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Abstra t
Galaxy lusters are promising targets for indire t dark matter sear hes. Gamma-ray signatures
from the de ay or annihilation of dark matter parti les inside these lusters ould be observable
with the Fermi Large Area Teles ope (LAT). Based on three years of Fermi LAT gamma-ray
data, we analyze the ux oming from eight nearby lusters individually as well as in a
ombined likelihood analysis. Con entrating mostly on signals from dark matter de ay, we
take into a ount un ertainties of the luster masses as determined by X-ray observations
and model the luster emission as extended sour es. Sear hing for di erent hadroni and
leptoni de ay and annihilation spe tra, we do not nd signi ant emission from any of the
onsidered lusters and present limits on the dark matter lifetime and annihilation rossse tion. We ompare our lifetime limits derived from luster observations with the limits that
an be obtained from the extragala ti gamma-ray ba kground (EGBG), and nd that in
ase of hadroni de ay the luster limits be ome ompetitive at dark matter masses below
a few hundred GeV. In ase of leptoni de ay, however, galaxy luster limits are stronger
than the limits from the EGBG over the full onsidered mass range. Finally, we show that
in presen e of dark matter substru tures down to 10 6 solar masses the limits on the dark
matter annihilation ross-se tion ould improve by a fa tor of a few hundred, possibly going
down to the thermal ross-se tion of 3  10 26 m3 s 1 for dark matter masses . 150 GeV
and annihilation into bb. As a dire t appli ation of our results, we derive limits on the lifetime
of gravitino dark matter in s enarios with R-parity violation. Impli ations of these limits for
the possible observation of long-lived superparti les at the LHC are dis ussed.
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1 Introdu tion
Galaxy lusters are the most massive gravitationally ollapsed obje ts in the Universe. Histori ally, the kinemati al study of the Coma luster provided the rst indi ation for the existen e
of dark matter [1℄. Further gravitational eviden e for dark matter was found at many pla es,
e.g. in stellar rotation urves of spiral galaxies or as baryon a ousti os illations imprinted in the
osmi mi rowave ba kground (for reviews on parti le dark matter see Refs. [2{4℄). By now, the
CDM s enario is the standard framework for osmology, leaving open the question of what the
nature of the dark matter parti les is. Theoreti al models for dark matter predi t a large variety
of possible non-gravitational signatures that would help to reveal its properties. However, despite
lots of e orts, none of these signals has been unambiguously dete ted so far.
If dark matter is made out of WIMPs (Weakly Intera ting Massive Parti les), their eÆ ient
self-annihilation in the early Universe would explain the observed dark matter density. Today, the
same annihilation pro ess ould ontribute to the measured osmi -ray uxes; a lear dete tion
of the annihilation produ ts would reveal information about the dark matter parti le's mass and
intera tions. Similar signatures ould be produ ed if dark matter is unstable and de ays, providing
us with information on the lifetime of the dark matter parti le. Indire t sear hes for dark matter
are aiming at seeing su h annihilation or de ay signals above the astrophysi al ba kgrounds.
These sear hes typi ally on entrate on photons or neutrinos, whi h arry spatial and spe tral
information about their origin, and on di erent anti-matter spe ies with their relatively low
astrophysi al ba kgrounds. Together with satellite galaxies of the Milky Way [5{11℄ and the
Gala ti enter [12{19℄, nearby massive galaxy lusters are among the most promising targets for
indire t dark matter sear hes by means of gamma rays [20{30℄.
A theoreti ally well motivated example for de aying dark matter is the gravitino 3=2 , whi h
appears in lo ally supersymmetri extensions of the Standard Model. In s enarios where R-parity
is mildly violated and the gravitino is the lightest superparti le (LSP), thermal leptogenesis,
gravitino dark matter and primordial nu leosynthesis are naturally onsistent [31℄. Within this
framework, the gravitino would de ay with osmologi al lifetimes [32℄, making its de ay produ ts
potentially observable in the osmi -ray uxes [33{44℄. For gravitino masses . 100 GeV, the
most prominent feature in the de ay spe trum is an intense gamma-ray line, produ ed by the
two-body de ay into neutrinos and photons, 3=2 !  [34℄. Dedi ated sear hes for su h a
feature in the urrent gamma-ray observations of the Fermi LAT [45℄ exist in the literature, see
Refs. [46, 47℄, and their null results were used to put lower limits on the gravitino lifetime around
6  1028 s [47℄. However, for larger gravitino masses & 100 GeV, the bran hing ratio into gammaray lines is strongly suppressed, and instead de ay modes like 3=2 ! W  ` and 3=2 ! Z 0 
produ e a gamma-ray ux with a broad ontinuous energy spe trum. It is this ux that ould
potentially show up in observations of galaxy lusters, whereas the observation of the gamma-ray
line in galaxy lusters would be diÆ ult due to the limited statisti s.
In general, dark matter lifetimes of the order of 1026 {1029 s, whi h is in the ballpark of what
is a essible experimentally, are obtained when the symmetry responsible for the dark matter
stability is violated by dimension six operators generated lose to the grand uni ation s ale [48{
50℄. Indeed, models of this kind were proposed to explain the e \ex esses" observed by the
PAMELA [51℄, Fermi LAT [52, 53℄ and H.E.S.S. [54, 55℄ experiments. To avoid the stringent
anti-proton limits [51, 56℄, the de ay should be mostly leptophili (see e.g. Refs. [57{63℄), and
one typi al de ay mode that ould well reprodu e the lo ally observed e uxes is the de ay into
muons, ! +  , with a large dark matter mass around m ' 3 TeV and lifetimes around
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2  1026 s [64, 65℄. Inside galaxy lusters, due to inverse Compton s attering (ICS) on the osmi
mi rowave ba kground (CMB), almost all of the kineti energy of the produ ed high-energeti
ele trons and positrons is transferred into gamma rays, with energies up to O(100 GeV). This
makes possible the investigation of the de aying and annihilating dark matter interpretations of
the e ex esses by galaxy luster observations.
A dedi ated sear h for dark matter annihilation signals from galaxy lusters, using 11 months
of Fermi LAT data, was arried out in Ref. [26℄. The null result of this sear h was used to derive
limits on the dark matter annihilation rate into bb and  + . In Ref. [27℄ these results were
translated into limits on the dark matter de ay rate, and it was demonstrated that galaxy luster
observations give strong onstraints on the dark matter lifetime, superior to the limits that ould
be obtained from satellite galaxy observations, and of the order of the limits that an be derived
from the extragala ti gamma-ray ba kground. This makes galaxy lusters promising targets
when sear hing for signals from dark matter de ay. Con erning WIMP dark matter, taking into
a ount the expe ted boost of the annihilation signal due to dark matter substru tures in the
luster halo, limits an potentially go down to the ross-se tion expe ted from thermal freezeout [29, 30℄. Further studies of the galaxy luster emission as seen by the Fermi LAT, H.E.S.S.
and MAGIC were presented in Ref. [23, 24, 28℄, some appli ations to annihilating and de aying
dark matter models were dis ussed in Refs. [66{68℄.
Besides the large amount of dark matter, it is known from radio observations that galaxy
lusters are also a host for energeti osmi rays, whi h an be a elerated during the pro ess of
luster formation by mergers or a retion sho ks. Proton-proton ollision as well as the ICS of an
energeti ele tron population an produ e a possibly observable gamma-ray ux (see e.g. Refs. [26,
30℄). Su h a ux should however be nally distinguishable from a dark matter signal through the
analysis of the energy spe tra if the statisti s is high enough [21℄.
In this paper, we analyze the gamma-ray ux from eight galaxy lusters as measured by
the Fermi LAT sin e Aug 2008, and we present onstraints on the dark matter lifetime and
annihilation ross-se tion. We analyze the di erent target lusters individually as well as in a
ombined likelihood approa h, and sear h for signi ant gamma-ray emission as an indi ation for
de aying or annihilating dark matter. In Ref. [26, 27℄ the dark matter signal was approximated
to be point-sour e like. Importantly, this approximation be omes problemati in the ase of
dark matter de ay or substru ture-boosted annihilation, sin e the extend of the expe ted signal
starts to ex eed the angular resolution of the Fermi LAT. To a ount for this, we model the
dark matter emission as an extended sour e. In absen e of a lear signal, we derive limits on
the dark matter lifetime and annihilation ross-se tion as fun tion of the dark matter mass, for
di erent hadroni and leptoni nal states. Cluster masses and the expe ted de ay or annihilation
signals are derived from the extended HIFLUGCS atalog [69, 70℄ whi h is based on ROSAT
PSPC X-ray observations [71℄, and the orresponding un ertainties are onsistently taken into
a ount. We ompare the obtained lifetime limits with the limits that an be derived from
the extragala ti gamma-ray ba kground, and we dis uss the impli ations of our limits on the
de aying or annihilating dark matter interpretation of the e ex esses. Furthermore, we will
illustrate how the limits improve when a boost of the annihilating signal due to substru tures is
in luded. Finally, we apply our ndings to the s enario of de aying gravitino dark matter, and
derive new onstraints on the gravitino lifetime for masses above about 100 GeV. We omment
on impli ations for the possible observation of long-lived superparti les at the LHC.
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Table 1: Galaxy lusters onsidered in this work, with their oordinates (equatorial
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as well as the proje ted angle s of the s ale radius rs of the adopted NFW pro le. Central values
and errors for these parameters are derived from the luster masses in Ref. [70℄.
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The rest of the paper is organized as follows: In se tion 2 we present our galaxy luster analysis
of the Fermi LAT data. We dis uss the expe ted dark matter signals, our treatment of the LAT
data and the details of our statisti al analysis. In se tion 3, we shortly review how limits on the
dark matter lifetime from the extragala ti gamma-ray ba kground are obtained. Our results
and their dis ussion are presented in se tion 4. Finally, se tion 5 is devoted to gravitino dark
matter, where we present limits on the gravitino lifetime for gravitino masses above 100 GeV,
as well as the implied limits on the de ay lengths of next-to-lightest superparti les (NLSP) at
parti le olliders. We on lude in se tion 6.
Throughout this work we assume a CDM osmology with the parameters  = 0:728 and
h  H0 =100 km s 1 Mp 1 = 0:704 [72℄.

