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Bulk viscosity of the massive Gross-Neveu model
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A calculation of the bulk viscosity for the massive Gross-Neveu model at zero fermion chemical
potential is presented in the large-N limit. This model resembles QCD in many important aspects: it is
asymptotically free, has a dynamically generated mass gap, and for zero bare fermion mass it is scale
invariant at the classical level (broken through the trace anomaly at the quantum level). For our purposes,
the introduction of a bare fermion mass is necessary to break the integrability of the model, and thus to be
able to study momentum transport. The main motivation is, by decreasing the bare mass, to analyze
whether there is a correlation between the maximum in the trace anomaly and a possible maximum in the
bulk viscosity, as recently conjectured. After numerical analysis, I find that there is no direct correlation
between these two quantities: the bulk viscosity of the model is a monotonically decreasing function of the
temperature. I also comment on the sum rule for the spectral density in the bulk channel, as well as on

implications of this analysis for other systems.
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L. INTRODUCTION

Transport coefficients are essential inputs to describe the
space-time evolution of systems not far from equilibrium.
During the last few years there has been a very active effort
to analyze them from both the theoretical and phenome-
nological points of view in the context of heavy-ion colli-
sions, condensed matter physics, astrophysics, and
cosmology. The calculation of transport coefficients in
quantum field theory at intermediate and strong coupling
is still a challenge for both analytical and numerical ap-
proaches. Because of their intrinsic nonperturbative nature,
even in weakly interacting theories a resummation of an
infinite number of diagrams is needed in order to obtain the
leading-order result. In the strongly coupled regime, the
most prominent method available is the AdS/CFT corre-
spondence, although it is only applicable to a limited class
of field theories. On the other hand, lattice simulations are
still not accurate enough regarding the calculation of spec-
tral densities, and the introduction of a finite quark chemi-
cal potential makes things even more difficult because of
the sign problem.

It was recently conjectured, based on a sum rule for the
spectral density of the trace of the energy-momentum
tensor in Yang-Mills theory [1], that a maximum of the
trace anomaly near the critical temperature might drive a
maximum for the bulk viscosity near that temperature. The
corresponding sum rule was later corrected in [2], and the
ansatz for the spectral density used to extract the bulk
viscosity questioned [2—4]. Since the trace anomaly mea-
sures the breaking of scale invariance in a system, and the
bulk viscosity ¢ essentially represents the difficulty for a
system to relax back to equilibrium after a scale trans-
formation, it seems in principle reasonable to think that
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would be maximum when the breaking of scale invariance
is maximum.

In heavy-ion phenomenology, bulk viscosity has usually
been neglected because it is expected to be much smaller
than the shear viscosity even at temperatures not very high
[5]. However, as suggested by the analysis of [1], non-
perturbative phenomena responsible for the main contri-
bution to the trace anomaly near 7, could also produce a
significant increase in the bulk viscosity. In this paper I
present an explicit calculation in the massive Gross-Neveu
model in 1 + 1 dimensions, where the correlation between
trace anomaly and bulk viscosity can be accurately tested. [
will not try to give an estimation for the absolute value of
in QCD near the phase transition though; as we will see,
this model is not suitable for that purpose. There are
several works analyzing this issue employing different
approaches (see, for instance, [5—12] and references
therein), but still the order of magnitude of the bulk vis-
cosity near the crossover temperature is uncertain.

In 1 + 1 dimensions, transverse flow of momentum is
not possible, and the bulk viscosity is the only viscous
coefficient present to linear order in gradients. In this paper
only finite-temperature effects will be analyzed, consider-
ing a vanishing fermion chemical potential; thus the ther-
mal conductivity will be zero in this case. Therefore, the
only constitutive equation relevant for us is'

o u'
<T11> = Peq - g—

ax’ 0

with (7'") the nonequilibrium expectation value for the
spatial component of the energy-momentum tensor, P, the
pressure in equilibrium, and ! the fluid velocity. The bulk

"We use the metric g = diag(+1, —1).

© 2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.83.065001

DANIEL FERNANDEZ-FRAILE

viscosity can be in principle calculated perturbatively in
field theory [13]:

£ o lim pbulk(w)’ )
w—0" w

where py, 1S the spectral density corresponding to the

thermal propagator (T (¢, x)T%(0)). Here though, I will use

a kinetic theory approach, which should be equivalent to

the diagrammatic one in the perturbative (and dilute) re-

gime [14].

This paper is organized as follows. In Secs. II and III,
there is a short review of well known properties of the
massive Gross-Neveu model at zero and finite temperature,
and then I prove the breaking of integrability in the large-N
limit when a mass term for the fermion field is explicitly
introduced. Then in Sec. IV, the calculation of the bulk
viscosity within kinetic theory is presented. In Sec. V, 1
comment on sum rules and implications of the previous
analysis for other systems. Finally in Sec. VI the main
conclusions of the paper are summarized. There is also
Appendix A, where the result of factorization for fermion
loops in 1 + 1 dimensions is derived, and Appendix B
where the reader can find some details on the calculation
of the inelastic scattering amplitude.

II. VACUUM PROPERTIES OF THE MASSIVE
GROSS-NEVEU MODEL

Let us consider the Gross-Neveu model [15] with an
explicit bare mass for the fermion field:

N 2 s N
L= lejaiﬁlpa_‘_%(z lzjalpa_Nm)z' (3
a=1 a=1

Since we are interested in studying the large-N limit of the
model, in order for the perturbative expansion in powers of
1/N to be sensible, the bare coupling constant must be
rescaled, g = A/N, with A being constant as N — oo,
Also, it is convenient to introduce an auxiliary field o to
properly classify the different Feynman diagrams accord-
ing to their topologies and power counting in 1/N [16]:

N 1 N
L = Z Vaidi, —50'2 - ga'z Y., + Nmgo.
a=1 a=1

4

Clearly, the introduction of this field does not affect the
dynamics of the system because its equation of motion is
simply o = Ngm — g3, ,,. In terms of the auxiliary
field, the discrete chiral symmetry then corresponds to the
simultaneous transformations ¢ — ysi¢ and o — —o.
In 1 + 1 space-time dimensions and in the large-N limit,
this model shares many important features with massless
QCD in 3 + 1 dimensions: it is renormalizable, asymptoti-
cally free, classically scale invariant (for zero bare fermion
mass), it has a dynamically generated mass gap which
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manifests as a peak in the trace anomaly, and in vacuum
it undergoes a spontaneous breaking of the discrete
“chiral” symmetry” ¢ > ysi.

