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Strong gravitational lensing of blazar gamma-radiation and intergalactic
magnetic fields
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Abstract: The influence of intergalactic magnetic fields on the strong gravitational lensing of blazar secondary
gamma radiation is discussed. Currently, two cases of strong gravitational lensing of blazar gamma-radiation are
known, where radiation is deflected by galaxies on the line of sight between the blazars and Earth. The magnetic
field can affect the movements of electron-positron pairs generated by primary radiation, thereby changing the direc-
tions of secondary gamma radiation. It modifies the equation of the gravitational lens and leads to the dependence of
the observed signal in the secondary gamma radiation on the energy of photons and magnetic field. Accordingly, it is
possible, in principle, to estimate the intergalactic magnetic fields from the time delay of signals, from the angular
position of images (for future high-resolution gamma-ray telescopes) or from the shape of the observed energy spec-
trum. This method is demonstrated by the example of the blazar B0218+357. In this case, however, it is not possible
to obtain useful constraints due to the large distances to the blazar and lens galaxy. The result is only a lower limit on
the magnetic field B> 2x 10717 G, which is weaker than other existing constraints. However, future discoveries of
lensed blazars may provide more favorable opportunities for measuring the magnetic fields, especially with the help
of a new generation of gamma-ray telescopes such as e-ASTROGAM, GECAM, and SVOM as well as future

gamma-ray telescopes with a high angular resolution, ~ 0.1”.
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I. INTRODUCTION

The origin of intergalactic magnetic fields has not yet
been reliably clarified, although some models of their
generation have been proposed [1]. Probably, early seed
fields appeared first (including at the stage of inflation),
or these seed fields were born in the first stars or pro-
togalaxies. Later, the fields could be amplified by the dy-
namo effect during the large-scale structure formation or
in stars. The typical measured magnetic field B is on the
order of tens of uG (in galaxies) or uG (in galaxy
clusters); however, for fields outside galaxy clusters and
in the voids, there are only restrictions 107'* G B< 10~
G, where the lower value is derived from the unobservab-
ility of the gamma halo [1].

In the study reported in [2] (see also [3, 4]), a method
for measuring magnetic fields in voids from the angular
profiles of the "gamma halos" around the images of blaz-
ars was proposed. Blazars are active galactic nuclei
whose relativistic jets are directed at small angles to the
direction of the Earth. X-rays, primary gamma radiation,
and possibly cosmic rays are emitted along the collim-
ated jets. Photons of primary gamma radiation, when in-

teracting with intergalactic background radiation, give
rise to electron-positron pairs [5], these pairs move and
are deflected in intergalactic magnetic fields for some
time and then produce secondary gamma radiation in the
process of reverse Compton scattering. Due to the deflec-
tion of e*e”, the images of blazars in secondary gamma
rays turn out to be blurred, and from the angular struc-
ture of the gamma halos, it will be possible to determine
the magnetic field or constrain it. This method is applic-
able for measuring fields in the range 107 G< B< 1072
G. An additional possibility is to observe the time delay
between the arrival of primary and secondary radiation in
the presence of flash activity [6]. The work [7] reported
the possible detection of a gamma halo whose properties
are compatible with B ~ 107 G, but independent studies
have not yet confirmed this result [8, 9]. Other indica-
tions of the gamma halo were obtained in [10].

The formation of cascades in interaction with inter-
galactic background radiation also modifies the gamma-
ray spectrum, reducing the flux [11, 12]. Comparison of
the blazar spectrum in the high-energy part recorded by
ground-based Cherenkov detectors and in the low-energy
part available with Fermi-LAT allowed one to conclude
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that intergalactic magnetic fields have a value B> 107"
G at a confidence level > 50 if the coherence length of
the magnetic field /. ~ B/[VB|>1 Mpc [13]. However,
this restriction is weaker than the above one, with
B>107" G.

Note that the oscillation of gamma photons into ax-
ion-like particles in magnetic fields was also considered
by [14, 15]. This process could explain the transparency
of the universe via gamma rays at high energies, which is
required to explain the observations of some distant blaz-
ars. However, these observations can also be explained
by the generation of gamma radiation in cascade pro-
cesses [16] during the propagation of ultrahigh-energy
cosmic rays if the blazars are sources of such cosmic rays
[17].

