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ABSTRACT: Two-dimensional SU(NN) gauge theory coupled to a Majorana fermion in the
adjoint representation is a nice toy model for higher-dimensional gauge dynamics. It pos-
sesses a multitude of “gluinoball” bound states whose spectrum has been studied using
numerical diagonalizations of the light-cone Hamiltonian. We extend this model by cou-
pling it to Ny flavors of fundamental Dirac fermions (quarks). The extended model also
contains meson-like bound states, both bosonic and fermionic, which in the large- N limit
decouple from the gluinoballs. We study the large- N meson spectrum using the Discretized
Light-Cone Quantization (DLCQ). When all the fermions are massless, we exhibit an exact
osp(1|4) symmetry algebra that leads to an infinite number of degeneracies in the DLCQ
approach. More generally, we show that many single-trace states in the theory are thresh-
old bound states that are degenerate with multi-trace states. These exact degeneracies can
be explained using the Kac-Moody algebra of the SU(NN) current. We also present strong
numerical evidence that additional threshold states appear in the continuum limit. Finally,
we make the quarks massive while keeping the adjoint fermion massless. In this case too, we
observe some exact degeneracies that show that the spectrum of mesons becomes continuous
above a certain threshold. This demonstrates quantitatively that the fundamental string
tension vanishes in the massless adjoint QCDy without explicit four-fermion operators.
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1 Introduction and summary

Soon after the emergence of Quantum Chromodynamics as the SU(3) Yang-Mills theory of
strong interactions [1-3], ’t Hooft introduced its generalization to gauge group SU(N) and
the large N limit where g2,V is held fixed [4]. To demonstrate the power of this approach,
he applied it to the theory now known as the 't Hooft model [5]: the 141 dimensional SU(NV)
gauge theory coupled to massive Dirac fermions in the fundamental representation. Using
light-cone quantization, he derived an equation for the meson spectrum. This equation is
exact in the large N limit. A crucial simplification in this model is that the meson light-cone
wave functions describe the bound states of only two quanta, a quark and an antiquark.

It is interesting to generalize the 't Hooft model by replacing the fermions in the
fundamental representation by those in two-index representations; such 1+ 1 dimensional
models contain discrete analogues of f-vacua [6]. A minimal model of this type, the SU(N)
gauge theory coupled to one adjoint Majorana fermion of mass maq; [7] has turned out to
be an interesting playground for studying various non-perturbative phenomena in gauge
theory. Instead of the meson spectrum, its large IN spectrum consists of glueball-like bound
states that may be viewed as closed strings. Since the adjoint fermion is akin to a gluino, we
will refer to them as gluinoballs.! They are bosonic when the number of adjoint quanta is
even and fermionic when it is odd. The light-cone bound state equations are not separable
since they involve superpositions of states with different numbers of quanta. Nevertheless,
some features of the spectra can be studied with good precision using the Discretized Light-
Cone Quantization (DLCQ) [11-14], where one of the light-cone coordinates, which we take
to be x7, is formally compactified on a circle of radius L, thus identifying x~ ~ = 4+ 27 L.
As m,g; — 0, all the bound states of the theory remain massive [7, 15, 16], but the vacua
of the model have interesting topological properties [6, 17-23]. They are described by the
topological coset model %ﬁ&?l which has a vanishing central charge. Thus, for any
N, the SU(NV) gauge theory coupled to a massless adjoint fermion serves as a non-trivial
example of a gapped topological phase.

In another sign of interesting physics, it was argued in [20] that as m,q; — 0 the model
makes a transition from the confining to screening behavior of the Wilson loop in the funda-
mental representation of SU(N). In recent literature there have been renewed discussions
of the m,q; — 0 limit of the model [22-24]. In a very interesting development [23], it was
demonstrated that, in addition to the N discrete #-vacua [6], the model possesses a large
number of additional superselection sectors whose number grows exponentially in N. This
has led to new arguments for the screening of the massless adjoint model. In section 8
we will provide additional quantitative evidence for the screening behavior of the theory
with Madj = 0.

As noted in [19], the massless limit of adjoint QCDy exhibits an important simplifica-
tion because the DLCQ Hilbert space breaks up into separate Kac-Moody current algebra
blocks [25]. At large N, this separation of the DLCQ spectrum leads to exact degeneracies
between the value of P~ for certain single-trace states at resolution K and sums of the

Tt is also possible to study models with adjoint scalars [7, 8] and supersymmetric models containing
both adjoint scalars and fermions [9, 10].



values of P~ for certain fermionic single-trace states at resolutions m and K — m [26].
As a result, some single-particle states may be interpreted as threshold bound states. It
therefore appears that the spectrum of the massless large /N model is built of a sequence of
basic states, sometimes called “single-particle states,” which were investigated in [19, 26—
29] using DLCQ. In section 4 we will review the implications of the Kac-Moody structure
of the massless model [19] and examine the exact DLCQ degeneracies more fully. The
massless model was also studied numerically using a conformal truncation approach (for a
review, see [30]), which provides another basis for light-cone wave functions [31].

While the model with a single adjoint Majorana fermion contains rich physics, it is
of obvious interest to consider its generalizations. For example, the SU(N) gauge theory
coupled to two adjoint Majorana fermions, or equivalently one Dirac adjoint, was studied
in [34]. As maq; — 0, this model is not gapped but is rather described by a gauged
% Wess-Zumino-Witten (WZW) model with central charge N 23_1. Surprisingly,
this CFT turns out to have N = 2 supersymmetry [34-36]. The U(1)g symmetry of this

CFT is traced back to the U(1) phase symmetry of the adjoint Dirac fermion.

In this paper we study another extension of the 't Hooft model by coupling the 1 + 1
dimensional SU(NN) gauge theory to Ny fundamental Dirac fermions (quarks) g, of mass
Maund and an adjoint Majorana fermion ¥ of mass madj:3

. Ny
1 o g .
S:/de tr (_WFWFW—G-;‘PLD\II_ ZadJ\I/\I/) +Z (i Pgo — Meund@aga) | - (1.1)
a=1

Then, similarly to the higher-dimensional large N QCD, the spectrum contains both the
glueball-like bound states akin to closed strings, and the meson-like bound states akin to
open strings.* The NJ% meson states transform in the adjoint representation of the U(Ny)
global symmetry, while the gluinoballs are U(Ny) singlets. We will consider the large N
limit where Ny is held fixed.> The structure of the mesons is much more intricate than in
the original 't Hooft model [5] because there can be an arbitrary number of adjoint quanta
forming a string which connects the quark and anti-quark at its endpoints. When this num-

ber is even, the mesons are bosonic, while when it is odd they are fermionic. Far in the IR,
SO(N2—14+2NNy)1
SUN)N+N WZW

Therefore, in contrast to the pure adjoint

the mesonic sector of the massless theory is described by a gauged

Ny(3N2+42N;N+1)
22N+Ny)
model where the corresponding central charge vanishes, the IR limit of the theory (1.1) is

model with central charge

complicated and dynamical.

2
*Let us also mention that for mZ2,; = % the model becomes supersymmetric [15, 16, 32]. This leads

to very interesting effects in non-trivial #-vacua, where the supersymmetry is broken [33].

3The action we study does not include the four-fermion operators that were discussed in [22, 23]. Addition
of such operators generates UV logarithms, thereby violating the UV finiteness of the theory (1.1) that is
manifest in our light-cone treatment. Also, it was shown in [23] using the non-invertible topological lines,
that the four-fermion operators are not generated in the theory with ma.q; = 0.

4There are also baryons which consist of N quarks and can include some number of adjoint quanta. The
baryon masses grow as N in the large N limit [37]. We will not discuss them further in this paper.

5The large N limit of meson masses does not depend on Ny, and in some parts of the paper we will
restrict to Ny = 1.



The bound state equations in the mesonic sector involve mixing of states with different
numbers of quanta. As a result, the problem of determining the meson masses is much
more complicated than in [5]. When we apply the DLCQ to the mesonic sector, we find
new surprises in the limit where both maq; and mynq are sent to zero. The values of P~
for certain massive meson states does not change as the resolution parameter is increased
and is the same as the sum of the values of P~ for one or more fermionic gluinoball states.
We trace this exact result to the osp(1]4) symmetry of the DLCQ system with antiperiodic
boundary conditions around the circle in ™ direction. This symmetry helps us prove that
in the continuum limit, there is a large amount of degeneracy in the spectrum of the meson
states at the same value of masses as possessed by certain gluinoball states; the first of
them occurs at Mg ~ 5.72927]\[. This fascinating structure of the spectrum is similar to the
threshold bound states in the pure gluinoball sector. Some of new degeneracies we observe
(see figures 3 and 4) suggest that the meson states with growing multiplicities may be
thought of as threshold bound states of the singlet gluinoball of mass My and states from
the CFT sector. After we turn on the quark mass mg.nq, we continue to find that some
meson states are threshold bound states of gluinoballs and lighter mesons; see section 8.
This structure of some meson states in our model (1.1) is also reminiscent of the exotic,
possibly molecular, XY Z mesons observed in the real world (for reviews, see [38, 39]). In
particular, the mass of the X (3872) charmonium state is extremely close to the sum of the
masses of D and D* mesons. Clearly, the intricate and surprising structure of the bound
state spectrum in model (1.1) deserves further studies and a deeper understanding.

The rest of this paper is organized as follows. In section 2 we set up our conventions
and derive the expressions for the light-cone momenta in the continuum limit. In section 3,
we describe the implementation of the DLCQ procedure and present numerical results
for the spectrum of P~ and the spectrum of masses for both gluinoballs and mesons at
leading order in the large NV limit when mg.q; = mpna = 0. Section 4 contains a review
of the Kac-Moody approach developed in [19] as well as its implications for the model
we study. As we will show, many of the degeneracies we observe can be anticipated from
this approach, and many are expected to survive at finite N. In section 5 we present the
numerical gluinoball spectrum obtained using DLCQ and show that introduction of the
adjoint mass lifts the degeneracies. In section 6 we similarly present the numerical meson
spectrum. In section 7 we explain many of the degeneracies in the P~ meson spectrum by
constructing the symmetry generators that form the osp(1]4) algebra. Lastly, in section 8
we examine how the spectrum changes when we introduce non-zero fundamental mass mg,nq
and show that some of the degeneracies are not lifted. We provide additional evidence
for the screening behavior of the theory with massless adjoints. It follows the approach
in [19, 20] and relies on the quantitative properties of meson spectra in theory (1.1) with
massive quarks. We end with a discussion of our results in section 9.



2 Action and mode expansion

2.1 Action

When working with fermions in 1+ 1 dimensions, we will use the gamma matrices v = o,
y! = io1, obeying the Clifford algebra {y#,v"} = 2n** with n* = diag{1, —1}. The action
for our model for an SU(V) gauge theory with gauge field A,, as well as an adjoint Majorana
fermion ¥ and fundamental Dirac fermions ¢, was given in (1.1), where the SU(N) gauge
covariant derivative acts as

DyWij = 0u%i5 +i[Au, ¥ij,  Dubia = Ougia + i(Ap)ijgja (2.1)

where (A,);; is hermitian and traceless.

To study this action in light-cone quantization, we define the light-cone coordinates
¥ = (20 £ 2')/+/2 as well as the light-cone components of the gauge and matter fields.
For the gauge field, we have Ay = (A & A1)/v/2, while for the fermions we define ¥;; =

2-1/4 (%‘j) and gjo = 271/4 Yie ) 1n the gauge A_ = 0, the action (1.1) takes the form
Xij e

1 1 1 {
2 2 . .
S = /d X ltr (292 (8_A+) + izw&rw + izxé?_x + A+J+ — \/imadjxw)

| (2.2)
. . 1
+ ZUlk8+vk’o¢ + Z¢Lk8—¢k’ - ﬁmfund (qb:;kvka + ¢kav:;]€) ‘| )

where JT = J;ij + J;gnd is the right-moving component of the gauged SU(N) current, with
contributions from the adjoint and fundamental fermions given by®

+ — 1 + T 1 T
(Jagyis = Yiwthrj — 370tk (Jpna)i = ViaVaj — 570 VkaVay (2.3)

If we treat #* as the time coordinate, then we see that Ay, x, ¢ and ¢' are non-
dynamical and can be eliminated using their equations of motion, which are

1 Madj Mfun, Mfun
Jh= 502As, x="de, 0o==Tpte, ogl= S (24)

Eliminating each of the non-dynamical fields, we can write (2.2) as

2
iMyg;

4

2 1 j 1 im3 1
S:/d% [tr <92J+82J++;1/18+w+ 1/11/1) +z‘vlka+vka+m%vlkaf% .

