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Conclusion: Solar Halo Density

Large modifications to the very local density from axions captured over 5Gyr (solar lifetime)

Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

p(r )/pdm

for axion decay constant

f, ~ 10" —10°GeV

(i.e. in our solar system)

/
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Exponentially-growing in
low-velocity environment

Vim << 200km/s

assuming 1 < 0 ;
density could be larger for A > 0O
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Gravitational Atoms

Ultralight dark matter

Superradiance ULDM X s
capture T~ G
( ) p | \‘7)\\\13(1111 bound state
States populated only £ # 0 - allnem
primarily £ = m small primarily nZm = 100
Rapidly rotating BHs Massive bodies
Efficient production on... with M ~ I with M > Vdm
when @, ., S mly when /1(/54 Is “strong enough”
Gravitational coupli a. = GMm, ~ 0(1) a, >4 104
ravitational coupling = & s~

Energy density from... BH mass / spin DM background
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Gravitational Atoms

low density low density
Oy V? A
FV AT ) + Vo) + =Tl |

Hydrogen atom E.o.M. with

Fine structure constant

|
! , Y Gravitational coupling
Bohr radius
1 1
ao —_ —> R* —
m,Qa My,

_ Gravitational ‘Bohr radius’
solutions

W=y, Ty,
/ l \ Zl//nzm

J[number density] DM ‘waves’ nlm

(scattering states) (bound states)
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DM Waves and Bound States

Bound states

oy Ve a, 1 of gravitational atom
l | =0 Yy T Yy
4 2m¢ ' \A —iw, t
] } Wi (t, x) = Z ey (X)
nim
L21+1 ( )Ym(e )
X L1\ P
Scattering states
(DM ‘waves’)
momentum 73
distribution —iwyt
(1, X) = flk) ey x) — — .
n(k) W ) )3 Solutions: Coulomb Scattering States
Statistical sampling Simple solutions in the limits

of DM momenta in halo

kR, > 2r) 'and kR, < 27)™!
(k) fk")y = 2r)’ n(k) 8 (k — k')

2T ;tdB
We use & . = e T
* *
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DM Waves: Focusing

o V2 q, . : =/1dB_271'06g | o e N
ot 2m,, S foc — R — (dictates effectiveness of ‘gravitational focusing’)
] ) * Vdm
(€100 < 1] Ho (€60 > 1]
Gfoc < > foc R*
<>

Vdm A dB

y, — ek, y, focused onto region of size ~ R,
typical energy w, < |, |
typical energy w, > | @, | See Kim and Lenoci (2112.05718)
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DM Waves in the Solar System

o V2 a, o : =/1dB_27r05g . . e
Py 2m¢ T k foc — R —_ (dictates effectiveness of ‘gravitational focusing’)
- ) * Vdm
100 1
= @ gravitational focusing relevant
10 Efoc>1 E
i o
L1 Aae=s For M = M,
AU E ¢ I :
f f R, ~ AU at m ~ 107 ev
———— —_— < R*zRQatm¢22X10_l3eV
10—15 10—14 10—13 10_12
my/eV

————————————————————————————————————— R, ~Ryatmy~10""eV
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A Solar Halo

m M
- - a, = GMmy ~ 107" ’ —
10-14eV J \ M,

B 27mg my, M 240 km/sec
gfoc — ~

Vim 10— 14 eV M_Q Vim

1 107%ev \ [ M,
R, = ~ | au —

mya, my, M

distance between stars radius of Sun

10 pc 0.1pc 100 au au 4R, =~R,

—s
—_——— — n m m—m—

10~1 10710 10~1 10~ 1071 ~m, [eV]

10—17 . 10—13

neutron stars
+ black holes

+-+-- -ttt

1022 10~16 10~!1 1076 1 =my [eV]
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Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

Self-Interactions

oy VZ  oaq, y) , Self-interactions can move particles from
] ~ 5 | = ) lw "y scattering states to bound states
My T My (and vice versa)

bound state
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Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

Mass Growth

phase space + energy conservation
Initially: NV, ; (1 = 0) =0 Aw = o + 0y, — 0, — 0,

dM, Z dN Z A I’d?’kl d°k, d3k3
m —
dt ? 16m3 ) 27)3 27)° (27)°

matrix element
3

M

2
nim |

Aa))|%

nim = | VWi W W@

nim nim

X n(kl)n(kz) n(k3) + 1 nlm + 1 — n(k3) n(kl) + 1 n(kz) + 1 + O(N nlm)