In this paper, we propose a new method for studying
intergalactic magnetic fields based on observations of
strong gravitational lensing of blazar secondary gamma
radiation. Strong gravitational lensing leads to the appear-
ance of multiple images of an object (weak lensing dis-
torts only its shape) when light is deflected by the gravit-
ational field of the lens galaxy located on the line of
sight. Strong gravitational lensing is a powerful tool for
exploring the early universe. For example, recently, this
effect helped to detect and confirm spectroscopically the
population of galaxies responsible for the process of
reionization of the universe to redshifts z~6 [18]. To
date, more than 200 examples of strong gravitational
lensing of quasars are known in the optical and radio
ranges; there are two cases of strong gravitational lensing
of gamma-ray blazars PKS 1830-211 [19-21] and B2
0218+357 [22], and such observations should increase in
number. According to the calculations of [23], for ap-
proximately 30% of blazars, there should be a galaxy in
the line of sight that creates strong gravitational lensing.
Observations in the optical and radio ranges allow meas-
uring distances with good accuracy and determining the
mass of the lens, i.e., restoring the entire lensing config-
uration. Thus, when studying the lensing of gamma radi-
ation, this configuration will be known from observa-
tions in other ranges.

The proposed method for studying intergalactic mag-
netic fields is based on the fact that the magnetic field
changes the direction of motion of electron-positron pairs
generated by primary radiation. For this reason, second-
ary gamma radiation is emitted at different angles with
respect to the primary radiation. Such a change in direc-
tion modifies the equation of the gravitational lens. In this
case, the lens amplification depends on the radiation en-
ergy and magnetic field, while conventional gravitational
lensing occurs achromatically. The deflection of charged
particles (cosmic rays) in cosmic magnetic fields is some-
times called magnetic lensing (see [24—28]). The effect
we consider can be called a combination of gravitational
and magnetic lensing. Due to the influence of the magnet-

ic field, the energy spectrum of secondary gamma radi-
ation is modified (the amplification is not achromatic),
and from the spectrum, information can be obtained about
the intergalactic magnetic fields in the way of electron-
positron pairs.

The angular resolution of gamma-ray telescopes is
still small, and individual images in gamma rays due to
strong gravitational lensing at cosmological distances are
unlikely to be resolved in the near future. However, if fu-
ture gamma-ray telescopes could resolve individual im-
ages, it would be possible to measure magnetic fields
from the angular distribution of lensed radiation.

Another possible effect, which can be observed only
with sufficiently weak magnetic fields, is the time delays
between images during blazar flash activity. Secondary
gamma radiation is usually averaged over long time inter-
vals since e*e™ -pairs fly far away from the line of sight to
the blazar, and only in the case of small magnetic fields
will it be possible to observe flash activity in the second-
ary radiation at times acceptable for observations. When
observing the lensing of the gamma radiation of the blaz-
ar PKS 1830-211 at a redshift of z=0.89 [19], the spatial
resolution of the Fermi LAT gamma telescope was insuf-
ficient to observe individual images, but a correlation
with a time shift of 27.5+ 1.3 days was found in the vari-
able signal, corresponding to the time delay between im-
ages measured in the radio range. Similar studies of the
time delay in gamma radiation were performed for the
blazar B0218+357 [22, 29]. In the study reported in [22],
it was found that the delay between the lensed gamma
signals is 11.46+0.16 days, which is ~ 1day more than
the delay between radio signals. In this paper, we show
that such a difference can be explained by the influence
of the intergalactic magnetic field. The time delay effect
appears to be the promising method of measuring mag-
netic fields from gravitational lensing, and we demon-
strate its application in one model example.

The strong gravitational lensing of gamma-ray blaz-
ars has already been considered in other works in some
aspects unrelated to intergalactic magnetic fields. For ex-
ample, in the study reported in [30], the observation of a
relativistic blazar jet through a gravitational lens was con-
sidered a promising method for studying the structure of
the jet and for localizing the place of gamma radiation
generation along the jet. In the study reported in [23], the
influences of the gas halo and the radiation field of the
lens galaxy on the gamma radiation passing near it were
considered; however, this effect is usually insignificant
because gamma radiation passes far from the lens galaxy.

