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Motivation



Motivation

The nature of dark matter is still shrouded in mystery 

!"!" ≃ 1.2×10#$ GeV/cm% = 0!" !1!"

Unfortunately,  there is no good guiding principle for the mass of dark matter these days

Origin of the scalar mass à Hints for new physics  

Ex) Higgs boson (the weak scale is radiatively unstable)

10!""() *⊙ ≃ 10$%,&*' = 2×10() 0()100 0()1()2()

Wave-like (3*+ ≫,*+, ) Particle-like (boson, fermion) Macroscopic 
objects
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,& = 1 0()
,- = 0.5*()
,. = 0.1 ()

Fuzzy DM                 QCD axion          Warm DM               WIMP DM         Heavy DM                               Primordial Black Hole, 
Sterile neutrino                                                    Ultra Compact Mini Halo

!!""#$ ∼ Λ%&$ ≫ "'$ Supersymmetry, Composite Higgs, Relaxion, Scale invariance etc.



Motivation

Considering scalar dark matter: Need to explain the origin of its mass 

à It also determines its interaction structure, too

Natural scalar dark matter candidates 

1) Axion-like particle  (!):  for the compact field (! → ! + 2%&!),

Approximate global symmetry: ! → ! + ' is broken non-perturbatively 

(by instanton, confinement, etc.)

e.g. 

2) Glueball-like particle (("): At high scales, there is no scalar degree of freedom 

Confining gauge symmetry:  Tr #!"#!" → %#: '# ∼ 4* Λ (confinement scale)

Both 1) & 2) (and their mixture) can make scalars light.  What if we consider both mechanisms 
simultaneously as a dark sector?  
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Dark Axion & Dark Glueball DM
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Dark Axion & Dark Glueball DM
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Issues in Axion-Glueball DM Cosmology 



Axion Potential in the Deconfining Phase

Before the confining phase transition, the axion gets a scalar potential via instanton contributions 

Energy flow from the gluons to the axions as the gluon temperature decreases (!" → !$). 

Naively, this implies                                                            decreases faster than 1/#%

What about the entropy? 

à Conceptual problems 

Is there also the flow of the entropy? 

Is entropy conserved (i.e. !! ∝ 1/%")?

What is the correct form of the entropy for coupled fluids?
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Gluo-thermodynamics with the Theta term 

Gluons in thermal equilibrium with !! ; Thermodynamic relations hold during the cosmic expansion. 

!= free energy density

When " = 0, the free energy density depends only on %!:

Whereas for " ≠ 0 (% ≠ 0)

&! %!, " (depends not only on &! but also on ") and '! &! are interpreted as the energy density 
and the pressure of the gluons only. Then, we confirm

& = %( − *! = −* ( = −+!+%

(!(&!) = −
&!
-
ln 0! = −

&!
-
ln1234 exp −1
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Axion Potential in the Confining Phase 

Instanton approximation is no longer valid. Branch structure (k=1,…,N) emerges 

Phenomenological applications: e.g. pure natural inflation 1706.08522,1711.10490) 
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Figure 3: The vacuum energy of the theory. On the left we have the vacuum structure
when �/N ⌧ 1 and so the energy behaves quadratically. This is the regime where the IIA
description is valid. On the right we have the structure when �/N � 1, and there is strong
departure from the quadratic behavior. This corresponds to the M theory description being
appropriate.

3.2 Glueball masses

We can estimate the scale of the glueball masses, and thus of the mass gap of the theory, by

studying the spectrum of excitations of a metric perturbation [19,28–30].

We find it easier to work in the M theory frame, with the background metric (2.36).

Consider a gravitational wave propagating along the y3 direction. The linearized wave equa-

tion for a metric perturbation �hy1y2 = h(r) exp[�i!t+ ik3y3 + im�/�] is:footnoteNote that

although we work with the metric in M theory, ! is conjugate to the time t in type IIA and

in the conjugate gauge theory.
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We further demand regularity at the tip u = u0 and and normalizability at infinity, leading

to a quantized spectrum for !. First, let us analyze the case of zero KK charge, m = 0.

