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Relativistic Axion Bursts

Outline

@ Background and motivation
@ VVhat are axion stars?

@ Axion star explosions!

@ ...and other transient axion bursts

® Conclusions and what’s next
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Our Galaxy,

3

Our Halo

Milky Way
(That We Can See)

Dark Matter Halo

10-20 kiloparsecs (kpc)

We can see it

How do we know It’s
~ (optical, IR, UV)

there?

Radius ~ 1018 km
Mass ~ 10 M,
Shape Disk-like

| Plocal — 0.4

.....................................................................................................................................................................

see effects indirectly

égalaxy formation, etc.)

100-200 kpc

=~ 10!° km
~ 102M,
*
Spherical At large
| scales
GeV 100
protons ?

Invisible! Can only

(gravitational
influence on stars,

( Grand Goal: Understand this
at the level of particle physics

Relativistic Axion Bursts
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Dark Matter Models

Mass of the
DM “particle”

107%2eV <m < eV keV < m <100 TeV

Thermally-Produced Macroscopic

Light Bosonic
Dark Matter Dark Matter

Dark Matter
(sometimes “axions”)

@ Quantum mechanics: such particles must be bosons e.g. e.g.
, _ Weakly Interacting Massive Particles black holes
because phase space density /' ( X m 4) > 1 (WIMPs)

@ Light bosonic DM is wave-like on distance scales of order

1 10710V 10-14eV 10722V
Aqg = ~ Rg ~ AU ~ kpc
M O, m m m

with oscillatory frequencies of w, ~ 27m ~ MHz
? 10-10eV
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= Simulations by Schive et al., Phys. Rev. Lett. 113, 261302 (2014) ,

Axion Star
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Formation of Axion Stars e
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Equations of Motion

@ Axion dark matter is non-relativistic field of very large occupation number = NR classical field

1 .
® Expand field ¢ in terms of non-relativistic wavefunction y : ¢(t,r) = le " y(t,r)+c.c.]
2m

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

Poisson Gravity ,
Vng =47 Gm? ‘l//‘

(Attractive)
ya - N . —----------I
/ 2 : Normalization
2
| -V ( ] ) +V ' :
2m ¢ L m|drlyl =M,
) i
N . . — _ - _ _ 7 o I-----------
Kinetic energy Self-interactions
(Repulsive) For ALP potential,

_22_ ¢_m221m24 1’"26
=i |- (5)| =505 () oo (5)

(Attractive) (Repulsive)
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2.0
1.5¢
e

= 1.0

0.9
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”W What is an Axion Star?

=N

10

Relativistic Axion Bursts

Ground-state solutions of the
Gross-Pitaevskii+Poisson (GPP) Equations

oy V?2 ) ,
— = :V( >+Vm< )
= [ 5 .\ vl A vl ]l/f

1 LM M M?
= R2 R = R3 i R6
@ Low density — Self-interaetions, [ kinetic ~ gravity ]
~12
M ~ 107" Mg (2000km “Dilute boson star”
mz R

Normalization

my, d3r|1//|2 =M



Joshua Eby (IPMU) 9 Relativistic Axion Bursts

Mass-Radius Relation

x R~}
11 Stable under
: perturbations
: Gravity —
0.500! i oM S 10_3M®< f ) (10 loev>
1 ° m 1016 GeV m
L Ty 16 ~10
M 10" GeV 10 \Y%
; ‘ E. 0100+ (Attractive) R, =~ 02— = 10 km( - ) ( - )
v _ Unstable under Self-interactions
0.050 perturbations M & R relevant
0.010 One-to-one relationship between:
.00 o M, R, w(0), u, ...
0.5 1 5 10

M f
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Axion Star Collapse

arXiv.org > astro-ph > arXiv:1608.06911

Astrophysics > Cosmology and Nongalactic Astrophysics

Stable Axion Star

— | Collapse of Axion Stars
Mass GrOWth Joshua Eby, Madelyn Leembruggen, Peter Suranyi, L.C.R. Wijewardhana
(accreti on ; merger) (Submitted on 24 Aug 2016 (v1), last revised 29 Apr 2017 (this version, v3))

arXiv.org > astro-ph > arXiv:1609.03611
Astrophysics > Cosmology and Nongalactic Astrophysics
\ ] Relativistic axions from collapsing Bose stars

D.G. Levkov, A.G. Panin, I.I. Tkachev
(Submitted on 12 Sep 2016 (v1), last revised 5 Dec 2016 (this version, v2))

S

Reformation?
n (Speculative)

