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Abstra
tThe s
enario of gravitino dark matter with broken R-parity naturally re
on
ilesthree paradigms that, albeit very well motivated separately, seem to be in mutual
on
i
t: supersymmetri
 dark matter, thermal leptogenesis and standard BigBang nu
leosynthesis. Interestingly enough, the produ
ts of the gravitino de
ay
ould be observed, opening the possibility of indire
t dete
tion of gravitino darkmatter. In this paper, we 
ompute the positron and the antiproton 
uxes fromgravitino de
ay. We �nd that a gravitino with a mass of m3=2 � 150 GeV anda lifetime of �3=2 � 1026 s 
ould simultaneously explain the EGRET anomalyin the extragala
ti
 di�use gamma ray ba
kground and the HEAT ex
ess in thepositron fra
tion. However, the predi
ted antiproton 
ux tends to be too large,although the predi
tion su�ers from large un
ertainties and might be 
ompatiblewith present observations for 
ertain 
hoi
es of propagation parameters.April 2008
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1 Introdu
tionModels with lo
al supersymmetry predi
t the existen
e of a parti
le with extremelyweak intera
tions: the gravitino. In 
ontrast to the supersymmetri
 partners of theStandard Model parti
les, whose masses are expe
ted to lie in the ele
troweak domain,the gravitino 
an have a mass ranging between a few eV and several TeV without
on
i
ting with any laboratory experiment. Therefore, the gravitino 
an very naturallybe the lightest supersymmetri
 parti
le (LSP), and if it is suÆ
iently long-lived, it 
ould
onstitute the dark matter of the Universe [1℄.Gravitinos were produ
ed in the early Universe by s
atterings in the thermal plasma,but did not subsequently annihilate due to their extremely weak intera
tions. There-fore, a reli
 population of gravitinos is expe
ted in the present Universe with a densitygiven by [2℄ 
3=2h2 ' 0:27� TR1010GeV� 100GeVm3=2 !� meg1TeV�2 ; (1)where TR is the reheating temperature of the Universe, m3=2 is the gravitino mass andmeg is the gluino mass. In predi
ting the reli
 abundan
e of gravitinos, the main un
er-tainty arises from our ignoran
e of the thermal history of the Universe before Big Bangnu
leosynthesis (BBN) and in parti
ular of the reheating temperature after in
ation.However, we have strong indi
ations that the Universe was very hot after in
ation.Namely, the dis
overy of neutrino masses about ten years ago provided strong supportto leptogenesis as the explanation for the observed baryon asymmetry of the Universe.This me
hanism 
an reprodu
e the observed baryon asymmetry very naturally if thereheating temperature of the Universe was above 109 GeV [3℄. Therefore, followingEq. (1), the gravitino 
ould 
onstitute the dark matter if m3=2 >� 10 GeV for a gluinomass meg ' 1 TeV, whi
h is 
onsistent with the assumption that the gravitino is thelightest supersymmetri
 parti
le.Remarkably, the 
onje
tures of a reheating temperature of the Universe larger than109GeV and a gravitino mass larger than a few GeV 
an naturally solve two of the mostlong-standing problems in 
osmology: the nature of the dark matter and the origin ofthe baryon asymmetry of the Universe. Nevertheless, this pi
ture is not exempt fromproblems. If R-parity is exa
tly 
onserved, the next-to-LSP (NSLP) 
an only de
ay
1



gravitationally into gravitinos and Standard Model parti
les with a lifetime�NLSP ' 9 days� m3=210 GeV�2 �150GeVmNLSP �5 : (2)Then, the NLSP is typi
ally present during and after Big Bang nu
leosynthesis, jeop-ardizing the su

essful predi
tions of the standard nu
leosynthesis s
enario. This is infa
t the 
ase for the most likely 
andidates for the NLSP: the lightest neutralino andthe right-handed stau (or more generi
ally, any negatively 
harged parti
le, su
h as the
hargino). More pre
isely, when the NLSP is the neutralino, the hadrons produ
ed inthe neutralino de
ays typi
ally disso
iate the primordial elements [4℄, yielding abun-dan
es in 
on
i
t with observations. On the other hand, when the NLSP is a 
hargedparti
le, X�, the formation of the bound state (4HeX�) 
atalyzes the produ
tion of6Li [5℄ leading to an overprodu
tion of 6Li by a fa
tor 300� 600 [6℄.Although the s
enario depi
ted above is the most widely studied, it is not the onlypossibility. Indeed, several alternatives have been proposed that yield a thermal historyof the Universe 
onsistent with the observed reli
 density of dark matter, su

essfulleptogenesis and su

essful Big Bang nu
leosynthesis. For instan
e, in some spe
i�
supersymmetri
 models the NLSP 
an be a sneutrino [7℄ or a stop [8℄, whose latede
ays do not substantially a�e
t the predi
tions of Big Bang nu
leosynthesis. Anotherpossibility is to assume some amount of entropy produ
tion after NLSP de
oupling,whi
h dilutes the NLSP abundan
e [9℄. Finally, if R-parity is not exa
tly 
onserved, theNLSP 
an de
ay into two Standard model parti
les well before the onset of Big Bangnu
leosynthesis, avoiding the BBN 
onstraints altogether [10℄. This is the s
enario thatwe will adopt in this paper.When R-parity is not imposed, the superpotential of the Minimal Supersymmetri
Standard Model (MSSM) reads [11℄W =WRp + 12�ijkLiLje
k + �0ijk LiQjd
k + 12�00ijku
id
jd
k + �iLiHu ; (3)where WRp is the familiar superpotential with 
onserved R-parity. Present laboratoryexperiments very severely restri
t the size of the R-parity breaking 
ouplings. For in-stan
e, when the soft masses are � 100 GeV, proton stability requires �011k�0011k <� 10�27,and the non-observation of the lepton 
avor violating pro
ess �Ti ! eTi requires�1k2�0k11 <� 4� 10�8, for k = 1; 2; 3. An exhaustive list of the laboratory 
onstraints onthe R-parity violating 
ouplings 
an be found in [12℄.2



