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Abstract. The y-ray emissions from Geminga and from the In-
terpeak 1 component of the Vela pulsar were analysed in order
to compare their spectral properties between 50 MeV and 5 GeV
and to study their variability between 1975 and 1982 using the
COS-B data. The stability of both sources above about 200 and
300 MeV, respectively, retaining an E~2:0 % 91 spectrum of con-
stant intensity over these years, is remarkable. At lower energies,
however, their spectral distribution has been found to be vari-
able at the 4 o and 5 o level, respectively. Both sources exhibit
a high state, characterized by a power-law spectrum of index
close to -2 that extends down to 50 MeV. In a low state, their
soft radiation below a few hundred MeV is largely suppressed
for long periods. The induced spectral breaks in the low states
were detected at 5 o and 4 ¢ significance, respectively.

The parallel behaviour of the two sources hints at a common
origin of their very hard -y radiation and of its long term variabil-
ity. It may find its roots in the properties of curvature radiation
or very small pitch-angle synchrotron radiation, as discussed
here.

Key words: pulsars: individuals: PSR0833+45, 2CG195+04 —
pulsars: general — gamma rays: observations — radiation mech-
anisms: cyclotron and synchrotron

1. Introduction

The second brightest source in the GeV sky, Geminga or
2CG195+04, eluded a clear identification for 20 years. An as-
sociation with the X-ray source 1E0630+178 and a blue 25th
magnitude star (G”) was first proposed because of their unusual
combination of spectral properties and the implied L./Lx and
Lx/Ly ratios of order 1000 and 1800, respectively, that recalled
the characteristics of the young Vela pulsar (Bignami etal. 1988;
Halpern & Tytler 1988). The comparison with Vela favoured the

Send offprint requests to: 1.A. Grenier, DAPNIA/SAp, C.E.
Saclay, 91191 Gif/Yvette Cedex, France

idea of Geminga being a pulsar which was later substantiated
by the similarity we found in the details of their  radiation
(Grenier et al. 1991). At the end of the present work, ROSAT
X-ray data from 1E0630+178 and EGRET high-energy y-ray
data from Geminga revealed that the two sources are indeed one
and the same: a pulsar with a period of 237 ms (Halpern & Holt
1992; Bertsch et al. 1992)... and we were delighted to update
our paper! This important discovery brings us an additional ex-
ample of a high-energy ~y-ray pulsar to unveil detailed aspects of
pulsar emission. In fact, the analysis of data from the Compton
Gamma-Ray Observatory has recently increased the number of
firm y-ray pulsars from two (Crab & Vela) to five, including
the 102-ms pulsar PSR1706-44 identified by EGRET with the
COS-B source 2CG342-02 (Swanenburg et al. 1981; Kniffen
et al. 1992), and the 150-ms pulsar PSR1509-58 detected by
BATSE up to possibly a few MeV (Wilson et al. 1992).

In the X rays, the soft, broad pulse of emission from
1E0630+178 recalls the weakly modulated thermal emission
that arises from Vela, possibly from the surface of the neutron
star (Ogelman et al. 1991). The lack of interstellar absorption
towards 1E0630+178 yields an upper limit of 500 pc to the dis-
tance of Geminga (Halpern & Holt 1992). Above 100 MeV, the
Geminga and Vela light curves show common features: two nar-
row peaks bracketing an interpeak region of emission (Bertsch
etal. 1992; Bignami & Caraveo 1992; Hermsen et al. 1992). But,
the phase separation of 0.5 & 0.03 between the peaks probably
indicates a different location of the ~y-ray emitting site in the
magnetosphere of Geminga compared to that of Crab & Vela
where the phase separation is only 0.42.

In order to present another similarity between Vela and
Geminga, linked to their variable aspect in -~y rays, this arti-
cle gathers the spectral information that was obtained between
50 MeV and 5 GeV, over seven years, from the repeated COS-B
observations of Geminga and of the Interpeak 1 component of
the Vela pulsed emission. This component was selected from
the five independent phase intervals of the Vela light curve be-
cause it showed signs of a spectral variability analogous to what
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Table 1. Characteristics of Geminga and Vela observations

Observing  Pointing Source Start, end dates
period direction (I,b)  aspect angle (d/m/y)
Geminga:
0 183°9, -6°1 15° 17/08/75
17/09/75
14 195°2, +422 0° 30/09/76
01/11/76
39 190°2, -0°3 7° 22/02/79
02/04/79
54 188%4,-2°5 9° 04/09/80
16/10/80
64 190°1, +0°2 6° 18/02/82
25/04/82
Vela:
2 263°5, -3%4 1° 20/10/75
07/11/75
3 262°7, +3°4 6° 08/11/75
28/11/75
45 26320, +3°9 7° 10/10/79
15/11/79

was found for Geminga (Grenier et al. 1988, alias GHC 1988
later on; Grenier et al. 1991). Not knowing the Geminga period
at that time, no phase selection was applied. A similar spectral
analysis as a function of phase is now under way and will be
published separately with an accurate timing analysis of the ~y-
ray pulsation and a study of the morphology of the light curve.
An average spectrum of Geminga had been derived in 1981 by
Masnou et al., but the present study includes all available ob-
servations up to 1982 and it focuses on the spectral evolution
of the source with time and on the existence of a spectral break
around a few hundred MeV.

