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The standard cosmological model CoSyne — 10 Dec 2019
ACDM model: ] Large scales: GR modified,
* based on GR: expansion accelerates without
e accelerated expansion = A need of A;
- / Intermediate scales: gravity
/ _ _ ™ modified, fifth force;
Alternative: GR is not the correct _
theory for gravity on Cosmo|ogica| Small scales: MG is Screened, GR
scales - recovered

Modified Gravity models

 specific signatures on cosmological
observables;

* small effects (not yet detected)
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/Alternative: GR is not the correct A
theory for gravity on cosmological
scales -

Modified Gravity models

 specific signatures on cosmological
observables;

* small effects (not yet detected)
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KLarge scales: GR modified, A

expansion accelerates without
need of A;

Intermediate scales: gravity
modified, fifth force;

Small scales: MG is screened, GR

- J

\recovered )

Future surveys — high precision
data, tight constraints on
cosmological parameters;

Test gravity on cosmological
scales
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Need covariance matrices — large number of simulated galaxy catalogs

* model NL scales
* reproduce survey properties

* N-body simulations: model NL scales, but computationally expensive

* Approximate methods - fast, allow to explore cosmological parameter space
and compute covariance matrices

: GOAL: extend PINOCCHIO
PINOCCHIO code: ;
o to MG theories — f(R)
 LPT + ellipsoidal collapse
e ~102 times faster than full Formulating+implementing
N-body simulation both LPT & ellipsoidal
collapse for MG
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Used to displace patrticles: Tr=q+Vo(q,t)

In GR time can be factored out: ¢V (7,t) = D1(t) ¢'V(q, tin)

d
—+ 2HE> D1 (t) — —47TG,0D1 (t)

Munari+17
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* Modified Poisson eq.: e
K 5 Bl A —
_?\If = AnGpu(k, a)dg | Fi;ﬁ-g _______
* Growth rate becomes scale dependent: : g RS
¢(1) (Ea t) — Dl(k,t)¢(1> (E, tzn) g 115 -
111
* First order: separate time for each
Fourier mode; o T
L
0.01 Io.1 1

k [h/Mpc]



LPT + Modified gravity

Moglified Poisson eq.:
k

—— W = AnGpu(k,a)dx
a

Growth rate becomes scale dependent:
¢(1) (Ev t) — Dl(kv t)¢(1) (Ea t’i’n)

First order: separate time for each
Fourier mode;

Second order: growth rate depends on
triangle configurations in Fourier space

Df(R)/DLCDM

1.25
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e e
- -
- -
- -
- -
- -

- -

k [h/Mpc]

6P (k,t) = —5z [ dg{;;%?” Sp(k — k12)0W (ky, tin)0W (kg tin) Dok, k1, ko, t)




Chiara Moretti

LPT + Modified gravity oSy oS
* Modified Poisson eq_.: oo —1
i 5 i g
_?\IJ = AnGpu(k, a)dg | Figﬁﬁ _______
* Growth rate becomes scale dependent: z 12—
¢(1) (E, t) — Dl(k,t)¢(1) (E, tzn) g 115 |
11
* First order: separate time for each
Fourier mode; o T
L =
* Second order: growth rate depends on 0.01 01 1
triangle configurations in Fourier space kIh/Mpc]

D (kt) = —55 [ dg(];rd;k? Op(k — k12)6M (K1, ti)6M (Ko, ti) Do (k. oy, Ko, 1)

Solve for all possible triangles

Find approximation for D2(k,a)




Second order: full solution

For f(R) we can take advantage of FFTs to compute the full solution:

d? d i -
(4 +20 5 — 45Goulh.a) | FT [62(0.0)] (F.a) -
— irGp FT |60V 4 L) (1pp [SDEQ Y| 2
P W 32 T (k,a) N
’jz

— 2nGpu(k,a) FT |66 + 6)0')| (E,a)+

- 2 Moy(a) k2/a? W(k, a |
(59 2 o ] ] e

3 12 TII(k,a
sV (k, a)
I(k,a) | )
72‘]

8rGpm?(a) 1 (1)
FT | —-2¢./ | IFT
T T3 00 Tk a) Pis

sV (K, a) .
H(k,a) ]) J] (k,a)
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Second order
eq. of motion +
Poisson

Scalar field self
interaction
(screening)

Frame lagging
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LPT + Modified gravity: Second Order CoSyne — 10 Dec 2019
) * Find D2(k,t):

