PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: August 24, 2028
ACCEPTED: October 7, 2023
PUBLISHED: October 24, 2023

Thermal one-point functions: CFT’s with fermions,
large d and large spin

Justin R. David and Srijan Kumar

Centre for High Energy Physics, Indian Institute of Science,
C. V. Raman Avenue, Bangalore 560012, India

E-mail: justin@iisc.ac.in, srijankumar@iisc.ac.in

ABSTRACT: We apply the OPE inversion formula on thermal two-point functions of fermions
to obtain thermal one-point function of fermion bi-linears appearing in the corresponding
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even and at finite temperature. We show that stress tensor evaluated from the inversion
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related to each other by numerical constants, spin and the thermal mass. We evaluate the
ratio of the thermal expectation values of higher spin currents at the critical point to the
Gaussian fixed point or the Stefan-Boltzmann result, both for the large N critical O(NV)
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1 Introduction

Given a quantum field theory, it is usually important to understand its behaviour at finite
temperature. That is when one of the directions of the Euclidean theory is taken to be a
circle of radius (3, the inverse temperature. This question is particularly relevant when the
quantum field theory is a conformal field theory. Usually critical points of quantum field
theories occur at finite temperature. Furthermore, studying conformal field theories which
arise in AdS/CFT context implies that one is studying properties of AdS black holes.

It is possible to use the symmetries of the conformal field theory to constraint conformal
field theories on S' x R?~! where the circle S is of length 3. Such a program was initiated
in [1] and pursued in [2-7]. Under some reasonable assumptions of analyticity of the finite
temperature 2-point functions of primary scalar operators, a thermal inversion formula was
derived [1]. This inversion formula allowed one to obtain the thermal one-point functions
for all operators which appear in the OPE of the given 2 point function. The inversion
formula was applied to fermionic 2-point functions in [2], however the OPE channel studied
was the scalar channel, that is the spinor indices of the fermionic operators in the 2-point



function were contracted. This channel for instance does not contain the stress tensor of
the theory.

In this paper we apply the OPE inversion formula on fermionic 2-point functions and
focus on the OPE channel which contains the stress tensor. We will see that there are 2
classes of operators that exist in this channel, these operators are schematically of the form

O4[n,l] = 1;71118112 T 8;”82”1/’7 (1.1)
O_[n,l] = w'yua#aulaﬂz T aﬂl 82”1/)7

1 is a Dirac spinor and these operators are rank [ symmetric traceless tensors, v* are the
Dirac matrices. To isolate the one-point functions of operators belonging to each of these
classes we need to apply the OPE inversion formula to 2 related thermal 2-point functions.
There is a third class of symmetric traceless tensors schematically of the form

Oo[n, 1] = 158,“8,12 T ama%v (1.2)

These occur in the scalar channel of the OPE expansion of 2 fermionic operators, to isolate
the one-point function of these operators we apply the OPE inversion formula to thermal
2-point functions in which the spinor indices are contracted [2].

After presenting the general formalism for evaluating thermal one-point functions
belonging to the classes in (1.1) we apply it to the mean field theory of fermions (MFT). We
show that the expectation values of operators obtained by expanding the MFT correlator
in the short distance limit agrees precisely with that using the OPE inversion formula. For
d = 2 this check is done for all the operators in the class (1.1), for d > 2 we perform this
check for n = 0,1. In MFT, operators in the class (1.2) do not appear in the OPE.

We then examine the large IV critical Gross-Neveu model in d = 2k 4+ 1 dimensions. We
show that the gap equation of the model can be obtained by either demanding operators
Y1) or 1/_17“('9“1/1 do not occur in the spectrum. The gap equation has a real solution for the
thermal mass for k even. We show that the one-point function of the operator 0,0, 2]
precisely agrees with the stress tensor obtained from the partition function of the theory.
The form of expectation value of O, [0, 2] appears manifestly different from that of stress
tensor from the partition function. But on substituting the value of thermal mass from the
gap equation they precisely agree. Finally we show that for the large N critical Gross-Neveu
model, the expectation values of the three classes of operators in (1.1), (1.2) all are related
by numerical factors, spin and the thermal mass. One such relation we prove using the
OPE inversion formula is

ao, [0,1] = Mthao, [0,1]. (1.3)

Here myy is the thermal mass and ap, and ap, refer to the thermal expectation values.
Our analysis shows it is sufficient to work with the operators O4[0,] in this model. Finally,
we quote here the result for the thermal expectation values of the operators in the class
04[0,1] for the critical large N Gross-Neveu model.

a(9+[n = Oal] =

I+k—11+k—1 _

ok (k: _ %)l 2 = (2mwm)"n!



As we have seen the inversion formula applied to the critical Gross-Neveu as well as
the O(N) model [1, 2] yields reasonably compact expressions for the one-point function
of higher spin currents. Since the method can be easily applied to these classes of CFT
in any dimensions we can study the behaviour of these one-point functions for arbitrary
dimensions d = 2k +1, and arbitrary spin. Motivations to study this include the results from
earlier works related to large d conformal field theories in [8-13], and the recent conjectures
in [14, 15], that conformal field theories with a stress tensor in higher dimensions are trivial,
or non-unitary. The large spin exploration is natural due to the observation in [1], that
thermal one-point functions with large spin are universal. Here we see that these one-point
functions asymptote to their Stefan-Boltzmann values at large spin.

To study the dependence of the one-point functions on spin [ and dimension d, we
chose the ratio of a given one-point function of spin [ operator at the non-trivial fixed point
of say the O(N) model or the Gross-Neveu model to Gaussian fixed point in d = 2k + 1
dimensions. We denote this ratio by

r(z,d):%, 1=92.4,.... (1.5)
ao|lmy,=0

Note that setting my, = 0 takes the one-point function to the free theory or the Stefan-
Boltzmann result, while we define the non-trivial fixed point by choosing the value of myy
which satisfies the gap equation. This ratio is analogous to the famous ratio between the
stress tensor of NV = 4 super-Yang-Mills at strong coupling and the Stefan-Boltzmann result
which is 3/4 or the ratio between the stress tensor of the critical O(N) model at strong
coupling to the Stefan-Boltzmann result with is 4/5 for d = 3. Here we examine the ratio
at arbitrary spins not just [ = 2.

For the critical O(N) model at large N, a real solution to the gap equation exists
in 2k 4+ 1 dimensions with k& odd. The ratio (1.5) is always less than unity, and as k is
increased with the spin [ held fixed, the ratio vanishes. The same behaviour is seen for
the critical Gross-Neveu model at large IV which has a real solution to the gap equation
in 2k + 1 dimensions with k£ even. The fact that on increasing the dimensions the ratio
vanishes seems to indicate that the number of degrees of freedom at the non-trivial fixed
point decreases. It will be interesting to see if such behaviour is true in general not just for
the models studied in this paper. When the dimension is fixed and the spin [ is increased,
we see that for both models the ratio (1.5) tends to unity. This is consistent with the
perturbative analysis of [1], for one-point functions at large spin. Their analysis isolated a
universal contribution to the one-point functions at large spin.

The organization of the paper is as follows. In the section 2 we discuss the OPE
expansion of the two-point function of spinor operators and briefly review the OPE inversion
formula. In section 3 we apply our formalism to the MFT of fermions and then in section 4
to the Gross-Neveu model to obtain thermal one-point functions using the OPE inversion
formula. In section 5 we study the behaviour of the one-point functions of both the critical
O(N) model and the Gross-Neveu model both at large d and at large [. Section 6 contains
the conclusions. The appendix A provides the derivation of the gap equation for the
Gross-Neveu model and its stress tensor from the partition function.



2 Inversion formula for fermionic operators

In this section we wish to obtain the Euclidean inversion formulae for CFT’s at finite
temperature with only fermionic operators generalising the discussion of [1]. Consider the
following fermion bi-linears

Oy = YO - .- O* §?™h — Traces, l=J, (2.1)
1 _
- b1, L. T H2n ia) _
Oy = T (w’y“@ OO + cychc) Traces, l=J+1,

O_ = @7"8“8‘“ . amﬂa%w — Trace, l=J—1,

where n = 0,1,..., [ is the spin and J the number of derivatives and ¢ = 1f. These are the
possible symmetric traceless tensors formed out of bi-linears of fermions which can have
non-trivial expectation value in the thermal vacuum. In this section we obtain the Euclidean
inversion formula which relates one-point functions of the above fermion bi-linears to the
two-point function of the fermions. We test the inversion formula by considering the mean
field theory of fermions. We then apply it the Gross-Neveu model at large N to derive the
one-point functions at finite temperature for the operators listed in (2.1).

2.1 OPE expansion of fermionic correlators

Consider the following two-point functions in a CFT at finite temperature

gi(z) = (lz(x)iﬂ(o»séx}zdfl: (2.2)
o2(a) = (@) T VO gy,

g3(z) = (%@(@’Y”WO»% X Rd—15

where z = (r,z' - 2%1) and |z> = 72 + (z1)? + - (2(4"D)2. We will derive inversion
formulae relating these two-point functions to the one-point functions in (2.1). To this we
would need the OPE expansions of these correlators. Let the OPE of the fermion bi-linear
be given by

fytypo Con,
Bh@s(0) = 30 Tl Aoy, ey OB (O) 4 (23)
Oyt xap

Here OB#1117(() are all the operators that occur in the OPE of the fermions. The tensor
indices are symmetric and traceless. The --- refers to other representations which are
anti-symmetric in any pair of the tensor indices. These vanish in the thermal vacuum
and therefore not relevant for our purpose. The representations of SO(d) which acquire
non-trivial expectation values in the vacuum Sé x R4 are those which contain the trivial
representation under O(d — 1). The fermion bi-linear indices in (2.3) together with the
tensor indices can be combined into irreducible representations of SO(d), we will do this
subsequently for each of the correlators. The coeflicients fi,0, are the structure constants
and cp is the normalization of the two-point function of the operator O.



Let us substitute the OPE (2.3) into the correlators given in (2.2). For the first
correlator we obtain

Jotwo Con R
p)= Y TEOpponaaty Ly (o e, (2.0
Ocytxap o

The thermal expectation values on the right hand side of (2.4) are the one-point functions

which we are interested in computing. In a theory of only fermions, this class of operators

can be written as the fermion bi-linears!

OFV I = Q% = PTOM - I — traces. (2.5)

Using translational invariance and spatial rotational invariance of the thermal vacuum, we
have the following result for thermal one-point functions of symmetric traceless tensors.

