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Detection of ULDM

Outline

1. Constraints on ULDM (FDM)
à only gravitationally

2. Constraints on SIULDM
(TF limit)
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Dark matter candidates

ULDM

CDM

WDM

HDM

particle

New Physics
(Beyond SM)

DM

DM

SM

SM

Indirect detection

Collider production

direct detectiondirect detection

high	E		�, �, �.̄ . .

DM detection
In pt. physics

3

4



9/6/2025

3

COSINE-100

No direct, or indirect detection so far 

Challenges for LCDM
•LCDM  was very successful but is becoming non-standard?

1. Small scale crisis (on galactic scale and below)
predicts too many small structures not observed

2.  Hubble parameter tension ~5�:
H0  mismatch between Planck estimation and SN

3.  �� tension ~2-3�	:   �� ≡ σ� Ω�/0.3 , z < 2, Mpc

matter density fluctuation amplitude mismatch 
between Planck estimation and WL & Cluster

4. DE is not L? ~4� ( ex, DESI, AP test)

5. Too early BHs and galaxies (Webb)

6. Cluster collision (collision speed & DM-star offset)

7. Li problem, Cosmic birefringence
…etc

cf) 2105.05208

à ULDM model might address some of these tensions
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Galaxies observed

Minimum mass 
~ 106 Ms

7

satellite plane

J. Bullock+

Any good DM model should explain observed galaxies!

dwarf galaxies

Solutions to Small scale problems
• CDM : m ~ G eV  (can’t solve the problems)
à Baryon physics (SN, BH jets,…)

• WDM : m ~ k eV 
à Catch 22 problem (cusp)

Suppression of the power spectrum                
prohibiting   the formation of the dwarf galaxy 

• SIDM:  σ/m ~ 0.5-1 cm2/g 
à velocity dependent?

• ULDM: m ~ 10-22 eV 
à Lyman alpha favors m > 10-21 eV ?
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∇�� = 4��(�� + ��) , 	 �� = � � �

ULDM

• Galactic DM halo is a BEC made of ultralight scalar particles
• Quantum pressure (from uncertainty principle)  prevents collapse like atoms
• Galaxy size ~ de Broglie wavelength of DM particles ~ kpc
à m ~ 10-22 eV 
• Small m  à high # density à overlap of wave fn. à classical wave

DM  wave fn. of halo
Self-gravitating  potential well   
V

Halo size
�

Schrodinger
-Poisson (SP)

�

visible

9
ULDM	SF					ϕ �, � =

1

2�
�����ψ �, � + ����ψ∗ �, �

core size ~ granule size~ typical length  

Schive etal , Nature physics 2014

granules

10

ULDM simulation

halo

soliton
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Core/Cusp problem of CDM

CDM 

Density profile from rotation curves of small galaxies
strongly disfavors CDM
à ULDM well explains the core profile!

core
Consistent
with Milky 
Way
satellites

Schive etal , Nature physics 2014

ULDM simulationà
Core ~ de Broigle wave len.

cusp (NFW)

m  ~10-22 eV

Observation

core

12

Linear pert. Of ULDM
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Quantum Pressure

Madelung
representation

a=scale factor

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

Density contrast
(k space)

��� =
��

��
� = ��/�ℏ�/�(����

�)��/� ∝ 1/ �� ~ 10 kpcQuantum  Jeans length

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

gravityHubble drag

Nonrelativistic
self-int

11

12



9/6/2025

7

Other cosmological Constraints

• BEC phase transition before nucleosynthesis:   m < 102 eV
• field oscillation before equality     m > 10-28eV
•Maximum mass of  galaxies from BS theory  

spiral   1.04 x1012Ms  <  O(1) Mp
2/m à m < O(1)  1.28x 10-22eV

elliptical   1x1013Ms  <  O(1) Mp
2/m à m < O(1)  1.28x 10-23eV

• Lya forest    m > 10-21eV
• high-redshift galaxy luminosity à m > 1.2x10-22eV
•Stella subpopulations in Fornax à m < 1.1x10-22eV
•Ultra-faint dSphsà m ~3.7-5.6 x10-22eV

fiducial value m ~ 10-22eV

Scales from ULDM

xc=

Ji& Lee JFOPA 2412.10285
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core-halo relation of ULDM

DM core mass

�� = 1.68 × 10����
�� ��(�)

��(�)

��

�����⊙

�/�

�⊙ ~ Mass gap

where ��� ≡
�

�������
, �� = (1 + �)�/��(�)�/�

with �(�) = �18�� + 82 Ω�(�) − 1 − 39(Ω�(�) −1)
�)/Ω�(�) ∼ 180 at � ≥ 1

DM core size 

�� = 0.135���
��

��(�)

��(7)

��
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10���⊙
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�. �����	����	
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� �⁄
ℎ

0.7

� �⁄
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~ Mh halo mass

GW background detected by pulsar timing array

� =
1

2.5����ℎ�

�

10�����
16

1810.03227

ULDM has
intrinsic osc time scale
1/m ~ yrs
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Armurth+2023

Powell+2023

ULDM well reproduce
lens of radio objects

favor m > 4.4x10-21 eV

Small m à more fuzzy
Smoking gun?

Lyman alpha tension?

WDM (1, 3.3) keV ~   FDM  (1, 20) x 10-22eV

m > 10-21eV  
PRL 2017 (Irisic et al) 

Hydrosimulation uncertainty
is large
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Gravitational atom 

19

BH
ULDM 
cloud
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gravitational
fine structure constant

ansatz

Schroedinger equation 
with a Coulomb-like 
central potential

hydrogen atom like
solution

Occupation # is huge, presence of horizon 

Superradiance
(Penrose process)

20

BH ULDM cloud

GW

• growing mode if ���� < ��à BH spin decreases

• can change GW patterns from a BH and BH binary

�

See Zhang & Yang 2018

ULDM waves

magnetic q. number

potential confinement  when ��~��
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UFD constraints

Urrutia 2502.12030

6.1σ tension

22MPA

Constraints on FDM (free ULDM) mass

favors m > 10-21 eV?

