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Abstract: Understanding the reason behind the observed accelerating expansion of the Universe is one of the most notable puzzles in modern
cosmology, and conceivably in fundamental physics. In the upcoming years, near future surveys will probe structure formation with unprecedented
precision and will put firm constraints on the cosmological parameters, including those that describe properties of dark energy. In light of this, in the
first part of my talk, I'm going to show a systematic extension of the Effective Field Theory of Dark Energy framework to non-linear clustering. As
afirst step, we have studied the k-essence model and have developed arelativistic N-body code, k-evolution.

I'm going to talk about the k-evolution results, including the effect of k-essence perturbations on the matter and gravitational potential power spectra
and the k-essence structures formed around the dark matter halos. In the second part of my talk, I'm going to show that for some choice of
parameters the k-essence non-linearities suffer from anew instability and blow up in finite time.

Thistalk is based on: arXiv:2204.13098, arXiv:2205.01055, arXiv:2107.14215, arXiv:2007.04968, arXiv:1910.01105, arXiv:1910.01104.

Zoom Link: https://pitp.zoom.us/j/99797451101?pwd=dituM 2d2M DFCbDgyV X J4c2s1INVoyUT09
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]

* Introduction

 EFT of dark energy

 k-evolution N-body code

* Non-linear instabilities appearing in the k-essence theories

« 3+1D
* 3+1D spherically symmetric and 1+1D scenarios
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Accelerating expansion of the Universe:

® High-Z SN Saarch Team
42 ® Suparmncva Cosmology Project
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Accelerating expansion of the Universe:

44+
® High-Z SN Saarch Taam
42+ o Supamova Cosmology Projec

«of QDE et 07

38 i * It acts opposite to gravity at large scales

m-M (mag)

o
o

P g Toemee e It doesn't seem to cluster strongly
34F i --0,=10,0,00 ]

A <3
1of N ] eSgeniResugee s

A(m-M) (mag)
<
=

] I '
b
. | _T] + I: 5 T: ]_ ]

o
(3]

oF e S The CMB Large scale structure

0.01 0.10 1.00

-
“

Pirsa: 22070024 Page 6/42



V2® = 47Gp — A\

Basic facts

&, — STGLIEEG,,,,

Gy =8nGT,, —V(p)gu

“dark energy”

@ ®

Modified gravity Dark energy

irsa: 22070024 Page 7/42



EFT of Dark Energy
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Covariant theories <:| Effective field theory > Observations
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[\/ Rd4$+/1f gP(X, Lp)d4 X = ——g“yapwayga k-essence
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Choosing the unitary gauge = time coincides with uniform-field hypersurfaces:
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T
EFT of Dark Energy

* Evolution of the cosmological perturbations

. . —2  §S
* Evolution of perturbations to second order = THY
i 65‘ |:> vV —4 6(59;51/)
* Scalar field evolution =) 5= 0
T

* Perturbative scheme: short wave-corrections are considered
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EFT of Dark Energy

* Evolution of the cosmological perturbations

. . —2  §S
* Evolution of perturbations to second order = THY
i o V=317
* Scalar field evolution =) 5= 0
T

* Perturbative scheme: short wave-corrections are considered

! i
mr, ' ~e  Vr Vr' Vr' ~e/? Vi, V2, V2" ~ €°

ll Weak field regime

Pirsa: 22070024 Page 11/42



EFT of Dark Energy

« Evolution of the cosmological perturbations

. . —2 58
* Evolution of perturbations to second order = THv
P o a7
* Scalar field evolution =) 5= 0
T

* Perturbative scheme: short wave-corrections are considered
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T
EFT of Dark Energy

* Evolution of the cosmological perturbations

. . —2  §S
* Evolution of perturbations to second order = THY
i 65‘ |:> vV —4 6(59;51/)
* Scalar field evolution =) 5= 0
T

* Perturbative scheme: short wave-corrections are considered
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Example: Short wave correction Short wave correction
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* Evolution of the cosmological perturbations
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EFT of Dark Energy

» Evolution of the cosmological perturbations

: : -2 aS
* Evolution of perturbations to second order : = THv
P o ndv=F1rr
* Scalar field evolution =) = 0
T

* Perturbative scheme: short wave-corrections are considered
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e
k-evolution/gevolution

* Relativistic N-body code mmm) G, =87GT),,

* Calculates all six metric degrees of freedom in Poisson gauge + k-essence
scalar field

ds? = a?(n) [—ew’d’q? — 2B;dz'dt + (e 2%6;; + h@j)dméd&?j}

* Background model should be close to FLRW

* N-body particles are evolved by solving the geodesic equation (CDM,
neutrinos, photons)
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large speed of sound small speed of sound
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Large speed of sound
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DM particles

