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CONVERSION OF DARK MATTER AXIONS TO PHOTONSIN MAGNETOSPHERES OF NEUTRON STARSM. S. Pshirkov *, S. B. PopovPush
hino Radio Astronomy Observatory, Astro Spa
e Centre,Lebedev Physi
s Institute, Russian A
ademy of S
ien
es142290, Push
hino, Mos
ow region, RussiaSternberg Astronomi
al Institute, Lomonosov Mos
ow State University119992, Mos
ow, RussiaRe
eived August 31, 2008We propose a new method to dete
t observational appearan
e of dark matter axions. The method utilizesradio observations of neutron stars. It is based on the 
onversion of axions to photons in strong magneti
 �eldsof neutron stars (the Primako� e�e
t). If the 
onversion o

urs, the radio spe
trum of the obje
t has a verydistin
tive feature � a narrow spike at the frequen
y 
orresponding to the rest mass of the axion. For example,if the 
oupling 
onstant of the photon�axion intera
tion is M = 1010 GeV, the density of dark matter axions is� = 10�24 g � 
m�3, and the axion mass is 5�eV, then the �ux from a strongly magnetized (1014 G) neutronstar at the distan
e 300 p
 from the Sun is expe
ted to be about few tenths of mJy at the frequen
y about1200 MHz in the bandwidth about 3 MHz. Close-by X-ray dim isolated neutron stars are proposed as good
andidates to look for su
h radio emission.PACS: 14.80.Mz, 95.35.+d, 97.60.Gb, 95.85.Bh1. INTRODUCTIONMost of the matter in the Universe is �dark�, i. e.,
annot be observed dire
tly by astronomi
al obser-vations be
ause the parti
les that form it are notbaryons [1; 2℄. Many types of new parti
les were sug-gested theoreti
ally to explain the dark matter prob-lem. One of the best 
andidates with a strong theo-reti
al ba
kground is the axion � a light neutral pseu-dos
alar parti
le that appears in a spontaneous break-ing of the Pe

ei�Quinn symmetry [3℄ as a solution ofthe strong CP problem.In fa
t, axions are not really dark. In an externalele
tromagneti
 �eld, they 
an 
ouple to virtual pho-tons and produ
e real photons (the so-
alled Primako�e�e
t [4℄) a+ 
virt ! 
: (1)Several experiments that utilize the Primako� ef-fe
t are underway now. One dire
tion of su
h stud-ies is to look for an e�e
t related to the 
onversionof high-energy axions from the interior of the Sun in*E-mail: pshirkov�prao.ru

strong magneti
 �elds in a laboratory [5; 6℄. Solar ax-ions 
an also be sought in X-ray observations be
auseof the 
onversion of these parti
les in the Earth mag-neti
 �eld [7; 8℄. All these experiments are sear
hing for�hot� and �young� axions, not �
old� 
osmologi
al parti-
les originated in the early Universe. Here, we proposean astronomi
al method to dete
t emission due to the
onversion of 
osmologi
al axions. Dire
t experimen-tal sear
hes for su
h axions are now also in progress inlaboratories [9℄.The strongest magneti
 �elds known 
an be foundin the surroundings of neutron stars; under 
ertain 
on-ditions, axions that 
onstitute 
osmologi
al dark mat-ter 
an therefore experien
e the Primako� e�e
t inmagnetospheres of neutron stars. Possible use of su
hsuperstrong magneti
 �elds for sear
hing light pseudo-s
alar bosons in photon 
onversion pro
esses was pre-viously dis
ussed in several papers [10, 11℄. In whatfollows, the possibility of dete
ting photons from su
h
onversion is studied.2. THEORETICAL MODELThe axion�photon 
oupling is given by the term440
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� = � 14MF�� ~F��� (2)in a Lagrangian, where � is the axion �eld strength,F�� and ~F�� are ele
tromagneti
 �eld strength tensorand its dual tensor, and 1=4M is the 
oupling 
onstant.The axion rest mass is assumed to be smalldue to the 
osmologi
al and astrophysi
al 
onstraints10�6 eV � ma � 10�2 eV, and the 
oupling 
onstant isalso small: M > 1010 GeV [12; 13℄.The 
onversion probability in a transverse magneti
�eld B is [14℄1)P
(L) = 2� B2M�2 �1� 
os qLq2 � ; (3)where q = jm2
 �m2aj2Ea (4)is the axion�photon momentum di�eren
e,m
 = 0:37pn=108 
m�3 �eV (5)is the plasma mass of a photon, and ma and Ea are therest mass and the energy of the axion.We estimate the probability of the 
onversion ofdark matter axions to photons in the magnetosphere ofa neutron star using several simplifying assumptions:1) the velo
ity of a neutron star relative to axions isperpendi
ular to its rotation axis (dispersion of axionsvelo
ities 
an be negle
ted due to its small value [9℄);2) the r-dependen
e of the magneti
 �eld of a neutronstar 
an be des
ribed by the relationB(r) = B0 r30r3 ;where B0 is the magneti
 �eld strength on the surfa
eof the neutron star and r0 is its radius.The �ux from the axion�photon 
onversion 
hangeswith the period equal to half the spin period of theneutron star be
ause the dipole axis is perpendi
ularto the axion �ow twi
e during one revolution.If the plasma mass of a photon is equal to zero, the
onversion is severely suppressed. However, the den-sity of 
harged parti
les in the neutron star magneto-sphere is quite high, and this makes the 
onversion pos-sible. For our estimates, we use the Goldrei
h�Julian(GJ) density. There are 
laims that the plasma densityin the region of 
losed �eld lines of highly magnetized1) In Eqs. (3), (10), and (11), we use the Plan
k system ofunits, where energy has the dimension of inverse length.

