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Axion Stars

Outline
@® VVhat are axion stars!

@ How to find (maybe) them: a_highly biased overview

@ Ultralight axions: 107%?eV < My S 10~ eV (galaxy cores)
® “Medium” axions: 10712 eV < My S 10~%eV (lensing, Bosenovae)

® QCDe-ish axions: 107/eV < My S 1072 eV (transients)
QCD-ish “Medium” Ultralight Mass of the

mgb DM particle

M Mass scale of .
x axion stars Axtero|d Solar Galactic
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Simulations by Schive et al., Phys. Rev. Lett. 113, 261302 (2014)
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Equations of Motion

@ Light axions constitute non-relativistic field of very large occupation number = NR classical field

1 .
Expand field ¢ in terms of non-relativistic wavefunction y : ¢(t,r) = e ™ y(t,r)+c.c.|
® \/ 2 Mg

@ E.o.Mis Gross-Pitaevskii+Poisson (GPP) equation:

Poisson Grav1ty
V2V = 47:Gm¢ ‘1//‘

(Attractlve) e m ...

2 : : N?rmallzatlon :

l — [ 2m, Vg(‘l//‘ ) mt(h”‘ )] : m, Eriv)> =M,

. ]

Gradient energy Self-interactions S
(Repulsive) For axion potential,

i ] 2 1 2 1 2
=mf 1_”8@) =373 (n;b) T <%> .
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Axion Star

2.0 . Ground-state solution of the GPP Equations
density ~ , -
| mass -~ | . Oy _ v | 2
1.5l | l E — > | Vg ‘l/f‘ +‘/m /4
ad radius | ¢ _
(at low density)
1 M,
| ~ X — X
= 1.0 + R, R,
| @ Self-gravitating bound state: gradients ~ self-gravity
| | M3 102ev\ [ 10° M,
_ | R, ~ > ~ 100 pc
0.5 ] mg M, my, M,
| | 2
\ | <1ol3ev> <M®>
j ~ 4 R, —
- . m¢ M*
0.04—————————————— — — '

=N

2
0 2 4 6 8 10 10-5 eV 10712 M,
. . ~ 300 km
“Dilute axion star” m, M,
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Fully stable

Mass-Radius Relation

Endpoint of (stable) Dilute Branch
fixed by turn-on of attractive self-interactions

: 10M 10M
>( M = P _ 2

C \g m¢

Transition branch
IS unstable under perturbations

R [1/m]

Gravity negligible, bound by self-interactions;
sometimes called “oscillons”

1000 Very relativistic, ¢ ~ f,

higher-harmonic Cb - V/(Cb) = ()

corrections to field

Integrate out modes of energy 24,34, - - -

1 | | | | | | | | Very unstable to decay
1000 10° 10’ 10° “Axiton”, “Oscillon”,
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(Dilute) Axion Star Formation

Quasiparticle dispersion Axion star formation
Formed by “Gravitational cooling” N

e
&5
sils)
yyyyy

Can be understood analytically as
gravitational relaxation of quasiparticles

-
iy
s ls)
s

N objects scatter gravitationally, exchange energy

GM Av? 8 InN B o) F =2 |
sz ~ 8N In N : ~ (b) 1 =10 (¢) £ = 2000 |'¢':"|
Rgal V V N 9
Velocity change per crossing - i !
[P} |

0.1N
— trelax =~ In N tcross 02
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Axion Stars in Simulation i wime
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1. Ultralight Axions

107*eV <my S 1077 eV

Axion stars —> “solitons”
(form cores in center of galaxies)
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Core-Halo Relation

@ Simulations of ultralight fields suggest a relation between core soliton and host halo

Classic result (2014): *

2 (r) Core Halo
: . @ Schive et al (2014) . 0 10_ €V Mh
5 '® Mocz et al (2017) i M, =~ 10 12
0. 100 - My 10 M@

. A Schwabe et al (2016)

§ L | If true, we can predict mass of central soliton
0.001-_—----------------------Ef ---------------- VA — sharp predictions!
0.5 1 0 10 20 7100 * Some call 1/3 exponent into question; some evidence

of variability between galaxies; see e.g.
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Stellar Rotational Velocities

f Kinematic data
80 - o Gas velocity UGC01281 |
Disk velocity (Y;=1.07)
7 —— Without Baryons —
— — Y,;=1.07
Heavier 60 - —- = Ta=2.14

solitons

10_1?

