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RESCEU-7/12DESY 12-044Evading the pulsar onstraints on the osmi string tension insupergravity inationKohei Kamada1,� Yuhei Miyamoto2;3,y and Jun'ihi Yokoyama3;4z1 Deutshes Elektronen-Synhrotron DESY,Notkestra�e 85, D-22607 Hamburg, Germany2 Department of Physis, Graduate Shool of Siene,The University of Tokyo, Tokyo 113-0033, Japan3 Researh Center for the Early Universe (RESCEU),Graduate Shool of Siene, The University of Tokyo, Tokyo 113-0033, Japan4 Institute for the Physis and Mathematis of the Universe (IPMU),The University of Tokyo, Kashiwa, Chiba, 277-8568, JapanAbstratThe osmi string is a useful probe of the early Universe and may give us a lue to physis athigh energy sales whih partile aelerators annot reah. Although the most promising tool toobserve it is the osmi mirowave bakground (CMB), the onstraint from gravitational waves isbeoming so stringent that deteting its signatures in CMB may be impossible. In this paper, weonstrut a senario that ontains osmi strings observable in the osmi mirowave bakgroundwhile evading the onstraint imposed by the reent pulsar timing data. We argue that osmistrings with relatively large tension are allowed by diluting loops ontributing to the relevantfrequeny range of the gravitational wave bakground. We also present a partile physis model torealize suh dilution in the ontext of haoti ination in supergravity, where the phase transitionours during ination due to the time-dependene of the Hubble indued mass.
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I. INTRODUCTIONCosmi strings [1℄ are line-like topologial defets whih may have been generated in aphase transition in the early Universe through the Kibble mehanism [2℄*1. Contrary toother topologial defets suh as monopoles and domain walls, they do not dominate theenergy density of the Universe, sine they evolve aording to a saling law [4℄. At �rst,they were expeted to explain the origin of the primordial density utuations that leadto struture formation [5℄. Although reent observations of the CMB have ruled out thepossibility that osmi strings alone are responsible for the primordial density utuation,they may still ontribute to the CMB temperature utuation [6{9℄, whih would be a lueto exploring physis at high energy sales.Thus far, many observations for deteting osmi strings through the CMB have beendone by using the Gott-Kaiser-Stebbins e�et [10℄. The geodesis of photons passing neara moving string are perturbed, whih a�ets the temperature utuations of the CMB.One an thereby onstrain the line energy density, or tension, �. The latest onstraint onthe string tension is G� <� 10�7 [6, 7℄*2 with G being the gravitational onstant. Futureobservations suh as Plank [11, 12℄ and CMBpol [13℄ are expeted to detet the signaturesof strings on small sales or in larger multipoles of the power spetrum with a tension up toG� � 10�8 [8, 9℄.There is yet another probe to detet or onstrain osmi strings, the stohasti gravita-tional wave bakground (GWB) generated by osillating string loops [14{19℄. When longosmi strings in a Hubble volume interset with eah other, they reonnet and generatelosed string loops. As a onsequene, the distribution of in�nite strings obeys the salingrule [20{22℄. At the same time, the loops produed in suh a way osillate, emit gravitationalwaves (GWs), and shrink gradually. Sine the frequeny of GWs is determined by the sizeof osmi string loops that are generated ontinuously in the osmi history, the spetrum ofGWB, whih are the sum of GWs emitted by eah loop, are expeted to range widely, from10�10 Hz to 105 Hz or even higher frequenies [14℄. Although their amplitude is typiallyvery small, we may observe their signatures in the GWB through the future gravitational*1 See [3℄, however, for the impossibility of thermal phase transitions to produe strings relevant to strutureformation even in the lassial big bang osmology.*2 To be preise, the onstraint on the string tension depends on the model of string evolution.2



