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@ Axion Stars
@ VYVhat happens to axion stars as f = Planck Scale!?

o Don’t extrapolate beyond f > 10! GeV !

@® How can we detect such axions!

e Relativistic axion bursts may be detectable, even at large f !
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Axions: Tale of Two Parameters
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Axions: Tale of Two Parameters
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AXions: Tale of Two Parameters .
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What’s an Axion Star

Non-relativistic, 10°}

coupled to (Newtonian) gravity,
leading self-interaction,

STABLE for M < M.,

number-changing negligible 104!

Use Gross-Pitaevskii+Poisson Egs.
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What's an Axion Star .

Non-relativistic, 10°+ -
coupled to (Newtonian) gravity, ' .
leading self-interaction,

STABLE for M < M.,

Non-relativistic,
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What's an Axion Star .

Non-relativistic, 10°}

coupled to (Newtonian) gravity,
leading self-interaction,

STABLE for M < M.,

number-changing negligible 104!

Use Gross-Pitaevskii+Poisson Egs.
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Non-relativistic,
gravity negligible,
leading self-interaction,
unstable to perturbations
decay processes become important

“ITransition] Axion Star”

Very relativistic, ¢ ~ f,
1 higher-harmonic corrections to field

Use Klein-Gordon Equation

b= Vi) =0

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

M [f*/m)]
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Classical Non-Relativistic Effective Field Theory
of Scalar Fields

Formulations: Applicability? Self-int.s? Gravity? Decay?
Axion General LO NLO LO NLO Classical Quantum

Star Scalar Field

* Braaten, Mohapatra, Zhang (1604.00669) -~ ‘G/r'l‘v’ity x
« Namjoo, Guth, Kaiser (1712.00445) - \G/;;gity J
 JE, Suranyi, Wijewardhana (1712.04941) ~ \4t x
* Braaten, Mohapatra, Zhang (1806.01898) - % _t \/
» JE, Mukaida, Takimoto, Wijewardhana, ‘/ ‘/

Yamada (1807.09795)

(2011.09087)

N X XX XXX

 JE, Street, Suranyi, Wijewardhana J x

« Salehian, Zhang, Amin, Kaiser, Namjoo
(2104.10128) \/
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Our Method

@ Basic insight (Ruffini+Bonazzola ’69):
Expand scalar field in powers of creation/annihilation operators of the ground state

—_ A i,u 4 Systems of Self-Gravitating Particles in General Relativity and the
¢RB(ta r) - a() R(l") e " + h .C. Concept of an Equation of State
REMO RUFFINI and SILVANO BONAZZOLA
Phys. Rev. 187, 1767 — Published 25 November 1969

Article References Citing Articles (359) m
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@ Basic insight (Ruffini+Bonazzola ’69):

Axion Stars: Toward the Planck Scale

Expand scalar field in powers of creation/annihilation operators of the ground state

¢RB(ta r) = &QR(F)ei'MOt-l-h.C.

@ Our Generalized Ruffini-Bonazzola field operator:

Systems of Self-Gravitating Particles in General Relativity and the
Concept of an Equation of State

REMO RUFFINI and SILVANO BONAZZOLA
Phys. Rev. 187, 1767 — Published 25 November 1969

Article References Citing Articles (359) m
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In non-relativistic limit, reduces to
Gross-Pitaevskii+Poisson equations
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Expand scalar field in powers of creation/annihilation operators of the ground state

¢RB(t9 r) = &QR(F)ei’uot-l-h.C.

@ Our Generalized Ruffini-Bonazzola field operator:

Systems of Self-Gravitating Particles in General Relativity and the
Concept of an Equation of State
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state of energy ki
Organize in power series in

In non-relativistic limit, reduces to binding energy parameter
Gross-Pitaevskii+Poisson equations A = \/ 1 — /43 Im2
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Our Method

@ Basic insight (Ruffini+Bonazzola ’69):

Expand scalar field in powers of creation/annihilation operators of the ground state

—_ A [ Uyt Systems of Self-Gravitating Particles in General Relativity and the
¢RB(ta r) — a() R(l") € Ho + h .C. Concept of an Equation of State
REMO RUFFINI and SILVANO BONAZZOLA
Phys. Rev. 187, 1767 — Published 25 November 1969
° * . Article References Citing Articles (359) Export Citation
@ Our Generalized Ruffini-Bonazzola field operator: ; BN

b, = Y [ERM M 4 hc | + o +oT(nn] A

/ | NN

k=1 reproduces original RB k>1 contributions to bound Scattering states, energy > m
state of energy ki Characterize decay processes
Organize in power series in through transition matrix elements
In non-relativistic limit, reduces to binding energy parameter (N|V(@)|N—n, ki,ky,...)

