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Q C D Ax | on review talk by A. Ringwald

® zero-T mass fixed by fpq

10 GeV
rQ

m(T = 0) =~ 5.7 x 107° eV

® periodic potential

V(0,T) =m?*(T)(1 — cosb)
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Q C D Ax | on review talk by A. Ringwald

® zero-T mass fixed by fpq

10 GeV

m(T = 0) = 5.7 x 107" eV
fPq

® periodic potential
V(0,T) =m?*(T)(1 — cosb)

® pbelow | will adopt the harmonic approximation

1
V(@, T) ~ §m2 (T)92
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AXxion minicluster

Hogan, Rees, 1988; Kolb, Tkachev, 93, 94, 95

e PQ symmetry breaking after inflation: Axion field takes
random values in different Hubble volumes

® (O(1) density fluctuations when Axion mass switches on

® expect gravitationally bound objects with
size ~ Hubble volume @ QCD PT

M ~ 4?ﬁd:]gfir(Crosc)ﬁ(frosc) dH ™ 1/H

M ~ 1072 My (fpq/10M GeV)?
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AXxion minicluster

Hogan, Rees, 1988; Kolb, Tkachev, 93, 94, 95

e PQ symmetry breaking after inflation: Axion field takes
random values in different Hubble volumes

® (O(1) density fluctuations when Axion mass switches on

® expect gravitationally bound objects with
size ~ Hubble volume @ QCD PT

M ~ 4?ﬁd:]gfir(Crosc)ﬁ(frosc) dH ™ 1/H

M ~107"“ My (fpo/10" GeV)* - see later
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set initial cond. via
power spectrum
of axion field
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set initial cond. via
power spectrum
of axion field

calculate
power spectrum of
axion energy density
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collapse of overdensities  standard CDM
formation of miniclusters structure formation



set initial cond. via calculate

power spectrum power spectrum of mass and size of

of axion field axion energy density axion DM clumps
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cosmic string network (Kibble) evolution of  collapse of overdensities  standard CDM
~ one string per Hubble volume  k-modes formation of miniclusters structure formation




Initial condition
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~ one string per Hubble volume k-modes formation of miniclusters  formation

T. Schwetz (KIT) - DESY Theory workshop 2017



Initial condition

e axion field smooth on scales < horizon
uncorrelated on scales > horizon

® assume power spectrum for axion field
w Gaussian cut-off

(0465) = (2m)° 6% (k — k') Py (k)

8t k?

e normalization: fixed by flat distribution (0(Z)?) = 72 /3
e cut-off: comoving horizon wave-number K = a;H;
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Axion field evolution
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cosmic string network (K§bble) evolution of lapse of overdensities structure

~ one string per Hubble voMgpe k-modes Ormation of miniclusters  formation

® harmonic approximation of axion potential
e equation of motion including gradient terms:

. . L2
0. + 3H(T)(9k -+ w,%é’k =0, w,% — " | m(T)2
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Axion field evolution

< & sl
@“\O(\ ¢ C,OQ oﬁ ¢ e&@

\({\\ QO O 1,6( \'\R‘ &06’8\

>
10! GeV 5eV 10 eV

< >

< >

cosmic string network ( evolution of lapse of overdensities structure

~ one string per Hubble voMgpe k-modes Ormation of miniclusters  formation

® solve EoM to calculate axion energy density and
density power spectrum
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AXxion energy density

pla) = 112 02— 5 (F02 4 (16

Or(a) = O fr(a)
® go to Fourier space for field
1 f]§2>Q

p(F) = (27)6 2

/ PRd®K 0405 F (k, K )e 7K

rek) i+ (£

+m* (T )) JiJw
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AXxion energy density

2 a?

)@ = Ira 02— 5 (F02 4 (16

Or(a) = O fr(a)
® go to Fourier space for field
1 f]§2>Q
(2m)6 2

() = / B3k 0,07 F(k, k)~ 1FF=F)

rek) i+ (£

+m()>ﬁm

® average energy density (without string contribution):

2 00
(p(Z)) = 271T2 fl;Q /O dk k* Py(k)F (k, k)

D

F(k, k) = f7 + Wi f?
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AXxion energy density
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contribution to average energy density
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® average energy density (without string contribution):

1 f}2>Q
2mr2 92

5= (p(@)) = [ dki PP )

