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Axions are possible candidates for the dark matter in the present Universe. They have been argued to form
axionic boson stars with small masses 1M ,—-10 M, . Since they possess oscillating electric fields in a
magnetic field, they dissipate their energies in magnetized conducting media such as white dwarfs or neutron
stars. At the same time the oscillating electric fields generate a monochromatic radiation with an energy equal
to the mass of the axion. We argue that the effect of the energy dissipation can be seen in old white dwarfs. In
particular, we show that colliding with sufficiently cooled white dwarfs, plausible candidates of MACHOs, the
axionic boson stars dissipate their energies in the dwarfs and heat up the dwarfs. Consequently the white
dwarfs in the halo can emit a detectable amount of thermal radiation with the collision. On the other hand,
monochromatic radiation can be seen only during the collision, a period of the dwarf passing the axionic boson
star. Assuming that MACHOs are dark white dwarfs, we show that there is a threshold in the luminosity
function of the white dwarfs below which the number of white dwarfs in the halo increases discontinuously.
The threshold in the luminosity function is expected to be located around’g—10 "L, . Its precise value
is determined by the mass of the axionic boson stars dominant in the[Balg66-282(199)03512-2

PACS numbdss): 14.80.Mz, 05.30.Jp, 98.80.Cq

[. INTRODUCTION In this paper we wish to point out an intriguing observable
effect associated with coherent axionic boson stars; we call
The axion is the Goldstone boson associated with Peccethem axion stars. Namely, they dissipate their energies in
Quinn symmetry[1], which was introduced to solve natu- magnetized conducting media such as magnetic white dwarfs
rally the strongCP problem. In the early Universe some of or neutron stars so that the temperature of the media in-
the axions condense and form topological obj¢2t8], i.e., creases and thermal radiation is emitted. The phenomena are
strings and domain walls, although they decay below thecaused by oscillating electric fields generated by the axion
temperature of the QCD phase transition. After their decayfield under external magnetic fields; their frequency is given
however, they have been shown to leave a magnetic[figld by the mass of the axion. The electric fields induce electric
as well as a cold axion gas as relics in the present Universeurrents in the conducting media and lose their energies ow-
the field is a candidate for a primordial magnetic field sup-ing to the existence of electric resistances. Consequently the
posed to lead to galactic magnetic fields observed in thexion stars dissipate their energies in the magnetized con-
present Universe. ducting media. Although the electric fields themselves are
In addition to this topological objects, the existence ofsmall, the total amount of the energy dissipation is very large
axionic boson stars has been arg{®@®|. It has been shown because dissipation arises all over the volume of the axion
numerically[6] that in the early Universe axion clumps are stars or the volume of the magnetized conducting media:
formed around the period of 1 GeV owing to both the non-Radii of the white dwarfs(neutron stars are typically
linearity of an axion potential, leading to an attractive force10° cm(1¢ cm), while radii of the axion stars of our con-
among the axions, and the inhomogeneity of coherent axionern are such as $0cm—13° cm. Consequently a detect-
oscillations. Namely, when the temperature of the Universable amount of radiation is expected from media heated this
decreases and the axion potential is generated by QCD imway. In particular we are concerned with old white dwarfs
stantons, the inhomogeneity of the coherent axion oscillatiomvhich are plausible candidates of massive compact halo ob-
on the scale beyond the horizon gives rise to localizedects (MACHOSs) [10] and have been cooled sufficiently;
clumps due to the attractive force of the potential. Theseahey are dark enough to be invisible. Thus the effect of the
clumps are called axitons since they are similar to solitons irenergy dissipation of the axion star in such white dwarfs
the sense that their energy is localized. Then, the axitonpossessing small specific heats is so large that the luminosity
contract gravitationally to axionic boson stdrg,8] after  of the dwarfs after collisions with axion stars increases such
separating out from the cosmological expansion. They ar¢éhat the dwarfs become observable.
solitons of coherent axions bounded gravitationadliyhe ax- In particular, we point out that there is a threshold in the
ions are represented with a real scalar field, which has bedominosity function of the halo white dwarfshe luminosity
shown to possess solutions of oscillating boson St@f$  function describes, roughly speaking, the number density of
The masses of the axionic boson stars have been estimattéte white dwarfs as a function of luminosjtyNamely, the
roughly to be of the order of~10 M. Eventually we luminosity function increases discontinuously below the
expect that in the present Universe, axionic boson stars ahreshold of a certain luminosity. To explain it, we first point
well as the axion gas as dark matter candidates. It has beeut that the white dwarfs in the halo are sufficiently old so
estimated 9] that a fair amount of the fraction of axion dark that their luminosity is quite low to be invisible. Especially,
matter is composed of the axionic boson stars. according to a recent cooling model, the white dwarfs with a
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helium-rich atmosphere are expected to have been cooled sxions are neutral. Owing to these two types of oscillating
that their luminosity is less than 10L. at their age of currents, the axion stars dissipate their energies in the con-
~1.2x10'° yr. Here we assume that MACHOs are suchducting media. Thus the media are heated so that thermal
white dwarfs with a helium-rich atmosphere. Thus they argadiations are emitted. The application of these phenomena is
invisible with present observational apparatus unless they adiscussed in Secs. IV and V where white dwarfs and neutron
located quite near the Sun. Then, since they have few integtars are discussed as magnetized conducting media, respec-
nal thermal energies, their temperatures increase dramafively, separately. We summarize our results in Sec. VI.

cally with the dissipation of the energy of the axion star in

the white dwarfs. We show that the Iuminosk_ity gaine;:l by the [l. AXIONIC BOSON STAR
\évgltsn((:ij\i/ﬁarfcsmwtlg;tfrfaggllcl)sflct)ge|saiit;cr)1ut"sé ? I;k?e_%]?as;@of our Let us first explain our solutions of the axionic boson
corr:cern ig 10M o—10" M, (Lo, denotes,the luminosity Stars. Originally Seidel and Sug8] found solutions of a real

. T scalar axion fielda coupled with gravity. Their solutions
of the Sun. Therefore, this Iurmnosny IS expectgd to be.therepresent spherical oscillating axion stars with masses of the
threshold luminosity of the white dwarf luminosity function

) order of 10 °M, ; the solution possesses oscillation modes
in the halo.

