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Mass spectra of supersymmetric Yang-Mills theories in 1 + 1 dimensions
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Physical mass spectra of supersymmetric Yang-Mills theories in 1 + 1 dimensions are evaluated
in the light-cone gauge with a compact spatial dimension. The supercharges are constructed and
the infrared regularization is unambiguously prescribed for supercharges, instead of the light-cone
Hamiltonian. This provides a manifestly supersymmetric infrared regularization for the discretized
light-cone approach. By an exact diagonalization of the supercharge matrix between up to several
hundred color singlet bound states, we find a rapidly increasing density of states as the mass increases.

PACS number(s): 11.15.Tk, 11.15.Pg, 11.30.Pb

I. INTRODUCTION

Supersymmetric theories offer promising models for
the unified theory. Both as a model for grand unified the-
ories and as a low energy effective theory for superstrings,
the dynamics of supersymmetric Yang-Mills gauge theo-
ries is a fascinating subject. The nonperturbative aspects
of supersymmetric theories are crucial to understanding
the fundamental aspects of such theories, especially su-
persymmetry breaking.

One of the most popular models for supersymmetry
breaking is currently to assume the gaugino bilinear con-
densation in the supersymmetric Yang-Mills gauge theo-
ries [1]. Although the condensation itself may not break
supersymmetry in the supersymmetric gauge theories,
it will give rise to the supersymmetry breaking if em-
bedded in supergravity [2]. Since the fermion bilinear
condensation is implied by the chiral symmetry breaking
in QCD, one can expect similar nonperturbative effects
in supersymmetric Yang-Mills gauge theories. Moreover,
recent progress in understanding duality in supersym-
metric Yang-Mills gauge theories has opened up a rich
arena for studying the nonperturbative effects in super-
symmetric gauge theories [3].

It has been quite fruitful to study Yang-Mills gauge
theories in 1 + 1 dimensions instead of studying directly
the four-dimensional counterpart. In 1 + 1 dimensions,
the Yang-Mills gauge field itself has no dynamical degrees
of freedom as a field theory, but gives rise to a confin-
ing potential for colored particles [4]. Many aspects of
color singlet bound states can be explored by solving the
theory in the large N limit [5]. Unfortunately the su-
persymmetric gauge multiplet contains genuine dynam-
ical degrees of freedom in the adjoint representation of
the gauge group contrary to ordinary Yang-Mills gauge
theory [6]. Therefore one cannot obtain a simple closed
form for the color singlet bound states even in the large
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N limit.

There has been progress in studying the dynamics of
matter fields in the adjoint representation in ordinary
Yang-Mills gauge theories [7]. They have used light-
cone quantization and compactified the spatial dimension
to give discrete momenta. In this discretized light-cone
quantization approach, one can diagonalize the mass ma-
trix for a finite number of light-cone momenta and can
hope to obtain the infinite volume limit eventually [8, 9].
The Yang-Mills gauge theory with only the adjoint mat-
ter fermion is used to propose a kind of supersymmetry
which is valid only at a particular value of a parameter
and is different from the usual linearly realized supersym-
metry [10]. More recently, gauge theories in 1+ 1 dimen-
sions with matter in adjoint representations was studied
focusing attention on zero modes [11]. The zero modes
are generally important in revealing nontrivial vacuum
structures such as the vacuum condensate [12].

In spite of these investigations of Yang-Mills gauge the-
ories with adjoint scalar and spinor matter fields, there
are two points which necessitate a new analysis of phys-
ical spectra in the case of supersymmetric gauge theo-
ries. The first point is that the coexistence of spinor
and scalar gives rise to a large number of new “mixed”
physical states, partly consisting of spinors and partly of
scalars as constituents. The second point is the presence
of a specific amount of the Yukawa interaction which is a
distinguishing feature of the supersymmetric Yang-Mills
theory [6].

The purpose of our paper is to study the supersymmet-
ric Yang-Mills gauge theories in 1+ 1 dimensions through
the discretized light-cone quantization. We construct the
supercharge explicitly and specify an infrared regulariza-
tion for supercharge by means of the discretized version
of the principal value prescription. By using the super-
charge, we succeed in overcoming ambiguities in prescrib-
ing the infrared regularization for the light-cone Hamilto-
nian. As a result, the regularization preserves the super-
symmetry algebra manifestly. For light-cone momenta
up to 8 units of the smallest momentum, we find sev-
eral hundred color singlet bound states of bosons and the
same number of fermions. We exactly diagonalize the su-
percharge instead of the Hamiltonian to obtain masses,
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degeneracies, and the average number of constituents in
these bound states. We observe that the density of the
bound states as a function of their masses tends to con-
verge in the large volume limit. It is consistent with
the rapidly increasing density of states suggested by the
closed string interpretation. Since we preserve supersym-
metry at each stage of our study, we naturally obtain ex-
act correspondence between bosonic and fermionic color
singlet bound states. Although we postpone studying
the issue of zero modes, our results in the present ap-
proximation suggest that supersymmetry is not broken
in this supersymmetric Yang-Mills gauge theory. It is an
interesting future problem to see if our supersymmetric
theory can offer a model for gaugino condensation. For
that purpose, one should study the zero mode in this
theory. However, the present investigation is focused on
physical mass spectra as a first step to understand the
dynamics of the supersymmetric Yang-Mills theories.

Before writing our paper, we have received a paper
in which the same theory has been studied by means of
the Makeenko-Migdal loop equations [13]. With certain
assumptions, the author gave an interesting solution and
also argued for the nonvanishing Witten index. Although
his method is worth exploring, it may not be suitable to
obtain physical quantities such as mass spectra. In this
respect, our methods are complimentary to his, and our
conclusions are consistent with each other.

