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NUMERICAL SIMULATIONS OF
GALAXY FORMATION




-« Radius of the Visible Universe —»
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linear perturbation theory nonlinear solutions of theory
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DM only!

Gas dynamics
Star formation
Energy feedback

Galaxies: baryons!
(theoretical predictions
to be compared
Witnhrc@sbS@ervations) FoF meeting- Cordoba, Argenitna




- 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.
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...a problem of dynamical range...!

Katz+ 96: convert dense cold gas into stars
« ..SNe release thermal energy into gas

l * energy radiated away..
<<kinetic>> fb
— ’ - many other schemes
« subgrid

|

For many years, producing realitic disk galaxies in LCDM
has been a problem

March 29th, 2016 FoF meeting- Cordoba, Argenitna
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Star formation, feedback...

GALACTIC

MultiPhase schemes WINDS

yonly
/

Dark Matter

Resolved

March 29th, 2016




Needed to give effective, high-z feedback.

- Stellar feedback is essential
for understanding galaxy formation!

= Nonlinear calculations must produce them.

« Mass/Momentum driven
 Decoupled, not decoupled
 Local/Halo-based
 Kinetic/Thermal

Several astrophysical processes invoked

March 29th, 2016 FoF meeting- Cordoba, Argenitna
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(Dolag+, in prep.); GADGET, improved SPH
SHO3, 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)

(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 10* Mg /h

Follow-up: LATTE (local group VHR resimulations)

Note:-this is not a set of cosmelegical:-runs



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

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
(See Monaco, Murante, Borgani, Dolag, 2012, MNRAS, 421, 2485)

Gives ISM characteristics



MASS
FLOWS

: frest I M sf
(M
— Tevap t
dyn

On
phase!

RESTORATION

On
phase!

I\/I L = _M o _Mcool +Mrest +Mevap
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ENERGY FLOW(S..)

Hot ph - .
(;neprgzi/se Eh i ESN _ Ecool + Ehydro

VA

- M S . = i - — 1 ASSPH
ESN - E51' ffb,in — E Ehydro

cool — )
v
By tcool dt (»-1p
this is the ENTROPY variation

PRESSURE-DRIVEN SF due to SPH hydrodynamics

M Ho — feon « Mc Phenomenological
(Blitz & Rosolowsky 2006)
1 P_ .~ P, With P, = 35000

1+ 4( P"j
Pext
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Multi-Phase particle S I I I

At, AS
Ehydro = AS/(y-1 )p(V'l)At

Enhot = -Ecool+Esn+Ehydro

new AS

etc...
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Inspired by Blitz &
Rosolowsky, we
scale the
molecular fraction
with SPH
pressure -

NOT the same
guantity the

Ry rom . observers use!

... CO/HI spirals 4
... SFR/HI spirals 4
... SFR/HI dwarfs 4

5 6
log,s P, / kg [em™ K]

Note. This phenomenomenologically includes a number of astrophysic
processes and feedbacks (turbulence, magnetic fields, cosmic rays, early
Stellar feedback...) . it’s the reality. . local, kpc-averaged
(...but... resolution...)



* Therme ectional
way

* Chemic

* Metal d

 Stocast 5ly receive
also kine couple
from the ological

simulatio



T

S J.I]l “-lﬂ.tl on 1'1![} M ﬂflg_; as £P1 ﬁrjr\l' ir R‘lf ir F"I'TD I JNIE 05 J.n'l' star

GA!]+ 1.4-108 26-107 14  2.69.10'%2 21217 13748 6907 26612
GAl 1.5-107 28.105 065  2.72.10'2 21474 133164 63232 281685

GA2(R1) 1.6-10° 3.0-10° 0325 2.70-10'% 21137 1201310 628632 2543495
GA3(R2) 1.7-10° 3.2.10% 0.155 i - - - -

AgC-6 % 1.3-107 48.105 10  221-10"2 16980 87340 43605 187823
AgC-5  1.6-10° 3.0.10° 10  226-10"% 17151 694617 355056 1585276

(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
Goz+, 2015, MNRAS, 447, 1774

Monaco+, 2012, MNRAS, 447, 1774
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Star Formation Rates

cosmic time (Gyr)



Circularity Histograms

B/T=0.30 (GAO0), 0.22 (GAl),0.20 (GA2) B/T=0.24 (Aq-C5), 0.23 (Aq-C6)




