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Introduction

Standard Model of Cosmology GR is assumed in all scales
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* We already have multiple constraints on
gravity from different probes
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Introduction

We already have multiple constraints on
gravity from different probes

Astrophysical and solar system are the
tighest

measurement / prediction
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Introduction

We already have multiple constraints on
gravity from different probes

Astrophysical and solar system are the
tighest

Cosmological are still not competitive when
compared to local, how can we improve?

measurement / prediction
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Introduction

Euclid, DESI, LSST — bulk of information will be on non-linear
scales —» Simulations
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scales —» Simulations
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Introduction

Euclid, DESI, LSST — bulk of information will be on non-linear
scales —» Simulations ; : : .
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Introduction

Euclid, DESI, LSST — bulk of information will be on non-linear
scales —» Simulations

In Mod. Grav. Newtonian simulations only account for dark energy
effects dominated by matter perturbations (small scales): Fifth force

VZCI) X Geff(T, k)pm(sm
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Introduction

Euclid, DESI, LSST — bulk of information will be on non-linear
scales —» Simulations

In Mod. Grav. Newtonian simulations only account for dark energy
effects dominated by matter perturbations (small scales): Fifth force

V2(I) X Geff(T, k)pmdm

At short distances — restore GR — screening

At large distances — need to introduce modified gravity simulations

Accelerated expanioq s
r—1_ .
H 0

*

(Modified Gravity)
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Introduction

Euclid, DESI, LSST — bulk of information will be on non-linear
scales —» Simulations

In Mod. Grav. Newtonian simulations only account for dark energy /
effects dominated by matter perturbations (small scales): Fifth force

V2(I) X Geff(T, k)pmdm /

screening

At large distances — need to introduce modified gravity simulations \ /
Accelerated expdnsion ’
K H — ]__ . /
0

(Modified Gravity)

At short distances — restore GR —
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Introduction

* A note on screening:

5— / d'av/=g [Ga(9)R + K(6,V9) + Ga(4, Ve, V?9)]

K =X+ V(¢)—> make the scalar short-ranged (chameleon) /
WBD 2 1. .
K = 7 (V¢)“> kinetic term large — suppress matter coupling (BD) \
* K+Gs = N(ng, V2¢)—> non-linearities in EoM — \
derivatives suppress scalar field charge Accelerated expanw /
(Modified Gravity) Hy _ -

(k-mouflage, Vainshitein) 21
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Path to relativistic effects in Mod. Grav. simulations:
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Introduction

Path to relativistic effects in Mod. Grav. simulations:

I. Use specific gauge (N. Chisari and M. Zaldarriaga 1101.3555) :
* N-Body gauge (C. Fidler et al: 1505.04756, 1606.05588, ...)
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Introduction

Path to relativistic effects in Mod. Grav. simulations:

L.

Use specific gauge (N. Chisari and M. Zaldarriaga 1101.3555) :

N-Body gauge

(C. Fidler et al: 1505.04756, 1606.05588, ...)
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Introduction

Path to relativistic effects in Mod. Grav. simulations:

I. Use specific gauge (N. Chisari and M. Zaldarriaga 1101.3555) :

* | N-Body gauge|(C. Fidler et al: 1505.04756, 1606.05588, ...)

II. Poisson gauge weak-field approximation — K-evolution (F. Hassani, et al: 1910.01104,
1910.01105)
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Introduction

Path to relativistic effects in Mod. Grav. simulations:

L.

Use specific gauge (N. Chisari and M. Zaldarriaga 1101.3555) :

N-Body gauge

(C. Fidler et al: 1505.04756, 1606.05588, ...)
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Introduction

* Ray tracing (build light cone)

* (Galaxy number count (what surveys “observe”)
* LoS relativistic corrections (RSD, WL, ISW, ...)
* Mock galaxy catalogs (emulators)

* Covariance matrices (modelling for future

surveys)
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The N-Body Gauge
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CDM dynamics:

kQ(I)N — 47TGa2ﬁcNdm5§im 3
ON 4+ kol =0 ,

cdm cdm

0 +H] oDy, = —k®N

cdm

Newton

N-Body gauge

.

