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DESY 07-060Gravitino Dark Matter from In
aton De
ayFuminobu TakahashiDeuts
hes Elektronen Syn
hrotron DESY,Notkestrasse 85, 22603 Hamburg, GermanyAbstra
tWe dis
uss a s
enario that gravitinos produ
ed non-thermally by an in
aton de
ay 
onstitutedark matter in the present universe. We �nd that this s
enario is realized for wide ranges of thein
aton mass and the va
uum expe
tation value. What is intriguing about this s
enario is thatthe gravitino dark matter 
an have a relatively large free streaming length at matter-radiationequality, whi
h 
an be probed by future observation on QSO-galaxy strong lens system.
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In spite of a

umulating observational data supporting the presen
e of the dark matter(DM) in our universe [1℄, we have not yet identi�ed what DM is made of. Among many
andidates proposed thus far, the gravitino, a supersymmetri
 parter of the graviton, isparti
ularly interesting, and it has been thoroughly investigated in 
onne
tion with leptoge-nesis [2℄ and the 
ollider signatures [3℄.The gravitinos are 
opiously produ
ed by parti
le s
attering in thermal plasma, on
e thede
ay of the in
aton reheats the universe. If the gravitino is the lightest supersymmet-ri
 parti
le (LSP), it is stable and 
an be a good 
andidate for DM [4, 5, 6, 7, 8℄. Thegravitino abundan
e is dire
tly related to the reheating temperature, TR. In parti
ular, forthe gravitino mass m3=2 larger than O(10)GeV, the required reheating temperature for thegravitinos to be DM is so high, TR >� 109GeV [9, 10℄, that the thermal leptogenesis s
enariomay work [11℄.However, the detailed studies on the big bang nu
leosynthesis (BBN) revealed that theabundan
e and the lifetime of the next-to-lightest supersymmetri
 parti
le (NLSP) aretightly 
onstrained [12℄. This drove the above attra
tive s
enario into a 
orner, sin
e thelifetime of NLSP tends to be longer than the BBN bound espe
ially for m3=2 larger thanO(10)GeV, signaling the need for some 
hanges. Several solutions has been proposed; e.g.,a late-time entropy produ
tion [13, 14, 15℄ and a theory with R-parity violation [16, 17℄.Another is to abandon thermal leptogenesis and 
onsider a non-thermal leptogenesis s
e-nario [18, 19℄ instead, whi
h requires a lower reheating temperature, TR >� 106GeV. Thenthe gravitino 
an a

ount for the observed reli
 density even form3=2 lighter than O(10)GeV,making it easier to evade the 
onstraints from the NLSP de
ay. One drawba
k of this ap-proa
h however is that one needs to introdu
e ad ho
 
ouplings of the in
aton with theright-handed neutrinos.Furthermore, it has been re
ently pointed out that the gravitinos are generi
ally produ
edby an in
aton de
ay [20, 21, 22, 23, 24, 25, 26℄. Sin
e su
h non-thermal gravitino produ
tiongeneri
ally o

urs for the most in
ation models, it is worth studying how it a�e
ts the
onventional pi
ture on the gravitino DM s
enario. In this letter, we pursue a possibilitythat the gravitinos produ
ed by an in
aton de
ay 
onstitute a dominant 
omponent of DM.Generi
ally, the required reheating temperature be
omes lower than without the non-thermalprodu
tion. This makes it diÆ
ult to integrate the thermal leptogenesis s
enario into thisframework. As we will see later, however, the right-handed (s)neutrinos are generated by2



