Dark photon (and axion) stars

Ed Hardy

UNIVERSITY OF

LIVERPOOL

With M. Gorghetto, |. March-Russell, N. Song, S. West

[2203.10100 + ongoing]



Dark matter candidates

Dark Sector Candidates, Anomalies, and Search Techniques
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Basic definitions

Dark matter over-density field 6(x) E[ p(aj)_l\— p
17

N

Dark matter density

Density power spectrum

* Statistical homogeneity + isotropy



Production mechanisms

Dark photon

» Inflationary
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* From local strings
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Dark photon dark matter from inflation

— massive vector field during inflation
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— can comprise the DM for: [m > 107 eV]

[Graham, Mardon, and Rajendran]



Dark photon dark matter from inflation

— massive vector field during inflation

1 1
_ 3 0 VO 2 uv 5
S = /dtd T/ —¢g [—Zg‘“pg FuyFog + 5711 g" A#A,,] ds? = —dt?2 + a2(t)d:c2
m < Hy |
107
HY (k. JJH\ [a.\’ 1 dpy 1077
plag) ~ e ’)‘) il y AL
T )< (1, (i) AU log R
| PA 8 10-6
— pDN \/ m H 2
PM A6 10-6ev \ 101 GeV 10-8
- 10 A N U Y T .
H; <10 GeV  (tensor perturbations) 10 106 [0 02 l 0 10
— can comprise the DM for: [m > 107 eV] kik,

[ k./a, = H when H=m ]

[Graham, Mardon, and Rajendran]



Initial density power spectrum
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Initial density power spectrum
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Gravitational collapse and wave effects

An order one over-density 6 = 6p/p becomes nonlinear around matter radiation equality, at a = @,/6

particle overdensity p
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Gravitational collapse and wave effects

An order one over-density 6 = 6p/p becomes nonlinear around matter radiation equality, at a = @,/6

particle overdensity p

de Broglie wavelength of a particle in the resulting clump
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A coincidence




A coincidence
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A coincidence

k5 (p) _ (167G pldaeq) m?)!/4 N(ﬁ(aeq) )>3 Q,\" 1o
B Jomoe, mf(ax/deq) ~ \hui(aeq) ‘(Q_M) L
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Quantum pressure cannot be neglected and affects the evolution of the order one overdensities at a = d



Evolution of different modes
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Evolution of different modes
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Halos vs Solitons

Halos Solitons

Do =0 bo=-® <+ T=0

— gravitational potential balanced by the velocity terms — gravitational potential balanced by the quantum pressure

soliton
halo

angular momentum ‘supports’ the gravitational potential quantum pressure ‘supports’ the gravitational potential



Simulations

o 1 :
Non-relativistic limit ~ 4; = —— ("™ + c.c.)
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Solve the Schrodinger Poisson equations on a discrete lattice

Start with a realisation of the initial conditions at a < a,, and evolve through matter-radiation equality

q

Fluctuations collapse into bound dark matter clumps and can easily be identified

Comoving distance between lattice points is constant; end the simulation once the soliton cores are no
longer resolved



Simulations
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3.5},

a/aeq=0.95

Simulations
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3.5},

a/aeq=7.00

Simulations
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ldentified objects

Spherical average over ~100 objects

10}

0.8/

0.8 .:

The solitons contain about 0% of the dark matter

Typical central density pgs =~ (10 =+ 103)[)8(1 ~ (1= 10%)eV?



Halos vs Solitons
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Halos vs Solitons
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Survival of the substructure

Milky way center/halo center

e tidal forces/disruption by a central potential /

e dynamical friction == orbit decay ®

/7
orbit decay

star

V

e collisions with stars bimpact ‘

e tidal shocks by the galactic disk

e tidal shocks during formation of halos/merging?



