TNG50, Movie Credits: D. Nelson (MPA)
40 kpc Z=17

lHlustrisTNG/TNG50

Galaxy assembly, outflows and the evolution
of disks with cosmological simulations

ANNALISA PILLEPICH
MPIA, Heidelberg

log My =9.97
SFR = 8.5 ey

: /

TNG50: galaxy assembly, outflows and the evolution of disks Annalisa Pillepich, Rome, 2019/09/10




(**)TNG = The Next Generation
Scope of this talk

1 « 10 showcase what the most novel numerical calculations can
do, with a focus on the TNG50 simulation, the last installment of
the lllustrisTNG(**) project.

2 = TO discuss testable and quantitative model predictions re:
@® The evolution of the structures and kinematics
® (Galactic gas outflows

of star-forming galaxies through cosmic time
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e
The TNG Simulations

PI: V. Springel (MPA)

Three flagship volumes, with:

= new invariant “TNG model’
Pillepich:20 1 8a,Weinberger:2017

- Updated Planck Cosmology

= Including MHD

- Different flagship resolutions

300 Mpc
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e
The TNG Simulations

300 Mpc

: v..-'l

(same ICs and res as lllustris)
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e
The TNG Simulations

Cosmological RNV

volume at - ‘
zoom

resolution

-“
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The TNG50 simulation, a field-leading computational endeavour
Co-Pls: D. Nelson (MPA), A. Pillepich (MPIA)

HazelHen (Stuttgart)

Cray Cluster

7712 nodes

with 24 cores/node

5.3GB of memory per core!

— It has run for more than one year, 24/7 on
Cosmological Ll g 16k computing cores!
volume at (S &
Z00m
resolution

.

TNGS50: Pillepich, Nelson et al. 2019
TNG50: Nelson, Pillepich et al. 2019
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The TNG50 simulation: unprecedented resolution for unbiased statistics
Co-Pls: D. Nelson (MPA), A. Pillepich (MPIA)

10 com pc 1 com kpc

spatial resolution

spatial resolution

Star-formation and (stellar) feedback are
sub grid below the 70-140pc scale

Cosmological [EEYEVE:a

volume at A< :
zoom

resolution

.

TNG50: Pillepich, Nelson et al. 2019
TNG50: Nelson, Pillepich et al. 2019
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5 kpc

Stellar Light Composite
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TNGS50: Pillepich, Nelson et al. 2019
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Galaxy evolution in
Groups and Clusters:
Prospects with TNG50

Gas Column Density [log Mg, kpc™]

6.0

ot
T}
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A Virgo-like cluster in TNG50

500 kpc -
'R

With TNG50; we sample for example £ ‘.

@ z=0: .
one 1.8e14 Msun Vlrgo Ilke (
~200 MW-mass haloes, - *
thousands of dwarfs

@ z=1:
~ 70 galaxies with > 101 Msun

~ 700 galaxies with > 1010 Msun
~ 6300 galaxies with,> 108 Msun_

-~
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B - T

z=0.56
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e
The physical ingredients behind large-volume cosmological sims

Cosmological gas accretion (i.e. accretion rates), galaxy mergers and galaxy interactions, tidal and
ram pressure stripping, dynamical friction, any form of gravitational “heating” are self-consistent

T

COSMOLOGICAL ICs (LCDM)
GRAVITY+HYDRODYNAMICS

Gas Cooling/Heating
B Conversion of gas into stars (TNG: density threshold)
Stellar Evolution I
Metal Enrichment (TNG: H, He, Fe, C, Mg, ...) I\
B Stellar Feedback (TNG: decoupled winds)

B Black Hole Seed and Growth —p 9as outflol\_/vs and
MBlack Hole Feedback (TNG: high vs. low accret) recycling
Bl Subgrid recipes A Via “tables”
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What sets apart the TNG model from previous calculations

O = The moving-mesh code AREPO

Springel 2010 Magnetic fields (MHD follows the self-

consistent amplification of a primordial field)

_ Pakmor et al. 2013,2014,2017
Updated galactic scale

wind (stellar) feedback
(compared to e.g. lllustris) Novel two-mode scheme for SMBH feedback,

Pillepich, Springel, Nelson et al. 201 8a particularly the new “kinetic” BH-driven pulsated wind

| N1 Weinberger, Springel, Hernquist, et al. 2017

4 = Updated Yield tables, metal tracking +
Neutron-star mergers sub grid recipes for

