Wave dark matter around the solar system

Hyungjin Kim
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What’s its mass?

How does it interaction with SM?



What’s its mass?

ULDM Black holes

107%% eV 10°7 GeV

Anything in between is possible



What’s its mass?

ULDM Black holes

107%% eV 10°7 GeV

Anything in between is possible

Countless ways for DM to interact with SM particles



What’s its mass?

ULDM Black holes

107%% eV 10°7 GeV

This constitutes N-dimensional DM parameter space (N>>1)



ULDM wWiMP Black holes

10 %% eV TeV 10°7 GeV

naturalness
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Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

Review of Particle Physics, Particle Data Group 2021



QCD Axion

ULDM Black holes

107%% eV ueV 10°7 GeV

strong CP



ULDM Self-Int. ~ WIMP Black holes

10 %% eV TeV 10°7 GeV

small scale issues in LCDM



WIMP  Heavy DM

ULDM Self-Int. Black holes

10 %% eV TeV 10°7 GeV

small scale issues in LCDM



Recent developments of dynamical solutions to hierarchy problem

also provide some insights on DM

ULDM relaxion wWiMP Black holes

10 %% eV 10~ %V TeV 10°7 GeV

Banerjee, HK, Perez 18]

Banerjee, HK, Matsedonskyi, Perez, Safronova 20]



Recent developments of dynamical solutions to hierarchy problem

also provide some insights on DM

ULDM relaxion
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Recent developments of dynamical solutions to naturalness problem

also provide some insights on DM

‘Graham, Kaplan, Rajendran 15]
Arvanitaki et al 16]
Arkani-Hamed, D’Agnolo, Kim 20]
D’Agnolo, Teresi 21]

ULDM Light DM wWiMP Black holes

10_22 eV eV TeV 1057 GeV

A light bosonic DM (m<eV) is ubiquitous in many BSM scenarios



Since they behave like a classical wave

we call it wave dark matter

ULDM Wave DM wWiMP Black holes

10_22 eV eV TeV 1057 GeV



How to search for wave DM?



[ADMX Collaboration]
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Signals (event rate, spectrum, etc)
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A correct modeling of local DM will be crucial

for interpretation of experimental results.



The Standard Halo Model

(isothermal sphere with isotropic velocity distribution)

o) = (2w1>3/2 o [_ 252]

Drukier, Freese, Spergel 86



It’s simple

and a reasonable approx. for the bulk halo



But it does not fully reflect reality:

1. Dark matter substructures

2. Gravitational deformation due to the sun



Stellar (and DM) substructures
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And many other substructures

