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ABSTRACT
The fluxes of the inverse Compton y-rays expected from synchrotron X-ray nebulae
are calculated and the observability of this radiation is discussed. The main emphasis
is given to the pulsar driven nebulae (plerions), although the results and conclusions
are equally applicable to the extended non-thermal X-ray sources produced by
shock-accelerated electrons in the shell-type supernovae remnants. The existence of
the non-thermal (synchrotron) component of X-radiation in these objects implies an
effective acceleration of electrons up to energies E,~100B €, , TeV (B_s=B/
107 G; € .y =€/1keV). The inverse Compton scattering of the same electrons on the
ambient photon fields may result in observable TeV y-radiation as well. The 2.7-K
microwave background radiation is, as a rule, the dominant target photon field for
production of y-rays. This provides a direct relation, for the given magnetic field,
between the typical energies of the synchrotron (€) and inverse Compton (E)
photons produced by the same electrons: €,.,~0.07(E/1 TeV)B_;. The ratio of
relevant energy fluxes at these energies is about f,( > E)/f,(>€) ~0.1B Z; £, where the
fi(=€) is the energy flux of soft X-rays corrected for absorption, and the factor £> 1
is introduced in order to take into account possible differences in the source sizes
responsible for the fluxes observed by X-ray and y-ray detectors. Since the fluxes of
X-ray nebulae with angular size less than a few arcmin are typically at the level of
f.<107" erg cm~? s7', then the detectability of these objects in TeV y-rays, by
current atmospheric Cherenkov telescopes with sensitivities a few times 10™* erg
cm~? s, would significantly depend on the ambient magnetic field. In particular,
the y-ray observability of these X-ray nebulae becomes problematic even for the
lowest possible magnetic field, i.e. B~Bg~3-5 pG. Otherwise, the detection of
y-rays from such sources would require &>>1, which implies that in fact the
relativistic electrons occupy a significantly larger region around the accelerator than
the >1 arcmin X-ray nebulae resolved by the ROSAT and ASCA satellites. We
argue that the invocation of such an hypothesis allows us to explain satisfactorily the
flux of TeV y-rays detected from the direction of the recently discovered faint X-ray
nebula around the pulsar PSR B1706 — 44.
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1 INTRODUCTION

The search for TeV y-rays from pulsars was started some 30
years ago (see, e.g., Weekes 1992). Positive detections of
unpulsed radiation at a high confidence level have been
reported from the direction of the Crab, PSR B1706 — 44,
and possibly the Vela pulsars (for a review, see Kifune
1996a). As for pulsed TeV radiation, despite several claims
of possible detections from several objects, in particular,
from the Crab pulsar and Geminga (see e.g., Chadwick,
McComb & Turver 1990), the results are, as a rule, not
straightforward, controversial and biased by the current
limitation of detection sensitivity (e.g. Weekes 1992; Kifune
1996a).

At GeV energies, six y-ray pulsars have so far been
detected by EGRET aboard the Compton Gamma Ray
Observatory: Crab, Vela, Geminga, PSR B1706 — 44, PSR
B1055 — 52 and B1951 + 32 (Nolan et al. 1996), with PSR
B0656 + 14 being a possible detection (Ramanamurthy et
al. 1996). The modulation of the y-ray light curves at the
periods known from observations at other wavelengths testi-
fies to the production of y-radiation in the pulsar magneto-
spheres, as the result of non-thermal cascade processes
either at the polar cap (e.g. Daugherty & Harding 1982), or
in the vacuum gaps at the outer magnetosphere (e.g. Cheng,
Ho & Ruderman 1986). Effective y-ray production in a
pulsar magnetosphere may be extended to the very high
energy (VHE) region, E >100 GeV, as well, but unfortuna-
tely the predictions of fluxes by the current models of y-ray
pulsars are not sufficiently conclusive (e.g. Cheng 1994).
Whether or not the spectra of y-ray pulsars continue up to
the VHE region is a question which remains one of the
interesting issues of high-energy astrophysics.

In addition to the pulsed radiation produced in the mag-
netosphere, one may expect y-rays from extended regions
surrounding the pulsars. The pulsars are undisputed sources
of relativistic electrons accelerated directly in the magneto-
sphere and/or by the pulsar wind termination shock (e.g.
Arons 1996). The last mechanism seems likely to be respon-
sible for the injection of electrons up to energies ~10* eV
into the Crab Nebula (Kennel & Coroniti 1984). The syn-
chrotron (S) radiation of these electrons in the nebular
magnetic field, calculated in the framework of the MHD
model of Kennel & Coroniti (1984), explains the observed
non-thermal spectrum over 16 decades of frequency from
107 to 10® Hz (Atoyan & Aharonian 1996). The inverse
Compton (IC) scattering of the same electrons on the ambi-
ent photon fields results in the production of observable
VHE y-radiation (see, e.g., de Jager & Harding 1992;
Atoyan & Aharonian 1996).

This might create, to some extent, an impression that the
existence of the bright synchrotron nebula around the Crab
pulsar plays a crucial role (as a target photon field) for the
production of IC y-radiation. In fact, the strong magnetic
field in the Crab Nebula (B > 10~*G), which is responsible
for intense synchrotron radiation, only reduces the effi-
ciency of y-ray production. Indeed, since the energy density
of the magnetic field in the Crab Nebula exceeds, by at least
two orders of magnitude, the energy density of the photon
fields, only <1 per cent of the energy of accelerated elec-
trons is converted to the IC y-rays, the rest being emitted in
synchrotron radiation mainly in the form of optical, UV and
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soft X-ray photons. Thus, the Crab is an effective y-ray
emitter not because of the existence of the surrounding nebula,
but as a result of a very high injection rate of relativistic
electrons by the pulsar into the nebula, L, ~5 x 10*® erg s~
In fact, the efficiently of IC y-ray production could be
expected to be significantly higher if the magnetic field were
weaker. Remarkably, since the high production rate of TeV
IC y-rays in the interstellar medium (ISM) can be provided
by the 2.7-K microwave background radiation (MBR)
alone, a somewhat lower density of optical/infrared photons
in the ISM than in the Crab Nebula does not significantly
reduce the emissivity of IC y-rays. The case of a low ambient
magnetic field can be realized, in particular, if the energetic
electrons are injected into the ISM by a pulsar which has
already left its supernova remnant. Another interesting
possibility for a source of the effective formation of inten-
sive IC y-ray nebulae around pulsars can be attributed to old
pulsars, which would continue to inject relativistic electrons
at the late stages, when the remnant has almost dis-
appeared. With reference to this possibility, it is interesting
to note the recent paper by Chi, Cheng & Young (1996)
who argue about the injection of energetic electrons and
positrons into the ISM in time-scales of ~10° yr after the
birth of pulsar.

The energy of relativistic electrons, if injected by an iso-
lated pulsar into the conventional regions of the ISM with
magnetic field B, ~3-5 pG, is released mainly in the form
of extended synchrotron (optical to X-ray) and IC (y-ray)
nebulae (Aharonian 1995; Kifune 1996b). Since the energy
densities of the typical interstellar magnetic field and of the
2.7-K background radiation are comparable, the S and IC
luminosities are expected to be of the same order of magni-
tude. The X-ray luminosity of the nebula around an isolated
pulsar is expected to be much less than the X-ray luminosity
of the Crab Nubula as a result of both lower spin-down
luminosities and low ambient magnetic fields in the vicinity
of these pulsars. Nevertheless, the modern X-ray detectors
like ROSAT and ASCA have started to allow us to see the
faint X-ray nebulae around many pulsars (Kawai & Tamura
1996).

The energy spectrum and the angular distribution of both
the X-ray and y-ray components depend essentially on the
character of propagation of electrons. The parameter L,/
4nd?, where L, is the pulsar spin-down luminosity and d is
the distance to the source, might be an indicative of the level
of the overall (integrated over the entire extended emission
region) X-ray and y-ray fluxes, provided that the essential
part of the spin-down luminosity of the pulsar (e.g. #2250
per cent, as in the Crab pulsar) is transferred to relativistic
electrons, and the age of the pulsar exceeds the cooling time
of >10 TeV electrons. As will be shown below, fluxes of
TeV y-rays at the level of the Crab flux can be predicted
from the direction of some isolated pulsars having a param-
eter Sy=L,,/d% 20.1 (where L,,=L,/10%” erg s~ and
d,,.=d/1 kpc); if they are located in conventional regions of
ISM with B ~Bigy.

