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Cosmic microwave background spectrum (from COBE)
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Guth (1981), Linde (1982),
Albrecht-Steinhardt (1982)

| V(x)
ek 1
SLOW ROLL INFLATION ‘
f‘-
e=1
Introduce new scalar field
1 y G ,
L=-0,x0"x—V(x) =-=~H@1-¢
2 Y
Compute slow roll parameters -
e(y) = M§1 (V/(X))Q n(x) = M21 V" (x) REHEATING SLOW ROLL
2 \ V(x) V(x)
The inflaton has quantum fluctuations constrained by the CMB anisotropies
Scalar spectral index ns ~ 1+ 2n— 6¢
Tensor to scalar ratio r ~ 16¢ - evaluated at CMB scale X« = X(N*)
1 V 1 X= Y (y)
Amplitude of scalar fluctuations As = — - X
o o 247 My € R / Vi)




SLOW ROLL INFLATION

Observational constraints

AP ~22.1077
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Bezrukov-Shaposhnikov-Magnin-Sibiryakov (2008-2011)

Another realisation : Higgs Inflation
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Some success |

p

2
Define X such that (f{%) = M3 K(©)

and get \
le 1 X F<a X+ "X
L= _TPR T §a/LX8MX o V(X) REHEATING SLOW ROLL
THE TRUE INFLATON

)\M4
0= 1 ()]

STAROBINSKY POTENTIAL

Starobinsky (1980)



Some issues

» Density perturbations fix & ~ 10%

e Unitarity of the model still in

discussion
* Says nothing about the Higgs

vacuum instability

USUALLY FIXED BY THE ADDITION
OF ANOTHER SCALAR

SM couplings

Barbon-Espinosa (2009), Lerner-McDonald (2010)

Burgess-Lee-Trott (2010), Bezrukov-Rubio-Shaposhnikov (2015)

Antoniadis-Guillen-Tamvakis (2021)
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Bezrukov-Shaposhnikov-Magnin-Sibiryakov (2008-2011)

R? — Higgs Inflation with Chern-Simons coupling and EW sector
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JORDAN FRAME

) Of () PERFORM WEIL
1 _
Juv = O G, O=—5 TRANSFORMATION
V=R
At quadratic order: EINSTEIN FRAME
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JORDAN FRAME

Juv — @_1g;u/a

PERFORM WEIL
TRANSFORMATION
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Road ma P Background: Inflaton & Higgs
Perturbations: Inflaton, Higgs & 3 Goldstones (5 Mukhanov-
Sasaki variables) + Z, W* & photon

Action in Jordan frame
/ Reheating

Action in Einstein frame temperature

L ﬁ Energy-momentum tensor ’_\ /
Quadratic terms .
in mass basis / Energy density
Vacuum definition

Equatlons of motion

(linear order/ W Solution per mode

Fournerspace
Comoving coordinates
Quantlzat|on Vielbein formalism

\ Helical ba5|s
Gauge flxmg




Background dynamics
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Higgs and inflaton fluctuations

Preheating happens when pPint = pgg)

3 benchmark points
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P(qZ) [ ?’]

piw, [M3]

Goldstones & gauge fields fluctuations

Z & W* bosons
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Goldstones & gauge fields fluctuations |BP|preheating field(s) | M,

Goldstone bosons & photon
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Figures from H. Kurki-Suonio lecture notes
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BARYOGENESIS
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n = nems = 10717+ (6.14 £ 0.25)

Nphoton

* BBN predicts observed abundance of lightest elements
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‘'t Hooft (1976)
Rubakov-Shaposhnikov (1996)

ELECTROWEAK BARYOGENESIS reverSopancior (2015

Chern-Simons coupling
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Kamada-Long (2016)

N

LD f(¢)B,,B"

Fo F" = —4(E-B) = 2L (A - B) H = lim —/ &z (A -B)
\%4

1
dr Vooo V

Chiral anomaly in the SM:
ANp = AN = N, (ANCS —

9%
1672

o)

HYPERHELICITY

BARYON ASYMMETRY

255

9%

Hy

fQW T ~ Q. 10—11

s = 592 7T3 V 109* (T‘rharh)3 MP YW sph

A .4

T=135 GeV

Depends on the (p)reheating details



Bezrukov-Shaposhnikov-Magnin-Sibiryakov (2008-2011)

R? — Higgs Inflation with Chern-Simons coupling and EW sector
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BARYOGENESIS
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TO CONCLUDE

* R2?-Higgs inflation is one of the best-fit models of Planck data.

