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A search for cosmic strings
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Abstract. A cosmic string is a topological defect thought great enough to measure galaxies down to magnitude 23. The
to be made during a phase transition in the early universeanalysis was carried out systematically with extensive Monte
It is predicted by elementary particle theory and cosmology.Carlo simulations. We could not find any signature of cosmic
It is also a good candidate for the origin of extremely high strings in the SDSS data. We turn obtained the upper bound
energy & 10%°eV) cosmic rays (EHECRs). A search for for the number of global cosmic strings within the GZK hori-
cosmic strings was carried out using the Sloan Digital Skyzon.

Survey (SDSS) data, which is obtained using an optical tele-

scope. Characteristic double images of galaxies are expected

to be produced by cosmic strings due to gravity. However,2 Extremely High Energy Cosmic Rays

we could not detect any signatures of global cosmic strings.

An upper limit to the number of global cosmic strings within  AGASA shows a clear extension of the cosmic ray energy
the GZK horizon & 100 Mpc), N<1.1 with 95% confidence spectrum beyond the GZK cut-off energy. The GZK cut-
level, was derived. off is expected to appear dtx 10'°eV in the cosmic-ray
energy spectrum due to the resonant interaction with cosmic
microwave background radiation (CMBR). In other words,
it is expected that EHECRs abow€2’eV can't reach the
Earth from beyond the GZK horizon of 100 Mpc distance.

The Ak Giant Air Sh A AGASA) h b q The origin of these EHECRSs is still unknown.
e Akeno Giant Air Shower Array ( ) has observe There are two categories of models to explain the super-

8 events abov&02°eV up to the date of November 30, 1999 e . p "
(Takeda et al., 1998), and the extension of the cosmic ray en(_sezsléezamcles. bottom-up” processes and *top-down" pro

ergy spectrum beyond the GZK cut-off has been established. ) u ,
. - In the first category, “bottom-up” models are based on
Amongst many models of super-GZK particle origin, one S . . .
acceleration in astronomical objects. There are two kinds

of the most promising is the decay of cosmic strings. Thlsof acceleration mechanism. Statistical acceleration called

model explains EHECRs as a secondary particle from cos;

. . . . . first/second order Fermi's accelerations and the unipolar in-
mic string decay. In order to investigate this model, a search

for cosmic strings was carried out using SDSS data. A cos-gl Egaoenngecﬁgrgzg'”:]?nt;ze mgdseizlzsetgfe ﬂr1ne a;gg;g;?gﬁl::
mic string would make characteristic double images due to_. gy ) y .
on and the magnetic strength, as suggested by Hillas (1984).

. . . gl

i ravity. Th le im rem lon mlgv. . - . 4

ts.g a .ty ese double lages are adg along a cos ith this simple condition, the astronomical objects able to
string with constant separation angles and identical images.

Thi . o I accelerate cosmic rays up 162°eV are limited. Promising

is lensing effect is different from the normal gravitational . . ;

one since that there is no amplification of light intensity. We sources are gamma ray buf‘StS and a$t|ve galactic nucl§|.
have looked for cosmic strings by extracting the double im- In the second categpry, top—down models are bagcally
ages thought to be caused by them. The SDSS is a proje decay of heavy particles. Candldgtes are topological de-
to survey a vast region with an optical telescope. It covers egts(guch as monopoles and cosmic strings), super he"’?"y
a quarter of the whole sky. The data from this telescope igehcs in the halo etc. For example, in the case of a cosmic

suitable for the search for cosmic strings, because a wig&tng, in the process of intersection and loop decay, or di-
ectly, extremely heavy gauge bosons are generated. These

area of the sky is swept systematically and the sensitivity is’ ;
Y Pt sy 4 y gauge bosons then decay into quarks and leptons. Through
Correspondence tK. Mase (mase@icrr.u-tokyo.ac.jp) these processes, EHECRs are produced as secondary parti-
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o [ between the string and the lensed object. The separation an-

