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Light bosonic (ALP) dark matter

Fornax dwarf galaxy

o Fits into the galaxy:
(mv)"1 <R =|m>10"22eV
< in kinetic regime
e Can be only bosonic:
L = |m < 10%ev
(mv)3 : o
> for classical field parameters are known!
o Forms BE condensate: p~0.1 M@/pc3
(mv)~t > n1/3 = |m<10%eV R ~kpc
v ~ 10 km/s
(Fuzzy M) Do they interact strongly
10722 eV 2
. 10 . eV m enough?
Answer: YES,
Interaction = Bose condensation! gravitationally!
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Describing light DM

Q@ 7> 1= classical field a(t, x)

Oa+ m?a — m?a3/6f24...=0
seIf—lnteractlon

@ v < 1 = nonrelativistic axions E; ~ m

a=f(t,x)e”"™ /2 +h.c.
\
iDp = —Avp/2m + mUyp — mEERHET]B |

© Newtonian gravity: U(t, x) < 1

AU = 4rGm?f2[y[? |

Scrédinger-Poisson system: ¢(t, X), U(t, X)
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Bose stars

r ® 1 = ths(r) 7
/]\
Ground state of U

o U = Us(r) — potential of /s
@ ws; < 0 — binding energy

@) Stationary solutions of SP system

@ M = M(ws) — only parameter

v

Ruffini, Bonazolla '69; Tkachev '86
Properties:

O Bose star = BE condensate in state 1)s(r)
© Attractive self-interaction: —g7 < 0
= collapse > <
Large mass: M > M, =10 f,M,;/mga
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Brute-force simulation
o [t =0]: Virialized initial state: t=0 Y|

2 2 i
—p®/2(mw) iAp
x e X e
e 2
momentum random
distribution phases = !
Kinetic regime:
| N 1 R .02
coh (mVO) <
@ Numerical evolution = T 0
t=1.3-10° |¢’
-1
1 ri
>
.02
0 0 Virialized halo
T
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Unsatisfactory description?

Many simulations:

o Fuzzy DM in dwarf galaxies, m ~ 1072% eV
Schive et al '14; Veltmaat et al '18

@ QCD axions in miniclusters, m ~ 1072 &V

Eggemeier, Niemeyer ‘19

What is wrong?
@ Hard to simulate: mvR > 1
@ No analytic estimates!
© No prediction for f,(x)

Solution: Kinetic description at mvR > 1
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Kinetic equation: Derivation

Levkov, Panin, Tkachev '18
© Occupation numbers <+ Wigner distribution

fo(t,x) = [ d®ye ™ ((x +y/2)¢*(x — y/2))
@ Bogolyubov chain of equations
SP system: i0y) = —Xi) /2l + Uy + short notations

—~—
Gy AT [

© Perturbative approximation

Q Expand in (px)~! < 1 = Local equation for f o (1p*1))

@ Interaction at p~! < |x — x| < R — Landau approximation
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Kinetic equation: Derivation

Levkov, Panin, Tkachev '18
© Occupation numbers <+ Wigner distribution

x) = [ Py ™ (W(x+y/2)v*(x —y/2))
@ Bogolyubov chain of equations
SP system: i0yt) = ¢ + Gip1p*1) < short notations
Infinite chain:

(Y™ ) = (™) + G py*eh)
8t<¢ Pprp) = (W PPTY) + G YPTYPTY)

© Perturbative approximation
Q Expand in (px)™! < 1 = Local equation for f o (¢p*1))
@ Interaction at p~! < |x — x| < R — Landau approximation
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D. Levkov (INR RAS & ITMP MSU) Bose stars

Kinetic equation: Derivation

Levkov, Panin, Tkachev '18
@ Occupation numbers <> Wigner distribution

x) = [ dPye P (p(x+y/2)p"(x — y/2))

@ Bogolyubov chain of equations + perturbative expansion
SP system: i0yy) = 1) + Gp*1) < short notations
Tefnte chain:

(™) = (YY) + G ) (™) + G y”

