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Two triumphs in 20t century: General Relativity & The Standard Model
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Image from CERN

gravity = curved spacetime elementary particles = quark, lepton, gauge bosons, Higgs



Evolution of the Universe from GR + the SM

Successful in Hubble-Lemaitre law, Big Bang Nucleosynthesis, Stellar Evolution, and so on.
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Image from ESA
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Content of the Universe

Dark Energy
69%

It is very difficult to properly understand the origin of the each content
from GR and the list of particles of the SM
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Content of the Universe - DM

Image of Galaxy Messier 33 Image of Bullet Cluster 1E 0657-558

Observa tions
from starlight

Velocity
(km s-1)

~ 10,000 20,000 30,000 40,000

Distance (light years)

Galaxy Scale

" Image from PLACK Image from SDSS

Cosmic Microwave Background 5 Large Scale Structure of the Universe



Content of the Universe - DM

Image of Galaxy Messier 33 Image of Bullet Cluster 1E 0657-558

Velocity
(km s-1)

10,000 20,000 30,000 40,000

Distance (light years)

Galaxy Scale
<Dark Matter>

Feels Gravity, Cosmologically
Stable,
No Light Emission, No EM Charge

CANNOT be explained by the
particle contents of the SM

e lmage from PLACK Image from SDSS

Cosmic Mlcrowave Background 6 Large Scale Structure of the Universe



What is the nature of dark matter?
The unit of DM

Galaxy (Stars, Gases, Planets)



What is the nature of dark matter?

How to interact with each other

Dark @ @
Matter

IDEVY'S

Matter

How stable How many
different types

Wave-like i @ @
Particle-like @

Any other interactions gravity

%, Dark
M
4@& Matter

How to create
Compact & Macroscopic



Particle physics approach for DM

Dark matter is a stable object from dark sector interactions and interactions with SM particles.

The Standard Model

MA‘ﬁER - FORCE

Quarks : : GaugeBosons

" H:ggs Boson LR
¢ THE STANDARD MODEL OF
- PARTICLES AND FORCES' E

LeptOnS : s THI S ALL THAT EXISTS) *




Particle physics approach for DM

Dark matter is a stable object from dark sector interactions and interactions with SM particles.

_______________________________________________________________________________________________________

The Standard Model

i MAﬁER FORCE i
B/ N\ A Dark
mm 00 68
i | (new) (Dark) 5

Dark (Hidden) Sector

Quarks 5 _ GaugeBOSO"S Bl interactions Particles

00 m (Dary
a . . : nggsBoson U Fields

Leptons : s THIS ALL THAT EXISTS? *

_______________________________________________________________________________________________________
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Particle physics approach for DM

Dark matter is a stable object from dark sector interactions and interactions with SM particles.

_______________________________________________________________________________________________________

The Standard Model at Low Energy

o ST Dark Sector at Low Energy
MATTER = FORCE -

o C\Wr\ Dark Forces

) - : : (new) i
.Baryons. . . .. GaugeBosons .. EETNEVEIGIeIE |
bl - Dark Matter

Leptons

_______________________________________________________________________________________________________



Candidates of DM for its mass
p_DM = MDM ﬁDM = (025 — 0'27)ﬁt0t ~ 1.2 X 10_6GeV/Cm3

1 hc 19
G=— | My= | =122x102GeV
M2 G
Pl
_ 1 L
Acompton > ﬁD;,[B Rpy = 2GMpm < Acompton = o < ”Dixl/?) Ren > Acompton
S-d 0|kt PR SN,

| 1 11 | |

1072%eV peV keV 100 GeV Mp = 10"7m, Mg = 1057m,,
Fuzzy DM QCD axion Warm DM WIMP DM Heavy DM Primordial Black Hole,
Sterile neutrino Ultra Compact Mini Halo

Wave like (boson) Particle like Compact object
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Candidates of DM for its mass and interactions
p_DM = MDM ﬁDM = (025 — 0'27)ﬁt0t ~ 1.2 X 10_6GEV/Cm3

a

Interaction with SM particles other than gravity

?