In Sec. II, supersymmetric (SUSY) Yang-Mills gauge
theories in 1 + 1 dimensions are quantized and super-
charges are defined. In Sec. III, the compact spatial
dimension is introduced in the light-cone quantization
and the supercharges are discretized. The result of our
exact diagonalization of supercharge is presented and dis-
cussed in Sec. IV. Superfields and supertransformations
are summarized in Appendix A. Truncation of the bound
state equation to the two-constituent subspace is given
in Appendix B. Explicit mass matrices with mass terms
for adjoint scalar and spinor are given in Appendix C.

II. SUSY YANG-MILLS THEORIES
IN 1 4+ 1 DIMENSIONS

In two dimensions, the gauge field A* is contained
in a supersymmetric multiplet consisting of a Majorana
fermion ¥ and a scalar ¢ in the adjoint representation
of the gauge group together with gauge field itself [6].
Therefore our field content is different from that in [10].
After choosing the Wess-Zumino gauge, we have an ac-
tion

S = /dzm tr [ - Z;—zF,wF‘“’ + %D“¢D“¢

+iUy*D, U — 2igdpTvys T |, (2.1)

where A,, ¢, ¥, and ¥ = ¥TH0 are [traceless] N x N
Hermitian matrices for the U(INV) [SU(N)] gauge group,
g is the gauge coupling constant, F,, = 8,4, — 9, A, +
i[A,A,] and D, is the usual covariant derivative
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Dub =0,¢+i[A,,¢], DU =08,¥+i[A,,T]. (2.2)

The supersymmetry dictates the presence of the Yukawa-
type interaction between the adjoint spinor and scalar
fields with the strength of the gauge coupling. The su-
persymmetric Yang-Mills gauge theory in two dimensions
can be obtained by a dimensional reduction from the su-
persymmetric Yang-Mills gauge theory in three dimen-
sions. The adjoint scalar field can be understood as the
component of the gauge field in the compactified dimen-
sion and the Yukawa coupling is nothing but the gauge
interaction in this compactified extra dimension.

In the Wess-Zumino gauge, the remaining invariances
of the action are the usual gauge invariance and a su-
pertransformation which is obtained by combining the
supertransformation and the compensating gauge trans-
formation in the superfield formalism as summarized in
Appendix A. We denote this modified supertransforma-
tion as dsuper Which is given in terms of component fields
as (€91 = —eg; = 1)

SsuperAy. zig€757u\/équ Ssuper¢ = —E\/E\I’,
~ 1 3
Osuper ¥ = — ee""F,, + L’y“eD#(ﬁ.

2v/2g V2

The corresponding spinor supercurrent j* is given by

(2.3)

1
gj* = tr| —V2eUD"¢ + i A F,eyH T
J |: ¢ V39 AEY

+\/5575\116””D,,¢] . (2.4)

We introduce the light-cone coordinates where the line
element ds? is given by

1
z¥ = —(2° £ =?),

V2

ds® = (dz®)? — (dz')? = 2dzVdz ™. (2.5)
We decompose the spinor and use v matrices:
i =274 (i5, xi5) %,
V0 =03, v =0y,
v5 =%y = os. (2.6)

Taking the light-cone gauge A_ = At = 0 and z* as
time, we find the action

S= / dztdz™ tr [6+¢3_¢ + 04 + ixO0—x

1
"’2—92(3—1‘1+)2 + AT+ V299{0, x}|, (2.7)
where the current J' receives contributions from the
scalar J; and the spinor JJ :
JtV=Jf+J), I =i[¢,0-4], T} =29y. (2.8)

We do not need Faddeev-Popov ghosts in this gauge.
Since the action contains no time derivative for the gauge
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potential A, and the left-moving fermion yx, they can
be eliminated by means of constraints obtained as their
Euler-Lagrange equations

i\/ia—x - g[¢7 1/)] = 0? 33/1+ - 92J+ = Oa (29)

where A is the nonzero mode of A;. The zero mode of
A plays the role of a Lagrange multiplier which provides
a constraint:

/da:—J+ = 0.

This constraint will give a restriction for physical states
in quantum theory. After eliminating the fields A, and
X, we find that the action becomes

(2.10)

S = / dztdz™ tr [8+¢6_¢+i¢8+1/;

1
92

2
+%~J+ J*— %igz[eﬁ, ¢]3i[¢, ¢]]- (2.11)
Let us note that the constraints give rise to nonlocal
terms in the action.

By the Noether procedure, we construct the energy-
momentum tensor T#” and light-cone momentum and
energy P* = [dz~T+% on a constant light-cone time

pt = /dx_tr [(aﬂzp)z +i¢8_¢], (2.12)
P~ :/dac'tr[ - %2~J+513—J+
+%gz{¢, 1/)]51_-[¢,¢]] : (2.13)

The supercharges @; and @, are defined as integrals of
the upper and lower components of the spinor supercur-
rent j* = (j¥,5%) in Eq. (2.4):

Qi = [dejt =2/ [ dsm wrlpo_v —vo_g),

(2.14)

Q2£/dm’j;’ :23/4g/dx_tr [J“Lg——zﬁ]

=24 [ ae™ ux {i10.0-0] + 200) ;917/)} .
(2.15)

Using the conjugate momenta 7y = 8L/0(0+¢p) = 0_¢
for the adjoint scalar field ¢;; and 7y = 8L/9(0+¢) =
17p for the adjoint spinor field %;;, the canonical
(anti)commutation relations are given at equal light-cone
times T = y* by
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[$i5 (), 0—bri(y)] = t{s; (%), Yrt () }
= —;—15(.’1,'_ - y_)tsil&jk. (216)

We expand the fields in modes with momentum k% at
light-cone time = = 0:

1 * dkt L
$ij(z7,0) = —\/E—; /0 _—,Zk—*‘ [aij (k"’)e—zkﬂ,

+(1L(k+)eik+z—:| ’ (2.17)
¢ij (G 0) = rlf;—r [) dkt [bij (k+)e—ik+¢—
+b;[i(k+)e“°+f] : (2.18)

The canonical (anti)commutation relations (2.16) are sat-
isfied by

[ai; (k) @l (B+)] = {bis (k*), b, (™)}

=8(kt — k*)6ubjn- (2.19)

In nonsupersymmetric theories, one can define finite
Hamiltonian operators only after discarding the usually
divergent vacuum energies [7]. However, we should not
discard any vacuum energies in supersymmetric theories,
since vacuum energies have an absolute meaning in su-
persymmetric theories as an indicator of supersymmetry
breaking. In fact we will not need to discard the vacuum
energies by hand, provided we exercise care with respect
to ordering of operators.