In addition to this thermal radiation from the magnetizedW'th various frequenciegStatic regular solutions have been

medium, oscillating electric fields associated with the axionShOWn not to exist in the massless real scalar field coupled

star in the maanetized medium generate monochromatic rV\_/ith gravity. Even in the massive real scalar field such solu-
S ) g 9 ) . jons have not yet been obtaingdlthough these axion stars
diation with energy equal to the mass of the axion. Since th

electric fields arise only during the axion star being ex ose%re oscillating, they are stable solitons composed of the ax-
y auring . g exp ons coupled with gravity; they are similar to the “breather”
to an external magnetic field of the magnetized media, th

L . . . . . Solution of the (H 1)-dimensional sine-Gordon model. The
radiation is emitted only in a period of the media passing the__. .

X e axion stars of our concern, on the other hand, are ones with
axion star. Therefore, we expect that we will first observemuch smaller masses-10-24M . . This is because accord-
monochromatic radiation in a short period and then observe ' O

the thermal radiation which is emitted until the dissipationIng to the arguments of Kolb and Tkachg7,9 the axion

- . . : stars produced in the early Universe have masses typically
energy deposited by the axion star is exhausted. This thermauch as 102\, 0,h? where ), is the ratio of the axion

radiation is observed possibly as a nova which is an oIc? . . N . .
white dwarf heated by t%e colli)'/sion. Here we should mention. o' 9Y density to the critical density in the Universe &rid

that since the rate of the collision between the white dwarfilhaevsgggf C%gi?gé 'gﬁlé?':f]e()f ;gg d kOT t]hSeMQpéD ' Iggg tran-
and the axion stars is very small, it seems difficult to observ P P P

monochromatic radiation sition with axions contracting due to effects of both the

Because the strength of the electric fields is proportiona _rawtatlonal attraction and the attraction of the axion poten-

o tial.
to the strength of the magnetic field, the phenomena are dis- So in order to find such solutions and to obtain explicit

tinctive of strongly magnetized media. We show that the )
gy g relations among the parameters, e.g., radRys, massM,,

amount of energy dissipated in white dwarfs, for instance,etc of these axion stars, we have numerically obtained so-
with mass~0.5M 5 and with a magnetic field larger than N ' y

. . . , lutions of the spherical axionic boson st4i®,8,13 in the
10° G, is approximately given by 18 erg M /10 Mo . g : .
where M(M) is the mass of the axion stathe Sun. limit of a weak gravitational field. Relevant equations are a

Namely, in almost all cases, the whole energy of the axior{ree field equation of the axion and Einstein equations:
star is dissipated in such white dwarfs. In our discussions we AN
e S o i (hy—h,)a

glect, for simplicity, gravitational effects of the magne =
tized conducting media on the axion stars when they collide 2
with the media. Later we discuss this point.

In S_ec. Il we present our soIL_Jtion_s of the axionic_ boson h/= ﬁ+4wGr(a’2— m§a2+é12), )
stars with small masses. The axion field of the solutions os- r
cillates with the frequency of the axion mass. We show ex-
plicitly relations between the mass and the radius of the ax-
ion star, which are exploited for an the estimation of the
amount of energy dissipation in magnetized conducting me-
dia. In Sec. lll we describe an intriguing phenomenon: thawhere we have assumed gravity as being small,hg<<1,
the axionic boson star induces an oscillating electric fieldso that the metric is such thatls?=(1+ ht)dtz—(l
when it is exposed to an external magnetic field. This electrict h,)dr?—r?(d6?+sirf6d¢?); r, 6, and¢ denote the polar
field induces electric currents carried by ordinary chargedoordinates. The first equation is the equation of the axion
particles in the magnetized conducting media. Thus axiofiield a. The second and the third equations are Einstein equa-
stars dissipate their energies in such media. The axion star lions. An overdoi(prime) indicates a derivative in timgr).
magnetic field possesses another oscillating electric curref@(m,) is the graviational constarithe mass of the axign
even in nonconducting media such as vacuum owing to aithe potential term~ sin(@) of the axion has been neglected
interaction of the axion field with the electromagnetic fields.because the amplitude of the fiedds sufficiently small for
The curren{11] is composed of the axion field although the nonlinearity not to arise since the mass of the axion

2 h{—h/
—+
r 2

”

a’-mlfa, (1

h :
hr’=—Tr+47rGr(a’2+m§a2+a2), 3)
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star is small enough. Actually the masses we are concerned We can see that the parametdk; can take an arbitrary
with are such as-10 '*My, while nonlinearity has been value and that it represents the gravitational effect of this
found numerically to arise only for axion stars with massessystem. Namely, the mass of the axionic boson star is deter-
larger than~10"°M¢, . We need to impose a boundary con- mined by choosing a value of the parameter. Note that the
dition such ash,(r=0)=0 for the regularity of the space- normalization ofB has been fixed in Eq.7) although the

time. equation is linear irB.
Changing the scales such thatm,t, x=m,r, and b We may take the value af without loss of generality
=al/m,, we rewrite the equations as follows, such thatv = —U(x=<«). Then it turns out that the inverse
k~* of the binding energy represents the radius of the axion
T o star; B decays exponentially such as exi) for x—oo. It
b=Vb+b"+ X V' [b’ b, “) turns out from Eq(7) that the choice of small values eAg
leads to solutions representing axion stars with small masses
h! —h/ and large radik 1.
V'= 5 Before solving Eq.(7) numerically, it is interesting to
rewrite the equation as follows. That is, we rewrite the equa-
X ) tion by taking only dominant terms of a “potentialVy, in
f dxx?(b'2+ b2+ b?) Eq. (7),
—e| = _ —xt2|, (5
X 5 3U’ , (U+v)B
Vp=€eAg (T+ 7 )B + 5 9

with e=47Gm?2, where we have expressatl in terms of

the fieldb, solving Eqs.(2) and(3); here an overdofprime) in the limit of the large length scale; setting= Ay, we take
denotes a derivative in(x). We understand that if the gravi- a dominant term aa —. This corresponds to taking the
tational effect is neglectedeE0), the equation ob is re-  axion stars with their spatial extension being large.

