arXiv:0910.5722v1 [astro-ph.CO] 30 Oct 2009

Searching for Signatures of Cosmic Superstrings in the CMB

Rebecca J. Danos^∗ and Robert H. Brandenberger^† Department of Physics, McGill University, Montréal, QC, H3A 2T8, Canada (Dated: October 30, 2009)

Because cosmic superstrings generically form junctions and gauge theoretic strings typically do not, junctions may provide a signature to distinguish between cosmic superstrings and gauge theoretic cosmic strings. In cosmic microwave background anisotropy maps, cosmic strings lead to distinctive line discontinuities. String junctions lead to junctions in these line discontinuities. In turn, edge detection algorithms such as the Canny algorithm can be used to search for signatures of strings in anisotropy maps. We apply the Canny algorithm to simulated maps which contain the effects of cosmic strings with and without string junctions. The Canny algorithm produces edge maps. To distinguish between edge maps from string simulations with and without junctions, we examine the density distribution of edges and pixels crossed by edges. We find that in string simulations without Gaussian noise (such as produced by the dominant inflationary fluctuations) our analysis of the output data from the Canny algorithm can clearly distinguish between simulations with and without string junctions. In the presence of Gaussian noise at the level expected from the current bounds on the contribution of cosmic strings to the total power spectrum of density fluctuations, the distinction between models with and without junctions is more difficult. However, by carefully analyzing the data the models can still be differentiated.

PACS numbers:

I. INTRODUCTION

In recent years there has been a revival in interest in finding signatures of cosmic strings. One of the main reasons is that a large class of string inflationary models predict [1] a copious production of cosmic superstrings [2] - cosmic strings consisting of extended fundamental strings of cosmological scale - at the end of the period of inflation. Under certain conditions [3], these cosmic superstrings are stable on cosmological time scales.

Since gauge theories also predict the presence of cosmic strings [4] (see [5, 6, 7] for reviews), it is an important endeavor to distinguish between generic cosmic strings and cosmic superstrings. As we shall demonstrate in this note, the plethora of small scale Cosmic Microwave Background (CMB) experiments, such as the ground based Atacama Cosmology Telescope (ACT) [8] and the South Pole Telescope (SPT) [9] or the Planck satellite experiment [10], will provide the observational means to make this distinction.

Both generic cosmic strings and cosmic superstrings leave imprints in the CMB. The key signature - the “Kaiser- Stebbins (KS) effect” [11] - consists of line discontinuities in the temperature map formed from a combination of gravitational lensing and the Doppler effect: photons from the last scattering surface streaming by either side of a moving cosmic string will be observed to have a temperature which differs by a small amount proportional to the string tension. The signature is manifest in position space - in Fourier space the phase information which is crucial to obtain a line discontinuity is lost. Therefore, to find evidence for the line discontinuities, new data analysis techniques are required which work directly in position space. One such technique is the Canny edge detection algorithm [12, 13]. As shown in [14, 15, 16], the Canny algorithm can be used to search for the line discontinuities produced by strings. In fact, it was shown that when applied to data with angular resolution comparable to that which will be obtained from the South Pole Telescope, the non-detection of KS lines will allow an improvement in the upper bound on the cosmic string tension by almost an order of magnitude compared to existing bounds.

One essential distinction between strings in simple gauge theory models and cosmic superstrings is that the latter come in different varieties^1. There can be fundamental strings (F-strings), one space-dimensional branes (D-strings), and bound states of the above. These flavors of cosmic superstrings can form junctions, points where three strings

∗email: rjdanos@hep.physics.mcgill.ca †email: rhb@physics.mcgill.ca 1 For sufficiently complicated gauge theory models, it is also possible to obtain different types of strings [17]. Fat strings arising in theories with light moduli fields also can give rise to junctions [18] - in this case due to mergings of strings with low winding number into strings of higher winding number. For simple gauge theory strings, strings with higher winding number are unstable to the fragmentation into strings of winding number 1, and hence these junctions to not arise.

meet in the shape of a Y [3, 19, 20, 21, 22, 23, 24, 25, 26].

In the present paper we find that the Canny algorithm can be modified in order to allow a differentiation between string maps with and without string junctions. Since string junctions are generically predicted in models of brane inflation with cosmic superstrings but are not present for cosmic strings in simple gauge theory models, our work points towards a way of finding observational evidence which would favor cosmic superstrings over simple gauge theory strings.

To identify the line discontinuities predicted by cosmic strings, good angular resolution of a CMB experiment is crucial. It is for this reason that our simulations work with maps similar in angular extent and angular resolution which will be obtained by the ACT and SPT experiments, those with ideal angular resolution.

Our implementation of the Canny algorithm [16] finds line discontinuities produced by the KS effect and produces a map of edges. In contrast to previous work [27] on constraining the cosmic string tension from CMB observations which focused on the angular power spectrum of CMB maps in which the KS signature is washed out, our work searches specifically for the line discontinuities predicted by the KS effect.

