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lots of fun high energy physics
+ phase transitions here

after inflation
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Spin of wave dark matter from astrophysics!?
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spin and dark matter sub-structure

Phenomenology

my = 3.2 x 107*2 eV, fpu = 0.63
SO \JONS 0







non-relativistic limit = multicomponent Schrodinger-Poisson

1 1 m?2c? c?

S:/d‘*az\/i—g X XM S X X+ SR

4

X =V, X, =V, X

non-relativistic limit

split in “fast” and “-low " parts

h —imc?
X(t,x) = chﬁ)? {\U(t,m)e t/h}

hoL . h? 1
I / dtd3z | Zwiw + cc. VU . VW - OPVID —md W'Y
9 2m. Sl

Adshead & Lozanov (2021)
Spin - 2s+1 Jain & MA (2021) [2109.04892]



non-relativistic limit = multicomponent Schrodinger-Poisson

W), =1, withe:=1,2,3  vector case

%, 12

ih—W = VW+mow, V20 = 4anGmW'W
ot 2m

W, =, with s =1 scalar case

at this level this is just 2s+1 equal-mass scalar fields
but not when non-gravitational interactions are included!

Jain & MA (2021) [2109.04892]



conserved quantities

N = / ABxWW, and M =mN, (particle number and rest mass)
- h? Gm? d?y :
E=[d° TV vy / Wi (y)Ww
/ L wl AR 5 ppep— (Y)W(y)|, (energy)

Pz iW x W' (spin angular momentum)

L=h / d’x R (z WIvVW x w) . (orbital angular momentum)



spin angular momentum

S:h/d?’xilllxllﬁ s = ihW' x W

0 <|S|<AN 0<|s| < hW'W

Jain & MA (2021) [2109.04892]









condensation in the kinetic regime

- nucleation time scale
Ts ~ (25 + 1)T5—0

Ts—0 = [NOoON|

Ogr ~ (Gm/v®)?, N ~ nA

3
dB

[2304.01985]
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with Jain, Thomas, Wanichwecharungruang (2023)
see Levkov et. al (2018) for scalar case



kinetic relaxation — multi-component case

Jain, MA, Thomas, Wanichwecharungruang (2023)

1 V24, + my B b, 12304.01985)
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solitons in s > 0 fields

spatially localized, coherently oscillating, long-lived

6 scalar star

spatially localized

coherently oscillating (components)

ogravity

vector /tensor stars

exceptionally long-lived

oscillon

& | | self-interaction
N

P'SOI itons vector /tensor oscillons




vector solitons !

e, 1
W =
‘ ot 2m

VW +mow, V20 = ArGm W'V

W(t,r) = f(r)e*e with €'e=1

—uf =

1
V2f+mdf V2® = 4nGm [~
2m




“polarized” vector solitons

W(t,r) = f(r)ee with €'e=1

X(t,x) = \/%3? W(t,x)e "™

€ = 2 ei::f:::z'y/ﬂ

f(r) cos{(m — p)t]2 ()@ cosl(m — )t) + gsinl(m — )]

hhi=c—=1 Jain & MA (2021) [2109.04892]



“polarized” vector solitons (with macroscopic spin)

macroscopic intrinsic spin!

MSO
Siot = i(€ X €') 27

T

€ = 2 € = & +iy/V?2
Msol
Stot — Stot = h <
m

Jain & MA (2021) [2109.04892]



“polarized” vector solitons (with macroscopic spin)

Msol
T

h

Stot = i(e X GT)

- all lowest energy for fixed M

- bases for partially-polarized solitons

R EYEE

= GESEE O

> >
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Also see:Adshead & Lozanov (2021), Jain & MA (2021)



born to spin

M core
S core " h
-0.5 T

spin density

1 even when initial total spin is negligible

1.0

Ssol/(thol)

'.'ﬂ*

|Score|/(Nh)

| THy

000 025 050 075  1.00
|Siot|/(NR)

MA, Jain, Karur & Mocz(2022)
Jain, MA, Thomas,Wanichwecharungruang (2023)



a different higher energy soliton: the ‘““hedgehogs”

earlier literature " hedgehogs
W;(x,t) = f(r)— coswt, not ground states
r

at least when non-relativistic
Lozanov & Adshead (2021)

Eiy, > FE

Es=! ~ 0.33E < (




attractive non-gravitational self-interactions

energy

\

Zhang, Jain & MA (2022)

t Siot # 0 2111.08700

Also see Jain (2021), Zhang & Ling (2023)




. . . . arXiv:2211.08433
I-SPin: An integrator for multicomponent Mudit jain & Mustafa Amin

Schrodinger-Poisson systems with self-interactions

An algorithm (and publicly available code) to numerically evolve multicomponent

Schrodinger-Poisson (SP) systems, including attractive/repulsive self-interactions + gravity

If SP system represents the non-relativistic limit of a massive vector field, non-
gravitational self-interactions (in particular, spin-spin type interactions) introduce new challenges

related to mass and spin conservation which are not present in purely gravitational systems.

Above challenges addressed with a novel analytical solution for the non-trivial ‘kick’
step in the algorithm (sec 4.3.2)

(i) second order accurate evolution (ii) spin and mass conserved to machine precision

(iii) reversible

n-component fields with SO(n) symmetry, an expanding universe relevant for
cosmology, and the inclusion of external potentials relevant for laboratory settings

mass density forward evolution
hz
ih oW = —2—v2w +mdW
m

A(he)?
~ e} [(w-w)wa(uﬁ-ww}

spin density

backward evolution
~ A(he)? , (8-8)
%rel(p, S) - _8(m62)2 |:3p — 2
number density p = Wiw

spin density & = AW x Wi

An algorithm for evoh P’
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probing intrinsic spin of solitons




compactness of polarized solitons

more resistance to collapse to BH for circularly polarized stars
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with Thomas Helfer & Zipeng Wang (2023)

C = GM/Rc?



gravitational waves and spin

V = 1+ Ow*/c?)

2 (a) ]
| ]. S]_ SQ S]_ A SZ A CESZ 2 ~ 2
r2c? {M1 M, (Ml r) (Mz T) " < 2M; Mo 5o = 3(Sa- )] 0+




MA & Mou (2019)

2009.11337 2301.11470
with Schiappacasse & Long (2022)




spin of soliton & polarization of photons

explosive photon production (under certain conditions)

Oy = —%F, F"(X - X)
Oy = —3F,, F* (X - X)
O3 = F,,F""X"X,
Oy =F,,F""X"X,
Os5 = F,,F"Po" X,

pRZ1, p~g?X*m

R = soliton radius, u© = Floquet exponent
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with Schiappacasse & Long (2022)
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generalization to arbitrary spin




extremally polarized solitons

spin-s fields as dark matter

Klein-Gordon (s =0)

+ Proca (s =/1) non-relativistic limit

Einstein
Poisson

Fierz-Pauli ' (s = 2)

_|_

2s+1 component

Schrodinger

s+1 solitons

spin multiplicity A = 0 1 2

macroscopic spin Siot / h = \N?Z%

N = 4 of particles in soliton

Jain & MA (2021)



summary

Phenomenology

- reduced interference %W\MMNMOQ

- polarized solitons, with macroscopic spin

- growth of structure, nucleation time-scales