K ® = 4nGa® [pd + 3H (p +p) (v — B) /K] ,
5cdm + kVedm = _3HL )
[0 + H] Veam = —k [q) + (0, + H)Hr + 127Ga® (p + p) 0]

GR

goo = —a’ (1+2A4),
goi = a%ik; B,

gi; = a? [52-]- (1+2H) +2 (5@-/3 _ kkj) HT}
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CDM dynamics:

k2(I)N — 47TGa2ﬁcNdm5cl\iim )
ON 4+ kol =0 ,

cdm cdm

0 +H] vl = —k®N

cdm

Newton

N-Body gauge

.

[87- + H] VUedm = —k |®

k20 = 47 Ga? [p6 H3H (5 +p) (v — B) /K]
5cdm + kvcdm :
9. +H)Hr + ma@

GR

goo = —a’ (14+2A4),
goi = a%ik; B,

gi; = a? [5ij (1+2H) +2 (51-9-/3 _ kkj) HT}
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N-Body gauge

* CDM dynamics:

oY = 4nGa® b0 » k2® = 4nGa? [pd H3H (p+ p) (v — B) /K]

Si\ém + kvfdm =0, Ocdm + KVedm =
[0 + H] Vogy = —k®" 10 + H] Vedm = —k |® +(0- + H) Hr + 12w@
Newton GR

2
= —a“(1+4+2A4),
E[L @P) goo a ( )

_ 257
Ht = B = 0, Newtonian (Poisson) gauge goi = a” ik; B,
A=v" gij = a’ [52-]- (14 2Hy,)+2 (52-]./3 — kikj) HT} -



N-Body gauge

Setting: Hy, =0, B =,

k2ONP = ArGa? pcdm5
5cdm + kvcdm =0 ’
[a + H] cdrn = —k (@Nb + ,be) )

cdm »

PANP = — (0, + H)HSP + 127Ga® (p+ p) o,
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N-Body gauge

Setting: Hy, =0, B =,

k2ONP = ArGa? pcdm5
5cdm + kvcdm =0 ’
[a + H] cdrn = —k (@Nb + ,be) )

cdm »

2ANP = — (0, + H)HEP +127Ga® (p+p) o

Comoving curvature perturbation:

Hy awv, — B
H - _
¢=Hu 3 a k

33



N-Body gauge

Setting: Hy, =0, B =,

k2ONP = ArGa? pcdm5
5cdm + kvcdm =0 ’
[8 + H] Cdrn = —k (q)Nb + ,}/Nb) )

cdm »

2ANP = — (0, + H)HEP +127Ga® (p+p) o

Comoving curvature perturbation:
Hr ¢ B
=@ 7 - @

Comoving gauge
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N-Body gauge

Setting: Hy, =0, B =,

k2ONP = ArGa? pcdm5
5cdm + kvcdm =0 ’
[8 + H] Cdrn = —k (q)Nb + ,}/Nb) )

cdm »

2ANP = — (0, + H)HEP +127Ga® (p+p) o

Comoving curvature perturbation:

-® -

oS/P
S/P tot
p k2 ] 9

Comoving gauge
"

HY =3
T T+

(p+p)o—dp
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N-Body gauge

Setting: Hy, =0, B =,

20N = 47 Ga® peamOny
Oodim + kvcdm =0,
0+ ]y = K (B 1)

2ANP = — (0, + H)HEP +127Ga® (p+p) o

cdm »

Comoving gauge

*Nb H S/P O
Hy?=3—— |(p+p)o—op>" +p-2—|,
T P (p+p)o—dp P—r5

But CDM has no pressure and no anisotropic stress, then at linear order...
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N-Body gauge

But CDM has no pressure and no anisotropic stress, then at linear order...

