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Motivation



Ultralight dark matter

> Ultralight DM:| 10722eV < m < eV

wave-like, oscillatory

Future atomic-/astro-physics experiments: m < 107 1%V
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See also talks by Konstantin and Wolfram
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Axion from misalignment mechanism

» Axion: well-motivated ultralight DM (protected by shift symmetry)

i + 3H1n +m2n =0 V(n) = Ay [1—cos(n/fy)] = my = A2/ [y
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» Axion: well-motivated ultralight DM (protected by shift symmetry)
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» Misalignment mechanism: axion starts to oscillate when H ~ m,, and behaves
as matter after then, p, ~ a3

misalignment angle (no fine-tuning)
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> For QCD axion DM: m, ~ 107° eV
For ALP DM: f, > 10'*GeV if m, <107'° eV




Axion from misalignment mechanism

» Axion: well-motivated ultralight DM (protected by shift symmetry)

i + 3H1n +m2n =0 V(n) = Ay [1—cos(n/fy)] = my=A2/ [y

» Misalignment mechanism: axion starts to oscillate when H ~ m,,, and behaves
as matter after then, p, ~ a™>

misalignment angle (no fine-tuning)

2
(35) e~ 00) (), 77
012 ) app mis. V10710 eV 1014 GeV @)

<th2) (10—6 eV>3/2 We want to look for some
0.12 / 5D axion, mis. new mechanism
to produce ULDM o

my

> For QCD axion DM: m,, ~ 107° eV
For ALP DM:|f; > 10'"*GeV |if m, <107 eV

How to reduce f; for better
experimental sensitivity?




Particle production from inflationary
quantum fluctuations

» Particle production in expanding universe: Parker, 68’
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» Axion production from inflationary fluctuations Turner, widrow, 87’
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Purely inflationary quantum fluctuation is not

enough to produce axions lighter than 10~>eV 11
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CFT must be broken:
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» Axion production from inflationary fluctuations Turner, widrow, 87’

th2 m, 1/2 Hi 2 Difficulties to have Illghter DM:
0.12 ~ <m> 1014 GoV 1) mass suppression to relic abundance

2) kinematic suppression, p. ~ Hiys > m,,
DM is ultra-relativistic by the end of inflation

Purely inflationary quantum fluctuation is not

enough to produce axions lighter than 10~°eV 12




Particle production from inflationary
quantum fluctuations

» Particle production in expanding universe: Parker, 68’
CFT must be broken:
1) mass term (suppressed for light particles)

2) coupling to gravity (significant during inflation)

» Typical scale of inflationary quantum fluctuation:

Tou = Hing /27 Gibbons, Hawking,
Key of our mechanism:

Hiye <10 GeV  (constrained b change the kinematics of
axion by the end of
» Axion production from inflationary fluctu$ inflation!

Ion 1o relic abundance

th2 ( my )1/2 Hjnf 2
0.12 10—5 eV 1014 GeV

Purely inflationary quantum fluctuation is not

2) kinematic suppression, p. ~ Hiys > m,,

DM is ultra-relativistic by the end of inflation

enough to produce axions lighter than 10~>eV 13
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Framework

e We assume the PQ symmetry has broken during inflation, f, > Hin¢ /2.
Axion is effectively massless during inflation if m, /K < Hiys

) 2 . 1 ) ¢: inflaton
S = /d TN/ — [ R — —g" auqbaMb - V(¢) - QQM (9“773,/77] 7: axion

crucial for CFT breaking and axion production

K(¢) dynamically reduces to unit after inflation
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Framework

e We assume the PQ symmetry has broken during inflation, f, > Hin¢ /2.
Axion is effectively massless during inflation if m, /K < Hiys

S = [ g4 /— le 1 ’“’(‘9 5 v 1 g p ¢: inflaton
/ ! 2 qu v = (¢) - 29 pTovT 7: axion
crucial for CFT breaking and axion production

