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Superconducting loops of string formed in the early Universe, if they are relatively light, can be
an important source of relativistic particles in the Galaxy. They can be observed as sources of syn-

chrotron radiation at centimeter wavelengths.

We propose a string model for two recently

discovered radio sources, the “thread” in the galactic center and the source G357.7-0.1, and predict
that the filaments in these sources should move at relativistic speeds. We also consider superheavy
superconducting strings, and the possibility that they be observed as extragalactic radio sources.

I. INTRODUCTION

In recent years there has been considerable interest in
cosmological effects of strings which could be produced at
a phase transition in the early Universe. Superheavy
strings can generate cosmologically interesting density
fluctuations and can also produce a number of distinctive
observational effects. For a review of strings and their
cosmological implications see Ref. 1.

Until recently, it was thought that strings can be detect-
ed only through their gravitational interactions. However,
Witten? has demonstrated that in some grand unified
models strings can behave as superconducting wires and
thus can have strong electromagnetic interactions. Mov-
ing through magnetized cosmic plasmas, such strings can
develop large currents and can be observed as sources of
synchrotron radiation. In this paper we shall discuss the
astrophysical effects of superconducting strings. The next
section reviews the physical properties of strings in gen-
eral and of superconducting strings in particular. In Sec.
IIT we analyze the interaction of current-carrying strings
with cosmic plasmas and estimate the power of synchro-
tron radiation from a string. The prospects of observing a
superconducting string in our Galaxy are discussed in Sec.
IV. We suggest that the recently observed radio source
G357.7-0.1 may be due to a string and propose a simple
observational test of this hypothesis. (The test is so direct
that our model may be ruled out by the time the paper ap-
pears in print.) Another string candidate is the “thread”
recently discovered in the galactic center. Particle pro-
duction by strings is estimated in Sec. V, and the possibili-
ty that superheavy superconducting cosmic strings be ob-
served as extragalactic radio sources is considered in Sec.
VL

II. SUPERCONDUCTING STRINGS

In this section we shall briefly review the physical prop-
erties of strings with the main focus on the properties of
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superconducting strings.

Let 7 be the symmetry-breaking mass scale of strings.
We shall assume that 1) <<mp,, where mp ~ 10" GeV is
the Planck mass. The mass per unit length of string is

u~cn/f. 2.1)

The gravitational interactions of strings are characterized
by a dimensionless parameter,

E=G#/C2~(7]/mp1)2- (2.2)

The string scenario of galaxy formation' requires
€~10~° which corresponds to a grand-unification scale
of symmetry breaking, 7~ 10'® GeV. (Strings with
€>>10"% have been ruled out by observation.) In this
scenario, galaxies condense around oscillating loaps of
string while the loops gradually lose their energy by gravi-
tational radiation and disappear. The rate of gravitational
energy loss is

E, ~S0epuc® (2.3)
and the lifetime of the loops is
T¢ ~R /50¢ec , (2.4)

where R is the length of the loop.
If dissipational effects are neglected, the motion of
loops is strictly periodic with a period

T=M/2uc~R/2c, (2.5)

where M is the mass of the loop. The rms velocity of a
segment of string in the center-of-mass frame of the loop
is

T~c/V2. (2.6)

It is possible that the strings responsible for galaxy for-
mation are superconducting. It is also possible to have
light superconducting strings (€ <<107%). Such light
strings are practically impossible to detect through their
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gravitational interactions. However, as we will see, elec-
tromagnetic interactions of light superconducting strings
can lead to observable effects.

If an electric field E is present on the axis of a super-
conducting string, the string builds up an electric current
i at the rate

% =PBl(ce®/R)E , (2.7)

where e is the electron charge and f~1 is a model-
dependent coefficient. When the current reaches a critical
value in,,, its growth terminates, and the string  starts
producing particles and antiparticles at the rate (per unit
time per unit length)

d’N  eE
~— 2.8
dtdl # 28)
The critical current i,,, can be written as
imax ~emc?/# , (2.9)

where m <7 is the characteristic mass of the charge car-
riers on the string.>* The actual value of m is model
dependent.