detetors [19℄ suh as eLISA [23℄, DECIGO [24℄, and BBO [25℄ as well as the ongoing pulsartiming arrays (PTAs) [26, 27℄. In PTAs, GWs an be deteted through the modulationof arrival of pulses from the milliseond pulsars (MSPs) due to the hange of the distanebetween the Earth and MSPs aused by the GWB.While the PTAs have not deteted the signatures of strings thus far, they have obtainedstringent onstraints on the osmi string tension [26, 27℄. In partiular, the European PulsarTiming Array (EPTA) has reently reported the most stringent onstraint, G� < 10�9 [27℄,though it depends on some assumptions regarding string loop formation and GW emission*3Therefore, if we believe this onstraint, we annot hope to detet the signature of osmistrings in the CMB.In this paper, we reonsider the formation mehanism of osmi strings and propose a newsenario whih does not ontradit with the present GW observations while aommodatinglarge enough G� to be detetable in the CMB. If they are suÆiently dilute, the loopformation is redued and hene the amplitude of GWs is suppressed. This an be realized ifthe phase transition takes plae during ination as proposed in several literatures [3, 30{35℄.While previous proposals assumed nontrivial interations between the string-forming Higgs�eld and the inaton �eld [31{33℄ or gravity [3, 34℄, we here point out that the F-termination in supergravity an naturally realize a phase transition during ination thanks tothe Hubble indued mass [36℄, as studied in Refs. [37, 38℄. To be onrete, we onstruta model that generates osmi stings during haoti ination [39℄ in supergravity [40℄. Inthis model, the separation of in�nite strings is expanded so large that they annot makeloops until long after ination and hene they enter the saling regime at a later epoh, forexample, around the time of matter-radiation equality. Sine soures of GWs do not existat early times, we an evade the PTA onstraint on the GWB.The rest of this paper is organized as follows. In setion II, we briey review the GWsemitted by osmi string loops and see the urrent limit from observation using MSPs. Insetion III, we propose a new senario for the generation and evolution of osmi strings*3 Reently, Ref. [28℄ laims a mild and onservative onstraint, G� < 5 � 10�7, for a ertain size of theosmi string loops, whih is disfavored by reent numerial simulations [22℄. For the size of osmi stringloop favored in Ref. [22℄, Ref. [28℄ gives a more stringent onstraint G� < 10�10. Although the size ofosmi string loops is still a matter of debate [29℄, we here fous on the ase where the loop length is largeas suggested in Ref. [22℄ and explore a way to evade the PTA onstraints.3



whih is onsist with urrent observations and disuss the possibility of their detetion inthe future. In setion IV, we onstrut a model realizing suh a senario, and onsider howto determine the parameters of our model. Setion V is devoted to disussion.II. GRAVITATIONAL WAVES FROM STRING LOOPS AND PTA LIMITHere we review the gravitational wave emission from osmi string loops. In order toestimate the GWB today, �rst we have to know the size distribution of loops at a given time.Without any intersetion and reonnetion, the energy density of long string network wouldfall in proportion to a�2. Atually, however, these proesses frequently our on osmitime sales to transfer a part of the network's energy to loops whih deay by radiatinggravitational waves if the number density of long strings is large enough. As a result, thesystem relaxes to a saling solution and the energy density of long strings dereases inproportion to d�2H = H2. In terms of the harateristi length of the strings, � = dH =H�1, where  is a numerial oeÆient, we an express the energy density of long stringsas � = ���3 = ��2 : (1)The oeÆient  is obtained by numerial simulation. Reent simulation suggests  = 0:15in the radiation dominant era, and  = 0:17 in the matter dominant era [22℄.Now let us determine the loop distribution funtion n(t; `), whih represents the numberdensity of loops with size ` at time t. At the moment of loop formation (t = tg), its size isproportional to the horizon size. We an take the initial length as �tg with � a onstant.The length of a loop beomes smaller with time due to the loss of energy by gravitationalwave emission. The energy transferred from a loop into gravitational waves per unit timeis expressed as �G�2, where � is a onstant around 50 [21℄. Thus, the length of a loop attime t generated at tg an be written as` = �tg � �G�(t� tg) : (2)In other words, loops with size ` at time t were formed attg = `+ �G�t�+ �G� ; (3)4



