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Axion-like particles

 
Interactions with Standard Model particles 

 è  Leading-order interactions are dimension-5 operators 
 
 
 
 
 
 
Connection to new physics scale 

 è  Couplings arise from new physics at the scale fa 
 è  Very weakly interacting! 
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Testing ALPs with white dwarf cooling

Axions are produced via bremstrahlung 
 è  axion luminosity: 

 
 
 

[Raffelt	(1986)]	
[Nakagawa,	Adachi,	Kohyama,	&	Itoh	(1987,88)]	
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[PDG	&	Miller	Bertolami	et	al	(2014)]	

Axion emission causes WDs to cool 
 è  constrains the axion-electron coupling: 
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A hint of new physics!

Evidence of anomalous cooling?  
 è  Seen in white dwarf, red giant branch, and horizontal branch stars 

 
 
 
Evidence for ALPs? 

 è  favored couplings are …  
 
 
 
 
 
 
A target for future observations! 
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Detecting astrophysical ALPs at Earth

Can we detect the radiated ALPs when they reach Earth? 
 è  Axion energy flux density at Earth: 

 
 
 
Axions are converted into photons in a B-field 

 è  Conversion probability is given by  
 
 
 
 
Predicted signal (is very weak): 
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A stronger B-field at the source!

Often compact stars already sustain strong B-fields 
 è  Neutron stars (magnetars):  ~1012 – 1015 Gauss 
 è  Magnetic white dwarfs:      ~106 – 109 Gauss 

 
 
The conversion of axions into photons will occur near the star! 
 

 è  Previous talk:  Kuver Sinha 
  … axions from magnetars produce an X-ray signal 

 
 è  This talk:  Andrew Long 
  … axions from magnetic white dwarfs produce an X-ray signal 

 
 è  Next talk:  Josh Foster 
  … dropping axion dark matter onto a magnetic neutron star 
    produces a radio signal 
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Axion conversion in MWD magnetosphere

 
Focus on ALP production in magnetic white dwarfs (MWDs) 

 è  ALPs convert to X-ray photons as they exit the star 
 
 
 
 
 
 
 
 
 
 
 

[D.	E.	Morris	(1986);	Raffelt	&	Stodolsky	(1987)]	
[ForVn	&	Sinha	(2018)]	

[Dessert,	Long,	&	Safdi	(2019)]	
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Conversion probability (refined calculation)

Axion-photon conversion in a weak & homogenous B-field 
 
 
 
But more generally …  

 è  The B-field falls off moving away from the star 
 
 
 
 
 
 
 
 

 è  Axion-to-photon conversion probability 
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A quasi-thermal X-ray spectrum

The spectrum of bremm’d axions 
 è  Very close to thermal @ core temperature Tc 

 
 
 
The spectrum of secondary (X-ray) photons 

 è  Very slight energy modulation by axion-photon conversion 
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How many MWDs are there?

The Gaia survey maps out nearby WDs 
 è  Expects to see 100% of WDs with 100 pc of Earth. 
 è  Current catalog contains ~70,000 WDs. 

 
 
The number of known MWDs is far fewer 

 è  Roughly 300-550 have been identified. 
 
 
 
B-field measured from spectra 
①  Measure the spectrum well 
②  MWD contains hydrogen (Balmer) 
③  B-field induces Zeeman effect 
④  Spectra splitting ó B-field   

[Torres	et.	al.	(2015)	

[Ferrario,	deMarVno,	&	Gansike	(2015)]	
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Magnetic white dwarf candidates

Top 10 MWD candidates 
 
 
 
 
 
 
 
 
 
RE J0317-853 

 è  MWD = 1.32 Msun 
 è  RWD = 0.00405 Rsun 
 è  Lgam = 0.0120 Lsun 
 è  Teff = 30,000 Kelvin 
 è  B = 200 MG 
 è  dWD = 29.54 pc  (Gaia) 
 è  F2-10 < 1.7e-13 erg/cm2/sec @ 95% CL (Suzaku, 60 ks)

[Barstow	et.	al.	(1995)]	
[Burleigh	et.	al.	(1999)]	
[Kulebi	et.	al.	(2010)]	

[Suzaku	(2013)]	

1

X-ray signatures of axion conversion in magnetic white dwarf stars
Supplementary Material

Christopher Dessert, Andrew J. Long, and Benjamin R. Safdi

This Supplementary Material is organized as follows. Section I includes a list of several MWD stars that are expected to
be promising candidates for observations of axion-induced X-ray flux. In Sec. II we present a more general formalism for
calculating the axion-to-photon conversion probability to account for the fact that the axions are emitted isotropically and ho-
mogeneously throughout the WD core. In Sec. III we perform a more detailed study of the X-ray emission from RE J0317-853,
including a more accurate modeling of its magnetic field structure, an assessment of uncertainties in its temperature measure-
ments, and an evaluation of its X-ray spectrum. Finally Sec. IV presents the radiatively-induced axion-electron coupling that
arises from the axion-photon coupling, which allows us to recast our limit on |g

a��

g
aee

| in terms of the axion-photon coupling
alone.