The article is structured as follows. Sec. Il provides
some basic formulas necessary for further calculations. In
Sec. III, the equation of the gravitational lens is derived
and solved, considering the additional segments. In Sec.
IV, the distance between the origin locations of the e*e™
pairs is calculated. In Sec. V, the time delay between the
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lensed images is obtained depending on the magnetic
field. In Sec. VI, the transformation of the gamma-ray
spectrum of blazars under the influence of a gravitational
lens is discussed, and a method for determining inter-
galactic magnetic fields from this effect is proposed. Sec.
VII discusses the option when two images created by a
gravitational lens can be resolved. Finally, in Sec. VIII,
we briefly discuss the results obtained.

II. PRIMARY AND SECONDARY GAMMA
RADIATION

The extragalactic background radiation, composed of
IR and UV photons ygs. , accumulated over cosmologic-
al time from the radiation of stars and from the re-emis-
sion by dust. The free path length of y-photons with en-
ergy E, relative to the process y +yggL — e*e” is [1]

E -1
Dy ~0.8 ( 1 TZ&OV) Gpe, (1)

and the energy of the electron or positron being born is
E, ~ E,y/2 with the threshold E,, ~ 250 GeV.

The e* or e~ with initial energy E, loses energy due
to inverse Compton scattering by photons of relic radi-
ation at the distance [1]

3m2 ( E 0 )_l
A= L0233 (- Mpc, 2
4orp,E, 1 TeV be )

where m, is the mass of the electron, o is the Compton
cross-section, and p, is the density of relic radiation. This
process is accompanied by the emission of the secondary
photons, and the relationship between the energy of the
primary photon E,, and the energy of the secondary
photon E, has the form

4E,E? ( Ey )2
E, = £ ~075 —— ] GeV, 3
T 3m?2 1 TeV ¢ )

where the mean energy of the relic radiation photon is
E, =6x10"eV.
The Larmor radius of the e* trajectory is

E E.o B
=—e=5.4><10‘2( v )(
"= B 1Tev/) \10-4 G

)71 Mpe,  (4)

and the deflection angle of an electron or positron in a
magnetic field [2]

pl Eo \ B
52424.31( y ) ( ) oG
" 1Tev/) \10#g/) ™ ©)

where A, is as expressed by (2). It should be noted,
however, that the electron emits many photons, and an
electromagnetic cascade develops. Losing energy, the
electron is deflected at larger angles. Therefore, (5) refers
only to the emission of the first most energetic photon
and has the meaning of the minimum deflection angle. If
A, > I, the deviation of the trajectory has a diffusive char-
acter, and the angle J cannot be obtained from (5). To il-
lustrate the method, we consider only the most energetic
secondary photons that deviate by minimal angles.

III. EQUATION OF LENS WITH
INTERMEDIATE e'e” PAIRS

The theory of gravitational lensing is presented, for
example, in [31, 32], where, in particular, the equation of
the gravitational lens is derived. In this section, we ob-
tain a similar equation for the case when, at a distance of
Dy, from the source, a gamma photon generates e*e”
pairs. The electrons (positrons) of the pairs are deflected
in the magnetic field by an angle ¢ and generate second-
ary gamma photons via reverse Compton scattering.
While the low-energy part of the primary gamma radi-
ation is lensed in the same way as that for the optical and
gamma radiation of the blazar, the photons of the second-
ary gamma radiation follow different trajectories because
the e* and e~ producing them have deflected in the inter-
galactic magnetic field.

Suppose that the distance D, isless than the dis-
tance from the source to the lens D;s so that the lens de-
flects the secondary photons. Thus, at the distance D,
from the source, there is a break of the beam trajectory at
an angle J (see Fig. 1), which must be considered in the
lens equation.

The angle & (all angles are assumed to be small) is
the deflection of light passing at a distance r,, from the
point mass M,

R vh

Dyo

Fig. 1.  Configuration of gravitational lensing considering
the rotation of the trajectory at point P by an angle J due to the
deflection of ¢* in the magnetic field. S is a blazar (source of
primary gamma radiation), L is a gravitational lens, and O is
an observer registering secondary gamma radiation. The relat-
ive vertical scales are increased, though in reality, all the
angles shown are small.
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4GM

ctr,

& =
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~

and the Einstein angular radius is expressed as

D;s 4GM
DosDo 2

1 Gpe x Dy )‘/2 ( M )”2
Dos Doy, 10‘2M@

HEZ

=1.4%107 ( (7)

Then, the reduced deflection angle

@®)

The equation of an ordinary gravitational lens is written
as

0=p+c. )

In our case, the geometry of the path of the light beam
includes an additional rotation by the angle J (see Fig. 1).
Therefore, the lens equation takes the following form:

D
0=B+a+6—-2. (10)
DOS

For brevity, we denote 6 = 6D,0/Dos and rewrite the
equation of the lens as

6> —(B+6)0—6%=0. (11)
Its solutions (+ correspond to two images)
(B+6)?

