Axion Miniclusters and Structure Formation

— Henrique Rubira —

henrique.rubira@desy.de



Preamble

Let's talk about three observables

The matter power spectrum
The halo mass function

The halo profile



Preamble

Let's talk about three observables

The matter power spectrum
The halo mass function

The halo profile

Let'shottalkaboutpreblemste
connectthose-observablesto-gataxy
SHtVEYS

e.g., galaxy bias, completeness, purity,
baryonic feedback



Structure formation (LCDM)

(review 0112551)
e



Structure formation (LCDM)

00(x,
Continuity g; iy {[1+d(x,7)]u(x,7)} =0,
Euler a“(gj’ ) + H(7) u(x,7) +u(x,7) - Vu(x,7) =

1
-Vo(x,7) — ;Vj (poij),

Poisson qu)(x, 7_) _ ng<7_) HZ(T) 5(X, 7_).

*** During radiation domination we need to
include photons

(review 0112551)



Structure formation (LCDM) T
96 (x, 7) 0=7z1m (k)D(z)R (k)
Continuity 87, +V - {[1+d(x,7)]u(x,7)} =0, Hj Oy
Euler 05T | 1) uoe 7) + e 7) - Vg, ) =

1
-Vo(x,7) — ;Vj (poij),

Poisson qu)(x, 7_) _ ng<7_) H2(7') 5(X, 7_).

*** During radiation domination we need to
include photons

(review 0112551)



Structure formation (LCDM) A N
P 5= = T(k)D(zé(k) )
Continuity S {1+ 805 ) e 1)} =0, H{ Qg Y
U, 7) +H(7) u(x,7) +u(x,7) - Vu(x, 7) = itial diti
e o " Vo) - %vj (003). R (k) zinnglgtig?wt ato(l)igtsaatic)

Poisson qu)(x, 7_) _ ng<7_) HZ(T) 5(X, 7_).

*** During radiation domination we need to
include photons

(review 0112551)



e

Structure formation (LCDM) 2 N
T 6= 5y | TP EIRK)
Continuity 87, +V - {[1+4d(x,7)]u(x,7)} =0, 0= “4m -/
ou(x, 1) . .
| —— +H(r) ulx,7) +ulx,7) - Vu(x,7) = Initial conditions
e ’ V(xr) - %vj (003). jz (k) (inflation + adiabatic)
, Transfer function:
Poisson V2P(x,7) = §Qm(7-) H2(1) 6(x, 7). T(k) Behaviour of the
2 mode by entering the
horizon

*** During radiation domination we need to
include photons

(review 0112551)




Structure formation (LCDM) T XS
26(x, 7) 0= T(k)D(z (9

2
Continuity |5 + V- {[L+8(x,7)] u(x, 1)} =0, > HyQm
Euler UCST) 4 () u(, ) + ux,7) - Ve, 1) = R (k) initial conditions
Ve, 7) - %vj o (inflation + adiabatic)
: 3 Transfer function:
Poisson V2®0(x,7) = =Qn(7) H*(1) 6(x,7). T (k) Behaviour of the
2 mode by entering the
horizon
*** During radiation domination we need to
include photons Growth rate:
D (Z) late time linear
growth

(review 0112551)




Structure formation (LCDM)

Continuity

Euler

Poisson

)
S:T) +V {1 +0(x7)]ulx7)} =0,
au(at, 7) +H(7) u(x,7) +u(x,7) - Vu(x,7) =

1
-Vo(x,7) — ;Vj (poij),

N

2k

; / o
- SrasTHPER®

R k Initial conditions
(inflation + adiabatic)

V2(x,7) = 20 (7) HA(7) 6(x,7).