Rewriting in terms of z = u0/u we find
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� k2) = �2(1 + x2)(!2
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From this scaling alone, we know there is a spectrum of glueballs at energies
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1

�

r
1

1 + x2
⇥ ⌦g (3.47)
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Axion potential in holographic description: 1105.3740, Dubovsky, Lawrence, and Roberts

(2 = &!"3)

min;<
;!"# =

−Λ∗%

1 + @
4-&

A + 2-B
/

& '

Witten hep-th/9807109



Dual Descriptions

Considering string theory realization of pure SU(N) gauge symmetry in 4D: 

The world volume theory on N stacks of 4D branes wrapping a cycle with a radius ! with a 
different boundary condition for fermions and bosons: 

is dualized to the type IIA gravity action with N D4-branes (11 dim gravity action with N M5-branes) 
giving the nontrivial background metric solutions, in the limit of large N & the ’t Hooft coupling
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Matching between Lattice and Dual Descriptions

In lattice calculation from 1702.01049 (for N=3, 4, 6) Bonati, D’Elia, Rossi, Vicari

In holographic dual description from 1105.3740 (!=the radius of extra dimension)

13

! " − ! 0 = 1
2("

! 1 + *!"! + *""" +⋯

= #
!("

! 1 + ,*! $
%

!
+ ,*" $

%
"
+⋯

(
-! %→'

= 0.02, ,*! = −0.23 3 , |,*"| ≤ 0.1

!()# " = − 2
3*3!

45!

6" 1 + 4
43!

"
5

! +,
= ! 0 + 12(∗"

! 1 + ,*!∗
"
5

!
+⋯

(∗
(3/6)" ≃ 0.03 4

43
,
, ,*!∗ = − 2

3!
4
43

!
≃ −0.2 4

43
!

4 = <.!5 ≃ 43
Matching



Effective Axion Potential

The axion potential for kth branch (k=1,…,N) with ℎ " = ℎ " + 2&

Using the tunneling rate estimated in dual picture (1105.3740) with the relation ! ∼ 4$, we get

Γ%/) ≫ 1 around the phase transition unless , > 10&à The transitions between different 
branches happen instantaneously as the confining phase transition occurs.

!!"# " = $$Λ%ℎ "
$'&

+ 2* +$

Γ(+ → + − 1)
!'

∼ 3 Λ% exp −7 10(## $ $/+ '

1 + +/$ $ $

2$(! 4$(! )$(! 2)$(! *−2$(! 0

-(*)

2$(! 4$(!−2$(! 0

!)** " ∼ Λ%
'&$
"$ 1 + 7 "$

$$'&$
-"## * = min-$(*)

for " < *'&



Background Density Evolution
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Background Density Evolution
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Implications of 
Subcomponent Glueball Dark Matter



Supermassive Black Holes (SMBH) at High z
In the 2010s, new observations of the quasars lead to the discovery of SMBHs around z = 7.  

Around the redshift ! = 7 (% ≃ 770 Myr ∼ 0.05 %!),  
J1342+0928 (! = 7.54,1"# = 0.8×10$1⊙, 1712.01860)

J1120+0641 (! = 7.09,1"# = 2.0×10$1⊙ , 1106.6088)

J2348-3054 (! = 6.89,1"# = 2.1×10$1⊙, 1311.3260)

J0109-3047 (! = 6.75,1"# = 1.5×10$1⊙ , 1311.3260)

J0305-4150 (! = 6.61,1"# = 1.0×10$1⊙ , 1311.3260)

J0100+2802 (! = 6.3,1"# = 1.2×10&'1⊙ , 1502.07418)

The origins of these SMBHs are not clear. It may originate 

from strongly self-interacting subcomponent DM

(dark glueball subcomponent DM)

!!"→" ∼
1
16%

4%
'

$ 1
(!"

(% ∼ 10&'( − 10&'$ eV
(! ∼ 0.01 − 1 MeV

1501.00017 Pollack, Spergel, Steinhardt



Formation and Growth of BHs
Basic process 

1) Formation of the seed black hole (e.g. stellar evolution, direct formation from gas collapse)

2) Growth by accretion of baryons (and dark matters) or mergers with other black holes

BHstars, gas 
etc.

Seed
BH

Super 
massive

BH

!!""#

!$% "&'( = !!""# → !$% "')! = !*+$% ≫ !!""#



Accretion rate is enough for SMBHs at High z? 
If the seed black hole is formed inside the virialized massive halo, it is reasonable that it happens 
! < 20 − 30

During matter domination, the age of the Universe, ' ! = 550 Myr !"
!#$

%/'

For !!"# = 7, !$!% = 15,  '&$$ ∼ 2 − 6 10' à -#(() ∼ 10* -⊙ at  !$ = 15
For !!"# = 7, !$!% = 30,  '&$$ ∼ 6 − 10 10* à -#(() ∼ 10' -⊙ at  !$ = 30

