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Mass generation without phase coherence at nonzero temperature
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We present results from numerical simulations of the-(9 D SU(2)® SU(2) Nambu-Jona-Lasinio model
with N;=4 fermion flavors at zero and nonzero temperaflird\t zero temperature, critical exponents ex-
tracted from the scaling of the order parameter and fermion mass are found to be consistent with next-to-
leading order predictions of theN{ expansion. At nonzero temperature we observe fermion mass generation
despite the lack of chiral symmetry breaking, which is forbidden by the Colemann-Mermin-Wagner theorem
for all T>0. We study the effects of lattice discretization and finite volume on the dynamically generated
fermion mass. By studying the lattice dispersion relation we also show that in the hot phase there is no
significant temperature induced modification to the speed of light. Studies of the equation of state are made by
measuring the pressure as a function of temperature and a comparison is made wikl largeictions.
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[. INTRODUCTION over the internalSU(2) isospin symmetry and are normal-
ized such that trf,75)=26,5. The indexi runs overN;
The nature of QCD and related field theories at finite temfermion flavors andy? is the coupling constant of the four-
perature remains a highly active area of both analytic angermion interaction.
numerical research. By studying the high temperature transi- The model is chirally symmetric underSU(2),
tion in strongly interacting theories we gain insight into not @ SU(2)g; ¥— (P .U+PRV)y, whereU andV are inde-
only the hot chirally symmetric phase, but also the coldyendent globalSU(2) rotations and the operatorB, g
phase, in Which spontaneous chi_ral symmetry breaking Ieac&%(li ys) project onto left and right handed spinofs re-
to a dynamically generated fermion mass. spectively. It is also invariant undér(1), corresponding to
In (2+1)-dimensional field theories the nature of the 3 conserved baryon number.
transition can be particularly interesting. It has been shown The theory becomes considerably easier to treat, both ana-
[2,3] that in the three-dimensional Gross-Neveu model withytically and numerically, if we introduce scalar and pseudo-

a U.(l) chiral symmetry at nonzero temperellture_j there IS &calar fields denoted by and 7 respectively. The bosonized
regime at temperatures above the Berezinskii-Kosterlitz;

Thouless transition in which the fermions acquire nonzerol'agranglém 'S
mass despite the absence of phase coherence. An analogous
phenomenon is found in the physics of strong coupling or
low carrier density superconductors. In these materials
Cooper-pair formation occurs below a temperatlire T*
while theU (1) symmetry remains manifest. The “local” gap — L. N¢ N
modulus which is neutral undéy(1) rotations is nonzero, =di(b+otiysm 7)hit Ftrrb @, @)
while the phase of the gap fluctuates violerthy; this is g
known as the pseudogap phase. It is only below a tempera- ..
ture T=T,<T* that phase fluctuations cease and the matewhere the combinatio®=c+is- 7 is proportional to an
rial enters a true superconducting phase. This separation §fement in the chiral group such that the model is invariant
the temperatures of pair formation and pair condensation haghder the rotationb —VaU .
been known of for many years. It remains an open question, Apart from any obvious numerical advantages this rela-
however, whether the dynamic generation of fermion masseiévely simple model has various interesting properties:
without the breaking of chiral symmetry could be phenom- (i) The spectrum of excitations contains distinguishable
enologically relevant in particle physics. baryons and mesons, i.e. the elementary fermgpasd the

In this paper we present a thermodynamic study of theeompositeqq states.
(2+1)-dimensional SU(2)® SU(2) Nambu-Jona-Lasinio (i) At zero temperature and sufficiently strong coupling
(NJL) model on the lattice, with the aim of showing that g?>gZ, chiral symmetry is spontaneously broken, leading to
these phenomena can occur in theories with more phenonar dynamically generated fermion mass equaMt(0)= (o)

- .. N .
L=Y(b+o+iysm D+ —5(02+ 7 m)
29

enologically motivated symmetries. in the largeN; limit; the pion fields are the associated Gold-
In the continuum, the model is described by the Euclidearstone bosons.
Lagrangian density (iii) For dimensionality 2d<4 there is an interacting
) continuum limit at a critical coupling, which fat=3 has a
_ 9> — - ; 214 ; ; ;
L= b — ——[ ()%= (G vs7v)?], (1 numerlcal val'ueg?/a 1.0 to leading order in N; with a
2N lattice regularization employed.

