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Cosmic Microwave Background and Density Fluctuations from Strings plus Inflation
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In cosmological models where local cosmic strings are formed at the end of a period of inflation, the
perturbations are seeded both by the defects and by the quantum fluctuations, with similar amplitudes.
In a flat cosmology with zero cosmological constant and 5% baryonic component, strings plus inflation
fit the observational data much better than each component individually. The large-angle cosmic
microwave background spectrum is mildly tilted, for Harrison-Zeldovich inflationary fluctuations. It
then rises to a thick Doppler bump, coverifig= 200—600, modulated by soft secondary undulations.

The standard cold dark matter antibiasing problem is cured. [S0031-9007(99)08611-1]

PACS numbers: 98.80.Cq, 98.65.Dx, 98.70.Vc

The combination of recent data from cosmic microwaveken at the end of inflation, thereby resulting in the for-
background (CMB) observations and large scale structurmation of a network of cosmic strings. If the symmetry
(LSS) surveys is proving a strong discriminant amongis not anomalous, the strings will be local; otherwise they
cosmologies. The standard cold dark matter (sCDMyre global [12]. The inflaton corresponds to a flat direc-
inflationary model [1], dominant for so long, is now tion in the potential, where the energy density is set by
disfavored as it predicts too high an amplitude for thethe U(1) symmetry-breaking scale. Radiative corrections
CDM power spectrum at scales below abd0t~! Mpc  lift the flatness and force the fields eventually to the U(1)-
[2]. Cosmic strings and other topological defects [3], afterbreaking supersymmetric minimum. A big attraction of
resisting theoretical attack, have also failed the tests ithe model is its naturalness in the technical sense: the flat
the standard cosmology 61 = 1, O, = 0, ), = 0.05, direction is present as a result of symmetry, and the model
andH, = 50 kms~! Mpc™!, as they cannot produce the avoids having to fine-tune any coupling constants.
required power on large scales [4—7]. Other cosmological The strings appear as a result of the breaking of the
parameters have been investigated in both inflationary [2)(1) symmetry, although the details of the process are
and defect [8] models, with the result that a cosmologicafar from certain. It may be that the evolution of the
constant improves matters in both scenarios. The recefiomogeneous inflaton causes the U(1)-symmetric point
type-la supernova data [9] support this move away fronin the potential to become unstable [18], or there may
an Einstein—de Sitter Universe. also be a nonthermal phase transition after inflation ends,

However, the failings of the inflationary and defect during a “preheating” phase [19]. However, subject to the
sCDM models are to a certain extent complementary, andondition that the fields making the strings are uncorrelated
an obvious question is whether they can help each othet large distances, the subsequent evolution of the string
to improve the fit to CMB and LSS data. Using our network is thought to be independent of the formation
recent calculations for local cosmic strings [7] and the byprocess [3].
now familiar inflationary calculations [10], we are able to The ensuing structure formation scenario is highly
demonstrate that the answer is yes. Even with Harrisorexotic and worth studying just by itself. Regarded in
Zeldovich initial conditions and no inflation produced the abstract, structure formation may be due to two types
gravitational waves, the large-angle CMB spectrum isof mechanism: active and passive perturbations. Passive
mildly tilted, as preferred by the Cosmic Backgroundfluctuations are due to an apparently acausal imprint in
Explorer (COBE) data [11]. The CMB spectrum thenthe initial conditions of the standard cosmic ingredients,
rises into a thick Doppler bump, covering the regionwhich are then left to evolve by themselves. Active
€ = 200-600, modulated by soft secondary undulations.perturbations are due to an extra cosmic component,
More importantly the standard CDM antibiasing problemwhich evolves causally (and often nonlinearly), and drives
is cured, giving place to a slightly biased scenario of galaxyperturbations in the standard cosmic ingredients at all
formation. times. Inflationary fluctuations are passive. Defects are

It may seem baroque to invoke both inflation and stringghe quintessential active fluctuation.
to explain the cosmological perturbations. However, there A scenario combining active and passive perturbations
is a very attractive inflationary model, namely;term in-  would bypass most of the current wisdom on what to
flation [12,13], which necessarily produces strings, and irexpect in either scenario. It is believed that the presence
which the perturbation amplitudes are of similar amplitudeor absence of secondary Doppler peaks in the CMB power
[14] (see also [15-17]).D-term inflation requires the ex- spectrum tests the very fundamental nature of inflation,
istence of an extra gauged U(1) symmetry, which is browhatever its guise [20]. In the mixed scenarios we shall
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consider whether inflationary scenarios could produceerturbations. The fact that these two types of fluctua-

spectra with any degree of secondary oscillation softeningions are uncorrelated means that we can simply add
We shall now recap some of the main features of thehe power spectra in CMB and LSS produced by each

