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Axion-like particle (ALP)

Here ALP is a pNG boson that enjoys a discrete
shift symmetry,
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It 1s light, and Its self-interaction is weak:
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What is the cosmological role of ALP?

Misalignment mechanism 4§, = O(1)?

strings/walls? Bunch-Davies distribution.
Peter W. Graham, Adam Scherlis, 1805.07362,

1. Dark matter

FT, Wen Yin, Alan H. Guth, [1805.08763

BunCh'DaVies diStribUtion S-Y Ho, FT, Wen Yin 1901.01240
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Quu = \ 0|5§)2|O>
/7

1nf

\/ 72 m
{o

The axion knows
where the minimum is
In a probabilistic way.

Gaussian
distribution
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What is the cosmological role of ALP?

Misalignment mechanism 4§, = O(1)?
strings/walls? Bunch-Davies distribution.

1. Dark matter

String and wall evolution depends on the UV completion:

e.g. clockwork axion model
See also Sikivie 86 Kim, Nilles, Peloso, hep-ph/0409138 Choi, Kim, Yun, 1404.6209, Higaki, FT, 1404.6923

Harigaya and Ibe, 1407.4893, Choi and Im, 1511.00132, Kaplan and Rattzzi, 1511.01827, Giudice and McCullough
1610.07962
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.Phase transition takes place at lower 7' ~ [ < f_

- Strings and walls form complicated network



What is the cosmological role of ALP?

Misalignment mechanism 4§, = O(1)?
strings/walls? Bunch-Davies distribution.

1. Dark matter

String and wall evolution depends on the UV completion:
e.g. clockwork axion model O, (3
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Higaki, Jeong, Kitajima, Sekiguchi, FT, 1606.05552



What is the cosmological role of ALP?

Misalignment mechanism 4§, = O(1)?
strings/walls? Bunch-Davies distribution.

1. Dark matter

String and wall evolution depends on the UV completion:
e.g. clockwork axion model

R
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However, it is unclear if such isolated string bundles are
actually formed. Higaki, Jeong, Kitajima, Sekiguchi, FT, 1606.05552
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What is the cosmological role of ALP?

Misalignment mechanism 4§, = O(1)?
strings/walls? Bunch-Davies distribution.

1. Dark matter

2. Dark energy  m. <1073eV? Anthropic explanation?

Y

3 Dark radiation Thermal or non-thermal production

Anthropic explanation??

4. Inflaton CMB normalization, successful reheating,
any testable predictions?

5. Portal to DM
6. Nothing special



ALP = DM



AXion abundance

based on the misalignment mechanism

QCD axion
f 1.17
O, h? ~0.14 62 a
" (1012 GeV)

“Classical axion window™: 10° GeV < f, < 10'? GeV

LP

Oph? = 0.302 (-2 )1/2 ( /¢ )2

1eV 1012 GeV
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Taken from "Physics Beyond Colliders at CERN: Beyond the Standard Model Working Group Report,”

arXiv:1901.09966 [hep-ex].




Isocurvature constraint on Hinf

Hinf /GeV

10° r———

Anharmonic
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f a / GeV *This figure is for QCD axion

Kobayashi, Kurematsu, FT, 1304.0922
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QCD axion

my(1)/m,

Low T

High T



QCD axion + ALP with m, <m,/(T = 0)

my /My

my(1)/m,

QCD axion

ALP

High T Low T



QCD axion + ALP with m, < m/(T = 0)+ mass mixing

High T Low T



QCD axion + ALP with m, < m/(T = 0)+ mass mixing

|
|
my(1)/my | ayl ~a
|
|
mL(T)/ma |
Similar to MSW effect
j In heutrino physics!
apl =~ @ ;’ ar| = ¢
: The comoving number is
| the adiabatic inv.
|
arl = d |
High T Kitajima and FT, 1411.2011 Low T

cf. Hill and Ross, 88


http://arxiv.org/abs/arXiv:1411.2011

Set-up

- Axion potential Mass mixing

Vocp(@) = m>(T)f> |1 — cos (%) Vinin(@, @) = mof2 | 1 — cos ‘ ]% +]% ’

. (0 0 1 folfa
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Axion coupling to photons
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ALP coupling to photons can be enhanced by a few orders of magnitude.



ALP = inflaton



It the Inflaton field excursion is (much) smaller than Mp,
the Inflaton potential must be very flat during inflation.

510 V3/2

~ 1077
p VM

e.g. Quartic hilltop inflation V ~ V[, — Ap* + - - -
Vo

CMB normalization:

A~ 1075 <« 1




Czerny, FT 1401.5212,

o AXiO n h i I Ito p i nfl ati O n Czerny, Higaki, FT 1403.0410, 1403.5883

Croon and Sanz, 1411.7809

| ow-scale axion inflation can be realized with at least two
cosine terms: “Multi-natural inflation”

Vine (@) = A* <COS (? + «9> — % COS (nTgb)) + const.

