
X-ray signatures of axion emission 
from compact stars 

Andrew J. Long!
Rice University!

@ Sydney-CPPC!
Feb 24, 2020!



Do magnetic white dwarf stars emit hard X-rays? (>~ few keV)

We don’t know!

They’re not supposed to,

but we’ve never checked.
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The data is here!

From: aprestwich@cfa.harvard.edu
Subject: Chandra Cycle 21 Proposal 21200296
Date: July 25, 2019 at 8:17 AM
To: bsafdi@umich.edu
Cc: grants@cfa.harvard.edu

                                                  Chandra X-ray Center
                                                  Mailstop 4
                                                  60 Garden Street
                                                  Cambridge, MA 02138

Benjamin Ryan Safdi
University of Michigan
Physics
450 Church St.
Ann Arbor,MI
USA  48109
Re: Proposal 21200296

Dear Dr. Safdi,

We have now completed the scientific and technical evaluation of 
proposals received in response to the CXC Call For Proposals, released
14 December 2018, for participation in the Chandra Cycle 21 General 
Observer Program. I am pleased to inform you that the Stage 1 science 
peer review panel has recommended that your proposal, entitled,
SEARCHING FOR X-RAY SIGNATURES OF AXIONS IN MAGNETIC WHITE DWARF STARS, 
be implemented as part of the Chandra observing program. Based upon 
the panel's recommendation, one or more of the targets contained in 
your proposal will be included on the list of targets to be scheduled 
during Cycle 21 of the Chandra mission. While Cycle 21 officially 
extends from  January/Feburary 2020 to January/Feburary 2021, some 
observations may be made outside this date range.

A copy of the Stage 1 science peer review panel's evaluation is
enclosed for your information.  

The numerical grade assigned is indicative of the relative rank of your 
proposal within the panel that reviewed it. Generally, proposals with grades 
below 3.5 were not recommended for inclusion in the Chandra Cycle 21 observing 
program. Proposals with grades just above 3.5 may have been cut to fit within 
the panel's allocation of observing time. For LP and VLP proposals, the grade 
is the average of those assigned by the topical panels and so may remain 
above 3.5 even if not approved by the Big Project Panel.  
In addition, several highly ranked proposals could not be approved due 
to target conflicts or the lack of constrained or TOO time.

The targets and times approved for this proposal are:

                                              Detector/  Approved Time(ks)
R.A./Dec.                Target Name           Grating    Cycle 21     
--------------------------------------------------------------------------------
03:17:15.85/-85:32:25.56 RE J0317-853          ACIS-I/NONE   40.00              

The Chandra Director's Office (CDO) will be contacting you over the summer to 
verify the primary observational parameters  and constraints or preferences 
for your targets. 
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Chandra spent 11 hours looking at my new favorite star! 
Will they see any hard X-rays?  What will we learn about axions? 



Outline

①  What’s an axion & who needs it?

②  Why would axions lead to X-rays 
from magnetic white dwarf stars?

③  What can these stars teach us?

④  Can a recently-detected anomalous 
X-ray signal in neutron stars be due 
to axions coupling to muons?
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A problem with the neutron’s EDM

 
What is the neutron’s electric dipole moment? 
 
 
 
 
 
 
 
 
 

dn ⇠ e⇥ fm ⇠ 10�13e cm
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naïve dimensional analysis suggests… 

but experiment tells us …  

That’s a big problem! 
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~d = ⌃iqi~xi



There is a special configuration 
with a parity symmetry: 

A problem with the neutron’s EDM
[Baluni	(1979);		Crewther,		

DiVecchia,	Veneziano,		
&	Witten	(1979)]	
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The price of symmetry breaking

A nonzero angle costs energy: 

174 Chapter 5 Instantons

A particle on a one-dimensional topologically nontrivial manifold, the circle.

Nontrivial topology in the space of gauge fields in the/C direction. The circumference of the circle is 1. The vertical

lines indicate the strength of the potential acting on the effective degree of freedom living on the circle.

point at the bottom of the circle. For such small oscillations, the existence of the upper part
()fthe circle plays no role. It could be eliminated altogether with no impact on the zero-point
oscillations.