Our numerical work is based on simulations of the predicted CMB anisotropies in small patches of the sky (side length 10^o) with angular resolution of 1.5^′ . We simulate maps predicted in pure string models (i.e. no “Gaussian noise”) with and without junctions, and also maps in which the “Gaussian noise” due to inflationary perturbations dominates the total amplitude of the power spectrum, and cosmic strings contribute a sub-dominant fraction consistent with the current upper bounds [27]. The current upper bound on the contribution of strings to the angular power spectrum of CMB anisotropies corresponds to a value of the string tension μ which is Gμ < 2 × 10^{−7} in dimensionless units (G is Newton’s gravitational constant).

Our implementation of the Canny algorithm consists of a set of routines which generate a map of edges in the sky corresponding to gradients in CMB maps which are in the range expected from the KS effect [16], and statistically analyze the resulting edge maps, with the goal of distinguishing between simulated CMB maps of pure Gaussian inflationary perturbations and maps combining simulated cosmic strings with Gaussian perturbations. In our studies [16] we showed that this distinction could be made up to a three sigma confidence level for strings with tensions as low as 2 × 10^{−8} for maps without the removal of point source noise (unsmoothed) and as low as 9 × 10^{−8} for maps with point source noise removed (smoothed).

Here we extend the use of the Canny algorithm to distinguish simulated maps of strings with and without junctions. Based on the edge maps which the Canny algorithm produces, we count the number of edges present in groups of pixels, thus determining the density of edges. We then use the distribution of densities to differentiate between maps with and without junctions. Specifically, we compare the shapes of the histograms (number of occurrences versus number of edges) in the two cases, using the “combined Fisher probability method”.

The simulations contain various free parameters. Firstly, there is the cosmic string tension μ. Secondly, there is the number N of string segments per Hubble volume per Hubble time during the string scaling phase. The fraction of string segments which involve a junction is another choice which must be made. In order to ascertain that a deviation in the shape of an edge histogram from that in a theory with pure Gaussian noise is a consequence of strings with junctions, we must allow the parameters in the simulations with and without junctions to be different. For example, it is not sufficient to show that the histogram in a string simulation with junctions for N = 10 is different from that of a string simulation without junctions for the same value of N. We must also check that the change in the shape resulting from the addition of junctions cannot be masked by a change in the value of N. We have carefully studied this point and find that, with appropriately chosen number of boxes sampled in the observed window, we are able to differentiate string simulations with and without junctions. Without Gaussian noise the difference in the shape of the histogram is manifest. However, with Gaussian noise consistent with the cosmic strings contributing not more than they are allowed to by the limits of [27] we find that the difference is no longer manifest. However, with sufficient care, we are still able to make the statistical distinction.

The outline of this paper is as follows: we first describe our simulated microwave sky patches resulting from models with cosmic strings junctions (Section II). In Section III we review the application of the Canny algorithm and present the edge maps which result from our simulations. We present the density distribution analysis in Section IV. Finally, in Section V we conclude with a discussion of the results.

II. SIMULATIONS

We refer the reader to [16] for details on simulating the combined maps produced by the combination of cosmic strings and inflationary perturbations. In brief, the contribution of Gaussian inflationary perturbations to the CMB sky map is produced by Fourier transforming the angular power spectrum C_l obtained using the CAMB code [28], assuming random phases.

FIG. 1: The angular power spectrum of the CMB anisotropy maps of pure cosmic string simulations with values N=10 and Gμ = 1 × 10^{−7}. The horizontal axis is l, the vertical axis is l(l + 1)C_l.

The temperature map from pure cosmic strings is constructed using an analytical toy model of the effects of strings on the microwave sky. This model was first introduced in [29] to model the effects of long strings, and has been used widely since then. The model assumes that the distribution of cosmic strings obeys a scaling solution (i.e. the network looks the same at all times if distances are scaled to the Hubble radius). The string network consists of “long” strings (strings whose curvature radius is comparable or larger than the Hubble radius) and loops (of radius smaller than the Hubble length). Based on numerical simulations of the evolution of a cosmic string network [30] we assume that the long strings dominate. We also assume that the long strings are straight. Thus, according to the model of [29], the network of strings can be modelled as a set of straight string segments of roughly Hubble length. The various cosmic string simulations all agree that there is a scaling solution for the network of long strings, but they do not agree on the density of strings. We will model this uncertainty with a free parameter N, an integer which gives the number of string segments per Hubble volume. Since the strings move relativistically, the network of strings looks uncorrelated on time scales larger than the Hubble time. Following [29], we model this by taking the string segments to be statistically independent in each Hubble time step. The strings are laid down in Hubble time steps from the time of recombination to the present time.