Gross-Pitaevskii+Poisson equations A= \/ 1 — ﬂg/mz



Joshua Eby (IPMU) 6 Axion Stars: Toward the Planck Scale

“Full” Mass Spectrum
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Approach to f — M,

® NLO GRB equations (Leading-order backreaction < O(A°) corrections)

f [GeV] [|2.4 x10*|7.7 x 10'° (2.4 x 10'7|7.7 x 10*7
f/Mp 2x107° [6.3x107°| 0.02 0.063
® Include gravity! f/Mp 0.01 0.032 0.1 0.32
2
. Newtonian gravity appears proportionally to 0 = vz , can’t neglect if f large
P

 Extended our decay calculation to include contribution of gravity
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SolictDecay Wtetime > 7 A\ yel 4 Stars as f = My

Dashed: Decay lifetime 7 < 7,
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Detecting Large-f Axions

@ A challenge!
@ Couplings to SM « 1/f
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Detecting Large-f Axions

@ A challenge! @ Strategy: Look for systems where

® Couplings to SM « 1/f large-f is a feature, not a bug

@ Example: Axion-Black Hole Superradiance
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Axion Star Collapse

arXiv.org > astro-ph > arXiv:1608.06911

/

IIII)I| T

Stable Axion Star

Astrophysics > Cosmology and Nongalactic Astrophysics

Collapse of Axion Stars

Joshua Eby, Madelyn Leembruggen, Peter Suranyi, L.C.R. Wijewardhana

(Submitted on 24 Aug 2016 (v1), last revised 29 Apr 2017 (this version, v3))
i 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))

arXiv.org > astro-ph > arXiv:1609.04724

Astrophysics > Cosmology and Nongalactic Astrophysics
[Submitted on 15 Sep 2016 (v1), last revised 9 Mar 2017 (this version, v3)]
Black hole formation from axion stars

Thomas Helfer, David J. E. Marsh, Katy Clough, Malcolm Fairbairn, Eugene A. Lim, Ricardo Becerril

A\
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T |||)'||

/

Axion Star

Stable Axion Star

Mass Growth
(accretion, merger)

M, 1T

ollapse

arXiv.org > astro-ph > arXiv:1608.06911

Astrophysics > Cosmology and Nongalactic Astrophysics
Collapse of Axion Stars
Joshua Eby, Madelyn Leembruggen, Peter Suranyi, L.C.R. Wijewardhana

(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))

arXiv.org > astro-ph > arXiv:1609.04724

Astrophysics > Cosmology and Nongalactic Astrophysics
[Submitted on 15 Sep 2016 (v1), last revised 9 Mar 2017 (this version, v3)]
Black hole formation from axion stars

Thomas Helfer, David J. E. Marsh, Katy Clough, Malcolm Fairbairn, Eugene A. Lim, Ricardo Becerril
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Axion Star Collapse

Stable Axion Star

1 05 MaSS GrOWth Astrophysics > Cosmology and Nongalactic Astrophysics
(accretion, merger) Collapse of Axion Stars

M, 1T

arXiv.org > astro-ph > arXiv:1608.06911

Joshua Eby, Madelyn Leembruggen, Peter Suranyi, L.C.R. Wijewardhana

(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

T |||)'||

\—1| ! (Submitted on 12 Sep 2016 (v1), last revised 5 Dec 2016 (this version, v2))
I arXiv.org > astro-ph > arXiv:1609.04724
L S i 1 O __ = = Astrophysics > Cosmology and Nongalactic Astrophysics
@ I: \ G raVItatI O n a I [Submitted on 15 Sep 2016 (v1), last revised 9 Mar 2017 (this version, v3)]
oy B C " Black hole formation from axion stars
m — o apse Thomas Helfer, David J. E. Marsh, Katy Clough, Malcolm Fairbairn, Eugene A. Lim, Ricardo Becerril

—
<,
]
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Axion Star
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Stable Axion Star

Collapse

arXiv.org > astro-ph > arXiv:1608.06911

T |||)'||

Mass Growth

M, 1T

(accretion, merger)