Interactions between
(among) dark matters

SE0RF X FER

| 1 11 | |

1072%eV peV keV 100 GeV Mp = 10"7m, Mg = 1057m,,
Fuzzy DM QCD axion Warm DM WIMP DM Heavy DM Primordial Black Hole,
Sterile neutrino Ultra Compact Mini Halo

Wave like (boson) Particle like Compact object
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Candidates of DM for its mass and interactions
p_DM = MDM ﬁDM = (025 — 0'27)p_t0t ~ 1.2 X 10_6GEV/Cm3

a

Interaction with SM particles other than gravity

~
o|Eo| WY Mg
1) 015 0| OB £7| LF0IM W40| E = Q=X
2) IS8 O TA| A HEE 4 Y=X|of 42t 0I5 S X SSCh

Interactions between
(among) dark matters

SE0RF X FER

—I—I—II—I—I—I—>

1072%eV peV keV 100 GeV Mp = 10"7m, Mg = 1057m,,
Fuzzy DM QCD axion Warm DM WIMP DM Heavy DM Primordial Black Hole,
Sterile neutrino Ultra Compact Mini Halo

Wave like (boson) Particle like Compact object
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Well known candidates for each mass range

Weakly Interacting Massive Particle (WIMP) : (0.1 ~ 1000) GeV
QCD Axion (Axion) : (0.0001 ~ 10) peV

Primordial Black Hole (PBH) : (10717 ~ 100) My = (1074° ~ 10°%) GeV

SE0RF X FER

1072%eV peV keV 100 GeV Mp = 10"7m, Mg = 1057m,,

Fuzzy DM Axion Warm DM WIMP Heavy DM PBH
(Wave DM) Sterile neutrino Ultra Compact Mini Halo

15



Probing the Nature of Dark Matter



Candidates of DM for its mass

S0 X FEA Mo=HY 22

| 1 11 | |

10722¢V/c2  peV/c? keV /2 100 GeV/c? Mplanck = 10%m,, Mg = 105"m,
Fuzzy DM QCD axion Warm DM WIMP DM Heavy DM Primordial Black Hole,
Sterile neutrino Ultra Compact Mini Halo
oS0 7t AL 772 MM 7772

Approach for DM studies in particle physics

(A) Taking a specific DM mass range

(B) Taking a specific symmetry

(C) Any new possibilities that can be probed by observations, etc.
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Candidates of DM with respect to its mass

S0 X FEA Mo=HY 22

| T SR SR | |

10722eV/c2  peV/c? keV/c? 100 GeV/c? Mplanck = 101%m,, Mg = 1057m,,
Fuzzy DM QCD axion Warm DM WIMP DM Heavy DM Primordial Black Hole,
Sterile neutrino Ultra Compact Mini Halo

sl 7H7ke R2IXtof 74t2 A ZHt2

My Approach
DM physics related with scalar field dynamics for various mass range
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(1) Compact Dark Matter

40k HXp LER EH &
10722¢V/c2  neV/c? keV/c? 100 GeV/c? Mplanck = 10%m,, Mg = 10°"m,
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(1) Compact Dark Matter

In the early Universe,

inflating period
Inflaton scalar field dynamics

Gravitational
collapse

%)
A
QN
g

V(¢)

Density fluctuation

> R

Primordial Black Holes

WIMPs Ultra Compact Mini Halo
°
.
o ® o oo ¢ ’
Stable Scalar dynamics o ® (Y

In the early Universe
Early matter domination

[
»

K.-Y. Choi, J.-O. Gong, CSS
Phys. Rev. Lett. 115, 211302 (2015)
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Searching for Compact Dark Matter

