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ABSTRACT: We consider limits of N' = 4 super-Yang-Mills (SYM) theory that approach
BPS bounds. These limits result in non-relativistic near-BPS theories that describe the
effective dynamics near the BPS bounds and upon quantization are known as Spin Matrix
theories. The near-BPS theories can be obtained by reducing N’ = 4 SYM on a three-sphere
and integrating out the fields that become non-dynamical in the limits. We perform the
sphere reduction for the near-BPS limit with SU(1,2|2) symmetry, which has several new
features compared to the previously considered cases with SU(1, 1) symmetry, including a
dynamical gauge field. We discover a new structure in the classical limit of the interaction
term. We show that the interaction term is built from certain blocks that comprise an
irreducible representation of the SU(1,2|2) algebra. Moreover, the full interaction term
can be interpreted as a norm in the linear space of this representation, explaining its
features including the positive definiteness. This means one can think of the interaction
term as a distance squared from saturating the BPS bound. The SU(1,1|1) near-BPS
theory, and its subcases, is seen to inherit these features. These observations point to a
way to solve the strong coupling dynamics of these near-BPS theories.
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1 Introduction

A major role in the development of theoretical physics in the last decades has been played
by the AdS/CFT correspondence, the most studied example being the duality between
N = 4 supersymmetric Yang-Mills (SYM) theory with gauge group SU(N) and type 1IB
string theory on AdSs x S° [1]. Many advances towards a quantitative understanding
of the conjecture have been made, in particular in the planar limit where the existence
of an integrability structure described by spin chains allows to link the two sides of the



duality [2, 3]. However, this approach has the drawback of being completely blind to non-
perturbative phenomena, like black holes and D-branes, which are essential for a deeper
knowledge of the strongly coupled regime of gravity.

In order to overcome the limitations of the planar limit, one possibility is to approach
specific BPS bounds of N’ = 4 SYM, where the effective dynamics becomes non-relativistic
and is described upon quantization by a so-called Spin Matrix Theory (SMT) [4]. These
models generalize the nearest-neighbour spin chain describing the planar limit, while at the
same time introducing sufficient simplifications to handle computations at finite number
N of colors. The realm of SMTs has been classified: the discriminating factor between
them is the spin symmetry group which depends on the details of the BPS bound under
consideration [5]. The non-relativistic traits of SMT are encoded by various phenomena,
e.g. the existence of a global U(1) symmetry associated with particle number conservation.
From the bulk perspective, they manifest through the target state of the dual string theory
description, since it is described by a non-Lorentzian geometry [6-9]. The relation between
SMTs from the field theory side and sigma models from the gravity side was recently
explored in the Penrose limit [10].

A novel approach to obtain an effective description of the degrees of freedom surviving
the near-BPS limits in terms of the Hamiltonian of a lower-dimensional field theory was
found in [11], and then pursued in [12] for all the cases containing SU(1,1) as a subset of
the spin group. The technique is the following: we put classical N' =4 SYM on R x S3 and
we take a decoupling limit by zooming in towards a BPS bound of the CFT. Then we give
a prescription to quantize the theory, which is sufficient to extract self-energy corrections
only from normal ordering; the result is then identified as a SMT. Contrarily to previous
methods [13, 14], this procedure does not require any computation of loop corrections to
the dilatation operator; both the techniques give the same result in all the cases considered.

In this paper, we perform another step in the analysis of the existing SMTs by consid-
ering more general BPS bounds, of the form

3
E251+82+ZwiQia (1.1)
i=1
with F being the energy, S, .52, the angular momenta on the three-sphere, @); the Cartan
charges associated to SU(4) R-symmetry and w; the chemical potentials identifying the
bound.

The main novelty with respect to the cases considered in [12] is the appearance of the
rotation generator Sy, which was instead turned off in the SU(1, 1) limits; its presence will
allow the existence of dynamical gauge degrees of freedom in the near-BPS limit, which is
performed in the following way:

1

A
— 0, \

3
(E - ZwiQi) finite N fixed, (1.2)
=1
where A is the 't Hooft coupling.

