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Light bosonic dark matter

(Fuzzy) (QCD axions) any dwarf galaxy
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* Fits into the galaxy:
(mv) ' <R = |m=>10 eV

Kinematics is knownl
p ~ 0.1 Mg /pc®
R ~ kpc v~ 10km/s

* Can be only bosonic:
f ~ p/m >
(mv)® ™

1 (& |m<100eV

* Forms BE condensate:

T<T, = mv? <n?? /m & | m<100eV See D. Levkov's and
— —~— — A. Dmitriev's talks

Gravitational Interaction —) Bose-Einstein condensation!




Describing ALP DM

f>1 =) classical field a(t,x):
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v < 1 =) nonrelatisitic axions F, >~ m:
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Newtonian gravity: ®(¢,x) < 1

Ad(t,x) = 4nGm’® f2 |y

Schradinger-Poisson system: (¢, x),

o (t,x)




Bose star

Bose star = BE condensate
in state 1, (r)

ws(r)

/ 3

Solitonic solution

« P =1 (T)e_iwst- ground state of P
- P =P, (’I‘) - potential of s (7)

e Wy < 0 -energy level

* Ms =M (%) - parameter

[Ruffini, Bonazolla '69; Tkachev '86]
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Bose star

Solitonic solution
Bose star = BE condensate

in state 1 (r) e P =1 (r)e "t ground state of P

%(T) « & = &, (7) - potential of Vs (7)
A e Wy < 0 -energy level
» My = M(%s) - parameter
q) < ( ’I") [Ruffini, Bonazolla '69; Tkachev 'S6]

Form in popular DM models via BE condensation:

Fuzzy DM (m ~ 102 eV) QCD axions (1 ~ 10~° eV)
In (dwarf) galaxies during structure In axion miniclusters after RD/MD:
formation:

Myaio ~ 5 x 10° M Myato ~ 107 My,
M, ~ 10% M, M, ~ 107" M,

[Schive, Chiueh, Broadhurst '14]

[Levkov, Panin, Tkachev '18]
[Veltmaat, Niemeyer '16]

[Eggemeier, Niemeyer '19]



Can the Bose stars rotate?

BEC velocity is irrotational:

m()* w =0
— tm(y V;/)) = Vargy/m “3
m|y)

(%

rotv =10 ngp
1

Rotation < vorticesl!

%’Udil’)—l t,bO(T‘leilgb

[ rotation quanta <:

This costs energy!




Rotating Bose stars

Axially-symmetric Ansatz:

Y = 1P, ("“a Z)e_iwstﬁlqb ?Ps X ?“l as r — 0
¢ =P, (r,2)

BEC of particles with angular momenta l: L, = Ml/m

Solve equations numerically atl =1, g4 = 0: Ry o9 = e'™/24)
20 | . 20 | ,\99
Two-parametric family:
w 0f . r o) l, M,
~20 + -20
-20 20 -20 0 20
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Evolve the | = 1 star numerically
t=0: =1+

small

z
\/ arXiv: 2104.00962




Bosenova
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[Vakhitov, Kolokolov '71; Chavanis '11]
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Large-mass Bose stars are unstable!

M
M., ~ 10 Plfa, ~ 5 x 1012 M®
mgq
M .
R, ~ 01822 70km QCD axion

mf,
[Levkov, Panin, Tkachev '17]

Q: What will happen to an unstable Bose star?
A: It's collapse!



Bosenova: full relativistic simulation
Solve numerically relativistic equation: [la = —(1 +2®) V'(a/f4)/ fa

V() = —m2f2(1+1/2) 1+ 22 +22cos, where z = m,, /mq ~ 0.56

: s L - self-similar
\S\ 1072 +——
Q_ \
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Relativistic axions are emitted! [Levkov, Panin, Tkachev '17]
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Interaction with photons

Ou(Fyv + gayaF ) = 0

f

+ h.c.]

coherently oscillates

!’

parametric resonance

A =c/ (t ) eiml=H1)/2 4. c;, (t,x) em==t/2 L hc.
> " 7 N d
left-moving right-moving

Orcy = 0.¢y + igayy famib e, / 93/2
Oic, = —0,c, — z'gomj"amwc;?/23/2

<«

Orzc; < me;
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Simple equations for photons

Ralct = 8,ct + igay famab*c, 2%/
u/at/cy_ = —0.¢; — igayy famibc, /23/2

* Boundary conditions: * Quasi-stationary approximation:
13 I\ 34!
c;ft—>0 as z — 00 t, < tq c,?[ocef w(t')dt
2 ! =
R R/’U vR' < 7 <<4R_1
(start of resonance)
\4
_|_
o Restoring the solution:
A = / dn, ™) (z)el" HE)dt +im(nx+t)/2

1
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Static coherent axions (Bose stars)

v 0 R

1.° Analytic solution for any )|

» = Ae"*cos(D

Cy e'*cos(D(z)) Xeft Ldt
c, = —iAe *sin(D(z))

D(:) = go fum2 ¥ [

D(+00) — /2
[dzsin(2D(z))

2: 6rowth exponent: u =

3. Condition for resonance: | D(+o00) > 7/2

Need massive Bose stars! M > M, = 7.66 Mp; /(mga-y)

4 QCD axions: M < Mcr :> Garvyy > 031/fa

or collapse
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Applications

[Levkov, Panin, Tkachev '20]

One Bose star D(2) = gy f.m273/2 / Ydz
Resonance at D(+4o00) > /2 —09

In the center of collapsing BS: Jayy = 0.13/f,

* Two Bose stars > <
Resonance is easier: 2D(co) > /2 o
v < -l
But: v< (mR)', L>R e .
* Diffuse axions i g Rl
Coarse-graining —) kinetic eq. for 71 e A2 G e
g2 e
Ddiff = 877 [p(Z)lcoh(Z)dZ > 1 — “
Ry o

Radio amplification, w., ~ m/2:
F%(,ut = F%in/COSQD - Bose s4‘rar' F»y,in Ff}q out
(dominant if Pstar/Paier > 1077)

Foowt = Fyin /(1 — Dgigr) - diffuse axions 14



Two moving Bose stars: numerical simulation

\A® = 4xG(m? f2|Y|° + o) backreaction

N
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Two moving Bose stars: numerical simulation

N OFr

-10 -5 0 5} 10

log(p~)
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Exclusion plot for QCD axions

10—10

Gary > 0.31/ f,

experimentally excluded

resonance | M-~

m eV

[Hertzberg, Schiappacasse '18; Levkov, Panin, Tkachev '18]
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Conclusions: Implications of Bose stars in axion cosmology

Less diffuse DM = weaker signals in DM detectorts

Radio lines from transient axion stars
[Witte et al '22]

Parameftric resonance: radio explosions of heavy stars — explain FRB?
[Levkov, Panin, Tkachev '20; Chung-Jukko et al '22]

Radio-emitting stars heat the cosmological medium
[Escudero et al '23]

Bosenovas: additional flux of axions in DM detectors
[Levkov, Panin, Tkachev °'17; Eby et al '22]
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