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Axionic boson stars in magnetized conducting media
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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 10214M ( –10211M ( . 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 1025.5L( –1027L( . Its precise value
is determined by the mass of the axionic boson stars dominant in the halo.@S0556-2821~99!03512-2#

PACS number~s!: 14.80.Mz, 05.30.Jp, 98.80.Cq
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I. INTRODUCTION

The axion is the Goldstone boson associated with Pec
Quinn symmetry@1#, which was introduced to solve natu
rally the strongCP problem. In the early Universe some o
the axions condense and form topological objects@2,3#, i.e.,
strings and domain walls, although they decay below
temperature of the QCD phase transition. After their dec
however, they have been shown to leave a magnetic field@4#
as well as a cold axion gas as relics in the present Unive
the field is a candidate for a primordial magnetic field su
posed to lead to galactic magnetic fields observed in
present Universe.

In addition to this topological objects, the existence
axionic boson stars has been argued@5,6#. It has been shown
numerically@6# that in the early Universe axion clumps a
formed around the period of 1 GeV owing to both the no
linearity of an axion potential, leading to an attractive for
among the axions, and the inhomogeneity of coherent ax
oscillations. Namely, when the temperature of the Unive
decreases and the axion potential is generated by QCD
stantons, the inhomogeneity of the coherent axion oscilla
on the scale beyond the horizon gives rise to localiz
clumps due to the attractive force of the potential. The
clumps are called axitons since they are similar to soliton
the sense that their energy is localized. Then, the axit
contract gravitationally to axionic boson stars@7,8# after
separating out from the cosmological expansion. They
solitons of coherent axions bounded gravitationally.~The ax-
ions are represented with a real scalar field, which has b
shown to possess solutions of oscillating boson stars@8#.!
The masses of the axionic boson stars have been estim
roughly to be of the order of;10212M ( . Eventually we
expect that in the present Universe, axionic boson star
well as the axion gas as dark matter candidates. It has b
estimated@9# that a fair amount of the fraction of axion dar
matter is composed of the axionic boson stars.
0556-2821/99/60~2!/025001~11!/$15.00 60 0250
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In this paper we wish to point out an intriguing observab
effect associated with coherent axionic boson stars; we
them axion stars. Namely, they dissipate their energies
magnetized conducting media such as magnetic white dw
or neutron stars so that the temperature of the media
creases and thermal radiation is emitted. The phenomena
caused by oscillating electric fields generated by the ax
field under external magnetic fields; their frequency is giv
by the mass of the axion. The electric fields induce elec
currents in the conducting media and lose their energies
ing to the existence of electric resistances. Consequently
axion stars dissipate their energies in the magnetized c
ducting media. Although the electric fields themselves
small, the total amount of the energy dissipation is very la
because dissipation arises all over the volume of the ax
stars or the volume of the magnetized conducting me
Radii of the white dwarfs~neutron stars! are typically
109 cm(106 cm), while radii of the axion stars of our con
cern are such as 106 cm–1010 cm. Consequently a detec
able amount of radiation is expected from media heated
way. In particular we are concerned with old white dwa
which are plausible candidates of massive compact halo
jects ~MACHOs! @10# and have been cooled sufficiently
they are dark enough to be invisible. Thus the effect of
energy dissipation of the axion star in such white dwa
possessing small specific heats is so large that the lumino
of the dwarfs after collisions with axion stars increases s
that the dwarfs become observable.

In particular, we point out that there is a threshold in t
luminosity function of the halo white dwarfs~the luminosity
function describes, roughly speaking, the number density
the white dwarfs as a function of luminosity!. Namely, the
luminosity function increases discontinuously below t
threshold of a certain luminosity. To explain it, we first poi
out that the white dwarfs in the halo are sufficiently old
that their luminosity is quite low to be invisible. Especiall
according to a recent cooling model, the white dwarfs with
©1999 The American Physical Society01-1
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AIICHI IWAZAKI PHYSICAL REVIEW D 60 025001
helium-rich atmosphere are expected to have been coole
that their luminosity is less than 1027L( at their age of
;1.231010 yr. Here we assume that MACHOs are su
white dwarfs with a helium-rich atmosphere. Thus they
invisible with present observational apparatus unless they
located quite near the Sun. Then, since they have few in
nal thermal energies, their temperatures increase dram
cally with the dissipation of the energy of the axion star
the white dwarfs. We show that the luminosity gained by
white dwarfs with the collision is about 1025.5L( –1027L(

depending on the mass of the axion star; the mass of
concern is 10211M ( –10214M ( (L( denotes the luminosity
of the Sun!. Therefore, this luminosity is expected to be t
threshold luminosity of the white dwarf luminosity functio
in the halo.

In addition to this thermal radiation from the magnetiz
medium, oscillating electric fields associated with the ax
star in the magnetized medium generate monochromatic
diation with energy equal to the mass of the axion. Since
electric fields arise only during the axion star being expo
to an external magnetic field of the magnetized media,
radiation is emitted only in a period of the media passing
axion star. Therefore, we expect that we will first obse
monochromatic radiation in a short period and then obse
the thermal radiation which is emitted until the dissipati
energy deposited by the axion star is exhausted. This the
radiation is observed possibly as a nova which is an
white dwarf heated by the collision. Here we should ment
that since the rate of the collision between the white dwa
and the axion stars is very small, it seems difficult to obse
monochromatic radiation.

Because the strength of the electric fields is proportio
to the strength of the magnetic field, the phenomena are
tinctive of strongly magnetized media. We show that t
amount of energy dissipated in white dwarfs, for instan
with mass;0.5M ( and with a magnetic field larger tha
105 G, is approximately given by 1042 erg Ma/10212M (

where Ma(M () is the mass of the axion star~the Sun!.
Namely, in almost all cases, the whole energy of the ax
star is dissipated in such white dwarfs. In our discussions
neglect, for simplicity, gravitational effects of the magn
tized conducting media on the axion stars when they col
with the media. Later we discuss this point.