Gravitational

Collapse

1

Astrophysics > Cosmology and Nongalactic Astrophysics
Collapse of Axion Stars
Joshua Eby, Madelyn Leembruggen, Peter Suranyi, L.C.R. Wijewardhana

(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))

arXiv.org > astro-ph > arXiv:

Astrophysics > Cosmology and Nongalactic Astrophysics

Axion Stars: Toward the Planck Scale

1609.04724

[Submitted on 15 Sep 2016 (v1), last revised 9 Mar 2017 (this version,

, v3)]

Black hole formation from axion stars

Thomas Helfer, David J. E. Marsh, Katy Clough, Malcolm Fairbairn, Eugene A. Lim, Ricardo Becerril

104
M [f?/m]

10°

Energy emitted can be an O(1)

fraction of axion star mass

M, ~

1071 M ==

12

m5
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Axion Star

Collapse

Stable Axion Star

\

Mass Growth
(accretion, merger)

M, 1T

arXiv.org > astro-ph > arXiv:1608.06911

Astrophysics > Cosmology and Nongalactic Astrophysics
Collapse of Axion Stars
Joshua Eby, Madelyn Leembruggen, Peter Suranyi, L.C.R. Wijewardhana

(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

':~ ]
NN ] Relativistic axions from collapsing Bose stars
L ~ _
i - i D.G. Levkov, A.G. Panin, I.I. Tkachev
- |Reformation? ]
i (Submitted on 12 Sep 2016 (v1), last revised 5 Dec 2016 (this version, v2))
(SpeCUIatlve) \ arXiv.org > astro-ph > arXiv:1609.04724
1 O 3 — D - - Astrophysics > Cosmology and Nongalactic Astrophysics
I: \ G raVItatI O n a I [Submitted on 15 Sep 2016 (v1), last revised 9 Mar 2017 (this version, v3)]
i N \ Black hole formation from axion stars
— N \\ COIIapse Thomas Helfer, David J. E. Marsh, Katy Clough, Malcolm Fairbairn, Eugene A. Lim, Ricardo Becerril
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Axion Star Bosenovae

arXiv.org > astro-ph > arXiv:1609.03611

Astrophysics > Cosmology and Nongalactic Astrophysics

Relativistic axions from collapsing Bose stars
D.G. Levkov, A.G. Panin, l.I. Tkachev

(Submitted on 12 Sep 2016 (v1), last revised 5 Dec 2016 (this version, v2))

Axion Stars: Toward the Planck Scale

Used potential for QCD axions:

V(@) =

<

20201 +
m 1 +2) 1 +z7— 1+Z2+2zcos?

What happens in other cases? (Ignored here)
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ion Star Bosenovae

arXiv.org > astro-ph > arXiv:1609.03611

Astrophysics > Cosmology and Nongalactic Astrophysics

Relativistic axions from collapsing Bose stars

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

{‘)1 ;d; 5. 10° 104
D C
| |mt

|
—> [—
|

Short duration
Used potential for QCD axions:

5t ~ O(400)/m (2

V() = 1+z—\/1+Z2+2zcos%

<

What happens in other cases? (Ignored here)
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inset :
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Axion Stars: Toward the Planck Scale

ion Star Bosenovae

arXiv.org > astro-ph > arXiv:1609.03611

Astrophysics > Cosmology and Nongalactic Astrophysics

Relativistic axions from collapsing Bose stars

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

Multiple explosions

per collapse!
(Ignored here)

Used potential for QCD axions:

242
Vig) = m 1 +2) 1+z—\/1+z2+2zcos?

<

What happens in other cases? (Ignored here)
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Axion Star Bosenovae

arXiv.org > astro-ph > arXiv:1609.03611

Astrophysics > Cosmology and Nongalactic Astrophysics

Relativistic axions from collapsing Bose stars

108 : Integrated energy in first peak
N s inset , D.G. Levkov, A.G. Panin, I.l. Tkachev 2 fz
N 5 (Submitted on 12 S i s versi E 41 12
o3 : ubmitted on ep 2016 (v1), last revised 5 Dec 2016 (this version, v2)) peak S 3400 nm —— 10 GeV —
£ | m? ms
~ 1 10° L
SN - (a)
R > |
Q Eq. (8) <_ 1
3 ! —38 - m m
1073 | ~~ L
1800 mit 2700 b
10° S
3
QS =10
. Multiple explosions X
S || ! ~Q
<. per collapse! ==
(=) (Ignored here) <_ \
= &g W 4
S \/
1077 ¢ 10
0 5-100 10 0 9
be Idl
L imt
|1
—> [—
|1
Short duration
Momentum peak kO ~ 24 m Used potential for QCD axions: i
Ot ~ 0(400)/m - ~ 262(1 4
burst ( ) with spread of 0k ~ m Vi) = m (1 +2) 47— 1+Z2+2ZCOS?
Z

