


5-minute summary




spin-s field as dark matter

Klein-Gordon (s =0)

Einstein

+ Proca (18 [ )

Fierz-Pauli ' (s = 2)



non-relativistic limit = multicomponent Schrodinger-Poisson

spin-s fields as light dark matter
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p-solitons

spin-s fields as dark matter
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spin multiplicity A = 0 1 2

- and their linear superpositions



macroscopic intrinsic spin!

spin-s fields as dark matter
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Klein-Gordon (s =0) 57
'a% 5" 2s+1 component .
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Fierz-Pauli ' (s = 2)

spin multiplicity A = 0 1 2

macroscopic spin S /h = ANZ

N = 4 of particles in soliton




formation mechanisms + astrophysical implications
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observational implications




motivation




dark matter mass !

QCD

axion

ultra-light — see Dan Grin’s talk

10-%?eV eV keV GeV M, M Mass
] | . | >
Ultra-light DM ‘Light” DM~ WIMP | Somposite Primordial BHs
< > ' ..
Limit

thermal relic
image credit: E. Ferreira



dark matter spin ?

Spin 4
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light, bosonic wave dark matter

Spin 4

5 - large occupation numbers IV & (mp1/m)?

- classical fields/wave dynamics
1 - macroscopic/astrophysical scales
Ae ~ 10cm (m/107°%eV)™t ~ 10" ecm (m /1072t eV)
0
10-33eV | 10 2 eV eV keV Gle\’" M) My Mass
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massive spin-s bosonic field with weak-field gravity

quadratic action for gravitational and massive spin-s fields + leading gravitational interactions

_ | _
SEH + Sdark — /d4CE m?)l'cgf){(h) + ’Cgr%?s o §h'uVT,5V




spin-s bosonic wave dark matter
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hon-relativistic limit




non-relativistic limit, physical d.o.f

_ | _
SEH + Sdark = /d4$ m?)lﬁgg{(h) + ’C’Srzz,?s o §hMVT/jI/

1
/d4£13‘ [milﬁgf){(h) -+ L%?S (F) — §hWTW (F) + } only includes physical d.o.f (constraints eliminated)

¢ = |[F| spin-0 1 component
W, = []'-]z spin-1 3 components 25+1 components
Hz'j — [7:]@3 SpiIl-2 D components



hon-relativistic limit

_ | _
SEH + Sdark = /d4$ m?)lﬁgg{(h) + ’C’Srzz,?s o §hMVT/jI/

1
= /d4a:' [milﬁgf){(h) + £§§?S (F) — §hWTW (F) + } only includes physical d.o.f (constraints eliminated)
r 1 it split in “fast” and “slow” parts
(x,t) = Nors [e W(x,t)+ h.c.}



hon-relativistic limit

_ | _
SEH + Sdark = /d4$ m?)lﬁgf){(h) + ‘C’grzz?s o §h'uyT/jl/

1

only includes physical d.o.f (constraints eliminated)

F(x,t) = ! [e_imtﬁl(x, t) + h.c.]

v

assume O W < mW, VW < m?W

. | |
St = / d*x {% Tr {uﬁ w} +ec = o Tr[VW' - VW] 4 m2 &V20 — m & Tr[w! wﬂ

® = Newtolan gravitational potential Y = W] spin-0

Y, = (W], spin-1

Vi = (Wi Spin-2



multi-component Schrodinger-Poisson

Schive et.al (2015)

O 1
— Y = 2y oY
Z@t 2mv T m
V20 = — Tr[wiy]
2mp1

extension to FRW: 0, — 0, + 3H/2,V — V/a

) = [V] spin-0 1 component much easier to simulate than the relativistic equations

Vv = W] spin-1 3 components

. since fast time-scales are integrated out.
vij = (Wi Spin-2 5 components .

