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In this talk

ultralight dark matter (ULDM) = wave dark matter

denotes any bosonic dark matter candidate whose mass is

m < 10eV



What's special about wave dark matter is
the occupation number (particle number per wavelength) is much larger than 1
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For m < 10 eV, the occupation number takes a gigantic value

this dark matter candidate is conveniently described by a collection of classical waves



Wave dark matter is a broad concept
Including numerous theoretical possibilities

In a pessimistic (minimalistic?) scenario
where DM participates only in gravitational interaction
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the model is controlled by a single parameter, the mass m



Even in this most minimalistic case
there’s a landscape of possibilities

The mass smaller than what's shown may not be 100% DM in universe
the mass larger than what's shown is not wave DM in our definition
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(@lmost®) all mass range shown here is currently allowed



it may also couple to SM through non-gravitationally interactions
_ / 7

the model is now controlled by

(mvgivg;;? e )

the landscape of possibilities becomes N-dim. space
posing challenges to wave dark matter searches



We may look at this from a different angle:
non-gravitational couplings & a wide range of mass
might provide more handles for us to search for ULDM



For instance for axions and axion-like particles
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For instance for axions and axion-like particles
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Kinetic mixing

for dark photon dark matter or scalar dark matter
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this summarizes the current efforts for wave dark matter searches
Illustrating opportunities as well as challenges

Having discussed wave DM searches based on non-gravitational interactions with SM
let us switch a gear a little bit to discuss a few (less-discussed) topics in this workshop:
the behavior of ultralight dark matter on (sub)galactic scale ONLY with gravitational interaction



Schive, Chiueh, Broadhurst (14)
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* characteristic soliton at the center has been observed

* small scale structures are erased




Mocz et al (17)

Veltmaat, Niemeyer, Schwabe (18)




this density fluctuation is another characteristic feature of ultralight dark matter
and some of interesting phenomenology on (sub)galactic scales follow from these fluctuations



One of the most intuitive ways to understand this fluctuation is

to think of them as a sort of particles say, quasiparticles
Hui et al (17)

the size of the quasiparticle is given by its wavelength

1
mu

KNA:

the effective mass of the quasiparticle is given by

3
Meft ~ PDMYL
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m ~ 107 eV
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a concept of quasiparticle seems quite naive
but it provides a useful thinking tool to understand
the behavior of wave DM halo as well as the interaction with stellar objects



a large order one density fluctuation can naturally be understood
In the particle dark matter halo

p ~ GeV/cm”
m ~ GeV




a large order one density fluctuation can naturally be understood
In the particle dark matter halo

(Npm) = Npwm

(ANp) = Npw

and therefore in this small volume

1
o7 < o(1)

P:\/NDM ¢ ~ cm

p ~ GeV/cm?
m ~ GeV



If we instead choose larger volume

(Npm) = Npwm
> 1]
(ANFy) = Npu

and therefore in this large volume
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we may apply the same argument for DM quasiparticles
In particular over the scale of the wavelength
there’s O(1) number of quasiparticle

0p

P (for £ ~ \)

since the wavelength could be astronomical scales
it’s natural to expect an order-one density fluctuation over
such large spatial scales




the usage of QP doesn’t end here
it is also useful to understand the interaction
between wave DM and celestial objects

t/teon = 0.




at the fundamental level
the interaction between wave DM and star might be represented by
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Juv




3
Nocc ~ ndm>\

at the fundamental level
the interaction between wave DM and star might be represented by

¢
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while our argument are still at the heuristic level
it can be shown in more rigorously using kinetic equations (Boltzmann)
that this intuition generally holds for wave DM

[Bar-Or et al (19, 21); Chavanis (21); Bar, Blas, Blum, HK (21)]



phenomenologically, this interaction of wave DM may leave
some Interesting features in the motion of stars;



the interaction between DM and stars
slows down stars, causing orbital decays
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(classical) Dynamical friction
[Chandrasekhar (42)]
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my [10° Mg)] r1 [kpc] Av,km/s| r./n [PC] Refs. TcoMm |Gyr] [T [(Gyr] Tsipm [Gyr]
GC1| 0.42+0.10 1.734+0.05 3.54+1.18 10.84+0.3 [18, 19, 5658 119 122 79.3
GC2| 1.54 +£0.28 0.98 &+ 0.03 3.9+£0.7 6.2+0.2 [18, 19, 58, 59 14.7 7.12 8.82
GC3|14.98+0.84 0.64+0.02 494+4+0.66 1.7+0.1 18, 19, 60, 61 2.63 1.48 2.21
GC4| 0.76 £ 0.15 0.1544+0.014 —8.26 £0.64 1.9+ 0.2 [18, 19, 60, 61 0.91 10.7 14.8
1.86 £0.24 1.68+0.05 3.93+0.77 1.5+0.1 [18, 19, 56, 60, 61] 32.2 30.1 20
~0.29 0.254+0.015 —1.56 £1.36 12.0+ 1.4 115, 50] 5.45 16.1 22
| R0 [Bar, Blas, Blum, HK (21)]

g

Fornax GC timing problem
[Tremaine (76)]
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similarly wave DM (QP) particles will interact with stars
and exert dragging force ... ...