As we will see in the next subsection, the introduction of
this bare mass m is a simple way of allowing the system to
relax back to thermodynamic equilibrium after a small
perturbation in the distribution of momenta. In addition,
the bare mass also suppresses the density of kink-antikink
configurations in the thermodynamic limit and makes the
mean-field 1/N expansion well defined [17,18].

To leading order in the large-N limit, only one counter-
term is necessary to renormalize all the divergences, § L =
dm, 0 /2, which essentially amounts to a renormalization
of the coupling constant. The effective potential for the
classical field o, is obtained using standard techniques
and renormalized imposing the condition @V g(o.)/
do? o.=0, = 1 [15], with o the renormalization scale.
This fixes the counterterm to be

2 2
Sml = %[m(%) - 2], (5)

with A an ultraviolet cutoff. Then, the leading-order re-
normalized effective potential is

1 2N g2 2
VE(0) =5 0% — Nmga, + g 4:0 [m(%) - 3].
0
(6)

This is a Mexican-hat potential (tilted by the mass m) with
a nonzero mass gap M, determined by the condition

dvEi(o.)

2

NM
= 0= My — g?Nm +E-20
do,

a.=My/g T
2
X [m(ﬂ) - 2] ~o. )
800

If we define ¢. = go ., we can now use (7) to write the
effective potential in a scale-independent form:

VE(¢.) = qusC(;;;O - 1) + Aif [m(}%)z - 1].
(3)

As shown in Fig. 1, for m = 0 the discrete chiral symmetry
is spontaneously broken by choosing as a vacuum one of
the two minima. For small enough values of m, the poten-
tial still has two minima, whereas for larger m one dis-
appears and the other one becomes deeper (I use the units
M 0= 1)

The effective potential (6) satisfies the renormalization-
group equation

*In massless QCD instead, it is the continuous chiral symmetry
SU(N)4 X SU(N;)y which is spontaneously broken in vacuum
down to SU(Ny)y.
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FIG. 1 (color online). Effective potential of the classical field
¢, for different values of m.

FIG. 2. Self-energy of the o field to leading order, O(N°).
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7050+ Ble) 3=~ o) 5 V(. 0) = 0
©))
which implies

g’N/2m

—_——, 10
1+ g>N/2m (10)

B(g) = gv,(g) =

i.e., the theory is asymptotically free. Although the running
coupling constant becomes arbitrarily large at low ener-
gies, the interaction between fermions is also suppressed
by powers of 1/N; thus in the large-N limit we are still able
to probe the low-energy regime of the theory.

P s |3 P

D2 e— ] P2
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The leading-order contribution to the self-energy of the
o field corresponds to the diagram depicted in Fig. 2. In
Euclidean space, the expression for the (renormalized) o
propagator in vacuum is

N B(P?) + 1
DY (P)] ! = N+ 82 (P21 [7]
[00,P1 ! = N+ £ gy BT
(1)
with B(P?) = \/1 + 4M3/P? a phase-space factor, and

P = (py, pa).
In the next subsection, I show how the first term in (11)
breaks the integrability of the model in the large-N limit.

Breaking of integrability

The Gross-Neveu model (without the bare mass) is an
integrable quantum field theory [19,20]; this implies the
existence of an infinite number of conserved charges and in
1 + 1 dimensions the factorization of the S matrix in terms
of binary collisions, so inelastic processes have vanishing
scattering amplitude. Since in 1 + 1 dimensions binary
collisions cannot modify the distribution of momenta,
integrability then prevents momentum transport in this
system. Consequently, the bulk viscosity of the Gross-
Neveu model is infinite. After including the bare mass in
the model, this factorization in terms of binary collisions
no longer happens, and hence it renders the bulk viscosity
finite.

To see this, consider the leading-order diagrams corre-
sponding to the inelastic process 2 — 4 in Fig. 3. As it was
shown in [20], the fermion loop of Fig. 3(g) factorizes into
tree diagrams corresponding to all the possible ways of
cutting it (Figs. 4 and 5). One particular cut is depicted in
Fig. 5. From the result (A20) derived in Appendix A, it is
easy to see that the four-point amplitude and the factor — F
in Fig. 5 cancel out giving a —1 factor. Hence, the diagram
of Fig. 5 exactly cancels (when m = 0) the one of Fig. 3(a),
and the same for the rest of the diagrams. If we now

P2 e——— ), D2 —'I—— Py
. D,
(c) . . < Ps
Pg
Py N el
1 Dy
[. < g
:
n e e 0}

FIG. 3. Leading-order contribution in the large-N limit to the inelastic process 12 — 3456.
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FIG. 4. Diagram of Fig. 3(g) expressed in terms of different cuts according to Eq. (A19).
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FIG. 5 (color online).

introduce the mass m, from (11) we see that this cancella-
tion cannot happen, so the total inelastic amplitude is now
o« m/M, to leading order in 1/N. This proves the non-
integrability of the massive Gross-Neveu model in the
large-N limit.

III. THE MODEL AT FINITE TEMPERATURE

The thermodynamic properties of this model have
been studied in detail in many papers; see, for instance,
[17,21-24] and references therein. In this section, I am
simply going to review leading-order results in the mean-
field approximation, which are relevant for the later analy-
sis of the bulk viscosity.

The leading-order renormalized effective potential at

§’No;

finite temperature is
2
() ]
41 o

[m dkIn(1 + e+ (12)
0

1
fof(o-c;T) = 50'3 —gNmo, +
__2NT
™

The thermal mass gap is defined by
dVR(o.T)

do, o =M(T)/g
1 1 1 (M(T)\2
MO M(T) 27 M()

2 o E
+ = [ dkM: 0, (13)
T Jo Ek

where (7) has been used, E;, = k> + M(T)?, and ny(x) =
(exp(x/T) + 1)~ ! is the Fermi-Dirac distribution function.
In Fig. 6, I plot the fermion mass gap as a function of the
temperature for different values of m. For the case m = 0,

D1 g Dy
.

HEZEa

()

k+p1—py

E+p1—py
k

< :
AN

P2 Pt 1)

X X [—]—"1(9)]

>

k

Factorization in terms of tree diagrams.

the mass gap vanishes at the temperature 7, = 0.57M,,
indicating restoration of the discrete chiral symmetry.
This is however an artifact of the mean-field approxima-
tion; the chiral symmetry is actually immediately
restored at 7 = 0" due to kink-antikink configurations.’
Nevertheless, as mentioned above, the introduction of a
finite bare mass suppresses these kink-antikink configura-
tions in the thermodynamic limit, and therefore we can
approach in the mean-field approximation the curve m = 0
as much as we wish provided we keep m finite.*

The pressure is immediately obtained from the effective
potential,

P=—VE(M(T)/g;T)

M(T)\ NM(T)*T, (M(T)\2
=mNM(T)(1 M ))— @) [1( ( )) -1]
2M0 dar MO
2NT 0 >
+—f dkIn(1 + e~ VK +MT?/T) (14)
T Jo
and the ““bag pressure’ is
NM2 (1 m
Py,=P(T=0)=—7"(—=+-—]>0. (I5
y=PT=0=T0( s ) >0 3)

Entropy, energy density, specific heat, speed of sound,
and trace anomaly are calculated from the pressure using
the thermodynamic relations

This restoration must happen in order to be consistent with
the Mermin-Wagner theorem [25]. Note however that the phase
transition at the indicated critical temperature occurs and is
correctly reproduced in the mean-field approximation if the
size of the system is kept finite and the limit N — oo is taken
first [24].

