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This international conference brings together the scientific community working on science related to 

the Universe at millimetre wavelengths. It includesinstrumental, observational and theoretical topics, 

from stellar to cosmological scales. As multi-wavelength analysis is a key approach to understand

astrophysical processes and cosmological issues, the conferences series is of course opened to results

and observations at other wavelengths.

• mm Cosmology (CMB, clusters, …)
• Galaxy cluster physics
• Galaxy formation in the early Universe
• Nearby galaxies
• Galactic star formation
• From dust to planets
• mm-instruments
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• Cluster cosmology needs simulations 

HMF calibration, accuracy/precision of mass estimates, 
selection functions, … 

• Two types of cosmological simulations: 

- Hydrodynamic: Universe with CDM + baryons 

- Gravity-only (GO): All matter is CDM 

☺ ~10x faster than hydro  
→ larger volumes, more cosmologies 

☹ No baryons = no SZ (or X-rays) 
→ Can’t produce all cluster observables 

• Baryon pasting (BP): add gas a posteriori to create 
observables from GO simulations 

→ Get the products of a hydro simulation,  
for the price of a GO simulation 

• This work: optimize baryon pasting to reproduce  
results from hydro simulations

Context: Cosmological simulations for cluster science
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Santa-Barbara cluster in gravity-only simulation

Santa-Barbara cluster in hydrodynamic simulation

CRK-HACC: Frontiere+23
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• ANL produces state-of-the-art simulations 
using the HACC solver  (Habib+16, Frontiere+23) 

• Large variety of available data: 

- Cutting-edge large boxes   
OuterRim, LastJourney, FarPoint 

- Cosmo params hypercube 
Mira-Titan 

- Volumes simulated in hydro and GO   
BorgCube 

• Post-processing pipeline can produce: 

- kSZ / simple tSZ from baryon pasting  (Flender+16) 

- Galaxies  (LSSTDESC+21) 

- (CMB) lensing maps  (Larsen+ in prep.) 

• Widely used for cosmology  (e.g. LSST DC2) 

• To be improved with DOE’s exascale computers   
(Aurora, Frontier)

ANL cosmological simulations
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• Context 

• Optimizing baryon pasting vs hydrodynamic simulations 

• The Borg Cube simulations 

• Model & Optimization method 

• Results 

• Quality assessment 

• Gas profiles 

• Preliminary fixed-z tSZ products 

• Conclusions, outlook

Outline
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• Volume =  ; particle mass  

• Two simulations with same initial conditions: 

- GO: Gravity-only  

- NR: Non-radiative hydro 
First CRK-HACC hydrodynamic simulation (Emberson+19)

(800 h−1cMpc)3 ∼ 109 h−1M⊙

The Borg Cube simulation(s)

5
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• Volume =  ; particle mass  

• Two simulations with same initial conditions: 

- GO: Gravity-only  

- NR: Non-radiative hydro 
First CRK-HACC hydrodynamic simulation (Emberson+19)

(800 h−1cMpc)3 ∼ 109 h−1M⊙

The Borg Cube simulation(s)
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Same initial conditions →  same halos∼}
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GO run vs. NR run
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GO run vs. NR run
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GO run vs. NR run
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?

→ How can we reproduce the NR gas distribution  from the GO matter distribution?
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• Study cluster-scale halos:  

• Match halos in both runs based on distance + similar mass  

→ >98% of GO halos are matched

M500c ⩾ 1013.5 h−1M⊙

Halo sample: cluster-scale, matched in both runs

7

Baryon Pasting in the Borg Cube simulation 3

Parameter Value

Simulation properties

Box size 800 ⌘
�1cMpc

Number of particles 2 ⇥ 23043

CDM particle mass 2.56 ⇥ 109
⌘
�1

"�
Baryon particle mass 5.21 ⇥ 108

⌘
�1

"�

Cosmology

⌘ 0.71
⌦2 0.22
⌦1 0.0448
⌦⇤ 0.7352
⌦a 0
F �1
=B 0.963
f8 0.8

TABLE 1
Properties of the Borg Cube cosmological simulations. For more details on

the simulation, see Emberson et al. (2019).

