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QOur universe: an reductionistic view

Dark Energy

Dark Matter

Prof. Zhu’s lecture Prof. An’s lecture
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Our universe: an “emergent” view

Natural units

c=h=kt=1
Only one unit is needed. For HEPer, it is GeV

1GeV ~ Proton’s mass 19 ~ 1023 GeV

future collider?
e p h LHC MPlanck
GeV

1073 10° 103 10° 10° 1012 10%° 1018
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Qutline

1. Why we need inflation

2. Inflation dynamics and models

3. Cosmological collider physics
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Useful refs

Cosmology in general

Dodelson: Modern Cosmology

Inflation

Baumann & McAllister: Inflation and String Theory [1404.2601]
Baumann’s two TASI lectures: arXiv: 0907.5424; 1807.03098
Non-Gaussianity

Chen:; 1002.1416

Wang: 1303.1523

Cosmological collider physics

Arkani-Hamed & Maldacena: 1503.08043

Chen, Wang, Xianyu: 1703.10166

Wang, Xianyu: 1910.12876
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The Big-Bang Universe

The Universe is expanding

+1000 KM

VELOCITY

DISTANCE

E. Hubble (1929)
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0°PARSECS

2210° PARSECS

v= Hd

mt — M(G) + aX, - BC
8 8 & & 3

& T

Betoule M, et al.
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The Big-Bang Universe

The Universe is expanding
v=Hd
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The Big-Bang Universe

2. The universe is homogeneous and isotropic at large
scales.

Manifest in CMB sky

T ~ 2.7K
AT /T ~ 107°

Matter distribution is independent of position.
In comoving frame,
T,u,l/ — dlag(papapap)
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The Big-Bang Universe

Einstein’s equation with homogeneous & isotropic & flat 3d

slice -> Friedmann’s equation

3Mp H? = p

G,ul/ — 87TGT,LLI/ Mp) = (87G)1/? ~ 2.4 x 10"¥GeV
p+3H(p+p)=0

Cold matter: p=0 p X a a oc +2/3
Radiation: p=p/3 pxa? aqot/?

H
Cosmo. const. = —p  p=const. a e’
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Horizon

/ ObSefver S workdline

Observer's past
{ U 8‘\1' oone

F‘oaf‘ma gaJa.meS
"Comovin "9 coordindle’

o can see at t=t,
A’t a ‘aﬂ&('ﬁme ‘tz,

5& can

gour horizon Is
>

e"‘rﬂﬂd;"a oves ‘bt\me .

see a ku'gor ra.nae_d

Zhong-Zhi Xianyu Cosmic Inflation and Particle Physics

13



Horizon

The range of universe you can see is your past light cone, and
IS time-dependent. It is the total distance traveled by light from
an initial time t; to the moment of observation t..

In flat space this is simply t; - t; .

In expanding universe, the comoving size of the horizon is

/tf dt
T = —
ts a(t)

In terms of T, the metric becomes flat up to a “conformal factor,

SO T is also called the “conformal time.” But it is really the
comoving size of the horizon.
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Horizon

=]

7

In a universe expanding “slowly enough,” the previous cartoon
still holds: the horizon increases with time.

Cold matter: a o t2/3 T o t1/3 Expanding
Radiation: a o t1/2 T o $1/2 Expanding
Cosmo. const. a ox el -  e—Ht  Contracting
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Fluctuations

Fluctuations are small:
6T /T ~ 107°

=> Linear perturbation theory works well at leading order

=> k-modes evolve independently at leading order

P(x) = ¢ + dp(x) bp(x) = / d3x e® X5y

How to collect information from 2D / 3D fluctuation maps"?