In Sec. II we present our solutions of the axionic bos
stars with small masses. The axion field of the solutions
cillates with the frequency of the axion mass. We show
plicitly relations between the mass and the radius of the
ion star, which are exploited for an the estimation of t
amount of energy dissipation in magnetized conducting m
dia. In Sec. III we describe an intriguing phenomenon: t
the axionic boson star induces an oscillating electric fi
when it is exposed to an external magnetic field. This elec
field induces electric currents carried by ordinary charg
particles in the magnetized conducting media. Thus ax
stars dissipate their energies in such media. The axion st
magnetic field possesses another oscillating electric cur
even in nonconducting media such as vacuum owing to
interaction of the axion field with the electromagnetic field
The current@11# is composed of the axion field although th
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axions are neutral. Owing to these two types of oscillat
currents, the axion stars dissipate their energies in the c
ducting media. Thus the media are heated so that ther
radiations are emitted. The application of these phenomen
discussed in Secs. IV and V where white dwarfs and neut
stars are discussed as magnetized conducting media, re
tively, separately. We summarize our results in Sec. VI.

II. AXIONIC BOSON STAR

Let us first explain our solutions of the axionic boso
stars. Originally Seidel and Suen@8# found solutions of a rea
scalar axion fielda coupled with gravity. Their solutions
represent spherical oscillating axion stars with masses of
order of 1025M ( ; the solution possesses oscillation mod
with various frequencies.~Static regular solutions have bee
shown not to exist in the massless real scalar field coup
with gravity. Even in the massive real scalar field such so
tions have not yet been obtained.! Although these axion star
are oscillating, they are stable solitons composed of the
ions coupled with gravity; they are similar to the ‘‘breathe
solution of the (111)-dimensional sine-Gordon model. Th
axion stars of our concern, on the other hand, are ones
much smaller masses,;10214M ( . This is because accord
ing to the arguments of Kolb and Tkachev@6,7,9# the axion
stars produced in the early Universe have masses typic
such as 10212M (Vah2 whereVa is the ratio of the axion
energy density to the critical density in the Universe andh is
the Hubble constant in units of 100 km s21 Mpc21. They
have been produced after the period of the QCD phase t
sition with axions contracting due to effects of both t
gravitational attraction and the attraction of the axion pot
tial.

So in order to find such solutions and to obtain expli
relations among the parameters, e.g., radius,Ra , mass,Ma ,
etc., of these axion stars, we have numerically obtained
lutions of the spherical axionic boson stars@12,8,13# in the
limit of a weak gravitational field. Relevant equations are
free field equation of the axion and Einstein equations:

ä5
~ ḣt2ḣr !ȧ

2
1a91S 2

r
1

ht82hr8

2 Da82ma
2a, ~1!

ht85
hr

r
14pGr~a822ma

2a21ȧ2!, ~2!

hr852
hr

r
14pGr~a821ma

2a21ȧ2!, ~3!

where we have assumed gravity as being small, i.e.,ht,r!1,
so that the metric is such thatds25(11ht)dt22(1
1hr)dr22r 2(du21sin2udf2); r , u, andf denote the polar
coordinates. The first equation is the equation of the ax
field a. The second and the third equations are Einstein eq
tions. An overdot~prime! indicates a derivative in timet(r ).
G(ma) is the graviational constant~the mass of the axion!.
The potential term; sin(a) of the axion has been neglecte
because the amplitude of the fielda is sufficiently small for
nonlinearity not to arise since the mass of the ax
1-2
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AXIONIC BOSON STARS IN MAGNETIZED . . . PHYSICAL REVIEW D60 025001
star is small enough. Actually the masses we are conce
with are such as;10214M ( , while nonlinearity has been
found numerically to arise only for axion stars with mass
larger than;1029M ( . We need to impose a boundary co
dition such ashr(r 50)50 for the regularity of the space
time.

Changing the scales such thatt5mat, x5mar , and b
5a/ma , we rewrite the equations as follows,

b̈5V̇ḃ1b91S 2

x
1V8Db82b, ~4!

V8[
ht82hr8

2

5eS E
0

x

dxx2~b821ḃ21b2!

x2
2xb2D , ~5!

with e54pGma
2 , where we have expressedV8 in terms of

the fieldb, solving Eqs.~2! and~3!; here an overdot~prime!
denotes a derivative int(x). We understand that if the grav
tational effect is neglected (e50), the equation ofb is re-
duced to a Klein-Gordon equation. Thus the frequencyv of
the fieldb receives a small gravitational effect of the order
e,v512o(e).

We look for a solution@8# such that

b5A0B~x!sinvt1o~e!sin 3vt, ~6!

whereB(x) represents coherent axions bounded gravitati
ally with their spatial extension representing the radius of
axion star;B(x) is normalized such asB(x50)51. Later
we find thatA0 is a free parameter determining the mass
radius of the axion star. The second term is a small cor
tion of the order ofe. Here we comment that previous sol
tions @8# representing axion stars with larger masses pos
more oscillating terms such as sin(2n21)v with n
51,2, . . . .Inserting Eq.~6! into Eqs.~4! and~5! and taking
account of gravitational effects only with the order ofe, we
find that

k2B5B91F2

x
1eA0

2S T1
3U8

4 D GB81
eA0

2~U1v !B

2
,

~7!

with

T[

E
0

x

z2B2dz

x2
and U[E

0

x

dyS E
0

y

z2B82dz

y2
2yB2D ,

~8!

where k2(512v2) is the binding energy of axions. W
have imposed a boundary condition for consistency such
V(x50)5ht(x50)/25eA0

2vv sin 2vt; this is the definition
of constantv in the above formula.
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We can see that the parametereA0
2 can take an arbitrary

value and that it represents the gravitational effect of t
system. Namely, the mass of the axionic boson star is de
mined by choosing a value of the parameter. Note that
normalization ofB has been fixed in Eq.~7! although the
equation is linear inB.

We may take the value ofv without loss of generality
such thatv52U(x5`). Then it turns out that the invers
k21 of the binding energy represents the radius of the ax
star;B decays exponentially such as exp(2kx) for x→`. It
turns out from Eq.~7! that the choice of small values ofeA0

2

leads to solutions representing axion stars with small ma
and large radiik21.

Before solving Eq.~7! numerically, it is interesting to
rewrite the equation as follows. That is, we rewrite the eq
tion by taking only dominant terms of a ‘‘potential’’Vb in
Eq. ~7!,

Vb5eA0
2F S T1

3U8

4 DB81
~U1v !B

2 G ~9!

in the limit of the large length scale; settingx5ly, we take
a dominant term asl→`. This corresponds to taking th
axion stars with their spatial extension being large.