Recent work on non-relativistic case :

for scalar, see for example example: Guth, Kaiser, Namjoo (2017), Salehian et. al (2021), for vector case Adshead & Lozanov (2021) :



polarized solitons




non-topological solitons

spatially localized, coherently oscillating, long-lived

6 scalar star

spatially localized

coherently oscillating (components)

vector /tensor stars

exceptionally long-lived

ogravity

oscillon

& | | self-interaction
N
>

P'SOI itons vector /tensor oscillons




soliton solutions: scalar case

ground state solutions at fixed particle number

NNNNNNNNNNNNNNNNNNNNNNN

W(t,x) = (x)e™

1+ = chemical potential

1
2m c
V2P = — [i(x)[?. L i)
277121 !
p
=20
0 2 4 o) 8 10
/ pmr
¢: 3%[\116—2'77115]

m same “‘universal” profile



soliton solutions: scalar case

size, particle number, energy and spin

L~ (m/w)t/?m™1 > m !
2 1/2
N:%z60.7% (ﬁ)/ > 1
m m? \m
m2 3/2
E~ —19.2—P! (ﬁ) | > m
m \m
Stot _ O
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xxxxxxxxxxxxxxxxxxxxx

1/m < 1 non-relativistic



solitons in a spin-s field

spin-s field, 2541 multiplicity states

WV (x,1) = d(x)et ey

S, M

polarization tensors

A€ {—s,...,s}
s = 2
—1 0 1 0 0 1
0 —1] egi;) =—10 0 =)
0 0 2\1 4 o0




solitons in a spin-s field

size, particle number, energy and spin

L~ (m/w)t/?m™1 > m !
2 1/2
N:%z60.7% (ﬁ)/ > 1
m m?2 \m
m2 3/2
E~ —19.2—2 (ﬁ) | > m
m \m
Stot :7

NNNNNNNNNNNNNNNNNNNNNNN

xxxxxxxxxxxxxxxxxxxxx

1/m < 1 non-relativistic



extremally polarized solitons

Wi (x,t) = w(X)e"'“teij\% A€ {—s,...,8} 1
s =10
Spin
m21 y 1/9 Vec_tor
Stot ~ \ X 607—2 (—> n s=1
T T
= ANN
M
— )\— TAL tensor
T _
helicity

orbital angular momentum is zero



extremally polarized solitons

Spin
scalar

s=10

M
Stot = A— 1N
T

BHs

vector
s =1

Stot/th — SWAmIQ)l/(aMm)

DM halos

<A>801/<A>DM halo ~ 3s > 1

orbital angular momentum is zero



extremal soliton solutions (spin-1)




extremally polarized soliton solutions (spin-2)

t +sinwt 0O

-1 0 0 0 0 cos wt o (x) co5 W
HO (x,t) = ¥ 0 —1 0] coswt H(il)(Xat) = ) 0 0 + sin wt H )(Xa t) = T +sin wt —cos wt 0
cos wt —+sin wt 0 0 0 0



fractionally polarized solitons

®®®

2 EE TN

®®®

i A
W(x,1) = t(x) Z cxe! TN iqf)b constructed from a superposition of extremal solitons
A
> =1 same energy and particle number
A
tot __ 3 Ik / (>\) M1
Sk /d x| (x)] Z% {ZCACA’ Her—es )Gw [ A ]m} total spin

AN



implications




distinguishability?

same density profile and energy,

scalar

5= and hence gravitational properties (in NR limit)
vector + superpositions (at fixed particle number)

s =1

tensor + superpositions (at fixed particle number)

S —

helicity



distinguishability?

distinguishable via collisions!
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can be replicated by single scalar field cannot be replicated by single scalar field



“scalar’” vector

Rohith Karur



“scalar’” vector

Rohith Karur



scalar vector




scalar vector

less interference

central soliton spin: "' ~ (0.1 — 0.5) x N#A




distinguishability?

same density profile and energy

scalar

5= degeneracy lifted by self-interaction or relativistic corrections
vector + superpositions (at fixed particle number)

s =1

tensor + superpositions (at fixed particle number)

S —

helicity



Vector oscillons

\¢*

1 o m? A . h ; - -
[ = _ZFHJVFM > WMW'U“ + Z(WHWM) — E(WMWM) with Zhang and Jain
Stot # 0 Stot — (0

self-interaction supported
NOT degenerate in energy

spin-spin interaction matters!




