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Evidence for Dark matter

Dark matter: nonluminous matter not yet directly detected by astronomers that is hypothesized to exist to
account for various observed gravitational effects.

www.merriam-webster.com

A long history (astronomers miss a lot of matter)

Evidences in a huge range of scales !

galactic galaxy clusters large scale structure


http://www.merriam-webster.com
http://www.merriam-webster.com

Spiral galaxies, supported by rotation v,- > 0v
(Elliptical, spheroidal is more complicated)




GeschwindigkeitA | observed

From.visible
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Prediction from the observed mass A halo of “dark matter” extending further than the disk

decays after the disk, which contains most

“visible” mass (stars+gas) M = M.is + Mpwm
U%\/GM/T MDMOC’I“:/dVPDM—),OOCI/TQ




Vera Rubin (1928-2016)
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Astrophys Journal. 159: 379-404:
"Rotation of the Andromeda Nebula from a
Spectroscopic Survey of Emission Regions".
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Dark matter Halos

dark matter

dark matte

luminous matter

4

luminous matter

4

- Galaxies surrounded by halos of some “dark matter”
- Amount inside the galaxy is not much but dominates at large distances
- DM does not clump as ordinary matter (H gas, stars...)



An alternative: Modyfied Newtonian Dynamic:

- Gravity not probed at ultra low acceleration;
try an empiric approach with a new parameter a0

al?

jal? + Jaol?

Fg:mc?x

- Gravity vs centripetal force (a<<a0) gives now flat rotation curves

’U2 2

GMm r "
S— =m v = G Mag =

T an .
S
- Fits the “Baryonic Tully-Fischer relation” M = M}, o v2,can > ©
>0
= =
- Relativistic Generalisations: TeVes, (Bekenstein 2004) BIMOND =
tend to have problems to explain other DM hints e
(and they do not pertain a Particle-Physics School!) a
<£)O
E




Fritz Zwicky Coma Cluster
http://scienceblogs.com http://spiff.rit.edu/

~1000 galaxies


http://spiff.rit.edu
http://spiff.rit.edu
http://scienceblogs.com
http://scienceblogs.com

Virial theorem for Galaxies

velocity squared o< total cluster mass

1
(Ekin) = 5 (Epor)
1 9 1 GNMtOtm

§mv N2 r



redshift, Distance, radius, velocity” 2, Mass

Radial velocity given by redshift (average is 0.023)

Tangential velocities unmeasurable!
* e— e eo—
- ¢e—
m —

Substract average velocity (Hubble flow, expansion of the Universe)

Huble Diogrom for Type 1o Supernovoe

|a A A A

A A
1 200 30 «00 300 600 700
Distence [wpc)

D~100 Mpc — total Diameter ~ 10 Mpc

U]
Assume isotropic dispersion %UH dv? ~ 30vf ~ 3c(d2)°

Estimate Mass from Average Galactic luminosity



Virial theorem for Coma

obtained velocity dispersion was too fast by ~ 10

(expected)



Virial theorem for Coma

obtained velocity dispersion was too fast by ~ 10

there should be some dark matter!



Estimate velocities with X-ray emission

Large fraction of baryons in GCs are hot intracluster gas (T~keV)

Model emission T = T(r)
v? x T

Coma Cluster
0.5-2.0 keV

Estimate Mass with the Virial theorem

GM(r) ~v?r oc Tr

== = = — === e ———————— e

Hot baryons would even scape from the cluster w/o DM



galaxy
#G galaxy cluster

lensed galaxy images

distorted light-rays

Eanh



lensed image-seen of
RacKdaroundad ga 1)

foreground galaxy




Types of gravitational lensing

Strong lensing Weak lensing Microlensing

(no lensed image!
temporary change of
luminosity as starlight is lensed)




Weak lensing

e ,Wé'akllenswing effict @ - Jnfér?gd DM'dis;_crtbutibn/

y:.

