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Motivation

Optical drift effects = small changes of apparent position, redshift etc. of
distant sources

Very small on cosmological scales

t()b.s 10 ys
Ly 1.4-101%0 VS

Redshift dz/dt drift gives H(z) (Sandage 1962, Loeb 1998, ...)

Position drift d9#/dt (cosmic parallax) probes large scale flows and inhomogeneities
(Quercellini et al 2009, Fontanini et al 2009, Krasinski, Bolejko 2012 ...)

Observations: Gaia (position drift of 10° quasars), E-ELT (redshift drift via Ly-alpha
forest on distant quasars), SKA ...

Quercellini et al “Real-time cosmology” Phys. Rept. 521 (2012) 95
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Motivation

FLRWV without perturbation (non-rotating frame, cosmic flow observer and
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Propagation through inhomogeneous spacetime
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Propagation through inhomogeneous spacetime
® time-dependent light bending

® time-dependent lensing

® redshift change due to propagation (ISWV effect etc.)

Peculiar motions of the emitter and observer
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Motivation

Need for a general formalism for optical drift effects in GR
(applicable to any emitter and observer in any spacetime)

Exact

Covariant (any coordinate system)

Observer-independent

Separate the dependence on the emitter’s and observer’s peculiar motions
and on the spacetime geometry

no need to relate to a cosmological flow !

Main tool: null GDE

Extension of the Sachs formalism (Sachs 1961, Etherington 1930’s, Ehlers...)
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General expression for drift effects
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General expression for drift effects
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® Separate the light propagation effects from motion effects
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Geodesic deviation equation A\ = const

Gle)! = VY, — RY, o0 p™ €7 =0
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Geometry

Geodesic deviation equation A\ = const
) e L - X 3
g[é]“ = VPVP£, o R#uaﬁ pl/p l §" =0

® null geodesics

Prpn=0  V,t'p, =0

|[ESC Cargese, May 2018 7 M. Korzynski, “Optical drift effects in cosmology...”



Geometry

Geodesic deviation equation A\ = const
g[é.]” = vapglt o RNU(}B pl/ p(l 63 =0

® null geodesics

p" pPp =70 Vpé'“ pu =0

|[ESC Cargese, May 2018 7 M. Korzynski, “Optical drift effects in cosmology...”



Geometry

A\ = const

Geodesic deviation equation
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® null geodesics
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Geometry

A\ = const

Moduli space, perpendicular space

® adding C - p* is pure gauge

|dea: consider the moduli space

identifying vectors differing by C - p#

define ToM / p

® orthogonally displaced null geodesics
&Hp, =0 identifying vectors differing by C - p#
define perpendicular space @ = p+/p

space of null geodesics displaced orthogonally to p*
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Geometry

A\ = const

Moduli space, perpendicular space

® adding C - p* is pure gauge

|dea: consider the moduli space

identifying vectors differing by C - p#

define ToM / p

® orthogonally displaced null geodesics
'8 p, =0 identifying vectors differing by C - p#
define perpendicular space @ = p+/p

space of null geodesics displaced orthogonally to p*

P inherits an observer-independent metric

® makes the formalism observer-invariant
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Geometry

Perpendicular space . .
® orthogonally displaced null geodesics

gll Pu =
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notions of simultaneity
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Perpendicular space & . .
® orthogonally displaced null geodesics
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Different observers u and v = different

notions of simultaneity

= different screen spaces

=> screen spaces punctured by light rays at different points

Yet, the distances measured to a given light rays (+ angles) are the same
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Geometry

Perpendicular space & . .
® orthogonally displaced null geodesics

5“ Pu = 0

Different observers u and v = different

notions of simultaneity

= different screen spaces

=> screen spaces punctured by light rays at different points

Yet, the distances measured to a given light rays (+ angles) are the same

d(&) = Z4B §A EB &
7% X
1 P 1 Y0
&2
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Geometry