The electric field E in Eqgs. (2.7) and (2.8) differs from
the applied field, because the time-varying magnetic field
produced by the current (2.7) induces a field of opposite
sign equal to | L di/dt|, where L is the inductance per
unit length of the string. With this effect taken into ac-
count, Eq. (2.7) takes the form

di _ pee’ di

= 7 |E Lo | (2.10)
where

L=(2/c¢H)In(R./A) (2.11)

and A ~#i/7c is the thickness of the string. The cutoff ra-
dius R, is given by the typical scale of variation of the
electric field (the wavelength in the case of an electromag-
netic wave) or by the size of the closed loop of string,
whichever is smaller. From Egs. (2.10) and (2.11) we ob-
tain?

—1

di _ PBee®

at 7 E. (2.12)

e2 Rc
1+23ﬁcln A

Since the logarithm in Eq. (2.12) typically does not exceed
100, the correction factor in the parentheses does not
change the order of magnitude of di/dt, and we shall use
Eq. (2.7) for our order-of-magnitude estimates.

Consider a segment of string moving with velocity v in
an external magnetic field By. In the frame of the string
there is an electric field E=c ~'vXBg; and the current
builds up at the rate di /dt ~(e%/#)vB,. A closed loop os-
cillating in external magnetic field will develop an alter-
nating current. Using Egs. (2.5) and (2.7), we can estimate
the typical magnitude of the current in a loop of length R:

i~0.2BeB,R /# . (2.13)

The magnetic field produced by this current in the vicini-
ty of the string is

B=2i/cr, (2.14)

where r <<R is the distance from the string.

III. INTERACTION OF STRINGS
WITH COSMIC PLASMAS

So far we have discussed the physical properties of
strings in the vacuum. Now we turn to the interaction of
superconducting strings with cosmic plasmas. Consider a
string with a current i moving through interstellar plas-
ma. Charged particles cannot penetrate the region of
strong magnetic field near the string, and since the motion
of the string is highly supersonic, a shock front is formed
at some distance r; from the string. When viewed in the
rest frame of the string, the physical situation here is
similar to the interaction of the solar wind with the
geomagnetic field. The latter problem has been intensive-
ly studied for several decades using analytic and numeri-
cal methods, as well as in situ observations and laboratory
experiments. For a review see Ref. 5. Using the insights
and results described there, we arrive at the picture of the
shock shown in Fig. 1.

The plasma is approaching from the left (region I) with
a supersonic velocity vo; its density is n and its tempera-
ture is T <<muvy2/2 (we set kg=1). The flow is reduced
to subsonic speed at the bow shock. In the nonrelativistic
limit (vy<<c) the density, temperature, and velocity
behind the shock are given by®

3 1
n'=4n, T'=-mvg%, v'=7v,, (3.1

where m is the mean mass per particle, about 0.6 my for
fully ionized interstellar gas. For vy~c these equations
still give the right order of magnitude. The bow shock is
followed by a tangential discontinuity (TD) where the
plasma pressure in region II on the left of the discontinui-
ty is balanced by the magnetic pressure in region III on
the right. A thin current sheet on TD screens the magnet-
ic field of the string, so that the field in region II is em-
bedded in the incoming magnetized plasma; throughout

x
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FIG. 1. A schematic diagram of the flow of interstellar plas-
ma around a string. The fluid velocity is indicated by the ar-
rows; it vanishes at the stagnation point S located at the tip of
the tangential discontinuity.
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most of region II the field is so weak that its dynamical
effects may be neglected. The flow of plasma around TD
is like a flow around a blunt body; the region III behind
the discontinuity is essentially free of plasma. The dis-
tances from the string to the bow shock and to TD have
comparable magnitudes ~r;.

To estimate r;, we first note that the dynamical pres-
sure of the incoming plasma is eventually balanced by the
magnetic pressure in region III:

mnvy*=B/87 . (3.2)

Here B, is the magnetic field at the stagnation point S in
the middle of TD. With vy~c/V2, Eq. (3.2) gives

B,~0.1n'2 G . (3.3)

In the vicinity of the string, r <<r,, the magnetic field is
given by Eq. (2.14). Although for r ~r, this equation is
quantitatively incorrect, it can still be used to obtain a
rough order-of-magnitude estimate of r;:

re~1X10~% =12 cm |

(Throughout the paper we use cgs units.) Another useful
expression for r, can be obtained with the aid of Eq.
(2.13), which expresses the typical string current in terms
of the external magnetic field By:

2
fic
where v, =Bg(4mnm)~1/? is the Alfvén speed far from
the string.