Transfer function:
T(k) Behaviour of the

*** During radiation domination we need to
include photons

(review 0112551)

mode by entering the
horizon

Growth rate;:
D (Z) late time linear

growth
Please, remind those guys



Structure formation (LCDM)

1.0 —
‘\‘ N
0.8] \
X
3
& 06} )
S
& 04]
0.2
RD
0.0L :
-15 -10
loga
(Maggiore 2)



Structure formation (LCDM)
T (k)

1-0 T T
. e—— 1 Gp¢
0.8+ VN, \
‘-‘ .| 93 Mpc
£ 06} [ ;
& 04] 3
N * 0 Mpc
g 000 | TSR
RD|MD
0.0k : :
-15 -10 5
loga
(Maggiore 2)



Structure formation (LCDM)
T (k)

1-0 T T
[ M '\‘\ 1 Gp¢
0.8 VN, \
1| BN
& 06 \ .
8 \
& 04] 3
N * 0 Mpc
g 000 | TSR
RD|MD
0.0k : '
-15 -10 5
loga

You get the transfer function from
Boltzmann solvers (CAMB/CLASS)

(Maggiore 2)
S



. 1.00
Structure formation (LCDM) o
I'(k) 2 090,
N
+
10 T SSMRET T am X 085
0 L T : 0.80
Y| .93 Mpe f 0 2 4 6 8 10
£ 06} \ ]
s ' z
& 04f ]
‘-\'\- 0 Mpc
0.2 | i
RD |MD
O'O—is 10 5
loga

You get the transfer function from
Boltzmann solvers (CAMB/CLASS)

(Maggiore 2)
e



T(k)

1.0 T - ' E ) —fT T T T T T T
M \\\ 1 Gp¢
0.8+ VN, \
‘-‘ .| 93 Mpc
& 06 |
3 |
S 04+ ‘
‘\w\_. O MpC
1) i
RD [MD
0.0k . ;
-15 -10 LS
log a

You get the transfer function from
Boltzmann solvers (CAMB/CLASS)

(Maggiore 2)

5QM /a da’
D(a) = 22M p, .
(@)==~h) | Gh@p
1.00F
S
2 0.90
N
5 0.85
0.80}
0 2 4 6 8 10
Z

103 10! 10!
k [h/Mpc]



The Halo Mass Function

(1611.09787, Dodelson and Schmidt,
0611454, 2003.06411)



The Halo Mass Function § ji

The Press-Schechter formalism

(1611.09787, Dodelson and Schmidt,
0611454, 2003.06411)



~

The Halo Mass Function | |

The Press-Schechter formalism

Fraction of collapsed objects

1 > —82/202(R.[M
Feon,ps(M, z2) =2 x / dse—5 120 (RLIM).2)
- V270 (RLM]. 2) Jsa

(1611.09787, Dodelson and Schmidt,
0611454, 2003.06411)



The Halo Mass Function

The Press-Schechter formalism
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The Press-Schechter formalism
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The Halo profile
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Problem:
observations favor
core over cusp
profiles (0910.3538
for a review). More
later
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| will address in this talk

How those observables change for ULA ...

... within the misalignment mechanism?

+ Mini-halos

... within the LARGE misalignment mechanism?

... within monodromies?
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Misalignment - Initial conditions

Remember what adiabatic means: one dof from inflation -> single clock for all
components (gauge freedom, shift in the scale factor) -> relate all density perturbations

3 . - Pretty
0; = Z(l +w;)oy . 0 =00 =0 gifferent from
CDM

Feel free to play with isocurvature modes (PQ breaking during inflation generates those)

Sij = 3(G — ¢;) Ci=—‘I’—H%-

** They will be relevant for miniclusters, as we will see
(1510.07633)
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Misalignment - Transfer function
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Misalignment - Transfer function
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Misalignment - Growth function
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Misalignment - Growth function ~ rew .
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Misalignment - Growth function ~ rew .

pressure 2
term sefl ™ gm2q2

dq + 2HO, @ A7Gpy)0a = 0.

