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Motivation

The nature of dark matter is still shrouded in mystery

m, =1GeV
_ _ — = 0.5 MeV
Pom = 1.2 x 107° GeV/cm? = mpyiipy e
m, = 0.1eV
107%2eV pev keV 100 GeV Mp = 2 x 10'® GeV Mg = 10°°m,,
Fuzzy DM QCD axion Warm DM WIMP DM Heavy DM Primordial Black Hole,
Sterile neutrino Ultra Compact Mini Halo
Wave-like (npy > mjy) Particle-like (boson, fermion) Macroscopic
objects

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

Origin of the mass 2 Hints for new physics

Ex) Higgs boson (the weak scale is radiatively unstable) " ~_~

Sqgemp ~ NGy > miy Supersymmetry, Composite Higgs, Relaxion, Scale invariance etc.
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Motivation

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

= It also determines its interaction structure, too

Natural scalar dark matter candidates
1) Axion-like particle (¢): for the compact field (¢ — ¢ + 271 f,),

Approximate global symmetry: ¢ — ¢ + ¢ is broken non-perturbatively

(by instanton, confinement, flux, etc.)
~
e.g. 167;2 3 Tr[GﬁvGaW] - V(p) = E a,A* cos _fa

2) Glueball-like particle (¢4): At high scales, there is no scalar degree of freedom

Confining gauge symmetry: Tr[G,f‘vG“’“’] - @4 mgy = (5 — 6)A (confinement scale)

Both 1) & 2) can make scalars light. But the interaction strengths among them are quite different.
What if we consider both mechanisms simultaneously as a dark sector?




Motivation

Some issues about the set-up (considering SU(N) hidden gauge symmetry)

1) Multi branch structure of the axion potential? (e.g. pure natural inflation 1706.08522,1711.10490)

g plateau eiSlo+2nfa] — piSt+2inm — ,iS[P]

L V(g + 2rfy) # V()
Is there any nontrivial
evolution of the axion DM?

L.

“2nf, 0 2nf, anfy  Nif, 2NTf, 9
2) Energy flow from the dark gluon to axion as the gluon temperature decreases ( ‘)

T, \"
1 V(T, ¢) ~ —ma ( 7“ch> ¢2 + -+ for Ty > Ty ~ A
- ¢

Is there also the flow of the entropy? What is the correct form of the entropy for coupled fluids?
3) What is the phenomenological consequence of the multi-component dark matter?
(¢: very feely interacting, @g: very strongly interacting as their mass becomes small)
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Results: Dark sector with axion-glueball DM

Confining phase transition
at Tg ~ Tg,c = rTSM,C
Axion + Glueball
Multi-component dark matter

4 1 A 4m 1 <47r>3 o5+ \

Lepr = (au‘Pg) - _mg‘/’g T N mg‘Pg TC <W> ‘Pg T C3— m,

1 2 4
e - (a5 ) waa() 4e)  mo=on

2
¥ (Ni}a) ( 4-;9'[1N mg‘Pg + ezmg‘Pg ) T 2 Lery (¢’ gag(]PC))

N

\_ J

2 4 5
A 101> GeV f GeV
~ 10712V ~ 1017 a
M : (MeV) ( fa ) Ty ~ 1077 Gyr (1013GeV> <mg>




Results: Evolution of the axion potential

The axion potential for k-th branch (k=1,...,N) with h(x) = h(x + 2m)
¢ 2r k)

Vk(¢) - N2A4h< +
V(¢)

Nf, N

plateau

e
-

—2nf, 0 2nf, 4nf, N=uf, 2NTf, ¢

For the branch structure, comparing lattice results and the analytic result in holographic YM

theory, we find ( gZN ) ~ 10 — 20. Tunneling rate from k-th branch to (k-1)-th branch
dual 1105.3740, Dubovsky, Lawrence, and Roberts

(N/k)?
(1+0((N/k)?)
This is very large compared to the Hubble expansion rate unless N > 103. Therefore, tunneling

from branches with higher energies to the branches with lower energies happens instantaneously
as the confining phase transition occurs.