Perpendicular space & . .
® orthogonally displaced null geodesics

6/1 Pu = 0

Different observers u and v = different

notions of simultaneity

= different screen spaces

=> screen spaces punctured by light rays at different points

Yet, the distances measured to a given light rays (+ angles) are the same

d(&) — 94B fA 53 '3
7% X
1 P 1 Y0
&2

P = identification of screen spaces of all observers
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Geometry

Working in a parallel propagated frame

semi-null frame (u, e, e2, p)

g(u, u)=-1 g(ea, eB) = 0B
gp,p)=0 g(ea, u) =0
g(u, p) = const glea,p)=10
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semi-null frame (u, e, e2, p)
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Geometry

Working in a parallel propagated frame

semi-null frame (u, e, e2, p)

g(ea, eB) = 0B

g(l/t, l/t) =-1
gp,p)=0 g(ea, u) =0
g(u, p) = const glea,p)=10

- " 3
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Geometry

Working in a parallel propagated frame

semi-null frame (u, e, e2, p)

go(u, u)=-1 g(ea, eB) = 0aB
gp,p)=0 g(ea, u) =0
g(u, p) = const glea,p)=10 '
Sl RH' o B ev 0 g 70
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Geometry

Jacobi operator DA4p
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Geometry

Jacobi operator DA4p
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Geometry

Jacobi operator DA4p

® ):Po— P¢g

&N =D (N Ve (o)
® given by ODFE’s
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Geometry

Jacobi operator DA4p

® ):Po— Pg
E4(N) = DU5(N) V€' (No)
® given by ODFE’s

)
d~

d\?

A A v o O
D B—R vaC P P D B:O

DA (No) = 0

d _,
d—)\D“B(/\O) = &5

® defined by spacetime geometry (observer-
independent)
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Geometry

Jacobi operator DA4p

® ):Po— P¢g

&N =D (N Ve (o)
® given by ODFE’s

Dp(Xo) = 0
—~ D5 (No) = &

® defined by spacetime geometry (observer-
independent)

® gravitational lensing
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Geometry

Jacobi operator DA4p

® ):Po— P¢g

&N =D (N Ve (o)
® given by ODFE’s

d* ; o
DY — R 1 DO =0
D5 (No) = 0
d _, |
JD“B (No) = 65

® defined by spacetime geometry (observer-
independent)

® gravitational lensing

® area, luminosity distances

1/2

Da“g - (p“ ug) |det ,DAB ()‘5)| Dlu'm. - Du-ng(l + 2)2
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Geometry

Emitter-observer asymmetry operator m4,
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Geometry

Emitter-observer asymmetry operator m4,

DAL 628 = —0iH — m?p ol

® mapping m: ToM / p — Ps
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Geometry

Emitter-observer asymmetry operator m4,

DAL 65 = —0ip —m? g ozl

® mapping m: ToM / p — Ps

. ’ d2
® given by ODE’s e mA, = R4 gpp® P mPB, = R 5 ™’
'm,Ay()\o) =0
d

A
" x(Ao) = 0.
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Geometry

Emitter-observer asymmetry operator m4,

DAB 5:1':?) = —J:i'é — mAB 5:1:5
® mapping m: ToM / p — Ps
. ) -
o given b)’ ODPF’s % 'm.A“ - RAaﬂB p* pﬁ 'm.B“ o RAOB# p* pﬁ
'm,Ay(/\o) =0
d
Y m?,(\o) = 0.

® defined by spacetime geometry (observer-independent)
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Geometry

Emitter-observer asymmetry operator m4,

DAB 5:1':?) = —J:i'é - mAB 5:1:5

® mapping m: ToM / p — Ps

. 2
® given b)’ ODEF’s % 'm.“‘“ — RAaﬂB p° PP 'm.B“ — RAQB“ P p?
'mAy(/\o) =0
d
5 'm.A”()\o) = 0.