From studies in quantum mechanics we know, however, that the genuine ground-state
wave function is different. The particle oscillating near the origin "feels" that it could
wind around the circle on which it belongs, by tunneling through the potential barrier it
experiences at the top of the circle (the barrier is similar to that shown in Fig. 5.2)

To single out the relevant degree of freedom in the infinite-dimensional space of the gluon
lields, it is necessary to proceed to the Hamiltonian formulation ofYang Mills theory This
implies, of course, that the time component of the four-potential has to he gauged away,

= 0. Then,

fd3x + (18.3)

where 7-1 is the Hamiltonian and the = are to be treated as canonical momenta.
Two subtle points should be mentioned in connection with this Hamiltonian. First, the

equation div EU = pU, intrinsic to the original Yang Mills theory, does not stem from
this Ilamiltonian per se. This equation must he imposed by hand, as a constraint on the

A:
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& P-symmetry 
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[t’Hooft	(1976)],			[DiVecchia	&	Veneziano	(1980)],				[Gross,	Pisarski,	&	Yaffe	(1981)]	



The price of symmetry breaking

A dynamical θ 
relaxes to 0 …  

thereby explaining 
the neutron’s 

symmetric structure 
and its small EDM. 
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Say hello to the axion

This new degree of freedom corresponds to 

a hypothetical particle – the axion 

[Peccei	&	Quinn	(1977)],			[Weinberg	(1978)],			[Wilzcek	(1977)]	
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Say hello to the axion … and its friends
[Svrcek	&	Witten	(2006)],			[Arvanitaki,	Dimopoulos,	

Dubovsky,	Kaloper,	&	March-Russell	(2010)]	

Axion-like particles 
 è  Light & weakly-coupled pseudoscalars are generic 
 è  E.g., the “string axiverse” 
 è  Could be dark matter (but doesn’t have to be here) 

 
 
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 
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Still searching;  Outlook: optimistic
[	O’Hare,	https://cajohare.github.io/AxionLimits/	]	
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Sustained and growing interest for axions

cites to Peccei + Quinn (1977) new daily cases of covid-19 in USA 
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White dwarf fact sheet
Formation 
-- old stars that have exhausted their fuel 
 
Properties 
-- mass:   M = (0.5-1.3) Msun 
--  radius:  R = (1-2) Rearth = (0.8 – 2%) Rsun 

-- luminosity:  L < 10-4 Lsun  
-- surface temp:  Teff < (0.8-4.0) *104 K  
-- core temp:  Tcore ~ 107 K 
-- surface B-field:  B ~ (106 – 108) G 
 
Composition 
-- degenerate e- + enough nuclei to give Q = 0 
 
Structure 
-- degenerate e- core extends out to r = 0.99 R 
-- non-degenerate “atmosphere” is remaining 1% 

 
Population 
-- closest WD to Earth is Sirius B at 8.6 ly 
-- 97% of stars in the Milky way are expected to be WDs 

0 .2 .4 .6 .8 1 1.2 1.4

Nalezyty & Madej (2004)

More massive white dwarfs have smaller radii



Axion emission from a white dwarf
[Krauss,	Moody,	&	Wilczek	(1984)]	

[Raffelt	(1986)]	
[Nakagawa,	Adachi,	Kohyama,	&	Itoh	(1987,88)]	
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Compact stars are “glowing” in axions!	



Testing ALPs with white dwarf cooling
[Krauss,	Moody,	&	Wilczek	(1984)]	

[Raffelt	(1986)]	
[Nakagawa,	Adachi,	Kohyama,	&	Itoh	(1987,88)]	
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Axion emission causes WDs to cool 
 è  Cooling is constrained by the 
 white dwarf luminosity function 
 è  WDLF = # stars versus brightness 

Leading to an upper limit on the axion-electron coupling: 

[Miller	Bertolami	et.	al.	(2014)]	

increasing	gaee	leads	
to	tension	w/	WDLF	

Mbol	=	brightness	

a
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[Miller	Bertolami	et.	al.	(2014)]	



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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[Giannotti	et.	al.	(2017)]	



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 (~ 10-18 counts / sec): 
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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! 

radio signals from ALP dark matter 
[Fortin	&	Sinha,	(2018)]	

hard X-ray signals from magnetars 
[Hook,	Kahn,	Safdi,	&	Sun	(2018)]	
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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)]	
[Fortin	&	Sinha	(2018)]	

[Dessert,	Long,	&	Safdi	(2019)]	
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signal = thermal X-ray emission (Tc ~ 107 K ~ keV) 
background = surface emission negligible (Teff ~ 104 K) 
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iÃy

1

A =

0

@
�a �ax �ay

�ax �x �xy

�ay �xy �y

1

A

0

@
ã
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Axion-photon mixing in a background B-field 

Axion-to-photon conversion
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(Euler-Heisenberg	
photon	self-int’n)	
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Field equation in 
the WKB approx. 
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B-field may vary in 
magnitude and direction
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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>
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iÃ?

