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We consider the propagation of electromagnetic (EM) waves in the gravitational field of the Sun
within the first post-Newtonian approximation of the general theory of relativity. We solve Maxwell’s
equations for the EM field propagating on the background of a static mass monopole and find an
exact closed form solution for the Debye potentials, which, in turn, yield a solution to the problem
of diffraction of EM waves in the gravitational field of the Sun. The solution is given in terms of
the confluent hypergeometric function and, as such, it is valid for all distances and angles. Using
this solution, we develop a wave-theoretical description of the solar gravitational lens (SGL) and
derive expressions for the EM field and energy flux in the immediate vicinity of the focal line of the
SGL. Aiming at the potential practical applications of the SGL, we study its optical properties and
discuss its suitability for direct high-resolution imaging of a distant exoplanet.

I. INTRODUCTION

According to Einstein’s general theory of relativity @, ], gravitation induces refractive properties on spacetime B],
with massive objects acting as lenses by bending photon trajectories M] and amplifying brightness of faint sources.
Experimental confirmation of the general relativistic gravitational bending of light nearly a century ago ﬂa, ] un-
ambiguously established that celestial bodies act as gravitational lenses, deflecting light from distant sources. The
properties of gravitational lenses, including light amplification and the appearance of ringlike images (Einstein rings),
are well established ﬂj, ] and have a rich literature M} Compact, opaque and spherical bodies acting as gravita-
tional lenses could be used as diffractive telescopes to form images of distant objects at extreme resolution HE]

Unlike an optical lens, a gravitational lens is astigmatic, with the bending angle inversely proportional to the impact
parameter of a light ray with respect to the lens. Therefore, such a lens has no single focal point but a focal line.
Although all the bodies in the solar system may act as gravitational lenses M], only the Sun is massive and compact
enough for the focus of its gravitational deflection to be within the range of a realistic deep space mission. Its focal
line begins at ~547.8 astronomical units (AU). A probe positioned beyond this distance from the Sun could use the
solar gravitational lens (SGL) to magnify light from distant objects on the opposite side of the Sun [16, [19].

In recent years, the unique properties of the SGL garnered increasing attention. On the one hand, the discovery of
numerous exoplanets by the Kepler telescope, including those that may be Earth-like M], created interest in methods
to image these distant worlds. On the other hand, the success of the Voyager-1 spacecraft, operating at a distance
of nearly 140 AU from the Sun, demonstrates the feasibility of long-duration deep-space missions to the outer solar
system, including regions where images are formed by the SGL. The idea of using the SGL for direct megapixel
high-resolution imaging of an object of extreme interest, such as a habitable exoplanet, was only recently suggested
]. It was extensively discussed within the context of a recent study at the Keck Institute for Space Studies @]
In the past, only the amplification properties of the SGL under a set of idealized physical conditions were explored,
considering only the gain of a combined receiver consisting of a large parabolic radio antenna, at the focus of which
there was a single pixel detector situated on the focal line of the SGL ﬂE, , ] The SGL’s imaging properties,
where the image occupies many pixels in the immediate vicinity of the focal line, are still not fully explored (except
perhaps for some introductory considerations on geometric raytracing m, @]), especially in a deep-space mission
context. In addition, the SGL’s potential for high-resolution spectroscopy should also be considered.

The reason for the large amplification of the SGL is the fact that, as a typical gravitational lens, the SGL forms
a folded caustic m, ] in its focal area. As the wavelength of light is much smaller than the Schwarzschild radius
of the Sun, the wavefront in the focal region of the SGL is dominated by the caustic and singularities typical for

eometric optics. In reality, the geometric singularities are softened and decorated on fine scales by wave effects
E, ] Despite leading to divergent results, geometric optics may be used to predict the focal line, and make
qualitative arguments about the magnification and the size of the image. However, designing a telescope entails
addressing practical questions concerning the magnification, resolution, field of view (FOV), and the plate scale of
the imaging system. These parameters are usually estimated by a wave optics approach and are needed to assess the
imaging potential of the SGL. Recently, we reported on a method @] of providing a wave-theoretical description of
the SGL, demonstrating that with its light amplification power of ~ 10'* (for A = 1 um) and angular resolution of
< 10710 arcsec, the SGL may be used for direct megapixel imaging of an exoplanet. In this paper we provide details
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of this derivation.

This paper is structured as follows: In Sec. [[I, we consider propagation of electromagnetic waves in the Einstein’s
general theory of relativity (GR). We establish a set of equations that guide the evolution of EM wave in the presence
of a static gravitational monopole. We solve these equations in the post-Newtonian approximation of the GR. In
Sec. [ we find exact solutions for the Debye potentials for the EM waves traversing the field of a static gravitational
monopole. We derive the components of the entire EM field and determine the components of the relevant Poynting
vector. Our results yield a wave-optical description of a monopole gravitational lens and are valid for any distances
and angles, including those in the immediate vicinity of the focal line. In Sec.[[Vlwe provide preliminary considerations
for imaging with the Solar Gravitational Telescope (SGT) and its potential application for direct multipixel imaging
and spectroscopy of an exoplanet. In Section [V]we discuss our results and the potential of using the SGL for remote
investigations of faint distant objects. In an attempt to streamline the discussion, we placed some important but
technically lengthy derivations into appendices. Appendix [A] contains a summary of results concerning the (3 + 1)
decomposition of a general Riemannian metric and relevant useful relations. Appendix [Blis devoted to a description of
light propagation in a weak, static gravitational field. We solve the geodesic equation and model the phase evolution
in the context of geometric optics. We also discuss spherical waves in the post-Newtonian gravity. In Appendix
we present useful properties of the confluent hypergeometric functions. Appendix [D] discusses Coulomb functions.
Appendix [E] introduces Debye potentials as a means to represent the electromagnetic field. Finally, Appendix [E]
discusses the Wentzel-Kramers-Brillouin (WKB) approximation.

II. ELECTROMAGNETIC WAVES IN A STATIC GRAVITATIONAL FIELD

To describe the optical properties of the solar gravitational lens (SGL), we use a static harmonic metric! in the first
post-Newtonian approximation of the general theory of relativity. The line element for this metric may be given, in
spherical coordinates (r, 0, ¢), as B, @]

ds? = u?Pdt* —u? (dr2 +77(df? + sin® 9d¢2))’ )

where, to the accuracy sufficient to describe light propagation in the solar system, the quantity u can be given in
terms of the Newtonian potential U as

d3 /
u=1+c2U+0(c™), where G/ Fym— (2)

The metric [I)-@) allows us to consider the largest effects of the gravitational field of the Sun on propagation of
light, those due to the static distribution of matter inside the Sun. One may also want to consider including solar
rotation, but its effect, although measurable, is much less than those of the solar monopole and quadrupole ﬂﬁ]
Thus, the solar spin is not present in the metric above. Nevertheless, if needed, one can always consider the effect of
the solar rotation on the properties of the SGL using the same methods that are developed in this paper. Also, the
gravitational field of the Sun is weak: its potential is GM/c*r < 2 x 1076 everywhere in the solar system. This allows
us to carry out calculations to the first post-Newtonian order, while dropping higher-order terms.

The generally covariant form of Maxwell’s equations for the electromagnetic (EM) field is well known:
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where Fjj is the antisymmetric Maxwell tensor of the EM field M], Jmn 1S @ Riemann metric tensor with g = det g,p
its determinant, and 0y are coordinate derivatives.

1 The notational conventions used in this paper are the same as in Iﬂ, @] Latin indices (4, j, k, ...) are spacetime indices that run from 0
to 3. Greek indices «, f3, ... are spatial indices that run from 1 to 3. In case of repeated indices in products, the Einstein summation rule
applies: e.g., amb™ = Z?n:() amb™. Bold letters denote spatial (three-dimensional) vectors: e.g., a = (a1, a2,a3),b = (b1, b2,b3). The
dot (-) and cross (x) are used to indicate the Euclidean inner product and cross product of spatial vectors; following the convention
of E}, these are enclosed in round and square brackets, respectively. Latin indices are raised and lowered using the metric gmn. The
Minkowski (flat) spacetime metric is given by vymn = diag(l, —1, —1, —1), so that vy, a*b¥ = —(a-b). We use powers of the inverse of
the speed of light, ¢!, and the gravitational constant, G as bookkeeping devices for order terms: in the low-velocity (v < c), weak-field
(rg/r = 2GM/rc® < 1) approximation, a quantity of O(c~2) ~ O(G), for instance, has a magnitude comparable to v?/c? or GM/c?r.
The notation O(ak, bt ) is used to indicate that the preceding expression is free of terms containing powers of a greater than or equal to
k, and powers of b greater than or equal to £. Other notations are explained in the paper.



Note that in this paper we study the propagation of the EM waves on the background of the Sun without accounting
for the corona. That is to say, we do not consider contributions of the solar plasma to light propagation. The refractive
properties of the solar corona are such that for high-frequency EM waves such as visible light, one may neglect the
refractive effects of the solar plasma M] This may not be the case for any noise contribution to an image due to the
brightness of the corona. These issues will be addressed elsewhere. Here we consider only a purely gravitational case,
accounting only for the shadow due to a spherical Sun, but ignoring the corona.

A. Maxwell’s equations in three-dimensional form

To study the problem of gravitational lensing, we need to present equations ([B]) in a three-dimensional form. To
this effect, we consider a (3 + 1) decomposition of a generic metric g,y (e.g., using methods discussed in §84 of ﬂ&_ﬂ])
We introduce quantities describing physical vectors of the EM field, namely the 3-vectors E, D and antisymmetric
3-tensors Bag and Hap: Eo = Foa, D* = —\/GooF*, Bag = Fap, H*® = \/gooF*” (see the Problem in §90 of [31]).
These quantities are not independent. In the case of a static metric, such as that given by (), for which g, = 0 and
0ogmn = 0, they are related by the following identities:

1 1
E = 'LLE, B =
1/ 900 v/ 4oo

Given the definitions above, Egs. @) can be written in the following three-dimensional form:

D:

H=uH. (4)

1 .

curl,E = —ﬁao(\/%B), div,.B = 0, (5)
1 4m, .

cur, H = ﬁao (\/E D) + ) div.D = 47p, (6)

where the differential operators curl,F and div,F, for the static metric (), are taken with respect to the three-

dimensional metric tensor ka5 = —gap (see (AI)-(A2) and (A9)-(AIQ) in Appendix [Al for details).
We consider the propagation of an EM wave in the vacuum where no sources or currents exist, i.e., j* = (p,j) = 0.

For the metric (), using the definitions @) together with (A2) and (A9)-(AI0), we obtain the following form for
Maxwell’s equations (Bl)—(Gl):

0B

curlD = —UQE +0O(G?), div(v® D) = O(G?), (7)
C
— 26D 2 : 2 _ 2
curlB = u o + O(G?), div(v’B) = O(G?), ()
C

where the differential operators curl F and div F are now with respect to the usual 3-space Euclidean flat metric.
Using the standard identities of vector calculus involving the V operator @, @] and a bit of algebra, one can verify
that D and B obey the following wave equations:
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AD — u4ga]l?2 — [ewlD x VInu?] + V(D - VInu?) = O(G?), (9)
2

AB — u4f281t32 — [cwrl B x VInu?] + V(B - VInu?) = O(G?). (10)

All the properties of a propagating EM wave in the presence of a weak and static post-Newtonian gravitational field
are encoded in ([@)—(0). Note that the last two terms in ([@) and (IQ) are important for establishing the directional
and polarization properties of EM field represented by the vectors D and B.? As we show in this paper, omitting
these terms (e.g., as in [40]) may lead to the loss of important information about the propagation direction and the
amplitude of the EM field. These equations can be used to study propagation of EM waves in the presence of a weak
and static gravitational field. In particular, in the case of solving the problem of diffraction of the EM waves, they
can be used to describe both incident and scattered waves. This is the knowledge that helps us study the properties
of the EM field in the image plane when dealing with the imaging properties of the SGL.

2 Equations @) and (I0) are rather well known. In fact, they are similar to (5)-(6) in Chapter 1.2 of [37], written for an EM wave
propagating in a refractive medium. A form of Maxwell’s equations, similar to ([@)—(Q]), appears any time when one deals with EM
waves propagating in a medium with a variable index of refraction, such as in the case of optical waveguides IE, @] This form
emphasizes the fact that a weak gravitational field also induces effective refractive properties on spacetime B] These properties may
be investigated using the tools of classical optics Iﬂ, @]



B. Solving Maxwell’s equations

We look for a solution to the wave equations ([@)—([I0) for the fields D and B in the following generic form:
D =¢de ™" and B =1ybe (11)

where 9 (r) is a scalar function representing the intensity of a monochromatic EM wave along the path of its propa-
gation, d(r) and b(r) are unit vectors specifying the direction of the wave’s propagation and its polarization, and w
is the frequency of the wave. Although () gives the two fields as complex quantities, the actual physical fields D
and B are given by the real part of these expressions. Then, for example, the wave equation (@) can be presented in
terms of equations for the new quantities ¥ and d as

{Aw+k2u4¢}d + 2Vy-V)d—d(Vy - VInu?) + 2V (d - Vinu?) +
+ w{Ad— 2[[V x d] x VInu?] + (VIinu?-V)d+ (d- V)Vlmﬁ} —0G?), (12)

where k = w/c is the wave number, as usual. As we intend to work with optical frequencies, Eq. (I2]) may be simplified.
For high-frequency propagation, the representation of D given in ([l implies ] that

|V ‘1/2 |Vd] 1
;o e and = < |V, (13)
‘ |d| d| r

which means that Ly > Ly and 7 > Ly, where Ly and Ly, represent the typical length scales over which the changes
in d and v, respectively, are significant ] (same applies to b). In other words, we can see that d (and b) vary
slowly, but v varies rapidly when k — oo, resulting in the following relationships:

|[VD| ~ [kD|,  |V’D|~ [k*D|. (14)

Thus, in the case of high-frequency EM wave propagation, the following two equations hold simultaneously?®:
Ay + Kty = O(G?), (15)
(VY- V)d = —(d-VInu®) Vi + (V- Vinu?)d + O(G?). (16)

Below, we focus our discussion on the largest contribution to the gravitational deflection of light, namely that
produced by the field of a gravitational monopole. In this case, the Newtonian potential in (2)) is given as U(r) =
re/2r + O(r=3,c¢™%), where r, = 2GM/c? is the Schwarzschild radius of the source*. Therefore, the quantity u in ()
and its logarithmic gradient V Inu? have the form

u(r) = 1+ ;—g + 02, and Vinu? = —T—gr + 03, c7?). (17)
r r

As a result, the system of Eqs. (IT)-(I8) takes the form

A+ (1420 = 02), (13)
(V- V)d = 2{(d-1) V¢ (Vv r)d} +O(d). (19)

Experiments in the presence of weak gravitational fields, such as those present in our own solar system M], are
often described using geodesic equations. These equations determine the direction of light propagation and related
relativistic frequency shifts @, ] However, geodesic equations provide no information about gravitationally induced
changes in the intensity of light. In the solar system, such changes are quite small and very difficult to detect. This
is precisely the focus of our interest when we consider the solar gravitational telescope scenario.

3 Note that representations similar to (I5)—(I8) occur when raytracing methods are used to describe the propagation of high-frequency
EM waves in optical waveguides m] The numerical tools developed in that area may be quite useful to model imaging with the SGL.

4 If needed, our approach, in conjunction with the tools developed in , }, may be used to account for the contributions from higher
order gravitational multipole moments. For details, see Appendices [B1]and



To investigate the intensity changes that result from the gravitational amplification of light, we need to develop a
wave-theoretical treatment of light propagation in gravity. Equations ([I8)—(I9) could be used for this purpose. These
are derived from the wave equations ([@)—(I0) and provide a complete description of an EM wave propagating in a weak
and static gravitational field (which, according to Fock [3], acts as a variable index of refraction). Specifically, (IX)
determines the change in the intensity of the EM field, while (T3] describes the changes in the direction of propagation
of the EM wave and its polarization.

We can solve Egs. [I8)—(19) iteratively to first order in G. This can be done along the path of wave propagation,
which is established by relying on the geodesic equation (see Appendix [B]).

C. Solving the wave equations

To find the formal solution for the EM field, T
we begin with ([I8). This equation is well known:
it is nearly identical to the time-independent
Schrodinger equation that describes the scattering

problem in a Coulomb potential in nuclear physics®. /-\

We take a spherical coordinate system (r, 6, ¢) and /

also use Cartesian coordinates such that the x and
z axes, r and angle 0 are given as in Fig. [l

We consider the propagation of a monochromatic
EM wave along the z-axis coming from a source at
infinity. As is known from textbooks on quantum
mechanics (e.g., @7 @@])’ [@8) has a solution FIG. 1: Heliocentric spherical polar coordinate system (r,0) (¢ sup-
that is regular at the origin, which can be given as p.ressed.) as WE?H as the z and.x §oordinates used to describe the

diffraction of light by the gravitational monopole.
U(r) = e Fy (ikrg, 1,ik(r — 2)), (20)

where z is the projection of r onto the optical axis
(i.e., a coordinate along that axis; see Fig. [), 1o
is an integration constant and 1 F} is the confluent
hypergeometric function [55] (also known as Kum-
mer’s function of the first kind, M|«, 3, w]; see Ap-
pendix [C] for more details and useful relations).
The solution (20)), also shown in Fig. 2 describes
a wave coming from a large distance along the z axis
(for the relevant geometry, see Fig.[l) and general-
izes the incoming plane wave solution v (r) = e?**,
which is familiar from studying wave propagation

in Euclidean spacetime. In fact, Eq. (20) reduces to
e’ when r, — 0. Thus, one may use the solution
@0) to describe the incident “plane wave” that is
sourced at infinity, in the presence of a gravitational
monopole with a 1/r potential. All the important
contributions to ¢y (r) from gravitation are contained in the function 1 Fy[a, 3, w].