T
’
’
”
L

m
—
@)
w
|

Gravitational
Collapse

/

9
/

Energy emitted can be an O(1)
fraction of axion star mass

f 10~1%ev
1016 GeV m

M [f?/m] M.~ 107M,
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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.I. Tkachev Large integrated energy!
(Submitted on 12 Sep 2016 (v1), last revised 5 Dec 2016 (this version, v2)) In first pea k,
2 f2
Epeak v 3400 m L= ~ 1052 GeV L&
9 m2 Mo
].0 105 :
- T T g "
N\ Z 0 2 M2 _ 10—7
I N\ | fa/ Pl — 8
E I /g “ ; 10_ - m m
~ 1 | | Ny V h— — = =
- S 103l W,
-— I ~ : I‘ [ | ‘ a I
. : X 7 4
=, Multiple epr03|'ons o : I“, N/ I Higher-energy peaks!
QL | l per collapse! ~S | w (Ignored here)
2 N I D (Ignored here) ~— | ' 1 A
10 I Ly S ] - W I
0f 1 5.108 104 = 1 \/
:H C d 10 Ly s s — 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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Naive Sensitivity Reach

@ ldea: Detect high-energy axion burst from axion star collapse + Bosenova!

Dark Matter Axions 4. Detect Bosenova Axions

, Q!,;‘\ N Ppm = 0.4 GeV/cm
\ Y. m vpy = 1073 = High Quallty

Opy ~ VDM 10°

gpeak

- GeV , (100AU ’
~ 10 Cm3 f12 R

Px =~

1. Axion Star 3. Axion Star
Grows in Mass Bosenova

M1 \

m

Ve =~ 1 = Low Quality

""""""" 2. Axion Star Naive guess: Our Signal Can “Win” Only If Q: ~ 1
e y collapse a g \/ Poym Com -~ 103 Pbm
} &DM P+ Qs P
— — N IR .

T M~M f12 100 AU ~~
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Naive guess:

We Might Do Worse =" "*" We Can Do Better!

| —

Short duration
at source Long duration

at detector

Though energy density decreases,
burst duration grows.
Can still ‘catch’ whole signal (up to a point)!

|
|
|
—>I I<— I |
OXiyr | No wave spreading Wave spreading
| 2
m- ok
Axion | 5tburst ™~ f/m — Ot ~ 3 R ~R
Burst | k |
r - - - - - - - - - - - -V - -V - - - - = — 7 - - — — = = = = = = = = = = = = = = = = = = = = -

: L 1 -3
Energy density at detector drops fast with distance, ¢ R o
| & Y P Momentum modes naturally separate in-flight:

Wave spreading Can regain some coherence at the detector,

No wave spreading

|
|
|
|
gpeak gpeak |
|
|
|
|

|

| |
| |
| |
| . R Dy R | |
| P 47 R? S purst — A7 R2 dx . No wave spreading Wave spreading

: 2mm? 0k R
| 5 m* ok T | S A
| 5fEburst it f/m €T ~ 13 | T burst ~ 27.‘./m — * fk3 f
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How to Search

Total experimental integration time 7. . = yr

F_________ﬁ

Sensitivity Ratio

int int

t1/4min (Té{\j[l, t1/4)

| g+ (wo) N\//ODM

I gpm (wo)

int

P+ min [(515)1/4 ,tl/ﬂ min (7'*1/4, tiln/t4) I

h_________—

“Is a given DM experiment equally/more sensitive
to relativistic bursts compared to standard search?”

10—11 B

For absolute sensitivity,

we use ABRACADABRA |

long-term reach

10—15

8avyy (Gev_l)

10—19 u

1072+

10—17 _

v=m,/2n

Hz kHz MHz GHz

——Broad: Bpaox =5 T,Vg=1m?3

— -Broad: Byax =20T,Vg=1m?3

---- Broad: Byax =5 T, Vg = 100 m 3
Res:Bpax =5T,Vg=1m?
Res: Byax =20T, Vg =1m?3
Res: Byax = 5T, Vg =100 m 3

~ — - /
T T //‘ ------
19 17 15 13
10 10 fa (GeV) 10 10
10~14 10712 10710 1078 1076

mg (eV)

Relativistic Axion Bursts

Assume average time for burst = 10Gyr

F______

Check whether |
I N = Ngtar(R) X (?) > 1 I

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

(# bursts within R of Earth per year) I

Define # burst-making objects
foMmppM 4TR?
N(R) =
(R) - :
within /R of Earth

8

For axion stars,
New(R) ~ ot B ) %
star ~ JDM 100 AU f12


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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1. Blue: sensitivity bands

for future ABRACADABRA .

Note: coupling « 1/f

but signal > VE f 3. Red: Contours for 7 = 10 Gyr

-10 R Explosions infrequent?
- R Shorter lifetime possible?