\AAN/

—2nf, 0 2nf, Anf,

Iy o exp |—0(1071)N




Results: Gluo-thermodynamics

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

d
[ p=Ts =p f=p—Ts= —-p, s=-7 ]

dr

where p= energy density, s=entropy density, f = free energy density,
p= pressure, T=temperature

When ¢ = 0, the free energy density is given by

T T T 1/Tg L1
fo(Ty) = gan —VglnTr[e_Hg/Tg] = _Vgan dA, exp [—fo dt d3% (EG“G“>]

When ¢ # 0, i.e. nonzero theta-term (6 = ¢/f,) as

= l91y [ aa Ung % (GG + G*G®
fg+9——7nj aexpjo td’x 4—‘92 +132n2
T, \*"
~ £,(Ty) + V(Tp$) = =pg(Ty) + V(T,. 6) v(1,0) =g (22) 02

We can show that the “new” entropy sg..¢ is conserved for the adiabatic evolution:

dfg+e dpg O V(Tg» ¢) pPgtog 1
= — = — = ! = -V
S0+ = TTgr, Tdr, o, T, = a3 Py = Pgre —V(

Ty ¢)



Results: Densities

confining Matter-radiation
phase transition (PT) equality
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Supermassive black holes at high z

Observations of the quasars lead to the discovery of supermassive black holes in the 2010s.
Around the redshift z = 7,

J1342+0928 (z = 7.54, Mgy = 0.8 X 10°M, 1712.01860)
J1120+0641 (z = 7.09, Mgy = 2.0 x 10°M, 1106.6088)
J2348-3054 (z = 6.89, Mgy = 2.1 X 10° M, 1311.3260)
J0109-3047 (z = 6.75, Mgy = 1.5 x 10°M, 1311.3260)
J0305-4150 (z = 6.61, Mgy = 1.0 X 10°M, 1311.3260)

J0100+2802 (z = 6.3, Mgy = 1.2 X 101°M,, 1502.07418)

r=001
The origin of these supermassive black holes is not clear. 128 :4’ lﬂgzo;ﬁg/ﬂd
It may originate from strongly interacting subcomponent DME ol lzo
(dark glueball subcomponent DM) K _16§ // e (1)0
1 [(4m\* 1 \*“’ f=1022Gal 10
Og2—~2 ~ T ( N) m?2 mg ~ 0.01 — 1 MeV “’/// y [i‘;
mg ~ 10718 — 10714 eV 10‘24f/// ‘

102 10* 10° 10® 100 10'2
T, [eV]



Formation and growth of the BHs

Basic process

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

Dark
matter »
halos,
stars, etc.

Mseed

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

=)

MBH(tc) = Mseed - MBH(tobs) — MSMBH > Mseed



Formation and growth of the BHs

Basic process

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

Dark
matter -
halos,
stars, etc.

Mseed

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




Growth mechanism of the BH from accretion material

If the black hole is surrounded by the accretion material, that material will be gradually absorbed
by the black hole: the black hole mass and spin will grow

accretion = release of gravitational energy from infalling matter (by dissipation)
- accreting material gets closer to the BH as it loses its kinetic energy

AMpy = ]V[acc(= rest mass) - AErelease(: EMacc) = (1 - E)Macc

€
AErelease = LaccAt = €Mgec = 1—_€AMBH

GMBHMClCC €

- Lacc ~

AErelease ~
Tacc




Growth mechanism of the BH from accretion material

During the absorption, radiations are emitted from the accretion material: slow down the
absorption of the material by gravity

The energy released as

electromagnetic \
. '0(\6
(or other) radiation \ q‘\t’d‘\
with a luminosity, L MR ’
F Lot &(0\3 0@ £0f© l
- =
rad = g2 Q0 @9"

for on an electron (and
a coupled proton)

_ GMBHmp .‘
Egrav - T'—Z Black
hole
gravitational force

on electron-proton pair

- Accretion is forbidden if

E rad = Egrav

Therefore accretion has the maximum

luminosity :

47TGmpMBH _ MBH

Limax = Lgqa = =
or TEdd



Growth mechanism of the BH from accretion material

During the absorption, radiations are emitted from the accretion material: slow down the
absorption of the material by gravity

47TGmpMBH _ MBH

Lace < Lymax = Lgag = =
or TEdd

The Eddington time can defined as
or
4rtGm,,

Tedd = ~ 4.5 x 108 years

On one hand, the accretion luminosity also provide the increasing rate of the black hole mass as
€

. MBH
Loce = Mpy <
1—¢€ TEdd

€ ~ GMpgy /7,cc is the radiative efficiency for the accretion disk around the BH and 1., = 3Rpy.

