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OVERVIEW

* PART I: The gas in and around galaxies --- Where are the
metals and how can we see them! How are different gas
phases enriched!

* PART Il Growing galaxies --- Self regulation, stars, and black
holes
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MOTIVATION

Evolution from z>100 to z~0 of a
representative part of the universe

Containing: Gas, DM, Stars (Hydro, SF,
Metal enrichment, reionization, feedback,
AGN, etc.)

Scales ~ kpc to ~ 100 Mpc

Sub-grid modules are of vital
importance..
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THE OWLS PHILOSOPHY /2

* Simulate what we can -- Use simple subgrid models
where necessary

New Physics Modules:

* Physic .
Star formation (Schaye & DallaVecchia 2008)
> |HEEl SN Feedback (DallaVecchia & Schaye 2008)
e Radiative Cooling (Wiersma, Schaye & Smith 2008)
» Empir Chemodynamics (Wiersma et al. 2009)

AGN Feedback Booth & Schaye 2009a)

* Preferred it physics 1S complex (e.g. SN feedback,
star-formation)

» Systematically test uncertainties...
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THE OWLS PHILOSOPHY /2

* Simulate what we can -- Use simple subgrid models
where necessary

* Physically motivated recipe

* Preferred it physics i1s well understood (radiative
cooling, stellar evolution)

* Empirically motivated recipe

* Preferred It physics 1s complex (e.g. SN feedback,
star-formation)

» Systematically test uncertainties...
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OVERWHELMINGLY
| ARGE SIMULATIONS
(OWLS)

x Systematicallx ValVy. Box size, mass resolution, feedback prescriptions (SNIa, SNII, AGB),
refonization history, Helium feionization, stellar IIQI/IF, double IMF, properties of the ISM, star

formation law, cosmology, radiative cooling, AG

» lotal of 50+ simulations, 100's of terabytes of data products

Temperature Density Metallicrty

Temn perature f-.'1Et':l||i':ftj;"
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ONE LAST THING..

» Some of these simulations look nothing like observation. How
could they possibly be usefull?

» Simulations contain many uncertain numerical parameters.
[t I1s iImportant to ascertain what results are robust to these
uncertainties

* By examining what pieces of physics impact certain
observables we can begin to ‘untangle’ the galaxy formation
DIrOCESS.
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EXAMPLE GALAXIES (DISKS)




EXAMPLE GALAXIES (DISKS)
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EXAMPLE GALAXIES (BLOBS)
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EXAMPLE GALAXIES (BLOBS)
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AND CLUSTERS..

Densit MetallicIt

|0 Mpc

0.1% of the computational volume
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PART |

The gas in and around galaxies.

Thursday, 12 November 2009



WHERE ARE THE BARYONS
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\/\/I—I ERE ARE TI—I - BARYONS

Most gas remains in the
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WHERE ARE THE BARYONS

@ Intergalactic Medium

Interstellar Medium

Warm Hot Intergalactic Medium

® Stars

Intracluster Medium




WHERE ARE THE METALS?
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AN ASIDE: RADIATIVE
COOLING

» Dissipation of energy by radiative cooling plays a crucial role In
galaxy formation

* In the absence of photoionization we have collisional
jonization equilibrium

* However, the cosmic UV background can have a large effect
Oon g24s COO“ﬂg e.g. Efstathiou (1992); for primordial abundances '

Wiersma

Thursday, 12 November 2009



AN ASIDE: RADIATIVE
COOLING

* What Is typically done:
- H and He Including optically thin photo-ionization

» Metal cooling ignored or assuming CIE and solar relative
abundances

* |s the addition of photolonization on metals important!
Wiersma, Schaye & Smith MNRAS 2009, 393, 99 6

.
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HOW DOES GAS GET INTO
GALAX\ES7

* In the traditional picture,
oas shocks at the virial

fealus .
White & Rees (197/8)

* I hen cools radiatively

and forms stars
Fall & Efstathiou (1980)

» Simulations are not
spherical... how shocks

and cold streams
Keres+ (2005)
Ocvirk+ (2008)
Brooks+ (2009)
Dekel+ (2009) |

van de Voort+ (in prep) van de Voort
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HOW DOES GAS GET INTO
y _ GALAXIES?
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DOES GAS GET INTO
GALAXIES!

van de Voort+ (in prep)
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I—IO\/\/

DOES GAS GET INTO

van de Voort+ (in prep)

olobal SFR decreases after z=2

) GALAXIES?
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I—IO\/\/ DOES GAS GET INTO

N\

Galaxy
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I—IO\/\/ DOES GAS GET INTO

N\
—  GALAXIES!
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HOW DOES GAS GET INTO
\H” GALAXIES!?
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HOW DOES GAS GET INTO
GALAXIES!

