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axion timeline

Motivation: experimental
Strong CP Can be dark effort in full swing
problem

1977 1983 today



Axion Introduced to Solve Strong CP Problem
N 2

: : 0 ~
» CP-violation: £ = ngWGW

327
» Neutron EDM: d,, <8

» Promote O to field: 0 — a/f,

: . 1 - :
» Axion potential: V(a) ~ 51\@@13 (9 4 ﬁ)
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Axions interact with electromagnetism

» Axion: L~ ﬁGWéW L~ fﬁFWFW ~ fiE - B

axion photon

B-field

: : 1 B 2
» Axion potential: V(a) ~ §A‘(§CD (9 + %)

AZ 1016 GeV
» AXion mass: Mg ~ (;CD ~ 1077 eV ( 7 . )



Axions as pseudo-Goldstone bosons
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Axions from string theory?

Axions from zero
modes of 2-form
fields generate 10’s
- 100’s of ALPs
from compactifion
on internal space

Axions could be only way to experimentally
probe string theory compactifications!



(Ultra-light) Axion-like particles versus QCD Axion
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Sring Axiverse: N pseudo-scalars -> N-1 ALPs + 1 QCD axion



ALPs in grand unification: QCD -> mass threshold

—9 GUT
L% 39, (Z f7’> G, Gaur — Z;m%are,ia?

All ALPs lie to “right” of the QCD axion line
2206.07053: Agrawal, Nee, Reig
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lighter ALPs have suppressed
couplings to SM 205 107" eV
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Explicit type [IB compactifications: 2309.123145: Gendler, Marsh, McAllister, Moritz

regions of SN1987A
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Explicit type [IB compactifications: 2309.123145: Gendler, Marsh, McAllister, Moritz

decaying dark
matter
relevant at
high masses

B.S., C. Dessert, N. Rodd, J.
Foster, Y. Park, O. Ning, ...
1. 2309.03254 ApJ 2024
2. 2305.17160 PRL 2024
3. 2208.10504 JHEP 2022
4
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2102.02207 PRL 2021

1812.06976 Science 2020, ...




axion timeline

Motivation:
trong CP
roblem

Can be dark

1977 1983



Axion generated before inflation

massless
axion
IS born

ouil}

a(x) PQ symmetry breaking

« ) = Inflation

Causally disconnected

regions with different QCD Phase Transition
homogeneous initial

misalignment angles ->

different DM densities



initial
a o< T3/% cos(mgt)

misalighment ; /
E ",‘.'




Axion generated after inflation

massless
axion
IS born

ouil}

PQ symmetry breaking

w

<
misalignment angle

! ) ., == Radiation Domination
. varies from Hubble path

to Hubble patch
at T_QCD

- (aH)™'

_ _ Today
Co-moving horizon today

includes many different
initial misalignment angles



3D—> 2D projection of axion energy density @’
scale separation logm, /H ~0.3
conformal time: 1) ~1

ma € (40, 180) peV

200.0' Hubble lengths
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In Progress: large-scale AMR axion strings simulations

Joshua Benabou, Malte Buschmann, Joshua Foster, B.S.

1. Large-scale AMR simulation of axion string from PQ into scaling regime

Size
2022: Hubble volumes
at PQ phase transition

Dynamic Range
2022: finest level would need
cells to fill full lattice

New Simulation: finest level
would need cells to
fill full lattice

Evolution time
2022:

New Simulation:

New simulation: Hubble
volumes at PQ phase transition

Use ~1/10th of cluster over
remory limited)
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Joshua Benabou, Malte Buschmann, Joshua Foster, B.S.

1. Large-scale AMR simulation of axion string from PQ into scaling regime

— Fiducial Fit { Data
---- Extended IR Fit Extended IR Data
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“take” log growth of index by choosing too aggressive UV/IR cut-offs

Suspicion: source of other group’s log growth (can discuss more)
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) . - 2312.08425
The Cosmological Dynamics of String Theory Axion Strings

Joshua N. Benabou,2'* Quentin Bonnefoy,'»2 Malte Buschmann,3 %

Soubhik Kumar,? 28 and Benjamin R. Safdil>2 9

Kibble-Zurek: defect formation requires a spontaneously broken global

symmetry
1. PQtheory: U(1)_PQ is spontaneously broken -> strings

2. Extra-dimension scenario: no spontaneous symmetry breaking as T
passes below f_a ~ 1/R -> no strings

1. Exception: brane inflation gives second order phase transition for
tachyonic mode -> string formation possible (e.g., wrapped brane

production that may source axion strings)
string theory: extra dim

PQ theory: radial mode -> 0 at core i
decompactifies at core
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+<—— Axion like particles ——