We consider the classical sphere reduction for two near-BPS limits, giving rise to in-

teractions with either SU(1,2) x U(1) or SU(1,2|2) x U(1) invariance. The first case is



characterized by the choice (w1, ws,ws3) = (0,0,0), which means that R-symmetry genera-
tors do not contribute at all. For this reason, we will find that the only dynamical degree
of freedom is encoded by a field strength. It is the simplest example where the gauge
field plays an active role in the dynamics other than mediating effective interactions. The
second case corresponds to (wi,ws,ws) = (1,0,0),! which allows for the existence of an
additional dynamical scalar field and two fermions, giving rise to several new interaction
terms. There are other two relevant near-BPS limits in the same class that one can con-
sider, with symmetry groups SU(1,2|1) or PSU(1,2|3); the former is a subsector of the
SU(1,2|2) case, while we reserve a treatment of the latter for future work.

Remarkably, it is possible to show that the classical interacting Hamiltonian in such
near-BPS limits can be written in a compact way after defining certain fundamental blocks
that naturally arise in the sphere reduction method. These blocks are quadratic in the
surviving modes of the theory, and contain information about the angular momenta on S°
through three dependences: an explicit prefactor, the mode expansion of the fields and a
SU(2) Clebsch-Gordan coefficient.

The transformations of the fundamental blocks under the generators of the spin group
show that they comprise an irreducible representation of the SU(1,2|2) algebra. We iden-
tify the highest weight of such representations and we derive all the other blocks by acting
on it with lowering operators. In retrospective, we observe that there is a natural alge-
braic derivation of the similar blocks that were discovered in the SU(1,1) limits [12]. The
interactions are written in a manifestly positive-definite form, which also extends the same
pattern already observed in the SU(1,1) limits. In the present work, we find an interpre-
taton of the result as a norm in the linear space of the representation identified by the
fundamental blocks. This procedure gives a natural normalization for all the blocks, and
can be thought as a way to measure a distance from the saturation of the BPS bound,
where the interactions would vanish.

The fundamental blocks in the SU(1, 2|2) subsector which we are deriving in this work
can be found to be consistent with earlier work [20]. However, several aspects of our work
are worth emphasing. First of all, our method is able to incorporate all the fermionic
interactions of N/ = 4 SYM theory, which were not explored in [20]. This results in an
explicit expression for the Hamiltonian which completely describes the near-BPS dynamics
in this %—BPS subsector. Moreover, our analysis shows that all the blocks, which correspond
to constraints satisfied by BPS states in [20], are transforming in specific representations of
an N = 2 vector multiplet. We expect that this discovery can provide us with novel insights
into understanding the BPS operators and their corresponding near-BPS dynamics.

The paper is organized as follows. In section 2 we start from the interacting Hamilto-
nian of the SU(1, 1|1) near-BPS limit and we show that the decomposition into blocks natu-
rally emerges from an algebraic analysis; then we interpret the result as a norm. In section 3
we perform the classical reduction on the three-sphere to obtain the interacting Hamilto-
nian for the SU(1, 2) and SU(1, 2|2) near-BPS limits. We identify the fundamental blocks of

The ground state of this subsector is also called é—BPS subsector, and is described by dual giant
gravitons [15]. Other é-BPS subsectors, which can be identified as Spin Matrix theory decoupling limits,
include the SU(2|3) [16, 17] and the PSU(1, 1|2) subsectors 18, 19].



the sector, which are summarized at the end of the section. The reader primarily interested
in the symmetry structure of the interactions can jump to section 4, where we interpret the
blocks from an algebraic perspective, and we show that the Hamiltonian is invariant under
all the symmetries of the theory. We conclude and discuss future directions in section 5.

Technical details are reserved for the appendices: in appendix A we set the notation
for sphere reduction and we outline the explicit procedure to solve the sums over Clebsch-
Gordan coefficients. The discussion on the algebra is performed in appendix B for the
SU(1,1|1) case, and in appendix C for the SU(1,2) case and its extensions.

