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Overview

Brief intro to axions, their role in astrophysics

The solar axion flux, its uncertainties®'*" %"

Helioscopes as solar thermometers%°%”

More post-discovery uses of axions in astrophysics


https://arxiv.org/abs/2101.08789
https://arxiv.org/abs/2306.00077

A brief intro to axions

m QCD axions solve strong CP problem, explain smallness of
0GG termPeeee & Qim 7 (nEDM measurement:2"1196 g < 10-10)

m Unintended bonus: excellent dark matter (DM) candidates!


https://arxiv.org/abs/2001.11966
https://arxiv.org/abs/0704.3044
https://arxiv.org/abs/0707.4312
https://arxiv.org/abs/1512.08108
https://arxiv.org/abs/1910.04164
https://arxiv.org/abs/1504.07551
https://arxiv.org/abs/1610.01639
https://arxiv.org/abs/2006.04809
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A brief intro to axions

QCD axions solve strong CP problem, explain smallness of
0GG termPeccei & Quinn 77 (nEDM measurement:2°"11966 g < 10—10)

Unintended bonus: excellent dark matter (DM) candidates!
String theory: potentially many axionlike particles (ALPs)

Astrophysical hints: TeV transparency,?’03044. 07074312 gtal|gr
cooling,'#%'% neutron star X-ray excess,'?'*%'** ...

Related ideas: relaxion mechanism, 575" SMASH
model,'®"%0'¢% " AL P cogenesis,?%5048 | |



https://arxiv.org/abs/2001.11966
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QCD axion properties

m QCD axion mass from chiral perturbation theory'8'201%%8

10'? GeV
a

m Axion-photon coupling''"%%¢” depends on model-dependent
(recent review®*°"'%%) anomaly ratio E/N

OEM E
N

8ayy = mf [N 1.92(4)] o< my

m ALP properties less predictive, no connection to QCD


https://arxiv.org/abs/1812.01008
https://arxiv.org/abs/1511.02867
https://arxiv.org/abs/2003.01100

Axions in astrophysics

m Axions interact weakly: once created in stellar plasma, they
escape, carrying away energy (similar to neutrinos)


https://www.ggi.infn.it/talkfiles/slides/slides6537.pdf
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Axions in astrophysics

m Axions interact weakly: once created in stellar plasma, they
escape, carrying away energy (similar to neutrinos)

m Conversion: a < « in (stellar, galactic, ...) B fields
m Decays:e.g.a—vy+7

» Pheno: unexpected energy loss, spectral lines, stellar
evolution, spectral distortions, ...
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Axions in astrophysics

m Axions interact weakly: once created in stellar plasma, they
escape, carrying away energy (similar to neutrinos)

m Conversion: a < « in (stellar, galactic, ...) B fields
m Decays:e.g.a—vy+7

» Pheno: unexpected energy loss, spectral lines, stellar
evolution, spectral distortions, ...

» Great lecture by G. Raffelt at GGl 2023


https://www.ggi.infn.it/talkfiles/slides/slides6537.pdf

A brief overview of White Dwarfs (WDs)

» WDs = compact stellar remnants,
M ~ Mg, R ~ Rg

m Electron-degenerate systems:
gravity vs Fermi pressure

Sirius B & Sirius A
HST image: NASA, ESA, H. Bond (STScl), M.
Barstow (U Leicester)
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» WDs = compact stellar remnants,
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m Electron-degenerate systems:
gravity vs Fermi pressure

m High e~ density = excellent probe
of ALP-electron interactions!

= No energy generation: WDs
expected to cool down over time
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A brief overview of White Dwarfs (WDs)

Sirius B & Sirius A
HST image: NASA, ESA, H. Bond (STScl), M.
Barstow (U Leicester)

WDs = compact stellar remnants,
M ~ Mg, R ~ Rg
Electron-degenerate systems:
gravity vs Fermi pressure

High e~ density = excellent probe
of ALP-electron interactions!

