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Simulations for dark energy models

* Classification of models according to complexity
* Non-standard background evolution

* Linearised dark energy perturbations
- Clustering dark energy (linear approximation)
- Coupled quintessence
- Interacting dark energy

* Nonlinear scalar field perturbations

- Clustering dark energy
- Screened modified gravity



Newtonian N-body simulations

* N-body simulation

N-body simulations solve the Vlasov equations by approximating the
distribution by many particles

x;, =—VVU(x;)
U(x) = —GZ ikl




Stage |V and future surveys

* On-going/future surveys (DESI, LSST, Euclid, SKA ...)

These surveys will go wider and deeper, probing near horizon perturbations
where Newtonian description may break down
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NeWtonian SimUlationS in GR Fidler et.al. arXiv:1505.04756

* Linearised equations in General Relativity (in N-body gauge)

VzCD = —47TGGJ2Zﬁa6gb 9i5 — CL [5?7 (1 + QHL) - 2H1 ?}}
5cdm+kvcdm_07 H; =0

b .
[8 + H] cdm = —k ((I) + P)/N ) — ]{27 — (&,— + 7‘[) Hy — 87TGa2pH

(anisotropic stress)

e For Cold Dark Matter + A, NP =0

* These equations are the same as Newtonian equations
Newtonian simulations should be interpreted in N-body gauge



Relativistic corrections

* The effect of additional species such as radiation is encoded in ’be
* If linear approximation is valid, this can be computed by a Boltzmann code

 The effect of vacan be included
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Massive neutrinos
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Massive neutrinos

Euclid: Adamek et.al. 2211.12457

Code type neutrino method(s) -
GADGET-3 N-body (Tree-PM) particle
L-GADGET3 N-body (Tree-PM) mesh
openGADGET3 N-body (Tree-PM) particle 7 e =
GADGET-4 N-body (Tree-PM) particle <
NM-GADGET4 N-body (Tree-PM) Newtonian motion gauge g
AREPO N-body (Tree-PM) particle ‘-5;8 o |
CONCEPT N-body (P3M) mesh ~°
PKDGRAV3 N-body (Tree + FMM) | mesh 2
SWIFT N-body (PM + FMM) | particle / 6f 2
ANUBIS N-body (PM + AMR) | particle E s S
gevolution N-body (uniform PM) | particle / mesh -
COLA N-body surrogate mesh Il
PINOCCHIO N-body surrogate linear growth factor 0’38 o |
ReACT P(k) prediction halo-model reaction <
BACCOemulator P(k) prediction emulation
EuclidEmulator2 || P(k) prediction emulation
Cosmic Emu P(k) prediction emulation 0.01 01 "
k [hMpc ™!
= GADGET-3 GADGET-4 — = CONCEPT == ANUBIS = = PINOCCHID * BACCOemulator
— = L-GADGET3 ~ =  NM-GADGET4 PKDGRAV3 gevolution - CLASS ReACT
OpenGADGET3 === AREPO SWIFT COLA




H ornm d es kl graVity Brando, KK, Wands 2006.11019
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Effective theory of Dark Energy  sranco. riorini ki winther,

2203.11120
Parametrisation of linear Loal
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Screened modified gravity

Three regimes of gravity
In most models, the scalar mode obeys

non-linear equations describing the
transition from the scalar tensor theory
on large scales to GR on small scales

Scalar
tensor

@ D¢ =3 (¢> Vﬂ¢9 Vﬂvv¢’ pm)

Understandings of non-linear clustering require N-body simulations
where the non-linear scalar equation needs to be solved



N-body Simulations for screening mechanism

* Multi-level adaptive mesh refinement
* add a scalar field solver using a non-linear Gauss-Seidel relaxation

Oyaizu, Lima, Hu. 0807.2462
DGPM, Schmidt PRD80, 043001 - Fn1
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Approximations

* Spherical approximation Winther& Ferreira, 1403.6492, Wintehr et.al. 1703.00879
linearised the scalar field equation and include screening factor
V2¢p =m2(a)a’d + C(a) - k6 - €screen(PN, |Vx @], V2O N)

D it (CL)
Dy

Chameleon screening  €screen(®n) = Min {1, ] Gefr, rcHo =1.0

. . . 1.159 = Geslk, 2) =7 Gesi(2) - z=0.0
» Effective newton constant in Fourie space

Gest (2,k) = G (1 + 5GG(Z)M (2, k))
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Euclid preparation: Simulations and
nonlinearities beyond ACDM

* 1. Numerical methods and validation
(Euclid Collaboration: Adamek et al. 2024, arXiv:2409.03522)

Y euclic]

e 2. Results from non-standard simulations
(Euclid Collaboration: Racz et al. 2024, arXiv:2409.03523)

« 3. Cosmological constraints on non-standard cosmologies from simulated
spectroscopic probes

(Euclid Collaboration: D’Amico et al. in prep.)