® defined by spacetime geometry (observer-independent)

® parallax
DP‘”’ - Da.'n.g Idet ((SAB + m'AB) ‘_1/2
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Geometry

Geometric setup
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Geometry

Geometric setup

® null surface spanned by connecting null geodesics

O

X0O

y
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Geometry

Geometric setup

® null surface spanned by connecting null geodesics

® main tool: observation time vector X*

X0O

y
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Geometry

Geometric setup

® null surface spanned by connecting null geodesics

® main tool: observation time vector X*

LX) =0
X (A\p) = lllé) Ulg
L 1 L
XH(Aeg) = T Uy
XO

y

|[ESC Cargese, May 2018 13 M. Korzynski, “Optical drift effects in cosmology...”



Geometry

Geometric setup

® null surface spanned by connecting null geodesics

® main tool: observation time vector X*

GIX]* =0
X (A\p) = “lé) Ulg
, L
XfQe) = 1o
® can be solved (up to C- p*) using D?pand mA, o
E

.
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Geometry

Geometric setup

® null surface spanned by connecting null geodesics

® main tool: observation time vector X*

GIX]* =0
X“(/\@) — ’l.l..lé) ug
, L
Xie) = 5%
® can be solved (up to C- p*) using D?pand mA, o
E

® Vx gives the drift effects

.

|[ESC Cargese, May 2018 13 M. Korzynski, “Optical drift effects in cosmology...”



Geometry

Geometric setup
® null surface spanned by connecting null geodesics

® main tool: observation time vector X*

GIX]" =0
X“(/\@) — ll..lé) ug
l 1
XH(Ag) = T e
® can be solved (up to C- p*) using D?pand mA, o
E

® Vx gives the drift effects

Vxp* - position drift

.
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Geometry

Geometric setup
® null surface spanned by connecting null geodesics

® main tool: observation time vector X*

GIX]* =0

X*(No) = wup ug

e = 4 i ;e
® can be solved (up to C- p*) using D“pand m4, Xo
® Vx gives the drift effects y

Vxpt - position drift

Vx(puut) - redshift drift ng
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Geometry

Geometric setup
® null surface spanned by connecting null geodesics

® main tool: observation time vector X*

GIX]* =0
XH(Ap) = 'u./f) Ulg
: L
XH(Ag) = T Uy
® can be solved (up to C- p*) using D'zpand mA, Xo
E

® Vx gives the drift effects
Vxpt - position drift
Vx (puut) - redshift drift ng
Vx D4p - distances drift
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Drift effects

Position drift

® parallel propagation of "&’é)

® Jacobi operator .

® emitter-observer asymmetry operator

H Yo

X0

XéE
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Drift effects

Position drift

® parallel propagation of i,

® Jacobi operator .

® emitter-observer asymmetry operator

Ug
wg 70
Xo

E

B ‘

N ,_4“‘ — “"1 1 ‘_‘l"\ 1 , e B _ H Xé
()(’)I = Wer -1 P 7 D B (1 T g — U(f)) — T m U"C)

o C) A
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Drift effects

Position drift

® parallel propagation of 4/,

® Jacobi operator .

® emitter-observer asymmetry operator

Ug
wg 7o
Xo
E
B
~ £ y. ]- — .‘1 1 A XEA
()C)T"‘ — ‘U,"‘C% + D 1 B Ug —um — 7'I'LB“ U.I(;
Po U, 142

Fermi-Walker

derivative
(observer)
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Drift effects

Position drift

® parallel propagation of 4/,

® Jacobi operator .

® emitter-observer asymmetry operator

Ug
wéf 70
Xo
: £
aberration

B 4

- A A 1 ~14 1 P B p Xe
00T = Wy + . D " 5 (1 — ug — u.o> —m-, ugy

a O ~

Fermi-Walker

derivative
(observer)
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Drift effects

Position drift

® parallel propagation of 1/,

® Jacobi operator

® emitter-observer asymmetry operator

4-velocity difference

aberration

Fermi-VValker
derivative
(observer)
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Drift effects

Position drift

® parallel propagation of 1/,

® Jacobi operator

® emitter-observer asymmetry operator

4-velocity difference

aberration

Fermi-VValker
derivative
(observer)
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Drift effects

Position drift

® parallel propagation of 1/,

® Jacobi operator

® emitter-observer asymmetry operator

4-velocity difference

aberration

Fermi-VValker
derivative
(observer)
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Drift effects

