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Preamble: the sleepy July 14 spectator

Fell asleep on his terrace waiting for the fireworks

Suddenly awaken by the first shot
Q: Can he make up for his absence during the explosion?
A: Thanks to

e mechanical laws

e observations

® He can:
e reconstruct the fragments’ trajectories

e notice that the fastest are the furthest away
e establish that they seem to come from one point
e cvaluate the moment of the explosion

Transposed to the Universe, this is cosmology’s program



Cosmological Hypotheses

Cosmology = madly ambitious endeavor

Huge universe, not fully accessible

=> starting hypotheses necessary;

check for coherence afterwards

The Universe 1s :

® simpler than its parts

® governed everywhere by same physical laws
fixed by measurements on earth
(not directly observable)

® 1sotropic < no privileged direction (observable)

® homogeneous < no privileged places

(not directly observable: further = earlier)



Example of such hypotheses:
Is the Earth a sphere!?

It you suppose the earth surface to be :

® isotropic around a town
< exactly concentric mountains

® homogeneous < same landscape around every town

® both = surface with curvature k=1/R = cte= single parameter
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Earth: validity of the hypotheses

® single local measurement of R(earth): validates nothing
Eratosthenes deduction from Alexandria & Asswan’s wells
® many local measurements: better (i1f they agree!!!)
= importance of widening the horizon:

global measurement

B

Ybut* reqtllré’s ‘azoom-out |mp055|ble in cosmology
forget foregrounds




Homogeneity of the Universe

Not globally testable: you can only assume homogeneity and later test the
coherence of 1ts implications:

® [sotropy+homogeneity at given time = matter distribution
1S constant (p=ct), and 1nfinite

® The only compatible movements preserve ratios of distances, the

“comovements”
To = cte 0 T\ P-4 -5
a(t) < a(ty) =ag=1 E *
= 2(t) = a(t)zo 2(t) 7=
iy a(t) | N
= &(t) = a(t)xg = —=<x(t) -
(1) i il
& o(t) = H(t)x(t) (tx) &* *

Hubble law: speed increases linear with distance



Newtonian Dynamics (0):

2 properties of gravitation

For any force ~ 1 / r* like gravity (or electricity), the attraction of a
spherical shell of mass M and radius R 1s: (Newton)

® vanishing on a mass m located
inside the sphere (R >r)

® 1dentical to a point mass M
located at the center of the sphere,
for any mass m outside the sphere ( R <)

Thus, for a spherical mass distribution, only the
blue shells attract the mass m, with a total force
1 4 pr 1

Fo(r) :GNm]\I(r)T—2 = mGy 3 2




Newtonian Dynamics (1)

. M (x
Let’s choose a point (the earth) as a by = %xQ — mG ai )
center 22 Ar 2 Pg)w
_m, 252 4 .2 O
Consider a star m at distance x(z) of = 510" —mG S, .
the earth:

M
o ( )2 72 — 8xG Lo k|
it 1s only attracted by the constant 3 43 g2’

mass M (z) = 47 /3 xgpoinside a
sphere of radius x(7), that attracts 1t
towards the earth and slows its

Q |-

1%t Friedman-Lemaitre eqn

2,2 o
escape (energy conservation) pVerpla) = —H k 1/a
a(t) obeys the equation of motion Ey, —k > 0 a
of a 1-d point particle in the >
potential Veg(a) b — Ey,—k <0
Sign of k& decides whether J. -~ —=2Eg
expansion stops or goes forever mao?



Newtonian Dynamics (2)

M ()

X

E() — %ZCQ — mG

Today: Hubble constant #

Hoy=70 km/s/Mpc — 13202 — m@ 4_7r 72 ﬂo

=1/(15 Gyears) S a
< 1n a year, the distance (2) 2 _ 72 _ 81G Péw k ,
between 2 galaxies increases by ¢ 53 a?)’
1/15 billionth

1%t Friedman-Lemaitre eqn
Critical density:

pe = 3HZ/87G = h2[10m,/m3] 4 Vers(a)=—Ha® =k~ —1/a

>

. . Eo,—k >0
Matter density, w.r.t. critical - s

den31ty v, By, —k < 0
= Py /Po 95,
 maxp?




Discussion

Is this construction really homogeneous???

and they
asked me:
"What
brings you
here?”

“here"s I know it

because I
was just
there,

But in fact,

you can
find

every-

Fca 1=1FcB?
Is F'c mathematically well-defined ?7?

