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Construction of cosmic string induced temperature anisotropy maps withCMBFAST
and statistical analysis
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We use the publicly available codmverAsT, as modified by Pogosian and Vachaspati, to simulate the
effects of wiggly cosmic strings on the cosmic microwave backgrd@iB). Using the modifiedcMBFAST
code, which takes into account vector modes and models wiggly cosmic strings by the one-scale model, we go
beyond the angular power spectrum to construct CMB temperature maps with a resolution of a few degrees.
The statistics of these maps are then studied using conventional and recently proposed statistical tests opti-
mized for the detection of hidden temperature discontinuities induced by the Gott-Kaiser-Stebbins effect. We
show, however, that these realistic maps cannot be distinguished in a statistically significant way from purely
Gaussian maps with an identical power spectrum.
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[. INTRODUCTION tions. For example, early work4,25 based on the latter
approach had revealed important features of the cosmic
A promising method of identifying the origin of the large- string induced CMB fluctuations that were missed by de-
scale structure of the universe is the statistical analysis of thégiled numerical simulations. In particular it was shoj2s]
cosmic microwave backgrountCMB) fluctuations[1-5].  that, using a simple model of string network evolution, the
What one hopes to get out of this is the possible distinctiortviggles(small scale structuyeof long cosmic strings tend to
between the two major classes of physical theories of struc@MPplify the height of the Doppler peak of the CMB angular
ture formation, namely, theories of inflatifé] and topologi- ~ SP&Ctrum of string induced fluctuations. _
cal defectd7]. An important differentiating feature of these | "€ main reason for this amplification may be attributed

two classes of theories is the statistics of primordial fluctualo the two main factors _that det.ermlne the siring induced
tions. Temperature anisotropidsT/T of the CMB, if origi- fluctuations. These are, first the integrated Sachs—Wolfe ef-

nating from quantum fluctuations in an inflationary context,fect (long strings present between the last scattering and the

should obey Gaussian statistics. However, the confidence resent time, gravitationally interacting directly with the

hich the CMB anisotroni h to follow that st hotong, for scales larger than 2 degrees, and second, for
which the anisotropies were shown 1o follow that Sta-q. 165 of apout 1-2 degrees, interactions of the photons with
tistic is reduceds8], keeping in mind the work done 9,10

) ) , : - string perturbed plasma performing acoustic oscillations on
using cosmic background explor€COBE) differential mi- ¢ [ast scattering surfadeSS) excited by long strings. It

crowave radiometeiDMR) maps. This could favor topologi- - may be showii25—-27 that the latter effect leads to tempera-
cal defect theories. ture fluctuationsAT/T that are amplified compared to the
Cosmic strings seeding structure formatjdn—19 make  flyctuations induced by the former effect. The amplification

a promising case for these theories. However, despite thctor\>1 is due to the fact that the wiggles do not gravi-

significant progress made recenf§2,13,16-18in under-  tationally interact directly with the photons, while they do

standing the effects of cosmic strings on the CMB, the uninteract with the plasm#25,27] on the LSS, leading indi-

certainty of the derived predictions remains significantrectly to additional fluctuations on the CMB through the last

[19,20. The main source of this uncertainty is that there isscattering of photons on the fast moving plasma electrons.

no simple way to characterize the network of strings. In or-Therefore, this amplification can only affect the last scatter-

der to bypass this difficulty, various studies have attempteéhg horizon scale, i.e., a scale of about 1-2 degrees. The

to model the string network by incorporating simplifying as- factor A can be expressed §25,27]

sumptions. Such simplifications have made possible the re-

alization of cosmological string network simulatidred —23 1- I)

that attempt to model evolution in a very wide range of o

scales. They have also made possible the construction of A=\ 1+ 57—/ (1.9

. . . 2<(U375) >

semianalytical models that attempt to capture features missed

by the inherent limitations of full scale numerical simula- whereT is the tension of the wiggly long string which de-
creases with the wiggliness and is estimated by simulations
to be T=0.7x where u is the mass per unit length of the