Position drift

B

St = wA + 1 D—l-“ 1 e — AT, —mB . H

or = Wo Do UC B 1+7ng ue m-, Ue
o' O A
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Drift effects

Position drift

B

- 1 A ]. _1/’\ ]. | P B 1L

()01 — 'u,..‘o + P “0 D B <1 n 7'115 — (1()) i m U"O
0 CI) Fot

Physical consequences
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Drift effects

Position drift

B

- A A 1 ~14 L - B pu

00T = Wy + ol D B (1 - —Ug — u@> —m-, Ue
o C) e

Physical consequences

® Exact relation between lensing and drift
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Drift effects

Position drift

B

c LA A 1 —14 1 , A B u

00T = Wy + . D B <1 n ~Ug — uo) —m-, Ue
o C) A~

Physical consequences

® Exact relation between lensing and drift

® Strong image magnification = large drift
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Drift effects

Position drift

B
c A A 1 —1A 1 | A B I
00T = Wy + - D B ((l n —Ug — UO> —m>, Uy
o C) A

Physical consequences

® Exact relation between lensing and drift

® Strong image magnification = large drift

e Caustics = powerful position drift amplifiers (formally 0, r* — o)
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Drift effects

Position drift

B
- A A 1 ~14 1 B _u
()()‘I = Wpr -+ P 17 D B ((l n ~'l.l.g — (l(f)) — 1 m U"O
o C) A~

Physical consequences

® Exact relation between lensing and drift

® Strong image magnification = large drift

e Caustics = powerful position drift amplifiers (formally 0, r* — o)
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Drift effects

Position drift

B
c A A 1 —1A 1 | A B I
00T = Wy + - D B ((l n —Ug — UO> —m>, Uy
o C) A

Physical consequences

® Exact relation between lensing and drift

® Strong image magnification = large drift

e Caustics = powerful position drift amplifiers (formally 0, r* — o)
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Drift effects

Position drift

B
- A A 1 ~—1A4 1 . B 1
()(’)" = Wpr + P 0 D B ((1 n ~'U.g — (l()) —m-,Un
o C) A

Physical consequences

® Exact relation between lensing and drift
® Strong image magnification = large drift
e Caustics = powerful position drift amplifiers (formally o, r* — o)

® [ensing of small objects near caustics may be used to probe transversal
velocities of galaxy clusters [Kelly et al, Nature Astronomy 2 (2018) 334-342,
“Extreme magnification of an individual star...”]
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Drift effects

Position drift

B
. A A 1 1A 1 . B ., u
o C) A

Physical consequences

® Exact relation between lensing and drift

® Strong image magnification = large drift

e Caustics = powerful position drift amplifiers (formally 0, r* — o)

® [ensing of small objects near caustics may be used to probe transversal
velocities of galaxy clusters [Kelly et al, Nature Astronomy 2 (2018) 334-342,
“Extreme magnification of an individual star...”]

® Asymmetry between ug and uo due to m
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Drift effects

Position drift

B
- A, A LA 1 ) B I
dor" = wy + - D g ((l n —Ug — u()> —m-, Uy

Physical consequences

® Exact relation between lensing and drift
® Strong image magnification = large drift
e Caustics = powerful position drift amplifiers (formally o, r* — o)

® [ensing of small objects near caustics may be used to probe transversal
velocities of galaxy clusters [Kelly et al, Nature Astronomy 2 (2018) 334-342,
“Extreme magnification of an individual star...”]