<5¢k1 6¢k2 T 5gbkn>
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Fluctuations

Example: 2-point correlator (power spectrum)

Photon Matter

Multipole moment, ¢
- 2 10 50 500 1000 1500 2000 2500
6000 ; ] o
= 5000 i { = R —
7] = 103k ‘E 4 4
c g 10 /
o =
§ 4000 £ = . i \f\
S 3000 A =3 ,
= g 102 F 4
e VAYA g P
5 2000 [ G X & & Planck TT
] ) Planck EE 0
S j000f rHbbag 4 R | 10t} E planck o0 IN 4
£ L4 13 g 4 SDSS DR7 LRG
2@ oLt e | 4 BOSS DR9 Ly-a forest
90 18 1 0.2 0.1 0.07 DES Y1 cosmic shear
0 L L L L
Angular scale 10053 103 102 107 100

Wavenumber k [h Mpc ']

1807.06205
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Tracing the evolution of fluctuations

Fluctuations Observable today
at very early time t, , | ,
Einstein equation o1 (k,t)
0T (k, tg) . ’
f? + Boltzmann equation | e
ElN
0 " e
—
op(k,to) dp(k,t)

Evolving the observed

) fluctuation backwards in time, ﬂ%
Elo’ A“L
\

0 we can get their distributionat -7 _
very early time. These are mostly = N~ %
: T e e Ik
well-known physics. NI v \
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Tracing the evolution of fluctuations

Most of fluctuations can be traced

Fluctuations back to a common origin, the
at very early time t, fluctuations in the scale factor, called
60T (k, to) the “curvature fluctuation”
f? [One exception: primordial GW]
. C(k,tg) ~ 1075 ”
/ “curvature
op(k, o) fluctuation” o
f? The distribution of curvature P(Ak)
- fluctuations is pretty uniform,

Gaussian, and scale invariant.




What is scale invariance?

P(k)

Scale invariance: the
amount of fluactuation per
K-bin is invariant under

> K scaling

Exercise Draw a schematic
power spectrum of this picture

» Kk
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The puzzle

In most of cosmic history, the horizon has been expanding

Fluctuations were outside the horizon early on.
Horizon at photen clecu.upling

4
~Ere T
s

w5 \:.

iR

e “,,‘.“»;"‘ TR
Horizon today Horizon 12 C‘Jars ago

Out of many causally independent patches, a rather uniform,
scale-invariant, and Gaussian distribution of fluctuations was

ouilt.
Why?
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The puzzle

Longesl’ rrwde / k"‘

- S

Comovin g scale
N

Hor ;-Eon

k'

N e

E@w

Shortest mode { ko
3
— —>
ime
nw b:g-ng
‘V|3.:} bi“l.an 3r5
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A solution

COMOUlng SC&IQ

Longesf’ mode

—)
il
& £ ) Horneon

; \
? E @‘J ‘ ‘
g5 | :
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Solution

Solution: a new phase of cosmic evolution with shrinking
horizon, lasting ~ 60 e-folds or longer

Simplest and most elegant solution: expansion by cosmo.
const. or something similar => inflation

A cosmological constant does not work by itself
=> |nflation forever. We need a mechanism to end the
Inflation and to initiate the thermal big bang.

)'1_1

? » -

£ Py =
=

Guth, Linde, Starobinsky, 1970s
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Solution

[dentify the cc as the q;lw

potential energy of a scalar ' 2 Y —

field, called the inflaton _ _s[Ls N
Epeo)= 3 49 - 2 (M50 ]

D ¢ () + [é.%?_) JZ
V(® |

What is a field?

T

In particle physics each
particle is associated with a
field. Particles are identified
as the excitations of

corresponding fields. Ele(x)]) = ¢+ ,—aa;cb)l + V(%)
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Slow-roll inflation

An inflaton rolling very slowly along its very potential

V (") ‘—_’_’Q Total amount o'F observable

inflation , e < bo

|
'
|
|
|
|
!
o

// Ne'vw
/ T i > ¢

LArgeﬁ observale  CMB scalis No Lon

mode left ger sjow‘a rou’
o i

e Huko 2on l lnflwhon end

Unser of observable .

inflation l “j
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Slow-roll inflation

Challenge: |
| The height of inflaton potential
Any good model to realize is typically much higher than
the inflation quantitatively? any energy scales we have
probed.
/}V(‘,) T’”Q Ta;imm;:; ozlwue Model relalizationsl need physics
—Be= at very high energies.

