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| . Introduction



Light bosonic dark matter

Light boson is a candidate of dark matter

QCD axion, dilaton, string axion, hidden photon, ...

Many light fields from string theory

“String Axiverse”  [Arvanitaki et al (2009)]

Licht mass can be ensured by symmetry

Axionic scalar : shift symmetry ¢ — ¢+ C

Vector : gauge symmetry A, — A, +0,X

| will focus on vector boson (hidden photon)



Constraint on kinetic mixing of hidden photon £ = —gFWX“V
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[Arias, Cadamuro, Goodsell, Jaeckel, Redondo, Ringwald (2012)]



Production of Hidden Photon DM

® Production mechanisms:

[Agrawal, Kitajima, Reece, Sekiguchi, Takahashi (2018),

[ ) Axionic Coupling Bastero-Gil, Santiago, Ubaldi,Vega-Morales (2018),
Co, Pierce, Zhang, Zhao (2018)]

¢ Production from dark HIggS [Dror, Harigaya, Narayan (2018)]

® Production from cosmic string  [LongWang (2019)]
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2.Vector coherent oscillation



Overview of history

® Nelson, Scholtz (201 1)

Vector coherent oscillation DM in minimal model

® Arias, Cadamuro, Goodsell, Jaeckel, Redondo, Ringwald (2012)

Minimal model does not work.

Vector coherent oscillation DM in curvature coupling model

® KN (2019)

Curvature coupling model does not work.

Vector coherent oscillation DM in kinetic function model

® KN (2020)

Kinetic function model severely constrained by observation



2. Vector coherent oscillation

v 2-1.Minimal massive vector model

2-2. Curvature coupling model

2-3. Kinetic function model

2-4. Observational constraints



Scalar coherent oscillation

( )

1 1
o Action 5= [d'ayg (—59“”%¢8V¢— §m2¢2>

® Eqofm ¢ +3Hp+m?p=0

H >m H<m



® Energy density

1 /. m? izni ao 3
ps = Loo = 3 (€b2 + m2€b2) ~ (—>

2 a(t)
( )
qu ( m )1/2 ¢ini ’
QDM 10_27 eV Mp
\_ .

(Light) scalar coherent oscillation is good DM candidate

® (Constraints

¢ Halo structure m > 1074%?eV

200ini  Hing

® |socurvature fluctuation Spwm ~ ~
¢ini 7T¢ini

<9x107°




Vector coherent oscillation?

(

\_

1

~

: 1
® ACt|On S = /d4$\/ —( (——gMNgKL]:MK]:NL — §ngMNAMAN>

4

—
—

Ai 1.0- \

< > < >

H>m H<m

Coherent oscillation
similar to scalar?
but...
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® Energy density pa =1p0 = 902 (Ai Tm Az’)

— Energy density exponentially decreases during inflation

( o )
® Eq.ofm of “Physical” field: A, = A,/a

Ai+3HE+(m2+2H2+H)E:O
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® Energy density pa =10 = 53 (AZ +m AZ)

— Energy density exponentially decreases during inflation

( o )
® Eq.ofm of “Physical” field: A, = A,/a

A, + 3HA, + (m? +2H? + H)A, = 0
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No coherent oscillation
in this minimal set
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2. Vector coherent oscillation

2-1. Minimal massive vector model

% 2.2, Curvature coupling model
2-3. Kinetic function model

2-4.Observational constraints



Curvature coupling model

(- )

o A r 1 PoMN A4 R : Ricci curvature
ction AL = |

® Eqofm A, +3HA, + (m2 + (é —5) R) A; = 0.
\ ),

[Turner,Widrow (1988) for Magnetogenesis]

: 1
® Taking ¢ = ; » Same eq.of.m as scalar field

» Coherent oscillation of vector field

[Arias, Cadamuro, Goodsell, Jaeckel, Redondo, Ringwald (2012)]



® Taking account of not only zero mode but also fluctuation

S=5r4+51 A):A)T—F]ACAL

® Wrong sign of longitudinal kinetic term: Ghost instability !