Each string segment produces a characteristic rectangular temperature fluctuation pattern in the sky which is obtained by adding ΔT/T = 4πGμṽr (1) on one side of the location of the string, affecting the sky to a depth of a Hubble length^2 and subtracting this value from the other side. Here μ is the string tension, ṽ ≡ vγ(v) where v is the transverse velocity of the string and its relativistic γ factor is γ(v), and r is a random number between 0 and 1 which is introduced to take into account projection effects and the fact that the velocities of different strings will vary - in (1) we use one fixed velocity v. We will speak in terms of a pattern of rectangular “boxes” (one on each side of the string) which a string produces in the CMB sky. One difference between this simulation and that of [16] is that in the former paper the length of the string segment laid down was the same length as the depth of the box perpendicular to the string. In this simulation we allow the depth of the box affected by the string to be a different random fraction of the Hubble length (as determined by projection effects). Our cosmic string toy model yields an approximately scale-invariant spectrum of CMB anisotropies (as expected from early analytical work on cosmic strings [33]). The C_l spectrum for 100 string simulations of string tension Gμ = 1 × 10^{−7} is shown in Figure 1.

2 The range of the “deficit angle” [31] in the plane perpendicular to the string which leads to the KS effect is bounded from above by causality to be the Hubble length - assuming that the cosmic strings are produced in a phase transition in the early universe - and the work of [32] shows that the effect of the deficit angle in fact extends just about to the causality limit.

FIG. 2: Temperature map in a model with both cosmic strings (N = 10 and Gμ = 10^{−7}, no junctions) and Gaussian fluctuations.

Since we have applications to small angular scale CMB experiments such as ACT and SPT in mind, we take our window size to be 10 degrees and the resolution to be 1.5 arcminutes.

To sum the Gaussian and cosmic string maps we multiply the COBE-normalized Gaussian map by a coefficient a and add the cosmic string temperature map obtained for the value of Gμ which we are interested in:

T_{(G+S)} = aT_{(G)} + T_{(S)}. (2)

The coefficient a is obtained by demanding that the total map yields the best fit to the observed angular CMB correlation function.

We refer the reader to Figure 2 for the simulated map of cosmic strings (no junctions) plus Gaussian inflationary perturbations. The map is for a value Gμ = 10^{−7}.

Next we describe the simulations in the presence of junctions. The first difference is that not all strings have the same tension. By μ_i we will denote the tension of the i’th string. The vector μ_i has magnitude μ_i and points in direction of the string. We will take the total number of string segments per Hubble volume to be N = 10. We assume junctions in the shape of a “Y”, i.e. junctions with three legs each. Thus, there will be one string segment per Hubble volume which is not part of a junction.

As in the string simulation without junctions, the beginning of the first string in the junction is placed randomly within a window extending by one Hubble length in each direction around the observed window. This accounts for strings which might begin within the field of view and extend out of it and for strings which might begin outside the field of view and extend into the observed window. The first string’s starting point in this simulation will be the point where the three strings meet. The angle and sign of its velocity vector as well as the direction of the string are randomly determined. The string’s velocity angle and sign determine which of the two boxes around the string will be assigned a positive and which a negative temperature fluctuation compared to the average. The formula (3) taken from [34] to determine which side of the string has a positive temperature difference compared to the average is: δT T = 8πGγ|v · (μ_i × k)| (3) in which v is the velocity vector of the string, and k is the line of sight unit vector perpendicular to the observation window.

The first string segment of a junction has a fixed input string tension. We use Gμ = 8.7 × 10^{−8} because when there are three junctions per Hubble volume this gives a coefficient a = 0.976. Recall that a is the coefficient used to sum the Gaussian contribution of the map with the string map. A value of a = 0.976 is obtained in the case of a simulation with Gμ = 1 × 10^{−7} for N = 10 without junctions. We want to compare different maps with the same contribution from the Gaussian perturbations. Therefore we fix a and compute the corresponding Gμ for simulations with junctions and varying values of N. To determine the value of Gμ for a simulation with junctions, we first perform

FIG. 3: A few cosmic strings with junctions.

a simulation with a given value Gμ_0 and compute the resulting value of a, denoted here by a_0. The value of Gμ which yields the required value of a is then given by:

Gμ^2 = ( a^2 − 1 a^2_0 − 1 ) (Gμ^2_0) . (4)

The value of a for a given string tension and given value of N will be higher than in our previous paper [16] since the boxes of altered temperature per the KS effect are smaller in this simulation where the depth can be less than the string width. Hence, the strings contribute less power.

When simulating junctions, we draw the second string at the same point as the beginning of the first string with a string tension given by a random fraction of the first string’s tension. The direction of the second string is random. The third string’s direction is chosen such that the vector sum equals zero for the three vectors with magnitudes given by the string tensions and directions given by the directions of the strings. The magnitude of this third vector indicating the direction of the third string gives the string tension for the third string. Figure 3 demonstrates the temperature signature for a few strings with junctions.