Density maps show:
- peaks (galaxies)
- extended mass distribution (DM+gas)

DM is distributed smoothly, unlike baryons

__




Colliding clusters




Bullet cluster

matter didn’t experience friction (collisions) -> weakly interacting



Bullet cluster

X-ray traces hot gas

weak lensing traces mass






Learned from Clusters

- DM does not clump as titrys
- DM has very low friction (weak interactions) with itself and with ordinary gas



Expansion of the Universe

- Hubble’s expansion law: Galaxies recede from us - Cosmological principle (no place is special)
velocity ~ distance all receding from all -> Universe expansion

Hubble data from 1929 o
1000 |

500 —

o
|

Recession Velocity (km/sec)

Edwin Hubble

1889 - 1953 Distance (Mpc)

- Friedman, Lemaitre use Einstein’s General Relativity to describe an expanding Universe

dr® = dt* — R*(t) (dr® + r*(d6” + sin” 0dp?))

comoving coordinates

| R _ 87TGN

Alexander Friedman Georges Lemaitre Albert Einstein
1888 - 1925 1894 - 1966 1879 - 1955

Expansion depends on the energy density |

e ==

In these lectures | assume the Universe is spatially flat (it is well checked experimentally and we have good reasons to expect so...now)



——— e —
=i

Atoday _ Rtoda = comoving grid of coordinates
Nto) ’ 9?3 H é ; >
L A
vV Cime

)\today — A (te)

- Redshift definedas =

Alte)
- Recession velocities are measured with redshift (interpreted as doppler effect) V|| = €%
k k
Hubble'slawis ¢z — Hod  and Hubble's constant [ ~ 70 m/s _ 100X/
Mpc Mpc

- We can parametrise time with the redshift (z that we would see from emission at timet)  R(t.) = T



Hubble law

Source emits light at time te (redshift z), comoving radius re ... we receive it at t0

Luminosity  (Energy/dt)

Fl =
e 47 distance?

Luminosity distance

5 _ Luminosity

q2 = > known (assumed) \
v 4rFlux > to be measured [ A 4 %/ é

e S — e ——

~ -Photons move on geodesics 7> = dt* — R*(t) (dr® 4+ r*(d6” + sin” 0dp?)) =
re ~tg — te scale factor comoving coordinates

|

l{ - Expansion of scale factor R(te) =14 Hy(te — tg) + ...

\ = = = = - = —_— = —_——————




but ... the Hubble constant is not constant

Hubble’s law V/Friedma¥n’s equation

= e

N\ 2
! R TG N
H>=|=]| =

R 3

Expansion depends on the energy density |

===

P

o=

__

... because the energy density changes as the Universe expands

Pradiation,0

R4

Pmatter,0 |

p = pA -

(this effectively defines what we understand as matter, radiation and lambda)

| Friedman’s equation 1 = Z Q;

i

il We normalise densities with a critical density

| 3H2

87TGN

Pe

In geneal, the redshift-distance relationship is more complicated...and depends upon €2's
z=F (H , d L)



Supernovae Type |

- Low mass stars end their evolution as CO white dwarves

- WDs are dead stars, no massive enough to compress CO and produce further nuclear reactions
- They are supported by electron degeneracy pressure, fermi exclusion principle at work!

- Chandrasekhar limit M < 1.44M,

- WDs in binary systems approach the CL by accreting from the companion
- Just before reaching it (99%) they start to ignite C, 0 and heavier
- The energy release in few seconds is huge, ~ 1044, , super explosion can be seen from afar

- Because the WD are all close to the CL, all explosions are very similar, similar luminosity




~ 0.3

Weighting the Universe (2,

Hubble Diogrom for Type lo Supernovoe

3:10‘ »

Relationship for a flat Universe (neglect radiation)
dz

1—|—z
\/QA—I— 1—QA)(1—|—Z)