More fascinatingly, from inflation
observables we could learn
physics at high scales. Possibly
the highest energy we could
ever probe in nature.

/, Ne'v’iw
' A

Largest observale  CMB sealg,

mode left +h, horizon , l
unse of observable

nfltion ’ ' \j
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What does an inflation model have to do?

At background level: providing enough (>~60 e-folds)
accelerating expansion, and a mechanism to end the
Inflation.

Perturbation level: generating curvature fluctuations ~10-°
consistent with observations.
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Background level

Inflation potential V' (¢) drives the expansion.

¢+3Ho+ V) =0 SME H? = L% + V(¢)

1 . 1 .
Energy and pressure  , E(bQ +V(p) p= §¢2 — V(¢)

We want the inflaton potential to be like a cc, p = —p, this
requires .
19? < V(o)

We also want the inflaton to roll slowly enough to have
enough # e-folds, so
» << Ho
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Background level

Slow roll conditions:  +¢? < V() b < Ho

In literature the slow-roll parameters are often used:
H _ &

e T He

Alternative definitions in terms of potential alone,

€E —

ev = 7 Mp(Vg/V)* v = MgV /V
€= ey n~dey —2ny

Inflation requires e < 1,7 K 1
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Background level

Inflation requires € < 1,7 K 1
Whenever this condition fails to hold, the inflation ends.

Practically, easier to find

~bO e—folds

the point in field space AV@,. —*

where slow roll o =1

parameters first reach 1. e

Then we evolve the field |

backwards for ~60 e-

folds, to find the “initial” B | 5

position of the field at the Y | 5

beginning of observable 1 > ¢

inflation. o Longer slbuly coling,
nflation ends
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Perturbations

The background evolution is classical

Quantum fluctuations on top of classical evolution generates the
curvature perturbation.

o(t,x) = go(t) +o(t,x) = pi(t)
/! 2 / 2
@k_?¢k+k pr =0

Easier to use conformal time 1. Mass can be neglected.

t € (—o0,+00)

T € (—00,0)
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Perturbations

B H
Pk 213

Initial condition: modes were well within horizon at early times,
like in Minkowski vacuum.

Fluctuations are frozen to a const at late times, and seed the
fluctuations outside the horizon as we see today.
. H
Pk —7 213
Fluctuations in inflaton induces fluctuations in curvature
(fluctuations in the scale factor)

(14 ikT)e <7

H H* 1 72
H? H?
P:(k) = = ~ 2 x 107°.

47r3gﬁg - 8m2eM3,

Zhong-Zhi Xianyu Cosmic Inflation and Particle Physics
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Perturbations

H? H?

— — = ~ 2 X ].0_9.
473 P2 8m2e M2,

P (k)

In addition to the scale factor, the spatial metric can also
fluctuate => primordial gravitational waves.

2H?

Pg(k) — 7T2M1:2)1

r = P,;/P: = 16¢

Scale invariance, but not exactly: inflaton is rolling, H is slowly
decreasing, too => scalar power spectrum decreases slightly
with k
dlog P (k)
dlog k

=—-2e—n=ns—1
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r = P,/P: = 16¢

0.20

0.15

Tensor-to-scalar ratio (roooz)
0.1

0.00

Zhong-Zhi Xianyu

Models vs data

ng=1—2e—mn

0.05

TT,TE.EE+lowE+lensing

TT,TE.EE+lowE+lensing
+BK15

TT,TE EE+lowE+lensing
+BK15+BAO

Natural inflation
Hilltop quartic model
o Attractors
Power-law inflation
R? inflation

V x ¢?

V x ¢4/3

Vxo¢

V x ¢3/3

Low scale SB SUSY
N.=50

N.=60

0.94

0.96 0.98 1.00
Primordial tilt (n,)

Cosmic Inflation and Particle Physics
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Building an inflation model

At the level of 2-point correlations, all we have measured are
H2

P~ ~92x 107 22 e ol
¢ 87'('26Mf2>] A0 ’PV(‘)).-» | 6n=1
ns =1— 2 —n~0.965 S K
r = 16e < 0.056
The problem then is to build e L
an inflation model consistent — L} >4
with these observations at uoTLonger Slowly el
CMB scale. flebs ends.