the in
aton de
ay, and their subsequent de
ay may generate a right amount of the baryonasymmetry via leptogenesis for 
ertain values of the in
aton parameters [27℄. What isparti
ularly appealing about this s
enario is that both the gravitino DM and the non-thermal leptogenesis 
an be realized without introdu
ing any 
ouplings ad ho
 by hand,if the in
aton parameters satisfy 
ertain 
onditions. In addition, the produ
ed gravitinos
an have a large velo
ity at matter-radiation equality, whi
h a�e
ts the growth of density
u
tuations of DM a. Future observations on e.g. QSO-galaxy strong lens system [32℄ maybe able to support or refute this s
enario.Let us �rst brie
y review the re
ent development on the gravitino produ
tion from thein
aton de
ay. There are three gravitino produ
tion pro
esses; (a) the gravitino pair pro-du
tion [20, 21, 22, 23℄; (b) spontaneous de
ay at tree level [24℄; (
) anomaly-indu
ed de
ayat one-loop level [25℄. For the pro
esses listed above, the gravitino produ
tion rate 
an beexpressed as �3=2 = x32�  h�iMP !2 m3�M2P ; (1)where m� is the in
aton mass, h�i a va
uum expe
tation value (VEV) of the in
aton, andMP = 2:4�1018GeV the redu
ed Plan
k mass. Here it should be noted that h�i is evaluatedat the potential minimum after in
ation. The pre
ise value of the numeri
al 
oeÆ
ient xdepends on the produ
tion pro
esses, possible non-renormalizable 
ouplings in the K�ahlerpotential, and the detailed stru
ture of the supersymmetry (SUSY) breaking se
tor [26℄. Tobe 
on
rete, let us assume the minimal K�ahler potential and the dynami
al SUSY breaking(DSB) [33℄ with a dynami
al s
ale �. In the DSB s
enario, the SUSY breaking �eld z
an a
quire a large mass mz, whi
h is assumed to be roughly equal to the dynami
al s
ale� � qm3=2MP in the following. Su
h a simpli�
ation does not essentially 
hange ourarguments. For a low-in
ation model with m� < �, the pro
ess (a) be
omes e�e
tive, andx = 1. On the other hand, for the in
aton mass larger than �, the pro
esses (b) and (
)be
ome e�e
tive instead. The in
aton de
ays into the hidden quarks in the SUSY breakingse
tor via Yukawa 
ouplings (pro
ess (b)), or into the hidden gauge se
tor via anomalies(pro
ess (
)). Sin
e the hidden quarks and gauge bosons (and gauginos) are energeti
 whenthey are produ
ed, they are expe
ted to form jets and produ
e hidden hadrons through thea Su
h a DM 
andidate with a large velo
ity and its astrophysi
al impli
ation was �rst dis
ussed inRefs .[28, 29, 30℄, and intensively studied in 
onne
tion with the so-
alled superWIMP me
hanism [31℄.3



strong gauge intera
tions. The gravitinos are likely generated by the de
ays of the hiddenhadrons as well as in the 
as
ade de
ay pro
esses in jets. We denote the averaged numberof the gravitinos produ
ed per ea
h jet as N3=2. Then x is given by [26℄ bx = N3=28�2 �12NyjY 2h j+Ng�2h(T (h)g � T (h)r )2� ; (2)where Yh and �h are the Yukawa 
oupling and a �ne stru
ture 
onstant of the hidden gaugegroup, respe
tively, Ny denotes a number of the �nal states for the pro
ess (b), Ng is anumber of the generators of the gauge group, and T (h)g and T (h)r are the Dynkin indi
es ofthe adjoint representation and the matter �elds in the representation r. Although x dependson the stru
ture of the SUSY breaking se
tor, its typi
al magnitude is O(10�3 � 10�2) form� > � 
. To be 
on
rete we takex = 8><>: 1 for m� < �10�3 or 10�2 for m� > � ; (3)in the following.Using the gravitino produ
tion rate given above, we 
an estimate the abundan
e of thegravitinos non-thermally produ
ed by an in
aton de
ay:Y (NT )3=2 = 2�3=2�� 3TR4m� ;' 7� 10�11 x� g�200�� 12  h�i1015GeV!2 � m�1012GeV�2 � TR106GeV��1 ; (4)where g� 
ounts the relativisti
 degrees of freedom, and �� denotes the total de
ay rate ofthe in
aton that is related to the reheating temperature as�� �  �2g�10 ! 12 T 2RMP : (5)Equivalently, the gravitino density parameter is
(NT )3=2 h2 ' 0:02 x� g�200�� 12 � m3=21GeV� h�i1015GeV!2 � m�1012GeV�2 � TR106GeV��1 ; (6)b If the K�ahler potential takes a form of the sequestered type, the spontaneous de
ay through Yukawa
ouplings is suppressed [24, 25℄.
 Roughly, we expe
t N3=2 = O(1 � 102), Ng = O(1), �h = O(0:1), and T (h)g � T (h)r = O(1), while Yhstrongly depends on the SUSY breaking models. Note also that the gravitino 
an be produ
ed throughthe Yukawa intera
tion in the messenger se
tor, if the in
aton mass is larger than the messenger s
ale.4