See compact dark matter through LIGO GW observatory

Image from sciencenews.org

: The Nobel Prize in Physics 2017

° "
! A.Mahmou d AM;
‘ Rainer Weiss Barry C. Barish Kip S. Thorne

Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

aaaaa d
uuuuuuu | relativity

N
|zz:.1 Reconstructed (template)

Image from LIGO
21



Gravitational Wave: Telescope for DM

o )ﬁA\ © Compact DM
o

Binary Merger J ]/ creation of GW Interference

Femto-Lensing effect by compact DM -
Deformation of waveform at LIGO
- Evidence of Compact DM

S. Jung, CSS Phys. Rev. Lett. 122, 041103 (2019)

Modulation ‘ e
hl 1:- A A E
Ec A \ 3
L \‘ \\\ :
= ‘\‘ \\___ pessimistic merger-rate M3 -
n 01- N\ T .
N, = \ E
AAAAAAAN = i \ 1
R AAAATAVATATAT - < SNR est > 5
J | | S
h 1072 = “~._ optimistic M1 >3 =
- 1 avera_ge detection
~ aLIGO 1yr |
10_3-7 |1 ||y| | Ll 1 Ll Lo nts
10 102 10° 104 10°

chirp signal with fringes
22 Moy [M)]



(2) Particle Dark Matter: Source of GW

(A deeper connection between Gravitational Wave and Dark Matter)

S40/X WX LEA EH Q¥
10-22eV/c2  nev/c? keV/c? 100 GeV/c? Mpianck = 10™¥m,, Mg = 10°"m,,

Particle-like Dark Matter
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Thermal Dark Matter

Dark matter density is determined by its annihilation cross-section
X X

, 3 x 107%6cm3 /s

(UXXV>T
X
y )4

WIMP (Mpy ~ 100 GeV, a, ~ 0.01)

is one of the best candidates for DM Decreasing

HOWEVER,
No hints for WIMP DM so far:
Strong motivation of
the beyond WIMP paradigm

10—8 |

-—

[
=
o

\
fre‘gze—out’
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05 1 5 10 50
Mpm/T

Comoving DM number density

-—

[
=
N

Dark matter cross-section is limited by its mass and the velocity

41
S 2
r MDM (U>T

The Unitarity bound: (g,,v)



Thermal DM Beyond the Unitarity Bound

How can the Unitarity bound be overcome to allow various DM masses?

2
Mpm
Qpmh?* = 0.1
pmh™ 2 0 (130TeV>

- WIMPZilla, Superheavy DM, gravitational production etc.

* One can think the origin or dark matter mass tightly related with production

mechanism : These days, various approaches along this direction are actively
studied

25



Origin of Mass for particle DM: Expectation value of scalar field

Higgs field (giving mass to

the elementary particles)

Nonzero expectation value of the scalar field imposes DM mass

giving DM Mass

Temperature drops: £37| > 0|& Universe expands—> Temperature
decreases - Bubbles of scalar
condensation form!

26



Origin of Mass for particle DM: Expectation value of scalar field

Higgs field (giving mass to

the elementary particles)

Nonzero expectation value of the scalar field imposes DM mass

giving DM Mass

Temperature drops: £&7| > 0|& Universe expands—> Temperature
decreases > Bubbles of scalar
condensation expand!

27



Origin of Mass for particle DM: Expectation value of scalar field

Higgs field (giving mass to

the elementary particles)

Nonzero expectation value of the scalar field imposes DM mass

giving DM Mass

Temperature drops: £&7| > 0|& Universe expands—> Temperature
decreases - Bubbles of scalar
condensation collide!

