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Recap of Lecture 12

W Large Scale Structure (LSS) evolution

- galaxy redshift surveys (2dF, SDSS,...).
3 D-distribution of galaxies, reveals
BAO — correlation (rings) at r ~ 140 Mpc

- linear increase of density contrast é
of matter: superclusters (6 =2...3) &
supervoids (6 = 0.2 ...0.3) :

.
- Hot Dark Matter (HDM): massive 4|

(few eV) neutrinos = top-down scenario ‘!. L

- Cold Dark Matter (CDM): very heavy
(few TeV) neutralinos = bottom-up scenario
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Strucuture formation in an expanding universe &("’

Karlsruhe Institute of Technology

M Linear growth of the density contrast 8(t) of LSS over the Hubble time ¢,

| Increase of
‘ I‘ a(CMB) ~1073% scale-factor a(ty)) =1
7 . z(CMB) = 1100 by 10° z(ty) = 0

early universe
att = 378000 yr
CMB decoupling

todays universe
att =13.8 -10° yr
present LSS
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Strucuture formation in an expanding universe ﬂ("’

e Institute of Technology

M Linear growth of the density contrast 8(t) of LSS over the Hubble time ¢,

| Increase of
" a(CMB) ~ 1073 density contrast a(t,) = 1

S§(CMB) = 10~5 by 10° 8(t) =2 —3
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Strucuture formation in an expanding universe ﬂ("’

e Institute of Technology

M Linear growth of the density contrast 8(t) of LSS over the Hubble time ¢,

| Increase of
a(CMB) ~ 1073 density contrast a(t,) = 1

! §(CMB) = 10°5 by 10° 8(t) =2 —3

Why are these numbers not adding up?
Why has the density contrast increased more?
Why Is our universe today so clumpy?
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Structure formation: BAO & the DM — seed for Lssﬂ("'

Karlsruhe Institute of Technology

B Baryon Acoustic Oscillations: an incontrovertible evidence for Dark Matter

- the key importance of Dark Matter in structure formation: linear increase of
the density contrast despite the strong coupling of baryons to photons

- counterparts during oscillation:
6(CMB) = 10~
gravity (Qpu, Qp)

radiation

pressure ({1,)

oscillating mass: baryons photons potential Dark Matter

(fixed) gravitational
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Structure formation: BAO & the DM — seed for LSSA\‘("'

Karlsruhe Institute of Technology

® During BAO phase: DM density contrast grows while baryons are stalled

- In the primodial plasma, the age of BAO today
density contrast of baryons [ ' l ' l ' '
cannot further grow and is
stalled due to BAO

dark
matter Impact of
- gravitating

Dark Matter |

- DM is unaffected by BAO and
Its density contrast continues
to grow

o=
-
-

relative density
contrast ép/p

scale

S - : : : factor
105 105 10% 10% 107 107 1 g0
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Structure formation: BAO & the DM — seed for LSS&("'

Karlsruhe Institute of Technology

B DM clumps as seeds for structure CMB & baryons CMB is
interact decoupled
1 1 T
Sl © DMis decisive to B
E_ Increase density contrast | ‘
-l(T) - -
o
I=
. 8 | -
- DM is unaffected by BAO and >
Its density contrast continues 2
O -
to grow O
- no DM during BAO: the universe
would be factor 100 smoother 103
(much less structure) scale factor a(t)
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Structure formation: BAO & the DM — seed for Lssﬂ("'

Karlsruhe Institute of Technology

B DM clumps as seeds for structure CMB & baryons CMB is
interact decoupled

1 I T

g © DMis decisive to
Increase density contrast

9 December 2003

S@E@I@@@

Vol. 302 5652
Pages 1845-2016 $10

density contrast 6p/p

Breakthrough of the Year

Cosmic
Convergence

scale factor a(t)
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Observational evidence for structure growth ﬂ("'

Karlsruhe Institute of Technology

B Measuring the 10

Increase of 6(t)

t = 13.8 - 10° yr after Big Bang

1
|
|

|

"

, . occurence of clusters

——

0.1

0.01

relative density contrast é

0.001

——

t |= 378\000 yr

0-0001 0.01 0.1 1 10 100

length scale 1 (10° Lyr)
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How Is the density contrast é being measured ? ﬂ("’

