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" DM mass range

We know the cold dark matter exists.

We don’t know its mass, spin, interactions, boson or fermion, particle or wave.

Depending on its properties and origin, some mass regions are limited.
In this talk, we focus on vector boson dark matter.

Ultra-light QCD axion Composite

Dark energy Light DM WIMP DM

PBH

~/

D|\/|/ ueV -meV

e i —

MAass
10733eV 107%eV eV keV GeV M, M
Wave—like| | Fermion cf.) E. Ferreira (2021)
< f >
| Thermal
>




Vector dark matter

= Vector dark matter

There are various known scenarios to produce dark photon particles:

e Gravitational production [Graham, Mardon, Rajendran (2015), Kolb & Long (2020), ...]
 Through axion-like couplings [Agrawal etal. (2018), Co et al. (2018), Bastero-Gil et al. (2018), ... ]

e Thermal production with the bose enhancement [Yin (2023)]

e Decay of cosmic strings [Long & Wang (2019), Kitajima & Nakayama (2022)]

How about condensate of vector bosons?

In the case of scalars, we know the misalignment mechanism.



Vector dark matter

= Misalignment mechanism for vector?

1 m?
Massive vector field: ¥ = ——F FHF 4+ —A AH ,
4 M o m
It is convenient to define a “physical” field: 2a
Ai
Q= —
a

Then, the energy density and equation of motion become
Py = % |07 + (m* + H)Q; + 2HQ,0)]
O+ 3HQ+ (m*+ H+2H*)Q =0
0 is exponentially damped during inflation.

cf.) This damping can be compensated by a time-varying mass.
[Kaneta, Lee, Lee, Yi (2023)]



Vector dark matter

= How to avoid the damping

Non-minimal coupling [arias et al. (2012)]

LD ERAMA” ~ The Hubble mass term is canceled.

This model suffers from a ghost instability of the vector field.
[Nakayama (2019)]

Coupling to the inflaton [Nakayama (2019)]
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4 F,F" A(t)is generated during inflation

- ® Statistical anisotropy of adiabatic perturbations

® |socurvature perturbations

We can avoid them by introducing a curvaton field.
[Kitajima & Nakayama (2023)]



Vector dark matter

= OQur scenario

We consider the SU(2) gauge field: A (a = 1,2,3).
-~ An isotropic configuration is possible.

Such a configuration is dynamically realized in the axion-SU(2) inflation.

¥ No dilution during inflation

This scenario can account for dark matter
with coherently oscillating vector field.




Axion-SU(2) inflation

Fi, =0,A!—0,A% — gf " AYAL,

= Chromo-natural inflation (CNI) fow = i
[Adshead & Wyman (2012)] 2\/ —det[g,, ]
= 29,004 — V() — ~Fo pw 4 P pa o
T 2 H 4 22 4][' | 224
axion/inflaton - SU(2) gauge fields - Axion-gauge fields cgupling

Source gauge fields

Homogeneous isotropic
Slow-rolling axion . ’ SU(2) gauge fields

Al x o7

Effective friction

This gauge field configuration is isotropic:

Af x 8¢ = Vlge,acg; . RjA = G™A}.

spatial rotation  gauge transf.

-~ Free from statistical anisotropy.



Axion-SU(2) inflation

= Equations of motion

Using the temporal gauge Aj = 0 and an ansatz A/(r) = 6{a(t)Q(z),
we obtain the background EoMs: |

gauge field amplitude

: R P
¢+ 3Hp + 9, V() = _TQ (0 + HO),

O +3HQ + (H+2H*) Q+2g°0° = ?ngﬁ .

In the slow-roll limit, we have a solution of

5 1/3 :
0 —g fo,V ¢ _
mQ:g z( ¢ N — zmQ+mQ1.

H 3H4 OfH

This solution is an attractor solution. [I. Wolfson et al. (2021)]




Axion-SU(2) inflation

= End of inflation

We consider that Q becomes dark matter in the later universe.
The end of inflation is determined by

_ H
: : 2
P (0+HO) _ g0*
2M3,H? M3,H? M3,H?
In our setup, €5 makes the dominant contribution.
At the end of inflation,
204
g Q ~ ngnd gMPl
M I2’1H : e H end H end




Evolution of vector fields

= Spontaneous breaking of SU(2)

As dark matter, O should be massive.
We consider the SSB of SU(2) by introducing an SU(2) doublet ®.