while those with size `+ d` at time t were formed attg + dtg = `+ d`+ �G�t�+ �G� : (4)In the at FRW universe dominated by a perfet uid with its equation of state given byP = w�, the sale fator evolves as a / t 23(1+w) , and the Hubble parameter is given byH = 23(1 + w)t . Taking these fats into aount, we obtain the following funtional form.n(t; `) = 8(1 + 3w)27(1 + w)32t3g � 1�(`+ �G�t) � �a(tg)a(t) �3� 10(�+ �G�)3�(`+ �G�t)4 � �a(tg)a(t) �3 : (5)The last approximation is valid for loops whih were generated in both the radiation- (w =1=3) and matter-dominated (w = 0) regimes.Now we briey summarize the formulation to estimate the energy density of GWB. Thiswas originally done by Damour and Vilenkin [15℄, and some improvements were proposedin Ref. [18℄, whose notation we follow. Taking the e�et of usps into aount, the Fouriermode of amplitude, h, of gravitational radiation emitted by a loop with length ` at redshiftz is given by h(f; z; `) = G�H0 ` 23(1 + z) 13'r(z) jf j� 43�[1� �m(f; z; `)℄ : (6)Here 'r(z) represents the omoving distane to the loop de�ned asr = 1H0 Z z0 dz0q
� + 
m;0(1 + z)3 + 
r;0(1 + z)4 � 1H0'r(z) ; (7)and �m is de�ned by �m � � (1+z)f`2 �� 13 . The argument of the Heaviside funtion � orre-sponds to the lowest frequeny of loop osillation. The energy density of GWB is obtainedby integrating the ontribution from various loops,
GW(f) = 4�23H20 f 3 Z dz Z dl h2(f; z; `)d2R(z; `)dzd`= 4�23H20 f 3 Z dz Z dh h2d2R(z; h)dzdh : (8)Here d2R(z; `)dzd` is the observable burst rate per length per redshiftd2R(z; `)dzd` = 1H30 'V (z) 11 + z 2n (t(z); `)` �2m(f; z; `)4 �[1� �m(f; z; `)℄ ; (9)5



where H�30 'V (z)dz represents the spatial volume orresponding to z � z + dz. Its detailedderivation is found in Ref. [18℄.Next, let us onsider the observational onstraint on the GWB. Currently the strongestlimit omes from the Pulsar Timing Array (PTA) experiment, whih aims at the detetion ofthe GWB using MSPs. (Detailed explanation and urrent status is found in Ref. [27℄.) Thisexperiment has sensitivity at f = 10�9 � 10�7Hz, whih is determined by the duration ofthe observation. At this very low frequeny, onsidering the e�et of usps, one an onludethat the GWB spetrum of the energy density, 
GW = 1�r d�GWd log f , is proportional to f� 13 ,oming from loops whih are generated during the matter-dominated era.Aording to Ref. [27℄ the latest limit is
GW(f = 1yr�1)h2 � 8><>:10�8:4(2�);10�9:0(1�): (10)This has been translated to the upper limit on the line density of osmi string as [27℄,G� � 4:0� 10�9 : (11)Note that this onstraint has been obtained using the method of Damour and Vikenkin [15℄taking � > �G� and inorporating all the relevant modes.*4 On the other hand, analysisbased on the EPTA data has been done in Ref. [28℄ inorporating possible variations ofosmi string properties. They reported the most onservative onstraint on the osmistring tension as G� < 5:3� 10�7 (12)whih is obtained in the ase of � taking a small value, � ' 10�5, and assuming the e�etof usps is neglegible. However, reent studies [15{18℄ emphasize that the e�et of usps,whih emit higher mode waves, is unignorable. Moreover, reent simulations [22℄ indiatethat the typial value of � is muh larger than 10�5. If we take the e�et of usps intoaount and assume � ' 0:1 as in Ref. [28℄ the onstraint of the osmi string tension turnsout to be muh more severe, G� < 10�10. Here we propose a method by whih the EPTAonstraint an be evaded even in the ase where � is not small and when the e�et of uspsare taken into aount.*4 The formalism developed in Ref. [18℄ would yield a slightly more stringent onstraint on the line density.6



This turns to be possible by onsidering a di�erent mehanism of string formation. Sinethe dominant ontribution to 
