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21 cm angular spectrum of cosmic string loops
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The 21 cm signatures induced by moving cosmic string loops are investigated. Moving cosmic string
loops seed filamentary nonlinear objects. We analytically evaluate the differential 21 cm brightness
temperature from these objects. We show that the brightness temperature reaches 200 mK for a loop
whose tension is about the current upper limit, Gu ~ 10~7. We also calculate the angular power spectrum,
assuming scaling in loop distribution. We find that the angular power spectrum for Gu > 1078 at z = 30
or Gu > 10710 at z = 20 can dominate the spectrum of the primordial density fluctuations. Finally we
show that a future SKA-like observation has the potential to detect the power spectrum due to loops with

Gu = 1078 at z = 20.
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L. INTRODUCTION

Cosmic strings are topological defects that could be
produced at phase transitions in the early universe [1]
(for reviews, see Refs. [2,3]). Therefore, a detection or a
constraint of cosmic strings can give us direct access to
high energy particle physics and the early universe.

Cosmic strings can produce various observational phe-
nomena, such as cosmic microwave background (CMB)
anisotropies [4-18], CMB spectral distortions [19,20],
early large scale structure formations [21-25], early reio-
nization [26-29] and gravitational waves [30-37]. Since
most observational effects due to strings are gravitational,
we can set observational constraints on the strength of
gravitational interactions of strings that is parametrized
by the dimensionless number G u, where G is Newton’s
constant and u is the mass per unit length (or tension) of
string. The current limit on G is obtained from CMB
anisotropy observations. WMAP and SPT data provide the
limit Gu < 1.7 X 1077 [16]. Recently Planck data up-
dated the limit to Gu < 1.5 X 1077 [18].

Cosmological 21 cm observation is expected as one of
the new observational windows for cosmic strings. Since
the intensity of the redshifted 21 cm lines of neutral hydro-
gen is sensitive to the number density and temperature of
neutral hydrogen, cosmological 21 cm observation has the
potential to probe the high redshift Universe through the
epoch of reionization (8 <z <<20) to the dark ages
(z >20) (for reviews, see Refs. [38,39]). Additionally,
choosing the observational frequency, we can obtain the
three-dimensional map of the redshifted 21 cm intensity
[40]. Therefore, cosmological 21 cm observation is suit-
able for searching the signatures of the structure forma-
tions due to cosmic strings. Currently, there are some
ongoing and future projects for measuring the cosmologi-
cal 21 cm radiation: MWA [41], LOFAR [42], GMRT [43],
PAPER [44], SKA [45] and Omniscope [46].

Cosmological 21 cm signatures due to cosmic strings
have been investigated in several papers [47-51]. It is well

1550-7998/2013 /87(12)/123535(9)

123535-1

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

known that a cosmic string produces overdense regions by
inducing gravitational collapse of baryons onto the string
wake. Moreover, if the tension of the cosmic string exceeds
a critical value, the collapsed gas is heated by the collapse
shock. As a result, the cosmic wake can produce a strong
signature in redshifted 21 cm maps, even if the tension of
the string is smaller than the current constraint, Gu ~
1077 [49,51]. The angular 21 cm power spectrum due to
string wakes has also been investigated in Ref. [50].

In this paper, we study cosmological redshifted 21 cm
signature and its angular power spectrum due to cosmic
string loops. Loops are produced through self-interactions
and intercommunications of long strings. Since loops can
create gravitational fields, they serve as seeds for nonlinear
structures. The 21 cm signature due to a static loop has
been studied in Ref. [52]. A loop induces a spherical
gravitational collapse of matter and produces a bright
spot on a redshifted 21 cm map. The brightness tempera-
ture of the spot reaches 1 K for Gu ~ 10~7. However,
loops are expected to have relativistic initial velocity when
they are produced [53,54]. The nonzero initial velocity
makes the collapsed object have a filamentary structure.
Compared with the spherical collapse case due to a static
loop, the density contrast inside the object is small, and the
resultant shock heating at the collapse is not efficient.
However, the signature is elongated on a map. We compute
the gas temperature in the filament due to a moving loop
and evaluate the 21 cm signature. We also calculate
the angular power spectrum, assuming scaling in loop
distribution [55-57].

