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Outline

1. Fuzzy DM and galaxies

2. Self-interacting ULDM

3. ULDM and neutrinos




Mass scale of dark matter

(not to scale) TASI lectures by Lin arXiv:1904.07915
J. KIM
QCD axion WDM limit unitarity limit
1022eV  TEE keV GeV 100tV My 10 Mg

— » HDM I wom 1 EDM— —

S‘,‘Ultralight” DM ‘“Light"DM WIMP  Composite DM Priordial
(Q-Dballs, nuggets, etc) —
n non-thermal dark sectors Ben. Lee S blac

bosonic fields sterile v
can be thermal

ULDM = Fuzzy, ULA, BEC, Wave, Scalar Field, vy, Superfluid,
quantum ...

2403.02386

Compact objects in the mass range from 1.3 X 107>M¢ to 860 Mg

cannot make up more than 10% of dark matter. (2403.02386)
- No DM star or planet observed in our galactic halo




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

Temperature of universe [eV]

108 10° 10?2 104 10° 103 101° 1012 1014
"
= | 2022 Snowmass Summer Study
e 10° f,r-f\ A
,—.’:‘; /j’ \
e 1 .
= success of CDM , / ch? AN on |
= SIDM : / i
e 1 /
m:] 102 | e —— I >, -
: - : DM, BH
= [
21000 : / : 1
z, i / o\ . CDM
= | ! _ 1 — WIMP
= 10-2L L 1 1 i ] J
= \ = : ,l ) " = Fuzzy DM
E; = = ‘\ U M i 1 II 7-;‘ .—_::' Interacting DM
7 10— % 5 \\ = : ,l .'I'. ] Warm DM -
= e NG = ) = = ——— Early MD
= 10— 5] E S~ ,TE‘ ,z’ 1 = = Axion Misalignment
p— - -~ \ ’f (e B N u
= 17 =z =~ : 5 o\ Vector DM
2 Z = Sle— = S e S
;_'_i “I—"; CJ L? IJD I 1 L2 1 w2 1 ‘\‘\l( . htll“ﬁ 1
10—2 100 102 104 108 108 1010
Wavenumber k& [h/Mpc]
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1044 1044 108 104 10° 10— 10—8 e 16~ 102

H;'lln ITass _1'\[1,:\1,7, [J[,_;]

No DM star or planet found so far 2 DM has kpc scale?,




Non-linear evolution (usually N-body)

N-body
ex) Gadget..

2 L
-

ITC @ University of Zilric* :




Challenges for ACDM

2105.05208

*ACDM is very successful but encounters some tensions

1. Small scale crisis (at galaxy scale)
predicts too many small structures not observed

2. Hubble parameter tension ~50:
mismatch between Planck estimation and SN

3. Sg tension ~2-30: Sg = 0g+/£,,,/0.3
mismatch between Planck estimation and WL & Cluster

JADES-GS-z14-0

4. Early BH and galaxies (Webb)
5. Cluster collision (collision speed & offset)

6. Li problem
etc

- Any good DM model should address these tensions




Galaxies observed
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Any good DM model should explain observed galaxies




Some of small scale 1ssues with CDM

ales+ 2206.05295
ACDM Tensions with Dwarf Galaxies

D 4 . . o .
[ No tension [ Uncertain Weak tension Strong tension

= 7~ "~ o ~ ~ ~
( \/l\-ﬁssiug satellites ‘ M.,.- Myaio relation \/ Too big to fail Diversity of rotation curves ‘

[ i
BTFR, ‘( V Core-cusp Diversity of dwarf sizes | V Satellite planes 4 \‘
AM catastrophe Park+ Jeap 2022

( Quiescent fractions J

« Key problem is how to suppress small scale structures < dwarf galaxies.
- we need a new CDM - ULDM with m~ 1022 ¢V can solve many of these

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

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




Solutions to Small scale problems

Key : How to generate the length scale ~ galaxy ~ kpc
= How to give kinetic energy to DM

CDM: finer resolution, tidal effects, Baryon feedback:
SN, BH jets & more observations...

WDM: thermal kinetic energy from m ~ keV

SIDM: o/m ~ 1 cm?/g (v dependent?)