2 Symmetry of SU(1,1|1) near-BPS theory

In this section we show that one can reinterpret the interacting part of the classical Hamil-
tonian of the SU(1, 1|1) near-BPS theory found in [12] in terms of a norm on the linear
space of an infinite-dimensional representation of the SU(1,1|1) algebra. This provides a
natural framework that can explain why the interaction has its particular form, including
that it is invariant with respect to any SU(1,1|1) transformations, as well as the relative
normalization of the terms in the interaction and the fact that it is positive definite. We
begin by briefly reviewing the SU(1, 1|1) near-BPS theory [12] in section 2.1, exhibiting its
symmetry properties in section 2.2 and finally interpretating it as a norm in section 2.3.
One can think of this as a warm-up to the SU(1,2|2) case considered in section 4, where
we show that one can make an analogous interpretation.

2.1 SU(1,1|1) near-BPS theory
In [12] the BPS bound
1
E251+Q1+§(Q2+Q3)7 (2.1)

was considered. Starting with the classical Hamiltonian H of N' = 4 SYM on a three-
sphere, one can perform the limit

H— 8 —Q1—3(Q2+Q3)

HiIlt = )1\1;]:10 )\ B (22)
giving the classical Hamiltonian [12]
_ )
Hiimit = Ho + §" Hint (2.3)
with its quadratic part
> 3
Hy=Y [(n +1)tr(®f @, ) + <n + 2) tr@mn)] , (2.4)
n=0

where ®,, is complex and 1, is Grassmann-valued. One has the associated Dirac
(anti)brackets

{@0) ', @)} = iduwdidl, {(Wa)l (W)} = ibuwdio]. (2.5)



The quartic interaction Hiy is given by

o0

i = e 2o 1 (dli) + 53 (7). (2:6)

=1

where we defined the blocks

W= ([@LH,@ |+ ] H,wn}> (2.7)

and

Z m ws ¥ (28)

which are N x N matrices.
Note that

i ([@f, @] + {¢f, va}) = 0, (2.9)

thanks to the Gauss constraint. Hence we have set to zero the terms in Hiy, found in [12]
from sphere reduction of N’ =4 SYM that include do.
2.2 Realization of SU(1,1|1) symmetry in interaction

We can use Dirac (anti)brackets (2.5) to represent infinitesimal symmetry transformations
in the classical theory. For instance, the number operator is

o0

N =" [t(@f@,) +tr(vhvn)] - (2.10)
n=0

One can check that {N , Hiimit } p = 0 which means that N is conserved. This also means
that the SU(1,1|1) near-BPS theory is non-relativistic, since the U(1) conservation in
absence of antiparticles is incompatible with Poincaré symmetry.

The SU(1,1|1) symmetry generators are as follows. We have the SU(1, 1) generators

Ly = trz [( ) 1,2+ (n+1) |¢n12} , (2.11)
L, = T—trz {n+ 1) @! @, +/(n+ 1)(n+2)¢,1+1¢n} : (2.12)

the U(1) generator

[\D\H
/_\
\_/

(2.13)

and the fermionic generators

Q= i Vn+1 tr(¢>;¢n) , S = i Vn+1 tr(q/;jpm) . (2.14)
n=0 n=0



We will show below that for any of the above generators G we have

{G, Hine}p =0, (2.15)

which means the interaction term Hip is invariant under the SU(1,1|1) symmetry. The
above SU(1,1|1) generators obey the SU(1,1|1) algebra (B.7) written in appendix B, pro-
vided one translates the (anti)commutator between generators [G1, G2} = Gs to Dirac brack-

ets {G1,G2}p = iGs.
The key to showing (2.15) is to consider the action of the SU(1, 1|1) generators on the
blocks (2.7) and (2.8). We introduce here a new notation for these blocks

1
ﬂql )
where we note that [ > 1 for (By); while | > 0 for (B;);. The purpose of this redefinition
will be explained below. The interaction (2.6) can now be written

