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Complete solution of a gauged
tensor model

CHETHAN KRISHNAN AND K. V. PavaAN KUMAR

Building on a strategy introduced in arXiv:1706.05364, we present
exact analytic expressions for all the singlet eigenstates and eigen-
values of the simplest non-linear (n = 2,d =3) gauged Gurau-
Witten tensor model. This solves the theory completely. The
ground state eigenvalue is —2v/14 in suitable conventions. This
matches the result obtained for the ground state energy in the
ungauged model, via brute force diagonalization on a computer.
We find that the leftover degeneracies in the gauged theory, are
only partially accounted for by its known discrete symmetries, in-
dicating the existence of previously unidentified “hidden” global
symmetries in the system. We discuss the spectral form factor,
the beginnings of chaos, and the distinction between theories with
SO(n) and O(n) gaugings. Our results provide the complete ana-
lytic solution of a non-linear gauge theory in 0+1 dimensions, albeit
for a specific value of N. A summary of the main results in this
paper were presented in the companion letter arXiv:1802.02502.
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1. Introduction

The purpose of this paper is to present the complete analytic solution of a
gauged non-linear 0+1 dimensional quantum theory of strongly interacting
fermions. More specifically, we will present the eigenvalues and eigenstates
of the n =2,d =3 colored tensor model in the language of [I]. A letter
version of this paper with only (some of) the results was presented in [2],
here we will present the various technical details of both the method as well
as the complete results. Before proceeding, we will present a few words of
motivation as well as make some general comments.

Gauged tensor models [3] have been around for a while, but they expe-
rienced a resurgence in interest after Witten argued [I] that certain classes
of them can mimic the large-N diagrammatics of the SYK model [4] [5]
and therefore they might be of interest for holographic purposes (see re-
lated discussions in [6) [7]). Unlike the SYK model, these theories are not
disorder averaged and therefore are perfectly legitimate quantum mechan-
ical theories. In this paper, we will view these tensor models as a class of
strongly coupled gauge theories in 0+1 dimensions, with tunable parameters
that capture N. Our goal will be to see how far we can proceed in exactly
(non-pertubatively) solving them, and we will stick to relatively small N.

The strategy we present here is in principle general enough to go through
for all colored Gurau-Witten tensor models with gauge group O(n)* x O(2)2,
as well as possibly other related classes of tensor models. Of course, at larger
n the implementatioon of the approach is more complicated. What we have
explicitly solved here is the n = 2 case. Even though the gauge group is
Abelian, because of the quartic self-interactions the theory is still highly non-
linear. One of the advantages of 0+1 dimensions is that the gauge field is not
dynamical and merely imposes a singlet constraint (see e.g., [8]) for any n.
We take systematic advantage of this, as well as of the crucial fact observed
in [9] that the Hilbert space is a spinor and that its Clifford structure can be
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exploited profitably. We should emphasize that while the ungauged model
is more or less straightforwardly diagonalized numerically on a computer,
the gauged theory is not. This is because constructing singlets and singlet
eigenstates in a useful way in these theories is difficult. In particular, it is
unclear (to us) whether having the numerical eigenvalue spectrum of the
ungauged theory is helpful in solving the gauged theory. This is what makes
this problem interesting. In fact, even the counting of singlets is a non-trivial
problem, see [I0]. The dimensionality of the gauged Hilbert space we find
matches with the count in [10].

It is easy to convince oneself that the eigenvalues of the gauged model
should form a subset of the ungauged model. Since the ungauged model can
be diagonalized numerically, this offers us a non-trivial test of our solution.
Indeed, we find that all the eigenvalues that we find (our eigenvalues are all
square roots of integres as it turns out) match with (a subset of) the nu-
merical eigenvalues of [I1] upto six decimal places. In particular, the ground
state energy is —2v/14 in units where the coupling J = and agrees with
the ungauged ground state energy. We will offer a qualitative understanding
of the origin of the irrational energies in a later section.

Despite the relative smallness of N we find that the theory does lead
to some rudimentary large-IV features like chaos. In particular, the Spectral
Form Factor (SFF) is qualitatively identical to that of the ungauged model
found in [I1} 12] which in turn was related to the dip-ramp-plateau structure
of SYK [I3]. This should be contrasted to the simplest uncolored model
[14] whose gauged version was solved in [15, [I6], but it was found to be
a rather trivial two-state system. The ungauged Hilbert space there was
only 16 dimensional, and after gauging only two states were left. Here, we
start with an ungauged Hilbert space that is 65536 dimensional and after
gauging we end up with a Hilbert space that is 140 dimensional. There
are 11 distinct eigenvalues in the spectrum. We are able to explain many
of the degeneracies in the final Hilbert space in terms of the known [
11] discrete global symmetries of the tensor model. However, there remain
degeneracies which are unaccounted for by the known symmetries of the

1See next section for definition of J. The coupling is dimensionful and setting
it to one corresponds merely to a choice of unit, and we will do so in most of the
paper. We can always re-instate it by dimensional analysis. Note that the running
coupling one expects at long distances in melonic theories should not be directly
compared to this. What we are solving is the UV theory. To get IR correlators
one should calculate correlators and look at their long time behavior. The effective
running coupling will emerge then.
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system, suggesting that there are (so far) unidentified hidden symmetries in
the Gurau-Witten tensor model. It is clearly of interest to identify them.

Note that it is the finding of the solution that is the difficult part in the
problem. Once we find the solution it is easy enough to wverify: by explicitly
acting with the Hamiltonian on the eigenstates. This means that we can
have quite a bit of confidence that the solution is indeed right. Further tests
of the solution include the fact that the eigenvalues match with previous
numerical results of a (subset of) eigenvalues in the ungauged tensor model,
as well as the match of the dimensionality of the Hilbert space with the
indirect count of singlets in [10]|ﬂ

We will mostly discuss the SO(n) version of the model in detail in this
paper. It is also possible to consider the O(n) model, which will remove many
more of the states from the spectrum and for completeness, we present a
discussion of that as well in Section 8. But it should be kept in mind that
in the rest of the paper we will not emphasize the distinction between the
two, even though we always have the SO(n) case in mind.

Comment added. The explicit forms of the singlet states are suppressed
in the journal version, but can be found in the appendices of the arXiv
version.

2. Gurau-Witten model

Gurau-Witten model is a quantum mechanical model in 0+1 dimensions.
The model is constructed using fermionic tensors of the form wfiiz“'”. The
index A corresponds to color index and take values from 0 to d and the
tensor indices take values from 1 to n. That is, the total degrees of freedom
is given by N = (d + 1)n?.

For each pair of colors (A, B), we assign a symmetry group O(n)ap. As
there are (d+ 1) colors in the theory, the overall symmetry group of the
theory is given by:

(2.1) G ~ O(n)d+1)/2

Further, we demand that under any group O(n)4p, fermions belonging to
the colors A and B transform in the vector representation and the fermions
of rest of the colors transform trivially. The interaction term of the theory is

2Note that [10] appeared after the Letter version of this paper [2] on the arXiv,
so this is not a retrodiction.
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an invariant under the symmetry group G and contains fermions belonging
to all the (d 4 1) colors.

From now on, we work with d = 3 i.e., we work with a theory that has 4
colors and has a quartic interaction term. The Lagrangian of d = 3 Gurau-
Witten model is given by:

(2.2) Wﬂkaﬂwk 3/2 Zwljszlm¢njm¢nlk

where (0, 1,2, 3) correspond to the color indices and each of the tensor indices
takes values from 1 to n. J is the dimensionful coupling and we set it to unity
in the rest of the discussion. Quantizing this theory gives rise to the following
anti-commutation relations:

(2.3) (W35 UFY = Sapo® oI5t

The kinetic term of d = 3 Gurau-Witten Lagrangian has O(4n3) symme-
try which is broken down to O(n)® due to the presence of interaction term.
That is, the symmetry group G of the theory is given by:

(2.4) G~ O(n)01 X O(n)02 X O(TL)O?, X O(n)12 X O(n)13 X O(n)23
More specifically, each of the fermionic tensors transform under G as follows:

5 — M Mg MG "

ijk Jg’ kk’ J'K

(2.5) o= Mo Mz M7y
’ ijk i’ rdd’ kk' 3’5k

5 = M2 My My
ijk ' arid’ kk' 3’5"k

3 = My Mz Mys

where M 4p are the matrices that correspond to the group O(n)ap. Using
this information, we can compute the Noether charges corresponding to the
symmetry group G as follows:

(26) 611i2 — Z< (Z)]]k lz]k +w11]k Zij')
(27) 221312 _ Z( i15k m]k +w11]kw12]k)
(28) 612j2 — < ij1k Z]zk + wlhkd]l]zk)
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(2.9) {gﬁ :i( ijl Z]2k+¢131 ¢132k>
(210) klkZ — (wwklwwlﬁ + ngkl ngkz)

1R2 ; ki, ijks ijky ) ijko
(2.11) e =i (o + o)

where the subscripts are the color indices. Note that the upper indices on
any of the charges should not be equal.

3. The Clifford basis

Before explaining our strategy to find the singlet spectrum, we define the
basis that we work with. The construction of basis is based on the fact that
the Hilbert space of our theory forms a spinor representation of O(n).