FDM: m ~ 10-?’¢V, quantum pressure

Q] Can these models solve all these problems with
a single set of parameters’




ULDM: DM is in Bose-Einstein Condensate!

A.K.A . Fuzzy, ULA , BEC, Wave, vy, Fluid, Quantum, ELB,,...

CDM (WIMP) m: DM particle mass

sHeavy , m > GelV
*Particle—like -
e d >> Ayg ~1/mv -
Newton's eq
Random motion
*No scale practically

ULDM

*Ultra-light, m ~1074° eV

*high # density n ~ 10°° /cm?’

2> (d << Ayg) 2 wavin. overlap
wave—Iike

*SPE

scoherent motion

Min. scale




ULDM

* Galactic DM halo is a BEC

* Quantum pressure (from uncertainty principle) prevents collapse

* Galaxy size ~ de Broglie wavelength of DM particles

2> m~10%%eV

« Small m - high # density = overlap of wave fn. = classical wave

Self-gravitating potential well
\Y

-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
X

Schrodinger A
-Poisson (SP) thopp = — %VZIP + mVy + int.

vZV — 47TG(pd + va)/ VlSlble’

SFDM  &(t, x) = \/% le (L, x) + e™ (¢, x) |
m




Cos potential

Boson star (Ruffini et al *80s)

(ULA)
on: ou free field (1 = 0)
Wave
A DM
ULDM
Repulsive BEC DM .
o BEC (Sin 1992) |
SIBEC szhnpgr‘hm d
Scalar field Fluid DM

DM
Self-interacting (A # 0)
Lee and Koh (hep-ph/9507385)

Fig. 9 Map of the ULDM classes of models

Ferreira et al.



Linear pert. Of ULDM

FDM has only 2 parameters m and bg density p,
(+ A for ¢* self-interacting ULDM)

a=scale factor

Nonrelativistic
h? AlY|#y

oYy 3
—_— Y L Nt - _
Lh(at + > HY) ma? AY +mlVy + >

Madelung ' _
representation p er turb ation Wlth l/) —

( |
atp+3Hp+EV-(pv) =0

i AP

| 1 h
atv+av-Vv+Hv+—Vp+;—VV+ V<—>=O

] pa ia 2m2a3  \ \/p

perturbation 6 = 6, = 6p/ p/ Quantum Pressure
Density contrast K22 7 k2
(k space) = 026 + 2H0.6 + (( + 65,2)? — 47TG,002 5§=0

22
Hubble drag 4m=a gravit

21
Quantum Jeans length b= = w312 (Gpom?)~H* o« 1/VmH

* CDM-like on super-galactic scale (for a small k <k;)
* Suppress sub-galactic structure (for a large k> k;)




Length scales of DM models

21,2 2
1) CDM, WIMP, WDM: 926 + 2H,8 +W% - 47TG,00) 5§=0

—> use free streaming length instead

h2k? k?
2) FDM: 0#6 + 2H0,6 + (4m2a2 +f%/)/— —4nGpy |6 =0

- Q. Jeans length

3) self-int ULDM: 828 + 2H9,6 + ( %% £ _ 47TG,00> 5§=0

2magh? 4na5h2 mh3A

P=""173 p*ci=p'(p) = et % = 8mme scattering length

2

2
4) pt. SIDM: 828 + 2H,6 + ((fyf‘é +c2)* e _ 47er0> =0




Core/Cusp problem of COM

ULDM->

CDM (NFW) = Cusp Core ~ de Broigle wave len.