(Bo)i = (B1) = Fi, (2.16)

Hin = 5 Lf; er((Biu(Bo)) + itr((BI)l(Bl)l)] = ;Jtr((B})l(BI)l) L (@17)

where the second expression is a short hand notation for the first, with the implicit under-
standing that [ sums from 1 to oo for I = 0 and from 0 to oo for I = 1.
With M in the linear space of blocks (B})l or (By);, we write the action of an SU(1,1|1)
generator G as
{G, M7} p =i(GpM)’}, . (2.18)

We note that the properties of the Dirac brackets give
(GpM)t = —gh M. (2.19)

We want to show that (B]); corresponds to an irreducible representation of SU(1,1/1). To
this end, we consider the action of the raising operators associated with the chosen Dynkin

XR—X (2.20)

The associated raising operators for these roots are () and S, respectively, and the Dynkin

diagram. The Dynkin diagram is

labels are given by eigenvalues of the Cartan generators Lo and R as
(Lo + R, Lo — R] (2.21)

As reviewed in appendix B the free spectrum of SU(1,1|1) is in the irreducible represen-
tation with the Dynkin labels of the highest weight state being [1,0], corresponding to
Ly=R=3.

We compute

(Lo)p(BY) = (B, Rp(Bl) =0,

(Zo)o(B)r = (145 ) (B, Ro(BDi = 5(B]).

(2.22)



Thus, the (Bg)l block has eigenvalues Ly = [ and R = 0, while the (BI); block has
eigenvalues Lo =1 + % and R = —%.
For the raising operators () and S we compute

Qp(Bi =0, Sp(Bh =—vI(B)i1, Qp(Bl)i=—VI(Bl), Sp(B)=0. (223)

This means that the block (Bir)o can be interpreted as a highest weight state with eigenval-
ues Lg = %, R= —% and with corresponding Dynkin labels [0, 1]. The lowering operators
Q' and ST act as

QL(BY) = —VIB), SHBH=0, QB =0, Sh(BI=-—VI+1(B)i.
(2.24)
This shows that one can generate all the blocks (Bg)l and (BI)Z by repeated use of the
lowering operators on the highest weight block (Bir )Jo- Therefore, the blocks (Bg)l and
(BI ); comprise an infinite-dimensional irreducible representation of SU(1,1|1) with highest
weight [0, 1].
We now show that the interaction (2.17) is invariant when acting with any of the
generators SU(1,1|1) listed in egs. (2.11)—(2.14) or their hermitian conjugates. In general,
we have for a generator G

Gp Y- w((BYiB) = | w((GoBP)(Bi) +ste((BiGo(Brn)] . (2.25)

Il Il

where s = 1 unless G is a fermionic operator and (B})l is a Grassmann-valued block, in
which case s = —1. We can find Gp(By); using (2.19)

Gp(Br)i = —(GhHL(BM). (2.26)

Consider the action of QT

QDZtr(BT J(Br)i) = ztr[(QD B o)] - Y rl(Blu(@bm)] 227

=0
= th{ - Di(Bo) + (B, (ﬂ(Bo)z)} =0,
where we used (2.23) and (2.24). Similarly for St

Sh> -t ((BDu(Br)) = Ztr[Bo (Sh(Bo))| - Ztr[(ST (B]):)(B1)] (2.28)

I,
=SS (Vi) + ST TB 0] =0,
=1

where the second term of the second line of (2.28) is the same as the first term after
shifting [ — [ —1. One can similarly show that the actions of @) and S give zero. Hence, we
have shown that Hiy given in (2.17) is invariant under all four fermionic generators. One
can now use the associativity of the actions of the generators, along with the SU(1,1|1)
algebra (B.7), to conclude that Hiy is invariant under the action of all SU(1, 1|1) generators
egs. (2.11)—(2.14).