2. Data and analysis

COS-B operated in the 50-5000 MeV range. It was pointed
near Geminga five times between 1975 and 1982 for durations
of one to two months. The observing periods are listed in Ta-
ble 1. Five COS-B observations of Vela have been previously
analysed (GHC 1988). The three listed in Table 1 were selected
for a more detailed analysis to compare the behaviour of Vela to
that of Geminga. The collected photons and the related instru-
mental characteristics, such as the sensitive area, point-spread-
function, and energy resolution, have been retrieved from the
Final COS-B Database (Mayer-HaBelwander 1985). The tele-
scope sensitivity decreased during its lifetime. The relative effi-
ciency for each observing period has been taken from the study
of overlapping observations along the Galactic plane (Strong et
al. 1987).

The spectral deconvolution of the source radiation used the
maximum-likelihood method developed to describe the Vela
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pulsar emission (GHC 1988). The procedure treats the photons
individually by computing the probability density function of
detecting a photon at a measured energy and position, coming’
from a given source model. The photons are not binned spatially,
nor in energy, to take full account of the modest energy and
spatial resolutions of the COS-B detector. The likelihood of a
model is simply the product of the probabilities of detecting the
independent events actually recorded by COS-B. As a boundary
condition, the total number of photons detectable from a model
was assumed to equal the total number of photons collected
within the entire COS-B field-of-view and energy band.

In the case of the Geminga observations, the model includes
four different sources to describe the bulk of the  rays detected
in the large telescope field-of-view:

1. a constant and isotropic instrumental background of free
intensity and spectral index.

2. the steady diffuse Galactic emission in the whole field-of-
view. Its spatial structure can be traced by HI and CO maps of
the region (see Strong et al. 1988 and references therein). Its
intensity and spectral index were treated as free parameters.

3. the point-sources of the Crab pulsar and its nebula, at their
radio position: their stable power-law spectra have been di-
rectly taken from the analysis of Clear et al. (1988).

4. the point-source Geminga at 1= 195°1 and b= 4°2 for which
we examined different spectral distributions.

To study the Vela Interpeak 1 emission, the model in-
cludes the instrumental and Galactic background emissions and
a point-source at the radio position of the Vela pulsar. Only pho-
tons in the 0.15 - 0.33 phase interval were selected (see GHC
1988).

As afirst step, single-power-law spectra, covering the whole
50-5000 MeV interval, were compared to the data of each ob-
servation independently. The spectra from the instrumental and
Galactic backgrounds, and from the relevant source (Geminga or
Vela) were fitted simultaneously. This provides a useful check
on instrumental variations in sensitivity and energy response
over the years since they should show up similarly in the be-
haviour of the background and source spectra.

The analysis has been applied then to test the existence of
alow-energy spectral break. Two-power-law distributions, cov-
ering the whole 50-5000 MeV range with two independent in-
dices, .. and <y, below and above a given energy threshold,
were fitted to the source emission of each observation. Various
break energies, ranging from 100 MeV to 380 MeV, were ex-
amined. The introduction of a free parameter in the likelihood
analysis for the break energy would require too much CPU-time
to be practical. To allow for smoothly curved distributions at low
energy, a “parabolic+power-law”’shape has also been tested by
coupling an EA°¢E  EB spectrum below a given energy thresh-
old to an E=2 power law above that threshold. The choice of a
-2 index corresponds to the stable, average value of vy found
at high energy for the two-power-law fits. For Vela, this index
further characterizes the pulsed emission, at high energy, in all
different parts of the light curve over the years (GHC 1988).
The “parabolic+power-law”’representation has no physical ba-
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Table 2. Single power-law spectra fitted to the 50-5000 MeV emission
from Geminga for the separate observations, the average of all five
periods (<>), and the low-activity average (low <>) of all periods
but 14

period yem 2s™! MeV ™!

