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~80 orders of magnitude

Dark Sector Candidates, Anomalies, and Search Technigues
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Beyond WIMP,

SO many new ways to probe possible DM,
But mostly for (ultra)light DM

Cosmological/astrophysical Probes (indirect, CMB,
star cooling, LSST,PTA,gravitational wave,
lensing,...)

Table Top experiments (nuclear or electron
scatteribg/absorption) for direct detection

Cavity experiments for axion like particles, Beam

Dump Experiments, Quantum Sensing (atomic
physics)

At colliders (including facilities for LLP such as
FASER II, SHIP....)
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Axion from Misalignment Mechanism

* Axion-like particle (ALP): well-motivated ultralight DM

(protected by shift symmetry)
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Axion from Misalignment Mechanism

* Axion-like particle (ALP): well-motivated ultralight DM
(protected by shift symmetry)

. . 2 9 I n\
77—|—3H77—|—mn77 — () V(n):A% 1—cos(f—n) :>777,77:Af,27/j}7
+ Misalignment mechanism: axion starts o oscillate when H ~ m,, and behaves as matter
after then, Py ~ a=> V(6)
2
Q, h? N ( My, )1/ 2 fr
0.12 ALP, misalignment 10_10 eV 1014 GeV
(Qnm) (10-6 eV)3/2 ,.
™~ Initial value in inflationary patch displaced
0.12 QCD axion, misalignment My from minimum either because of quantum

fluctuations when m<<H or because
potential different than at T->0



Axion from Misalignment Mechanism

* Axion-like particle (ALP): well-motivated ultralight DM
(protected by shift symmetry)

77—|—3H77—|—m727772:0 V(n):A% 1—008(%) :>m77:Af,27/f77
_ n/
+ Misalignment mechanism: axion starts o oscillate when H ~ m,, and behaves as matter
after then, Py ~ a=> V(6)
Q, h? ( My, )1/2 fr :
0.12 ALP, misalignment 10719 eV 101* GeV

_ 3/2 .
0, h2 10-6 eV'\ %/ '
™ Initial value in inflationary patch displaced
0.12 QCD axion, misalignment My au .

from minimum either because of quantum
fluctuations when m<<H or because
potential different than at T->0

4 For ALP DM: fn > 101*GeV if m, < 10719 eV



Axion from Misalignment Mechanism

 Axion-like particle (ALP): well-motivated ultralight DM
(protected by shift symmetry)

i+ 3HR + m2n? = 0 Vi) = a3 1= cos ()] = my = A2/,

+ Misalignment mechanism: axion starts o oscillate when H ~ m,, and behaves as matter

after then, Py ~ a=> V(6)

2
(th ) N
0.12 ALP, misalignment phenomenological motivation for
finding a new mechanism to reduce f

0 h2 for better experimental sensitivity
/r} )
( 0.12 QCD axion, misalignmey

4 For ALP DM

6,

Initial value in inflationary patch displaced
from minimum either because of quantum
fluctuations when m<<H or because
potential different than at T->0
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Axion from Misalignment Mechanism

* Axion-like particle (ALP): well-motivated ultralight DM
(protected by shift symmetry)

ULDMs are very
interesting, but their

. : 2 2 5
i + 3H77 + mnﬁ =0 y/ production is mostly assumed to be An/f??

via misalignment mechanism.

4+ Misalignment mechanism: axion starts to & Aves as matter

3 Any alternative way to
after then, ,0,,, ~ d produce them?

2

2
0.12 ALP, misalignment phenomenological motivation for
finding a new mechanism to reduce f

0 h2 for better experimental sensitivity
n )
( 0.12 QCD axion, misalignmey

O
Initial value in inflationary patch displaced

from minimum either because of quantum
fluctuations when m<<H or because

. 10 potential different than at T->0
4 For ALP DM if m, < 1077 eV

Yl
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DM particle production from generic
Inflationary quantum fluctuations

4+ Typical scale of inflationary quantum fluctuation

H inf / 27'(' Gibbons-Hawking temperature

+ Constraint from tensor-to-scalar ratio:  Hinr < 104 GeV

2
Qh2 Hinf
4+ Relic Abundance for “massless” particles: ~ 10718
0.12 (1014 GeV



DM particle production from generic
Inflationary quantum fluctuations

4+ Typical scale of inflationary quantum fluctuation

Hinf /27‘(’ Gibbons-Hawking temperature too small relic abundance!

If particle can be NR early enough, then
+ Constraint from tensor-to-scalar ratio:  Hjnr S IR T\ it is sufficient to comprise all DM even

without additional enhancement
. (1 b - QhQ
4+ Relic Abundance for “massless” particles: 019
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DM particle production from generic
Inflationary quantum fluctuations

4+ Typical scale of inflationary quantum fluctuation

Hinf /27‘(’ Gibbons-Hawking temperature too small relic abundance!

If particle can be NR early enough, then

+ Constraint from tensor-to-scalar ratio:  Hjnr S (RS AV it is sufficient to comprise all DM even
without additional enhancement

_ . . _ th Q Hlnf
4+ Relic Abundance for “massless” particles: -
0.12 1014 GeV
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4+ Relic Abundance for “massive” particles: 24h ~ ( ma ) / Hing
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DM particle production from generic
Inflationary quantum fluctuations

4+ Typical scale of inflationary quantum fluctuation

Hinf /27‘(’ Gibbons-Hawking temperature too small relic abundance!

If particle can be NR early enough, then

+ Constraint from tensor-to-scalar ratio: Hins < (RS AV it is sufficient to comprise all DM even
without additional enhancement

| ) o Qh? Hinqf
4+ Relic Abundance for “massless” particles:
0.12 1014 GeV

po ~ (Hing /270)*|(To /Tren )"

2 1/2 . 4
4+ Relic Abundance for “massive” particles: 24h ~ ( ma ) / Hing
0.12 10-6 eV 1014 GeV

for axions, there is also isocurvature bound
5 Graham et al., 17" for dark photon
f77 / H; ¢ Z 10



DM particle production from generic
Inflationary quantum fluctuations

4+ Typical scale of inflationary quantum fluctuation

H. . 27T Gibbons-Hawking temperature too small relic abundance!

If particle can be NR early enough, then
-6
DM mass cannot go below 10-°eV 1014 GeV Nl e

for generic particle production without additional enhancement

from inflationary guantum 2
. : Hinf
4 Relic Abunc fluctuations. @
2 1014 GeV

Po ~ ( s there a way out?