(OF7 19 (1)) = b TR0 (et1el2 - M — Traces). (2.6)

Here e is the unit vector in the thermal direction 7. Now we also have the identity

L Aw)

—J _
|| (g -y, ) (€€l - e — Traces) = m@; (n), (2.7)
where 4o I )
— a+n T
I/—?, (a)n*W7 n—m7 (2.8)

and ng) (n) is the Gegenbauer polynomial of degree J. Using the property (2.6) and (2.7)
in the expression (2.4), we obtain

gile)= 3 |z[ro g c%) (), (2.9)
Ocyt xap
JU [
_ A PTpO
a0, = bop T OQJ(V)J co

The above equation is the OPE expansion of the finite temperature two-point function
g1(x), in terms of thermal one-point functions of fermion bi-linears ap,.

Let us now repeat the analysis for the two-point function go(x). Substituting the
OPE (2.3), we obtain

galw) = D |w[roT Ty oy (7Y SP OB, (2.10)
Oyt xay

Now the operator on the r.h.s. can be decomposed into various irreducible representations,

AV B O = [ ('y” B O, ™M+ ab Oge, M + cyclic) — Traces] + Traces

J+1
1
+ S (,YV aﬁ@g; LR “5052? ;u) + -+ (J = 1)terms), (2.11)

n general these operators are just bosonic traceless symmetric tensors. For instance if there are Yukawa
couplings in the theory they could be also be made of bosonic bi-linears. In this work we will restrict our
attention to theories without such couplings.



where ‘Traces’ are the terms subtracted to ensure that the term in the square bracket on
the first line is a rank J + 1 traceless symmetric tensor. The ‘Traces’ are given by

2
Traces = SOy (5““17‘7&6(92’;2 “J+5“1”27W50§;3 Mul%—cyclic) : (2.12)

The equation (2.11) essentially writes the tensor product of a vector with a symmetric
traceless tensor of rank J as a sum of symmetric traceless tensors of rank J + 1 and rank
J — 1 together with tensors which are anti-symmetric in two of the indices. Now since
thermal expectation values are non-zero only for symmetric tensors, the tensors which are
anti-symmetric in any two of the indices can be ignored. Using the property (2.6) and the
identity (2.7) in the expression the correlator ga(z) given in (2.10) we obtain

— Ap—2Ay C(V) 2J C(V) ) 2.13
ga2() oe%xwm <a0+ J+1(77)+ (J+1)(d+J—1)aO‘ J—1(77) ) ( )

where

Ao, (J+D! Sfyipo

27 (W) s co
(J =1 fyipo

271 v) 1 co

Here again we restrict our attention to the case where the operators on the R.H.S of (2.13)

ao, = bo, T (2.14)

ap_ =bo_ TR0

are fermion bi-linears given by
1

o J+1
O = wtyuauam e QRI 1,

0, (wwuam cee M)+ cyclic) — (Traces), (2.15)

Finally let us examine the correlator gs(x). From (2.3), we obtain the OPE

e oA,
@y =3 1#077/)<|$|Ao 0= =2 (A — 20y — J)apiyy - wy, O T
Oyt xap

2J(A(’) - 2AL/J _ ‘]) Ao—20y—J H1 Ty g >
+(J+ (J+1)(J+d—1)>|x| Ty Ty, O + .
(2.16)
We can now take thermal expectation values and obtain
ga(@) = > |a[Ao72e 7 [(Ap — 28y — J)ao, CF) (n) (2.17)

Oeyptxyp
2J(A(f) — 2A¢ — J) )
* (J (J+1)(J+d—1) ) aO—CJ—l(n)] :

It is important to realise that due to the presence of operators belonging to the class
Oy as well as O_ in the OPE expansions of g2(z) and g3(x) given in (2.13) and (2.17), the
OPE inversion formulas for the one-point functions will involve both these correlators.




2.2 FEuclidean inversion formulas

In this section we briefly review the Euclidean inversion formula introduced in [1] and
obtain the expressions relating the one-point functions listed in (2.1) to the thermal 2-point
functions. One difference we need to keep track is the fact that the 2 point functions go(z)
and g3(x) involve a linear combination of one-point functions of operators belonging to
class O and O_ and therefore the inversion formula for these operators will involve linear
combinations of ga(z) and g3(z).

Consider the OPE expansion of a correlator given in the form

g(x) = Z |x]AO*2A¢aoCZ(V)(n). (2.18)
@

The expansions in (2.9), (2.13) and (2.17) are of this form. By introducing the spectral
function a(A,!) we can write the OPE expansion in terms of an integral

—e+100 dA _
Z% oA A N lafA e, (2.19)
€—100 7”

Here the spectral function should have poles of the form

(A1) ~ —AinAO. (2.20)

The contour in (2.19) is chosen to encircle the right-half of the A plane when |z| < 1 and
demanding the spectral function does not grow exponentially in this region. Deforming the
contour to encircle the poles results in the sum given in (2.18). The contour in (2.19) has
been chosen so that all the physical poles along with the unit operator are included.

We can invert the equation (2.19) using the orthogonality of the Gegenbauer
polynomials.

a0 = [, daCt ka8 (), (2.21)
Here we first use the property
[, a0cl el ) = Now. (2.22)
AT (1 + 20)
T 0(l )T ()T (v+1)

to fix on to a particular [. Then the integral over x functions as the Laplace transform

which picks out the relevant pole. It can be seen that (2.21) is consistent, by substituting
for g(z) from (2.19).

Now the Euclidean inversion formula (2.21) is cast as an integral over the 2 dimensional
plane using rotational invariance. Let us first discuss the case d > 2. Using the spatial
SO(d — 1) rotational invariance we can choose to write the d component vector = as
x = (1,2p,0,--+). So the relevant kinematics can be parametrized by introducing the
following complex variables, as well as polar coordinates.

z =T+ TR, Z=T—1TE, (2.23)



Note that in these variables
1
n= B = cosf = §(w+w*1). (2.24)
Therefore the Gegenbauer polynomials are functions of the polar angle 8. It can be written
in terms of the hypergeometric function

Cl('/) (;(w—i—w_l)) = m (Fl(w_l)e””+Fl(w)e_””>, Imw >0
(2.25)
where
Fi(w) = woF (1 + 2v,v, 1 + v + 1, w?). (2.26)

The representation in terms of hypergeometric function allows to continue w to the entire
complex plane. For Imw < 0, the phases of the two terms in (2.25) are exchanged. We
see using (2.23), that g(z) is a function of g(z, z) = g(r,6). These observations allow us
to perform all the remaining d — 2 angular integrals in (2.21) leaving the integral over the
complex plane (z, 2).

Consider g(z,z) = g(rw,rw™!) as a function in the complex w plane. We assume
the following analytic properties in the w plane [1]: the 2 point function is analytic in
the w plane except at the branch cuts (—oo, —1/r), (=7,0), (r,0), (1/r,00). The second
assumption is that at large w the growth of g(rw,rw™!) is bounded by the polynomial w'
for a fixed lp. At small w the growth of g(rw, rw™') is bounded by w~". These 2 properties
allow one to deform the integral contour over w along the branches (—oco, —1) U (4,

together with the circle at oo from that of the unit circle.? Using these methods and a

00),

change of variables the inversion formula can be written as

&(A, l) = ddisc(A> l) + 0(10 - l)&arcs(Aa l)a (2'27)

Ldz % z A z
adise(A, 1) = (1 + (—1)l)Kl/0 dz/l %(zz)ﬁwﬁﬁ(z - 2)%E (ﬁ) Disc[g(z, 2)],

I+ 1))
K= 4Tl +v)

Here the discontinuity across the branch cuts is given by
1
Disclg(z, 2)] = = (g(z + i€, 2) — g(z — i€, 2)). (2.28)
i

For [ < ly the contribution from the arcs, which essentially becomes an integral over the
circle at infinity is given by the term dayes(A, 1) which needs to be evaluated by performing
the following integral in (2.27) over the circle at infinity in the w-plane explicitly.

1 dr

—— 2.2
JAFI—2A, " (2.29)

&arcs(AJ) = 2Kl/0

j{dw lim Lw_l 2VF(uFl)e””’ (r,w)
W |w|—o0 i l A ’

2The integration contour can also be deformed towards the origin and this again can be related to the

integral along the contour deformation mentioned above as it is illustrated in detail in [1].



The expression in (2.27) is the form of the inversion formula we will use for d > 3. Note
that it can be applied to the three correlators in (2.2) as their OPE expansions (2.9), (2.13)
and (2.17) are of the form (2.18).

For d = 2, we need to treat the normalization of the Gegenbauer polynomials carefully.
but in the end the inversion formula is very similar. It is best to first re-examine the OPE
representation of the thermal two-point function which can be written explicitly as

_ ! fT O v
g(m):%]a:\Ao QAW)OTAOW wc(;z) Cz( )(77)- (2.30)

In the limit d — 2 or v — 0, the Gegenbauer polynomials take the limiting form

l -1
. Wy y_ 2V [wtw v
ll/li% C 7 (n) = 7 <2 > = cos(10), [ >0, (2.31)
: (v)
lim G () = 1
From (2.26) we also obtain the following limit
: 0l
P_I)%Fl(w) =w. (2.32)
Taking the limit v — 0 in (2.30), we obtain
_ bo fytpo
g(x) = |z[*°* v ap|4—s, aoli—z = 5o TR0 200, (2.33)
o 2 co
ap|j=2 = lim —Vao|,,, forl > 0, ap|g=2 = lim ap|,, forl=0.
v—0 [ v—0
Going through a similar analysis we obtain
1 (1dz [2dz A,
8D Daisclize = (1+ (~1))) — / @ / & Au-hzA=hDisclg(z, 7)), (2.34)
2n o zZ J1 z
with Al Al
h= T_ and h = T+ (2.35)
The contribution from the arcs is given by
R 1 1 1 dw . -1
s A Dlimr = o [ s f G Jim 0 (2:36)

3 Mean field theory of fermions

In mean field theory, a 2n point function is given by pairwise contraction of the n two-point
functions. Therefore, the 2 point function at finite temperature can be obtained by using
the method of images. Consider a fermionic operator v of dimension Ay in MFT, then the
thermal two-point function is given by

i L . Vagh (m) ;
<¢a(x)w5(0)>5:ﬁ Z(_l) Ww where Ty, ={(r+m),}. (3.1)
2l mez



We have set the inverse temperature § = 1. This correlator obeys anti-periodic boundary
conditions along the thermal circle. We have normalized the correlator, by 2%}, the
dimension of the Dirac spinor. This is for convenience so that this factor cancels on taking
the trace over the v-matrices. We will account for this while comparing with our results
from the partition function. Note that scalar correlator g; (z) vanishes, this implies in MFT
the class of operators Oy has zero expectation value in the thermal vacuum.

g2(7,@). Let us evaluate the correlator go(x) for MFT?

i) = Lo sy el (32)
go\7, ) = — 5~ — . .
2220 = (7 +m)? 4 2220+ 3 2
m#0

We can systematically expand this correlator in small x so as to compare with the OPE
expansion in (2.13). This expansion is facilitated by the identity

