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) Light bosons and solitonic stars
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Massless bosons

|

S =3 /d4w V=9 9" 0,60,¢

There is an additional shift symmetry ¢ — ¢ + C

The symmetry is lost whenever a potential is added, such a
quadratic mass term ~ m*¢~ /2

The symmetry is broken at some level, at least by QG
effects that spoil all continuous global symmetries.

Nearly-massless boson

$ shift symmetry is “approximate”
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Giving a small mass to the boson

An important example is the periodic potential, for which a
residual discrete shift symmetry exists ¢ — @ + 2mn ik’

This model has two parameters: mass 171 and energy scale F’

g / Bz /=g | = ¢™0,60,6 + V()

2

V(p) =m*F? (1 —cos¢/F)

String-inspired particle models predict numbers of these
type of fields (Svrcek&Witten hep-th/0605206, Cicoli+ 2110.02964)
Important applications in cosmology (Arvanitaki+ 0905.4720)
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Giving a small mass to the boson

Pig(k) = T (k) Pcpm (k)

The transfer function suppresses energy at small scales for
the boson mass m =~ 10~ ** eV

Addresses the missing
satellite problem

(Sin95, Hu+00)

Moo = m/(10_22 QV)
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Giving a small mass to the boson

V(p) =m*F* (1 —cos¢/F)

m? F? = M3 A% e ®
ReducedPlanck mass Mp; = 1/V81G ~ 2.435 x 10*° GeV

Instanton action S ~ 27"'/@81\/[

Instanton-suppressing energy scale by susy A
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Giving a small mass to the boson
V(p) =m*F* (1 —cos¢/F)
m? F? = M3 A% e ®
ReducedPlanck mass Mp; = 1/V81G ~ 2.435 x 10*° GeV

Instanton action S ~ 27"'/@81\/[

Instanton-suppressing energy scale by susy A

F =10" GeV
A ~ Mp; (No suppression) ey S ~ 23()
11 (Gravity-mediated
A~ 107" GeV gysy breaking) =¥ S ~ 200

A ~ 10* GeV (Gauge-mediated o
SUSY breaking) |
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Light bosons forming cored DM halos

h

A boson of mass m has de Broglie wavelength A\ = —
mu

A self-gravitating boson condensate forms a “star”
(Kaup68; Ruffini&Bonazzola 69)

A boson star has the radius R that matches )\, and minimizes
1 Gm
E = —mu?

2 R

Maximum mass My .., = 0.633 (Gm) ™"

Boson stars of mass M < Mg, are stable (Lee&Pang 89)

See e.g. my recent review on boson stars 2109.0548 |
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Light bosons forming cored DM halos

For an ultralight boson m ~ 10~ %% eV, the maximum mass is

My aup = 0.633 (Gm)~' ~ 10" M, (Sin95, Hu+00)

This is the mass of the soliton core.
The virial mass can be much higher and formed of bosons not
in the condensed state, distributed as NFW profile (Navarro+97)

Simulations yield (Schive+14)
10=2% eV M., 1/3
<1010M@ )

M ~ 2.7 x 10° Mg
T

Explained by saturation of mass growth (Eggemeier&Niemeyer 19)
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Light bosons forming cored DM halos

Figure 2: A slice of density field of DM simulation on various scales at z = 0.1. This scaled sequence
(each of thickness 60 pc) shows how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to the granular structure inside the
haloes. Distinct solitonic cores with radius ~ 0.3 — 1.6 kpc are found within each collapsed halo. The
density shown here spans over nine orders of magnitude, from 10~! to 10% (normalized to the cosmic mean
density). The color map scales logarithmically, with cyan corresponding to density < 10.

