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We consider 1 + 1 dimensional SU(N) gauge theory coupled to a multiplet of massive Dirac
fermions transforming in the adjoint representation of the gauge group. The only global symmetry
of this theory is a U(1) associated with the conserved Dirac fermion number, and we study the
theory at variable, non-zero densities. The high density limit is characterized by a deconfined Fermi
surface state with Fermi wavevector equal to that of free gauge-charged fermions. Its low energy
fluctuations are described by a coset conformal field theory with central charge ¢ = (N?—1)/3 and an
emergent N = (2,2) supersymmetry: the U(1) fermion number symmetry becomes an R-symmetry.
We determine the exact scaling dimensions of the operators associated with Friedel oscillations and
pairing correlations. For N > 2, we find that the symmetries allow relevant perturbations to this
state. We discuss aspects of the N — oo limit, and its possible dual description in AdSs involving
string theory or higher-spin gauge theory. We also discuss the low density limit of the theory by
computing the low lying bound state spectrum of the large N gauge theory numerically at zero
density, using discretized light cone quantization.

I. INTRODUCTION

An important aim of many applications of the AdS/CFT correspondence to condensed matter physics is the
description of quantum matter at variable, non-zero densities. Here ‘density’ refers to the conserved charge, @, of
a global U(1) symmetry of the underlying quantum field theory in d spatial dimensions. Our interest here will be
restricted to zero temperature states which do not break translational symmetry or the global U(1) symmetry. Thus,
we will not consider ‘solids,” ‘charge density waves’ or ‘superfluids.” In the traditional phases of condensed matter
physics, the only remaining possibilities for non-zero density states are the Landau Fermi liquid in dimension d > 2,
and the Luttinger liquid in dimension d = 1. Both these states are characterized by a Fermi momentum, kr, whose
value obeys the Luttinger relation: the volume enclosed by the (d — 1)-dimensional surface in momentum space at
kp is proportional to the density, @Q/L?, with the same proportionality constant as that for free fermions (L is the
spatial size which we will take to infinity).

Any other realization of quantum matter whose density can be varied continuously by an applied chemical potential
can generically be referred to as a ‘strange metal.” A very promising candidate of a strange metal is a model of fermions
at non-zero density coupled to an Abelian or non-Abelian gauge field. The non-Fermi liquid effects are strongest in
d = 2, and this model has been the focus of much study in the condensed matter literature [1-13]. The theory
scales to strong coupling, and a perturbative expansion in the gauge coupling constant cannot be used to analyze the
leading infrared behavior. The flavor large Ny expansion also leads to difficulty: an expansion in the inverse number
of fermion flavors cannot be reduced to counting fermion loops because of infrared divergences [9, 10].

Another possible approach is to take the gauge-charged fermions in the adjoint representation of the gauge group,
and to then take the ‘t Hooft large N limit for the SU(N) gauge group. In this case, infrared divergences do not spoil
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the naive counting in powers of N, and so even the non-zero density case has a 1/N expansion controlled by the genus
of the surface defined by a Feynman graph, as in all matrix models [14]. However, one is then left with the generally
intractable task of summing all graphs with a given genus. For certain supersymmetric gauge theories, such matrix
field theories can, in principle, be solved in the large N limit by the AdS/CFT correspondence [15-17]. Studies of
such finite density models by the AdS/CFT correspondence [18-35] have so far only provided a rather incomplete
picture of the non-zero density quantum state. The boundary theory has density, /L%, which scales as N2, and
essentially all of this density is associated in the bulk with degrees of freedom which are beyond the infrared horizon,
with an unknown fate. Under appropriate parameter regimes, gauge-invariant probe fermions (‘mesinos’) can acquire
a Fermi surface; however such a Fermi surface is only associated with a density of order unity, and is incidental to the
physics of the non-Fermi liquid state [36-41]. These probe Fermi surfaces are analogous to conduction electron Fermi
surfaces in the ‘fractionalized Fermi liquid’ state of Kondo lattice [42, 43], and do not yield much information on the
underlying non-Fermi liquid state. In certain uncontrolled computations, all of the boundary density @/L? can be
associated with visible Fermi surfaces in the bulk [44-49], but then the resulting state is a Fermi liquid, although an
interesting non-Fermi liquid state seems to have been obtained in recent work [49].

In an attempt to shed light on the difficult question of the fate of the ‘hidden’ matter of density proportional to
N2, this paper will examine the problem of adjoint Dirac fermions, at non-zero density, coupled to a SU(N) gauge
field in 1 + 1 dimensions, i.e. for d = 1. We will show that a number of exact results can be obtained for general IV,
which we hope will help elucidate the structure of the large N limit of such matrix field theories.

We consider the theory with Lagrangian

L="Tr [V ("D, —m— ") ¥] — ﬁﬁ Fu, F* (1.1)
Y M

with a SU(N) gauge field A,,, gauge field strength F),,,, gauge coupling gy as, and adjoint 2-component complex Dirac
fermions ¥ with mass m. The chemical potential p couples to a global U(1) charge which is distinct from all the
SU(N) gauge charges. Note that this U(1) is the only global symmetry of this Lagrangian. An analogous d = 1
model was examined earlier for adjoint Majorana fermions [50-54]: in that case there is no global U(1) that can be
coupled to a chemical potential; it was found that the ground state had an energy gap to all excitations, even at
m = 0. As we will see here, just introducing a global U(1) by making the fermions complex is sufficient to transform
the physics, and a gapless compressible state is obtained provided p is large enough, or when u = m = 0.

This theory is characterized by three energy scales, m, gy V' N, and p. We will consider first the “high density”
limit 4 > m, gy VN, where we can begin the analysis with a Fermi sea of free gauge-charged fermions. Next, we
will consider the opposite “low density” limit, where m < gy v/ N while p is comparable with m. Here we have
to begin with an analysis of the spectrum of the SU(N) singlet excitations of the zero density vacuum: this will be
carried out via the discrete light-cone quantization (DLCQ) [55, 56].

We begin with a description of our results for the high density theory. The theory of free fermions has a Fermi
wavevector related to the variable U(1) density Q/L by

—:(N2—1)k—F.

: - (1.2)

The N2 — 1 prefactor is a characteristic signature identifying this Fermi surface as that of gauge-charged fermions;
this Fermi surface is ‘hidden’ [39] because the single fermion Green’s function is not gauge-invariant. The Luttinger
relation implies that this value of kr will not be renormalized [57]. We can analyze the infrared singular effects of
the gauge interactions by writing down a continuum theory obtained by linearizing the fermions about the Fermi
wavevector. Then, following a procedure standard in the condensed matter physics literature, we can express the
Dirac fermion in terms of its right-moving and left-moving components at the Fermi surface

1
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where u(+kp) are the standard Dirac basis spinors at the Fermi wavevectors; see (2.2) and Appendix C for a more
detailed explanation, and see figure 1 for an illustration of this field redefinition. We will assume that 1 g, and the
gauge-fields, are slowly varying on the spatial scale k;l, and so all spatial integrals of fields multiplied by non-zero
integral powers of e**7® vanish. (In condensed matter models, such theories are obtained in the continuum limit
of a lattice Hamiltonian, and in this context we are assuming that density is incommensurate, and so there is no
‘umklapp’ scattering.) An immediate consequence is that the resulting low energy theory has an emergent global
U(1) conservation law: the total number of left-moving and right-moving fermions are separately conserved. We will
denote these two U(1) charges as @ and Qg respectively, with Q@ = Qp + Qg. This U(1) x U(1) global symmetry

(x,t) ~ (w(=kp)Yr(z,t)e* ™ + u(kp)pr (2, t)e ), (1.3)




FIG. 1: Energy dispersion of the Dirac fermions as a function of momentum. The full line is the zero of energy. The shaded
region represents the occupied states. The filled circles are at £kp.

will be crucial to our analysis. All operators appearing in the effective low-energy Lagrangian must have both Qp =0
and Qg = 0.

As we will describe in section II, the high-density, low energy theory so obtained is a two dimensional conformal
field theory (CFT), associated with the coset

SU(N)n ® SU(N)N
SU(N)an

(1.4)

of central charge

N2 -1
TR

The two dimensions of the CFT are the euclidean continuation of the original 1+ 1 dimensions. With the requirement
that the coset CFT have a global U(1) x U(1) symmetry, it actually has the N' = (2,2) supersymmetry [59]. For
N = 2,3 the central charges are ¢ = 1,8/3, and then the theories coincide with the N/ = 2 superconformal minimal
models [58] with ¢ = 3k/(k + 2) for k = 1,16 (in the k = 16 case we actually find a certain consistent truncation of
the minimal model); the N > 4 theories were only briefly considered earlier [59]. For all N, the R-charge symmetry of
these N = (2, 2) superconformal field theories (SCFTs) is U(1) x U(1), and this provides the needed global symmetry;
the SCF'T has no other global flavor symmetries. Note that this supersymmetry is an emergent symmetry at low
energies and high densities; it is not a symmetry of the underlying Lagrangian. It is also remarkable that the diagonal
R-charge is conjugate to the chemical potential, i, as has been assumed by fiat in many earlier higher dimensional
studies of non-zero density quantum matter.