“Here it is important to emphasize that in our calculations the
large-N and thermodynamic limits are taken first keeping m
finite, and afterwards we study the limit m — 0.
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These are plotted in Figs. 7-12. We see that the trace
anomaly has a very pronounced peak right at 7, for
m = 0", which will allow us to study the possible corre-
lation with the bulk viscosity. For m = 0", above T, the
pressure corresponds to an ideal gas of massless fermions:

p TNT? p 7NT
= , 6 = y s = —’
6 3
2P (17
_ 2 — b
Cy = S, cy = 1, = ?,

with P, = NM}/(4m).
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FIG. 6 (color online). Thermal mass gap of the fermion field as
a function of the temperature for different values of the quotient
m / M 0-

FIG. 7 (color online). Pressure as a function of the temperature
for different values of m/M,. The color code is the same as in
Fig. 6.
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FIG. 8 (color online). Entropy density.

e+ P,

T/T,

FIG. 9 (color online). Energy density.
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T/T.

FIG. 10 (color online). Specific heat at constant volume. For
m = 0, ¢, has a discontinuity at T = T..

In order to calculate dynamical quantities, it is conve-
nient to shift o — M(T)/g + o, so tadpole diagrams van-
ish and do not have to be taken into account. The o
propagator to leading order and at finite temperature, cal-
culated from the diagram of Fig. 2 in the imaginary-time
formalism and continued to real frequencies, is

065001-5
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FIG. 11 (color online). Speed of sound squared. For m = 0, ¢2
has a discontinuity at 7 = T,.
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FIG. 12 (color online). Trace anomaly.
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k

X[1=np(e) —np(e-)]+60(=s)|np(e.) —np(e)l},
(18)

+0(s —

4M?*)]B(s)In | +6(s)0(4M? — )

where M = M(T), PB(s)=+1—4M?*/s,
VaM?/s — 1, and €5 = |ow * pB(s)|/2.

The first term in (18) is responsible for breaking the
integrability of the model also at finite temperature, which
follows from the result (A19) in Appendix A in the same

B(s) =
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way as for the vacuum case analyzed in the previous
section. We realize that the breaking of integrability is
now controlled by the factor m/M(T), instead of m/M,,.
Interestingly, for T > T, the limit of m/M(T) as m — 0%
is not zero, but a (temperature-dependent) constant. Thus,
the scattering amplitude for inelastic processes is always
finite when m = 0" for T > T.,.

IV. KINETIC THEORY APPROACH

The massive Gross-Neveu model is a nonconfining the-
ory, and as we have seen in the previous sections, the
interaction between the fundamental fermions is sup-
pressed by powers of 1/N; hence in principle it seems
reasonable to adopt a kinetic theory treatment to analyze
the transport properties of this system in the large-N limit.
Alternatively, one could formally work out the resumma-
tion of an infinite series of ladder and chain diagrams
contributing the spectral density of the energy-momentum
tensor when the external frequency goes to zero. However,
it is known that this resummation leads to solving an
integral equation which coincides with the Boltzmann
equation in the effective kinetic theory describing thermal
excitations in the system [13,14,26-28].

I consider that the kinetic theory approach is simpler,
and I will employ it for the calculation of the bulk viscosity
in this paper.” We are going to follow essentially the
previous works [5,13,14,27,30], so although I try to keep
the discussion self-contained, the reader is referred to these
papers for additional details.

In order to obtain the bulk viscosity, we need to deter-
mine the statistical average of the energy-momentum ten-
sor of the system in a cell of fluid for a small departure
from equilibrium. In kinetic theory, this average is [31]

v — b dk v £A
R B S TR (D

where f4 = fA(t, x, k) is the nonequilibrium distribution
function, A is a collective index denoting the fermionic or
antifermionic character and the flavor of the corresponding
particle species, E;, = ¢/M(T)? + k?, and k = (E,, k) is the
canonical momentum (the underline emphasizes that it is
on-shell).

The Boltzmann-Uehling-Uhlenbeck equation deter-
mines the space-time evolution of distribution functions
for dilute systems due to the change in the number of

>Strictly, due to infrared divergencies characteristic of low-
dimensional systems, this calculation is valid in 1 + 1 dimen-
sions only in the limit N — oo, where the long-time tail in the
energy-momentum tensor correlator ~1~1/2 becomes neghglble
[29]. Otherwise, for N finite, the bulk viscosity of the massive
Gross-Neveu model would be infinite.
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particles of type A produced by collisions in the fluid. In
1 + 1 dimensions it reads

(a k a)fA aft
gt E ox at

_art

gain at

*CA[f]

loss Ek

(20)
J
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with f = ({f4}) a column vector containing the distribu-
tion functions for every type of particle. Considering only
the leading-order elastic and inelastic processes in the
large-N expansion, which in our case are 12 < 34 or
123 < 456, and 12 < 3456 or 1234 < 56, respectively,
the collision term is given by

d dp, d
Ay = 3 [ S SPArLS YRS 20— 0~ 1) — i = )0~ £2)]

dPs dps 4Ps g SEFABCD

{f T 7
56—(1)234
B,C,D,E,F 23456 2 2

— SR a =

dpl dp, A,B;C,D,E,F
51 — fF +[ —=dI'LS LrF(q
3 )] 2,3,4,5,6 27 2w s/l

— FAFB( = £ = )1 = FE)1 = 5] + [

ErEQ = A = A = £H0 = f2)

- A -=r3

(1)2—3456

@@@dmwwn

23,456 20 2 2ar (1)23—456
XUFRFESE = £ = D0 = £6) = FAFAFE0 = 72001 = 1501 = £l @
where the sum over indices runs over all the possible " o) — 1 4
configurations of fermion, antifermion, and flavor states. I eq(t’ Xk = eBku £ 1’ (24)

The symmetry factors (to be specified later) S(jypo34,
S(1)23456> Sses(1)234» and  S(jyp3..456 avoid the double
counting from relabeling of momenta for identical parti-
cles (except for the particle denoted as ““1°") in the integral
and considering equivalent processes after summing over
all the fermion types. The transition rate for an arbitrary
process a — [ is given in terms of the scattering ampli-
tude M by [32,33]

dl(a— p)=L'~Ne [H(ZE ) l][n(zif;Eﬁ]

< |Mla— B 6?(Sp, - S, )
a B
(22)

where L is the size of the system (although we consider the
limit L — o0), and N, the number of particles in the initial
state.

