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1. Which kind of simulations: {dody, full hydro, approximate

2. How to paint observableon N-body andapproximatesimulations
(see5 | A & t&k)S Qa

3. Example®f applicationgadmittedlybiasedto clustercosmology

3.1 Calibration of covariances (approximate methods)

3.2 Calibration of the halo mass functien (N-body & hydro)
3.3
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What is an N-body code?

dfFx,pt) _~ ~ Of . P os ondf
" =0 C 8t+mar2vf mV®_— =10

V2®(x,t) = 4nGa® [p(x,t) — (1))

p(x,t) = / f(x,p,t)d°p  f(x,p,t): Phasespace
‘ ~distrib. function
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Example of OpenGADGET3 c@delag+26; Tornatore+26)

Gravity solver
TreeCoddshort) +ParticleMesh(long)

Hydro solver
to integrate fluid Euler Equations

1. Smoothed Particle Hydrodynamics

2. Meshless Finite Mass (MFM)
+Higher2 NR S NJ 1 S NdzISE & & Athiddiligse S
particles, Timeadependent artificial viscosity, Artificial
thermal diffusion, Plasma Effects

Additional (Astro)physics

Radiative Cooling, Star Formation, SN feedback, Chemi
enrichment, dust formation and evolution, SMBH evolutic
(spin, dynamical friction), AGN feedback (thermal and
kinetic), nonS Ij dzA £ A 6 NRA dzY OKSYA & d |

ParallelismHybrid MP1/OpenMRDpenACC
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1300 Mpe B 500 Mpe

_ Galaxy Clustérs

Targe volume /low resolution .- Jl small Volume / Wigh resolution

70 Mpe

zoom onto disk galaxies
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Environment of massive dpk galaxies at z—8

4 Mpc/h
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The Blue Tides simulation ) :

0.7 trillion particles , A I by earn i n g

TMpe/h

0.65 million cores
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Environment of t madsive blackhole at z=8
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Include BHs as sink particles
Seed Intermediate Mass BHs in resolved DM halos
BHs growing by merging with other BHs and gas swallowing:

O O3 O

BondtHoyle accretion:

_ 4anGMipg h:goz2adé FILOG2NI G2 FOO02dzyd F2NJ dzy N
" (c2+v2)3/2 ' tgasdensity at the BH position

Mp

Mp = Mg, +Mp . Distinguisthot andcoldaccretionmode:h, ~ 0.1h
4:rGM.mp

€ 0TC

e, = L,/(M.c?): radiativeefficiency ~0.1

Eddingtonlimited: Mg 4 =
C Thermal energy to surrounding gAE;, = Efe,-M.czAt é; . feedback efficiency ~0.05

C Increasee,

C Transitionto radio mode for M, < 0.01Mg 4, & Kinetic feedback



Tuning a model of AGN feedback

¢ [N cluster—! dex™!]

(Esposito+25 ; SB+26) if
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| —— Vulcani et al. (2011) - 0.04 < z < 0.07

I
10.0

I I
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log10(Mx [Mo])
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C  Adjust the parameters of
feedback to reproduce the observed
scaling between SMBH masses and
host stellar masses

C  Predict the (almost) correct
faC 2F Of dzad SN 3

C X® YR Ay Of dza



Simulations based on approximate methods

(a) Lagrangian Perturbation Theory:
displacements are computeahly once Iin
Lagrangiarcoordinateg(1 time-step)

e.g. PeakPatcfBond & Myers 1996)

PinocchigMonaco+2002)

(b) Approximate ParticldMesh Nbody (or
augmented LPT) solvers
C  Unlike PM, maintain largscale accuracy
with few tens of timesteps
e.g. COLATassev+2003)
FastPMFeng+2016)

C  Much faster than Noody

C Not suited to follow explicitly
non-linear evolution of
perturbations

C Well suited to describe halo
distributions at large scales

pplications:
Fast generation of mocks and PLCs
AI\/Ieasurements of cosmic (govariances




How does Pinocchio work ? H

(Monaco+2002, 2013; Munari+2017)

X(g.a) = q +¥(q.q)

p(t)

p(x,t) —

(1= D(t)Ai(q)) (1 = D(t)A2(q)) (1 = D(t)As(q))
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NGenlC code

‘I FFTSl + custom solver
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Custom algorithm