*Email address: simatos@physics.uoc.gr string. Also,v is the string velocity and/g the correspond-
TEmail address: leandros@mail.demokritos.gr ing Lorentz factor.
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This result of Doppler peak amplification due to cosmicthe ordinary Nambu-Goto straight strifigghose equation of
string wiggles has recently been verified by the numericabtate isuo=T, where g is the mass per unit lengthThe
modeling developed by Pogosian and Vachad@2&li These equation of state of a wiggly stringveraged over the small-
authors used the line of sight integration approach of thescale structureis [35,36]
publicly available codecMBFAST [28], combined with the
one-scale modgl29,30 for wiggly cosmic string evolution, UT=pu3,
to derive the angular CMB power spectrum and the matter
power spectrum. One of their main results was that small ~ ~
scale structuréwiggles of long strings tend to increase the U=auo, T=uola, 2.1
height of the Doppler peak of the CMB spectrum, thus con- i . ) )
firming the expectations of Ref25] and improving the where « is the wiggliness parameter, estima{@3] in the

agreement of the predicted angular spectrum with observd@diation and matter eras to be=1.9 anday=1.5, respec-

tions. tively. The expected evolution of the wiggliness parameter is
In the present work we use the approach of Pogosian anfifted by[23,26

Vachaspati, and modify their publicly available code based

on CMBFAST to go beyond the CMB spectrum and construct (P =1+ (y—1a 2.2

realistic maps of CMB fluctuations produced by wiggly a '

strings. Our goal is to apply statistical tests on several real-

izations of these maps and attempt to identify their nonwherea is the scale factor.

Gaussian features. Some of the tests we apjpBégi(which The parameters of the segments length, velocity, and wig-

were specially designed for this purppseere able to iden-  gliness are modeled using the one-scale mf2@/30. Both

tify non-Gaussian features on simple CMB mdp$ con-  the evolution of the two competing processes of string

structed by the superposition of a small temperature disconstretching(due to cosmic expansipand the chopping off of

tinuity (produced by a single long string via the Gott-Kaiser-joops and their subsequent dedalyie to long string recon-

Stebbins effec{32,33) on a Gaussian background. In the nection are described bj37]

present study, however, we show that these same tests are

not able to identify the string induced non-Gaussianity of dl a 1

more realistic maps on the scales considered. This is due to 9 —lv2+ ECU, (2.3

the fact that the superposition of several line-like tempera- T a

ture discontinuities tends to wash out the effects of each _ .

individual discontinuity and reduces the effectiveness of the dv .k o a

proposed tests. Therefore, the detection of the small non- g A-v ) T2 24

Gaussianity induced by cosmic strings on a few degrees

scale remains a challenging open issue. where | is the comoving correlation length, is the rms
string velocity,c is the loop chopping efficiency, aridis the

Il. CONSTRUCTION OF THE MAPS effective curvature of the strind4.3]. At every subsequent

. . epoch, a certain fraction of the number of segments decays in
The construction of the CMB temperature anisotropy, way that preserves scaling.

maps, on which the statistical tests were performed, was The Fourier transform of the energy-momentum tensor
made possible by two major contributions: the wiggly strings,; an individual string segment is
one-scale model as the cosmic string network model and the

use of the line of sight integration approach. sin(kX.1/2)
The cosmic string network model that we used is the one m = pa 3 cogk-Xg+kXsv 1), (2.5
found in detail in[26]. Briefly, the network is approximated J1—-0v?  kX§l/2

[12—-14 by a collection of uncorrelated straight string seg-

ments which are assumed to be produced at some early ep- . (1-v?).

och, with positions drawn randomly from a uniform distribu- @i’}‘= u2xixj — —zxi’ Xj’ Ooos (2.6)

tion in space, moving with random uncorrelated velocities, @

their directions drawn from a uniform distribution on a two )

sphere. This model has the merit of being relatively simplgvhile ©g can be found from the relatioV#®},=0.

