
G. Murante – INAF OATs, with: 
 

P. Barai – SNS Pisa 

S. Borgani – Univ.  Ts 

A. Curir – INAF OATo 

K. Dolag – Univ. Muenchen 

R. Dominguez-Tenreiro – UAM, Madrid 

D. Goz – Univ.  Ts 

G. Granato – INAF OATs 

U. Maio – Univ. Posdam 

P. Monaco – Univ. Ts 

A. Ragagnin – Univ. Muenchen 

C. Ragone-Figueroa -  IATE, Argentina 

L. Tornatore – INAF OATs  

M. Valentini – SISSA. Ts 

G. Yepes -  UAM, Madrid 

… and many others… 
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Cosmic Structure Formation 
 

linear perturbation theory nonlinear solutions of theory 
AKA “simulations”      

R
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Scenario of structure formation  

Primordial Fluctuations 
Cosmological background 
 

DM only!     

 

Filamentary Structures –  
LSS - Cosmological  
simulations 
 

 

 

   

 Galaxies: baryons! 
(theoretical predictions 
to be compared  
with observations) 

Gas dynamics 

Star formation 

Energy feedback 

……………… 
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Galaxy Formation: Standard Model    

 E.g.  White & Rees 1978 

 Gas falling into a dark matter halo,  shocks to the 

virial temperature Tvir at Rvir, and continuously forms 

quasi-hydrostatic equilibrium halo (but: cold flows).  

  

 Hot, virialized gas cools, starting from the central 

parts, it loses its pressure support and settles into 

centrifugally supported disk –> the (spiral) galaxy.  

 Mergers of disks can later produce spheroids. 

 

 

Tvir 
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Star formation at «large» scales 

Katz+ 96: convert dense cold gas into stars 

• ..SNe release thermal energy into gas 

...a problem of dynamical range…! 

• energy radiated away.. 

<<kinetic>> fb 

many other schemes 

• subgrid 
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For many years, producing realitic disk galaxies in LCDM  

has been a problem 



Aquila comparison project 

(Scannapieco+ 2012) 
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Star formation, feedback… 

MultiPhase schemes 

Dark Matter 

Hot gas 

Cold gas 

Stars 

Radiative 

Cooling 

Star 

Formation Gravity 
SN 

UV heat. 

Gravity only 

Gravity + Hydro 
March 29th, 2016 

GALACTIC 

WINDS 
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Resolved 

Unresolved 



GALACTIC WINDS (!= kinetic feedback…) 

 Nonlinear calculations must produce them. 

 

• Mass/Momentum driven 

• Decoupled, not decoupled 

• Local/Halo-based 

• Kinetic/Thermal 

• ……. 

Several astrophysical processes invoked 

Needed to give effective, high-z feedback. 

 

 Stellar feedback is essential  

for understanding galaxy formation! 
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Cosmological sets 
ILLUSTRIS (Vogelsberger+ 2014); AREPO 
• SH03; momentum driven kinetic feedback 

• Wind metal loading parameter 

• AGN FB: quasar (thermal) + radio (kinetic) + radiation pressure 

• Box size (max): 100 Mpc/h 

• Resolution: 1.26 106 Msun, 0.71 kpc (baryons) 

• Follow-up: Aquarius level-4 

EAGLE (Schaye+ 2015); P-SPH, GADGET-based 
• Schaye & Dalla Vecchia 2012; pressure threshold, metal depenent, 

no subgrid multiphase, equivalent density threshold 0.1 cm-3 

• Stochastic thermal feedback (effects similar to Stinson+ 06) 

NOT momentum driven; BUT: density-dependent 

• AGN FB: single  mode, stochastic thermal 

• Box size (max): 100 Mpc 

• Resolution: 0.35-0.70 kpc, 2.26 105 – 1.81 106 Msun  (baryons) 

• Follow-up: APOSTLE (local group HR resimulations) 
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Cosmological sets (II) 

FIRE (Hopkins+ 2014) P-SPH/GIZMO, GADGET-based 
• Katz+96 SF, high threshold (n>100 cm-3); requires extreme resolution 

• Molecular H followed; Krumholtz&Gnedin 2011 

• Radiation pressure, Sne rates, mechanical luminosities and ejecta  

momentum, stellar winds, photo-ionization and photo-electrical heating: 

tabulated from stellar population models.  