T Y T T Ty

103 16-% 10-% 102 162 16-% 167
m [eV]

Soliton-Halo
Relation

o e LI T T —— - _ _ _ ] FIG. 1: The combined 95% C.L. constraints (solid blue) of

1 SPARC galaxies on the mass of the soliton M, normalized by
that predicted by soliton-host halo relation, Mgsy. Each blue
line corresponds to a galaxy. The blue dashed lines highlight
Qo | | | | | | | analytical approximations, valid at small and large m. The red
1

1.5 2 2.5 3 3.5 2 4.5 5 band comes from allowing Msy to vary by up to a factor of 2
r [KpC] up or down. See Sec. || B for more details of the computation.

100s of similar galaxies
in SPARC database

Lighter
solitons
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Axion Stars

Other (tentative) constraints

» Cold star clusters » Solitons around SMBHs
» Fluctuations of ULDM induce “heating” of stellar > Orbits around Sgr A* RN
populations, e.g. Eridanus II “measure” mass o
enclosed
) Lingering SOlitOn OSCillationS OfA ~ 0,3? FIG. 1: Schematic view of the S2 elliptic orbit.
107 t 1 T TTT1T110 T T T T Tt TTTL
Soliton ULDM QPs i B
1.0 T L ‘ %
! EQ _ }
08 .’ g 1% =
-’ g |2
- 0.6 [ = [ ?
< / = S
S ; S 5
= 0.4 / = 10°; :
7 : '. :
0.9 : [ . BH : 1
4 i absorption\
00 ./'/ 104 L1 11t [ N WENET L1 [ 11
) T T T 10—22 10—21 10—20 10—19 10—18
102! 10~20 1019

my [eV]

Particle Mass in eV
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2. “Medium” AXions

10""eV <my, S 10™°eV

Axion stars —> actually Kind of like stars
(at least in mass + radius)
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Gravitational Lensing of Axion Stars

projection for EROS-2 (red) and OGLE-IV (blue)
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Axion Stars
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Axion Stars

Axion Star Collapse

Stable Axion Star
f | RS %\ | Mass Growth
i (accretion, merger)
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gey (SNR > 1)

Bosenova Signal

-8
JE, Shirai, Stadnik, Takhistov (2106.14893)
For sensitivity estimate, .
we use ABRACADABRA -10 :
i <
broadband long-term reach Ygg"
\\‘ Q
Kahn, Safdi, Thaler (1602.01086) - &
V=my,/2n ~— —12 “\\ -
e WG ME G = \
o) [ i T &
---- Broad: Bpx =S T, Vg = 100 m ? ~— .
| [~ Res:Brc=5T, v,g=1m*3 — \\
o I T R 50 14 o -
— |
p— ‘\
<. "\
>
~16 = :
1072 Y - " No Bosenovae\\ |
. / l Ja (GeV) . . JE, Street, Suranyi, \\
107" 107 '0‘(“’“ 1078 107 —18| Wijewardhana (2011.09087) | |

Though see also
DMRadio (Snowmass2021) —14 —12 —10 -8 -6 —4 -2 0
and SHAFT (2003.03348) logm (m /eV)



https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0_Saptarshi_Chaudhuri-219.pdf
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3. QCD-ish Axions

10~"eV Smy S 1077 eV

Axion stars —> much smaller / less massive than stars
(more like asteroids (axteroids?))
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Transient Signals

Sometimes they might pass through Earth!? Lot

I'=n,0v,

N 10

Plocal —
M, ZR;  200km/sec =
=4, 109
e
>0 |’ P localR ¢
10
P x _
b _ 4 =2
“ 0 = X Py, lOCal R ¢
Plocal 102

Competition between density and rate!
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S r Rare lransient Events

© :
el Motivate
@
® E.g. Global Network of Optical Magnetometers
0 Mg, ' for Exotic Physics (GNOME) Experiment
i LN

£} & Frioours Swiry e @® Maximize cross section; allow for discrimination from
‘n 1 5. Hayward, USA

i —— PR large noise sources; potential for continuous running

@ Difficult: share time-series data between experiments!?
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Axion Stars

Search inside our solar system?

