arXiv:1207.6257v3 [astro-ph.HE] 9 Oct 2012

Evaluating the Gamma-Ray Evidence for Self-Annihilating Dark Matter from the Virgo Cluster

Oscar Macías-Ramírez,^∗ Chris Gordon, Anthony M. Brown, and Jenni Adams Department of Physics and Astronomy, Rutherford Building, University of Canterbury, Private Bag 4800, Christchurch 8140, New Zealand

Based on three years of Fermi Large Area Telescope (LAT) gamma-ray data of the Virgo cluster, evidence for an extended emission associated with dark matter pair annihilation in the bb̄ channel has been reported by Han et al. [1]. After an in depth spatial and temporal analysis, we argue that the tentative evidence for a gamma-ray excess from the Virgo cluster is mainly due to the appearance of a population of previously unresolved gamma-ray point sources in the region of interest. These point sources are not part of the LAT second source catalogue (2FGL), but are found to be above the standard detection significance threshold when three or more years of LAT data is included.

I. INTRODUCTION

A plausible dark matter candidate is a thermal relic arising from a weakly interacting massive particle (WIMP) [2, 3]. For supersymmetric extensions of the Standard Model in which R-parity is conserved, neutralino particles are a natural WIMP candidate. By virtue of their inherent mass range, a few GeV to a few TeV, and allowed gauge couplings they can pairannihilate generating gamma-ray photons. Currently there is a remarkable international effort to look for such gamma-ray signals in the entire sky [4–6] and the Fermi- LAT instrument represents a unique opportunity [7] to fulfill it.

Galaxy clusters are promising astrophysical targets to study the hypothetical annihilation radiation [8]. Compared to smaller objects, like dwarf spheroidal galaxies, clusters possess DM substructures or subhalos which are less affected by tidal stripping, and the uncertainties related with the DM density profiles are usually lower. More importantly, it has also been shown that the presence of subhalos in clusters can considerably enhance the DM luminosities [9, 10]. On the downside, the gammaray foreground of clusters may be contaminated with point sources such as active galactic nuclei (AGN) and star-burst [11, 12] galaxies. Also, there could be a significant contribution of gamma-rays from cosmic rays (CRs) in clusters, see for example [9]. Consequently, the task of disentangling a DM signal in the continuum spectrum from the astrophysical noise in galaxy clusters may be difficult [13, 14].

Through the use of dedicated cosmological simulations of cluster halos and subhalos from the Phoenix Project [10] and by making some reasonable theoretical assumptions [9], accurate extended dark matter density profiles have been reported [10]. In [9] it was found that resolved and unresolved substructures in the inner part of clusters are expected to play a more important role than that of the main smooth Navarro-Frenk-White (NFW)

∗ oscar.maciasramirez@pg.canterbury.ac.nz

halo. From this it follows that nearby clusters should be the brightest DM radiative sources after the milky way (MW) in the gamma-ray sky. In fact, in Ref. [9], Fornax, M49 and Virgo are found to yield the most intense pair-annihilation radiation as a result of the enhancement provided by their subhalos.

From the analysis of the first 11 months of publicly available Fermi-LAT data and adopting a smooth NFW density profile, null DM results, from clusters, were obtained [15, 16]. Instead, constraints on cross sections and masses of WIMPs were derived. It was also the case for the work shown in Ref. [17] where, however, an extended DM halo profile (different to the one shown in [10]) and almost 3 years of Fermi data were employed.