(2.5)

SEquivalently, we can also write the adjoint contribution more simply as the normal-ordered expression

Jiy,adj =: "y .. However, if we subtract the SU(N) trace, as in (2.3), then (J:dj

SU(N) adjoint and we do not have to worry about the normal ordering prescription. Indeed, the normal

)i; is manifestly an

ordering ambiguity is a c-number, which represents a mixing of the current with the identity operator.
Since the identity operator and the current transform in different representations of SU(N), there can be
no mixing.



From this expression, it follows that the light-cone momentum operators are
Pt = [do | Xt w0 )
= x itr (10_1) + v, 0—Vka |

. . 2.6)
2 1 ng . 1 2 1 (
Pi = /d{L’i [— tr <gJ+J+ 4 d.]wiw _ m“l{k&ivka

2° 92 4 2

The light-cone momenta P+ and P~ commute and can be simultaneously diagonalized.
To find the spectrum of the theory, we will be interested in finding the eigenvalues of the
mass squared operator M? = 2P+ P,

In addition, both P™ and P~ commute with the charge conjugation operator C de-
fined by

CoyC =1y, Copal™l =), (2.7)
The operator C generates a Zs symmetry which we sometimes use to classify states.

2.2 Mode expansion and canonical quantization

One can analyze this theory in canonical quantization. The canonical anti-commutation
relations are

Wi (@), Yr(y™) =6d(x” —y7) <5u5kj - ]175@'51@) ,

{vli(@ ), vip(y7)} = 8(a™ — y7)djibas

(2.8)

To construct the states, we first expand ¢ and v in Fourier modes in the x~ direction

— 1 o0 —3 +(E_ i +2_
vi(a7) = o [k (b (k)e T ()T

1 oo o . (2.9)
Via(xz7) = \/%/0 dk™ (dm(lﬁ)e*’k v +cLi(k+)eZk v ) ,
and then one can check that the canonical commutation relations (2.8) imply
{eha®)ca;(K) ) = 0iy0apd(k = K),  {dly(k), djp(K)} = 5iy8ap0(k — k), o)
2.10

1
{00,000, b0} = 0= ) (0 = 856

where we have omitted the superscript + on the momenta. We treat c,;(k), din(k), and
bij(k) as annihilation operators and cLi(k), d}a(k), and b;rl(k) as creation operators, and
we assume that all annihilation operators annihilate the vacuum |0). The space of states
is obtained by acting with creation operators on this vacuum. The charge conjugation
operator acts on the creation operators according to

T -1 _ T T -1 _ 4f T -1 _ t
el (et =bl(k),  Ccyhet =dl, k), cdl (et =du(k). (211)

[6%)



At leading order in large N, the single-trace states decouple, in the sense that the ma-
trix elements of M? = 2Pt P~ between single-trace and multi-trace states are suppressed
in 1/N. Our main interest here will be in the single-trace mesonic states. For a fixed
P component of the momentum, the most general such single-trace mesonic state can be
written as

P+ n— 1)/2 n
=1

X gn(21,. .. ,xn)ca(kl)bf(kz) o b () dfy (k) 0)

(2.12)

where x; = k;/P" are the momentum fractions, g, is the n-bit component of the wave-
function, and {g} denotes the set of all g,, with n > 2. The overall powers of P™ and N are
such that, at leading order in 1/N, the inner product on the states (2.12) takes the form

<{g }aﬁvPl+|{g}’y§7P+ / dzy - dxngn(xlv"'axn)*gn(xlv-"7xn)
(2.13)
X 5(P/+ - P+)5a7555 y

and thus is of order N at large N. The analogous single-trace gluinoball states previously
studied in [16] are of the form

(n—1)/2
L S Ry (sz)
X fu(w1, ) tr [bT (k1) - b (k)] [0,

(2.14)

where now, due to the cyclic property of the trace, the n-bit component functions
fn(z1,...,2,) obey folxo,...,Tn,21) = (=1)" 1 fu(21,...,2,). At leading order in 1/N,
the inner product on these states takes the form

{f P L PT) =0(PT = PT) Zn/ol dwy - den fo (1, an) fol@1, . ).

(2.15)
Note that a different power of N is needed in (2.12) and (2.14) in order to achieve an
inner product that does not scale with N. The single-trace meson and gluionoball states
in (2.12) and (2.14) are orthogonal.

2.3 Light-cone momentum in canonical quantization

Inserting the mode expansions (2.9) into the expression for P* in (2.6) gives
Pt = /0 dk k (bjj(k?)bij(k’) + CLi(k)Cai(k) + d;'ra(k?)dia(k?)> . (2.16)

The expression for P~ is more complicated since it involves mass terms that are quadratic
in the creation operators as well as interaction terms arising from the first term in (2.6).
We thus split up P~ as

P~ =P+ P

mass int

(2.17)



where

2 9]
- adJ Mfund l T ) t )
Prss = 5 [ i 0y s 1)+ na | dkk(cm-<k>cm<k>+dm<k>dza<k>)(, |
2.18

= ——/dm tr( J+> (2.19)

To evaluate this term, note that the current is

and

Ti(z™) = % /0  dkaw’ [(bik(k)e_ikx‘ bl (R)e™® =) (s (K )e* == 4 bl (K)o~
+ (dia(R)e ™ = + el (k)e™™= ) (dl, (k)e™' = +caj(/€')e_ik/x)] : (2.20)

When this is expanded out, JZT;- has 8 terms, and so tr (J +8%J +) has 64 terms. A careful

calculation gives

g [>® - 1 1
- s _ T k)L (ko) .
P = 27r/0 dk‘[5(k1+k2 k3 k4)((k1—k3)2 (k1+k2)2)bzk(kl)bkj(kQ)bZl(k3)le(k4)
1 1
+6 (k1 + ko + kg — ) <(k1 e (k2+k3)2> bl (e )bf, ()b, (ks )bij (Fea)
1 1

+6 (K1 + ko + k3 — ka) <( ) ) L () bir (K )bgs () by ()

ko +k3)2 (k1 + k)2
1

+0(k1+ ko — ks —ka) mczi(kl)djﬁ(@)caj (k3)djp(ka)

ch (k1) cai(ka)bi (k3)bij (a) fca]<k2)b]k<k3>bm<k4>cm<k1>
(k1— )

(k1) — (kl)bzk(kZ)bk](kS)d]oz(k4)

+5(k1—]{72—k3—k4)

bl (k2)bl (Ks)dL, (k4)dja

+5(k1—]{72—k3—k4)

(kl—k4)
+5(k1+I€2—k3_k4)CL]'(kl)b;[k(kQ)cai(k3)bik(k4)+b ()l (k2)bij (k) dja (k)
(k1 —ks3)?
k
+—/ dk <bT (k?)+CLi(k)Cai(k)+d;‘ra(k)dioz(k))/0 (pi[;{)y (2.21)

where we ignored terms that are suppressed in 1/N when acting on the single-trace meson
and gluinoball states. More precisely, we ignored terms whose matrix elements between
the states (2.12) and (2.14) vanish as N — oc.

3 Discretized eigenvalue problem

To treat the problem numerically, we compactify the = direction into a circle of circum-
ference 2w L and impose antiperiodic boundary conditions for the fermions, namely

wij(l’i) = —1/}7;]'(337 + 27TL) , vi(af) = —vi(af + 27TL) . (31)



Then the allowed momenta are k, = 57, with odd n. All the formulas in the previous
section can be easily rewritten in the discretized case by limiting the range of the x integrals
to [0,27L] and replacing 6(k — k') — Loy and [ dk — + 3, where 0 s is the Kronecker
delta symbol. Thus, in the discrete case the anti-commutation relations (2.10) become

1
{Bi k1), Bl (ko) } = L, 1, <5ﬂdjk - N(sz-jak,) :

(3.2)
{cailkr), el (ko) } = {dia(k), dlg(ka) } = Lok, ,01005

To simplify the notation and to exhibit the fact that L drops out from the formula for the
masses, we define the dimensionless annihilation and creation operators. The annihilation
operators are defined by

(3.3)
with n > 0 odd, and the corresponding creation operators are defined analogously. These
dimensionless operators obey

1
{Bij(nl)a Bsz(W)} = Oy o <5z‘l5jk — N5¢j5kz> :

(3.4)
{Cai(n1)7 ng (n2)} = {Dia(nl)a D}ﬁ(nQ)} = 5n17n25ij5a5 :

In terms of the dimensionless oscillators, the mode decompositions in (2.9) become

1 s X . xT
(x) = E Bii(n)e~ "3t + B (n)ear ,
wl]( ) /727'([/ i n>0< ’U( ) ]z( ) >

1 Z ( . . L ) (3.5)
Via(T) = Djn(n)e 2L + C).(n)e"™2L ) |
v 2rL odd n>0 “
the operator PV is
1
Pr=2 3 n(BLWBy(n) + CL(n)Cai(n) + Dly(m)Dia(n) . (36)
odd n>0
and the operator P~ can be written as
2
_ L
P = 97 (yadj Vadj + yfund‘/fund + T) ) (37)
 m2r mom
where we have defined yaq; = p - and Yrnd = gg'}\, , with
Vagj = LBt (n)B,; Viund = L (¢t (n)Cos(n)+ DI (n)D; 3.8
adj Z i (n) ij (n)7 fund Z n az(n) az(n)+ wé(n) wc(n) s ( . )
odd n>0 odd n>0



and

n—2

T=N Y (4Bn)By(n) + 200 Cos(m) + 2D}y (mDia() 3
odd n>0 m

+2 N {5m+n2,n3+n4[<( ! - ! 2)ng(nl)B;Lj(HZ)Bil(n3)Blj(n4)

odd 7y>0 ny —ng)?  (n1+ng)

+ gz L) Bl () iy ) By (s
+ (Tll_lns)QBliz(nl)D;fa(nQ)Bk] (n3)Dja(n4)

1
" (711—713)2Cli(nl)DgB(nQ)Caj(n3>Dj5(n4)]

1 1 ;
+0n1 notnstna [ <(n3 gl n3)2) Bj;(n1) Bik(n2) Bri(n3) Bij(na)

1 2Clj(m)Cai(”Q)Bik(ns)Bkj(n4)
(3.9)

+ -
(n3 + na)

1
~ g2 D) Bas(12) By () Dy ) + b

Since P™ and P~ commute, we can work at fixed P* = K/(2L) for some integer K.
This means we consider single-trace meson states of the form

s Chm) B () - B, 1)Dl () 0) (3.10)

with 3°?_ n; = K, as well as single-trace gluinoball states
=1

7 T (Bf(n1)--- B(ny)) [0) , (3.11)
with the same condition on the sum of the n;. At leading order in large IV, one can choose
an orthonormal basis of such states. Just as in (2.12) and (2.14), the overall powers of
N in (3.10)—(3.11) are such that the states have finite norm as N — oo, and from the
expression for P~ we dropped all terms whose matrix elements are suppressed in 1/N in
the large N limit.

The mass squared operator becomes

7*K

M? =2PTP™ = — (YadjVadj + Yfund Veund + T) , (3.12)
Notice that the factors of L canceled from this expression. Removing the cutoff corresponds
to taking L — oo and K — oo with PT fixed. In sections 5, 6, and 8 we will use the
expression (3.12) to find the spectrum of gluinoballs and mesons numerically at leading

order in large N.



4 Kac-Moody algebra in DLCQ and exact degeneracies of the spectrum

When mgyng = magj = 0, the discretized problem of finding the spectrum of M 2 presented
in the previous section can be somewhat simplified upon using the SU(N) gauge current
algebra and its representations [19]. While we will not use this simplification, let us now
review this approach because it will be useful for interpreting the numerical results of
sections 5 and 6.

