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Power Spectra in Global Defect Theories of Cosmic Structure Formation
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An efficient technique for computing perturbation power spectra in field ordering theories of cosmic
structure formation is introduced, enabling computations to be carried out with unprecedented precision.
Microwave anisotropy and matter perturbation power spectra for global strings, monopoles, textures,
and nontopological textures are presented and compared with recent observations. The most striking
results are (a) the absence of pronounced peaks i€ tfenisotropy power spectrum and (b) the lack
of large scale power in the matter power spectrum. [S0031-9007(97)03908-2]
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Over the next few years, high resolution maps of theprinciple all quadratic estimators of the perturbations are
cosmic microwave sky will become available. Thesedetermined by (1).
maps will allow competing theories of cosmic structure The unequal time correlators are highly constrained by
formation to be tested with exquisite precision. Thecausality, scaling, and stress energy conservation. Causal-
primary quantities of interest for comparing theories toity means that the real space correlators of the fluctu-
observations are the power spectra of fluctuations, both fating part of ®,, must be zero forr > 7 + 7/ [2].
the microwave sky temperature and the mass density. THecaling [3] dictates that in the pure matter or radiation

predictions of simple inflationary theories have largelyerasC,, ,, = (1,3/(7-7/)%%%”(1{7,1(7/), whereg, is the
been worked out, typically to 1% accuracy, and detailedsymmetry-breaking scale andis a scaling function. Fi-
comparisons with data are taking place. The state of thaally, energy and momentum conservation for the stiff
main rival set of theories, based on symmetry breakingource (see, e.g., [3]) provide two linear constraints on the
and phase ordering, has been less rosy. These theorigsir scalar components of the source. Any pair determines
involve a causal source comprising the ordering fieldshe other two up to possible integration constants. In our
and/or defects, which continually perturbs the Universeyork we have found the best pair to be the energy den-
on ever larger scales. In the inflationary theories, lineasjty @, and the anisotropic stre€s’; the energy and mo-
perturbation evolution is all that is needed: but for thementum conservation equations give good behavior for all
defect theories full linear response theory is required. Thgomponents on both superhorizon and subhorizon scales.
defect sources are in general “decoherent” [1], providingrhis choice is also favored by the fact tHag, and ©%,
additional computational difficulty. This Letter presentsglong with the vector and tensor compone@t$,and®7

a general solution method for solving the linear responsgx the superhorizon perturbations in the most direct man-

problem in such models. _ ner. However, we have also checked that other choices
Stiff sources: measuring unequal time correlaters. give consistent results.

Accurate codes have been developed for field evolution As mentioned, our method uses Sca”ng and Causa”ty

in different symmetry-breaking theories. But a singleto extend the dynamic range of the numerical simulations.
simulation cannot simultaneously resolve all scales ofn the simulations, the fields start from uncorrelated ini-
observational relevance. Thus information gathered frongia| conditions, and evolve toward scaling behavior. We
simulations must be combined in some way. It has bee@vowe the fields to some final time when we compute
clear for some that the ideal quantity which (a) uses althe stress energy tens@r, ,, which we Fast Fourier Trans-
the information present in a simulation, (b) incorporateSorm and decompose into the variabl@g,, ®°, ®", and
the powerful properties of scaling evolution and causality 7. \We then repeat the simulation identical initial con-
and (c) preserves all the information needed to computgitions, computing the same quantities at timeés=< 7.
power spectra is the unequal time correlator (UETC) ofrhjs procedure ensures that correlators are measured when
the defect source stress energy ter3qy: the system is as close to scaling as possible. Correla-
_ N — / tors are stored as isotropic averages, €gys(k, 7,7') =
(04K, 7)0pr(7k, 70) = Cpppalk 7. m), - (1) (®no(k, 7)O5(—k, 7)). Statistical and sampling errors are
wherer, 7/ denote conformal time, andcomoving wave small at largek, but at smallk the sampling is sparse and
number. Because the perturbed Einstein-matter equatiotise noise larger. To increase the resolution for sraall
are linear, all perturbations are determined in terms ofve compute the correlators in real space as functions of
the source via appropriate Green functions. Thus irthe radial separation. We then make use of the fact that
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the correlators vanish for > = + ,7'/, and transform back zon (k7 < 1) portion of the correlators is represented by
to Fourier spaceC (k) = 47 [§"7 r2drC(r)sin(kr)/kr.  an infinite sum of ever more oscillatory eigenfunctions,
For smallk T we use the latter equation, while for large  which have increasingly little effect on the perturbations.
we use the direct Fourier space computation. For intermeFhe individual eigenvectors are each fed into a full Boltz-
diate values the two match well. mann code [4], and the total perturbation power spectra

