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Motivation: Etherington Distance Duality

DLpzq “ DApzqp1` zq2

DLpzq: luminosity distance
DApzq: angular diameter distance

Universal for metric spacetimes!

ñ Important observational quantity to test for new physics
see [Basset & Kunz (04)] and [Schuller & Werner (17)] for instance

ñ Focus on different geometries
ñ Similar phenomenology for classical astrophysical effects? Ñ

Intrinsic Alignment!
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Structure

§ Surface brightness fluctuations in linear alignment model

§ Basic ideas about area-metric geometry

§ Surface brightness fluctuations in area-metric lensing

§ Numerical comparison of the spectra
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Intrinsic Alignment

General Idea: Local alignment of galaxies in the tidal fields of the
large scale structure Ñ linear model for elliptical galaxies
(See [Hirata et. al. (07), Hirata & Seljak (10)] for instance)

Important systematic error in weak lensing
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Intrinsic Alignment

General Idea: Local alignment of galaxies in the tidal fields of the
large scale structure Ñ linear model for elliptical galaxies
(See [Hirata et. al. (07), Hirata & Seljak (10)] for instance)

Important systematic error in weak lensing

See https://doi.org/10.1093/mnras/stab3680
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Linear alignment model
Based on Jeans-equilibrium
(see [Hirata et. al. (07), Hirata & Seljak (10), Piras et. al. (18),

Ghosh, Durrer & Schäfer (22)])

σ2Br ln pρprqq “ ´BrΦ

In unperturbed situation solved by

ρprq “ ρ̄ exp

ˆ

´
Φprq

σ2

˙

“
Nstars

A
exp

ˆ

´
Φprq

σ2

˙

Assume constant number of stars Nstars with

Nstars “

ż

d2rρ prq “
ż

d2r
Nstars

A
exp

ˆ

´
Φprq

σ2

˙

ñ Measure for cross section area:

A “

ż

d2r exp

ˆ

´
Φprq

σ2

˙

“

ż 2π

0
dφ

ż 8

0
dr r exp

ˆ

´
Φprq

σ2

˙
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Linear alignment model

Quadrupolar perturbation in tidal field ...

Φprq Ñ Φprq `
1
2
BaBb Φ|r“0 r

arb

... lead to a density profile perturbation

ρ1prq “
Nstars

A1
exp

ˆ

´
Φprq

σ2

˙ˆ

1´
1

2σ2
BaBbΦrarb

˙

and according size/area change

A1 “

ż 2π

0
dφ

ż 8

0
dr r exp

ˆ

´
Φprq

σ2

˙ˆ

1´
1

2σ2
BaBbΦrarb

˙

.

while the number of stars stays the same
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Intrinsic surface brightness fluctuations

With the proportionality F ∝ Nstars, the surface brightness
I prq ∝ ρprq and

Ī “
F

A

ñ Surface brightness fluctuations

δρ̄

ρ̄
“
´δA

A1
“
δĪ

Ī
“

1
2σ2

ş2π
0 dφ

ş8

0 dr r exp
`

´Φprq{σ2
˘

BaBbΦrarb
ş2π
0 dφ

ş8

0 dr r exp p´Φprq{σ2q

Explicit evaluation of integrals leads to

ñ
δĪ

Ī
∝ DIA

∆Φ

c2

Alignment parameter DIA ∝ c2

σ2 r
2
scale
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Intrinsic surface brightness spectrum

With ∆ Ñ ´`2{χ2 and Limber approximation:

II : C
δĪ {Ī δĪ {Ī
AB p`q ∝ `4D2

IA

ż χH

0

dχ
χ2

Wϕ,AWϕ,BPΦΦpk “ `{χq

Weighting function

Wϕ,A pχq “
1
χ2 p pzpχqqΘ pχ´ χAqΘ pχA`1 ´ χq

dz
dχ1

D`paq
a

with PΦΦpk “ `{χq ∝ knS´4T pkq2

and ppzq ∝
´

z
z0

¯2
exp

„

´

´

z
z0

¯β


with β “ 3{2 and z0 “ 0.64

(See [Laureijs et. al. (11)])
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Premetric Electrodynamics

General linear electrodynamics which allows for vacuum
birefringence [Hehl & Obdukov (03)]

SGLE rA;G q “ ´
1
8

ż

d4xωGGabcdFabFcd

with volume element ωG “ 1{24
`

εabcdG
abcd

˘´1 and area-metric Gabcd
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SGLE rA;G q “ ´
1
8

ż

d4xωGGabcdFabFcd

with volume element ωG “ 1{24
`

εabcdG
abcd

˘´1 and area-metric Gabcd

Compare with Maxwell:

SMaxwell rA;G q “ ´
1
4

ż

d4x
a
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Premetric Electrodynamics
General linear electrodynamics which allows for vacuum
birefringence [Hehl & Obdukov (03)]

SGLE rA;G q “ ´
1
8

ż

d4xωGGabcdFabFcd

with volume element ωG “ 1{24
`

εabcdG
abcd

˘´1 and area-metric Gabcd

Principal polynomial:

Pabcdkakbkckd “ ´
1
24
ω2
G εuvpqεrstuG

uvrpaGb|ps|cGdqqtukakbkckd

Figure: See [Duell et. al. (18)]
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Premetric Electrodynamics

General linear electrodynamics which allows for vacuum
birefringence [Hehl & Obdukov (03)]

SGLE rA;G q “ ´
1
8

ż

d4xωGGabcdFabFcd

with volume element ωG “ 1{24
`

εabcdG
abcd

˘´1 and area-metric Gabcd

Find according gravity theories via Gravitational
Closure/Constructive Gravity [Duell et. al. (18)]
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EM Conservation in AM
Covariant energy momentum conservation via Gotay Marsden
tensor

Ñ generalized concept of energy momentum conservation for
arbitrary geometries

[Schuller & Werner (17)] find the following conservation law ...

Bb

´

ωGN
b
¯

“ 0

Weakly birefringent space-times:
Effectively metric photon propagation with

Pab “ ηab ` hab

and conservation wrt. ωG

ñ ∇aN
a ‰ 0

ñ Photon excess µvio for line of sight integration
Ñ F 1 ∝ F p1` µvioq.

See [Schuller & Werner (17)] for more details
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tensor

Ñ generalized concept of energy momentum conservation for
arbitrary geometries

[Schuller & Werner (17)] find the following conservation law ...

Bb

´

ωGN
b
¯

“ 0

... instead of
1

a

´detg
Bb

´

a

´detgNb
¯

“ 0 ñ ∇aN
a “ 0

for metric case.

Ñ replace
a

´detg with ωG for volume measure!
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Surface brightness fluctuations

This leads to:
§ Violation of Etherington distance duality D 1L “ DL{

?
1` µvio

ñ DL “
p1`zq2DA?

1`µvio
See [Schuller & Werner (17)]

§ Violation of surface brightness conservation in lensing
I pOq “ IGR pOq p1` µvioq “ p1` µvioq I pSq p1` zq´4

ñ
δI

I
“

I pOq ´ I pOqGR
I pOqGR

“ µvio
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Surface brightness fluctuations
This leads to:

§ Violation of Etherington distance duality D 1L “ DL{
?
1` µvio

ñ DL “
p1`zq2DA?

1`µvio
See [Schuller & Werner (17)]

§ Violation of surface brightness conservation in lensing
I pOq “ IGR pOq p1` µvioq “ p1` µvioq I pSq p1` zq´4

ñ
δI

I
“

I pOq ´ I pOqGR
I pOqGR

“ µvio

From CG the solution for a point mass source leads to the effective
potential

Φeff p~rq “ ´
GM

c2 |~r ´ ~rM |
p1` δ exp p´η |~r ´ ~rM |qq

See [Schneider et al.(17), Alex(20)] for more details

10/22



Surface brightness fluctuations

This leads to:
§ Violation of Etherington distance duality D 1L “ DL{

?
1` µvio

ñ DL “
p1`zq2DA?

1`µvio
See [Schuller & Werner (17)]

§ Violation of surface brightness conservation in lensing
I pOq “ IGR pOq p1` µvioq “ p1` µvioq I pSq p1` zq´4

ñ
δI

I
“

I pOq ´ I pOqGR
I pOqGR

“ µvio

In this case

µvio “
3δGM
c2

ˆ

exp p´η|~rS ´ ~rM|q

|~rS ´ ~rM|
´

exp p´η|~rO ´ ~rM|q

|~rO ´ ~rM|

˙

See [Schuller & Werner (17)]
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Surface brightness fluctuation

For continuous mass distribution ρp~rq and average over different
sources and directions:

δI

I

´

~θ
¯

“ ´3δ
ż χH

0
dχ p pzpχqqΘ pχA ´ χq

H pχq
c

D`paq
ΦYpχ~θ, χq

c2
.

with

δ
ΦYp~rSq

c2
“ ´

δG

c2

ż

d3r 1ρp~r 1q
ˆ

expp´η|~rS ´ ~r
1|q

|~rS ´ ~r 1|

˙
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ż

d3r 1ρp~r 1q
ˆ

expp´η|~rS ´ ~r
1|q

|~rS ´ ~r 1|

˙

Linear limit: Comoving Poisson equation

`

∆a´2 ´ η2
˘ ΦYpχ~θ, χq

c2
“

3Ωm0

2χ2H
δcpχ~θ, χqa

´3,
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ż

d3r 1ρp~r 1q
ˆ

expp´η|~rS ´ ~r
1|q

|~rS ´ ~r 1|

˙

In Fourier space the Yukawa field equation becomes

´
`

k2a´2 ` η2
˘ Φ̃Y pk , χq

c2
“

3Ωm0

2χ2H
δ̃c pk , χq a

´3

with k “ `{χ
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Surface brightness fluctuation

For continuous mass distribution ρp~rq and average over different
sources and directions:

δI

I

´

~θ
¯

“ ´3δ
ż χH

0
dχ p pzpχqqΘ pχA ´ χq

H pχq
c

D`paq
ΦYpχ~θ, χq

c2
.