[KN (2019); Himmetoglu, Contaldi, Peloso (2008) in the context of vector curvaton]



® Taking account of not only zero mode but also fluctuation

S =97+ Sr A= Ar+kA;

® Wrong sign of longitudinal kinetic term: Ghost instability !

[KN (2019); Himmetoglu, Contaldi, Peloso (2008) in the context of vector curvaton]



Origin of ghost instability

® Curvature coupling means tachyonic mass of vector field

1 1
L= §§RQMNAMAN £ = 6

® Tachyonic mass <«—— Negative kinetic term in Higgs picture

L = —|—|DM(I)‘2 — -|—€2‘(I)‘2AMAM

® Higgs & NG mode (longitudinal vector boson) become ghost



2. Vector coherent oscillation

2-1. Minimal massive vector model

2-2. Curvature coupling model

v 2-3.Kinetic function model

2-4.Observational constraints



Vector with kinetic function

[KN (2019)]

(

® Action

5= [doy= (—iﬂ(qs)g

® Eq.of.m
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[Ratra (1992) for magnetogenesis; Dimopoulos, Karciauskas, VWagstaff (2009) for vector curvaton]

If  f% oc a®(t) :

o = —4 or 2 Hubble mass term is cancelled.

> Vector coherent oscillation is possible!



® Concrete form of kinetic function

f(¢) = exp < 2]\74]% /%dgb) (¢ : inflaton)

¢ Chaotic inflation

o) =exr (-1 52) . V(o) -

A"

o |

e Hilltop inflation

7(6) = exp (—Mm”_ ) MP¢> - Vi@ =N {1 - @H

f? oca(t)” during inflation
—

2~ 1 after inflation




inflation

A

after inflation

A

2

=0

A; = const

3

H<m A; ~a 2 cos(mt)

Vector coherent oscillation !



Note on the case of o < —4

® During inflation:

T o o (1Hal-8)/2 _ a®/?>~t  for 1+a >0
a2 for 1+a<0

Vector energy density increases during inflation

» Backreaction to the inflaton becomes important

» Anisotropic inflation happens
[Watanabe, Kanno, Soda (2009)]

® Vector energy density is saturated at

4
IO—A:—2€V7+ :RA

P 2

» Vector coherent oscillation after inflation!



Note on the case of o > 2

® During inflation: A4 x ¢®/?7!

o—2

Vector energy density does not increase: pPA X a

» No backreaction to the inflaton

® To maintain vector condensate during inflation:

_ 1/2
— < Hiy » — K 10 GeV
f : S : ( m A 1014 GeV

® Impossible to explain observed DM abundance

1
Loophole : introduce mass function £ ~ —§h2(¢)m?4Ai



® Numerical calculation
(a = —5)

¢ chaotic inflation

1

Vip) = §m?5¢2

¢ hilltop inflation
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® Numerical calculation

(0= =5)
¢ chaotic inflation
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® Numerical calculation

(0= =5)
¢ chaotic inflation

1

Vip) = §m35¢2

¢ hilltop inflation
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Vector DM abundance

® Vector dynamics after inflation

e - 1 — _
A+ 3HA+ <m?4 : ngH2> A =0

® Final vector coherent oscillation abundance

[ 2/3 4/3
- Fiy ma  \Y2 (10" GeV Tr
3.7 x 1070 GeV | =2 ( ) f .
P4 < ’ ) (0'1) 1075 GeV ( Hing 106 GeV or ma<lg
s _ RA ma \2/3 104 GeV 2/3 T
3.5 x 1070 GeV | =2 ( ) f .
: i e <O‘1) 1 GeV ( Hing 10 GeV or Ma=>L¢