In order to obtain an expression for the bulk viscosity we
need to solve (20) for small departures from equilibrium.
To do it, we first write

A x k) = fa(t,x k) + 8142 x, k), (23)

where 84 is small, and the fermion or antifermion distri-
bution function at equilibrium for zero chemical potential
is

with 871 = T(t, x) the local temperature, and u*(t, x) the
velocity of the corresponding fluid cell. Expanding the left-
hand side of (20) in the local rest frame (u'|;,; = 0) to
linear order in spatial derivatives, we obtain®

(Lo g2t | = =metmats = meten
2
X ,8[<Ek TEM]( ‘Z_A;) _ Z_k]
x 2 (25)
ax’

where ¢, is the speed of sound in the fluid.
Consequently, the deviation from equilibrium can be
written in the form

1

0
8f ¢l = —Bnp(EQ[1 — np(Ek)]fBjja—b;, (26)

with B{ = BA(|k]) some dimensionless function to be
determined by solving the integral equation obtained after
the previous linearization of both sides of (20):

®Here we make use of the thermodynamic relations dT/T =
dP/(e + P), ¢ = 9P/de. Also, from the conservation of the
energy-momentum tensor, d,T#” = 0, applied to leading order
to the perfect fluid, T = —Pgh” + (e + P)utu”, we derive
the relations in the local rest frame (d,u’],.¢ = 0): de/dt =
—(e + P)ou'/ox, ou'/ot = —(e + P)~ aP/ax
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S5 (P P23 PAIPS 0, 2m)?

X8 (p,+p,—py— pInpa(l = np3)(1 = npy) (B + BY — BS —BY)

3

6
dp;
P f [l_[ (277)21E ]{ljleBCD(PS:I% P12 Py PS5 Do 2m)?

X8@(p,+p,—p,—p,— P3 —pInpanpanga(l—ngs)(1—nge)

X (B +BE +B§ + BY -

X8 (p, +p,—py—p,—Ps— Qﬁ)nm(l —np3)(1—np4)

X (BA+BE — BS — BP —

— BE) + IMSPE (1, PP, pa D5, pe)PSOCDEE (2m)2

(1)2—3456

1—nps)(1—ngg)

— BE) + M5 E(pL po P Pas Ps, P6) Sl (27)?

X8 (p, +p,+p,—p,— s pInrangs(1=np)(1—nps)(1 —nge)

X (B{ +BE +B§ — BY -

We can interpret the right-hand side of (27) as the action
of a linear operator C over a function in the space of
solutions of the transport equation, and we split this op-
erator into two terms, C = @el + @in, corresponding to
elastic and inelastic processes, respectively. At this point,
an important simplification is in order. Since the source
term in (25) is invariant under charge conjugation, and the
theory is symmetric under O(N)-flavor rotations (this
symmetry cannot be broken in 1 + 1 dimensions [34]),
then the departures from equilibrium are the same for all
the particle types, i.e., B = B(|kl). Furthermore, the &
function in the elastic 2 — 2 term of the collision integral
impliesin 1 + 1 dimensions that the final set of momenta is
the same as the initial; i.e., 2 — 2 elastic collisionsin 1 + 1
dimensions cannot relax back to equilibrium a perturbation
in the distribution of momenta. Thus, Cou(2 —2) =0
and therefore, to leading order in the large-N expansion,
C=0Cu(3—3)+ (2~ 4).

Once we know B(|k|), from (26), (1), and (19), it is
straightforward to obtain the bulk viscosity:’

{= B; f:} 2;1_];]( np(EQL — np(Ey)]

x [k2 - c?(E% - TMZ—A;)]BA(@. (28)

The linearized version of the Boltzmann equation (27)
can be written as

"The Landau-Lifshitz condition
o dk
0= —(Ef —
(=X

imposed to make the decomposition (23) unique, is also used
here [14,35].

TMdM/dT)np(Ep)[1 — np(E,)1BA(k),

-—Bg»} 27)

[
|S) = CIB), (29)

where S(p) = p? — ¢2(E5 — TMdM/dT) denotes the
source term. Defining the scalar product of two square-
integrable functions as

. o dk
Xl = ﬁ% [oomnF(Ek)
X [1 = npEQAOPA®,  (30)
then the bulk viscosity is given by

{ = (SIB)y = (SIC'|S). 31)

As shown in [5,27,30], in order to calculate numerically
this expectation value for the inverse of the collision op-
erator, it is optimal to do it variationally. If we define the
functional

olx] =

1 .
(xIS) — §<X|C|X>, (32)

then the solution of (29) corresponds to a maximum in this
functional, §Q/ 8 x| yv=38 = 0. Hence, the bulk viscosity is
proportional to this maximum:

{ = 20 max- (33)

We now expand the solution for the Boltzmann equation in
terms of a given set of n linearly independent functions:

=D bigi(k). (34)
i=1
Then

Ol{b}1 =D b;S; — Zbcvp (35)
i=1

ljl
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where

S; =(#:lS), C;= <¢i|é|¢j>- (36)

Maximizing (35) with respect to the set of coefficients {b;}
implies b = C~'S (atilde denotes matrices), and therefore

{=S8b=S§C'S. (37)
It is important to notice, from (27), that the collision

operator has one zero mode y,.(p) = E, corresponding

to energy conservation, i.e., Cl X.) = 0. Therefore, in
order to be able to invert the collision matrix, it is necessary
to calculate it in the vector space orthogonal to this zero

PHYSICAL REVIEW D 83, 065001 (2011)

mode. This does not affect the result for the bulk viscosity
because the source term is orthogonal to this zero mode,
(Slx.)=0.

Besides the simplifications already commented in the
previous paragraphs, in order to obtain an explicit expres-
sion for the matrix element of the collision operator in the
large-N limit, it is obvious (cf. Appendix B) that the
dominant scattering processes are those for which three
different flavors participate. Moreover, the symmetry fac-
tors have to be specified (see Tables I and II).