near solar neighborhood

Number (AX,AY,AZ) (or,04,0.) P(xg)
Name of stars (X,Y,Z) kpc kpc (vg, vg,v;) kms™! kms™! ([Fe/H]) (o)
Sl 28 (8.4, 0.6, 2.6) (0.7, 1.8, 2.2) (=34.2,-306.3, -64.4) (81.9, 46.3, 62.9) -19+£03 1.2
S2 a 46 (8.7, 04, 0.1) (0.7, 1.2, 6.9) (5.8,163.6,-250.4) (45.9, 13.8, 26.8) -20+£0.2 0.3
b 8 (10.1, 0.2, 3.3) (4.9,0.7, 1.4) (—50.6,138.5, 183.1) (90.8, 25.0, 43.8) -2.0+03 1.5
Retrograde Rg2 13 (8.9, 0.3, 44) (0.8, 2.1, 2.7) (44.5,-248.4,185.2) (105.9, 23.1, 63.5) -1.6+0.2 1.4
Rg5a 15 (8.4, 0.8, 1.1) (1.0, 1.3, 3.3) (6.4,-74.5,-159.5) (32.4, 17.5, 31.7) -224+03 0.7
Rg5b 14 (8.1,-02,22) (L1, 12, 2.4) (=37.6,-83.8, 178.1) 475,168, 31.1) —2.1+0.3 0.9
Rgba 17 (8.3, 0.2, 3.3) (1.8, 1.4, 2.0) (105.1,-230.2,202.4) (73.7, 16.8, 86.6) -1.6+£0.2 1.1
Rg6b 12 (8.5, 0.9, 3.2) (1.5, 1.5, 2.2) (—233.2,-221.8,51.6) (32.7, 144, 115.7) -1.7+0.3 0.6
Rg7a 5 (8.2, 0.5, 3.3) (2.1, 1.5, 3.3) (309.0,-191.3,-83.4) (66.7, 17.1, 102.7) =1.5+0.1 1.1
Rg7b 9 (8.9,-0.0,5.1) (1.9, 1.3, 2.0) (—288.7,-158.1, —-105.5) (78.7,65.8, 111.8) -15+0.3 1.8
Prograde Cand8a 31 (9.9,-0.1,24) (21,25, 4.4) (=6.7,207.7, —186.4) (114.6, 20.8, 73.5) —1.8+04 0.4
Cand8b 18 (8.4, 0.6, 1.1) (1.5, 2.2, 3.6) (33.6, 213.9, 214.1) (96.5, 22.7, 37.7) -1.8+0.2 0.1
Cand9 43 (9.2,-0.2,1.7) (1.1, 1.4, 3.4) (11.0,177.5,-251.4) (120.6, 13.9,132.2) -=1.8+0.2 0.5
Cand10 38 (8.6,-0.0,2.0) (1.7, 1.3, 2.5) (=37.4,20.0,192.3) (161.5,18.2,195.0) -=20+0.2 0.2
Candlla 14 (9.1,-0.3,2.7) (2.5, 1.4, 3.8) (36.8,116.5, -271.5) (96.1, 27.9, 95.4) -2.1+03 0.3
Candl1b 23 (9.0,-0.1,2.4) (1.9, 1.1, 2.8) (—152.7,80.2, 258.2) (122.1, 21.0, 389) -2.0+0.3 0.5
Cand12 36 (9.6,-0.8,3.7) (2.0, 24, 4.2) (—43.3,102.4,50.0) (172.8,21.2,197.8) =1.6+0.2 0.6
Cand13 36 (9.1, 1.0, 3.1) (2.5, 2.0, 4.1) (-2.1,-13.2,202.2) (215.7,28.1,2159) -14+0.2 0.4
Candl4a 24 (11.9, 0.2, 1.8) (1.8, 1.7, 3.6) (-168.0, 166.7, -25.1) (29.1, 27.9, 82.7) -14+£0.2 1.2
Cand14b 12 (10.7, 0.3, 1.4) (1.8, 2.1, 3.5) (193.6,202.9, -5.7) (14.3, 13.5, 51.8) -1.5+£0.1 0.7
Candl5a 12 (10.5, 14, 4.0) (1.9, 2.1, 3.9) (—297.4,220.0,-49.9) (29.6, 23.5, 79.3) -1.5+0.1 1.2
Cand15b 7 (10.3,-0.3,24) (1.8, 2.3, 5.9) (291.3, 207.3, 48.3) (20.2, 10.4, 68.7) -1.4 +£0.1 0.5
Candl6a 12 (8.7, 0.5, 3.9) (1.6, 1.5, 3.9) (315.2,109.2,-12.5) (30.9, 4.6, 67.2) -14+0.2 0.7
Cand16b 5 (8.9,2.8,-1.3) (1.3, 2.1, 3.2) (=360.7, 147.5,81.7) (26.7, 9.2, 76.3) -1.4 +£0.1 0.9
Cand17 10 (9.5,-0.4,2.0) (1.0, 0.9, 2.5) (127.6, 68.0, 339.4) (1574, 8.0, 54.8) -2.1+£0.2 0.7

O’Hare et al 20



This suggests

f(v) = Z fi (V)

sum over all possible substructures in solar neighborhood



GGravitational influence of the sun

Gravity distorts a local map of DM

DM

DM



GGravitational influence of the sun
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The sun gravitationally focus dark matter particles



This suggests

S

gravitational focusing deforms the local DM distribution



to which degree

these effects would modify signals in DM detectors?

HK, Alessandro Lenoci [2112.05718]



An action for the following situation®

DM (wave)

DM (wave)




Action

S = [ ato V=g | 39 0,00,6 — jmis?

Lagrangian for wave dark matter



Action

S = / d*z\/—g Bg"”ambﬁucb — %m2¢2

Lagrangian for wave dark matter

ds® = (1 4 2®)dt* — (1 — 2®)dz”
Gravitational potential
GM

T

O



EXpansion

f 1 P —im
o(z) = Z Ty aii(z)e”"™ +



EXpansion

n 1 - . .
b(z) = Z VoA (z)e™ ™ + giep? (ac)e@mt]

(I) gravitational response to the external potential

- V¢ GMm
- 2m r




EXpansion

n 1 - . .
b(x) = Z W Lk (z)e™ ™ 4 gl (a:)e"’mt]

(I) gravitational response to the external potential

(i) stochastic properties of wave dark matter



Gravitational Response

. [ Vv GMm
1) = (0

- 2m r

a solution i1Is known

Ibk(t,fl?‘) __ €i(k$_Et)¢k(O) M



Remarks on the solution
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Remarks on the solution

U (t, &) = e Frte™ ) (0)

(i) within de Broglie wavelength the wave function saturates

(@@
=
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n 1 - . .
b(x) = Z VA (z)e™ ™ + giep? (a:)e"mt]

