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We study the shadow cast by a large gravitating sphere, similar to our Sun. For this, we con-
sider the gravitational field produced by a static mass monopole within the first post-Newtonian
approximation of the general theory of relativity. We study the propagation of a monochromatic
electromagnetic wave in the vicinity of a large, opaque, gravitating sphere. To treat the opaque
nature of the body and its physical size, we implement fully absorbing boundary conditions and
develop a wave-optical treatment of the shadow formed by this object. Based on this approach, we
demonstrate that the structure of the shadow is determined by the Schwarzschild radius of the body
and its physical size. The shadow’s boundary has the shape of a concave rotational hyperboloid
bent inward due to the refractive properties of the curved spacetime. We show that there is no light
in the shadow. However, even in the presence of gravity and related gravitational bending of photon
trajectories there is the bright spot of Arago that is formed behind a perfectly spherical obscuration.

I. INTRODUCTION

We investigate the scattering of light by the curvature of spacetime induced by the gravitational mass monopole of
a large star. Specifically, we study the shadow cast by a large, massive, opaque sphere that is characterized by a weak
gravitational field, similar to that of our Sun. This question is important for our ongoing efforts to study the solar
gravitational lens (SGL) as the means for direct high-resolution imaging and spectroscopy of an exoplanet [1-4].

Although optical properties of the SGL are primarily determined by the solar Schwarzschild radius, the Sun itself,
with its large physical dimensions, acts as a spherical obscuration that blocks a significant part of the incident
wavefront. It is known that in the absence of gravity, a spherical obscuration with sharp boundaries placed in a
beam of monochromatic light results in the formation of the Arago bright spot behind the sphere, which confirmed
the wave-optical nature of light in a famous experiment. How does gravity affect this process? Is there light in the
shadow cast by a large gravitating sphere with sharp boundaries? These questions are of practical importance when
considering the use of the SGL for imaging purposes, which was the primary motivation for this paper.

Towards this objective, recently we studied the electromagnetic (EM) field in the shadow cast by a large, opaque
sphere with soft boundaries in flat spacetime [5]. We considered the scattering of a high-frequency monochromatic
EM wave by the large sphere. It is known that the presence of the spherical obscuration results in a geometric shadow
of cylindrical shape behind the sphere. To describe this shadow, we developed a Mie theory that accounts for the
obscuration and demonstrated that there is indeed no EM field present in the shadow region. One exception is the
presence of the bright spot of Arago, which can form at distances up to z < kR2® (corresponding to a Fresnel number
F = kR2/z > 1), where R is the solar radius and k = 27/X is the wavenumber corresponding to the observing
wavelength. For optical and infrared wavelengths, i.e., for A ~ 1 um, these distances are up to z ~ 98 megaparsec
(Mpc). In addition, to form the Arago spot the edge of the circular obscuration must be sufficiently smooth. However,
it is not clear how the presence of gravity affects this process: if it only modifies the distance where such effect may
exist or if it changes the entire phenomenon altogether.

It is known that gravity introduces refractive properties on spacetime [6]. As light propagates in the vicinity of the
Sun, the direction of its propagation changes by the angle o = 2r,/b, where r, = 2GM/c? is the Schwarzschild radius
of the Sun, M is the solar mass, and b is the ray’s solar impact parameter. Because of this refraction, in the solar
vicinity photons propagate on hyperbolic trajectories that are bent towards the Sun, resulting in a specific shape of the
shadow. Depending on the impact parameter, the rays will intersect at a heliocentric distance of z > 547.8 (b/Rg)?
astronomical units (AU) (see Fig. 1). As a result, the shadow forming behind a large, opaque, gravitating sphere,
such is that of our Sun, has a geometric boundary shaped like a concave rotational hyperboloid (studied in [2]).

In [2] we studied the properties of the caustic formed by the SGL at heliocentric distances beyond zy = 547.8 AU,
where the interference region of the SGL begins (see Fig. 1). This area has the shape of an elongated convex rotational
hyperboloid whose outer boundary is set by the rays just grazing the Sun and thus intersecting the focal line at zg
(i.e., defining the common vertex of the two hyperboloids that of the interference region and that of the shadow.) This
is the region where the SGL acquires its most interesting properties, including extreme magnification and high optical
resolution. The region directly behind the Sun, corresponding to light rays with impact parameters b < RY = Rp +1ry
is the region of the geometric shadow. The third area is characterized by impact parameters b > R% and two sets of
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FIG. 1: Three different regions of space associated with a monopole gravitational lens: the shadow, the region of geometric
optics, and the region of interference (from [2]).

heliocentric distances — those smaller than 2z, and those larger than zg, but outside the convex rotational hyperboloidal
boundary of the interference region — is called the region of geometric optics (see discussion in [2, 7].)

The primary objective of this paper is to develop a wave-theoretical description of the shadow region of the Sun.
This problem is characterized by a set of widely different scales, namely (i) the wavelength of radiation, A, is much
smaller than the radius of the Sun, A\ < R, and (ii) observational regions, at distances r that much larger than
the solar Schwarzschild radius, r; < Ro < r. This is exactly the situation encountered in the study of the optical
properties of the SGL [1, 2] and its applications. Such problems are typically tackled using a geometrical optics
approximation or the usual methods of scalar optics [8]. These approximations can be avoided, however, within a
wave-optical treatment, which is the topic of the present paper. In addition, such treatment allows us to study the
wave nature of light in the presence of gravity, which may be important for some areas of astrophysics that deal with
strong gravitational fields and/or large scales astronomical phenomena in the presence of gravity.

This paper is organized as follows: In Section II, we present the solution for the fictitious EM field of the solar
shadow, given in terms of Debye potentials. Section III is devoted to the investigation of the EM field in the solar
shadow. Using the wave-optical treatment, we show that there is no light present in the shadow region of the SGL
to heliocentric distances up to 547.8 AU. In Section IV, we study the area on the optical axis directly behind the
spherical obscuration in a search for the on-axis EM field that may appear there due to diffraction of light on the
boundaries of a large sphere (that resembles the Sun with its physical size and mass, but has a sharp boundary.)
We show that even in the presence of gravity, there is the bright spot of Arago, that is formed in such conditions on
axis behind a perfectly spherical obscuration. In Section V, we discuss the results that we obtained and present our
conclusions.

II. ELECTROMAGNETIC WAVES IN A STATIC GRAVITATIONAL FIELD

To describe the optical properties of the SGL, we use a static, harmonic metric that represents the gravitational
field produced by a mass monopole, taken in the post-Newtonian approximation of the general theory of relativity.
Due to the spherical symmetry of the problem, we may introduce spherical coordinates (r, 6, ¢), where such a metric
in the harmonic gauge is given by the following line element [6, 9]:

ds® = u?dt® —u?(dr® + r°(d6® + sin® 0d¢?)), (1)
where, to the accuracy sufficient to describe light propagation in the solar system, the quantity u has the form

T
u=1l+g240(ry), (2)

with r, = 2GM/c? being the Schwarzschild radius of a gravitating body of mass M, thus representing the contribution
of the mass monopole of the body’s gravitational potential to the relativistic space-time (1).
Following [2], we present Maxwell’s equations in the spacetime given by (1)—(2) as

10B .
cwlD = —u*>=2 4 0(r}), div(u? D) = O(r?), (3)
curlB = uzla—D + (’)(7‘5), div(u®B) = 0(7“3)7 (4)



where the differential operators curl and div are with respect to the 3-dimensional Euclidean flat metric.