These two dimensional SCFTs are our ‘strange metals.” They are T" = 0 phases with variable density in models
with only a global U(1) symmetry, but with a central charge which can become much greater than unity. The density
fluctuations associated with the U(1) symmetry cannot be represented by a gapless scalar field which is decoupled
from all other sectors, as is the case for Luttinger liquids [60] (exceptions for the N =2, ¢ = 1 case will be discussed
in detail below). We note that the ‘Bose metal’ phases found in multi-leg ladder models in Refs. [61] also have ¢ > 1
and only a global U(1) symmetry, although they are not expected to be described by our SCFTs.

Armed with this construction of the SCFTs, we will compute exact scaling dimensions of gauge-invariant operators.
An important observable which is sensitive to the presence of the underlying Fermi surface of the deconfined fermions is
the Friedel oscillation in response to a localized perturbation coupling to the density. Upon perturbing the Lagrangian
(1.1) via Limp = L+ Xd(x)p(z,t), where the density operator

(1.5)

C =

T/ M _oikpa M gikpa
p=Tr(U4°0) = Tr (wzm +hr + 2 2ikezt g + ;62 kr szwL) 7 (1.6)

the Friedel oscillation response is

cos(2kp|z| + 9)
(P(2))iamp O A EEES +.. (1.7)
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where 0 is a possible phase offset, A is the scaling dimension of the operator Tr(z/Jzz/J r), which we will call the Friedel
operator in the CFT. Equivalently, we can relate the Friedel oscillation to an oscillatory term in the density-density
correlator in the original system without an impurity:

cos(2kp|z — 2’| + )

{p(z)p(x")) x o — 2P +.... (1.8)

Our exact result for Ap, obtained by finding the smallest scaling dimension of operators with Q@ =1 and Qr = —1,
is

Ap=1/3 forall N > 2. (1.9)

Observation of the oscillatory terms in (1.7) and (1.8) constitutes a measurement of the kr in (1.2), and is a direct
signature of the gauge-charged Fermi surfaces in these strange metals. Unfortunately, we do not determine the N
dependence of the missing proportionality constants in (1.7) and (1.8); the vanishing of this proportionality constant
in the N — oo limit is the presumed reason for the absence of such Friedel oscillations in existing studies via the
AdS/CFT correspondence [62].

A second important observable is the fermion pair operator Tr(vp¥g). Condensation of this operator leads to a
superfluid ground state. The spatial decay of its two-point correlations is determined by its scaling dimension Ap.
Our result for Ap was obtained by finding the smallest scaling dimension of operators with Qp = Qr = —1:

Ap=1/3 forall N > 3. (1.10)

For N = 2 there is no fermion pair operator Tr(vp9g) in the CFT, and so in the original gauge theory we expect
the two-point functions of @ = 2 and @ = —2 operators to decay exponentially fast. Instead, the lowest CFT
operator with Q; = Qg appears for N = 2 at Q;, = @Qr = —3 and has scaling dimension 3 (see section ITA). In
Appendix A we review the Luttinger liquid of fermions with short-range interactions (e.g. the Thirring model at
non-zero density), and find that it obeys Ar = 1/Ap; this identity is clearly not obeyed by the present adjoint matter
theory. Appendix A also computes the values of Ag p in models of fundamental Dirac fermions coupled to a SU(N)
gauge field.

Finally, to assess the stability of the theory in (1.4) as a description of the low energy limit of (1.1), we have to
determine the scaling dimensions of all perturbations allowed by symmetry: these are all operators with Qp = Qg = 0.
Here we again find a distinction between N = 2 and N > 3. For N > 3 the smallest scaling dimension of such an
operator is

2(N —2)

dim [ﬁ(qp;ww;%)} =2 (1.11)

which is smaller than 2, and so always relevant. So the N > 3 SCFTs is unstable to such a perturbation. We are not
able to assess the N dependence of the coefficient of such a perturbation, or the ultimate fate of the ground state. A
natural conjecture is that this is an instability to a paired superfluid. In contrast, for NV = 2 there are no relevant
perturbations, and only a marginal perturbation.

The low density limit will be considered in section ITI. Here we determine the spectrum of SU(N) singlet excitations
above the zero density vacuum with the aim of using this as input to describe the finite y state as a dilute gas of such
states. We determine the mass M of the lightest state for a series of values of Q); we will obtain a dilute gas of such
states for u > M/@Q. So we need to determine the value of @ for which M/Q is a minimum. Our numerical analysis,
carried out in the limit N = oo, suggests that M/Q may accumulate to a dense set of decreasing values as ) becomes
larger (see figure 3). This suggests that M /Q becomes degenerate at some value in the limit of large @ (however, more
extensive numerical work is needed to decide if the degeneracy is actually present). This degeneracy would indicate
that even in the low density limit it is not appropriate to use a description of a dilute gas of gauge-neutral particles,
and suggests the possibility that the gauge-charged-Fermi-sea description of the high density limit applies even at low
densities.

II. HIGH DENSITY

In this section we will analyze the regime p > m, gy a1V N. We will derive the SCFTy in (1.4), and then analyze
its properties in the subsequent subsections.

We begin by writing the Hamiltonian for the free Dirac fermion in (1.1) in terms of particle, p, and hole, h, creation
and annihilation operators introduced via (C6):

Ho = / I te [V 2 = ! () — (VI 2 + )t ()R (R)| (2.1)



where k is spatial momentum. This defines kr by u = \/k% + m?. Now we introduce the left and right movers by
Yr(k) =plkr +k) , (k) =p(—kr+k), (2:2)
and then linearize about kg by approximating

Hy = / %vkzﬁ {wk(/ﬂ)dm(k) — P} (k) (k) (23)

where the velocity v = kr/\/k% + m?. We will henceforth set v = 1. Carrying out the same mapping to low energy
degrees of freedom in the presence of the gauge field, we obtain the effective Lagrangian

Lot = Tr [0}(0r = 0a)0n + 6] (0r + 0)0r + (Ar = A)[W], vi] + (Ar + A2) 0], vl

Tr F? . (2.4)

295 ar
Note that this theory is of the same form as (1.1), but after setting u = m = 0. The CFT structure of this theory
becomes clearer upon writing the complex Dirac fields in terms of a pair of Majorana fields ¢7 g, and a = 1,2:

1
VLR = % (VL. + V1 R) (2.5)

and then the Lagrangian becomes

1
‘Cef‘f = iTr [7/)31%(67' - 8z)7r/)§l?, + w%(ar + 3x)¢% + (AT - AIWQLIP% + (AT + Aw)w?%’(/)?%]

1
2

Tr F? . (2.6)

As is well-known, each adjoint Majorana fermion is equivalent to a SU(N) WZW model at level N [63-67], each with
central charge (N? — 1)/2. We assume the gauge theory is in the strong coupling limit (gy s — 00), and then the
integral over the gauge field reduces to a constraint: the vanishing of the currents Jr, = ¥¢9§ and Jgr = Y&y, It is
easily verified that these currents obey a SU(N) Kac-Moody algebra at level 2N [68], and central charge 2(N2—1)/3.
The standard coset construction [64] then leads to the CFT in (1.4).

The fact that the low energy CFT5y of the gauged adjoint Dirac fermion system has AN/ = (2,2) supersymmetry
was demonstrated explicitly in (12) of [59]. This fact can also be seen to follow easily from an extension of earlier
arguments. It is useful to write the CFT in (1.4) in the compact notation (N, N;2N) as a special case of the general
diagonal coset model (k, ¢; k + ¢) of SU(N), which is SU(N ), ® SU(N)¢/SU(N)k4e. Section 3 of [64] considered the
coset model (N, £¢; N + £) and established that it had A" = (1,1) supersymmetry. We can obtain the second pair of
supercharges by applying the same argument to the coset (k, N;k+ N), and so conclude that the coset (N, N;2N) has
N = (2,2) supersymmetry. This argument also shows that the R-charge symmetry rotates between the two SU(N)y
components i.e. between the two a components of the Majorana fermions. From (2.5) we then see that the R-charge
symmetry is the global U(1) which is conjugate to the chemical potential.

In the following subsections we will describe the structure of these theories, including their modular-invariant
partition functions and operator scaling dimensions.

A. N=2
Let us first discuss the simplest non-trivial CFT, corresponding to the SU(2) gauge theory coupled to an adjoint
Dirac fermion. This ¢ = 1 CFT may be described by the coset

SU(2)2 ® SU(2)s
SU(2)4

(2.7)

The primary fields of this coset theory are therefore labeled by three SU(2) spins j1, jo, j where j = |j1 —jal, - - -, j1+Jo-
Their conformal weights are

_ i+l | gee+1)  jU+1)

h(j1,j2:7) = 1 + 1 - = tn. (2.8)




The A = 2 superconformal symmetry fixes which values of (j1, j2, ) appear in the spectrum. Here n is a non-negative
integer determined in terms of (ji, j2, 7). It will be zero for the cases of interest below.
An important quantity characterizing a CFTy is its modular invariant partition function on a torus:

Z(1,7) = Ze2mr(hj—c/24)e—2m%(ﬁj—c/24) 7 (2.9)
J

where the sum runs over the entire spectrum, and (hj,ilj) are the holomorphic and anti-holomorphic conformal
weights of the state j. Once the modular invariant is known, it is not hard to read off the spectrum of the theory.
While there is a variety of possible modular invariants at ¢ = 1, the N’ = 2 superconformal invariance turns out to fix
Z(t,7) completely, up to an additive constant.