» 4. Constraints on f (R) models from the photometric primary probes
(Euclid Collaboration: Koyama et.al 2024, arXiv:2409.03524)



3x2pt photometric probes

* The main ingredientis the nonlinear matter power spectrum

.. =C v 3 ( .9 4
i Hz)rrz)

* For extended cosmologies, the strategy is to emulate
P(k, z)

=(k,z) =
(k. 2) Prcoum(k, 2)

* |In simulations, taking the ratio mitigates cosmic variance and numerical
inaccuracies using the same seed



Two representative examples

* f(R) gravity =~ parameter logi[frol GRLlimit log;q|fro| = —o0
R§

F(R) =R —2A— |fRO|?

we expect to recover GRin the limit R/Ry > 1

In fact, in Einstein frame this is nothing but chameleon Braxet.al. arXiv:0806.3415

» DGPgravity parameter Hor. GRlimit  Hor, — o0

1 1
— 5 — R 4 —aR f 4 —al.
S 327’[G7"Cfdx/ g(S) (5)+167T6fd X~ —9 + dx\/ 9Lm

we expect to recover GR in the limit r/r. K1 andthisisrealised by Vainshtein




LCDM comparison - power spectrum

LCDM codes

« PKDGRAV (Tree)
* Gadget (Tree-PM)

* RAMSES (Adaptive mesh refinement)

102

[ —— L-Gagdet3

0.98 - -=== L-Gagdet3-uncorrected
| = Gadget3

|| =— PkdGrav

0.96f — Ramses

- = Abacus

P | 1 a3 g aal
101 10°
k [hMpc—1]

Angulo et.al. arXiv:2004.06245
Schneider et.al. arXiv: 1503.05920

10!



LCDM comparison - power spectrum

Euclid Preliminary : Adamek et.al. 2409.03522

— MG-Arepo — ECOSMOG PANDA MG-COLA
-== MG-Gadget —==: ISIS PySCo === PKDGRAV3 Euclid Preliminary : Racz et.al. 2409.03523
Q. = 0.269, h = 0.704, n, = 0.966 and oy = 0.801 wf = ACDM z=0.667 4
B =250h"1 Mpc Np — 5123 Winther et.al. arXiv:1506.06384
o, 10° \
* PKDGRAV (Tree) & B L}
 Gadget (TreePM) 102 -
A 8
MG-Arepo, MG-Gadget, PANDA . \\
* RAMSES (AMR) ; | . N
ECOSMOG, ISIS 2o :
« Particle Mesh 2 09| SE==sss e e e
‘f‘ ~2%F ‘ e
PySCo, MG-COLA A , NN
10! 10° 10!
k[hMpc™]

AMR based and PM codes loose power at k> 1 h/Mpc



Modified graVity compa FISON  Euclid Pretiminary: Adamek et.al. 2409.03522

= MG-Arepo = ECOSMOG PANDA MG-COLA
f(R) 10g10 |fRO‘ — _5 ===+ MG-Gadget ===+ ISIS PySCo
* Exact codes that solve the nonlinear . D 6
scalar field using a relaxation method . /
agree within 1% up to k=10 h/Mpc 75

* Approximate codes that use some
form of approximations to solve the
scalar field agree at 2% level at
k<7h/Mpc
(PANDA, MG-COLA)




Modified gravity comparison: nDGP
Euclid Preliminary: Adamek et.al. 2409.03522
nDGP HOTC — 12 m—— MG-Arepo m—_— 151D MG-COLA

—— ECOSMOG PANDA MG-COLA G.g
* Agreement is better than 1% atk < 1Th/Mpc
including approximate codes ——rrrr
(PANDA, MG-COLA) -

N1.2 z=0.667

* At k>1 h/Mpc, AMR based codes deviate
from a Gadget based code at 2% level
while approximate codes agree at 1% Lok o .
level - H——