Dark matter only 4

e U T

'Consistent |\ ¥ewae, o0
rwith Milky |\ \ee ™o ™
‘Way N

O IC 2574 A DDO 154 @ DG1 % 'satellites
" [ NGC 2366 Y7 DDO 53 'O DG2 o L

7 Ho | A M81dwB
L () Ho Il

1 \Llllll |

10~
R/R,,

Schive etal , Nature physics 2014

Density profile of small galaxies distavors CDM
- ULDM well explains the core profile




Features of ULDM

Bt X) = —— [y (e, 1) + ey (¢, 0)]

fast (bg), slow (galaxy)
Typical galaxy size ~ 15~ kpc
wave nature = gravitational cooling
small dynamical friction
bg oscillation with m ~ nHz
explain DM density
- GUT scale field value

=» cxplain many mysteries of galaxies




Typical scales of FDM  mnee1001442

time dependent and functions of =

1) time e

t. =~ (Gp)~1/% : Hubble time

2) length (q. Jeans length) = explain size evolution (JLee PLB 2016)
2

_ _(h\* 1 _ 1022eV\“ 10°Mg _ [h oy _1/4
xc_}\dB_(m) GM_854'8PC( m ) M —\/;(Gp)

~ Gravitational Bohr radius ~ de Broglie wavelength

3) velocity

=x./t.=GMm/h =224k M ( e ) (G )1/4,
Ve = Xe/te = GMm/h =224 km/s\ 7og0— I\ 10-22¢y :

no\2 1 B o . —-3/2 5 1/4
G%m> pl2)s = 1.54 X 10°Mg (10-22ev) (10-7M@/pc3)

also explain max. mass of galaxies




5) Angular momentum
L.=Mx.v. = h% = Nh, (L eigenstates?)

5/2
h) / —1/4

M 10~22ey (— P
:1.1><1096h< )( ¢ )z L

108M® m G3/4

6) acceleration 2> MOND (LKL, PLB 2019)

a. = x./t? = G3m* M3 /n*

_ 40 om0\’ Ry
= 1.9 x 10~ 'meter/s? (10_2"28[/) (108M®) z\/%(Gp):)‘/‘L

cf) MOND scale ag = 1.2 X 10~ %meter/s?

7) potential V. =1 gives Max. Galaxy mass M = 101?M

2

V.= (4nGM)? = 8.8 x 10~7c2 m N MY
€ p2 n = 06X . (10—223V) 108M® Nonrelativistic




ULA miracle

I = jd‘*x\/ﬁ FFzgﬂ"a ad,a — u*(1 — cos a)]
2 pemy

u?

m=-— m>H
i+ 3Ha+m?sina=0 WF
TOZSC

oscillation starts at H~ T m

P
4(DM 4T
MDE starts at T;~1eV — e ) N K osc

MT;SCT1N
2« e

_=2 7P "1 4017
F=—n~—t o~ 107GeV

F ? m  \1/2 _
0,~0.1 107 ey (10_226V) ULA miracle?

1

Hui et al 2017

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




Thermal history

V34 p1/2

T, ~F~—L_~ 1017 GeV

ml/4

Oscillation T,oo ~ (Mpm) 172 . 103ev
starts




— NACDM
—— AdS-EDE
AdS-EDE+ULA

simulation

66 68 70 ' 74 76
Ho Ye+2107.1339

Can ULDM solve both H, and Sq ?




GW background detected by pulsar timing array

: L{]. i
Frequency (Hz)

Porayko+ 1810.03227

ULDM has

intrinsic oscillation time scale time-dependent metric

1/m ~yrs [f~nHz] —> frequency shift ov
—> timing residuals




Gravitational cooling

vi=112.776[km/s]

t=0.0 x 108yr

: ; .. Seoul city univ.
GC gives effective friction even for FDM

23




CDM(Gadget) ULDM

&

may solve satellite plane problem

i3

SPark, DBak,JLee,IPark JCAP 2022 (Pyultralight+ Mulguisin)

24




nowm W

n WM oW B
ww o m wpe

i wogm W
-u..uu..uuuu.--.un..

PR u.-u..-uuqquu-
"

mom ow o g S W

P L

T AT L

- AT

4

-

Dynamical
friction by ULDM

Wang+ 2110.03428



t
bottlengdck Final pc
]ble tlme ] j ty, (loss cone

e S = | -7o1 (-1 1 - To §

iy .
(neglecting e

loss cone
depletion)

/
/
/

102 1

Gravitational wave frequency [yr—!]
10! 107 1071 102 103 10—

o e

s
Gravitational 8
Dark matter Stars & gas

—_
]

gedf

waves ‘E
driven phase Ex §<_I AlOIlSO-AlVﬂI'GZ"’

driven phase driven phase

— |SMBHs mer

03 102 10! 10" 10!
Supermassive black hole binary separation [pc]