4 B e o
= Vo — \o 9f<b+(ff 1)2f2¢ + A~ T

Vo
~ —\¢p* CMB normalization:

A 4
A~ =) ~ 10718
<f)




Czerny, FT 1401.56212,

- - - - C . Higaki, FT 1403.0410, 1403.5883
® AXlon hllltop Inflatlon e lCroon and Sanz, 1411.7809

FT, Yin, 1903.00462

| ow-scale axion inflation can be realized with at least two
cosine terms: “Multi-natural inflation”

Vine (@) = A* (COS (? + «9> — % COS (anb)) + const.

The inflaton mass at the minimum, me ., depends on n.

V(g)/A* -ven n V()AL Odd n

/1.55.




The potential is flat only around the
potential maximum.

A2
Mg ~ —
f
A 4
\ ~ (?) ~ 10713 : CMB norm

»  f~10°m,

Czerny, Higaki, FT 1403.0410, FT and Yin, 1903.00462

The potential is flat both around the

maximum and minimum.
2

V72 m
1 —n,=-—2M>"— ~Z2_2 ~0.04
Py 3Hi2mf
2
So mg ~0.1Hn ~0.1—  + CMB norm.
Mp

» f~10°\/my,M,

Daido, FT, Yin, 17/02.03284, 1710.11107




cf. f~ 10" GeV(m,/6ueV)~' for QCD axion

/2 Inflection
(n=2, 0~7/4)
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m |GeV] FT and Yin,1903.00462
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_ALP mass and decay constant

In the case of the ALP coupled to photons
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We consider the following ALP inflaton couplings to the SM:

(1 ) Coupling to photons (or weak gauge bosons at high T)

a @ 1

L= A fF“”FMU = 49¢W7¢FMVFMV7

(2) Couplings to the SM fermions

L= Z Ckmkwk%%



Pramtr regions prictd by P inltin (it even n)
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Limits adopted from Harland-Land et al 1902.04878.
For c, 2 10, the predicted region overlaps with the SHiP sensitivity.



In the case that the inflaton (ALP) has universal Yukawa-like
interactions, i.e., ¢; = c¢

107>
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ALP = inflaton = DM

Odd n




-Inflaton mass and coupling to photons
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~Reheating and ALP DM

Photons

, SM particles |

Inflaton (ALP)

| ALP Dark Matter |

P + PR after reheating

As we shall see, ¢ = 0(0.01) is required to explain DM.
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Small-scale structure HDM constraint on
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1079

Inflaton = DM = ALP

' 10710
|> 1011
g
Mg = O(0.01 —1)eV ? —
_ - |
Jovyy = O(107"") GeV : S |
< p 10718 |
within the reach of future A
axion helioscopes and laser 10% 10° 10* 107 10° 10 10° 10°
experiments. Mg leVl
“An ALP miracle”

*Plus, there Is a preference for extra cooling of
Gory = (0.29 £0.18) x 10710 GeV !

B stars

Ayala, Dominguez, Giannotti, Mirizzi and Straniero, 1406.6053, DESY- PROC-2015-02



ALP =7



Back-ups



Consider a general light scalar during inflation.

m<K H, ¢

Then, the scalar acquires a quantum fluctuation.

Even if it initially sits near the minimum, it
soon goes away due to the fluctuations.

Hinf
V= ¢p° o= 27
= —m
2 —>




However, this does not continue forever. In
the end, quantum dissipation is balanced by
the classical motion, If the inflation lasts
sufficiently long.




Bunch-DaViS diStribUtiQn Bunch and Davies 78

A3k K2dk H2 / k \owr 3pA
21A\ 2
<O|5¢(X’t) ’O> - / (277)3‘5¢k’ _/ 212 2k3 (a—H> - 8m2m?

0.

¢

_ 1 o ¢°
Plg| = V27 (562 p( 2<5¢2>>

I | L | L L L | | | | | L
-4 -2 : 2 4

The scalar knows where the minimum is.

In the case of the QCD axion, the mass is T-dependent.
H

Weset m, =m (1) with 7=22

. Gibbons-Hawking temperature
27



The upper bound of the QCD axion window can be relaxed
in low-scale inflation with H, ; S Agcp.

S g

Peter W. Graham, Adam Scherlis, 1805.07362,
FT, Wen Yin, Alan H. Guth, 1805.08763

¢t Conventional axion }
i window, f < O12 GeV {

=1 0. = 0.1 ei — 001 “Bunch-Davis distribution”
3 H?

inf
rms
- 8 fam ( nf)

0.1 . 6 o Assumptions:
- Long inflation

N > H?./m?>

inf
1 - No extra contri-
The ax1on wmdow opens up to Iarge fa | bution to 6.