¢ y gle becomes smaller as shown below:

§¢ = SnGul(d+1)"'sinf 2)
Gu

_ " —1 -
— 52 (71.5 5 1076) I(d+1)"'sing 3)
. Sind represents a mass projection effect &b+ 1) ~! rep-

0 . ° resents an effect of light geometry.
o
Fig. 1. Double images made by a cosmic string 4 The Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) is a project which
aims to observe a quarter of the whole sky. A main pur-
cles. The main components of these particles are gammpose of this project is to make a 3D map of the universe.
rays and neutrinos. The SDSS telescope is installed at Apache Point Observa-
The empirical fact that we can not find any astronomicaltory (APO) on Sacramento Peak in New Mexico, USA. Its
sources in the arrival direction of EHECRs within 100Mpc, geographical coordinates at®5°49’'W, 32°47'N and its
favors top down models. altitude is about 2800m. The optical system is a modified
Ritchey-Chrtien comprising a 2.5m main mirror and 1.1m
sub mirror. The telescope has 30 photometric CCID4g x
3 Cosmic Strings 2048 pixel) for observations and 22 astrometric CCR$4g8 x

) L . . . 400 pixel) for calibration. Each CCD is covered with a fil-
A cosmic string is a kind of topological defect which could o ~onstituted of 5 colorsy, ¢',, ', '. SDSS has adopted

be created during the cooling down process of the hot big, Time-Delay and Integrate (TDI) mode, which is a way of

bang universe. Itis prgdictgd by elementary particle theorymaking the speed of CCD reading coincide with the speed of
and cosmology. Cosmic strings can be made born through @j,mal motion. This mode provides continuously long ob-

spontaneous symmetry breaking, called a Higgs mechanismyg . ational regions with 2.5° width. In SDSS terminology
and through the effect of canceling phase gaps, called a Kbz, ohservation is called a “run”. The data taken at during the
ble mechanism (Kibble, 1976). They evolve in the expandingy,, is called a “strip” because there are gaps between CCDs.
universe, intersecting each other and generating loops. Th¢ne same sky is then observed with a small angular offset in
numbgr of global cosmic strin_gs is scaled to the evolution of 5 .qar 15 fill these gaps. The combined data with two com-
the universe, and they can exist up to now, therefore they caensating strips is called a “stripe”. The image resolution is

be a candidate for the origin of EHECRs. In the radiation 54,t1.5” which is governed by sky condition. Observed
era, the number of global cosmic strings was estimated Qa5 is processed by computers and various parameters, such
be about 4 (Bennett and Bouchet, 1989; Allen and Shellardgg e positions, brightnesses, shapes of objects, are extracted

1993). . o . . _automatically.
A cosmic string is very heavy because it retains the previ-

ous condition after the phase transition. Bennett et al.(1992)

derived the linear mass density of cosmic strings from ob-5 Data Analysis

servations by COBE of fluctuations in the CMBR, assuming

cosmic strings are responsible for all of the observed fluctu5-1 A search for cosmic strings

ations.
We analyzed SDSS data to search for cosmic strings. An-

Gp=(1.540.5) x 107° 1) alyzed stripes are shown in Fig.(2) with red region. The cir-
cles designate the arrival directions of EHE events and cluster

Here G is the gravitational constant andis a linear mass  eyents observed by AGASA.

density of a cosmic string in natural units. Since cosmic  Firstly we extracted pair images thought to be lensed by

strings have a string shape, as its name suggests, it producggsmic strings. We used the following criteria to select pair
characteristic double images along its length (Fig.(1)). Thesqmages_

images are identical and have constant separation angles. The

light intensities of the two corresponding lensed images are 1. 2.0” < a separation angle 6.0”
identical because of the flat metric around the cosmic string.
The separation angle between pair images corresponds to a2
deficit angle. However, in realistic situations, it can vary
slightly, because it is dependent on the arjleetween the
string and the line of sight. It also depends on the ratio of the
distancel between the observer and the string to the distance 4. Only objects with magnitude of r’ band 22.5