GW(f = 1yr�1) in the standard senario omes from theloops whih were generated during late radiation and early matter-dominated eras, we anevade the PTA onstraint if the number density of suh loops an be redued. In this ase,we an explain the PTA onstraint without setting G� to be small.III. A NEW SCENARIO OF STRING FORMATIONIn the standard osmi string senario, where strings are formed by spontaneous sym-metry breaking after reheating or at the end of hybrid ination [41, 42℄, the string networksoon relaxes to the saling solution and it is impossible to redue the number of small loopsrelevant to the PTA onstraint. However, the number of loops an be redued in a senariowhere osmi strings are formed not after ination but during ination. This type of senariowas also studied by one of us in a di�erent ontext [3℄.Let us see the detail of this senario. Sine the mean separation of strings beomes largerand larger as ination proeeds, they have to wait for a long time to ross. Strings anneither interset with eah other nor form loops until their mean separation falls well belowthe horizon distane. In this senario, we an remove the soures of the GWB (osmi stringloops) at early times, so we an satisfy the observational onstraints imposed by GWB witha relatively big value of G�.We alulate 
GW in suh a senario where loops start to form only after the time ts,when strings begin to satisfy the saling law. Although some loops may have been formedbefore ts, suh loops would be rare and hene we here evaluate the GWB spetrum assumingthat they are negligible and the GW emission starts at ts suddenly.The alulation an be done as follows. We perform z integral in Eq. (8) to zs, whihorresponds to the redshift of ts. The relation between osmi time t and z is given byt = 1H0 Z 1z dz0(1 + z0)p
�0 + (1 + z0)3
m0 + (1 + z0)4
r0 � 1H0't(z); (13)z = 'z(H0t) (the inverse funtion of 't(z)): (14)Some modi�ations are needed in the h integral in Eq. (8) . Shortly after ts, at time t1, theminimum loop size is `1 � �ts � �G�(t1 � ts) sine very small loops are absent. Besides,the �-funtion means that only the strings with ` > 2f(1+z) � `2 ontribute to the GWB.7



Therefore the h integral runs not from 0 but form max(h1; h2), where h1 and h2 orrespond tothe amplitude of GWs emitted from the strings with the length `1 and `2, respetively. Theupper limit of h orresponds to the maximum loop size. Although the authors of Ref. [17℄insist that one an remove the ontribution from rare bursts by introduing the uto� inthe h integral, the value of the uto� is ambiguous. Therefore we do not introdue it andinlude \all bursts".Figure 1 shows the density parameter of GWBs from osmi strings at the frequenyf = 1 year�1 as a funtion of zs for various values of �. We an read o� the onditionzs ' 1 � 103 should satisfy for eah value of � and G� to be onsistent with the PTAobservation. Figure 2 shows the maximum zs (or the earliest time for strings to startforming loops) in order not to ontradit with the PTA data for � = 10�1. We �nd anapproximate formula for zs, whih evades the PTA limit aszs <� 3� 103� G�10�8��0:94 : (15)Therefore, we still have the opportunity to detet features of osmi string using the futureCMB observations with small enough zs sine strings with G� <� 10�7 are allowed if loopformation is delayed.IV. COSMIC STRINGS AND INFLATION IN SUPERGRAVITYWe present a new mehanism to realize the above senario in supergravity. While theprevious models introdued a nonminimal oupling of the salar urvature to the string-forming salar �eld [3, 34℄ or diret oupling with the inaton [31{33℄, our model doesnot require any additional interations, sine it is automatially provided by gravitationallysuppressed interation arising from supergravity.The F-term potential in supergravity is written asV = e KMG2 �(DiW )Kij�1(DjW )� � 3M2G jW j2� ; (16)where K is the K�ahler potential and W is the superpotential. Here we have de�nedKij = �2K��i���j ; (17)DiW = �W��i + 1M2G �K��iW ; (18)8
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FIG. 1: Energy density of GWB at f = 1year�1, 
GW, as a funtion of zs, the redshiftat the onset of the saling solution for various values of �. The horizontal line shows theupper bound imposed by the PTA observation.