To start with, following and slightly generalizing [9, [16], we define for
even n the “colored” creation and annihilation operators as:

(3.1) ¢Uki _ <¢ij + ¢zj(k+1)

\f

where k takes only odd values and kT is given by the relation:
(3.2) k= 2k* —

Further, we can show that the 11)” ke obey the following anti-commutation
relations:

{¢zjk+ lmn*} —0; {wl]k lmn = 0;

3.3
( ) {¢z]k+ Ilmn=y _ 5A35115]m5k+,n

We define the Clifford vacuum as the state that is annihilated by all
Y7 ’s ie.,

(3.4) W) =

Acting with the creation operators, we can construct the entire Hilbert space.
Since there are 2n3 (fermionic) creation operators, we can see that the di-
mensionality of Hilbert space is 22"

For forthcoming purposes, we define four level operators L4, which
counts the number of creation operators of each color in a state. These
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L 4 are defined as:
(3.5) La =iyt

Note that there is no summation over the color index A. The commutation
relations with the fermionic tensors are given by:

ijk*® ijk*®
(3.6) [La, 3" ] = £03" 645

There is no summation over B on the RHS.
The Hamiltonian can be written in terms of the creation and annihilation
operators as follows:

e
(3.7) H = g™ i g™ gt gt gifm g™ gy
ijk™ pilm* ) ngm= o nikt gk pilm= g ngm® ikt
R R N

Note that each of the four terms in the Hamiltonian is manifestly invariant
under O(n)* x U(%)?. From the explicit form of the Hamiltonian, it is clear
that it does not commute with the level operators corresponding to indi-
vidual colors. As we will explain later, this makes finding the eigenstates of
the Hamiltonian more difficult in the case of n = 2 as compared to that of
identifying the singlets.

4. The singlet spectrum

In this section, we describe our strategy to find the singlet spectrum of the
Gurau-Witten model. Our strategy here is a “colored” generalization of the
one presented in [16] for uncolored models and in principle can be imple-
mented to identify singlet spectrum of Gurau-Witten model with arbitrary
d and n. Note that one can gauge first and then solve the theory or solve the
theory and then gauge it afterwards. The second approach leads to compli-
cations related to Young tableaux proliferation [17], so we will stick to the
first.

We start by noting that the singlet states by definition are the states
that transform trivially under the symmetry group. This definition can be
operationally implemented by demanding that the singlet states are anni-
hilated by the Noether charges f corresponding to the symmetry
group G i.e.,

(4.1) Qap |singlet) =0
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So, our goal is to find the linear combination of our basis states that are
annihilated by all the Noether charges. Since the number of basis states are
exponentially large, this seems a daunting task. But the following simplifi-
cation mitigates the situation partially and in particular makes the model of
our interest (n = 2 model) tractable. We emphasize that the last statement
does not mean that our method of finding singlet states using equation
is restricted to O(2) GW model alone and indeed can be extended to O(n)°
model. Further, the techniques and simplifications that we discuss in this
paper for O(2)% model will be applicable to the case of O(n)* x O(2)? model
as well and work is in progress along this direction.

The simplification is that all the gauge singlet states are present in the
mid-Clifford level. It can be shown as follows. Taking ks = k1 + 1 in the last
two Noether charges and (2.11)) and summing over all the odd k4’s,
we get:

n3
(Lo + L3 — 2) |singlet) = 0
(4.2)

n3
(Ll + Ly — 2> |singlet) = 0

These conditions imply that the singlets are at the mid-Clifford (= n?) level
in which "73 creation operators belong to the colors A = 0,3 and the other
half of them belong to the colors A =1, 2.

Even with this simplification, identifying all the singlets is still a non-
trivial task and we currentlyﬂ do not have a solution for Gurau-Witten
model with arbitrary n. As we will explain later, n = 2 case has some extra
simplifications which helps us in identifying all the singlets.

Once we have a strategy to identify the singlets, the next step is to find
linear combinations of singlets such that they form eigenstates of the Hamil-
tonian. As the Noether charges commute with the Hamiltonian, acting on
any singlet state with the Hamiltonian necessarily gives a combination of
singlet states. This is in general a hard task and the judicious application
of residual symmetries of the Hamiltonian helps us by reducing the num-
ber of computations that we need to do. We will elaborate on the residual
symmetries in the next section.

3Finding all the singlets in uncolored model with arbitrary n is comparatively
simpler problem and work towards this is in progress [I§].
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5. Discrete (residual) symmetries

The two tasks we have at hand- identifying the singlets and constructing sin-
glet eigenstates of the Hamiltonian are conceptually simple. But the compu-
tations involved are often tedious and can not be evaded. But, we can reduce
their number by exploiting the residual symmetries[1] of the Gurau-Witten
Hamiltonian. In this section, we identify these set of (discrete) residual sym-
metries. These symmetries are related to the permutation of colors and are
not part of the O(n)% group that we will gauge later in the paper. Thus,
these symmetries will be helpful in identifying the singlet eigenstates of the
Hamiltonian and also in explaining some of the degeneracies that we find in
the singlet spectrum.
The first set of these symmetries are denoted as:

(5.1) So1;23; 502,137 50312

The action of these symmetries is as follows. The operator S4p.cp acting on
a state exchanges the colors A <+ B and C' <+ D simultaneously. The action
of these operators on the Noether charges is as follows:

Sor:23 Qo1 Sgrias = Qo1; Sor;23 Qa3 Spiiag = Qas;
So12s Qo2 Sprias = Qusi Sonizs Quz Spriag = Qo
So2a3 Qo1 Sions = Qo233 Soz13 Qa3 Sions = Qots
Sozas Qo2 Sipns = Qasi Sozis Qus Sgins = Qo2
Sozi12 Qo1 Sgzaa = Q231 Sosaz Q23 Soza = Qous

—1 -1
Soz;12 Qo2 Spz;10 = @135 Soz;2 @13 Spz,10 = Qo2-

(5.2)

From these relations, it is easy to see that if |a) is a singlet state then
Sap;cpla) is also a singlet state. Before moving ahead, we note that the
operators Sp1.23, So2;13 and Sp3;12 commute with the Hamiltonian.

The next set of operators are:

(5.3) Sos; S12

The operator Sap exchanges the colors A <+ B along with the exchange of
first two indices on each . For instance,

(5.4) Sorvg t| ) =)
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The action of these symmetries on the Noether charges is given as follows:

Sos Qo1 Sgz" = Q13;  Sos Q23 So3' = Qoo
Sos Qo2 Spz" = Q233 Sos Q13 So3 = Qou;
S12 Qo1 Syt = Qo2;  S12 Qa3 Syt = Q13;
Si2 Qo2 Sz = Qo1; S12 Q13 Sip' = Qas.

(5.5)

From the action of S4p on Noether charges, we can see that if |a) is a singlet
then Sypla) is also a singlet state.

The next set of operators we define are quite non-trivial as they do
not commute with the level operators L4 defined in . The first such
symmetry operator is Sa3. Sa3 exchanges the colors 2 and 3 along with
exchanging the second and third indices on each fermion. For instance,

(5.6) SogpiiF ot = apikd

As this operator exchanges second and third indices and since we constructed
our basis by breaking the O(n)? symmetry corresponding to the third in-
dices, So3 can be thought of as an operator that relates our basis (the one
obtained by breaking O(n)’s of the third indices) to another basis that needs
breaking of O(n)’s corresponding to the second indices. As a result, the ac-
tion of Ss3 on our Clifford vacuum is quite non-trivial. To understand the
action of Ss on the Clifford vacuum, we need to know the operator Sog
explicitly. The construction of Sa3 is straightforwardlﬂ and uses the following
identities:

= (0 + 0w (w4 ™) = 0™

(5.7) (w”’“+w”’“) i ( g ) gt

Using these identities, we can write down the explicit form of Ss3 operator
as:

(58) wéllw622¢811w222( 112 +w121) (¢212 w221)
d}lllw%22¢2ll 222 (¢112+w121)( 212_{_1)[)221)
( 111+¢111)( 112+w121)( 121+w112)( 122+¢122)
( 211+¢211)( 212+¢221)( 221+¢212)( 222+¢)222)

4For more details, see [12]
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The action of this operator on the Clifford vacuum is given by:

(5.9) Sas| ) = [ (o' T o't — vi*tegst)
— i (P gt + T ) [0 — 1,2,3] | )

The operator Sgz permutes the Noether charges (2.6)—(2.11) among them-
selves. More precisely, we have:

S93Q0155 = Qo1;  S23Q23553 = Q23
(5.10) S93Q12553 = Q13;  S23Q13555 = Q12
S93Q02553 = Qous;  S23Q03555 = Qo2

From these relations, it is clear that if |a) is a singlet, then Sos|a) is also a
singlet,.

Likewise, we can define an operator Si3 that exchanges the colors 1 and
3 along with exchanging the first and third indices. Similar to the case of
So3, we can write down the explicit form of S13. The action of Si3 on the
Clifford vacuum is given as:

(5.11) 513‘ > — [ (¢él+¢52+ _ w(2]1+w(2]2+)
=i (9" U —wtut) [ 10— 1,2,3]))

Note that Si3 is not an independent operator and can be obtained from
the operators we have already defined. For instance, it can be written as a
combination of Ss3 and Sz as follows:

(5.12) Si3 = S12 Saz Spy'

We can also define operators Sy; and Sy that have an action analogous
to Sog and Si3 respectively. These operators are also not independent and
can be obtained from the operators we have defined already. Note that the
operators of the form S4p anti-commute with the Hamiltonian.

Further, we can define operators of the form:

(5.13) Sa= [T vi

i.j.k=1
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From the anti-commutation relations, we see that the action of this operator
is as follows:

(5.14) SabpSyt=(-1)""yp if A=B
(5.15) (=1)"p if A#B

The operators S4 commute with the Noether charges but anti-commute with
the Hamiltonian.