The ¢ =1 CFT turns out to be the simplest member of the series of /' = 2 superconformal minimal models [58, 59]
with central charges ¢ = 3k/(k + 2): it is its k¥ = 1 member. The dimensions of the N' = 2 superconformal primary
fields, and their U(1) charges are in general given by [58, 59]

2 2
pP—1—(s—r) |7] s—r r

_ __Ss-r T 2.1

. 5.7) e+2) 8 Tkt 1 (2.10)

where 1 <p < k+1, |s| <p—1, and p— s must be odd. In the NS sector r = 0, while in the R sector » = +1. The NS
sector operators with p = s + 1 have h = ¢; these are the special operators that form the chiral ring [69]. We should
note that each primary field of the extended A/ = 2 algebra gives rise to various Virasoro primary fields obtained by
acting with the supercharges and U(1)g current oscillators.

The k = 1 theory has the following NS-sector N' = 2 primaries: the identity operator, and the operators with h = %
and U(1)g charge ¢ = :I:%. In the R sector the primary fields are (h = i, q= :I:%) and (h = %, q= :I:i). The former
are the R ground states with h = ¢/24.

Now, let us recall the ¢ = 1 CFT of a compact massless scalar field ¢ of radius r, i.e. ¢ is identified with ¢ + 27r.
The torus partition function of such a theory has the simple explicit form

[ee] (oo}

Zscalar(ﬂ f) = |77(7')‘72 Z Z emTRL e mITR R (2-11)

nN=—0o0 w=—00

The spectrum of left and right momenta is
kL:E—wr/Q, kR:ﬁ-i-wr/Q , (2.12)
r r

where n and w are the integer momentum and winding numbers, respectively. The left and right dimensions of the
Virasoro primary fields,

exp(ikLor + ikrodr) , (2.13)

are h = k% /2, h = k%/2. In addition, for a generic radius r, this CFT has certain primary fields with k, = kr = 0
which occur for h = h = n? where n is an integer. The simplest of such discrete primary fields is the exactly marginal
operator ¢0d¢ which changes the radius 7.

It is well-known that the compact scalar theory at radius r = 24/3 (in units where the self-dual radius is \@) has
N = 2 supersymmetry. This theory is the bosonization of the above N' = 2 minimal model which provides the correct
modular invariant. Let us consider some of the simplest operators in the bosonized theory and translate them into the
original adjoint fermion language. The marginal operator that changes the radius, d¢d¢, corresponds to Jr(2)Jr (%),
where

Jpoc Tr(@hve) . Jr o Tr(Vr) (2.14)
are the U(1) x U(1) currents. We identify the U(1) x U(1) charges in the k = 1 A/ = 2 minimal model as q;, = %
and qg = —;—F‘B. It follows that the relation between n and w in the compact boson model and the integer charges

Q1 and Qg of the fermions in the gauge theory is

n=Qr—Qr, w=—(Qr+Qr)/6, (2.15)

where @)1, = 6q;, and Qr = 6qg.



For n = +1,w = 0 we get h = h = ﬂ This corresponds to h(2, 2, 1) in (2.8). These two spin zero operators are
products of the R-sector N' = 2 superconformal primaries with h = 5

For n = £2,w = 0 we get hp—to = hn_yo = 3 corresponding to h(1,0;1) or h(0,1;1). These two spin zero
operators are products of the NS-sector A/ = 2 superconformal primaries with dimension %. In the gauge theory these

operators are Tr(wTLwR) with charges Qr = 1,Qr = —1, and Tr(z/)mbj%) with charges Qp = —1,Qg = 1. Their sum is
simply the fermion mass term. The total dimension of these operators is Ap = h+ h = %; this is the scaling exponent
for decay of the Friedel oscillations.

For (n,w) = £(3,0) we find h = h = %. The holomorphic part of this operator is the (h = %,q = :I:%) N =2
superconformal primary from the R sector (in the coset theory, it is h( L.0) = )

We could also consider n = +4,w = 0 operators with h,—14 = Bi4 = £. These operators are not superconformal
primary fields, but they are Virasoro primary. We note that hy = hio + . This suggests that the n = 44 operators
are obtained from n = %2 by acting with a holomorphic and an anti- holomorphlc supercharge.

Forn=0,w=+1wegeth=h= § According to (2.15), these are the operators with Q@ = Qg = +3 responsible

\wlo\

for superconducting correlations. Slnce eV39L 5 the supercurrent, we identify the n = 0,w = £1 operators with
double-trace operators which are products of two super-currents, each having dimension 3/2. Their net dimension is

3. We do not find, therefore, separate fermion pair operators Tr(¢ 1) and Tr(wzz/)};). This is a special feature of
the N = 2 case; we will see that such distinct operators appear for N > 3.

B. N=3

In appendix B we outline a general approach to obtaining the modular invariant partition sum for the (N, N;2N)
cosets and, thereby, the operator content of the theory. We first show how for N = 2 this approach reproduces the
result given in (2.11) and then proceed to the case N = 3.

The proper starting point for the N = 2 gauged fermion model is the SO(6); invariant partition sum, broken down

to 50(3)1 X 50(3)1,
750(6)1 _ |X§O(6)1‘2Jr |XSO(6 ‘2+2|X§O(6)1|2

SO(3)1, SO(3)1 SO(3)1 S0(3)1
X1

=Ix7 SO(S)IF

SO(3)1 SO 3)1|2

+x50Gny + 4|5 + 2SO NG 2 (2.16)

We consider the branching rules of the relevant combinations of SO(3); characters. The N' = (2, 2) superconformal
symmetry of the coset CF Ty guarantees that chiral branching functions will organize into characters of A" = 2 SCFT,
defined as

ChZ{,NS _ Tr[627TiT(Lofc/24)] (217)

(the complete characters of the N' = 2 superconformal symmetry would keep track the U(1) charges as well - for
simplicity we suppress those in our notations). Considering the explicit leading terms in the various characters, we
established the following relations

Xfo(3)1x»190(3)1+XSO(3)1 SO(3)1 oy SO(3)1 30(3)1

SU(2 SU(2 SU(2
— CthS (X(O)( ) + X( )( )4) + 2Ch1/6 X(Q)( )4
X150(3)1Xf0(3)1 + X50(3)1 SO(3)1 _ 2X150(3)1X§O(3)1

~ NS su(2), SU(2)4

SU(2
=cho (X(0) "+ X0 e

~ NS
*) +2chy 6 Xy

O30
SU(2 SU(2 SU(2
= Chlf/24 (X(O)( )4 + (4)( ) ) + Ch3/8 X(Q)( ) . (218)

~NS
Note that the characters ch  are obtained by inserting a (—1)¥, with F the fermion parity operator. In the R-sector

~R
the characters ch are constants known as the Witten index of the sector.
For SU(2)4 there exists an exceptional invariant (labeled as Dy in the literature [70]), which groups the characters
according to the automorphism (B7)

75U(2)a _ SU(2)4 U(2)4|2

X "+ Xi;) + 2‘XSU(4)4 2. (2.19)



This invariant sets a modular invariant metric on the SU(2)4 characters. Using the metric we can project out the
level-4 characters in the various product terms in the SO(6); partition sum. The final result is the following modular
invariant coset partition sum

) . 1 ~ NS
Zcoset(2,274) — 5[\chgs|2+2|ch¥/56|2+(chNS v ch )]
1
+§[|Ch§/8|2 + Q‘Chlf/24|2] . (2.20)

Comparing with the expression (2.11), evaluated at the N = 2 radius = 21/3, one checks that the two expressions
agree up to a constant which we can write as the sum of the R-sector Witten indices and which is by itself modular
invariant

| Ly <R
Zcoset(2,274) — Zscalar _ 5 [2|Ch1/24|2:| — Zsca,lar —1. (221)

We are now ready to take on the case N = 3. The central charge ¢ = 8/3 corresponds to the k = 16 entry in the
minimal series of unitary A" = (2,2) SCFTs. One thus expects that the partition sum can be expressed as a finite
—o—N=2 . . - . .
sum of terms of the form chﬁ{q_ Zchh,’q, . Modular invariant partition sums of this type have been completely classified
[71] - our challenge is thus to identify the correct entry from the (rather extensive) list.

The N = 3 strange metal starts from 16 fermions with partition sum
750(16)1 _ |X§O(16)1\2 + ‘X‘S/O(16)1|2 +2|X§1§)(16)1|2

SO SO SO
° (8)1X1 (8)1 +X:?O(S)lx\:?O(S)l|2+4|X (8)1X§O(8)1|2+8|XSO(8)1X§pO(8)1|2- (222)

= |X 1 sp

A curiosity specific to N = 3 is that the vector representation of SO(8) is isomorphic to the spinors - in the coset
theory this leads to degeneracies between NS and R sector dimensions.

