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You can find me in
A5:1045 for the rest of
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primordial cosmology cosmological probes to constrain fundamental theories the dark sector
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OUTLINE T

1. Standard (cold) Inflation: What it is and the basics of how it works
2. Warm Inflation: What it is and how it differs from the standard picture

3. Fine Tuning: The conditions to realize a successful inflationary phase both
in the cold and warm scenario

4. Natural Inflation:
a. Its motivation in relation to the fine tuning problem
b. Observations and model-building concerns in the standard scenario

5. Warm Natural Inflation:
a. Intuitive picture of how a warm inflationary setting impacts the
predictions of Natural inflation
b. Results and Discussion
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1. Standard (cold) Inflation

Motivations & Predictions Causally disconnected patches

at CMB decoupling

> A period of accelerated expansion in the early w ] 0]
. 0 T
universe
> Explains the observed flatness, homogeneity, Bic-BANG
and the lack of relic monopoles P q
Ay recombination
. . . e /;\ X\ end of inflation
> Provides a mechanism for generating the
inhomogeneities observed in the Cosmic
Microwave Background (CMB) L
causal
‘A contact
a; singularity
/ Figure from D. Baumann

All Hubble patches
initially in causal contact




[2] D. Baumann, doi:10.1142/9789814327183 0010 [arXiv:0907.5424 [hep-th]].
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1. Standard (cold) Inflation

Inflaton Dynamics:

1,
Single field, slow-roll S¢ = /d4"3v 9 lgaﬂq’a”d’ ~V(9)
¢ <3H¢, ¢ <V(¢); b+ (BH+T)$+Vy=0
V(o)
3 0 sz—v , =la(t) ~ e,
¢

tend

N\ N,=In (aend) = Hdt;
ag ik
& > The energy density of the universe
\j is dominated by V(g)
> > Typically N =60
$cMB Pend reheating °
= -

Ao [2]
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1. Standard (cold) Inflation

Single field, slow-roll

¢ < 3H¢, ¢ <V(9);

V(¢)
A 8¢

-

Y

\/

$cMB Pend reheating
-~} -

Ag

fp-

Slow-roll parameters:

>

Inflation ends when g,,=1 or |5, | =1
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1. Standard (cold) Inflation

From Perturbations to Cosmological Observables

5G,, = 8TGST,,

> Quantum fluctuations are driven to cosmological scales via the expansion

@)

@)

Scalar perturbations associated with density perturbations

Tensor perturbations associated with primordial gravitational waves

¢ =¢+ ¢

A

) H_)
° 27rq£ ,

~ (0P bpy)




[3] Planck collaboration, Planck 2018 results. I., Astron. Astrophys.641 (2020)
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1. Standard (cold) Inflation

From Perturbations to Cosmological Observables

> The tensor to scalar ratio r is a measure of the magnitude of gravitational waves
production during the inflationary phase
> The spectral index n_ is a measure of the scale variance of the scalar power spectrum

A2 dln A2 k™!
—; = 16¢y, ng—1= Tk = 2ny — dey; [Ai ~ A, (k_>
S

*

r=

CMB constraints:

ns = 0.9649 + 0.0042, at 68% CL. (Planck2018) [3] === Nearly scale-invariant spectrum

r <0.036, at95% CL. (Plank2018+BAO+BK15) [4] ™= Relatively small tensor fluctuations



[5] A. Berera, Phys. Rev. Lett. 75 (1995) 3218
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2. Warm Inflation Inflaton + Radiation bath Dynamics:

Basics (T>H) [5] b+ (BH+T)p+Vy=0

I'is not negligible! @ =T'/(3H) (Strength of dissipation) pn+4AHpg = T2,

V(o) n

Continuous Radiation production PR(T) — a1T4, Wlth a1 = —g* (T),

A “ 5¢)’\N 30

> The energy density of the universe
is dominated by V(¢)

> The inflaton continually sources
the production of radiation during
the accelerated expansion.