(Schive+14)
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Light bosons forming cored DM halos

(Figure from Bar+18) I N Y-XYe)[ie]allels1=la -\ ile S|
® Schive etal (2014 found in other simulations

Mocz et al (2017)

A Schwabe et al (2016) The exter'na_l PI‘Oﬁle IS
debated

The core profile suffers .

from the presence of gas,
stars, BHs

density [M o /pc3]
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Light bosons forming cored DM halos

ref —— XQ-100
Planck prior — HIRES/MIKE
Tp z-bins —— XQ-100 + HIRES/MIKE

Constraints from Lyman-alpha data lead to m > 20 x 10~ **eV
XQ-100 and HIRES/MIKE quasar spectra samples
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SMBH mimickers

Another possibility:
Imaging through VLBI (Akiyama+15)

Compactness C = M/R

Boson star Model A: C = 0.098
Boson star Model B: C = 0.075

Compactness is a measure of the
“importance” of GR effects ol
Closed photon orbits forC > 1/3 l&

(Olivares+19; Fromm+21)
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I1) An intriguing light boson: the axion
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The QCD axion is a well-motivated extension to SM

The axion might :

|. Solve the strong-CP problem of the neutron electric
dipole moment;

2. Explain the observe dark matter (DM) abundance.

2
r—_9 %o g : QCD coupling constant
3272 f,

(5: gluon field strength

+ shift symmetry a : axion field

a— a4+ Kfq f,,:axion decay constant
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The QCD axion is a well-motivated extension to SM

The axion might :

|. Solve the strong-CP problem of the neutron electric
dipole moment;

2. Explain the observe dark matter (DM) abundance.

2
r—_9 %o g : QCD coupling constant
3272 f,

(5: gluon field strength

+ shift symmetry a : axion field

a— a4+ Kfq f,,:axion decay constant

QCD axion mass
(pecullar to QCD model)

meq ~ 6 ueV(10* GeV/ f,)




The QCD axion is a well-motivated extension to SM

Additional couplings to photons and matter:

L: B CoayyQXEM iaFuyﬁW’uy 4 Z Cory (aua)ffyufy5f
f

27Tfa ﬁ 2fa ﬁ
Photon Fermion
field field
strength
Axion-photon coupling Axion-fermion coupling

(contains an extra
contribution
from the fermion
mass )

6" Colombian Meeting on High Energy Physics (COMHEP), Luca Visinelli 29/11/2021



Axion-photon coupling
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[O’Hare, cajohare.github.io/AxionLimits/]
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Axion-electron coupling
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LUX (Solar axions)

Red giants

White dwarf hint‘ _

Magnons
(Scanning)

Magnons
(YIT, NiSP3)

1071
10~° 1078 10=7 10°® 10> 10~* 103 102 10! 10V

mg [eV]

[O’Hare, cajohare.github.io/AxionLimits/]
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Axion DM production

aV
Damped harmonic oscillator a + 3Ha - d(a) = 0
a

(for super-horizon modes V8| ~ ()

—> generated by OCD!

time
0=alf,

0(t) = 0 cos(mt)
T

Courtesy of J. Redondo

when H < m,(T), the axion energy density is p < R~
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Axion DM production

M licated pict CP—i(er ) ex <m>
ore complicated picture g Ja Ra) eXP \

/ \

PQ field radial mode

Overdensities produced before
MR act as “seeds” for bound
axion miniclusters Hogan, Rees 88

J

For an overdensityd = (p — p)/p B
the AMC density is

panc(6) = 140(1 + 6)6° peq
Kolb, Tkachev astro-ph/9311037

Buschmann+ 1906.00967

see e.g. Visinelli+ 1710.08910
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https://arxiv.org/abs/1906.00967
https://arxiv.org/abs/astro-ph/9311037
https://arxiv.org/abs/1710.08910

AMC halo mass function
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Eggemeier+ 1911.09417
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https://arxiv.org/abs/1911.09417

AMC halo mass function
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Extends down to Extends up to
Mamc ~ 107 Mg Manc ~ 107° Mg
set by the Jeans mass growth of hierarchical
for m, = 20 ueV structures today

see also Ellis & Marsh 2006.08637
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https://arxiv.org/abs/2006.08637