Finally,

6
°° dpi
G = N3B[_oo|:l1(277)2E,»:|{(27T)25(2)(£1 +p, Py P, Ps 26)”F,1”F,2(1 —np3)(1 = npy)(l —ngs)

X (1= ”F,6)|:|~7V112—»§456|2 + %|M12—>3156|2:|[¢i(p1) + ¢i(p2) — di(p3) — di(ps) — di(ps) — bi(pe)]
X [¢i(p1) + ¢i(p2) = d;(p3) — di(pa) — d;(ps) — d(pe)] + (277)25(2)(31 +p,tp, P,

1 3
— — — — — Z 24z |2 . + &b
5 L ) B , B ) ) 3
Ps — P npinpanps(l — npg)(l — nps)(1 "Fs)[6|~7\’l123—»456| 2|~7Vl123—»456| ][¢1(P1) #i(p2)

+ ¢i(p3) — di(ps) — ¢i(ps) — di(pe)lld;(p1) + ¢i(p2) + i(p3) — di(ps) — S;(ps) — ¢j(p6)]}: (38)

where M |, 5456 and Mi,_ 5556 are the inelastic ampli-
tudes of fermion-fermion and antifermion-fermion scatter-
ing, respectively. The amplitude squared | Mis_;33¢]> of
antifermion-antifermion scattering, as well as its corre-
sponding symmetry factor, are equal to the fermion-
fermion ones by charge conjugation, and have already
been included in (38). The same applies to the elastic

It is evident from (38) that the collision matrix is sym-
metric and positive semidefinite (positive definite in the
space orthogonal to its only zero mode). Note also that
S; = O(N), and since C;; = O(1/N) (cf. Appendix B),
therefore £ = O(N?).

8n addition to Xe- the elastic collision operator also has the
zero mode y,,(|k|]) = 1 corresponding to the conservation of the
total number of particles in this type of process. However, this is
not a zero mode of the inelastic part of the collision integral and
therefore we do not have to worry about it when calculating C ™.
The presence of this other zero mode, though, implies that the
bulk viscosity is dominated by inelastic processes at very low
temperatures due to Fermi-Dirac factors:

[xaS)I1?
<Xn|éin(2 - 4)|Xn>

On the other hand, at temperatures close to 7., the Fermi-Dirac
factors are O(1) and both 3 — 3 and 2 «< 4 processes are equally
important.

{=(SIc7S) ~

, for T K M,.

|
Numerical results

A particularly convenient set of functions, which be-
comes a basis when n — 00, is [5]

(k1KY
(T KATRDY =

oi(k) = =1...,n (39

with the thermal average (|k|) ~ /M,T for T — 0,{|k|) ~ T
for T — o0, and interpolating between these two behaviors
for intermediate temperatures. This set of functions auto-
matically incorporates the required asymptotic behavior for
the solution of the Boltzmann equation in the bulk channel:
B(lk|) ~ 1 for |k] — 0, and B(|k|) ~ &2 for |k| — oo.

In Fig. 13, I plot the numerical result of a variational
computation of the bulk viscosity in the massive Gross-
Neveu model with m = 1072M, using n =3 basis
functions. It is not difficult to realize that { increases
exponentially at low temperatures, like ~ exp(2M,/T),
due to the Fermi-Dirac factors present in C as well as in
S (cf. footnote 8). This behavior is analogous to the case of
{ for A¢* in 3 + 1 dimensions [13].

The numerical error corresponding to considering only
n = 3 basis functions (including the error from the nu-
merical evaluation of integrals) is estimated to be of order
0.5% for temperatures around 7., increasing as we go
down in temperatures, being ~60% for T = 0.1M,,, which
indicates that the basis (39) is not the best choice at those

065001-9
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TABLE I. Symmetry factors corresponding to relabeling the
momenta of identical particles under the collision integral after
summing over all particle types for 2 < 4 processes. Here a #
b # ¢ # a denote only flavor (processes with three different
flavors dominate). The momenta for each particular process are
initially labeled according to the order indicated in the title of
columns 2 and 3. The particle labeled with “(1)” is “distinguish-
able.” Some cells are empty because the corresponding process
has already been taken into account by another symmetry factor.
The processes obtained by permutation of the three flavors,
although omitted in the table, have the same symmetry factors
and also have to be taken into account.

2 < 4 processes S(1)2-3456 Ss6-(1)234
ff = fafrfese 1/24 1/12
fOfe = fofefert 1/24 1/12
Ji‘bfc(_,fa]ia]ibfc,fafa]jbfc 1/12
FPfr e fefefere, ferefere 1/24, 1/12
fcfc‘_)fa]ia]ibfb’]iafafbfb 1/24’ 1/12
Ji'bchfa[a[bfc,f_afa[hfc 1/24’ 1/12
Ffr o e fere s s 1/24, 1/12
fUft e fefhfese 1/48 1/24
fofe e fofrfest 1/48 1/24
Jaft = Feferest 1/48 1/12
fefe = ferrtse 1/48 1/12
T fefe e frrerere 1/48

temperatures. By considering n = 9, the precision can be
improved to ~20% at T = 0.1M,. However, due to the
exponential growth of £ at low T and since the result shown
corresponds to a lower bound, the qualitative behavior with
temperature is not expected to change significantly. From
the numerical result we clearly see that there is no maxi-
mum in the bulk viscosity near T,; it is a monotonically
decreasing function of the temperature. By reducing
further the value of m, we would eventually reconstruct

10" T T T

10 1
10°F ]
10| . 1
107 N 1
10°F - 1
105: . - -
10 . B
10°F AN 1
10| \\ ]
10"} Se 1
100 [ e ~ ]

¢
N3My

102F ]

0.0 0.5 1.0 15
T/T.

FIG. 13 (color online). Bulk viscosity of the massive Gross-
Neveu model for m = 10’2M0, calculated with n = 3 basis
functions. The continuous line simply joins the data points.
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TABLE II. Symmetry factors for 3 — 3 processes.
3 — 3 processes S(1y23—456
fa]fbfc__’fafhfc ) 1/12
A o 1/12
fa]i‘afc’ fa]fafv_)fbfbfc 1/]2
FOfrrr — Fefefe 1/12
fa]fcfc_’fbf_bfa 1/12
FPre = fpf 1/12
Ffeft — ferert 1/12
TP = Ferrse 1/12

(continuously) a discontinuity for ¢ at 7. For infinitesi-
mally small m, above T, the bulk viscosity would be
arbitrarily small. Going down in temperatures, it would
increase very sharply right at 7, (with an arbitrarily large
value”), and it would continue increasing exponentially at
very low temperatures. This is shown in the plot of Fig. 14.

