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Various Dark Matter

DM (self-interacting DM)
GeV-TeV | CDM Thermal relic WIMP | (10GeV ~ 1TeV)
ven ~ Okm /s
ke\/ ¢ WDM becomes non-relativistic earlier; suppress
, ven ~ 0.03km/s | Perturbation at galactic or smaller scales
(gravitino, sterile neutrino,...)
eV - HDM —— remains relativistic until late time, and erase ‘
- ven ~ 30km/s structures at super-galactic scales. (v,...)
meV~peV standard QCD-axion (1peV~ 1meV)
1022eV | FDM (Fuzzy DM; axion-like, ALP, ULA)

quantum pressure
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Evidence of Dark Matter

success of CDM on large scales (=10 kpc) [

stellar motions: Lord Kelvin (1884); Kapteyn '22; Oort ‘32

Galaxy clusters — ~80% of mass is dark (Zwicky ’33)

Galaxy rotation curves (Rubin & Ford '70)

0
o

Galactic disk stability (stellar kinematics) (Ostriker & Peebles '74)
Cosmic Microwave Background (CMB) (angular power spec)
Structure formation — P(k), galaxy clustering, Ly-a forest

Gravitational lensing (strong & weak)

Bullet Cluster (Markevich+'02; Clowe+'06)




galaxy bias: dga) = bom Millenium Simulation



“Standard Model’ of Cosmic Structure Formation
(ACDM model)

Cosmic time
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Years after the Big Bang

400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billic

he Big Bang

The Dark Age

1193(qo jesiwiouo.ise
. 181y JO uonBWIOY | . -
saixejer) 1S.i4

Z~06

BRAD
o
‘; By
\&
3 .
Fully ionized @lINEutralized - . ‘ < Fully ionized

o
AN

. Reionization

z~15 N

1+Redshift

JWST

HST

DES
SKA MOONS

EUCLID...

SDSS, 2dF



DM halo & galaxy

Circ

Intergalactic
medium

"N

dark matter
halo

luminous matter

(ct. Spherical collapse model)




Small-scale problems of ACDM?

Cusp-Core problem: simulations predicting too steep
iInner halo profile Flores & Primack '94; Moore '94

-+ Missing satellites problem: too much substructure”
Klypin+'99; Moore+'99

Too-big-to-fail problem: over-abundance of massive & dense

substructures (in CDM sim) that could host gals after

reionization (but unobserved in M\W-satellites) |
Boylan-Kolchin+'11

Void phenomenon: gals in voids are too normal?
Peebles '01

Satellite plane problem: satellites aligned in a plane for
both MW and Andromeda




Cusp vs. Core

Navarro-Frenk-White (NFW) profile LITTLE THINGS survey
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Some observed dwarf gals
have flat cores.



Cuspy profile: non-universal
even with DM-only sims.
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Universal Profile:

NFW: MNRAS 275, 720 (1995): proposed NFW profile for x-ray clusters
NFW: ApJ 462, 563 (1996)
NFW: ApJ 490, 493 (1997): Appendix has useful formulae

Papers supporting NFW profile:

Cole & Lacey, MNRAS 281, 716 (1996)

Tormen, Bouchet, & White MNRAS 286, 865 (1997)

Kravtsov, Klypin, & Khokhlov ApJS, 111, 73 (1997) (Code paper)
Power et al., MNRAS 338, 14 (2003)

Papers finding steeper profiles:

Fukushige & Makino, ApJ 447, J9 (1997)
Moore et al., ApJ 499, L5 (1998)

Moore et Al, MNRAS 310, 1147 (1999)
Ghigna et al, ApJ 544, 616 (2000)

Klypin et al, ApJ 554, 903 (2001)
Fukushige & Makino, ApJ 557, 533 (2001)

Papers finding shallower profiles:

Kravtsov et al., ApJ 502, 48 (1998) (but later "retracted" by Klypin et al 2001)
Papers finding not-so-universal profiles:

Jing & Suto ApJ 529, L69 (2000)

Jing, ApJ 535, 30 (2000)

Fukushige, Kawai, & Makino, astro-ph/0306203 (2003)
Hayashi et al., astro-ph/0310576 (2003)

List: Boylan-Kolchin & Ma



SN-driven outflow creates cores

(zoom-in hydro sim)

BT e Inner density profile

Bashful

oscillates rapidly.