As in our previous paper [16] we lay down strings independently in each Hubble expansion time interval starting from recombination until the present time. Figure 4 shows the resulting angular power spectrum (C_l spectrum) for a scaling solution of N = 10, a string tension of the first string as Gμ = 8.7 × 10^{−8} and three junctions per Hubble volume. The value of the string tension without junctions was chosen to lie slightly below the current best upper limits; the string tension for simulations with junctions was then selected to have the same contribution of the background Gaussian perturbations.

III. CANNY ALGORITHM

We refer the reader to [16] for a thorough discussion of our application of the Canny algorithm. In essence, we look for edges by searching for maximal gradients larger than a threshold t_u. These local maxima are perpendicular to the direction of the edge. Gradients larger than a cutoff value, t_c, are removed as these will likely be due to the underlying Gaussian perturbations. Gradients that are between the upper threshold and a lower threshold are marked with a value of one and counted as part of an edge if they are connected to a point in a satisfactory direction (perpendicular or near perpendicular) whose gradient is a local maximum greater than or equal to the upper threshold. Our algorithm creates a map of edges, or a map of points which are marked as one connected together in edges. These can be seen for strings without junctions obeying a scaling solution of N = 10 in Figure 5 and strings with three junctions per Hubble volume obeying a scaling solution of N = 10 in Figure 6. Once an edge map has been created the program

FIG. 4: The angular power spectrum of the CMB anisotropy maps for cosmic string simulations with three junctions per Hubble volume and a scaling solution with N = 10 and Gμ = 8.7 × 10^{−8} . The horizontal axis is l, the vertical axis is l(l + 1)C_l.

FIG. 5: Pure string edge map without junctions obeying a scaling solution of N=10.

counts the number of continuous points that satisfy the above criteria, thus counting the number of points in the edges.

In our simulations, we have chosen the following values of the cutoff parameters which enter the Canny algorithm: the top cutoff is t_c = 3^3, the upper cutoff is t_u = 0.25 and the lower cutoff is t_l = 0.1. These values were chosen based on the parameter optimization performed in our previous work [16].

3 In units of the maximal gradient which can be produced in the simulation by a cosmic string.

FIG. 6: Cosmic string edge map with three junctions per Hubble volume obeying a scaling solution of N=10.

IV. DENSITY DISTRIBUTION ANALYSIS

Because strings with junctions are grouped together, we hypothesized that the distribution of edges with junctions would differ from the distribution without junctions. We divided the observation window by a grid into boxes and counted the number of edges and number of points marked as one (the number of pixels in edges) per grid box. The size of a grid box is a free parameter in our analysis. We then plotted the number of boxes versus the number of either edges or points marked as one per box. Using the number of edges or the number of points marked as one per box gives slightly different statistics.

When we count the number of edges in a given grid box, we need an algorithm to determine which box an edge falls within when edges cross boxes. We choose to assign an entire edge to the box containing a specific pixel of that edge. We could use the first pixel as the point denoting the edge, but this introduces a position bias because the algorithm counts edges starting from the bottom left of the window. However, when searching for pixels to include in an edge, the algorithm does not search in a linear fashion so the final pixel included in an edge does not have a biased position relative to the other pixels in the edge. Therefore, we assign the position of the edge to the final pixel.

We now discuss our numerical results. All of the simulations were for the same value of a. In all the following figures the blue (solid) curve is for N = 10 with three junctions per Hubble volume. The other curves correspond to cosmic string simulations without junctions, the red innermost (dash dot dot) curve is for N = 1, the yellow (dashed) one is for N = 6, the green (dot-dashed) one is for N = 5, and the outermost red (dotted) one is for N = 10. All curves correspond to the average over 100 edge maps. Note that the N = 10 curve with junctions is closest to the N = 5 curve without junctions.

The statistic we use to determine if the curves are distinguishable is a combination of the Student t-test and the Fisher combined probability test. For each value of the x-axis (the number of points marked as one or the number of edges) we are given the mean number of boxes that contain that number of points/edges and the standard deviation. With two means and corresponding standard deviations we can apply the t-test to compute the probability p_l that the two means originate from the same distribution. The Fisher combined probability method then computes χ^2 as follows:

χ^2_k = −2 k∑ l=1 ln(p_l) (5)

where k is the maximal number of edges/points marked as one being which arise. We compute the probability value from the χ^2 distribution with 2k values. Bins with entries or standard deviations equal to zero are obviously not included in the sum.

Figures 7-10 are pure string (no Gaussian added) histograms. We see that for the different scaling solutions the peak and the width of the curves are shifted. We also see that it is difficult to distinguish by eye between the scaling

FIG. 7: Pure string histograms for 36×36 boxes. Number of boxes versus the number of points marked as one. The red innermost curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions. See Table 1 for string tensions and a coefficient.

solution N = 5 without junctions and N = 10 with junctions, but that using the Fisher probability method these curves are clearly distinguishable.

