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We investigate cosmic string models for structure formation which include a nonzero cosmological
constant. We find that the background evolution of density perturbations and modifications to the
scaling behavior of the strings both act to increase the amount of power prestdf/ort Mpc scales.

We estimate the size of this effect using an analytic model for the evolution of the string network and
find that a biash ~ 2 can give acceptable agreement with the current observations. An interesting
by-product of these modifications is a broad peak in the cosmic microwave background angular power
spectrum around = 400—-600. [S0031-9007(98)06278-4]

PACS numbers: 98.80.Cq, 95.35.+d, 98.65.Dx, 98.70.Vc

Topological defect theories, such as cosmic strings [1]Refs. [3,4] we used a sophisticated model to represent
have for many years represented the only serious altern#he stress-energy of a network of cosmic strings, while
tives to the standard inflationary paradigm as theories fonumerical simulations were used in Refs. [2,5].
structure formation. In inflationary theories, structure in In the past, uncertainties in the results of defect calcu-
the Universe is seeded by causal processes operating olations have meant that work has tended to concentrate on
side the framework of the standard big bang (SBB) costhe simplest possible models. Some attempts have been
mology, which imprint a primordial spectrum of adiabatic made to modify the semianalytic approach of Albrecht and
density perturbations on all scales. By contrast, in defecBtebbins [7] to include additional parameters, such as cur-
theories the Universe is taken to be initially smooth, andrature (an open univers€);) or a cosmological constant
perturbations must be seeded by the causal action of dt),) [8,9]. This method yields only the shape of the mat-
evolving network of defect seeds, within the backgrounder power spectrum, although in Ref. [9] a simple model
of the SBB cosmology. was employed to estimate the dependence of the large

Recent work [2—4] has pointed to a serious problemangle fluctuation amplitude di , and(}, allowing rough
for defect theories reconciling the amplitude of largestatements about the relative CiBatter normalization
scale cosmic microwave background (CMB) anisotropieso be made. The results of these calculations—reduced
with that in the matter distribution on scales aroundbias required to reconcile theory with the data, and an im-
1004~ Mpc, in a flat universe where the matter density isprovement to the shape of the matter spectrum—serve as
critical, that is,(),, = 1. In Refs. [3,4], this problem was impetus for the current work, which considers a flat uni-
quantified in terms ob;, whereby is the bias between verse with a nonvanishing cosmological constant. Our cal-
the cold dark matter (CDM) and the galaxy distribution culations use the same modified versioncefsFAST and
in a sphere of radiu®z ™' Mpc that we must postulate source two-point functions as in Refs. [3,4] and represent a
in order to make a given theory consistent with the dataself-consistent calculation of both the CDM and the CMB
It was argued that unacceptably large biadagy = 5,  power spectra over all observable scales. We should note
would be required in order to make scaling defect theorie¢hat similar results for the matter power spectra have been
with Q,, = 1 compatible with current observations. We found by Avelinoet al. [10].
named this theb;o, problem and suggested that its The introduction of a cosmological constant will be seen
resolution is the most serious challenge facing defecto improve the required value of the bias in two ways.
models for structure formation. The first is in terms of the modified evolution of the

These recent calculations (see also Ref. [5]) represefiackground spacetime, which is illustrated in Fig. 1. This
the first calculations using a linear Einstein-Boltzmannshows the results for our standard scaling string source
solver which includes all the relevant physical effects.(described in detail in [4]) with various choices of the
[The present calculations and those of Refs. [2—4] usegarameteK),, the proportion of the critical density from
a modified version oEMBFAST [6] which has been shown the cosmological constant with the Hubble constdmnt=
to give accurate(~1%) results for most inflationary 1004 kmsec ! Mpc™! given by h = 0.5. We find that
models.] The only input required is the unequal time-as(}, is increased, the amount of power on large scales
correlator (UETC) for the defect stress-energy, or an(around1004~! Mpc) is increased, with a corresponding
ensemble of source histories with the same UETC. Irdecrease on small scales, bringing the shape of the matter
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Yo Y I andg = 0.19 is a constant which determines the speed of
k/h Mpc™! the transition. It has been suggested [13] that this model

