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Theory of Gauge Invariant Perturbations

1) Inflation practically 1s quantum mechanics on Curved Space Time!

Guv L)y ¢
Inflaton perturbations affect metric,
|:> which is coupled to matter...

L, = it — mipyp
2) Background (known material)

45t = @()—dy? + 7y do'd]. .
6 = oln). = H-H=-70".
n = | dt/a(t
Ui f Ja(t) Qb” + QHQI + {IQV"(Q) —0 :
H=aH o= a,(f)



Theory of Gauge Invariant Perturbations

3) Break perturbations into Scalar-Vector-Tensor (SVT) and use SVT
decomposition

= v il — Il _ .
wt-:wt-l—l—wf‘ |:> Vxa' = 0=w; =Vd
ya \ V-wt =0
Longitudinal Transverse

ij J
Sy = Sy+5S5+Sh T oSt =0 1
sl = (vtvj ggwi) B
4) Perturb FRW metric and inflaton
ds* = a*(n) [ (1 +24)dn° + 2B, dib (A, B,R,E)

Gauge dependent functions

+ {(1+ 2R + 2B} + 20y }didijl |

o = o(n)+do(n,x").

h
hij = 551';; + hl'j + hf} + h';f";



Theory of Gauge Invariant Perturbations

5) Guv degrees of freedom (dof): 4x4 = 16— (symmetry)— 10 — 2+4+4

Propagating dof
6) Gauge transformation

7=+ "),

A P}iijgu(n:xi): —>

7) Bardeen potentials
d=A+(B—-EY+H(B-E.
UV=R+H(B-E,

Gauge freedom Coordmate freedom
A=A e
R=R-H. hij = hij
B=B+¢ -¢
E=E—¢

:> Gauge invariant!!!!!!

Prove!



Theory of Gauge Invariant Perturbations

8) End goal of perturbation analysis 1s to calculate two point function for scalar
potentials ®~Rk, where Rk is the curvature perturbation (see later).

2 L
O[RiR10) = 5 570k — 1) = PR (o 57— k)
P mk
= ‘uk‘Q k2 fHN\2 / k \3~2 AN
- L (Y () ()
Pr(k) 92 2;2\ 2% 27/ \uH aH
Inflaton perturbation ‘= ac:? ol \
We need the solution! = a"ﬂ . Primordial power spectrum

And similarly for the tensor perturbations:

> (0]hj yhisa|0) = |u.,|253(k k') =
A

s ) ()= )

Py(k)
Am k3

(2m)* 0% (k - K)



Theory of Gauge Invariant Perturbations

9) Keep scalar perturbations and find relations between potentials with Einstein eqs

d = WU , No anisotropic stress!

k2 — 3K .
!

K
a? = ?ép \

Poisson equation in GR

10) Rest of Einstein equations

.2
D" + 3HY + (H +2H*)D = %[@'5(&’ — a*V'(¢)d¢)] .
.2
—V20 + 3HD 4+ (H' +2H?)d = —%[@’M +a’V'(¢)d¢]
HE
':I}"r + H{I) — ? }6‘;5 ) Scalar field pert. equation

5¢" + 2MHI — V26 = 40D — 2a°V'(¢)D — a* V" ()0 —



Theory of Gauge Invariant Perturbations

11) Equations are a bit complicated, let’s try to simplify them a bit. Define:

1

: Z
u' — Viu—"u=0,
u=aop+ z9P, 2%’2
.- Y
- Gq}; |:> VQ(I) = ?—Q(EHI — ETI'H-) :
& = = (L
\ H (a.2®)’ K2
T = —2ZU.
Not the redshift!!!1!1! H )

12) Equations can be solved analytically, eg in Matter Domination (MD), or
numerically in general for the classical system:

"

. ,  z a’d\/ K’
u" -V u—?uzU |:> u(z) |:> (?) = ?ZU |:> d(2)
> 0¢(z)



Quantum Mechanics in Curved space-time

1) Set up Quantum Mechanical system

g >

e

\ Potential with time dependent mass term

1 z
0S = = / d>x dn [(u")2 — (Vu)* + —u?]