This paper is organized as follows. In Sec. I, we briefly
review the the accretion onto a moving loop. In Sec. III, we
investigate the differential brightness temperature of red-
shifted 21 cm lines induced by a loop. In Sec. IV, assuming
the loop number density distribution, we evaluate the
angular 21 cm power spectrum. We show the angular
power spectrum for different values of Gu and redshifts.
We conclude in Sec. V. Throughout this paper, we use
natural units (2 = ¢ = 1), and assume ACDM cosmology

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.87.123535

HIROYUKI TASHIRO

with Q,, = 0.26, QO = 0.05 and & = 0.7, which are con-
sistent with the WMAP 9 yr results [58].

II. ACCRETION ONTO A MOVING LOOP

A loop can become a seed of structure formations.
Matter accretes onto a loop, following the gravitational
field due to the loop. In this section, we briefly review
the evolution of the structure produced by a loop
(for details, see Ref. [2]).

First we assume that a loop is formed at time #; with
length L = «at; and an initial velocity v;. Since loops are
nonrelativistic objects, their velocity evolution is given by

a;

a(t) 0
where a(t) is the scale factor and the subscript i denotes
the value at ¢;. Throughout this paper, we take the values,
a = 0.1 and v; = 0.3, suggested by simulations [59]. The
matter accretion occurs in the matter dominated era, while,
in the radiation dominated era, the accretion is prevented
because of the radiation pressure. Therefore, the matter
accretion starts at time

'U(t, tl) =V;

t for 1; <t

o (2)
t;, fort;>1,

t,(t;) = {

where 1 is the time of matter-radiation equality.

When the loop length L is smaller than the horizon scale,
the gravitational field due to the loop at time ¢ is described
as the field due to the point mass with mass uL and
velocity v(z, t;). Accordingly the accretion is axially sym-
metric along the direction of the velocity, and the resultant
overdense structure is like a filament. The comoving length
of the filament structure, /;, corresponds to the comoving
length of the loop trajectory after ¢,,

Lt 1) = 323 (1 - a—)) 3)

P a(t

where the subscript s denotes the value at 7,. In Fig. 1, we
plot the dependence of I; on the initial redshift z; = z(z;) at
which a loop with length at; is produced. As the redshift z;
increases, the length of the filament /; decreases. In par-
ticular, the length [; is strongly suppressed for loops that
are produced at z; > z.4, because such loops do not have
large velocities at time ¢, where matter accretion starts.

The accretion evolution on a loop with the initial veloc-
ity has been studied by using the Zel’dovich approximation
in the cylindrical coordinates (r, ¢, [), where the [ axis
corresponds to the direction of the velocity. The turnaround
surface r, on the r axis is obtained by solving the equation
where 7, appears on both sides [60],

re = 2d(t;)f (1, 1,)g,(ro 1;, ). )

Here
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FIG. 1. The comoving length of the filament /; as a function of

the redshift z; corresponding to the time ¢; at which loops with
L = at, are formed. The dotted, solid and dashed lines represent
l; at z =20, z = 30 and z = 40, respectively.
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where R; = (12 + [%)/2 and Ry=[r+ (- d(t,))*]'2.
For our region of interest of (z,¢;), f(z,¢;) is much less
than one. In this limit, the solution of Eq. (4) is given by an
approximated analytic form,

rl 1 1) = \JAf(, 1)d() () = D/ay. (6)

Figure 2 shows the dependence of r, on z;. As the Universe
evolves, the turnaround surface becomes large. In Eq. (6),
G dependence appears only in f(z ¢;). Therefore r, is
proportional to /Gu. The resultant filament structure is
very elongated because

0.04
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FIG. 2. The comoving turnaround surface of the filament r; as
a function of the redshift z;. In this figure, we set Gu = 1078
and [ = [;/2. The dotted, solid and dashed lines represent r, at
z = 20, z = 30 and z = 40, respectively. The turnaround surface

7, is proportional to /G u.
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Lt t) G,u)
———— ~ 1000
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The accreted mass at time ¢ corresponds to the mass
inside r,(¢) along the trajectory /;(¢) in the comoving frame,

M(t, 1;) = py fo ‘ 30

at #(z = 30). @)

mr(1)*dl = i uL—=,

N

®)

where p,, is the comoving matter density. Equation (8)
tells us that the accreted mass is proportional to Gu. We
plot the accreted mass in Fig. 3. The accreted mass grows
as the Universe evolves. Since the mass depends on the

loop length L, the mass is proportional to z; 3/2 . However,
since the loop generated before z., cannot produce the
filament until z.4, the resultant filament mass is suppressed
for z > z¢q.