DM abundance can be explained in kinetic function model



2. Vector coherent oscillation

2-1. Minimal massive vector model

2-2. Curvature coupling model

2-3. Kinetic function model

Y 2-4.Observational constraints



Observational constraints

Dark matter productlon mechamsm is ‘constrained
by the cos "i."lc micmWave _lbi_.",.}‘;';kgl‘ound"";' bservation

o

|. Isocurvature fluctuation
Vector coherent oscillation DM: {

2. Statistical anisotropy

There are no parameter region
that satisfy both constraints! xn o0



|Isocurvature fluctuation

® Long-wave fluctuation of hidden photon during inflation

> DM isocurvature perturbation

® Isocurvature power spectrum is (nearly) scale-invariant (o < —4)

<ff2(k)> y (< —4) <%T2(k)> A (v = 0)

-

>k >k

® Observational constraint on DM isocurvature fluctuation

<0 Opa_ [0AT|  Hin <10°9
7)(: P A A 7'('147;




Statistical anisotropy

® Vector condensate indicates fY
preferred direction
Anisotropic expansion
— { This effect turns out to be small
Statistical anisotropy of the pertrubation

® Curvature perturbation <§(E)§*(/§’)> ==

pg(];’) — P.(k)  :statistically isotropic

Pe(k) = P (k,0) :statistically anisotropic




® Rough sketch

o= font3 (L) 0on(-si [

)
¢ Perturbed action: A; = Ao +0A4; ( = _Hinfg

—> 55~ /d7d3k (—yﬁf . 55]”(12)4(—/2)) = —/deHint'

e Power spectrum at second order [Bartolo, Matarrese, Peloso, Ricciadorn (2012)]

—

<C(/<3 /dﬁ/ dry ([ |G (M) (), Hint (T1) ], Hine(72)] )

2nd

® Anisotropic power spectrum of quadrupolar asymmetry
Pe(k) = P2(k) [1 + g.sin® 0]

® Observational constraint: —0.010 < g, < 0.019  [Planck(2015)]
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® Anisotropic power spectrum of quadrupolar asymmetry
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® Concrete form

e+ )t T) \ > kM
P T ReME <r(3/2)> (e A (1) gy (7

for a = —4
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9
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No-go theorem oo,

CMB constraint: —0.010 < g, < 0.019 P_C S 0.1

There are no parameter region
that satisfy both constraints!



Loophole & Summary

® Curvaton scenario

Scalar other than inflaton produces density perturbation

Hing %+ veMp(

0p ~ 2T

P? b
. (G| ~ CP—ZB_Z(Q+4)NSt P < P

® Non-standard thermal history after inflation

® Other way!

Vector coherent oscillation DM scenario is not excluded,
but severely constrained and need complicated model.



3. Gravitational productuion of
vector DM



3. Gravitational Production

¥ 3-1. Gravitational production of scalar

3-2. Gravitational production of vector



Particle Production

[Dolgov, Kirilova (1990), Traschen, Brandenberger (1990)]

¢ Inflaton coherent oscillation: ¢ = ¢(t) cos(mgt)

® |Interaction with light particle X

E L ¢ a ) . ud %) mz
int — M( LLX) ccay F¢—>XX — 327TM2
g*p?
Lint = §°0°\° > “annihilation” L'¢¢—yy ~ Sy

Time dependence of effective mass/kinetic term
leads to particle production



Gravitational Particle Production

[Parker (1969), Ford (1986)]

® Real scalar field interacting only through gravity

(- )

1 1

/d4x\/7 ( M2R — ig“yﬁuxﬁ X — §mxx2>

\_ J

FRW metric:  ds? = —dt? + a?(t)da? = a*(7)(—d7? + d2?)

4 )
2

—_ | S = /de?’a:a éT) [X’Q — (Vx)* — azmixz}

\_ W,

® Time dependent mass/kinetic term from scale factor

“Gravitational particle production”



Gravitational Particle Production

[Parker (1969), Ford (1986)]

® Real scalar field interacting only through gravity

(- )

1 1

/d4x\/7 ( M2R — ig“’/auxﬁ X — §mxx2>

\_ J

FRW metric:  ds? = —dt? + a?(t)da? = a*(7)(—d7? + d2?)