QCD axion
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QCD axion naturally
dark matter
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Upper limit on the axion-photon coupling from magnetic
white dwarf polarization

Christopher Dessert ,1’2’3 David Dunsky ,1’2 and Benjamin R. Safdi 1,2
2203.04319

axion (unobserved)

linear polarization




Axion contribution to optical MWD polarization

axion (unobserved)

unpolarized light observe linear pol. light

aFF
L= —Yavyy 1 — gafm/aE -B

*Side-note: MWDs are optimal.

E.g. NS B-fields too Iarge Only convert photgns
(Euler-Heisenberg effect) polarized along B-field

basic idea: Gill, Heyl 2011



Axion contribution to optical MWD polarization

axion (unobserved)

........................................ >
unpolarized light observe linear pol. light
_ Agn Ap AR m?2
w_l_ ( AB Aa > _Za’)" ( a/ll :O AQN? ABNgaqu
5 m; 13
Apg ~ W 1 s ~ 4 x 10 mG
€
not important at optical
frequencies
% 2 2
gafy’y BO RWD

~J ]_ ~ Yy 1 T
PITJ Py f 10-12Gev-1/) \1000MG /) \0.01 Rg

P

polarization fraction many MWD true at optical

polarizations at this frequencies but not X-

level ray!



Axion contribution to optical MWD polarization

axion (unobserved)

unpolarized light observe linear pol. light
Arpg Ap . A m?2
|:w _l_ ( AEB Aa > 3¢5 Za’)“:| ( a/” ) T Aa, > ? AB it gaq/yB
2 2
Apyg ~ w (£> (BC I A I mG)
BC €

2 2 2
PL - adl _p I 10_2 Ja~y~y BO RWD
e 1012 Qe L 1000 MG 0.01 Rg

In practice: solve mixing numerically, including EH
term and non-radial trajectories



Compare to Linear Polarization Data

SAO ?m telescope 1.4 best-fit ~ ——— astro. (example) ~ SPSS J13914
(Russia) 95% U.L. ~ axion
1. Only archival data
available L0
2. People don't often "
look at MWD pol. 0.0
because expected to 0.4

be small
0.2

-0 4000 4500 5000 5500 6000 6500

A (A

Astro model (arb norm) — we find no evidence

1. Zeeman effect has preferential absorption for
different pols. -> large circular pol., small lineal

2. Correlated systematic across wavelengths



axion (unobserved)

unpolarized light observe linear pol. light

Bpole = 761 £ 56 MG

CAST/HB

i = 74° £ 21°

Pr, < 1% (4000 — 6500 A)
d ~ 70 pc

conservative (fiducial)
best fit

optimistic




mass dependence:
photon-axion dispersion

™ relations

unpolarize 52 o s 5
Gbali~ — PN 7)) R o &

2y 1 eV g 2% 10-7 eV

=1

7
? AGN

: | photons absorbed on
: | EBL

conversion to and back
: from axions increase
i prop length

SN1987A

-

conservative (fiducial)
--------- best fit

SDSSJ135141 e optimistic




MWD Polarization: Ongoing Work

Dedicated observations: Shane |
telescope and Keck /
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obs id: 11092023 j033320+000720
U L L L L L L L L
astro. (example) |
— AXion
— Best fit
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for polarization
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A2

m, [eV]



Axions can also “shine through walls” in astrophysics

Leading Axion-Photon Sensitivity with NuSTAR Observations of M82 and M&87

Orion Ningh? and Benjamin R. Safdil’?

! Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, U.S.A.
? Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

(Dated: April 22, 2024) 2404.14476




RSG

(interior)

[(E2 +£2T%) log (1 + o ) - E2]
£2T2

§=r/(2T)

Kk . Debye Screening Scale
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1. Starburst galaxy:
high star-formation
rate = lots of hot,
young, massive

stars
1042 — Total: 1.8 x 10'° LBV: 3.89 x 10°
—— RSG: 7.72 x 107 G: 1.31 x 107
2 * Arou nd 3X1 01 O Sta rs = - O-Types: 1.60 x 108 1%

—-= BSG: 1.91 x 107

—_
-
=}

3. ~3.5 Mpc from
Earth

=
)}
—~
\
0
\
20
b
D)