We also see that as we change the box size (or the number of boxes in the grid) the results differ. This opens up the possibility to probe the difference between two sky maps using a set of different statistics. One statistic may be more powerful at distinguishing the map with string junctions from a map without junctions for one value of N, while another statistic may yield a stronger discrimination for another value of N.

In Figure 7 we divide the observation window into 36 by 36 size boxes and plot the number of boxes for pure string maps (without Gaussian contribution) versus the number of points marked as one in each box. Table 1 shows the corresponding probabilities for the junction maps to have come from the same distribution as the corresponding string maps without junctions for various scaling solutions. In the table, each line corresponds to a different comparison. The first column gives the parameters of the simulation with junctions (which are always taken to be the same), the second column states the parameters of the simulation without junctions which the run indicated in the first column is compared to. The third line gives the probability that the two maps come from the same distribution. A probability of zero means that the numerical result is smaller than the numerical cutoff.

Figure 8 plots the same as above except that the grid is divided into 26 by 26 boxes. Table 2 displays the results for this figure.

Figure 9 plots the histogram of the number of boxes versus the number of edges for 36 by 36 boxes in the grid. Table 3 displays the statistical results for this figure. We see that using edges instead of number of points yields an improved discriminatory power.

Figure 10 plots the histogram for the number of boxes versus the number of edges for 26 by 26 boxes in the grid with Table 4 giving the corresponding statistical results.

Table 1: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions for Pure Strings Based on the distribution of points marked as 1 a = 0.976 36x36 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 5 × 10^{−9} 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 0

Figures 11-14 with corresponding Tables 5-8 give the results for the string maps with Gaussian added. The string

FIG. 8: Pure string histograms for 26×26 boxes. Number of boxes versus the number of points marked as one. The red innermost curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions.

Table 2: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions for Pure Strings (Based on the distribution of points marked as 1) a = 0.976 26x26 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 3 × 10^{−6} 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 0

tensions are adjusted so that the a coefficient remains the same for each scaling solution, hence keeping the percentage of the Gaussian contribution constant. We choose the baseline a coefficient to be consistent with the string tension limits given by Pogosian, Wasserman, and Wyman (see the corresponding reference in the list [27]).

In Figure 11 the number of boxes versus number of points marked as one is plotted for 36 by 36 size boxes in a grid. We can easily distinguish between scaling solutions of N = 10, N = 6, and N = 1 of maps without junctions compared to maps with three junctions per Hubble volume. With fixed 36 by 36 boxes in a 10 degree window, maps with N = 5 are indistinguishable from maps of N = 10 with three junctions per Hubble volume, as can be seen in Table 5.

However, here is where our power of being able to use a set of different statistics comes in handy. In Figure 12, corresponding to Table 6, we use 26 by 26 size boxes in a grid. Now, the results for N = 5 are distinguishable from those in simulations with junctions, but the N = 10 junction simulation results and the N = 6 no junction scaling solution are no longer distinguishable. With the combined results for both 36 by 36 and 26 by 26 size boxes we can distinguish maps with junctions from maps without junctions for strings plus Gaussian fluctuations for all values of N. The explanation for our results is that the edges cluster differently on different length scales for simulations with and without junctions.

A slightly different analysis is to consider the distribution of edges versus the number of pixels in edges. With junctions we expect the edges to be longer and therefore less dense in number than the number of edges for maps without junctions. Figure 13 and its corresponding Table 7 indicate the results for number of boxes versus number of edges for 36 by 36 size boxes. From these results maps with junctions are indistinguishable from maps of a no-junction scaling solutions with N = 6. However, Figure 14 and its corresponding Table 8 show that by plotting the number of boxes versus number of edges for 26 by 26 size boxes, maps with junctions become distinguishable from maps without junctions for all scaling solutions we considered.

FIG. 9: Pure string histograms for 36×36 boxes. Number of boxes versus the number of edges. The red innermost curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions.

Table 3: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions for Pure Strings (Based on the distribution of edges) a = 0.976 36x36 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 0

V. CONCLUSIONS

We have applied the Canny algorithm to simulated maps of CMB anisotropies induced by models with cosmic stings either containing or not containing string junctions. We proposed a statistic with which it should be possible to distinguish between the maps with and without junctions. This provides a method with which one can distinguish between the predictions of simple gauge field theory models with cosmic strings (which typically do not admit string junctions), and models such as those giving rise to cosmic superstrings, which are characterized by the presence of junctions.

We first showed that our statistic is able to clearly differentiate between string maps with and without junctions in the absence of Gaussian noise. However, since we know that a cosmic string model without a dominant Gaussian contribution to the spectrum of fluctuations is not consistent with the latest data on the angular power spectrum of CMB anisotropies, we need to consider correctly normalized sky maps which contain strings with a tension sufficiently low such that its contribution to the power spectrum does not exceed the current limits [27], with the bulk of the power coming from Gaussian noise. In this case it is more difficult to differentiate between maps where the strings have junction and where they do not.

