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1 Introduction

The AdS/CFT correspondence [1], which is a duality between four-dimensional N' = 4
super Yang-Mills (SYM) theory with gauge group SU(NV) and type IIB string theory on
the background AdSs x S°, is the best understood example of a concrete realization of the
holographic principle, promising an understanding of how space, time and gravity emerge
from a more fundamental quantum theory. However, observing this emergence is difficult
as it requires a non-perturbative understanding of N' = 4 SYM, especially for quantities
that are not protected by supersymmetry. Exceptions include the planar limit N — oo for
which a powerful integrability symmetry appears [2]. For capturing finite- N effects, being
non-perturbative in 1/N, progress has in large part focussed on quantities protected by



supersymmetry, for instance giant gravitons [3] and the supersymmetric black hole [4-7]
using index techniques.

In [8] a different approach to the non-perturbative, finite-N, regime of N' =4 SYM
is proposed: the Spin Matrix theory (SMT) limit of the AdS/CFT correspondence. This
can be seen as a non-relativistic limit, both on the gauge and the string sides of the
correspondence [8-17]. In turn, it can also be seen as a near-BPS limit [8, 13-18] and a
regime that approaches a zero-temperature critical point [8, 19, 20]. From such a limit
arises Spin Matrix theory, which is a quantum-mechanical model that selects a particular
corner of the AdS/CFT correspondence for which the duality is more tractable [8]. Indeed,
a common reasoning in theoretical physics is that the study of limits of a certain system,
such that some simplifications occur and analytic results are achievable, can be useful to
understand the fundamental structure of a model and can be used a posteriori to learn
information about the general case.

The Spin Matrix theories arise from SMT limits of ' =4 SYM, though they can also
be defined in their own right without any reference to a parent theory. One way to view an
SMT limit is that it approaches a BPS bound of N/ =4 SYM. More precisely, in the latter
context one defines N' =4 SYM in the state-picture on R x S2 and considers BPS bounds
of the form

E>J, J = a1S1 + a2S2 + b1Q1 + b2Qa2 + b3Qs3, (1.1)

where E is the energy, a; and b; are constant chemical potentials, S; are the Cartan
generators of rotations and Q; the Cartan generators of SU(4) R-symmetry. The restriction
to a SMT is obtained by performing the decoupling limit

1

A—0
=0, 5

(E—J) finite, N finite, (1.2)
where A = ¢2N is the 't Hooft coupling. We stress that the general idea behind these
decoupling limits is that they reduce the full ' = 4 SYM theory to subsectors, where
only tree-level and one-loop orders of the dilatation operator contribute in the partition
function [18]. Furthermore, only some of the modes of the original theory remain dynamical,
while the others become infinitely heavy and effectively decouple from the Hamiltonian
describing the near-BPS interactions.

In the present work we will consider the decoupling limit (1.2) with a; = ag = by = by =
bs = 1, which reduces N' =4 SYM to an SMT with PSU(1,2|3) symmetry. The motivations
to study PSU(1,2|3) SMT are several. Firstly, PSU(1,2|3) symmetry is the largest possible
spin group that can arise from near-BPS limits of the form (1.2) and comprises as subsectors
all the other allowed SMTs from N =4 SYM, as classified in [18]. The construction and
symmetries of the effective Hamiltonian of various SMTs were studied in [13-16].

Secondly, in [21] non-protected finite-N effects of D-branes where matched using a
strong-coupling limit of SU(2) SMT. This demonstrates SMT as a tool to obtain finite- IV
effects. To approach black holes, one needs to use the PSU(1,2|3) SMT, as this is the only
subsector that can capture BPS and near-BPS information about the SUSY macroscopic
black hole in AdS5 x S® and its non-extremal generalizations [22-24]. That one can study



finite- IV physics is due to N being fixed in the above limit (1.2).! Note that several works [30-
32] have explored how to obtain the BPS limit of the SUSY black hole in AdS; x S° by
studying the one-loop dilatation operator of N' =4 SYM, which is in direct correspondence
with the Hamiltonian of PSU(1,2|3) SMT. Here we propose that in addition, one should
also be able to capture near-BPS information about the near-extremal black hole.

On general grounds, any SMT limit of the form (1.2) maps the relativistic quantum
field theory (QFT) N =4 SYM into a quantum mechanical theory with non-relativistic
traits, such as the emergence of a global U(1) symmetry interpreted as the conservation
of mass or particle number. As a consequence, after the limit the anti-particles of the
original QFT have decoupled.? In this context, it would be highly interesting if one could
find a field theory realization for the PSU(1,2|3) sector, similarly to cases that includes
SU(1,1) symmetry in [13, 14]. The effective Hamiltonian describing their interactions in the
near-BPS limit presents summation over positive modes only, instead of a full Fourier-like
expansion. Moreover, as already mentioned, their holographic duals are string theories with
target space characterized by a Newton-Cartan geometry, and Galilean conformal algebra
on the worldsheet. Recent developments on this field can be found in [10-12, 17, 33-49].

Interacting Hamiltonian of Spin Matrix theories. SMTs can be defined starting
from a Hilbert space with ladder operators transforming in the representation R of a
semi-simple Lie (super)-group G and the adjoint representation of SU(N). The Hilbert
space is composed by all the possible harmonic oscillator states, created from the vacuum,
which are singlets under the R representation. The interactions are described by a quartic
Hamiltonian, built with two creation and two annihilation operators, invariant under all
the generators of the spin group Gi.

There exists several techniques to compute the effective Hamiltonian in a certain
near-BPS regime identified by the limit (1.2):

1. One computes the loop corrections to the dilatation operator of N' =4 SYM, and
then zoom in towards the unitarity bound of interest. This method was extensively
applied in [2, 50-59]. One can extract an effective Hamiltonian in SMT language® by
looking at the action of the dilatation operator on spin chains and translating the
results between different representations. We will not pursue this approach in the
present paper, but we will discuss its relation with the other methods below.

2. One performs an expansion in Kaluza-Klein modes along the three-sphere of NV = 4
SYM defined on R x S3. This gives a classical Hamiltonian which is then directly

1One can think of SMT as a generalization of a spin chain theory since SMT for N = oo reduces to a
spin chain theory. Furthermore, perturbative 1/N corrections to N = co can be interpreted as describing
the dynamics of joining and splitting of spin chains in a gas of spin chains of various lengths [25]. Other
aspects of perturbative and non-perturbative effects in 1/N, including the generalization of integrability,
were further explored in the literature, see for example [26-29].

2In contrast, a relativistic QFT defined on R x S admits anti-particles and therefore its particle number
is not conserved.

3By an effective Hamiltonian in SMT language, we mean that it is a quartic expression containing two
creation and two annihilation operators, built using the fields which survive in the near-BPS limit (1.2).



promoted to a quantum-mechanical expression by requiring that no change of orderings
is needed. This approach was considered in [13-16] and will be applied in section 5
for the PSU(1,2|3) sector. We will refer to this procedure as spherical expansion.

3. When the near-BPS limit preserves part of the original supersymmetry of the full
symmetry group PSU(2,2|4), it is possible to define a cubic supercharge Q whose
anticommutator closes into the interacting Hamiltonian of the sector:

{Q,9"}p = Hin, (1.3)

where the subscript D denotes the Dirac bracket. This method is based on the
observation that in the PSU(1,1|2) subsector there exists an enhanced psu(1,1)?
subalgebra that can be used to represent the fermionic generators [57, 58], and was
applied in the context of SMT in [16]. We will use this technique as the starting point
to derive the effective Hamiltonian of the PSU(1,2|3) sector in section 3.

4. One can build all the possible blocks (quadratic in the fields) that comprise an
irreducible representation of the spin group G characterizing the near-BPS limit (1.2).
We then build the most general Hamiltonian quartic in the fields by combining the
blocks determined in this way. We applied successfully this technique in [15]; in the
case of PSU(1,2|3) sector, we will discuss this symmetry structure in section 4.

We discuss the advantages and disadvantages of the previous methods. First of all, it
can be shown that they are all equivalent, in that the quantum interacting Hamiltonian
obtained applying any of them is the same. This is particularly non-trivial by observing
that the techniques 1 and 2 consist in reversing the order of two limits: the near-BPS
decoupling implemented using the prescription (1.2), and the quantization procedure (which
can be formally interpreted as performing the limit 4 — 0). In this regard, we have shown
for several spin groups G that these procedures commute, i.e., the diagram in figure 1 is
commutative [13-16]. While we will not show it explicitly, these results provide non-trivial
expectations that this phenomenon will happen in the present PSU(1,2|3) sector, too.
The main advantage of the procedures 1 and 2 is that they are conceptually straightforward,
since they provide a way to extract the Hamiltonian for any given sector by applying a
precise algorithm. The disadvantage is that they are technically complicated, and therefore
it becomes really involved to perform the explicit computations when the spin group G
is big. The strategy 4 is elegant because it identifies a class of fundamental blocks that
are irreducible representations of the algebra and can be used to build all the interactions.
On the other hand, in sectors containing F-terms in the Hamiltonian, the identification
of the fundamental blocks becomes rather difficult, as was observed for the PSU(1,1|2)
subsector [16]. Since the PSU(1,2|3) sector will also include this kind of interactions, we
face the same difficulty here.

Nonetheless, we will be able to find the symmetry structure with the help of the method
3. Its disadvantage is that the procedure cannot be applied in the absence of supersymmetry
and it also fails in all the sectors without the singlet fermionic letter denoted as* | Xnk)-

“See section 2 for the notation of the letters in the PSU(1,2|3) theory.



| Quantization
Classical N' = 4 super Yang-Mills I Dilatation operator D
Near-BPS limit Near-BPS limit
Classical Hamiltonian H;, — | Quantum Hamiltonian Hgyr
Quantization |

Figure 1. Commutative diagram describing the relation between the methods 1 and 2 to go from
the starting point, classical N'=4 SYM (top left), to the final result, an effective quantum SMT
Hamiltonian (bottom down). According to method 1, we move right-down by computing one-loop
corrections to the dilatation operator and then restricting to a near-BPS limit (1.2). Following
method 2, we move down-right by performing the sphere expansion procedure and then giving a
recipe to quantize the theory.

However, since this letter and its descendants are part of the field content of the PSU(1,2|3)
sector, we will be able to perform the computation. This method is simpler than the others
because it only requires to identify a cubic fermionic generator invariant under all the
residual symmetries in the near-BPS limit, instead of working directly at the level of the
quartic Hamiltonian. Once the cubic supercharge Q is fixed, the recipe (1.3) provides a
straightforward way to obtain the interactions. Another advantage is that supersymmetry
invariance guarantees that the Hamiltonian computed in this way is positive-definite.

The paper is organized as follows. We introduce the field content of the theory and the
generators of the PSU(1,2|3) algebra in section 2. The main technique that we will adopt in
the present work is based on the cubic supercharge method, that we will present in section 3.
The interacting Hamiltonian naturally organizes into a positive-definite expression built out
of quadratic blocks in the fields. This allows for a symmetry analysis of the result in section 4.
In section 5, we use the spherical expansion procedure as a consistency check and as an
input to uniquely fix the interacting Hamiltonian. We conclude in section 6. Appendices
are reserved for additional technical details: the invariance of the cubic supercharge under
the PSU(1,2|3) generators in appendix A, and the notation for the spherical expansion in
appendix B.

2 Preliminaries

In this section, we will introduce the letters of PSU(1,2|3) Spin Matrix theory. Our
conventions follow [18].