Then, since the dominant term in the limit is the last te
in Eq. ~9!, U1v;*x

`dxxB2, we obtain the following equa-
tion:

B̄5B̄91
2B̄8

z
1

B̄E
z

`

dyyB̄2

2
, ~10!

where we have scaled the variables such thatB2

5k4B̄2/eA0
2 andx5k21z; an overbar denotes a derivative

z. This equation is much simpler than Eq.~7!, where we need
to find each eigenvalue ofk for each value ofeA0

2 given, in
order to obtain solutions of the axion stars with vario
masses. On the other hand, we need only to find an ap
priate value ofB̄(z50)5eA0

2/k4 in order to obtain such so
lutions in Eq.~10!. A relevant solution we need to find is th
solution without any nodes. Obviously, the solution is ch
acterized by one free parameterk4 or eA0

2, which is related to
the mass of the axion star. Namely, the choice of a value
the mass determines uniquely the properties of the axion
e.g., the radius of the star, distribution of the axion fielda,
etc.

Although Eq.~10! governs only the axion star with a larg
radius, we have confirmed by solving numerically the ori
nal equation~7! that the stars of our concern can be co
trolled by Eq.~10!.

We have confirmed that our numerical solutions may
approximated by the explicit formula

a5 f PQa0 sin~mat !exp~2r /Ra!, ~11!

where t(r ) is the time ~radial! coordinate andf PQ is the
decay constant of the axion. The value off PQ is constrained
from cosmological and astrophysical considerations@3,2#
1-3
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AIICHI IWAZAKI PHYSICAL REVIEW D 60 025001
such as 1010 GeV , f PQ,1012 GeV. Corresponding to
this constraint, ma is constrained roughly such a
1025 eV ,ma,1023 eV.

In the limit of the small mass of the axion star we ha
found a simple relation@12# between the massMa and the
radiusRa of the axion star,

Ma56.4
mpl

2

ma
2Ra

, ~12!

with Planck massmpl . Numerically, for example,Ra51.6
31010m5

22M14
21 cm; hereafter we use the notation,Mn

[Ma/102nM ( and mn[ma/102n eV. A similar formula
has been obtained in the case of boson stars of com
scalar fields@13#. We have also found an explicit relatio
@12# between the radius and the dimensionless amplitudea0
in Eq. ~1!,

a051.7331028
~108 cm!2

Ra
2

1025 eV

ma
. ~13!

These explicit formulas are used for the evaluation of
dissipation energy of axion stars in magnetized conduc
media.

III. AXION STARS IN A MAGNETIC FIELD

We now proceed to explain that the axionic boson st
generate an electric field in an external magnetic field. It w
turn out, below, that the field gives rise to intriguing astr
physical phenomena. Thus it is important to understand
mechanism of producing the field. The point is that the ax
couples@2# with electromagnetic fields in the following way

Lagg5caaEW •BW / f PQp, ~14!

with a51/137, whereEW and BW are electric and magneti
fields, respectively. The value ofc depends on the axion
models@14,15#; typically it is of order 1.

It follows from this interaction that Gauss’ law is given b

]WEW 52ca]W•~aBW !/ f PQp1 ‘ ‘matter,’ ’ ~15!

where the last term ‘‘matter’’ denotes contributions from o
dinary matter. The first term on the right hand side represe
a contribution from the axion. Thus it turns out that the axi
field has an electric charge densityra52ca]W•(aBW )/ f PQp

under the magnetic fieldBW @11#. This charge density does no
vanish only when the field configurationa is not spatial uni-
form since]WBW 50. Thus the electric fieldEa associated with
this axion charge is produced such thatEa

W52caaBW / f PQp.
Note that bothra andEa oscillate with the frequency given
by the mass of the axion in the case of the axion star s
the fielda itself oscillates.

Obviously, this field induces an oscillating electric curre
Jm5sEa in magnetized conducting media with electric co
ductivity s. In addition to the currentJm carried by ordinary
matter, e.g., electrons, there appears an electric currenJa
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associated with the oscillating chargera owing to current

conservation@11# (]0ra2]WJa
W50). This is given such tha

Ja
W52ca] taBW / f PQp. It is important to note that this electri
current is present even in nonconducting media such a
vacuum as far as the axion star is exposed to the magn
field. On the other hand, the currentJm is present only in
magnetized conducting media.

Since] ta;maa in the case of the axion star, the ratio
Jm /Ja is given bys/ma . Hence,Ja is dominant in media
with s,1012/s, while Jm is dominant in media withs
.1012/s; note that 1010/s,ma,1012/s, corresponding to the
above constraint onf PQ . Astrophysically, the interiors of
neutron stars or white dwarfs@16#, which are our concern in
this paper, possess electric conductivities large enough
Jm to be dominant. On the other hand, envelopes or surfa
of the white dwarfs may have the small conductivities so
for Ja to be dominant, although the envelopes of the neut
stars have still much large conductivities so thatJm is domi-
nant.

Now we discuss some implications of these electric c
rents. First we show that these electric currents, especi
Jm yield thermal energies to the conducting media owing
Joul heat. It implies that the axion stars dissipate their ene
in the media. It also implies that the media increase th
temperatures and as a result they radiate thermal pho
more than before. In particular, it will be shown in the ne
section that the dark white dwarfs become bright enough
be detectable, when they collide with axion stars. Such w
dwarfs have been supposed to be plausible candidates
MACHOs and to be cooled sufficiently so that the optic
detection of them is difficult without the heat produced
collision.

Second we show that since the currents are oscillat
radiation is emitted. However, most of the radiation is a
sorbed inside of the conducting media. Thus observable
diation is the only one emitted around the surfaces of
media. In particular, the emission from the surfaces of
neutron stars and the white dwarfs is important, to be d
cussed. But there exists the problem that we cannot estim
precisely its luminosity since we do not have enough inf
mation about the physical properties of the surfaces, e
electric conductivity, opacity, etc., of magnetized sta
Hence our estimation of the luminosity is necessarily a
biguous. However, it will turn out that a sufficient amount
emission for observation is expected in the case of neu
stars since electric conductivities of the surfaces~so called
envelopes! are much larger than those of normal metals.