The gas inside the turnaround surface r, collapses and is
virialized. The collapsed object shrinks to about half of the
physical turnaround surface scale. Although dark matter
condenses in the center of the object, baryon suffers the
virialization shock due to the collapse. As a result, the
baryon distribution is almost homogeneous and isothermal
at the virial temperature. The virial temperature of the
filament structure is given by [61]

Tvir =~

m, G Ag. 9

1

2 P
Here m,, is the proton mass and Ay is a linear mass density
of the filament structure,

M, t;)
a(l(t, 1;)’

where a(?)[,(t, t;) represents the physical length scale of the
filament. Since M is proportional to Gu and /; does not
depend on Gu, T, is proportional to Gu. We plot the
evolution of the virial temperature of the filament in Fig. 4.

Agip ~ (10)
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FIG. 3. The filament mass dependence on z;. In this figure, we
set Gu = 1073, The dotted, solid and dashed lines represent the
filament mass at z = 20, z = 30 and z = 40, respectively. The
mass of the filament is proportional to G u.
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FIG. 4. The virial temperature of the filament as a function of
the redshift z;. In this figure, we set Gu = 1078, The dashed, solid
and dotted lines represent 7., at z = 40, z = 30 and z = 20,
respectively. The virial temperature is proportional to G u.

We assume that the virialized radius is half of the
physical turnaround surface scale. Accordingly, the matter
density contrast inside the filament is

pr="4pu, (1)

where p,, is the background matter density. Although the
turnaround surface depends on [ as shown in Eq. (6), for
simplicity, we introduce the typical turnaround surface 7,
which corresponds to the turnaround surface at [ = [;/2.

III. 21 CM SIGNATURE FROM THE
ACCRETED FILAMENT

As shown in the previous section, the gas density and
temperature inside a filament are different from those of
background values. This difference makes the optical depth
of the 21 cm transition in the filament different from one in
the intergalactic medium (IGM). As a result, we can observe
the filament due to the loop in the differential brightness
temperature map of the redshifted 21 cm line.

The optical depth of a filament to the photon at the
frequency v along the line of sight (LOS) is calculated as
the one of a virialized object [62],

xp(R)ny(R)
[dR T o),

3A10
32mkv?

(v) = 12)

where v, is the hyperfine transition frequency, v, =
1420.4 MHz, A;, = 2.85 X 10~ 1% 57! is the spontaneous
emission rate, xg is the neutral fraction of hydrogen, T is
the spin parameter, and ¢ (») is the intrinsic line profile.
Now we focus on the filament whose virial temperature is
smaller than 10* K. When the virial temperature exceeds
10* K, the atomic cooling is efficient enough to cause the
further collapse and the star formations occur in the filament
structure. Once stars form, they ionize the surrounding
hydrogen by emitting UV photons. However, below 10* K
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no sources of UV photons are produced inside. Therefore, we
set the neutral fraction xi; = 1 inside the filament.

The spin temperature is related to the ratio between the
neutral hydrogen number density in the excited and ground
states of the hyperfine structure. Without stars, the excita-
tion or deexcitation of the hyperfine structure is caused by
the thermal kinetic collision at the virial temperature, the
spontaneous emission and the stimulated emission by
CMB photons. Therefore the spin temperature of the fila-
ment is obtained as [63,64]

T, + v Ty
= Dy T Vilvir (13)
] + Vi
Here y, is the kinematic coupling term [65],
T*l’leK
Vi = , (14)
¢ AIOTvir

where T, = 0.068 K, « is the effective single-atom rate
coefficient, k = 3.1 X 107117037 exp (—32/T) cm?s™!,
and ny is the neutral hydrogen number density of the
filament, nygr = prB/(meM)

The integration in Eq. (12) is performed along the LOS.
Since our filament model is isothermal and has the uniform
density profile, the integration can be replaced by the
column density of the filament along the LOS. As dis-
cussed in the previous section, the loop with length L
produces the filament whose comoving typical radius is
(1/2)F,. We define the impact parameter b from the sym-
metrical axis in the unit of (1/2)7. The width of the
filament along the LOS depends on the impact parameter
and the angle between the LOS direction and the sym-
metrical axis of the filament, ¢. Therefore, the column
hydrogen number density of the filament at redshift z with
the impact parameter b is written as

ar, b?

