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Mass scale of dark matter

(not to scale) TASI lectures by Lin arXiv:1904.07915
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can be thermal 2403.02386

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

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

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




Challenges for ACDM

ACDM was very successful but is becoming non-standard?
1. Small scale crisis (on galactic scale and below)
predicts too many small structures not observed

cf) 2105.05208

2. Hubble parameter tension ~5¢:
H, mismatch between Planck estimation and SN

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

4. Time varying EOS of DE ( ex, DESI, AP test) e g
5. Too early BHs and galaxies (Webb) - .

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

7. Li problem, Cosmic birefringence
.- IC - Any good DM model should address these tensions



Galaxies observed
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Any good DM model should explain observed galaxies


Small-Scale Challenges to the ΛCDM Paradigm  Figure 7b.mp4

ULDM

» Galactic DM halo is a BEC made of ultralight scalar particles
 Quantum pressure (from uncertainty principle) prevents collapse

» Galaxy size ~ de Broglie wavelength of DM particles ~ kpc

2> m-~10%eV

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

V(x), w(x)
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ULDM simulation, ¢ - _schive etalNatur
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* core size ~ granule size~ typical length~ kpc
 core profile nicely fits with dwarf galaxy observations
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Features of ULDM
¢(t,x) =

e Mty (t, x) + e (¢, x)
VZ2m f[ast (bg), slow (galaxy) ]

» Typical galaxy size ~ 1 ;~ kpc
* Wwave nhature = gravitational cooling
» small dynamical friction
* pbg oscillation with m ~ nHz
* to explain DM density

- GUT scale field value

=>» explain many mysteries of galaxies
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fDM = 0.63

log10(u)

my = 6.5 x 107 eV, fDM = (.66

ULDM well reproduce
lens of radio objects

Armurth+2023

m, = 2.8 x 107%° t?\"', fDM = 0.65
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Linear pert. Of ULDM

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

a=scale factor

Nonrelativistic :
oY 3 h2 AWy self-int
B —— . T - - _
lh(at + > HY) a2 AY + mVy + —2 7
Madelung _ _
representation perturbation withy = v = EVS =
(

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

1 1 il h? A\p
atv+av-Vv+Hv+—Vp+;—VV+ \Y =0

\ pa ja 2m?a3 \ \/p
perturbation § = 6, = dp/py | Quantum Pressure
Density contrast #2 2 v \ k2
(k space) = 0285 + 2H0,6 + +c2)|—=—4nGpy |6 =0
‘ 4m?a? a?
Hubble drag gravit
21
Quantum Jeans length Ay =—a=m R (Gpym?)TH* & 1/NmH

k

« CDM-like on super-galactic scale (for a small k < k)
» Suppress sub-galactic structure (for a large k> k;)
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Boson star (Ruffini et al 80s)
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Fig.9 Map of the ULDM classes of models Ferreira et al.



Some of small scale issues with CDM

ales+ 2206.05295
ACDM Tensions with Dwarf Galaxies

[ No tension l Uncertain ‘Weak tension ] Strong tension ]

{ \/Missing satellites ] ( M- My relation ) r\/ Too big to fail } rDiversity of rotation curves]
[ i

BTF R, { V Core-cusp ‘ L Diversity of dwarf sizes J | V Satellite planes 4 J

L catastrophe  Parke Jeap 022

( Quiescent fractions

« Key problem is how to suppress small scale structures < dwarf galaxies.
- we need a new CDM - ULDM with m~ 10-%2 eV can solve many of these

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

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




CDM (Gadget3) FDM (Pyultralight)
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may solve the satellite plane problem
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Final pc problem
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_D(t)_[pc}r

BH binary in a ULDM spike

L&

may solve final pc problem
(Koo+ 2311.03412)
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Typical scales of FDM e 2001

time dependent and functions of =

1) time C

t. =~ (Gp)~1/? : Hubble time of formation ~ dynamical time scale
2) length (g. Jeans length) = explain size evolution (JLee PLB 2016)

_ _(a\2 1 10722ev\* 10%Mg _ [ ;. \—1/4
xc—?\dB—(;) G—M—854.8pc( - ) — —\/%(Gp)

~ Gravitational Bohr radius ~ de Broglie wavelength

3) velocity

=x./t.=GMm/h =224k M ik —(Gp)Y/4,

4) mass

3

IV R YA Ve . m  \—3/2 3 1/4
Mg = 5(7) p=3m < 1 ) p(z)* = 1.54 X 10°M, (10-229V) (10_71"1@/1903)

also explain max. mass of galaxies ~ 10** M 5



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

) 5/2 /4
it 10%n (M 10~22¢V (m> p'/
e 108M, m ) G3/

6) acceleration > MOND (LKL, PLB 2019)
a. = x./t? = G3m* M3 /h*
4 3
_ ~11 2 m M ~ |1 r=\3/4
= 1.9 X 10" *meter/s (10-22ev) (1081‘4@) = \/;(Gp)