One can obtain the light-cone momentum P in terms
of oscillators:

P+ — /0°° dkk {aTJ (k)ai; (k) + b:.fj(k)bij(k)} , (2.20)

where we dropped the superscript + on k%t for brevity,
and henceforth we do so.

The light-cone Hamiltonian P~ can be divided into
two parts: the current-current interaction term P;; and
the Yukawa coupling term Pg,

ukawa’

P~ = J_J + PY_ukawa’ (221)

Let us introduce the momentum representation of the
current Jt:

JH(k) = #/dm_J”L(z_)exp(—ikz"). (2.22)

Substituting the mode expansions (2.17) and (2.18), we
obtain, for —k < 0,
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= *° _2p+k k
+ -
Ji(—k)=

Note that jj;(k) =
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m [ xi(Pak;(k +p) — aJk(p)a,k(k +p) 2\/_/ \/—a,k (p)ar; (k — p)
+E /0 dp bki(p)bk.’i(k +p) - bjk(p)b,-k(k +p) + E /0 dpbir, (p)br; (k — p).-

(2.23)

[J-J't(—k)] . There are no (divergent) c-number terms in J* (k) since supersymmetry requires

for the bosonic and fermionic c-number contributions to cancel each other. Therefore J* (k) is just the same as the

normal ordered product : J* (k) :

- g
Pr;= 2/

% 71 07 ? = dk

. The current-current interaction term is given by

{750, (-

The source for x is given in momentum space for —k < 0:

k)} . (2.24)

B9 = 57 [ dp{%, [oi@)bes (5 + 2) — Ly @)bur ke + )]

+

r / f [0 (P)bi; (k — p) — ax; (0)bir (k — )] .

Note that [, 9];; (k) =

Pyukawa = __g; /0°° % [[m]”(k) ’ [m]p(“k)] .

% ip [aik(k + P)bjk (p) — arj(k + p)bli(p)] }

(2.25)

- [[m] ji(—k)] . The Yukawa coupling term is given by

(2.26)

When we bring the Hamiltonian into a normal ordered form, we find that the (divergent) c-number vacuum ener-

gies cancel between bosons and fermions.
Hamiltonian : P~

P =P q4t:P 4

2 oo g
Pru=2 / Ok (al;(k)aum(k) + bl; (K)bim (K) ) (NGitSsm — B1581m),
0

(k+p)?
p(k—p)*’

e [ (D)= [

The supercharge is given in terms of these operators
as

Qu = i2/% [ akV& [oss (0 () — o ()b ()]

(2.30)
Qs = —i21/4g/0 ékﬁ [bi’j(k)fij(—k)

_ (j;-j(qc))t b,-j(k)] .

By taking (anti)commutators with spinor ¢ and scalar ¢
fields, we can confirm that these supercharge operators
generate supertransformations in the light-cone gauge as
given in (A15) and (A16).

(2.31)

Moreover, the only additional term P__ quad compared to normal ordered
: is quadratic and is symmetric between scalar and spinor oscillators:

(2.27)

(2.28)

(2.29)

Our next task is to determine physical states whose
mass spectra will be calculated later. The light-cone vac-
uum is the Fock vacuum defined by

ai;(k)|0) =0, bs;(k)[0) =0, (2:32)
satisfying P*|0)=0.
ing creation operators a ;i (k), za(k) and their linear
combinations on |0). In leading order in the 1/N
expansion, physical states are given by gauge sin-
glet states with single trace of creation operators
tr [O(k1) - - - O(km)] |0) /N™/2/5 with O(k) representing
al (k) or bt (k), and N—™/2 the normalization factor and
s a symmetry factor.

The mass spectrum is obtained by solving the eigen-
value problem

2PT P~ |®)

Fock states are given by act-

= M?|®). (2.33)
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It is almost impossible to solve the eigenvalue problem
analytically because we must diagonalize an infinite di-
mensional matrix. Therefore we will resort to a dis-
cretized approximation in the next section. Truncation
to two-constituent subspace yields a closed bound state
equation similar to the 't Hooft equation [4] as described
in Appendix B.

III. DISCRETIZED LIGHT-CONE
QUANTIZATION OF SUPERCHARGE

In order to prescribe the infrared regularization pre-
cisely and to evaluate the mass spectrum in spaces with
finite number of physical states, we compactify spatial di-
rection £~ to form a circle with radius 2L by identifying
27 = 0 and = = 2L. In order to preserve supersym-
metry, we need to impose the same boundary condition
on scalars ¢;; and spinors ;;. It is in general neces-
sary to choose periodic boundary conditions on bosonic
field and to retain zero modes, if one wishes to take into
account the possibility of vacuum condensate or spon-
taneous symmetry breaking [12]. Since we are primar-
ily interested in physical mass spectrum, we neglect the
zero modes in the present work. We shall choose periodic
boundary conditions for both scalars ¢;; and spinors ¥;;,
leaving the problem of zero modes for a further study

$ij(z7) = ¢ij(z” +2L), tii(x7) = i(z™ +2L).
(3.1)

The allowed momenta become discrete and the momen-
tum integral is replaced by a summation:

+_ 7 - ot LN
kn_zn, n=1,23,.., A dk _)ZZ{

Then mode expansions (2.17) and (2.18) for ¢;; and t;;
J

(3.2)

Q — 21/4

I+ 2n

1/4g N
vL e
™ (12::1 2ly/n(l +n)

=—1

—al(t+n)(Am)BO) - B(l)A(n))ij]

co I-1
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become discretized

1 1 o
J— .. —imnz~ /L
b= Vi LR [

+A;.fi(n)e"”"f/ L] , (3.3)
I T
+BT (n)ei™= /L} (3.4)
A,'j(n) =4/ W/Laij(k+ = 'ﬂ'TL/L),
B;; (n)= \/W/Lbij (k+ = 7rn/L), (3.5)
[4i5(m), 4l (2)] = { Bis (), BL,(n)}
= 8618k (3.6)

Let us define the supercharge in this discretized light-
cone quantization. The first supercharge Q; in Eq. (2.30)
in this compactified space is given by

Q. = 2"/%, /% S v
n=1

—A;(n) ,.j<n>].

Aij (n)BJj (n)

(3.7)

Since the elimination of gauge field A introduces a sin-
gular factor 1/8_ in supercharge @, in Eq. (2.31), we
need to specify an infrared regularization for this factor.
Following the procedure of ’t Hooft [4], we employ the
principal value prescription for the supercharge. Namely
we simply drop the zero momentum mode

5 o [Blems-m) - 5(=m)]" Bij(m)
s/ 3 [ [Fatom)]' Bt

[[Af(n)B‘f(l) — B (A (n)],; Ai; (1 +n)

T 121\/n—71) [ () (A(n)A(l—n))”_ (A*(n)Af(l—n))ijB,-j(Z)]

—lz_j ( + )[BT(n)BT(z)). Bi;(l+n) + B, (l+n)(B(n)B(l))ij]

-1

+{2 % [ (B(n)B(l - n)) g + (B'(n)B'(l —n)),; Bi]-(l)] )

=2 n=1

(3.8)
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The supersymmetry algebra requires a relation be-
tween supercharges and the light-cone momentum P+
and the Hamiltonian P~ operators:

{Q1,Q:1} = 2v2P™, (3.9)
{Q2,Q:} = 2v2P", (3.10)
{Q1,Q2} =0, (3.11)

in our choice of spinor notation (2.6). Infrared regulariza-
tions of P+ and P~ have to be done consistently with the
supersymmetry algebra. It is actually difficult to guess
the correct infrared regularization for the Hamiltonian
unless we start from the supercharge. The Hamiltonian
P~ can be defined by just squaring the supercharge Q..
Then the above principal value prescription for the su-
percharge Q2 specifies uniquely the prescription for the
Hamiltonian. In this way we can check that the super-
symmetry algebra holds in our formulation of the dis-
cretized light-cone quantization.

Physical states take the form

tr[O(nq) -+ O(nm)]|0), m > 1, (3.12)

1
Nm/2 \/g
where O represents At or Bt. The symmetry factor s
is the number of possible permutations of constituents
which give the same state [7]. Note that we should con-
sider only states with two or more constituents m > 1
since we should discard singlet to the leading order of
the 1/N expansion of U(N) gauge theory. It is also ab-
sent in the case of SU(N) gauge theory anyway. All these
states satisfy the physical state condition coming from
the constraint (2.10):
JE(0)|@) =o0. (3.13)
Here we note that there are both bosonic and fermionic
oscillators in our supersymmetric theory. This fact gives
rise to much larger number of new physical states com-
pared to the purely fermionic or bosonic adjoint matter
case.
Since P* commutes with other operators, we work on
a subspace with a definite value of the light-cone momen-
tum P*:

Pr="K K-=1,2,...,

7 (3.14)

K=) n {AIj(n)Aij(n) + Bl (n)By; (n)} . (3.15)

For the state defined in (3.12), K = Y i~ n;. Therefore
the number of physical states is finite for a given K. So
long as K is finite, we can consider finite dimensional
physical state space to diagonalize the mass matrix. The
parameter K plays the role of the infrared cutoff. The in-
finite volume limit L — oo is achieved by taking the limit
K — oo with finite physical values of P* fixed. As usual
in the discretized light-cone approach, we shall evaluate
mass spectra for finite K corresponding to a finite spatial

box and try to evaluate the asymptotic behavior K — oo.

The supersymmetry algebra (3.10) implies that the di-
agonalization of the supercharge Q, gives the desired
mass spectrum. Let us consider the subspace for fixed
light-cone momenta P+, and denote

_[o At _[o Bt
Ql—[A 0], Q2_[B0]a
where the first half of the rows and columns correspond

to the bosonic color singlet bound states and the second
half to the fermionic states. The mass matrix is

2_op+p-_ V21K [ BIB 0
M™=2P"P" = L [OBBT'

(3.16)

(3.17)

The diagonalization of the positive-definite matrix BtB
gives the mass eigenstates of bosonic color singlet bound
states and the other positive definite matrix BB’ gives
fermionic ones. There exist two unitary matrices U and
V such that

U-YB'B)U=V~Y(BB")V =D,

vtv=vtv =1, (3.18)

where the matrix D is positive diagonal. Let us empha-
size that the positive definiteness of mass-squared matri-
ces BtB and BB is a direct consequence of regularizing
the supercharge @ instead of P~ .

Relation (3.9) shows that the matrix A is unitary apart
from a scale factor

AAt =1, 1&52%,/%/1.

The anticommutation relation between two supercharges
(3.11) gives

Bt = —AtBAt.