duced to a Klein-Gordon equation. Thus the frequencyf Then, since the dominant term in the limit is the last term
the fieldb receives a small gravitational effect of the order ofin Eq. (9), U+v~ [ dxxB?, we obtain the following equa-
e,0=1-0(e). tion:
We look for a solutior{8] such that
b=A,B(X)sinwr+0(€e)sin 3w, (6) Y- BL dyyB’
B=B"+T+T, (10

whereB(x) represents coherent axions bounded gravitation-
ally with their spatial extension representing the radius of the .
axion star;B(x) is normalized such aB(x=0)=1. Later Whifz Wi have f(;aled the variables SUCh. t@ )
we find thatA, is a free parameter determining the mass or=K B“/€Ag andx=k""z; an overbar denotes a derivative in
radius of the axion star. The second term is a small correcz This equation is much simpler than K@), where we need
tion of the order ofe. Here we comment that previous solu- 10 find each eigenvalue déffor each value okAj given, in
tions[8] representing axion stars with larger masses posseﬁder to obtain solutions of the axion stars with various
more oscillating terms such as sin2l)e with n masses. On th_e other hand, we need only to find an appro-
=1,2,....Inserting Eq.(6) into Egs.(4) and(5) and taking priate value ofB(z=0)= eAS/k4 in order to obtain such so-
account of gravitational effects only with the orderegfwe  Iutions in Eq.(10). A relevant solution we need to find is the
find that solution without any nodes. Obviously, the solution is char-
acterized by one free paramekéror eA3, which is related to
3U'\]_, eAj(U+v)B the mass of the axion star. Namely, the choice of a value of
T+ 4 B T the mass determines uniquely the properties of the axion star,
(7) e.g., the radius of the star, distribution of the axion fiald
etc.
with Although Eq.(10) governs only the axion star with a large
radius, we have confirmed by solving numerically the origi-
X 5 s Y oo nal equation(7) that the stars of our concern can be con-
foz B“dz « foz B'dz trolled by Eq.(10).
——— and UEJ dy| ——-yB?/, We have confirmed that our numerical solutions may be
x? 0 2 approximated by the explicit formula

k’B=B"+

2
;‘FGAS

T

_ o _ a=fpgagsin(myt)exp(—r/Ry,), (11
where k?(=1—w?) is the binding energy of axions. We
have imposed a boundary condition for consistency such thavhere t(r) is the time (radia) coordinate andfpq is the
V(x=0)=hy(x=0)/2= eAlv w sin 2w, this is the definition decay constant of the axion. The valuefet, is constrained
of constanty in the above formula. from cosmological and astrophysical considerati¢Bs2]
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such as 1¥ GeVv <fpo< 10*? GeV. Corresponding to associated with the oscillating chargg owing to current
this constraint, m, is constrained roughly such as conservatiof11] (dopa— 55;:0). This is given such that
107° eV <m,<10~° eV. _ Ja=—cadaBlfpom. Itis important to note that this electric

In the limit of the small mass of the axion star we have ., ant js present even in nonconducting media such as a
fouﬂd a simple relgt|0|ﬁ12] between the mashl, and the vacuum as far as the axion star is exposed to the magnetic
radiusR, of the axion star, field. On the other hand, the curredy, is present only in

m2 magnetized conducting media.
Ma:6_42_'3" (12) Sinceda~mga in the case of the axion star, the ratio of
mM3Ra Jm/J, is given byo/m,. Hence,J, is dominant in media

with <10'¥s, while J,, is dominant in media witho
>10'Ys; note that 18/s<m,<10'¥s, corresponding to the
above constraint orfpg. Astrophysically, the interiors of
neutron stars or white dwarfd6], which are our concern in
His paper, possess electric conductivities large enough for
Jm, to be dominant. On the other hand, envelopes or surfaces
of the white dwarfs may have the small conductivities so as

with Planck massn,. Numerically, for exampleR,=1.6
X 10°m; M ;' cm; hereafter we use the notatio,
=M,/10 "My and m,=m, /10" eV. A similar formula
has been obtained in the case of boson stars of compl
scalar fields[13]. We have also found an explicit relation
[12] between the radius and the dimensionless ampligyde

in Eq. (1), for J, to be dominant, although the envelopes of the neutron
(10 cm)210°° eV stars have still much large conductivities so thgtis domi-
ap=1.73x10"° = p (13  nant.
a

a Now we discuss some implications of these electric cur-

These explicit formulas are used for the evaluation of therents. First we show that these electric currents, especially,

dissipation energy of axion stars in magnetized conducting]m yield ther.mal energies to the conduct!ng. media owing to
media. oul heat. It implies that the axion stars dissipate their energy

in the media. It also implies that the media increase their
temperatures and as a result they radiate thermal photons
lll. AXION STARS IN A MAGNETIC FIELD more than before. In particular, it will be shown in the next
We now proceed to explain that the axionic boson star§ection that the dark white dwarfs become bright enough to
generate an electric field in an external magnetic field. It will0€ detectable, when they collide with axion stars. Such white
turn out, below, that the field gives rise to intriguing astro-dwarfs have been supposed to be plausible candidates for
physical phenomena. Thus it is important to understand th#ACHOs and to be cooled sufficiently so that the optical
mechanism of producing the field. The point is that the axiorf€étection of them is difficult without the heat produced a

coupleq 2] with electromagnetic fields in the following way: collision. _ o
Second we show that since the currents are oscillating,

L, :Caaﬁ.g/prTr, (14)  radiation is emitted. However, most of the radiation is ab-
a4 sorbed inside of the conducting media. Thus observable ra-
with a=1/137, whereE and B are electric and magnetic diation is the only one emitted around the surfaces of the

fields, respectively. The value af depends on the axion Media. In particular, the emission from the surfaces of the
models[14,15; typically it is of order 1. neutron stars and the white dwarfs is important, to be dis-

It follows from this interaction that Gauss’ law is given by cussed. But there exists the problem that we cannot estimate
precisely its luminosity since we do not have enough infor-
5|§=_Cag_(aé)/fPQﬁnmaﬁer'n (15  mation about the physical properties of the surfaces, e.g.,
electric conductivity, opacity, etc., of magnetized stars.
where the last term “matter” denotes contributions from or- Hence our estimation of the luminosity is necessarily am-
dinary matter. The first term on the right hand side representgiguous. However, it will turn out that a sufficient amount of
a contribution from the axion. Thus it turns out that the axionemission for observation is expected in the case of neutron
field has an electric charge densjiy= —Ca5~(al§)/pr7T stars since electric conductivities of the surfa¢es called

under the magnetic field [11]. This charge density does not envelopesare much larger than those of normal metals.

