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DFTT 08/2006DESY 06 { 077Constraining pre Big{Bang{Nuleosynthesis Expansion using Cosmi AntiprotonsMia ShelkeIstituto Nazionale di Fisia Nuleare, Sezione di Torinovia P. Giuria 1, I{10125 Torino, Italy(shelke�to.infn.it)Riardo CatenaDeutshes Elektronen-Synrotron DESY,22603 Hamburg, Germany(atena�mail.desy.de)Niolao FornengoDipartimento di Fisia Teoria, Universit�a di TorinoIstituto Nazionale di Fisia Nuleare, Sezione di Torinovia P. Giuria 1, I{10125 Torino, Italy(fornengo�to.infn.it)Antonio MasieroDipartimento di Fisia, Universit�a di Padova,Istituto Nazionale di Fisia Nuleare, Sezione di Padovavia Marzolo 8, I-35131, Padova, Italy(masiero�pd.infn.it)Massimo PietroniIstituto Nazionale di Fisia Nuleare, Sezione di Padovavia Marzolo 8, I-35131, Padova, Italy(pietroni�pd.infn.it)(Dated: May 26, 2006)A host of dark energy models and non{standard osmologies predit an enhaned Hubble rate inthe early Universe: perfetly viable models, whih satisfy Big Bang Nuleosynthesis (BBN), osmimirowave bakground and general relativity tests, may nevertheless lead to enhanements of theHubble rate up to many orders of magnitude. In this paper we show that strong bounds on the pre{BBN evolution of the Universe may be derived, under the assumption that dark matter is a thermalreli, by ombining the dark matter reli density bound with onstraints oming from the produtionof osmi{ray antiprotons by dark matter annihilation in the Galaxy. The limits we derive an besizable and apply to the Hubble rate around the temperature of dark matter deoupling. For darkmatter masses lighter than 100 GeV, the bound on the Hubble{rate enhanement ranges from afator of a few to a fator of 30, depending on the atual osmologial model, while for a mass of500 GeV the bound falls in the range 50{500. Unertainties in the derivation of the bounds andsituations where the bounds beome looser are disussed. We �nally disuss how these limits applyto some spei� realizations of non{standard osmologies: a salar{tensor gravity model, kinationmodels and a Randall{Sundrum D{brane model.PACS numbers: 95.35.+d,95.36.+x,98.80.-k,04.50.+h,96.50.S-,98.70.Sa,98.80.CqI. INTRODUCTIONCurrent osmologial and astrophysial observationslearly show that our Universe is dominated by two un-known and exoti omponents, dark matter and darkenergy, whose energy densities are measured to fall inthe following ranges (at 2� C.L.) [1℄:0:092 � 
CDMh2 � 0:124 (1) for the old dark matter (CDM) omponent, responsibleof struture formations and galati and extragalati dy-namis, and: 0:30 � 
DEh2 � 0:46 (2)for the unlustered dark energy omponent, whih is re-sponsible of the urrent aelerated expansion of the Uni-verse. (As usual 
 denotes the ratio between the meandensity and the ritial density and h is the Hubble on-stant in units of 100 km s�1 Mp�1.)



2The nature of both omponents is unknown. A om-mon and appealing possibility is that dark matter is om-posed by elementary partiles whih deoupled from thethermal plasma in the early Universe. The dark energyomponent poses more serious problems: a possibility isthat it is due to the presene of a salar �eld, whoseosmologial dynamis allows it to beome the dominantomponent of the Universe just reently in the evoluti-onary history of the Universe. Most of the dark energymodels predit that the expansion rate of the Universemay have been di�erent from the one predited by thestandard Friedman{Robertson{Walker (FRW) model atvery early stages. Not only dark energy models, but alsoother osmologial models, an predit an enhanementof the Hubble rate [2℄. If this ours around the timewhen the dark matter partiles deouple from the ther-mal bath, the hange in the Hubble rate may leave itsimprint on the reli abundane of the dark matter. Thishas been disussed in details in dark energy models basedon salar{tensor gravity [4℄ and in quintessene modelswith a kination phase [5, 6, 7, 8℄ and for anisotropi ex-pansion and other models of modi�ed expansion [9, 10℄.This e�et implies that the basi CDM properties maydepend on the spei� osmologial model. Thus, infor-mation on the CDM partiles may be used to onstrainosmologial models and vie versa. In this paper we willexploit this onnetion between the dark matter and theexpansion rate in order to derive bounds on osmologialmodels from observational data related to the dark mat-ter partiles. We emphasize that the e�ets we are goingto study do not arise beause of a diret oupling betweendark energy and dark matter: they are instead due to thee�et indued by the dark energy model (or other modelswith enhaned expansion) on the deoupling of the darkmatter partile.We will onsider a generi Weakly Interating MassivePartile (WIMP) as andidate of old dark matter. Forthe osmologial model we onsider models that lead toan enhanement of the Hubble expansion rate in the earlyUniverse as ompared to the rate in standard osmolo-gy, like those in Refs. [4, 5, 11℄. In order to be generalin our analysis, we will onsider a suitable parametriza-tion of the enhanement of the Hubble rate in the earlyUniverse. As spei� examples we will then relate ourparametrization to salar{tensor gravity (ST) models [4℄,to models with a kination phase [5℄ and to a Randall{Sundrum D{brane model [11℄.The enhanement of the Hubble expansion rate in theearly Universe an a�et phenomena that are sensitiveto the exat time at whih they our. This is the asefor the freeze{out of a WIMP. The enhaned Hubble rateauses an enhaned WIMP dilution. The WIMP annihi-lation rate therefore annot keep up with the expansion