where h is the present Hubble parameter in units of 100km/s/Mp
. Note that the gravitinoabundan
e is inversely proportional to the reheating temperature. Due to this feature, thenon-thermal gravitino produ
tion tends to require a relatively low TR to realize the gravitinoDM s
enario. Indeed, by solving 
(NT )3=2 h2 = 0:11 [36℄ with respe
t to TR, we obtainTR ' 2� 105GeV x� g�200�� 12 � m3=21GeV� h�i1015GeV!2 � m�1012GeV�2 : (7)So, if TR is given by the above value, the non-thermally produ
ed gravitino has a rightabundan
e to be
ome a dominant 
omponent of DM. Generi
ally, one has to introdu
e a
oupling of the in
aton to the standard-model se
tor with an appropriate strength, in orderto realize TR given by Eq. (7). However, there is a natural way to indu
e the reheating, andwe will dis
uss this possibility later.For the non-thermally produ
ed gravitinos to a

ount for DM, several 
onditions mustbe met. First, the gravitino produ
tion by thermal s
atterings should give only negligible
ontribution to the DM abundan
e. The abundan
e of the gravitinos produ
ed by thermals
atterings is given by [6, 34, 35℄
(th)3=2 h2 ' 0:14 � m~g3300GeV�2 � m3=21GeV��1 � TR108 GeV� ; (8)where m~g3 is the gluino running mass evaluated at T = TR. Requiring 
(th)3=2 h2 to be lessthan the observed DM abundan
e, 
DMh2 ' 0:11, TR is bounded above:TR <� 8� 107GeV� m~g3300GeV��2 � m3=21GeV� : (9)This 
onstraint is valid for m3=2 >� 100 keV, whi
h is satis�ed for the parameter spa
e
on
erned as shown later.Another 
onstraint 
omes from the re
ent dis
overy that, on
e the in
aton a
quires anon-vanishing VEV, the in
aton de
ays into the visible se
tor through the top Yukawa
oupling [24℄. Due to the presen
e of this de
ay pro
ess, TR 
annot be arbitrarily low.Indeed, it is bounded below asTR >� 1:9� 103GeV jYtj� g�200�� 14  h�i1015GeV!� m�1012GeV� 32 ; (10)where Yt is the top Yukawa 
oupling. The inequality is saturated if the in
aton has no dire
t
ouplings with any other �elds in superpotential d.d Note that we assume the minimal K�ahler potential in the Einstein frame.5