V. DISCUSSION

A. Sum rule in the bulk channel

In the paper [2] (Sec. IV), the authors obtained a sum
rule for the spectral density of the two-point function
involving the trace of the energy-momentum tensor in
pure Yang-Mills theory. The derivation is essentially based
on the asymptotically free character of the theory.lo In this
subsection I am going to comment on an interesting aspect
of the massive Gross-Neveu model concerning its sum rule
in the bulk channel.'' Naively, since the massive Gross-
Neveu model is asymptotically free, we can follow the
analysis in [2] and convince ourselves that the version of
the sum rule for this particular system is simply

00 bulk
(e + P)(1 — ¢2) — 2(e — P) =%L dw‘SPT(‘”)_
(40)

Interestingly, we notice that this sum rule does not depend
explicitly on the mass parameter m. Since €, P = O(N)

This is perfectly fine for our purpose of testing the possible
correlation between the bulk viscosity and the trace anomaly;
nonetheless, this model is not suitable to obtain, for instance, an
estimate of the absolute value of the quotient ¢/s for QCD.

""However, there is a recent example of an asymptotically free
model for which the sum rule in the bulk channel has a different
form from the one derived in [2], due to the fact that conformal
symmetry is not restored at high energies or temperatures in this
model [36]. Note instead that in the massive Gross-Neveu model,
although m explicitly breaks scale symmetry, it is eventually
restored at high energies because m appears in the Lagrangian
multiplied by g>N.

A more rigorous and detailed analysis of the sum rule and the
spectral density is underway and will be published elsewhere.
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FIG. 14 (color online). Bulk viscosity of the massive Gross-
Neveu model for m = 07, calculated with n = 3 basis functions.
The continuous line simply joins the data points.

and ¢2 = O(NV), the left-hand side of (40) is O(N). On the
other hand, the order of §py,/@ depends on the fre-
quency. For frequencies of order w ~ M, a diagram con-
tributing to 8 py/ @ at leading order is the one of Fig. 15,
which is O(N). Hence, the contribution to the integral in
(40) from this region of frequencies is O(N), consistent
with the left-hand side of the sum rule.

If we now consider lower frequencies, w ~ 1/N, then a
resummation of diagrams is necessary to obtain the
leading-order spectral density. This is essentially because
of the presence of pinching singularities when the external
frequency becomes of the order of the fermion width y5 ~
ImY = O(1/N) (cf. Figure 16) [13,26,37-39], or smaller.
These singularities correspond to the product of retarded
and advanced fermion propagators sharing approximately
the same momentum:

1
Sret(P)Sadv(P) -~ 7_ = (Q(N) (41)

F

Consequently, the set of ladder diagrams depicted in
Fig. 17 all contributes at leading order, O(N?), to the
spectral density in this range of frequencies. Thus, their
contribution to the integral is again consistent with the left-
hand side of the sum rule.

For even lower frequencies, we know from the analysis
of the Boltzmann equation in the previous section that
3 — 3 and 2 < 4 processes will eventually dominate the
spectral density. Since the bulk viscosity is of order O(N?),
for frequencies close to zero Spyu/@ = O(N?), and
therefore, in order for it to be consistent with the left-
hand side of the sum rule, this region of frequencies must
be w =< 1/N?. Now, in the previous section we saw that for
temperatures 7 < T, if we reduce the value of m, the bulk
viscosity can become arbitrarily large. However, the left-
hand side of (40) remains finite as m — 0" ; this implies

PHYSICAL REVIEW D 83, 065001 (2011)

-
w

FIG. 15. One of the diagrams contributing to 8pp,/@ at
leading order for w ~ M. The crosses denote insertions of the
trace of the energy-momentum tensor. The fermion propagator is
not dressed.

) 1
Yo~ o :o(_)
e N

FIG. 16. Leading-order contribution to the fermion self-
energy.

- ) -

w v
FIG. 17. A ladder diagram with an arbitrary number of rungs
contributing to Spp/@ at leading order for frequencies
@ ~ 1/N. Double lines denote dressing of the fermion
propagator according to the diagram of Fig. 16. The presence

of pinching singularities is crucial in this regime of low
frequencies.

that the region where 8pp /@ is of order O(N?) has a
width ~1/N" with w > 2 and therefore the bulk viscosity
does not contribute to the sum rule in this regime of
temperatures for any value of m.

B. Other systems

From the analysis of the previous sections for the mas-
sive Gross-Neveu model we can already extract some
conclusions for other similar systems. Consider, for in-
stance, the nonlinear o model in 1 + 1 dimensions [40].
This model also shares with massless QCD the features of
asymptotic freedom, dynamical generation of a mass gap,
and classical scale invariance broken by the trace anomaly.
The Lagrangian of the model is

a=1...,N

batba =1/

1
L = Eaﬂ(i)uaﬂ(bw

with the condition

(42)
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FIG. 18 (color online).

0.00

Thermal mass gap, speed of sound, and trace anomaly of the nonlinear o model in 1 + 1 dimensions to

leading order in the 1/N expansion. (-)* denotes the finite-temperature part.

Since the O(N) symmetry cannot be broken in 1+ 1
dimensions, there is no phase transition in this system at
finite temperature. It again is convenient to introduce an
auxiliary field « in order to analyze diagrammatically the
large-N limit:

L= %amaawa - %"a(mcﬁa —1/¢). @3

This model is also integrable [20]. To leading order in the
1/N expansion, the inelastic diagrams have the same to-
pology as the ones in Fig. 3. Integrability is proven in an
analogous way to the Gross-Neveu model using the facto-
rization of scalar loops in 1 + 1 dimensions. And it can be
broken, for instance, by introducing a term ~«(¢,¢,)? in
the Lagrangian, so the correlation between the bulk vis-
cosity and the trace anomaly can be studied by making «
arbitrarily small.

The thermodynamic properties of the system have been
studied in the works [41,42]. In Fig. 18 I plot the thermal
mass gap, speed of sound, and trace anomaly. There are no
discontinuities for these quantities in the limit k — 0. We
then realize that the qualitative behavior of the bulk vis-
cosity as we decrease k (restoring integrability) is the one

A
-~ e2mo/T

depicted in Fig. 19. For this model, integrability is
always restored as x — 0% and therefore bulk viscosity
diverges. One could also consider the sum rule, which
presumably is identical to the case of the Gross-Neveu
model, and similarly the bulk viscosity would not contrib-
ute to it.

Pure Yang-Mills theory in 3 + 1 dimensions in the
large-N, limit is also very similar to the massive Gross-
Neveu model regarding the bulk viscosity. For low energies
and temperatures, interaction between glueballs is sup-
pressed by powers of N,, being the 3-point scattering
amplitude ~1/N, [43]. In this case the bulk viscosity is
dominated by inelastic processes, due to the presence of a
zero mode in the collision integral corresponding to
particle-number conservation [13,14]. This implies an ex-
ponential growth of the bulk viscosity as the temperature
decreases, ~ exp(m,/T), with m, the mass of the lightest
glueball. Regarding the sum rule derived in [2] for this
theory, at temperatures below T, the region of frequencies
where inelastic processes dominate becomes very narrow
to be consistent with the sum rule. This implies, for in-
stance, that extracting transport coefficients on the lattice
at temperatures below 7, becomes much more difficult as
N, increases [37]. In this regime of temperatures, a kinetic

the breaking of integrability
decreases in this direction

~

mo

FIG. 19 (color online).

