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Cosmology is the study of the origin and evolution of
the universe.



In the span of three generations, it has gone from
motivated speculation to becoming a fully fledged
“precision science’.



Indepen-
dent
para-

meters

Description
Physical baryon density parameter!@!
Physical dark matter density parameter(@
Age of the universe
Scalar spectral index

Curvature fluctuation amplitude,
kg = 0.002 Mpc™*

Reionization optical depth

Symbol

Value
0.022 30 £0.000 14
0.1188 £0.0010
13.799 +£0.021 x 109 years
0.9667 £0.0040

2.441 7008, q0-0119

0.066 £0.012
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What made this possible?



Observations!

To provide these a consistent theoretical framework, we
required—

A theory of spacetime and its interactions with matter (GR,
deviations?)

A theory of matter (Fields, particles, defects, etc.)



Observations!

* Symmetries: homogeneity, isotropy, thermal equilibrium
(a statement of symmetry in state space: equipartition.)

e Luck. e.g. current model suggest at ¢ ~ 102 y, A\cnp > Hy '
i.e. no electromagnetic evidence of the big bang (!)



What are these observations?
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Large Scale Structure Surveys



(The future: for things that don’t shine at us — 21 cm Tomography?)
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(The future cont: Gravitational Waves... cf. Tanja Hinderer’s lectures)
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All observed structure is the result of gravitational collapse of
initial seed’ perturbations...
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redshift = 24.2




The background — General Relativity + perfect fluids

H — H
(*GV SWGNTV"j

spacetime curvature matter

S = 167T1GN [ d*x/—gR+ [ d*z\/—gLy

metric tensor ds* = g, (z)dz*dx”



General Relativity — a conceptual crash course
metric tensor ds® = g,,,, (z)dztdz”

(Minkowski space: ds? = n,, dztdz” = —dt* + dz* + dy* + dz*)

S=-m[ds=—-m] \/—gwdxﬂda?’/
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"affine parameter’



General Relativity — a conceptual crash course
metric tensor ds® = g,,,, (z)dztdz”

(Minkowski space: ds? = n,, dztdz” = —dt* + dz* + dy* + dz*)

"affine parameter’

. . d
Minkowski: p, = £ = —/& 4z, e.o.m: P —

oxH @ dt




General Relativity — a conceptual crash course
metric tensor ds® = g,,,, (z)dztdz”

(Minkowski space: ds? = n,, dztdz” = —dt* + dz* + dy* + dz*)

e.0.m on a curved background:

de" . u. dut | M v, N
o = uh et utut =0

dxV dx*

I‘“)\ g (dgm L d9r dgw\)
Oy



General Relativity — a conceptual crash course

e.0.m on a curved background:

dxt |

. dut VRS VD N
o = ut T L utet =0
I‘U . — g‘“ﬁb dgﬁ'/l/ | dgrz)\ dgv)\
U T 2 dxz> ' dxV dx*r

which is equivalent to ©u#V  ,u” = 0, where we have defined the
covariant derivative:

V,u? = 0,u” + FZ)\’UJA



General Relativity — a conceptual crash course

e.0.m on a curved background:

dxt |

. dut VRS VD N
o = ut T L utet =0
I‘U . — g‘“ﬁb dgﬁ'/l/ | dgrz)\ dgv)\
U T 2 dxz> ' dxV dx*r

which is equivalent to ©u#V  ,u” = 0, where we have defined the
covariant derivative:

V,u? = 0,u” + FZ)\’UJA

A

‘intrinsic change’ coordinate induced’



General Relativity — a conceptual crash course

V,u? = 0,u” + F”/\u)‘

‘intrinsic change’ ‘coc:ainate induced’
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General Relativity — a conceptual crash course

V,u? = 0,u” + F”/\u)‘

‘intrinsic change’ ‘coc:ainate induced’



General Relativity — a conceptual crash course

A vector parallel transported’” around a closed loop will come back
to itself on a flat space. Not so on a curved’ space...