If we were allowed to draw the shape of V(¢) at will, then

super easy. But much more constrained when including
various particle physics input



An example of quadratic potential

V(g) = $m?¢? ev = s Mp(V3/V)? nv =MV /V

ev(9) = nv(¢) = 2(Mp1/¢)* = ¢ = V2Mp

VA

8

; Jé:

: -

| ’Yl

Y b
te ¢e H _1 (be d 2 . 2 2

Ne — Hdt = —deZ _/ ¢ _ ¢z 2¢e o ¢12

L b @ Mey Jg, V2e  4Mg, 4M2,

i =~ 21/ N Mp ev(9:) = nv(¢;) = %
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An example of quadratic potential

8
r ~ 16ey ~ E
HZ

2 2
87T EMP1

As =

p ~ 10'9GeV

0.20

0.15

Tensor-to-scalar ratio (rp o)
0.1

0.05

0.00
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2

ng~1—6ey +2ny ~1— —

— 92 %107

m ~ 103 GeV

Ne

— H~10"GeV

¢,,; ~ 2\/ NeMpl ~ O(lO)Mpl

TT.TE.EE+lowE +lensing

TT,TE.EE+lowE +lensing
+BK15

TT,TE.EE-+lowE+lensing
+BK15+BAO

Natural inflation
Hilltop quartic model
O attractors
Power-law inflation
R? inflation
Vx¢?

V x 0“"'

Vxé

V x¢*?

Low scale SB SUSY
N.=50

N.=60

C. \ |
O, \
oy
\ —
C AY
°"c% \ ==
\
\ JE—
\ _—
\
\
\ -
5 —
\ p—
\
3 —
\ —_—
\ —_—
\
5 —
\ .
\
. Le
. \
A ro—
0.94 0.96 0.98 1.00

Primordial tilt (n,)
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More examples

General power law V ~1o|”  (p=2/3: monodromy inflation)

Exercise: derive inflation olbservables for general p

Starobinsky model / Higgs inflation V' ~ 1 — exp(—ag)

0.20

B TT.TE.EE+lowE +lensing

TT.TE EE +lowE +lensing
+BK15

TT.TE EE+lowE+lensing
+BK15+BA0O

Natural inflation
Hilltop gquartic model
a attractors
Power-law inflation
R? inflation
Vxeé?

Vel

Vxé

Vx¢*l?

Low scale SB SUSY
N.=50

N.=60

l)’.‘)
0.15

Tensor-to-scalar ratio (roe
0.10

0.06

0.00

0.94 0.96 0.98 1.00
Primordial tilt (n,)
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Reheating

After the inflation, the inflaton oscillates around the bottom of
the potential, and decays to other particles.

_ V ) Total amount of ochservable
Example:  youy) 0 GHQ

inflation,  Ne < 60
F~y2m¢ H ot H~T
(0
¢ . :
S e \g/
¥ /

est observable CMB caleg, N n owly ro
p ~ Mg H? ~ y*Mgmj T, ls S OMM o
oS of observable uflation ends.
inflbdion
T < p** ~ yy/Mpimy ]:_f\/\i\,

When inflaton decays into bosons with large couplings,
nonperturbative effects can be important (preheating)

For a good review, see Lozanov: 1907.04402
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General Remarks

In the (simplest) single-field slow-roll:

P -9
A, ~ ~ 2 x 10
24m2e M5, 8 _s o E
r ~ 16¢ 0.05 \ 1.5 x 1016GeV

The size of tensor mode < inflation scale

Non-observation of tensor modes sets an upper bound of
inflation scale (at least in simple models):

E~<10%GeV, H~< 10" GeV
What is the lowest possible scale”?
A hard lower bound: BBN, T > ~ 10MeV.

