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Cosmological evolution of axionic strings is investigated by numerically solving field equations of
a complex scalar field i3 + 1 dimensions. It is shown that the global strings relax to the scaling
solution with a significantly smaller number density than the case of local strings. The power spectrum
of axions radiated from them is calculated from the simulation data, which is found to be highly peaked
around the Hubble scale, and a more accurate constraint on the Peccei-Quinn breaking scale is obtained.
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The global Peccei-Quinn (PQ) () symmetry is in- in 2 + 1 dimensions [7,8], where “strings” cannot inter-
troduced into the standard model of particle physics ircommute but only pair-annihilate. Of course, since strings
order to solve the strong CP problem of the quantumintercommute with the probability of order unity [9] in
chromodynamics (QCD) [1]. The axion appears as & + 1 dimensions, the results I+ 1 dimensions do not
Nambu-Goldstone boson in consequence of the spontapply directly. In investigating the property of a global
neous breakdown of such a global symmetry, and acquirestring, the effective action is often used, which is valid
a mass through the instanton effect at the QCD scale [2]when massive modes are sufficiently damped. For a global

This breaking scalef,, is constrained by the terrestrial string we have to use the Kalb-Ramond action [10], which
and astrophysical experiments as well as by cosmologicés much harder to deal with than the Nambu-Goto action
considerations. The most stringent lower bound has bedior a local string. Hence in the present Letter, instead
obtained from SN 1987A ag, = 10'° GeV [3]. Onthe of solving equations of motion derived from the Kalb-
other hand, the upper bound is given by the condition thaRamond action, we numerically solve the evolution equa-
the present energy density due to the axion should ndton of the complex scalar field to trace the evolution of
overclose the universe. the global string network and calculate the spectrum of

In the very early universe, the(Upy Symmetry is ex- axions radiated from them. (If the reheating temperature
pected to be restored due to the high temperature effectafter inflation is lower than the symmetry breaking scale,
As the universe cools down, it spontaneously breaks dowglobal strings and radiated axions are washed out and relic
and global strings (axionic strings) are formed [4]. Sub-axions come only from coherent oscillations of the zero
sequent evolution of global strings has been less exanmode [11]. Here we assume that this is not the case.)
ined than that of local strings, and the result for the latter Axions are massless when they are emitted from
has been applied to axionic strings without direct numeristrings, and hence they behave like radiation. Later
cal verification. In particular, global strings have been asaround the QCD scale, they acquire a small mass,
sumed to obey a scaling solution like local ones, in whichthrough QCD instanton effects. Since at present kinetic
the energy density of infinite strings is given by energy of axions is much smaller than the rest mass,

= tu/t? 1 the present energy density of axions,, is given by
p =/, () pa = mgn, With n, being their number density. Thus,
where u is the average energy per unit length of stringsin order to estimate the present energy density of axions,
and ¢ is a constant. It has been found théat~ 13 for ~ we must transform the energy density of radiated axions
local strings in the radiation dominant era [5]. into the number density by use of the spectrum. However,

But there is a crucial difference between global and locathe spectral shape is still in dispute. Davis, Shellard, and
strings; that is, the former strongly couples with the assoeo-workers insist that the spectrum has a sharp peak at the
ciated Nambu-Goldstone fields. As a result, global strings$iubble horizon scale [12—14]. On the other hand, Sikivie
have the following prominent features: (a) These fieldsand co-workers claim that it is proportional to the inverse
carry most of the energy rather than string cores, (b) longmomentum [15]. We clarify the shape of this spectrum in
range forces proportional to the inverse separation workealistic situations where global strings evolve according
between strings, and (c) the dominant energy-loss meche the scaling solution; that is, we identify kinetic energy
anism of loops is radiation of Nambu-Goldstone boson®f axions emitted from strings and elucidate the spectrum
[6]. Therefore it is not a trivial problem whether the by Fourier transforming them. Hence our approach is free
global string network obeys the scaling solution like localfrom the ambiguities associated with thé hocchoice of
ones. Infact, a deviation from scaling property is observedhe initial configuration of strings.

