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Dark matter paradigm
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Existence of dark matter

Gravitational interacting
Stable,

Charge neutral,
Non-baryonic,

23-25% of total energy,
Non dissipaftive,
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Existence of cold dark matter ?

Gravitational interacting,

Stable,
Charge neutral,
Non-baryonic,

23-25% of total energy,

Non dissipaftive,

Cold prpm =wppy, w =0
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*  ACT+WMAP spectrum (this work)
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missing satellite, too big to fail, cusp-core problems



Cumulative number of halos
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Missing satellite, too big ’ro fail problems

A 'Milky Way' halo
Power et al 2002

A rich galaxy cluster halo
Springel et al 2001
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Resolution: baryonic feedback processes (which suppress the star
formo’rlon) |s mos’r efficient in low mass (luminosity) satellites.

Moore et al 1999
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Missing satellite, oo big to fail problems

Predicted most luminous satellite
galaxies are too massive (not
observed) to fail star formations

[Boylan-Kolchin, Bullock, Kaplinghat 1111.2048]
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Cusp-core problem
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Cusp-core problem

diversity of rotation curves)

AN

M UGC5721
DMO sims: LG-MR + EAGLE-HR,
- V,.=89 kms ' +£10% [113]
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Existence of WIMP dark matter ?

Direct Detection

Signal: N=-» N’

Backgrounds:
ye > ye’

N- N
N= N+ a,e
v N=> v N’

Elastic
scattering

Annihilation

Galaxy rotation ~ Weak lensing, Large scale

curves Bullet cllus’rers s’rruc’rulre, CMB Evidences
1 I »
I(pC Mpc GpC scales

No clear evidence yet




Nature of the dark matter ?

Is DM a particle? spin, mass, compositions ?
Why is it stable? gauge/global, confinuous/discrete symmeitries ?

What are the interactions between DM and the SM particles besides
gravity (like strong/weak interactions) ?

What is the production mechanism of DMs at the early Universe ?
Why 25% of total mass of the present Universe ?

How can we detect it at sub kpc scales (af the earth) ?

What are the additional predictions ? solving several small scale
problems

Galaxy rotation ~ Weak lensing, Large scale

curves Bullet cllus’rers s’rruc’rulre, CMB Evidences
1 1 »

I<pc Mpc GﬁI)C scales




Nature of the dark maftter ?
ﬁDM = MpMNDM = 0.25,5tot = 1.2 X 10_6 GeV/cm3 (observation)

Weakly Interacting

Massive Particle  Primordial Black Hole

Fuzzy DM (FDM) QCD Axion (WIMP) (PBH)
1 L

Candidates
L L1 1 L R

1 I I I 1 >
1022eV 105eV keV 100 GeV 10 GeV =M, =108g DM mass

sun
Warm

Dark Matters Strongly Asymmetric
(WDM) " Inferacting  Dark Matter
Massive (ADM)
Particle
(SIMP)

Evolutions of each DMs are different,
and give (possibly) different predictions for small scales

Galaxy rotation ~ Weak lensing, Large scale

curves Bullet clusters  structure, CMB  Evidences
| 1 .

I<pc Mpc Gbc scales




Coincidence ?

WIMP R
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WIMP
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WIMP direct detection
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Direct Detection

Signal: N-> N

Nucleus

Electron
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WIMP-Nucleon Cross Section [cm?]
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WIMP indirect detection

T T T T T

MW Halo: Ackermann+ (2013)

[ MW Center: Gomez-Vargas+ (2013) ]
10_23 i dSphs: Ackermann+ (2015) i
Unid. Sat.: Bertoni+ (2015)
Virgo: Ackermann+ (2015)
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WIMP paradigm

W (Z) portal,
Higgs portal, Z' portal
Letpo-philic,
flavor-isospin
dependent,
s-(p-,d-) wave
annihilation,
spin (in)dependent
(in)elastic scattering,
General effective
operators