1
(1 —2zy + y?)>

Z C Jyd (3.3)

where C’j(a) are Gegenbauer polynomials of order j with index a. Once the OPE expansion
and the thermal expectation value of the operators in the class O, O_ are obtained, they
can be compared against the same obtained from the inversion formula. This will provide
an important check on the inversion formula. Indeed, when the formula is applied to go(7, )
given in (3.2), this case would be a distinct check from that done in [1]. Proceeding with
the expansion we obtain

. 1 - = Aw ), sgn(m)?|z?
92(7—; 13) = MTMJ + Z ( 1) m’l’] + |$‘| Z (77) |m|2Aw+1+j’
A0 =0
o A7) () (212897 — 1)c(2Ay +
’x‘m -2 ()l DEEA + )
Jj=1,3,...
(Ay+3) 1 fo—2A0—j ;
+ ). 2C; (n)|x (2 DC(2Ag + 1+ 7). (3.4)
J=0,2,4,

In the second line we have cancelled off terms which occur with equal and opposite signs
and then performed the sum over m. The recurrence relation

2(n+ NnCN () = (n+ 1)CLY (1) + (n — 1+ 20) O, (n), (3.5)

can be used to remove the explicit factor of 7 in the second line of (3.4). This results in

92 (7, %) = ||2}A¢Jr Y 2fHETA T )C(2Aw+1+j)0§%+%)(77)
=0,2,4,..
J= A(21—2Aw—j_1) (Ap+1) (Ay+1)
-2 2|x|JWM<(2Aw+j)((j+1)CjH () +(+204)C57 (n)>
J=13,... 2
(3.6)

3We have kept track of the ordering of the 1 and 1, which is different in the definition of ga(x) in (2.2).

~10 -



To compare with the OPE expansion of the correlator, we would need the index of the
Gegenbauer polynomials to be v instead of Ay + % For this we can use the following identity

(14 2)(A) 1 (A = 1) 11
= =" (n). (3.7)

2
j—l
l=3,j—2,...,j mod 2 (JT)'(V)#

Then expressing 7 = 2n + [ and grouping terms with same summation ranges we obtain

o e —
92(7,%) = 15,
S 2 142A
S a2 2 1) (24 + 1420 +) (1— TRy )
n= 2(2n+1+Ay+3
11072?--- ( P 2)
(I+v) (Aw-ﬁ-%—l/) (Aw+%)
n n+l C(u)
% ! ()
! (V)ni41
© 22—2Aw—2n—l_1
n= 2(2n+I+Ay—35
z:o,z?... ( " i 2)
n+1#£0
(l+V) (Aw—l—%) (Ad;‘i‘%—l/)
ntl n ~(v)
% ! L (). (3.8)
! (V)ni41
To compare with the OPE expansion, it is useful to separate the n = 0,1 = 2,4,--- terms

from the last line of the above equation. Then combine the rest with the terms in the first
summation. We can group these terms by shifting n — n — 1 in the first summation. These
manipulations lead to

L1
ga2(T,7) = m‘f—
o 2(14v)(1+2n) (1-27220 72002 ) (14 2n 420, — 1)+ 210 ()

Z LF(n+1)(2A+204+4n—1) (V)1 4n+t1

><<A +1) (A _y+1) (1_ dn(l+v+n) )
Y)Y 2), U (2Ap+2142n—1)(2A,—2v+2n—1)

(2807 ) () (Bu+h) 280 DIl G )

N (3.9)
I=21.. (—ZAd,—Ql—Fl)(V)H_l
We re-write the OPE expansion in (2.13) as
— C- "T‘%H—l v - -1 v
g2(r %) = 3 ———ao_[n, 1 = 0]Cg(n) + 3 [2|'Mao, [n = 0,1JCY (1)
n=0 =1
- _ 201+ 1)
2nti-1 4+ —= -1 Z)CV . 3.10
# Sl (a0, il + gy g e b= 1) CE). (310

=1
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Here we have re-labelled the sum over J as [ and separated out the [ = 0 term as well as
the n = 0 term. We have also used

Ao ng =208y +1=142n,  Ap_p =20y +1+1+2n, (3.11)

where [ refers to the spin of the operators, J refers to the number of derivatives in the
operators. Now comparing (3.9) and (3.10) we see that only operators with even spins have
non-trivial expectation values in MFT. We also obtain

wv+1)(2v+1-24y) (272805 — 1) (Ay +5) (Ay—v+1])
nl(v+n+1))na
X C(2n + 284 + 1), (3.12)

ap_[n,l=0] =

and

20 (2722072 = 1) (14 v) (Ap+3) CU+28y 1)

=0,l] = 1=2,4,6---.
a0 [n =0,1] (—20y — 21+ D) ()11 ’ 4,0
(3.13)
Finally for operators with n > 1 and [ = 2,4,6,--- we get a single linear equation
2(1+1)
ao, [n,l]+ma07 [n—l,l]

(1) (1+2n)D (v)2 712Gt (28040 _a) D (14n+ Ay = 1) T (n+ Ay —v—1)
T (Ay+3) T+ (Ay—v—1) D(l+ntv+1)

X ((142n+2A,—1). (3.14)

At this point there are some observations we can make: note that for Ay, = v+ %, the MFT
reduces to the theory of free fermions in d dimensions. Therefore by equations of motion
we must have

1

ao_fny) =0, for Ay :1/—1—5 and n=0,1,---, (3.15)
1

aO_;,_[n,l]:O? for A¢:y+§ and n=1,2,---.

It can be easily seen that (3.12) satisfies this requirement and (3.14) is consistent with (3.15).
Next, notice that the class of operators ap, o, has the stress tensor, let us examine the
one-point function for the free field case

2[(23—(d+l) _ 1)
a(’)+[n:0,l] = - (d _ 2)

1
C(l—2+4d) for szu+§. (3.16)

We see that the result is proportional to {(d) for [ = 2, which is the result expected for the
stress tensor of free fermions. The reason the above expression has a divergence at d = 2 is
due to the behaviour of the Gegenbauer polynomials in the limit » — 0 as shown in (2.31).
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Using the relation given in (2.33) which relates the one-point function in d = 2 to that in
arbitrary d, we obtain

_ 1
a0, (n=0,)ld=2 = —2(2! - 1)¢(1) for Ay = 7 (3.17)

To solve for ap_jn ) and ap, |n ) for n > 1 we need the correlator gs(7, ).
gs(T,x). From the MFT correlator, we see that

93(7. %) = (Outba (@) ¥5(0))7h,, (3.18)

d—2Ay —1
= Z (_1)m -
mezZ (T +m)? + fQ]Aw_i

We can again perform the expansion in small x in terms of Gegenbauer polynomials as done
for the correlator g(7,Z). This results in

1

|x|2Aw+1

g5(. ) = (d—2A¢—1)<

+§: > 2C(2A¢+1+2n+l)(l+y)(Aw+%)l+n(Aw+%_V>n

n=01=0,2, n(¥)1+n+1

<@y ). (3.19)

We can rewrite the OPE expansion of the correlator gs3(7, %) given in (2.17) as

. > n 2n y
p(rd) = 3 JoP" (14 7 ) ao_ ol = 01§ (n)

n=0

0o
+ Z ‘x|2n+l
n=0

=1

2(n+ 1)ao, [n+ 1,1 + (l 114 Anll) )>ao_ [, l]} ).

(+2)(1+d

(3.20)

To obtain this expansion from (2.17) we replace the number of derivatives J by the
appropriate spin [ of the operators Oy, O_ and write their conformal dimensions as
in (3.11). We have also separated out the [ = 0 contribution. Now comparing (3.20)
and (3.19), we see that only even spin operators have non-trivial expectation values. For
I = 0 we obtain

w+1) (27244 —1) (A+]) (A—v+3) (@d-24,-1)
B (v +n+ 1))
x ((2n +2A +1). (3.21)

From go(7, %), we had already obtained the expectation value of ap_[n,l = 0] in (3.12).
Note that the above equation is identical to that in (3.12) which serves as an important
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consistency check of our methods. Now for [ =2,4,... and n =0,1,--- we have

An(l+1)
Traie )t

222 ) (2 1) (8 d) (B v ),

n! (V) i4n41
XC(l+2n+2A+1). (3.22)

2(n+ Laop,[n+ 1,1 + (l+1+

From the OPE expansion of gs(7, &) we obtained the linear relation between the expectation
values given in (3.14). By replacing n — n 4+ 1 we arrive at the equation

2(1+1) ,
Tro@+n e

)20+ D) (1 - 272 (14t A+ DT (n+ A v+ )
B T(A+5) T+ (A—v— 4Tl +n+v+2)

a@+[n+1,l]+

x C(1+2n 4 2A + 1), (3.23)

forl=2,4,...andn=0,1,---.

The equations (3.22) and (3.23) are linear independent equations from which we can
solve for the expectation values ap, [n+1,1],a0_[n,{] forn=0,1,--- and 1 =2,4,---. We
can write the explicit values of these expectation values but they are not very illustrative.
For ap,[n = 0,1], | = 2,4,---, the expression is given in (3.13), while for ap_[n,0], n =
0,1,2--- the expectation value can be read out form (3.12). This completes the analysis of
obtaining the one-point functions by directly expanding the two-point functions in small |z|.

3.1 OPE inversion in d = 2

Consider the correlator go(x) given in (3.2), its OPE expansion is of the form (2.18).
Therefore we can apply the inversion formula to obtain the coefficient a(A, ) which contains
the information of the one-point functions as residues of the poles in the complex A-plane.
Using the co-ordinates z, z defined in (2.23), the MFT thermal two-point function can be
written as

92(2;,5):’36‘;%4r i [(m—z)((nj)—";)]Aw+§ <_7;\/§_’;\/§+\/§) (3.24)

m=—00

m#0

1. we see that the correlator vanishes in w plane at

Now on substituting z = rw and z = rw™
large |w| as well as small |w| whenever Ay > 1/2. In this domain, there is no contribution
from the circle or arcs at infinity in the w-plane and the entire contribution to a(A, 1) arises

from the discontinuity across the branch cuts.* Therefore we have

1\ 1 g5 1)z _
a(Do, 1) = LFED) / dz / 92 A=k 580 Diselgo (2, 2)]. (3.25)
2 0o 2 J1 z

“In the domain 0 < A, < 1/2 we need to evaluate the contributions from the arcs at infinity for
only | = 0.
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In this expression, the branch cut of (3.24) in the w-plane from —m to —oo has already
been taken care by symmetry with the branch cut from +m to oo by the inclusion of (—1)".
Therefore we need to restrict ourselves to the branch cut on the positive real axis of the
w-plane. It is easy to see that this arises solely due to the following discontinuity

1 2sin (7 (Ay + 1))
((m—2)(m — g))Aw-i-%} - (2 — m)(m — 2)};“_% 0(z —m). (3.26)

Disc {

We are therefore led to perform the integral

HAo,l) = MX (3.27)
Z/ dz/l/zdz N m<_\/>_\/7+\ﬁ) QSm)(@w;A)ﬁé,
=0+ 1+]1s.