4+ Constraint

2 1 . 4
4+ Relic Abundance for “massive” particles: 240 ~ ( ma ) / Hing
0.12 10— eV 1014 GeV

for axions, there is also isocurvature bound
5 Graham et al., 17" for dark photon
f ?7/ Hint Z 10
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Axion from Inflation-Driven QPT

e Main idea (During inflation with PQ symmetry being broken)

nonvanishing curvature
breaks the scale

Inflaton couple to Sizeable Quantum

axion Kinetic term Fluctuation

invariance of the axion

parametrize as an effective power spectrum
curvature x in the axion e.o.m.

Quantum Phase transition

with K as the order
parameter

Quantum phase transition is modulated by K

Hinf ? 3 2v Hmf 2%/3
T

v=\O/A+k 1/:,; = aHinf/k,

k = 0: critical point (scale invariant)

k > 0: red tilt (exponential enhancement)

k < 0: blue tilt (no enhancement)
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Axion from Inflation-Driven QPT

e Main idea (During inflation with PQ symmetry being broken)

nonvanishing curvature
breaks the scale

Inflaton couple to Sizeable Quantum

axion Kinetic term Fluctuation

invariance of the axion

parametrize as an effective power spectrum
curvature x in the axion e.o.m.

Quantum Phase transition

with K as the order
parameter

Quantum phase transition is modulated by x

Hing\” )32 H;yg 2/3
P ~ ( s ) (—k7)° ™% ~ ( - ) ( ) mm) Each mode grows after exiting honzon

2T
u:\/9/4+n: 1/z = aHint/k (aHmf) <k
— St/ comoving horizon shrinks during inflation:
k = 0: critical point (scale invariant)

k > 0: red tilt (exponential enhancement) < pn (Te)> OC h:3 62’$N /3

N
K < 0: blue tilt (no enhancement) Ti/Te = €



Ismail, SL, Yu. 24’

Axion from Inflation-Driven QPT

e Main idea (During inflation with PQ symmetry being broken)

nonvanishing curvature
breaks the scale
iInvariance of the axion

parametrize as an effective power spectrum
curvature x in the axion e.o.m.

Inflaton couple to Sizeable Quantum

axion Kinetic term Fluctuation

N At K 20 : CFT is broken
Quantum Phase transition

with K as the order

parameter K> O : red spectrum (closed to kmin) dorminates

=> DM become non-relativistic either: at the end
of inflation, or soon after the inflation

Quantum phase transition is modulated by x

Hiyg 32 Hing 23
Py, ~ ( et ) (—kT)”" % ~ ( = ) (x> mm) Each mode grows after exiting horlzon

Hig) b < k™
UV — \/9/4 + K _ . . ) ] (a inf

1/z = aHint/k comoving horizon shrinks during inflation:
k = 0: critical point (scale invariant)

k > 0: red tilt (exponential enhancement) < pn (Te» oC KZB 62"5N /3

N
K < 0: blue tilt (no enhancement) Ti/Te = €



Ising Model

Low T

01' T=Tc 5 — OO

Courtesy of J. Terning
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Critical Ising Model is
Scale Invariant

http://bit.ly/2Dcrit

01' T=Tc

critical exponent

Courtesy of J. Terning



Axion & Quantum Phase Transition

Condensed matter systems can produce a scale invariant theory by tuning the parameters
close to a critical value where a continuous phase transition occurs.
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Axion & Quantum Phase Transition

Condensed matter systems can produce a scale invariant theory by tuning the parameters

close to a critical value where a continuous phase transition occurs.

A . ;
@2nd order QPT, @ critical point, the theory is scale invariant, \\\ S ','
characterized by the scaling dimensions of the field, . critical ','
and at low energies we will see the universal behavior C'Z;Si'gca' \“ o 8‘{')"1:;
of some fixed point that constitutes the low-energy EFT. o ‘\‘ ':' o
(Simple case: Mean Field Theory) —Fm—e | —p-—»
T Neel | gl Quantum l’.t::mmgn;*t’ \;ﬁlﬁi ‘u' b5

Sachdev, arXiv:1102.4268 Néol order) o antum critical point
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Condensed matter systems can produce a scale invariant theory by tuning the parameters

close to a critical value where a continuous phase transition occurs.

A .

@2nd order QPT, @ critical point, the theory is scale invariant, \\\ S ',"

characterized by the scaling dimensions of the field, ', critical ','
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Axion & Quantum Phase Transition

Condensed matter systems can produce a scale invariant theory by tuning the parameters
close to a critical value where a continuous phase transition occurs.

@2nd order QPT, @ critical point, the theory is scale invariantA, \\\ S ',"
characterized by the scaling dimensions of the field, . critical ','
and at low energies we will see the universal behavior C'Z;?r‘fa' \‘\‘ ',' 82‘::;
of some fixed point that constitutes the low-energy EFT. waves b o
(Simple case: Mean Field Theory) —Fm—e | —p-—»

© 0 Nel | Quantum Paramaguet \,ﬁlﬁi 'u' o —b

Ue 7
Sachdev, arXiv:1102.4268 [Néel 01‘der) %Cuantum critical poifg[

For us the quantum phase transition is modulated by x

mm) Each mode grows after exiting horizon:

H,, 2 - 2 2Kk/3 | ) B
P, ~ ( f) (—k7)?2 ~ (H f) (l) (aHimg) ™" < k1

2T 27

1/:13 — aHinf/k,

L

(Pn(Te)) oc K2 2 N/3

T /Te = €

comoving horizon shrinks during inflation:
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Axion from Quantum Phase Transition {smail, SL, Yut, 24

e We assume the P(Q symmetry has broken during inflation, f, > Hius.
Axion is effectively massless during inflation if m, /K < His

- M2 1
¢: intlaton S = /d433\/—g %R — ig“”f?uqb@ucb - V(9)
7: axion - -
- 1 1

Y = pen/in /3 —5 K2 ()9 0,mdun — Smin’

2




Axion from Quantum Phase Transition {smail, SL, Yut, 24

e We assume the P(Q symmetry has broken during inflation, f, > Hius.
Axion is effectively massless during inflation if m, /K < His

¢: inflaton
1: axion
X p— p ein/fn/\/i

S:/d4w\/—_g

M2 1

2

1
—~m
2

2

%R o _gﬁwaugbavqb o V(¢)

2
y

K(¢®) reduce to unity
at the end of inflation

(inflation decays away)
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e We assume the P(Q symmetry has broken during inflation, f, > Hius.
Axion is effectively massless during inflation if m, /K < His