4.1 Current algebra

The simplification mentioned above is based on the fact that the operator P~ in (3.7)—
(3.9) can be expressed solely in terms of the Fourier modes of the gauge current J;; . Let
us define the nth Fourier mode J;j(n) (with n € 2Z) through

J+ 27TL Z Jij (m)e™"5T Jij(n) = Jadj,ij(n) + Jrund,ij (1) (4.1)

even n

with the adjoint and fundamental contributions Jagji;(n) and Jyng,i;(n) being

Jadjij(n) = Y (Bik(nl)Bkj(m) - ;bvaijBkl(nl)Blk(TM))
e 1 (4.2)
Jrund,ij(n) = D (Dm(m)caj(nz) — N5ijDka(n1)Cak(n2)> ;
ni1+no=n

where for simplicity we denoted B;j(—n) = B;[Z-(n), Djo(—n) = Cli(n), and Cgui(—n) =
D;ra(n) for n > 0. For n > 0 we have that J;j(n)|0) = 0 because each term in J;;(n)
involves at least one annihilation operator. We also have that J;;(0)[0) = 0 because the
Jij(0) are the conserved SU(IV) charge operators that annihilate the Fock vacuum. In fact,
Jij(0) [¢) = 0 for any gauge-invariant state |1)). When n < 0, J;;(n)|0) # 0 because in this
case Jj;j(n) contains at least one term with only fermionic creation operators.

Using the commutation relations (3.4) and (4.2), we can compute the commutation
relation of J with the fermionic oscillators:

[Ji(n), Br(m)] = 6k Bu(n + m) = 6 Bgj(n +m),
1
[7i3(n), Dka(m)] = 0x; Dia(n +m) = <05 Dya(n +m), (4.3)
1
[Jij (TL), Cak(m)} = *5%00[]’ (n + m) + Néijcak(n + m) .
From (4.3) and the expression (4.2) for J in terms of fermionic oscillators, we can derive

the Kac-Moody (KM) current algebra

N Optm 1
[Jij(n), Ji(m)] = OpjJa(n+m) — 6y Jj(n+m) -I-kKMTJF’O <5z‘l5kzj - N5ij5kl) , (4.4)

with level kxy = N + Np.” Note that (4.3) and the first two terms in (4.4) follow from
the SU(N) transformation properties of the operators being commuted with the current.

"If instead of a single adjoint Majorana fermion we had naq; flavors of adjoint Majorana fermions, we
would have obtained (4.4) with kxkm = nadaj N + Ny.
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The operators J;j(n) carry PT momentum equal to —n/(2L), as can be seen from the

commutation relation
n

2L

Thus, when J;j(n) acts on a state with a definite value of K = 2LP™, it lowers K by
n units.

[PT, Jij(n)] = Jij(n) . (4.5)

For massless fermions, the expression for P~ is

9 1

Plugging (4.1) into this expression gives

2 2
oLy MO 2L g elEnI]
even n#£0 even n>0

where there are no n = 0 terms in these sums because J(0) annihilates all gauge-invariant
states, and where in the second equality we used the algebra (4.4) to interchange J(—n)
with J(n) for n < 0 at the expense of a divergent c-number energy shift. The requirement
that P~ annihilate the vacuum |0) fixes the regularized value of this divergent term to
zero. Unlike the expressions (3.7)—(3.9) which hold only to leading order in large N when
acting on single-trace states, the expression (4.7) is exact at finite NV as well.

As we will explain in more detail below, the advantage of the form (4.7) is to make
it manifest that P~ only mixes states that belong to the same representation of the cur-
rent algebra (4.4) [19]. Representations of the Kac-Moody current algebra (4.4) can be
constructed in the free theory of v;;, v, and vli, and they each contain both gauge-
invariant states (i.e., annihilated by .J;;(0)) and non-gauge-invariant states. Because P~
commutes with J;;(0), it follows that P~ maps gauge-invariant states to gauge-invariant
states, so after constructing a given KM representation we can restrict our attention to its
gauge-invariant subspace.

A representation of the KM algebra (also referred to below as a current block or KM
block) starts with a KM primary state |x); (generally not gauge invariant with all SU(NV)
indices grouped together into the multi-index I) that is annihilated by all J;;(n) with n > 0.
The other states in the representation are KM descendants obtained by acting with J;;(n)
with n < 0:8

Jiri (=11) Jiggo (=m2) - Jip5, (=1p) [X) 1 (4.8)

with n; > 0. For such a state to be gauge-invariant, all SU(N) indices of the J’s and
of |x) must be fully contracted. Because J;;(n) carries P* momentum equal to —n/2L
(see (4.5)), the states of a KM representation are graded by the value of K = 2LP", with
the KM primary having the smallest value of K.

When acting with P~ on a state of the form (4.8), we can use the algebra (4.4) to
commute the J(n) with n > 0 from (4.7) all the way to the right, where it annihilates |x);.

8 Acting with J;;(0) on the KM primary or one of its descendants can be reduced to a linear combination
of the KM primary and the descendants because J;;(0) acts as the corresponding SU(N) generator.
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’ n ‘ SU(N) irreps ‘ anti-symmetric product?
0 Mo = [00...0] (identity) yes
1 My = [10...01] (adjoint) yes
2 Ry = [20...010], Ry = [010...02] yes
M, = [20...02], RY = [01...10] no
3 M3 = [30...0100], Ry @ [0010. .. 03] yes
5 =1[110...011] yes
/= [30...03], R = [0010...0100], etc. 1o
etc.

Table 1. The Dynkin labels of various irreducible SU(NNV) representations for various values of n.
The last column states whether the representations are contained in the anti-symmetric product of
n adjoint representations. All irreps are real except for the complex representations R and Rz and
their conjugates My and Rs.

Any J(n') with n’ > 0 that was generated in this process from the commutators can also
be commuted all the way to the right, and the process can be repeated until we are left
with a linear combination of states of the form (4.8) that do not contain any J(n) with
n > 0. Thus, P~ takes the states (4.8) to linear combinations of states of the same form,
and thus the diagonalization of P~ can be done independently for each current block.

As explained in [19], this construction not only shows that P~ is diagonal in each
current block, but also that the eigenvalues of P~ within the gauge-invariant subspace
of a given current block depend only on the level kxy of the current algebra and on the
SU(N) representation of the KM primary. Indeed, the structure of the gauge-invariant
states does depend on the representation of the KM primary, and when commuting the
J(n)’s with n > 0 all the way to the right, we use (4.4) which depends only on the gauge
group and the level kxy. It follows that for any two current blocks whose KM primaries
transform in the same representation of SU(N), either belonging to the same theory or to
two different theories with the same value of ki, the eigenvalues of P~ will be the same.
This universality of the massive spectrum, first noticed in [19], will be very important in
explaining some of the degeneracies we observe numerically in the spectrum of P~ in the
following sections.

For a current block to contain singlets it is necessary that the KM primary transform
in a representation of SU(N) with N-ality 0, because the N-ality is conserved under tensor
products and J(—n), being an SU(N) adjoint, has N-ality zero. (All other KM representa-
tions where the KM primary does not have N-ality 0 does not contain any gauge-invariant
states.) The representations of N-ality 0 can be obtained by taking tensor products of
the adjoint representation. We will denote by n the smallest number of adjoint factors in
such tensor products that are needed to obtain a given representation. See table 1 for the
SU(N) representations obtained for up to n = 3. For each representation, we stated in the
last column whether or not it belongs to the totally anti-symmetric product of n adjoint
factors. This fact will be important in the next subsection.
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4.2 Gluinoball spectrum at finite N when Ny =0

Before tackling the theory with one Majorana adjoint and Ny fundamental fermions, let us
first review current block construction when Ny = 0, following [19]. Labeling the current

blocks as above by n, we have the following primaries:”
n=0: 10),
n=1:  Bl(1)),
n=2: (BLOBLD - Loud(-D) + hhy(-2) 0. (@)
n=3:  (BL()BL)B], (1) - traces) [0),
etc.

They all involve products of n factors of Bf(1) acting on the Fock vacuum, with all the
SU(N) traces removed. Even though they are all constructed from B;i(l), one can obtain
descendants where no B;i(l)’s appear because the currents can contain Bj;(1)’s which may
annihilate the B]Ti(l)’s. It is straightforward to check that these states are annihilated by
all J;j(n) with n < 0. Note that the states of even n are bosons while those of odd n
are fermions.

For n > 1, the primaries in (4.9) transform in reducible representations of SU(N). To
form SU(N) irreps, we should further symmetrize and/or anti-symmetrize in the funda-
mental indices i, k, m, ..., and then because the BY’s anti-commute, the states in (4.9)
will have the opposite symmetry properties in the anti-fundamental indices j, [, n, etc.
The number of SU(N) irreps one can construct is equal to the number of Young diagrams
with n boxes, with the first few representations being the ones marked as appearing in the
anti-symmetric product of n adjoints in table 1.

At finite N, each block can be diagonalized separately, and one expects no relation
between the eigenvalues of blocks whose primaries are in different SU(NN) representations,
with one exception. Because the adjoint representation is real, each time a complex rep-
resentation appears in the product of several adjoint representations, its conjugate repre-
sentation must appear too. For example, at n = 2, we have iy and R, and at n = 3 we
have 93 and Rs, etc. Since our gauge theory has charge conjugation symmetry, defined
in (2.7), the eigenvalues of P~ for a current block with primary in representation SR must
be equal to those of the conjugate current block whose primary is in 93. Thus, one expects
two-fold degeneracies for these states in the finite N spectrum of P~. Such degeneracies
were noticed in the numerical study of [40], but no clear explanation was presented. In
particular, the double degeneracies in table 4 of [40] correspond to the n = 2 degeneracies
between the R2 and Re blocks and the double degeneracy discussed after eq. (12) of [40]
correspond to the n = 3 degeneracy between states in the 33 and 2R3 blocks.

9For the n = 3 state, the traces that need to be subtracted are:

1
| 837 (=2) B (1) = 8y (=2) Bl (1) = b Jin(=2) Bl (1) + Gin I (~2) By (1)

= Sk It (—2) Bl (1) + 1 Jin (—2) B, (1) | -
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4.3 Gluinoball degeneracies at large N when Ny =0

At large N, the states in each block further split into single-trace and multi-trace sectors,
and more exact degeneracies appear between single-trace and multi-trace states, as we now
explain. In particular, at leading order in large NN, the single-trace eigenvalues from a
sector labeled by n, > 1 are in one-to-one correspondence with the sums of n, eigenvalues
of single-trace states from the n = 1 sector. Thus, in the current block labeled by n, there
will be multi-trace states that are exactly degenerate with single-trace ones.

The proof of this fact relies on the fact that the theory with one Majorana adjoint and
no fundamentals has the same value of the KM level kxyn = IV as the theory of Ny = N
fundamental fermions with no adjoints. For brevity, let us denote the former theory as
Taqj and the latter as Truna. As mentioned above, this means that the spectrum of P~ in
current blocks whose primaries transform in the same representation of SU(N) must be
identical in the two theories. The two theories are not equivalent, and indeed Tgung has
more current blocks than 7,q4; for a given n, but the description in terms of fundamental
fermions in Tging will make it easier to determine the eigenvalues in the n > 1 sectors at
leading order in 1/N.

In particular, instead of computing the P~ eigenvalues in the current blocks in (4.9)
in 7aqj, we can equivalently compute the P~ eigenvalues in the following blocks of Trung
with primaries given by!°

n=0: |0),
n=1: (Cli(l)DJT.B(l) — flavor and gauge trace) |0},
(4.10)
n=2: (C’Iw-(1)D}5(1)Clk(1)Dzr5(1) — flavor and gauge traces) 0),
etc.

We will set the flavor indices to be all distinct, in which case there is no flavor trace
subtraction necessary.

