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Abstract: We present a systematic search for potential dark matterpgun our Galaxy among the 630 unassociated
sources included in the LAT 1-year Point Source Catalog.ukssg a dark matter particle that generates observable
gamma-ray photons beyond the Fermi energy range throuffarsghilation, we compile a list of reasonable targets
for the MAGIC Imaging Atmospheric Cherenkov Telescopes.oilder to narrow down the origin of these enigmatic
sources, we summarize ongoing multiwavelength studidsdimg X-ray, radio, and optical spectroscopy. We report
on observations of two of these candidates using the MAGIEstepes. We find that the synergy between Fermi and
Cherenkov telescopes, along with multiwavelength obsiemvs, could play a key role in indirect searches for darkterat
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1 Introduction Yet, there exist other possible regions of high DM density.
Most recent cosmological N-body high-resolution simula-
The concordance cosmological model, thoroughly valitions [€] indicate that DM halos should not be smooth but
dated by measurements, requires 83% of the total maggist exhibit a wealth of substructure on all resolved mass
density in the Universe to be non-baryorii¢ [1]. Thus, thécales[[9]. These subhalos could be too small to have at-
identification of this so-calledark matter(DM) is one of tracted enough baryonic matter to start star-formation and
the most relevant issues in Physics today. Assuming thaould therefore be invisible to past and present astronom-
DM is composed by weakly interacting massive particleical observations. Overdensities or clumps are foreseen
(WIMP), which could annihilate or decay into standardnto these subhalos which can be nearby in our galaxy and
model particles, its nature can be unraveled by the deteiderefore bright aty-rays [10]. Also DM high density re-
tion of these by-products. This is the principle of indirecgions can develop around intermediate massive black holes
detection searches carried out in theay regime. where a rather peakegtray emission is predicted [11].
A ~-ray signal from DM annihilation would be character-1 N€S€ clumps would most probably only be visible at very
ized by a very distinctive spectral shape due to featurdd9h energies (VHE) and therefore may not have shown up

such as annihilation lines][2] and internal bremsstrahlurl§ @Y catalog yet.

[3], as well as a characteristic cut-off at the DM particleSincey-ray emission from DM annihilation is expected to
mass. In order to shed light over the nature of the DM core constant, DM clumps would pop-up in all-sky monitor-
stituent the detection of several sources sharing the sarig programs [1IE]]e-aThiS can be best provided by the Fermi
DM-like spectrum is mandatory, since the DM spectrunsatellite telescopeasunassociated Fermi object&/FOs)
must be universal[4]. Astrophysical regions where higtot detected at any other wavelengths. Very likely, the dis-
DM density is foreseen are the best candidates to searhCt spectral cut-off at the DM particle mass is located at
for DM originatedy-ray emission. No DM signal has beentoo high an energy (see,g.theneutralinomass lower lim-
detected so far in any of the most promising targets, includts in [13]) to be measurable by Fermi within reasonable
ing dwarf spheroidal galaxies[5], galaxy clustérs [6] a th time and can only be limited by IACT observations.

Galactic Center [7] 1. http://fermi.gsfc.nasa.gov/
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2 Candidates Search High Energy Astrophysical Archile The main astronom-

ical catalogs and missions archives, fronray to radio,
The First Fermi-LAT Catalog (1FGL) contains 1451 highwere explored around the sources 1FGL nominal positions
energy-y-ray sources detected by the LAT instrument aftewith a 20’ conservative search radius corresponding to
the first 11 months of the science phase of the mis5ion [14vice Fermi PSF at 10 GeV [18], and UFOs with possible
For each source, positional and spectral information agounterparts were discarded. Also Swift-XRT data from
provided as well as identification or possible associatiorggveral high galactic latitude UFCs _[19] were made pub-
with cataloged sources at other wavelengths. Althougdit recently. After analyzing these data, UFOs containing
Fermi-LAT has a good angular resolution, a firm identifi-Swift-XRT X-ray sources within their Fermi error contour
cation based on positional coincidence alone is not alwaygere consequently discarded. The purpose of this search
feasible. Thus, 630 sources in the 1FGL lack any clear ag/as not to associate nor to identify counterparts for 1IFGL
sociation. These are the so-called unassociated Fermi @gurces, but to conservatively discard objects whose Fermi
jects (UFOs), a population among which DM clumps might-ray flux could be eventually attributed to an already de-
be represented [15]. tected source.