What is missing: survival of miniclusters in the Galaxy

Edwards, Kavanagh Visinelli, Weniger 2011.05377,2011.05378

Thomas Edwélzéls Bradley anagh Chrlstoph Wéniger
OKC Stockholm, Sweden IFCA Santander, Spain  GRAPPA Amsterdam, Netherlands
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Milky Way setup

DM distribution in the Milky Way ppi(7)

poM(T)
namc(r) = famc
(r) (Mamc)
We set fanmc = 100% Caveats: we do not deal with current

stellar formation and structure formation

(Manic) ~ 107" Mg

6" Colombian Meeting on High Energy Physics (COMHEP), Luca Visinelli 29/11/2021



https://arxiv.org/abs/1102.4340

Monte Carlo procedure

AMC not
disrupted

AMC disrupted /

[Distributions and tools for re-casting available online: github.com/bradkav/axion-miniclusters]
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http://GitHub.com/bradkav/axion-miniclusters

Monte Carlo procedure

rac = 6.96 kpc
Psurv = 0.91

Galactocentric Radius [kpc]

. 1077 104
- Ranc [pc]

| 1 _104 o Axion stars modeled after the work of
suwmber of interaction: Schive et al. 1406.6586; 1407.7762
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Axion minicluster survival probability

. "—-h-*-‘-.ﬂ

Survival probability at Solar circle:

=
00

©(99%) for PL profiles

=
S

Power-law
NFW

Circular

s
=
:5
3
S 0.6
aw
=
=
>
~—
-
2

Eccentric
Ecc.4+AS cut

10"
Galactocentric radius r [kpc|

see also Tinyakov+ 1512.02884; Dokuchaev+ |/710.09586

6" Colombian Meeting on High Energy Physics (COMHEP), Luca Visinelli 29/11/2021


https://arxiv.org/abs/1512.02884
https://arxiv.org/abs/1710.09586

Application: axion minicluster lensing

i} ar
N.. at | d

X / / Y drdt
dr

~ namc(T)

(TI)_1
Q
a.
=,
O
>
<
<

dadt

namc [kpc™]

[See Fairbairn+ 1701.04787, 1707.03310]

6" Colombian Meeting on High Energy Physics (COMHEP), Luca Visinelli 29/11/2021


https://arxiv.org/abs/1701.04787
https://arxiv.org/abs/1707.03310

Application: axion conversion in NS

Assuming a Goldreich-dulian model for the NS
magnetosphere, emitted radio power:

[Goldreich & Julian (1969)]

d a 6 C
P N ng Bg RNS3 0
d§) 374N R.° m,

Plenty of uncertainties on magnetosphere properties,
conversion probabilities, anisotropy...

[Battye et al., 1910.11907; Leroy et al., 1912.08815]

Assume isotropic emission and focus on enhancements
to p. due to AMC encounters.
Very active field of search in recent years

[Hook+ 1804.03145; Safdi+ 1811.01020;
Edwards+ 1905.04686; Foster+ 2004.00011]
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https://ui.adsabs.harvard.edu/abs/1969ApJ...157..869G/abstract
https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/1912.08815
https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/1905.04686
https://arxiv.org/abs/2004.00011

Encounter rate of axion minicluster and neutron star

= / d°r / de”Agg (r)nNS(r)<UU>(T)
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Without stellar disruption,
the encounter rate would be:
39.3x larger for NFW profiles
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Signal flux and duration
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Edwards, Kavanagh, Visinelli, Weniger 201 1.05378
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Sky distribution

Distribution of AMC-NS Encounters (NFW AMC Profiles)
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Summary

AMC-NS radio transients Missing ingredients
e [asting days to years e Concurrent structure formation &
 Within reach of current & future disruption
searches » Realistic input to Monte Carlo
. . simulations (density profiles,
Expect O(1) bright event on the P(M. 5) )

sky at all times
e Understanding axion star

 Concentrated towards the .
formation at the low-mass end

Galactic Centre

Please re-cast the results and re-use the code!

2011.05377, 2011.05378 Thank you!

github.com/bradkav/axion-miniclusters
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