—12

log1o(GeV/ f)

—16

4. Yellow: Axion—photons
through parametric resonance {
Levkov, Panin, Tkachev (2004.05179) —18 D
Feature or bug?

. .
(Multi-messenger signal?) 0 2. Gray: Axion stars won’t collapse

in the usual way for f > 10" GeV
JE, Street, Suranyi, Wijewardhana (2011.09087)
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Sensitivity to General Explosions B

Total burst energy E as free parameter

||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Astro Astro
196 (SNR > 1&N = 1) | N (SNR > 1)
~10} N | | - 10 \ |
I -\oQ I I -\oQ
7 Q?;*v | 7 Q?;*v
b _127 R_ g 10_11M 7] b —127
> 7 = PC, ~ U ©O) | > 7
& O
S * | S *
o0 —14f - o0 —14f N =101
S f f 9 f
—16} : —16}
—18+ BHSR : —18+ BHSR
s e f>Mp s e f > Mp
-14 —12 —-10 -8 —6 —4 -2 0 -14 —12 —-10 -8 —6 —4 -2 0
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@® VYVe ighored multiple peaks + multiple explosions, but
this could be key in identifying the burst signal shape

@ Emission spectrum computed for QCD axion potential

m*f*(1 + 2)
<

V(@) =

1+Z—\/1+Z2+2zcos?

* How does the spectrum change for other potentials!?

* Possible direct probe of fundamental axion potential!!

@ Axion star mass distribution is unknown

e Burst frequency needs clarification!

Open Questions

p(t, 0)/m?f2

1077 }

Relativistic Axion Bursts

(2)

I

07 [ 5-10°
be d

mi

10*

10°

. (a)
Z i
~ || fi/Mp =107
o | 108 = = =
S
S— »
\ ' I |
S103p WA p
N— W ‘
X ‘. e "
<2 3 WA
3 w
G o
- W N
10 v
0 3 0 9
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AV L I

» K ®
IP I STITUTE FOF\’ THE PHYSICS AND
ATHEMATICSOFTHE UNIVERSE O n ‘ u S I O n S

@ Axion stars are a unique prediction of light scalar field dark matter Axion
Burst

N\

'@ Axion stars in our galaxy can decay, collapse, and even explode!

AN

'‘@©: Potential probe of fundamental axion potential, very difficult in conventional DM search
) (How do details of self-int. potential modify emission spectrum?! More simulations!)

@ More speculative implications:
@ Many explosions in distant past — relic background from transients?

@ Coincident photon / GVWV bursts (e.g. asymmetric collapses or mergers) = multi-messenger signals!?

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.

Thanks!
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Bonus Round
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What is an Axion Star f\>

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

104 “ITransition] Axion Star”,
AT “Oscillon”
Non-relativistic, il —
coupled to (Newtonian) gravity, E 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

—
——— 1
-
-
-
- —
- —
—
—
-
—
—
-
—
-
e -
-_— e e s ma w-
L1 1 1 1 ] ] ] 11

| IR N S 1 Integrate out modes of energy 2u,,34g, - - -

104 10° Very unstable to decay
9 T - L INT : ))
M [f /m] Axiton”, “Oscillon”,
“[Dense] Axion Star”
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@ Axions (Axion-like particles)

V() = mq%f2 (1 — cos?)

A g
~ —q 4!¢ +6!¢

@ Decay constant f also dictates

axion couplings to ordinary matter
1

8a X

f
® A concrete model: QCD axion

(m¢25 f 2) ~ Agcp

Axions / Experiments

Luzio, Gavela, Quilez, Ringwald,
arXiv: 2102.01082

CAST

1010 Neutron stars

10~?

10~ 1 Astrophysics 7 / !
__ — - AN L A 4 VAR 4N 4y 74 i /
1012 & 7 4 ;i"
4l
—_ 10713 5% " AN %
. ; ﬁ// TOORAD 5
L /4 | IA» 101 M~
> 107HE ')\ ORGAN S
Q‘ MADMAX _1012
— 10719 Plasma haloscope C\]Z

~19 LOX % Unknown

:,,/ Futu re (need new ideas)
10—20 ?IA., .ﬁ'l. -

oo el el ol
10712 1071 1071 107 10=® 1077 107% 10 10~* 10=3 1072 107!
Mg |eV]
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Relativistic Axion Bursts

105\ m|
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log,y(£/Mo)

_30_ | | | ) | | | | | | | | | | | | | | | | | | | |
—-14 —12 —-10 —3 —0 —4 —2 O
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Nucleon Couplings

—,—— ISensitivity Ratio
n * <
Jon 9L 9001 < : fL/4 (71/4 t1/4) |
| I G+ NUDM\/IODM int DM> “int
JDM P+ min {((515)1/4 ,tiln/tﬂ min (73/4,7511]&/1;4) I

logo(GeV/ f)

| 1 l | | I | 1 | | | ! |

! ! ! I ! I ! | ! ! | ! 1 !
—14 —12 —-10 -8 —06 -4 —2 O

T —

logo(m/eV)
New broadband search strategies needed!