Note that S, corresponds to the maximum available radia-
tion flux f,,,, =Lo/4nd*~8.8 x 1078 S, erg cm > s~ 7, if all the
spin-down luminosity of the pulsar is converted into electro-
magnetic radiation. The minimum detectable energy fluxes
of VHE y-rays, by using the current operating or planned
imaging atmospheric Cherenkov telescopes, is ~10~" erg
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cm ™2 s~*, Thus, if we assume that 10~>~10~2 fraction of L,
goes into VHE y-rays, we expect a detectable flux of VHE
y-rays from pulsars with S,=10"°-10"% Tens of such
pulsars are found in current pulsar catalogues (e.g. Taylor,
Manchester & Lyne 1993), and the 30 pulsars with the
highest S, values are listed in Table 1. These pulsars are in
order of S, in the table. As will be discussed later in this
paper, the expected luminosity in VHE y-rays would not be
very far from the X-ray luminosity of the pulsar nebula,
which is found to be 107>~10~? of L, for most of the pulsars
accompanying nebulae, as shown in Table 1. The pulsar
PSR B1055 —52 is ranked as having the 33rd highest S,
value, but was put into Table 1 rather than two unlisted
pulsars with higher S,, because it is a y-ray pulsar (Nolan et
al. 1996) accompanied by a X-ray nebula (Kawai & Tamura
1996). Table 1 suggests that there are several objects from
which VHE y-ray fluxes at the level of 0.1 Crab can be
expected. However, since this emission is expected to be
from relatively extended regions surrounding the pulsar, the

Table 1. Pulsars with highest S, values.
) @ & @ (Z)

name p log Lo logt
B0531+21 33.4 38.65 3.10 2.0
B0833—45 89.3 36.84 4.05 .5
J0633+1746 237.1 34.51 5.53 .15
B1706—44 102.4 36.53 4.24 1.8
B1509—58 150.7 37.25 3.19 4.4
J0437-4715 58 34.07 9.20 .14
B1951+4-32 39.5 36.57 5.03 25
B1046-58 123.7 36.30 4.31 3.0
B1823-13 101.5 36.45 4.33 4.1
B1800-21 133.6 36.35 4.20 3.9
B1929+10 226.5 3359 6.49 .17
B1757—-24 1249 36.41 4.19 4.6
B1937+21 1.6 36.04 837 3.6
B1821-24 31 3635 7.48 55
B1727-33 139.4 36.09 4.42 4.2
B1957+20 1.6 3521 9.18 1.5
B0656+14  384.9 34.58 5.04 .76
B0540—69 50.4 38.17 3.22 494
B1257+12 6.2 3427 8.94 .62
B0114+58 101.4 3535 544 21
J2043+2740  96.1 34.75 6.08 1.1
J0034—0534 1.9 34.60 9.65 .98
B0740—28  166.8 35.16 5.20 1.9
B1853+01 267.4 35.63 431 3.3
B1259—-63 478 3592 5.52 4.6
B0950+-08  253.1 32.75 7.24 .12
B1610-50 231.6 3620 3.87 7.3
B1338—62  193.3 36.14 4.08 8.7
B1830-08 85.3 35.77 5.17 5.7
B1055—52 197.1 3448 573 1.5

source detectability depends essentially on the angular size
of the emission region and the character of propagation of
relativistic electrons. In principle, the propagation and con-
finement of energetic electrons in the nebula is defined by
several parameters such as the strength and structure of the
magnetic field, the level of turbulence, etc. All those param-
eters not only depend on pre-supernova (generally
unknown) conditions, but also are strongly affected by the
pulsar itself. In the case of strong sources such as the Crab
pulsar (L,~5 x 10® erg s™'), the nebular magnetic field can
exceed, by a factor of 100, the interstellar magnetic field.
However, for most pulsars L,<10% erg s, thus the amplifi-
cations of the ambient magnetic field could take place in
much smaller scales. Apparently, the ratio of IC y-ray to
synchrotron X-ray luminosities L,/L, at different angular
distances from the pulsar carries almost model-independent
information on the strength and spatial distribution of the
magnetic field within 1 to 10 pc.

@ ® © (10)
log Lx size
37.18 0.6 a Crab
34.08 >3 a Vela
3043 >09 a Geminga
331 <1 b
348 ~6 c MSH15-52
binary pulsar
33.82 >10 a,d CTBS80
3293 9 a 2EGJ1049-5847?
<339 <5 e 2EGJ1825-1307?
W30
30.58 08 a
G5.4-1.2 W28
eclipsing binary
31.62 2.7 a Monogem

~33.6 <5 f W44, 2EJ2857+011

binary pulsar

34.65 25 a Kes 32
(G308.8-01

3230 3 a

(1) Pulsar name (we put known pulsars in the order of S,, spin-down luminosity L,
divided by the square of distance d, in units of 10*’ erg s~ kpc™?), (2) period in ms,
(3) spin-down luminosity L, in erg s, (4) age t in year, and (5) distance in kpc.
Valucs for (3), (4) and (5) are from Taylor, Manchester & Lyne (1993). (b) S,=L,;,/
"‘1" (kpc) defined in the text. (7) X-ray luminosity of accompamed nebula Ly in erg
(8) Size of X-ray nebula in pc. (7) and (8) are given in or estimated from the
references in the column (9). (10) Other names, or accompanying feature. The
references in column (9) are: (a) Shibata, Kawai & Tamura (1997); (b) Becker,
Brazier & Triimper (1995); (¢) Tamura et al. (1996); (d) Safi-Harb, Ogelman &
Finley (1995); (e) Finley, Srinivasan & Park (1996); (f) Harrus, Hughes & Helfand

(1996).
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2 SYNCHROTRON VERSUS INVERSE
COMPTON: QUALITATIVE ANALYSIS

Suppose that relativistic electrons are captured in a region
characterized by a magnetic field B and a photon field of
energy density w,,, and assume that the radiative energy
losses of electrons due to synchrotron and inverse Compton
processes dominate over other possible losses like brems-
strahlung, adiabatic, etc. Thus the lifetime of electrons is
determined as

4 -1
t,(Ee)=<§ aIcone/mﬁc“) =3.1x10°

x (E./1 TeV) ' (w/1 eV em ™)' yr, )

where w,=wjy+Ww,,, and w,=B?*8n. Here we discuss the
magnetic fields in the range from B~3 x 107* G (the aver-
age magnetic field in the Crab Nubula) down to
B~3x107°G typical for ISM. The photon energy density
in the regions surrounding the pulsars is contributed by
several radiation fields including (1) 2.7-K MBR, (2) diffuse
galactic dust far-infrared (FIR) and starlight near-infrared/
optical backgrounds, and (3) possible intensive radiation
fields of local origin.

Although the energy density of the diffuse galactic radia-
tion exceeds by a factor of a few the energy density of the
2.7-K MBR, its importance is strongly reduced in the energy
region above 100 GeV due to the Klein—Nishina effect.
Therefore the only photon field which remains an important
target for production of the VHE y-rays is 2.7-K radiation
(see Section 3). This circumstance allows us to derive rather
simple and useful relations between the frequencies and
fluxes of the synchrotron X-rays and IC y-rays. In this sec-
tion we present these relations, which may be helpful for a
better understanding of the results of numerical calcula-
tions carried out for different source scenarios discussed in
the following sections.

For the total energy W, (E.)dE, contained in electrons
within the region (E., E. + dE.), the S and IC luminosities
can be expressed as '

W.(E.) dE,

Ly(E;) dE; “THE)

’ (2)

where ¢, is the radiative cooling time of electrons due to the
synchrotron (i=S) or inverse Compton (i=IC) processes,
and E; is the characteristic energy of the photons produced
by the electrons with energy E..

The J-functional approximation for the S and IC cross-
sections (e.g. Ginzburg 1979) allows us to connect the
energy E, of the parent electron with the characteristic
energy of the synchrotron (€) and IC (E) photons: e ~hv, /3,
where v.=1.5(eB sin y/2nm c)(E./m.c?), and (for IC scat-
tering in the Thomson limit) E ~(4/3)hv,(E./m.c?)?, where
hv, is the energy of the target photons. Then, substituting
siny —/2/3 (the case of isotropical pitch angles ), we
obtain

e~02B_ (EJ1 TeV) eV, 3)
where B_,=B/10"°G, and
E~5(hvy/10~ €V)(E./1 TeV) GeV. 4)
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For the MBR having narrow Planckian distribution, Av,
can be taken, with good accuracy, to be equal to the mean
energy of the target photons hAv,=2.7kT~6 x 10~* eV.
Thus, for effective production of the IC y-rays with E~1
TeV on MBR, one needs electrons with E, ~20 TeV.

Equations (3) and (4) allow us to connect the character-
istic energies of S and IC photons produced by the same
electrons,

€~0.07(E/1 TeV)B_, keV. Q)

Therefore, for the characteristic magnetic fields of the pler-
ions B around 107°~10"* G there should be direct correla-
tion between the soft X-ray (<1 keV) and TeV y-ray
fluxes.’

From equations (1) and (2), it follows that the ratio of the
energy fluxes f;(E;)=I,(E;) x E} [where I(E) is for the dif-
ferential photon fluxes] of the S and IC photons in the
energy ranges coupled by equation (5), is

O LE@de wy ©

(here we take into account that, according to equation 5,
dE/de =EJe).

Note that equation (6) is obtained (1) in the J-functional
approximation of the synchrotron and IC cross-sections,
and (2) assuming that the IC scattering takes place in the
Thomson regime. In order to estimate the accuracy of this
approach, in Fig. 1 we show the ratio R;(E)=[wgfic(E)]/
[Woufs(€)] calculated numerically using exact S and IC cross-
sections for different spectra of the relativistic electrons.
The curves plotted in the solid, dashed and dot—dashed
lines are for the pure power-law spectra of electrons
N(E.,)ocE ™ with o, =2, 3 and 4, respectively. It is seen
that, while for a, =3 the results obtained in the §-functional
approximation coincide with the results of numerical calcu-
lations (i.e. R;=1), for other values of «, there is some
deviation from the exact calculations, although this does not
exceed + 20 per cent. Moreover, even for irregular (such as
broken-power law) electron spectra, the J-functional
approximation provides a reasonable accuracy (see dotted
curve in Fig. 1), quite sufficient for qualitative estimates up
to energies E ~1 TeV. At higher energies the impact of the
Klein—Nishina effect becomes noticeable, though even at
E~10 TeV the Thomson cross-section still provides an
accuracy ~50 per cent. Thus equations (5) and (6) can be
recommended for qualitative predictions of the IC y-ray
fluxes based on the observed synchrotron fluxes from the
non-thermal X-ray nebulae.