As before we now study the branching into characters of SU(3)g times branching functions which we expect to be
characters of a W-algebra extension of A" = (2,2) superconformal symmetry.! Working through explicit details, one
observes that in the r.h.s. of the branching rules, the SU(3)g characters consistently show up in the combinations

SU(3) SU®3) SU(3) SU®3) SU(3) SU(3)
X0y " X0y T Xs) Xy Xy Xaa

SU(3) SU(3) SU®B3)s  SU®3)
X(s3) T XG0y T Xes) o Xz - (2.23)

A modular invariant projector for these terms is provided by the Dg invariant of SU(3)g [75]

Z5Be = |x00) + X(60) + X(06)|” + [X(11) + X(a1) + X(10)]* + [X(33) + X(30) + X(03)]” + 3lx(22)” - (2.24)
Completing this analysis, we have identified (up to a constant) the partition sum for the (3, 3; 6) strange metal with
the exceptional invariant of A" = (2,2) superconformal symmetry at ¢ = 8/3 which in the classification [71] is labeled

as M*? with parameters v = 3, z = 1, x = 1. This invariant involves a subset of all NS and R characters at k = 16;
furthermore, those that survive are grouped into groups of 6 (4 groups in each sector) and per sector one group of 3.
So in total, 54 fields survive. In the NS sector the extended characters are (N = 2 characters labeled as chj—,_1 s
with » = 0 for NS and r = —1 for R)

ChoN&eXt = Chg,g + Chll\lﬁs,o + Chll\IGS,fS + Chll\IGS,—G + Ch11\16s,12 + chfé?_lz

Chll\l/sg’ext = Chg{% + Chl1\I4S,0 + Ch11\14%6 + Ch11\14s,—6 + Chll\I4S,12 + Chll\lf—m

Chll\I/S§CXt = ChAIII,(SJ + Chll\IQS,O + Chll\IQS,G + Ch11\l28,—6 + Chll\lzs,lz + Chlfzs,—lz

chy 5™ = chg + chiy + chgg + chg g + chipg + chlg

chyyTat = chilg + chig + chi g (2.25)

1 See [72] for a general review of W-symmetry and [73, 74] for W-extensions of N = 1 superconformal symmetry in general cosets involving
a SU(N)y factor.



and in the R sector

R,ext R R R R R R
chy™™ = chyg 16 + chig 14 + chig 19 + chyg g +chig 4 +chyg o

Ch?/’g}(t = Ch]i:{4,14 + Chi,—m + Chi,s + Ch]i:{4,_4 + Chi,g + chy,
Chlf/’gXt = Ch%’_10 + ch&8 + ch?27_4 + chlfz,2 + Chi_4 + chff,2
chg/gxt _ ch%yf10 + ch?o’8 + ch?07,4 + chlfo’2 + chﬁR_’74 + Cth
chyjor" = chg 4 + chyy + chy's - (2.26)

The extended vacuum character has the following content (returning to the notation chy 4 for the N' = 2 characters)
chy > = (2.27)
NS NS NS NS NS NS
chp20g=0 + chpZg g=1/3 + chiZy o= 13 + 270 g—1 /6 + 272 =176 + chp2y =0 -

These fields span a W-algebra extension of N’ = 2 superconformal symmetry, with extra currents of dimension 2, 2,
7/2,7/2, 4. The W-currents at h = 2 are given by

Wi =Te(ied), Wi =Te(wryl?) . (2.28)

These currents exist for all N > 3. For N = 2 the triple products 7 and wTL?’ are SU(2) singlets and the trace
vanishes. For N > 3 explicit expressions for Wy and Wz in terms of component fields (1) and (1/12) A, with
A=1,2,...N? —1 an adjoint index, involve the 3-index d-symbols d4grc.

The M*? invariant reads

74,2 1 ex ex ~ NS
M 3 Z |Chgs, 12 + 2\(:h11\lls/’18t|2 + (chNS —ch )
h=0,1/9,1/6,1/3
+ D [P 2l e (2.29)
h=1/9,1/3,2/3,1
and the claim is
Zeoset(3,3:6) — M _q 3. (2.30)

The U(1)g charges of the fields surviving in the partition sum are easily extracted from the field labels in the partition
sum. In both the NS and the R sectors, the U(1)g charges are multiples of +1/6.

Comparing with N = 2, we observe, at N = 3, the presence of fermion pair operators Tr(¢ 1) and Tr(wzw;r%)
which were absent from the operator spectrum for N = 2. From (2.25) we read off that these operators are in the same
extended symmetry multiplet as the mass (Friedel) operators Tr(i/)TLz/)R) and Tr(w,;w;). Both these sets of operators
have scaling dimension 1/3 - the degeneracy is due to the fact that the zero mode of the charged spin two currents in
(2.28) relates the two sets of operators.

We also observe the presence of a number of charge neutral relevant operators. The most relevant operator is the
(I =2,s=0) field in the NS sector, with scaling dimension A =2/9, as in (1.11).

C. General N

We have also obtained several explicit results for N = 4 and higher, confirming the general structure outlined above
and in appendix B. We defer the details of the description of the general N case to a forthcoming publication. Here
we briefly indicate some of the findings, paying special attention to the extrapolation to large V.
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current (QL7QR) (h,h)

Jo o< Tr(yri] ) 0,00 (1,00 N>2
G o Tr(yi) (=3,0) (3,0) N>2
G, o< Tr(v]?) (3.0 (3,0 N>2
Ty oc Te(prdg] +¢Ldve) (0,00 (2,0) N >2
Wi o Tr(y]97) (=30) (2,00 N>3
W} oc Tr(yry}’) (3,00 (2,00 N>3

TABLE I: This table lists some of the (left) chiral fields (currents) in the (N, N;2N) coset model. The currents Jr,, Gr, G}, Tr,
constitute an A/ = 2 superconformal algebra. The dimension-2 currents Wi, Wz are the first of an extensive set of extra
primary symmetry generators that exist for N > 3.

operator type  (4z, 4R) (h, 1) channel
Tr(¢] vr) (&, -5 ) (10...01) >
Tr(yryh) (—%:5) (3:5) (10...01) N>2
Tr(YrYr) (-3,—-%) (L4 (10...01) N >3
Tr(y] ) (5:5) £ (10...01) N>3
Tr(Pryrrir) (—3,—3) (. 3) (20...10) N >3
Tr(Yprpryhvr)  (—1,0) (3. 3) (20...10) N
Tr(Yryrdhel)  (—3,3) (3,1 (20...10) N
Tr(Y]prvryr)  (0,—3) ! (20...10) N
Tr(vLvrdfvr)  (0,0) (3.3) (20...10) N
Tr(whvrvhyl)  (0,3) 7)) (20...10) N>
Tr(wivlvryr)  (3,-3) (3:3) (20...10) N>
Tr(wivlvhvr)  (£,0) (3,1 (20...10) N>
Tr(pvlvheh)  (5,3) (3D (20...10) N >3
same 9 terms (3. 3) (010...02) N >3
same 9 terms (2,2) (10...01) N>3
Tr(YLyrdfvr)  (0,0) (2,2 (20...02) N>
Tr(lvrvhvr)  (0,0) (N£2 Ne2) (010...010) N >
Tr(wlvivrdl) (—5.85) (5% %%)  (30...011) N>
Tr(Wlvrdlvr)? (0,00 (D 22 (210...012) N >4
Tr(wivrdhvr)®  (0,0) (BN 23y (40,0200 N >
Tl o dhvr)” (0,00 (n2= nX1=) (2n0...02n) N > n + 2

TABLE II: Operators in the (N, N;2N) coset model. The operators listed (all in the NS sector) are primaries with respect to

the N/ =

(2,2) superconformal algebra. The channel indicated is the SU(N
subalgebra. We give the complete list of 2- and 4-fermion primaries and in addition list some of the higher operators.

) representation of the gauged diagonal SU(

N)an



11

e In tables I and IT we list the general form of the leading currents and primary field operators in the (N, N;2N)
coset. These operators are all in the NS sector. We see that their scaling dimensions are either N-independent
or are such that h (h) converge in the large N limit to nzg)/6 if the operator involves np, gy left (right) moving
fermions. In particular, we see that both fermion pair operators and the Friedel operators are present in the
spectrum and have a scaling dimension Arp = Ap = 1/3 independent of N. Their degeneracy is due to the

presence of the charged spin two currents (2.28) which are part of the extended W-symmetry for any N > 3.

e One can also quickly verify that the scaling dimensions in the R sector satisfy

c N?2-1
> — = 2.31
- 24 72 ( )
so that for large N all R-sector operators are irrelevant.
e The algebraic structure of the general-IN coset appears to be highly involved. The cosets of the form
SU(N SU(N
(N, ® SU(N)1 (2.32)

SU(N)41

are known to have an extended Wy symmetry with one chiral current for each spin s = 2,... N [72, 76]. For a
general diagonal coset (which includes our coset as a special case)

SU(N), ® SU(N),
SU(N)k+e

we can construct higher spin-s currents from polynomial (of degree s) combinations of the individual numerator
SU(N) currents which commute with the diagonal SU(N). See (7.42) and (7.43) of [72] for an explicit expression
for the spin-3 current. These general cosets are expected to have many additional currents as well. In the case
of N = 3 we found two charged spin two fields, see (2.28), in addition to the stress tensor. Since these are
primaries of the A" = 2 supersymmetry, this then implies the existence of charged spin % and spin-3 currents as

well. Similarly, we see from (2.27) that there are charged spin Z currents and their A" = 2 descendants.

