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1. Which kind of simulations: N-body, full hydro, approximate
2.   How to paint observableson N-body and approximatesimulations

(see5ŀƛǎǳƪŜΩǎtalk)
3.   Examplesof applications(admittedlybiasedto cluster cosmology)

3.1Calibration of covariances (approximate methods)

3.2Calibration of the halo mass function and bias (N-body & hydro)
3.3Biases in halo mass measures (N-body & hydro)

Stefano Borgani
Dept. of Physics - University of Trieste

INAF ς Astronomical Observatory of Trieste
ICSC - National Center for HPC, Big Data and Quantum Computing



What is a cosmological simulation?

z= 1100

z < 10



Problem: solve the dynamics of a self-gravitating collisionless fluid in an expanding background

Collisionless Boltzmann (Vlasov) + Poisson equations: 

Č ¢ƻǳƎƘ ǘƻ ŘŜŀƭ ǿƛǘƘΥ ƛǘΩǎ ƛƴ с5Η

bπōƻŘȅ ŀǇǇǊƻȄƛƳŀǘƛƻƴΥ 

Å{ŀƳǇƭŜ ǘƘŜ ƛƴƛǘƛŀƭ ǇƘŀǎŜ ǎǇŀŎŜ ǿƛǘƘ b ŘƛǎŎǊŜǘŜ ŦƭǳƛŘ ŜƭŜƳŜƴǘǎ
ÅLƴǘŜƎǊŀǘŜ ǘƘŜƛǊ Ŝǉǳŀǘƛƻƴǎ ƻŦ Ƴƻǘƛƻƴ ƛƴ ǘƘŜ ŎƻƭƭŜŎǘƛǾŜ ƎǊŀǾƛǘȅ ŦƛŜƭŘ

What is an N-body code?

: Phase-space 
  distrib. function

df (x, p,t)

dt
= 0 Č



What is a N-body + hydro code ?

Example of OpenGADGET3 code (Dolag+26; Tornatore+26)

Gravity solver: 
TreeCode (short) + ParticleMesh (long) 

Hydro solver: 
to integrate fluid Euler Equations 
           1. Smoothed Particle Hydrodynamics 
           2. Meshless Finite Mass (MFM)
+ Higher-ƻǊŘŜǊ ƪŜǊƴŜƭǎΣ ά²ŀƪŜ-ǳǇέ ŦƻǊ ǘƛƳŜ-step of gas 
particles, Time-dependent artificial viscosity, Artificial 
thermal diffusion, Plasma Effects

Additional (Astro)physics: 
Radiative Cooling, Star Formation, SN feedback, Chemical 
enrichment, dust formation and evolution, SMBH evolution 
(spin, dynamical friction), AGN feedback (thermal and 
kinetic), non-ŜǉǳƛƭƛōǊƛǳƳ ŎƘŜƳƛǎǘǊȅΣ aI5Σ ŎƻǎƳƛŎ Ǌŀȅǎ Ҍ ΧΦ

Parallelism: Hybrid MPI/OpenMP/OpenACC



9ȄŀƳǇƭŜǎ ƻŦ άōƛƎ ǎǇƭŀǎƘŜǎέ

Magneticum

aƛƭƭŜƴƴƛǳƳ ¢bD

FLAMINGO



Č Include BHs as sink particles 
Č Seed Intermediate Mass BHs in resolved DM halos
Č BHs growing by merging with other BHs and gas swallowing:

      Bondi-Hoyle accretion:

 h: άōƻƻǎǘέ ŦŀŎǘƻǊ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǳƴǊŜǎƻƭǾŜŘ ŘŜƴǎƛǘȅ ŀǘ ǘƘŜ .ƻƴŘƛ ǊŀŘƛǳǎ όϤмллύ
 ́: gas density at the BH position 

Eddington-limited:

Č Thermal energy to surrounding gas: 