Within the CDM framework  
As the remnants of the Pop III stars (! ∼ 20), -#(() = /(100) -⊙

The larger growth rate within a certain period? (super-Eddington accretion)

Direct collapse of gas into the BH ? -#(() = /(10',-) -⊙ but should prevent    
ffffragmentation, star formation before the collapse

Collapsing star cluster? From mergers of Pop II stars, -#(() = /(10.) -⊙ but maybe         
fffuseful only for explaining observed quasars at  z<5

-/0 2!"# ≤ -#(() exp
2!"# − 2$!%

21&%
≡ -#(() '&$$From the Eddington limit, 

(21&% = 45 Myr)

(Madau & Rees 2001, Heger et al. 2003,  
Wise & Abel 2005)

(Loeb & Rasio 1994, 
Eisenstein & Loeb 1995, ...) 

!() " = !*++, $-!"" .//#$% , ('0,, > 1)

(Devecchi & Volonteri 2009)



Beyond the CDM framework 1501.00017

Beyond the CDM framework : multi-component with strongly interacting sub-comp. DM

CDM halo
(main component)

!!

Self-interacting DM halo
with a fraction (""#$) < 0.1 

""#$!!



Beyond the CDM framework 1501.00017

Beyond the CDM framework : multi-component with strongly interacting sub-comp. DM

CDM halo 
(main component)

Self-interacting DM
evolution

Gravo-thermal 
collapse 

!!

""#$!!



Beyond the CDM framework 1501.00017

Beyond the CDM framework : multi-component with strongly interacting sub-comp. DM

CDM halo 
(main component)

Self-interacting DM
evolution

Gravo-thermal 
collapseà forming a 

seed black hole

!!""# = O 0.1 − 1% )!$%!&BH

!&

)!$%!&



Beyond the CDM framework 1501.00017

Beyond the CDM framework : multi-component with strongly interacting sub-comp. DM

CDM halo 
(main component)

SMBH
J

!!" " = O 0.1 − 1% *#$%!&+
!

!"#$ = 10'!⊙ ≲ 0.1% !& with !& = 10)*!⊙

!&



Gravo-Thermal Collapse 1 

Thermally equilibrated system which is bound by gravity

If the system is in equilibrium with gravity, the system has a negative specific heat capacity

Why? Thermal equilibrium à thermal energy (kinetic energy) is virialized by potential energy

(c.f. black hole:  ! = #!" , % = #!"
##$

= #!"
$ → %$

%& = − $
& < 0 )

Negative heat capacity à instability

Considering the bound system with 
initial temperature gradient 

For the positive *& case, 
%'( decreases, %)*+ increases

and meet at %,-. Heat flow stops

*& =
+!
+% < 0

, = −2 . → ! = /0 + , + . = /0 − . = /0 − /% → +!
+% = −/ ≃ − !

0

%)*+

%'( > %)*+
Heat (energy) flow

%'(



Gravo-Thermal Collapse 1

Thermally equilibrated system which is bound by gravity

If the system is in equilibrium with gravity, the system has a negative specific heat capacity

Why? Thermal equilibrium à thermal energy (kinetic energy) is virialized by potential energy

(c.f. black hole:  ! = #!" , % = #!"
##$

= #!"
$ → %$

%& = − $
& < 0 )

Negative heat capacity à instability 

Considering the bound system with 
initial temperature gradient
For the negative *& case 

Heat (energy) flow continues! 
%'( > %)*+ maintains forever!

*& =
,!
,% < 0

- = −2 / → ! = 01 + - + / = 01 − / = 01 − 0% → ,!
,% = −0 ≃ − !

1

%)*+

%'(
Strongly bound system 
with high virial velocity 
à leads to gravitational collapse
à forming a black hole 



Gravo-Thermal Collapse 2 

For the gravo-thermal collapse, maintaining thermal equilibrium is an important condition. 

Therefore the “relaxation time” should be shorter than the age of the Universe for a given z. 
How short?  Numerical calculation is necessary 

1501.00017 for the isolated halo with fsub=1
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Gravo-Thermal Collapse 2 

For the gravo-thermal collapse, maintaining thermal equilibrium is an important condition. 

