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The X-ray and Gamma-Ray Radiation of Cool Neutron Stars

E. M. Kantor and A. I. Tsygan

loffe Physicotechnical Institute, Russian Academy of Sciences,
Politekhnicheskaya ul. 26, St. Petersburg, 194021 Russia

Received October 10, 2004; in final form, September 7, 2005

Abstract—The accretion of neutral gas (hydrogen and helium) onto a neutron star is studied. The gas is
gravitationally captured into the magnetosphere of the star, where it is ionized by thermal radiation from the
stellar surface and accelerated by the electric field at the light cylinder and in a tube of open magnetic lines.
The particle acceleration at the light cylinder generates gamma-rays, some of which move towards the star
and heat its polar regions, resulting in the emission of X-rays. Our calculations of the model parameters
of the X-ray and gamma-ray radiation indicate that the radiation intensities should be sufficient to be

observed.
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1. INTRODUCTION

The capture of charged particles of the interstellar
medium by the gravitational fields of neutron stars is
hindered by the fact that these particles are repelled
by the magnetic-dipole radiation of the neutron star
and the flow of charged relativistic particles with its
frozen-in magnetic field. It is easy to show (see, for
example, [1]) that the accretion of interstellar plasma
is impossible if the rate of rotational-energy loss of
the neutron star exceeds 6 x 10% erg/s (for a num-
ber density of the interstellar plasma n =1 cm™3
and the velocity of the star V' =2 x 107 ecm/s). For
typical rotational-energy loss rates (103! erg/s), only
neutral particles can be captured, since they do not
interact with electromagnetic radiation or the rel-
ativistic flow. The surface radiation of hot, young
neutron stars efficiently ionizes the surrounding neu-
tral atoms. However, cool neutron stars may be sur-
rounded by neutral interstellar gas (which consists
of 90% hydrogen and 10% helium atoms), which can
be captured by their gravitational fields and ionized in
their magnetospheres by thermal radiation from their
surfaces (in the vicinity of the light-cylinder radius
Ric = ¢/Q, where  is the angular velocity of the
stellar rotation).

The possibility of accreting neutral hydrogen from
the interstellar medium onto a cool (surface temper-
ature Ts =~ 3 x 10* K) neutron star was considered
in 1977 by Tsygan [2], who concluded that the ac-
cretion of neutral hydrogen is required in order for
the radio pulsar mechanism to operate. The accretion

of neutral hydrogen onto a radio pulsar was again
considered two years later (in 1979) by Wright [3].
Of course, we now understand that the accretion of
neutral hydrogen is not required for the operation
of most radio pulsars. It was shown in [2, 4] that
the accretion of interstellar neutral hydrogen onto
cool, switched-off radio pulsars results in two effects:
(1) X-ray emission due to heating of the polar re-
gions of the stars and (2) the generation of gamma-
ray radiation in the region of the light cylinder. With
Ts =~ 3 x 10* K (for a rotational period P = 1s), neu-
tral hydrogen in this region is ionized by the thermal
radiation of the neutron star. Note that the polar re-
gions are heated by electrons and protons accelerated
by the electric field in the vicinity of open magnetic
lines. This mechanism is much more efficient than
heating by the gravitational energy of protons.

We now wish to turn our attention to the accretion
of neutral helium. Although it comprises only 10%

of the total number of atoms, its ionization energy
(Ip =24.6 eV) is a factor of 1.8 higher than that
of hydrogen (Ip = 13.6 eV), and we can therefore
consider neutron stars with surface temperatures
that are higher by approximately this same factor
(Ts ~ 5 x 10* K). Calculations of the cooling of
neutron stars indicate (see, for example, [5]) that
their surface temperatures can decrease to 5 x 10* K
over a time of 105—107 yr [5] if no efficient heating
mechanisms operate (internal friction [6], etc.).
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2. THE IONIZATION RATE
IN THE MAGNETOSPHERE

When the surface temperature of a star is lower
than the ionization energy, ionization is brought
about by photons in the Wien range of the spectrum
with energies exceeding the ionization energy. The
number density of these photons is
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where [y is the ionization energy of a given atom
(Ip = 13.6 eV for hydrogen and Iy = 24.6 eV for he-

lium), and Ts and a the surface temperature and
radius of the star.