Courtesy M. Lepinzan



Collapse time for halo identification: FMAX

FMAX distribution PI NOCCHI O hal os
& sg o



Thousands of Euclid
spectroscopic skies
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Calibrationof
covariances




Approximatemethodsfor covariances

Covariancef the powerspectrum(Blot+2019)

Method Algorithm Computational requirements Reference
Minerva N-body CPU Time: 4500 h Grieb et al. (2016)
Gadget-2 Memory allocation: 660 Gb https://wwwmpa.mpa-garching.mpg.de/
Haloes : SUBFIND - gadget/
ICE-COLA Predictive CPU Time: 33h Izard et al. (2016)
2LPT + PM solver Memory allocation: 340 Gb Modified version of
Haloes : FOF(0.2) - ttps:// github.com/junkoda/cola_halo
PINOCCHIO Predictive CPU Time: 6.4h Monaco et al. (2013); Munari et al. (2017b)
3LPT + ellipsoidal collapse Memory allocation: 265 Gb https:// github.com/pigimonaco/ Pinocchio
Haloes : ellipsoidal collapse - -
PEAKPATCH Predictive CPU Time: 1.72h=* Bond & Myers (1996a,b,c)
2LPT + ellipsoidal collapse Memory allocation: 75 Gbx Not public
Haloes : Spherical patches - -
over initial overdensities - -
HALOGEN Calibrated CPU Time: 0.6h Avila et al. (2015).
2LPT + biasing scheme Memory allocation: 44 Gb https:// github.com/savila/halogen
Haloes : exponential bias Input: 72, 2-pt correlation function, -
- halo masses, and velocity field -
PATCHY Calibrated CPU Time: 0.2h Kitaura et al. (2014)
ALPT + biasing scheme Memory allocation: 15 Gb Not public
Haloes : non-linear, stochastic, Input: 77, halo masses, and -
and scale-dependent bias environment -
Lognormal Calibrated CPU Time: 0.1h Agrawal et al. (2017)
lognormal density field Memory allocation: 5.6 Gb https://bitbucket.org/komatsu5147/
Haloes : Poisson sampled points Input: 72, 2-pt correlation function lognormal_galaxies
Gaussian Theoretical CPU Time: n/a Grieb et al. (2016)
Gaussian density field Memory allocation: n/a -
Haloes : n/a Input: P(k) and i -




Approximatemethodsfor covariances

Sample 1 Sample 1
. 8-?2 - —— ICE-COLA lognormal .05 lognormal -
= 19 [ —— Pinocchio Patchy 3 0.4 Patchy - . .
S 00 Halogen 1 % 03 C cameian BIoth(_)19r:ompar|ngvylth
< Yo ] oE 02 predictionsfrom 300 MinervaN-
S — — ‘% 1 = ol bodysimulations
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z  0.2F 4 3z g'z
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(Euclid Fumagalli+2025b)

B NC+My
BN NC+CL
. CL+My,
B NC+CL+My,

0.88F

0.80¢

0.6

0.4

0.2

0.0

Covariancenatrix from 100060° wide PLCs
extractedfrom boxed. = 3870 h"Mpc

Combination ohumbercountsand 2ptCF:
Impact oncosmologicaposteriors

Countsand clustering aréwo independent
probes

c_| % poncoa] p=-0011x0031
PONCOCL O'éL

Combiningcountsand clusteringncreaseghe
FoMby about 300% withrespectto counts
alone

AFoM /FoM Tol

NC+MwL — +0.24
CL+MwL - 74 % +0.11
NC+CL + 62 % +0.02

NC+CL+MwL + 334 % +0.01




Calibrationof Halo I\/Ias%
Functionand Bias




HMFCalibrationwith N-body { I

E T UL | T UL T T l.:- 9 q)aq) '_Fz NJ [ / 5 aYTOr{nenmmq:)(b)
E Despali+15 ] Jenkins+2001, Evrard+2002, Springel+2005,
{ [ |+ Warren+2007, Reed+2008, Tinker+2009,
0.1 E E 1 Crocce+2010, Courtin+2011, Bhattacharya+201
i 1 (b) 1 Angulo+2012, Watson+2013, Despali+2015,
_ - i Diemer 2020, OndarMallea+2021, Castro+2023
- A 0.01 & all simulations - -
O - :
- - 2 =10125 i -
. R g o ] O-th order statements:
T 197F 0=0.7689 p=0.2536 E ] (a)N-body simulations provide the DM
E A,=0.3295 § HMF virtually to any required precisiot
- o4 4 (b) Fitting expressions for HMF are almos
w 05 o0 TS universal (i.e. independent of
IO 3 cosmology and redshift)
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15.37Mpcih

