the star but not
always true behind the star. We shall discuss this in more detail
in § 4, which deals with some specific cases.

3.2. Accretion Rate

Equation (1) for the accretion rate is valid only for flows
which are adiabatic (away from shocks) with specific heat ratio
y = 5/3 and with a perfectly absorbing boundary condition at
the stellar surface. The accretion flow is actually quite sensitive
to the inner boundary condition, even in the adiabatic case
(e.g., Fryxell, Taam, & McMillan 1987). As a result of the
immense gravitational potential and the collisionless nature of
the flow at these low accretion rates near the surface of the
neutron star, a perfectly absorbing boundary condition is
probably accurate, provided the magnetic field of the star is
weak. If the star is magnetized and spinning rapidly, then the
propeller mechanism may be efficient in blocking the accretion
flow. However, we have argued in Paper I that this is unlikely
for IONSs because they should spin down sufficiently to allow
accretion to occur.

More problematic is the assumption of an adiabatic flow,
which is clearly violated in our case as a result of the nonequi-
librium heating and cooling which occurs on scales much
larger than the accretion radius. Other specific heat ratios
apart from y = 5/3 have been explored by Hunt (1979) and
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Shima et al. (1985). However, these calculations neglect radi-
ative heating and cooling and still assume that y is constant.
Much work has been done on spherical accretion with non-
equilibrium heating and cooling (e.g., Ostriker et al. 1976;
Cowie, Ostriker, & Stark 1978; Krolik & London 1983;
Nobili, Turolla, & Zampieri 1991), and this has shown that
preheating and radiation pressure may both inhibit the accre-
tion flow and produce time-dependent behavior. However,
none of these studies address the low-luminosity regime of
interstellar accretion onto IONSs, nor do they self-consistently
include all the complex atomic processes which are relevant to
this case. Taam, Fu, & Fryxell (1991) have conducted full
numerical simulations of accretion from axisymmetric flows
including Compton heating/cooling and bremsstrahlung
cooling. At accretion rates much less than the Eddington rate,
the flow is approximately adiabatic, but the neglect of atomic
processes precludes application of these results to the present
problem.

A full hydrodynamic simulation of the accretion flow is
beyond the scope of this paper, and we limit ourselves to
examining whether preheating might be important in inhibiting
accretion. We therefore adopt equation (1) for the accretion
rate. We must still specify the sound speed, which in adiabatic
steady flow is evaluated at infinity but in our case with preheat-
ing is probably best taken to be the value at a point where
gravity starts to affect the flow, ie., at the accretion radius.
Hence, we take

- [SkT(nH + nye + ne):lm

3nm 23)

cS
14

where m,, is the mass of the proton. As we iterate the nebular
structure, the sound speed will change. The values of the tem-
perature and density which we insert in equation (23) are taken
at x = 0 and an impact parameter equal to the old accretion
radius (interpolation is required if the grid is so fine that the
trajectory closest to the symmetry axis passes inside the accre-
tion radius). We use the new sound speed in equation (1) to
iterate on the accretion rate as well, so that the converged
nebula represents a self-consistent solution for the accreting
neutron star. It turns out that ¢, can become comparable to the
neutron star velocity v, in which case the accretion eigenvalue
A, is no longer unity. We have fitted the numerical data of
Hunt (1971) to about 10% by the following formula:

I e o
a= (v6 + 160_?)1/2 )

This reproduces the expected behavior that A, = ; at v = 0 and
A, = 1 as v > co. We have used this equation to calculate 4, in
equation (1) when iterating on the accretion rate.’

Note that one should not take our results for the accretion
rate below too seriously, since our prescription is only
phenomenological. In particular, if the sound speed shows
steep variation near the accretion radius (both with distance
and around the star), then our approach would be in serious
trouble. We discuss this further below in § 4.4. A full non-
adiabatic, hydrodynamic simulation of the accretion flow is
necessary to resolve these issues rigorously.

