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Summary of previous
lecture

* Cosmologists observe light:
* |ntensity
* Wavelength
 Direction: 2 angles
* That is:
* 2 dims of the 4 of our space time

* intensity and wavelength help to pin down a third
dimension



Summary of previous
lecture

* Intensity, wavelength, direction: 2 angles
* Light in vacuum has fixed velocity: ¢ =1

* (3+1)D space time [t,r,,9], t&r constrained by r = c t.
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* Intensity, wavelength, direction: 2 angles

* Light in vacuum has fixed velocity: ¢ =1

* (3+1)
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CMB as a distance measure

* assume for the moment that you know the
physical distance of this characteristic scale
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Our light cone
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Today

v  Summary of previous.

* Correlation functions

* Perturbation theory of CMB
 CMB lensing

e Cosmological parameters in CMB

* Experimental constraints
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CMB by Planck
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Spherical harmonics
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Spherical harmonics
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* Important to remember meaning of
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Correlations?®

* Important to remember meaning of

correlation

correlation

noun

a mutual relationship or connection between two or more things: research
showed a clear correlation between recession and levels of property crime
| | mass noun | : there was no correlation between the number of visits to
the clinic and the treatment outcome.

* [ mass noun | the process of establishing a relationship or connection
between two or more things. the increasingly similar basis underlying
national soil maps allows correlation to take place more easily.

* [ mass noun ] Statistics interdependence of variable quantities.

 Statistics a quantity measuring the extent of the interdependence of
variable quantities.



Correlations?®

* Important to remember meaning of
correlation

* Cosmological problem: we measure
only one universe, one realization

e Fundamentally impossible to measure
correlations in cosmological quantities
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Correlations?®

e Definition of correlation of variables: N
(ab) = lim ~ Z a;b;
- N—owo N e

1=0



Correlations?®

* Definition of correlation of variables: N
b) = lim — iDi
\ab) Nl—r>noo N ;)a

e Application to CMB temperature

< (¢17‘91) (¢2792)> — hm _ZT §b1,6’1 (¢276’2)
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* Definition of correlation of variables: N
b) = lim — iDi
(ab) Nl—r>noo N ZZ;)CL

e Application to CMB temperature
< (¢17‘91) (¢2792)> = hm AT Z T §b1,6’1 '(§b276’2)

e But, for one human lifetime
T(p,9) is always T(¢p,3,r(z=1100),1(z=1100)), always
same remote spot in universe.



Correlations?®

e Definition of correlation of variables: | N
(ab) = ]\}I_I)Iloo ~ Z a;b;
1=0
e Application to CMB temperature

< (¢17‘91) (¢2792)> — hm _ZT §b1,6’1 '(§b276’2)

e But, for one human lifetime
T(p,9) is always T(¢p,3,r(z=1100),1(z=1100)), always
same remote spot in universe.

* We are stuck at i=0 in the sum that gives the
correlation...



Correlations?®

* No, we do not see correlations in the

CMB.

* We see a spectrum of anisotropies.

e So what is the relation to correlations?@
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~ Correlations
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Correlations
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Correlations

(T(61.00)T* (2. 02)) = 3 C1 2L By (g - )

4
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For a gaussian random field:
(@1m i) = Crow dmmy

independent of m|

1
T
S0, D T2+ 1 Z auml measures 2/+]

independent random variables, drawn
from the same gaussian distribution with

variance (..




Correlations

<T(¢1, Hl)T* (¢2, (92)> — Z Cl 214_; 1Pl (’fll : ’TALZ)
[= Ol

1
T _
S0, D 2]+ 1 Z a lm‘ measures 2/+ 1

independent random variables, drawn
from the same gaussian distribution with

variance C;.
Often heard: D; called pseudo C..