Of course the surface dividing the regions of hot plas-
ma (II) and strong magnetic field (III) is not infinitely
thin. Because of the diffusion of the magnetic field lines
from region III, there is a thin layer of strongly magnet-
ized plasma with B ~B; at TD. As we shall see, a sub-
stantial amount of synchrotron radiation comes from this
region, and so it is important to estimate its thickness. To
do this, we will need a quantitative description of the flow
near TD.

Concentrating on the neighborhood of the stagnation
point S, we introduce a Cartesian coordinate system with
origin at S, the x axis along the velocity of the incoming
plasma, v,, and the y axis perpendicular both to v, and to
the string.

We shall consider the part of region II near the stagna-
tion point, where both |x | and |y | <7, so that TD
can be approximated by a plane, x =0. According to Ref.
5, in most of this region the gas pressure is much greater
than the local ram pressure mnv? and also, the local mag-
netic pressure B2/8m, and we can therefore use the ap-
proximation that the flow is incompressible:

V-v=0. (3.5)

ro~04B R, (3.4)

The solution of this equation describing the flow near the
stagnation point is

v,=—ax, v,=ay, (3.6)

where a is a constant which can be approximated by ex-
trapolating this solution to x ~ —r;. This gives a ~v'/r,
~vo/ 4r, .

The plasma density near S is not much different from
n' and the temperature can be found from the pres-
sure balance condition: n'T, ~B,%/8m~nmvy*> or
T, ~mvy%/4. If the electron and proton temperatures are
the same, the electrons are accelerated to ultrarelativistic
energies with a typical Lorentz factor

y~Ty/m,c?~140 .

The diffusion of magnetic field lines is insignificant
when the magnetic Reynolds number is large:

RBp(x)~ | x |ve0/c?>>1, (3.7

where o is the effective electrical conductivity. The thick-
ness & of the layer of strongly magnetized plasma can be
determined from the condition

Rm(B)~1. (3.8)

In a dense relativistic plasma with a mean free path much
smaller than all other length scales, the conductivity is
given by’

o~nerc?/3T, , (3.9

where 7 is the electron mean free time. Unfortunately,
Eq. (3.9) does not apply to our problem. The cosmic plas-
ma we are interested in is effectively collisionless, as the
mean free paths of both ions and electrons are much
greater than any other relevant scale. Depending on the
physical situation, it is reasonable to assume that the role
of the mean free path is played by the Larmor radius, the
Debye length, or the wavelength associated with the
fastest-growing plasma instability. We have not attempt-
ed to calculate the electrical conductivity of such a plas-
ma, and so we cannot reliably estimate the value of 8.
However, we note that for our particular values of the
magnetic field, density, and temperature, the Larmor radii
of protons and electrons are comparable to one another
and to the Debye length for a relativistic plasma:

rp ~T,/eB;~(T,/4mne®)' > ~Ap . (3.10)
This suggests that we can take, say, 7, as the relevant dis-
sipation length and set r~r; /c and o ~nec/3B;. Then
Egs. (3.6)—(3.8) give

8~(96V2mryr )12 . (3.11)

The magnetohydrodynamic description is justified because
ry(x) is small compared to the characteristic scale, x;
therefore, 8/r, ~(ry /r;)'/? << 1.

For |x | >>8, diffusion is unimportant and the mag-
netic field is that embedded in the incoming magnetized
plasma.® We shall assume for simplicity that the incom-
ing plasma is uniformly magnetized in the direction of the
y axis. The magnetic field lines are frozen in the plasma,
and as the plasma flows around the string, the field lines
pile up in region II (see Fig. 2). Eventually they diffuse
through the layer of strongly magnetized plasma into re-
gion III (if B, is parallel to the field of the string) or an-
nihilate some of the field lines in the layer (in the anti-
parallel case). The condition that the magnetic field is
frozen into the plasma is
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FIG. 2. The structure of the magnetic field corresponding to
the flow depicted in Fig. 1. The field is shown outside the
tangential discontinuity (TD); the intense field inside TD is not
shown.

VX(BXv)=0. (3.12)
With v from Eq. (3.6) this gives’
B,=b/x, (3.13)

where b is a constant. Extrapolating this solution to
x ~—rg, we find b ~B’r; ~4Byr,, where By and B'=4B,
are the values of the magnetic field at the bow shock in
regions I and II, respectively. Equation (3.13) applies in
the range'® 8 << | x | <7,.