24

5 The referee has informed us that another interpolation formula has been
proposed and tested recently by Ruffert (1994) and Ruffert & Arnett (1994).
Their interpolation formula agrees with ours to within 40%.
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4. NEBULAR STRUCTURE

4.1. AnOptically Thick Nebula

Figure 1 depicts the temperature and ionization structure of
the nebula created by an isotropically accreting neutron star
moving at v = 20 km s~ ! through an n = 100 cm ™3 medium,
typical of dense molecular clouds. The grid used for calculating
absorption and determining convergence had 401 points
equally spaced between x = +5 x 10'7 cm and 201 points
equally spaced from near the symmetry axis to 5 x 10'7 cm.
The sound speed at the accretion radius converged to 23 km
s~ 1, giving an accretion rate of 1 x 10'2 g s~ 1. Figure 2 depicts
the run of sound speed with distance along several cuts parallel
to the symmetry axis of the nebula. The maximum sound speed
actually occurs somewhat behind the star, and the flow is
barely subsonic near the star. However, throughout most of
the nebula the flow is supersonic. Given that the sound speed
in the tail is ~10 km s~ ! near the symmetry axis, and that it
decreases transversely over a scale ~ 107 cm, we would expect
transverse expansion to occur in the tail after a distance
~2 x 10'7 cm behind the star. Because we neglect hydrody-
namic effects, our numerical modeling becomes dubious
beyond this point.

The ionization length scale is R; ~ 3 x 10'® cm, which is
somewhat greater than the absorption length at threshold,
R, ~ 2 x 10'% cm. Hence, this case is marginally optically
thick in the sense described in § 2.1, and Figure 1 shows that
equation (9) provides a fair approximation to the hydrogen
ionization front near the star. The hydrogen recombination
length is ~10'7 cm, and so the H 11 density starts to decay over
this length scale in the tail. The region of singly ionized helium

_is significantly more extended than the hydrogen ionization

zone, a feature which is generic to all our v = 20 km s~ ! simu-
lations. This is a result of the hard spectrum of the neutron star
as compared to ordinary hot stars; the surface temperature in

© this case is ~8 x 10° K. Similar morphology is evident in the

static, spherical model nebulae for supersoft X-ray sources cal-
culated by Rappaport et al. (1994).

In contrast to hydrogen, the He 11 and He 11 contours have a
winged morphology. This is because of the three ionization
states of helium. Along the symmetry axis, all the helium is
fully ionized as it passes the star, beyond which it starts to
recombine to He 11 and He 1. Away from the symmetry axis, the
ionizing radiation flux does not achieve the same intensity, and
it takes somewhat longer to ionize to He i1 and subsequently to
He m. The maximum abundance of He 1 is therefore reached
behind the star, after which it recombines to produce a source
of He 11 well behind the star, creating the extended wings in the
He 11 contours.

The diffuse ionizing radiation field, which we have neglected
in our simulations, significantly modifies the structure of static,
optically thick H 11 regions. To check what possible effects this
might have here, we have calculated a posteriori the heating
and H 1 ionization rates at various positions within the con-
verged nebula as a result of the diffuse Lyman continuum radi-
ation produced from hydrogen recombination, including
optical depth effects. We find that along the symmetry axis
ahead of the star, the H 1 ionization rate produced by the
diffuse field is less than 0.5% of that caused by the primary
photons emitted by the star, and the diffuse heating rate was
even more negligible. Our neglect of diffuse radiation is there-
fore a good approximation ahead of the star, because the gas
flows by before it has a chance to recombine. We expect this to
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according to equation (9).
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F1G. 2—Sound speed as a function of distance parallel to the symmetry
axis for the same case as shown in Fig. 1. From top to bottom, the curves are
for impact parameters of 2 x 10'® cm (the accretion radius), 10'” cm, and
2 x 107 ¢m.

be an even better approximation for larger velocities or lower
densities, both of which increase the recombination length
scale R,. Behind the star, however, the diffuse radiation field
becomes increasingly important, and it quickly dominates the
ionization rate. (However, it never dominates the heating rate
because of the lower energy photons.) Diffuse recombination
photons may therefore contribute to increasing the size of the
ionized tail.

