PROCEEDINGS

OF SCIENCE

Gravitational Lensing in Plasma

O.Yu. Tsupko® and G.S. Bisnovatyi-Kogan®
a3pace Research Ingtitute of Russian Academy of Sciences,
Profsoyuznaya 84/32, Moscow 117997, Russia
bNational Research Nuclear University MEPhI,
Kashirskoe Shosse 31, Moscow 115409, Russia
E-mail: f supko@Ki . rssi.ru,gkogan@Kki . rssi.ru

We develop a model of gravitational lensing in plasma. Wenstiat the gravitaional deflection

angle by point mass in the homogeneous plasma differs frenvdbuum deflection angle and
depends on frequency of the photon. The dependence of thimgeangle on the photon fre-

quency in the homogeneous plasma resembles the propdraegactive prism spectrometer,

the strongest action of which is for very long radio waves. a¢® derive the photon deflection
by point mass in the non-homogeneous plasma. Then we comsate general case of the pho-
ton deflection by mass distibution in non-homogeneous maghr approach allows us consider
two effects simultaneously: the gravitational deflectiopiasma which differs from the vacuum
case, and the non-relativistic effect (refraction) conegaevith the plasma inhomogeneity.
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Gravitational Lensing in Plasma

1. Introduction

The photon deflection angle in vacuum, in the Schwarzschild metric with a gieessM, is
determined, for small deflection anglés« 1, by a formula

4GM  2Rs
@ b
whereb is the impact parameter, abd> Rs, Rs = 2GM /c? is the Schwarzschild radiuf [, 2]. On
basis of Einstein deflection angle ordinary gravitational lensing theorywiajeed [2 [B[K4]. Angle
(fL.1) does not depend on frequency of the photon, so gravitatiorsahtgim vacuum is achromatic.

The photon deflection in a non-homogeneous plasma, in presence ity,gras been consid-
ered by different authorg][4] $} 6]. The consideration was done ineardiapproximation. Total
photon deflection was considered as a sum of the two effects: the vadeilestion due to the
gravitation, and the deflection due to the non-homogeneity of the mediuradtiefr). In this
works these two effects were considered separately. The first effachromatic, the second one
depends on the photon frequency if the medium is dispersive, but equedso if the medium is
homogeneous. So in this approximation the deflection angle in the homogesiasoe did not
differ from the Einstein deflection angle.

A general theory of the geometrical optic in the curved space-time, in agbrimadium, is
presented in the book of Syngg [7]. On the basis of his general agpwa have developed the
model of gravitational lensing in plasma. In our wofk [8] we have showriHe first time, that
in a nonlinear approach a new effect appears. Due to dispersipenties of plasma even in the
homogeneous plasma the gravitational deflection angle differs from theiwvadeflection angle
and depends on frequency of the photon. In next wirk [9] we dethie deflection angle for the
photon moving in a weak gravitational field, in the arbitrary inhomogeneogsyaOur approach
allows us consider two effects simultaneously for different gravitatioma teodel: the gravita-
tional deflection in plasma and the non-relativistic effect (refractionheoted with the plasma
inhomogeneity. Self-consistent approach for the light deflection in pcesef the gravitation and
the plasma is also developed in book of Perl{ck [10].

a= (1.1)

2. Gravitational deflection by point mass in homogeneous ptana. Gravitational
radiospectrometer.

Let us consider a static space-time with the Schwarzschild metric of the poistvhaad
assume that the gravitational field is weak. Let us consider, in this gravahfietd, a static
inhomogeneous spherically-symmetric plasma, with the concentridtiorN(r), and we do not
assume thall(c) = 0. A refraction indexn of plasma is:

w2 471e®N(r)
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Here w(r) is the frequency of the photon, which in spherically symmetric case depentise
space coordinatedue to the presence of the gravitational field (gravitational red shift). &dets
w(o) = w, eis the charge of the electrom is the electron massy is the electron plasma fre-
guency. The impact parameteremains constant in the null approximation for the photon moving
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along the axiz. The position of the photon is characterizedtbgndz, and the absolute value of
the radius-vector is = v/b? 4 Z2. In this model the plasma is just the medium with given refraction
index, we neglect the self-gravitation of the plasma particles, compared tpahiey of a central
massive object.