Each of the integrals that occur can be carried out term by term. Let us examine the first
integral which is given by

L= —(1+2(7T_1)l) sin (77 <A¢ + ;)) X (3.28)

> [ /“Z B I ).
o 2 m 2 )

[(z = m)(m —

From the integrand it is easy to see that the poles in the Ay plane arise due to the small z
regime. Since we are only interested in the residues at these poles, we can take the upper
limit of the integral over z to infinity. Considering the 2nd term in (3.28), we have

o AR r(L—A)T(h+1) -
/ ? S € _ ) m—h1, (3.29)
m (2 —m)PeTa2 r (h — Ay + %)
To perform the integral over z, we first expand in small z and integrate term by term, this
leads to
A h_f [e's) A, + 1
m+1m/ dz v Z ( v 2)n (_1)(m+1)m*A¢fn+%'
D)2t S T(n+ 1) <A¢ —h+3 +n)

(3.30)

We can use (3.29), (3.30) to obtain the integral

o (Ay+3L) T(h+1)(1—272 ) (Ay+L4+h+n

g (Ber) M Je(@rihin)

im0 T(Ap+ )T (h-2p+3)T+1) (Ay —h+3+n)

for 1=0,2,4,---,
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where we have summed over m. We can use the same methods to obtain the remaining two
integrals in (3.27). The second integral is given by

Ir =

o (Ap+3) TR (1-272" H_n)j(Aw”*h*”) L (33)

nZOF(Aw"'%)F(ﬁ—Aw-F%) (n+1 (Aw— —§+n>
for 1=0,2,4,---,
while the 3rd integral is given by

L-y 2(8+3), L) (-2 i) C(Au+ g+ it , (3.33)
im0 T(Ap+3)T(h=Ap+3)T(n+1) (Ay—h+ 5 +n)

for 1=0,2,4,---

We examine the residues at the poles in Ap plane to obtain the one-point functions.
Consider the residue for the operator with dimension Ap = 2A,, + [ — 1, these poles occur
only in Is with n = 0. We obtain the residue

2(Ay+1), (1 - 27227 H2)C 20 +1 1)
() (Ap+1- 1)

Comparing this equation with (3.13), we see that it agrees precisely with the one-point

ap,[n=0,1] = , l=2,4,---. (3.34)

function obtained by the brute force expansion of the thermal two-point function. To do
this, we relate the residue to the one-point function using (2.20) and the one-point function
in arbitrary d to d = 2 using (2.33). Let us now look at the residue at Ap = 2A + 2n + 1,
these poles arise in all the terms I, I5 and I3. Adding up the contribution from these terms
and using the OPE expansion in (3.10) and (2.20) to identify the residues we get

2[(Ap+1) ] (1-28,)(1-272804m)C (28 +2n+1)
n!(n+1)! ’

ap_[n,l=0]=— (3.35)
Again this agrees with the one-point function obtained by the small x expansion in (3.12) after
using the relation to d = 2 in (2.33). Finally let us examine the residues at Ap = 2A,,+2n+1
with [ =2,4,--- and n =0,1,2,---. Again these poles arise from all terms I, I, I3, the
contribution from I can be isolated easily once one makes a shift n — n+1 in I5. Summing
these residues and again using (3.10) and (2.20), we obtain the relation,

21 + 1)
I+ 2)2a0‘[

(28y = 1)(+2n+2)(1 = 271280t (Ay + 1) (A, + %)Hn C(L+2n+2A, +1)
T(n+ 2)T( £ 1 +2) '

ao, [n+ 1,1 + n,l]

(3.36)

We see that this equation coincides precisely with (3.23) once the d = 2 limit is taken and
we use the relation (2.33).
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Let us now consider the correlator gs(z), we can write its OPE expansion given
in (3.20) as,

)= 3 0 ), (3.57)
with
e[l = 0] = (1 + 2;) ao_[n,1 = 0],
el > 1] = (Z(n + Dao, [n+ 1,0 + (z 14 m*o n, z]). (3.38)

Now let us examine the MFT thermal correlator gs(x) which is given by,

gs(r @) = 3 (128

. 3.39
mezZ (T +m)? +£Q]Aw+% ( :

This correlator is very similar to the one studied in [1] in MFT for bosonic operators of
dimensions Ay To obtain the two-point function (3.39) from a bosonic MFT correlator,
we need to shift Ay — Ay + 3, there is also an insertion of (—1)™ with an overall factor
1 —2A,. Taking these changes into account and applying the inversion formula we obtain

1 1
<A¢ + 2)n+l (Aw + 2)n (27280 —1=2m _ )
nT(n+1+1) ’
1=0,2,4,. (3.40)

c[n,l] =4(d — 284 —1)C(2Ap + 1+ 1+ 2n)

We can now use (3.38), to identify the one point functions of interest, for [ = 0, we obtain

4(1-24y) (2720 —1) ((Ay+ %)n) 20(2n+2A,+1)
(T (n+1)2

ap_[n,l=0]= . (3.41)

We see that it agrees with the small |z| expansion of the correlator in (3.12) after using the
relation to d = 2 in (2.33). For [ > 2 we obtain the relation

2n+Dao, [n+1,1+ <Z+I+W)a@ n 1]

Ay +1L Ay+1i
W

= 4(1=2A)C (20 +1+1+2n) (3.42)

Again this equation precisely agrees with the second linear equation (3.23) between one
point functions of O_, Oy obtained using the brute force expansion in small |z|, when
d = 2 and after using the relation (2.33).

17 -



3.2 OPE inversion in d > 2

The inversion formula for d > 2 dimensions is given in (2.27).
(A1) = agisc (A, 1) + 0(lo — 1) aares(A —1). (3.43)

The correlator of interest is the mean field theory correlator ga(z) given in (3.24), the form
of the MFT correlator is invariant across dimensions once we choose the kinematics as
discussed around (2.23). The contribution from the e at infinity is given by (2.29)

1 dr

Qares(A, 1) = 2Kl/0 mx (3.44)
dw )
=4 o1 21/F —1\ imv .
# o dim [ — w2 E e g(rw)
Using the definition of Fj(w) given in (2.26), we see that the contribution reduces to
. 1 dr dw . _
aarcs(Ayl) = 2Kl/0 m X j{ﬁ |wl|1£>noow gg(r,w). (3.45)
From the expression of the 2-point function for go given in (3.24), it vanishes as ]w\‘A"’%

1
29
contribution from the arcs at infinity and for 0 < Ay < %, we just need to include the arc

for large |w|. Therefore again as in the case of d = 2, if A, > 3, we see that there is no

contribution for the [ = 0 case. As in d = 2 dimensions, we will take A, > % We are thus
led to evaluating only the contribution from the discontinuity across the branch cuts, which
is given by

Ldz [:d z
&diSC(A’l) = (1 + (71)1)Kl/ TZ/ j(zz)Ad}_%_yF‘l (\/Z> DiSC[g(Z,E)], (346)
0o Z2J1 =z z
L+ 1I'(v)
K=——"7" "
Arl(l +v)
The discontinuity across the branch cuts is given in (3.26). Substituting this, we obtain the
following expression for the one point function

o0 14z [max(m,1/z) 4
aan =+ my [ 2 2 - P ()
m=170 % J1 z z

(1ym2sin (x (80 + 1)) (-2 )

[(z — m)(m — 2)]A+3 2

=L+ 1+ Is. (347)

The last line defines the three integrals which must be done to obtain a(A,l). Let us
examine the first integral

I = 2K;sin <7T (ATZJ + ;)) (348)
5 max(m.2) gp ()™ (~m)Fy (\/2) (2 = 2 (22) 2+
8 /o1 d? /m d? (2 _jn()g;)é(m — z)Buts \/;’

1=0,2,--
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It is convenient to define new variables
z=mz7, z=mz. (3.49)

Using the (2/,z’) variables we obtain the integral

Ii(m) = 2m~2(-1)"HK; sin( <A¢ + )) /1 dz /max l (3.50)
(z— 1) 20 31— 22) Do 3 (2 — 22)% (z22>_%+Aw_V 271Fy (VE) ] .

Here we have re-named the primed variables and isolated the m-th term in the sum. As
in the case of d = 2 and in [1], we expect the poles to arise at z — 0 in the integrand.
Therefore, we can take the upper limit of the z integration to co and the integrals over z
and z factorize. Performing the integral over z from 1 to oo we obtain

2 Kym ™2 (=1)™ I (A +1)
Il(m) — T - lm ( ) + / \/7 Aw 2 1 _ 2)2V2—%+A¢—V—1
r(3+a4)r(a- Aw +3
31
x oF) (A+1 Aw+ (A — A¢+2 )FJ(\/) (3.51)

We can now expand in small z and perform the integrals term by term. The leading and
the sub-leading terms are given by

2mKm=A(—1)™ T (A= Ay +5)
D(3+84)TA+A-24y) o

_ V(l+2y) (A—QAw)(1+2Aw) _
1+Z<l+u+1 2A — 27, — 1 )J“O(Zz)]‘

Il(m) =

Performing the sum over m and the integral over z, we obtain

PP+ 1D (A= Ay+5) (1-2172)¢(A)

L= (3.53)
D(I4v)T (34+4y) T(1+A-24,)
" 1 N V(l+2u)+(A—2A¢)(l+2A¢)_2 1
(CA+I+2A,—1) '\ I+v+1 2A—2A,—1 V) (CAtI+2A,+1)

I

Let us evaluate the residue at the pole A = 2A,, + 1 — 1, from the general OPE expansion
in (3.10) we see residue results in following one point function

(A + %)l (1— 272220, +1— 1)
W (A +1-1)

This result precisely coincides with the one point function obtained in (3.13) by the directly

ap,[n=0,1] = — (3.54)

expanding the correlator g(z) in the small = expansion.
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We can proceed on similar lines and evaluate the leading contribution of Is in the small
z expansion of the integrand. This allows us to obtain the residues at A = 2A, + 1+ 1.
These are given by

DT+ 10 (A = Ay + 5 (1= 2178)¢(A)
I = +oe, (3.55)
D+ )T (54 Ay) D(1+ A = 280)(=A +1+ 24y +1)

and
TP+ 10 (A = Ay — ) (1= 2178)¢(A)

+
DL+ )T (34 Ay) D(A = 284)(—A + 1424y +1)

L= 2 (3.56)

From the expression of I in (3.53) we see that too contains a pole at A = 2A, + 1+ 1.
Adding up the residue at A = 2A,, + 1,1 = 0 allows us to obtain the one point function

ap_[n=0,1=0]=2(1 —2722¢)(2A,, — 2v — 1)¢(2A, + 1). (3.57)

Here we have related the residue to the one point function using (3.10). We see that the
result is in precise agreement with (3.12) which is obtained by the brute force expansion of
the correlator go(z). Finally for [ > 0 we can combine the all the residues at A = 2A,;,+1+1
from Iy, I, I3 from (3.53), (3.55), (3.56) to obtain the equation

2(1+ 1)
(+2)(d+1)
(1+2) (Mg +3), (By v = 1) (1= 27220y + 14 1)

W +v+1) '

ao+[1,l] + ap_[0,1] = (3.58)

Again we have used the OPE expansion (3.10) to identify the linear combination of the
one-point functions with the residue. The result precisely coincides with the equation (3.23)
obtained by the brute force expansion of g(x) in small |z|.

