Joshua Eby (Kavli IPMU — 717\ 8@ F EH i Foits)

ULDM is MEGA
|. A little on the meta-mega issue M El.:n n M

2. Do boson stars form? (pre-empting your questions)

3. Chalk talk:

Transient Signals from Relativistic Axion Bursts

Joshua Eby *5\7 ﬁﬂ %
Kavli IPMU, U Tokyo

MITP Mega DM Workshop A AL
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“doesn’t look mega
to me!”
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ULDM is MEGA I

1 Quasiparticles / granules

Aip = .
T my o | traveling waves

10710V 107 14eV 10722V
My Mg, My

Bound bosonic halos

)

around the Earth or Sun

R, > AU

Boson stars / axion stars
| oscillatons / non-topological solitons
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Black hole superradiance

of light scalar fields

Image: Paolo Pani

| | | |

BER

- [aFup gonsirajms-

Solar halo

Earth halo

BRR

OQ

[

sanem jou me




Joshua Eby (Kavli IPMU — 717\ 8@ F EH i Foits)

ULDM is MEGA

@ Quasiparticles / granules / traveling waves
1

Mg Ovir Earth size solar system size galaxy size

10-Vev 10°14evV 10722V
Mg Mg Mg

@ Black hole superradiance of scalar fields

@ Boson stars / axion stars

@ Bound halos in the solar system

Logo(GeV/ f)

“astro constraints

Earth halo
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Formation of Boson Stars ... ...

PN

=N
=N

Two mechanisms (both shown to work):
® Gravitational relaxation *96.00 0.05 0.10 0.;5[pco/.§]o 0.25 0.30 0.35
* Violent relaxation



EET AT ERE)
U— 17 BYEETE
li IPMU —
Eby (Kav
Joshua

m way
ation: [ he cal
Form

fi r formation
. fO fO

IClent

I . es SUf

r of quasiparticl

tion

E|axa

V . nal

Y itatio

® G a

crossing
locity change per
Velo

_—
.....
£
.:: ooooooo
............
L :.’,':-.
Ny
..........
.
T I—
..........
@ @
.......
-----
:-::::
......
‘...

sod)
-

...:l

.....
.....

@ @

. N

.....

g8es

Seas!

pos

o

.

sl
Teel

----
----

M In N
2~ 8N
Ay ~

1]
3l
eas

—_—
-----
&
—
@ i
&
.
4
.
Wy
.
—_—
4
......
—
LA
&
son

]
........
; v & M)
.
@
........
o
=h
"""""
L
.
.....
e
4 e A V-
.......
.................
...........
.......
......
.....
......
..........
@ @
.
.....
.
.
Iy

e
ity chang
tional velocity

Frac

i
ee ‘ :{:::
iﬁ\m G
Teed i
o‘::.‘l )
e ’
an

2 N

tion
n star forma
Boso

' rsion
siparticle dispe
Qua

d state
laxation to groun
Rela

|
i results!
imulation

ale matches si

i C

ic times

Analyti

Ool N

tCI'()SS
InN

[

relax



Joshua Eby (Kavli IPMU — 17\ #¥)EEF EHIRZTEERES) 9

Formation: [ he messy way
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Now look over here

‘ while | tell you about:

Transient Signals from
Relativistic Axion Bursts
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JE, Shirai, Stadnik, Takhistov (2106.14893)

For absolute sensitivity,
we use ABRACADABRA
broadband long-term reach

Kahn, Safdi, Thaler (1602.01086)

v=m,/2nr
Hz kHz MHz GHz

——Broad: Bpax = 5T, Vg =1m?
— -Broad: Bpax =20 T, Vg =1m?3
---- Broad: Bpax =5 T, Vg = 100 m 3
——Res: Bpax =5T,Vg=1m?3
10°B3F |— -Res:Bpax =20T, Vg =1m?
~--- Res: Byax = 5T, Vg =100 m 3

10—11 "

logo(GeV/ f)

8ayy (GeV™)

10—19 n

10_21 i 119 I l17 1 l15 J 113
10/ 10 fa (GCV) 10 10

10714 10712 10710 1078 1076
mg (eV)

Though see also
DMRadio (Showmass2021)
and SHAFT (2003.03348)
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Wijewardhana (2011.09087) |
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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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JE, Shirai, Stadnik, Takhistov (2106.14893)

Assume average time for burst = 10Gyr

F______

| Check whether I

N = Ngar(R) X (M) > 1 I

T

I (# bursts within R of Earth per year) I

“How likely is it for a ‘nearby’ burst to occur
within 1 year of experimental running?”

Define # of burst-making objects
fomppm 47R?
N(R) =
(R) - .
within R of Earth

For axion stars,

R
Nstar(R) ~ 40fDM (_
pC

logo(GeV/ f)

No Bosenovae's\
‘\

JE, Street, Suranyi, N
Wijewardhana (2011.09087) |
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JE, Shirai, Stadnik, Takhistov (2106.14893) G e n e ral B u rSt Se n S itiVity

Total burst energy E as free parameter

Gy (SNR >1&N = 1)
R = 10°AU, £ ~107"*M,,
= 1 | =
S R =pc, €~ 1071 M, S
») »)
S S
- | -
™ ™
20 —14| 20
< - <
—16+ | . 16+
—18} BHSR 1 —18} BHSR
—14 —12 -10 -8 -6 —4 —2 0 —14 —12 —10 -8 -6 —4 —2 0
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Bonus Round
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Transient Encounters