The N = 4 SYM theory contains six scalars ®,, 16 complex fermions y and Y, one
gauge field A and four derivative letters d; , d; with i = 1,2. The decoupling condition for the
fields of the PSU(1, 2|3) subsector of N'=4 SYM follows directly from the BPS condition:

Ey=Q1+Q2+Q3+S1+8Ss, (2.1)

where FEj is the bare energy. There are five fermions x1,2,X35,7, three scalars ®; 53, one
gauge component of A and two derivative letters d o satisfying this condition. Among these



letters, the chiral fermions y1 2 are subject to the Dirac equation [60]
dixz —dax1 =0. (2.2)

We can then introduce an ancestor fermion x such that xi2 are the descendants of the x
field, defined as
Xi = diX i=1,2. (2.3)

For notational convenience, we denote the anti-chiral fermions 357 as
C1 = X3, G2 = X, (3=X7- (2.4)

The oscillator representation for the u(2,2[4) algebra of N'=4 SYM is built by introducing
two sets of bosonic oscillators a,, 4 with «, & € {1,2} and one set of fermionic operators ¢,
with a € {1,2,3,4} whose commutation relations read

laa,af] = dap,  [babll =055,  feacl} = dup. (2.5)

The restriction to the PSU(1,2|3) group is achieved by setting bgbg =0 and C4cj1 = 1. The
oscillator realization of the SU(1,2) generators is given by [61]

1
Lo=35(+ alai+blbi), Ly =alb], L =aby,

- 1 F T
Lo = 5(1 +abay +blby), Ly =albl, L =asb, (26)
J+ = 31327 J— = a;al .

and the supercharges are
Q. = alcl, Qo = agcl, S, = bicg, a=1,2,3, (2.7)

plus their hermitian conjugates. Finally, the SU(3) R-symmetry generators are

1
Ry = i(cgc;g — C;CQ) , R, = C;'q;CQ , R_ = cgc;;
_ 1 _ _
Ry = i(CECQ — c{cl) , Ry = cgcl ; R_ = c]icQ (2:8)
T, = cgcl ) T_ = cJ{c;), .

Thus the letters satisfying the decoupling condition are

1

_ T\ q Tk TyntHE—1 .1
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k) = e 1P (@dbD el 0) (2.10)
1 n

Bk) = e 1P (@dbD) kel 0) (2.11)
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k) = e 1P (@lbD el 0) (2.12)




Figure 2. The actions by the supercharges S in eq. (2.7) are shown explicitly by colored arrows.
The blue, green and red arrows refer to the generators 51’2’3, respectively. The S, operations are
represented by inverse arrows. We can think of the diagram as a cube with 8 nodes and 12 edges.
Each edge represents an N = 1 supermultiplet while each surface represents an N' = 2 supermultiplet.

) = ey 1D @b "blelelel o) (213)
Ga) = Sy 1D @b "blelelel o) (2.14)
i) = ey 1 @b "blelelel o) (215)
Ans) = = (alb]"@lb)F (b Pelelelcl o). (210)

Vnlkl(n+ &k + 2)!

As an example of the actions of the supercharges, we have shown the action of S, and S} in

figure 2. We will use V7 to label the letters, where I = 0, 1,2, 3 correspond to {x, P4, (a, A},
respectively. We can write the SU(1,2) symmetry generators in terms of letters of the
PSU(1,2|3) sector as

Ly =3 50/ in+ Dn+k+1)tr [(VIT)n-H,k; (Vf)n,k:} ,
Lo = iy Xatkeo (n+ 550 e [(V), VD), -

L= S Vol TR T Dt (V) (V)]
Lo =53 S VEF D+ kDt [(V]), 0, V1), -
Lo = 7-1 X%—0 (’f + LH) tr ( )nk;( D, k:}
L= o VR R+ T= 1t (V) (VD) ]
Jo = X o VEO Dt (V) (V)]
T = o VA D b (V) (VD] -

(2.17)




The representation theory of SU(1,2) was worked out in [61] and reviewed in [15]. Here we
only emphasize the crucial properties needed for this work:

o While the representations of the SU(1,1) algebra are labelled by a quantum number
j which parametrizes the quadratic Casimir as Cy = —j(j + 1), similarly the represen-
tations of the SU(1,2) algebra are labelled by two quantum numbers (p, ¢), which are
related to the quadratic and cubic Casimirs as

1
Cy =p+q+§(p2+pq+q2),
(2.18)

= 50— )P+ 20+ 30+ 2 +3).

C3
o In this paper, the representation relevant to us is the integer series with (p,q) =
(0,1 —3) for I =0,1,2,3. The algebra action (2.17) on the letters transforming in

these representations are

(L) oV i =V F D0+ k+ D(V)nr1k,

(L) p(V)ng = VEF D0+ E+ DV ngia

(Lo)p (V)i = (n+5L) (V)i

(Lo)p (V] e = (’f + nTH) (Ve (2.19)
(L)p(VDnk = Vo +k+T =DV 1k,

(L)p(V)ng = VEO+E+T = DVt

J)p(V)nk = VERF DV ni1k-1,

)V ng = vVl + DV )n1 k11

We can therefore check that the letters V7 transforms in the (p, ¢) = (0, I —3) representations
of SU(1,2).

The remaining generators of the PSU(1,2|3) can also be written in the previous
representation. The supercharges read

Qi—a= Z Z \/ﬁ tr (((I)Dn—l,k Xn,k + eabc(cg)n—l,k(q)c)n,k + AL—I,k(Ca)n,k)

n=1 k=0
Q4fa = Z Z \/% tr ((q):rz)n,k—l)(n,k + €abc(<g>n,k—1(q>c)n,k + AIL,]C*I(C@)’VL,]C)

n=0 k=1 (2.20)
Si—q = Z tr (\/ n+k XZ;k((I)a)n,k —-vn+k+1 eabc((b;g)n,k((c)n,k

n,k=0

V42 (D An ) -

The SU(3) R-symmetry generators in terms of letters are:

Ry = Z tr (;(@I)n,k(@ﬂn,k—;(¢$)n,k(®2)n,k+;(d)n,k(ﬁz)n,k—;(Cj)n,k(ﬁ)n,k)
n,k=0

Ro= 3 tr((@Dns(@)ns—=(DaslCnn) s Bo= 3 tr(@Dns(@0)ns=(Dn(G2)nr)
n,k=0 n,k=0



- i 1 1
Ro= > (Q(qﬁ)n,k(@g)mk—2<<1>§>n,k<<1>3>n,k—<<2>n (@it 5 (o))
n,k=0
Re= Y tr (@i @)ns—(Danl@ni) . Bo= D7 tr (@D nn(@2)ni—(cDni(Co)nr)
n,k=0 n,k=0
T, = Z tr ((cbi)n,k(q)S)mk*(Cg)mk((l)n,k) ;o To= Z tr( (I):]; In.k( 1)n,k*(d)n,k(C3)n,k) :
n,k=0 n,k=0
(2.21)
The fields are defined in such a way that their Dirac brackets have a standard normali-
zation [15]
{Otnk)' 5> Oty )™ = {0 1) 5 O ) ™1} 0 = O s Ok 607" 2.22
{(@a)n k)5 (@) i)™ 130 == {(@D)n)' 5 (P0) k) ™1} D = G b0 Ok w6107, (2.23

b
B

(2:22)
(2.23)
{((Ca)ne) 5 (D)™ 0 = LD mk) 52 (o) k)™ 1} D = OO O 6107 (2.24)
(2.25)

{(An )5 (AL, )™ p = —{(AL )5 (A k)™ 1} D = 0 Ok g 0107 2.25

where we explicitly indicated the index structure under the SU(N) colour group, too.

3 Hamiltonian from cubic supercharge

In this section we compute the SMT Hamiltonian of the PSU(1,2|3) sector using the cubic
supercharge method (labelled by 3 in section 1). It consists of constructing the most generic
cubic fermionic generator Q invariant under the full PSU(1,2|3) symmetry group, as we
will do in section 3.1. Afterwards, the cubic supercharge is used to derive the interactions
by using the identity (1.3). One of the main features of the effective theories derived in
the near-BPS limit is that they are expected to be positive definite, as a consequence of
describing the reaction of a physical system in departing from the point in parameter space
where the BPS bound (1.1) is saturated. More specifically, one can interpret the effective
Hamiltonian as a distance in the linear space of the representation identified by a set of
fundamental blocks [15]. In this regard, the method applied here is particularly convenient
because a Hamiltonian built using the identity (1.3) is automatically positive-definite, as a
consequence of supersymmetry invariance. We will show in section 3.2 that it is possible to
identify a block structure by inspection of the interacting Hamiltonian, thus providing a
more direct way to show the positivity of the spectrum.

3.1 Construction of the cubic supercharge

In order to build a cubic fermionic generator Q invariant under the full PSU(1,2|3) spin
group, we decompose it as a linear combination of terms

Q:ZQATA, (3.1)
A

where a4 are real coefficients. We require that



o FEach term T}y is a singlet under the adjoint representation of the colour group SU(N)
5

and contains two raising and one lowering operators.

o Each term T4 is invariant under the bosonic spin subgroup SU(1,2) x SU(3), i.e., it
commutes with all the bosonic generators. This will classify all the structures allowed
to enter the linear combination (3.1).

o The full linear combination (3.1) is invariant under all the fermionic generators of the
PSU(1,2|3) group. This part of the procedure fixes the relative coefficients among the
structures T'4.

We begin by addressing the correct structure with respect to the SU(N) adjoint
representation. This requires to contract all the colour indices and to collect two of the
fields into an (anti-)commutator structure. We point out the general property®

tr(A[B, C}) = tr([A, B}C), (3.2)

where A, B and C can be either c-valued or Grassmann-valued fields in the adjoint
representation of SU(N), and where [-, -} represents a commutator or an anti-commutator
depending on the parity of the generators. Due to the identity (3.2), it is not restrictive to
only consider cubic combinations of fields of the form written in the right-hand side.

Invariance under the bosonic generators. We begin by focusing on the generators
of the SU(1,2) bosonic subgroup, which is responsible for assigning the integer numbers
(n,k) to any field in the theory. Given three fields V, V and V, any cubic generator
containing two creation operators and one annihilation operator can be a singlet in the
adjoint representation of SU(/N) and under the SU(1,2) spin subgroup only if it takes
the form

tr([VJ,k, VJ/,k/}VnJrn/,kJrk/) . (3.3)

Indeed, the invariance under the Ly generator implies that the summation of labels (n, k)
involving the annihilation fields needs to match the summation of labels of the hermitian
conjugate fields, which represent instead creation operators. This statement simply corre-
sponds in the language of spherical expansion (that will be analyzed in section 5) to the
conservation of momenta.

In the following steps, the index I corresponding to the labelling of letters introduced
in section 2, and we will make use of eq. (2.19). Assuming that the field V' transforms in
the representation labelled by I =i and that V transforms instead with I = j, we further
need to impose that V transforms with I =i + j to obtain a cubic combination commuting

with the generator Lg. More precisely, this restricts the form of the generic T4 term in

5This is required in order to obtain an interacting Hamiltonian with two raising and two lowering
operators via the application of eq. (1.3).

5In the remaining part of the paper, we will denote the Lie parenthesis in two different ways. We will use
{-,-}p for the Dirac brackets involving fields with any statistics, while we will use the notation [-, -} without
subscript to refer to the matrix (anti)commutators of the SU(NV) colour group.