Solve small
scale issues
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Self-Interacting ULDM (SIULDM)
Lee and Koh (PRD 53,  hep-ph/9507385)

Galactic DM halo is described by coherent scalar field with self-interaction

Action

Metric

Field

Exact
ground
state
(soliton)

• Even tiny self-interaction drastically changes the scales!
à allows wider range for m to fit observations
• ��	determines	all	scales
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Scales from SIULDM

xc=

Ji & Lee 2412.10285
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Ji & Lee 2412.10285
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Alberto Diez-Tejedor etal PRD 2014
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Cosmological evolution
Li etal 1310.6061

Time varying Eq. of state

1) Z_eq=3390

⇒ ��/� > 4.7 × 10�����

2) Big Bang
Nucleosynthesis

→ 2.6�� ≤
�

��/�
≤ 9.5��

Δ����

����,standard
=
3.71��.��

��.�� − 3.046

3.046
=
�����
��
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SIULDM

ULDM

Chavanis

Koo & Lee

Fornax

cosmological constraints
Garcia + 	2304.10221

30

��~ 1eV

��~ 7eV

1	eV < �� =
�

�
�
�

< 10 eV
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ULDM detection 
ULDM makes coherent waves à if coupled to EM field
à change in effective coupling constants (fine structure)
à oscillation in frequency

Arvanitaki et al., PRD 91
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��

sinusoidal modulation

similar to 5th force

detection by atomic clock

arXiv:1401.2378v2

20 digits precision!

THz

GHz
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Thorium-229’s uniquely low-energy nuclear isomer transiti
on at about 8.3 eV (≈150 nm, ~2×10¹⁵ Hz) makes it the on
ly nuclear excitation accessible to laser spectroscopy and th
us a prime candidate for a nuclear optical clock.

detection
Oscillation of fine structure constant

Filzinger+ 2301.03433
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Arvanitaki+1405.2925

One loop correction
	if	gauge		interaction,		g	A��

effective	self−int.	coupling		�′~O(
3��

64��
)

�′ < ���� ⇒ � ≤ 10���.�⇒ ��~ �
� ≤ 10���

à gauge coupling should be extremely small

à hard to direct detect, if not impossible

Cross section

	�(�� → ��) = ��/128��� 	
�

�
=

��

������ ≈ 1	������ for galactic cluster

��	�~10����� → �~10���
�

��/�
~ 0.1eV

36
in preparation

a cosmological constraint
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GW 2501.08930

38Snowmass 2021 White Paper

But we need to consider effective self-interaction
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39

SN

BOSS

Alestas & L. Perivolaropoulos 2021

phantom DE (w < -1)
à violating null energy condition

Hubble tension

Hubble tension

��

�� estimation from  CMB

��	~1
�

��	

��

�� =
��

��

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

�� =
�

��
∫
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� � /��
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���
�

~ 
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��

CMB(last scattering)

�� & �� depend on expansion history (matter contents ρ � ) 

Sound	Horizon								�� =
�

3���
�

���

�

 
��

�(� ) �⁄ ���
� �⁄ (1 + �(�))

� �⁄

Angular distance
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To increase H0   we can ( �� =
��

��
	
�����)

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

• increase ρ(z) (extra radiation, EDE)  just before ls
à but  need more perturbation 
à worsen S8 tension, ad hoc matter, coincidence?

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

• decrease ρ(z) by decaying DM after ls and/or increase DE to increase the integral  
à late evolution changes  
à tensions with BAO, SN; null energy violation; fine tuning 

Do we need both solutions?

�� = �����

∫
� ��

ρ � ρ�⁄ � �⁄
�

���

∫
�� �  ��

ρ � ρ⁄ �ls
� �⁄

���
� early time (increase ρ(z))

late time   (decrease ρ(z))

�� =
�

��
�

��

ρ � /ρ�
�/�

���

�

�� − ����	 ���� − ���� ���		���� < �	(Phase	I)
Dark	rad−like	(	�4 > �2)	or			�� < � < ���� 	(Phase	II)

CDM		(	�4 < �2)	or		� < �� 	(Phase	III)
	

�(�) ∝ �� decays with an equation of state � =
(���)

(���)

Phase	I

Phase	II

Phase	III

JLee
2502.11568

��

2
|�|� +

�

4
|�|�

Our new proposal

SIULDM alone is enough!
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CDM

ULDM

Phase	I	(DE)

Phase	II (Dark rad)

Phase	III	(CDM−like)

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

à We don’t need exotic matter or fine tuning?
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�
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+��	for	�� < � < ���� 	(Phase	II)	

��(1+ �)
�
+ ��(1+ �)

�
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1 + ���� �

1 + ��
+��	for	���� < �	(Phase	I)	

where �� = 0.022,�� = 0.119,�� = 4.2 × 10��,�� = 0.314 from Planck's Λ CDM 

values

Using the densities, we numerically  obtain 
��(����)

��(���)
≃ 1.049 for �̃ = 0.9

∗ 	�̃ is near lower bound,  input data assumed Λ���, age problem?

�� = ℎ�Ω�
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Ye+ 2107.13391Can ULDM solve both H0 and S8 ?
à need extra DE & ULDM with m < 10-24 eV

LCDM
simulation

S8 = 0.76  (WL)

Conclusions

ULDM with m~10-21 eV or

self-interacting ULDM with 
�

��/�
~1��

seems to be a viable alternative to CDM
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