106 ,- ——— z=1 Hydro I "
: ~ = — — 2=2 Collisionless , h
: z=1 Collisionless ol ! l‘ “_,
- Jl|
0.1 1.0 10 A AR R SR
Pontzen & Governato ’12 Yajima, KN+ ‘17
Madau+’14

"Feedback’ can remove cusp prob.



m12g FIRE simulation  mgm~2e5 M®/h €am=100 pc/h
Mb=5e3 M®/h €Ep=/ pc/h




Gas Density Temperature

400ckpc/h

AGORA L12 sim.

Movie



Temperature (200 cMpc/h) Temperature (100 ckpc/h) Gas density (100 ckpc/h)

Metallicity

400ckpc/h : /h_ | 20ckpc/h

Reference: GADGET3-Osaka simulation (Shimizu et al. 2019); Images: Shimizu & Nagamine (2019, in prep.)
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Substructure problem?

z=0.0
‘853 X' 640 kpc .




Substructure Problem Solved?

s Milky Way
‘.“%\\ (classical satellites)
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No Missing Satellite Problem??

v okme Approaching to
Veew > 10kms™t | r@jONIZAtION SUPPression
'E 103_: e Vpeak > 18 kmS‘.l scale
= ; == (QObserved Gala>_<7|_efs_/ A
3
o
®*
q>) \7 102_
£ = 40-50 ultra-faint dwarfs
?Es have been discovered
> 101
O :
100 T T T
0 20 40 60 80 100
r (kpc)
Distance from gal center Garrison-Kimmel+17; Graus+'18

Latest obs by: SDSS, Pan-STARRS, DES, MagL.iteS,...



How about WDM?

gravitino (Kawasaki+’97)
sterile neutrino ~ keV (Boyarski+’09)

e.g.,

Thermal relic; Streaming velocity vs/c ~ Tx/my

0.15 1.3 k 1.15
Rs ~ 0.31(3—’3‘) (O—ZS) (miv) h~!Mpc| m~1.5keV => Rs~0.3 Mpc/h
' ' . Bode+’01

T2 (k) = Pwpm(k)/Pacom(k) = [1 + (k)] 17",

| keV [.11 O 0.11 h 1.22 Viel+’12
a(mWDM>:o.049( c ) ( WDM) ( )

mMwpMm O 25 0_7

—3.33
half-mode mass My, = 5.5 x 10%° ("{"{‘{”@‘) Mg Schneider+’12
e

Colin+’00; Bode+’01; Viel+’05; Colin+’08; Colombi+’09; Viel+’12; Menci+’17



WDM

Suppression of P(k) @ small scales
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Colin+’00; Bode+’01; Viel+’05; Colin+’08; Colombi+’09; Viel+’12; Menci+’17



Viel+’12

* Mam = a few keV seems more likely




100 kpc 100 kpc
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- WDM reduces the substructure, but keeps the cusp.
- SIDM doesn’t reduce substructure, but produces large core

o/m ~ 0.1—-100 cm?/g



Fuzzy Dark Matter (FDM)

Ultra Light Bosons, Wave-like, Axion-like

non-thermal boson field (particularly scalar), non-rela,
low-momentum state as a cold BEC

m~10'22 eV, Ade Broglie~1 kpC
expect suppression of halos at 107-1010 Mg
forms a central core as a “soliton” (Schrodinger-Poisson eq.)

on large-scales, ~ CDM

Baldeschi+83; Kim '87; Sin+94; Hu+00; Marsh+14; Schive+14;
Hui+17; Mocz+17; Robles+18; Zhang+18; .....




SFDM m,_=2.5x10-?%¢V CDM

Schrédinger-Poisson eq. z~3 (AREPO) *
T S0 Vv |
th—— = — my
Ot 2ma? |
4G 7
L VWV =—(p—-7) 9
a

p= ||’

i 2Mpc | P. Mocz,VHR ,Vogelsberger+18

- Uncertainty principle counteracts gravity below Jeans scale

- adds new form of quantum pressure from uncertainty

- constraints from Lya P(k): m > 2 x 1072 eV

cf. Irsic+17; Armengaud+17; Zhang+17
Desjacques+'17



Solitonic Core of FDM simulation

gravitationally bound
solitonic core

e.g. mp=(8.1715) x 1072 eV
for Fornax dSph gal.

p(r) /{p)

My<M>

~ " oal

M, ~2x10° M, for MW core




ULA simulation movie




(a) box (b) projection (c) slice
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— Concluding remarks —

- “Small-scale problem” — might exist, but astrophysics
can still solve .

- “Missing satellite problem” is quickly disappearing
— opposite problem arising”?

- Better understanding of astrophysical effects on
various scales w. feedback

- How do we reflect the nature of elementary ptcls
realistically to numerical simulations?

- B8 DMAERRBOTOHICEER (= ENRKICE +BIEHRXT )