and amenable to modifications that seem to be indicated kyX*“(c,7) are the coordinates of the segmekts= r and X

direct simulationg23,34]. =X+ oX'+v 71X, wherex, is the random location of the
Small-scale structures, Wiggles, were incorporated in Ofcenter of mass):(’ and)z are unit vectors a|ong and perpen-

der to make the model more realistic, since lattice simulagjicular to the string, which are randomly oriented and also

tions of string formation and evolutiof23] suggest that atisfy)?’->2=0 ando is the coordinate along the striflg

strings are not straight. However, a distant observer Woulg A consolidati,on of all string segments that decay at Ithe

not be able to dlsgern t_h|s small_-scale structure,_ S€eINg same epoch into one with the appropriate statistical weight is
stead a smooth string with effective mass per unit length ysed, as was suggested[it2], so that the number of seg-
and tensionl. The wiggly string is heavier and slower than ments can be dealt with computationally. The total energy-

A A
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momentum tensor of the network is the sum over the contri-

butions of the consolidated string segmejia8|

No

@,”(k,r)=mE=1 e (kN TM(7,7y), 2.7

where N, is the initial number of segments, add®'' is a
smooth function that turns off theith segment by timer,
[12,13. ©,,(k,7) will be incorporated into the sources
S(k,7) [cf. Egs.(2.12), (2.14)].

PHYSICAL REVIEW B3 025018

Ay (K 7o) = fofos(k-T)jl[k(To_T)]dT- (2.14

In order to get then,, coefficients needed to construct the

maps, we have to assume arbitrary directionkfoor equiva-
lently, use the more general relatip43]

ES |
dr=an3 3 k0 YinR)Yin) (215

Our main goal is to compute the CMB anisotropy seeded

by cosmic strings:

AT .

—(n) —(x on, 7o) (2.8

;ﬂ AmYim(N)

(x is the position of the observer amdis the line of sight
direction. The codé of [26] (based orcMBFAST?), which we

modified and used, uses the line of sight integration approach
[28] to compute, among other things, the angular power

spectrumC,; :

1 |

C|:m m=27| <aikma|m>, (29)

strings by incorporating the sources int,,
described below.

The Fourier transform (k,n, 7o) of (AT/T)(n) depends
only on the angle) between the two vectorgjEk-n), and
can be expanded in multipole momertgk, 7o) [38] to

in the way

o

A(k,n, 7o) =2 (—)'(21+1)A,(k, 7o) P, (k- ).

(2.10
Further,A,(k, 7o) is decomposed intp38]

Ai(k, 7o) =&(k)A (K, 70). (2.19

However, according to the line of sight integration approach

[28,39,

A(k,q, 7o) = fomeikq(f*TwS(k,r)dT, (2.12

where the terng(k, 7) contains the contributions from all the
sources, as well a8 ,, from the string network28]. Using
the relation

ehalrr= >, (=D)'(21+1)ji[k(o

-7 ]Pi(a),
(2.13
we get[28]

http://theory4.phys.cwru.ediévon
%http://www.sns.ias.edUhatiasz/CMBFAST/cmbfast.html

in Eqg. (2.10, (2.12. Otherwise, we would be able to com-
pute only thea,, terms(as we shall see nextThen, Eq.
(2.1 still holds. Thea,,,'s read[38]

:477(—i)|f A3k YL (K)A (K, 7o)

=4m(—i) f d*k Y (K)E(K) A (K, 7o),
(2.16

originating from temperature perturbations seeded by cosml\é’hereA'(k 7o) is given in Eq.(2.14) [had we not assumed

the arbitrariness ofk, we would only get a,,=
(—)'Vam(21+ 1) [d3kEK) A (K, 7o) Smo= 0]