In addition to the laboratory upper bounds, there also exists an allowed windowfor the R-parity violating Yukawa 
ouplings stemming from 
osmology. If the R-parity violating intera
tions had been in thermal equilibrium before the ele
troweakphase transition, any preexisting baryon or lepton asymmetry would have been erased.Therefore, su

essful leptogenesis 
an only be a
hieved if the out-of-equilibrium 
on-dition �; �0; �00 <� 10�7 is satis�ed [13℄. These bounds are suÆ
ient but not ne
essary
onditions and 
ould be relaxed for some spe
i�
 
avor stru
tures. On the other hand,su

essful Big Bang nu
leosynthesis is guaranteed if the NLSP lifetime is shorter than� 103 s, whi
h yields a lower bound on the R-parity breaking Yukawa 
ouplings. Forinstan
e, when the NLSP is a right-handed stau, it 
an de
ay via e�R ! ��� throughthe 
oupling �323 with lifetime�e� ' 103 s �32310�14!�2 � me�100 GeV��1 : (4)Therefore, even a tiny amount of R-parity violation, �323 >� 10�14, is enough to depletethe population of stau NLSPs at the time of BBN down to harmless levels [10℄. Asimilar argument applies for the 
ase of a neutralino NLSP with analogous 
on
lusions.When R-parity is not exa
tly 
onserved, the gravitino LSP is no longer stable.Nevertheless, the gravitino de
ay rate is doubly suppressed by the Plan
k mass and bythe small R-parity violation, yielding [14,15℄�3=2 ' 1023 s  �10�7!�2 � m3=2100 GeV��3 : (5)Therefore, for the range of R-parity violating 
ouplings favored by 
osmology, 10�14 <��; �0 <� 10�7, the gravitino lifetime ranges between 1023 and 1037 s for m3=2 = 100 GeV,whi
h ex
eeds the age of the Universe by many orders of magnitude. Hen
e, eventhough the gravitino is not absolutely stable, it is stable enough to 
onstitute a viable
andidate for the dark matter of the Universe, while preserving the attra
tive featuresof the standard Big Bang nu
leosynthesis s
enario and thermal leptogenesis.Interestingly, the gravitino de
ay produ
ts 
ould be observed as a 
ontributionto the 
ux of 
osmi
 gamma rays, positrons, antiprotons and neutrinos, opening thepossibility of indire
t dete
tion of gravitino dark matter. We 
omputed in [16℄ thegamma ray spe
trum from gravitino de
ay, and we found that the anomaly in theextragala
ti
 gamma ray 
ux reported by Strong et al. between 2-10 GeV [17℄ in the3



EGRET observations [18℄ 
ould be qualitatively explained by the de
ay of gravitinodark matter with a mass of m3=2 ' 150 GeV and a lifetime of �3=2 ' 1:3� 1026 s1. Theexpe
ted anisotropy in the di�use gamma ray 
ux was also found to be 
onsistent withthe EGRET observations.Motivated by this result, in this paper we 
ompute the predi
ted 
uxes of positronsand antiprotons from gravitino de
ay for the same set of parameters, as independenttests of this s
enario2. The 
ux of positrons has been measured by a series of experi-ments: HEAT [21℄, CAPRICE [22℄, MASS [23℄ and AMS-01 [24℄. Clearly, if gravitinode
ay is the explanation for the extragala
ti
 EGRET anomaly, our predi
ted positron
ux should not ex
eed the measured one. Although the measurements still su�er fromlarge un
ertainties, it is intriguing that they seem to point to an ex
ess of positronsat energies larger than 7 GeV, whi
h is pre
isely the energy range where we expe
ta 
ontribution of positrons from gravitino de
ay. On the other hand, the antiproton
ux has been measured by BESS [25℄, IMAX [26℄ and WiZard/CAPRICE [27℄. Themeasurements do not show any deviation from the predi
tions by 
onventional astro-physi
al models of spallation of 
osmi
 rays on the Milky Way disk. Therefore, theviability of our s
enario requires that the total antiproton 
ux lie below the astrophysi-
al ba
kground. Future antimatter experiments su
h as PAMELA [28℄ or AMS-02 [29℄will provide very pre
ise measurements of the spe
tra of positrons and antiprotons andwill provide important 
onstraints on the s
enario of de
aying dark matter.In Se
tion 2 we derive the sour
e term for positrons and antiprotons from the de
ayof gravitinos in the Milky Way halo. Both spe
ies, being ele
tri
ally 
harged, propagatethrough the halo in a 
ompli
ated way that we simulate by means of a 
onventionaldi�usion model. In se
tion 3 we dis
uss and solve the di�usion equation for positronsand antiprotons. Finally, we present our 
on
lusions and an outlook in se
tion 4.2 Sour
e TermWe will assume that the Milky Way dark matter halo is populated by gravitinos withmass m3=2, their distribution following a density pro�le �(~r), where ~r denotes the1The lifetime quoted in [16℄, �3=2 ' 1:6 � 1026 s, 
orresponds to a lo
al halo density �� =0:38 GeV=
m3. Here we have adopted the more standard value �� = 0:30GeV=
m3 [19℄. Notethat the 
ux of parti
les from gravitino de
ay is proportional to ��=�3=2; therefore the un
ertainty inthe value of the lo
al halo density translates into an un
ertainty in the gravitino lifetime.2The predi
tions for the neutrino 
ux will be presented elsewhere [20℄.4