¢: inflaton S — /d4:13 /—g -M_I%IR — lg“”augb@,,qb — V(9)
n: axion 2 2 _ K(®) reduce to unity
1

x = pe/In /2 _ 2‘“’5“7731/77 _ %m?ﬂf at the end of inflation
] (inflation decays away)

e Flat FLRW metric

— dt

conformal time: drm = <

ds? = —dt* + a*(t)d;;dz’*da? = a®(7) (=d7?* + §;;dx'da? ) !
HT

de Sitter background: a =



Axion from Quantum Phase Transition {smail, SL, Yut, 24

e We assume the P(Q symmetry has broken during inflation, f, > Hius.
Axion is effectively massless during inflation if m, /K < His

¢: inflaton S — /d4$ /_g —M_I%IR — 19“”8u¢8y¢ - V(¢)
n: axion 2 2 _ K(®) reduce to unity
1

x = pe/In /2 _ 2“”%7731/77 _ %m%ﬁ2 at the end of inflation
] (inflation decays away)

e Flat FLRW metric

— dt

conformal time: drm = <

ds® = —dt* + a*(t)d;;dz"d2? = a®(7) (—d7‘2 + 5iijEidej)

de Sitter background: a =

® Abundance of axion is sufficiently produced through QPT induced by K(¢)
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Axion from Quantum Phase Transition

. : v oong al’ | K | a K | a2m727 B fECLK"?
EquathnOmethn f Vef (a K '2CLK " T R2 )f—() f’Edf/dT

/] /
K1 = T2 K- Ko = TK
® Parametrization (effective curvature x): L=7 g2 ™=

K= K1+ 2K9



Axion from Quantum Phase Transition

a*m? [ = aKn
F——" | f=0
K f'=df/dr
K/
® Parametrization (effective curvature »): ML=T 75, F2="T7", K=H + 2Ko
K Ky V. K.V
Slow-roll approximation: K1 ~ M3, (2e [?"5 K¢ I;b) ko A~ —M32, K‘f’ ‘}b

e= M (Vs/V)" /2 < 1



Axion from Quantum Phase Transition

7 17 ! 17! 2,2 f = alK
Equation of motion N EAvAl s i o Y K Wil f=0 !
a K a K K? F=df/dr
2Kll K/
® Parametrization (effective curvature »): FL=T 709, F2="T7-, k=K +2K2
o Ky, K,V K,V
Slow-roll approximation: k1~ Mg (26 K¢ K¢ ‘;s ) , ke & —Mp, K? ‘f
e Mode expansion of f: € = M12?1 (Vo / V)? /2 <1

3
P01 = [ 505 [+ i(rale]



Axion from Quantum Phase Transition

anZ) f = aKn
| n f — 0
K2 /]
ff=df/dr
K/
® Parametrization (effective curvature »): FL=T 7020 F2 T3 F=H + 262
K KV, K,V
B} : - ~ M2 (| 9¢-2¢ ¢ Vo ~ M2 20
Slow-roll approximation: K1 Pl( € K v )" Pl 7 v/
e Mode expansion of f: e, € = M12?1 (Vo / V)2 /2 <1
f(r,k) = / - (r)ince™™ + fi (r)aLe ]
7

® EOM becomes: "+ (k2 2+ K’) fr. =0 'my, /(K Hing)| <1



Axion from Quantum Phase Transition

) f =aKn
f=0
f=df/far

K/
® Parametrization (effective curvature »): M=T Jep 0 R2 T =M 262
. . K K,V Ky 'V,
Slow-roll approximation: K1 ~ Mg, (26 I?(p Kip V? ) , ko ~ —Mp, be ‘f
e Mode expansion of f: ; e = M2 (V,/V) /2 < 1
d°k ~  _1k'x * ~T —i1k-x - _ -
f(r, k)= / - [fk('r)a,ke kx4 I (T)QLG k ]
(2m)
1 2 2+ K
® EOM becomes: "+ (k 5 ) f. =0 imy, /(K Hing)| < 1
- _
e Bunch-Dayvis initial condition: lim ) — 1 o~ 1kT
kT— —00 fk( ) \/ﬁ



Axion from Quantum Phase Transition

: : y , a' K a K’ QQm% f — aKn
- V2f - - +2 | =
Equation of motion INiAdi ( —+ — et 7m | =0 # = af fdr
2K/l K/
® Parametrization (effective curvature »): FL=T 3090 F2="T77» R=H + 25K,
K Ky 'V, Ky 'V,
Slow-roll approximation: k1~ Mg (26 I?.d) K¢ V? ) , Ko &~ —Mp, be ‘f
e Mode expansion of f: e, € = Mlz?l (Vo / V)? /2 <1
frio= [ oy [TH(Dae >+ i r)alee]
e EOMDb /! 2 _2FK
ecomes: T+ | k - fr. =0 'my, /(K Hing)| <1
1

e Bunch-Davis initial condition: lim  fx (7.) _ o ikT




Axion from Quantum Phase Transition

¢ Power Spectrum P, =

1/113 — CLHinf/k,



Axion from Quantum Phase Transition
1 &3

2
® Power Spectrum P, = 553 kL)
d3k k3
2\ 2 2
(| fx] >—/(27T)3 | fx| —/dbgkzﬂg | f|

1/:13 — CLHinf/k:
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2
® Power Spectrum P, = 553 kL)
d3k k3
2\ 2 2
(| fx >—/(2W)3 | fx| —/dbgk%g | f|

fi(T) = ?ﬁﬂ,ﬁ” (=kr), v=V9/4+k

1/33 — CLHinf/k:



Axion from Quantum Phase Transition
1 &3

2
® Power Spectrum P, = 553 kL)
d3k k3
2\ 2 2
(| fx] >—/(27T)3 | fx| —/dbgkzﬂg | f|

fi(T) = ?ﬁﬂ,ﬁ” (=kr), v=V9/4+k

forw<<1| r=—kT. 'fﬁ>—9/4'

9 3
fr ~Vxz ", I/E\/KZI ~ 42

1/:13 — CLHinf/k:



Axion from Quantum Phase Transition
1 &3

2
® Power Spectrum P, = 553 kL)
d3k k3
2\ 2 2
(| fx >—/(2W)3 | fx| —/d10gk27T3 | f|

fi(T) = ?\/—_TH,S” (=kr), v=V9/4+k

forx<<1| r=—kT. "f>_9/4'