Given the asymptotic properties of 1 F[a, 8, w] from (C22) (see details of derivation in Appendix [C2), we obtain
the asymptotic form of Eq. [20) as

FIG. 2: The phase of (20) describing the propagation of a wavefront
(from left to right) diffracted by a point source gravitational lens.
Drawn in arbitrary units for qualitative description; actual values
cannot be plotted due to their differing orders of magnitude.

—Tkr, . 19
1/1(1‘) _ wO e 2% {eik(z—rg In k(r—z)) + Tg F(l — Zkr!])eik(T-H‘g In k(r—z)) + O( Zk’f‘g )} (21)

(1 —ikry) r—z (1 +ikry) r—z/,J)
5 A choice of constants rg = —y/k makes (I8)) identical to the time-independent Schrédinger equation describing the scattering problem

in a Coulomb potential @], where v = Z1 Z2e?/hv with Zie, Zae are the charges of the two particles and v is their relative velocity.
The first analytical solution to (I8]) was given by Mott in 1928 } A more elegant form was found a few months later by Gordon
[47], using the ansatz 1 (r) = %% f(r — z). The complex-valued function f describes the perturbation of the incoming plane wave and
transforms ([I8) into a solvable differential equation for f m} The same equation appears in other problems of modern physics: for
instance, in problems describing photothermal single-particle Rutherford scattering microscopy that involves the scattering of waves by
a 1/r refractive index profile formed by the presence of a point-like heat source in a homogeneous medium (e.g., @@])
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This approximation is valid for large values of the argument k(r — z) > 1 and for angles 6 satisfying 6 > +/2r,/r (see
Fig. ). This region is relatively far from the optical axis; light refraction here is well described by geometric optics.
This solution offers a good starting point for the development of the wave-theoretical treatment of the SGL.

Typically, one normalizes the solution at large distances from the deflecting center by requiring that the function
¥ behaves as limy(,_.) 00 ¥¥* = 1 (a.k.a. Gamow normalization ﬂﬁ, @]), which results in ¢ = eZ*"9T'(1 — ikry).
However, in our case, we require that at larger distances from the deflector the intensity of the EM field, v, is to be
equal to that at the source, namely limy, )00 YV* = EZ (in the vacuum Eg = Hy). This results in the following
choice for the constant 1)g:

Yo = FBoe2*rsD(1 —ikr,). (22)

As a result, at large distances from the deflector, the incident wave (1inc(r), given by the first term in (2II)) and the
scattered wave (1)s(r), given by the second term in (21])) take the following asymptotic forms:

a2
X _ iklz—rgInk(r—z) Zk?"g
ine(r) = Fpe*( ){1+O<T—z)}’ (23)
o Tg F(l — ik?“g) ik(r+7“g lnk(rfz)) ’Lk'f‘g
hs(r) = EOT—ZF(1+ikTg)€ {1+O(T—z>}' (24)

The solution provided in the form of Eqs. 23)—(24) is well known from the Coulomb scattering problem in nuclear
physics. What is its meaning in general relativity? Equations (Z3)—(24) do not exhibit the familiar geodesic behavior
that is characteristic of rays of light. Nonetheless, with some algebra (see Appendix [B2] Eq. (B33)), we can show
that (23] is consistent with a solution for the phase of an EM wave propagating in the background of a weak and
static gravitational field. For a wave moving from a remote source along the z-axis, (k -r) = z, where k is the
unperturbed unit vector of the photon’s trajectory (see Sec. [B1l for details). Therefore, from (B33) and (BI4),
for a wave moving along a geodesic, we obtain, for the change of phase along the path, d¢ = k((k - (r — ro)) +
rgIn(r+ (k-r))/(ro 4 (k-10)) + O(r2)) = k(z — 20 — rgIn(r — 2)/(ro — z0) + O(r2)). Thus, the time-independent
part of the phase of the incident wave has the form ¢(r) = k(z — rglnk(r — z) + O(r2)), given by (@3), which is
consistent with a geodesic solution.

To understand the meaning of Eq. [24]), we rewrite it using z = r cos§ as follows:

rg (1 —ikry)
 2sin? ¢ T(1 + ikry)

ikrg In sin?

Yole) = Eof(6) e U 3) L 0G2) where  f(6) Lo @)

with f(#) being the scattering amplitude familiar from nuclear scattering.

One can see that the phase in the first expression in (28] is consistent with the phase of a radial geodesic or that
of an outgoing spherical wave (see discussions in Appendix [B4] Eq. (B33)). From (23), for the change of phase along
a radial geodesic, we have dp = kg (r — 19+ rglnr/ro + O(rg)), which indicates that the time-independent part of
the phase of a scattered wave is that of a spherical wave given by (B55) as o(r) = k(r + ryIn2kr + O(r2)) and is
consistent with the phase of a radial geodesic (B34]). The quantity f(6) in (28] is the scattering amplitude that was
first derived by Rutherford for the electron scattering problem in nuclear physics @] and has been confirmed in many
experiments. This amplitude modifies the outgoing spherical wave (B53)) (discussed in Appendix [B4).

Therefore, the two solutions to the time-independent wave equation ([I8) are both consistent with the familiar
geodesic solutions in a weak and static gravitational field (as discussed in Secs. [B1] and [B2)). The phase of the
incident wave is consistent with the geodesic solution (B33), while the scattered wave is consistent with a spherical
wave solution (BEE) or, equivalently, with radial geodesics (B34]). With this knowledge we may already identify these
features in (20). Solution to this equation is given in Fig. 2] which clearly shows the presence of both of these waves,
namely the Coulomb-modified incident wave and the outgoing spherical wave modified by the scattering amplitude.

To interpret the approximate solutions [23)—(24), it helps to study the schematic geometry shown in Fig. [[l Light
from a distant source reaches the point of observation (black dot on the right-hand side) via two paths. When the
point of observation is a significant distance away from the focal line, these two paths are qualitatively different.

Perturbations to the path on the same side of the focal line as the point of observation (the “top” ray of light in
Fig. [[) are dominated by deflection. Neighboring rays in a tight family of rays diverge (“spread out”) minimally.
Therefore, this path is well approximated by Eq. (23), which describes a plane wave slightly perturbed by deflection.
This wave is shown in the top left panel of Fig. Bl We call this part of the solution the (perturbed) “incident” wave.

In contrast, perturbations to the path on the side of the focal line opposite to the point of observation (the “bottom”
ray of light in Fig. [I]) are dominated by scattering. These rays reach the point of observation because they have a
small impact parameter and a large angle of deflection. As a result, even neighboring rays, with only slightly different



impact parameters, will suffer noticeably different deflections. The resulting wavefront is dominated by this divergent
(“spreading out”) behavior, and thus it is well approximated as a spherical wave emanating from the gravitational
ens itself; that is to say, Eq. , which is depicted in the top right panel of Fig. e refer to this part of the
lens itself; that is t E hich is depicted in the t ight 1 of Fig. Bl We refer to thi t of th

solution as the “scattered” wave.
The combination of the deflected plane (incident) wave and r
the perturbed spherical (scattered) wave, shown in the bot- ,
tom right panel of Fig. Bl offers a good approximation of the
propagating wavefront everywhere except for the vicinity of
the focal line. The bottom left panel of Fig. B compares this
approximation to the original form of 20) (see Fig. 2)). The 3
conical region on the right-hand side of this figure is where
the geometric optics approximation fails M] It is inconve-
nient, since the total solution for the wave function (20) gives
the correct asymptotic expression for any angle. Technically, \ A
this is because there are no known approximations of the con-
fluent hypergeometric function 1 F} that are simultaneously
valid both for large distances and also for small angles m]
P ¥

i53 \
the focal line, the rays will have different impact parameters.
An observer will see two images of unequal brightness of a
distant point source, one on each side of the lens. Far enough FIG. 3: Clockwise from top left: The approximation given
from the focal line, one ray will suffer minimal deflection due by @3); by 4)); the combined contribution of (23] and
to its large impact parameter. Meanwhile, the other ray will ~ (24); finally, the difference between (20), which was shown
not only be deflected but also dispersed as neighboring rays  in Fig. [ and @3). The phase becomes divergent along
diverge. The approximation given by (23) describes the ray the optical axis. Units are arbitrary.
with minimal deflection, i.e., a slightly perturbed version of
the incident wave. A weaker contribution dominated by the factor r,/(r — z) is given by (24]), which approximates
these diverging rays with a small impact parameter (passing close to the lens) as a perturbed spherical wave originating
from the lens.
At a sufficient distance from the focal line, the impact parameter needed for one of the rays to reach these points
will be smaller than the physical radius of the Sun. Therefore, these incident rays will be blocked by the Sun and no
scattered rays will be produced. In these cases, an observer will see only one image described by (23)).

For a monopole lens, the very fact that any two rays inter-
sect at the focal line means that these rays essentially have
identical impact parameters. In this case, an observer will see
a thin annulus around the lens representing the Einstein ring
formed by the amplified intensity of the incident light coming
from the direction of the source. At any given point outside

D. Amplitude evolution of the incident wave

Given the solution (23] for the incident wave, we can now proceed with solving ([9). This helps us determine the
polarization changes of the EM wave. First, by defining ¢ to be the phase of the incident wave ; in (23] and using
the usual definition for the wave number, K™ = da™ /d\ = ¢"" 0 or K,,, = O, we have

Vi =ipV + (9(7"3) = iK% + (9(7“3), (26)

where k is the unit vector along the direction of the wave vector, such that K* = K%®. Note that to (9(7‘3),
x = K/|K]| has the form k = k + k¢ + O(r7), with k being the unperturbed part and k¢ being the post-Newtonian
term, with both of them given explicitly by (B2]).

It is convenient to introduce a parameter ¢, which is defined along the path of the photon’s trajectory as £ = (k-r) =
(k-rg) + c(t —to) (see (BI2) and discussion in Appendix [B1l) Given K° = dz"/d\, we have d¢ = K°d\, and, thus:

dr dd dz°dd dd dd
—_ d = ——= —— = 0— = KO—_
dA V) dA d\ dz0 dx® drl

Substituting (26]) and 27)) in ([I9), we obtain the following equation that can be used to study the post-Newtonian
evolution of d:

(VeV)d = K%k -V)d = ( (27)

% - :_g{(d.r)k—%(k-r)d}—i-(?(rg). (28)



Given the two linearly independent unit 3-vectors n = r/r and k, we can define a triplet of unit vectors, k,
m = [k x n]/|[k X n]|, and € = [7 x k], forming a local right-handed orthonormal basis: (k-7) = (k-€) = (w-€) =0
(see discussion in Appendix [B3]). Then, we can write ﬂﬁg] the vector r in this basis as

r=(r-k)k+[kx [rxk]]—i—r(;—i—(’)(rf]):kﬁ—i—bo—i-rc—i-(’)(rg), (29)

where re ~ O(ry) is the post-Newtonian part of r (derived in (B2I])) and we used (BII) to write (r-k) = ¢ and
by = [k x [r x k]| + O(ry), is the impact parameter (BI3). Similarly, we can write d as

d=(d-k)k+[kx[dxk]+de+O(r)) =djok+dio+de+O(r]), (30)

where djjg = (d - k) 4+ O(ry) and d1g = [k x [d x k]] + O(r) are the components of d in the directions parallel and
orthogonal to k, correspondingly, and dg is the post-Newtonian part of vector d. Next, we have:

(d . I‘) = dHOK + (dJ_O . bo) + O(T‘g). (31)
As a result, Eq. ([28) takes the form
dds _ ot (Bt + (o b)) k- Beduo )+ 002) (32)
dv (b2 + £2)3/2 L\2 110 0" R0 250 9/

Taking into account that djjo and d o are constant, we integrate ([BZ) with respect to £ from —oco to £ and obtain
a solution for the components of d = dgp + dg + O(T?]) in the local basis. The B field will evolve in a similar manner.
As a result, the solutions for d and b are both real and have the following form:

d = {djo(1 - 22) + (duo- bo)z—g(l + (rr—k))}k +duo(1+22) + 0(2), (33)
b = {b“o(l — %) + (bJ_O ‘ bo)Z—g(l + (r;ﬂk))}k—i—bm(l + %) + (’)(rf]). (34)

We introduce a right-handed Cartesian coordinate system (x,y, z) with corresponding unit vectors (ez, ey, e.) and
with the origin at the center of mass of the Sun. We take the z-axis to be directed along the unperturbed direction
of the light ray, i.e., along the vector k, while the z and y axes will be directed along the unperturbed directions set
by the vectors € and 7, correspondingly. In Appendix [B3] we show that in this coordinate system the vectors &, 7, €

take the following form (see (B46)—(B4])):

g T 2 "9 Y 2 rg 1 2
;ez—l—O(rg), w:ey—l—:;ez—l—(?(rg), n:ez—r_z;(xez—l—yey)—l-(?(rg). (35)

€E=e€, +
Also, in this coordinate system, djjg = d.o and d1g = (dz0,dy0,0), bo = [k x [r x k]| + O(ry) = (x,y,0) + O(ry),
and, thus, (dio - bg) = dgox + dyoy + O(ry). Similarly, we have (b - bg) = byox + byoy + O(r,). We choose the
components of the incident wave so that it represents a transverse electric and transverse magnetic (TEM) wave,
namely we require: d.o = dyo = b.o = by = 0. Based on (33)-(B4)), the directional vectors of this EM field evolve as

o Ty Ty (k-r) 2
dise = doo(1+ 51) {eu + 38a(1+ = F)e. 4 00%), (36)
T r (k-r)
bBine = by0(1+2—i){ey+éy(l+ - )ez}+0(r§). (37)

As a result, substituting B8)-(B7) and ([23) into (), accounting for the fact that £ = (k - r) = 2 and using (BI4)
in the second term in [B6]) and 1), and also taking the amplitudes of the unit vectors of the EM field at the source
to be dzo = byo = 1, we present the EM field of the incident wave as

Dinclt,r) = Eo(1+ 3%){es + 2= e, pehCramklr=N =it 4 0(s2), (39)
Bin(t,1) = E0(1+%){ey+ T‘E]Z%ez}eik(z—rglnk(r—z))—iwt+O(T§)7 (39)

which, with the help of ([B3]), indicates that Dj,. o € and By o< . As the local base vectors €, m and k are forming
a triplet of orthonormal vectors, the three vectors Dipe, Bine and k that characterize the incident wave (B3)—([B9) are



also orthogonal to each other, namely from (B3] one can verify that (Dipe-Bine) = (Dinc &) = (Bine k) = O—i—O(r;).
So, as expected, the components orthogonal to the wave vector do not change as a photon moves along its trajectory,
which, in the case of Diye, ([B]), is in the plane spanned by e, and e,. Thus, the gravitational field of a static
monopole does not change the polarization of an EM wave. At the same time, the component along the wave vector
is mixed with the orthogonal component and rotates by a small angle 60 = (r,/bo)(1 + (r - k)/r) as it moves along
the trajectory with the entire EM wave being perpendicular to the wave vector (similar results were reported in [41]).
Similar behavior is evident from (B9) for Binc in the plane formed by vectors e, and e..

To proceed with the solution of the scattering problem, we need to transform [B8) and [B9) from Cartesian into
spherical coordinates. The curvilinear coordinates appropriate to represent the problem are the spherical polar
coordinates (1,0, ¢) defined as usual by the relationships (z,y, z) = r(sin 6 cos ¢, sin 0 sin ¢, cos ). Transforming (B8]
and [B9) from the Cartesian system (z,y, z) to this new system of spherical coordinates according to the usual rules
of such coordinate transformations [35], we obtain the incident wave, Diy. and Biyc, in the following form:

Dinc(t,r) = EO{ cos¢sm6‘(1 + m) u? cos¢(cos€ - 7;—(]), —u sinqﬁ}wi(r)e_w + (9(7‘3), (40)
Binc(t,r) = EO{ s1n¢sm€(1 + m) u” sm¢(cos6‘ - r_) ucosqﬁ}z/h( Ye Wt 4 O(rg), (41)

where u is given by ([[7) and ¢;(r) = e (rcos0—ryInkr(1—cos0)) is the incident wave ([23]). As we can see, the phase and
the directional vector of the incident wave are both Coulomb-modified. This reflects on the fact that the long-range
1/r field due to the gravitational monopole changes the incident wave even at large distances from the deflector.