as long as in the standard ase. Consequently, the WIMPfreezes out earlier in this kind of non{standard osmolo-gies, leading to a higher reli abundane. The enhane-ment of the WIMP reli abundane an be very dramati,up to a few orders of magnitude [4, 5℄. The requirementthat the WIMP is the dominant dark matter omponent,i.e. that its reli abundane satis�es the bound of Eq. (1),implies that the properties of the suessful WIMP aredramatially hanged with respet to the standard FRWase. Sine the dark matter reli abundane, apart fromthe expansion, mainly depends on the WIMP mass andannihilation ross setion, we an say that the osmolo-gial model has left its �ngerprint on the dark matter. A�ngerprint whih ould turn out to be one of the mostimportant signatures of these dark energy and other os-mologial models.In fat the WIMPs that in the modi�ed senario havethe orret reli density possess a higher annihilationross setion than do WIMPs seleted by standard os-mology. This means that indiret detetion signals arefavoured in the modi�ed senario. In partiular, it hasbeen shown that the antiproton omponent in osmirays is a powerfull tool to onstrain dark matter prop-erties, even though it is a�eted by large astrophysialunertainties [12℄. In Ref. [13℄ ombined limits in theastrophysial{WIMP parameter spae have been derivedand it has been shown that antiprotons an powerfully setbounds on WIMPs in the tens{hundreds of GeV range.We are going to apply the same argument here, fromwhih we will be able to derive onstraints on the os-mologial models with enhaned Hubble expansion. Wewill show that the onstraints on dark matter omingfrom antiproton indiret searhes strongly onstrain theosmologial models with enhaned Hubble rate in theearly Universe. When one studies a spei� osmolog-ial model, the model an be onstrained by a numberof relevant observables, related to e.g. Big Bang Nule-osynthesis (BBN) [14℄, Cosmi Mirowave Bakground(CMB), Large Sale struture and Supernovae [15, 16℄,weak lensing [17℄ and General Relativity tests [18℄. Wewill show that the antiproton bound, under suitable on-dition, may result in even stronger limits.In Setion II we disuss our parametrization of the en-haned Hubble rate, and in Setion III we show its on-netion to spei� osmologial models. In Setion IV wedisuss the reli density alulation in modi�ed osmol-ogy, for whih some useful analytial approximations aregiven in Appendix A. Setion V deals with the osmiantiproton signal and the bounds on the dark matter. InSetion VI we then derive the onstraints on the osmolo-gial models. Setion VII translates our bounds to somespei� osmologial models, namely salar{tensor os-mology, kination models and Randal{Sundrum D{brane
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FIG. 1: The Hubble rate enhanement funtion A(T ) as afuntion of the temperature. Notie that time is running fromright to left. The solid red line has a slope parameter � = �1,the dashed green line � = 0, the dash-dotted blue � = 1and the dotted purple line has � = 2. For all the urves wehave hosen � = 102 and Tre = 10�2 GeV. The freeze outtemperature of the reli WIMP has been �xed to Tf = 17:3GeV (a ase whih refers, e.g., to a partile with mass of 500GeV and annihilation ross setion h�annvi = 10�7 GeV�2).osmology. Finally, in Setion VIII we summarize ourmain results.II. THE HUBBLE ENHANCEMENT FUNCTIONLet us onsider a lass of osmologial models thatposses a Hubble rate H in the early Universe enhanedwith respet to its value in standard osmologyHstd. Weparametrize this enhanement by means of a funtionA(T ): H = A(T )Hstd at early times (3)H = Hstd at later times (4)This situation ours e.g. in salar-tensor gravity modelsand in models with a kination phase. Also some modelswith extra dimensions lead to an enhaned Hubble rate.We will review some of these examples in the next Setionto show that they an all be overed by the followingparametrization of the enhanement funtion A(T ):A(T ) = 1 + �� TTf�� tanh�T � TreTre � (5)for temperatures T > Tre and A(T ) = 1 for T � Tre.By Tre we denote the temperature at whih the Hubble

rate \re{enters" the standard rate and by Tf a referenetemperature, whih we speify below. Clearly the Hubbleparameter has to approah the General Relativity (GR)ase at some epoh Tre & 1 MeV, in order not to spoilthe suessful preditions of Big Bang Nuleosynthesisand the formation of the Cosmi Mirowave BakgroundRadiation (CMB). These two key events in the history ofthe Universe are typially among the major onstraintson DE theories.In �g. 1 we show A(T ) for � = 100, Tre = 10�2 GeVand four di�erent values of the exponent �, whih wewill use throughout the paper as referene points in ouranalysis. The �gure shows that at the temperature Tf(whih here is Tf � Tre) all urves take the same value� (sine � � 1). In our analysis, we will take Tf as thetemperature at whih the WIMP freezes out in standardosmology. In a situation like the one shown in the �gure,the parameter � gets the meaning of enhanement fatorof the Hubble rate at the time of WIMP freeze{out.The slope of the urve around Tf is mostly determinedby the exponent �. We arbitrarily use in Eq. (5) a hy-perboli tangent to assure that all urves approah unityas a ontinuos funtion when the temperature of the Uni-verse approahes Tre. However, for analyti approxima-tions that may help to understand our numerial results,a sharp jump to the standard ase at T = Tre is appro-priate. Changes in the slope of the re{entering phase willbe briey disussed in Set. VIC.III. COSMOLOGICAL MODELS WITH AMODIFIED EXPANSION RATEIn this setion we present a short list of interesting os-mologial models whih lead to an enhaned expansionrate as ompared to the standard Friedman{Robertson{Walker (FRW) model based on General Relativity.A. Salar{tensor theoriesIn a salar{tensor theory of gravity both a metrialtensor g�� and a salar �eld ' are involved in the de-sription of the gravitational interation [19℄. Beause ofthis additional salar degree of freedom, the Universe ex-pands di�erently ompared to a standard FRW solutionof the Einstein gravity equations [4℄. This lass of theo-ries an be formulated in di�erent frames related to eahother by a Weyl re{saling of the metri [20℄. As pointedout in Ref. [21℄, a frame transformation amounts in ahange of units and therefore the physial results annotdepend on the frame. A frame-independent formulationof the salar{tensor osmology is given in [22℄. In order to



4deal with salar �eld-independent masses and ouplings,in the language of salar{tensor theories this means thatwe stay in the Jordan frame. This was our approahin the alulation of the e�ets indued on the WIMPdeoupling in salar{tensor theories in Ref. [4℄.The ratio between the Jordan frame expansion rateand the standard General Relativity expansion rate isgiven by [4℄: H2H2std = A2(') [1 + �(')'0℄21� ('0)2=6 (6)where �(') = d logA(')=d', A(') is the Weyl fatorrelating the Jordan and Einstein frame and a prime de-notes derivation with respet to the logarithm of the salefator.To �nd a general orrespondene between our para-metrization in Eq. (5) and a salar{tensor behaviour ofthe expansion rate is quite diÆult. This is due to thefat that the saling of the ratio in Eq. (6) is deeply re-lated with the osmologial dynamis of the salar �eld.However, as shown in a spei� example in Ref. [4℄, anumerial solution of the saling behavior of Eq. (6) anbe translated in terms of our parametrization. In thesimplest ase of a slowly varying salar �eld ('0 ' 0)we have H = A(')Hstd, and in the spei� example of[4℄ we have A(') = A('(Tf))(T=Tf)�0:82. In terms ofour parametrization, this example has � = A('(Tf)) and� = �0:82. Fig. 6 of Ref. [4℄ shows that the enhane-ment of the Hubble rate around the WIMP freeze{outmay be quite sizeable, up to fators of 104. We remindthat the model studied in Ref. [4℄ was a perfetly viablesalar{tensor model, sine it evaded all experimental on-straints from BBN, CMB and gravitational probe limits,like the Cassini mission [18℄. The enhaned Hubble ratereets in an antiipated WIMP deoupling, with an en-suing larger reli abundane. Ref. [4℄ showed that forsuh a fast re{entering of the Hubble rate on its GR be-haviour, it may be possible that the already{deoupledWIMPs start a brief phase of re{annihilation, due to thefat that they are still over{abundant and therefore theirannihilation rate is larger than the GR Hubble rate. Thisphenomenon has the onsequene of reduing the WIMPreli abundane with respet to the value it would havehad without re{annihilation. Nevertheless, the outomeof this salar{tensor model is that the WIMP urrentabundane may be larger that the GR one by up to 2-3 orders of magnitude. This result would then be evenstronger if a re{annihilation phase does not our, due toa slower re{entering of the Hubble rate to GR. Summa-rizing: perfetly viable salar{tensor models from thepoint of view of osmologial and astrophysial observa-tions, may predit a strongly enhaned WIMP reli abun-dane for a give andidate. This was our original motiva-