Along the symmetry axis, photoionization heating is orders
of magnitude larger well ahead of the star than all the cooling
processes combined. This starts to change at a distance of
~4 x 10'6 cm, when the temperature gets high enough that
collisional excitation and ionization cooling of hydrogen kicks
in. At a distance of ~2 x 10! cm ahead of the star, the gas
reaches complete thermal equilibrium. This then breaks down
as soon as the star is passed and the cooling exceeds the
heating. Ionization equilibrium, however, is never achieved.
The ionization rate of hydrogen exceeds the recombination
rate by at least an order of magnitude ahead of the star, while
behind the star the recombination rate dominates. The lack of
ionization and thermal equilibrium is a generic feature of all the
nebulae that we have simulated.

4.2. AnOptically Thin Nebula

Figure 3 depicts the nebula formed around an isotropically
accreting star again moving at v =20 km s”™!, but now
through an n = 1 cm ™3 medium. The grid used here had 401
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points equally spaced between x = +5 x 10'® cm and 201
points equally spaced from near the symmetry axis and
b =5 x 10'° cm. We also simulated this case on a 401 by 201
grid which was 10 times larger. In both cases the sound speed
at the accretion radius converged to 35 km s~ ?, giving an
accretion rate of 4 x 10° g s™1. The sound speed near the
symmetry axis is well above the flow speed in the portion of the
tail on our grid. Note that the tail in this case is expected to
extend far beyond the grid, as the recombination length scale
R, ~ 5 x 10'® cm. We have not attempted to simulate this
region, which in any case will be subject to thermal expansion.
The sound speed decreases transversely on a scale of several
times 10'® cm, so that transverse hydrodynamic expansion will
occur on a slightly smaller scale behind the star.

The temperature distribution shows that cooling in the tail is
much more effective just off the symmetry axis than on it. The
reason for this is that the hydrogen is fully ionized on the axis,
and hydrogen collisional excitation and ionization cooling is
not possible. Both because the gas away from the symmetry
axis is not as completely ionized and because the recombi-
nation coefficient is higher at the lower temperatures, these
cooling processes do operate here. The same effect is evident in
the innermost temperature contours shown in Figure 1.

This nebula is optically thin, and its hydrogen ionization
structure should therefore be well approximated by the simple
analytic theory of § 2.2. Figure 3b shows a detailed comparison
between the numerically calculated H 1 fraction contours and
those predicted by equation (12). The agreement is nearly
perfect for the highest ionization inner contours. The agree-
ment between the outer contours is significantly improved for
the simulation done on the larger grid. The difference between
the numerical and analytic results at low ionization fractions is
therefore largely due to the artificial initial data of a completely
neutral medium at the edge of the grid.

4.3. A Case with Hard Photons

Figure 4 depicts the nebular structure for a neutron star
which is again moving at v = 20 km s~ ! through an n = 100
cm 3 medium, but which is accreting onto a magnetically con-
fined surface area of 1 km2. The calculations were again done
on a uniform, 401 x 201 grid, covering the region +5 x 103
cm around the neutron star. Lower resolution, larger grids
were also tried with very little change in the results. The sound
speed at the accretion radius in these simulations converged to
36-39 km s~ ., giving an accretion rate of 3 — 4 x 10** gs™ .
The hydrogen recombination length scale is still ~10'7 cm,
which is far downstream of the grid used to generate Figure 4.
The larger grid simulations do, however, confirm that recombi-
nation occurs on this scale. The temperature distribution again
shows the persistent hot region of gas along the symmetry axis
in the tail, as a result of the absence of hydrogen collisional
excitation and ionization cooling in this region.

The ionization length scale in this case is only R; ~ 1 x 10*3
cm. This is much less than the value at threshold, ~ Soo/(4nv),
and is due to the predominantly hard photons being emitted
by the hot (~3 x 10° K) stellar surface. The nebula is therefore
optically thin, and Figure 4b shows a comparison between the
numerical hydrogen ionization structure and equation (12).
The agreement is good, but the simulation produces somewhat
more extended ionization. This is almost entirely due to the
secondary ionizations produced by energetic photoelectrons. A
simulation in which these were neglected showed much better
agreement with the analytic theory of § 2.2.