An interesting study of the Virgo cluster by Han et al. [1] (HFEGW hereafter) which used a high resolution DM density profile [10] was recently undertaken. They claimed to have found some evidence for DM annihilation from Virgo in the bb̄ channel for a WIMP mass of about 28 GeV and with a detection significance of 4.4σ. They found that their signal is from a spatially extended region which is also spectrally distinct from the the radio galaxy (M87) located in the center of the region of interest (ROI). They also found that the target region prefers a DM hypothesis over a CR model. HFEGW used the 2FGL catalogue to determine the list of gamma-ray point sources used in their astrophysical model. We reproduce in Fig. 1 the main results shown in HFEGW for the No- CR model where we make use of their same data set and assumptions. The test statistic (TS) is defined as in Ref. [18]

T S = 2 [log L(new source) − log L(NO-new source)] , (1)

where L stands for the maximum of the likelihood of the data given the model with or without the new source at a certain location of the ROI. In the large sample limit, under the no source hypothesis, TS has a χ^2/2 distribution with the number of degrees of freedom equal to the number of parameters associated with the proposed positive amplitude new source [19, 20]. As, in the current case, only one degree of freedom (the cross-section) is required by the DM, the TS values in Fig. 1 are approximately equal to the square of the number of standard deviations

FIG. 1. TS values obtained for the Virgo cluster with an extended dark matter density profile plus the 2FGL catalogue point sources and backgrounds. Dark matter annihilation is assumed to be in the bb̄ channel. The CR component is assumed negligible. The fit is based on roughly 3 years of Fermi LAT data. See Ref. [1] for details.

of a DM detection. Further details on our analysis are given in the next section.

The 2FGL catalogue is fundamentally a catalogue of significant gamma-ray point sources detected by the LAT in the first 24-months of operation [18]. The method employed by the Fermi Collaboration to construct the 2FGL catalogue consists of three analysis steps; source detection, localization (position refinement), and significance estimation. Transient sources were not considered.

After applying the method outlined above, the collaboration considered a spatially unresolved gamma-ray source as part of the 2FGL catalogue if its test statistic TS exceeds 25, or equivalently (as there are four new degrees of freedom), if its significance detection was larger than 4.1σ. Generally speaking, it might occur that sources that were just on the threshold for the 2-year data set, become significant for larger LAT data samples. For example, after two years of LAT observations, Pictor A had a test statistic value of 20, however, after three years of LAT observations, Pictor A was found to have a TS value of 33 [21] . It is important to note that when using extended dark matter profiles, new gamma-ray sources not taken into account in the model can mimic a DM signal. Here, we show that indeed the emission from weak gamma-ray point sources, that were not included in the 2FGL catalogue, were a significant contaminant to the flux interpreted as continuous gamma-ray emission in HFEGW.

II. ANALYSIS AND METHODS

In order to compute the effect that weak point sources (which were not included in the 2FGL catalogue) have on the analysis presented in HFEGW, we considered three different periods of Fermi data: 2 years, 3 years and 3.8 years of nominal all-sky survey data. The filters applied to the data sets, the instrument response function utilized, background models and properties of the Virgo cluster assumed are the same as those adopted in HFEGW. We refer the reader to that study for details.

To check for new point sources in the ROI we do not assume the extended DM template as part of the model. A brief description of the method used is outlined in Sec. II A. In Sec. II B we illustrate the spatial and spectral agreement of the new proposed background with the observations and we then recheck for the claimed continuous DM self-annihilation in Sec. II C.

A. Determination of missing gamma-ray point sources

Using a binned likelihood technique [20], we performed an analysis of the Fermi-LAT spectrum over three different periods of time: (2008 August 4 through 2010 August 4), (2008 August 4 through 2011 August 16) and (2008 August 4 through 2012 June 26). The normalization and index for all the point sources from the 2FGL catalogue that fell within 10^∘ of the center of the core of M87 were left free in the fit. The spectral parameters of sources which were within 5^∘ of the ROI perimeter were fixed to their catalogue values.

From the resulting best-fit we construct a residual TS map for each of the three data sets over a grid of 19600 points in a 14^∘ ×14^∘ squared region centered at M87. For each given point of the grid we add sequentially a new point source with a conventional spectral definition [18], and maximize the likelihood as a function of its flux. This step was realized using the Fermi Science Tool^1 (version v9r27p1) gttsmap and the resulting array of TS values is shown in Fig. 2. To estimate the position of the new sources, we take into consideration a list of sets of adjacent pixels which satisfy the condition T S > 10. For every set of pixels, the coordinates of its centroid were computed as an average of the pixel positions weighted by their respective TS values. All of the candidate sources which are sufficiently isolated under visual inspection are then passed to the significance and thresholding step in this iterative process.

