CDM and the Substructure Cirisis
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From Inflation to DM substructure
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Expanding Universe

& = scale factor = (1+z)"!

¢ = co-moving distance
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Energy Density Evolution with Expansion
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Energy Density Controls Expansion History
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Expansion History of the Universe

e\ 2
, . a 8
Friedmann Equation (_) — H2 (t) — —WGp(t)

(flat universe): a 3

very early on (T~10'3 GeV) 5 Hi
Inflation potential  H “ X V(¢) ~ COnst a X €

dominates

Before Matter 9 4 1/9
Dominates (a<aeq) H” xa » a Xt /
When Matter B 2/3

Dominates H2 X a 3 » a Xt

When Cosmological

Constant Dominates 2
Ht
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t~10-34 seconds: Inflation |

H? oc V(¢) ~ const » a o e

A inflaton field has 5¢ ~ H
quantum fluctuations

. . shape of inflation
different regions of the 5 ¢ H potential gives
universe end inflation at = §¢ ~ E ~ E » fluctuation amplitudes

M and distribution with

length scale
spat.ial curvature i§ left 5,0 2 fluctuations are
with ”PPcIIeS’ Véh'ch — ~ Hot ~ — Gaussian (in simple
correspond to density | 0, models). with this RMS

perturbations: value.




Initial fluctuations in the density
on different scales, with amplitudes set by inflation
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Characterizing Fluctuations

P(k)=power spectrum

1/R
6%(R) ~ A?(k)dInk A%(k) = k°P(k)/2n?
0 BN
Mass variance on a scale R | Contribution due to modes with A~1/k |
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a fluctuation of size A\ will cross inside

horizon when (a A )= (c t)
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Inside horizon, perturbations only grow during matter phase |

<N\ 2
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Friedmann Equation (a) — H2 (t) — —7er(t)

(flat universe): 3
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Ifl Pmatter < Pu » tcollapse > te:cp

universe expands too fast for fluctuations to grow. |

0p :
bl early times.
» 0 ~ constant during radiation phase




Perturbations always grow during matter phase

e\ 2
, . a 8
Friedmann Equation (_) — H2 (t) — —71'Gp(t)

(flat universe): a 3

|f| Pmatter — Pu »
One can show: »

overdense regions
expand slightly slower
than the average

5P late(r) times.
— X a :
0 during matter phase




A2

this is true to first-order in inflation -- model is said to have a “tilt” of n=1

small scales length-scale ~ 1/k large scales




time t) << tmat=rad

small scale fluctuations cross inside horizon during radiation dominated era:
grow very slowly

horizon at time t
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time t2 << tmat=rad

small scale fluctuations cross inside horizon during radiation dominated era:
grow very slowly

horizon at time t2

n=|

small scales length-scale ~ 1/k large scales




time t3 ~< tmat=rad

small scale fluctuations cross inside horizon during radiation dominated era:

grow very slowly

horizon at time t3

| n=|

small scales

length-scale ~ 1/k large scales




time t4 >~ tmat=rad

after matter dominated era: growth proceeds quickly

horizon at time t4
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time t4 > tmat=rad

after matter dominated era: growth proceeds quickly

horizon at time t4
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time ts >> tmat=rad

after matter dominated era: growth proceeds quickly

horizon at time t5

small scales length-scale ~ 1/k large scales




eventually
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eventually

this is horizon scale at matter-radiation equality
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small scales length-scale ~ 1/k large scales




scale is set by matter-radiation equality |

_ 2 0.15 \ !
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horizon today

small scales length-scale ~ I/k large scales




QA —1=Qu =03 h=0.705 =0.93 Qh* = 0.02

10

0.1

A(K)

0.01

10-3

10-4

— [ ||||||I LI lllllll | 1 ||||||' P rrnnig
R S - |
- —
= =
- -
- R
b— A
=_ --------------------------------- —:
= 3
p— A
— —
p— —
- -1
e e e e ——
[ =
= N
— -
............................................ —

=

b— L L) . d

L1 llJlllI 1 LJllllll L1 llllJlI L1 11l

' 10-3 0.01 0.1 1
large scales k [hMpC"l] small scales

10




QA —1=Qu =03 h=0.705 =0.93 Qh* = 0.02

10

= | |||||||| | lllll”l lllllll' I ||||||£
l gt fri e =
01 bt o .
~ - : 3
- . | .
p— !
<] B : ]
0.01 = Nk.g """ M”2/3 """"""" E
- set:by ‘primordial’ (scale- E
3 free) power spectrum
10 AR R SR 3
1 llllllll 1 LJllllll | lllllJlI L Ll

10-4
) 10-3

large scales

0.01 0.1 1 10
k [hMpC"l] small scales




QA —1=Qu =03 h=0.705 =0.93 Qh* = 0.02
10

= L |||l||| LI | llll”l | ||||||' ol |||||£

L fliyr e E

E thi:s difference éis usually E

01 k... g .idescribedbythe

g = “transfer function” 3

o~ 5 5 : .

g !