Halo model � � 
 r
 (kp
)Navarro, Frenk, White [30℄ 1 3 1 20Isothermal 2 2 0 3.5Moore [31℄ 1.5 3 1.5 28Table 1: Parameters 
hara
terizing some 
ommonly used halo models.position with respe
t to the 
enter of the Galaxy. The dark matter distribution isusually parametrized as a spheri
ally symmetri
 pro�le�(r) = �0(r=r
)
 [1 + (r=r
)�℄(��
)=� ; (6)where r = j~rj and the parameters �, �, 
 and r
 are listed in Table 1 for some 
ommonlyused halo models. Finally, �0 is a parameter that is adjusted to yield a lo
al halo densityof �(r�) = 0:30GeV=
m3 [19℄, with r� = 8:5 kp
 being the distan
e of the Sun to theGala
ti
 
enter.Gravitinos at ~r eventually de
ay with lifetime �3=2 produ
ing antimatter at a rateper unit energy and unit volume given byQ(E;~r) = �(~r)m3=2�3=2 dNdE ; (7)where dN=dE is the energy spe
trum of antiparti
les produ
ed in the de
ay.If the gravitino is lighter than the W� gauge bosons, the main de
ay 
hannel is 3=2 ! �
, whi
h does not produ
e antimatter. On the other hand, if it is heavier thanthe gauge bosons, the de
ay 
hannels  3=2 !W�`� and  3=2 ! Z0� are kinemati
allya

essible and produ
e antimatter3. Namely, the pro
ess  3=2 ! W�e+ produ
es ahigh-energy monoenergeti
 positron. On the other hand, the antimuon and antitauprodu
ed in the pro
esses  3=2 ! W��+;W��+ generate a 
ontinuous spe
trum ofpositrons in their de
ays. Lastly, the main 
ontribution 
omes from the fragmenta-tion of the W� and the Z0 gauge bosons, whi
h produ
e a 
ontinuous spe
trum ofpositrons (mainly from �+ de
ay) and antiprotons that we have obtained using theevent generator PYTHIA 6.4 [32℄. Thus, the total energy spe
trum of antiparti
les3The size of the R-parity violating 
ouplings for the third generation is expe
ted to be larger thanfor the �rst and se
ond generations. Consequently, the 
harged lepton and the neutrino produ
ed inthese de
ays are expe
ted to have predominantly tau 
avor.5



reads: dNdE ' BR( 3=2 !W`)dNW`dE + BR( 3=2 ! Z0�)dNZ�dE : (8)where dNW`=dE and dNZ�=dE denote the energy spe
tra of antiparti
les produ
edin the indi
ated de
ay 
hannel, whi
h depend only on the gravitino mass through thetotal available energy.On the other hand, the bran
hing ratios of the relevant de
ay 
hannels 
an bestraightforwardly 
omputed from the expressions for the gravitino de
ay rates in [16℄.The result is:BR( 3=2 ! W`) = 2jU ~W`j2 f(MWm3=2 )jU~
�j2 + 2jU ~W`j2 f( MWm3=2 ) + jU ~Z�j2 f( MZm3=2 ) ;BR( 3=2 ! Z0�) = jU ~Z�j2 f( MZm3=2 )jU~
�j2 + 2jU ~W`j2 f( MWm3=2 ) + jU ~Z�j2 f( MZm3=2 ) ; (9)where f(x) = 1� 43x2 + 13x8 and U~
�, U ~W`, U ~Z� denote the mixings photino-neutrino,
harged wino-
harged lepton and zino-neutrino, respe
tively, whi
h satisfy the followingrelations: jUe
� j ' "(M2 �M1) sin �W 
os �WM1 
os2 �W +M2 sin2 �W # jUeZ�j ;jU eW`j ' p2 
os �WM1 sin2 �W +M2 
os2 �WM2 jUeZ�j : (10)In this expression, M1 and M2 are the U(1)Y and SU(2)L gaugino masses at lowenergies and �W is the weak mixing angle. It is 
ommonly assumed that the gauginomasses unify at the Grand Uni�ed S
ale, MX = 2� 1016GeV. Under this assumption,the ratio between the gaugino masses at low energies is predi
ted to be M2=M1 ' 1:9,whi
h yields jUe
�j : jUeZ�j : jU eW`j ' 1 : 3:2 : 3:5 : (11)Therefore, the gravitino bran
hing ratios in the di�erent de
ay modes depend only onthe gravitino mass (see Table 2).We 
on
lude that, under the assumption of gaugino mass universality, the totalenergy spe
trum of antiparti
les from gravitino de
ay, dN=dE, depends ex
lusively onthe gravitino mass. This makes our s
enario very predi
tive: for a given halo model thesour
e term Q(E;~r) depends on only two unknown parameters, namely the gravitinomass and the gravitino lifetime; the former determines the spe
tral shape of the sour
efun
tion and the latter the normalization. 6