R (iv) The global symmetries are the same as those of 2
where r=(7,,7,,73) are the Pauli spin matrices which run flavor QCD, for which reason its four-dimensional version
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has a long history as an effective theory of QCD at interme- In this study we have carried out lattice simulations with

diate energies. N;=4. After briefly discussing the lattice formulation of the
Having highlighted the model's zero temperature properinodel, we present results of simulationslat0 from which

ties, let us now discuss what we know of its thermodynamwe have extracted the bulk critical exponefiig,y and v.

ics. To leading order in N; the effective potential has the For T#0 we have attempted to study the issue of mass gen-

same form as the discrete symmetry case with the replac&ration by measuring the so-called screening or “spatial”

ment o?— o?+ 2. This implies that chiral symmetry re- massM(T) and the pole or “temporal” mas#1,(T). In

mains broken up to a critical temperatdig=M/2In 2 (M is order to better understand the relationship between the two

the zero temperature fermion massid that symmetry res- we carried out a study of the lattice dispersion relation. Fi-

toration at this temperature is associated with the fermionna”y’ simulation on lattices with various temporal extents
. perat N Nelps to illustrate the nature of finite size and lattice discreti-
becoming massless. This conclusion is expected to be vali

. P ) ation effects. Measuring the pressure and making compari-
only whenNy is strictly infinite, i.e. when the fluctuations of ¢, with the Stefan-Boltzmann limit was found to elucidate
the bosonic fields are neglected, since otherwise it runs fouhe matter further.

of Coleman-Mermin-WagnefCMW) theorem [4] which
states that in (2 1)-dimensional systems a continuous sym-
metry must be manifest for all>0. This behavior may be
understood by noting that, in the language of spin models, a In its bosonized form, the model may be formulated on
domain wall separating regions of oppositely oriented magthe lattice using the action

netization has an energy which does not increase with the

II. LATTICE FORMULATION

size of the system. If a wall has lendtland thickness, the N _ . _ .

energy is~1/t, since the magnetization is allowed to inter- S=2 X (xiM[o,7lxi+ EM*[o,7]8)

polate continuously4]. This remains finite even dst—o. =X

The physics is comparable, therefore, to that of the Ising ON

chain, where a kink also costs only finite energy. A 0" +— > (o +m-m), 3
the magnetization changes discontinuously, but there is no 2 3

latent heat as the domains can grow to be very large. A o o

simple estimate of the entrogy}] reveals that the domain where y, x, ¢ and ¢ each representN independent
size grows exponentially with the inverse temperature. Studérassmann-valued staggered fermionic fields defined on lat-
ies of the critical properties of the (21)D NJL models with  tice sitesx, and the auxiliary bosonic fields and = are

Z; [5] and U(1) [1-3] chiral symmetries at nonzero tem- yefined on dual lattice sités The fermion kinetic operator
perature have shown that the thermally induced phase trans

sition of theZ,-symmetric model belongs to the universalityrl]S given by

class of the two-dimensional Ising model and that the o1

U(1)-symmetric model has the same phase structure as the Mf(’;}[a,w]z Eépq (Syx+0— Oyx—0)
two-dimensionaX'Y model. These results are in accordance

with the dimensional reduction scenario, which predicts that

the long range behavior at the chiral phase transition is that + E 7,(X) (Syxt = Oyx—1)
of the (d—1) spin model with the same symmetry. This is v=lz

because the IR region of the system is dominated by the zero 1 _ o
Matsubara mode of the bosonic field. + §5xyz [o(X) 8P4+ e(x)m(X)- 7PY],