General Relativity — a conceptual crash course




General Relativity — a conceptual crash course




General Relativity — a conceptual crash course

(VaV, =V, Vy)u” =RV, uf

PR

Riemann curvature tensor




General Relativity — a conceptual crash course

V,u? = 0,u” + Fz/\u)‘

(VaV, =V, Vy)u” =RV, uf

PALL

Riemann curvature tensor

p fﬂL pA

]:‘/-L - — gl“s dgh:v | dgh',)\ dgv)\
vA 2 dz> ' dxV dxr




General Relativity — a conceptual crash course

IV, Vyuu” = Ry, u”

SV L'y, — 8#FZ>\ + Ll — Ll on

cf. electromagnetism:

D, =0, —ieA,

D,,,D,| =—ie(0,A, —0,A,) = —ieF,



General Relativity — a conceptual crash course

vV . PV 0
V,]u" = VAL

oIy, — 9,I%, +T¥, I, —T¥ T%

Field strengths!

D, =0, —ieA,

D,,,D,] =—ie(0,A, —0,A,) :4@




General Relativity is a gauge theory (cf. John Donoghue’s lectures)

Electromagnetism:  Lgm = — 3 Fu BH

1"“’)\ . — g‘“ﬁb (dg:m/ I dg. dguk)
U\ - =

o = 0L, — 0L\ + DTG, — T TN

Gravity: Lcr s [M]zgpuRZVu



General Relativity is a gauge theory (cf. John Donoghue’s lectures)

Electromagnetism:  Lgm = — 3 Fu BH

FM)\ . — g“ﬁ (dg:m/ I dQK,A dgu)x)
VA T 2

% _ v % 1% K _ TV K
W)Y O I NS S WAB U W
1% . 1

pri = 16wG N

\

Ricci scalar

Gravity: Lagr = 167T1GN g°* R



Gravity is an effective theory (cf. John and Cliff Burgess’ lectures)

Electromagnetism:

Loy = —LF, FM 4+ S (F,, Frv)? + o (e E, FA) 4

GraVity: £GR — 167T1G R + ClR2 + CQRVABRV)\'B + ..




Gravity is an effective theory (cf. John and Cliff Burgess’ lectures)

Electromagnetism:

Loy = —LF, FM 4+ S (F,, Frv)? + o (e E, FA) 4

VAB 4

Gravity:  Lor = 1gma< R } c1R* + 2R}, 4R,

(Apologies for the hit and run treatment — an excellent, no-nonsense introduction to GR can be found in Spacetime and
Geometry by Sean Carroll. A more thorough mathematical intro can be found in General Relativity by R. M. Wald)



The background — General Relativity + perfect fluids

S = 167T1GN [ d*z/—gR+ [ d*x\/—gLy

R)\

UV %gur/R — Guy = SWGNT#

want to solve for the geometry given a particular matter content.



The background — General Relativity + perfect fluids

S = 167T1GN [ d*z/—gR+ [ d*x\/—gLy

R)\

UV %gur/R — Guy = SWGNT#

What is the state | V) that defines this expectation value?



The background — General Relativity + perfect fluids

On the equivalence between the Boltzmann equation
and classical field theory at large occupation numbers

A.H. Mueller®, D.T. Son®

2 Departiment of Physics, Columbia University, New York, NY 10027, USA
Y Institute for Nuclear Theory, University of Washington, Seattle, WA 98195-1550, USA
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The dynamics of any field theory at large enough occupation number (e.g. in A\¢*theory,
with AN, < 1 reduces to kinetic theory. For, k < (p/m)'/? this is hydrodynamics*.

*(Non)-equilibrium hydro/ kinetic theory <= (non)-equilibrium QFT at large occupation.



The history of the Universe in a line:

GW/ = 87TGN<T#>

pw : |P){P| — Ze_BEi E;)(Ei| — an|na)<na|; (ni > 1)

() a

e.8.Cq " e~ Pala at freeze-out
Inflation

|

(p)re-heating to a thermalized universe

|

perfect fluid (radiation matter domination)



The background — ISO(3) invariance (homogeneity, Isotropy)

GMV = 87TGN<T#>

TH = (p+ P)utu, + Pg,.

4

utis the four velocity vector of a fluid element, can adapt our
coordinate system such that there is no momentum flux across
spatial slices (i.e.u” defines the time direction).

T# — dlag(_papapap)
ds* = —dt* + a®(t) (dz? + dy? + dz?)



The background — inflation

Guy — 87TGN<T#> T# — dlag(_pvpapap)

ds? = —dt* + a*(t) (dz? + dy* + dz?)