~10 -



eq. (3.1) to be
o~ plid) F ot g
TA = Z P’n,}{:,n’,k/ tr([Vn,kVn/,k/}Vn+n/,k+k’) s (34)
n,k,n’ k'=0
with

aj) _ Jk+n4+i—-DUK +n' 45— n+n)(k+ ) (3.5)
nkn/ kT (k+K+n+n+i+7—1)nlkin1k! ) ’
These coefficients account for the symmetry properties of the generators under the SU(1, 2)
subgroup; from the point of view of the spherical expansion procedure, they can be related

to Clebsch-Gordan coefficients defined on the three-sphere:

C%(n—i—n’—i—k—f—k’),%(k:-i—k’—n—n’) _ (n+ E)(n' + ) (n 4+ n)(k+ K)!
3 (W k), 5 (k' =n/); 5 (ntk), 5 (k—n) (n4+n'+k+ k) nlkinlk (3.6)

_ ./ (0,1)
=vn+ kPn,k;n/,k’

The PSU(1,2|3) invariance secretely encodes information about the geometric structure of
the underlying theory. At this point, one can check by direct computation that the object
defined in eq. (3.4) is invariant under all the generators of the SU(1,2) subgroup. Indeed,
we obtain

{Ly,Tatp ={L_,Ta}p ={J+,Ta}p =0. (3.7)

Since the expression for T4 is symmetric in the indices (n, k), this easily implies that the
following identities are also true:

{Ly,Talp={L_,Ta}p={J_,Ta}p=0. (3.8)
Further details on the SU(1,2) invariance of T4 are given in appendix A.1l.
Given the generic ansatz (3.4), we move on to classify all the possible set of fields that can
enter such expression. Thus we further impose the invariance under the SU(3) R-symmetry.
In particular, this implies that the total eigenvalue of the Cartan generators should vanish,

i.e., we require Ry = Ry = 0. We systematically approach the classification of terms in the
following way:

o First, we fix the value ¢ = 0 of the representation under which the field V' transforms.

o Given the constraint i+ j < 3 for the field V, we consider all the possible values for the
representation j of V. For each case, we construct the SU(3) invariant combination.

e We repeat the procedure by increasing the integer 7 by one unit, until the maximal
value i = 3.

Working in this way, one can show that all the possible terms are given by

R 0,0
= BY Z PL;;,)L/,;C/ tr(XL,k{XL/,kuXn+n',k+k'}> ’ (3.9)
n,k,n’ k'=0
o~ p0D)
D= > Pl (X hl@D) s (@) mtwie]) (3.10)
n,k,n’,k'=0
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9]
0,2
T3 = Z Pé k ’V)L’ k/(sab tr (ij,k{(gg),n’,klv (Cb)n+n’,k+k/}> 5 (311)
n,k,n’,k'=0

o0
0,3
Ty = Z PT(L,]&:,'I?L’,]C’ tr(ka[AIL,’k,, An+n',k+k']> . (3.12)
n,k,n' k'=0

oo
Z Pélklr)t’ k’eabc tr ([(q)zrz)n,ka ((I)lt)n’,k’]Cc,n+n’,k+k’) 5 (313)
n,k.n’ k'=0

00
Ts = Z P,,(L k, ’r)z’ k/6ab tr ([((I)L)n,k, (Cb);rz’,k’]An—i-n’,k:—i-k’) . (314)
n,k,n’,k'=0

T, =

[N

One can be easily convinced that these are the correct objects. When ¢ = 0, the other
raising operator V can be any field with j = 0, 1,2, 3, thus leaving the opportunity to define
the four cubic generators (3.9)(3.12). The Cartan generators Ry, Ry have vanishing charge
only if the fields are chosen to be V = V. The invariance under the other generators of
SU(3) R-symmetry is achieved by building singlet structures. While this is trivial for terms
involving the fermion x and the gauge field A, instead the invariants involving the triplet
scalars or fermions are built using the Kronecker delta.

In the case where the field V transforms in the representation with ¢ = 1, there are
three possibilities for the field V, given by j = 0,1, 2. The first case corresponds to the
cubic generator T» defined in eq. (3.10), while the new possibilities are (3.13) and (3.14).
Notice that the invariance under SU(3) is achieved by using the two invariant objects at our
disposal, i.e., the Levi-Civita symbol and the Kronecker delta. When the field V' transforms
in the representation i = 2,, we have the two possibilities with V' transforming with 7 =0, 1.
However, these cases corresponds to the generators (3.11) and (3.14), respectively. Similarly,
when ¢ = 3 we can only choose j = 0, which is the case studied in eq. (3.12). Thus we
conclude that there are six independent cubic structures in the fields which are separately
invariant under the maximal bosonic subgroup SU(1,2) x SU(3).

Invariance under the fermionic generators. According to the discussion on the
invariance under the bosonic subgroup, we found that the most general cubic generator with
the appropriate index structure is given by the linear combination (3.1) with A =1,...,6.
Therefore, we reduced the ambiguity in the result to the determination of the real coefficients
in the linear combination. This will be uniquely fixed by requiring the invariance under all
the fermionic generators of the PSU(1,2|3) spin group.

We consider the action of the supercharge QLG on the terms (3.9)(3.14). We find

1 o0
@ Tiin=1 3 Vit IES et (@) ke o))

n,k,n’ k'=0

o
(0,1
{QLa,Tz}D = Z vn'+ Pn *: %/k:’ tr (XL’H,k’[(q’a)n+n’,k+k’>Xj%k])

n,k,n’ k'=0

o
X VIR e et (e bt D o (B 1))
n,k,n’,k'=0
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1 P02
{Q} 0 Tslp=- Z Pé b €7t (((I)Z)n’+1,k’{(CC)n+n’,k+k’aX;rz,k})

n,k,n' k'=
- (0,2)
+ Y VarW IRt (An+n’,k+k’{(d)n’+1,kfJ(Lk}) ,
n,k,n’ k'=0
- (0,3)
{Qlfaﬂ T4}D = Z \/ﬁpn kin'k! tr ((Cl)n’+1,k’ [An+n’,k+k:’7x;[—b,k]) )
n,k,n’ k'=
b
{QZ—‘I’TE’}D - Z \/> 1 k n'+1,k e tr (XL,k[(q)Z)n’-i-l,k’a (Cc)n-i—n’,k-i—k:’])
n,k,n’ k'=
1 (1,1
+ 5 Z mpﬂ ks 1)1 '4+1,K’ Eabc tr (An—l—n’,k—i-k’ [(q)Z)n,ka ((I)Dn’—i-l,k’]) 5
n,k,n’ k'=

1,2)
{Qi_oTo}p= Z \FP( ke U (Xl,k[(CDnUrl,k/,An+n',k+k/])
nknl k=

oy VLR Gt (@D Aot i (B)n])

n,k,n’ k'=
(3.15)
One can check that the following linear combination
Q=T1+To+T5+Ty+T5 —Ts (3.16)
is invariant under the considered supercharge, i.e., it satisfies the condition
{Ql_..Q}p =0. (3.17)

In order to show this result, we need to use the properties (A.1) or the antisymmetry of
the summations. As a representative example, we show the vanishing of the following
combination entering the Dirac brackets of the cubic generators (3.9) and (3.10):

Q) . T} p+{Q}_,. To}p=

Gl 1 n'+1
= P(079)/ ’ (Vn+n,+1—> tr )] ! fetk! XT ’XT, , =
n,k,nz’:,k’() n.kin/+1LE \ 9 Vntn+1 (( a)ntn’ kb { n,kr An/+1,k })

l

_ (0,0) B
- Z Pn+1 kin/+1,k' 2\/m (( )n-‘rn’-&-l,k—&-k’{XIlJrl,kaXL/_H,]C/}) =0.

nk,n’ k=0
(3.18)

In going from the first to the second line we used the cyclicity properties of the trace and
the identities (A.1), while in moving from the second to the third line we performed the
summation and we shifted the label n — n + 1. The last step is a consequence of the fact
that we have a summation over (n,n’) of an odd expression in these indices.

We show in appendix A.2 that the linear combination (3.16) is also invariant under the
action of the supercharges (Q4—,, namely

{Q1-0,Q}p =0. (3.19)
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The identities (3.17) and (3.19) are sufficient to prove the invariance under all the fermionic
generators. The proof proceeds by applying the graded Jacobi identity. Indeed, we consider

{L+,{Q1-0;9}p}D +{Q1—0, {9, L+}p}p — {9, {L4,Qu—a}p}p =0. (3.20)

Since we have proven before that the cubic generator Q is invariant under all the bosonic
symmetries and under the action of Q4_,, we have

{Q1-0,Qp=1{Q, Ly}p=0. (3.21)
Now we use the commutation relation {Q4—q, L+}p = Sl_ ., to conclude that
{8} 0 Q}p =0. (3.22)
We apply a similar trick by considering the graded Jacobi identity

{J+:{Q1-0, Q}p}D +{Q4-0,{Q, J+}p}D — {9, {J+,RQa—a}p}D =0, (3.23)

plus the commutation relation {Q4—_q, J+}p = Q4_a. This allows to conclude that
{Qi-a,Q}p =0. (3.24)
One can work in the same way by starting from the result {QLG, Q}p =0, to derive that
{Ql_.. Q}p = {Sia. Q}p = 0. (3.25)

This shows that the linear combination (3.16) is invariant under all the fermionic generators
of PSU(1,2|3) group.

Reduction to subsectors. The invariance under supersymmetry uniquely fixed the
relative coefficients in the linear combination (3.16). A consistency check of this result
comes from the reduction of the general expression to the PSU(1,1|2) subsector, where the
method described in this section was originally applied [16, 57, 58]. The restriction to this
case can be achieved by setting some of the fields to zero

®3 =0, A=0, (1=0=0. (3.26)
Furthermore, we set k = 0, specifying the dictionary

(@1)n = (P1)nyo0, (®2)n = (P2)n,0, (Y1)n = —(¢3)n0 5 (Y2)n = Xnt1,0, (3.27)

where the fields on the left-hand side refer to the notation used in [16], while the fields on the
right-hand side refer to the notation used in this work. In this way, the cubic supercharge
Q reduce to

Q=T1+To+T15+ T35, (3.28)
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with the cubic generators being

T = Z m (DA o)) (329
T, = z cw%r((%) (CONC I (3.30)
n,n’ 0
n +1
=y ey T @D @l (3.31)

n,n’=0

T=— Y m tr (@), (@D)w] (W1)nsn) (3.32)

n,n'=0

while Ty = Tg = 0 since there is no dynamical gauge field in this subsector. With
this, the cubic supercharge Q is exactly the one introduced in reference [16] for the
PSU(1,1]2) subsector.

One can perform a further reduction to the SU(1,1|1) subsector by setting

Dy=0  1h =0, (3.33)

and renaming ®; = ® and ¥y = 1. Then the supercharge is now reduced to Q@ =T + T,
which matches exactly that of the SU(1,1|1) case in [16].

En passant, we notice that it is not possible to define the cubic supercharge (3.16) in
the SU(1,2|2) subsector, even if part of the supersymmetry of N’ =4 SYM is preserved.
The reason is that the expressions (3.9)—(3.14) always contain at least one singlet fermion
X- Since this field is only non-vanishing in the SU(1,1|1) and PSU(1,1|2) subsectors, we
conclude that the previous construction does not work in the other cases. It will instead be
possible to recover SU(1,2|2) as a special case by setting the appropriate fields to zero at
the level of the interacting Hamiltonian.