The last 
onstraint arises from the fa
t that the non-thermally produ
ed gravitinos 
anhave a large velo
ity at matter-radiation equality, in 
ontrast to the gravitinos produ
ed bythermal s
atterings. This not only limits the parameter spa
e, but also provides a possibilitythat the s
enario may be probed by future observation on QSO-galaxy strong lens system.Let us estimate the 
omoving free streaming length of the gravitino at matter-radiationequality, assuming that it has an initial energy, �m�=2 when produ
ed. For m� < �, wehave � = 1 sin
e a pair of the gravitinos is dire
tly produ
ed by the in
aton de
ay. On theother hand, for m� > �, multiple gravitinos are indire
tly generated by the in
aton de
ay,and so, its energy tends to be smaller than m�=2; we expe
t � <� O(N�13=2) = O(10�3� 0:1).To be 
on
rete we will take � = 10�3 or 10�2 for m� > �. The 
omoving free streaminglength �FS at matter-radiation equality is de�ned by�FS � Z teqtD v3=2(t)a(t) dt; (11)where a(t) is the s
ale fa
tor, and tD and teq(� 2� 1012 se
) denote the time at the in
atonde
ay and at matter-radiation equality, respe
tively. v3=2 is the velo
ity of the gravitino,given by v3=2(t) = jp3=2jE3=2 ' �m�2 � aDa(t)�rm23=2 + �2m2�4 � aDa(t)�2 ; (12)where we have approximated m� � m3=2, and aD is the s
ale fa
tor at the in
aton de
ay.Integrating (11) yields�FS ' 1H0p1 + zeqX�1 sinh�1X;� 0:09Mp
 � ln (2X)� g�200�� 14 � m3=21GeV��1 � m�1012GeV�� TR105GeV��1 (13)with X � 2m3=2�m� aeqaD ;' 8� 102 ��1 � g�200�� 14 � m3=21GeV�� m�1012GeV��1 � TR105GeV� ; (14)where H0 is the Hubble parameter at present, and zeq and aeq are the red-shift and the s
alefa
tor at the matter-radiation equality. In the se
ond equation of (13), we have assumedX � 1 and used H�10 � 4 � 103Mp
 and zeq � 3000. In Eq. (14), we have used aD=aeq =6



(�� �teq)�1=2. The 
onstraint from Ly-� 
louds, �FS <� 1Mp
, impliesX >� 450. We thereforeobtain a 
onstraint on TR asTR >� 5� 104GeV �� g�200�� 14 � m3=21GeV��1 � m�1012GeV� : (15)The meaning of this 
onstraint is 
lear: the reheating must o

ur so early that the velo
ityof the produ
ed gravitino be
omes small enough due to redshift by the matter-radiationequality.Thus, if the reheating temperature TR is given by (7) and satis�es the above 
onstraints(9), (10), and (15) in addition to the BBN 
onstraint TR >� 10MeV [37, 38, 39℄, the non-thermally produ
ed gravitinos a

ount for DM. As mentioned above, one may have to addappropriate 
ouplings of the in
aton to light degrees of freedom, in order to realize TRgiven by (7). However there is one interesting possibility that the reheating is indu
ed bythe de
ay through the top Yukawa 
oupling. Then the inequality (10) be
omes saturated.This is the 
ase if there are no dire
t 
ouplings of the in
aton with any other �elds in thesuperpotential. The presen
e of the de
ay pro
ess through the top Yukawa 
oupling notonly 
onstrains the reheating temperature, but also provides an intriguing way to indu
ethe reheating. For the moment let us pursue this possibility. From (7) and (10), we obtain h�i1015GeV!� m�1012GeV� 12 ' 0:01 jYtjx�1 � g�200� 14 � m3=21GeV��1 : (16)Thus, if the in
aton parameters, m� and h�i, satisfy the above relation (16), the non-thermally produ
ed gravitino has a just right abundan
e to be DM. Interestingly, the freestreaming length be
omes independent of the in
aton parameters and the gravitino mass inthis 
ase. Indeed, �FS is approximately given by�FS ' 1� 102 kp
� g�200�� 14  jYtj0:6!�2 � � x10�5� ; (17)The Ly-� 
onstraint requires � x <� 10�4, whi
h is naturally satis�ed for a high-s
ale in
ationmodel with m� > �. It is intriguing that the gravitino DM s
enario points to a high-s
ale in
ation model with m� > � and predi
t a relatively large free streaming length, aslong as the reheating is indu
ed by the top Yukawa 
oupling. For x = 10�3 � 10�2 and� = 10�3 � 10�1, the 
omoving free streaming length takes a value from 10 kp
 up to 1 Mp
(limited by the Ly-� 
onstraint). 7