The cross sections for ionization by photons
with energies only slightly exceeding the ioniza-
tion thresholds are o, =6x 107! cm? and
oph =7 x 107 em? for hydrogen and helium, re-
spectively.

We constructed a numerical model for the accre-
tion of neutral hydrogen and helium onto a neutron
star. We assumed that the particles move along Kep-
lerian trajectories without collisions. In the rest frame
of the star, the trajectory of a particle is hyperbolic [7]:
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Here, r is the distance from the star to the particle,
@ the angle between the initial (when the particle is at
infinity) and the current direction toward the particle,
p the impact parameter, V. the velocity of the neutral
particle at infinity (equal to the velocity of the star
relative to the interstellar gas), and M the mass of
the star.

The condition that the flow be continuous yields a
number density for the neutral gas at the point with
coordinates (7, ¢)
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Here, ny is the number density of the neutral at in-
finity, V() the velocity of the neutral at a given point,
e~ a factor taking into account the “eating away”
of the neutral atoms by the stellar radiation. \ is the
number of mean-free paths (relative to ionization),
and is specified by the following integral along the
trajectory:

A = nppsyric
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where nppsy is the photon number density near the
stellar surface.
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The ionization rate (1/ecm3 s) is specified by the
relation

dNion/dt = npncoppn(r, ).

Recombination can be neglected, since the num-
ber density of ionized particles is low. We will not
consider the ripping off of the second electron from
the helium ion, since, when the first electron is ripped
off, the resulting ion rapidly reaches high gamma-
factors in the electric field of the star, causing the
cross section for its interaction with thermal photons
to decrease sharply. We obtained the following results
using this model. Figures 1—6 present curves cor-
responding to equal ionization rates and equal frac-
tions of surviving neutrals for helium and hydrogen
(numerical values are given for a number density of
interstellar hydrogen of 1 em™=3).

3. THE GENERATION
OF X-RAY AND GAMMA-RAY RADIATION

Particles ionized in the neutron-star magneto-
sphere in the region of open magnetic lines will be
accelerated along these lines by the electric field. The
electrostatic potential away from the surface of the
star is specified by the Arons—Scharlemann term [8]:
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Fig. 1. Contours of equal hydrogen ionization rate. Spa-
tial coordinates normalized to the radius of the neu-
tron star, 10% cm, are plotted along the coordinate axes.
The neutron star is located at (0, 0) and is moving to
the right with the velocity 2 x 107 em/s. The surface
temperature of the star is 0.3 x 10° K. The ionization rate
varies from 0.012 cm™ s for the lightest contour to
0.345 cm™3 s~ * for the darkest.

This potential can be expressed in terms of the mag-
netic field at the light cylinder By ¢:

(I)(Tionag)
/
= gBLC (é)l ’ VTion€ (1 — £2) sin x cos ¢.

Particles with charge of one sign will be acceler-
ated towards the star and heat a spot in the polar
region, while particles of the other sign will be accel-
erated from the star. lons will be accelerated towards
the star in the part of the tube where cos ¢ > 0, while
electrons will be accelerated toward the region where
cos ¢ < 0. Figure 7 presents the results of our model
calculations for the power that goes into heating the
polar spots for various surface temperatures. Numeri-
cal values are given for a magnetic field near the stellar
surface 10'2 G and a rotational period of 1 s.

If we assume that all the energy of the particles
entering the polar regions goes into the blackbody
radiation of the spot, then, with Ts = 0.3 x 10° K,
the temperature of the spot will be roughly
T =15 x 10%K.