1

A =

0

@
�a �B 0
�B �k 0
0 0 �?

1

A

0

@
ã
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<latexit sha1_base64="g+lbQrVb2U5KMIZ169QmhqSO84w="></latexit>
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<latexit sha1_base64="Vyk2vgu4H+zoJeKuiI4dy9653+M="></latexit>

Axion-photon mixing in a background B-field 

Axion-to-photon conversion

Lint = �1

4
ga��aF F̃ = �ga��aȦ ·B

<latexit sha1_base64="Mo/x94i5U5JvjB+7UwgLX3MQmj8="></latexit>

(Euler-Heisenberg	
photon	self-int’n)	

Assume an isotropic 
magnetic field 

/ ga��
<latexit sha1_base64="lR9UGZYa6xBgQ5x3QgUA8g+sqMg="></latexit>

~k
<latexit sha1_base64="YeUIVS5d8Xvda3IeH+hXGz2jfd8="></latexit>

~B
<latexit sha1_base64="XYJq/QEkAuvkBSC5aCrOeUIKboU="></latexit>

B-field is isotropic 
but may vary in magnitude 



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>

Axion-photon mixing in a background B-field 

Axion-to-photon conversion

Lint = �1

4
ga��aF F̃ = �ga��aȦ ·B

<latexit sha1_base64="Mo/x94i5U5JvjB+7UwgLX3MQmj8="></latexit>

(Euler-Heisenberg	
photon	self-int’n)	

Assume isotropic  & 
homogeneous field 
(out to r = 2 RWD) 

~k
<latexit sha1_base64="YeUIVS5d8Xvda3IeH+hXGz2jfd8="></latexit>

~B
<latexit sha1_base64="XYJq/QEkAuvkBSC5aCrOeUIKboU="></latexit>

B-field is isotropic 
& has fixed magnitude

pa!� = sin2 2✓ sin2(�oscRWD/2)
<latexit sha1_base64="UC2cn9f5n+8QmJZ/p3zzSFZIDTc="></latexit>

tan 2✓ =
2�B

�k ��a
<latexit sha1_base64="x3CRDMKBqguZYnGrHvY288IwtfM="></latexit>

�osc =
�k ��a

cos 2✓
<latexit sha1_base64="9T60Ht6bTd7s7C49YKaouhVFwBU="></latexit>



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>

Axion-photon mixing in a background B-field 

Axion-to-photon conversion

Lint = �1

4
ga��aF F̃ = �ga��aȦ ·B

<latexit sha1_base64="Mo/x94i5U5JvjB+7UwgLX3MQmj8="></latexit>

(Euler-Heisenberg	
photon	self-int’n)	

Assume an isotropic 
magnetic field with 

a dipolar profile 

~k
<latexit sha1_base64="YeUIVS5d8Xvda3IeH+hXGz2jfd8="></latexit>

~B
<latexit sha1_base64="XYJq/QEkAuvkBSC5aCrOeUIKboU="></latexit>

B-field is isotropic 
and magnitude decreases 

as B ~ r^-3

pa!� ⇡ (�B,0 RWD)2

(�k,0 RWD)
4
5

���
�( 25 )� �( 25 ,�

i
5�k,0RWD)

53/5

���
2

<latexit sha1_base64="n+2bHPxT7wt5ve6ZJGtd1idRA7o="></latexit>

BT (r) = BT,0 ⇥
✓

r

RWD

◆�3

<latexit sha1_base64="U29acrahWXOCKnEgcBM31ifEQVQ="></latexit>
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Conversion probability (dipolar B-field)

photon	self-interaction		
(Euler-Heisenberg)	
suppresses	mixing	

For a dipole B-field profile & small ma 

BT (r) = BT,0 ⇥
✓

r

RWD

◆�3

<latexit sha1_base64="U29acrahWXOCKnEgcBM31ifEQVQ="></latexit>

pa!� ⇡ (�B,0 RWD)2

(�k,0 RWD)
4
5

���
�( 25 )� �( 25 ,�

i
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���
2

<latexit sha1_base64="6JtAcWyaz0UbKboT7JtpInVBCNs="></latexit>

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>

�
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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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Outline

①  What’s an axion & who needs it?