Let us finally examine the correlator gz(x) given in (3.18). As we have discussed for
the case of d = 2, this two-point function is similar to the two-point function of scalars
in MFT studied in [1] but with a (—1)™ inserted in the sum over images. We also need
to replace Ay, — Ay + % and multiply by the overall factor 2v 4+ 1 — 2A,,. Consider the
expansion of g3(z) given in (3.37), using the inversion formula given in [1] together with
the modifications mentioned above, we obtain the residue at A = 2A,, +1 4 1,?

c(0,1) = 2)1(2A¢, — 20— 1)(1 — 2= @Rty (2A,, +1 4+ 1). (3.59)

We can now use the equations (3.38) to identify the one point functions. We obtain for [ = 0,

¢(0,0) =ap_[n=0,1=0] = 2(1 — 2722%)(2Ay — 2v — 1)¢(2A, + 1). (3.60)

®This is equation (4.19) of [1].
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Forl=2,4,---. we get
c(0,1 > 2) =2ap_[1,]] + (I + 1)ap_[0,]] (3.61)

A 1
W(2Aw — 20— 1)(1 — 272Dy (2A, + 1 +1).

Note that this equation precisely coincides with the linear equation relating these one point

=2

functions given in (3.22) obtained by the small x expansion of the correlator g3(z).

This concludes the discussion of using the inversion formula for the MFT of fermions.
It is important to mention that the application of the inversion formula on the correlator
g2(x) is not related to the one studied for the scalars in [1]. The MFT correlator ga(x)
in (3.24) has factors which involve /z, v/Z, inspite of this, the location of branch cuts in
the complex w-plane falls into the general discussion of [1]. Therefore we could apply the
inversion formula leading to results which agree with the brute force small x expansion of
the correlator go(x).

4 The critical Gross-Neveu model at large N

In this section we study thermal one-point functions in the critical U(N) Gross-Neveu model
at large N in arbitrary odd d = 2k + 1 dimensions. The theory is defined using the action

5= [t [idu o + b (8.1

where N is the number of fermions and a = 1,2, --- , N. For d > 3, the interaction is
non-renormalizable, nevertheless in [2, 16, 17|, it has been argued that on choosing a
definite prescription to evaluate the partition function one is led to a gap equation which is
independent of the cutoff at large N.% The derivation of the gap equation is given in the
appendix A, the equation is given by

- 2k
2(2myn) Z 2 ” nn2n1 lppn (=€) + () ~y/m =0. (4.2)
=0 (2mep)"n! T (% + k) cos Tk
The gap equation has a real solution for the thermal mass myy, in dimensions d = 2k + 1,
with k= 2,4,6,---. While for kK =1,3,5,---, the gap equation has complex solutions for
myip. The table 1 lists the thermal masses of the Gross-Neveu model in various dimensions.
In [1], it was observed that for the bosonic O(N) model in d = 3 the corresponding
gap equation can be obtained by demanding the scalar bilinear ¢®¢, with dimension A =1
does not exist in the spectrum at the critical point. This observation was also seen to
hold true for the O(N) model in arbitrary odd dimensions in [2]. This paper also studied
the application of the inversion formula for the correlator g;(z) in Gross-Neveu model in
arbitrary odd dimensions. Similar to the bosonic case, it was observed that the gap equation
of the Gross-Neveu model in (4.2) can be obtained by demanding that the operator Oy[0, 0]
or schematically the bilinear 1) with dimensions A = 2k does not exist in the spectrum at
the critical point.

SA similar procedure has been followed to obtain the gap equation and the thermal mass for the bosonic
O(N) model in arbitrary d dimensions [2, 18].
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In this section, we study the correlator go(x) in detail and also examine the correlator
g1(x) and g3(z). We see that the absence of the operator O_[0,0] which is schematically
of the form 1/?7“8,#) in the spectrum also leads to the identical gap equation in (4.2). We
then evaluate the one-point functions of operators O, [0,!] or operators of the form

O+ [07 l] : qzz)’y,ulall& e 3;”@[% A=2k+1-1 (43)
We show that the one-point functions of these operators are given by

L (men)TF1 T (k41— n)gy
akoltk (k _ %)l = 2mnl(mep)"

ao, [0,1] = Ligyn(—e" ™), (4.4)

[=2.4, .

The one-point function ap, [0,1 = 2] corresponds to the stress tensor. In the appendix A,

we have evaluated the stress tensor directly from the partition function. This is given by
2k+1
Too = . (lmth) . (4.5)
2k+27k=aT (k: + 5) cos k

(man)*+* 5[0 )+ (= ) = 22

T = 2nn!(myp )™

_l’_

Lik+n ( —e~ Mth ) .

Manifestly the one-point function ap, [0, = 2] does not seem to agree with the stress tensor
n (4.5), however on substituting the value of my), from the gap equation (4.2) and scaling
by the overall dimension dependent constant they precisely coincide. The overall scaling is
because the one-point function ap, [0,1 = 2] also contains the structure constant fy,r and
the normalisation of the two point function ¢p. The table 1 also compares the values of
aop, [0,1 = 2] with the stress tensor.

Our analysis also shows that the one-point functions in (4.4) are related to that of
one-point functions of Oy0,!] or operators of the form

O0l0,1] : V0 Opy -+ 0 Ao =2k +1. (4.6)

The relation is given by
a0, [0,1] = mpao, [0,1]. (4.7)
Similarly evaluating the one-point functions ap, [1,1] and ap_[0,1], we see that they are
related to the one-point functions ap,[0,!] by factors which depend on ! and myy,. Thus by
explicit calculation, we see that the one-point functions of all fermion bi-linears are related

to ap, [0, 1] which occurs in the OPE expansion of g;(x). It is interesting to contrast this
with MFT, in which g;(z) trivially vanished and did not contain any one-point functions.

4.1 OPE inversion on gs(x)

The two-point function of fermions with a thermal mass my, and at finite temperature is
given by

i d=1p 0 sk, — imindag .
Gal@h(0) = 5 / AUk Doghie — Mindan gy g g

el (2m)d-1 k2 4+ m?2
272 n, ko= 27rn+ th
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d | my(€R) ao, [0,1] Too 7 = 2k(2k — 1)ap, [0,]
5 | 1.48051 —0.04048 —0.971519 —0.971519

9 | 2.86003 —0.0125136 —5.6061 —5.6061

13 | 4.24178 —0.0159513 —67.3783 —67.3783

17 | 5.6273 —0.0460522 —1414.72 —1414.72

21 | 7.01451 —0.23691 —46093.1 —46093.1

25 | 8.40257 —1.90627 —2.15503 x 106 —2.15503 x 109
29 | 9.7911 —22.0996 —1.36866 x 10% —1.36866 x 108
33| 11.1799 —348.833 —1.13391 x 1010 —1.13391 x 100
37| 12.569 —7193.26 —1.18797 x 10'? —1.18797 x 10'?
41 | 13.9581 —187758.14 —1.53565 x 1014 —1.53565 x 1014
45 | 15.3474 | —6.05104 x 105 | —2.40094 x 106 —2.40094 x 106
49 | 16.7368 | —2.35981 x 10® | —4.46587 x 10'8 —4.46587 x 10'8
53 | 18.1262 | —1.09528 x 1019 | —9.74651 x 10%° —9.74651 x 10%°
57 | 19.5156 | —5.96646 x 10 | —2.46648 x 1023 —2.46648 x 10?3
61 | 20.9051 | —3.76957 x 1013 | —7.16416 x 10%° —7.16416 x 10%°
65 | 22.2946 | —2.73404 x 10" | —2.36731 x 10?8 —2.36731 x 10%8
69 | 23.6842 | —2.25624 x 1017 | —8.82995 x 1030 —8.82995 x 1030
73 | 25.0737 | —2.10199 x 10" | —3.69208 x 1033 —3.69208 x 1033
77| 26.4633 | —2.19548 x 102! | —1.71994 x 1036 —1.71994 x 1036
81 | 27.8529 | —2.55503 x 10?3 | —8.87735 x 1038 —8.87735 x 1038

Table 1. The table shows the agreement in the value of stress tensor evaluated from the partition
function given in (4.5) with the one-point function from OPE inversion formula given in (4.4) at
I = 2. We need the 2%, the dimension of the Dirac spinor in the last column, since we had factored
this out in the two point function (4.8), the rest of the factors in the last column are because of the
presence of the structure constant fy,0 and the normalization of the 2-pt functions co in ap, [0,2].

Note that this correlator is anti-periodic under the shift 7 — 7 4 1, again we have divided
by the dimension of the Dirac spinor so that traces over v matrices gives unity. It is useful
for us to write down the correlator with ¢ and 1 inter-changed for the constructions of
g2(x) and g3(x). From (4.8) we obtain

W) = 2 Y /

22 n, ko= 27rn+

A1k ’Yagk + impdag
2m)d-1 k2 4+ m?2,

etk (4.9)

To derive (4.9) from (4.8), we inter-change the fermions, change the dummy variables of
integrations and summations and also use translation invariance. Using this we can write

down the correlator gs(x) using the definition in (2.2)

wrd)=t X [+

n, ko= 27rn+ )

_ 20, 3 /

‘1’| n, ko=2
0= 7r(n+

d—1
d 7k kyat ik
2m)d= 1k2+m ’

dd 1]€ eikm

4.10
27Td1k:2+mh ( )
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To perform the integral, we first use the Poisson re-summation formula to convert the sum
over Matsubara frequencies to sum over images in 7.