E. Amplitude evolution of the scattered wave

We now consider the evolution of the amplitude of the scattered wave. Similarly to the incident wave, we may solve
(@) for the scattered wave given the solution (24]). This helps us determine the polarization changes of the scattered
EM wave. First, we recognize the fact that the amplitude in ([24)) is a slowly varying function of distance while the
phase varies rapidly. Thus, we may consider only the phase in finding solution for ([[9). Following the approach
demonstrated in Sec.[[TD] we may present ([3) for radial geodesics, i.e., k = n, as

98 = Ial@-mn -t} +002) (42)

where the parameter ¢ now is £ = r = ro + c(t — tp). Similarly to the discussion of the propagation of the incident
wave amplitude, we present d as

d=(d-n)n+nx [an]]—FdG-FO(Tg):dHOn—f'dJ_O‘f'd(;‘f'O(Tg), (43)

where, in this case, djjp = (d-n) + O(ry) and d 1o = [n x [d x n]] + O(ry) are the components of d in the directions
parallel and orthogonal to n, correspondingly, and dg is the post-Newtonian part of vector d. Then, taking into
account that df = cdt and, thus, d(djjon)/dl = ddo/dl = 0, we can present Eq. [#2)) in the following form:

dd
d—; = 262{d”0n dlo}—l—O( ) (44)

Taking into account that dj|o and d_1 are constant, we integrate (@) with respect to £ from —oo to £ and obtain a
solution for the components of d = dg + dg + O(T?]) in the local basis along the radial path. The B field will evolve
in a similar manner. As a result, the solutions for d and b of the scattered wave have the following form:

d = d\\0(1—2—)n+dlo(1+2 )+O( ) b_bHO(l—2—)n+bL0(1+2 )+O( ) (45)

where we remember that for radial motion £ = r. We again choose the TEM wave, thus, djo = bjjo = 0 and write the
solution ({A3)) in the following form:

d, = dm(1+ )(0 cosp,—sing) +O(r2),  bg _bm(1+ )(0 sin ¢, cos ¢) + O(r?). (46)

As a result, using the entire solution (23] and normalizing d; o = b, ¢ = 1, the components of the scattered wave,
D, and Bg, in the spherical coordinate system may be given in the following form:

Ds(t7 I‘) = FE, (1 + ;_q) (07 cos ¢, — sin (b)f(g)leik(r-i-rg In 2kr)—iwt + O(T‘g), (47)
T

r
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B.(t,r) = Eo(1+ %) (0,sin ¢, cos ¢) f(G)%eik(T”g m2kr) =it L O(r2). (48)

As expected, the scattered EM wave is proportional to the scattering amplitude f(#) and multiplies the outgoing
spherical wave as given by ([23]). Equations (7)-(@8]) may be presented in the form showing their explicit dependence
on all the parameters involved:

r r ) L2060 o . ;

Ds t = En(1 g9 0 o g ikrg Insin® §+2i0¢ ,ik(r+rg In 2kr)—iwt O 2 49
(t,r) 0( + 2r)( , COS @, sm(b) 2rsin2ge € + (rg)’ (49)

B.(t — Eq(1 29Y(0. si g ikrg Insin® §+2i00 ,ik(r+ry In 2kr) —iwt O 2 50
(t,r) O( + 2r)( 751n¢7cos¢) 2rsin2ge € +0(ry), (50)

where o0 is the quantity known in nuclear physics as the Coulomb phase shift oy = argI'(1 — ikry). It is defined via
the ratio of two gamma function terms in @8): T'(1 — ikr,)/T(1 + ikry) = e*9°.

These expressions complete our description of the scattering problem in the geometric optics. In the next section,
we use these results to derive the Poynting vector that characterizes energy transmission in this situation.

F. Poynting vector in the geometric optics approximation
We may now compute the components of the Poynting vector in geometric approximation using the solutions for
the incident and scattered waves. The components of the Poynting vector are computed as ususal m, @]
c 1 c
= — [E x = —
47 v/ 900 47

where D = D, +Ds and B = Bj,. + B are the total solutions for the EM field that includes incident and scattered
waves. Thus, for (5II) we have:

[(ReD) x (ReB)], (51)

S:Sinc+ss+s><7 (52)

where Sip. = (¢/47u)[Re(Dinc) X Re(Bipc)] is the Poynting vector due to the incident wave, Sg = (¢/47u)[Re(Ds) X
Re(By)], is that due to the scattered wave, with S = (c¢/47u)([Re(Dinc) x Re(Bs)] + [Re(Ds) x Re(Binc)]) being
the interferometric or mixed term. Using the expressions for the incident and scattered fields given by (@0)—(I) and
@9)—E0), correspondingly, we may compute all the terms on the right-hand side of (52)). Then, after averaging (52
over time, we get the needed expressions. Thus, for the Poynting vector of the incident wave with ([#0)—(@Il) we have

= c

Sinc = 8_7TUE§ K+ O(Tg). (53)
As expected, the incident wave propagates along the wave vector k, which is given by ([B5). Using expressions
@9)—[E0), we compute the Poynting vector for the scattered EM wave as

a _ © 2 Tg 2 3
S, = “Eo(rsin?g) n+O(rs). (54)

Note that this term is below our approximation threshold of O(r_g) and thus it may be omitted. However, it provides
information on the largest contribution from the scattered term alone. Note that if, for a particular value of r, the
angle 0 decreases to the point where the ratio r,/2r sin g becomes 1, the term (B4 is of the same size as (B3). If 6
continues to decrease, the interferometric term in (G2)) also becomes significant. We derive this term next.

Before we derive an expression for Sy, it is instructive to represent op in ([9)—(E0) in terms of its functional
dependence. For this, we need to evaluate the ratio of two gamma functions in (24). To do that, we will use Stirling’s
formula that approximates the gamma function for large values of its argument |a| — oo (e.g., [55)):

I(a) = \/g(%)a(l +0(™h). (55)

As a result, we have

T —ikry) e _
2ico _ 9) _ 2ikrg In(kry/e)—1i 1
e T i)~ g In(hrg 2(1+O((krg)™")). (56)
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Therefore, to a sufficient accuracy, for large values of the argument |a| = kr, (i.e., when considering the propagation
of high frequency EM waves), the quantity oy may given as 209 = —2kr,In(kry/e) — 5. This allows us to compute
the interference term and present it in the following form:

elg) |06, (57)

Q c 2 Ty . qu_l 4 A
Sy = —F2—9__in (2krsm — 2kr, In 729){%(1—1—0059) —igsinf(1+ 5
rsin

0 -
8mu~ " 2rsin® 2r sin

[\SlS=Y

where the second term in the argument of sin() comes both from o and from the argument of the exponent in the
expression (25) for the scattering amplitude, f(¢). One can see that pretty much for every value of 7 and @ the
Poynting vector of the incident wave Siy. (B3) dominates the interference term S« (E:ﬂ) However, when 6 becomes
smaller, the interference term starts to grow. If, for a particular r, the ratio ry/2r sin® ¢ approaches 1, the magmtude

of Sy becomes comparable to that of Si,c, reaching the value of Sy = (c/4mu?) E sin 3qu{zr - 19\/272]/7“} +O(r

If 6 continues to decrease, i.e., when 6 — 0, the terms representing the scattered (IBZI) and interferometric (57) terms
continue to grow, and ultimately diverge on the optical axis, where § = 0. This is precisely the area where geometric
optics breaks down, necessitating a wave-theoretical treatment. We develop that treatment in Sec. [IIl

G. Boundary conditions in the geometric optics approximation

Lastly, we note that to develop a solution to a diffraction problem, we need to introduce a set of boundary conditions.
These conditions are necessary to select specific values for the arbitrary integration constants that are appropriate
for a particular problem under consideration. Considering the case of diffraction of the EM wave by the gravitational
field of a large star (i.e., an idealized spherical sun with no luminosity and no corona), we need to consider only two
of such conditions: l%é the asymptotic boundary conditions and (ii) the physical boundary conditions (as was done,
for instance, in @,

As far as the asymptotic boundary condition is concerned, we already introduced such a condition when we selected
the value for the constant 1o in (20) in the form of (22). This choice was made to satisfy the condition that at large
distances from the deflector the incident wave must resemble the Coulomb-modified plane wave with a unit magnitude
(i.e., Gamow conditions), but scaled to match the field intensity at the source, namely limy,, )00 Y9* = EZ. This
condition led to the solutions for both incident and scattered waves, given by [@0)—#Il) and [@I)—(E0), correspondingly.

However, the solutions for the EM waves that we established describe scattering on an object that is characterized
only by its Schwarzschild radius, rq This may be sufficient for the problems describing scattering of massless scalar
waves by black holes (e.g., @ @ ]), but is not enough to describe scattering by the Sun, whose physical size is
much larger than its Schwarzschild radius, i.e., Re > ry. Therefore, following [59] we introduce another requirement
that our solution must to satisfy: the fully absorbing boundary condition. This condition requires that for rays with
impact parameter less than the solar radius, i.e., by < Rg, no wave propagates behind the Sun and no diffracted wave
exists. In the geometric optics approximation this condition introduces the shadow behind the Sun, determines its
shape, and moves the interference region to heliocentric distances beyond zy = 547.8 AU (i.e., the point where two
gravitationally deflected rays of light that are just grazing the Sun on its opposite sides will intersect.)

Both of these boundary conditions are useful and will take an explicit analytical form in the case of the wave optics
treatment of the scattering of an EM wave by the gravitational field of a large star that we discuss next.

IIT. ELECTROMAGNETIC WAVE IN THE FIELD OF A STATIC MONOPOLE

In the previous section, we obtained all the tools that are required to investigate the EM field in the interference
zone of the SGL. Our next goal is to find a solution to the EM field in that region. In this section, we accomplish this
objective using the approach developed for classical diffraction theory, by finding the set of equations that determine
the EM field via Debye potentials and then matching these equations with the incident wave.

A. Representing the field in terms of Debye potentials

It is known ﬂﬁ, , @] that Maxwell’s equations can be represented in terms of the electric Debye potential “IT and
the magnetic Debye potential ™II. This also applies to the case of an EM wave propagating in the static gravitational
field of a Schwarzschild black hole or a large star @, [5d, @] In Appendix[Elwe demonstrate how such a representation
may be done for the EM wave propagating in the vacuum in the background of a weak and static gravitational field,
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represented by the metric ([Il)—(2]), which is a good approximation for the gravitational field in the solar system. The
complete solution for the EM field may be given as (see (E28)—(E33) for details):

L e 0 A £ o e P (SET e

E u u u e a m U
~ 1 82(7“61_[) ik 8(7“’”11) - ik 8(7“61_[) 1 82(7””1_1)
Do = 5500 T reme 05 Bo = =505 a9 Tunr ora0 (59)
_— 1 9*(re) ik o(r™I) . ik O(reIl) 1 9*(r™)
e = u’rsind ordg v 00 Be = T 09 | Ersmo ordp (60)

This solution can be derived from the two potentials Il and ™II, which both have to satisfy the same differential
equation (E23), which is just the wave equation (see (E20])):

(A+k2(1+ 2%)) [%} = 0(2), (61)

where II can be either “IT or ™II. Typically M], in spherical polar coordinates (see Fig. [l for details), the solution of
this equation is represented using an expansion, with terms in the form
II(r) = —R(r)0(0)®(¢), (62)

and with coefficients that are determined by boundary conditions. Direct substitution into (E22) reveals that the
functions R, ® and ® must satisfy the following ordinary differential equations:

d*R 2r @ _
T (k201 + )= T—z)R = O(rg,r™), (63)

1 d/. ,dO B _ 2 -3
@@(Slnoﬁ) +(a—m)® = O(Tg,'l" ), (64)

2o -
W + ﬂ@ = O(Tg, r ) (65)

The solution to (B3] is given as usual [37]:

P (@) = =" = D(8) = am cos(mg) + by sin(m), (66)

with 8 = m?, with m being an integer number and a,, and b,, are integration constants.
Equation (64)) is well known for spherical harmonics. Single-valued solutions to this equation exist when o = I(I+1)
with (I > |m|, integer). With this condition, the solution to (64]) becomes

Oum(0) = Pl(m) (cos®). (67)
Now we focus on the equation for the radial function (G3), which may be rewritten as

A’ Ry
dr?

2ry

) e+

+ (B0 + - > JRe = O(2,r7%). (68)
This second-order differential equation has two well-known solutions that are linearly independent: the regular function
Fy(kry, kr) and the irregular function Ge(kry,kr). A regular function is so named because it is zero at r = 0. Any

solution to (@3] may be chosen as linear combination of these two functions m, @]
Ri(r) = coFy(kry, kr) + deGe(kry, kr), (69)

where Fy and G are the Coulomb functions (discussed in Appendix [D)) and ¢, and d; are arbitrary constants.

According to (G2)), a particular integral II; is obtained by multiplying together the functions given by (Gal), (67)
and (69); we then obtain a general solution to (E22). Collecting results for ®(¢), ©(0) and R(r), given by (60), (7)),
and ([@3), to the order of O(r7), the Debye potential has the form

[e'S) l
u

Im = " Z Z [CgFg(kTg, kr) + deGe(kry, kr)} [Pl(m)(cos 0)] [@m cos(me) + by, sin(mg)], (70)
=0 m=-1
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where ¢, d;, am, by, are arbitrary and yet unknown constants.

We must now determine these constants in such a way as to satisfy the boundary conditions. For this to be possible,
one must be able to express the potentials “TI(Y) and ™I of the incident wave in a series of the from [@@).

To proceed with the solution of the scattering problem, we consider the incident wave given by @Q)-@Il). Its
properties should give us the partial wave amplitudes ¢, and dy in ([[0). To do this may not be straightforward,
because these fields are singular at @ = 0 and cannot be written in terms of Legendre polynomials P} (cos#) at all.

To determine “II or ™I, we use Eqs. Q) I) that describe the incoming wave and substitute them into (E28)-

(E33). For example, for D, Eq. {@Q) yields

cos 6 i(r) _ o
Eo ukr 00 ¢ ’

where 1;(r) is the incident scalar wave [23]). Together with (G8) (or the first part of (E28)), after omitting the e %!
factor, we obtain

D = (71)

cos ¢ O (r) 1 0% rel 9 4 1y prell

o = a5 ] (et @) [F] &

Viukr 00 ulorzl u * “ u(u) u (72)

Our first problem, therefore, is to find an electromagnetic field, which for r — 00,8 ~ 7 has the same asymptotic

behavior as the incident field given in [#0), but which is regular everywhere, for all values of 6 and r. Instead of using

only a partial asymptotic solution representing the incident wave, ¥;(r), this field can be constructed using the full
solution given by 20) and (22), for which (23]) represents one of its asymptotic limits when r — oo:

P(r) = Yoe'* 1 Fy (ikrg, 1,ik(r — 2)), where 1o = FEoe2" 9T (1 —ikr,). (73)

We may extend this to find the solution for the EM field in all regions by taking, instead of ;(r), the entire solution
for ¢ from (73). Equation ([2) indicates that

cosp Oy 0% rrell 2 4 1ymyrel
_ikrﬁ_arz[u}—i_(k u(u)){u} (74)
is a suitable definition of the wanted regular field 58, [59]. The exact solution for D, based on (Z3) should differ from
the incident wave ([@0) only for outgoing waves, the amplitudes of the incoming waves should be equal.
The function ¥ on the left-hand side of this equation may be expressed in the form of a differentiable series of
Legendre polynomials [37, 45):

1 o0
— k_z (20 4 1)e'* Fy(kry, kr) Py(cos 0), (75)
=0

where F} is the Coulomb function discussed in Appendix This representation is analogous to the following repre-
sentation of a plane wave 1(r) = e?**, given as

Z (20 4+ 1)5,(kr) Py(cos 0), (76)
=0

where jy(kr) is the spherical Bessel function given by (D22)). Note, when 7, — 0, one may see from (D20) that
function ¥ (r) is the limit of ¥(r).
Using (@) and the identities

0
%Pl(cos 0) = —Pl(l)(cos 0), Pél)(cos 0) =0, (77)
we can write the left-hand side of (74) as

cos¢ Y cos¢ >

Cikr 00 ik2p?
=1

(20 + 1) Fy(krg, kr) P (cos §). (78)

This expression allows us to present a trial solution for °II as a series of a form similar to (7)), to order (’)(rg):

1 o0
I = ;% i Fe(kry, kr)Pl(l)(cos 0) cos ¢. (79)
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Considering the asymptotic expansion of ([9), we can substitute ([8) and ([[9) into (7d). Remembering that Fy
satisfies ([G8) and comparing coefficients, we obtain the relation

g 2041
((0+1)

w = Eoi el (80)
The calculations for the magnetic potential, ™II, are similar. In fact, in the vacuum, the solutions for the electric
and magnetic potentials of the incident wave, “Il and ™II, may be given in terms of a single potential II(r, ) as

Il . COS(b Z 1 2€+1 zo’g (1) 2
(mn) = (sin¢) II(r,0), where rII(r,0) = EOkQZ e Fy(krg, kr)P;" (cos0) + O(r2).  (81)

Therefore, by matching the general form for the Debye potentials (Z0) to the incident EM wave ([78]), we see that
Maxwell’s equations (G58)—([60) can only be satisfied by selecting ¢, = 1 and dy = 0, and also by choosing m = 1, with
a1 = 0 for the magnetic potential, and b; = 0 for the electric potential. Thus, we have expressed both Debye potentials
of the incident wave, °II and ™II, in the form of the series ({Q) by determining all the unknown constants. As a result,
([BT) represents an exact vacuum solution via Debye potentials for the EM field scattered by a gravitational monopole.