(2.33)

For general N we expect to be able to build many chiral operators from )y, WL and holomorphic derivatives.
In the large N limit we do not expect any trace relations for such operators of spin s < N. Then by the usual
counting arguments for words built from matrix valued fields one expects to roughly see a Hagedorn growth in
the number of these currents (as a function of the dimension, which is the same as the spin). Thus we might
expect an algebra much larger than the conventional Wy symmetry algebra. It would be interesting to work
out the consequences of this larger symmetry algebra.

There are a number of issues that would be important to explore further for this class of coset models.

A key algebraic structure of N' = 2 SCFT; is the chiral ring: the collection of NS sector primaries with ¢ = =%h,
which form a closed algebra under fusion [69]. In the N = 3 case, we read off from the NS sector primaries in (2.25)
that the only chiral primaries are those with p — 1 = s = 6,12 in (2.10). The chiral ring in this minimal model
case is generated by one generator x obeying the relation z**2 = 2'® = 0. The chiral primaries present in the coset
correspond to the elements 2% and z'?> which form a consistent subring of the original chiral ring. The large N
structure of the chiral ring can, we believe, be exploited to study the large N physical characteristics of the gauged
fermion model.

Finally, it would be very interesting to uncover the AdS dual to this interesting class of CFTs (in the large N
limit). The simpler coset models in (2.32) have been identified [77, 78] with a class of higher spin Vasiliev theories
on AdSs [79]. These have a single bulk gauge field of every spin s > 2. Roughly speaking there is a single Regge
trajectory in the bulk and no Hagedorn growth of states. This is related to the fact, mentioned above, that there
is a single conserved current in these coset CFTs for a given spin. The W-symmetry in the coset considered here is
very different having many more fields. In general, we expect there to be a Hagedorn density of states in this theory
corresponding to single trace words built from 1/1L,¢z,wR,@/}L together with derivatives (modulo the projection by
the diagonal SU(N) currents). Thus the bulk dual is presumably a string theory on AdSs. This fits with the fact
that these cosets have a central charge proportional to N2 as opposed to the cosets in (2.32) which have ¢ x N and
behave like vector models with fewer gauge invariant states [80][77].

Though the coset theory is a strongly interacting CFT as evidenced by the anomalous dimensions of different
operators, it is interesting that the dimensions of the operators in the table II are like those of a free theory in the
large N limit. They are integer multiples of % In that sense the spectrum is similar to that of free Yang-Mills theory
or that of the D1-D5 CFT [81, 82] at a symmetric orbifold point. Note that these are the points where we expect
a dual tensionless string theory with an unbroken higher spin symmetry. This is consistent with the fact that these
cosets have a large chiral W-algebra as discussed above.
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IIT. LOW DENSITY

In this section, we will study the behavior of the SU(N) gauge theory coupled to two adjoint multiplets of Majorana
fermions for small U(1) chemical potential p. We will work in the regime where m, the mass of the adjoint, is much
smaller than the scale set by the 't Hooft coupling gy v/ N. We are interested in the low energy dynamics of the
system as p is increased from zero to values comparable to the scale set by m. Some features of this low energy theory
can be inferred from the spectrum of gauge invariant hadronic states at u = 0. Let us describe how this works for
our model.

Generally, it is extremely difficult to compute the spectrum of hadronic bound states in gauge field theories such as
QCD. In 1 + 1 dimensions, however, the light cone quantization can make this problem tractable. Compactification
of the light-like coordinate on a circle: = ~ = + L, a formal regularization procedure known as the discrete light
cone quantization (DLCQ) [55, 56|, typically reduces the problem to matrix diagonalization. The problem is further
simplified in the planar (large N) limit where the SU(N) singlet states are non-interacting. The physical bound
state spectrum can be inferred by taking the decompactification limit for the light-cone coordinate z~. This can be
computationally expensive for certain models, but is nonetheless a well controlled approximation scheme. Often, this
continuum limit is presented by taking the limit K — oo, where the integer ‘harmonic resolution parameter’ K enters
the definition light cone momentum:

K

Pt =
L

(3.1)

After diagonalization of the light cone hamiltonian, P~ the spectrum of bound state masses M is read off from
M? =2PTP~ . (3.2)

In this paper we will be primarily concerned with the spectrum of bound state masses in the regime where m? is
kept fixed while the ‘t Hooft coupling g%, N is sent to infinity. We find a rich spectrum of bound states whose masses
divided by m approach constants in this limit. These bound states originate from the large N coset CFT discussed in
section II, perturbed by the operator m(Tr(i/)Lw};) +h.c.) of dimension 1/3. This mass operator breaks the Q;, — Qr
symmetry of the CFT, but the overall U(1) charge symmetry, Q = Qr + Q g, remains unbroken. Therefore, the bound
states break up into sectors labeled by the integer charge Q.

The DLCQ of a closely related system consisting of a single adjoint multiplet of Majorana fermions has been
analyzed in the past [50, 52, 54]. However, in the same limit of sending the ’t Hooft coupling to infinity while keeping
m? fixed, all bound states acquire masses of order ~ gy v/ N. The fact that there are no light bound states with
masses of order m is due to the triviality of the CFT arising from the SU(N) gauge theory coupled to an adjoint
Majorana fermion: in that case, instead of (1.5) one finds ¢ = 0 [52].

We will summarize the details of the DLCQ computation in Appendix C. In this section, we will focus on presenting
the results of the computation.

First, let us describe the basic physics of the model. In 141 dimensions, gauge fields are non-dynamical but serve as
agents binding the colored matter fields. The hadronic bound states will then be superpositions of traces of products
of the adjoint creation operators (C22). The problem can be separated into boson and fermion sectors depending on
whether the number of the creation operators in the trace is odd or even.?

When there are two adjoint Majorana fermions, there is a U(1) = SO(2) global flavor symmetry which provides an
additional quantum number to label the states in the spectrum. One way to make this manifest is to combine the two
adjoint Majorana fermions into an adjoint Dirac fermion, and count the difference between the number of fermions
and anti-fermions for each state.

Suppose for = 0 we succeed in computing the masses M and charges @ of all the bound states. Suppose also
that all states have M > 0 and as a result the theory is gapped in the far IR. What happens when p is increased?

We expect that some of the particles will condense when

¢=M—pQ (3.3)

2 The CFT arising in the m = 0 limit exhibits the ' = 2 supersymmetry relating the bosonic and the fermionic operators. Since the light
cone quantization is unreliable in the presence of massless states, we will keep m non-vanishing. Then the supersymmetry is broken;
so, the boson and fermion bound state spectra are not identical. However, the bound states with m < M < gy VN may exhibit
approximate supersymmetry. Such highly excited states are difficult to access numerically, but it would be very interesting to look for
the emergent supersymmetry in this region of bound state masses.
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FIG. 2: The spectrum of fermionic bound states for K =5,7,9,11,13,15,17,19. The states with the same K are shown using
the same color. Increasing K for fixed @ is illustrated by a gradual shift to the right in each of the columns.

becomes negative.

If we were working in dimensions greater than 1 + 1, then depending on whether the first state for which ¢
becomes negative is a boson or a fermion, the system would exhibit the universal behavior of either the Bose-Einstein
condensation or formation of a degenerate Fermi gas. In 1 4+ 1 dimensions, the distinction is somewhat blurred by
the fact that bosons and fermions are related by bosonization. If the spectrum is sufficiently generic so that there is
precisely one state for which ( is going to zero at the minimal critical p, then one expects the system to behave as a
Luttinger liquid.

Additional subtleties can arise from the fact that there might be a degeneracy causing more than one state to hit
¢ = 0 at the same time. Logically, there are three distinct possibilities.

I The value of ¢ goes to zero for exactly one state.
IT The value of ¢ goes to zero for several, but a finite number of states.
IIT The value of ¢ goes to zero for an infinite set of degenerate states.

The DLCQ computation of the bound state spectrum can help distinguish among these three possibilities.

The details regarding the implementation of the DLCQ procedure are summarized in the appendix. Here we will
merely present the result, where we display the full spectrum in figure 2.

The points illustrated in figure 2 are to be interpreted as follows.

1. These points correspond to the spectrum of fermions for which the harmonic resolution parameter K takes odd
integer values. One expects to recover the exact spectrum in the limit K — oco.

2. The ‘t Hooft coupling g%, is taken, for the sake of definitiveness, to be 2 - 10® times the bare mass-squared
of the fermions, m2. As long as this number is very large, the spectrum in the range illustrated, presented in
units where m? = 1, is insensitive to its precise value. The idea is to extract the behavior of this system in the
limit of large g2 ,,N.

3. M is the mass of the hadronic bound state. Here we are displaying M/Q. The state with lowest M/Q is the
one whose ¢ will hit zero first as p is increased.

4. For each K, @ in the range from Q = 1 to Q = K are possible. However, the () = 1 states are heavier than the
range of M illustrated in figure 2 and as a result are not displayed in this figure. The state in the ) = K sector
is decoupled from the rest of the dynamics. In general, taking the large K limit with Q fixed will give rise to a
reliable extrapolation of the spectrum of that fixed @ sector. The spectrum with () of the order of K, however,
is sensitive to the DLCQ artifacts and does not effectively approximate the spectrum in the continuum limit.
Here we have computed and presented the states for @ in the range 3 < @@ < K — 2 with the exception of some
small @) states for large values of K for which the computations became numerically intractable.
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FIG. 3: The spectrum M/Q of lightest states as a function of 1/K for @ = 3,5,7,9,11. The lines are linear fits to the available
data. The points for @ = 3 have the largest M/Q. For each successive Q, the M/Q is decreasing. The intercept of the linear
fit at 1/K = 0 is the extrapolated value of the M/Q for the lightest state for fixed value of Q.