6. n =2

From now on, we specialize to the case of n = 2. The Clifford levels are
2n3 = 16 in number and thus the Hilbert space is 2'6 dimensional. From
the mid-level condition , we find that all the singlets should be at 8th
Clifford level. Out of the 8 creation operators, four of them should have
A = {0, 3} color indices and the remaining four should have A = {1, 2} color
indices. A generic candidate singlet state satisfying these constraints is of
the form:

0/3..,0/3,1/2..1/2 iy j11% dgjalt igjslt
(6.1) Uiy jisingoiinge  Vojs Yojs Vojs
14341% 1 i5gs 1T defel™ jirjrlT jdsjs1T
%/3 w1/2 wl/Z wl/Z ¢1/2 1)

The total number of a’s are given by (i) (Z) = 4900. These a’s can be divided
into 25 different groups based on the bi-partitions of 4 which are given by:

(6.2) 4=4+40=3+1=2+42=14+3=0+14

We call these partitions as pq,...ps. Each of the candidate singlet statesﬂ
belong to a unique group that can be denoted by an ordered pair (pq,pp)
where p, denotes the partition of the colors 0 and 3 whereas p, denotes
the partition corresponding to other two colors. For instance, the group of
states denoted by (p1, p2) has four 1 ’s; three ¢);"’s and a 15 . The number
of states in each of the groups is given in Table

®By candidate singlet state, we mean a state in the Clifford basis that satisfies
the mid-level condition.
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(Paspp) | Number of states Number of Singlets
(p1,p1) 1 1

(p1,p2) 16 0

(p1,p3) 36 4

(p1,p4) 16 0

(p1,ps5) 1 1

(p2,p1) 16 0

(p2, p2) 256 16

(P2, p3) 576 0

(p2,p4) 256 16

(p2,p5) 16 0

(p3;p1) 36 4

(p3; p2) 576 0

(3, p3) 1296 16-+8+8+8+8+4+4=56
(p3, p4) 576 0

(p3; ps) 36 4

(pa,p1) 16 0

(pa; p2) 256 16

(P4, p3) 576 0

(P4, pa) 256 16

(P4, p5) 16 0

(ps,p1) 1 1

(ps, p2) 16 0

(ps,p3) 36 4

(ps,pa) 16 0

(p5,Ps5) 1 1

Total 4900 1x44+4%x4416x4+56=140

Table 1: Number of states and singlets in various groups (pg, pp)-

1817

For the case of n = 2, the mid-level condition exhausts the information

with respect to the equations:

(6.3)

ke |singlet) =

Fike |singlet) =

0
0
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The remaining four independent charges in the language of creation and
annihilation operators can be written ag’}

Q8 =i (v ™ — v ey o — )
= R12 R12
— (%ﬁlbzr Y2tlis L plity2ie w§j+¢§ji>
(6.4) = RI? + RY?
02 — ( (Z)l—l—wz?— w’LQ-l-,l/}ll— + ,l/};l—‘erQ— _ wlg—l—wll—)
= Sl2 + 812
13 — (w?il—i-wZQ— wiQ-‘rw’Ll— + wll+17/)7'2_ ,l’/)ZQ—l-w'l—)
= Sl + 53

where the charges R and .S are the colored analogues of the Chargesﬂ @1 and
@2 in n = 2 uncolored model. As the level operators L 4 commute with the
above charges, we can find the singlet states in each of the groups separately.
Note that this simplification is unique to n = 2 case. More generally, this
simplification happens whenever we construct the Clifford basis by breaking
a O(2) group. For instance, this simplification also occurs in O(n)* x O(2)?
Gurau-Witten model and hence the singlets in that model can be written
down straightforwardly following our method-I to construct singlets. We
leave further details to a future work.

7. Singlets of n = 2

In this section, we identify the singlets of n = 2 Gurau-Witten model in all
the groups using two different methods. In the first method, we will make
use of the group-theoretic facts about the orthogonal group to list down the
singlets. In the second method, we solve the equations @ 4p|singlets) = 0
explicitly to find the singlet states. We find that there are 140 singlets in
n = 2 Gurau-Witten model spreading over only 13 out of the total 25 groups.
See Table [1] for details. Note that this number of singlets matches exactly
with that of [I0] where a systematic way to count the number of singlet
states in the Gurau-Witten and uncolored tensor models is presented.

6In the rest of the paper we denote the last index as + instead of 1%.
"See appendix for more details.
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7.1. Method-I

In this method, we take advantage of various facts about orthogonal groups.
Firstly, we note that there are only two invariant tensors of SO(n) that are
given by:

e Kronecker Delta- Due to the following property of the orthogonal
group:

(7.1) MTM =1

where M € SO(n) or O(n). Note that Kronecker delta is the only
invariant tensor of O(n).

e Levi-Civita tensor - Because the determinant of SO(n) matrices is
equal to +1.

Secondly, note that the Clifford vacuum is invariant under O(2)* x U(1)?
by definition and thus is annihilated by the charges . Further, the
Noether charges correspond to those four orthogonal groups. This im-
plies that the quantity that appears before the Clifford vacuum of any singlet
state should be an invariant of O(2)*. Combining all these observations with
the mid-level condition, we can list down all the singlet states. More opera-
tionally, if we start with a generic singlet state of the form , then the
a’s are made up of Kronecker deltas and Levi-Civita tensors. Concerning
our future work [18], we mention that the singlets under the generalizations
of the charges to arbitrary n case can be found in a similar way.

We have listed down all the 140 independent singlet states that can be
constructed using this method in an appendix of the arXiv version of this
paper. Note that not all possible contractions lead to different singlets.

7.2. Method-II

Our strategy here is to start with a generic linear combination of states in
a particularﬁ group of the form and then demand that the Noether
charges annihilate this state to find the numerical coefficients « in
. This gives us the singlets. Instead of identifying all the singlets using
this strategy, we can also use the discrete symmetry operators defined in

8This can be done because the Noether charges in n = 2 case commute with the
level operators L 4 as explained in the last section.
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the last section to identify some of the singlets. As an example, consider the
following singlet state:

(7.2) [y Ty — 393 H) (2 = 3) + (03 T03*T — > T3 ) (2 — 3)]
(PeF 2t + 2 P2 (2t 4 g2y 22Ty

From the last section, we know that Sp2.13 acting on the above state is also
a singlet i.e., the following state is also a Singletﬂ

(7.3) [ oo™ — g g ) (0 = 1) + (g Tubg> T — > g ) (0 — 1)
(¢11+¢%2+ +¢§1+¢22+)(¢§1+¢§2+ +¢§1+¢§2+)

Likewise, we can identify three more singlets in this particular case using
other symmetry operators. We can also use these symmetries as a (rough)
check that we have identified a complete set of singlets. We take any sin-
glet state and act with these discrete symmetry operators and then verify
whether the resultant state is also present in our singlet spectrum. The sin-
glets we have listed in the next section are indeed closed under the action
of these operators. Now, we move on to finding the singlets.

We start by noting that the charges R4 and S4 act non-trivially on
the fermions belonging to color A and acts trivially on the objects of other
colors. Also, for a specific color A, there are four singletﬂ with respect to
R4 and S, and are given by:

1-f(1/JB)| )
2. (WHpIZ+ 222 p(
(wll—&-w?l—l— +1/}12+1/}22+) f(
B)

,¢11+¢1142+,¢21+ 22+ ( |

where f(¢p) denote functions of fermions that do not belong to the color A.
Also, we note that the charges Rp and Sp act trivially on ¢ 4’s when A # B.
This information along with the mid-level conditions is sufficient to
show that the single state present in each of the four groups (p15,p1,5) is a
singlet state. Also, it helps us to list down the first 16 singlet states in the
group (ps3, p3) as we discuss later in the section.

Bl )

(0
74 o))
)

9This can be verified by doing an explicit computation.
10 Just to avoid any confusions, we emphasize that singlets under R4 and S4 (for
a particular A) are not necessarily singlets under the Noether charges (6.4)).
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Let us now consider the group (p1,p2) which has 16 states. The states
have four vg’s, three ¢1’s and one 5. The generic form of a singlet state is
given by:

PRI Q2 22 [ 22 (o I | o2 4 2l 4 22
IR (gt 4 a6w;2+ a4 ag??t)
+ ittt (0491/1%1+ + a1yt + it + a12¢§2+)
(7.5) + 1 TP (ansdy '+ anay® + arsydt T + syt ) ]| )

Noting that w(1)1+w(1)2+w(2)1+¢(2)2+ is a singlet under Sp, and imposing the
condition that Qg2 = Sy + So should annihilate this state, we see that all o’s
need to be zero. That is, there are no singlets in this group. In a similar way,
we can show that there are no singlets in (p1,p4), (ps,p2,4) and (p2.4,p15)
groups.