m3=2 BR( 3=2 ! 
�) BR( 3=2 !W`) BR( 3=2 ! Z0�)10 GeV 1 0 085 GeV 0.66 0.34 0100 GeV 0.16 0.76 0.08150 GeV 0.05 0.71 0.24250 GeV 0.03 0.69 0.28Table 2: Bran
hing ratios for gravitino de
ay in di�erent R-parity violating 
hannels fordi�erent gravitino masses.3 Antimatter Propagation in the GalaxyAntimatter propagation in the Milky Way is 
ommonly des
ribed by a stationary two-zone di�usion model with 
ylindri
al boundary 
onditions [33℄. Under this approxima-tion, the number density of antiparti
les per unit kineti
 energy, f(T;~r; t), satis�es thefollowing transport equation, whi
h applies both for positrons and antiprotons:0 = �f�t = r� [K(T;~r)rf ℄+ ��T [b(T;~r)f ℄�r� [~V
(~r)f ℄�2hÆ(z)�annf +Q(T;~r) : (12)The boundary 
onditions require the solution f(T;~r; t) to vanish at the boundary ofthe di�usion zone, whi
h is approximated by a 
ylinder with half-height L = 1�15 kp
and radius R = 20 kp
.The �rst term on the right-hand side of the transport equation is the di�usion term,whi
h a

ounts for the propagation through the tangled Gala
ti
 magneti
 �eld. Thedi�usion 
oeÆ
ient K(T;~r) is assumed to be 
onstant throughout the di�usion zoneand is parametrized by: K(T ) = K0 � RÆ (13)where � = v=
 and R is the rigidity of the parti
le, whi
h is de�ned as the momentumin GeV per unit 
harge, R � p(GeV)=Z. The normalization K0 and the spe
tral indexÆ of the di�usion 
oeÆ
ient are related to the properties of the interstellar mediumand 
an be determined from the 
ux measurements of other 
osmi
 ray spe
ies, mainlyfrom the Boron to Carbon (B/C) ratio [34℄. The se
ond term a

ounts for energy lossesdue to inverse Compton s
attering on starlight or the 
osmi
 mi
rowave ba
kground,syn
hrotron radiation and ionization. The third term is the 
onve
tion term, whi
ha

ounts for the drift of 
harged parti
les away from the disk indu
ed by the MilkyWay's Gala
ti
 wind. It has axial dire
tion and is also assumed to be 
onstant inside7



the di�usion region: ~V
(~r) = V
 sign(z) ~k. The fourth term a

ounts for antimatterannihilation with rate �ann, when it intera
ts with ordinary matter in the Gala
ti
disk, whi
h is assumed to be an in�nitely thin disk with half-width h = 100 p
. Lastly,Q(T;~r) is the sour
e term of positrons or antiprotons whi
h was derived in Se
tion 2.In this equation, rea

eleration e�e
ts and non-annihilating intera
tions of antimatterin the Gala
ti
 disk have been negle
ted.The solution of the transport equation at the Solar System, r = r�, z = 0, 
an beformally expressed by the 
onvolutionf(T ) = 1m3=2�3=2 Z Tmax0 dT 0G(T; T 0)dN(T 0)dT 0 ; (14)where Tmax = m3=2 for the 
ase of the positrons and Tmax = m3=2 � mp for the an-tiprotons. The solution is thus fa
torized into two parts. The �rst part, given by theGreen's fun
tion G(T; T 0), en
odes all of the information about the astrophysi
s (su
has the details of the halo pro�le and the 
ompli
ated propagation of antiparti
les in theGalaxy) and is universal for any de
aying dark matter 
andidate. The remaining partdepends ex
lusively on the nature and properties of the de
aying dark matter 
andi-date, namely the mass, the lifetime and the energy spe
trum of antiparti
les produ
edin the de
ay.Finally, the 
ux of primary antiparti
les at the Solar System from dark matterde
ay is given by: �prim(T ) = v4�f(T ); (15)where v is the velo
ity of the antimatter parti
le.In the s
enario we are 
onsidering the gravitino mass and lifetime are 
onstrained byrequiring a qualitatively good agreement of the predi
ted extragala
ti
 gamma ray 
uxwith the EGRET data: m3=2 = 150GeV and �3=2 = 1:3�1026 s [16℄. On the other hand,the energy spe
trum of antiparti
les, dN=dT , is determined by the well-understoodphysi
s of fragmentation. Therefore, the only un
ertainties in the 
omputation of theantimatter 
uxes stem from the determination of the Green's fun
tion, i.e. from theun
ertainties in the propagation parameters and the halo pro�le. As we will see, theun
ertainties in the pre
ise shape of the halo pro�le are not 
ru
ial for the determinationof the primary antimatter 
uxes, sin
e the Earth re
eives only antimatter 
reatedwithin a few kp
 from the Sun, where the di�erent halo pro�les are very similar.On the other hand, the un
ertainties in the propagation parameters 
an substantially8