® Asymmetry between ug and uo due to m

® Boosting of the emitter inequivalent to boosting of the observer
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Example

Perfectly homogeneous cosmological model (FLRW)
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Example

Perfectly homogeneous cosmological model (FLRW)

g = —dt* + a(t)® (dx* + Sk(x)*dQ)

( 71—1 sin(vV'k x) if k>0
ﬁ sinh(y/|k|x) ifk <0
\ "
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Example

Perfectly homogeneous cosmological model (FLRW)

g = —dt* + a(t)® (dx* + Sk(x)*dQ)
(= sin(VkX) if k>0 w0 dq
Sk(x) = Xl - ?f k=0 xlae, ao) = ./(,t_. a’ H(a)
v sinh(\/|k|x) ifk <0
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Example

Perfectly homogeneous cosmological model (FLRW)

g = —dt* + a(t)® (dx* + Sk(x)*dQ)
( \/% sin(Vk x) if k>0
Se(x) = ¢ X if k=0
\ ﬁ sinh(\/|k|x) ifk <0

fDAB — 5"‘3 ((lO ag Sk(X(GE, a(?)))

|[ESC Cargese, May 2018
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Example

Perfectly homogeneous cosmological model (FLRW)

g = —dt* + a(t)® (dx* + Sk(x)*dQ)
1

(= sin(Vk x) if k>0
Se(x) = { X if k=0
\ \/;ITI sinh(y/|k| x) ifk <0

DAB — 643 ((10 as SL(X(GE* (10)))

A
m”,0p =0

. ag
m?, =61, o Cr(x(ag,a0)) + ag Sk(x(ag,a0)) H(to) — 1)

1S cos(V'k x) if k>0
Cr(x) = —x={1 if k=0

dx cosh(v/|k|x) if k<0
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Drift effects

Redshift drift

A
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Drift effects

Redshift drift

. A ~08
® parallel propagation of wg, i

A
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Drift effects

Redshift drift

. ~ 1L 3
® parallel propagation of wg, ug

Qx

1 L I o o8
VxIn(l+2) = — (((1 mper Wy — 'u'é’,) Py + T2 /)‘ Rosuw p u.g pH X' (l)\> U
o C) A~ ~ . o

DfF-w : 1 ‘
+ ( re — uf@) ( Ug — u.o)
dr 14 2 A

A=Ao

A
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Drift effects

Redshift drift

line-of-sight

4_acceleration difference

~ J

® parallel propagation of wg, g

1 1 1 [Po .8
VyIn(l+2) = —whk —w! ) p, + / Rz, p* i p' XVdA p
X ( ) Do 'U(é) (<(1 + 2;’)2 £ o | Pu 1+ 2 ‘e vBuv | el U
DF-W ‘ |
-+ re —wg Ue — U
( (]T C)> <1 + 2 © ‘ )A A=Ap

.
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Drift effects

Redshift drift

line-of-sight

4-acceleration difference integral of Riemann

" apr ~08
® parallel propagation of g, g

1 1 ~ L L Ao o ~f I v
VX lll (1 + ’:) = Do ug) (((1 4 2)2 u""lf- - u""O) 1);1. + 1 oz / Raﬂuu P “g pl X d/\) ULC’L)

A&
F—-W
+ (D —— 'mg) < : Ug — 'u.@)
dr 142 A

A=\o

.
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Drift effects

Redshift drift

line-of-sight

4-acceleration difference integral of Riemann

" apr ~08
® parallel propagation of g, g

1 1 ~ L L Ao o ~f I v
VX lll (1 + ’:) = Do ug) (((1 4 2)2 u""lf- - u""O) 1);1. + 1 oz / Raﬂuu P “g pl X d/\) ULC’L)

A&
F—-W
+ (D —— 'mg) < : Ug — 'u.@)
dr 142 A

A=\o

.
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Drift effects

Redshift drift

line-of-sight

4-acceleration difference integral of Riemann

" A ~ 3
® parallel propagation of g, g

1 1 1 [ro 5
Vyin(l+2) = —wh —wt ) p, + / R, 3., p™ tap" XVdA U
x In( ) Do 'u% (((1 +z)2 £ 0) Pu 1+ " WBuv P Ug | U
DF-W \ |
+ r — w; Ue — U
< dr O> (1 +z ° O)A A=Ao

transversal 4-velocity difference,
Jacobi matrix

.
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Drift effects

Jacobi matrix drift

A
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Drift effects

Jacobi matrix drift

® need to differentiate the GDE

Gl§)" =V Vg — R#mﬂ p’ p* &’ =0 to

.
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Drift effects

Jacobi matrix drift

® need to differentiate the GDE

VX g[élﬂ = V])vpflt o R#Iunﬂ pl/ p(l 63 =0 "o

A
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Drift effects

Jacobi matrix drift

® need to differentiate the GDE

VX Q[E]“ = vpvpflt - Rl.l-unﬂ pz/ p(x 63 — 0 U
® )nd order GDE (= inhomogeneous GDE)