At finite N the two problems are equivalent, but at large N there are two simplifications
that occur. The first is that the SU(N) trace subtractions are subleading in 1/N both
in (4.10) and (4.9), so one can ignore the corresponding terms. The second is that any
commutators that break any of the strings are also subleading. In the n = 0 block, we have

the gauge-invariant single-trace states

1
n=0: Mtr(J(—n1)~--J(—np))\O> (4.11)
in both the 7,q; and Truna theories. For n = 1, we have the gauge-invariant single-trace
states
1
n=1 (J(=n1) -+ J(=np)B(=1))[0)

NPts ’ (4.12)

~ 1 t 1\t '

= (J(=n1) -~ J(=np))jiCpi(1)Dj5(1)[0),

OFor a given n, these are not the only KM primaries of the Tuna theory.
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for any a # 8. The “=” sign means that as far as the matrix elements and spectrum of

P~ are concerned, we can identify (up to normalization) the states on the left in the 7T,q;

theory with the states on the right in the Tgng theory. While the “single-trace” terminology

is appropriate in the 7.qj theory, in Trnq the state (4.12) would be better referred to as

“single-string,” because it consists of a sequence of CT’s and D1’s that alternate between

having color indices and flavor indices contracted except at the endpoints of the string.
For n = 2, we have the gauge-invariant single-trace states

[J (=) - T (=np) ]l (=ma) -~ T (=, )]

n=2: Lt T "Bl (1) B} (1)]0) )
o [T(=n)- ..J(—npk)[];ﬂi(;mﬂ - J(=mpy )i ct (Dt et ()Dl 1)),

for any pairwise distinct «, 3,7, 0. Again, these states are single-trace only in 7aqj; in Trund
they are “double-string” states. A similar construction holds for n > 2:

( 21:1 J(_nl,k))iﬂ‘g T ( %1:1 J(_nn,k))

i2nt1 BT ) (1) . ..BJr (1)|0>

NP1+t i211 i2ni2n—1
~ ( %:1 J(=n1)) 55, ( inzl J(=nar));,
- ]\;2pllg+“‘+pn+% e C12411'1 (1)D:l|'2,31 (1) Tt CléniQn_l (1)D32n18n(1)‘0> Y

(4.14)

with {«;, f;} all distinct. Neglecting terms suppressed in 1/N, the state on the r.h.s.
of (4.14) can also be written as
(T I (=110 iy Oty (DD, (1) ([T T (=) iy, Chis (DD, 5, (1)

Nler% N an+% |0> ’
(4.15)

which has the form of a multi-string state, with n factors as in (4.12).

Thus, single-trace states of the current block labeled by n in the 7,q4; theory are in fact
multi-string states in the Tgng theory, with the single-string factors coming from the n =1
block. Because for multi-string states large N factorization works similarly as for multi-
trace states, it follows that the eigenvalues of single-trace states in the nth block of the 7T,g;
theory are in one-to-one correspondence sums of n eigenvalues from the 1st current block.

The formula (4.14) explains how to construct the eigenstates. Suppose in the n =1
sector the eigenstate of P~ eigenvalue P~ = E, is

Yo Gy tr(J (=) -+ T (=np) B(=1))[0) (4.16)
{ni,...,np}
then the state in the nth block with eigenvalue E,, + -+ E,, is
>,y (T(=n1) - T (=0 ) isig e (T (=) - T (<) s
{ni1,mip}
X Biyiy(—1)+ Bigy iz (~1)[0). (4.17)
One can obtain a multi-trace state in 7T,q; with the same P~ eigenvalue E,, +---+ E,, by

contracting the indices in the first line with those in the second line of (4.17) in a different
way. Of course, some of these states may vanish because of Fermi statistics.
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The discussion above is restricted to the large N spectrum of gluinoballs in 7,4;. The
discussion also applies to the gluinoball spectrum of the theory with a Majorana adjoint
and Ny fundamental fermions that we are interested in here, in the limit N — oo at
fixed N f-

4.4 Current blocks and degeneracies at finite N for Ny > 0

Let us now go back to the SU(NN) gauge theory with a Majorana adjoint fermion and N
Dirac fermions of primary interest in this paper, and let us list the first few KM blocks.

Unlike in the pure adjoint theory whose primaries are listed in (4.9), we now have
several current blocks for each n. For n = 0 (SU(N) singlets), we have the Fock vacuum
|0), the equal linear combinations of two-bit mesons of the form Cli(nl)DiTﬂ(ng) |0) with
any total even value of K > 2,'! the equal linear combination of three-bit mesons of the
form C’Li(nl)ng(ng)D;ﬂ(ng) |0) with any total odd value of K > 3, as well as infinitely
many other more complicated singlet KM primaries with more than three-bit components
for which we do not have a concise expression:

n=0: [0, |Capx)= Y. Chi(m1)Dls(ma)]0),
i
mi12>0o0
’ (4.18)
o) = >, Cli(m1)Bf(m2)Dl,(ms)]0) |

mi+mo+mz=K
m1,2,3>0 odd

As per the discussion above, each such block has the exact same P~ spectrum, so every
P~ eigenvalue in the n = 0 sector is highly degenerate. In particular, all KM primaries
in the n = 0 sector have P~ = 0 just like the Fock vacuum |0). As we will explain in the
next section, this theory has a finite but growing number of P~ = 0 states at each K, and
their presence is due to the fact that the infrared is controlled by a nontrivial CFT. Each
P~ = 0 state generates its own n = 0 current block.!? Note that as emphasized in [19], in
light-cone quantization one can see all massive states and the right-moving massless ones,
but not the left-moving massless states. Thus, the P~ = 0 states seen in DLCQ do not
provide a complete description of the massless sector.

For n = 1 (SU(NV) adjoints), we have the KM primary from the pure adjoint theory
n (4.9), as well as primaries constructed using the fundamental fermions:

n1: < o).
<D g _ %ﬂB}k@)BL(U _ gauge traces) 0)

(D SIC B (Vo = S2 B ) B0 B ()] - 2 B1,(3) — gauge traces ) 0),
( (D) = 22 (B ) BB )] + 52 Bl(3) — gauge traces ) 0).

(4.19)

"The state |Cap,x) is the unique exactly massless state of the ’t Hooft model [5].
12The expression for P~ in (4.7) makes manifest that P~ is a non-negative-definite operator and that
P~ |x) =0 if and only if J;;(n)|x) = 0 for all n > 0.
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As we can see, the state in the first line has K = 1; the state on the second line has K = 2;
and the states on the third and fourth lines have K = 3. The pattern continues: we can
find p KM primaries with K = p + 1 that start with

(1B ) D sl (DB as+--)10) . q=0.1...p—1.  (4.20)

Thus, for every eigenstate of P~ with some value of K belonging to the block on the first
line of (4.19), we will have a whole family of states degenerate with it: a K + 1 state from
the block on the second line, two K + 2 states from the blocks on the third and fourth
lines, etc. In general, at resolution parameter K + p + 1 we will have p eigenstates of P~
degenerate with the eigenstate of P~ belonging to the first block in (4.19) at resolution
parameter K.

For n = 2, we can construct KM primaries from the U(Ny) singlet B]Ti(l) and the
U(Ny) adjoint D]T‘,BO)CL‘(U? as well as factors such as the first term in (4.20). Unlike the
Ny = 0 case, we can now obtain all SU(IV) representations that appear in the product of
two adjoints, namely o, Ry and also R, and R) — see table 1. While we leave a full
analysis of these representations to future work, let us point out that the first couple n = 2
primaries in My ® Ry are

n = 2 primaries in s ® Ro :

(B;i(l)BlTk(l) - traces) 0),

4.21
(50D + 528,005, Bl — ) ),

where the first line is as in (4.9). As in the n = 1 sector, we see that for every P~ eigenstate
at K coming from the first block we will have a P~ eigenstate at K + 1, and so on.

4.5 Degeneracies at large N for Ny > 0

As discussed in section 4.2, at large N the states in each current block split into single-
trace and multi-trace, and there are additional degeneracies between the single-trace and
multi-trace ones.

Of the n = 0 current blocks in (4.18), the block whose primary is the Fock vacuum |0)
contains single-trace gluinoball states of the form (4.11) (as well as multi-trace gluinoball
states) that are in one-to-one correspondence with and have the exact same P~ spectrum
as the n = 0 sector of the pure adjoint theory T,q; at leading order in 1/N. Each of the
other n = 0 blocks in (4.18) whose KM primaries are gauge-invariant single-trace states
such as |(a8,K) Or |€ap k) contains only one single-trace state (namely the KM primary
itself) as well as multi-trace states.

Of the n = 1 current blocks in (4.19), the block whose primary is B}i(l) |0) contains
single-trace gluinoball states of the same form as on the Lh.s. of (4.12) (as well as multi-
trace gluinoball states) that are in one-to-one correspondence with and have the exact
same P~ spectrum as the n = 1 sector of the pure adjoint theory. The other n = 1 blocks
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K 35 36 37 38 39 40 41
Dim | 5.9 x 10° | 9.3 x 10° | 1.5 x 10% | 2.3 x 10° | 3.6 x 10% | 5.7 x 10% | 9.0 x 106

Table 2. The number of gluinoball states in the discretized basis at the highest values of K
we reach.

in (4.19)—(4.20) contain single-trace mesons with the exact same P~ spectrum as then =1
gluinoballs (at leading order in large N we should only keep the first terms in (4.19)—(4.20)
when constructing gauge-invariant states because the remaining terms are subleading),
with a degeneracy pattern described after (4.20): for every single-trace fermionic n = 1
gluinoball at K, we will have p single-trace meson at K +p, with p =1,2,3,.... In section 7
we will also “explain” this degeneracy pattern of single-trace mesons through the existence
of an osp(1|4) symmetry.

The structure of states in the n = 2 sector is similar to that in the n = 1 sector. In
particular, we have the block whose primary is (B}i(l)BJk(l) - traces) |0}, which contains
single-trace gluinoball states with the same P~ spectrum at large N as the n = 2 single-
trace gluinoball of the pure adjoint theory. For each such gluinoball state, there is then
a tower of single-trace meson states, namely for every gluinoball state at K there are p
single-trace meson states at K +p that are degenerate with it. For p = 1, this state belongs
to the block on the second line of (4.21). We did not analyze the case n > 2, but we expect
a similar structure of single-trace states for these sectors too.

5 Numerical results for gluinoball spectrum

Let us now study numerically the spectrum of single-trace gluinoballs and mesons in the
large N limit. The two decouple at leading order in large N, so in this section we will focus
only on the single-trace gluinoballs. As already mentioned, in the limit where Ny is kept
fixed while N is taken to infinity, the spectrum of gluinoballs is exactly the same as in the
N¢ =0 case. The gluinoball spectrum was studied using the DLCQ procedure in [16, 26].
As was done in [16, 26], working at fixed K and considering the basis of gluinoball states
of the form (3.11), the operators M? and P~ can be written as finite-dimensional matrices
that can be diagonalized numerically.

5.1 Massless adjoint fermion

For yaq; = 0, refs. [16, 26] obtained the spectrum of M? up to K = 25. With modern
computers, one can do much better. We redid this analysis, and using the “Scalable
Library for Eigenvalue Problem Computations” (SLEPc) [41-44], we are able to obtain the
masses of the lowest-lying states up to K = 41, which represents more than a thousandfold
increase in the number of states in the discretized basis. Table 2 gives the numbers of
states at our highest values of K.

In figure 1, we show the masses of gluinoball states as a function of 1/K. We split
the states according to their statistics (states with odd K are fermions, and those with
even K are bosons), and their quantum numbers with respect to the Zy charge conjugation
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(a) The squared masses of fermionic gluinoball states with odd Z. parity. A
low-lying trajectory appears to converge towards Mz, = 17.2g> N/.
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(b) The squared masses of fermionic gluinoball states with even Zy parity. A
low-lying trajectory appears to converge towards Mz, = 5.72¢g> N /.
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(¢) The squared masses of bosonic gluinoball states with odd Zs parity. The
lowest single-particle state appears to converge towards M3, ~ 25.5g> N /7.
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(d) The squared masses of bosonic gluinoball states with even Zo parity. A
low-lying trajectory appears to converge towards Mz, ~ 10.8¢>°N/m.