Karlsruhe Institute of Technology

B James Peebles: measure the distances r of galaxy pairs in space

- galaxies are not distributed randomly in space: q
_ - - L. p(M)=(p)
use the galaxy (auto-) correlation function §(r) S(F) =
(for distance 7) to study the (P)
evolution of large scale structures

take an "average” galaxy i:
determine the probability of
Jambels finding the next one j at a
Peebles : pe S e S~
Nobel price distance r = |x — y|
2019
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Galaxy auto-correlation function &(r) ﬂ("'

Karlsruhe Institute of Technology

B Making use of galaxy redshift surveys

- 3D correlation of galaxies only
depends on their relative distance
r=|7| =|x-Yyl

- universe is isotropic & homogenous

- there is no "average” galaxy

- large statistical ensemble
yields a simple power-law
distribution ~ 18

-1.8

. AL ST e & ' ARt 9
L i~ RS SR S L
r - : ..‘. e ‘ Iq ":-"’V, - ," o i) o —//
kK \\\ - i P _:- e _‘\, .
, ~ . i . R A
1 T 3 7
— L . 3 R
5h M pC o 7 k=2
1 = 21/7r
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RECAP: the ‘revealing power” of Fourier transform ﬂ("’

e Institute of Technology

B Example in domains of time t and frequency w FFT of flute playing
0 : .: .:
- F: Fourier transform integral - definition —~ ﬁ overtones -
Q-0 \ :
- e - c st |
f@ = f)-etrrot.ar S |
| -0 | 5 ~304, \ '
S |
frequency time . F S —40T '»M K,\ T
flw) & f 3 _l ay \ _
Hz =s"" S frequency  time ., M I j |.”h..,|. »
domain domain 0 1000 2000 3000

frequency (Hz)
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density contrast S(E)) In wave number k — space ﬁ("’

O S(E) is the Fourier transformation of 6(7)

- as we now are working with wave numbers k = |k|

5(K) = ) 6(F)- e kT

wavenumber  position
- this allows to derive the density contrast
(18CK)|2)
from the galaxy correlation function ()
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Galaxy correlation & matter power spectrum ﬂ("'

e Institute of Technology

B Relation between correlation function &(r) and power spectrum P (k)

- the key "observable” for cosmology is the matter power spectrum P(k),
which is a measure of the density contrast of matter as function of a
wave number k

sin(kr) P

kr f

1
() =53+ | K- PO

galaxy correlation  matter power spectrum

h P(k) ~ (|6()[?)
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Observed matter power spectrum ﬂ("‘

Karlsruhe Ins e of Technology

B Compilation of data
from early universe
(CMB) & the present . »E—
universe (LSS) o -
Sy R 1
- Eay
- it covers a factor ~ 10° in S Lot 1 ?%{
length scales =
= ]
. ' + r Planck
10t ¢ e [
small k: huge length scale r ’£ L galaxy surveys ‘
100 S T . ....._..; PR S S S ATy |
large k: small length scale r 104 1073 102 101 1

wave number k (h Mpc™1)
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Observed matter power spectrum

B Compilation of data
from early universe
(CMB) & the present
universe (LSS)

- it covers a factor ~ 10° in
length scales

small k: huge length scale r

large k: small length scale r
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Karlsruhe Institute of Technology

10 |

=
o
w

s
/
L —

P(k) (h™* Mpc)?

101 ¢

super-cluster S

cluster

100

104

103

1072

101 1

wave number k (h Mpc™1)

Exp. Teilchenphysik - ETP




Observed matter power spectrum ﬂ("‘

Karlsruhe Institute of Technology

B Compilation of data .
from early universe 104 L
(CMB) & the present . :
universe (LSS) o

L1038 ¢
=
\Ti i
< 10t}

Q. [ _

1015 [

: } galaxy surveys
large k: small length scale r 104 103 102 101 1

wave number k (h Mpc™1)
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Observed matter power spectrum

ﬂ(IT

Karlsruhe Institute of Technology

B Compilation of data .
from early universe 104 |
(CMB) & the present

qp] : )
universe (LSS) fg o .
Sl v
< 101
N\
= %
_ | *P} Planck
101 ¢ e
100-- R VUV U S
small k: huge length scale r 10 103 102 101 1 10

wave number k (h Mpc™1)
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Matter power spectrum: origin ﬂ("'