Stll WIMP paradigm

Ex) RH sneutrinos (WIMP)
with RH neuftrinos (DR) in
U(1)g conserving SUSY

Dirac leptogenesis model

[Choi, Chun, CSS 1211.5409]




Stll WIMP paradigm
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indirect detection of DM



DR contributes to N
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Finite DR mass (~eV) : Hot DM

DRs : relativistic during RD ( T > eV), non-relativistic after matter-
radiation equality (T < eV), and they contribute to the total dark maftter
density at present. For scales that enter the horizon before matter-
radiation eqg, HDM perturbations are suppressed = suppression of
matter power spectrum
AL LAY

104 E = 5PDM -~ 5/0Wimp < 5,0Wimp

PDM N Pwimp + PHDM Pwimp

1000 |

P(k)

100 |

Growing perturbation by self gravity



DR-WIMP interactions

Sizable interactions between DR and DM give dark acoustic oscillation
(DAO) (I' > H — T < H) orthe drag effect (I' ~ H) for the evolution of
matter perturbations

M 7] Unbroken hidden SU(N)
. [Lesgourgues, Marques-Tavares,
et Schmaltz 1507.04351]
- Unbroken hidden U(1)
= . 1 [Ko, Tang 1608.01083]
g .
3_0'2_ 0.831 |-
2Pl
~ g 0.791 |
= —03F
E‘/ 0.751 |- o
—0dr 0.71 |

65;.6 6I9 72I.3 75I.7 7I9
. Hy [km/(s Mpc)]

1074 1073 1072 10"1 160 0!
k [h/MpC] @

. ~ >
tuning T'(T) = H(T) for T 2 Teq Growing perturbation by self gravity




Metastable DR (m > MeV): messenger

WIMP DM Annihilation at the galaxy center can generate (partial)
directional cosmic ray signals.

D. Kim, JCP & S. Shin [1702.02944]
% “Iransporting” (effectively) DM at the GC to the vicinity of the Earth via a “proxy” p

P22 2Y & YoeteTy + ... Galactic Center Near the Earth
> xn: heavier DM, dominant relic, no direct coupling to SM Xn P P ____-X-l- ot
> 1 : heavy “meta”-stable dark sector state % Transporting Z;
> x;: lighter DM, subdominant relic, direct couplingto SM "y, @ v W “-%}T e

@ GC 8.5 kpc

[JC Park’s slide at Pheno 17]



Axion-like DM
(QCCD axion, Fuzzy DM)



(ultra) light pseudo scalar fields

« Very light compared to the background temperature mg, <K eV
« Still can be cold dark matter by “coherent oscillation”

1
L= §F2(8M@)2 — A* (1 —cosb)

O(t, ) ~ Oy cos(mgt)R(t) ™3/ for m, > H(t)

PpM = WPDM, W = cOS2m,t

(w), = 0 for my, > H(t)

. Cosmologically stable (8,0)J%, OFF, - -

T, ~ (m3/F?) ™' = (F/10"° GeV)?(10™* eV /m,)? 10°" years




QCD axion

« Solution to the strong CP problem (it is also the origin of the axion mass)

2

el < 107 025 GG with (9) =0 = A ~ Agep ~ 100 MeV
s

1 11 1 11
Me ~ 107° eV( L ;}e\/’) ~ (2cm) ™! ( ! FGeV)

microwave

la 7/6
QDM =~ 025 (<9i2ni>osc. + Oédec.) <1012 Gev)

« The axion DMs (around the earth) can be converted fo photons in
strong magnetic fields T i antenna

S 0762 a
—E-B

High Q cavity




QCD axion

ADMX Achieved and Projected Sensitivity

Cavity Frequency (GHz)
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QCD axion

For the axion DM, the energy density is related with a oscillating 6(t)

— Oy cosmy,t

1

4
PDM\O — mana\o = §m3F298 ~ AQ0D93

The amplitude 6, at present time is independent of F : 0y|gartn ~ 1077
2

Js a/va L —38
39,2 0G*G® with () = 107°° cos m,t

For a larger F (a lower mass) the oscillation period becomes longer :