hange the predi
tions for the antimatter 
uxes, even by two orders of magnitude forthe antiproton 
ux.The reason for this large un
ertainty is a 
orrelation among the di�usion parametersand the size of the di�usion zone. Se
ondary 
osmi
 rays are produ
ed by spallationof primary 
osmi
 rays in the Gala
ti
 disk. Therefore, the measurement of primaryand se
ondary 
osmi
 ray 
uxes (parti
ularly the Boron to Carbon ratio) providesinformation about the di�usive properties of the interstellar medium. Unfortunately,there exist degenera
ies in the determination of the di�usion parameters. For instan
e,an in
rease in the size of the di�usion zone, whi
h allows for a longer propagationtime of 
osmi
 rays inside the di�usion zone before es
aping, 
an be 
ompensated by asimultaneous in
rease of the di�usion 
oeÆ
ient, whi
h fa
ilitates a faster di�usion of
osmi
 rays away from the Gala
ti
 disk. However, this degenera
y does not hold forthe antimatter 
uxes from de
aying dark matter, sin
e antimatter is not only produ
edin the Gala
ti
 disk, but in the whole dark matter halo. Therefore, an in
rease in thesize of the di�usion zone translates into an in
rease in the number of inje
ted primaryantiparti
les, whi
h is not 
ompensated by the simultaneous in
rease of the di�usion
oeÆ
ient. As a result, the antimatter 
uxes from de
aying dark matter 
an varysubstantially for the range of astrophysi
al parameters whi
h su

essfully reprodu
ethe se
ondary 
osmi
 ray 
uxes. The ranges of the astrophysi
al parameters that are
onsistent with the B/C ratio and that produ
e the maximal, median and minimalpositron and antiproton 
uxes are listed in Tables 3 and 5 [35℄.Positrons and antiprotons have di�erent properties and their respe
tive transportequations 
an be approximated by di�erent limits of Eq. (12), thus allowing simpleanalyti
 solutions. Let us dis
uss ea
h 
ase separately.3.1 Positron FluxFor the 
ase of the positrons, Gala
ti
 
onve
tion and annihilations in the disk 
an benegle
ted in the transport equation, whi
h is then simpli�ed to:r � [K(T;~r)rfe+℄ + ��T [b(T;~r)fe+℄ +Q(T;~r) = 0 ; (16)where the rate of energy loss, b(T;~r), is assumed to be a spatially 
onstant fun
tionparametrized by b(T ) = T 2T0�E , with T0 = 1 GeV and �E = 1016 s.9



Model Æ K0 (kp
2=Myr) L (kp
)M2 0.55 0.00595 1MED 0.70 0.0112 4M1 0.46 0.0765 15Table 3: Astrophysi
al parameters 
ompatible with the B/C ratio that yield the minimum(M2), median (MED) and maximal (M1) 
ux of positrons.The solution to this equation is formally given by the 
onvolution Eq. (14). Theexpli
it form of the Green's fun
tion is [36℄Ge+(T; T 0) = 1Xn;m=1Bnm(T; T 0)J0 ��nr�R � sin�m�2 � ; (17)where J0 is the zeroth-order Bessel fun
tion of the �rst kind, whose su

essive zerosare denoted by �n. On the other hand,Bnm(T; T 0) = �ET0T 2 Cnm exp8<: �2nR2 + m2�24L2 ! K0�EÆ � 1 24� TT0�Æ�1 �  T 0T0!Æ�1359=; ; (18)with Cnm = 2J21 (�n)R2L Z R0 r0dr0 Z L�L dz0�(~r 0)J0  �n r0R! sin �m�2L (L� z0)� ; (19)where J1 is the �rst-order Bessel fun
tion.The Green's fun
tion 
an be well approximated by the following interpolating fun
-tion, whi
h is valid for any de
aying dark matter parti
le:Ge+(T; T 0) ' 1016T 2 ea+b(T Æ�1�T 0Æ�1)�(T 0 � T ) 
m�3 s ; (20)where T and T 0 are expressed in units of GeV. The 
oeÆ
ients a and b 
an be found inTable 4 for the NFW pro�le and the di�erent di�usion models listed in Table 3. Thisapproximation works better than a 15-20% over the whole range of energies. We �ndnumeri
ally that the Green's fun
tion is not very sensitive to the 
hoi
e of the halopro�le; therefore the 
orresponding 
oeÆ
ients 
an be well approximated by Table 4.The interstellar positron 
ux from gravitino de
ay 
an be 
omputed from Eqs. (14)and (15), the result being:�prime+ (T ) = 
4�m3=2�3=2 Z m3=20 dT 0Ge+(T; T 0)dNe+(T 0)dT 0 : (21)10



