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Why (lukewarm) inflation?
A realization at the QCD axion scale & the baryon asymmetry

Generic signatures:
curvature perturbations, gravitational waves, PBHs

Summary & outlook
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Why (lukewarm) inflation?

Relics after reheating, Thermal friction, the Warm Little Inflaton,
and strong dissipation at low T’



Why a secondary inflationary stage?

CMB probes only hot reheating BSM: many scalars,
S 10 e-folds = unwanted relics many possible stages

time
Primary inflation Reheating Lukewarm inflation BBN
CMB scales exit high T': relics 6; frozen, T $2 sustains T'; at Ty, no reheating T ~ MeV
np produced relics diluted

A short warm inflation stage at low 7":

dilutes relics with entropy production and ends directly in radiation
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Warm inflation in a nutshell

Slow roll sustained by thermal friction. ..
radiation
bath, T'

friction T¢>

| srerimirvie -

...that also sustains a radiation bath:

| pr+4Hpp = T¢’

Slow roll by thermal friction; radiation takes over at ey = 1 = no separate
reheating stage.

Berera & Fang, PRL 74 (1995) 1912; Berera, PRL 75 (1995) 3218
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Realizing (luke)warm inflation in QFT

Challenges at finite temperature
» Keeping the fields light: —LDgoyp = my = gp <T
2

» Suppressing thermal backreaction: AVp ~miT? ~ g*T?¢* = Any ~ g 7 > 1

Possible solution [Bastero-Gil, Berera, Ramos, Rosa 2016]

My, = gue cos(¢/va), My, = gue sin(d/ve)
= AVp o« (m}, +mi,) T? = g*v3 T? (¢-independent)

Note: a single fermion is also viable (oscillatory thermal corrections) [Ferraz & Rosa 2023]

Fermion masses bounded by gvg, and the leading thermal correction is

¢-independent.

Bastero-Gil, Berera, Ramos, Rosa (2016); Ferraz & Rosa (2023)
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The Warm Little Inflaton

» U(1) gauge symmetry spontaneously broken by two scalars

P, = % gilato)/ve g, — % cila—¢)/va

» inflaton ¢ = relative phase (gauge invariant = any V(¢))

» discrete interchange symmetry: ®1 <+ 1 ®5, 1)1 <> 1o

—Lyy = % (@1 + Do) P1LY1R — i % (@1 — ®o) Yorthar + h.c.

= gva COS( 0 ) P11 + gve Sln( ® ) Path2)

|my,| < gue: light fermions for gve ST S ve

Bastero-Gil, Berera, Ramos, Rosa (2016)
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Strong dissipation at low temperature

Fermion decays controlled by an additional Yukawa coupling y:

B B 2
~Lyr=yo 3 (butortdortin) the = T=2OrT, Crag
i=1,2

high-T" regime T' 2 my,; non-equilibrium QFT in the adiabatic regime

Lower 7' = stronger dissipation: () > 1 automatically for 7" < Cr Mp.

Bastero-Gil, Berera, Ramos, Rosa (2016)
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Lukewarm inflation with right-handed neutrinos

Y12 — Nig, Y, — N3 (lightest)

C Dgw{ax(f)]%N}+&nQ?)Nﬂ%}+ya§:]VN3+KMN7{L the

i=1,2
(o) =0; H: SM Higgs doublet

| |
} ! seesaw to generate m, ~ 0.05eV
| |
| |
: L Yo I'vosm < H during LW
| i

I'ng—sm > H(TsBN)

Only Ni23 and o in the bath;
The SM redshifts away; Repopulated by N3 decays before BBN.