Fea=(Fca-FBa)?=? Fc-BB
Are differences of forces well-defined?

Are relative accelerations well-defined?

Faia=Fgj=0; can both A and B be at rest in an 1nertial frame?
Which one 1s « right »??7?

Need more general frames... = General relativity!!!



General Relativity (in 1 slide...)

ds® = g, (z)dx*dx” = dx,dx” Metric (0,2)-tensor
D,V,(x)=0,V, — ', Vo Covariant derivative

Lsuv = gapl'y, = (=089 + 0ugpy + 0ugpu)/2

RO = (%Ffp + T2 TP —(p<> o) Curvature (1,3)-tensor

Vpo voT ap

Gup=Rl,, — gyp(RZBMgO‘B)/Q Einstein (0,2)-tensor

G = —8nGNT"" Einstein’s equations
dxt dx”

TH = pv*v” = p Energy-momentum tensor
ds ds

d?x® dxt dx”

. = (0 Geodesic matter motion

ds? MY ds ds
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GGravitational waves
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Harmonic coordinates

Under a coordinate transformation, the metric transforms as a (0,2)-
tensor: , Ox® OxP

~ Ox'k Oz Jof
orfor o'* =zt + eEM (:U)
2
Q/CW = Juv — €(Ou&y + 0,€,) + O(€7)
Harmonic coordinates are defined to satisty the 4 equations:
A
g" (x), (x) =0
— for scalars, covariant == ordinary D’ Alembertian:
: A
¢ =9"D,D,¢ = g"" (0,00 — I'},,,060) = ¢"" 01,0

Each coordinate satisfies the harmonic equation [1¢p = 0,
and 1s defined up to a harmonic function:

ot & 't = gt 4 M

Iuv
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Weak field wave solutions

For g,uz/(x) — Nuv + h,uJy(CE) with hﬂy; h = n“”hlw < 1:
QG,LLI/ — (%@th + (%QJL‘Z — 8M8V]’L — h,LLV + 77,u1/( h — 8aﬁha6)

In harmonic coordinates, 0”h,,;,, — 0,h/2 =0 leaving 10 - 4 = 6
components, obeying in the vacuum:

. u
huw =0 = hy(x) = Cppe™”
for k* = w(1,0,0,1) use the harmonic condition
k"C, — k,C/2 =0 toexpress Co, in terms of spatial
components, and make them vanish using the harmonic transformations
I — M Yueikﬂx“ . C,ZU/ — C/W — iYMkV — iYuku

Show that the remaining independent components are

h=-Ch=Cp  [Or=5(C+i0x)
Clp = 0y = O \CL: %(Cjt—iCX)

which come back to after al80° rotation around z-axis (spin 2).
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(JIVIRGD
GW:s in a nutshell

Gravitational waves are dynamic fluctuations in the
fabric of space-time, propagating at the speed of
light
Predicted by Einstein 100 years ago; first
indirect confirmation by Hulse & Taylor (Nobel
Prize in 1993)

L

h,=h({—-z/c)+h(t—z/c)

Emitted from accelerating mass distributions (quadrupole mass moment — no dipole
radiation)

GWs carry direct information about the relativistic motion of bulk matter

h h
/ -”5“'15 H______
JN. = -\ RAS j
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The Gravitational Wave Spectrum




(ID)NVIRGD
Detector’s working principle

Typically h ~ 1022

e
% ALYhL=2ifL~km =2 AL~ 10 m

” Test Mass

- | Seismic -~
Test Mass o'k || Thermal o
Total
— 10—19 I N S SO ST [N SR R -
_‘:I_; ]
g 102 3
Photodiode .‘g
c 102 |
R?cycling Signal ) 'g
Laser Mirror hRﬂtiert:);fllng &a
10—22
1023
e, 10° B H1I(l)1 o H1ltI32
. ‘ & _ P e Frequency [Hz]
\ \ /= J o\ ; Technical issues - alignment, electronics,
4 *_[PDl » *-[EDl - [0l » . . .
« [P0 + acoustics, etc - may limit us before we reach
=0 t=T./4 t=T./2 t=3T.,,/4 =Ty these fundamental noise sources
Time
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| (MINVIRGD
O1 aLlGO sclience run

,?_
I

I T S - ‘ .-,_“;
.-‘H; :lﬁ :h::;h*“ a:r% FH“ H‘I'ﬁﬁ"h‘; “&h{ﬂa“{l‘ Y L

s B 3

=

Maxirmum sensitive distance [Mpc]