Kinetic term

2) Quantization and commutation relations

~ dgk ~ jkx # ~T —ikx
Gl X) = 2P [uk(n) ax e +up(n)a, e ]

ot Creation operator
Annihilation operator P

— (53(1( il k;) 3

ELkIO} = «— Vacuum annihilation



Quantum Mechanics in Curved space-time

3) Equations of motion for each mode

uy + (kz——)uk:(}

H! hszf?
TTHET 22

(.-'5” Py
s LA

" ‘\
i See also previous inflation lecture
H2f



Quantum Mechanics in Curved space-time

5) Time and potential can be rewritten as

_—1+/@
LY, aH’

"

Effwﬂu+f—@@—aw4r%g—yﬂ

6) Slow roll parameters evolve slowly ;-) N = -1 1
H1—c¢
! ; S 2
6:27{(&2—&@):0(5)? z_”:i(yﬁ_l
fyzﬂ(a—g)zogﬁ. > T 1
l+e—0 1
"= 1 —€ T 2




Quantum Mechanics in Curved space-time

7) Quasi-de Sitter has characteristic scale — event horizon ~1/H

1) Modes within the horizon have wavelengths A << 1/H — k> aH

ii) Modes outside the horizon have wavelengths A>>1/H — k<< aH

L
g — e "t kal
> V2k
e =02 k& all -
8) Proof for k>>a H:

-y

“g+(k2_%)uk=f} k:>>>aH
- 1
S

—ikn




Quantum Mechanics in Curved space-time

9) Proof for k<<a H:

N/ k<< aH " o

ug+(k2—j)uk:(} :> uk——u;{_ﬂ

ODE for mass term:

A | 1
_:_(UQ_E) — 2 =en? Y 4 oeonzt

??2

Final solution:

1 1

up = cnz Y+ ég?ﬁ“’ :> Up = 12



Quantum Mechanics in Curved space-time

10) General solution

T i(v+l)E
) = S % ()2 LY o)

Hankel function of the 1st kind
H(x)~J(x)+1 Y (x)

11) Find solutions in limit kn— 0

‘ Ll = —3) (—.Iu?])? == ( . ( )
v2k T'(3) V2k \aH
F . .
C(L’) =— 21’_% PEI;)) (1 — E)“_% el | for £ | / Decaying mode, ignore
2

(5D -5 @=Cy 1——/ ) +Co

. e’ Q
o = — [ a2dn — =
P= /



Quantum Mechanics in Curved space-time

12) Find expression that is constant for superhorizon modes

a |:> CE@—I—W(CDI—I—H@)

™
|
—t
|
T
|
bo| 7
= |
I
MI""
/

Constant for k<<aH

13) Find solutions for ®@ in Radiation/Matter domination

<I>=C1 1——/ zdn > &= 1——f an

H2 _ Hga—S(l—{—w)

Curvature perturbation

T R,  radiation era

2,2 _ 172 —3(14w) _ -
H=/a Hsa :> Dy, 5+3wRa {

2
a ~~~ nl—l—Sw

ol Lo Colbo

R;  matter era



Quantum Mechanics in Curved space-time
14) Tensor perturbations
: (W, = (i) =

3 a’
05 =— | d’rdn—s
2 / BT
y d’k - ik-x
hos(1,Xx) = )2 E [hk(n) etk AGuae™ Fhe

A=12

i
eij=¢ji. k'ejj=0, e;=0.

e (—k. \) = €55k, A) Zefj(h Neli(k, \) = 4 ,4/ Space time dimensions
B

15) Find ODE:

’Uk(?}') — ﬁ hk(?}) |:> 'U;: + (ki — %)L’k =0

5:2%2(1—5):%@2—1). v = e T k> aH

a 2 7 4/ |:> R_,,“Qk
LI w=Ca k< aH.