In the background of the metric ([I), with u from (), the general solution of Maxwell’s equations ([@)—(8]) that
corresponds to a monochromatic wave with the symmetry of a plane wave can be given in terms of a function II, given
by @BT)). Using this result in Eqgs. (58)-(60) with the help of (E28) we see that, in order to obtain the components of
the EM field in a vacuum, we need to construct the following expressions @]

1 071 0
OL(T,Q) = —Wﬁ{m%[&n@(rﬂ)ﬂ, (82)
B 18(7°H) zk(rl_l)
Blr.0) = u2r orod + rsinf ’ (83)
B 1 B(TH) ik 8(7‘H)
Wf) = —arme o v 06 (64

and insert them into

D, _[cosd\ Dy _[cos\ . Dy B sing\
<Br> _<sin¢) e "“ra(r, ), <30> _<sin¢> e B(r,0), <B¢> = <_COS¢) ey (r,0).  (85)

This completes the solution for the EM field in a vacuum in the background of a spherically symmetric, static
gravitational field represented by its Schwarzschild radius. However, the Sun has a physical boundary with a radius

that is much larger than r,. To account for this fact, we need to apply the fully absorbing boundary condition, as
discussed in Sec. [TGl

B. Boundary conditions

As we discussed in Sec. [IG] the physical size of the Sun necessitates a proper treatment. Usually, this is done by
selecting a form of the Debye potential for each of the regions in question, imposing the relevant boundary conditions,
and matching the potentials on the boundary. We will follow a similar approach. First we note that, in order to match
the potentials (BT]) to those of the incident and scattered waves, the latter must be expressed in a similar series form
but with arbitrary coefficients. Only the function Fy(krg, kr) may be used in the expression for the potential, since
G(krg, kr) is divergent at the origin. On the other hand, the scattered wave must vanish at infinity and the Hankel
functions, H, (krg, kr) (see Appendix [D2] for a discussion of the Hankel and Coulomb functions, their relationships
and their relevant properties), will impart precisely this property. This function is suitable as a representation of the
scattered wave. For large values of the argument (kr), it behaves as ek (rtrgn2k1) and the Debye potential will satisfy
II o eik(rtryIn 2’")/r for large r. Thus, for distances r > r4, the diffracted wave is spherical, with its center at the
origin 7 = 0. Accordingly, it will be used in the expression for the diffracted wave:

(s) 20+ 1 oic
(O EOkQZ i1 ES) ‘aoHyf (krg, k)P (cos §) + O(r2). (86)

To select the arbitrary coefficients a; we will use the fully absorbing boundary condition discussed in Sec. [T Gl For
this, we first consider the effective potential in Eq. (G8) for the radial function Ry,. We notice that a transition from
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small-(kr) power law behavior to large-(kr) oscillatory behavior occurs outside the classical turning point, which is
the point where the effective potential in (B8) vanishes, namely 1+ 2ry/r — £(¢ 4 1)/(kr)*> = O(r2). Solving this
quadratic equation, we determine the turning point

Ty = —rg £ /T2 +L(L+1)/k2 (87)

As r is positive, then with purely Newtonian (or, in nuclear scattering, Coulomb) and centrifugal potentials (G8]) there
is only one turning point corresponding to the + sign in ([87). Classically, the turning point is at the distance of
closest approach or at the impact parameter. These quantities are related in the same manner as the classical impact
parameter bg is related to the quantum mechanical partial wave ¢ ﬂa, @]

kbo=+l{l+1)~(+ 3. (88)

To set the boundary conditions, we realize that rays with impact parameter by < R are absorbed by the Sun.
Thus, the fully absorbing boundary condition signifies that all the radiation intercepted by the body of the Sun is
fully absorbed by it and no reflection or coherent reemission occurs. All intercepted radiation will be transformed
into some other forms of energy, notably heat. Thus, we require that no scattered waves exist with impact parameter
by < Rg or, equivalently, for ¢ < kRg It means that we need to subtract the scattered wave (86]) from the incident
wave for ¢ < kRw. In other words, to derive the solution for the Debye potential IIY) in the region outside the Sun
(denoted by Latin superscript I), we set ap = —1 in the expression for the scattering potential 1) given by [B8) and
add to the expression for II;,. from ([I). This results in

L2041

i0 1
SV ¢ Fy(krg, kr) P (cos ) —

u > )

0(r,0) = Eog > i
=1

kRo

[ o1 20+1 i 1
_ EOE ; it 1me CH} (krg, kr)Pl( ) (cos ) + o(r2). (89)

This is the second asymptotic boundary condition which is set on the “future infinity” light cone and deals with the
fact that the physical boundary of the Sun is much larger than its Schwarzschild radius, Rs > r4. This is in addition
to the earlier condition that was established in “past infinity”, to fix the value for vy in ([73).

We have thus obtained the Debye potential representing the total solution for the problem of diffraction of EM
waves by a large spherical star. Solution (89) describes the EM field outside the Sun, which is our primary interest,
and which we discuss next.

C. Exact solution for the Debye potentials

We observe that, in addition to the solution for the Debye potential in the form of the infinite series of partial
waves (8T), in a vacuum there exists an exact analytical solution for this quantity. To demonstrate this, we use the
wave equation (E23) written in the spherical coordinate system and present the expression for D, via derivatives with
respect to 6, as it was originally obtained in (E2I) and shown in (E28), ultimately leading to (82]). Then, from the
two expressions for D, given by (B3 and also by (74)) with the exp(—wt) term reinstated, we obtain

B = e s g om0 0] =~ ()
As a result, [@0) yields the following equation to determine the Debye potential II:
%[sﬁ%[sinenﬂ :—%g—z+0(r§). (91)
We may now integrate this equation with respect to 6 to obtain
0 u
20 [sinfII] = - sin 0 [y (r, ) + c(r)] + O(r2), (92)

where ¢(r) is the integrating constant. Integrating again from 7 to 6, we have

w1

~ k sinf

0
(r) = / [0(r,0) + c(r)] sin@'df’ + O(r}). (93)
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gﬁon of
geometric optics

shadow region of interference

FIG. 4: Three different regions of space associated with a monopole gravitational lens: the shadow, the region of geometric
optics, and the region of interference.

Using ([73) for 3 and relying on the properties of the hypergeometric function from Appendix [Cl especially (C4)), we
can evaluate the integral:

1 —cosf
M(r) = wow% “ (VUL + kg, 2,ikr(1 = cos0)] — 1 Fi[1 + krg, 2, 2ikr]) +
Sin
1 0 .
% % (C(T) o e T YL+ ik, 2, 2ikr]) +0(r2). (94)
By taking the integration constant to be
co(r) = = e * Py [1 + ikrg, 2, 2ikr] + O(r]), (95)

we obtain the following expression for the Debye potential:

iul—cosf

(r) = _1/,0 kz (1F1 [1+ikrg,2,ikr(l —cos)] — 1 F1[1 + ikrg, 2, 2i/€r]) +0(r2), (96)

sin 0

which gives us the Debye potential of the incident wave in terms of the Coulomb wave function v, i.e., essentially in

terms of the confluent hypergeometric function @, @] This solution is always finite and is valid for any angle 6.
As a result, the solution ([@6]) for the Debye potential allows us to replace the first term in (89) and rewrite it as

iul—cosf

10(,0) = ~go % (LR [L 4 iy, 2, ikr(1 = cos0)] — 1 Fi[1 + ikry, 2, 2ikr] ) -

sin 6
ERq

_ Z ! ?ﬁ—ti) ZUEHJF(/WWkr)P (C059)+O( Pl (&)

This is our main result. It contains all the information about the EM field around the Sun in all the regions of
interest for the diffraction problem (see Fig. ). We will evaluate the terms in this expression for each of these regions.

D. Solution to the diffraction problem and different regions

In order to understand the solution ([@7) that we obtained, we need more information on the second term in this
expression. Considering the region outside the Sun, r > r,, we may replace H, ; (krg, kr) with its asymptotic expansion
(DIG). Extending it to distances closer to the turning point, as derived in Appendix [F]and shown in (E16]), we obtain

kRe

S0y = —Eo: L ik(riry In2kr) Z -1 2§ Ii i(20=5+552) PO (cos ) + O(12), (98)

Next, we use the asymptotic representation for Pl(l)(cos 0) from [34):

—/

1
PZ( )(COS o) = V21l sin 0

. . , x 3
(eZ(H%)e'HZ + e_z(“%)e_zz) +0( 2) for 0<O<m. (99)
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At this point, we may replace the sum in ([@8]) with an integral:

Mo o+ 1 (—i)ede
(L +1)\/27lsin 0
and evaluate this integral by the method of stationary phase. Note that the lower bound in this integral should be

of the size of the Einstein radius of the lens. However, taking into account the physical dimensions of the Sun, such
a detail is insignificant. Expression ([00) shows that the /-dependent part of the phase has the structure:

5(1-[(1)) _ Eoﬂleik(mtrglnzkr)/
1

vl oot 52) (et 4 ie0-1%) 4 012), (100

pr(l) = £((0+1)0+ ) + 200 + L5 + O(2). (101)
Therefore, the points of stationary phase where dy4 /dl = 0 are given by the following equation:
kr 20+1
+ 60 = 2arctan —2 — 2 102
arctan — STor +0O(ry), (102)

with oy taken from expression (DI0) where we formally replaced the sum with an integral, namely Z§:1 - [ ¢ dj. 1If

we take ¢ from the semiclassical approximation presented by (Bg]), then for small angles 6, Eq. (I02) yields £ sinf =
2ry /by — bo /1 + O(rg). As a result, we see that the points of stationary phase satisfy the equation

1 sinf  2r
—=4+——" 4+ 2L O 103
r bO + b% + (Tg) ( )

The potential § (H(I)) from (I00) contributes only if the points of stationary phase are within the interval 0 < 6 < &
and 1 < ¢ < kRg. As the largest impact parameter in (I03) is set by the upper integration limit in (I00), or o> = Re,
we see that this equation gives us the boundary of those regions influenced by ¢ (H(I)). This equation allows for a simple
geometric and physical interpretation. We remember that the classical scattering orbit in a Newtonian potential is a
hyperbola, described in polar coordinates (p, 6, @), starting at 6 = m, by @, @]

1 sinf g

. g 2
0 bo + 202 (14 cosb)?, (104)

which, based on the analysis in Appendix [B1], describes the
geodesic path of the photon in the gravitational field of a
monopole. From this, we see that the boundary in question
coincides with the rays that are just grazing the Sun in the
forward direction, 0 < ¢ < 7. Furthermore, for distances
z < 290 = R% /2ry (derived from (I03) with § = 0), one needs to
take the plus sign in ([I03) and for distances beyond that point,
z > 29, the minus sign should be taken.

As a result, we established the boundary that separates three
regions of interest (see Fig. Ml for details), namely: i) For im-
pact parameters by < R, the boundary conditions establish
the shadow behind the Sun where no light from the source
may appear; ii) Impact parameters larger that the solar radius,
by > R, correspond to regions of geometric optics where only
one ray from a point source could pass through each point. The
solution for the EM field in this region is given by the incident = FIG. 5: Folded caustic formed by the SGL (not to
and scattered waves (@) @I) and @J) G0), correspondingly. scale). Left:. rays (thin straight lines) enveloping a
However, as we discussed in Sec. [IT], the scattered wave is neg- ~ cusped caustic and wavefronts, i.e., contours of travel
ligibly small everywhere in this region and offers practically no time. Right: ;mvgl time contours as on the lef_t’ but
contribution; iii) For distances beyond zo = R2 /(2r,), as we ap- showing only for first arrival at a particular point.
proach the optical axis, § — 0, we enter the interference region
where, in the immediate vicinity of the optical axis, the beam of extreme intensity is present. Proper description of
the EM field in this region requires a wave-theoretical treatment, which we develop next.

E. The electromagnetic field in the region of interference

We now consider the region of interference, i.e., the region in the immediate vicinity of the optical axis, 6 ~ 0, and
at distances beyond z > 29 = R2 /(2r,), so that the argument in (@6 is small, namely kr(1 — cosf) < 1. We realize
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that in this region the second term in (89) produces no contribution and the EM field can be derived in its entirety
from (96 @] In addition, it can be shown by direct computation that the second term enclosed in round brackets in
@8) can be neglected. The EM field and the Poynting vector due to it are orders of magnitude (factor of (kr,)~'/2)
smaller than those originating from the first term. The second term is important only near the axis = m where it
serves to avoid a singularity. Thus the task that remains is the derivation of the Poynting vector of the field given by

tul—cosf

= —go— e F2]+ O(r?), (105)

sin ¢
where, for convenience, and again following the logic of @], we introduced the notation
F[1] = 1Flikrg,1,ikr(1 —cosf)],  F[2] = 1Fi[l +ikrg,2,ikr(1 — cos)]. (106)

As we remember, F[1] was first seen in (20) as a part of the solution of the time-independent Schrodinger equation for
the scalar intensity of the EM wave, ¢. From ([05) we see that F'[2] determines the properties of the Debye potential
that corresponds to that solution.

In Appendices and we discuss the properties of these two functions and their behavior at small angles 6
and also at large distances. Using the asymptotic behavior of F[2] at large values of argument k(r — z) > 1 and g
from (Z3]) and expressing z = r cos§, we compute the asymptotic behavior of the Debye potential II from (I07) as

u ; _ _ (1 —ikr,) e In ko (1—cos 0)) ikr?
I(r.0) = E { 1k(rcos€ rgInkr(l 0059)) _ 9) ik(r+rgInkr(l—cosb) O( g )} 107
(r,9) %2 sing ° (1 +ikry) ¢ + 2 (107)

We can verify that the first term in (I07)) is the Debye potential corresponding to the incident wave, while the second
term corresponds to the scattered wave. In fact, by substituting (I07) into (82))—(RH), after some algebra, we can see
that the solution given by ([I07) yields results that are identical to the expressions for the incident and scattered
fields given by [ 0)—I) and EI)—-(E0), obtained earlier using different approach. Therefore, the exact solution for
the Debye potential (I05]) may be used for any region describing the EM field.

Using the solution for the Debye potential II given by (I03]), we may now compute all the quantities in (82)—(&4):

1 .

a(r,§) = a%ezmosesme{m] —ikrgF[Z]} +0(r2), (108)

1l ikrcoso i ,1—cosf 1y
80r.0) = ~voe™ {1 (cost - oy ) +

1 —cosf T . . i
+ F[2] Zg (1 —cosf + 79 + ikr,sin® 0 — 52—1 cos@)} +0(r7), (109)

L ik cos 0 i 1—cosf 1 1—cosb/ rg  iTg 9

(1, 8) = —wioe {F[1](1 o u2> +FR (1 cosf— L+ — 2T>}+(9(7‘g). (110)

By taking the asymptotic behavior of F[1] and F[2] from (C22]) and (C26]), correspondingly, together with g from
([@3), substituting these into (I08)-(I0), and using the results in (8H), we can verify that at large distances our
solution gives the correct expression for each component of the incident ([{@Q)—-(AIl) and scattered [@9)—(E0) EM waves.
We can use the quantities ([I08)—(II0) to compute the resultant EM field.

The solution (I08)—(IIT) is valid for any angle and distance from the lens. However, for practical purposes, we are
interested only in the small region on the optical axis just after the point where grazing rays intersect (see Fig. ). We
established earlier that, in the post-Newtonian approximation, the trajectories of light rays are governed by geodesic
equations. These equations tell us that the focal line along which rays of light grazing the Sun intersect begins at
zo = b47.8 AU. As was discussed in @], beyond that point, the solar gravitational monopole forms a folded caustic
(Fig. B) that is characterized by a very high density of the EM field along the focal line, or optical axis. In the
immediate vicinity of the optical axis p < 7,4, the caustic is in the shape of a pencil-sharp beam. This region of the

caustic, characterized by 0 < 0 < +/2ry/r, is where we direct our attention next.

F. Transformation to cylindrical coordinates

As argued in @], for practical purposes it is convenient to introduce a cylindrical coordinate system (p, ¢, z) instead
of the spherical coordinates (r, 6, ¢). In the far field, » > r,, this can be done by defining R = ur =r+ry/2+ (9(7";)
and introducing the coordinate transformations p = Rsinf, z = Rcos#, which, from (), yield the line element:

ds* = u2c?dt? — (dp® + p*d¢® + udz?) + O(rg). (111)
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As a result, taking into account (83]) and using the rules of vector transformations between curvilinear coordinates
given by (A7), for the metric (ITI]) we have the following components of the EM field in cylindrical coordinates:

D, _[cosd\ D. _ [cosp\ D, B sing\ .
(BP>_<sin¢>e o (B)‘(smas)e R <B¢>‘(—cos¢>e o), (1)

where

a(r,0) = u 'sinfa(r,0) + cosf B(r,0), (113)
cosf a(r,8) —usinb (r,0). (114)

=
—~
3

)
~

I

Using ([[08)—([II0) for o and S, for a high-frequency EM wave (i.e., neglecting O((kr)~!) terms), we obtain

a(r,0) = %1/;06““{1?[1](1 . ;—i sin® 9) +

+ F[2] (::TC;);H cosf(1 —cosf + %g) —ikrg(1— cosf — ;—i sin? 9))} + O(rg), (115)
b(r,0) = —%1/)06““ sin H{F[l] % cosf + F[2] (ls_iniczogeu(l —cosf + %g) + ikrg (1 + ;—i(l — cos 9)))} + O(r)116)
(1, 0) = —m/)oe““{F[l] + F[2] ls_m#so (1 — cosf — %9)} +0(r2). (117)

We will use these results to study the properties of the EM field characterizing the diffraction of light by the SGL.