Schaal & Springel 2015 production of Europlun}\laiman, Pillepich et al. 2018
=+ The Shock finder, new output strategy, ... Pillepich, Springel, Nelson et al. 2018a

5 = The augmented and unprecedented scope
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On reproducing observed galaxy
statistics and integral properties

l.e. on model validations
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e
The TNG galaxy mass functions have reasonable shapes (z=0, 1, ...4)
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TNGI00/TNG300: Pillepich, Nelson, Hernquist, et al. 2018b
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The TNG color bimodality is in quantitative agreement with SDSS
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The blue/red balance shifts towards larger masses, and TNG

Nelson, Pillepich, Springel et ol 2018 ecovers the abundance of red galaxies at the high mass end
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The z=0-2 UVJ diagram exhibit two clearly-separated classes of galaxies

Note: We obtain galaxy colors by accounting for the unresolved and resolved effects of dust

0.751

0.501

1 === Whitaker+ 2011 With dust model
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Donnari, Pillepich, Nelson et al. 2019

TNG50: galaxy assembly, outflows and the evolution of disks

102

# of gHaIaxies
(U-V) [mag]

_100

H | |
2.50{ === Whitaker+ 2011 With dust model I
=== Williams+ 2009 I
2.25{ === TNG cut Mstars > 10°Mgy, I I
_ /I |
2.00+ TNG100 - z=2 7 I. l
, 2
Aperture: <2 R p < g ,’
1.75 7 s
1.501 .0
1. 0
1.00
0.75-
0.50
00 02 04 06 08 10 12 14 16
(V-)) [mag]

Annalisa Pillepich, Rome, 2019/09/10

10!

_100

# of galaxies



The TNG model returns a well-defined SFMS all the way to high redshifts
SFR is higher at higher redshifts, albeit with lingering
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e
The quenched fractions are at last in better agreement with observations

Observations and simulations agree in that the fraction of quenched galaxies
increases with galaxy mass and time

Note: here both centrals and satellites

o o o =
> o o

Quenched fraction

o
[N)

o
s}
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dashed: TNG UVJ cut
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In TNG, this has been achieved thanks to the new BH-driven wind feedback

Donnari, Pillepich, Nelson et al. 2019
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The z=00

We have constructed synthetic images of TNG galaxies, including the effects of dust and the
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tical morphologies are consistent with Pan-STARRS data

effects of the PSF and background noise typical of Pan-STARRS observations
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e
The z=0 stellar sizes of TNG are compatible with SDSS also across galaxy types
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We have generated
SDSS mock images (r band) of
12000 TNG galaxies

We have trained a
convolutional neural network on
SDSS images classified by
professional astronomers in
various morphological classes
and run the CNN on TNG
galaxies

(BUT in TNG there seem to
be too many massive disks!)

Huertas-Company et al. with AP 2019
See also Genel, Nelson, Pillepich, et al. 2018
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On the evolution of
structures and kinematics
of star-forming galaxies,
across cosmic epochs
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e
Let us focus on star-forming galaxies in TNG50
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An observational dichotomy is in place at intermediate and high redshifts

Morphologies/structures from stellar light Kinematics from gas emission lines (mostly Ha)
|~ z>1 star-forming
Lo 9<logM <95 ’ 9.5 <logM < 10 . 10 <logM < 10.5 sl :*;::i " Eﬂ‘jﬁi:‘a ] gaseous disks have a
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ol i random
02 : ] motions than low-
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We can study the mix of morphologies or 3D shapes with TNG50

Note: here axis ratios are determined via diagonalization of the
mass tensor at a certain radius (twice the stellar half-mass radius)
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e
Gaseous structures are more disky or elongated than stellar bodies

i 3D stellar mass i 3D Ha-emitting gas
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Both stellar and gaseous structures get “diskier” as the Universe evolves

i 3D stellar mass i 3D Ha-emitting gas
I I
[7.0 - 80] [7.0 - 8.0]
&0 0] 3D Stellar Mass &0 5] 3D Ha Gas- Mass
% 08 @0-100] | |z=1.5, sf-mg % 08 @90-100] | | z=1.0, sf-ing
'5 | |[@®L10.0 - 11.0] ’C% © @100 - 11.0]
5 5
p=n U =0
= disky S disky
O elongated O elongated
=04 ~ 04 >
o @] S
k= k= s
202 Z 0 :
2
0 0 £
0 0.5 1 0 0.5 1 3
middle to major axis middle to major axis s