No energy generation: WDs
expected to cool down over time



WD cooling hints

T T T T T T T T T T T T
White dwarf G117-BI5A

—— Observation (Kepler+ 1)
—&— Model prediction (Cérsico+ '12)

10

m Variable WDs “pulsate” with
period TT (typically mins to hrs;
possibly different modes)

m TT changes over time"neet 8

Period change dIT/d¢ [10717)
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WD cooling hints

T T T T T T T T T T T T
White dwarf G117-BI5A

—— Observation (Kepler+ 1)
—&— Model prediction (Cérsico+ '12)

10

m Variable WDs “pulsate” with
period TT (typically mins to hrs;
possibly different modes)

6

m TT changes over time"neet 8

Period change dIT/d¢ [10717)

~Y
ol v v v e e e 1T R 2T
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Axion-electron coupling squared g2,, [1072%]

» Measuring TT ~ 1 us/1yr (1), modelling the WD = constraining
additional cooling, axion interactions



WD cooling hints

Unexpectedly large TT in multiple WDs: one of a few “cooling hints”
for axions'®12%81%8
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interpretation required (reviewg?202-:02052, 1907.00115) 8


https://arxiv.org/abs/1512.08108
https://arxiv.org/abs/1810.07192
https://arxiv.org/abs/2202.02052
https://arxiv.org/abs/1907.00115

Now: axions from the Sun
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Both ga’y and gae can be re|evantRaffelt&Stodolsky '88, Redondo '13, ... 9


https://arxiv.org/abs/2101.08789
https://arxiv.org/abs/2111.06407

Predictions from solar models
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Helioscopes

= Axions produced in the Sun escape and travel outwards

m Track the Sun with a B field inside an opaque setup, allowing
axions to convert into photons

m Use X-ray optics and detectors to detect the photons



Discovery potential of IAXO

m |[AXO = upcoming
helioscope experiment to be
built in Hamburg at
DESY1401 .3233,2010.12076

| . Horizontal Branch

® Can determine m, and g,
for the region of parameter
space on the left

Parameter regions where IAXO detects m,

& gay With > 3o significance, given energy

resolution E,'811:092%0


https://arxiv.org/abs/1811.09290
https://arxiv.org/abs/1401.3233
https://arxiv.org/abs/2010.12076

Discovery potential of IAXO
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| . Horizontal Branch

—12| 1 > 1
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Parameter regions where IAXO detects m,
& gay With > 3o significance, given energy

resolution E,'811:092%0

IAXO = upcoming
helioscope experiment to be
built in Hamburg at
DESY1401 .3233,2010.12076

Can determine m, and g,
for the region of parameter
space on the left

Opportunity to discover
realistic QCD axion models!

Exciting prospect of
post-discovery physics


https://arxiv.org/abs/1811.09290
https://arxiv.org/abs/1401.3233
https://arxiv.org/abs/2010.12076

Solar axion flux uncertainties

10,000 Monte Carlo sims of low-Z (AGSS09) & high-Z (GS98)
SOlar modelsastro-ph/0511337+ Serenelli update tO estimate uncertaintie82101.08789
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Solar axion flux uncertainties
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Systematic shift between low-Z and high-Z models (metallicity problem)

13
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Solar axion flux uncertainties
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Statistical fluctuations; similar for low-Z and high-Z models,
smaller than systematics 13


https://arxiv.org/abs/astro-ph/0511337
https://arxiv.org/abs/2101.08789

Solar metallicity problem solved?

A&A 661, A140 (2022)
https://doi.org/10.1051/0004-6361/202142971 tronomy
©E. Magg et al. 2022 A "ophysics

Observational constraints on the origin of the elements

IV. Standard composition of the Sun

Ekaterina Maggl , Maria Bergemzmnl's, Aldo Serenelli>? »1, Manuel BauLista“, Bertrand Plez’, Ulrike HeiterG,
Jeffrey M. Gerber', Hans-Giinter Ludwig®, Sarbani Basu®, Jason W. Ferguson'?, Helena Carvajal Gallego'!,
Sébastien Gamrath'!, Patrick Palmeri“, and Pascal Qu'mel“'12

= New composition: MB222203.02255

m Claims to reproduce sound velocity profile ¢(r) with both
photospheric and meteoritic abundances

m However: potential issues?2%-13%8


https://arxiv.org/abs/2203.02255
https://arxiv.org/abs/2308.13368

Primakoff flux on the solar disc
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N.B. 50% (99%) of Primakoff flux contained within 0.15 R (0.5Rg)



The solar axion image
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https://arxiv.org/abs/hep-ex/0702006

The solar axion image
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®m Simulated axion image in CAST
helioscopehep—ex/0702006

m ~ spherically symmetric projection
thanks to great X-ray optics

® Availability of photon-counting
detectors with many pixels
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The solar axion image

mE

00| .
» Estimate photon counts in rings

0 l M about the centre of the signal

30 40 50 60 region to obtain radial information
X Coordinate [px]

®m Simulated axion image in CAST
helioscopehep—ex/o702006

[px]

m ~ spherically symmetric projection
thanks to great X-ray optics

® Availability of photon-counting
detectors with many pixels

X-Cooidmate
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The solar axion image