Boltzmann .
factors for Excited
the scattering states
rate

Z 7A* Jd3k1 dk, d’ks
B & 16m3 ) 2n)® (27)° (27)3

simplify:
nim — 100
Nyim = Nygo = M*/mgb

|2-

S(Aw) | M _n(kl)n(kz)n(k3)+anm (k) - 2n(k2)n(k3)):

nim

M,

dt
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Direct capture Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

" ) Time Evoluti
ime cvoiution
Dense Gravitational Atoms (&;,. > 1)
ML O x atk)n(kynlks) |
Stimulated capture
K, 100 Mo «Ct -
Kk, Kk, M,,;,, = const - D_IZU:? I
_ 1 Gravitationa
Iy o n(kpn(ky) | | Atoms
lonization i e 1)
ks k 3.0

I > 0 : Exponential growth

X2 (e 2) [" < O : Saturation
d M determines late-time behavior
*

100 k,
2T, o 2n(k)n(k;) dt
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Relaxation Timescale

Solar Halo of ULDM

Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

7.2 304,72
B 64m Vi, B 64myf,Vim
2.2 o )
/1 P dm P dm
For axions,
)
1= _ 9
- )
/&
!
Trel

2
4 3 2
f, m, 0.4 GeV/cm’ .
~ 9 Gyr
108 GeV 10-14eV Pdm 240 km/sec
md)/ eV
- 10—15 10—14 10—13 10—12
108 B
106 B
: Low decay constant |, required
104 for astrophysical timescale
100! Kinetic misalignment,
Non-periodic potentials,
1l \\:’*n.\Dense Atoms etc.
“~_(exponential growth)
001 1 1 1 W 1 1
102 10-1 1 10 100
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Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

Numerical Simulations

Simulation by
Marco Gorghetto
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Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

Numerical Simulations

Simulation by
Marco Gorghetto
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Solar Halo Density

Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

Large modifications to the very local density from axions captured over 5Gyr (solar lifetime)

for axion decay constant

f, ~ 10" —10°GeV

(i.e. in our solar system)

/

- ——
6: o )
10 =~ 310 -
_ 107" o
104? """""""""""" .-____‘-q_]o—lﬁ
102 -
1003"‘:—“*‘“1— N
—2§ T T [T R
1010—2. 10—1. 100

r/AU

Exponentially-growing in
low-velocity environment
Vi <K 200 km/s

assuming 1 < 0 ;
density could be larger for A > 0O
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Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

S

Fate of Gravitational Atom

2
Oy Ve o & % >
i— = o — + vl v
ot 2my, r Sm 3
Density grows <= Self-interaction term grows
2/ A
until —= ~ 141
R, 8mj
Attractive self-interaction Repulsive self-interaction
1<0 A>0
Collapse! when Stable! Density saturates to large value
20
24
D=y ag m¢ 15
— FPerit ™
| 4] p
R
Pdm
—> Bosenova emission of '
relativistic ULDM particles
e Ongoing work! oL ] : 3 - 5

ks

rel
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Y (AU)/ Pdm

10%

Density over Time

Ephemerides

I - . . . I N - = == . I - N = = . Il I N = . Il BN B = = .

6-10" GeV

Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

Ephemerides

assuming 4 < 0;
density could be larger for A > 0O
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Phenomenology of Solar / Stellar Halos

DM background DM background P 2 Pdm DM background
Earth
P> Do l P> Pam / N
® o “c ®
«—> «—>
<1AU >1 AU
my~1071*—2.10"PeV my~ 1071 =3.10""eV my~ 10710 - 1072 eV
Probes in Space Probes on Earth (supergiants to neutron stars)
Tsai, JE, Safronova Banerjee, Budker, JE, Kim, Astrophysical signals
(2112.07674) Perez (1902.08212) _
+ Arakawa, Farnocchia + Flambaum, Matsedonskyi Ongoing work!
(2210.03749) (1912.04295) Bosenova signals

Ongoing work!

though see JE, Shirai, Stadnik, Takhistov (2106.14893)
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Probes using Bosenovae