0. =——=6g 1+
) E 462

(12)

in the limit § = are reduced to the known solutions of
Eq. (9) given in [31]. If the objects are located at cosmo-
logical distances, the distances in the above formulas
should be understood as cosmological distances that de-
termine the angles [31].

Note that (12) includes the sum of 8+, so the value
& plays the role of an additional angular shift of the grav-
itational lens from the SO line of sight. The magnetic
field plays a decisive role in the deflection of the beam
when § > . According to (5), this condition for the first
photon emitted in the process of reverse Compton scatter-
ing has the form

B )—l/3< B >1/3(D0s )—1/3
Eo<7( - Tev. (13
"= <0.01 104G 1 Gpe ev. (13)

At high energies, two images of the blazar will be ob-
served in gamma rays at the same angles as in optical ob-
servations. If (13) is true, there will actually be no gravit-
ational lensing. The observed image of the blazar will be
surrounded by a gamma halo in this case, as shown in [2],
and the gravitational lens will distort only a small portion
of this halo.

An electron or positron loses energy as photons are
emitted and deviates at even greater angles, so the sub-
sequent emitted photons also satisfy the criterion § > g. If
the initial photon does not satisfy the E,, requirement in
(13), the initial emitted photons do not satisfy the cri-
terion §>p, but the subsequent ones can. Note that,
among all the secondary photons, only those photons that
were born in the planes passing through the Earth and the
lens galaxy reach the observer along the optical path of
the lens. At the same time, the blazar itself (the source of
primary photons) is no longer obliged to lie in this plane,
as it would be in the case of conventional gravitational
lensing. Accordingly, when secondary gamma radiation
is lensed, the two images will be in the form of two arcs
with angular size 6.. Electrons and positrons are deflec-
ted in opposite directions by angles +d, so each of the
two images splits into two more parts.

The opening angle of the blazar jet has some finite
value 6, ~ 3°—5°. Therefore, depending on the direction
of the jet, only one of the trajectories (primary gamma ra-
diation) of the gravitational lens can enter the jet, or all
the rays will pass outside the jet; then, gravitational lens-
ing will not happen.

Note that, in the case of weak magnetic fields, the
modified equation of the gravitational lens (10) cannot be
interpreted as the gravitational lensing of some extended
object (cloud e*) arising at a distance of D,, from the
blazar. This is due to the fact that the direction of the e*
movement and, accordingly, the direction of the second-
ary photons are important.

Let us now consider the case D,;> D;g, when the
gravitational lens deflects the primary gamma radiation.
The geometry in this case leads to the same equation of
the lens (10). Note, however, that in order to fulfill the
condition D,y > D;g, the lens galaxy should be located
very close to the source, and such a configuration is very
rare; therefore, we do not consider this case further.

IV. DISTANCE BETWEEN e* AND e~ ORIGIN
REGIONS AND COHERENCE LENGTH OF
MAGNETIC FIELD

It should also be considered that e* and e~ in each of
the two optical paths are deflected by the magnetic field
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in different directions; therefore, there are four different
paths of secondary photons. At the same time, the mag-
netic field in each of the four regions may be different in
magnitude and direction if these regions are separated by
a distance exceeding the magnetic field coherence length
I.. At the I. scale, the magnetic field changes by the
amount of AB ~ B, so the angle of deflection also varies
greatly Ad ~ §. Moreover, even if the specified regions in
each of the "+" and "-" paths are located closer than /.,
the distance between "+" and "-" pairs may exceed /..
This poses the problem of considering various cases with
different ratios of distances between the e* and e~ origin
locations and ., as well as different variants of random
variables B in the case when the origin locations are
spaced further than/...