KON = 4rGa’phy, 0N 20N = 4G a peamong

cdm » cdm »
5cdm + kvcdm 0 ’ ﬁ 5cdm + kvcdm =0 ’
[a + H] Uedm = _kq)N [8 + H] cdm — _k(I)Nb
Newton GR
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N-Body gauge
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N-Body gauge

In summary, in the N-Body gauge:
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N-Body gauge

In summary, in the N-Body gauge:

i. Relativistic particle density matches the Newtonian particle counting density

Prel. = Pcount
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N-Body gauge

In summary, in the N-Body gauge:
i. Relativistic particle density matches the Newtonian particle counting density

Prel. = Pcount

ii. Relativistic equations of motion for non-rel. matter matches their Newtonian
counterpart
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N-Body gauge

In summary, in the N-Body gauge:

i. Relativistic particle density matches the Newtonian particle counting density

Prel. = Pcount

ii. Relativistic equations of motion for non-rel. matter matches their Newtonian
counterpart

iii. We can introduce effects of photons, neutrinos and dark energy at large sacales:

ONP 1 HONP — 4nGa®p,, 0N = 4nGaSpar,
dpGr = 6p3° + 8p)" + 5pDR + OPmetrics

kz’}/Nb = 47TGCL25,0metric
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N-Body gauge

In summary, in the N-Body gauge:

i. Relativistic particle density matches the Newtonian particle counting density

Prel. = Pcount

ii. Relativistic equations of motion for non-rel. matter matches their Newtonian
counterpart

iii. We can introduce effects of photons, neutrinos and dark energy at large sacales:

ONP 4 3oNb _ 47TGa2pm5§1b = 41Ga*dpar,

-
Same as Newtonian at
small scales
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N-Body gauge

In summary, in the N-Body gauge:

i. Relativistic particle density matches the Newtonian particle counting density

Prel. = Pcount

ii. Relativistic equations of motion for non-rel. matter matches their Newtonian
counterpart

iii. We can introduce effects of photons, neutrinos and dark energy at large sacales:

('5'71:?3 - H('S%b — 47rGa2pm5,1ij = 47TGa2(5pGR

e

- o
N \\‘/

Same as Newtonian at Relevant at large scales
small scales
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N-Body gauge

N-body simulation N-body gauge
—
-

5
‘1{//

ini

ONP 4+ 26NP _ 4nGa pm(SNb = 47Ga® 5pGR - Output of the simulation

\\777 - 77\\(/ - \ — \/

~ already in the N-Body gauge

Same as Newtonian at Relevant at large scales
small scales
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N-Body gauge

Large scales — linear, use an Einstein-Boltzmann solver
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N-Body gauge

Large scales — linear, use an Einstein-Boltzmann solver
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N-Body gauge

Large scales — linear, use an Einstein-Boltzmann solver

dpar = 6p3" + 0" + OpDR + SPmesric
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N-Body gauge

Large scales — linear, use an Einstein-Boltzmann solver

dpcr = 0p5” +0py" + 6ppp + 6 Pmetric

Gauge transformation l

0pN" = 6p5/" + 3Hpa (14 wa) 6"

49



N-Body gauge

Large scales — linear, use an Einstein-Boltzmann solver

dpcr = 0p5” +0py" + 6ppp + 6 Pmetric
Gauge transformation l
0pN" = 6p5/" + 3Hpa (14 wa) 6"

For the last term we need

k2N = 4rGa* S pmetic

50



Compute inside hi_class:

N-Body gauge

E2ANP = — (0, + H)HYP + 120Ga® (p+ p) o
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Compute inside hi_class:

. H 0
Y =3 N(p 4 p)o —op*/7 + priot

p+p

N-Body gauge

E2ANP = — (0, + H)HYP + 120Ga® (p+ p) o

S/P

k2
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N-Body gauge

Compute inside hi_class: 2ANP = —(0, + H)HEP + 127Ga® (p+p) o
. 1y oS/P
FNb _ _ 5.S/P tot
T 3p+p (p+p)o—op™" +p—35-
. 1 1 .
FNb _ [ 7E s 15y | FND
T [’H (o +p) (p+p)| Hy
1y QS/P S/P
T3 |0 rp o+ (o tp)e = 0% 4 pm G
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N-Body gauge