D-term inflation model in which the strings plus inflation component separately.

scenario find an attractive expression. The simplest model The spectrum of the perturbations frobrterm infla-

[13] has three chiral fields§, ®, and®_, which have tion is calculable [14], and can be expressed in terms of

charges 0, 1, and-1 under an extra U)y symmetry. If N, the number of foldings between the horizon exit of

one imposes a® symmetry, the only possible superpo- cosmological scales today and the end of inflation, which

tential isW = AS® ., d_, and one assumes a Kahler po-occurs ajn| = 1. One finds

tential with minimal formkK = [S|> + |®.|> + |®_|%.

The scalar potential for the bosonic componentsp ., w ~ 1 1642 = eN+1) (5_2) A3)
and¢_ is then 27 Téms 4 75 M)
V= A5+ + 11D + Alprd_|? where Tcmp = 2.728 K is the_temperature of the mi-
crowave background, an®}; (k) is the matter perturbation
+ 1 2(1b+? — 1> + &4 (1) amplitude at the horizon crossing. The corrections to this
2 formula, which is zeroth order in slow roll parameters,
while the kinetic terms have the normal canonical form.are not more than a few percent. The inflationary fluctua-
The vacuumy = ¢, = 0, |¢_| = /€ is supersymmetric tions in this model are almost scale invariant (Harrison-
but breaks the U(1) symmetry. The fieldis massless Zeldovich) and have a negligible tensor component [13].
at tree level, while the fieldsp. have massew? = The string contribution is uncorrelated with the infla-

A2|s|? = g2¢£. Thus for|s| > g/&€/A, and¢~ = 0, the tionary one and is proportional @ 1), wherepu is the
potential is flat in thes direction and has a positive String mass per unit length, given by = 27£. We can
curvature in thep . directions. As a consequence of the Write it as

broken supersymmetry, there are radiative corrections to S s 2
the potential along this flat direction fromh+ and their ‘w +21)C€ = AO <§—4> 4
fermionic partners, resulting in an effective potential [13], 27 Tems 16 \M
1 5., g2 A2|s|? where the functionA5(¢) gives the amplitude of the frac-
Vetf = 58 N+ 672 In A2 ) ( tional temperature fluctuations in units 65 u)>. Cur-

rently, there is no accurate analytic way of calculating
whereA is the renormalization scale. AS(¢), and we must resort to numerical simulations [8].
It is also possible that the U(1) symmetry is anoma-Our simulations use large string networks to compute the
lous. However, the gauged U(1) symmetry is already efunequal time correlators of the energy momentum tensor
fectively broken, leaving behind a global U(1) symmetry,[4], which are used as sources in a code which solves
which is broken when the charged fields gain expectathe general relativistic perturbation equations in the tight-
tion values. This results in the formation of global stringscoupling approximation. There are two main approxima-
[12], to which our calculations do not strictly apply. tions in our approach: first, we neglect Hubble damping on
The two major pieces of data to which we wish to the string network, which means that we overestimate the
compare the theory are the mean square temperatustring density, and we cannot model the radiation-matter
fluctuation in the multipolet, or €(¢ + 1)C¢/27, and transition, during which the string density decreases by
the power spectrum of matter density fluctuatié®ig) =  about 25%. Second, the tight coupling approximation is
(I8(%)])>. In order to compute CMB and LSS power accurate only to about 10% in the region of the Doppler
spectra we note that fluctuations due to cosmic stringpeaks in the CMB spectrum. However, these approxi-
are imprinted long after their formation. The string mations are justified by the gains in computational effi-
network is produced at the end of inflation, and itciency, and by the fact that even with Hubble damping,
is conceivable that the inflationary fluctuations and thestring network simulations are subject to systematic errors
initial configuration of strings are correlated. Howeverof uncertain size due to lattice cutoff dependencies [22].
strings are highly incoherent [21], meaning that all stringFurthermore, our work exploits the general scaling prop-
modes become decorrelated with themselves in timeerty of a string network to give us an excellent dynamic
Incoherence is due to the nonlinear interactions preseméinge, and we believe it represents an improvement over
in the string evolutions, which lead to any Fourier modeprevious work [6], which reportsAS(¢) = 60 on large an-
being driven by all others. Hence the string networkgular scales, with little dependence 6n Our simulations
which produces the CMB and LSS fluctuations is surelygive AS(¢) = 120, with a fairly strong tilt. The source of
uncorrelated with the string network produced at the endhe difference is not altogether clear: as mentioned above,
of inflation and therefore with the inflationary fluctuations. our code neglects the energy losses of the strings through
The evolution of radiation, neutrinos, CDM, and Hubble damping. The simulations of Allest al. do in-
baryons is linear for both string driven and inflationary clude Hubble damping, which would tend to reduce the
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string density and hence the normalization. However, thewt large scales and thus represents the “worst case” string
have a problem of a lack of dynamic range, and thereforscenario.
may be missing some power from strings at early times, We now highlight the main features in the resulting
and therefore highef. CMB and LSS power spectra. The CMB power spectrum