Widely-studied for bosenovae originating in axion star collapse

1. Boson Star

Mass Growth
M1kl
Either accretion of scalar field
or merger events

Transient Signals

JE, Shirai, Stadnik,
Takhistov (2106.14893)

Arakawa, JE, Safronova,
Takhistov, Zaheer
(2306.16468, 2402.06736)

2. Gravitational 3. Bosenova Terrestrial
. Searches
Collapse Explosion
“ :

Collapse when mass
reaches cnitical

M>=M,

(1) fraction of total
boson star energy is emitted

Diffuse Axion Background

JE, Takhistov (2402.00100)

What about solar halo collapse?

o9

NNNNNNNN

Eq{wmerldes

t/Gyr

Multiple, repeating bosenovae on
stars all over the galaxy!




Joshua Eby | Stockholm University 20 Solar Halo of ULDM

Gravitational Atoms Everywhere!

(107> =107") (107" = 107'?)(10712-107%)  (1076-1) my [eV]

T \ \ \

supermassive Sun, stars, blanets Asteroids
black holes neutron stars

| \ \ \
@

Broad implications for axion

physics across model space!
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Conclusions

Axions / ULDM captured gravitationally to astrophysical objects (e.g. the Sun), forming a gravitational atom

Complementary to superradiance: occurs in very different astrophysical environments

Formation occurs through 2—2 scattering; generic mechanism easily implies gravitational atoms elsewhere

When it forms, a solar halo gives rise to striking new targets for experiment:

@ On Earth: enhanced density and coherence time for 7, ~ few - 1071 — few - 1074 eV
@ Future space missions can probe small, dense solar halos for 72, ~ 1071 —107%ev

@ Astrophysical signals in other star systems: wider range of m,;

Thank you for your attention!



Joshua Eby | Stockholm University Solar Halo of ULDM

Bonus Round
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“What about the Excited States?”

capture stimulated capture stripping

ki ki 100 100 k2

C Role of excited states and two-level system
In the main text we studied the capture of ULDM to the ground state, but neglected excited states in

most of our discussions. In this Appendix, we show that these are likely to only enhance the accretion of
DM onto the ground state, and not to change the overall conclusions of Section 4.

de-excitation excitation stimulated de-excitation stimulated excitation
200 ki 100 ko 200 100 100 200

relaxation stimulated relaxation de-relaxation
200 k 200 100 100 200

200 100 200 "k k 200
(1c) (2c) (3c)

2-level system:

nim = 100, 200
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“What about the Excited States?” (2)

capture stimulated capture stripping
ki 100 100 k2

C Role of excited states and two-level system

In the main text we studied the capture of ULDM to the ground state, but neglected excited states in
most of our discussions. In this Appendix, we show that these are likely to only enhance the accretion of
DM onto the ground state, and not to change the overall conclusions of Section 4.

de-excitation excitation stimulated de-excitation stimulated excitation
200

N1igo = 29° / (k] [dk2] [dk3]| M, 4 ks ks+100]° (27)8 (Wky + Wiy — W1 — Why)
{f (k1) f (k) f(ks) + Nioo[f (k1) f(ka) — 2f(kz) f(ks)]}
+ 4¢° / (k1 )[dka] | M, 100k, +200]° (27) 8 (wh, + w1 — wa — wi, ) b
{N100NV2oo| S (ko) — f(k)] — f(k1) [ (k2)[Nigo — Naoo] }

+ 2¢° / [dk]| Ma00+200-s1004+% | (27) 8 (2w2 — w1 — wi) {f (k) Nayg + N100N3go — 2N200N10o f(K)} -
(103)

N\

(1c) (2c) (3c)

2-level system:

nim = 100, 200
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10-4 ffoc:()-l

105}

105

N
N10o
vy
N20oo

~1-level

N1

é:foc : 10
— Nigg
N2oo
v 1-level
N0
102 10!

Solar Halo of ULDM

“What about the Excited States?” (3)
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“What about the Dilute Atoms?”