G. The electromagnetic field in the image plane

The components of the EM field in the cylindrical coordinate system (p, ¢, z) are given by ([12)-({II4) with ampli-
tudes given by ([I15)-(II7). We note that at large distances from the Sun, we may neglect the terms ~ ry/r leading,
in particular, to D ~ E + O(r,/r) and B ~ H + O(r,/r). Together with ([I8)-({I1) and neglecting O((kr)~!) and
O(ry/r) terms (i.e., keeping only the largest terms), the physical components of the electric field take the form

E, = cos¢¢0{F[1] + F[2] (% cos — ikrg (1 — cos 9)) }ei(kz_“’t) + O(rg), (118)
_ 2

Ey = —sinqﬁd;O{F[l] + F[2] %}e“’”—“” +0(r2), (119)

B, = —cos¢io sine{F[z] (% + ikrg) }e“’“*wt) +0(r2), (120)
sin

Similar expressions may be derived for the magnetic field H. Furthermore, in the immediate vicinity of the optical
axis, p < ry, we may use approximations for the functions F[1] and F[2] given by (CZI)-(C42). For all practical
applications, we may neglect terms containing 6, not only because in the immediate vicinity of the optical axis p < 7,
and, thus, € is very small; furthermore, the Bessel functions at those distances p are also small. We are then left with
the following solution for the EM field in the image plane:

Ep B be . Cos ¢ i(kz—wt) Ez L 1kr, 0 cos ¢ i(he—owt)
(ﬁp> = (—E¢> =40Jo(2vx) (sin¢) e ; <«E[z> =—1 \/% J1(2vz) (sin¢) e . (121)

with z = k%rry(1 — cosf). Expressing z in terms of cylindrical coordinates of (III]) yields

2
2/T = 27r§ 94002, p%). (122)

P
Using this result and 6 = p/z + O(p?/2?), we can express the ratio in the second term of (I21)) as:

ikrg0 _; 2rg

N +0(r2, p*). (123)

z
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These results allow us to present (IZ]) in the form showing explicit dependence on all variables involved:

Ep B H, 2r cos ¢ i(hr—t) E. o o0 o [2r cos ¢ o
(ﬁ) = (—E¢> 7»/JoJO( ™V zg) (sin¢)e g ——11/10\/7gJ1(2ﬂ'X\/79) <sin¢)e . (124)

z

Clearly, at the focal region of the SGL, when z > zy = R2®/2rg = 547.8 AU, the factor in front of the z-components

of the EM field, E. and ﬁz, is negligibly small. Thus, both of these components may be neglected, leaving only
transverse components of the EM field on the image plane.

Solution ([I24]) offers a good approximation for the EM field within a pencil-sharp beam in the very narrow vicinity
of the optical axis, p < ry; it is also quite accurate even for larger distances p ~ 10% r,4. It shows that the EM field is
distributed narrowly in the immediate region of the optical axis and falls off sharply as one moves away from it.

H. The Poynting vector in cylindrical coordinates

To consider the imaging properties of the SGL, we need to know the energy flux at the image plane, which is given
by the Poynting vector. Components of the Poynting vector ﬂﬂ, @] are given by (B2)). To compute S in the cylindrical
coordinate system, we use ([12)-(II4) and ([II5)-(II7), and express the components of the Poynting vector as

_ L —iwt —iwtp). 0. _ —iwt —iwt
S = 47Tu{Re(e ~v)Re(e™*D); 0; —Re(e™""y) Re(e a)}. (125)

Averaging ([I2Z5)) over time and considering only high-frequency EM waves (i.e., neglecting O((kr)~!) terms), we get

Sy = gonvis ‘)2 2 (L20Y (1 cost)?
S = Swud)OSlnG{F[l]F [1]27° cos + F[2]F [2]( sin2 6 )u(l COS@) =+

+1 (F[1]F*[2] + F*[1]F[2]) ! S_incz,(’;e (1 cos + =2 sin 9)

. %z(F[l]F*[Z] _ [l]F[Z])krg + 02, (k:r)*l)}, (126)
5’¢, = (9(7‘3, (kr)fl), (127)
S, = %wg{F[l]F* (- ;—;{ sin? 0) + F[2]F*[2](1 s_incoese>2(1 — cos6)’ cosf +

—|—%(F[1]F*[ |+ F*[1 ) 1——1—cos9))(1—cos9)+

+3i(FIF (2] - PP [21)qu<1—cose>+0< (o)}, (128)

where the asterisk (*) denotes the complex conjugate. All properties of the diffraction field are encoded in these
formulae ([26) (I2¥). As noted in [59], extracting these properties is challenging because of the number of parameters
that must be considered: the heliocentric distance z, the distance p = z# from the axis # = 0 in the image plane, the
frequency of the wave w and the telescope aperture.

Equations (C43)—(C44) allow us to present (I26)-(I28) up to the terms of oc 62

G c . r _

Sy = g sin6{J32Va)ZL + 06, (k)1 6%) ], (129)
Sy = O(rg, (kr)™h), (130)

5. = =w{Revmi- )+7Jo(2f)J1(2f) 071002, (b)) (131)

Using again the result (I22)) and 6 = p/z + O(p2/22), we can express the ratio in the second term of ([I31]) as

1 02 _ 1 X
2\/x 21 /21y 23
When a practical SGL is considered, this ratio is negligible. Therefore, the second term in (I31)) may be omitted.

Next, we consider the constant v given by , for which the following is valid: ¢ = EZ e™"sT'(1—ikr )T (1+ikr,).
Using the properties of the gamma function [55], we have I'(1 — ikr,)['(1 + ikry) = wkr,/sinh wkry, which for ¥3
results in the following expression:

+0(r? Tgs P %). (132)

Vg = E22rtkry /(1 — e 2™79), (133)
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FIG. 6: Left: amplification and the corresponding Airy pattern of the SGL plotted for two wavelengths at the heliocentric
distance of z = 600 AU. The solid line represents A = 1.0 um, the dotted line is for A = 2.0 um. Right: a three-dimensional
representation of the Airy pattern in the image plane of the SGL for A = 1.0 pm with the peak corresponding to direction
along the optical axis.

Given the fact that in the focal region of the SGL, the ratio ry/r < 1 is very small, the terms in ([29)-(I3I)) that
include this ratio may also be omitted. As a result, using (I22)) for the argument of the Bessel function, we can present
the components of the Poynting vector (I29)—(I31)) in the following most relevant form:

C o 4m rg

2
Cope AT g (P ﬁ)
B 2 (27TA,/ ), (134)

with 5’p = 5'¢ = 0 for any practical purposes. Note that in the case when r; — 0, the Poynting vector reduces to its
Euclidean spacetime vacuum value, namely S — So = (0,0, (¢/87)EZ), which may de deduced from (53] by taking
ry = 0. Note that in the limit A\/ry; — 0, (I34]) corresponds to the geometric optics approximation which yields a
divergent intensity of light on the caustic.

Result ([I34) completes our derivation of the wave-theoretical description of light propagation in the background of
a gravitational monopole. The result that we obtained extends previous derivations that are valid only on the optical
axis (e.g., [16]) to the neighborhood of the focal line and establishes the structure of the EM field in this region. As
such, it presents a useful wave-theoretical treatment of focusing light by a spherically symmetric mass, which is of
relevance not only for the SGL discussed here but also for microlensing by objects other than the Sun.

5, =

IV. TOWARDS A SOLAR GRAVITATIONAL TELESCOPE

We now have all the tools necessary to establish the optical properties of the SGL in the region of interference, i.e.,
at heliocentric distances z > zg = R2 /2r, = 547.8 AU on the optical axis. First, given the knowledge of the Poynting
vector in the image plane (I34]), we may define the monochromatic light amplification of the lens, p, as the ratio of
the magnitude of the time-averaged Poynting vector of the lensed EM wave to that of the wave propagating in empty
spacetime pu = S/|Sp|, with |Sg| = (¢/87)E2. The value of this quantity is then given by

472 Tg 9 p |2rg
Wty = 71 — 6747721”9/) T JO (27TX 7) . (135)

As evident from ([I34]), we see that the largest amplification of the SGL occurs along the z axis. The other components
of the Poynting vector are negligible.

We now consider the light amplification of the SGL in the focal region. Figure [6] shows the resulting Airy pattern
(i.e., the point spread function or PSF) of the SGL from (I33]). Due to the presence of the Bessel function of the zeroth
order, JZ(2,/x), the PSF falls off more slowly than traditional PSFs, which are proportional to J7(2/z)/x?, as seen in
Fig.[1 Thus, a non-negligible fraction of the total energy received at the image plane of the SGL is present in the side
lobes of its PSF. This indicates that for image processing purposes, one may have to develop special deconvolution
techniques beyond those that are presently available (e.g., [24, [25]), which are used in modern microlensing surveys.
Most of these techniques rely on raytracing analysis and typically are based on geometric optics approximation.
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Furthermore, the light amplification p weakly depends on 100
the distance from the Sun. For practical purposes, it is easier
to show this property by plotting the gain of the SGL, g, which [ 08F
is related to light amplification as g(\,z) = 10log;q p(A, 2). g
FigureB plots the gain of the SGL at two heliocentric distances = 06
z = 600 AU and 1,000 AU for two wavelengths A = 1.0 pum S
and 2.0 pym. g 0.4¢
We may express the argument of the Bessel function in (I3H) 8 ool
in terms of the quantities of interest, namely the heliocentric CIS /\ /\
distance along the optical axis z, the distance in the image N PNV VAVAY N\NAAAA]
plane p (as measured from the optical axis), and the impact o4 0.2 0.0 0.2 0.4
parameter by. With the help of (I22]) we have: Distance from the optical axis, p [m]
27“g FIG. 7: Comparison of PSFs normalized to 1: the solid
2Vz = )\ > line represents the PSF of the SGL, oc J3(2/z); the
o R dotted line is for the traditional PSF, oc Ji(2v/x)/z>.
N 2T = 2man P \/Z =21 £ _® (136) Note that the first zero of the PSF of the SGL much
AV oz A by’ closer in, but it falls out slower than the traditional PSF.

where ag = 2r,/Re = 8.490 x 107° rad = 1.751” is the angle of deflection by the SGL for the light rays just grazing
the Sun. Given numerical values of various quantities involved, we obtain

2f_5334(1f\”n)(ﬁ) Z—; (137)

or, equivalently,

27 = 53. 34(1 im)(ﬁ)lz—f (138)

This result clearly shows the dependence of the SGL’s light amplification on the observing wavelength, A, the
distance along the focal line, z, and the distance from the focal line in the image plane, p. The value of maximum
amplification of the SGL, po = 472r, /), is independent of 2. For optical wavelengths, this amounts to po ~ 1.2 x 1011,
giving the SGL its enormous light amplification. For small deviations from the optical axis, the light amplification
(I33) drops sharply, as seen in Fig. G but the overall envelope decreases more slowly than that of a traditional PSF
(Fig. [@).

The ability of a lens to resolve detail is ultimately limited by diffraction. Light coming from a point source diffracts
through the lens aperture, forming a diffraction pattern in the image plane known as an Airy pattern (see Fig. [G).
The angular radius of the central bright lobe, called the Airy disk, is measured from the center to the first null.
Therefore, we define the resolution of the SGL using the location where Jo(2v/z) = 0, which is satisfied for the value
of the argument of 2/z &~ 2.40483. We can then solve ([I38]) for OseL. = p/z:

A Ry

139
Do by’ (139)

A
Osqr ~ 0.766— @, or, equivalently, OseL. = 0.766—
D@ z

where Dg = 2R is the solar diameter. For the wavelength A = 1 pm, the resolution of the SGL at zp = 547.8 AU is
o ~ 5.50 x 10716 rad = 0.11 nas. The resolution increases with z as 6y/z0/z as

A A R
Oser ~ 0.11 ( ) 20 nas, or, equivalently, Ose ~ 0.11 ( )—® nas. (140)
1 pm z

For an exoplanet situated at the distance z, from the Sun, the angular resolution (I39) translates into resolvable
surface features of dpse. = OseL2p, Which improves with heliocentric distance as

)(L) 20 m, or, equivalently, dpseL =~ 510 (

5pSGL ~ 510 (
1 pm z

) (L) o (a1
30 pc/ \1 pum/ by

Depending on the impact parameter, the deflection angle of the SGL is given as o = 21, /by = ao(Re/bo). Rays
with impact parameter by will intersect the optical axis at the distance of z = bg/a = 547.8 (by/Rs)? AU. In the
pencil-sharp region along the focal line the amplification ([I35]) of the SGL stays nearly constant well beyond 2,500
AU, while its angular resolution (I40) increases by a factor of ~ 1/4/5 in the same range of heliocentric distances.

30 pc
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FIG. 8: Gain of the solar gravitational lens as seen in the image plane as a function of the optical distance z and observational
wavelength A\. On both plots, the solid line represents gain for z = 600 AU, the dotted line is that for z = 1,000 AU.

Across the image plane, the amplification oscillates quite rapidly. For small deviations from the optical axis, 0 ~ p/z.
Using this relation in ([[40), we see that the first zero occurs quite close to the optical axis:
A A b
pPseLo = 4.5 (—) i cm, or, equivalently, pPseLo = 4.5 (—) —0 cm
1 pm 20 1 pm/ Rg

(142)
(Note in ([[42) the inverse ratio of z vs. zp and by vs Rg.) Equation (I42) favors larger wavelengths and larger
heliocentric distances or, similarly, impact parameters.

Thus, we have established the basic optical properties of the solar gravitational lens. By achromatically focusing
light from a distant source ﬂﬂ, @], the SGL provides a major brightness amplification and extreme angular resolution.
Specifically, from ([[3H) for A = 1 um, we get a light amplification of the SGL of u ~ 1.2 x 10*!, corresponding to a
brightness increase by dmag = 2.5Inu = 27.67 stellar magnitudes in case of perfect alignment. Furthermore, (I40)
gives us the angular resolution of the SGL of fgg. ~ 1.1 x 1070 arc seconds.

We note that if the diameter of the telescope dj is larger than the diffraction limit of the SGL (i.e., larger than the
diameter of the first zero of the Airy pattern), it would average the light amplification over the full aperture. Such
an averaging will result in the reduction of the total light amplification. To estimate the impact of the large aperture
on light amplification, we average the result (I33]) over the aperture of the telescope:

fie = 7Tdo/ /27T p)pdopdod = m&] {JO (ﬂ'd—;ﬁ) +J12(7T%\/?)}_ (143)

For an aperture of dy) = 1 m at z = 600 AU, this results in the reduction in light amplification by a factor of 0.025,
leading to the effective light amplification of ji, = 2.87 x 10% (i.e., 23.65 mag), which is still quite significant. The
effect of the large aperture is captured in Fig. [0 where we plot the behavior of each of the two terms in curly braces
in ([I43) and also their sum. Although each term oscillates and reaches zero, their sum never becomes zero.

As seen from a telescope at the SGL, light from a distant target fills an annulus at the edge of the Sun, forming the
Einstein ring. At a distance z on the focal line, an observer looking back at the Sun will see the Einstein ring with an
angular size that is given by ags = 2by/z = 4r,/by. Using this equation, we determine the angular size of the ring as

Rg

= (144)

agr ~ 3.50” @, or, equivalently, agp ~ 3.50" ==
V 2

A telescope with aperture dy, placed at the heliocentric distance z on the optical axis, receives light from a family of
rays with different impact parameters with respect to the Sun, ranging from by to by + dbg. Using (I44), these rays
are deflected by different amounts given as a1 = (b + 3do)/z = agRe/(bo + 2dy), for one edge of the aperture, where
ap =2ry/Re, and ag = (bg + by — %do)/z = aogRe/(bo + by — %do), for the other edge. Taking the ratio of as/as,
we can determine the relation between dby and the telescope diameter, dy, which, to first order, is given as dby = dj.

As a result, the area of the Einstein ring that is seen by the telescope with aperture dy, to first order, is given by
Agg = 7((bg + 6bg)? — b3) ~ 27body. For different impact parameters the area behaves as

do \ b
o o doy bo o
Agn ~ 4.37 x 10 ( ) o (145)
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Therefore, the magnifying power of a 1 m telescope placed at heliocentric distance z on the focal line of the SGL is
equivalent to a telescope with diameter of D = 24/2bydy = 74.6 (bo/ RQ)% km or, in terms of the heliocentric distances,
it is given as D = 74.6 (z/zo)% km, which is a weak function of the observer’s position on the focal line.

To image an exoplanet, observing this annulus with thick-

ness of dby = dy is, of course, the primary objective. A 100 ]

diffraction-limited 1 m telescope would have a resolution of

30 = N/dy = 0.21” at A = 1 pym. The thickness of the Ein- [, 0.8] |

stein ring from the heliocentric distance of z = 600 AU is g

do/z = 2.30 nas. Thus, although the thickness of the Einstein g 0.61 1

ring is unresolved by the telescope at the SGL, the ring itself is =

well-resolved and can be used for imaging purposes. In fact, S 04r ] }

the entire circumference of the ring at the same distance of go of i ]

z = 600 AU has the length of Lgg = 27bo/z = 10.05” (bo/Re). ' _‘,-7\"\/ e

and it is resolved with Lgg/00 ~ 48.7 (bg/Re) resolution ele- 0_0—‘W7\/ \ X7

ments. Thus, the ring could be used to provide information o4 “02 0.0 02 04

on a part}cular surface area on the tz}rget exoplanet. By sam- Telescope aperture, do [m]

pling various parts of the ring, we will be able to collect data

relevant to that particular surface area on the exoplanet. FIG. 9: Effect of a large aperture: The solid line shows
Considering the plate scale: an Earth-sized exoplanet at  the Jg term from (I43), the dashed line is the Ji term,

Zep = 30 pc away from the Sun, when imaged from the and the dot-dashed line is their sum.

focal region of the SGL at heliocentric distance of z ~600 AU, has the the image size of 2Rgz/zep ~
1,238 m (2/600 AU)(30 pc/zep). A single telescope would have to traverse this area in the immediate vicinity of the
focal line to scan the image of the exoplanet. Such a scaling law suggests that to image this object with ~ 103 x 103
pixels, the telescope would need to move in the image plane from pixel to pixel, each of which has the size of ~ 1.2 m.
Each surface element resolved on the surface of the exoplanet would form its own Einstein ring around the Sun.
However, because of the properties of the PSF of the SGL (which has prominent side lobes, as seen Fig.[l), the total
flux within each Einstein ring corresponding to a particular surface element would also have contributions (in the form
of Einstein arcs) from adjacent surface elements. Therefore, to form a reliable image of an exoplanet’s topography,
multiple such images must be deconvoluted. This can be accomplished as the properties of the Sun and, thus, of the
SGL are well understood.