9 3
fr ~Vxx™", I/E\/KZI ~ 42

1/:13 = aHinf/k,



Axion Power Spectrum is Red-tilted

comoving length

anRr = k/mn H(aos) = mn.
o
—1 . g7 .
kmin § > =
.z .“3 l.g
@) E 1+
< D 1 S
= =g
= S,
®
k_l G>.<> - : 8

minimal mode receives
largest enhancement

kmin X G Hinf

(am )_1 comoving Compton
n g pto
wavelength

X 6211N/3

kmin

(k)  @osc gscale factor

a4 Qexit, (k) Ue ANR

1/3’) — CLHinf/k,



Axion from Quantum Phase Transition {smail, SL, Yut, 24

e The axion energy density during inflation 1s given by (neglecting the tiny axion mass):

1 d3k o 14k/3 |7 o 1o
- | : 1
(Pn(T)) 2a4/(2ﬁ)3 fx ——fk| + F ISl (1)

non-gradient term




Axion from Quantum Phase Transition {smail, SL, Yut, 24

e The axion energy density during inflation 1s given by (neglecting the tiny axion mass):

3 2
<pn(T)>=i/(d i fi - 1+@fk + K |fil® |- (1)

2a4 omr)° T —
N———————"  gradient term

non-gradient term

e In the case of vamshmg K (classical limit, our mechanism does not apply), the super-
horizon modes read fi ~ i/(v/2k3/27), so the non-gradient term in Eq. (1) vanishes.
Therefore, after exiting the horizon, energy spectrum is dominated by the gradient term:

d H2, k2
dlogk<p77(7-)>grad — f 2 (2)

812 a
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1.e., the axion field 1s frozen and no particles are produced after exiting the horizon
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e However, for a nonzero s (which comes from the kinetic coupling in our mechanism), the
whole story is changed As one can easily check, the non-gradient term for superhorizon
modes does not vanish in this case (for 0 < kK < 1):
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Axion from Quantum Phase Transition

® Energy Density

Already Energy Density has the exponential

enhancement for the magnitude of inflationary

: 2

quantum fluctuations p 3 ) 2
vV

3 2

{

But, if this factor is what compensate the smallness
of ULDM mass, one should worry about
cosmological constraints such as isocurvature iy,
bound (since PQ is broken during the inflation). d£E£E2_2V

So, this exponential enhancement can be sizable, kmin = VEa; Hins = _\/E/q-i
but cannot be the whole story for m = 101" eV

Hip 2% (K/3+3/2 —v)"T?(v) (1 ) v=3/2

1673 2 — 3

K

1/(=kminTe) X 71 /Te = €V
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Axion Relic abundance

If ’]’)’I,,'7 < pe’ c.f. for misalignment, TNR~ Tosc ~ \/ MpLanck © my

My

1 m —N
Tioh = i T ‘ Pe = kmin/a — \/Ee Hing
pe eh \/E Hlnf eh € €

=> Axion becomes NR before structure formation, T ~ keV

INR =

The axion energy density today is given by (p,(70)) = (py(7e)) (ac/ aNR)4 (anr /a0)3

ANR ~ Tl\?fi
The relic abundance today is given by
_1/4 2 3/4 T3H3/2 ]:-
(), = T c = g*og*reh 7T_ mﬂ O **inf (K’) N N(2v-3) Pe = 3H3M2
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from this eN (~1026 for N=60)
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from this eN (~1026 for N=60)

which comes from kinematics: positive kK leads to
a red tilt => power spectrum is dominated by kmin,
whose pe Is exponentially suppressed by the end

of inflation (pn(70))

=> Axion becomes NR before structure formation, T ~ keV

= (py(7e)) (ae/anr)” (anr/ao)’

—1
ANR ~ TNR
The other term eN(2v-3) s constrained by srenxallor::r?;;oer:ﬁaerrszztrscejnk;y
Isocurvature bound, etc, and cannot be too large P
—1/4 2\ 3/4 3
Q, = (o) /e = Sx0uxeh (72" (F8 Hiag P e e pe = 3HIM,
4873\ 90 M;{2H2

Q'rl — 2.7 % 10—34 5 'F(K’) 6N(21/—2) X ( My ) (

10722 eV / \ 1013 GeV

chm \/E




Axion Relic abundance

Subteltey: c.f. for misalignment, Txr~ Tosc ~ \/ MpLanck * my

For ultralight DM, the large enhancement is mostly n T ‘ PDe = kmin/ae = \/Ee_NHinf
from this eN (~1026 for N=60)

which comes from kinematics: positive kK leads to
a red tilt => power spectrum is dominated by kmin,
whose pe Is exponentially suppressed by the end

=> Axion becomes NR before structure formation, T ~ keV

: : 4 3
of inflation (Pn(10)) = (pn(7e)) (ae/anr) (anr/ao 1
aNR ~ Tl\?R
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Subteltey: c.f. for misalignment, Txr~ Tosc ~ \/ MpLanck * my

For ultralight DM, the large enhancement is mostly n T ‘ PDe = kmin/ae = \/EG_NHinf
from this eN (~1026 for N=60)

which comes from kinematics: positive kK leads to
a red tilt => power spectrum is dominated by kmin,
whose pe Is exponentially suppressed by the end

of inflation (,077(70»

=> Axion becomes NR before structure formation, T ~ keV

= (pn(7e)) ae/aNR)4 (anr/ao °

—1
ANR ~ TNR
The other term eN(2v-3) s constrained by srenxallor::risi;oer:ﬁaerrszztrscejnk;y
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ULDM with m ~10-22eV

— 2.7 x 10~ - )
Qedm rx 1077 X 10722 eV (1013 GeV

Is easy to achieve!

eN(2v=2) — 9 % 10%¢ for N =60 and k = 0.5
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Axion evolution after inflation

comoving length

r-

oscillation

—1 .
(am,)” comoving Compton
wavelength

QL
Z,
=
~~

i
~—

Qosc ) scale factor
for the minimal mode:

—N
kmin X € Hinf

ANR (kmin ) < Uosc

a > anr: axion becomes nonrelativistic

a > aosc: axion starts coherent oscillation
turn NR much earlier than oscillation
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Origin of inflation coupling to axion kinetic term