Note, however, that predictions of this kind should in
general be treated rather cautiously, since for the given
ambient magnetic field B a model-independent estimate of
the TeV y-ray fluxes is possible only if the fluxes of the
synchrotron radiation at certain energies e given by equa-
tion (5) are known. Indeed, as it follows from equation (5),

'A relation analogous to equation (5) was given in de Jager (1996).
Note, however, that there is an essential discrepancy, by a factor of
~3, in the coefficients relating E and €, which perhaps results from
using the value e=hv, for the characteristic synchrotron photon
energy of de Jager (1996), instead of for the mean photon energy
€=0.3hv, (see e.g. Ginzburg 1979).
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Figure 1. The accurate numerical calculations of the ratio
R;(E)=[wsfic(E))/[Wwusrfs(€)] for the energy fluxes of the IC and S
photons [f,(E,)=I(E,) x E,] normalized to the energy densities of
the magnetic and MBR fields, taken at energies E and e related by
equation (5). The solid, dashed, and dot—dashed curves are cal-
culated for the pure power-law prompt spectrum of relativistic
electrons N (E,.)ocE ~* with the index o, =2, 3 and 4, respectively.
The dotted curve is calculated for the broken power-law spectrum
with o, =0 at E,.<E_=100 GeV and o,=3 at E,>E_.

only for magnetic field B>5 x 10™* G does the energy of the
synchrotron photons, €, become larger than 1 keV. Mean-
while, for more probable nebular fields B~107° G, the
energy of the synchrotron photons corresponding to 1 TeV
IC y-rays is in the UV range, which as a rule is not available.
In this case the correspondence between keV X-ray and
TeV y-ray fluxes becomes strongly model-dependent, and
thus requires detailed numerical calculations which should
take into account the injection spectrum, energy losses, and
propagation of electrons.

3 BROAD-BAND SPECTRAL FEATURES OF
THE NON-THERMAL X-RAY NEBULAE

3.1 The spectrum of electrons: general formalism

There are only a few parameters which define the fluxes of
the synchrotron and IC radiation observable over more than
20 decades of frequencies from 107 Hz to v>10%" Hz, the
principal ones being the magnetic and photon fields, as well
as the ‘prompt’ spectrum of relativistic electrons. The latter
in its turn depends on the electron injection spectrum and
character of evolution of the source.

The spectrum N=N(E,, t) of relativistic electrons at
instant ¢ is defined by the equation (e.g. see Ginzburg &
Syrovatskii 1964)

——— PN]—%I+Q, (M

where Q=0 (E., ) is the electron injection rate, P=P(E,)
is the energy-loss rate, and t=1(E.,) is the escape time of
the electrons from the nebula. Assuming é-functional injec-
tion at an instant ¢,, i.e. Q(E.,t)=0,(E.) d (t —1t,), one finds
the Green-function solution G (E., ¢, t,) for arbitrary injec-
tion spectrum Q, (E.) =Q (E., 1), if considering equation (7)
att>t, (i.e. a uniform linear equation) with initial condition

G(E,, t=t, t,)=0,(E.). The complete Green-function
solution [i.e. for O, (E,) =46 (E, —E,)] in the case of energy-
independent escape, 1 (E,)=constant, is given in Ginzburg
& Syrovatskii (1964). For an arbitrary 7 (E,) and arbitrary
0, (E.) the Green-function solution to equation (7) at t>1,

is
fodx

where {, depends on ¢ —¢, and E,, and is found from the
equation

4 dE
t—t;La P )

P()0,(C,
G(E.,1,1)= —(CF)%

The variable {, corresponds to the initial energy of an elec-
tron at instant ¢, which is cooled down to given energy E, by
the instant ¢. Note that {, =F,, and d{,/dt=P ({,). Integra-
tion of G(E,, t, t,) over df, gives the general solution to
equation (7)

N(Ee’ t) =

t t o dy
J P(Ct)Q(Z:n tl) eX'P(—J )dtl

P(E.) RT3

— o0

(10)

In the numerical calculations below we suppose a station-
ary (at¢>0) injection spectrum of electrons in the form of a
broken power-law function, and an exponential cut-off in
the region of maximum acceleration energies E~E,,

E.\ [(EJE) ™
EO (E e/ E c) B ﬂe’

if E,<E,

. 11
if E.>E, (D

Q(E)=4 eXP<

The particular case of E.~m.c? (or o,=a,) corresponds
to the case of a single power-law injection spectrum which
can be provided e.g. by the conventional shock acceleration
in the shell-type supernova remnants. Assumption of o, <0
and high values of E, up to <1 TeV allows us to reduce, if
necessary, the energy requirements of the injection rate of
relativistic electrons without any impact on the X-ray and
TeV y-ray fluxes. Moreover, this kind of electron spectrum
injected in the post-shock regions in the pulsar wind termi-
nation shocks seems to be more appropriate for the pulsar-
driven nebulae (Arons 1996). Besides, the injection
spectrum in the form of equation (11) with E, — E, allows us
to analyse also the case of rather narrow (AE,~E,) injec-
tion spectra, which presumably can be realized in the case of
weak nebular shocks which would not be able to signifi-
cantly redistribute the monoenergetic spectrum of electrons
in the relativistic wind in the upstream region of the
shock.

3.2 Target photon fields

In order to demonstrate the impact of uncertainties in the
background photon fields on the IC y-ray fluxes, in Fig. 2(a)
we show the contributions of four different target photon
fields into the total IC flux, assuming that a pulsar somehow
accelerates and injects electrons (e.g. through the relativ-
istic wind) with a constant power L, =10 erg s~ during the

© 1997 RAS, MNRAS 291, 162-176
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Figure 2. (a) The contributions of different target photon fields to
the production of IC y-rays: 2.7-K MBR (solid line); FIR with
Wwrr=0.5 eV cm™ and T=100K (dot-dashed line); NIR /optical
with wy=1 eV cm™ and T=5000K (dashed line); synchrotron-
self-Compton radiation produced by relativistic electrons for the
source size r, = 2 pc and magnetic field B=3 x 10~° G (dotted line).
The heavy solid line corresponds to the overall spectrum of IC
y-rays. The injection spectrum of relativistic electrons in the form
of equation (11), with E,=m,c?, E,=100 TeV, «,=2, and total
injection rate L,=10% erg s™* are supposed. The age of the pulsar
t,=10° yr. The right-hand-side axis is scaled to the energy fluxes
expected for the distance to the pulsar d=1 kpc. (b) Same as (a)
except for the age of the pulsar, £,=10* yr. (c) Same as (a) except
for the age of the pulsar, £,=10* yr, and the power-law index of
electrons o, =2.4.

age of the pulsar of ,=10 yr into the surrounding medium
with B=3x 107’ G.

Formally, the target photon fields can be subdivided into
two groups, namely, (1) the external galactic and extraga-
lactic photon fields, and (2) the internal radiation produced
by the source itself. The most important extragalactic field
for production of IC y-rays is the 2.7-K MBR. The contribu-
tion of the galactic background radiation is essentially the
result of the dust and starlight photons with peak intensity
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at wavelengths 1~ 100 and ~1 pm, respectively. While the
density of the MBR is universal, with wyg, =0.25 eV cm 2,
the density of both of the galactic background fields varies
from site to site, with average values being wyr ~0.05 eV
cm™ and wy~0.5 eV cm™ (see e.g. Mathis, Metzger &
Panagia 1983). Since plerions are located near the galactic
plane, this may lead, in principle, to uncertainties in the
calculated IC y-ray fluxes. However, fortunately these
uncertainties turn out not to be crucial. Indeed, as it follows
from Fig. 2(a), even for densities of the dust FIR and star-
light radiations wgr=0.5 eV ¢cm™ and wy=1 eV cm™>,
which are respectively 10 and two times higher than the
averaged galactic disc values, the IC scattering of electrons
on the 2.7-K MBR dominates at all energies of y-rays. Since
it is rather difficult to speculate with such dramatic
gradients of the diffuse galactic background even in very
bright regions of the galactic disc, one may neglect with
rather high confidence the contribution of these two target
photon fields.

Meanwhile, FIR emission significantly exceeding the dif-
fuse galactic level can be attributed to the internal radiation
of the source itself. The level of wg =0.5 eV cm ™ used in
Fig. 2(a) corresponds to the FIR density in the Crab Nebula
with characteristic dust temperature ~100K (Marsden et
al. 1984). Note, however, that the Crab is a unique source,
and there are no reasons to assume that other nebulae
possess such a high intrinsic FIR density, which implies very
high source luminosity L ~3 x 10*(r/1 pc)* erg s~*, where
r is the radius of the FIR production region.