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FIG. 2: The maximum zs that an evade the PTA onstraint as a funtion of G� for� = 10�1.and MG = 1=p8�G is the redued Plank mass. During the standard slow-roll ination,the energy density � is dominated by the potential energy, so the Friedmann equation reads3H2M2G = � �= V . For K �M2G we �nd3M2GH2 �= V �= (DiW )Kij�1(DjW )� � 3M2G jW j2 (19)in F-term ination. Sine the kineti terms of the salar �elds are given by �Kij���i����j ,the minimal model assumes K = j�ij2 whih yields anonial kineti terms. Here we anexpand the exponential fator after anonial normalization and diagonalization,e KMG2 = 1 + �i�i�M2G + � � � : (20)Therefore, the salar potential V ontains the term 3H2�i�i�. This means that the �eld �ireeives an additional Hubble-sale mass, whih is alled the Hubble-indued mass*5. If theHubble parameter is large enough at the beginning of ination, these �elds fall down to theorigin quikly and the symmetry is restored during ination. Moreover, in ination models in*5 The inaton should not aquire the Hubble indued mass; otherwise the slow-roll ondition annot besatis�ed. In order to realize ination, one must assume shift symmetry [40℄ or adopt ontrived models[43℄. 10



� X s  � U(1)S 0 0 0 +1 �1R 0 +2 +2 0 0Z2 �1 �1 0 0 0TABLE I: Charge assignments on super�elds in the model under the U(1)S symmetry, the R-symmetry, and Z2-symmetry.whih the Hubble parameter hanges gradually during ination, suh as the haoti inationmodel [39℄, it is possible for the phase transition to take plae during ination. Here weadopt the following superpotential, W = WI +WS; (21)WI = M�X; (22)WS = m2s� �s � ; (23)and the K�ahler potentialK = 12(�+ ��)2 + jsj2 + jXj2 + j j2 + j � j2 ; (24)to realize haoti ination, where WI and WS are superpotentials of the ination setorand the string setor, respetively. Here � is the inaton, X is an additional singlet,  and � are the symmetry-breaking Higgs �elds that break U(1)S symmetry, s is a singletwhih destabilizes the Higgs �eld at the origin, M is the inaton mass, m is the symmetrybreaking sale, and � is a oupling onstant. Note that we impose R-symmetry and disreteZ2 symmetry in order to suppress all other unwanted interations suh as X�2; s�, and soon*6. Charge assignments on the �elds are shown in Table I.This model an realize haoti ination naturally thanks to the shift symmetry, �! �+with  being a real parameter, along the imaginary part of � whih plays the role of the*6 Note that the term �s�2 in the superpotential annot be forbidden by these symmetries but it breaks theshift symmetry of �. Sine we an expet that the inaton mass M arises as an order parameter of theshift symmetry breaking, the oupling onstant � should be suppressed enough, say � � M2 � 10�10 inPlank units. Thus, the following disussion does not hange.11



inaton [40℄. Setting � = 1p2(�+ i'), the potential for these �elds isV = e KMG2 �(DiW )Kij�1(DjW )� � 3M2G jW j2�= exp � 1M2G ��2 + jXj2 + jsj2 + j j2 + j � j2��� �12M2(�2 + '2) +M2jXj2 +m4 � �m2( � +  � � �)+�2j j2j � j2 + �2jsj2j � j2 + �2jsj2j j2+ 1M2G ��32M2�2 � 12M2'2� jXj2 + � � ��� : (25)Note that we do not have to onsider all of these terms beause the �elds �, s, X,  ,and � have very steep potential due to the fator e KMG2 at the �eld values larger than MG.This means they annot have �eld values muh bigger than MG. Sine � and s have largermasses than the Hubble parameter, they are pratially �xed at the origin during ination.Although X has a mass of the order of the inaton mass, its ontribution to the totalpotential energy (or the dynamis of ination) and the density utuation are negligible dueto its muh smaller �eld value than the inaton. Sine only the inaton ' an have a valuemuh larger than MG, this model redues to a simple haoti ination model, V =M2'2=2.Now we investigate the phase transition during ination. Diagonizing the mass matrixof  