In order to see these expectations, first of all, we wo
like to calculate the dissipation energy of an axion star
posed to a magnetic field. The field is associated with
neutron star or the white dwarf@16#. We suppose in such a
situation that these magnetic stars collide with an axion s
As the radius of the axion star depends onMa andma , we
need to treat the two cases separately: the case of the ra
of the axion star being larger than the radiusR of the me-
dium, Ra.R, and the inverse caseRa,R. Namely, dissipa-
tion arises when the media are inside the axion star an
arises when the axion star is inside of the media.
1-4
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Denoting the average electric conductivity of the me
by s and assuming Ohm’s law, we find that the axion s
dissipates an energyW per unit time,

W.54sa2c2B2a0
2R3/3p for Ra.R ~16!

55.5c231031 erg/s
s

1022/s

ma
6

~1025 eV!6

3
M4

~10214M (!4

R3

~109 cm!3

B2

~106 G!2
~17!

55.5c231038 erg/s
s

1026/s

ma
6

~1025 eV!6

3
M4

~10214M (!4

R3

~106 cm!3

B2

~1012 G!2
, ~18!

W,5sa2c2B2Ra
3a0

2/8p for Ra,R ~19!

54c231038 erg/s
s

1022/s

M

10212M (

B2

~106 G!2

~20!

54c231054 erg/s
s

1026/s

M

10212M (

B2

~1012 G!2
,

~21!

with c;1. We have used the formulas~11!, ~12!, and~13!.
Since the fielda oscillates@12,8# with a frequency given by
the mass of the axion,ma , we have taken an average in tim
over the period,ma

21 . WhenR is much smaller thanRa , we
set exp(2r/Ra)51 in Eq. ~1! in the derivation of Eq.~16!,
r ,R. W in Eqs. ~17! and ~19! is for the white dwarf@16#
with R;109 cm andB;106 G, and W in Eqs. ~18! and
~21! is for the neutron star@16# with R;106 cm and B
;1012 G, respectively. The values ofs have been taken
tentatively.

Note that Ra51.631010m5
22M14

21 cm. Hence formula
W, is applied to the white dwarf withR5109 cm only
whenm5

2M14.102, e.g.,m5.10 andM14.1. On the other
hand, W, is applied to the neutron star withR5106 cm
only whenm5

2M14.104, e.g.,m5.10 andM14.1.
We comment that the formula may be applied to the c

ducting media where Ohm’s law holds even for oscillati
electric fields with frequenciesma51010–1012 Hz. In gen-
eral the law holds in media where electrons interact su
ciently many times in a period ofma

21 with each other or
other charged particles and diffuse their energies acqu
from the electric field. Actually the law holds with the whit
dwarfs and neutron stars of our concern.

We would like to point out that although the electric fie
Ea
W52caaBW / f PQp is very small owing to the large factor o
f PQ , the amount of dissipation energyW becomes large be
causeW is proportional to the volume (R3) of the media or
the volume (Ra

3) of the axion stars.
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Next we calculate the luminosity of the monochroma
radiation emitted around the surface of the magnetized
dia. It arises associated with the oscillation of the currentJa
or Jm . Here we are only concerned with the caseRa.R.
This is because the radiation is emitted only around the
face of the media; it is possible when the media is inside
axion star.

We denote the depth of the region from the surface byd,
in which radiation is emitted and can escape from the m
netized conducting media. We also denote the average e
tric conductivity in the region bys. These values are no
well known so that we take them as free parameters. No
that only radiation from a semisphere facing observers
arrive at them; we calculate the electromagnetic gauge
tentialsAi of the radiation with an appropriate gauge con
tion,

Ai5
1

R0
E

surface
Jm~ t2R01xW•nW !d3x ~22!

5
casa0Bi

pR0
E

surface
sinma~ t2R01xW•nW !d3x ~23!

5
2casa0BiR

R0ma
2 @mad cosma~ t2R0!

22 cosma~ t2R01R2d/2!sin~mad/2!#, ~24!

where we have integrated it over the region around the
face with depthd!R. HereR0 is the distance between th
observer and the media (R0@R). Here we have used th
currentJm5sEa with the fielda in the approximate formula
~11! by setting exp(2r/Ra)51; the media are involved fully
in the axion star so thatr /Ra!1. On the other hand, the
current Ja should be used fors<ma , in which cases
should be replaced byma in the above formula. Using the
gauge potentials, we evaluate the luminosity of the mo
chromatic radiation with the frequency ofma ,

L5
8

3 S s

ma
D 2

c2a0
2B2R2K2, ~25!

where we have taken an average both in time and the di
tion of the magnetic field.K2 is given such that

K25@ma
2d214 sin2~mad/2!

24mad cos~maR!sin~mad/2!#/2 ~26!

>ma
2d2/2 for mad@1 ~27!

>ma
2d2@12 cos~maR!# for mad!1.

~28!

In both limits K2 is proportional toma
2d2. Thus it turns out

that L is proportional tos2d2 for ma<s or to ma
2d2 for s

<ma . We should note that the luminosity is proportional
the surface areaR2 of the magnetized stars; it is of the ord
of (106)2 cm2 for neutron stars or (109)2 cm2 for white
1-5
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AIICHI IWAZAKI PHYSICAL REVIEW D 60 025001
dwarfs. Thus the quantity is enhanced even if the lumino
per unit area in the surface is quite weak. This is the point
wish to stress. As we have stated before, phenomena ca
by the axion are too faint to be detected owing to the sm
factor of ma / f PQ . But in our case we have a large fact
R2ma

2 of the order of, for example, 1018 in the case of the
white dwarfs.

To evaluate numerically the value ofL we need to know
the depthd and the electric conductivitys around the sur-
face. It seems that the quantities depend on each phy
condition of the surface of the magnetized stars, e.g., t
perature, constituents, etc. Thus it is difficult to estimate g
erally the luminosity. In later sections we discuss it by a
suming that the depth is given by the penetration depth of
radiation. Then the depth is written in terms of the cond
tivity s. With this simplification, only the conductivity
around the surface remain as an ambiguous quantity.