(3.19)

(3.20)

Therefore we find that the matrix A is precisely the ma-
trix which maps the mass eigenstates of bosonic bound
states and fermionic ones:

V = AU. (3.21)

In the rest of this section, we consider adding
(supersymmetry-breaking) mass terms m;, for the adjoint
scalar field and my for spinor field to explore supersym-
metry breaking and to help treat the zero modes more
precisely:

1 -
Smassive =S5+ /dzm tr [__2_m12)¢2 - mf‘I’\p] ) (322)
where S is the massless action given in Eq. (2.1). In

the light-cone gauge A_ = 0, the action reduces to mass
terms added to the massless action S in Eq. (2.7):

Sma.ssive =5+ / d(l?+d:13_ tr l:—-;'mlz;gbz

—is/imfxsz . (3.23)

The Euler-Lagrange equation for the auxiliary field x is
modified from Eq. (2.9):



2452 MATSUMURA, SAKAI, AND SAKAI 52
l\/ia_x hae g[¢, ¢] - ‘lmf’lp =0. (324) Pr;asswe P~ + P— ,quad + Pr; cubic? (326)
Elimination of A, and x gives the action with S in
Eq. (2.11) and mass terms: )
1
1 2 1 P ,quad — /d:l: Tr[ mb¢2 5 f¢' 1/)] (3'27)
Smassive =9 + / d$+d®'— tr ——-2~m,2,¢2 + Emfe’llla;’lb
. 3.25 - — 1
+mf9"/’ — o, 1/)]] (3.25) Py cubic = _mfg/dm Tr (1/,_8_{(1,, 1/,}) . (3.28)

The momentum Pmasswe

is the same as Eq. (2.12) and
the Hamiltonian PmaLste has mass terms in addition to
the massless P~

in Eq. (2.13):

L N1
,quad._—;Z;{

The final result for the additional terms in the Hamil-
tonian is given in the discretized light-cone quantization

")Au (n) +m fBz, (n)Bi; (n‘} (3.29)
- mpgl & 1 [1 1 t
P ic — — — - 511, —nga+n A B 3 Bz
m,cubic z 471'% . n;SZI{\/TTz |:n3 + n 1—n2+ns,0 k](n2) k (nl) _7(17,3)
1 1 1
+ﬁﬁ [n—3 - E] Ony —nz+ns,0 [Ajk(nl)B:rk (n2)Bij(ns) — Akz‘(nl)BL (n2)Bij(n3)]
1 1 1
+\/ﬂ [;L; - n‘z] Ony+nz—ns,0 [Azj("l)Bjk (n2)Bij(ns) — A:rk("l)BIj (n2)Bi; (n3)]
1 [1 1 t t
+ Iy I:gz‘ + n—s] 6"1“”2_71330Ajk(nl)Bji(nz)Bik (nB)} (3.30)
[
1
IV. RESULTS OF SUPERCHARGE 1), = a7 T [A1(1)AT(1)Bt(1)] |0y,
DIAGONALIZATION 1
2), = ———tr [Bf(1)BY(1)B(1)] |0),
As we have seen, our procedure preserves supersymme- 1) N3/2,/3 r[ ()BT (W)BI(1)]10)
try manifestly throughout the calculation. Therefore we (4-2)

are naturally led to obtain supersymmetric mass spectra
with exactly the same bosonic and fermionic spectra for
color singlet states.

If we consider the states with finite values of the dis-
crete momentum K, we have only finitely many physical
states to diagonalize the mass matrix. Let us illustrate
the procedure for smaller values of the discrete momen-
tum K. In the case of K = 3, we find four possible states
for bosonic color singlet states

1), = N.mf tr [AT(1)AT(1)AT(1)] |0),
12), = Nm tr [AT(1)BT(1)B(1)] |0),

~ e [4T@atm)] o),

14), = w17 tr [BT(2) Bt (1)] |0),

and four possible states for fermionic color singlet states

(a.1)

8), = b [412)BT )] [0),

14); = tr [BY(2)AT(1)] |0),

N1/2

Using the matrix B appearing in Eq. (3.16), the mass
matrix is given as

T a2 T2PYPT V2K
2N~ ¢?N  ¢°NL Qs
0 Bt
=345 (4.3)
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0 0 00 ! t(1)at(1)4t(1) 4"
1 tr [AT(1)AT(1)AT (1) AT (1)] ]0),
P 0 o0 o0-2 s = 7735 tr [AT(VAT(1)AT(1)AT(1)] [0)
VN B9 = o -3,/ 0 o (44) 12), = ]—Vl-z- tr [AT(1) AT(1)BT(1)B(1)] |0),
0 3V3 00 t(2) At (1) AT(
3), = N3/2 tr [AT(2)AT(1)AT(1)] |0),
4 tr [AT(2)BT(1)Bt(1)] |0),
By diagonalizing this matrix, we obtain mass eigenval- [4)s = N 3/ 2 r[ @) ( )] 0)
ues in units of g4/N/7. We find that two bosonic mass- t(1 +
less states correspond to two fermionic states through the 15)s = N3/2 tr [A 1B (2)] 10} (4.7)
first supercharge Q; as shown in Eq. (3.21): 16), = N3/2 tr [A*( nat (2)Bf(1)] 0y,
17)s = + tr [4T(3)AT(1)] |0),
|1>b Ad |1>f ) b Nl
8), = —= tr [AT(2)A1(2)] |0),
181 = o7 tr [42)47(2)] 0
1
1 2 9), = — tr [BY(3)BT(1)] |0),
3 & = 13); + \/;|4),. (4.5) 9=y trl I
and nine possible states for fermionic color singlet states:
1
We also find that the two bosonic states with mass eigen- 11);= e tr [Af(l)Af(l)AT(l)Bf(l)] |0),
values 81/4 in units of g2 N/7 correspond to two fermionic 1
states with the same eigenvalues which are also mapped 12}, = N— tr [A*(l)BT(l)Bf(l)B*(l)] |0},
by the first supercharge Q1:
13); = N3/2 tr [AT(2)AT(1)BY(1)] |0},
12), 4 12)5 14); = N3/2 tr [41(2)B'(1)A'(1)] |0),
|5); = N3/2 tr [BY(2)At(1)AT(1)] |0}, (4.8)
4), & 3 4 4.6
14)s [l \/— |4) (4.6) l6>f N3/2 tr [BT 2)31 1)B*(1)] |0y,
1
17)y = % tr [4T(3) B} (1)] 0)
Let us note that the adjoint scalar field alone gives only 1
|1), and |3), as color singlet states, whereas the adjoint 18)f = N tr [AJr (2)Bf(2)] |0),
spinor field alone gives |4), as bosonic color singlet state 1
and |2) as fermionic color singlet state. Therefore each |9) =N tr [ Bf(3) Af(l)] |0).

