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Large angle cosmic microwave background fluctuations from cosmic strings
with a cosmological constant
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In this paper, we present results for large-angle cosmic microwave background anisotropies generated from
high resolution simulations of cosmic string networks in a range of flat Friedmann-Robertson-Walker universes
with a cosmological constant. Using an ensemble of all-sky maps, we compare with the Cosmic Background
Explorer data to infer a normalizatiofor upper boungon the string linear energy densiy. For a flat
matter-dominated model(X,,=1) we find Gu/c?>~0.7x 105, which is lower than previous constraints
probably because of the more accurate inclusion of string small-scale structure. For a cosmological constant
within an observationally acceptable range, we find a relatively weak dependencé it less than 10%
higher.
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I. INTRODUCTION which enables us to Fourier transform each ring of constant
0 to evaluate the integral over the azimuthal angle. More
Given the growing evidence for a cosmological constanispecifically, we use the equal area with 3:6:3 base pixels,
or dark energy component in the Universe, it is important toproposed by[3]. In this scheme, each base pixel is subdi-
determine whether or not this significantly impacts the evovided into n?=22P pixels. The area of a pixel is given by
lution of cosmic strings and their observational signaturesAiye;=4m/Npixei= /3n?. But, by integrating the spherical
The strongest constraint limiting the energy scale of cosmisurface element over a pixel, we havedpe
strings is currently the Cosmic Background Explorer=(2x/Ny)A cosé. Hence, the width of a row of pixels is
(COBE) normalization of large-angle cosmic microwave given by
background(CMB) anisotropy. In this paper, we will infer
this normalization from maps computed using the methods p
presented inM1] and determine how this is influenced by ACOS@:@’ @)
late-time domination by a cosmological constant.

whereN, is the number of pixels per row of constat In
Il. METHOD the polar capsN,=3, then 9x2'~2 repeated 2 2 times
_ ] with 2<i<p+2. The equatorial regions are made upnof
A. Geometry of simulations rows of 6n pixels.
To compute all-sky maps, the “observers” are located in-
side the simulation box. Following2], we place eight such C. Angular power spectrum computations

observers at each corner of a cube of did2 whereL is the L . .
size of the box itself. We use the fact that the string net-, The pixelized map is the convolution of the real tempera-

works, and hence the cosmological perturbations they in'gure map with the pixel window function. To compute the

duce, have periodic boundary conditions to identify opposit ower spectrum, we need to know the sphenca! transform of
S . o he window function. In real space, the pixel window func-

sides of the box. The eight realizations of the sky are no{On is simply given by

completely independent, but the correlations are not appar-

ent. This scheme reduces the effect of the cosmic variance on

large angular scales and thus renders the computation of the

normalization more accurate.

inside the pixel,
WPA( ¢, 0)= Apixel (2

0 outside,

B. Pixelizati ;
Ixelization wherep andq label the rows and the pixels on that row:

To facilitate the computation of maps and the extraction
of the power spectrum, we use an iso-latitude pixelization,

emax

TPQ:J T(¢, OWPY p,0)dQA= >, bmeimqule,
So M=—=4tmax

()]
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FIG. 1. All-sky string-induced maps for a flat FRW Universe wéj =0 and 0.7.

Cmax . Nrows
b= 2 | umW(mm/NNT, (4) > bW (rm/NAT
€=|m p=1
Am= frgws . (7)
with pgl w* (m/Np)w(mm/Ny)N,,
w( ¢)=eiw5i”‘” To obtain this last equation, we took the approximation that
b the pixelized spherical harmonics(7m/N,)\y' are or-
thogonal, which is valid at low .
- 1 oSl 41 "
X _Cosep— C050p+1jcosgp A¢(cos6)d(cos6). (5) D. COBE normalization

To infer the cosmic string linear energy density, we use
From the last line in Eq(3), theb,, can be obtained by the the COBE angular correlation function because, on the scales
inverse sum: of interest, it is as good as that of the Wilkinson Microwave
Anisotropy Probg4]. This also enables direct comparisons
_ with previous work.
b= que"qu’T/Np, (6) To normalize to COBE, we folloW5] and compute the
q angular correlation function using

which can be done using a fast Fourier transform. Sdm C(0,6,)= i Z (20+1)|W,|?B,|2C,P,(cosb), (8)
can also be inverted to obtain theg,,’s: S 4w g '
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FIG. 2. Individual power spectra for tHe , =0 run (dotted with the averagdsolid).

where we use the following smoothing function: momentum conservation, which was preserved at the level of
1%. Point joining was used only to ensure a consistent physi-