Nu() = g o1 = o (15)
where a is the scale factor at z. Note that, since the filament
has the finite length, the column number density cannot
exceed anysl;. Therefore we set this upper limit on the
column number density.

With the column hydrogen number density, the optical
depth of the filament to the photon at the frequency » along
the LOS with the impact parameter » = O and sin ¢ = 11is
given by

3A10 Nu(0)

327v: kgT, ¢(@) (16)

To(v) =

The intrinsic line profile is broadened by the Doppler
effect, because the gas inside the filament has high tem-
perature. We adopt the Doppler broadened form,

bp(v) = (Avym) " exp[—(v — ».)?/AV?], (17)

with Av = v,/2kgT,;./my. The Hubble flow also causes
the line broadening as considered in Ref. [52]. The redshift
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difference along the LOS is given as 6v = 2Hax,/ sin .
As a result, the intrinsic line profile broadened by the
Hubble flow is [52]

¢H(V):{1/5V lv — v, < év/2 (18)

0 otherwise.

We take into account only the largest effect between them.
In most of our cases, the Doppler effect dominates the
Hubble flow effect.

The observable quantity is the differential brightness
temperature of the 21 cm signal. In the case with 7 < 1,
the differential brightness temperature of the filament with
b =0 and sin ¢y = 1 at z is given by

Ts - Ty(z)

1+z TO(Vobs(l + Z))r (19)

8T po(Vops) =
where v, is the observation frequency; v = (1 + 2)v..
We plot the spin temperature 7 and brightness temperature
6T} in Figs. 5 and 6.

The loops produced from z ~ 100 to 1000 can create the
signal 6T,y ~ 150 mK around z = 30. As Gu increases,
the signal becomes stronger. Although the filaments due to
large loops have larger spin temperature, their differential
brightness temperature 67, is strongly damped. Since
such filaments have a large virial temperature, the
Doppler broadening is effective enough to suppress 67,.

It is worth pointing out that our values are smaller than
the ones in Ref. [52] in which a loop produces the bright-
ness temperature as high as 1 K for Gu ~ 1077, This is
because they have considered static loops. Static loops
produce spherical collapsed objects. The density contrast
in such objects is roughly 64, while the one in the filament
object is 4. Therefore, a static loop can produce a larger
signal than a moving loop.

According to Eq. (19), the sign of 67T, depends on the
difference between T and T',. As shown in Fig. 5, most of
the filaments due to loops with Gu = 1073 have a spin
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FIG. 5. The spin temperature of the filament as a function of z;.
The dashed, solid and dotted lines represent T at z = 40, z = 30
and z = 20 with Gu = 1078, respectively. We also plot T, at
z =30 with Gu = 107° as the gray line.
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FIG. 6. The brightness temperature of the filament 7, as a
function of z;. The dashed, solid and dotted lines represent 67

at 7 =40, z =30 and z = 20 with Gu = 1078, respectively.
We also plot 8T, at z = 30 with Gu = 10™° as the gray line.

temperature larger than the CMB temperature. Therefore,
the 21 cm signals from such filaments are observed as
emissions for the CMB, namely 67}y > 0. On the other
hand, the loops with G = 10~ produce filaments whose
spin temperature is lower than T, for Gu = 1078, In
particular, the spin temperature of the filaments produced
by small loops generated before z. is strongly suppressed.
As aresult, the spin temperature becomes smaller than the
CMB temperature, and the signal of the filaments that have
such lower temperatures are observed as absorptions for
the CMB.