②  Why would axions lead to X-rays 
from magnetic white dwarf stars?

③  What can these stars teach us?

④  Can a recently-detected anomalous 
X-ray signal in neutron stars be due 
to axions coupling to muons?



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,	deMartino,	&	Gansike	(2015)]	



Magnetic white dwarf candidates

Top 10 MWD candidates 
 
 
 
 
 
 
 
 
 

predicted	X-ray	flux	
from	2-10	keV	

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 |ga�� gaee| 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 F2�10, assuming ma = 10�9 eV and ga��gaee = 10�24 GeV�1. The
flux is insensitive to the axion mass in the limit ma ! 0, and more generally the flux has an overall scaling with the couplings,
F2�10 / (ga��gaee)2.

Our results are summarized in Table I, which shows the ten MWDs with the largest predicted X-ray flux, F2�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

(for	ma	=	10-9	eV	and	|gaee	gaγγ|	=	10-24	GeV-1)	



Observed in EUV (soft X-ray) by ROSAT 
 
 
 
 
Optical & FUV spectra indicate B-field è 
 
 
 
Not seen in hard X-ray 

 è  Suzaku (60 ks exposure) 
 è  2-10 keV band 

 
 
 
An ideal target for axion-induced X-ray emission! 

RE J0317-853

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

[Harayama	et.	al.	(2013)]	

0.423± 0.058 ct/sec in 0.1� 0.4 keV
<latexit sha1_base64="DUmI5WyntbakugGxQYB/lriPEFo="></latexit>

F� < 1.7⇥ 10�13 erg/cm2/sec
<latexit sha1_base64="Gkx7OtdpBeuhWLYxTWHYvLeb8IU="></latexit>

– 12 –

as	the	star	rotates,	we	see	a	different	
B-field	strength	along	the	line	of	sight	

&	the	Zeeman	splitting	varies	

Measured parameters 
 è  MWD = 1.32 Msun 
 è  RWD = 0.00405 Rsun 
 è  Lγ = 0.0120 Lsun 
 è  Teff = 30,000 – 60,000 Kelvin 
 è  B = 200 – 800 MG 
 è  dWD = 29.54 pc  (Gaia) 
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More than one order of magnitude improvement over previous limits (CAST). 
Fiducial model for cooling hints is excluded up to ma ~ 10-5 eV @ 95% CL 
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Limits become insensitive to axion mass for ma < 10-5 eV. 
All upper limits at 95% CL.  Dotted shows the cooling hints favored region (1σ).   
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5

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 F2�10 / (ga��gaee)2, the
effect on our limit is a factor of ⇠ 2. The flux uncertainty follows primarily from the uncertainty in Te↵ . 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 Tc ' 2⇥107 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 gaee = 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
ma = 10�9 eV and ga�� = 10�11 GeV�1, such that the product |ga�� gaee| = 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 |ga�� gaee| that follows from X-ray observations of MWD stars. Here we would
like to translate this into a limit on simply ga�� . For any value of ga�� there is a “reasonable range” of values for gaee: it is
bounded from above by direct observation, and it is bounded from below because an axion-electron coupling can be induced
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Can we do better?

Chandra X-ray Observatory 
 è  We have submitted an observing proposal.   
 è  Better point source sensitivity than Suzaku. 
 è  A stronger limit is possible even w/ a shorter exposure (20-40 ks). 

 
 
 
 
 
 
 
 
 
What will we learn?   

 è  definitely:  extend limits by over x10 
 è  definitely:  test cooling hints 
 è  maybe:  discover some new physics! 

10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

10-26

10-25

10-24

10-23

10-22

10-21

ma [eV]

|g
aγ

γ
×

g a
ee
|

[G
eV

-
1 ]

RE J0317-853
WD 2010+310
WD 0041-102
WD 1031+234

Suzaku 60 ks

RE J0317-853
WD 2010+310
WD 0041-102
WD 1031+234

Suzaku 60 ks

RE J0317-853
WD 2010+310
WD 0041-102
WD 1031+234

Suzaku 60 ks

RE J0317-853
WD 2010+310
WD 0041-102
WD 1031+234

Suzaku 60 ks

RE J0317-853
WD 2010+310
WD 0041-102
WD 1031+234

Suzaku 60 ks

CAST (95% CL)

cooling hints



What happens if there’s a signal?