1012 1013 1014 1015 1016 1017 1018

fcll [GeV] FT, Wen Yin, Alan H. Guth, 1805.08763

H, inf [G@V]

0.01;



http://inspirehep.net/author/profile/Graham%2C%20Peter%20W.?recid=1674091&ln=ja
http://inspirehep.net/author/profile/Scherlis%2C%20Adam?recid=1674091&ln=ja

v The decay rate into two photons : /15_

TMeff

2 L

2 m3 om ) 101

LCagec(@ — vy) = 631753 fegﬁ\ 1 — ( : |
0.5}

> Y
v The dissipation rate is roughly given by ?"M
C,QYCVQTS mgﬁ e <
Fd1377 — C 5 19 A2 Moroi, Mukaida, Nakayama and Takimoto,1407.7465
87T f € T cf. Salvio, Strumia, Xue, 1310.6982

Here C' represents an uncertainty of the order-of-magnitude estimate as
well as spatial iInhomogeneities due to tachyonic preheating.

See Lozanov, Amin, 1710.06851



‘Decay and dissipation

At T > 100 GeV, one should consider couplings to weak
gauge bosons instead of photons:

g @ Qy Cb
— ——W VWW B ,,BW
2 8w f H +-§Z4ﬂ'f H
with E Gi, Cy = E quz Cry = C—2 + cy

We adopt the following dissipation rate at T > 100 GeV

C2O‘2T3 eff Wl C%/O‘YTS gff
3212 f2 g5T? 8m2f2 gy T2

/
Lagisgw = C



‘Decay and dissipation

Due to the decay and dissipation,

g= 1
P T PR after reheating

— 0(0.01 — 0.1)

_ -1
for ggry = O(10 Y GeV' and eey =001, €, " = O(1 - 10)

For successful reheating with ¢ < O(0.1), one needs

cf. BBN bound

Joyy = 1071 GeV ™! Aler <1
> £50.26

Note that the inflaton mass is then bounded above.

1
The typical reheating temperature Tr ~ O(10) TeV (;nf/) 2
¢
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P¢ decreases like radiation when oscillating in a quartic
potential and becomes matter-like in a quadratic potential.

Quartic |
r—————————————————————

X (¢ - ¢min)4

Quadraticf_
«— >

X (¢ o ¢min)2

The transition takes place earlier (later) for the heavier
(ighter) ALP mass.



! SMradiation s or (5 ) 1012)‘11 Mo
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Matter-radiation

quartic quadratic

T Zeq ~ 3000 Time

[ ¢ 0(105) by SDSS and Ly-alpha » mg 2 O(0.01)eV

Sarkar, Das, Sethi, 1410.7129
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The red-shift at the transition vs. the ALP mass

107"

Sarkar et al, 1410.7129

Lol
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- Thermalized ALPs as HDM

The ALP Is thermalized if r > 1:

24 7,
Y.* Hs

' T=Tru 107 GeV

2
fa ) T5¢(3)/(2m)> f2 T—Trn

Trs (1011 CeV Y

)‘t\

[—

10~}

1072

10~

Axion production rate y,/ [{(3)76/(27r§f§ ]

1
""f‘ '_]JLB
]
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| ] | | | | |
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Temperature 7 in GeV Salvio, Strumia, Xue, 1310.6982v3
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- Thermalized ALPs as HDM

In our case, the ALP i1s thermalized until the temperature drops

down to the weak scale,

8 x 10° GeV

T (802;6\/) (

f/co

;

The thermalized ALPs contribute to DR/HDM with A Neg ~ 0.03

HDM abundance:

7o Gxs

—1
10 eV) (106.75>

Upper bound on the mass:
me g eV

K. Osato, T. Sekiguchi, M. Shirasaki, et al, 1601.07386

QUM p2 ~ 0.007 (

— =
< (=
™ ]

Plk) (Mpe/h)* ]

ACDM
My, = icV

— 'nﬂ’, 2 =1'.(' C“\"

}.%D_ ey —*—.—_—_ ~
O 0.95. ::-\...........-..........'. ..--:.,._\:...\_:.\...-...-.....
= 0.90t-- - - — \\\
@ 0.85f- Sa—— M*‘.,\-
» 0.80}.. R S—
0.75 : Ny A
0.70 i ‘- =
10° 107 10! 10°

k [(Mpe/h)™"]

“The thermalized ALP is close to DR for the parameters of our interest.



