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Abstract

Even old (10° to 107 yr) pulsars within a few hundred parsecs of the Sun should give UV and
optical fluxes via thermal radiation or radiation from relativistic particles. The surface temperature
of a neutron star depends on its mass, radius, magnetic field, and internal composition (existence of
pion condensate, superfluidity of nucleons, etc.). If the temperature exceeds ~2x10* K, the thermal
radiation can be detected by the Hubble Space Telescope. An analysis of the results will allow one
to study the thermal evolution and inner structure of neutron stars in order to obtain additional

constraints on pulsar models.

Introduction

A number of attempts by the Einstein Observa-
tory and EXOSAT have been made recently to
detect thermal radiation from neutron-star sur-
faces in the soft X-ray range. Most of these
have provided only upper limits on the neutron-
star surface temperature T, which lie between
~2x10° K for the nearest pulsar PSR 1929+10 (Al-
par et al. 1987) and 2.5 x 108K for the youngest,
the Crab pulsar PSR0531+21 (Harnden and Se-
ward 1984). Positive (perhaps not very cer-
tain) results have been obtained for the Vela
pulsar PSR0833—45 (8 + 2 x 10°K; Harnden et
al. 1985), PSR 1509—58 (~2.5x 108 K; Seward and
Harnden 1982), PSR1055-52 (~7x10°K; Cheng
and Helfand 1983); Brinkmann and Ogelman 1987),
and PSR 0656+14 (4.5+ 1.5 x 10° K; Cérdova et al.
1989).

After the successful launch of the Hubble Space
Telescope (HST) there appears to be a new possi-
bility of detecting the neutron-star surface radiation
in the optical and/or UV range. A simple estimate
shows that if a neutron star with radius R = 10km
and T, = 10°K lies at a distance d = 100pc, its
magnitude in the U band will be my = 26.2—that
is, it can be detected by the HST. On the other
hand, for Ty = 108 K and d = 1kpc, one has my =
30. This means that the nearby old pulsars may be
more promising for detecting the surface UV radia-
tion than more distant young pulsars.

In order to choose the exposure time, some pre-
liminary estimates of probable T, values are desir-
able. The Einstein Observatory survey gave up-
per limits on the X-ray luminosity in the range
0.5-5x 103 ergss~! for 10 pulsars within 500 pc
from the Sun (Helfand 1983). The corresponding
surface temperature limits are T, ~ 1.5-3.5x10° K
for R = 7-12km. The predictions of current theo-

ries of neutron-star cooling (see e.g. Tsuruta 1985,
Nomoto and Tsuruta 1987, Shibazaki and Lamb
1989, Yakovlev et al. 1990) are very uncertain;
T, ~ 10% to 6 x 10°K for the typical ages of the
nearby pulsars t ~ 10® to 107 yr. The wide scatter
of the theoretical predictions results mainly from
different assumptions about the properties of su-
perdense matter in neutron-star interiors (equation
of state, the appearance of nucleon superfluidity, ef-
fects of the magnetic field, etc.). The most probable
estimates of the surface temperature seem to lie in
the range T, ~ 10* to 10°K.

Proposal and perspectives for
the HST

The nearest pulsars (see table 1 for the indicated
temperatures) can be detected by the Faint Ob-
ject Camera (FOC/48) available on the HST. In the
standard 512x512-pixel format, it has a field of view
22" x 22" with a pixel size 0'/043 x 0”043, whereas
the image radius for a point source is ~0"1-0"2.
Since pulsar positions are known with very high
precision (~0''1-02), blind acquisition is appro-
priate (its accuracy may be ~1"-2"). The largest
signal-to-noise ratio S/N can be reached with the
F180LP long pass filter (AX = 1800-6000A) which
cuts off the airglow background from the Lya line
at 1216 A and O I triplet at 1304 A. This allows
one to detect the thermal radiation from the near-
est pulsars (S/N > 5) during a 30-40min expo-
sure if the surface temperatures exceed 2-3x10% K,
which is an order of magnitude lower than the lim-
its obtained in the X-ray region. Other filters can
be used to get additional spectral information for
evaluating the temperature more accurately. The
table gives the expected S/N ratios for several fil-
ters (AA = 30506000 A for the F305LP, and 3020~
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3730A for the F342W), assuming some probable
temperatures 3-5x10* K. The spectral informatian
can also be used to insure a more reliable identifi-
cation of the neutron star among the other objects
which may appear in field of view at low galac-
tic latitudes b. This is especially important just
for the nearest pulsar, PSR 1929410, which lies at
b = —3.9°. The other two pulsars lie at high lati-
tudes, b = 43.7° and 69.2° and are expected to be
the only objects at their specified positions. The
identification could be strictly confirmed in future
observations, preferably with other filters, with al-
lowance for the large proper motion of the pulsars
(up to 0.37 arcsec/yr for PSR 1133+16).