K(¢) dynamically reduces to unit after inflation

o Flat FLRW metric

conformal time: d7 = dt/a

ds® = —dt® + a*(t)d;;dz'da’ = a®(7) (—d7” + §;;da’da?)  de Sitter background: a = —1/(HT)
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Framework

e We assume the PQ symmetry has broken during inflation, f, > Hin¢ /2.
Axion is effectively massless during inflation if m, /K < Hiys

S= [ g /=g le 1 “Va 5 v 1 Wy ng ¢: inflaton
X P qu qu - (¢) o 9 g wT o) n: axion
crucial for CFT breaking and axion production

K(¢) dynamically reduces to unit after inflation

o Flat FLRW metric

conformal time: d7 = dt/a

ds® = —dt® + a*(t)d;;dz'da’ = a®(7) (—d7” + §;;da’da?)  de Sitter background: a = —1/(HT)

e EOM of axion:
f=aKn

y CLH K// CL/ K/
f —V2f—<;+?+2gf)f:0 fr=df/dr

d’k . - Mode functions f; depend on time
k) = 1k x ik-x k p y
f 7. k) / (2m)® [fk(T) I } so particles can be produced;g



Effective curvature

K" K’ V¢ = 8V/8¢
e Parametrization: k=7"— — 27—
. . K Ky V.
slow-roll approximation: x~ M3, <2ev ]?b — 3% V(b) ev = M2, (V,/V)?/2< 1



Effective curvature

K" K' Vs =0V/0¢
e Parametrization: k=71>— — 27—
) ) K K,V
slow-roll approximation: x~ M3, <2€V ]?‘b — %V‘b) ev = M2 (V,/V)? 2 < 1

e Geometric meaning of «:
scalar curvature in dS space

1
1=V - ca® (R46sHE) =0 R=12H]

inf

Scalar curvature is responsible for light particle production in dS space (negative mass term)
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Effective curvature

K" K' Vs =0V/0¢
e Parametrization: k=7>— — 27—
. . K K,V
slow-roll approximation: x~ M3, <2€V ]?‘b — ?"57‘1’) ev = M2 (V,/V)? 2 < 1

e Geometric meaning of «:
scalar curvature in dS space

1
1=V - ca® (R46sHE) =0 R=12H]

inf
Scalar curvature is responsible for light particle production in dS space (negative mass term)
R — R+ 6kH:

Positive k effectively increases the scalar curvature and helps particle production

We call k effective curvature
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Effective curvature

K" K' Vs =0V/0¢
e Parametrization: x=7>— — 27—
. . K K,V
slow-roll approximation: x~ M3, <2€V ]?b — %V(ﬁ) ev = M2 (V,/V)? 2 < 1
e Geometric meaning of «:
] scalar curvature in dS space
" —V2f — 6a2 (R + 6/1Hi2nf) f=0 R =12H2;

Scalar curvature is responsible for light particle production in dS space (negative mass term)

R — R+ 6kH:
Positive k effectively increases the scalar curvature and helps particle production

We call k effective curvature
e ~ also serves as an order parameter to break the scale-invariant axion

spectrum

k drives a phase transition from CFT conserving phase to broken phase .



Axion power spectrum

e Two-point correlation function:

oty = [ 2516 =

3
e Power spectrum: P, = 1A | Fl
a? 273

2
v=+/9/4+kK
il



Axion power spectrum fulr) = Y=Y (~kr)
v = /AT r

e Two-point correlation function:

d3k k3
<fkf;:>:/( o i =/dlogk—rfk|

3
e Power spectrum: P, = %—Zk 2 | fil’
T

221/
4k

So the power spectrum for superhorizon modes becomes:

92v H.. 2 1 2v—-3 H;, 2 1 2k/3
P, = 5—T%(v) f - ~ f =
2T 2T T 2T T

For superhorizon modes (z < 1): ]fk\ ?(v) gt x = k/(aH;us)
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Axion power spectrum fulr) = Y=Y (~kr)
v = /AT r

e Two-point correlation function:

d3k k3
<fkf;:>:/( o i =/dlogk—|fk|

3
e Power spectrum: P, = 1k ]fk\Q
a2 273
221/
For superhorizon modes (z < 1): ]fk\ yp—s ?(v) gt x = k/(aH;us)