Velocity [km s7']

llllllll

0 100 200 300 400 500 600 700

With curvature

Extract
o) e
@F
=
)
~—
=
=<,
|

%
.... Note CMB -> flat




what about the known matter?... (2, from BBN

Big Bang Nucleosynthesis: the moment when the baryons (p,n) left from early big bang combine into He, D...
Nuclear reactions take place at very high temperatures ... T~ keV (~billion K)

Nowadays the temperature of the Universe is 2.725 K

Penzias and Wilson discovered the Cosmic Microwave Background in’64

an (~)isotropic blackbody radiation remnant from the Big Bang

Wavelength [mm]
2 1 067 0.8
L] L L L]
400 -
FIRAS data with 4000 errorbars
2.72% X Blackbody
200} 4 — —.
toof - \ S/
b/
0 L L
1 2

Intensity [MJy/sr)

2

0 T 4 —5 0
— —T*=5x%10
IO’I" 15 IOC

... but remember wavelengths were shorter at early times \ o< \o(1 + 2)

We need to make atripto z ~ 10° Or/ P~ 2(pr/pm)o > 1



Big Bang
Nucleosynthesis

‘He

— ' He(d, p) He—~

bSO
d(p.y) He

d(d.n)’ He
[ |

—p(n.y)d ==

H

~ |

—d(d, p)t ——e

104

n

)y

‘He(a.y) Be

w"/

"Li(p,a)' He

‘Be

%

*He

t

‘He(n,pyt  1(d.n)*

H

Big Bang Nucleosynthesis

- At high T, all the Universe ionized, p, n, electrons and a LOT of photons

-When beta reactions freeze-out, p™ + ¢~ <> n + v, ,n’s can only decay
- Unless they combine rapidly with p’s to form stable nuclei!

- Deuterium photodesintegration delays BBN until relatively low T

"Betn, p)'Li

N\, 107

‘Li

e, y) Li

V

log(X, Y, A/H)




Helium and D yield depend strongly on 7}

- The basic rule is, the more baryons, the most efficient is to convert them to Heavy nuclei (2body reactions!)

027

0.26

0.25 o
Helium

Y
Poos

0.23

10-3

1074 :
1 Deuterium

105 |

1079

"LiH |

| Lithium-7

10—10

1 2 3 R S 6 7 8 910
Baryon-to-photon ratio 1 x 10'°



Primordial element
A new, precise measurement of the primordial abundance
abundances (measured) of Deuterium *

against predictions

Max Pettini'?t and Ryan Cooke'? .
1. institute of Astronomy, Madingley Road, Cambridge, CBS OHA arXiv:1205.3785v2
? Kauli Institute for Cosmolagy, Madingley Road, Cambridge, CBS 0HA

o
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Baryon to photon ratio from BBN

Primordial element abundances (measured) against predictions Oph? = 0.022 + 0.001

Qpm ~ 0.044

Baryon density QA2

0.005 0.01 0.02 0.03
027 —

0.26

025
Y
P24

Helium

0.23

|

10-3

D/H|p
1074

Deuterium

o He/H|p
1075 |

10-9 -

Lithium-7

i
|
I

A A A A “
atatetetens L et by
O X

TLiH}, : Total matter density = baryons + what? |
» %= 5% +25%
o-10 | ? - 30 (0 By 0 + 0O

! 2 M %‘7' 8 910 -

Baryon-to-photon ratio 1 x 10!