3 3 . 5
Time [weeks| from September 12

=
[

Analyzed data period from Sept

Hanford and Livingstone running 12th to Oct 20th
with similar sensitivities: > Coincidence duty cycle ~ 48%
> 10°23/YHz @ 100 Hz > 16 days of coincidence time

° Improvement by 3-4 times wrt
LIGO between 100-300 Hz

[a—

=
s
=

—
|
b2
—

O1: from Sept 2015 to Jan 2016

o ER8 before the science run,
interferometer configuration frozen
since Sept 12th 10 100 107

Frequency [Hz|

hif) amplitude spectral density
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GW150914: the signal

M2JIVIRGD

 Top row left — Hanford

 Top row right — Livingston

e Time difference ~ 6.9 ms
with Livingston first

*  Second row — calculated ©
GW strain using c
Numerical Relativity** 5
(EOBNR and IMRPhenom)
and reconstructed
waveforms (shaded)

 Third Row — residuals

1.0
0.5
0.0
-0.5
-1.0

1.0
0.5
0.0
-0.5
-1.0

0.5
0.0
-0.5

Hanford, Washington (H1)

Livingston, Louisiana (L1)

[ — H1 observed |

- === L1 observed
- H1 observed (shifted, inverted)

H{ — Numerical relativity
Reconstructed (wavelet)
I Reconstructed (template)

H — Numerical relativity
Reconstructed (wavelet)
B Reconstructed (template)

- Residual

[ — Residual |
‘ ] ] ]

** Talk by A. Nagar, right after this

18/03/2016
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(MRYVIRGD
Estimated source parameters

Overall

Median values with 90% credible intervals, including

statistical errors from averaging the results of different 3 —
waveform models. Masses are given in the source frame: to Ly
convert in the detector frame multiply by (1+z). The source o= S
redshift assumes standard cosmology: D, & z assuming i
ACDM with Hy = 67.9 km s*Mpctand Q_ =0.306

source
m5™ e /M

25 4
;r

Total energy radiated in gravitational waves is 3.0 £ 0.5 Mg c?. *
The system reached a peak luminosity ~3.6 x 10°® erg, and the S
spin of the final black hole < 0.7 S

0.85

— Qverall

Primary black hole mass 36fi Mg z: — coom
Secondary black hole mass Zin Mg oro {2

Final black hole mass 62J_ri Mga Z::

Final black hole spin 0.677002 :::

Luminosity distance 41 Of%gg Mpc i

Source redshift, z U.OQfgjgi

18/03/2016 51ST RENCONTRES DE MORIOND - A. ROCCHI



(ID)NVIRGD
GW150914: the source analysis

. ij | | | |
B/3 g—11/3 Inspiral Merger Ring-
f fj| down

M:

(mymy)*> P[5
= T
(m; +my)"? G |96

p— { ¢ s00

M =m; + myis >70M

i 1.0 - _
NS-NS binary excluded ﬂ

0.5 A _

Binary system BH-NS? Z o0l m\,\._
If so, Mg, very large (~¥3000 M) =
-0.5 - U U T

Coalescence happens at lower frequencies
NS-BH binary excluded 1.0 H ﬁ i _

— Numerical relativity

I Reconstructed (template)
I I | |

10—21)

Strain

Binary system BH-BH, similar masses; | | | | ~
o as

fmaXZISOHZSwKepl:27T‘fmax/2:272"75HZ Q0.6 F 414 =
: P 05 H— Black hole separation 43 5

GM | _ 2GM N (S, === Black hole relative velocity 12 %

R = > z3501(111 RSchwarz - C2 ~210km % 0.4 14 ;‘ﬁ
WDkepi > 0.3 P E

0.30 0.35 0.40 0.45

2 BHs (~ 30 M, each) colliding at ¢/2 _
Time (s)

18/03/2016 51ST RENCONTRES DE MORIOND - A. ROCCHI




Assessing the statistical significance

number of candidate
events (orange markers)

number of background
events (black and purple
lines)

significance of an event
in Gaussian standard
deviations based on the
corresponding noise
background