28



Origin of Mass for particle DM: Expectation value of scalar field

Higgs field (giving mass to

the elementary particles)

Nonzero expectation value of the scalar field imposes DM mass

giving DM Mass

Universe expands—> Temperature
decreases - Bubbles of scalar
condensation fill the Universe

- Cosmic 15t order phase transition

Temperature drops: +57| > O|&

29



Origin of DM mass & its abundance
D. Chway, T. H. Jung, CSS
Phys. Rev. D 101, 095019 (2020)

Proposing the mechanism working in a wide range of DM mass

M
100 GeV/c? Mpjanck
i Filtering-out Mechanism
Ppm (pDM)beforee_M/zwac = present value

| light particles
v, e v, qi )

(9)=0

Cosmic 15t order phase transition
- Production of Gravitational Waves

30

Simulation from D. Cutting et al. 1802.05712



Origin of DM mass & its abundance

Proposing the mechanism working in a wide range of DM mass D. Chway, T. H. Jung, CSS
Phys. Rev. D 101, 095019 (2020)
M
100 GeV/c? Mpjanck

Filtering-out Mechanism

Ppm (pDM)beforee_M/zwac = present value

light particles @r=0

(v, e, v, qi )

2) Understanding the origin of DM

| Cosmic 1¢t order phase transition by GW observations

| = Production of Gravitational Waves

/ “. g, [
As ,ﬁ;.;.: gr Tl o
e ‘&
> ik X X

Simulation from D. Cutting et al. 1802.05712 31



Stochastic Gravitational Waves

Proposing the mechanism working in a wide range of DM mass

S E——

100 GeV/c? Mpjanck

observatory

2) Understanding the origin of DM
by GW observations

32



Origin of DM mass & GW observations

Proposing the mechanism working in a wide range of DM mass

S E——

100 GeV/c? Mpjanck
Mass=100PeV Mass=100TeV
107 - 1077 7
’
108} 7 8 /"
] ya 107 DECIGO /
9| 4 — /”"

10 ﬂ\‘ ET "I — v =09 10°F //:'/' — v, =0.9

10710 10710 '

10711} 10-1+
< 1072 < 1012t
]
& gt & 1013,

10-14L 1014

10-15F 1015}

10-18} 10-16 F

10"7E 1017}

1071 18

10° 11072
fHz] fHz]

M. Ahmadvand 2108.00958

2) Understanding the origin of DM
by GW observations
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(3) Wave Dark Matter

=4 0|xt MRt LR EH
10722eV/c? ueV/c? keV/c? 100 GeV/c? Mplanck = 108m,, Mg = 10°"m,,
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Wave Dark Matter

Ultra-light scalar dark matter: High occupation number = Wave feature

; =» Suppression of small scale structure
Ppm K Npm

I —— 4  ———— » DM mass
10733eV (H,) 1072%%eV eV

2T 1022V
Agg = ~ kpc

@ MpmVyir Mpm

Coherent Waves (p3y < npm)

« One of the well known example of wave dark matter is

(QCD) Axion

Vie)
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Wave Dark Matter

Ultra-light scalar dark matter: High occupation number = Wave feature
=» Suppression of small scale structure

I —— 4  ———— » DM mass

2T 1022V
Agg = ~ kpc

@ MpmVyir Mpm

Coherent Waves (p3y < npm)

« One of the well known example of wave dark matter is

(QCD) Axion

V($) V(¢)=%mé¢2 HG H
\gj/ﬁ

<
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QCD

Axion

QCD A2 HEZEDHEHO| st Cp EXE si|Z25H7| 8| == 7| Pseudo-Scalar 2 Z=0|C},
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QCD Axion
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QCD WA|RL FZEDEo| st cp 2X|2 s|ZsH7| {8 ==l 7FAMO| Pseudo-Scalar E=0|LC}.