> flen+)a] =) (-1)" /OO Z—:f(w)emw. (4.11)

neL ne” -

Applying the re-summation on the integral in (4.10) and performing the resultant integral,

we obtain
de—1f ZE:E’ etkoT d41kd ik-& piw(T+n)
Y e T e e
n, ko= 271- n+ k +k +mth neZ w?+k +mth

2\ 15
||> K%,l(mth@(n)\)-

Mtn

= —1)*(27)" %
PIEIEUNTS
(4.12)

Here (") = (7 4n, &), choose the configuration given in (2.23) we can express the correlator
as a function of (z, 2)

- m\/;jL\/Z} K% (mth\/(m—z)(m—é))'
2Vz

e = E o (52) [ (Vom=aym=2)"”

meZ

ISTN RS

(4.13)
One consistency check of this correlator is the following, on taking the my, — 0 limit it is
proportional to the MFT correlator in (3.2) or (3.24) with Ay =k

(k+3)

92(2, Z)|Gross—Neveu, my,—0 = _MTQ2<Z s Z2)IMFT, Ay =k- (4.14)
On comparing the two-point function in (4.13), with the corresponding one for the bosonic
O(N) model studied in [1], we have an insertion of (—1)"" since we are dealing with fermions.
We also have the factor in the square brackets in addition to the Bessel function. Examining
this factor in the w-plane where w is defined as (2.23), we see that this factor does not
affect the branch cut structure present in the Bessel function together with the factor

(v(m—2z)(m—2) )7d/ ®. Therefore, the branch cuts in the w-plane are as assumed in
section 2.2 and we can proceed to apply the inversion formula. Let us first write down the

\/f) Disc[ga(z, 2)]. (4.15)

Here we have substituted A, = 9=1 and [ € 2Z. At this point we note that we have taken
some input from the perturbatlve results of [8, 19], that the fundamental field does not

contribution from the discontinuities

. Ldz [ dz oy, 1A
aqisc(A, 1) = 2Kz/ T/ (2= 2)*(22)2 2 F
o 2z =z

acquire anomalous dimensions at large N for the Gross-Neveu model. It should also be
noted that the branch cut for each term in (4.13) depends on m and the integration range

— 24 —



in z depends on m for each term. As we have mentioned earlier, the branch cut in the
w-plane can be obtained from the relation

Disc {W] - 7{]’79(:3). (4.16)

Substituting this relation in (4.15) we obtain

d _ 1
R B mn ) 2 = [ldZ max(m,1) oy, 1A
adISC(A,l)—27TKl <27T> Tnzz:lA ;/1 7(2’ Z) (22)2 2 ﬂ (417)

X(—l)m“J—é—k (mth (z_m)(m_ZD [_W\F_m\/zr\/ﬁ}
2Vz 2Vz '

[(z—m)(m—2)] 3%

=L+1+1s.

Just as before the last line defines the 3 integrals required to obtain a(A,[). Consider the
m-~th term of the first integral,
\/?
z

L(m) = 7m(—1)"K, (’g:f)g /01 % /fax(m’i) % [(2 _A(5)i %R (

y Jf%—k (mth\/(z —m)(m — 2)) ] |

[(z —m)(m — 2)] 27"

oy

NES
PN

(4.18)

We follow the same procedure as in the application of the inversion formula for the MFT to
find the leading poles. We first change variables as in (3.49), this leads to

d

2 1 max | —=,1
Il(m)zwka“%_A(—l)m(Tgth) K [ az [ (=7, [z—l—%z%—l—ﬂ(z_l)—’%—i
T 0 1

x (1= 2711 - 22750 R (VE) Ty <mthm (z—1)(1— zE)) } (4.19)

Now we can expand in small z, this decouples the integrals and then we perform the integral
term by term in z. The leading pole is given by

”’“h)“é 1 (4.20)

o AT I+2k—1

e 1 1
X/O YRR (1 4 y2)2k AJ,%,k(mthm y).

I (m)©® = 4wmk+éﬁ(—1)m(

To obtain the above equation, we have also made a change of variables to y = vz — 1.
The superscript denotes the fact that we are focussing on the leading term in the small z
expansion. The integral over y is known and we obtain

0 o(1ymas kg Atk ik, AR

(0) 2mez iy
T\ —
! mz::l D(1+A—2k)(—A+1+2k—1)

KA—IH-% (menm). (4.21)
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We also need the first sub-leading term in the small z expansion. After performing the %
integral, the first sub-leading contribution is given by

k+
mMnh 2 1
27r) Ly e sy ekl
1 2k—1)(2+1) 1
T— B3 (1 2k1A[<_( ( )1 2)
/ dyy T2 (14+4?) okl + k+2 (14+y*) J_%_k(y)
mimy
2

1Y (m) :4wmk+%ﬁ(—1)m( (4.22)

+

hy(1+y2)J;k(y)]-

Integrating over z we obtain

D(—1)mad ko Atk kS g T (0 — 1)@ 4 0) Ky s(mmm)
(—A+1+2k+1) 1+2k+20 D(1+A—2k)
1K—%+A—k(mmth) K—g+A—k(mmth)]

T(A—2k) | D(A—2k)

+(2k + 1) (mmyn) (4.23)

Let us evaluate the residue at the pole A = 2k + [ — 1, using the OPE expansion
in (3.10) we can identify the one-point functions for the following operators

> 2(=1)™ m2kra— kKlml+k_7

ap, [n =0, =
O+[ |d1SC mZ:1 2l+k,,r(l)

Kl+k77 1 (mmgp). (4.24)

To perform the sum over m, we use the following property of the Bessel function with half
integer orders.

Ky a(z) = —IZ\FZH_") . lez (4.25)
2x”+2n'

Substituting this identity in (4.24) and performmg the sum over m, we obtain

I I+k—11+k—-1 I+ k—
ap, [n=0,1]= (mth> wmk_m(—e_mth), (4.26)
ok <k_%>l 2 = (2mgp)n!
where [ = 2,4, ,---. We will show subsequently that the contribution from the arcs at

infinity vanishes for [ > 0, Therefore we have identified these residues to be the complete
contribution to the one-point function of the operators O [0,!]. A simple check is to observe
that the one-point functions in (4.26) coincides with the MFT expression in (3.54) on taking
mgn — 0 and taking Ay = k together with using the relation (4.14).

Similarly we can evaluate the contribution of the leading expansion in z in the integrands
of Is and I3. This results in poles at A = 2k + [ + 1, the contributions are

2(_1) k‘2 A+k+2m7*km$‘h k+2Kl

Iy(m) = (—A+l+2k+1) (1+A—2k)

K%_,_A_k(mmth)a (4'27)

and

_1_ A—k—1
8( 1)m+1 k2 A+k+2m 3 kmth QKZ

Is(m) = (“A+ 1+ 2k + )I(A — 2k)

K7%+A7k(mmth). (4.28)
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The sum of the residues of the poles from I{l)(m), I;(m) and I3(m) is given by

(m)| Res at A=2k+1+1

(71)mKlﬂ.%fk2fkfl+%mf%fk(mth)lJrkJr%

= 4.29
I(+1) ( )
3—2k
m( )Kl+k+ (mmen) +(2k—3) K, I+k+1 (mmth)‘F(mmth)Kwk_%(mmth) .
Then using the recurrence relation of the Bessel functions,
2v
K ( ) - v—1*+ Kl/+17 (4.30)
we can simply this to
(_l)mKlW%—k2—k—l+%m%—kmthl+k+% (1+2)
B (m)| Res at A=2k+i+1 — F(l + 1)(1 + 2k + QZ)
X Kl-i—k—% (mmth). (4.31)

We can sum over m using the identity (4.25) which results in the complete contribution
from the discontinuity across the cuts to the residues at A = 2k + 1 + 1.

A (l—|—2) Min l+k+1
“a(A, Daiee B _ ( ) (4.32)
Res at A=2k+1+1 7rk(1+2k:+2l) (k_%)l 9
I+k—1
I+ k
> et )
n=0 ( mth) n

Finally for [ > 0, from the residues at A = 2k+1+1 given in (4.32) and the OPE expansion
n (3.10), we obtain

oL+ 2??21—:31 Tpyt0-101= (4.33)
(1+2) g, \ R R (+E =) o
(1 + 2k + 21) (k - ,)l ( 2 > 24 2mg)n! Lign(—e™"),

where again [ =0,2,---.

Contribution from the arcs. To complete the evaluation of the one-point function we
need to evaluate the contribution from the arc at infinity. This is given by the expression
n (3.45). Taking the limit w — oo in ga(x), it can be seen only the mode m = 0 contributes,
this is due to fact the argument of the Bessel function has a square root, which ensures that
it vanishes on the arc exponentially for m > 0. Furthermore due to the integration over the
full circle in the w plane only [ = 0 contributes. Due to these reasons the contribution from
the arcs is given by

mthr)
&arc(Avo) _47TK0 (T;l;_h> / d A k+2 . (434)
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To obtain the location of the pole in the A plane we can push the upper limit of the integral
to co. This does not change either the location of the poles nor their residues. This results
in the following

R B 1 (mp\2 A 1 A
aarc(A,O)——4wk+;( B > F<_2>F<2_ 9 +k‘) (435)

We therefore obtain the residue at A = 2k + 1

A 1 g \ 261 1)
Ao _ 1 (ma r{—p_21). 4.36
(A, 0)arc| Res at a=26+1 okt < 2 ) < 2 (439

Gap equation from OPE inversion. Similar to the analysis [1] for the bosonic critical
O(N) model, let us demand that the low lying operator O_[l = 0,n = 0] with A =2k + 1
does not occur in the spectrum. These are the operators which are schematically of the
form 1/_17“8“1/). This implies that contribution to the residues from the discontinuity of the
branch cuts in (4.32) together with the arcs at infinity in (4.36) at the pole A = 2k + 1
must vanish.

[_d(Av O)diSC - d(A, O)arc] | Res at A=2k+1 =0. (437)

Note that this combination is the one-point function ap_[0,0] as can be seen from the OPE
expansion (3.10). Using (4.32) and (4.36) in (4.2) we obtain the equation

— —n)op _ (m) 2/
2(2m E 2 Lipp(—e7 ™) + =0, 4.38
th) — 2mth npl HE ( ) r (% + k:) cosmk (4.38)

which precisely agrees with that obtained from the partition function in (4.2).

It is important to mention that this gap equation was also obtained [2] for the Gross-
Neveu model by demanding operators Og[0,0] which are schematically of the form 1).”
We will review this subsequently. Heuristically this fact could have been anticipated, at
the large N saddle point 7717)7“0“1/1 ~ (1p = menptp where C is the field introduced by the
Hubbard-Stratonovich transformation to linearise the 4-fermi interaction. Therefore the
vanishing of the one-point function Op[0, 0] implies that the one-point function O_|0, 0] also
vanishes. The fact that the explicit computation does indeed bear out this expectation is an
important consistency check of the OPE inversion formula developed for the correlator gs(x).