As shown in [2], following the Mie approach [8, 10], one can separate the variables in the Maxwell equations (3)—(4)
and, by following the Mie approach, present a solution to these equations in the form of generic electric and magnetic
Debye potentials, “IT and ™I, respectively. Then, by matching these potentials to the incident Coulomb-modified
plane wave, we find that both of these potentials in the vacuum may be given in terms of a single Debye potential
5 (r, 0):

°II cos ¢ U = g 204+1 1
(mH) = (sin ¢) §(r,0), where II§(r,0) = EOW ;zg 1me ’ng(krg,kr)Pe( )(cos 0) + (’)(r?]), (5)

where k = 2w/ is the wavenumber of the EM wave, Fy(kry, kr) and o¢ are the Coulomb function and Coulomb phase

shift of the ¢-th order, correspondingly [11-15], with Pl(l) (cos 0) being the associated Legendre-polynomials of the first
order. Note, that we use a heliocentric coordinate system with the z-axis oriented along the incident direction of the
EM wave, where 0 is the angle between the z-axis and the direction towards a particular observation point.

In the case of a spherically symmetric gravitational field, we may obtain the components of the EM field corre-
sponding to a Debye potential IT by first constructing the following quantities (see details in [2]):

0 0 0% rrill atl
) = s [k o] - L ] 2] 0
92 (r ik(r
pr,8) = % asalg) fimno)’ g
a(r ik O(r
v(r.0) = u2riin9 (8:_[) 7k (891_[) ®

Using the Debye potential II§(r, §) from (5) in place of the quantity IT in these definitions, we obtain the components
of the EM field:

D\ [ecos\ _,, Dg\  [cos¢\ .. Dg\ (—sing\ ..
() () (2o ()=

However, to derive the total EM field behind the Sun, we need to take into account the physical size of the opaque
massive sphere, representing the Sun. We can do that by imposing appropriate boundary conditions. In this regard,
the fully absorbing conditions that we used in [2, 5] are well-suited for this purpose. To impose such conditions, it

is convenient to represent the Coulomb function, Fp, in (5) as a combination of two Hankel functions, H ﬁ, given in
the form F, = (Héﬂ - Héf))/%. This yields the following expression for the Debye potential II(r, ) from (5):

20 41
-0 el (+) (=
I(r,0) = —Bo s Z D C(HE Crg, o) = HE (krg, i) ) P (cos ) + O(12). (10)

Expression (10) allows us to set the boundary conditions on the surface of a fully absorbing sphere (see discussion

n [2, 5]). First, we recognize the asymptotic behavior of the Hankel functions H, éi)(krg,kr). For large values of
the argument kr — oo (especially when kr >> ¢, where ¢ is the order of the Coulomb function) and r > r, =

(L +1)/k* + 712 — 1y, these functions behave as [2]:

. 4 Le+1) _
k}ﬂ‘looH( )(krg,kr) ~ exp [:I:z(kr+krgln2kr— 5 +or+ ST )} +O((kr)™?). (11)

Thus, the radial function Héﬂ (krg, kr) represents the outgoing wave, while Hé_) (krg, kr) is the incoming wave. This
observation emphasizes the fact, demonstrated by the structure of (10), that in the absence of any interaction, the
Debye potential of a free EM wave may be thought of as a superposition of incoming and outgoing waves.

Next, we recognize that the smallest possible impact parameter represents light rays that are grazing the solar
surface, which corresponds to the heliocentric distance of RY = Rg + 4. This extra r, term, in addition to the solar
radius, accounts for the fact that rays of light are bent by the gravitational field of the mass monopole even as they
approach the source. In other words, the rays with b < R7 will hit the Sun and will be absorbed by its surface.
Therefore, we require that for impact parameters b < R there will be no scattered or coherently retransmitted
waves. To implement this condition, we rely on a relation between index ¢ that, in a semiclassical sense, is analogous



to the partial momentum of a particle, and the impact parameter b, given as £ ~ kb [16-19]. With this semiclassical
relation, our boundary condition is equivalent to the requirement that the Sun completely absorbs waves with partial
momenta £ < lpax = kR This fully absorbing boundary condition is easy to implement using the solution (10) and
subtracting the part that corresponds to the outgoing wave, which is blocked by the sphere.

As a result, the solution for the entire Debye potential, II(r, #), in the area behind the sphere (i.e, for [] < ), in
the presence of gravity, takes the following form [2]:

(r,0) = H§(r,0) + 611 (r, 0) = 1I5(r, 0) +E0 Z X 2?_—::1 Z”“HéJr)(krg,/m“)Pe(l)(cosH), (12)

where II5(r, 0) is the Debye potential of the incident wave given by (5) and 0II#(r, 6) is the shadow potential.
In Ref. [2], we obtained a closed form analytical solution for the Debye potential, II§(r,6), from (5), in the form

iul — cosf

T (r) = —vho (eiklel[l +ikrg, 2,ikr(1 — cos§)] — e*Ty Fy[1+ ikryg, 2, 2ikr]) +0(2),  (13)

sin 0
giving the Debye potential of the incident wave in terms of the confluent hypergeometric function, 1 Fi [a, b, 2] [2, 20, 21].
This solution is always finite and is valid for any angle 6. The availability of this exact, closed form solution for the
Debye potential allowed us to investigate the structure of the caustic formed by the lens. In addition, the analytical
solution given in (13) was used [2] to derive the EM field in the interference region of the SGL, including the EM field
on the image plane and the corresponding Poynting-vector. As both forms are equivalent, for various calculations
where II5(r, #) plays an important role, we will use either the form (5) for this potential or that given by (13).

Also, by taking into account the asymptotic behavior of the hypergeometric functions 1 F [1+ikrg, 2, ikr(1 — cos6)]
and | Fy[1 + ikr,, 2, 2ikr] at large values of the argument k(r — z) > 1 [11] (and, thus, for 6 > 1/Vkr > 0), we may
establish the asymptotic behavior of the closed form analytical solution for the Debye potential II5(r,#) from (13).
The corresponding expression takes the following form [2] :

H%(T‘, 9) = E, k2T:in9{eik(Z—rg lnk(r—z)) N eik(r-i—rg 1nk(r—z))+2ia—0 .