Eigenvector product representatier:We have ex- are then given by the sum of those for individual eigen-
plained how one can devote the full numerical power awvectors, weighted by their eigenvalue.
hand to compute the UETC's, without wasting computa- During the pure matter and radiation epochs, the pro-
tional effort or storage on linear perturbation theory. Nextcedure is simplified because the correlators scale, and so
we shall show how fast Einstein-Boltzmann solvers re-are represented for all by a single set of eigenvectors,
cently developed [4] can be used to convert the UETC’$unctions ofk7. We incorporate the matter-radiation tran-
into cosmological power spectra with minimal numericalsition by repeating the computation of unequal time cor-
effort and very high precision. relators for several different values (typically 20)ofr*,

This is done by representing the UETC’s as a sunwherer” is the conformal time at matter-radiation equal-
of eigenvector products [2]. The idea is to regard thety Q.(7%) = Q,,(7*). After the simulations are com-
stress energy correlators (1) as “symmetric matricespleted, we collect the results in a matrix of correlators,
with indices v, 7, andp A, /. In practice, to compute Z(k7,k7’,k7*), which are then diagonalized to produce a
the scalar perturbations we need the auto- and crosset of eigenvectors for eadr™ considered. These eigen-
correlators of two components (for exampl®y, and vectors smoothly interpolate between those for the radia-
0®%), and for the vector and tensor perturbations wetion era and those for the matter era, so the Boltzmann
need the two auto-correlators @ and®”. Regarded code can use a simple spline interpolation between them.
as matrices, the correlators involved are symmetric and’he integration solves the full linearized relativistic Ein-
positive definite (expectation values of squares) andtein equations tracking the photons, baryons, cold dark
so their eigenvalues are all real and positive. Matrixmatter, and neutrinos. The evolution includes the full
index summation is replaced with an integrfli7w(r)  matter-radiation transition, finite recombination rate, and
with w(7) some chosen weighting function. Often the other effects. The Boltzmann calculations are accurate to
choice of weighting is naturally dictated by scaling andabout 1%.
dimensional analysis, but in any case the results were Checks—Many checks have been performed on this
checked to be independent of it. For sensible choiceprocedure, which we briefly summarize here [5]. When
of w(r) the trace of the correlators is finite; it follows the box size of texture simulations is reduced fré60°
that there is a convergent series of positive eigenvalug® 256%, the C; spectrum changes by less than 3%. To
which may be used to index the eigenvector sum. Theheck consistency with energy conservation we used a
correlators can then be expressed as an infinite sum different pair of scalar variable®y + 0, 0 + 205,

o A which changed the results by 5%460° boxes, but gave
Clk,7,7) = Z)‘lvl(k’ Tv'(k,7'), (2)  much slower convergence with box size. Weighting the

i diagonalization by an additional factor ot/2 adds more
weight to subhorizon scales, and affects the result by

]dr’C(k, 7l (k, 7 )w(r) = Aivi(k,r). (3) UP to 10% at/ = 2, but less than 2% at largér We
have compared the total, as well as scalar, vector, and
The indices labeling the components of the stress tensaensor anisotropies to those produced by the direct line-of-
are implicit. We have found that the first 15 eigenvectorssight integration code [3], and they individually agree to

typically reproduce the unequal time correlators to betted0%—20%. Since the current method includes additional
than 10%,; the effect of including more than 15 on the finalcontributions at the last scattering surface, explicitly uses
power spectra is negligible at the few percent level. scaling, employs far larger box sizes and more accurate

The properties of this representation make it ideal forintegrations, we conclude the results are consistent with
the purpose of computing cosmological perturbationsthe new results being much more accurate. All these
Namely, (a) the representation automatically minimizeshecks indicate that the new results for monopoles,
the “least squares” fit, for a given number of eigenvectorstextures, and nontopological textures are reliable to better
(b) the eigenvectors individually conserve stress energythan 10%. We attach greater uncertainty to the results
(c) the eigenvectors individually vanish agjoes to zero from global strings because of the well-known logarithmic
since the correlator€ (k, 7, 7') vanish forr << 7/, mak-  scaling violation due to the string cores, which are not
ing specification of the initial conditions trivial, and (d) properly resolved in simulations with a comoving lattice.
the contribution of successive eigenvectors to the pertur- Results—The scalar microwave anisotropy power
bations converges quickly, as a result both of the decreaspectra for global cosmic string eigenmodes are shown
in eigenvalue and the increasingly oscillatory nature ofin Fig. 1. Each eigenmode is coherent and shows the
the eigenvectors. In particular, the incoherent superhoriexpected acoustic peaks [6], but decoherence is manifested

where
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IG. 2. The contributions to the total power from scalar,

the scalar component of the source stress energy for glob lector, and tensor components.