16 ' m Expected idealised signal in IAXO
14 RERN (actually 128 x 128 pixels, 20
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The solar axion image

16 : m Expected idealised signal in IAXO

" SERERS (actually 128 x 128 pixels, 20

12 ':_'_'_'j: f radial, 4 spectral bins)

10 [ ] .' [ = Many pixels: photon counts/pixel ~

8 \ R | equally distributed, integrate flux

6 \ I ' over radial bins

i ST » Generate 1000 pseudodata sets for

0 " IAXO, “invert” solar axion image, fit
0 2 4 6 8 10 12 14 16 axion and solar model parameters



The (simplified) Primakoff production rate

2 2 2 2
8oy Ks T K AE 2
rP(E,) = 22 1 S )log (1 a) 1
(Ea) = =50 [( +4E2> °g< * Kg> ]efa/T—l

a




The (simplified) Primakoff production rate

2 2 2 2
8oy Ks T K AE 2
rP(E,) = 22 1 S )log (1 a) 1
(Ba) = =55, [( +4E2) °g< + Kg> ]efa/T—l

a

® Only depends on T(r), ks(r) (local) and ga (global quantity)

m |gnores e~ degeneracy and other corrections (few %)



The (simplified) Primakoff production rate

2 2 2 2
Bay ks T K 4E 2
P(E,) =22 1 S )log(1 2) 1 ——
(Ea) = =50 [( +4E2) °g< * Kg> ]efa/T—l

a

® Only depends on T(r), ks(r) (local) and ga (global quantity)
m |gnores e~ degeneracy and other corrections (few %)

»» Can break parameter degeneracies with spectral information!

Pit+1 1 Wj+1 2
nij o / dp / dr —— P / dw w—2 rP(r, w)
pi P r? — p? wj 2m

EFJP(I’)




A simple reconstruction example

Piecewise-constant interpolation for I'?

P(r) = Z (/wmdw L rP(r w)) O(r —ri)O(rit1—r)
J w 272 '

Yij




A simple reconstruction example

Piecewise-constant interpolation for I_‘JF-> + compute the 7; ; integral

=3 (/wmd‘*’ L P (r, w)) O(r —ri)©(riy1 —r)
J w 272

rl+1
fjj o / / 'YkJ O(r — r) O(rky1 —r)

n
1 3 . 3 3 3 3
=3 [’Yi,j Afyg+ Z Vk.j (Ak+1;i —Aiyrivr T Bkiy1 — Ak;i)
k=i+1

w

with Azm = (re2 — r,%7)3/2

» Can compute 7; ; analytically!



Reconstruction

For the jth energy bin, the reconstruction works as follows:

Averaged rate '

1 Boundary:
'an =0
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Reconstruction

For the jth energy bin, the reconstruction works as follows:

Averaged rate '
|

Yn,—1 + /

Fnp—1 n

o

Radial distance r
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Reconstruction

For the jth energy bin, the reconstruction works as follows:

I T
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Reconstruction

For the jth energy bin, the reconstruction works as follows:

’YQZ...ﬁ0+---+...ﬁnp_1

Averaged rate '

0] Fny—2 In,—1 rny

Radial distance r

20



A simple reconstruction example

We write this as a matrix equation 7; ; = ZZ"Zl Mk vk,j with

3 .
AIH;,. for i = k,
. 3 3 3 3 -
Mik o ¢ Dy — Diypig + D% — Dg; fork >,
0 otherwise.

21



A simple reconstruction example

We write this as a matrix equation 7; ; = ZZ"Zl Mk vk,j with

3 .
AIH;,. for i = k,
. 3 3 3 3 -
Mik o ¢ Dy — Diypig + D% — Dg; fork >,
0 otherwise.

» Triangular matrix: set expected = observed counts, invert

ne np
1
njj = Miivij+ Z MikVij = Vij = o (ni,j - Z Mk ’Yk,j)
k=i+1 ! k=i+1

21



A simple reconstruction example

We write this as a matrix equation 7; ; = ZZ"Zl Mk vk,j with

3 .
A:+1: for i = k,
. 3 3 3 3 -
Mik o ¢ Dy — Diypig + D% — Dg; fork >,
0 otherwise.