3 >  Smooth transition to radiation

PCMB ﬁ(‘.nd Radiation Dominated dominated phase
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2. Warm Inflation Q=T/(3H)

Slow-roll (SR) conditions

¢ < Hp pr< Hpr and V(¢) > {¢% pr}

SR parameters: Inflationary Dynamics:

v
2"\/—
v _ M <V,¢>>2 = _ My <V,¢d>> H ETVEN
YT1+Q 20+ \V ) YT1I4+4Q  (1+Q\ VvV v,
Y-
{ev,Ivl} <1+Q SH(1+Q)
_ _ 3Q¢?
> Inflation ends when g, =1+Q or |p | =1+Q PR= "4

For Q > 1, the SR conditions are substantially relaxed and can in principle be satisfied by scalar
field potentials that would otherwise violate the standard SR conditions in the cold inflation scenario.




[6] M. Bastero-Gil, A. Berera and R.O. Ramos, JCAP 07 (2011) 030
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[7] C. Graham and I.G. Moss, JCAP 07 (2009) 013

3. Warm Inflation
Perturbation Spectra [6-7]

4

The scalar power spectrum is enhanced by thermal effects;

4

The tensor power spectrum is unaltered;

> G(Q) accounts for the direct coupling of the inflaton and radiation fluctuations
due to a temperature dependent dissipative rate I'ec T¢

m Approximated to a polynomial in Q

m If ¢>0 : spectrum is further enhanced;

m  If c<0 : spectrum is suppressed; Recall: 2
9 AZ (vac, cold) ( H? )
2 5 — [ =
A2 = i 1+ 2npp + M(E) a(Q) 2meh
2 V3+4nQ \ H
' S o) npe = 1/[exp (H/T) — 1]

Ag (vac, warm) Af (diss)
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3. Warm Inflation

The scalar dissipation function G(Q)

> (G(Q) appears to be universal: only
depends on ¢
> Github code to compute the

perturbations in WI available soon

G(Q)por = 1 + AQ* + BQ?,
G(Q)iog = 10Z0=1907" 1 =log, (1 +Q),

_ _1+AQ"
G(Q)iny = A+BQF)

Residuals %

1024

1019

T

102
104

1071

PRELIMINARY RESULTS

Q

arxiv.2307(?)
G(O)pol and G(O)inv fits: ® c=3 rs
a=6.52,8=9.78 e c=1 /
A=357:10-5, B=37140- 1% || ® e=-1 1"
a=2.48, B=6.49 ¢
A=12310"2,B=7.37-10"Y /
a=0.10, 3=0.79 74
y=1.98, A=1.30,B=0.25
G(O)Iog fits: /.
a1=6.60, a»= — 0.41 & s
az=127,a3= —0.16 /f //
ai= —2.66, a,=6.60 7/ o~
a3= —2.42,a4=0.32 7 o
S
g___n.__n.c.._n....u_n_n.n.._n_-oq—l—c-—;——{":/
e
o,
K}
e '; }
s g - (T T A A.Ai..z.ggff:.b.! AL by, 0
] se . X 88 % 5 ‘ M Sedye
I 1 I I I I
10~ 1074 1074 10° 102 104




[8] F.C. Adams, K. Freese and A.H. Guth, Phys. Rev. D 43 (1991) 965.
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3. Fine Tuning parameter
Standard (Cold) Inflation [8]

> To not overproduce density fluctuations, the potential for the slowly rolling field needs
to be extremely FLAT.

> The height of the inflaton potential is set by the amplitude of the density perturbations

> The width of the inflaton potential is set by the number of e-folds

AV < 62 A¢ ~ Ne As|CMB < o= 5 x 10_5’

~ b)

AV
(Ag)*

)‘ft = 5 10_12

A
Aty >~ Ag, Where E:[_“]_4_"1¢4
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3. Fine Tuning Parameter
Warm Inflation for Q> 1 [9]

A¢ N,
> The field excursion A¢ can be significantly M, ~ \/@
reduced compared to the case of no dissipation.
> ForTecTC and ¢c20, the constraint on AV is more AV $n—2-3b
=U, — < 63Q 306
stringent than in cold inflation. M41 ~
To reproduce the observed density perturbations P
the scale of inflation must be reduced to counteract

the large thermal enhancement factor in the power
spectrum.