0 (2 6+315 ) 10 E—l .50+ 0.15
14 (47+30)10 E—202:1:010
39 (12+08)10 E—177:l:010
54 (14+13)10 E—l80:§:012
64 (2 1 +1 4 ) 10 E-—lv87:t0 10
<> (17+05)10—4 E—184:|:005
low <> (9.03%%)107° 13—”7“06

Table 3. Spectral indices of the Geminga emission for double-power-
law spectra between 50 MeV and 5 GeV, obtained for the separate
observations, the average of all five periods (< >), and the low-activity
average (low <>) of all periods but 14. The significance of a spectral
break is measured from the maximum-likelihood values of the single
and double power-law fits. An asterisk marks the best fit.
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Table 4. Spectral indices of the Vela Interpeak 1 emission for double-
power-law spectra between 50 MeV and 5 GeV, obtained for the sep-
arate observations, the average of all five periods (<>), and the low-
activity average (low <>) of periods 2 and 45. The significance of a
spectral break is measured from the maximum-likelihood values of the

single and double power-law fits. An asterisk marks the best fit.

Period Break  Low-energy High-energy Break
energy index L index vy confi-
(MeV) -dence
2 140 +2.5 2% —1.85+0.17 170
200 0.0 1% ~1.95+0.19 200
290 —0.6 £0.55 —2.10+023 230
380 —0954+035 —2.18+028 2lo
3 140 —1.6 %7 —2.05+£0.15 050
200%  —1. 63:&041 —2.13+£022 090
290 -1.774£027 -216+024 08¢
380 ~1.854£022 —2.17+030 060
45 200 >+1.0(1o) —225+026 350
290 %  +0.3 £0.8 —2.4 403 360
380 ~04 £05 2.6 £04 340
low <> 200 +1.0 73 -2.054+0.15 390
200%  —0.25 :&: 043 2234018 420
380 -0.724£028 —236+023 400

Period Break  Low-energy High-energy Break
energy index L index yu confi-
(MeV) -dence
0 140%  >0.(10) -1.8 £02 220
200 +0.3 72 -1.8 £02 20¢
290 —0.60+0.55 —1954+0.30 19¢
14 100 —2.7%5% —1.984+0.10 ~0
140 215+ 0 55 —1.9840.13 ~0
200 -2.0%%3, —2.00£0.15 ~0
290 —2.0 £02  —2.014+0.18 ~0
39 140 >+6. (1) —225+0.18 4lo
200%  +1.3%, —240+020 450
290 —0.45+£045 -255+030 4.lc
380 -1.0 £03 26 +£03 350
54 140 +1.5 4100 —2.08+020 2lo
200« —0.2 +_‘ % -2234024 240
290 —-1.0 £05 23 4030 230
64 100  >+05(10) —205+0.15 2l¢
140 —0.9 +£08 —2.00+0.15 13¢
200 —1.7 £04  -19340.15 04c
290 —1.80+025 —1.92+0.18
<> 140 —04 £0.6 —2.02+0.07 470
200 —1.1 £03 2074009 45¢
290 —1.4540.15 —21240.10 4.lc
low <> 140% +1.4 £1.0 —2.04+0.08 520
200 —0.5 £0.35 —2.10+0.11 49¢
290 —1.10£0.22 —2.154+0.15 45¢

sis, nor does the two-power-law function. But, having no a-priori
knowledge of the radiation process, these representations con-
veniently circumscribe the actual spectral shape. Introducing a

second break at GeV energies failed because the scarce pho-
tons arising from Vela or Geminga above a few GeV could not
constrain the fits.

3. Results

The results of the various single and double power-law fits to the
data of the separate observations, or of combinations of obser-
vations, are summarized for Geminga in Tables 2 and 3, and for
Vela Interpeak 1 in Table 4. The increase in likelihood obtained
between the single and double power-law fits measures the im-
provement in the quality of the fit caused by the introduction of
a spectral break. The corresponding statistical significance of
the break is given in Tables 3 and 4.

To study the time-averaged behaviour of Geminga between
1975 and 1982, all five observations have been combined. The
resulting best single-power-law fit is for 50 <E< 5000 MeV:

S(E)= (1.7 %%3) 1074 E, 18 £0% yem=25~ T MeV—! (1)

The binned spectrum measured by Masnou et al. (1981) for
the sum of observations 0, 14, 39, and 54 led to an E~!* spec-
trum between 100 and 3200 MeV that possibly (2 o) flattened
and steepened below and above these limits. Hence, two-power-
law spectra with break energies of 140, 200 and 290 MeV were
tested. According to the maximal likelihood values reached in
the various cases, the fit improves when decreasing the energy
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PERIOD 38 PERIOD 54

T T

2 3
E (Mel) 10 10

Ph. em 25 1 Meu~1  PERIOD 64
T ]