So the power spectrum for superhorizon modes becomes:
92v H.. 2 1 2v—-3 H;, 2 1 2k/3
P, = —T?v) f - ~ f =
27 27 x 27 x

k = 0: critical point (scale invariant)

k > 0: red tilt (exponential enhancement) Quantum Phase Transition (QPT)
modulated by k

k < 0: blue tilt (no enhancement)

25




Axion power spectrum

comoving length

g
] N SRR I SRR LR L L LR EC L O CEEEELE oI P minimal mode receives
' = % largest enhancement
O 1
2 S
S . % kmin X aiHinf
k1 :
E X 62/{]\7/3
: H=m,
: L
' (amy)
: : .
;i Qexit(K) ac  axr(k)  Gosc  scale factor
2 2v—3 2 2rk/3
2% oo Hue\* (1 Hing\* (1\*
Pk; — r (V) — ~ _
27 2T x 27 x
comoving horizon exponentially shrinks during inflation r =k / (a Hinf)

= power spectrum exponentially grows if x > 0
26



Axion power spectrum

comoving length

-

yonrelativistic

--------------- minimal mode receives
largest enhancement

LN

scillation

EE s -

exit horizon

This kind of exponential
enhancement is heavily constrained
by cosmology (e.g., isocurvature):
Kk <0(1)

So, it cannot be the whole story

92v H., 2 1 2v—-3 H;., 2 1 2k/3
P, = =—TI?() Y (= ~ £Y (=
27 27 T 21 T

comoving horizon exponentially shrinks during inflation r = k/(aHys)

= power spectrum exponentially grows if x > 0
27



Axion energy density

e Energy density from inflationary fluctuations:

(oul7)) = 07 ( [ o [ +/€2|fk2>

T

fe +
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Axion energy density

e Energy density from inflationary fluctuations:

(o (1)) = % (/ (;ﬁl)cg 14 #/3

If k = 0, first term vanishes for superhorizon modes (due to CFT)

fe +

2
2 2 second term is suppressed
Ji| + K|l ) after exiting the horizon

But we want superhorizon modes (small k) to dominate the energy

29



Axion energy density

e Energy density from inflationary fluctuations:
1 A3k 1+r/3, |
(pn(7)) = 21 (/ (2n)’ e

If k = 0, first term vanishes for superhorizon modes (due to CFT)

fi +

2 2 second term is suppressed
+ k[ k] ) after exiting the horizon

But we want superhorizon modes (small k) to dominate the energy

e However, if we have a nonzero k:

1+ k/3 3 K 2 rl K
/ 2
Je + fk a’ i (§+§—V> fel” R oga 2Hie | fil” v=1/9/4+k

30



Axion energy density

e Energy density from inflationary fluctuations:

(o (7)) = # (/ <d s L L+n/3

fr + — Sk
If k = 0, first term vanishes for superhorizon modes (due to CFT)

after exiting the horizon

2
2 second term is suppressed
+ k% | fx| ) PP

But we want superhorizon modes (small k) to dominate the energy

e However, if we have a nonzero k:

1+ k/3 3 K 2 rl K
/ 2
fk:‘|‘—fk: a’ i (§+§—V> fel” R oga 2Hie | fil” v=1/9/4+k

+2% (§+g—u>r(u—1)r(u)x5—2v} I

Kk # 0 gives the non-vanishing leading term for superhorizon modes!

