Cosmology

Introduction
Geometry and expansion history
(Cosmic Background Radiation)

Growth
Secondary anisotropies
Large Scale Structure



Time Since the Big Bang
(Billions of Years)




Cosmology from
Large Scale Structure Sky Surveys

e Supernovae la
e CVB GEOMETRY
e Baryon Acoustic Oscillations
e Secondary anisotropies

e Cluster counts and clustering
e Redshift space distortions
 Weak gravitational lensing

* Your name herel
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Speed = distance/time,
so 1/H, is a time:

(1 Mpc/500 km) sec
= 3.08 x 101°/500 sec
=2 x 10° years

This is the time since
all separations =0

1 2

(i.e. all objects were “ Disance Mse]

N Same place) Slope of line gives Hg = 500 (km/s)/Mpc.
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Hubble’s Law: velocity = H, x distance
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Measuring the expansion

Universe #1: | :
slow expansion Slower expansion )
at great distances Universe expands
(in distant past): at a steady rate
expansion has
T speeded up
oF]
——————————————— Universe #2: é
: rapid expansion More rapid
! A expansion
I at great distances
i (in distant past):
: expansion has
| slowed down
|
Uy vy Recessional velocity —-
Recessional velocity —- b
- ith time: Hubble’
Expansion rate changes with time: Hubble’s constant
same at all positions in space, but may depend on time



Expect BIG BANG 30000
happened about

~14 Gyrs ago _

. @ 0000
(assuming :
H,~constant) £

2

10000
Expect observable

scale of Universe:

d, =c/H, "
= (3x10° km/s) / R - L
(100h km/s/Mpc)
=3000/h Mpc Best current measurement
(seth=0.71) Ho = 71 (km/s)/Mpc.

Age ~ 1/Hpg = 14 x 107 years.



Three possible metrics for
homogeneous and isotropic 3-space

ds® = dr?® + S,(r)%dQ?
Changing fromrtox=3S_(r)

makes this:
dQ)* = d#* + sin® 0dp*
_ dz? _—
Rsin(r/R) (k=+1) ds® = ——s + z7d)”
S.(r)=1{ r (1 = 0) l — kx=/R

Rsinh(r/R) (k= —1)



Robertson-Walker metric

(If homogeneity and isotropy did not exist, it would be necessary to invent them!)

ds® = —c2dt* — dr? + r2d0° Minkowski metric

Much of Observational Cosmology dedicated to
determining «, a(t), R,



Distances In COSmOlogy
ds® = a(t)*[dr® + S.(r)*d?]

Along a spatial geodesic: ds = alt)dr

‘Proper’ distance is d at dy(t) = alt) [r dr = alt)r
. Juo
fixed a:
a(t)Rpsin ' (z/Ry) (k= +1)
d,(t) = a(t)r(z) = { a(t) (k= 0)

a(t)Rysinh ' (z/Ry) (k= —1)
ﬂ;'p — ar = gdp "I'_-'p[t[]} — Hﬂdp(t[l]

Note that v, > c for sufficiently large d



Redshift and expansion

Null-geodesic (light) has ds=0so:  c*dt* = a(t)*dr?
dt tg r:ft
Hence = —
Cﬂ:[tj dr so c/ [ dr =71
tﬂ-l—?'u:u;-:
But also c[ [ dr = r
[

+A.:/c ||'.I

Both equal same r, meaning interval between
emission and observation always same



to At to+Ao/fe  AJt
Wehad: )o@ = oo a@

to dt
Subtract [ —

tetAe/c a(t)

from both to get:
tetAefc  dJt tot+An/e ot
I wh aw

Integral of dt/a(t) during emission = during observation.
But a = constant during this short dt, so:

1 f-+A/c 1 to+Ao/c ) Ae B Ao
a(t.) /f. dt = a(ty) fm dt making a(te)  alto)
altp) 1
z = (Ag — }1.‘3 )'le 1 2 = —
But == Qo = AJ/A 50 122 =000 T e




Luminosity distance
ds® = —cdt* + a(t)*[dr® + S, (r)*dQ7]
How is flux = Luminosity/4n distance? modified?
flux = Luminosity/Area where: A (t;) = 4 S(r)?

Luminosity = Energy/time, but E,=E./(1+z2)
and  dty=dt, (1+z)

So flux = Luminosity/4r S (r)? (1+z)°.
Define luminosity distance: dL = SK(I‘) (1+2).

Even in flat space d| = r (1+z) = d (t,) (1+2).