C(e+1) cal resolution, i.e..removing very ;hort segments formed

WA&)zexp{ - Wsinz( 014y |, (99  through reconnection. The simulations therefore retained

their full small-scale structure. These were the costliest part

. . of the pipeline and took many days to perform on the COS-
whered is the smoothing scale. We also use the COBE bea OS supercomputer %2000 h of CPU timg This im-

profile B, given in[6]. We then compare the result with the proves upon previous work with string networks in an ex-
value obtained by the 4 year COBE mdgp4, C(0°,10° . . . . .
—(29+1 puK/T)? )t/o infer t%e value OGM/‘;[EYQIH tfwe previ)- panding Universe, which was performed with fewer points
ouS eauationT is the mean temperature O'f the CMB also Pe correlation length, fixed horizon resolution and a separate
obtained from COBES] T=2.726+0.002 K. treatment of loop$s,10). , o
In addition, we performed a series of smaller simulations
(10° points for different values of the cosmological con-
lll. RESULTS stants, specifically,(2,=0,0.2,0.4,0.55,0.7,0.85. These
A. Cosmic string simulations simulations had identical initial conditions, so comparisons

. : . . o Id minimize the eff f mic variance.
We created a time series of cosmic string realizations us=°4 d et € € e'cts.o cosmic variance :
The map-making pipeline was tested at resolutions of

ing the Allen-Shellard network simulatid®] in a variety of & and 256. The h q ) ith
flat Friedmann-Robertson-Walke(FRW) universes with 128 and 256. The huge data storage requirements wit
Q,,+0Q,=1, whereQ,, includes the contribution of dark SINg networks, scalar-vector-tensoiSVT-) decomposed

matter and baryons. These string networks were then used §§€r9y-momentum tensor grids, Boltzmann code output plus
sources for the CMB map-making pipeline. For all the simu-checkpointing files meant disk space approaching 1 Thyte

lations, we chosé=0.72 and(),h?=0.02. was required for 256 Further parallelization issues remain
Two string simulations for(),=0 and Q,=0.7 were 0 be resolved for large memory runs.
computed with very high resolution with over@.0° points In Fig. 1, we present realizations for tiég, =0 and 0.7

(16 points per correlation lengttand spanning a dynamic runs. The angular power spectra for each of these runs are
range of 5 in conformal time, probing the Universe back topresented in Fig. 3. We also show four spectra obtained from
z=25 andz= 30, respectively. All string loops were retained the () , =0 run with their average in Fig. 2. All these spectra
in the simulation to ensure overall network energy-are normalized to COBE.
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FIG. 3. Average power spectra for each run.

B. Normalization to COBE the energy density of strings. Our normalization for the flat

The power spectra illustrated in Figs. 2 and 3 show &0°ld dark matte(CDM) model,

roughly scale invariant plateau fér<20 with a gradual fall- G

off to an insignificant.si.gnal beyon_szO. This falloff is a —M=(O.7i 0.2)x10°8, (10)
consequence of the limited dynamic range of the string simu- c?

lations and not of the resolution at which the Boltzmann . .

evolution was performedthough there is some influence has an error reflecting the variance of our results, not sys-

from the interpolation and smoothing of the string networktematic effects which may be comparable. This result is

onto the arids. lower but consistent with the previous resisi:
g
Previous CMB work with string networks over a much G
larger dynamic range has demonstrated that the main :;’“:(1'()&825%1076' (11)

anisotropies relevant to COBE are generated at redshifts
=<20[5], which is within the range of the present work. The
reason for this can be seen from studies of the unequal-tim@ur result is significantly lower than that obtained[it0],
correlatorg 11,12, which peak on scales well below the ho- Gu/c?=1.7x10"% from a single simulation. This work
rizon (\max<dy/3). We are confident therefore that our however focused on small angle anisotropies and did not
simulations include the primary contributions on COBE study sample variance at large angles. Other flat space ap-
scales. proximations and semi-analytic estimates for local string net-