I. ADDITIONAL MWD CANDIDATES FOR X-RAY OBSERVATION

In the main text we have focused our analysis on the MWD star RE J0317-853, since it is expected to have a particularly
strong X-ray flux, and because X-ray data is already available from Suzaku. However, there are over 200 MWD stars with
well-measured field strengths, temperatures, and distances. For each of these stars, we calculate the expected axion-induced
X-ray flux in the 2� 10 keV energy window, denoted by F

2�10

, assuming m
a

= 10

�9

eV and g
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aee

= 10
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GeV
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flux is insensitive to the axion mass in the limit m
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! 0, and more generally the flux has an overall scaling with the couplings,
F
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/ (g
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2.
Our results are summarized in Table I, which shows the ten MWDs with the largest predicted X-ray flux, F

2�10

. We con-
structed a full list by merging the SDSS DR7 magnetic WD catalog [73], a review MWD catalog [16], and Gaia DR2 WD
catalog [58]. The former two provide the magnetic field strengths and temperatures of the WDs, while the latter provides dis-
tances, luminosities, masses, and radii, if known. Since the mass and radius of WD 2010+310 are not known, we take its mass
to be MWD = 1M�, and we infer its radius from the Stefan-Boltzmann law.

TABLE I. MWD stars that make good candidates for measurement of their secondary, axion-induced X-ray flux. The columns correspond to
the star’s mass in solar masses, radius in solar radii, luminosity in solar luminosities, effective temperature in Kelvin, magnetic field strength in
mega-Gauss, distance from Earth in parsecs, and predicted X-ray flux from 2 � 10 keV in erg/cm2/s, calculated assuming ma = 10�9 eV
and ga��gaee = 10�24 GeV�1. The parameters were obtained by merging the catalogs in Refs. [16, 58, 73]. We infer the mass and radius of
WD 2010+310 as discussed in the text.

MWD [M�] RWD [R�] L� [L�] Te↵ [K] B [MG] dWD [pc] F2�10 [erg/cm2/s]

RE J0317-853 1.32 0.00405 0.0120 30000 200 29.54 6.8⇥ 10�14

WD 2010+310 1⇤ 0.00643⇤ 0.00566 19750 520 30.77 4.4⇥ 10�14

WD 0041-102 (Feige 7) 1.05 0.00756 0.00635 18750 35 31.09 3.0⇥ 10�14

WD 1031+234 0.937 0.00872 0.0109 20000 200 64.09 2.3⇥ 10�14

WD 1533-057 0.717 0.0114 0.0121 18000 31 68.96 1.3⇥ 10�14

WD 1017+367 0.730 0.0111 0.0082 16500 65 79.24 7.1⇥ 10�15

WD 1043-050 1.02 0.00787 0.00388 16250 820 83.33 5.4⇥ 10�15

WD 1211-171 1.06 0.00754 0.00992 21000 50 92.61 5.4⇥ 10�15

SDSS 131508.97+093713.87 0.848 0.00968 0.01347 20000 14 101.7 3.5⇥ 10�15

WD 1743-520 1.13 0.00681 0.00184 14500 36 38.93 2.9⇥ 10�15

II. THE PROBABILITY FOR AXION-PHOTON CONVERSION IN A GENERAL MAGNETIC FIELD BACKGROUND

In this section we present a more general formalism to calculate the axion-photon conversion probability, and in the following
section we apply this calculation to study the X-ray emission from RE J0317-853 in more detail. Interactions between the axion
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Constraining ALPs
[Dessert,	Long,	&	Safdi	(2019)]	
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Summary

X-ray observations of magnetic 
white dwarf stars provide a new 
handle on axion-like particles. 