After all these criteria, the candidate search finally pro-

21 Sdection Criteria vided 10 possible DM clumps out of the 630 initial UFOs.

In order to extract possible DM clump candidates outofth@.2 | ACTs Detection Prospects

1FGL UFOs the following selection criteria were required:

. . A signal detection in the IACT context is defined as a more
* To lay outside the Galactic Plane. than 5 deviation of the excess events over the background

A noteworthy fraction of galactic baryonic objects ar€eyents. If the total number of observed events is expressed
found in the Galactic Plane, unlikely the galactic dark maty, terms of their rates a®V,, = (Rege + Rypg)t and

ter substructures whose galactic latitude distributiomais N,s; = KRugt, Weret is the observation time, and the

mogeneous [9]. Source association in a very crowded efn-off ratio is assumed to be= 1, the detection time can
vironment is more difficult for the Fermi association algothen be estimated working out Eq. 5 from Li and Mal[20].
rithms. Thus associations due to an excess of candidatgge excess rat&.,. over a certain energy threshald;,

are more likely. Moreover, the galactic diffuseray back-  can be computed from the effective area of the instrument,
ground is much stronger at low galactic latitudes. Conseng the differential spectrum of the source. The character-
quently, UFOs with galactic latitudes| < 10° were dis- stic background rate of the instrument is computed from
carded. Monte Carlo simulations.

e To be a hard source. For this work, the MAGIC Telescopeffective area and
The expected spectrum from WIMP annihilation esserbackground rate were considered. The very high energy
tially follows the shape of the annihilation photon yield,UFO spectra were directly extrapolated from the 1FGL
which has been shown to be hard up to the WIMP masSatalog, evaluating also the impact of the uncertainties
cut-off [16,[17]. Additionally, 1FGL sources showing hardin the Fermi spectral parameters over the detection time.
spectra are more likely to be detected by IACTs beyond thEhe adopteds;;, was 100 GeV, a conservative one already
Fermi upper energy threshold. Therefore only hard sourceghieved by MAGIC single telescope observations.
were selected, meaning that 1FGL sources whose spectflm; data were studied for all these 10 sources using the
fitting power law index was above 2 were discarded. latest version of the FernsicienceTools [21]. The to-

e To be non-variable. tal number of high energy photons (HE, > 10 GeV) is
The photon flux from dark matter annihilation must be cona determinant quantity since it provides an evidence of the
stant, thus variable sources were rejected. Sources wittvalidity of the Fermi spectra extrapolation. Therefore, HE
1FGL variability index showing the lightcurve to deviate photons from a circular region of 1.5 times Fermi PSF ra-
from a flat one were discarded. dius (0.15) were extracted in order to get the events likely

o To follow a power law spectra. to have been emitted by the source (the contribution from

DM spectra show prominent cut-offs at the DM particled|1°fuse HE~-ray background in each source position was

mass. Sufficiently away from the cut-off the spectra Caﬁ.stlmated from actual data t(? be .almost negligible).

be well described by a power law (segy. the asymptotic Finally, the estimated detection time, and the list of Fermi
behavior of spectra i [16]). Thus, assuming that the ctit-of{E photons, were used to sort the 10 candidates attending
lays beyond Fermi energy range, sources departing froni@ their feasibility of detection: sources were ordered as a

power law spectral fit (information which is provided byfunction of their estimated detection time, although the ef
the 1FGLcurvature indexwere rejected. fect of the spectral parameters uncertainties was taken int

« Not to have possible counterparts. consideration, giving lower priority to those whose uncer-

An extensive and independent search for possible associ2. http://heasarc.gsfc.nasa.gov/
ations was performed for each UFO through the NASAs 3. http://wwwmagic.mppmu.mpg.de/
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Figure 1: 1FGL J2347.3+0710 Fermi-LAT differentialFigure 2: 1FGL J0338.8+1313 Fermi-LAT differential
spectrum and preliminary MAGIC differential spectrumspectrum and preliminary MAGIC differential spectrum
upper limits. MAGIC Crab Nebula spectrum_|24] is de-upper limits. MAGIC Crab Nebula spectruin_[24] is de-
picted as reference. picted as reference.

tainties were larger; in case of similar estimated detactiadifferential ULs are presented in Fig. 1, together with the
times, sources with a larger Fermi HE photons populatiocorresponding 1FGL Catalog Fermi spectrum and its error
were given higher priority. band (computed as in [25]).

3 MAGIC Observations 3.2 1FGL J0338.8+1313 Observations

In the case of 1FGL J0338.8+1313 the observations were

.MA?IC con3|_sts ofda sy_/sten]lc ?Ifzt\évggtelffﬁo%es Ope:alt'rlggrformed from December 2010 to January 2011. The
In stereoscopic mode since 1a atthe Lanary 1S1alfinitn angle window covered the interval fromi.5° to

of La Palma £8.8° N, 17.8° W, 2200 m a.s.l.). Only 6 30.5°, again ensuring a low energy threshold. Data were

out ofdt?e 10MsAe(I;e|cCte|dt.E)l\él cIurSp Cand'datif can tt)ﬁ Olfélken for a total observation time of 15.5 h which reduced
served from atitude under reasonable zenith aly,) 14 7 1y after data quality selection. As in the previous

gIFeGCLo gggf; 53'+ 08701 (f)ar, (tjhil:tgﬁ 5)((; ;; g zrldl'gf;esh’ narrt;elé(ase’ no signal was detected over the background. The ex-
' an " ' » Nave BERllss events above an energy threshold of 100 GeV were

observed under dark night conditions and lowest zenith an- (> 100 GeV) — —81 -+ 84, producing a significance

gle range possible. Both conditions are needed when t 6101.00. The integral ULs, ext,racted as already described,

sensmvny_ at low ENergies 1s p“fSUEd- The sources WEAn be found in Tablgl 1. MAGIC differential ULs as well
surveyed in false tracking mode [22]. In the two cases, da