tion to try to set additional limits on these osmologiesby means of observables related to the dark matter se-tor, namely the antiproton indiret{detetion signal, asit will be desribed in the next Setions. However, ourdisussion may be applied also to other osmologial se-narios with enhaned early Hubble rate, like the followingtwo relevant ases. B. KinationA kination is a period in whih the total energy densityof the Universe is dominated by the kineti term of asalar �eld. A phase of kination is generially expeted inquintessene models based on traking solutions for thesalar �eld, Ref. [23℄. When the salar potential V (�)is negligible ompared to the kineti energy of the salar�eld, the total energy density in the salar �eld, ��, saleslike � a�6 (where a is the sale fator of the Universe).This means that during kination H2 / �tot ' �� / a�6.More preisely, the ratio between the expansion rate Hduring a kination period and the standard expansion rateHstd is given by: H2H2std = 1 + ���r ; (7)where ��=�r an be written as [5℄���r = �� � h(T )h(Tf)�2 g(Tf)g(T ) � TTf�2 ' ��� TTf�2 (8)with �� = ��(Tf)=�r(Tf) and he� and ge� respetivelythe entropy{density and energy{density e�etive degreesof freedom. The approximation in Eq. (8) is justi�edonly in a range of temperatures where he� and ge� donot hange onsiderably with respet to their value atTf.From Eq. (7) and (8) we see that a kination modelan be approximated by our parametrization one thefollowing values for the parameters are hosen: � = 1and � = p��. C. Extra DimensionsWe refer to the RSII model [11℄. In this model a single3{brane is embedded in a �ve dimensional bulk with anegative �ve dimensional osmologial onstant. Unlikeother Extra Dimension models, here the �fth dimensionis not ompat and no orbifold boundary onditions areimposed. Moreover, the �ve{dimensional metri is notfatorizable and an exponential funtion of the �fth o-ordinate multiplies the four dimensional metri. Withthis set up, a Kaluza Klein (KK) redution of the �ve



5dimensional gravitational exitations gives rise to a spe-trum with a zero mode (the standard four{dimensionalgraviton) loalized in the extra dimension and a onti-nuum of massive KK modes weakly oupled to the lowenergy states on the brane. Due to the fat that the four{dimensional gravitons an propagate in a on�ned regionof the �fth dimension and sine at low energy the massiveKK modes are only weakly oupled, the theory is not inontrast with experimental gravity even if the volume ofthe extra dimension is in�nite. The Einstein equation onthe 3-brane are studied in Ref. [24℄ and the osmologyof suh a model is arefully investigated in Ref. [25℄. Inpartiular it has been shown that the ratio between theexpansion rate H of suh a model and the expansion rateHstd of standard osmology is given by:H2H2std = 1 + �2� (9)where � is the tension on the brane and � the energydensity on the brane. When the total energy density �equals the radiation energy density �r we have:HHstd 'r�r(Tf)2� � TTf�2 (10)Comparing this expression with Eq. (5), we see that suha model is desribed by our parametrization with thevalues of the parameters � = 2 and � =p�r(Tf)=(2�).IV. THE RELIC DENSITY CALCULATIONIn this setion we will briey disuss how a osmolo-gial model with enhaned Hubble rate a�ets the reliabundane of WIMP dark matter. This e�et was stu-died in details in Ref. [4℄ for the salar{tensor ase and inRefs. [5, 6, 7, 8℄ for the kination ase. See also Refs. [9, 10℄for anisotropi expansion and other models of modi�edexpansion.The evolution of the WIMP number density n as afuntion of osmologial time t is desribed by the stan-dard Boltzmann equation, the only di�erene being thatthe standard Hubble parameter Hstd(T ) is now replaedby the modi�ed Hubble rate, H(T ) = A(T )Hstd(T ):dndt = �3Hn� h�annvi(n2 � n2eq) (11)where h�annvi is the usual thermally averaged value ofthe WIMP annihilation ross setion times the relativeveloity. The modi�ation of the Hubble rate an berephrased as a hange in the e�etive number of degreesof freedom from ge�(T ) to A2(T )ge�(T ). The Boltzmannequation is more onveniently solved by rewriting it in

terms of the omoving abundane Y = n=s where s isthe entropy density s = (2�2=45)h(T )T 3 and studyingthe evolution as a funtion of the temperature T :dYdx = �1x sH h�annvi(Y 2 � Y 2eq) (12)where x = m�=T . In our analysis we solve the Boltz-mann equation Eq. (12) numerially down to the urrentvalue of the omoving abundane Y0. The WIMP reliabundane is then simply:
�h2 = m�s0Y0� (13)where s0 and � are the urrent values for the entropydensity and the ritial mass{density of the Universe. Inorder to get some insight in our numerial results, wereport in Appendix A some useful analytial approxi-mations whih are valid for large enhanements and re{entering temperature (muh) lower than the temperatureat whih deoupling ours. Notie that in our de�nitionof the funtion A(T ) in Eq. (5), we use as a normaliza-tion temperature the freeze{out temperature obtained instandard osmology and de�ned in Appendix A. We re-port it here for onveniene:xf = ln h0:038mpl gm�h�annviTfx�1=2f g�1=2e� (xf)i (14)The e�et of the enhaned Hubble rate on the WIMPreli density an be very important. As was found in Ref.[4℄, and as we are also going to see later in this paper,the reli density an be up to few orders of magnitudelarger in the modi�ed senario as ompared to the stan-dard ase. From ombined osmologial observations wehave the very stringent bound of Eq. (1) for the old darkmatter density. This means that the WIMP andidatesseleted in the ase of enhaned Hubble rate will be vastlydi�erent (i.e. have di�erent values of their relevant pa-rameters, like mass and ouplings) from the WIMPs that�t into the standard osmology piture. The osmologi-al model has, in other words, left its signature on thedark matter. A signature whih might turn out to givevaluable lues.Not only an we say that the WIMPs seleted in thestandard and modi�ed ases are di�erent, we are alsoable to say something general about the di�erene oftheir phenomenology. This builds on the fat that thestandard WIMP reli abundane in general is approxi-mately inversely proportional to the WIMP annihilationross setion. Analytially one �nds (see Appendix A)the well{known behaviour:
�h2 � 1h�annviint (15)



6where h�annviint is the following integration of the ther-mal annihilation ross{setion:h�annviint � 1G(xf ) Z 1xf G(x) h�annviA(x)x2 dx (16)The WIMPs that ful�ll the reli density onstraint ofEq. (1) when alulated with the enhaned Hubble rate,would have a muh lower density when realulated instandard osmology. From Eqs. (15,16) this then meansthat these WIMPs have a higher annihilation ross se-tion than WIMPs that satisfy the reli density on-straints when alulated with the standard Hubble ex-pansion. A high WIMP annihilation ross setion in theearly Universe does in general mean that also the urrentWIMP annihilation rate in the Galaxy is high [41℄. TheWIMP andidates seleted by the models of enhaned ex-pansion rate are therefore in general more suitable for in-diret detetion than are the WIMP andidates seletedin the standard senario. At the same time this meansthat the bounds on the WIMP annihilation ross setionoming from searhes for indiret WIMP signals an beused to onstrain the expansion rate in the early Uni-verse. In this paper we are going to analyze the on-straints oming from the osmi antiproton signal, whihis the only indiret probe for whih strong onstraintsan be determined [13℄.V. THE COSMIC ANTIPROTON SIGNAL ANDTHE BOUND ON THE ANNIHILATION CROSSSECTIONThe antiproton omponent of osmi rays has beenmeasured by many detetors in spae and the most reentresults ome from BESS, AMS and CAPRICE experi-ments. The standard prodution of osmi antiprotonsfrom spallation of nulei on the di�use Milky{Way gasis enough to explain the data [26, 27℄, but the error{bars leave a small room also for an exoti antiprotonsignal. Suh a signal ould ome from the annihilation ofWIMPs in the Galaxy (see e.g. Ref. [12℄). This situationis shown in Fig. 2, where the experimental data are plot-ted together with the bakground omponent and someexamples of a signal oming fromWIMP annihilation, asalulated in Ref. [12℄.The antiproton ux produed in a point of ylindrialoordinates (r; z) in the galati halo, where the darkmatter density is �(r; z), depends on the annihilationross setion of the WIMPs averaged over their veloi-ty distribution in the galati halo h�annvi0 and on the�nal{state branhing{ratios into the di�erent possible �-