4.4. Impact of Preheating on IONS Number Counts

In all the cases discussed above, the sound speed at the
accretion radius is substantially larger than the 10 km s™!
assumed in Papers I and II. Provided the diffuse radiation field
is negligible ahead of the star, the flow near the symmetry axis
is independent of the rest of the nebula and can therefore be
modeled independently for the purposes of determining the
self-consistent accretion rate for a wider range of n and v. The
results of such modeling are shown in Figure 5 and are com-
pared to the accretion rate assumed in Papers I and II (eq. [1]
with ¢, = 10 km s~* and 4, = 1). Clearly preheating of the flow
can dramatically reduce the accretion rate and substantially
reduce the number of detectable IONSs in the EUV and X-ray
sky surveys. For example, using the same ISM model as in
Paper II and assuming no dynamical heating of the neutron
star population, we have found that the number of detectable
sources in the PSPC survey would be ~ 700N for polar cap
accretion (a reduction by ~5) and ~0.2Nj for isotropic accre-
tion (a reduction by ~3000!). The numbers of detectable
sources in the WFC survey would be ~1Ng for polar cap
accretion and ~0.1Ng for isotropic accretion. The EUVE
all-sky survey would not be expected to detect any IONSs.6
These results are subject to some important caveats:

1. The assumption that ¢, = 10 km s~' was based on the
expected temperature of photoionized nebulae which are
cooled by collisionally excited metal lines. These metals are at
present entirely neglected in our code. Metal line cooling could
reduce the temperature and sound speed at the accretion
radius, increasing the overall accretion rate. On the other
hand, metals could also increase the temperature even further,
as they dominate the photoionization opacity for hard
photons. We have run some equilibrium nebular models with
the photoionization code CLOUDY (Ferland 1993) for stars
with temperature and luminosity similar to those discussed
above. We generally found that the temperature at distances of
~10'3 cm from the neutron star differed by at most a factor 2
in both directions between static cases with and without
metals. However, it is not clear what will happen with nonequi-
librium heating and cooling.

2. As discussed in § 3, our treatment of preheating is only
phenomenological, but a full hydrodynamical simulation will
be necessary to do any better. We have checked the sensitivity
to variations in the sound speed around the accretion radius by
running the simulations with R, . defined to be double the
value given by equation (4). In the case of isotropic accretion,
the accretion rate did not change significantly (less than 1%),
implying that our phenomenological prescription is robust.
Polar cap accretion is more problematic. In both the n =1
cm 3 and n = 100 cm ™3 cases, doubling the accretion radius
definition increased the resulting converged accretion rate by
factors ~ 2-3 for velocities less than 50 km s~ *.

3. We have assumed that the ambient gas is neutral well
ahead of the star. It is possible for the medium to be fully
ionized to begin with for unrelated reasons, e.g., if the star is
moving through the warm ionized component of the ISM.
Heating by the neutron star radiation field would be drasti-
cally reduced in such a case, but the accretion rate would be

¢ These results required calculation of the maximum accretion rate for
preheating of cavity material with baryon density of 0.095 cm 3. We found a
maximum accretion rate of ~10° g s™! for both polar cap and isotropic
accretion.
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limited by the relatively low ambient density as compared to
that in atomic and molecular clouds.

4. We have assumed throughout this paper that the accre-
tion flow is hydrodynamic, which requires the flow to be
ionized at the accretion radius.” This is always true for iso-
tropic accretion in the cases we have studied (n = 1 and 100
cm”3, » = 10-100 km s 7). As illustrated in Figure 6, the flow
is only partially ionized at the accretion radius (again defined
as b=R,, and x = 0) for polar cap accretion. The Bondi-
Hoyle accretion rate would then be reduced by a factor compa-
rable to the ionization fraction. This is not significant for
n =100 cm~3, and even in the n =1 cm™3 case this factor
(~%)is comparable to the variation caused by our uncertainty
in the accretion radius. The presence of a significant neutral
fraction implies that photoionization heating is very important
(we find that Compton heating is always small) and can change
the temperature of the flow on the scale of the accretion radius.
This explains why the accretion rate is sensitive to the choice of
accretion radius for polar cap accretion.

