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Ultralight dark matter

» DM models span many orders of magnitude in mass
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> Ultralight (wave) DM: 107%2eV < m < eV

Future atomic-/astro-physics experiments: m < 10~ 1%V
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Misalignment mechanism

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

» 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, ~ a™3
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Misalignment mechanism

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

iy’—{—SHﬁ—l—m%nzzO V(n):A% {1_@5(%)] imn:A%/f’?

» Misalignment mechanism: axion starts to oscillate when H ~ m,, and behaves
as matter after then, p, ~ a™3

2
Q, h? N ( my )1/ 2 fn
0.12 ALP, misalignment 1019 eV 101 GeV

(th2> (10—6 eV>3/2
0.12 QCD axion, misalignment My

» For ALP DM: f, > 10'*GeV if m, <1070 eV
For QCD axion DM: 107 %eV < m,, < 10™* eV




Misalignment mechanism

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

7'7'+3H7'7-|—m%n2:() V(n):A% [1_COS<%>] imn:A%/f’?

» Misalignment mechanism: axion starts to oscillate when H ~ m,, and behaves
as matter after then, p, ~ a™3

2
Q, h? N ( my )1/ 2 fn
0.12 ALP, misalignment 10_10 eV 1014 GeV

<th2> (10—6 eV>3/2
0.12 QCD axion, misalignment My

» For ALP DM: f, > 10'*GeV if m, <1070 eV Any new windows?

: _6 _4 Need new mechanism beyond
For QCD axion DM: 107°eV <m, <107 eV misalignment!
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Kinetic coupling to inflaton

e We assume the PQ symmetry has broken during inflation, f,, > Hiys.
Axion is effectively massless during inflation if m, /F < Hius

1 ¢: inflaton
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7: axion



Kinetic coupling to inflaton
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Axion is effectively massless during inflation if m, /F < Hius
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e Kinetic coupling F'(¢) is a general function of inflaton, reduced to unit at
the end of inflation: F(¢.) =1
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Kinetic coupling to inflaton

e We assume the PQ symmetry has broken during inflation, f,, > Hiys.
Axion is effectively massless during inflation if m, /F < Hius

: inflat
S = /d4£17\/_ [ PIR 1 MV8M¢8V¢ V(¢) _ %F2(¢>guyaunayn Qb Inflaton

7: axion

e Kinetic coupling F'(¢) is a general function of inflaton, reduced to unit at
the end of inflation: F(¢.) =1

e Flat FLRW metric

. . . . conformal time: dr = %
d82 = —dtz + CL2 (t)&jdxzdxj = CL2(7') (—d’7'2 + 5,~jdazlda:])

de Sitter background: a = — 4=

e Abundance of axion is sufficiently produced through F'(¢) during inflation



Equation of motion

d3k . .
P10 = [ G5 [+ i@ ]

e From the action, one obtains the EOM of axion: f=aFy

/!
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Equation of motion -

(27)°
e From the action, one obtains the EOM of axion: f=aFy
1/ F// ;
1/ k2—a——— — f:df/dT
K+ ( T ) Jk=20

2004.10743 (for dark photon DM)
e Assume the kinetic coupling: F(¢) = (a/a.)” <=mm F(¢) ~ e "¢ /M

slow roll
24+n(n+1)
3 fe=0 v =—kr = k/(aHs)

x < 1: superhorizon

05 fr + [1 —

T

x > 1: subhorizon
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Equation of motion -

fi(r)ane™ <+ fi(r)a e

(27)°
e From the action, one obtains the EOM of axion: f=aFy
1/ F// ;
7 k2—a——— _ fl=df/dr
K+ ( T ) Jk=20

2004.10743 (for dark photon DM)
e Assume the kinetic coupling: F(¢) = (a/a.)” <=mm F(¢) ~ e "¢ /M

slow roll
24+n(n+1)
5 fe =0 r = —kr = k/(aHins)

x < 1: superhorizon

0% fr + [1 —

T

e Bunch-Davis initial condition:

lim fi(r) =

kT——o0

x > 1: subhorizon
—ikT

&
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Equation of motion

d3k . .
P10 = [ O e+ g ale]

e From the action, one obtains the EOM of axion: f=aFy
1/

1/
,;’+(k2—“——%)fk:0 fl=df/dr
¢ 2004.10743 (for dark photon DM)

e Assume the kinetic coupling: F(¢) = (a/a.)” <=mm F(¢) ~ e "¢ /M

24+n(n+1
[1— + 352+ )] Je =0 x = —kt =k/(aHinf)

x < 1: superhorizon

slow roll

3§sz +

e Bunch-Davis initial condition:

1 x > 1: subhorizon

—ikT

e Solution of axion field during inflation:

Van2 +4n+9

N =

fk(T): g\/—_TH,Sl) (—]W) V=
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Axion produced during inflation

2 48,

e Energy density: Ty = T =g 5gm r=—kT

2
Pn:T()o:Tiél [(f’+ l—i;nf> +(8if)2]

3
eH, @)+ (nt ) #@)

H'4f > 2
(pa) = Olpyl0) = 2 [ doa




Axion produced during inflation

: 2 0S8
] Enel‘gy denSIty: T/u/ = —\/——_g 59/71/ r = —kT
— 1 2
1 C 14m 9 , V_2\/4n +4n +9
pn:,I’()O:T“4 <f + - f) +(azf)
_ Hye [0 o] 0 3 CITR T IORINT
<p77> — <O|p77‘0> - 167 /0 dz z Z’Hy_l(l') +(n+ 5 -V HV (ZU) +x HV (ZU)’

e The spectrum is red and peaked at super-horizon mode if v > 3/2 (i.e.,
n>0orn<—1):

HY. o, 3 2 ) UV dx 4 9, V= 3/2: scale-invariant spectrum

—kminT

IR cutoff set by the initial horizon: ki, o< —1/7 < a;Hint
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Axion produced during inflation

. 2 0S8
] Energy denSIty: T/u/ = —\/——_g 59/71/ r = —kT
— 1 2
1 C 14m 2 , V_2\/4n +4n +9
pn:,I’()():T“4 <f + - f) +(8zf)
_ Hye [ (1) 3 Ol o2 @)
(pn) = (0]py|0) = 6 /0 dea® ||zH,  (x) + | n+ 5~V HV(x)| +a°|H), (x)’

e The spectrum is red and peaked at super-horizon mode if v > 3/2 (i.e.,
n>0orn<—1):

A 3 2 uv. 4 v = 3/2: scale-invariant spectrum
inf 221/ (n 4+ V) F2(V)/ _xaj3—2u

—kminT
IR cutoff set by the initial horizon: ki, o< —1/7 < a;Hint
e Energy density at the end of inflation:

) HY 22 (n+3/2—1v)"T?(v) 1
7T 1673 2v — 3 (—kminTe) >~




e Phenomenology



Relic abundance

e Axion is relativistic when produced, with the peaked mometum at:

—N
e = kmin/ae xX € Hinf



Relic abundance

e Axion is relativistic when produced, with the peaked mometum at:

—N
e = kmin/ae xX € Hinf

e Axion becomes NR before matter-radiation equality

m Tren m
L = 77 TreheN > Teq

= = qe 11 Tren = T - o
INR T 1 NR/ " R Hinf (_kminTe) Hinf
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Relic abundance

e Axion is relativistic when produced, with the peaked mometum at:

—N
e = kmin/ae xX € Hinf

e Axion becomes NR before matter-radiation equality

m Tren m
n = — L TeneN > Ty

= my = qeTNr/Tren = TNg = =
INR mn ¢ NR/ h R Hinf (_kminTe) Hinf

e Axion relic abundance today:

4 3
Qe aNR — 1
(Pn)te = (Pn)t. ( > ( ) v = 5\/4n2+4n+9>3/2
aNR ao
qp? = Pl ] (9_0>” o g cys TEmg P 2 (032 0) T20) 1
! pe 4320w \ w2 ) TNRIATaeh 2 e o 2v -3 (—FminTena) ™~
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Relic abundance

e Axion is relativistic when produced, with the peaked mometum at:

—N
e = kmin/ae xX € Hinf

e Axion becomes NR before matter-radiation equality

m Tren m
! = 77 TreheN > Teq

= my = qeTNr/Tren = TNg = =
INR T 1 NR/ " R Hinf (_kminTe) Hinf

e Axion relic abundance today:

4 3
Qe a _ 1
<Pn>t0 = <p77>te ( > ( NR) V= 5\/4n2+4n+9>3/2
aNR ao
o2 Py L (ONYT s s s Tomy HE 22 (n43/2 — v)’ () 1
n Pe 43207 7{'2 g*NRg*qu*reh Mg,l/2Hg/h2 o2 — 3 (_kminTend)ZV_Q
3/2 v 2 v—1
thz — 0.5 % 10—276N(2V—2) ( my > Hinf / % 22 (n + 3/2 — V) Fz(l/) 1
0.12 . 10-15 eV 1013 GeV 2V —3 n? +n-+2
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Relic abundance

e Axion is relativistic when produced, with the peaked mometum at:

—N
e = kmin/ae xX € Hinf

e Axion becomes NR before matter-radiation equality

m Treh m
n = — L TeneN > Ty

— f— eT Tre = T f— s
INR mn ¢ NR/ h R Hinf (_kminTe) Hinf

e Axion relic abundance today:

4 3
Qe a _ 1
<p?7>to = <p77>te ( > ( NR) V= 5\/4n2+4n+9>3/2
aNR ao
OR2 — {Pn)to B2 1 90 He 1/4 3/4 —1/4 TgmnHSf 22 (n 4 3/2 — v)* T2(v) 1
n Pe 43207 7{'2 g*NRg*qu*reh Mg,l/2Hg/h2 o2 — 3 (_kminTend)ZV_Q
3/2 v 2 v—1
thz — 0.5 % 10—276N(2V—2) ( my > Hinf / % 22 (’I’L + 3/2 — V) Fz(l/) 1
0.12 ' 1015 eV / \ 1013 GeV 2 —3 n2+n+2

small axion mass compensated by
Bingrong Yu Phenomenology exponential enhancement! 26




Constraints

e Back-reaction constraint

- . oV OF 1/ axion dynamics should not affect
¢+ 3Hintg + 3_¢ + F— ¢ g* @m&ﬂ? =0 inflaton dynamics (single-field inflation)
8F "
Fiag 0" Qundum)| < ‘3Hqu5( (pn) < 3MEH2,
1
L v |bm 2V — 3 Y NS VTR TR T
—FminTe n] 22 (n 4+ 3/2 — )" (v) © Ay = H2;/ (8m2ey MB)) =22 x 1077

v should be close to 3/2 to keep small enough back-reaction (i.e., n closeto 0 or -1)
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Constraints

e Back-reaction constraint

- . oV OF 1/ axion dynamics should not affect
¢+ 3Hintg + 3_¢ + F— ¢ g* @m&ﬂ? =0 inflaton dynamics (single-field inflation)
8F o M2 2
8§b< 8/~L778V77 < ‘3H1nf¢‘ <1077> <3 Pl++inf
1
N 1 _ N 6 2v — 3 A1 s El\/4n2+4n+9>3/2
—KminTe In| 22v (n +3/2 —v)*T2(v) ° Ay = H2,/ (872 M2) = 2.2 x 10~

v should be close to 3/2 to keep small enough back-reaction (i.e., n closeto 0 or -1)

e Isocurvature bound

1 eN a
-1 0
Longest axion wavelength produced during inflation: Kp;, = —
& & P & . \/2 —+ n(n + 1) Hinf Ue
To avoid p0881ble isocurvature bound, we require k! < k! k. = 0.05 Mpc™': pivot scale

measured by Planck

Hinf
= N <56+ 2 log 2+n(n+1)]+ 2 log (1013 GeV larger number of e-folds can be probed
by future isocurvature measurement
Bingrong Yu Phenomenology 28



Parameter space for DM

N = 50 e-folds
1.0 . .
0.5 ~ backreaction ! -
, QCD axion f, < Mp —

0.0

Hyr < 4.8 x 102 GeV

1
bhackreaction 1

—_

1020 101 10-1° 109
my [eV]

viable power index of kinetic coupling F(¢) = (a/ac)":

0<n<0b5or—-14<Sn<-—1

Bingrong Yu Phenomenology

1
Lyin = —§F2(¢)9W8u778u77

Hinf = 27TMp1\/ ASTT/S

Ay =22 x 1079 rr < 0.036

= Hip < 4.8 x 1013 GeV

Lyman-alpha bound: 2007.12705

m, < 2x 1072 eV
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Minimum mass of axion to be DM