stars �magnetars� 
an ex
eed the GJ density by sev-eral orders of magnitude [15℄. This is related to the fa
tthat magnetars have hard tails in their spe
tra, dis
ov-ered thanks to observations aboard the Integral satel-lite (see [16℄ and the referen
es therein). On the otherhand, X-ray dim isolated neutrons stars (also knownas �The Magni�
ent Seven�, see below), whi
h we dis-
uss in this paper as prominent 
andidates, do not havesu
h hard tails, and we therefore suppose that we 
anse
urely set the value of the plasma density in the 
aseof the Magni�
ent Seven equal to the GJ density [17℄:nGJ = 7 � 10�2BT 
m�3; (6)where T is the spin period of a neutron star (in se
-onds), B is the magneti
 �eld (in Gauss),n(r) = �1B(r)T�1 = �1B0r30r�3T�1;�1 = 7 � 10�2 s � 
m�3 �G�1.Therefore, the photon plasma mass depends on theradius asm
(r) = �2pn(r) = �1=21 �2B1=20 r3=20 r�3=2T�1=2;where �2 = 3:7 �10�11 
m3=2eV. The 
onversion o

urswhen the photon plasma mass 
oin
ides with the restmass of the axion, ma = m
 :The 
riti
al radius r
 and the 
riti
al magneti
 �eldB
(r
) 
an be derived from the 
ondition m
 = ma,when
e r
 = �1=31 �2=32 B1=30 T�1=3m�2=3a r0; (7)B
 = ��11 ��22 m2aT: (8)For 
old axions (Ea � ma, see [9℄), the relationq = jm2
 �m2aj2Ea � jm
 �maj � �m (9)holds.The di�eren
e between the photon plasma mass andthe axion mass depends on the length L of axion pathnear the 
riti
al point (the 
onversion radius) beforethe 
onversion o

urs:�m � ����dm
(r
)dr L���� = 3m
(r
)2r
 L:On the other hand, the length L 
an be determinedfrom the 
ondition of maximum probability (3):qL = �: (10)441
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 (11)After rewriting the expression for the 
onversionprobability P
 = B2
M�2q�2using (7), (8), and (10), we obtainP
 � 20 G�2 � 
m�1 � eV3 23���5=31 ��10=32 ��B1=30 T 5=3r0m7=3a M�2; (12)where the 
oe�
ient 20 G�2 � 
m�1 � eV3 is needed toadjust Eq. (3) written in the Plan
k system of units tothe system used in the end of the 
al
ulation. The to-tal �ux of photons also depends linearly on the 
riti
alradius r
 be
ause the amount of axions propagatingthrough the region of a
tive 
onversion in
reases lin-early with an in
rease in the 
riti
al radius. Finally,we 
an therefore write our estimate for the amount ofenergy that 
omes from the 
onversion in one se
ond:_E / ��8=32 ��4=31 B2=30 T 4=3r20m5=3a M�2: (13)It is 
lear that the probability in
reases sharply withan in
rease in the neutron star spin period and the restmass of the axion. But there are bounds on B
2) and r
(it 
annot be less than the neutron star radius), and weshould therefore spe
ify our 
andidates for observationsfor future estimates.3. POSSIBILITY OF OBSERVATIONFor the estimates in what follows, we assume therange of axion rest masses 0:1 � eV < ma < 10 � eV.Using Eqs. (6) and (5) we 
an obtain the relationB
 = 1010T � ma1�eV�2 G: (14)After substitution of typi
al values of the axion restmass and neutron star parameters in the equation for
onversion probability (12), it follows that the 
onver-sion o