Therefore the “relaxation time” should be shorter than the age of the Universe for a given z. 
How short?  Numerical calculation is necessary 
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Balberg et.al. 0110561 for the isolated halo with fsub=1

core massà black hole mass
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Gravo-Thermal Collapse for sub component DM 

Numerical calculations estimate the collision time as

It is non-trivial to estimate the collision time for the collapse of sub-component dark matter. 
There are two papers to estimate the collision time and the seed black hole mass for the 
isolated halo with a small fraction (!!"#) of self-interacting DM 

In order to explain the SMBH at z=7, (Δ#$%& < # %$%& < #(% = 7))

Δ#$%& ≃ 480 #'(&)*(#+)

Δ#$%& ≃ 480 #'(&)* #+ , /!((, ≃
0.02
ln 4 !!"#/-

#'(&)* #+ = 5!"#./
6(& !!"#7!(#+)8!(#+)

Δ#$%& ≃
480
!!"#0

#'(&)* #+ , /!((, ≃ 0.006!!"#/-

1501.00017, fluid approximation

1812.05088 Choquette, Cline, Cornell, N-body simulation up to fsub=0.1

!!"#6(&/5!"#./ ∼ 1 − 10 cm0/g !!"#1 6(&/5!"#./ ∼ 1 − 10 cm0/g

#'(&)* #+ = 5./
6(&7!(#+)8!(#+)



Seed Black Hole Formation in Our Model
The large seed black hole can be made by the gravo-thermal collapse of the subcomponent 
glueball dark matter 

Axion DM halo 
(main component)

Glueball 
subcomponent 
DM evolution

Gravo-thermal 
collapseà

forming a seed 
black hole

!!

!"##$ = O 0.1 − 1% )%!!
BH

)%!!

*&#'() ** = +%
,% )%-"(**)0"(**)Δ*+,' ≃

480
)%-

*&#'() ** , !"##$ ≃ 0.006)%!!

!./ * = !"##$7
010!
0"#$



SMBH at High z for an Isolated Host Halo
The large seed black hole can be made by the gravo-thermal collapse of the subcomponent 
glueball dark matter

for $! = 10"#$⊙
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FIG. 3. Illustration of the black hole growth history for the
observed high z black hole J1120+0641 with the assumption
of the isolated host halo (Mh = 1012M�) as [14, 15]. All
information in red illustrates parameter space for a seed black
hole (red dot). The seed black hole can be on the Eddington
curve or on the shaded area in which the observations are
explained by slower growth of the seed black hole. The time
of collapse (zcol) and the mass of the seed black hole Mseed

are determined by model parameters {fg, �g/mg} or {mg, r}.

Since �2 and p are directly estimated in N -body simula-
tion, we take the result of [15] (�2 = 480, p = 2) as the
benchmark value. Then, the relevant combination of the
model parameters is f3

g
�g/mg, which is estimated as

f
3

g
�g

mg

=

✓
3

N

◆4 ✓
fg

mg

◆3

' 40 cm2
/g

✓
3

N

◆4 ✓
N

2 � 1

10

◆3 ⇣
r

0.005

⌘9

. (5.9)

For the final expression, Eq. (3.35) is used. Because it
is very sensitive to r, the ratio parameter is nearly pre-
dicted from the explanation of the SMBH at high z. The
corresponding allowed range of the glueball mass is also
provided as mg = O(0.05)MeV for fg = O(0.001). As to
the parameters of the dominant component of dark mat-
ter, the axion, its decay constant is fa = O(1016 GeV)
and the axion mass becomes ma = O(10�18) eV. This
is safe from the current fuzzy dark matter constraints.
Interestingly, this axion mass is also related with the su-
permassive black hole with the mass of MBH ⇠ 107M�

through superradiance as we discussed before. The ax-
ions can be e�ciently generated from the spinning black
hole by superradiant amplification. During the ampli-
fication, the axion also takes away the sizable amount
of the black hole’s angular momentum, which gives the
contradiction to the observation [69]. However, if the self-
interaction among the axions is sizable, they will collapse
before the axion cloud is saturated [70], and the loss of
the angular momentum is limited. For ma ⇠ 10�18 eV,

the GUT scale decay constant provides a sizable axion
self-interaction to trigger bosenovae. Therefore, the con-
straint may not be applied directly.
Several simplications are used in the previous discus-

sion. Let us discuss possible caveats and alternative his-
tory of the seed black hole formation. The host halo
mass is taken as 1012M�. This is because the halo mass
is expected to be greater than O(103) times the mass of
its SMBH [71, 72]. In N -body simulations [73–75], the
comoving number density of the cold dark matter halos
withMh � 1012M� is evaluated as (10�5�10�6)(Mpc)�3

at z = 7. Thus, the halo is also heavy enough to coincide
with the fact that observations of SMBH around z = 7
are rare.
However, since we consider the formation of the seed

