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Based on papers:

M. Grasso, MK, J. Serbenta, Geometric optics in general relativity using bilocal operators, Phys. Rev. D 99, 064038 (2019)

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable, Phys. Rev. D 101,
063506 (2020)

MK, J. Serbenta, Testing the null energy condition with precise distant measurements, Phys. Rev. D 105, 084017 (2022)
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Distance measures in GR

Luminosity distance

flat spacetime, no relative motion
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F =
4 D?

general spacetime

[ 1
lum AnF [ [ 0> “0> *&

Related to the angular diameter distance via the Etherington’s reciprocity relation

Dy, = (1 +2)° D, [Etherington 1933, Penrose 1966, ... Uzun 2019]



Angular diameter distance

Expressing the distance measures using curvature

Main tool: geodesic deviation equation around a null geodesic
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Parallax distance

Expressing the distance measures using curvature
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Parallax distance

Expressing the distance measures using curvature
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Expressing the distance measures using curvature
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Distance slip

det I14,
det M4,

Define a scalar quantity u=1

Expressed via distance measures

2

lum

2
D par

u=1-0+2™"

Vanishes in a flat spacetime

XE

p=1—det (5% +m?y) =1 —det(Wyyx"p)

U
Frames-independent u=u(é,0,y) no C vaf or A

Ty(D) (Ag — 1) dA+ OR?)

. S 387G (¢
Short distance approximation: u =

4
¢ 9



Distance slip

Magnitude of the effect locally:

negligible pressure (dust) " = p UFUY



Distance slip

Magnitude of the effect locally:

negligible pressure (dust) " = p UFUY

82G 7 o
p=—| P = rydr
¢ Jo



Distance slip

Magnitude of the effect locally:

negligible pressure (dust) " = p UFUY
82G 7 L 47G p(0
h=— [p(r)(r—r)dr = 32900) 24 o)
c? ), c?



Distance slip

Magnitude of the effect locally:

negligible pressure (dust) " = p UFUY
872G (' 472G p(0
h=— [p(r’)(r—r')dr’ = 32900) 24 o)
c? ), c?

Galactic scales

mass density of the thin disc of the Milky Way — p =~ 1 M pc™!

most distant trigonometric parallax measured r ~ 20kpc



Distance slip

Magnitude of the effect locally:

negligible pressure (dust) " = p UFUY
872G (' 472G p(0
h=— [p(r’)(r—r')dr’ = 32900) 24 o)
c? ), c?

Galactic scales

mass density of the thin disc of the Milky Way — p =~ 1 M pc™!

most distant trigonometric parallax measured r ~ 20kpc

ur~2-1074



U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

10




U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

Measurements of the annual parallax on cosmological scales impossible today

10




U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

Measurements of the annual parallax on cosmological scales impossible today

...but we may use the motion of the Solar System wrt CMB frame in the future [Kardashev 1986,
Rosquist 1988, Kasai 1988, Rasanen 2014, Quercellini et al 2012, Marcori et al 2018], 78AU/year

10



U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

Measurements of the annual parallax on cosmological scales impossible today

...but we may use the motion of the Solar System wrt CMB frame in the future [Kardashev 1986,
Rosquist 1988, Kasai 1988, Rasanen 2014, Quercellini et al 2012, Marcori et al 2018], 78AU/year

Need sources for which two methods of distance determination are possible (+ big sample)

10



U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

Measurements of the annual parallax on cosmological scales impossible today

...but we may use the motion of the Solar System wrt CMB frame in the future [Kardashev 1986,
Rosquist 1988, Kasai 1988, Rasanen 2014, Quercellini et al 2012, Marcori et al 2018], 78AU/year

Need sources for which two methods of distance determination are possible (+ big sample)

SN1a + host galaxy identification Dy, 2, D

par

10



U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

Measurements of the annual parallax on cosmological scales impossible today

...but we may use the motion of the Solar System wrt CMB frame in the future [Kardashev 1986,
Rosquist 1988, Kasai 1988, Rasanen 2014, Quercellini et al 2012, Marcori et al 2018], 78AU/year

Need sources for which two methods of distance determination are possible (+ big sample)

SN1a + host galaxy identification Dy, 2, D

par

quasars as standard candles [Panda et al 2018; Risalti & Lusso 2018]
Dlum’ <y D

par

10



U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

Measurements of the annual parallax on cosmological scales impossible today

...but we may use the motion of the Solar System wrt CMB frame in the future [Kardashev 1986,
Rosquist 1988, Kasai 1988, Rasanen 2014, Quercellini et al 2012, Marcori et al 2018], 78AU/year

Need sources for which two methods of distance determination are possible (+ big sample)

SN1a + host galaxy identification Dy, 2, D

par

quasars as standard candles [Panda et al 2018; Risalti & Lusso 2018]
Dlum’ <y D

par

quasars as standard rulers (reverberation mapping + interferometry) [Sturm et al (GRAVITY
collab.) 2018, Elvis & Karovska 2002, Panda et al 2019] D D

ang°® ~par

10



U in cosmology

MK, E. Villa, Geometric optics in relativistic cosmology: New formulation and a new observable,
Phys. Rev. D 101, 063506 (2020)