Since the linearized Einstein equations may be decom-
posed into scalar, vector, and tensor pa8s/(T) [40], we
have three distinct contributions to the sour¢esg.,S den-
sity perturbationsy: cosmic strings, and: gravitational ra-

diation [13,16)). So, (A,A)) are actually §',Al), wherel
=S,V,T. Then

am=ap.+an+al,, (217
while C,=C?+C)+C/ . Following the normalization used

in the code, the,,'s are defined as

as = \/gf a3k Y (K)AS(k, 7o),
ay = \/—|(|+1)f d3kYi (KA (K, 70),

(2.18

[4(+2) . -
a;rm: ;(|_2)|fdglem(k)AlT(k’TO)’

WhereA,(k To) = f(k)A (k, 7). In order to implement this
scheme, we had to extend the codg 28] to provide for the
amplitude of the initial perturbationg(k), which must be
such thaf{38,39,41

(" (K)€(k"))=Py(k)o(k—k"),

(2.19

whereP (k) is their power spectrum.
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FIG. 1. Angular power spectrum ofla 1500 map.
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As in [26], we chose the initial power spectrum to be that FIG. 2. A 30°X 30° patch of one of the constructed standardized

of white noise, i'e"Pé(k)_:ConStam' . Consequently;(k) temperature anisotropy mapéighter colors correspond to higher
was chosen to be proportional to a uniformly random numbey,yes ofAT/T).

écel —1,1]. Sincex(éé )= %84 , eacha/,, was multiplied
|
by a factor of3 when the ensemble avera(ajn) Was  coherent discontinuitieéedge$ hidden in CMB maps. The

taken in order to compute and verify tey's.® _ main advantage of these statistical tests is that they focus on
Applying Jfd k'<§*(k)§(k')l>ng(k) to our discrete the large-scale coherent properties of CMB maps, and are
case we getZ AV (&) =352kAVi i =35AV,. This  therefore effective even in cases of low resolution maps pro-

leads to the definition of(k) as vided that the area covered is large. The statistics calculated
for maps of CMB anisotropies seeded by cosmic strings
&k which we have constructed, are the skewness, kurtosis, and
§(k)= AV, ¢c: random e[ —1,1], the recently devised maximum sample differefi@SD) and
K sample mean differenc€&SMD) [31], which are optimized
AV, =kZdk (k). (2.20 for the detection of coherent discontinuities in 1D and 2D

pixel maps. It should be pointed out that the skewness and
kurtosis statistics have prové¢B1] to be notably unsuitable

to detect the subtle non-Gaussianity in CMB maps. How-
dver, they have been used as a benchmaik to test the
effectiveness of more complex statistics like the SMD and
the MSD, having been specially designed for the detection of
. RESULTS specific types of non-Gaussian signatures.

We chose to construct maps with 40, so that the pixel In addition to the statistics discussed here, there are a

size is comparable to that of the COBE maps, although Oufumtt_)er cl)f other I:noreb_comQ[IeX Stat('jsﬂpf] (M'gkOWSk' lant
method enables us to proceed even up to much hitker UT_C |otna S ashwe as |speihrutm an blg erlqrdetr cgrlcltéan
(e.g., I=1500), with greater cost in computational time, estimates in harmonic spgcthat may be applied to

though. The angular power spectrum of such a map is ddmnaps to check for non-Gaussianity or topological signatures
picted in Fig. 1, in agreement with R&R6]. A typical ex- of defects. Those statistics which are particularly effective on

ample of such a map is depicted in Fig. 2, where a 300high resolution CMB maps have been discussed extensively
% 30° patch of a standardized temperature anisotropy mapig the literature, and their app_llcatlon_on string maps pro-
shown uced byCMBFAST can be an interesting extension of th_e
| present work. Here we focus on the MSD and SMD statis-

We have applied statistical tests on the above maps in ics, which are specially designg@] to detect the specific
attempt to identify possible non-Gaussian features. Such sta-"’ P y Y . ct the sp
signature of large scale coherent discontinuities on CMB

tistical testd 31] have recently been proposed for the detec-

. . R maps of low resolution.
tion of the particular type of non-Gaussianity induced by Apssuming a 30X30° (in pixels standardized tempera-

ture mapT;; (i,j=1,...30), theskewness and kurtosisk
are defined as

Having chosen this particular realization fé(k), we can
proceed to the construction of the temperature anisotrop
maps using Eq92.9), (2.18).