Circular Velocity Profiles

Rotation curve, resolution effect Rotation curve, resoclution effect

400F : 400 = ;




Tully-Fisher

2
3)

A I - T
Aumer etfal. (20

Marinacci et al. (2013)

. (2011)

1

_ Dutton etal. (2011)
Courteau et al. (2007)
Verheijen et al. (2001)
Pizagno et al. (2007)




Barion conversion efficiencies







Schmidt-Kennicutt relation




Bars! (Goz+, 2015, MNRAS, 447, 1774)
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« MEDIUM resolution:
force: 0.5 kpc/h
- mass (gas): 5x10° Msun/h
U DR ~ -+ About 20 galaxies more
B R massive than 10%° Msun/h
A * Incoming: larger boxes;
4.4 - higher resolution for high z

18 Mpc/h, 2x2563 particles

March 29th, 2016 FoF meeting- Cordoba, Argenitna



central

1e+10




ift: 0.000E+00

Redshift: 0.000E+00

AP PIOX

Centre: 0.134, -0.081, -0.005




Outflow measurement technique (modified from Antonio Ragagnin 2013, Master thesis)

cylinder
height = Rgal

altitude = Rgal

Cold gas disk of galaxK

rotating in X-Y plane

v

March 29th, 2016

7

T

Rgal 2 Raaill an60
- 1R°

————p
Rgal = Rvir / 10

» Transform galaxy
coordinates s.t. cold gas disk
is rotating in X-Y plane

» Select gas particles:
* lying inside either cylinder

« moving at a high-velocity, |v,]

= Vlimit,outﬂow

= if (z"v, > 0) = Outflow

s if (Z*v, < 0) = Inflow

slide courtesy of P. Barai

FoF meeting- Cordoba, Argenitna



Redshift Evolution of Mass-Loading factor vs Halo Mass
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Barai+, 2015,

lllustris puts this by hand (momentum driven winds) VMNRAS. 447 266

Not lots of info on Eagle outflows.



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

Comparison with observed emission in various bands

GRASIL3D parameters
calibrated againts PEP and
LVL samples

= )
3 3
o —
o o)
- -
e e
- 0
- -

A-L/A-L [IRACI]

MUPPI 498

ralues t01 dlﬂemnt a
corresponding filled regions the 1o uncertainty. E\ ery plot 1eport~ the numbel ot g |1 axies in the MUPPIB( )\ PEP and L\’L samples.

Example: calibration of M,,- and t_..



Galaxy SED with GRASIL3D: results

o= Log(Mg)
== Log(Mg)
e—= Log(3FR)
oo LogiM,,)

MUPPI : 208 MUPFI : 263 ’ 35 10 25 50 100 250 500

10* 10*
A [pm] A [pm]

Figure 5. Comparison between median SEDs of simulated ga ample (blue continuous lines) 2 s in v
stellar m firstrow) or SFR (second row). The blue filled region marl\\t he 17 uncertainty of the simulated sample, denned he 16th and 84th percentiles.

Above each panel we report the selection criterion used to define the subsample, while the number of simulated gal (MUPPI [number]} is reported in
each figure.

Simulated SEDs in classes of galay masses Correlation between IR luminosities
and SFR, compared with HRS and various physical quantities



CLUES

Very preliminar, with Gustavo Yepes

Constrained simulation of the Local
group — tests at “medium”resolution
(force 350pc, gas mass 10° M)

- s '
(Credits: K. Riebe, PMVIEWER,
and the CLUES collaboration)

Redshift: 0.000E+00 Redshift: 0.000E+00

Centre: -0.042, -0.019, 0.047 Centre: -0.042, -0.019, 0.047
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CLUES - first analysis

CLUES Fk=0.5
CLUES Fk=0.6
CLUES Fk=0.7
CLUES Fk=0.8
CLUES Fk=0.9

CLUES Fk=0.5
CLUES Fk=0.6
CLUES Fk=0.7 |]
CLUES Fk=0.8
CLUES Fk=0.9

6 8
cosmic time

Rotation velocity (at 10 kpc)
Stellar mass

10‘12
Stellar mass Virial mass




Include improved SPH (done; needs parameter tuning; note,
Introduce additional resolution dep.)