Encounter rate with the Earth

Dark photon star number density folto)/M =~ 1020pc— (%)3/2
e

Encounter rate with the Earth I' ~ nwR*v,q

2L ()Y

~ yr \eV



Encounter rate with the

Dark photon star number density

Encounter rate with the Earth

n = fop(to)/M =~ 10"pe”* (%

I' >~ n7rR2vre1

m

eV

)3/2

_ 0.1 ( m )1/2
yr \eV
b/A,(ps)=0

soliton

Earth




Signals
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Other production mechanisms

Dark photon Axion
» Inflationary fluctuations » Post-inflationary ALP
* From local strings *  Axion coupled to dark photon

* Parametric resonance

The time when H = m plays a key role in all of these



Other production mechanisms

Inflationary production
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Conclusions

New light particles are good dark matter candidates and can have interesting substructure
A dark vector produced from inflationary fluctuations is a minimal, easily calculable theory
A coincidence means that solitonic "dark photon stars’ automatically form at matter radiation equality

These contain about 5 to 0% of the dark matter abundance and are likely to survive to the present day

Future:

Observational signals

Similar dynamics for other dark photon production mechanisms, also for axions/ axion-like-particles
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More rigorously

e more rigorously from the equations of motion of the vector field: D HF Y — m?2AY
1 B : .
A = m(wze B c.c.) non-relativistic limit: % << mw; and ¥; K m2¢i
Schroedinger: i+ — —m®|)Y; =0, « D FHr — m2AY
- 2m K
Poisson: v2g - G (10if® = (|2i?) «— G = 387G T Einstein eq.
a :

Nonlinear, A; and A are now coupled together



More rigorously

Magdelung transformation:

Vi = \/pie'?
5 = 1vo,

m

—

Continuity:

Euler:

<

Oypi +3Hp; +a 'V - (pit;) = 0
owv; + Hu; + a_l(f)',- . V)’I_); =—qa ! Vo |+

— V2® = 47Ga’*(p — p)

(3-component) perfect fluid
with ‘quantum pressure’ term:

PN Sl v/
= T2aim?




More rigorously

Magdelung transformation:

- Wi = /pie Continuity: 8t,0i + 3Hp; + a—lv . (Piﬁi) =0
; - — 7. — Lx7p. - < - o 1/ - _
(Zat = om m@) wl =0 ) UV = ,}lvgz Euler: atvz + H,vz + a l(vz . V)’Uz ——a 1 v@ +
V2 = TS (il — () — - V2 = 4nGa’(p — )

(3-component) perfect fluid
with ‘quantum pressure’ term:

h? V2/pi
Qi =55
2a*m= \/p;
e quantum pressure negligible if: [vqﬂ >V,
v<
2

47TGCL2p > 20,21m2 \ v\/_\f’/ﬁ = 2a21m2 %

( j.phys ) J (1 671G om2 )1 /4 < overdensities are dominated by ® — grow and collapse
g = — = (167G pm
k> k overdensities are dominated by ®o — prevented from collapsing
J Q

and oscillate



Encounter rate with the Earth
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Dark photon star number density folto)/M =~ 1020pc3 (
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Press Schechter

-

R

e while perturbative, overdensities grow linearly:

5o<1+% “ = D(a)

Qegq

time
. e when §(z) ~ 6. = O(1) the overdensity collapses

into a halo

increases

e the mass of this halo is determined by ‘smoothing’
. AN L
the field over distances R(M) = (32)s

Awp

— the regions of the smoothed field in which D(a)d(t = 0,2) > . (i.e. §(t =0,2) > §./D(a))

are expected to have collapsed into a halo of mass > M

— heavier and heavier halos as time increases



Vector solitons

-
eIy ()

e quantum pressure is relevant for this solution:

B atm? N 1 _ G3mS M4
Ps = A7G — Gm2RY T 64n

As(ps) =21/ (167Gpsm?)/* ~ 2.3R

— density at the center =

Jeans scale comparable to the soliton radius

- 10

— fully ‘supported’ by quantum pressure

v = LVO, =0

m

Euler 0 (8127};"‘{: Hﬁ{‘# ail{@’f Vgﬂg: — a_l(V@ + V(DQZ) =0 <— (I)Q = —¢ (alternative definition of solitons)



Vector solitons

. B Ca'm? 1 GPmSMY
— density at the center = ps = e S ot s o
’ @ 14
e cosmological solitons produced with mass M (a) = cpy M j(a) M (a) = 4:_;,-1-13((1.) 9 1 =0 [(53(“)6] :
‘ (16wGm2p(a))4 3m

ps(a) = 4.5-10%},p(a) x a3

— the density of the solitons produced is parametrically the average DM density — indepedent of m!