Primordial power spectrum

1) Two point correlation function— power spectrum in Fourier space

2 k
(0| R Rw[0) = ‘%!ﬁ&—kﬂzpﬂ)Chﬁﬁ&—kﬂ
2 Amk3
P lug|* w2 HN2 f k3 ko ns—1
) = =5 ) Gr) =205
Pr (k) 272 2 2¢ \271 aH aH \
Primordial power spectrum
2) Notes:

1) ns=1 — equal power on all scales (flat spectrum)
11) ns is determined from inflationary model
i1) As = amplitude of inflation perturbations, has to be determined from CMB

0 — 2¢

1 —€

dn Pr(k)
-1 = —3_9 :2(
Tl d ln f.L 17

) ~ 2?}1; — GEV



Primordial power spectrum

3) Primordial power spectrum might have a “running”, ie higher order corrections

dn dn
s __ s a0 (o 82—105)22 2462 _ 16
T T ’rﬂ{( £+ 8e € Sv + 24ey, nvey

4) Similarly for tensor perturbations

Py (k)

ey (27)* 8% (k — K)

* 8k* 93 /
Z(D|f?-k=ﬂ?-knk|0> =7 jop[70°(k — k') =
A

G )




Primordial power spectrum

5) Primordial power spectrum for tensors might also have a “running”

dﬂ.T

dﬂ-]"
dink

_ T —n'H (462 — 465) ~ 86%; — Adnyey

6) In single-field slow-roll models nt~-r/8, r=Pt/Ps

astro-ph/9303019

~ ldlnng
In® (k):lnPg(kJ+§d1nk

N 1 d* Innyg
6 dlInk?
InP(k) =In(rAy) + nyIn(k/k,) + ...,

In(k/k,)*

In(k/k,)> + ...,

'

0.009 ~H

0.006 ~H

0.003 ~

0.000

1
-0.02 0.00 0.02

0.050 0.075
1 1

0.025
1




Primordial power spectrum

7) Planck 2018 constraints on
scalar parameters

Parameter TT.TE.EE+lowE+lensing

Qph? 0.02237 £ 0.00015
Q.h? 0.1200 £ 0.0012
1008 1.04002 £ 0.00031
T 0.0544 + 0.0073
In(10'94,) 3.044 £ 0.014
g 0.9649 + (0.0042
Hy 67.36 £ 0.54
Qn 0.3153 £ 0.0073
_ oy 0.8111 + 0.0060
8) On running and tensors etc
ng = 0.9587 + 0.0056 (0.9625 + 0.0048),
dng/dink = 0.013 £ 0.012 (0.002 £ 0.010),
d*ng/dInk? = 0.022 + 0.012 (0.010 + 0.013),
Cosmological model  Parameter  Planck TT,TE.EE Planck TT,TE.EE Planck TT,TE,EE
ACDM+r +lowEB+lensing  +lowE+lensing+BK14  +lowE+lensing+BK14+BAO
r <0.11 < 0.070 < 0.070
Fo.om < 0.10 < 0.064 < 0.065
g 0.9659 + 0.0041 0.9653 + 0.0041 0.9670 + 0.0037
r <0.16 < 0.079 < 0.076
To.002 <0.16 < 0.077 < 0.072
+dns/dInk s 0.9647 + 0.0044 0.9640 + 0.0043 0.9658 + 0.0038
dng/fdIink  —0.0085 + 0.0073 —0.0071 + 0.0068 —0.0065 + 0.0066
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Timeline of the cosmos and transplanckian physics

https://xkcd.com/2240/
TIMELINE OF THE UNIVERSE e .

FORM o8 -~

sy y ./ Sy s : _ FUTURE
II-' Il'l III. { | . : L o i CGE}HD'LD'G"CHL
BANG | . A Y PO ¢ DEVELOPMENT
HANDED OVER
To I ABRAMS

AND ACCIDENTALLY \
HIT THE “INFLATION"
SWITCH AcAlN  EMERGENCY
STOF TRIGGERED PRESENT

ol —

V

Brief window for inflation, easy to get above Planck scales (10719 GeV)!