3.2 Derivation of the interacting Hamiltonian

Starting from the cubic supercharge (3.16), we compute the interacting Hamiltonian by
using the identity
{Q,Q"}p = Hint. (3.34)

It is a tedious but straightforward exercise to find all the terms arising from this Dirac
bracket. Remarkably, one can show that the interacting Hamiltonian can be organized in
the compact form

Hint :HD+HF7

3

Hp =Y tr |(BNurBohuk + > S Bk (BE)ng + (BY)nk(Bs)ni
n,k=0 a=11=1,2

i

(3.35)

e i 3
Hp= Y tr [(FD)np(Fodug + > > (f?*>n,k<ff>n,k+(f§>n,k<f3>n,k] :
nk=0 | a=11=1,2
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where we introduce the following set of B blocks:

o0 3

0,0 0,1

Bo)np= > (Pé,k;if,k,{xi,,k,,xn+nf,k+k/}+2 PO (@) by () ]
n/,k'=0 a=1

(0,2
+ Z n,k; T)L/ N Ca n’ .k (Ca)ntnr k+k’}+Pn k; q)z/ K [AIL/,kUAn-Fn’,k-Fk’}) ’ (3.36)

BOnr= > (Pl e (Cmant ks (@) ]

n/ k'=0
1,2 1,0
7(lk T)l’ K [(Ca) ks Anen Joti ] +P7E,k;7)z’,k’ K(I)a)n—i-n’,k—i-k’aX;rz’,k/]) ) (3.37)
9
2,1 2,0
(Bg)n,k = Z (P'rg,,k;q)y,k/[((I)(Tz)n/,k/7An+n’,k+k’]+P7(L’k;1)1/7k/{(Ca)n+n’7k+k/,Xll’k/}) y (338)
/ k./_o
(3,0)
B3 n k= Z Pn k; n’ k’ n+n’,k+k’7XL/,k/] . (339)
/ k,/

We define the .7-“” r blocks as

(Fo)n,

N

n
(0,0
Z Zp’k’)n n' k— k/{Xn n’ k—k’'» Xn' k’} (340)
n'=
n

0,1
(Fne= 3" ZPQ W et 5t (B ki X i) (3.41)
/ Ok;/

(1,1
Z Z P n! k’)n n' k— k’e abe [(q)c)n’,k/a (q)b)nfn’,kfk’]

n'=0k'=
+P(,’]€I)TL n! k—k’{(Ca)n—n',k—k’aXn’,k’}7 (342)

<}_3 n,k = Z Z P(/l I?/)n n' k— k;’[(Ca)n—n’,k—k’v ((I)a)n’,k’] _P’I’(I,?,’]f/);n*nlk‘*k/ [An—n’,k—k’aXn’,k’]~
=0 b —

(3.43)
The B blocks originate the D-terms Hp in eq. (3.35), while the F blocks generate the
contribution Hp to the interacting Hamiltonian composed of F-terms. The total Hamil-
tonian (3.35) comprises all the contributions of the PSU(1,2|3) sector. This is the largest
possible spin group admitting a near-BPS limit of the form (1.2) and contains all the other
admissable cases as subsectors. At the level of the cubic supercharge (3.16) there is the
obstacle that we can only restrict to subsectors containing the singlet fermion Yy, since it
is essential to build all the structures (3.4). Instead this problem does not occur when
considering the full Hamiltonian: we can therefore recover all the results derived in the
references [13-16] by setting the corresponding fields to zero.

We comment more explicitly the classes of terms entering the result:

e Charge density. The charge density

1
Qn,k =

vn+k

corresponds to the block (3.36). It is a natural extension of the charge densities

(Bo)n,k (3.44)
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derived in [13-16] for all the other subsectors of PSU(1,2|3).” Terms of this kind arise
when contracting two singlet fermions among the structures (3.9)-(3.12).

o Generalization of SU(1,2|2) blocks. We define
(B%)n,k = (Fa - Ka + Ha)n,k y (Bg)n,k = (Wa + Ma)n,k ) (345)

where each structure refers to a corresponding term in the blocks introduced in
egs. (3.37) and (3.38). The objects Fy, K4, W, generalize the homonymous blocks
appearing in the Hamiltonian (3.100) of the SU(1,2|2) subsector presented in ref-
erence [15]. This part of the interactions arises from contractions involving the
blocks (3.13) and (3.14) only.

o Generalization of PSU(1,1|2) F-terms. The F-blocks in eq. (3.40)-(3.43) are
a generalization of all the interactions (besides the charge density term) entering
the PSU(1,1]2) subsector, see the Hamiltonian (3.56) in reference [16]. Here we
observe one of the advantages of the cubic supercharge method: the organization
of the structure (3.16) naturally separates D-terms and F-terms, while the spherical
expansion procedure applied in [16] gave a structure which highlighted the symmetry
between the fermionic fields therein called as 1, 2. By applying the dictionary in
egs. (3.27) and (3.27), one can check that the full Hamiltonian (3.35) indeed reduces
to the one of the PSU(1,1|2) subsector.

o New D-terms. There are new D-term structures, entering egs. (3.37)—(3.39), that
arise from the brackets involving the cubic generators in eqgs. (3.9)—(3.12). They come
from contractions where a singlet fermion (and its hermitian conjugate) survive.

e New F-terms. Finally, we have one additional F-term which involves the gauge field.
It is the last contribution of the block F3 in eq. (3.43).

According to the identity (3.34), the Hamiltonian was obtained as the anticommutator
of a complex supercharge and its hermitian conjugate. Standard manipulations involving
supersymmetry show that the spectrum of such a theory is positive definite [62]. The
interactions written as in eq. (3.35) confirm this argument: they appear in a form which
manifestly shows the positivity of each term, since they are written as a product of a block
times its hermitian conjugate. We will see in section 4 that these blocks provide a convenient
way to show the symmetry structure of the result.

4 Symmetry structure of the Hamiltonian

4.1 Symmetry structure of D-terms and F-terms

In this section, we discuss the symmetry structure of the Hamiltonian (3.35). As expected,
the analysis in the following will show that the Hamiltonian is manifestly invariant under

"In order to compare with the references [13-16], we point out that therein we used the notation Q,
for the charge densities, referring to lower-case ¢ to denote the separate contributions from each field.
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the PSU(1, 2|3) symmetry. However, as we shall see, this is also the case for the separate
D-term and F-term parts of the Hamiltonian.

Let us focus on the bosonic part of the symmetry group first, whose action on the
letters was summarized in eq. (2.19). We collect the blocks in the following way

Wi ={Br,Fr}, 1=0,1,2,3 (4.1)

where the SU(3) indices a for I = 1,2 are not displayed explicitly. Then the crucial
observation is that By and F; making up the Hamiltonian (3.35) exactly transform in
the (p,q) = (0,1 — 3) representations of the SU(1,2) algebra for I = 0,1,2,3, i.e., the
equations (2.19) are also satisfied by the blocks Wj. This is the generalization of the
example already shown in [15], which was the SU(1,2|2) subsector written in terms of
N = 2 vector multiplets, where the letters transform in I = 1,2, 3 representations, while
the By blocks transform in I = 0,1, 2 representations.

In conclusion, the blocks By and F; transform as irreducible representations of both
SU(1,2) as well as SU(3). When combining this into Hp and Hp using (3.35), this
shows that Hp and Hp are both invariant under the SU(1,2) x SU(3) bosonic symmetry
transformations.

Next, let us move on to the supersymmetry. We find the Hamiltonian Hp and Hp
are separately invariant under the action of all supercharges Qq, Qq and S,. There are
some basic patterns followed by the action of supercharges. First of all, due to the SU(3)r
symmetry of @), supercharges (2.21), for different a = 1,2, 3, the supercharges are relating
different blocks W¢ as N = 1 chiral multiplets or N' = 1 vector multiplets. On the other
hand, we notice from the letter representation (2.20) that the supercharges @, act on the
descendants generated by d; letters, while Q, act on the descendants generated by da. This
can be seen from the fact that their actions shift the levels of n or k by 1, which counts
the descendant levels of dy, ds, respectively. The S, supercharges act on both directions
simultaneously. In total, the difference between the three classes of supercharges are majorly
reflected at the level of descendants, which are also closely related to the three different
components of momenta saturated Clebsch-Gordan coefficients.® We will also discuss this
point in appendix A. Without loss of generality, let’s consider the action by QI as an
example. The definition of this supercharge can be found in eq. (2.20). We can then check
that the blocks transform as supermultiplets under the actions of supercharges.

(Q, (Bo)ui}tp = Va+ LB}, {QL. (B)ni}p =0

QL (B)i}p = V(B n-14: {QL, (B )ni}p =0

{Q. (B ns}tp = —vn(BYn—14: @1, BNi}p =0

{Q1, (BY)ni}p =0, {QL, BNnstp = —vVn+1(Bnie  (42)
{Q1, (BY)ni}p =0, (@, (B uitp = —Vn + 1B )1

{Q1, (B3)nx}p =0, {Q}, (BN nstp = Vit 1B )y

{QL, (B)ni}p = Vi(Bs)n-1: (@1, (B3Nni}p =

{Q1, (Bs)ny}p =0, {Q1, (BY)ntp = —vVn+ 1(BY )ni1

8The CG coefficients in eq. (3.6) present three different combinations of momenta satisfying a precise
saturation. These labels correspond to the action of the three classes of supercharges.

~ 18 —



Figure 3. Action by supercharges on the blocks B. The blue lines represent the transformation QI,
while the green lines are the transformation of supercharge S;. The actions on the F blocks follow
in the same way.

We also compute

{QL, (Fo)ni}p = V(F)n 11, {QL, (F)natp =
{Q1, (Fny}p = Vr(F3)u—1, {Q1, (FiNns}p =
Q) (F)itp = =V Fd)n140 {QL, (FDaptp =
{QL (Fn}p =0, QL ED ko = Vi FIF s,
{Q1, (F)na}p =0, QL (FNustp = VoA LF e
{Q1, (Fnatp =0, Q1 (FNstp = Vit UF N ik
{Q1, (Fn}p = —Vr(Fa)n-15: {Q1, (F3Nnstp =
{Q], (Fs)ni}p =0, (@1 (FDuitp = Vi LT iin
Then in total
{Ql,Hp}p ={Q}, Hr}p =0 (4.4)

The action of the supercharges for the blocks By is graphically shown in figure 3. Using
that Hp and Hp are separately invariant under SU(1,2) x SU(3), one can argue using the
Jacobi-identity, that it follows from invariance under QI that they are separately invariant
under all the supercharges Q! QTI and S. Since Hp and Hp also are hermitian, it follows
they are also separately invariant under all the supercharges Q,, Qo and S,.

Therefore, any Hamiltonian of the form Hp + AHp is invariant under the PSU(1, 2|3)
global symmetry action, i.e., there is a free coefficient A that does not spoil the invariance.
The Hamiltonian Hp + Hp obtained from the decoupling limit of A/ = 4 SYM might
indicate an the existence of a further enhanced symmetry that fixes A = 1, as we will
discuss below.
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Furthermore, it is important to remark that the fact that both the B and F blocks
transforms well under the full PSU(1, 2|3) algebra, can be used to cast Hp and Hp in (3.35)
separately as norms in the representation space of PSU(1,2|3) as in the construction of [15].
This shows the origin of our findings in [15] for the SU(1,1|1) and SU(1, 2|2) Spin Matrix
theories, here with the remarkable extension to the full PSU(1,2|3) symmetry, and to both
the D-terms and F-terms separately.

Both the B and F blocks can be organized into three N' = 1 chiral multiplets and
N =1 vector multiplets. Thus the invariance of the Hamiltonian is manifest, since both
terms are made by an N' = 3 vector multiplet. For a discussion of field theories with A/ = 3
supersymmetry, see for example [63]. The CPT invariance of lagrangian theories implies the
N = 3 theories get enhanced to N/ = 4 supersymmetric gauge theories [64]. The situation in
the current case could be more subtle. First of all, the field theory description of PSU(1, 2|3)
is less clear. The global symmetry SU(1,2) is neither the conformal group nor includes
the Lorentz symmetry. Secondly, the programme of formulating the local field description
of SMT was initiated in [14], where we found that the field theory description of SU(1,1)
subsector is both semi-local and ghost-like.” This behaviour could be potentially related
to the chiral algebra [65] of 4d SCFT. Its generalization to SU(1,2) subsectors could be
more non-trivial. Besides, due to the non-relativistic nature of Spin matrix theory, there
are no anti-particle excitations in the theory. Due to many novel features of the field theory
describing the Spin matrix theory, whether the N' = 3 supersymmetry gets enhanced to
N = 4 supersymmetry in the current model should be analysed more systematically. We
will leave this issue as topic for a future work.

