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1. ULDM (m~ 10-22 eV)
and SI-ULDM ( �𝑚𝑚 ≡ 𝑚𝑚

𝜆𝜆
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~ 1eV)

2. Hubble tension & S8 tension

3. Neutrino mass and EW scale
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ULDM = Fuzzy, ULA, BEC, Wave, Scalar Field,  ψ,  Superfluid, quantum …

J. KIM

S. Sin
Ben. Lee MACHO

SIDM

Cold!

≥ 3000Congratulations!

m=



 Dark matter  in halos is in BEC (Bose-Einstein Condensate) 
 single  macroscopic wave function 
 DM Halo as a  single self-gravitating “giant atom” 

 Uncertainty principle prevents collapse

GPE

BEC (Fuzzy) DM  
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m = 3.3 × 10−23e𝑉𝑉

Sin1



Zhou+ 2512.03357 APJL

m = 3.3 × 10−23e𝑉𝑉

JKPS 1995
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Rotation curves

Sin3

Sin2

Vortex



Self-Interacting ULDM (SIULDM, SFDM)
Lee and Koh (PRD,  hep-ph/9507385)

Galactic DM  is coherent scalar field with self-interaction:
min. extension of BEC DM

Action

Metric

Field

Exact
ground
state
(soliton)

• Even tiny self-interaction drastically changes the length & mass scales!
 allows wider range for m to fit galaxy observations
• �𝑚𝑚 determines many physical scales

𝑆𝑆 = � −𝑔𝑔𝑑𝑑4𝑥𝑥
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𝑑𝑑𝑠𝑠2 = −𝐵𝐵(𝑟𝑟)𝑑𝑑𝑡𝑡2 + 𝐴𝐴(𝑟𝑟)𝑑𝑑𝑟𝑟2 + 𝑟𝑟2𝑑𝑑Ω Spherical.

𝜙𝜙(𝑟𝑟, 𝑡𝑡) = (4π𝐺𝐺)−1
2𝜎𝜎(𝑟𝑟)𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖

𝜎𝜎∗ =
𝛾𝛾0 Sin 2𝑟𝑟∗

2𝑟𝑟∗

Λ ≡ 𝜆𝜆𝑚𝑚𝑃𝑃
2

4𝜋𝜋𝑚𝑚2 ,   Λ >> 1 (Newtonian & TF limit)

𝑅𝑅𝑅𝑅𝑅𝑅 ≈ Λ
𝑚𝑚

= 𝜋𝜋ℏ3𝜆𝜆
8𝑐𝑐𝑐𝑐𝑚𝑚4 ~0.5𝑘𝑘𝑘𝑘𝑘𝑘 (10𝑒𝑒𝑒𝑒/ �𝑚𝑚)2

~kpc  �𝑚𝑚~ O(1) eV

& 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑀𝑀max= Λ 𝑚𝑚𝑃𝑃
2

𝑚𝑚

𝑟𝑟∗ = 𝑟𝑟Λ− ⁄1 2
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�𝑚𝑚 ≡ 𝑚𝑚

𝜆𝜆
1
4

~ O(1)eV

Energy scale



Features of ULDM

8

• Typical galaxy size ~ λdB ~ kpc
 min. & max mass and radius of galaxies
 min. & max mass of SMBHs

• wave nature  gravitational cooling, interference.
• small dynamical friction 
• bg oscillation with f~ m ~ nHz
 detection by GW, Atomic clock

• explain DM relic density
 GUT scale field value (ULA miracle)

can explain many mysteries of galaxies

ϕ 𝑡𝑡, 𝑥𝑥 =
1
2𝑚𝑚

𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖ψ 𝑡𝑡, 𝑥𝑥 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖ψ∗ 𝑡𝑡, 𝑥𝑥
fast (bg
cosmology),    slow (galaxy)
T~yr T~ Myr

T ~ yr

for m~ 10-22 eV

m>H



Challenges for ΛCDM
• Dark matter is the key to solving some of the Universe’s mysteries.