The background — inflation




The background — inflation

V(tp)‘

slow-rolling
inflaton

reheating




The background — radiation, matter domination

p=wp, V, I8 - p+3H(p+p) =0

1
p X a3(1+w)

a(t) o< tY/2 if w=1/3 (radiation domination)
a(t) oc t2/? if w =0 (matter domination)



The background — General Relativity + perfect fluids

GW/ — SWGNT#

Inflation, thermalization, radiation domination, matter domination, dark energy domination...



Perturbations — from quantum fields to galaxies

5GMV — SWGN(ST#

perturbations: g, = g,g?/) + 09,



To date, our cleanest probe of fluctuations in the
early universe has been the CMB

: ',Black,body_spectrum of 2.7 K with Af—i” <107
AT 10—5

. Angularanlsotroples =



What islthe information content of the CMB?

 Temperature (T) and polarization (E,B) in ea"c_h
~direction « 10° "pixels’ in the sky.

* Spectrum of incident photons in a givén direction
(new information only w/ deviations from
blackbody).
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What islthe information content of the CMB?

For T, radio sources and (SZ) clusters start tb_

~dominate at ¢ ~ 2500

For E, foregrounds subdommant until £ ~ 5000
Damping tail to be measured more precisely
(SPTPol, ACTPol, CMB S4...)

Forecast > ., m, ~ 0.05 eV

Cosmological measurement of a BSI\/I parameter?

Lo EH A ~10%GeV



How do we relate this information to infer propertles of
an underlymg effective theory?

(1) % (7)) = (R(FIR ()

o T :
107 — 10° modes... information is highly compressed!



How do we relate this information to infer properties of
an underlying effective theory?

Liot = PR+ ...+ L(¢, Vi, V2, ...)

o(z,t) = do(t) 4 00(t, x)

t - t4+m
QE’D + §¢(t1$) — ¢'D + 5¢(t:~$) o QBDW = ¢D(t)

ds? = —N2d¢2 + hy;(dz' + Nidt)(dz? + Nidt)

hr-f_j — {12 (t)EER%j



How do we relate this information to infer properties of
an underlying effective theory?

PP R 4+ ...+ L(¢, Vo, V26, ...)

£tot —

o(x,t) = do(t) + 60(t, x)
t — t+7
o + 06(t, ) — Go + 06(t,x) — dom = o (1)
ds® = —N?dt* + h;;(da’ + N'dt)(da? + Ndt)

h-ij — {12 (t)Egﬁﬁij



How do we relate this information to infer properties of
an underlying effective theory?

Q) Where did the scalar perturbation go?

o(z,t) = do(t) 4 00(t, x)

it - t+m

L

QE’D + 5‘?-5’@13:) — Gf’(] + 5¢(t:~$) o QSDW = ¢D(t)

ds? = —N2d¢2 + hy;(dz' + Nidt)(dz? + Nidt)

h-ij — {12 (t)Egﬁﬁij



How do we relate this information to infer properties of
an underlying effective theory?

A) It got eaten’ by the metric, which now propagates a
longitudinal polarization...

o(z,t) = do(t) 4 00(t, x)

it - t+m

QE’D + §¢(t1$) — ¢'D + 5¢(t:~$) o ¢'Dﬂ- = ¢D(t)

ds®> = —N2dt? + hi;(dz’ + N'dt)(dz? + N7 dt)
hr-f_j — {Ig(t)eij



Since R is a Goldstone, R = const. will always be a
solution for k < 1to any order in perturbation theory
since only derivative interactions. This is what imprints
anisotropies on the CMB...

o(z,t) = do(t) 4 00(t, x)

it - t+m

QE’D + §¢(t1$) — ¢'D + 5¢(t:~$) o ¢'Dﬂ- = ¢D(t)
ds®> = —N2dt? + hi;(dz’ + N'dt)(dz? + N7 dt)
hr-f_j — {Ig(t)eij
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 All cosmological observations to date are
consistent with adiabatic, Gaussian and nearly
~ scale invariant initial conditions.

» Evidence of a particular symmetry breaking
pattern in the very early universe (with a close to
vanishing order parameter e+ Y/ H2Y

* Widely accepted as confirmation of the
inflationary paradigm.



Large Scale Structure
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Large Scale Structure

—

6= 2 x VPR (8(k1)d(ka)) = (2m)26(ky + ko) P (Ky

5galaxies — f 0 I|near bias — 5 = b(z)0
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This concludes the lightning tour, if you want more reading/

detailed references, ask me!
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