. ) & Fermi spectrum with its error band are found in BEig. 2
were analyzed in th®ARS analysis framework by means

of the standard stereoscopic analysis routihes [23]. Con-
temporaneous Crab Nebula data were used to verify tle Discussion & Conclusions
proper performance of the telescopes and analysis routines

A dedicated search designed to select possible DM clump
3.1 1FGL J2347.3+0710 Observations candidates out of the 1FGL Catalog has been presented,

concluding with 10 candidates out of the 630 UFOs. Af-
The observation of 1FGL J2347.3+0710 were performeigr studying the prospects of detection for each of these
during October and November 2010. The zenith angle wirt0 sources, the two best candidates were observed by the
dow ranged fron21.5° to 30.0°. The total exposure time MAGIC Telescopes.
was 13.3 h. After data quality selection the exposure timalthough no very high energy-ray signal was detected
reduced down to 8.3 h. for any of them, competitive upper limits to the differehtia
No signal was found over the background. Considering aand integral spectra were obtained.
energy threshold of 100 GeV the number of excess eventscan be seen from Fidl 1 that a direct extrapolation of
was N....(> 100 GeV) = 98 + 86 events which translates 1FGL J2347.3+0710 Fermi spectrum above 400 GeV is
into a significance of .10, computed using Eq. 17 from Li ruled out by MAGIC observations, meaning that some kind
and Ma [20]. Consequently, we derived upper limits (ULspf cut-off or spectral curvature may be taking place at en-
to the differential and integral spectra following the preergies between 100 and 400 GeV. In the case of 1FGL
scriptions from[[5]. The integral ULs for different energyJ0338.8+1313, as illustrated in Fid. 2, one can conserva-
thresholds and power law spectra are found in Table 1. Thieely rule out a direct extrapolation of Fermi spectrum



NIETO et al. THE SEARCH FORDM CLUMPS WITH FERMI AND MAGIC

Table 1: Integral upper limits.
Eo Non/Nore  0Li,Ma NIE UL
[GeV] 95% C.L. %107 em 2571
'=-10 T'=-15 I'=-20 T'=-25 I'=-30

1FGL J2347.3+0710

100 3744/3646 1.14 376 16.1 20.8 26.8 31.0 32.6
250 369/372 -0.11 62 2.4 2.6 3.0 3.2 3.3
500 77192 -1.15 18 0.6 0.6 0.7 0.7 0.7
1000 18/27 -1.34 9 0.3 0.3 0.3 0.3 0.3
1FGL J0338.8+1313
100 3494/3575  -0.96 119 4.0 5.1 6.6 7.6 8.0
250 346/350 -0.15 59 1.8 2.0 2.2 2.4 2.4
500 81/82 -0.07 30 0.9 0.9 0.9 0.9 1.0
1000 18/19 -0.16 14 0.4 0.4 0.4 0.4 0.4

above 200 GeV. This fact suggests a possible curvature db] MAGIC, J. Aleksic et al, ArXiv e-prints (2011),
cut-off at Fermi high energy range. astro-ph.HE/1103.0477.

Nonetheless, these conclusions should be takemgrano  [6] MAGIC, J. Aleksi¢ et al, Astrophys. J.710, 634
salis since they rely on 1FGL spectral information, and (2010), astro-ph.HE/0909.3267.

must be consequently revisited once the second version d7] A. Abramowskiet al, Physical Review Letter$06,
the Fermi Catalog (2FGL) is released. 161301 (2011), astro-ph.HE/1103.3266.

We expect the synergy between deeper MAGIC observal8] V. Springel et al, Mon.Not.Roy.Astron.Soc391,
tions and the incoming 2FGL Catalog will help us to reveal 1685 (2008), astro-ph/0809.0898.
the actual spectral nature of these two enigmatic object§?] J- Diemandet al, Nature454, 735 (2008), astro-

and the next-to-come in future searches of DM clump can- _ Ph/0805.1244. N
didates. [10] L. Pieri, G. Bertone, and E. Branchini,

Mon.Not.Roy.Astron.Soc. 384, 1627 (2008),
astro-ph/0706.2101.
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