5. For each value of K, states with different charges @) are displayed in separate columns. States with the same
K, however, can be identified by the fact that they are plotted using the same color. For each @), increase in K
is indicated by gradual shift in the column of points to the right.

In order to identify the states with smallest M /@), one must, for each @), track the lowest mass state and extrapolate
to large values of K. The spectrum illustrated in figure 2 suggests that, for each @), the masses are gradually increasing
in a similar manner as K is increased. It also suggests that these increasing masses are converging to the large K
limit.

In order to analyze the asymptotic behavior of the masses of the low-lying states, it is useful to plot their masses as
a function of 1/K. Since we are interested in how these states are affected by the chemical potential, we will actually
plot M/Q as a function of 1/K for different values of K. This is illustrated in figure 3 for @ = 3,5,7,9, 11.

We have also superposed a line indicating the linear extrapolation available from the set of data available. These
lines cross 1/K = 0 at finite values. This can be viewed as a crude method to extract the extrapolated value for the
large K limit.

What we see in figure 3 is the tendency for the large K limit of the M/Q of the lightest states to become dense with
increasing ). Since () can get arbitrarily large, this suggests that in the large K limit, states with arbitrarily large
Q are converging to the same value of M/Q. In other words, we seem to be finding out that our model is exhibiting
scenario ITI enumerated earlier in this section. It should be kept in mind, however, that one must send K — oo first,
and then look for a trend as @) is increased. The order of these two limits cannot be exchanged.

It is not easy to determine the critical value pigr;x of M/Q. To settle this question, a higher precision computation
is required. Unfortunately, for the reason given above, one must explore very large values of K in order to explore
large values of @. This is computationally very expensive.

The fact that there may be infinitely many states with degenerate it = M/Q suggests that, when p approaches
Lerit, the system may undergo a transition from a gapped phase into a phase with a non-trivial interacting conformal
field theory with ¢ > 1 in the IR.

The DLCQ results presented in this section focused mainly on fermionic bound states. We have also carried out
the analogous computation for bosonic bound states and found a similar behavior of M/Q. We will not present
the detailed results of our analysis for the bosonic spectrum here. Some technical issues which arise for the DLCQ
computation in the bosonic sector will be described briefly in Appendix C.

Let us, in closing, mention that since all of these results were presented for the case where N was taken to infinity
first, it is certainly possible for the seemingly dense spectrum of M/Q to be discretized by a fine structure of order
N~ for some « > 0. Such a structure can change the basic feature of our model from scenario III to IT or I. This
may also be related to the fate, following the relevant flow, e.g. (1.11), of the coset CFT discussed in the earlier
sections.
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IV. CONCLUSIONS

In this paper, we described a novel metallic state of matter in one spatial dimension, with a continuously variable
density.

The well-studied one-dimensional metallic state is the Luttinger liquid, and in many respects this state can be
considered to be the natural limiting case of the Fermi liquid state of higher dimensions. Indeed, the Luttinger
liquid reduces to a free fermion model at a specific value of the Luttinger parameter, and other parameter values
are continuously connected to this one. It has central charge ¢ = 1, and this is directly linked to the massless scalar
representing fluctuations of the globally conserved U(1) charge density. We note that some Luttinger liquids have
additional gapless modes associated with other global symmetries (and so a larger central charge), such as the models
described in Appendix A.

Our state was obtained by considering a non-zero density of Dirac fermions carrying adjoint color charges of a
SU(N) gauge field. We found a ‘strange metal’ state described by two-dimensional superconformal field theories with
central charges ¢ = (N2 —1)/3. For large N the central charge becomes large, while the global symmetry remains
only the U(1) associated with fermion number conservation. The strange metal has a Fermi surface with a Fermi
wavevector, given by (1.2), which is equal to that of non-interacting color-charged particles; the Fermi wavevector
changes continuously as the density is varied. This Fermi surface is ‘hidden’ [39], because the single fermion Green’s
function is not a gauge-invariant observable. Nevertheless, the Fermi surface and the value of the Fermi wavevector
are detectable in the Friedel oscillations of (1.7). We propose that this variable density state, with its large phase
space of low energy excitations linked to its large central charge and Fermi surface of color-charged fermions, can
serve as a paradigm for non-Fermi liquid states in two and higher spatial dimensions.

The structure of our d = 1 strange metal is quite analogous to the ‘hidden’ Fermi surface states obtained recently
for general d in Refs. [37-39, 41] via the AdS/CFT correspondence. In Refs. [38, 39] it was postulated that the Fermi
surfaces of gauge-charged particles could be detected by the hyperscaling violation of the thermal entropy density, and
by a logarithmic violation of the ‘boundary law’ of entanglement entropy. The coefficient of the entanglement entropy
logarithm was used to deduce a value for the Fermi wavevector which depended upon ultraviolet details only through
the value of the density /L%, in just the manner expected from the Luttinger relation [39]. In our d = 1 strange metal
here, analogous properties of the entropy and entanglement entropy are trivially satisfied, because the hyperscaling
violation exponent # = d — 1 = 0 (in the notation of Ref. [39]), and every CFT5 has a logarithmic violation of the
boundary law of entanglement entropy [83, 84]. However, here we were able to detect the Fermi surface, and determine
the Fermi wavevector, from the Friedel oscillations in the density correlations. Obtaining the Friedel oscillations in
the AdS/CFT description of strange metals in general d is clearly one of the important challenges for future work.
In this direction, it would be useful to understand the large N dependence of the proportionality constant in (1.7):
this should shed light on how Friedel oscillations of gauge-charged particles appear in holographic theories. We also
note the interesting recent computation of [41] which detected Friedel oscillations in an anisotropic quantum liquid of
strings in 5 4+ 1 dimensions.

In section III we studied the bound state spectrum of the large N gauge theory in the limit g2 ,,N > m? using
the numerical DLCQ approximation. This approach sheds light on the properties of the SU(N) gauge theory at low
density. A very interesting phenomenon that we have uncovered is the emergent A/ = 2 supersymmetry of the gauge
theory in the limit m — 0. A useful direction for future work would be to obtain some numerical DLCQ evidence
for the emergent supersymmetry by studying the masses of highly excited bound states with gy VN > M > m.
Hopefully, this spectrum will exhibit approximate supersymmetry.

Another intriguing direction for future work, which was discussed at the end of section II.C, is the possibility of a
dual description of the large N CFT in terms of a theory with higher-spin gauge symmetry in AdSs;. The existence
of such a dual description is suggested by the large W-symmetry, and by the fact all the operator dimensions appear
to approach constants in the large N limit that are quantized in units of 1/3. A useful 34 1 dimensional analogue of
the N = 2 supersymmetric large N CFT we are considering may be the A' = 4 supersymmetric SU(N) gauge theory,
which is dual to the AdSs x S® background of type IIB string theory [15-17]. Both theories have anomaly coefficients
of order N2. When the N = 4 gauge theory has a large ‘t Hooft coupling g% ,,N, the dual AdSs x S° background
becomes weakly curved. In this limit the dimensions of all operators not protected by supersymmetry become very
large. On the other hand, at vanishing ‘t Hooft coupling all the operators have integer dimensions, and their number
exhibits the exponential Hagedorn growth. In this limit the curvature of the dual string background becomes very
large; this is often referred to as the “tensionless string limit.” It has been suggested [85] that a useful dual description
of the free N' = 4 SYM theory may involve higher-spin gauge theory in AdSs [86] coupled to an infinite number of
additional fields.

Similarly, if an AdS3 string dual of our N/ = 2 supersymmetric coset CFT is found, we expect it to be strongly
curved. It is therefore interesting to ask if the coset CFT has an exactly marginal operator which could correspond to
increasing the radius of the dual background. In fact, the CFT has an exactly marginal double-trace operator which is
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a product of the left and right U(1) currents, Jr,(z)Jr(z). This operator breaks the N' = 2 supersymmetry as well as
some of the the extended W-symmetries. For the N = 2 coset CFT (2.7), this marginal operator changes the radius
of the compact scalar in the bosonized formulation. In the limit of large radius, a large gap develops between the
dimensions of typical momentum and winding operators. It would be interesting to study the effect of the marginal
deformation on the operator dimensions for N > 2, and to see if deforming the CFT along this marginal direction
could also create a large gap in the spectrum of operator dimensions. The presence of such a gap would suggest [87]
a weakly curved AdS3 dual of the large N CFT.
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Appendix A: Fundamental matter

This appendix briefly describes the high density physics of the theory in (1.1), but for the case where ¥ transforms
as a fundamental of the SU(N) gauge group. For completeness, we include the case where ¥ has a flavor index
which takes Ny values, and then the model has a U(Ny) global symmetry. It is convenient to decompose the global
symmetries into a U(1) symmetry associated with the ‘charge’ density, and a SU(Ny) flavor symmetry (the latter is
absent for Ny = 1). We proceed just as in section II. The high density limit is characterized by a Fermi wavevector
of gauge-charged fermions given by