\\A\CCRETION ONTO GALAXIES

\

1 OOO

Cold accretion dominates
o oemn ——% growth of GALAXIES

Hot occret ion

Cold accretion
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HOW DOES GAS GET INTO
WU GALAXES
//'eaa\\A\CCRETION ONTO GALAXIES

Cold accretion dominates

1 000F T Taradem ——% growth of GALAXIES
: Sk :
: SF in selected hglegés .
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g Hot accretion cannot
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= ;
= SARg galaxies
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HOW DO METALS ESCAPE!

Red: No SN Feedback., Black: SN Feedback
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CONCLUSIONS (PART 1)

* Some gas that falls into galaxies I1s shocked to the halo virial temperature some
IS not

» The cold gas in and around galaxies:
» (5as that accretes cold dominates the global SFR
» Most gas that accretes onto haloes never forms stars
 [he hot gas in and around galaxies:
» Jo study hot gas, accurate treatment of the UV background Is necessary

* |CM enriched without galactic winds

Thursday, 12 November 2009



PART ]

Growing galaxies: Feeding, self regulation, stars, and black holes

What sets the masses of galaxies!
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A NUMERICAL EXPERIMENT:
CHANGE THE FORM OF THE KS LAW

Kennicutt-Schmidt Law of
Pt
=~
ZSFR X Zg —21
Normalization (x3, x6) 3, e
@Zﬁ, —3
Slope (1.4->1.75) Qi — _,

1 10 100 1000
-2
Z'gas l‘\'{ © PC l

Schaye & Dalla Vecchia (2008)
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A NUMERICAL EXPERIMENT:
CHANGE THE FORM OF THE KS LAW

Lookback time (Gyr)
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Schaye et al. (MNRAS submitted)
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A NUMERICAL EXPERIMENT:
CHANGE THE FORM OF THE KS LAW
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A NUMERICAL EXPERIMENT:
CHANGE THE FORM OF THE KS LAW
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Haas et al. (in prep)

TThe sametis s
iNndividual haloes
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A NUMERICAL EXPERIMENT:
CHANGE THE FORM OF THE KS LAW

Balance between fuelling and feedback

p0
~—~ — 67 %3 -
D — SFSLGI%E?F-?E (green) .-~ .
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Haas & al (in prep)

» (Gas fraction adjusts to

KeED S ERSIPES

* On large scales the SFR

s Independent of the Sk
efficiency
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-3)

SFR (M,,, yr~' Mpc

A NUMERICAL EXPERIMENT:
CHANGE THE SN ENERGY

Lookback time (Gy)
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energy
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A NUMERICAL EXPERIMENT:
CHANGE THE SN ENERGY

Lookback time (Gyr)1 5

Ot 255 429:6: 7 & 8 10 11 15
1,00051 T G & & o 3 T I T 1 T =
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Redshift
Schaye+ (MNRAS submitted)
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A NUMERICAL EXPERIMENT:
CHANGE THE SN ENERGY

Balance between fuelling and feedback

Stellar masses decreased
by a factor of two

SFR adjusts to keep Eout
fixed (through changing gas
fractions)

SFR inversely proportional
to SN feedback efficiency

9 10 11 12 13

Log(Mw / M)
Haas+ (in prep)




A NUMERICAL EXPERIMENT:
SWITCHING OFF METAL LINES

Halo specific accretion rate at z=2

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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van de Voort+ (in prep) ol
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A NUMERICAL EXPERIMENT:
SWITCHING OFF METAL LINES

Galaxy specific accretion rate at z=2

—-9.0r REF |

e hreeeeseesseens NOFB N
[ - ---- NOFB_ZCOOLO
| e ZCOOLO

|
©
o)

1

L0g QWgoe/ QM [yr™']
| I
O O
O o
| I

van de Voort+ (in prep) van de Voort

Thursday, 12 November 2009



A NUMERICAL EXPERIMENT:
SWITCHING OFF METAL LINES

Galaxy specific accretion rate at z=2
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A NUMERICAL EXPERIMENT:
SWITCHING OFF METAL LINES

‘|OOO = 1 1 | | | | | | | | | |
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Schaye+ (MNRAS submitted)
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THE STORY 50O FAR...

- The SFRis tightly regulated by competition between fuelling
(cooling) and ejection (feedback)

* [ you form more stars at a given density, gas densities decrease
to keep Eout constant.