Another peculiarity of the Crab Nebula which distin-
guishes this source from other plerions is the very high
density of the synchrotron radiation field. In particular, the
photons of this origin at the wavelengths from radio to FIR
provide a contribution to the IC y-ray flux of the Crab which
is comparable with the contributions from both dust FIR
and 2.7-K MBR target photon fields (Aharonian & Atoyan
1995). However, the high density of synchrotron radiation in
the Crab Nebula is due both to the exceptionally high spin-
down luminosity of the Crab pulsar (see Table 1) which with
almost 100 per cent efficiency is converted to relativistic
electrons, and to the high nebular magnetic field,
B>10"*G (e.g. Kennel & Coroniti 1984). As is seen in Fig.
2(a), in the case of the modest injection rate of relativistic
electrons by most pulsars and/or weaker B-field, the con-
tribution of the synchrotron photons to the production of IC
y-rays is negligible by many orders of magnitude.

Concerning the contribution of the FIR to the production
of IC y-rays (compared with that of the 2.7-K field), we
should note that this contribution increases for a steeper
spectrum of electrons. This is connected with the enhance-
ment of the lower (few TeV) energy in a steep electron
spectrum which are not able to produce TeV y-rays on 2.7-K
MBR, but still are able to produce TeV y-rays on FIR. For
a blackbody (Planckian) distribution of the target photons
the emissivity of the IC y-rays in the Thomson limit is
q(E)oc{T&*?E ~@*D2 (Blumenthal & Gould 1970),
where T, and { are the temperature and the dilution factor
of the thermal radiation, and «, is the power-law index of
the prompt electron spectrum. Since the background radia-
tions are usually given in terms of the temperature T, and
radiation energy density w,=A4{os zT?, it is convenient to
present the y-ray emissivity in the following form:
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q(E)ocw, T~ ~C+12, (12)

This expression allows us to easily compare the relative
contributions of different thermal photon fields as g, (E)/
@>(E) = (wyw,)(T,/T,)™~>" as long as the production of IC
y-rays remains in the Thomson regime. It is interesting to
note that for the prompt electron spectrum with o, =3, the
ratio of IC emissivities in two different background photon
fields is determined simpy by the ratio of energy densities.
For other values of «, the relative contributions of different
target photon fields essentially depend on the radiation
temperatures as well. In particular, for the electron spectra
with « =2 the contribution of the dust FIR with
Ter ~100 K may be comparable with the one of the 2.7-K
photons if wgr>1.5 eV cm™.

The contribution of the high-temperature thermal radia-
tions to the IC y-ray production may become non-negligible
for steep electron spectra with o, >3. (Note, however, that
for VHE y-ray production on near-infrared/optical photons
even very steep electron spectra cannot compensate for the
strong suppression due to the Klein—Nishina cross-section.)
Steep prompt spectra of relativistic electrons can be attri-
buted to a steep injection spectrum and/or to significant
energy losses of VHE electrons during the lifetime of the
source (i.e. when ¢, <t,). The results of calculations for both
these cases are shown in Figs 2(b) and (c). As follows from
these figures, in the VHE y-ray domain the contribution of
the FIR may dominate over the contribution from the
MBR. Thus, in the case of IC scattering of relativistic elec-
trons with very steep spectra in a nebulae with a level of FIR
not much less than that in the Crab Nebula, the IC
upscattering of the FIR photons should be taken into
account, along with the contribution from the MBR
photons. However, in most cases the contribution from all
target photon fields discussed above, except for the MBR,
can be neglected without significant impact on the accuracy
of calculations.

3.3 The effect of the magnetic field

The fluxes and the spectral shape of both synchrotron and
IC radiation depend on the prompt spectrum of electrons
N(E.), which in its turn is defined by the injection spectrum
Q(E) and the energy-loss rate of the electrons. In the case
of low magnetic fields comparable with the ISM magnetic
field, Bigy~(3-5) x 107° G, both synchrotron and IC (on
the MBR and diffuse galactic radiation) processes, with
wo=B?/81 +w,,~1 eV cm~* equally contribute to the total
energy losses. Correspondingly, in this regime the energy
released in the synchrotron and IC radiation are compar-
able. However, when the magnetic field in the source
noticeably exceeds By, then the total energy loss is deter-
mined by the synchrotron process, which leads to a strong
imbalance between the energies released in synchrotron
and IC channels. This is seen in Fig. 3(a), where the cal-
culated luminosities of a nebula with different B-fields are
shown. We assume that a 10*yr-old pulsar continuously
injects into the nebula relativistic electrons with luminosity
L.,=10 erg s™". In order to show clearly the effect of the
steepening of the electron spectrum due to the radiative
energy losses, in this figure we suppose a very high value of
E,=10° TeV. In Fig. 4 we present the relevant electron

spectra N (E., t=10" yr) for the magnetic fields and other
parameters corresponding to the ones in Fig. 3(a). Note that
for B=3 x 107°G, when the energy densities of the mag-
netic and photon fields are almost equal, the energies
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Figure 3. (2) The spectra of the S and IC radiations of the nebula
for different ambient magnetic fields: B=10"*G (solid lines),
B=3x10""G (dashed lines), B=10"°G (dot—dashed lines), and
B=3x10"°G (three-dot—dashed lines). It is assumed that the
10*-yr-old pulsar stationarily injects relativistic electrons into the
nebula with L,=10" erg s*. The parameters of the injection spec-
trum in equation (11) are E.=m,c? E,=10° TeV and «,=2. The S
spectra are shown by heavy lines, and the IC spectra are shown by
thin lines. Although the main contribution to production of IC
y-rays is due to the 2.7-K MBR photons, in the calculations all
other target photon fields are also taken into account, including
diffuse galactic dust FIR with wgz =0.05 eV cm ™ (T=100K) and
starlight NIR /optical radiation with w, =0.5 eV cm ™~ (T=5000 K).
The synchrotron-self-Compton radiation is calculated assuming
the size of the source 7,=2 pc. (b) As (a) except for the fixed value
of the magnetic field B=10"> G, and for three different exponen-
tial cut-offs: E,=100 TeV (solid line), E,=10 TeV (dashed line)
and E;=1 TeV (dot—dashed line). Note that, since all injection
spectra are normalized to the same L,=10" erg s/, it results in
some difference in the IC fluxes at low energies. (c) As (a) except
for fixed values of the magnetic field B=10""G and E,=100 TeV,
and for four different ages of the pulsar (assuming stationary injec-
tion): £,=10% yr (three-dot—dashed line), z,=10* yr (solid line),
t,=10° yr (dashed line), ¢,=10° yr (dot—dashed line).
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Figure 4. The spectra of relativistic electrons in the nebula for
different magnetic fields: B=10"*G (solid lines), B=3 x 10°G
(dashed lines), B=10"° G (dot-dashed lines) and B=3 x 107°G
(three-dot—dashed lines). All other parameters are as in Fig.

3(a).

released in the synchrotron and IC channels are compar-
able.

Because of radiative cooling, the prompt spectrum of
electrons above energies E>FE, ~12B Z;(t,/10* yr) ™' TeV
(defined from the condition ¢,=¢,) becomes steeper, com-
pared with the injection spectrum, by a factor of 1. An
increase of the magnetic field leads to a decrease of the
high-energy part of the electron spectrum, and correspond-
ingly to suppression of the IC y-ray luminosity above
E~hv(E./m.?)® as L,ocB ™% At the same time, since the
synchrotron emissivity is proportional to B? the suppres-
sion of the number of high-energy electrons does not result
in a reduction of the synchrotron luminosity. Moreover,
since at B>107"G the IC loss can be neglected, the syn-
chrotron luminosity saturates at its maximum value (a factor
of 2 higher than at B=3 x 107° G). A higher B-field has an
impact on the low-frequency spectrum of the synchrotron
radiation. Indeed, with the increase of the magnetic field,
the modified (cE *"") part of the electron spectrum
extends to lower energies, which eventually results in the
transition of the radiation spectrum from e ~** to € =%

On the other hand, higher magnetic fields lead to a shift
of the spectrum of the synchrotron radiation to higher
energies (eoc BE2). However, this cannot prevent the cut-off
of radiation caused by the exponential cut-off in the injec-
tion spectrum of electrons. The corresponding cut-off is also
seen in the spectrum of IC y-rays. The impact of E,, for the
fixed value of the magnetic field B=10""G, is demon-
strated in Fig. 3(b). From this figure we may conclude that
if the power-law spectrum of electrons continues beyond 10
TeV, the IC y-ray luminosity peaks at TeV energies and
synchrotron luminosity peaks at keV energies, with L,/
Ly=w,,/ws~0.1B ~%. Thus, the X-ray fluxes may serve as
an important indicator for the level of TeV y-ray fluxes. The
X-ray fluxes are dramatically suppressed if Ej, is less than 10
TeV. In particular, at E,<1 TeV the X-rays disappear from
the synchrotron spectrum (Fig. 3b). This leads also to strong
suppression of TeV y-ray fluxes. However, fluxes above 100
GeV still remain at a rather high level, f(=100
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GeV)~3 x 107" erg cm~%~", which should be detectable
for future atmospheric Cherenkov telescopes with a
100-GeV threshold energy. Thus, in such cases it is quite
possible to expect VHE y-ray nebulae surrounding pulsars
without accompanying X-ray nebulae.

Since, in the case of the continuous injection of electrons,
the energy E, oc(B*,) " is the only parameter which deter-
mines the spectral shape of electrons, the spectrum of the
IC radiation is an invariant to the product B?,. Obviously,
the spectrum of the synchrotron radiation has a more com-
plicated dependence on B and #,. In particular, since the
characteristic energy of synchrotron photons is proportional
to the BE?, the transition region from e ~** to € ~ occurs at
photon energies defined by the combination B ~% ~>. Mean-
while, the position of the exponential cut-off in the S spec-
trum increases linearly with B, but is independent of #,.