• FB as thermal energy/radial momentum. Thermal energy converted in  

momentum when cooling radius not resolved 

• Resolution: 0.02-0.15 kpc/h, 1.8 102 – 2.7 104 Msun/h 

• Follow-up: LATTE (local group VHR resimulations) 

 

Note: this is not a set of cosmological runs 

MAGNETICUM (Dolag+, in prep.); GADGET, improved SPH 
• SH03, energy driven kinetic feedback 

• AGN FB: quasar (thermal) + radio (thermal) Steinborn+ 2015 model 

• Huge set of boxes, from 1560 Mpc/h to 18 Mpc/h 

• Resolution: variable (MUPPI resolution available for the smaller boxes) 
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MUPPI: MUlti Phase Particle Integrator 

 Star formation & feedback algorithm 

 Implemented in GADGET-3 

 Integrates ISM equations for each particle at each 
SPH time step 

 Effective thermal feedback 

 Obtains SK relation without imposing it 
 

 Gives ISM characteristics 

Murante, Monaco, Giovalli, Borgani, Diaferio, 2010, MNRAS, 405, 1491 

(See Monaco, Murante, Borgani, Dolag, 2012, MNRAS, 421, 2485) 
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MOLECULAR GAS 
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ENERGY  FLOW(S..) 

Hot  phase 

   energy hydrocoolSNh EEEE




ENERGY RELEASED BY SNe 
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Phenomenological  

(Blitz & Rosolowsky 2006) 

Pext Ptherm with P0 = 35000  
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Ėhot = -Ėcool+Ėsn+Ėhydro 

Multi-Phase particle 

Δt, ΔS 

Ėhydro = ΔS/(γ-1)ρ(γ-1)Δt 

SPH 

new ΔS 

etc... 

Energy exchanges 
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Inspired by Blitz & 

Rosolowsky, we 

scale the 

molecular fraction 

with SPH 

pressure -          

NOT the same 

quantity the 

observers use! 

Note. This phenomenomenologically includes a number of astrophysic 

processes and feedbacks (turbulence, magnetic fields, cosmic rays, early 

Stellar feedback…) PROS: it’s the reality. CONS: local, kpc-averaged  

(…but… resolution…) 
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More characteristics 

• Thermal energy given to neighbouring particles in a directional 

way 

 

• Chemical evolution (Tornatore et al 2007) 

 

• Metal dependent cooling (Wiersma tables) 

 

• Stocastic kinetic winds: a fraction of particles continously receive 

also kinetic energy from neighbouring particles. They decouple 

from the gas. Wind speed depends on local SF. In cosmological 

simulations, velocities up to 1000 km/s 

WORK IN PROGRESS… 
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Cosmological disk galaxy simulations 

(Stoehr+, 2002, MNRAS, 355, 84) 

(See The Aquila comparison project, Scannapieco+,  2012, MNRAS,  423, 1726)  

Murante, Monaco, Borgani, Tornatore, Dolag, Goz, 2015, MNRAS, 447, 178 

March 29th, 2016 

Monaco+, 2012, MNRAS, 447, 1774 

Goz+, 2015, MNRAS, 447, 1774 
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Star Formation Rates 

March 29th, 2016 FoF meeting- Cordoba, Argenitna 



Circularity Histograms 
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Circular Velocity Profiles 
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Tully-Fisher 

Guedes et al. (2011) 
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Barion conversion efficiencies 
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Redshift evolution (AqC5) 

Z=2.48 

Z=2.02 

Z=1.50 

Z=1.01 

Z=0.49 
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Schmidt-Kennicutt relation 
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Bars! (Goz+, 2015, MNRAS, 447, 1774)  

GA2 

GA1 

Bar strenght 

Disk stability (Toomre) criterion 
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MUPPI Boxes 

18 Mpc/h, 2x2563 particles 

• MEDIUM resolution:  

force: 0.5 kpc/h 

mass (gas): 5x106 Msun/h 

• About 20 galaxies more 

massive than 1010 Msun/h 

• Incoming: larger boxes; 

higher resolution for high z 
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Bulge/Total mass ratios 
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Best disk galaxy in the box 

Mass: stars, 7.2x1010 Msun; gas,  3.4x1010  

 fbar:  0.075 (galaxy) 0.12 (halo) 