Then the line of sight averaged violation factor becomes

ĂδI

I
p`q “3

ż χH

0
dχp pzpχqqΘ pχA ´ χq

ˆ
H pχq
c

D`paq

a
δ
`

k2 ` η2a2
˘´1 3Ωm0

2χ2H
δ̃cpk , χq
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Surface brightness fluctuation spectra

With Limber approximation:

GG : C
δĪ {ĪY δĪ {ĪY
AB p`q ∝ 9

ż χH

0

dχ
χ2

WY,A pχqWY,B pχq

ˆ δ2
9Ω2

m0

4χ4H

`

k2 ` η2a2
˘´2

Pδcδc pkq

GI : C
δĪ {ĪY δĪ {Ī
AB p`q ∝ ´δ3`2

ż χH

0

dχ
χ2

DIAWϕ,ApχqWY,Bpχq

ˆ
9Ω2

m0

4χ4H
k´2

`

k2 ` η2a2
˘´1

Pδcδc pkq

Weighting function WY,A pχq “ p pzpχqqΘ pχA ´ χq
Hpχq
c

D`paq
a ,

Pδcδc pkq ∝ knST pkq2.
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Numerical evaluation - Spectra
Choose values for δ, η via scale argument:

δ
Φ̃Y pk , χq

c2
“ ´

`

k2 ` η2a2
˘´1 3

2
Ωm0

δ

χ2H
δ̃c pk , χq a

´1

with m multiples of the Hubble length:

η “ 1{pmχHq and δ{χ2H “ 1{pm2χ2Hq

10 30 100 300 1000 3000
multipole `

10-28

10-25

10-22

10-19

10-16

10-13

10-10

10-7

10-4

10-1

102

105

108

δI
/
I-s

pe
ct

ra
 `

2
/
(2
π
)
C
X
Y

A
B
(`

)

C II
AB(`)

CYI
AB(`), η−1 = 10χH, δ= 10−2

CYY
AB(`), η−1 = 10χH, δ= 10−2

CYI
AB(`), η−1 = 100χH, δ= 10−4

CYY
AB(`), η−1 = 100χH, δ= 10−4

nonlinear
linear
size noise
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Numerical evaluation - cumulated S2N Σ2

pNnoiseqAB “ σ2
size

ntomo
n̄

δAB with σsize “ 0.8 and n̄ “ 3.545ˆ 108sr´1 (Euclid)

Σ2 “
ř

`
2``1

2 tr
`

C´1S C´1S
˘

CABp`q “ C
δĪ{Ī δĪ{Ī
AB p`q ` C

δĪ{ĪY δĪ{Ī
AB p`q ` C

δĪ{ĪY δĪ{ĪY
AB p`q ` pNnoiseqAB .

10 30 100 300 1000 3000
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Summary

§ Intrinsic surface brightness fluctuations could be observable
with Euclid Ñ Σp`q ě 3

§ Surface brightness fluctuations due to area-metric refinements
much smaller with chosen parameters

§ Different parameterisations possible?

Thank you very much for listening!
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Back-Up: Sérsic model for instrinsic alignment

With the proportionality F ∝ Nstars and the surface brightness
I prq ∝ ρprq and

Ī “
F

A

ñ Surface brightness fluctuations

δρ̄

ρ̄
“
´δA

A1
“
δĪ

Ī
“

1
2σ2

ş2π
0 dφ

ş8

0 dr r exp
`

´Φprq{σ2
˘

BaBbΦrarb
ş2π
0 dφ

ş8

0 dr r exp p´Φprq{σ2q

Insert Sérsic model

ρprq ∝ exp

ˆ

´
Φprq

σ2

˙

“̂ exp

˜

´bpnq

«

ˆ

r

rscale

˙1{n

´ 1

ff¸

,

with bpnq « 2n ´ 1
3 and n the Sérsic index

Ñ Evaluate integrals in polar coordinates
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Back-Up: Sérsic model for instrinsic alignment

δĪ

Ī
“ SSérsicpnqDIA

∆Φ

c2

Alignment parameter DIA “
1
2

c2

σ2
1
8 r

2
scaleb

´2n Γp6nq
Γp4nq

SSérsicpnq “ 4 Γp4nq2

Γp2nqΓp6nq

With ∆ Ñ ´`2{χ2 and Limber approximation:

II : C
δĪ {Ī δĪ {Ī
AB p`q “ `4SSérsicpnq

2DIA

ż χH

0

dχ
χ2

Wϕ,AWϕ,BPΦΦpk “ `{χq

Weighting function
Wϕ,A pχq “

1
χ2 p pzpχqqΘ pχ´ χAqΘ pχA`1 ´ χq

dz
dχ1

D`paq
a

PΦΦpk “ `{χq ∝ knS´4T pkq2

ppzq ∝
´

z
z0

¯2
exp

„

´

´

z
z0

¯β


with β “ 3{2 and z0 “ 0.64 [Laureijs et. al. (11)]
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