The explicit formula of the PSU(1, 2|3) Hamiltonian (3.35) enables us to improve our
understanding of other subsectors. As remarked in section 3.2, we can now resolve the
puzzles raised in the PSU(1,1|2) subsector [16]. From the spin chain point of view [56],
it is not manifest that the Hamiltonian is positive definite. However, once we take the
decoupling limit of the PSU(1, 2|3) Hamiltonian to acquire the PSU(1, 1|2) subsector, the
corresponding Hamiltonian is made by a D-term N = 2 hypermultiplet and an F-term
N = 2 hypermultiplet. Both the manifest invariance under PSU(1,1|2) global symmetry
and the positive definiteness are ensured by the latter formulation. This also explains why
the SU(2) automorphism between fermions in PSU(1, 1]2) subsector is “emergent” [57], as
there is no automorphism in PSU(1,2|3) sector which can act on fermion singlet y and
fermion triplet ¢“.

4.2 Uniqueness of the Hamiltonian

Now we argue that the Hamiltonian (3.35) derived using the cubic supercharge method (3.34)
is unique. The prescription given at the beginning of section 3.1 to build the fermionic
generator Q assumed that each term T4 entering the linear combination (3.1) was indepen-
dently invariant under the full bosonic subgroup of PSU(1,2|3), while the fermionic part
of the spin group is used to restrict the coefficients 4. However, one may in principle

9By semi-local, we mean that the Dirac brackets satisfied by the fields are not Dirac delta functions, but
their Fourier representation where the summation is only performed over positive modes.
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choose a more general set of cubic terms in the fields such that their linear combination
(anti)commutes with the bosonic generators, while they separately do not.

A way to fix this ambiguity consists in comparing the result with other techniques. In
section 5.3 we will derive the purely bosonic part of the effective Hamiltonian using the
spherical expansion procedure (method 2 of the list presented in section 1). In particular,
we will show that the bosonic interactions derived with the spherical expansion precisely
match with the result (3.35). These terms involving the interactions between scalars and
the bosonic gauge fields, and we dub it as Hpes. This partial comparison is sufficient to
argue that the full Hamiltonian, including the fermionic terms, matches between the two
procedures. For the sake of argument, we assume that there exist two different Hamiltonians
with the same bosonic interactions Hyeg, but different fermionic ones:

Hint,l = Hbos + errm,l 5 Hint,Z = Hbos + errm,2 . (45)

In these expressions, we denoted with Hy,g the terms containing purely bosonic fundamental
fields, and with H¢e, the remaining parts, which collect together the purely fermionic
interactions and the mixed terms having both bosons and fermions.'°

The splitting (4.5) must be satisfied by any possible near-BPS Hamiltonian, since we
assume that the purely bosonic part is unambiguously fixed with the spherical expansion
method. We then find that by taking the difference between the two expressions, we produce

another interacting Hamiltonian that does not contain any bosonic part

Hint7new = errm,l - errm,2 . (46)

A near-BPS effective Hamiltonian without purely bosonic terms cannot be invariant under
the full symmetry group PSU(1,2|3), in particular supersymmetry invariance would neces-
sarily be violated. This can be checked explicitly by applying the SUSY transformations
induced by the generators (2.20) to any expression without bosonic letters. Therefore,
we conclude that it was not possible to have two Hamiltonians with different fermionic
interactions, thus showing the uniqueness of the construction.

Notice that the previous argument does not make any requirement on the splitting of
the interacting Hamiltonian into D- and F-terms, that we observed in section 4.1 to be
separately invariant under the full PSU(1,2|3) symmetry group. Indeed, the purely bosonic
Hamiltonian Hyos will itself contain a D-term and an F-term, and the same will be true
for Hierm. However, this sub-structure can be ignored for the purposes of the previous
derivation, without affecting the final conclusion. Having shown that the Hamiltonian is
unique, this procedure also fixes unambiguously the free coefficient A mentioned below
eq. (4.4) to be 1.

°Tt should be noted that in lower-dimensional field theories, bosonization/fermionization dualities can
relate fields with different statistics, e.g., [66—68], which might also extend to 4d quantum field theory [69, 70].
Therefore, one may be worried that the distinction between bosonic and fermionic interactions is ambiguous.
However, fields in the SMT Hamiltonian surviving the near-BPS limits (1.2) arise from fundamental
fields defined in the original N' = 4 SYM action, where bosons and fermions obey commutative and
anti-commutative Dirac brackets respectively, see egs. (2.22)—(2.25).
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5 Hamiltonian from spherical expansion

In this section we apply the spherical expansion method (bullet 2 in section 1) to compute
the effective Hamiltonian of the PSU(1,2|3) SMT. This provides an alternative procedure
to derive the interactions (3.35), but has the advantage to completely fix the purely bosonic
part of the Hamiltonian, which is essential to prove the uniqueness of the result (see
discussion in section 4.2.

The outline of the section is the following. We begin by reviewing the general setting
to perform the spherical expansion in section 5.1. Then we derive the free part of the
Hamiltonian and the interactions in the purely bosonic sector in sections 5.2 and 5.3,
respectively. We finally compare to the results obtained using the cubic supercharge
technique in section 5.4.

5.1 General procedure

We set the conventions for the spherical expansion of the classical N/ = 4 SYM theory
defined on R x S by following the same notation as in references [13-16]. We summarize
them here, starting from the action

1 .
§= [ Vet tr{—4F,3V—|Du<1>a|2—|<I>a|2—zwla“DM+g > Capt’[@a, 4"

A,B,a

- 2
9y CaABq’bL[(I)l’QNB]_%Z (H@a,@b]‘?ﬂ[@a,éﬂlz) }

A,B,a a,b
(5.1)

In this expression, ¢ is the Yang-Mills coupling constant. The field content of the theory
is the following. There are three complex scalars ®, = ¢o,—1 + i, with a € {1,2,3},
built from the real scalars transforming in the 6 representation of the R-symmetry group
SO(6) ~ SU(4). We have four Weyl fermions 1“4 with A € {1,2,3,4} transforming in the
representation 4 of SU(4). Finally, the field strength is defined as

Fu = 0,A, —0,A, +ig[Au, A, (5.2)
and the corresponding covariant derivatives D, read

D@, = 0,P, + ig[A,, ®o], (5.3)
Db =V, +iglA,, 4], (5.4)

where V, is the covariant derivative on the three-sphere, i.e. it contains the spin connection
contribution when acting on the fermions. The C'9 5 are Clebsch-Gordan coefficients coupling
two 4 representations and one 6 representation of the R-symmetry group SU(4). All the
fields in the action transform under the adjoint representation of the gauge group SU(N).
The action is canonically normalized on the R x S% background with the radius of the
three-sphere set to unity.

The classical Hamiltonian is obtained by performing the Legendre transform of the
action (5.1). We then decompose the fields into spherical harmonics on the three-sphere [71],
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according to the conventions summarized in appendix B. In this expansion a crucial role
is played by the gauge field, since part of its degrees of freedom decouple on-shell in the
near-BPS limit (1.2), and they mediate an effective interaction at order g? in the coupling
constant. The details of the decoupling of the gauge field and the corresponding Dirac
quantization are extensively reported in section 2.1 of [14], and similar discussions were
presented in [15, 16]. Here we briefly highlights the main steps of the procedure.

The unphysical degrees of freedom of the gauge field are captured by the temporal
and longitudinal components of the gauge field; they can be integrated out by using the
Coulomb gauge V;A* = 0. In order to keep track of the constraints, we consider a generic
quadratic action in the field strength with the inclusion of a source

1 .
Sa= /Rxs3 \/—det g tr<—4F3V - A“]u> ) (5.5)

After expanding the fields into spherical harmonics, the constraints become algebraic and
we can express the result only in terms of the physical degrees of freedom, yielding the
unconstrained Hamiltonian

Hy=tr Z

Jm,m

1 Jmm |2 1 2 Jmm |2 Jmm -t Jmm
> (2\H<p> + 5w ARG+ AR

. mm‘Z )
p==x1 2

> +¥‘ J
8J(J+1)70

(5.6)
The currents entering this expression can be identified by looking at the N' =4 SYM action
reported in eq. (B.9). One can now restore the interactions (including the other matter
fields) to obtain the full Hamiltonian. In order to proceed, we follow these steps:

1. Determine the propagating modes in the near-BPS limit from the quadratic classical
Hamiltonian.

2. Derive the form of the currents that couple to the gauge fields by inspection of the
N =4 SYM action in eq. (B.9).

3. Integrate out additional non-dynamical modes that give rise to effective interactions
in the near-BPS limit.

4. Derive the interacting Hamiltonian by taking the near-BPS limit in eq. (5.8) below.

From now on, we focus specifically on the near-BPS limit (1.2) with a1 = ag =b; = by =
bs = 1, which characterizes the PSU(1,2|3) sector. The decoupling limit can be written as

. H-—J 3
g— 0 with e fixed , J=S1+8S, —i—ZQi, (5.7)

=1

with N being fixed while sending ¢ — 0. The interacting Hamiltonian describing the
residual degrees of freedom of the sector is defined as

H—-S —S, -2, Q;
Hin, = lim 1752 = i Qi

lim i (5.8)
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Let us focus on the contributions to the Hamiltonian mediated by the non-dynamical modes
of the gauge field. There is no contribution from the R-charges because the gauge field
is neutral under such symmetry. Therefore at quadratic order in the fields, the near-BPS
limit involves the combination

. JM ~
Hy—S1—S:=Y Zl 3 (\H{pfy — 2 AP+ (WA - an?) A P) . (59)
J,M p=-1,

which must vanish. This corresponds to the constraint

iy —2imAl MM =0 (5.10)

for all the non-dynamical modes of the gauge field, which means that we don’t have to
consider at the same time p = —1 and || = J 4+ 1. After adding the sources written in
eq. (5.6) to the quadratic combination (5.9), we find that the consistency of the constraints
with the time evolution implies

(a1, 1A = 20 ATV} = (@5 — 4m?) AL 4TI <0, (5.11)
or equivalently
ity
Jmm _ P

After using this additional constraint in eq. (5.9) plus sources, we find

_ _ _ 1 mm2 -Jmm |2
H-S, Sg—tr(JZ 8J(J+) Y Z 4m2)|j(p) ).(5.13)

m,m p= ilJmm

This expression will be used to compute all the gauge-mediated interactions, once the

currents jgd™, ]E] 1;/[ are identified from the interacting Hamiltonian of A" =4 SYM.

5.2 Free Hamiltonian and reduction of the degrees of freedom

As a first step in the spherical expansion method, we identify the degrees of freedom
surviving the near-BPS limit by considering the combination Hy — J defined in eq. (5.7) at
quadratic order in the fields. A direct computation gives the following contributions for
scalars @, gauge fields A and fermions ¥:

(Ho—J ¢,—ZZtr<’ ot —i i 1) (@) | + (w3~ @mtD) )(@L)JM(%)JM>,

J,Ma=1

1 . -
(Ho—J) = §JZ~ Zl 1tr (yn{pﬂf—mmAglj)Myu(wgJ—(gm)2)|A{pﬂ)ﬂ2) ,

ym,mp=—1,
. 3

(Ho—J)y=>_ > tr ( (f‘&w?+2m—2> W]) 1000 (1) 701

JM k==%£1

o1
- (“W?+2m+2) (wil)JMﬁ(wA)JMH)'
A=234

(5.14)
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In the previous expressions, II, represent the canonical momenta conjugate to the scalar
fields, while II,) is the momentum associated to the gauge field A(,. We present the
consequences of imposing the condition Hy — J = 0:

o Scalars. Given the definition wy = 2J + 1 and the constraint || < J, we find that
all the three complex scalars with a € {1,2,3} have a surviving mode subject to the
condition

(T g,y + 1wy (®F) jm.g = O(g) . (5.15)

Furthermore, we remind that the restrictions on the angular momentum imply that
|m| < J.

o Gauge fields. The dynamical gauge fields are the same of the SU(1,2) subsector,
which was studied in [15]. From the quadratic expression (5.14) one deduces that
all the components of the gauge field are non-dynamical, except when p = —1 and
m = £(J + 1), with the constraints

Jm,+=(J+1 . Jm,£(J+1
D iy Al <0, (5.16)

The modes with positive and negative eigenvalue for m are related by the reality
condition on the gauge field

AJ,m,—J—l _ (_1)meAT J—m,J+1

(p=—1) (p=—1) > (5.17)

which allows to eliminate A‘(]/’E’__l‘;_l from all the expressions. The surviving modes of
the gauge field satisfy the momentum constraint |m| < J.

o Fermions. There are fermions of both chiralities x surviving the near-BPS limit (5.7).
When x = 1, there is a surviving fermion field with R-symmetry index A = 1 and
momenta [m| < J + 1 together with fixed i = —.J. Therefore this particular field is

VY m,— g1 (5.18)

There are more solutions for fermions with the other chirality x = —1, indeed we have
the choices A € {2,3,4} for the SU(4) index. They satisfy |m| < J and have fixed
m=J+ % We will collectively denote them as

A=2,34
wJ,m,J—&—%,n:—l ) (5.19)

All the fermions of NV = 4 SYM survive, each of them with a particular value of the
momentum 7.