black hole at higher redshifts (z > 7), the existence of
such (isolated) heavy halo is questionable. If we extrap-
olate the halo mass function obtained by the N -body
simulation [75], the comoving number density of the ha-
los with Mh � 1012M� becomes (10�8 � 10�9)(Mpc)�3

at z = 10, and 10�15(Mpc)�3 at z = 15. In this context,
the issue of formation of heavy seed black holes is just
transferred to the problem of supermassive halo forma-
tion at high redshifts.
On one hand, based onN -body simulations, we can de-

fine Mh(z) at a given z in such a way that the comoving
number density of the halos with their masses greater
than Mh(z) is given by 10�6(Mpc)�3. Then, Mh(z) is
evaluated as 1012M� at z = 7, 1011M� at z = 10, and
1010M� at z = 15. It is more natural to think the possi-
bility that when the seed black hole is formed, the mass
of the host halo is smaller than 1012M�, although it is
still one of the heaviest halos at zi. These heaviest ha-
los get bigger and bigger by mergers with nearby smaller
halos or by accretion of the gases. The actual merger
history is quite complex, but the heaviest halo is likely
to remain the heaviest. In this sense, we consider Mh(z)
as the evolution of the host halo mass, and estimate the
growth rate �h(z) as

�h(z) ⌘
1

Mh(z)

dMh(z)

dt
' 4

t(z)
. (5.10)

The last equality holds numerically for 7 . z . 15. The
black hole growth rate by the accretion of baryons is
much greater than the halo growth rate. However, the
halo mass is still hierarchically larger than the black hole
mass during the evolution.
The another important feature is that in terms of the

halo mass, the relaxation time defined by Eq. (5.7) de-
pends on z, c and Mh as

trel /
(ln(1 + c)� c

1+c
)

3
2

(1 + z)
7
2 c

7
2M

1
3
h

. (5.11)

The concentration parameter c also depends on the halo
mass and the redshift. The recent N -body simula-
tion [76] calculates the concentration parameter c(Mh, z)
as the function of Mh and z in a wide range of Mh



Caveats: History of the Host Halo Mass 

The assumption of the isolated host halo with a mass !! = 10"#!⊙ for ! ≥ 10 is not realistic:
the problem of SMBH à the problem of supermassive dark matter halo. 
The merger history of the host halo (e.g. the history of heaviest halo) and its profile should be 
considered: {!! & , (% & , ) !! , & , *% & }
Our approach: at & = &&, a seed black hole forms with !%''( = 0.006 .) !! &&
Both the black hole and the host halo grow such that !! & = 7 ≳ 10"#!⊙ and

Ishiyama et al. 2007.14720

Concentration parameter for given Mh, z

!*+ & = 7 = !%''(1
,(.)0,(1%)

,&'( ∼ 102!⊙

Tacchella et al. 1806.03299

halo mass function (z)

Time evolution
of the host halo



Caveats: Evolution of the Glueballs inside the Core

As the core becomes extremely dense after the gravo-thermal collapse accelerates, the 
temperature of the core also increases as !! ∝ #!"/$. This could provide nontrivial effects for 
the evolution of DM (e.g. formation of BEC, !%&' ∝ #!(/$).

For the glueball DM case, the number-changing interaction is also crucial for $) ≲ keVà
prevent the gravo-thermal collapse 

Even for $) ≫ keV, it becomes gradually important (*$→( ∝ #!() during the gravo-thermal 
collapse. Its effect on the final formation of the BH is not clear yet. 

Δ,!+,
1
!)
.!)
., $→(

≃ 0.06 10-$
3)

10-$
4.(,/)

( keV
$)

0 #.(,/)
10"(7⊙/kpc$

$2 ∼ 10-"3 − 10-"0 eV
$) ∼ 0.01 − 1 MeV

From the cosmological history,  the 
mass of the glueball is also bounded 
by its effective free-streaming length.

If $) ≲ 100 eV, the glueball DM will 
not form a halo because it is too warm



Summary
The origin of the lightness of the scalar is directly related to its cosmological evolution. Two 
well-known mechanisms provide opposite behavior for the relation between the interaction 
strength and the mass of the dark matter.

We studied the minimal nontrivial model of the dark sector that comprises the coupled 
scalar dark matters: dark axion and dark glueball. Some nontrivial features are clarified. 

Strongly interacting subcomponent glueball dark matter can provide a hint on the origin of 
supermassive black holes at high redshifts. 

The possible observations of black hole superradiance by the dark axion & glueball bose
stars and other substructures can provide the complementary hints 


