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l. Introduction 

Investiqations of the last decade revealed that X-ray 

binaries presumably are powerful sources of r-radiation of very 

hiqh (E>lOOGeV), and ultra hiqh (E>100TeV) enerqies 

(hereinafter VHE and UHE, respectively). The X-ray pulsar 

Hercules X-1 is one of the best studied sources of this class. 

The r-radiation from this source has some distinctions 

confirMed by several independent observations: 

a) An episodic character of the radiation. The observations 

testify that the r-radiation from this source has a bdrst-like 

character. In the first observation of this source at TeV 

enerqies the burs~ lasted At~3 min [l]. In other observations 

(in VHE reqion) burst duration varied from AtNl~~ to .AtSl 

hour [2-4] . . Gamma events of the same timescale At<l hour have 
' 

been observed at 12100 TeV by the.Fly's Eye [S] and Cyqnus [6] 

installations. 

· b) The frequency shift of r-radiation pulsations relative to 

that of X-rays: As a rule, a difference ~etween the pulsed 

r-ray and X-ray frequencies from observation to observation is 

detected. The value of the shift Av=v -v (where v is the spin r o o 
frequency of the pulsar, which is-supposed to· coincide with the 

oulsed . X~ray frequency) predominantly has the positive siqn 
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· (blue-shift), though at least one red-shifted event has been 

observed (3,4]. The characte ristic shift scale is l~vl N0.1%. v 
0 

c) The. absence of orbital phase modulation . r-ray events 

ha~e been observed practically at any orbital phase within 

0<¢<1. Particularly exciting is the report [7] on observation 

of the r-ray episode in the orbita l phase 4r.i<0.95, i.e. in an 

hour after the onset of the complete eclipse of the X-ray 

source at ¢ecl=0.93. 
The parameters of the binary Hercules X-1/HZ Herculis 

consis t ing of a pulsar and a companion normal star, have bee n 

stud i e d with a rather high accuracy, which significantly limits 

the frame of the models of pulsed r-radiation. 'In particular it 

seems problematic to explain all these features of r-radiation 

by the existin~ models suggesting that r-rays are produced due 

to bombardment of t~e companion st~r by particles ~ccelerated 

in the compact object. 

In this pa per we propose a model of pulsed y-radiation from 

Hercules X-1/HZ Herculis, the basic assumption of which is, 

that the companion star episodically ejects rather massive 

clouds of matter, which, movin~ along certain trajectories, may 

intersect the propagation cone of the beam of relativistic 

·particles continuously accelerated by the pulsar. As a result 

of that "beam-cloud collision" r-radiation can be produced for 

which all the characteristics mentioned above have a quite 

natural ·explanation. 

~4-

2. The Model 

The key assumption of the model is the hypothesis, that for 

some reason the normal companion star in the binary system, HZ 

Herculis, ejects relatively dense (n?:1o
15

cm-
3

) clouds with 

characteristic masses M N10
22

-10
23

g and initial velocities 
. c 

v
0
N3·10 7cm/s (the required parameters are discussed in Se c .4). 

It is assumed that the compact object ( pulsa r} continuously 

accelerates particles (protons and / or nu~ lei) up to E>lo
15

ev. 

Under certain conditions the cloud t rajectory in the· binary 

system may intersect with the propagation cone of the 

accelerated particles. The charqed particles enteri~q the clou~ 

become chaotic due to the tangled magnetic fields in tbe cloud, 

and produce r-rays at interactions with the ambient matter. 

Duration of the r-ray emission is determined mainly by the 

lifetime of the cloud under intense heat~ng by the beam. The 

characteristic lifetime (time of expansion) of the cloud is 

~~l hour (see Sec.4), which is in aqree~ent with· 

characteristic timescale of the observed r-ray ev~nts. 

the 

In the frame of the proposed.model the observed shift of 

pulsed r-radiation frequency relative to the X-ray one (in the 

rest f~ame of the pulsar) finds a natural explanation. Namely, 

the frequency shift of scale l~vlfv 0N0.l% can be easily 

interpreted as a consequence of the do.uble Doppler effect 

(reemission of pulsed signal from a moving target). Depending 

on the orbital phase ¢ and on the initial conditions of cloud 

ejection, both positive· and negative shifts relJtive to the 

pulsed X-ray frequency are possible. 

Since. r-radiation arises at collision 9f the: beam of 

accelerated particles with clouds .• ejected spontaneously from 

the normal star, then it is obvious that there is no reason for 
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..t. anY correlation between the orbital phase and tne y-ray 

production.Moreover, at a cloud trajectory high en~ugh one may 

expect y-rays even in the deep eclipse of the X-ray source, 

which just had occurred in the event of June 16, 1985 (7). 

The characteristic parameters of the cloud must satisfy 

certain conditions. Namely, the cloud should be dense 

15 -3 10 -3 · (~10 cm ) and compact (RSlO cm _) in order not to di~tort 
essentially the pulsed y-radiation with period P0=I.24s. At the 

same time. the size of ·the cloud should not be less than 

R . ~3·I0 9cm, otherwise energy requirements to the beam 
min 

become 

extraordinarily hiqh. The value of the maqnetic field 
in the 

opening 
cloud should be &vI0 2-10

3
Gauss, for an effective 

(chaotization) of the relativistic proton beam inside. the 

cloud. 