In order to get the significances of the possible new point sources, we assumed their spectrum was described by a simple power-law, then a binned pyLikelihood^1 routine with an energy binning to 25 bins was run. We made no distinction between Front and Back events. The Fermi collaboration stipulated that sources with a T S > 25 should be included in the catalogue of gammaray point sources [18]. Those sources that survived this

1 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

FIG. 2. TS maps for three different periods of Fermi data of the Virgo cluster. The maps span a 14^∘ × 14^∘ region of the sky which is centered at the coordinates of M87. The extent of every pixel is 0.1^∘ × 0.1^∘.

threshold analysis were then passed onto the next step which consisted of a position refinement. Finding the best position for the candidate sources is accomplished with the Fermi Science Tool gtfindsrc^1. By using an unbinned analysis technique, this tool seeks the highest TS value for different positions around our initial value based on an analysis of groups pixels. We also estimate the uncertainties in the source positions in this step.

We did not find evidence for new point sources with a T S > 25 for the 2 years data set [18]. However the significance for some weak source candidates was appreciably enhanced when more LAT data was included. The results are shown in Table I.

Right Asc. [deg] Dec. [deg] 95% error radius [deg] TS 190.92 16.21 0.07 31.47 187.91 16.88 0.09 24.90 188.18 13.56 0.11 41.92 185.85 8.30 0.05 30.92 186.68 6.68 0.04 25.40 185.48 12.04 0.11 26.18 184.12 9.48 0.06 24.61 185.74 11.06 0.09 18.25 187.15 9.71 0.09 15.18

TABLE I. New point source candidates found in the Virgo cluster for 3.8 years of Fermi-LAT data. We show in the top part of the table seven new point sources which satisfy all the requirements to be included in upcoming catalogues. In the bottom part of the table an additional two sources that do not quite satisfy the thresholding condition are also shown.

FIG. 3. The spatial residual map shows (data − BG model)/ √ BG model in σ units, where the background (BG) model includes the 2FGL catalogue sources plus the new point sources discovered in the ROI (here conservatively we consider all sources shown in Tab. I). The pixel size was rescaled to 0.5^∘ × 0.5^∘ and the map spans a 10^∘ × 10^∘ centered at the cluster position. Counts are summed over the full energy range of 100 MeV−100 GeV for the 3.8 years of Fermi-data.

B. Quality of the background fit

Since there is sufficient evidence for a group of new gamma-ray sources in the Virgo cluster, we included these sources in our background model and evaluated the agreement with the LAT data. A new fit to the observations for the data period of 3.8 years was made where the normalizations of the galactic and isotropic backgrounds were left free, as well as, the spectral shape and normalizations for all point sources that fell within a squared region of 14^∘ × 14^∘ centered at the M87 position.

In Figures 3 and 4 we illustrate the spatial and spectral quality of the fit. The spatial residual map is scaled to the Poisson noise and the pixel size was resampled from their original size of 0.1^∘ × 0.1^∘ to avoid statistical fluctuations. It is consistent with random noise and contains no noticeable spatial features. The spectrum in Figure 4 is a good fit without any noticeable patterns in the residuals. As can be seen, the new point sources have a greater contribution to the overall fit than many of the ones already included in the 2FGL catalogue. Thus the background model we have found is a better representation of the gamma-ray sky in the Virgo region and should therefore be used as the background template in any studies in this region [17].

C. The effect of unresolved point sources on the significance of the DM annihilation signal

The significance of a DM annihilation signal is examined using three alternative case scenarios for the background model: (i) a model following the approach taken in HFEGW for the NO-CR model; (ii) a model including the seven sources shown in the top part of Table I with T S >∼ 25, plus the 2FGL sources and diffuse back-

FIG. 4. Fit to the spectrum of the BG model. Red (dotted) and blue (dash-dotted) lines correspond to Galactic and isotropic extragalactic background respectively. The green dashed lines show the contribution of the new point sources and the black lines stand for the 2FGL catalogue point sources. Counts are read from a Fermi-data period of 3.8 years in the full energy range of 100 MeV−100 GeV.

grounds; (iii) a model conservatively including all the new sources from Table I plus the 2FGL sources and diffuse backgrounds.