The Borg Cube runs (Emberson et al. 2019, hereafter E19)214

are a pair of cosmological simulations, each evolving 2⇥23043
215

particles in a comoving volume of (800 ⌘
�1cMpc)3. A set of216

initial conditions was created according to the WMAP-7 best-217

fitting cosmology (Komatsu et al. 2011), with parameter values218

reported in Table 1. In each run, half the particles are flagged219

as baryons, with particle mass <1 = 5.21⇥ 108
⌘
�1
"� , while220

the other half are cold dark matter (CDM), with particle mass221

<2 = 2.56 ⇥ 109
⌘
�1
"� , enforcing that the fraction of total222

mass made up by baryon particles is the cosmic baryon fraction223

⌦1/⌦< of the input cosmology (where ⌦< = ⌦2 +⌦1).224

The first simulation evolves the particles using the HACC225

code (Habib et al. 2016) and considers only gravitational in-226

teractions between all particles. The second run uses the227

CRK-HACC solver (Frontiere et al. 2023), in which all particles228

interact through gravitation, and the baryons are in addition229

subject to hydrodynamic physics. Each of these two volumes230

uses a softening length of Asoft = 14 ⌘
�1 kpc. In the following,231

we refer to the first run as “gravity-only” (GO), and to the sec-232

ond as “non-radiative” (NR). More details on the Borg Cube233

simulation can be found in E19.234

2.2. Massive halos in the Borg Cube235

Our baryon pasting algorithm seeks to produce accurate re-236

alizations of thermodynamic properties of the ICM, i.e. the gas237

component of the most massive halos in the Universe. We use238

high mass objects in the Borg Cube halo catalog, described in239

E19, and summarized here. Halo finding and characterization240

is done in two steps within the HACC framework. First, halos241

are detected in particle snapshots using a friends-of-friends242

(FOF) algorithm on the CDM particles, with linking length243

1 = 0.168. The position of the most bound CDM particle in244

each FOF detection is flagged as the center of the halo. Sec-245

ond, the spherical overdensity (SOD) properties of the halo are246

estimated by integrating outwards the properties of member247

particles (from both species) in concentric shells, starting at the248

halo center. Unlike in E19, the SOD properties are estimated249

out to three characteristic radii for each halo, corresponding250

to different overdensities: '5002, '2002, and 'vir.251

Mass-redshift coverage — In order to limit the amount of data252

being analyzed while still retaining relevant cosmological in-253

formation, we work on a subset of five fixed-redshift full254

snapshots of the Borg Cube: I 2 {0, 0.5, 1, 1.5, 2}. At each255

Redshift #
GO
halos #

both
halos

I = 0 20458 20120
I = 0.5 11880 11703
I = 1 4698 4644
I = 1.5 1315 1311
I = 2 263 260

Total 38614 38038

TABLE 2
Number of halos with "5002 > 1013.5

⌘
�1

"� in each redshift snapshot of
the Borg Cube used in this study. We report the number of halos within the
mass range of interest in the GO run (middle column), and the number of

halos matched as being present in both GO and NR simulations (last column,
see text).