Considering a realistic mission to the SGL to image a preselected target, one would have to consider the effects of
the proper motion of the host star with respect to the Sun, as well as orbital dynamics of the target exoplanet and
its diurnal rotation. Even if these factors are accounted for by a trajectory design and raster scan in the image plane,
the exoplanet may also change as it is being scanned, due to changes in illumination, seasonal changes, cloud cover,
the presence of one or more natural satellites and other factors; therefore, image deconvolution must also take place
in the temporal dimension, possibly aided with reasonable models of periodic changes in appearance.

This interesting problem set must be addressed before exoplanet imaging using the SGL can become reality.
Nonetheless, the potential benefits of a solar gravitational telescope (SGT) are well considered in comparison
with the parameters of a comparable diffraction-limited optical telescope. Given the very small angular diameter
(~ 1.4 x 107! rad) of an Earth-like planet at 30 pc, obtaining a single-pixel image would require a diffraction-limited
telescope with an aperture of ~74.6 km. To match the magnifying power of the SGL and obtain an image at a
resolution of a thousand linear pixels, a telescope aperture of 4 x 10° km (~ 16Rg) would be needed. Building an
optical imaging interferometer with such a set of baselines is not feasible. At the same time, a mission to the SGL
offers access to unique conditions needed for direct imaging of an exoplanet. Perhaps, it is the time we start taking
the SGL seriously.

V. DISCUSSION AND CONCLUSIONS

In this paper, we considered the propagation of EM waves in the gravitational field of the Sun, which is represented
by the Schwarzschild monopole taken within the first post-Newtonian approximation of the general theory of relativity.
We have developed a wave-theoretical treatment for light diffraction in the field of a static gravitational mass monopole
and considered the case of a monochromatic EM wave coming from a point source at a large distance from the
monopole. We obtained a solution for the EM field everywhere around the lens and especially in the immediate
vicinity of its focal line, where the geometric optics leads to diverging results. As anticipated, because of wave effects
in the focal region, our wave-optical treatment is immune to singularities, allowing us to describe the optics of the
SGL and understand its image formation properties. As such, in contrast to models based purely on geometric optics,
our approach allows us to consider practical questions related to the design of a SGT, in part by permitting the use
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of traditional tools of telescope design. The results that we obtained allow us to compute the PSF, resolution and
FOV, as well as the evolution of these quantities at various heliocentric distances along the focal line. These will help
improve our understanding of the unique properties of the SGL for imaging and spectroscopic investigations.

Our presentation is streamlined, taking full advantage of the weak-field gravity in the solar system. We also benefit
from the tools and techniques borrowed from nuclear physics, specifically from the physics of scattering in a Coulomb
field. Our approach can be extended to include higher-order solar gravity multipoles, if needed. We find that the
formalism for Coulomb scattering from the nuclear physics literature is directly applicable. However, whereas nuclear
particle physics studies focus on the scattering of scalar particles, we were able to develop the formalism required to
describe the scattering of a vector EM field in the post-Newtonian approximation of the solar gravitational field.

Our results represent the first step towards developing a comprehensive theory of image formation by the SGL and
the tools needed for mission design, data collection and processing, and ultimate image deconvolution ,, , ]
Several effects of gravitational and dynamical areas will require further analysis. In particular: i) distinguishing the
bright solar disk from the annulus of an Einstein ring, and the constraints it places on the performance of the SGT;
ii) effects due to the solar corona and solar plasma on light propagation; iii) effects due to solar oblateness and solar
rotation on the spatial and temporal properties of the caustic formed by the SGL; iv) effects of reflex motion of
the Sun with respect to the solar system’s barycentric coordinate reference system due to the presence of the giant
gaseous planets in the solar system; v) effects of proper motion of the exoplanet’s parent star, orbital motion of the
planet around the barycenter of its planetary system, diurnal rotation of the planet, orientation of its axis of rotation,
precision and nutation; vi) temporal changes in the targeted planet’s appearance due to changing illumination, varying
cloud cover, changes in atmospheric chemistry, varying surface features (ice cover, vegetation), varying illumination
by its host star, and eclipses due to any satellites. Some of these aspects will be addressed in the upcoming study of
a mission to the SGL that is to be conducted at JPL ﬂ@] The results of this study will be available elsewhere.

Concluding, we emphasize that our present understanding of the properties of the SGL and its value for imaging
and spectroscopy is about at the same level as we knew gravitational waves back in the 1970s. At that time, the
physics of gravitational waves was already well understood, but the technology needed for their detection was a long
way in the future. That “future” for the research in gravitational waves came at the centennial of general relativity
with the results of the first direct detection of the gravitational waves reported by the LIGO team [68]. It is our hope
and desire that by the theory’s sesquicentennial, we will be in possession of a fully developed set of technologies as well
as the spacecraft, instruments, and data analysis tools required to collect data and present us with high-resolution
imaging and spectroscopy of habitable exoplanets, relying on the physics of the solar gravitational lens.
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Appendix A: Three-dimensional metric and (3 + 1) decomposition

We summarize basic rules for vector transformations and differential operators in curvilinear coordinates, for con-
venience and also to introduce the notations used throughout the present paper.
Following [31] (see §84), we consider a generic interval and its 3 + 1 decomposition:

2
ds® = gpndz™dz" = (./goodzzro + g;a da:o‘) - /@agd:ro‘d:rﬂ, (A1)
V900

where the three-dimensional metric kqog is given as:

M, Kk = det Kag. (A2)

Kag = —Gag +
o o goo

If gyn is diagonal, so is Kqg. In the following, we assume a diagonal metric. We consider the standard basis @]
with unit basis vectors i (z!, 22, 23), iz (2!, 22, 23), i3(x!, 22, 23) respectively directed along the coordinates !, 22, z3.
When kqp is diagonal, these basis vectors form an orthonormal basis (i - ig = dag)-

Components of a vector F in this basis are defined by F, = (F -i,) (no summation), such that

F = Fiiy 4 Fyiy + Fsis. (A3)
We now form the covariant basis as
€y = VFaa 1o (10 summation), (A4)

and the corresponding contravariant basis as

€g X e3

lereses]’

e3 X e

lereses]’

€] X e

lereses]’

o'(',2% 2% = (a2 0% = (a2 a%) = (45)
where [abc] = (a- [b X c]) represents the vector triple product.
We obtain the covariant components of a vector F as F,, = (F-e,) and the contravariant components as F* = F-e®.

Consequently,

Fy = VRaaF® = iLFa. (A6)

Koza

The expressions to transform F, from coordinates &,, with Lamé coefficients h,, to &, with Lamé coefficients h,
are given as (see Chapter 1.3 in [51]):

Fl =Y vasFp, h Lol =y =20
D A v

B

where for an orthonormal coordinate systems endowed with the diagonal 3-metric kqg (A2), we have hy = \/Faa-


https://www.nasa.gov/directorates/spacetech/niac/2017_Phase_I_Phase_II

28

The differential operators grad, ¢ = V¢, div,F = (V- F), cwrl,F = [V, x F], and A,¢p = (V- V)Y in
orthonormal coordinate systems endowed with the diagonal 3-metric kop, Eq. (A2)), are given as , 151]):

gradnq/} — 11 8_/¢) + 12 8_/¢) + 1—38—#) (AS)

VR 0zt \[Raz 0% /K33 0x3
b = ) ) )
rlven

8172 VK 2 @ \/ K33 3 (Ag)
curl, F =

(8— VRls) — oo (im ) ) + Vs

{axl(\f 8¢)+ a;&(f 8¢)+ax3(\r 81/})

K11 8901 K22 (91:2 K33 6$3

Appendix B: Light propagation in weak and static gravity
1. Geodesics in weak and static gravity

To investigate the propagation of light in the vicinity of the Sun, we consider the metric (Il). We represent the
trajectory of a photon as

z(t) = 2§ +k%(t — to) + x5 (t) + O(G?), (B1)

where £ is the unit vector in the unperturbed direction of photon’s propagation and zg () is the post-Newtonian
term. We define the four-dimensional wave vector in a curved space-time as usual:

dz™ B dz” dx®

Km="_ =2 (1, —
o b )

= K°(1,x%), (B2)
where X is the parameter along the ray’s path and k® = dz®/dz? is the unit vector in that direction, i.e., k¢ = —1
(do not confuse k* with the three-dimensional metric 44 in [A2). From (BI)) we see that the unit vector £* may
be represented as k* = k® + kg (t) + O(G?), where kg(t) = dxg/da® is the post-Newtonian perturbation. The wave
vector obeys the geodesic equation: dK™/d\ + T K™K ! =0, which yields

dK°

W - 2KOK€ _28 U — O(G2), (B3)
dK®
o+ 2K U + ((K )2 —Ker)c—%aU = O(G?). (B4)

Equation (B3) is an integral of motion due to energy conservation. Indeed, we can present it as

dK”° 07 .—2 d da’ 2 2
2K U~ (gooﬁ) +O(G?) = O(G?). (B5)
Therefore, in the static field energy is conserved, and we have the following integral of motion:
da’ 2 0 0 0 2
ooy = const + O(G*) = 2’ =ct =k’ A+ xzi(\) + O(G?), (B6)

where x9()\) is the post-Newtonian correction. We recall that the wave vector K™ is a null vector, which, to first

order in G and with K° = k* + O(G) yields K, K™ = 0 = (k°)*(1 4+ 7.3kk” + O(G)). Then, Eq. (B4) becomes

dK“

ot 2(k°)? (K“kS — vk, k") e 20.U = O(G?). (B7)

We can now represent (BT) in terms of derivatives with respect to time z°. First we have

dK" _ 0)2d2xa dK° dz®
ax dz92 " TdX da¥
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Substituting (BY)) into (B1) and using (B3)), we have

dKdz® 1
dx dz0 (k0)2

Pz

07 + O(G?) = —2k*kc™20.U + O(G?). (B9)
X

+ 2(k“kS — vk k") 20U = —
Remember that for light ds? = 0. Then, from the fact that it moves along the light cones, the following expression is
valid g (dz™/dz®)(dz™ /dz®) = 0 = 1 + k.k® + O(G), which for (BI) yields

A2z

7 = 2+ 24°k) PO + O(GP). (B10)
X

We begin by examining the Newtonian part of (BIl) and representing it as

z*(t) = af +k%(t —to) + O(G) = z§ — k*(k - x0) + k*((k - x0) + c(t —to)) + O(G) =
= [k x [xo x K]]* + k%((k - x0) + c(t — to)) + O(G). (B11)

Following [42,69], we define b = by = [[k x x0] x k] + O(G) to be the impact parameter of the unperturbed trajectory
of the light ray. The vector by is directed from the origin of the coordinate system toward the point of the closest
approach of the unperturbed path of light ray to that origin. We also introduce the parameter ¢ = £(t) as follows:

0= (k-x) = (k-x0) +c(t — to). (B12)

These quantities allow us to rewrite (B11)) as

z*(l) = by +k“0+ O(G), r(l) = /b + 02+ O(G). (B13)
The following relations hold:

bg b% r+/ To—fo
= = d =
rt r—€+O(G)’ ro +4o TO—EQ+O(G)’ an ro + 4o r—2{

+0(G).  (Bl4)

They are useful for presenting the results of integration of the light ray equations in different forms. Clearly, when
the coordinate system oriented along the initial direction of the ray’s path, then ¢ = (k- x) = z.

Below, we focus our discussion on the largest contribution to the gravitational deflection of light: that due to the
field produced by a monopole. In this case, the Newtonian potential may be given by ¢ 2U(r) = r,/2r+ O(r=3,¢7%),
where 7, = 2GM /c? is the Schwarzschild radius of the source. Therefore, the quantity v in () has the form

u =1+ g—g + 0@ 3,7, (B15)
T
If needed, one can account for the contribution of the higher-order multipoles using the tools developed in m, @]
Limiting our discussion to the monopole given by (BIH), we have ¢=20°U = —(r,/2r?)0%r + O(G?,r~*). We recall
that 9% = 9%/—z.2¢ = —x®/r. Then, ¢ 20°U = (ry/2r*)z® + O(G?,7~*). In this case, Eq. (BI0) takes the form:

A2z by — ket

_ e @€ x° 2\ __ 2
W——T‘g(’}/ + 2k k)T_3+O(G)__qu+O(G ) (B16)
Making the substitution d/dz® = d/dl, we have the following equation:
d*z® by — kt
> = 0 +O(G?). (B17)

a2 =~ YR+ ey

We integrate (BI7) from —oo to £ to get the following result:

a L a Lol a a
dr :ka—rg/ Mdf’+O(G2)=ka—rg( LR +1))+0(G2), (B18)

e (B2 + £2)3/2 NCEE %(\/bg R

or, equivalently, with the help of (BI2)-(BI3) we have the following expression for the wave vector £ from (B2):

— 00

_d‘/I:_Ot_ « _T_g _T_.qa (kX) 2
= =k*(1 T) bgb0(1+—r ) +O(G?). (B19)

Koz
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We may now integrate (BIS) from ¢, to £ to obtain

ko by, 0

7_1’__ P
N AN

2(0) = bg‘—i—kaf—rg/;( +1))d€’+(’)(G2), (B20)

which results in

N o e oy LHNBGH2 DY, T o a—

or, equivalently, substituting ¢ and r from (BI2)—(BI3)), we have

a L« « « T+(kx) by
z(t) = af +k c(t—to)—rg(k lnm—l—b—%(r—i—(k.x)—ro—(k-xO)))+(9(G2), (B22)

Therefore, the trajectory of a photon in a static weak gravitational field is described by (B21]), while the direction
of its wave vector k® = dz®/dx® is given by (BI9). For a radial light ray given by k% = 2§ /1o = n§ and by = 0, then

Egs. (BI9) and (B22) become

dz® o T
5 = "0 (1- =)+ 0(G?), (B23)
z¥(t) = zf +nfe(t —to) —rgng In Ty O(G?). (B24)
o

The solutions given by Egs. (B22) and (B24) describe the motion of a photon along a geodesic in the post-
Newtonian approximation in the static spacetime of a monopole. While Eq. (B22) describes the motion along an
arbitrary geodesic, Eq. (B24)) deals only with radial propagation of light.

2. Geometric optics approximation for the wave propagation in the vicinity of a massive body

In geometric optics, the phase ¢ is a scalar function, a solution to the eikonal equation B, |§l|, @, @]
9" O pOntp = 0. (B25)

Given the wave vector K,,, = 0,0, and its tangent K™ = dz™ /d\ = ¢™" 0, where X is an affine parameter, we note
that (B25) states that K™ is null (g, K™ K" = 0), thus

dK,, 1 kool
—d)\ = 2(9mgle K. (B26)

Equation (B2H) can be solved by assuming an unperturbed solution that is a plane wave:
S(t%) = o + / k2™ + o(t, x) + O(G), (B27)

where g is an integration constant and, to Newtonian order, k™ = (k°, k%) = ko(1, k), where kg = w/c, is a constant
null vector of the unperturbed photon trajectroy, v,k k" = O(G); ¢¢ is the post-Newtonian perturbation of the
eikonal. The wave vector K™(t,x) then also admits a series expansion in the form

dx™
d\

where kJ'(t,x) = y™"0,,¢c(t, x) is the first order perturbation of the wave vector. Substituting (B27)) into (B25) and
defining A" = g™ — ™" with g,,,, we obtain an ordinary differential equation to for ¢g:

K™(t,x) = = g™ = k™ + kG (t,x) + O(G?), (B28)

dgﬁc 1 2]{38 2
2 = _pmng, k= -2 B2
i Sh" 2 U +0(G?), (B29)

where dpg/d\ = K,,,0™¢. Similarly to (BIl), to Newtonian order, we represent the light ray’s trajectory as

{z™} = (xo =ct, x(t) =x0+ ke(t — to)) + 0(G), (B30)
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and substituting a monopole potential characterized by the Schwarzschild radius r, for U, we obtain

dpg k%rq
B L B B31
dA |x0 + ke(t — to)] (B31)

Representation (B30) allows us to express the Newtonian part of the wave vector K™, as given by (B2J), as
K™ =da™/d\ = k°(1,k) + O(G), where k¥ is immediately derived as k” = cdt/d\ + O(G) and k| = 1. Keeping in
mind that £ is constant, we establish an important relationship:

dt dt
=100 =L100), (B32)
kO ko
which we use to integrate (B3I)). As a result, in the body’s proper reference frame @, @], we then obtain
r+ (k- x)

PU%) = ot o (elt —10) k- (x = x0) g n [T

D +O(G?), (B33)
which, for a radial light ray characterized by k* = x§/ro = n§ (similarly to (B24)), yields
r
plt:x) = o +ko(elt —1o) = (r = 7o) =1y In =) 4 O(C?) (B34)

It is worth pointing out that the results obtained here for the phase of an EM wave (B33]) and (B34)) are equivalent
to those obtained in the preceding section obtained for the geodesic trajectory of a photon (B22) and (B24).