Compute inside hi_class: 2ANP = —(0, + H)HEP + 127Ga® (p+p) o

HNb—
* p+p

DR

o | H 1 o

S/P S/P
p+p -‘ tot +p tot ]

Use Boltzmann equations for photons and neutrinos (massive and massless)

‘TNb
HT

+3—
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What about DE?
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Modified Gravity

Horndeski theory: most general scalar tensor theory with 2nd order equations in both fields.
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Modified Gravity

* Horndeski theory: most general scalar tensor theory with 2nd order equations in both fields.

* Big and messy:

5

S[g,uy,Qb] — /d4$\/—_g [Z #EZ[gul/vqb] +£m[glﬂ/a¢M]

1=2

* But can be made simpler:

E. Bellini and I. Sawicki 1404.3713

H(2) Fixes background
Z) Kineticity
) Braiding
an (2) Running Planck Mass

aT (z ) Tensor excess
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Modified Gravity

* Horndeski theory: most general scalar tensor theory with 2nd order equations in both fields.

* Big and messy:

5
S[g,uy,Qb] — /d4$\/—_g [Z #EZ[glﬂ/aqb] +£m[glﬂ/a¢M]

=2

* But can be made simpler:  H(z) Fixes background
Kineticity N
Braiding

an (2) Running Planck Mass

aT (z ) Tensor excess /

E. Bellini and I. Sawicki 1404.3713 Linear Pert.
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Modified Gravity as a fluid

Need to compute anisotropic stress and pressure perturbation of DE!
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Modified Gravity as a fluid

Need to compute anisotropic stress and pressure perturbation of DE!

Effective Fluid Description:
— Bianchi Identities + Conservation of Energy Momentum Tensor

-  Move MG to the RHS of Einstein Equation:
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Modified Gravity as a fluid

Need to compute anisotropic stress and pressure perturbation of DE!

Effective Fluid Description:
— Bianchi Identities + Conservation of Energy Momentum Tensor

-  Move MG to the RHS of Einstein Equation:

. m MG
G =10 + TV

/ \

GR Horndeski
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Modified Gravity as a fluid

So EoM at linear order:

« :cdm, b, v, v, DE

J
VX:a—(b

¢

1
k2n — 57#/ = 4nGna® Y Opa;
k*n = 4rGya® Z (Pa + Pa) ba,
R 4+ 2HR' — 2k*n = 817G na® Z 0Pas

R +6n" +2H (B +67') — 2k*n = —247G na” Z (pa + Pa) Oars

(e
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Modified Gravity as a fluid

* So EoM at linear order:

« :cdm, b, v, v, DE

J
VX:a—(b

¢

R +6n" +2H (B +67) — 2k*n)= —247G na? Z (pa + Pa) Oars

GR

63



Modified Gravity as a fluid

Where
)pDE = 0PDE (7‘, k*n, Vy, Vi, 5,0m) :
Ope = O0pE (7, Vx, Vi, 0m) ,
SppE = 6ppE (T, k°n, 1/, Vx, 6pm)
(ppE + PDE) 0DE = (pDE + POE) 0DE (T, K°n, 7, I, VX, 0
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Modified Gravity as a fluid

Where
)pDE = 0PDE (7‘, k*n, Vy, Vi, 5,0m) :
Ope = O0pE (7, Vx, Vi, 0m) ,
Sppe = oppE (1, k°n, 1/, Vx, 6pm) |
(ppE + PDE) 0DE = (pDE + POE) 0DE (T, K°n, 7, I, VX, 0

These depend on background functions (time dependent only) and synchronous gauge
metric potentials (already computed in hi_class)
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Modified Gravity as a fluid