B Dark Energy

@ Dark Matter

B Free Hydrogen & Helium
0O Stars

O Neutrinos

@ Heavy Elements

1:QA_|_Qm_|_QT



Universe Composition / Stages

Our simple Universe composition as a function of redshift

H = Ho\/Qp + Q0 (14 2)3 +Q0(1 4 2)4

[l [ T [T [ [ TTHH [ [ 1T IE [ 1T [T [ 1T [T [ 1T [T
g: o — =
B ____Qb____ /// |
10 -7\ AN =
s o N
0= Vs % =
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Universe Composition / Stages

Our simple Universe composition as a function of redshift

H = Ho\/Qp + Q0 (14 2)3 +Q0(1 4 2)4

< A dominated matter dominated radiation dominated >
12 I IIIIIII| [ 1 TTTHI [ T T11H L [T IR [
10_12_ ///// //’4/\\
2L /o
0, 1V E -
/ Zz Pi B //
10_3 =1 //
= Qr,a -
107 ——a" Qp
== - =y
10—5 ﬁI I IIIIIII| I IIIIIII| I IIIIIII| | |1 III| I IIIIIII| | |
102 10! 1 10 102 103 104 10°

redshift =



and when the CMB is born

Pb

p ~ "=~ Te  number of protons ~ number of baryons (only few neutrons in He)
p
"t 6% 10710 from BBN
Ty
L : I X2 1 To(1 4 2)me \ >/ 13.6eV )
lonisation evolution p* + ¢ <> H+ 7 SAHAeq. ;=0 = 7 —; ( 21 ) o (_ To(1+2)
e : ///A
e-+H 7 ’ .
P // transition at z~1100
free-electrons
neutral Hydrogen

Universe opaque
Universe almost transparent ( paque)

CMB is released!

Photons in Thermal eq.



Universe Composition / Stages

Our simple Universe composition as a function of redshift

H = Ho\/Qp + Q0 (14 2)3 +Q0(1 4 2)4

< A dominated matter dominated radiation dominated >
1ﬂ I IIIIIII| [ 1 [T [ 1 [T [ | [T [ 1T 11T
1071 & B
2
0. — Pj 10 =
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Zi Pi .
1073 &
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Structure formation

The CMB is isotropic, how did all the structure we see today formed?

By gravitational amplification of very small density fluctuations!

AT /T ~ 10> found by the COBE and studied in detail by the WMAP and Planck

2.72512 K

2.72511 K 2.72512 K

And this doesn’t work without dark matter as well



Gravitational instability

Consider a matter (perfect) fluid of density p = po(1 + d(x))  velocity @(x)

Evolution under gravity given by
f‘Con;inuity eq.(mass conservation) 2+ V(pu) =0 —
1\
" Euler eq. (momentum conservation) i + (i - V)i + lop V=0
P

Poisson (gravity) V24 =

_— ——— == ——

Linearise and combine using EOS

Cg _ @ o — (47 Gpo + c§V2)5 =0
dp
Solutions are plane waves & ~ A exp(—ik - & + iwt) w = +/2k? — 4w Gpy

\/47TG,00

Short wavelength perturbations % > =k oscillate (pressure wins over gravity)

F— —

Long wavelength perturbations

|
1\
= ——— =

|
|
|
f
|




Consider a matter (perfect) fluid of density p = po(1 +d(x))  velocity @(x)

.. : 2 k2
|saveyouthe details Op + 2H 01 — 417G pg >

SN

Expansion enters as damping k is a comoving wavenumber

o =0

Used a plane wave trial function 05, ~ 8 (¢) exp(—ik - Z/R)

What is the effect of the expansion? three cases

“ short wavelength perturbations |

———— ——

0r oscillates with a decaying amplitude

| Long wavelength perturbations
| ) ,

(Remember ...for & < k£ ; grew exponentially in static case!)

|
Smooth Radiation domination  §, + ¥5k ~ o ~ log(t) don’t grow much....

. 4. 2 ,
Matter domination 0 + gék — (3?> o, =0 0p x 22 x R grow with the scale factor



Il I I = = = = = = N ogE = .

J000 1000 NS00 100

Without DM baryon
overdensities cannot
grow to O(1) by today!

[

10

Time since Big Bang (years)




History of the Universe

-~ .