Following Eq. (15), we can extend Eq. (19) to the
differential brightness temperature with the impact
parameter b and the angle i,

8T p0(Vops)
5Tb(Vobs: b, ‘7[/) — 0 oke 7
sin a

(20)

Since filaments due to loops have nonzero differential
brightness temperature, the filaments are observable by
21 cm observations. We can observe the filament as a
projection on the 2D angular map of the celestial sphere.
The projected filament with the angle ¢ of the LOS at the
redshift z is a rectangle with the angular scales of the sides,
0, =r/(2D,) and 6, = I;siny/D, where D, is the
comoving angular diameter distance to z. For the redshift
z = 30, 6, corresponds to ~1”. The angular resolution of
the current design of the planned cosmological 21 cm
observations is much larger than this angle scale.
Therefore, it is difficult to resolve an individual filament
due to a loop by the 21 cm observations.

However filaments can contribute to the angular power
spectrum on the observable scales of the 21 cm observa-
tions as the tail of the angular power spectrum of the
filaments on large scales. In the next section, we evaluate
the angular power spectrum of the 21 cm signals from the
filaments due to loops.
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IV. ANGULAR POWER SPECTRUM

To calculate the angular power spectrum of 21 cm signals
from the filaments due to loops, we follow the analytical
approach to calculate the the Sunyaev-Zel’dovich effect due
to large-scale filament structures [66]. The total angular
power spectrum due to nonlinear structures can be sepa-
rated into two parts [67]. The first component is a Poisson
term, which is the contribution from the correlation
between two points in the same structure. The second is a
clustering term due to the correlations between different
structures. We assume that the spatial distribution of loops
is totally random, and there are no correlations between
different filaments. Therefore, the angular power spectrum
due to loops can be expressed only by the Poisson term,

Q=[ﬁW@[ﬂ

x [au DD Wirg 2P L), Q1)

where V(z) is a comoving volume element per steradian at a
redshift z, dn(L, z)/dL is the comoving number density per
unit length of loops of length L at z, f(i) is the probability
function for the angle between the LOS and the symmetrical
axis of the filament, ¢, and P({, L, ) is the 2D power
spectrum of the 21 cm signal from a single filament produced
by a loop of length L and angle i, which we shall discuss
later. In Eq. (21), W (v, 2) is a response function associated
with the bandwidth of the experiment. Generally, W (v s, 2)
is a function of the frequency centered at the observed
frequency v,s. Since there is one to one correspondence
between the frequency and the redshift, the response function
W (v, z) has a peak at the redshift z, which satisfies v, =
v,./(1 + z). For simplicity, we take W (v, z) to be flat with
the width Az = 1 in redshift space. We set f(i) = (1/2) X
sin ¢, which is based on the assumption that the probability
is proportional to the solid angle element.

The comoving number density of cosmic string loops of
length L in comoving volume at the matter dominated
epoch is [2]

dn(L,z) K C;
dL (1+2°p 1(z)°L*
where «; ~ 2 [59], p = 1 is the reconnection probability,

Cyp is yteq/L for L < arteq and 1 for L > at,,. In Eq. (22)

we ignore the decay of the loops due to gravitational
radiation because this is not important for the loops that
we consider in this paper.

The 2D spectrum of a single filament can be calculated
from Eq. (20). Since the angular size of the projected
filament on a 21 cm map is small, we consider the projected
filament on a small flat sky patch (6,, 6,) where the 6, (or
6,) axis is normal to (or along) the symmetrical axis of the
projected filament as shown in Fig. 7. The angular power
spectrum of the filament corresponds to the 2D Fourier

(22)
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FIG. 7. The projected filament on the flat sky patch (6,, 6,) is
represented in gray. The observer is at the right end on the LOS.
The filament has an inclination angle ¢ between the symmet-
rical axis (the / axis) and the LOS.

power spectrum in the flat space in this approximation. The
profile of the 21 cm brightness temperature of the filament
on the small flat sky patch is given by

ST, 4D26?
8T, (0, 0,) = —24[1 — g"@( il —|0x|)®
sin s re 2D,
[;sin )
X —16,1), 23
(552~ 10, 23)

where ®(x) is the unit step function. Depending on the
filament length and the angle ¢ between the LOS and
the symmetrical axis of the filament, the distance between
the head and tail of the filament in the redshift direction
may be larger than the width of the response function. In
this case, the whole filament cannot be observed in the same
redshift bin, and we must take into account this effect in
Eq. (23). However, we confirmed that most of the contri-
butions to the angular power spectrum are due to small
filaments whose sizes are smaller than the width Az = 1.
Therefore, Eq. (23) is valid in our calculation with Az = 1.

