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Axion dark matter substructure

Post-inflationary

PQ symmetry breaks after inflation.

0(1) misalignment variations on horizon scales
at PQ breaking.

String + Domain Wall source large 8p/p
—>  Miniclusters & Minivoids well-studied

Eggemeier et al. 2212.00560
Pierobon et al. 2311.17367

Pre-inflationary

PQ symmetry breaks before inflation.

Oinic Uniform across the observable universe.

No strings or domain wall

—> Naive expectation: smooth axion DM
But: adiabatic 6T /T from inflation is still there.

Does it source enough fluctuation to seed
substructure?



Why this matters
Direct detection
Local DM density is set by substructure

Lensing & pulsar timing (?)

Pre-inflationary is the cleaner window

Single 6;,;+ removes string/wall uncertainties

Predictions follow from inflation + QCD



The QCD axion: field and mass

Real scalar a(x) = f; 8(x), with cosine potential V = fazmz (T)(1 — cosB)

Temperature-dependent topological susceptibility y(T) (Lattice QCD)
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Linearised axion perturbation

Decompose 68(t,x) = 8(t) + 60(t,x), T(t,x) = T(t) + 6T(¢, x).

Linearise the cosine potential around the homogeneous mode.

Homogenous part Fluctuation mode
4°0 49\ m2(T)sind 030 3H 2% (X 4 T)cos6 )66 =
W+3Hd—+m(T)sm9=O 312 + Y + R2+m()cos J
3 _dm ST , _ dOo(P +39)
Source term  /=-T— —2m*(T)Psin 6 + T

Thermal drlve Grav. drive Kinetic



How does 6T /T excite 60

—

_dm?

X _ dOo(P +39)
Source term J=-T

__oT _ -
(T)?sine —2m?(T)Psin 6 +

dT dt ot
Thermal drive Grav. drive Kinetic
- t - 5T Sikivie & Wei Xue ‘22
emperature contras T Dominik & Ahmed 25
d and ¥
Metric potentials ds? = (1 + 2¥)dt? — R%(1 — 2d)dx?

Newtonian gauge



Inputs: g.(T), g.,(T), and curvature spectrum

— fit
- tabulated

— fit

«  tabulated
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9.(T) and g.5(T)

Dynamical region of interest

// We are looking at the edge

where the source is the largest

Initial condition from inflation
, Po (k) -
on super-horizon scales

0@ 0(d)) = 2n)38F — §) Po(p)

12m A A.=21%x107°
9 k3 s
A 1
d=—_0

0=
2

l\JIb—\




Density contrast power spectrum
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High f,, no fine-tunning at hill-top
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Density contrast power spectrum
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Density contrast power spectrum

g2 [T BT Love+16Gev | Growth conditions
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Two scales compete in the dispersion relation

Gradient pressure k 2 self-gravity

Wgrad™ MR2 Wegray~+/ 4GP
Would this fluctuation grow to collapse?

Wgrad = Wgrav —> kQ] = R(167TG,0_m2)1/4



Density contrast power spectrum
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Growth conditions

O (1) density contrast

k < kg, (Quantum Jeans' scale)
ko; = R(16mGpm?*)1/*

1 1

koj 015 x Ry/R ‘Z( m )—% Qpyh?\*
Kpeak 3400 0.57 neV 0.12

f, = 106 GeV — m ~ 0.57 neV, smaller f, only worsen.

— Requires the redshift z < 0.7 for k < ky;.

For such large f,, density should grow by x 103.

— Requires the redshift z < 2.4
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Smaller f, scenario

For f, < 101! GeV, 0;,;; must be tuned to . g, .. ~ 0.65 for f, ~ 1012 GeV

Oscillation is delayed, and Hubble drag becomes smaller at oscillation.

The anharmonicity of the potential becomes important even after the oscillation.

Naoya et al. 22
V(o) Tachyonic instability

©

Mathieu-type instability
Hayato et al. 19




Density contrast power spectrum: f, = 8.2 x 10° GeV 6
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Density contrast power spectrum: f, = 1.1 x 1019 GeV 8,,;; = (1 -3 x10™H)x
The peak height is not very sensitive to f,, but to ;.
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Smaller f, scenario

Large scale hierarchy

Completion of QCD cross-over takes ~ H(T,)™* = (0.018 neV)™*

7
: o , .
Axion oscillation time scale ~m™! = (0.57 meV)™! 10

16



Smaller f, scenario

Slow-envelope formulation

Laurent expand the equation of motion in e~
Absorbing the fast phase

t d29_ dQ_ o
p(t) = j w(t) dt’ w(t) - m(t) Tzt 3Ha+m (T)sin = 0

02@+3Ha@+ k2+ 2(T) cos 0 |56 =]
dt2 ot R?2 m cos =J
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00 = A t,l_é e P + A*(t, —k) ei® . .
2wR3( (&) ( ) ) — e "% terms on both sides.
= 1 ; - k ly the e 0t¢ ¢
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Tracking the evolution
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Inflation

10%1 Bint = (1 -3 x 10740
f,—1.1 x 1012 Gev
1071 1
1073 1 T/T =0.300
Te/T=0.500
< 1075 Te/T=0.700
Tc/T=1.000
1077 1 T/T=3.333
Te/T=10.000
1072 (RH)/Kosc
WEKB system (fast osc. dropped) A
10—11 ...I...., I. ....I..., — T —— T T ——rrr —
1073 1072 1071 10° 101 102 103 104
klkose

Schrodinger-Poisson

Nonlinear
dynamics

linear pert.

100

10-1

102 4

_h\T / ; |

1074

10-% 4

(a) Filled the collapsible band + resolved the |eans cutoff

=0.08 |
RurE ﬂuﬂ

10°¢

." &
2 A AN
eriginal [swept to 0.41 kg) || | I|I
—— extended (swept to 1.62 kgl ‘ ||
& NEW modes (was zero-filled) : ‘ ’I
102 10t 10°
kikey
563)
T
=
™
| 103 E
J ]
B
E 107¢ E
bo F ]
o
L |
\\ .
= 10 E
4
. A | P

10 17

Y|
10 14



shell-median pfg
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Tracking the evolution
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Tracking the evolution
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Tracking the evolution

The core population

Schive et al. 14
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Tidal disruption

M, M,
y
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Is this object going to be disrupted?

Gorghetto et al. 24

| . 2GM,R,
The tidal acceleration Atidal = 43
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physical density [eV?]
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Tidal disruption
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The story in one picture

10° 10" 10" 10" 10" GeV
Low f, Intermediate f, High f,
Potential collapse Potential collapse
at early time only at very late time

z< 24



How wildly can pre-inflationary scenario vary
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Summary

Possibility of having pre-inflationary axion Minicluster formation is explored at linear level.
Effect of gravitational potential and realistic QCD cross-over era are considered.
The cluster formation window for high 10'% GeV < f, < 101° GeV is very narrow.

Low axion decay constant (e.g. 1.1 x 1019 GeV) scenario makes a perfect target for S-P.
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