We can now estimate the synchrotron radiation from
the string. The total power radiated by the strongly mag-
netized layer with B ~ B, is
ot
23 L4

E, ~ 2B.%nRr,5 , (3.14)

m

where R is the length of the string and y is the electron
Lorentz factor, which as we have shown is >>1. The
characteristic wavelength of this radiation is'!

20m,c2

(3.15)
ey’B,

~20n~2¢cm .

To estimate the contribution of the rest of region II, we
note that according to Eq. (3.13) the magnetic field in a
layer of thickness x >>8 is B <« x ~! and the total radiated
power is E, < B* «x~!. Hence, the main contribution
to E, is given by a thin layer with B ~ B; near TD.

Particle acceleration can occur in the shock and mag-
netic reconnection regions, possibly resulting in a power-
law, nonthermal distribution of high-energy particles,

dn < E°dE | (3.16)

where £ is the electron energy. At wavelength A the
power radiated by these particles is proportional to the in-
tegral

gmax
[, g ede (3.17)

For a>3 the contribution of high-energy particles is
unimportant while for a <3 the main contribution to
(3.17) comes from the most energetic particles. The ener-
gies accessible to the particles are limited, in principle,
only by the requirement that their Larmor radii should
not exceed r; (Ref. 12). This gives

Emax~eBsrs =2X 10°B_¢R,, GeV .
The corresponding synchrotron wavelength is

mec?
eB;

20
Amin~ 7

(3.18)

s

We cannot estimate the radiated power in this case, since
we do not know a and the factors which multiply Eq.
(3.16). All we can say is that there may be a substantial
power radiated at a wavelength > A, in addition to that
given by Egs. (3.14) and (3.15).

IV. STRINGS IN THE GALAXY

The typical length of a loop we can expect to find in a
galaxy is given by the galactic scale at the time of horizon
crossing, Ro~30 pc~10% cm. Larger loops can occur
with a probability ~(Ry/R)*’2. The number of loops
with R < R per galaxy is

Ng ~(Ro/R)*"* . 4.1
This distribution does not apply for R less than
R in ~ 50€cty ~ 1.5 10''e pc, 4.2)

where #;~3x 10! sec is the age of the Universe. All
smaller loops have already decayed by gravitational radia-
tion. We see that there are no loops left in the Galaxy un-
less Ry, <Ro or €<107'%. Strings with e<10~10, if
they exist, are unimportant for galaxy formation, but we
will show that they can still lead to observable effects.!3
We estimated the lifetime of the loops using Eq. (2.4),
which assumes that the dominant energy loss mechanism
is the gravitational radiation. For superconducting
strings, we have to compare the gravitational lifetime 7,
with
Ta~uRc*/Ey , 4.3)
where E, is the energy dissipated by shock heating of the
plasma. A string moving through plasma with velocity v
experiences a retarding force per unit length

f~nmv?r, (4.4)

where r, is the shock radius estimated in the previous sec-
tion [see Eq. (3.4)]. The rate of energy loss for a loop of
length R is

Ez~fRv . (4.5)
To get a numerical estimate of 74, we shall use typical
values of the parameters for an interstellar plasma:

By~3%X107%G, n~1cm™3 v,~10°cm/sec. (4.6)
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We shall also use the notations B _¢ and R,, which stand
for the values of By and R in units of 107 G and 10%°
cm, respectively. With these notations, Egs. (3.4), (4.3),
and (4.5) yield

re~TX10"2B _¢Ryon %3 cm , 4.7)
E;~6X10"B_¢R*n%" erg/sec. , (4.8)
T4~3X10%€B _¢ 'Ry~ 'n %5 sec . (4.9)

Note that 74 decreases as we increase R, and so the first
loops to be affected by shock dissipation are the largest
ones with R =R~ 30 pc. They have already been affect-
ed if 74 <to, that is, if € <5X 10", For such values of ¢,
the largest loops surviving in a galaxy have size
Ry~6X10"e pc. Comparing Egs. (2.4) and (4.9) we find
that for €>10~"! the gravitational radiation is still the
dominant energy loss mechanism for all galactic loops.