3.Motion of the Cloud in the Rest Frame of the Binary 

As is known, in the binary system Hercules X-1/HZ Herculi.s 

the stars (a pulsar and a class A giant) have circular orbits 

in the plane of observer. 
con.sider the parameters . . of the trajectory of a test particle 

ejected from the n·ormal star which fills up its Roche lobe. The 

.equation of motion in the system of coordinates rotating ·with 

an angular velocity 0=2rr./P
0 

around the axis passing through the 

centre of masses of the binary, perpendicular -to the orbital 

plane (Le., in the rest frame of the_ binary), is written as: 

d2} 

dt
2 

"F ::t • ::t ::t d} + ~i(t.r x ~l) - 2(~i x - ) . 
m dt 

(l} 

Here F is the sum of gravitational forces actino on the test 

6 

and 
.. r ·are the 

particle with mass m; ti.~=}-~ , where ~ c.m . c.m. 

radius-vectors of the test particle and of the centre-of-mass 

of the system, respectively. 

The second term in the right hand side of Eq.(l,l is the 

centrifuqal acceleration, and the third term is the Coriolis 

acceleration terms, respectively , arising in the rest frame 

the binary. In Eq . (l) we neqlect the pressure force of 

of 

the 

accelerated particle beam on the cloud, which is acceptable for 

the cloud masses and sizes under consideration (see 

Eq.(20)). 
' Now consider the dimensionless variables T=tO, and 

where a=6.3·Io13cm is the distance between the centres 

Sec.4, 

-;=-;/.a' 

of the 

stars. In the Cartesian coordinates ~ (x,y,z) with the origin 

' coinciding with the pulsar, the x (:s ) axis in the direction x 

Erom the pulsar to the centre of the normal star, and the z 

(:s ).axis in the direction of the angular velocity vector 0, 
z 

the Eq.(l) may be written as: 

d 2x _ 

ctr 2 -
2 

dx 

dT 

d2y -
ctr2 -

-2dy 

dT 

d
2

z 

dT2 

x 

(l+01J)S
3 
p 

+ 

y 

(l+q)53 
p 

z 

(l+q)S3 
p 

q(l-x) 

(l+q)S
3 
n 

+ x -
q 

l+q 

qy 

( l+q)S3 
n 

qz 

(l+q)S
3 
n 

+ y ' 

( 2) 

( 3) 

(4) 

Here q=M /M is the ratio of the mass of the normal star HZ 
n P . 