(135)

my [10°Mg] 71 [kpc] Av,km/s| r./n [PC] Refs. TcoMm |Gyr] [T [(Gyr] Tsipm [Gyr]
GC1| 0.42+0.10 1.734+0.05 3.54+1.18 10.84+0.3 [18, 19, 5658 119 122 79.3
GC2| 1.54 +£0.28 0.98 &+ 0.03 3.9+£0.7 6.2+0.2 [18, 19, 58, 59 14.7 7.12 8.82
GC3|14.98+0.84 0.64+0.02 494+4+0.66 1.7+0.1 18, 19, 60, 61 2.63 1.48 2.21
GC4| 0.76 £ 0.15 0.1544+0.014 —8.26 £0.64 1.9+ 0.2 [18, 19, 60, 61 0.91 10.7 14.8
1.86 £0.24 1.68+0.05 3.93+0.77 1.5+0.1 [18, 19, 56, 60, 61] 32.2 30.1 20
~0.29 0.2544+0.015 —-1.56 +£1.36 120+ 14 115, 50] 5.45 16.1 22
; o LT [Bar, Blas, Blum, HK (21)]
Fornax GC timing problem
[Tremaine (76)]
Projected  Cluster
radius mass CDM FDM
n r, (kpc) myg My) C  7(Gyr) kr C 7 (Gyr)
1 1.6 3.7x 10 429 112 890 246 215
2 1.05 1.82x10° 332 9.7 504 1.88 12
3 0.43 3.63x 10° 245 0.62 097 0.29 2.2
4 0.24 1.32x10° 250 0.37 031 0.033 10
S 1.43 1.78 x 10° 346 213 7.79 2.32 31

B i

[Hui et al (17)]

| & Credit: _ESO/Digitized ISky Survey 2



sometimes quasiparticles bombard stars
Injecting additional energies into a stellar population




sometimes quasiparticles bombard stars
Injecting additional energies into a stellar population




sometimes quasiparticles bombard stars
Injecting additional energies into a stellar population




This ‘heating’ by quasiparticles may dissolve
star clusters, change velocity dispersion of stars,
perturb galactic disc as well as other stellar substructures ...
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a deeper understanding of wave DM / QP
can be achieved by studying statistical properties of wave DM



let us begin with the dark matter field itself

Operators
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Quantum #

the wave function can be obtained
by solving the wave equation in the non-relativistic limit

wi — e—i(m—l—ei)t \Ijz



let us begin with the dark matter field itself

A 1 7 :
— T, ,%
= a;Yi + a; P;

b 2@:\/2“’73' Vi + aft

Quantum #

what to do with these operators?
to describe finite density system
we should specify the density operator

p = Hﬁi@

- / Poy Plag)|ai){a

[Kim and Lenoci 21]

Operators

Wave func.

quasi-probability distribution
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let us begin with the dark matter field itself

Operators

i 1 7 -
_ ). Toy%
¢ = z@: V2w, _azwz +a;; ) Wave func.

Quantum #

more simplistically or conveniently
we can forget about this operators by replacing them with
complex numbers

(ai,aT) — (ay, a)

(/ 1

quasi-probability distribution

’ ) , - Derevianko 18]
P(ay;) = 7 exp ‘O}f" Foster, Rodd, Safdi 18]
7"' . .
! bo- Center et al 20]; [... ... ]




as a simple example
we may consider a homogeneous system where

—ikifb

i =

€

1
N



this description provides a handy tool for analyzing wave DM
without performing simulations

t/teon = 0.
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for a single mode
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density fluctuation at each patches
follows the exponential distribution

1
p(p)dp = —e™P/*dp
L0

a probability to observe density fluctuation
p> pclS

P(p > pe) = e r/r



if there’s Sun in the middle of the box
and dark matter has mean velocity (dark matter winq)

i (x)=e™*T(1 — iB)e™/2 M [iB, 1,ikr(1 — k - £)].



m = 10" eV

mean density contrast <6>
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it is also possible to construct

the whole wave DM halo in this way

from results of numerical simulation

Widrow, Kaiser (93)]
Lin, Schive, Wong, Chiueh (18)]
Yavetz, Li, Hui (22)]

we make an educated guess for DM profile
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this will fix the gravitational potential as well as density profile



since the gravitational potential is fixed
wave equations to obtain eigenmodes of the system

wnﬁm — Rnﬁ (T)ngm (Q)

(rRp0)" + [2m2(Epp — ®) — £(£ + 1) /72 (rRyg) = 0

the field is expanded as

" 1 - .
¢ — Z @nﬁmwném = aigmwném

quasi-probability distribution
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the field is expanded as

Z X fm wném + O‘Lgm wj;ﬁm

ném

the occupation nhumber fnim can be determined by comparing

™m

o) = 1 3@+ Vel Rue()P s P
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quasi-probability distribution
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Isotropic Fit
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furthermore, this tool could be useful
for studying the adiabatic evolution of the system



consider for instance

gas
star (or dark matter)



now Imagine gas cloud contracts adiabatically
due to some cooling process

[Young (90)]
[Blumenthal et al (86)]

Quinlan et al (95)]
ven der Marel (99)]

as a result of or black hole)!

gas
I = ry — \/ G M ()7 star (or dark matter)




innk 06 Tem

|nstantaned r 2 evolution

changes adiabatically

stays the same
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[HK, Lenoci, Stomberg, Xue (22)]
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[HK, Lenoci, Stomberg, Xue (22)]

or if the central soliton & low angular moments are shallowed
by the black hole over t~13 Gyr
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an interesting way to test this compressed wave DM halo
Is through the observation of GWs



GWs
fGW — 2forb

Adiabatically compressed DM halo



DM overdensity forms
behind the BH or NS
exerting additional frictional force
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Adiabatically compressed DM halo



m = 10" eV

[HK, Lenoci, Stomberg, Xue (22)]

(.239
i), 5d

—11+0%

log)ya =

+0.314
—().204

9,290

Tﬂp =

_ 20 R+0.00118
M [M¢] = 3987 s

Yo
i
&
M..,Lb —~
ﬁ#m....
“a
EL
L
e
L &
Cr,
m\_,
o
0
f nm.“_;;
L
m%; =
D, P
Nk
'
._w.,.,.
% <
7 ¥
7, |
= e
%%Mun_u
nn_«wh -
v
.