In the SU(2)® SU(2)-symmetric model, one expects to (x.x)
observe fermion mass generation in the absence of symmetry (4)

breaking at finite temperature, as in the case of th{é)

model. The local amplitudp= o+ 7- 7 is neutral under where(x,x) represents the set of 8 dual lattice sites neigh-
O(4) rotations and may therefore be nonzero without breakboring x, and the symbolsy,(x) and e(x) are the phases
ing the symmetry. Hence, it is possible to have a dynamically{ —1)*0* **-1 and (- 1)***1**2 respectively.p,q are
generated fermion mad4(T) ~ p whose value may be com- the internalSU(2) isospin indices, which we include explic-
parable to the naive prediction of the larye-approach. This itly. Making the replacemenys— e(x), the symmetries de-
was demonstrated iti=(1+1) in[6], in which results from fined in the previous section are still observed; i.e. the
an exactly soluble fermionic model were generalized to theSU(2)® SU(2) chiral symmetry remains exalct], which is
U(1)-symmetric Gross-Neveu model. As was arguefBiln  not the case in lattice QCD. With this replacement, the pro-
at T#0 the fermionic spectral function is modified to a jection operator$ r— P, now project onto even and odd
branch cut, implying that the propagating fermion constantlysub-lattices respectively.

emits and absorbs massless scalars and hence has an indefi-This choice of action corresponds to using a functional
nite chirality. The physical fermion may then be a superpo-weight of detM "™M. This doubles the fermionic degrees of
sition of positive and negative chirality and therefore be neufreedom, but does allow one to perform simulations using a
tral under chiral transformations. It is in this way that onehybrid Monte Carlo algorithm, which has the advantage of
anticipates mass generation despite manifest symmetry. being exact. Further doubling due to the use of staggered
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fermions in three dimensions leads to a totaNe=4N con- 0.9 T | T |  E—
tinuum fermion flavors. Trajectory lengths were sampledo.s s Y s
from a Poisson distribution with a mean of approximately , , _“‘1‘?'?;*‘ -
1.0. This ensures the ergodicity of the ensemble and reduce 6 ¥¥
the autocorrelation of successive configurations. e
Simulations were carried out on lattices withx L, sites, ~ ®% [ I
separated by lattice spaciray-1/A, whereA is the ultra- 04
violet cutoff. In Euclidean spacetime, temperature is identi-o.3 -
fied with the inverse temporal extent, i.€=1/(L;a). The 02 % _
temperature of the system may be altered, therefore, by vary %
ing either B=1/g2, which amounts to varying the lattice [ o,
spacing, or by varyind.,. The effective zero temperature 0 015 016 0f7 ofs 019 T
limit is reached if one choosds=L 1 and cutoff depen- 8
dent effects may be explored by varyim®y To reach the
continuum limit one has to satisfy the following two condi-  FIG. 1. Effective order parameter and fermion mass as functions
tions: A>T and A>m, wherem is a mass scale inversely of 8 on 36 and 48 lattices.
associated with the correlation lengftof the fluctuations of
the order parameter. The conditidn>T requires a lattice finite size system, as manifest chiral symmetry implies that
with sufficiently largeL>1. This condition not being met theG,, andG.. components of the staggered fermion propa-
results in the sum over the Matsubara frequencies being trurgator should vanish.
cated at too small a value. The second conditid m, We simulated the model on a Béattice with repeated
implies that the couplingg should be tuned toward its criti- Simulations on a 48lattice near the critical coupling?"* in
cal value at which the correlation lengé®1. Furthermore, order to detect and control finite size effects. Approximately
the conditionL > ¢ should be satisfied in order to minimize 1000 equilibrated trajectories were generated for each pomt
finite size effects and obtain results which approximate thd-itting these results to the scaling fornd= al(,B
thermodynamic limit. — B)Pmasand M =a, (B2~ B)” we were able to extract the
critical exponentg3,,gandv. As —0, the space-time lat-
Ill. RESULTS tice becomes large and coarse and (@) lattice discreti-
zation effects become significant. A&— B2 the decreas-
ing lattice spacing causes the lattice to become less coarse,
In order to study the chiral symmetry of the model first atput finite volume effects become dominant. True scaling be-
T=0 and then af >0 we work in the chiral limit; i.e. we havior is limited, therefore, to a particular window, which we
choose not to introduce a bare fermion magsinto Eq.(3).  choose as 0.6598<0.825 by demanding that results of the
Without the benefit of this interaction, the direction of sym-fits be stable with respect to the adding and subtracting of
metry breaking changes over the course of the simulatioindividual points. The measured values of the exponents
such thats = (1V)Z30(x) andI1=(1NV)S37(X) (whereV  were Bya—1.12(2) andv=1.10(2) with 8""=0.961(5)
is the lattice volumpaverage to zero over the ensemble. It isand 0.969(3) respectively. Data fdr and M versuspg are
in this way that the absence of spontaneous chiral symmetrglotted with the fitted scaling functions in Fig. 1.
breaking on the finite lattice is enforced. Instead, we define Our results forv and B,,q are consistent with the i
an effective order parameter expansion results calculated [i8]:

O=(\32+11-11), (5)

T
hoat
1
#

A. Zero temperature

o o o ﬁmag=1+E — Ni+o—~115 7
which is a projection onto the direction of symmetry break- f NF
ing for each configuration. Although this definition allows
one to distinguish between the chirally broken and unbroken 4\ 1 1
phases, it should be noted that the two definitions of the v=1+§ — N_f+OFN1.14, (8)
T f

order parameterp and(a>|mo_>0, differ by a factor of 1{V

as it is impossible to disentangle the chiral order parameter

field in @ from the Goldstone modes. We also measure thérllvgg(taol—?eggirngnc:?(;itrlocno?rfe:(:':ilénzh?/vﬁilgat\r/]vaetr(:v ic?tbig;\(/aer\?ed
fermion correlation function for temporal separation 9 !

in studies of theZ, [8] andU(1) [3] models, is because the

C(t)y=Afe M+e MLY] jf t=o0dd, O(1/N¢) corrections in Eqs(7) and (8) are slightly larger
than in the models of lower symmetry. The fact that there are
C(t)=0 if t=even, (6) more light mesons that mediate the interaction in the

SU(2)® SU(2)-symmetric model than in th&, andU(1)
which allows one to extract the fermion pole madsThe  models may be the source for the larger deviation from the
fact thatC(t=even) averages to zero over the ensemble remean field values, which arg.q=v=1 for all three sym-
flects the fact that chiral symmetry is not truly broken on ourmetries. More accurate values of the exponent could be ex-
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FIG. 2. Effective order parameter vs normalized temperature for FIG. 3. Susceptibility vs normalized temperature for various
various spatial volumes. spatial volumes.

tracted by performing detailed finite size scaling analyses irchirally symmetric phases, one critical and one with finite
the vicinity of the critical point. correlation length. The main observations are the following:
In addition to the extraction of critical exponents, the (a) in the U(1) model the finite size effects in the low
studies presented here provide a length scale, namely thghase are larger than in tf82U(2)® SU(2) model because
fermion massM, with which one can present nonzero tem- the correlation length is infinite for any<Tgkt; (b) the
perature results in a cutoff independent fashion. This is perpositions of the susceptibility peaks in thK1) model con-

formed in the next section. verge to a nonzerd =TgkT.
In order to address the issue of mass generation kith
B. Nonzero temperature =4, we cannot directly extract the fermion mass from tem-

In order to study the model at nonzero temperature Weophora| separations over which to carry out a fit. Instead, by

performed simulations_on Iattic_es with a constant tempor tudying the decay of spatial correlators, we extract the so-
extent L,=4 and varying spatial volumev5=302, 502,. called screening or “spatial” masl (T) via
1007, 15C°, and 228. The temperature was varied continu-

ioral correlators via Eq(6) as there are no longer enough

ously by varyingB< g2~ 0.965, at which poina—0 and C(s)=AJe MsS+e Mls9] if s=odd,
T— o0,
The effective order parameter is plotted against tempera- C(s)=0 ifs=even. (10

ture in Fig. 2. The temperature is normalized by a factor of

the zero temperature pole magq0), in order to make re- For free, massless fermions we expect this quantity to be the
sults cutoff independent as previously discussed. At higHowest fermion Matsubara mode, given in the continuum by
temperature(p is consistent with zero while at low tempera- o™= =T, and on the lattice byw@'=sinh {sin(z/L,)];

ture there are significant finite size effects. These effects are'~0.658 forL=4. In the low temperature phase of the
a signal of the correlation length diverging as one approacheiargeN; limit the “temporal” or pole fermion masi(T) is

the transition aff=0" and the conditiorLs>¢ not being  related to the screening or “spatial” masd(T) via M2

met. Onceé~L one is unable to observe a manifest sym-— 2+ M2, as the effects of the interaction are absorbed by
metry. Our results are consistent with the expectation of chithe gynamically generated mass. IIN}/effects are taken

ral symmetry restoration in the infinite volume limit fGr  intg account, however, the relation betwedn and M can