We use the high resolution extended DM halo profile obtained in Ref. [10] and model the WIMP spectrum with the DMFit package [22] as implemented in the Science Tools analysis software. Since our case study is the self-annihilation of WIMP particles in the bb̄ channel we do not take into account Inverse Compton (IC) effects. There is also the issue of whether it is possible to successfully account for the significant point source at the center of Virgo (M87). HFEGW found that their DM signal was spatially extended and so concluded that it could not be due to the M87 point source. We also checked that M87 did not have a significantly curved or time-varying spectrum and found no vidence of extended emission from M87 using the 3.8-year data set [18]. Based on these checks, we model M87 as a point-source with a powerlaw spectrum. Any deviation from this may erroneously enhance an apparent DM signal, but given we find that the addition of the new point sources makes the apparent DM signal not significant, this is unlikely to be an important factor for our study.

A new fit to the LAT data period of 3.8 years corresponding to the NO-CR model (see HFEGW for details) is shown in Fig. 5. Interestingly, we note that if only the 2FGL sources plus galactic and extragalactic backgrounds are included (case (i)), the significance detection for extended DM radiation exceeds 5σ. However, and the main point of this paper, all significant point sources must be included in the background model for such studies. Indeed when we included in the template model the seven new point sources with T S >∼ 25 Table I (case(ii)) the significance of detection decreased substan-

FIG. 5. TS values for DM radiation in the bb̄ channel, an extended DM density profile and source class of Fermi-LAT data taken between 2008 August 4 and 2012 June 26. The fit is made by considering three distinct background models. The red dashed line is obtained by assuming the same background model used in HFEGW. For the yellow (dotted) and blue (solid) lines shown, the fit is obtained by using a modified background which considers 7 additional new point sources, and 9 additional point sources respectively (see text).

tially to 3.6σ. And for case (iii) when we included all of the new point sources found with TS-values larger than 15 the significance of detection decreased to 3.0σ. Here we should also stress that if a detailed CR component is added to the model, the significance of detection for DM would decrease further.

As can be seen in Fig. 2, the data favor additional localized point sources rather than a more diffuse signal that would be expected from annihilating DM. In introducing seven new point sources we should however consider that we are introducing 28 new parameters (seven times the positions, the amplitudes and the spectral indices), while adding DM corresponds to only two new parameters (the cross-section and the mass). We can statistically compare the two alternatives by evaluating the p-values for each case using Wilks’ theorem [19, 20]. As the p-values are quite small we can convert to “σ’s of detection” by comparing the p-values to the one parameter case. The TS for including seven new point sources is 192 which corresponds to a 11 σ detection. While the TS for including DM with no new point sources corresponds to a TS of 28.9 which for two degrees of freedom is only a 5 σ detection. So clearly the 7 new point source case is a much better fit to the data despite requiring more parameters.

We found that the new point sources did not have significant curvature in their spectrum or time variation on a monthly scale [18]. There are detections of point sources at other wavelengths in areas consistent with the positions we found for the new point sources. It would be interesting in future work to evaluate statistically whether they can be associated with the new point sources, as was done for the 2FGL point sources [18], but it is beyond the scope of the current article.

As the observing time increases, it is expected that more astrophysical point sources will in general be found as the signal to noise is increasing. However, it would not be valid to extrapolate the number of new point sources we have detected in the Virgo cluster to other areas of the sky. It should be noted the it was only the Virgo cluster that HFEGW found a significant signal excess despite checking several other clusters. Also, clusters in general will be expected to have a greater number of point sources compared to random areas of the sky.