Let us find the distance L (the length of the segment
PN in Fig. 1) of the e*e™ origin locations from the line of
sight SO. From the geometry of ray propagation, one has

L, = Dy(@+B—0.+0). (14)

Depending on the numerical values, L. can either be
greater or less than the coherence length /.. The distance
between the e* and e~ origin locations in one path "+" is

AL, =LV -1?, (15)

where e¢* and e~ are denoted by the indices "(1)" and
"(2)," respectively. In the case of D,y < Dys, taking into
account (14), the value (15) can be estimated as

E, )3( B
AL, ~28D.5=0.6 Y
¥ 70 <5TeV 104G

) Mpc. (16)

If B> 107"* G, in most cases, at the energies we con-
sider, the value of (16), and even more so (14), exceeds 1
Mpc.

V. TIME DELAY

Let us consider the question of the time delay
between the signals that have propagated in two ways
around a gravitational lens. Calculating the geometric
delay (between the cases of the presence and absence of a
lens) in the presence of an additional deviation by the
angle J instead of the Eq. (3.36) in [31] now gives

_ DosDor a2 Fp
Oltgeom = 2¢Dys [(6-B*-5(0-P)] . (17)

It should be noted that, for ¢* and e~, angle § has oppos-
ite signs, so there will be four components in the re-
ceived signal that come earlier and later than in case of

the e* absence.
The gravitational time delay (Shapiro delay) was cal-
culated, e.g., in [33] as

_2GM (r—r0)1/2+2GMln<r+ M) as)
o ’

Otoray =
grav A3 \r+r 3

where, in the point lens approximation, ry is the minim-
um distance of the trajectory to the lens, r is the distance
of the observer from the lens, M is the mass of the lens
galaxy, and G is the gravitational constant. In our case,
one can evaluate ry/r~Dg 6. The full time delay
51(6,0) = Otgeom + Otaray depends on 6 (8 = 6. for two paths)
and 3.

Consider the case when L, +L_ <., i.e., the magnet-
ic field for all four regions of e* and e~ is the same. The
difference in the signal travel time along two paths is

At() = 61(6,,6) — 61(6_,0). (19)

With the above equations, one has

- 2GM |0
At(S) = = In ei
(B+96)? (4GM DosDor )
+0 1+ - . 20
£ 49% C3 ZCDLS B ( )

When observing the lensing of the blazar in the radio
range, there will be no correction from §; therefore, the
relative shift of the difference in the course of the rays
between the gamma and radio ranges is

AP — A Ar(5) — Ar(S = 0) .
Amadio T AfG=0) @h
In the case of the blazar B0218+357 discussed below, the
gravitational time delay turns out to be more important
than the geometric one.

If § ~ g, the shift of the time arrival difference of the
signals can be comparable to the time difference itself
A~ 1. Moreover, in the case of §<p, the signal in the
secondary gamma radiation will not be averaged over
long periods, and flash activity in the radio range and at
high energies can be compared in the same case of gravit-
ational lensing. Then, based on the delay of the signals, it
will be possible to draw a conclusion about intergalactic
magnetic fields. This method differs from the method
proposed in [6] for searching for echo signals between
primary and secondary gamma radiation from blazars
without gravitational lensing. The problem lies only in
separating the secondary gamma radiation against the
background of the primary one, which can also be vari-
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able. Such separation can be performed according to the
Fourier analysis of time profiles. The primary gamma ra-
diation will be lensed in the same way as the radio emis-
sion of the blazar, and the secondary radiation will have a
different time delay depending on the energy.

More precisely, we should disregard the delay of the
signal and consider the broadening or splitting of the
lensed pulse into two parts because § has two opposite
sign values for e* and e”. However, one of the images is
usually more strongly enhanced by the gravitational lens
and will prevail, so the broadening of the pulse will be
asymmetric and look like an additional time shift. In the
case when /. is less than the distance between the origin
locations of e and e, several different options are pos-
sible, as explained earlier.