Herculis (H =2.2H ) to the mass of the neutron star (H =I.3M); 
~~~~n O P 0 

s • ./x2+y2+z 2 and S ::./c1-x) 2+y2 +z
2 

are dimensionless distances 
f n 
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from the test particle to the pulsar and the normal star, 

respectively. Goinq over from Eq.(l) to Eqs.{2)-{4), we use the 

well-known relation o2a 3=G(M +M ), where G is the constant of 
n P 

oravitation. 

To cross the propaqation cone of the beam, in the qeneral 

case the ejected cloud should be able to leave the surface of 

the normal star and travel a distance of the order of the 

characteristic lenothscale of the binary. Then, the ejection 

velocity of the cloud should be at least comparable with the 

escape velocity from the surface of the normal star, which in 

case of HZ Herculis is about 500km/s {except for the eiections 

from reqions near the inner Lagrange point L1 ). Note for 

comparison. that the orbital speeds of the pulsar and the 

normal star are equal to 170km/s and lOOkm/s , respectively. The 

characteristic velocity scale of the cloudi 

removed from the surface of HZ Herculis is about 

sufficiently 

y-v300km/s, 

though in those particular cases when the cloud passes close 

enough to the pulsar, at r-:;10
11

cm, due to attraction by the 

pulsar, it may be accelerated .up to v;?:I0
3

km/s 

Givinq the initial coordinates and the initial velocity 
.. 
VO 

on the surface of the normal star, the trajectory parameters, 

i.e. the x,y,z coordinates of 

velocity ~(r)=(d-;/dr)aO at r>O 

Fiq.la the traiectories of test 

the radius-vector 
.. 
s and 

are numerically found. 

particles escaping from 

the 

In 

the 

inner Laqranqe point L
1 

(xL=0 .445, yL=O) in the orbital plane 

(x,y) are presented. The trajectories are limited by the 

lifetime of the cloud wi.t.h temperature T0:$I0
4

K, t :$10 hours ( see 

Sec. 4). 

In a more qeneral case, when the outbursts tak~ plnce from 

an arbitrary point on the surface of the norffial a l~1 · , and with 

arbitrary velocities t
0

, the particles mova in 11 th three 

8 

directions (x,y,z). The projections 

trajectories for t<3·10
4

s in the (x,y) 

of the corresponding 

and (x,z) pla~es are 

presented in Fiq.lb. The frequency shift at reemiss'ion 

(proton-to-y-ray transformation) of the pulsed siqnal 

movino cloud (double Doppler effect) is defined by: 

u 
l..J ·-

0 c 
f,.i.; 

cos(k.ti) -cos(p.ti ) 

l-(u/c)cos(k.ti) 

in the 

( 5) 

1here t.Ejtij is the cloud's velocity relative to the pulsar at 

the instant of collision with the relativistic proton beam; 

(k.ti) and (p-ti) are the angles between the vector 
.. 
u and the 

direction of the r-ray (k) and the proton beam (p)' 

respectively. Note that the direction of the vector ~ coincides 

with that of the vector ~=;a from the pulsar to the cloud, and 

the wave vector k directed to... the observ€r, is in the 

plane, . i.e. k =O, and k /k and 
z x 

~rbital phase ¢. Taking into 

k /k 
y 

account 

·ion-relativistic iimit u/ c<<l we obtain 

f,.i.; u x 

are 

that 

~ (cos e - -) + 
i.;o c s 

u 
y c sin e - y 

s 

determined 

~=~+Ox-:- I 

u 
z 

c 
z 
s 

orbital 

by the 

in the 

( 6) 

where s=l-;I; B=2n(l-¢) is the angle between the . x axis and 

direction to the observer in the phase ¢. Fiqs.2a,b present 

fi.i.;/i.;
0 

as a function of t in different phases ¢, for the 

traiectories marked by "l" in Fiqs .. la and b, respectively. It 

should be noted that in some cases the pulse frequency shift 

~i.;/i.; 0 may noticeably change during y-ray production 

hour. 

9 
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4. Conditions for Pulsed y-Ray Producti on 

In this section we will discuss the requirements both to the 

beam of accelerated protons and to the parameters of the 

cloud-tarqet for an efficient r-ray production. 

4.1. Cloud Parameters 

The characteristic density of particles in the cloud, n, 

must be sufficiently high to provide inelastic pp interaction 

-1 exceeding pulsed 
time t = (nco ) , not the period ·of 

PP PP 
radiation, otherwise the signal would broaden, 

P
0
=1.24s, 

leading to smoothening of the pulsed component of r-radiation. 

It should be noted that in the proposed model 
.for production 

of y-rays in the direction to the observer an essential 

chaotization of the relativistic proton beam must take place. 

So, we will not consider the case of optically thin (with 

respect to pp interactions) targets. Hence, on assumption of a 

hydrogen medium in the cloud,.we find: 

-1 
n ;:>: ·(a cP ) 

PP 0 
6.7 · 10

14
cm-

3 ( 7) 

In order to conserve the pulsed component of r-rays, it is 

also necessary that the linear size of the production reQion, 

1. be smaller than 1max=cP
0

, i.e. the characteristic radius 

the cloud , R=l/2, is found to be: 

RS R . max 
2·10

10 
cm . 

of 

(8) 

At the same time, the cloud's size cannot. l n111ch I eas than 

10 

' 

'. 

R . ~3·10 9 cm, otherwise serious difficulties 
min · 

connected with 

enormous requirements to the accelerated particle beam arise 

(see below). 

Now estimate the upper limit on the number density in the 

cloud, which follows from the condition of cloud's transparency 

to y-rays. At E>lOOMeV the free path of y-rays in a hydroqen 

medium is A±~ao g/cm
2

, hence, 

"± 
< --· n - gRmP 

-1 
l.6·1016 g-1( R9 J 

3· 10 crJ 
-3 

cm (9) 

where g is some factor allowing for a possible extended cloud 

qeometry, O.lS~l. This restriction may be somewhat softened 