After equating both terms

QO h2 1/4 . 1/2
_ 1/4,.1/2 _ 1/4 a = Mpc '
ky = (167Gapa,0) “mg 66.5a ( 0.12 ) (10—22 eV) pe

and for the growth function

D (k@) = %Esin (%) + [% — 1] cos (%) |
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Misalignment - Growth function ~ Nev »
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Non-linear evolution
1

Factor out time part that oscillates fast (WKB) ¢ = —— (¢e_imt 1 ¢*eimt) _

Vem
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Non-relativistic
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Alternative fluid formulation (from the wave function to fluids) occupancy number)
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Non-linear evolution
1

Factor out time part that oscillates fast (WKB) ¢ = —— <¢e_imt 1 ¢*eimt) _
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Non-relativistic
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Non-linear evolution
1
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V2m
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— o +m~¢p =0, > 0= Y+ mPy.

Non-relativistic

Schoéeredinger Eq. (purely classical, high

Alternative fluid formulation (from the wave function to fluids) occupancy number)

Madelung transformation Continuity + Euler (with extra pressure term)
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Misalignment - Halo Profile

From numerical simulations
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Misalignment - Halo Mass function
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Misalignment - Halo Mass function

Serit (M, 2) = 1.686G(M, 2)
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Misalignment - Halo Mass function

Critical density now depends on scale (halo mass)
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Misalignment - Halo Mass function

Critical density now depends on scale (halo mass)

5crit (M, z) — 1 .68 Jeans scale introduces threshold
dependence
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overdensity 6{’(q)

Misalignment - Halo Mass function

Critical density now depends on scale (halo mass)
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Misalignment: Mini-Halos
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Misalignment: Mini-Halos
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Misalignment: Mini-Halos
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(1708.04466)

Misalignment: MiniHalos, Miniclusters for QCD axion

M2 /5(dn/dM)
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Misalignment: MiniHalos, Miniclusters for QCD axion

As pointed out by Hogan&Rees88, Kolb&Tkachey, there is a mechanism to generate minihalos for QCD axion.
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Misalignment: MiniHalos, Miniclusters for QCD axion

As pointed out by Hogan&Rees88, Kolb&Tkachey, there is a mechanism to generate minihalos for QCD axion.
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Misalignment: MiniHalos, Miniclusters for QCD axion

As pointed out by Hogan&Rees88, Kolb&Tkachey, there is a mechanism to generate minihalos for QCD axion.
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Misalignment: MiniHalos, Miniclusters for QCD axion

As pointed out by Hogan&Rees88, Kolb&Tkachey, there is a mechanism to generate minihalos for QCD axion.
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Misalignment: MiniHalos, Miniclusters for QCD axion

As pointed out by Hogan&Rees88, Kolb&Tkachey, there is a mechanism to generate minihalos for QCD axion.
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Attractive

Large misalignment self-interaction

V=m2f2[1—cos(?>] é+3Hqﬁ+m2 oo =0

Pheno consequences: Start to be relevant if ‘¢2| 2 mz/)\,
- delay of oscillations;

- amplification of fluctuations;
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Large misalignment self-interaction
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Pheno consequences: Start to be relevant if ‘¢2| 2 mz/)\,
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Bkg + fluctuations
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Large misalignment self-interaction
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Pheno consequences: Start to be relevant if ‘¢2| > m2/)\,
- delay of oscillations;

- amplification of fluctuations;
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Attractive

Large misalignment self-interaction

V:m2f2[1—cos<?)] ¢+ 3Ho + m*¢ =0

Pheno consequences: Start to be relevant if ‘¢2| > mz/)\,
- delay of oscillations;

- amplification of fluctuations;

@ +sin(©) =0

D|men5|onless time (~mt)

e—ik-x

Bkg + fluctuations

Lets analyse the fluctuations
(mostly from 1909.11665)
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes)
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes)
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes)
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes)
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes)
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Three regimes:
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes) For the energy density
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes)

For the energy density
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Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes) For the energy density

3 2 5. — 90 +5in(0)0 — ()"
bic + 3O + | cos(©) + | b T 3(@)2+(1-cos(0))

m

Which we can solve together
to other Boltzmann eq.

