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Models with Cold Dark Matter
produce model Universes that look
very much like the real world on

large scales

How well do they do on small scales?
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matter affect structure
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Dark Matter and Particle Physics:
no lack of candidates!

°neutrino

*sterile neutrino (pulsar kicks?)
°gravitino

*axion

These decouple at different times,
depending on whether they are
relativistic or not when entering the
horizon when radiation dominates:
Hot vs Warm vs Cold Dark Matter

Tom Theuns BCLC Institute for Computational Cosmelogy



Particle physics motivation for new physics:

Leptogenesis and the Baryon Asymmetry

10000000001 In the Early T

Universe _
antiquarks

As the temperature drops,
only quarks are left:

The excess of quarks can be explained by Leptogenesis: the heavy
N responsible for neutrino masses generate a baryon asymmetry.

1ICC Institute for Computational Cosmelegy 16 Tom Theuns



* Neutrino
eHot dark matter!

Sterile neutrino
No interactions within standard model
except with SM neutrinos
except gravitationally

keV masses °Decays in other neutrinos with emission of photon
*Could explain pulsar kicks
*Three families: heavy one explains baryogenesis, light
one is dark matter
*Heavier sterile neutrinos could explain masses of
*WIMPS ordinary neutrinos through ‘see-saw’ mechanism

*GeV-TeV masses
*SUSY particle * Axion

*neutralino (a neutral fermion) °Light CDM relic
egravitino

BCC Institute for Computational Cosmology 17 Tom Theuns



Possible issues with Cold Dark Matter:

Satellite problem:

why is DM substructure so dark!?
*Cusp problem:

observed dwarf galaxies are cored, DM haloes
are cusped .

Dark halos
(const M/L) _

|
[AV]

“Gastrophysics?”

log(®/mag-th® Mpc2)

galaxies
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Cosmological constrains on the
nature of the dark matter

*[ yman-alpha forest

oFirst stars

BCC Institute for Computational Cosmology 19 Tom Theuns



Lyman-alpha forest:

: : s (Quasar
i A * '. .
Intervening gas |
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o H emission from quasar

H absorption
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Wavelength (Angstroms)

Quasar spectra sample the matter
distribution along the line of sight
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Simulating galaxies and the

intergalactic medium Cosmic star

formation history
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Suite of simulations:
GIMIC/OWVLS

Galaxy-Intergalactic Medium Interacti

Millennium volume GIMIC high-resolution region Disc galaxy

L =500 Mpc/h L =0.05 Mpc/h

Zoomed simulations of 5 spheres picked from the

Millennium Simulation Combine LSS with high numerical resolution

Tom Theuns 1ICC Institute for Computational Cosmelogy
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University  Galactic winds enrich surroundings with metals

Dwarf galaxy with GIMIC/OWLS code Dwarf galaxy with GIMIC/OWLS code

Gas densiny) bn [Maanh 2 (Mpedh) = 3] o (COM densiey) in [Masnsh # (Mpesh) = 3]

z = 29.888 z = 29.888
L~ 0.999 Mpe/h t —_— ' L~ 0.999 Mpc/h
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Ly j;j T

A0 ' ' =
4950 g? 5050

Simulated versus observed Ly-a spectrum
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eCurrent observations

Measurements of the flux power-spectrum

Observed counts

exp(—7) = Emitted counts

C

exp(v/c)
2T |

—  has dimensions of s km™
v

power spectrum of exp(—7)

A*(k) is dimensionless

Institute for Computational Cosmelegy 27 Tom Theuns



Observations: Mcdonald HiRes /Viel /| McDonald SDSS
7=/.0

1ICC
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
7z=2.3.0

1ICC
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
7z=23.0

1ICC
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
z=4.0

1ICC

Institute for Computational Cosmelegy 3!
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
z=5.5

1ICC

Viel 07 z=5.5

RN
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How well do simulated observations
reproduce the measure powerspectrum?

BCLC Institute for Computational Cosmelogy 33 Tom Theuns



Resolution: low / medium [ high [ very high
Z=27.0

hADicnal gD
YWield7
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Effect of cosmology:
WMAP3/WMAP|

AZ(K)/AZ(0.03)

BCLC Institute for Computational Cosmology



Effect of dark matter type

1ICC Institute for Computational Cosmelegy RedShlft = 4 Tom Theuns



dark matter: | keV / [ 5keV [ 7keV | CDM
z=23.1

10.0

Institute for Computational Cosmelegy 37 Tom Theuns



dark matter: | keV / [ 5keV [ 7TkeV | CDM
z=44.1

10.0
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Conclusion from Lyman-alpha forest:

edark matter cannot be too warm
emost constraints from high-z where simulations
are hard to perform (resolution)

Lo
0.01
k(s/km)

FIG. 1: Flux power spectrum of the HIRES data set at differ-
Viel et al 07 ent redshifts and best fit models (solid curve) with mwpwm = 8
keV and a model with mwpwm = 2.5 keV (dashed curve).