(Euclid Castro+2023)

i, Robustnes®sf the HMFcalibrationagainst
Choice of theN-body code

AAccuracwf Integrationwithin a givenN-body code
Mass and forceesolution

AHan/subhanfinder

Alnitial conditions LPTorderand z,

A/ Kl 2 & ButteffiREffer0 Q

i Toverifyto what precisiona universalHMFfitting
can beprovided
Scalefree initial conditions
ACosmoIogicq:bowerspectra

i Alternative approach: calibrate an emulator (e.p.
McClintok+2019; Bocquet+2020; Chen & Yu 2025)
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Effectof By ahsipa

(Euclid Castro+2023)

— Ed5 —nig= —2.0

— P18 —ns= —2.0 From Bhattacharya+2011:

— EdS5 —ng= —-25

— P18 —ns=—-25 zﬂ ]
Lmj oA Q)\/;?_ﬂm (l F ) ﬂ(r@q_l

_:%: ::_:..&;?
T rd

/ M =0 R
ST99. D16 v(M,z) .:(z)_flﬂ’( ,2)
7—0.5-p+q/2

A(p.q) = [ = (ZPF(q!2)+F(—p+q/2)}]
a(z) = apXxXQm(z)*

qg(R,z2) = q(R)xXQm(z)%
q4(R) = q1+q2 (d Ell:f) + 0-5)
p(R) = pi+p2 (dzlljf) +0-5) :

" n i Use AETHIOLOGY to calibratedbpendence

B
AN
p

g onredshiftand P(k) shapeof a(z), p(R), q(R,2




A 1% precise HMF @

(Euclid Castro+2023) PICCOLO - Pathflnder Cluster COsmoLOgy:
Code: OpenGadget 3/monofonic
sl Name OomoO h ObO ns sigma_8
1.050- CO 03158 06732 00494 09661  0.8102
T 1 095 Cl 01986 07267 00389 09775  0.8590
i% C2 01665 07066 00417 09461  0.8341
> (R'f C3 03750 06177 00625 09778 07136
E - ’ , ' N ’W'. C4 03673 06353 00519 09998 07121
= \li\‘\‘ | C5 01908 06507 00527 09908  0.8971
0.9501 - \" \\ | C6 02401 0.8087 00357 09475  0.8036
0.9251 — c1 — C4 — C6 — c8 —— ¢c3 | / ' | | C7 03020 05514 00674 09545  0.8163
- CZ: =5 — & =G0 LI C8  0.4093 07080 00446 09791  0.7253
1014 ' 015 '
Mvir [h M o]
A[ AK™D LIO ANy
AvMMNEB t A T2 BRBYNE (i KNI S



Impact of baryons on the HMF

: 1.2 T T T
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Impact of baryons on the HMF

Qm

0.816

© 0812

5(Qm/0.27)%2

0.808

0.810

0.806

0.802

Bocquet+16eROSITAke cluster sample

Hydro
DMonly
Tinker08
input

|, &

0.260 0.265 0.270

O

0.808

0.812
o8

0.816

0.802

78(Qm/0.27)%2

0.806 0.810

Almpact ofbaryonsand different fitting
functionson cosmologicatonstraints
from aeROSITHke survey

AUsel\/Iagneticumsuite of largescale
hydro simulations

C Neglectingoaryonsleadsto significant
biases

Q: How to anchobaryoniceffectsto some
observabl@



110

Hydro ;s DMO
M360c /M300¢
o
O
o

z=1.18

Impact ofbaryonson the HMF M

Hydro ;p DMO
M360c /M300¢
o

10° 104 10°
M336c° [101° M /h]

1.100

1.075

Q:How do we know the baryonic correction to
be applied to observed cluster masses?

1.050
1.025

1.000.

