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The HMF ~ ~

»

The differential halo mass function gives the number density of halos of mass M at redshift z:
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Collapsed objects were in the past over densmes above a threshold oc (Spher1cal Collapse pred1ct10n)

The abundance of Halos of mass M is proportlonal to the probablhty of ﬂuctuatlons hlgher than dc on

-the Gaussian smoothed 11near density ﬁeld -~ . - ; .
- PS mass function offers a quahtatlve explanatlon to the observed halo abundances; :

However for a precise estimation, more complex mass functlons (cahbrated with N-body simulations)

is required. - . S . _ e
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The HMF: calibration? |

The formation of structures in the Universe is deep-seated in the non-linear regime. Assessing this regime is only

", possible with expensive cosmological simulations:

/0 0(V) = f1(1) X folnes) X falacs) .



-

»
F .

The HMF: Numerical/Theoretical systematics

“ -

® Despite the choice for describing the HMF, cosmological simulations are vital for both approaches;

e Assessing the robustness of the simulations predictions is not an easy task:

o For instance, tweaking code parameters and searching for convergence can result in inaccurate result.’
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Low accuracy and low precision - Low accuracy and high precision
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The HMF: Numerical/ Theorétical

»

systematics

Designing an accurate and precise set of simulations for Cluster Cosmology:
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" The HMF: -
Numerical/Theoretical
- systematics. .

Mpan, = 7.94 x 109 h 1M

. ® Assessing the results robustness throughv =
= . . - i ‘1 wi ~ e
code comparison:” .
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o - : - .= 2097 — CONCEPT
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: =i : : ) : PKDGRAV3
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The HMF:
Numerical/Theoretical
| ._systematich |
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° Sens1t1v1ty of the HMF on initial COl’ldlthl’lS .o
B Due to the break of the commutatlve property
-due to limited precision, the HMF is sensitive

. to small perturbations on the initial conditions.
. N .

import numpy as np

NMAX = |
arr = np random randn(NMAX)

idxs = np random permutatlon(NMAX)

Amn I Y
mparing ‘H' mean ( \

s .
iuctea one

prih%(érr.meah()/arrtidxs].mean())

(base) [tcastro@tiago-pc ~] $ python

1.0000000000000009

(base) [tcastro@tiago-pc ~] $ python

0.9999999999999982

(base) [tcastro@tiago-pc ~] $ python

0.9999999999999922

(base) [tcastro@tiago-pc ~] $ python

1.0000000000000002

(base) [tcastro@tiago-pc ~] $ python

0.9999999999999896

(base) [tcastro@tiago-pc ~] $ python

0.999999999999999

sum.

sum.

sum.

sum.

sum.

sum.

Py
py
Py
Py
Py
Py



The HMF:
Numerical/Theoretical
systematics.
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° Sens1t1v1ty of the HMF on initial COIldlthl’lS

0o Due to the break of the commutatlve property

-due to limited precision, the HMF is sensitive

. to small perturbations on the initial conditions.

B

(Myi,.)=2.4e+13h 1M,
(My;,.)=5.5e+13h 1M,
(Myi,.)=14e+14h ' M,
(Myir.)=3.4e +14h Mg
(My;,)=5.4e+14h 1M,
(My;;)=7.5e+14h 1M,

(Myir.)=2.4e+13h "M,
(Myi.) =5.5e +13h" 1M,

| (My,)=1.4e+14h 1M,

(Myir.)=3.4e+14h " M,
(Myir.)=5.4e+14h " M,
My, )=7.5e+14h 1M,

—— N(u=0.0,0=0.4)
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The HMF: Numerical/Theoretical systematics

e Sensitivity of the HMF on initial conditionS'

L

0 Due to the break of the commutatrve property due to limited precision, the HMF is sensrtlve to small

perturbatlons on the initial condltlons o o . " _ > ’
o This introduces a further scatter on the bmned statrstlcs depending on the bln Wldth

5logM = 0.01 . S
—— &logM =0.05 : % 4
5logM =0.10 : '
—— b6logM =0.20

—_
(=]
o~
2
[ =
o
w
n
]
5
~
>
-
£
[
o
=
3
5




e Impact of the svimﬁlated volume:

(@)

 The HMF:
“Numerical/Theoreti
~ cal systematics -

’

. i
e

. e

The; simulated volume introduces further

scatter to the HMF due to the lack of.

super-sample modes and the sample variance

- of the independent modes.

dn/dlogM (M, L)

0
b
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=
=
o
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o

L/(h~*Mpc) = 500
L/(h~*Mpc) = 1000
L/(h~1Mpc) = 2000
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- The HMF: Numerical/Theoretica
e Impact of the halo definition:
y Centering;

o  Boundedness condition;

o  Hierarchy conditions. .

,‘5

| systematics

@ # [C)

26.65h~* Mpc
®

120
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- The HMF: Numerical/Theoretical systematics

-

Impact of the halo definition:
o Centering;
o Boundedness condition;

o  Hierarchy conditions. .