Levy, Rosa, Ventura (2021)
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Lukewarm inflation at the QCD axion scale

Right-handed neutrinos in the bath, H ~ m, at T' < GeV, and an early matter era



The QCD axion with a GUT-scale decay constant

» QCD axion solves the strong CP problem: 6 becomes a field, a/f,, that relaxes to zero

» Coherent oscillations from an initial misalignment 6; = dark matter candidate

9' 2 f 1.16
Q.h? ~0.12 [ — 2
(0.86) (1012Gev)

misalignment mechanism, standard thermal history

0; ~1 = f, <102 GeV fo = 10'6 GeV = overabundant by
~ 10*-10°

Goal: f, ~ 10716 GeV with 0; ~ 1

Peccei & Quinn (1977); Preskill, Wise & Wilczek; Abbott & Sikivie; Dine & Fischler (1983); Marsh, Phys. Rept. 643 (2016); O'Hare, PoS COSMICWISPers (2024) 040
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H; ~m,, and what it implies

Axion diluted only if it oscillates while entropy is produced (Sesc =~ Sg):

3
Sosc [ Qosc
Qa.,() = As Qa,osc

SE aE
HI<<ma HIN7nzz HI > Mg
T ~ /HDMp too low: oscillations start mg < 3Hg: still frozen
N3 can't decay before BBN during lukewarm inflation at the end = no dilution
RH neutrinos: in the bath, My, < T%; Dissipation: T/H ~ GeV/neV
decay before BBN = a few hundred MeV = Q=L ~102(Cr/107°)

H; ~ m, = lukewarm inflation at 7" ~ GeV, with Q > 1.
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Background evolution

10 Py
”"\ » SM: poca™
% 104 .
<] » Bath in slow roll:
= PR/ Py ~ €1 /2
1074 Pa

» Afterwards: N3 matter era and
o dark radiation

Radiation smoothly takes over at the end, followed by an

early matter era when 7' < Mj

Fig. mq/Hp ~ 0.55, Ny ~ 7, Cp ~ 1073, my ~ 9 meV, fq = 1016 Gev, 0, = n/V3
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The QCD axion during lukewarm inflation

(SM decoupled from the bath)

| 0 +3HO + m2(Tsy) sinf = 0, Ty < a™ !
Cme3H i 10
! H
mg (T) 0.100, % 100
0.010] 1 A
0.001 ool /
: ’ ¢ 3 6 7 o 2 4 6 3
Ne

mg ~ Hrp: critically damped,

then oscillates while s ~ const = n,/s strongly diluted.

Fig. mq /Hp ~ 0.55, Nyyy ~ 7, Cp ~ 1073, fo = 1016 GeV, 0; = n/V3
11/21
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After lukewarm inflation: entropy from N3 decays

S 7 (sad)y, 11

Al = (sa®)p 7 (1 4 Tp )MN3

~

‘ Qa/Qcpm =~ 27 at the end of LW

= need At > 27 — My, 2 210 l\leV‘

N3 in the bath during LW
= ]\4]\/3 <Tg

~

> My, <450 MeV ‘

N3 decays give at most A;l ~ 58: most of the dilution, a factor ~ 10%,

happens during lukewarm inflation.
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Baryon asymmetry: diluted more than the axion

s =np/s

0.46 — 8.7 x 1071
(Planck)

A large early asymmetry (e.g. Affleck—Dine) is brought down to the

observed value by the same stage.

Fig. mq/Hp =~ 0.55, Ny ~ 7, Cp &~ 107
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Viable parameter space: 0, = 7('/\@

fa =101 GeV fa =10 GeV

=102 ¢ =107}

n=1070 pi=1071 gi=1020  pi=107)

7i= 300 Moy 177+

ma/Hp

___________ \ Tp=1GeV

..... S e

N w Niw

/ with My, 2 200 MeV.
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ANg = = | = =2 % < 0047  (Tp =5MeV, My, > 200MeV)
717 My,

The light scalar o is dark radiation: AN.g < 0.05, within current bounds,

near future CMB sensitivity.

