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ABSTRACT

We observed the Geminga pulsar with the EUVE satellite, detecting pulsed emission in the Deep Survey
imager. Joint spectral fits of the EUVE flux with ROSAT PSPC data are consistent with thermal plus power-law
models in which the thermal component makes the dominant contribution to the soft X-ray flux seen by EUVE
and ROSAT. The data are consistent with blackbody emission of T = (4-6) × 10 s K over most of the surface
of the star at the measured parallax distance of 160 pc. Although model atmospheres are more realistic, and can
fit the data with effective temperatures a factor of 2 lower, current data would not discriminate between these and
blackbody models. We also find evidence for variability of Geminga's soft X-ray pulse shape. Narrow dips in the
light curve that were present in 1991 had largely disappeared in 1993/1994, causing the pulsed fraction to decline
from 32% to 18%. If the dips are attributed to cyclotron resonance scattering by an e + plasma on closed magnetic
field lines, then the process that resupplies that plasma must be variable.

Subject headings: pulsars: individual (Geminga) -- stars: neutron -- X-rays: stars

1. INTRODUCTION

The high-energy 7-ray source Geminga is the only known
radio-quiet rotation-powered pulsar, with P = 0.237 s and
characteristic age P/2P = 3.4 x 105 yr (Halpern & Holt 1992;
Bertsch et al. 1992). A parallax distance of 160 pc has been
measured with the Hubble Space Telescope (HST) (Caraveo et
al. 1996). A soft X-ray study of Geminga with the ROSAT
Position Sensitive Proportional Counter (PSPC) revealed two
components, distinct in both their spectra and light curves
(Halpern & Ruderman 1993). While the dominant, softer
component was demonstrably thermal emission from the
surface of the neutron star, a harder tail was present that could
equally well be described as either a nonthermal power law or
a hotter blackbody. Recent ASCii observations resolved the
nature of the hard component in favor of nonthermal emission
(Halpern & Wang 1996). Thus, there is no longer evidence for
more than one thermal component in the X-ray spectrum of
Geminga. In this Letter we present the results of an Extreme
Ultraviolet Explorer (EUVE) observation of Geminga with the
Deep Survey imager (DS), and a discussion of what can be
learned from a joint analysis of this and several ROSAT
observations.

2. OBSERVATIONAL DATA

Geminga was observed with EUVE for 9.3 days starting on
1994 January 14, during which an effective exposure time of
250,986 s was obtained in the DS. The time resolution was
8 ms. We extracted a total of 2472 counts from a circle of
radius 43". It is estimated that this aperture contains
2136 source photons and 336 background counts, while only
4% of the source photons fall outside it. Therefore, the true
count rate is 0.0089 + 0.0002 s-_. Data were taken simulta-

neously by the three spectrometers pointed at the source, but
no significant detection of the pulsar was made in these.

Three observations of Geminga were made with the ROSAT
PSPC, in 1991 March, 1992 October, and 1993 September.
Exposure times were 14,143, 4195, and 36,898 s, respectively.
Total count rates were 0.525, 0.488, and 0.502 s-1. The first
observation was described by Halpern & Ruderman (1993)
and the latter two by Halpern & Wang (1996). The ROSAT
data were extracted from a circle of radius 150", which is large
enough to ensure that photons are not lost to the "ghost
imaging" (Nousek & Lesser 1993; Snowden et al. 1994), which
is significant below 0.2 keV.

3. SPECTRAL ANALYSIS

We confine our analysis to the blackbody plus power-law
parameterization of the X-ray spectrum that was shown to be
consistent with the ROSAT and ASCA data, namely,

F(E) = CI e_zk r _ 1 + C2E-_ e-_(El_

keVcm 2 s-1 keV-1. (1)

The alternative double blackbody model was ruled out (Hal-
pern & Wang 1996). Figure 1 shows the confidence contours in
the (T, NH) plane of such a fit to the 1991 ROSAT data, taken
from Halpern & Ruderman (1993). Confidence limits are for
three interesting parameters (T, NH, C1). The fitted energy
index o_ (not shown) is in the range 1.10-1.75 (68% confi-
dence). The power-law component contributes less than 10%
of the soft X-ray flux below 0.28 keV.