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

7) potential  V, =1 gives Max. Galaxy mass M = 102 M,

m? m 2 M 2 » .
V. = — (41tGM)2 = 8.8 X 10~7 ZN(—) Nonrelativistic
¢ =z (4mGM) © “\10-22ev) \108Mg

FDM gives typical scales of (dwarf) galaxies

1€l



ULA miracle

d+4+3Ha+m?sina=0
. . TOZSC
oscillation starts at H~ =m
Mp

/l4 (DM) #4 Tosc
q

M Tc;Lsch
MP Tl i

~10Y7GeV typical field value

1

MDE starts at Ty ~1el/ —
u?
m ml/4

0,;~0.1 (1011:GeV)2 (10-7?23‘,)1/2 ULA miracle?

F =

Hui et al 2017

ULDM naturally explains DM density with GUT scale.
This holds for generic ULDM with a quadratic pot. 2




GW background detected by pulsar timing array

Boson mass (eV)
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Thermal history of FDM

GUT
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Can FDM solve Sg tension?



Rogers+ 2301.08361
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Lyman alpha tension?
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; galaxy Sist ' SR ¢t
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Hydrogen
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m Mm \ Mmm WHW T PRL 2017 (lrisic et al)
[
‘

4000 5000 6000
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Hydrosimulation uncertainty
IS large

WDM (1, 3.3) keV ~ FDM (1, 20) x 102V



Self-Interacting ULDM

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

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

. —R g™ m? A typical phi4 theory
_ — 4 _ * _ 2 4

Action = j V—gd*x [16“0 > Puby — 1917 — 719 ] with gravity
Metric ds® = —B(r)dt? + A(r)dr? + r*>dQ Spherical.

: 1
Field -5 —i

¢(r,t) = (4nG) 20(r)e lwt Stationary spherical
Exact (Newtonian & TF limit)
ground s = |Yo Sin(v2r.)
* T VA h32

state \/ET'* New length scale R, ~ = h

2
1/2 & mass scale My, =\/K%

., =1\

Even tiny self-interaction drastically changes the scales!
—> allows wider range for m
—> constant length scale! =0



Merits of studying self—interacting
ULDM

We can

 allow wider mass range

—>avold some tensions of FDM

* study direct, or indirect detection of ULDM
» calculate abundance

 understand particle model

 solve other mysteries like Hubble tension



Typical scales for selfinteracting
ULDM Lee & Ji 2412.10285

are functions of m = 7 ~ energy scale of ULDM

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

2) length ( Jeans length from self-int.)

A=2m/k, = / = 0.978kpc (—— V)_ =2 R, t-indep. > i ~ 10eV

4_7_[ /1] _ T[S/Z h3/1 /2 _ 6 ¥ —6 ( [) )
3) mass  M; = (2) P = ss (ch4) p=14908x10"Mg (10ev) 10~2Mp/pc?
(0]0) small for m ~ 10eV

27/4<CG3 1

1/4
1/2 =
4) VeIOCity Ve = Xc/tc ?/2 > \/M = 59.28 km/s (10£4M®) (1(1)7;V)
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5) Angular momentum
32mGR3\ 3 M \*? r10ev

= = /2 = e
L. = Mx_ v, ( ) M 3.375 x 10 h<108M®> ( - )

cm? m

6) acceleration

_ 5 _ 16¢cG2m*M _ _10 2( m )4 M
a. = x./ts = —— 3y = 1.163 X 107" meter/s Toev) \Toemg

cf) MOND scale ay = 1.2 X 10" 1%meter/s?