Angular diameter distance

Light from (r,0,,¢,) and (r,0,,0,) travels to origin:

ds = a(t,) S.(r) 00
Butds=length¢, andal(t.)=1/(1+z),
SO ¢ =S_(r) 66/(1+2)
Hence dA =50 =S (r)/(1+z) = dL/(1+Z)2
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At small look-back times

alt)=alto) + —| (t—to)+=—| (t—to)*+
dt t=tg dtg t=tp
alt) (1 5
=]+ — L —tp) + = — t—1
ﬂ'[:t[p]l ( t=t|:|[ D} 2 a L:Lu-{ ﬂ]
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Measuring the expansion

Universe #1: -
B Slower expansion
at great distances Universe expands
(in distant past): at a steady rate
expansion has
T speeded up
9
——————————————— Universe #2: =
| |[ rapid expansion "g More rapid
! : A expansion
I | at great distances
i | (in distant past):
, | expansion has
| | slowed down
|
Uy vy Recessional velocity —
a Recessional velocity —- b

C cHy 2 c 1+
-I'.-Ewp(f-ﬂ} ~ FD [E — {(1 —|—-I;"ﬂlfr2:|::'.2] TDF — Hﬂ z [1 — an.’.f]
1]




Standard Candles: SNIa
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Expansion history from Geomety (Luminosity distance)
e

SCALE OF THE UNIVERSE
RELATIVE TO TODAY
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Geometrical Test of curvature:

Standard Rod = Hubble volume at Last Scattering

a If universe is closed, b If universe is flat, ¢ If universe is open,
“hot spots” appear “hot spots” appear “hot spots” appear
larger than actual size actual size smaller than actual size



CMB physics = geometry at late times: Baryon
‘Acoustic’ Oscillations in the Galaxy Distribution

SD55 GALAXIES



Can see baryons that are not in stars ...

Quasar

'* ‘

 Imtervening gas

H absorption
/ ‘Metal’ absorption lines
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Wavelength (Angstroms)
High redshift structures constrain neutrino mass
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The ISW effect

Cross-correlate
CMB and galaxy
distributions

Interpretation
requires
understanding
of galaxy
population




Cosmology from
growth rate of
gravitational
instability (which
must overcome
expansion):

Signal depends on
b(a) D(a) d/dt [D(a)/a]

Dilation Effect

A

blueshift redshift

\4
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Effect mainly at later times, when Dark Energy begins to dominate
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r.=0- 500 Mpe/h

Z :

Linear
Effect
(smallerin
f(R) models)

,rv

Nonlinear
effects
(bigger in
f(R) models)




Gravitational lensing




Lensing of the CMB

Primordial Lensed
Experiments have just started measuring this effect
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Order of magnitude

GR lensing: 40

Potentials linear and small: ® ~ 2 x 10

Deflection per lens: 3 ~ 10

Characteristic size from peak of Pk: L =300 Mpc
Comoving distance to CMB: D = 14000 Mpc
Number of lenses: N~ D/L~ 50

Total deflection: 3 VN ~ 2 arcmins ~ € = 3000

On these scales CMB smooth, so lensing dominates

Attractive because single, distant source plane with
smooth well-defined features
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The Sunyaev-Zeldovich effect(s)

Wavelength (mm)
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Compton Scattering
v B=(p.p)

R=(my.0)

o
/ /\)\1{ B=(p/p)
e— N

R =Yme(1, V)

Ap/p = —p/me(l —cosB)



Recoil:

vy = fQreor Bl T, =2.725(1+2)

No. of scatterings Emﬂ}t‘mnsﬁer per scattering

Doppler ettect:

kple
MeC?

Vo = f dtcorne
In early Universe yy = ye

v: Amplitude of distortion

kp (Tc — Ty)
MaC>

y = [ dfcorne



CMB is dipole in e- restframe
SZ effect is ~ mixing of blackbodies

Electron rest frame

COBE- AT = 38358 mK

Resulting spectrum will not be blackbody
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Photon diffusion — mixi

1

1 r
T-+&T

of blackbodies
Entropy

T-dT

(Diffusion scale) '

Mixing of blackbodies gives y-type distortion
Zeldovich, Illarionov & Sunyaev 1972, Chluba & Sunvaev 2004

< Nplanck = —
(T + OT/T)

2/3
Black bod¥

1 . ST\ ? .
e T

oT

= NPplanck (T+<(T

aﬁp|
JdT

))
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Hnes7

1/3 [
Kompaneets opcrator/SZ
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B e ] e Unique spectral
jﬂ E signature: decrease in
5 | { the CMB intensity at
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e Unique spectral signature: decrease in the CMB
intensity at frequencies below ~218 GHz, increase
at higher frequencies.
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Unique spectral signature: decrease in the CMB intensity at
frequencies below ~218 GHz, increase at higher frequencies.

Small (103 K) spectral distortion. At a given frequency, signal
depends on the pressure of the cluster gas at each point in the
cluster, so signal varies in strength over the face of a given
cluster. Distortion is strongest in the center.

Intensity summed over an entire cluster depends on the total
mass of the cluster: lower mass clusters produce weaker
signal. A single galaxy has insufficient mass to cause distortions
in the cosmic background radiation.