HELIUM REION_IZATI%N

« QUASAR ERA

FIRST GALAXIES

HYDROGEN
REIONIZATION

DARK AGES

BIG BANG 13.7 BILLIONS OF YEARS




‘o<DMband acustic oseillations

Now

H + photons (photon moves freely)

time, R

protons and electrons recombine

tight baryon-electron-photon plasma
comoving distance > m.f.p. photon small

MD

RD




_ ocDMsand acustic oscillations

I_~ ‘ ——
. -
wp R« t2° <>
>
w Fx vt < -
<l
- - region of the Universe with slightly more DM




time, R

region of the Universe with slightly more DM
with its baryon-photon plasma

baryon-photon plasma oscillates (pressure waves)

—— e T e -
_________________________________ .'_"_——4
oscillations
MD R  ¢3/3 T ™
————— >
RD R x V't < |
« rarefaction
too much pressure
E ity -> '
] gravity ->compression

<4 s pressure waves move almost at ¢ (photons)



time, R

MD R o t2/3

oscillation frequency depends with size (sound speed)

baryon-photon plasma oscillates (pressure waves)

some sizes arrive at decoupling exactly at
maxima of pressure (temperature),
others at minima

and others at delta T=0

RD R x vVt

time, R




oscillation frequency depends with size (sound speed)

baryon-photon plasma oscillates (pressure waves)