FIG. 2: Primary TOA antiproton uxes as a funtion of theantiproton kineti energy. The dashed line denotes the seon-dary omponent, due to spallation of osmi rays (i.e. thebakground) taken from Refs. [26, 27℄. The other lines arerepresentative uxes from neutralino annihilation of di�er-ent masses [12℄: the solid line refers to m� = 60 GeV, thelong{dashed line to m� = 100 GeV, the short{dashed line tom� = 300 GeV and the dotted line to m� = 500 GeV. Theastrophysial parameters for galati propagation assume thebest{�t values aording to the analysis of Refs. [12, 28℄.Solar modulation is alulated for a period of minimal solarativity. Full irles show the bess 1995{97 data [29℄; theopen squares show the bess 1998 data [30℄; the stars showthe ams data [31℄ and the empty irles show the apriedata [32℄.nal sates F [12℄:q�p(r; z : T�p) = h�annvi0 �2(r; z)2m2� XF BR(��! F )  dNF�pdT�p !(17)where T�p is the antiproton kineti energy. The antipro-tons then propagate and di�use in the galati mediumuntil they reah the Earth position in the Galaxy of o-ordinates (R�; 0):q�p(r; z : T�p) �! ��p(R�; 0 : T�p) (18)The proess of propagation has been disussed in detailsin Ref. [12℄, where it has been shown that, ontrary to thease of the spallation antiprotons [28℄, a large unertaintyin the low{energy tail of the antiproton signal is present,due to the urrent unertainties on the astrophysial pa-rameters whih desribe the di�usion and propagationproesses [12, 28℄. This unertainty is about one orderof magnitude up or down around the best �t result [12℄,
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FIG. 3: The solid line shows the maximum value (upperbound) of h�annvi0 that an be allowed by the osmi an-tiproton data in the �st energy{bin of BESS and AMS(TTOAp = 0:23 GeV.) h�annvi0 is the thermal average in thegalati halo of the WIMP annihilation ross setion timesrelative veloity. The upper bound is shown as a funtion ofthe WIMP mass m� and has been derived using a median setof astrophysial parameters for the antiproton propagation.The upper and lower dotted lines show the unertainty in thedetermination of the upper limit on h�annvi0 oming from theastrophysial unertainties. The horizontal solid line showsthe lower bound on h�annvi0 oming from the reli densityof old dark matter in standard osmology, under the hypo-thesis that the WIMP annihilation ross{setion in the earlyUniverse h�annvi equals h�annvi0 (like in the ase of s{wavedominane).for antiproton kineti energies below 1 GeV where a sig-nal may be more promisingly approahed for WIMPs inthe tens{hundreds of GeV mass range, and without theneed of boosted enhanements on the dark matter den-sity [12, 33℄. The additional solar modulation e�et in-trodues another soure of unertainty whih is expetedto be less important than the one due to galati di�u-sion. Also the unertainty oming from the dark matterpro�le is not very relevant, sine antiprotons whih reahthe Earth are produed relatively lose in the Galaxy, dueto di�usion, and therefore they do not strongly feel thequite unertain galati{enter mass distribution. Dif-ferenes in the galati halo shape a�et the antiprotonsignal at most 20% [12℄. For a thorough disussion ofall these topis and of the alulation of the antiprotonsignal whih we also use in the present analysis, we referto Ref. [12℄.The antiproton signal is a powerful tool for onstrai-

ningWIMP dark matter, sine the amount of antiprotonsprodued by typial WIMPs whih an aount for thedark matter abundane of Eq. (1) is at the level of thebakground and may even exeed it sizably [12, 13℄. Theastrophysial unertainties limit somehow the apabili-ties of this type of signal, but nevertheless ombined lim-its in the astrophysial{partile physis parameter spaemay be set, espeially for relatively light WIMPs. Ref.[13℄ showed how WIMPs in the mass range from few GeVto hundreds of GeV are urrently onstrained by antipro-tons searhes. The possibility to set bounds mainly re-lies on the fat that the low{energy tail of the preditedantiproton signal may exeed the room left in the ex-perimental unertainty of the data over the alulatedbakground. We make use of the same argument in thepresent disussion to use the antiproton signal to set lim-its on h�annvi0 and to transform these limits on boundson the enhanement of the Hubble rate around WIMPfreeze{out under the ondition that the WIMPs satisfythe osmologial bound on the amount of old dark mat-ter.A few omments are in order here before we proeed todisuss our strategy. First of all, we explain why we donot use also other indiret detetion signals other thanantiprotons. WIMP annihilation may obviously also pro-due gamma rays and positrons. However, ontrary tothe ase of antiprotons whih, almost independently ofthe halo density pro�le, are naturally at the level of thebakground and experimental data for osmologially rel-evant WIMPs, both positrons and gamma rays usuallyrequire sizeable boosts in the dark matter density in or-der to reah detetable levels. This introdues a strongmodel{dependent variable whih does not allow us to usethese indiret signals as reliable tools for setting limits.For instane, a limit obtained from gamma{rays wouldfade out ompletely unless a very steep density pro�leis present at the galati enter. The same ours forpositrons, whih need strongly lumped strutures verylose to our position in the Galaxy. Even though theseindiret signals are very appealing for dark matter stu-dies, they do not prove to be useful in the analysis wewant to arry on in this paper. Very promising will po-tentially be antideuterons [34℄, but for that we have towait for the foreseen experimental set{ups able to aessthe required sensitivities [35, 36℄.For similar reasons, we are onentrating our analy-sis on the low{energy tail of the antiproton ux: alsoat energies in the tens of GeV range (where CAPRICEdata are available) a signal ould manifest itself abovethe bakground, whih is here fast deaying. Moreover,astrophysial unertainties are less relevant at these ener-gies. However, in order to have large signals in this rangeof energies, we need a suitable WIMP number density,



