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Overview

e Static vs. Comoving Coordinates

 de Sitter

* Cosmological Perturbation Theory (CPT)
* SDS Metric: Static vs. Comoving

* SSS Metric: Static vs. Comoving

e Gauge-Invariant Turn Around Radius

* SSS Metrics



Static vs. Comoving

e Static Coordinates

* Compute observables
* Birkhoff’s Theorem
* Schwarzschild de Sitter Metric

* Comoving Coordinates
e Cosmological Perturbation Theory (CPT)
* Modified Gravity Theories
* McVittie's Metric



de Sitter Background

e Static Coordinates
ds* = (1 — H*R*)dT? — (1 — H*R*) 'dR* — R*dQ)?

e Coordinate Transformation

1
(?) t— o= log(r?a(t) )

e Scale factor
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de Sitter Background

e Static Coordinates
ds* = (1 — H*R*)dT? — (1 — H*R*) 'dR* — R*dQ)?

e Coordinate Transformation

1
(?) t— o= log(r?a(t) )

* |sotropic

ds® = dt* — a*(t)(dr* + r*dQ°)



Cosmological Perturbations

* Spherical Symmetry: 4 DOF

i 2
ds* = a*|(1 + 2)dr* — (1 — 20 + 55) dr? — 2'drdr — (1 — 2¢ — %5) rngQ]

e Gauge Transformations
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Cosmological Perturbations

* Spherical Symmetry: 4 DOF
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Cosmological Perturbations

* Gauge Freedom: 2 DOF
* Newton Gauge

wN:XN:()

* Bardeen Potentials: Gauge-Invariant
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J. M. Bardeen, Phys. Rev. D22, 1882 (1980).



Schwarzschild-de Sitter

* Spherically Symmetric Ansatz
ds* = F(T, R)dT?* — H(T, R)dR* — R*d?

e Birkhoff’s Theorem

2m 2m -
ds? = (1 _ 2 HQR?) dT? — (1 _ % _ H?RQ) dR? — R2d0O?



Schwarzschild-de Sitter

* Coordinate Transformation

. dy H R?

t=t+y(R) iR~ JVR—m( H2R?)

m
R

arXiv:gr-qc/0411033.



Schwarzschild-de Sitter (Exact)

* Coordinate Transformation

t:t—Q—"}/(R) R=¢e""r+m- =

* |sotropic

1 m \ 2 4
d82 — (1 2(1?“) d{’}? —(12 (]_ m ) [d'r2

arXiv:gr-qc/0411033.
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Schwarzschild-de Sitter (CPT)

e Static Coordinates

o O, -1
ds? = (1— 220 Cmp2R2 ) ar? — (1— 22 — H2R?)  dR? — R2d0?
R R
e de Sitter Transformation
1
R = a(t)r T =t S H log(ra®(t) — H™?)

* Conformal Time dr = dt/a(t)



Schwarzschild-de Sitter (CPT)

e Static Coordinates

o o) -1
ds? = (1 _em HQRQ) dT? — (1 _ % _ HQRQ) dR? — R2d0?

e de Sitter Transformation

1
R = a(t)r T = log(ra?(t) — H 2
(t) t— 577 log(ra”(1) )

e Sub-horizon Approx. m < R



Schwarzschild-de Sitter (CPT)

* Comoving-Conformal Coordinates

dSQ—GZ{ 1

e Scalar Perturbations

2m (H2r2a2 + 1)
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Schwarzschild-de Sitter (CPT)

* Comoving-Conformal Coordinates

dSQ—GZ{ 1

e Scalar Perturbations
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Schwarzschild-de Sitter (CPT)

e Bardeen Potentials

* Newton Gauge

ds® = a?

(




SSS Metrics

e Static Spherically Symmetric Metrics

ds? = (1 —mhy(R) — H*R?) dT? — (1 — mh,(R) — H*R?) " dR? — R%d?

* Comoving-Conformal

Ie? — g2 {Hﬁrﬁaﬁ — HY*a*[mh,(ra) + 3] — 1 + mhy(ra)
(H2r2a? — 1)3
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dr?
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SSS Metrics

e Static Spherically Symmetric Metrics

ds? = (1 —mhy(R) — H*R?) dT? — (1 — mh,(R) — H*R?) " dR? — R%d?

e Subhorizon Scalar Perturbations

1
) = imht(”r‘a) w = Hma,/?“[hr(fr‘a) + he(ra)] dr

¢ = —=mh,(ra)imh,(ra) + 1| Y = m/kl/ hr(IZQCL) dko dkq



SSS Metrics

e Static Spherically Symmetric Metrics

ds? = (1 —mhy(R) — H*R?) dT? — (1 — mh,(R) — H*R?) " dR? — R%d?

e Bardeen Potentials




Turn Around Radius

Expanding Universe
'y

e Maximum Structure Size

Turn Around Radius

Gravitational
Collapse




Turn Around Radius

* Spherically Symmetric Ansatz
ds* = F(T,R)dT? — H(T, R)dR* — R*d)?