10! 100
k[hMpc ]



LCDM comparison — mass function

Euclid Preliminary: Adamek et.al. 2409.03522

l— MG-Arepo — ECOSMOG PANDA MG-COLA : __

---- MG-Gadget  =---+ ISIS PySCo  —+— PKDGRAV3 - ACDM z7=0667

Base LCDM codes A e U

« PKDGRAV (Tree) 510’ N

* Gadget (TreePM) S 10 e
MG-Arepo, MG-Gadget, PANDA 15 i3

+ RAMSES (AMR) et ey
ECOSMOG, ISIS 10%[ -
* Particle Mesh _ISZ:._
PySCo, MG-COLA :

An/ NvG-Arepo

AMR based codes and PM codes underpredict
the abundance of low mass haloes (haloes are found using Rockstar)



Modified graVity compa FISON  Euclid Pretiminary: Adamek et.al. 2409.03522

= MG-Arepo - ECOSMOG PANDA MG-COLA

f(R) 10g10 |fRO‘ — _5 ===+ MG-Gadget ===- ISIS PySCo

* Screening depends on halo mass

o
)

* Exact codes that solve the nonlinear
scalar field using a relaxation method
agree within 4%

n/Nacom
i

—_—
.
—_—

e
J.Ofrremsmsmsnsssnnsnsnsn s sansmsnssssnsnsnsn s snnananssnsnsnsnsnsnnnnnnne
* Approximate codes reproduce the g 8o prHHtH —t——++H L A
general shape of modifications, but 3 4%
show larger deviations for intermediate E _2;25
mass haloes (PANDA, MG-COLA) S —8%E s,




Modified gravity comparison: nDGP

Euclid Preliminary: Adamek et.al. 2409.03522

NnDGP Hor, = 1.2 —— MG-Arepo ===+ ISIS MG-COLA
—— ECDSMOG PANDA MG-COLA G

* Thereis no halo mass dependence
on the screening

1.3 L} LI I L |

N1.2 z=0.667

n/Nacom
to
1

* All codes agree within 4% including
approximate codes

* Approximate simulations are known
to show larger deviations for
Rockstar haloes




Comparison of CPU hours

Euclid Preliminary: Adamek et.al. 2409.03522

® MG-Arepo ® ECOSMOG PySCo A PKDGRAV3

B=250n"'"Mpc N, = 512° X MG-Gadget <+ PANDA MG-COLA
) 15__ T T T T -
* An order of magnitude ’ E < :
comparison '
X O
Ol % u [}
 For approximate methods - 1045' m
this strongly depends on §
o &
specifications = x ) i : .
cf. MG-COLA 103 ¥
1/3 _ =arl/3 - [
N o = SN, 150 time-steps A
102A ] ] L ] 1
CDM F5 F6 N1.2 N5.6

Model



Emulators

* Likelihood analysis requires fast evaluations of the nonlinear matter power
spectrum

« LCDM
various emulators and semi-analytic methods have been developed

halofit, HMcode, Euclid Emulator 2, Bacco, etc

* Beyond LCDM
We emulate the ratio of power spectra

Pk, z)

=(k,z) =
(. 2) Prcoum(k, 2)




Example: f(R) gravity

Euclid Preliminary: Koyama et.al. 2409.03524

method simulations (code) parameters
fitting
fitting formula ~ ELEPHANT (ECOSMOG) fx, |
DUSTGRAIN (MG-Gadget)
ReACT
halo model N.A. | fRols Qms b,
(emulator) h,ng, Aq
FORGE
emulator FORGE (MG-AREPO) je @0
e-Mantis
emulator (ECOSMOG) [ o

Is the current prediction for nonlinear power spectrum ratio =(k, z) =

accurate enough for Euclid?