#0. o . o _ be less trivial. In particular, at nonzero temperature the fer-
This picture is supported by the results shown in Fig. 3, inmjonic dispersion relation is expected to reflect the breaking
which the susceptibility of the order parameter of Lorentz invariance via a temperature dependent vacuum
x=V({(| |2 —(|D])?) (9)  Ppolarization termlI(k,T):
is plotted as a function of temperature. As spatial volume is E?(K,T)=M?(0)+K*+I1(k,T). (11

increased, the pseudo-critical temperatligl), i.e. the

position of the peak in susceptibility, decreases, supporting S ) . .
transition atT=0" in the infinite volume limit. Finite size (T) and a coefficienAA(T) which can differ from 1, im-

effects are again very large in the IoWvregime, which is plying a temperature dependent modification to the spﬁeed of
again consistent with the expectation that the correlatiodight. The latter effect is expected to be significant fkf
length diverges a§—0. It is elucidating to compare our <T, allowing one to writelI(k, T) = o*(T)k?+ O(k*). The
results for® and y with those from simulations of the dispersion relation becomes

U(1)-symmetric model[3], where it was shown that a

Berezinskii-Kosterlitz-Thouless transition separates two E2(K, T)=MZ(T)+A%(T)K?, (12)

emperature effects can be absorbed into the thermal mass
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FIG. 4. Screening mass vs normalized temperature. The hori- FIG. 6. M(T)/M(0) vs T/M(0).

zontal line represents the lowest Matsubara mode.
the same axes. At low temperature there seems to g no

whereA?=a?+1. It is simple to show that the relationship dependence while at high temperature we see that the dis-

between the screening and the pole mass is giveA%y?  crepancy betweeM(T) and wg" is reduced ad is in-
=M?Z+ w?, implying that knowledge o alone is not suf-  creased. The effect of finite, is that only a finite number of

ficient to reach a conclusion about the magnitude of the dyMatsubara modes are present on the lattice, and when the
namical fermion masdl, . This issue is investigated later in ferMion screening mass becomes comparable with the lowest
this section. Matsubara modeMy(T)~wg", discretization artifacts be-

Results from the measurement of the screening mass frofPMe significant. It is clear that this effect is only apparent
the L,=4 simulations on various spatial volumes are pre-when comparison is made with largedata.
sented in Fig. 4. The first observation to be made is that at !N order to gain insight into the effects of finitg, and

low temperaturéV ((T) is significantly larger tham. Itis ~ finite physical volume(which at nonzero temperature is

an interesting aside to note that, as was the case with tHEanslated into finite asymmetry ratiq/L) we studied the
U(1) model[3], the magnitude of the screening mass in ourP0!€ mass -on different lattice sizesx88’, 16x 48,
simulations is comparable to the values extracted from simut6% 96" and 24x 72°. The results of the pole mass normal-
lations of theZ,-symmetric mode[5] where mass genera- 1zed with respect tdV(0) are presented in Fig. 6. At this
tion is ascribed to orthodox chiral symmetry breaking. FigureP0int we remind the reader that in order to incredsave

4 shows the mass to be size independent, even though, as Wecrease the lattice spaciagwhich is at_:hwévid by tuning
have seen from Fig. 2, the order paramabenas large finite  the couplings toward the bulk critical poing™. Compar-
size effects for allT>0. It is also clear from Fig. 4 thal,  ing curves with the same asymmetry ratios and diffetgnt
does not approach a value equaldf§' in the limit that T such as those extracted from data on lattice sizes®