We observe that the dynamical modes of the scalar and field strength in egs. (5.16) and (5.17)
satisfy an identity relating the conjugate momentum with the hermitian conjugate of a field.
This aspect is a non-relativistic trait typical of theories with Bargmann symmetry, which
includes a U(1) central extension corresponding to the mass conservation.
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The identities (5.16) and (5.17) constraining the modes of the bosonic fields are also
responsible for the generation of non-trivial Dirac brackets, which read

7
{(®a)sm.ts (®L) g1y} D = o 07,7 Om,m’ (5.20)
Wy

{(Apey) I, (A;:_l)J’vm’J’H}D — 0.7.7 O - (5.21)

2wa, g

In order to make the brackets canonically normalized, we redefine the dynamical bosonic
modes surviving the near-BPS limit (5.7) as

Gon = V2 g Ay =\ [2wa AL (5.22)

The fermions already have canonical Dirac brackets; we collect them using the follow-
ing notation

A=1,234 1,2,3
QZ)Jm ( Jma(;m ) . (523)
More explicitly,
_ 1 1 _ A=4
XJm = d{]m —Jk=1" fflm - YJm J+%7f€=—1 )
a 2 = _1/} Ca 3 — 1/} (524)
Jm J+f k=—1" Jm J+f k=—1"

The decomposition (5.23) clearly distinguishes between the fermions x and (%, which trans-
form under the global SU(3) residual R-symmetry either as a singlet or a triplet, respectively.

The fields (5.22) and (5.23) represent the full set of dynamical degrees of freedom
surviving the PSU(1,2|3) near-BPS limit. We identify them with the letters classified
in [18], where the general structure of all SMTs was considered. The matching can be easily
performed for scalars and gauge fields, giving the letters

Ap = |dSFLY, @Y, = |did5Z), %, — |didSX), @, — |didsw).
(5.25)
The matching for the fermions is less trivial. The SU(4) R-symmetry charges easily allow
to identify the fermionic modes in the triplet with the letters of N'= 4 SYM surviving the
limit: they are

Chm = ldid5Xs) | m — |did5xs) G — |did5x7) . (5.26)

The field x s, secretly encodes two letters: this can be seen explicitly when considering the
limit J = 0, which corresponds to the restriction to the SU(2|3) sector [16]. In such case,
3 %, 2) but there are two possible eigenvalues for the
rotation operators, corresponding to m = j:%. The two cases are

the fermionic field has R-charges (3

Xi=om=1 = X2)s  Xy—om=—1 = IX1)- (5.27)

From this observation, we understand that when the covariant derivatives are added, the
field x s, encodes information about two fermionic letters:

Xom — |drdsxi), |drdsxz) . (5.28)
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These correspond to the non-trivial descendants related to the ancestor fermion mentioned
in eq. (2.3).

Now we come back to the evaluation of the effective Hamiltonian of the system. On
the constraint surface, we find

e 3
3
=5 3 (S (s+3) o
a=1

s=0m=-3 (5.29)

3
3
2 ( " 2) Coml® + (s +2) 1 \As,mﬂ :
a=1

[N

5.3 Purely bosonic interactions

We apply the general procedure outlined in section 5.1 to compute the interacting Hamil-
tonian according to eq. (5.8). The landscape of possible interactions can be splitted into
three main categories:

e Terms mediated by the non-dynamical modes of the gauge field via the currents
contributing to eq. (5.13). It turns out that this class of terms nicely combines with
quartic interactions where all the modes are bosonic and dynamical.

¢ Cubic Yukawa terms.

e Terms mediated by non-dynamical scalars or fermions and containing at least one
dynamical gauge field.

e Quartic terms in the A/ =4 SYM Hamiltonian containing only dynamical modes.

The calculations for the spherical expansion will involve the summation of Clebsch-Gordan co-
efficients on the three-sphere. In particular, the dynamical modes listed in egs. (5.22), (5.23)
and (5.24) fix in several computations the corresponding momenta of the Clebsch-Gordan
coefficients. For this reason, we introduce the following compact notation

(T, M) = (J;m,J), Im| < J, (5.30)
(T, M) = (Jym,J+1,p=—1), Im| < J, (5.31)
(T M) = <J,m,J+;,/1:—1> . m| < J. (5.32)

These saturations correspond to scalars, gauge fields and fermions, respectively. We also
introduce the short-hand notations

AJ=Jy—J=J3— Jy, Am =mg —my = m3 —my, (5.33)
i l
si=2Ji,  1=2AJ,  |myl < % Am| < 3. (5.34)

which refer to an assignment of momenta that will often enter the results of the summation
over Clebsch-Gordan coefficients.

At this point, we are ready to start the systematic computation of the effective
Hamiltonian using the spherical expansion. The procedure was reported and explained
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in detail in section 2 of [14], section 3 of [15] and section 3 of [16] for several subsectors.
Many of the calculations for the general PSU(1,2|3) case are similar; the main difference is
that more terms are now involved and some generalizations to include them are needed.
Since the main changes are only technical, in the remaining part of the section we will
rather focus on a relevant subset of the possible interactions. More specifically, we will
only consider purely bosonic interactions because we argued in section 4.2 that they are
sufficient to uniquely fix the full effective Hamiltonian of the near-BPS limit. Then we will
proceed in section 5.4 with the comparison between the results of the spherical expansion
and of the cubic supercharge method, derived in eq. (3.35), showing that the purely bosonic
terms indeed match.

According to the distinction between terms listed in the set of bullets above, there are
four classes. However, it is clear that the cubic Yukawa terms only generate interactions by
integrating out an auxiliary field. Since the Yukawa term contains two fermions and one
scalar, it is clear that it will never contribute to purely bosonic interactions. Therefore, in
the following we will only deal with three classes of terms.

Terms mediated by non-dynamical gauge field. The terms mediated by the non-
dynamical modes of the gauge field all contribute via eq. (5.13). The main ingredient is
represented by the currents, whose full expressions read

J 9(wrn +wi) »7Mm
T = Z . : C%Mf;Jmm[(q)a)hmu((I):fz)szz]

Jim; a=1 2VwJ1wJ2

M M
+9g :;21/\/(21 JM{XJlml’XJQmQ} +4g Z :;12/\/“2 JM{( )J1m17 (CG)JQTM}

Jim; Jim; a=1
S JWAL WA Ty 55 My

2 (A, Al
J 2 WA WA, J, JM;JlMl[ Jimas J2m2]’
g

-t JJmm Jl J1+ ) M
]gp) =29 Z Z Dngf;Jmm,p[(q)a)hml’ ((I)L)J2m2]

Jim; a=1 WnWi,
JiMy T
+gJZ gJQMQ JMp{leml,XJQmQ}
’L7mZ

—4g Z Zgﬁﬁf JM, p{(Cl)Jﬂnlv(Ca)Jzﬂm}

Jim; a=1
g PWA,J — WA J, — WA, Jo

£ A
[0A 7. GA Tn IMp;:Ji Ma
szz WA leA J2

T2 Mo [AJ1m1 > ATIZmQ] .

(5.35)

The currents were already simplified by applying the constraints (5.16) and (5.17) on the
dynamical bosonic modes, and we used the notation introduced in egs. (5.30)—(5.32). Details
on the Clebsch-Gordan coefficients are collected in appendix B.1.

The terms mediated by non-dynamical gauge fields only contain double trace operators
under the residual SU(3) R-symmery. In order to find a closed form for the summation
over Clebsch-Gordan coefficients, we need to include here the contributions coming from
other quartic terms in the N'=4 SYM action:

~ 98 —



e The scalar quartic self-interaction. This is given by

2 n
T tr (5120 2P + 120, 4] (5.36)
The contribution to the gauge current arises only from the singlet part; the other

term, giving a single trace operator, will be considered later.
o The mixed scalar/gauge quartic interaction, which reads
— g*tr ([@F, A)[4;,0,)) . (5.37)
and after the expansion into spherical harmonics becomes

) i —thapJM J—M
g Z Z (=)™ e m4CJ1M1;J4,—M4DJ2M2P2;J3M3,03
JM Jimip; (5.38)
X tr ([((I)l)J4M4a AJ:3M3P3HAJ2M2027 ((I)a>J1M1]) :

Using the cyclicity properties of the trace, we extract a double trace contribution
from this interaction.

As already mentioned below egs. (5.30)—(5.32), we will only focus on the purely bosonic
interactions. To this aim, it means that we can consistently set to zero the fermionic fields
inside the currents (5.35). The procedure to compute a charge density contribution in the
spherical expansion language was extensively applied and explained in sections 3.2 and 3.3
of [15]. Indeed, eq. (3.80) of such reference contains precisely a charge density expression
plus additional terms which vanish due to Gauss’ law.

The computation for the present case is completely analog; for the sake of simplicity,
here we only report the main result and we refer the reader to reference [15] for the full
derivation. The purely bosonic part of the interactions mediated by the non-dynamical

gauge field reads
o 12

1 1
ON > > 7o (Q;,Ale,Am) , (5.39)
=1 Am=-1/2
where we define
oo % 3 s1+1 m +Am
—5 »Imi1
Ql,Am = Z Z Z CL12 L [((I)IL)SlmD (Qa)s1+l,m1+Am]
2 7m2y27Am
Ny e (5.40)
St o 4 Am (81 + 1)(81 + 2) t
2 b
O it am \/(31 T+ ) 42y A Asitmiaml |-

Here we used the conventions summarized in egs. (5.33) and (5.34). The result written in
the form (5.39) already takes into account the application of Gauss’ law, which sets to zero
various terms proportional to the total SU(V) charge.
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Terms mediated by non-dynamical scalars. The next set of interactions arises from
the following cubic interaction of the A/ =4 SYM Hamiltonian

—4g\/ T (T + DAL arp tr (ALY 1(@a)sians (B) 1oass]) (5.41)
While in the previous subsection we integrated out auxiliary modes of the gauge field, now
we use instead a non-dynamical scalar field to mediate an effective interaction. The result
will be a quartic expression containing two scalars and two vectors. This cases generalizes a
similar term discussed in the SU(1,2|2) subsector, see egs. (3.95)-(3.99) of reference [15].
The result is

o 12
Z >, ((WJ)Z,Am(Wa)l,Am) : (5.42)
NS0 am=—uo

where we introduce the block

s1+

2 l + 1 2m1 ;mi1+Amq t
oJham = 3120 Zsl (s1+14+1)(s1+1+ 2)0%1,ml;évAm v Papttmaml -
mi=—-—

(5.43)
The notation for the momenta used to present these expressions refers to the definitions (5.33)
and (5.34).