1. Small scale issues (on galactic scale and below) : 
predicts too many small structures not observed 
 Hu+ PRL 2000 (FDM)  m~ 10-22 eV (or �𝑚𝑚~ O(1) eV for SIULDM)

2.  Hubble tension : 5~7𝜎𝜎 → LJW 2502.11568 with SIULDM for �𝑚𝑚~ 1eV
H0  mismatch between CMB and SN

3. 𝑆𝑆8 tension ~ 2-3𝜎𝜎 :  SIULDM �𝑚𝑚~ 1eV  (SCLee & LJW soon)
𝑆𝑆8 ≡ σ8 Ω𝑚𝑚/0.3 , z < 2, Mpc

matter density fluctuation amplitude mismatch between CMB and WL & Cluster

4. DE is not Λ? ~ 4𝜎𝜎 ( ex, AP test, DESI, SN?)  HDE?
wDE(z) is varying

5. Too early SMBHs (z~11) and galaxies (z~14?)
Bak & LJW 2601.21676 (  m~ 10-22 eV or �𝑚𝑚~ 1eV?)

6. Li problem, Cosmic birefringence,… etc

cf) 2105.05208
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Linear pert. Of ULDM

𝑖𝑖𝑖(
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 +

3
2 𝐻𝐻𝐻𝐻) = −

ℏ2

2𝑚𝑚𝑎𝑎2 Δ𝜓𝜓 + 𝑚𝑚𝑚𝑚𝑚𝑚 +
𝜆𝜆|𝜓𝜓|2𝜓𝜓

2𝑚𝑚2

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 with 𝜓𝜓 = 𝜌𝜌𝑒𝑒𝑖𝑖𝑖𝑖, 𝑣𝑣 ≡
ℏ

𝑚𝑚𝑚𝑚
∇𝑆𝑆 ⇒

𝜕𝜕𝑡𝑡𝜌𝜌 + 3𝐻𝐻𝐻𝐻 +
1
𝑎𝑎

∇ ⋅ (𝜌𝜌𝜌𝜌) = 0

𝜕𝜕𝑡𝑡𝑣𝑣 +
1
𝑎𝑎

𝑣𝑣 ⋅ ∇𝑣𝑣 + 𝐻𝐻𝐻𝐻 +
1

𝜌𝜌𝜌𝜌
∇𝑝𝑝 +

1
𝑎𝑎

∇𝑉𝑉 +
ℏ2

2𝑚𝑚2𝑎𝑎3 ∇
Δ 𝜌𝜌

𝜌𝜌
= 0

perturbation 𝛿𝛿 = 𝛿𝛿𝑘𝑘 = 𝛿𝛿𝛿𝛿/𝜌𝜌0

⇒ 𝜕𝜕𝑡𝑡
2𝛿𝛿 + 2𝐻𝐻𝜕𝜕𝑡𝑡𝛿𝛿 +

ℏ2𝑘𝑘2

4𝑚𝑚2𝑎𝑎2 + 𝑐𝑐𝑠𝑠
2 𝑘𝑘2

𝑎𝑎2 − 4𝜋𝜋𝜋𝜋𝜌𝜌0 𝛿𝛿 = 0

Quantum Pressure

Madelung
representation

a=scale factor

FDM has only 2 parameters   m and bg density  𝜌𝜌0 (𝑜𝑜𝑜𝑜 𝐹𝐹)
(+ λ  for  ϕ4 self-interacting ULDM)

Density contrast
(k space)

𝜆𝜆𝑄𝑄𝐽𝐽 = 2𝜋𝜋
𝑘𝑘𝐽𝐽

𝑎𝑎 = 𝜋𝜋3/4ℏ1/2(𝐺𝐺𝜌𝜌0𝑚𝑚2)−1/4 ∝ 1/ 𝑚𝑚𝑚𝑚 ~ 10 kpc

MJ

Quantum  Jeans length

• CDM-like on super-galactic scale (for a small k < kJ)
• Suppress sub-galactic structure (for a large k> kJ)
 ULDM is an ideal alternative to CDM

gravityHubble drag

Nonrelativistic self-int

Sasaki,Mukhanov,
Khlopov,Hwang…



(Millennium)CDM simulation
11

FDM explains observed galaxies better than CDM.