2.5 | isosceles triang., 90° —

80° R =
80°, N7=02° — ¢(2) (ka t) — D2<k7 t)¢(2) (k, tz’n)
2 70°,N=2 —
o Win+17 —
4 total_  Compute source term of differential
s eq. for displacement field,;
] R — * Divide by GR source term to factor
o | out dependence on k ;
s 8 e Compare to different triangle
) configurations — find best match to
the full solution.
0.9 - -

Moretti+19, 1909.06282
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Test our approximation against N-body sim

run with Hu-Sawicki f(R) (MG-GADGET,

DUSTGRAIN pathfinder simulations,
Giocoli+18)

L =750 Mpc/h
7683 particles
Mp ~ 8 - 10%° Msun

Halos constructed using membership
of the simulation (as in Munari+17)

Moretti+19, 1909.06282



Comparison with N—body simulations oSy oS
Test our approximation against N-body sim i | | " 00
run with Hu-Sawicki f(R) (MG-GADGET, 5 095 [ omneme e TN |
DUSTGRAIN pathfinder simulations, L . YO ]
Giocoli+18) 4

Zeldovich —
0.85 Mwinther+17 —
T1 —

1
L =750 MpC/h - 095
7683 particles & ool
Mp ~ 8 - 10%° Msun EOSS
1
Halos constructed using membership
R X S e N
of the simulation (as in Munari+17) E
L 09 b s N
0.85
Moretti+19, 1909.06282 001 01

k [h/Mpc]
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Test our approximation against N-body sim 1 00
run with Hu-Sawicki f(R) (MG-GADGET, oS _
DUSTGRAIN pathfinder simulations, L _
Giocoli+18) T _
Zeldovich —
1.02 R — - 0.85 Mwinther+17 — =
' ACDM z=0.0/ f(R) z=0.2 — = =
1.015 {  ACDMz=1.0/f(R)z=1.0 — 4 1
o 101 B _ 055
§ 1.005 - B € o
o <
S *
B 0.85
® 0.995
Q 1
= 0.99
—~ 0.95
0.985 =
0.98 - - I RS %0.9
0.01 0.1 5
0.85
k [h/Mpc]
Moretti+19, 1909.06282 0.1 0.1

k [h/Mpc]
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Include gravity enhancement + screening with Geff= G (1 + F):

1 Q. Q 19, Qo
a;’+(——§ <“>)a;:[ 28 10000) | 30ml0) ooy 4 F)| @i Ruanso

a 2 a a2 2 g2 9 g2
0.25 I
al — -
. . ap — -
Speed up computation - alternative 02 a3 _ ==~ -
description (Nadkarni-Ghosh+16): L —
0.15 |- _
\
S \
\
0.1 - - _
v\
\ \
. 0.05 - -
De‘;zﬁzs:m :
Hessian \
Velocity oV | | ‘ | ‘ \
derivative 0 0.1 0.2 0.3 0.4 0.5 0.6

tensor ° [ Moretti et al., in prep
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Ellipsoidal collapse with MG CoSyne - 10 Dec 2019

Include gravity enhancement + screening with Geff= G (1 + F):

1 Q. Q 19, Qo
a;'+(——§ <a>)a;:[— Ay 18mla) | 300) Gy F)| @ Ruanvas

a 2 a a2 2 g2 2 2

0.25 I
al — -

Ay — -

Speed up computation - alternative 02 1l as - |
description (Nadkarni-Ghosh+16): fR) —

0.15 -

0.1 -

3 second order 9 first order -
integro-differential —» differential T .
equations equations \

vioreuu e di., I prep
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* New approach to compute full solution for 2LPT displacement field;
e Approximation for D2 (+quantify deviation from full solution).



. Chiara Moretti
Summary & conclusions CoSyne - 10 Dec 2019

* Extend PINOCCHIO to MG models, focus on f(R);
* New approach to compute full solution for 2LPT displacement field;
e Approximation for D2 (+quantify deviation from full solution).

* Recover halo P(k) within 10% up to k~0.2 h/Mpc;

* ellipsoidal collapse — compute coll. time and group particles in halos;
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e more MG models
e MG + massive neutrinos
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Summary & conclusions CoSyne 10 bec 2019

* Extend PINOCCHIO to MG models, focus on f(R);
* New approach to compute full solution for 2LPT displacement field;
e Approximation for D2 (+quantify deviation from full solution).

* Recover halo P(k) within 10% up to k~0.2 h/Mpc;
* ellipsoidal collapse - compute coll. time and group particles in halos;

* future plans:
e more MG models
e MG + massive neutrinos

PINOCCHIO+MG can be used to produce many realizations, to compute
cov. matrices — constrain beyond ACDM cosmologies
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