~ L1 - cost) (e—ik (rrgmakr) _ ik (r+rg n2kr) +2i<70) n (’)( ikrg )}, (14)

r—z

were z = rcosf, constant o is given as o9 = arg'(1 — ikry) [11, 12], which for large values of kr, — oo behaves as

2]

2ioo _ (1 - ikTg)
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T+ ikry)  © (1+0(tkry)™) (15)

The second term in (12), 6I18(r, #), is the Debye potential responsible for the “solar shadow”, given as

5Hg(7‘, 9) = EO

kR
“ Z@ it 2+ 1 ei”H(Jr)(kr kr)P(l)(cos 0) (16)
2k%r = (L +1) ¢ 7 ¢ ’

which was obtained as a result of applying the fully absorbing boundary conditions, as discussed above. The fully
absorbing boundary is, thus, the asymptotic boundary condition set on the future light cone and deals with the fact
that the physical size of the opaque Sun is much larger than its Schwarzschild radius, Rg > r,. Clearly, 6I18(r, 0) is
also a solution of the Maxwell equations (3)—(4) with the corresponding EM field computed with (6)—(8), (9).

Eqgs. (12)—(16) capture all aspects of the EM field behind a large gravitating opaque sphere. This solution is valid
at all distances and angles. However, because of its complexity, numerical methods are required to explore its physical
implications. In this paper, we explore the solution in the far field [22], where several approximation methods are
feasible. Specifically, to study the contribution of the shadow potential (16), it is convenient to use the asymptotic
behavior of the Hankel functions (11) and present this potential in its asymptotic form as

kR,
; 20+1 (et
SIIE(r, 0) = Eoﬁezk(rwg tn2kr) $ e 1)61(20'g+ (25 )Pl(l)(cos 0) + O(r2). (17)




Note that, as ry < R, the asymptotic from of the solution (17) is valid right outside the Sun, for distances r > R
and improves as distance increases. As a result, the solution for the total Debye potential (12), takes the form:

R*

@
20+ 1 oo+ LD
11(r,0) = TI§(r,0) + Bzt 47a 12k Z )’ (220 5552) PO (cos ). (18)

The behavior of II§(r, §) given by (13) was established in [2] and now is well understood. It is finite and computable
for any relevant distances and angles, including forward scattering at # = 0. We used this solution in [2] to investigate
the EM field in the image plane situated in the interference region of the SGL beyond 547.8 AU (Fig. 1). In that
region and near the optical axis 6 =~ 0, the EM field is completely given by (5) (or, equivalently, by (13)), which we
used to derive the field in the image plane and study the optical properties of the SGL. Expression §11&(r, ) from
(17) is important, as it provides access to the EM field in the shadow region, which is the main subject of this paper.

We have thus obtained the Debye potential (18) representing the total solution for the problem of the scattering
of EM waves by the gravitational field of a large spherical star, similar to our Sun. Specifically (18), together with
(6)—(9), represents the solution for the EM field propagating on the background of a spherically symmetric, static
gravitational field produced by a large star with opaque surface. This solution allows us to study the physical behavior
of the EM field in the three regions behind this star (see Fig. 1), namely (i) the shadow region, where no incident
light enters (i.e., for impact parameters 0 < b < RY)), (ii) the region of geometrical optics, where only one ray passes
through any given point (i.e., for impact parameters b > R and heliocentric distances r < Ré /2ry), and (iii) the
interference region (i.e., r > R2® /2r4, especially for forward scattering, € ~ 0). The interference region formed by solar
gravity beyond 547.8 AU behind the Sun is of the greatest importance. The EM field in region is fully characterized
by the Debye potential (13), which was investigated in [2] including the description of the EM field the region of
geometrical optics. Here we focus our attention on the shadow region of the Sun, where the shadow potential (16)
also plays critical role.

III. EM FIELD IN THE SHADOW REGION

To study the EM field in the shadow region, we need to express the components of the EM field in terms of the
variables involved. We do that by using the expression (16) for the Debye potential 6I18(r, 8) responsible for the solar
shadow and deriving the components of the fictitious EM field produced by this potential. This field is generated by
0TI#(r,0) to compensate the incident EM wave for a particular impact parameter 0 ~ b < RY of the incident EM
wave. To develop analytical expressions for this fictitious field, we use (17) in the expressions (6)—(8), deriving the
factors a(r, ), 5(r,6) and ~(6), which, to O(r2), have the form

eik(r-l—rg In 2kr) kR

_ 1y, i(200+ 4550 H(1) o tkrg
a(r,d) = E e ; €+ 3)e’ P, (cos 9){u W+ D }, (19)
, kR
B 6) = — uetk(rtran2kr) &2 04 1 ei(zaﬁ“fkt“){apé(l)(cos 6) (1 e+ irg ) Pg(l)(cos 9)} (20)
A ikr (0 +1) Bl 2k2r2u? | 2kr? sinf J
, kR
uetk(rtran2kr) E2 04 1 (2001540 8Pé(1)(cos 0) Pé(l)(cos 0) Ll+1) irg
= — L\=0eT o _ !
V() T ik 2+ )" ’ { 26 T g (1 k2122 zkrz)}' (21)

Note that, to derive these expressions, we relied on the asymptotic behaviour of the Hankel functions (11), which
were developed up to O((kr)™). Therefore, (19)-(21) are also valid to the same order in their phase term, exp (i(20¢+
0(€+1)/2kr)). If needed, using the approach presented in Appendix B of [23], we may include terms with higher
powers in (kr)~! in (11) and, thus, extend the order of approximation in (19)—(21).

Together with (9), these expressions describe the fictitious EM field produced by the solar shadow. They contain
all the relevant information about the opaque nature of the solar surface and the size of the Sun. We rely on (19)—(21)
to investigate the EM field in the region of interest: the solar shadow.



A. Solution for the function «(r,0) and the radial components of the EM field
We begin with the investigation of a(r, 6), given by (19). To evaluate this expression in the shadow region for large
angles, 6 > \/2r,/r, we use the appropriate asymptotic representation for Pl(l)(cos 0) [22, 24, 25]:

-/
V27l sin 6

which results in the following form of (19):

) . ) - 3
Pé(l)(cos 0) = (el(€+%)9+zz + e—z(é-'r%)@—zz) +0("2) for 0<6O<m. (22)

a(r,d) = —FEy

, kR .
eih(rtrgn2kr) 0 (04 1)1 (u2 __tkry )ei(2az+e(§,§})) (ei(é+%)9+z‘g i e—i(H%)e—ig) (23)
K2 Vrsing \ 0+ 1) |
=1

We recognize that for small impact parameters, 0 < b < rg, light rays will be captured by the solar Schwarzschild
field and, thus, will not be transmitted. For large impact parameters, £ > kr,, we may replace {+1 — ¢ and ¢ —i—% =/
and also replace the sum in (23) with an integral:

ik(r+rg4 1n 2kr) kR 1 .
a(r,0) = B D —— e ot (u2 - Zkrg)el(%”%) (ei(f‘%%) + e_i(er%))’ (24)
k2T2 =1 \/m 62

and evaluate this integral by the method of stationary phase. We recall that this method allows evaluating integrals
of the following type:

I= / A)e*Ode, L eR, (25)

where the amplitude A(¢) is a slowly varying function of ¢, while ¢(¢) is a rapidly varying function of ¢. The integral
(25) may be replaced, to good approximation, with a sum over the points of stationary phase, ¢y € {¢1 2, }, for which
do/dl = 0. Defining ¢" = d?p/dl?, we obtain the integral

[ 27 T
~ § i{ @ (o)+
I~ A(éo) SD/I(KQ) e (%’ 4 ) . (26)
Lo€{lr2,. .}

Expression (24) shows that the /-dependent part of the phase has the following structure:
€2
(pi(f) Z:Iz(fe—l— %) + %4—20@4-0((/%“)_3). (27)
We recall that the Coulomb phase shift oy has the form [2, 11]:

14
krg

op =09 — E arctan —=, oo = arg (1 — ikry), (28)
: J
j=1
where o was evaluated in [2] to be
kr m
oo = —krg 1n?g -1 (29)

We may replace the sum in (28) with an integral and, for 7y < b < R} and thus, kry < £ < kR}), evaluate oy as:
op = —krglnl+O(r7). (30)
Therefore, the points of stationary phase, where dp /d¢ = 0, are given from (27) by the following equation:

kr l
+60 = 2arctan —% — — 31
rean Ty kr’ (31)
which is the equation for families of hyperbolae. If we take, from the semiclassical approximation, the connection

between the partial momentum, ¢ and the impact parameter, b, given as £ ~ kb, then for small angles 6 (or, large
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FIG. 2: Diffraction of light on a large spherical opaque obscuration. Left: Geometric shadow region with a cylindrical shape,
formed in flat space-time (see details in [5]). Right: shadow with a hyperbolic shape (no rays of light exist in this region),
caustic formed at the interference region, and the region of geometric optics in the case of a large gravitating sphere. The
arrows indicate the direction of the Poynting-vector, i.e., the direction of wavefront propagation.
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distances from the sphere, r > Rg), from (31) we see that the points of stationary phase must satisfy the equation
(see [2] for details):

1 sin  2r,
S =i +b2+(’)( 2, (32)
within the shadow region characterized by r, < b < R,.

The presence of the last term in (32) defines the properties of the shadow region behind the Sun. This term is
absent in flat spacetime, where r; = 0 and the boundary is set by the straight lines b = rsin¢. Based on the sum in
(24), the largest impact parameter that defines the shadow region is b™** = Rg + r,, thus, in any given plane that
contains the focal line, (32) is bounded by the two most extreme hyperbolae describing the boundary that coincides
with the two outmost rays that are almost grazing, but are still absorbed by the Sun on opposite sides in the forward
direction, 0 < 6 < 7 and, thus, setting the hyperboloid shape of the boundary of the shadow.

The result given by (32) is different from that given in [5] because, in the case of light bent by gravity, individual
photon trajectories are bent towards the gravitating body, causing light rays to enter the cylindrical region of geometric
shadow that is prohibited in the case of a flat space-time studied in [5] (see Fig. 2).

Equation (32) yields two families of solutions for the points of stationary phase:

1 2k
L) +002),  and ) =422 002 (33)

1 _
fo q:kT(Sln9+ r sinf sin 6

The ‘+’ or ‘F’ signs in (33) represent the families of fictitious “shadow” rays propagating on opposite sides from the

Sun. Also, the two families of solutions represent two different waves. Thus, the family 681) represents the incident
wave. The family 562) describes the scattered wave (see Fig. 1 in [2] and relevant discussion therein and also in [2, 7]).

The first family of solutions of (33), given by 681), allows us to compute the phase for the points of stationary phase
(27) for the EM waves moving towards the interference region (a similar calculation was done in [23]):

e (0 = +T — 102kr — kryInkr(1 — cos6) — kry In 2kr + O(kr6*, kr,02). (34)
Computing the second derivative of the phase, ¢(¢), given by (27), with respect to ¢, we have

1 2kr
L) =+ 2. (3)

After substituting here 681) from (33), we have

2 1 9 2
0 (E(l)) d Y+ _ _(1 + .Tg + O(fg)) = —7'(' = \/27‘(‘]{;’r<1

A2 ‘e:e(()l) kr rsin? 6 90”(50) +O( )) (36)

rsin? 9

Using (36), we may compute the amplitude of the integrand in (24), for ¢y = Eél), which takes the form

2T Lo/ Lo 5 tkr 2T 3 . 2r )
A(¢ = - = (F1)2k*r?sinf(1 + —2—(1— +0 . (37
( 0) 90//(60) /—271' sind (u g% ) (p//(go) (:F ) sl ( r sin2 0 ( 2%kr ) ( r )) ( )



Because of its smallness, we can drop the o 1/(kr) term in the parentheses of this expression.

As a result, for the first family of solutions, E((Jl), from (33), the expression for a(r,6) from (24) corresponding to
the fictitious incident wave takes the form

in 0) = —E —1 . 0(1 Tg O 94 T_QHQ) i(krcosefkrglnkr(lfcose)). 38
az(r,6) ot s +r(1—cos€)+ ( T ))e (38)

Now we consider the second family of solutions in (33), given by 682), which leads to the following expression for
the stationary phase

() = +£T — kryIn2kr + kry In(1 — cos 0) — 2kry In 222 4 O(kr,62). (39)

Using this result, from (24) we compute the phase of the corresponding solution (by combining the relativistic phase
and the ¢-dependent contribution):

<p§[2) (r,0) = kr+krgln2kr+ <p(2) (lo) + & = k(r + rgInkr(1 — cos6)) + 200 + O(kry6?). (40)

Now, using (35) and f((f) from (33), we compute the second derivative of the phase with respect to ¢:

1 sin%0 sin2 0 2rg 2w \/W T
o 6° th g g 65). (41
(60) k * 2k7‘q 2]€7‘g ( + rsin2 6‘) +O( ) us, l/ ﬂO sin 0 rsin2 6‘) +O( ) ( )

At this point, we may evaluate the amplitude of the integrand in (24), for ¢y = E((f), which takes the form

2 Nl (5 ikr 2 3 4k?r? r isinZ 6
A 6 = — 9 — 1)2 g9 1— g _ 492
N @) T Vamomo (v [ W7 )~ T 5w ( rsinZf  dkr, ) (42)

As a result, the expression for da(r, 0), for the scattered wave from (24) for 682) and for 6 > /2r,/r, takes the form

2 1 . ;

T‘q) . pik(rtrg Inkr(1—cos 0)+2ioo (’)(rg). (43)
sin” 6

af(r,0) = —EO(

r

Thus, to the accepted approximation, there is no scattered wave in the radial direction. This result is consistent with
that reported in [2].

The results (38) and (43) are the radial components of the EM wave (9), D, B, corresponding to the two families

of impact parameters given by (33). We use these solutions to determine the resulting EM field in the shadow region.