- AHF
SUBFIND
VELOCIraptor 3DFOF

VELOCIraptor 6DFOF
VELOCIraptor 6DFOF ADAPTIVE
DENHF
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The HMF: Non-universality modelling :

e We have adopted a bottom-up approach to develop our HMF model:
-0 Selecting the fitting-function to be calibrated using scale-free simulations;

o  Modelling the evolution of the parameters as a function of the matter power spectrum shape;
= -

o Using simulations with composed initial conditions to discriminate between the impact of the
background evolution and the matter power spectrum shapé. . :
\ 4 , . : 3 . ¢ ~+
\ \ e . $

8 v. {fsr(v) = A 2—aue(_“”2/2)(1 -+ (aVQ)_p) =
% ‘.: 7 - 7-‘- = : ) Z - . -.? ,.
5 V) = fST 1% V\/a -

14



AR o T
The HMF: Non-universality modelling i
e We have adopted a bottom-up approach to develop our HMF model:

-0 Selectlng the fitting- functlon to be calibrated using scale-free simulations;

B Modellmg the evolutlon of the parameters as a function of the matter power spectrum shape;
-

background evolutlon and the matter power spectrum shape .

o Usrng simulations with composite 1n1t1a1 conditions to d1scr1m1nate between the 1mpact of the '

15-
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The HMF: Non-universality mode

-

lling

\

—— EdS —ny=0.0
EdS —n.= — 1.0
EdS —n.= —1.5

—— EdS —ns= —2.0
EdS —ne= — 2.5
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The HMF: Non-universality modelling i
e  We have adopted a bottom-up approach to develop our HMF model:

-0 Selectmg the fitting- functlon to be calibrated using scale-free simulations;

B8 Modelhng the evolutlon of the parameters as a function of the matter power spectrum R . o
-

. 'background evolutlon and the matter power spectrum shape

O Usmg simulations with composed 1n1t1al conditions to dlscrlmmate between the 1mpact of the :
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The HMF: Non-universality modelling'

\

18-



-

The HMF: Non-universality modelling :

e We have adopted a bottom-up approach to develop our HMF model:
-0 Selecting the fitting-function to be calibrated using scale-free simulations;
©  Modelling the evolution of the parameters as a function of the matter power spectrum shape;
S S

o Using simulations with composed initial conditions to discriminate betWeen the impact of the

background evolution and the matter power spectrum sAhape.

N\

e B g =qrxQm(z)%
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dinR

\az
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Pp=p1+tp2X

a=ar XQm(z

dlno
dinR

aR:a1+a2><(
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The HMF: Non-universality inodelling'

e (alibration accuracy:

—— Ondaro — Malleaetal. 2021 —— Despalietal. 2016 s Tinkeretal. 2008 —— SUBFIND fit (COSims. ) (ROCKSTAR)
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The HMF: Peak-background ‘split bias

e Bias prediction:

¢ # 5 9% . \

—— Subfind : —— Subfind
—— Rockstar | . —— Rockstar
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The HMF: Peak-background ‘split bias

—— PICCOLO Cosmologies
- DES +SPT

e Modelling the PBS correction:
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TheHMF: Effect of Ball'yons‘

MAGNI

o Magnetlcum takes into account o

o Cooling, star formation, w1nds (Sprlngel & Hernqulst 2003)

©  Metals, stellar population and chermcal enrlchment ' T~ ‘ k- : . -
o SN-Ia, SN-II, AGB (Tornatore et al. 2003/2006); .. - '
o BH and AGN feedback (Springel & Di Matteo 2006, Fa‘bjan' ef al. 2(.)1'0.); :
o Thermal Conduction (1/20th Spitzer) (Dolag et al. 2004)" : ' B - ]
o Low viscosity scheme to track turbulence (Dolag et al. 2005) j

: d Higher order SPH Kernels (Dehnen & Aly 2012)

o Magnetic Fields (passive) (Dolag & Stasyszyn 2009).

- 24
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- The HMF: Effect of Baryons
° A‘m(')re consistent picture of AGN féedbaclé:‘

| 25.



The HMF: Effect of Baryons

e Baryons affect the LSS: E

"0 The net effect is that matched halos has systematlcally lower masses on hydro than on the DMO,
0 Cluster abundance is suppressed by 5-15%;- - . . .
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- The HMF: Effect of Baryons

° Baryons affect the LSS:

0 The net effect is that matched halos has systematleally lower masses on hydro than on the DMO;
o Cluster abundance is suppressed by 5- 15%, : \ :

Ny/Npmo — 1

Moom [101°M 5 /h] Moo [1019M 5 /h]

27
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The HMF: Effect of Baryons
e Baryonic feedback impact on halo masses: =~

E Quasi-adiabatic model: :
in : “I think nature's

- T ' imagination is so much
greater than man's, she's
ZINTTRIINER NNRIAANE  never going to let us relax.”

