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HOW ARE NORMAL STARS FORMED?



Perturbation growth
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A virialized CDM halo

e CDM halo with 6 > 1 deep in
matter-domination



Baryons in CDM halo

e CDM halo with 6 > 1 deep in
matter-domination

e Baryons fall into the CDM
potential well



Baryons collapse into a disk

e CDM halo with 6 > 1 deep in
matter-domination

e Baryons fall into the CDM
potential well

e They collapse into a disk due to
interactions and their angular
momentum




Fragmentation

e CDM halo with 6 > 1 deep in
matter-domination

e Baryons fall into the CDM
potential well

e They collapse into a disk due to
interactions and their angular
momentum

e Fragments due to rapid cooling




Star formation

e CDM halo with 6 > 1 deep in
matter-domination

e Baryons fall into the CDM
potential well
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e They collapse into a disk due to
interactions and their angular
momentum
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e Fragments due to rapid cooling

e Each blob forms a stable
compact object

[ Need interactions, especially cooling}




HOW ARE AXION STARS FORMED?



Two axion DM scenarios:

Misalignment before inflation

Misalignment after inflation



Two axion DM scenarios:

Misalignment before inflation

Misalignment after inflation




Misalignment before inflation

O/{ Hubble patch at misalignment ]




Misalignment before inflation

/{ Hubble patch at misalignment ]
Hubble patches after inflation ]




Misalignment before inflation
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e The Hubble patch today has the same 6; value
* No isocurvature perturbations

e Same as the CDM case: Needs a cooling process, but
axions do not have such processes



Two axion DM scenarios:

Misalignment before inflation

Misalignment after inflation




Misalignment after inflation

e Different Hubble patches after
inflation



Misalignment after inflation

e Different Hubble patches after
inflation

o If PQ symmetry is broken after
inflation, Hubble patches pick
different initial values

0; € (—m, m)




Misalignment after inflation

e Different Hubble patches after
inflation

o If PQ symmetry is broken after
inflation, Hubble patches pick
different initial values

0; € (—m, m)

e Axions can have large
isocurvature perturbations at
small scales




White-noise spectrum

* Misalignment after inflation yields a white-noise density
spectrum, which has a flat power spectrum
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AXxion minihalos

e Axion minihalo (minicluster) forms
from the large perturbations at

early times
Q Q e Such minihalos are already light:
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e Mass distribution of minihalos can
be obtained from the Press-
Schechter formalism




AXion stars

Stable configuration of axion fields
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* Form and grow after one
relaxation time in each minihalo
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e Due to large fgg, gravitational
interaction is enough to collapse

* No need for fragmentation, so no
need for a cooling process



Two axion models

e QCD axion
> Solves the strong CP problem

Aqcp 4
© mg(T) ~mg(0) (F22) for T > Agep

> Besides this, we can still ignore the interactions other than
gravity

e ALP (Axion-like particle)
> We ignore all the interactions

> The mass of axions does not depend on the temperature

o Starts to oscillate at its zero-temperature mass



Goal of this Talk

-

Axion star mass function
semi-analytic, white-noise part
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Constraints
UFD Heating
Ultralight ALP
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Signals
Axion Star Echo
QCD axion and ALP
(1077 — 1073 eV)
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MASS FUNCTIONS



To get the axion star mass analytically

e We consider axion minihalos at the time of matter-
radiation equality and allow an axion star to evolve
over one Hubble time within each minihalo

1
GppMm

* Matter-radiation equality because t;r ~ t,,~

e One Hubble time because mergers of minihalos
increase the relaxation time and axion star formation

ceases



To get the axion star mass analytically

e We consider axion minihalos at the time of matter-
radiation equality and allow an axion star to evolve
over one Hubble time within each minihalo
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AXxion star mass function

df. M, df, dM,
dM, M, dM, dM,

* f. = p./ppm and fy, = pn/ppMm : Mass densities



AXxion star mass function

df. M, dfy|dM,
dM, M,|dM,|dM,

* f. = p./ppm and fy, = pn/ppMm : Mass densities

afp . L. . ..
dlfwh is the mass distribution of axion minihalos
h




Mass distribution of axion minihalos

e From the power spectrum, we can calculate the mass function
of axion minihalos by using the Press-Schechter formalism
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Mass distribution of axion minihalos

e From the power spectrum, we can calculate the mass function
of axion minihalos by using the Press-Schechter formalism
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We choose the minihalo
mass function at z = z4