2.3 Interaction as a norm in representation space

In terms of the blocks, we saw above that we can write the interaction Hiy as (2.17). As
we shall now see, one can interpret this interaction as a norm in the linear space of the
relevant representations of SU(N) and SU(1,1|1). The idea in the following is that we can

write the interaction Hi,; as .

2N
where (B|B) is a norm (squared) on a particular linear space. In this interpretation,

B) =2 (Z« 0))'51i3; 0, 1) + Y _((B))'3id; 1, 1) > =S5 (B lig; 1.1y . (2.30)
=0

ij \i=1 i Il

Hiny = 5 (B|B), (2.29)

Here |ij; Il) are normalized and orthogonal basis vectors in the linear space given by the
adjoint representation of SU(V) times the irreducible representation of the SU(1,1|1) with
highest weight [0, 1]. The blocks ((Br);); are then interpreted as components of the vector
|B) in this linear space, i.e.

(Brw)'y = (ig; LUBY, ((BM)'; = (Blig; I,1). (2.31)

One can then find the expression (2.17) by inserting a complete basis

(BIB) = > (Blij; I,0)(ij; 1,11B) = > tr((BDu(B):) - (2.32)

4,9,1,1 1,1

Thus, we see here that the fact that our basis is normalized and orthogonal is underlying
the normalization of the expression for Hiy in (2.17).

Two important properties of the above norm are that 1) it is positive definite and 2)
it is invariant under the symmetry transformations associated with the algebra that the
linear space gives a representation of. With respect to 1) we see indeed the positive defi-
niteness explicitly in (2.32). With respect to 2) one can think of an infinitesimal symmetry
transformation

|B) — |B) +|0B), |6B) =¢eG|B), (2.33)

where G is a symmetry generator in the algebra and € is an infinitesimally small number.

The invariance of the norm means?

(6B|B) + (B|6B) = 0. (2.34)

The explicit expression for the Lh.s. of (2.34) is the r.h.s. of (2.25). Hence, in this way we
can interpret the invariance of Hjn, under all the generators of SU(1, 1|1) as the invariance
of the norm (B|B) under any rotations in the linear space on which its defined.

From the norm interpretation (2.29) of the interaction term one can observe using (2.2)
that one can think of Hj,; as measuring a distance between the energy E and the charges
S1+ Q1+ 5 (Q2 + @3). This seems natural since Hj,, measures how close we are to the

2Note that for a fermionic operator G the second term can acquire a minus since the block/component
can be Grassmann valued, in accordance with the optional sign s in (2.25).



BPS bound (2.1) when A is sufficiently small. This also means that the BPS states that
saturates the bound corresponds to zero-norm states for (B|B).3

3 SU(1,2|2) near-BPS theory from sphere reduction

After the review of the SU(1, 1|1) sector and the new interpretation of its interactions as
a norm, we move on to more general near-BPS limits by considering bounds where both
the angular momenta on the three-sphere are turned on. Since this section is technical,
the reader interested in the symmetry structure of the interactions can skip the details and
jump to the end of this section, where we give the result for the interacting Hamiltonian in
the SU(1,2/2) limit and we identify the fundamental blocks of the theory. Then, one can
naturally proceed to section 4.

In section 3.1 we briefly review the general procedure to derive the interacting Hamil-
tonian for a given near-BPS limit from the sphere reduction of classical N' = 4 SYM action.
Then we apply the technique in two specific examples. We start in section 3.2 with the
SU(1,2) sector. Since the field content surviving the decoupling limit is entirely given by
the gauge fields, it is an instructive example that shows one of the main novelties with
respect to the SU(1,1) limits [11, 12]. Then we add scalars and fermions to the theory by
considering the generalization to the SU(1,2|2) case in section 3.3.