18/03/2016

(2JIVIRGD
Binary coalescence search

20 30 4-10' >5.10

|20 30 408.10  >5.10
10 : mmm Search Result ;
10! —— Search Background s
. 10[}; - Background excluding GW150914 - 1
+ i ]
E 10-1L T ;
v 10-2L :
4 10_3:_ GW150914_1
@ | '
Q 10741 E
g 10—52_ EL_ i Tl o ]
= ]_D—E-i_ hll"]l"-n ol l.IIJ.I I. __
07| ‘u TR :
]_D—B:J | . '.Il_l . | I.I . | ‘.I . . i

8 10 12 14 18 20 22 24

Detectlon statistic poc

= Significance >5.1c

= False alarm rate < 1 per 203.000 years,
= Poissonian false alarm probability < 2 x 10/

51ST RENCONTRES DE MORIOND - A. ROCCHI




GR Cosmology



GR Cosmology: FRW metric

Maximally symmetric geometry in comoving coordinates (1,0, ):

S :
ds” =dP” — a(1) | 5 Tk 4 r2d0? FRW METRIC
— kr
a— X, r—r/A, k— Nk rescaling symmetry allows a(fp) = 1
AT s dr da
I'phys — CL(t)T —>  Uphys = ;l);y = a(t) pr | dt’l“

Kphys = k/ a’ ()

p— vpec _I_ Hrphys

2
Conformal time: 7= [ dt/a(t) = |ds? = a?(7) [d7'2 -5 drk - — r2d§22]
— RT

Conformal distance: x = [ dr/v1 — kr? fe———

i sinh® v ] —1 X

= |ds* = a*(7) [d7? — dx* — x> k=
.2
i sin” X /s ] N
24 - > X



http://www.damtp.cam.ac.uk/user/db275/Inflation/Lectures.pdf

)

—1
0

[

distance

TO0 +

Redshift & distance(s)

A
)\() CL(tQ)AT
Redshitt z:1 4+ 2= — =
ary R VR TR YN
Redshift measures distances:
a(tl) = a(to)[l + (tl — tO)HQ + .- ] = 2z~ Hyd
N2
+27  Which distance?
0 d
* metric distance: (sphere area)
10 £ dr
: with A dm — Sk (X)
without A / dm | *apparent Luminosity:
1L e dr, = dmym (1 + 2)
- S ~ +/Abs.lumi/Flux
* Angular diameter:
0.1F g dm,
S

redshift z 25



Supernovae & The Accelerating Universe

log- distance (apparent magnitude)

26

24

22

20

18

16 4

14

— 1 | | | | HST L L
B A . 3K 4 ) _@_ ________________ N
L SDSS -

Today -
B | | | I | | | I | | | I | | | I | | | I | | | I | | | I | I—
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

redshift z

Supernovae are very bright (~galaxy!) & distant probes,
with good absolute luminosity — probe a(z) beyond linear

20

Qo QA

0.32 0.68
1.00 0.00



Supernovae & The Accelerating Universe (history)

24

22

N
o

—
oo

effective mp

16

14
0

4
P

3
59
%‘ Calan/Tololo

(Hamuy ef al,
A.J. 1996)

i
F
.0

0.2

Supernova

Cosmology

Project
1998 (discovery
N I R
0.4 0.6 0.8

redshift Z

(0,0)

(1, 0)
(2,0)

0



GR Cosmo: from Einstein to Friedmann egns

Gula(t)]

= 87TG

™", =(p+ P)U'U, — PY

p : energy density
P : pressure

" CURVATURE” "MATTER™ e = (1,0,0,0) for observer at rest in fluid
V,T", =0| Energy conservation = |+ 3%@ +P)=0| “dU = —PdV”
FRIEDMANN EQUATIONS
-\ 2
o a\” _ r(d B E
1% eqn (a) =P~
Y 4G
29 eqn 2 = —L(p+3P) & p = —39(p+P)
a 3 a
3(14w)

show that if w = p/p = const

28
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Various fluids in the Universe

Name w | p Examples
Cold Dark Matter
— (CDM) ’
_s | non-relativistic
m MATTER 0 |a particles
Baryons b
(nuclei + electrons!)
1 o Photons 7 Notice: g T*
1Ly | relativistic :
r  RADIATION 3 | @ particles Neutrinos % so T<1/a
Gravitons g
Vacuum Energy A
A EQEKGY —11 a “What the hell!?”
R Modified Gravity

find an explanation, and a proof why o, ~ a -/ and

what 1s the source of energy produced to keep Qa cte, despite expansion
29



Cosmological constant: origin

Combining all components

p=pytp + pet o+ opa

| S — S ——
Pr Pm
H? = Hg[ﬂ"“ | i - Q- 1= Zﬂi)]
CL4 CL3 CL2
_ 2
= —Veppla)/a
0 0.2 0.4 0.6 0.8 1
Example: 0 . - |
matter + cosmo.const. 0sl Einstein static

. : universe
there 1s a flat region

in Ve witha #0
This was Einstein’s motivation s/
to introduce A (?!)