IV. WHITE DWARF

White dwarfs@16# are stars in the final stage of their live
with intermediate masses 1M (;8 M ( . As is well known,
they are composed of C or O with atmosphere of H or H
and their mass ~radius! is typically given by
0.5M ((109 cm). The pressure in the white dwarfs is dom
nated by the pressure of degenerate electrons whose de
is much larger than normal metals. On the other hand,
internal energy is dominantly given by the kinetic and pote
tial energies of nuclei such as C and O. Then, radiation fr
them reduces their internal energies stored inside. As a re
their temperatures decrease and their luminosities bec
small with time because they never generate nuclear e
gies. Hence old white dwarfs are expected to be so dark
it is difficult to observe them. This fact leads to the natu
expectation that the white dwarfs in the halo are candida
of MACHOs detected with a gravitational microlense effe
Actually some of cooling models@17# of white dwarfs sup-
port this expectation, although this point is still controvers
There are several arguments against this possibility of
MACHO being a white dwarf@18#.

Here we assume that the MACHO is just a dark wh
dwarf with sufficiently low temperature whose population
231011M (/0.5M (;431011; note that the total mass of th
halo is about 431011M ( , half of which is expected to be
the mass of the white dwarfs. We show that the dark wh
dwarfs become bright again with the collision of the axi
stars. We also calculate the rate of the collision in a halo.
a result we find that the number of white dwarfs in the h
increases discontinuously with luminosities below a cert
luminosity (1025.5L( –1027L() gained by the white dwarfs
with the collision.

These white dwarfs may have strong magnetic fields ty
cally such as 106 G. Then when they collide with axion
stars, the axion field generates currentsJa and Jm in the
white dwarfs. Consequently, thermal energies are produ
with the dissipation of the axion field energy. The energ
(}sJ2) are expected to be large owing to the large elec
conductivity in the white dwarfs. In particular, the inside
sufficiently cooled white dwarfs is crystallized just like sol
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metals and reaches a stage of a fast Debye cooling@16#. It
means that the old white dwarfs have been sufficien
cooled@17# so that their core temperature is much lower th
104 K, for example. In such a case, the conductivity of ele
trons has been found@19# theoretically to be large,s
;1026(T/103 K)/s at density;107 g/cm3 whereT repre-
sents the core temperature inside a white dwarf.

Then, colliding with the axion star, the white dwarf gain
dissipation energy per unit time as follows:

W.55.5c231035 erg/s
s

1026/s

ma
6

~1025 eV!6

3
Ma

4

~10214M (!4

R3

~109 cm!3

B2

~106 G!2
for Ra.R,

~29!

W,54c231042 erg/s
s

1026/s

3
M

10212M (

B2

~106 G!2
for Ra,R, ~30!

where we have taken the above value of the conductiv
Noting that the constantc is of order of 1, we found that the
white dwarf gains so much thermal energy when it go
through the axion star.

However, the maximal energy the axion star can dep
per unit time is the energy possessed by a part of the a
star which the white dwarf sweeps per unit time, when
dwarf is smaller than the axion star (Ra.R). This is owing
to energy conservation. As the relative velocityv between
the white dwarf and the axion star in the halo is appro
mately given by 10233 light velocity, the energy stored in
that part can be estimated such as 3R2vM /4Ra

3

;1035 erg/s (Ma/10214M ()4 (ma/1025 eV)6. This is
smaller thanW. estimated naively. Therefore, the re
amount of energy the white dwarf can gain is at most giv
by Wreal;1035 erg/s (Ma/10214M ()4(ma/1025 eV)6.
The gain of energy continues until the white dwarf pas
through the axion star. Thus the total energy gained by
white dwarf ~or dissipated by the axion star! is 2Ra /v
3Wreal;1038 erg (Ma/10214M ()3(ma/1025 eV)4 in the
case of the radius of the axion star being larger than tha
the white dwarf. This is the energy gained by the wh
dwarf when it passes the axion star without trapping the s
If the white dwarf traps the axion star, the white dwarf m
gain a larger amount of energy. Maximally all of the ma
Ma.1.831040 erg (Ma/10214M () can be transformed
into thermal energy.

On the other hand, when the dwarf is larger than the ax
star, it is obvious from the formula~30! that the whole en-
ergy of the axion star,Ma.1.831042 erg (Ma/10212M (),
is dissipated within 1 s. Namely, such an axion star eva
rates soon after it enters the white dwarf.

Suppose that a white dwarf with mass 0.53M ( and ra-
dius 109 cm is in the stage of Debye cooling. Then, its sp
1-6
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cific heat cv per ion is given approximately by@16# cv
.16p4 (T/uD)3/5, where uD is the Debye temperature
typically being 107 K. Hence the injection of
energy, 1038 erg(M /10214M ()3(ma/1025 eV)4 @or Ma
.1042 erg(Ma/10212M ()#, increases the core tempe
ature of the white dwarf to .1.53104 K( M /
10214M ()3/4(ma/1025 eV) ~or .1.53105 K( Ma/
10212M ()1/4) when the initial temperature is much less th
these. In order to evaluate the luminosity of the dwarf,
need to know the surface temperature. Generally, the sur
temperature is much lower than the core temperature. It
pends on the opacity of the atmosphere of the white dw
Recently it has been shown@20# that a white dwarf with an
atmosphere of helium has much lower opacity at surf
temperature (,63103 K) than the ones estimated prev
ously. Such a white dwarf cools more rapidly. According
the model@20# of the cooling, such white dwarfs of age
.1010 yr have been cooled with core temperature.2.3
3105 K and with corresponding surface temperature 20
K; its luminosity is 1025.6L( which is less than the mini
mum luminosity;1024.8L( of a white dwarf observed a
present. Thus white dwarfs older than 1010 yr must be
cooler than this one. It is expected that the ages of the h
white dwarf population is around 1.231010 yr. Hence if an
axion star with mass larger than 10212M ( (1029M () col-
lides with a white dwarf whose radius is larger than that
the axion star, then the core temperature reaches more
.1.53105 K( .8.43105 K) and its luminosity reaches
more thanL.1026L((.1024.5L() according to the cool-
ing model; here we have simply extrapolated its result to
case of lower luminosity than that (;1025.6L() addressed in
the model. It takes about 1.43107 yr (53108 yr) for the
dwarf to lose the energy injected.