Ay S 10 Qb

> Most warm inflationary models of physical interest
require an even FLATTER potential than standard G(Q) ~ QbG’

cold inflation.
b, >0 for c¢>0,

ArXiv b, <0 for ¢<0,

See
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4. Natural Inflation
Basics [10]

> Use of an axion as the inflaton to provide a natural explanation of the flat potential required
for inflation.

> At the perturbative level, the axion field ¢ enjoys a continuous shift symmetry which is
broken by nonperturbative effects to a discrete symmetry ¢ — @ + 2m/f.

> The inflaton potential is protected against loop corrections by this shift symmetry, i.e. the
inflaton may be a pseudo Nambu-Goldstone boson.

V() =A4[1+cos(¢/f)], — | A~ (A)“

A*=m? 2 where f is the decay constant of the axion-like particle and represents the width of
the effective potential.




[11] N.K. Stein and W.H. Kinney, JCAP 01 (2022) 022
TEXAS DEPARTMENT OF PHYSICS, WEINBERG INSTITUTE FOR THEORETICAL PHYSICS [12] T Banks, M. Dine, P.J. Fox and E. Gorbatov, JCAP 06 (2003) 001

[13] W. DeRocco, P.W. Graham and S. Kalia, JCAP 11 (2021) 011

4. Natural Inflation

Observational Constraints

> To match observations, it is generally required szpl [11]
> From a model-building prospective szpl is not desirable [12]

> Axions generically couple to gauge sectors and this can result in the generation of a
thermal bath in significant parts of the axion-inflation parameter space. [13]

Can we avoid the trans-Planckian requirement of the decay constant f in the
presence of the radiation bath of warm inflation?

JCAP03(2023)002
2212.04482




[14] K.V. Berghaus, P.W. Graham, D.E. Kaplan, G.D. Moore and S.
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5. Warm Natural Inflation

Basics: dissipation rates I

> We assume the inflaton couples to a pure Yang-Mills gauge group through the

Lagrangianterm:  , ¢ 5 oo

m f b -

> We parameterize the dissipation rate as: | T'(T') = ~, ( T - ) ,
for c={1,3}. e

> This friction term arises from the sphaleron transition rate of physically motivated
“axion-like interactions
> Pure Yang-Mills: cubic dissipation rate (c=3)

[14]
> Pure Yang-Mills + light fermion: linear dissipation rate (c=1)



TEXAS DEPARTMENT OF PHYSICS, WEINBERG INSTITUTE FOR THEORETICAL PHYSICS

5. Warm Natural Inflation

Basics: Computing Cosmological observables

We fix a priori the value of fand N_ 5.10-10 - \ V(¢) = A*(1 + cos ¢/f)
We determine G(Q) for c={1,3}

<5
We compute ¢__, : Impose g,=1+Q, = 3.10-10 - 2 60 e-folds |
In,| =1+Q s

=
We compute ¢,,g: Via fixed N_

10-10 Pcms Pend

We set m, by fixing the amplitude of the 0
primordial power spectrum at the CMB 1077 1 ~—

H — -1 1 1 1 1 1 1 1
pivot scale k.=0.05 Mpc 0.0 25 50 7.5 100 125 15.0

We compute r and n_ ¢ [Mpi]
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5. Warm Natural Inflation

Building intuition: f vs Q

> The existence of a slowly-rolling regime in natural inflation generally depends on the
value of the decay constant f and, in the context of warm inflation, on the dissipation
strength Q.

> Solve system g,<1+Q, |, | <1+Q

_ €&V 1 M 51 sin? ¢/ f
“TTHQ 20+ Q) 2 (1tcosd/f)?
n - nvo 1 MI?I cos ¢/ f

1+Q  (1+Q) f2 1+cosg/f’



[15] K. Freese and W.H. Kinney, Phys. Rev. D 70 (2004) 083512
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5. Warm Natural Inflation
Building intuition: f vs Q

Cold Inflation Case: Q=0 f=f/My
~ 1
> f Z : Broad SR regime, only €, bound plays a role
\/ SR shrinks, g, and |5, | bounds
push in opposite d ectlons - 21
ESRC: f> \/_2 ~ 0.5
V2 — 1 [15]
5 No SR regime : 1
B : f > — & 0.7
SRC NG
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5. Warm Natural Inflation
Building intuition: f vs Q f= /M.,

Warm Inflation Case: Q>0

> By taking Q=const., we can interpret /1 + Qf as an effective decay constant fw
and recover the same constraints from cold inflation.