We will show that polar spots with such tempera-
tures cannot contribute substantially to ionization at
the light cylinder. For a spot temperature much higher
than the ionization energy, only photons with energies
of the order of the ionization energy contribute sub-
stantially to the ionization. In this region, the number
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Fig. 2. Contours of equal fractions of surviving hydrogen
neutrals. Spatial coordinates normalized to the radius of

the neutron star, 10° cm, are plotted along the coordinate
axes. The neutron star is located at (0, 0) and is moving

to the right with the velocity 2 x 107 cm/s. The surface

temperature of the star is 0.3 x 10° K. The fraction of
surviving neutrals varies from 0.3 to 0.6.

of photons increases as @, while the ionization cross
section decreases as @3, Therefore, the number of
such photons radiated by the spots per unit time can
be estimated as the number of photons radiated by the
spots in the energy interval from Iy to 2 Iy (I is the
ionization energy for hydrogen):

450T* (I \*> 5 5
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~ 2.3 x 10% photons/s.

This number should be compared with the num-
ber of photons with energies exceeding the ioniza-
tion energy emitted by the stellar surface per unit
time. For the considered temperatures (of the order of
3 x 10* K), this number is

TS (1, I
_ 2 S 0 0
Nout = dma’e 3 50 (E) P <_ﬁ)
~ 2 x 1030 photons/s.

In this case, N ~ Ng,. However, our model did
not take into account the photons emitted by the
spots. For other surface temperatures, N < Ny,
since the spot temperatures will be lower.

Our calculations are valid in the absence of polar-
ization of the medium by ionized interstellar hydro-
gen. In other words, plasma shielding of the electric
field is not taken into account. The influence of the
plasma becomes substantial when divE < 47p (E is
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Fig. 3. Same as Fig. | for a surface tempera-
ture of 0.4 x 10° K. The ionization rate varies from
0.0098 cm =3 s71 10 0.0286 cm ™3 s~ 1.

the accelerating electric field and p the charge density
of the ionized interstellar hydrogen). Note that when
the charged particles move from the light cylinder
towards the surface of the star inside the tube of open
field lines, their number density increases as 1/r3,
while divE increases as 1/r1°. As a result, although
the polarization of the electric field by plasma can be
neglected near the light cylinder, it may be manifest
below this region. However, this will not affect the
accelerating potential, which depends only on the
magnetic field at the light cylinder and the rotational
frequency.

As an estimate, the condition of the absence
of polarization can be rewritten ®(Rc)/Ri. <
4me X dNjon/dt X Ryc/c, where Ry is the radius
of the light cylinder, and dNj,/dt the average ion-
ization rate per unit volume near the light cylin-
der (em™ s7!). For Bis=1, P=1 s, and
Noott = 1 em ™3 Tg = 3 x 10* K (the temperature cor-
responding to the most efficient ionization of neutral
hydrogen in the region of the light cylinder), the polar-
ization of the medium just begins to be manifest. The
polar spot radiates an energy of ~1.9 x 10?° erg/s.
For Ts = 4.5 x 10* K (the temperature correspond-
ing to the most efficient ionization of neutral helium
in the vicinity of the light cylinder (Fig. 7)), B12 = 1,
P =1 s, the polarization of the medium begins to
be appreciable only when nggy = 10 em™3 (i.e., for
Noolie = 1 ¢cm™3). With these parameters, neutral
hydrogen is ionized outside the light cylinder and
is then repelled by the magnetic-dipole radiation.
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Fig. 4. Same as Fig. 2 for a surface temperature of

0.4 x 10° K. The fraction of neutrals varies from 0.02
to 0.08.

In this case, the energy emitted by the spot is also
~1.9 x 10% erg/s.

These results are valid for both ©@m > 0 and
OQm < 0 (m is the magnetic moment of the star).