4 )
2

—_ | S = /de?’a:a éT) [X’Q — (Vx)* — azmixz}

\_ W,

® Time dependent mass/kinetic term from scale factor

“Gravitational particle production”



Gravitational Particle Production

[Parker (1969), Ford (1986)]

® Real scalar field interacting only through gravity

(- )

1 1

/d4x\/7 ( M2R — ig“’/auxﬁ X — §mxx2>

\_ J

FRW metric:  ds? = —dt? + a?(t)da? = a*(7)(—d7? + d2?)

4 )
2

—_ | S = /de?’a:a ;T) [X’Q — (Vx)* — anixz}

\_ W,

® Time dependent mass/kinetic term from scale factor

“Gravitational particle production”



Scalar production during inflation

e )
2
S = deB,CEaJ (7) [sz — (VX)2 — CLQmiXQ}
2
| " . =
_ /d7d3x§ [X/Q —(BiX)? — m;eﬁ‘)ZXZ] X = ay
\ ,
1/ 12
Effective mass:  m{™? = a*m} — % =a” (mi —2H" + 2;?4123)

¢ Tachyonic mass during inflation if mi < 2HZ,

¢ Oscillating mass during reheating



® Evolution of Fourier mode

X o const .-

.
&

inflation MD or RD

- 1

® (Nearly) scale invariant spectrum at the end of inflation

(3200 ~ (o)




Note on gravitational production

® Gravitational production also works during inflaton oscillation
[Ema, Jinno, Mukaida, KN (2015); Ema, KN, Tang (2018); Chung, Kolb, Long (2018)]

2

. .2
_2H2) 0* L PP é
) oz T A T o

® k~0 mode accumlates to form scalar condensate

» Scalar coherent oscillation

(X*(k))

A

® (Nearly) scale invariant spectrum

Strong constraint from

—> .
isocurvature fluctuation S




Note on gravitational production

® Gravitational production also works during inflaton oscillation
[Ema, Jinno, Mukaida, KN (2015); Ema, KN, Tang (2018); Chung, Kolb, Long (2018)]

2

mef? — <a,2> m2 — 2<H>2 — (m2 — 2<H>2) LA (H) 122 + 4
X 403, M3 2M%

“Slow” part

® k~0 mode accumlates to form scalar condensate

» Scalar coherent oscillation

(X*(k))

A

® (Nearly) scale invariant spectrum

Strong constraint from

—> .
isocurvature fluctuation S




Note on gravitational production

® Gravitational production also works during inflaton oscillation
[Ema, Jinno, Mukaida, KN (2015); Ema, KN, Tang (2018); Chung, Kolb, Long (2018)]

2

mef? — <a,2> m2 — 2<H>2 — (m2 — 2<H>2) - (H) 122 + 4
X 4M2 M3z 2M%

“Slow” part “Fast” part

® k~0 mode accumlates to form scalar condensate

» Scalar coherent oscillation

(X*(k))

A

® (Nearly) scale invariant spectrum

Strong constraint from

—> .
isocurvature fluctuation S




3. Gravitational Production

3-1. Gravitational production of scalar

Y 3-2. Gravitational production of vector



Minimal massive vector

® Massive vector boson minimally coupled to gravity

-

\—

S:/d‘lx\/Tg

— / drd’x

1
4

L,

4

__glupgyaF,uqua o §m2gMVA,uAV

1

1
OE e — §a2m277“”AMAV

In the massless limit, vector does not “feel” gravity.

Mass term induces gravitational production

[Graham, Mardon, Rajendran (2015)]




® Transverse-longitudinal decomposition

S=5r+95g

Bkdr 1 S 5
St = / 7 (\GTATF — (k2 + a2m2)|AT\2)

(27)3 2
dBkdr 1 a*m?