vanish only when the field configurati@nis not spatial uni- In order to see these expectations, first of all, we would
y 9 P like to calculate the dissipation energy of an axion star ex-

form sincedB=0. Thus the electric fielé, associated with  posed to a magnetic field. The field is associated with the
this axion charge is produced such tkat= —caaB/fpqm.  neutron star or the white dwafl6]. We suppose in such a
Note that bothp, andE, oscillate with the frequency given situation that these magnetic stars collide with an axion star.
by the mass of the axion in the case of the axion star sincés the radius of the axion star dependsMyg andm,, we
the fielda itself oscillates. need to treat the two cases separately: the case of the radius
Obviously, this field induces an oscillating electric currentof the axion star being larger than the radRof the me-
Jm=0oE, in magnetized conducting media with electric con-dium, R,>R, and the inverse case,<R. Namely, dissipa-
ductivity o. In addition to the currend,, carried by ordinary tion arises when the media are inside the axion star and it
matter, e.g., electrons, there appears an electric cudrent arises when the axion star is inside of the media.
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Denoting the average electric conductivity of the media Next we calculate the luminosity of the monochromatic
by o and assuming Ohm’s law, we find that the axion starradiation emitted around the surface of the magnetized me-

dissipates an energ¥/ per unit time, dia. It arises associated with the oscillation of the curdgnt
5 20 203 or J,,. Here we are only concerned with the cd®g>R.
W.=40a"c"BagR*Bm  for Ry>R (16)  This is because the radiation is emitted only around the sur-
face of the media; it is possible when the media is inside the
B ) 1 o mg axion star.
=5.5°x 10" erg/s 1075 (10 ° eV)? We denote the depth of the region from the surfacelby
in which radiation is emitted and can escape from the mag-
M4 R3 B2 netized conducting media. We also denote the average elec-
X —— (17 tric conductivity in the region byr. These values are not
(107 ¥Mp)* (10° em)® (10° G)? well known so that we take them as free parameters. Noting
6 that only radiation from a semisphere facing observers can
— 552X 10 ergls o my arri\(e at them; we _cal_culat(_a the electrom_agnetic gauge po-
: 107%s (1075 eV)® :E%r;]tlalsAi of the radiation with an appropriate gauge condi-
on,
M4 R3 B?
X , (19 1 S
(107 M )% (1¢° cm)® (10%? G)? A=g- Jm(t—=Ro+x-n)d>x (22
0J surface
W_=0a’c’B’R3aj/8m for R,<R (19 cavagB, | o
=—f sinm,(t— R+ Xx-n)d>x (23
o M B2 7R surface
=4c’X10® ergls —— — 5
10%%s 10 M4, (1¢° G) 2cacaBR

(20) 5[ M,d cosm,(t—Ry)
ROma

M B?

g
, —2 cosm,(t—Ry+R—d/2)sin(m,d/2)], (29
1079510 2M, (102 G)2 o .

=4c?x 10°* ergls

(21 where we have integrated it over the region around the sur-
. face with depthd<R. HereR; is the distance between the
with c~1. We have used the formul&sl), (12), and(13).  gpserver and the medieR§>R). Here we have used the

Since the fielda oscillates[12,8] with a frequency given by crrent, = o, with the fielda in the approximate formula
the mass of the axiom, , we have taken an average in time (11) py setting exp¢r/R,)=1; the media are involved fully
over the periodm, ~. WhenR is much smaller thaR,, we iy the axion star so that/R,<1. On the other hand, the
set exp(-r/R,)=1 in Eq. (1) in the derivation of Eq(16),  current J, should be used for<m,, in which casec
r<R. Win Egs.(17) and(19) is for the white dwarf{16]  should be replaced by, in the above formula. Using the
with R~10° cm andB~10° G, andW in Egs. (18) and  gauge potentials, we evaluate the luminosity of the mono-
(21) is for the neutron staf16] with R~10° cm andB  chromatic radiation with the frequency of,,
~10% G, respectively. The values af have been taken
tentatively. 8
Note that R,=1.6X10"m;?M ;! cm. Hence formula L= §(
W_ is applied to the white dwarf wittR=10° cm only
whenmzM ,>10%, e.g.,ms>10 andM,>1. On the other where we have taken an average both in time and the direc-
hand, W is applied to the neutron star witR=1C° cm tion of the magnetic fieldk? is given such that
only whenmiM ,,>10%, e.g.,ms>10 andM,>1.
We comment that the formula may be applied to the con-

2
c?a3B2R?K?, (25)

a

K2=[mZd?+ 4 sirf(m,d/2)

ducting media where Ohm’s law holds even for oscillating — 4m.d cog m.R)sin(m.d/2)1/2 26
electric fields with frequencies,=10'°-10"? Hz. In gen- ad COYMaR)sin(myd/2)] (2
e_ral the law hplds i!’] medig Whergflegtrons interact suffi- =m2d%2 for mud>1 (27)
ciently many times in a period ah, - with each other or

other charged particles and diffuse their energies acquired =m2dZ[1- cogm,R)] for myd<1.
from the electric field. Actually the law holds with the white (28)

dwarfs and neutron stars of our concern.

We would like to point out that although the electric field In both limits K? is proportional tom?d?. Thus it turns out
I§>a= —Caaélprw is very small owing to the large factor of thatL is proportional too?d? for m,<o or to mﬁd2 for o
fpg, the amount of dissipation eneryy becomes large be- <m,. We should note that the luminosity is proportional to
causeW is proportional to the volumeR?®) of the media or the surface areR? of the magnetized stars; it is of the order
the volume R?Y) of the axion stars. of (10°)? cn? for neutron stars or ()2 cn? for white
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dwarfs. Thus the quantity is enhanced even if the luminositynetals and reaches a stage of a fast Debye coplify It
per unit area in the surface is quite weak. This is the point weneans that the old white dwarfs have been sufficiently
wish to stress. As we have stated before, phenomena causedoled[17] so that their core temperature is much lower than
by the axion are too faint to be detected owing to the smalll0* K, for example. In such a case, the conductivity of elec-
factor of m,/fpq. But in our case we have a large factor trons has been found19] theoretically to be largeos
R?mZ of the order of, for example, 1®in the case of the ~10°%(T/10° K)/s at density~10" g/cn® whereT repre-
white dwarfs. sents the core temperature inside a white dwarf.