model a bM2 �0:9716 �10:012MED �1:0203 �1:4493M1 �0:9809 �1:1456Table 4: CoeÆ
ients of the interpolating fun
tion Eq. (20) for the positron Green's fun
tion,assuming a NFW halo pro�le and for the di�erent di�usion models in Table 3.
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Figure 1: Interstellar positron 
ux from the de
ay of gravitinos with m3=2 ' 150GeV and�3=2 ' 1:3 � 1026 s. In the left plot we assume the M2 di�usion model (see Table 3) and westudy the sensitivity of the positron 
ux to various halo pro�les. On the other hand, in theright plot we assume a NFW halo pro�le and we study the sensitivity of the positron 
ux tothe di�usion model. We also show for 
omparison the se
ondary positron 
ux from spallationof 
osmi
 rays on the Gala
ti
 disk.We show in Fig. 1 the predi
ted interstellar positron 
ux from gravitino de
ay fordi�erent halo pro�les (left plot) and for di�erent di�usion models (right plot). Asexpe
ted, the dependen
e of the positron 
ux on the 
hoi
e of the halo model is quiteweak. On the other hand, the dependen
e on the di�usion model is important only atlow energies, where the signal lies well below the ba
kground. At energies where the
ontribution to the total positron 
ux from gravitino de
ay 
an be visible, T >� 7 GeV,the 
hoi
e of the di�usion model only 
hanges the primary positron 
ux by a fa
tor2� 3.Rather than measuring the positron 
ux, most experiments measure the positronfra
tion, �e+=(�e� + �e+), sin
e most sour
es of systemati
 error, su
h as dete
tora

eptan
e or trigger eÆ
ien
y, 
an
el out when 
omputing the ratio of parti
le 
uxes.Furthermore, the e�e
ts of solar modulation, whi
h are important in 
omputing the11



positron 
ux at the top of the atmosphere below 10 GeV, also 
an
el out in the positronfra
tion when solar modulation is assumed to be 
harge-sign independent. In additionto the primary positron 
ux from gravitino de
ay there exists a se
ondary positron
ux originating from the 
ollision of primary protons and other nu
lei on the inter-stellar medium, whi
h 
onstitutes the ba
kground to our signal. For the ba
kground
uxes of primary and se
ondary ele
trons, as well as se
ondary positrons, we use theparametrizations obtained in [37℄ from detailed 
omputer simulations of 
osmi
 raypropagation [38℄:�prime� (T ) = 0:16T�1:11 + 11T 0:9 + 3:2T 2:15 (GeV�1
m�2s�1sr�1) ; (22)�se
e� (T ) = 0:70T 0:71 + 110T 1:5 + 600T 2:9 + 580T 4:2 (GeV�1
m�2s�1sr�1) ; (23)�se
e+ (T ) = 4:5T 0:71 + 650T 2:3 + 1500T 4:2 (GeV�1
m�2s�1sr�1) ; (24)where T is expressed in units of GeV. Then, the positron fra
tion reads:PF(T ) = �prime+ (T ) + �se
e+ (T )�prime+ (T ) + �se
e+ (T ) + k �prime� (T ) + �se
e� (T ) ; (25)where following [37,39℄ we have left the normalization of the primary ele
tron 
ux asa free parameter, k, to be �tted in order to mat
h the observations of the positronfra
tion. When there is no primary sour
e of positrons, the positron fra
tion is best�tted for k = 0:88 [39℄.We show in Fig. 2 the positron fra
tion for di�erent halo pro�les (left plot) and fordi�erent di�usion models (right plot). In a

ordan
e with the results for the primarypositron 
ux, the dependen
e of the positron fra
tion on the halo model is very weak.Furthermore, the mild dependen
e of the primary positron 
ux on the 
hoi
e of thedi�usion model be
omes even milder when 
omputing the positron fra
tion. The reasonfor this is double: �rstly, the primary positron 
ux is never mu
h larger than these
ondary positron 
ux, and se
ondly, the dependen
e on the 
hoi
e of di�usion modelis partially absorbed by the normalization of the primary ele
tron 
ux that we haveleft as a free parameter. Note also that the M2 model, whi
h produ
es the minimalprimary positron 
ux, yields the most prominent bump in the positron fra
tion. This\inversion" is again a 
onsequen
e of having left the normalization of the primaryele
tron 
ux as a free parameter. In order to reprodu
e the measured positron fra
tion12
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Figure 2: Same as Fig. 1, but for the positron fra
tion.at low energies, the normalization of the primary ele
tron 
ux k has to be smaller inthe M2 model than in the MED and M1 (the pre
ise values are k = 1:07; 1:28; 1:29for the M2, MED and M1 model respe
tively). Then, with the primary positron 
uxbeing 
omparable for all the di�usion models at energies above � 10 GeV, the smallervalue of k for the M2 model yields a larger positron 
ux in this energy range than forthe M1 and MED models.In 
on
lusion, we �nd that gravitino parameters whi
h predi
t a departure from asimple power law in the extragala
ti
 gamma ray spe
trum at energies above 2 GeV (asobserved by EGRET), inevitably predi
t a bump in the positron fra
tion at energiesabove 7 GeV (as observed by HEAT). Furthermore, the presen
e of this feature isnot very sensitive to the many astrophysi
al un
ertainties. This remarkable resultholds not only for the s
enario of gravitino dark matter with broken R-parity, but alsofor any other s
enario of de
aying dark matter with lifetime � 1026 s whi
h de
ayspredominantly into Z0 and/or W� gauge bosons with momentum � 50GeV.3.2 Antiproton FluxThe general transport equation, Eq. (12), 
an be simpli�ed by taking into a

ount thatenergy losses are negligible for antiprotons. Therefore, the transport equation for theantiproton density, f�p(T;~r; t), is simpli�ed to:0 = �f�p�t = r � (K(T;~r)rf�p)�r � (~V
(~r)f�p)� 2hÆ(z)�annf�p +Q(T;~r) ; (26)13