» Triangular matrix: set expected = observed counts, invert

Mo
nij = Miiyij+ Z MikYVkj = Yij = — ( Z M ’ij)
k=i+1 k=i+1

» Can also propagate errors; use when fitting 8ay, Ti and k;

nlj+ Z Mkci’j]

k=i+1

21



Reconstruction in practice

= We want a closer approx. of T(r) = splines? Sadly: ringing!
® Matrix invertible only if n; ; # 0 = uneven bin sizes

22



Reconstruction in practice

= We want a closer approx. of T(r) = splines? Sadly: ringing!
® Matrix invertible only if n; ; # 0 = uneven bin sizes

»» Choose direct fitting approach: general (shape-preserving)
spline interpolation, compute integral again:

=2

1

O(r—ri)O(rig1—r).

3
Yij+ Y chij(r —r)
k=1

22



Reconstruction in practice

= We want a closer approx. of T(r) = splines? Sadly: ringing!
® Matrix invertible only if n; ; # 0 = uneven bin sizes

»» Choose direct fitting approach: general (shape-preserving)
spline interpolation, compute integral again:

=2

1

3

Yij+ Y chij(r —r)

k=1

O(r—ri)O(rig1—r).

= Problem: matrix not square, no inversion; need to directly fit
8ay, Ti and k; to the n; j:

Ax2 = —2log L(gay, {ki, Ti}) = 22 nij — njj log(n; ;)
J

22



Temperature T' [keV]

m Accurate T(r) reconstruction up to 0.5Rg (0.8 Rg), expected
median statistical errors of 10% (16%)?306-00077
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https://arxiv.org/abs/2306.00077
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m Accurate T(r) reconstruction up to 0.5R (0.8 Rg), expected
median statistical errors of 10% (16%)?2%6-00077

m Difficulties for kg: shallow minima, weaker functional
dependence, approximation used for "

23


https://arxiv.org/abs/2306.00077

Could we do the same reconstruction using neutrinos?

o
w
T

o
N
T

Events/day/kton/bin

0.1r

(- L,
50 100 50 0

Super-K Collaboration 1998-2018

1
cosby,,

1606.07538

Solar v image with > 10° events!
Reconstruct T(r) with vs?!

24


https://arxiv.org/abs/https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/research/
https://arxiv.org/abs/1606.07538

Could we do the same reconstruction using neutrinos?

o
w
T

o
N
T

Events/day/kton/bin

ey - | - L L,
450 <00 50 50 100 150 0

) -0. . 1
Super-K Collaboration 1998-2018 Cosesun

1606.07538

Solar v image with > 10° events!

Reconstruct T(r) with vs?! No. Angular resolution ~ 40° vs

the Sun’s apparent size ~ 0.5°,
e~ recoil and v path not aligned

» Helioscope X-ray optics offer superior spatial resolution
24


https://arxiv.org/abs/https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/research/
https://arxiv.org/abs/1606.07538

Other use cases: QCD axion models & metallicity

Scaled axion-photon coupling Cgar- [GeV ™"
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May simultaneously distinguish QCD axion and solar
models,*'*" %% hint for solar metallicity problem solution

25
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Other use cases: QCD axion models & metallicity
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Axion mass m, [meV)

May simultaneously distinguish QCD axion and solar
models,*'*" %% hint for solar metallicity problem solution
Lines = 15 KSVZ models; more complete KSVZ?'?"'%3"8 and
DFSZ model catalogues®®%¢" available now

Can also determine gae,'®""%%?’® metallicities''%¢7®
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Other use cases: axions as solar magnetometers
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1010F
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Helioseismology

B(r) [G]

10!

Radiative zone Tachocline

Upper
layers

m Axions are produced in macroscopic solar B fields through

plasmon interactionSZOOSAOOWB, 2006.10415, 2010.06601
® Resonant phenomenon: relates r <+ wp <> E;
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https://arxiv.org/abs/2005.00078
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Other use cases: axions as solar magnetometers

10]00 590 2?0 190 10
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1010F

Helioseismology

B(r) [G]

10!

Radiative zone Tachocline Upper
layers

m Axions are produced in macroscopic solar B fields through
plasmon interaction3200500078, 2006.10415, 2010.06601
® Resonant phenomenon: relates r <+ wp <> E;
» Can map B(r), axions = solar magnetometers®*%1%415
= N.B. currently only limits on B: another axion advantage! 26
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Other use cases: local DM halo with axion astrometry

m Axion haloscopes = cavity experiments, tuning the resonant
frequency until it matches m,

= The observed axion power spectrum |.A(w)|? depends on
speed distribution in lab frame £ :

pa dv

A(w)? = 2 25

—fi(v)

» Use axions to study local halo propertigg!70'-03!18 1711.10489
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https://arxiv.org/abs/1701.03118
https://arxiv.org/abs/1711.10489