0ors — Castro+2021
o0 Basedon the MagneticumSimulationgDolag+2025)

(fo/fb) 200c

"1 5-10%reductionof halomassesnducedby the
effect of baryons(seealsoCui+2015;

- +StftfAAO0OATIbHAMC)T . 2 dzlj dzS

woé i Effectslightlylargerat lower redshift

i Massreductioninverselycorrelatedwith the

o baryonfraction
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Table 1. Set of boxes from Magneticum simulations and halo-selection

<15 parameters used in this work.
2 Cl4
0.05 Multi-Cosmology b Lo o Mo —
S MagneticumSimulations “ Mpe) (M) (M) ~Hydro dmo Non-radiative
C12 2 500 9.8x10% 43x10" v v p%
2b 909 9.8x10% 43x108 v v X
la 1272 19x10° 43x10* v v v
Table 2. Set of cosmologies covered by Magneticum Box la simula-
tions used in this work.
Name  Q o3 h fo Physics
Hydro dmo Non-radiative
C1 0.153 0.614 0.666 0.267 v v v
C2 0.189 0.697 0.703 0.241 v v X
- C3 0204 0739 0689 0214 v X
s Cc4 0.200 0.850 0.730 0.208 v v X
C5 0222 0.793 0.676 0.190 v v X
ca c6 0.232 0.687 0.670 0.178 v v X
c7 0.268 0.721 0.699 0.168 v v X
c3 c8s® 0272 0809 0.704 0.168 v v v
c9 0.304 0.886 0.740 0.166 v v X
2 C10 0301 0834 0708 0153 v X
Cl11 0.342  0.834 0.708 0.135 v v X
0.65 Cc1 C12 0.363 0.884 0.729 0.135 v v X
T T T T . . . : C13 0400 0.650 0.675 0.121 v v X
0.2 0.3 0.4 0.04 0.05 0.65 0.75 0.85 Cl4 0406 0.867 0712 0.115 v V4 0%
v v v

Om Qp Og C15 0428 0.830 0.732 0.115




Impact ofbaryonson the HMF [

Myirnya - Halo mass in a hydrodynamical simulatjohserved mass)
Moirdmo = Myirrec(Myirnya, 2. fovir) - Mass of the corresponding DMO halos to be input in tHsobly
calibrated HMF

. + — f,=0.2667 1 f,=0.2075 [ fp,=0.1896 fb=0.1675 fb=0.1658 [ | f,=0.1350 1 f,=0.1148
EUCIId CaStrO 2024 1 f,=0.2407 [ f,=0.2142 fb=0.1780 f, =0.1528 f,=0.1351 1 f,=0.1212 [ f,=0.1150
501 (z=0.0 z=03 z=0.5 1 z$0.9]
40 - - - —TH
E 30 B —lzr = 1 :—’ =
o ] =
) i m u e =N N ="
CALIBRATION "L | == = s
C o= —ﬁ-F : . — . : = — ] : . smm—— ',_E_. :|—_ . ;
- 0.96 0.98 1.00 1.02 1.04 0.96 0.98 1.00 1.02 1.04 0.96 0.98 1.00 1.02 1.04 0.96 0.98 1.00 1.02 1.04
M ag n etl Cu m M\Jrir, hyd/Mvir, dmo Mvir. hyd/Mvir, dmo Mvir. hyd/Mvir, dmo Mvir. hyd/Mvir, dmo
. 60 ] ] ]
=0.0 =0.3 =0.5 =0.9
multi-cosmology _ |* : _ : = : -
- _=_ ] =i
40 — = = il
5 : == =is | 'l
a 30 = § :;I H_H B | | B
. % BE | ! _"%I- .
0 L L
0.96 0.98 1.00 1.02 1.04 0.96 0.98 1.00 1.02 1.04 0.96 0.98 1.00 1.02 1.04 0.96 0.98 1.00 1.02 1.04

Mvir, rec/Mvir, dmo Mrvir, rec/Mvir, dmo Mvir, rec/Mvir, dmo M'wir, rec/Mvir, dmo



Impact ofbaryonson the HMF

Muirnya : Halo mass in a hydrodynamical simulafjfobserved mass) i 5 §
Mvir,dmo - Mvir,rec(Mvjr,hyd, <s fb,Vir) YV a I é é. 2 -F,\ VU K S O 2 N\]\I\B é. LJZ y R ii)ﬁﬂ? é5
OFf AGNI GSR I aC

Euclid Castro+2024

VALIDATION
Magneticum
multi-feedbac