Timeline of the cosmos and transplanckian physics
a»

i dar Cosmic First stars -
Nuclear o microwave &gf?jlfn;ues y
nflati Protons ;“5'9“ A background
e formed eane

ends

i

i Protons
Inflation E Quarks Protons
' Protons Positrons
u Muons He C X9 g ) o el
'y, 1 Neutrons “Age of Yt
RN 3 :
» Big 4 Age @ Stars
» Bang < t ' ~ and
.. Taus
b
I Electrons He
| Electrons
I Mesons
Phot
| E Photons Photons
|
|
[
[
|
f T T T T I T ™
Time (s,y)}) 10® 10s 1 s 225s 1000y 3000 y 300,000 y present
Temperature (K) 10*  10¥ 1 101 100,000 60,000 3000 2.7
Energy (Gev) 10*  10% 0.1 10+ 10® 5 x 10° 3 X 1010 2.3 x 108

\/

Brief window for inflation, easy to get above Planck scales (10"19 GeV)!



Transplanckian physics and the power spectrum

1) High energy (transplanckian) physics affects power spectrum! 0705.4666

1) We have no solid quantum gravity theory, so check the operators that matter.
11) Relevant (dim<d) operators restore symmetry at high energies, irrelevant
(dim>d) ones do not!
111) Consider various operators (quad in ¢) and add inflaton Lagrangian
7= (v, Vy-kn"Vy)”? Momentum projection operator (Lorentz invariance violating)
S «— Ly
%K o=, oY __ ° Dimension 3

1 g2 .2 1 v « —— Di ion 4
K07 K929, —1""V,0Vyo e
Kyyditdx' = —a*Hd3 - dx

2) Add the terms and find effect in primordial power spectrum

d d = = 0 X .¥)|0
fNR:jH3<P2+M}H2@(—V- )2 (o(m)]e(n. )(.022.}” (n)) 2
dy = = ds 5 T3/ |:> = dﬁ3ei}'(f_ﬁ)[22_ﬁc(n)} |:>
Ve Vet e VY e (27) ¢

[0(1)) = Te o @1 )

m(n)=—fd3w——gﬁfm



Transplanckian physics and the power spectrum

3) Effect in primordial power spectrum (term by term) 0705.4666

HE
Fe(n) = [1+ —dy — |In|2kn|—-2+7y| + ]
Ko* > He? [T 4m2 [ I+
H? 4'T%(v)
— - 3-2v
2 ) T w12 P _ Hz 14d cos(2kmo)
Klp%¢ — H*¢(—V-V)"'"¢ :> k(M) == |1+ zﬂ—{ T+ e 4.

H2 H ke M
KMV, oVyp — HVe-Vo :> P:(n) = 1+d3ﬂ—ﬁr 3+cos( 2.2 )|+

= o H? I kM
0730 — ¢(-V-V)?p |:> (r])——[l—aﬂ;g‘—cns(Zk E)+]
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1) Scientific American article accusing Inflation of being Ijjas, Steinhardt, Locb

» rical . s, Scientific American
non-cmpirical sCicnce January 2017

also
arXiv: 1402.6980

goes the
universe

THE LATEST ASTROPHYSICAL MEASUREMENTS,
COMBINED WITH THEORETICAL PROBLEMS, CAST DOUBT
ON THE LONG-CHERISHED INFLATIONARY THEORY
OF THE EARLY COSMOS AND SUGGEST WE NEED NEW IDEAS

By Anna Ijjas, Paul J. Steinhardt and Abraham Loeb




Tensor-to-scalar ratio (rgooz)

0.05

(.20

0.15

0.10

0.00

More discussion on Inflation

2) Response on Scientific American article:

agreed, however, with the interpretation. If anything, the . .

Planck data disfavored the simplest inflation models and exac- <\NO' Many inflation
erbated long-standing foundational problems with the theory, . .

providing new reasons to consider competing ideas about the models still Vlable, cg
origin and evolution of the universe.

Starobinsky Inflation

c A I 7T TE EE+lowE+lensing
g, \ Planck 2018 g T T TE EE-+lowE +lensing
‘\\ +BK14
G TT,TE,EE+lowE-+lensing
o % B | 5ki4+BAO
\ |
\ =

Matural inflation
Hilltop quartic model
¢ attractors
Power-law inflation
R? inflation

Voo g?

V x f‘-;}".m

Vg
Voo g2

Low scale SB S5USY
N,=50

A @ N.=00

el 11ITT!