Signal in direct search typically - or (21 : 0-4ev ]’
ST, = |—| 74, = 2year
grows as  4/pt as long as T myal o omy
3 '
10 - saturation exponential

growth

J©/ pam) G | Tdm)

| | | | | R gfoc — O(l)|
10-1° 1014
m [eV]

T, = min(7,, ly,)

assuming 1 < 0 ;
density could be larger for A > 0O
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(figure credit: Ciaran O’Hare)
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|
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nHz plz mHz Hz kHz MHz GHz
1010 9

j_oz Globular clusters }8_10
:_87 5oy Holometer 1 O 1 },
4 06 4 1012
4 0° 7 1013
104 : : " g 10 1 :
10 H/Quartz/Sapphire | . 10 —1\2
102 ' 10~ -

. GEO600 10—

10—18
10—19
10 20
1021
1042

[[_A®D] 445

Scalar-EM coupling, d,

—4
10_5 < 10—23
10 o 10—24
—6 el
10 - 10—25
10 7 < s hY 1N—26
- _8 ///// R 7 10
10 ///5\ Q‘Ev 10 —27
-9 =~ A (b
10 o —28
F 45 10
10—10 e 9
1 i~ 10—2,
“ 0 11 PP
e 10—30
j-O 12 ///// _3]_
:_0_13 & 10

5 L S0 1 T Ry % Wy I - R B V A U T \= S U S Ve T VA s VR \\ SR R - B B
EZD%qu””F 1077407 407 40T 40 107 407 40T 40T 407 40T 40T 40T 40 407 10 40 A0 10
4 He

Scalar mass, my [eV]

(figure credit: Ciaran O’Hare)
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Probing the Very Local DM Density

(l.e. in our solar system)

Sources of perihelion precession:

Dark Matter p

@3-body interactions
» Jupiter, Venus, Earth 01 %

* Other planets 1 %
--------------------- » Asteroids 10~
”Dg --------------------------- @SO|ar oblateness 0.1%

@ General Relativistic effects 8 %

. arcsec
Consider Mercury: 6_.. = 575.3100 £ 0.0015 @ “Extra” (dark) mass

IcC
P century
See Park et al. MESSENGER collaboration),

The Astronomical Journal, 153:121 (2017)

https://commons.wikimedia.org/wiki/File:Perihelion_precession.gif
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Constraints on DM in our Solar System

First constraint using asteroids:
Tsal, JE, Arakawa, Farnocchia,

/ Safronova (2210.03749)
Bennu: exceptional tracking data
i z— — =GN OXCOP 9
= 5, , including dedicated OSIRIS-REX
= Q o - .
- s 2% <° mission from NASA
6L 2 % .2 B
1() = ({}) Q‘ 9 “x SR T RAEIER vV o .
5 0. 9 Wi Ay LE o RS SN
- (M 4 8V E It d :
S 10%E % %
m i ¢
T~ - Other asteroids E
N\ =—
- : as probes: | | |
~— 102 B High—e NEOs NEOs ||Main Other Asteroids | e | _
:x: = Belt Side-by-side images from NASAS OSIRIS-REX spacecraft of the robotic arm as it descended towards the surface
C@ — of asteroid Bennu (left) and as it tapped it to stir up dust and rock for sample collection (right). O5IRIS-REx
E __ touched down on Bennu at 6:08pm EDT on October 20, 2020. Credits: NASAs Goddard Space Flight Center.
Q E p — IOdm . _
s there DM in the Solar System? How much?
10_2 i l l l I I I| l l l I I I| l l l I I I| l l l I I
1072 107! 1 101 How do we strengthen such constraints?
Constraints from planets: r = Dlstance fI‘ om Sun [au]

i 2
see Pitjev and Pitjeva (1306.5534) New ideas”
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Possible Overdensity

Density can be very much enhanced relative to ‘naive’ expectation p; .

Max density at Earth surface Maximum bound mass fraction

jote| T T T
_ L |
1015 ] 10 1 ? ? é
S ‘ ¥ -4 G G E
§ 1011 5 0 \ \ .
< ‘ 5 1076 |- = = g
\ ]
X 107 | " - :
QU _ Solar Halo E 10-8 b .
1000.0 | / -1 i
01 b /it vt WMo e

107 107'® 107 10°'* 107 10°% 107° L0-17 L0-15 L0-13 Lo-11 10-9 L0-7

me [GV] meg [GV]
Solar System Ephemerides Lunar Laser Ranging

(Mercury, Mars, Saturn) + LAGEOS Satellite
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Solar Halo of ULDM

Maximum Density of Solar Halo

Pmax (7“ ) / PDM

Banerjee, Budker, JE, Kim,
Perez (1902.08212)

1024

1020

1016

1012

108

Near the Sun:

density mass
pS10%2p,, 11 107%eV Smy S 1075 eV

On Earth: density
p S 10 =10y,

mMass
. < . —14
r = Distance from Sun [au] my S 3 1077eV
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Solar Halo of ULDM

“But can bound states really form?”