3. Local basis vectors

In Sec. we introduced the local basis vectors k = K/|K|,m = [k X n]/|[cx X n]| and € = [7 x k]. These
vectors are very convenient to develop the results in this paper. In this appendix, we express these vectors in various
coordinates with accuracy to the order of O(rg). We do that by using an expression for the trajectory of the photon
(B22) and its phase o, (B33) or, similarly, [23]). We recognize from (23] that for a wave coming from —oo along the
z-axis, the time-independent part of the phase with (k- r) = z has the form:

¢ = ko(z—rglnko(r —2) + O(r7)). (B35)

From the definition for the wave vector, K, = 0, and with the help of (B14]), we have

k-
K, = agozko(ka(l—i—r—g) —%(H( r))ba+(9(G2)). (B36)
r 0
The covariant wave vector K¢ is given as:
o dz®  dx® dx® odx®
== waw =5 (B37)
From (BI9), we have
dz®  dx® T T (k-r)
—=—=k"(1-2)- 201 b + O(G?). B38
a0l ( r) b3(+r)+() (B38)
Also, defining Ko = ko = wo/c (see [31]) in a static field, we have
K = VK, = " Ko + g* K. = " Ko = u*ko = (1 + k. (B39)
r

Therefore, collecting all the terms we have the following expression for K:

a dz® « T (k I‘) «
Ko = K25 :ko(k —é(1+7)b +O(G2).) (B40)

We can verify that the following relations hold:

Ko = gom‘K'6 _ gaeae(p _ ’U/_2’}/a6 Q. (B41)
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Next, we use expression ([B22)) for the position vector of a photon on its trajectory, written as
r+ (k . I‘) bo
ro + (k . I‘Q) b2

where £ and r are given by (BI2) and (BI3), correspondingly. Expressions (B40) and (B42) allow us to compute all
local vectors for a ray moving in the plane formed by k and r vectors:

r(t) = b+ k—ry(kIn (r+ (1) = 70 — (k- 70)) ) + O(G?), (B42)

k(t) = K/|K| = (r3); (B43)
w(t) = [k xr]/|[r x ]| = [k x bo]/|[k x bo][ + O(r3), (B44)
e(t) = [mxw] =204 "1 Doy op2 2). (B45)

bo r—zr

In the Cartesian coordinate system (z,y, z) used to develop ([B8)—([B), remembering that the impact parameter has
the form by = [k x [r x K]] + O(ry) = (z,y,0) + O(ry), we present (B43)—(B45) in the following convenient form:

k(t) = K/[K|=e, — T@Z%(xem +ye,) +O(r2), (B46)
w(t) = [k xeg]/|[k X es]| =ey + (9(7‘3), (B47)
et) = |7 x K| = (r2). (B48)

The local basis vectors (B46)-(B48) represent the right-handed set of orthonormal unit vectors, that is the following
relationships exist [ex @] = k+O(r2), [wxK] = e+O(r2), [k x €] = m+O(r2), thus, (e-7) = (e:k) = (7-k) = 0+0(r}).
One can also verify that €2 = w2 = k? =1+ (9(7‘3).

4. Spherical waves in the weak and static gravity
We know from quantum mechanics that spherical waves are important for the scattering problem. To study spherical
waves in a weak and static gravitational field, we need to find solutions to the EM field by solving (8], namely:

27°q )

AY+E(1+ Y =0(r,r%). (B49)

We seek a spherically symmetric solution with the following properties:

9y _ 9y

%6 "9 0, or, in other words, P =(r). (B50)
In this case the d’Alembertian A reduces to
- o Ot 1 . 6¢ 1 % 10,00
Ay = T2 or (7‘ 37") * r2sin 6 89( S 89) + r2 sin? § O¢? = Ay = r2 Or (T 37“)' (B51)
Therefore, (B49) takes the form
0%p 200 9 2rg
W—F;E—i_k ( )w O( ) (B52)
A formal solution to (B52]) may be given in the terms of confluent hypergeometric function @]
Y(r) = AeT*T P11 F ikrg, 2, F2ikr] + O(rg, r=2), (B53)

where 1 F} is the confluent hypergeometric function of the first kind (C2) and A is arbitrary constant.
Following the same approach that was demonstrated in Sec.[[LCl we studied the asymptotic behavior of the solution
(BE3). It turned out that such a solution may be given as follows:

A ek

1 tik(rtryn2kr) 2
ik(r+rgIn2kr ) B54
itk T(1 £ikrg) r + O( ) (B54)

1/)1 (’I”) = :l:
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By choosing the constant A = +ikez*"sT'(1 + ikry), we may present the solution for a spherical wave in the weak
and static gravity in the following form:

U)(T) _ C_Tleik(rJrrgancr) +C7267ik(r+rgln2kr) +O(T§,T72), (B55)

representing both incoming and outgoing radial waves, with c1, co being arbitrary constants. Note that the spherical
wave solution (B55]) that we obtained is consistent with the solution for the phase of a radially propagating beam of
light (i.e., radial geodesic) given by (B34)). Equation (BER) establishes the functional dependence of the logarithmic
term, which is important for the discussions of the scattering problem in Sec. [TCl

Appendix C: The confluent hypergeometric function
1. Mathematical properties of the confluent hypergeometric function

We present some of the properties of the confluent hypergeometric function, denoted here as Fla|8|w], which are
useful to derive our results. As defined (e.g., [55]), Fla|B|w] is the regular solution of

d*F dF
wd—wz—l—(ﬁ—w)%—aF—O. (C1)
It is given by [55):
aw ala+)w?  ala+1)(a+2)w? = T'(n+ a)T(B) w"
Fila,Bw] = 1428 0er)w  aaor A\er9)w _ v C2
Ale el = 14 g0+ g o T B@ )@+ 3 ;F(Q)F(n—l—ﬁ) l (©2)
The function | F; satisfies the following identities:
Fla|plw] = e“F[8 — a|f|-w], (C3)
d o !
du FlalBlu] = GFla+ 115+ 1] = Z{ Fla+ 1/8lu] ~ Flalgu]} =
« s—1
= (5 —1)Flols + 1] + Flo|slu] = = = { Flo|slu] - Flals ~ 1ju]} (C4)
Specifically,
o Flo,Bu] = Fla 6,u] = SFla+ 1,6+ 1,u] (©3)
dw a, P, w| = «, 7w_ﬂ « ) , W],
In Sec. [II'C] we introduced two useful functions (I0G):
F1] = 1Ffikrg, 1,ikr(1 —cos0)],  F[2] = 1F1[1 +ikrg,2,ikr(1 — cos0)]. (Co)
Equation (C) leads to the following useful relation between F[1] and F[2]:
1Fi1 +ikrg, 2, ikr(1 — cosf)] = ;1F1’[ikrg, 1,3kr(1 — cos 6)] or  F[2] = - ! F'[1]. (C7)
1kry tkry

We will use this property when evaluating various contributions to the EM field on the image plane and the relevant
Poynting vector, discussed in Secs. [ITGl and [[TTH] correspondingly.

2. Asymptotic behavior of F[1] and F[2] at large values of argument

The asymptotic form of | F for large |w|, fixed a, 8 can be obtained by writing [54, [55):

1F1[avﬂvw]:wl[avﬁvw]+w2[aaﬂaw]7 (08)
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where the functions W; and Wy have the following asymptotic behavior m, @]
1§6))

\wl\lgloo ‘I\h[OZ,ﬂ,’LU] = I\(T_a)(_w)iac[av Q= ﬂ =+ 17 _w]v -7 < arg(_w) <, (Cg)
‘wl‘igoo Wola, B, w] = {_:Eg; eCw* PGl — o, B — a,w), -7 < arg(w) < m, (C10)

with the function G given [52] in the form

Gla, B w] = %/C <1+§>atﬁlet dt, (C11)

where the integration path C goes from minus infinity around the origin (¢ = 0) counterclockwise and back to minus
infinity. Integrating by parts, we obtain the asymptotic series

&I+ a)l(n+B) w™
slosBul = X " rrE
- 14 % L ala +21!)f2(ﬁ +1)  ala+1)(a +§!)53(ﬂ +DB+2) )

This is an asymptotic expansion. For arbitrary values of «, 8 and w, successive terms may eventually grow in size
beyond limit. However, it is true that there exist functions |9, (o, 8, w)| < 1 such that

nill"k—i—al"k—i—ﬁ wk I'n+a)l(n+B)w™"
o) = 3 SR+ ool ) SR )

k=0

i.e., when the series is truncated after (n — 1) terms, the error is no greater than the n-th term [71, [72).

Given the asymptotic properties of 1 Fi[a, 3, w] from (C8), we take the solution to equation ([I8]) which is given by
@0) as ¥(r) = Yoe**1 Fy (ikrg, 1,ik(r — z)) and split it in the form of ¥(r) = thinc(r) + 1s(r), where 1(r)inc is the
incoming and ¢s(r) is the scattered waves, correspondingly, which are given as

Yine(r) = Yot uy (ikrg, 1,ik(r — z)), (C14)
Vs(r) = oWy (ikrg, 1,ik(r — z)). (C15)

Using the asymptotic forms (C9) and (CIQ)), for large values of the argument k(r — z) — oo, functions Wy and We have
the following asymptotic behavior:

: ; . e—%krg —ikrg Ink(r—=z ; . .

k(rllgl%oo Wi (Zk?”g, 1, Zk(’l" - Z)) = me kg In k( )G[ZkTg, tkry, —Zk('f‘ - Z)], (016)
. - ) e 2k 1 ik(r—z+rg nk(r—2)) : : .
lim  Wa(ikrg, 1,ik(r — 2)) = e g G[l —ikry, 1 —ikry,ik(r — 2)]. (C17)

k(r—z)—o0

L(ikry) ik(r — 2)

From the asymptotic expansion of G given by (CI12)), we find that

Glikrg, ikry, —ik L T s 18

ikry,ikrg, —ik(r = 2)] = 1+ g5+ =14 0(—2), (C18)
. . . B (1 —ikrg)? B 2r, ikr?

G[1 —ikrg, 1 — ikrg,ik(r — 2)] = l—l—m—k...—l—r_z—l—(?(r_z), (C19)

where, in (CI9), we used the fact that for the large values of the argument k(r — z) — oo and for the high-frequency
EM waves krg > 1. This allows us to write

—Skrg ) -kTQ
) _ € 1k(zfrg In k(rfz)) t g
Yiae(r) = vopr— e {1 + O( - )} (C20)
_ e 3k Ty ik(rJrrg lnk(rfz)) Zkr;
Vslr) = 1/)OF(I—I—ik:?“g)T—ze {1+O(T—z>}’ (C21)
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where in (C21)) we neglected the term O(r2 /(r—z)?), as being beyond the first post-Newtonian approximation taken in
@)—@). Also, examining the order terms in these approximations, we note that although their absolute magnitudes
are large, they are small compared to the logarithmic term kryInk(r — z) present in the series expansion of the
preceding exponential. That is to say that the order term contributes to the Shapiro delay (which is present in the
phase of (C20) in the form of ddgnap = —7¢ Ink(r — z) + O(r2)) at the second post-Newtonian order, namely it is of
the order of O(rZ/(r — z)), which is beyond the first post-Newtonian approximation accepted in this paper.
Collecting the terms, we may now present the asymptotic behavior F[1] = Flikrg,1,ik(r — z)] at large values of
the argument k(r — z) — oo, which, to post-Newtonian order, is given as below:
e~ 2krg

FI = 50y

. )~
—ikrg Ink(r—z) Tg F(l - ZkT!]) ik (r—z-l—rg In k(r—z)) O( ZkTg ) } 9292
{e T—zF(l—I—ikrg)e i r—z/)" (€22)

The approximations given by (C20)—(C21)) and by the resulting expression (C22)) are good so long as r,/(r — z) < 1,
which, together with z = r cosf, yields a constraint

2
0>/ (C23)
r
Similarly, we study the behavior of the function F'[2] = F[1 + ikrg,2,ik(r — z)]. First, we present F'[2] = W3 + Wy,
where for large values of k(r — z), functions W3 and W, have the following asymptotic behavior:

k(rliglﬁoo Ws (1 +ikrg, 2,ik(r — z)) = I‘(Zf _2;;;) k(rl— ) e~ e WK =261 4 ikry, ikry, —ik(r — z)] =

- Rimmg e o) (c24)
o m (1 ik, 2,k(r — 2) = —F(Zle :Z;q) k(rl_ > (== k=) G 1 i ik — 2)] —

- Ry (L)) o

As a result, the asymptotic behavior of F[2] = F[1 + ikry,2,ik(r — z)| at large values of the argument |w| =
k(r — z) — oo and angles 0 outside the immediate vicinity of the optical axis, i.e., satisfying (C23), is given as

Tkry

F[2] =

. . 9
ez ¢ —ikrg Ink(r—z) _ F(l B ZkTg) ik(rferrg lnk(rfz)) ZkTg 2
(1 —ikry) k(r — 2) {e (1 —l—ikrg)e +O(r—z)}' (C26)

3. Asymptotic behavior of F[1] and F[2] at small angles

To understand the properties of the SGL near the optical axis, we need to the investigate the behavior of the
solution at small angles. Based on the properties of the hypergeometric function (C2)), here we consider the behavior
of F[1] and F[2] from (C6) when 6 is small. Using o = ikr, and w = ikr(1 — cosf), we define

r = —aw = k*r,r(1 — cosf) > 0. (C27)
We next rearrange (C2)) as
(n+ao)l(1) w" = I‘(n—i—a = w™
Fl1] = — = *1 k)| —| =
1 Zr Tn+1) nl 2 T(a)n)? +Z <,€HOO‘+ ()2

2 3 4

+ala+1)(a+2) +a(a+1)(a+2)(0¢+3)(1ﬁ)2

el
> (b = 2 31 st bt (c28)

n=0 n=0 k=0

w
- 1+aw+a(a+1)(2')2

\_/
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where (),, denotes Pochhammer’s symbol® with ()o = 1, and s(n, k) is the Stirling number of the first kind [53];
5(0,0) = 1. Reversing the order of summation yields

7l

i "isn—l—kk Zw - (C29)

k=0

00 k

with 4, = (=1)" 3" s(n + k, k)% The Stirling number of the first kind can be evaluated ﬂﬁ] in terms of
k=0 n .

the Stirling number of the second kind, which, in turn, also has a closed form sum:

- ym n+k—14+m)\ (2n+k 1 i ntm
okt = S0 (M) () 0 (1)

m=0

This can be evaluated for specific values of n:

sl k) = 1, (2 4k k) = ik(k+1)(k+2)(3k+5),
s(1+k, k) = —%k(k+1), s(3+k, k) = —%k(k+1)(k+2)2(k+3)2. (C30)
: : - % (—z)F : _
We also note that the Bes?el f;nctlons are given by J,(2y/x) = (Va)" EZ:O RICESSIE Given © = —aw, we have
A, =(-1)" kzz:os(n + k, k)m, therefore
a0 = 3 C _ evm (C31)
= (k)2 ’
1 & (—z o)kt 1
A = §;k(k+1)[(1+k Z o k+2 = 5L (2V7), (C32)
_1G ( a)*
Ay = o ;k(m 1)(k+ 2)(3k + 5)m J4(2\/_) f J3(2/x), (C33)
o0 o k
Ay = 4—%}2k(k+1)(k+2)2(k+3)2m - —%JQ(Z\/E). (C34)

Substituting (C31)-(C34)) into (C29), we obtain a very useful expression for the confluent hypergeometric function
F[1] = 1Fi[o, 1,w] in terms of Bessel functions:

FII] = Jo(2VE) — 5h(2vE) +u?{ S 1(2VE) - f J(2VE) | = = D2 (2V3) +
S (—a)*
+HZ:; kZ:(an+kk IR (C35)

This result is also consistent with (13.3.8) in @] Using the properties of the Bessel functions @], namely that
2p
Jpr1(z) = —Jp(2) = Jp-1(2), (C36)

we can present Jy(2v/x) in (C38)) as J4(2v/x) = (3//x)J3(2y/z) — J2(2+/x), which allows us to write (C3) in a slightly

different form as

FII] = Jo(2VE) — 2 h(va) +u?{ 5r T Js(2V) — ShVE)} — S h(2VE) +

1
_47

6 http://mathworld.wolfram.com/PochhammerSymbol.html
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c- (=2)"
+Z ;;) s(n+k, k)[( TR (C37)

Following the same approach, we may obtain a relation for the function F'[2]:

2 3 2

(2\F)(1+ ) +w—(1+%)J2(2\/E)+

F2| =
2] 8 48 122

7*

)
+Z ;;) (n+k, ) o +k(_1))(n+k) (C38)

In a small angle approximation we use § = p/z + O((p/z)?) and noting that r ~ z + O(ry), we present w as
|w| = kr(1 — cos@) = mp?/2A + O(ry). Thus, in the immediate vicinity of the optical axis |w| < 1. As a result, the
functions F[1] and F[2] may be presented as

Fl] = <2f>+J2<2f>(1—e”/2>+ L @evE) + o), (C39)

24 /x

Fl2] = (7J1(2f) <2f>) e/ + Ow?). (C40)

When |w| is small enough such that terms containing w? may also be omitted, we can keep only the leading terms
in these expressions:

FIJ = Jo(2v) - bu(2VE) + O(w?) (ca1)
Fp]::-;iJﬂ2vE)+CKw) (C42)

Based on these expressions, we may compute the following combinations:

FRUFN) = 2va) +O@w?),  H(FOIFR + F1]'F[2)) = %%(MM(M) +O@W?),  (C43)
FRIFR) = L20vE) + OWw?),  §(FRIFR — FI*FI2) = O(w) (C44)

where A* denotes a complex conjugate of A and =z is given by (C27]).