due to possible electromagnetic cascade initiated in matter. 

For an efficient cascade development in matter , the en~rgy loss 
+ 

of secondary electrons (e-) due to bremsstrahlung must exceed 

the synchrotron energy loss which may occur at 

BS B
1 [ 

E ]-1/2[ n ]1/2 
5 ~ lS _3 G$USS 

10 eV 3·10 cm 

(10) 

As y-rays
0

with E <':lOOTeV have been observed from Hercules X-1 
r 

[5,6], then the cascade can be efficient only when the maqnetic 

field in the cloud B<lO Gauss. At the same time, the magnetic 

field should be large enough to chaotize the relativistic 

proton beam to provide r-radiation in the direction to the 

observer (the cloud must emit y-rays within a large solid 

angle). It may take place, if the gyroradius does not exceed 

the size of the cloud, so 

B ;:>: 300 ( :~ ] (~l-l Gauss . 
10 eV . !.0 _ <!'!I . 

( 11: 
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The obtained restriction (11) on the maqnetic field excludes 

the possibility of satisfyinq the condition (10), at least for 

radiation at E ~lOOTeV. Thus, cascade development in matter 
r 

hardly could sotten the r e striction (9) noticeably . 

With account nf the obtained restrictions to the size and 

number density, the mass of qas in the cloud should vary within 

22 23 . . 7 I h . Mc~lO -10 q. For velocities v
0

N3 · 10 cm s, t e correspond1nq 

kinetic enerqy of the eiected cloud is from about 5 · 10
36 

to 

s·10 37 erq. Note that eiection of even 10
3 

such clouds a year 

c orresponds to the mass loss · rate of the normal star of 

~l0- 7M /year, which is comparable with the acc r etion rates of 
0 

t he pulsar (see, e.q., Ref.[81). Prohably only some of eiected 

clouds will have traiectories favourable for interaction with 

the accelerated.particl e beam, and henc e, for an efficient 

production of y-rays. The pulsed y-radiation burst duratiop is 

determined by the lifetime of the cloud. more exactly, by the 

time interval durinq which the paramete r s of the cioud saLi~fy 

the requirements (7)-(9) and (11). There are several 

characteristic timescales in the proposed mod e l: 

al The time necessary for the cloud to travel 

N3· l0
11

cm characteristic lenqthscale of the system 

radius of the star R ~2 . 6 · 10 11 cm; the 
11 n 4 

of 

distance between 

11"' 3· 10 
7 

cm/s. 

the 

(the 

the 

stars, a=6.3·10 cm), tfNRn/v0~10 s at 

b) Th"e lifetime of the cloud with size 

and initial temperature, T0:510
4

K. The 

3 · l0 9cm<R<2 · l0
10

cm, 

minimum time i s 

determ.ined by the cloud expansion (in .vacuum), ./iRNR, with . the 

sound speed, v =fkT
0

/m ' : s p 

t(min)~ 
c 

4 [ R J[ T 0 1-1/2 l.l· 10 _l_O_ -4- ' 
10 cm 10 K 

u 

s . (12) 

l 

Not e tha t due t o the maqnetic field frozen in plasma , the 

vel ocity of expansion may be lower than the sound speed. 
In 

Eq.(12) we utilize normalization to the cloud temperature 

T
0
:5l0 4K. which seems reasonable, because the cloud is eiected 

from the surface of HZ Herculis with characteristic temperature 

of T ~1·103 K. But in cases when the cloud is under beam, the 
n 

cloud temperature increases rapidly up to T>>T 0 . This ve r: 

temperature determines the real timescale of y~r a y emission ,, t 

the cloud. 
cha\acteri s tic 

c) The lifetime of cloud under b e am. The 

temperature of the cloud heated by the beam is determine d from 

the thermal balance: the heating rate = the radiative co•1!inq 

rate. The characteristic energy of proton beam iniected into 

the cloud is .!iW =W (.!i0/0
0

), where W is the total power of 
p p p 

beam propagating within the solid angle O; ll(b:n(R/r)
2 ~s 

the 

the 

solid a~gle at which a cloud with radius R is see~ at a 

distance r to the neutron star. For the index of differential 

spectrum of accelerated protons, r~2, only NS\ of W qoes p 

heatinq of the cloud (mainly due to ionization losses of 

for 

low 

·enerqy protons, E :52-3GeV). To provide the obs e rved y-ray 
p 

fluxes, the enerqy density of the beam must be 

. 40 
WP/Q

0
Nl0 erq/s·sr (see below). The minimal cloud temperature 

occurs at maximal cooling rate which is achieved at black-body 

emission: 

Mlh 
"P-:T = --2. . 

- BB 4nR a 5- B 
[ 

w /Q ] l / 4 [ r J- l / 2 
7·l0 4K p O 

io40 erg/s·sr 3· 10
11

cm 

(13) 

Substitutinq thi s value into Eq.(12), we h ; v e : 

l.3 
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.t:.t [ 
R ][ w;n )-1/8[ r ]1/4 R < . 3 p 0 

- - 4 lO _l_O_ 40 11 s . (l4) 
vs 10 cm 10 erg/s·sr 3· 10 cm 

As ~t depends linearly on the cloud size R, and with account of 

h f h . . h. ( 3 9 10) * l t e act t at R varie.s wit in · 10 -2 · 10 cm, we come to a 

conclusion that the characteristic timescale of y-ray emission 

should be 20min:S~t~2 hours. The duration of emission may be 

less , if the opening angle of the beam (directivity diagram) is 

very narrow, ~VJ5,1°. In this case the accelerated parti9le bearr 
' propagates actual)y in a limited region between the two coaxial 

cone surfaces (shaded area in Fig.la) with a common vertex at 

r=O (pulsar) and with angles (a-b~) and (a+b~) at the common 

vertex. Here a is the angle between the rotation and the 

magnetic field . axes of the pulsar. Then the y-radiation 

duration would be determined by the time of the cloud's being 

under the beam. Since 

pulsar, rv3·10
11

cm, the 

region bl~lo~0 cm, (hen 

at characteristic distances to the 

thickness of the beam propagation 

at velocities of v~3·10 7 cm/s, the time 

of the cloud's bombardment by the beam bt=(2RMI)/~l0min. 

4.2 The Beam Parameters 