In addition to the thermal X-ray radiation of the
polar spots, the accretion of neutral gas will also
result in the generation of gamma-ray radiation at
the light cylinder, due to curvature radiation of the
electrons accelerated to relativistic energies. Near
the light-cylinder radius, the electric and magnetic
fields are appreciably nonorthogonal, resulting in the
acceleration of electrons by the electric field along
the magnetic-field lines [9]. We will use the vacuum
values of the field, without taking into account the
Goldreich—Julian magnetosphere, to obtain numer-
ical estimates. For example, for the case of an orthog-
onal rotator (2 L m), the electric and magnetic fields
on the rotational axis of the rotating magnetic dipole
in vacuum for r > a are [4, 10]:

Bo By (Qa)3 V142
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p=20 (20 Yo E
2 c v3
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cosV = ————,
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where v =7r/R;c and 9 is the angle between E
and B. At the light-cylinder radius (v =1),
Ej = Ecosd = 0.56By(Qa/c)® ~ 4.6B1a/P? cgs.
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Fig. 5. Same as Fig. 3 for ionization of helium.

The ionization rate varies from 0.000824 cm—2 s~ to
0.0296 cm =3 s~ 1.

The electric field accelerates the electrons along
magnetic-field lines up to gamma-factors of
eEHRLC 7 Bis
’Ymax = W ~ 12 X 10 ﬁ
If the acceleration by the electric field is totally bal-
anceed by radiative losses, the equilibrium gamma-
factor will be

B 1/4
Ymax = (3E||RE¢/2e)* ~ 2.4 x 107 <$) .

The accelerated electrons move along magnetic-
field lines whose radius of curvature is of the order
of Ry c. They can radiate efficiently only at distances
from the star that do not appreciably exceed the light-
cylinder radius.

The intensity of the radiation of a single electron is

2 4
_ 2 erg/s.

Averaging the acceleration over the time spent in the
vicinity of the light cylinder, we obtain

126

B
Y ~ O.QE erg/s.
LC

(W)
In this average, we assumed that the gamma-factor
varies linearly with time.
The characteristic energy of the emitted gamma-
rays is

B By iy’
hw = m ~ 0.9x10 /i erg ~ 3P7/4 MeV.
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Fig. 6. Same as Fig. 4 for helium neutrals. The fraction of
neutrals varies from 0.05 to 0.08.

We calculated the total intensity of the gamma-ray
radiation from the light cylinder using the above ac-
cretion model. Figure 8 presents the results of these
calculations. The characteristic intensities are of the
order of 0.2 x 10%? erg/s.

Note that, if Qm > 0, gamma-ray radiation will
also be generated by relativistic electrons that are
ejected from the polar caps due to thermo-emission
and then accelerated in the tube of open field lines.
The intensity of this radiation can be estimated as
4 x 10% B2,/ P* erg/s, which exceeds the intensity
of the gamma-ray radiation due to the accreted neu-
trals (for By =1, P =1 s). With the parameters
considered, a neutron star may or may not generate
radiation at radio wavelengths (depending on the type
of nondipolarity of the magnetic field in circumpolar
regions [11]). If electron—positron pairs are created in
the tube, the reverse positron current will contribute
to the X-ray radiation of the polar spots. Observations
indicate that the fraction of X-ray radiation in the total
magnetic-dipole losses of a pulsar is 1073; i.e., of the
order of 10?8 erg/s for the parameters considered [12].
However, theoretical calculations exceed this value by
a factor of a few. In any case, for the parameters con-
sidered, the accretion-driven component in the X-ray
radiation of the polar spots exceeds the component
due to the inverse positron current by an order of
magnitude.

4. ANALYTICAL ESTIMATES
OF THE INTENSITY
OF X-RAY AND GAMMA-RAY RADIATION

We present below analytical estimates for the
above numerical results. The intensity of the gamma-

ASTRONOMY REPORTS Vol. 50 No.2 2006
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Fig. 7. The energy that goes into heating the spots as
a function of the surface temperature of the star, for
hydrogen and helium accretion. The first maximum at
Ts = 0.3 x 10° K corresponds to the ionization of hydro-
gen, and the second at Ts = 0.45 X 10° K to the ioniza-
tion of helium.

ray radiation is expressed

dE/dt = (W)Nic.