The Rayleigh-Jeans extrapolation of the fitted blackbody
component corresponds to a predicted apparent visual mag-
nitude that is independent of the emitting area or the distance to
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Fro. 1.ICOnfidence contours (68% and 90%) for the parameters of the
blackbody component in the 1991 March ROSAT spectrum, for the case of
three interesting parameters (T, NH, C_) (from Halpern & Ruderman 1993).
Visual magnitudes are extrapolated from the Rayleigh-Jeans tail of the
blackbodyfit,while distances assume emission from the full surface of a 10km
radius star. The shaded region is that for which the observed count rate in the
EUVE Deep Survey agrees to within -+20% of the value predicted by folding
the corresponding ROSAT spectrum through the effective-area curve of the
DS.

the star, the latter because visual extinction is negligible.
Contours of predicted visual magnitude for each of the
acceptable blackbody fits are superposed on Figure 1. If we
further assume that the emitting area is equal in size to a 10 km
radius neutron star, then corresponding distances can be assigned
to these contours. Adopting the parallax distance of 1572_49pc
from the HST (Caraveo et al. 1996), we see that the X-ray
spectrum is consistent with a blackbody emitting neutron star
at a temperature of (4-5) × 105 K. Since the corresponding
predicted magnitudes are in the range 26.5-27.6, the visible
flux from Geminga, with V = 25.2 _+ 0.3 (Halpern & Tytler
1988), cannot be the extrapolation of the blackbody but must
be dominated by an additional contribution.

Although the DS is a broadband detector with no spectral
resolution, we can evaluate the consistency of the DS count
rate with the spectral models fitted to the ROSAT data. The
details of this procedure were described by Halpern, Martin, &
Marshall (1996) for the millisecond pulsar J0437-4715. In
summary, each of the spectral models within the contours of
Figure 1, with their individual fitted normalizations, are folded
through the DS effective-area curve as given by Bowyer et al.
(1996). A grid of predicted DS counts is thus derived for
comparison with the observed number. The range of spectral
parameters acceptable to the DS is approximated as those that
predict a count rate within +-20% of the observed value of
0.0089 s 1. The fact that the resulting band of spectral
parameters, the shaded region in Figure 1, overlaps the
ROSAT confidence contours, implies that the fluxes measured
by the two instruments are in agreement. This result contra-
dicts an analysis of the same data by Bignami et al. (1996),
whose Figure 3 gives the impression that there is a factor of
10-100 discrepancy between the fluxes measured by EUVE
and ROSAT.

Indeed, in the absence of variability it would be impossible
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FIG. 2.--Lower confidence contours are for the 1993 September ROSAT

observation, for the case of three interesting parameters (T, NH, G). Visual

magnitudes are extrapolated from the Ray[eigh-Jeans tail of the blackbody fit,

while areas are for an isotropically emitting sphere at a distance of 160 pc.

Upper contours are the EUVE/ROSAT overlap region from Fig. 1.

for the fluxes measured by ROSAT and EUVE to differ by a
large factor. Nearly all the flux from Geminga in the DS must
fall in the wavelength range 65-110 A because of the steep
increase in interstellar absorption at longer wavelengths, even
for a column density of only 1 × 102o cm -2 (e.g., Fig. 5 of
Halpern et al. 1996). Therefore, the DS flux comes mostly
from the same soft thermal component that dominates in the
overlapping ROSAT PSPC energy band. The resemblance of
the DS pulse profile to that in the softest PSPC channels
(see § 4) reinforces the conclusion that EUVE and ROSAT are
seeing the same phenomena from Geminga, and that no
additional components beyond one thermal and one nonther-
mal are necessary to explain all of the X-ray data.

We have repeated the same joint analysis with the 1992 and
1993 ROSAT observations. Although much briefer, the 1992
observation is also consistent with the DS count rate. How-

ever, the better statistics of the longer 1993 observation more
narrowly restrict T and NH to the ranges (5.0-6.2) × 105 K
and (0.86-1.34) × 102o cm -2, respectively, at 68% confidence
(lower contours of Fig. 2). The fitted energy spectral index _ is
lnn+0.39 Because of the hotter temperatures that fit the,v_-0.27 ,

1993 data, the surface area is restricted thereby to a range
between 0.10 and 0.64 times the full area of a 10 km radius

neutron star, while scaling as (d/160 pc) 2. While this area is
defined as that of an isotropically emitting sphere, areas that
are significantly smaller than the full surface of the neutron
star are also uncertain by a factor of a few because of
projection effects that depend upon the unknown viewing
geometry. Further modifications that arise in realistic atmo-
spheres will be discussed in § 5.