9oy [GeV_l]

Small-scale structure HDM constraint on

10°°

10710}

constraint on ALP CDM thermalized ALP

1011 ey

10712 ¢
10'13:

10'14 PR MR MR MR P | 2 P | 2
10% 102 102 107 10° 10' 10% 10°

/
/
/ s
(..
0 Ll
Iy B R Easnh o - o ” ” A < fe - 2y . . e~ e aan
»’_-".,- - ’:"""" ;," Y .‘,_‘»- Ve, £ €3 "'.“‘ A S - go . . G o e W Y. i -,'f "'.‘_.,'
~
/
[ : Successful
Ve
———————————————— -
°

3 reheating

mg [eV]



_ Anthropic argument for A

S. Weinberg 87 P. DaV|es and S. Unwin 81, J. D. Barrow "82,
A. Linde 87, J. D. Barrow and F. J. Tipler “88,

The anthropic argument seems successful to
explain the observed value of A.

Density perturbation
grows during MD.

Radiation
dominant
, ,. Time
Matter-radiation Lambda-matter
equality equality
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S. Weinberg 87 P. DaV|es and S. Unwin 81, J. D. Barrow "82,
A. Linde 87, J. D. Barrow and F. J. Tipler “88,

If A were larger, there would be less time for
the density perturbation to grow.

Density perturbation
grows during MD.
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, ,. Time
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Anthropic argument for A

S. Welnberg 87 P. DaVIes and S. Unwin 81,

A. Linde "87, J. D. Barrow and F. J. Tipler "88,

J. D. Barrow 82,

If A were larger, there would be less time for

the density perti

SUBUNIVERSE® FOR VARIOUS VALUES OF p}y

TABLE 1

PROBABILITY THAT A RANDOM ASTRONOMER WOULD OBSERVE A
VAacuuM ENERGY DENSITY AS SMALL AS THE VALUE p¥ IN OUR

R, =1 Mpc R, =2 Mpc
Ao P¥/Po o P(< ¢ P(<p¥)
01..... 011 00067 00005 00042  0.0019
02, 025 00063 00013 00040  0.0045
03...... 043 00059 00025 00038 00084
. .- 04...... 067 00054 00049 00036 0015
Radiation 0.5...... 100 0.0048 00032 0027
: 06...... 150  0.0041 00029 0054
dominant dol o 233 0.0033 00024 012
08..... 400 00023 00017  0.35
09..... 900  0.0011 0.0008  0.98

“Fors=1,H,=70kms 'Mpc 'andn=1.

Matter-radiation Martel, Shapiro, Weinberg 98

equality

equality



Anthropic argument for [V g

FT and M. Yamada, 1904.12864

It Ne.g were larger, there would be less time for
the density perturbation to grow.

Density perturbation
grows during MD.

Radiation
dominant
Matter-radiation Lambda-matter
equality equality

z
™ W_ I T ‘4&4‘% e <M j—'“’ Jm, y%’-% ym ’%}(’ ~‘Y~;.f-ﬁ# .—"0‘::“ < %— M%_rﬁgﬂ' M;‘;aa‘“ =,



Anthropic argument for [V g

FT and M. Yamada, 1904.12864

It Ne.g were larger, there would be less time for
the density perturbation to grow.

Density
perturbation

rows less.

—)

Radiation
dominant

Lambdav-matter

Matter-radiation
equality equality
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Anthropic argument for [V g
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Solutions to iIsocuvature problem

1)Restoration of Peccei-Quinn symmetry during

. . Linde and Lyth 90 Lyth and Stewart 92
Inflation. Y Y

- Axions are produced from domain walls and
axion DM is possible for fa = 1010GeV.

Hiramatsu, Kawasaki, Saikawa and Sekiguchi, 1202.5851,1207.3166




Solutions to iIsocuvature problem

2)Dynamical axion decay constant | .....m 90 s o

NS

Axion: phase component g _ f+ 0 ia/f
Saxion: radial component V2

06 = const. » 0a = 5a1nf <ff0 )
inf

X At small scales, however, axion fluctuations can be
fo fing enhanced significantly!  Takeshi Kobayashi, FT, 1607.04294



http://arxiv.org/abs/arXiv:1607.04294

Solutions to iIsocuvature problem

3)MSW-like resonance btw. axion and ALP.

Hill, Ross "88, Kitajima, FT 1411.2011

4)Heavy axions during inflation m2 > H:

inf

Stronger QCD during inflation

cf. Dvali, 95, Jeong, FT 1304.8131
Choi et al, 1505.00306

EXtra exp“CIt PQ breaklng Dine, Anisimov hep-ph/0405256

. Higaki, Jeong, FT, 1403.4186,
e.g. Witten effect Barr and J.E.Kim, 1407.4311

FT and Yamada 1507.06387
Kawasaki, FT, Yamada 1511.05030
Nomura, Rajendran, Sanches, 1511.06347

The extra PQ breaking term must be sufficiently
suppressed at present.


http://arxiv.org/abs/arXiv:1505.00306
http://arxiv.org/abs/arXiv:1407.4311
http://arxiv.org/abs/arXiv:1511.06347