8whih an be likely obtained only with some degree ofover{density (due to the fat that we need here heavierWIMPs, whose number density is damped by the m�2fator) [12, 37℄. Again, sine we do not want to add addi-tional arbitrary inputs in our analysis (the boost fator),we fous on the low{energy tail.Finally, we must remind that the antiproton signaldepends on (and therefore an be onstrained to setbounds on) h�annvi0, while the reli abundane dependson h�annvi, i.e. on the thermal average on the annihi-lation ross setion at a di�erent (larger) temperature.A onstraint on h�annvi0 is not therefore diretly trans-ferable to a bound on the WIMP reli abundane, andvie{versa. The usual expansion of the thermal average:h�annvi = a+ bx + � � � (19)holds in most of the ases, notieable di�erenes arewhen o{annihilation e�ets are present [38, 39℄ or whenannihilation ours lose to a resonane or a threshold[40℄. However, in most of the typial ases, the ther-mal average of the annihilation ross setion is mildlytemperature{dependent. We will �rst disuss throughthe paper the ase of temperature{independene, i.e.:h�annvi = h�annvi0 = a. We will then disuss how ourresults are hanged when the �rst{order expansion of Eq.(19) is relevant. The most important e�et on our resultsbasially omes from the di�erene between the freeze{out and urrent value of h�annvi, i.e. on the ratio:R = h�annviTfh�annvi0 (20)Therefore, an estimate of how our results would hange,for instane when the reli abundane is determined byo{annihilation e�ets, is to assume a given value for Rin relating h�annvi at freeze{out and h�annvi0. We alsoneed to omment that, in order to apply the antiprotonbound, the WIMP annihilation must proeed sizably tonon-leptoni �nal states. In fat, for annihilation intoleptons, antiprotons are not produed and our boundsare loosened by a fator given by the branhing ratiointo non-leptoni �nal states.Let us now determine the upper limit on the WIMPannihilation ross setion derived from the observationalupper limit on the exoti osmi antiproton ux. We donot attempt here a statistial analysis of the data as wasdone in Ref. [13℄. We instead use a simpler approahwhih uses the most relevant information oming fromthe antiproton data and at the same time allows us tohave an insight on the results, whih ould instead bemore diÆult to obtain by a statistial treatment of thedata. This approah was the one also adopted in Ref.

[12℄. We onsider the experimental result in the lowest{energy bin at TTOA�p = 0:23 GeV. By subtrating thebakground [26℄, we are left with a 90% C.L. upper limitfor the exoti antiproton omponent at the top of the at-mosphere (TOA) of: �TOA�p = 2 � 10�3m�2s�1sr�1GeV�1[12℄. In order to �nd the orresponding upper bound onthe WIMP annihilation ross setion we must speify ourassumptions in the alulation of Eq. (17,18) of the ex-peted antiproton ux for any given mass m� and rosssetion h�annvi0.We assume an isothermal halo model with ore radius3.5 kp and loal dark matter density 0.3 GeV m�3.When nothing else is mentioned we use the mean valuesfor the set of astrophysial parameters of the propagationand di�usion models given in Ref.[12℄, but we disussalso the set of parameters whih provide the maximaland minimal antiproton ux, in order to properly takeinto aount this intrinsi and dominant soure of un-ertainty. As for the antiproton spetrum, we assume forde�niteness that the WIMP annihilate only into a �bb pair,and we therefore use the orresponding spetra given inRef. [12℄. A more generi annihilation �nal state wouldonly mildly hange our results (exept for the already{mentioned leptoni �nal state).The result on the upper bound on h�annvi0 is shown inFig. 3 as a funtion of the WIMP mass and for the me-dian, as well as maximal and minimal set of astrophysialparameters. We notie that the astrophysial unertaintyis severe, but nevertheless allows us to set limits on themaximal amount of h�annvi0 whih is allowed in order notto go in onit with the experimental data. The hori-zontal solid line instead shows the lower limit on h�annvioming from the osmologial bound on the WIMP reliabundane of Eq. (1), in the ase of temperature inde-pendent thermal average and standard osmology. The�gure learly shows that there is tension between the os-mologial bound and the antiproton limit: in the ase ofthe median bound from antiproton, we see that WIMPslighter than about 50{60 GeV lead to an antiproton sig-nal whih is in exess of the experimental bound. Thistension is released if we onsider the minimal set of astro-physial parameters (upper dotted urve), but the �gurelearly shows that antiprotons are a powerful tool forsetting limits. Ref. [13℄ already disussed in details thistensions and the orresponding limits. We instead hereuse this argument to set bounds on osmologial models:sine the osmologial models we are disussing preditlarger lower{bounds on h�annvi, we see that the tensionwith antiproton data is enhaned and limits an be seton the maximal amount of enhanement of the Hubblerate at the time of WIMP freeze{out.



9VI. CONSTRAINING THE HUBBLE RATEWITH DARK MATTERIn this Setion we show how the ombined onstraintson the WIMP reli density and antiproton signal anstrongly onstrain the Hubble rate in the early Universe.Let us �rst reall our assumptions about the Hubble rateand the WIMPs. We assume that the Hubble rate is en-haned by a temperature{dependent fator A(T ) in theearly Universe, for whih we onsider the parametrizationof Eq. (5). At the temperature Tf at whih the WIMPwould freeze out in the standard ase, the enhanementfator is equal to the parameter �, A(Tf) = � (for � � 1).The slope of A(T ) is set by the parameter �. At a tem-perature T = Tre, the expansion rate "re{enters" thestandard one. We onsider a general WIMP model ha-raterized solely by a mass,m�, and an annihilation rosssetion. We assume �rst that h�annvi = h�annvi0 is tem-perature independent, and therefore it determines boththe reli abundane and the antiproton signal diretly.The WIMP should explain the observational amount ofold dark matter of Eq. (1), i.e. it must be the dominantCDM omponent.In the following we ombine the reli density and an-tiproton onstraints on the WIMP to obtain the upperbound on the enhanement of the Hubble rate. As wehave disussed, this is possible beause the Hubble ratetogether with the WIMP mass and ross setion deter-mines the WIMP abundane, and at the same time theWIMP ross setion is bounded from above by the os-mi antiproton data. In Setion VIA we �nd the massdependent upper bound on �, i.e. the enhanement fa-tor at the time of the WIMP freeze out. In Setion VIBwe determine the orresponding upper bound on the en-hanement of the reli WIMP density as ompared tostandard osmology. Finally, in Setion VIC we analyzewhat happens to the bound on � when some of our as-sumptions about the Hubble rate and the WIMP modelare hanged.A. Constraining the expansion rateLet us in this setion show our numerial results onthe Hubble rate onstraints derived from the reli den-sity and antiproton bound. Our parametrization of theHubble enhanement funtion Eq. (5) has three free pa-rameters: �, � and Tre (while Tf is set by the WIMPmass and ross setion through Eq. (14)). As we shallsee at the end of this setion, the enhanement is basi-ally independent of Tre, as long as Tre � Tf . This an beunderstood also by means of the analytial approxima-tions given in Appendix A. We hoose to set Tre = 10�3
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FIG. 4: Exlusion plot in the (�; �) plane for a WIMP massof m� = 500 GeV. � and � are two of the parameters of theHubble enhanement funtion. � is the enhanement fator atthe freeze{out temperature of the WIMP. The \re{entering"temperature has been �xed at Tre = 10�3 GeV. The WIMPannihilation ross setion h�annvi is hosen for eah point inorder to ful�ll the reli density onstraint. This ross setionhas then been ompared to the antiproton upper bound on theross setion. The entral almost vertial band denotes pointswhih have exatly the limiting value of the ross setion; thepoints on the left of the band refer to ross setions below theantiproton upper bound; the points on the right of the bandrefer to ross setion in exess of the antiproton upper bound.GeV throughout the paper as a referene value. This or-responds to the lowest value whih an be safely assumedto be ompatible with big bang nuleosynthesis [4℄. Theenhanement of the Hubble rate is then studied in thetwo-dimensional parameter spae (�; �).Let us now onstrut an exlusion plot in the (�; �)plane. We �rst �x the WIMP mass at m� = 500 GeV asa referene value. Then, for eah point in the (�; �) planewe make a san in the WIMP annihilation ross setionh�annvi. The ross setion together with the mass �xesTf, whih is the temperature at whih the WIMP wouldfreeze out in the standard osmology senario. We thensolve the Boltzmann equation with the enhaned Hub-ble rate. We an now apply the �rst bound, namelythe onstraint Eq. (1) on the reli dark matter density.This onstraint selets a small interval in h�annvi for eah(�; �). Finally we apply the onstraint oming from theosmi antiproton data on h�annvi0, by means of the re-sult shown in Fig.3, whih gives us the upper bound onthe annihilation ross setion for any given mass.In �g. 4 we show the exlusion plot in the (�; �) plane.