Nevertheless, making use of our detailed statistics, we found a clear distinction in the shape (peak and width) of the density distribution (number of boxes sampled with varying numbers of edges or pixels in the edges) for the different scaling solutions. For example, N = 1 strings per Hubble volume had a large number of boxes with just a few edges, as would be expected, whereas N = 10 strings per Hubble volume looked more Gaussian, as expected. We found a statistical difference between the curves for junctions and the curves of different scaling solutions without junctions.

Future work includes optimizing the Canny algorithm, and searching for the lowest value of the string tension for which maps with and without string junctions can be differentiated. It would also be very interesting to algorithms to “real” string simulations (those obtained via a numerical evolution of the Nambu-Goto equations) rather than just relying on the simple toy models for the distribution of strings which we have used. Maps of CMB anisotropies

FIG. 10: Pure string histograms for 26×26 boxes. Number of boxes versus the number of edges. The red innermost curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions.

Table 4: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions for Pure Strings (Based on the distribution of edges) a = 0.976 26x26 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 8 × 10^{−16} 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 0

produced by strings without junctions coming from “real” simulations are available [35]. However, to our knowledge there are no corresponding results for networks with string junctions.

Acknowledgments

This work is supported in part by an NSERC Discovery Grant and by funds from the Canada Research Chairs Program. We would like to thank David Morrissey and Andrew Frey for useful discussions.

[1] S. Sarangi and S. H. H. Tye, “Cosmic string production towards the end of brane inflation,” Phys. Lett. B 536, 185 (2002) [arXiv:hep-th/0204074].

[2] E. Witten, “Cosmic Superstrings,” Phys. Lett. B 153, 243 (1985).

[3] E. J. Copeland, R. C. Myers and J. Polchinski, “Cosmic F- and D-strings,” JHEP 0406, 013 (2004) [arXiv:hep-th/0312067]. [4] T. W. B. Kibble, “Topology Of Cosmic Domains And Strings,” J. Phys. A 9, 1387 (1976);

Y. B. Zeldovich, “Cosmological fluctuations produced near a singularity,” Mon. Not. Roy. Astron. Soc. 192, 663 (1980); A. Vilenkin, “Cosmological Density Fluctuations Produced By Vacuum Strings,” Phys. Rev. Lett. 46, 1169 (1981) [Erratum-ibid. 46, 1496 (1981)];

T. W. B. Kibble, “Phase Transitions In The Early Universe,” Acta Phys. Polon. B 13, 723 (1982); T. W. B. Kibble, “Some Implications Of A Cosmological Phase Transition,” Phys. Rept. 67, 183 (1980).

[5] A. Vilenkin and E.P.S. Shellard; Cosmic Strings and Other Topological Defects, (Cambridge Univ. Press, Cambridge, 1994). [6] M. B. Hindmarsh and T. W. Kibble, “Cosmic strings,” Rept. Prog. Phys. 58, 477 (1995) [arXiv:hep-ph/9411342].

FIG. 11: Strings plus Gaussian histogram for 36×36 boxes. Number of boxes versus the number of points marked as one. The red curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions.

Table 5: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions for Strings with Gaussian (Based on the distribution of points marked as 1) a = 0.976 36x36 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 3.2 × 10^{−13} 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 3.6 × 10^{−6} 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 0.79 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 0

[7] R. H. Brandenberger, “Topological defects and structure formation,” Int. J. Mod. Phys. A 9, 2117 (1994) [arXiv:astro-ph/9310041].

[8] A. Kosowsky [the ACT Collaboration], “The Atacama Cosmology Telescope Project: A Progress Report,” New Astron.

Rev. 50, 969 (2006) [arXiv:astro-ph/0608549].

[9] J. E. Ruhl et al. [The SPT Collaboration], “The South Pole Telescope,” Proc. SPIE Int. Soc. Opt. Eng. 5498, 11 (2004) [arXiv:astro-ph/0411122].

[10] F. Villa et al. [The Planck Collaboration], “The Planck Telescope,” AIP Conf. Proc. 616, 224 (2002) [arXiv:astro-ph/0112173];

J. Tauber (on behalf of ESA and the Planck Science Collaboration), “The Planck Mission”, Advances in Space Research (2004).

[11] N. Kaiser and A. Stebbins, “Microwave Anisotropy Due To Cosmic Strings,” Nature 310, 391 (1984). [12] J. Canny, “Finding edges and lines in images”, (MIT Technical Report, ed. by D. Dudgeon, 1983). [13] J. Canny, “A computational approach to edge detection”, IEEE Trans. Pattern Analysis and Machine Intelligence 8, 679 (1986).

[14] S. Amsel, J. Berger and R. H. Brandenberger, “Detecting Cosmic Strings in the CMB with the Canny Algorithm,” JCAP 0804, 015 (2008) [arXiv:0709.0982 [astro-ph]].