1000 r

Pmax (T)/EDM

Analysis of static overdensity

—o—Apophis

o planets

: What would the passage of a transient
axion star do to the trajectory of a
planet or asteroid?

o asteroid

Il B = = == = == = = N = B O e

Can we see this?
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Conclusions

@ Axion stars are known to form in many theories of light scalar fields

@ Can be a useful astrophysical (or terrestrial) probe over a wide range
of scales (galactic, solar, and smaller)

@ Lot of ideas, lots of ways to search for them!

This work was supported by the World Premier International
Research Center Initiative (WPI), MEXT, Japan and by the
JSPS KAKENHI Grant Numbers 21H05451 and 21K20366.
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Bonus Round



Axion Stars
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Types of axion overdensities

1. Clumps as traveling waves of axion dark matter

= 3
Plocal ) 10_5 eV 10_3

0.4 GeV/cm>

[ ] L 26
5 Typical occupation number A" ~ 107> X (
WZ¢ 0]

b2 A { 4

» “Quasiparticles”, “granules”, ... —
P

Plocal

~ O(1)

» Typical over/under-density 0 =

2. Virialized substructure: axion miniclusters

i ) Projected Density ‘M. /pc?) Density [M... /ped]

3. Self-gravitating clumps: axion stars

» Ground state configuration
(at fixed mass) _ - 0

~2
=

» “BEC”, “soliton”, “oscillaton”, ...

> Typlcal overdensity o> @(1) 06.00 0.05 0.10 0.5 0.20 025 0.30 0.35

r pefhl
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Axion Stars

Discovered and Re-Discovered

mg .t
5. Mp
20 \‘ .
" -.\
| 0 0.5 1 0
Axion star radius vs mass
101

Rescaled radius R [1/m

W 11 III LILLLAL IIIU‘ IR
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What is an Axion Star i>

1 05 L Non-relativistic,
gravity negligible,
leading self-interaction,
unstable to perturbations
decay processes become important

1041 “ITransition] Axion Star”,
AT “Oscillon”
Non-relativistic, i :
coupled to (Newtonian) gravity, S 103 N
leading self-interaction, = S
STABLE for M < M., = ]
number-changing negligible

Very relativistic, ¢ ~ 7,

“IDilute] Axion Star”, 107 - - Y b~

1 higher-harmonic corrections to field

“S I't ”, “O '" t b b - -
oliton scililaton Use Klein-Gordon Equation

-
——— I
-
-
- f ‘7/ f ()
-
- —
- —
=
—-—
-
-
-
—-—
-
—
i -
- e s ms wm -
| I I I | | | | 1 1

- e B [ I I 1 Integrate out modes of energy 2u,,34g, - - -

104 10° Very unstable to decay
9 T : L INT : b
M [f*/m)] Axiton”, “Oscillon”,
“ITDense] Axion Star”
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Searches for (pseudo)scalar particles

g 3 : 57\
P> 5 oS¢y b FPF, Consider, for ex_amp.le, P» 5 qu F'F,,
4 photon couplings:

A S

10—6 10—10
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g ~13
1077 2 10—14
| % 10
10~ Duartz/Sapphire - 10— 15
10—16
—10 :
: 10 ?j;i;l;e : Neutron stars GEO600 10_17 O‘Q
| 10-11 Hydra 10—18 =
> g 10—19 i
Q 10_12 = Chandra o 3 10_20 m
U 10_13 : E ; 10—21 %
— 102
— 1n-14 - 107
< 10 5 —24 :
S 5 > <N 10
bo ].0 _1 D ~ "\\E‘:lu\i\) ! 10 —25
o ) W —
16 ;'; < el i;;.- ' 10 26
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-3 :E\\. @V& > 1 O —28
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w "'751:::':_'2,@}’ 1 O — 29
o S
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_1¢ 10—31
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Constraints: ‘Extra’” DM near Earth

Can measure effective mass nearby
by comparing orbits:

Axion Stars

M2_M1

Pmax (7” ) / PDM

Inner orbit “measures” M, + M.,

Outer orbit “measures” M, + M.,

Comparison of the two “measures” M, — M,,
the “extra” mass contained between the orbits