® Transverse mode is similar to scalar with conformal coupling

Transverse mode production is subdominant
compared with longitudinal mode



Longitudinal mode

~
d3kdr 1 ~ ~
S~ [ Gy (10- A0 = (62 4+ md)| A, )
m2 B a2m2 ]{2 CL” a/2 3a2m2
L= k2 + a?m? \ a a? k? + a’m?

\_

¢ High momentum (k/a>m) m; ~a*(m*—2H:;)

> Superhorizon amplification during inflation

/ZCQ
¢ Low momentum (k/a < m) m% ~ <m2 T Hi2nf >

> No amplification



® Evolution of Fourier mode

inflation MD or RD




® Evolution of Fourier mode

inflation MD or RD

® Strongly blue spectrum

N .
| o constraint from

isocurvature perturbation!
K [Graham, Mardon, Rajendran (2015)]




® Note:

® Gravitational production also works during inflaton oscillation
[Ema, KN, Tang (2019)]

® Final abundance depends on thermal history after inflation
[Ema, KN, Tang (2019), Ahmed, Grzadkowski, Socha (2020)]

® Thermal production from SM scattering with graviton exchange
[Garny, Sasndora, Sloth (2015), Tang,Wu (2016)]

® Final vector boson abundance

CLTRHinfm
tor Hiyr < m
o
PL B ind for Hr < m < H,
S~ 32mME o RS TS

9() 1/4 1/2]_[2
< ) m mt  for m < Hg

7729* 327T2M1?;/2



Contour of vector boson abundance [Ema, KN, Tang (2019)]

or i 7 — «
. mi=10""GeV, Tr=10""GeV, Qpy~0.25 | - Mir=10"GeV, Tr=10"GeV, Qou=0.25 |

11} | - Qa=(1,0.1, 0.01)xQpy
- Qa=(1,0.1,0.01)xQpu ,

-3 |
L (@)
- | | —
3 i
7! |
6 .; 4t
2 4 §) 8 10 12 2 4 §) 8 10 12
J GeV J GeV

Vector DM is possible for wide range of mass & inflation scale

m > 10" %eV Hipr < 101 GeV



Comment on XENONIT anomaly

® XENONIT found excess electronic recoil events

® Hidden photon DM with small kinetic mixing can explain it
my = 2.7keV e =7 % 10716 [Alonso-Alvarez et al (2020)]

® Gravitational production works for this mass range

[KN, Tang (2020)]

10" NS ] T -
; pap 10 -===--- :

1 —

PDM ({ = = = -

1013§

1012§

R
H|nf [GeV]

my — 2.7keV
O e=7x1071

11 L L | LI L L
10
10° 10° 10* 10° 10° 107 10%® 10° 10'°

0 5 10 15 20 25 30
Energy [keV] Tg [GeV]



4. Summary



Summary

® Vector coherent oscillationDM scenario is
(almost) excluded.

® Gravitational production is one of the
simple scenario for vector DM for m > 107 °eV

® Other production mechanims are also viable.

Cosmic string, Higgs decay, axion coupling...



Appendix



Axion coupling
[Agrawal et al (2018), Bastero-Gil et al (2018), Co et al (2018)]

¢
f

® Axion dynamics induces vector production

® Axion couling to vector boson [ =C ijﬁuv

One polarization mode even becomes tachyonic for £ S Ca/f

® Backreaction stops the tachyonic growth

® Relic density:

Quh? ~ 022 ( ma ) 105ev) /2 Y
AR AU ) \10-9eV M 1014 GeV

[Agrawal et al (2018)]




Cosmic

® Vector mass comes from
hidden U(1) Higgs field

> Cosmic strings

® Light vector boson
(longitudinal component)
is emitted
by string dynamcis.