We apply the formalism developed in this Section to
the case of gamma-lensing of the B0218+357 blazar. In
the study reported in [22], it was found that the delay
between the lensed gamma signals is 11.46+0.16 days,
which is ~ 1 day more than the delay between radio sig-
nals. Note, however, that in [34], a different result was
obtained with less or no delay. If an actual difference of
~ 1 day between the delay times exists, due to the forma-
tion of e*, then A ~0.1. The configuration of gravitation-
al lensing was discussed in [35-37]. The blazar
B0218+357 is at z=0.944+0.002, and the lens is at
z=10.6847. It follows that D;p ~ 1.48 Gpc and Dso ~ 1.65
Gpc. The Einstein radius is 6 ~0.1672+0.0006”. The
angular distance between the images is 0.3344”. Thus, we
obtain B8 =~0.0035", and from the numerical solution of
(21), we get § ~0.00034”. With this value, according to
the formulas of the Sec. II,

3/2
E, ) G, 22)

B>2x107" (7
100 GeV

where E, is the observed energy. Since Fermi-LAT per-
formed observations at energies E, > 100 MeV, we find
that B>2x10" G. The MAGIC telescope system ob-
served lensing events at E, >100 GeV [29]. According to
(22), this gives B>2x10""7 G, which is comparable in
order of magnitude to the constraints resulting from the
absence of a gamma halo [1]. Therefore, in the case of
B0218+357, it is not possible to obtain useful constraints
due to the large distances to the blazar and lens galaxy.
The observation of other cases of lensing may provide
more favorable opportunities to find or constrain B.

Note that, in the energy regions under consideration,
there must be a contribution from both primary and sec-
ondary gamma radiation, the separation of which is a dif-
ficult task. Secondary radiation can make a noticeable
contribution to the delayed signal if the flare activity of
the blazar occurs mainly at the highest energies of
~1-100 TeV since photons with such energies can pro-
duce cascades and secondary photons available for obser-

vations. If the primary radiation is also highly variable,
the flashes in the secondary radiation will be blurred, and
it will be challenging to notice the specified shift by ~ 1
day.

VL. EFFECT OF GRAVITATIONAL LENS ON
BLAZAR GAMMA-RAY SPECTRUM

Let us fix a small energy interval from E, to
E, +dE,. The angle ¢ in Fig. 1 depends on E,, so the
interval E,y to E,o+dE, corresponds to a certain inter-
val of angles from y to ¢ +dy. The amount of energy re-
corded in this interval depends on the solid angle corres-
ponding to the interval from y to ¥ + dy. Simultaneously,
it is necessary to recalculate the energy of the observed
secondary photons according to Eq. (3).

From the geometry of the beam, we obtain

W=a+B+5-0. (23)

If D,y =A/E and 6 = »B/E*, according to (1) and (5), the
differential amount of the observed energy is proportion-
al to the following value:

dyr. _%B{ 32

dE,  Ely 2E,Dos
x| 1+ 46 Dos
Dy (,8+Si \/49§+(,8+5)2)

B+6

l+——" | -2]. 24
X( * «/49§+(ﬂ+5)2> } @)

In the absence of a gravitational lens, only the effect of
the cascade gamma radiation gives

dy @{ 32

EyODOS

= —2} . 25
dE, ~ £}, (25)

If the initial blazar spectrum has a power-law form

AN
O(E)= BT, (26)

where usually I'~1.5—-1.8 [13], after gravitational lens-
ing, it is converted to o (dy/dE)E™". Based on this
change in the spectrum compared to the typical spectra of
blazars, it could be concluded that the magnetic field
played a significant role in the formation of the lensed
image. Thus, in the presence of a gravitational lens, an
additional dependence of the recorded amount of second-
ary gamma radiation energy on the magnetic field B and
the photon energy E,, appears (through § dependence).
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We denote the product of the terms in parentheses in
(24) by S, where the indices i = 1 and i =2 denote elec-
trons and positrons, respectively. Then it can be shown
that

Dos

Sl+S'=82+82=2+ Dis

= const, 27

i.e., in the total signal (if four beams are not resolved by
angles), the dependence on energy will not differ much
from (25). Note, however, that the opening angle of the
blazar jet has a finite value. Therefore, if the optical paths
fall into the jet only on one side of the lens, there will be
no compensation such as that expressed in (27), and the
values of S!+S52 or ST +S52 will depend on the energy.
Unfortunately, this effect is very small because the cor-
rections in (24) compared to (25) in typical cases are only
~3%; therefore, one can see only the formation of a
gamma halo around the blazar image and the transforma-
tion of the spectrum by Eq. (25), as indicated in [2].