5. NEBULAR EMISSION

The reason IONSs are expected to be so faint in the optical
is because this band is far into the Rayleigh-Jeans region of
their thermal spectra. Reprocessing of the more powerful EUV
and soft X-ray radiation could, however, be achieved through
the ionization nebula around the IONS itself. This would
make these sources much easier to detect and identify.

With this possibility in mind, we have found that, in all our
simulations, the cooling is dominated by collisional excitation

7 The collisional mean free path for neutral hydrogen is ~3 x 10! cm (n/1
cm™3)"Y(6/3 x 10719 cm?), where ¢ is the collision cross section. In all the
cases we have calculated, R, . ~ 10'3 cm for v = 10-40 km s~ *. Hence, colli-
sions alone might be sufficient to make the flow hydrodynamic for n 2 100
cm ™ 3. However, the flow is always nearly fully ionized at such high densities
and low velocities anyway.

of hydrogen in the high-temperature region near the neutron
star. This suggests that the optical nebular emission will also
be concentrated in a compact luminous region around the
neutron star, and not spread out over the much more extended
ionized region. This feature may be crucial for the detectability
of IONSs: if the emission were more or less uniform over the
entire nebula, the surface brightness would be much lower.

0.8 - —

0.6 _

N/ Ny
,

0.4 B

0.2 —

0 L 1 L L L | L L

| L " L L " L
20 40 60 80 100
v (km/s)

F1G. 6.—Hydrogen ionization fraction at the accretion radius for polar cap
accretion (4 =1 km?) and n = 100 cm™3 (solid) and n =1 cm™3 (dotted).
Hydrogen is fully ionized at the accretion radius for the same cases under
isotropic accretion.
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Therefore, we have calculated the optical continuum emis-
sion for all four cases discussed in § 4 with » = 20 km s 1. For
the free-free, bound-free, and two-photon H 1 25-1s processes
(the last from recombinations only), we have adopted emission
coefficient functions based on interpolating data points found
in Osterbrock (1989) and Brown & Mathews (1970). For the
two-photon continuum from H 1 collisional excitation, we have
assumed only radiative decay of the 2s level and adopted a
representative collision strength of Q(1s, 2s) ~ 0.26, which is
typical at the temperatures where collisional excitation is
important (Callaway 1985; Osterbrock 1989). We have
neglected H 1 25-2p collisional transitions, since they are unim-
portant at these densities, and we have calculated only the
emission from the portion of the nebula within the simulation
grid. As expected, the two-photon process from collisional
excitation of hydrogen completely dominates the optical con-
tinuum emission of the nebula.

For the n =100 cm™3 cases, the nebular emission in the
UBYV optical bands exceeds that from the neutron star surface
itself (by ~6 mag in the isotropic case and ~ 3 in the polar cap
case). However, for the n = 1 cm ™3 cases, the nebular emission
is much fainter than the neutron star itself.

As a concrete example, consider the v = 20 km s ™, n = 100
cm ™3 isotropic accretion case. At the distance of the Taurus
giant molecular cloud (140 pc), the total continuum flux for
this case corresponds to apparent magnitudes of U = 18.4,
B =19.6,V = 19.8, and R = 19.8. Most of this radiation arises
from collisional excitation cooling in the inner, T = 1.4 x 10*
K region of the nebula. Hence, this radiation will be spread
over a region ~2 x 10'® cm across (see Fig. 1), corresponding
to an angular size of ~70 arcsec?>. The surface brightness
would be ~24 mag arcsec” 2 in B, while the apparent magni-
tude of the IONS itself would be B = 26 for this case. Diffuse
continuum emission should therefore be expected at the sensi-
tivity required to image the IONS itself in the optical.