1 2 gsz ¢ C«yez ¢ - —
L ==(8 G . Gwv ~ E.B
2 #qb) T 32m2 f, ¥ T 16m2 f,
zze M7\, ®71
1 2 1 ., . Getg o o
Leffzi(a#(p) _Ema('b +167T2EE.B
1 2 4h2
V(¢) = ETnaq5
ﬂk

\i/
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QCD WAL EZEZ Y| sl cp EXE silZst7| Q8| == 7HAQ| Pseudo-Scalar 2Z=0|C},

1 2 gsz ¢ C«yez ¢ - =
L=—=(0 G..GHY — EF B
2 #¢) + 32772 fa 44 + 16772 fa
22 MR, X7

~ 2
Cye ) 2 =

1 2 1
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QCD Axion

Oscillation O| O|&X|= 4%,

F

—
(@]
—

IA 2 XESF, Coherent
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QCD Axion

Pt
N

Al

FPO

oH ol B7tHo 2 R FUSLA EESt1, Coherent 3t Oscillation 0] O| & X|&= 42,
H| & HA|=o| 0| O HEHEt: 2 A YoM X7z S22 dEZ 22 YS =2
olgh == UL
d) +3H®O D) + m2p(t) =0  (H(t) = TOHT A|ZHO| M2l & & ItetH E)
O|2{¢t O| R 2 WA|2 =2 ultralight boson field = well motivated =l &S=ZEZEZ CHE TICE
7
6 (.
PDM) ~ 0.25 —];“ i
Ptot 10*2GeV/) \ fa
V(¢) = Zma¢2

\/
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Ly-alpha & 21cm Forest For Wave Dark Matter

Ultra-light scalar dark matter: High occupation number = Wave feature
=» Suppression of small scale structure

3
Ppm K Npm
|______.__1| ——————— » DM mass

—33 —22
10 eV (H()) 10 eV eV 21T 10—22ev
Agg = ~ kpc

MmpmVyir Mpm
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Ly-alpha & 21cm Forest For Wave Dark Matter

Ultra-light scalar dark matter: High occupation number = Wave feature
=» Suppression of small scale structure

3
Ppm K Npm
|_____.__1l —_— » DM mass
10733eV (H, =22 eV
(HoNEo==eV . 2 . (10—22ev>
dB =~ KpC{\ ———
MpmVyir Mmpwm
21cm
absorpti Neutral Hyd_rogen Gas (HI) m
) )
]
Radio-Loud QSO
21cm [P o PL i
Dark Ages FZl-— -- emiSSion —_ Age of the Universe (Myr)
/"_ .. -“x\ 5 o5 150 200 250 300
. & ; F=1 t ) o EDGES
. TTeeeiees - 21cm signals 2 ‘
F=0 A SZaw™ 1420 MHz o
. ‘ r\l’ b 5 FnJC d m v g- il
. Cosmic Dawn [ g |-
ks . . .. g H5
E -06F  He
.9 P8
5 26 24 22 20 18 16

-x!llud’ '\a-

Redshift, z
Taken from Nature 555, 67-70 (2018)

Galaxy \
Formation
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Ly-alpha & 21cm Forest For Wave Dark Matter

The Ly-alpha forest gives the strong constraint on wave DM for a certain mass range

The 21cm forest could be more powerful to constrain wave dark matter with a higher mass
range than using the Lyman alpha forest [Shimabukuro, Ichiki, Kadota Phys. Rev. D 101 (2020) 4, 03516]

Ly-a forest: Mpy = 107 %1eV
21cm forest: Mpy = 1

102 -

g 1071 21cm
g 10-2{ (fraction=0.5) Forest
§_ 10-4 { —— m/Ho =103
v 1076 - m/Ho = 1012 ‘G
] —— mIHo =101 o
S 10°° =
(@) —— Mm/Hgp = 1010 Y=
a 101 m/Ho = 10° zls

1072 { —— CDM ky

105 10~% 10-3 10-2 10~ 10° 10' 102 103
k[h Mpc™1]
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Wave dark Matter: Soliton core, quasiparticles

The homogenous evolution of the axion will eventually be destroyed by gravity:

Starting from p,(t, %) = %(qbz + (Vp)? + mZ¢p?) = p ()(1 + )
(6,(t,x) < 1)

can grow by self-gravity and becomes §,(t,x) = 0(1) = nonlinear evolution

L= J '/4—’/ “Da d i
gravity - s = S ‘
~ ? BN _— AL
Pa(t,X)