30



Universe Composition in Time

Dark Matter Structure
Production Formation
present
0.1 TeV 0.1 MeV 0.1eV energy density
. 1.0 T
= 10 .
% lOg (T/GGV) radiation @
Fi dark matter %
%o f% dark energy (68%)
- e
D)
Gy
o
| U L I
9
£ log(t/sec) dark matter (27%)
£ -30 -20 -10 0 10
0.0 | | | | | DIl baryons (5%)
3 min 380 kyr 13.8 Gyr
Inflation Big Bang Cosmic Microwave
(Chapters 2 and 6) Nucleosynthesis Background
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Horizons & Inflation
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Horizons & causality

comoving particle outside

the particle horizon at p

Ty —T
< >
Tf :
event horizon at p
-
particle horizon at p
Ty

< >

T — Ty

t dt Ina
Xph(T) =T — 75 :/ —:/ (aH) 'dlna
t 1

- a(t)

na;

compare the particle horizon and Hubble radius (aH)-!
at time ¢ for a single fluid (w>-1/3). What 1s the value of 7;?

2H 2
Xph(t) = ——%— a(t)2(1+3%) — (aH

(14 3w) (1+3w)

)~ 33



Horizon problem

our Wo_rldline

50 = T T T 4 | = T T T
1100 10 3 /{ 0 N 3 10 1100
now —s ; ; ; ; i i i 1.0
| ; é ; z | é ? . 08
— 40
; — 0.6
S " S
) 0.4 B
= 30 5
= i <
— <
< — 0.2 O
= 20 7
3
= i —0.1
@)
© 10 —
—0.01
CMB - 0.001
0

comoving distance |Glyr]|

Q: How can points p and q (at opposite directions on the CMB sky)
have equal temperatures (with precision 10->) 7?7

A: by giving them more time to talk, with a shrinking Hubble radius:
(aH)™' = Hy' a2 — want w<-1/3, e.g. inflation (w=-1, H=ct)

34



Inflation solution

50 [— T T T g T S T T T
1100 10 3 ﬁ 0 \1\ 3 10 1100
now : : : : :
" 40
>
O
g 30
3=
E
= 20
2
-
S
10
CMB
reheating
-10 |—
- _
S
B 20 —
=
S -
-30 |—
-40 |—

causal contact

35
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0.1

0.01
0.001

scale factor



Exiting & entering the Hubble radius

Comoving scales ,
A (arHr)™ (aH)™*

(agHo) ™"

A

inflation

4
standard Big Bang — 7
4

arg L7 ap Qrec ao
' < = = = > time [In a]
inflation > “Big Bang” —>
reheating

how many inflation e-folds (N=In(ar/ar) are min. needed
to fit the recombination Hubble radius (a,.cHrec)! inside a Hubble
radius before inflation (a;Hy) !, if

e after inflation, the universe is reheated to Te = Egur= 1015 GeV

e assume a radiation domination up to Tree= 101V

36



A model: slow roll of «inflaton»

Conditions:

. H dln H
Inflation occurs: € = = —

——=-2" <1, SlowRoll (SR)

B dlne g

= < 1 Stays Slow (SS)

Inflation lasts: 7

For scalar « inflaton » field 1n potential:

%$2 +V(¢) (=KE+ PE)

s
-
]
~
S
-
|

Py= 3T = %q'b? _V(¢) (=KE— PE)

> O -
1 12 2 2
50 M (V!
_ 2 ~ P = ¢ |<<1 (SR
T M2H? 2 (v) v (SR)
‘ v//
e+ ~ Mglv = n, <<l (SS)

37



physical
length

The origin of the primordial
perturbations: inflation

horizon scale

A A > 1/H ~ 1/H
fluctuation "~ wavelength A of a
frozen in density fluctuation
A <1/H
fluctuation
evolves
N ——.C Vet
Y o scale factor
. . . radiation
inflation reheating N
domination