III. CONCLUSIONS

We have investigated whether there is evidence for extended emission from DM annihilation in the Virgo cluster. We have focussed particularly on the results found by HFEGW. There, using three years of LAT data, they found, assuming a negligible CR contribution, there was a 4σ detection of a CDM component annihilating to the bb̄ channel. They found a somewhat weaker significance for the μ^+μ^− case. Also, they found that including fitting for a CR component reduced the bb̄ case significance to 3σ. We have focussed on their most significant case to highlight the effects of unresolved point sources. Crucially, they used the point source catalogue derived from two years of LAT data. But, we have found the extra data now means that point sources which were below the TS=25 threshold in the 2-year data, are above it in the 3- year data. Such point sources should be included in the background template for studies using the 3-year data set.

We redid the HFEGW analysis with 3.8 (rather than 3) years of LAT data and found that the HFEGW result went up to a 5σ detection for DM annihilating into the bb̄ channel (with negligible CRs assumed) if the 2FGL catalogue is still used to construct the background template. But, if we included the seven new point sources with T S >∼ 25 for the four year data, we found the DM signal is only significant at the 3σ level, and this will go down further if the CRs are fitted for rather than assumed negligible. Therefore, we have shown that the HFEGW result was significantly affected by unresolved point sources. This highlights that when using the LAT data, it is important to check for new point sources if one is using more data than was used in deriving the most recent point source catalogue.

Shortly after a preprint of the current paper was placed on the arXiv, a revised version of HFEGW was uploaded, with an extended set of authors [23]. Their new conclusions were consistent with ours. There were some small differences in the number and positions of the new point sources found which is likely due to the slightly different algorithms used for point source detection and the area for which new sources were searched for. However, as in this paper, the conclusion was that the continuous gamma-ray signal, interpreted as evidence for DM in HFEGW, was in fact due to unresolved point sources.

ACKNOWLEDGMENTS

O.M-R. acknowledges to Johann Cohen-Tanugi, Dave Davis, Jiaxin Han and Jeremi S. Perkins for fruitful suggestions on the software usage. O.M-R. specially expresses his thanks to Stefano Profumo for allowing him to study the original Fortran version of the DMFit package. O.M-R. is supported by the UC Doctoral Scholarship. AMB acknowledges the financial support of the Marsden Fund Council from New Zealand Government funding, administered by the Royal Society of New Zealand.

[1] Jiaxin Han, Carlos S. Frenk, Vincent R. Eke, Liang Gao, and Simon D.M. White, “Evidence for extended gamma-ray emission from galaxy clusters,” (2012), arXiv:1201.1003 [astro-ph.HE].

[2] Marco Cirelli, “Indirect Searches for Dark Matter: a status review,” (2012), arXiv:1202.1454 [hep-ph].

[3] Gianfranco Bertone, Dan Hooper, and Joseph Silk, “Particle dark matter: Evidence, candidates and constraints,” Phys.Rept. 405, 279–390 (2005), arXiv:hep-ph/0404175 [hep-ph].

[4] F. Aharonian (HESS Collaboration), “Observations of the Sagittarius Dwarf galaxy by the H.E.S.S. experiment and search for a Dark Matter signal,” Astropart.Phys. 29, 55–62 (2008), arXiv:0711.2369 [astro-ph].

[5] A. Abramowski et al. (HESS Collaboration), “Search for Dark Matter Annihilation Signals from the Fornax Galaxy Cluster with H.E.S.S,” Astrophys.J. 750, 123 (2012), arXiv:1202.5494 [astro-ph.HE].

[6] V.A. Acciari et al. (VERITAS Collaboration), “VERITAS Search for VHE Gammaray Emission from Dwarf Spheroidal Galaxies,” Astrophys.J. 720, 1174–1180 (2010), arXiv:1006.5955 [astro-ph.CO].

[7] E.A. Baltz, B. Berenji, G. Bertone, L. Bergstrom, E. Bloom, et al., “Pre-launch estimates for GLAST sensitivity to Dark Matter annihilation signals,” JCAP 0807, 013 (2008), arXiv:0806.2911 [astro-ph].