So far we have assumed implicitly that the interaction
of loops with the magnetic field and with the plasma does
not significantly disturb their motion. This is the case if
the dissipational force (4.4) and the magnetic force,
fp~IiB/c, are small compared to the force of string ten-
sion, f, ~uc?/R. It is easily checked that these condi-
tions are satisfied if € >>10~%2,

If there are any loops of string in our Galaxy, one can
expect that they are orbiting around the galactic center
with a typical virial velocity u ~200 km/sec. If the
strings are superconducting, the force due to their shock
dissipation in the ionized interstellar medium tends to de-
celerate the loops, so that the largest loops may end up at
the galactic center. (Loops with R <30 pc and e <1010
have masses M <10°Mg. The dynamical friction due to
the gravitational interactions of such loops is not suffi-
cient to bring them down to the galactic center.)

The force per unit length of string is given by Eq. (4.4).
If the string moves through the plasma with a center-of-
mass velocity u, then the forces acting on different parts
of the string are not exactly balanced, and the net force is
of the order

F ~nmvur,R . (4.10)

The deceleration time can be estimated by requiring that
the work done by this force is comparable to the transla-
tional kinetic energy of the loop:

Fut~5pRu?. (4.11)

This gives the deceleration time ~ 7, /4, where 7, is given
by Eq. (4.9). For e<10™!! the deceleration time is less
than the age of the Universe, and the largest loops are
likely to be found at the galactic center.

To estimate the synchrotron radiation from a string, we
use Eq. (3.14) with y ~140 and 8 from Eq. (3.11). This
gives

8~6x10"n'2B_172R,,'7?, (4.12)

I;', ~2X10*2B_¢32R,0%"’n? erg/sec . (4.13)

The typical wavelength of the radiation is A ~20n ~%5 cm.
[In addition, there may also be x-ray emission at
Amax~ 10710 cm; see Eq. (3.18).]

Up to now we have been assuming that the string is
moving into undisturbed plasma. This will be true if the
width of the wake of the string, w, is smaller than the dis-
tance d=Ru/2c~2x 1072 pc, between successive pas-
sages of the string through space. We estimate that w~d,
so that in reality the plasma may be undisturbed, or, on
the other hand, highly disturbed. We have analyzed only
the first case in this paper.

We see from Eq. (4.13) that the radio emission of a su-
perconducting string is not large. However, the radio
sources associated with such strings should have a rather
peculiar appearance: they should look more or less like
closed lines with a thickness much smaller than their size.
In fact, one such radio source has recently been ob-
served.'* (The object is called G357.7-0.1.) It has a linear
extent of about ~36 pc (which corresponds to the total
length R ~3x10%° cm~3R,) and has a number of thin
filaments with length/width ratios of up to 60. With
R,y~3 and B_¢~3, Egs. (4.13) and (3.15) give the radio
luminosity E, ~1x10*n2 erg/sec at A~20n~%% cm,
which is not inconsistent with the observed luminosity'*
of the object for n~1 cm ™3,

The string model of G357.7-0.1 makes a very simple
and easily testable prediction: the filaments should move at
relativistic speeds. For an object at a distance ~ 10 kpc
this corresponds to ~4 arcsec/yr, and one should be able
to observe a displacement of the filaments in a period of a
year or so.

Morris and Yusef-Zadeh!> have recently discovered a
remarkable radio source at the galactic center which they
call a “thread.” This object is much longer (> 30 pc)
than it is wide (~0.3 pc), curves gently, and has a uni-
form brightness along its length. It is associated with
complex filamentary structure in such a way as to suggest
that the filaments interact with the thread.

We tentatively identify the thread as the immediate en-
virons of a cosmic string. Its observed radio emission can
be explained if B¢~3, Ryy~3, and n~0.2 cm~3. The
width of the “thread” is much greater than the shock ra-
dius, 7, ~ 10" cm. This is not necessarily a problem, since
the magnetic reconnection region behind the string can be
much wider than r,.

If the thread is to be interpreted as a string, then its lo-
cation at the galactic center indicates that it has been af-
fected by frictional deceleration. Then our analysis im-
plies 74/4 <to <74, which yields a narrow range for the
possible values of €: 4x1072<e<1.6x 107! The cor-
responding symmetry-breaking scale is 17~ 3X 101 GevV.
The filamentary structure accompanying the thread could
be part of the turbulent string wake. As in the case of
G357.7-0.1, observations of the proper motion of the ob-
ject could confirm or reject its identification as a string.