The characteristic energy iniected by the relativistic 

protons into the cloud can -be estimated from the observed 
, -10 -2 -1 

episodic y-ray flux, F (>lTeV)~lO cm s . The experimental 
r 

data available at present do not carry information on y - ray 

* In case of a prolonged 
transverse size of the clbud 

• 9 
may be less than 3·10 cm. 

cloud, the minimal, i.e. the 
stands for R, which, in principle, 

_14 

). 

spectrum. It should -be noted, that the observed fluxes at 

~lTeV and E>lOOTeV (though detected in different bursts) 

testify to very hard phoion spectra. To be definite, we will 

assume power-law spectra of photons extended up to El"'lo
15

ev. 

Then, for differential power-law index of the y-ray spectrum 

emitted isotropically, we obtain the production rate of r-rays: 

NI (E) 
r 

35 [ F0 ](d ]
2
[E}-

2 
= 2.8·10 10 2 1 -- --

10 cm s Skpc TeV 

-1 -1 
TeV s . (15) . 

where F :F (>lTeV) is the typical 
o r 

~lTeV. The corresponding luminosity 

y-ray flux observed at 

within l0
12

<E<l0
15

ev is 

L (>1TeV)~3·l036erg/s. The maximum 
.r 
N (E), is reached in the case when 

r -ray production rate, 

the relativistic proton 
r 

escape time from the cloud is much larger than their cooling 

time in the cloud, t =l/a nc. Then, the relevant production 
pp pp 

rate, N (E), depends 
. r . 

injection rate bN (E): 
p 

N (E) 
r 

mainly on the 

<nl' >· tiN (E) 
p 

rr:..l)· t 

relativistic proton 

(16) 

where f is the inelasticity coefficient at pp interactions 

(~0.5); the so-called r-moment of inclusive r-ray spectrum, 

<nl'>, varies from 0.2 to 0.1 when the proton differential 

spectrum index, r=y+l, varies from r=2.0 to r~2.2 [9]. Hence,we 

can easily find ~N, and the corresponding power . of injection 
p 

of relativistic protons into the cloud is: 

~VI 
p 

37 [ F o ] ( d ] 

2 

l. S· lO -10 -2 -1 --
10 cm .~ Skpc 

15 ... _ __ _ ! 

~ ( 17) 
s 



wnere we suppose that the. power-1 aw spet:trum of protons is 

extended up to 1016ev. 

Notice, that the power Effp is only a small part of the power 

of continuous proton accel era ti on by the puls.ar, W • Indeed, if 
p 

ff ·is distributed within some solid angle 0 0 , then at distances 
p 11 

r>lO cm from the pulsar the cloud covers the solid angle of 

Hence, 

2 2 -2 

Ml = Tr rnJ = 3. s-:1.0-
3

( ~o J ( 11 J sr . 
10 err) 3 · 10 en) 

ff. 
p 

00 -
/:,.ff - -

p Ml 

=s· 
10

39 _o_ ___ o __ ~ 
[
o ) [ r J 

2

( R J-
2

( • F ] ( d ] 

2 

11 10 -10 -2 -1 s lsr 3· 10 cm 10 cm 10 cm s 5Jcpc , 

(18) 

( 19) 

It is worth noting that even for t:,.ir--5° and a=45°, the solid 

angle 0
0

=1.Ssr. So, one may conclude from Eq.(19) that 

: wPN10 40ergis. In principle, this power may be lower by an order 

of maq~itude, if the cloud radiates non-isotropically; e.g. 

within some solid angle NTr, as well as if the distance d to 

the source corresponds to the lower value of the supposed 

interval d=2-6kpc (see, e.g., Ref.[8]): Also note, that the 

cloud size cannot be less than R • N3· l0
9
.cm, 

40 · min 
be too hi.gh, ».10 erg/s. 

otherwise ff woulc. 
p 

As is shown above', the' powerful proton beam heats the 

up to ~105K, -whi~h deter~ines the characteristic scale of 

cloud 

the 

life time of cloud. Besides, the beam may affect the motion of 

; the cloud~ if the pressure farce on the cloud exceeds that of -, 
attraction (gravitation) to the pulsar. As in , the proposf' :~ 

.~6 

t 

, modei · ft is assumed -tha t the pr oton· beam bec.omes cha otic1i:i..1:ne 

tangled magnetic field of t he c loud, an essent i al part .of the 

beam momentum is t ransferred to the cloud, /:,. p/pbeam~l. As the 
... ... . . 

.•ressure force IFbeam1=1dp/dtl~HP/c=ffPMl/0 0c ,. we obtain: 

[ )2[ w /0 ) [ M )-1 
l0~0 cm Io 40:rg~ s · Dr 3·l:

22
g 

Fbeam < 0.2 
-~ - ... 

Fg 

Thus, f or clouds with 
22 

M ~10 g 
c 

the beam pres sure 

essentially affect the cl oud tra j ectory, but for 

(and at R-1010cm) it may dominate. In this case the 

( 0) 

does not 

low masses 

cloud may 

sharply change its trajectory under the beam pressure and be 

thrown out of the system. 

In its turn , the cl oud ejected fr om the normal star may 

affect the motion of the pulsar in those particular cases, when 

the cloud passes near the pulsar, so that it is captured by the 

accretion disc. In result, the orbital moment of the cloud is 

transferred to th~ pulsar, leading to a noticeable chanqe in 

its speed of rotati on. The es~imates show that at ejection 

~elocities v0~3 · I0 7cm/s and masses Mc~1022g, the amplitude of 

;;uch j umps may be l/:,.Pl/P0~10-
6 . Realization of such possibility 

requi r es additi onal research work. Note, that jumps of· the 

pe r iod of Hercules X-1 (deceleration) at 
- 6 l/:,.Pl / P

0
N3·10 are observed (see, e.g. Ref . (10]). 
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5. ~,-Ray ·Product.ion 

Even in case of a c celeration of electrons by the pulsar the 

rea?hing of these electrons with l!ZlTeV the cloud seems 

probl'ematic because of drastic energy losses in the 

low-frequency radiation and magnetic field in the binary. y-ray 

production by UHE protons and nuclei seems likelier. At 

ultrahiqh enerqies the protons and nuclei interact with optical 

radiation via photomeson and photonuclear mechanisms. However, 

lue to hard energy requirements to the accelerated particle 

•earn, in this paper we restrict ourselves to consideration of 

1ore efficient production mechanisms connected with the 

interaction of acc~lerated protons with ambient matter. 