10The points in the entral almost{vertial band refer toannihilation ross setions h�annvi equal to the maximumvalue allowed by the antiproton data (using the medianset of astrophysial parameters) as shown in Fig. 3. Thepoints on the left of the vertial band all refer to smallervalues of the ross setion and thus satisfy the antiprotonbound. On the ontrary, the points on the right are indisagreement with the antiproton data as they require ahigh ross setion in order to ful�ll the density onstraint.Notie that the ross setion is not uniquely determinedby the density onstraint, sine for �xed values of �, �and m� we an slightly vary the annihilation ross se-tion to move around in the allowed density interval ofEq. (1). Similarly, points next to eah other an haveidential ross setion and ful�ll the density onstraintswith just slightly di�erent values of the reli abundane[42℄. Thus, the width of the vertial band, that marksthe antiproton bound, is due to the allowed interval ofthe reli abundane. Also, in the vertial band we donot only have models with a ross setion equal to theantiproton limit, but also models with a slightly lower orhigher ross setion.From �g. 4 we onlude that the onstraint omingfrom the osmi antiprotons produed by dark matterannihilation an be used to put onstraints on the Hub-ble rate in the very early Universe. The �gure showsthat, for m� = 500 GeV, we get an upper bound on theenhanement fator � of the Hubble rate at the WIMPfreeze{out of around 102 (with some dependene on theatual values of the slope parameter �). This bound on� may be onsidered as signi�ant: in Ref. [4℄ we foundperfetly viable salar{tensor models with enhanementfators of up to 104 at the WIMP freeze{out tempera-ture, one the BBN, CMB and gravitational probe limitswere satis�ed. Our results shows that alternative, andeven stronger, bounds on dark energy models an there-fore be obtained also by looking at the imprints left onthe dark matter properties by these modi�ed osmologiesat the time dark matter formed in the early Universe, ifwe assume that dark matter is provided by a thermalreli.The results in �g. 4 were alulated for a �xed WIMPmass of 500 GeV. Let us now explore how the bound on �depends on the WIMP mass. The result is shown in �g. 5.Eah vertial band orresponds to the maximumallowedross setion for any given mass aording to �g. 3. Goingfrom left to right in �g. 5, the vertial bands orrespondsto the masses 60 GeV, 100 GeV, 200 GeV, 400 GeV, 600GeV and 1000 GeV respetively. For any given mass,the part of the (�; �) plane to the right of the vertialband is exluded by the antiproton data while the partto the left is allowed. The onstraint on � is very strong,espeially for lowWIMP masses. In partiular, the �gure
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h2 � (
h2)CDM osmologial bound (21)h�annvi0 � h�annvi�p0 antiproton bound (22)where (
h2)CDM is the maximal allowed value of thereli abundane onstraint of Eq. (1) and h�annvi�p0 is theupper limit on the annihilation ross setion oming fromFig. 3. This limit may be approximated as: h�annvi�p0 '0:95 � 10�12m1:95� GeV�2 for m� >� 60 GeV. The twobounds transform in the following ondition:f(�) � h�annvi�p0 (
h2)CDM (23)where, by means of the approximations given in Ap-pendix A: f(�) = C �I(xf ; x̂; �; �) + rG 1̂x��1 (24)and C = s0 ��1 B�1 G�1(xf ). The maximal value of �ours when � saturates the bound of Eq. (23). It iseasy to show that:�max = � h�annvi�p0 (
h2)CDMC(� � 1)xf �� � m1:95��� for � > 1�max = � h�annvi�p0 (
h2)CDMC(1 � �)xf � � m1:95� for � < 1 (25)
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12di�erent values of the parameter �. Models that staybelow the upper bound of � would give WIMPs thateither are under-abundant or produe less antiprotonsthan the maximally allowed ux. Fig. 7 shows that theupper bound on � is independent of Tre as long as thelatter is muh smaller than the freeze out temperature.When the \re{entering" temperature is around one ortwo order of magnitudes below the standard freeze outtemperature, �max starts to inrease and then beomespratially unbounded from above. In other words, onean inrease the Hubble rate arbitrarily if this is donefor a short amount of time. We see from �g. 7 that the\re{entering" temperature at whih � starts to get un-bounded is lower for the higher mass ase despite the fatthat the freeze out temperature is higher for m� = 1000GeV than for m� = 200 GeV. This an be understoodfrom the analyti solution of the modi�ed Boltzmannequation. We ompare the ontribution from the integra-tion from the modi�ed freeze out until the \re{entering"temperature (i.e. the time where we still have enhanedexpansion) with the ontribution from the integrationfrom the \re-entering" temperature untill today. The�rst ontribution dominates when the \re{entering" tem-perature is very low. The analyti analysis shows thatthe two ontributions beomes equal approximately when(T̂f�Tre)=Tre = �[he�(xre)pge�(x̂f)℄=[he�(x̂f)pge�(xre)℄,where T̂f is the freeze out temperature in the modi�edsenario and where we have set � = 0 for de�niteness. If� stays onstant then 
h2 ! (
h2)std when (T̂f � Tre)shrinks to zero. Alternatively, to avoid the WIMP tobeome under{abundant we have to inrease � inde�-nitely. Sine T̂ grows approximately linearly with mass(T̂f = m�=x̂f and x̂f depends logarithmially on the massand the ross setion) while the upper bound on � (�g.6) is approximately proportional to the mass squared,it follows that � beomes unbounded at lower Tre form� = 1000 GeV ompared to m� = 200 GeV.The onstraint on � = A(Tf) immediately onstrainsthe Hubble enhanement funtion A(T ) given in Eq. (5)at any temperature one we know the WIMP mass andthe osmologial model (i.e. the parameters � and Tre).In Figs. 8, 9, 10 and 11 we show the maximum allowedenhanement funtion for di�erent values of the WIMPmass and the � parameter. The urves are derived forTre = 10�3 GeV. As we just saw, the upper bound on �does not depend on Tre when Tre � Tf. Thus, a hangeof the re-entering temperature would solely hange thetemperature at whih A(T ) ! 1. Figure 8, 9, 10 and 11may be diretly applied to onstrain osmologial modelswith enhaned Hubble rate. For instane, for a salar{tensor model like the one studied in Ref. [4℄, whih refersto a situation lose to � = �1 (the atual value was� = �0:82) and Tre = 0:1 GeV, by omparing Fig. 8 here
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FIG. 8: Maximum allowed values of the enhanement funtionA(T ) as a funtion of the temperature for our parametrizationwith � = �1 (lose to a salar{tensor osmology). Notie thattime is running from right to left. The limit is derived from�max. The solid red line refers to m� = 100 GeV, the dashedgreen line to m� = 400 GeV, the dash{dotted blue line tom� = 600 GeV and the dotted purple line to m� = 1 TeV.For all the urves we use Tre = 10�3 GeV. The standardWIMP freeze{out temperature is given by the WIMP massand the antiproton bound for the WIMP annihilation rosssetion.and Fig. 6 of Ref. [4℄ we an onlude that the modelof Ref. [4℄ is ompatible with antiproton data only if thedark matter is omposed by a WIMP with mass largerthan 1 TeV. This example shows how onstraining theantiproton data may be on otherwise viable dark energymodels.B. The enhanement of the reli densityIn this setion we derive upper limits on the enhane-ment of the WIMP reli abundane in modi�ed osmolo-gies as ompared to the standard ase, under the on-straint that 
h2 in the modi�ed senario satis�es thebound of Eq. (1). This onstraint alone is not atuallyenough to onstrain the enhanement of the density, aswe shall see. When the antiproton bound for the WIMPsis applied we �nd an upper bound on the density enhane-ment whih is pratially independent of the parameter�, but that is of the same order of magnitude as the upperbound on �.As in the previous setion we start by making a studyin the (�; �) plane for a WIMP mass m� = 500 GeV. As
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FIG. 9: Same as Figure 8 but for � = 0 (overall enhanementof Hubble rate, with standard temperature evolution).
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16per bound on � to derease. This an be seen from theplot of the (�; �) plane in Fig. 5. For a seletion of massesthis shows the bound as alulated with the median prop-agation funtion. For a given mass, the region to the left(i.e. at smaller �) is allowed by the antiproton data as theross setion here is lower. Thus, when we derease theupper bound on the ross setion, i.e. inrease the e�etof the propagation parameters, all the bounds in Fig. 5will move to smaller � (in partiular the lower masseswill move outside the plot). This is onsistent with theresults of Ref. [13℄.VII. ANTIPROTON FLUX CONSTRAINTS ONSOME SPECIFIC MODELSAs we disussed in the previous setions, the maxi-mum allowed antiproton ux gives interesting model{independent onstraints on the maximum allowed en-hanement of the expansion rate at dark matter freezeout. Let us now disuss these onstraints in onnetionto the spei� osmologial models we shortly introduedin Setion III.A. Salar-tensor theoriesAs mentioned in setion IIIA, we do not have a generalanalytial orrespondene between the Hubble expansionrate in the salar{tensor model and our parametrization(5). However, the numeri example of referene [4℄, whihassumes a slowly varying salar �eld, an be desribed byour parametrization with � = �0:82 and � = A('(Tf)),where A(') is the Weyl fator, whih in this ase givesthe Hubble enhanement funtion A(T ). From �gure 6we get the upper bound:A ('(Tf)) < O(102) for m� � O(500GeV) (27)and Tf = O(10GeV). From �gure 8 we an also �ndthe upper bound on A(T ) = A(') at earlier times. Wesee that A(') < 10 for T > O(102GeV) and m� �O(500GeV). It is interesting to observe that our re-sults strongly onstrain Fig. 5 of [4℄ in whih it ouldseem that properly hoosing the initial onditions for thesalar �eld, eah enhanement for the expansion rate isallowed. Antiproton data limit this possibility.B. KinationIn se. III B we found that � = 1 and � = p�� =p�� (Tf) =�r (Tf) an be used to desribe the enhanedexpansion rate during a kination phase.