1) EF'T operators

e Exponential enhancement could also be realized from effecive operator

K(¢) =1 $? V(¢) = m2¢?/2

Ms,
e KEOM of axion during inflation depends only on K’'/K, K'/K

K K.V Ky 'V,
- 2 dP o Vo -~ 2 Ao Vo
Iil ~ MPI (26 K K V) ] HQ ~ _MPI K V K > —406 (3 — 6) ~ —12C6

® The story is basically the same for d=5§ operator effective Wilson

Or higher order operators

coefficient plays the
role of K

® Model of exponential form (resumegi fogm) also works
K(¢) ~ €—n¢ /Mgy 2004.10743 (for dark photon DM), Nakai et al
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Origin of inflation coupling to axion kinetic term

2) UV completion

® Noncanonical kinetic term can be realized in the supergravity framework

Ellis et al, 2013, 1984

* * 3
LKE — (8,u¢ 78MT ) ((T_l_T* L ‘¢‘2/3)2>

((T j¢z";§/3 —gfi/s) (gthlé ) | ¢: inflaton

ALP 7 1s 1dentified as the modulus field T coming from orbifold compactifications, for example

Would it fit into a story of
String Theory Axions?

Kinetic coupling is

determined by
Kahler potential

-ongoing discussion with
Liam McAllister

T: modulus
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Origin of inflation coupling to axion kinetic term

3) Radlal m()de as inﬂaton Fairbairn, Hogan, and Marsh ‘15

PQ scalar y = o e/, / 2 naturally leads to a coupling between inflaton o and axion Kinetic term:

) 2
X1 = | @) + 25 ()’
During inflation, we have @ > f, and the axion kinetic coupling 1s significant pXl = 9 pP) T 2o \OuT]
- Y,

As o rolls down along the potential and tends to the vacuum expectation value t,, the inflation ends

and the axion kinetic term reduces to the canonical form. 0
K(p) = ,
fn\/(l + &p? /M3))

1
S — /d4$\/ —g ——R (1 -+ fp—> — —g“yaﬂp&,p )\(,02 _fg)Z

2 —
Vi) 4(1+€p2/M2)*

Kk ~ — 4q* [3&2(65 +1)% + (24§2 + 8& + 3) q*
+2€ (24€° + 226+ 3) ¢°] / (66% + € + q2)3

g should satisfy —=1/6 < £ <0

—-p

g = Mp/p
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Theoretical Constraints

¢ Condition that we impose (also need to make sure slow roll potential

is not spoiled)

e Back-reaction constraint

k F(k) e 23 « 1871 /A, \

axion dynamics should not affect
inflaton dynamics (single-field
inflation),
> And also does not change inflation
potential in order not to spoil slow roll

® Naturalness bound:

Inflation mass get loop corrosion
from axion coupling of order

f;l/(167r2mé).
fr/ (167%) < 3H7 Mg,

n
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Axion from Quantum Phase Transition

’ viad gluon COI%Bhng Gluon coupling

— t Future nuclear clock
1ISOcuyvatLure
| = (dashed line): 22°Th

Future CMB, 21cm
(dashed line).CMB-S4

SKAZ2

101
CASPEr (brown dashed line)

w_ naturalness
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- nGG is heavﬂy constramed by xperlments for ALPS hghter than 10“ |
But this operator is not predicted in our mechanism and can simply be turned oft

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



Summary: Comparison with Misalignment mechanism

Axion dark matter QPT by Inflation

Production mechanism Kinetic coupling oscillation due to
to inflaton Hubble friction
Production era during inflation much later, when H ~ m,
Kinematics relativistic when produced Non-relativistic when produced

Non-relativistic much earlier than keV
(For heavy mass, NR by the end of

inflation)
Power red spectrum, peaked at super- nearly scale-invariant spectrum
spectrum horizon scale
Relic abundance insensitive to breaking scale depend on breaking scale
Parameter space (ALP form < 10-12 GeV, form <1012 GeV,
DM) fr>1010 GeV fn>1014 GeV

(can be lowered with N>60)

Parameter space (QCD

: Maximum QCD axion mass of Maximum QCD axion mass of
axion DM)

order 0.05 eV (can be heavier with N>60) order 10> eV



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

& 1t 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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Theoretical Constraints

¢ Condition that we impose (also need to make sure slow roll potential

is not spoiled
P ) axion dynamics should not affect

e Back-reaction constraint inflaton dynamics (single-field inflation)
¢+ 3Hintp + Vi + KK 49" 9,m8,m = 0

|KK¢<9“V8M778V77>‘ < :-)’I{infq.5 </077> < 3‘]\4]52)1[_112{113

In addition, the requirement of

(K Ky(9"" 0undun)| < Vs

gives a model-dependent constraint

1272
/@f(n)eN(zl’_?’) < Ve

V AS Hignf
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Theoretical Constraints

¢ Condition that we impose (also need to make sure slow roll potential

is not spoiled)

e Back-reaction constraint

k F(k) eV 23 « 1871 /A,

® Naturalness bound:

Inflation mass get loop corrosion
from axion coupling of order

4
fn/(16w2mé).
f;,l/ (167T2) S 3Hi2 fo2>1

14



Theoretical Constraints

¢ Condition that we impose (also need to make sure slow roll potential

is not spoiled)

e Back-reaction constraint

k F(k) e 23 « 1871 /A, \

axion dynamics should not affect
inflaton dynamics (single-field
inflation),
> And also does not change inflation
potential in order not to spoil slow roll

® Naturalness bound:

Inflation mass get loop corrosion
from axion coupling of order

f;l/(167r2mé).
fr/ (167%) < 3H7 Mg,

n




Axion from Quantum Phase Transition

¢® When Axion becomes NR

In addition, the requirement of
| K Ky{g"" 0unoum)| < Vy

m'r) 1 gives a model-dependent constraint

TNR — reh — \/EJ 1222 V,

N N(2v-3)
e rkF(k)e < :
p VA H

it is easy for the axion to become
nonrelativistic before structure formation,

T ~ keV




QCD Axion Relic abundance

mass 1s induced by nonperturbative QCD effects

A 8
mn(T) = ﬁmn ( (;?D> , T > AQCD

® LEffectively massless at the end of inflation (assuming T, » Aqgcp), and becomes NR when T = AQCD

(pn(10)) = (pn(7e)) (ac/anr)" (anr/ao)’



QCD Axion Relic abundance

mass 1s induced by nonperturbative QCD effects

T
® LEffectively massless at the end of inflation (assuming T, » Aqgcp), and becomes NR when T = AQCD

(pn(10)) = (pn(7e)) (ac/anr)" (anr/ao)’