0.94 0.96 0.98 1.00
Primordial tilt (n.)



More discussion on Inflation

3) Various ad hominem attacks and/or trivially flawed descriptions

FOLLOWING THE ORACLE No comment. ..
TO DEMONSTRATE inflation’s problems ' y following
the edict of its proponents: assume inflation to be true without

Inflaton/scalar field???

referred to as inflationary energy, «—

idea that any outcome is possible. Does inflation tell us why the

big bang happened or how the initial patch of space was created Inflation solves classical

that eventually evolved into the universe observed today? The problems, sets up ICs and
answer, again, 15 no. random Gaussian fluct.
energy density one assumes. Thus, the arrangement Planck saw Planck measured ns=0.967!

cannot be taken as confirmation of inflation.

Planck 2018



More discussion on Inflation

4) Flawed conclusions...

NONEMPIRICAL SCIENCE?
GIVEN THE 1ssUEs with inflation and the possibilities of bouncing
cosmologies, one would expect a lively debate among scientists I can dO MCMCS and
today focused on how to distinguish between these theories

through observations. Still, there is a hitch: inflationary cosmol- determnle mOdel

ogy, as we currently understand it, cannot be evaluated using «

the scientific method. As we have discussed, the expected out- parameters Or cven I'U,IC
come of inflation can easily change if we vary the initial condi-

tions, change the shape of the inflationary energy density curve, Out sOme mo dels '

or simply note that it leads to eternal inflation and a multimess.
Individually and collectively, these features make inflation so
flexible that no experiment can ever disprove it.

5) See response from rest of community:
Scientific American blog:
A cosmic Constroversy by

Guth, Linde, Carroll, Efstathiou, Hawking, Maldacena et al

Also videos on inflation and Mathematica code!
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vidence for Dark Matter

Wikipedia

Observations
from starlight

Velocity
7 (km s-1)

. _Expected from
the visible disk

R

0,000 20,000 30,000 40,000

. Distance (light years)

Evidence for Dark Matter

Velocities
of galaxies -: *
in clusters

~ °  Rotation of AR
galaxies e
Hot gas in
galaxy
clusters ‘

Velocities of
stars in dwarf
galaxies

Planck 2018

Galaxy :
¥ interactions g™ Collisions of
<= _ o galaxy
. clusters

" Gravitational lensing

medium.com




Dark Matter candidates

Primordial Black Holes!



Primordial Black Holes redux

1) This 1s an old i1dea (Garcia-Bellido, Linde and Wands 1996) that became hot
recently after GWs discovery (see also GW lecture for PBH hyperbolic
encounters).

2) PBHs are formed after inflation when broad peaks in the primordial curvature
power spectrum P(k) collapse gravitationally during the radiation era and form
clusters of BHs that merge and increase in mass after recombination until today.

3) Masses range from 0.01-10"5 Msun and could jump-start structure formation



Primordial Black Holes redux

4) They are a plausible DM candidate, besides particle DM (axions, SUSY stuff
etc) or modifications of gravity (MOND, TeVeS, MoGs, DM-DE interactions).

B T 1 T

K T 1 [} r—r &
:2 L] H DEPARTHENT OF F

““ ASTROPHYSICS
MOTTO:

——
—e |

A —C YES EVERYBRODY HAS ALREADY HAD THE IDEA,

N "MAYBE THERES NO DARK MATTER — GRAVITY
e JUST LXORKS DIFFERENTLY ON LARGE SORLES!”
IT SOUNDS GOOD BUT DOESN T REALLY FiT THE DATA.

\IT T IT

https://xkcd.com/1758/



Primordial Black Holes redux

5) PBHs could make up almost all of DM with a non-monochromatic distribution

]. T 7
': femto lensing EROS 1702.08275 and 1501.07565
0.1F
' -f

,: MACHO

Qppu/Qpm

1
]
I
]
: I
[ M I
H - I
NS/ capture ]
. '.- I
: ]
I
I
I
I
]

1074}
EGB
| .Il'
1078 107 102
Mppu/Mo
6) Other constraints come from extragalactic photon background (orange), femto-

lensing (red), micro-lensing by MACHO (green) and EROS (blue), from wide
binaries (light brown), and CMB distortions by FIRAS (cyan) and WMAP3

1010—13 IOJ—IS

(purple).