< >conn
8t<¢*¢¢*¢>conn = <¢*¢¢*¢>conn + G<¢*¢><¢ ¢>< > + O(GZ)
>

© Perturbative approximation

(o) = (W )W)+ (VY ) conn
Free field  Interaction: 0(G)

Q Expand in (px)~! < 1 = Local equation for f o< (1p*1))

@ Interaction at p~! < |x — x| < R — Landau approximation
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Landau kinetic equation

~ f,
m (t-reversal) ~—~~ Tgr
b relaxation time
Bose amplification
Time to Bose star formation: cf. Landau, Lifshitz, X

bv2 m3v° 42

e T 1003 G2A 2

~

R

— (Rmv)3
Ogripvn v
——
kinetic

N\ = log(mvR) — Coulomb logarithm
In minicluster/galaxy:

® 7z > R/v < free-fall time

@ Rmv ~ 1 — condense immediately!
correct for Fuzzy DM & QCD axions
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Distribution function in simulation

dN )
Flw, t) = — = fd3x dty ¥ (t, X)W(t + t1, X) ciwti—t3 /2
N~—— dw

pfp

Sk

= (0000000

1
@ ~ p?/2m
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Testing kinetic equation

e Solve Landau Eq. numerically!

distribution time
20 10°
2 5
ZQI © Landau S
— s
5 SP S
LL‘ t ~ T.(/I' |
0 1 1 6 8
0 0.5 9 1 10 10
w=p°/2m m?2v®/G?n?A
One parameter to fit: A = log(mvL) + a < correction axb
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Conclusions-1

@ We understand kinetic mechanism well

Fuzzy DM in Dwarf galaxies

: ) - Tor ~ R/v < fast formation
QCD axions in miniclusters } gr /

e Still, prediction: m > 10720 eV = 7, > 100yr
in dwarf galaxies

Q: How do Bose stars grow?
Eggemeier, Niemeyer '20
Veltmaat, Schwabe, Niemeyer '20

@ Q: Other kinetic processes?
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ALP: Interaction with photons

Lint = gZY’Y a Flw’z—/w or gZY’Y a Flelw

pseudoscalar scalar

For QCD axions

@ “Simple” models:
a Bayy ~ af2nf, S 1

a

KSVZ, DFSZ  unitarity

f)/
o “Clockwork”: gy, > ;71
Spontaneous decay Stimulated decay
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Parametric resonance: a — 77 avalanche
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Parametric resonance: a — 77 avalanche
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Parametric resonance: a — 77 avalanche
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Parametric resonance: a — 77 avalanche

2R

<
N

v

Condition: at least one axion decay due to ~y
Tkachev '87; Riotto, Tkachev '00; Hertzberg, Schiappacasse '18
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Simple equations for photons

Ou(Frv + 8ayy @ Fuv) =0 Cy
. . . . T D
@ Nonrelativistic axions:
e~~~
z
<—\_/'\.\./'\—> Y:E ~py~m/2 C;CF
E,~m

Ai = ¢t (t,x) emz+e)/2 ¢ (t,x) ME=8/2 4 ¢

left-moving right-moving

Orcy = 065 + igayyfam p¥c, /232

— 8t,xcii < mc,-lL

Orc, = —0:C; — igayyfam P /232

left <> right
@ Quasi-stationary approximation:

© Boundary conditions:
@ Restoring the solution:
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Simple equations for photons

Ou(Fuv + gayy a ’N:W) =0 Cy
it e e S
@ Nonrelativistic axions:
T
pgict = 06 + igayyfam ab™c, /232 Cy

uﬁ{c}j = —0,C;, — igayyfam e /232

@ Quasi-stationary approximation:

t, <t ¢t ocef ) dr
2 2 =
R R/v VR« p< R

(start of resonance)

© Boundary conditions:
@ Restoring the solution:

D. Levkov (INR RAS & ITMP MSU) Bose stars FDM, 20/07/2020 14 /22



Simple equations for photons

Ou(Fuv + gayyaFuw) =0 c,
——— o~ ~—>
@ Nonrelativistic axions: e
T z
Cl’

pet = 0:¢F + igayyfam Y, /2372

pe, = —0:C, — igayyfam abct /232

@ Quasi-stationary approximation: VR ! <« < R~!

