KATHMANDU ASTROPHYSICS SCHOOL

KAS16




A simple model for the Universe
% Standard model: ORA—TLF

VY,
homogeneous, W "#&ﬁ
isotropic, expanding b ' ~‘
Universe N0
% Astronomer’s time unit:

redshift z [z+]1: inverse

of expansion factor]

. e 4.9%
% Simple composition:
Dark

% Dark Energy e85
% Dark Matter

* Baryons

Planck team

KASJ6/MT j . : Lecturell - Dark Matter *



A simple model for the Universe
% Standard model: ORA—TLF

N/
N 4
homogeneous, L "W
isotropic, expanding e ' \‘
Universe e -

% Astronomer’s time unit:
redshift z [z+]1: inverse
of expansion factor]

/7
/  4.9%

Dark
Matter

% Simple composition:

Planck team

KASJ6/MT j . ‘ Lecturell - Dark Matter *



A simple model for the Universe
% Standard model: ORA—TLF

N/
N 4
homogeneous, L "W
isotropic, expanding e ' \‘
Universe e -

% Astronomer’s time unit:
redshift z [z+]1: inverse
of expansion factor]

/7
/  4.9%

Dark
Matter

% Simple composition:

Planck team

Lecturell - Dark Matter *



Outline

% What dark matter might be
% Dark matter halos

% Formation

% Mass function

% Growth and evolution

% Substructure

% How warm is dark matter?
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What is dark matter?

% We don’t really know....

% Must interact gravitationally only
* We see small scale structure:

% DM non-relativistic at decoupling

% Generic leading idea is that of a weakly
interacting massive particle

(~100GeV range)
% Neutralino?
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Pimorinl udation:
The leading idea

% Universe is initially very homogenous

% But... quantum fluctuations at very early times
amplified by inflation

% Scale invariant and Gaussian density field
[simplest inflation model... active field of research]

-\ /'(r' _ </'> - 1 . - 3
o(7) = —— k)= — [ olx)e" " d’x
{r) V.

(|6(k)7) = P(Fk). P(k) x k.
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Primordiul ﬂuduution: Growth

Evolved Power Spectrum =
Primordial Power Spectrum
* Transfer function

* Growth Function
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Primordiul ﬂuduution: Growth

5+ [Pressure - Gravity] + 0=0
% Transfer function T(k): “early time” processing

% Matter dominated Universe, all scales grow equally.
Transter function trivial

% Radiation dominated Universe: Slow-growth only
[expansion faster than collapse]

% Small scales (smaller than horizon) erased by “free
streaming” while DM relativistic

% DM needs to be cold (or warm) otherwise T(k) is
suppressed
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Primordial fluduations: Growth

% CMB allows us to quantify fluctuations at decoupling
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% Choose a cosmological model [Qm, Qa,Qb,h,P(k)]
% Choose computational setup [box size, resolution]
% Create a discrete realization of the density field

% Evolve it analytically to initial redshift
% Run the N-body simulation

% |dentify halos, post-process/characterize them:
% Publish papers!
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What is a dark matter
halo?

% Halos are self-gravitating systems

% Halos are non-linear peaks in the dark-
matter density field whose self-gravity won
over Hubble expansion

% Operationally: A halo is a non-linear peak in
the density field with boundaries defined by
a given density contrast

% [this can be used for defining halos
numerically in simulations]
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Dark matter halo formation in
sphericul CO“(IPSE

. turn-
non-linear collapse the overdensity for

around linear theory is
0c ~ 1.69

perturbation

Pvir

2

virial equilibrium

5.5 55%8 %4 =78

~ 5 . 5 \ [l-.;

Scal S faCtor universe expands by 223

less dense by factor of 4

credit: R.Wechser
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Where does a halo end?

% The simple spherical collapse model
can be used to define a
“virial radius” [typical halo size]

% In reality: lot of discussion!
[see Shull 2014, “Where do galaxies end?2”]

%* Quotes from a meeting:

“The virial radius is actually at three virial radii”
“Let’s define the virial radius as the virial radius”

% Bound, virialized material can
exist outside the virial radius

% There is continuous accretion
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The density profile of halos

% Simple, quasi-universal profile for dark-matter halos

clear from early simulations ..
NN Navarro, Frenk & White (1995)

1
r(l1 +r/r)*

p(r) oC

What does it mean?

i i A 2 s y — ,l__..__A__L_ , l S R W i & AN b L A
0 1 2 3 4
log radius/kpc

F1G. 3.—Density profiles of four halos spanning 4 orders of magnitude
in mass. The arrows indicate the gravitational softening, h,, of each simula-
tion. Also shown are fits from eq. (3). The fits are good over two decades in
radius, approximately from k, out to the virial radius of each system.
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Te cIenin profile of halos

% Simple, quasi-universal profile for dark-matter halos

clear from early simulations
NN Navarro, Frenk & White (1995)

1
r(l1 +r/r)*

p(r) oC

e Cusp at the center
(with finite mass)

[ J [ N ]