For usual cold dark matter case, clump does not directly collapse to black hole
Instead, it is virialized as 2(K) =~ —(V) for

1 Gm:m;
K=) smvf, V=-)
rij

Roughly for a halo mass My, with a size R, virial velocity:
2 GMn
vir R

%
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Wave dark Matter: Soliton core, quasiparticles

For a gravitationally bound object made by axion field with a mass M, and a size R,

there is one more ingredient: irreducible gradient energy by its size

Pa = %(9’52 + (Vp)? + mig?) ~ %mczlgbz + 0(m2a?vy,) + —/R\

2R2
Including gravity, total energy becomes

5 GMj; ) 1 GMj,
Ep = Jd Xpo )=~ = Mp+ My O(Vm'r)+2m2R2— R
a

rest mass energy
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Wave dark Matter: Soliton core, quasiparticles

For a gravitationally bound object made by axion field with a mass M, and a size R,

there is one more ingredient: irreducible gradient energy by its size

= (¢2 + (V4)” +m2e?) ~ > ~mag? + 0(mBa?vl,) + N

2R2
Including gravity, total energy becomes

; GM;, ) 1 GMy,
En=\[d’xps|— =Mp + Mp | O(Wyir) + 5555 —
R 2mgR R

rest mass energy

Like a hydrogen atom, the pressure by the gradient energy (“quantum pressure by
uncertainty principle”) provide the minimum size of the halo: Solitonic bound state

il | S Vyir ~ 5 7 Rsoliton = "3 775 h~ Vvir
NFW, log(My/My) =10 mcleZ uir R m?l,GMh ma

Astrophysical “de Broglie wavelength”

1 2T I (10_22€V>
4z Mg Vyir mg

interference

|

10° 10" 10° 10' 10°
rlkpc|

From Safarzardeh, Spergel 1906.11848 48 From Mocz et.al. PRL 123, 141301



Wave DM simulation

Schive, Chiueh, Broadhurst (14)

P(N/(P)

103 -
102 ¢

10' -

107" 10° 10 102
r (kpe)

* characteristic soliton at the center has been observed

* small scale structures are erased

From H. Kim'’s slide in NPKI workshop
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Wave DM simulation

Mocz et al (17)

H

2.5 Mpc/h

Veltmaat, Niemeyer, Schwabe (18)

From H. Kim’s slide in NPKI workshop




Wave DM + Self interacting Sub DM

Naturally light scalar dark matter

. Ol
Axion Et& Bugeon Jo, Hyeontae Kim, Hyung Do Kim, CSS
Glueball - 72542 A5HA M2 AsSER Phys.Rev. D 103, 083528 (2021)

Multi component ( + O @ Ztst &S ZH8) scalar dark matter scenario
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Wave DM + Self interacting Sub DM

Naturally light scalar dark matter

. Ol
Axion Ef Bugeon Jo, Hyeontae Kim, Hyung Do Kim, CSS

Glueball - JIHES4E US| M2 ArSEE2  Phys. Rev. D 103, 083528 (2021)
Et)
r L _1( 9,6)" — L 66 _?® GG
dark 2 \"H gD plp + 327‘[2fa DYD
Dark
Gluons

Multi component ( + O @ Ztst &S ZH8) scalar dark matter scenario
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Wave DM + Self interacting Sub DM

Naturally light scalar dark matter

. Ol
Axion Et& Bugeon Jo, Hyeontae Kim, Hyung Do Kim, CSS
Glueball . 7|-|:|:|% I- |. | A-'E ALS I-.g. Phys. Rev. D 103, 083528 (2021)