2 Galaxy Cluster Analysis
The eight galaxy lusters that we onsider in this work are summarized in Tab. 1. They are
sele ted from the extended HIFLUGCS X-ray atalog [69, 70℄ in order to yield large signals
from dark matter de ay, but are also among the best lusters when sear hing for signals from
dark matter annihilation. Galaxy lusters with potentially large signals that we disregard are:
Ophiu hus, A3627 and 3C129 be ause they lie too lose to the Gala ti plane, Centaurus, M49
and A2877 be ause of issues with our adopted model for Gala ti di use emission,1 and Virgo
(M87) and Perseus be ause of the presen e of bright gamma-ray sour es at their enter [73, 74℄.
1 The positions of the Centaurus and M49 lusters unfortunately oin ide with sharp edges in our Gala ti
di use emission model, gal 2yearp7v6 v0; the region near A2877 ontains a large number of faint sour es that are
not part of the 2FGL. In all three ases the ba kground ts are unreliable, and we negle t these targets from our
analysis. In luding them would improve our overall limits.
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2.1

Dark Matter Signal

The gamma-ray ux from dark matter annihilation or de ay that is expe ted to be seen in galaxy
luster observations fa torizes into an astrophysi al part, whi h ontains information about the
dark matter distribution dm , and a parti le-physi s part, whi h is universal for all observed targets. Assuming a spheri al dark matter halo, the astrophysi al fa tor, J de ./ann. (), just depends
on the luster- entri angle  and is given by a line-of-sight integral. In the ase of dark matter
de ay, the signal ux reads
Z

dJsig
dN
1
() =
ds  (s; ) ;
dE d
4 m  dE | l.o.s. {zdm
}
J de .()

(1)

while in the annihilation ase, it is given by
Z

dJsig
hvi dN
( ) =
ds 2 (s; ) :
dE d
8 m2 dE | l.o.s. {zdm
}
J ann.()

(2)

Here, m denotes the dark matter mass, while  and hvi are the dark matter lifetime and total
annihilation ross se tion, respe tively. The energy spe trum of gamma rays produ ed in the
de ay/annihilation is given by dN =dE . Note that the energy spe trum dN =dE = dN prim =dE +
dN IC =dE in ludes prompt gamma rays that are dire tly produ ed in the de ay or annihilation
pro ess ( nal-state radiation, 0 ! et .) as well as the gamma rays that originate from ICS
losses of e from dark matter on the intra- luster radiation eld. We al ulated the energy spe tra
of gamma rays and ele trons with the event generator Pythia 6.4.19 [75℄, and ross- he ked our
results with the analyti expressions presented in Ref. [76℄.
Ele trons and positrons produ ed in the de ay or annihilation
of dark matter parti les inside galaxy lusters su er inverse Compton and syn hrotron losses when
intera ting with the intra- luster radiation eld. The dominant omponent of this radiation eld
is in most ases the CMB; other ontributions, whi h an be ome relevant lose to the luster
enter, are the starlight, dust radiation and the intra- luster magneti eld (see dis ussion in
Ref. [30℄). In ase of dark matter de ay or substru ture-boosted annihilation, the possible impa t
of these additional omponents on our results is small, as we will exemplify below for the Coma
luster; if not stated otherwise, we onsider the CMB only throughout this work.
The average energy spe trum of gamma-rays with energy E that are generated by the inverse
Compton s attering of one ele tron with an initial energy of E0 is given by
dN IC Z 1 Z E0
dIC (Ee ; ) fCMB()
dEe
=
d
:
(3)
dE
dE
bloss (Ee )
me
0

Inverse Compton s attering.

Here, fCMB() is the CMB energy spe trum with temperature TCMB = 2:725 K, and dIC =dE
denotes the di erential ross se tion of inverse Compton s attering of an ele tron with energy Ee
when a CMB photon with energy  is up-s attered to energies between E and E + dE . Due
to the very low energy of the CMB photons, the enter-of-mass energy of the pro esses we are
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interested in is always smaller than the ele tron mass, whi h allows us to use the non-relativisti
limit of the Klein-Nishina equation in our al ulations2 (see e.g. Ref. [77℄):

dIC (Ee ; ) 3 T 
= 2 2q ln q + 1 + q 2q2 ;
(4)
dE
4 e
where T = 0:67 barn is the Compton s attering ross se tion in the Thomson limit, e  Ee =me
is the Lorentz fa tor of the ele tron, me = 511 keV is the ele tron mass, and q  E =E max with
E max  4 e2 . Eq. (4) holds in the range   E  E max , in the limit where down-s attering is
negle ted.
In the above equation, bloss (Ee ) is the energy loss rate of an ele tron with energy Ee . Typi ally,
the main ontribution omes from ICS on the CMB, but we an also in lude syn hrotron losses
on the intra- luster magneti eld; bloss = bICS + bsyn . In the non-relativisti limit, the ICS and
syn hrotron losses read
Z 1
B2
4
4
(5)
d fCMB() and bsyn (Ee ) = T e2 ;
bICS (Ee ) = T e2
3
3
2
0
|
{z
}
CMB
respe tively. In order for the magneti eld B to dominate the CMB energy density CMB (namely,
B 2=2 > CMB) in galaxy lusters it has to ex eed the riti al value BCMB = 3:2G (assuming
redshifts z  1). The energy spe trum of the dark matter indu ed ICS radiation would then
s ale like / (1 + (B=3:2B)2 ) 1 .
The energy loss time loss = Ee =E_e of ele trons with 100 GeV{10 TeV energies, as relevant
for our work, lies in the range of 10 4 {10 2 Gy. This is mu h shorter than the osmi -ray
relaxation times in galaxy lusters whi h typi ally are of order 1{10 Gy [30, 78℄. The propagation
s ale orresponding to & 100 GeV ele trons is expe ted to be . 1 kp [79, 80℄, whi h for Mp
distan es is well below the angular resolution of the LAT [81℄. We hen e negle t e e ts of osmi ray transport and onsider that e are loosing all their energy instantaneously where they are
produ ed. In this limit, the angular pro le of the ICS signal is identi al to the angular pro le of
the prompt radiation. This is opposite to the ase of dwarf galaxies, where due to their proximity
propagation e e ts have to be taken into a ount in general, see e.g. Ref. [8℄.
After some algebra, one an nally show that the energy spe trum of ICS radiation emitted
from a single ele tron with an initial energy Ee is given by the expression (B ! 0)

dN IC 9me Z 1
1
92
=
dq
3
5
=
2
dE
32 e 4 12 q
525

e

2 3=2
q
3

2 5=2 4 7=2
q + q
25
7





fCMB 4Ee2 q
4 5=2
q log q
: (6)
5
CMB


A subsequent onvolution with the energy spe trum dNe =dEe of ele trons and positrons yields
then the ICS ontribution to the gamma-ray spe trum, dN IC =dE , in Eqs. (1) and (2).
2.2