—1/10
5 m A m 1/5 H;. ¢ !
Tun = [V " AY ~1OOGV( U )
NR (e VK& Hing n QCD) © 1076 eV (1010 GeV)

A 8
mn(T) = ﬁmn ( QCD) , T > AQCD




QCD Axion Relic abundance

mass 1s induced by nonperturbative QCD effects

A Y
mn(T) = an ( C?Z?D) y T > AQCD

® LEffectively massless at the end of inflation (assuming T, » Aqgcp), and becomes NR when T = AQCD

(pn(10)) = (pn(7e)) (ae/anr)” (anr/a0)’

~1/10
:U m v m 1/5 Hinf ' '
Thve = [ e n Te A ~ 100 G V( i ) on the axion mass
R ( . QCD) "Y' \10-6 ev 1010 GeV

Weak dependence




QCD Axion Relic abundance

mass 1s induced by nonperturbative QCD effects

A Y
mn(T) = 5mn ( ?Z?D) y T > AQCD

® LEffectively massless at the end of inflation (assuming T, » Aqgcp), and becomes NR when T = AQCD

4 3
(Pn(70)) = (Py(7e)) (ae/anr) (anr/ao)
_ Weak dependence
= ( Nxﬁf i, TehAQCD) "~ 100 GeV (mizne\f)l/5 (101? igev) -

gdx0 TNRT H
4320m M3 H?

Qn —3 N (2v— Hinf . TNR
—1 (2v-3)
Qedm 07" Flk)e (1013 GeV) (102 GeV

QT] _ nff( ) N(2v—-3)




QCD Axion Relic abundance

mass 1s induced by nonperturbative QCD effects

A Y
mn(T) = 5mn ( C;?D) ) T > AQCD

® LEffectively massless at the end of inflation (assuming T, » Aqgcp), and becomes NR when T = AQCD

4 3
(Pn(70)) = (Pn(Te)) (ac/anr)" (anr/ao)
. | ~1/10 Weak dependence
INR = ( Nj_:lzn I hAQCD) ©~ 100 GeV (1011\/’)1/5 (1oflgev>

g0 INrTGHi N (2v—3)
Q — 11N 174
"7 4320m  MEAH? Flk)e

Q, _3 N (20— Hiwe \'[ Tnr
— 1 (2v—3)
Qedm 07" Flk)e (1013 GeV) (102 GeV

e Upper bound on QCD axion mass: fomy & AQCD v~ 4 and 8 ~ O(1072)

PQ symmetry broken during inflation: f,, > Hi,¢/2m = m, < 27TAQCD [ Hing

For N = 60 e-folds, we have m, < 0.05 eV



QCD Axion Relic abundance

mass 1s induced by nonperturbative QCD effects

T
® Effectively massless at the end of inflation (assuming T, » Aqcp), and becomes NR when T = AQCD

(pn(10)) = (pn(7e)) (ae/anr)” (anr/a0)’

A Y
mn(T) = ﬁmn ( QCD) y T > AQCD

_ Weak dependence
v+1 1/5 H;, 1/10 :

INg = (eN ngZf TrehAaCD) ~ 100 GeV (102"6\7) (1010 Gl:eV) on the axion mass
0. — 9x0 TNRTg’Hiznf f(lﬁ:) eN(2v—3)

T 4320m M H?

Q, B B Hy. \°/ Txr

— 103 F N (2v-3) In
Qedm (r)e 1013 GeV 102 GeV
e Upper bound on QCD axion mass: fomy & AQQCD v~ 4 and B ~ O(102)

PQ symmetry broken during inflation: f,, > Hine/2m = m,, < QﬂAéCD [ Hing

be furth laxed with

larger number of e-folds
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Axion Relic abundance

. . o = kmin/0e = Ve " H,
For heavier axion satistying my > pe Pe = Kmin/ae = vk inf

=> ALP i1s already NR at the end of inflation

Energy density today is given by: (p,(70)) = (pn(7e)) (ae/ ao)3



Axion Relic abundance

. . o = kmin/0e = Ve " H,
For heavier axion satistying my > pe Pe = Kmin/ae = vk inf

=> ALP i1s already NR at the end of inflation

Energy density today is given by: (p,(70)) = (pn(7e)) (ae/ ao)3

Numerically:
{2,
chm

Hinf ) °/2

— 26 N(2v—-3)
Fk)e (109 GeV



Axion Relic abundance

' ' oy = kmin/Gc = Vre " H;
For heavier axion satistying my > pe Pe mm/ € \/_ inf

=> ALP is already NR at the end of inflation

Energy density today is given by:  (p,(70)) = (pn(7e)) (ae/ Clo)3

Numerically:

£ N (20— Hine  \*° Doesn't need a |
— 9 (2v—-3) in oesn’t need a large
chm 6F(&)6 (109 GGV)

enhancement
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Theoretical Constraints

¢ Condition that we impose (also need to make sure slow roll potential

is not spoiled
P ) axion dynamics should not affect

e Back-reaction constraint inflaton dynamics (single-field inflation)

¢+ 3Hintd + Vy + KK 49" 8,m0,m = 0

|KK¢<QMV8M778V77>‘ < 3I{infq.5 </077> < 3M]§2)1H12nf

at the pivot scale k., = 0.05
A, = anf/ (87T2€VMP2)1) —22x 1077

F(k) = 22 (/3 +3/2 — v)° T?(v) (1)1/—3/2

2V — 3 K



Theoretical Constraints

¢ Condition that we impose (also need to make sure slow roll potential

is not spoiled
P ) axion dynamics should not affect

e Back-reaction constraint inflaton dynamics (single-field inflation)

¢+ 3Hintd + Vy + KK 49" 8,m0,m = 0

|KK¢<QMV8M778V77>‘ < 3I{infq.5 </077> < 3M]§2)1H12nf

at the pivot scale k., = 0.05
A, = anf/ (87T2€VMP2)1) —22x 1077

k<079, for N =50 Fk) = 22V (5/3 +3/2 — v)? T2(v) (1)'/—3/2
k< 0.67, for N =060 2v — 3 K
k<058, for N=7T70



Theoretical Constraints

‘ Parameter Space N = 60,70 e-folds  correct DM abundance

1 .OTIIIIIII IIIIIIII‘ IIIIIIIII IIIIIIII| IIIIIIIII IIIIIIII’ |Il|l|ll| IIIIIIII| IIIIIIIII IIIIIIII| IIIIIIII| IlIllIlll IIIIIIIII IIIIIIII| IIIIIIIII IIIIIIII’ Illllllll IIIIIIII| IIIIIIIII IIIIIIII’ Illllllll III]IIII| IIIIIIIII [TT1 | IﬂTWﬂI