(I) gravitational response to the external potential



n 1 - . .
b(x) = 3 o |Watpi(x)e ™™ + ] (@)™

(i) stochastic properties of wave dark matter



density operator must be specified

to determine statistical properties

o

(0) = Tr (50)






we take

p= 1+1<n>z( ms)
) e

e this h
olds f
or
canonical ens
embl
e
p X e

BH

(n) = ——
ePvw — 1




we take

P = +1<n> 2 (1 ﬁm)n i

 this holds for canonical ensemble p x e ”

H

* this also holds for a wide range of system

(maximizes the entropy for a given mean occupation number)



This form is not quite convenient for our analysis

In particular when the mean occupation number Is very large



This form is not quite convenient for our analysis

In particular when the mean occupation number Is very large

We express the density matrix in terms of coherent state

o) =Y j%\m



This form is not quite convenient for our analysis

In particular when the mean occupation number Is very large

We express the density matrix in terms of coherent state

o) =Y j%\m

A\

ala) = ala)

ac C



In this case

L e

() _

can be though of as probability distribution!



In this case

L e

() _

can be though of as probability distribution!

modulus ~ Rayleigh distribution

phase ~ uniform distribution



In this case

1 af®

)

can be though of as probability distribution!

modulus ~ Rayleigh distribution Derevianko 16

Foster et al 18

phase ~ uniform distribution Centers et al 19

Gramolin et al 21



corrections arising from commutation relation are O(1/(n))

(O, 01)) ~ / o P(a)O(a, o)



to the leading order in the occupation number

we may replace all operator with a complex random number




n 1 - . .
b(x) = 3 o |Watpi(x)e ™™ + ] (@)™

(i) stochastic properties of wave dark matter



How would this affect signals in a detector?



Axion (and scalar) dark matter searches based on
L D g0, ga,u¢0'uv

signals can be generally written as

s(t) = EP(t, Taec)

coupling constants + detector specific parameters

the power and spectrum of signal is proportional to that of field



density contrast for wave dark matter

%) [ s
146 =5 —/d v f(9)|bs



density contrast for wave dark matter

IR R P
1+6= 5 —/d v f(9)|bs

DM speed distribution

~

F(0) = F(v) =7 / 40 (7) by
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Applications:

Gravitational response of local DM substructures



Halo DM

0.025 —— muor = 0.3
: — mur =2
0.020 — muor =10
: - == particle
“ 0.015 .
. )
| Y /)
0.010¢ N Wi
0.005° Mar. 1% Junl. 18t Sepl, 15t Dec. 15t
L 1 (U — Ugqm)*
f(v) = (202)3/2 =P 202

Vam =~ 230 km /sec

o ~ 160 km /sec



Halo DM, Mar. 1st

mor = 0.3
mor = 2
mur = 10

' particle

L
-
L ]
L
L
L
L
L4
L
L
L
L J
.Q
Ll

no focusing x 1072

*

7100 200 300 400 500
v |km/sec]

600

Halo DM, Sep. 1st

mor = 0.3

m— T = 2
— T = 10
- == particle -

""" no focusing x 1072 -

lllllllllllllllllllllllllllll

0 100 200 300 400 o500 600
v |km/sec]



Vam = 400 km /sec
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Conclusions



* (Gravitational focusing / stochasticity are considered

 Model-independent; purely gravitational effects



* (Gravitational focusing / stochasticity are considered

 Model-independent; purely gravitational effects

* A few percent level effects for the bulk halo dark matter

e More dramatic effects for local DM substructures



* (Gravitational focusing / stochasticity are considered

 Model-independent; purely gravitational effects

* A few percent level effects for the bulk halo dark matter

e More dramatic effects for local DM substructures

* Important for the correct modeling of local DM structure

* |Important for constructing a local map of DM (upon detection)












Back-up



Sausage DM
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Disk DM
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An example from QM

consider a harmonic oscillator

N\

H = wa'a
density matrix for canonical ensemble is

e_BH

tr(e—ﬁﬁ)

0 =






Equation of motion

For scalar field

(

+m®)¢ =0

For potential

V2 = AT G(pext + Po)



Assumption / approximation

(1) self-gravity due to DM can be ignored

VZCI) — 47TG(,06X1; + ,0¢) ~ 47TG,0ext



Assumption / approximation

(1) self-gravity due to DM can be ignored

VZCI) — 47TG(,06X1; + ,0¢) ~ 47TG,0ext

(Il) external body can be treated as a point mass

b~ -GM/r



Assumption / approximation

(1) self-gravity due to DM can be ignored

V20 = 471G (pext + po) = 4TG poxt
(Il) external body can be treated as a point mass
b~ -GM/r

(1)) DM is non-relativistic

o(t,z) — Y(t, z)e " + h.c.