R. Feynman

1 - fb,vir

M A, dmo —

M vir,hyd

— 3 .
4n RA,dmo Pe

} £ ,Q 5 g
1 = fo.cosmic r pad o _7 "
3 MA,dmo | FIERT ;

_ ] — fb,vir - 6f
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- The HMF: Effect of Ball'yonsk

e (alibrating the deviation from the quasi-adiabatic prediction:

i 3



1 f,=0.2667 1 f,=0.2075 f,=0.1896
[ f,=0.2407 [ f,=0.2142 fob=0.1780

0.96 0.98 1.00 1.02 1.04
Mvir,hyd/Mvir,dmo

0.96 0.98 1.00 1.02 1.04
MV|r,rec/M\/|r,dmo

0.96 0.98 1.00 1.02 1.04
Mvnr,hyd/er,dmo

0.96 0.98 1.00 1.02 1.04
Mvir, rec/Mvir, dmo

fo=0.1675 fo =0.1658
fo=0.1528 fo =0.1351

.
0.96 0.98 1.00 1.02 1.04
Mvir,hyd/MvirAdmo

0.96 0.98 1.00 1.02 1.04
Mvir,rec/M\/lr,dmo

fo=0.1350 [ f,=0.1148
fo=0.1212 [ f,=0.1150

04

~ 096 0.08 1.00 1.02
Mvur,hyd/Mvir,dmo

0.96 0.08 1.00 1.02 1.04
Mvir, rec/MvirA dmo

32.



- The HMF: Effect of Ba'ryonsk

Stressing the model. ..

[ LowerAGN feedback efficency

Higher AGN feedback efficency

Vwind = 500 [km/h]

Vwind = 800 [km/h]

—

z=0.3

z=0.5
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0.96 008 1.00 1.02 1.04
Mvir,hyd/Mvir,dmo

0.96 0.98 1.00 1.02 1.04
Mvir,hyd/Mvir,dmo

0.96 008 1.00 1.02 1.04
Mvir.hyd/Mvir,dmo

0.96 0.98 1.00 1.02 1.04
Mvir, hyd/Mvir, dmo
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T 0.96 0.98 1.00 1.02 1.04
Mvir,rec/Mvir,dmo

T 0.06 098 1.00 1.02 1.04
er,rec/Mvir,dmo

0.96 0.98 1.00 1.02 1.04
M\nr,rec/Mvir,dmo

0.96 0.98 1.00 1.02 1.04
Mvir,rec/Mvir,dmo




- The HMF: Effect of Ball'yonsk

Stressing the model. ..

L ;

0.95 1.00 1.05

Mvir, hyd/Mvir,dmo

0.95 1.00 1.05
Mvir, rec/Mvir, dmo

0.95 1.00 1.05
Mv:r, hyd/MV|r, dmo

0.95 1.00 1.05
Mvir‘ rec/Mvir,dmo

0.95 1.00 1.05
Mvir, hyd/Mvir, dmo

0.95 1.00 1.05
Mvir, rec/Mvir, dmo

1.00 1.05
er, hyd/Mvir, dmo

1.00
Mvir, rec/Mvwr,dmo
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Theoretical requirements and challenges for future surveys

e Impact of the halo definition (assuming different halo-finders):

. b

Summary statistics | richness-mass relation priors Analysis Synthetic catalog Value

\ Tt 1.66 + 0.01
- 39 VELOCTIraptor ROCKSTAR 0.77 £ 0.01

S % (Fixed) 0.65 + 0.01

Jo 1.70 £ 0.02

SUBFIND ROCKSTAR 0.84 + 0.01

(Fixed) 0.61 +0.01

e 0.90 + 0.02

3G AHF ROCKSTAR 0.61 +0.01

5 % (Fixed) 0.47 + 0.00

e 0.04 + 0.05
3G ROCKSTAR ROCKSTAR 0.06 + 0.04
AFOM 5 % ( ;\"Iarginulizcd) -0.01 £0.02

. FOM -0.09+£0.05 |
3% VELOCTraptor VELOCTraptor 0.00 + 0.03
S % (Marginalized) —-0.02 +0.03

. 36-



Theoretical
requirements and
challenges for

¥ 3 g 0.87

~ ® Neglecting Baryons: = 8 e bq’ ’\b b‘
' e e ' Q Q Q

QQQ

—— Hydro Fit
—— DMO Fit

—— DMO Fit + Mass Correction |
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Con‘elusions

N

3.

We presented a precise and accurate model for the HMF and HB:

a. 1% agreement for the range of masses relevant for CC;
b. Minimal impact on the Cluster Counts FOM;

c. The model for taking into account the effect of baryonlc feedback is robust agalnst the sub- resolutlonl
i /

~ physics;
d.  The accuracy of the baryonification model is sub dommant to the 1gnorance on the cluster
baryon-fraction relation. W i - .

The impact of the halo-finder choice might bias the eosmologlcal inference:

a. The 1mpact is smaller than previously discussed in Salvatti et al. 2021 and Artis et al. 2021;

b.  Still, it raise awareness that the halo definition is an important systematic and should be better
™ understood.

c. The impact of ignoring the baryonic impact more significantly the cosmological 1nferenee

Halos are not what we are gomg to observe with future Surveys.
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