We know from Se. VIB that � is approximately equalto the WIMP density enhanement. This is in agreementwith the onlusions of the earlier referenes on kinationand enhaned WIMP density; see e.g. Ref. [5℄ and Ref.[7℄. In Ref. [7℄ they found that the maximal densityenhanement ompatible with the BBN bounds is of theorder of 106 (for WIMP masses smaller than 1 TeV), i.e.�� < 1012. With our argument based on the maximumallowed antiproton ux we an derive a muh strongeronstraint on this senario. The most onservative boundis found for large masses. For m� < 1TeV (and � =1) we have � < O(103) and so �� < 106. While forlightWIMPs (m� < O(102GeV)) we have the muh morestringent bound � < 10 and so �� < 102.C. Extra DimensionsAs mentioned in setion III C, the RSII model [11℄gives rise to an enhaned expansion rate whih an bedesribed by our parametrization with the values of theparameters � = 2 and � = p�r (Tf) =(2�). Where � isthe tension on the brane and �r is the radiation ener-gy density. The upper bound on � therefore gives usa lower bound on the brane tension. The upper boundon � for � = 2 is shown in Fig. 6. For � < O(102),whih is true for WIMP masses m� < O(102GeV), weget the most stringent bound. With Tf ' 5 GeV andge�(Tf) ' 92 we �nd the bound � > O(1GeV4). Amore onservative bound is found for higher masses. Form� = O(500 GeV) we have � < O(104) and Tf ' 20 GeV,leading to � > O(10�2GeV4). Finally, using the relation[25℄ � = 34� M65M2pl (28)where Mpl is the four dimensional Plank mass and M5the �ve dimensional one, we an derive a lower boundon M5. For the most stringent bound on � we getM5 > 3�103 TeV, while the more onservative bound justgive a small hange, M5 > 103 TeV. We observe that theBBN bound is � > 1 MeV4 and so M5 > 30 TeV, [25℄.Therefore in this ontext, our analysis based on the an-tiproton ux is muh more stringent than the one omingform the BBN onstraint.VIII. CONCLUSIONThe expansion rate of the Universe in the era beforeBBN is predited to be di�erent from the one of standardFRW osmology in a host of osmologial models whih



17are derived either from modi�ation of General Relativ-ity, or from brane physis, or from attempts to provide aonsistent explanation to dark energy. In the present pa-per we onentrated on models whih predit an enhane-ment of the expansion rate, like e.g. those disussed inRef. [4℄ where the dark energy problem �nds a solutionin a salar{tensor theory of gravity with an exponentialrun{away behaviour of a salar �eld, in kination modelslike those of Ref. [5, 6, 7, 8℄, in D{brane models like theRSII model of Ref. [11℄ or models of modi�ed osmol-ogy like those in Ref. [9, 10℄. These enhanements maybe sizeable, without evading the post{BBN bounds (lightprimordial element prodution, CMB anisotropies, grav-itational tests) whih may be applied to these osmologi-al models: the enhanements may reah up to four [4℄ oreven six [5, 7℄ orders of magnitude. However, an imprintof this enhanement may be left on the properties of thepartiles responsible of the dark matter. This happensif the enhanement of the expansion rate ours lose tothe time when the dark matter partiles deouples fromthe thermal bath: this possibility relies on the fat thatthe osmologial bound on the amount of dark matteran be ful�lled by partiles with larger annihilation rosssetion, as ompared to standard osmology [4, 5℄, dueto an antiipated freeze{out. In this situations, indiretdetetion signals are typially enhaned, as long as thethermal ross setion responsible of the reli abundane islose to the one whih determines the indiret detetionsignals (like e.g. when the typial temperature expansionof the thermal ross setion is appliable).Cosmi antiprotons produed by WIMPs in the Galaxyare urrently the best option for onstraining partiledark matter annihilation ross setions [12, 13℄, sinethey are not strongly dependent on assumptions on thedark matter density pro�le, like instead is the ase of thegamma{ray signal. Also, osmi antiprotons produed byWIMPs are naturally predited to be at the level of thebakground and of the data, when the WIMP aountsfor the CDM ontent of the Universe, and without invok-ing high degrees of over{densities in the galati neigh-bourhood [12℄. Sine the experimental data are in goodagreement with the expeted bakground [26, 27℄, notmuh room is left for an exoti omponent and thereforeantiprotons may be used to set onstraints [12, 13℄.In this paper we exploited the e�et indued on theantiproton signal by an inreased expansion rate, to setbounds on the maximal enhanement of the expansionrate whih an be allowed in the early Universe in a pre{BBN epoh [2℄. These limits apply to an evolutionaryphase lose to dark matter deoupling (i.e. at tempera-tures of the Universe in the range of 1{30 GeV, for darkmatter of about 10{1000 GeV mass) and are subjet tothe (quite reasonable) hypothesis that dark matter is a