For the 90% confidence range of spectral models shown in
the lower contours of Figure 2, the predicted DS count rate
falls between 0.0104 and 0.0168, with a best-fit value of 0.0136.
Since the actual DS count rate is 0.0089 + 0.0002, a mild
disagreement between the EUVE and the 1993 ROSAT fluxes
is indicated. However, if we take into account the N20%
systematic uncertainty in the effective area of the DS (Bowyer
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etal.1996),thenthediscrepancyisbarelysignificant.More-
over,thereweresystematicchangesofcomparablemagnitude
in thebehaviorof thePSPClaterin themission.Oneis a
second-orderdecreasein thegain(Prieto,Hasinger,& Snow-
den1996).Anotherisapossibleincreaseinthetransmissionof
thedetectorentrancewindow,whichisonlypartlytakeninto
accountin thenewresponsematrix(Hasinger& Snowden
1994).Bothoftheseeffectsactintherightdirectiontoexplain
thediscrepancybyincreasingtheROSAT counts in the softest
energy channels. Added to these instrumental effects could be
variability of Geminga itself by a few percent (see § 4).
Therefore, any attempt to find a more exotic cause for the
small discrepancy noted here would not be well motivated.

4. TIMING ANALYSIS

The most accurate ephemeris for the spin parameters of
Geminga comes from ongoing EGRET observations. We use
the ephemeris of Mattox, Halpern, & Caraveo (1996), which is
based on the first 4 years of EGRET data, for the analysis of
all other data. This ephemeris is accurate to within 0.02
revolutions for the years 1991-1995. There has been no
detectable timing noise during this period. We take into
account the proper motion of the pulsar (Bignami, Caraveo, &
Mereghetti 1993; Mignani, Caraveo, & Bignami 1994; Caraveo
et al. 1996), although its effects on the broad X-ray pulse
profiles are not significant over such a short time span. The
stability of the spacecraft clocks and the accuracy of their
conversion to ephemeris time have been discussed elsewhere
in reference to Geminga (Halpern & Wang 1996) and to the
5.75 ms pulsar PSR J0437-4715 (Halpern et al. 1996). We
conclude that the EUVE timing is accurate to within the 8 ms
time resolution of these data, and that the ROSAT timing is
about a factor of 2 better.

Figure 3 shows the soft X-ray pulse profiles of all the EUVE
and ROSAT data in absolute phase. We restrict the ROSAT
data to the energy range 0.08-0.28 keV, which largely overlaps
the band detected by EUVE. Background has been subtracted
from the EUVE data (it is insignificant for ROSAT), and the
ordinates have been scaled in proportion to the exposure times
of the ROSAT observations in order to facilitate comparison of
their pulse profiles. Measured pulsed fractions are given in
each panel. It is immediately apparent that the pulse profile
changed with time. In the original 1991 observation, the pulse
had considerable high-frequency structure, and the pulsed
fraction was 0.32-+ 0.05. By 1993 the pulsed fraction had
declined to 0.18 _+0.02, and most of the fine structure had
disappeared. The 1994 EUVE data, although noisier, has a
pulsed fraction of 0.18 + 0.06, the same as the most recent
ROSAT observation. In addition, there is a marginally signif-
icant second peak in the EUVE light curve that may be similar
to structure in the two earlier ROSAT observations.

A more complete discussion of the ROSAT data across the
full PSPC energy band is presented by Halpern & Wang
(1996). We considered whether or not instrumental effects
could be responsible for the observed variations, and con-
cluded that they were not. The behavior of the higher energy
PSPC data is important in ruling out smearing due to timing
errors, because the pulsed fraction of the harder X-rays did
not decrease with time, and may even have increased. The
known drift in detector gain is probably not responsible,
because the pulse shape is a relatively broadband phenome-
non, and the gain shift is much smaller than the resolution of
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FIG. 3.--Comparison of the soft X-ray light curves of Geminga from EUVE

and RO£AT. Pulsed fractions are indicated at the lower right of each panel.

Phase 0 corresponds to MJD 48,749.999999259 (TDB) according to the

ephemeris of Mattox, Halpern, & Caraveo (1996).

the detector. Finally, confirmation of the lowest observed
pulsed fraction by a different instrument, the EUVE DS,
convinces us of the reality of the effect.

The fine structure in the 1991 data is best described as dips,
superposed on a light curve that otherwise remained quite
similar in 1993. It is the dips that are largely responsible for the
change in pulsed fraction, as the pulsed X-rays are defined as
those which lie above the minimum in the light curve. Finding
it difficult to understand narrow dips in terms of rotational
modulation of thermally emitting regions on the surface,
Halpern & Ruderman (1993) attributed this effect to cyclotron
resonant scattering in a plasma-filled magnetosphere on the
closed field lines. The required high density of e -+ pairs was
assumed to accumulate there from the conversion of primary
high-energy y-rays and secondary radiation on the strong
B field near the surface. It is tempting to speculate that the
decrease of such structure in the light curve is evidence for the
disappearance of the scatterers, namely, an emptying of the
closed magnetic field lines of e + pairs. Perhaps the small
changes observed in the higher energy X-rays (Halpern &
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Wang 1996) are associated with processes that resupply

plasma to the magnetosphere at a variable rate.