Q kr

< = NN;-E,
m

< (A1)

note that the r.h.s. has a prefactor of N, rather than the (N2 — 1) in (1.2). The fluctuations near this wavevector
map onto the m = p = 0 theory, which was considered in [88, 89]. Now we bosonize the NN, complex Dirac fermions
differently. Rather than considering them as 2N Ny Majorana fermions, we note that they can be used generate WZW
currents of SU(N)y,, SU(Ny)n, and U(1), and these fully span the Hilbert space [88-90]. The SU(N)y, currents
are projected out by the gauge field, and so the low energy theory is made up of two decoupled sectors: a ¢ = 1
free gapless scalar associated with the U(1), and a SU(N;)ny WZW model associated with the SU(N) global flavor
symmetry with ¢ = N(NJ% —1)/(N + Ny). This decoupling of the U(1) density mode is the key simplifying feature
of the fundamental matter case, and was absent for the adjoint matter case considered in the body of the paper.
Consequently, the U(1) sector here is similar to an ordinary Luttinger liquid, while the spectator SU(Ny)y WZW
model is directly linked to the additional global flavor symmetries of the model.
In the notation of [91], we can write the Hamiltonian of the U(1) sector as

1 1
=g [ do |5 0.6 + K (0,67 (A2)
27 K
where K is the Luttinger parameter, 8 and ¢ are scalar fields obeying the commutation relations

[0x6(x),0(2")] = [0:6(x), $(2)] = imd(x — '), (A3)

and the U(1) charge is

1
Q:;/M@¢ (A4)
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The variable K is related to the exactly marginal perturbation to the U(1) theory, the analog of the ‘radius’ of the
scalar in the string theory notation. The fermion fields are related to these scalar fields via [92]

YR, = e~ H0£R)/ /NNy OR.L 90{%7[, (A5)

where % ; is the primary field the SU(N)y, WZW model transforming as a fundamental of SU(N), gogL is the
primary field the SU(Ny)ny WZW model transforming as a fundamental of SU(Ny). The exponential factor has been
chosen so that the free fermion theory without the SU(N) gauge field is properly bosonized at K = 1 with both

WZW models conformal so that dim[¢$, ;] = (N? —1)/(2N(N + Ny)) and dim[gp};L] = (N7 —=1)/(2Ns(N + Ny)).

To determine the Friedel exponent, we need the smallest scaling dimension operator with Q@ = 1 and Qr = —1.
Applying (A5) to the operator Tr(wsz), we can set the trace over the SU(N)y, WZW fields to constants [89, 90],
and the scaling dimensions of the remaining sectors yield

K (N7 -1)

Ap = dim[e?®/ VNN 4 2dim[p]] = + ,
L NNy  N¢(N+ Ny)

(A6)

where K is now allowed to be not equal to unity because, in general, there will be an exactly marginal interaction in
the ¢ = 1 sector. We note that the Ap — 0 corresponds to a crystalline state with broken translational symmetry;
such continuous symmetry breaking is not possible in 141 dimensions, but a crystal was discussed as a mean field
theory of baryons valid in the formal large N limit [93].

In the fundamental matter model, the pairing operator ;¥ can be reduced to a gauge singlet only for N = 2.
Extending our Friedel operator argument to a gauge singlet pairing operator implies that we need the simplest operator
with Qp = Qr = —1, and this yields

1 (Nf-1)

Ap— di 2i6/4/NN; + 2di f1_ + , N=2. AT

Finally, we note that the case N =1 and Ny = 1 corresponds to the finite density phase of the massive Thirring
model, which realizes the simplest Luttinger liquid.

Appendix B: Modular invariants for coset CFT2

Modular invariant partition functions for coset CFT5 can be constructed once invariants for both the numerator
and denominator CFT5’s have been specified [94, 95]. Rather than describing the general construction, we focus on
the specific example of the (N, N;2N) cosets for gauged adjoint fermions.

The numerator CF Ty has two copies of the SU(N)y theory, each describing (N2 — 1) adjoint fermions. There are
several options for a modular invariant, including a simple product of the diagonal modular invariant of each of the
SU(N)y factors. However, we should here select the invariant that describes the situation where boundary conditions
on the combined fermions are such that a global U(1) symmetry arises. The appropriate modular invariant turns out
to be the diagonal modular invariant of an SO(2N? — 2); symmetry, written as

Zso(2N2_2)1 _ |X1SO(2N2_2)1\2 + ‘X§O(2N2—2)1|2 + 2‘X;§’p0(2N2—2)1|2 (B1)

with ‘1’, ‘v,” and ‘sp’ denoting the identity, vector and spinor representations of SO(2N? —2);. This result arises from
the well known result, known as non-Abelian bosonization [96], that the CFTy based on SO(M);, at central charge
¢ = M/2, describes M real fermions.

The partition sum can be re-expressed in terms of characters of two copies of SO(N? — 1)1, one for each of the
groups of N2 — 1 fermions

2_ . 2_ _ - _
ZSO(thz)1 fO(N 1)1XfO(N 1>1+X§O(N2 1)1 =SO(N? 1)1|2

= |x Xy

2_1,)~SO(N?*—1 SO(N?—1); ~ 2_ 2_ 1), ~, 2_
_HX:?O(N 11)X1 ( )1+X1 ( )1X§O(N 1)1\2+2>\|X§p0(N 1)1XSSPO(N 1)1|2’ (B2)

with A = 4(1) for N odd(even).The SO(N? — 1); characters can each be branched into characters of SU(N)y. For
the NS sector characters (labels ‘1’ and ‘v’) the results are

SO(N?-1); _ _ SU(N) SU(N) SU(N)
X1 = X(oo...ool;l + X(zo...w])V + X(01...02I;7 t+...
SO(N?-1); _  SU(N) SU(N)
X = X(l()...()ll;l + X(110...0];1) +.. (B3)
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We use Dynkin labels (1115 ...1x—_1) to tag the SU(N) representions: (00...00) is the identity, (10...01) the adjoint,
etc. (a useful reference for the group theory is [97]). We remark that the SU(N) representations featuring in the NS
sector satisfy the N-ality condition

Lh+2l+...(N=1)ily-1 =0 mod N . (B4)

To obtain a partition sum for the coset CFT5 the following steps are taken. First one writes branching rules for the
SO(2N? — 2); characters into products of branching functions times characters of the affine algebra SU(N)yn that
features in the denominator of the coset. Schematically

XiO(gNQ_z)l _ Zbi‘ X XSUWan (B5)

The labels a take values in the integral dominant weights of SU (N )ax, which are written as Dynkin labels (I1l2 ... In—1)
satisfying ), l; < 2N. We find that, for general N, the terms on the r.h.s. of (B5) are grouped into combinations of
the form

xSV MNzn 4 xf([{z()N)ZN + Xig(fj)v)“’ +... (B6)
where A is the automorphism
A (lllg...l]\/‘_l) — ([ZN—le]lllglN_g) . (B7)

Again, the SU(N) representations featuring in the NS sector satisfy the N-ality condition (B4).
Writing the modular invariants for the denominator (d) and numerator (n) as

d _ ZNd SO(2N?— 2)1XSO(2N2 2)1

BXA )
ZNn SU(N)QN—SU( )2n (B8)
the coset invariant is obtained as
cose n aib
Ze%t =) | NipNgbabs - (B9)
ABab

For the (N, N;2N) cosets, the natural choice for the denominator modular invariant is the SU(N)qn invariant that
displays the same grouping of characters, according to the automophism (B7), that we observed in the branching
rules (B5). Such an invariant exists for general N [98]; we display explicit examples for N = 2,3 in the main text of
this paper.

The N = (2,2) superconformal symmetry of the (N, N;2N) coset guarantees that the branching functions b% are
characters of (an extension) of the A/ = 2 superconformal algebra. For N > 3 we find (see again the main text) that
the vacuum character of this extended symmetry takes the form

N 2 t NS
chy,— o = chy2o e 0+Chq 1/3,h= 2+Chq_—1/3h o+ .. (B10)
The (N, N;2N) coset modular invariant can be viewed as a diagonal modular invariant for this W-extension of N’ = 2

superconformal symmetry.

Appendix C: DLCQ Quantization of the gauged adjoint Dirac fermions in 141 dimensions

In this appendix, we will summarize the computation of the discretized light cone quantization spectrum of the
1+ 1 dimensional SU(N) gauge theory coupled to adjoint Dirac fermions in the large N limit.