...7 ~ -4
10
_B - -+
10
_9 o 4
10
-16[ T
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Fig. 1. Maximum-likelihood double-power-law fits
to the Geminga spectrum for observations 0, 39,
, . . , 54, 64, and 14, respectively, and for different break
2 g 2 3 energies. The & 1 o limits are not displayed to avoid
E (Mel) 10 10 10 10 confusion

of the break. So, the time-averaged spectrum of Geminga is best
represented by the following distribution:

for 50 <E< 140 MeV:
S(E)= (1.6 02 ) 1077 Eg&t % yem™2s~! MeV~!  (2a)

for 140 <E< 5000 MeV:
SE)=(6.2*%%) 107 B2 =Y yem=2571 MeV~!' (2b)

It fully agrees with the Masnou et al. (1981) binned spec-
trum. The increase in likelihood measured between the single
(1) and double (2) power-law fits clearly supports the existence

of a break at low energy at a significance level well over 4 ¢ (Ta-
ble 3). The break does not seem to occur at a precise energy, but
the flattening becomes gradually more pronounced when low-
ering the break position in energy. The photon statistics were
insufficient to test a break energy lower than 140 MeV.

To study the spectral evolution of Geminga with time, the
likelihood analysis was applied to each observation indepen-
dently. The maximum-likelihood two-power-law fits found for
different break energies are displayed on Fig. 1 for the five
observations. A pronounced break is detected for each obser-
vation except for period 14. For the latter, break energies of
100, 140, 200 and 290 MeV have been tested, but all fits reach a
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Fig. 2. Spectral indices of the instrumental and Galactic background
emissions present in the COS-B field-of-view during Vela and Geminga
observations (periods 2, 3, 12, 14, 39, 45, 54, 59, and 64)

Date

remarkably constant likelihood value equal to that of the single-
power-law fit. So, the Geminga spectrum during period 14 is best
represented by the following power law for 50 <E< 5000 MeV:

SE)= (4.7 559) 107" Byey” =1 yem 257 MeV™! (3)

It coincides at high energy with the time-averaged spec-
trum (2). Below 200 MeV, however, the discrepancy between
the source distributions (2) and (3) reveals a significant spectral
variability (3.9 to 4.3 ¢ according to the choice of break en-
ergy in the average distribution). Furthermore, an instrumental
cause can be excluded. The energy response of the COS-B de-
tector has proved to be rather stable during its lifetime (Strong et
al. 1987). This stability has been independently checked in the
present analysis and in the former spectral study of the Vela pul-
sar emission (GHC 1988). The simultaneous determination of
the spectral indices of the underlying instrumental and Galactic
emissions indicates no change in the instrument response with
time and energy (Fig. 2). The Crab pulsar also lay in the COS-B
field-of-view during the Geminga observations and it showed
no signs of spectral variability (Clear et al. 1988, and refer-
ences therein). Finally, during all Vela observations, the pulsed
emission from the first peak remained constant in intensity and
spectral index (GHC 1988).

The determination of an average spectral index for the
Galactic diffuse emission is by itself an interesting result. The
average index for the about one steradian field-of-view around
the Vela and Galactic anticenter directions was found to be close
to 2.2. This is the first derivation of this index taking into ac-
count the full COS-B detector response. It is roughly consistent
with the work by Bloemen (1987) and Bloemen et al. (1988)
who studied this parameter for the inner and outer Galaxy and as
a function of Galactic latitude. The slight difference may arise
from the full spectral deconvolution applied here.

A flattening of the spectrum below 100 - 300 MeV marks
the four periods of “low activity”of Geminga. To evaluate the
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hardness of the radiation in this state, the “low-activity”average
spectrum has been computed for break energies of 140, 200 and
290 MeV from the combination of periods 0, 39, 54 and 64. The
maximum-likelihood fits are displayed on Fig. 3a. Having re-
moved the data from the discrepant period 14, the significance of
aspectral break in the “low-activity”’state rises to ~5 o (Table 3)
and the significance of a spectral variability between period 14
and the low-activity state reaches 5.2 to 5.3 o for the differ-
ent choices of break energy. When lowering the energy of the
break, the gradual flattening of the spectrum and the increasing
significance of a break strongly suggest that the real source spec-
trum is smoothly curved at lower energies. This shape has been
circumscribed by testing a parabolic distribution (on a log-log
scale) below 380 MeV, coupled to an E~2 power-law above the
threshold that is representative of the stable, average spectrum
at high energies. The maximum-likelihood parabolic fit and its
1, 2, and 3 o confidence regions are presented on Fig. 3b.