F = Mp; (my, =10""2eV = (10?sec)™)

oscillating CP violating effects (oscillating EDM of nucleus):




QCD axion

Cosmic Axion Spin Precession Experiment (CASPEr)

NMR techniques + high precision magnetometry
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Larmor frequency = axion mass => resonant enhancement
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« oscillating CP violating effects (

[P. Graham’s slide at Pheno 17]
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Larmor frequency = axion mass =>» resonant enhancement

SQUID measures resulting transverse magnetization




QCD axion

For the CASPEr Sensitivity fing 0(1)
frequency (Hz) = (90 COS mat
107 10* 10° 108 100 10"2 10"
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10710 ; s 7
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Fuzzy DM (ultra-light pseudoscalar DM)

« No contribution from the SM sector
1
L= §F2(8M9)2 — A*(1 —cosb)

* Non-perturbative corrections, A* = Mam?e =t can give various
ranges of mass (e.9. A < Agep or A > Agep )

\‘g /

* For the ultra-light coherent oscillating DM with P, V
[Hui, Ostriker, Tremaine, Witten 1610.0829]

1
p+3Hp+ =V -(pv) =0

R
, 1 1 h? V2\/p
Vo HV VYV = Ve v ( 7 )

- - ntum pressur
 fForlower masses, DM is more wave-like : Quantum pressure

h 1026V (10
)\deBroglie - ( ¢ ) < C) = O4kpC

mqVo meg Vo
[Hu, Barkana, Cruzinov astro-ph/0003365]




Fuzzy DM (ultra-light pseudoscalar DM)

« The gauntum pressure prevents to make a cusp in the DM halo below
the de Broglie length scale of the FDM, Ade Broglie

-2 Resolve the cusp-core, (too big to fail) problem
DM mass density

gravitational force — = ) ’ eravitational force
)\de Broglie ()\de BrOglie)obs, S_/ kpC

« This also address the “missing satellite problem”
Suppress the growth of sub Mpc
scales density perturbation like

1
,b+3H,0+EV-(pV):0 WDII/\
, 1 1 h? V2\/p
V—|—HV—|—E(V-V)V— —EVCI)Jr 2R3m§v( 7 )

Quantum pressure
kewr = 4.5Mpc 1 (mg /10722 eV)¥/?

h 1026V (10
AdeBroglie - ( ¢ ) ( C) = O4kpC

™M aq Vo Mg Vo




Self Interacting DM (SIDM)



Self interactions (r > m,)

Dark matter self interactions could be in thermal equilibrium around the
center of the galaxies : Solving Cusp-core, foo big to fail problem

o () [Spergel, Steinhardt astro-ph/9909386]
— _ -1 o/mpum PDM (%
% I'= onpasv = (0.17vu (lcm2/gram> (0.3Ge\//cm3) (10_3c>
‘ ‘ age of the Universe

150 T

_|sothermal distribution |

o/my =2 cm?/g 140

MW-sized halo | 130

108 F
i 120
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- 0.3GeV /ecm3 | w110
= | & . g
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g 100
< Lk S
S NFW 90
wE  t=0Gyr
b 80
Tt =10Gyr
104 * * * — | ; ; ! — | | ! ! Lol
1 10 100
r [kpc] 1 rlﬁ{pc]
—3 .
o/my ~ | em?g ~ (50 MeV) SIMP DM with m=50 MeV

~ (0.5MeV)*(TeV) ™" WIMP DM with MeV mediator



Velocity dependence

Hints and constraints on the self interactions

Positive observations o/m Vrel Observation Refs.