Where
)pDE = 0PDE (7’, k*n, Vy, Vi, 5,0m) :
Ope = O0pE (7, Vx, Vi, 0m) ,
Sppe = oppE (1, k°n, b/, Vx, 6pm) |
(ppE + PDE) 0DE = (pDE + POE) 0DE (T, K°n, 7, I, VX, 0

These depend on background functions (time dependent only) and synchronous gauge
metric potentials (already computed in hi_class)
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Modified Gravity as a fluid

Where
5PDE — 5PDE (7:7 kQT]a VX7 V)/(a 61077’&) 3
Opr = Opk (1, Vx, Vx, Om) ,
Sppe = oppE (1, k°n, b/, Vx, 6pm) |
2 / / ‘ Nb
(ppE + PDE) ODE = (PD‘E + PDE) ODE (T, k n,n ,h ,VX,Um) Y

These depend on background functions (time dependent only) and synchronous gauge
metric potentials (already computed in hi_class)

Can compute 9pcR ! And feed it into N-Body codes!
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Results
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Results

* Effects at extremely large scales in matter power spectra

H(z) = ACDM,
oy = CiQDEa 1= B7 Ma T7
K = CK
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Results

* Effects at extremely large scales in matter power spectra

ay =Qpe,ar=ap =0 ag=cg, z=1 ay =—ap=pp,ar=0,ax =cg,z2=1
O_
H(z) = ACDM,
. —10 1
P s &o
a; = CiQDE, 1 = B, M, T, = s
I
AK = CK S —301
A
~
f —401 cx = 100 cx = 100
. cx =1
N N 2 N —0] ck = 0.01 cx = 0.01
Py : 6, +Hd,, —4rGa”pyd,, =0 . . | ! i B e

1075 104 1073 1072 1071

Par : ('S%b + H(.S,lib — 47TGa2pm57lib = A1Ga*Spcr

ap=Qpp,ar=ay=0,ax =cg, 2 =1

cx =100
— cx=1
— ¢cx=10.01

105 10+ 103 102 10!
k [1/Mpc]



Results

* Effects at extremely large scales in matter power spectra

H(z) = ACDM,
oy = CiQDEa 1= B7 Ma T7

K = CK

Py : 0N + 1N —4nGa®pmol =0

Par : S%b + 7-[571;21) — 47TGa2pm5,lib = A1Ga*Spar

ay =Qpp,ar=ap=0,ag =ck, 2 =1

CK = 100
er=1
cx = 0.01
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Results

* Effects at extremely large scales in matter power spectra

H(z) = ACDM,
a; = ¢;{lpg,

K = CK

V{ +aHV +a*H*Vy =

i =B,M,T,

2¢2
m B (5 m a
A(T)00m + B(r)ipm + 750
1
Cg xX —
K

ay =Qpp,ar=ap=0,ag =ck, 2 =1

CK = 100
er=1
cx = 0.01

0-° 104 10-° 10-2 10-Y

ag = pprar=an=0,ax=ck,z=1

cx =100
— cx=1
— ¢cx=10.01

ay =—ap=Spg,ar=0,ag =ck, z=1

/
[
|
\

CK = 100
ck =1
cr = 0,01
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What about the other scales?
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Results

Separation small from large — Quasi-Static Aprroximation (QSA), valid deep inside hor.

0ppE . X 5pm

QSA

Geff V2(I) X Geff(T, k)pm5m
OPE X 0Pm
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Results

Separation small from large — Quasi-Static Aprroximation (QSA), valid deep inside hor.

0ppE . X 5pm

QSA

Geff VQCI) X Geﬁ‘(T, k)pm5m
oo X 0pm

QSA:

¢  Write the small scale contributions of the dark energy density perturbations and
anisotropic stress (diff. between Newtonian Potentials)

dpDE = 5P§§3A + 0PDE, rel.