.
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Drift effects

Jacobi matrix drift

® need to differentiate the GDE

VX g[é]“ — vapglt - RLLU”B pz/ I)(l’ 63 — 0 Ug
® )nd order GDE (= inhomogeneous GDE)

Vpr (V_..\"f“) - R“(.\'BU pa pﬂ V_\'fl/ — ./\/tuu fu + NNI, Vpé.u

A
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Drift effects

Jacobi matrix drift

® need to differentiate the GDE

VX g[ﬁ],l = vpvpélt o R”unﬁ pl/ pa 5'3 =0 "o
® 2nd order GDE (= inhomogeneous GDE)

: 1 v 3 ) , J : Y

VPVP (v-}\"éﬂ) o RIIQ-BU pﬂ pA v‘\,gl — Muu €I + NN[/ vpgl

MF, = =V, R, p* XPpT + Vo R, X7 p” + 2R”
NE = 2Rt _XPp°

vpo

V,X O p°

vpo p Bro

.
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Drift effects

Jacobi matrix drift

® need to differentiate the GDE

Vx g[ﬂ“ e vpvpflt — R#Uﬂ.'ﬁ p” p° 5'3 =0 "o
® )nd order GDE (= inhomogeneous GDE)

VpVp (Vxg") = R, 0" P VX = M, €+ NV, V,¢"

A AM - t o vp O M roo 3. p o DU 3 o
MY, = =V.RY, p" XPp” + VR 8w X“p'p"+2R,, V,X"p
,\,’;1’ — _91\);1.{ "X’l) P(r
- '/ p— / /I)(T

® very cumbersome algebra, complicated
expressions result

.
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Drift effects

Jacobi matrix drift

® need to differentiate the GDE

Vx g[ﬂ“ e vpvpflt — R#Uﬂ.'ﬁ p” p° 5'3 =0 "o
® )nd order GDE (= inhomogeneous GDE)

VpVp (Vxg") = R, 0" P VX = M, €+ NV, V,¢"

MK, = VR, p* X p” + VR, Xp’p +2R"

NE = 2Rt  _XPp°

U/)(T

V,X p P’

vpo P Bvo

® very cumbersome algebra, complicated
expressions result

® Dang, Dlum dl"lftS ng
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Drift effects

Remarks

J
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Drift effects

Remarks

e Vxpt at ¢ gives the viewing angle drift (apparent libration)

X0O

J
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Drift effects

Remarks

e Vxpt at ¢ gives the viewing angle drift (apparent libration)

X0O

J
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Drift effects

Remarks

e Vxpt at ¢ gives the viewing angle drift (apparent libration)

® dependence on observer’s and emitter’s motion:

X0O

J
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Drift effects

Remarks

e Vxpt at ¢ gives the viewing angle drift (apparent libration)

® dependence on observer’s and emitter’s motion:

¥

|[ESC Cargese, May 2018 19 M. Korzynski, “Optical drift effects in cosmology...”



Drift effects

Remarks

e Vxpt at ¢ gives the viewing angle drift (apparent libration)

® dependence on observer’s and emitter’s motion:

04 = 0" (0,&, ey, U )
2 (O, €, uly, ul)

'D"‘“ =D4, (0 E upy,up, R .‘s)

— /H M M
I)un-u — I)m'cu (C)E‘ ”()‘ “:" R mnd)

— " " H
1)1“,“ —_ 1)1“'” ((’).g. llc). llt.' Ig l/().j,)

