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Introduction
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Inflation explains horizon, homogeneity, isotropy, flatness, etc.

Red-tilt CMB anisotropies show a strong indication for inflation:

ns=0.96651+0.0038 [Planck+BAQO]

Bunch of inflation models are ruled out by tensor-to-scalar ratio:
r<0.035 [Planck|8+BKI18+BAQO]

Models with small r are testable by Bicep3, Simon, CMB $4, LiteBird.



PQ symmetry & axion ..

® Axion is a pseudo-Nambu-Goldstone coming from the
spontaneous breakdown of U(1) Peccei-Quinn symmetry.

(@) = —— fae™ @/ a(z) = a(z) + 2nf,

V2

e U(l) PQ symmetry becomes anomalous due to QCD
anomalies (KSVZ or DFSZ): axion-gluon couplings solve

the strong CP problem via QCD instantons.
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Axion quality 3-

® Bounds from neutron EDM constrain the effective O:

e My My

ot < 1.8 X 107 ccm mmpp foq = § 4 €4 < 10710

d,, =
A?QCD My, + My fa

® A continuous global symmetry is broken explicitly by
quantum gravity, but whose effect must be small enough.

“Axion quality problem”

Explicit PQ breaking at Planck scale: vpqy = MCS_ L ®" +hec.
P

if @/ fa P Voo = — T Ja nM4 cos (n— +a

V2! PRV T gn/2=1\ Mp r fa

Oop < 10710 = 5 >12 for f, = 10" GeV

d(r) =

e.g. higher order discrete R symmetries
[HML et al (201 1)]



AXxion dark matter 4

® Axion can be a candidate for cold dark matter.

® Axion abundance is determined by the initial
misalighment before QCD phase transition.

[Preskill et al; Abbott etal;  “Axion misalignment mechanism”
Dine et al (1983)] &

m, >~ 3H :coherent oscillation

—» Axion cold dark matter

Axion abundance: Axion window:
o 2 Palai) _ma(0) (gs*m)) >/( T, ) 10° GeV < f, < 10'* GeV
. pC/h2 mCL (TOSC) gS* (TOSC) TOSC ----------------

Supernova Relic density
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Bounds on axions
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AXion rotation 6

® Explicit PQ breaking becomes more significant when the
saxion (PQ modulus) is not at the minimum.

ey o\ .y a
Veqv = on/2—1 (M—P> Mp cos (n I T Oé)a P> fa

—» Velocity kick for axion before QCD phase transition.

[Co, Hall, Harigaya (2019)]  “Axion kinetic misalignment”

® The saxion field sets the initial condition for axion
velocity and rolls down to the minimum before QCD PT.

Noether charge conservation: Jy = f20, a°Jy = const

After QCD PT, the axion starts to oscillate
about the minimum with Pa,rot = meJo > Pa.pot

Smaller axion decay constant is favored: f, < 1.5 x 10" GeV



Pole inflation with Higgs
or PQ fields



Pole inflation

® Singlet scalar field 0 with a conformal coupling: -/~
LJ B 1 1 9 1 2 1 5 o 1 5 2
Neril 2(1 i >R+2(5’MJ) V(o) , Vi =M (1—60>
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Inflation occurs near the pole. Complex scalar = inflaton ?
e.g. Kallosh, Linde, Roest (201 3)



Higgs pole inflation

_8_
® Consider the Higgs field near conformal coupling:

L; 1. .
Jordan-frame: = —-MpQ(H)R(9s) + |D.H|* — V;(H
0=1 3;1[2) |H|?1 “conformal limit”®  [S-Clery, HML, A. Menkara (2023)]
2
Einstein-frame: 22 — _lappig)+ — Pefll
P 2
—YE 2 (1 - 31&1’% |H|2)
L ]. 2 2 L l. 2 2 . VJ(H)

. 5 1 .
Unitary gauge: H” = (0,h)/v2 —> |HPIDH = 0,|HP*|HP =0

c 1 1 (9,h)? Vi(zh P
mmgy ~>M3R 4 ( “1) —|- (“f )2 ; : Pole inflation type!
—9E (11— saiz 1 )| (- Trelk )




Inflationary predictions

® Take the canonical Higgs potential in Einstein frame.  —9-

VE(H) _ C-mA4_2m|H|2m

2
<+ Jordan frame: v;(H) = CmA4—'2m|H|'2m(1 — = :[2 |H|2>

[H[™ [H[P™ 2 | H*™ %« equally important in Jordan frame.