Here, Ny is the number of particles accelerated in
the region of the light cylinder:

Nic = dNin/dt x 15 R} - —=

R}
= 15npncopn(n) %,

where 15 Rfc corresponds to the volume
from 0.5 R c to 1.5 R ¢, and (n) is the average
number density of neutrals in the region of the
light cylinder. This latter quantity can be estimated
from the continuity condition, without taking into
account the decrease in the number of neutrals due
to ionization:
Vi

4V’
where Vij = \/2GM/R| ¢ is the free-fall velocity at
the light cylinder (Vi > V).

Thus, we eventually obtain (the numerical value
is calculated for abundant “feeding” of hydrogen,
ie., Ts =3 x 10* K)

B
dE/dt = 0. 9# X 15 nphcoph ———

(n) = noo

V2GM R
4V c

Bis
~ 0.1 x 1029P erg/s.
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Fig. 8. The intensity of the gamma-ray radiation from
the light cylinder as a function of the surface temperature
for hydrogen and helium accretion. The first maximum
at Ts = 0.3 x 10° K corresponds to the ionization of
hydrogen, and the second at Ts = 0.45 x 10° K to the
ionization of helium.

We can obtain the intensity of the X-ray radiation
from the polar caps in the same way (Ts = 3 x 10* K)

By
dE/dt = 1.5 x 1029 erg/s

which is consistent with our model calculations.

5. THE PULSAR J0826+2637

[t is possible that X-ray radiation due to the accre-
tion of neutral hydrogen or helium has already been
observed. One example is the radio and X-ray pulsar
J0826+2637, with a period of P = 0.53 s, magnetic
field of B = 9.64 x 10! G, and age of 4.92 x 10 yr.
The temperature 7' = 100 eV and radius R = 0.56 km
of its polar cap were derived from its X-ray spec-
trum. Thus, the intensity of the radiation from the
spot is 10%° erg/s. The magnetic-dipole losses are
3.4 x 10%2 erg/s; i.e., the X-ray radiation of the polar
spots due to the reverse positron current should be of
the order of 3 x 10%? erg/s.

Calculations for the X-ray intensity due to ac-
cretion yield the following results. With a surface
temperature of Ts ~ 3 x 10* K, hydrogen feeding is
abundant and the intensity reaches 5.5 x 10%? erg/s
(for a number density of interstellar hydrogen of
I em™3). When Ts ~ 4 x 10* K, abundant helium
feeding yields the same intensity for a number density
of interstellar hydrogen of 10 cm™3. The observed
radiation may be due to both the reverse positron
current and the accretion of neutral interstellar gas.
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6. RESULTS

We have shown that the accretion of neutral hy-
drogen and helium can affect the X-ray and gamma-
ray radiation of cool neutron stars. Our model for
a neutron star with B1s =1 and P =1 s indicates
that the magnetosphere is fed most efficiently when
the surface temperature of the staris Ts ~ 3 x 10* K
for hydrogen feeding or Ts = 4.5 x 10* K for he-
lium feeding. For a number density of interstellar
hydrogen of 1 ecm™3, the temperature of the polar
spots reaches 1.5 x 10% K, while their X-ray lumi-
nosity is 2 x 10% erg/s. Even if electron—positron
plasma is being formed vigorously into the tube, the
reverse positron current is not able to provide such
a high luminosity. The intensity of the gamma-ray
radiation of the ionized interstellar gas can reach
0.2 x 10% erg/s. However, if the angle between the
magnetic moment and the angular velocity of rotation
of the star is acute, the radiation will not be seen
against the 4 x 10% erg/s background of the primary
electron beam.

In conclusion, we note that the energy released
due to the accretion of neutral hydrogen or helium
exceeds mc? (where m is the mass of the accreted
matter) by three orders of magnitude. Therefore, to
obtain an X-ray impulse with a duration of 30 s and
an intensity of 4 x 10% erg/s, it is sufficient that
10 tons of neutral hydrogen or helium fall onto the
neutron star.
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