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What are axions? 
 

•  Fundamental particles 
•  Proposed to solve strong CP-problem (Peccei & Quinn, 1977) 
•  Dark matter by definition 

 
    Class of particles: 
     Axions (also referred to as QCD axions) 
     & Axion-like particles (ALPs or non-QCD axions) 
 
Most important axion feature 
 

•  Generic coupling to two photons 
•  Mass unknown  ma    gaγ, 

Axions'in'a'nutshell'

Two birds with one stone:  
Strong CP-problem 

& dark matter   + Sun ∝
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Figure 4.1: Left: Feynman diagram of the Primakoff effect in the Sun. A photon is converted into an axion in the
electric field, which originates from the charged particles in the plasma. Right: In a laboratory magnetic field, the axion
can couple to a virtual photon provided by the transverse magnetic field resulting in a real photon. This is the so-called
inverse Primakoff effect.

where the axion and photon energies are taken to be equal and the momentum transfer is given by
!q = !pγ − !pa. The cut-off of the long-range Coulomb potential in vacuum for massive axions is
given by the minimum required momentum transfer

qmin =
m2

a

2Ea
, (4.3)

forma # Ea, yielding a total cross section of
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The cut-off of the long-range coulomb potential in a plasma is due to screening effects resulting in
an additional factor of the differential cross section such that
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=
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Here, the screening effects are described by the Debye-Hückel scale given by [105]

κ2 =
4πα

T"

∑

j

Z2
j nj, (4.6)

where T" denotes the temperature in the plasma (solar core), α is the fine-structure constant and
nj represents the number density of charged particles carrying the charge Zje. Near the center of
the Sun, the Debye-Hückel scale κ is roughly 9 keV and the ratio (κ/T ) ≈ 7 is approximately
constant throughout the Sun. Raffelt [66, 105] calculated the total scattering cross section taking
into account this modification. Assuming a non-relativistic medium and neglecting recoil effects,
he derived an expression for the transition rate Γγ→a by summing over all target species of the
medium

Γγ→a =
T"κ2g2

aγ

32π2
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Primakoff  
effect 
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Axion'produc0on'and'detec0on'

Sikivie  PRL 51:1415 (1983) 

Van Bibber et al. Phys.Rev. D 39:2089 (1989) 

!  First&axion&helioscope&proposed&by&P.&Sikivie&

•  Blackbody&photons&(keV)&in&solar&core&can&be&converted&into&axions&in&the&
presence&of&strong&electromagentic&fields&in&the&plasma&

•  Reconversions&of&axions&into&xAray&photons&possible&in&strong&laboratory&
magnetic&field&

&

&

&

&

&

!  Idea&refined&by&K.&van&Bibber&by&using&buffer&gas&to&restore&
coherence&over&long&magnetic&field&
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NuSTAR'solar'observa0ons'
!  Search for axions from the solar core using NuSTAR 

Novel approach: Use solar magnetic field 
to reconvert axions into x-ray photons 
(Conventional axion experiments use laboratory 
magnetic field) 
 

 

  
N.B.:Also works for stars other than the Sun 
 

 

 

Axion 

γ�"

γ"

γ"
γ�"

!  Why should we do this? 
•  Might find dark matter, but even in absence of signal: new stringent axion limits! 
•  NuSTAR can explore significant regions of viable parameter space NOW, while  

conventional searches will get there in the coming decades 
•  NuSTAR is complementary to traditional searches and providing first look 
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Nuclear'Spectroscopic'Telescope'Array'
(NuSTAR)'

!  NASA Small Explorer mission ($165 M)                              
Launch: 13 June 2012 

!  NuSTAR starts in 2004 (PI Fiona Harrison, Caltech) 
•  Leverages pathfinder mission HEFT                         

!   >170 publications so far, several in Nature/Science 

!  LLNL has made key contributions 
!  Technology to be used for IAXO optics 

!  First focusing x-ray optics above10 keV (3-79keV) 
Factor of 100 more sensitivity, factor of 10 better 
resolution than previous missions 

NuSTAR calibration facility
and

multilayer reference database

Optic response model comparison to NuSTAR on-ground calibration
data

Thesis submitted for the degree of philosophiae doctor
Author: Nicolai F. Brejnholt

Supervisor: Finn E. Christensen
Submitted: December 31, 2011



LLNL-PRES-xxxxxx 
6'

Axions/ALPs'with'NuSTAR'

!  NuSTAR ideal mission for axions: 
•  Large efficiency 
•  Instrument is able to look at the Sun 

!  Solar observations (and neutron star) 
observations are part of NuSTAR‘s       
science observation plan 
•  Several solar pointings completed 

!  Data for these objects is acquired to       
conduct standard science 

!  We can use the same data to search for 
axions! 