@ Boson stars can transit through Earth e 2" \
1070 - e > =
= (PO —e—\\ .
my, \°[ R, \° t o %"
C oo, (7R2) 0 ~ 10 Fpy, ( / < B B AR SN
10-1eV 10 Ry year = o,
S| - "
@ Experiments: high density “bump” signal
/(47R3/3 ev)’ 3 E
o MJ@RY3) 107 eV 10R, 4 108] T S
Plocal my, R* Q:* o - g g L~
- JGNOME .
Fraction # ,; of DM in boson stars not known with confidence! . Béh&hmark‘g
107 .-

The present-day distributions f(M, ) < f(R, ) are not known! i

Signals would have m, >10""eV < W, > GHz , I

: ; : 1071
@ Astrophysical mergers in the Milky Way / | |
I jd?’rni(r)(n&%) Oyir 10’ 10° 10° 10 10V
4 4 Can induce
~ 108 F32\, ( e > ( Ry > encounters gravitational M, [kg]
10-leV 10 Ry sec collapse!
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arXiv.org > astro-ph > arXiv:1609.03611

® o
Astrophysics > Cosmology and Nongalactic Astrophysics I I I I u atl O n e S u ts

Relativistic axions from collapsing Bose stars

D.G. Levkov, A.G. Panin, I.l. Tkachev Large integrated energy!
(Submitted on 12 Sep 2016 (v1), last revised 5 Dec 2016 (this version, v2)) In first pea k,
) )
Epeak 5 3400m 1 =~ 104 Gev 12
3 m? s
10 — 10° |
\ a Z " 2 M2 _ 10—7
N I N\ | fa/ Pl — 8
E I /g . [ ].O_ -me-
= 11 | | = M= - -1
- S 103l W,
P I ~ : I‘ [ | ‘ a I
. . X 0 /
s Multiple expl03|'ons o : I“’ “£/\ | Higher-energy peaks!
QL | l per collapse! ~S | w (Ignored here)
2 N (Ignored here) ~— | ' 1 A
10 I Ly B E— S ] - W I
0f 1 5.100 104 S B Ya
Ib C d 10 L L s e — J
I — le—
|| | k/m
—> Momentum peak ky, ~ 2.4 m
|

with spread of Ok ~ m

Short duration 5tburst ~ 0(400)/m
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Ultralight Bosons

@ For bosons of m,, ~ 107%* — 107*! eV, boson star of

enormous size forms in the core of galaxies

@ Simulations: Core-Halo Relation fixes boson star mass

I
80 ¢ Kinematic data
o Gas velocity UGC01281
Disk velocity (Y4=1.07)
70 —— Without Baryons
\elor —_— Y=1.07
60 - AN - Y;=2.14
50 - SN
~ I .\-\
n A
= -3.65 X
£ 40 A=10 I
=, R
> - LTS
20 | .>.=,§_:.=.\
20 REp
- ‘4./:2_:.:._.___.:.:-: a{Z __________
10 /./_' - A=10 '_'"*-—-_._,_.__:_:_:-:_:_:_:

2 13 ol |
0 10— €V MhalO oo L °%0ag | 1
M* ~ 10 M@ 0o 05 1 15 2
my, 101°M Blue: CHR Prediction

@ But this would imply a central peak in stellar
rotational velocity distributions!

@® Checked predictions also when

@ Deviating from Core-Halo Relation

@ Including gravitational effects from baryonic discs

v [km/s]

Points: Measurements from SPARC galaxy database

r [kpc]

(Similar predictions for ~180 galaxies!)
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Bound Bosonic Halos

Can axions become bound to other gravitating objects (stars, planets)?

Mj;
Solar Halo R, ® > Earth Halo
mqb Mext
DM Background DM Background
Bosonic Halo Bosonic Halo

R, > AU R, > Ry
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Constraints: ‘Extra’” DM near Earth

Can measure effective mass nearby
by comparing orbits:

MZ_MI

Inner orbit “measures” M, + M.,
Outer orbit “measures” M, + M.,

Comparison of the two “measures” M, — M|,

gives “extra” mass contained between the orbits

Density enhancement at position of Earth

1019 i
1015 _
TB _
3 1011 i
QU _
\* 70

QU 10 _ Solar Halo

1000.0} /
O.1F . | | A .| ! e

ond ol el RRETIT AT RS TTTT AT AR EETETE T L
10°1® 10" 10°7* 10?2 10719 108 10°°

mg [GV]

Solar System Ephemerides
(Mercury, Mars, Saturn)

Lunar Laser Ranging
+ LAGEOQS Satellite

Pitjev and Pitjeva (1306.5534) Adler (0808.0899)

Density can be very much enhanced relative to naive expectation p; ., !
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Detecting Bosonic Halos with Precision Physics

@ Searches for oscillation of fundamental constants due to axion DM oscillations!

8
Scalar coupling to photons: & > Zy $(t) F*°F,

= Oscillation of fundamental constants

o(1)

Experiments on — ~ g (1) Atomic clocks
Y .
Earth’s surface on In space
«— (Earth-bound halo) (Solar-bound halo)

R, > Ry

Now at least three

1072 i .
o | independent searches
s 1 1 for bound bosonic halos
o8 ; using atomic physics:
et Ozeri et al.,
/i i Phys. Rev. D 103, 075017 (2021)

10722
WReSL Experiment (D. Budker)

Quantum Sci. Technol. 6 (2021) 3, 034001

DAMNED Experiment (P. Wolf)
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107 p p Phys. Rev. Lett. 126 (2021) 5, 051301
10_30: L] ! Lol Hil 1 \H}\l?l
107" 10710 107° 107° 1077

Space-based atomic clocks
will be useful for future
spacecraft navigation and
for solar science

As we have shown,
also can be used to probe
fundamental physics!

g, |GeV] -1

10—15

10—19 L

10—23 L

10—27 L
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\\
" EP Tests
Earth — based
| = »r=0.39AU
—r =0.1AU
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me [eV]