5. MODEL ATMOSPHERES AND OPTICAL EMISSION

Of course a blackbody analysis is too naive, because the

effects of magnetized neutron star atmospheres can be con-

siderable at the temperatures considered here. Although we

do not fit such models here, the likely results of such an

analysis can be anticipated from previous work on the first

ROSAT data by Meyer, Pavlov, & M6szfiros (1994). Using a

magnetized hydrogen atmosphere model, they concluded that

the effective temperature Tee is 2-3 times smaller than the

fitted blackbody value. In their model, the observed spectral

hardness is an effect of decreasing opacity at higher energies,

for which the radiation emerges from deeper in the atmo-

sphere. Although Meyer et al. (1994) did not use the response

matrix appropriate to the earlier ROSAT data, the general

trend of their results is almost certainly correct.

Accompanying the lower effective temperature was a de-

crease in distance required by the model, to a value that was

highly uncertain but could be as low as 40 pc or as high as

140 pc. These distance estimates were for a 10 km radius

neutron star. Since a distance less than 120 pc is ruled out by

the small observed parallax, the room for consistency between

the model atmospheres and the observations is much reduced.

Ra'tt_r khan straining against the limits of the measured

distance, the atmosphere models can now instead be usefully

interpreted in terms of the size of the emitting region. In

particular, larger emitting areas are implied which may cover

the majority of the stellar surface, instead of the 0.10-0.64
fraction mentioned above.

Atmosphere models are not the cause or cure of any major

disagreement between the EUVE and ROSAT data as pro-

posed by Bignami et al. (1996), since we have shown that

discrepancy to be fictitious. Atmosphere models simply repro-

duce the same X-ray flux at lower effective temperature. For

the same reasons that adequate blackbody fits to the EUVE

and ROSAT data delineate almost the same strip in parameter

space in Figure 1, an atmosphere model that fits the ROSAT

data will also fit the EUVE flux in the same energy band.

Similarly, atmospheres do not increase the contribution of

surface thermal emission to the optical emission (for a given

distance), since the low-energy flux closely follows a Rayleigh-

Jeans law corresponding to a temperature slightly lower than

Tee (Meyer et al. 1994). Even if the thermal X-ray emission

comes from only part of the neutron star, the rest of the

surface is too cool to supply the majority of the visible flux.

The opposite conclusion was mistakenly drawn by Bignami et

al. (1996), who claimed that the optical emission from Gem-

inga is consistent with thermal emission from a neutron star of

radius 10-15 km at a temperature of only (2.2-2.8) × 105 K.

This is because there is an error in their blackbody formula;

the curves in their Figures 3 and 4 are too high by a factor of

-_3. In contrast to the observed V = 25.2, the cool blackbod-

ies hypothesized by Bignami et al. (1996) would have

V = 26.8-28.0 at a distance of 160 pc, and a real neutron star

would be even fainter if its T_ had those same values. But they

do correctly show that the optical colors are inconsistent with

a Rayleigh-Jeans spectrum, as did Bignami, Caraveo, & Paul

(1988). We agree, as did Halpern (1989), that there is a real

peak in the V-band, and that it requires the visible flux to be

dominated by some nonthermal mechanism, possibly the

ion-cyclotron feature suggested by Bignami et al. (1988). The

observed B magnitude of 26.5 + 0.5 is closer to the blackbody

extrapolation, and could have a significant thermal contribu-
tion.

Finally, we note that while the extrapolation of the black-

body falls below the optical, the fitted power-law component

would greatly exceed it. The power-law index c_ = 1.00+_°:3279

extrapolates to visual magnitudes of 18.2-22.4. While the

power-law model is only a parameterization, which may not be

valid even in the X-ray range, it does serve to remind us that

any hypothesized nonthermal power law extending from the

optical to the X-ray must have an energy spectral index O_oxless

than 0.3, considerably flatter than the energy index in the

X-ray band itself. A future test of whether the thermal or

nonthermal component is responsible for the optical flux could

be made by observing optical and UV pulsations, and com-

paring them to the soft and hard X-ray light curves.
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