Characterising spacetime
during cosmological collapse

Robyn L. Munoz
Based on 2211.08133 and 2302.09033

UNIVERSITY . .
I SIREE With Marco Bruni

Robyn L. Munoz - University of Sussex, UK - NEHOP 19th June 2024 r..munoz@sussex.ac.uk



Dark energy
dominated era
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Top-Hat Spherical Collapse Model
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Objective:

Explore the top-hat spherical collapse model in full GR,
even beyond spherical symmetry,
and see how the spacetime responds.
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Initial Conditions

Background:

< Flat FLRW metric,

* ACDM with pressureless perfect fluid,
< Matter-dominated era.

Hpd) — 1 i

+ R,.and (D are used to quantify |
perturbations created during inflation §
* A is gauge invariant at first order

p i

3 @, b
L 9. =0 :

1 C b

Inhomogeneity:
<+ Synchronous and comoving gauge

<+ Scalar perturbations,

M.Bruni, J.C.Hidalgo, N.Meures and D.Wands (2014) 1307.1478

From the
Perturbed up Hamiltonian
Comoving to 1st order constraint
equation
Curvature Perturbation: | . —> Vi - sz and YR =P p
Spatial Extrinsic 3 Ricci Energy
metric curvature scalar density
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Initial Conditions
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Initial Conditions
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Einstein Toolkit

Initial conditions
In Einstein Toolkit

[ICPertFLRW] O robynim
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Simulation evolution
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Perturbation in:
Matter density:

o=plp—1
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Determinant

of spatial metric:

oy =yly—1

Sop. v =0.03 L =4/(aHy)Mpc  zy =302.5
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Conformal

3 Ricci scalar:

612(3)R

V— (3)R [Apert]

a/a,N

Local conformal
3 Ricci scalar:

5 OR
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Simulation evolution

Turn-around boundary ® = 0

075 I T 66 T
Milne model
0.50 |@| alay = 36 |®| alan = 53
0.25} / 0.6 y 1 (3102 0.6 |
P / J -2
000~ 0.4 / 0.4 Expanding 10
—0.25¢ 0.2 / d 1073 0.2 region
/
—0.50 = 0.0 / - = 0.0
O " 10-4 ©
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Turn around Infalling
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Perturbation in:
Trace of expansion:

The expansion of the turn-around boundary depends on the
initial distribution.
60 = 0/0 — 1 The directions going through under-dense regions eventually
stop expanding their infalling region and reduce in size.
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Simulation vs Top-Hat model

E.Bentivegna & W.East et al
M.Bruni (2016) (2018)
1511.05124 1711.06681

Sop, v = 0.03 Here
L = 4/ (apHyy) TopHat ' 534200033

55) 1.06241 | 1.057 34 + 2e-6 1.8
Turn Around *Correction

0=0

4.551 65 4.551 64 + 1e-5

Collapse s
/ Crash op

1.686 47 1.678 + 3e-3 2.88 1.686

At the peak of the over-density the
top-hat spherical collapse model is an excellent
approximation.
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Simulation vs Top-Hat model

Sop, v = 0.03 Too Hat Here
L = 4/ (ayHyy) P 2302.09033

(1)
5¢) 1.062 41

1.057 34 + 2e-6
Turn Around

E.Bentivegna & W.East et al

M.Bruni (2016) (2018)
1511.05124 1711.06681

1.8

*Correction

0=0
4.551 65 4.551 64 + 1e-5

Collapse s
/ Crash op

1.686 47 1.678 + 3e-3

2.88 1.686

At the peak of the over-density the

top-hat spherical collapse model is an excellent
approximation.