Min. & max mass of Galaxies

Min. & max mass of SMBHs

m = 10-22 eV 

LRDs

Bak & LJW 2601.21676

𝜆𝜆𝑐𝑐

𝜌𝜌∗

MJ

Soliton

DCBH
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Constraints on FDM (free ULDM) mass

favors m > 10-21 eV?

To solve small
scale issues

• Baryon effects?
• Improve simulation?
• ULDM fraction < 1?
• Self-interaction?



Merits of studying SIULDM

• allow wider mass range
avoid some tensions of free ULDM (FDM)
• study direct, or indirect detection of ULDM
• understand particle models
• minimal extension of FDM
• To make a BEC
• explain other mysteries like Hubble tension
& EW scale …etc

We can



Shapiro+ 2106.13244

weak  suppression

𝜆𝜆𝐽𝐽 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 for SIULDM

Shrinking Jeans mass

𝑀𝑀𝐽𝐽 ∝ 𝑎𝑎−3

 weak suppression
compared to FDM
 weaken missing
satellites problem
of CDM and FDM?

FDM SIULDM

𝜕𝜕𝑡𝑡
2𝛿𝛿 + 2𝐻𝐻𝜕𝜕𝑡𝑡𝛿𝛿

+
ℏ2𝑘𝑘2

4𝑚𝑚2𝑎𝑎2 + 𝑐𝑐𝑠𝑠
2 𝑘𝑘2

𝑎𝑎2 − 4𝜋𝜋𝜋𝜋𝜌𝜌0 𝛿𝛿

= 0Quantum

SI



cosmological constraints
Garcia + 2304.10221
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�𝑚𝑚~ 1eV

�𝑚𝑚~ 7eV

1 eV < �𝑚𝑚 = 𝑚𝑚

𝜆𝜆
1
4

< 10 eV



𝐻𝐻0 estimation from  CMB

𝜃𝜃𝑠𝑠 ~1𝑜𝑜
𝑟𝑟𝑠𝑠

𝐷𝐷𝐴𝐴

𝜃𝜃𝑠𝑠 = 𝑟𝑟𝑠𝑠
𝐷𝐷𝐴𝐴

is a standard ruler with 0.04% precision. (fixed)

𝐷𝐷𝐴𝐴 = 𝑐𝑐
𝐻𝐻0

∫0
𝑧𝑧𝑙𝑙𝑙𝑙 𝑑𝑑𝑑𝑑

ρ 𝑧𝑧 /ρ0 1/2 ~ 1
𝐻𝐻0

CMB(last scattering)

𝑟𝑟𝑠𝑠 & 𝐷𝐷𝐴𝐴 depend on expansion history (matter contents ρ 𝑧𝑧 ) 

Sound Horizon 𝑟𝑟𝑠𝑠 =
𝑐𝑐

3𝐻𝐻ls
�

𝑧𝑧ls

∞ 𝑑𝑑𝑑𝑑

𝜌𝜌(𝑧𝑧 ⁄) 𝜌𝜌 𝑧𝑧ls
⁄1 2(1 + 𝑅𝑅(𝑧𝑧)) ⁄1 2

Angular distance



It’s almost impossible to solve H0 and S8 Tension

• Does H₀ increase?
• Does S₈ decrease?
• Are zeq and the acoustic peak heights, θs preserved?
• Are the BAO observables DM/rd and DH/rd and SN consistent with observations?
• Are the TT, TE, EE, and CMB lensing spectra consistent with observations?
• Is the matter power spectrum P(k) consistent with Lyman-α forest and galaxy cl

uster observations?
• Does DM explain small scale issues?