B/T: 0.21; mass of stellar disk: 5.65x1010 

approx. 105 baryon particles in the galaxy 

March 29th, 2016 FoF meeting- Cordoba, Argenitna 



March 29th, 2016 

Outflows in MUPPI Boxes 
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Illustris puts this by hand (momentum driven winds) 

Not lots of info on Eagle outflows. 
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Barai+, 2015, 

MNRAS, 447, 266 



              Galaxy SED with GRASIL3D 
Dominguez-Tenreiro+ 2014; Goz+, MNRAS submitted 

Comparison with observed emission in various bands 
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• Radiative Transfer post-processing code 

• Particular attention to dust reprocessing 

• Arbitrary geometry 

• Modified to be used with MUPPI (e.g., H2 

given by the simulation) 

 

 

Example: calibration of MMC and tesc 

GRASIL3D parameters 

calibrated againts PEP and 

LVL samples 



Galaxy SED with GRASIL3D: results 
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Simulated SEDs in classes of galay masses 

and SFR, compared with HRS 

Correlation between IR luminosities 

and various physical quantities 



CLUES 
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Very preliminar, with Gustavo Yepes 

 

Constrained simulation of the Local 

group – tests at “medium”resolution 

(force 350pc, gas mass 105 Msol) 

(Credits: K. Riebe, PMVIEWER, 

 and the CLUES collaboration) 
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CLUES – first analysis 
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Developments 
• Include improved SPH (done; needs parameter tuning; note, 

introduce additional resolution dep.) 

 

• Improve FB schemes (ongoing: with M. Valentini, PhD st.) 

 

• Include AGN feedback in MUPPI (ongoing; using 

Steinborn+new model) 

 

• Include non-equilibrium chemistry (by U. Maio) with self-

consistent formation of H2 (1 PhD, D. Goz; 1 graduate, P. Di 

Cerbo; + U. Maio) 

 

• Kinetic AGN feedback (with P. Barai) 
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PRELIMINARY: H2 chemistry 

Umbero Maio’s chemical 

network in MUPPI 
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What the network does 
Given ρcold, Tcold: 

Given Metals: 

Given Tcmb, UV 
background: 
 

 Calculates new 
abundances in Δt 

 Gives new 
temperature in Δt 
 

 H2 formation on metal-
dependent dust 

 H2 destruction from a 
FIXED UV field (from 
stars…) 
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MUPPI: ρcold, Tcold 

SUBGRID 

Stellar 

Chemical 

evolution: 

Metals 
Non-equilibrium 

chemistry: H2  (+ 

others), Tcold 

SPH timestep 

RK MUPPI timesteps 
Molecular 

evolution (scheme to be inverted) 
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Predicted Blitz-Rosolowsky 

AqC6, std 

AqC6, H2, fixed UV 
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WHAT we do: 

ExaNeSt develops and prototypes solutions for Interconnection 

Networks, Storage, and Cooling, as these have to evolve in order for the 

production of exascale-level supercomputers to become feasible.  We tune 

real HPC Applications, and we use them to evaluate our solutions.   

WHY we do it: 

HPC is a precious tool for all of modern technology, science, and society.  For 

the next generation of HPC systems, we need millions of low-power-

consumption computing cores, tightly interconnected and packaged together and 

appropriately cooled, and with a new storage architecture.  

www.exanest.eu 



New technologies.. 

March 29th, 2016 

! 

This project is supposed to be “application driven” 
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Required level of 

parallelism… 

THIS MEANS THAT  

WE NEED  TO RE-DESIGN 

OUR CODES!! 
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Conclusions 
• Our sub-resolution star formation and feedback models produces 

realistic disk galaxies 

• Key ingredient: effective (kinetic) feedback producing high-z 

galactic winds, gas reacts strongly to energy injection 

• Many groups obtain realistic disk galaxies. 

And they have different treatments for  SF&FB 

 

• Properties of our galaxy populations in cosmological 

 volumes still not in perfect agreement with data 

• …but promising halo mass dependance of winds mass-load and 

SEDs with GRASIL3D 

• Improvements incoming! 

 

• New technologies will require a significant technical effort 

 

• We cannot avoid sub resolution models. But be aware not 

to over-state…….. 
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THANK YOU 
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