B. Evaluating the function S(r,0)

To investigate the behavior 3(r,6) from (20), we neglect terms of O(r,/kr?) and obtain the following expression
for B(r,0):

B(r,0) = —E, (44)

: kR
weik(rtryn2kr) (29 gy 1 i(QUHe(;;:)){(?PK(l)(Cos 0) (1 e+ 1)) pé(l)(cos 6) }

ikr — U0+ 1)6 00 2k2r2u?

sin 0

To evaluate the magnitude of the function §(r, #), we need to establish the asymptotic behavior of Pl(l) (cosf)/sind
and 8]31(1)(cos 0)/00. For fixed 6 and kry < ¢ — oo, this behavior is given as (this can be obtained directly from

(22)):

Pé(l)(cost?) ( 20 )%,
sin 6 3

(1) 3 (1
dP, d(ecosﬁ) B ( 20 )



With these approximations, the function §(r, #) in the shadow region but outside the optical axis takes the form:

ik(r+rg In2kr kR 1
Srg) — gD L U] ()
’ ikr — l(t+1)

() (- et eon (0 b0 - 5) + (o) e (s bo-5)) o)

For large ¢ > kr,, the first term in the curly brackets in (47) dominates, so this expression may be given as

etk m2kn) Koy 3 203 N\ % AN i(200+450) 1 Tr
pr,8) = —Eo ikr ; Le+1) (wsinﬁ) (1 B 2k2r2u2)e Lo ((6 +3)0- Z)' (48)

To evaluate 3(r,6) from (48), we again use the method of stationary phase. For this, representing (48) in the form
of an integral over ¢, we have

ik(r+rg4 1n 2kr) kR 2 X . T . T
B(Ta 9) — Eoue(k—g/ © \/;/@ie (1 B Zkf . 2)61(20e+f(2€;;‘1)) (el(ZGJrz) _ e*l(ZGJrz)) i (49)
T =1 7 sin ru

Equation (49) shows that the ¢-dependent part of the phase have a structure identical to (27). Therefore, the same

solutions for the points of stationary phase apply. Then, with (36), for the first family of solutions éél) (33), from (49)
we have

2 Ve 2 27 r .
A = 1-— — VFlkru 241 - Lp2 - 2 gt T2\ —
Sy \/27Tsin9( 2/€2T2u2) \[ o7 — VT { 207 — -+ 007, )}
= :I:\/ilkru_l{cosﬁ— T +(’)(947T_-‘192)}' (50)
r T

As a result, similarly to (38), the expression for the function S (r,8) of the fictitious incident wave takes the form

P(r,0) = +VFTBu{ cost— 1 1 0(9%, Log?) e (T rhr ooty nirticos0) i
r T

_ —Eo’u,_l(COS€ _ T‘_g)eik(rcose—rg In kr(l—cos@)) + 0(94, EHZ) (51)
T

r

Now we turn our attention to the second family of solutions in (33). Similarly to (42), for 882), we have

21 Vi 02 2 kr
AL = - =VEI—I2 1 O6*r?), 52
( 0) <PN(€0) /727rsin6‘( 2I€2T2) <PN(€0) 92 sin2 %9 ( 7'9) ( )
which yields the following result for 81 (r, 0):
sc T 7 Iz k kr,Inkr(1 — 0 2
F(0) = VAR5 F = E by Inkr(l - cost) + 200) 1 ot 2)
2
_ Tg i(k(rJrrg lnkr(lfcose))Jchm) 4 T_g 2
= E072rsin2 %6‘6 + 007, " 6°). (53)

With (9), expressions (51) and (53) provide the form of the function 3(r, ) that determines the Dy, By components
of the fictitious EM field representing the solar shadow.

C. Evaluating the function ~(r,0)

To determine the remaining components of the EM field (9), we need to evaluate the behavior of the function ~(r, 9)
from (21) that is given in the following from:

, kR
ik(r+rg In2kr) © 1 1 (1) (1)
ue l+ 3 i(200+441) { 0P, (cos0) N P, (cos6) (1 L(l+1) ) }7 (54)

ikr pet 00+ 1)8 00 sin 0 C2k2r22

V(Tvo) = —E
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where, similarly to (44), we dropped the insignificant r,/kr? term.

To evaluate this expression, we use the asymptotic behavior of Pl(l) (cosf)/sin 6@ and (?Pl(l)(cos 0)/06 given by (45)
and (46), correspondingly, and rely on the method of stationary phase. Similarly to (47), we drop the second term in
the curly brackets in (54). The remaining expression for v(r, 6) is now determined by the following integral:

ik(r+r, In 2kr kR
y(r,0) = Eoue k(r=+rgIn2kr) Rg Ve ei(zaﬁ%) (ei(ZGJr%) -~ e%(z%%)) (55)
, kr =1 V2mwsinf '

Clearly, this expression yields the same points of the stationary phase (27) and, thus all the relevant results obtained

in Sec. IIT A apply. Therefore, the ¢-dependent amplitude of (55), is evaluated for é 0 from (33) as

/ r
A(fo) ”(60 \/m ” =4+ kr+(’)(93 ‘192) (56)

The function vy (r,0) of the incident wave is then given as

"Yi](r, 0) — i\/ﬁEouei(:t%Jrkrcosefkrg lnkr(lfcosﬁ)))Jri% _ _Eouei(krcosﬁfkrg lnkr(lfcose)) + 0(94, %02) (57)

For the second family of solutions (33), we get the following result:

27 \/Z 2T kr
= V2rsimd HVE— + 000", 17), 58
" (o) 27 sin 0 ”(@0) 2 sin” 16 (6%, (58)

which yields a result for 75°(r, 6) that is identical to (53):

A(o)

,_)/Sic(r7 9) _ _EO .7"92 - ei(k(rJrrg In kr(1—cos 9))+200) + (9(947 T_QQQ) (59)
2rsin” 50 r

Again, with (9), expressions (57) and (59) provide the function v(r, @) that determines the Dy, By components of
the fictitious EM field representing the solar shadow.
At this point, we have all the necessary ingredients to present the solution for the EM field in the shadow region.