What happens in other cases? (Ignored here)
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Axion Star Bosenovae

arXiv.org > astro-ph > arXiv:1609.03611

inset

-
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p(t, 0)/m?f2

1072 }

0 5.108 10
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|
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Short duration

5ty ~ O(400)/m

Astrophysics > Cosmology and Nongalactic Astrophysics

Relativistic axions from collapsing Bose stars

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

Multiple explosions

per collapse!
(Ignored here)

Integrated energy in first peak
2 f2
12

Epeak 2 3400 m 21— ~ 10*! GeV =2

m?2 Ms

10° [
. (a)
<
~—
AN ' —8 - . m
< |
I “
Eqe8
:Z I Higher-energy peaks!
S (Ignored here)
~— '\ I
S W
10
0 9
Momentum peak kO ~ 2.4 m Used potential for QCD axions:
with spread of Ok ~ m Vi) = mf(1 + 2) i +z—\/1 + 24 2rc0s?
Z f

What happens in other cases? (Ignored here)
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Detecting Axion Star Explosions

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

Dark Matter Axions 4. Detect Bosenova Axions

|~ WM " M mm ﬂ, Pom = 0. 4 GeV/em®
AL e N
\ y : vy = 1072 = High Quallty

Opm ~ 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 Q: ~ 1
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Detecting Axion Star Explosions

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

Dark Matter Axions 4. Detect Bosenova Axions

'” WM " M m‘ ll x\\w Ppu = 0. 4 GeV/em®
AL L5 .
\ “ }' : vy = 1073 = High Quallty

Opm ~ VDM 10°

gpeak

- GeV , (100AU ’
~ 10 Cm3 f12 R

Px ~

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

wy \

M

\
% """"""" 2. Axion Star Naive guess: Our Signal Can “Win” Only If Qi ~ 1
Incoming Axion Field Collapse
y a g« [Ppm Opu ~ 103 Pbm

Ve =~ 1 = Low Quality

~ <1
T M~M f12 100 AU ™~
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We Might Do Worse =" We Can Do Better!
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Ve Might Do Worse

Short-duration

at source
at detector

Axion
Burst

gx

gbMm

. Ppum Cpum ~ 10° [PDM <1

Naive guess:

Long duration ; Q ;

| —

X

Axion Stars: Toward the Planck Scale

We Can Do Better!
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Naive guess:

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

| —

Short-duration
at source Long duration

at detector

D
5xburst
Axion
Burst
r —3
| Energy density at detector drops fast with distance, < ‘R |
I
: Wave spreading No wave spreading
I
I Ny gpeak ~ gpeak I
| 47 R=* ox AT R 537burst |
2 I
| m* 0k
| 5£E ~ R 5$burst =~ f/m |
I
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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!

|
|
|
|
| Wave spreading No wave spreading
|
|
|

I I
5xburst m2 5k
Ot ~ 13 R 5tburst i f/m
Axion c.f.
Burst = e e e e e e e o o e e e o e e e e o e e |
r —3
| Energy density at detector drops fast with distance, < ‘R |
I
: Wave spreading No wave spreading
I
I Ny gpeak ~ gpeak I
| 41 R4 dx TR Lburst |
2 I
| m* 0k
| 5£E ~ R 5$burst =~ f/m |
I
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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!

|
|
|
|
| Wave spreading No wave spreading
|
|
|

I I
5xburst m2 5k
Ot ~ 13 R Ofhurst ™ f/m
Axion c.f.
Burst e L L e e |
I_ ______________________ -1

] - - —3
E X R :
 Energy density at detector drops fast with distance, Can regain some coherence at the detector,

|
| |
|
: Wave spreading No wave spreading | I Even though oscillator quality is 0. = @O(1) at source |
| |
|
: Px R Epeak P = Epeak | | Wave spreadin No wave spreading.
| i A RQ Ox ) A7 RZ 537burst | | p2 9 P gl
2ok | | Smm 5k7€ T 27 /m
| 0x ~ R 5$burst = f/m | | " fkg c.f. *, DUrs |
kg c.f | |
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How to Search