Zssp = D,@"DFD — V(D)

a

_ .opal _ A et 2
DMCI)—dﬂCI)—lgAﬂ7(I), V(D((D)_Z((D cI)—v)

When ® acquires a VEV of ®'® = 12,

2
m
Z D TAZAW’ m = gv/\/i

ifm < H, , the inflationary dynamics is unchanged.

nf’



Evolution of vector fields

= After reheating

L / Amplitude of Q oscillation

A Determined by the inflaton potential
.~ We parameterize Q.4 by fixing my ,q = 5.
MPI /

= Qend

mQ,end

End of inflation

Uend ar Uosc




Evolution of vector fields

= After reheating
0 O +3HQ +m*Q+2g°0° =0
N '

O+ 3HQ +22%0° ~0

We parameferize the duration of Feheating by
aR
c=——
a d I
. Completion of reheating

v e .

Uend ar Uosc




Evolution of vector fields

—172 —3/4
= DM abundance O hzgm( m )( J > (L)
_ 2 -\ 1meV 10-11 103
9
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Observational constraints

= Self-interaction

The self-interaction of dark matter is constrained

by the observations of galaxy clusters.

o 2
— S 0(0.1 —1)cm=/g
m

The non-Abelian gauge field has a self-interaction of

4

2 5y mz60MeVx g
m m?3

= Big-bang nucleosynthesis

The reheating temperature should be larger than the BBN temperature:



Observational constraints

= Small-scale structures

In this scenario, A/ behaves as radiation when 20 > m.

In other words, dark matter is formed when gO ~ m.

Such a formation is constrained by the observations of small-scale structure:

T > 5.5 X 106

B Tooe > Toeemin = 1.3 X 107°GeV
Once we fix 2 o = L2, this limit is translated as

c>c.~1.1x10°



VDM from axion-SU(2) inflation

® Parameter space
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Implications

= Fate of dark Higgs

® Pre-inflationary SSB

® is decoupled from the visible sector.  pg is negligible.

® Post-inflationary SSB

® can be thermalized with the SM sector through the Higgs portal.
Thermal relic decoupled at the electroweak phase transition

The energy density of @ is transferred into longitudinal modes of A,

AN, ~ 0.12




Implications

® Kinetic mixing

In general, the SU(2) gauge field can couple with the SM photons as
" SM photon
Z D ?qangyanqu)
\darkSU(Z)
When the SSB occurs, @ = (v,0)!, it induces the kinetic mixing:

2
Km R

<L D 2

1/3 of DM has a kinetic mixing.

Fixed polarization

between the SM photon and Ai3. —3

k>
g’ f*

€
LD - EngFﬂﬂ, = —



Implications

® Kinetic mixing

The constraints on kinetic mixing of dark and SM photons:
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Implications
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Implications

® Possible extensions
® SU(N) model

We have considered the SU(2) gauge group.

Since SU(N) has SU(2) subgroups, SU(N) models also have isotopic config.

. Fujita et al. (2021
Thus, we expect similar results for SU(N) models. Fultaetal (2020

® Other SSB setup

We have considered an SU(2) doublet, ®.
For example, we can consider SU(2) triplets to break SU(2).

In this case, the SU(2) gauge field can have a mass splitting.

Existence of monopoles or strings? [Hindmarsh & Kibble (1985)]



We present a new mechanism to generate a coherently oscillating VDM
using axion-SU(2) gauge field dynamics during inflation.

® Vector field is not damped during inflation
® Free from statistical anisotropies of the adiabatic perturbations.