Calabrese et al. (ACT) (2025); Ade et al. (2019)
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Generic signatures of lukewarm inflation

Large, nearly scale-invariant curvature perturbations over e in k — SGWB & PBHs



Perturbations: thermal noise and a growing mode

. . k2 .
5 + (3H + 1) 6w + (?2 +v”)5¢k 4Tk =bpt..., 0Tk =CpoT

(€r(t) & (t) = 20T o™ (27)°0° (k + k') 6(t — t')

0T > 0

( \\ » T 2 H: thermal noise > quantum fluctuations
O 6T > 0

. J » (Q > 1. modes freeze out before horizon crossing
more Y¢?
into radiation

Hotter regions dissipate more and heat up more: for T o 7', curvature

perturbations grow.

Graham & Moss, (2009); Bastero-Gil, Berera, Ramos, (2011)
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Curvature power spectrum

Super-horizon curvature spectrum, @ > 1:

Az _ V3TV QT

Yy - % ~ —4 A3 .
R= 202 M3 e H G(Q), G(Q) ~5x107*Q° (growing mode, WI2easy)

with the slow-roll relations and ¥ = C'pT"

100>Z ( Cr )3(107 GeV)S
G 10-2 T
A%{ = As (k/kmax)n‘gil for kmin <k< kmax: kmax/kmin = GNLWHE/HI

A2 ~0.07 63;,/4(

Large enhancement at low T, A;’? o C;/ZT%W

nearly scale invariant over MW in k.

Ramos & da Silva, (2013) ; Ballesteros, Pérez Rodriguez, Pierre (2024); Rodrigues & Ramos (WI2easy) (2025)
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Gravitational waves: a flat plateau

10-
TE /TeV NLVV Ns
1077
—_— 5 9 1.03
—_— 5 9 097
o 10 A N0 )Y 4 meeees 10* 17 1.03
S B O it NN/ S A I FEEER 10% 17 0.97
&)
=]
10711
- Qaw X Ag 2(ns—1)
107134
Tw
10-15 . . . fmax ~ 2.6 X 10_8 Hz
10-8 104 1 GeV

f(Hz)
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Sub-solar mass primordial black holes

10°
» . \~1/6 mHz\ 2
M, = 3x107100M () (22)
.......................... 100 fmax
10745 ’
s M/ M < M,
1076F fPBH X _l_K(p.—1
3~ 5(ns )7 M > M,
10-8F KR = 81(5?/(16145)
e T T T T T TERRT=aTY ns > 1: peak n, < 1: plateau

M/M.,

All DM in asteroid-mass PBHs possible;

planetary masses could explain HSC-M31 events.

Fig. Orange: evaporation; blue: microlensing; red /green: HSC-M31 candidates, Sugiyama et al. arXiv:2602.05840
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Back to the QCD-scale realization

Early matter era after LW

» lower threshold for black hole formation 4§, fmax ~ 4.1 X 1079 Hy i
. 250 MeV

» spinning PBHs

» modified Qcw (f) My (kmax) ~ Mg

The axion model points to the PTA band and solar-mass PBHs

needs a dedicated analysis.

Harada et al (2017)
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Lukewarm inflation

» secondary warm inflation at
low T'

» strong dissipation,
Q o CT]LIP/T

» no reheating stage

QCD axion Signatures
> fo ~ 10716 GeV with » flat SGWB with a sharp
0; ~ 1 cut-off

> observed np/s from a large » sub-solar mass PBHs

initial asymmetry

» RH neutrinos at a few
hundred MeV

Next: non-Gaussianity (fxr =~ 8), peak theory, early-matter-era effects, other lukewarm models.

Thank youl!
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Backup slides



Backup: axion cosmology and dilution mechanisms

» Mass (chiral perturbation theory, lattice):
mg =~ 5.7 eV (102 GeV/ f,);
m2(T) =m2 (T/Tqcp) ™" for T > Tqep, n ~ 8

» Misalignment: 6; ~ O(1) (e.g. (03)'/? = /\/3);
frozen while H > m(T)

» Standard thermal history:

0, 2 f 1.16
2 o K a
" > 0.12 (0.86> (1012 GeV>

fa = 10*® GeV: overabundant by ~ 4 x 10* (6;/0.86)2

Existing dilution mechanisms

late entropy release (decays, moduli), thermal
inflation, low-scale inflation, late accelerated
phases.