F(k, k) = f7 + Wi f?
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Density power spectrum

plg) = LiPd) _ Q(QW)SdekPg(\E\)Pg(\E—cﬂ)F(k,k—q)Q
VP ([ d3k Py(k)F(k, k)]
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Density power spectrum

prg) = LUP) _ o0 s a7k Py(|E) Po(|F — @) F(k, k — q)°

Vip [ d3k Py(k)F(k, k)]
10— S _—
— fosl0"GeV e T

— ﬁ)Q=1011 GeV ‘
— 1 fr0=10'2 GeV | |
050 L _10¢
) ; SR
= | \ pS A*(q) =
v} I
0.10} 0.5
0.05 :
0.01 0.0+

0.5 1

q [Ki]

e density fluctuations of order one
e charact. size a few times smaller than horizon @ Tosc
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Collapse of over-densities
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cosmic string network (Kibble) evolution of

~ one string per Hubble volume k-modes

structure
formation

collapse of overdensities
{grmation of minicluste#

® spherical collapse model for non-linear density

fluctuations during radiation domination
[Kolb, Tkachev, 94]

e modified Press-Schechter ansatz to calculate double-
differential minicluster distribution in mass and size
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Double-differential mass function

e variance of the smoothed density contrast
2 —\ 2 > 2 T 2
oh= O(#)?) = 55 [ dERP(R) [Walh)

e (Gaussian distribution for the smoothed contrast

1 62
sm(0; R) = ¢ —— ] .
fom (03 B) V21O R Xp( 201%)

® derive distribution in ® and R:

1 dop §°

sm(0; R
oo dR U%f ( )

f((SaR) - =
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Double-differential mass function

e variance of the smoothed density contrast

1

oh= (6r@?) = 55 | dRIPER) [Wa)]

2T

e (Gaussian distribution for the smoothed contrast

2
fom (5 R) = 1 exp (— 0 )

\/%O'R E
® derive distribution in © and R;:
1 dog 5? .
f(57 R) — _O_O dR O_%fsm((sa R)

e double-differential distribution in M and R using: M = %ﬁ (14 9) o

dn B 3
dMdR 27rM R3
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Dimensionless double-differential mass function

physical sizes at turn around

frq [GeV]  Mpeax [Mo)] M range [Mg)] rP [km]  r¢a range [km]
1010 4x1071%  [2x107171x107M] 4% 10" [2x10%2 % 10°]
10! 2x 1071 [5x107193x 10713  2x10°  [4x 10% 7 x 10°]
1012 8x 107  [6x10712x107H]  2x10°  [7x10°7 x 10

e MC masses span 3 orders,
sizes span 1 order of magn. \BPR /o=10"2 GeV

® peak-masses 2 orders of mag.
smaller than naive estimates < 0.08 / z
= 0.08
M ~ 107" Mg (frq/10'" GeV)? 0.06
(typical fluctuations smaller than 000 f
horizon at Tosc) 05 1 15 2 25
M [10-12M ]
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Outlook - approximations/assumptions

e |nitial power spectrum: should follow from evolution
of string network (Kibble mechanism)

® harmonic approximation: anharmonic effects may
lead to spikes in axion density [Kolb, Tkachev, 93]

e contribution from string/domain wall decays: likely to
introduce additional energy density & fluctuations
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Axion DM today - in our galaxy?
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cosmic string network (Kibble) evolution of  collapse of overdensitie
~ one string per Hubble volume k-modes formation of miniclusters

structure
formatiog

e Do minicluster survive non-linear structure formation?

® Do they collapse to dense Axion-stars?
Are Axion-stars stable?
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Axion DM today - in our galaxy?

e if a large fraction of the DM energy density is in
MC-sized bound objects, the probability to meet one
Is very low (bad news for direct axion detection)

® depending on structure formation history, potentially
interesting lensing signatures:
femto-lensing Kolb, Tkachev, 95
micro-lensing Fairbairn, Marsh et al, 17
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Axion DM today - in our galaxy?

e if a large fraction of the DM energy density is in
MC-sized bound objects, the probability to meet one
Is very low (bad news for direct axion detection)

® depending on structure formation history, potentially
interesting lensing signatures:
femto-lensing Kolb, Tkachev, 95
micro-lensing Fairbairn, Marsh et al, 17

Thank you!

Jonas Enander, Anderas Pargner, TS:1708.04466
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