Karlsruhe Institute of Technology

A

B Density contrast & Dark
Matter (DM) modes 104 L
- P(k) arises from the o
. Q. 103
superposition of a large =
number of DM — modes, L
which grow independently — 101
from each other = &8
Q. %
_ _ 101
-single DM — mode: large mode small mode
wave number k |
Iength scale r 104 10-3 102 101 1 10

wave number k (h Mpc™1)
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Matter power spectrum: discussion

AT

Karlsruhe Institute of Technology

B CMB: we see the primordial 1 primordial
Harrison-Zeldovich spectrum 1qs 'y Harrison-Zeldovich
\f’ spectrum
o ?Qk
largest scales: o
“scale-invariant” spectrum < 109
with linear growth of density |
contrast < 10t
P(k) ~ k 9
= 1
smaller scales: 10
strong reduction in power
with 100 | | | | b
10 103 1072 10 1 10

P(k) ~ k3

Feb 7, 2023 G. Drexlin — Cosmo #13
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Matter power spectrum: discussion

AT

Karlsruhe Institute of Technology

A

B CMB: we see the primordial primordial
Harrison-Zeldovich spectrum 1qs Harrison-Zeldovich
spectrum
- expectation from inflation: o
§~ 103
DM —modes increased to n |
scale-invariant Harrison- < 10!
Zeldovich power spectrum k™ o
&
n = (scalar) spectral index 10°
large mode
theory: n = 0.92 ...0.98 100 | | | | L
Planck: n = 0.9603 + 0.0073 10+ 10 10 10+ 1 10
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Matter power spectrum: discussion &8

B Density contrast of smaller

modes Iincreases

- DM —modes need to be
In causal contact to start
gravitational interaction
against cosmological
expansion
then: linear growth regime

\

smaller DM —modes:
earlier in causal contact
& longer in linear growth
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A N
iv"@ ‘b‘\\e
104 | ~
\©
2 ') N4
. 10° |-
= | a DM —mode can only grow
T by gravitational interaction
< 10t L when in causal contact
\—’
Q.
101 -
large mode
104 10-3 10-2 101 1 10

wave number k (h Mpc™1)
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Matter power spectrum: discussion

AT

Karlsruhe Institute of Technology

A

B Very small modes: causal
contact in the early radiation 14
dominated epoch* .
- we need to investigate what g 103 t = 47000 yr
happens to very small DM — E
modes that come into causal o )
contact at t < 47000 yr in 5 10 | —
radiation dominated epoch = matter- . radiation-
10t  dominated | dominated
: 8 .
very small DM — modes: 100 | || | |
during radiation dominated 104 103 102 101 1
epoch: no linear growth (stopped) wave number k (h Mpc™1)

24 Feb7,2023 G. Drexlin — Cosmo #13 *see Lecture 3 p. 38 Exp. Teilchenphysik - ETP



Matter power spectrum: discussion &("‘

Karlsruhe Institute of Technology

B The size of a DM — mode 1
determes its causal horizon 14
& thus its density contrast
)
- relativistic photons inhibit < 109
the growth of the density n
contrast of small DM — modes < 1t
during t < 47000 yr 9
R large mode small mode
101 [
‘ PcMB < Ppm PcmB ~ PpMm
very small DM — modes: 100 | || | | b
during radiation dominated 104 103 102 101 1 10

epoch: photons diffuse wave number k (h Mpc™1)

25 Feb 7, 2023 G. Drexlin — Cosmo #13 Exp. Teilchenphysik - ETP



Matter power spectrum: discussion ﬁ("‘

M The power spectrum P(k)

Is maximal at k = k., 10%

- “optimum” case for P(k) is g 103
reached for all DM — modes =

k = k., which come into )

- 1

causal contact at t = t,, — 10
=
¥

10!