Typical issues:

1. ad hoc fields with tuned decay rates

2. very low reheating temperatures

3. erase any pre-existing baryon asymmetry
4. tuning mg ~ H ~ m,

Goal: f, ~ 10516 GeV, 6; ~ 1

and the observed np/s.

Grilli di Cortona et al. JHEP 01 (2016) 034; Borsanyi et al. Nature 539 (2016) 69; Marsh, Phys. Rept. 643 (2016) 1; O'Hare, PoS COSMICWISPers (2024) 040; dilution
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Backup: warm-inflation dynamics

Slow roll sustained by thermal friction. . .

| S+ BH+T)$+V'(9) =¢
..which also sustains a radiation bath:
| pr+4Hpr = T¢?

Slow-roll regime, with Q@ = Y/(3H):

H(1+Q) o~ -V'(¢),

4Hpp ~ T¢?

ConditionS' €p, Mgl K 14+Q

co = MBI VIR, ny = MRV IV
PR €EH Eﬁ
For@Q >1. —~—, ¢
@ Py 2 "EIQ

radiation subdominant, yet T' > H

e — 1: radiation takes over smoothly
=> no separate reheating

Strong dissipation: slow roll even for
me > H

Berera & Fang, PRL 74 (1995) 1912; Berera, PRL 75 (1995) 3218; Berera, Moss, Ramos, Rept. Prog. Phys. 72 (2009) 026901
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Backup: dissipation coefficient

11 2 decay through an additional Yukawa coupling y: Using pr = %g*TAx ~ cn 3H2M2:

—Lyo =yo Z (YiL¥or + Yortir) +h.c.

i=1,2

Adiabatic, high-T regime (T' = m.,), from
non-equilibrium QFT:

Lower T' = stronger dissipation.
9 T<<CrMp =Q>1
3 :
YT ~CrT, Cp ~ 9 automatically.

" y2(1—0.34logy)

Lukewarm inflation is easier to realize than

([A] Eq. (11); Cr < 1 means no large hierarchy g > y)  GUT-scale warm inflation (weak/mild
dissipation there).

Bastero-Gil, Berera, Ramos, Rosa, PRL 117 (2016) 151301; Kapusta & Gale, Finite-temperature field theory (CUP 2011); [B]
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Backup: slow-roll solution, quadratic potential

V = %77%21@2: T=CrT, Q> 1; N.: e-folds » Three parameters: (H;, Nuw, Cr)

since the onset (I); 5 » Background H(N,), T(N.) is

z=1-Ne/(Nuw + 3): independent of C'y for @ > 1: Cp
only fixes m, (and the perturbation
amplitude)

¢=¢ra% T=T 2% H=Hz°

e = —dIn H/AN, =1 at N, = Ny (end, E;
slow-roll estimate)

» 17 fixed by Hy and Nyw alone

» Other potentials allowed (only Zs-even
required), e.g. hybrid-like V + %mi(bQ

.75 H2MZ

T4~ 5 Cr HiT;
I 2r2g, Npw +5/6°

6 Nuw +5/6

m? =

[A], Egs. (25)—(31)
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Backup: right-handed-neutrino sector

> WLI with 1.5 — N1, Na, s — N3 (lightest), o a
light scalar, (o) = 0; U(1) may be identified with
lepton number; Majorana-type couplings (O(1)
factors absorbed in g,y)

» Type-l seesaw links to the SM (#: Higgs doublet,
(H) = vy ~ 174 GeV):

Y.i: after LW,
* before BBN

m, ~0.05eV = 3 [Vail? = m
1.65 x 107"° My, / GeV

T
1

Lyuk = —Yoi NiH Lo + hec.