In case of power-law protons the y-ray spectrum repeats that 

of primary particles (see Eq.(16)). Fig.3 presents integral 

y -ray spectra, F (>E), for different values of the •power-law 
Y -lO -2 -1 

index r. normalized to the flux F
0
:Fr(>lTeV)=lO cm s . The 

result s of observations of the Hercules X-1 above lTeV are 

presented in the same figure. Since 

reports on simultaneous detection of 

I 

till now t~ere are no 

y-ray fluxes at E>lTeV and 

E>lOOTeV during the same episode, it is "difficult to draw final 

conclusions concerning the y-ray spectrum. Here we can only 

note that even on assumption of a very hard proton spectrum 

(e.g., r=2), we should expect during UHE y-ray events also VHE 
-9 -2 -r 

y-rays on the level F >3·10 cm s , which, however, exceeds 
r • 

the most intense y-ray flµx reported at TeV energies [1]. 

One of pos~ible reasons which might bring to such hard y-ray 

spectra, may be due to a monoenergetic beam of accelerated 

part~cles.with E
0
N10

16
-10

17
ev, as supposed by Hillas for Cyg 

X-3 [11]. Below we will discuss another possible mechanism of 

formation of a flat y-ray spectrum which follows naturally from 

11! 

the model pniposed. ~amel y, the f 1 at tening of y"-rays at TeV 

energies may be due ,to partial absorption of r-rays 

interacting with optical photons of thermal radiation. This 

process is discriminative for different energy bands. Really, 

at field photon characteristic energies c 0=3k~l0-20eV the 
. + -

cross section of the process rr~e e has a maximum at 
. 2 2 11 . 
E*N3(mec) /c 0~(0.5-l)·lO eV. At lower energy range the free· 

path of y-rays sharply (exponentially) increases, as y-rays, 

due to the threshold of the process, interact only with the 

Wien tail of field photons. At high energies, E »E*, r the free 

path also increase~, beirig related with the decrease of the 

cross sec~ion as: a ~E.IE . The free paths I of 
rr r rr 

different energies calculated for cloud temperatures 

and T =l0
5

K, using the results of Refs.(12,13], are 

in Table 1. 

Table l 

E (eV) 1010 10
11 1012 . ·1013 

T=5·10
4

K 1.5·10
11 

3.8·10 9 
9.1·10

9 
4.6·1010 

I (cm) 
rr T=l0

5
K 2.5·10

9 
4.8·10

8 
1.8·10

9 1010 

r-rays at 

T=5·10
4

K 

presented 

10
14 

3. 2· "1011 

1.0·10
10 

As is seen from the table, a significant absorption of TeV 
10 

y-rays takes place for the cloud size R-vlO cm. As a result, 

already a~ T=5·10
4

K the flux of escaping radiation decreases by 

a factor of exp(-1 /R). At the same time, the source remains 
rr . 

transpa~ent for y-rays with B2:100TeV. As a result of this, in 

the energy range lTeV<E<lOOTeV, the spectrum escaping from the 

clo~d becomes flatter than the production spectrum. More.over, 
' 5 at higper cloud temperatures, ~10 K, the free path of TeV 

lS 



.r-ravs becor..es remarkably shorter tnan the minimal permissible 

size of cloud, R . ~3·I0 9cm, which will result in a 
min 

.catastrophic suppression of the TeV band of the spectrum, while 

the r-rays with E>lOOTeV escape from the cloud freely, as 

•efore. Thus, change in the temperature of the cloud heated by 

· he beam in a narrow range, ~(O.S-l)·I05K, brings ·to an 

issential change in the escaping r-ray spectrum. That is why, 

in accordance with Eq.(13), depending on r at which 

interaction of the proton beam with the cloud takes place, one 

may expect quite different ratios of y-ray fluxes above lTeV 

and lOOTeV . 

Note that in case of development of an electron-photon 

cascade in the field of thermal radiation, one may expect ~ 

significant weakening of this effect, since cascade leads to an 

essential increase in they-ray free path. However, for an 

efficient development of cascade, Compton energy loss ·of 

electrons (in Klein-Nishina limit) must exceed synchrotron 

energy losses. This is possib~e i f the energy density of 

thermal radiation at least by an order of magnitude exceeds 

that of the magnetic. field. From this condition we . find the 

:ritical value of magnetic field: 

B :;; 700 [~] Gauss 
10 K 

(21) 

The obtained value of the fieid falls within the range of the 

magnetic fiei'ds necessary for an effective 
' I 

beam in the cloud (see Eq .( 11). For 

opening of proton 

a self-consistent 

calculation of escaping radiation, more information on the 

magnetic field in the cloud is required. The results of 

calculation revealin~ a lai:-ge variety of relevant ; -ray sp.ectra 

· within the model proposed, will be published elsew~ ere. 

.2.0. 

6. Discussion 

In the last few years the results of observations of VHE and 

UHE y-ray episodes from the X- ray binary Hercules X-1 are 

systematically reported. Different specialists treat these . data 

'differently, which is connected with both certain doubts in the 

confidence of these data and extraordinary r-ray 

charact eristics of y-radiation of this source, namely: 

a·) The shift of the pulsed r-ray period with respect to the 

x"-ray period; 

b) Observation or puls.ed y-rays in the phase of deep eclipse 

of the X-ray source; 

c) No correlation between the time of r-ray emission and the 

orbital phase (Porb=l.7 days); 

d) Episodic character of y-radiation with typical duration 

at~l hour. All .these peculiarities do not conform to the 

existing models of r-ray production in X-ray binaries, and 

hence, ·they create the negative attitude of many theorists. 
; ' 

Being far from drawing final concl usio.ns o/(i· confidence of 