gravitational wave-form

above for compact scalar solitons using full numerical GR

Helfer, Lim, Garcia, MA (2016)



MA & Mou (2020)

see for eXampIe: Buckley, Dev, Ferrer, Huang (2021)



9oy W WH Fo g FOP spin—1

Lint ~

~ g5, Te[FF| Fog 7 NR limit

MA, Long, Mou & Saffin (2021)

see for example: Buckley, Dev, Ferrer, Huang (2021)



self-interaction driven

gravitational formation
Mocz et.al (2019)

- ' ~ caustics Levkov et.al (2015)

B 8

MA & Mocz (2019)



future possibilities ...

- formation mechanisms for higher spin dark matter (misalighnment?, gravitational?)
- BH superradiance with higher spin fields

- dynamical friction

- vortices

- pulsar timing measurements

- direct detection

- condensation time scales

- lifetimes of higher spin solitons

- relativistic effects ( for scalar with gravitation, see Salehian, Kaiser, Guth, Namjoo and more recent +Zhang, MA...)



summary

Spin 4

10722 eV

eV

- large occupation numbers
& P N o (mp/m)?
- classical fields/wave dynamics

- macroscopic/astrophysical scales
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summary

spin-s fields as dark matter

O

Klein-Gordon (s =0) 57
'q% 5 2s+1 component .
= .+ Proca (s =/1) non-relativistic limit & + - s+1 solitons
= 3  Schrodinger
] al

Fierz-Pauli ' (s = 2)

spin multiplicity A = 0 1 2
scale separation macroscopic spin = Sio /h = ANZ

- phenomenology /numerical simulations N = # of particles in soliton



summary

scalar A
R macroscopic spin = Siot/h = ANZ

N = # of particles in soliton
VeCtolr - all lowest energy for fixed N
S —

- bases for partially-polarized solitons

tensor distinguishable via collisions,
s =2 non-gravitational couplings, g-waves etc.

helicity



summary

formation mechanisms & interactions

observational implications




extra slides




a different higher energy soliton: the ‘“hedgehogs”

J s=1
W;j(x,t) = f(T)x— COS Wt , Ef-t = 0.33E <0 S hedgehogs
/ i) s =2 7 Epy > E not ground states
Hiy(x,t) = ) (3875~ 8 ) cos E5? ~ 0.07TE <
Stot = 6 fro T :
0.5 f(r) |
0.0
~0.5
~1.0 ()
~1.5
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number of solitons



conserved quantities

1
2m

St = / d*x [% Tr [uﬁ \if} + c.c. Tr[VW' - VW] 4+ m? oV2e — m & Tr[w! \u]}

N = /deTr[\llT\ll] particle number from “emergent” U(1)
E = / d%[i Tr[VW' . VW] m Tr[wiw] / 4%y Tr[w! (y)\ll(y)]} boorre e el

Sy | 4m12)1 PP —— energy from time translations
Sk =8 /dg'ﬁ)CE (Z 5ijk[wa]ij) ) spin & orbital

Lk _ /de% (Z 5kar[\|1T(9@\|l]x7) from spatial rotations



conserved quantities

1
2m

St = / d*x [% Tr [uﬁ \i:} + c.c. Tr[VW' - VW] 2 &V20 — m & Tr[w! \u]}

S =5 /d?’x% (Z gijk[\lnlﬁ]ij> 7 spin & orbital angular momentum

from spatial rotations (independently conserved)



CMB birefringence from ultralight-axion string networks [arXiv:2103.10962]
with Andrew Long and Mudit Jain

*see Agrawal, Hook & Huang (2019)



[arXiv:2103.10962] with Andrew Long and Mudit Jain

CMB birefringence from ultralight-axion string networks

models with sub/super horizon loops models with decaying networks
— fsub—02 / / | — ma:].OHO / /
BICEP2/Keck — m, = 10°H, BICEP2/Keck
10_1—— Jsub = 0.6 [Kec 10—1; ’ /

00 + 1)021@/2# deg?]

101 102
multipole ¢ multipole ¢