4578 0031-900799/82(23)/4578(4)$15.00 © 1999 The American Physical Society



VOLUME 82, NUMBER 23 PHYSICAL REV

IEW LETTERS 7 UNE 1999

We consider the following Lagrangian density for a
complex scalar fieldb (x),

L[®]=0,Do*DT — Vy[d],
with the potentialV.s[P ] given by

2

A A
Vet [@] = ?(CD(I)T - n%)? + ?Tzcbdﬁ. (3)

Hereafter we setx = 1.0 for brevity. For7 > T, =
V3 7, the potentialV.s has a minimum atb = 0, and
the U1) symmetry is restored. On the other hand,
new minima |® |, = n/1 — (T/T.)* appear and the
symmetry is broken fof < T.. In this case the phase
transition is of second order.

In the flat Friedmann universe, the equation of motion

is given by

1
a(t)z (4)

where the prime represents the derivatiy@® ' anda(r)
is the scale factor. The Hubble parameter= a(r)/a(z)
and the cosmic time are given by
2

b(x) + 3HD(x) — V2D (x) = —V[®],

8w m 1

2 4

= . YT Py t = Py 5
3m3, 30 8 2H ®)
where Mp, is the Planck massg. is the total effective
number of relativistic degrees of freedom, and radiatio

parameter as

1/2
()

In our simulation, we tak¢ = 10 andg.. = 1000, which
corresponds ta; ~ 10'¢ GeV, but the essential result is
independent of this choice.

We take the initial timer; = t./4 and the final time
ty =75t = 18.75t., where ¢, is the epochT = T..
Since the W1) symmetry is restored at the initial time=
t;, we adopt as the initial condition a thermal equilibrium

45M3,
1673g.m?

In

domination is assumed. We define the dimensionless

We perform the simulations 256> lattices with the
physical lattice spacingxpnys = /3 t;a(1)/25. The time
step is taken asst = 0.017;. Hereafter the subscript
“phys” is omitted. The box size is nearly equal to the
Hubble horizonH ~! and a typical widthd ~ 1.0/+/2 7
of a string is twice as large as the lattice spacing at the
final time 7. We simulate the system from 10 different
thermal initial conditions using the second order leapfrog
method and the Crank-Nicholson scheme. We use the
same method to identify a string core as in our previous
work [8]. More details will be published elsewhere [16].
The zero temperature potentidle[dP,T = 0] is used
afterr = 20¢; so that the axion is identified as in Eq. (8)
below. We find that after some relaxation period the
energy density of stringg is given by

p = én/t, ()

where ¢ = (1.00 = 0.08) irrespective of time angw =
2w n2In(t/d&€'/?) is the average energy per unit length of
strings. Therefore, we can conclude that global strings
network relax into scaling regime. In Fig. 1, we show
time development of.

Now we turn to the spectrum of axions emitted from
axionic strings under the situation where they follow the
scaling solution. If we represent the complex fididr, x)
terms of the radial mode (r,x) and the axion field

ia(t,x)

a(t,x) as
7)) e

the kinetic energy density of axions is given by

D(t,x) = [n L XX

7?

Gap X [me ) Red (1, x)

+ Red (1, x) Imd (1, x) .
9

1.
E a(t,x)2 =

state withd’s mass equal to the inverse curvature of the Since emitted axions damp like radiation, the average

potential at the origin. The scale factofr) is normalized
asa(t;) = 1. |

energy density of axions radiated in the period betwgen
andn, plt, 2], is given by

2
1 1 1. 1.
plied = 5 [ @xlnnein) = 5 f ‘”x[z‘““%")z - E“(tl,x)z(%> }
2
1 3k 1 . ’ 1 . a7 3k foc dk
v 2 — Slat)l\ = | = | o5 Pelti ] = — pilt1, 121, 10

v 2m)} |: > lax (22)] 5 laere (1)1 (lz 2n) pirlt, 2] V22 prlti, 1] (10)
where V is the simulation volume anda(s,x) = | follow the above procedure between= 65s; andr, =
f@dsTk)sdk(t) explik - x). 75t;, whose result is depicted in Fig. 2.