D. Solution for the EM field in the shadow outside the focal axis

To determine the components of the EM field, we use the expressions that we obtained for the functions «(r, ),
B(r,0) and ~(r, ), which are given by (38), (51) and (57), correspondingly, and substitute them in (9). As a result,
we establish the fictitious solution for the incident EM field in the shadow region for angles 6 > \/2ry/r:

Din cos ¢ r ; r
r — _Ewut 1 g 1(kr cos 0—krg In kr(1—cos 9)7wt) O 94 1992 60
<B;’“> ot (sin¢> ( + (1 — cos 9))6 +0(", r ), (60)
Dy cos ¢ Tg\ i , ; r
. - _E —1 g — 9 ik (r cos 0—rg In kr(l—cos 0)—wt) 10) 94 _.(]92 61
() - s () o2 v
D¢ — _Bu (— sin ¢> ei(kr cos 0—krg In kr(1—cos 0)—wt) + 0(6‘4, T_(]6.2) (62)
By Cos ¢ r

At the same time, the EM field produced by the Debye potential Iy of the incident wave (14) has the form [2]:

DO _
) _ Eou_l <C(?S Qb) s1n9(1 4 ( Tg ) ez(k(r cos 0—rgIn kr(l—cos 9))7(.015)7 (63)

sin ¢ r(1 —cosd)

sin ¢

‘
:
Dy cos ¢ Tg\ i(k(rcoso—ry Inkr(1—cos 6)) —wt)
_ EQU_I( . ) (COSQ— _q) et (rcosf—rgInkr(l—cosf))—w , (64)
é T
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(0) .
D?O) — By (- S1n z) ei(k(rcos 0—rgInkr(l—cos 9)),@)' (65)
B COS

@

The total field, in accord with (12), is given by the sum of (61)—(62) and (63)—(65). It is easy to see that this total
EM field in the shadow behind the Sun completely vanishes. However, tis is not yet a complete story: we recall that
in the case when gravity is involved, there are two waves that characterize the scattering process, namely the incident
wave (63)—(65) and the scattered wave, which was computed in [2] (see equations (49)—(50) therein) and is given as

(0) (0) 0

DG _ B¢ - £ cos ¢ T'g ei(k(rJrrg In kr(1—cos 0))+2007wt) D£ ) _ O(TQ) (66)
o)) o) 7% s 9rsin? ¢ ’ o] — 9/

By ) -Dy) ) sing/ 2rsin® 3 B )

To verify that the scattered field also vanishes in the shadow, we need to compute the total scattered EM field
in the shadow region behind the Sun. We do this similarly to the discussion of the incident field above, by adding
the corresponding components of the scattered field (66) and those of fictitious scattered fields induced by the solar
shadow (similar to the approach discussed in [26]). Using the results for the functions o (r, 8), 55 (r, 0) and v3(r, 0),
given by (43), (53) and (59), correspondingly, we compute the components of the fictitious scattered fields Dy, and
Bsc by substituting these functions in (9). Then, with the help of (12) we compute the total EM field behind the Sun
as Dg = D§°> + D¢ and B = B§0> + Bg.. This exercise allows us to verify that there is no scattered wave behind the
Sun, as expected.

This completes our investigation of the EM field in the solar geometric shadow region. We found that, in the
presence of gravity, the solar shadow occupies the heliocentric distances Re < r < R?/2r, ~ 547.8 AU and, because
of the gravitational deflection of light, it has the shape of a rotational hyperboloid whose boundary is determined
by (32). We found no coherently re-transmitted or scattered light in the solar geometric shadow region, which is
expected from the fully absorbing boundary conditions that we implemented in Sec. II precisely for this purpose.

IV. EM FIELD ON THE OPTICAL AXIS AND THE BRIGHT SPOT OF ARAGO

For practical applications of the SGL, we are interested in the EM field in the area directly behind the Sun [3]. Tt
is known that, in flat spacetime, the bright spot of Arago is formed exactly on the optical axis behind an obscuration
with a perfectly spherical boundary. This effect is a well-known manifestation of the wave nature of light. It is due the
diffraction of light waves on the edges or boundaries of the obscuration. We search for such an effect in the presence
of gravity, taking into account the related gravitational bending of light trajectories.

In flat spacetime, the bright spot of Arago forms under conditions consistent with the Fresnel approximation [8]
which are satisfied within the range of distances z < kR?D from the Sun, corresponding to heliocentric distances of
2z < 98 (1 pm/X) Mpe. One encounters this spot behind the sphere on the axis having the amplitude of the incident
wave. Once we take gravity into account, our region of interest is confined to the shadow region, extending from the
solar surface to 547.8 AU.

It is also known that the Fresnel diffraction mechanism responsible for the Arago spot is affected by the roughness
of the spherical boundary. For the Sun to exhibit such an effect, its surface roughness (the width of the Fresnel zone
surrounding the solar disk [27]) has to be on the order of §R ~ (R2 — Ar)Y/2 — R, ~ 10*\ for an Arago spot to form
at a distance of r ~ 100 AU, which clearly is not the case. The Sun is not a perfect sphere due to its oblate shape and
other deviations from spherical symmetry [28-30]. In addition, the solar corona, which is composed of a free electron
plasma, certainly is not stable on spatial scales of several hundreds of wavelengths (see [23] and references therein).
Thus, a study of the Arago spot in such conditions is of limited practical significance for the SGL (hence it was not
carried out in [5]). Nevertheless, it may be relevant to some applications in astronomy and astrophysics, especially
where longer wavelengths and strong gravitational fields are considered.

In Section III, we have shown that there is no light in the shadow. In the case of the gravitational deflection of
light, this shadow extends up to the heliocentric distance Ro < r < z9 = R2®/2rg ~ 547.8 AU. In this Section, we
consider the EM field in this region, which is characterized by Fresnel diffraction. Our objective is to determine the
EM field in the shadow of the Sun, especially on the optical axis of the SGL.

A. The Debye potential outside the shadow

The presence of the opaque Sun creates a spherical obscuration that blocks the rays of incident light with impact
parameters, 0 < b < R%. Thus, there are no light rays that can enter the shadow region. However, light rays that
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graze the Sun diffract on the edges of the solar disk into the shadow region, leading to the creation of the Arago spot
on the optical axis of the SGL.

We begin by examining the expression (12) together with (10). As these expressions suggest, the EM field outside
the Sun is induced by the Debye potential that, to (9(7‘3) has the form:

U 2041 U o=, 20+1
I(r,0) = — Eyg—— it e g (kp k) + E ¢ e 1) (kry kr) P (cos6). (67
(r,6) 05k2, e:;%* 1) ¢ (krg,kr) + O2k2r;Z f(f—i—l)e ¢ (krg,kr)P; " (cos®).  (67)

The first sum in this expression is the remaining part of the outgoing wave that continues to move forward towards
the larger values of z. The second wave is the incoming wave, which makes no contribution to the EM field on the
optical axis in the area of interest (see [5]). Therefore, we need to investigate the EM filed generated by the first term
n (67), which we call II§"%(r, ). Similarly to (17), we use the asymptotic behavior of the Hankel functions (11) and
present this potential in its asymptotic form as

= 2+1 et
ou _ zk r+rg In 2kr il 200+ = (1) 2
" (r,0) = —Eo—5 532, (r+ )é EkR* T 1)6 (200+ 14 )pg (cos ) + O(r2). (68)

As we have shown in [2], this is the potential that generates the EM field in the focal region of the SGL. Its
components are given by (9), together with a(r,0), 8(r,8) and v(r,8) from (6)—(8) with the potential II replaced by
115" (r, §). Besides being responsible for the EM field in the interference region of the SGL (see Fig. 1), this is the field
that may be responsible for the light that is diffracted into the shadow to generate the Arago spot. To investigate
this possibility, we need to compute the EM field generated by TI§"*(r, §). This can be done using the same approach
discussed in Sec. III, where we studied the EM field due to the shadow potential 6II8(r, 0). To that extent, we take
the TI§"¢(r, ) from (68) and develop analytical expressions for the factors a(r, ), 3(r,6) and (), which, to O(rg),
have the form

etk(r+rgIn2kr) . (20l+e(z+1)) 9 tkry (1)
o(r,0) = —FEp — Z_;%* (€4 1)e T {u “ D }PZ (cosb), (69)
=rie