FIG.1. The (COBE normalized) matter power from the reproduces the behavior of a string network through the

scaling cosmic string model for various values@f. (0, — radiation-matter transiton. o
0.0 (short-long dashed line), 0.3 (dot-dashed line), 0.5 (short- The solution of these equations is illustrated in Fig. 2
dashed line), 0.7 (long-dashed line), and 0.9 (solid line)for various values of(}, and & = 0.5. We see that

Included also are the observed data points [11] and the standaffe density of strings shifts by approximately a factor of
cold dark matter model (dot-dashed curve). 2 in the intervala/a., = 1 to 100 independent of the

o ] ] value of Q4 and in the models wit), # O there is a
spectrum in line with the galaxy data and reducing theyther shift in the string density, during th'e dominated
magnitude of 'thebloo problem. This modification can be phase; the effect is most obvious for lalga. But when
understood via the standard shape parambter (1, piotted against, we see that.,, and hence the transition
and the equivalent shift in the time of rad|a1t|on-matterera is shifted a@ﬁ—l1 in conformal time. For),, = 1,
equality. We find thal), = 0.7 seems to reproduce the {he yelocity interpolates between the measured values in
shape of the observed spectrum particularly well, although,
assuming perfect scaling, this still requires a bhas: 4,
over all scales. Note that we plBtk)Q.: rather than just
P(k), so as to undo the redshift space distortion calculated
in Ref. [11].

In our previous work [3,4] we have made an extensive
study of the effects of deviations from scaling. In the °° [
case of(), = 0.0, we found that only very radical devia-
tions from scaling can improve the amount of power on
100n~! Mpc scales, at the expense of creating an over- IR, T,
production of power on smaller scales. However, given °%: 1 10 100 1000 100 %1 10 100 1000 10° 10°
the improvement in the shape and amplitude of the mat-
ter power spectrum from the inclusion of a cosmological 1 g™ 1
constant, one might think that mild deviations from scaling 1 c
might improve things further.

Rather than using the arbitrary scaling deviations to l
deduce a transition which yields the best case scenario, for
the bulk of this work we have used the velocity dependent o5 |-
one-scale model for string evolution [12], which was also
used as the basis for the string evolution in Ref. [9].
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This allows us to calculate the three quantities which 4 ™ "™ "0 1o ** 1 10 100 1000 100 107
are variables in our model, namely, the string coherence

length relative to the horizo#i(r), the rms string velocity E)IrGt'hg'sams\;gﬁ:gtssgg:h:sviﬁl?:?gy fngg?ﬁgtleof?%zcgfngi‘&dd

. . o > .
v(7), and the string density,(r) = u/£*, as functions strings relative to the background againsta., (bottom)