- PcmB > PpMm
“optimum” DM — mode: 100 | L | | b

PcvuB < Ppm

wavelength 4., = 350 h~'Mpc 104 103 1072 102 1 10
wave number k (h Mpc™1)
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Matter power spectrum: discussion

M The power spectrum P(k)
Is maximal at k = k.,

- “optimum’ case for P(k) is
reached for all DM — modes
k = k.4, which come into
causal contact at t = t,,

“optimum” DM — mode:
wavelength 4., = 350 h~'Mpc

Feb 7, 2023 G. Drexlin — Cosmo #13

AT

Karlsruhe Institute of Technology

[/\ largest structures:
super - clusters
. - voids
.
QO
Sy
=
)
<
-’/
N\
5 I
A, |
10 - | .
- & @
|
100 |1 | | b
104 1073 102 101 1 10

wave number k (h Mpc™1)
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Comparing CMB & LSS analyses ﬂ(IT

Karlsruhe Institute of Technology

B What we can learn from CMB multipoles and from matter power spectrum

CMB-power spectrum: coefficiants C, matter-density contrast o )

- 2 dim. : on surface of a sphere - 3 dim. : within volume of sphere
- angle ® < multipole ¢ - distance r <& wave number k
- correlation function: - correlation function density contrast:
— 1 2 1 2
C(0)= E;(ze +1)'C, P(cosb) (5%)= yel j k : P(k)dk
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Comparing CMB & LSS analyses ﬂ(IT

Karlsruhe Institute of Technology

B What we can learn from CMB multipoles and from matter power spectrum

CMB-power spectrum: coefficiants C,
-2dim. :on surfa_ce of a sphere cﬁ BAO:
- correlation function: E_{ 4000 DM -potential
1 +
CO)==F 4G, Peosd) | | S R photons
o N dampen
e wy 1 2000 small
A T T Rk . structures
o ey B !
RS T 2 500 1000 1500 2000
\_ multipole ¢
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matter-density contrast 6 )

- 3 dim. : within volume of sphere
- distance r <& wave number k

- correlation function density contrast:

) gl k)

<! 3\

-

Feb 7, 2023 G. Drexlin — Cosmo #13

Comparing CMB & LSS analyses

= (density contrast)?

P(k) (h- Mpc?3)

AT

Karlsruhe Institute of Technology

® What we can learn from CMB multipoles and from matter power spectrum

primordial
Harrison-Zeldovich

spectrum
N

photons
dampen
small
structures

/
P(k)~k3

[
U
Q
3
O
-~

| | L ' —
10-3 10-2 10-1 1 10
wave number k (h Mpc-1)
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Comparing CMB & LSS analyses

AT

Karlsruhe Institute of Technology

B What we can learn from CMB multipoles and from matter power spectrum

CMB- power spectrum C, )

- C,: structure information on surface of
sphere up to decoupling of CMB

multipole order {

2 10 50 500 1000 1500 2000 2500
6000 [ | | | ]
R . .
1 5000 primordial BAO-state:
~ : \
- Harrison- ‘ 380.000 vr
O 4000 Zeldovich 1 . y
—_ [ after Big Bang
— 3000 fo
+ [
2000 f 1/\/\
=2 ‘\o
4
0 .
90° 18 1 0.2° 0.1° 0.07°
\_ angular scale ©®
Feb 7, 2023 G. Drexlin — Cosmo #13

galaxy- power spectrum FP(k)

- P(k): structure information in volume of
sphere up to present universe

P(k) (h-* Mpc3)

105~

104

103

102

101

CMB:
WMAP, Planck

primordial
Harrison-
Zeldovich -

‘todays’ state:
13.8 Gyr
after Big Bang

N\

102 10-1 1
wave number k (h Mpc)

10
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Matter power spectrum & relativistic particles ﬁ("'

Karlsruhe Institute of Technology

B P(k) and the wash-out of structures at small scales due to photons & v's

(dark) matter:
P (k) reduced due
to gravitational
Interaction

eV —masses:
over Gpc

neutrinos with
“freestreaming’

relativistic
BAO &

CMB-photons:
Silk-damping

=

otons &
= el):

Impact on very small-
scale CDM-modes
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Matter power spectrum & scales QAT

m P(k)

(density
contrast 8p/p)?

power spectrum
P(k) (h=3 Mpc3)

33 25.1.2022

1057

104

103

102

10!