* Divergence at large radii
. = : F1G. 3.—Density profiles of four halos spanning 4 orders of magnitude
in mass. The arrows indicate the gravitational softening, h_, of each simula-
( b Ui. ilh e re I s ill d a I ilrU n C a tl O n ) tion. Also shown are fits from eq. (3). The fits are good ov::r two decades in

radius, approximately from h, out to the virial radius of each system.
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Te halo mass function from
simulations

% Consensus to
~5% level on
DM halo mass

function at z=0
[at fixed

cosmology]

dn/dinM [h*Mpc 2]
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The halo mass f nction from
[ J o
simulations A
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% Strong evolution
with redshift

% Note flattening
at z=0 for low
masses
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Reed et al. 2003
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Te Iml mass fudio

% Halos arise from density fluctuations (Gaussian
Random field) which grow with redshift

% Smooth density field on scale such as to enclose
mass Mp

% Count peaks with density above a critical threshold
(typically 1.69 in linear growth)

% This is the basic idea for Press Schechter mass
function
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The halo assembly time
% Time needed to grow from M:/2 to Mh

—h
O
&)

% On average:

—
O
o

% High-z halos grow fast
% Weak dependence on

halo mass

©
o

©
o

log1o( Halo Assembly Time [yr] )

But don’t forget it is |
a stochastic process!
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% Halo growth is a
stochastic process

% Can be modeled with
“Extended Press-
Schechter” formalism

% Growth by ~107 for rare
halo from z~40 to z~0

% Growth by ~100x from [ N
Z=6 |-0 Z=O for Milky e 7 108 109 L::)'ihli)';ﬂoljow 1013 1014 1015
Way like halo
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Merger and growth of halos

% Are the most massive dark matter halos at high
redshift evolving into the most massive halos at
lower redshift?

% Given the most massive dark matter halos, are
their progenitors the most massive at earlier times?

% We can use simulations, or theory, to address the
question, but what do you expect?
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% In the Millennium

Run, the most

massive z~6 halo
evolves into an
unimpressive z=0
cluster
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% Most massive
halo at z1<z>

does not
correspond to
most massive
progenitor at z»

1 lllllll

1015

m,_, [My/h]

Trenti, Santos & Stiavelli (2008)
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A random walk interpretation

IOQ 10( \1 h '\'isun)
10 8

% Rarest walks are

regressing toward the
mean as time passes

a?(M)

FiG. 3.—Random walks generated using a Millennium run cosmology. The
green shaded area represents for any value of o°(M)—evaluated at z = 0—the
area enclosing 68% of the walks and thus has amplitude +o(M). The red and blue
walks have been selected from 10° random realizations as (1) the walk with the
largest overdensity atM = 3 x 10° h~' M., (red) and (2) the walk with the largest
overdensity at M = 2 x 10" h~' M_, (blue).

Trenti, Santos & Stiavelli (2008)
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Substructure

% Halos have internal sub-structure

% Let’s go beyond the spherical cow
approximation!

Ya

&,
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Substructure: the drivers

% Competition between accretion and disruption of

subhalos
.()1'11“ decays by

dynamical
friction:
central merger.

the accreted halo.

credit: R.Wechser
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The warmness of dark matter

% Substructure dramatically affected
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The warmness of dark matter

- IIIIII || ll'lllll | llllllll 1] F T TaTn 1 IR
- total mass fraction, NFW halos

% Fraction of mass in
substructure depends
on DM properties

% We can use halo

structure to learn
about fundamental
physics
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The warmness of dark matter

% How can we observationally measure clumpiness
(substructure) of DM halos?
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The warmness of dark matter

% How can we measure clumpiness (substructure) of
DM halos?

% Gravitational Lensing

% Milky Way: Satellites and Stellar streams

% Lyman-alpha forest

KAS)6/MT . ‘ Lecturell - Dark Matter *



Looking at high-z: the Ly« forest

% Subhalos at z-0 are messy and inference depends
on baryonic physics

% Let’s go to high-z when small scales have not
collapsed yet

Distant |
galaxy

s ‘ Background *
: quasar

% Look at forest of LSRN, o e
absorption lines in T s

Hydrogen

distant QSOs -

[given by intervening
clouds in small-mass halos]

"\ “ ‘Metal’ absorption lines
‘ A

I
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Looking at high-z: the Lyx forest

% In simulated forest spectra, WDM leads to
smoother profiles (structure is suppressed)

WDM 2 kel
WDM 1| keV
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% Data-model
comparison has

clear preference

for ACDM

% Most stringent
observational
result to date
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Summary

% Overview of how DM halos form and evolve
% Remember key properties for next class
% Substructure in halos

% Tool to investigate coldness of dark matter:
Ly-alpha forest rules out warm models

% Tomorrow: Gas collapse and Star formation in halos
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Suggested readings

% “Principles of Physical Cosmology” Peebles,
Princeton University Press
[generation and growth of fluctuations]

% “Galaxy Formation and Evolution” Mo, van den
Bosh & White, Cambridge University Press
[DM halos] '

% “A random walk through models of non-linear
clustering” Sheth, R.K. 2001

% hitp://adsabs.harvard.edu/abs/2001NYASA.927....1S
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