*  We adoped the doubly-covariant formalism
(with respect to field-space and space-time transformations)

e  We took into account the full electroweak sector

* We include all perturbations at the linear order with all effective mass components
(potential, nontrivial field-space manifold, coupled metric perturbations & expansion of the background
spacetime)

 Preheating happens in the Goldstone, Z & W* sectors

 With an additionnal dim-6 coupling A_QBWB“”R, the model predicts the right amount of baryon
asymmetry in the present Universe, for A ~ 2.5 x 107° M,

 Backreaction, decay, scattering & non-linearity must be studied in more details as so far no lattice code
can simulate non-Abelian gauge fields in a non-minimally coupled inflation model
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COSMOLOGY

G,W/ — 1@ T,uz/ + ds® = —dt* + a*(t) (1 fr;a + r2d0? + r? sin’0 dgpz)
EINSTEIN HOMOGENEITY + ISOTROPY
B FRIEDMANN
P - 1
%:% —% ZZ—WTG(/W%)
1 Matter: poca ® = aot?/?

Eq.ofstate: p = wp = pX Radiation: poca™ = aoct!/?

AN(w=-1): pxa’=ax eM/V3

a(t)S(l—l—w)



Cosmic microwave background spectrum (from COBE)
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SLOW ROLL INFLATION

Solution: At some point in the past, the whole observable Universe (that we see today)
was in causal contact. It then expands by a factor 10212 in 1073632 seconds.

=> [NFLATION PARADIGM
We need an accelerated expansion (to get a shrinking Hubble horizon)

a p LN ] 1
A 3( + 3w) a>0=w<—-1/3 Mp_m_m% 10'® GeV

a =

If the Universe energy density is dominated by the potential energy of a
homogeneous scalar field, the Universe is A-dominated (de Sitter).

PROOF:



SLOW ROLL INFLATION

1
Introduce a new real scalar field (the inflaton) in the theory L = §g“”5u¢5’u¢ — V(¢)
Energy-momentum tensor: T;w — u¢6v¢ _guﬂ/ﬁqﬁ / p 0 0 O \
A homogeneous and isotropic Universe is a perfect fluid 1}, = 00 p O
\ 0 0 0 p
= F 4V L g)?
Py = 5 o §¢ - V(¢)
Hence 1. and W¢ = 75—
po = 502~ V(©) 20” +V(¢)

1.
V($) > 56" = ws = ~1 = a(t) x



SLOW ROLL INFLATION

In the slow-roll approximation
3Ho ~ —V'(o) 3MZH? ~ V(¢)
we can define the slow-roll parameters

ME(V'($)° L V(9)
> (vw)) 1= Moy

and rewrite the Friedmann equation as

E =

a
— ~ H*(1—
~~ H(1—¢)

Guth (1981), Linde (1982),
Albrecht-Steinhardt (1982)

ek 1

P >0, ~¢

REHEATING SLOW ROLL

The inflaton has quantum fluctuations constrained by the CMB anisotropies

. evaluated at CMB scale @« = ¢(N*)

Scalar spectral index ns ~ 1+ 2n— 6¢
Tensor to scalar ratio r ~ 16¢
litude of scalar fl A ! v
Amplitude of scalar fluctuations = —
P To24mME e U

_ 1 V)
V=3 [, Vg =0 0



Background dynamics
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Fluctuations
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Higgs and inflaton fluctuations

In the conformal time metric ds® = a*(7)n,, dz"dx”

Rescaled variables X' (z#) = a(t)Q" (z")

Equations of motion for the Mukhanov-Sasaki variables: DEXI — [V2 — a2mgﬁ7[(7)] X =0

T 1 a’ . . R
meg,r = GV (DD Vi) — R(IzK(I)ijK RVErE Dy <§¢(1)¢(1)> - ?E no sum on (l)
P