For N = 60 e-folds:

m,, can reach 1072* eV

. QCD axion is further
06 - > ----- b_a © _k reaction | bounded below 0.05 eV

relaxed with larger e-folds

Hinf — 27TMp1 \/AS’I“T/S

Ag=22x%x10"Y rr <0.036

13
Hmf < 4.8 x 10" GeV. = H,; < 4.8 x 1013 GeV
O O_LLIIIIIII Illllllll IlIIIIIIl lllllllll IIIIIIIII IIIIIIIIl IlIIIIIII Illllllll ||l|||II| IIIIIIII| |Illllllhlmllll-lll-Hllll—l M ”H“| ll““" HIH“| IHHH‘ IIIHII| IHHH|

102V 1010 10-10 1070 1
m,, eV]

IJ,-l-Illll—I LU= |




Theoretical Constraints

¢ Parameter Space N = 60,70 e-folds  correct DM abundance

1.0_|_Tllllll| IIIIIIII‘ IIHIIIII IIIIIIII| IIIIIIIII IIIIIIII| Illllllll IIIIIIIII IIIIIIIII IIIIIIIII IIIIIIIII IIIIIIII| IIIIIIIII IIIIIIIII| IIIIIIIII IIIIIIIII IHIIIIII IIHIIII| IIIIIIIII lIIIIIII| Illllllll IIIIIIII| IIIIIIIII [T | lWﬂTﬂ‘

For N = 60 e-tolds:

m,, can reach 1072* eV

. QCD axion is further
0.6 --_->._____ b_a ¢ _k_r _e‘@gﬁzl_o_n_ ____________________ o bounded below 0.05 eV

relaxed with larger e-folds

| Hinf = ZWMpl\/ASTT/S

A, =22x107° rp <0.036

/4

1
‘H. - < 4.8 x 10" GeV. = Hir < 4.8 x 1013 GeV
O O_IJLUIHI_H_\MIIIJ_HUIULLUMHI U_Llllﬂl_u_\llllll_lJ_Ullld_LUllllll IJJlIIHI_UJlHIII_lJiUllIIJ_L[]IIllIﬂiEHI :ﬂﬂgﬂw “““'| ”””d "“““| "““Lﬂ 1”““'| "”“H‘

10-2° 10-1° 10‘10 102 1

DM relic abundance does not depend on
eV]

the breaking scale directly
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Domain Wall Constraints

® Since PQ symmetry 1s broken during inflation, the domain walls related to the cosmic
strings are not relevant for the cosmic evolution after inflation.

® However, if the axion perturbation is large enough, then the axion field 1s able to be
spread over multiple vacua of the axion potential

Large quantum fluctuations during inflation is still
possible to produce domain walls even when NDW =1

® condition to avoid the production of domain walls from quantum fluctuations :

on =/ (0n?) < 27 f,/Npw
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® condition to avoid the production of domain walls from quantum fluctuations :

on =/ (6n?) < 27 f,/Npw



Domain Wall Constraints

® condition to avoid the production of domain walls from quantum fluctuations :

Opn = \/(57’]2> < Zan/NDW

® But, perturbation of the minimal mode (which gets the largest enhancement) 1s given by

oV Hing 1 "2
Jﬂ (kmirUT) — \/%F (V)( It ) (_k- . 7-)




Domain Wall Constraints

® condition to avoid the production of domain walls from quantum fluctuations :

Op = \/(5772> < Qan/NDW

® But, perturbation of the minimal mode (which gets the largest enhancement) 1s given by

oV Hing 1 "2
0-77 (kmiIUT) — \/%F (V)( IVt ) (_k- . 7-)

® The constraints becomes :

fn > D(k) ith  D(k) = Npw 27 () 1 v=3/2 (N—N,)(v—3/2)
H.. wi k)= 4 o v N e

_ e e-folds during the time when k, crosses the horizon
N, =log | —

until the end of inflation, with a, = k,, /Hj,s



Domain Wall Constraints

® The constraints becomes :

Now 2V 1 \V 32
e i o= ()

lo o ( Qe ) e-folds during the time when k,, crosses the horizon

until the end of inflation, with a, = K, /Hiys



Domain Wall Constraints

® The constraints becomes :

Now 2V 1 \" 32
.Hiif > D(k) with  D(k) = 47?? mF(V) (ﬁ)

. Qe e-folds during the time when k,, crosses the horizon
N, =log | —

until the end of inflation, with a, = K, /Hiys

* A
400 | N — N, = log ( QCD) ~ 27.5, for QCD axion

1o

100 |




Domain Wall Constraints

® The constraints becomes :

Now 2V 1 \V 32
et e D= e ()

. Qe e-folds during the time when k,, crosses the horizon
N, =log | —

until the end of inflation, with a, = K, /Hiys

| I I 1 | I 1 1 | I I I | 1 I I | 1 I I |

_ ] A
400 = Np=Nacp . N —N, =log ( ;{CD) ~ 27.5, for QCD axion
| : 0
300 - -
For k=1, D(x) = 500 1 x = 11srequired by small backreation limit
200 i

100 |




Domain Wall Constraints

® The constraints becomes :

Npw 2 1 \" %2
h];;f > D(k) with  D(k) = 47?? mf(u) (ﬁ)

_ Ae e-folds during the time when k, crosses the horizon
N, =log | —

until the end of inflation, with a, = Kk, /Hiy

I I I 1 | I I 1 I I I | I 1 I I | 1 I I I

_ - A
200 = Np=Nacp 1 N —-N,=log ( ?,CD) ~ 27.5, for QCD axion
i | 0
300 - .
For k=1, D(x) = 500 1 x = 11srequired by small backreation limit
200 ‘

100: : Domain Wall constraint is less strict than the

isocurvature bound for QCD axion if the backreaction
) : : constraint is satisfied




Experimental Constraints: Isocurvature bound

® For our mechanism, 1socurvature perturbation magnitude is:

221/ 1 v—3/2 B y_ Hinf .
Aiso (k*a kmin) — %FZ(V) (;) €(N B <7Tf 0 )
nvi

2
s (2)




Experimental Constraints: Isocurvature bound

® For our mechanism, 1socurvature perturbation magnitude is:

2V v—3/2 . 5
AiSO (k*, kmin) — z_Fz(V) (l) e(N_N*)(zV—3) ( Hlnf )

27T K mf 7791
2
. H inf
— g (H, k*) 9 .