Could it be astrophysics? 
 è  An isolated MWD is expected to have negligible hard X-ray flux. 
 è  Hard X-ray may result from accretion or a binary companion.   
 But we’d also see this in IR.  Plus the spectrum is falling.  Plus disks are rare.   

[Bilikova	et	al	(2010)]	

The Astronomical Journal, 140:1433–1443, 2010 November doi:10.1088/0004-6256/140/5/1433
C⃝ 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.
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ABSTRACT

Hard X-ray emission associated with white dwarfs (WDs) can be used to diagnose the presence of late-type binary
companions, mass accretion from companions, or physical processes with unknown origins. Since our previous
systematic searches for hard X-ray emission associated with WDs, the Galactic WD catalog has been augmented
by >10,000 new WDs from the Sloan Digital Sky Survey and new X-ray point-source catalogs from XMM-Newton
and ROSAT have become available. Therefore, we have extended the search using the updated catalogs, and found
17 new cases of WDs associated with hard X-ray emission. The 32 WDs associated with hard X-ray emission, from
the current and previous searches, can be divided into five categories: (1) binary WD with a coronal companion, (2)
binary WD with mass transfer from a companion, (3) single hot WD with a hard X-ray component peaking near
1 keV in addition to a soft photospheric component, (4) two PG 1159 stars with very faint X-ray emission in the
0.9–2.0 keV band, and (5) two DA WDs whose photospheric emission component has a hard shoulder extending
to 0.5–0.9 keV. The origin of the hard X-ray emission in the latter three categories is not yet known. Deeper X-ray
observations with higher angular and spectral resolutions are needed to help us understand these WDs’ hard X-ray
emission.

Key words: binaries: general – stars: coronae – stars: late-type – white dwarfs – X-rays: general

1. INTRODUCTION

White dwarfs (WDs) represent the final evolutionary stage
of intermediate- and low-mass stars. Depending on their effec-
tive temperature (Teff) and composition, or opacity, their photo-
spheric emission can be observed from near-infrared (IR) up to
soft X-rays (λ ! 25 Å, hν " 0.5 keV), but no detectable hard
X-ray emission (>0.5 keV) is expected from single WDs.

Many WDs are associated with hard X-ray emission. Almost
all of them are in binary systems with a late-type companion,
and the hard X-rays originate either from the companion’s active
corona, or from the accretion of the companion’s material onto
the WD’s surface, as in a cataclysmic variable. Using the ROSAT
All-Sky Survey, Fleming et al. (1996) found nine WDs with hard
X-ray emission due to late-type companions. O’Dwyer et al.
(2003, hereafter Paper I) and Chu et al. (2004b, hereafter Paper
II) conducted systematic searches for hard X-ray emission from
WDs in the McCook & Sion (1999) catalog, using the ROSAT
WGA point-source catalog (WGACAT, White et al. 2000) and
the catalogs of the ROSAT Results Archive Sources for the
Position-Sensitive Proportional Counter (PSPC) observed with
and without the boron filter (ROSPSPCFCAT1 and ROSPSPC-
CAT2, respectively). They found 12 additional WDs in binary
systems that are associated with hard X-ray emission.

Few apparently single WDs with hard X-ray emission are
known. The soft X-ray emission of KPD 0005+5106 was
detected in the ROSAT All-Sky Survey by Fleming et al. (1993),
but an additional component of hard X-ray emission peaking
near 1 keV was later detected in a pointed PSPC observation
made with the boron filter (Paper I). For a canonical LX/Lbol
of late-type coronal stars, the observed hard X-ray luminosity
of KPD 0005+5106 requires a companion that is bright in
the IR; the lack of IR excess thus excludes the existence of
a coronal companion (Chu et al. 2004a). The origin of the

1 Available at ftp://ftp.xray.mpe.mpg.de/rosat/catalogues/2rxf/pub/.
2 Available at ftp://ftp.xray.mpe.mpg.de/rosat/catalogues/2rxp/pub/, and can
be browsed at http://heasarc.gsfc.nasa.gov/docs/archive.html.

hard X-ray emission of KPD 0005+5106 is still unknown.
Another apparently single WD with hard X-ray emission is
WD 2226−210, the central star of the Helix Nebula. Its hard
X-ray emission peaks at 0.8–0.9 keV (Leahy et al. 1994) and
appears unresolved in Chandra observations (Guerrero et al.
2001). Based on the hard X-ray luminosity and variations,
as well as the variations in the stellar Hα line profile, it has
been suggested that WD 2226−210 has a late-type companion
(Guerrero et al. 2001; Gruendl et al. 2001); however, Hubble
Space Telescope (HST) images do not show any companion
(Ciardullo et al. 1999), and the near- to mid-IR photometry of
WD 2226−210 excludes the existence of a companion down to
brown dwarfs (Paper I; Su et al. 2007). A less publicized single
WD with hard X-ray emission is WD 1159−034 (PG 1159); its
hard X-ray emission is detected at a 3σ level (Paper I).