To evaluate numerically the value bfwe need to know Then, colliding with the axion star, the white dwarf gains
the depthd and the electric conductivity around the sur- dissipation energy per unit time as follows:

face. It seems that the quantities depend on each physical .

condition of the surface of the magnetized stars, e.g., tem- 25 1F5 o m,
perature, constituents, etc. Thus it is difficult to estimate gen- W>=9.%"X1 er9/°1025/5 (1075 ev)s
erally the luminosity. In later sections we discuss it by as-
suming that the depth is given by the penetration depth of the M2 R3 B2
radiation. Then the depth is written in terms of the conduc- X 714‘3 7 3 5 for R,>R,
tivity o. With this simplification, only the conductivity (107 *Mg)* (10° cm)® (10° G)
around the surface remain as an ambiguous quantity. (29)
g
IV. WHITE DWARF W_=4c?x10% erg/s —-
White dwarfs[16] are stars in the final stage of their lives 10%%s
with intermediate massesMy~8 My . As is well known, M B2
they are composed of C or O with atmosphere of H or He, for R,<R, (30)

X
and their mass (radius is typically given by 10 M (10° G)?
0.5M(10° cm). The pressure in the white dwarfs is domi-
nated by the pressure of degenerate electrons whose densiiere we have taken the above value of the conductivity.
is much larger than normal metals. On the other hand, th&loting that the constartis of order of 1, we found that the
internal energy is dominantly given by the kinetic and poten-White dwarf gains so much thermal energy when it goes
tial energies of nuclei such as C and O. Then, radiation fronihrough the axion star.
them reduces their internal energies stored inside. As a result However, the maximal energy the axion star can deposit
their temperatures decrease and their luminosities beconf€r unit time is the energy possessed by a part of the axion
small with time because they never generate nuclear eneptar which the white dwarf sweeps per unit time, when the
gies. Hence old white dwarfs are expected to be so dark tha&twarf is smaller than the axion staR{>R). This is owing
it is difficult to observe them. This fact leads to the naturalto energy conservation. As the relative velocityoetween
expectation that the white dwarfs in the halo are candidatetfie white dwarf and the axion star in the halo is approxi-
of MACHOs detected with a gravitational microlense effect.mately given by 10°X light velocity, the energy stored in
Actually some of cooling modeliL7] of white dwarfs sup- that part can be estimated such asR?8M/4R}
port this expectation, although this point is still controversial.~10*® erg/ls M./10 *My)* (m,/107° eV)®. This s
There are several arguments against this possibility of themaller thanW-.. estimated naively. Therefore, the real
MACHO being a white dwarf18]. amount of energy the white dwarf can gain is at most given
Here we assume that the MACHO is just a dark whiteby — W,es~10% ergls M,/10 ¥*M)*(m,/10°° eV)S.
dwarf with sufficiently low temperature whose population is The gain of energy continues until the white dwarf passes
2X 10" »/0.5M o ~4 % 10'% note that the total mass of the through the axion star. Thus the total energy gained by the
halo is about 4 10''M,, half of which is expected to be white dwarf (or dissipated by the axion sjais 2R,/v
the mass of the white dwarfs. We show that the dark whitex W,¢,~10% erg (M, /10 ¥*M)3(m,/107° eV)* in the
dwarfs become bright again with the collision of the axioncase of the radius of the axion star being larger than that of
stars. We also calculate the rate of the collision in a halo. Ashe white dwarf. This is the energy gained by the white
a result we find that the number of white dwarfs in the halodwarf when it passes the axion star without trapping the star.
increases discontinuously with luminosities below a certairf the white dwarf traps the axion star, the white dwarf may
luminosity (10 >%L,—10 ’L) gained by the white dwarfs gain a larger amount of energy. Maximally all of the mass
with the collision. M,=1.8x10" erg M,/10 M) can be transformed
These white dwarfs may have strong magnetic fields typiinto thermal energy.
cally such as 19 G. Then when they collide with axion On the other hand, when the dwarf is larger than the axion
stars, the axion field generates curredtsand J,, in the star, it is obvious from the formulé30) that the whole en-
white dwarfs. Consequently, thermal energies are produceergy of the axion stam,=1.8x 10°? erg (M,/10 M),
with the dissipation of the axion field energy. The energieds dissipated within 1 s. Namely, such an axion star evapo-
(x0J?) are expected to be large owing to the large electriocates soon after it enters the white dwarf.
conductivity in the white dwarfs. In particular, the inside of  Suppose that a white dwarf with mass 8.8, and ra-
sufficiently cooled white dwarfs is crystallized just like solid dius 10 cm is in the stage of Debye cooling. Then, its spe-
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cific heatc, per ion is given approximately by16] c, where() is a solid angle. We have taken into account the fact
=167*(T/6p)%5, where 6, is the Debye temperature, that Earth is located at about 8 kpc from the center of our
typically being 10 K. Hence the injection of galaxy, simply by counting the number of the collisions aris-
energy, 1& erg(M/10 *M)3(m,/107% eV)* [or M, ing in the region fronr =8 kpc to 50 kpc. Here we have
=10% erg(M,/107*®M)], increases the core temper- assumed that the collisions take place with their cross section
ature of the white dwarf to =1.5x10" K(M/  simply given by m(10° cm)%(10" %M /M,)2ms * for R

10" MM 0)(my/107° eV)  (or  =1.5X10° K(M,/ <R, and7(10° cm)? for R>R,, respectively. Namely the

10" "M )'") when the initial temperature is much less thanqoeq section is a geometrical one of the axion star or the

Qwhite dwarf. But we expect that the actual cross section is

need to know the surface temperature. Generally, the surfaqﬁuch larger than this; a tidal force of the white dwarf may
temperature is much lower than the core temperature. It de; '