Transfer Function |6,/®o|?, m— |Qg| =1071°

00 102 1ot voB 0F gl Three regimes:

e
1 ; . : m=10"2leV; n— |eo| 1071%; ®3=2.1x10"°
, 3) High k: pressure higher T e T
3 : than for CDM damps 100 ] k=3 =
structure formation
2 1071
2) Mid k: parametric o — ko
i resonance (strongly 3 k-3
> depends on misalignment 1073 51 F — k=5
amplitudey 1/ .7 N o
0.11 10 4 Those guys grow as
el CDM
e . 1) Low k: enter the horizon ‘ IITNTAAYAVAW RN
(1909 11665, 1702 07065) Y ‘" deep after oscillations. T em e e e
' T Like CDM



Structure formation

];,2
1
0, + —0) + |cos(©) + — | Oy
2t tm
Transfer Function |6,/®o|?, m— |Qg| =1071°
10° 102 10 108 108 100
3 4
1 -
)
0.3 1
0.1 1
0.03 .
10t 102 10°
(1909.11665, 1702.07065) tm

Sourced by curvature perturbations (even under null IC

and isocurvature modes) .
For the energy density

_ 06}, +sin(0)0k — (6/)2
5(0)2 4 (1 —cos(©))

Which we can solve together
to other Boltzmann eq.

Three regimes:

3) High k: pressure higher
than for CDM damps
structure formation

quartic c/ollapse

(k=3) GR

1071 4

2) Mid k: parametric
resonance (strongly
depends on misalignment
amplitude)

1072

16kl

yﬂ‘hose guysare |
suppressed

1073 {7

104 4

105 4

1) Low k: enter the horizon
deep after oscillations.
Like CDM

107% deq 1073
a

10°

107

10°




Structure formation

0y + —

]::2
2, TG

m

Transfer Function |6,/®o|?, m— |Qg| =1071°
10° 102 10 108 108 100

(B

| ——

cos(O) + . Ox

0.3 A

0.1 A

0.03

10%

10?2 10°

(1909.11665, 1702.07065) tm

Sourced by curvature perturbations (even under null IC

and isocurvature modes) .
For the energy density

+sin(0)0y — (0/)2®y
5(@’) +(1—cos(©)

Which we can solve together
to other Boltzmann eq.

@/

Three regimes:

3) High k: pressure higher
than for CDM damps
structure formation

m=10"2leV; n— |eo| 10 -12; 92 =2. 1x10—9
quartic c;)llapse s mﬁ  C ¢
] (k=3)

GR
=lat

2) Mid k: parametric
resonance (strongly
depends on misalignment
amplitude)

16kl

1072 {5

104 4

Here things get
interesting (+ oscillons)

1) Low k: enter the horizon
deep after oscillations.
Like CDM

107

10°




Sourced by curvature perturbations (even under null IC

Structure formation and isocurvature modes) For the energy density
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Oscillons
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o 'll Metastable and compact, bound by
SCI OnS self-interaction (different than solitons
that are bound by gravity)
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o 'll Metastable and compact, bound by

SCI OnS self-interaction (different than solitons
that are bound by gravity)

Numerical simulations

Initial condition @ 1 o
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O 'll Metastable and compact, bound by

SCI OnS self-interaction (different than solitons
that are bound by gravity)

Numerical simulations

Initial condition @ 1 T
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Initial time can be mapped into different initial mis. angle
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O 'll Metastable and compact, bound by
SCI OHS self-interaction (different than solitons
that are bound by gravity)

Numerical simulations
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Decay: emission of scalar +
tensor waves
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Decay: emission of scalar +
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Decay: emission of scalar +
tensor waves