Figure 1. The masses of gluinoball states in DLCQ with maq; = 0 as a function of 1/K, up
to K = 41. The spectrum was first described in [16, 20] up to K = 25. The orange points are
single-trace gluinoball states that are exactly degenerate with multi-trace states.
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symmetry (2.7). For the fermionic states, we find that the first two “single-particle states”
converge to M#, ~ 5.72g°N/m and M%, ~ 17.2g> N/7 in the continuum limit K — co. At
higher mass-squared values, we see what appears to be the beginning of a continuum in
the spectrum, as was noticed in [26-29]. Extrapolating the lowest masses in this region,
we find that they converge to around M? = 22.9g°N/7 in both the Zs-even and odd
sectors. Among the bosonic states, we find the first single-particle state converging to
M?BO ~ 10.8¢°2N/r in the continuum limit, as well as evidence for a continuous spectrum
starting around M? ~ 22.9g2 N/ in both the Zs-even and odd sectors. That the values of
M? where the continuum starts in both sectors is very close to 4M1%“0 ~ 22.9¢°N /T suggests
that the continuum is composed of two-particle states [26].

A striking feature of these plots are the exact relations stating that some of the eigen-
values of P~(K) at some given K are sums of P~ eigenvalues for fermionic states at K;
with K = Y, K;, i.e. there are states obeying P~ (K) = Y, P~ (K;). Such relations were
explained in section 4.3 as arising at large N in the n > 1 sectors. In terms of the masses,
the relation P~ (K) = Y1 ; P~ (K;) implies

M?*(K) _ = M*(K3)
= . (5.1)

o I
The states whose masses obey these exact relations are shown in orange in figure 1. In
particular, the orange dots at the top of the plots in the fermionic sectors are n = 3 states
with P~ written as a sum of three fermionic eigenvalues. For the bosonic states in figure 1,
the orange dots visible in the plots correspond to n = 2 states. States with n > 3 have
masses that are larger than the upper cutoffs of the plots.

While the threshold at M? =~ 22.9g2N/7 in the bosonic Zs-odd sector is marked by
states exactly degenerate with the double-trace states, we observe similar thresholds in
the other three sectors. It appears that, in the continuum limit K — oo, every sector
therefore exhibits threshold bound states. The reason why the other three sectors, for
example, the fermionic ones, do not exhibit exact thresholds is related to the fact that a
pair of fermionic bound states cannot simply bind to form another fermionic state. To make
the threshold single-trace state a fermion, it needs to contain another fermionic insertion,
such as B;rj(l) (since we are using the anti-periodic boundary conditions, this is the lowest
frequency mode). This insertion would explain the breaking of exact degeneracy, but would
have negligible effect in the limit X' — oco. As noted in [28], this provides an argument
for the existence of the approximate thresholds when the DLCQ boundary conditions are
anti-periodic.

Note that in the continuum limit K — oo, the relation (5.1) implies that for any
group of n trajectories whose masses asymptote to {M;}i1<i<n as K — oo, we will have a
continuum of states with masses starting at

n
Mthreshold = Z Mz . (52)
=1

Indeed, at large enough K, we can approximate M (K;) ~ M;, and we can effectively vary
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Figure 2. The masses of gluinoball states in DLCQ as a function of 1/K, up to K = 41, with the

2
Maqi™
= 0.1

adjoint mass parameter yaq; =
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continuously the momentum fractions z; = K; /K. Thus, (5.1) becomes, at large K,

n M2 n
M~y pt dai=1. (5.3)
i=1 i=1

We see from (5.3) that M? can be made arbitrarily large by taking (at least) one of the x;
to be small. The lowest value of M? is attained when z; = M;/ Zgzl M; and it is given by
Mtzhreshold. Since the x; can be varied continuously, we thus find a continuum of states with
M > Mipreshold a8 K — oo. For any finite mass window AM? above the threshold, the
number of states that approximate the continuum grows as K"~ ! at large but finite K. At
finite K, we will in general not find states with masses given by Mipreshold, partly because
M (K;) varies slightly with K for single particle states, and partly because we will not find
rational z; = K;/K that come arbitrarily close to the optimal value z; = M;/ Z;zl M;.

As we will see shortly, the gluinoball states in figure 1 are related to the spectrum of
single-trace meson states.

5.2 Massive adjoint fermion

For a fixed maq; > 0, we expect the continua in the gluinoball spectrum at large K to dis-
appear and be replaced by a discrete spectrum. Since we have diagonalized the discretized
P~ matrix up to higher values of K than was achieved in previous work, we present here
some additional evidence for this phenomenon.

Figure 2 shows the squared masses of DLCQ states up to K = 41 with the adjoint
mass parameter fixed at y.q; = 0.1. Indeed, the apparent continua in figure 1 are absent
here. In each sector, we extrapolate to estimate the masses of the lowest few states in
the continuum.

6 Numerical results for meson spectrum

Let us now proceed to a similar analysis for the single-trace meson spectrum. In the
theory with N; fundamental quarks, single-trace meson states transform in the adjoint
representation of the U(Ny) flavor symmetry and thus have degeneracy N]%. At leading
order in large N with fixed Ny, the meson masses are independent of Ny. Thus, in the
numerical computations that follow we set Ny = 1 without loss of generality.

In this section we restrict to the case yadj = Yfunda = 0 where the fermions are massless;
we examine the case where the fundamental fermions are massive in section 8. As in the
gluinoball case, to find the single-trace meson spectrum we can again write M? and P~ as
finite-dimensional matrices if we work in the basis of states (3.10) at fixed K. The basis
states (3.10) are in one-to-one correspondence with the ordered partitions of the integer
K into any number of odd integers. It can be shown that the number of meson states at
given K equals Fi if K is even and Fgx — 1 if K is odd, where {F,}5°; is the Fibonacci
sequence with F; = F5 = 1 — see table 3 for the first few examples. As written, the states
in (3.10) are orthonormal at leading order in large V.
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K | # of mesonic states
2 1
3 1
4 3
5 4
6 8
7 12
8 21

Table 3. The number of single-trace mesonic states as a function of K.

6.1 Massless meson states

Diagonalizing M? and P~ numerically as in the gluinoball case, we find that for ypng =
Yadj = 0, the spectra of the discretized M 2 and P~ operators are highly degenerate. First,
unlike in the gluinoball case, we now find meson states with M? = 0 whose number grows
with K, leading to an infinite number of such states in the continuum limit. The first few
massless states were presented around eq. (4.18), where it was pointed out that they are
necessarily the Kac-Moody primaries of their respective current blocks.

The presence of an infinite number of massless states in the continuum limit is not
unexpected, because in the deep IR, our theory is governed by a non-trivial CFT. To
support this conclusion analytically, let us calculate the central charge of the gauged WZW
model which describes the far infrared limit of the theory. Since the free UV theory has
N?% — 14 2NNy Majorana fermion fields, it may be bosonized [45] into the SO(N? — 1 +
2NN¢); WZW model with central charge cuyy = NNy + 3(N% —1). As explained in (4.4),
the SU(N) currents satisfy the Kac-Moody algebra at level kxn = N + Ng. Therefore, the
IR limit of the gauge theory is described by the

SO(N? —1+2NNy);
SU(N) N+,
coset model. The central charge of the SU(N);, WZW model is well-known [25] to be
(N? — l)NLJrk Therefore, we find that the coset model has central charge
N+ Ny  Ny(3N?+42NsN +1)
2N + Ny 2(2N + Ny)

(6.1)

R = cyy — (N? = 1) (6.2)

For large N this grows as 3N N¢/4 and explains the proliferation of massless meson bound
states we observe in DLCQ. We should emphasize again that the DLC(Q description of the
massless bound states is not complete, since for yrng = Yaqj = 0 there is no justification
for discarding the components of the fermions moving along x~. The precise description of
the far IR limit of the theory is provided by the coset model (6.1), but we will not discuss
it further in this paper.

6.2 Massive meson states

For the massive states, the spectrum of P~ has degeneracies that are even more striking
than in the gluinoball case. The eigenvalues of P~ for mesonic states are shown up to
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K = 35 in figure 3, where at each value of K we also colored the eigenvalues according
to their degeneracies. We notice that all the P~ eigenvalues we encounter at some K are
also P~ eigenvalues at K + 1. More precisely, we find that an eigenvalue A > 0 which has
degeneracy n at K will have degeneracy at least n+ 1 at K + 1 (and usually exactly n+1,
except in rare cases to be described later). Moreover, if the eigenvalue \ first appears in the
spectrum at K = K (usually with degeneracy 1 but sometimes with higher degeneracy),
we find that, in most cases, at K = K, — 1, A is a P~ eigenvalue in the single-trace
gluinoball spectrum.

Let us first comment on the pattern of degeneracies between the mesonic states, and
discuss the degeneracy between mesons at K and gluinoballs at K — 1 in section 6.3.
We have two explanations for the degeneracies between the massive mesons. The first
was already provided in section 4 and it relies on the fact that the P~ spectrum agrees
for any two (or more) KM blocks whose KM primaries transform in the same SU(V)
representation. Indeed, for the n = 1 blocks, we found in (4.19)-(4.20) a number of KM
blocks that increases with K in precisely the same way as the pattern of degeneracies we
observed above. While we have not constructed all the Kac-Moody primaries explicitly, we
expect that a similar explanation would hold for n > 1. This construction would provide
a complete explanation of the degeneracies in the single-trace massive meson spectrum at
large N, because all massive states belong to n > 1 blocks.

In section 7, we will provide a different explanation that applies to all single-trace
mesonic states. This explanation relies on the existence of a 0sp(1|4) symmetry enjoyed by
the discretized theory at large N. In particular, the massive spectrum splits into infinite-
dimensional unitary irreducible representations of osp(1]4). As we explain in more detail
in section 7, for an eigenvalue A, the meson states at K = K, where that eigenvalue first

)

appears are referred to as “osp(1]4) primary states,” whereas the states with the same A
at K > K are osp(1|4) descendants.

From the P~ eigenvalues, we can immediately recover the M? = 2P P~ eigenvalues.
The latter organize into different groups of multiple trajectories of consecutive degeneracies
that converge to the same M? as K — 00, as a consequence of the degeneracy of the P~
eigenvalues at different values of K. Indeed, if MZ(K) are the squared masses of a trajectory
of singlet M? eigenvalues (arising from distinct P~ eigenvalues at each K ), then there exist
SRR N
symmetry, the squared masses on the trajectory with degeneracy 25+ 1 are related to those
in the singlet trajectory through MJZ(K) = KIfQj Mg(K — 2j). This relation implies that
as we take K — oo, we find that all trajectories converge to the same M?:

trajectories of degeneracy 25 + 1 with 5 =0 -+. As a consequence of the osp(1]4)

Jim M3 (K) = Jim MZ(K). (6.3)
We show the lowest two groups of such trajectories in figure 4. The lowest one converges
to Mg ~ 5.72g° N/m as K — oo and the next one converges to M ~ 17.2g°N/m. These
are precisely the lowest two squared masses in the fermionic gluinoball spectrum shown in
the top panel of figure 1, which is a consequence of the relation between single-trace meson
eigenvalues and gluinoball ones mentioned above.
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Mesons, K =8 Gluinoballs, K =7
P Degeneracy P Degeneracy

7 7
v 1 L 1
3 2

% (59 + v/1033) 1 % (59 + v/1033) 1
2 3
2
2 1 2 1
3 5
1 3

% (59 — v/1033) 1 % (59 — v/1033) 1
0 4

Table 4. All of the eigenvalues of P~ in the meson sector at K = 8 and in the gluinoball sector at
K = 7. Cyan rows are meson osp(1]|4) primary states, and gray rows are descendant states. The set
of primary state eigenvalues of mesons at K = 8 is identical to the set of eigenvalues of gluinoballs
at K =1T7.