BCC Institute for Computational Cosmology 39 Tom Theuns



Formation of first stars:

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark s Development of
Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion
13.7 billion years




1ICC

Formation of first stars:

*haloes too cold for Hi cooling (T<I0%K)
ecooling by molecular Hydrogen, H>

*H; formation requires high temperature (T>8000K)
*Cold dark matter halos at z> 1|5

eAbel et al
eYoshida et al
*Bromm et al
*Gao et al

Institute for Computational Cosmology 4! Tom Theuns



Formation of first stars in CDM

7 2

Gao et al
Abel et al

BCC Instiute for Computational Cosmology 42 Tom Theuns




fow mass stars massive stars very massive stars

zero metallicity

pair instability

pulsational pair instability
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direct black hole formation
direct black hole formation
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CDM: some haloes massive

enough for star for
e B X rr* G B e T

Vo rar i

AN >

T

enough for star formation
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Structure formation is suppressed below
warm dark matter free streaming scale

Mam = 3 keV, Mt ~ 3 x 108 solar masses

1ICC Institute for Computational Cosmelegy 45 Tom Theuns



Tire= 92,790 million years

I[,C Institute for Computational Cosmelogy 46 Tom Theuns



First structure iIn WDM

Temperature Density

Mam = 3 keV, Mt ~ 3 x 108 solar masses

1ICC Institute for Computational Cosmelegy 47 Tom Theuns



Stability of filament is determined by H2
physics

Temp. 4
collision opaque
induced to continuum

opaque C
Paq emission

molecule formation 3-body react. to lines

and cooling fully molecular,

(NLTE) heat release
adiabatj o
loitering

(~LTE)

100

1 104 108 101 1014 10%6
Yoshida et al. 2007 Nuclel number density
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Application to a primordial filament: |

When does filament fragment?

Two density scales where collapse of flament slows and
fragmentation can occur:

1) nh~10% cc where LTE level populations are achieved.
Fragments ~100 solar masses

2) nn>10"2 cc where gas become optical to Hz lines.
Fragments ~1 solar mass

BCC Institute for Computational Cosmology 49 Tom Theuns



Application to a primordial filament: Il

What induces fragmentation!?

*No small-scale power!

eTidal field induces fragmentation

eHuge star burst, stars with range of mass <1 to > 100 solar
masses

BCC Institute for Computational Cosmology 50 Tom Theuns



AV AAAS

Gao & Theuns

Massive stars

Science 2007

Low-mass stars

Seed for super-masive BH -




Conclusion: first stars in CDM vs WDM

CDM:
emassive, short-lived stars

ehyper metal poor stars should reflect abundance pattern characteristic
of massive SNe

WDM:

epboth low and high-mass stars
elow-mass stars may exist today

eorigin of peculiar abundances in MW stars (This indeed explains
existing two HMP stars better !).

ecollapsing filament seeds super-massive black hole

BCC Instiute for Computational Cosmology 52
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Conclusion

*Nature of dark matter unknown
eLyman-alpha forest limits mass of WDM particle
*First stars may be best probe of DM particle

Thoughts:
Could be more than one type of DM
Annihilating DM may affect first stars

Freese et al

Thank you!

1CC Institute for Computational Cosmelegy 53 Tom Theuns
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
7=/.0

1ICC
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
7z=2.3.0

1ICC
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
7z=23.0

1ICC
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
z=4.0

1ICC
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Observations: Mcdonald HiRes /Viel /| McDonald SDSS
z=5.5

1ICC

Viel 07 z=5.5

RN
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Observed star formation:

Schmidt law
ZSFR x X7 (n =14+ 015)

gas
I ' I ' I I I

(Kennicutt 1989)



Simulated star formation:

\ this is not a fit

IIII| | 11 1 IIII|
100.0 1000.0
Z:gas [MG) pC—Z]




Simulated star formation:

“resolution independent”

111 IIII|
100.0 1000.0
Z:gas [MG) pC—Z]
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Dwarf galaxy with GIMIC/OWLS code

log (Gas density) in [Msun/h / (Mpc/h) ™ 3]

z = 29.888

L= 0.999 Mpc/h

16.0

14.2

12.5

10.8

9.00




Dwarf galaxy with GIMIC/OWLS code

log (Z)
-2.00
-2.75
-3.50
4.25
Zz = 29.888

L= 0.999 Mpc/h -5.00




Suite of simulations varying:

oStar formation parameters
*Wind implementation
*Resolution

*Box size

eCosmology

*Reionization history

BCC Instiute for Computational Cosmology 67
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Density Temperature

e O
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F_obs/F_emitted

Faucher—Giguere 07
F—G extrapalated
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F_obs/F_emitted

Faucher—Giguere 07
F—G extrapalated

LoZoMNS1 2
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F_obs/F_emitted

Faucher—Giguere 07
F—G extrapalated

LOZEN5S12 (Eemn Qg
Reion
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Resolution: low / medium [ high [ very high
Z=27.0

hADicnal gD
YWield7

2 v
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Resolution: low / medium [ high / very high
z=23.0

hADicnal gD
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Resolution: low / medium /[ high [ very high

2 v
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Resolution: low / medium [ high [ very high
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Resolution: low / medium [ high [ very high
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Resolution: low / medium [ high [ very high
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Feedback / Feedback2 / No-Feedback
z=23.1

Feaedback
Feedback 2
Mo—Feedback

2 v
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Epoch of HI reionization:

Z reion=6/
Z reion=9/
Z reion=12
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