Large I: D; gives a fair measurement of C..
Small /: D, has can have large deviation from C..
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Keep in mind

* Fundamentally, all D, have cosmic
variance with respect to C;

e Variance scales as VI
e Planck satellite:
e cosmic variance limited 2 < < 1000

* instrument limited 7000 < I
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Perturbation Theory

_1 | g no .
— =D+ VOnd 4 W — @ (Naeer Xaec) +/ (¥ = ®)(n,x(n))dn

= 4 Ndec

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]
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AT (n)

Perturbation Theory

1

4

. ] o :
DY)+ V0 4+ = 8| (e xee) + [ (8= &) x(n))dy
- Ndec
\ | C 21 d
potential along the photon patnh

see [Durrer, astro-ph/0109522] or

[text book “The Cosmic Microwave Background” by Durrer]
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For adiabatic perturbations:
Dy (k,n) = ~20/39 (k,7)

AT(n)) € 1
< 75 )> — §\Ij(ndecaxdec)

adiabatic

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]
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Gravity wins!
Hot = underdense (
Cold=overdense

AT(n)\ """ 1
= -V ecs ec
T ) 2 (77d Xd )

adiabatic

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]
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II: scalar part of stress tensor perturbation
projected on synchronous comoving spatial slices

Einstein equations

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]
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| J 70
— =D + VO 40 — @ (Naees Xaee) + / (U — ®)(n,x(n))dn

u 4 Nldec

ArGa*pD = (k*—3kK)D (00)
1rGa(p+p)V = k((2)¥-®) (0)

— k(& +T) = 8rGa*pll®

D, + 3 (2 — w) (g) g+ (L+w)kV 43w (2)T =
V+ (2 (1-32)V = k(W - 3c2<1>3) | fj];Dg

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]



AT(n) [1

Conservation equations

| J 70
— =D + VO 40 — @ (Naees Xaee) + / (U — ®)(n,x(n))dn

u 4 Nldec

ArGa*pD = (k*—3kK)D (00)
1rGa(p+p)V = k((2)¥-®) (0)

— k(& +T) = 8rGa*pll®

D, + 3 (2 — w) (g) g+ (L+w)kV 43w (2)T =
V+ (2 (1-32)V = k(W - 3c2<1>3) | fj];Dg

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]



AT(n) [1

Conservation equations

| J 70
— =D + VO 40 — @ (Naees Xaee) + / (U — ®)(n,x(n))dn

u 4 Nldec

ArGa*pD = (k*—3kK)D (00)
1rGa(p+p)V = k((2)¥-®) (0)

— k(& +T) = 8rGa*pll®

D, + 3 (2 — w) (g) g+ (L+w)kV 43w (2)T =
V+ (2 (1-32)V = k(W - 3c2<1>3) | fj];Dg

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]



AT(n) [1

Conservation equations

| J 70
— =D + VO 40 — @ (Naees Xaee) + / (U — ®)(n,x(n))dn

u 4 Nldec

ArGa*pD = (k*—3kK)D (00)
1rGa(p+p)V = k((2)¥-®) (0)

— k(& +T) = 8rGa*pll®

D, + 3 (2 — w) (g) g+ (L+w)kV 43w (2)T =
V+ (2 (1-32)V = k(W - 3c2<1>3) | fj];Dg

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]



AT (n)

Pure radiation fluid

_1 | - no | .
- | DI+ VO0I 0 — @ (Nee, Xaee) + / (U —®)(n,x(n))dn
s _ Ndec
/ 4

D, = —5V

v~ 2walp,

) 12

—22°V = 3D,+ 12V 4+ —V

X

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]



AT (n)

Pure radiation fluid

_1 | - no | .
- | DI+ VO0I 0 — @ (Nee, Xaee) + / (U —®)(n,x(n))dn
s _ Ndec
/ 4

D, = —5V

v~ 2walp,

) 12

—22°V = 3D,+ 12V 4+ —V

X

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]



AT (n)

Pure radiation fluid

1

4

(acerxace) + [ " (W — &), x(n)dn

Ndec

D+ vl ¥ — @
4
D, = -2V
; 1
5 12
—2z°V = 3D, + 12¥ + —V
T
D, = Dy |cos (i)—Zﬁsin<
)
_ : /3
+Dq |sin | — | + 2— cos
o (5) 2
3
V _ZDQ
v —3D, — (12/x)V |