6.3 Relations between meson and gluinoball spectra

Let us now discuss the relation between the P~ eigenvalues for mesons and gluinoballs
in more detail. As already mentioned, a given eigenvalue A for a osp(1|4) primary meson
at K also appears, in most cases, in the gluinoball spectrum at K, — 1. The converse
is, however, not true: there are (many) bosonic gluinoball eigenvalues that do not appear
in the fermionic meson spectrum at larger K. In particular, looking at the lowest 50 P~
eigenvalues of meson o0sp(1]|4) primary states up to K = 35, we find the following pattern
of degeneracies between mesons at K and gluinoballs at K — 1:

e The set of P~ eigenvalues of single-trace bosonic primary mesons at any fixed even
K is identical to the set of P~ eigenvalues of single-trace fermionic gluinoballs at
K —1.

e The set of P~ eigenvalues of single-trace fermionic primary mesons at any fixed odd
K is identical to the set of sums of two single-trace fermionic gluinoball eigenvalues
at odd K7 and odd Ko, with K — 1 = K7 + Ks. In most cases, the sum of fermionic
gluinoball eigenvalues at K7 and K3 is also a bosonic gluinoball eigenvalue at K7+ Ko.

For a concrete example of the pattern in the first bullet point, we refer to table 4.
Here, we give all the eigenvalues of P~ for mesons at K = 8 and for gluinoballs at K = 7.
All of the eigenvalues at K = 8 are either osp(1|4) descendant states of osp(1|4) primary
mesons at lower K, or are osp(1]|4) primary states and occur in the gluinoball spectrum at
K = 7. For a concrete example of the pattern in the second bullet point above, see table 5.
Here, we first tabulate the P~ eigenvalues of 0sp(1|4) primary mesons at K = 11. We then

~ 99 —



0sp(1|4) primary mesons, K = 11 Gluinoballs at Gluinoballs at
(K1, K2) = (3,7) (K1, K2) = (5,5)
P~ Degeneracy P~ P~

; ; I+ P+

35 (113 + v/1033) 2 3+ 55 (59 + v/1033)
z 4 342 1+3

3 (113 — v/1033) 2 3+ 35 (59 — v/1033)
2 1 141

Table 5. The P~ eigenvalues of osp(1]|4) primary meson states at K = 11. They agree
with sums of eigenvalues of fermionic gluinoballs at K; and Ky with K; + Ko = K — 1 =
10. In particular, the gluinoball eigenvalues are: {%} at K = 3, {1,% at K = 5, and

{L (59— V1033),2, & (59 + v/1033) , T} at K = 7.

write each of these eigenvalues as sums of gluinoball eigenvalues at (K1, K3) = (3,7) and
(K1, K2) = (5,5).

These two facts in the bullet points above can be explained in a straightforward way in
the Kac-Moody approach of section 4. In particular, the first bullet point is explained by
the fact that for every odd n Kac-Moody block that contains single-trace gluinoball states
(for instance the first line of (4.19) in the n = 1 case), one can also construct Kac-Moody
blocks in the same representation of SU(N) that contain single-trace mesons and that have
one extra unit of K relative to the gluinoball blocks (for instance the second of (4.19) in
the n = 1 case). Similarly, the second bullet point is explained by the fact that for every
even n > 2 Kac-Moody block that contains single-trace gluinoball states (for instance the
first line of (4.21) in the n = 2 case), one can also construct Kac-Moody blocks in the same
representation of SU(N) that contain single-trace mesons and that have one extra unit of
K relative to the gluinoball blocks (for instance the second of (4.21) in the n = 2 case).

The degeneracies between mesons and gluinoballs at finite K give rise to degeneracies
between the continuum spectra of mesons and gluinoballs. For instance, at every odd value
of K there is a state in the gluinoball spectrum on a trajectory approaching Mg ~ 5.729271\[.
Each of these fermionic gluinoballs corresponds to a bosonic meson at one higher K, with
the same eigenvalue of P~. Their mass-squared values are thus related by

M2 (K —+ 1) Mf?luinoball(K)

meson — . 64
K+1 K (64)

It follows that there is a series of meson primary states also approaching M@ ~ 5.72927]\[.
These states form the lowest meson trajectory in figure 4a. The other meson trajectories
approaching the same value are explained by the pattern of degeneracies among meson
states which we have already described.
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7 Exact symmetry at large N

Let us now provide another explanation for the degeneracy in the P~ spectrum observed
in figure 3. As already mentioned, this degeneracy can be traced to the existence of an
osp(1|4) symmetry algebra that commutes with P~.

7.1 osp(1|4) algebra

The osp(1]4) generators can be constructed from the four basic “supercharges” of the
discretized model'3

Z (CJ (n1+ngo+ 1)31']' (n1)Ci(ng) + C]T (nl)BL(nQ)Cz(nl +ngF 1)) ,
ni,n2

Z (DZL (n1+ng+ l)Bij (nl)Dj (ng) —l—Dj(nl)B;[i (ng)Dj (n1+naF 1)) .

ni,n2

o
I
5

=

N (7.1)

s
[l
ﬁ
=

The first two supercharges, ¢f, act on the left end of the mesonic string, with q_LF raising
the value of K by one unit and ¢” lowering it by one unit. Similarly, ¢¥ act on the right
end of the mesonic string, and qf raises K by one unit while ¢® lowers it by the same
amount. That K changes in this fashion under the action of (7.1) means that

1 1
[P*qf]=4rqk,  [PTad] =+ 0 (7.2)

The left supercharges and the right supercharges each separately generate an osp(1|2)
subalgebra, and, as we will show, together they generate an osp(1|4) algebra. The osp(1|2)
subalgebras follow from the commutation relations

1
%, 2] = [a%, ¢ = 5. (7.3)
To see this, let us first compute [¢~, ¢¥] by plugging in the definitions (7.1):

1

R ([c;%m + 12 = 1) By (m)Ci(na). Cf (1) B (p2) Cipr + p2 — 1)]
ni,n2

p1,p2 (7.4)

+ [CJT-(m)B;i(nz)Cz’(m +n2+1),C) (p1 +p2 + 1)Bkl(p1)0k(p2)}> -

L L
la”,qy] =

There are several terms in the commutators on the right hand side, but most of them are
either suppressed by factors of 1/N or annihilate all single-trace mesonic states. From the
first commutator, the terms that survive in the large N limit in the summand are

N a0y CF (1 + 12 — 1)Ci(p1 + p2 = 1) + Oy 4ng 1452 C) (1) B, (92) Ci (n2) Bij (n1)

— Ny pa0ng i CF (91 + 2+ 1)Ci(n1 + 12 + 1) = 8y g 142 Cf (n1) BY; (12) Cro(p2) by (p1)
(7.5)

13The quantities denoted by ¢ in this section are unrelated to the fundamental quarks g;. appearing
in (1.1).
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where the first line comes from the first commutator in (7.4) while the second line comes
from the second commutator in (7.4). The CTBTCB terms cancel under the summation.
The CTC terms telescope, and so the full commutator (7.4) at leading order in large N is

1
[¢",q%] = Z Cl(k =5 (7.6)

where the second equality holds only on the single-trace mesonic states that involve only
one CT operator. An analogous computation shows that [qjj,qf] = % when acting on
single-trace mesonic states at leading order in 1/N, thus concluding the proof of (7.3).

Having established (7.3), it is straightforward to show that ¢% generate an osp(1|2)
algebra and similarly for ¢ff. In particular, focusing on ¢¥, let

Q1 =q", Q2

and define the symplectic form wffj)g = (io2)ap = (Y §

Frs

at, (7.7)

~—

, with A, B = 1,2. The osp(1]2) is
generated by the Q4 as well as the s[(2,R) generators

Map ={Qa,QB} . (7.8)

Eq. (7.3) can be written as [Q4,Qp] = %wf])g, which can be used to show that

[Qa, Mpc] = [Qa, QBQc] + [Qa, QoQs] = wihQe + wQ5 (7.9)
as well as
[Map, Mcp) = Wf%)MBC + wg()}MAD + wféMBD + Wg)DMAC . (7.10)

Egs. (7.8)—(7.10) are the defining equations of the osp(1|2) algebra. We will denote this
algebra generated by {Q1, Q2, M11, M2, M2} by o0sp(1]2)r because it acts at the left end
of the mesonic string. Similarly, defining

Qs = (—1)"q¢}, Qs= (-1)F¢", (7.11)

where F' is the fermion number operator, we find that {Q3, Q4, Mss, M3, Mys} (with Map

defined as in (7.8)) also obey the commutation relations of an osp(1|2) algebra that we

denote by 0sp(1|2) g because it acts at the right end of the mesonic string.!4:1°

Furthermore, as we now show, the {Q4, Map} where now A, B = 1,...,4 generate
an osp(1]4) algebra when acting on the massive states. To begin, let us compute the
commutator between ()1, Q2 and @3, Q4. With o, 5 = +, we have

5, (—1)"¢f] = = (=D {d. ¢}, (7.12)

MWe could’ve defined Q3 = ¢ and Q4 = qf and then {Qs, Q4, M33, M34, M4s} would’ve also defined
an osp(1|2) algebra. We used the definition (7.11) instead because with this definition we can extend the
symmetry algebra to osp(1]4) when acting on the massive states.

5Note that the existence of an osp(1]2)r algebra acting on the left end of the string and an osp(1]2)r
algebra acting on the right end of the string does not imply that there is a 0sp(1]2)z @ 0sp(1|2) r symmetry
algebra acting on the single-trace mesonic states in the large N limit. We did not show, for instance, that
Mag, with A, B = 1,2 commutes with Mcp, with C,D = 3,4, so the two 0sp(1]|2) algebras may not be
independent. We will show shortly that the two osp(1]2) act independently only on the massive states.
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so let us then compute the anticommutator of qé with qg”:

{dhaf} = 5 [{c} (1 + 12 + @) Bij (1)Ci(n2), DL(p1) Bl (p2) Du(p1 + po — ) }

n1,n2
P1,p2

+ {C]T(nl)B;i(HQ)Ci(nl +ny—a),Dl(p1 +p2 + ﬂ)Bkl(pl)Dl(pz)}l ,

(7.13)

We only have to anti-commute the B and BT operators, which gives

1
{Q£a QE} = _ﬁ Z 5n1+n2,n3+n4+04+6
n1,n2,n3,14 (7.14)

< ((€10) D] n2)C(m3) Dy (na) = 5 CFn1) D] (22)Ci () s )

The matrix elements of C;r DJ C;D; are only of order N between two 2-bit states, and the
matrix elements of C’;r DJT-CZ-Dj are always of order 1 or smaller. Thus, for two single-trace
meson states 1) and |x), the matrix elements are

o) {1 if both |¢) and |x) are 2-bit

(0l {ak. g } o) = =5 L (1)

0 otherwise

at leading order in large N. This relation means that {gZ%, qlg} is a rank one operator. It
annihilates all the states except for the equal linear combination of all two-bit states of a
given K (if K is even) and it outputs an equal linear combination of two-bit states with
K + a+ (3 units of PT momentum. These states are massless and were defined in (4.18).
Thus, we can write

K |K
by == 3 S ) (ol (7.16)
K even

Importantly, if we restrict ourselves to the massive sector, we simply have {qCLY , qg} =0 at
leading order in 1/N.

From now on, let us restrict to the massive states only. Since {qﬁ , qg} = 0, we have
from (7.12) that Q12 commute with Q3 4, so

Q4. Q5] = %W,(;%a (7.17)

where wﬁ% = (1 ®w®),p is a 4 x 4 symplectic form and 1 denotes the 2 x 2 identity

matrix. With the definition (7.8), we then immediately see that (7.17) implies
[Q4, Mpc] = wi}Qc + w05, (7.18)
[Map, Mcp)] = W,(44)DMBC + wg)cMAD + OJX%MBD + wg%MAc ,

which are the commutation relations defining the osp(1|4) algebra. Thus, {Qa, Map}
generate an osp(1]4) algebra when acting on the massive states.

When restricted to the massive sector, the osp(1|4) generators commute with P~ at
leading order in 1/N. While we do not have a proof of this fact in full generality, we
checked it numerically for fixed K up to K = 35.
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7.2 osp(1|4) representations of P~ eigenstates

Let us now connect the discussion of osp(1|4) with the degeneracies in the spectrum of
mesons presented in figure 3. The massive states are acted on by osp(1]4), so they must
transform in unitary representations of osp(1]|4). Such representations may be familiar to
the reader from the study of 3d superconformal field theories with A/ = 1 supersymmetry,
because osp(1]4) is the N' = 1 superconformal algebra in three dimensions. Given that
the bosonic part of osp(1]4) is sp(4,R) = so0(3,2), which is non-compact, such unitary
representations are necessarily infinite dimensional.