[15] A. Stewart and R. Brandenberger, “Edge Detection, Cosmic Strings and the South Pole Telescope,” JCAP 0902, 009 (2009) [arXiv:0809.0865 [astro-ph]].

[16] R. J. Danos and R. H. Brandenberger, “Canny Algorithm, Cosmic Strings and the Cosmic Microwave Background,” arXiv:0811.2004 [astro-ph].

[17] C. T. Hill, A. L. Kagan and L. M. Widrow, “Are Cosmic Strings Frustrated?,” Phys. Rev. D 38, 1100 (1988);

M. Bucher and D. N. Spergel, “Is the dark matter a solid?,” Phys. Rev. D 60, 043505 (1999) [arXiv:astro-ph/9812022]. [18] Y. Cui, S. P. Martin, D. E. Morrissey and J. D. Wells, “Cosmic Strings from Supersymmetric Flat Directions,” Phys. Rev.

D 77, 043528 (2008) [arXiv:0709.0950 [hep-ph]].

[19] L. Leblond and S. H. H. Tye, “Stability of D1-strings inside a D3-brane,” JHEP 0403, 055 (2004) [arXiv:hep-th/0402072].

FIG. 12: String plus Gaussian histogram for 26×26 boxes. Number of boxes versus the number of points marked as one. The red curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions.

Table 6: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions for Strings with Gaussian (Based on the distribution of points marked as 1) a = 0.976 26x26 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 0.069915751 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 0.70260790 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 7.7 × 10^{−7} 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 0.00011939824

[20] M. G. Jackson, N. T. Jones and J. Polchinski, “Collisions of cosmic F- and D-strings,” JHEP 0510, 013 (2005) [arXiv:hep-th/0405229].

[21] A. Hanany and K. Hashimoto, “Reconnection of colliding cosmic strings,” JHEP 0506, 021 (2005) [arXiv:hep-th/0501031]. [22] K. Hashimoto and D. Tong, “Reconnection of non-abelian cosmic strings,” JCAP 0509, 004 (2005) [arXiv:hep-th/0506022]. [23] E. J. Copeland, T. W. B. Kibble and D. A. Steer, “Collisions of strings with Y junctions,” Phys. Rev. Lett. 97, 021602 (2006) [arXiv:hep-th/0601153].

[24] E. J. Copeland, T. W. B. Kibble and D. A. Steer, “Constraints on string networks with junctions,” Phys. Rev. D 75, 065024 (2007) [arXiv:hep-th/0611243].

[25] E. J. Copeland and P. M. Saffin, “On the evolution of cosmic-superstring networks,” JHEP 0511, 023 (2005) [arXiv:hep-th/0505110].

[26] S. H. Tye, I. Wasserman and M. Wyman, “Scaling of multi-tension cosmic superstring networks,” Phys. Rev. D 71, 103508 (2005) [Erratum-ibid. D 71, 129906 (2005)] [arXiv:astro-ph/0503506].

[27] L. Pogosian, S. H. H. Tye, I. Wasserman and M. Wyman, “Observational constraints on cosmic string production during brane inflation,” Phys. Rev. D 68, 023506 (2003) [Erratum-ibid. D 73, 089904 (2006)] [arXiv:hep-th/0304188]; M. Wyman, L. Pogosian and I. Wasserman, “Bounds on cosmic strings from WMAP and SDSS,” Phys. Rev. D 72, 023513 (2005) [Erratum-ibid. D 73, 089905 (2006)] [arXiv:astro-ph/0503364];

A. A. Fraisse, “Limits on Defects Formation and Hybrid Inflationary Models with Three-Year WMAP Observations,” JCAP 0703, 008 (2007) [arXiv:astro-ph/0603589];

U. Seljak, A. Slosar and P. McDonald, “Cosmological parameters from combining the Lyman-alpha forest with CMB, galaxy clustering and SN constraints,” JCAP 0610, 014 (2006) [arXiv:astro-ph/0604335];

N. Bevis, M. Hindmarsh, M. Kunz and J. Urrestilla, “CMB power spectrum contribution from cosmic strings using fieldevolution simulations of the Abelian Higgs model,” Phys. Rev. D 75, 065015 (2007) [arXiv:astro-ph/0605018]; N. Bevis, M. Hindmarsh, M. Kunz and J. Urrestilla, “Fitting CMB data with cosmic strings and inflation,” Phys. Rev. Lett. 100, 021301 (2008) [arXiv:astro-ph/0702223];

R. A. Battye, B. Garbrecht and A. Moss, “Constraints on supersymmetric models of hybrid inflation,” JCAP 0609, 007

FIG. 13: String plus Gaussian histogram for 36×36 boxes. Number of boxes versus the number of edges. The red curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions.