FZ (V) x3—21/

H4f o) dz | o
in (v—1)p2 7—2v 2v
R N L I A Eas
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Axion energy density

e For k > 0, axion energy is dominated by superhorizon modes:

J2E k3 2 O(1) minima}I !n_ode is_ set
(py(T)) ~ 0L 22 (— + - — 1/) F2(y)/ dzz?~2v by the initial horizon:

1o @ Fmin ~ aiHing

32



Axion energy density

e For k > 0, axion energy is dominated by superhorizon modes:

4 minimal mode is set

k3 2 o) i .
(pn (7)) & inf o2v (_ 4+ 2 y) F2(,/)/ drz?=2v by the initial horizon:

~ 1673

@ kmin ~ aiHinf

e Axion energy density at the end of inflation (dominated by kpin):

v 2 v—3/2
(o (7)) = Hiy 2% (k/3+3/2 —v)" T?(v) 1 / N(@v=3) Hiy (3 26N /3
e 1673 2v— 3 K 388872
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Axion energy density

e For k > 0, axion energy is dominated by superhorizon modes:

4 minimal mode is set

2 O(1)
ol L (K 3 9y, . e . .
(pn (7)) & 167rg 92 (§ + i 1/) F2<,/)/ drx?2 by the initial horizon:

kmin ~ aiHinf

e Axion energy density at the end of inflation (dominated by kpin):

v 2 v—3/2
o () = Hing 2 0e/34+3/2= v T20) (NP vy Hig s ey
e 1673 2v —3 K 388872

There are two kinds of enhancements:
1) Fluctuation enhancement ~ e?*V/3 from mode expansion during inflation

2) Kinematic enhancement ~ k3 e" due to less redshift received from minimal mode after inflation

_ —N
De = kmin/ae ~ € Hinf
34



Axion energy density

e For k > 0, axion energy is dominated by superhorizon modes:

minimal mode is set
HA k3

2 O(1)
(pn(T)) ~ 1617?; 92v (§ + i ,/) F2(,/)/ dxz?~2v by the initial horizon:

kmin ~ aiHinf

e Axion energy density at the end of inflation (dominated by kpin):

v 2 v—3/2
(o (r)) = Tt 2 (1/343/2 =)’ I2(v) (1) " s o i s o
R

~ 1670 2% — 3 3888712~ €

heavily constrained by backreaction,

There are two kinds of enhancements: isocurvature, and domain walls, k < 0(1)

1) Fluctuation enhancement ~ e?*V/3 from mode expansion during inflation

2) Kinematic enhancement ~ k3 e" due to less redshift received from minimal mode after inflation

_ —N
Pe = kmin/ae ~ € Hinf
35



Axion energy density

e For k > 0, axion energy is dominated by superhorizon modes:

minimal mode is set
HA k3

2 O(1)
(pn(T)) ~ 1617?; 92v (§ + i ,/) F2(1/)/ dxz?~2v by the initial horizon:

kmin ~ aiHinf

e Axion energy density at the end of inflation (dominated by kpin):

v 2 v—3/2
(py (70)) = Hﬁlf 2% (k/3+3/2 —v)" T?(v) (1) / oN(2v=3) Hﬁlf 3 2kN/3
K

~ 1670 2% — 3 3888712~ €

heavily constrained by backreaction,

There are two kinds of enhancements: isocurvature, and domain walls, k < 0(1)

1) Fluctuation enhancement ~ e?*V/3 from mode expansion during inflation

2) Kinematic enhancement ~ k3 e" due to less redshift received from minimal mode after inflation

} } } } Pe = kmin/ae ~ e_NHinf
main contribution to relic abundance to compensate 26

the suppression from small mass



Relic abundance

e Axion momentum by the end of inflation: pe = kmnin/ae ~ e N Hie

Compared with the usual case, the axion momentum is suppressed by e, so it

will become nonrelativistic earlier and the energy density is redshifted less
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Relic abundance

e Axion momentum by the end of inflation: pe = kmnin/ae ~ e N Hie

Compared with the usual case, the axion momentum is suppressed by e, so it

will become nonrelativistic earlier and the energy density is redshifted less

e Present-day energy density:

(pu(70)) = {p(72)) (;;;)4 (ﬂ) ~ (on(7e)) (TT> e
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Relic abundance

e Axion momentum by the end of inflation: pe = kmnin/ae ~ e N Hie

Compared with the usual case, the axion momentum is suppressed by e, so it

will become nonrelativistic earlier and the energy density is redshifted less

kinematic enhancement
due to less redshift

) = (oar) (22 (30 g () P

e Present-day energy density:
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Relic abundance

e Axion momentum by the end of inflation: pe = kmnin/ae ~ e N Hie

Compared with the usual case, the axion momentum is suppressed by e, so it

will become nonrelativistic earlier and the energy density is redshifted less

densitv: kinematic enhancement
e Present-day energy density: due to less redshift

) = (oar) (22 (30 g () P

e Relic abundance:

v=4/9/4+k

2w () —2T2(y v—3/2
Pl = 2S8R 1) (1)

—~

—1/4 3/4 3/2
O, — g*og*refl 7T_2 / mnT(:)%Hin/f ‘/—_.(’%) eNeN(2V—3)
no 3 7/2 179
A8 90 ML/?H NG
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Relic abundance

e Axion momentum by the end of inflation: pe = kmnin/ae ~ e N Hi ¢
Compared with the usual case, the axion momentum is suppressed by eV, so it

will become nonrelativistic earlier and the energy density is redshifted less

kinematic enhancement

e Present-day energy density: due to less redshift
4 3 3
Qe aNR 1o My (N
To)) = Te — ] ~ Te e
(oa() = (o) () (22) ~ tontm) (72 ) @)

eV comes from

e Relic abundance: kinematic
enhancement V= /oIt r
—1/4 3/4 3/9
Q, = M i / mnT(?Hin/f F (k) N N(2v=3) F (k) 2% (k/3+3/2 — 1)’ T2(v) <1>u_3/2
K 4873\ 90 MYPHZ VE 21— 3

K

eN(2v=3) comes from

enhancement to
inflationary fluctuations
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Relic abundance

e Axion momentum by the end of inflation: pe = kmnin/ae ~ e N Hie

Compared with the usual case, the axion momentum is suppressed by e, so it

will become nonrelativistic earlier and the energy density is redshifted less

densitv: kinematic enhancement
e Present-day energy density: due to less redshift

) = (oar) (22 (30 g () P

e Relic abundance:

v=4/9/4+k
- 3/4
0 — 9*09*1%4 7T_2 / mnTg’Hi/f F(&) N N(2v—3) Flr) = 22 (5/3+3/2 — V)’ T2(v) (1\"%?
n = 3 7/2 779 e ¢ (1) = % — 3 K
A8 90 ML/?H VE

Q, _32 _ F(K) N N(2v—3) ( my ) Hing 3/
—27x1 ) v
Qeam T “\10-20 ev/ \ 107 GeV
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Relic abundance

e Axion momentum by the end of inflation: pe = kmnin/ae ~ e N Hie

Compared with the usual case, the axion momentum is suppressed by e, so it

will become nonrelativistic earlier and the energy density is redshifted less

densitv: kinematic enhancement
e Present-day energy density: due to less redshift

) = (oar) (22 (30 g () P

e Relic abundance:

v=4/9/4+k

2w () —2T2(y v—3/2
Pl = 2S8R 1) (1)

—~

—1/4 3/4 3/2
O, — g*og*refl 7T_2 / mnTO3Hin/f ‘/—_.(’%) eNeN(2V—3)
no 3 7/2 179
A8 90 ML/?H NG

Q, 30 F(K) N N(2v—3) ( my ) inf 37
=27x1 = v i
Qoam T e “\1020ev/ \ 107 Gev

F(k) N NGv=3) _ 6 x 1072 well compensate the
e'e = 0.