This scale invariance on large angular scales is consistemtorks generally have found a higher normalization than
with the COBE data and allows us to normalize our resultours, e.g. Gu/c?=(1.5+0.5)x107° [13], Gu/c?®=(1.7
accordingly, as discussed above, providing a constraint ort 0.7)X 10 © [14] andGu/c?=2 [15].
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FIG. 4. Average rms long
string velocity for the last half of
the string network simulations for
0 ,=0 (solid), Q,=0.4 (dotted,
0,=0.7 (dot-dashed and Q,
=0.85 (dashedl Even the ex-
tremal A model shows only a
relatively small 11% decline in the
average string velocity by the
present day.(Relative conformal
i time is plotted with7,=0.5.)
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However, there is a key reason why the present work is éhe simulations are evolved at fixed physical resolution. Al-
significant advance over these previous analyses. Apart frorihough the simulations used [iB] spanned a larger dynamic
now including all the relevant physics, this analysis uses theange,z<100 (compared to ouz<<25), it did so by main-
highest resolution string simulations to date. The initialtaining fixed horizon resolution through point joining and
points per correlation length have been chosen at levelsmoothing. Subsequent work has shown that at least comov-

known to preserve small scale structure accurdte8) and

ing resolution is required if we are to hope for a satisfactory

FIG. 5. String linear energy

- density obtained from the COBE

normalization. The solid line is
curve(12).
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treatment of string wiggliness. This implies that the previous TABLE I. String linear energy density obtained from the COBE
work did not adequately account for the renormalized stringhormalization.

energy per unit length, which in the matter eraﬁig 1.4u.

2 — 6

Such a factor would tend to increase the string anisotropy, 2 Gulc™x10
thus lowering the COBE normalization & u/c? (though in 0.00 0.7035 0.1947
a non-trivial manner 0.20 0.7176:0.1926
0.40 0.71330.1989
C. Effect of the cosmological constant 0.55 0.71890.1902
The influence of(), on the COBE normalization, illus- 0.70 0.7389-0.1990
0.85 0.7766:0.1879

trated in Fig. 5 is relatively small: for the popular value of
0,=0.7 we obtainedGu/c?=(0.74+0.20)x 10 ©, only
6% higher than for the flat CDM model. _ . S
The reason for the reduced anisotropy Anmodels is COBE data, we have OEta'”ed a (i%nstrf':lmt_on the string fin-
fairly clear. As the Universe becomes vacuum dominated a8 €nergy densits./c®<0.7x 10" " which is lower than

late times, the expansion rate increases, affecting the HubbJ€Vious work because string small-scale structure is incor-
damping terma/a in the string equations of motion. thus porated more accurately in the network simulations. We were
Iowerr)ingtheir average velocitg ag can be seen from' Fi 4able to find the dependence of the string dengityas a
As string velocities a?re the ri¥nar cause of CMB anisogt'ro_function of the cosmological constant, obtaining a good fit
- thgre will be a net redzction)gnT/T with a simple semi-analytic formula. Given the uncertainties
P The smallness of this effect is someWhat surprising. but iSin the overall normalization, these results should provide an
) ; rprising, adequate means by which to characterize the effecf3 of
explained by the late redshift of vacuum domination. In the

_ . N o on cosmic string models.
1,=0.7, this occurs ar,=0.33, which, in the context of Although current CMB data have shown that cosmic
our simulations, implies thal has a significant effect on

. . ) strings cannot be the dominating source of CMB anisotropies

only the later st_ages of the S|mulat|on..Cornpar|ng fhe (e.g., Ref.[17]), they can nonetheless be present albeit at a

=0.85 model W'.th the fla}t CDM mpdel in Fig. 3, there ap- lower energy scale. For example, they are copiously pro-
pears to be a S.“gh.t relatlv_e falloff_ n the average power to'duced at the end of brane inflatiph8,19. With this in mind,

wgrds€=2_, V‘.’h'Ch is consistent with this picture. _However, our normalization appears low when compared with the

this effect is likely to be swamped by cosmic variance. 3¢ inferred from the possible detection of a gravitational
We have found that our data points are well fitted by lensing event by a cosmic strin@ u/c2~0.4x 10~ [20].

This linear mass density would be somewhat higher than

% 1078. (12)  allowed in the standard cosmic string scenario considered in

this paper.

Gu _(0 o5, 0012
c? ' 1-Q,

This analytic fit is motivated by the asymptotic limit in
which string velocities should vanish as the network is fro-
zen and conformally stretched in an extrehemodel: (), We are grateful to Gareth Amery, Richard Battye, Martin
—1 andQ,,—0. Our results are summarized in Table | andBucher, Carlos Martins, Proty Wu and Rob Crittenden for
plotted in Fig. 5 along with fi{12). useful discussions. The Allen-Shellard string simulation was
used to generate the networks used as sources in this paper
[9]. This work was supported by PPARC Grant no. PPA/G/
0/1999/00603. M.L. was supported by a postdoctoral grant

In this paper, we presented large angle maps of CMBrom the Ministee Franais de la Recherche. All simulations
fluctuations seeded by networks of cosmic strings in flatvere performed on COSMOS, the Origin 3800 supercom-
FRW universes with a cosmological constant. From theputer, funded by SGI, HEFCE and PPARC.
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