(potential + nontrivial field-space manifold + coupled metric perturbations + expansion of the background spacetime)

R a1 I ~J
The quantized fluctuations %’I(T, k) =0,X (7,k) with [X (1,k), 7 (7, q)] = i(21)3677 63 (k 4 q)
Ny
can be decomposed in momentum space as X (r,k) = > _ [u}, (7, k) (k) + uly (7, k)af, (—k)]

m

. . I I vielbeins of the
The mode functions can be parametrized as Uy, (T, k) = t(m, 1) (7, k)€, (T) *— fieidspace metric




Higgs and inflaton fluctuations

Vi + Cd(2</5) vk = 0 where t(1,6)(T; k) = v1k(T)

Yor, + w(Qh) Yor ~ 0 t2,m) (T, k) = yar(

win (T,k) = (kQ +a’még () (T)>

We are left with

2

From the energy momentum tensor for the fields fluctuation (for the linearized theory)

1 a? 1
—577QBGIJ(D04XI)(D6XJ) - = (MIJ — GGIJRE>XIXJ]

T = Gy (D X") (D X)) + 1y >

the energy densities for the inflaton and Higgs fluctuations per mode read
1 k* " 2 k? 2 2_
P(p) = 02 / A2 dk ||v1x|” + (ﬁ T Mg (¢) )] ) |v1x]
2
2

1 k? 2 k 2 )|
P(h) = 47T2dk’ |G2k]” + 0 + meﬂf,(h)(t) Y2k |
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Higgs and inflaton fluctuations
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Goldstones & gauge fields fluctuations

We can redo the same computation starting from the Goldstone
Mukhanov-Sasaki fluctuations & gauge fields EoMs:

— —_ T —
DIX? — |V? — a®mlg 14,y (T) | X P + a gzho (YZo — Z5) = 0 V6Mp  a  ho

1€

D2X? — |V? = a®Meg (45)(T) | X +a ho|T (Wy — W) — (W, — W;')] —0

V28w

DIX% — |V? = a®Megr (4, (T) | X +a J%ZW ho | (iWy +iWgh) — (iWy " + iW(}L’)] =0

8M3 7o T ¢ 2
04" DaF syt ¢33 (F(6N)eV T ) Fy? V3 Mpg“ﬁ(g—zh%ﬁg—Z(chDuh—th)) =0,
g"*g"P D FE  + 8Mp O (F(¢I)e %WMP) FEef e_\/g“%g“ﬁ( h2VV1L + D, h(¢3 £ips)

A w 453y 2f 25w
e
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THE SCHWINGER EFFECT Domeke Mlrds (018
Kitamoto-Yamada (2022)

The comoving conductivity in the case of one Dirac fermion f with
mass myand charge Qrunder a U(1) group with coupling g:

9Qsl® a ( PB) Tm; 2 ¢ =30
0% = — \/2pp coth | m,/— Jexp | — — Oc = Of
1= "6xz H VP Py V25 l9Qs ~ V3Mp -

Inflaton
(Higgs axion, new scalar,...)

Explosive gauge fields production leads to
fermion/antifermion pairs creation and their

backreact C’e‘"es currents backreact on the produced gauge fields.
Gauge flelds
Without the Schwinger effect With the Schwinger effect
. . ; . . . . 4
t
backreacts The Schwineer effect create 10-2} P, . 102}
ger effe L ~ 4
Q 1074 o 104}
Current Fermlons < 10 = > w
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-3 2 "1 0 1 2 -3 ) 1 0 1 2
N N

c A-E c k* d
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THE SCHWINGER EFFECT

Numerical study for single field inflation
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THE SCHWINGER EFFECT

Side effect: no gauge preheating

a attractor: a = 1, fp = 0.02 Mp
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SCHWINGER EFFECT
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From helicity to baryon asymmetry KamatLong (2016)

Domcke-Harling-Morgante-Mukaida (2019)

* At EWPT, there is a competition between weak sphaleron washout
and B asymmetry from decaying helicity (SM chiral anomaly).
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* Helicity must nevertheless survive from inflaton to EW scale.
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* Chiral plamsa instability (CPI) must be avoided.
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