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motivation




dark matter mass !
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dark matter spin ?
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dark matter spin ?
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light, bosonic wave dark matter

Spin 4
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main point

Dark matter density dominated by sub-Hubble field modes

>m > 107 eV




our argument

Dark matter density dominated by|sub-Hubble field modes

1. excess in 1socurvature density pert.
2. suppression in adiabatic density pert.

1. and 2. not seen for k£ < k. ps ~ 10 Mpc_1

\4

m > 10" % eV



comparison with literature

m > 2 x 107t eV Irsic et. al (2017) — Lya

m > 3 x 1072 eV Nadler et. al (2021) — MW satellites

m >3 x 10719 eV Dalal & Kravtsov (2022) — dynamical heating of stars
m > 4 x 1021 oV Powell et. al (2023) — lensing

m 2 10" eV MA & Mirbabayi (2022)

*Above are model independent constraints, stronger constraints exist for particular models (Irsic, Xiao & McQuinn, 2020)



some details

*to us, results were “intuitively convincing” but quantitative calculation is non-trivial

*analytic calculation of density spectra, see appendix of MA & Mirbabayi (2022)



average density from field

p(t, ) light, but non-relativistic scalar field during rad. dom.
q3
o(t) = m? / d1n q 5 P,(t,q) dark matter density close to matter radiation eq.
T
3
t q
3
4
27_‘_2 PSO (t7 Q)

power spectrum of field, peaked at . . .
a(t)H (t) < k.« holds for field produced after inflation -

ke < a(t)m eventually non-relativistic to be DM

Note: no significant zero mode of the field



density power spectrum (isocurvature)

4 3 2
- m 2T
PU) (¢ k) a2 /dl 1P (g, 1) =
) ( ) ) ﬁQ(t) 114q 27_‘_2 [ SO(q7 )] ]CS

W1l

independendent of k for k£ < k.,

kwn 1S defined by the above relation

k —

*ignore gravitational potentials on these scales during radiation domination



density power spectrum (adiabatic)

density perturbations in DM sourced by gravitational potentials in rad.

I — Ps (t, k)

T

(k/kwn)’

A?S (£, K)edm ~ 1077

“scale invariant+log”

CLH kdev ~ 10_3kwn

k —



free streaming !

a’Hm

field power at k. == kis(t) ~ ke In(2am/k.)

) 2—2P5(t7 k) (k/kgn)”

-Siﬂ(l{?/kjfs)_ °
] (k/k’fs.) i

Ag (t, k) |cdm X

k —



our argument — quantitative

Dark matter density dominated by [sub-Hubble /field modes

\ 4

1. white-noise isocurvature excess in isocurvature density pert. kgey ~ 10"k,
a’Hm

2. suppression in adiabatic density pert. s () = k. In(2am /k,)

1. and 2. not seen for k£ < k s ~ 10 Mpc_1

¥

m > 10718 eV

e.g. |Lya]

Note that we did not need to know k.. !



strengths

“model independent” -- applies to all gravitationally interacting,

non-relativistic fields (scalar, vector, tensor ...)

“loophole” — inflationary production with infrared spectra (not sub-Hubble)

for vectors (and tensors?), even inflationary production leads to sub-Hubble spectra

kis < kg ~ av/mH = stronger bound

Mbound X k.. = look at MW satellites with Nadler and Wechsler

obs



summary

Dark matter density dominated by sub-Hubble field modes
— m > 10" '%eV

bound good, detection better

extra small-scale structure

formation of mini-clusters/halos/solitons

5(teq; k)

some exciting phenomenology related to spin!
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spin and dark matter sub-structure

Phenomenology

- reduced interference f\ 0 Q

- polarized solitons, with macroscopic spin é



non-relativistic limit = multicomponent Schrodinger-Poisson

s—/d‘lx\ﬁ— Lpagig g AT g o C
N T T FwFes T o S e T e g T

g/u/ — 8/LWI/ — aVW,u

non-relativistic limit

W (t,z) = h P {\U(t, m)e_imCQt/h} split in “fast” and “slow” parts
2mec
s lih R 1, .
Spr = [ ditd”z | =W'W 4 c.c. VU . VW 4 OV P —mdW'PY
2 2m S E
Spin - 0 eg. Schive et.al (2014)
Spin - | Adshead & Lozanov (2021)

Spin - 2s+1 Jain & MA (2021)



non-relativistic limit = multicomponent Schrodinger-Poisson

W), =1, withe1=1,2,3  vector case

%, k2

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!



conserved quantities

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

Pz iV x W' (spin angular momentum)

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



wave interference

SDM VDM




MA, Jain, Karur & Mocz (2022)



VDM

SDM

. El .
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Vector & Scalar Dark Matter

MA, Jain, Karur & Mocz(2022)



gravitational implications (examples)

- dynamical heating of stars

1
>
n2 G|

Dalal & Kratsov (2022)

3 X 10_196\/}




gravitational implications (examples)

my = 3.2 x 10 - eV fom = 0.63fmy =1.5x 107" eV, fom =0.74fm, =6.5x 107" eV, fpm = 0.66

- lensing

mZ ey 44X 107 eV] 00

Alog P; = —137199\ Alog P; = —5941 ¥ ‘ \
\

W

N\

\

|
N

Powell et. al (2023)




scalar vs. vector dark matter

radial density profiles

less dense & broader core

smoother transition to r -(?-3) tail

Mg, /kpc”]

p(r) |

104?