—_

-
o
co

4. Starburst = high
magnetic fields

Axion Luminosity
l—\
-
w2
D

5. Seen almost edge
on -> high axion-
photon conversion

Energy |[keV]



1. ~4 Ms of archival NuSTAR data

1. no excess over bkg. + astro model (PL)

2. Model magnetic field using analogues in
IllustrlsTNG

—— Sig. Region
— Bkg. Region

topology

Gas' . , S o | . : 0.10
density A T, e +1.489 %102



1. ~4 Ms of archival NuSTAR data

1. no excess over bkg. + astro model (PL)

2. Model magnetic field using analogues in
HlustrisTNG e

MiustrisTNG =& g o o

N . » » 3 ",ﬁ‘ -

B field
topology

V" O
—— Best-Fit Power-Law + Axion Model
_ i s W, =+ Best-Fit Axion: g4,y ~ 3.7 X 10713 GeV—!
L N 4 ‘ - "\ : % ¢ OFF-Subtracted Data
Gas' ) D a3 (e
density o L ' TENG300
| | D8 5N g



mass dependence:
photon-axion dispersion

relations

2 m2

2
Skl ~ LS 1kpCN(L> > 1

L 1 1 1 11IT

\

2w 50 keV 2 x 10711 eV

ANRNY
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O - > f ;
@, - Super star clusters NGC 1275 Q\&\@ /.», -
S 1012 H1821+643 (Chandra &\% (Fermi) i
e #/ g2 (1his WOM -
" e M82 Expected )
10 == M87 Expected =
i | I | I | I | | ||||||_

10~ 10712 10~ 10~10 10

Mg eV



Extending reach to higher axion masses:

higher energies, smaller length scales

Supernova axions convert to gamma-rays in magnetic fields of progenitor stars

Claudio Andrea Manzari,>? Yujin Park,’? Benjamin R. Safdi,>? and Inbar Savoray!?

! Berkeley Center for Theoretical Physics, University of California, Berkeley, CA 94720, U.S.A.
%2 Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

(Dated: May 31, 2024) 2405.19393




Neutrinos produced from cooling proto-NS in SN1987A

Type Il supernova neutrinos escape (and heat) —> SN1987A neutrino signal
shock wave ->
explosion

SN1987A Neutrinos | /Prete

Kamiokande neutron

® IMB
A Baksan star

cooling PNS

time (s)



n n

(Loop-induced production from nucleons important for ALPs)

Average axion luminosity over 10 s (this work

Jarry = 10712 GeV !

Imm -
.

—— Primakoff

02 04 06
E |GeV]




Neutron stars

Fermi-SNe

Hydra

M8

AN+494

il [@lvandTal
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New Idea: gamma-rays from SN1987A progenitor B-field

New proposal! Convert on progenitor stellar magnetic field

SN1987A: in the LMC atd ~ 50 Mpc

solar maximum
mission




New Idea: gamma-rays from SN1987A progenitor B-field

solar maximum

mission

SN1987A progenitor: Sk -69 202 progenitor conversion probability:

2 2
1. Blue Supergiant Fay ”&V&B
2
9a
~ ~ 107" i} )
2. R~ 45 g (10—12 GeV ™!
3. B~ 1kG | Matches Galactic conversion prob.!

when does mass-dependence come in?

m2 m2 m 2
i ERUTR B A5R ( : ) 1
C T 2w 200 MeV 2 \4.1075 eV
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Future supernova

Galactic supernova rate ~1 per 100 years:

what would we learn about axions from next Galactic
supernova?

Answer: likely nothing!

Chance of Fermi-LAT seeing next SN is ~1in 10

(pre-SN neutrinos could give indication for SN within
~1 kpc)



Future supernova

But what if Fermi did catch the next Galactic SN?




Fine-print: actual
sensitivity depends on
the SN distance and

progenitor radius / B-
field

10-11 A e e
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10~ q KSVZ-like proj. 10 kpc BSG vz KSVZ-like axion SN1987A (excl. 95%)
1 DFSZ-like proj. 10 kpc BSG
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Future supernova

Huge opportunity for axion physics, but we are
not even close to being ready!




Gamma-ray satellites

5

NS

Proto-NS
Interior

RN

GALactic AXion Instrument for Supernova
(GALAXIS)

Also ~annual axion science from extragalactic SN and NS-NS mergers



Neutron stars
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~ IFIT'S OUT THERE.
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