and � , we obtain the following anonially normalized �elds:8><>:  1 = 1p2( +  �) ; 2 = 1p2( �  �) : (26)The relevant terms that ontrol the dynamis of the phase transition during ination areV = 12M2'2 + � 1M2G�12M2'2 +m4�� �m2� j 1j2 + �24 j 1j4� 12M2'2 + �3H2 � �m2� j 1j2 + �24 j 1j4 : (27)The �rst term is the potential for the inaton. The mass term of  1 hanges its sign frompositive to negative during ination at H2 = �m2=3. As a result,  1 may be destabilized andthe U(1)S symmetry is spontaneously broken during ination, while  2 has always positivemass squared.Our model ontains the parameters �, m, and M . M is related to the primordial power12



spetrum of urvature utuations via�2R(k) = 124�2 VM4G 1� ����k=aH � 16�2 M2M2GN 2; (28)with N ' 55 being the number of e-folds when observable sales exit the horizon. Theobserved value �2R(k) = 2:4 � 10�9[44℄ determines the inaton mass to be M �= 1013GeV.We assume � is of order of unity and m is muh smaller than MG.The line energy density of osmi strings is related to the vauum expetation value ofthe string-generating �eld as *7 � �= 2�h 12i = 4�m2� : (29)Therefore one an determine the value of m2=� by �xing G�.The ruial issue is whether strings with G� � 10�8, whose tension is large enough tobe detetable by CMB observations [9℄, an be produed with appropriate density so thatthey an evade the PTA onstraint but are observable using CMB. It is therefore importantto study when the phase transition takes plae to larify the mean separation and theorrelation length of the string network.In our senario, the phase transition is triggered by quantum utuation during inationrather than thermal utuations and we an make use of the results of [3, 32, 35, 38℄ toanalyze its properties. Calulations based on the stohasti inlfation method [45, 46℄ showthat the phase of the string-forming �eld  1 is �xed when the lassial potential foresurpasses the e�et of stohasti quantum utuations [35℄. This ours �N = p=2 e-folds after  1 = 0 has beome lassially unstable with 3H2 = �m2 where  � �m2=M2[35, 38℄. The number of e-folds from this epoh to the end of ination is given byND = 12(�p2� 1) ; (30)whih gives the extra dilution whih is absent in the ase where phase transitions our afteror without ination. The Hubble parameter at this epoh, whih we denote with a suÆx f ,is given by Hf =  3 � p23 !1=2M: (31)*7 To be preise, one should treat the oeÆient as a funtion depending on �, rather than as a onstant,2�. However within the range of interesting values of � in our model, we an approximate this oeÆientas 2�[42℄. 13



The typial separation between strings at this epoh an be estimated as in [3, 32℄. First,hoose an arbitrary point x0 with an arbitrary �eld value of  1(x0). One an always performa gauge transformation to make this real:  1(x0) �  1R(x0) + i 1I(x0) =  1R(x0). Then,sine a string is a lous of  1R(x) =  1I(x) = 0, the nearby string segment an be found bysearhing for a point (in fat, a line) with  1R(x) = 0 on the surfae of  1I(x) = 0. To thelowest-order Taylor expansion, the ondition for a string to exist within a distane r fromthe point x0 is given by rjeI �r 1R(x0)j > j 1R(x0)j; (32)where eI � r 1I(x0)=jr 1I(x0)j is the unit normal vetor to the surfae  1I = 0. Sine 1R(x0) and r 1R(x0) are statistially independent, almost Gaussian variables, one anexpress the probability for the inequality to be satis�ed at a distane r, P (r), in terms ofthe varianes h 21Ri � �2 and h(r 1I)2i=3 = h(�x 1I)2i � �2g0 , whih will be evaluated later.Without loss of generality one an take z-axis along eI. Then writing r 1R � (ux; uy; uz),P (r) is given byP (r) = Zr2(u2x+u2y)> 21R P ( 1R; ux; uy; uz)d 1Rd3u= 1(2�)2��3g0 Z exp � 21R2�2 � u2x + u2y + u2z2�2g0 ! d 1Rd3u (33)= �g0r(�2 + �2g0r2)1=2 ;where P ( 1R; ux; uy; uz) is the one-point probability distribution funtion of  1R and r 1R.Thus the typial distane to reah a string, whih also gives an estimate of the mean sepa-ration of strings, is given by r ' �=�g0.Next we alulate the varianes at t = tf , whih is obtained from the power spetrum of 1 [38℄P 1 = j 1k(tf)j2 ' H2(tk)2k3 �S(tk)S(tf)� exp24� 92M2  H(tk)� 2M3 r� 12!2 + (2�p3)24 35 ;(34)where S(t) � ��m2 � M22 � 3H2(t)4 �1=2 ; (35)and tk is the epoh when the omoving mode k exits the horizon. We an evaluate the ratio14