urs only for magneti
 �elds B
 > 1011 G, andwe therefore need a neutron star with a strong mag-neti
 �eld. It is also favorable to have a neutron star2) Soft gamma repeaters are neutron stars with the strongestknown magneti
 �elds, B � 1014�15 G. Fields of the most mag-netized pulsars do not ex
eed few�1013 G. There is no eviden
eof the existen
e of neutron stars with �elds stronger than 1015 G(although the physi
al limit of the �eld strength is about 1018 G).

situated 
lose to the Solar system with the spin periodas large as possible.In our opinion, the best 
andidates to produ
e anobservable signal due to the axion 
onversion are X-raydim isolated neutron stars. Seven obje
ts of this typeare known; they are 
alled the Magni�
ent Seven (M7),and we use this term below (see a review on isolatedneutron stars in [18℄). They have very strong magneti
�elds (up to 1014 G) and are lo
ated not far from theSolar system (� 300 p
 [19℄3)). Their present evolution-ary state is not known: we do not know whether the M7sour
es are similar to normal pulsars or have alreadypassed this evolutionary stage and therefore do not pro-du
e radio-pulsar-like emission. We use the Goldrei
h�Julian density of 
harged parti
les in a magnetospherefor our estimates. If the density is signi�
antly higherthan the Goldrei
h-Julian value (about su
h possibilitysee, e. g. [21℄), the 
onversion is greatly depressed (seeEq. (12)) be
ause it o

urs in area with a low magneti
�eld strength and therefore the probability of 
onver-sion is very tiny.Hen
e, we let the magneti
 �eld on the surfa
e of aneutron star be equal to 1014 G, the spin period equalto 10 s, and the distan
e from the Earth equal to 300 p
.For ma = 5�eV, we haveB
 � 2:5 � 1012G;r
 = 3:4r0;q2 = 3�ma2r
 = 1:3 � 10�16 eV2;P
 � 0:2:It is essential to estimate the total mass of axionsthat �y through the zone of a
tive 
onversion (r < r
)per unit time to obtain estimates for the energy of ele
-tromagneti
 waves from the 
onversion [22℄:_m = 2�(r
 � r0)GMNS�v�1; (15)where � is the axion density, v is the neutron star ve-lo
ity relative to dark matter, and MNS is the neutronstar mass. Density of the dark matter � (and thereforethe density of axions) is set equal to 10�24 g � 
m�3 [9℄(the density may be smaller be
ause su
h large values
an appear only if the sour
e is in a 
austi
, but be-
ause the �ux depends on it linearly, it 
an be easilyre
al
ulated with any value of the axion density), thevelo
ity is set equal to v = 100 km � s�1, and we use themass MNS = 1:4M� and the radius r0 = 10 km. The3) The 
losest obje
t RX J1856.5-3754 is lo
ated at about170 p
 [20℄.442
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Fig. 1. Conversion probability vs. the axion rest mass.The probability P in
reases with the mass in
rease.Saturation o

urs at P = 0:5 be
ause of the pro
essof the reverse axion�photon 
onversion that e�e
tivelysuppresses a further in
rease in P . Here and in theother �gures, the magneti
 �eld on the surfa
e of neu-tron star is equal to 1014 G, the spin period is equal to10 s, and the distan
e from the Earth is set to 300 p
total mass of axions propagating through the �a
tive�region per se
ond is_m = 2:8 � 102 g � s�1:The energy that 
omes from the 
onversion everyse
ond 
an be estimated as_E = P
 _m
2 = 5:4 � 1022 erg � s�1:The ele
tromagneti
 �ux at 300 p
 from a sour
emight be 5 � 10�21 erg � 
m�2 � s�1. Radio waves wouldhave frequen
ies near the 
entral frequen
y 
orrespond-ing to the axion rest mass ma, f0 = 1200 MHz in thebandwidth Æf = f0q=ma = 2:8 MHz:The density of that �ux might be equal to 0.2 mJy.We estimated the values of the axion rest mass bet-ween 0:1 �eV and 10 �eV. The 
onversion probabilityrapidly in
reases with an in
rease in the axion rest massand rea
h the saturation value P = 0:5 at ma � 7�eV(Fig. 1). The predi
ted observable �ux has a sharppeak at that value of axion rest mass and then steeplyde
reases (Fig. 2). The bandwidth of the signal fromthe 
onversion smoothly in
reases with in
reasing theaxion rest mass (Fig. 3).The estimates above are only upper limits. We donot take the dipole stru
ture of the magneti
 �eld intoa