pends on the opacity of the atmosphere of the white dwarfcsi;crrease the kinetic energy of the axion star by tearing the
Recently it has been showg0] that a white dwarf with an L .
atmosphere of helium has much lower opacity at surfac% We also calculate the rate of thg collision in the neighbor-
temperature £6x 10° K) than the ones estimated previ- oo_d_of Earth. In_pqrhcular, we wish to see how many the
ously. Such a white dwarf cools more rapidly. According to €Ollisions occur within a volume (1 kpt)n a year around
the model[20] of the cooling, such white dwarfs of ages Earth. This is because, since the luminosity of the white
~10' yr have been cooled with core temperatue.3 dwarfs expected in the collisions is very small, the dwarfs
K; its luminosity is 10 >% which is less than the mini- assume that Io;:al density of the hlig] is given by 0.5
mum luminosity ~10 %8, of a white dwarf observed at <10 “* g cm™°, half of which is composed of white
present. Thus white dwarfs older than'd@r must be dwarfs and the other half is composed of axion stars. Then it
cooler than this one. It is expected that the ages of the halts €asy o fizld that the rate of collisions is gilven by
white dwarf population is around D210'° yr. Hence if an  ~0.08M;,/ms ™ per year foR<R, and~6X 10°°My; per
axion star with mass larger than T6M (10 °M) col-  year for R>R,, respectively, where we used the relative
lides with a white dwarf whose radius is larger than that ofvelocity being equal to 310" cm/s. It seems that it is dif-
the axion star, then the core temperature reaches more théault to detect the collisions. The real population of the
=1.5x10° K(=8.4x10° K) and its luminosity reaches white dwarfs and the axion stars in the halo may be smaller
more thanL=10"°L (=10 4%,) according to the cool- than the one we have assumed in the analysis. Then the
ing model; here we have simply extrapolated its result to theollision rate is smaller than the above value and it is more
case of lower luminosity than that(10 >_.) addressed in difficult to detect collisions with the observation of mono-
the model. It takes about 410" yr (5x10° yr) for the  chromatic radiation discussed below. However, if we take
dwarf to lose the energy injected. into account the fact that the actual collision cross section
Now we proceed to estimate the rate of collisions betweefnust be much larger than the geometrical one of the axion
the white dwarf and the axion star in the halo. Especially, westar due to gravitational attraction, the rate will increase. To
are concerned with the event rate observed in a solid angléee this we need to analyze numerically the collision in de-
5°x5°, for example. We assume that as indicated by recerf@il. _ _ _
observations of gravitational microlensing, half of the halo is Here we wish to discuss how many white dwarfs heated
composed of white dwarfs with masé=0.5x M and ra-  With collisions are present in a region around Earth whose
diusR=10° cm. The other half is assumed to be composed/olume is assumed to be (1 kdcFor this purpose we note
of axion stars. The total mass of the halo is supposed to b@at white dwarfs heated with collisions lose the energies
~4x10"M, . Furthermore, the distributioi21] of the halo injected, taking many years. Hence, even if the collision rate
is taken such that its density(r2+ 3R§)/(r2+ Rg)z with is small, the number of such white dwarfs increases with
R.=4 kpc wherer denotes a radial coordinate with the ori- ime and saturates at a balance point between t7he decay
gin being the center of the galaxghe final result does not @nd the production. For example it takes M) yr
depend practically on the value Bi=2—-8 kpc). Then it is (15>< 10° yr) for a white dwarf with luminosity

easy to evaluate the event rate of the collisions; 0°Lo(10"*%Lp) to lose the energy which is injected by
an axion star withM =10 2M,(M=10"°M). On the

14 s s 4 other hand, the rate of collisions producing the dwarf with
(100 "Mp)® (10> eV) the luminosity is given by=6x10"° per year &6x10~°
Mg mg per yeay in the region with volume (1 kpé) Thus it turns
out that there are present 84(3) such white dwarfs in the
region. The number of such white dwarfs becomes larger as
their luminosities gained with the collisions are smaller. For
example, with a collision of the axion stst=10"1M, a
white dwarf gains a luminosity 16°L , and loses its energy
10 "My O for R>R in 3.7x10° yr. On the other hand, the production rate of the
M, 5°Xx5° or a dwarfs is 6x 10" 7 per year. Thus there are present approxi-
(32 mately 22 such dwarfs. Accordingly, we understand that as

0.5 peryeax

X for R<R,, (31

5°X5°

5X10°° peryeaK
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the mass of the axion stars is smaller, the energy gained bgwarf passes the axion star, there are no oscillating currents
the white dwarfs is smaller and their resultant luminosity isaround its surface; the currents arise only when the dwarf is
smaller, but the number of such dwarfs is larger. passing inside the axion star. Therefore, the period of
Although we do not know theoretically the masses of thethe emission continuing is given by RR/v~3.2
axion stars, observations of dark white dwarfs enable us ta1g0 cm mg 2M (3% 107 cm/s)~10° s for m2My,
determine the mass of the axion stars. Namely, if there is a 1
threshold luminosity, e.g., I@-io below which the num- It seems that the luminosity is small for the observation of
ber of white dwarfs increases discontinuously, it implies thatthis radiation. But it depends heavily on the mass of the
such white dwarfs with threshold luminosity are producedaxion especially in the case ofi,>c. For example, ifm,

with collisions of axion stars with a corresponding mass, 10745 eV whereR~R,, thenL~10% erg/s in the case

e.g., 10 "M . In this discussion, we have assumed thatold .~ ~ .
white dwarfs dominant in the halo have been cooled suffi-Of my>a, Eq. (34). This may be large enough for observa-

ciently and their core temperature is quite Iavg., less than tions. Furthermore, we point out that there are huge ambigu-
10 K) ities in the evaluation of the luminosity as we have men-

Until now, we have discussed the thermal radiationtioned before. Thus we cannot determine definitely whether
caused by an axion star which dissipates its energy antpe luminosity of the radiation is large enough for observa-
makes the white dwarf warmer than before. tion or not. Although there exist some parameter ranges for

We proceed to discuss the monochromatic radiation gerfhe radiation being observed, it seems difficult to observe the
erated by oscillating electric currents. The radiation is emitfadiation caused by the collision unless the luminosity is so
ted only around the surface of the white dwarf. OtherwiseJarge for the radiation from the distance 10 kpc to be detect-
the radiation is absorbed inside the white dwarf. There ar@ble. Note that the rate of collision is given approximately by
difficult problems in estimating the amount of such radiation60M ;,°m; # per year per (10 kpé)
because the physical parametérsnductivity, opacity, etg. In the above discussion we have assumed that the axion
around the surface of the cooled white dwarfs are not yestar does not receive any gravitational effects from the white
known so well[17,2Q. Thus our estimation is inevitably dwarf in the collision. However, actually it receives strong
ambiguous. However, with the assumption that the depth gravitational effects from the white dwarf. This is because
of the region in which the radiation is generated and can geéhe mass of the white dwarf is much bigger than that of the
out of the white dwarf is given by the penetration depth ofaxion star. So we need to take into account the effects in
the radiation, we can obtain the amount of radiation defiorder to see whether or not some of the assumptions are
nitely with one ambiguous parameter, the penetration deptishanged, in particular, the number of axion stars which was
which is written in terms of the electric conductivity and the estimated naively under the assumption of the stars not de-

frequency of the radiation. _ o caying within the age of the Universe.
With use of Eqs(25) and(26), we find the luminosity of First of all, we examine whether or not the axion star
the radiation, decays by a tidal force when the white dwarf passes near it.