TNG50: galaxy assembly, outflows and the evolution of disks Annalisa Pillepich, Rome, 2019/09/10



e
At any time, more massive galaxies are “diskier” than lower mass galaxies

i 3D stellar mass i 3D Ha-emitting gas
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The fraction of disky galaxies always increases towards z = O (in the stars!)
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Gas arranages in thin/diskyv configurations at most times and masses
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We can extract kinematics from TNG50 galaxies

Edge-on view face-on view
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Vrot = max of rotation curves
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We can extract kinematics from TNG50 galaxies from thousands of galaxies!
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Star-forming galaxies have larger velocity dispersions at higher z (in the gas!)

In the simulations, we recover

i i | i i i the redshift trends observed with
5 ’TNGSO star-forming galaxies‘ Ha observations
10 =
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e
Why lower gas velocity dispersions at later times?
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e
Why lower gas velocity dispersions at later times?

I I [ I I [
- ‘TNGSO star-forming galaxies‘
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e
Why lower gas velocity dispersions at later times?

TNGS50
I I [ I I [ .y
o2 TNGS0 star-forming galaxies | 3. Gas outflow rates and outflow velocities get
- /, ] smaller as galaxies lower their star formation rates
z at fixed mass, as the Universe evolves
=]
E CT— =08 900 i
— 2z=10 . C
(S ‘ 105 - 1101} 3 200 .90 = ?j%_l\z/bdel (at Injection)
7 g | 105 1001 | O — 2-05
[ 1 LDBP-9SL ] 3 —00p — 2710
o 1 2 3 4 5 = 0 L — 2=20
redshif 8" oo} 2730 o
. % 05F = — z:6:0 S
Let us think Gé 8 500 2=8.0 %
about the £ oo} > | — z=100 °
S = 400}
processes that " e E i R E&
can maintain S 300 =
star-forming and RGN ok s
dense gas r=10kpe | 2
dynamlcally hot 1905 80 85 30 95 100 105 o @A
against Coo/ing Stellar Mass [ log Mgy ] é”

TNG50: galaxy assembly, outflows and the evolution of disks Annalisa Pillepich, Rome, 2019/09/10



H]

Stellar velocity dispersions are always larger than the star-forming gas
TNG50
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e
Star-forming galaxies have rotationally-supported gas disks since z~4-5
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. Ha gas
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This is qualitative consistent

with observational findings,

depending on measurement
choices.

The balance between
ordered and chaotic motions
increases with time, but
much more so for gaseous
than stellar structures

Vrot/c grows in time with

both Vrot and ¢ declining
with time

TNGS5O0: Pillepich, Nelson, et al. 2019
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Galaxy shapes and kinematics are determined by a host of processes

Acc_retion pf .
cosmic gas into
galaxies

Gas recycling

N\

Feedback and
outflows from
Star formation S?Hs
\ Fe?fcljbacI? and
al - outflows from
Gas-rich and gas ows

poor mergers

@y Galaxy interactions

and stellar stripping All intertwined,
z and mass dependent
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On Outflows
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In the TNG m |, we invoke pulsated kinetic BH-driven win t low- retion rat

At=100 Myr

At=170 Myr

kinetic, isotropic kick

At=270 MyP

Gas outflows from events of black-hole feedback.
The BH at the center of this massive galaxy exerts a

At=370 Myr

TNG50: Nelson, Pillepich et al. 2019
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BH and stellar feedback superimpose and produce gas outflows

Movie Credits: Dylan Nelson
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The m I ing factor of outflows is *not* a monotonic function of m
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Because, even with feedback models as “simple” as in TNG, we naturally
produce “multi-phase” outflows (in T, rho, v, and Z)
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I
Looking ah

If we want to learn anything, galaxy formation and evolution must become a
truly quantitative effort:

We need to go beyond the narrative of specific few cases and build
understanding with large, unbiased, self-consistent populations of objects.

This is what we are trying to achieve with TNG and what will be possible also
at high-z with the ELTs....

Discriminating among models and interpretation pathways by comparing to
observations requires accuracies that the field is not used to, esp. in terms of

® Properly accounting for selection functions
® Properly mimicking the observational measurements on simulated data
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Thanks for your attention!

ﬁlllustrlsTNG PI‘OjeCt

Y‘generatlgh of cosmological hydrodynamical simulations.

¥, "WWW tng-project.org
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