the reported r-ray eve.nts from Hercules X-1, we propose a inodel 

in .the frame of which all these features find 

interpretation. 

natural 

The basic idea of the model is that r - rays are produced at 

interaction of relativistic proton beam, continuously ,,._ 

accelerated by the pulsar, with the cloud which for some reason 

_:j.s ejected from t _he normal star. In this case the shift · of 

pulsed y-radiation period is due to the double Doppler effect . (in the s.ource-moving-target-observer system), when the pulsed 

' sign~l of accelerated protons is transformed at interaction 

wit~ moving cloud into a .pulsed y-ray signal. The observer.. 

variation of both the value and the sign of these shifts ar' 

21 
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• 

owing to ditterent trajectories of the clouds in the binar y 

system (depending on the initial coordinates and veldcities) 

and to different orbital phases at the moment of interaction of . 
the beam with the cloud. The scale of the observed frequency 

shift amplitudes, l~vl/v 0NO.l%, corresponds to the scale of 

cloud velocity, V"'300km/s, wh ich agrees with the velocities 

needed for the cloud to leave the normal sta r . 

suggest ejection of the clouds (with M S10
23

g) 
·c 

In this paper we 

not discussing 

the possible reasons o f such ~recess. Note that the outflow 

large amounts of matter from stars is a common phenomenon, 

in case of young stars these processes take p l ace in 

larger scales (see, e . g., Ref . [14]) . 

of 

and 

much 

It is obvious that in the model proposed y - ray production 

may occur at any orbital phase ¢ . Moreover, under def i nite 

initial conditions the cloud trajector ies allowing to obse rve 

y-ray events in ·the phase of deep pulsar eclipse ro. are 

possible. An attempt to explain the y-ray episode in the phase 

of comp l ete X- ray eclipse was made b y Gorham and Learned 

According to their mode l , y-rays in t he eclipse o f the 

[15]. 

pulsa r 

are due to deviation of t he proton beam i n magnetic fie l ds of 

certain configuration (between the pulsa r and norma l star). 

However, this model cannot explain y -radiat ion observed at 

orbital phases far from the eclipse. Besides, this model may be 

realized under rigid requireme~ts to the en ergetics of ~he beam 

and to the con~iguration of the magnetic field. The timescal e 

of r-ray burst duration, ~t:Slhour, is a natural 

the proposed scenario . A dense c.loud of mass 

consequence of 
M ,,, 1·0 22_1023

9 c 
heated up t o ejected from the normal star is rapidly 

T.:<(0.5-l) · I0
5

K by the beam (depend~ng on the distance r t o 

the pulsar; s~e Eq.(1 3}) . Until the number density of the _cioud 

~emains above. ~io15cm-3 , r-radiation repeats the time prof i l· 

22 ...... 

of the pu lse d proton beam with some shi f t in t he fr equency . 

Dura tion of this s t age is de f ined by the t i me of expansion of 

the beam-heated c loud (see Eq.(14) ) . O~v i ously, eff i c i ent y -ray 

product i on may al so continue in an ex panded c l oud wi t h lowe r 

density, but the p u lsed comp onent in y - rays wil l van i sh. The 

possibility of verifyinq this model, connected wit h 

effect. seems ra t her attracti ve. However , obs ervation o f 

thi s 

t his 

( non-pu l sed) staqe is much more difficul t and r e quires 

detectors with high sensitivity. Moreover , such possibi l ity ma y 

be limited by the t i me dur i ng which the cloud remain s und e r 

beam (in case of sma l l opening a n gle of t he beam). 
' ·~ 

A natural consequen ce of the model · proposed is produc ti on o f 

pulsed thermal rad i ation i n optica l and UV bands with the same 

time characteristics as y-radiation , namely, the frequency 

shift of pulsations and the absence of orbital modu la tion . 

Both the spectral characteristics and duration o f 

r adiation strongly depend on the temperature 

cl oud. For instance, at TSI0
4

K , the duration 

of 

of, 

the 

the 

th i s 

heated 

pu l sed 

optical radiation should be several hours (in accordance with 

Eq .(12)), which is in compliance with the timescale of optica l 

bursts observed from Hercules X-1/HZ Herculis . These bu r s t s a s 

a r ul e have a shifted frequency with 1~i;l/!..1 0N0 . 1% [161, simi l ar 

to t he y -ray events. It is obvious that p u l s e d op t i ca l events 

must be also accompanied with y-radiati on . Bu t because of 

r e l atively weak iniection of proton beam energ y int o the c loud 

(whicP occurs at large dis t a nces r, t o keep TS I0
4

K; see 

Eq . (13)), the .y-ray intensity appears to be lower than t he 

sensitivity of existing y-ray detectors . That is why we p r edic t 

detection of y-r ay event s f r om Hercules X- 1 wi t h low intensity 

but l onger du r·at ion, wi t h imp rovement o f the sens itivity of 

r-ray detect ors . 
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In cases when the cloud passes near the pulsar, 
11 

r'.510 cm, 

the beam energy iniected into the cloud is enough for a n 

intense y-rav production. This leads to an episodic y-radiation 
-10 -2 -1 

with bt~l hour and flux F (>lTeV)~lO cm s . The cloud 
r 

temperature is expected within ~(0.5-l) · l0 5K, so these st r on g 

y-rav events must be accompanied by thermal radiation having 

Relay-Jeans spectrum in optical band, (l-2)eV. The maximum of 

the thermal radiation should fall into the UV band, hv~lOeV. 

The total luminosity of thermal radiation of the cloud can 

reach LU;.10
36 

erg/s, the energy release in the optical rang e 