For example, for N = 60 e-folds, k = 0.5 T mass suppression!
K 43
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Parameter space for effective curvature

N =60, 70 e-folds For N = 60 e-folds:
1.0

m, can reach 10724 eV
0.8

4
SN

QCD axion is further

0 6; backreaction N
S N 2 e bounded below 1072 eV
Ve L . // |
0_4:—\\ _ relaxed with larger e-folds
0.2 -
: T : Hinf:27TMp1\/ASTT/8
(9, e ol o o o sk sl ol o 10 sl vl vl vl A =921x10-? rp<0.036

= Hip < 4.8 x 1013 GeV

DM relic abundance does not depend on the breaking scale directly
45



AXiOn-phOton coupling generic lower bound from

Ly-a forest: m,, > 10~%'eV
(not included in figure)

Photon coupling

-6 o
10 £ BN b o
8 fi
10-9% [
e B Future haloscopes
- E (red dashed line):
(D) E
120 R S )
210 DANCE, SRF, DM-Radio, etc.
10-15= RS R
a - Future CMB, 21 cm telescopes
g - >’ naturalness (gray dashed line):
10—18@& )
10-20 10-15 10-10 105 | CMB-S4, SKAZ
my, [eV]

Compared with misalignment prediction, our mechanism allows lower axion
decay constant and therefore larger couplings to SM particles

46



Axion-gluon coupling

10-5 Gluon coupling LD

Future nuclear clock

107 (red dashed line):
Thorium-229
Future CMB, 21 cm telescopes
10-15 (gray dashed line):
CMB-S4, SKA2
-18
10 10720 10719 10719 107 1
CASPETr (brown dashed line)

my [eV]

nGG is heavily constrained by experiments for ALPs lighter than 1010 eV
But this operator is not predicted in our mechanism and can simply be turned off

The generic axion-gluon coupling can be induced by gravity 47



Possible origin of kinetic coupling

A. EFT operators

e Exponential enhancement could be realized by some effective operator:

Ce
K(¢)=1+ mqﬁQ Ce¢?| < Mg,
Pl
: . Koo o Bo Vo
Effective curvature: K~ M3, (26\/ o~ 3 v V(p) =m3¢?/2

Kk~ —4Cs (3 —ey) ~ —12C4 Wilson coefficient plays the
role of effective curvature

k>0 Cg <0

48



Possible origin of kinetic coupling

A. EFT operators

e Exponential enhancement could be realized by some effective operator:

K(¢) = 1+M—1§1¢ Cs9?| < ME,
. K Ky 'V,
Effective curvature: K~ M3, (26\/ [?b -3 [? ‘f) V(p) = méqﬁz/Q
Kk~ —4Cs (3 —ey) ~ —12C4 Wilson coefficient plays the
role of effective curvature

k>0 Cg <0

e Resuming form also works:

K(p) ~ e~ Po/Me Such coupling form can come from
string-theory compactification

Kk = 304/ 2€y k>0 08>0

49




Possible origin of kinetic coupling

B. UV completion

e Noncanonical kinetic term can be realized in the supergravity framework

r 5 &8 T 3 EII!S et al., 84’
kg = (0.0%,0,T) <(T+T* — |¢|2/3)2> Ellis et al., 13
(T+T*)/3 —¢/3 o+ ¢ ¢: inflaton T: modulus
—¢*/3 1 onT )

Kinetic coupling is determined by Kahler potential, but one needs to check whether it gives positive k

50



Possible origin of kinetic coupling

B. UV completion

e Noncanonical kinetic term can be realized in the supergravity framework

Ellis et al., 84’
Ellis et al., 13’

* * 3
Lxkg = (8H¢ aauT ) ((T+T* _ |¢|2/3)2>

((T j¢:f;?z/3 —?/3> (g::;é ) , ¢: inflaton

T: modulus

Kinetic coupling is determined by Kahler potential, but one needs to check whether it gives positive k

e Radial mode as inflaton  Linde, 91
Fairbairn, Hogan, Marsh, 14’

1oy =g p1 N L g0, — L2 g i — 2 (07— 1)’
d*x — R(1+&—% g Oupovp unov 4(p fn)

) 3 257"

X —_— pein/f'fl/\/i
1
Dxf? = & [(am?