ount:
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Fig. 2. Flux density of the signal that 
omes from the
onversion of axions of a 
ertain rest mass
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Fig. 3. Bandwidth of the possible signal from the 
on-version vs. the frequen
y of observation (the axion restmass). The bandwidth is de�ned by the magnitudeof the axion�photon momentum di�eren
e q(f) fromEqs. (9) and (10), q2 / f5=6B(n; r) = 3n(n �m)�mr3 ; (16)where n is the unit ve
tor along the radius ve
tor rand m is the magneti
 dipole ve
tor. A

urate esti-mates with an exa
t 
on�guration of the magneti
 �eld
an slightly redu
e our predi
tions for the �ux. Also,the �ux might be smaller be
ause of the reverse 
on-version, but these questions require a detailed study ofindividual 
ases, and we do not dis
uss them here.It is ne
essary to mention the possibility of theabsorption of photons due to their propagation inhigh-density plasma near a neutron star surfa
e. In-deed, the ele
tromagneti
 waves of a 
ertain frequen
y443
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Visibilityofos

illations, (S max�S min)=
S max

0 10Æ 30Æ20Æ 40Æ 50Æ 60Æ 70Æ 80Æ 90Æand magneti
 dipole axis00:20:40:60:81:0

Angle 	 between axis of rotationFig. 4. Dependen
e of the variability of the �ux on theangle 	 between the rotation axis and the magneti
dipole axis
annot propagate through regions where the plasmafrequen
y ex
eeds the ele
tromagneti
 wave frequen
y.In the 
ase of a neutron star that moves through anaxion �ow away from the Earth, 
onverted photons arere�e
ted by the magnetosphere su
h the sought signalis weakened. In the opposite 
ase, dense plasma a
tsas a mirror, sending 
onverted photons to the Earth,thus boosting the signal (it might be 
on�ned to a solidangle less than 4�).The 
onversion probability 
ould be further de-
reased by the e�e
t of va
uum polarization [11℄. How-ever, the magneti
 �eld strength in the region of a
tive
onversion is well below the 
riti
al value 5 � 1013 G.The variability of the signal depends on the angles 	and � between the spin and magneti
 axes and betweenthe spin axis and the velo
ity ve
tor of a neutron star.In general, the �ux variability with time is very
ompli
ated and must be studied numeri
ally. Figure 4represents the dependen
e of the �ux variability ampli-tude A = Smax � SminSmaxon the angle	 when the relative velo
ity of the neutronstar to axions is perpendi
ular to its rotation axis.It is easy to see that the variability is signi�
ant forthe angles 
lose to 90Æ (P > 0:5 if 	 > 80Æ) and doesnot usually ex
eed 0.1. The period of variation mightbe twi
e shorter than the spin period of the neutronstar.At the moment, the most stringent upper limits onthe radio emission from the M7 are given in [23℄. At thefrequen
y 820 MHz, the limit is about 10 mJy. At lower

frequen
ies, the situation is less 
lear. The group fromPush
hino [24℄ announ
ed dete
tion of pulsed emissionfrom two neutron stars belonging to the M7. On theother hand, re
ent observations with Giant MetrewaveRadio Teles
ope [25℄ do not 
on�rm it. In the near fu-ture, LOFAR observations [26℄ will be
ome availabe forputting better limits or for dete
ting the signal due tothe axion�photon 
onversion. The signal from the 
on-version will be strongly depolarized be
ause the mag-neti
 �eld dire
tion is di�erent in various parts of thea
tive 
onversion region.4. CONCLUSIONSWe suggest to use radio observations of 
lose-byX-ray dim 
ooling isolated neutron stars to sear
hfor observational appearan
es of dark matter axions.If the axion�photon 
onversion in the neutron starmagneti
 �eld o

urs, the radio spe
trum of the obje
tmight have a very distin
t feature � a narrow spikeat the frequen
y 
orresponding to the axion restmass. If the 
oupling 
onstant of the photon�axionintera
tion is M = 1010 GeV, the density of darkmatter axions is � = 10�24 g � 
m�3 and a neutronstar with B � 1014 G is lo
ated at the distan
e of300 p
 from the Solar system, then the �ux density ofthe signal for axions with the rest mass of 5�eV is aslarge as several tenths of mJy at the frequen
ies about1200 MHz in the bandwidth about 3 MHz.M. P. thanks M. Sazhin for useful 
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