Quantum fluctuations of ¢ are
stretched beyond the horizon
and freeze in

38



Inflationary perturbations

Scalar (curvature) perturbations

V k: ?15—1—|—...
€ lk=aH / *

e

€ o (K’) scalar/tensor scalar/tensor
v amplitude spectral index
Tensor perturbations (gravitational waves)
k ﬂ,t—|—...
Pi(k) < Vij_om =~ At (k_)
X

Py

Tensor-to-Scalar r =
ratio PR k=0.002 Mpc—! Hamann, Moriond’ 14




Implications of BICEPZ2 results

I\ r=o208
f
|'

[

Likelihood

|

j, | | — [BICEP2 2014]
0 01 02 03 04 05 06
Tensor—to—scalar ratio r

Energy scale of inflation:

1/4
‘/irlléél ~ 2.2.101 (ULZ) GeV

(This could in principle have been as low#ais O(10) MeV, we are incredibly lucky!)




Tensor-to-Scalar Ratio (rg.002)
0.10 0.15 0.20 0.25

0.05

0.00

Inflation model constraints
(pOSt BlCEPZ) (if taken seriously!)

BICEPZ2 constraint on
/ tensor-to-scalar ratio

Planck+WP
Planck+WP+-highL
Planck+WP+BAO
Natural Inflation
Power law inflation
Low Scale SSB SUSY
R? Inflation
V ¢2/3
V x ¢
— V x ¢2
V x ¢°
e N.=50

T

| Ay’

e

0.94 0.96 0.98 100 | ® N.=60

Primordial Tilt (ny)

41 Hamann, Moriond’ 14



CMB observables



Planck at L2

Q- ®

25 t@® 0 @ .51436Hz 26

a4 A X2 M

4

3% 48 3 2 182 @1
8 e 4 K3 @92
o 70 F X4 X o2 @353GH:

8
s X5
> o+t X
Scan direction 45

2® @, @1

T * o o
Sun_ - 23 Fa A
18

L 70 GHz @) A

*e 0%

..... % x

..................... 27 ? 28

~ 8x8 degree field

Continuous observations (7 months — all sky)
redundancies on different timescales (systematics)
Calibration accuracies .5% — 10% , beams ~ 5 — 30 arcmin

O. Perdereau (& v Planck®2013 Moriond EW 2014 6/ 28



Planck 2013 CMB temperature anisotropies map

ion

Planck 2013 results. XIl. Component separat

4 methods compared in

9/28

Moriond EW 2014

PIanc4<42013

=

Gs

4

O. Perdereau



Cosmological parameter analysis in a nutshell

@ Spherical harmonic decomposition ({ ~ 1/angle) :
6T
—(6,9) =2, 2 aimYim(6, 9)
j m

@ general assumption = a;n, are random variables (gaussian p.d.f.); {(a/m)m =0;
all information contained in their variance

1
¥
2/ +1 ;afmaﬁm

C) =

predicted by our model

@ only one realization is observable — intrinsic dispersion wrt model (“cosmic
variance”)

@ Planck 2013 analysis : 100, 143 and 217 GHz maps cross spectra (suppression
of instrumental noise) with masks (= low foregrounds contamination) (high £);
CMB map ML (low )

@ fit cosmological parameters using a likelihood function (accounting for CMB,
residual foregrounds, instrumental nuisance parameters - ~ 20 parameters)

O. Perdereau (&) v Pland2013 Moriond EW 2014 10/ 28



CMB TT power spectrum (Planck 2013)

7000 L v ':' UL L L L L

: Planck TT spectrum ]
6000 |- ; .
5000 |- . .

4000 : .

3000 [ E -

(+1)C/2m [uK?]

2000 [ 45 ]

1000 1ﬁ Wl Pk E

500 £ 1 200

" "| I-L | + +++ ¢ J vabs SO R, >

—500 —200
1 1 J
2500

D=

250 ;

2
AD, [pK]

2 5 10 20 500 1000

1500

2000

output of Planck likelihood - foregrounds subtracted
Hybrid method : map based ML (low £) / pseudo-spectra (high £) of masked raw maps

0. Perdereau (% vna Pland®2013 Moriond EW 2014 11 /28
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CMB polarization anisotropies

@ CMB is (weakly) polarized

@ polarization = vector field = use Stockes parameters Q
and U

@ decompose Q + iU in the (spinned) spherical harmonics
basis

Q+iU =), x2aim +2Yim(6, )
@ transform into parity even (E) and odd (B) components :

_ SFE 4 :5B
+2dim =4 =Id

@ As for temperature, all information contained in variances
CfY (X,Y = T,E,B)