Dependence of the S and IC radiation spectra on the age
of the pulsar for given B=3 x 10~ G, corresponding to the
typical magnetic field in the ISM, is shown in Fig. 3(c).
Generally, the spectra of both synchrotron and IC radia-
tions can be subdivided into three regions.

(a) At energies below €, and E, defined by equations (3)
and (4) for E.=E,, the differential spectra of both compo-
nents are a power-law with an index (o, + 1)/2 which reflects
the fact that the parent electrons with E, < E, do not suffer
significant energy losses during the lifetime of the source.

(b) At higher energies of the photons, the radiation is
produced by electrons with spectra steeper (due to radiative
energy losses) by a factor of 1, compared with the injection
spectrum, therefore in these regions both components have
a power-law index (o, + 2)/2 up to energies €, and E, defined
by equations (3) and (4) at E,=E,.

(c) At energies above €, and E,, the spectra of both S and
IC components of radiation have an exponential form
reflecting the existence of the exponential high-energy cut-
off in the spectrum of the electrons. ’

Note that above energies €, and E |, i.e. in the regions (b)
and (c), the radiation is the result of the electrons in the
high-energy domain (E > E ) where the stationary spectrum
is already established. Therefore the synchrotron and IC
luminosities saturate at the maximum levels which are
determined only by the injection power L. (=E,) and its
sharing (equal to wg/w,,) between two channels of radia-
tion. Thus, the parameter S,=L,,/d;, may serve as a
reasonable indicator of the expected photon fluxes.

The extended X-ray nebulae around pulsars with z,>10°
yr can be seen at the level of f,>10"" erg cm~* s~ if the
parameter S,>0.01, provided that a noticeable part of the
spin-down luminosity is transformed into the wind of rela-
tivistic electrons with spectra extending beyond 10 TeV.
This conclusion is almost independent of the ambient mag-
netic field. We therefore infer that such X-ray nebulae are
starting to be seen by current sensitive detectors like
ROSAT and ASCA. The list of 30 pulsars with the highest
values of the parameter S,, shown in Table 1, indicates that
most of these pulsars do indeed show extended X-ray neb-
ulae. Although very likely, the synchrotron origin of
unpulsed X-radiation detected from these pulsars needs
additional confirmation. The crucial test for this hypothesis
would be the detection of accompanying TeV IC y-radiation
from these objects. In the next section, we will argue that the
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recent reports on unpulsed X-ray and TeV y-ray photons
from the direction of PSR B1706 — 44 may imply the discov-
ery of the first representative of the class of isolated pulsars
surrounded by X-ray and y-ray haloes.

4 SYNCHROTRON AND IC NEBULAE
AROUND PSR B1706 —44

The PSR B1706 — 44 is one of the seven radio pulsars
detected by EGRET in y-rays above 100 MeV (Thompson
et al. 1996). Adopting the distance to the source of about
d=1.8 kpc (Taylor & Cordes 1993), and assuming that the
radiation is beamed into one steradian, the luminosity of
pulsed y-radiation is estimated as L, (=100
MeV)~3 x 10* erg s™". The ROSAT observations of this
source revealed only unpulsed X-ray flux, with a 2¢ upper
limit on the pulsed fraction of 18 per cent (Becker, Brazier
& Triimper 1995). The X-ray source can be extended with
an angular size roughly of the instrument point spread func-
tion ( 1 arcmin), and is attributed to the synchrotron nebula
(Becker et al. 1995). The soft X-ray emission in the range
0.1-2.4 keV, corrected for absorption, can be fitted by a
power-law spectrum with a differential photon index
a,=2.4 4+ 0.6 with the flux f,~3.2 x 10~ ? erg s~ (Becker et
al. 1995). The corresponding luminosity Ly~1.2 x 10* erg
s~%, which is only ~0.03 per cent of the spin-down lumino-
sity of the pulsar, L,=3.4 x 10* erg s ™.

Recent observations of PSR B1706 — 44 in VHE y-rays by
the imaging Cherenkov telescope of the CANGAROO col-
laboration (Collaboration between Australia and Nippon
for a Gamma-Ray Observatory in the Outback) have
revealed unpulsed TeV radiation at a high confidence level
(Kifune et al. 1995). Recently y-radiation above 200 GeV
from this object has also been detected by the Durham
group (Turver, private communication). Although the
possibility that this radiation represents the unpulsed com-
ponent of the pulsar itself (see e.g. Cheng 1994) cannot be
excluded, we present in this paper a view on the interpreta-
tion of the origin of this radiation which is more plausible,
that is, that the y-ray nebula is the result of IC scattering of
the electrons injected by the pulsar into the surrounding
ISM of low magnetic field.

The angular size of the y-ray source does not exceed 0.1
deg (Kifune et al. 1995), which corresponds to a size for the
y-ray production region of R <3 pc for the distance 1.8 kpc
to the source. The detected y-ray flux I(>1
TeV)~8 x 10~ cm~? s™". The absence of information on
the y-ray spectrum introduces an uncertainty, by a factor of
2, in the estimation of the VHE luminosity. In particular,
assuming a power-law differential spectrum with index «,,
one obtains L,(>1 TeV)~4.7x 10”4, erg s' where
A,=(x,—1)/(a,—2) (for o, >2). In the framework of the
hypothesis of the synchrotron origin of the X-ray nebula
around PSR B1706 — 44 produced by the power-law spec-
trum of VHE electrons, the spectrum of the IC y-rays
should have a power-law distribution with the same index as
the X-ray spectrum, thus a,=«,~2.4. Then 4,~3.5, and
correspondingly L,(>1 TeV)~1.6 x 10* erg s~'. This
exceeds by one order of magnitude the luminosity in the X-
rays. At first glance this contradicts the balance between X-
ray and y-ray luminosities, since even for the lowest
expected ISM magnetic field of about 3 x 10~° G, the ratio

we/Wypr =1, and thus Ly~ L, (see equation 6). However, it
should be stressed that equation (6) implies the LI5/L . ratio
in the appropriate energy bands of synchrotron and IC
radiations connected with each other by equation (5). As
follows from equations (3) and (4), the typical energies of
electrons producing >0.1 keV synchrotron photons in the
magnetic field 3 x 107°G and >1 TeV IC y-rays on the
2.77-K MBR are >41 and >18 TeV, respectively. Thus,
assuming that the spectrum of electrons sharply steepens in
this gap, one may significantly increase the ratio L,.(>1
TeV)/Ls(=0.1 keV). Besides, the flux of the TeV IC y-rays
can be increased assuming the existence of an additional
strong internal field of FIR radiation in the y-ray production
region. And finally, one should expect significant deviation
of the S/IC flux ratio predicted by equation (6), if the
observed fluxes of these two components of non-thermal
radiation are produced in regions with essentially different
angular sizes. We discuss these three possible scenarios in
detail in the following.

4.1 Necessity of a sharp cut-off in the electron spectrum
at E, <100 TeV

In order to demonstrate that this idea is able to explain the
observed fluxes of both X-rays and TeV y-rays, in Fig. 5 we
present the differential fluxes [in terms of E* x I (E)], which
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Figure 5. The nebular synchrotron (heavy lines) and IC (thin lines)
radiation fluxes calculated for PSR B1706 — 44, assuming formally
that the prompt spectrum of electrons, N (E,), is in the form of
equation (11). The curves shown by the solid, dashed, and dot—
dashed lines are for different values of the power-law index,
o, =3.8, 2.6 and 5.0 respectively. Below E,=1 TeV, the spectral
cut-off with o, =2 is supposed (see equation 11), and the exponen-
tial cut-off energy E,=10° TeV. The minimum possible magnetic
field B=3 x 107° G is assumed. The calculated spectra are normal-
ized to the flux observed at 2 keV where the X-ray absorption is
supposed to be negligible. The measured X-ray fluxes observed by
ROSAT (crosses), as well as the range of the source X-ray fluxes
corrected for absorption (dashed region) are shown (Becker et al.
1995). The integral fluxes of y-rays corresponding to the calculated
curves are: I(>1 TeV)=15x10"", 1.2 x 10" and 1.9 x 107"
photon cm =2 s~ for o, =2.6, 3.8 and 5.0, respectively. The horizon-
tally hatched region shows the range of differential fluxes at E=1
TeV coresponding to the measured integral flux I(>1
TeV)~8 x 10~** photon cm~2 s~* (Kifune et al. 1995), and is cal-
culated assuming power-law index o, in the range 2.5-4 for the
differential flux I (E) ocE ~*. The upper limit of the EGRET for the
unpulsed radiation above 100 MeV from PSR B1706 — 44 (Thomp-
son et al. 1996) is also shown.
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are calculated by formally assuming three different power-
law indices o, =20, — 1 for the prompt spectra of electrons
chosen so as to fit the range of the ROSAT X-ray fluxes
(corrected for absorption): o, =2.6 (dot—dashed curve), 3.8
(solid curve) and 5 (dashed curve). Besides, the exponential
cut-off energy E, is taken high enough (E,=10’ TeV) to
exclude its impact on the soft X-ray spectra. At the same
time the low-energy cut-off E.=1 TeV allows us to avoid an
unreasonably high requirement to the energetics in the elec-
trons. The total energy in prompt electrons is determined
from the normalization of the calculated X-ray fluxes to the
observed one at 2 keV, where the absorption becomes
negligible.