Now let us 
onsider the in
aton de
ay into the right-handed (s)neutrinos thorough largeMajorana mass terms: W = Mi2 NiNi; (18)where i = 1; 2; 3 is the family index. We 
onsider the in
aton de
ay into the lightest right-handed (s)neutrino N1 for simpli
ity, assuming that the de
ay into the heavier ones, N2 andN3, are kinemati
ally forbidden. We drop the family index in the following. The partialde
ay rate of the in
aton into the right-handed (s)neutrinos is [
f. [24℄℄�N ' 116�  h�iMP !2 m�M2M2P vuut1� 4M2m2� ; (19)where we have taken a

ount of both the de
ay into the right-handed neutrinos and that intothe right-handed sneutrinos. Note that one does not have to introdu
e any dire
t 
ouplingsof the in
aton with the right{handed neutrinos to indu
e the de
ay. The de
ay pro
eeds aslong as the in
aton a
quires a nonzero VEV.The lepton asymmetry 
an be produ
ed by the de
ay of the right-handed (s)neutrinos, ifCP is violated in the neutrino Yukawa matrix [2℄. The resultant lepton asymmetry is givenby nLs ' 32�1BN TRm� ; (20)where BN � �N=�� denotes the bran
hing ratio of the in
aton de
ay into the (s)neutrinos.The asymmetry parameter �1 is given by [2, 40℄�1 ' 2:0� 10�10 � M106GeV�� m�30:05eV� Æe� ; (21)where m�3 is the heaviest neutrino mass and Æe� � 1 represents the e�e
tive CP -violatingphase. The baryon asymmetry is obtained via the sphaleron e�e
t: [41℄nBs = � 823 nLs : (22)Using the above relations, we obtain the right amount of baryon asymmetry,nBs ' 1� 10�9 � g�200�� 12 � M1013GeV�3  h�i1016GeV!2 � TR106GeV��1 � m�30:05eV� Æe� ;' 5� 10�11 � g�200�� 14 � M1013GeV�3  h�i1016GeV!� m�1014GeV�� 32 � m�30:05eV� Æe� ; (23)8



where we have assumed that the inequality (10) is saturated in the se
ond equality. Notethat M 
annot ex
eed m�=2. Therefore, the baryon asymmetry is proportional to positivepowers of m�, if M is set to be a value that maximizes the asymmetry.In Figs. 1 and 2, we show the parameter spa
e where the reheating temperature (7)satis�es the above 
onstraints (9), (10), and (15), in addition to the BBN 
onstraint TR >�10MeV. In the shaded (blue) regions, the baryon asymmetry 
an be explained by the non-thermal leptogenesis s
enario dis
ussed above, if an appropriate value of M(<� 1015GeV) is
hosen (we set m�3 = 0:05 eV and Æe� = 1). We have 
hosen several values of the gravitinomass: m3=2 = 100MeV, 1GeV, and 10GeV e. For smaller m3=2, one needs to generate moregravitinos, due to whi
h the allowed region shifts upward. At the same time, the 
onstraintsfrom (9) and (15) be
ome severer for smaller m3=2, redu
ing the allowed spa
e. Thus, ifx = 10�3(10�2) for m� > �, the gravitino mass should be larger than 1 MeV (100 keV)for the non-thermally produ
ed gravitinos to a

ount for DM, sin
e otherwise there is noallowed region for h�i <� MP . If x be
omes larger for m� > �, the allowed region shiftsdownward, and a smaller value of the gravitinos mass be
omes allowed. On the other hand,if x be
omes smaller due to e.g. 
onformal sequestering [26℄, we have more parameter spa
efor the non-thermal leptogenesis to work su

essfully.The dotted (red) lines 
orrespond to the spe
ial 
ase that the reheating is solely indu
edby the de
ay through the top Yukawa 
oupling and the non-thermally produ
ed gravitinosbe
ome DM. Therefore the in
aton parameters on the dotted (red) lines are parti
ularlyinteresting in a sense that one does not have to introdu
e any 
ouplings ad ho
 by hand; thede
ay spontaneous pro
eeds through the top Yukawa 
oupling, and the gravitino has just aright abundan
e to be
ome DM. Note that the free streaming length is 
onstant along thedotted (red) lines and independent of m3=2, m� and h�i, as mentioned before.In Figs. 1 and 2, we also show the 
ontours of the free streaming length �FS = 1kp
,10 kp
, 100 kp
, and 1 Mp
. The future submillilensing observations 
an 
over �FS >� 2kp
 [32℄. In parti
ular, sin
e the interesting 
ase that the reheating o