Let us now consider the states in the group (p2,p2). A generic singlet
state is of the form:

(76) wé2+w81+¢82+¢%1+¢%1+¢22+
X [ %H (ozliﬁ:,l’H + 0421/)31,2+ + a3¢§1+ + a4w§2+) + .. ]

IR 2 L 124 20
x | St (a17¢3 b agsty?t + angydtt + 0420¢22+) )

Let us start by imposing the condition that gy = Ry + R1 annihilates the
state. We note that a linear combination of 11ty (or ¥1111)1) can not
form a singlet under Ry (or Rj). Further, since the charge Qo1 does not
affect the colors 2 & 3, the state can be annihilated by Qo1 only by some
suitable combinations of ¥g’s and ¥1’s. The important point is that under
the action of (Qy1, the cancellations can only happen between the terms of

the form wowowowﬂﬂﬂ/)l and RO (woiﬂ(ﬂ/)g) R1 (wlwlwl)- This can be shown
as follows. The action of Qo1 on Yowowe11191 is given by:

(7.7) Qo1 (Yorovoy19191) = Ro (Yovorbo) Y1191 + YobotpoR1 (Y1vh11h1)

From the appendix of the arXiv version of this paper, we see that acting
with Ry twice on ¥ty gives us the negative of the same state. Hence the
action of Qo1 on Ry (¢Yotbotbo) Ry (1110171) is the only other possibility that
can reproduc@ the terms in the RHS of . The final message from this

HThe action of Qo1 on Ry (1ototbe) Ry (¢10191) is given as:
Qo1 [Ro (Yorboto) Ry (Y1vp1101)] = —orpotboR1 (V1¢0141) — Ro (Yoboto) 19141
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discussion is that a singlet under Qo1 is of the form:

(7.8) [Wovorov11v1 + Ro (Yotorbo) Ri (Y1v1i1)] f (2, 13)

Similar arguments go through for the other three charges as well. Putting
this all together, we can see that a singlet in the group (p2,p2) is of the
following form:

(7.9)  [ovoo1v1hr + Ro (ovotho) Ri (¥1901401)] [Y2th3 + Ra(th2) R3(13)]
+ [ototpoS1(Y11901) + Ro (Yorporho) S1Ra (Y1p1yn)]
X [1253(3) + Ra(12)S3R3(v3)]
+ [So(votborpo)P1eb1tb1 + SoRo (Yovotbo) Ry (11p1¢1)]
X [S2(1h2)1h3 4+ SoRa(1h2) R3(1)3)]
+ [So(ovotbo) S1(P1P1h1) + SoRo (Yotporho) S1Ra (Y1p1y1)]
x [S2(2)S5(v3) + SaRa(2) S3RR3(¢3)]

From the structure of the singlet, it is clear that starting from any one of
the terms, one can construct the entire singlet uniquely. This observation
suggests that there are 16 singlet states in the group (p2,p2). In a similar
way, we can show that there are 16 singlets in each of (p2,p4), (p4,p2) and
(4, p4)-

Now, we move on to the group (p1, p3). The states in this group comprises
of four 1g’s, two ¥1’s and two 1»’s. Hence the singlets are of the form:

(7.10) Yovotothof (P11, harha)

Since Yoot is a singlet under the charges (6.4), f(¢1¢1,212) should
also be made up of singlets under those charges. From the list of singlets

, we see that there are 2 singlets that can be constructed using two
1’s of same color. So, there are totally four singlets in this group. Similar
arguments show that there are four singlets in each of (ps,p1), (p3,ps) and
(p5,p3)-

We now move on to the group (p2,p3). The states have three 1y’s, one
13 and two of each of 11 and 1. Hence the singlets are of the form:

(7.11) Yoporbo f1 (Y11, ahe, ¥3) + othoto fo(WP191, Yatha, 3) 4 - - -

Since a linear combination of p1p1y can not form a singlet under Ry or
So, the function f;(¢11)1,1¥21)2,13) can not include singlets of {1,2} colors
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under Ry or S72. This suggests that the singlets are of the form:

(7.12) ¢Ow0¢0 [al(w%1+w21+ ¢}2+¢22+) —i—Oz (¢%1+¢12+ w%1+w%2+)
+ 043( 1+¢22+ 2+¢21+) +a4( 1+¢ 2+ +77Z) 2+¢%1+)]
+ Ro(Pototo) [as (1 TP — TP T) 4+ ] ) + -+

Demanding that QJg; annihilates the above state sets all the a’s to be zero
and hence there are no singlets in this group. Similarly, we can show that
there are no singlets in (p4, p3), (p3,p2) and (ps, p4).

We now consider the last group: (ps,ps). The states in this group in-
clude two fermions of each color. From the appendix, we have the following
observations:

e Under the charge Rj4, the following four states are singlets:

¢11+¢21+f(1/}B); (¢11+¢12++¢21+¢22+)f(¢ )
VTR (B (WA TR U f(up)

where f(1p) denotes some function of fermions of all the colors except
the ones that belong to color A. Note that there is no summation over
A in the above states.

(7.13)

e Under the charge S4, the following four states are singlets:

¢11+¢12+f(¢3); (wllerZlJr + w12+w22+)f(¢ )
¢21+¢22+f(1/}B); (¢11+¢22+ ¢12+¢21+)f(1/}B)

e Under both the charges R4 and S4, the following two states are sin-
glets:

(7.15) (xRt + OO f(We) WETET +0 TR f(es)

(7.14)

There are different types of singlets (with respect to the charges (6.4))
in this group. The first type of singlets is obtained by taking a product of
singlets under both R4 and Sy4 for each of the colors A ={0,1,2,3}. For
example, the following singlet belongs to this type:

(7.16) (g 95" + 9™ g™ ) (W o + 1Py
X (g TR g TR (g T T

There are 16 singlets of this type. Singlets of this type range from 21 to 36
in the list given in the next section.
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Let us now take three of the colors to have singlets of the form ([7.15))
i.e., we consider states of the form:

(7.07)  (uafva)(up/vp)(uc/ve)[oa(vp T ™ — vh T vE™)
+a2(¢11+¢21+ ¢12+¢22+) (¢11+¢22+ ¢12+¢21+)
T oy (¢11+¢22+ +¢12+¢21+)}

where 14 = (¢11+¢21+ 1 w12+¢22+) and va = (¢11+¢l2+ T ¢2l+¢22+) De-
manding that the Noether charges (6.4 annihilates this state sets all the a’s
to be zero and hence there are no singlets of this form.

Now, we consider states of the form:

(718) (UA/'UA)(UB/'UB) [(w11+w12+ 1/}214- 22+ {Oé wll—i— 12+ ¢21+¢22+)
+a2(w11+w21+ ¢12+¢22+) (¢11+ 224+ ¢12+¢21+)
(w11+w22+ 4 ,¢112+,¢)21+)}

(1/}11+1/}21+ ¢12+ 22+ {a ¢11+ 12+ ¢21+¢22+)

+ a6(¢11+¢21+ w12+¢22+) + Oé7(1/}11+1/}22+ 1/]12—1-1/]21-1-)
(w11+w22+ + 1/}12—&—1/}21—&—)}

(w11+w22+ 17/)12—&—1/)214—){ (¢11+¢12+ w21+w22+)
+a10(w11+ 21+ w12+ 22+)+a1 (¢11+ 22+ w12+¢21+)
+ a12(,¢11+,¢22+ 4 ¢12+¢21+)}

(w11+w22+ wl?—&— 21+ {a 13 1/}11—1—1/}124— w21+w22+)

+ a14(¢11+¢21+ w12+w22+) 4 a15(¢11+¢22+ ,¢12+,¢21+)

+a16(¢11+¢22+ +¢12+¢21+)}]

Depending on the different choices of the colors {A, B,C, D}, we obtain
different values for o’s such that the above state is a singlet. We will outline
the calculation for determining «’s for one such choice and we just mention
the singlets directly for the rest of the choices. Let us take

A=0B=1,C=2;D=3

. The above state is trivially a singlet under QQg1. For it to be a singlet under
()23, we need:

(7.19) =4 =a5=ar =0 = a2 =a13 = a5 =0
ap = aq1; Qa3 = —Qg



Complete solution of a gauged tensor model 1825

Demanding that this state is annihilated by Qs will give us:
(7.20) Qg — g = (X14 = 16 — 0

The charge Q13 does not give any new conditions. Hence we have two dif-
ferentlg types of independent singlet states in this case:

(7.21) (uo/vo) (ur /v1) (W3 Fapg®T — 31 Tp32T) (2 — 3)
+ (¢%1+¢§2+ _ w%2+¢§1+)(2 N 3)]
(7.22) (uo/vo) (u1/v1) (W3 T3t — 3 Typ3>T)

% (Qp%l-i-wg}i- o ¢§2+¢§1+) _ (2 o 3)]

We can follow a similar strategy and obtain the singlets for other choices
of colors. See (37)-(68) in the list of singlets in the next section for explicit
expressions of these type of singlets.

Now consider the states of the form:

(7.23) (ua/va) f(¥B, e, ¥p)

where f(¢p,1c,¥p) does not contain either ug ¢ p or vp ¢ p. We can show
that there are no singlets that can be constructed from these states.

Lastly, we consider the states that does not include either us g c p or
va,B,c,p- Following a similar analysis as presented for the states of the form
, we find that there are eight singlets in this final set. These singlets
are listed from (69) to (76) in the next section.

We should have ideally done this entire analysis for the (ps,p3) group
starting from the most general state that can be written down for this group.
Instead we have identified singlets by considering different type of states in
this group. This is consistent because the Noether charges indeed do not
mix these different type of states and hence our results are not affected.

8. SO(n) vs O(n)

In the last section, we found the singlets by demanding that the Noether
charges annihilate the singlet states. The Noether charges we have
computed takes into account only the continuous part of the group i.e.,
the part of the group that is continuously connected to the identity. This

120ne of them is obtained if we take oy = ;3 = 0 and the other one for the
choice a3 = —ag =0
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means that we have obtained the singlets of SO(n) in the last section. In
this section, we give a strategy on how to obtain the O(n) singlets starting
from the SO(n) singlets.