 è  Complementary to probes of 
 cooling (WD luminosity funcion) 

a
<latexit sha1_base64="UzG3VRji8FBrDBKhHkAO5fIAh3c="></latexit><latexit sha1_base64="UzG3VRji8FBrDBKhHkAO5fIAh3c="></latexit><latexit sha1_base64="UzG3VRji8FBrDBKhHkAO5fIAh3c="></latexit><latexit sha1_base64="UzG3VRji8FBrDBKhHkAO5fIAh3c="></latexit>

�
<latexit sha1_base64="v7Ua3ls4L6znIQJhGIGIt9sitz8="></latexit><latexit sha1_base64="v7Ua3ls4L6znIQJhGIGIt9sitz8="></latexit><latexit sha1_base64="v7Ua3ls4L6znIQJhGIGIt9sitz8="></latexit><latexit sha1_base64="v7Ua3ls4L6znIQJhGIGIt9sitz8="></latexit>

~B
<latexit sha1_base64="oXvYHCbNXM/QHwMTDhc4fssDflI="></latexit><latexit sha1_base64="oXvYHCbNXM/QHwMTDhc4fssDflI="></latexit><latexit sha1_base64="oXvYHCbNXM/QHwMTDhc4fssDflI="></latexit><latexit sha1_base64="oXvYHCbNXM/QHwMTDhc4fssDflI="></latexit>

N
<latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit><latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit><latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit><latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit>

N
<latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit><latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit><latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit><latexit sha1_base64="mI9k1PvuuzkKOVhRMv4nKLIGrW8="></latexit>

e
<latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit><latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit><latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit><latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit>

e
<latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit><latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit><latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit><latexit sha1_base64="bMNQcUa7hguOcX0ZcLilR4D6nBQ="></latexit>

ga��
<latexit sha1_base64="3CMWvG1c8OoGiM522Sb7mUFdZ4g="></latexit><latexit sha1_base64="3CMWvG1c8OoGiM522Sb7mUFdZ4g="></latexit><latexit sha1_base64="3CMWvG1c8OoGiM522Sb7mUFdZ4g="></latexit><latexit sha1_base64="3CMWvG1c8OoGiM522Sb7mUFdZ4g="></latexit>

gaee
<latexit sha1_base64="QSeXYP5rHZpu6aQedFAFpd9NrlQ="></latexit><latexit sha1_base64="QSeXYP5rHZpu6aQedFAFpd9NrlQ="></latexit><latexit sha1_base64="QSeXYP5rHZpu6aQedFAFpd9NrlQ="></latexit><latexit sha1_base64="QSeXYP5rHZpu6aQedFAFpd9NrlQ="></latexit>

Tc
<latexit sha1_base64="OItltzJEg9yvYNsKkmbVjaf3cWo="></latexit><latexit sha1_base64="OItltzJEg9yvYNsKkmbVjaf3cWo="></latexit><latexit sha1_base64="OItltzJEg9yvYNsKkmbVjaf3cWo="></latexit><latexit sha1_base64="OItltzJEg9yvYNsKkmbVjaf3cWo="></latexit>

L�a
<latexit sha1_base64="HUBdQkM/b+6FLC0QE8C9awq8EwI="></latexit><latexit sha1_base64="HUBdQkM/b+6FLC0QE8C9awq8EwI="></latexit><latexit sha1_base64="HUBdQkM/b+6FLC0QE8C9awq8EwI="></latexit><latexit sha1_base64="HUBdQkM/b+6FLC0QE8C9awq8EwI="></latexit>

�
<latexit sha1_base64="G+I/7KD3xq4VDimhTmGFBuK9rkc="></latexit><latexit sha1_base64="G+I/7KD3xq4VDimhTmGFBuK9rkc="></latexit><latexit sha1_base64="G+I/7KD3xq4VDimhTmGFBuK9rkc="></latexit><latexit sha1_base64="G+I/7KD3xq4VDimhTmGFBuK9rkc="></latexit>

Te↵
<latexit sha1_base64="pldS2UAHWw35REKS8YcCFDbJj/8="></latexit><latexit sha1_base64="pldS2UAHWw35REKS8YcCFDbJj/8="></latexit><latexit sha1_base64="pldS2UAHWw35REKS8YcCFDbJj/8="></latexit><latexit sha1_base64="pldS2UAHWw35REKS8YcCFDbJj/8="></latexit>

This technique yields the strongest 
constraints to date on light ALPs.   
 