time, R

If oscillations are fast, finite size decoupling
averages out

time, R

~~~~~~




Temperature fluctuations [ p K’ ]

Ty = 2.725K

dT
—_— Y
Multipole moment, ¢
2 10 50 500 1000 1500 2000 2500
6000 |
¥ .
5000 ', acoustic peaks
4000 i
3000 1
2000
averages out
1000 L g
M.‘ g
? 0.2° 0.1° 0.07°

Angular scale

1 compression ]
P 1 rarefaction

2 compression

O(107°)
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Planck Collaboration: Cosmological parameters

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Bestfit  68% limits Best fit  68% limits Bestfit  68% limits Bestfit  68% limits
¥ 0.022032 0.02205 = 0.00028  0.022069 0.02207 £0.00027  0.022199 0.02218 +0.00026  0.022161 0.02214 + 0.00024
QI . 0.12038 0.1199=0.0027  0.12025 0.1198+0.0026  0.11847 0.1186£0.0022  0.11889 0.1187 +0.0017
1000c «vvovn e 104119 1.04131 2000063  1.04130 1.04132£000063  1.04146 1.04144 £0.00061  1.04148 1.04147 + 0.00056
Tacasaaanannan 00925  0.089'9012 00927  0.091'901 0.0943  0.090'0013 0.0952  0.092+0.013
My e 09619  0.9603 = 0.0073 09582  0.9585 £ 0.0070 09624  0.9614 £ 0.0063 09611  0.9608 + 0.0054
In(10"°4,) . . . .. .. 3.0980  3.089'00% 3.0959  3.090+0.025 3.0947  3.087 +0.024 3.0973  3.091+0.025
A 152 171 £ 60 209 212+ 50 204 213+50 204 212+ 50
AT 63.3 54£10 726 738 722 728 718 724£80
AR, . 117.0 107439 59.5 5910 60.2 58+ 10 59.4 59+ 10
Ay o 0.0 <107 3.57 324083 325 324083 330 325083
A 27.2 29'5 53.9 49.6 +5.0 52.3 50.0 £4.9 53.0 49.7+5.0
A% 6.80 5.17 25413 4.64 25142 4.86 2.54*12
v 0.916 > 0.850 0.825 0.823'00% 0814  0.825+0.071 0.824  0.823+0.070
Vi aey csonccns 0.406 042:022 1.0000 > 0.930 1.0000 > 0928 1.0000 > 0.930
o A 0.601 0.53'913 0674  0.638 +0.081 0.656  0.643 +0.080 0.667  0.639+0.081
gaas L ...... 0.03 0.000 < 0.409 0.000 < 0.389 0.000 <0410
ASE 0.9 0.89 5.34°2% 1.14 4.74°%% 1.58 5.34'2%
Basecsncsases 0.6817 0.685*3 015 0.6830 0.685'001¢ 0.6939  0.693 +0.013 0.6914  0.692+0.010
O% «vvnnennnn 08347  0.829£0.012 08322  0.828 +0.012 0.8271  0.8233 £ 0.0097 0.8288  0.826+0.012
Ze +oenneeeae 11.37 1.1+ 1.1 1138 1.1+ 1.1 11.42 11.1£1.1 11.52 113+ 1.1
N 67.04 67312 67.15 673212 67.94 67.9£1.0 6777  67.80=0.77
Age/Gyr . ...... 13.8242  13.817 £ 0.048 138170  13.813 £ 0.047 137914 13.794 £ 0.044 13.7965  13.798 = 0.037
1000, ......... 1.04136 1.04147 =0.00062  1.04146 1.04148 £0.00062  1.04161 1.04159 £0.00060  1.04163 1.04162 + 0.00056
Virag + « v v v nn e 14736  147.49+0.59 14735 14747+ 0.59 14768  147.67+0.50 147.611  147.68 £ 045

Table 5. Best-fit values and 68% confidence limits for the base ACDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highl’” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration ES 2013).



Finding the right DM particle

- Weakly interacting with itself (Bullet, CMB)

- Present in galaxies-clusters, dominates matter in the Universe
- Non baryonic

-what can it be?

- Unstable

- Massless

neutrinos?? are too light




Neutrino free-streaming

- Neutrinos produced thermally Early Universe, decouple at T~ MeV
- After, they freely propagate ... in all directions (not a perfect fluid!)
- what distance they travelled at CMB release? z~11007?

- comoving distance travelled velocityis v — D _ p
E 2
p— —1) = —7U
S R(t) cons H momentum redshifts! *7o(1 + 2)
neutrinos become non-relativistic v~ 1 — v ~ xTy(1+ 2)/m at  Znr ~m/xdy

1 dz 1 1 xTy 1 xTy
>\FS ~ 1 9 v~ 1 + — log(znr/zcmb) ~
H, /QQy (1+ 2) H, /QQy + 2o m H, /pr m

that is huge!!! Neutrinos cannot be ALL the dark matter...
would free stream and erase density fluctuations below ~100 Mpc/m!

" Arg ~ 100 Mpc (

l

- This formula is valid only down to m~0.26 eV (question ... why???)
- Luckily the neutrino DM abundance is subdominant in this regime ()

~ Zml/
ST 46eV

(S.Pascoli lectures)



hot dark matter

L=32.35

- nu’s cannot be so abundant ... (tomorrow) but also are too fast (hot)!



Matter power spectrum

Just as we make statistics of temperature fluctuations we can also do of density fluctuations

lil L] L] L] Illlll

Radiation -

fluctuations in the CMB temperature
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Matter Power spectrum with neutrino DM

Neutrino free streams out of small scale perturbations smoothing the fluctuations

100,000 i L] 1) L T L T 7 I A} T L] T 1 T LB I

10,000

P(k) (Mpc3 h3)

| Wong 2011
1,000




Dark matter must be COLD

- The dominant component of the Dark matter must be cold
- The free-streaming length must be kept below a fraction of a Mpc

)\FS ~ 0.1 MpC

(DM particles that reached 0.1 Mpc at CMB release have a velocity v ~ O(107°)c)

- Thermal relics (created with p~T) must have large mass

(Examples are WIMPs, ~sterile neutrinos, etc...)

- Low mass DM candidates (m<keV) must be produced NON-THERMALLY

(Examples are axions, axion-light particles, hidden photons)
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Finding the right DM patrticle ...

- Weakly interacting with itself (Bullet, CMB)
- Present galaxies-clusters-universe

- Non baryonic

- what can it be?

- Unstable

- too hot (relativistic)

need something beyond the SM