® Higgs decay also emits
vector boson

[Dror, Harigaya, Narayan (2018)]

dark photon mass: ma [eV]

string

—_
<
a1

10—10 ;

10—15 ;

10—25

[Long,Wang (2019)]

string tension today: u(to)V? [GeV]
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I pulsar timing
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07@ :
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i
|

gravitational
production
is viable

=N
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scalar singlet mass: m, [GeV]



Isotropy of vector background

® Vector background A; =(0,0,A4,)
Energy-momentum tensor

T T _fQAz 1 2A2 T — f2A2 1 2A2 T =0 (Z#)
TT yy_? z_§m 29 ZZ__? z+§m 2 (/A J

® Anisotropic during slow-roll (H>>m)
However, vector energy is negligible in this stage

® Isotropic (pressure-less matter) during oscillation (H <<m)

> Background expansion is isotropic



Delta-N and isocurvature mode

® Perturbed metric
ds® = —NZdt* + a*(t)e*Vv;; (da' + B'dt) (da’ + B dt)

® Spatial curvature on arbitrary time slice [Lyth, Malik, Sasaki (2004)]

a(ty)

a(t;)

® Define (;(Z) as curvature on the slice §p;(Z) = 0

@D(tf,il_j)) :N(tf,ti;f) —lOg :5N(tf,ti;f)
® DM isocurvature perturbation: Spu = 3(¢pm — &)

[Wands, Malik, Lyth, Liddle (2000)]
[Kawasaki, KN, Sekiguchi, Suyama, Takahashi (2008)]



|Isocurvature fluctuation

® Light field during inflation obtain long wave fluctuations

® Inflaton fluctuation 0¢

0
. C = —Hint—
» curvature perturbation o
: : 0Py
» density perturbation I, s
: . . 5IODM 3 5107“
® DM isocurvature perturbation Spu = — = # 0

PDM 4 Pr

Adiabatic mode Isocurvature mode

A A

/\/ pr(f) /-\_/ p’r(f)
poM () ~ > rou(7)

> T > U




Inflationary quantum fluctuation

® In de-Sitter background, zero-point fluctuation is enhanced
at superhorizon regime (inflationary fluctuation).

® Scalar field during inflation

1 1 1
= /d4x\/—g (§(M1% —&X°)R — 5 X0 X — §mx><2>

a )
> S = /CZTdBQZ‘; [~/2 (a X) (eH)Z%Q] | X = ay
\_ J

//

m!eH? = a*m; — (1 — 65)

X

® Canonical quantization

ST

~ - dgk' ]L " ,LE
Xr ) = [ oo |apa(m) +al xi(n)] e



Inflationary quantum fluctuation

® Mode equation:  Xi+wixk =0,  wp =k +m{"?

® Solution:
i(2v+)r 1 —7mkT 9] m?
=e 4 HY(—k 2= _126 - X
Xk:(T) & m\/ 9 1, ( T)) v A H2
1 .
\/76_7’]{7 for k/a > Hins  :subhorizon limit
() =8 VI o
Z\ﬁk?)/? for k/a < Hyns  :superhorizon limit -1

® Power spectrum in
superhorizon limit

2an

(i) = St m Sk — K)o

inflation MD or RD




® Scalar (inflaton) fluctuation
2

(06(k)o6" (') ) = 27;25 Pok)2r)35 (K — ) Pylk) = (Zi;ff

® Transverse vector fluctuation

K 42a®
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® Vector fluctuation is independent of the inflaton
> [socurvature fluctuation constrained by CMB.

® Observational constraint on DM isocurvature fluctuation
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Kinetic mixing with standard model gauge
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String theory and light field

® Compactification of 6D through Calabi-Yau manifold

® Hodge-number of Calabi-Yau manifold

h(),() 1
hi,0,ho,1 0,0
hoo,h1.1,ho2 0,h1.1,0
h3o,h21,h12,h03 = 1,ho1,h19,1
hz 1,N22,h1 3 0,h1,1,0
h3 .2, ha 3 0,0

h3.3 1

® (p.q)-form is classified by the h,, , basis

> 4D light field is related with Hodge number
® Euler number: X =h11 — ho1
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Light field in typellB theory
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