As is seen from Fig. 5, the observed X-ray and TeV y-ray
fluxes can be marginally explained only by assuming an
extremely soft prompt electron spectrum with o, =5. Note,
however, that such extraordinarily steep power-law spectra,
which require an injection spectrum as steep as E;*
present an interest only for the purpose of a simple demon-
stration. In reality, such a steep spectrum may reflect the
shape of the injection spectrum in the region corresponding
to the maximum energies of the electron acceleration.
Although the exact shape of the highest energy tail of the
acceleration spectrum is rather unknown, it seems quite
reasonable to approximate this part of the spectrum by an
exponential cut-off as in equation (11).

In Fig. 6 we present S and IC radiation fluxes produced in
the vicinity of PSR B1706 — 44 assuming continuous injec-
tion of the electrons during the lifetime of the pulsar
t=1.7 x 10* yr, with a constant rate L, which is determined
from the condition to provide the observed ROSAT X-ray
flux at 2 keV. The electron injection spectrum is assumed in
the form of equation (11) with a,=2, E.=1 TeV, and three
different values for E,=10, 20, 30 TeV. The comparison of
the calculated radiation spectra with observed fluxes shows
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Figure 6. The S and IC radiation fluxes produced in the vicinity of
PSR B1704 — 44, calculated for the magnetic field in the X-ray
production region B=3 x 10~° G, assuming three different values
for the exponential cut-off energy E, in equation (11): E,=10 TeV
(solid line), 20 TeV (dashed line and 30 TeV (dot-dashed line).
Other parameters of the injection spectrum are E,=1TeV, «, =2,
o= — 2. The injection rate in relativistic electrons (which practic-
ally is at energies E, > E,) required to provide the observed X-ray
flux at 2 keV is: L,=73x10* erg s™' for E,=10 TeV,
L.,=3.4x10%ergs™'forE,=20TeV and L,=1.1 x 10* erg s~ for
E,=30 TeV. The calculated integral IC y-ray fluxes are I(>1
TeV)=7.6 x 107", 6.8 x 10™"* and 2.5 x 10~* photon cm~2 57,
respectively.
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that it is impossible to explain simultaneously the X-ray and
y-ray fluxes, unless E,~20 TeV when the agreement
between calculated and observed fluxes can be marginally
accepted in both X-ray and TeV y-ray energy regions. This
result can be understood if one takes into account that the
absolute number of electrons is determined by the normal-
ization of the calculated synchrotron flux to the one
observed at 2 keV. From equation (3) it follows that for the
production of 2-keV synchrotron photons, electrons with
energy

€

B —-0.5
E.>E®~180 TeV (13)
3x1075G 2 keV

are required. Thus the parameter g=E ®/E, defines the
suppression of the production of keV photons by a factor of
exp(—g). The calculations show that the predicted synchro-
tron spectra agree with the ROSAT measurements if
g=>10.

Meanwhile, 1-TeV y-rays produced on the 2.7-K MBR
require electrons with energy

E.>E?~18 TeV. (14)

Thus an assumption of £,~20 TeV which strongly sup-
presses the synchrotron radiation flux at 2 ke'V still does not
dramatically reduce the flux of E,~1 TeV IC y-rays. How-
ever, a further decrease of £, cannot be accepted since, for
the given normalization at 2 keV, it predicts fluxes of e < 1
keV X-rays significantly exceeding the observed fluxes.
Besides, the values of E,<20 TeV result in a strong
increase of the required power in accelerated electrons. For
example, in the case of E,=10 TeV the required
L.=7.3x10% erg s~ exceeds the spin-down luminosity of
the pulsar by a factor of 2.

On the other hand, the increase of E, above 20 TeV gives
better agreement with the X-ray data, but cannot provide
the observed TeV y-ray fluxes. It should be noted, however,
that this conclusion is relevant to the magnetic field
B>3x10"°G. One may soften the constraint on E, by
formally assuming a lower magnetic field. For example, in
the case of B=10"°G, the energy E& ~300 TeV, thus the
condition of g<10 requires E,>30 TeV. Note that large
values of E; > 10 TeV essentially increase the efficiency of
the TeV y-ray production. Besides, lower magnetic fields
change the sharing of electron energy losses in favour of the
IC process. Thus we should expect essentially better agree-
ment of the calculation with the observed X-ray and TeV
y-ray data if the magnetic field in the vicinity of this specific
pulsar were significantly lower than the average field of the
ISM. In Fig. 7 we show the dependence of the X-ray and
y-ray fluxes on magnetic field for E,=50 TeV. We see that
an agreement of flux predictions in X-ray and y-ray channels
can be reached only at B<107°G.

4.2 Enhanced field of FIR near the pulsar

Another principal possibility for increasing the flux of IC
y-rays, but keeping the magnetic field at the level of the
ISM, is to assume the existence of an enhanced radiation of
FIR in the 1 pc vicinity of the pulsar. In Fig. 8 the solid
curves are calculated assuming that there is no additional
source of FIR except for the diffuse interstellar background
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Figure 7. AsFig. 6, but in the case of fixed energy £,=50 TeV, and
different magnetic fields in the X-ray production region:
B=1x10"°G (solid lines), B=2x 107*G (dashed lines) and
B=3x10"°G (dot—dashed lines). The calculated IC y-ray fluxes
are [(>1 TeV)=14x10"", 2.4 x 107", 1 x 10~* photon cm™>
s7', and the required luminosities in the relativistic electrons are
L,=4.3 x10%, 8.1 x 10* and 3.9 x 10* erg s, respectively.
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Figure 8. The fluxes of the S and IC radiations, produced in the X-
ray nebula surrounding PSR B1706 — 44, calculated for the fixed
magnetic field B =3 x 107° G, but assuming different values for the
energy density of the FIR photons with 7=100K in the X-ray
nebula: wgr=0.05 eV cm™ (solid line), wgr=0.5 eV cm™
(dashed line) and wgr =5 €V cm ™ (dot—dashed line). The param-
eters of the electron injection spectrum are the same as in Fig. 6
with E,=30 TeV. The calculated integral y-ray fluxes are I(>1
TeV)=2.5x10""% 3.5x10"" and 1.3 x 10~ photon cm™? s™™.
The injection rates in relativistic electrons are L,=1.1 x 10%,
1.2 x 10* and 1.4 x 10 erg s~', respectively.

radiation with dust temperature 100 K and energy density
wer ~0.05 eV cm ™. The dashed and dot—dashed curves
correspond to the enhanced FIR radiation density wgz =0.5
and 5 TeV cm >, respectively. Although the assumption of
100-fold enhancement of the FIR relative to the diffuse
galactic background level can explain both the X-ray and
y-ray fluxes, it seems difficult to justify the origin of such an
intense field which exceeds by a factor of 10 even the dust
FIR density of the Crab. Since the angular size of the X-ray
nebula is estimated to be about that of the ROSAT point
spread function (Becker et al. 1995), the spatial size of the
source is estimated to be of about r~0.3 pc, assuming
d~1.8 kpc and angular radius of the source ~0.5 arcmin.
The luminosity of the FIR source then required to provide
5 eV cm™ photon density in the X-ray nebula is
Lpg =47r%cwer ~3 x 10° erg s™. We are not aware of the

existence of such source, although this could easily be
checked by the Infrared Space Observatory (ISO)-

4.3 Production of IC y-rays outside of the compact X-ray
nebula

The ways in which to match the observed X-ray and y-ray
fluxes discussed above require rather specific conditions in
the production region: magnetic field lower, by a factor of
~3, than the ISM magnetic field and/or internal FIR
photon field by 2 orders of magnitude exceeding the diffuse
galactic background. However, these very tight require-
ments can essentially be softened if one assumes that the
flux of TeV y-rays detected by CANGAROO is produced in
a region significantly larger than the rather compact X-ray
nebula detected by ROSAT.

Indeed, in previous sections we have assumed a priori
that the X-ray and y-ray fluxes are produced in the same
region. In fact, the angular size of the region in which the
TeV y-ray flux originates could be significantly larger than
the size of the X-ray nebula measured by ROSAT. The
upper limit to the angular size of the TeV y-ray source,
which is estimated to be about 021 (Kifune et al. 1995), is
still too large to conclude that the X-rays and y-rays are
produced in the same region. Therefore we assume that the
size of the y-ray nebula exceeds 1 arcmin. If so, the number
of electrons responsible for the observed X-ray flux may be
significantly less than the total number of electrons which
occupy the larger space. In this case, the reason why we see
only compact X-ray nebulae could be due to the increase of
the magnetic field from B~Bi, to significantly higher
values in the neighbourhood of the pulsar (e.g. at <1 pc).
Note that in this approach, the constraint on the value of the
magnetic field in the X-ray nebula (which is crucial if one
assumes that the observed X-ray and y-ray fluxes are pro-
duced in the same region) is no longer based on the simple
condition of the synchrotron/IC sharing of the energy losses
of electrons, but has a more complicated dependence on the
model parameters. The main condition we are now con-
cerned with is that the greater part of the >10 keV elec-
trons escape the X-ray nebula without significant losses.
Thus the electron escape time from the X-ray nebula is one
of the important model parameters in this approach. Gener-
ally the escape time is a function of energy, and we use a
power-law function t(E,) =1,(E,/20 TeV) . Since for us
the 20-TeV electrons producing 1-TeV IC photons present
the prime interest, we normalize the escape time to the
value 7, at energy E,=20 TeV.