3

— the first arc produced with density o~ p(aqq); as time increases, solitons produced with smaller pg o< a2, smaller M and larger R

Bleo

- A\[((z) = ("\[A\[J((I) = ('.\IQ‘[.I(”('Q) (”;—lq)
m

_ 3
i 1075 eV 2
M (eq) ~ 1.6 - 1075 M. (%)

-l

= b ]
- 105 eV 2
A (eq)) =~ 106 km (_)

m

— R(a) ~alj(pla)) = A,;(/‘)((lvq))(ﬁ)



Mass distribution

ps/eV?
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Compact halos

_ Press Schechter method [analytic]

e single component perfect fluid (without quantum pressure)

with density p and velocity v ~ 0

e perturbative initial conditions with power spectrum Ps(k) ~ (k/k,)>

[the field is Gaussian at L > A, and determined only by Ps] S\ N-bOdY simulations [numerical]



Compact halos
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Compact halos

[

m

My (aeq) = 1.6 - 107 M, (M) i




Compact halos

oo

. 1072 eV 2
A[J (a'eq) =16- 10_10..“'1-@ (u)

m

it
i
R ]

M/M;

peaked at:

My (2) ~ 65M [

i
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Halo Profiles

N-body simulations

1

10° 1 u
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Ailpg) =T

(below this line quantum pressure is important)



Halo Profiles

N-body simulations

1
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lower mass halos have a smaller density [density determined parametrically by the background DM density at formation]



Fuzzy halos

soliton is an exact solution only in vacuum
‘fuzzy’ halo around the solitons that follows an NFW profile
extends out of a few soliton radii

maximum density two orders of magnitude less than the soliton’s

Ag(Geq) =~ 10% km (

107 eV

m

)é



Mass distribution

ps/ev4
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Vector dark matter from inflation

— massive vector field during inflation

1 vo 1 17
S = / dtd’z\/—g [—Zg“"’g FuvFpo + 571129“ AuAu] ds® = —dt* + a?(t)dz?
m < Hy
H;!
consider a generic mode: kphys = g >Hr>m

! AN

subhorizon during inflation = relativistic

Transverse = k-Ar =0

A= {Ar, AL}
Longitudinal = k. A =FkA;



Vector dark matter from inflation

S=5Sr+5¢ (tranverse and longitudinal decoupled)
Transverse
p dt
"aldd3kdt 1 - k> ‘ - ="
— “ i : - A 2 o o 2 A 2 a
St / (27)3 2a? [‘Ot d <(1,2 o >| d —

(relativistic)

time-translation invariant —» vacuum does not Chal'lge
transverse modes are not produced



Vector dark matter from inflation

S=5Sr+5¢ (tranverse and longitudinal decoupled)
Transverse
oo dt 0
» 331 .2 n=—
a’d’kdt 1 T k 9 > 9 a _3 3 1 a0 5 ZNE T
Sr :/ 2r7 242 [\&Aﬂ - <n—2 +m >|AT| - (27) | d Azd'né <d,,AT| — (k* + a2m”)| Ap| >
(relativistic)
time-translation invariant —» vacuum does not Change
transverse modes are not produced
Longitudinal
add3kdt 1 a*m? §>> "P= % 1
_ 2 _ 2 2 v 2 2, 9
o —/ 2P 242 [k a2 ALl =L — / a*d*zdt[(0p)” — |Vepl* /o’

(relativistic) scalar field —> Pproduced with scale-invariant energy density
spectrum at horizon exit a. = k/Hj



Vector dark matter from inflation

S=5Sr+5¢ (tranverse and longitudinal decoupled)
Transverse
J dt
» 3731 .2 nN=—
a’d’kdt 1 = 5 k o\ = 1o a
St = . = [|0tAr|" — | = +m~ ) |Ap|”
. / (27)3  2a? [‘ At <(1,2 i ) [Ar| -
(relativistic)
time-translation invariant —» vacuum does not Cha.l'lge
transverse modes are not produced
Longitudinal
3 13 2 9 E > m Y= AL
a’dkdt 1 a*m 5 91« 19 a ok 1
= — 3 73 2 2/ 2
o —/ 27 22 [k T aze QAL = mTlAL — / a*d*zdt[(0p)” — |Vepl* /o’
(relativistic) scalar field —> produced with scale-invariant energy density
spectrum at horizon exit a. = k/Hj
dpa
- = [ dk—=
Energy density: PAL / ok
1
Opar | o i Ar| =0
dlogk|,_, — (2m)? S P




Vector dark matter from inflation

a’m?