To begin with, note that the O(n) group contains an extra parity trans-
formation i.e.,

(8.1) O(n) ~ SO(n) x Zs

We denote the parity transformation by Pﬁl p where A/B are color indices
and its action is given by:

. -y -/k_/ . —1 ! '/k;’ . . .
(82) PipVijp Pan = Vs ifi=i
(8.3) =iy A

That is, the action of parity operator Pj‘ p changes the sign of fermions ¢f4 /B
and leaves the rest of them unchanged. Also, the product of two such par-
ity transformations within the same orthogonal group O(n) corresponds to
a SO(n) rotation. Hence, we need to consider only one such parity trans-
formation to obtain the singlets of O(n). There are five more such parity
operators, corresponding to the *Cy different pairs of colors.

On SO(n) singlets we obtained in the last section, we need to impose
extra constraint that the O(n) singlets are invariant under the parity trans-
formations. This constraint is easier to implement in the method-I of con-
struction of singlets. Note that under the parity transformations, the SO(n)
singlets constructed using Kronecker deltas are invariant whereas the ones
constructed using Levi-Civita tensor change sign. So, the O(n) singlets are
the ones that are constructed using only@ the Kronecker deltas. This strat-
egy works for the groups O(n)op1, O(n)23, O(n)o2 and O(n)3.

For the groups O(n)o3 and O(n)q2, things are bit involved as the Clif-
ford vacuum that we are working with transforms non-trivially under these
groups. To obtain the action of parity operators corresponding to these two
groups on a generic state, we need to know their action on the Clifford vac-
uum. To that end, we construct explicit forms of the parity operators using
their definitions. For n = 2, the parity operators are given by:

(8.4) Pécg:l — 24 1/}611¢é21¢311w321¢§11w%legllwgﬂ
(8.5) Plyt =28 oyt e g Mt gty

13 This is consistent with the fact that Kronecker delta is the only invariant tensor

of O(n).
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From the explicit forms, it is easy to verify that they satisfy the following
as expected:

(&) Post) P’ = ~Uiai PostfsPia' = +03);
(57) Pedp P = —0i PP’ = 01

From these relations, we can find the action of these parity operators on the
creation and annihilation operators as:

i+ p— ij i+ p— ij
(8.8) P037w[’0]/3 Py = _%J/:g? P12¢1]/2 Py = _1/’1J/:2F

Further, we can find the action of these parity operators on the Clifford
vacuum as:

(8.9) Pos| ) = o T T gt s Tt s Tt )
(8.10) Pio| ) = i TP g 2 st st )

Now, we have all the information needed to identify the singlets of O(2)o3
and O(n)12. Among the SO(2)p3 (and SO(2)12) singlets that we already
have, the O(2)p3 (and O(2)12) singlets can be identified as the ones that are
left invariant under the respective parity operators.

Out of the 140 SO(2)% singlets, only six of them are invariant under the
parity transformations corresponding to all the O(2)% groups. More explic-
itly, following are the O(2)° singlets:

(8.11) (1) +12) +3) +[4); [21); [36);
169); [73); |77) + [93) + |109) + [125)

where |i) correspond to the i" singlet in the SO(2)% singlet list in the ap-
pendix. It is interesting to note that all the O(2)° singlets are fromlﬂ the first
independent set. Further, the O(2)® invariant eigenstates of the Hamiltonian
are given as follows:

[36) = [21); [73) —4|21); [69) —4|36); [36) — (|1) + [2) +[3) + [4))
(8.12) 4(|1) +[2) + [3) + [4)) + [36) + |21) +[69) + |73)

+ \/Z(ym +193) + |109) + [125))

14Gee the next section for more details on the independent sets.
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The eigenstates in the first line have zero energy and the ones in the next
line have eigenvalues of +21/14. Note that the latter eigenvalues correspond
to the highest energy state and the lowest energy state (ground state).

9. Singlet eigenstates of the Hamiltonian

In the last section, we have identified all the singlets in the theory. Now, we
want to identify the energy eigenstates among those singlets. Before doing
that, we note that the Hamiltonian is a singlet of O(2)® and hence commutes
with the Noether charges . As a result, we have:

(9.1) Hsinglet) = Zﬂa|singlet>a

where a denotes the singlets in the theory and runs from 1 to 140 and S,
are some numerical coefficients. The point we emphasize here is that the
singlets are a closed set under the action of the Hamiltonian.

We now proceed to identify the eigenstates. First of all, let us write down
the Hamiltonian for the n = 2 case explicitly:

(9.2)
H = ¢éj+¢il+w nlf + wlj+ anrwnlf w(i)jfwzlJr ¢nl+

+ %/J(i)j_ ¢§J+wnl+

— ¢(1)1+¢%1+¢2 %17 + ¢él+¢%1+¢ 1/}217 + %Z)(1)1+7/)}2+7/) 1}[)127
+ wél+¢%2+¢ ¢227 + ¢(1)2+¢%1+¢ 117 + 1/]524%/}%14%/} 217
+ w(l)?-&-w%%-w 12— + 1/}02-1-1/}%2-&-1/} 22— + wol-i-w%l-i-w 11—
+ ¢81+¢%1+¢ le— + ¢01+¢%2+¢ 12— + w01+¢%2+w 22—
+ ¢g2+¢%1+¢ ¢11— + w82+¢%1+¢ ¢21— + w02+w%2+w 7/}12_
+ w(2]2+w%2+w ¢227

— 1/}(1)14-1/} ¢%1+¢11— + 1/’81+7/’ ¢§1+¢21_ + wél+¢ ¢%1+¢12—
+ wél-&-w w 1+w22— + 1/}62-1-1/} 2+¢11— + ¢52+"¢ 2+1/}21—
e e S R
+ ¢gl+w ¢§1+w217 + ¢81+¢ ¢%1+¢127 + w(2)1+w w§1+w227
+ w82+¢ ¢%2+¢117 + ¢(2)2+¢ ¢§2+¢217 + ¢32+¢ ¢%2+¢127
+ ¢§2+¢1 wg}&-wgz—
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— élfd}%ler}%lfd)%lJr+wélf¢il+w§17w§1++,¢(1)17,¢%2+,¢%17 §2+
+ ¢(1)1—¢%2+¢§1—w§2+ 4 ¢32—¢%1+¢%2—¢§1+ + ¢32—¢i1+w§2—w§1+
+¢62—¢%2+¢%2—¢§2++w32—w}2+w§2—¢§2+_i_wgl—w%l—l—w%l— él—l—
+ ¢81—¢%1+¢§1—¢§1+ 4 wgl—w%2+w%1—w§2+ 4 wgl—w%}i-w%l—wg?—l-
+ ¢827,¢%1+¢%27w§1+ + ¢327¢%1+¢§27¢§1+ + ngfw%Qer%Qfd}%QJr
+ ¢827¢%2+,¢§27w§2+

— él— %1—w%1+w§1++wél— il—wgl—i—wgl—l—_i_w(l)l— %2—¢%1+¢?1)2+
+¢él_ %2—¢gl+¢§2++w52— %1_¢%2+¢§1++¢32_ %l—wSQ—l—w%l—i—
+wé2— %2—w%2+w§2++w(1)2— %2—w§2+w§2++¢31— %l—wél—kwél—k
+,¢817 %17¢§1+,¢§1++w317 %27¢%1+¢§2++¢(2)17 %271/}%1+1/}§2+
+¢82— %1—¢%2+w§1++¢82— %1—¢§2+¢§1++¢32— %2—1/}%2%—1/}?1’2-1-

22— 22— 224 ,22
kR e

We need to act with this Hamiltonian on each of the singlet states and then
identify appropriate linear combinations such that:

(9.3) H Z agsinglet), = A Z ag|singlet),
a a

Even though this is conceptually straightforward, the calculations are te-
dious. Additionally, the Hamiltonian does noﬁ commute with the level op-
erators of specific colors. As a result, the Hamiltonian mixes the states
from different groups and hence we lost the simplification that happened in
the case of identifying singlets.

The discrete symmetry operators we have defined earlier make things
a bit easier. To begin with, we note that the Hamiltonian commutes with
the operators So1;23, So2;13 and Spz;12 whereas it anti-commutes with the
operators Sap and S4. We will describe the usefulness of these symmetry
operators via an example. Consider the action of the Hamiltonian on the

>Note that the Hamiltonian commutes with the overall level operator defined
by the sum of level operators of individual colors.
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following singlet state:

Y e g g = o
_ (¢%1+¢§1+ +¢§1+¢§1+)
% (¢(1)2+¢(2)1+w82+¢%2+w%1+¢%2+ +¢é1+¢(1)2+¢(2)2+¢%1+,¢%2+,¢%2+)
- (1/1514-1/]:%24- + ¢§1+¢§2+)
(AU T g )
o (w%}i-wél—i- + ¢§2+¢§1+)
> (¢él+,¢81+w82+,¢%2+¢%1+¢%2+ +wé1+¢32+,¢81+,¢%1+,¢%2+,¢%2+)
+ (1/}%2+1/}31,2+ + w§2+w§2+)
X (U ORI U R 4 gt g g g )
= (12, 21,22), (12,21,22), (11), (11)).