Qualitative behavior for the bulk viscosity of the nonlinear o model in 1 + 1 dimensions in the large-N limit.
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theory approach instead is more suitable in the large-N,
limit to obtain transport coefficients.

On the other hand, massless Ny = 2 QCD is qualita-
tively different from the previous models. At very low
temperatures, the dynamics is dominated by Goldstone
bosons and there is no exponential growth in the bulk
viscosity as the temperature decreases. In addition, since
this system undergoes a second-order phase transition in
3 + 1 dimensions, the bulk viscosity would diverge at the
critical temperature [4,9,35,44].

VI. CONCLUSIONS

We have seen that the massive Gross-Neveu model is
nonintegrable in the large-N limit, which allows the study
of momentum transport in this system. We found that there
is no direct correlation between the trace anomaly and the
bulk viscosity in general, i.e., a peak in the former does not
necessarily imply a peak in the latter.'* This was already
obtained by S. Jeon in [13] where he analyzed the bulk
viscosity of massive A¢* theory in 3 + 1 dimensions, but
since it is not an asymptotically free theory and the scale
symmetry is explicitly broken in that case, it remained to
analyze whether a QCD-like theory could be qualitatively
different due to the anomaly (idea originally motivated by
the paper [1]). The use of this simple model in 1 + 1
dimensions also avoids interference from critical phe-
nomena present in higher dimensions (for instance, the
bulk viscosity would diverge near a second-order phase
transition). In addition, it is a useful model to study sum
rules and transport coefficients both at zero and finite
fermion density in the large-N limit. For example, after a
first superficial analysis, we saw that below 7, the bulk
viscosity would not contribute to the sum rule. This implies
in general that it is not necessarily possible to extract bulk
viscosity from sum rules. Further work in these directions
is in progress.
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'20f course these two quantities are not independent of each
other; conformal theories have zero bulk viscosity.
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APPENDIX A: FACTORIZATION OF FERMION
LOOPS IN 1 + 1 DIMENSIONS

In 1 + 1 dimensions, the Lorentz group consists only of
boots and therefore fermions have no spin. A two-
dimensional representation of the Dirac algebra is, for
instance,

0 1
0 _ 1 _
[ (1 0)’

0 (Al)
Yy =io? = (—1 o) = {y*, vy} = 2¢"",

with ¢ the Pauli matrices, and g = diag(+1, —1).

The general solution of the Dirac equation (iy*d, —
m)i(x) = 0 can be written as a linear combination of
plane waves u(p)e~"P*, v(p)e'P’*, corresponding to fermi-
ons and antifermions respectively, where p°>0 and
p*> = m?. The spinors are normalized as

iu(p)u(p) =2m,  v(p)v(p) = —2m, (A2)
and they also verify
u(plilp) = p +m,  v(p)o(p)=p—m.  (A3)

In the rest of this Appendix, I will derive the finite-
temperature version of the result previously obtained in
[45] concerning the factorization of fermion loopsin I + 1
dimensions. Consider the momentum integral and
Matsubara sum corresponding to the fermion loop in
Fig. 20 at finite temperature with n = 3 (which is finite
in 1 + 1 dimensions):

[t Ak M-(KF Q) M- (K+@)
L”szsz_oﬂ<K+Ql)2+M2 K QM
(Ad)

with K = (—w,, k), 0, = 2m + 1)aT (m € 7), Q; =
(=vi, q:), vi =2raT (r € 2).

P
. L]
P ' .
0
\“K+Q2l K+Q3 .
S (' Pn
P
K+ -’
Pleces
—>
K

FIG. 20. A fermion loop with n = 3 external legs correspond-
ing to the o field. The different momenta satisfy Q; = Q; ;| +
Pi’ with QO = Qn = 0, and z;lzl P,‘ = 0.
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We first perform the Matsubara sum using the result [39]

TZF(za)m) = z np(z;)Res(F; z;)

polesz;
-y f 7nF(§)Disc(F;cut)- (AS5)

The integrand in (A4) has poles at iw,, =
and no cuts. Thus,"

MKy
[ w 27T Z Z nr(5Eisg){ )2E e

i=1s==*1
l—[ + Q]l)
+ Q,,>2 + M

_iVi * Ek+qi7

(A6)

where Q; = Q; — Q;, and K{;) = (isEgsq, k + g;) is on-
shell, i.e., (K}, )2 = —M> If we now make the change of
variables
k+q;
li = 4qu (A7)
Ek+q’_ - M

then the integrand in (A6) becomes rational:

=%Z<f o )d’SZI"F“E@)%

(K(z) + le)
S (A

(A8)

X

=1
J#Fi

where E(; and K, mean making the substitution k —
k(l;, q;) in Ey,, and K¢, according to (A7), explicitly

Z+1 - Mo
E() —Mll 1, K(i) —ﬁ(ls(li + 1), 211‘),
(A9)
and lﬁ"" are the solutions of the equation
(K(l) + jS)2 + M2
—2Mqji1 £105, 141 +4M?/ O,
=0e1l,= : =[5 (A10)

iQ’Squi,Z + Q?l Jt

After partial fraction decomposition, we have'*

3In what follows I will be careless with Dirac indices, which
makes manipulating expressions easier. However, we must
somehow keep track of them so the final result has the right
matrix structure in Dirac space.

“The terms corresponding to the poles at I; = +1 give a zero
contribution to the integral (it can be easily seen from the fact
that the integral must finite), so we ignore them.
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23 [ )

1L L A
X iy i
Z(z - L= l])

-1 0 12 + 1 "
f_m+ 1 )dl,-nF<SMl'gT1)1s(lw Qji),

(A11)

s=*1li=1
(A12)
where obviously
A= 1im (1 - 1;91, Q5. (A13)
=0
And explicitly,
A 11 ~
A =— (M=K~
Ji 277'(_5)( K(z],))

X[ﬁ M_(kgz) )+le ]
= o 2sMaun + Qi) (" = L) = 1)

k#i,j

M_(K(iji)K(ijt)+jS)
*.5

(i2sMqjir+ Q)5 = 157°

(A14)

where K?.... means making the substitution /; — lﬁ‘s

(ij*)
K‘() From Eq. (A10) it is evident that the momentum
K (2,+) + Qj; is also on-shell. And using the relation (A3),
rotated to Euclidean space, we can rewrite this expression

, 1
N M(K
:4S7TQ;I~ 1 + 4M2/Qj1
X M(Kiijt) + Qﬁ)ﬁ(Kiiji) + jS)
" I:ll[ M — (K(ijs) + Q) ]
1 (Kiye) + Qu)* + M

PO
T

(1) H(K )

. (A15)
I4S7TQ?I~ 1+ 4M2/Q?i
Also note that the momenta Kfi,‘i) + Qi With k # i, j
instead, are not on-shell. Now, since Ig(iji) and I?(ijt) +
Qj; are both on-shell, this implies'?