ESRC: f> 2(‘/15—!5) ESRC: for f< (vV2-1)/2, | Q> \/ff_z L 1,
—
BSRC: f > S — BSRC: for f <1/V2 Q> 1
V 2(1 +Q) ’ zfz

We can achieve sub-Planckian values of f but only in a strongly dissipative regime Q>1.

i.e. for f~10-1 M, Q~50; for f~1 03 M, Q~10°
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5. Warm Natural Inflation
Building intuition: n_ and r for Q>1

> For Q> 1, the spectral tilt n_ is blue-shifted while the tensor-to-scalar ratio r_is strongly suppressed
compared to the cold inflation case.

7.376V — 2.4677V S
5Q

48.21ey — 37.33ny
>
Q

" Linearcase: ngi~ 1+ 1,
Twarm ™ 'rcold/Q2 ¢

Cubiccase: ng3~1+ 1,

CMB measurements set a limit on the maximum allowed value of Q: Q<50 for c=1 and Q<15 for c=3
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5. Warm Natural Inflation

Results - T
95% CL TT, TE,EE+lowE+lensing / \
1.2 = e c=1 I.l \_
. s . @ c=3 ] \
> ris within the observational i \
) ) \
constraints at the 2¢ level for all o el ™ / \
: P ;
values of Q and decreases rapidly < P . N
for Q1. t ey
1.o4 - e i R i
o R e A T e e e e 7/
L e == s i
> As f decreases, the region where n, pd ,-’
is within the observational 0.9
constraints moves to higher values
of Q and shrinks in size. B W mos s
10-5 B = S e
— RN
> Fora gi_ven value of f, n_ becomes 10-10 4 T e \\
blue-shifted at smaller values of Q - F=5 s \
for c=3 compared to c=1. 10-15 4 —. 7=1 /4/_/./‘ .\,\
— 'f-= 0‘5 //// \
10720 T T 1 T T
10710 10~= 10°6 1074 1072 100 102
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5. Warm Natural Inflation

Results " TTTE,EE+lowE+lensing o c=1
1 TLTE,EE+lowE+lensing+BK15 e c=3
>  For both c={1,3} and fZMpI’ WNI is | TT,TE,EE+lowE+lensing+BAO+BK15 - f=5
consistent with observations at the M Cold Natural Inf: 2 <7<200, 50 < Ne < 60 — =1
; <ees F=05
10724 (G| 090
> Forf=5 Mpl, both cases c={1,3}
reduce to the cold natural inflation A
result. This occurs precisely when .  19-4 4 T s .
Q. 9.5x 10" (c=1) and Q. 3.7x =~
1010 (c=3).
10—6 -
> We found that for c=1: fmin=0'3MpI ----- - T o
and for c=3: f . =0.8M
pl
10—8 .
............ -07-:4.8”-“““.“"”“""”“”"“'”
10710 - T T
0.955 0.965 0.975 0.985
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SUMMARY T

Constraints on the scalar-field potential in warm inflation (ArXiv:2209.14908)

For most warm inflationary models of physical interest the requirements on the flatness of the scalar field
potential are very stringent and significantly more severe than those in the cold inflationary scenario.

Observational Constraints on Warm Natural Inflation (ArXiv:2212.04482)

1. We found that, in contrast with the standard cold inflation scenario, for f2M
warm natural inflation is consistent with observational constraints on r and n, at the 1o level,
respectively in a weak (moderate) dissipative regime for ¢=3 (c=1).

2. Asfislowered, the dissipation strength Q must increase in order to maintain the existence of a
(broad) slowly-rolling phase.