Canonical inflaton: h:\/éﬂ-fpt.anh( 4 )
V6Mp

2m
, . ‘ @ €€ o ) o b
- V(o) = 3"’cmA4‘2mM§»’”[tanh( ‘ )] Higgs pole inflation

\/61"[ P

® |nflationary predictions: N =60 — [n, = 0.966, r = 0.0033
Insensitive to m

Spectral index Tensor-to-scalar ratio  ~MB normalization

1 41‘7\T + 3 . ].2 A 4—-2m 3
Ng = - - r=— 3"e | — = (. B
Q(A,r«z 9 ) 1'\"2 9 3 Cm(f\'[p) (31 x 10 ) r

16m?2 16m?2




CMB energy bound

CMB energy bound: 3{[’2’ + 9 + Z

m=3

A

4—-2m
, ) —1.0x 10710
M,

3771 Cm (

m = 0 : Vacuum energy dominance

—> Graceful exit problem :

Vi =V, Small constant vacuum energy for present.

m=1: pug=14x10"GeV = : Positive Higgs mass.

Ve = u%|H|? Inconsistent with EWSB unless Higgs
mass becomes positive after inflation.

m=2:] Ag=11x10"" —p
: quartic coupling during inflation.

Need of positive but small



PQ pole inflation

_‘I‘I_
® Consider the PQ field near conformal coupling and

introduce the PQ conserving and violating potentials.
[HML, A.Menkara, M-), Seung, J]-H, Song (2023)]

L | | o o
= ——MpQ(P)R(g;) + |10,P|" — Q7(P)VE(P
5 E R N
Ve(®) = V] U)"" — |®*™ — m3|®|* + (k oM (D= Pp" = +h.c.)
e
PQ conserving PQ violating

' '

PQ inflation, SSB of Axion kinetic
U(l) PQ misalighment



PQ conserving potential

® Bounds on PQ conserving potential. 12

i i 2 2
E m = 2 E VpQ = ‘/()+)\<b(|¢’|2—%) ) Ja = \/—m?p/)\cb
1 ., ¢
— e — V/6Mp tanh .
) 7 pe” P V6Mp tan ( \/_Mp)'
Ly 1 6 N oo oo
—> - _2\1,,R+ L(0,6) + 3M2 sinh? ( \/awp) (8,0)% — Viz(,0),

Inflaton potential:  Ve(#,0) = Veq(9) + Vequ(p,0),

1 y ' 2
Veq(¢) = Wo+ E)\q)((if\f,z) ta11112( (‘Dﬁ ) — f;) '/\(I) — 1.1 x 10-118

® General PQ conserving potential.

- I3m 2m ) 9 [ - 2 A2m—4 1/(2m—2)
VPQ — Jw%m_4|¢>|“m — mg|®|” | (p) ~ (@) ~ fa = (MzaMp™ ")
. 2m ‘ :- -------------- i
. I |, omy r @ ) 2 g2 2 ¢ e UL — -10:
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PQ violating potential

_13_
® Bounds on PQ violating potential.