Independent of redshift.



Kinetic SZ effect

Both tSZ + kSZ give
map of electrons =
baryons

So they are nice
probes of the
gastrophysics of
galaxy formation




Can also look for the hot gas in X-rays

e R

Crudely speaking: Lensing—>Mass,
SZ—->pressure, Xray—> Temperature



‘Bullet’-like clusters:
Dark matter ~collisionless

Lensing mass Xray photons



Why study clusters?

 Cluster counts contain information about
volume and about how gravity won/lost
compared to expansion

* Probe geometry and expansion history of
Universe, and nature of gravity

Massive halo = Galaxy cluster

(Simpler than studying galaxies? Less gastrophysics?)



* HectoMAP galaxies
O HectoMAP X-ray clusters
@ X-ray cluster candidates from literature

Sohn et al. 2018

(Mpc)

rcomoving



d2N/dzdQ = dV/dzdQ x [ dm dn/dm

where
V is comoving volume
and
dn/dm is comoving number density.

In practice, don’t measure m, but an observable O
(e.g. speeds of galaxies, Xray flux, SZ decrement)
which is expected to correlate with m:

d?N(0)/dzdQ = dV/dzdQ x [ dm dn/dm p(O|m,z)



e Structure at a
given time, and,
more importantly,
growth of -—
structure,
provides sharp
constraints on
models

DM

OCDM

(Jenkins et al.: Virgo consortium)
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13h

12h

This wedge, from the ok
CIA survey in the [980s, < 2 s
axtends to about 600 ~ §
millicn light-years from
Earth. Huge structures
and voids are visible.

Milky Way

11h

voids

CfA Great Wall

Ihis wedge, from the Sloan Digital

Sky Survey, extends to about 1.2 ballion

light-years from Earth. Notice the billion This wedge is an extension of the

light-year-long Sloan Great Wall, middle wedge to a distance of about 2.5
billion light-years from Earth, Notice that the
distribution of galaxies looks more uniform on these
very large scales.

o
&

10k

Structures in galaxy maps look very similar to the ones
found in models in which dark matter is WIMPs



Luminous

Zehavi et al. 2010 (SDSS)

-19 -20 -21
M,

-18
Not luminous



blue FT red



Complication: Light is a biased tracer

Not all galaxies are fair tracers of dark matter;
To use galaxies as probes of underlying dark matter
distribution, must understand ‘bias’




How to describe different point
processes which are all built from
the same underlying density field?

THE HALO MODEL

Review in Physics Reports (Cooray & Sheth 2002)



Cosmology from
Gravitational Lensing
Volume as function of redshift
Growth of fluctuations with time

Mo lersing ke Fhixiean .
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Large-tCale 5I.Ihﬂl'u{E|E. Clugper and

SOTNe AT S Of halgs qalaxy {Ones




eFocal length strong function of cluster-centric
distance; highly distorted images possible

eStrong lensing if source lies close to lens-observer
axis; weaker effects if impact parameter large
eStrong lensing: Cosmology from distribution of
image separations, magnification ratios, time delays;
but these are rare events, so require large dataset
e\Weak lensing: Cosmology from correlations (shapes
or magnifications); small signal requires large dataset



DEFLECTION OF LIGHT RAYS CROSSING THE UNIVERSE, EMITTED BY DISTANT GALAXIES

SIMULATION: COURTESY MIC GROUP, 5. COLOMBI, AP,

Lensing provides a measure of dark matter along line of sight
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Weak Iensing: : ’-j-HAG.':: OF THE_‘ESZJEA;,T GALAXIES _LEN.:_SED BY THE mnml!ing:é o;THE um;rERSE_
Image ‘ 7y b iy |
distortions L 44 & Dy =

correlated with o SR e DS gy ?:,-
dark matter \ ST e, ooy A% 3
distribution

E.g., lensed

image
ellipticities
aligned parallel
to filaments,
tangential to
knots (clusters)




The shear power of lensing

o
r

stronger weaker
Cosmology from measurements of correlated shapes; better

constraints if finer bins in source or lens positions possible
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Redshift space distortions

Anisotropic correlation function

Coherent infall

e 8

= — <
RN <

Random (thermal) motion ;?

o

<
S g

-20 0 20
~c c/ h_iiﬂpc
1+ &e(s).81) = / dry [1+&(r)] P(r — s,r) Onlarge scales, use
— o0 —— Gaussian statistics to

Vp compute (Fisher 1995)



Alcock-Paczynski

If the Universe is isotropic, clustering
is same radial & tangential

Stretching at a single redshift slice
(for galaxies expanding with
Universe) depends on

H-1(z) (radial)

D,(z) (angular)

Analyze with wrong model -> see
anisotropy

AP effect measures D,(z)H(z)

RSD limits test to scales where can
be modeled



Time Since the Big Bang
(Billions of Years)
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