In the Vela pulsar «y-ray light curve, five discrete components
were identified because of their different spectral distributions
below 300 MeV and of their different evolutions on a timescale
of weeks to months (GHC 1988). Among them, the Interpeak 1
emission, appearing just after the first main peak, behaved much
like Geminga and therefore was chosen for further investiga-
tions. Break energies other than 300 MeV have been tested to
show the severe depletion of soft emission at certain times be-
low 200 MeV. COS-B observing periods 2 and 45 were selected
as examples of the Interpeak 1 source in a low state and period
3 to illustrate the source behaviour in a high state. The results of
single-power-law fits to the Interpeak 1 emission can be found
in GHC 1988. Figure 4 and Table 4 of the present paper sum-
marize the results of double-power-law fits for different break
positions in energy and the related statistical significance of a
spectral break. As expected, a pronounced break at low energy
is seen in periods 2 and 45, but not during period 3.

To show the hardness of the Interpeak 1 emission in a low
state of activity, periods 2 and 45 were merged and break en-
ergies of 200, 290, and 380 MeV were considered. The corre-
sponding best two-power-law fits are displayed on Fig. 5a. The
comparison of the likelihood values reached for the single and
double power-law fits clearly supports a flattening of the low-
activity average spectrum at low energy, at a statistical level of
about 4 ¢ (Table 4). The result of a parabolic + power-law fit
and its +1p confidence regions are presented in Fig. 5b. The fit
is not so well constrained as in the case of Geminga because of
the lack of soft source photons.

In a high state, the double-power-law fits to the data of pe-
riod 3 seem to favour a low-energy index ~y. of absolute value
slightly lower than the 2.00 & 0.11 value obtained for the single-
power-law fit (Table 4 and GHC 1988). But, the corresponding
slight increase in likelihood does not firmly establish the pres-
ence of a break in the spectrum. From a statistical point-of-view,
the high-state spectral distribution of the Interpeak 1 emission,
integrated between 0.15 and 0.33 in phase, is well represented
by the power law for 50 <E< 5000 MeV:

S(E)= (4.2 3%) 1074 E220 %01 yem=2 s~ MeV~!  (4)
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Ph. em 2 s 1 Moyt GEMINBA

(a) (b)

10

10

1 I 1 1

2 3 2 3
E (Mel) 10 10 10 10

Fig. 3a and b. Maximum-likelihood fit to the Geminga emission in a low state of activity from the combinations of periods 0, 39, 54, and 64: a
double-power-law fits for break energies at 140, 200 and 290 MeV. Their & 1 ¢ limits are not drawn to avoid confusion. b parabolic fit coupled

to an E~2 spectrum above 380 MeV (thick line) and its + 1, 2, and 3 o confidence regions (dotted lines). The dashed line shows the high-state
spectrum obtained during period 14

Ph. em 2 571 peu~! PERIOD 2 PERIOD 45 PERIOD 3
T T T 1 ¥ T
_7 o T T i
10
140
200 200
I | 230 1 290 -
_8 1 -
10 -t \ 380 380
{
/
-3 + / + -
10 /
/
!
-10[ T T .
10
\ kN
1 — 1 1 Y 1 1
2 3 2 3 2 3
E (MeW) 10 10 10 10 \ 10 10

Fig. 4. Maximum-likelihood double-power-law fits to the Vela Interpeak 1 emission, integrated between 0.15 and 0.33 in phase, for observations
2, 45, and 3, respectively, and for different break energies. The & 1 ¢ limits are not displayed to avoid confusion
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UELA INTERPEAK 1

1 1 T 1
(a) (b)
_7 o -
10
-8 rr =
10
-9 r -
10
-10[ T
10
1 1 i 1 1
\\
2 3 2 3
E (Melh) 10 10 10 10

Fig. 5a and b. Maximum-likelihood fit to the Vela Interpeak 1 emission, integrated between 0.15 and 0.33 in phase, in a low state of activity
from the combinations of periods 2 and 45: a double-power-law fits for break energies at 200, 290, and 380 MeV. Their & 1 ¢ limits are not
drawn to avoid confusion. b parabolic fit coupled to an E~2 spectrum above 380 MeV (thick line) and its & 1 o confidence region (dotted lines).

The dashed line shows the high-state spectrum obtained during period 3

Comparing this spectrum to the low-activity average dis-
tribution, the likelihood statistics yield a significance of 5.5 o
for a spectral variability. As already mentioned, the stability
of the emission from the first peak of the Vela light curve, as
well as that of the instrumental and Galactic diffuse emission
(see Fig. 2), enables us to rule out an instrumental origin of the
variability.