Euclid forecast

Based on Blanchard et.al. 2020
Euclid preparation A&A 642, A191

* Likelihoodis implemented in
MontePython based on Casas et.al. 2024

Euclid A&A 682, A90

* No observational systematicsis included
such as shear and redshift measurement
biases

Survey sky coverage

Number of photo-z bins
Galaxy number density
Intrinsic ellipticity o
Minimum multipole
Maximum multipole

— Pessimistic

— Optimistic

Number of photo-z bins
Minimum multipole
Maximum multipole

— Pessimistic

— Optimistic

WL

GCyp

e

Ngal
(8
i"ﬂmin

{Iﬂﬂl

n,-h..:‘

min

H-..:‘

max

36.36%

10

30 arcmin”
0.30

10

2

1500
5000

10
10

750
3000

* This differs from the currently foreseen specification of the Euclid Wide Survey, for

example, in terms of the survey area

Euclid. I. Overview of the Euclid mission A&A arXiv:2405.13491



Comparison with simulations

Euclid Preliminary: Koyama et.al. 2409.03524

— MG-AREPO ===: FORGE = = = c=r==ses FORGE NOdBO =m==: RaACT EUClid:Adamek et.al. 240903522
—— ECOSMOG —=—- e-Mantis  ---- fitting Euclid: Racz et.al. 2409.03523
3p 0 F5 z=0667 3 Nodel3 z=0652 A

E === ¥ == i ———=—= .:::::: 1 === 1 —
; . ... E s —.‘_,'-":::w:—u:_
[x] < ' . <
q_zl'(%......l N N MR | f M s a ] <j_4%------l N M MR | N \. sl
1071 100 10! 10! 10° 101
k[hMpc 1] kThMpc 11

Q,, = 0.269, h = 0.704, ny = 0.966 and o3 = 0.801  Q, = 0.34671, h = 0.70056 and g = 0.78191 |fi| = 1049005

* FORGE is constructed from only 1 LCDM simulation Qm = 0.31315 and & = 0.6737



° ° ° —— FORGE fitting - ReACT  —— e-Mantis
EUClId pred|Ct|On o THSEWLBmsex6 ] Y[ HS6GChms2xd
—6 = 51
log1g | fro| = —=5.31, [fro| =5x107" & |
7
» Fitting and e-Mantis agree o
well in general . F «F
g 3%k % |
giﬁg 2%;
* FORGE shows some deviations =~ ¢ o = - T
likely due to emulation errors ¢ ‘

* ReACT also predicts slightly
different scale dependence

* The difference between
FORGE and ReACT is the largest

Euclid Preliminary: Koyama et.al. 2409.03524



Weak lensing (data = FORGE)

Euclid Preliminary: Koyama et.al. 2409.03524

FORGE
| fitting (data=FORGE)
B < Mantis (data=FORGE)

Optimistic setting

* e-Mantis and fitting recovers
the input parameters well
1D bias for logyo |frol is
0.27 and 0.6, respectively.

* Fitting shows some bias
for cosmological parameters

M — HUFORGE
Bip =
O FORGE

WL optimistic |
Mean  S.d. Lower Upper Bjp S ! 1 | 1 L 1 I ]

-5.5 =5. : 12 013 3. 3.
Data = FORGE 0 011 Q.12 0.1 0 2 66 68

fitting -5.318 0.108 -5443 -5236 0.273 10g0 | frol Q. h? In(10'94;) 1004
e-Mantis -5212 0.092 -5302 -5.121 0.602



Weak lensing (data = FORGE)

Euclid Preliminary: Koyama et.al. 2409.03524

Pessimistic setting B RoACT (data—FORGE)

FORGE
_ . fitting (data=FORGE)
Bl < VMantis (data=FORGE)

* e-Mantis and fitting recovers
the input parameters well
1D bias for logio|fro| i50.5

while 1D bias for b is 1
* ReACT shows a strong bias
1D bias for log | fro|l is 3.1

WL pessimistic
Mean S.d. Lower Upper Bip
Data = FORGE
fitting -5.360 0.129 -5.503 -5.258 0.441
e-Mantis -5.225 0.111 -5.326 -5.109 0.518
ReACT -5.747 0.178 -5921 -5.572 3.110

'| | 1 L L 1 L
0.114 0.131 2.9 3.0 3.1 64 66 68

1og 0 | frol Q. h? In(10'%4;) 100/




3x2 (data = FORGE)

Pessimistic setting

* e-Mantis recovers the input
parameters well

. . o 0025
1D bias for logyy | fro| 15 0.15 <

a5
* Fitting shows some biases <3
for cosmological parameters 2 30

o=
* Errors are comparable to optimistic . &

)
WL alone = 66
3X2pt pessimistic 0.98

Mean S.d. Lower Upper Bjp

Data = FORGE
fitting -5.362 0.091 -5451 -5.271 0.667
e-Mantis -5.294 0.099 -5.382 -5.187 0.151

Euclid Preliminary: Koyama et.al. 2409.03524

FORGE
| fitting (data=FORGE)
B < Mantis (data=FORGE)