urs through thetop Yukawa 
oupling (dotted red lines) predi
ts the gravitino DM with a relatively largefree streaming length (>� 10 kp
), it 
an be probed by future observations. Su
h a large freee Note that we have not taken a

ount of the 
onstraints on the NSLP de
ay. Therefore, the �gure in the
ase of m3=2 = 10GeV is valid only if the 
osmologi
al problems asso
iated with the NLSP are somehowavoided by e.g. introdu
ing R-parity violating operators with an appropriate magnitude [16, 17℄.9



streaming length may also solve the missing satellite problem [45℄ and the 
usp problem [46℄.From the �gures, one 
an see that relatively broad ranges of the in
aton mass and VEVare allowed. In parti
ular, when 
ombined with the non-thermal leptogenesis s
enario, weare led to a high-s
ale in
ation model with m� > �. However, studying the parameterspa
es of the representative high-s
ale in
ation models (su
h as the hybrid [42℄ and smoothhybrid [43℄, and 
haoti
 [44℄ f in
ation models) in detail, one �nds that only small part ofthe parameter spa
e a
tually overlaps with the region where the non-thermal leptogenesisworks, espe
ially if x takes a value on the high side � 10�2; those in
ation models tend topredi
t lighterm� and larger h�i 
ompared to those favored by the non-thermal leptogenesis.See Fig. 3. Su
h a tension may be ameliorated if one assumes some me
hanism (e.g. the
onformal sequestering) to suppress x to a smaller value.In summary, we have 
onsidered a s
enario that the non-thermally produ
ed gravitinosfrom the in
aton de
ay be
ome a dominant 
omponent of DM. Interestingly, if the reheatingis indu
ed solely by the de
ay through the top Yukawa 
oupling, a high-s
ale in
ationmodel is required for the non-thermally produ
ed gravitinos to a

ount for DM, and the freestreaming length �FS is predi
ted to be in the range between O(10) kp
 and O(0:1)Mp
,independently of the in
aton parameters and the gravitino mass. Su
h large free streaminglength may a�e
t the growth of the density 
u
tuations in DM. The suppression of thedensity 
ontrast below the free streaming s
ale results in the absen
e of the sub-halos. Thisfeature may be supported or refuted by future observations on the QSO-galaxy strong lenssystem [32℄.A
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FIG. 1: In the regions surrounded by the solid (green) lines, the non-thermally produ
ed gravitinos
an a

ount for the observed DM density, if TR is given by (7). We have imposed the 
onstraintsfrom (i) thermal produ
tion of the gravitino (see (9)); (ii) de
ay through the top Yukawa 
oupling(see (10)); (iii) Ly-� 
louds (see (15)). On the dotted (red) line, the reheating is indu
ed solely bythe de
ay via the top Yukawa 
oupling and the non-thermally produ
ed gravitino explains DM.The thin solid (orange) lines are the 
ontours of the free streaming length �FS = 1kp
, 10 kp
, 100kp
, and 1 Mp
, from top to bottom. In the shaded (blue) regions the present baryon asymmetry
an be explained by the non-thermal leptogenesis. We set x = 10�3 and � = 10�2 for m� > �,respe
tively. 14



FIG. 2: Same as Fig. 1 ex
ept for x = 10�2 and � = 10�3 for m� > �.
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FIG. 3: We show the representative high-s
ale in
ation models; hybrid [42℄ (thi
k long dashed(blue) line), smooth hybrid [43℄ (thi
k short dashed (purple) line), and 
haoti
 [44℄ (long dasheddotted (red)) in
ation models, superposed on the panels of m3=2 = 1GeV shown in Fig. 1 (left)and Fig. 2 (right).
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