ﬁ(ru 9) = EO

uetk(rtrgIn2kr) 20 g4 1 i(%ﬁugl)){aPe(l)(cos 0) ( L l+1) g ) Pe(l)(cos 0)
—_—m e i

ikr L(l+1) 00 2k2r2u2 - 2kr? }’ (70)

sin 6

(=kR;,
ueth(rtrgn2kr) 22 g4 L wern) (0P (cosd)  PY(cosh) We+1)  ir
) = fp—— e Lioe 4 ) 4 14 1— g (71
V(r,6) 0 ikr Py 0+ 1)6 { a0 T e ( 2222 2kr2)} (1)
- ©

We use these expressions to search for the light that may be diffracted by the sharp edges of a large circular
obscuration creating an interference pattern on the optical axis in the presence of gravity.

B. The function «(r,0) and the radial components of the EM field

It is known that, in the absence of gravity, diffraction of light by an opaque sphere causes the appearance of the
bright spot of Arago [31] within the Fresnel regime. We investigate if such a spot appears in the presence of gravity,
which causes light rays to focus at the distance of R2 &/2ry ~ 547.8 AU. The EM field in the shadow region is derived
from the Debye potential (18) and it is given by the factors a(r,0), B(r,0) and y(r,0) from (69)—(71). We begin with
the investigation of a(r,0), given by (69) as

ik(r+rg In2kr) e 15 .
e Y bt )Gt S P coso). (72)

0) = —F
a(r,6) 0 e (+1)
- ©

To evaluate expression (72) directly on the optical axis or, more broadly, for 0 < 6 ~ /2r,/r, we use the asymptotic
representation for Pl(l)(cos ) from [22, 24, 25], valid when £ — oo:
(+5

1) _ :
P, (cost) = " 9J1((€—|— 3)2sin 16). (73)
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This approximation may be used to transform (72) as

eik(rJrrg In2kr)

1\2(, 2
079 2 oo L Z (€+3) (u -
k2r? cos 50 Py

ikrg

a(r6) = - 0+1)

)i (3ot ) gy (04 )2sin 36). (74)

It is easy to see that for 6 = 0, a(r, §) vanishes. Therefore, even in the absence of gravity, when r, = 0, the radial
components of the EM field, (D,., B,.), cannot be responsible for the bright spot of Arago [31, 32]. This remains true
when the propagation of light is affected by gravity, when r4 # 0. Therefore, we turn our attention to the other two
components of the EM field, governed by the functions §(r, ) and ~(r, 6).

C. The functions 3(r,0) and ~(r,0) and the spot of Arago in the presence of gravity

In studying the solar shadow region, we consider rays with impact parameters 0 < b < R}, which correspond to the
partial momenta 1 < ¢ < kR%. We are concerned with the interaction of light with the surface of the sphere where
b = R}, which corresponds to o = kR . In this case, we may neglect terms oc ¢2/4k*r?u? ~ (R*/2r)? in (70)—(71),
as their contributions are very small, reaching 5.4 x 1076 at r = 1 AU. In addition, we may neglect the terms ir,/2kr?
in the functions §(r, 0) and ~(r,0) from (70) and (71), correspondingly. This allows us to present these functions as

B(r,0) =~(r,0) = A(r,0), (75)

where the function A(r, 0) is given as

etk(rtrgIn2kr) - 20 p 4 1 (2001510 { (?Pé(l)(cos 0) N Pé(l)(cos 9)}

ikr P LL+1) 00 sin 0

A(r,0) = E, (76)

To evaluate the magnitude of this function, we need to use the asymptotic behavior of the Legendre-polynomials

Pl(l)(cos 0) in the relevant regime [33], characterized by w = (£ + )6 being fixed and ¢ — co. These are given in the
following form:

(1) (1)
P, (cosh) dP, "’ (cosf)
S = L) () + Bw)), T = L+ 1) (o(w) — Ta(w)). (77)
Using the expressions (77), we transform (76) as follows:
eik(rJrrg In 2kr) o i (20, 1 £AD)
A(r,0) = Epy——r—— > (é—l—%)e( ot o )JO((€+%)9). (78)

l=kR7

Thus, we see that 5(r,0) and v(r,0) may be responsible for the bright spot of Arago, as neither of them vanish at
6 = 0. By replacing the sum in (78) with an integral, we have:

eik(r—i—rg In 2kr)

A(r,ﬁ) == EQ -

> i\ 20 2
- /Z ¢ (o0t 3452) 7, (09) e, (79)

=kR7,

The analysis of the EM field in the interference region of the SGL is based on the investigation of the refractive
properties of the gravitational field of the Sun. It tells nothing about diffraction of light by the spherical obscuration
in the presence of gravity. However, the same integral (78) also describes the diffraction of light on the boundaries of
a spherical obscuration. Evaluation of this integral for these purposes requires the tools of numerical analysis, as no
analytical solution to (78) is known. For this purpose, we present a set of useful approximations. We first examine
the total phase of this expression, ¢, which, by using expression for o, from (30) and taking £ ~ kb, may be given as

P ( R kb2)+(9( 2) (80)
= kr+ ——krjln—>~k(r+——r,In— ry).

4 2kr 97 2kr 2 9 9r 9

The terms in this expression have clear meaning: The first one is the classical phase due to a free-wave propagation
towards the image plane. The second term is the phase of the spherical wave obeying the Fresnel approximation,
which is used to describe the bright spot of Arago. The third term is new and is due to gravitational Shapiro delay.
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Evaluating expression (80) numerically for b = R, we see that within the shadow region, both of these terms are
about the same order of magnitude. However, at heliocentric distances r < r¢ ~ 20.3 AU, the phase (80) is dominated
by the first term due to the classical Fresnel diffraction. But then, after crossing 7y, the phase changes sign and, for
r > 20.3 AU, it becomes increasingly dominated by the second term due to the refraction of light in gravity. Such
a dominant behavior is because of the gravitational 1/r potential (2) whose presence is evident even at very large
distances from the gravitating sphere.