4. Discussion

To summarize our results, in four Geminga observations the
E~204£0.08 gpectrum found at higher energies flattens notably
(5 o) below ~200 MeV while in one observation the spectrum
follows a power-law of index -2.02 £ 0.10 down to 50 MeV. In
the same way, the E~2%4*+012 distribution found for the Vela
Interpeak 1 emission at high energy flattens significantly (4 o)
below ~300 MeV in a low state. The high-state spectrum is
statistically consistent with a power law of index -2.00 & 0.11
from 50 MeV to 5 GeV and the evidence for a slight break
at energies lower than 200 MeV is not significant. Therefore,
the parallel which was noticed between the Vela and Geminga
whole pulsed emissions in the visible, at X rays, and at 7 rays is

now reinforced with a striking analogy in the ~y-ray activity of
Geminga and Vela Interpeak 1, both in the spectral distribution
of their emission and in its variability. There is a slight differ-
ence in the position in energy of the spectral break. It appears
towards 100-200 MeV for Geminga and 200-300 MeV for Vela
Interpeak 1.

Above a few hundred MeV, the two sources are remark-
ably stable over the years, in intensity as well as in spectrum.
It should further be stressed that this stable high-energy spec-
trum, of index close to -2.0 = 0.1, describes also the ~y radiation
from the other components of the Vela & Crab light curves in the
same energy band (GHC 1988; Clear et al. 1988). The GeV pho-
tons are probably produced by the energetic primary particles
close to their acceleration site. The different long-term evolu-
tions of the discrete Vela components indicated to GHC distinct
origins inside the pulsar magnetosphere. Moreover, the Crab,
Vela, and Geminga magnetospheres differ in their extent, hence
in the magnetic field strength at various fractional altitudes up to
the light-cylinder. Thus, the observation of a common radiation
spectrum plausibly reflects similar acceleration mechanisms in
different magnetospheres and at different locations inside them.
The spectral distributions of synchrotron radiation, for large or
small pitch angles, and of curvature radiation all conserve the
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power-law spectrum of the radiating particles (Jackson 1962;
Epstein 1973). For an observed photon index of ~-2, all three
yield an E~3 distribution of the number of particles.

The detected variability affects the source emission only
below a few hundred MeV; it is largely suppressed for months
and enhanced for a few weeks. Estimates of the rise and decay
times of 11.4 £ 1.0 and 137 + 39 days, respectively, could be
determined for the Vela pulsed emission during one transition
(GHC 1988). The Geminga observations are unfortunately too
sparse to constrain these parameters. High states do not seem
to be rare (1/5 and 2/5 of the observing time for Geminga and
Vela), but the low-activity state corresponds to the most common
situation, as far as COS-B could determine. One should further
remember that intermediate states exist for Vela Interpeak 1.
Our dichotomy between low and high states is thus certainly
too simplistic. The appearance of a high state two weeks after
a giant Vela glitch in 1975 raised the question of a possible
relationship between the two events. However, the occurrence
of a second high state a few months before another glitch in 1981
did not favour this possibility, nor does the very stable rotation
of the Geminga pulsar over 17 years. The combined COS-B and
EGRET data (Hermsen et al. 1992; Mattox et al. 1992) do not
reveal any glitch activity.

The flattening of the spectrum at lower energies which char-
acterizes the numerous periods of low or intermediate activity
provides an explanation for the failure to detect Geminga and
Vela Interpeak 1 below 30 MeV with COMPTEL (Strong et
al. 1993, Bennett et al. 1993). It also explains the inversion
of relative brightness between Crab and Geminga below and
above 300 MeV, obvious on the COS-B and EGRET maps of
the Galactic anticenter. A preliminary spectrum of Geminga ob-
tained from the EGRET data above 30 MeV is consistent with
an intermediate COS-B state and shows a break near 60 MeV
(Mayer-HaBelwander et al. 1993).

It is difficult to evaluate the amount of energy implied by
the change of state because of the uncertainty both in the source
distance and in the solid angle subtended by the radiation beam.
In the case of a Vela pulsar at 500 pc, emitting over 27, the
Interpeak 1 luminosity changes by about 10°** erg s~! which
represents about one hundred times the total power radiated in
soft X rays (EINSTEIN: Harnden et al. 1985). In order to scale
this number, we observe that the Vela pulsar disposes of 10%’
erg s~ of spin-down power of which ~1% is converted into
«y rays in the MeV-GeV range. The spin-down luminosity of the
Geminga pulsar reaches 10> erg s~! for a typical moment of
inertia of 1.4-2 10* g cm?. It lies somewhere within 500 pc of
us. With a Vela-like y-ray efficiency of 1% and a beam filling
factor of 27, the y-ray flux of ~3 10~ erg cm™2 s~! measured
in the COS-B range places Geminga at a distance of ~50 pc. So,
either Geminga is a very close neutron star or it produces «y rays
much more efficiently than does Vela. At 500 pc, its efficiency
would reach 90% ! As for Vela, the luminosity variation due
to the change of state represents ~180 times the luminosity
received in soft X rays (EINSTEIN: Halpern & Tytler 1988;
ROSAT: Halpern & Holt 1992). These considerations show that
the detected variability is an important event in the -ray life of

i.a. LA. Grenier et al.: y-ray emission from Geminga and Vela

these pulsars. It can affect up to 10% of the total y-ray luminosity
within two weeks.