of conformal time, whereu is the mass per unit length of and the rms velocity of the strings (top). On the right the same
the string. The evolution equations for this model becomejuantities but this time against
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the radiation and matter eras, with a transient increasé we assume that the effective mass per unit length is
during the transition, and fofl, # 0 the velocity of & = 1.7u. This is well below the upper bound imposed
the strings is exponentially suppressed during the by the absence of timing residuals in measurements of
dominated era. Physically, the cosmological constant isillisecond pulsars [15].
causing the Universe to expand exponentially, reducing We have shown, therefore, that the inclusion of a
the velocity of the strings, preventing reconnection, anccosmological constant can improve the amount of matter
hence the strings are no longer scaling. power of larger scales, and that an interesting by-product
Here, we comment briefly on the implementation ofof this is a peak in the CMB angular power spectrum.
these deviations from scaling into our string model. TheWe now illustrate that once the lack of large scale
velocity and length of each string segment at each tim@ower has been remedied, it is relatively simple to
are simply chosen to be(7) and £(7), but for technical improve the fit to the observations on smaller scales.
reasons we now pick a fixed value ofrather than choos- Ignoring for the moment the constraints 83 4 from big
ing it from a random distribution, which has been shown tobang nucleosynthesis (BBN), Fig. 5 contains three curves
make very little difference to the resulting power spectrumcreated using the velocity dependent one-scale model and
The number density of strings is taken to [@&7)7]3;  Qx = 0.7 with (1) Q, = 0.05 andh = 0.7, (2) Q, =
that is, there is one string per correlation length cubed. 0.15 and » = 0.7, and (3)Q, = 0.125 and & = 0.5.
Figures 3 and 4 show the matter power spectra and CMBlodel (1) has the distinction that it fits the amplitude of
anisotropies for the same values Qfy, as Fig. 1, with the small scale matter dathg(~ 1.0), although the shape
&, v, and number density of strings given by this model.is clearly not right, with a bias of 2.4 oh00z ! Mpc
Coupled with the effects of the background, the deviationscales. Models (2) and (3) rectify the small scale slope
from scaling improveb o significantly forQ2, # 0, with  of the spectrum by increasing the baryon fraction, which
the best fit for(, = 0.7 (and, hence, for a similar value damps out small scale power. A similar effect could be
of ,, as favored in Refs. [8,9]), although the inclusion of obtained by the introduction of hot dark matter.
the time dependence gfhas slightly affected the shape of As one final point we return to the approach adopted
the power spectrum. We estimate that a biakigf = 2.6  in Refs. [3,4] of finding the transition which fits the data
would give a good fit to the observations on large scalebest, since the exact nature of the deviation from scaling
at the expense of an overproduction of power on smalleat the onset of cosmological constant domination has not
scales. A robust feature of the CMB spectra appears to bget been simulated. We implement a transition using the
a peak at around = 400-600, whose height is increased model described in Ref. [4] by varyinge with 77 =
as (), increases. Finally, we should note that the valuel0000, Ly = 0.1, and y = 4, such that the time and
of string density per unit lengt& . required to normalize length of the transition closely mirror those obtained in the
to COBE is around X 107°, almost independent &®,,  one-scale velocity model and the amplitude chosen to give
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FIG. 3. The (COBE) normalized matter power spectrum forFIG. 4. The CMB power angular power spectrum for the
the same values of), as in Fig. 1, but this time using the same values ofQ), as in Fig. 1. Also included are the
velocity dependent one-scale model to calculaendv. Once  observation data points [14] and the standard CDM curve (dot-
again we include the observed data points and standard CDMdashed curve) for comparison.
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1000 7 e I rently evolving rapidly. It appears that the best fit to the
i ] power spectrum is attained by usityy = 0.7 which is
very much in line with the current measurements of cos-
mological deceleration from supernova type la [17] and
other independent measurements of the matter density of
the Universe. We should also note that some of the values
of Oy, used in Fig. 5 are slightly larger than usually used
on the basis of BBN. However, these higher values are not
excluded [18], and we use them here only to illustrate that
models which have a reasonablg, can be made to fit the
observed power spectrum on smaller scales—for example,
the addition of hot dark matter can have a similar effect.
We conclude that the interaction between this model and
observations in the coming months will be interesting, and
could in the end produce strong support for our model.
We thank U. Seljak and M. Zaldariagga for the use of
cmBrAsT. We also thank P. Ferreira, N.Turok, E. Gawiser,
and P. Viana for helpful comments and P. Shellard
for enlightening discussions concerning deviations from
FIG. 5. The matter power spectrum for various models Withscaling. This work was supported by PPARC, and
Q2 =0.7. Velocity one-scale model: (1) = 0.7, O, = computations were done at the U.K. National Cosmology

0.05 (long-short-dashed line); (& = 0.7, Q, = 0.15 (short- .
dashed line): (3% = 0.5, Q, = 0.125 (dot—short-dashed ling). SuPercomputing Center, supported by PPARC, HEFCE,

Transition model withy = 4: unbiased (dotted curve); biased and Silicon Graphig&Cray Research. R.A.B. is funded
(solid curve). by Trinity College.
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