5Because then (2KA )+ Q) Q;;=0, and (— ZKA
Q;)-Q;; =0. Thus, 2K(1+) + 0= (21(31] )T QJ,) (1n
two dimensions there are only two linearly independent vectors),
so a = —1 [after looking at (A9) and (A10)], and therefore
KS —K”H Qji- On the other hand, 2K( T Q=

(ij=)
a(— 2K(ﬂ + Q). 50 a=—1, andK K(U+ + Qi
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P
P, i
[]
) -
\sjf+Q2' K+ Qs

K+ c

iM = horee

K

Kije) + Qi

Kijy)

FIG. 21.
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P
]
VE+Q;

1;,(1‘1+) +Qji

Diagrammatic representation of the factorization of fermion loops in 1 + 1 dimensions into two tree graphs, as implied by

the result (A19). The momenta Ig(iﬁ) and K(ij+) + Qj; are on-shell.

Kfij+) + 0= Kfjl._). (A16)
Then, from (A15) and (A16) we get
NS _ s s
Tr;”=T1; =Tj (A17)

Furthermore, from the property K(i jr) = I?f;il) =
— K357, in a way analogous to the previous case it is

not difficult to obtain

(A18)

Then, working out the integral in (A11) and using the
previous symmetry relations, after a tedious (although
straightforward) simplification, one arrives to the final
result

a 2
L, = ZQ{ 1 n[B(Qj,») + 1]
i,_j:l47T B(szl)Qil B(Q?l) -1
o [ g EY 5+ 2kq;i
- E 2 4+ 2kg.i1)? + 4E2g2 )
0 k (le QJI,]) kqj'[,2

(A19)

with B(Q3) = J1+ 4M?/ Q3. The result of [45] is then

obtained by particularizing for 7 = 0 and performing the
rotation to Minkowski space.

We can represent the result of (A19) diagrammatically
as in Fig. 21, with'®

1 B(O%) + 1 o np(Ep)
| ji _ ax " Ex
477,3(in)sz,- nl:,B(QJZ,-) - 1:| ,[700 27E,
v Q?i + 2kq i, .
(Q?l + 2kqji,l)2 + 4E%C]?i,2

j:ijE

(A20)

APPENDIX B: SCATTERING AMPLITUDES

As we saw in Sec. IV, in 1 + 1 dimensions only 3 — 3
and 2 < 4 scattering amplitudes contribute to the bulk
viscosity at leading order in the 1/N expansion. Among
them, in the large-N limit, processes involving three differ-
ent flavors dominate because of an overall factor N* ob-
tained after summing over all flavor types.

'®Note that the contraction of Dirac indices due to the trace in
the original loop diagram of Fig. 20 is apparently gone, but it is
actually there because the external momenta of the trees are
equal at both sides, and therefore

[i(q)Au(p)[ia(p)Bu(q)] = [it,(q)Aupu,(p)lii.(p)B.gui(q)]
= uy(@)i, (@)A1 ()i (P)By
= Tr{u(q)ii(q)Au(p)a(p)B},

for any momenta p, ¢ and any matrices A, B.
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arbitrary flavors. The diagrams corresponding to ff — f f ff are obtained inverting the fermionic flow (but not the momentum) in the
line which joins p; and ps.
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FIG. 23.

Diagrams contributing to the elastic process fff — fff in the massive Gross-Neveu model. Here a, b, and ¢ denote

arbitrary flavors. The diagrams corresponding to fff — fff are obtained inverting the fermionic flow (but not the momentum) in the

line which joins p; and py.

By following the discussion in Sec. IT A, we realize that
the diagram of Fig. 3(g), after being cut in all possible ways,
cancels the contribution from the diagrams 3(a)-3(f),
except for a term proportional to the integrability-breaking
parameter, i.e., m/M(T). And this also happens in the case
of diagrams contributing to the 3 — 3 amplitude, which are

of the same order as the 2 < 4 ones and have the same
topology.

Consequently, the fermion-fermion inelastic and three-
fermion elastic scattering amplitudes are given by the sum
of the diagrams of Figs. 22 and 23, respectively, times the
integrability-breaking factor with a minus sign,
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~ o ) ®)
EMfr—irsr = M(T) sr=isrr T Migmirrs
(© (@) %)
Mg T Mg T My
(BI)
. (b)
iMyrpapsr = M(T) (M e + My
(©) (@) 0)
Mg T Mipimrrr t Mippmyird
(B2)
and similarly for the processes involving more

antifermions.!’

For instance, the explicit contribution from the diagram
22(a) is

lj\’l(;?_,fﬁf i(p3)SE (p3 + ps + pe)u(p)i(ps)u(p,)
X i(ps)v(pe) Dy (ps — p2) D5 (ps + pe),
(B3)

and analogously for the rest of the diagrams. We already
see from (B3), since D' = O(1/N), that the amplitude

"By symmetry under charge conjugation IMff_,fffflz =
M 77 771 | Mgy = A1 Mgyl
fff—'fffl

PHYSICAL REVIEW D 83, 065001 (2011)

squared is | M ;711> = O(1/N*) (and the same for the
other amplitudes).

It is not difficult to realize that the momenta in the
argument of the retarded fermion propagators cannot be
on-shell, being each p; on-shell; therefore we can make the
substitution S +— Sz(po, py) = 1/(f — M) in our calcu-
lations without worrying about singularities. After sum-
ming all the amplitudes and squaring them, we can
simplify the expression using (A3), the property
D (p) = D, (—p), and the relations for traces in
Dirac space

Tr{(p + M)(4 + M)} =2(M* + p - q), (B4)
Te{(p + M)k + M)(4 + M)}
=2M[M?>+p-(k+q)+k-q] (B5)

Te{(p + M)k + M)(4 + M)(I + M)}
=2AM*M*+1-(p+k+q +p-(k+q) +k-q)
+ (- p)k-q) = (-K)(p-q)+(-q)p- k)]
(B6)
Since the final expressions for the squared amplitudes after
simplification are still very long and do not explicitly

provide further significant information, I avoid writing
them down here.
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