€ . MBH dMBH _ 1
Loce = 1—c Mgy < — ~ (etgqq) "t Mpy = Tsql Mpy
— € TEdd dt

€

[Tgal(Salpeter time) = € Tgygq = (O 1

)45 Myr MBH(t) < Mseea et/Tsal ]




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
z < 20 — 30.

t(Zobs) - t(Zc)

(0—61) 45 Myr

MBH (t) — Mseed exp

‘ = Mseed c/qacc

3/2
During matter domination, the age of the Universe, t(z) = 550 Myr (11—+OZ)

For zops =7, z. =15, Agee ~ (2 —6)10%, so that Mgeeq ~ 10°> Mg at z, = 15
For z. = 30, Agee ~ (6 —10)10°, so that Mgeeq ~ 10* Mg at z, = 30
Within the CDM framework

As the remnants of the Pop lll stars (z ~ 20), Mgeeq = 0(100) M (Madau & Rees 2001,
Heger et al. 2003; Wise & Abel 2005)

The larger growth rate within a certain period? (super-Eddington accretion)
MBH(t) — Mseed efEdd t/tsal ’ (fEdd > 1)

Direct collapse of gas into the BH ? Mgeeq = 0(10*7°) M (Loeb & Rasio 1994; Eisenstein &
Loeb 1995, and so on.) but should prevent fragmentation, star formation before the
collapse

Collapsing star cluster? From mergers of Pop Il stars, Mgeeq = 0(103) Mg (Devecchi &
Volonteri 2009) but maybe useful only for explaining observed quasars at z<5.



Ideas in 1501.00017 (Pollack, Spergel, Steinhardt)

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

Supermassive Black Holes from Ultra-Strongly Self-Interacting
Dark Matter

Jason Pollack,V[] David N. Spergel,> and Paul J. Steinhardt?

We consider the cosmological consequences if a small fraction (f < 0.1) of the dark
matter is ultra-strongly self-interacting, with an elastic self-interaction cross-section
per unit mass ¢ > 1 cm?/g. This possibility evades all current constraints that

assume that the self-interacting component makes up the majority of the dark mat-
ter. Nevertheless, even a small fraction of ultra-strongly self-interacting dark matter
(uSIDM) can have observable consequences on astrophysical scales. In particular,
the uSIDM subcomponent can undergo gravothermal collapse and form seed black

holes in the center of a halo. These seed black holes, which form within several

hundred halo interaction times, contain a few percent of the total uSIDM mass in
the halo. For reasonable values of o f, these black holes can form at high enough
redshifts to grow to ~ 10° M, quasars by z > 6, alleviating tension within the stan-
dard ACDM cosmology. The ubiquitous formation of central black holes in halos
could also create cores in dwarf galaxies by ejecting matter during binary black hole
mergers, potentially resolving the “too big to fail” problem.
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Ideas in 1501.00017 (Pollack, Spergel, Steinhardt)

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

My,

CDM halo
(main component)

t
Mgy (t) = 0(0.1 — 1%) fMpetsal ~ (0.1%)M;, = 10°M for M, = 10*2M,



Gravo-thermal collapse

Thermally equilibrated system which is bound by gravity
If the system is in equilibrium with gravity, the system has a negative specific heat capacity

dE
CT=ﬁ<O

Why? Thermal equilibrium 2 thermal energy (kinetic energy) is virialized by potential energy

(VY =—-2(K) > E =Nm+ (V)+(K)=Nm—(K)=Nm—NT—>d—E=—Nz_£
dT m

E = _Mp _Mp_dE_ _E
(c.f.blackhole.E—MBH,T—MBH—E—>dT— T<O)

Negative heat capacity = instability

Considering the bound system with

initial temperature gradient

Heat (energy) flow
Tin > Tout

For the positive cr case,

T;, decreases, T,,; iIncreases

and meet at T,,. Heat flow stops



Gravo-thermal collapse

Thermally equilibrated system which is bound by gravity
If the system is in equilibrium with gravity, the system has a negative specific heat capacity

dE
CT=ﬁ<O

Why? Thermal equilibrium 2 thermal energy (kinetic energy) is virialized by potential energy

(VY =—-2(K) > E =Nm+ (V)+(K)=Nm—(K):Nm—NT—>d—E=—Nz_£
dT m

E = _Mp _Mp_dE_ _E
(c.f.blackhole.E—MBH,T—MBH—E—>dT— T<0)

Negative heat capacity = instability

Considering the bound system with
initial temperature gradient
For the negative ct case

Heat (energy) flow continues!
Strongly bound system
with high virial velocity
—> leads to gravitational collapse
—> forming a black hole

T;, > T,y maintains forever!