Local halo properties
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Can determine relative halo speed and its dispersion'’°" %' -


https://arxiv.org/abs/1701.03118

Local halo properties

0 1

v— 5 [kHz]

Multi-year obs. can study axion minicluster tidal streams'”'%"'
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https://arxiv.org/abs/1701.03118

Summary

= Next-gen helioscopes can discover realistic QCD axion
models, determine their mass & couplings

= Axion pheno = neutrinos: may influence stellar
evolution, explain potential astrophysical anomalies

= Axions = messengers for stellar or DM halo physics;
here: accurate, model-independent reconstruction of
solar temperature profile T (r)

= Growing open-source software framework for axions and
other WISPs to support these efforts € ©)


https://github.com/sebhoof/SolarAxionFlux
https://github.com/sebhoof/snax

KSVZ models beyond N, =1

= What about Ng > 17 Arbitrarily many models?


https://arxiv.org/abs/2107.12378

KSVZ models beyond N, =1

= What about Ng > 17 Arbitrarily many models?

» No: selection criteria for preferred models! Adding too many
new Qs will eventually introduce Landau Poles at low energies

» Finite number of KSVZ models and E /N values


https://arxiv.org/abs/2107.12378

KSVZ models beyond N, =1

= What about Ng > 17 Arbitrarily many models?

» No: selection criteria for preferred models! Adding too many
new Qs will eventually introduce Landau Poles at low energies

» Finite number of KSVZ models and E /N values

= For our choice, we find N < 28 and 820 different E /N values
(443 for “additive models”)*'%7 12378


https://arxiv.org/abs/2107.12378

The model band of preferred KSVZ models

® Model band of “all” KSVZ models from KSVZ model catalogue;
here: equally probable preferred representations

» Theory prior on |gayy| < |E/N — 1.92(4)]
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Credit to Ciaran O'Hare for digitised limits Axion mass m, [eV]



“Boxing in” the axion

Recent activity in string simulationg® 1806:04677, 2007.049%0 |yt giti]|
controversial?08.05%8. 21090979 " g|gq still work for A Ngg prediction
needed2101.10330 (underway2108.04259, 2108.05371)

1077
10710

1071

10712 Hot DM 4

10713 SN 1987A E

10714

Axion DM (incl. cosmic strings)
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Credit to Ciaran O’Hare for digitised limits


https://arxiv.org/abs/1806.04677
https://arxiv.org/abs/2007.04990
https://arxiv.org/abs/2108.05368
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https://arxiv.org/abs/2108.05371

Avoid the DW problem with Npy = 1 models

Definition not unique: e.g. the band for “additive” models would be lower,
more DFSZ-like or the Npw = 1 subsets also looks different. ..

Axion-photon coupling |ga-~| [GeV™!]

:,a’ All preferred KSVZ models (Npw = 1)
1071 - B Central 68%/95% regions
10—17 T | M | PEEETIN | T | T | L
107° 107° 10~ 1078 0.01 0.1 1

Axion mass mq [eV]

...which can be intriguing!



Avoid the DW problem with Npy = 1 models

SN 1987A

Agbn DM (incl. cosmic strings)

All preferred KSVZ models (Npw = 1)
B Central 68%/95% regions

Axion-photon coupling |ga-~| [GeV™!]
—
9
b

10—17 L A i T RPN
10~ =5 10~4 1073 0.01 0.1 1
Axion mass mq [eV]

SN1987A limits potentially problematic;
region will be probed by IAXO! What can we learn?




QCD model band including KSVZ models

Helioscopes
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= Now: model catalogues for KSVZ*'%7¢ and DFSZ?%%294%%7
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https://arxiv.org/abs/2101.08789

QCD model band including KSVZ models
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= Now: model catalogues for KSVZ*'%7¢ and DFSZ?%%294%%7
m Possible interpretation as “theory priors” on E /N

m Discrete E/N distribution, but uncertainties from axion-pion
miXing,1511‘02867 beta functi0n2106.05816, 2305.11958
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QCD model band including KSVZ models
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= Now: model catalogues for KSVZ*'%7¢ and DFSZ?%%294%%7
m Possible interpretation as “theory priors” on E /N
m Discrete E/N distribution, but uncertainties from axion-pion
mixing 1511.02867 beta functi0n2106.05816, 2305.11958
» Catalogues can help to find UV models after
detectione.g. 2101.08789
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Three different reconstruction techniques

= Solar model === Piecewise-constant reconstr. === Spline reconstr. === PCHIP fit
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