Since the systematic searches reported in Papers I and II,
the number of spectroscopically confirmed WDs in McCook &
Sion’s catalog has increased from 2449 to 12,456 (as of 2009
September), mainly due to the release of the Sloan Digital Sky
Survey (SDSS) data (Eisenstein et al. 2006). In addition, the
XMM-Newton satellite, launched in 1999, provided observations
with much higher angular resolution (6′′ on-axis) and ∼6 times
higher effective area at 1 keV than ROSAT. The latest version
of XMM-Newton’s Serendipitous Source Catalog (XMMSSC
or 2XMMi) as of 2009 September contains ∼290,000 X-ray
sources. With a significantly larger number of known WDs
as well as new X-ray data available, we have made another
systematic search for hard X-ray emission from WDs, using the
updated list of WDs from McCook & Sion (2006) and the X-ray
catalogs of ROSPSPCCAT, ROSPSPCFCAT, and XMMSSC.
The aim is twofold: (1) to search for single WDs with hard
X-ray emission similar to WD 2226−210 in the Helix Nebula
or KPD 0005+511 and (2) to diagnose WDs with late-type
companions through hard X-ray emission. The results of these
searches are reported in this paper. In Section 2, we describe
the search for WDs with hard X-ray emission, in Section 3,
we briefly describe the WDs with hard X-ray emission not
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Figure 1. XMM-Newton spectra of WDs associated with hard X-ray emission reported in Papers I or II. Origin of the hard X-ray emission is noted in the upper-right
corner for each WD. Row 1: WD0216−032, WD0347+171, and WD0429+176; Row 2: WD0736+053, WD1213+528, and WD1253+261; Row 3: WD1631+781 and
WD2226−210.

Table 3
ROSAT PSPCF Detectionsa

X-ray Counts Reported
in PSPCF (Counts)

WD WD Common ROSAT ROSAT Exp Pos 0.11–0.41 0.52–0.9 0.9–2.01
Number Type Name Src No. Obs No. (ks) Coinc keV keV keV Remarksb

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

2226−210 DAO.49 CSPN NGC 7293 2RXF J222938.5−205012 900187 4.2 Good 26 ± 5 6 ± 3 24 ± 5 P2
0005+511 DOQZ.4 KPD 0005+5106 2RXF J000817.7+512315 200428 4.9 Good 172 ± 13 7 ± 3 18 ± 4 P2
0512+326 DA1.8 14 Aur C, HD33959C 2RXF J051523.5+324109 200815 2.3 Good 1130 ± 34 52 ± 7 44 ± 7 P2
1314+293 DA1+dM3.5e HZ 43A 2RXF J131621.5+290558 200418 21.1 Good 26000 ± 870 82 ± 24 57 ± 20 P1
1631+781 DA1+dM4e 1ES 1631+78.1 2RXF J162907.8+780438 200821 2.7 Good 2190 ± 47 6 ± 3 11 ± 3 P1

Non-associations

1821+643 DOZ.4 DS Dra 2RXF J182152.3+642143 200429 8.0 U 175 ± 13 30 ± 6 126 ± 12 P1c

Notes.
a For multiple observations of the same target, we give the values for the one with the longest exposure time.
b Explanations of the terms in the remarks column are as follows. P1: the X-ray source has been discussed in Paper I. P2: the X-ray source has been discussed in
Paper II.
c As mentioned in Paper I, the X-ray emission from this source is blended with an adjacent source.

falling	

rising	

background signal 



What happens if there’s a signal?

Could it be astrophysics? 
 è  An isolated MWD is expected to have negligible hard X-ray flux. 
 è  Hard X-ray may result from accretion or a binary companion.   
 But we’d also see this in IR.  Plus the spectrum is falling.  Plus disks are rare.   

 
 
 
Could it be axions? 

 è  Predicts rising spectrum of hard X-rays 
 è  Predicts flux ratios in different stars 
 è  Predicts periodic time-dependence 
 è  Predicts polarized X-rays 

 
 
 
There will be several ways to discriminate an astrophysical X-ray 
flux from an axion-induced X-ray flux! 