BH binary (Pyultralight)

may solve final pc problem (Koo+ 2311.03412 PLB)

L

WAVH LbM

[ e




FDM solution to final pc Koo+ 2311.03412 PLB

(1.5

(1.5 1

k\,ﬁ‘hw‘

] Mpn=1.5 x 108M
(.55 Mpp=1.05 x Iﬂ‘H'."'L-f;;;.

f — [ v | [y
i Mpn=6.0 x 10' Mg

4

{ [Myr]




SIDM(particle) solution to final pc

_— =
o o =
[ (o s —_—
!

—_
=

DM density p [M.,/pc?]

1071 1

1074+

2 x Schwarzschild radius

CDM spike range

SIDM spikes:
Massless mediator

Massive mediator
Contact interaction

|

SIDM core

B=
=
4%}

£

>
=2
a: P
=
@
o
&=

104 103 10~

101 10" 1w 102
Radius  [pc]

3

0% 10t 10> 10°

3

Thermal equilibrium recovers spike

SIDM Spike

Characteristic strain h,

—
-
|

=
L

Alonso-Alvarez+ PRL

¢ Nanograv PPTA ¢ EPTA

=== No DM, suffers from final parsec problem
=== (DM, not viable due to backreaction on the spike

—— SIDM, massive mediator with g/ = 6cm? /g, vf = 500 km/s

=1
L]

0

04 0.10

Frequency f [yr!]

SIDM reduces GW
due to DF




Self—interacting scalar dark matter around binary black holes

(Aurrekoetxea+ : GRChombo)

x [M] x [M] x [M]

—45

0 —45 0 45 —45 0

2409.01937

300 1200 1600 2000
t — rex [M]

GW + BH + GR + DM




Superradiance
(Penrose process)

- -

Gravitational £7,0,d) = e~i0teimds (@) R(r)
atom R(r) « e~i@-ma Jr. m: mode

outgoing mode if wy,,, < mf - BH spin changes
can change spectrum from accretion disk &

GW patterns from BHs Zhang & Yang 2018

31




Constraints on FDM mass

CMB + LSS

Solve small
scale 1ssues

Eridanus Il
star cluster

Lyman-«
Eridanus I

M87 BHSR - stellar mass BHSR - SMBHs
21-cm (EDGES)

SEME There are some tensions in FDM
Dyn. friction with m~ 10_22 eV

- need self-interaction?
Heating

Draco Sextants

dSphs e

IOLZG

1 1 1 1 | 1 1
10—24 1022 10—20 1018 1016 1014 1012
FDM Mass (eV)

may be m > 102! eV?



Why we study self-interacting ULDM?

We can

* allow wider mass range

—>avoid some tensions of FDM

* detect ULDM! (coupling to SM induces self.int)
* calculate abundance (i.e., F)

* find the particle physics model and BSM

Thermal equilibrium also require interactions.




Self-Interacting ULDM

Lee and Koh (PRD 53, hep-ph/9507385)

Galactic DM 1s described by coherent scalar field

v

-k g¥ typical phi4 theory

Action S=| =gd*x = ey — m—2|¢>|2 —i|¢|4
= 9 161G 7 PPV T 5 4 with gravity

Metric ds? = —B(r)dt® + A(r)dr? + r2dQ Spherical.
. 1
Field —— —{]
¢ (7", t) = (41'[6 ) 20 (7‘)3 twt Stationary spherical

(Newtonian & TF limit)

Yo Sin(\/fr*)
VA _ mh3A

\ 27"* New length scale RTF ~ P SeCmi

& mass scale Mpy.x= \/Km—’z’
r, =rA~1/2 m
Even tiny self-interaction drastically changes the scales!
—> allows wider range for m




Detection

Using atomic clocks to detect ULDM by mimickin
dilatonic coupling g time variations of fundamental constants
LD ,,4(7 F, F* a(t) = a [1 + depp cos(wt + 9)]
0 ' |

Oscillation of fine structure constant

Due to nuclear and atomic structure Yb and Cs
have different frequency dependency on «
(special relativistic effects)