. 2 .
o0, We attempted to understand this by measuring the ferdVith 16X 96% and 16<48” with 24x72%, we see that the
mion mass on lattices with different temporal extehts finite L, effects become large dsincreases. As in Fig. 5, this
=8, 16 and 24 and for a range of values of the coupfiag is due to the fermion screening mass becoming comparible
The screening mass measured on lattices with three differeMfith the lowest Matsubara mode. Similarly, the effects of

values ofL, is presented in Fig. 5. The data are normalizedfinite spatial extent become more pronounced with tempera-
lat ture, since finite size effects become large when the fermion

by a factor ofw; to make it possible to plot the results on ) . ; ,
y ¥ P P correlation length is comparable with the spatial extent of the

s lattice £~ M, *~Ls. We have plotted the same data with a

A ' ' 16 x 482 —E— different normalization in Fig. 7 and fitted to the form
L7 - Z4Xx1(7](2]§ “*@-‘— M(T)/T=a4[ T/IM(0)]*2. We chose to fit only to data with
16 i T/M(0)=<0.5, as we know from Fig. 6 that in this region
sk i finite size and discretization errors are not severe. This

choice is justified by noting that in Fig. 7 the data at lafge

T deviate from the fitting line. We found a weak temperature

. dependence, with 0.68«,<0.85 and—1.25<a,<—1.12

over the four fits. This is consistent witi;—0 asT—. In

the future, it would be interesting to compare this result with

B next-to-leading order Ny calculations.

— = L —B As previously discussed, in order to better understand the

temperature dependence of Efj2) we have studied the fer-

mion correlation function at nonzero momenturk
FIG. 5. Screening mass vs normalized temperature. In order t&= 27n/Ls (n1=0,1,2 ... L¢/4) in the spatial direction and

compare different, we normalize by a factor ab2". used the energi (k) extracted from Eq(6) to map out the

14

M(T) Jwl

13
1.2

1.1
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FIG. 7. M(T)/T vs T/M(0). FIG. 9. The pressure calculated from the lattice gap equation

and from numerical simulations. In both cases the lattice size is
fermion dispersion relation. Because of the periodicity of the4 x 10¢.

lattice in spatial dimensions and the doubling of fermion
species, these dispersion relations are symmetric argund  Finally, to gain further insight into the thermodynamics of
=7/2. We fitted data from the zero and nonzero temperaturéhe model, we studied the equation of state by measuring the

phases to the lattice free fermion dispersion relaf@n pressure as a function of temperature using the integral
method[11]. For homogeneous systems the presdiris
sintPE = Asirk+ sini? My . (13)  given by
. dNnZ| InZ
Results from the hot phase on ax168 lattice are shown p= nz _n=_ —f, (14)
with the fitted forms in Fig. 8. The masses extracted from fits N |V

to E(k) at bothT=0 andT>0 are consistent with those i ) i
extracted from the zero momentum correlators and yield valheref is the free energy density. On the lattice the loga-
ues of A=1 to within less than 3%. This implies that the rlthm of the partition functlon_ls calculated from th_e expec-
principal physical effect of the hot medium is to generate dation value of the bosonic part of the actiof,s
nonzero thermal mass, rather than to renormalize the speed2NZ53[o?(x)+ m(x) - m(x)]. Since the derivative with re-
of light. Furthermore, our results show that any extra factorspect to the bare coupling is
not included in the free-field ansatz, EG3), are negligible.
Similar results were extracted by fitting the dispersion rela- iz
tion to data from 16&96° and 24x 72 lattices. TheA=1 B £_<S>’ (15
result provided additional evidence that the nonzero screen-
ing mass extracted from our simulations with=4 implies  the physical free energy density can obtained from
that the fermion pole mass is nonzero. We see no modifica- L
tions to the low momentum part of the dispersion relation, B B,
expected to have two brancheslat 0 [10]. These branches, f= Vfﬁod'g [{Sbos) 0= (Spos)T]- (16)
corresponding to two types of quasi-particle excitati¢the
fermion and the plasminpare not visible in our simulations. The free energy density is normalized by subtracting the
vacuum contribution calculated d@=0. The pressure was
1 T T T T T T calculated from data on thexd100’ lattice while the vacuum
expectation value 08,,, was calculated from data on 36
and 48 lattices. A lattice largeN; calculation ofP, including
the calculation of the lattice Stefan-Boltzmann limit, is out-
lined in the Appendix. This result calculated on x 200
lattice is compared with the result extracted from simulations
with N;=4 on the same lattice size in Fig. 9. The statistical
error in the pressure extracted from simulation data is ap-
proximately 5% of the value d® for all T. It is striking that
the value ofP/T® extracted from the simulations does not
reach the Stefan-Boltzmann limit §s—o, an effect found
to be independent of the spatial volume. We believe that this
is simply another manifestation of the effect that causes the
FIG. 8. Fermionic dispersion relation vs momentknThe res- ~ SCreening mass not to approasff' asT— . We interpret it
caled temperaturd/M(0) decreases from 0.168op) to 0.735 as a renormalization of discretization artifacts bjNdEor-
(bottom). rections. Unfortunately, our data on lattices witj>>4 were