_ _QSA
ODE = Opg 1 ODE, rel.
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Results

* Bigger kineticity — Smaller sound speed — Agreement pushed to larger k

OJMZ—OJB:QDE, OzKZO.Ol,ZZO OlMZ—O(BZQDE, OzK=1,Z:O O(MZ—OZBZQDE, OzKZIOO,Z:O

1074 i

—— 0ppE
QSA
OppE
---- (ppE +PDE)ODE

—_—— (PDE+PDE)U]%%A |

10-* I Illllll[]f?’ | IUL2 I Illll[lf1 ST
k [1/Mpc]



Results

* Bigger kineticity — Smaller sound speed — Agreement pushed to larger k

ay = —ap = Qpg, axg =0.01, 2 =0
10~
1075 i
1076 i
1077 i
—— 0ppE
- SA
0 fF=====~ Ty
---- (ppE +PDE)ODE
7
-10 -——- (PDE+PDE)Ug%A
1074 1073 1072 107!

k [1/Mpc]
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Let’s remember where we are:

Results
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Results

Let’s remember where we are:

1) Modified gravity Newtonian simulations: 5th force

V20 o Geog (T, k) prmOm ON + HON — AnGega’pmol = 0.

79



Results

Let’s remember where we are:

1) Modified gravity Newtonian simulations: 5th force

V20 o Geog (T, k) prmOm ON + HON — AnGega’pmol = 0.

2) N-Body gauge:

OPGR = 5/0510 +0p,° + 6pDB + O Pmetric ONP L HONP _ AnGa®p P = ArGa’Spar



Results

Let’s remember where we are:

1) Modified gravity Newtonian simulations: 5th force

V20 x Gog (7, k) prmOm 571\,2 + 7—[571\; — 47TGeffCL2pm57ljl

2) N-Body gauge:

(5,0@}{ = 5/0510 + 5/)1,)”0 + 5P + 5:0metrlc 571:11]3 + H(S?l?\llb
3) QSA:
_ ¢ Nb
SPGR, rel. = 005" 4 6Py " 4 OPDB. rel. T OPmetric, rel.»
PDE = OPDB, rel. + s 5%‘0 + Hng\rTLb

SA
5Pmetric,rel. - 5pmetric - (PDE + pDE) J%E

— 47rGeffa2,0m m

5Nb

= 0.

— 47TGCL2,0m571ij = A7Ga’Spar

- 47TGCL2 5PGR, rel.
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Results

Let’s remember where we are:

1) Modified gravity Newtonian simulations: 5th force

V20 o Geog (T, k) prmOm

2) N-Body gauge:

(5,0@}{ = 5/0510 + 5/)1,)”0 + 5P + 5:0metrlc 571:11]3 + H(S?l?\llb
3) QSA:
_ Nb
5PGR rel. — 50 + 50 + 5PDE rel. + 5pmetric, rel.
0pDE = 5PDE rel. T 5081%Aa (.5'71,\,2}3 + 7-[5'71\33

SA
5pmetric,rel. - 5pmetric - (,UDE + pDE) O—SE

PGeff
v

e
e

%

ON + HON — AnGega® pm oy

— 47TGeﬁ‘Cl2,0m m

.

Par

6Nb

= 0.

— 47TGCL2,0m571ij = A7Ga’Spar

= 47Ga*SpaRr, rel.
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apr

= —ap=0pp, ar=,ag=¢g, 2=1

cx = 100
cxk =1

—61 " — Y]
el +1%
104 103 102 10!

k [1/Mpcl

(6978

Results

= —op=flpp,or=ag=cg,z=1

+1%

==

102
[1/Mpcl

NS

Mitigate the effect of: G g
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oy =—ap=Spg,or=,0x=ck,z2=1
2 4
0.
cx = 100
cxk=1
—6 —— ¢x =0.01
—81 +1%
104 10-3 102 10!
k [1/Mpcl

Py | Pop —1 (%)

Sppe/ 5/)%}?1/1 —1[%]

Results

oy =—ap=8pg, or=,ax=cg,z=1
+1%
4_
2 4
0_
104 103 102 10!
k [1/Mpc]
5] +0.1%
1 P
A
B J

10-3 10-2 10-!