T fnb;

a/e a'e

N=log| — ) , N, =log | —

a; 20

Total number of e-folds Number of e-folds between the time

when k* exits the horizon until
the end of inflation



Experimental Constraints: Isocurvature bound

® For our mechanism, 1socurvature perturbation magnitude is:

2V v—3/2 . 5
AiSO (k‘*, kmin) — Z_FZ(V) (l) e(N—N*)(QV—3) ( Hlnf )

27T K mf 7791
2
. H inf
— g (KZ, k*) 0 .

T fnb;

ae a’e

N=log| — ) , N, =log | —

a; 20

Total number of e-folds Number of e-folds between the time

when k* exits the horizon until
the end of inflation

® For our mechanism, deviation from adiabatic mode 1s:

- Qn 1 Hinf :
Bioll) = 6 (k) = ()



Experimental Constraints: Isocurvature bound

® For our mechanism, deviation from adiabatic mode 1is:

_ Qn 1 Hint - _ 2% 2 1\"~/* (N—N.,)(2v-3)
IBiSO(k*) =g (K7 k*) chm As (ﬂ-fnei) g (K/, k*) — %F (V) (;) €



Experimental Constraints: Isocurvature bound

® For our mechanism, deviation from adiabatic mode 1is:

B 2, 1 H;i.¢ ° B 2%V 1\" %/ (N—N,)(2v—3)
IBiSO(k*) =g (K:? k*) chm As (ﬂ_fnei) g (sz k*) — %F (V) (E) €
® The resulting bounds from CMB: Jnt: > 3.5 x 10*V/G |

H inf
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® For our mechanism, deviation from adiabatic mode 1is:

_ Qn 1 Hint - _ 2% 2 1 v (N—N,)(2v-3)
IBISO(k*) =g (K7 k*) chm As (ﬂ-fnei) g (K/, k*) — %F (V) (;) €
® The resulting bounds from CMB: 1]37 0 > 3.5 x 10*V/G |
inf

Hy =~ (4448 Mpc) ™"

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




Experimental Constraints: Isocurvature bound

® For our mechanism, deviation from adiabatic mode 1is:

IBISO(k*) =g (K7 k*) chm As (anei) g (K/, k*) — %F (V) (;) €
® The resulting bounds from CMB: I]?I? & > 3.5 x 10*V/G |
inf

Hy =~ (4448 Mpc) ™"

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

With our back reaction constraint 0< k< 1. we have 0.19 < (\/EH()/IC*)V_S/Z <1
) . '

For single field inflation:



Experimental Constraints: Isocurvature bound

® Including Future bounds (CMB-S4 and SKA?2): fnbi

> 3.5 x 10*V/G .
Hinf
2% 1\ %7 (N—N,)(2v—3)
- o — 1V x V—
Gn k)= 5 1200 (1) e

70 __I ! . ' ! .l .' ! ! | ! ! | | ! ! ! I -

-O(1) mitial misalignment angle and N = 60 :

60 | k,=0.1 Mpc™ -

500 — - — k,=0.05Mpc™" -

] /

7 40f T - k. =0.002 Mpc™’ g

'3 E :
) 30:
20 |
10

O:_l | | | | |

0.0 0.2 0.4 0.6 0.8 1.0



Experimental Constraints: Isocurvature bound

® Including Future bounds (CMB-S4 and SKA?2): fnbi

Hinf
92V 0 1 ”—3/2
o= 50 (1) @D

> 3.5 x 10*V/G |

70 F° ' ' I I ' ' ' l l ' 1 I ' ' ' -

-O(1) mitial misalignment angle and N = 60 :

60 | k,=0.1 Mpc™" -

s0f = - = k,=0.05Mpc™’ :

~1 /-

< 40F *='=" - k,=0.002 Mpc ;-

= i ]
e i
oy 30 i
20
10 F

O :_l | | l | |
0.0 0.2 0.4 0.6 0.8 1.0



N

70

60 f

50

40

Experimental Constraints: Isocurvature bound

® Including Future bounds (CMB-S4 and SKA2):

G (5, k) = 5 T°0) (1)/

] I ] 1 I l Ll 1 I I L ] 1 | I [_

O(l) 1n1t1a1 mlsahgnment angle and N = 60 :
k, = 0.1 Mpc™ :

k, = 0.05 Mpc™’

----- -k, =0.002 Mpc™" .

fngi

4
o > 3.5 x 10*VG

for x < O(1)

VG < 0(10)

as long as the backreaction bound is
satisfied, this enhancement is O(10),

and isocurvature bounds can be easily
satisfied.




N

70

60 |

50

40

Experimental Constraints: Isocurvature bound

® Including Future bounds (CMB-S4 and SKA2): fnbi

|

] 1 1 I [ 1 1

E_O(l) initial misalignment angle and N = 60

k,=0.1 Mpc™"

- — = k,=0.05Mpc™"
----- -k, =0.002 Mpc™*

4
Ho > 3.5 x 10*VG

for x < O(1)

VG < 0(10)

as long as the backreaction bound is
satisfied, this enhancement is O(10),
and isocurvature bounds can be easily
satisfied.

For ALP with very small mass, which need a
huge enhancement, recall that we have
additional eN enhancement allows us to

achieve the right relic abundance



Experimental Constraints: Isocurvature bound

® numerical values of exponential enhancement with different x :

2
N, 1 [ Hiys
solkx) =G (K, k d —
’BISO( *) ( , *) chm As 7Tf779i
—1/4 3/4 5/2
0 g*Og*refl 7T_2 / Tgﬂln/f F(K,) 6N(21/—3)
" 4873 90 Mgl/QHg

enhancement to
ultralight DM
relic abundance

G (K, k) =

gx0 = 2
Jxreh — 106.75

enhancement to
inflationary
quantum fluctuation

221/
2T

enhancement to
axion isocurvature
perturbation

Z T

W (

p oV (2v—2) oV (2v—3) o(N—N.)(2v-3)
0.1 6.0 x 1027 52 1.5
0.2 2.9 x 10*° 2.5 x 10° 2.2
0.5 2.0 x 10°% 1.8 x 10° 6.9
1.0 6.9 x 10*! 6.0 x 10*° 40

N =60 and N — N« = 6.1 are fixed

v—3/2
) e(N—N*)(Zz/—B)