Veqv(p,0) = 3"2Mp tanh” ( 7 ) Z |cr| cos ((n. — 2k)0 + Ak)
Ip | |

Axion quality: |Oes| = ’9%?

| . a fa\" on/2¢ Aqcp !
Veg(a) = Vo — AéCD cos (9 + §E) ‘|‘VPQV — (j\[;,) S (n — 2k)|cy| ( Mp )

fa=102GeV, £ =1, |a| =0(1),in 2 121  In general, n o 1/In(Mp/fs)

PQ inflation leads to stringent bounds on PQ violation:

[n/2]
Vo (6;)/Mp = 32 Z \ci| cos ((jn. — 2k)0; + Ak) < 1.0 x 1071
k=0

3"2|ci| <1071 each

)



Axion rotation during inflation

o . . o Tl4-
® PQ violating potential leads to nonzero axion velocity.

PQ modulus: ¢+ 31— 6Mp sinh ( e ) cosh ( ? ) 0% = _OVg
B P\ Vomy NP 9

'. 1 Vg ‘ | . .
¢~ V6Mp, ¢~ 37 g~V 2¢, MpH Slow-roll inflation

Axion:  garpsint? () [i-+ 30+ 2 com () 96| - -
P Vo) [ VoMp  \\eMp) o6
SR o V2 H
f~ — 277 98 R 269 . < H
6 M3 sinh® (—2— \/_\I;) 6 sinh? ( \/(_3Mp)

Slow-rolling, but sub-dominant for inflation

—» Nonzero axion velocity at the end of inflation

Bound on axion velocity during inflation:

Mp tanh” .
(‘f"' ) 10710~ 0.9" x 6 x 107" Mp

18 H; sinh” (—\/:‘-‘I\ISI}L) ............

3/2|cp| S 10710 m—p [fpq| <




Reheating and axion kinetic
misalignment



Saxion/axion after inflation -

Post-inflationary dynamics: [HML, A.Menkara, M-J, Seung, ]-H, Song (2023)]

) - Vs Vi
¢ < V6Mp, G+3HS— ¢8> ~ 2 2

= 2(0 + 3HO) + 2000 ~ ——
96 o° (60 +3HE) + 2000 50

. . 2:  dr 8\
Approximately conserved Noether charge: 5, = ¢ g, %(a’ng) =0
5 3HG O 4 Centrifugal term diluted;
: . . £~ ) — AdL . . .
a® ¢ PQ conserving potential dominates!
f,=10" GeV, n=10, c;=10""3, Ay=0.5 £.=10"" GeV, n=10, cp=10""3, Ay=0.5
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Inflaton condensate

® PQ field oscillates around zero after inflation. -16-
' Cm m 12m m . ds —_ ]
VE(0) ~ o — AT = g dh? Virial theorem: <E> =0, S=¢9

L .. L -
—> (3%) = (%) = ()
(Hubble friction |gnored)

po = (567) + (Ve(9) = (m + 1)(Vi(@),
pe = (58)— (Vi(9)) = (m — 1)(Vi(9))

(w >:@: m — 1
» o=, T m 1
¢¢ M I
general equation of state(e.o.s)

With Hubble friction, Inflaton =“damped” harmonic oscillator.

¢ = ¢o(t)P(2) ¢o(t) :inflaton amplitude,

s - . - I'(3+5 2 _ '
P(t)= ) P.e™* :oscillating part, w=ms/—— (If(;)"‘), my, = Vi (¢o)
2m

n=—oo




Perturbative reheating

. . . -17-
® Perturbative reheating from inflaton decays.
b+ (BH+T)d+VE=0 3 po+3(1+ws)Hpy = —To(1+wy)ps

Boltzmann equation for inflaton

' — 1. 2 . | 2 P¢p T PR
plus Pr+4Hpg Lo(1+wy)ps H" = 3M2

PR = PSM T Pa ) [y = Z F¢>—>ff + UgssHH + Udg—aa
f

PQ inflaton decays/annihilates into axions,
heavy quarks (in KSVZ), Higgs pair, etc.

' 2 2
A3 Ppw m2 \ /2 @ > fa, my; = Ap@°
(Ts6—saa) = QI 0 (m+ 1)(2m — 1)an< (1 - — a.)) >
| b Ww=n= a 00 D2y |2
Tm; n $e — 30 p)(P2),
/\%m@%w 1\ (¢ e H _ -m.%{ 1/2
Foparim) = Tmg N w3n? Em = 2ot 7 (P?)al?