Let us determine the irreducible representations under which the states in figure 3
transform in more detail. The P~ degeneracies occur both between states at the same P™
and between states at different values of P, so the first question we should ask is which
0sp(1]4) generators commute with P*. As already seen in (7.2), the @4 do not commute
with PT, but some of the bosonic M 4p generators, namely those that are anti-commutators
of @ 4’s of opposite Pt eigenvalues, do commute with PT. These are { M2, M3y, My3, Ma4},
and they form an su(2) x u(1) algebra. We can exhibit this algebra more clearly by defining

g = Moy + M3 Mo+ M3y _ Moy — M3
1= —5 Jg:zf JSZfa
Y (7.19)
p= Mo 34
2
They satisfy
[Ji, J5] = i€ijidi D, J;] =0, (7.20)

so the J; generate su(2) while D generates the u(1). In the language of 3d CFTs, the
generator D measures the scaling dimension while J? = j(j + 1) measures the spin j.

Because J; and D commute with PT, each multiplet represented by a dot in figure 3
forms a representation of this su(2) x u(1). For instance, the P~ = 3/2 triplet at K = 6
is an su(2) triplet that can be split into three Js eigenstates (where (ni,n2,...,ny) is a
shortcut notation for the state C’J(nl)ng(k‘z) e D;L-(k:N) |0)):

K
S

Eigenvector J3

—(1,5) — (5,1) +2(3,3) — 3(1,1,3,1) + 3(1,3,1,1)

(1,5) — (5,1) +2(1,1,1,3) — (1,1,3,1) — (1,3,1,1) + 2(3,1,1,1)

N Nl W
[S/[SUR ST [SUR I[N
)

—(1,5) = (5,1) +2(3,3) + (1,1,3,1) — (1,3,1,1) + 4(1,1,1,1,1,1)

The unitary irreps of osp(1]4) that are familiar from N = 1 SCFTs are lowest-weight
representations that have the following tree-like structure. There is a unique “(supercon-
formal) primary” state with lowest D eigenvalue A and some value of j. All the other
states in the irrep are generated by acting with a string of ()’s on the primary state. The
action of each @ increases A by 1/2.

Quite nicely, this tree-like structure is very explicit in figure 3 because, as we will
show, for a given irrep increasing A by 1/2 is equivalent to increasing K by 1. Indeed,
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from the commutator between Q4 and Mpe in (7.9), one can see that D/L has the same
commutation relations with Qa as PT. It follows that PT — D/L commutes with the
osp(1]4) algebra, and consequently for a given osp(1]|4) representation, Pt — D/L is a
constant. This implies that increasing A by 1/2 is equivalent to increasing K = 2LP* by
1. Thus, the primary state in each irrep of a given P~ eigenvalue must be the state with
lowest K .16

Explicitly acting with D on the states of smallest K for the various P~ eigenvalues
of massive states in figure 3 reveals that these states have A = 1/2, and they also have
su(2) spin j = 0.17 Such o0sp(1]4) irreducible representations for which the primary has
A =1/2 and j = 0 are usually referred to as “osp(1|4) singletons” and are shorter than
generic irreps. In SCFT language, a singleton correspond to the irrep consisting of a free
massless scalar and a free massless Majorana fermion, together with their superconformal
descendants. Under the bosonic s0(3,2) algebra, an osp(1]|4) singleton decomposes into
a direct sum of two irreps, namely a scalar singleton (which corresponds to the free real
scalar with A = 1/2 and j = 0) and a fermionic singleton (which corresponds to the free
Majorana fermion with A =1 and j = 1/2).

One can also confirm that all the massive states belong to osp(1]4) singleton represen-
tations by computing the eigenvalues of the s0(3,2) and osp(1]4) quadratic Casimir. The
50(3,2) quadratic Casimir is

1
Coo(3,2) = _ZWACWBDMABMC’D, (7.21)
where wAP = —wp, while the osp(1]4) one is
1 1
Cosp(1\4) = *ZWACWBDMABMCD - §WABQAQB- (7.22)

(It is straightforward to check that Cyo(32) commutes with all Map and that Cogyija))
commutes with the Q4.) The eigenvalue of Cyo(32) for an so(3,2) irrep whose primary
state has D = A and J%2 = j(j + 1) is

>‘50(3,2)(A>j) =AA-3)+j(+1), (7.23)
while the eigenvalue of Cygp(1)a) for an osp(1]4) irrep whose primary state has D = A and
J2=34(+1)is

)‘osp(1|4)(Aaj) =AA-2)+j(+1). (7.24)
For the osp(1]4) singleton representation we have Cqo(3.9) = )\50(372)(%,0) = Aso(3,2) (1, %) =
5/4 on all the states and Cygp(1)4) = )\oﬁp(1|4)(%, 0) = 3/4. We checked that we obtain these
values when acting with (7.21) and (7.22) explicitly on all the massive states.

16We can give a more refined description of the state counting in terms of the scaling dimension. One
can show that the number of 0sp(1[4) primary states at a given K is Fx—4 + (—1)%, where {F,}52; is the
Fibonacci sequence with F; = F> = 1. Using the tree-like structure described above, this implies that at a
given K there are 2A (FK_3_2A + (—1)K_3_2A) massive states of scaling dimension A. Summing over A
and adding the | K/2] massless states, we recover the total of Fix states when K is even and Fx — 1 when
K is odd.

"Most of these states are singlets, and for them it is obvious that j = 0. We checked explicitly that even
in cases in which the first time a P~ eigenvalue appears in the spectrum as a doublet, the J? eigenvalue
still vanishes.
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While the osp(1]4) symmetry explains the degeneracies in the meson spectrum, it does
not explain the degeneracies pointed out in section 6.3 between the osp(1]|4) primary meson
states and gluinoball states. As described in section 6.3, these latter degeneracies can be
seen from the current algebra approach. For a partial alternative explanation that involves
operators related to the osp(1|4) charges, see appendix A.

8 Making the quarks massive

8.1 Spectrum and degeneracies

In order to further probe our model, we would like to study the meson spectrum as a
function of the fundamental fermion mass. If we make ypnq > 0 while keeping y.4; = 0,
we expect the theory to retain some of the non-trivial dynamical properties of the massless
adjoint QCDy. We will note that some of the DLCQ degeneracies between the single-trace
and multi-trace states are not lifted and that the meson spectrum is continuous above a
certain threshold. This provides new quantitative evidence, along the lines of Footnote 4
of [20], that the fundamental string tension vanishes in the massless adjoint QCDs.

For yfunda = ¥adj = 0, we have found an infinite series of single-trace mesonic states
with the same value of P~ as some fermionic gluinoballs at an odd value of K (see figures 3
and 4). These include the bosonic mesons with resolution parameters K +1, K+3, K+5, ...
and the fermionic mesons with resolution parameters K + 2, K + 4, K + 4,.... Since
the spectrum of the model contains massless mesons, both bosonic and fermionic, this is
consistent with the pattern of degeneracies between single-trace and multi-trace states.
In particular, some massive bosonic mesons are degenerate with double-trace states of a
fermionic gluinoball and a massless fermionic meson, and some massive fermionic mesons
are degenerate with double-trace states of a fermionic gluinoball and a massless bosonic
meson. As explained in section 6.3, when a meson is degenerate with a bosonic gluinoball, it
is because the bosonic gluinoball is in turn degenerate with a multi-trace state formed from
fermionic gluinoballs. This follows from the Kac-Moody approach reviewed in section 4.
We may thus think of the degeneracy as being between a fermionic meson and a triple-trace
state formed from a massless fermionic meson and two fermionic gluinoballs.

After we make the fundamental fermions massive, there are no more massless mesons
in the spectrum; yet, some of the degeneracies survive. We continue to find that some
bosonic mesons are degenerate with double-trace states of the fermionic gluinoballs and
massive fermionic mesons. These degeneracies hold for any yrng > 0, and an example at
Yfund = 1 is shown in figure 5¢ and 5d, where the degenerate states are marked in orange. In
fact, we find that every double-trace state formed from a fermionic meson and a fermionic
gluinoball is degenerate with a bosonic meson.

Likewise, we continue to find that some fermionic mesons are degenerate with triple-
trace states built from a fermionic meson and two fermionic gluinoballs. Almost all of the
triple-trace states of this form are degenerate with single-trace fermionic mesons with the
same total PT. Examples at ysnq = 1 are shown in figure 5a and 5b, with the degenerate
states being marked in orange.
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Bosons, Zs odd
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Figure 5. The squared masses of single-trace meson states in theory 7 (the theory with an adjoint
and a fundamental fermion) with ya.q; = 0 and ysuna = 1. The blue points are the states which are
degenerate with multi-string states in the theory 77 defined in section 8.2. The orange points are
the states which additionally are degenerate with a multi-trace state formed from a meson and one
or more gluinoballs in theory 7. The dashed lines show the threshold at M? ~ 892%]\7 above which
the extrapolated spectrum is continuous. There is a bosonic Zs-odd state shown with green dots
that lies below this threshold. Its extrapolated squared mass is M? ~ 6.6927N.
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Figure 6. The degeneracies among different states in theory 7, which survive at yrnq > 0, can
be heuristically interpreted in terms of an adjoint flux line of vanishing energy. In (a), pinching
away an adjoint flux line in a single-trace gluinoball state yields a double-trace gluinoball state.
In (b), pinching away an adjoint flux line in a single-trace meson state yields a double-trace state
composed of a meson and a gluinoball.

Qualitatively, we may think of the degeneracies we have found in terms of adjoint flux
lines with vanishing energy. Figure 6 shows schematically how an adjoint flux line con-
tributing zero mass to a state could lead to degeneracies between a single-trace gluinoball
and a double-trace gluinoball, or between a single-trace meson and a double-trace state
composed of a meson and a gluinoball. Similar pictures could be drawn for multi-trace

states with more components.

8.2 More relations between eigenvalues and screening in adjoint QCDy

The relations between the eigenvalues at ygnq > 0 do not end here. To explain the relations
noticed so far and to discover new ones, let us recall from section 4.3 that the fact that the
P~ eigenvalues of n > 1 gluinoballs are degenerate with sums of P~ eigenvalues of n = 1
gluinoballs can be traced back to the fact that the massive spectrum of the adjoint QCD»
theory Taqj is part of the massive spectrum of the theory 7funq whose matter content consists
of N massless Dirac fermions, as explained in [19]. In particular, the P~ eigenvalues of
n > 1 states in 7,q; at resolution parameter K correspond to Trng states at resolution
parameter K +n— 1 that are manifestly “multi-string” states — see eq. (4.15). Essentially,
each B;Lj(l) in the construction of the states in 7,q; is replaced by C’li(l)D}B(l) in Tfund-
Intuitively, each ng(l) serves as a breaking point of the closed gluinoball string, and thus
if Bjj(l) appears n — 1 times in 7,qj, then in Tfynq we end up with n — 1 strings.

Now let us couple the two theories T,q; and Trna to a massive fundamental Dirac
fermion and compare the two resulting theories. One of them, denoted by 7, has a Dirac
fermion with mass m, coupled to a massless adjoint and it is the theory we studied in the
previous subsection; the other, denoted by 7', has N + 1 Dirac fermions, the first N of
which are massless and the (/N +1)st with mass m,. The mass spectrum of the theory 7T is
again part of the mass spectrum of the theory 77, generalizing the result of [19]. At large
N, it is easier to see various relations between the P~ eigenvalues in the theory 7.
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Figure 7. The degeneracies among different states can be interpreted as splitting a string. In
(a), we show an m = 1 meson in theory 7 which splits into a two-string state [H — L][L. — H] in
theory 7’. In (b), we show an n = 1 gluinoball in 7 which splits into a one-string state [L. — L] in
theory T7'. Diagram (a) illustrates the origin of the continuous spectrum of mesons in theory 7.