Total experimental integration time 7. . = yr

F_________ﬁ

Sensitivity Ratio
1/4 1/4 ,1/4

| g« (Wo) N \/ PDM Lipe MIN (TDI\/Dtint) |

I gpom(wo) P+ min [(515)1/4 ,tl/ﬂ min (7'*1/4, t1/4) I

int

int

h_________—

“Is a given DM experiment equally/more sensitive
to relativistic bursts compared to standard search?”
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Total experimental integration time 7. . = yr

14

How to

— ___ — — — — — E— — — -1
Sensitivity Ratio y / /

1/4 . 1/4 ,1/4
| g« (wo) \/ PDM iy TR (TDM’ Vint ) |
I gDM (WO) P+ min {(5?5)1/4 7tiln/t4} min, (7-*1/47 tiln/t4) I
- - -~ - __ _ —_— — — — m—

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

10—11 L
For absolute sensitivity,
we use ABRACADABRA |
long-term reach
T 10715
>
S
§ 107"
107"
10—21

v=m,/2n

Hz kHz

MHz

GHz

——Broad: Bpox =5 T,Vg=1m?3

— -Broad: Bpax =20 T, Vg =1m?

---- 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 7 15 13
10 10 fa (GeV) 10 10
10~14 10712 10710 1078 1076

Axion Stars: Toward the Planck Scale

Search



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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14

How to Search

Total experimental integration time 7. . = yr

F____

Sensitivity Ratio

_____ﬁ

tH/ 4 min (Té{\j[l, t1/4) |

int int

| g+ (wo) N\/IODM

I gpm (wo)

int int

P+ min [(515)1/4 ,tl/ﬂ min (7'*1/4, t1/4) I

h_________—

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

10—11 L

For absolute sensitivity,

we use ABRACADABRA |

long-term reach

10—15

8ayy (Gev_l)

10—19 u

10721

10—17 _

v=m,/2n
Hz kHz MHz GHz

——Broad: Bpox =5 T,Vg=1m?3

— -Broad: Bpax =20 T, Vg =1m?

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

Axion Stars: Toward the Planck Scale

Assume average time for burst = 10Gyr

F______

Check whether |
1 yvear
I NE Nsta,r(R) ( yT ) <1 I
| (1 burst within R of Earth
per year) |

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

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

For axion stars,
R ; ms
Nsta,r(R) ~ fDM

100AU ) fio


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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15 Axion Stars: Toward the Planck Scale

Photon Couplings

ISensitivity Ratio

int

| gx \/,ODM int
gpM P+ min [(516)1/4 tl/ﬂ min (7:,}/4,151/4)

I ’ Yint int

t1/4min (Téﬁ, t1/4)

Using ABRACADABRA sensitivity projection for g,,,
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1. Sensitivity bands vertical:
coupling « 1/f
but signal X VE /

Photon Couplings -

ISensitivity Ratio

g, (SNR < DR
_ggcfm( ) \ /4 1/4 ,1/4 |
] N\ I Jx \/,ODM int THHL{ 7Dy bing
» \\ - . 1/4 ,1/4] . [ 1/4 ,1/4
N | gDM P+ min {(51&) / ,tin/t } min (7'*/ ,tin/t ) |
_10/ I £
) Using ABRACADABRA sensitivity projection for g,,, I
— gs ] ] ] ] ] ] ] ] ] ] ]
 —12f
2 2
O I
= - @% 2
o0 —14| | R
2 .
_16_
f > 10" Ge\}\\

I i
I
J

-8 -6 -4 -2

logyo(m/eV)

-10
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1. Sensitivity bands vertical:

coupling « 1/f
but signal &< VE x /

Photon Couplings -

ISensitivity Ratio

Astro\g,,

—8F

1/4_ . 1/4 ,1/4
| g+« \/ PDM bipg 11 (TDMa bint )

I gpM P+ min [(51&)1/4 ,tl/ﬂ min (7'*1/4, t1/4)

int int

Using ABRACADABRA sensitivity projection for g,,,

logo(GeV/ f)

2. Axion stars won’t collapse
in the usual way for f > 10" GeV
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1. Sensitivity bands vertical:
coupling « 1/f
but signal X VE /