V. PARTICLE PRODUCTION

So far we have assumed that the current in the strings
is less than the critical current, i,,,. [Otherwise, Eq.
(2.13) and all equations following from it do not apply.]
When the current reaches the value i,,, the string starts
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producing particles and antiparticles at the rate given by
Eq. (2.8).
From Eq. (2.13), the current in a loop of length R is

i~5X10*B_¢Ry (5.1)

in cgs units. (As noted above, this equation applies as
long as i <ip,,.) For loops in a galaxy R,y <1 and the
particle production can occur only if iy, < 10?2 or

mec? <107 GeV . (5.2)

If this condition is satisfied, then all loops with
R>R, ~3X10"°mgeyB_s" pc are producing particles.
(Here mg,y is the mass m in units of 1 GeV.) Using Egs.
(2.8) and (4.1) we find the total rate of particle production
in a galaxy:

372
ij\i RO eBO R
dt R, %! I
~8X10*B _3Hmgey) ™2 sec™! . (5.3)

The corresponding energy output is

E‘p~%"j—mc2~10328_63/2mGev”2 erg/sec . (5.4)

From Eg. (5.2) we see that E, does not exceed 2x 10%
erg/sec. The main contribution to both dN /dt and Ep
comes from the smallest loops with i ~i_,, (because of
their large number).

If we suppose that the energy density in galactic cosmic
rays ( ~10~'2 ergcm ™) is uniformly distributed in a disk
of radius 10 kpc and thickness 200 pc, the total energy in
galactic cosmic rays is ~2 X 10° erg. The typical lifetime
of a cosmic ray in the disk is estimated to be ~ 10" sec,
so that the required energy source is ~2X 10% ergsec™'.
We see from Eq. (5.4) that direct particle production by
cosmic strings is negligible when compared to this.

On the other hand, according to Eq. (4.8) the total
amount of energy dissipated by the source G357.7-0.1 if it
is a string is 2 10" ergsec™! if B_g=3, Ryy=3, and
n =1. If there is equipartition between electrons and ions
behind the shock, the typical particle energy is
~+mvg?=3mc?=70 MeV, so that the particles ac-
celerated by the shock associated with a cosmic string
could serve as a significant source of injected particles.
The total power available is sufficient to provide the en-
tire energy of cosmic rays in the galaxy.

Particles may be accelerated up to energies as high as

Emax=eB;ry=2X10°B_¢R 5, GeV

by plasma instabilities in the wake of the string, as sug-
gested in Sec. III. Moreover, it can be shown that in gen-
eral two points on the string attain the velocity of light

during each period of oscillation. In the neighborhood of
these points, the motion of a small segment of string of
length Al during a short interval of time At is ultrarela-
tivistic, with a typical Lorentz factor ¥ ~R /(Al +cAt).
This suggests that particles can be accelerated to large
values of ¥, and that the fraction of particles which ac-
quire Lorentz factor ¥ or larger is proportional to y ~2.
This corresponds to a differential energy spectrum like
that in Eq. (3.16) with a=23; this value is not far from the
observed value for cosmic rays, a=2.7.

VI. SUPERHEAVY STRINGS

Suppose that strings are responsible for galaxy forma-
tion (which means that e~107%), and further, that these
strings are superconducting. Then all of the loops in our
Galaxy have already decayed by gravitational radiation,
and we have to look for such strings elsewhere.

The number density of loops of
~R >cteq~1 kpc is given by

length

ng ~(c’t*R)™1, (6.1)
where 1., ~10'" sec is the time when matter and radiation
densities are equal and ¢, is the present cosmic time. The
typical distance between such loops is dg ~ng ~'/3. The
smallest surviving loops have length

R in ~ 50€ecty ~0.15¢_¢ Mpc , (6.2)

so that the “radius” of such loops is ~25 kpc. Here
€_¢=€/10~% The distance to the nearest loop is
~100€_¢'> Mpc, and its mass is ~ 103’ (Mg Hence
the loops have the size and mass of giant galaxies, and
there should be about one in every supercluster.

Normal matter will accumulate in the gravitational po-
tential well of the loop. If the normal matter contains
even a small magnetic field, it will interact with the loop
in the same manner that we have described for smaller
loops, and the gas will be shock heated. If the interaction
is strong enough, the gas is unlikely to cool sufficiently to
form stars, so that the matter would not form a normal
visible galaxy. On the other hand, the gas would emit ra-
dio waves which might be observable. Some objects
which could conceivably be explained in this way have
been observed.'®
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