* If you output more energy for a given amount of stars, the mass
In stars decreases to keep Eout constant.

» |t fuelling Is less effective, less energy Is required to balance gas
inflow (see also O3)

» Considering something different can give us Insight into what
scales self-regulation takes place.

» Let's consider the AGN population.. gmgggﬁﬁjﬁ 88833
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AGN MODEL

Variant on Springel et al. 2005, Di Matteo et al. 2008

The model has three components:

e Black hole formation
Mseed Mhalo,crit

e Black hole growth (mergers and gas

e AGN feedback

. 5.
Efeed — EfErTNBHC At

Feedback efficiency Is the major
controls the amount of B

accretion)

Elarel iaat

=ls
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CMB & Schaye (2009a)
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CMB & Schaye (2009a)
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AGN MODEL
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Observational Comparison

—— Hopkins (2007)
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Observational Comparison
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WHAI DETERMINES THE MASS

OF SUPERMASSIVE BLACK HOLES?

SFR [M_yr~"Mpc™]
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WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

X/X(€,=0.15)

Dashed line shows slope of -|

/ MpHOES

Owd

o :
[ % Essentially the same result as
"o 5 for SN iecapaes
= “Q -
] e, ] . .
i “so {1 BHs adjust their masses to
o
: 0 01 keep Eout constant

> 16“ 1(;‘3 1(;‘2 101'I 16° 18'

d Fout 1S 'some critical energy”
for self-regulation. What
does 1t correspond to!?




WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

Dashed line shows slope of -|
/ MBHXEf

10°F T
Essentially the same result as

[@ &7
10° &,
o ®,
o 10%F &, for SN feedback
o i "
L').. 10'5' ®® 3
NRT: %% ] BHs adjust their masses to
10—'F -# 4? keep Eout constant
1072L . .
107 107" 10‘3 10‘2 107" 10 e 10 (o1 4 o N
g Fout 1S 'some critical energy

for self-regulation. What
does 1t correspond to!?




WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

At the galactic centre the gravitational potential
s dominated by baryons.

What happens If they are removed?
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WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

At the galactic centre the gravitational potential
s dominated by baryons.

What happens If they are removed?
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The BHs do not care about the matter
distribution on small scales




WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

Self regulation occurs on scales > the galaxy
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WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

Self regulation occurs on scales > the galaxy
* Simulated slope: 1.55+0.03
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WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

Self regulation occurs on scales > the galaxy
* Simulated slope: 1.55+0.03
» Observed siopeRiBoaSsEEl
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WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

- Comparing energy output by a BH to halo gravitational
binding energy:

: 2 G M 3
Fioeq = esermpuc At mpy X U halo mhélo

halo
(e.g. Silk & Rees 1998)

* For the case of an NFW halo with concentration, ¢
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- Comparing energy output by a BH to halo gravitational
binding energy:

: 2 G M 3
Fioeq = €sermprc” At mpy X U halo mhélo

halo
(e.g. Silk & Rees 1998)

* For the case of an NFW halo with concentration, ¢
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* [heoretical slopeRNSEEEEIES




WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

» Comparing energy output by a BH to halo gravitational
binding energy:

: 2 G M 3
Fioeq = €sermprc” At mpy X U halo mhélo

halo
(e.g. Silk & Rees 1998)

* For the case of an NFW halo with concentration, ¢

MBH X ¢ = 1 — LG ) m2/3 ~ -0, |
PP (1 +0) /(1 +0)) (14 c)2 1+c —1 ™ O (eg NetofcRaliBes

* Prediction: [f BH mass Is determined by DM halo binding
energy there should be a relation between residual in the
MBH-Mhalo relation and halo concentration




WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

» Simulated slope: 1.55+0.03

* Observed slope: |.55+0.5 |
* [heoretical slopeRNSEEEEIES

Correlation between Amar
2liel @




WHAI DETERMINES THE MASS
OF SUPERMASSIVE BLACK HOLES?

» Simulated slope: 1.55+0.03

* Observed slope: |.55+0.5 |
* [heoretical slopeRNSEEEEIES

Correlation between Amar
2liel @

0=029 : P=0.9998

Strong and positive!




CONCLUSIONS (PART I

- Star formation is tightly regulated by the interplay between:
» The amount of available fuel (cooling and cosmology)
* The efficiency of feedback processes

» Galaxies simply adjust their properties so that the rate of
energy output Is the same

* BH mass Is set by the DM halo mass with a secondary
dependence on halo concentration, as would be expected it
BH mass were dependent upon DM halo binding energy.
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