Model Æ K0 (kp
2=Myr) L (kp
) V
 (km=s)MIN 0.85 0.0016 1 13.5MED 0.70 0.0112 4 12MAX 0.46 0.0765 15 5Table 5: Astrophysi
al parameters 
ompatible with the B/C ratio that yield the minimal(MIN), median (MED) and maximal (MAX) 
ux of antiprotons.where the annihilation rate, �ann, is given by�ann = (nH + 42=3nHe)�ann�pp v�p : (27)In this expression it has been assumed that the annihilation 
ross se
tion between anantiproton and a helium nu
leus is related to the annihilation 
ross se
tion betweenan antiproton and a proton by the simple geometri
al fa
tor 42=3. On the other hand,nH � 1 
m�3 is the number density of Hydrogen nu
lei in the Milky Way disk, nHe �0:07 nH the number density of Helium nu
lei and �ann�pp is the annihilation 
ross se
tion,whi
h is parametrized by [40℄:�ann�pp (T ) = ( 661 (1 + 0:0115 T�0:774 � 0:948 T 0:0151) mbarn ; T < 15:5 GeV ;36 T�0:5 mbarn ; T � 15:5 GeV ; (28)Analogously to the positron 
ase, the solution to the transport equation 
an beexpressed as a 
onvolution of the form Eq. (14). The analyti
 expression for theGreen's fun
tion reads [41℄:G�p(T; T 0) = 1Xi=1 exp � V
L2K(T )! yi(T )Ai(T )sinh(Si(T )L=2)J0 ��i r�R � Æ(T � T 0) ; (29)whereyi(T ) = 4J21 (�i)R2 Z R0 r0 dr0 J0  �i r0R!Z L0 dz0exp V
(L� z0)2K(T ) ! sinh Si(L� z0)2 ! �(~r 0) ;(30)and Ai(T ) = 2h�ann(T ) + V
 + kSi(T )
othSi(T )L2 ; (31)Si(T ) = vuut V 2
K(T )2 + 4�2iR2 : (32)14



model x y zMIN �0:0537 0.7052 �0:1840MED 1.8002 0.4099 �0:1343MAX 3.3602 �0:1438 �0:0403Table 6: CoeÆ
ients of the interpolating fun
tion Eq. (33) for the antiproton Green's fun
tionfor the NFW halo pro�le.We �nd that the Green's fun
tion 
an be numeri
ally approximated by the followinginterpolation fun
tion:G�p(T; T 0) ' 1014 ex+y lnT+z ln2 T Æ(T 0 � T ) 
m�3 s ; (33)whi
h, again, is valid for any de
aying dark matter parti
le. The 
oeÆ
ients x, y and zfor the NFW pro�le 
an be found in Table 6 for the various di�usion models in Table 5.In this 
ase the approximation is a

urate to a 5-10%. As in the 
ase of the positrons,the dependen
e of the Green's fun
tion on the halo model is fairly weak.The interstellar antiproton 
ux is then given by�IS�p (T ) = v�p(T )4�m3=2�3=2 Z m3=2�mp0 dT 0G�p(T; T 0)dN�p(T 0)dT 0 : (34)However, this is not the antiproton 
ux measured by balloon or satellite experiments,whi
h is a�e
ted by solar modulation. In the for
e �eld approximation [42℄ the e�e
t ofsolar modulation 
an be in
luded by applying the following simple formula that relatesthe antiproton 
ux at the top of the Earth's atmosphere and the interstellar antiproton
ux [43℄: �TOA�p (TTOA) =  2mpTTOA + T 2TOA2mpTIS + T 2IS !�IS�p (TIS); (35)where TIS = TTOA + �F , with TIS and TTOA being the antiproton kineti
 energies atthe heliospheri
 boundary and at the top of the Earth's atmosphere, respe
tively, and�F being the solar modulation parameter, whi
h varies between 500 MV and 1.3 GVover the eleven-year solar 
y
le. Sin
e experiments are usually undertaken near solarminimum a
tivity, we will 
hoose �F = 500 MV for our numeri
al analysis in order to
ompare our predi
ted 
ux with the 
olle
ted data.We show in Fig. 3, left plot, the predi
ted antiproton 
ux for di�erent halo models.As in the 
ase of the positrons, the sensitivity of the primary antiproton 
ux to the15
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Figure 3: Same as Fig. 1, but for the primary antiproton 
ux at the top of the atmosphere.In the left plot the MIN di�usion model was assumed (see Table 5).
hoi
e of halo model is fairly mild. We also show in the right plot the predi
tedantiproton 
ux from gravitino de
ay for the di�usion models listed in Table 5. Fromthe plot, the extreme sensitivity of the primary antiproton 
ux to the 
hoi
e of thedi�usion model is apparent: parameters that su