In Fig. 9(a) we present the results of flux calculations
(using equation 10), assuming the following approximation
for the magnetic field: B=B,=3 x 107 G inside of the X-
ray nebula (r<0.3 pc), and B=B,=3 x 10~° G outside. For
the escape time 7 we take 6 =0.5, and three different values
for 7,5t 70=>5 (solid curves), 10 (dashed curves) and 20 yr
(dot-dashed curves). The fluxes produced in the X-ray
nebula are shown by heavy lines (the ROSAT data should be
compared with these curves), and the fluxes produced out-
side of this region are shown by thin lines (the CAN-
GAROO flux should be compared with the sum of the thin
and heavy curves).

In Fig. (b) we fix the escape time (§=0.5 and t,,=10yr),
but allow B, to vary within (2-5) x 10~ G. From Figs 9(a)
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Figure 9. (a) The S and IC radiation fluxes produced in the vicinity
of PSR B1706 — 44 in two regions with different sizes r, < 0.3 pc and
r,<3 pc, calculated for the magnetic fields B=B,=3 x 10~° G and
B=B,=3 x 107°G, respectively. The fluxes produced in the region
r<r, are shown by heavy lines, and fluxes produced in the region
r,<r<r, are shown by thin lines. Three different values of t,, for
the escape time of relativistic electrons from the compact region
with high B-field (i.e. from the X-ray nebula) into the surrounding
region with smaller B-field are assumed: 7,,=5 yr (solid lines), 10
yr (dashed lines) and 20 yr (dot—dashed lines). The escape time is
taken to be energy-dependent, with the power-law index 6=0.5.
Parameters of the electron injection spectrum in equation (11) are
E,=20TeV, E.=1 TeV, a,=2, ay= — 2. The calculated electron
injection rates and the IC y-ray fluxes are: L,=4.5 x 10 erg s™*
and I(=1 TeV)=9x 10~ photon cm™ s™' for 1,,=10 yr;
L,=12x10* erg s and I(>1 TeV)=2.3 x 10~* photon cm >
s~ for 1,0=20 yr. (b) As (a) for the fixed value of 7,,=10 yr and
three different values of the magnetic field in the compact X-ray
nebula: B,=2 x 10~° G (solid lines), B,=3 x 10~° G (dashed lines)
and B,=5 x 107> G (dot—dashed lines). The calculated IC y-ray
fluxes are I(>1 TeV)=13x10"" photon cm~> s7%, I(>1
TeV)=4.5 x 10~** photon cm s~ ' and I(=1 TeV)=13 x 107
photon cm™? s7%. (c) As (a) in the case of energy-independent
escape, =0, and three different combinations of B, and 7,, chosen
so that the parameter C,=BZx1,=35x10"° G* yr:
B,=2x107°G and t,,=8.75 yr (solid lines); B,=3 x 10~° G and
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and (b) it follows that for some combination of the param-
eters B, and 7, it is easily possible to match the ROSAT and
CANGAROO fluxes. The principal parameter which
defines the fraction of the injected electrons (=10 TeV)
escaping the X-ray nebula is the ratio of the escape time to
the synchrotron cooling time, t/tsocB? x 1,,. In Fig. 9(c) we
show the calculated fluxes of synchrotron and IC photons
for three different combinations of B, and 1,,, chosen so that
the parameter C,=B? x 1,, is fixed at a constant value of
3.5 x107° G? yr. It should be noted that this value of C,,
which allows us to explain the X-ray and y-ray fluxes (see
Fig. 9c), is obtained for a given cut-off energy E,=20 TeV.
The increase of E, requires somewhat smaller values of C,.
On the other hand, larger values of C, may be excluded
because they would require a cut-off in the electron injec-
tion spectrum significantly below E, =20 TeV, which results
in a too low efficiency of >1 TeV y-ray production.
Assuming that electrons propagate in the nebula rectilin-
early with the speed of light, the electron escape time 7, is
~1yr, and thus the required magnetic field B, is estimated
as B, =(Cy/15)"?~6 x 10~° G. In fact this value of B, should
be considered as an upper limit since the bulk motion of
electrons could be significantly slower than the speed of
light, for example due to convection or diffusion in the X-
ray nebula. For example, for B=2 x 10~° G the escape time
is of the order of about 10 yr, which corresponds to the
effective speed of propagation of >20 TeV electrons
v~0.1c in scales <0.3 pc. At larger distances from the
pulsar, the speed of the propagation of electrons seems to
be slowed down. Indeed, the assumption that the bulk of
electrons, produced during ~ 10* yr and responsible for the
observed TeV fluxes, are still effectively captured in the
radius , <3 pc, which corresponds to the angular size of the
y-ray source <0.1°, requires the speed of propagation v, to
be ~107°c. The decrease of v, with distance r is perhaps
the result of the magnetohydrodynamical (rather than diffu-
sive) character of the propagation of electrons. Such
behaviour of v, is in agreement with the MHD model of
Kennel & Coroniti (1984) developed for the Crab Nebula.

5 DISCUSSION

The discovery of the X-ray nebulae around many radio
pulsars opens an interesting prospect for future VHE y-ray
observations by atmospheric Cherenkov telescopes. Indeed,
if these X-ray nebulae really are of the synchrotron origin, it
would unambiguously imply the existence of the accom-
panying y-ray nebulae produced due to IC scattering of the
relativistic electrons on the 2.7-K MBR.

The TeV fluxes can easily be estimated assuming that the
y-rays are produced in the X-ray nebula. For a given mag-
netic field, the expected energy fluxes of TeV y-rays are
directly connected with the observed X-ray fluxes by equa-
tion (6) at photon energies given by equation (5). Since the

T50=3.9 yr (dashed lines); and B,=5 x 10~° G and t,,=1.4 yr (dot-
dashed lines). The calculated integral IC y-ray fluxes are I(>1
TeV)=1.1x10"" photon cm™? s~ I(=1 TeV)=9.5x10""
photoncm™?s™*and I(>1TeV)=8.4 x 10~" photon cm s~ . In
all three cases the luminosity in relativistic electrons which is
required to provide the observed X-ray flux at 2keVis L, ~5 x 10*
ergs™ .
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target for production of the IC y-rays is known, 2.7-K MBR,
the only unknown parameter for such an estimate is the
ambient magnetic field B. The sharing of the energy fluxes
between synchrotron X-rays and IC y-rays is determined by
the ratio (B%/87)/wysr~1(B/3 x107°G)>. The energy
fluxes of many X-ray nebulae presented in Table 1 are
between 102 and 10" erg cm™? s™". Therefore, the flux
sensitivity of the atmospheric imaging Cherenkov tele-
scopes, 1072 erg cm~* s, which most likely will be reached
in the near future, would allow us to detect many repre-
sentatives of this new class of galactic non-thermal objects
in VHE y-rays, if the magnetic field in the <1 pc vicinity of
the pulsar were as low as the interstellar magnetic field
Bisu~(3-5) x 107° G. At the same time the fluxes of GeV
y-rays under even the most optimistic assumptions appears
to be significantly below that of the EGRET sensitivity.

It should be admitted, however, that the assumption
about a low magnetic field close to the pulsar is rather
speculative, and cannot easily be justified. Note, in particu-
lar, that the magnetic field in the sub-parsec scale is likely
produced by the magnetized electron—positron wind. In the
case of the Crab pulsar, the nebular magnetic field
B>107*G is generated by such a wind (Kennel & Coroniti
1984). In the case of less powerful pulsars, the nebular
magnetic field should be smaller; however, it is not likely to
be much less than 107> G. If so, one might conclude that the
one should expect VHE y-ray fluxes below 10" erg cm ™
s~ Even very extreme assumptions about possible targets
for IC y-ray production, in the form of FIR photons, with
density exceeding by two orders of magnitude the diffuse
FIR background, cannot easily change such a pessimistic
view. This might serve as an argument in favour of the origin
of the TeV emission being an unpulsed radiation of the
pulsar itself (Cheung & Cheng 1994; Bogovalov & Kotov
1995). However, we argue that it is premature to abandon
the hypothesis of the IC origin of TeV y-rays observed from
PSR B1706 — 44, if assuming that the production of y-rays
takes place on spatial scales essentially larger than the
observed compact X-ray nebula.

Indeed, if the >10 TeV electrons quickly leave the com-
pact X-ray nebula (with high magnetic field) without signifi-
cant synchrotron energy loss, then we see only the small
(and bright) part of the X-ray nebula. Meanwhile, since the
target photon field (2.7-K MBR) for the production of the
IC y-rays is spatially homogeneous, the size of the detectable
IC y-ray nebula should exceed the size of the visible X-ray
nebula. In this case there is no longer a direct relation
between the observed X-ray and y-ray fluxes, in particular
the predictions of y-ray fluxes essentially depend on the
model parameters such as spatial profile of the magnetic
field within several parsecs from the pulsar, and on the
speed of the propagation (escape) of electrons from the
compact X-ray nebula. Fig. 9 clearly demonstrates that this
approach can be successful. The observed size of the X-ray
nebula of about 0.5 arcmin and of the TeV y-ray source
<0.1° does not exclude such a natural kind of interpretation
of the X-ray and TeV y-ray data.