Et e

1 1 )
Laark =5 (0,9)" - 2g2 6o * 33,27 Gol

Dark
Gluons

1 2 4m ay (4m\? as 1 (4m\3 =
Lery =5 @u0)” —5mGof + 2 35me0s + 2 (5) i +s_?m_g(7) Pg+
2 4
Teg oV — nept (e (0 ) Les( e\ o Dark
+3(0 u®) = NA < (Nfa) T (Nfa> * Gluebeall

Multi component ( + O @ Ztst &S ZH8) scalar dark matter scenario
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Supermassive Black Holes (SMBH) at High z

In the 2010s, new observations of the quasars lead to the discovery of SMBHSs

around z = 7.
Around the redshift z =7 (t = 770 Myr ~ 0.05 ty),

J1342+0928 (z = 7.54, Mgy = 0.8 x 10°M, 1712.01860)
J1120+0641 (z = 7.09, Mgy = 2.0 X 10°Mg,, 1106.6088)
J2348-3054 (z = 6.89, Mgy = 2.1 X 10°M, 1311.3260)
J0109-3047 (z = 6.75,Mpy = 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 10°M , 1502.07418)

The origins of these SMBHs are not clear. It may originate from strongly self-interacting

subcomponent DM : dark glueball (strongly self-interacting) subcomponent DM



Effect of Subcomponent Self-interacting DM

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




Effect of Subcomponent Self-interacting DM

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




Effect of Subcomponent Self-interacting DM

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

fsuth




Effect of Subcomponent Self-interacting DM

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

My,

CDM halo
(main component)

t
Mpy(t) = 0(0.1 — 1%) fyupMpetsal = 10°Mg < (0.1%)M,, with M, = 102M



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
Cr = ﬁ <0
Why? Thermal equilibrium - thermal energy (kinetic energy) is virialized by potential
energy JE £
(V) ==2(K) > E = Nm+ (V) + (K} = Nm — (K) = Nm — NT > —— = —N = ——

- _Mp _Mp  AE_ _E
(c.f. black hole: E = Mgy, T =1 -b-= "t >0 =—0<0)

Negative heat capacity = instability

Considering the bound system with

initial temperature gradient Heat (energy) flow

Tin > Tout
For the positive ct case,
T;, decreases, T, INnCreases

and meet at T.q. 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
Cr = ﬁ <0
Why? Thermal equilibrium - thermal energy (kinetic energy) is virialized by potential
energy JE £
(V) ==2(K) > E = Nm+ (V) + (K} = Nm — (K) = Nm — NT > —— = —N = ——

- _Mp _Mp  AE_ _E
(c.f. black hole: E = Mgy, T =1 -b-= "t >0 =—0<0)

Negative heat capacity = instability

Strongly bound system
with high virial velocity
- leads to gravitational collapse
—> forming a black hole

Considering the bound system with
initial temperature gradient
For the negative c case
Heat (energy) flow continues!

T;, > T, maintains forever!



Gravo-Thermal Collapse

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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1501.00017 for the isolated halo with f, =1



Gravo-Thermal Collapse

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

——— 4
gl.core density _
2_
S s |
< S of
- o
%c En g .
3 5 ¢ore mass = black hole mass
-4}
4 2 0 2 " a 4 -2 0 2 4
Logyor/rc(0) Logor/re(0)

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



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 JaMn
DM evolution

H M

seea = 0(0.1 — 1%)ngh

My,

t—t;
Gravo-thermal Mgy (t) = Mggpqetsal
collapse 2
forming a seed
black hole
480 mg
At.,, ~—t t;),  M.,.q = 0.006f,M tretax(ti) =
col fgz relax( 1) seed fg h relax\*1 0y fgps(ti)vs(ti)




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.
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What is the effect of the nature of dark matter?

How to interact with each other

Dark @ @
Matter

IDEVY'S
Matter

How stable How many
different types

Wave-like i @ @
Particle-like @

Any other interactions gravity

%, Dark
M
4@& Matter

How to create
Compact & Macroscopic
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