>

Smooth transition to
Newtonian gravity (QSA)
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i oy =—ap=Spg,or=,0x=ck,z2=1
2 4
- X
X, 01 .
'T |
—92 3
& 3
Qgs A
=4 —— ¢k =100 g
< — =1 || .
—6 —— dg=0pi|| ™
—81 +1%
104 10-3 102 10!
k [1/Mpc]
102
100 o
X
v
[
N @ § 3]
Q A
QU
o
~
53]
Q
Q
—10 <
10 —— ¢ =0.01
10712 I | I |
0.0 0.2 0.4 0.6 0.8 1.0

Results

oy =—ap=8pg, or=,ax=cg,z=1
+1%
4_
2 4
0.
_2 L
—4-
_6 1
104 103 102 10!
k [1/Mpc]
51 +0.1%
1 P
0-7’\ AN /\ ) —
. P
—1 'J
_2 B
10-3 10-2 10-!
k [1/Mpc]

>

Smooth transition to
Newtonian gravity (QSA)
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Results

oy =—ap=Spg,or=,0x=ck,z2=1 oy =—ap=8pg, or=,ax=cg,z=1
+1%
2 n
— N
< ol = ] ..
= o2 . Relativistic effects
|
—921 x 04
5 ~ Not captured by QSA
5—4- —— cx =100 g—z-
=4 )
& — G =1 Q=
=6 — k=001 | 4
_8 - :l:].% _6 4
104 10-3 102 10! 104 103 102 10!
k [1/Mpc] k [1/Mpc]
102
1001 9 +0.1%
1072 %o‘ 1 -
|
e S 0_74\ P . Smooth transition to
Q NI=NF
1076 N . .
< J Newtonian gravity (QSA)
1078 § -1
10711 R Y o
10712 . . . ! - |
0.0 0.2 04 0.6 0.8 1.0 10-3 10-2 10-1
a k [1/Mpc] 86



Results

Gravity acoustic oscillations (GAOs) from 10”-3 — 107-2 1/Mpc

aN = _OéB:QDE, ag = Ck, z =10

Cg = 0.01
CKg = 1
cx = 100

105 |

[Mpc?]

Nb
m

P

104 |

10-3 102 10~
k [1/Mpc]



Results

Gravity acoustic oscillations (GAOs) from 10”-3 — 107-2 1/Mpc

aN = _OéB:QDE, ag = Ck, z =10

Cg = 0.01
CKg = 1
cx = 100

105 |

[Mpc?]

Nb
m

P

104 |

10-3 102 10~
k [1/Mpc]



7 [Mpc]

14000

12000

10000

8000

6000 1

4000

2000

104 102 1072
k [1/Mpc]
571‘113/552111&7 ayr = —ap = Qpg, ag = 0.01

103

102
k [1/Mpc]

Results

107? 1072 107t
k [1/Mpc]
55}])/65%111{311? = —ap = QDE; g 1

o

104

102 10-2 10-1 100

k [1/Mpe]

107 10°2 101 100
k [1/Mpc]
571?11)/5751%%11; ay = —ap = {pg, ag = 100

N

104

1= 10-2 101 100

k [1/Mpc]

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2

1.06

1.04

1.03

1.02

1.01

1.00

0.99
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Conclusions/Future

Relativistic effects of DE not accounted for in MG simulations can now be readily
implemented with dpar

Kineticity enhances the signal at large scales

Emergence of GAOs at scales 107-3 — 107-2 1/Mpc in the matter power spectrum,

amplified to (possibly) detecteable levels in models with rapid DE sound horizon evolution
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Conclusions/Future

Move to non-linear scales— Implement in Newtonian MG simulation (MG-COLA,
gevolution)

Other example in the literature of relativistic MG simulation: k-evolution,

so it would be interesting to introduce in k-essence (clustering DE) model to cross-check and
validate the results.
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Thank you!
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