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Lensing effects can be studied both for weak and strong lensing

Weak lensing: Deflections are about 1-2 arcseconds

Strong lensing : 30 arcseconds or more
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The factor of 2
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Now light propagates at zero eigentime, ds = 0, from which we gain

1 20
n=c/c = ~1——.

¢’ is lower than in vacuum.



The light speed in the gravitational field is thus

where we have used that ®/c? < 1 by assumption. The index of refraction is thus

s B
/ n|Z(l)]|dl, 5 / n[Z(1)]dl =0 .
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The lens geometry
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1/b" corrections to lensing for discrete and continuous mass distribu-
tions in GR
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Costantini, Delle Rose, DellAtti, C.C.




cLassicat LENSING ¢ da¥ dz” _
H2d\ d ’

with A an affine parameter of the geodesic. The equations of motion can be separated in the form

oMY dt ,do do
(l_r)d/\_E "ot =Y

By setting U= with u denoting the impact parameter (u = by,).

the geodesic equation becomes
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ro is the point of closest radial approach between the source and the beam

extremum condition dr/d\ =0



with g = ro/(2M) gives
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/232/3 : Maglio, Serino C.C.
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a singularity located at by, = 3/2v/3 =15 (i.e. zo = 3/2),



Oa(zo) = —m — 4 F (d(z0), A(z0)) L(0) The two factors are imaginary,
Their product is real for x0 >3/2

P = [
, 0 V11— A2sin?6 elliptic integral

do(zo) = Arcsin(r(zo)),
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Plot of by versus zg, showing the singularity at the position of the photon sphere for oy = 3/2.



Oa(zy) =4 QYﬂ [F (%,re) —F (Arcsin (\/5\/63202_:2;2_6) ,n)] — T

—2z9+Y +6
Y = Azo— 1)(z0+3), k= 2 .
2Y
Alternative formula The nature of the singularity around z¢ = 3/2 can be easily worked out

by setting xg = 3/2+€
04(3/2+€¢) ~ —4F (Arcsin (%) ,1) — 7+ log(324) — 2loge
—  0.00523507 — 2log

which proves to be logarithmically divergent as the beam approaches the photon sphere (¢ — 0).



Weak field
limit
The weak field expansion,valid for zg > 3/2, obtained from the elliptic solution, takes the form

2 15 \ 1 .
B4(zq) = zo - ( 1+ 16%) 22 + O(1/z3).
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The deflection angle as a function of the impact parameter in the classical GR solution.



We are looking for a method to incorporate quantum effects in a classical Lens equation

(Costantini, Delle Rose, dellAtti. CC., JHEP 2015)

RADIATIVE LENS EQUATION

Suggestion:
Compute the quantum corrections to the deflection of a particle,
for scatterings characterised by a certain impact parameter (b)

b
2GM

br () by, =

Insert a(bh) into the lens equations
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Fig. 1. Pion loop contributions to the yyg vertex.
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2m1bdb = 2mwo ()1 sin 6d0

b |db| do
sinfldol — dQ°

The expression above defines a differential equation for the impact parameter whose solution relates b
to 6, the classical angle of deflection. This allows a comparison between the two approaches, giving a

deflection which is in agreement with Einsten’s prediction in the case of weak lensing.




STRUCTURE OF THE COMPUTATION

o

METRIC FLUCTUATIONS

GRAVITATIONAL

SCATTERING

QUANTUM CORRECTIONS



The study of these cross sections can be used to derive generalized corrections

to Einstein’s formula for the angular deflection, which becomes energy dependent.

The approach can be applied to any quantum correction to the propagation of

fields in a gravitational background, also with dynamical gravity.



The Standard Model Lagrangian in a gravitational background: the
fermion sector

S =8sm+ Sg + S1
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D, =0,+ A, +Q,, with A, denoting the gauge field.

1
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T = u(p2) V¥ u(p1),

i(p1) = Nu(p1), Ni=\/%{,‘, a(p)u(pr) = 1,




COMPUTING THE CROSS SECTION
GRAVITATIONAL SOURCE
K
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the EMT of the external localized source, defining S, given by

Gr(z,y) = 411r 0(zo _Ig:g — %) Retarded propagator
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with £ = m?/ 112 and pj the 3-momentum of the incoming fermion.
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The semiclassical relation at Born level

The integration constant can be fixed by the condition that b(f4) approaches the classical GR

solution as by, goes to infinity.

equivalently




2
) FO(z,6)sin6

)
s 2

(2 + z)?
sin®(%)

b%(0) = (GM)? ( +2(4 + 3z) log (sin(g))) :

In the small 0 limit we get the relations

4 2 ‘
b~ GM (5 + % +(1+ ;)OIOgO) + O(z*0log 6) + O(8),

9=0, ~ 4GM Angular deflection, in agreement with
- b Einstein’s formula



SUMMARY OF BORN LEVEL CROSS SECTIONS
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PHOTON LENSING (Born)
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term of improvement
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CONCLUSIONS

The inclusions of quantum effects in the context of scattering in the presence of a black hole takes to a
violation of the equivalence principle.

It is possible to device a formalism which allows to generalize the concept
of classical propagation
of a photon or
a neutrino. The deflection is energy dependent.

For mini black holes it allows to investigate femtolensing processes.