Formed by “gravitational cooling”

Seidel and Suen (gr-qc/9309015)
Guzman and Urena-Lopez (astro-ph/0603613)

Can be understood analytically as

gravitational relaxation of quasiparticles

Hui, Ostriker, Tremaine, Witten (1610.08297)
Bar-Or, Fouvry, Tremaine (1809.07673)

For axion stars:

N objects scatter gravitationally, exchange energy

53, (53, - ‘
_ [ ] _ _ [ ] -
& . 4 - PN & _ 4 _ 4 o
@ & & L v & & &
W _ 2/ _ Py W _ L 4 _ @
.‘:;'. .‘:;'. L & ()
s, . - - - - & - .
37 ) & o 37 & Y
o 7 L 4 4 L 4
- ,‘:’-'. e a
_ < ‘
3, Y o = o Y i5e
55 K ‘:.w" o 4 A 4 ) 4 3
..... 5 & e ) e & 3
- _ ® v v . Yy . v v i 3
53, P >
v -
o3 i (o3 (3 (3 B
& v W _ _ L 4 v L 4 an
4
;.""1 57 v - 25
- - PN P i
Yugst ta,
. 4 < . ‘e
X ~ S . 5 £
k -~ o~ o~ & -~ 3
<« T 1133
.~ i . 53 - 5
- a v >
‘e ,;;; < s - 257
3 ‘ " 3 }'Q
I a N
“ Y :_?'. ,‘:;'. P ‘:;'. a 6 & 7
g h . / h . . ? ?
.
i b\ o @3 ) & & -i"‘ & & 2
- W . W W W -"r‘,r
fss {ss . . ol
a:’: , P |::: _ a -
™S 2 @ 3 PY 3 4 &
4 el
-
=
L 7
s
»'.:'-.‘ »
4

n

R oal V V2 N &

Velocity change per crossing

0.1N

: 4 = th tCI'OSS

relax

dedicated simulations
confirm this picture

For gravitational atoms:

&
"o."
- -
&
n <
&

Quasiparticle scattering

\_/

Relaxation to ground state?

Levkov, Panin, Tkachev (1804.05857)
(b) £ =0 (¢) & = 2000

o

-~

-
Y Y
e 8

so far, ours is the only dedicated analysis

&
v o &
@ . L 2 &
- .. . .
g k @& - & Y 22, 2
7 PN 4 7 N _ 4
Y 7
- o . Sl
e .'.‘:‘:o;“: 155 el A""‘.ﬁ‘ an
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Bound halo formation??
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Direct capture Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

k1 k3
Dilute Gravitational Atoms
k nim = 100 dM* [' > O : Exponential growth
e 2> C o« n(kpn(ky)n(k;) dt ~C + (Fl - Zrz) M* I" < 0 : Saturation
Stimulated Capture detel‘mines Iate'time behaVior
y| 27T
K1 100 Recall &, . = B = - <1
R* Vdm
implies
m¢v§m > m¢ag2 ky ~ ky ~ k3 ~ MyVam = 1) =15
K, Kk,
[ kn(k
- t'l o nlky)n(ks) n(k) C :
onization e
— M= —~10p,. /A
k3 kl kl, kz, k3 * 1"‘2 Pdm”4B
X2 (1o 2)
100 k, k “dilute”

o, « 2n(k)n(ks) "gVam
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Solar Halo of ULDM

Direct capture
k1 k3

K, nim = 100

time

Stimulated capture

k, 100
k2 k3
Iy «x n(k)n(k,)
lonization
k3 k1
X2 (1o 2)
100 k,

21, o« 2n(k))n(ks)

s C o« n(kpn(ky)n(k;)

Budker, JE, Gorghetto,
Jiang, Perez (2306.12477)

Dense Gravitational Atoms

aM .
* [" > 0 : Exponential growth
~ | =21 )M
dt C T ( 1 2) * I < O : Saturation
determines late-time behavior
y| 27
However, & . = S = > 1
R* Vdm
implies instead
m¢v§m << m¢ag2 kl ~ kz ~ MypVim < k3 — Fl > Fz
n(k)
- 3 (T
k. => M, () = 10pgAds (¢ — 1)
K “dense”
m¢vdm
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Solar Halo of ULDM