redshift, we focus on halos with masses in the gravity-only256

simulation "
GO
5002 > 1013.5

⌘
�1
"� , roughly corresponding to257

the mass scale conventionally treated as marking the transi-258

tion between the galaxy group and galaxy cluster regimes (see259

e.g., Pratt et al. 2019). Table 2 summarizes the number of260

halos matching this criterion in each snapshot; distributions261

of the relevant properties of halos considered in this work are262

presented in Figure 1.263

NR/GO Halo matching — In order to run comparisons of gas264

properties on a per-halo basis, we need to identify the counter-265

part to each gravity-only halo in the non-radiative simulation.266

We perform this matching in each snapshot based on phys-267

ical separation and mass difference. For each halo in the268

gravity-only run, we compute the distance to all halos in the269

non-radiative run, accounting for the periodicity in boundary270

conditions. The closest NR halo with a mass "5002 compatible271

with that of the GO halo within 20% is accepted as a coun-272

terpart if the distance between the two halo centers is smaller273

than 0.5⇥'5002. Because the simulations are evolved from the274

same initial conditions, the halo distribution is expected to be275

similar. This similarity is illustrated in Figure 2, showing the276

matter distribution in a subvolume of both simulations. We277

can see that halos of similar sizes can be found in the same278

physical locations in both simulations, which illustrates the va-279

lidity of comparing halo properties between runs. Therefore,280

we expect the matching algorithm to yield a hydrodynamic281

counterpart for the vast majority of gravity-only halos, with a282

few exceptions (due to, e.g., slightly different merging histo-283

ries in the GO and NR runs). The number of matched halo284

pairs per snapshot is reported in Table 2. For each redshift285

snapshot, we find that less than 2% of the gravity-only halos286

are not matched to a non-radiative counterpart.287

3. ICM GAS PROPERTIES FROM GRAVITY-ONLY288

PARTICLE DISTRIBUTION289

In this section, we describe the methodology used to infer290

the properties of the intracluster medium from gravity-only291

simulations. We follow the prescription introduced by Ostriker292

et al. (2005) and further developed in later works (see e.g.,293

Bode et al. 2007, 2009; Shaw et al. 2010; Sehgal et al. 2010).294

3.1. Data pre-processing295

We start by isolating the particles belonging to each halo296

in both the GO and NR full particle snapshots. A particle297

is flagged as belonging to a halo if it is located at a distance298

smaller than 2⇥'vir from its center 1. Once flagged, the particle299

1 This implies that a particle can be flagged as belonging to two separate
halos, in the case of nearby objects.
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• Model: based on Ostriker+05 model: for 1 halo, BP gas density & pressure fixed by: 

- GO 3D grav. potential 

- Model parameters:  

• gas polytropic index ,  

• fraction of CDM energy transferred to gas  

• Optimization workflow: 

- Run baryon pasting on all halos, on a grid of parameter values:
 

- For each halo, compare relative difference between BP and NR gas density and pressure, 

 

- Compute the radial profiles of  for all halos 

- Repeat for all redshifts independently

Γ

εDM

Γ ∈ [1.13, 1.20] ; εDM ∈ [0, 5%]

χρ =
ρBP

g

ρNR
g

− 1, χP =
PBP

g

PNR
g

− 1

(χρ, χP)

Baryon pasting model and optimization

8

(see D. Nagai’s talk)
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•  profiles are not 0: BP density & pressure are biased! 

- Add two parameters to the model, : 
 

- Recompute  

• Best-fitting parameters: minimizes  over 

(χρ, χP)

(Δρ, ΔP)
ρg = (1 − Δρ) ρpolytropic, Pg = (1 − ΔP) Ppolytropic

(χρ, χP)

χ2
P r ∈ [0.25, 1.25] R500c
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Results: z=0 (n=20,120)
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Results: z=0 (n=20,120)
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Γ = 1.15; εDM = 0.5 %
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Results: z=1 (n=4,644)
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Results: z=1 (n=4,644)
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Γ = 1.16; εDM = 2 %
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Results: z=2 (n=260)
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Results: z=2 (n=260)
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• Measured redshift trend in  

-  
 

-  
 

• Measured bias parameters: 

- Density:  

- Pressure: 

(Γ, εDM)

Γ(z = 0) = 1.15
→ Γ(z = 2) = 1.18

εDM(z = 0) = 0.5 %
→ εDM(z = 2) = 3 %

Δρ ∼ 15 − 20 %

ΔP ∼ 20 %

Results: params = f(z)
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• Context 

• Optimizing baryon pasting vs hydrodynamic simulations 

• The Borg Cube simulations 

• Model & Optimization method 

• Results 

• Quality assessment 

• Gas profiles 

• Preliminary fixed-z tSZ products 

• Conclusions, outlook

Outline
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• Agreement between density and pressure 

• For the best parameters at each  

• Focusing on  

• Accuracy: 

-  on pressure 

- on density 

• Scatter: 