Single trace quartic scalar interaction. We consider the single trace contribution
arising from the quartic scalar interaction (5.36). Expanding the fields into spherical
harmonics and using the property

Vo) (Vi) Q) = D> Colnmnn V) (), (5.44)
J1,M1,J2,M2
we reduce the number of spherical harmonics from four to three.'' At this point, one finds
by direct computation that the single trace scalar interaction becomes

Jm,m Jm,m
1 C 31T, ] C sy :
TJiM1;Ta Mo~ Tz Ms3;Ta My tr([@’a)hmp (éb)JQmQ][(©l1;)J3m37 ((I)DJUM]) . (5.45)

AN I, VW, W01, W 13 W g,

It is easy to find that the constraints on momenta and the triangle inequality

m=J+Jo=J3+ Jy, Max{\Jl—Jg\,|J4—J3|}§J§J1—|—J2 (5.46)
give the saturation condition
J=Ji+Jo=J3+ Js. (5.47)

Thus the sum over intermediate momenta collapses and we obtain a contribution only from
this fixed value of J. We get

’L
2 +s2
1 00 2 551
Hipy = _S3Hsa  ois1ts2matma rs3tsa,matimg
m AN g Zs S1 + Sg 1 Simaisamz $3M3;S4Mm4 (5 48)

2

X tr([(¢a)81m1v (@b)82m2][((1)1t)53m37 ((1)2)847714]) .

1yWe refer to appendix B.1 for more details on the spherical harmonics.
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5.4 Comparison with the cubic supercharge method
Summing the contributions (5.39), (5.42) and (5.48) from bosonic modes to the interacting

Hamiltonian, we finally obtain

L
2

1
Hint,bos = % Z 22: tr (Q;’Ale,Am) + Z Z tr ((Wg)l,Am(Wa)l,Am)

=1 Am=—1 1=0 Amp=—1
.
1 & ¥ (551182 (5.49)
+s2,m1+m2 1Ss3+54,m3+Mm4
+ 83184 Csl 2, C 4,
AN SZ_Q ZSZ_ $1+s9+1 $1M1;52M2 $3M3;54Myg
i—VYm;=—=

2

X tr([(q)a)81m1a (I)b)SszH((I)D%mgv (@L)S4m4]> .

We compare this expression with the bosonic contributions included in the Hamiltonian (3.35)
obtained using the cubic supercharge method. The dictionary to match the momenta (J;, m;)
used in the spherical expansion computation with the integer numbers (n, k) labelling the
SU(1,2) representation is given by

n=AJ—Am, k=AJ+ Am, n=J —m, (5.50)
k;/:Jl—l—ml, n—{—n,:Jg—mg, k+k':J2+m2. (551)

Applying these relations, one can check that the blocks Q.r and (Wy),r (defined in
egs. (5.39) and (5.42) via the spherical expansion) coincide with the homonymous blocks in
egs. (3.44) and (3.45) (defined via the cubic supercharge method), respectively.

Finally, one can also show that the scalar F-term obtained from the spherical expansion
technique coincides with the result from the cubic supercharge. To this aim, it is sufficient
to notice that

s1+s2

O Oty Pt Pra = 5ot Ol ™ Climsiial™ - (6:52)
The two sides of the equality correspond to the non-trivial coefficients of the scalar F-term
as computed from the two methods. The left-hand side comes from the contribution of the
block defined in eq. (3.42), to the Hamiltonian (3.35). The right-hand side is the coefficient
of the last term in eq. (5.49). The apparent different structure of the fields under the
residual SU(3) R-symmetry also matches after using the property e¢®e¢cd = gacgbd — sadsbe
of the Levi-Civita symbol, and the antisymmetry of the commutators.

This concludes the matching between the bosonic part of the spherical expansion and
of the cubic supercharge methods, thus providing a non-trivial check of the computations.
Furthermore, following the argument presented in section 4.2, this result is sufficient to
guarantee the uniqueness of the interacting Hamiltonian derived in eq. (3.35).

6 Discussion

In this paper, we constructed a supercharge which is cubic in terms of the letters in the
PSU(1,2|3) sector of N'=4 SYM. This is the generalization of the cubic supercharge in
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the PSU(1,1|2) subsector [57, 58]. We use the supercharge (3.16) to derive a manifestly
positive definite Hamiltonian invariant under the action of all the generators of PSU(1,2|3):

Hiyy = HD‘f‘HFa

HD: Ztr (BO n,k BOnk+ZZ nk: BI nk+(83)nk(83) )
n,k=0 a=11=1,2 (6.1)

Hp= ) tr (F )k (Fo)mk + Z > (FY ok (FOnk + (FDnk(Fa)k
n,k=0 a=11=1,2

This positive definite form (6.1) shows the Hamiltonian is composed by fundamental
blocks including both D-term blocks B, defined in eqs. (3.36)—(3.39), and F-term blocks F
introduced in egs. (3.40)—(3.43). Each kind of block is transforming as a supermultiplet,
which can be considered as a manifestation of the supersymmetry invariance. Both the Hp
and Hp terms are invariant under supersymmetry separately, indicating an enhancement
of supersymmetry. This construction resolves our puzzles about Spin Matrix theory in
the PSU(1, 1]2) subsector [16], where one lacks the knowledge of how to reorganize the
Hamiltonian into a manifest positive definite form.

A powerful tool to investigate supersymmetric field theories consists in the construction
of superspace, which is an extension of the standard spacetime with Grassmann coordinates
to account for the graded structure of the super-algebra. The advantages of this method are
that all the standard field content of the system is encoded in the superfield, actions can be
written in a simpler way, and SUSY is manifest at each step. It is interesting to notice that
the construction of a cubic supercharge for PSU(1,2|3) SMT of this paper is related to a
cubic supercharge construction presented in [30, 72]. This can be seen by introducing the
fermionic superfield on the flat superspace C213 given by

S n+k—1)! n—l—k
o= > ( Oty O
1 2
et gy [ L E L ”*’” (Cn + o[ L E 2 "*“ ) (6.2)

where we have defined the collective coordinate
zZ= (Zivea) = (Z+727701702793)7 (63)

with 2’ being auxiliary bosonic coordinates and #® being the Grassmann coordinates defining
the graded extension of spacetime. The connection to the cubic supercharge construction
of [30, 72] is now completed by noticing that the hermitian conjugate QF of our cubic
generator (3.16) obeys

{21, v(2)}p =V*(2). (6.4)

This is in correspondence with the behavior of the superfield and cubic supercharge intro-
duced in [30, 72]. It would be interesting to explore this connection further, as it points
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to yet another way to find the effective Hamiltonian derived in eq. (3.35). Moreover, the
supercharge and superfield construction of [30, 72] are closely related to the investigation of
1/16-BPS operators of N' = 4 SYM theory, as the space of 1/16-BPS operators is isomorphic
to the cohomology of such a supercharge [31].

Superfields have been studied in the context of non-relativistic theories from a differ-
ent perspective, to describe quantum field theories with either Lifshitz or Schroedinger
invariance [73-75]. The superfield formalism was recently applied to study the renor-
malization structure of three-dimensional SUSY Galilean Electrodynamics, which is an
N = 2 supersymmetric gauge theory arising from the null reduction of N'=1 SYM in four
dimensions [76]. One may hope to perform the null reduction of the full ' =4 SYM theory
and compare with the SMT formalism. This comparison is not only heuristic, but could
be motivated by previous investigations which found a (semi)local formulation of SMTs
with SU(1, 1) symmetry subgroup as field theories living on a circle [14]. This included the
introduction of a superspace in the case of sectors with supersymmetry invariance. The
counting of degrees of freedom and thermodynamic arguments suggest that the SMTs with
SU(1,2) subgroup could be effectively described as 241 dimensional field theories, thus
corresponding to the same number of dimensions of a null reduction of N' =4 SYM. A
more direct approach to find a (semi)local formulation of these SMTs could be based on
the results presented in [77].

The Spin Matrix theory is also closely related to the chiral algebra of N'=4 SYM, as
the decoupling condition of PSU(1, 1|2) subsector is identical to the Schur condition [65, 78].
The letters in the 2d chiral algebra descriptions are ghost-like fields and the central charge
of the 2d chiral algebra is negative, as required by unitarity of 4d field theory. A similar
phenomenon was also observed in the SU(1, 1|1) subsector of Spin Matrix theory [14], where
the letters can be considered as excitations above the decoupling limit. Similar situation
can also be observed in the PSU(1,2|3) sector. The blocks VVIJf and the letter V; are all
transforming in the (p,q) = (0,1 — 3) representations of SU(1,2) algebra. However, there
is an essential difference: the letters in I = 0,2 representations are fermions, while the
bosons transform in representations with I = 1,3. This is completely opposite to the
quantum statistical nature of the blocks. Therefore, studying Spin Matrix theory provides
a generalization of chiral algebra theory and also novel insights to understand the nature of
chiral algebra, from a theory with larger global symmetry.

The next ambitious project after the construction of Spin Matrix theory is to understand
its gravity dual from various aspects. It can be analysed from dual string theory in torsional
Newton-Cartan geometry. Depending on the scaling dimension of the states, the dual
gravitational description can either be in terms of giant gravitons [21], a brane model [79]
or a black hole-like geometry [22-24]. Our work paves the way towards understanding the
physics of 1/16-BPS AdS black hole from the dual quantum mechanical theory. One of the
most amazing achievement in recent years was the understandings of black hole entropy
from the superconformal index computation [6, 7, 80, 81]. Our work provides an alternative
way of understanding the microscopic states dual to the black holes, which can be acquired
by solving the constraints

(Br)ns 1€2) = (F)n i [€2) =0 (6.5)
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Such study could potentially reveal the feature of black hole-like states in the dual field
theory. This is also visited in the recent work [30]. An observation made in [6] via the
superconformal index computation is the possible existence of 1/8-BPS black hole (which is
called the PSU(1,1|2) subsector in SMT) in the dual AdS gravity, although the analytic
gravitational solutions were never found. A common feature shared by PSU(1,1|2) and
PSU(1,2|3) subsector is the simultaneous presence of both D-term blocks and the F-term
blocks. It is unclear whether this fact is related to the black hole states but worthy to explore
in the future. More importantly, the SMT interactions break the exact BPS conditions,
which could potentially teach us the physics of near-BPS black holes [82].

Our works [14-16] including this paper, have already developed various methods in
constructing Hamiltonian of Spin Matrix theory [8], as the low energy effective theory of
N =4 SYM. One could test whether these methodologies are useful in studying the low
energy limit of superconformal field theories in other dimensions. One example of interest
is the N = 6 superconformal Chern-Simons theory in D = 3 [83] (known as ABJM theory).
It was discussed in [84] that the effective field theory in the SU(2)xSU(2) subsector are
two decoupled Heisenberg spin chain models. Other larger subsectors are discussed in [85].
Constructing the corresponding Spin Matrix theory in these sector could provide more
examples of generalized solvable spin chain models.

Other interesting future applications of the PSU(1,2|3) SMT include studying the
coherent state [86-88], the generalized magnetic Spin Matrix theory [89], computing the
SMT partition functions and studying the possible modular properties of 4d partition
functions [90-92].
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A Details on the PSU(1,2|3) invariance of the cubic generator

We provide additional details about the invariance of the cubic supercharge (3.16) under the
symmetry transformations of the spin group PSU(1,2|3). The supercharges @, defined in
eq. (2.20) act on the levels n (which are the descendants of spatial direction d;), while the
supercharges of Q. act on the levels k (which are the descendants of spatial direction ds).
Similarly, the supercharges of S, act on the levels n + k. These three different classes are
precisely in relation with the three different momenta entering the saturated CG coefficients.
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We will list a few useful identities satisfied by P:k])n, i Which can be easily checked by direct
computation.

Relations related to Q supercharges.