3.1 General procedure

We consider the classical action of N' = 4 super-Yang-Mills theory compactified on a three-
sphere

1 ot
S= [ Vet tr{—4F3V—|DH<I>a|2—|<I>aQ—W;a“DuwMg > Capt’[@a, 07

A,B,a
_ 2
+9 > C“A%L[@L,w;]—gZ(|[<I>a,<1>b112+u<1>a,¢>21\2)}. (3.1)
A,B,a a,b

The conventions are the following. We denote with ¢ the Yang-Mills coupling constant,
and we canonically normalize the action on the R x S3 background with the radius of the
three-sphere set to unity. The complex scalar fields transform in the 6 representation of
the R-symmetry group SO(6) ~ SU(4), and they are defined as linear combinations of
the real fields as ®, = %((ﬁga_l +ihe) with a € {1,2,3}. The Weyl fermions ¢ with
A €{1,2,3,4} transform in the representation 4 of SU(4). The field strength is defined as

Fu = 0pAy — 0, Ay +ig[Au, Al] (32)

and the covariant derivatives D, as
D, @, = 0,9, +ig[Au, P, (3.3)
Dy = Vo +ig[Au, 7, (3.4)

®Clearly (B|B) = 0 implies that the contribution to E — (S1 + Q1 + 1(Q2 + Qs)) of order X is zero.
However, it has not been shown that (B|B) = 0 implies that the higher order corrections in powers of X\ are

zero. Nevertheless, this is conjectured to be the case [20].



where V, is the covariant derivative on the three-sphere, i.e. it contains the spin connection
contribution for the fermions. The C9%p are Clebsch-Gordan coefficients coupling two 4
representations and one 6 representation of the R-symmetry group SU(4). The fields in the
action transform in the adjoint representation of the gauge group SU(N).

A key role in all the near-BPS limits that we are going to discuss is played by the gauge
field, because some of its degrees of freedom decouple on-shell and mediate an effective
interaction at order ¢g2. In this context, the auxiliary degrees of freedom are the temporal
and longitudinal components of the gauge field. In order to integrate them out, we take
the Coulomb gauge

VA'=0 (3.5)

and we consider the quadratic action for the gauge field with the addition of a generic
source to keep track of the constraint structure:

L 1 .
SA = /RXSS —det guy tr<—4F3V — AM']#) . (36)

At this point, one computes the Hamiltonian via the Legendre transform and enforces the
Coulomb gauge by means of a Lagrange multiplier. Significant simplifications come from
expanding the fields into spherical harmonics on the three-sphere, in such a way that the
constraint equations become algebraic. Solving for the unphysical degrees of freedom, we

finally obtain the unconstrained Hamiltonian*
_ Lgmme L o | gmmp2 Jmin .t Jmin 1 Jmin |2
sz JZ~ 2 (2|H<P> +5wasl AT+ AL )+ grg Mo
'm,m | p==£1
(3.7)

The details of the previous procedure are explained in section 2.1 of [12]; the relevant
conventions for the decomposition into spherical harmonics are given in appendix A.

The form of the currents in eq. (3.7) can now straightforwardly be reconstructed from
the full A/ = 4 Hamiltonian, and all further interactions can be restored. We describe the
general technique to extract the effective Hamiltonian in terms of the dynamical modes
surviving a given near-BPS limit; then we will apply the method to each case separately.

We follow these steps:

1. Identify the propagating modes in a given near-BPS limit from the quadratic classical
Hamiltonian.

2. Derive the form of the currents that couple to the gauge fields.

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

4. Derive the interacting Hamiltonian by taking the limit.

4More precisely, the expression H4 is the Hamiltonian density and must be integrated along the time
direction in order to obtain the full Hamiltonian of the system. From now on, we will make an abuse of
language by referring instead to Ha as the Hamiltonian of the model, omitting the explicit integration of
the modes over time.

~10 -



Sectors | SU(1,2) | SU(1,2|2)
> wiQi 0 Q1

Table 1. List of the combinations of the R-charges defining the limits of N' = 4 SYM theory
towards BPS bounds H > S + Sy + 2?21 w; Q;.