2
A

ko~ — Ag* [3E2(6€ + 1)% + (246 + 8 + 3) ¢* + 2€ (246 + 226 + 3) ¢

]/ (662 +¢+¢%)

k>0 = ¢ should satisfy —1/6 < £ <0

2
+ L (5/ﬂ7)2

1

q= Mp1/p
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Summary

> Inflationary quantum fluctuations + Quantum Phase Transition
= sufficient production of axion as ultralight DM

» This new mechanism predicts much larger couplings to SM particles and a
wider range of allowed couplings than misalignment mechanism

» Much of the parameter space will be probed by near-future axion
experiments

> It covers a large range of DM masses, from sub-eV down to fuzzy DM range

> It works for both QCD axion and ALPs. We expect it can also be applicable to
other bosonic ultralight DM scenarios (e.g., dilaton, majoron, dark photon)
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Backreaction constraint

e FEOM of inflaton:
é + 3Hinf§b + Vy + KKyg""0,m0,m = 0
e Axion should not affect inflaton dynamics (single-field inflation):
[K Ky (g™ 0undum)| < ‘BHinfq5|
(pn) < BMp Hyg

e Upper bound on the effective curvature x:

kF(r)eN =3 « 187/ A, v=1/9/4+r

N =50 = k < 0.79 Ag = H2,/ (8m2eMB)) = 2.1 x 107

N =60 = r < 0.67 Flr) = 92v (H/3+3/2_V)2 T2(v) <1>V—3/2
N =70= k < 0.58 B 2v -3

K
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v =T
Relic abundance: ALP - @B+32-v'r*0) (1)”—3/2

2v—3 K

e For lighter ALP with m, < pe:  (pp(70)) = (pn(7e)) (Ge/anr)” (axnr/a0)”

0 — 9*09;2{14 7T_2 o mnTg’Hi:;/f F (k) oV N (2v=3) gx0 = 2
" 4873 90 Mg{? HZ VE Gsren = 106.75

3/2
Q, —31 _ F(K) N(2v—2) ( my ) Hing
= 2. 1 —
Qedm 2.1 107 VK c “\10-2 ev/ \ 1013 GeV

o For heavier ALP with my, > pe:  {p,(70)) = (pn(7e)) (ae/ao)3

—1/4 3/4 5/2
0 — g*Og*re}/l 7T_2 / Tg)Hln/f f(/i) €N(2V_3)
" 4873 90 MglﬂHg

Qn N — Hinf 5/2
— 9 (2v—3)
Qe 20 F(R)e 109 GeV



Relic abundance: QCD axion

e Assuming T;en > Aqcp, axion is relativistic when produced, and becomes
nonrelativistic when pe < my,

Agen ) B~ 1072
m’”(T):ﬁm"< T ) 4

e Relic abundance of QCD axion:

Q, -3 N(2v—3) Hing ? INr
Qg [0S k)e 108 GeV ) \ 102 GeV

B N My 5 My, 3 H; ¢ B
T = (w s Tendon | ~ 100 GeV (155" 5)" ( 5o

e Upper bound on QCD axion mass:

-
ol*“

PQ symmetry broken during inflation: f,, > Hine /27 = m,, < 27TA(2QCD [ Hing

For N = 60 e-folds, we have m, < 1072 eV Jnmy ~ AQCD

It can be further relaxed with a larger number of e-folds -



Isocurvature bound

e The isocurvature (entropy) mode measures the deviation from the adia-
batic mode of single-field inflation, parametrized by:
Ay = scalar amplitude

Biso = Aiso/ (As + Aiso) ~ Aiso/As

(7)) = 5z [ doe F o () (7.0)

"~ on2

o= () ()

e For our mechanism, isocurvature perturbation is dominated by kmin

(672 (Tu, Kmin) ) = gF2(v> (Hi“f>2 ( s )QV_B o= —1/k,

- 2T 2 kmin

Ajso = isocurvature perturbation

Aiso (k*, kmin) =4 <5772 (7_*7 kmin)> /772

92v NP3 2
=2 ) (- f
27 kmin 7 [0,




Isocurvature bound

e It is more intuitive to rewrite the ratio k. /kmpin in terms of e-folds:

N =log <%> total number of e-folds
aj
N, = log (%) number of e-folds between the time when k, exits
" (s the horizon until the end of inflation