thermal reli. The bounds we have obtained are quitestrong, espeially for light dark matter. Our main resultis summarized by Fig. 6. For WIMP masses lighter than100 GeV, the bound on the Hubble{rate enhanementranges from a fator of a few to a fator of 30, dependingon the atual osmologial model, while for a mass of 500GeV the bound falls in the range 50{500. These boundsare a�eted by the still large astrophysial unertaintiesin the alulation of the antiproton signal [12℄, whih re-ets in a fator of 5 more stringent, or a fator of 10more loose bounds. Nevertheless, the limits we obtainare muh more stringent than the possible enhanementof these osmologial models.A aveat is in order here: whenever the e�etive ther-mal annihilation ross setion in the early Universe (re-sponsible for the reli abundane) is sizably larger thanthe one in the galati halo (whih determines the an-tiproton signal) the bounds we determine are neessarilyloosened. This ours when oannihilation e�ets arerelevant in determining the reli abundane. In this asethe annihilation ross setion in the Galaxy is typiallymuh smaller than the e�etive one whih sets the de-oupling: in this ase our limits still apply, but they areless onstraining, approximately by the ratio of the twoross setions. We nevertheless notie that the our-rene of oannihilation is usually an aidental feature.Another ase where our limits are less severe is whenWIMP annihilation ours mostly into leptons: in thisase antiprotons are not produed and our bounds areloosened by a fator given by the branhing ratio intonon-leptoni �nal states. In all other situations, whihrepresent the most typial ases, the limits we quote areatually neessarily present.Finally, we applied our bounds to set onstraints onsome spei� models. In the ase of the salar{tensordark energy models of Ref. [4℄, we onstrain the en-hanement to be less than a fator 100 for dark matterlighter than 500 GeV. In the ase of kination models, themaximal enhanement is 1000 for WIMPs lighter than1 TeV, while for dark matter lighter than 100 GeV theenhanement must be below 10. Finally, for the Randall{Sundrum D{brane model of Ref. [11℄, our limit maybe used to set bounds on the tension on the brane: forWIMPs lighter than 100 GeV, the string tension must belarger than 1 GeV4; for heavier dark matter, the boundis 10�2 GeV4. These limits reet in a lower bound ofabout 103 TeV on the 5{dimensional Plank mass andare muh more severe than the usual onstraints derivedfrom BBN physis.



18APPENDIX A: APPROXIMATEBOLTZMANN{EQUATION SOLUTIONS FORTHE MODIFIED HUBBLE RATEThe Boltzmann equation Eq. (12) may be easily solvedfor a modi�ed Hubble rate as de�ned in Eq. (5) by suit-able approximations. We �rst make expliit the tempera-ture (or x = m�=T ) dependene in Eq. (12) by rewritingthe equation in the usual form:dYdx = �r �45G he�(x)pA2(x)ge�(x)m�x2 h�annvi(Y 2 � Y 2eq)(A1)where G is the Newton onstant. The standard osmo-logy ase is reovered for A(T ) = 1.We �rst de�ne the temperature of partile freeze{outas the temperature Tf when:Y (xf) = (1 + )Yeq(xf ) (A2)with  a onstant of order 1 and Yeq(x) = 45 �2�5=2��7=2 g h�1e� (x)x�3=2 exp(�x) is the equilibriumabundane of a non{relativisti partile with internal de-gree of freedom g. Condition (A2) and Eq. (A1) lead tothe following impliit expression for the freeze{out tem-perature:xf = ln" 21 + 0:038mpl gm� h�annvixfx1=2f A(xf ) g1=2e� (xf)# (A3)where mpl is the Plank mass. For de�niteness, we use = 1 throughout the paper. The standard freeze{outtemperature is obtained when A(T ) = 1 around the timeof partile deoupling. The models we are onsidering,where A(T ) > 1 at that epoh, imply a smaller xf , i.e. alarger freeze{out temperature Tf .The urrent value Y0 of the omoving abundane isthen obtained by integrating Eq. (A1) from xf down tox0 !1, negleting the WIMP prodution term:dYdx = �r �45G he�(x)pA2(x)ge�(x)m�x2 h�annviY 2 (A4)whih gives the solution:1Y0 = 1Yeq(xf) +Bm� Z 1xf G(x) h�annviA(x)x2 dx (A5)where B = (�=45G)1=2 and G(x) = he�(x)=pge�(x).The WIMP reli abundane is then obtained by meansof Eq. (13).For large enhanements of the Hubble rate around theWIMP freeze{out, i.e. for large values of the parameter�, we may approximate A(T ) as a power{law funtionwith exponent �. If � < 0, we may assume this behaviourall the way down to the re{entering temperature xre:A(T ) ' �� TTf �� = (� x�f )x�� (A6)

When � > 0 the above approximation may not be usedup to xre, beause A(x) approahes unity as the Universeools down (see Fig. 1) and therefore we annot negletthe 1 in Eq. (5). We de�ne as x1 the temperature when(� x�f )x�� ' 1, i.e. x1 = xf�1=�. In this ase we approx-imate: A(T ) ' � (� x�f )x�� x <� x11 (A7)Below xre, in any ase A(T ) = 1 by de�nition.With these approximations, the solution of Eq. (A5)for a temperature{independent annihilation ross setionh�annvi = a is:1Y0 = 1Yeq(xf ) (A8)+ Bm� aG(xf) �I(xf ; x̂; �; �)+ rG 1̂x�where x̂ = min[x1; xre℄ and rG = G(x̂)=G(xf ) is typiallyaround 0.5{1 for WIMPs masses in the range GeV{TeV.For large enhanements (� � 1) and a low re{enteringtemperature, typially: x̂ = x1 for � > 0 and x̂ = xre for� < 0. In Eq. (A8) we have assumed a slowly{varyingG(x) in the integrals.In our disussion in the text, typially the relevantterm in Eq. (A8) is the one whih ontains the fun-tion I(xf ; x̂; �; �): the other two terms may be usuallynegleted to a few perent level of approximation. Thisrelevant funtion is easily found to be:I = 1� � 1 1xf �1=� (A9)for � > 1, then I = 11� � 1xf � (A10)for � < 1 and �nally I = 1xf ln(�)� (A11)for � = 1 (kination).ACKNOWLEDGMENTSWe aknowledge Researh Grants funded jointly by theItalian Ministero dell'Istruzione, dell'Universit�a e dellaRiera (MIUR), by the University of Torino and by theIstituto Nazionale di Fisia Nuleare (INFN) within theAstropartile Physis Projet. R. Catena aknowledgesa Researh Grant funded by the VIPAC Institute.
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