Photon Couplings -

ISensitivity Ratio

Astro\g,,

—8F

1/4_ . 1/4 ,1/4
| g+« \/ PDM bipg 11 (TDMa bint ) I

| gpM P* min {(516)1/4 ,tl/ﬂ min (Tj/4,t1/4) I

int int

Using ABRACADABRA sensitivity projection for g,,, I

logo(GeV/ f)

3. Contours for (Rv T, DM )
Explosions infrequent in this case...
Shorter lifetime possible?

2. Axion stars won’t collapse
in the usual way for f > 10" GeV




Joshua Eby (IPMU)

1. Sensitivity bands vertical:

but signal X VE /

logo(GeV/ f)

coupling o 1/f

-8

14

AstroN/

15

Axion Stars: Toward the Planck Scale

Photon Couplings

ISensitivity Ratio

1/4_ . 1/4 ,1/4
9 \/ PDM tin/t mnin (TD{\/D tin/t )
P+ min [(515)1/4 ,tl/ﬂ min (7'*1/4, t1/4)

int int

gpM

Using ABRACADABRA sensitivity projection for g,,,

4. Axion—photons through
parametric resonance

Feature or bug?
(Multi-messenger signal?)

3. Contours for (Rv T, DM )
Explosions infrequent in this case...
Shorter lifetime possible?

2. Axion stars won’t collapse
in the usual way for f > 10" GeV
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Nucleon Couplings

ISensitivity Ratio
1/4 . 1/4 ,1/4 |
| g« Vo \/ PDM bipg 1111 (TDND bing )
gpM P+ min {((515)1/4 1111/1;4] min (72,}/4 t11n/t4) I

logo(GeV/ f)
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Joshua Eby (IPMU)

logo(GeV/ f)

10

Nucleon Couplings -

Sensitivity Ratio

g« \/
~ UDM
gpM

T —

IODM int

int

t1/4 min (TE){\ZL, t1/4) I

P+ min {(515)1/4,751/4] min (7'>,<1/4,t1/4) |

int int

—14

—12 —-10 -8 —06 -4 —2 O
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Nucleon Couplings

———— Sensitivity Ratio
9on (9+/9DM < I
- : t1/4 : 1/4 t1/4 |
| 9x \/PDM int T TN Ling
~ UDM
. 1/4 ,1/4 : 1/4 ,1/4
DM

g P+ min {((515) ,tint]mm (7'* ,tint) |
A~ ’]O_9
S—
~—
% 10—11
<
b% _‘q_.,) 10—13
S 20
— =R~

+ &

= 107

10—17
10—19
~—— ey
—14 —12 -10 -8 -6 -4 -2 0

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

| ) ‘ Poy = 0.4GeV/ cm’
B N
M ‘ “ o Vpu = 103 = High Quality

) 6
Opm ~ Vpyr ~ 10

-
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logo(GeV/ f)

Axion Stars:

Sensitivity to General Explosions

—10

—12

—16

—18

Astro
gsy : SNR < 1&N =1 |
&
l A4
' &
? R = pc, £~ 107" M, ‘
- | | A AB/?‘A
.  eRPYT jon -
- _k pB P(O\ec“
BHSR i}
! | L | ! | | | | | | If >1MP
-14 ~12 -10 -8 -6 —4 ~2

-10

~~

b —12
%
O
SN—"
-)
™

a0 —14
<

~16

-18

Axion
Burst
' ' = Astro
9oy SNR < 1 y )
Q
&
| N=10"" | .
a . - A
. - pBR
_ - (o1a
|>‘B?‘:"to'\e0"‘0“ i
BHSR B
| | | | | If > MP—
—-14 —12 -10 -8 -6 —4 —2 0
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®KAVLI
I P INSTITUTE FOR THE PHYSICS AND

/A 9.Ya2:0\

% > N . T
MATHEMATICS OF THE UNIVERSE
Onc USIOnS i

500}

@ Axion stars are a unique prediction of light scalar field dark matter
100

Rgg [m™]

50¢

@ They are astrophysical objects, that can form, accrete, collapse, decay, explode

10¢

® When the decay constant f > 10'7 GeV, states on the dilute branch can be unstable to decay

0 100 1000 10!
M [f*/m]

@ Large-f axions may be detectable by their emission of relativistic bursts of axions (though in narrow case of

axion star bosenovae they may be rare). General axion bursts are a new signature worth exploring!

@ 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: Axion
Burst

@ Many explosions in distant past — relic background from transients?