G2 MR, 02 | Yoi |2
> FN7 ~ % Za |Uai|2y |Uai|2 = %}2\[‘ too
slow to keep the SM in the bath = SM redshifts BBN: I'n; > H(Tp ~5MeV) =

Mpy, 2 0.1-1 GeV, depending on the

away during LW o
flavour structure of the mixing

Levy, Rosa, Ventura, JHEP 12 (2021) 176; Hernandez, Kekic, Lépez-Pavén, PRD 90 (2014) 065033; Domcke, Drewes, Hufnagel, Lucente, JHEP 01 (2021) 200; [A]
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Backup: scales and inflaton mass

Require H; ~ mg, =~ 0.57neV (10'° GeV/ f,): » T S GeV = upper bound
Mn,y S Tw; with the BBN bound:

1.6GeV [ Hr\ % /10" GeV\ 5\—4 My, ~ fewx100 MeV
T =g () (T ) (Mo +5) -
gt/ Ma fa 6 » Sub-eV inflaton, yet my > Hy:

possible only because QQ > 1

(Q~ L ~ 10" Cr/107° here)

1/2 3 16 3 _5
me ~ 0.8eV Cr (&) 4 (M) 4 (NLw-i-é) 8 » Sub-Planckian field:

gt/ \ma fa 6 ¢ ~ (H/mg)Mp < Mp
Benchmark (g. = 6.25, Nuw = 7, ma/Hr ~ 0.55, » T/H Z Agcp/ma ~ fo/Aqep > 1:
fa =10 GeV): Tr ~ 0.8 GeV; numerically very strong dissipation

Te ~ 450 MeV.

[A], Eas. (29)~(31)
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Backup: scalar-induced gravitational waves

Second-order tensor modes sourced by A% re-entering in the radiation era:

0o 1+v 2 _ 2 _ ,,2)272
QW (k) = %/0 dv/1 du [4” (1425 w) } T2 (u,v) AZ (kv) A% (ku)

IE{D = limg o0 2 IE{D(u, v, x), = k7: oscillation-averaged kernel in radiation domination

Main features

2 Gre \TV/3 2 () 3
Qawh?|, ~ 0.83(10 75) 0,0h? QY 7, f < fonin
’ QGWh2 X A? (f/fmax)2(n571)7 fmin < f < fmax
Qroh? ~4.2x107° 0, f > 2 fmax
fmax = kmax/(zﬂ-ao)' re—entry atT = TE in a fmax kmax Npw HE
radiation era: Foin K Hy
T; N 1/6 f > 2fmax: forbidden by momentum conservation
Fonx = 2.6 x 105 Hz, ( £ ) ( J )
GeV/\100

Kohri & Terada, PRD 97 (2018) 123532; Espinosa, Racco, Riotto, JCAP 09 (2018) 012; [B] Eq. (8)
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Backup: PBH formation (Press—Schechter)

6~ —2(aH) V>R > 4. collapses into M = KMp (6 —6.)"; K~ 4, v~ 0.36, 5. = 0.49 for w = %,
realistic w(T') through EW, QCD, e*

1
_ 2K/y Meq p'*7 ("7 +6c)° _ M
fomn(M) = 2L [ a3 S e[ - U 0] =

4
¥} (My) = /dlnk g(%) A% (k) efk2/(aH>2, (aH)™" at re-entry of My
a

Main features

1 -2
M M < M, 5 X 10*71\/[@(100) ? ( Ty )
fpBH o g TeV

M=2=50a"D ML« M < Muax
]\/[max/M* = (kmax/kmin)Q;
k=8162/(16 Ay) ~ 30-45 (benchmarks) ns>1—r"" peak at My; ns S1—rk "
plateau

Byrnes, Hindmarsh, Young, Hawkins, JCAP 08 (2018) 041; Carr, Clesse, Garcia-Bellido, Kiihnel, PDU 31 (2021) 100755; Musco et al. PRD 103 (2021) 063538; Doménech, Pi,
Wang, arXiv:2602.24061; [B] Eq. (9) & suppl
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