Dark Matter Distribution

As dis ussed above, the expe ted dark matter signals depend ru ially on the dark matter pro les
(r)dm of the target galaxy lusters. We assume throughout this work that the smooth omponent
2 This approximation breaks down for ele tron energies above m2e =TCMB  103 TeV.
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of the dark matter halo follows a Navarro-Frenk-White (NFW) pro le [46, 82℄,
s
;
dm (r) =
r=rs (1 + r=rs)2

(7)

where the s ale radius rs and the density normalization s have to be determined from observations.3 The luster mass M inside a luster- entri radius r is de ned su h that the average
density inside r equals  times the riti al density of the Universe,  (typi ally   100{500).
To determine the parameters of the NFW pro le from M and r , we adopt the observationally
obtained on entration-mass relation from Ref. [85℄,

 0:172
Mvir
;
(8)
vir (Mvir ) = 9 1014 h 1 M
where the on entration parameter  rvir =rs relates the virial radius rvir as de ned by  =
vir ' 98 (see appendix of Ref. [86℄ and referen es therein) to the s aling radius rs , and M =
2:0  1030 kg denotes the solar mass.4 The virial radius rvir is then related to r via [86℄

f (r =r ) ;
(9)
f (rs=r ) =
vir s vir
where


f (x) = x3 ln(1 + x 1 ) (1 + x) 1 ;
(10)
and


 r 3
M
:
(11)
=
Mvir vir rvir
With Eqs. (8), (9) and (11), one an nd rs and s as a fun tion of M and r .
Using the luster masses as derived from ROSAT PSPC X-ray observations in the extended
HIFLUGCS atalog [70℄, we al ulate the signal surfa e densities J ann. and J de . as des ribed
above.5 Our results, as fun tion of the luster- entri angle , are plotted in Fig. 1. These
pro les are used to model the extended dark matter signal in our analysis. For onvenien e
and omparison with previous work, we show results for J ann. and J de . integrated over a lusterentri region of 1Æ radius in Tab. 1. There, we also indi ate the proje ted s aling angle s = rs =D,
where the distan e to the luster is given by D ' z =H0 . The signal un ertainties shown in Tab. 1
are dire tly derived from the mass un ertainties in Ref. [70℄ and as large as a fa tor of two in some
ases. Within the error bars our results agree largely with what was found in Refs. [26, 27℄ based
on the initial HIFLUGCS atalog [69℄. Besides the un ertainties from the ts to the X-ray pro les
that were already dis ussed in Ref. [69℄, the mass ranges quoted in Ref. [70℄ take additionally into
a ount un ertainties in the X-ray temperature pro le, whi h leads to somewhat larger error-bars
ompared to Ref. [69℄.
3 We nd that using an Einasto pro le [83, 84℄ with similar M200 and r200 (with = 0:17, r 2 = rs and
 2 ' s =4:2 [30℄) leaves the results for de aying dark matter essentially un hanged, whereas the uxes from dark
matter annihilation as summarized in Tab. 1 are in reased by about  30%.
4 Varying the prefa tor in vir in the range 92 leaves the uxes from de aying dark matter essentially un hanged,
whereas the annihilation uxes in rease or de rease by about 30{40%. Note that CDM simulations favor a somewhat
smaller on entration of about  6 at Mvir = 1014 h 1 M [87, 88℄ .
5 The values of M500 and r500 are res aled to our adopted Hubble onstant, and M500 is redu ed by the gas
p
p
fra tion fgas indi ated in Ref. [70℄. We he ked that using M200 ' 5=2 M500 and r200 ' 5=2 r500 as a starting
point would in rease the predi ted uxes by 10{20%.
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Figure 1: Left panel: pro le of the dark matter de ay signal as fun tion of the luster- entri angle

 (PSF e e ts not in luded). The dotted line shows the isotropi Gala ti ontribution to the dark

matter signal. Right panel: the same for the dark matter annihilation signal. Solid lines show
the signal oming from the smooth halo omponent alone, dashed lines in lude e e ts from dark
matter substru tures, whi h boosts the signal at angles around 1Æ (as dis ussed in Se tion 2.3). For
omparison: the angular resolution of the LAT (P7SOURCE V6) in terms of the 68% ontainment angle
is 6Æ at 100 MeV, 0:9Æ at 1 GeV and 0:2Æ at 100 GeV [81℄.
2.3

Signal Boost from Dark Matter Substru tures

A predi tion of the old dark matter paradigm is the hierar hi al stru turing of dark matter halos.
Dark matter substru tures inside of galaxy luster halos are observationally known to exist down
to the s ale of dwarf galaxies, 107 M ; for thermally produ ed WIMPs they are predi ted to
ontinue down to free streaming masses of about 10 6 M and below [89, 90℄ (for a dis ussion
of possible ranges depending on the dark matter model see Ref. [91℄). Sin e the dark matter
annihilation signal depends on the dark matter density squared, the existen e of substru tures
an boost the annihilation signal onsiderably with respe t to the signal from the smooth halo;
the details depend on the mass fun tion of substru tures, the on entration mass relation and
the radial distribution (see e.g. Ref. [30℄ for a re ent dis ussion). Dynami al fri tion and tidal
stripping near the luster enter lead to a lo al depletion of substru tures that results in a relative
enhan ement of the boosted signal in the outskirts of the main halo. In general, the boosted
signal is expe ted to be onsiderably more extended than the signal oming from the smooth
main halo alone. Deriving the magnitude of the signal boost relies on extrapolations of numeri al
simulations for dissipationless DM [92{94℄ over many orders of magnitude in the substru ture
mass. In the literature, predi tions for the substru ture boost have not yet onverged; in ase of
galaxy lusters, signal boosts in the range of  10{50 [26, 29℄ up to  1000 [25, 30℄ were re ently
dis ussed. As mentioned above, the a tual values strongly depend on the adopted subhalo mass
fra tion (whi h is partially orrelated with the value of 8 used in the underlying simulations),
the subhalo mass distribution fun tions and the adopted halo on entration. Furthermore, for
individual lusters, pre ise predi tions appear to be diÆ ult sin e the halo-to-halo s attering of
the substru ture fra tion, whi h roughly orrelates with the on entration of the parti ular halo,
an be quite large and O(1) [95℄.
In the present paper, we adopt an optimisti s enario and estimate the boosted dark matter
8

signal following Ref. [30℄: Based on the high-resolution dissipationless dark matter simulations
of the Aquarius proje t [92℄ (whi h features a realtively large subhalo fra tion), the boost of
the dark matter annihilation signal was determined in Ref. [93℄ for a Milky Way sized halo.
Extrapolating the massR of the smallest subhalos down to Mlim = 10 6 M , an in rease in the
overall luminosity L = dV 2dm of about 230 was found, being mostly due to a signal enhan ement
at large gala to entri distan es. The luminosity due to substru tures inside a radius r is well
tted by [30℄
Lsub (< r) = a0 C (M200 ) L200sm (M200 ) xf (x) ;
(12)

f (x) = a1 xa2 ;



M200
C (M200 ) = 0:023
Mlim

 C

;

where x  r=r200 , 0 = 0:76, 1 = 0:95, 2 = 0:27 and C = 0:226. Here, L200sm denotes the
luminosity of the smooth halo omponent inside r200 alone. The only free parameter is the uto
s ale for the dark matter subhalo mass, whi h we x to Mlim = 10 6 M . The parameters M200
and r200 are dire tly determined from the adopted NFW pro le for ea h luster. The overall
boosted dark matter signal an then be al ulated from Eq. (12).
Our results for the signal pro le from dark matter annihilation in presen e of substru tures are
shown in the right panel of Fig. 1 by dashed lines, the signal from the smooth halo alone is shown
by solid lines. In presen e of substru tures, the annihilation signal extends to radii of around
1Æ , below 0:01Æ it is still dominated by the smooth dark matter halo. The boost fa tors that we
obtain for the di erent onsidered galaxy lusters inside an opening angle of 200 = r200 =D are
in the range 500{1200, in agreement with Ref. [30℄. Similar large values were re ently also found
in Ref. [96℄ (however, see dis ussion above). For di erent values of the uto Mlim the boosted
signal s ales like / Mlim0:226 , whereas its angular pro le remains un hanged.
2.4