Cores in spiral galaxies >1cm?/g 30 — 200 km/s |Rotation curves [64, 80]

(dwarf/LSB galaxies)

Too-big-to-fail problem

Milky Way > 0.6 cm?/g 50 km /s Stellar dispersion [74]

Local Group > 0.5 cm?/g 50 km/s Stellar dispersion [75]

Cores in clusters ~ 0.1 cm?/g 1500 km /s Stellar dispersion, lensing|[80, 90]

Abell 3827 subhalo merger|~ 1.5 cm? /g 1500 km/s DM-galaxy offset [91]

Abell 520 cluster merger ~ 1cm?/g | 2000 — 3000 km /s |DM-galaxy offset [92, 93, 94]

Constraints

Halo shapes/ellipticity <1lcm?/g 1300 km/s Cluster lensing surveys |[73]

Substructure mergers < 2cm?/g |~ 500 — 4000 km /s|DM-galaxy offset [79, 95]

Merging clusters < few cm?/g| 2000 — 4000 km /s |Post-merger halo survival | Table II
(Scattering depth 7 < 1)

Bullet Cluster <0.7ecm?/g 4000 km /s Mass-to-light ratio [68]

[Tulin, Yu 1705.02358]



Diversity of rotation curves

Since the dark matter only density profile has a smooth core, its shape is
more sensitive to the additional baryonic gravitational potential
compared to the CDM case in which its own gravitational potential is

more important.

[Komcdo Koplmgho’r Pace, Yu 1611.02716]

—— T 100 ---------------------------
100 UGC 5721, c200:+20, Ma200:5%10"° M, T - 1C 2574, C200:-20, Magg:1.4x10"" M

] 80

0 1% 6o}

N 15 4o}
1 20f .
8 0

Radius (kpc) Radius (kpc)

Isothermal profile without the baryonic influence

True SIDM profile with the baryonic influence 30 galaxies

Vimax~25-300 km/s



Primordial Black Hole (PBH)



Formation of PBH

The black holes could be generated at the early Universe, (not from
stellar evolutions af the late time Universe), if the initial density

fluctuations are large enough, even if there is no DM

s

pdensity (X)

AN\AS N

Initial large density fluctuations
> X

»

particles

a

collapse due to gravitational force
> X

Formation time determines the mass of the PBH.

pa— Mppn 3 _,

PBH — 741 - — Muniv.
TRy 32nGP Mgy

Rs = 2G' Mpgy

Life-fime (due fo Hawking radiation) . _ jgstyea (MPBH>3

(tform)

Mpgy =5 x 1079M,,  at timm = 107 se

C

:Msun at tform = 10_5 Sec

sun




PBH consiraints

Various constraints on the fraction of PBH DM for different PBH masses
MPBH/Msun
7 10

e

1017 10-

S B Ly e A
/mLQ

T "Y U T T T T T k
EG FI NS

0.100

I

FIRAS

0.001 WMAP

PPBH

PDM

1075 -

[Carr, Kuhnel, Sandstad 1607.06077]
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PBH consiraints

Various constraints on the fraction of PBH DM for different PBH masses
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Various constraints on the fraction of PBH DM for different PBH masses
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Various constraints on the fraction of PBH DM for different PBH masses
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Various constraints on the fraction of PBH DM for different PBH masses
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Binary PBHs (and merging) can be the
source of strong gravitational waves



Forming binary black holes and coalescing
- Gravitational waves




Strong gravitational waves are produced
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Merger of a PBH binary

« Based on GWI150914, GW151226, LVTI151012,
event rate is estimated as 2 - 50 Gpc3 year!

« Estimating the PBH binary merger rate
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Merger of a PBH binary

« Based on GWI150914, GW151226, LVTI151012,
event rate is estimated as 2 - 50 Gpc3 year!

« Estimating the PBH binary merger rate
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Outlook

« We have sketched “a few types” of dark matter candidates. | didn’t
discuss the detailed constraints on the class of warm dark matter,
asymmetric dark matter, and mixed (multi-component) dark matter,
Lightest fermion dark matter, efc.

« Also different thermal histories for the same dark matter
candidate are possible to give also interesting signatures that
give the hint for the early Universe.

» The future asfro-cosmological experiments will reveal the
detailed structure of dark sectors.