: radiative efficiency ~0.1

e f : feedback efficiency ~0.05

{ǳōπǊŜǎƻƭǳǘƛƻƴ ǇƘȅǎƛŎǎΥ !Db ŦŜŜŘōŀŎƪ

Distinguishhot and coldaccretionmode: h h ~ 0.1 h c

Č Transitionto radio mode for Č Increase
Kinetic feedback 

e f

Č



Tuning a model of AGN feedback

Č Adjust the parameters of 
feedback to reproduce the observed 
scaling between SMBH masses and 
host stellar masses

Č Predict the (almost) correct 
{aC ƻŦ ŎƭǳǎǘŜǊ ƎŀƭŀȄƛŜǎ ƛƴ ǘƘŜ ŦƛŜƭŘ Χ

Č ΧΦ ŀƴŘ ƛƴ ŎƭǳǎǘŜǊǎ 

ό.ŀǎǎƛƴƛ Ŝǘ ŀƭΦ нлнмύ(Esposito+25 ; SB+26)



Simulations based on approximate methods

Č Much faster than N-body
Č Not suited to follow explicitly 
         non-linear evolution of 
         perturbations
Č    Well suited to describe halo   
         distributions at large scales

Applications:
ÅFast generation of mocks and PLCs
ÅMeasurements of cosmic (co-) variances

(a) Lagrangian Perturbation Theory: 
displacements are computed onlyonce in  
Lagrangiancoordinates(1 time-step)

e.g. PeakPatch (Bond & Myers 1996)
Pinocchio (Monaco+2002)

(b) Approximate Particle-Mesh N-body (or 
augmented LPT) solvers

Č Unlike PM, maintain large-scale accuracy 
with few tens of  time-steps

e.g. COLA (Tassev+2003)
FastPM (Feng+2016)



Missione 4 Å Istruzione e RicercaICSC Italian Research Center on High-Performance Computing, Big Data and Quantum Computing

(Monaco+2002, 2013; Munari+2017)

1.Generation of alinear density field on a 
regular grid

2.Computation of collapse time (FMAX)
using an ellipsoidal model based onLPT

3.Fragmentationof the collapsed medium 
for halo identification

4.Creation of halo catalogs(box and light 
cones) moving halos with 3LPT

NGenIC code

FFTs + custom solver

Custom algorithm

Courtesy M. Lepinzan

How does Pinocchio work ? 



Collapse time for halo identification: FMAX

FMAX distribution PINOCCHIO halos 



Courtesy P. Monaco



Calibrationof 
covariances



Approximatemethodsfor covariances

Covarianceof the power spectrum(Blot+2019)



Approximatemethodsfor covariances

Blot+2019: comparingwith 
predictionsfrom 300Minerva N-
body simulations: 

L=1.5 Gpc/h with 10003 particles

Č MonopoleOK-ish

Č Higher-order multipoleswith 
significantdeviations

Č Covarianceswithin 10% in 
mostcases



(Euclid: Fumagalli+2025b)

Wƻƛƴǘ /ƻǾŀǊƛŀƴŎŜƻŦ /ƭǳǎǘŜǊ /ƻǳƴǘǎŀƴŘ нt/C

Č Combination of numbercountsand 2ptCF:   
impact on cosmologicalposteriors

Č Countsand clustering are two independent
probes

Č Combiningcountsand clustering increasesthe 
FoMby about300% with respectto counts
alone

Č Covariancematrix from 100060° wide PLCs
extractedfrom  boxes L = 3870 hҍмMpc



Calibrationof Halo Mass
Functionand Bias



0-th order statements:

(a) N-body simulations  provide the DM 
      HMF virtually to any required precision

(b) Fitting expressions for HMF are almost   
 universal (i.e. independent of     
 cosmology and redshift)

9ΦƎΦ ŦƻǊ ɽ/5aΥ {.ҌмффуΣ {ƘŜǘƘ ϧ Tormen 2001, 
Jenkins+2001, Evrard+2002, Springel+2005, 
Warren+2007, Reed+2008, Tinker+2009, 
Crocce+2010, Courtin+2011, Bhattacharya+2011, 
Angulo+2012, Watson+2013, Despali+2015, 
Diemer 2020, Ondaro-Mallea+2021, Castro+2023