of the varianes as�2�2g0 = R j 1k(tf )j2 d3k(2�)3R k23 j 1k(tf )j2 d3k(2�)3 � � ~r()Hf �2' 15p2�(xf � xd) exp �152 (xf � xd)2 + 5 �p2+ 25� 1H2f (36)where xd � 25 �� 12�1=2 ; xf �  3 � p23 !1=2 : (37)Now we get the typial separation of strings. In addition to the expression (36), we alsonumerially evaluate ~r() as a funtion of  and get ~r() ' 400 at  = 100.After the initial on�guration of the string network is determined at tf during ination,the typial separation simply sales as the sale fator until it falls below the Hubble radius.At redshift z, it readsd(z) = reND aRaend aeqaR a(z)aeq= 3� 1018 ~r()xf() exp �12(�p2� 1)� 1z + 1 � TR106GeV�� 13 GeV�1; (38)where the suÆxes end, R, and eq represent the epohs of the end of ination, reheating andradiation-matter equality, respetively. If we assume the network enters the saling regimeimmediately after the string separation beomes smaller than the harateristi length of asaling network d(z) <� �(z), where,�(z) = dH = H�1 =  � 7� 1041p
�0 + 
m0(1 + z)3 + 
r0(1 + z)4GeV�1; (39)then we an get a relation between the model parameres and zs by equating (38) and (39)to determine the region of the parameter spae where traes of osmi strings are detetableby future CMB observations without oniting with the PTA onstraints. Figure 3 showsallowed region of the model parameters where the redshift at the onset of the saling regimehas been obtained from an equality d(zs)=�(zs) = 1: (40)We must admit, however, that this estimate has some unertainty. Unlike in the standardsenario where the string network approahes the saling solution as the string density de-reases, in the present ase it is reahed as the number of long strings per the Hubble volume15



inreases to the saling value. To our knowledge, suh a situation has not been numeriallysimulated, and it is an open issue when the system relaxes to the saling solution. Fortu-nately, however, there exists a �nite setion of parameter spae where all the requirementsare met, even if we hange our riterion of the epoh when the saling law is ahieved.Indeed, if we assume the saling is ahieved when an equality d(zs)=�(zs) = K is satis�ed,we �nd that the two vertial lines and the oblique line representing the gravitational-waveonstraint in Figure 3 shift to the right by2100  p2p2� 1 �p2�p2� 1! logK (41)' 2:2� 10�2 logK (at  = 100)so that the shape and the size of the allowed region remain intat. Note that the parameterKan also aommodate possible variation of the initial string separation, too. Therefore, weonlude that there are ertainly interestingly large parameter spae where signatures of theosmi strings are detetable by the future CMB observation evading the PTA onstraints.We have shown in Figure 3 the parameter orresponding to zs = 1100 and d(z = 0) =H�10 whih means there would be only one string inside our present horizon. We �nd mshould be about 1014GeV, and so use m14 � m=1014GeV. Therefore  beomes 100�m214.The horizontal axis is related to the time when strings start to sale and produe loops.Aording to the results of the previous setion, an upper limit is imposed on zs in ordernot to ontradit the MSP observation. This upper limit on zs yields a lower limit on �m214.The value of G� is proportional to the value of vertial axis.V. DISCUSSIONIn this paper, we have studied a new mehanism to evade the PTA onstraints on theosmi string tension. We have found that the PTA onstraints an be evaded if the loopformation starts at a later epoh, say, z <� 104, depending on the value of � and the tensionof the osmi strings. We have also shown that this senario an be realized if the phasetransition and string formation take plae during ination. As a spei� example, we haveshown there is a �nite region of parameter spae where we an expet to detet the signaturesof osmi strings through CMB observations while aommodating the PTA onstraints inthe F-term haoti ination model in supergravity [40℄.16