Suppose we now want to find the action of Hamiltonian on

— 14 124 21+ ) 224 11+ ) 124 ) 21+ ) 224
[b) =y by e TR s Ty T

Since |b) = Sop2,13]a), we see that H|b) = Sp2.13 (H|a)). More explicitly, we
find that:
(9.5)
HpIt pl2 g2l 224 Lok 124 20y 224 — )
= (Pl 4 g2lty2it)
x (YRRl R A2 2 22 | LI 12 22 L 12422+
= (w0 U™ + g )
R R e R R R )
— (2l g 222
x (PRI R 22 A2 21 22 LI 12y 21y L 12422+
+ (wé2+w%2+ 4 w(2)2+w%2+)

X (Pt T patTp2 Rt T ap2 It 22 oIty l 22l gl ity 2ty 21 )
= [(11),(11), (12, 21,22), (12, 21, 22)).

By using the other symmetry operators, we can find the action of Hamilto-
nian on three more states in a similar way. Since many of the singlet states
are related by these operators, the number of calculations we need to do are
considerably reduced.
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The symmetry operators are further helpful in identifying the eigen-
states. Let |E') be an eigenstate of the Hamiltonian with eigenvalue E. Then
the states Soi1;23|E), So2:13|F) and Sps.12|E) are also eigenstates with the
same eigenvalue whereas the states Sap|E) and Sa|E) are eigenstates of
the Hamiltonian with eigenvalue —FE.

We found that the 140 singlet eigenstates we have fall into 16 indepen-
dent sets. By independent sets, we mean that the action of Hamiltonian on
any of the states in an independent set produces the states in that set. From
the appendix, it is clear that each of these independent sets has only one
singlet from the (p2,p2) group. This fact is useful to organize our calcula-
tions. We go about identifying the independent sets of eigenstates following
the steps listed below:

e Start with any one of the singlet states of the (p2,p2) group. Let us
denote it by |a).

e Act with the Hamiltonian on |a) and organize the result in terms of
singlets i.e.,

(9.6) Hla) = Z Bilbi)

where |b;) are some singlets that depend on our choice of singlet state
la) and f; are numerical coefficients.

e Now act with the Hamiltonian on |b;)’s and organize the result in terms
of singlets.

e Repeat this until we have a set of singlet states that closes under the
action of the Hamiltonian. We call this set of states as an independent
set.

e Take appropriate linear combination of states in the independent sets
to form eigenstates.

We demonstrate these steps using an example in the following subsection.
We will choose the example such that the ground state is a part of it. By
ground state we mean the lowest energy state of the entire theory not just
the gauged sector of it. The ground state being a part of our singlet spectrum
is expected since we know that it is unique as found numerically in [IT]. This
is also consistent with the discussions in [16].

Before we proceed further, we emphasize that the reader should not be
surprised by the fact that we find some of the eigenvalues to be irrational.
We present here a simple case where the eigenvalues can be irrational. This
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example mirrors the situation that arises while finding the eigenvalues. Con-
sider an operator K whose action on two states |p) and |g) is given as fol-
lowing:

(9.7) Klp) =nlg); Klg) = Clp)

for some positive integers 1 and (. Two of the eigenstates of K can then be
constructed as:

98) KOM¢V@@)=¢JMOM¢V@@>

As we can see from this simple example, even though 1 and ( are integers,
the eigenvalues ++/7¢ can be irrational. This is similar to how we get some
of the eigenvalues of the Gurau-Witten Hamiltonian to be irrational and it
will become clearer after the following example.

9.1. An example

Here, we describe our strategy to find independent sets by choosing the
singlet state from the group (p2,p2) to be:

(9.9)
(12,21,22), (12,21,22), (11), (1))
= (e
> (wéZ-Jrw81+¢82+¢%2+¢%1+¢%2+ _|_w(l)1+w32+w82+w%1+w%2+w%2+)
- ( %1+w§2+ +,¢)§1+¢)§2+)
% (1#(1)2+¢(2)1+w(2)2+w%1+,¢%1+w%2+ +¢(1)1+1/}(1)2+1/}(2)2+¢3111+¢3112+¢%1+)
= (a* U3 U )
X (g T g T U T T g g g )
+ (¢%2+¢é2+ + ¢§2+¢?2)2+)
% (¢(1)1+,¢(2)1+¢82+w%1+w%1+w%2+ +¢é1+¢32+¢81+¢%1+¢%2+¢%1+)

As can be seen from the appendix, this choice corresponds to the indepen-
dent set-1. Before finding the action of the Hamiltonian on this state, let us
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define the following for convenience:

(9.10)  Jar) = (V5 g + T Yatt) (0 1,2,3) |)
(9.11)  la2) = (vp" Tog®T + g T yg*T) (00— 1,2,3) | )
(912)  as) = [ (¥g " eg*" + 45" g (0 2)
11+ ,21+ 12+ .22+
+ (Vo g — " T T) (0 45 2) ]
(wll—i-w 1+ 4 ,¢ 2+¢22+) (w%l—i—w%l—i— +¢%2+¢§2+> ‘ >
(9.13)  Jaa) = [ (VTP + 2T (14 3)
(w%1+w21+ ¢%2+¢22+) (14 3)]
< (Yo gt + gttt (st P Tst) |)
(9.14)  Jas) = [ (Yo' T2 — w2t t) (0 <> 1)
(wél+w12+ ¢81+,¢22+) (0 o 1)]
(7/)%1+1/’%2+ + ¢§1+¢22+) (¢§1+¢§2+ + 77Z)?2)1+Q/)22+) | >
(915) ‘a > — w11+w22+ 1/}12-1-1/}21-1- (2 o 3)
° [( (w%l—l—le—}— ? ¢§1+¢2)2+) (2 o 3)]
X (Yo gt + at Rt (it Tt T + T |)
(9.16)  Jar) = [ (o' Tyt + vt Tug ) (0 4+ 2)
114,21+ /124 22+
(7/)0 ¥ o Yo )(OHQ)}
% [(wll—&-w%%- 4 w%2+w21+) (1 o 3)
+ (P TP — PP (14 3)]])
(9.17)  Jas) = [ (o' Tyt —yg* gt ) (042 1)
(wélerlQJr ¢(2)1+,(/)22+) (0 o 1)]
[(w%1+w22+ ¢%2+¢21+> 2 & 3
+ (" Tl — 3 TR t) (2 4 3)]| )
( ) ) 12,21 22) (12 21 22) ( ) ( 1)}
( ) > 12,21 22) ( ) (12 21 22) (11)>
( ) ) 11) (12,21,22),(11) (12 21 22)>
(9.21) ) =|(11), (11), (12,21, 22), (12,21, 22))
(9-22) Ja1s) =" Too Ty T ug T e et
(9.23) )
(9.24) )
(9.25) )

~~ ~~ —~

11 2 1 2 1 2 21 22
=0 gt g gt Ty Ty s st

11 12 21 22 11 12 21 22
¢1 +¢1 +¢1 +¢1 +¢3 +77Z)3 +¢3 +¢ "

11 12 21 22 11 12 21 22
w +¢2 +¢2 -‘er -‘rw?) -‘rw?’ +¢3 +¢ +
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The action of the Hamiltonian on the state ((9.9) gives:
(9.26) Hlag) = 16|aiz) + |a1) + |a2) — |as) — |as) + |as) + |as) + |a7) + |as)

Now, we need to act with the Hamiltonian on the singlets on RHS. This
would give us:

(9.27) 4H|a1) = 4H|ag2) = Hlay) = Hlag) =+4|ag)+4|ai0)+4|a11)+4|a12)
(9.28)  Hlaz) = H|a4) = —2|ag) + 2|a10) + 2]a11) — 2|a12)

(9.29)  Hlas) = H|ag) = +2|ag) — 2|a10) — 2]a11) + 2|a12)

(9.30)  Hlai3) = |ag)

Acting with the Hamiltonian on the extra singlets that appeared here leads
to:

(9.31) Hlaio) = 16[a14) + |a1) + |az) + |as) + |as) — |as) — |as) + |a7) + |as)
(9.32) H]a11> = 16‘&15> + ’CL1> + ‘a2> + |a3) + \a4> — |a5> — ’CL6> + \(17) + |a8)
(9.33) Hlai2) = 16lais) + [a1) + |az) — |a3) — |aq) + |as) + |as) + |az) + |as)

Lastly, the action of the Hamiltonian on |a14), |a15) and |a16) is given as
follows:

(9.34) Hlays) = laio); Hlais) = |a11); Hlaie) = |a12)

As can be seen from the explicit expressions, these singlet states |a1) to |aig)
are closed under the action of Hamiltonian.

From all the information at hand here, it is easy to construct the eigen-
states and are given by:

e Zero energy eigenstates: (8)

la1) — laz); |as) — |ae); |a7) — |ag);

Jas) — Jas): lar) — 4lar); [as) + fas)
(9:55) a2} — Jazs) — Jazs) — Jazs) — [aze);

lag) + 2|a13) — 2|a14) — 2|a15) + 2|ase)

e Eigenvalue of £4: (2 x 2)

(9.36) 4(lar3) — [aie)) £ (Jag) — |arz2))
(9.37) 4(la14) — a1s)) £ (laro) — [a11))
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Eigenvalue | —2v/14 | —4v3 | —2v6 | 4| —2v2| 0 [ 2v2[4|2V6 | 4V3 | 2V14|
Degeneracy‘ 1 ‘ 3 ‘ 4 ‘6‘ 31 ‘50‘ 31 ‘6‘ 4 ‘ 3 ‘ 1 ‘

Table 2: Eigenvalues and corresponding degeneracy of the singlet eigen-
states.

e Eigenvalue of £4v/3: (1 x 2)

(9.38) 4 (Jaxs) — lare) — Jass) + [a16)) — fas) — fas) + fas) + fao)
£ V3 (|ag) — |ao) — |a11) + |a12))

e Eigenvalue of £2/14: (1 x 2)

(9-39) 4 (laiz) + |ara) + |a1s) + |ass)) + |ar) + |ag) + |a7) + [asg)

+ \/Z(]CLg) + laio) + la11) + lai2))

The ground state corresponds to the eigenvalue of —2v/14 and this value
exactly matches with the one that is obtained via numerical diagonalization.
In the numerical diagonallization, it was found that the ground state is
unique. So, we verified that the ground state we obtained here is unique
with respect to all the discrete symmetries that we have defined. This is a
non-trivial test as some of the discrete symmetry operators act quite non-
trivially on the singlet states.