We have derived the expression for the deflection angle of the photomgiova weak gravi-
tational field with the Schwarzschild metric, in a homogeneous plasma with cohsgard w. [B],
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which turns into the expressioh (IL.1), when— «. The effect of difference in the gravitational
deflection angles is significant for longer wavelengths, wheis approachingu., what is pos-
sible only for the radio waves. Therefore, the gravitational lens in plastsaas a gravitational
radiospectromete[][8][][9].

In an observation of two images of the lensing point source in presenbermbgeneous
plasma, the following features may be observed: spectra of two images rdéfebent in the long
wave side due to different plasma properties along the trajectories ofdighfarming the images,
the extended image may have different spectra in different parts of thejmad a maximum of
the spectrum shifting to the long wave side in the regions with a larger deflectigia [9].

We have shown that in the homogeneous plasma gravitational deflectiondiifigite from
vacuum deflection angle and depends on frequency of the photore patrer of Kulsrud & Loeb
(LT (see also[[72][[33]) it was shown that in a homogeneous plasnghtiten wave packet moves
like a particle with a velocity equal to the group velocity of the wave packetwatida mass equal
to the plasma frequency. In world [9] we have shown that our resula foomogeneous plasma
follows also from this approach.

The difference of gravitational deflection in a homogeneous medium is otilg hedium is
dispersive. Let us consider the homogeneous medium without dispessibithe refraction index
n=consgt > 1 not depending on the photon frequenayin paper [B] we have shown that in the case
of a non-dispersive medium, the constant refraction index is canceliddtha photon trajectory
is the same as in vacuum, in the presence of a gravitational field, in spite ofleleeity of light
propagation in the medium. Note that the motion of photons in 4-space, in the madiaot,
described by the geodesic equation (neither massive nor zero-maassbdight propagation in a
medium with refraction is determined not only by the gravitational field but ajsthd medium.

3. Photon deflection by point mass in non-homogeneous plasma

We derive the deflection angle for the photon moving in a weak gravitatiogld, fin the
Schwarzschild metric of point mass, in the arbitrary inhomogeneous plasma:

B Rsb Ke bdN(r)
ap = +/< w2/w2 3 +w2—w§r ar )dz. (3.1)

Approximation is that the whole deflection angle, from the combined plasmaranitygeffects,
remains small[]9]. To demonstrate the physical meaning of different terf&3i (ve write this
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expression under condition-1n = w?/w? < 1. Carrying out the expansion of terms with the
plasma frequency, we obtain:

R S Rsb/ Keb/ldN< )dZ+K_‘9b wﬁg dN(r) dz (3.2)

b = w2 dr w“o rodr

The first term is a vacuum graV|tat|onaI deflectlon. The second term idditive correction to the
gravitational deflection, due to the presence of the plasma. This term enpiaghe deflection
angle both in the inhomogeneous and in the homogeneous plasma, andsdepehe photon
frequency. The third term is a non-relativistic deflection due to the plasn@ariapeneity (the
refraction). This term depends on the frequency, but it is absent ffifsena is homogeneous. The
forth term is a small additive correction to the third term.

4. Photon deflection by mass distibution in non-homogeneoydasma.

In case of gravitational lensing by mass distribution we have the formula:

5 _ 4GM(b) | 2GM(b b/‘”wzdz Keb [dN(r) dz  Keb [ dN(r) wldz

o = c2b C2w? oo20 dr +w4 dr r’ (4.1)

0

whereM(b) is the projected mass enclosed by the circle of the rdml[@ In another words it is
the mass inside the cylinder with the radius

We have carried out the calculations for models with the nonuniform plasnébdi®n:
singular and non-singular isothermal sphere; for hot gas inside thé@agianal field of a black
hole, and of a cluster of galaxies. For different gravitational lens medetompare the corrections
to the vacuum lensing due to the gravity effect in plasma (second terfn ), (4rlj due to the
plasma inhomogeneity (third term ip_(#.1)). We have shown that the gravithgééieat could be
detected in the case of a hot gas in the gravitational field of a galaxy cl@ter [
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