4.2 OPE inversion on gz(x)

It can be easily seen that using the definition of g3(x) in (2.2) and (4.8), this correlator is
given by

dd_lﬂj‘ )
g3(x) = > 0’ [/ 2m)&1 <k2 _:mgh>ezkm] : (4.39)

n,k0:27r(n+%)

"See equation (27) of [2].
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We can use the equation (4.12) which relates the term in the square brackets to the Bessel
function to take the derivatives. This leads to

—1ym 4 _
wie) = 3 Lm0 K (maale ™). (4.40)
meZ (27r) :

Thus g¢3(z) is a simpler correlator and similar to that encountered in the bosonic O(N)

model. We can apply the inversion formula as before
ldz (3 d Z
Gise (A, 1) = 2Kl/ é/ 8 5 (2) % R <f> Disclgs(,2)],  (4.41)
o z )1 =z z

where [ is even. Since g3(z) is still a sum of BesselK functions, we can use (4.16) to obtain
the discontinuity across the branch cuts. Proceeding along the similar lines, the contribution
to the residue of agisc(A, 1) at the poles A = 2k + [ is given by

2 (mth)HkH MO (4 k= n)an
k (k + %) 2 (2mth)”n'

—adise(A, 1) ‘ Res at A=2k+1 — “Lijsn(—e ™).

n=0

(4.42)
Similar to the discussion for ga(z), the residue at A = 2k, = 0 receives contribution from
the arcs at infinity which is given by

2%+1 T (—k; 4 l)
Mth 2
CLarc A 0 | Res at A=2k — (2 ) 771.]@‘4*% . (443)

Now the expectation value ap_[0, 0] which refers to the operator schematically of the form
@Z}y“@“d) is given by the combination

ao_[0,0] = —[Adisc(A, 0) + aarc (A, 0)] (4.44)

‘ Res at A=2k’

E+1k=1 7 2%k+1 7 (—k+ L
C2 () S () )

i
wk \ 2 = (2men)™n!

=0.

Again, demanding that this operator does not exist in the spectrum results in the same gap
equation (4.38) obtained by considering the correlator go(z). This agreement is necessary
for the consistency of obtaining the expectation value ap_[0,0] both from ga2(z) and g3(x).
Finally using the OPE expansion of g3(z) in (3.20), (3.37), we see that poles at A = 2k
correspond to the coefficient ¢[0,0]. Then from the relations in (3.38), we obtain the linear
relation between the expectation values ap_[0,0] and ap_ [0, 0]

2a0+[17 l] + (l + 1)a0— [07 l] = “Li k+n( mth)'

w(er}), N2 S @mar

2 <mth>l+k+1 k+1—-1 (l+k—n)om
(4.45)
J

We can use the equations (4.33) and (4.45), to obtain values ap, [1,1]4+ and ap_[0,1], but
it is not illustrative. What is important to note is that on comparing the 1.h.s. of (4 33)
and (4.45) and the expectation value (4.26), we see that for a given I, ap,[1,]]+ an
ao_[0,1] are proportional to m ap, [0,1].

~ 99 —



4.3 OPE inversion on g1 (x)

Finally for completeness, let us give the results for g;(z), the correlator studied in [2].
From (2.2) and (4.9), we see that

_ dd 1 Mip ikx 4.46
gi(z) = Z (2m) =1\ k2 + m2, - (4.46)

n,ko= 27r

Performing the Poisson re-summation and then evaluating the Fourier transform we obtain

N =D 254 1 (n) 4.4
gi(z) =) a5 K (mf2)]) (4.47)
nez (277) :
From the OPE expansion in (2.9), we see that this correlator contains the information of the
one-point functions of the operators Oy[0,1]. These operators are schematically represented
by the traceless symmetric bi-linears given in (2.1). Again using the OPE inversion formula
on gi(x), the residues at poles A = 2k + [ lead to the following one-point function

ap,[0,1] =

I+k— . i
1 (mth>l+k g (I +k —n)opLigty (—eh) (4.48)

w(bry) N2 S ) |
[ =24, .

For [ = 0, as before there is a contribution to the residue both from the arc as well as the
disc. The residue at the A = 2k pole is given by

m?2¥ 1
aarc A O ’ Res at A=2k mr (2 — k) . (449)

Combining the contribution of the arc and the disc results in the expectation value of the
operator 0. Demanding that this operator does not exist in the spectrum results in the
gap equation

a0,[0,0] = —[aaise(A, 0) + darc(A,0)][ =0, (4.50)
1 mth)k "1 (k — n)onLipin (—e~ ") m2k (1 )
th =2 I'(=-—-k)=0.
R ( 2 7;) (2" Tt \2

Properties of the one-point functions in the GN model. Comparing the equation
obtained by demanding the operators O_]0,0] and Og[0,0] do not exist, equations (4.44)
and (4.50) respectively, we see that the equations are related by just an overall multiplicative
factor of myy,. Therefore, the gap equation is same and one obtains no new conditions
which is important for the consistency of starting with the thermal propagator with one
parameter myy,. As explained earlier, this might have been expected by the large N saddle
point equations of motion 7/_1’7“8u¢ ~ mentptp. What is perhaps more non-trivial is the
following observation. Comparing the one-point functions of operators O [0,!] in (4.26)
and operators Og[0, (] in (4.48) we see that

ao,[0,1] = mnao, [0, 1], l=2,4,---. (4.51)
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Here there is no obvious equation of motion relating these expectation values. Such a
relation must be specific to the critical Gross-Neveu model at large N. Observe that for
the MFT of fermions the correlator go(x) vanishes, so all expectation values ap, [0, [] vanish.
However the expectation values ao_ [0,[] are non-trivial and are given by (3.54). Of course
for the MFT of free fermions, we have my;, = 0, and therefore the fact that ap,[0, (] vanishes
and ap_ [0,1] does not, is consistent with (4.51).

For the critical Gross-Neveu model it is likely there are more relations of the kind (4.51).
From the observations made after equation (4.45), we know that the expectation values
ao, [1,1] and ap_[0,1] are also proportional to m? ap, [0,1]. Here the proportionality
constants involve spin and numerical factors. This and the relation (4.51) hint that the
expectation values of bilinears of the form O, [n,l],n > 0, O_[n,l],n > 0 and Oy[n,l],n >0
are all related to the expectation value ap, [0,1]. It will be interesting to prove this.

5 Large d and large spin behaviour of one-point functions

As we have mentioned in the introduction, since the OPE inversion formula provides compact
expressions for one-point functions, we study their behaviour at large dimensions d and
spin [. As we have discussed in section 2, the one-point function ae is proportional to the
thermal expectation value of the corresponding operator. The proportionality constants
involve the structure constant, f;,» and the normalization of the two-point function of
O, co. To eliminate this dependence, we use the following, for the O(N) model or the
Gross-Neveu models OPE coefficients, anomalous dimensions are the same both in the
Gaussian fixed point as well as the critical fixed point at large N [8, 19-23]. Therefore, we
study the ratio of the one-point functions ap at these fixed points.

ao [, 20,k
r(l, k) = 20Mma£Ok. 5.1
(L, k) aollm o (5.1)

Here myy, # 0,k denotes evaluating the one-point function for the real positive solution
of the gap equation at dimension d = 2k + 1. We discuss two cases, first we examine the
behaviour of r(I, k) by increasing k keeping [ fixed and in the second case we study r(l, k)
by increasing [ at fixed k.

In the rest of the section we study the one-point function of the stress tensor in detail
for the two theories. The energy density for conformal field theories on S; x R4! can be

written as
(d—1)r (¢
TO() =—-F= d(2) X c(mth,d). (52)
w2 3¢
For free bosons ¢(m¢, = 0,d) = —((d), which is the Stefan-Boltzmann value.® Therefore,

we can consider ¢(myp,d) as a rough measure of the degrees of freedom which is seen on
heating the system. We plot the c¢(myp, d) as a function of d, we see that ¢(myy, d) vanishes
as d increases. For fermions we can further write c(myy,d) = Q%G(mth, d), where the
factor 25 is due to the dimension of the spinor in odd d dimensions. For free fermions,
the Stefan-Boltzmann value is &(mypn,d) = —(1 — 27(4=1D)¢(d). Again we see that the
é(myp, d) vanishes as d increases, that is the degrees of freedom seen by heating the system
again decreases.

8We are examining the energy density divided by N.
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Figure 1. The Lh.s. of the gap equation (5.3) for the O(N) model (denoted by f in the figure) has
been plotted as a function of myy, for d = 3 and d = 7 the graph cuts the z-axis only once while
for d = 5,9, it is always positive. Similar trend follows for higher values of d, which is possible to
check numerically.

5.1 O(N) model

In this section we will numerically study the behaviour of one-point functions for O(N)
model with increasing d at a fixed | and vice versa. For this analysis, one should first look
for the existence of real solutions of the gap equation at various odd dimensions. The gap
equation for the O(N) model at strong coupling in odd dimension can be derived using
the standard field theoretic technique elaborated in appendix A. The same gap equation is
obtained in [2] by demanding the absence of the operator ¢? in the ope of the two-point
function for critical O(V) model using the formalism of inversion formula.

k—1 k—m ; -m
2 k — L th
(ma ) 27 Y ol TR Zmn e (€ ), (53)
For d = 3,7,11,15, ..., the gap equation is observed to have only one positive real solution
for myy, and for d = 5,9,13, ... no real solution for myy, exists. We have shown this in

figure 1. This phenomenon was noticed in [2].
The one-point function for double twist operator of kind ¢d,, - - - 9,,¢ is given by [2],

k+1-1 . _
1+ (—1)? —’_Z 2“+1m?h(2(k: +1—1) —n)Lisg_p+i—1 (e mth). (5.4)
2

T iy (k-1), = nlk—n+1—1)
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Figure 2. The ratio r(l, k) for the O(N) model is plotted against k(€ odd integers) for various
fixed values of spin [. The plot shows that the one-point functions at fixed [ becomes smaller in
comparison with the same for the free theory with increasing d.

The ratio of one-point functions at the non-trivial solution of the gap equation to the same
at myy, = 0, the Stefan-Boltzmann value is given by

ro(l, k) = Ul 20k (5.5)
7] —
mgn 7 0, k denotes the real positive solution of the gap equation at dimension d = 2k + 1
can be obtained by solving the gap equation numerically.

We examine the behaviour of ry(l, k) with increasing k at fixed [; we restrict k to be
odd, as the real solution for myy, exists only for odd k. The result of this analysis is shown in
figure 2. The observation is that the ratio of the one-point function of double twist operator
at fixed value of spin [ evaluated at the Gaussian fixed point to that at the free theory limit
keeps on decreasing with increasing k, but this ratio falls slower for higher values of [

lim 7(l = fixed, k) — 0. (5.6)
k—o0

Now, we keep the k fixed and increase [ and observe how r,(l, k) behaves. The result of
our numerical study is described in figure 3. At a fixed k, (1, k) saturates at 1 for large
values of [, which indicates that the one-point function of large spin operator evaluated at
the critical point of O(N) model is equal to that in free theory.

lim 7y(l, k = fixed) = 1. (5.7)
l—00
Let us study the behaviour of the coefficent ¢(mgy, k) which determines energy density

as defined in (5.2). This coefficient can be extracted from the following expression for the
energy density which can be derived from the partition function.