This is because we find that the shear is locally
negligible. Then, neglecting the shear in the
Raychaudhuri equation gives the spherical

collapse model.
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Simulation vs Top-Hat model

Turn-around

Varying the wavelength in the x direction Loesk L.
while keeping 0y v = 0.03 [ S N> W top-hat
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Gravito-electromagnetism

Riemann tensor: Ricci Tensor: Ricci Scalar:
R

Trace Trace
aﬂ//ll/ q Rﬂy q R

(3)R/H2, alay =40.00
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Gravito-electromagnetism

Riemann tensor: Traceless Weyl tensor: Projection along
part the fluid
Raﬂ,m/ —-’ Caﬂ,m/ N
Electric part: Magnetic part:
— P,V — Ay Mk
E,, =uwu"Cyp,, By, = u"u Caﬁm/

+ Gauge invariant at 1st order

Following from the Stewart-Walker lemma

+ Physically meaningful
+ At first order

4+ |In terms of the fluid

+ With the complex Weyl scalars ¥, ,
Gravitational puli

E¥ — fR(‘Pz)egﬂ+%m(‘PO + lIJ4)e;ff-|—%S(‘P0 — ‘P4)e;f>ﬁ< - 2R(¥Y, — ‘P?,)el(aezﬁ) — 23, + lP3)€1(ae3ﬂ)

BY = - S(P)eP— Sy + P )el+-R(¥, — Vel +25(F) — Wy)e@el) — 2R (Y, + Pa)e e

Frame Dragging Gravitational Waves

Robyn L. Munoz - University of Sussex, UK - NEHOP 19th June 2024



Gravito-electromagnetism with EBWeyl

Projection along

Riemann tensor:  Traceless Weyl tensor: .
part C the fluid
Raﬂ//ll/ é (Iﬂﬂl/
Electric part: Magnetic part:
= 'B v — y*ytC*
E,, =u'u"Cup, By, = u’u Caﬁ”y
|E| = /E4EY
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Conclusion O robynim

<+ At the peak of the over-density, the spherical collapse
model is an excellent approximation.

<+ Non-negligeable gravito-magnetic effects arise
surrounding “gravitational currents”.

r...munoz@sussex.ac.uk
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https://github.com/robynlm/ebweyl_pub

Backup slides
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Initial Conditions

ZIN
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Perturbation in:

Matter density: Determinant
of spatial metric:
5=plp—1 - dy=ylr-1
50 « g W =-6(8V13+2,)
51(]\1,) X Apeﬂ/lp_ezﬂ(l + ZIN)_I A . dominant when

Aoy > 271 H\/3(F + 39,,72)

Trace of extrinsic
curvature:

oK = K/K -1
SKM = —flé(l)/3

3-Ricci scalar:

ORD = 4V2 %,

BRM « g2
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Constrainst
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Gravito-electromagnetism with EBWeyl

Riemann tensor: Traceless Weyl tensor: Projection along
part the fluid
Raﬂ,m/ —-’ Caﬂ,m/ N
Electric part: Magnetic part:
— P,V — Ay Mk
E,, =uwu"Cyp,, By, = u"u Caﬁm/

What EBWeyl does:

Instead of computing the Weyl tensor in full from the metric, you can use the extrinsic curvature.

1 K 1
in} _ (3 _ Kk _ (3) 2 _ prkl . _
El.j” = Rl-j + Kl-jK K Kkj 3 Vi ( R+K-—K Kkl) 5 (Sij 3 yl-jS >

1

However, E and B have been projected along n* and not u*.

— {n} _ {n} _ {n} A _ {n} .4 - —
Capr = 2 (Latu B = by BN = BY)ely = mBltlel, ) with 1, = g, +2n,n,
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Classification of Petrov type with EBWeyl Qrob nim

3-27J%=0 yes ]
Cutoff = 0.2 q Numerically, none of these are zero — type | everywhere

no
I=J=0 The “If” condition needs to be

yes
Cutoff = 0.05 normalised, e.g.: V = | Re(1'?) | /H?
no and have a threshold:
V < Cutoff AND

K=L=0 yes (V> Error OR Cutoff > Error)

Cutoff = 0.025
K=N=0 yes
Cutoff = 0.025 no
El=B=0
Cutoff = 0.01
no

I |
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Classification of Petrov type with EBWeyl Qrob nim

% Transition from

O->N->D-I-I __alan=22.5,
0.6 F -
<+ Strong presence of type N, that
of gravitational wave 0.4 F T
spacetimes.
0.2F =

< In the very centre of the over-

density, it is type O. This is 1n
consistent with the spherical —02E d
collapse model. ' 11
—04F 1
<+ Mostly D along the filaments. 4
—0.6 B g
V

XS I I - : | 1 1 1
O .re.malns In the under-density 050 —0325 000 0025
as it is conformally flat. X [/\pert]
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