® Free from isocurvature perturbations 1,

Our scenario can be probed through 107

10—10

® kinetic mixing of 1/3 of VDM
® ANeff =N

® Self-interactions

1015,
107
10—25 E

Our scenario can be extended into -

® SU(N) models
® Other SSB models (e.g., SU(2) triplets)

10—35 |




Back up



Vector dark matter

= Misalignment mechanism for scalar

First, let us consider an example of coherently oscillating DM:

misalignment production of axion/axion-like particle

During inflation, an axion ¢ becomes (almost) homogeneous:

¢(t,X) = ¢y (const.)
When H ~ m, ¢ starts to oscillate:

3

ppxa (matter-like)

In the case of axion, the coherent oscillation is realized
in the misalignment mechanism.




Axion-SU(2) inflation

Fi, =0,A!—0,A% — gf " AYAL,

= Chromo-natural inflation (CNI) fow = i
[Adshead & Wyman (2012)] 2\/ —det[g,, ]
= 0,0~ V@) — L FF + L o
o
axion/inflaton SU(Z) gauge fields Axion-gauge fields coupling

Due to the SU(2) gauge field background,
gauge field perturbations experience a tachyonic instability.

Chiral and non-Gaussian GWSs are overproduced.
-
Chromo-natural inflation with a cosine-type potential fails.
[Adshead, Martinec, Wyman (2013)]

By considering general forms of the axion potential,
this constraint can be evaded. [Caldwell & Devulder (2017)]



Axion-SU(2) inflation

¢

1 _
L = 300" = V(@) = TFLF™ + o F P

1
= Equations of motion 2 4

Let us consider the background dynamics:
d(t,x) = Pp(1), Aj'(t,x) = A/ D)

The background metric is given by

ds® = g, dx*dx* = dr* — a(r)*(dx* + dy* + dz°)

2
( Pyt p
with H25<—> _ 70 A,

a 3M3,
2
Dy =~ + V@), pa = ——ACAE+ [(A.aA.a)2 - A.“A.bA.“A.b]
¢ y 2612 1“7 4614 [ “7 e Ay By




Axion-SU(2) inflation

= Equations of motion

Using the temporal gauge Aj = 0 and an ansatz A/(r) = 6{a()Q(1),

we obtain the background EoMs: gauge field amplitude

" : B 3g vy
¢+ 3Ho + 0,V(¢) = _TQ (O +HOQ),

O +3HQ + (H+2H*) Q+2g°0Q° = ?ngb .

This configuration is isotropic:

Af o 8¢ = Vlg?,ﬂc;? : R;A = G™AD .

spatial rotation  gauge transf. (homomorphism of SU(2) to SO(3))

—3 Free from statistical anisotropy.



Axion-SU(2) inflation

= Equations of motion

In the slow-roll limit, we parametrize

_ ¢ _ g0 _ 9
6 —_ ° mQ — AQ —

T 2fH H
axion velocity amplitude of A’ strength of pFF

.. : 3 .
#+ 3Hd + 0, V() = — ngz (0"+ HQ),
0 £3H0 + (H + 2H?) Q + 24°0° %de)-

In the limit of AQ > |, the BG solution is \, mg — Em +m} = 0

1/3
_ngagbv N B

This solution is an attractor solution. [I. Wolfson et al. (2021)]




Axion-SU(2) inflation

= Stability

Let us consider the effective potential for my.

—¥ mgy > 4/2 is the true vacuum for £ > 3/\/5.

1.0

0.5

The potential min.

§ I . is stabilized.
= 00
A e v
- —&{= ] Isocurvature pert.
_05 —&= IS suppressed.
- £=3/V2
- —£=25




Axion-SU(2) inflation

= End of inflation

We consider that Q becomes dark matter in the later universe.

Thus, we need to evaluate Q at the end of inflation.

The end of inflation is determined by

H
€y = T =€y t+epgtep=1
with =P L tHO) g0
2M3,H? M3,H? M3,H?
In our setup, €5 makes the dominant contribution.
At the end of inflation,
g2Q4 , ngnd gMPl
" ]‘41%11_12 = oend Hepg - Hepq




Evolution of vector fields

= Spontaneous breaking of SU(2)

As dark matter, O should be massive.
We consider the SSB of SU(2) by introducing an SU(2) doublet ®.