Emission lines may offer a better prospect for detection, and
we have calculated the energy output in the strongest optical
recombination lines: The Ho and B lines and the He 11 14686
Fowler line. We assumed a nebula optically thick to low-order
Lyman-line photons and neglected collisional transitions,
apart from collisional excitation of the n = 3 level of hydrogen.
The adopted emission coefficients are based on interpolation
between the tabulated values listed in Osterbrock (1989). Our
results are shown in Table 1. Note that only Ha includes a
contribution from collisional excitation; the other emission
lines therefore represent lower limits. Production of Ha
photons by collisional excitation turns out to be comparable
to, and often dominates, the production resulting from recom-
binations. Hence, emission in this line at least will also be
concentrated near the neutron star. This is illustrated in Figure
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7, which shows the surface brightness in the Ho line for the
v=20kms™ ! n =100 cm 3 isotropic accretion case.

Finally, it is fair to mention that dust and molecules
(neglected in our modeling) could produce substantial infrared
emission for IONSs accreting in molecular clouds (see Lepp &
McCray 1983; Bohringer, Morfill, & Zimmermann 1987).

6. CONCLUSIONS

We have analyzed in considerable detail the structure and
properties of cometary H 1 regions around isolated neutron
stars accreting from a pure hydrogen/helium gas. We believe
that this is the first time self-consistent, fully nonequilibrium
nebulae have been calculated around a moving star. Our
results indicate that preheating of the accretion flow may sub-
stantially reduce the estimated numbers of detectable IONSs
calculated in Papers I and II and in Treves & Colpi (1991).
Unfortunately, a large amount of theoretical effort would be
necessary to settle this matter definitively, since the problem
would involve full hydrodynamical simulations including all
the important nonequilibrium atomic processes. We have also
found that the reprocessed radiation from cometary H 1

TABLE 1
EMISSION FROM SIMULATED PORTION OF NEBULAE®
Luminosity Ha Hp He 11 14686
Accretion n from Accretion Luminosity Luminosity Luminosity
Mode (cm™3) (ergss™1) (ergs s™Y) (ergs s™1) (ergss™!)
ISOtTOPIC +..vvvvevvnaenennneen 1 8 x 102° 2 x 1024 5 x 1022 5 x 102!
100 3 x 1032 2 x 10%° 4 x 1028 2 x 1028
Polar Cap (4 =1 km?)...... 1 7 x 10%° 2 x 10?2 2 x 10*° 6 x 10*°
100 6 x 103! 1 x 10%% 3 x 10?3 2 x 10?3

2 p = 20km s~ ! in all cases.
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regions can enhance the detectability of IONSs at long wave-
lengths and may provide a method of optically distinguishing
them from other types of EUV/X-ray sources.

In addition to the neglect of preheating, the results of Papers
I and II relied on the pulsar birth velocity distribution of
Narayan & Ostriker (1990). A recent crude analysis by Lyne &
Lorimer (1994) has dramatically increased the mean birth
velocity of pulsars. A more complete analysis is needed, but
taken at face value the larger birth velocites would also sub-
stantially reduce the numbers of detectable IONSs.

At the present time, nearby IONSs are being actively
searched for. The unidentified Einstein source MS
0317.7— 6647 has all the characteristics of and has been tenta-
tively identified with an accreting IONS in a cirrus cloud at
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~100 pc (Stocke et al. 1995). Walter & Wolk (1994) have
argued that an unidentified ROSAT soft X-ray source toward
the RCrA molecular cloud could plausibly be an example of an
accreting IONS. A systematic search of IONSs using ROSAT
PSPC and EUVE observations is also currently underway
(Danner & Kulkarni 1994; Shemi 1994). Should new observ-
ations strengthen the case for the known IONS candidates,
then further theoretical work would become worthwhile and
necessary.

We thank N. Panagia for helpful conversations. P. M. was
supported in part by NASA grant NAGS-2913. During the
course of this work, we learned that similar research is being
conducted independently by J. Wang and R. Sutherland.
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