At the same time, the hypothesis of the existence of the
X-ray and TeV y-ray haloes surrounding the pulsar PSR
B1706 — 44 needs further observational confirnation. In
particular new spectroscopic X-ray measurements of this
nebula seem to be important, especially in the energy region

1-10 keV where the absorption does not significantly
modify the source spectrum. Note that one should not
necessarily expect ‘standard’ power-law spectra because the
photons in this energy region are produced by the exponen-
tial tail of the spectrum of electrons. Therefore, the detec-
tion of an ‘exponential type’ X-ray spectrum in this energy
region should not be considered an indication of the ther-
mal origin of the radiation.

On the other hand, the synchrotron origin of the X-ray
nebula can be supported by the discovery of non-thermal
nebulae in lower frequency photons. The expected fluxes of
non-thermal radiation in the broad-band region from GHz
frequencies to 100 TeV y-rays, calculated for different injec-
tion spectra and escape times of electrons, are shown in Fig.
10. The heavy lines correspond to synchrotron fluxes from
the observed X-ray nebula region with angular radius 0.5
arcmin, and the thin lines are for the IC y-ray fluxes
expected from the more extended region <0°1. Note that
the energy losses of electrons at low energies (<1 TeV) are
negligible, thus they do not modify the injection spectrum.
At the same time the electron spectrum in the X-ray nebula
could be modified due to the energy-dependent escape,
T(E)=1,(E/20 TeV)~°. If the case of energy-independent
propagation of electrons (6=0), the differential fluxes of
the synchrotron radiation below 100 eV and IC radiation
below 100 GeV have a power-law index a, = (o, +1)/2=1.5
(solid lines in Fig. 10). In order to demonstrate the effect of
the energy-dependent escape or steep injection spectrum of
electrons on the radiation spectra at low energies, in Fig. 10
we also show the fluxes calculated for 6 =0.5 for two power-
law injection spectra of electrons with a, =2 (dashed lines)
and a,=2.5 (three-dot—dashed lines). The differences of
the fluxes becomes noticeable at near-infrared wavelengths
and below, thus the detection of extended (<1 arcmin)
synchrotron radio and infrared haloes around the pulsar
may give important information on the injection spectrum

1 1 11
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Figure 10. The expected fluxes of the broad-band synchrotron
radiation produced in the region of the compact X-ray nebula
around PSR B1706 — 44 with angular size 6,~0.5 arcmin (heavy
lines) and in the more extended IC y-ray nebula with 6,<0?1 (thin
lines). The magnetic field profile is approximated as
B,=2x107°G and B,=3 x 10~° G inside and outside of the com-
pact X-ray nebula. The escape time of electrons is given by
7(E.)=10(E/20 TeV)~° yr. The injection spectrum of electrons is
given by equation (11) with £,=20 TeV and «,= —2. The solid
curves are for o, =2, E, =m,c?, § =0; dashed curves: «, =2, Em,c?,
6=0.5; three-dot—dashed curves; o, =2.5, E.=100 GeV, §=0.5;
the dot—dashed curves correspond to injection spectrum with
E,=10 TeV and §=0.5.
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of electrons and the character of their propagation in the
nebula.

The radiation fluxes in Fig. 10 calculated for single
power-law injection spectra of electrons (E,=m.c?) require
the injection rate L, ~5 x 10> erg s~" which slightly exceeds
the spin-down luminosity of the pulsar PSR B1706 —44.
However, the energy requirement could be significantly
softened if one assumed low-energy cut-off in the injection
spectrum at E, > m.c > This, however, would result in sup-
pression of the low-frequency synchrotron radiation down
to the non-observable level. This is demonstrated in Fig. 10
by the heavy dot—dashed curve calculated assuming E.=E,/
2=10 TeV. The spectrum formally given by equation (11)
with E, and E, rather close to each other actually corre-
sponds to a ‘monoenergetic’-type distribution of electrons
with the mean energy E.~15 TeV and dispersion of
AE_~E,. It is worthwhile to note that an injection spectrum
of this kind cannot be considered as a formal and unrealistic
one. In fact, the hypothesis of the relativistic magnetized
wind from the pulsar almost automatically implies the pro-
duction of a monoenergetic flux of electrons. The redis-
tribution of these electrons to a power-law spectrum could
occur later on the wind termination shock, which perhaps is
the case with the Crab (e.g. Kennel & Coroniti 1984). How-
ever, for the less powerful pulsars the formation of the wind
termination shocks may not be as effective as in the Crab.
As a consequence, the spectrum of electrons injected into
the nebula may be not significantly broadened. Thus the
broad-band study of the synchrotron nebula may provide
very important insight into the physics of the relativistic
electron—positron winds in the pulsars.

Independently of the injection spectrum and the propa-
gation of electrons at low energies (<10 TeV), important
information confirming the existence of the synchrotron X-
ray nebulae around isolated pulsars can be provided by the
detection of (more) extended TeV y-ray haloes. Since the
target for production of the IC y-rays is the universal 2.7-K
MBR, the information contained in the y-ray observations is
almost model-independent. Thus the search for TeV y-ray
haloes around pulsars with X-ray nebulae by existing or
planned imaging atmospheric Cherenkov telescopes with
sensitivities ~10~" erg cm~* s~ presents a great interest.

It is possible to estimate VHE y-ray luminosities from the
X-ray nebula listed in Table 1, by using the observed lumin-
osity of X-ray and by taking the parameters discussed in the
present paper, such as the strength of magnetic field, as
being adequate for each object. Most of these X-ray neb-
ulae have an angular size of less than 0.1 degree, which is
the typical width of the point spread function of the current
imaging Cherenkov technique. Thus, VHE y-ray emisson
from the same regions of the X-ray nebulae appears as
though from a point-like source, implying that anticipated
reduction of sensitivity on extended emission is not the case.
The next generation of imaging atmospheric Cherenkov
telescopes (IACTs) attempts to reach a sensitivity of 10~
erg cm™~*s™', and may allow us to probe VHE y-ray luminos-
ities down to the level of 10** (d/l kpc)® erg s~*. Many of the
objects in Table 1 could appear as VHE y-ray sources.

Furthermore, if the electrons responsible for the synchro-
tron X-ray emission effectively escape the region of high
magnetic field, the latter presumably being the reason why
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we see the X-ray nebulae, then the expected fluxes of y-rays
from more extended regions could be even higher than the
X-ray fluxes, i.e. 10™" erg cm~* s~', which may be the case
with PSR B1706 — 44. With such enhancement in IC emis-
sion as compared with synchrotron X-rays, the extended
y-ray nebulae could become detectable, even if we take into
account the fact that the sensitivity of the IACTs on
extended emission over about 1° is, by a factor of 10, less
than for point-like sources. It is interesting to note that
some of the synchrotron X-ray nebulae, such as around the
Vela pulsar, PSR B1951 + 32 (Safi-Harb, Ogelman & Finley
1995) and PSR B1823 —13 (Finley, Srinivasan & Park
1996), do have a complex spatial structure. For example,
PSR B1951+32, in addition to a point X-ray source
(pulsar), has a compact (<1 arcmin) nebula, a diffuse
nebula, and a ‘cone-like’ feature of ~1°. Safi-Harb et al.
(1995) estimated B~3.4 x 107°G and the mean value of
energy of electrons E,~80 TeV for the eastern diffuse
nebula of 5 arcmin angular spread, by assuming equiparti-
tion between particle and energy density of the nebula. If so,
one should expect the flux of VHE y-rays at the level of
5x107* erg cm™? s~ from this extended X-ray nebula
which still could be considered as almost a point-like source
for the IACTs. Note that in the proposed ‘electron escape’
scenario the X-ray spectra from the extended nebula should
be steeper than in the compact nebula, due to two reasons,
namely (1) radiative cooling of electrons at large distances
from the pulsar, and (2) lower magnetic field. This effect is
clearly seen in Fig. 9. Remarkably, the effect of steepening
of the X-ray spectrum seems to be observed from the Vela,
where the compact nebula with angular size <5 arcmin is
characterized by a differential power-law index ~1.7, while
in the extended nebula within 5-45 arcmin the index is 3.1
(Markwardt & Ogelman 1995). In the case of PSR
B1951 + 32, the compact and diffuse nebulae have similar
values of spectral index, 2.1 and 1.8 respectively (though
with large errors of +0.2 and + 0.5-0.8, respectively),
which might not appear very consistent with our expectation
that the outer nebula should have a softer spectrum. How-
ever, when we go further to larger distances from the pulsar,
the emission from the cone-like feature has a very steep
spectrum with index > 4 when fitted with a power law (Safi-
Harb et al. 1995). When we apply the ‘electron escape’
model to explain the ‘multi-structure’ of the X-ray nebulae,
the data from the VHE y-rays would add clues to clarify
certain characteristics of the structure, such as the variation
of magnetic field strength and the propagation of energetic
electrons.

Finally, we would like to mention the recent discovery of
X-ray nebulae around two nearby pulsars, Geminga and
B1929 +10. The observations of TeV y-rays would
undoubtedly confirm the non-thermal origin of the nebulae,
and thus be direct evidence of the aceleration of VHE
electrons in these sources. These objects are close enough
to provide a non-negligible part of the observed TeV elec-
trons (Nishimura et al. 1980), y-ray emission giving strong
evidence that Geminga is one of the sources of local high-
energy electrons, as well as limiting the model parameters of
propagation and confinement of electrons in the Galaxy
(e.g. Aharonian, Atoyan & VO6lk 1995; Nishimura et al.
1995).
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