" Careful background selection needed       

" Use temporal/spatial/spectral axion signature 
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Solar'axion'signatures'for'satellite'searches'

!  Novel, satellite-based approach to solar 
axion searches making use of 
reconversion of low-mass axions in solar 
photosphere (no magnetic field near 
detector) 
•  High sensitivity to low masses  
•  Well-defined axion signature in X-rays: 

temporal, spatial, spectral 
•  Main source of solar background 

expected to be thermal in nature 
(mostly T<0.5 keV) apart from flare 
periods 

!  Main challenges:  
•  Solar density profile and magnetic field strength 

not precisely known, but valid approximations 
can be made and will fully suffice 

•  Need quite Sun (minimize ghost-rays) 

Spectral axion signature (simulation) 
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A X I O N  A N D  ALP  D A R K  M A T T E R :  E X P L O R I N G  T H E  D A R K  S I D E  O F  T H E  S U N  W I T H  N U STAR  

! 12!

fluxes!are!generally!less!sensitive!and!not!well!suited!for!rare!event!detection.!NuSTAR!on!the!
other!hand!has!both,!high!sensitivity!and!the!ability!to!look!directly!at!the!Sun,!which!gives!us!a!
significant!advantage!over!precursor!missions.!!
!

The!expected!axion!X$ray!signal!competes!with!X$
rays! of! solar! origin,! and! they! both! depend!
sensitively! on! the! presence! of! magnetic! fields.!
Fortunately,! the! spatial,! spectral,! and! temporal!
signatures! of! the! two! competing! sources! each!
differ! substantially.! The! spatial4 signature! is! clear!
from!Figure!7;!the!axions!will!produce!a!distinctive!
patch! of! emission! that! illuminates! all! of! the!
magnetic! regions!present.!The! temporal4 signature!
is!also!clear:!axions!are!not!time$variable,!whereas!
solar! magnetic! activity! exhibits! ceaseless!
variation.! Finally,! we! illustrate! the! spectral4

signature!in!Figure!8,!which!compares!the!well$understood!axion!spectrum,!folded!through!the!
NuSTAR! spectral! response,!with! an! isothermal! source! at!2.5!×!106!K.!This!would! represent! a!
typical!quiescent!active! region,!and!we!note! that!most!of! the!coronal! sources!at! times!of! low!
activity! have! isothermal! temperatures!
lower! than! this.! Thus,! all! three! signatures!
can! help! to! distinguish! the! axion!
component! from! that! of! solar! magnetic!
activity.!In! spite! of! these! aids,! we! fully!
expect! the! main! source! of! background!
counts! to!be! in!some!kind!of! solar!activity.!
Indeed,!NuSTAR! is! so! sensitive! that! it! will!
likely! discover! new! forms! of! this! activity.!
We!believe!that!we!can!effectively!use!EUV!
proxies!(the!SDO/AIA!imaging)!as!a!guide!to!
the!presence!of!such!activity.!If!we!succeed!
in! this! approach,! the! next! level! of!
background!signal!would!be!due!to!cosmic$
ray! secondaries! in! the! solar! atmosphere!
(e.g.,! [55]).! Such! emission,! undetected!
thus!far,! would! extend! across! the! entire!
solar!disk!and!be!at!an!extremely!low!level.!!
!
Our!small!team!will!be!able!to!leverage!its!acquired,!combined!knowledge!in!axion!data!and!X$
ray!analysis!over!many!years!at!CAST!as!well!as!for!Hinode,!Yohkoh!and!RHESSI.!We!understand!
the! effort! required! to! take! raw! data! and! account! for! numerous! instrument! responses.! Our!
understanding! of! QCD! physics! and! the! principles! of! Bayesian! statistics! coupled! with! the!
intimate!knowledge!of!NuSTAR’s!telescopes,!qualifies!us!to!drive!the!interpretation!of!NuSTAR!
solar!observation!in!the!context!of!axion!hypothesis!testing.!As!active!members!of!the!NuSTAR!
calibration!team,!we!will!make!sure!of!proper!reduction!of!raw!data!to!observational!data!and!
compare!these!against!existing!and!newly!emerging!models.!
!

Active-Region and Axion X-ray Spectra
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Figure!7!Simulated!axion!signal!superimposed!
on!a!Hinode!soft!X$ray!image!of!the!Sun!for!
two!different!axion$photon!coupling!
constants.!Source:!NAOJ/NASA,!H.Hudson.!

Figure!8!Spectral!signature!of!axion!spectrum!(blue),!
folded!through!the!NuSTAR!spectral!response,!and!an!
isothermal!source!at!2.5!×!106!K!(red).!!
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Signal would be first CDM 
signature ever! 
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Analysis'steps'

!  Operations  
Consultating in target selection during future solar observing sessions assuring data 
are acquired in axion-sensitive conditions. 
!  NuSTAR Data reduction  
Different solar data sets need to be preprocessed using the NuSTAR pipeline plus 
additional corrections  
!  Solar ancillary data collection 
Relevant solar observations (sunspots, bright points and ephemeral active regions, 
signatures of the network, etc.) will be organized for correlation with the NuSTAR 
spatial and temporal signal distributions. 
!  Exploitation of signatures  
The NuSTAR observations will be screened against the solar ancillary data via 
spectral, spatial, and temporal signatures to optimize the axion detection.  
!  Analysis and interpretation 
Computing definitive upper limits on fluxes or coupling constants for any axion 
component in case no signal above background is observed and interpreting results in 
the context of current and new models and potential implications for solar physics.  
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Where'we'gain'in'satellite'mission'searches…'