Lots of room to improve the limits 
with more data! 
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Estimating the core temperature

There is no direct measurement of the WD core temperature 
 è  E.g., photons produced inside do not escape 

 
 
However there is extensive literature to model WD interiors 

 è  A high electron thermal conductivity  
  implies a nearly isothermal core. 
 è  Core temperature is related to surface 
  brightness (or effective temperature) 
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SJ99). Indeed, an important feature in these cool and dense
atmospheres is the e†ect of the surrounding particles on the
partition function of an atom, which eventually leads to the
pressure ionization of hydrogen. These modiÐed internal
partition functions imply a di†erent (nonideal) ionization
equilibrium, in particular for the abundances of H2, H2`,
and This in turn modiÐes the abundance of free elec-H3`.
trons, and thus of H~ ions, a dominant source of opacity in
the optical. The atmosphere models of SJ99 were used in the
range K and 7.5 ¹ log g ¹ 9.0, com-1500 ¹ Teff ¹ 4000
plemented by BSW95 for K, with a4000 ¹ Teff ¹ 10,000
pure hydrogen composition. These synthetic spectra and
atmosphere models have been successfully confronted with
available spectroscopic and photometric observations of
cool H-rich (DA) WDs above 4000 K (Bergeron et al. 1997).

Optical colors for cool WDs with a small but nonzero
N(He)/N(H) composition ratio will be only slightly di†erent

mag) from the colors of pure hydrogen atmospheres([0.2
presented here (see BSW95; Bergeron et al. 1997). The color
indices of Table 2 of BSW95 can then be used above 4000 K
for mixed composition atmospheres.

3. RESULTS

3.1. Cooling Curves
For the purposes of comparisons, we deÐne a set of

reference models that include the physics described in
the previous section, including crystallization-induced
fragmentation (see below), with the Salaris et al. (1997) high-
rate stratiÐed initial C/O proÐles. The relations that weL -T

cused for these reference models have been computed as
described above, from full static stellar models with chemi-
cal layering deÐned by log q(H) \ [4.0 and log q(He) \
[2.0. The photometric colors are taken from pure H atmo-
sphere calculations.

3.1.1. Comparison with Existing Calculations
We Ðrst compare, in Figure 2, our relation for a 0.6L -T

cWD with the one obtained by Wood (1995), the one byM
_Montgomery et al. (1999, Table 1), and another one kindly

provided by Hansen (1999) for the same values of q(H) and
q(He). The four curves agree reasonably well, but the rela-
tively small di†erences shown here translate into signiÐcant
di†erences on the cooling time (see below). Unfortunately, it
is currently impossible to account in detail for the di†er-
ences in the relations illustrated in Figure 2 ; di†erencesL -T

cin the constitutive physics used by the various groups are
probably at the origin of most of the deviations. The L -T

crelation is particularly sensitive to the opacity proÐle
throughout the star, so slightly di†erent implementations of
the conductive and radiative opacities, as well as the use of
di†erent generations of these data, could very well account
for most of the discrepancies. As expected, the Wood (1995)
and the Montgomery et al. (1999) relations are very similar,
since they rely on the same input physics, yielding similar
cooling sequences.

As mentioned in ° 2.2, the change of slope observed in all
three curves is a well-known phenomenon and is due to
convection breaking into the degenerate thermal reservoir
at sufficiently low luminosities. When that occurs, there is a
Ñattening of the temperature gradient between the core and
the surface as a result of the larger efficiency of convection
as compared to radiation. Initially, this leads to a slowdown
of the cooling process as an excess energy is liberated
through the more transparent convective envelope, but this

relations from our calculations (solid line) and those ofFIG. 2.ÈL -T
cHansen (1999) (short-dashed line), Wood (1995) (dotted line), and Montgo-

mery et al. (1999) (long-dashed line) for a 0.6 WD with hydrogen andM
_helium mass fractions q(H) \ 10~4, q(He) \ 10~2 and pure H atmosphere.

is rapidly followed by a phase whereby convection speeds
up the cooling process as compared to the case of purely
radiative models (see Fig. 3 of Tassoul et al. 1990 and
related discussion). For luminosities lower than that of the
breaks in slope shown in Figure 2, the relationL -T

cbecomes sensitive, among other things, to the details of the
atmosphere. From this point of view, the Hansen (1999)
calculations and our own improve upon those of Wood
(1995) or Montgomery et al. (1999) because the latter ones
rely on a standard gray atmosphere strategy that overesti-
mates the penetration of the superÐcial convection zone and
leads to a value of slightly lower than it should be, asT

cdiscussed previously.
On the other hand, for luminosities larger than those of

the changes of slope, it is well established that the relation is
completely insensitive to the stratiÐcation of the upper
envelope and, in particular, to the details of the atmosphere
(see Tassoul et al. 1990 for a complete discussion). The dis-
crepancies shown in Figure 2 between the three curves for
these higher luminosities are then the explicit proof that
there are indeed signiÐcant di†erences in the
implementation/calculation of the constitutive physics
between the three groups, notably at the level of the con-
ductive opacities. So, to a certain extent, the di†erences
found in Figure 2 result from the fact that we are comparing
models with di†erent physical inputs.