2k+1
o Iil mltch—m—&—l ((k + m)2 +k— m) ['(k + m)Ligyy, (e” ™) B mth+ T (—k - %) (5.8)
) TREF =TT (k — m + 2) akt3o2k+l
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Figure 3. Plot showing the nature of the ratio (I, k) for the O(N) model versus [, keeping k fixed.
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Figure 4. Plot of ¢(m¢n, k) for the free theory and the critical theory in the O(NN) model.

The energy density at the Gaussian fixed point is obtained by taking my, — 0 in the above
expression, this results in

—c(mgn = 0,k) = ((2k+ 1). (5.9)
At the non-trivial fixed point this coefficient can be evaluated numerically. In figure 4, we
plot this measure of degrees of freedom for the critical fixed point and also the Stefan-

Boltzmann value for reference. Note that the —c(m, = 0, k) tends to zero for the critical
point while the Stefan-Boltzmann value tends to one for large dimension d.
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Figure 5. The Lh.s. of the gap equation (5.10) for the Gross-Neveu model (denoted by f in the
figure) has been plotted as a function of myy, for d =5 and d = 9 the graph cuts the z-axis only
once while for d = 3,7, it is always positive.

5.2 Gross-Neveu model

We repeat the same analysis for the Gross-Neveu model. The gap equation for this model
at strong coupling in odd d dimensions is given by,

$ (k= M) 2 (2mn)* T L (—e” )

k & (
(men)** + 2\/7?7712::0 T (% - k)

= 0. (5.10)

In contrast to the case of O(N) model, the above gap equation has a positive real solution
for my, in d = 5,9,13,... and no real solution is found for d = 3,7,11,.... This is seen
in figure 5.

For the Gross-Neveu model we have the general expression for the thermal expectation
value of the operators of the kind O, for arbitrary [ in equation (4.26). The ratio of
one-point functions of the fermionic operators O, at the non-trivial critical point to the
same at the Gaussian fixed point is given by,

ao+[0, Umy .k
= Tt TTRthy 11
rs (k) ao+[0, l]m,=0 (5:11)
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Figure 6. The ratio r¢(l, k) for the Gross-Neveu model is plotted against k for various fixed values
of spin [. The plot shows that the one-point functions at fixed [ become smaller in comparison with
the same for the free theory with increasing d.

Just as in the O(NN) model, first we examine the behaviour of r¢(l, k) with increasing k
keeping [ fixed. But here we restrict k to be even, as the real solution for myy exists only
for even k. The result of this analysis is shown in figure 6. The results are identical to that
of O(N) model. The ratio of the one-point function of double twist operators at fixed value
of spin [ evaluated at the critical point to that at the Gaussian fixed point decreases with
increasing k, but this ratio falls slower for higher values of [.

lim ry(l = fixed, k) — 0. (5.12)
k—o0

Next, we keep the k fixed and increase [ and observe how r(I, k) behaves. The result of our
numerical study is described in figure 7. At a fixed k, (I, k) tends to 1 for large values of [,
which indicates that the one-point function of large spin operators evaluated at the critical
point of Gross-Neveu model is equal to that in free theory.

lim 7¢(1, k = fixed) = 1. (5.13)
l—00

For a conformal field theory of fermions we can define the energy density

(d-1)r(4)

T p— —E:
00 W%IBd

x 28 &(man, k). (5.14)
Here we factor out 2¥ which is the number of components of the Dirac spinor in 2k + 1
dimensions. We can study the behaviour of the degrees of freedom by studying é(mep, k).
The free energy density per fermions for the Gross-Neveu model is given by,

2 ((k+m)?+(k—m)) T (k+m)Ligym (—e ™) mArT (—k:— %)

E= Z m—k—1

m=0 My 7rk2mm!r‘(ki—m—|—2) 2k+27rk+%

(5.15)
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Figure 7. Plot of the ratio r¢(l, k) for the Gross-Neveu model versus [, keeping k fixed.

The Stefan-Boltzmann value at the Gaussian fixed point can be obtained by taking mg, = 0
in the above expression, this yields

&(my, = 0,k) = —(1 — 2725)¢(2k + 1). (5.16)

At the non-trivial fixed point, we solve the gap equation for my, numerically and the
substitute in (5.15) to obtain é(mun, k). The result of this analysis is shown in figure 8. We
have also plotted the corresponding behaviour of the Stefan-Boltzmann value for fermions.
Again the effective degrees of freedom measured by the energy density decreases for the
critical point as the dimension d is increased. It will be interesting to understand this
behaviour of one-point functions more deeply and see if this behaviour is seen for all CFT’s
which are not free.

6 Conclusions

In this paper we have used the OPE inversion formula on thermal two-point functions
of fermions in the channel which contains the stress tensor. The OPE inversion formula
was applied to the MFT of fermions and the large N critical Gross-Neveu model. We
studied the properties of the resulting thermal one-point functions. The inversion formula
made it easy to study the behaviour of the one-point functions at large spin as well as
arbitrary dimensions.

There are other theories where the OPE inversion formula could be applied. One such
class of theories are the large N Chern-Simons matter theories [24, 25]. These models are
connected to the Gross-Neveu or the O(N) vector model. It would be interesting to obtain
thermal one-point functions in these models and study their spin dependence and also see
how the boson-fermion duality exhibited by these models are reflected in the one-point
functions. Thermal correlators in these models are known in momentum space [24, 26-30],
so perhaps one way of proceeding in these models is to derive a OPE inversion formula
directly in momentum space.
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Figure 8. Plot of ¢(m¢n, k) vs k for both the free theory and critical Gross-Neveu model.

One of our motivations to study thermal one-point functions in detail was that one-point
functions of conformal primaries evaluated in AdS black holes can be used to probe the
interior geometry of black holes [31-36]. The time to the singularity in the interior could
be obtained as a phase factor by suitable analytic continuation of the conformal dimension.
However the one-point functions, even that of the fermionic MFT studied here or the
bosonic one in [1], do not exhibit this feature. It will be interesting to see if the application
of the OPE inversion formula to the holographic two-point functions evaluated in [37-39]
can be used to show that holographic one-point functions contain information about the
interior geometry of the black hole.

In this paper we studied one-point functions in the geometry S* x R4~!, other geometries
which are relevant to holography and evaluation of entanglement entropy are hyperbolic
cylinders or the S' x AdS;_; geometry. Black holes with hyperbolic horizons are dual
to conformal field theories on this background. It should be possible to obtain an OPE
inversion formula for field theories on such backgrounds. Recently a proposal to write
two-point functions on such curved backgrounds have been given in [40]. It would be
interesting to use the OPE inversion formula to these two-point functions and study the
properties of the resulting one-points functions in these geometries.

A Gross-Neveu model: partition function, gap equation

In this appendix we evaluate the partition function of the critical Gross-Neveu model at large
N. We obtain the gap equation as the saddle point equation at large IV and then evaluate its
stress tensor. We begin with the Lagrangian of N massless Dirac fermions ¢*,a =1,2,--- N
transforming in the fundamental of U(/V) along with the 4-fermi interaction.

S = /d%Hx

BBy + 0] (A1)
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Since we are in Euclidean space ¢ = ¢! and the v matrices obey

{7} = 25" (A.2)

The partition function of the theory S x R?¥ is given by
7= / DYDipe 5@¥), (A.3)
We first linearise the theory using the Hubbard-Stratonovich transformation
> P B 2k n A2
Z = /D@DDd) exp —/ drd™x (il/ry“f),ﬂb—k N(l/nb) ) , (A.4)
<2
/ DIDYDC [ / drd? e <wfwamp +2 4 zC(Wb))] .
In the second line we have absorbed the normalization of the Gaussian integral over ( into

the measure. We can separate the zero mode of ( and the non-zero modes and write the
partition function

¢ =+ G (A.5)
Here (y is the zero mode, substituting for ¢ we can write the partition function as
- _ 2 N
Z = /dg}ﬂ)dﬂ)w [exp (—W) exp(—Sp — SI)] , (A.6)
- C2 .
Sy = / drd®* g iy O, + iCod + 0| S = / drd® g iE,

We can neglect Sy in the leading large N limit, observe that on canonically normalising
the quadratic term in ¢, the interaction S; acquires a factor of \/% After performing the

Gaussian integration in ¢, we are left with

C2
Z = /dCo exp l BVor N <4)\ - Elog Z(Co))] (A7)
where )
2(p a1
log Z(¢p) = Z / log il <;2 2> + 77+ 43 . (A.8)

The 2¥~! factor arises from the fact that the Dirac operator is a 2¥ x 2¥ dimensional matrix.
After evaluating the Matsubara sum, we obtain

log Z((o) = 2 / % [\/ﬁQ + 2B+ 2log (1 + e—vﬁ“ﬁﬁ?)} . (A.9)

B2k 2ﬂ.)
To integrate the first term in the square bracket we resort to the analytical continuation of
the integral
o k=1 T(a—k)I(k
/ dr — _ Dla=HT(K) (A.10)
0 (2 + 1) 2 (a)
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The integral involving the second term in the square bracket of (A.9) is convergent and
after some straightforward manipulations can be written in terms of Polylogarithms. This

m2k+1g | K (b —n+ Dan(CoB)* " igyni1 (—e‘@ﬁ) r (—k - ;)]

log Z(Co) = — -7
0g Z(Co) ThoEFE | on—k—2,] + /T

leads us to

(A.11)
We can obtain the partition function Z in (A.7) by using the saddle point approximation
to perform the integral over (y. The saddle point (j = myy is determined by the equation

Z(mup). (A.12)
For the critical Gross-Neveu model we take the large A limit. To the leading order in the

large A expansion, the saddle point equation reduces to

0
Omyy

Z(msy) = 0. (A.13)

This results in the following gap equation for the critical value myy,.

k—1 —n my 2k
2(2mth5)k nz::o Mﬁkm( ’m“‘ﬁ) + (\}}?F <; — k> =0. (A.14)

We can evaluate the stress tensor at the critical point from the partition function by

Too = —% log Z(mth). (A15)

The above expression yields the energy density divided by the number of fermions N.
Performing this differentiation on the partition function given in (A.11), we obtain

miir (k- 4)

Too = — ok+2,k+3 (A.16)
:;: ki—:l k : n) ((];77_%:,)3])5111_ 2o Lik+”< B e_mthﬂ)-
Note that as expected for the critical theory, this energy density can be written as
Too = T H(mnB3), (A.17)

where H is a function of m,[, the dimensionless number which is the root of the
gap equation (A.14).
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