• Radially dependent 

-  on pressure 

-  on density

z

r ∈ [0.25, 1.25] R500c

< 3 %

< 2 %

∼ 20 %

∼ 15 %

Gas profiles reconstruction: accuracy & precision
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• Y|M: important tool for cluster cosmology 
(See talks by L. Bleem, L. Salvati, L. Perotto,  
G. Aymerich, A. Moyer, A. Paliwal, …) 

 

• Compare Y|M from BP (left) vs NR (right): 

- Similar reconstructed parameters 

- Extra scatter due to baryon pasting: 
 of NR scatter

E−2/3(z)
D2

A Y500

10−4 h−1Mpc2
= 10α [ M500

3 × 1014 h−1M⊙ ]
β

+ 𝒩(0, σ2)

< 5 %

Y500|M500 scaling relation reconstruction
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• Side-by-side tSZ map of matched halos, in NR (left) & BP (right) 

→ Global shape & tSZ amplitude well reconstructed 

• : circle = 1 arcmin (typical resolution of ground-based CMB surveys)z > 0

First look at tSZ thumbnails: z=0, z=0.5
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First look at tSZ thumbnails: z>0
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• Context 

• Optimizing baryon pasting vs hydrodynamic simulations 

• The Borg Cube simulations 

• Model & Optimization method 

• Results 

• Quality assessment 

• Gas profiles 

• Preliminary fixed-z tSZ products 

• Conclusions, outlook

Outline
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• Progress towards baryon pasting pipeline for HACC GO simulations 

• Optimized Ostriker+05 model to reproduce hydrodynamic simulation: 

- From direct per-halo comparison on ~40,000 halos, for  

- Redshift trend observed in model parameters 

• Results: using a gravity-only simulation, up to , 

- Pressure / density reconstructed with ~few % accuracy, ~20% scatter 

-  scaling relation well reconstructed, with <5% excess scatter 

- First look at maps: tSZ amplitude / shape reconstructed

z ∈ [0, 2]

z = 2

Y500 |M500

Conclusions
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• Systematic application to HACC gravity-only simulations 

- OuterRim (DESC cosmoDC2 Universe) 

- Mira-Titan (111 simulations with varying comsology) 

- +all cosmological volumes (Last Journey, Farpoint, …) 

• Model extension: 

- This work omits subgrid physics (cooling, star formation, feedback) 

- Absent from the Borg Cube; recently implemented in HACC 

CRK-HACC, Frontiere+23 

- Same analysis to be repeated on newer complete hydro sims 

- Observational data to be used for further validation

What’s next?
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Backup

22
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• Model based on Ostriker+05 (see D. Nagai’s talk) 

• Input data: for one halo,  + particles 

- Assume polytropic equation of state: 

-  

- : fixed from GO grav. potential 

-  : gas polytropic index (fixed model parameter) 

-  : central gas density/pressure, TBD

(Mvir, Rvir)

ρg = ρg,0 θ(ϕ)Γ/(Γ−1) ; Pg = Pg,0 θ(ϕ)1/(Γ−1)

θ(ϕ)

Γ

(ρg,0, Pg,0)

Baryon pasting model
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• Finding : (ρg,0, Pg,0)

- Assume gas rearrangement
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• Finding : (ρg,0, Pg,0)

- Assume gas rearrangement

- Conserving surface pressure / gas energy

- A fraction  of CDM energy is transferred to gas 
(fixed model parameter)

εDM
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→ For one halo, gas props fixed by GO particles + 2 model parameters: (Γ, εDM)

• Finding : (ρg,0, Pg,0)

- Assume gas rearrangement

- Conserving surface pressure / gas energy

- A fraction  of CDM energy is transferred to gas 
(fixed model parameter)

εDM
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• Part of the scatter on  is scatter on  : 

- Cluster more (less) massive in hydro  
→ Has more (less) gas in hydro 

-  has scatter → induced scatter in 

(ρ, P) M500c

MNR
500c |MGO

500c (ρ, P)

Scatter in gas properties = scatter in mass?
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