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FIG. 3: The allowed parameter region of this model is shown. In the blue-painted region, thenetwork of strings starts to produe loops so early that the gravitational waves emitted by themontradit observations. Though determining this region requires more statistial analysis ofbursts and a more realisti treatment of �, we emphasize that some region remains allowed.The most interesting region, whih represents the ase strings in whih an not only evadethe PTA onstraint but also ontribute to the anisotropy of the CMB as muh as ordinarystrings do. The white region orresponds to the ase where strings are observable through theCMB but at densities smaller than in the onventional senario. As a reent onstraint onG�, we used the value obtained in [7℄. Aording to [9℄, strings with G� < 7 � 10�9 are notobservable.As seen in Figure 1, the value of � is very important to determine the onstraint onzs. Reent simulation [22℄ indiates that loops are formed with various sizes ranging from� ' 10�1 to � < 10�5 in the standard senario. In our senario, however, the meanseparation of osmi strings is muh larger than the horizon initially, so it is expetedthat larger loops are produed more frequently than in the ordinary senario. In addition,ination also erases small-sale utuations on long strings. Hene strings do not develop17



small-sale struture and the orrelation length remains of the order of the Hubble radius forsome time, even after zs. As a result, we expet � to take a relatively large value, � � 10�1,at the onset of the saling regime.Though we assume that the osmi string network enters the saling regime when themean separation of osmi strings beomes omparable to the harateristi length of thesaling network, the time of the onset of the saling regime is still ambiguous. However,we an expet that the earliest andidate for the onset of the saling regime is when thesmallest sale of the osmi strings, (a(z)=af )H�1f , beomes omparable to the harateristlength of the saling network �(z). We on�rmed that, even in this ase, there is a �nitebut interesting parameter spae. Therefore, we onlude that there is ertainly a region ofparameter spae where we an expet to detet the signatures of osmi strings by futureCMB observations.In our senario, the e�et of the CMB may need to be reonsidered. If ination did notlast so long after strings were formed, stings start to satisfy the saling rule at an earlierepoh. As a onsequene, their separation would already beome smaller than the horizonat the reombination. Then there would be as many strings as in the standard senarionear the last sattering surfae of the CMB photons. The e�et on the CMB would be thesame as that has already been analyzed in the literature [47℄. On the other hand, if inationlasted very long after strings had been formed, they ould not start to sale until very latetime. Therefore, their separation would be larger than the horizon at the reombination. Inthis ase, their e�et on the CMB would beome smaller. For a quantitative understanding,numerial simulations of the string network with appropriate initial onditions are desired.AknowledgmentsWe would like to thank Christophe Ringeval and Matthew Lake for helpful omments.This work was partially supported by JSPS Grant-in-Aid for Sienti� Researh No.23340058 (J.Y.), Grant-in-Aid for Sienti� Researh on Innovative Areas No. 21111006
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