Include AGN feedback in MUPPI (ongoing; using
Steinborn+new model)

(1 PhD, D. Goz; 1 graduate, P. Di
Cerbo; + U. Malio)

Kinetic AGN feedback (with P. Baral)
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— Ht + 2e—
HY +e — H+7
He +e~ — Het + 2
Het +e= — He+n
Het +e- — Hett + 9
Hett +e— — Het +~
H+e — H +v
H-+H — Ha+e™
H+HY — Hi +~
Hf +H —s Ha+H?T
Ha+H — 3H
Ha+Ht — Hf +H
Ha+e~ — 2H + e~
H-+e= — H+ 2"
H-+H — 2H +e~
H-+HY — 2H
H-+Ht — Hf +e
H;’ +e- — 2H
Hf +H™ — H+Ha
D+ Hay — HD+H
DY +Hy — HD+HT
HD+H — D+ Ha
HD+HY — Dt 4+ Ha
Ht+D — H+Dt
H+DY — Ht+D
He + Ht — HeHt ++
HeH™ +H — He+ Hy
HeHt +v — He+ H*t

Referenze per 1 tassi dir




What the network does

G?Ven Pcoldr Teold:
Given Metals:
Given T, UV SUBGRID

background:
“ Non-equilibrium

chemistry: H, (+
others), T. 4

@ Calculates new
abundances in At

® Gives new
temperature in At

® H, formation on metal-
dependent dust

® H, destruction from a
UV field (from
stars...)

SPH timestep

I U N D

RK MUPPI timesteps

: : (scheme to be inverted)
March 29th, 2016 FoF meeting- Cordoba, Argenitna



AqC6, std

AqC6, H,, fixed UV

Predicted Blitz-Rosolowsky

6

5
Log (P/kg) [Kicm?®]
4l 4 >

6.0 6.3 16 8.3 9.1 99 107 114
LOg [M @“At[.mp 'Afn,)]
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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.

, and we use them to evaluate our solutions.

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.

.."T
\‘\ UNIVERSITAT

) POLITECNICA
/ DE VALENCIA

INAF ‘

L 2

F_1 I "-IE MANCH -3;-},'; ER

The niversty of Mancheste Qv act ESG'“

www.exanest.eu
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System Architecture

Chiplet: Node: pServer: (EuroServer)

One or more CPU cores One or more chiplets 1 or more Nodes

Level-0 Interconnect Level-1 interconnect Scale-out server using Local-10

Single coherence island Shared 10 {Ethernet) and Storage or HPC via Level-3 interconnect
EuraServer System

Compute Node ....

Compute Node 1 Compute Node 2

HM
memaor

C
ARM
64b

HPC System: Multiple
Nodes sharing Level-3
interconnect

{topology agnostic)

This project is supposed to be “application driven”

March 29th, 2016 FoF meeting- Cordoba, Argenitna



Hierarchy

Scale

Performance

Storage

Maximum Power

Chiplet
(Compute Unit)

Heterogeneous
CPU/GPU
compute unit

8 CPU
200 GFLOPS

virtualized

15W
(16 GB)

Interposger
(3D-1C)

4 x Chiplet

32 CPU
800 GFLOPS

virtualized

TOW

Compute Node
(Shared 10 &
Acceleration)

2 x Interposer,
/O
+ OpenCL FPGA

64 CPU
3.5 TFLOPS

Host SSD
400-3400 GB

140 W
+ 20 W for I/O

Compute Element
(daughter board PCB)

2 x Nodes

128 CPU
7T TFLOPS

6.8 TB

320 W

Mezzanine (mother-
board for Elements)

4 x Elements

512 CPU
28 TFLOPS

27TB

1.28 kW
+ 120 W Interconnect

Blade (deployment unit
/ hot-swap)

3 x Mezzanine

1536 CPU
34 TFLOPS

81 TB

4.2 kW
+ 0.8 kW cooling

Rack (metal frame)

72 x Blades

(110,592 OPU
LOPS

> 53 PB

360 kW
+ 1 kW TOR switch

Example
HPC System

100 < Racks

11 M CPU
600 PFLOPS

58 PB

36 MW

ExaScale Level

167 x Racks

| ExaByte

60 MW

THIS MEANS THAT
WE NEED TO RE-DESIGN

_ OUR CODES!!
Required level of

parallelism...




« ...but promising halo mass dependance of winds mass-load and
SEDs with GRASIL3D

« We cannot avoid sub resolution models. But be aware not
to over-state........
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THANK YOU
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