Data Analysis

The gamma-ray events entering our analysis are sele ted from the P7SOURCE V6 event lass of
the Fermi LAT data measured between 4 Aug 2008 and 21 Jul 2011.6 From all events re orded
by the Fermi LAT, we sele t those with energies between 400 MeV and 100 GeV and apply the
zenith angle riterion  < 100Æ in order to avoid ontamination by the Earth's Albedo.7 For ea h
galaxy luster, we onsider photons events in a 10Æ  10Æ squared region entered on the luster
position. These events are binned into a ube of 0:1Æ  0:1Æ pixels with 24 logarithmi energy
bins. The lower end of the onsidered energy range is somewhat larger than what was used in
previous works, e.g. Refs. [8, 26℄: Below energies of 400 MeV, the point spread fun tion (PSF) of
the LAT be omes of the size of our onsidered target regions [81℄, whereas in the onsidered dark
matter s enarios no relevant gamma-ray uxes below  400 MeV are expe ted; this motivates
our hoi e.
For the di use ba kground uxes we take the isotropi emission and the gala ti foreground
model templates urrently advo ated by the Fermi LAT ollaboration for point sour e analysis
6 The event data as well as the orresponding information about the instrument response fun tions P7V6 an be
obtained from http://fermi.gsf .nasa.gov/ss /data/ . We he ked that using the event lass P7CLEAN 6 instead
leads to results that are similar to what is presented in this paper.
7 These sele tions are made using the Fermi S ien e Tools v9r23p1. For the uts in gtmktime we took DATA QUAL==1
as well as the RIO-based zenith angle ut.
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(iso p7v6sour e and gal 2yearp7v6 v0). The gala ti foreground model ontains several dedi ated spatial templates to model di use emission that is not a ounted for by the GALPROP
ode (e.g. for Loop I and the Gala ti Lobes [97℄).8 These spatial templates exhibit sharp edges,
and we ex lude lusters that oin ide with these edges (Centaurus and M49) from our analysis
in order to avoid a bias of our results. On top of the di use templates, we add the point sour es
from the se ond Fermi LAT atalog 2FGL [98℄. We in lude all point sour es within a radius of
12Æ around the luster enters. Some of the sour es lie outside of our target regions but might still
ontribute due to the large point-spread fun tion (PSF) of the Fermi LAT at low energies. We
furthermore (and onservatively for the purpose of deriving limits) assume that gamma-ray emission due to e.g. sho k a elerated osmi rays inside the luster is absent and attribute possible
observed uxes entirely to dark matter.
We use the pro le likelihood method to t the data and derive limits [99, 100℄. The orresponding likelihood fun tion L is|for an individual lusters j |given by Lj ( j jj ) = i P ( ji jji ),
where P ( j) denotes the Poisson probability to observe events when  are expe ted. The number of expe ted ounts ji = ji ( ) that is predi ted for an energy/spatial bin i is a fun tion
of the model parameters . These numbers are in prin iple obtained by a onvolution of the
above model uxes with the instrument response fun tion of the Fermi LAT. In this work, the
onvolution with the PSF is done using gtsr maps from the Fermi S ien e Tools. Like in most
of the existing analyses of Fermi LAT data (for ex eptions see Refs. [6, 46, 47℄) we will negle t
the small but nite energy dispersion of the LAT, whi h would not signi antly a e t the broad
energy spe tra that we are onsidering. Finally, the best- t model parameters for luster j are
obtained by maximizing Lj ( j jj ( )) with respe t to the model parameters .
As a rst step, we t the data extra ted from our eight target regions with the ba kground
model only. The free parameters in the t are the normalizations of the two di use ba kground
templates, as well as the normalization and spe tral index of all point sour es inside a 5Æ radius
around the luster position or with T S -values larger than 9. In Fig. 2 we show for two exemplary
lusters the residual maps that we obtain after subtra ting our best- t ba kground models from
the data, integrated over all energies; the orresponding energy spe tra of the individual ba kground omponents are shown in Fig. 3. For other lusters, we obtain similar results. The gures
indi ate that the adopted ba kground models are suÆ ient to model the observations.
We then in lude the potential dark matter signals in the ts. The individual luster signals
are modeled as extended sour es; their surfa e densities follow from Eqs. (1) and (2) and are
plotted in Fig. 1. We negle t the smooth Gala ti and extragala ti omponents ( p. Fig. 1,
dotted line) of the dark matter signal and assume that they are already a ounted for by our
two di use templates.9 Un ertainties of the luster masses as given in Ref. [70℄ translate into
un ertainties on the integrated signal from ea h luster, and into un ertainties on its angular
shape as parametrized by s ; the resulting errors are indi ated in Tab. 1. We nd that variations
in s have mu h less impa t on our limits than variations of the integrated signal (less than 10%
for the ranges given in Tab. 1); for simpli ity we will keep s at its entral value when performing
ts to the data.
We in lude un ertainties of the luster mass as a systemati error into the pro le likelihood
8 See http://fermi.gsf .nasa.gov/ss /data/a ess/lat/Model_details/Pass7_gala ti .html
9 This is a realisti assumption, sin e these ontributions to the dark matter signal ould be easily mistaken as
part of the extragala ti gamma-ray ba kground as determined by the Fermi LAT ollaboration [101℄. Sin e we
already in lude a template for this extragala ti ux, a further in lusion would lead to double ounting.
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Figure 2: Residual maps after subtra tion of our best- t ba kground models, in units of 1 standard
deviations, for the ase of the Fornax and Coma luster. The maps span a 10Æ  10Æ region and are
entered on the luster position, pixels are resampled to 0:5Æ  0:5Æ , ounts are summed over the full
energy range 400 MeV{100 GeV. The ount number per resampled pixel ranges between 11 and 273
with an average of 28.0.

method by substituting the likelihood fun tion of an individual luster Lj (with a dark matter
signal modeled a ording to the entral values of Tab. 1) with a likelihood fun tion that takes
into a ount the orresponding un ertainties of the integrated dark matter signal [11℄
!

Jj

Lj ( DM) ! Lj ( DM )  maxJj Lj DM j Lj M (Jj ) :
(13)
J
Here, DM denotes the normalization of the dark matter signal (being related to the dark matter
lifetime or annihilation ross-se tion), Jj is the integrated surfa e density, Jj its entral value
M is the likelihood fun tion of J j for luster j . In this work,
as given in Tab. 1, and L
j

M by a log-normal distribution that is de ned a ording to the error bars
we approximate L
j
M su h that its
in Tab. 1 in order to model the un ertainties of Jj . To this end, we x L
j
umulative distribution fun tion equals 0:16 and 0:84 at the lower and upper errors given in
Tab. 1, respe tively.10
In our signal+ba kground t, we x most of the 2FGL sour es to their values from the
above ba kground-only t; ex eptions are the sour es 2FGL J1037.5-2820, 2FGL J0334.3-3728
and 2FGL J1505.1+0324, whi h lie lose to the A1060, Fornax and NGC5813 luster positions,
respe tively. This leaves us for most of the lusters with three free parameters: the signal normalization DM and the two normalizations of the di use ba kgrounds. We he ked that leaving
more 2FGL sour e parameters free in the ts does not hange our results signi antly, but inM as fun tion
reases the omputational time onsiderably. We s an the likelihood fun tion L
j
of DM while re tting the remaining free parameters. Upper limits at the 95% C.L. (99:7% C.L.)
M in reases by
on the dark matter signal an be derived by in reasing the signal until 2 log L
j
2.71 (7.55) from its best- t value. The signi an e of a signal an be obtained by omparing the
likelihood values that are obtained with and without a dark matter signal.
10 Redoing the error analysis that was performed in Ref. [70℄, we found that a log-normal fun tion des ribes well

the posterior
probability distribution fun tion (pdf) of the luster masses (as long as the polytropi index is  1).
Sin e Jj / (M500 ) with  1, the same holds for the posterior pdf of Jj . Assuming a at prior for the luster
masses, this motivates us to adopt a log-normal fun tion also for the likelihood fun tion of Jj .
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Figure 3: Energy spe tra of di erent ba kground omponents ompared with data in the energy
range 100 MeV{100 GeV, for Fornax (left panel) and Coma luster (right panel). Blue and red lines
orrespond to our two di use templates gal 2yearp7v6 v02 and iso p7v6sour e, respe tively, the
lower bla k lines show the ontribution from di erent point sour es of the 2FGL. When performing
the ts, we only use data down to 400 MeV, but the ba kground models ontinuously onne t also
to data at lower energies, as shown in the plot.

Finally, to ombine the statisti al power of the di erent target regions and to redu e the
impa t of the luster mass un ertainties, we performed a ombined likelihood analysis of all eight
lusters simultaneously. In this ase, the ombined likelihood fun tion L omb is de ned as the
produ t of the individual likelihood fun tions, L omb = j Lj , where j runs over the di erent
galaxy lusters. The only parameter that is bound to be identi al for all targets is the dark
matter lifetime or annihilation ross-se tion.11
Note that we use our own software to pro le over the ombined likelihood fun tion in presen e of luster mass un ertainties. These s anning routines were implemented on top of the
Fermi S ien e Tools (and are independent of the routines used in the ombined dwarf analysis of
Ref. [11℄).