le~hv~2eV beinq L t~10 33 erg/s. It should be noted that i n 
op 4 

case of a strongly heated (up to T>>lO K) cloud the observation 

of optical and UV radiation will provide estimation of both the 

cloud temperature and the size, which play an essential role in 

formation of they-ray spectrum escaping from the cloud. 
4 • 

Although at temperatures ~5·10 K the TeV y - rays are 

partially absorbed in a cloud with size ~1010 cm, however, it 

does not essentially distort the initial y-ray spectrum, since 

T ~l {see Table 1). In this case, even for 
rr 

very hard proton 

spectra {e.g., r=2) at typical value of the TeV y-ray fluxes, 
-10 -2 -1 . 

F (>lTeV)~lO cm s , one would expect fluxes above lOOTeV on 
r -12 -2 -1 

the level ~10 cm s . Detection of these fluxes seems 

problematic even for large pa~ticle arrays, e.g. CASA (see 

Fiq . 3). It will be hard to observe these events also in the 

the GRO's EGRET energy range E~lOOMeV. Indeed, even for 

detector with effective area ~2000cm2 
(17], for detection of 

even 30 events during ~t~l 
-6 -2 -1 

exceed 5·10 cm s . 
-10 -2 -1 

forF (>lTeV)~ro cm s 
r 

hour the flux above lOOMeV 

.As is seen from 

such values of fluxes above 

mus t: 

Fig. 3 , 

lOOMeV 

are possible only at the power-law index r~2.3. Thus, ~t cloud 

temperatures ~5·10 4K the most convenient 1 inqe . for detec t ion 

i4 

.. . 

of y -ray events is E~lTeV. 

Situation may be quite different when the cloud passes near 

the pulsar, r~10 11 cm, and is heated up to ~105K. Then, due to 

large optical. depth (T ~5 for r~1010.cm), a catastrophic 
rr 

s uppression of TeV y -rays takes place (by a factor of ~100), 

while UHE y-ray absorption remains unessential. Hence the 

spectra of the stronqest bursts may have an unusual form with a 

d ip in the interval lOGeV~~lOTeV. As a result, detection of 

powerful 

possible 

bursts of UHE y - rays by particle arrays 
-11 -2 -1 

for fluxes F ( >lOOTeV)>lO cm s ; see 
r 

{which 

Fig.3) 

not be accompanied by observation of TeV y -rays. At the 

time, the cloud is transparent for y-rays with E<lOGeV and 
-5 -2 -1 

expected fluxes at EJ'vlOOMeV are on the level ~10 cm s 

is 

ma·y 

same 

the 

even 

for r=2. These lOOMeV y-ray transients associated with lOOTeV 

y - ray events from Hercules X-1 can be detected by EGRET. 

In strong bursts anew component of y-rays connected with 

synchrotron radiation of secondar y electrons (produced in 

interactions of y-rays with the ambient thermal photons ip the 

c loud) arises. For the value of the maqnetic field in the 

cloud, 8"'(10 2-10 3 ) Gauss, a wide spectrll!Jl · of synchrotron 

r adiation with the main energy release within 1-lOOMeV is 

formed .. The detailed analysis of the spectrum of this component 

i s presented elsewhere. Here we'll only note that the e~pected 

fluxes with hard spectrum, N (E)~E- 1 · 5 , appears high enough to 
r 

detect y-ray transients by means of GRO y-ray detectors. 

In conclusion, we would like to emphasize that the features 

of episodic y-radiation from Hercules X- 1 possibly are common 

for other X- ray binaries, such as Vela X- 1, Cen X-3, 4U0115+63, 

etc. f.181. We h o pe the proposed model will bear complex testing 

using new data expected in the near future. 
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Figure Captions 

Fig.la,b. Trajectories of test particles (clouds) in the 
~ 

rest-frame of the binary at different ejection velocities 

t
0 

from the surface of the companion star HZ Herculis. The 

pulsar is placed at the zero point x~y=z=O. 

a) The particular case of cloud ejection from the Lagrange 

point L
1 

in the orbital plane (x,y). The trajectories 1,2 

and 3 · are for initial velocities v
0

=300km/s, 400km/s, and. 

lOOkm/s, respectively. The pulsar angular velocity vector 

0 as .well .as the space (shaded area) wherein the 

accelerated proton beam (with the full opening angle of 

the beam being equal to 2~, and a representing the angle 

between the pulsar's magnetic axis and 0) is propagating, 

are presented schematically. 

b) The general case of ejection from arbitrary points of 

the surface of HZ Herculis with initial velocities 

·1 and 2, v
0

=300km/s, and 350km/s for the curves 

traiectories respectively. The shaded sections ,pf 

correspond to the eclipse of the clouds behind HZ Herculis 

for ~he binary in the orbital phase ~=0.95. 

Fig.2a,b.The frequency shift Av=vr-v 0 of qaana-ray pulsations, 

vr, relative to the X-ray frequency v 0 =0/2rr in different 

orbital phases ¢ for t;he trajectories marked "l". in 

Figs.la,b, respectively (t is the time of flight). The 

eclipse of clouds (for the binary the orbital phase 

¢=0.95) are also shown in both figures. 

u ' 



Fig.3 Integral spectra of gamma-rays normalized to the flux 
-10 -2 -1 

F (>lTeV)=lO cm s , expected from pp-interactions for 
r 

different r of the differential spectra of accelerated 

protons (without possible distortion of the spectra due t o 

interactions of r-rays with the ambient thermal photons). 

The expected fluxes aboye lOOMeV (in units of cm-
2

s -
1

) are 

presented in the table. The dashed column indicates the 

interval of the observed TeV r-ray fluxes . The 

observational data from CYGNUS and Fly's Eye installat i ons 

are presented by full circles. The sensitivities o f 

forthcoming r-ray detectors (C-telescopes and EAS arrays) 

for r-ray episodes with ~tNlhour are also plotted. 
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