1 _— 50 rd 2 We suppose that the axion star decays if the energy differ-
L~10*" erg/s BgRgoomsM1,c®  for my<o, (33  ence caused by the tidal force between different parts of the
axion star is larger than the binding energy of the axion star.

~10% ergls BRGMEM 1,205 for me>o (34 In particular, we wish to estimate how many axion stars sur-
vive without decaying in the present Universe whose age is

where approximately 18 yr.
Suppose that an axion star with mass ¥, is com-
B__ "o R__ R P P posed of two parts which are bounded gravitationally with
1 el Y 10 em’ 2 109s’ O ° 105/s’  each other; the distance between the two parts is assumed to

(35) be R,. When a white dwarf passes the axion star, each part
receives a different gravitational force owing to the differ-
Here we have only addressed the case that the radius of tlece of their distances from the white dwarf. In order to
white dwarf is smaller thaiR,. We have used the penetra- examine whether or not this tidal force tears the axion star,
tion depthd=1/270 for m,> ¢ andd=1/2mom, for m,  we compare the energy difference between the gravitational
<o, respectively. In both cases we have simply assumeénergy received by a part of the axion star from the white
that values of both the dielectric constant and magnetic perdwarf and the energy received by the other part of the axion
meability are the same as those of the vacuum. Numericallystar, with binding energyc Mf\/Ra of the axion star. It is
d~10° cm/og for my>o andd~10"° cm(o,gms) “%°for  reasonable to think that if the energy difference is larger than
m,<<o. We should note that as a source of the radiation, thehe binding energy, the tidal force tears the axion star. The
matter current],, carried by electrons is dominant fon,  energy difference is dependent on the impact parameter of
<, while the axion currend, is dominant form,>¢. In  the collision between the axion star and the white dwarf.
each case we have represented the luminosity in B&®. Assuming a relative velocity of IGx light velocity, we
and (34), respectively. find with rough estimation that the axion star decays with the
This monochromatic radiation is emitted only during thetidal force when they approach within f0cm of each
collisions with the axion star. This is because after the whiteother. Since the number of axion stars in the halo is given by
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~2X10"M /10 *M o =2x10?°, and the number of white Using the formulag25) and(26), we obtain the luminos-

dwarfs is~2x 10''"M /0.5X M o =4x 10'%, the number of ity of the radiation,

collisions Iggding to the decay of axion stars is at most of the

order of 16° within the age of the Universe. Therefore, it T 2 2 5pn 14

turns out that almost of all axion staisore than 99%have L~10°" ergls BiRso20msMia, (36)

survived against such collisions. Note that axion stars with

masses larger than 1M can survive even more against with

the tidal force of the white dwarfs. This is because the col-

lision cross section becomes smaller for such axion stars and

so the decay rate is smaller. B.— B R.— Rn P
Although we found that there are still present quite large Y02 et % 10 em’ 0 1099s]

numbers of axion stars in our halo, we do not know how

actually direct collisions between the axion star and the
white dwarf take place; a direct collision implies a collision WN€re we have used the above formu(@) and (13) for

with their closest distances being less thag~10° cm. expressing, in terms of the mas , of the axion star. We
Namely, its cross section is given bym[1.6 have assumed for convenience that the conductivity takes a

X 10 cm(10 M, /M,)T?, i.e., the geometrical cross sec- value such as fs. Itis reasonable to take such a value of
tion of the axion star itself. It seems that the gravitational? because the number density of electrons at the sur.face
force deforms strongly the configulation of the axion star,_ml_JSt be much larger than that of ”Or”?a' metals. Then, since
but the coherence of the axion field may hold and generatiof} 'S_Much larger thamn,, the depthd is taken such asl

of electric currents still arises. Thus we expect the heating uf Y1/2mama Which is the penetration depth of the radiation.
of cooled white dwarfs and the resultant emission of thermall NiS luminosity is that of monochromatic radiation with fre-

radiation as well as monochromatic radiation. quencym,/2m=2.4X 109m5_ Hz.
Emission continues until the axion star passes through the

neutron stars. It takesR, /v ~3.2X10"° cm m;*M 1,1/(3
V. NEUTRON STARS X 107 cm/s)v 1§' s mz°Mt, assgming that the velocity
of the axion star is 10’ cm/s, which is the typical veloc-
Now we proceed to discuss the influence on neutron starngy of matter composing the halo in our galaxy.
of their collision with the axion stars. The neutron gte8] is The monochromatic radiation emitted at a distariize

highly dense nuclear matter composed of neutrons and prdrom Earth is detected at Earth with the following strength:
tons, although the number of protons is much less than that
of neutrons. Since their radiuR, is typically given by
10° cm, we are only concerned with the caf<R,
~10Pmg2M;* cm. Since there are also highly dense elec-
trons, the conductivity is quite higher than that of the whitewith Dype=D/1 kpc, where we have assumed that the fre-
dwarf. As is well known, a strong magnetic field is present.quencyv of the radiation is Doppler broadened with a char-
Its strength is typically given by 8 G. Hence, the amount acteristic widthA»~10"3» owing to the velocity of the
of energy dissipation of the axion star per unit volume in theaxion stars. Units of Jy denotes Jansky: 1 Jy
neutron star is much larger than that in the white dwarf. But=10"2% erg cm? s ! Hz 1. It turns out that the strength
as we mentioned in the previous section, the actual amourf the radiations is large enough to be detectable although
of energy dissipation is restricted owing to energy conservathe duration~10® s of radiation emission is very short.
ton. It is given by RIMJARI~10° erg/ In order to estimate how frequent the events of the colli-
S(M /10" "M )4 (m,/107° eV)®. The total amount of sions between the neutron star and the axion star occur in the
the energy deposited after the collision is neighborhood of Earth, for examplB,<1 kpc, we need to
10% erg (M,/10"**M)3mg. This is a small fraction of the know the number density of the neutron stars including old
thermal energy possessed by the neutron star. Therefore,irvisible ones in our galaxy. Assuming the number of
collision with the axion star does not affect significantly thethe axion stars in the halo being given by 2
thermal content of the neutron star, contrary to the case ok 10"'M /10" M ,=10?® and their uniform distribution
the white dwarf. within a volume~ (50 kpc)y, we find that the events in a
Although the thermal energy does not change so muckolume~ (1 kpc)® occur with a rate of the order of 10 °
with the collision, a detectable amount of radiation from theper year when the number of neutron stars in the volume is
surface of the neutron star arises during the collision with thgust 1. Here the collision cross section is assumed to be given
axion star. As we mentioned, the axion field of the axion staby the geometrical oner(10%? cn? of the axion star.
generates an oscillating electric fidit) when it is under a Therefore it is impossible in practice to detect such phenom-
magnetic field. Thus the oscillating currel,=cE, is in-  ena unless the number density of the invisible old neutron
duced around the surface, which generates obviously the ratars in the neighborhood of Earth is much larger than the
diation. In the case of neutron stars the electric conductivityone we expect or the real collision cross section including
is so largg[19] even at the surface that the luminosity of the the gravitational effect of the attraction is much larger than
radiation is large enough for it to be detectable. the geometrical one.