3 Limits from the EGBG
In ase of dark matter de ay, an important ontribution to the gamma-ray signal always omes
from our own Galaxy. Assuming an NFW pro le (rs = 20 kp and  = 0:4 GeV= m3 ), we
.
22
2 1
obtain Jjde
bj>10Æ = 2:1  10 GeV m sr when averaging over the whole sky ex luding the
. Æ = 1:1  1022 GeV m 2 sr 1 at the Gala ti anti- enter (the maximal
Gala ti disk, and J`de=180
11 Note that the angular distan e between the targets A1060 and S636 is only 8Æ and hen e their target regions,
but not the signal regions, overlap to a ertain degree. We he ked that when pro ling over the signal normalization
up to the 2 limits (in order to obtain Lj ) the ba kground normalizations are only a e ted at the < 1% level,
hen e the limits on A1060 and S636 remain pra ti ally statisti ally de oupled and the ombined likelihood analysis
is appli able.
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isotropi omponent of the Gala ti ux). In Fig. 1 we ompare the angular pro les of the luster
de ay signal with the ontribution from our Galaxy in anti- enter dire tion. As evident from this
plot, the Gala ti omponent dominates the signal already at a distan e above  0:5Æ from the
luster enter.
For omparison with our galaxy luster limits, we will derive additional limits on de aying dark
matter by requiring that the isotropi omponent of the Gala ti signal plus the spatially averaged
extragala ti signal does not overshoot the extragala ti gamma-ray ba kground (EGBG) as
derived by the Fermi LAT ollaboration [101℄ (see e.g. Refs. [33, 102{106℄). In the al ulation of
the prompt signal omponent, we fully take into a ount the Gala ti (in anti- enter dire tion)
and the red-shifted extragala ti signal ux, and we employ for ompleteness the inter-gala ti
ba kground light model of Ref. [107℄ for modeling absorption e e ts. However, our limits do
not depend mu h on the adopted ba kground light model,12 sin e they are dominated by the
Gala ti signal in most ases (for details of the al ulation see Ref. [109℄). When al ulating
the ICS omponent, however, we onservatively only in lude the extragala ti part, oming from
ele trons/positrons from dark matter de ay that s atters on the CMB. The al ulation of the
ICS emission inside our Gala ti di usion zone is plagued with un ertainties and a detailed
study is beyond the s ope of this paper (see e.g. Ref. [106℄ for a thorough dis ussion). When
quoting limits, we will require that in none of the energy bins onsidered in Ref. [101℄ the dark
matter signal integrated over these bins ex eeds the measured ux by more than 2. Su h limits
an be further improved by performing spe tral ts [110℄ or subtra ting known astrophysi al
ontributions to the extragala ti gamma-ray ba kground [111, 112℄.

4 Results
In none of the galaxy lusters a gamma-ray emission was found at the 3 level, neither when
sear hing for de ay nor for annihilation signals with or without substru ture ontributions.13 We
derived 95% C.L. limits on the dark matter lifetime and annihilation ross-se tion, from individual
lusters as well as in a ombined likelihood analysis; our results are shown in Figs. 4, 5, 6 and 7,
assuming 100% bran hing ratios into bb, +  , W + W or  +  nal states.
For de ay or annihilation into bb, as relevant for MSSM neutralino DM, the
strongest individual limits ome from the Fornax luster in most ases, as shown in Fig. 4 (the
impa t of dark matter substru tures on the annihilation limits is dis ussed below). Depending
on the dark matter mass, lifetimes up to 4  1026 s and annihilation ross-se tions down to 5 
10 25 m3 s 1 an be onstrained. Further strong limits ome from AWM7, S636 and NGC4636.
Our limits on the dark matter lifetime are somewhat weaker than previous results [27℄; the
di eren e an be mainly attributed to the fa t that we modeled the luster emission as an extended
signal rather than as a point-like sour e, as we will dis uss below.
The limits obtained from our ombined likelihood analysis are shown as dashed bla k lines in
Fig. 4: They are often slightly weaker than the strongest individual limits. This is due to a weak
preferen e for a non-zero signal in some of the lusters (like in A1367). In any ase the ombined
12 The adopted ba kground light model appears to be in on i t with re ent Fermi LAT observations, see
Ref. [108℄.
13 The best signal andidate omes from A1367 (annihilation into  +  , mDM = 10 GeV) with a trial- orre ted
signi an e of 2:7.
Main Results.
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Figure 4: Left panel: lower limits on dark matter lifetime for de ay into bb nal states, as fun tion of
the dark matter mass. Solid lines show individual luster limits, the dashed line the limits from the
ombined likelihood analysis. The dotted line shows for omparison the limit that an be derived from
the EGBG. Right panel: like left panel, but upper limits on annihilation ross-se tion. Contributions
to the signal from dark matter substru tures are negle ted. Note that the ombined limits are
sometimes weaker than the strongest individual limits; this is due to a weak preferen e of a non-zero
signal for some of the lusters, see dis ussion in text.

likelihood limit is more robust with respe t to un ertainties of the luster masses, the ba kground
modeling and statisti al u tuations in the data than the individual limits (see below dis ussion
and Fig. 9).
For omparison, the dotted line in the left panel of Fig. 4 shows the lifetime limits that we
obtain from onservatively requiring that the isotropi dark matter signal does not overshoot the
EGBG as determined by Fermi LAT [101℄, see Se tion 3. The EGBG limit learly dominates the
luster limits for large dark matter masses, whereas the luster limits are ompetitive for masses
below a few hundred GeV. In any ase, sin e the systemati s related to ba kground subtra tions
are di erent for EGBG and luster limits, the limits should be onsidered as being omplementary.
Limits on de ay or annihilation into  + nal states are shown in Fig. 5. This hannel is
relevant for leptophili models [57{63℄, that aim to explain the PAMELA/Fermi e anomalies,
the orresponding best t regions being shown in green (PAMELA only) and blue (PAMELA +
Fermi + H.E.S.S.) [65℄.14 In the presented dark matter mass range, the dark matter signal is
dominated by ICS radiation of the produ ed ele trons and positrons on the CMB; the prompt
nal-state-radiation an be negle ted. Our dark matter lifetime limits rea h up to 3  1026 s for
individual lusters as well as in the ombined likelihood analysis, with the strongest limit oming
from Fornax. In the ase of dark matter annihilation limits down to 610 23 m3 s 1 are obtained.
The parameter spa e favored by PAMELA/Fermi is onstrained but not ex luded in ase of dark
matter de ay, and remains pra ti ally un onstrained in ase of dark matter annihilation.
The dotted line in the left panel of Fig. 5 shows again the limit obtained from the EGBG. In the
ase of de ay into +  , the luster lifetime limits a tually dominate over our onservative EGBG
limit at all onsidered dark matter masses. This is due to the fa t that we negle ted the Gala ti
14 Re ently released Fermi LAT results [113℄ indi ate that the positron fra tion ontinues to rise up to energies
of 200 GeV, whi h will presumably shift the prefered DM mass range to somewhat higher values.
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Figure 5: Like Fig. 4, but for  + nal states. The blue region indi ates the parameter region

where a good t to the PAMELA/Fermi LAT and H.E.S.S. ele tron/positron data is a hieved [65℄,
the green region orresponds to a t to the PAMELA data only.

ICS emission when al ulating the EGBG limit. Su h a al ulation would require a treatment of
osmi -ray propagation in our Galaxy, whi h has its own spe i un ertainties and is beyond the
s ope of this paper (see e.g. Ref. [106℄). On the other hand, as dis ussed above, propagation e e ts
in galaxy lusters an be negle ted at angular s ales relevant for LAT observations, making the
luster limits on +  nal states pra ti ally independent of propagation model un ertainties.
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Figure 6: Left panel: lower limits on dark matter de ay rate from the ombined likelihood analysis,
for di erent nal states, as fun tion of the dark matter mass. We show limits at 95% C.L. (solid)
and 99:7% C.L. (dotted) for omparison. Right panel: orresponding upper limits on annihilation
rate. Contributions to the signal from dark matter substru tures are negle ted in this plot.

In Fig. 6, we nally present a summary of our ombined likelihood limits on dark matter
de ay and annihilation into di erent nal states, bb, W + W and  +  . For omparison, we plot
the 95% C.L. as well as the 99:7% C.L. limits. Limits on W + W are up to mass-independent
res aling similar to the limits on bb; the limits on  +  learly indi ate that at dark matter
15

masses of  1 TeV the ICS part of the dark matter signal starts to dominate inside the onsidered
gamma-ray energy range.
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Figure 7: Left panel: individual upper limits on annihilation rate into bb, in luding a signal boost

from dark matter substru tures as dis ussed in Se tion 2.3 (solid lines). For omparison, the dotted
lines show the limits on the unboosted signal, p. Fig. 4. Right panel: the same, but for annihilation
into  +  .