[8] Anders Pinzke, Christoph Pfrommer, and Lars Bergstrom, “Gamma-rays from dark matter annihilations strongly constrain the substructure in halos,” Phys.Rev.Lett. 103, 181302 (2009), arXiv:0905.1948 [astro-ph.HE].

[9] Anders Pinzke, Christoph Pfrommer, and Lars Bergstrom, “Prospects of detecting gamma-ray emission from galaxy clusters: cosmic rays and dark matter annihilations,” Phys.Rev. D84, 123509 (2011), arXiv:1105.3240 [astro-ph.HE].

[10] L. Gao, C.S. Frenk, A. Jenkins, V. Springel, and S.D.M.

White, “Where will supersymmetric dark matter first be seen?” Mon.Not.Roy.Astron.Soc. 419, 1721 (2012), arXiv:1107.1916 [astro-ph.CO].

[11] : F. Acero (HESS Collaboration), “Detection of Gamma Rays From a Starburst Galaxy,” (2009), arXiv:0909.4651 [astro-ph.HE].

[12] V.A. Acciari, E. Aliu, T. Arlen, T. Aune, M. Bautista, et al., “A connection between star formation activity and cosmic rays in the starburst galaxy M 82,” (2009), arXiv:0911.0873 [astro-ph.CO].

[13] Tesla E. Jeltema, John Kehayias, and Stefano Profumo, “Gamma Rays from Clusters and Groups of Galaxies: Cosmic Rays versus Dark Matter,” Phys.Rev. D80, 023005 (2009), arXiv:0812.0597 [astro-ph].

[14] Anders Pinzke and Christoph Pfrommer, “Simulating the gamma-ray emission from galaxy clusters: a universal cosmic ray spectrum and spatial distribution,” (2010), arXiv:1001.5023 [astro-ph.CO].

[15] M. Ackermann, M. Ajello, A. Allafort, L. Baldini, J. Ballet, et al., “Constraints on Dark Matter Annihilation in Clusters of Galaxies with the Fermi Large Area Telescope,” JCAP 1005, 025 (2010), arXiv:1002.2239 [astro-ph.CO].

[16] Leanna Dugger, Tesla E. Jeltema, and Stefano Profumo, “Constraints on Decaying Dark Matter from Fermi Observations of Nearby Galaxies and Clusters,”

JCAP 1012, 015 (2010), arXiv:1009.5988 [astro-ph.HE]. [17] Xiaoyuan Huang, Gilles Vertongen, and Christoph Weniger, “Probing Dark Matter Decay and Annihilation with Fermi LAT Observations of Nearby Galaxy Clusters,” JCAP 1201, 042 (2012), arXiv:1110.1529 [hep-ph].

[18] Fermi-LAT Collaboration, “Fermi Large Area Telescope Second Source Catalog,” Astrophys.J.Suppl. 199, 31 (2012), arXiv:1108.1435 [astro-ph.HE].

[19] S. S. Wilks, “The Large-Sample Distribution of the Likelihood Ratio for Testing Composite Hypotheses,” Ann.Math.Stat. 9, 60 (1938).

[20] J. R. Mattox, D. L. Bertsch, J. Chiang, B. L. Dingus, et al., “The Likelihood Analysis of EGRET Data,” Astrophys. J. 461, 396 (1996).

[21] A. M. Brown and J. Adams, “Discovery of γ-ray emission from the broad-line radio galaxy Pictor A,” Mon. Not. R. Astron. Soc. 421, 2303–2309 (2012), arXiv:1201.0034 [astro-ph.HE].

[22] Tesla E. Jeltema and Stefano Profumo, “Fitting the Gamma-Ray Spectrum from Dark Matter with DMFIT: GLAST and the Galactic Center Region,” JCAP 0811, 003 (2008), arXiv:0808.2641 [astro-ph].

[23] Jiaxin Han, Carlos S. Frenk, Vincent R. Eke, Liang Gao, Simon D.M. White, et al., “Constraining Extended Gamma-ray Emission from Galaxy Clusters,” (2012), arXiv:1207.6749 [astro-ph.CO].