Table 1 The nearest pulsars

PSR 1929+10 0950408 1133+16
d, pc 80 90 150
t, 108 yr 3 18 5
i, arcsec/yr 0.088 0.034 0.371
b -329 43°7 69°2
P, s 0.23 0.25 1.19
B, 1012 G 0.5 0.3 2.1
Assumed T,, K 30000 30000 50000
texp, min; S/N

F180LP filter 38;7 36;5 40;5
F305LP filter 38;4

F342W filter 38;3

A program of observations has now been ac-
cepted by the Telescope Allocation Committee.
The exposure times in table 1 correspond to the
total allocated spacecraft time of 4 hours. Suc-
cessful realization of the program will permit us to
‘view’ neutron stars for the first time, to evaluate
their temperatures, and to obtain information on
their thermal evolution. The latter is important for
studying neutron-star physics and the properties of
very dense matter. Most significant is the equa-
tion of state of nuclear matter which is now poorly
known. For instance, according to Van Riper and
Lamb (1981), an old neutron star (t = 3 x 10% yr)
with M =1.4Mg will have T, = 10°K for a soft
(BPS) equation of state and T, = 7 x 10K for a
hard (PS) equation of state, provided the internal
composition is standard (no pion condensates, no
quark matter); in the non-standard case the same
star can be much cooler, e.g., Ty ~ 3-4 x 10* K for
a soft equation of state. The surface temperature
also depends on the neutron-star mass. An ex-
ample presented by Tsuruta (1979) shows that a
neutron star of age 10® yr may have T, ~ 2 x 104,
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2 x 103 and 2 x 10° K if its mass equals 1.4, 0.5 and
0.1 My, respectively. Also important are the effects
of neutron and proton superfluidity in the neutron-
star inner crust and central core. They reduce T,
for t 2 10%yr (by a factor of 22 for t =3 x 10%yr
in examples given by Nomoto and Tsuruta 1987).
On the other hand, in neutron stars that are be-
ing spun down by external torques, the superfluid
is expected to be rotating faster than the rest of
the star. Dissipation of this differential rotation
(due to pinning of neutron superfluid vortices in
the inner crust) may yield significant additional
heating (Shibazaki and Lamb 1989). In particu-
lar, for a ‘standard’ cooling model of a neutron star
with M = 1.4Mp, R = 15.8km at t =3 x 10%yr,
T, equals 1.4 x 10° and 4.3 x 10°K if J =3 x 10*3
and 3 x 10*® gcm? rads™!, respectively. Here J is
the total differential angular momentum of the fric-
tionally coupled superfluid layers. Finally, the sur-
face temperature depends on magnetic field effects.
On the one hand, a strong magnetic field may re-
duce the crust opacity which speeds up the cool-
ing and reduces T, (see, e.g., Van Riper and Lamb
1981). On the other hand, the ohmic dissipation of
the internal field may significantly heat the core and
delay the cooling at t 2 10%yr (Yakovlev, Urpin,
and Haensel 1990). Since the theoretical predictions
for T,(t) are clearly very model-dependent, measur-
ing T, for pulsars of different ages would help to
select more appropriate models.

If we succeeded in detecting the nearby pulsars
in Phase I of the HST observations, an extension of
the program (Phase II) might be proposed. Based
on the Phase I results, one might observe the pul-
sars with other filters to get new information about
their spectra and probably the chemical abundance
at the neutron-star surface (by detecting a differ-
ence in the irradiated spectrum from the blackbody
one). It would also be useful to perform a timing
analysis of the surface radiation: the UV radiation
may be modulated at the pulsar period if the sur-
face is heated inhomogeneously. Polarization mea-
surements can also be of interest since the surface
magnetic field polarizes the radiation. Finally, the
program can be extended to other nearby pulsars—
e.g., the nearest pulsars

PSR 0809+74 (d = 170pc, t = 1 x 10% yr),

PSR 1952+29 (d = 200 pc, t = 3 x 10° yr),

PSR 1451-68 (d = 230pc, t = 4 x 107 yr),
and the more distant but younger

PSR 0656+14 (d = 400pc, t = 1 x 10° yr).
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