In the above limits we negle ted ontributions from dark matter
substru tures to the dark matter annihilation signal, rstly to obtain very onservative limits
and se ondly for the sake of omparison with previous work. However, dark matter substru tures
are a predi tion of old dark matter s enarios and expe ted to boost the annihilation signal
onsiderably [29, 30, 93, 94, 96℄. To study their possible impa t on our limits, we follow the
pres ription presented in Ref. [30℄, whi h builds on results from the Aquarius proje t [92, 93℄
and leaves the free streaming mass s ale Mlim as the only free parameter (see Se . 2.3 for a
dis ussion). The resulting signal pro les are plotted in the right panel of Fig. 1 by the dotted
lines, where we adopted a free streaming mass of Mlim = 10 6 M . As an be seen from this plot,
the boosted signal pro les extend to mu h larger radii than the pro les from the smooth dark
matter halo alone. The orresponding boost fa tors of the overall signal are of the order of 103 ,
onsistent with what is found in Refs. [30, 96℄. We note, however, that in the re ent literature
also smaller boost fa tors for galaxy lusters were dis ussed [8, 29℄ (see also dis ussion above),
and our adopted boosted uxes should be onsidered as being optimisti but not unrealisti .
No eviden e for an extended annihilation signal due to dark matter substru tures was found.
In Fig. 7 we show the orresponding 95% C.L. limits on the annihilation ross-se tion ompared
to the limits obtained without dark matter substru tures taken into a ount (for simpli ity we
negle t un ertainties in the overall luster mass in ase of the boosted signal). As expe ted,
we nd that the limits are improved by a fa tor of a few hundred; in the ase of dark matter
annihilating into bb with a thermal ross-se tion of 3  10 26 m3 s 1 , dark matter masses below
 150 GeV an be ex luded. For di erent values of Mlim the limits would approximately s ale
0:226 .
like / Mlim
Dark Matter Substru tures.
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Figure 8: Like Fig. 4, but omparison of some of our results (solid lines, p. Fig. 4) with the limits
we would obtain when negle ting luster mass un ertainties (dashed lines), and when furthermore
approximating the luster emission by a point-like sour e (dotted lines).

Comparing our results to previously presented limits [26, 27℄, we nd that despite
the in reased statisti s (at least by a fa tor of three) our limits on dark matter de ay into bb
remain somewhat weaker than the dark matter lifetime limits presented in Ref. [27℄. This is due
to the point-sour e approximation of the dark matter signal whi h was underlying the analysis
of Ref. [27℄, as well as the in lusion of luster mass un ertainties in the present work. In the ase
of dark matter annihilation our limits improve the results from Ref. [26℄ by up to a fa tor of two.
In Fig. 8 we ompare our 95% C.L. limits on de ay or annihilation into bb (solid lines) with the
limits we would obtain when dropping the luster mass un ertainties (dashed lines), and when
furthermore approximating the dark matter signal as a point-like sour e (dotted lines). In the
latter ase, the extended signals are integrated over a region with a radius of 1Æ and modeled
as a point sour e at the luster enter, following Ref. [26, 27℄. As an be seen from Fig. 8, the
non-in lusion of un ertainties in the luster masses ould strengthen the limits by up to  50% in
some ases, similar for both dark matter de ay and annihilation. A point-sour e approximation to
the signal from de aying dark matter would lead to a further strengthening of the orresponding
limits by a fa tor of a few in some ases, as shown in the left panel of Fig. 8 (a similar impa t is
expe ted in ase of annihilation signals boosted by dark matter substru tures). However, in ase
of an unboosted annihilation signal (right panel), the point-sour e approximation to the signal
hanges the limits only on the 10%{30% level and hen e appears to be justi ed, in agreement
with what was found in Ref. [26℄.
The robustness of a limit with respe t to the underlying statisti s and un ertainties an be
inferred from its dependen e on the adopted C.L. In Fig. 9 we show for the ase of dark matter
de ay into bb our individual and ombined limits at 95%, 99:7% and 99:994% C.L. in omparison.
As an be seen from these plots, the ombined limit depends onsiderably less on the adopted
C.L. than the individual limits. This is due to the fa t that un ertainties related to the luster
mass, as well as statisti al u tuations in the target region, tend to average out in the ombined
likelihood analysis. Furthermore, note that systemati e e ts in the modeling of the astrophysi al
ba kgrounds be ome in general less important at higher C.L.

Dis ussion.
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Lower limits on DM decay rate at different C.L.
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Figure 9: Like left panel of Fig. 4, but at di erent C.L. Note that the ombined limit is less dependent
on the C.L. than the individual limits, sin e un ertainties in the luster masses tend to average out
if limits are ombined.

In this paper we adopted galaxy luster masses that are based on the X-ray observations from
Refs. [69, 70℄, the HIFLUGCS atalog. The main advantage of this atalog is its ompleteness.
Many other X-ray measurements of luster masses exist (see e.g. Refs. [114{116℄), whi h are
however often on entrating on only one single luster at a time, and hen e diÆ ult to use
in a ombined analysis. Important assumptions that enter the mass determination via X-ray
observations is that the intra- luster gas is in hydrostati equilibrium and spheri ally distributed;
further assumptions on ern the temperature gradient of the gas, whi h is often approximated
to be zero, as well as the radial distribution of the gas density. The systemati al errors made by
these approximations are very diÆ ult to estimate, and it is likely that a negle t leads to a too
optimisti determination of the luster mass un ertainties.
Fortunately, X-ray measurements are not the only way to determine the mass of a galaxy
luster; other methods in lude studies of the velo ity dispersion of luster member galaxies and
weak gravitational lensing (see e.g. Refs. [117{120℄). A omparison of the masses derived from
di erent methods an be used as a rough estimate for the overall systemati errors in the luster
mass measurements. In Refs. [26℄ and [27℄, the dark matter signal uxes that follow from di erent
luster mass measurements (namely for the M49, Fornax and Coma lusters) were ompared, and
it was on luded that the overall un ertainties are roughly of the order of a fa tor of  2 and
not systemati ally biased with respe t to the HIFLUGCS X-ray values. Looking at Tab. 1, one
an see that this is somewhat larger than what follows from the mass un ertainties given in the
HIFLUGCS atalog; the latter are derived from un ertainties in X-ray pro le t, the temperature
measurements and the temperature gradient. Hen e, we expe t that our limits on the dark
matter annihilation ross se tion and lifetimes are not the most onservative ones that one ould
obtain for individual lusters when exploiting all systemati un ertainties. The advantage of our
ombined analysis is that, in absen e of a systemati bias of the HIFLUGCS atalog, these kind
of un ertainties are expe ted to partially average out.
In the above al ulation of the dark matter indu ed ICS emission the possible impa t of
intra- luster magneti elds was negle ted; this is only justi ed if the magneti elds remain well
below the riti al value of BCMB = 3:2G. However, sin e Faraday rotation based measurements
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in galaxy lusters nd magneti elds of a few G (see e.g. [78, 121, 122℄), the validity of this
approximation is not guaranteed. For most of our targets in Tab. 1 the magneti elds are not
pre isely know, whi h makes it diÆ ult to systemati ally in lude their e e ts. However, in ase
of the very massive Coma luster the magneti eld was studied in Ref. [121℄, and a model for the
magneti eld pro le was presented. Adopting this model we an al ulate how our limits hange
when syn hrotron emission of the ele trons and positrons produ ed in the dark matter de ay or
annihilation is in luded. We nd that in ase of the Coma luster the limits on dark matter
annihilation into + as shown in Fig. 5 are weakened by a fa tor of around two, whereas the
e e t on de aying dark matter limits is negligible (the same is true for the extended annihilation
signals oming from dark matter substru tures). In the adopted magneti eld model, the eld
ex eeds the riti al value BCMB only lose to the luster enter at angles  . 0:17Æ , making
the impa t on point-sour e like signals large and on extended signals small. We on lude that
intra- luster magneti elds are unlikely to a e t our de aying dark matter limits or the limits
on subhalo-boosted annihilation signals.