Exercise: What’s the corresponding Hubble scale?

Zhong-Zhi Xianyu Cosmic Inflation and Particle Physics
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General Remarks

The rolling distance is also related to the inflation scale

N, o —— =y A¢ ~ /2eN, M
e — MPI " \/276 — €LV e lVIP]

High scale inflation < super-Planckian rolling. Swampland?
Low scale inflation needs extremely small € (slope). Tuned?

Inflation model building is still challenging.

Alternatives: curvaton / modulated reheating / warm inflation ...

Alternative to inflation. (slow) contraction / big bounce. Needs
physics beyond GR + normal matter

Zhong-Zhi Xianyu Cosmic Inflation and Particle Physics
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Non-Gaussianity

N

<6¢k1 5¢k2 T 5¢kn> Gaussian

The observed primordial ‘ = - [ [ + >/
fluctuations are quite — \
Gaussian, but there could
be small non-Gaussianity.

/
Statistically, non-G means *I‘* H*}\a-x
+ ...

Irreducible higher point

Non - Gaussian :

correlations. 6y Sby 53 S4e> ~ < 5P, 54,> < 5bs S$4>
,_‘. -e =™
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Non-Gaussianity

AN~ Physically, non-G can be
o\ VeI e = M nicely interpreted as the
™ ““‘m"“" interactions of modes.
o
° o---¢6 @ o0 0 o
= +. i+ S .
-0 @ 6 0 o Free modes=> Gaussian
® ()
* ® »
& P But modes are not free.
meo © o o o They are interacting, at
® " «__.® least through grauvity.
"y m, . .:\. ./o'mqb => Non-Gaussianity
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Non-Gaussianity

1
(k1kaks)

fNL ~ ‘S(kla k27k3)|

(Ciy Cla Ca) = (2) 76 (k1 + ko + k3) P? 55(k1, k2, k3)

Stl‘ong Cowp‘.\ng
2 J £ | A *-’ 5
’\llO.B/ N\Q’lj ~|01/ A’\Ug f
VO
2lem LSS Ruled out

’%’W fubre ) 'CN&W ﬁ»mrd) bS P\anck

~ In v
'ﬂa:f‘bns rre
What can we |earn? We,o'hba R
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Cosmological collider physics

Learning interactions at inflation scale
Especially, the production of a heavy particle

7 T=0 _
| M‘*’ W
=
ki\ ”:z 7‘]:3 A%E
o E,
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Cosmological collider physics

Production of a heavy particle SN
) m2 1HT
no_E L2 ) —0 N ikt
Ok O + ( i 2.2 Ok Uk(T) me
H 3/2 —iv/2 —kT \"
T—=0 op(r)— ﬁ(_ﬂ [T( v)e ( > ) \/9 —
. kry—v] " Va1 m?
—I—F(—I—u)e+1’//2( ! ) ]
%, ?
A/
mz=-o
o 3
£ .l < o<m<=H
™ “2; N
‘L9, —
258 \m>2H
e iy - T
Eartg Lote bl T
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A massive particle in inflation

S(kl) \:1: k?)
A

Qn(t:/kg)

/dT"'(k37)iV€i(kl+k2)T ~ (k1/ks)™  spin

Zhong-Zhi Xianyu

The frequency in In(k4/ks)
tells the mass

The angular dep. tells the
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Frequency |v|

Y

Zhong-Zhi Xianyu Cosmic Inflation and Particle Physics
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Cosmological collider physics

future collider?
e p h LHC MPlanck
GeV

1073 10° 103 10° 10° 1012 101° 1018
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A Summary

A period of fast expansion prior to the thermal big-bang solves
the horizon problem

A simple realization: slow-roll inflation
Quantum fluctuations seed the density perturbations which
eventually shape the large scale structure of our universe

Inflation theory has predictability
Scale invariant but not exactly so
But not easy to pin down the specific inflation model

Cosmological collider physics

Inflation provides us probably the highest energy accessible by
realistic experiments / observations

A new and exciting way to study fundamental particle physics
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