Coincidence of brightnesses in each color band (99%
Confidence Level)

3. Coincidence of shapes in each color band (99% C. L.)
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Fig. 3. A continuous chance probability map obtained from data of
run 752 and run 756. The value is represented with a logarithmic

L ‘ ‘ ‘ ‘ scale.
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5. Stars were excluded
Fig. 4. A continuous chance probability map simulated without

We have assumed a cosmic string mass density as su@osmic strings
gested by Bennett et al.(1992). In this case the separation
angle becomes aboat. Therefore we put constraints fora_ .3
separation angle’s upper bound at a slightly larger value. '@lesl_s
telescope image resolution is abeut1.5”, but it changesg -32
slightly as seeing becomes worse. We therefore ad@pbéd 5 -325
as the lower bound. We have also chosen brighter objeBts 33
(magnitude< 22.5) than the limiting magnitude 23. Stars 335 -4 ;
in our galaxy were excluded because an astronomicalobject ©~ 5 6 7 8 9 10 11 12 13 14 15
must be located behind a cosmic string and cosmic strings lambda (degr ee)
are expected to be outside our galaxy.

Next we tested the geometry of pair images, geometricaf:
alignment and their direction alignment in a certain region.
We used a rectangular region df long and6’ width, be-
cause we expect pair images would be made along a CO%jeq by Bennett et al.(1992). The sensitivity of our analysis
mic string and perpendicular bisectors would be aligned. The, cosmic strings is well illustrated.
number of pair images in the rectangular region, whose per-  the same procedure have been done for several linear mass
pendicular bisectors are aligned with long axis withil>°,  gensities smaller than the original one suggested by Bennett
were counted. In order to eyaluate the chance probability al.(1992). Figure (6) shows the cumulative number of po-
this number was compared with the expected number assunjiions in the sky as a function of chance probabilities. The
ing & binomial distribution. This test was carried out by rotat- gistribytion of observed data agrees well with the simulated
ing the rectangle box in incrementsifin each sky position. 44 set with no cosmic string. Other runs were also analyzed
The most significant value is defined as the chance probabily it the same procedure. However, we could not find any sky

ity at each point. The same procedure was done 0'a  o4ion giving a significant chance probability. Therefore we
grid, then finally a continuous chance probability map was ., cjude that no cosmic string was found.
obtained. For example, the chance probability map for stripe

10 (make up of run 752 and run 756) is shown in Fig.(3). 5.2 A derivation of an upper limit to the number of global
The chance probability in each grid is represented with a cosmic strings within the GZK horizon

logarithmic scale. In order to check whether or not these

values are significant, we compared them with simulation re- As we described above we could not find any signature
sults. Figure (4) shows a result of simulations where thereof cosmic strings. Therefore we derived an upper limit to
was no string. The Simulation data set was generated fronthe number of global cosmic strings within the GZK horizon
observational data by rotating the directions of perpendicu-using a simulation. The procedure is detailed below.

lar bisectors of pair images at random. In Fig.(5), an string We assumed a sphere corresponding to the universe with
is embedded artificially assuming the linear mass density dediameterdy ~ 8Gpc from the agey, = (12.9 + 2.9) x 10°

ig. 5. A continuous chance probability map with artificial cosmic
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run752-756 6 Conclusion

10° E T N B = ) . , , ,

. —@— observation E A systematic search for cosmic strings was carried out using
wl o o*, T Smowionss SDSS data, but we could not find any characteristic signature.