Minimum mass
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) QCD axion f, < Mp, 207 DN
iy

AN
S

~455 1
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inflationary e-folds

(N}
-

Lyman-alpha
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Probed by future experiments

Photon coupling

[ HHW‘ [ HHH\‘ [ \||W| HIIHH‘ \IHHH‘ [ \HHH‘ [ HHW‘ [ \HHH‘ [ HHH\‘ [ HHW‘ I\IHHTI HHHH‘ \IHHH‘ [ HHHI‘ [ HHIH‘ [ \HHH‘ [ HHW‘ [T
10°° PQ unbroken during inflation )
e n =
i LD —FF
3272 f
_ astrophysics i
10710
" haloscopes Future haloscopes
O A (dashed line):
oduction S g DANCE, SRF-m3,
10_15 m'\mh%\\\\'\“m \ .- DMRadio, etc.
| HHH_J | HHH\‘ | \IIHIJ HIIHH‘ \IHHH‘ | \HHH‘ | HHU_J | \HHH‘ HHH\‘ | HHH_J I\IIH_IJ HHHH‘ \IHHH‘ | HHHI‘ | HHIH‘ | \HHH‘ | HHH_J i
10-20 101 1010 102 1
my [eV]
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Probed by future experiments

Gluon coupling

EI\HHH‘ \HHHI‘ \IHIIH‘ I\IHW‘ HHHH‘ HHHH‘ HHW‘ I\HHH‘ HHHH‘ [ H|||H| I\IHHT‘ \HHHI‘ \IHHH‘ IHHHT‘ HHHH‘ HHHH‘ \IHHH| HHW‘ \HHHI‘ \IH@
10‘5;? PQ unbroken during inflation =
y
= 0 SN1987a > =
~10 A &
10 S, N
- J &
= &
- O
=
5 ’/ ; \\“.1\'\0\
= o 1jgnine nt Pro
z +" misall®
10—15 S .
r I ,’ HHHH‘ HHHH‘ HHLHJJ I\HHH‘ HHHH‘ H|||H| I\IHLIJJ \HHHI‘ \IHHH‘ IHHLIJJ HHHH‘ HHHH‘ \IHHH| \HHLHJ \HHHI‘ RITI
102 10-1° 10-1Y 107 1
my, [eV]
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Future nuclear clock

2
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3272 f
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Thorium, etc.
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e Conclusion



Comparison with misalignment

Axion dark matter | Inflationary fluctuation

Production kinetic coupling oscillation due to
mechanism to inflaton Hubble friction
Production era during inflation much later, when H ~ m,,
Kinematics relativistic when produced NR when produced
Power red spectrum, peaked at nearly scale-invariant
spectrum super-horizon scale spectrum

insensitive to breaking scale depend on breaking scale

Relic abundance 3/2 1/2
Q, <« myH.; Oy xm,“f?
Parameter space for sub-eV axion, for sub-eV axion,
(ALP DM) fa > Hing > 10*GeV fa > 1012 GeV

Parameter space

: 10~%eV <eV ~ 107%eV
(QCD axion DM) eVsmy<e T €

Bingrong Yu Conclusion 34



Thank you!
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Backup slides



Origin of kinetic coupling  zu=-

e Realization of kinetic coupling: F(¢) = (a/ae)"

I slow-roll approximation

F(¢>=exp[ o / a¢/ ([Z))

e Slow-roll with quadratic potential: V(¢) = miqﬁQ /2

g )

2
(0% —00) + 32ME,

F(¢) = exp

—1—

4M§,1 (6% = 62)" +

resummation of effective operators coupled to inflaton

Bingrong Yu Backup
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Kinetic coupling from effective operator

e Exponential enhancement could also be realized from effecive operator
F(¢) =1+ — (¢ — ¢e) C50| < Mp V() = m3¢?/2
e EOM of axion during inflation depends only on F”'/F

1 F//
,2’4—(162—%—?)]%:0 a"Ja=2/T?

e For FF = (a/a,)™:  F'/F=n(n+1)/7°

" 2  mg 1
For F=1+C5(¢—¢) /Mp: T =—\30q 5

The effective Wilson coefficient Csmy/Hiye plays the role of n

Similar conclusion valid for higher-ordered effective operators

Bingrong Yu Backup 38
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