However, a larger Q leads to a larger scalar spectral index n_ such that
f can at most be marginally sub-Planckian without resulting in n_ 21.
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PRESENT AND FUTURE WORK H—

1. Generalized code to compute the scalar dissipation function G(Q) [IN PREPARATION!]

2. Conditions for Eternal inflation in Warm inflation [FUTURE WORK]
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A. Standard Cold Inflation

Motivations & Predictions

c HORIZON PROBLEM ° FLATNESS PROBLEM
The uniformity of the CMB implies that the Refers to the necessity of an extreme fine tuning of
universe at decoupling was in thermal equilibrium. the initial value of £2. 0D
Oddly, the comoving horizon right before photons Present observa_t:gms suggest that |€2,-1|<10", this
decoupled was significantly smaller than the implies |%;1 <107 at nucleosynthesis epoch, and
corresponding horizon observed today. |-1]<10™" at Planck epoch.

(@ wonNoPOLE PROBLEM (D cwmBANISOTROPIES
All GUT predict the existence of magnetic The CMB presents small tesmperature o
monopo'eS, extreme|y heavy partic'es with net anISOtrOpleS with AT/T~10- a characteristic
magnetic charge. angular scale of about 1 degree.

If these particles exist in the early universe, they
could be the dominant materials in the universe.
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Al

Standard Cold Inflation

From Quantum to Large-scale perturbations

Comoving Scales

The comoving Hubble radius shrinks during
inflation, so eventually all fluctuations exit
the horizon

After inflation, the comoving horizon grows,
so eventually all fluctuations will re-enter
the horizon.

Adiabatic curvature perturbations freeze
when they exit the horizon: their amplitude
is not affected by the physics shortly after
inflation

A

horizon re-entry  Cymovin g

horizon exit
\ f/ i / Horizon

density fluctuation

Inflation Hot Big Bang

-

Time [log(a)]



TEXAS DEPARTMENT OF PHYSICS, WEINBERG INSTITUTE FOR THEORETICAL PHYSICS

B. Warm Natural Inflation

Dynamics in Warm Natural Inflation
e s g - Ma e e s {9/
9f%af [1+ cos(¢/f)]+

¢ @
e [1+cos(q§)]2“,

f

€w

Tw

Ef/Mpl, $E¢/f7
_ &V 1 MI?I sin® o/ f
S 1+Q  2(1+Q) f2 (1+cos¢/f)?’
o 1 My cos¢/f

1+Q  (1+Q) f2 1+cosg/f’

Pend 7
N, = J? / (1+Q) 1?45

bomB sin ¢
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B. Warm Natural Inflation

Dynamics in Warm Natural Inflation

H= "A?f Lt C";(‘N N Glinear (Q) = 1+ 0.189 Q12 1 0.0028 Q2™
pl

Geuvic (Q) =~ 1+ 3.703Q%*%3 1+ 0.0011 Q%™

T =

Q 1 ML sin2e/p) |
(1+Q) dox fim? [L+cos(@/fP |

-1
dinH d1n¢ 2/31Q T , # H(dlnT dnH
,—1=4 142 Sl i S =
or aN, ~ “an. +< R =y H) {2nBE BENCT AT
N%Q T[/34+2rQ\ dInQ N dinT dnH (Q)lenQ
/—3 40 H|\3+47Q ) dN, dn, dN, G(Q) ’

 16¢, 2V31Q T T
O r= 1+Q(1+2nBE+——3+4wQ H) —G(Q)’
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B. Warm Natural Inflation

Slow-roll in Natural Inflation

~—
Il
S
=
.
)
sk

- 7 ~f
1—2f2):~. ¢<arccos(1+f2
- €)

(ey < 1): ¢ < arccos ( e (Inv] <1):

¢ > arccos (1 ) ¢y2 otherwise.

for f > 1/V2, broad SR regime: = ¢ € (0, ¢.).

V2 -1

ESRC: f>

b)

or 4/ (V2-1)/2< f<1/vV2,SRregime: = ¢¢ (¢25 Pe)- 2
1
for f < 4/ (v/2 —1)/2, no SR regime. BSRC: f E
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B. Warm Natural Inflation

Dynamics during the inflationary period

> both Qand T/H increase during inflation.