The similar spectral distributions of the two sources and
their comparable evolution with time hints at a common radia-
tion process producing the very hard radiation and a common
cause of its variability. The latter may be understood as a sup-
pression/production of soft y photons or as a variation in energy
of an abrupt break in the spectrum of the radiating particles.
The first possibility seems unlikely. The detected +y rays are too
scarce to suffer from self-absorption at the source. The electron-
photon interaction is governed by the Klein-Nishina cross sec-
tion at these energies. For an optically thick region of radius r
in a Vela-type magnetosphere of radius r. of 4.2 10® cm, it re-
quires a particle density of 3 10! (t/r,) ! cm™3, that is a particle
flux at the light cylinder as high as 10% (Q/4r) (r/r.)~" sec™!,
where the solid angle {2 accounts for the radiation beaming. By
contrast, the observed «-ray flux requires only 2 10°2 - 4 103
(SY/4) particles sec™! through curvature radiation, and 4 10°3
- 10%" (Q/4r) particles sec™! for synchrotron radiation. Only
in the case of small-pitch-angle synchrotron radiation, when
some 4 10%0 - 10* particles sec ™! produce the detected + rays,
is the self-absorption limit even remotely approached. From
these considerations, it is unlikely that self-absorption explain
the observed spectral cut-off, despite its attractive photon index
of +1.5 and its natural variability. Pair production on the thermal
X rays emitted at the neutron star surface was also calculated
to be ineffective. The X-ray flux detected by the EINSTEIN
and ROSAT telescopes (Harnden et al. 1985; Halpern & Holt
1992) is not sufficient to absorb 0.1-1 GeV photons inside the
magnetosphere because of the small two-photon collision cross
section (Lang 1974). Moreover, large variations of the Vela or
Geminga X-ray flux have not yet been detected, nor did we
find beams of pulsed X rays that could efficiently absorb the
v rays (Halpern & Holt 1992). Magnetic absorption can take
place within a few stellar radii from the star surface. But, it can-
not account for a time-dependent effect working at low energy.
So, for the following discussion, let us adopt a particle distribu-
tion which is restricted to energies between y;m.c? and ’yzmecz
(zero elsewhere), and which follows an E~3 power law inside
this interval.

Optically thin synchrotron radiation with large pitch angles
is an appealing process because of its high efficiency and the
corresponding short radiation length of the particles. In a 10°
G field, typical of the Crab outer magnetosphere or of a region
half-way to the light-cylinder for Vela or Geminga, the breaks
found near 100-200 MeV and 3-6 GeV in the ~y-ray spectra of
Geminga and Vela Interpeak 1 would correspond to limiting
Lorentz factors y; and 7, of order 10° and 10, respectively.
Such electron (positron) energies of a few hundred GeV are
easily achieved in the current “polar cap”and “outer gap”models
of Daugherty & Harding (1982), and of Cheng, Ho & Ruderman
(1986). But, because an observer sees a series of very short
pulses of radiation, the synchrotron photon spectrum falls only
as E7%/3 below the lower cut-off energy, which corresponds to
the Fourier envelope created by each pulse. This flattening is not
fully consistent with the measured spectra in a low state. Below
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200 MeV for Vela Interpeak 1 and 140 MeV for Geminga, the
likelihood test cannot firmly reject an E~2/3 power law (at 2 o
and 2.5 o, respectively, above the best fit), but it suggests a
sharper turn-over of the spectrum.

Optically thin synchrotron radiation with very small pitch
angles may be more relevant to these very hard spectra. Be-
cause of the wide radiation pattern of the cyclotron emission
seen in a frame moving with the particle along the field line,
this process gives a photon spectrum, integrated over angles in
the observer’s frame, that flattens interestingly to E° rather than
E~2/3 below the lower cut-off energy (Epstein 1973). However,
compared to larger pitch angles, the radiated power is reduced
by approximately 1/v2. The sharp turn-over of the low-state
spectra implies pitch angles smaller than 1/v,, hence a photon
spectrum that breaks around vg.y; and uB.'yzz/'yl (where vg is
the cyclotron frequency: eB/2mmc). For even smaller pitch an-
gles, less than 1/, the photon spectrum breaks around 2.7y;.vp
and 2.v,.vg. In any case, to match the observed breaks in a
10% G field, this process requires much more energetic particles
than before, with Lorentz factors between 10° and 10'! in ex-
cess of what can be reached using the potential drops available
in a standard magnetosphere. The radiation reaction limits a
particle acceleration to ~10'3 eV (Daugherty & Harding 1982;
Cheng, Ho & Ruderman 1986). So, synchrotron radiation with
small or very small pitch angles can operate only in the inner
magnetosphere where the magnetic field exceeds 10° G.