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

Thanks!
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Bonus Round
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Light Scalars: Phenomenological Story

® DM field ¢ with extremely small mass 107**eV < m, S eV
@ Can have scalar or pseudoscalar couplings to matter
Scalar: Pseudoscalar:
— g?’ v 3"‘ ;’: g¢ ” v l 5 \/ v
nge¢ee+Z¢FﬂyFﬂ EDTW¢FMUF’M +Td¢N6ﬂy}/5NF'M
1) Equivalence Principle, long-range forces ' Couplings o 1/f
2) Oscillation of fundamental constants ‘ "Ai 1) Resonant magnetic cavity
m, -> m,+ g, ¢(1t) a—atgPl) | ' 2) Nuclear magnetic resonance
Probe by atomic clocks, nuclear transitions... '{5 Probed by ADMX, CASPEr...

“Axions” / “ALPs”

“Dilatons”

“Relaxions”

@ Might couple only gravitationally...!
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Based on simulation_s by Schive et al., 1407.7762
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Based on simulation_s by Schive et al., 1407.7762
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Based on simulations by Schive et al., 1407.7762
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Based on simulations by Schive et al., 1407.7762
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Do Axion Stars Really Form?

Projected Density [M, /pc?] Density [M, /pc?]
1 —
W/, \‘\
! : Al 1 ’ »
\\’ i~

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
z [pc/h]
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Transient aX|on stars encounters with Earth?

(Difficult)

cal

0 X plgl R;* mqu

' P localR gb
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Results

Mass-A Lifetime-Mass

10% 4o L 10%
| 1020
__1000; |
E _ E ]_ """"""""""""""""""""""""""
= >
g 100‘ ~ 1020

10740L me (1020 -1})ev

10+

i

001 005 010 050
A
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A Field-Theoretic Method

@ Start from the UV theory: Einstein+Klein-Gordon (EKG) equations

b~ V() =0 : G = 82G T
Ansatz for the quantum theory: / \
)= D Ryt e =B —aar = e
nem Ground-State LHS: Classical GR
l Only l .

RHS: Semi-classical (expectation values)

(N|T"|N) > (N|¢?*|N) =2 NR(r)?

. @y
N-Particle Ground State | N) — | ())
\/ N :
.| Systems of Self-Gravitating Particles in General Relativity and the

/ . :

<N‘ Cb _ V(¢) ‘N_ 1> =0 : Concept of an Equation of State

i i REMO RUFFINI and SILVANO BONAZZOLA
Then (%) is an exact solution Phys. Rev. 187, 1767 — Published 25 November 1969

1
If V() = —m?*p*:
2 for appropriately-chosen R(7)

Article References Citing Articles (359) m

(ut — m* + V) R(r) + (gravity) = 0



Joshua Eby (IPMU)

Axion Stars: Toward the Planck Scale

EKG Equations

@ Coupled equations of motion for R(r), A(r), B(r)

(NI -V(@[IN-1)=0 * R”+<i | fz; ;I;)Rw(”iA m2)R=0

A" A-1 8z |uiNR* NR? _
| =2 |5 | - Nm? R

) y A2r  Ar? M3 B A
G = 8rnG (N|TH |N) - | .
B A-1 8z |ugNR* NR? .
= | Nm~R

ABr Ar: M} | B A
@ Ruffini+Bonazzola (RB): No self-interactions, solved EKG equations numerically

@ Barranco+Bernal: Extend RB to leading self-interactions, but found equations too
difficult to solve in some regions of parameter space
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Double Expansion

@ Take the non relativistic limit, keeping track of small parameters

@ Iwo approximations:

2
., Weak binding (NR limit): |y, — m| << m, or define A = \/1 — 'M—Oz <1
m
27/ N R(r)
e Rescale x=Amr , Y(kx) =
m A
. . 87 f*
« Weak gravity:A(r) =14+ 0a(x), B(r) =14 0 b(x) with 6 = v <1
P
R’*(%*ffi)”*(”ﬁ‘””‘2>R‘Az]j§ - * 5 I
—Y(x) = — V?*Y(x) + — b(x) Y(x) — =Y(x)’
A" A-1 Sz [W3NR* NR®* . NR A2 8
A2+Ar2:Mg[ B A +NmR_4—f2] V)
B A-1_ 8z [ﬂgNR2+NR2_Nm2 2+N2R4] V2b(x) = ;C
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RB vs GRB