2 4
The  Ci's are CP=—JKdKaf(km)?,  CY=—I(I

+1)[K2dK|AY (K, 70) |, and Cl=(alm)[(1+2)!/( (1= T3/(30) a1
72)!]fk2dk|lA|T(k?7-O)|2. | s=(T") .EJ ij/(30)%, (3.1
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FIG. 4. Probability distribution of the kurtosis based on 1200

FIG. 3. Probability distribution of the MSD based on 1200 Gaussianized maps. The probability for obtaining the kurtosis value
Gaussianized maps. The probability for obtaining the MSD value off the string-induced map (kurtosis3.08, represented by the ¢lot
the string-induced map (MSB7.378, represented by the glas is 0.17.
0.35.
lation code; a large numbgfdl200 of Gaussianized maps
were constructed from this patch by randomizing the phases
in Fourier space and using a Gaussian spectrum with zero
mean and variance equal to the measured spectrum of the
These are conventional statistics, and their values for Gaussaap; the four statistics were calculated for each of these
ian maps with uncorrelated pixels ase0k=3. To define  Gaussianized maps; using these results, the probability dis-
the statistics MSD and SMD, we consider a partition of thetribution for each statistic was constructed; finally, the prob-
CMB maps in two parts separated by a random curve. In thigbility for obtaining the already calculatéuh step 1 values
study we have considered straight lines as well as righof the four statistics was found.
angles. Letk denote the set of parameters that define the The results are shown in Figs. 3 and 4. Clearly, the ap-
partition line and lefl, andT, be the mean temperatures of Pliéd statistics cannot reveal non-Gaussianity in a stafisti-
the two parts of the mafthe indicesu and! stand for upper cally significant amount in the maps produced by the simu-

i ; . : lation. The values of the statistics considered for the string
and lower parts The statistical variabl®’ is defined as . L . i
parts K induced mapgblack dotg are within 1o in the probability

k=(T%=2 T{/(30)2 (3.2
]

Ye=|T,~Ti. (3.3  distributions produced by the Gaussianized maps.
! We have also extended the above results using right
The statistics MSD and SMD are defined as angles as partition lines instead of straight lines. However,

the sensitivity of the statistics considered was not increased,

MSDE% Z Yo, (3.4 rendering results similar to Figs. 3 and 4.
k

IV. CONCLUDING REMARKS
SMD=maxYy), (3.5

String-induced maps on large angular scales are hard to
where N is the total number of partitions. Both MSD and distinguish from maps with Gaussian fluctuations, even us-
SMD approach asymptotic values for laiyeConsider now ing specially designed tests. We have suggested a technique
a Gaussian pattern of temperature fluctuations with a smafbr constructing string-induced temperature anisotropy maps
coherent temperature discontinuity defined by a partikgn ~which can be exploited in many ways. The maps constructed
superposed on the map, with a coherence scale comparabi@ the method described in Sec. Il have proven not to be
to the size of the pattern. If81], it was shown that the dominated by late long strings. On the contrary, small-scale
presence of such a discontinuity can be detected much mogéructure features come into play which, in a way, destruc-
efficiently by the statistics MSD and SMD than by the skew-tively interfere and ruin the large-scale coherence which the
ness and kurtosis. A physically motivated mechanism whictMSD and SMD tests are proposed to optimally detect. Thus,
can lead to the production of a coherent discontinuity orwe offered a confirmation to the fact that string-induced tem-
CMB maps is the presence of a long moving cosmic string irperature anisotropy maps are practically Gaussian on large
our horizon via the aforementioned Gott-Kaiser-Stebbins efscales.

fect[32,33.
The four statistical testdVSD, SMD, skewness, and kur- ACKNOWLEDGMENTS
tosi9 have been performed on patches of the mig. 2
produced by the simulation in a way similar to the ongdh We would like to thank Levon Pogosian and Tanmay Va-
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