With result (80) we present (79) in the following identical form:

eik o i(ﬁ—kr lnﬁ)
A(r,0) = By / o (F—kra i 45) 1. (49) ede, (81)
Zk?" Z:kRé

where all three phase contributions, namely the phase shift due to the length of the propagation path, the phase shift
due to Fresnel diffraction, and the Shapiro phase shift due to gravity are clearly shown.
We first consider (81) in flat spacetime, i.e., by setting r, = 0, and evaluating the resulting integral by parts:

ikr kR*2 [e'S)

o0 . g2 . .
Ao(r,0) = EoS / ¢laRr Jo(€0)edt = Eoe””{ezTP Jo(kRL0) — 0 /
ikr (=kR, ¢=kR,

(UL )

Recognizing that for £0 — 0, the Bessel function J; (¢6) behaves as J1(£0) = 506 — £=£363 + O(£°6°), we keep only the
leading term for J; (¢6) and present the second term on the right hand side of (82) as below:

o0

%) ) o0 . k 2
9/ ¢i% Jy (00) de ~ %92/ et 0l ~ —i 20 it (83)
Y4

=kRp, (=kR}, 2r (=kR}’
where we used 6 = p/r and, for small angles, 7 ~ z, with z being the heliocentric distance to the image plane and
p being the distance from the optical axis on that plane. Clearly, (83) vanishes both when r increases and/or when
p — 0, approaching the optical axis. Therefore, this term may be neglected. As a result, (82) takes the form

*2

Ao(r,8) = Egexp {z‘k(r+ b;@ )]Jo(kRgo), (84)

r

which has the properties of the bright spot of Arago [31], describing the corresponding intensity distribution on the
image plane. Thus, we have established that our wave-optical treatment recovers the well-known features of diffraction
by the boundary of a spherical obscuration.

The same result may be obtained by using the approach relying on the scattering transfer function, n(¢), that
captures the interaction of light with the sphere. The normalized scattering function in this case has the from
n(l) = 0(¢ — kRY)ir/ R (which is consistent with [34, 35], which deals with the problems of nuclear scattering, and
[36] that deals with practical applications of the Arago spot in designing solar coronagraphs), where §(-) is Dirac’s
delta function, can be used to select the innermost impact parameter just outside the Sun, representing rays of light
that are diffracted by the edge of the solar disk. Using this scattering function, we perform the integration of (82) as

kR%2

/ n(z)ei% Jo(£0)¢dt = Ege™ e Jo (kR%0). (85)
0

ezkr

ikr

A(T‘, 9) = EO

Clearly, the result (85) is identical to (84). Using this expression for the functions S(r,60) and ~(r,0) in (9), we
compute the components of the corresponding EM field and verify that the Poynting vector of the EM field that is
responsible for the Arago spot has only one non-vanishing component, namely that along the z-axis:
. c p RY
shrwe — LR3I (2822 ). 86
z 87T 0“0 ﬂ-)\ 2 ( )

The light intensity distribution on the image plane resulted from (86) is consistent with that of the bright spot of
Arago (see [31, 32, 36] and references therein), thus confirming the know result [8].

Now we consider the same process, but in the presence of gravity. Unfortunately, it is not possible to analytically
integrate (81) in a general case for r, # 0; however, we can easily do this for § = 0, which is sufficient for our purposes.
Indeed, using the properties of the upper incomplete Gamma function, I'[a, 2], [11]. We integrate (81) for § = 0 as

A(r,0) = Eoe'™{ exp [m(};f? —r,In kig)} — e (T[1 — ikr,, —z’%] +ikryT[ = ikry, —z’k;g])}. (87)
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Given realistic values of the parameters involved (i.e., k, r, and Rg), the part containing the incomplete Gamma
function vanishes. As a result, (87) takes the form:

A(r,0) = Epexp {zk(r + };—E:?Q —rgln k];rg)} . (88)

Clearly, in the limit 7, — 0, the result (88) reduces to (84), taken on-axis. Thus, we see that apart from an additional
gravity-induced phase shift, the Arago spot appears, as expected, in the shadow region. To integrate (81) in the
general case, we may use the approach relying on the scattering function 7(¢) that was discussed above, which yields

eik o'} ; 2 . ni . R*2 kR*? .
Ar,0) = Eo— /0 n(0)e! (35 ko 452) 1o (09) 0t = By exp [m(r+2—f—rg In —C )}JO(kRQH). (89)

Thus, although in the presence of gravity, the Arago spot acquires an additional large phase shift, its magnitude
remains unchanged. The intensity distribution of the EM field in the shadow on the optical axis behind the large
opaque spherical obscuration is still given by (86). These results consistent with the approach relying on the sharp
boundary of an opaque sphere. A more refined modeling of the interaction of the EM wave with the surface of the
sphere is possible using methods discussed in [33, 34, 37]. However, this is beyond the scope of this paper.

For completeness, we mention that the EM field in the interference region of the SGL, for r > R2®/2r9 = 547.8 AU,
was studied in [2] (see, (121) therein). In that case, the integral (81) was evaluated by using the method of stationary
phase with the functions 8(r,0) = v(r,0) = AseL(r, 8) were obtained in the form

27k 3 -
Ase(r,0) = Eo(l_:f;fm)z‘]o(kwﬂrgrﬁ)elkr. (90)

This expression describes the properties of the only non-vanishing component of the Poynting vector along the z-axis,
S, which, from (90), together with k = 27/X and 6 = p/z, is given as (see [2] for details)

_c oy 472 Tg 9 p |2rg
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This expression summarizes the optical properties of the SGL in its interference region providing the means to describe
its major signal amplification and significant angular resolution [2]. As evident from (91), the largest amplification of
the SGL occurs on the z axis (i.e., with p = 0), where no other fields are present. This is a somewhat intuitive result,
but, nevertheless, now we have provided a confirmation for this fact relying on the wave-optical treatment.

V. DISCUSSION AND CONCLUSIONS

We investigated the EM field in the shadow cast by a large gravitating sphere and developed a wave-optical
treatment of this problem. The results obtained here are relevant to our ongoing work on the imaging with the SGL
[2-4]. These results are also relevant to some other practical applications, such as Rutherford scattering microscopy
[38] where one encounters similar potentials in addressing the scattering of focused beams in a refractive medium.
Thus, description of the shadow in the case of a repulsive Coulomb potential (i.e., the gravitational field produced by
a relativistic mass-monopole (2)) presented here has an immediate practical value in describing the beam diffraction
pattern for light as well as other massless particles.

However, our primary motivation is the study of the optical properties of the SGL and especially its potential for
high-resolution imaging and spectroscopy of exoplanets. In this regard, we have demonstrated that the fully absorbing
boundary conditions introduced in Sec. I allow for a proper description of the shadow region behind the Sun. We
have shown that, in the presence of gravity, light rays are bent towards the Sun and the resulting solar shadow has
the shape of the rotational hyperboloid. We have also shown that there is no light in the shadow region, except for
that diffracted by the sharp boundary of a large spherical obscuration to form the bright spot of Arago within the
shadow of the SGL on its optical axis. Furthermore, in the presence of gravity, the total EM field in the interference
region is given solely by the incident light, which is deflected by the solar gravity towards the optical axis where it
forms a caustic, thereby significantly amplifying the intensity of the incident light, as discussed in [2].

Our next steps involve investigation of the effect of the solar plasma (using, for instance, the approach developed
in [23]) and of the solar non-sphericity and optical properties of the caustic formed by the gravitational field of the
extended Sun. These topics are currently being investigated; results, once available, will be reported elsewhere.
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