We perform the Fourier transform of Eq. (23) in the 2D
flat space, and we obtain the Fourier component,

27T($Tb0 <€xrt)sin (€yll sin l,b
€., siny " '\2D, 2D,

5T)(€, €,) = ) e

Accordingly, the 2D spectrum is simply given by

. 2776Tb0 <€xrt) . (fyllsinlﬂ)]Z
P2(€x, 6}') [€X€ysin¢‘]l 2DA s 2DA . (25)

To get the power spectrum P(€, L, ) at a given €, we
must take into account the contributions from all (¢,, €,)
that satisfy €> = €2 + 3,

1
PUL ) =5 3 Pals,€y). (26)
(€..¢,)

Using Eq. (21), we calculate the angular power spectrum
for different Gu. We represent the results of the angular
power spectra in Fig. 8.
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The amplitude of the spectrum depends on Gu. Larger
Gu produces a higher amplitude of the angular power
spectrum. The angular power spectrum due to loops does
not have a strong redshift dependence. At small €, the
spectrum €2C is proportional to €. However, the slope
becomes shallow with increasing €, and the spectrum is
almost constant at large €. The multipole at which the slope
changes corresponds to the typical length scale of the
filaments. For larger Gu, since even small filaments can
contribute to the spectrum, the multipole at which the slope
changes shifts to larger €.

We found that most contributions come from filaments
produced by small strings generated when z > z.4. The
length of such filaments is smaller than the width of the
response function, Az = 1. Hence, as mentioned above,
Eq. (23) is valid in our calculation.

The promising signal of the cosmological 21 cm fluctu-
ations is provided by the primordial density fluctuations.
For reference, we plot the angular power spectrum due to
the primordial density fluctuations obtained through
CAMB for the sharp window function [68]. At z > 30,
the angular power spectrum for Gu > 107% can dominate
the primordial fluctuations. Although the angular power
spectrum induced by loops is almost independent of the
redshift, the amplitude due to the primordial fluctuations
becomes small as the redshift decreases. As a result, the
spectrum due to loops dominates the primordial density
fluctuations at low multipoles € < 1000 at z = 20 even for
Gu =1071,

In the power spectrum for Gu > 1073, most of the
contributions are emission signals. On the other hand, the
absorption signals dominate for Gu = 107!, This is
because small Gu cannot produce massive filaments in
which the filament gas heats up to the virial temperature
larger than the CMB temperature. For Gu = 107,
absorption and emission contributions are comparable.
Since the filament virial temperature grows with time,
the absorption contribution becomes large at low redshifts.
The 21 cm signals due to the primordial density fluctuations
before the epoch of reionization are absorption signals.
Hence the separation between the emission and absorption
signals in a 21 cm map can facilitate measurement of the
power spectrum due to loops with up to Gu ~ 107°.

To access the detectability, we also plot the instrumental
noise power spectrum based on the SKA design in Fig. 8.
The instrumental noise power spectrum including the beam
effects is given by [69]

20 AT )2 [6({8 + 1)]
exp| ——— |, 27
tobsA v (fcoverD P 6%,

where T is the system temperature, f oy, i$ the covering
fraction of the effective collecting area to the total collect-
ing area, t., is the observation time, Av is the frequency
bandwidth, D is the length of the baseline and €, is given
by ¢, =4/In2/0,, with the resolution 6, ~ A/D.

21 —
Ny =
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FIG. 8. The angular power spectrum due to loops. In the left panel, we plot the spectra with Gu = 1077, G = 1078 and Gu =
10719 as the dot-dashed, solid and dashed lines, respectively. In the right panel, the solid line represents the total angular power
spectrum for Gu = 107°, and the dashed and the dot-dashed lines show contributions from emission and absorption components,
respectively. From top to bottom in both panels, we set v, corresponding to z = 30 and z = 20. For comparison, we show the
spectrum due to the primordial density fluctuations with the dotted line. We also plot the noise power spectrum of the SKA-like

observation as the gray line.