Zssp = D,@'DFD — V(D)
. a0
D® =09 lgAMTCD

Vq)(q)) — % ((I)T(I) — V2)2

When @ acquires a VEV of ®'® = 12,

2
m
Z D TAZAW’ m = gv/\/i



Evolution of vector fields

= Spontaneous breaking of SU(2)

We are interested in small m.
Even if Q is massive during inflation,

m <K H. . and the inflationary dynamics is unchanged.

The SSB depends on the potential and interactions of ®.

In the following, we consider two scenarios:

® Pre-inflationary scenario

® Post-inflationary scenario

In fact, the evaluation of the dark matter abundance becomes

the same in the two scenarios.



Pre-inflationary scenario

ch((p) = % ((I)T(I) — V2)2

= Condition for pre-inflationary scenario 12

fmg ~ \/zv > H. ., the symmetry is broken during inflation.

f the dark sector is not reheated, the symmetry is kept broken.

n the following, we evaluate the amplitude of Q in order of time.

At the end of inflation,

mQ,end

M) end 1S determined by the coupling and axion potential.

Here, we treat mg onq (2 \/5) as a parameter.

Considering the backreaction from perturbations,

mQ,end should satisfy mQ,end 5 0(10) for g = 10_0(10). [Fujita, Namba, Tada (2017)]



Pre-inflationary scenario

= During reheating

After inflation, the inflaton decays and stops to source A".
However, there is no reason for A to deviate from o o;". ~# We follow Q.

Here, we assume that A;* decouples from ¢ soon after the end of inflation.

The EoM for Q is given by

O+3HQ+ (H+2H*+m*) Q +2g*0° =0

the mass term | O xa>?
It | is dominant,
the quartic term Oxal



Pre-inflationary scenario

= After reheating

Ia) . . H?
@ EOM during reheating: Q + 3HQO + 7+m2 0+2g°0°=0
A

Since mg ¢ > \/5 Q7 term is dominant.

MPI

= Qend """

mQ,end

We parameterize the duration of 'reheating by
aR

Completion of reheating

v

Q
o
=
o

Uend a




Pre-inflationary scenario

= After reheating

@ EOM in RD:  § + 3HO + m20 + 2203 = 0

While g0 > m, Q3 term remains dominant.




Pre-inflationary scenario

= After reheating
@ EOMin RD: O + 3HO + m20 + 2¢%03 = 0

Once m 2 g0, the mass term becomes dominant.




Post-inflationary scenario

A 2\ 2
V(D) = n (@D —v?)
= Condition for post-inflationary scenario 12

Here, we consider that @ is stabilized by the matter effects:

Self-interaction: Mg g1 ~ ﬂT
> Vg mg~ \/Iv

Higgs portal: Mg piges ~ \/ Aol

We parameterize the SSB temperature by

2Am
Tssg = VAV = (A ~ 1 for self-interaction)

8

For T > Tsqp, O is massless, m = 0, and it arises at T = Tgqp.



Post-inflationary scenario

O+ 3HQ + m?*Q +2g%20° =0
= Dark matter abundance

The evolution of O depends on whether m is relevant just after the SSB.

We consider two cases: m < gQqgg 0F M > g0qp.

Case 1: m < gQ«qp

The mass term is subdominant just after the SSB.

The emergence of m at the SSB does not affect Q.

Q is the same as in the pre-inflationary scenario.




Post-inflationary scenario

O+ 3HQ + m?*Q +2g%20° =0
= Dark matter abundance

Case 2: m > gQqp

Just after the SSB, Q starts to oscillate by the mass term.
If the SSB occurs with a timescale longer than the Q oscillations,

the conservation of the adiabatic invariant leads to

2 o A3
mQ e = 8%
R R
a3 a3
The adiabatic invariant evolves in the same way in the both cases.
—¥ The timing of the SSB does not affect Q.

Q is the same as in the pre-inflationary scenario.



VDM from axion-SU(2) inflation

Issp = \/XV

® Parameter space

Smaller A ~¥ Delayed SSB and DM formation
~8 Small-scale structure constraint becomes more severe.
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VDM from axion-SU(2) inflation

= Parameter space Uend
X Abundance decreases.
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