Dark matter wave

Periodic oscillation implying
he interaction with dark matt

Frequency ratio




Typical scales for selfint. ULDM

are functions of M = —r ~ energy scale of ULDM

}Ll 4
1) time
t. =~ (Gp)~1/% : Hubble time
2) length ( Jeans length)

Th31
2cGm*

S\ =2
=0.978kpc (1;%) t-indep. =2 m ~ 10eV

3/2

3)mass M, = 4—”(—’)3/5 il ( h'a )

_ m \ 7O p
3 \2 288 \cGm* '024'908)(106MQ( ) ( )

10ev 1072M@p/pc3

1/4
27/4(CG3m1

1/2 ~
h32 ) M m
2 /M =59.28km/s (108M@) (wev)

4) velocity v, = X./t, =

36




5) Angular momentum
39\ 1/4 3/2
Le = Mxcv, = (202) " M3/% =3.375% 1096h( M ) ()

cm# 08M, m
6) acceleration
16¢G*m*M

— 2 _
aC _xC/tC - Th3

- 4
_ 10 m z
= 1.163 x 10~ meter/s (10 V) (108]\/1@)

cf) MOND scale ag = 1.2 X 10~ %meter/s?

7) potential V. =1 gives Max. Galaxy mass M ~ 101°M

GM[ — 4.888 x 10—9c2( m )2( ud )

10eV 108M

Xc / h32
cGm#

8) density
2\ 3/2
2V2M (CG/{" )

= — 0.106Me /pc® [ (M
Pe="porzgarz o 0oMO/PC \ Toev ) \T0oMg,
9) surface density observed ¥, = 10%1°*%2Mpc~?

Al
cem*P

~ -2 —
= 5.124Mp, /pc? = P
672 SHO/PC 10ev)  \1072Mg/pc?

hn.3/2




cosmological constraints e+ 2s0s10221

_95"'. T T 1 1 T
1072 107 10°* 107 107 103 10!
m [eV]




JLee 2410.02842

ip(x,t)/(P)

observation
GUT scale!
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. JLee 2410.02842
Neutrino mass

Lyukawa = —Y¢$vv  Majonara v
real

y v
my = 0.1eV (10-25) (1015GeV)

:mv\/I: 10_25( m, )( Mg )—1 A 1/2
YT Ty 0.1ev/\10-22ev/) 10792

One-loop quantum correction from the Yukawa
is 0(y*) 210782« 1

0.06 eV< ¥m, <0.071 eV (DESI)




Hierarchy JLee 2410.02842

GUT T, ~ m/VA = fi?/m~ 10° GeV

neutrino i = m/AY% ~ 10 eV

reverting Type I seesaw

\ ¢

Tow ~ (T.7) 7~ 103 GeV

m ~ 10742 eV, 1~ 1074

galaxy observations




N

neutrino oscillation with ULDM

DiNO Bounds and Projections for Solar Parameters

107"}

1072}

Super—K,SNO
Solar Variation 6,

T4 > 10 min

T4 > 10 years

SN IUBT.\\

CMB ¥ m, =0.23 eV
(25 = Opm)

-23 -22 -21 -20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5
DiNO Bounds and Projections for Atmosphenc Parameters

UNE Ams3;

Dava Bav 043

SN 1987A
vv=3gd

T2K th;

JUNO Am3,

ur
-
= .
& n
S
—a
A
&l
b=

Krnjaic+ PRD

CMB Y m, = 0.23 eV
({2 = pm)

0% =09 3] S0 <19 <18 1T <1h=15 <14
log,y my[eV]

=13 -12 -11 -10 -9 -8 -7 -6 -5

qu ~——co s[m¢(t — 7 X)|~101°GeV




Conclusion

e FDM with m—~10-42 eV or

m

Self-interacting ULDM with -7 ~10eV /s
consistent with many cosmological observations

e /c /s about GUT scale and SSB of ULDM
can give neutrino masses and EW scale

—2>0scillation of ULDM can be detected by neutrino
osc. and other experiments (GW, atomic clock)

ULDM possibly explain satellite plane, final pc,
Hubble tension, S8, and many other mysteries