We set the system temperature to the sky temperature in the
region of the minimum emission at high Galactic latitude;
T,y = 180(»/180 MHz) *® K. We choose Aw corre-
sponding to the redshift width Az = 1 and set 7, = 1 yr.
The current design of SKA is fyver = 0.02 and D = 6 km.
However, we take f.,.r = 0.2 in this paper.

The noise power spectrum strongly depends on the
redshift. At high redshift (z = 30), the noise power spec-
trum totally overdominates the spectrum due to loops.
However, at low redshift (z = 20), the noise power spec-
trum in low multipoles becomes smaller than the spectrum
for Gu = 1073 and is comparable to the one for Gu =
107°. Therefore, we conclude that the power spectrum due
to loops with Gu = 1078 can be detected via 21 cm ob-
servations with a high signal to noise ratio at low redshifts.

V. CONCLUSION

We have investigated the 21 cm signatures induced
by cosmic string loops in this paper. We have taken
into account that the loops have the initial relativistic
velocities. A loop with an initial velocity can form
a filament structure. We have evaluated the gas temperature
inside a filament due to a loop and calculated the dif-
ferential 21 cm brightness temperature profile. We have
shown that a filament can induce an observable signal. The
brightness temperature can reach 200 mK for a loop with
Gu~1077.

We have also calculated the angular power spectrum of
21 cm fluctuations due to loops with a scaling loop number
density distribution. The larger Gu is, the higher the
spectrum amplitude due to loops becomes. The power
spectrum is proportional to € on large scales, while it is
scale-invariant on small scales. The scale where the slope
of the spectrum changes corresponds to the typical length
scale of the filaments. The spectrum does not strongly
depend on the observation redshift.

We found that the amplitude of the spectrum due to the
loops is larger than the one due to long strings evaluated in
Ref. [50]. Therefore, the angular power spectrum of 21 cm
fluctuations can give the limit on Gu by measuring the
spectrum due to loops. At z = 30, the angular power
spectrum for Gu > 108 can dominate the spectrum of
the primordial density fluctuations. The amplitude due to
the primordial fluctuations becomes smaller as the redshift
decreases. Hence, the amplitude of the spectrum even for
Gu = 10710 can be larger than for the primordial density
fluctuations at z = 20. However, the first galaxies formed
around z ~ 20 produce the larger 21 cm fluctuations
through the Ly-« flux and x-ray heating [70,71].

Comparing with the noise power spectrum of the 1 yr
SKA-like observation, we have found that the power spec-
trum for Gu = 1078 dominates the noise power spectrum
at low multipoles (€ < 1000). Therefore, it is expected that
the SKA-like observation can measure the spectrum for
Gu > 1078 with a high signal to noise ratio.

123535-7



HIROYUKI TASHIRO

The amplitude of the spectrum depends on the loop
number density distribution, which is not completely
understood. For example, the analytical work, Ref. [72],
suggested scaling loop distribution with small loop pro-
duction. Because of the difference in the distributions, we
found that the angular power spectrum will be reduced by
~0.1 with the distribution in Ref. [72].

Since the filaments produced by loops are gravitationally
unstable, they will fragment into beads, which subsequently
merge into larger beads as considered in Ref. [29]. Although
we have not taken into account this effect in this paper, the
fragmentation of the filaments decreases the amplitude of
the spectrum on large scales and enhances on small scales.
The evaluation of the power spectrum with the fragmenta-
tion effect requires a detailed study including numerical
simulations. However, to evaluate the fragmentation effect
roughly, we simply assume that the filaments collapse into
beads with the filament width size that corresponds to the
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fastest growing instability mode and the following mergers
of beads makes the length of the beads 10 times larger.
Under this assumption, we found that the amplitude of the
spectrum is decreased by 0.1 on large scales and enhanced
roughly by 6 on small scales.

In our calculation of the angular power spectrum, we
have only considered the contributions of small filaments
whose virial temperature is below 10* K. In massive fila-
ments with the virial temperature larger than 10* K, stars
can be formed and ionize the surrounding IGM gas [29].
The ionized gas can produce additional large 21 cm fluc-
tuations. We will study the 21 cm power spectrum due to
massive filaments in future work.
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