To avoid contamination of string cores to the spectrum AS is seen there, the spectrupy, is peaked around

of emitted axions, we divide the simulation box into

the horizon scale and decays exponentially for higher

8 cells and stock the field data of a cell if there aremomenta. Note that it is contributed from both infinite

no string cores in that cell betweep andr,. Over all

and loop strings. For comparison, we have also given

such cells, we average power spectra of kinetic energthe power spectrum averaged over all cells, some of

of axions obtained through Fourier transformation. Wewhich include string cores.

Note that effects of string
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FIG. 1. Symbols[() represent time development ¢f The 0 20 40 75t. , 180
vertical lines denote a standard deviation over ten different wave number [(k/dk)"‘ o 1 k]

initial conditions.

FIG. 2. Filled dots represent the power spectrym, which

is already averaged over the directionfofand multiplied by

the phase-space factor as defined in Eq. (10). It is obtained
cores lift the spectrum at high momenta and make ifrom cells with no string cores. The dotted line denotes its

flatter. standard deviation. Open dots represent the spectrum obtained
fo ; by averaging over all cells including string cores. Bins are cut
Defining the average inverse momentum by every58k. k = 648k corresponds to string cores.
71 — f8°(dk/2772) (pr/k) (11)
[otdk/2m)py by [14] . .
indk 1 = + fy~ 1.7 X 1076A e Ja

we flndk (0.25 + 0.18_) X (t/2). _ Chw (6 X 10-6 eV 102 GeV

Finally, we want to estimate energy density of relic

axions radiated from axionic strings. Though dynamic Nocp \
X sec, (14)

range of our simulation is limited to (rn/d) ~ 5, we 60
extrapolate our results up to the cosmological scale with ] , ] ]
In(¢/d) ~ 75. From the scaling property, we can estimatewhere A is a constant of order un|t_y_ which describes
the energy density of axions radiated from strings fromuncertainties at the QCD phase transition,

0.82 0.82
T = I« tO T = t, A — 10i05 Mg fa
) = 20 f° £ (11 nf 7 p 12) 6 X 1076 eV 102 GeV
a = T 5 D - 79
P vl e L Pve

—0.65 —0.41
AQCD NQCD (15)
wherezt. is the cosmic time when axionic strings began 200 MeV 60 ’

radiating axions and we denote the breaking scale, \yith . being the axion mass at zero temperatutgen
by f,. Multiplying it by the average inverse morr_1entu_m the energy scale of the QCD phase transition, A¥igk-p
k=!(r) = 7/2me, the number density of relic axions is an effective number of massless degrees of freedom at
given by that time. These domain walls bounded by strings also
L€ (11 T - decay by emitting axions if the QCD anomaly factor is
ng(t) = 27f,; a2 | e L[k"H7)dT  unity [17]. (Otherwise, these domain walls would rapidly
overdominate the universe.)
i f_§ £ In ! (13) As is seen from Eg. (13), the dominant contribution to
t € dev? e the present axion density is those radiated just before wall

As the temperature cools down to the QCD scale angomlnatlon. The. present dens!ty pgramefég, of relic
. . O xions due to emission from strings is given by
the axion acquires a nonvanishing mass, a network o 118
domain walls bounded by strings is created and walls start _ £\, 2 fa
. : . Oy ~ 2.7 h™°A , (16)
to dominate the dynamics of the systemrat ¢, given 102 GeV

t. T
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where h is the Hubble constant in wunits of try and Unified Theory of Elementary Particles (No. 707)”

100 kmyse¢Mpc. (M.K. and J.VY.).
With & ~ (1.00 = 0.08) ande ™! ~ (0.25 = 0.18), Q

is given by

1.18
Qg ~ (0.68 = O.46)h2A(12f7“> . @
10'> GeV *Present address: Department of Earth and Space Science,

The condition thaf), < 1.0 constrains the breaking scale ~ Graduate School of Science, Osaka University, Toyonaka,

f PO-svmmetr as Osaka, 560-0043, Japan.
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