Jeannerot [14] took the Allen-Shellard normalizationshape in these models is highly exotic. The inflationary
and N = 60, and found that the proportion of strings contribution is close to being Harrison-Zeldovich. Hence
to inflation is roughly 3:1. With our normalization, the it produces a flat smai CMB spectrum. The admixture
approximate ratio is 4:1. In any case this ratio is far fromof strings, however, imparts a tilt. Depending Bg one
a robust prediction in strings plus inflation models, asmay tune the CMB plateau tilt between 1 and about 1.4,
it depends on the number ef foldings, and the string without invoking primordial tilt and inflation produced
normalization, both of which are uncertain. We will gravity waves. This may be seen as a positive feature,
therefore leave it as a free parameter. For definitenesss a flat spectrum is not favored by the COBE data [11].
we shall parametrize the contribution due to strings and The proverbial inflationary Doppler peaks are transfig-
inflation by the strings to inflation rati®s;, defined as ured inthese scenarios into a thick Doppler bump, covering
the ratio inCy at¢ = 5; thatisRs; = C5/C%. the region¢ = 200-600. The height of the peak is similar

In Figs. 1 and 2 we present power spectra in CMB andor sCDM and strings, with standard cosmological parame-
CDM produced by a sCDM scenario, by cosmic stringsters. Fitting two of the Saskatoon points therefore requires
and by strings plus inflation. We have assumed the tradifiddling with cosmological parameters. The Doppler bump
tional choice of parameters, setting the Hubble parametes modulated by small undulations, which cannot truly be
Hy = 50 kmsec ! Mpc™!, the baryon fraction td), =  called secondary peaks. By tunig; one may achieve
0.05, and assumed a flat geometry, no cosmological conany degree of secondary oscillation softening. This pro-
stant, three massless neutrinos, standard recombinatiorides a major loophole in the argument linking inflation
and cold dark matter. The inflationary perturbations havavith secondary oscillations in the CMB power spectrum.
a Harrison-Zeldovich or scale invariant spectrum, and thdf these oscillations were not observed, inflation could still
amount of gravitational radiation (tensor modes) producedurvive, in the form of the models discussed in this Letter.
during inflation is assumed to be negligible. The cosmic The CMB fluctuations in these models combine a
strings are assumed to attain scaling by losing their energgaussian component, produced by inflationary fluctua-
into gravitational radiation or some other noninteracting rations, and a non-Gaussian component, due to strings. The
diation fluid. Other assumptions for the equation of statesuperposition of Gaussian and non-Gaussian maps often
of the decay products may be made [7]: however, a relaleads to rather subtle non-Gaussian structures, visually in-
tivistic equation of state produces the worst bias problendistinguishable from Gaussian maps [23]. Sophisticated

statistics would certainly be required to recognize the non-
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FIG. 1. The CMB power spectra predicted by cosmic strings, k [h/Mpe]

sCDM, and by inflation and strings witRs; = 0.25, 0.5, and

0.75. The large-angle spectrum is always slightly tilted. TheFIG. 2. The power spectra in CDM fluctuations predicted
Doppler peak becomes a thick Doppler bumg at 200-600, by cosmic strings, sCDM, and by inflation and strings with
modulated by mild undulations. Rs; = 0.25, 0.5, and 0.75.
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