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Gravitational particle production during the formation of global texture
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The production of particles from the vacuum during the rapid variation of the gravitational
field accompanying the formation of a knot of global texture is investigated. It is found that the
formation of a knot of texture will, in general, be accompanied by a burst of particle production,
the intensity of this process being inversely proportional to the fourth power of the distance from
the texture.

As recently shown in Refs. 1-3, topological defects
known as texture can arise generically in field theories ad-
mitting a non-Abelian global symmetry. ' Such topologi-
cal defects are three-dimensional objects and are related
to the existence of a nontrivial third homotopy group of
the degenerate vacuum manifold, tt3. (Other nontrivial
homotopy groups of the vacuum manifold, tr2, tr~, and tto,
give rise to walls, strings, and monopoles, respectively. )

"Knots" of texture form when the Higgs field winds
around a three-sphere in a nontrivial manner. This typi-
cally occurs on scales greater than the cosmological hor-
izon. On entering the horizon, texture knots begin to col-
lapse at the speed of light and the corresponding space-
time metric rapidly approaches the form

ds =dt —dr —r 1 — (dO +sin Hdp ), (1)4t..
3

where 8tre/3= —",' tt Gq . g is the vacuum expectation
value of the Higgs field, in grand unified theories (GUT's)
its value is directly related to the symmetry-breaking
scale. '

The form of the metric (1) is, in fact, very similar to
that induced by a static global monopole. If texture were
stable it could create grave problems for viable cosmologi-
cal scenarios, since then the energy density in texture
knots would scale as p ~ a leading to an overabundance
of texture knots today, reminiscent of the monopole prob-
lem. Fortunately, a texture knot is known to be unstable
and unwinds itself, emitting Goldstone bosons, so that the
space-time metric at late times, once more, approaches
flat space.

The fact that global texture is unstable has led to its be-
ing proposed as a possible mechanism for seeding the
large-scale structure of the Universe. Some astrophysi-
cal consequences of texture also have been studied in Ref.
3. I propose to examine the possibility that the formation
of a knot of global texture is accompanied by an intense
burst of particle production which arises because the
background space-time metric is no longer flat but is
changing rapidly.

It is well known that a rapidly changing gravitational
field gives rise to particle production generically. This
effect can be very significant during the very early
Universe when the energy density of created particles can
exceed the energy density of conventional matter and
modify the expansion of the Universe. Recent studies,

however, indicate that significant particle production can
also occur during the formation of intense gravitational
fields, which accompany the formation of topological de-
fects such as cosmic strings, domain walls, and global
monopoles. Since the formation of global texture is also
accompanied by a rapid change in the space-time metric
there is every reason to believe that the formation of knots
of global texture will, in general, be accompanied by copi-
ous particle production. Furthermore, since, as opposed to
GUT scale strings and walls, knots of texture will be
forming in the Universe today, ' this effect could have in-
teresting observational consequences.

We assume that the formation of texture knots and
their subsequent evaporation can be qualitatively de-
scribed by a space-time metric with a time-varying deficit
solid angle:

ds =dt —dr —r b (t)(d8 +sin Odg ), (2)

where b is chosen so that b(~ ~) =1; i.e., the metric at
early and late times becomes flat Minkowski space. At
t =to we shall require that metric (2) become identical
with (1); i.e., b (to) =1 ——', e.!n order to investigate particle production in this back-
ground space-time we shall consider the simplest case of a
minimally coupled massless scalar field which satisfies the
Klein-Gordon equation:

i'tl+k b (r)itt=0. (4)

4—g
The Klein-Gordon equation does not, in general, admit a
separation of variables in the background space-time de-
scribed by the metric (2). However some useful insight
can be gained by restricting ourselves to the lowest angu-
lar modes for which the variables can be separated giving

e = itr(t )j0(kr ) Vp'(8, y),
where jo(kr) is a spherical Bessel function of zeroth or-
der, and Yoo(0, &) =1/44tt is the zeroth-order spherical
harmonic. y(t ) satisfies the diA'erential equation

ji+2—y+k Ibtj=0,
b .
b

which in terms of the new time coordinate r =Jdt/b, as-
sumes the more convenient form

R301 @1991The American Physical Society



R302 VARUN SAHNI

A physically well-motivated choice for b (r) is

b'(.) = I—
cosh'(ar)

(5)

so that b(+ ~) = l. (The free parameter a regulates the
rate of change of the metric. ) The condition b (0)