Gravo-thermal collapse

The thermally equilibrated system bound by gravity
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

sse N INQIS Ssejuoisuswid Jo OT ased Bo7

400

Log Base 10 of Dimensionless SIDM Density
8

8

8

((O) 0‘11 /1) awlil

o

-3 -2 -1 0 1 2

Log Base 10 of Dimensionless Radius

1501.00017 for the isolated halo with f=1



Gravo-thermal collapse

The thermally equilibrated system bound by gravity
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

gLcore density _
6f 2
_ 4 s |
e =
g | = ol
g 2 s |
£ | | |
= ol S i core mass = black hole mass
ol _
[ _al
-4+ i
4 4 4 2 0 2 4
Logor/r.(0) Log;or/r.(0)

Balberg et.al. 0110561 for the isolated halo with f=1



Gravo-thermal collapse

Numerical calculations estimate the collision time as

Atcol = 430 trelax(ti)

Lrelax (ti) —

Mpm

aps(ti)vs(t;)

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 (f) of self-interacting DM

0.02

Atcol =~ 430 trelax(ti): Mseed = Inc

My,

1501.00017, fluid approximation

trelax(ti) —

Mgpm

o fps(t)vs(t;)

480
f_z trelax(ti): Mgpeq = 0.006f My,

Atcol =

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

In order to explain the SMBH at z=7, (At.,; < t(z.) < t(z = 7))

fo/mspy ~1—10 cm?/g fio/mspy ~1—10 cm?/g




Atcor =

Based on the idea of 1501.00017 & 1812.05088

The large seed black hole can be made by the gravo-thermal collapse of the subcomponent
glueball dark matter

480

2 trelax (ti)r

Axion DM halo

(main component)

Glueball

subcomponent It

DM evolution

o,

Gravo-thermal
collapse 2
forming a seed
black hole

Mgeeq = 0.0061,M,

seea = 0(0.1 — 1%)ngh

t-t;
MBH(t) = Mseedetsal

My
Og fgps (ti)vs (ti)

trelax(ti) —




SMBH at high z for a isolated host halo

The large seed black hole can be made by the gravo-thermal collapse of the subcomponent
glueball dark matter

O,
I % *[em?/g]
mg
45 40 35 30 25 20
|
109_
o Seed
I2108—
S
=
10? R nét.hlnﬁev
I i i T
10 7

for My, = 10°Mg



Caveats: History of the host halo mass

The assumption of the isolated host halo with a mass M, = 10**M¢, for z = 15— 10 is
difficult to be accepted in realistic cases. The merger history of the host halo (e.g. heaviest
halos for a given z) and its time-dependent profile should be considered: M, (z), py,(2), -+

Our approach: at z = z;, seed black hole forms with M.., = 0.006 f,Mp(z;).

Both the black hole and the host halo grow such that

£(7)=t(z)
Mpy(z = 7) = Mgepqe  tsa ~10°Mg,  Mu(z =7) 2 1012Mg

halo mass function (z)

III|IIII|IIII|IIII|I I|II
=== Sheth, Mo & Tormen (2001) N

T T T T3
concentration parameter (M,, z) of e :2 .
5 TTT \I T T T TTT \I T T T T TT \\I T T T T 1T \\I T T T TTT :\ \\ — With COrreCtiOn Z=8
— =" & NNNNN Z=10 .
z=9.5 Cvmax - NN\ z=12 :
= 7=10.5 ~ ,=14 ]
z=13.8 - v
s4r , -

L 111 | I N S | | N N S | | N N | | NN N S | _: \ N
10’ 10° 10° 10" 10" °F L e——

A BRI BN VI BTSN VN ST NTEEEN AT UL NNV I
Mgy [h Mg 95 100 105 11.0 115 120 125
log My [Mo]

Time evolution

Ishiyama et al. 2007.14720 Tacchella et al. 1806.03299 of the host halo mass



Caveats: Number changing interactions

As the core becomes extremely dense after the gravo-thermal collapse accelerates, the
temperature of the core also increases as p, « Tg7 « (v,)?". This could provide nontrivial
effects for the interaction rates of the dark matter inside the core.

For the glueball DM case, the number-changing interaction is important for my < O(keV)
before the collapse (t < At,.,;) = generates additional heat to prevent the collapse

A ( 1 dTg> 006 (10-3> ( 103 )2 (keV>4 ( ps(ty) )
\Tgdt ), f, J\ws(t)) \my ) \1012Mg/kpc?
Even for my >> 0(keV), it becomes gradually important (I5_,, « pZ) during the gravo-thermal
collapse inside the core. What’s the effect on the final formation of the BH?

From the cosmological history, the -4 | p
mass of the glueball is also bounded { Log 19(42%/42,)
by its free-streaming length. 1071 '30
L 20
For m, < 100 eV, the glueball DM will 3100 e (.
not form a halo at z = 15 — 10 = ol // 0
because it is too warm | A fo10_ceg ~10
1072 /// i_ZO
m, ~ 0.01 — 1 MeV 7 30
’ S us

ma ~ 10_18 - 10_14 eV 102 104 106 168 : 1010 ‘ 1012
T, [eV]



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 scalar mass.

We studied the (non-trivial) minimal 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.