The first step is to write down the Lagrangian which follows the general pattern of [50, 52, 54] except that the
fermions are now complex. Here we follow II.B of [50]. We start with (1) of [54] but treat

¥ =21/t (‘i) (c1)
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as Dirac fermions.
The light cone coordinates are defined by

ot = %(azo +2') (C2)
so that
1
Ay = —2(140 +A4). (C3)

We will use for the Dirac matrices

; 0 — ) 0 1
702202:(2- 02)7 71:201:<’L’8>. (04)

The Lagrangian is normalized to take the form
Te {T(ij) — m)¥]} = Tr {mfam +2ixta_x — ivem(uty + XW)} . (C5)

To compare this Lagrangian with the Hamiltonian (2.1), simply note that the fermion field ¥ can be expressed in the
standard mode expansion

wit.o) = [ e (ke s omnchyet ) (©6)

where u(k) and v(k) is the standard 2 component spinor basis satisfying
(¥ =mu(k) = (F+mv(k) =0,  a(k)u(k) = —v(k)o(k) =2m . (C7)

Then, in terms of p(k) and h(k) we recover (2.1) for the Hamiltonian.
Returning to (C5), we gauge the free fermion theory by introducing covariant derivatives

DV =9,V +i[A,, V] . (C8)

It is customary in light cone quantization to use the gauge

A_=0 (C9)
so that the gauge kinetic term takes the form
1 2 1 2
s— IrF* = ——Tr(0-A;) (C10)
9y M 9y M
and the Lagrangian reads
1
L£=Tr {mﬂmw + 2ixto_x — vV2im(utx + xT) + A Tt + " (a_A+)2} (C11)
Y M
with
It =20yt +9Ty) . (C12)

If we take x™ as the time direction, y and A, are non-dynamical and can be integrated out, giving rise to the
light-cone momentum and Hamiltonian

Pt = /d;z:’ Tr {2iyto_y} | (C13)

P = /dm_Tr{—isz/JTal_dJ — ig%’MJ+312J+} . (C14)
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Imposing canonical quantization on the fermions gives rise to relation
T o 1 o 1
{Wi;(@7), Y (@)} = 55(95 —27) | dudjr — Naijékl (C15)
with

(¥ (@7), Ym(@7)} = (vl (27), 0, (@)} = 0. (C16)

The Dirac fermions are expanded in modes

. :L . —tmnz~ /L T imnx~ /L
W) mnegw{%(n)e + Bl (n)e } (C17)

where we have compactified the = direction and imposed the anti-periodic boundary condition on the ¥ (z~) field;

this typically leads to a better DLCQ computation than choosing the periodic boundary condition and removing the

zero mode by hand. The choice of boundary condition should not matter in the decompactification limit K — oco.
The anti-commutation relation for the modes are is

1
{Aij(m), Akl(n)} = 6(m + n) <5il5jk - Naijiskl) R (018)
1
{Bij (m), Bkl(n)} = (5(m + n) <5il(5jk - N(Sijékl) (019)
where n takes odd integer values, and
Ayy(=n) = Al(n),  Bij(—n) = Bli(n) . (C20)
We can now set up the light cone vacuum
Aij(n)]0) = Bi;(n)|0) =0,  (n>0). (C21)
The states are then generated by acting by a string of “letters” A(—n) and B(—n) in a single trace state, i.e.

) = #Te(B(=n1) A(=n2)... B(=n4))|0) (C22)

where # is a symmetry factor to ensure that the norm of each state is one.
Our next step is to write the light cone momentum and Hamiltonian operators in terms of the fermion oscillators.
It is clear that the light cone momentum operator (C13) can be written in the form

P = S TR AL () Agaln) + T Bl () Bin) } = % , (C23)

n>1

when acting on a state with fixed K.
Instead of writing the light cone Hamiltonian P~ in terms of fermion oscillators, let us consider the Lorentz invariant
mass operator

2PTPT =V 4T (C24)

where V' corresponds to terms associated with the term proportional to m? and T corresponds to the term proportional
to (JT)? in (C14). Then, it is easy to show that

v=km'y {(3) abwanm+ (1) B0} (C25)

Note that the dependence on L drops out, but there is still a dependence on K.
Computation of T involves a somewhat tedious exercise of normal ordering the (J*)? written in terms of fermion
oscillator operators. One can organize T in accordance to the number of oscillators destroyed and created.

T=T1+Tis3+To 0+ T3, . (C26)
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In this form, one finds after some algebra, that

n—2
Tio = WZZ{(nE

n m=1

2 NK
Ty .3 = (%)Zd(m + ng + ng —mq) X

n—m

m) Ali(n )Aﬂ(n)+< ! >23;i(n)3ji(n)} (C27)

{ ﬁBsz(nS)AlJrgl(nQ)A;rj(nl)Aij (m1)

<<n1 _2m1)2— : )A1k<n3>BL<n2>AL<m>Aij<m1>

(n3 —m1)?

_WAIL (n?’)AL (HQ)BJTZ (nl)Aki (m1)

mAlTJ‘ (n3)BJ;(n2) Bl (n1) B (ma)
2

((m _2m1)2 " (ng — m1)2) B;i(HS)Asz(@)BlL(nl)le(ml)

*%Bﬁ(W)ng(W)ALz (nl)Bﬂ(ml)} (C28)
’Il3 ma

NK
T2_>2 = <gYM > Zé(nl +ng —myp — mg)x

{ AL (n2) Aj;(n1) Agi(ma) Ag(my)

2
(m1 —+ m2)2

Bjk (n2) A, (n1) Ajj(m2) Bju(my)

) Al (n2) B, (n1) Aij (m2) Bjy (my)

W
_mAzrj(nZ)B;i(nl)Blk(mz)Aki(ml)

2 B 2 F A (n VA (m
<(n1 —ml)2 (m1 +m2)2) Bkl( Q)Alﬂ( 1)B’”( Q)Aw( 1)

(nl_z,rnl)2B;i(n2)Bsz(n1)le(mQ)Blk(ml)} (C29)

2uNK
gYM) Zé(nl —mi1 — My —m3)><

{_QAL (n1) B (mg) Agi (ma) Aij (my)
_l’_

<( 2 _ 2 )2)Ajj(nl)Alk(mg)Bm(mz)Az‘j(ml)

mo+mq)?2  (ng—my

S AL (n1) Agi(m3) g (m2) Bji(my)

— B, (m1) Ay (ms) Bji(m2) Bix(m1)

(G e~ G e B Bimo) Ama) By

(ml+mz)2B;i(nl)Bﬂ(m3)Blk(m2)Aki(m1)} : (C30)

At this point, a computer program must be written to generate the set of states and the elements of the mass
operator M? = 2Pt P~
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K=5|K=7K=9K=11|K=13|K=15|K=17|K =19|K = 00 ||M/Q
Q=1]| 4.60 | 5.08 | 5.42 e e e e e 6.42 6.42
Q=3| 342 | 3.67 | 3.85 | 4.00 4.10 X 4.49 1.50
Q=5 - 5.51 | 5.87 | 6.14 6.36 6.54 e e 7.40 1.47
Q=7 - - 7.55 7.97 8.30 8.58 8.82 e 10.19 || 1.46
QR=9 - - - 9.57 10.03 | 10.041 | 10.73 e 12.83 || 1.43
Q=11 - - - - 11.59 | 12.08 | 12.49 | 12.85 | 15.54 || 1.41

TABLE III: Mass M of the lightest fermionic bound state in the fixed @ sector for various K. The “—” indicates entries which
are not defined. The “---” indicate entries which are well defined but have not been computed due to limits in computational
resources. These are the data presented in figure 3. Note that M as a function of @ is minimized at @ = 3. However, M/Q as
a function of Q) appears to slowly be decreasing monotonically.

K=4K=6K=8|K=10|K =||M/Q
Q=0| 231 | 247 | 2.58 2.67 2.88 00

TABLE IV: Mass M of the bosonic bound state in the @ = 0 sector for K = 4,6, 8, 10.

As an example, for K =5 and Q = 1, we find

3 1 _1 1 _1

) N SO R N s

8 2 2 "4
TP O TR (C31)

i 5~y L3 0

-1 -1 0 0 3

whose eigenvalues in units of g2 ,,N/27 are

{0,6.25,10,10,17.5} . (C32)

Strictly speaking, eigenvalues of just the T" without the contribution from V are unreliable since they correspond
to taking massless fermions as the matter fields. Nonetheless, it is encouraging to find an exactly massless state in
the spectrum which would survive the limit of strong gauge coupling. The massless states for these m? = 0 cases
continue to be present as the values of K are increased.

The actual computation reported in section III is the computation of the spectrum of

M? 1
where, for definitiveness, we set the dimensionless parameter

2
LT (C34)
gyuN

The result of carrying out the calculation for K = 5,7,9,11,13,15,17,19, is summarized in table III. There, we
tabulate the calculated value of the hadronic bound state mass M for fixed @ as K is increased. The K = oo is a
result of linear extrapolation illustrated in figure 3. We observe that the lightest bound state appears to be in the
@ = 3 sector, at least among the fermionic states. However, the quantity M/Q which determines p.-;; appears to be
slowly decreasing as () is increased.

Similar computations can be carried out for the bosonic bound states when the values of K are taken to be even.
We did not perform the computation at the same level of precision for the bosonic bound states as we did for the
fermions. The plot analogous to figure 2 is in figure 4 below. From figure 4, it is quite apparent that the pattern of
states with smallest M /@ is becoming degenerate at around gy = M/Q =~ 1 as @ is increased.

There is one additional feature which is notable regarding the bosonic spectrum: the state with smallest M is in
the @Q = 0 sector. For K = 4,6,8, 10, we find the masses presented in table IV.

A closer examination of the wavefunction indicates that the lightest state is mostly a mixture of the “two bit” states
of the form

> o TrAl(p)BY(K - p)[0) . (C35)
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FIG. 4: Spectrum of bosonic bound states for K = 4,6,8,10. This figure is the analogue of figure 2 for the fermionic bound
states.

This is analogous to what was found for the adjoint Majorana model [52]. These are interesting features of our model
from the point of view of its dynamics at vanishing chemical potential. As should be clear from the right most column
in table IV, however, the Q = 0 states do not have any impact on the physics at finite chemical potential u.
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