Pskj)n'k' = Pr(ﬂ;?/nk ) \/>P }qj:'l Lk T \fpnz+11}g]3ﬂk’ = \/mpélkai’k’

Vit 1P, = V1P

VTP o = VT TR D VTR = VTP
mpr(;:j)/;nfn’,kfk’ = \FP(%,?;_}B 1-n/ k—Fk'

mpﬂi)lk’nln/k K = \fpf_'l;}}]zln’k K’

(i+1,) N ——— i,j+1) (4.4)
VP i1 g F V= P’k’n n k—k — VNt P’k’nJrl ' k—k'

(A1)
Relations related to S supercharges.
N ) N /Sy Ry LA "

VAt kAR it P~ TR PO, = Vi ki PO,

A.1 Bosonic generators

We start by showing that the generic structure (3.4) with coefficients (3.5) is invariant
under the action of the generators of the SU(1,2) subgroup. As mentioned in section 3.1,
the assignment of labels (n, k) and the representations I under which the fields transform
are already chosen in such a way to have a vanishing eigenvalue of the Cartan generators
Lo, Lo. Here we consider the action of the other non-diagonal generators, such as L. We

find

LoTip= P,Ef;{L,,k, [¢<n+1><n+k+z'>tr([v,3ﬂk7 V)

n,k.n’ k'=

+\/(n/+1)(n/+k/+j)tr([vn s Vn 1 k,}Vn+n,7k+k,)

—\/(n+n’)(n+n’+k+k/+i+j—1)tr<[Vn k,V , k,}Vnw 1 k+k/)

o0

= X { n(ntkti=1) P b R+ =R,

n,k,n/ ,k'=0

—\/ (n+n")(n+n'+k+k +i+j— 1)P7E k)n’ k,] ([Vn k,V ' k,}Vn+n/_1 I<:+k/> =
=0. (A.3)

The terms in the first step correspond to the three possibilities to act with the L, generator
on the cubic structure of fields in the structure (3.4). In the second step we shifted the

— 35 —



labels of the first two terms as n — n — 1 and n’ — n/ — 1, respectively, in order to collect
the same trace structure. Finally, the sum of the coefficients in the square parenthesis vanish
after using the properties (A.1). Using a similar procedure, one can explicitly check that
the action of the other generators L_, J; on the structure (3.4) also vanishes. Furthermore,
since T4 is symmetric in the indices (n, k), the same steps also show that the bosonic
generators L, L_, J_ commute with it.

The remaining bosonic generators of the sector belong to the SU(3) R-symmetry group.

However, it is easy to observe that the specific structures (3.9)—(3.14) are singlets, since
they are built by using the invariant tensors %, €2 of this group.

A.2 Fermionic generators

Now we focus on the invariance under the supercharges Q4_,. As explained in section 3.1,
this result combined with the invariance under the le_a, derived in eq. (3.17), is sufficient
to show the invariance under all the other fermionic generators. Here we list the full set of
Dirac brackets with the terms defined in eqs. (3.9)—(3.14):

00
1,0
{Q4—a, TI}D = Z P?S,k,7)1/7k’ VN —+ n +1 tI'((q)Z)n,k{XL/’k/, Xn+n/+17k+k/}) 5
n,k,n' k'=0
(A.4)

oo
{QuaBlo= Y PE) oVt T (@) el (@) w sk, (@) in1151a])

n,k,n' k'=0

o0
D A AV TR e R oY UM (S AT SRR )

n,k,n’ k'=0

o
1,0
- Z P,(L,k,)l/,k/ vn+n'+1 tr((@l)n,k{XLka Xn+n’+1,k+k’}) )
n,k,n’ k'=0
(A.5)

{Qia.Ts}p = Pyi}lf)ﬂ,k/vn +n' +1 tr((ﬂ)n,k{(d)n/,ku (Cb)n+n'+1,k+k'})

n,k,n' k'=0
00
0,3
- > P’r(z,k,gz’,k” vn+n'+1tr (X;rz,k[ALQk/? ((a)n+n/+1,k+k/])
n,k,n’ k’'=0
o~ p02)
+ Y PyapVntn +1e (XL,k[(Cg)n’,k” (‘Pc)n+n’+1,k+k’}) :
n,k,n’ k'=0
00
1,3
{Q4—a7 T4}D = Z P’fs,k,)l//,k/ vn+n'+1 tr(<¢'2)n,k[AL/7k/7An+n’+1,k+k’])
n,k,n' k'=0
o~ p(03)
+ Z Pn,lé,n’,k’ n+n'+1 tr(XIL,k[AL”k’? (Ca)n-l—n’-i-l,k:-i-k’]) )
n,k,n’ k'=0
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(QuaTio= > PG Vit 1o ([ (@D)w ] (Gl 1144 )

n,k,n’,k'=0
0o
2,1
— > PE oV e (ks (O w i) ol 414 )
n,k,n’ k'=0
- (1,1
— X PrimwVn e ([(@D)nk (8] k) (@)nnr i)
n,k,n’ k'=0
00
2,2
{Q4*a, TG}D = Z P?'(L,kﬂ’)l’,k/ vVn + n' + 1 Eabc tr({(Cg)nd, (C;)n/7k/}An+n/+17k+k/)
n,k,n' k'=0
0o
1,3
+ > P oV T (@) AL o An w1 k1w
n,k,n’ k'=0

(0.9}
1,2
+ Y P eV T (@] (G Cadnin 1)

n,k,n’ k’'=0
(A.6)

Using the cyclicity of the trace and the properties (A.1), most of the terms directly cancel
when we build the linear combination (3.16). A non-trivial simplification comes from the
following expression, which vanishes by antisymmetry:

o0
2,2
Z Pfl,k,,)l/’k/\/n +n/ +1e% tl-“({(fg)n,m (C;r)n’,k’}An+n’+1,k+k’> =

n,k,n’ k'=0

= Y P,(f,f,)nk\/n +n/ + L tr({(Cg)n,k, (CcT)n',k/}An+n'+1,k+k') = (A7)

n,k,n’,k'=0
—  p22) T
== Z Pn,l;,n’,k’ n+n'+1 6abc tr<{(<g)n,kv (gi)n’,k’}An-i-n’-i-l,k-&-k’) =0.
n,k,n’ k'=0

In the first step, we used the symmetry of the anticommutator of fermions and we exchanged
the labels (n, k) «» (n/, k") and b <> c. In the last step, we used the symmetry properties (A.1)
and the antisymmetry of the Levi-Civita symbol. Combining all the terms, we then find

{Q47a7 Q}D =0. (AS)

B Conventions and details of the spherical expansion

In this appendix we collect the essential conventions used to apply the spherical expansion
procedure in section 5. We omit several details which are not necessary for the understanding
of the results derived in the present work. The interested reader can find several other
details in the following references:

o Appendix A of [14]: conventions on the expansion of all the fields into spherical
harmonics.

o Appendix B of [14]: technical details about the treatment of fermionic modes, com-
putation of the Cartan charges of the N' = 4 SYM action, weights associated to
the fields.
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o Appendix A of [15]: crossing relations between the Clebsch-Gordan coefficients on the
three-sphere, general methods to perform the summations entering the computation
of the interacting Hamiltonian.

B.1 Definition of the Clebsch-Gordan coeflicients

We start from the list of Clebsch-Gordan coefficients on S2. Their explicit expressions read

M (2J4+1)(2/2+1) ;s T
Crym = \/ 57+ 1 Crama;amC Iysm (B.1)

DI psnty = (—1)p22j+1\/3(2J2+1)(2J2+2p§—|—1)(2J+1)(2J+2,02+1)

; ; Q2 Qg 1
XCQZ,Z;;QmCQZZIQQm Q Q1L (B:2)
Ji J1 0

EJy M p;Ja Moo I Mp = J 6(2J1+1) (214207 +1)(2J2+1)(2J2+2p5+1) (2T +1) (2T +2p*+1)

(@@t ~ A A
x(—l)_pﬁp?ﬁ Qs Oy 1 <Q1 Q2 Q> (Ql Q2 Q) ’
mi mo m

Q Q1

(B.3)

Thl mzm

7 1
Fpdis = (1)U (20 41) (202 41) (242 +2)

)
Ui,m U M Ul Ul
X Cy madmCy e {U2 o 2 (B.4)

G = (—1)81/6(254 1) (202+2)(27 +1)(27 +2p2+1)

o U Uy %
XC(UJQIJWT;Q,’TTLC(?QI:Q;Q’m U2 U:Q % 5 (B5)
Q Q1
where we defined the quantities
1 ~ 1 — 1 ~ _ 1
U;Jju"éjlr . U=J+ 4“, Q=J+’0(p2+), Q=J+’0(p2), (B.6)

with the labels running over kK = +1/2 and p € {—1,0,1}.

B.2 Interacting Hamiltonian of ' = 4 SYM upon spherical expansion

We list the full interacting Hamiltonian of N'= 4 SYM derived upon performing spherical
expansion, before restricting to any near-BPS limit. The computation was presented in
reference [71], but here we report the result using a notation consistent with our conventions
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for the fields. In order to obtain a more compact expression, we use the definition

(P1)om
(Za)are = | (1) (@)1 | (B.7)
(1) (®f) ;1
(W) snsnmt = (W) s atwmts  (CA)sdme1 = (4) T Mae1 - (B.8)

The origin for this choice resides in the comparison between the conventions adopted in [71]
and in appendix B of [14]. In this way, the interacting Hamiltonian reads:

Hint = Z tr {chjfﬂﬂ//I[f,JM XJM([<Z2,)J2M27 (H:rz)chMl] + [(Za)J1M17 (Ha)JQMQ])
Ji, M Ki,04

- 49\/ Jl(Jl + 1)D§f%f0 JMp A( ) [(Za)J1M17 (Z;)JQMQ]

J1 M A
‘FJ;M;:; JM XJM{(‘IIA)J1M1H17 () 1o Mans }

Ji M A
+ gnglM;:;;JMp A(p) {(\I]A)JlMUﬂ? (\I} )J2M21€2}

2
SO i CIAE (2 nats (ZD) i (2 gartss (2]) i)
— V2ig(—1) T e W e [(Za) M (U)o,
+V/2ig(—1) TR T M € (W) gt [(Z0) T (W) o)
+V2ig(—1)mem et F M D) it [(Z5)TM (WE) 1,1,
—V2ig(—1)ymem et F FaM (W) g, [(Z6) M (OE) gy,

. JM J1 M- Jo M:
+ ZgDJ1M1P1;J2M2P2 XJIM [H(ﬁln) ' A([?Q) 2]

J1 M J3 M:
+ 92CJ2M2 Ja,— M4DJM;J1M1P1;J3M3P3 [A(pl) Y (Za)JzMz][A(pi) % (ZJ)J4M4]

AJ1M1 [AJ2M2 AJ3M3}

+ 2igp1(J1 + 1)E5 My pr;Js Mapoi Js Msps (p1) p2) 2 (p3)

2
9" ~NIM JIM1 g JoMaqp g JsMs 4 JaMy
5 J1M1p1;JgMgpgDJM;J2M2p2;J4M4P4 [A( 1) A(m) H (p3) ***(pa) ]

- 29\/ T (1 + D) Dyt dy My0:70Mp Xy My [XJ bz Ay

Jo Mo
+2 CJ1M1 JsMs DIM; oMo paidaMapa X5y s Ay 21X s M

JaM.
A(;4)4]

2 JM
+9g CJlMl;JgMQCJM§J3M3;J4M4 [XJlMl’ (Za)JQMQHXJSM37 (Zl)J4M4]} .

(B.9)
We add few comments on the notation:

o The overall summation over the contracted indices involves momenta (.J, M), labels
for fermions (k) and gauge fields (p), and indices a, A of the various fields under SU(4)
R-symmetry.
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o The fermions summed in the Yukawa term run over a € {1, 2,3} and the corresponding

Levi-Civita symbol is defined in such a way that €'?? = 1.

o 1I, are the canonical momenta associated to the scalar fields ®,, while II,) is the

p)
symplectic partner of the gauge field A,.
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