In the appendix, we give a list of all the eigenstates along with their
eigenvalues. The eigenvalues and their degeneracies are summarized in the
Table 2l

10. Uniqueness of the ground state and the degeneracies

In this section, we verify that the ground state is unique i.e., we show that
it remains unchanged under the action of all the discrete symmetry opera-
tors we have defined. Also, we will explain the degeneracy of +4v/3 energy
eigenvalue using those operators. We conclude this section by commenting
on the other symmetry operators that might exist in the theory.
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To start with, let us write down the ground state explicitly:

(10.1)

| > _ (¢él+¢(2)1+ 4 ¢(1]2+¢22+) (O SN 1’273)
+ (0 g™ g ") (0 1,2,3)
+4 (¢él+¢é2+¢gl+¢§2+ + w?l’1+w§2+w§1+w22+)
( 11+¢12+¢%1+,¢%2+ + ¢%1+w%2+¢21+w22+)
[(¢11+¢%2+ + Q]Z)i2+,¢)21+) (1 PN 3) (¢%1+¢21+ 1/}12+1/]22+) 1o 3 ]
X [(0 5T + g™ gT) (00 2) + (0 T — g™ u5™h) (04 2)
[(wél+w22+ wé?—l—le—i—) (0 VAN 1) (wél—i-le-‘r w31+w22+) 0« 1 ]
[( 11+w22+ 2+¢21+) (2 o 3) ( 1+,¢12+ 1+w22+) ( )

+ \/Z((m, 21,22), (12, 21,22), (11), (11))
+ (12,21, 22), (11), (12,21, 22), (11)))

+ \/Z((n), (12,21,22), (11), (12, 21, 22))
+(11), (11), (12, 21,22), (12,21, 22)))

]
]

We want to show that S|g) = |g) where S is one of the discrete symmetry
operators. It is easy to verify that under the action of the operators Sap.cp,
the ground state transforms into itself. Since the operators S4p and S4 anti-
commute with the Hamiltonian, we take a product of two such operators
to construct operators (S’) that commute with the Hamiltonian. As long
as we consider the operators S’ that include Sap with (4, B) = (0,3) or
(A, B) = (1,2), it is straightforward to show that the ground state remains
unchanged under its action.

The action of S’ becomes non-trivial if it includes the operators S g with
(A,B)=(2,3) or (A,B) =(0,1) or (A,B)=(1,3) or (A, B) = (0,2). This
is because these operators have a non-trivial action on the Clifford vacuum.
They do not commute with the level operators and hence their action
on any singlet (in general) mixes singlets of various groups.

For concreteness, let us consider the operator Soz. Now, we will consider
the action of S93 on each of the singlets present in the ground state. Let us
start with the singlets of (p1 5,p1,5). Before considering the entire singlet, let
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us consider the following;:

(102) 523(1/)11+w32+w§1+¢22+)| >
[(w11+w21+ ¢82+¢22+) i(¢él+w32+ +¢(1)2+,¢81+)]
[( %1+w21+ w12+w22+)
—i( U T - 2,3] )

Using this, we can show that:

(103) 75123 (,11)314’1!}%24’1!}314’1!}324* + ¢§1+,¢)§2+w§1+,¢)22+)

< (U T U g gt s ) |
[(wllergQJr +¢32+¢21+)(0 N 2)
(wélﬂ-wgl-i- w12+w22+)(0 SN 2)]
< (0 TP e (1 - 3)
(w%1+w21+ 1’/}%2—5—,‘7/}22—&—)(2 N 3)“ >

Next, we move on to the singlets of the group (ps,ps) in the ground
state. To compute the action of Sa3 on these singlets, the following relations
are useful:

(w(l)l-ﬁ-w(?]}‘r +1/}(1)2+1/}21+)| >
=2i(g T g T + 1) f(W123)])

11 21 12 22
523 +¢ + +¢ +)

(%o | )

— +2(w11+w(1)2+,(/)(2)1+¢22+ ) f,(¢172,3)| >

823( 11+¢22+ ¢82+¢21+)|>
2(¢11+¢12+ 21+w22+) f/(¢1,2,3)‘ >

523( 11+¢12+ 21+ +)‘

= 2y Tt - w&“w ) F @)l
523(¢(1)1+w(1]2+ +¢(2)1+¢22+)| >

= +2i(vy T+ 0t g (W2
Soa(v gt + gt et )

= +2i(vg T F U5 f(W2)])

where we have defined the function

(10.4)

f’(¢17273) — [(w%l-l-w%l-l- _ w%Q-}—w%Q—l—) _ i(¢%1+¢%2+ 4 w%Q-{-w%H—)] [1 — 2’ 3]
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Using the above relations, we can show that:

(10.5) &ﬂ%”%“ 2T ) (0 = 1)

(¢(1)1+¢12+ w%l—i—w%?-i-)(o N 1)]
(g TR = (2 - 3)
+ (P T® T — e (2 = 3)]| )
[(,(/)(1)1+¢(2)2+ +w82+¢21+)(0 N 1)
(¢11+¢12+ w31+¢22+)(0 N 1)]
X [y U + P 3 (2 = 3)
+ (g Ty — w3 ) (2 = 3)]|)
(106) E523 [(wél—klpg}k 4 ¢(1)2+¢21+)(0 N 2)
( (1)1+,¢21+ w12+w22+)(0 N 2)]
< (0 TP e (1 3)
+ (W e =) (2 = 3)]))
—4 (w11+w(1)2+w(2)1+w(2)2+ 10o 3)
(¢11+¢12+¢21+¢22+ +1e 2) | >

(10.7) S%K%?W%++¢§ﬂﬂﬂN0%lﬂﬁ”
= [(¢él+¢32+ + 95 ) (0 = 1,2,3)]
(10.8) 7523 [ >t + 03 g2t (0 — 1,2, 3)]

[(wélwéH + 1" g7 (0 = 1,2,3)]

Lastly, we move to the singlets belonging to the groups (p2 4, p2.4). Before
finding the action of S5 on these singlets, we need the following:

(10.9)

Sastg 1) = = (o' g™ +4) (T HUETT) F(¥r2a)])
523¢12+| > (¢11+¢12+ ) ( 21+ 11/)324-) f/(¢172,3)| >
Sasty Tl = +@%“+w*ﬁw€ww++wfwm@w
Sosthg? T ) = + (W1 — i) (W3 gt — ) f (Wr23)] )
Sagthy> g Tyt ) = — (v 11+¢12+ i) (gt — gt f (Wr23)])
Sogbp T g gt ) = + (Vo T +4) (VT +iwgt ) f (Y128)] )
Soztby o TR ) =+ (i — weT) (Wit — i) f(dr23)] )
Sagthy T T T ) = — (Vo' + i) (g TSt 4 4d) f (W123)] )
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where we have defined the function f’(;23) above. Computing the action
of Sp3 on the singlets of (p2,4,p2.4) is now straightforward. The explicit ex-
pressions are as follows:

(10.10)

_ 2523I(12 21,22), (12,21,22), (1), (11))

— |(12,21,22), (12,21,22), (11), (11)) + (12,21, 22), (11), (12,21, 22), (11))

+](11), (12,21, 22), (11), (12, 21,22)) + | (11), (11), (12, 21, 22), (12, 21, 22))
— (1), (12), (11,21, 22), (12,21, 22)) — |(12,21,22), (11, 21,22), (12), (11))

—1(12,21,22), (12), (11,21,22), (1)) — |(12), (12,21, 22), (11), (11,21, 22))

—i|(11,21,22), (12, 21,22), (11), (11)) — i|(11,21,22), (11), (12, 21,22), (11))

+i](12), (12, 21, 22), (11), (12, 21,22)) + i (12), (11), (12,21, 22), (12, 21, 22))

—i|(12,21,22), (11,21, 22), (11), (11)) +4|(12, 21, 22), (12), (12, 21, 22), (11))

—4|(11), (11,21, 22), (11), (12,21, 22)) + i (11), (11), (12, 21,22), (11, 21, 22))

¢ ¢ ¢
(10.11)

— 151(12,21,22), (1), (12,21, 22), (1)
\

( )
1(12,21,22), (12,21,22), (11), (1 (12,21,22), (11), (12,21, 22), (11
(

= 1) + )
+(11), (12,21,22), (11), (12,21, 22)) + | (11), (11), (12, 21, 22), (12, 21, 22))
+](11), (12), (11,21, 22), (12,21, 22)) + | (12,21, 22), (11,21,22), (12), (11))
+1(12,21,22), (12), (11,21, 22), (11)) + | (12), (12, 21, 22), (11), (11, 21, 22))

)
)
)
—i|(11,21,22), (12,21, 22), (11), (11)
)
)
)

) —i|(11,21,22), (11), (12, 21,22), (11))

+i[(12), (12,21,22), (11), (12,21, 22)) + i[(12), (11), (12,21, 22), (12, 21, 22))