(37)

~1 Jy BI,RE020miM1,(Dypo) 2 (38)
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VI. DISCUSSION their electric conductivityr is still large even at their enve-
lope. However, the number density of neutron stars in our
e ; . 8 - éalaxy may be much smaller for the rate of collisions to be
energies in magnetized conducting media such as Whitgjry rare, ~ 10%/kpc® per year when their number density

dwarfs or neutron stars. Among them, the old halo whitejs given by 1/kp@. Thus it is difficult to observe monochro-
dwarfs with a sufficiently low core temperature<(C® matic radiation from neutron stars.

K-10* K), possible candidates of MACHOs, are heated in  On the other hand, although the collision with white
this mechanism and emit thermal radiation. Their luminosi-dwarfs does not lead to strong radiation such as that from
ties have been estimated to achieve more than the luminosityeutron stars, the number density of dwarfs is supposed to be
1075L (10" "L ) of a white dwarf wherM is larger than much larger than that of neutron stars so that the rate of
107 Mo (10"*My); in the case of mass 1¢*M, we  collisions is much larger than one in the case of neutron

have assumed the axion stars being trapped to the whiars. It is approximately given by 0.06/Kpper year with
dwarf and dissipating their whole energy. These dwarfs los#iSe 0fMa=10" M, and with use of the geometrical cross
their energies with the radiation and become dark with timesection & R3). Hence, unless the luminosity of the radia-
while new such dwarfs are produced with collisions of axiontion is large enough for it from the distance 10 kpc, for
stars. The masses of almost of all axion stars could be fixegxample, to be detectable, the value is a little bit too small
to a certain value in a range of 1¥M,-10 "M, when  for observation. Furthermore, our assumption of the popula-
they are produced at a QCD phase transition. Thus the cof#n of white dwarfs and axion stars is dubious. In general
temperature or the luminosity of the dwarf heated with athe population is smaller than the one we have assumed.
collision must be almost the same as each other. Therefordhen the collision rate is smaller than one in the above esti-
we expect that there exists a threshold luminosity belowmation. Hence the real rate of collisions may be small
which the number of halo white dwarfs increases discontinu€nough so as for the collision to be undetectable. But taking
ously. The threshold is determined with the mass of axiorinto account the gravitational attraction between the axion
stars which collide and heat the dark dwarfs with sufficientlystar and the dwarf, the real cross section may be larger than
low temperature. In our estimation the threshold luminositythe naive geometrical one. Thus the rate of collisions may be
is given by 10 ,-10""L, corresponding to the masses larger than one we have estimated. On this point we need to
of axion stars quoted above. analyze numerically the collision in detail.

The threshold luminosity is quite small so that the colli-  Finally, we mention that our estimation is ambiguous in
sion needs to occur near Earth for the detection of such whitéhe sense that we do not know many physical parameters
dwarfs. Thus we have also estimated the rate of collision@ssociated with the phenomena, for instance, the precise val-
within a volume of (1 kpcj around Earth. With assump- ues of both the mass and the population of axion stars, the
tions of both populations of the white dwarfs and the axionmass of the axion itself, the physical properties of invisible
stars being given by half the halo, the rate has turned out tld white dwarfs, the actual cross section of the collision,
be ~0.06M;,°m; * per year forR<R, (6x10 M} per ~and how the axion star collides with magnetic stars. Al-

year for R>R,), when the relative velocity between the though there are many ambiguous points in the disscusion, it
dwarf and the axion star is equal to<20’ cm/s, R,=1.6 is important to note that the observation of monochromatic
><101°mg2M1_41 cm. This indicates that the detectign of phe- radiation makes us determine precisely the mass of the ax-

nomena such as a nova caused by a collision would be difons and the observation of the threshold in the luminosity
ficult. But in the estimation we have not included gravita-function of the halo white dwarfs makes us determine the

tional attraction. When we take into account this effect, thema_?ﬁ of th.e a}lxmn'fstars. d h . diati
collision cross section will be quite larger than the naive eoretically, It we detect monochromatic radiation

geometrical one we have used in the estimation. So we mal hi_Ch is emitted_ ".1 a short period, it_is a good signal indi-
expect that the cross section will become large so that th ating that a collision between the axion star and the magne-

actual rate of collisions is large for us to be able to observéf"zed media actually OCcurs. After the dgte_ctlon we expect to
the phenomena. On this point we need to simulate numer2€€ @ nova in the dlr_ectlon of the rqdle}tlon; the nova IS a
cally the collision and to know how the collision occurs. In Whm? dwarf heate_d with the energy dissipation of the axion
particular we wish to know the collision cross section angSt in the old white dwarf.

also to know whether or not the axion star is torn by the tidal
force of the white dwarf.

We have also shown that monochromatic radiation is A part of this was done when the author has visited the
emitted during collisions between axion stars and magneTheoretical Physics Group at LBNL. He would like to ex-
tized conducting media. The radiation is produced around thpress his thanks for useful discussions and comments to Pro-
surface of the media by oscillating curredf,= oE,. Espe- fessor J. Arafune and Professor B. Hansen, and also for the
cially, strong radiation is expected from neutron stars sincéospitality shownt at LBNL as well as in Tanashi KEK.
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