DM particles
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DM particles DM particles
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Matter power spectrum, redshift space distortions

DM particles DM particles
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FH, J. Adamek, M. Kunz, F. Vernizzi (arXiv: 1910.01104)
FH, B. L’Huilier, A. Shafieloo, M. Kunz, J. Adamek (arXiv: 1910.01105)
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e
integrated Sachs-Wolfe

Difference between maps of k-essence
Map of ISW effect

and LCDM
ISW-RS map, ANCDM ISW-RS maps difference
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Dark energy clustering can have:
» ~ 30% effect on ISW-RS angular

power
» ~ 7% effect on convergence
power-spectrum
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Non-linear scalar field equation: = = %‘f”

827 + H(1 — 3w)d,m + (a.;H — 3wH? + 3c2(H? — a,:H))w
— 0,V 4+ 3H(w — )V — 3¢20,® — 2V?n
= N(m, 8,7, Vr,Vo. 7, Vr)

N (=, 0, v, V., Vi) = —%(56? + 3w — 2) (V)2

+2(1 - A)Vr - Vo,m — [(cg — 1) (8,7 + Hm — )

+c2(® — W) + 3Hc5 (1 + w):rr] Vir + (2 —1)VV - Vnrr

3(cs —1)
2

— AV .- Vr + 0; (&ﬂ'(ﬁ’ﬂ')z) .
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Non-linear scalar field equation:

027 + M(1 — 3w)d,m + (0, — 3wH? + 33 (H2 - 8T’H))TT
— 0, ¥ + 3H(w — )V — 3¢%20,® — 2V3r
= N(m, 8,7, V, \ R Vi)

3+1D
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Non-linear scalar field equation:
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* Scale—invariant solutions to a Hamilton-Jacobi
type equation issued from cosmology
Pan Shi, FH et al.
in preparation

Pan Shi Peter Wittwer

» Stability of a blow-up solution for a second
order in time Hamilton-Jacobi type equation
Pan Shi, FH et al.
in preparation

* Onasecond order in time Hamilton-Jacobi type
equation issued from cosmology
Pan Shi, FH et al.
in preparation
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Tl T; P} = @7‘2

One special solution

We can think of this ODE as
Newton’s second law 4
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0 =K'(0)* - 2:{(0)3

F. H, P. Shi, J. Adamek, M. Kunz, P. Wittwer; arXiv: 2107.14215
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I
M-type blowup

a=0.15 =005

0.6,
[
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t = 0.0
k)2
=
X 0.0
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—-0.4
956 —i5 —-10 -05 0.0 05 1.0 15 2.0
X
d?u 2@2u du 2
g = HC, 922 C‘f(%) J. Eckmann, F. H, H. Zaag; arXiv: 2205.01055
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I
M-type blowup

a=0.15, ¢ =0.05

2.5

2.0 § ~
=763

-2 ~-1 0 1 2 2.0
X
d?u 9 0%u du 2
dr2 = AEC, o512 _ a(%) J. Eckmann, F. H, H. Zaag; arXiv: 2205.01055
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large speed of sound:

* Linear predictions and halo-fit are not
accurate enough especially for non-
standard cosmologies

Dark energy clustering can have:
» ~ 30% effect on ISW-RS angular
power
» ~ 7% effect on convergence
power-spectrum
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large speed of sound: small speed of sound:
* Linear predictions and halo-fit are not * Non-linearities can become VERY
accurate enough especially for non- important!

standard cosmologies
* Cosmological N-body simulations

Dark energy clustering can have: bound on speed of sound: ¢2 > 10-*7
» ~ 30% effect on ISW-RS angular
power * From mathematical point of view
» ~ 7% effect on convergence any speed of sound leads to an
power-spectrum instability!

 EFT of k-essence (DE) breaks down:
* EFT expansion problem?
e Strong field regime (BH)?
* What about covariant k-essence?
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large speed of sound: small speed of sound:
* Linear predictions and halo-fit are not * Non-linearities can become VERY
accurate enough especially for non- important!

standard cosmologies
* Cosmological N-body simulations

Dark energy clustering can have: bound on speed of sound: ¢2 > 10-*7
» ~ 30% effect on ISW-RS angular
power * From mathematical point of view
» ~ 7% effect on convergence any speed of sound leads to an
power-spectrum instability!

 EFT of k-essence (DE) breaks down:
* EFT expansion problem?
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