essfully reprodu
e the observed B/Cratio lead to antiproton 
uxes that span over two orders of magnitude. For a wide rangeof propagation parameters, the total antiproton 
ux is well above the observations andthus our s
enario is most likely ex
luded, in spite of all the simplifying assumptions inthe di�usion model. However, the MIN model yields a primary 
ux that is below themeasured 
ux and thus might be 
ompatible with observations.We have analyzed more 
arefully the predi
tions for the MIN model by 
omputingthe total antiproton 
ux. The result is shown in Fig 4, where, for 
onsisten
y, wehave adopted as ba
kground the se
ondary antiproton 
ux 
al
ulated in [41℄ for thesame MIN model. Although the primary antiproton 
ux is smaller than the measuredone, the total antiproton 
ux is a fa
tor of two above the observations. Nevertheless,in view of all the un
ertainties that enter in the 
al
ulation of the antiproton 
ux, itmight be premature to 
on
lusively rule out the s
enario of de
aying gravitino darkmatter. Namely, in addition to the un
ertainties stemming from degenera
ies in thedi�usion parameters, there are also un
ertainties from the nu
lear 
ross se
tions and, toa lesser extent, un
ertainties from the des
ription of the interstellar medium and solarmodulation (for a dis
ussion of the various un
ertainties see [41℄). Furthermore, we useda simpli�ed di�usion model that negle
ts the e�e
ts of rea

eleration, energy losses and16
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Figure 4: Contributions to the total antiproton 
ux in the MIN di�usion model.tertiary 
ontributions. Therefore, there 
ould be 
ertain 
hoi
es of parameters or morere�ned di�usion models where the total antiproton 
ux is 
onsistent with experiments4.4 Con
lusions and OutlookIn this paper we have 
al
ulated the positron and antiproton 
uxes from gravitino darkmatter de
ay. The sour
e term merely depends on two parameters, the gravitino massand the gravitino lifetime, rendering a very predi
tive s
enario from the parti
le physi
spoint of view. The main un
ertainties arise from the astrophysi
s, namely from ourignoran
e of the pre
ise shape of the halo pro�le and espe
ially from the degenera
iesin the determination of the di�usion parameters.By requiring a qualitatively good agreement of the predi
ted extragala
ti
 gammaray 
ux to the EGRET data, we have �xed m3=2 = 150GeV and �3=2 = 1:3 � 1026 s.This 
hoi
e of parameters 
ompletely �xes the sour
e term, and the only indetermina
yin the 
omputation of the antimatter 
uxes stems from the unknown astrophysi
alparameters. Remarkably, with independen
e of the astrophysi
al un
ertainties, wepredi
t a bump in the positron fra
tion at energies above 7 GeV, in agreement withthe HEAT observations. On the other hand, the predi
ted antiproton 
ux tends to betoo large, although for 
ertain 
hoi
es of the propagation parameters the predi
ted 
uxmight also be in agreement with observations.4Some works have reported a de�
it in the predi
ted se
ondary antiprotons 
ompared to the obser-vations and argued that this de�
it 
ould be 
onne
ted with a 
ontribution of primary antiprotons [44℄.17



The main 
on
lusion of this paper is summarized in the three plots in Fig. 5. There,we show the predi
ted extragala
ti
 gamma ray 
ux, positron fra
tion and antiproton
ux 
ompared to the EGRET, HEAT and BESS data respe
tively, form3=2 = 150GeV,�3=2 = 1:3 � 1026 s and the MIN di�usion model in Table 5. It is intriguing that forthis di�usion model the s
enario of gravitino dark matter with broken R-parity 
anqualitatively explain the anomalies observed in the extragala
ti
 gamma ray 
ux andthe positron fra
tion in a very natural way. It should also be stressed that this s
enariowas not devised to explain the anomalies in the 
osmi
 ray 
uxes, but to re
on
ile the
lashing paradigms of supersymmetri
 dark matter, thermal leptogenesis and Big Bangnu
leosynthesis. At the same time, we �nd that the total antiproton 
ux is slightlylarger than the observed one. However, given all the un
ertainties that enter in the
al
ulation of the antiproton 
ux, it might be premature to rule out the present s
enarioon the basis of this small ex
ess.To 
on
lude on the phenomenologi
al viability of this s
enario, it would be worth-while to elaborate on the propagation of positrons and espe
ially antiprotons fromgravitino de
ay by going beyond the simpli�ed di�usion model used in this paper [45℄.On the experimental side, the up
oming gamma ray experiment GLAST and the an-timatter experiment PAMELA will provide in the near future measurements of the
osmi
 ray 
uxes with unpre
edented a

ura
y, thus providing invaluable informationabout the s
enario of de
aying gravitino dark matter.Finally, we would like to mention that these results are not pe
uliar to the s
enario ofgravitino dark matter with broken R-parity. The 
hara
teristi
 feature of our s
enariois that the dark matter de
ays at late times into gauge bosons, eventually produ
ingphotons, positrons and antiprotons in the fragmentation. Therefore, similar signatures
an be expe
ted for other de
aying dark matter parti
les that 
ouple to the Z0 and/orW� gauge bosons.A
knowledgementsWe are grateful to Wilfried Bu
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Figure 5: Summary of the signatures of gravitino dark matter de
ay in the extragala
ti
gamma ray 
ux (top), the positron fra
tion (bottom left) and the antiproton 
ux (bottomright), 
ompared to the EGRET, HEAT and BESS data respe
tively. In these plots, we haveadopted the MIN di�usion model (see Table 5), m3=2 ' 150GeV and �3=2 ' 1:3 � 1026 s.Referen
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