a’m? — V2

2
1
Hdt—l—k——l-m]AL 0 P=2—2(3tAL

a

|:dt2 3k2 + a?m?

k2 4+ a2m? a2

atAL -+ mzA%)




Vector dark matter from inflation

o 3k% 4+ a*m? k2 1 a2m?
[dg O HO [ AL =0 o= g (0 O + AR
A INFLATION RADIATION ERA horzon

today
VECTOR
REGIME

,()ocu_2

FROZEN

~ KINETIC
& ENERGY
[75)]
oD
k= 1
S [ e e e e e —
=) k,
z DE SITTER
“ VACUUM
FLUCTUATIONS
: o
Ayeheat a, Ay.re.

scale factor a
[Graham, Mardon, and Rajendran]



Vector dark matter from inflation

2,2

2 T 2 1
52 4 3k —I-am Ic B (8A a‘“m 5. A 22)
Al —0 — — (841 VAL +m?A
A INFLATION RADIATION ERA horizon
today
VECTOR SH =
REGIME { *
poca_2 kila. =m
FROZEN U
B KINETIC  CGEMVATEERN @~ 5.
.§ ENERGY -----------
[75)]
oD
k= 1
> A= TN
2 7k
E| DESITTER
“ VACUUM
FLUCTUATIONS
: o
Ayeheat a, Ayree.

scale factor a
[Graham, Mardon, and Rajendran]



Vector dark matter from inflation

comoving size L

2 2,002 2 1 2,2
ao Sk +a*m” k 5 B (8A M o 4 22)
— f =0 = — (G AL t AL +m”A
|:dt -+ k2+(},2m2 Hdt‘l‘ (],2' —+m AL 0 P 202 a2m?2 — V2 L
A INFLATION RADIATION ERA horizon
today
VECTOR SH =
REGIME Pox
-2
pcd k,/a, =m
FROZEN o
KINETIC  \GEEERMATEERNN 3 ——— 0 5.
ENERGY ----------
1
............ — 2 3
i“k.‘:: )(a-) N H}l A’:.*./HI (I_*
DE SITTER PET=0m2 \a, a0
VACUUM
FLUCTUATIONS B m Hy 2
RADIATION ~ /b \/6- 1066V (10“ GeV)
poca—4
- H; $10 GeV  (tensor perturbations)

Areheat a, Ayr.e.

— can comprise the DM for: [m > 107 eV]
scale factor a =

[Graham, Mardon, and Rajendran]



Survival of the substructure

Disruption probability related to the density of the objects p(R) /-:\
. -
R) = drp(r —

pUIE) 4¢rR3/3/0 L) -

— if the mean density of an object > 0.05eV 4~ 10° proe = O(10)pgar. the parts with r» < R survive

e solitons: p, = (0.1 + 100)eV*, and p(Reqge) =~ 0.2p4

— most of the solitons and the fuzzy halo around them survive undirsupted

e compact halos: those with mass (10% <+ 10*) M have average density (107° =+ 10~ 3eV?)

— likely to be dirsupted except at their core



Halos vs Solitons

e 1 :
Non-relativistic limit A4, = ———— (¢ + c.c.) o V7

m2a3 = _
V2m* a Co= " VPa

Pi = \/pie’? (~
0+ —md) i = 0 7 = Lvo, Opi +3Hp; +a” 'V - (pi%;) = 0 .
2m ’ ’ " = P H 1 \V4 E/_\ldvcb Vo
e Ui+ HU;+a " (U;- V)T | —a™ |+ ;
vie = 11¢ (lil® = (J9l*)) — Z = Z Z 2 o)
a = . V® = 4nGa(p — p) ,

1

Solitons

Halos

Dy =0

— gravitational potential balanced by the velocity terms

soliton
halo

angular momentum ‘supports’ the gravitational potential quantum pressure ‘supports’ the gravitational potential



Vector solitons

1.0
Basic ansatz: 05l X1
m —iymit ~
Vi = T xi(mrfu), — ® = ®(mr) v ~ —0.65
vis

S\
unit vector u;u; = 1

Energy localised at the centre

Other solutions obtained by rescaling

x1(z) = o?xi1(az), ®1(z) = o?®(az) and '7 — a?y, for any a > ()

\f ~ 20 19 3.9 ,
M>em' B%am MR~ —— > Product MR depends only on the vector's mass

~

Gm?