! T
Sl

_x\\ - i \‘E\\, -

=35

5.1 0.117 0127

log, |fR0| Q h*

3.0

3.1

In(10'%4;)




Baryonic effects

* Baryon feedback model (BFM) in LCDM

PBFM(k, z) = EBFM(k, 2) PancDM

* This describes the effect of baryons in
a parametric way

* Emulators have been constructed in LCDM
BCemu, Bacco, Hmcode

1.20

....... logloMC: 12.50
Lkl log,oM.= 12.75
sen | I IOgIOM(': 13.00 .
log,o M= 13.50
=
§ 110 ------- loglOMC: 13"75 |
=
C 105 |
P e |
10! '162 16%
;
1.20
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Z 110
2
b\
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O 105
1 00—




Baryonic effects in f(R)

* Hydrodynamical simulations in f(R) s
For small modifications from LCDM, 0.2
it is possible to treat baryonic effects
and modified gravity effects on the power : 011
spectrum independently :
g.: 0
<
PRk, 2) = EP™M (K, 2) E(k, 2) Pacpm(k, 2) 01 N
f(R) | .\
sl sl \ N
029 - Eh{l?orrllly .k,. /./
. . . . u i o
We will adopt this approximation N (R) + baryons (estimated)
107 0° 100 A0

k(hMpc™)
Arnold et.al. 1907.02977



WL Optimistic setting

If e-Mantis is used to create data
and theory to fit, log,, | fro| and
baryonic parameters are well
constrained.

However, if data is created by
FORGE and fitted by e-Mantis,
strong biases in the recovered

logyo | fro| and baryonic parameters
appear

The scale dependent difference
between e-Mantis and FORGE can
be compensated by baryonic

Euclid Preliminary: Koyama et.al. 2409.03524

Bl < Mantis
e-Mantis (data=FORGE) w prior
e-Mantis (data=FORGE)

g 135k
= , |
OD 1’;0 = (/ | -
o |
125k : L, -
| 1
6F I =
< ( | B
4 -_ _\\_‘t:\___ " J‘ ._--__
1 : | |
—6 _5 6
log |fR0|

effects and the change of cosmological parameters



| —— FORGE HS6 fiducial

e-Mantis HS6 fiducial

e-Mantis best-fit
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WL PeSSimiStiC Setting Euclid Preliminary: Koyama et.al. 2409.03524

* For pessimistic setting, we lose
constraints on a baryonic parameter
and the constraint on log;q | frol
hits the prior boundary

e-Mantis

e-Mantis (data=FORGE)
fitting (data=FORGE)
ReACT (data=FORGE)

e Biasin the recovered logy, | frol gg 13
is avoided for e-Mantis and fitting &’ 1
when data is created by FORGE

__’6
* ReACT still shows a strong bias T4

logy¢ | fRo



Constraint on f(R)

Euclid Preliminary: Koyama et.al. 2409.03524

* Pessimistic WL only I

Prior independent constraint e 0

b(xi |d,p) _ Ld] x1)
b(x: [d,p)  Ld]x)

B(x1,x2) =

B(x;,x) =25 x1=-7

logio |frol < —5.58

* No observational systematics



Conclusion

* Simulations for dark energy models
Various approaches have been developed. Several attempts to
validate the code by comparisons

e Emulators

Parameter inference requires emulations. Again, it is important to
validate emulators at the level of posterior including baryonic
effects

* Theoretical errors
We need to include theoretical errors to account for uncertainties in theory predictions

* Field level inference Saadeh, Koyama, Morice-Atkinson 2406.03374
Emulations of a snapshot will be required



Field level emulator (IC to final snapshot)

BORG-EM: BORG + Field-Level Emulator

ol

N

8.8.8.

(N N
128 Jnnls
EB'@ i
128 channels

Nh\nnl

l@l@l

1 Initial 2 Input displacement 3 Output displace- 4 Flnal densny 5 N-body densrty
Condltlons x field (ILPT, z=0): ‘l’]__pT . . . ' ment field: WgMm fleld field + noise: d
)
64 channels
®convolution e-) concatenation N Likelihood
V-NET emulator
@downsamp]e @ upsample . . .




Saadeh, Koyama, Morice-Atkinson 2406.03374

Field level emulator for extended cosmology

e Density Displacement i
* map2map architecture - »
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