strings. The upper curve shows the total spectrum, the lowe

ones contributions from individual eigenvectors. This figure

illustrates decoherence; each eigenvector individually produces ) ] . .

an oscillatoryC; spectrum, but these oscillations all cancel in COSmic microwave background (CMB) experiments in

the sum. Fig. 3. All models are normalized to COBE following
Ref. [8]. All are systematically lower than the current

i i degree-scale experimental points.

in the eigenvector sum. The peaks add out of phase, The same calculations yield the matter power spectra

resulting in a smooth angular power spectrum. ON&pawn in Fig. 4. Normalizing to COBE, we derive, the

expects cosmic strings to be the least coherent of thgns mass fluctuation ity ! Mpc spheres. Global strings,

defects under consideration. Indeed, the nontopoI0(‘:)icq\honopo|es texture, and = 6 nontopological texture
texture scalar modes do exhibit residual oscillations ' '

even when summed over all eigenmodes as shown
in Fig. 2. The figures showC; spectra computed for

h =05, Qp = 0.05, andQ = 1. The dependence on
the Hubble constank and baryon contenf);, is weak

[4]. The most striking feature of all the models is the
predominance of vector modes. They dominate up t¢ go | monopoles 4
[ ~ 100, at which point they are suppressed by the L 1
horizon size on the surface of last scatter. It is not hard t o textures e | 1
see that vector and tensor contributions should be at lea
comparable to the scalar contribution. By causality khe
space correlator is an integral over a real space functio
of compact support, and should be analytickimat small

k, and may be Taylor expanded, e.g;;«(k7,k7’) =
AS,‘j(‘)\kl + B(aikajl + (Sil(sjk) + 0(](2) The constanfi
contributes only to trace correlatosthen determines the L ol mak S SR
anisotropic scalar, vector, and tensor contributions, in thi S - NI -
ratios cs.s:cy.v:crr = 3:2:4 (accurately verified in our 20 | N
simulations). Thus vectors and tensors can be expecte - \ 1
to contribute a significant fraction of the temperature i ]
anisotropies in field ordering theories [4]. The large C o ]
amplitude of vector modes and the decoherence leadsta ~ © 10 100 1000
suppression of power &t= 100 [7], a very different result 1

to that from adiabatig fluctuations in inflatior?ar.y models.pig 3. Comparison of defect model predictions to current
We show a comparison between the predictions of th@xperimental data. All models were COBE normalized at
global field defect theories and the current generation of = 10.

FIG. 1. Angular power spectrum of anisotropies generated b$
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H ) B L) DL A B AL C; by a factor of 2, as well as smeared the secondary

104 strings - . : . . 4
_____________ monopoles 3 peaks. The major difference is in the contribution of
_____ textures the vector and tenso€;’'s. These were only crudely

— — - nt. textures computed in [6], and strong caveats were given there. The

sCDM present work must be regarded as superseding the earlier
results. The remaining uncertainties are (a) whether we

have correctly measured the UETCs and (b) whether the

assumption of scaling is valid.

To summarize, the simplest defect models have
strongly suppressed acoustic peaks and a low normaliza-
tion of the matter power spectrumry ~ 0.25h50. Current
observations of CMB anisotropies and galaxy clustering
do not favor these models. It remains conceivable that
the observational data or its interpretation will change.
Likewise, some minor modification of the theories might
improve matters.
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FIG. 4. Matter power spectra computed from the BoltzmanncOnducted in cooperation with Silicon GraphiCsay
code summed over the eigenmodes. The upper curve shovidesearch utilizing the Origin 2000 supercomputer as
the standard cold dark matter (SCDM) power spectrum. Thepart of the UK-CCC facility supported by HEFCE and
defect theories have substantially less power, particularly oPpPARC (UK).
large scales, relative to sCDM. All models are normalized to
COBE. The data points show the mass power spectrum as
inferred from the galaxy distribution [9].
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