Measurements of the annual parallax on cosmological scales impossible today

...but we may use the motion of the Solar System wrt CMB frame in the future [Kardashev 1986,
Rosquist 1988, Kasai 1988, Rasanen 2014, Quercellini et al 2012, Marcori et al 2018], 78AU/year

Need sources for which two methods of distance determination are possible (+ big sample)

SN1a + host galaxy identification Dy, 2, D

par

quasars as standard candles [Panda et al 2018; Risalti & Lusso 2018]
Dlum’ <y D

par

quasars as standard rulers (reverberation mapping + interferometry) [Sturm et al (GRAVITY
collab.) 2018, Elvis & Karovska 2002, Panda et al 2019] D D

ang°® ~par

Assume this measurement is possible. Signal? What can we learn?
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u in FLRW spacetime
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u in FLRW spacetime
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U in cosmology

Low redshift expansion
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Low redshift expansion
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U in cosmology

Low redshift expansion
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u In cosmology

Low redshift expansion

1

()—39 2+ Q
'MZ_Z m0 < N

dimensionless /it vs dimensionless z = no Hy

leading order term gives a measurement of 2,0

independent from any other measurements
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i VS Dy, diagram

3 5
u(D,,,) = EQ’"O H; Dz, + EQ’"" H;y D,,, + O(Dy,,)

ang

471' GIOO

bypassing z as observable

leading order term gives a measurement of po
both quantities independent of us!
diagram insensitive to the peculiar motions of the sources! No redshift space distortions.

potentially very robust measurement, independent from others
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Distance inequality

Recall that:

It T, " 1¥ > 0, we have initially 4 > 0

— Dpar 2 Dang

This can be extended to a general, non-perturbative result

Ag
J T, " I" (A — 1) dA + O(Riemann®)

X¢&

0

Xo

M. K., J. Serbenta, ,, Testing the null energy condition with precise distance measurements”, Phys.

Rev. D 105, 084017 (2022)
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Distance inequality

Infinitesimal bundles of null rays

fA(/l) — WXLAB(/I) szB(/I@) fA(/l) — WXXAB(/I) 53(/1@)

Alternative description

1
V,EAA) = BAA(A) EC (D) Bsp = 59 Osp + Oap) + Dpap « =0
Singular points of bundles Focal point:
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Distance inequality

Theorem:

« NEC holds, i.e. R, [F]* >0

 The bundle of rays parallel at © has no singular
points between & and ©

then
° Dpar > Dang

e Moreover, D

ar = Dang iff no Ricci focusing or Weyl focusing

along the way, i.e.

R, FIP=0

wpl 17 =0
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Theorem:

« NEC holds, i.e. R, [F]* >0

 The bundle of rays parallel at © has no singular
points between & and © u

then N

Xo

° Dpar > Dang

e Moreover, D

ar = Dang iff no Ricci focusing or Weyl focusing

Xe

along the way, i.e.

R, FIP=0

wpl 17 =0

If NEC holds, then both Ricci focusing and Weyl shear cause D,,,. > D, , at least up to

the first focal point counting from ©
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Idea of the proof: relate /1 to the gravitational focusing of rays

_ A _
p=1—det(Wyy)"p=1- D2 up to the first focal point

For the bundle parallel at © we have:

A(%) = det (Wyx)*5(4) - A(dy)

A(A)
p=1-
A(4p)
ODE for A(4)
dA *
— = A O = A =A,) exp < J 0(4) dA up to the first focal point
Ao
do 0°

=—— —oup0’ =R, = 0(2) <0

dr 2 up to the first focal point
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Distance inequality

o Alternative baseline averaging via the trace of HAB [Rasédnen 2014, Rosquist 1988, Ellis et

al 1971..]: ,
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Distance inequality

o Alternative baseline averaging via the trace of HAB [Rasédnen 2014, Rosquist 1988, Ellis et

al 1971..]: ,

par —
14,
There is a similar theorem asserting that ﬁpar > D, if ©and & sufficiently close
Cpuwp " I¥ = 0, no shear = all parallax distance definitions equivalent, inequality works for all

However for a single baseline-based parallax distance the inequality may fail if Weyl large enough

Past the first focal point the inequality may not hold even if NEC holds

?gggg A} J. Serbenta, M. K., Class. Quantum Grav. 39 155002 (2022)
| — D
3000 ' par
1000 | :\ Dang
300 :
100 | |
10 :
8 I
6 I
* I — ¥ Schwarzschild metric
2 L
T .
70 140 210 280 350 T [l’s]
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Focal points are located very far away (except strongly lensed regions)
Milky Way gravitational potential: 1-10 Mpc at least

Restriction probably not that important

Precision of distance measurement required seems like a bigger problem

[Rasanen 2014] - proposed consistency tests of FLRW metric based on comparison
of D,,,and D,

We propose a simple test of NEC + light propagation in GR: the sign of the

difference between D,,,.and D, ,

Wrong sign would be difficult to explain within GR as we understand it today
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Summary

In GR parallax distance Dpa,, is different from angular diameter

distance Dang (and the related luminosity distance D, ,, )

Their relative difference i (distance slip) carries information about
the matter density along the line of sight. Very small effect though.

Kinematic invariance of u

Sign of u related directly to the null energy condition (NEC)

Thank you!
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