On the other hand, the acceleration the particle feels while
loosely gyrating along the field line may be weaker than the ac-
celeration provided by the local curvature of the field line. For a
typical radius of curvature of 10® cm, curvature radiation dom-
inates over small-pitch-angle synchrotron emission in regions
where the field strength drops below 10° G. In a typical field
of 10°% G, the observed spectral breaks correspond to particles
of energy between 1 and 10 TeV, that is to the most energetic
particles produced by a “gap”. But, curvature radiation is not
efficient. To radiate down to 100 MeV with such a large radius
of curvature requires a radiation length comparable to the light-
cylinder radius or to a large fraction of it and therefore it is diffi-
cult to confine the radiation in phase. Finally, because curvature
radiation consists of one short pulse of radiation, its spectral
distribution follows the envelope of the periodic synchrotron
emission spectrum and falls as E~2/3 below the lower cut-off
energy. Again, this flattening may not agree with the measured
spectra in a low state. New observations with a higher sensitivity
and a better energy resolution will be of importance to settle this
question. For anyone of the three processes mentioned above,
however, the observation of two spectral breaks rather close in
energy indicates that the radiating particles are confined to a
narrow energy band, covering about one decade.

In the framework of the “polar cap” and “outer gap” mod-
els, Harding & Daugherty (1992) and Chiang & Romani (1992)
have shown that the ~y-ray spectrum produced by photon-pair
cascades depends sensitively on aspect angle. Nevertheless, a
precession of the pulsar cannot account for the observed vari-
ability. It would not leave the high-energy part of the spectrum
unchanged and, in the case of Vela, it is ruled out by the si-
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multaneous spectral stability of other components of the light
curve. It is noted that for the Crab pulsar the combined results
on the Peak2/Peak] ratio as measured by SAS-2, COS-B, and
EGRET suggest a precession or nutation of the neutron star with
a period of 14 years. This effect, however, has not been seen at
other wavelengths (Thompson et al. 1992). At vy rays, no related
change in spectral shape has been noticed so far.

The variability may instead result from a variation of the
lower cut-off energy, y;m.c?, of the particle distribution. This
would maintain the stability of the high-energy part of the -
ray spectra. The amplitude of the ~y; variation depends on the
radiative process since the break position in the photon spectrum
varies as y; ~> for curvature radiation, and as ;2 or ;! for
large or small pitch angle synchrotron emission, respectively.
Many effects (such as gap closure, particle radiation length, pair
escape from the magnetosphere, cascade development) control
the ~; boundary and the main cause of its possible instability
is not known. For synchrotron emission, a slight displacement
of the acceleration site along the field lines, thus changing the
cyclotron frequency, may also shift the observed break position.

The induced spectral variability may also apply to the evo-
lution of the main peaks of the Vela pulsed emission. They have
been recently seen down to ~1 MeV by COMPTEL (Bennett
et al. 1993) and earlier by Tiimer et al. (1984) with a differ-
ent light curve shape and a soft, E=!6+02_ spectrum which
connects smoothly to the COS-B or EGRET data. The lack of
detection in 1988 by the Figaro experiment (Sacco et al. 1990)
reveals a variability similar to that of Interpeak 1. The spectral
turn-over, however, occurs at lower energies, around a few MeV,
as expected for synchrotron radiation from particles accelerated
in aregion of weaker magnetic field. Indeed, the 0.42 phase sep-
aration of the main peaks implies an origin relatively near to the
light-cylinder, while the smaller phase separation of the two
broad Interpeak pulses indicates that these come from a region
closer to the star. Strickman et al. (1992) reported the detec-
tion by OSSE of the Vela main peaks between 60 keV and 550
keV. Their data points smoothly bridge the observations above
1 MeV and the weak detection in ROSAT X-ray data (Ogelman
et al. 1991). These observations support the requirement for a
break in the y-ray spectrum of the main peaks.

The detailed study of spectral shapes and time variability
as a function of pulsar phase has proved to be of particular
importance and should be pursued. The telescopes presently in
orbit should facilitate this study and allow a more quantitative
comparison with the available pulsar models.
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