Now we proceed to estimate the rate of collisions betw
the white dwarf and the axion star in the halo. Especially,
are concerned with the event rate observed in a solid an
5°35°, for example. We assume that as indicated by rec
observations of gravitational microlensing, half of the halo
composed of white dwarfs with massM50.53M ( and ra-
dius R5109 cm. The other half is assumed to be compos
of axion stars. The total mass of the halo is supposed to
;431011M ( . Furthermore, the distribution@21# of the halo
is taken such that its density}(r 213Rc

2)/(r 21Rc
2)2 with

Rc54 kpc wherer denotes a radial coordinate with the o
gin being the center of the galaxy~the final result does no
depend practically on the value ofRc52 –8 kpc). Then it is
easy to evaluate the event rate of the collisions;

0.5 per year3
~10214M (!3

Ma
3

~1025 eV!4

ma
4

3
V

5°35°
for R,Ra , ~31!

531025 per year3
10212M (

Ma

V

5°35°
for R.Ra ,

~32!
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whereV is a solid angle. We have taken into account the f
that Earth is located at about 8 kpc from the center of
galaxy, simply by counting the number of the collisions ar
ing in the region fromr 58 kpc to 50 kpc. Here we have
assumed that the collisions take place with their cross sec
simply given by p(1010 cm)2(10214M ( /Ma)2m5

24 for R
,Ra andp(109 cm)2 for R.Ra , respectively. Namely the
cross section is a geometrical one of the axion star or
white dwarf. But we expect that the actual cross section
much larger than this; a tidal force of the white dwarf m
decrease the kinetic energy of the axion star by tearing
star.

We also calculate the rate of the collision in the neighb
hood of Earth. In particular, we wish to see how many t
collisions occur within a volume (1 kpc)3 in a year around
Earth. This is because, since the luminosity of the wh
dwarfs expected in the collisions is very small, the dwa
need to be located near Earth in order to be detected.
assume that local density of the halo@3# is given by 0.5
310224 g cm23, half of which is composed of white
dwarfs and the other half is composed of axion stars. The
is easy to find that the rate of collisions is given b
;0.06M14

23m5
24 per year forR,Ra and;631026M12

21 per
year for R.Ra , respectively, where we used the relati
velocity being equal to 33107 cm/s. It seems that it is dif-
ficult to detect the collisions. The real population of th
white dwarfs and the axion stars in the halo may be sma
than the one we have assumed in the analysis. Then
collision rate is smaller than the above value and it is m
difficult to detect collisions with the observation of mon
chromatic radiation discussed below. However, if we ta
into account the fact that the actual collision cross sect
must be much larger than the geometrical one of the ax
star due to gravitational attraction, the rate will increase.
see this we need to analyze numerically the collision in
tail.

Here we wish to discuss how many white dwarfs hea
with collisions are present in a region around Earth who
volume is assumed to be (1 kpc)3. For this purpose we note
that white dwarfs heated with collisions lose the energ
injected, taking many years. Hence, even if the collision r
is small, the number of such white dwarfs increases w
time and saturates at a balance point between the d
and the production. For example it takes 1.43107 yr
(53108 yr) for a white dwarf with luminosity
1026L((1024.5L() to lose the energy which is injected b
an axion star withM510212M ((M51029M (). On the
other hand, the rate of collisions producing the dwarf w
the luminosity is given by.631026 per year (.631029

per year! in the region with volume (1 kpc)3. Thus it turns
out that there are present 84(3) such white dwarfs in
region. The number of such white dwarfs becomes large
their luminosities gained with the collisions are smaller. F
example, with a collision of the axion starM510211M ( , a
white dwarf gains a luminosity 1025.5L( and loses its energy
in 3.73107 yr. On the other hand, the production rate of t
dwarfs is 631027 per year. Thus there are present appro
mately 22 such dwarfs. Accordingly, we understand that
1-7
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AIICHI IWAZAKI PHYSICAL REVIEW D 60 025001
the mass of the axion stars is smaller, the energy gaine
the white dwarfs is smaller and their resultant luminosity
smaller, but the number of such dwarfs is larger.

Although we do not know theoretically the masses of
axion stars, observations of dark white dwarfs enable u
determine the mass of the axion stars. Namely, if there
threshold luminosity, e.g., 1025.5L( below which the num-
ber of white dwarfs increases discontinuously, it implies t
such white dwarfs with threshold luminosity are produc
with collisions of axion stars with a corresponding ma
e.g., 10211M ( . In this discussion, we have assumed that
white dwarfs dominant in the halo have been cooled su
ciently and their core temperature is quite low~e.g., less than
104 K!.

Until now, we have discussed the thermal radiati
caused by an axion star which dissipates its energy
makes the white dwarf warmer than before.

We proceed to discuss the monochromatic radiation g
erated by oscillating electric currents. The radiation is em
ted only around the surface of the white dwarf. Otherwi
the radiation is absorbed inside the white dwarf. There
difficult problems in estimating the amount of such radiati
because the physical parameters~conductivity, opacity, etc.!
around the surface of the cooled white dwarfs are not
known so well @17,20#. Thus our estimation is inevitably
ambiguous. However, with the assumption that the deptd
of the region in which the radiation is generated and can
out of the white dwarf is given by the penetration depth
the radiation, we can obtain the amount of radiation d
nitely with one ambiguous parameter, the penetration de
which is written in terms of the electric conductivity and th
frequency of the radiation.

With use of Eqs.~25! and~26!, we find the luminosity of
the radiation,

L;1021 erg/s B6
2R9

2s20m5
5M14

4 c2 for ma!s, ~33!

;1021 erg/s B6
2R9

2m5
8M14

4 c2/s5
2 for ma@s ~34!

where

B65
B

106 G
, R95

R

109 cm
, s205

s

1020/s
, s55

s

105/s
.

~35!

Here we have only addressed the case that the radius o
white dwarf is smaller thanRa . We have used the penetra
tion depthd51/2ps for ma@s andd5A1/2psma for ma
!s, respectively. In both cases we have simply assum
that values of both the dielectric constant and magnetic
meability are the same as those of the vacuum. Numeric
d;105 cm/s5 for ma@s andd;1025 cm(s20m5)20.5 for
ma!s. We should note that as a source of the radiation,
matter currentJm carried by electrons is dominant forma
!s, while the axion currentJa is dominant forma@s. In
each case we have represented the luminosity in Eqs.~33!
and ~34!, respectively.