© Boundary conditions: c,.jE —0 as z— £+00
(see the figure)

@ Restoring the solution:
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Simple equations for photons

Ou(Fuv + gayyaFuw) =0 c,
——— o~ ~—>
@ Nonrelativistic axions: e
T z
Cl’

pet = 0:¢F + igayyfam Y, /2372

pe, = —0:C, — igayyfam abct /232

@ Quasi-stationary approximation: vR' <« < R™!
© Boundary conditions: c,.jE —0 as z— £+00
Q Restoring the solution:

A = fdl‘lz Ci(nz)(x) o wdt'+im(nzx+t) /2 +he.

Welcome to Quantum Mechanics!
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Static coherent axions (Bose stars)

v =20, u<<R_1

C
. . Y
O Analytic solution for any ! ~——————
+ Aehz — N
& = Ae foiD_(Z) o of " 2
c, = —iAe "*sin D(z) C,

D(z) = gayyfam 2_3/2/ Y d7’

D(+o00) —7/2

© Growth exponent: i = -2

© Condition for resonance: ‘ D(+o0) > 7r/2‘

Need massive Bose stars! M > My = 7.66 M, /(mga~)

Q QCD axions: M < M¢, = ga,, > 0.31 /1,
or collapse
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Exclusion plot for QCD axions

gxy > 0.31/f,

10-10 | experimentally excluded
—
;'> 10-12 - resonance
O
O,
?\
?\
3
m o . . -
- ! !

105 104 103
m [eV]
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Resonance in Bose star: numerical simulation

e Solve egs. for a(t, r), A,(t,x)
/I\

sph-symmetric general

o Compare with analytics

10%
backreaction
Zo1r
E
§ sl simulation
- - — exp(ut)
10_80 0.0 o1 015 0.2
time
D(+o00) —7/2 m?
= ——=-——"— =0.197 — (M — M,
. [ dz sin[2D(z2)] Mg,( 0)
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Collapsing stars: M > M.,

Attractive v* self-interaction = self-similar collapse (Bosenova)
10—

ty=-33-10% ——| ||[3(r,t)] = xu(rv/—m/t)/(mrga)
—1.9-1077 —
—82.10°11 T ¢
o universal
o
=
10° 1
H10e o —20 —-10 0 10
Critical star . \/Tz/t
! Two modes!
1076 16*3 1
r

Q@ Rep >0= g,y >0.15/f,
D. Levkov (INR RAS & ITMP MSU)

QCD axions (x2)

Bose stars
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Resonance in collapsing star: numerical simulation

p=fi/—mjt

105

backreaction

luminocity

— simulation
o theory
10—5 -
—4 -3 —2
time
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Simulation of collapsing star

DL, Panin, Tkachev '20
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Conclusions-2

We described:

e Simple equations for photons & axions @
Spectral problem

eikonal n
o A c
+ approximations = {H - u} (CX> =0
quasi-stationary y
Like in QM!

@ Analytic solutions = exact results for Bose stars

Applications: (see DL, Panin, Tkachev '20)
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Conclusions-2

We described:
o Simple equations for photons & axions @

@ Analytic solutions = exact results for Bose stars

Applications: (see DL, Panin, Tkachev '20) L L
@ Two stars z
Resonance is easier: 2D(o0) > 7/2 zR0 zm L
But: v < (mR)™L, L>R
@ Diffuse axions CEECRCE

Coarse-graining = kinetic eq. for n,
2
Dgig = gag” [ p(2)lcon(z)dz > 1

© Radio amplification, w,, ~ m/2:
. out = F%.,-,, / cos? D — Bose star Foim Fy out
(dominant if pstars/Pdiftuse > 1074)

Fy out = Fy.in/(1 — Dgig) — diffuse axions
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