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Determining mass distribution in the spacetime = one of the fundamental problems of astronomy

Most methods known use gravity

Two possibilities

1. Use the motions of test bodies in the gravitational field

2. Use the impact of gravity on light propagation - gravitational light bending, lensing,
Shapiro delays...

Idea: new, very direct method of measuring the amount of matter along the line of sight using 2.

Based on simultaneous measurement of the parallax and: either the apparent size of an object
(standard ruler) or the apparent luminosity of that object (standard candle)

Possible application: dark and ordinary matter mapping, cosmological isotropy tests, ...
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* Matter present along the line of sight = gravitational light bending. Both distance measurements
affected, but affected differently!

y a’ S A—— Dpar > Dang

* Objects appear further away when the distance is measured by parallax than by the angular size!

o Claim: the difference measures the amount of matter along the LOS between J’and (@
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o Dang =

bT j e 0 Dpar =
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What about light bending by matter off the line of sight?

What about the motions of the source and the observer and the special relativistic effects (time
dilation, stellar aberration...)?

Directional dependence of the effect: need to consider 2D angles and displacements

Need of a fully relativistic theory! (all GR and SR effects)
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M. Grasso, MK, J. Serbenta, Geometric optics in general relativity using bilocal operators,

Phys. Rev. D 99, 064038 (2019) (Editors’ suggestion)




Light propagation effects

A 0X©O

[+Adlo| ¥

[+ Adlgo—%




Light propagation effects

) :L’ég A (S.X(C)

Ko M 7 vV S0 /
AL = 618 +TH, (O)1” 525 I+ Alo| /

[+ Adlgo—%




Light propagation effects

M
ox O

Ko M 7 vV S0 /
AL = 618 +TH, (O)1” 525 I+ Alo| /

[+ Alg

-
-----
-

A 0X©O

\

vlvlgu _ R#aﬁy ]« Z'B 61/ — 0

HAo) = (5:1:/(19'
Vgt (No) = Alp,



Light propagation effects

M
ox O

Ko M 7 vV S0 /
Al = 0l + T, (0) 1" 02 Z+Al(9

[+ Alg

-
-----
-

A 0X©O

vlvlé'll _ R/»LQBI/ l(} l3 »1/ — 0

HAo) = (5:1:/(19'
Vgt (No) = Alp,

(5.’1:’2 = f“()\g)
Alg — ng'u'()\g)



Light propagation effects

dxt
° /R oxo
Aly, = 0l + T, (0) 1Y 6y, l+A l@ /'x
5:1;’5‘
_____ Al
[+ Alg -

ViVigt = RM 1017 ¢V =0

HAo) = (5:1:/(1,')
Vgt (No) = Alp,

dxle = E*(Xg)

Alg — ng'u'()\g)

Wl 52% + Wyt ALY
‘/Vla:'u,/ (5.’17’(/9 + I/Vll#,/ A[’é



Light propagation effects

M
ox O

o = 0l H vV §n0
Al = 0l + T, (0) 1" 02 Z+Al@

[+ Al

-
-----
-

A (3)6(9

\

5:1;’5‘
Al’g

lezf'u B R'LLQ,BI/ l(l’ lﬁ §V =0
&' Ao) = (5:1;/(1,')

Vig' (o) = Al
St = " (\e)

W.’I}.’L‘MU 5(131(/9 -+ VVLL‘IMI/ AI(UQ
I/Vla:'u,/ (5.’17’(/9 -+ I/V”/iu AII(/D



Light propagation effects

Szl
° A 0Xo Am, —RM o 1%1° A7, =0
A['é - (Sl’é) -+ F'“VU(O) Y (5.’1:% l+ A l@ '/:‘ A;_Ll/()\(,)) _ 5;11/

A,U-U ()‘O> =0

\ M/xwﬂ-u — AMV(AS)

Wi, = A", (\e)

74

oxe = Wy, dxp + Wyt', Alg
l+A lg _______ Alg = I/Vlw'uu (5.’17’(/9 + I/Vll#,/ A[’é