This monochromatic radiation is emitted only during t
collisions with the axion star. This is because after the wh
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dwarf passes the axion star, there are no oscillating curr
around its surface; the currents arise only when the dwa
passing inside the axion star. Therefore, the period
the emission continuing is given by 2Ra /v;3.2
31010 cm m5

22M14
21/(33107 cm/s);103 s for m5

2M14

51.
It seems that the luminosity is small for the observation

this radiation. But it depends heavily on the mass of
axion especially in the case ofma@s. For example, ifma

51024.5 eV whereR;Ra , thenL;1025 erg/s in the case
of ma@s, Eq. ~34!. This may be large enough for observ
tions. Furthermore, we point out that there are huge amb
ities in the evaluation of the luminosity as we have me
tioned before. Thus we cannot determine definitely whet
the luminosity of the radiation is large enough for observ
tion or not. Although there exist some parameter ranges
the radiation being observed, it seems difficult to observe
radiation caused by the collision unless the luminosity is
large for the radiation from the distance 10 kpc to be dete
able. Note that the rate of collision is given approximately
60M14

23m5
24 per year per (10 kpc)3.

In the above discussion we have assumed that the a
star does not receive any gravitational effects from the wh
dwarf in the collision. However, actually it receives stron
gravitational effects from the white dwarf. This is becau
the mass of the white dwarf is much bigger than that of
axion star. So we need to take into account the effects
order to see whether or not some of the assumptions
changed, in particular, the number of axion stars which w
estimated naively under the assumption of the stars not
caying within the age of the Universe.

First of all, we examine whether or not the axion st
decays by a tidal force when the white dwarf passes nea
We suppose that the axion star decays if the energy dif
ence caused by the tidal force between different parts of
axion star is larger than the binding energy of the axion s
In particular, we wish to estimate how many axion stars s
vive without decaying in the present Universe whose ag
approximately 1010 yr.

Suppose that an axion star with mass 10214M ( is com-
posed of two parts which are bounded gravitationally w
each other; the distance between the two parts is assum
be Ra . When a white dwarf passes the axion star, each
receives a different gravitational force owing to the diffe
ence of their distances from the white dwarf. In order
examine whether or not this tidal force tears the axion s
we compare the energy difference between the gravitatio
energy received by a part of the axion star from the wh
dwarf and the energy received by the other part of the ax
star, with binding energyGMa

2/Ra of the axion star. It is
reasonable to think that if the energy difference is larger th
the binding energy, the tidal force tears the axion star. T
energy difference is dependent on the impact paramete
the collision between the axion star and the white dwa
Assuming a relative velocity of 10233 light velocity, we
find with rough estimation that the axion star decays with
tidal force when they approach within 1015 cm of each
other. Since the number of axion stars in the halo is given
1-8
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AXIONIC BOSON STARS IN MAGNETIZED . . . PHYSICAL REVIEW D60 025001
;231011M (/10214M (5231025, and the number of white
dwarfs is;231011M (/0.53M (5431011, the number of
collisions leading to the decay of axion stars is at most of
order of 1023 within the age of the Universe. Therefore,
turns out that almost of all axion stars~more than 99%! have
survived against such collisions. Note that axion stars w
masses larger than 10214M ( can survive even more again
the tidal force of the white dwarfs. This is because the c
lision cross section becomes smaller for such axion stars
so the decay rate is smaller.

Although we found that there are still present quite lar
numbers of axion stars in our halo, we do not know h
actually direct collisions between the axion star and
white dwarf take place; a direct collision implies a collisio
with their closest distances being less thanRa;1010 cm.
Namely, its cross section is given byp@1.6
31010 cm(10214M ( /Ma)#2, i.e., the geometrical cross se
tion of the axion star itself. It seems that the gravitation
force deforms strongly the configulation of the axion st
but the coherence of the axion field may hold and genera
of electric currents still arises. Thus we expect the heating
of cooled white dwarfs and the resultant emission of therm
radiation as well as monochromatic radiation.

V. NEUTRON STARS

Now we proceed to discuss the influence on neutron s
of their collision with the axion stars. The neutron star@16# is
highly dense nuclear matter composed of neutrons and
tons, although the number of protons is much less than
of neutrons. Since their radiusRn is typically given by
106 cm, we are only concerned with the caseRn,Ra

;108m5
22M12

21 cm. Since there are also highly dense ele
trons, the conductivity is quite higher than that of the wh
dwarf. As is well known, a strong magnetic field is prese
Its strength is typically given by 1012 G. Hence, the amoun
of energy dissipation of the axion star per unit volume in
neutron star is much larger than that in the white dwarf. B
as we mentioned in the previous section, the actual amo
of energy dissipation is restricted owing to energy conser
tion. It is given by 3Rn

2vMa/4Ra
3;1029 erg/

s(Ma/10214M ()4 (ma/1025 eV)6. The total amount of
the energy deposited after the collision
1032 erg (Ma/10214M ()3m5

4. This is a small fraction of the
thermal energy possessed by the neutron star. Therefo
collision with the axion star does not affect significantly t
thermal content of the neutron star, contrary to the case
the white dwarf.

Although the thermal energy does not change so m
with the collision, a detectable amount of radiation from t
surface of the neutron star arises during the collision with
axion star. As we mentioned, the axion field of the axion s
generates an oscillating electric fieldEa when it is under a
magnetic field. Thus the oscillating currentJm5sEa is in-
duced around the surface, which generates obviously the
diation. In the case of neutron stars the electric conducti
is so large@19# even at the surface that the luminosity of t
radiation is large enough for it to be detectable.
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Using the formulas~25! and~26!, we obtain the luminos-
ity of the radiation,

L;1027 erg/s B12
2 R6

2s20m5
5M14

4 , ~36!

with

B125
B

1012 G
, R65

Rn

106 cm
, s205

s

1020/s
, ~37!

where we have used the above formulas~12! and ~13! for
expressinga0 in terms of the massMa of the axion star. We
have assumed for convenience that the conductivity take
value such as 1020/s. It is reasonable to take such a value
s because the number density of electrons at the sur
must be much larger than that of normal metals. Then, si
it is much larger thanma , the depthd is taken such asd
5A1/2psma which is the penetration depth of the radiatio
This luminosity is that of monochromatic radiation with fre
quencyma/2p52.43109m5 Hz.