I

= 1 —
3 t. then sets the value of the parameter a:

a = —,
' e= —'," zrGri W. ith this choice of b(z), Eq. (4) can

be solved exactly. The fact that b(~ ~) =1 allows us to
unambiguously define asymptotic vacuum states at
t =+' ~. A normalized solution of (4) corresponding to
an asymptotically positive-frequency mode at ~ = —~ is

y(r) = [ & (I g2)]
—ik/2a

F
44~k

e
—ikr

ik —s, 1+s—ik
1

ik ) (I+()a' e'
(6)

~- -" i4rrk
where g =tanh(ar) and s = —,

' [—1+ (1 —4k a/a ) 'i ].
From the linear transformation property of the hypergeometric function, '

F(a,b;c;z) = I (c)r(c —a b)—
F(a,b;a+b+1 —c;1 —z)

I (c —a) I (c —b )

+ r(c)r(a+ b —c)
r(a)r(b) (1 —z)' ' F(c —a, c —b;c+1 —a —b;1 —z)

we obtain

44zk
e '"'c

) (k, a,s)

I

Evaluating the integrals in (12) we obtain

n. = e a1

60m
(13)

J4~k
e'"'c2(k, a,s), E — Q a315

8~'
where c] and c2 are the Bogoliubov coeScients:

so that

r ( —ik/a) r (1 —ik/a)
r( —ik/a —s ) I (1 i k/a+ s )—'

r(Ik/a) r(1 ik/a)—
r( —s)r(s)

ic P= sin'(~s ) + sinh '(xk/a)
sinh'(xk/a)

Sin 7E'S

sinh'(xk/a)
'

(10)

and!c, P
—Ic,P = l.

~cz~ gives the number density per mode of particles
created by the changing space-time metric. For particles
with momenta k/a)) I/+a, we have

Icg~' =exp — k(1 —Wa)

f OO

n=
2 !c2)k dk (12a)

and the corresponding energy density is

Q oo

k!col k dk. (12b)

and we see that the production of particles is exponential-
ly damped for large k. The total number density of creat-
ed particles is given by

The requirement that the peculiar velocity field predict-
ed by texture agree with current observations sets the
value of a at a = —'," xGri —(16/3z)10 h ', h being
the value of the Hubble parameter in units of 100 km/sec
Mpc . It seems reasonable to assume that a = I/r, where
r is the distance to the texture knot —such a choice of a is
supported by the self-similar form of the texture metric
recently obtained by Notzold'' and Barriola and Va-
chaspati. ' One then obtains

r

e=3x10 rrUT
r

4

ergs/cm (14)

where rGUT is the GUT scale length rGUT =3 X 10 cm.
From (14) one immediately sees that the energy density
of created particles is very high in the immediate vicinity
of the knot, and drops oA' rapidly at increasing distances,
so that at a distance of just 1 cm from the texture knot,
the energy density of created particles has already
dropped to —2.4&&10 ergs/cm . It is important to
mention that although the particle creation rate has been
explicitly calculated only for massless minimally coupled
particles, an eAect of roughly the same order of magni-
tude will also exist for other massless particles —including
photons. One would therefore expect to see radiation be-
ing emitted from the precise location of the texture knot
at the time of its formation.

As seen from (10), the main contribution to the spec-
trum of particles emitted from the vicinity of the knot
comes from the GUT frequency range. In the case of
photons, it will be diScult to observe such high-frequency
y rays directly, since most photons will scatter oA the
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lower-energy cosmic-microwave-background quanta,
leading to pair production enroute to the observer.

It may be noted that the mean number of particles
created during the collapse of a texture knot is less than
unity, since N=fndV 1—0 . This means that one in

every 10 knots of texture will emit a very energetic parti-
cle. (A similar result for cosmic strings was obtained by
Parker and by Mendell and Hiscock, who found that the
mean number of particles created during the formation of
a cosmic string is N ~ 10,for a GUT-scale string. )

Integrating (14) for the total energy in massless parti-
cles created by a collapsing and unwinding knot of tex-
ture, we obtain E =10 ergs, which is much smaller than
the total energy radiated by Goldstone bosons during the
unwinding of a texture knot. Strictly speaking, this re-
sult presents a lower bound on the particle production pro-
cess since we have restricted ourselves to modes carrying

the lowest angular momentum. However, it is well known
that modes with the lowest quantum numbers also con-
tribute predominantly to the particle creation rate, the
creation of particles with higher quantum numbers being
adiabatically suppressed. One therefore expects (14) to
provide the main contribution to the particle production
process, and to give a correct order-of-magnitude estimate
of the energy and number density of created particles,
during the collapse and subsequent unwinding, of a tex-
ture knot.
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