5 Consequen es for gravitino dark matter
The gravitino is the spin-3/2 supersymmetri partner of the graviton. If the lightest superparti le
(LSP), it provides a natural dark matter andidate [123℄, the mass of whi h an vary from m3=2 
eV to  TeV depending on the details of the supersymmetry breaking me hanism. Gravitinos
are produ ed in the early universe through 2-to-2 thermal s atterings with an abundan e whi h
is proportional to the reheating temperature TR after in ation

 


mg~ 2
TR
th h2 = C 100 GeV
;
(14)
3=2
m3=2
1 TeV
1010 GeV
where m3=2 and mg~ are the gravitino and gluino masses respe tively, and C ' 0:5 to leading
order in the gauge ouplings [124{126℄.15 In addition, gravitinos may also be produ ed through
the gravitational de ay of the NLSP. However, for NLSP h2  1 or mNLSP  m3=2 the latter
ontribution is negligible [127℄. Moreover, in aton de ay may also ontribute to the produ tion
me hanism [128℄. In what follows, thermal leptogenesis is assumed to be responsible for the
generation of the observed baryon asymmetry. In su h a ase, high reheating temperatures are
required, and the dominant gravitino produ tion me hanism is the thermal one. Parti ularly, for
TR  1010 GeV [129, 130℄ a gravitino abundan e of the order of the observed dark matter reli
density DM = 0:11 [72℄ is a hieved for typi al supersymmetri parameters, i.e. m3=2  100 GeV
and mg~  1 TeV. However, as it is well known, su h high values of the gravitino mass lead to
slow NLSP de ays and an dramati ally a e t the su essful predi tions of the standard big bang
nu leosynthesis (BBN) s enario [131{137℄.
Among the di erent s enarios proposed to re on ile thermal leptogenesis, gravitino dark matter and BBN, a mild violation of R-parity indu ing a rapid de ay of the NLSP before the onset of
the BBN is of interest [31℄. In su h a ase, the gravitino is not stable anymore, but still provides
a viable dark matter andidate due to the double suppression of its de ay, by the Plan k s ale
as well as by the small R-parity breaking parameter. Interestingly, this opens up the way to
look for tra es of gravitino de ays in osmi -ray uxes, su h as anti-matter [36, 37℄ and neutrino
[39℄. Additionally to the intense gamma-ray line arising from the 3=2 !  two-body de ay
15 Note that C has O(1) un ertainty due to unknown higher order ontributions and nonperturbative e e ts [124℄.
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[31{35, 37℄, the produ ed gamma-ray ux typi ally features a ontinuous omponent generated
by the fragmentation of the Higgs and gauge bosons.
In what follows, we apply the above analysis to the de aying gravitino s enario. Contrarily to
gamma-ray lines, galaxy lusters o er more sensitivity to large gravitino masses, thus rendering
the present analysis supplementary to our previous gamma-ray lines study [47℄. Following the
stru ture of the latter, we rst summarize the bilinear R-parity violation supersymmetri framework onsidered here. We then present limits on the size of R-parity violation and nally dis uss
the prospe t for seeing long-lived neutralino and stau NLSPs at the LHC.
5.1

R-parity breaking model

The supersymmetri standard model with expli it bilinear R-parity violation is spe i ed by the
superpotential
W = WMSSM + i Huli ;
(15)
as well as by the soft supersymmetry breaking potential
2 y
(16)
L = LMSSM
soft + Bi Hu~li + mid ~li Hd + h. . ;
where WMSSM and LMSSM
soft are the R-parity onserving MSSM superpotential and s alar Lagrangian, Hu=d are the up/down-type Higgs doublets, li the lepton doublets, and i , Bi and m2id
are the R-parity violating ouplings. Trading the mass mixing parameters for R-parity breaking
Yukawa ouplings as proposed in Ref. [138℄, the gravitino de ay is fun tion of a single dimensionless parameter  , whi h also enters the de ay of the NLSPs of interest (see Ref.[138℄ for a
de nition of  in terms of the bilinear R-parity violating ouplings i , Bi and m2id ).
Two typi al sets of boundary onditions for the supersymmetry breaking parameters of the
MSSM at the grand uni ation (GUT) s ale are investigated in the following, resulting in two
di erent types of NLSPs. First we onsider equal s alar and gaugino masses
(A)
m0 = m1=2 ; a0 = 0; tan = 10 ;
(17)
0
for whi h the bino-like neutralino e1 is the NLSP. In the se ond one, whi h orresponds to no-s ale
models or gaugino mediation,
(B)
m0 = 0; m1=2 6= 0; a0 = 0; tan = 10 ;
(18)
the lightest stau ~1 is the NLSP. In both ases, tan = 10 has been hosen as a representative
value, and the trilinear s alar oupling a0 has been set to zero for simpli ity. For both sets of
boundary onditions, the universal gaugino mass m1=2 remains as the only independent variable,
and the gaugino masses M1;2;3 satisfy the following relations at the ele troweak s ale
M2
M3
' 5:9 ; M
' 1:9 :
(19)
M1
1
Ele troweak pre ision tests (EWPT) yield important lower bounds on the superparti le mass
spe trum [126℄. For a neutralino NLSP, the most stringent onstraint omes from the Higgs
potential. The universal gaugino mass m1=2 is required to be high enough in order for the
Higgs mass to ful lls the LEP lower bound mh > 114:4 GeV [139℄. This implies the lower limit
m01 & 130 GeV.16 However, allowing negative a0 or s alar masses mu h larger than m1=2 at the
16 Note that m0 ' M1 with good a ura y [138℄.
1
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GUT s ale would weaken this limit, and we will take m01 > 100 GeV as a lower bound for the
neutralino mass subsequently. In the stau NLSP ase, the lower bound omes from the absen e
of pair produ tion of heavy harged parti les at LEP and reads m~1 > 100 GeV [139℄. Rewriting
Eq. (14)





m3=2 1=2 109 GeV 1=2

;
(20)
mNLSP ' 310 GeV
0:2 100 GeV
TR
where   mNLSP =mg~ is impli itly xed by the supersymmetry breaking boundary onditions [126℄,
we get absolute upper bounds on the NLSP masses requiring the gravitino to be the LSP. In the
ase of the neutralino NLSP, Eq. (20) implies m01 . 690 GeV for  = 1=5:9, and is essentially
independent of m0 and tan . For the stau NLSP, tan = 10 yields  = 1=6:2, whi h onsequently
leads to the more stringent bounds m~1 . 615 GeV. Note that there is a strong dependen e on
tan in that ase [126℄, and that  de reases with in reasing tan .
For a typi al e e tive neutrino mass m
e 1 = 10 3 eV, su essful thermal leptogenesis requires
a minimal reheating temperature of TR  109 GeV [130℄. Using Eq. (14) together with a lower
bound on the gluino mass mg~ & 815 GeV [140℄, this implies a lower bound for the gravitino mass
m3=2 & 30 GeV.
5.2

Limits from galaxy

lusters

The gamma-ray spe trum produ ed through gravitino de ays features two types of ontributions:
First, the 3=2 !  two body de ay produ es a gamma-ray line, a hannel whi h is dominant
below the W threshold17. Additionally, both the fragmentation of the Higgs and gauge bosons as
in Z 0  and h0  nal states, as well as the nal state radiation of the harged leptons produ ed in
the W l nal states, generate a ontinuum spe trum. The relative strength of these two is xed
by the orresponding bran hing ratios, that we present in Fig. 10 together with representative
spe tra following Refs.[37, 39℄.18 While the sear h for gamma-ray lines of gala ti origin through
deviations from a power law ba kground is eÆ ient for ontained ontinuum ontributions [47℄,
i.e. for m3=2 . 200 300 GeV, onstraints from galaxy lusters observations and the EGBG
dominates the gamma-ray line ones for m3=2 & 250 GeV, as illustrated in Fig. 11. This agreeably
makes gamma-ray line sear hes, galaxy luster observations and EGBG studies omplementary.
As a result the gravitino lifetime is onstrained to be at least 3=2 & O(1026 s) in all the gravitino
mass range onsidered. Subsequently, we will on entrate on the limits derived by galaxy luster
observations, and leave a detailed study of impli ations from the EGBG to future work.