case gives only a quarter of the possible states in our
supersymmetric theory. Similarly for K = 4, we find The matrix B appearing in the supercharge Q; in

nine possible states for bosonic color singlet states, Eq. (3.16) is given by
J
(0 0O o O 0 0 0 0 0
0 0 O 0 3 -3 0 0 0
3 _5 1
0-50 0 0 0 G 3 35
0-20 o 0 0o = -3-1
25/4 V2 Ve 3v2
( B;j) = 0o 3 0 0 0 0 0 0 0 (4.9)
‘oVNL 0 0 0 O 0 0 o o -%
2 2 2
0 0 0-5/3 —J5 —75 0 0 0
0o 0 O 3 —= == 0 0 0
2 2
o 00 o ¥ o o o
I
From the diagonalization of the matrix for bosonic states. We find exactly the sanie spectra for fermionic
color singlet states, we find four different mass eigen- color singlet states.
values 0, 18, and (1302 +42+/13) /54 . All massive states We have explicitly constructed bosonic and fermionic

have degeneracy two, whereas there are three massless color singlet states for higher values of the cutoff momen-



2454

tum K up to K = 11. We find the number of bosonic
color singlet states for K =5, 6, 7, 8, 9, 10, and 11 to be
24, 61, 156, 409, 1096, 2953, and 8052, respectively. The
number of fermionic color singlet states is exactly the
same as the corresponding bosonic one with the same K.

After evaluating the supercharge for these subspace up
to K = 8, we diagonalize the supercharge exactly to ob-
tain the mass eigenvalues. In Fig. 1 we plot the ac-
cumulated number of bosonic color singlet bound states
as a function of mass squared in units of g?N/m. We
can see that the number of states is approaching to a
limiting value at least for smaller values of M2. The
present tendency seems to suggest that the density of
states is increasing rapidly as the mass squared increases.
This behavior is in qualitative agreement with the previ-
ous results for the adjoint scalar or adjoint spinor mat-
ter constituents in nonsupersymmetric gauge theories [7].
Namely the density of states showed an exponential in-
crease as mass squared increases in accordance with the
closed string interpretation. The fermionic color singlet
bound states show the same behavior.

In Fig. 2 we plot the mass squared of bosonic color sin-
glet bound states in units of g2N/7 as a function of the
average number of constituents for the case of K = 5.
We have also obtained a similar plot of the fermionic
color singlet bound states which turns out to be indistin-
guishable from the bosonic one. Since we find the exact
correspondence, we shall display only the bosonic spec-
tra. In Figs. 3, 4, and 5 we plot the mass squared in
units of g2 N/m as a function of the average number of
constituents for the case of K = 6,7, and 8, respectively.
It is interesting to see that the average number of con-
stituents increases as mass squared increases.

We find that there are a number of massless states.

400

300

200

100

14
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Empirically we find that there are K — 1 bosonic and
fermionic massless states for the momentum cutoff K. It
is easy to understand some of the massless states. For
instance, for each K there is one massless bosonic state
with K bosonic oscillators of the lowest level Af(1) act-
ing on the vacuum. There is also one massless bosonic
state with one bosonic oscillator AT(2) of level two and
K — 2 bosonic oscillators of the lowest level At(1) acting
on the vacuum. Both these states become massless at
arbitrary K because of the principal value prescription
for the infrared regularization of the supercharge.

The bound state equations for adjoint scalar or spinor
constituents are infinitely coupled even in the large N
limit [7]. To compare with the case of constituents in
the fundamental representation, it is instructive to work
out a truncation to a two constituents subspace. The
two-body bound state equation becomes analogous to
but is somewhat different from the 't Hooft equation [4]
extended to the boson-boson bound state case [14] and
the boson-fermion bound state case [15], as given in Ap-
pendix B. Unfortunately, our results in Figs. 2-5 suggest
that the two-body truncation does not seem to give an
adequate approximation even for states with low excita-
tions.

To explore the effects of supersymmetry breaking mass
terms, we diagonalize the mass matrix exactly with equal
mass m = myp = my for scalar and spinor constituents.
The explicit form of the mass matrix for K = 3 and
K = 4 are given in Appendix C. As an illustration,
we plot the mass squared of bosonic color singlet bound
states for K = 4 as a function of the constituent mass
both in unit of gv/N /7 in Fig. 6. Similarly Fig. 7 shows
the fermionic bound state. We observe that the mass
spectra of bosonic bound states and fermionic ones dif-

FIG. 1. The accumulated number of
bound states as a function of mass squared
for K = 4,5,6,7,8; there is no difference
in behavior between bosonic and fermionic
state.

y 0M’/<g2 N/m)
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FIG. 2. Mass squared of bosonic bound
states for K = 5 as a function of the average
number of constituents; M? are measured in
units of g>N/.

A
o}
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FIG. 3. Mass squared of K = 6 bosonic
bound states as a function of the average
number of constituents; M? are measured in
units of g>N/m.
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FIG. 4.

Mass squared of K = 7 bosonic

bound states as a function of the average
number of constituents; M? are measured in
units of g>N/x.

FIG. 5.