+i[(12,21,22), (11,21, 22), (11), (11)) — i|(12, 21, 22), (12), (12, 21, 22), (11))

+i|(11), (11,21,22), (11), (12,21, 22)) — i|(11), (11), (12,21,22), (11, 21, 22))
& ¢ &

(10.12)
- i&sl(ll) (11),(12,21,22), (12,21, 22))
|(12,21,22), (12,21,22), (11), (11)) + (12, 21,22), (11), (12, 21,22), (11

= ( )
+](11), (12,21,22), (11), (12, 21, 22)) + | (11), (11), (12, 21, 22), (12, 21, 22))
—|(11), (12), (11,21,22), (12,21,22)) — |(12,21,22), (11,21,22), (12), (11))
1) —|( )

—1(12,21,22), (12), (11,21,22), (11)) — |(12), (12,21,22), (11), (11, 21, 22

+4](11, 21, 22), (12,21, 22), (11), (11)) +14|(11, 21, 22), (11), (12,21, 22), (11))
—i|(12), (12, 21,22), (11), (12,21, 22)) — i|(12), (11), (12,21,22), (12, 21, 22))
+i](12,21,22), (11,21, 22), (11), (11)) — (12, 21, 22), (12), (12, 21, 22), (11))
+i|(11), (11,21,22), (11), (12, 21, 22)) — [(11), (11), (12,21, 22), (11, 21, 22))
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¢ ¢ ¢

(10.13)

—i&gl(n),(12,21,22),(11),(12,21,22)>

=|(12,21,22), (12,21,22), (11), (11)) + |(12,21,22), (11), (12,21,22), (11))
+[(11), (12,21, 22), (11), (12,21,22)) + |(11), (11), (12,21, 22), (12, 21, 22))
+(11), (12), (11, 21, 22), (12, 21, 22)) + |(12, 21, 22), (11,21, 22), (12), (11))
+[(12,21,22), (12), (11, 21,22), (11)) + |(12), (12,21, 22), (11), (11, 21, 22))
+i|(11,21,22), (12,21,22), (11), (11)) + | (11,21,22), (11), (12, 21, 22), (11))
—i[(12), (12,21,22), (11), (12,21,22)) — i|(12), (11), (12,21, 22), (12, 21, 22))
—i|(12,21,22), (11,21,22), (11), (11)) + | (12,21,22), (12), (12, 21, 22), (11))
—i|(11), (11, 21,22), (11), (12,21,22)) +|(11), (11), (12,21,22), (11, 21, 22))

Using these expressions, it is straightforward to show that under the action
of 59354, So3Sp3 or S93.512, the ground state transforms into itself.

The rest of the discrete symmetry operators are not independent and
can be constructed using the operators we have considered so far. So, the
information we have is sufficient to show that the ground state is unique
under all the symmetries we have identified.

We now explain the degeneracy of the eigenvalue +4+/3. This eigenvalue
appears in the sets 1,15 and 16. The +4+/3 eigenstates in the 15 and 16 sets
transform into each other under the action of the operator S1254. We can
further show that under the action of S3S54, the +4/3 eigenstates of set
1 and set 16 transform into each other. The action of other operators does
not lead to any other new states. That is, we find that the degeneracy of the
eigenvalue +44/3 is three.

In a similar way, we can explain the degeneracies of all the eigenvalues
except 0 and £2v/2. For these exceptions, using our symmetry operators, we
can explain the degeneracies partially. By that we mean that there are states
having samﬂ eigenvalue which are not related via any of the symmetries
that we have identified. Thus, we need to find some other symmetries to ex-
plain all the degeneracies. One of the drawbacks of our symmetry operators
is that the singlets of (p2.4,p24) do not mix with the singlets of the other
groups under any of our symmetry operators. Also, the singlets (21)-(36) of

16 As an example, consider the first states of sets 1, 2 and 11. All of them have
zero eigenvalue and are not related by symmetries. It is good to keep this example
in mind for the rest of the discussion.
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(p3, p3) group transform among themselves under the action of our symme-
tries. So, the extra symmetry operators we need to identify should overcome
these problems. In defining the symmetry operators, we have treated the
fermions of all the colors on an equal footing and there is no reason to do
that. We believe that the new symmetry operator(s) that can explain all the
degeneracies should indeed treat the colors in a different way.

11. Chaos in the gauged n = 2 Gurau-Witten model

In the previous sections, we have identified the gauge spectrum of n =2
Gurau-Witten model explicitly. Now, we investigate whether there are any
signs of chaos in the gauged sector. Even though the number of distinct
eigenvalues is small, we find that the spectral form factor has a dip-ramp-
plateau structure indicating the signs of chaos.

Before investigating chaos, let us first understand the eigenvalue spec-
trum of the gauged model. There are 11 distinct eigenvalues in the spectrum.
There is a large degeneracy at zero energy and the spectrum has spectral
mirror symmetry as is obvious from the plot of density of eigenvalues in
Figure [} Note that all the eigenvalues in the Table [2| are present in the
numerical diagonalization as well and this provides a non-trivial check of
our results.

The tool we use to investigate chaos is the spectral form factor (SFF).
It is defined as:

2

Z(67t) : Z(B,t) — Tr (e—(,@-‘rit)H)

Z(53,0)

(11.1) F(B,t) = ‘

For chaotic systems, SFF initially decays up to a certain time called the
dip-time (tq). After that, it starts raising until the plateau time (¢,) and
then finally stabilizes to a value called the plateau height. That is, the SFF
of chaotic systems have a dip-ramp-plateau structure. We compute the SFF
for the singlet spectrum and report it in the Figure [2| after a sliding time
average with different sliding intervals At. Even though we have only 11
distinct eigenvalues, the SFF qualitatively has a dip-ramp-plateau structure
which can be understood as a primitive sign of chaos.

Exact solutions of strongly coupled (fermionic) gauge theories should
be useful in extending the understanding of eigenstate thermalization [19],
entanglement /entanglement entropy [20] and evolution of complexity [21] in
the context of holography.
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Figure 1: Density of states for the singlet spectrum of n = 2 Gurau-Witten
model.
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Figure 2: SFF for the singlet spectrum of n = 2 Gurau-Witten model for
B =0.5.
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Appendix A. n = 2 uncolored model

In this appendix, we give relevant details of the n = 2 uncolored model.
These are useful especially for finding singlets via method-II. For more de-
tails on the n = 2 uncolored model, see [16].

The Noether charges Of n = 2 uncolored model are given by:

%2 = <w111+¢211* + w111*w211+ + w121+w221* + w121*w221+)

. + - - + + - - +
(Al) Q%2 - <¢111 ¢121 + ¢111 1/}121 + ¢211 ¢221 + ¢211 1/}221 )
Q;,Q —9_ w111+¢111* _ w121+¢121* o w211+¢211* o ¢221+¢221’

The action of the first two charges on level 0 and level 4 states is given by:

Qi3l)
%722 <¢111+w121+w211+¢221+> 1) =

0
(A.2) .

At level 1, we have:

Q12 ¢111+‘ ) = 211+
Q12 ¢211+| ) = +¢111+
(A.3) Q12 ¢121+‘ ) = ¢221+
Qu 221+| ) = +¢121+
At level 3, we have:
o (wnﬁwlzﬁwzlﬁ) 1) = +w111+¢211+¢221+| )
Q (w111+¢211+w221+) 1) = w111+w121+ 211+| )
(A-4) QL2 (1/1111+¢121+¢221+) ) = 122107 2217
Q%Q (w121+¢211+¢221+> 1) = w111+¢121+¢221+‘ )
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From these relations, we can see that:

12 E@Z)Hﬁ@buﬁ 2l
( —9 <¢121+1/12H+ _ 1/1111+1/)221+> B
—9 <¢111+w121+ _ ¢211+¢221+> )

(A.5) ((@1)* + 1) [Level 1/3 state ) =0
At level 2:
(A.6)
QP2 (v y) ) =0
QE2 (v w2 ) ) =0
QI (w1 ™ 4y ) ) =0
ol )1 =0
)
)

L <¢111+¢221+ _ ¢121+¢211+>

Now, we consider the action of Q2 charge. At level 1, we have the fol-
lowing relations:

QL wnﬁ’ ) = w121+

oL w121+| ) = +w111+

(A7) QEZ ¢211+| > _ ¢221+

Q%Q w221+’ > _ +w211+

At level 3:

<¢111+¢121+¢211+> ) = qpllLT 1217 2217 |y
<¢111+w121+w221+> 1) = +¢111+¢121+w211+’ )
(A8) QL (w111+w211+¢221+> ) = qp12LTp2ILT 2217 |y
Q? (¢121+¢211+¢221+> 1) = +¢111+1/1211+1/1221+’ )

As in the case of Q1, we have:

(A.9) ((Q2)* + 1) [Level 1/3 state ) = 0
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At level 2, we have:
(A.10)

2

Q@3
@3

QL <¢111+w121+) |

Qm (¢211+¢2Q1+) |
<¢111+¢221+ ¢121+7/12H+)’
<¢111+w211+ w121+w221+)’
)

)

12 111+ 211+ 121+ 221+
(v —v |

<¢121+w211+ +¢111+w221+) )

)
)
)
)
) =—2

) =2 (g B |y

12 w111+¢221+ ¢121+¢211+

We conclude by pointing out that the charges (1 and Q2 commute

and this fact is useful in determining the singlets of (p24,p2.4) and also in
uniquely fixing such singlets to be of the form (7.9)) .
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