Primordial Black Holes redux

7) Peaks 1n the spectrum can be formed by inflection points in the potential
(P~1/e, e—= 0 — P>>!) 1702.08275

V(9) Potential logP(k)'*  Power spectrum

107 GBLW ('96)

) S U

inflection point
h)

‘\“ CGB(15)

“te N ACDM
CMB | LSS | reion k \

ry ¢

8) PBHs can have range of masses (are not “mono-chromatic”)

logn(M) Black Hole Mass Distribution

SBH
. IMBH  SMBH

L 1 1 1 1 M
1M, 50M, 10°M, 10°M,




Primordial Black Holes redux

9) They have many potential signatures and side-effects:

1) PBHs have no spin! 1702.08275

i1) Emission of GWs in binaries and hyperbolic encounters (see GW lecture).

1i1) Microlensing of Snla — possible explanation for superluminal Snla (or super-Chandrasekhar).

1v) Missing-baryons problem (see Open Problems lecture): PBHs might have eaten up the baryons!

v) Stochastic background of GWs: uniform distro of GW sources creates a background — could be
visible by LISA!

vi) Anomalous motion of stars: compare PDM vs PBH-DM (could be seen by GAIA).

PDM PRH

10) Very hot topic, lots of activity happening also here at the IFT!
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1) Origin of word baryon:
baryon

/" baron/

noun  PHYSICS
noun: baryon; plural noun: baryons

a subatomic particle. such as a nucleon or hyperon,
that has a mass equal to or greater than that of
a proton.

Origin
GREEK

barus
heavy

baryon
ENGLISH 1950s

-on

1950s: from Greek barus ‘heavy + -on.

Baryogenesis

Translate baryon to  Greek

1. papuoviou

Use over time for: baryon

Mentions

1800 1850 1300

1950

2010



1) Origin of word baryon:
baryon

/"baron/
noun  PHYSICS
noun: baryon; plural noun: baryons

a subatomic particle. such as a nucleon or hyperon,
that has a mass equal to or greater than that of
a proton.

Origin
GREEK
barus

baryon
ENGLISH :

-on

1950s: from Greek barus ‘heavy + -on.

2) Origin of word genesis:

genesis
/'d3zenisis/

noun
noun: genesis; plural noun: genesises

the ongin or mode of formation of something.
"this tale had its genesis in fireside stories”

synonyms: origin, source, root, beginning, commencement, start, outset

Origin
GREEK

ENGLISH

Genesis

genesis

early 17th century: from Greek (see Genesis).

Baryogenesis

Translate baryon to  Greek v

1. papuoviou

Use over time for: baryon

Translate genesis to | Greek <
noun )
. Evolution theory
1. yévean
2. yéveoig started being accepted

Use over time for: genesis

Show less



Baryogenesis

1) Motivations to study Baryogenesis:
1) Understand origin+properties of baryons, d’oh!
11) Solve matter-antimatter asymmetry (see below).
111) Test extensions of Standard Model, eg GUT models etc.

Antihydrogen

2) Antimatter is same as matter under CPT, ryarogen

but we don’t see any in the Universe!!!

Matter-antimatter asymmetry!



HeY, T NEED SOME ANTIMATTER.
COULD YOU PRECIPITATE SOME
QUT QF THE VQID~

WHAT DO I DO WITH ALL THE |
REGULAR MATTER THAT GOT
CREATED AS A BYPRODUCT?

WHO CARES”
IT'S CRAR

13.%3 BILLION YEARS LATER..

NO THEORY CAN YET EXPLAIN THE RARITY
OF ANTIMATTER IN THE COSMOS.




Baryogenesis

3) Baryon asymmetry and photon to baryon ratio:

_np—ng
U Constantas B ~ @ and 7, ~ a
n
/ !
\ At least at late times... But at early times, and
1 (kT Bopee g2 da — 2¢(3) [ kpT\? ~ 90.3 T\* _3 high temperatures, many heavy particles were
T o\ The ) et —1 T he D T B in thermal equilibrium, which later annihilated

to produce more photons but not baryons.
4) Better to use entropy!

def €ntropy p+p 27 ; n,—n;
0T volume a T N 45 g*T |:> nN= =~ const.