The best prospects for the selection of the spectrum
transformations caused by the lens will appear if it is pos-
sible to resolve individual images S', $2, S!, and S2.
Although the compensation (27) occurs in the sum of the
images, in individual images, the additional dependence
on energy is quite strong. For example, Fig. 2 shows the
value of 2 for some typical parameter values.

I I I I I
20 40 60 80 100

Fig. 2.
blazar spectrum. The energy of the primary photons E, is
given in TeV. The graph is given for the parameter values
Dos/Drs =2, B/6g =02, and Dps =1 Gpc and for three val-
ues of magnetic field B.

Function S! describing the transformation of the

VII. CASE WHEN TWO IMAGES ARE
RESOLVED

If a gamma-ray telescope allows one to measure the
angular distance between two images 0. —6_ depending
on the energy, by fitting the observed theoretical depend-
ence, one can find B. Using (12), we get

0, —0_ = /462 + (B+0)>. (28)

Since the configuration of the gravitational lens will
be known from optical and radio observations,  and oth-
er characteristics of the lens in (28) will be fixed. There-
fore, if fitting allows one to find §, from the dependence
of § on B given by Eq. (5) at different photon energies,
one can find B. The application of this method is pos-
sible only in the future when the angular resolution of
gamma-ray telescopes will increase by several orders of
magnitude to the level of ~ 1”.

If the intergalactic magnetic fields are large enough,
e*e”-pairs have time to deviate at large angles, and their
trajectories become entangled. As a result, an extended
region appears around the blazar, from which secondary
photons are emitted; this region is called pair halo. It
emits gamma photons as an extended source. In this case,
the gravitational lens can create multiple images of the
pair halo and amplify the gamma radiation flux in the
same way as it amplifies the optical and radio radiation
flux. With a sufficiently high resolution in the gamma
range, an observer can see that the optical images of the
blazars are surrounded by a gamma halo. If the blazar is
sufficiently far, such halos would appear around each of
its images. For close blazars, these images would overlap.
It is important that the gravitational lens enhances the ra-
diation flow. Therefore, the pair halo invisible without a
lens can become visible if there is a galaxy (gravitational
lens) on the line of sight.

VIII. CONCLUSION

In this study, we analyzed several effects of gravita-
tional lensing of gamma-ray blazars, considering the cas-
cadee* pair generation in intergalactic magnetic fields.
The main goal was to investigate whether gravitational
lensing could provide new information about the value of
intergalactic magnetic fields or constrain them. Currently,
using known cases of gravitational lensing of gamma-ray
blazars, it is not possible to reliably measure magnetic
fields due to unsuccessful lensing parameters, but we
hope that new lensed blazars with a suitable configura-
tion will be discovered, for which the method under con-
sideration can be applied.

Unique opportunities for studying gamma-ray lens-
ing and measuring magnetic fields will appear in the fu-
ture when the angular resolution of gamma-ray tele-
scopes increases by several orders of magnitude, which
will allow distinguishing two lensed gamma-ray images
and determining the configuration of a gravitational-mag-
netic lens with high accuracy. In practice, as it was shown
in Section V on the example of the blazar B0218+357,
the angular distance between the two images of the blaz-
ar is approximately 0.1”. The current and planned
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gamma-ray telescopes such as e-ASTROGAM, GECAM,
and SVOM have a sufficient time resolution and sensitiv-
ity to observe a time delay of approximately 2 days in the
strong gravitational lensing of gamma-ray blazars. If new
cases of strong lensing are detected, these telescopes will
be able to participate in the observations and measure this
time delay. However, to observe individual lensed im-
ages, an angular resolution on the order of 0.1” is re-
quired. Unfortunately, these telescopes do not offer such
a resolution. Measurement of intergalactic magnetic
fields using angular resolution will become possible with
the launch of new gamma-ray telescopes with a higher
angular resolution.

If the intergalactic magnetic fields have a relatively
large value, B> 107'® G, the birth of particles from e*e™-
pairs deviate by large angles, and there will be no isol-
ated trajectories of secondary gamma radiation. Instead,
around blazars (not around visible images but around the
objects themselves), the so-called halos of pairs (pair
halos) are formed. It is possible that gravitational lenses,
due to their reinforcing properties, will provide the oppor-
tunity to observe such a situation.

The author is grateful to the late V.S. Berezinsky for
discussing the method proposed in this article and to an-
onymous Reviewers for useful comments.
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