(l A 1
. P L N TR TR oY
T 94 = ¢/ ((’).p. Ugy, Ug, Wy, We, R m._,)
d u i
T In(l+2)=(1+2)""2(0.& Uy, W, Wy, We, RY
dr ‘
(l A A )
— Ty TP L TR T TR oY "
(lTD p=D"g (O.é. Uprys Ug s Wy W, R Va8 V R m.,)
d
_ I : IT
(l_T In Dyrea = (In Dyrea) (C’) £. ”U u‘ “O u R m_i.VA,I? mm) f
d X&
N & LM [T’ N7 I . T,
I Dy = (0 Dy} (O, €, uly, ey, wh, R, Vo R, )
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Drift effects

Remarks

e Vxpt at ¢ gives the viewing angle drift (apparent libration)

® dependence on observer’s and emitter’s motion:

O f ““ /l?ﬂx (lf
I)rll‘r'(l = I)m'(u C)g' “()%I‘)“mnd

— /" M iz
I)lum = 1)lum (C)E‘ “()' “{' I? uu.j’)

d

dr

1
(14 2)=(1+2)"
dr

d

dr

1 ;
ln Darea = (In Dyrea) (0 £, ”U u‘ “O u R

dr

A — £ abt o o B H DH
— 01 = ¢ ((’).c,.110.115.110.115.1\’ vad

1 e 2
2z (C) g. Uc)- ” s W () ” R qu)

—D4p =D4; (0 E uby, u, why, we, R .V, 1?"”“.5)

voS

va /i

V. R",,,)

d

— In Dlum - (lll Dlum)

dr
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Drift effects

Remarks

e Vxpt at ¢ gives the viewing angle drift (apparent libration)

® dependence on observer’s and emitter’s motion:

O f ““ /l?ﬂx (lf
I)rll‘r'(l = I)m'(u C)g' “()%I‘)“mnd

— /" M iz
I)lum = 1)lum (C)E‘ “()' “{' I? uu.j’)

H B H
Ugy, g, U O%' R m._,)

1 e 2
2z (C) g. Uc)- ” s W () ” R qu)

d

dr

l
= In(l+2)=(1+2)
dr

d

dr

d -
- . /H H M g M 7 H
I lll D(l,'('(l — (lll D('r(l‘) (c,). g. llc). llt‘. ll c)-%]? ’,(]'_IA V‘\,R ’/()'.;>

dr

L pA = ¢ (O.éf.

— DA, =D4, (0 E, Uy, g As-v‘:Rﬂm..s)

d

— In Dlum - (lll Dlum)

dr
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Summary
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Summary
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Summary

e Exact expressions for optical drift effects: 0, r* and 0,2z.Valid in any

spacetime, for any emitter and observer.
® Automatically takes into account all GR effects

® Combinations of geometrically defined bi-local operators and quantities
describing peculiar motions

® Operators defined by the geometry in the vicinity of o (integrals of the
Riemann tensor along 7o)
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Summary

e Exact expressions for optical drift effects: 0, r* and 0,2z.Valid in any

spacetime, for any emitter and observer.

® Automatically takes into account all GR effects

K o
® Combinations of geometrically defined bi-local operators and quantities A\ xo
describing peculiar motions £

Xe

® Operators defined by the geometry in the vicinity of o (integrals of the
Riemann tensor along 7o)

= separating the light propagation effects from peculiar motions

® Formalism works also for the parallax, drifts of ‘DA, angular distance,

luminosity distance (algebraically complicated)
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Applications

® Numerical cosmology: extension of the Sachs formalism to drifts. Gives optical drift effects
(together with ray tracing)

® Dirift effects in exact inhomogeneous cosmological models (LTB, Szekeres, swiss

cheese etc.)

® Can be used as the starting point for perturbative and approximate methods (standard PT,
post-Newtonian, Green-Wald approximation, stochastic lensing [Fleury et al, 2013]...)

® Physical consequences: relations between strong lensing and drifts

® Outside cosmology: methods direct measurements of curvature using optical properties
of the spacetime

|[ESC Cargese, May 2018 21 M. Korzynski, “Optical drift effects in cosmology...”