5) Commonly quotes parameter 1s 1Mo
n,=10"n=2737Q,h’

BBN (2014) 1,=62+0.5
Planck (2015) 7, = 6.103+0.038



Baryogenesis

6) Baryon asymmetry (BA) is generated after inflation,

as inflation washes out all initial asymmetries
(also reheating helps)!

Universe grows by ~¢*60~10"27— Im— 12 Gly!

i T i
i 1 1 %

7) Way out: Shakharov conditions to have BA
1) Baryon number violating interactions

Obviously require more baryons than antibaryons

i1) C and CP violating interactions

C violation: excess of b>b must not balanced by b>b
CP violation: bL>br different from bL>br

111) Out of equilibrium interactions
Interactions must not happen in both directions equally I'(X— A+B)=I'(A+B—X)




Baryon number violation

1) Standard model 1s invariant under B. Proton lifetime > 10734 yrs! Some B-
number violating operators are

c. _Cc_C

|
qi‘}, uA‘je, AB=AL=1 A(B-L)=0

Example of operators

p+ — €+ —l— T 0 — €+ _I_ 2’}/ mediating proton decay

and typical process

2) GUTs, eg SU(5), create B viol. as quarks and leptons are in the same multiplet!

— T, ~ Oy, Mym,” > 129x10™ yrs

X i I = M, >10" GeV
q



C, CP and CPT symmetries

1) Scalars

C: ¢ = ¢

P: 0(1,X) = o(t—X)
CP: 0(t,x) = ¢ (t,—X)

2) Fermions

C: y, — ’.0-3')”;: Vi — —fﬁz‘#; v — i}’zw*
P: vy, sy, (t=X)., W, =y, (t=-X). V=7 yl-X)
CP: vy, —»icw,(1—X), WV, —=—icw, (t-X), v—iy Yy (1-X)

3) Vectors
C: A" = — A"
P: A*1.%) = (A%,— A)(1.-X)
CP: A*(1,3%) — (A", A)(1,—=3)



C, CP violationing interactions

1) B violation is not enough! Consider X— A+B and cc. If C is not broken

[(X - Y+B) =I(X - Y+B)

2) If C 1s broken, then the rate increases as

% <« (X - Y+B) - I'(X = Y+B)

3) When C holds, then

dB/dt~0



C, CP violationing interactions

4) Consider the decay X— qut+qr and X—qr and qr
Under CP q, — qu

UnderC ¢, — (,
5) C violation implies —» I'(X — ¢, +¢q,) # (X = @, +7,)

6) CP conservation implies I'(X — g, +q,) = X — qr +qz)
X = gp+qx) =T(X = q,+q)

7) Which for equal X and Xb means no asymmetry because

I'X—>q, +q)+T (X =g, +q.)=T(X -G, +3,)+I' (X =g, +7,)



Out of equilibrium interactions and SM

1) All interactions must be out of equilibrium (OoE), since for X— Y+B:

I''X - Y+B)=1+B — X)

This means rates in both directions are the same — no asymmetry!

2) In SM we have violations of B, C and CP but no heavy particle to decay OoE:

1) B violation via chiral anomalies (t’Hooft 76)

i1) CP violation possible with complex phase in CKM matrix for quark mixing
(but too small as it’s suppressed by quark masses)

ii1) C violation as anti-neutrino always right handed!

T =t + oy,

_ _ __* Always right-handed!
L 7/ + 1'.:"'_“



Summary

1) Inflation is a part of the Standard Cosmological model that can give unique &
verifiable predictions.

2) Inflation can probe high energy (also transplanckian!) physics.

3) Planck 2018 has provided stringent constraints, but still room for improvement!

4) Baryogenesis— matter-antimatter asymmetry: probe of new BSM physics

5) We need 3 Sakharov conditions (off-equilibrium, Baryon and C+CP violation).
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