Table 7: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions Strings with Gaussians (Based on the distribution of edges) a = 0.976 36x36 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 7.46 × 10^{−11} 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 0.76527496 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 0.00028340182 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 4.2 × 10^{−10}

(2006) [arXiv:astro-ph/0607339];

R. A. Battye, B. Garbrecht, A. Moss and H. Stoica, “Constraints on Brane Inflation and Cosmic Strings,” JCAP 0801, 020 (2008) [arXiv:0710.1541 [astro-ph]].

[28] A. Lewis, A. Challinor and A. Lasenby, “Efficient Computation of CMB anisotropies in closed FRW models,” Astrophys.

J. 538, 473 (2000) [arXiv:astro-ph/9911177].

[29] L. Perivolaropoulos, “COBE versus cosmic strings: An Analytical model,” Phys. Lett. B 298, 305 (1993) [arXiv:hep-ph/9208247];

L. Perivolaropoulos, “Statistics of microwave fluctuations induced by topological defects,” Phys. Rev. D 48, 1530 (1993) [arXiv:hep-ph/9212228].

[30] A. Albrecht and N. Turok, “Evolution Of Cosmic Strings,” Phys. Rev. Lett. 54, 1868 (1985);

D. P. Bennett and F. R. Bouchet, “Evidence For A Scaling Solution In Cosmic String Evolution,” Phys. Rev. Lett. 60, 257 (1988);

B. Allen and E. P. S. Shellard, “Cosmic String Evolution: A Numerical Simulation,” Phys. Rev. Lett. 64, 119 (1990); C. Ringeval, M. Sakellariadou and F. Bouchet, “Cosmological evolution of cosmic string loops,” JCAP 0702, 023 (2007) [arXiv:astro-ph/0511646];

V. Vanchurin, K. D. Olum and A. Vilenkin, “Scaling of cosmic string loops,” Phys. Rev. D 74, 063527 (2006) [arXiv:gr-qc/0511159].

[31] A. Vilenkin, “Gravitational Field Of Vacuum Domain Walls And Strings,” Phys. Rev. D 23, 852 (1981). [32] J. C. R. Magueijo, “Inborn metric of cosmic strings,” Phys. Rev. D 46, 1368 (1992).

[33] N. Turok and R. H. Brandenberger, “Cosmic Strings And The Formation Of Galaxies And Clusters Of Galaxies,” Phys.

Rev. D 33, 2175 (1986);

H. Sato, “Galaxy Formation by Cosmic Strings,” Prog. Theor. Phys. 75, 1342 (1986); A. Stebbins, “Cosmic Strings and Cold Matter”, Ap. J. (Lett.) 303, L21 (1986);

R. H. Brandenberger and N. Turok, “Fluctuations From Cosmic Strings And The Microwave Background,” Phys. Rev. D 33, 2182 (1986);

FIG. 14: String plus Gaussian histogram for 26×26 boxes. Number of boxes versus the number of edges. The red curve (dash dot dot) is the average over 100 edge maps for N = 1, the blue curve (solid) is for N = 10 with three junctions per Hubble volume, the yellow curve (dashed) is for N = 6, the green curve (dash dot) is for N = 5, and the outermost red curve (dotted) is for N = 10. Only the blue curve includes the presence of junctions.

Table 8: Probabilities that Maps with Junctions come from same Distribution as Maps without Junctions for Strings with Gaussian (Based on the distribution of edges) a = 0.976 26x26 Boxes Per window N Gμ junctions N Gμ junctions probability 10 8.7 × 10^{−8} yes 10 1 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 6 1.2 × 10^{−7} no 0 10 8.7 × 10^{−8} yes 5 1.37 × 10^{−7} no 4.1 × 10^{−8} 10 8.7 × 10^{−8} yes 1 3.12 × 10^{−7} no 0.00076553716

J. H. Traschen, N. Turok and R. H. Brandenberger, “Microwave Anisotropies from Cosmic Strings,” Phys. Rev. D 34, 919 (1986);

L. Perivolaropoulos, “Spectral Analysis Of Microwave Background Perturbations Induced By Cosmic Strings,” Astrophys. J. 451, 429 (1995) [arXiv:astro-ph/9402024];

R. Moessner, L. Perivolaropoulos and R. H. Brandenberger, “A Cosmic string specific signature on the cosmic microwave background,” Astrophys. J. 425, 365 (1994) [arXiv:astro-ph/9310001].

[34] R. Brandenberger, H. Firouzjahi and J. Karouby, “Lensing and CMB Anisotropies by Cosmic Strings at a Junction,” Phys.

Rev. D 77, 083502 (2008) [arXiv:0710.1636 [hep-th]].

[35] A. A. Fraisse, C. Ringeval, D. N. Spergel and F. R. Bouchet, “Small-Angle CMB Temperature Anisotropies Induced by Cosmic Strings,” Phys. Rev. D 78, 043535 (2008) [arXiv:0708.1162 [astro-ph]].