E(k)

034505-6



MASS GENERATION WITHOUT PHASE COHERENCERA. . . PHYSICAL REVIEW D 67, 034505 (2003

not sufficient to study the equation of state because the faembiguous evidence that &at>0 we observe mass genera-
that asL; becomes large the two contributions to Ef6)  tion despite the lack of chiral symmetry breaking. It is
converge, in conjunction with the normalization factor of interesting to note that the value M¢(T) is of the same
T 3= Lt3, causes statistical errors to swamp any signal in thenagnitude as it is in the model wit#, chiral symmetry3],
data. in which mass generation is ascribed to conventional sym-
Drawing the information in this section together, our re- metry breaking. To support our evidence of mass generation
sults provide clear evidence for the fermions acquiring nonfrom the measurement & ; we have also measured the pole
zero mass in the absence of chiral symmetry breaking. Imass directly on lattices with,>1. At high temperatures
order to be certain whether mass generation switches off ate observe large finite size effects as the correlation length
some value off=T* or whether it goes to zero asymptoti- of the low-mass fermion becomes comparable to the spatial
cally at T—«, we would need to simulate the model on extent of the system. At low temperatures, however, we ob-

lattices with much larger temporal and spatial extents. serve that the mass moves smoothly toward its zero tempera-
ture value. As with the results from thé#(1) model, we take
IV. CONCLUSIONS this as further support for Witten's statemgfi that when

interpreted correctly, the largg; expansion is a reliable

The SU(2)® SU(2)-symmetric NJL model is known to guide to the properties of the model. Although the CMW
have a rich and interesting phase diagrdr®]. In 3+1 di-  theorem forbids the largh; prediction of symmetry break-
mensions, the phase at high temperature and low baryofg at T>0, the prediction of a dynamically generated fer-
chemical potentiajx shows conventional symmetry restora- mion mass is adhered to. In this case the propagating fermion
tion via aT+0 transition. The hight low-T phase appears constantly emits and absorbs massless scalars and hence has
to be that of a BCS superfluid, while a study of the region atindefinite chirality. As was argued 8], the T+0 fermionic
high « and above the critical temperature shows it to behavepectral function is modified to a branch cut. In this model
as if in a pseudogap pha$#3]. Analogous to strong cou- we observe mass generation without phase coherence; i.e. we
pling superconductors there are two distinct critical temperahave a pseudogap phase Tor 0. At this stage, however, we
tures:(@) T* below which there is manifest baryon number cannot say whether there is a phase transition at some tem-
symmetry but no mass gapand(b) T below which normal  peratureT* or the fermion mass goes asymptotically to zero
superfluidity occurs. In 2 1 dimensions Monte Carlo simu- asT—oe. In order to study this regiméorresponding t@
lations have shown there to be a “thin film” superfluid phase — 0) it is necessary to perform new simulations on lattices
at high chemical potential and zero temperature with longwith largerL, andL,.
range phase coherence, but no mass gap generated about the

Fe_rm| surface{l4]_. Altho_u_gh similar in nature to the 2RY _ ACKNOWLEDGMENTS
spin model, a unique critical exponent seems to put the high-
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In this paper we have presented a thermodynamic latticgrant. Discussions with Simon Hands are greatly appreci-
study of the (2-1)-dimensional NJL model a=0. We  ated.
find the model to have manifest chiral symmetry for all