Figure 3 illustrates the consequences of these di†erences
on the cooling time of the star. For each relation, weL -T

cshow two cases : (1) taking into account the chemical frac-
tionation of C and O at crystallization (rightmost curves)
and (2) ignoring this process (leftmost curves). Interestingly
enough, we Ðnd that in the phases of interest for the present
study our results (solid curves) agree[log (L /L

_
) \ [4.5],

reasonably well with those obtained when using the L -T
crelation provided by Hansen (long-dashed curves). The

results derived on the basis of the Wood (1995) (or Montgo-

[Chabrier,	Brassard,	Fontaine,	&	Saumon	(2000)]	
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Estimating uncertainties
[Kulebi	et.	al.	(2010)]	
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FIG. S2. The limit on |ga�� gaee|, calculated using two different models for the background magnetic field. The alternate B-field model,
with the displaced dipole, gives a comparable result at low axion masses and slightly improved sensitivity at high axion masses, due to the
increased magnetic field strength.

TABLE II. The X-ray flux of RE J0317-853 is calculated for different values of MWD, RWD, and Te↵ , which were determined by [60]. The
luminosities, L� , are inferred from the Stefan-Boltzmann law. We calculate F2�10 for ma = 10�9 eV and ga��gaee = 10�24 GeV�1.

MWD [M�] RWD [0.01R�] L� [L�] Te↵ [K] B [MG] dWD [pc] F2�10 [erg/cm2/sec]

CO-low-T 1.32± 0.020 0.405± 0.011 0.0120 30000 200 29.54 6.8⇥ 10�14

CO-high-T > 1.46 0.299± 0.008 0.0503 50000 200 29.54 2.4⇥ 10�13

ONe-low-T 1.28± 0.015 0.416± 0.011 0.0126 30000 200 29.54 7.2⇥ 10�14

ONe-high-T 1.38± 0.020 0.293± 0.008 0.0483 50000 200 29.54 2.2⇥ 10�13

parameters used to describe RE J0317-853. Since the flux depends on the axion’s couplings through F
2�10

/ (g
a��

g
aee

)

2, the
effect on our limit is a factor of ⇠ 2. The flux uncertainty follows primarily from the uncertainty in T

e↵

. In Fig. S3 we show
how these uncertainties translate into the uncertainty in the 95% limit from Suzaku observations and (projected) XMM-Newton
observations. The bands encompass the range of limits obtained by cycling through the parameters presented in Tab. II.

C. Spectrum

Fig. S4 shows the predicted spectra of axion and photon emission from our candidate MWD star, RE J0317-853. The shape
of the axion spectrum (blue curve) is very well approximated by a blackbody at temperature T

c

' 2⇥10

7

K ' 1.7 keV whereas
the amplitude of the spectrum is set by the magnitude of the axion-electron coupling according to (1). To draw the blue curve
we take g

aee

= 10

�13. The spectrum of secondary, axion-induced photons (red curve) tracks the thermal spectral shape up
to an additional energy dependence coming from the axion-photon conversion probability (5). To draw the red curve we take
m

a

= 10

�9

eV and g
a��

= 10

�11

GeV

�1, such that the product |g
a��

g
aee

| = 10

�24 is marginally consistent with the Suzaku
limit. We assume that all axions are emitted isotropically and homogeneously from throughout the interior of the WD core, and
the axion-photon conversion probability is calculated using (S5).

IV. THE RUNNING OF THE AXION-ELECTRON COUPLING AND SENSITIVITY TO ga��

In the main text we have shown the limit on |g
a��

g
aee

| that follows from X-ray observations of MWD stars. Here we would
like to translate this into a limit on simply g

a��

. For any value of g
a��

there is a “reasonable range” of values for g
aee

: it is
bounded from above by direct observation, and it is bounded from below because an axion-electron coupling can be induced 18	



Time-varying flux

Time-resolved spectroscopy gives a model for the B-field structure 
 è  Best described by an offset dipole 
 è  Leads to time-varying flux at O(50%) 

[Burleigh	et.	al.	(1999)]	
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dipole	axis	

viewing	axis	

dipolar	strength	=	363	MG	
rotaVon-to-dipole	=	19	deg	
rotaVon-to-viewing	=	51	deg	
dipole	offset	=	-0.19	RWD	 19	



Volume averaging

In the main text we assume …  
 è  dipole profile (B ~ r-3) 
 è  axion trajectories emerge radially (BT does not change direction) 

 
We can generalize these assumptions …   
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