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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rotation	axis	
dipole	axis	

viewing	axis	

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



Outline

①  What’s an axion & who needs it?

②  Why would axions lead to X-rays 
from magnetic white dwarf stars?

③  What can these stars teach us?

④  Can a recently-detected anomalous 
X-ray signal in neutron stars be due 
to axions coupling to muons?



Another target:  neutron stars

Properties 
-- mass:   M = Msun 
--  radius:  R ~ 10 km 
-- core temp:  T ~ 108 K ~ 10 keV 
-- surface B-field:  B ~ (1010– 1013) G 
 
 
Composition 
-- degenerate neutrons, protons,  
electrons, & muons 

Magnificent 7 
-- isolated, young, cooling neutron stars 
-- discovered 1992-2001 by ROSAT (soft X-ray) 
-- distance:  100-500 pc from Earth 



Evidence of hard X-rays from isolated neutron stars!
[Buschmann,	Co,	Dessert,	&	Safdi	(2019)]	

Rising excess over 
background at 2-8 keV 

3

M7 Name log(B0/G) log(T1
b / keV) d [pc]

RX J0806.4-4123 13.40± 0.13 1.2± 0.3 240± 25
RX J1856.6-3754 13.18± 0.05 0.9± 0.2 123± 13
RX J0420.0-5022 13.00± 0.06 0.9± 0.4 345± 200
RX J1308.6+2127 13.68± 0.04 1.2± 0.3 663± 137
RX J0720.4-3125 13.53± 0.05 1.2± 0.3 361± 130
RX J1605.3+3249 13.00± 0.20 1.2± 0.3 393± 219
RX J2143.0+0654 13.30± 0.10 1.3± 0.3 430± 200

TABLE I. A summary of the properties of the M7. The dipolar
magnetic field strengths are estimated from the NS spin-down rates.
RX J1605.3+3249 has no measured spin-down rate; its field is esti-
mated from cyclotron absorption. The core temperatures are inferred
through measurements of the surface temperatures [62]. The dis-
tances are inferred primarily from hydrogen absorption, except for
RX J1856.6-3754 and RX J0720.4-3125 where parallax measure-
ments are available. The data is compiled from Refs. [12–19, 78–
81]. Note that we additionally restrict log(B0/G) 2 [12, 15],
log(T1

b / keV) 2 [�0.1, 1.9], and d 2 [100, 2000] pc. All logs
are base 10.

conversion is suppressed by the Euler-Heisenberg term for
strong field quantum electrodynamics [9].

The full axion-photon equations of motion may be solved
by first applying a WKB approximation to reduce the second-
order equations of motion to first order equations and then
using the framework of time-dependent perturbation the-
ory [9, 10, 42]. In the limit of low axion mass, which for
our applications is roughly ma . (!R�1

NS)
1/2 (and approxi-

mately 10�4 eV at axion frequencies ! ⇠ keV and NS radii
RNS ⇠ 10 km), the conversion probability pa!� is approxi-
mately

pa!� ⇡1.5 ⇥ 10�4

✓
ga��

10�11 GeV�1

◆2 ✓1 keV

!

◆4/5

✓
B0

1013 G

◆2/5 ✓ RNS

10 km

◆6/5

sin2/5 ✓ ,

(2)

independent of the axion mass. Above, B0 is the surface mag-
netic field strength at the magnetic pole and ✓ is the polar
angle from the magnetic axis. Note that in deriving (2) we
assume that the magnetic field of the NS follows a dipole
configuration. The conversion probability grows relatively
slowly with B0. This is because the Euler-Heisenberg term
suppresses the conversion probability at radii near the NS sur-
face for large B0, and in fact the conversion does not take
place until distances ⇠102RNS where the magnetic field be-
comes small enough that the Euler-Heisenberg term no longer
suppresses the conversion. At large axion masses the conver-
sion probability becomes additionally suppressed and must be
computed numerically (see, e.g., [42]).