While a similar discussion was done in [12], here there are some important differences. First
of all, the near-BPS limits that will be considered in this work turn on both the Cartan
generators S1, Sy associated to rotations on the three-sphere, in contrast with the SU(1,1)
sectors, where only the former was non-vanishing. This gives BPS bounds of the form
H >S5 + 5 + Z?:l w;Q; where H is the Hamiltonian, Si, 52 are the angular momenta
and Q;, i € {1,2,3}, are the three R-charges of N' =4 SYM on S3. The coefficients w; in
front of the R-charges are given in the table 1.
For each case, the near-BPS limit is

H— 81— Sy — Y3 wiQ;
A
and N is held fixed. We find that the surviving degrees of freedom are described by an

A— 0 with fixed , (3.8)

interacting Hamiltonian Hj, of the form

. H—S81 -8~ Y7 wQ;
Hint = éll&) g2N ? .

(3.9)

The consequence of turning on another rotation charge is that the gauge field will possess
some dynamical modes which survive the near-BPS limits and will appear in the interacting
Hamiltonian, contrary to the SU(1, 1) sectors.

Now we give a general derivation of the terms of the interacting Hamiltonian mediated
by the non-dynamical modes of the gauge field. Since the gauge fields are neutral under
the SU(4) R-symmetry, all the limits contain at quadratic order the combination (here
wa,g =2J+2)

1 - .
Hy—Si— S =) Zl 3 (7 = 2im A M P 4 (W, — 4m?) A1), (3.10)
J,M p=—1,

which must vanish. This implies the constraint

iy —2imAl MM =0 (3.11)

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 + 1.

If we take the Hamiltonian in eq. (3.10) and restore the sources as in eq. (3.7), consis-
tency of the constraints with time evolution implies that

IM _ o:x atJMy _ (2 4o atJmm |t Jmin
{H, 0,y —2imA )"} = (wa g —4m )A(p) +i, =0, (3.12)
®The choice p = —1,|m| = 2J + 1 corresponds exactly to the surviving dynamical modes of the gauge

field in all the SU(1,2) limits. They will contribute to other effective interactions that will be considered
separately.
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or equivalently
- Jmm

. J
Al = - 0 3.13
(p) wiu — 42 (3.13)

Putting this further constraint in the eq. (3.10) plus sources gives

_ 1 mm 2 _ -Jmm |2

\m,m p= :I:lJmm

This expression is general and will be used to extract all the gauge-mediated interactions,

once the currents jd™, j EI ])V[ are identified from the interacting Hamiltonian of N = 4 SYM.

3.2 Dynamical gauge fields — SU(1, 2)

Turning on both of the angular momenta gives rise to theories that contain remnants of the
gluons of N' =4 SYM. The specific BPS bound is H > S; + Ss, giving rise to interactions
with SU(1,2) x U(1) symmetry group.

Free Hamiltonian and reduction of degrees of freedom. Since the limit does not
involve any R-charge, it is not restrictive to consider only the gauge sector both to determine
the dynamical degrees of freedom and the interactions: all the scalars and fermions are
trivially forced to zero. The relevant combination of Hamiltonian and rotation charges at
quadratic level is given by eq. (3.10), where

p(L+p)
2

pL—p)

wag=2J+2, |m| < J+ 5

| < J — (3.15)

We find a set of constraints by imposing that the expression (3.10) vanishes. Due to the
inequalities (3.15), non-trivial solutions can be found only when

p=—1, |m|<J, @wm==+(J+1), J>0. (3.16)

We denote the two possibilities with

Im _ g m,E(J+1) Jm _ Jm,E(J+1)
A" = A(p=71) , " = H(p=71) , (3.17)
obeying the non-relativistic constraint
™ +iwa g AL™ = O(g) . (3.18)
The other constraints are trivial, i.e. when m # +(J + 1) we have
AP = 0(g), TIF™ = 0(g). (3.19)