@ in general 6 power spectra but symetries = C,° =C,;® =0

O. Perdereau LAL Bicep2 results Moriond EW 2014 3/13



CMB polarization

\

@ Mecanism : temperature RN
quadrupolar anisotropies + Thomson |~ T~_[
scattering on e S 4\

O OrIgInS Polarisation A

» primordial tensor modes (GW)
— B modes

» plasma dynamics (correlation
with temp. anisotropies) — E
modes

> |ate time re-ionisation (z ~ 10)
— E modes (low /)

» gravitational lensing transforms
(part of) E into B modes

@ very low amplitude signals
(~ 1072 — 104 temperature)

@ amplitude of primordial B modes
power spectrum measures r = A¢/As
(o< inflation energy scale)

[+ 1)C2m |12 (pK)

O. Perdereau LAL Bicep?2 results Moriond EW 2014 4 /13



f March 2014...B|cep2/ Keck Array
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Sep’rember 2014...answer From Planck

004 T 1 T T 1 . T T T T T

=> The polarized dust contamination cannot

be neglected

December 2014... joint Bicep2/Keck Array/Planck analysis

the B-mode excess seen by BICEP?Z is
consistent with Galactic dust emission,
and no significant evidence for primordial
gravitational waves is found.

= Upper limit r<0.12 @95%CL

(r is the tensor over scalar ratio)

arXiv:1502.00612
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Sum of fhe Neufrlno Masses
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Combined with oscillations measurements
=> Starting to test the hierarchy soon ?!?
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Sum of neutrino masses, Zm, [eV]
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: Neff

3{::5 ;":f ,a;“f;t&;‘ ‘“a:ﬁ“%“g‘; ; ;;?3 fﬁg w‘ i : ;}{r?" & ::—M' ;E"‘ : .# ”&fr‘: .*, : L ,;t ﬁ: 3}?‘:?‘{( ; »,:W’f;
‘gm . . « e g
. Neff is the effective number of relativistic degrees of freedom

.....

Under the assumption that ONLY photons and standard light neutrinos
contribute to the radiation:

= Neff is the effective number of neutrinos and = 3.046

Any deviation from this value can be attributed to sterile neutrinos,

axions, lepton number violation (cf. yesteday J. Heecks talk) primordial
gravitational waves (GW)...

Neg = 3.13£0.32  Planck TT+lowP;;
Neg = 3.15+0.23 Planck TT+lowP+BAO;

No convincing evidence for extra relativistic

component
Accuracy with Polarization:

Neg = 2.99 £0.20 Planck TT, TE, EE+lowP;
= 3.04 £0.18 Planck TT, TE, EE+lowP+BAO.

Moriond EW 2015 S. Henrot-Versille
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Baryon density
Cold Dark Matter density

Characteristic angular size of the

CMB fluctuations
Optical depth to reionization

Amplitude and index of primordial

fluctuations
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Very good agreement
between temperature

and polarization results !
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Dark Matter



Dark matter needed!



There is evidence for dark matter
in a wide range of distance scales

Solar Galaxies ?luslter§ Observable
system Of galaxies Universe

e

pC Kpc Mpc Gpc distance



THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
ASTRONOMICAL PHYSICS

VOLUME 86 OCTOBER 1937 NUMBER 3

ON THE_MASSES OF NEBULAE AND OF
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1- Apply the virial theorem to determine the total mass of the Coma Cluster

For an i1solated self-gravitating system,
2
/ \ aG
2
K—impy  v=-221
2

R

2- Count the number of galaxies (~1000) and calculate the average mass

M > 9 X 108 gr = 4.5 X 10" Mo

Inasmuch as we have introduced at every step of our argument in-
equalities which tend to depress the final value of the mass _#, the
foregoing value (36) should be considered as the lowest estimate for
the average mass of nebulae in the Coma cluster. This result is
somewhat unexpected, in view of the fact that the luminosity of an
average nebula is equal to that of about 8.5 X 107 suns. According
to (36), the conversion factor vy from luminosity to mass for nebulae
in the Coma cluster would be of the order

v = 500, (37)



Galaxy

ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS*

VErA C. Rusint anp W. KENT Forp, Jr.{

Department of Terrestrial Magnetism, Carnegie Institution of Washington and
Lowell Observatory, and Kitt Peak National Observatory]
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ABSTRACT

Spectra of sixty-seven H 11 regions from 3 to 24 kpc from the nucleus of M31 have been obtained with
the DTM image-tube spectrograph at a dispersion of 135 A mm~!, Radial velocities, principally from
Ha, have been determined with an accuracy of +10 km sec™! for most regions. Rotational velocities
have been calculated under the assumption of circular motions only.,

For the region interior to 3 kpc where no emission regions have been identified, a narrow [N 11] 26583
emission line is observed. Velocities from this line indicate a rapid rotation in the nucleus, rising to a
E;Mi%“}l:m circular velocity of ¥V = 225 km sec™ at K = 400 pc, and falling to a deep minimum near

= c.