12 + 222

X

V3

)

(

ol

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]

)

x = kn
a(n)dn = dt



AT (n)

Pure radiation fluid

1

4

(acerxace) + [ " (W — &), x(n)dn

Ndec

D+ vl ¥ — @
4
D, = -2V
; 1
5 12
—2z°V = 3D, + 12¥ + —V
T
D, = Dy |cos (i)—Zﬁsin<
)
_ : /3
+Dq |sin | — | + 2— cos
o (5) 2
3
V _ZDQ
v —3D, — (12/x)V |

12 + 222

X

V3

)

(

ol

see [Durrer, astro-ph/0109522] or
[text book “The Cosmic Microwave Background” by Durrer]

)

x = kn
a(n)dn = dt



AT (n)

Pure radiation fluid

1

4

r <1

r>1

D v U - D

Ndec

2
\P:\IjOa g:DQ—g%ZE’Q, V:%I'

T
V. = Vosin| —=
n(75)
T 3 _
D, = Dsjcos (ﬁ) : \I!:—§x °D,

see [Durrer, astro-ph/0109522] or

(acerxace) + [ " (W — &), x(n)dn

[text book “The Cosmic Microwave Background” by Durrer]



AT (n)

Pure radiation fluid

1

4

r <1

r>1

D v U - D

Ndec

2
\P:\IjOa g:DQ—g%ZE’Q, V:%I'

T
V. = Vosin| —=
n(75)
T 3 _
D, = Dsjcos (ﬁ) : \I!:—§x °D,

see [Durrer, astro-ph/0109522] or

(acerxace) + [ " (W — &), x(n)dn

[text book “The Cosmic Microwave Background” by Durrer]



Shortcut

Angular scale

00°  18° 10 0.2° 0.1° 0.07°
(Mg
> 10 50 500 1000 1500 2000 2500

Multipole moment, /¢



0.2
0.15

ACP/CP

-0.05

-0.1

0.1
0.05F

500

1000 1500 2000 2500 3000
[

e Massive Neutrinos

[Lewis & Challinor, 2006]



Secondary anisotropy

Relonization

e Photons rescatter at late time

* Mixes CMB photons from different
directions

* Hence smoothes the anisotropies



Inhomogeneous Ionization

As reionization completes, ionization regions grow and fill the
space

1wl
.n rl-!‘"-rﬁ -
- 8
I
I.-... _Iﬂ..

Zahn et al. (2006) [Mortonson et al (2009)]

slide from Wayne Hu [http://background.uchicago.edu/™


http://background.uchicago.edu/~whu

Secondary anisotropy

Sunyaev-Zel'dovich effect

Photons rescatter in hot gas in galaxies /
clusters

Produces spots in CMB
If cluster resolved: cut it out
If not: source of error

Anyaway source of information



Baryons

W. Hu 11/00 10

from Wayne Hu [hitp://background.uchicago.edu/™ whu/animbut/anim4.html]
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Dark Matter
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Dark Matter
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from Wayne Hu [hitp://background.uchicago.edu/™ whu/animbut/anim4.html]
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Secondary anisotropy

Relonization

from Wayne Hu [hitp://background.uchicago.edu/™ whu/animbut/anim4.html]



Age of the universe

* Observe CMB peaks at some angle

e Compute original length scale: ca 100 Mpc
= 3x10° lightyear

* Angular diameter distance to CMB
 Remember its relation to expansion rate

* That gives strong handle on age of universe



Age of the universe
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from Wayne Hu [hitp://background.uchicago.edu/™ whu/animbut/anim4.html]



Age of the universe

W. Hu 11/00 10

from Wayne Hu [hitp://background.uchicago.edu/™ whu/animbut/anim4.html]
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Parameter constraints from Planck
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Parameter constraints from Planck

Baryons 4§ Photons

Dark Matter

0=a/a=68.65+0.93