Very Local Density from Capture

(l.e. in our solar system)

f./10’GeV

6.4 47 3.8 28 22 1.5 0.9

10* :
g |

S E
(o -
% u

O 107%: —
e -
J i

SO -

1§ -\

6 10

assuming 1 < 0 ;
density could be larger for A > 0O
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Constraints from Large-Scale Structure

Evolution of cosmological density perturbations
Is modified by wavelike structure of ULDM fields

O, + 2Ho, —

/ A
suppression of structure on

‘small’ scales due to ultralight mass

1/4 1
k;~ 10Mpc™! = ( - )
Ueg 10-22eV

e.g. Lyman-a constraints, see
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Simulations

Solar Halo of ULDM
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Banerjee, Budker, JE, Kim,

Probes on Earth
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DM background

\

Credit: NASA/Johns Hopkins APL
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Quantum Clocks in Space

International community rapidly developing technologies to put atomic clocks in space

NASA Deep Space Atomic Clock Cold Atom Clock Experiment in Space Atomic Clock Ensemble in Space ##iR
(DSAC) (CACES) (ACES) -
nature nature communications
Explore content ¥ About the journal ~¥  Publish with us ~ Explorecontent ~  About the journal v Publish withus v
nature > artcles > article nature > nature communications » garticles > article
Article | Published: 30 June 2021 Article | Open Access | Published: 24 July 2018
Demonstration of a trapped-ion atomic clock in space In-orbitoperation of anatomic clock based on laser-
T | cooled 3’Rb atoms
E. A Burt ==, ). D. Prestage, R. L. Tjcelker, D. G. Enzer, D. Kuang, D. W. Murghy, . E. Rebisen, J. M
Seubert, R. 7. Wang & T. A Ely Liang Liu >, De-Sheng Lii ¥, ... Yu-Zhu Wang 4 Show authors
Natwe 696, 43-47 (2021) | Cite this article Nature Communications 8, Article number: 2760 (2018) | Cite this article
6205 Accesses | 3 Citations 247 Altmetric | Metrics 8335 Accesses | 63 Citations | 101 Altmetric  Metrics
Demonstrated stability in space ~ 107'*  Demonstrated stability in space ~ 1074 Launch date: 2025 (?)
DSAC-2 may visit Venus, launch ~2028! Goal for Tiangong space station ~ 10718 Target stability ~ 10~1°
@ Better time-keeping on ISS @ Spacecraft navigation
Motivations: @ Improved GPS @® Communication w/ moon / Mars / (?)

® Comparison with ground clocks @ ULDM detection??
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Tsai, JE, Safronova

Probes in Space
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Orientation and DM Wlnd
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Signal depends both on detector orientation and latitude!

Banerjee, Budker, JE, Flambaum,
Kim, Matsedonskyi, Perez
(1912.04295)

Daily and annual modulation of the signal!
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Signal Modulation (Solar Halo)

Daily Modulation
Radial Gradient | Tangential Gradient
Latitude Effects : Annual Modulation
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@ Upshot: Sideband analysis in existing axion experiments can distinguish

virialized ULDM from bound axion halos in our solar system ,
Banerjee, Budker, JE, Flambaum,

Kim, Matsedonskyi, Perez

@ Also motivates network searches (see e.g. GNOME 2305.01785) (1912.04295)




Joshua Eby | Stockholm University

R x (m*\/G/2)

Solar Halo of ULDM

Axion Stars (ask me later &)
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1. Mass Growth
(accretion, merger):

M1T,R|

et

2. Gravitational
Collapse: R |

Axion stars in the cores of galaxies:
JE, Leembruggen, Suranyi, Wijewardhana (1805.12147)
Bar, Blum, JE, Sato (1903.03402)

Do axion stars form black holes? (no)
JE, Street, Suranyi, Wijewardhana (2011.09087)

Astrophysical signals from axion star collapse:
JE, Leembruggen, Suranyi, Wijewardhana (1608.06911)
JE, Shirai, Stadnik, Takhistov (2106.14893)
Arakawa, JE, Safronova, Takhistov, Zaheer (2306.16468)