#0 in accordance wit_h j[he CMW theorem. As temperature is APPENDIX: LARGE- N; CALCULATION

rgduced, the_ susceptlblhty Qf the order_ parameter begm;s_ to OF THE PRESSURE

diverge and is consistent with there being a phase transition _ _ _ o _
at T=0". We observe mass generationTat 0 which is in In this appendix we outline a derivation for the pressure in

agreement with calculations carried out in the limit thgt ~ the largeN; limit on the lattice. In Sec. Il we define our
— =, where fluctuations of the bosonic fields are neglectedmodel in terms of staggered fermion fields which are defined
In this limit, however, mass generation is associated wittPh sitesx of the space-time lattice. Id dimensions, fermion
chiral symmetry breaking in the standard way. doubling gives rise to 2degrees of freedom per naive lattice
By studying the so-called “screening” mads<(T), we flavor, which in the staggered formalism are interpreted as
have shown that at low but nonzero temperativigs w,, 29/4 “tast_es"1 of Dirac spinor. This is easier to understand if
the lowest Matsubara mode. With a temporal extenLpf We reqlefme the fields on a blocked lattice, with each gite
=4, we observed that the spatial mass fails to appreach ass_omated with @ sites of the original lattic¢15]. The ki-
in the T—oo limit. This effect is also observed in the equa- NetiC operator then tends to the continuum Dirac operator in
tion of state, where a§—, the pressure fails to approach the limit a—0, with a pole in the propagator only at zero
the Stefan-Boltzmann limit. This is due to the fact that whenMomentum. We apply this formalism, which is outlined for
L, is small there are only a small number of Matsubara@n odd number of dimensions {16], in the case that
modes available, an effect which becomes noticeable at high 3. Defining the 22 matricesI'y=7,175275° and By=
temperatures, whetd .~ wo. Results from measurements of (— 7;)"1(— 7,)"2(— 73)"3, we carry out a unitary transfor-
Mg on lattices withL;>4 have shown this to be a discreti- mation to new fields:
zation effect which is reduced whén>1. By studying the
fermion dispersion relation, we have also shown that any—
temperature dependent modification to the relationship be-we use the term “tastes” here to distinguish these 2 Kogut-
tweenMg and M, is negligible, implying that we have un- Susskind flavors from ouX lattice andN; continuum flavors.
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1 1 and the bosonic action is
aap = @ap = aap,
u; (y) 4\/§U| (y) 4\/§§A: 1_‘A Xi(AY), 2|_§|_th2
Shos=—5 (AS5)
g

In the tensor products in EqA4) the first matrix acts on
spinor, the second on “taste” and the third on isospinor in-
wherey denotes a site on the “blocked” lattice with spacing gices.s, is the mean field equivalent af(x). Because the
2a andA labels a site on a2cube with its origin at sitg.  pjocked lattice spacing is& the Brillouin zone ranges from

Each sitex of the original lattice corresponds, therefore, to a_ /o4 tg 7/2a meaning that the allowed momenta are
unique choice off and A. The combination

1
deaP(y) = " ; BE2Pxi(A,Y), (A1)

u(y) 2P k,=—%, n,=0,%1,...*LJ2 foru=1.2
q“ap(y)=( ) ) (A2) Ls
' di'(y)
m(2n,+1)
may then be interpreted as a fermion field with spinor index K,= oL
@, “taste” index a and isospin index. !
We identify the pressure with the negative of the free n,=0=1,...,=L/2 for u=3, (A6)

energy density-f=(T/V)In Z, whereV; is the spatial vol-
ume of the lattice. In the largi; limit fluctuations in the wherea has been set to 1.
bosonic fields are ignored and the partition function is given The determinant of EqA4) is calculated as

by o

3
;1 (sirP2k,+4 sirfk,) +32| , (A7)

N

. N o detM (k)=
Z=qudqexp(—§l S aM MG | exp— S,

so the unsubtracted free energy density is therefore

2N
= ~S
(1;[ detM(k)) e Soes (A3) 1 N N2
f=———Inz=—— 2> IndetM (k) + ——.
where the fermionic action is written in terms of the fielyls Lkt Lsbe 9
— ) . : T (A8)
andq recast in Fourier space. The effective fermion kinetic
operator as a function of fermion momentdp is [8] As was done with the lattice data, we normalize this by sub-

tracting the zero temperature contribution so that the pres-

3 . . .
sure as a function of temperature is defined as

M(k)= > '5{(7,@ 1,®1,)sin 2k,
n=1 P=—(fr—fo). (A9)

+(y4® 7 ®1,)(1—cos X , o .
(748 7,9 L) Wi Finally, the Stefan-Boltzmann limit is found by calculating

+(1,0L,®1,)%, (A4) Eq. (A9) with X —0, which corresponds td—ce.
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