We assume dipolar magnetic field strengths calculated from
the spindown of the NSs [12–18] via magneto-dipole radia-
tion. In the case of RX J1605.3+3249, there is no spin-down
measurement and we adopt 1013 G as considered in [19].
Measurements of the magnetic field from spectral fitting of
proton cyclotron resonance lines or atmosphere models gen-
erally predict larger fields, which we consider in the SM. Note

that in practice we account for the unknown alignment angle
✓ by fixing ✓ = ⇡/2 and broadening the uncertainty on B0

appropriately.
Data analysis.— We analyze all available archival data from
XMM-Newton and Chandra towards each of the M7 for evi-
dence of hard X-ray emission [62]. For XMM-Newton we re-
process data from both the MOS and PN cameras and we treat
these datasets independently since they are subject to differ-
ent sources of uncertainty from e.g. pileup. The data is binned
into three high-energy bins from 2 - 4, 4 - 6, and 6 - 8 keV.
In [62] we compute profile likelihoods for flux from the M7 in
each one of these energy bins; these profile likelihoods are the
starting points for the analyses presented in this work. As an
illustration, in Fig. 1 we show the energy spectrum from RX
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FIG. 1. The energy spectrum from 2 to 8 keV for NS RX J1856.6-
3754 as measured by combining PN, MOS, and Chandra data, with
68% statistical uncertainties [62]. We also show the best-fit axion
model spectrum from a fit to this NS only, with the core temperature
fixed to the central value in Tab. I.

J1856.6-3754, which is the NS with the most significant hard
X-ray excess. Note that we show the best-fit fluxes and asso-
ciated 68% confidence intervals from the joint analyses over
all three cameras.

In [62] we show that the 2 - 4 keV energy bin may pos-
sibly be contaminated by the high-energy tail of the thermal
emission from the NS surfaces, depending on the atmosphere
model, for all NSs except RX J1856.6-3754 and RX J0420.0-
5022. The predicted thermal surface emission is negligible for
all NSs in the last two energy bins. As such in this analysis
we use all three available energy bins for RX J1856.6-3754,
which has by far the most exposure time of all M7, and RX
J0420.0-5022 but only the last two energy bins for the other
five NSs. We also note that, as described in [62], we only
use Chandra data from RX J1856.6-3754, RX J0420.0-5022,
and RX J0806.4-4123, because for the other NSs we find that
pileup may affect the observed high-energy spectrum. For RX
J2143.0+0654 only PN data is available.

We interpret the M7 hard X-ray spectra in the context of
the axion model by using a joint likelihood procedure. Our
parameters of interest are {ma, ga�� , gann, gapp} and our nui-
sance parameters, which describe uncertain aspects of the
NSs, are the set of parameters {logB0, d, log T1

b } for each
NS, where d is distance. Each of the nuisance parameters
is taken to have a Gaussian or log-Gaussian prior with un-

Strongest signal in 2 NS’s 
out of the Magnificent 7 
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Evidence of hard X-rays from isolated neutron stars!

The excess can be interpreted as resulting from ALP emission from 
the stellar core & conversion in the magnetosphere 

 è  Most efficient channels for axion emission:  nucleon bremstrahlung 

[Buschmann,	Co,	Dessert,	&	Safdi	(2019)]	
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Axion emission from muons?

Since a neutron star is so dense, the Fermi momentum is large: 
 
 
 
 
 
There is a thermal population of muons in the NS core. 

 è  A new channel for axion emission! 
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pF ⇠ 200 MeV
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mµ ⇠ 100 MeVcompare: 



Axion synchrotron emission
[Borisov	&	Grishina	(1994)]	

[Kachelriess,	Wilke,	&	Wunner	(1996)]	

Axion emission can accompany a transition btwn Landau levels 
 è  More efficient than bremstrahlung for large B-field 
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More efficient than bremstrahlung 
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T ⇠ 108 K ⇠ 10 keV

B ⇠ 1013 G ⇠ (440 keV)2
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Axion interpretation

Strong limits on axion-muon & axion-photon couplings from M7 
 è  It may be possible to explain the M7 signal 

[Buschmann,	Dessert,	AL,	&	Safdi	(to	appear	~	Mar	2021)]	

rescaled	MWD	limit	assuming	

	gaµµ	=	(mµ/me)	gaee	



Summary 
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Axion emission from compact stars 
will induce a hard X-ray signature. 

 è  A direct test of cooling “hints” 
a
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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>

Existing X-ray data on RE J0317-853 
leads to strongest constraint at low ma. 

 è  New data is here! 

neutron star <-->  hadron collider
(discovery machine)

white dwarf star <-->  lepton collider
(precision machine)

X-ray emission from M7 neutron stars, 
explained by ALP-muon coupling. 

 è  Keep an eye our for the paper! 
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