Karlsruhe Institute of Technology

~ primordial Harrison-
Zeldovich spectrum

(dark) matter:
< P (k) reduced due
CMB: to gravitational
—  Planck Interaction of
| relativistic particles:
CMB — photons
HDM — neutrinos

| , ,  _ wave number

>
103 102 102 1 10 k(hMpc™)
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Matter power spectrum & measurements QAT

® data 10T €8 Bt DL SR
104+ \%_ galaxy clusters (SDSS)
5 & — AN B ks
s = 103 - =
8 ) s
7] '5 BRESS grawtatlonal lensing
g g 102 ‘ = cosmic microwave bg. ) \?I« 02020,
S A SDSS galaxy data B H&* o . A
101 F # galaxy cluster frequency i 1 |
weak gravitational lensing Q ymah-a
X Lyman-al-forest | | H\;‘g N wave humber
-1
103 102 101 1 10 k(hMpc™)
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Matter power spectrum: CDM vs. HDM only AUT

| o5t
 impact P(k): important early test of
different DM — models
104
o~ — ACDM — concordance
E 8 —— AHDM (m, = 5eV)
5= 108 1 —— AHDM (m, = 10 eV)
?%).1 CDM generates much \.
= 102 |- More power at large
=S wave numbers k
o (i.e. at small scales)
101 = ACDM
concordance
| | | | | wave number

>
103 102 102 1 10 k(hMpc™)
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Matter power spectrum: sub — eV limits for m, ﬂ("'

B Cosmological limits
for neutrino masses

- interplay of LSS data
from cosmology &
elementary particle
physics!

36 Feb 7, 2023 G. Drexlin — Cosmo #13
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Karlsruhe Institute of Technology

— P(k): important early test of
N different DM — models

ACDM — concordance
AHDM (m, = 5eV)
AHDM (m, = 10 eV)

§ galaxies
cluster
| | 5>
large small wave number
structures k (h Mpc™1)

Exp. Teilchenphysik - ETP



Karlsruhe Institute of Technology

Matter power spectrum: stop press... QAT

B Cosmological limits

for neutrino masses Joint analysis of Dark Enerqy

Survey Year 3 data and CMB
lensing from SPT and Planck.
[Il. Combined cosmological
constraints (aps.orq)

- interplay of LSS data
from cosmology &
elementary particle

physics! Astronomy ,
i 1, l ’ . Hannah Devlin Science correspondent
‘ €SS C umpy universemay .. ..
Suggest eXIStence Of Tue 31 Jan 2023 18.22 GMT
mysterious forces f v @

1d herei . One of the most precise surveys of the
SUIvey Lol Lacan Lthereisa crucia structure of the universe has suggested it is
component missing from so-called

standard model of physics “less clumpy” than expected, in findings
that could indicate the existence of

mysterious forces at work.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.023531

A closer look at properties of COM,WDM & HDM QT

Karlsruhe Institute of Technology

Z =  top-down scenario
1100 ,

W
ppM

bottom-up seenariaq

!
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thermal DM relics vs. non-thermal DM production ﬂ("’

Karlsruhe Institute of Technology

di t‘ th DM — particles as thermal relics:
ra ) lon pa@\} iR produced via thermal processes in
' radiation bath of early universe

ultra-
‘ ~ HDM: Tp >» m

CDM: Tfr <Km

= characteristic
freeze-out temperature T ¢y
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thermal DM relics vs. non-thermal DM production ﬂ("’

Karlsruhe Institute of Technology

DM — particles as non-thermal relics
via symmetry breaking
or due to v-oscillations

(Stephen Weinberg et al.)

STERILE ™\
NEUTRINO |

DARK
MATTER /.

Alexander Merle

W DM: sterile neutrinos

HDM,CDM:
axions
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CDM: WIMPs as thermal relics A\‘(IT

Karlsruhe Institute of Technology

B Thermal production of CDM: WIMPs*

. . WIMPs
- WIMPs: massive, non-baryonic [ Big Bang nteract WIMPs

: . ropagate
thermal relics left over from Big (Dec_ay"ation) gs CpD,%,
Bang, wich interact via weak -

Interaction only (+ gravity)
thermo-

- only pair production / pair annihilation gg:ﬁfg;fum
of WIMPs (= Majorana particles with
conserved SUSY gquantum number Rp)

/»
WIMP 2

-

- huge mass (TeV — scale): freeze-out

: at tgor = 10 ns ' \
= vast phase space in case of decay dec Hubble
expansion
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CDM: WIMPs as thermal relics A\‘(IT