While we leave a careful analysis for the future, let us describe how the correspondence
between the meson states in the theory of interest 7 and states in 7’ works at a qualitative
level. We can construct the states by considering KM primaries only with respect to the
adjoint contribution to the SU(NN) current J;;. Thus, in the current algebra construction,
each meson state in 7 will have some number of B:-rj(l)’s which in 77 will be replaced by
C’gi(l)D}ﬁ(l), thus increasing K by one unit and breaking the string.

Thus, a meson with m Bf(1)’s in 7 becomes an m + 1-string state in 77, which we can
write schematically as

meson with m Bf(1)’sin 7 +— [H — L][L — L]---[L — L]J[L — H] in 77, (8.1)

m + 1 factors

where [L — L] denotes a string where the quarks at both ends are light (i.e. massless), while
[H — L] and [L — H] denote strings where the quark at the end marked with H is heavy
(i.e. of mass m,) while the one at the other end is light. If the state on the Lh.s. of (8.1)
is at resolution parameter K in 7, the state on the r.h.s. is at resolution parameter K +m
in 7’. Note that with the same notation, we have

n =1 gluinoball in 7 «— [L — L] in 77, (8.2)

where if the resolution parameters are K and K + 1 on the lL.h.s. and r.h.s., respectively.
See figure 7 for a diagramatic representation of the relations (8.1)—(8.2).

In (8.1), the states in 7 with even m are bosons and those with odd m are fermions.
Because for multi-string states in 7’ the values of P~ add, based on (8.1) and (8.2) we
expect the following relations between the eigenvalues of P~ within theory 7T:

o There are bosonic mesons (namely with m = 0) whose P~ eigenvalues are unrelated
to other states in theory 7. These states are marked in black in figures 5¢ and 5d,
and they correspond to states of the form [H — H] in 7.
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o There are fermionic mesons (namely with m = 1) whose P~ eigenvalues are unrelated
to other states in theory 7. They are marked in blue in figures 5a and 5b, and they
correspond to states of the form [H — L][L — H] in 7.

o The remaining bosonic mesons (namely with m = 2,4,6,...) are degenerate with a
sum of n = 1 fermionic mesons and an odd number m — 1 of n = 1 gluinoballs, with
the same total K. They are marked in orange in figures 5¢ and 5d.

o The remaining fermionic mesons (namely with m = 1,3,5,...) are degenerate with a
sum of n = 1 fermionic mesons and an even number m — 1 of n = 1 gluinoballs, with
the same total K. They are marked in orange in figures 5a and 5b.

The last two bullet points explain the degeneracies noticed in the previous section.

The second bullet point above has remarkable implications. It states that the P~
eigenvalues of all fermionic mesons with m = 1 at resolution parameter K in theory 7 can
be written as sums of two eigenvalues of [H — L] states in theory 7’ with total resolution
parameter K + 1. From this information, we can reconstruct the [H — L] spectrum of P~
eigenvalues in theory 7.

For example, at K = 3 in 7 we have only meson state, CT(1)BT(1)DT(1) with P~
eigenvalue 2ygng. The only possibility is that this is the sum of two K = 2 [H — L] states
in 7’ each with eigenvalue

P1 = Yfund - (8.3)

At K =5, in T we have the following eigenvalues

9 + 20yfund & /81 + 24Ytund + 162,
12 '

(8.4)

These must be the sum of one K = 2 eigenvalue and one K = 4 eigenvalue in 7’. Since
we know that the only K = 2 eigenvalue is given by p;, we should subtract it from (8.4)
to find the K = 4 eigenvalues in 7":

9 + 8Yfuna + \/ 81 + 24yguna + 162 4 9+ 8Yfund — \/ 81 + 24ysuna + 162 4

D2 = 12 y P3 = 12

(8.5)
We can already have a check on these equations: the quantities 2ps, 2p3, and p2 + p3 would
be P~ eigenvalues of two-string states in 7' at K = 8, so they must appear in the meson
spectrum in 7 at K = 7. One can check that this is indeed the case. Continuing to higher K
analytically is not feasible because the P~ eigenvalues are roots of high order polynomials,
but one can continue this procedure and reconstruct the spectrum of [H — L] states in the
T’ theory numerically for given ygmnd. For yema = 1, we show this reconstructed spectrum
in figure 8. It would be interesting to provide a confirmation of this plot by directly
diagonalizing P~ in the theory 7.
An immediate implication of these results is that the spectrum of the fermionic mesons
in 7 is continuous, and the threshold at which the continuum starts is 4 times the squared
mass of the lightest [H — L] state in 7. As shown in figure 8, for ygng = 1 the latter
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Figure 8. The inferred masses of bosonic single-string states in the theory 7’ which contain exactly
2
one massive quark. The massive quark has m2 ;= %, corresponding to Yruna = 1.

extrapolates to ~ QgQTN in the continuum limit. The lowest threshold at M? ~ SQQTN is
clearly seen not only in the fermionic meson sectors of T, but also in the bosonic ones (see
figure 5). Also, there is a bosonic Zs-odd meson with squared mass = 6.6927]\[7 which lies
below this threshold. The existence of this bound state suggests that there is attraction
between the quark and antiquark at short distances; at long distances the attractive force
is screened by the massless adjoint fermions.

For yfunga > 1 we may interpret the massive quarks as heavy fundamental probes of
the massless adjoint QCD4 theory. One implication of the vanishing fundamental string
tension in massless adjoint QCDs is that the spectrum of single-meson states at large N in
theory T becomes continuous above a certain threshold [20]. Now we have established this
result quantitatively for any yrnq (and in particular for ygng > 1), simply as a consequence
of the fact that, at large N, the P~ eigenvalues of every fermionic meson in 7 are sums
of eigenvalues of [H — L] states in 7’. This provides a new confirmation of the screening
phenomenon directly through the studies of meson spectra.

9 Discussion

In this paper, we used DLCQ to study a 2d SU(N) gauge theory with a Majorana fermion
in the adjoint representation of SU(/N) and Ny quarks in the fundamental representation.
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With anti-periodic boundary conditions for the fermions, we diagonalized the light-cone
components of the momentum P and P~ in the large N limit, and extracted the mass
spectrum of the single-trace gluinoball and meson states of this theory. When the adjoint
and fundamental fermions are massless, we observed an intricate pattern of exact degen-
eracies of the P~ eigenvalues, both between mesons with different P eigenvalues, between
mesons and gluinoballs, and between single-trace and multi-trace states. We provided two
seemingly independent explanations for these degeneracies, one building on the Kac-Moody
approach of [19] and the other based on an osp(1|4) symmetry present in this model at large
N. Under the osp(1|4) symmetry, we found that the single-trace meson states transform
in infinite-dimensional unitary representations referred to as osp(1|4) singletons.

Lastly, we noticed that when the fundamental quark mass parameter yrng > 0 and the
adjoint quark mass parameter y.q; = 0, some of the degeneracies between the single-trace
mesons and double-trace states comprised of a single-trace gluinoball and a single-trace
meson still survive. These are thus non-trivial examples of threshold states in our 2d model
for QCD. Moreover, by relating the P~ eigenvalues of meson states to eigenvalues of states
in a theory with N massless fundamental fermions and a massive one, we showed that the
meson spectrum is continuous above a certain threshold, with the fermionic mesons having
no discrete states below the bottom of the continuum. The presence of this continuum
provides a direct confirmation of the screening of the fundamental flux line by the massless
adjoint fermions.

There are various unanswered questions which we hope to return to in the future. While
our numerical analysis was limited to the large N limit, it would be interesting to perform
a similar analysis at finite N generalizing the study of [40]. The Kac-Moody analysis of
section 4 indicates that the same pattern of degeneracies in the meson sector persists at
finite N as well. On the other hand, the osp(1]|4) symmetry we observed was constructed
only in the large N limit. Thus, it would be interesting to explore whether the osp(1]4)
symmetry persists at finite N as well and, if so, construct the symmetry generators. More
generally, one can aim to combine the osp(1|4) analysis with the Kac-Moody approach.

It would also be interesting to consider various generalizations of the model presented
here. For instance, one can consider quarks in different representations of the gauge group
or gauge theories with different gauge groups. Another generalization would be to consider
periodic boundary conditions for the fermions in the light-cone direction parameterized by
2. The current algebra approach of section 4 should generalize to this case, suggesting
that a pattern of degeneracies similar to the one we noticed would still be present.
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A Degeneracy between mesons and gluinoballs

In this appendix, we provide an alternative partial explanation for the degeneracies between
gluinoballs and osp(1|4) primary mesons observed in section 6.3. As discussed there, the
meson primary states have P~ eigenvalues equal to a sum of one or two P~ eigenvalues
of fermionic gluinoballs with one less unit of total P*. Clearly ¢% and ¢ cannot be used
to construct the relevant gluinoball states from the meson primaries, since each term in
both operators contains a fundamental creation operator and a fundamental annihilation
operator. However, we note that the terms of g% + ¢f can be found in the discretization
of the continuum operator

27rL

g+ = \F/ - eim_/(n)vjwijvj. (A1)
In addition, the discretization of this operator contains the terms
i +1)Ci(n1) D, C(n1)D1(ny) By 1
Gx>— 3/2 B (n1+na+1)Ci(n1) Dj(n2) +Cf (n1) D} (n2) By (1 +n2F1) )
\/> ni,n2
(A.2)

which can couple our mesonic states to the gluinoball states. We define the following
string-closing and string-opening operators based on terms of §_:

Gclose = Z B;’[j (nl +ng — 1>Ci(n1)Dj (n2) ) (AB)
ni,n2

Gopen = Y CJ(n1)Dl(na)Bij(ny +na — 1) (A.4)
ni,n2

The operator gcese converts a meson at K to a single-trace gluinoball at K — 1. In
fact, if we act on a bosonic meson singlet state at K with ¢_, we obtain the corresponding
single-trace fermionic gluinoball at K — 1 with the same value of P~. For instance, at
K = 6, there is a meson primary state with P~ =

1

1) = 5 (CHODI6) -Gl DI )+ 1) (B (B 3)+ B () )(1) DL ) 10):
(A.5)

Acting with gcloge, we find
e [9) % = BL DB (DBL(3) 0] (A0)

VN

which is a gluinoball eigenstate with P~ = 1.

For fermionic meson primaries which are degenerate with double-trace gluinoball
states, acting with gcose gives a single-trace bosonic gluinoball state with the same P~
eigenvalue. For instance, at K = 9, there are two meson primary states with P~ = 4.
These are both degenerate with a double-trace gluinoball state at K = 8,

T (B(1)°) Tx (BT(1)*) |0) - (A7)

This double-trace state is in turn degenerate with two single-trace bosonic gluinoballs at
K = 8. We can choose a basis for the two meson primaries at K = 9 and these two bosonic
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gluinoballs at K = 8 such that one of the meson primaries is annihilated by gclose, and the
other gives one of the two degenerate bosonic gluinoballs.

Finally, fermionic meson primaries which are not degenerate with double-trace
gluinoball states are annihilated by gcose. The P~ eigenvalues of these meson primaries are
equal to double the P~ eigenvalues of a fermionic gluinoball, and thus the corresponding
double-trace state would be null by the fermion statistics.

In summary, we see that the commutator [gciose, P~] annihilates all meson primary
states. If we project onto meson primary states before acting with gcose, then we will
have an operator which commutes with P~. We can construct such an operator using
the observation that all meson primaries have A = % Since the eigenvalues of D are all

half-integers,
s 4(D —1/2)* sin(2m(D — 1/2))
0= 1— = A8
1:[ < n? 2n(D —1/2) (A8)
n=1
projects onto the space of meson primary states. We thus have

[q0105607 P_] =0. (Ag)
We have checked this numerically up to K = 20.'8
Naturally we expect for gopen to act on gluinoball P~ eigenstates and give corre-
sponding meson P~ primary eigenstates. However, the codomain of gopen acting upon the
gluinoball states at K — 1 does not coincide with the space of meson primary states at K.
Instead, we must act with the projection operator O. Analogously with (A.9), we have
[OCIOpem P_} =0. (A.IO)
We have also checked this relation up to K = 20.
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