62 CHAPTER 4. THE SOLAR AXION
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Figure 4.3: Contour plot of the axion surface luminosity of the Sun as a function of energy and dimensionless radial
coordinate r. The units, in which the flux is given, are axions/ (cm2 · s · keV) per unit surface area on the solar disk.
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Figure 4.4: Solar axion surface luminosity depending on energy for various values of the radial coordinate r. It has
been derived by integrating up to different values of r. Here the same units as in Fig. 4.3 have been used.
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!  Flux larger due to smaller distance from axion origin  

!  NuSTAR has sensitivity below 5 keV 
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The'general'challenges…'
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!  B-field smaller than 
laboratory fields such 
as CAST/IAXO on Earth 

!  Significant uncertainties 
in solar magnetic field, 
density and extension 

!  Length of magnetic field 
exceeds the laboratory 
ones by far 
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First'NuSTAR'solar'data'

!  Solar'condiOons'were'not'opOmal'(high'
magneOc'acOvity'"'elevated'dead'Omes'+'
singleSreflecOon'"ghost'ray”'interference)'

!  Now'working'on'using'exisOng'data'to'obtain'
preliminary'esOmates'and'to'opOmize'a'
future,'dedicated'observing'session'

!  AnOcipaOon'to'have'appropriate'condiOons'
(not'necessarily'true'sunspot'minimum,'but'
generally'minimal'acOvity'levels)'starOng'in'
2016'

!  Plan'is'to'establish'iniOal'limits'based'on'the'
test'data,'but'any'detecOon'of'an'axion'signal'
is'unlikely'at'this'early'stage.''

!  First'NuSTAR'solar'observaOons'(Sept/Nov/Dec'2014,'Apr/Sept'2015,'more'in'2016)'
confirm'the'capability'of'the'instrument'to'observe'the'Sun.''

!  Some'of'currently'available'NuSTAR'solar'data'include'solar'disk'center'

Adding%in%CHU123%

Hannah%et%al.% 11%
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Alterna0ve'data:'FOXSI'

X-Ray Astronomy GroupDoE Workshop in X-Ray Optics

Description:
FOXSI is a sounding rocket based payload 

consisting of x-ray optics (provided by MSFC) 
and focal plane detectors provided by 
ISAS/Japan.  

FOXSI has 7 mirror modules each with 7 (10 Foxsi-
2) nested shells. Measured FWHM = 6-7 
arcsec (with 5 arcsec detector).

FOXSI designed to make hard-x-ray observations 
(5-15 keV) of solar nanoflares, thought to 
play an important role in heating the corona 
to millions of degrees.

FOXSI was launched from White Sands missile 
range on 2 Nov, 2012, for a ~ 6 min flight.

FOXSI-2 version had successful flight from White 
Sands on 11 Dec, 2014

Customer:
University of California, Berkeley
P.I. Sam Krucker
Funded by the Science Mission Directorate, 
through the low-cost access to space 
program.

Focusing Optics X-ray Solar Imager (FOXSI)

5.2 cm 

!  FOXSI'(Focusing'OpOcs'XSray'Solar'Imager)'is'
sounding'rocket'payload'to'study'solar'nanoflares'

!  3×'beaer'spaOal'resoluOon'and'10S100×'beaer'
dynamic'range'than'previous'solar'missions'

'

!  Data'for'solar'disk'center'available,'4S15'keV'
!  GhostSray'mostly'outside'region'of'interest'

FOXSI-1 
(Nov 2012) 

FOXSI-2 
(Dec 2014) 
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What'were'previous'satellite'missions'able'to'do?'

Instrument)
(Method))

E))
[keV])

Flux)limit)
[ph/(cm2)s)keV])

gaγ)limit)
@1)μeV)[×10E10GeVE1])

GOES)(long)) 3.6) E) E))
GOES)(short)) 4.8) E) E)
Yohkoh)(AlMg)) 2.04) 1.2) 0.4)
RHESSI)(offpoint)) 5) 340) 1.8)
RHESSI)(direct)) 5) E) E)
Hinode)(energy)) 1.53) 0.1) 0.3)
Hinode)(histogram)) 1.53) 0.01) 0.2)
)

Hudson et al. ASP Conf. Series 455, 25 (2012) 

Hinode 

Rhessi Yohkoh GOES 
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NuSTAR'observa0ons'in'the'axion'landscape'
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Summary'

!  Satellite mission offer alternative approach to solar axion 
searches (and axions from other objects)  

!  Expect good sensitivity to non-QCD axions at the low mass 
range 

!  First NuSTAR and FOXSI data available but needs additional 
work 

    " Biggest challenge due to single-bounce photons 
         (“ghost-rays”) 

!  As we are approaching solar minimum, expect that Sun will be 
quiet enough for better observations in the near future 

!  Stay tuned for first results from existing data and upcoming 
observations 

 