<] B : ]

0.01 = - k.2 """ M”2/3 """"""" E

- set:by ‘primordial’ (scale- E

10-3 LA free) power spectrum_ . .. -
10—4 L1 lllllll 1 LJllllll |- llllJlI L1 L1l

' 10-3 0.01 0.1 1 10
large scales k [hMpC"l] small scales




Relating to primordial power spectrum

A? « k*P(k) o< K3k"™
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Clustering of non-linear universe looks a lot like LCDM...
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Growth of linear perturbations

dx(a) o< D(a) if A < Aeq

ox(a) o< D(a) (%)_2 if A > Aeq

eq

D(a) is the “growth function”, which is D(a)~a for flat, matter universe.
For a LCDM universe, D(a)~a at early times, but D(a)~constant at late times




Growth of perturbations

small scales

length-scale ~ 1/k

large scales




Early times

small scales
collapse
first

0~ 1

small scales

length-scale ~ 1/k

large scales




Late times

~cluster
scales
collapsing
now

0~ 1

small scales

length-scale ~ 1/k large scales




Fluctuation growth:

small systems collapse first

ﬂ
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Mass of Typical Collapsing Objects: M«(z)

M~ Xp~Ek 3

smallest
masses
collapse early
A
) bigger masses
A collapse late
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small mass Mass Scale ¢ large mass
M M,(z=0
M, (2) «(2=0)

~ 10% M4




Allgood et al. 06

LCDM

simulations:
Hierarchical

ocrowth

20h-'Mpc Sphere
within 120 h-'Mpc

box.

mp = 10° Msun

Tlookback(Gyr) = 13.3960




Collapsed Structures:

Dark Matter Halo Mass Function from N-body simulations
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Collapsed Structures:
Dark Matter Halo Mass Function from N-body simulations
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— Warren fit
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= 32 Mpc/h
"E . 64 Mpch
126 Mpc/h :
& N — PS fit > Dark matter halos in
z W RN, ST simulations need to be
s \ Y X defined in some way (e.g by
S \ \ ‘\ \ size and by mass). Typically one
= 3 2=70 ' B ‘~. \ adopts a ‘virial’ mass, defined by
i 7= Ne the radius within which the halo
B i \ 2=10 % has a density of ~200 times the
sl , - |s \%10 z= = background density / or critical
T 1 LN density.
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Collapsed Structures:
Dark Matter Halo Mass Function from N-body simulations

L e e

-  Warren fit
4 Mpc/h
8 Mpc/h
16 Mpc/h
32 Mpc/h
64 Mpc/h
126 Mpc/h

— PS fit

— ST fit

3

log(dn/dlogM[(Mpc/h) 7))

\

z=20 M5 W %
_4; \ z=|5
s \ z=10 - .
S \/ 20 %IS \%l() Z_K;i Z%
PR A\l AL I -
7 8 9 10 11 12 13 14 15

log (M/Msun)
Lukic, Heitmann et al. 2007




Collapsed Structures:
Dark Matter Halo Mass Function from N-body simulations
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Note: number density of

M~10'2 Mg, halos is ~0.01 Mpc-3
is similar to # density of bright
galaxies like the Milky Way.
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Collapsed Structures:
Dark Matter Halo Mass Function from N-body simulations

E | However: number density of

) i M~108 Mg halos is ~50 Mpc-3

-- this is very large, even compared
to faint galaxy counts.

-- suggests that little halos must host
very dim galaxies (or no galaxies...)

feedback
(e.g.White & Rees 78)
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Collapsed Structures:
Dark Matter Halo Mass Function from N-body simulations
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Collapsed Structures:
Dark Matter Halo Mass Function from N-body simulations
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Only small halos exist at high z.
-> Little halos must produce stars efficiently at high
\ redshift -- at least enough to ionize the universe.

o

L7

0
There is potentially some tension between the

s N need to have small halos converting their baryons
into ionizing photons efficiently at high z, and the
need to have small halos very dark at low z.

gM[(Mpc/h) )

log(dn/dlogM
o
|

Looking for the progenitors of these halos at low-z
(perhaps in the halo of our galaxy?) provides a
z=15 means to probe reionization / early star formation

epoch in the ‘near field'...
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Mass definitions are (even more) ambiguous for subhalos in simulations.
It is common instead to use maximum circular velocity,Vimax

count subhalos within virial radius
of a simulated M~10'2 My, halo

Moore et al. 99

A Measured
N Vmax subhalo

halos
=)
I}

number of

Cumulative

20 40
Vmax (km/s) 60




Mass definitions are (even more) ambiguous for subhalos in simulations.
It is common instead to use maximum circular velocity,Vimax

count subhalos within virial radius
of a simulated M~10'2 My, halo

l::nOO‘ .....................
Moore et al. 99 -
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Measured satellites
Vmexsubhale  (irca 1999)
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Large Scales: looks like CDM + Dark Energy
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What about smaller scales?
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What about smaller scales?
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End Lecture |