Frnmpthe rotation curve for R < 24 kpe, the following disk model of M31 results. There is a dense,
rapidly rotating nucleus of mass M = (6 + 1) X 10° M ©. Near R = 2 kpc, the density is very low and
the rotational motions are very small. In the region from 500 to 1.4 kpc (most notably on the southeast
minor axis), gas is observed leaving the nucleus, Beyond R = 4 kpc the total mass of the galaxy increases
approximately linearly to R = 14 kpc, and more slowly thereafter. The total mass to R = 24 kpc is
M= (185 + 0.1) X 10" M ©; one-half of it is located in the disk interior to R = 9 kpc. In many
respects this model resembles the model of the disk of our Galaxy. Outside the nuclear region, there is
no evidence for noncircular motions,

The optical velocities, R > 3 kpe, agree with the 21-em observations, although the maximum rota-
tional velocity, ¥V = 270 + 10 km sec™!, is slightly higher than that obtained from 21-cm observations,






A modern technique: gravitational lensing

galaxy
galaxy cluster

\H S lensed galaxy images
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Abell 1689
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Visible matter distribution in Abell 1689 -
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Dark matter distribution in Abell 1689

Abell 1689
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MACS J0025.4-1222 Abell 520
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From Planck/CMB
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What do we know
about dark matter?



1) It is dark. No electric charge.

e [f it has positive charge, it can form a bound state X*e™, an
“anomalously heavy hydrogen atom”.
e If 1t has negative charge, it can bind to nuclel, forming
“anomalously heavy 1sotopes”.

i Y |

Verkerk et al.

Hemmick et al.

\)\u_,<{23nﬂﬁh et al.
| | | |

100 104 108
Perl et al.

My (GeV/c?)

[X]/nucleon

Abundance Limits for X Particles

10-10
10-15
10-20 |

10—25 :_.

ol

—

- lﬁ{*)#‘_,ﬂ

lill L1 ||-llll|

100

101

10° 103 104 10°
Mass (GeV)



[ |

fe+ 1) CH inpK

2) It is not made of baryons.
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MACHOs (planets, brown dwarfs, etc.) are excluded
as the dominant component of dark matter.



3) It was “slow” at the time of the formation of the
first structures.




To summarize, observations indicate that the dark matter is
constituted by particles which have:

e No electric charge, no color.

e No baryon number.

e Low velocity at the time of structure formation.

e Lifetime longer than the age of the Universe.




Annihilation of DM

Relic abundance of DM particles

production
|
A
en
A=
I3
S Correct relic density 1f
- N —26 . 3. .—1 __
annihilation (ov) 3 x107*°cm”s™ " =1pb-c
~ weak
interaction
DM SM 4
gy _
o~ —— =1pb
Mpm

mpyv ~ 10GeV — 1 TeV
DM

>M (provided g ~ gweak ~ 0.1)



Notes

Sean Carroll: Lecture Notes on GR

Baumann cosmology course

Ibarra lectures on Dark Matter @ Cargese 2014
Moriond Talks:

Rocchi’16: 1st observation of Grav. Waves
Nagar’16: th. predictions of merger GW signals
Saviano’15: neutrinos in cosmology (N_eff)
Billard’ 15: neutrino bkgd for DM DD
Henrot-Versill€’ 15: Planck results
Kusenko’15: baryogenesis alternative
Branchina’15: EW stability

Salvio’13: scales & inflation

LUX’14: DM best limits

Hamann’14: nice inflation course
Perdereau’14: good intro

Perdereau onBICEP’ 14: polarisation
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http://arxiv.org/pdf/gr-qc/9712019.pdf
http://www.damtp.cam.ac.uk/user/db275/Inflation/Lectures.pdf
https://indico.cern.ch/event/282015/contribution/14/attachments/518377/715171/Ibarra_1.pdf