Karlsruhe Institute of Technology

B Annihilation rate of WIMPs

s . WIMPs
- WIMPs: annihilation rate given by interact: ;‘;ggj;ate
i . - R (Decay,
typical weak interaction strength : sAnnihilation) | s CDM

Oann — Oweak

- decoupling time from radiation bath g;enr;”rﬁlc
IStge. = 10 ns equilibrium

O-ann(tdec) — H(tdec) WIMP

freeze-out

- WIMP miracle (will be discussed later) [ERIEEENEE ' Hubble
expansion
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CDM: WIMPs as thermal relics

B Annihilation rate of WIMPs

- WIMPs: non-relativistic propagation — Big Bang
with very limited free-streaming range r@
as

Epin(WIMP) ~ 0.05 - m(WIMP) thermo-

dynamic
equilibrium

- after decoupling: stable over long,
. . P
cosmological time scales due to WIMP 2

intrinsic SUSY — based R — parity Rp freeze-out “
at tger = 10 ns
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AT

Karlsruhe Institute of Technology

Interact:
(Decay propagate

ihilation) as CDM

Hubble
expansion
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HDM: v’'s as light thermal relics

B Hot dark matter: relativistic free-streaming

- v's: relativistic propagation over an
exceedingly long free-streaming range
of > Gpc

Ekin(v) > 10° - m(v)

- after decoupling: stable over long,
cosmological time scales due to
conserved lepton number L
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HDM: v’'s as light thermal relics

B Hot dark matter: relativistic free-streaming

- v's: relativistic propagation suppresses
annihilation in the early universe (also:
no lighter leptons in the SM)
weak interaction only with matter

-decouplingatt=1sand T =1 MeV
(see 3.1 Big Bang Nucleosynthesis,
lecture #5 p.51)
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Dark Matter: hot, warm or cold (HDM/WDM /CDM) ﬂ("’

Karlsruhe Institute of Technology

B Generic particle models for cosmological DM — density ppy = 1 GeV/m?

Warm Dark Matter Cold Dark Matter

Hot Dark Matter

particle candiate: particle candiate: particle candiate:
active neutrinos v, , sterile neutrinos v SUSY neutralinos x°
m~0.05..0.8eV m~1..20 keV m~0.1..10TeV
number density: number density: number density:
N(active): 339/cm? N(sterile): < 1/cm? N(x%): <107%/cm3
decoupling: decoupling: decoupling:
Tf=2—3MeV no thermal process, Tf = GeV .. TeV
Tf./m~10°..107 but via v —oscillations Tf/m~ 1/20
Impact on LSS Impact on LSS: iImpact on LSS:
wash-out of structure wash-out of structure wash-out of structure
\__Onscales 4 < 1Gpc \_on scale 4 < 0.1 Mpc \_onscales A< 0.1pc
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Dark Matter: hot, warm or cold (HDM/WDM /CDM) ﬂ("’

Karlsruhe Institute of Technology

B Generic particle models for cosmological DM — density ppy = 1 GeV/m?

Warm Dark Matter Cold Dark Matter

Hot Dark Matter

particle candiate: particle candiate: particle candiate:
active neutrinos v, , sterile neutrinos v SUSY neutralinos x°
m~0.05..0.8eV m~1..20 keV m~0.1..10TeV

impaot on LSS: | Impact on LSS: iImpact on LSS:
wash-out of structure wash-out of structure wash-out of structure
\__Onscales 4 < 1Gpc \_on scale 4 < 0.1 Mpc \_onscales A< 0.1pc
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Dark Matter: hot, warm or cold (HDM/WDM /CDM) ﬂ("’
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M Generic particle models: pre-view of Lee-Weinberg curve

Hot Dark Matter Lee-Weinberg curve Cold Dark Matter

particle candiate:
active neutrinos v, ,
m~ 0.05..0.8eV

particle candiate:
SUSY neutralinos x°
m~0.1..10TeV

sS4
Weinberg

B8 for thermal production &

B subsequent reduction due to

9 annihilation processes: only

two narrow mass regions
to explain 2py ~ 0.25

iImpact on LSS:
wash-out of structure
\_onscales A< 0.1pc

impaot on LSS: |
wash-out of structure
\__Onscales 4 < 1Gpc
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