R-parity breaking parameter
The gravitino inverse de ay rate into photon/neutrino pairs is given by [32, 138℄
p



m2Z
32 2 GF MP2 M12 M22
1
;
(21)
3=2 !  =  2 m3 (M2 M1 )2 1 + O s2 2
3=2
where is the ele tromagneti ne stru ture onstant, MP = 2:4  1018 GeV the redu ed Plan k
mass, and GF = 1:16  10 5 GeV 2 is the Fermi onstant. Using the strongest limits on the total
5.2.1

17 Note that three-body de ays with intermediate massive gauge bosons are expe ted to ontribute by more than
10% below the kinemati threshold [43, 44, 141℄.
18 Note that the bran hing ratio into lines is in prin iple model-dependent.
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Figure 10: Left: Two-body de ay bran hing ratios of the gravitino. Right: Gamma-ray spe tra for
m3=2 = 100; 200; 500 and 1000 GeV. We adopt here the same set of parameters as in Refs. [37, 39℄.

gravitino lifetime illustrated in Fig. 11 together with the bran hing ratios presented in Fig. 10, this
expression an be used to derive onservative upper-limits on the R-parity breaking parameter
 . To do so, one has to onsider for a given gravitino mass the maximally allowed bino mass
whi h results from the ombination of Eqs. (14) and (19) when onsidering the lowest reheating
temperature allowed in the thermal leptogenesis s enario, i.e. TR  109 GeV. The results are
presented in Fig. 12. Note that at high gravitino masses, the produ tion of anti-protons in Higgs
and gauge bosons fragmentation ould further onstrain the  parameter.
5.2.2

Stau NLSP de ay length

In the ase of the ~1 -NLSP, the total de ay width of the lightest mass eigenstate is a mixture of
left and right handed partial de ays
2
2
(22)
~ () = sin ~ ~ () + os ~ ~ () :
1

L

R

where the dimensionless parameter  is dire tly related to the R-parity violating Yukawa ouplings
(see Ref. [138℄ for details). Sin e the latter are typi ally proportional to the ordinary Yukawa
ouplings, de ays into se ond and third families dominate. For de niteness, we will below assume
a avor stru ture as des ribed in Ref. [138℄, into whi h the hiral state de ays are dominated by
the following hannels

~R ! L ; L  ;
(23a)
~L ! tR bL :
(23b)
Assuming  ' ,19 and using the luster upper limits on  from Fig. 12, we an derive lower
bounds on the stau de ay length. Our results are shown in Fig. 13. The parameter spa e is already
19  values mu h smaller than  an be a hieved through a proper hoi e of the parameters i , Bi and m2id .
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Figure 11: Lower limits on the gravitino lifetime. The dot-dashed line shows the gamma-ray line
limits, the dashed line the limits resulting from the ombined luster analysis, and the dotted line
the EGBG limits.

onstrained by EWPT and overprodu tion bounds, and the lower limits on the neutralino de ay
length vary between 100 m and 10 km. It is interesting that if su h parti les were to be produ ed
at the LHC, a sizable amount of their de ays ould take pla e in the dete tor [38, 142℄. We obtain
a lowest possible de ay length ~1 ' 200 m for m3=2 ' 30 GeV and m~1 ' 130 GeV.
5.2.3

Neutralino NLSP de ay length

A neutralino NLSP heavier than 100 GeV dominantly de ays into W ` and Z 0  [143, 144℄. The
orresponding de ay width is dire tly proportional to the R-parity breaking parameter  squared,
whi h also enters the gravitino de ay width Eq. (21). As a onsequen e, the two quantities an
be related through [138℄
1
2w (M2 M1 )2 m33=2
3
=2 ! 
;
(24)
~01 = p
2
2
3
M2
GF MP m0 2f (m01 ; mW ) + f (m01 ; mZ )
2 2
1
where the phase spa e fa tor f is de ned by
 

m22
m22 2
1
+
2
:
(25)
m21
m21
Using the gaugino mass relation Eq. (19), lower bounds on the neutralino de ay length ~01
an be derived from the partial gravitino de ay width. Our results are summarized in Fig. 14
onsidering the luster lifetime limits. For the parameter spa e allowed by EWPT and overprodu tion bounds, we obtain minimal de ay lengths O(100 m 100 km), whi h are in the range
of dete tability of the LHC [38, 142℄. De ay lengths as small as ~01 ' 60 m are allowed for
m3=2 ' 30 GeV at m01 ' 140 GeV.


f (m1 ; m2 ) = 1
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Figure 12: Upper bounds on the R-parity violation parameter  , derived from the Fermi LAT limits
in Fig. 11. For thermal leptogenesis, overprodu tion (O.P.) of gravitinos already ex ludes the left
green region. The dotted line illustrates the limits from EGBG.

6 Con lusions
Galaxy lusters are the most massive ollapsed obje ts in the Universe, and very interesting targets for the indire t sear h for dark matter. Using three years of Fermi LAT data, we studied
the gamma-ray emission from eight of the most promising galaxy lusters and sear hed for signatures for dark matter de ay or annihilation. We analyzed the lusters individually as well as in
a ombined likelihood approa h. We took into a ount un ertainties in the luster masses as determined by ROSAT PSPC X-ray observations and modeled the dark matter signals as extended
sour es. Our main results are:

 In none of the eight galaxy lusters listed in Tab. 1 a signi ant gamma-ray emission that

ould be attributed to dark matter de ay or annihilation was found. We derived limits
at the 95% C.L. on the dark matter lifetime and on the annihilation ross-se tion, from
ea h luster individually as well as in a ombined likelihood approa h. Our results are
shown in the Figs. 4, 5, 6 and 7 for bb, +  , W +W and  +  nal states. In most
ases the ombined limits are at the level of the strongest individual limits; in any ase
the ombined limits are more robust with respe t to un ertainties of the luster masses,
ba kground modeling and statisti al u tuations in the luster target regions (Fig. 9).

 The limits on the dark matter lifetime turn out to be somewhat weaker than what previous
results indi ated [27℄, rea hing up to lifetimes of DM ' 4  1026 s in ase of de ay into bb

(Fig. 4). The di eren e an be partly attributed to the fa t that we modeled the luster
emission as an extended signal rather than as a point-like sour e, and partly to the in lusion
of luster mass un ertainties. We nd that a point-sour e approximation to the signal from
dark matter de ay ould in some ases strengthen the limits wrongly by a fa tor of a few
(Fig. 8). In parti ular, the de aying dark matter interpretation of the e ex ess in terms
of dark matter de aying into +  remains only partially onstraint by our galaxy luster
limits (Fig. 5).

 As long as prompt radiation dominates the overall gamma-ray signal, our luster limits
on the dark matter lifetime are sometimes weaker than the orresponding limits that an
be onservatively inferred from measurements of the extragala ti gamma-ray ba kground
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Figure 13: Contour plot of lower bounds on the stau NLSP de ay length oming from luster and

gamma-ray line onstraints on the gravitino lifetime, as fun tion of the stau and gravitino masses, m~1
and m3=2 respe tively. The lower gray region is ex luded by ele troweak pre ision tests (EWPT). For
thermal leptogenesis, overprodu tion (O.P.) of gravitinos ex ludes at minimum the left green region,
a limit whi h strengthens to the bla k-dashed line when assuming the universal boundary onditions
(B), f. Eq. (18). The lower-right ex lusion omes from the gravitino LSP requirement.

(EGBG, see Figs. 4 and 5). However, at lower gamma-ray energies the luster and EGBG
limits are omparable and should be onsidered as being omplementary, sin e the systemati s of the ba kground subtra tion are in general very di erent.

 In ase of an annihilation signal oming from the smooth omponent of the luster dark

matter halo alone, while negle ting the ontributions from dark matter substru tures, previously presented limits [26℄ are improved by up to a fa tor of two (Figs. 4, 5 and 6). In ase
of annihilation into bb nal states, we obtain limits down to 5  10 25 m3 s 1 for a 10 GeV
WIMP, and we on rm that the point-sour e approximation to the dark matter emission
is valid when the e e t of dark matter substru tures are negle ted. However, as we dis uss
for the ase of the Coma luster, for su h a point-like emission intra- luster magneti elds
ould redu e the unboosted annihilation signal by an order one fa tor when the signal is
dominated by photons from ICS radiation.

 When ontributions to the annihilation signal from dark

matter substru tures are taken
into a ount, the dark matter signal must be modeled as an extended sour e ( p. Fig. 1).
Adopting the optimisti s enario for signal boosts due to substru tures from Ref. [30℄, we
nd that the limits ould strengthen by a fa tor of a few hundred if substru tures with
masses down to Mlim = 10 6 M are in luded. In this ase, the limits on bb would start to
rea h the thermal ross-se tion 3  10 26 m3 s 1 and ex lude dark matter masses below
150 GeV (Fig. 7).

As a dire t appli ation of our results, we derived limits on the de aying gravitino dark matter
s enario, both from galaxy lusters observations and from the EGBG. We nd that the luster
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limits on the gravitino lifetime is 3=2 & 1{2  1026 s for gravitino masses up to 1 TeV. The luster
onstraint be omes stronger than the gamma-ray line limit at gravitino masses of m3=2 & 250 GeV.
As a result, we found limits on the R-parity breaking parameter  of the order of O(10 10 ) for
gravitino masses 250 GeV. m3=2 . 1 TeV. These onstraints were used to set lower limits on
NLSP de ay lengths orresponding to two di erent types of universal boundary onditions at the
grand uni ation s ale of supergravity models. Interestingly, all the implied de ay lengths should
be a essible at the LHC.
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