CMB

BAO

P(k)

small scales

SN



To increase H0   we can ( 𝜃𝜃𝑠𝑠 = 𝑟𝑟𝑠𝑠
𝐷𝐷𝐴𝐴

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

1) early time solutions (decrease rs to decrease DA )

• increase ρ(z) (extra radiation, EDE)  just before ls
 but  need more perturbation (CMB acoustic peak)
 worsen S8 tension, BBN (extra radiation),
exotic matter, fine tuning, coincidence?

2)  late time solutions (rs & DA fixed, increase the integral)

• decrease ρ(z) by decaying DM after ls and/or increase (phantom) DE to increase 
the integral , local void, late neutrino? 
 late evolution delicately changes  
 tensions with SN, BAO; null energy violation; fine tuning …

𝐻𝐻0 = 𝜃𝜃𝑠𝑠𝐻𝐻𝑙𝑙𝑙𝑙

∫𝑧𝑧𝑙𝑙𝑙𝑙

0 𝑐𝑐 𝑑𝑑𝑧𝑧
ρ ⁄𝑧𝑧 ρ0

⁄1 2

∫∞
𝑧𝑧𝑙𝑙𝑙𝑙 𝑐𝑐𝑠𝑠 𝑧𝑧 𝑑𝑑𝑑𝑑

ρ ⁄𝑧𝑧 ρ 𝑧𝑧ls
⁄1 2 early time (increase ρ(z))

late time   (decrease ρ(z))

𝐷𝐷𝐴𝐴 =
𝑐𝑐

𝐻𝐻0
�

0

𝑧𝑧𝑙𝑙𝑙𝑙 𝑑𝑑𝑑𝑑
ρ 𝑧𝑧 /ρ0

1/2



Can ULDM solve both H0 and S8 ?

20Ye+ 2107.13391
 need exotic DE & ULDM with m < 10-24 eV

ΛCDM
simulation

S8 = 0.76  (WL)



𝐷𝐷𝐷𝐷 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑓𝑓 𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜 < 𝑧𝑧 (Phase I)
Dark rad−like ( 𝜙𝜙4 > 𝜙𝜙2) or 𝑧𝑧𝑚𝑚 < 𝑧𝑧 < 𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜 (Phase II)

CDM ( 𝜙𝜙4 < 𝜙𝜙2) or 𝑧𝑧 < 𝑧𝑧𝑚𝑚 (Phase III)

𝑉𝑉(𝜙𝜙) ∝ 𝜙𝜙𝑛𝑛 decays with an equation of state 𝑤𝑤 = (𝑛𝑛−2)
(𝑛𝑛+2)

Phase I

Phase II
Phase III

JLee
2502.11568

𝑚𝑚2

2
|𝜙𝜙|2 +

𝜆𝜆
4

|𝜙𝜙|4

Our proposal with SIULDM

SIULDM alone is enough!

Turner



CDM

ULDM
Phase I (DE)

Phase II (Dark rad)

Phase III (CDM−like)

 SIULDM acts as a natural extra radiation comp. just before ls

 We don’t need exotic matter or fine tuning to solve
H0 tension?



)𝐻𝐻0(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈
)𝐻𝐻0(𝐶𝐶𝐶𝐶𝐶𝐶

≃
∫𝑧𝑧l𝑠𝑠

∞ 𝜌𝜌(𝐶𝐶𝐶𝐶𝐶𝐶)(𝑧𝑧) − ⁄1 2 𝑑𝑑𝑑𝑑
)1 + 𝑅𝑅(𝑧𝑧

∫𝑧𝑧ls

∞ 𝜌𝜌(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)(𝑧𝑧) − ⁄1 2 𝑑𝑑𝑑𝑑
)1 + 𝑅𝑅(𝑧𝑧

𝜌𝜌(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)(𝑧𝑧)

∝

𝜔𝜔𝑟𝑟(1 + 𝑧𝑧) 4 + 𝜔𝜔𝑚𝑚(1 + 𝑧𝑧) 3 + 𝜔𝜔Λ for 𝑧𝑧 < 𝑧𝑧𝑚𝑚 (Phase III)