1\"Cy}2-w3 o ; | 4771.3- 3/2 i
(Lypp) = 5 (m+1)2m - 1), ( (1 - — » =32 nd|P,|?

8mm; w?n?



Reheating temperature

. - : . -18-
® |[nflation/radiation evolution depends on inflaton e.o.s.
3(1+wy) — 4
P N/Oend(ae;d> Zpend<azld> . PR N{CL , (—2m <0
3(2m—1)
a ™t . 7—2m >0

Boltzmann equations — pr = Py =P Reheating temperature

r

1/4 —
(3—0) [4+m - (VaAMEL ok)! ] 7 4+m — 6mk > 0,

Tge (Tru)

Tru = {4

3Im

1/4 4(m—2)
30 2(1-2k) _ 6mk—m—4 | 4 ) " | o
\ (Wg.(Tm{)) [ank 4—m \/_‘[ (pend) &m ] . 44+m—-—6mk <0

Ly = ygpk /Mp decay: k=1, scattering: k=2

Reheating temperature for quartic potential: )
5 P L P A small Higgs-portal

100 \"*/ v \/ 2o \"* coupling is efficient!
Q(Tmh)) (10_4>(10_“) ’

100 ) 1/4 (Illau’([)\yq,. \/4.'"\"’Cy%7nf/w] )2 ( 10— 11 )3/4

9u(Tren) 107 Ad

Tru|decay =~ 2.9 x 10* Go\/(

TRH'scattering ~ 6.0 x 1011 GeV (



AXxion dark radiation

® Axions produced during inflation: -19-

Loosaa ’\‘;I’ <1 :sub-dominant radiation
r¢a'>—>HH 2/\11<I>

Y. 106.75 \*? L.y
— ANg =0.02678 [ —2 Dark Radiation
g (Y;cq) (g*s(Trch))

| . a1\ 3/2 \/
Vo-BRGo s e gy g Yo | O 0(Ta) T
o Yg o 2.20% 5 o

High reheating temperature: Axions get thermalized!

f 2.246
. 9 T a —

. . 4T\ a1\ g (To) \*
After axion decoupling, AA\CH—;(TMO) —?(I> Gos(Tren)

e.g. AN.g = 0.02363 (KSVZ), detectable in future CMB experiments

Low reheating temperature:

Y T 5 10_11 2 f 2.246
Len < Toeq , v =0.025(T‘0 )(/\m ) (10112;ev) suppressed DR!
a a,?eq o




a*J = a*¢*f ~ const {

(1) = fund (

(d6/dt)eng/Mp

Axion velocity & abundance

107°F

10~/

10—10

)G
a(t)

aRH

3
) _> 9(Tt) — écnd (
[HML, A. Menkara, M-J, Seung, |-H, Song (2023)]

Reheating:

Post-reheating:

f,=10°GeV
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(ma(0) (MeV)

(d6/dt)eng/Mp=107°
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Even for a relatively small axion decay constant,

(ma(0) (MeV)

Axion velocity & abundance

(d6/dt)eng/Mp=10""1° =21~
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[HML, A. Menkara, M-), Seung, |-H, Song (2023)]

f, < 1.5 x 10 GeV

Axion kinetic misalignment dominant for axion DM production.

‘ PQ inflation leads to the initial nonzero velocity for axion!




Conclusions

® PQ pole inflation is the perturbative expansion about
conformal coupling, being distinguishable from Higgs
or Starobinsky inflation by the general equation of
state during reheating.

® A small quartic coupling during PQ inflation is
maintained for small couplings of the PQ field. A
relatively low reheating temperature is achieved for
PQ field couplings to Higgs and extra heavy quarks.

® PQ breaking potential, which is consistent with axion
quality, sets the initial velocity for the axion during
inflation, which accounts for the correct relic density
even for a small axion decay constant.