2v v—3/2 : 2 . 9
Aiso (k’*, kmin) — 2_F2(V) (1> e(N_N*)(zV—3) ( Hing ) G (/’i, k’*) ( Hing )

2T K 7 [0, 7 [0,
Q, 1 [ Huy \°
iso k* — 7k* u
Brall) = 6 s ) - ()

e Upper bounds on B, from Planck

upper bound on Siso pivot scale k. /Mpc™* effective e-folds N — N.
0.035 0.002 2.2
0.038 0.05 5.4
0.039 0.1 6.1




Isocurvature bound

e Compared with the usual pre-inflationary scenario, the isocurvature per-
turbation in our case is enhanced by G

221/ 0 1 v—3/2 H: 2
-z — (N=N.)(2v-3) [ ~tinf
otk = (T) e (=77)

70 T T T T T T T T T T T T T T T T T T T T ] .
: Planck measurement gives
60 - k,=0.1 Mpc™" :
r ] 0
50/ = == k,=0.05Mpc™ ] 27 - > 3.5 x 10°VG
C ] inf
405 e -k, =0.002 Mpc™"

G(r, k.)

30 As long as the backreaction

20 bound is satisfied, k < 0(1),

: we have VG < 0(10), so only
--------------------- : a mild enhancement

10
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Isocurvature bound

e Some numerical values of enhancement with different values of

enhancement to enhancement to enhancement to
ultralight DM inflationary axion isocurvature
relic abundance quantum fluctuation perturbation N — 60
= N (2v—2) N (2v—3) (N—N,)(2v-3) N —_N e
0.1 6.0 x 10%7 52 1.5
0.2 2.9 x 10%? 2.5 x 10° 2.2
0.5 2.0 x 1034 1.8 x 10°® 6.9
1.0 6.9 x 10** 6.0 x 10*° 40

We can realize a large enhancement to the relic abundance
with only O(1) enhancement to the isocurvature

60



Axion EOM and solution during inflation

e Axion EOM reduces to:

24+ K
fzi;/+<k2— = )fk::O

e Bunch-Davis initial condition:

1

: _ —ikT
it () = e
e Solution of axion field during inflation:
fk(’r):g /—Tngl) (—kT) VE\/9/4—|—KJ

small x: v = 3/2+ k/3




Axion evolution after inflation

comoving length

o~
L
L

Hobtic

]
]
1
]
1
==
]
1
[ ]
]
1
[ ]
]
1
]
1
1
]
1
]
]

nonrelativ
oscillation
Q
Z
=9,
—~
=
N——"
|
=
E)
3

exit horizon

(amn)fl comoving Compton wavelength

a; Gexit () ac \ anr(k) Gose scale factor

rmode growing

for the minimal mode:
kmin X 6_]\[I{inf

a > aosc: axion starts coherent oscillation ank (kmin) < Gose

a > angr: axion becomes nonrelativistic

turn NR much earlier than oscillation



Classical & Quantum phase transition

Phase changes in carbon dioxide
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Analogy to condensed matter system

» In some condensed matter systems, scale invariance is restored when

the parameter approaches the critical point Sachdev & Keimer, 1102.4628

(¢p(2)p(0)) ~ e~1#1/¢  correlation function TA A '/'
\
E~(g—g.) " correlation length \\\ Q:ri?;:;n ) ’
\ 4
- Classical Dilut
as g = ge, & — 00, [(¢(2)p(0)) ~ 1/|x|d 7 ?p?rlfa \\\ ' trilr;ljo(rem
gas
2nd order QPT happens, the theory becomes e -
scale invariant é—ﬂ’ ----- . - — o—o
H ..... H 1 1 — H
| | i poi b ] = =
» In our axion case, QPT is modulated by 7_. >
the effective curvature « Je g

(Néel order)

Py ~ (fofit) ~ (Hine /27) (1)) (p(7.)) o HE 3e2rN/3

1/x = aHint /K k — 0, Py ~ (Hine/27)?, scale-invariant spectrum

k > 0, exponential enhancement to axion abundance
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