Appendix D: Properties of Coulomb functions
1. Differential equation

In spherical coordinates, the problem of scattering of an EM wave on a gravitational monopole for each value of
partial momentum ¢ leads to the following radial equation (we follow very closely the discussion in [45]):

d*R gy _ E(ET—; 1))

(a2
Partial solutions to this equation may be obtained in terms of spherical Coulomb functions. These are the functions
of p = kr. They depend on the wavenumber, £, distance to the deflector, r, and its Schwarzschild radius r4. There
exists a regular solution (~ r‘*1) at the coordinate origin, Fy(kry, kr) and irregular solutions Gy(kr,, kr) together
with H/ (krg, kr), H; (kry, kr) that are singular (~ 1/r¢) at the coordinate origin.
With a substitution

2y R = 00,7 (D1)

z==2ip, yr=e"p vy, (D2)

equation (DI)) may be presented in the form of the Laplace equation:

d? d D
[z@—l—(ﬂ—z)%—a]w—(), (D3)
where o = £ + 1 —ikry, § = 2( + 2 are complex constant coefficients. The solution to (D3] is the confluent
hypergeometric function 1 F; given in (C2). Equation (D3) has a regular solution 1 Fy [¢ + 1 — ikry, 2¢ + 2, 2] and two
irregular solutions Wy [l + 1 — ikrg, 20 + 2, z] and W[l + 1 — ikry, 20 + 2, z]. Based on these functions we can construct
the solutions that we discuss below.
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2. Relationships between the Coulomb functions and their asymptotic properties

Given  Fy[0 + 1 — ikr,, 20 + 2, 2] and Wy o[¢ + 1 — ikry, 20 + 2, 2], we introduce the following functions (see [43)):

Fy(krg,kr) = coe™ (kr) T P[0+ 1 — ikry, 20 + 2, —2ikr] =

= coe B (kr) T R[04 1+ ikry, 20 + 2, 2ikr], (D4)

HE (krg, kr) = +2icee™™ (k)W [0+ 1 T ikry, 20 + 2, T2ikr] =
= 42iceeTR (kr) o [0 + 1 £ ikry, 20 4 2, +2ikr], (D5)
Go(krg,kr) = L(HT + HD). (D6)

Alternatively, we can define a different, but equivalent, set of solutions (ATI) with Fy(kr,, kr) given by (D4)), but also
defining Gy(kry, kr) and the Coulomb—Hankel functions H, lgi)(krg, kr) as

HE (krg, kr) = Gulkry, kr) + iFy(kry, kr) =
— cilkrihryn2kr— 4 to0) (F2ikr) TIFHRU (0 + 1 F ikry, 20 + 2, £2ikr), (D7)

where U(a, 8, 2) is the corresponding irregular confluent hypergeometric function defined in @]
The quantities ¢, and oy (i.e., Coulomb phase shift) are the following functions of r:

ID(C+1 —ikry)]

co = 2'e3tms CES o =argl'(¢ + 1 —ikry). (D8)
For ¢ = 0, (D8)) takes the form
co = (%)%, oo = arg (1 — ikry), (D9)
or, for £ # 0, (D8) takes the form
¢ 2,2 1 ¢
o = (2%01)”}:[1 (1—|— kj;g)z, op _UO—;arctan%. (D10)
Both Fy and G are real-valued functions:
a7 = B (D11)
F, = %(Hé” — 1), (D12)
a® = (Gz + iFg). (D13)

The asymptotic behavior of the Coulomb functions outside the turning point defined by 1), when » — oo and
7> = =1y + /12 + L0+ 1)/k?, is well known and given as

k}ignoo Fy(krg, kr) ~ sin(kr + krgln 2kr — %ﬁ +0¢), (D14)
kli_r)noo Go(krg,kr) ~ cos(kr + krgyln2kr — %g + 0y), (D15)
k}l_r}noo ng+) (krg,kr) ~ exp [i(kr + krgIn2kr — %ﬂ + 0¢)] (diverging spherical wave), (D16)
k}ignoo Hé_) (krg,kr) ~ exp [ —i(kr + kryIn2kr — %é +0¢)] (converging spherical wave). (D17)

Their behavior near the origin of the coordinate system, when r — 0, is

kr
. - ev1[y _ Ry
klrlmO Fy(krg, kr) co(kr) [1 T 1k7“ + } , (D18)
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O(krgkrInkr) for £ =0,
(k)= {1 + O], 0= kg, (D19)

lim Gy(kry, kr) ~
im, Gelkrg, kr) (=2 kr) for £ # 0.

kr—0 (2f + 1)0@

In the case when ry = 0, then up to a factor of kr one obtains spherical Bessel functions j¢, n, hl(zi):

Fi(0,kr) = krjo(kr), Go(0,kr) = krng(kr), (D20)
HEP(0,kr) = krhlP (kr), HE(0,kr) = kr b7 (kr), (D21)
where jg,ng,hgi) are
1 1
, B 3 B of T O\Z (+) B .
Je(kr) = (2k ) Joya(kr), ne(kr) = (=1) (%) J_g_ 1 (kr), hy ' (kr) = ne(kr) £ ije(kr). (D22)

Appendix E: Representation of the field in terms of Debye potentials

To represent the EM field equations in terms of Debye potentials, we start with ([@)—(8]). Assuming, as usual (we
follow closely the discussion presented in ﬂﬂ |, adapted for the gravitational lens), the time dependence of the field in
the form exp(—iwt) where k = w/¢, the time-independent parts of the electric and magnetic vectors satisfy Maxwell’s
equations: Eq. ([@)-@) in their time-free form:

curlD = iku?B+ O(G?), (E1)

curl B = —iku?D + O(G?). (E2)

In spherical coordinates (Fig. ), the field equations (EI)—(E2) with the help of (A9)-([AIQ) to order O(G?) become
—iku2D, = ﬁ ( 59 (rsin0B,) — 6‘1 (rBy)). (E3)

—iku?Dy = Tsiln 7 (%i’“ ;r (rsin 91%)), (E4)

_iku?Dy = %(%(TBH) 3812’“), (E5)

iku’B, = rzsﬁ (39 (rsinfDgy) — ;qﬁ (rﬁg)), (E6)

iku?By = . 51111 7 (681?;5 ;(r sin 91%)), (E7)

iku?By = 1(5( Dy) — ‘98%). (ES)

Our goal is to find a general solution to these equations in the form of a superposition of two linearly independent
solutions (eD, eB) and (mD, mB) that satisfy the following relationships:

D, = D,, ‘B, =0, (E9)
"D, = 0, mB,. = B,. (E10)
With B, = B, = 0, (E4) and (EF) become
N 10 .
ku?Dy = ——(r°B E1ll
e r Or (T ¢)’ (E11)
iku?D, = —lﬁ(reﬁ’e). (E12)
ror

Substituting these relationships into (E7) and (E8)) we obtain

o 2 2 ep ik 0Dy
(r B@)} + kE*u®(r°Bg) = S0 00 (E13)

8{18

ar Lz or
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or1 o, - 5 2 en 0D,
g[ﬁg(r B¢)}+ku (rBy) = ikt (E14)
From div(u2°B) = 0 given by Eq. () and using our assumption that °B, = 0 we have
) . 0By
— (sinf°B =0 E15
which ensures that (E) is also satisfied, since it becomes, after the substitution from (EIT), (EI2]),
1 /0 . D, o 1 dr /0 . 0By
—— (= (rsinf°Dy) — — (r D = —(sinf°B =0 E16
r? sinﬁ((%‘ (rsind D) 1) (r 9)) ik ur?sin6 or [T(BH(SIH o)+ 13J0) )} ’ (E16)

which is satisfied because of (EIf). The complementary case with ™D, = 0 is treated identically, in accord with (EI0).

When the radial magnetic field vanishes, the solution is called the electric wave (or transverse magnetic wave);
correspondingly, when the radial electric field vanishes, the solution is called the magnetic wave (or transverse electric
wave). These can both be derived from the corresponding Debye scalar potentials II and ™1II.

Given “B, = 0, €ﬁ¢, and “Dy in (EG) can be represented as a scalar field’s gradient:

. 1 oU ~ 10U
Dy = — Dy = ——. El
¢ rsingd 0¢’ o 00 (B17)
Using
19,,
in (EI7), we obtain
R 1 82 eH . 1 82 eH
e _ (T ) , e b — . (T ) (Elg)
u2r  Orob u2rsing Ordo
It can be seen that (EII)) and (EI2) are satisfied by
A ik O(r “II) - ik 9(r )
e — eB — — L E2O
¢ r 00 o rsinf  9¢ (E20)
If we substitute both of (E20) into (E3]) we obtain
- 1 ¢ . O(reil) 1 0%(re)
D = ————— | = 0 E21
u2r2sin @ [86‘ (sm 00 ) + sinf  0¢? ] (E21)
S . . ) -tk 0 o1l 9, . 9 9 & e L
Substituting expressions (E20) into (EI3)-(EI4) yields sin@[)_(b{& [EE(T H)} + k2u?(r °I) DT} = 0 and
1 .
zk%{% [F%(T 8H)] + k2u?(reIl) — eDT} = 0, i.e., the derivative of the same expression with respect to both ¢
and 6 vanishes. This is clearly satisfied if we set the expression itself to 0. Dividing by u? and using (E2I)) leads to
1 811 a(rel) 1 9, . dr) 1 (el
== — 0 k*(r“II) = 0. E22
u? Or LLQ or } u*r? sin6 96 (sm 00 ) utr?sin® 0 02 + R (B22)

Defining v’ = du/0r, this equation may be rewritten as

Fa [ im0 ) e )+ (s A 0

which is the wave equation for the quantity °II/u:

(& + k2t - u(%)”) {—H} —0. (E24)

u
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We are concerned only with the field produced by the gravitational monopole, thus the quantity u has the from
u(r) =1+ ry/2r + O(r=3,¢7%), as given by (BIH). With this, we can rewrite (E24) as

(A+k2(1+%)+r—g)[

11
73 _}

=] = ou). (E25)

9

Equation (E28) is similar to the Schrodinger equation of quantum mechanics, used to describe scattering on the
Coulomb potential. However, this equation has an extra potential of ry/r3. Tt is known [45] (and also shown in
Appendix [[]) that the presence of potentials of  1/r% in (E25) does not alter the asymptotic behavior of the
solutions. Reference @], discusses justification for neglecting the r =2 term in (E25), which reduces this equation to
the time-independent Schrodinger equation that describes scattering in a Coulomb potential:

i

U 9’

(a+k(1+ %))[

r

} =02, r73). (E26)

In the case of the SGL, we will always be at the distances which are much larger than the Sun’s Schwarzschild radius,
thus, we may neglect the term r,/r® in (E25). We will use (E28]) for the purposes of establishing the properties of
the EM wave diffraction by the solar gravitational lens. An identical equation may be obtained for ™II.

By means of (E22), Eq. (E2]I) may be written as

o 0 11 9(reI)
Dy = or [uQ or
It can be verified by substituting (EI9)-(E22) and (E27) into (E3)-(ES) that we have obtained a solution of our set
of equations. In a similar way we may consider the magnetic wave. We find that this wave can be derived from a
potential ™I which satisfies the same differential equation (E22)) as “II.

The complete solution of the EM field equations is obtained by adding the two fields (as discussed in m, 63, @]),
namely D = °D 4+ ™D; and B = “B + "B; this gives

} + k22 (r D). (E27)

~ - 1 82 Ten 2 4 1 " T’eH - 1 8 . 8(7”61_1) 1 82(7"61_1)

b = gl )+ (o' Q) [T} = s (00 = ) o ) B
A 182(7“61_1) ik a(rmﬂ)

Do = 5500 T rsmo 05 (£:29)
1 (re) ik O(r™I)

Dy = wlrsinf ordé  r 90 (E30)
~ 192 e o 4 Lounrmayy 1 9 (. ,0(r™I) 1 9%(r™iI)

o= el (P =) [ = s s (00 ) Y e (3D
5 ik 3(reH) 1 82(7””1_1)

Bo = ~5neae T oroe (E32)
. ' I *(rmi

By = ko) 1 ™) (E33)

r 00 u2rsinf  Ordgo

Both potentials “IT and ™II are solutions of the differential equation ([E24)), which, in the case of the weak gravity
characteristic for the SGL, is given by (E26]).

Appendix F: Solution for the radial equation in the WKB approximation

We consider Eq. (E25) for the Debye potentials. Using the representation given by (G2)) and remembering o =
£(£+ 1), we obtain the following equation for the radial function R:

d*R 9 ‘ a Ty 9

g7 T (Pa+TH -5 B)R = 00)). )
Following an approach similar to that presented in @], we explore an approximate solution to ([]) using the

methods of stationary phase (i.e., the Wentzel-Kramers—Brillouin, or WKB approximation). As we are interested
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in the case when k is rather large (for optical wavelengths k = 27/\ = 6.28 - 105m™!), we will be looking for an
asymptotic solution as k — oo. In fact, we will be looking for a solution in the form of

R = ¢i#5(0) [ao(p) +E a1 (p) + ..+ E "an(p) + } (F2)

Technically, however, it is more convenient to search for a solution to (EI)) in an exponential form:
R = exp {/ i(ka_l(t) Fao(t) +k an(t) + o+ ko () + ...)dt] (F3)
ro

Defining R’ = dR/dr, with the help of a substitution of R'/R = w, for the function w we obtain the following
equation:

2r a T
w'+w2+k2(1+Tg)—T—2+T—‘g=(’)(T§). (F4)
Using this substitution we have
w = i(ka,l(p) +ao(p) -k rar(p) + oo + k" an(p) + ) (F5)
Substituting ([ into (4] we obtain
2r .
K*[1+ Tg —a?,(p)] + klid/1(p) —2a_1(p)ao(p)] +
. « T _
+ iag(p) — aj(p) = 20-1(pas(p) — 5 + -5 = O(rg, k™). (F6)
Now, if we equate the terms with respect to the same powers of k, we get
2 (=142 ol (o) -2 =0, iaj(p) —a2(p) — 2 s
aZip) =1+ ==, ialy(p) = 2a-1(p)ao(p) =0, iag(p) —aglp) = 2a-a(p)aalp) — 5 + 5 =0. (F7)
These equations may be solved as
B Tg Ty o« Tg
asi(p) =1+ -7),  aclp) =—ig s alp) =F55(01- 7). (F8)
Using this approach we can identify a1 (p), aa(p), ... Substituting (E8) into (E3)), we have
S_i(r) = / a1 (F)dif = i/ (14 “2)dF = +(r + ry In 2kr)|" (F9)
To To r "
(T irg [TdE drg iy
So(r) = /TO o (F)di = B §|T07 (F10)
" a " ry. dr « T r
S = r)dr = F— 1-4H—=+—>1-2)] . F11
0) = [ o@ar =5 [ 0-IHg =g -2, (F11)
As a result, we obtain two approximate solutions for the partial radial function Ry:
Re(r) = Clei(ks—l(T)JFSO(T)Jrk*lSl(T)) + dleﬂ'(ks,l(r)+so(r)+kflsl(r)) _
= uil{czei(k(rwg In 2kr)+ 4552 (1-52) +deefi(k(r+r-“’ ln%TH%(l*%)) + O(T_g,kd)}v (F12)

where ¢, and d; account for all the constants relevant to the point 7o in ([E9)—(ETL]).

We note that ([T]) is similar to the radial solution of the Schrédinger equation of quantum mechanics, which is used
to describe scattering in a Coulomb potential. However, this equation has an extra potential in the form of r, /r3. It
is known @] that the presence in (ET]) of potentials of ~ 1/r% does not alter the asymptotic behavior of the solutions.
One can verify that neglecting r,/r® in ([T]) leads to the following form of the radial function Ry:

uRg(T) _ Céei(k(r-l-rgln2kr)+%[%(l—%)+%]) +dée—i(k(r-l-rgln2kr)+%[%(l—%)+%]) +O(T§,k_2). (Fl?))
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We see that the omission of the r,/r3 term in (EI]) leads to appearance of an “uncompensated” term r,/4kr? =
(1/87)(rgA/r?) in the exponent of (EI3). This term is extremely small; it decays fast as 7 increases, and, thus, it
may be neglected in the solution for the radial function for any practical purpose. A similar point was made in @],
suggesting that one can neglect the r—2 terms in (1)) and reduce the problem to the case of the Schrédinger equation
describing scattering in a Coulomb potential.

As a result, to describe the scattering of a plane EM wave by a gravitational monopole, we neglect the term r, /r?
in (EI) and approximate it such that it becomes

d®Ry
dr?

+ (k:2(1 +

Finally, we may further improve the asymptotic expression for R, from (12]) by accounting for the Coulomb phase
shifts as given in (DI4)-(DI7). This can be done by simply redefining the constants ¢, and dy as

cp — Cgei(w_%e), dp — dge_i(w_%l). (F15)

This leads to the following expression for the radial function Ry:

’LLR[(’I”) _ Cgei(k(r+rg 1n2kr)+l(2ék+rl)+ae7%l) + deefi(k(rJrrg In 2kr)+ e(;]j;l)+0’@7%e) + O(T§7 k—2)7 (Flﬁ)

where the term 74/2r in the phase was neglected. As the asymptotic behavior of the Coulomb functions (DI4)—(DI7)
was obtained for very larger distances from the turning point (87), or for > r¢, the solution (F16) improves them by
extending the argument of the Coulomb functions to shorter distances, closer to the turning point. (A similar result
was obtained in HE] using different approach developed to study image formation in gravitational lensing m])
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