102 -

> Forc=3, f=5 Mpl, inflation starts in a cold 1G-% 4

scenario (T/H<1) and evolves in the warm O 10-3 1

scenario (T/H>1) via the coupling to the 10-5 -

radiation. 10-7 -

> Forf=5M_, we have Q<1 during all the 10%

inflation period. x 10°4

=

> For f={1,0.5} Mpl, inflation only starts with a 10° 4

Q~O(1) which quickly increases to values

Q>1, through most of the inflationary period. ' ' ' ' ' ' '

Ne before the end of inflation
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B. Warm Natural Inflation

The Dissipation rate in axion-like interactions

> Gauge group SU(N ) with N, fermions in a representation R of dimension d and with

trace normalization TR normalization

1 - 1 2 Tr Gp,uéw/ .
_ = pv - p h il ol
L 27 Tr GG + ¥ (D +my)¥ + 5 L0 + AT V(p)
TrG z/é’w -1
9,00 =V + rlﬁ;zf I(T) - Cspn 1+ 24T1% Isph
B T ——) 2T f2 drT? Ty, ’
Tr G, G" (T
167’!’2 - ( )(P,

Dyon = A(a, N, Nj)a®T?

Fch —

nNcamf

T

2
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B. Warm Natural Inflation

The Dissipation rate in axion-like interactions

> The role of light fermions is to allow chirality-violating processes that diminish the friction
associated with sphaleron transitions.

> The estimation of this dissipation rate is only known to be valid for m¢<a2T.

Cubic case:  mj — 00: T(T) ~ (’?’0‘5)T3-
ubic case: f : ACY> ;
drN.am?
Linear case:  mjf S (N2a®)T: T(T) ~ ( i zf ) ;
A8 f2T2
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B. Warm Natural Inflation

The Dissipation rate in axion-like interactions

> ais bounded from perturbativity and the inflaton thermalization which respectively require
a<0.1and a<10%/Q

> The entirety of the viable parameter space that we obtained in this work strongly violates
the theoretical bounds on the cubic and linear axion-like interaction terms.

Cubic case: Linear case:
- 5 drNeam’  dpN3a5T? aST?
’),3 — & ~ 0(102) . a5, 71 p— 2f g C 5 ~ 0(1) . 3
2 48f2TR 48f2TR f

1 2, 1
73 g. ? 1> (f l1>5.
=|o ~ (W) ) a T2
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C. Warm Inflation
Effective Langevin-like EOM

>  The effective equation of motion for the inflation ¢ becomes of Langevin-like type when
the microphysical dynamics determining I' and sourced by a stochastic noise term &,
operates at time scales much_faster than that of the macroscopic motion of the ¢ field
and the expansion scale of the Universe.

~0,0kp +T¢ +V, = &r(@, 1)

0= [ s -0 (6@, 6@, 6)) = 20Ta S5(t — ¢)5(@ — @),

_ _lim ImE g (k = 0,w) |
w—0 W
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C. Warm Inflation

An attractor solution

> We assume there is a well-defined initial temperature of the bath at the onset of
inflation T,,. Teq is the steady-state equilibrium temperature.

> For a dissipation rate I'ec T° and |c|<4, it takes less than one Hubble time to reach the
equilibrium temperature for warm inflation.

p.R ~ F(T)¢2J

7o &, (4—oH
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C. Warm Inflation

The scalar perturbations

66+ 3HO+ (5 + V") +

(Calk, ), G, 1)) =~ HZ(2m)263) (k — K')8(¢

Cq

_I_

&

—t) (Cr(k, 1), Cr(K,

Slide made by Dr. Luca Visinelli

t')) ~ &L (2m)260) (k — K')3(t — t')

Quantum fluctuations

> Scalar power spectrum from the
ensemble average of the noise
realizations

> G(Q) is defined with respect to the
analytical estimate of the scalar
power spectrum

— AR(k) =

Thermal fluctuations

A2

5z (IRI%)

,numerical ‘ c#0

A2

R ,analytic
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