102?

101?

SDM
VDM




condensation in the kinetic regime
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condensation in the kinetic regime M Saw
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condensation in the kinetic regime

- nucleation time scale

Ts ~ (25 + 1)T5—0

Ts—0 = N0 ON| ™

Jg ~ (Gm/vz)Qv

N ~ n)

3
dB

Pmax

3

lU": 7s ~To(25 + 1) é%

N

10°! [
| S EePRS Py ':"A %
S A R R R L :
BERRHHTHAIE
10-2 | » i
10! l 2 345 79
! T

2

m 3 o 6 /108 Mokpe™?
~ 10G
0 (10_22 eV) (1()() km 3—1) < P> ) . 7

see Levkov et. al (2018) for scalar case



condensation in the kinetic regime

Gorghetto et. al

)
: : 107 7 ~To(25 + 1)
- nucleation time scale

Ci i e

2. | : : ::““ I | l“l’ﬂ
10! | 2 345 79

2\ 2 3
Ogr ~ (GM/V7)7, N ~nAggp t/1o =

2

m 3 o 6 (108 Mokpe ™
~ 10G
0 (10—22 eV> (100 km 3—1) ( p> ) . 7




kinetic nucleation of solitons — multi-component case ;. §

kr
s

1 Jain, MA, Thomas, Wanichwecharungruang (2023)

wa = o
v2<1> — 47TGZmaw V.-

V2¢a + mg P Y,

X

Ofo, Z 5 A (4rmemyG)? ijb ]—“.ab
— mb
2T

V,Uz V., f fo
My 2my, my °

dv Oii — Uil duy, U
ab b b 1) 1Y) b ab ra b 1 rb
where D;7 = / e Jo, ” fs, and F;7 = f ( 3 /o,

= o3
N

Z A 47TG 9 Pa 6 PbOq
L's)y = [o/(2s+1) £ - 030b ms3 ab myoy,




what are these blobs?




born to spin !

spin density
MCOI'G

m™m

Score ~ N

-0.5

5 0.5 |
D

Even when initial total spin is negligible
Ssol/(thd)

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



“polarized” vector solitons (with macroscopic spin)

Msol
™

Ssol — 2(6 X ET) h

macroscopic spin Siot /b = ANZ

N = + of particles in soliton

Jain & MA (2021)




“polarized” vector solitons

IMacroscopic spin M.,
SO

Stot = h

2

™m

- all lowest energy for fixed M

- bases for partially-polarized solitons

degeneracy lifted by self-interactions
Jain (2022)
Zhang, Jain & MA (2022)




probing intrinsic spin of solitons




compactness of polarized solitons

more resistance to collapse to BH for circularly polarized stars

CQ<C‘ <C‘

circularly polarized

hedgehog linearly polarized
- ~ ~
| £ = g
1.4 = '§ ,S o
1.2 =S ~ Q,
E
10 1= .
: = )
L
Msol (0.5 It A
|
|
R 1 .
| — '
[ ” \\,“\
04 I B C*
|
0.2 —
1) == . .
L L 20 S0 L 5 0 10 fall ) 1) 20D 10 o | ) i
Har < m
Rsol

with Thomas Helfer & Zipeng Wang (soon!)

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; M; 5o = 3(Sa-F)] o+




spin of soliton & polarization of photons

with Schiappacae & Long (2022)
Oy = —iF, F"(X - X)
Oy = —3F,, F'"(X - X)
O3 =F,,F""X"X,

explosive photon production (under certain conditions)

Oy = ﬁupF”pX“XV R 21, 1w~ g°X*m
V4 < V4
01 03 03
(92 04 04
X Y T y X | Y



spin and dark matter sub-structure

— SDM
— VDM

Phenomenology

- reduced interference WMMM

- polarized solitons, with macroscopic spin

- growth of structure, nucleation time-scales







. . . . 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 ..sm I'An 'mgnwr for ge"enl 3Pm"s

Schrodinger-Poisson (SP) systems, including attractive/repulsive self-interactions + gravity GNS&-H“MM‘ symms arXiv: 2305.01 675
Mudit Jain, Mustafs Amen & H. Pu

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

forward evolution
hz
m

A(he)?
~ e} [(w-w)wa(wT-ww}

J " ' ]
A ’ deg” = Ve L — ?s'L Y.
MR T, : . " ' +& - -Die.t) - V.,
‘/;urel(pa S) - _8(mc2)2 |:3p — - y
" " |
number density p = Wiw T |" ' Ao P
spin density & = iAW x Wi ]

-
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