e Radial Geodesics

’R 1 5 OF (t, R) R?> OH(t,R) Rt OH(t,R)

— = ZH(t, R)i*=— | —~
iz~ oA —5n 2H(t,R) OR H(t,R) 0t

* Static observer R=0



Turn Around Radius

* Spherically Symmetric Ansatz
ds* = F(T,R)dT? — H(T, R)dR* — R*d)?

e Radial Geodesics

2R 1 20F(LR) 98  OH(LR) X oH( R

— ~ — ZH(tR _ | —
iz~ oA —5n 2H(t,R) OR H(t,R) 0t

* Static observer R=0



Turn Around Radius

* Spherically Symmetric Ansatz
ds* = F(T,R)dT? — H(T, R)dR* — R*d)?
* Radial Geodesics

d°R 1 . OF(t, R)
“H(t. R)¢? !
R —50

 Turn Around Radius

3RF(RTA) =0



Turn Around Radius

* Newton Gauge

ds® = a” [(1 4 2V)dt* — (1 — 2®)(dr” + r*dQ?)]

 Turn Around Radius

arXiv:1508.00475



Turn Around Radius

* SSS Metrics

ds® = (1 —mhy(R) — H*R?) dT? — (1 — mh.(R) — H*R?)™ ' dR? — R*dQ?

 Turn Around Radius

F(R) =1—mhy(R) — H*R? OrF(Rr4) =0

2H*R +mh}(R) = 0



SSS Metrics



SDS

e SSS functions

e Bardeen Potentials




SDS

e SSS functions

 Turn Around Radius

9 m_ - [ TI



Brans-Dicke

e Static Metric

ds® = 1-(1%)%-(1-2@1{%1 dtz—ll—(l—e)%—(l—ﬁle)Hsz dR* — R*d)*

e Bardeen Potentials

m(l — €
\DB:HZRze—m(lR+€) by — —H2R% — (R )

* Newton Gauge

; ; 2m(l + € o o ; 2m(1l + € o o . . o
ds® = q? [(1 — m(l+ €) + 2€HZT‘2(1.2) % - (1 — m(l + ¢) — 4EH2'T‘2{12) dr* —8Hmdrdr — ’rzdﬂz]

ar ar
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Brans-Dicke

e Static Metric

d32:[1-(1%)%-(1-2@1{%1 dtz—[1—(1—6)%—(1—4&)1&*2}%2] dR% — R2d0?

 Turn Around Radius
Rra=arpas = ¢ —(1 -+ 6)

arXiv:1611.05055



Power Law

* SSS Functions

hi(R) = A\ R™ hy(R) = AoR™

e Bardeen Potentials

mAi1(ra)™l _ mAg(ra)m™2
qu — 1(2 ) (I)B — TP



Power Law
* SSS Functions
he(R) = A\ R™ hr(R) = AoR™

 Turn Around Radius
1

Rovs — ( m)\lm) 2—ny

2H?



Exponential

* SSS Functions

ht(R) — )\1 €b1R
 Bardeen Potentials

1
\IJB — —5)\1?’716

bira

h?« (R) = )\2 6b2R

1
(I)B — 5 )\ngi(bg'ra,)



Exponential

* SSS Functions

ht(R) — )\115’;’b1}:g h?«(R) — )\erQR

e Bardeen Potentials

oo —t1 1



Logarithmic

+ $5S Functions

hi(R) = A\ logh R h.(R) = AologboR
+ Bardeen Potentials

1 1
Vp = —5)\1m10g (617‘&) bp = 1)\2777/ [log (bQTa)]2



Logarithmic

* SSS Functions

hi(R) = A loghyR  h.(R)

 Turn Around Radius

1 m)\1
RTA — H\/ 9



Flat Rotation Curves

* Metric

202
ds?® = (%) dt* — [1 —v*f(R) — H°R*| dR* — R*dQ”.

e Bardeen Potential

R 1
\I}B — ‘1)2 ]Og (}%c) — §H2R2

arXiv:0709.0046



Flat Rotation Curves

* Metric

202
ds?® = (%) dt* — [1 —v*f(R) — H°R*| dR* — R*dQ”.

* Density Profile
0%

{‘1}2 T‘Q

Smp = 6H >



Flat Rotation Curves

* Metric

202
ds?® = (%) dt* — [1 —v*f(R) — H°R*| dR* — R*dQ”.

e Linear Mass Profile

R 1
M(R) = / 4rR"?p(R')dR' = / (v —3H*R"*)dR = v*R — H*R®
JO J0O



Conclusions

* Developed a method to obtain the Newton Gauge of Static Spherically
Symmetric metrics.

 Obtained the Bardeen Potentials of SSS Metrics

* Applied this method to several examples
* Schwarzschild-de Sitter

* Brans-Dicke
* Power Law, Exponential, Logarithmic Modifications

* Flat Rotational Curves

 Useful when observations are convenient in the framework of CPT



Thanks!
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