όŎύ  wŜǎƛŘǳŀƭǎ ғмл҈ ŀǘ ǘƘŜ ŎƭǳǎǘŜǊ Ƴŀǎǎπ    
       ǎŎŀƭŜ

Tinker+09

HMF Calibrationwith N-body

Despali+15



Robustenessof HMF calibration

(Euclid: Castro+2023) 

ỉ Robustnessof the HMF calibrationagainst:
ÅChoice of the N-body code
ÅAccuracyof integrationwithin a givenN-body code
ÅMass and force resolution
ÅHalo/sub-halofinder
ÅInitial conditions: LPT order and zin

Å/Ƙŀƻǎ ŀƴŘ ΩΩButterflyEffectΩΩ

ỉ To verify to what precisiona universalHMF fitting
can be provided:
ÅScale-free initial conditions
ÅCosmologicalpowerspectra

ỉ Alternative approach: calibrate an emulator (e.g. 
McClintok+2019; Bocquet+2020; Chen & Yu 2025)



¢ƻǿŀǊŘŀ ¦ƴƛǾŜǊǎŀƭ IaC

(Euclid: Castro+2023)Effectof P(k) shapeEffectof expansion

ỉUse AETHIOLOGY to calibrate the dependence
on redshiftand P(k) shapeof a(z), p(R), q(R,z)

From Bhattacharya+2011:

ST99; D16



A 1% precise HMF

Å[Ґн ƘπмDǇŎ Τ bǇҐнлпу
о

Åмл ǊŜŀƭƛȊŀǘƛƻƴǎŦƻǊ /лΣ н ŦƻǊ ǘƘŜ ƻǘƘŜǊƳƻŘŜƭǎ

(Euclid: Castro+2023)



Martizzi+14 : RAMSES

Vogelsberger+14 : AREPO

Bocquet+16 : GADGET-3 (Magneticum)

Schaller+14: GADGET-3 (Eagle) 

Velliscig+14 : GADGET-3 (OWLS)

Impact of baryons on the HMF

/ǳƛҌнлмпΥ DŀŘƎŜǘπо



Impact of baryons on the HMF

ÅImpact of baryonsand different fitting
functionson cosmologicalconstraints
from a eROSITA-like survey

ÅUse Magneticumsuite of large-scale 
hydrosimulations

Č Neglectingbaryonsleadsto significant
biases

Q: How to anchor baryoniceffectsto some     
observable?

Bocquet+16; eROSITA-like cluster sample



Impact of baryonson the HMF

Castro+2021
Basedon the MagneticumSimulations(Dolag+2025)

ỉ 5-10% reductionof halomasses inducedby the 
effect of baryons(seealsoCui+2015; 
±ŜƭƭƛǎŎƛƎҌнлмсΤ .ƻǳǉǳŜǘҌнлмсΤ ΧΦ)

ỉ Effectslightlylargerat lower redshift

ỉMass reductioninverselycorrelatedwith the 
baryonfraction

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



LƳǇŀŎǘ ƻŦ ōŀǊȅƻƴǎƻƴ ǘƘŜ IaC

Multi-Cosmology
MagneticumSimulations



Impact of baryonson the HMF

Euclid: Castro+2024

CALIBRATION:
Magneticum 

multi-cosmology

: Mass of the corresponding DMO halos to be input in the N-body 
calibrated HMF

: Halo mass in a hydrodynamical simulation (observed mass)



Impact of baryonson the HMF

Υ aŀǎǎ ƻŦ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 5ah Ƙŀƭƻǎ ǘƻ ōŜ ƛƴǇǳǘ ƛƴ ǘƘŜ bπōƻŘȅ 
ŎŀƭƛōǊŀǘŜŘ IaC

: Halo mass in a hydrodynamical simulation (observed mass)

VALIDATION 1: 
Magneticum 

multi-feedback

Euclid: Castro+2024