B sim. with 3" CS 3 We derived an upper limit to the number of global cosmic
10* L e o, Simowith 3 S strings with GUT scale mass within the GZK horizal: <

2 1.1(95% C. L.). This value is not so strong, when we con-
10° & %, = sider the number of cosmic strings in the universe is about 4

F 8 ] (Bennett and Bouchet, 1989; Allen and Shellard, 1993), how-
10% . = ever, this is the first systematic experimental search for cos-

i Sk mic strings. This experimental result strongly constrains the
10 = ‘e E| cosmic string decay model for EHECRs. Our result is also

B T T ] consistent with recent results obtained by BOOMERANG

1¢ E and MAXIMA. They observed fluctuations of CMBR and
E | | E found Doppler peaks fitted well with the expectation from a
0 5 10 15 Cold Dark Matter model(Jaffe et al., 2000). CMBR results

-log(Pch) may require that the linear mass density of a cosmic string is
much smaller thai.5 x 107°.

Fig. 6. A cumulative distribution of chance probabilities AcknowledgementsThe Sloan Digital Sky Survey (SDSS) is a joint

project of The University of Chicago, Fermilab, the Institute for Ad-
vanced Study, the Japan Participation Group, The Johns Hopkins
University, the Max-Planck-Institute for Astronomy, New Mexico
State University, Princeton University, the United States Naval Ob-
servatory, and the University of Washington. Apache Point Ob-
year derived by Carretta et al.(Carretta et al., 2000). Theoservatory, site of the SDSS telescopes, is operated by the Astro-
retically, a cosmic string walks randomly with a step size of physical Research Consortium (ARC). Funding for the project has
a third of the universe horizon scale(Bennett and Bouchetpeen provided by the Alfred P. Sloan Foundation, the SDSS mem-
1990). Strings with linear mass density b6 x 106, de- ber institution, the National Aeronautics and Space Administration,
rived by Bennett et al.(1992), were made to enter into thethe National Science Foundation, the US Department of Energy,
universe, walking randomly with the same step size. String2"d Monbusho. The SDSS Web site is http://www.sdss.org. We
of whole length greater thai; were regarded as a global thank all the persons involved in this project. If not for their dedi-

cosmic string. The lensing effect from a cosmic strin de_cation, the SDSS project would not be what it is today. This work
9. 9 9 is in part supported by JSPS (Japan Society for the Promotion of

pends on .the geometrical relationship of the string a”‘?' th cience) grants in aid of scientific research #11691117, #12304008
lensed object and an angle between the string and the line ofyq #12304012. K. Mase gratefully acknowledges receipt of a JSPS
sight. In this analysis, we have used galaxies brighter tharResearch Fellowship. Authors thank Dr. C. Taylor for his valuable
magnitude 22.5. The magnitude 22.5 can be translated tguggestions in the preparation of this manuscript. We also thank for
z ~ 0.51, using the database of red shift in Glazebrook’s our colleagues for their advises.

thesis(Glazebrook et al., 1995). This value of red shift corre-
sponds to about 1720Mpc witly = 6846 km/s/Mpc(Mould

et al., 1999). For simplicity, we have assumed all of the
objects are located at a distance of 1720Mpc. With thesqw Takeda, M. Teshima et al, 1998, Phys. Rev. Lett, 81, 1163

assumptions, we can calculate the separation angle of pajljias A M. 1984. Ann. Rev. Astron. Astrophys. 22, 425
images from the cosmic string position and its direction Us-ipple T W B, 197YG, J. Phys. A:Math. Gen. 9 1387 '

ing the Eq.(3). As you can see in Fig.(6), our analysis with Bennett D. P. and Bouchet F. R., 1989, Phys. Rev. Lett., 63, 1334
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cosmic strings entering the GZK horizos (100Mpc from "X'og'djlﬁet a}[l' |19290966’%pJ,t529,h/7(§3(§507333

the earth). The same procedure was carriedlodttimes. (- alle etal, » 8SH0p

In this way, we could obtain a distribution of the number of

strings that can enter within 200Mpc when a string would not

be observable. From this distribution we obtained an upper

limit to the number of global cosmic strings within the GZK

horizon (< 100 Mpc); N<1.1 with 95% confidence level.
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