AXxion star mass function

df; . M* dfh th
dM, M, dM,|dM,

* f. = p./ppm and fy, = pn/ppMm : Mass densities

dfn . L. . ..
o dﬁ is the mass distribution of axion minihalos
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can be obtained from M, as a function of M},
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Axion star in minihalos
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Axion star mass functions (QCD axion)

1 L
' ; Th < Thy
~ — m, =107 &V, f. = 0.034
x 1 1
5 i 0.1~ > My = 10759 &V, f, = 0.1
= ’ ' ' ]

.; 1 m, = 107" eV, f, =0.21
—— ma=10""% eV, f, =0.33

— me,=10"%¢V, f, =0.41

B T (1



df
d1In M,

Axion star mass functions (ALP)
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CONSTRAINTS



QCD axion stars

 Typical masses and densities:
° M, = 1071 — 10710 M
° py = 10* — 10° Mg /pc?

e The best way to detect this mass range is microlensing
observations

* However, the current observation data cannot give
constraints since the density is too low



QCD axion stars

 Typical masses and densities:
° M, = 1071 — 10710 M [

° py = 10* — 10° Mg /pc?

M, = 10"°Mg and p, = 10°M /pc?
Corresponds to R = 10% R
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ALP stars

 Typical masses and densities for
107%%eV < m, < 1071 eV:

° M, =10—-10" Mg
° py = 10* — 10° Mg /pc?
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ALP mass constraints
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SIGNALS

Yitian Sun (Postdoc at McGill University)



Axion-photon Coupling



Axion Decay



Axion Decay
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Ww="mg/2

Axion Stimulated Decay



Axion Stimulated Decay

Ww=mg/2
“Axion Echo”

“Gegenschein”



Axion Halo Echo
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e Can probe axion DM in radio telescopes

 Typical sources for axion halo echo are supernova remnants

e Brighter nearby sources (e.g. the Sun) cannot be used due to

blurring from DM velocity dispersion (o, ~ 1072
Sunetal,2110.13920
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Axion Star Echo

Echo cone

Axion star "1 AU Sun

 Axions in axion stars are coherent (g, ~ 107?)

* We can use the brightest radio source, the Sun
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Geometry of Axion Star Echo

+ Principal axis

L1 AU

Axion star Sun

e Motion of axion stars tilts the echo

» The displaced patch must still cross Earth's orbit
» x, S 103 AU

o Typical Earth crossing time ~ 10 hours
» A distinctive transient

 Dispersion, Earth's shadow, self-stimulation, ...
» all under control



Preliminary ALP Sensitivity
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 Signal is dominated by the closest axion star
o n, ~107°AU3, but Qgps/4m ~ 107> so we need to be lucky

e p is probability that the nearest axion star is close enough
» p = 0.001 lucky discovery, p = 0.95 exclusion
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Preliminary QCD axion Sensitivity
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SUMMARY



Summary

e We calculate axion star mass functions semi-
analytically

e The resulting mass function gives constraints on
axion masses from heating of ultra-faint dwarf
galaxies

* Nearby axion stars may echo the Sun, giving a
radio signal within SKA reach in a lucky case
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AXion stars

e Axion star mass in a given halo
mass M}, after time t is

M*(t) — Mh x*(t)
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e x,(t) is the axion star evolution
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Two axion models

e QCD axion
> Solves the strong CP problem

Aqcp 4
© mg(T) ~mg(0) (F22) for T > Agep

> Besides this, we can still ignore the interactions other than
gravity

e ALP (Axion-like particle)
> We ignore all the interactions

> The mass of axions does not depend on the temperature

o Starts to oscillate at its zero-temperature mass