𝜔𝜔𝑟𝑟(1 + 𝑧𝑧) 4 + 𝜔𝜔𝜙𝜙
�1 + 𝑧𝑧) 4

1 + 𝑧𝑧𝑚𝑚
+ 𝜔𝜔𝑏𝑏(1 + 𝑧𝑧) 3 + 𝜔𝜔Λ for 𝑧𝑧𝑚𝑚 < 𝑧𝑧 < 𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜 (Phase II)

𝜔𝜔𝑟𝑟(1 + 𝑧𝑧) 4 + 𝜔𝜔𝑏𝑏(1 + 𝑧𝑧) 3 + 𝜔𝜔𝜙𝜙
1 + 𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜

4

1 + 𝑧𝑧𝑚𝑚
+ 𝜔𝜔Λ for 𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜 < 𝑧𝑧 (Phase I)

where 𝜔𝜔𝑏𝑏 = 0.022, 𝜔𝜔𝜙𝜙 = 0.119, 𝜔𝜔𝑟𝑟 = 4.2 × 10−5, 𝜔𝜔Λ = 0.314 from Planck's Λ CDM 
values

Using the densities, we numerically  obtain 𝐻𝐻0(ULDM)
𝐻𝐻0(CDM)

≃ 1.049 for 𝑚̃𝑚 = 0.9

∗ 𝑚̃𝑚 is near lower bound,  input data assumed Λ𝐶𝐶𝐶𝐶𝐶𝐶, age problem?

𝜔𝜔𝑖𝑖 = ℎ2Ω𝑖𝑖



Diagnostics with modified Class with perturbation

with SCLee in preparation



Surprisingly, in SIULDM model
Galactic dynamics, H0 tension, S8 tension
all indicate similar �𝑚𝑚 ~ O(1) eV 

why????

Considering tiny m ≥ 10-22 eV, this consistence
is non-trivial



ULDM and neutrino 

Sin3

 �𝑚𝑚 might be related to neutrino mass (See-saw?)
 SIULDM as majorons?



ULDM as majoron?

27

ℒYukawa = −𝑦𝑦𝑦𝑦𝜈𝜈
‾ 𝑐𝑐𝜈𝜈 Majonara 𝜈𝜈

𝑚𝑚𝜈𝜈 = 0.1eV
𝑦𝑦

10−25
𝑣𝑣

1015GeV

𝑦𝑦 =
𝑚𝑚𝜈𝜈 𝜆𝜆

𝑚𝑚𝜙𝜙
= 10−25 𝑚𝑚𝜈𝜈

0.1eV
𝑚𝑚𝜙𝜙

10−22eV

−1 𝜆𝜆
10−92

⁄1 2

= 10−25 𝑚𝑚𝜈𝜈

0.1eV
𝑚𝑚𝜙𝜙

10−22eV
10 eV

�𝑚𝑚

2

One-loop quantum correction from the Yukawa
is  𝑂𝑂 𝑦𝑦4 ≃ 10−8𝜆𝜆 ≪ 𝜆𝜆

0.06 eV< 𝛴𝛴𝑚𝑚𝜈𝜈 <0.071 eV (DESI)

real

Good feeling
about
this, I have



Delgadillo+ 2512.18186

T ~ yr

ℒYukawa = −𝑦𝑦𝑦𝑦𝜈𝜈
‾ 𝑐𝑐𝜈𝜈

find  nHz 𝜈𝜈 mass oscillation
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�𝑚𝑚 ≡ ⁄𝑚𝑚 𝜆𝜆 ⁄1 4 ~ 10 eV

GUT 

neutrino 

EW

PNGB 
ULDM
(Majoron?)

ex) m ~ 10−22 eV, 𝜆𝜆~ 10−92

𝑇𝑇𝑐𝑐 ≃ ⁄𝑚𝑚 𝜆𝜆 = ⁄�𝑚𝑚2 𝑚𝑚 ~ 1015 GeV

𝑇𝑇𝐸𝐸𝐸𝐸 ~ (𝑇𝑇𝑐𝑐 �𝑚𝑚) ⁄1 2 ~ 103 GeV

Hierarchy?