O 'll Metastable and compact, bound by
SCI OnS self-interaction (different than solitons tmo = 80, 8 = 1, R = 0.64, & = 0.01
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Decay: emission of scalar +
tensor waves

O 'll Metastable and compact, bound by
SCI OnS self-interaction (different than solitons tmo = 80, 8 = 1, R = 0.64, & = 0.01
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Decay: emission of scalar +

tensor waves

O 'll Metastable and compact, bound by
SCI OI'IS self-interaction (different than solitons tmo = 80, 8 = 1, R = 0.64, & = 0.01

that are bound by gravity)
Numerical simulations
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Decay: emission of scalar +

tensor waves

O 'll Metastable and compact, bound by
SCI OI'IS self-interaction (different than solitons tmo = 80, 8 = 1, R = 0.64, & = 0.01

that are bound by gravity)
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Decay: emission of scalar +
tensor waves

O 'll Metastable and compact, bound by
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Mass and f constrained

QCD aXion ma(T = 0) = 5.70 eV (1012 GeV)
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Temperature corrections from light quarks
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Axion abundance Q./Qpm
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Mass and f constrained
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D M Axion abundance Q./Qpm
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QCD axion
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Resonance on scales smaller than 1
(due to temperature corrections)
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*** For more about astrophysical effects (star formation, lensing), see 1909.11665
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Explicitly break shift sym
Realized in string theory, see McAllister, Silverstein and
Westphal 08
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Monodromies
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explicitly break shift sym Aleksandr Chatrchyan +, 1903.03116

Realized in string theory, see McAllister, Silverstein and

Westpha|08 LN S N B B NN N B NN S B B

- LSW-+optical -

c§: N CAST HB stars —

< - -

\g y-rays TaLp<10'’s

= 1000 T |

? 2 A4 % -12

= T . )

= 2 12

: m=f 3

2 500 S i

g

= oA ST\NELE. Standard ALP DM

Q’i 0 1 1 1 1 1 1 1 1 -18

0 5 10 15 20 25 30 35 40 45 B L
Rescaled field: ¢/ f - - - o 3

Log,mg[eV]



MonOd romies Aleksandr Chatrchyan +, 1903.03116

) 1 : .

il 20
£ B ] ® 10
7 )

: 0.01 ] 2y
B S

2 o

2 0.001 J = 2
= g2
8 . 7

= 0.0001 b1/ ff: 1938 N |

g o1/ f =45 | 0.4
= 1 10 100 10 100 w00 Fluctuations ~1

Rescaled comoving momentum: 7 = p/(aoscMa) Misalignment field value: ¢1/f




MonOd romies Aleksandr Chatrchyan +, 1903.03116

= 1

< 20

E" 0.1 } 3 z 10

2 £

7y )

- 0.01 4 %" A

g b

S S

Z 0001 | l 5 2

g U - %

| 21

5 . A

- 0.0001 m/ff: 1(1]8(()] _ J

= ¢1/f =100 ——

= ¢1/f =45 | 0.4

d‘-’ ; Al | n RSt | . A .
1 10 100 10 100 1000 Fluctuations ~1
Rescaled comoving momentum: 7 = p/(agscMy) Misalignment field value: ¢1/f

Using Press-Schechter formalism (linear evolution in time), they show it didn't form
miniclusters yet
Too small, pressure is too high




Final remarks

Depending on axion potential and initial conditions, we have a whole zoo of
structures that can form in a broad range of masses

Rich pheno and observational prospects (GW, lensing, star formation, tidal
disruption, ...)

Non-linear evolution?  SPsolver

How baryons affect this picture?
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Depending on axion potential and initial conditions, we have a whole zoo of
structures that can form in a broad range of masses

Rich pheno and observational prospects (GW, lensing, star formation, tidal
disruption, ...)

Non-linear evolution?  SPsolver

How baryons affect this picture?

Such a broad area with many directions to follow.
| would be glad to chat more ;)