[1¢—Vig)=0
RB GRB
(N|[p—-V(@)|IN-—1)=0 (N|[p—-—V(P)|N—k)=0 forallkeZ
l(p = [@yR(r) e’ +h.c.| =), [agR(eto +h.c | l
(us —m*+ VHR(r) + (N|V/ N —1) |(kpp)* — m* + V2| R(r) + (N| Vi, IN — k)
(gravity) = 0 (gravity) = 0
Weak Gravity 0 = 87rf2 <1

P

/ 2
Non-relativistic A =1/ 1 — M—O <1
m2

0o = —VzY(x)+%b(x) Ym_éw Infinite set of equations??
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Contributions to kth GRB Equation

1 2 1 2
@ Consider axion potential: V;,(¢) = V(cb)——(/ﬁ2 ~ (?) A 6172 (?) $° —

5 eestn () o-
1nt(¢) 3' f §b ! 5'f2 f §b

$>=| ) [akR(r)eFr' +h c.]
Lk i

@ Apply GRB operator:

Gy Ry(r) e +h.c.]” + [a3 Ry(r)e3m +h.c.]”

+[agRi(M e +h.c.] [a3Ry(r) e +h.c.]

N-6) +:cAzOR1(r)ei/“‘0t+h.c.: [&8R3(r)ei3”0t+h.c.]2
N —-5) +...
N=4) 3 3 2 4 p2 2 D3
1 N-2) (N|¢>|N—1) D {R>,R;R?,R:R>, ...}
' N—1)
N

R, R’ R:R, RyR} RyR}
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GRB Expansion

@® Organize higher-harmonic contributions in a power series in A < 1: (Can set R, = 0,

1 /m\” A 1 m\ > . since potential is even
RB th(qb)=—4—!<7> ¢ A 6! f2 (f) P .. function of ¢)
v 270/ N R(r) V() i 13
== ~, ¢’ | DakR( e i +h . #’ a
: _
* Leading Order: @ A3 R (7‘)3 X A3 Y (x)3
GRB 1 :
I N2 Rk(r) Next-To-Leading Order: @(AS) R3 R12 X AS Y3 le R15 X AS Y15 x
Y, (x) =
k( ) m Ak NN-Leading Order: @(A7) R5 R12 X A7 Y5 le R17 X A7 Y17
RiR, < A'Y?Y, |R3R; xA'Y Y]

@ Even better: dynamical equation for R, is (N|[]¢ — V' (@p)|N —k) =0

= At O(AX), need to solve at most k-2 equations!
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GRB for Axion Stars

@ First GRB Equation: (k=1 at O(A>))

Ignoring gravity for now

1 A? A2
(N|[1p-V()|IN-1)=0 = —Y1+V§Y1+§Yl3 24Y15 | : YZY;+ O(A") =0
/! /! t ) X

Mass Kinetic LO Si NLO Si LO GRB
Term  Term  Term  Term  cgorrection

@® Second GRB Equation: (k=3 at O(A>))

1, AZ
Yl
16

” Y; +6A% Y7 Y, + O(A") =0

(NIO¢p=V(P)IN=3)=0 = (@-9A9Y;+ ViV

@ Third GRB Equation for Y couples only at O(A’)
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Dense (Relativistic) Axion Stars

@ Originally “axitons”, cosmological origin and short lifetime

@ Resurrected in NR limit

2.  Scattering states: Decay processes in the star
@ Relativistic corrections:
e (¢ — yyis super slow: Ty > Ty

—
|.  Bound state: Backreaction of higher-harmonic modes e Self-interaction induces (2k ¢ — 2k’ ¢) >< >< —

FIG. 1: Tree diagrams for 4a — 2a in the relativistic axion

“quantum decay” for on-shell axions e

e Think of integrating out modes of energy 24,34, - - -
* Inside axion star, axions not in momentum eigenstates:

o Organize as power series in A: $(:7) & Y [Afak v (r) et +h e ] “classical decay” through forbidden channels />
k /;\\ >

e Decay rate

2

1 dp
[, =— d*x(N|V(¢)|N - 3, Ae /A
351 TJ(Zﬂ)32wp J X(N| V()| p)| xmAe

only fast when A is relatively large: A 2> 0.05
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Seeking A Fresh Idea

@ Recall how detection of axion field usually works:

Dark Matter Axions

Py =~ 0.4 GeV/em’

Vi = 1073 = High Quality

-2 6
Opy ~ Vpyr ~ 10

Incoming Axion Fieloi