galaxy observations

reverting seesaw?

induces EW scale

m²(T) = m² + λT²/4



Conclusions
ULDM with m~10-22 eV or

self-interacting ULDM with 𝑚𝑚
𝜆𝜆1/4 ~1𝑒𝑒𝑒𝑒

seems to be a viable alternative to CDM

 might solve many mysteries of cosmology
and astrophysics. 
 can be detected soon
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Suppress small scale

•FDM predictions to dwarf galaxies, stellar heating, 
subhalo survival, and globular-cluster dynamics.
• ULA miracle



ULA miracle

𝐼𝐼 = � 𝑑𝑑4𝑥𝑥 𝑔𝑔
1
2

𝐹𝐹2𝑔𝑔𝜇𝜇𝜇𝜇𝜕𝜕𝜇𝜇𝑎𝑎𝜕𝜕𝜈𝜈𝑎𝑎 − 𝜇𝜇4(1 − cos 𝑎𝑎)

𝑚𝑚 =
𝜇𝜇2

𝐹𝐹
𝑎̈𝑎 + 3𝐻𝐻𝑎̇𝑎 + 𝑚𝑚2 sin 𝑎𝑎 = 0

oscillation starts at H~
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

2

𝑀𝑀𝑃𝑃
= 𝑚𝑚

MDE starts at 𝑇𝑇1~1𝑒𝑒𝑒𝑒 →
𝜇𝜇4(𝐷𝐷𝐷𝐷)

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
4 (𝑟𝑟𝑟𝑟𝑟𝑟)

→
𝜇𝜇4𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
4 𝑇𝑇1

~1

𝐹𝐹 =
𝜇𝜇2

𝑚𝑚
~

𝑀𝑀𝑃𝑃
3/4𝑇𝑇1

1/2

𝑚𝑚1/4 ~ 1017𝐺𝐺𝐺𝐺𝐺𝐺 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

Ω𝑎𝑎~0.1 𝐹𝐹
1017𝐺𝐺𝐺𝐺𝐺𝐺

2 𝑚𝑚
10−22𝑒𝑒𝑒𝑒

1/2
ULA miracle?

Hui et al 2017
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m > H

ULDM naturally explains DM density with GUT scale.
This holds for generic ULDM with  a quadratic pot.

F



Impossibly early SMBH?

z =10.6, MBH=106.2 𝑀𝑀⊙

GN-z11 (Maiolino+)

SMBHs (Quasar) with M~106 Ms were already mature  at around z=11 
(~0.45 Gyr) 

Cosmic
chicken-egg
problem

mass gap IMBH



How SMBH seeds can form

IMBHstar cluster

DCBH

Inayoshi+1911.05791

need UV

Seeds

A few found
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Sales+ 2206.05295

• Key problem is how to suppress small scale structures < dwarf galaxies.
 we need a new CDM  ULDM with m~ 10-22 eV might solve many of these

• Still unsolved problems seem to be related to Baryon-DM relation

• Can baryon physics + more precise numerical simulation + more observations
save CDM?

Small scale issues with CDM (simulations)

Park+ Jcap 2022

√

√

√

√• BTFR, 
• L catastrophe

no DM model solved

WDM



2022 Snowmass Summer Study

CDM, BH
WIMP

ULDM

CMB

SIDM

WDM

QCD Axion

No DM star or planet found so far  DM has kpc length scale?
37

Galaxies are DM dominated and seem to have ~ kpc size scale

Triumphs of CDM here Troubles here



Galaxies observed

Minimum mass 
~ 106 Ms

38

satellite plane

J. Bullock+

Any good DM model should explain observed galaxies

dwarf galaxies



GW background detected by pulsar timing array

𝜔𝜔 =
1

2.5𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚

10−22𝑒𝑒𝑒𝑒
39

1810.03227

ULDM has
intrinsic osc time scale
period~1/m ~ yrs
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