Mass squared of K = 8 bosonic

bound states as a function of the average
number of constituents; M? are measured in
units of g>N/.
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FIG. 6. Mass squared of K = 4 bosonic
bound states as a function of the constituent
mass squared m?[z = m?/(g>N/x)]; both are
measured in units of g>N/m.

M?/(g? N/m)
70

60 b
50

40 b

FIG. 7. Mass squared of K = 4 fermionic
bound states as a function of the constituent
mass squared m?[z = m?/(g°> N/7)]; both are
30 measured in units of g>N/m.
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fer as constituent mass increases even though we have
given identical masses for both bosonic and fermionic
constituents. This is because they are supersymmetric
partners of gauge boson which has to be massless. It is
interesting to see that the vanishing mass of the gauge
boson demands massless scalars and spinors even though
the gauge boson does not have dynamical degree of free-
dom.

ACKNOWLEDGMENTS

We wish to acknowledge Simon Dalley for a useful
discussion and advice on diagonalization of matrices,
Kenichiro Aoki for an illuminating discussion, and Des
Johnston for a reading of the manuscript. One of the au-
thors (N.S.) thanks Tohru Eguchi, Kiyoshi Higashijima,
Sung-Kil Yang, and Elcio and Christina Abdalla for in-
teresting discussions. Omne of the authors (N.S.) would
like to thank the Aspen Center for Physics and Service
de Physique Theorique Saclay for hospitality, and the
Japan Society for the Promotion of Science for a grant.
This work was supported in part by Grant-in-Aid for
Scientific Research (No. 05640334), and Grant-in-Aid
for Scientific Research for Priority Areas (No. 05230019)
from the Ministry of Education, Science and Culture.

APPENDIX A: SUPERFIELD AND
SUPERTRANSFORMATION

Here we construct the action of supersymmetric Yang-
Mills theory in 1 + 1 dimensions by using the superfield
formalism. The spinor superfield V, corresponds to the
vector multiplet

7 A*(z)
Va(2,0) = €a(2) — 3 (vermuda s

N (@) (150)a — 500V2Wa(2),

+ %Baqb(w)

(A1)

where 6 is a two-component Majorana Grassmann spinor;
£u, ¥, are Majorana spinors; A* is a vector field, ¥ and
N are scalar fields. Spinor indices and spacetime indices
are denoted by a and pu, respectively. The infinitesimal
gauge transformation on V,, is defined by

OgangeVa = —(15D)aS — 129[S, Vo] = —(15V)aS, (A2)
(V)aS =DoS — 29[(v5V ), S,
o o
—_ 9 L aampgy Y
D, = 90 +i(v*0)a G’ (A3)

where D, is the supercovariant derivative and V is the
super- as well as gauge-covariant derivative. The trans-
formation parameter S is a scalar superfield:

5(z,0) = A(z) — OA(z) — %O_QF(;C), (A4)

where A, F' are scalar fields, and A is a two-component
Majorana spinor field. _

Let us define the quantity G which transforms covari-
antly under the gauge transformation (A2):
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G =DV +i29V75V, OgaugeG = —i29[S,G].  (A5)

Using [ d20%9-0 = —1, the action of supersymmetric
Yang-Mills theory is given by the covariant derivative of
G:

VoG =D.G —i2g[ysV, G,
bgauge VoG = —i29[S, VoG],

5= /d20d2w [ - %tr (vaévaé) ]

Let us decompose the gauge transformation (A2) in com-
ponent fields:

6Bauge£a = _('75)‘)a - i2g[A,§a],
SgaugeAu/g = —12[A, Au] — 29{X, vsvu.E} + 20,A,
5gaUge¢ = —i2g[A,¢] - i2g{5\,§},
Sgauge N = 2F — i2g[A, N| + i2g{ X, v5¢},
Sgauge V2P = ivs7, 0"\ — i2g[A, V2U] + [vs7# ), A,
+ig[A, @] — ig[ysA, N| — i2g[F, £].

(A6)

(A7)

(A8)

We choose the Wess-Zumino gauge £, = N = 0 by using
the gauge freedom A and F', and we find the remaining
gauge transformation with the parameter A,
Ogauge Ay = —12g[A, A,] + 290, A,
Jgauged) = _zzg[A’ ¢]a
bgaugeV2¥ = —i2g[A, V2]

(A9)

Next we consider the supertransformation. The super-
field V transforms as

SeupesV = —i€QV =& [-% —~ m“ea,,] vV, (A10)

where Q, is the supercharge acting on superfields and ¢
is an infinitesimal two-component Majorana spinor. In
terms of components, it becomes

i A 1 1
asuperga = 5(757“6)01?“ - §6a¢ + 5 (756)a Na
Osuper Ay = 1g€Ys (vu V2U + iv”vuauﬁ) )
Sruperd = — (V2¥ —iv*0,£)

Seuper N = &5 (\/E\p + iy” uﬁ) ,
8,4,

1 1
(ssuperlI"a = 5(75'7,/'7“5)0 + 5(7"6)013”({)

i
-3 (vs7*€), OuN. (A11)
Note that the Wess-Zumino gauge condition = N = 0 is
violated by the supertransformation. We therefore need
to make compensating gauge transformation to maintain
the Wess-Zumino gauge condition
‘SsuperE + 6gauge€ =0, 6superN + SgaugeN =0, (Alz)

at the Wess-Zumino gauge fixing slice { = N = 0. By
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choosing the compensating gauge transformation as

A= ny“e

1
et Lyeg, F=-leyve

(A13)

we obtain the modified supertransformation Ssupe,
Osuper + Ogauge in the Wess-Zumino gauge as shown in
Eq. (2.3). In the Wess-Zumino gauge, G becomes

G=¢+0V20 + %éoéleﬂ"Fw,, (A14)
g

where €°! = —¢p; = 1. Substituting (A14) into (A7),
we obtain the action (2.1) of the two-dimensional super-
symmetric Yang-Mills theory. Since the light-cone gauge
condition A_ = 0 is violated by the supertransformation
(2.3), we need to define a modified supertransformation