7) potential  V, =1 gives Max. Galaxy mass M ~ 10°M,

Vc:GM:GM\/%=4.888X1O_9C2( m )2( M )

Xc h32 10eV 108M @
cGm#
8) density
G 3/2
2\/§M<C;n> . \6 M
pe = = 0.106Mg/pc3 =
¢ ho/2q3/2 10eV/) \108Mg

9) surface density observed . = 10%1°*02pMpc2

hm3/? p L\ 2 _
CGm* Tt p
%= = 5.124Mg /pc?
62 o/pc <1Oev> (10-2Mo/pc3>
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some constraints

1) perturbative 1 <1 - m<103eV

2
2) max Mass A1/2 (%) > 100 5 m4<Ax2.2x 1024
107100 < 2

3) interparticle distance < Compton wavelength
—>m < 107 %eV

/11/4-

2
4) Core size 1, = 98 (—) kpc ~kpc > m/ A1/4~10 eV

m

5) act as DM at MR equality m/ AY/* > 1 eV




CosmOIOgical ConStrai ntGSia+ 2304.10221
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Detection

Using atomic clocks to detect ULDM by mimickin
dilatonic coupling g time variations of fundamental constants

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

Dark matter wave

One-loop
correction strongly
constrain couplings

o
.
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detection

a(t) =~ a |1 + depo cos(wt 4 0)] \
1077

Frequency w/27w (Hz)
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H(z)/(1+2)
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standard ruler in the sky: distance travelled by sound wave until recombination.

8 S To e - s PURS ry(z+) £ .
problem: only angular scale of sound horizon is accessible 6, =—— | 0.04% precision!

A (2

dy x HO_l

<

Slide by Poulin



— ACDM
—— AdS-EDE
AdS-EDE+ULA

simulation

-
S w
L

.

Sg=0.76 (WL)"

=0.82 (ACDM)
66 68 70 72 74 76
Ho

Can ULDM solve both H, and Sg ?




Phase |

H Phase [l ’F

/WPosc
/

Phase Il ~ &-;"

.if
I
_....-""; f.t;‘eq

(n-2)
(n+2)
( CDM (¢* < ¢?) or z < z,, (Phase Ill)

rad—like (¢* > ¢p*) or z,, < z < z,,. (Phase Il
\ DE — like (slow —roll) for z,s. < z (Phasel)

Jlee 2502.11568

V(p) x ¢p™ decays with an equation of state w =

A




Radiation
Baryon
CDM
ULDM

A

Total

Zm

Zis

Zeq

102

104 106
Redshift z

108

ldlo

1012




© CS (Z) dZ
. Ns f Z1s H(Z)
0]5 D(le) f Z1g C dZ

Pes(z) ¢ *° dz |
oo f Ho) “* ~ V3H, f [0(z)/p ()21 + R(z)) /*

wm
Hys = 100 km s~ *Mpc~lw/?(1 + le)z\/l + Atz
1/2
f (P(Z))
HO - \/§H1 SH ~1/2 1
Ja ( ) J1+ R(2)



0 ~1/2 dz
Ho(ULDM) les pEDM)(2) J1+R(2)
Hy(CDM) (o -1/2 ___ dz
0 J, p(ULDM)(2) Tt R

p(ULDM)(z)
(

\/wr(l +2) 4 Wy (1 + 2) >+ wy forz < Zm (Phase 1)

X

A

4
1+z
\/wr(l +2) 4 W ( T + wp(1 + 2) >+ wp forz, < z < z,,. (Phase I)

4 (1+ Zosc)4
wr(1+2z) +w,(1+2) f Wy =7 + wp forz,g. < z (Phase )
\

where w, = 0.022,wp = 0.119, w, = 4.2 X 107>, w, = 0.314 from Planck's A CDM values
Ho (ULDM)

~ 1.049 for m = 0.9 and 1.00084 for
Hy(CDM)

Using the densities, we numerically obtain
m=5



T'—jOOCS(Z)de C joo dz
s = leH(Z) V3H; 2.5 [p(2)/p (z19)]Y2(1 + R(2)) 1/2’

w
His = 100 kms-lMpc-lwﬁ/%HzJJ Lt o o
ls)Wr
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Hierarchy of SIULDM JLee 2410.02842
GUT T, zm/\/zzﬁlz/m’\/l()lS GeV

neutrino M =m/2/4~10eV

reverting Type | seesaw

.

EW Tew ~ (T,M) /% ~ 103 GeV

ULDM

m~10"2%eV. 1~ 10792

galaxy observations 44



. JLee 2410.02842
Neutrino mass

Lyvikawa = —YPvv Majonara v
real Majoron

y 1Y
My = 0.1ev(10_25) (1015GeV)

_ 1/2
:mvﬁ:10_25< m, )( Mg ) Lo 2
YT Ty 0.1ev/ \10-22ev) \10-°2

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

0.06 eV< Zm, <0.071 eV (DESI) )



Conclusion

o FDM with m~10-4 eV or
Self-interacting ULDM with = ~10eV  js

consistent with many cosmological observations

o Jc /s about GUT scale and SSB of ULDM
can give neutrino masses and EW scale

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

ULDM possibly explain small scale issue, final pc,
Hubble tension, 88, and many other mysteries
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