Light propagation effects

M
ox O

lL — M IJ v /:0 ,4
Al = 8l + T, (0) 1Y 627, 1+ Alo| £

[+ Al

-
-----
-

A (3)6(9

\

5:1;’5‘
Al’g

B#I/ o R,LL p
Bul/()‘O) =0

BMU(AO) = (S'UI/

l(l’ ls BUI/ _ 0

Wll'u’/ - B'u‘z/()‘g)
W', = B, (Ae)

W.’I}.’L‘MU 5(131(/9 -+ VVLL‘IMI/ AI(UQ
I/Vla:'u,/ (5.’17’(/9 -+ I/V”/iu AII(/D



Light propagation effects

ol ) (
(S.I/O A 6_X(9 B/LU _ R/LQ'BO [« [3 BUU — 0
Al = 51k + T, (O) 1Y 528, [+ Adlo B¥,(Ao) =0

BY,(Ao) = 0",

Wl;cuz/ — B#‘I/()‘g)
Wi, = B*,(Xe)

oy = Wyt dxp + Wy, Alg
AlL = W P dx¥ + Wit AlY
_______ g lx v O [l vV O
[+ Alg
l 8 Bilocal geodesic operators (bitensors)
(Synge 1960, DeWitt&Brehme 1960, Dixon 1970, Vines 2015,
\ \ Flanagan et al 2018, Fleury 2014, Uzun 2018...)




Light propagation effects

ol (
(S.I/O A 6_X(9 B/LU _ R/LQ'BO [« [3 BUU — 0
Al = 51k + T, (O) 1Y 528, [+ Adlo B¥,(Ao) =0

BY,(Ao) = 0",

Wl;cuz/ — B#‘I/()‘g)
Wi, = B*,(Xe)

oy = Wyt dxp + Wy, Alg
AlL = W..* dx% + Wyt AlY
_______ E lx v O Y, O
[+ Alg
l 8 Bilocal geodesic operators (bitensors)
(Synge 1960, DeWitt&Brehme 1960, Dixon 1970, Vines 2015,
\ \ Flanagan et al 2018, Fleury 2014, Uzun 2018...)
Nonlinear functionals of the curvature tensor
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/\ Flat light cones approximation (FLA)

geodesic deviation equation
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Flat light cones approximation

ox 1o, = ox Iy,

No transverse Romer delays

Parallel rays approximation

A
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No perspective distortions

Applicability
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Displacement formulas

QZAB Alg = 5x§ — 5)?% — mAﬂ 5xg
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where
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vanishes in a flat space!
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Both observer and emitter in bound systems

Barycenters in free fall

Question: parallax without the aberration effects

barycenter drift parallax
(linear) (periodic)
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Very small effects (unless for cosmological distances) (E. Villa, MK)
On the galactic scale (D =30 kpc, p =102 Mo pc3-1 Mo pcd) u=106-104
On cosmological scales (MK, E. Villa): U= %Qmo 22+ 0(2°)
uz=1=022 (ACDM Q, =0.69, Qm, =031, Q =0)

Requires simultaneous measurement of parallax as well as Dang t0 an object

Either a standard ruler or a standard candle
-2
Dang — l)lum(1 + Z)
Requires many sources to increase the S/N

Measurements of the annual parallax on cosmological scales impossible today

...but we may use the motion of the LC wrt CMB frame in the future [Kardashev 1986,
Rasanen 2014, Quercellini et al 2012, Marcori et al 2018], effects borderline visible
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Still:
Conceptually simple

The only observable so insensitive to external gravitational perturbations
and peculiar motions (meaning: no systematics due to tidal distortions or peculiar motions!)

Tomography-like measurement

Similar ideas before:

McCrea 1935 - parallax distance in FLRW metric carries additional information
Weinberg 1970 - parallax distance in FLRW metric determines k = 0,1,-1
Kasai 1988, Rosquist 1988 - parallax distance in FLRW (+ perturbations)

Rasanen 2014 - parallax distance vs. luminosity distance as consistency test of FLRW
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Future plans and projects

Cosmological applications of u (with E. Villa)

Tests of spacetime isotropy
Local dark matter mapping

Determination of cosmological parameters

Parallax and drifts in the Schwarzschild (and Kerr?) spacetime: observations of
free-falling objects in those spacetimes (J. Serbenta)

Numerical applications: ray-tracing and ¥’ in numerical spacetimes (M. Grasso)

Redshift-based observables, generalised reciprocity relations

Thank you!
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