Jsuper = 6supe, + dgauge DY addmg another compensating
= 0. We find
J

gauge transformation to make (SsuperA_
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the supertransformation for the dynamical variables in
the light-cone gauge as

N . 1
Jsuperd) = 7'21/4 (€1X - 621»[") + 23/4961 li‘a“""/"a ¢:| ) (A15)

1
21/4

+T“q&¢+f“m1h}w¢}

Ssuperz/) 618 A+

(A16)

APPENDIX B: TWO-BODY TRUNCATION
OF BOUND STATE EQUATIONS

Here we summarize the bound state equations in the
truncated subspace of two constituents only. Bosonic
bound states consist of two bosonic consitituent wave
functions ¢s, and two fermionic ones ¢y¢:

Pt
|®(P)), =/ dkydky8(ky + ky — P+){¢bb(k1,kz)%[-tr[af(kl),af(kz)]

7l ) 3yl () 1 )] [0

Sop(k, Pt — k) = dppp(P+ —

We define C; = C + 255

k,k), ¢ss(k,PT —k)=

—¢55(P
(j = b, f), using the quadratic term in the Hamiltonian C(k) defined in Eq. (2.29). We

(B1)

+ — k, k). (B2)

obtain a coupled bound state equation for bosonic bound states using ¢ = k/P*, y =1/P*:

Cu(k) , Co(P* —k

T 1—=x

M2ppp(k, Pt — k) = 27r [

(z+y)(2—=z

):l dop(k, Pt — k)

~Y) 4 (1, PF —1)

2m /o Vel —z)y(1—y)

dy
I /0 (y — z)y/z(1 — z) ¢1s(L P

Cy(k) , Cy(P
T 1-—

N
2 P+ — k)= g
M ¢y (k, )=

(z —y)?

—1), (B3)

k)] b15(k, P* — k)

2g2N / 2N ! bes(l, P+ 1)
¢ s, Pt - 1)+ =— / dy (B4)
! 0 (fc —y)Vy(l—vy)
Similarly we find a bound state equation for fermionic ones:
pt 1
|2(PF)), = / dkidk2d(ky + ky — P+)¢>bf(k1,kz)ﬁtr[a*(kl),b'f(kz)] 0y, (B5)
0
2 Ch(k Cs(P* -k
M2¢bf(k,P+—k)=g N l: b( )+ f( ):| ¢bf(k,P+—k)
2m T 1-—
2 g2
g°N dy + N / Tty
— LP IL,PT —1). B6
e A N Tk Gt P D (B0
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APPENDIX C: MASS MATRIX WITH MASSIVE
CONSTITUENTS

Here we display the bound state mass matrices for mas-
sive constituents. Introducing mass squared parameters
of constituents in units of g2N /=

_ ﬂ'mg _ wm?

~ ¢?N’ 7 ¢*N’
we find the mass-squared matrix in units of g2N/m for
K = 3 bosonic bound states defined in Eq. (4.1):

(C1)

9z 0 0 0
%2_2_7_1' _l10 %+.3w+6y—3;\/%— -3/ (©2)
g2N 0 3i\/% 5 0
0o ¥y 0 S +3y
For K = 3 fermionic bound  states defined in
|
16z 0 0 O 0 O O O0 O
0 8& 0 O 0 0 0 0O
0 0 10z 0 0 0 0O 0O
0 0 0 2t 0 0 0 0O
T, = 0 0 0 04z 0 0 0 O},
0 0 0 O O0 4z 0 0 O
0 0 0 00 0 %¥zxo00
0 0 0 O 0 0 O0 4z 0
0O 0 0 0 0 0O O o00O
0 0 0 0 0 0 0
0 8y —2i/2y 0 WY —i /Y 0
0 2i\/2y 0 0 0 0
0 0 0 8y 0 0 0
T, = |0 —i/y 0 0 6y 0 —iy3y
0 i/y 0 0 0 6y —i/3y
0 0 0 0 1\/3y /3y 0
0 0 0 4y O 0 0
0 0 0 £/ i i 0
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Eq. (4.2), we find
3z+6y 0 0 0
M2 0 849y -3iy/% 0
N 0 3iy/¥ T+la+3y -2
0 0 —s A3+ iy
(C3)

For K = 4 bound states, we decompose the mass matrix
as

by 2 V2mK
g?N~ — ¢2NL
For bosonic bound states, the first supersymmetric term

Q2 reduces to BB in terms of the matrix B in Eq. (4.9),
and the second and third terms are given by

Qi+ T.+T,.

(C4)

(Cs5)
0 0
0 0
0 0
—4ify —%2y
0 —3vY (Cs)
0 —3VY
0 0
0 0
0 33§y

For fermionic bound states, the Q2 reduces to BB! in terms of the matrix B in Eq. (4.9), and the second and third

terms are given by

122 0 0 0 00 0 0 O
0 4 0 0 00 0 0 O
0O 06z 0 00 O 0 O
0 0 06z 00 0 0 O
T,=| 0 0 0 080 0 0 0 |, (cn
0 00 00O 0 00
0 000 00 3xz0 0
0 0 0 0 00 0 2 0
0 0 0 0 00 0 O 4z
4 0 0 0 0 0 0 0 0
0 12y —2i/2y —2iy/2y 0 O 0 0 0
0 22y 4y 0 0 o0 0 -y Zy2y
0 2i/2y 0 4y 0 o0 0 Wy —%2y
T,=1| 0 0 0 0 2y 0 0 0 0 (C8)
0 0 0 0 0 10y —2i/3y —2i\/2y 0
0 0 0 0 0 23y 4y 0 0
0 0 iV —iy/y 0 22y 0 2y 0
0 0 -—-Zyzy %2y 0 0 0 0 3y
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