Emission continues until the axion star passes through
neutron stars. It takes 2Ra /v;3.231010 cm m5

22M14
21/(3

3107 cm/s);103 s m5
22M14

21 , assuming that the velocity
of the axion star is 33107 cm/s, which is the typical veloc-
ity of matter composing the halo in our galaxy.

The monochromatic radiation emitted at a distanceD
from Earth is detected at Earth with the following strengt

;1 Jy B12
2 R6

2s20m5
4M14

4 ~Dkpc!
22 ~38!

with Dkpc5D/1 kpc, where we have assumed that the f
quencyn of the radiation is Doppler broadened with a cha
acteristic widthDn;1023n owing to the velocity of the
axion stars. Units of Jy denotes Jansky: 1
510223 erg cm22 s21 Hz21. It turns out that the strength
of the radiations is large enough to be detectable altho
the duration;103 s of radiation emission is very short.

In order to estimate how frequent the events of the co
sions between the neutron star and the axion star occur in
neighborhood of Earth, for example,D<1 kpc, we need to
know the number density of the neutron stars including
invisible ones in our galaxy. Assuming the number
the axion stars in the halo being given by
31011M (/10214M (.1025 and their uniform distribution
within a volume;(50 kpc)3, we find that the events in a
volume;(1 kpc)3 occur with a rate of the order of;1029

per year when the number of neutron stars in the volum
just 1. Here the collision cross section is assumed to be g
by the geometrical onep(1010)2 cm2 of the axion star.
Therefore it is impossible in practice to detect such pheno
ena unless the number density of the invisible old neut
stars in the neighborhood of Earth is much larger than
one we expect or the real collision cross section includ
the gravitational effect of the attraction is much larger th
the geometrical one.
1-9
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VI. DISCUSSION

We have shown that axionic boson stars dissipate t
energies in magnetized conducting media such as w
dwarfs or neutron stars. Among them, the old halo wh
dwarfs with a sufficiently low core temperature (,103

K–104 K), possible candidates of MACHOs, are heated
this mechanism and emit thermal radiation. Their lumino
ties have been estimated to achieve more than the lumino
1026L((1027.1L() of a white dwarf whenMa is larger than
10212M ((10214M (); in the case of mass 10214M ( , we
have assumed the axion stars being trapped to the w
dwarf and dissipating their whole energy. These dwarfs l
their energies with the radiation and become dark with tim
while new such dwarfs are produced with collisions of axi
stars. The masses of almost of all axion stars could be fi
to a certain value in a range of 10214M ( –10211M ( when
they are produced at a QCD phase transition. Thus the
temperature or the luminosity of the dwarf heated with
collision must be almost the same as each other. There
we expect that there exists a threshold luminosity be
which the number of halo white dwarfs increases disconti
ously. The threshold is determined with the mass of ax
stars which collide and heat the dark dwarfs with sufficien
low temperature. In our estimation the threshold luminos
is given by 1025.5L( –1027L( corresponding to the masse
of axion stars quoted above.

The threshold luminosity is quite small so that the co
sion needs to occur near Earth for the detection of such w
dwarfs. Thus we have also estimated the rate of collisi
within a volume of (1 kpc)3 around Earth. With assump
tions of both populations of the white dwarfs and the ax
stars being given by half the halo, the rate has turned ou
be ;0.06M14

23m5
24 per year forR,Ra (631026M12

21 per
year for R.Ra), when the relative velocity between th
dwarf and the axion star is equal to 33107 cm/s, Ra51.6
31010m5

22M14
21 cm. This indicates that the detection of ph

nomena such as a nova caused by a collision would be
ficult. But in the estimation we have not included gravit
tional attraction. When we take into account this effect,
collision cross section will be quite larger than the na
geometrical one we have used in the estimation. So we
expect that the cross section will become large so that
actual rate of collisions is large for us to be able to obse
the phenomena. On this point we need to simulate num
cally the collision and to know how the collision occurs.
particular we wish to know the collision cross section a
also to know whether or not the axion star is torn by the ti
force of the white dwarf.

We have also shown that monochromatic radiation
emitted during collisions between axion stars and mag
tized conducting media. The radiation is produced around
surface of the media by oscillating current,Jm5sEa . Espe-
cially, strong radiation is expected from neutron stars si
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their electric conductivitys is still large even at their enve
lope. However, the number density of neutron stars in
galaxy may be much smaller for the rate of collisions to
fairly rare,;1029/kpc3 per year when their number densi
is given by 1/kpc3. Thus it is difficult to observe monochro
matic radiation from neutron stars.

On the other hand, although the collision with whi
dwarfs does not lead to strong radiation such as that fr
neutron stars, the number density of dwarfs is supposed t
much larger than that of neutron stars so that the rate
collisions is much larger than one in the case of neut
stars. It is approximately given by 0.06/kpc3 per year with
use ofMa510214M ( and with use of the geometrical cros
section (5pRa

2). Hence, unless the luminosity of the radi
tion is large enough for it from the distance 10 kpc, f
example, to be detectable, the value is a little bit too sm
for observation. Furthermore, our assumption of the popu
tion of white dwarfs and axion stars is dubious. In gene
the population is smaller than the one we have assum
Then the collision rate is smaller than one in the above e
mation. Hence the real rate of collisions may be sm
enough so as for the collision to be undetectable. But tak
into account the gravitational attraction between the ax
star and the dwarf, the real cross section may be larger
the naive geometrical one. Thus the rate of collisions may
larger than one we have estimated. On this point we nee
analyze numerically the collision in detail.

Finally, we mention that our estimation is ambiguous
the sense that we do not know many physical parame
associated with the phenomena, for instance, the precise
ues of both the mass and the population of axion stars,
mass of the axion itself, the physical properties of invisib
old white dwarfs, the actual cross section of the collisio
and how the axion star collides with magnetic stars. A
though there are many ambiguous points in the disscusio
is important to note that the observation of monochroma
radiation makes us determine precisely the mass of the
ions and the observation of the threshold in the luminos
function of the halo white dwarfs makes us determine
mass of the axion stars.

Theoretically, if we detect monochromatic radiatio
which is emitted in a short period, it is a good signal ind
cating that a collision between the axion star and the mag
tized media actually occurs. After the detection we expec
see a nova in the direction of the radiation; the nova i
white dwarf heated with the energy dissipation of the ax
star in the old white dwarf.
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