We can explicitly find the right-hand side of the previous constraints by requiring com-
patibility with the Hamiltonian evolution. It is simple to show that the only non-trivial
bracket involves the currents, since the corresponding term in the Hamiltonian is linear in
the gauge field. Indeed we find

mm Jmm Jmm T JJmm
{H,Tpm — 2im AT} & (w5 — 4m®) AL 4 Gl (3.20)
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Hence we impose the vanishing of the r.h.s. as a constraint to have a consistent Hamiltonian
evolution. Since all the other constraints weakly commute with the Hamiltonian, we find

5 1 5 5
Jmm _ -Jmm Jmm __

A" = A ale My™ =0, (3.21)

™ +iwy s AL™ = 0. (3.22)

All the dynamical degrees of freedom satisfy the constraint (3.22), which relates the mo-
mentum with the complex conjugate of the field. This is a typical feature of non-relativistic
theories that goes also in hand with the U(1) global symmetry responsible for the conser-
vation of particle number. The same phenomenon was observed in near-BPS limits with
SU(1,1) subgroup for the dynamical modes of the scalar fields [11, 12].
In addition, we observe that A, and A_ are not independent, since the reality of the
gauge field implies
AT = (—1)Tmm Al )P (3.23)

We can therefore eliminate A7™ and express all the results only in terms of the positive
mode Aim and its hermitian conjugate.

The free part of the Hamiltonian is obtained by using the constraint (3.22) inside
eq. (3.14). However, we are allowed to perform this step only after accounting for the
change of Dirac brackets that this constraint entails, which is

{Am (A yp = o

)

07,7 Om.m? - (3.24)

In order to make the bracket canonical, we define

AJm = 1/2WA’J(A+)Jm . (3.25)

This captures the propagating modes in the SU(1,2) limit. Note that there is a natural
mapping from Ay, to a particular component of the gluon field strength. Here, we only
remark that such a mapping is natural for at least two reasons: first, the energy of the
lightest mode Agg is 2, reminiscent of the scaling dimension of a field strength; second, in
the near-BPS limit, A, is explicitly gauge invariant.

After the redefinition (3.25), we obtain

© 3
Ho=81+8=> > (s+2)tr|dsm|, (3.26)

s=0 m=—3

where now the sum runs only over integers s = 2J € N.
In view of the study of Clebsch-Gordan coefficients in the interactions, we introduce
the following notation for the labels of momenta:

(JT, M) =(Tm,J+1,p=—-1), |m|<J. (3.27)

This saturation precisely corresponds to the case where a dynamical gauge field is con-
sidered. In addition, it is understood that every time there is an index J referring to a
dynamical gauge field, we take eigenvalues (.J, —m, —J—1) in the Clebsch-Gordan coefficient
when the hermitian conjugate field Ajfjm is involved. This is a consequence of eq. (3.23).
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Interactions. Since Hyp — S1 — S2 = 0 by construction, we can define the interacting
Hamiltonian in the near-BPS limit as

H-—S —
Hiy = lim M

lim =N (3.28)

We found that the only dynamical modes involve the gauge field; then we have at disposal
three terms that give a non-trivial contribution in this limit:

o The cubic interaction from which we extract the current jd™

- NIM JMppJiMi 4 JoM:
Z Z 19D My py . Jo Mo T (X [H(31)17A(p22)2]> . (3.29)
JM J; M;p;

e The cubic interaction from which we extract the current j djy

Z igpl(Jl + 1)5J1M1p1,J2M2p2,J3M3p3 tr (AEIIA)/II [AE];;\)/IQa AE]BJ\)/IB]) . (3'30)
JiM;p;

e The quartic gauge self-interaction

_Z Z 7DJ1M1p1,J3M3p3DJM7J2M2P2,J4M4P4 ([AL(]pllj\)Jl A{;j\{2][A{3]\)43 A{4]\)44]>

JM J;M;p; ( )
3.31

After extracting the gauge currents from the first and second terms, we will find the
corresponding effective Hamiltonian by applying eq. (3.14). The contribution fom the
quartic interaction is crucial to perform the explicit summation over the Clebsch-Gordan
coefficients. We consider each of the three terms explicitly.

The first interaction is non-vanishing due to momentum conservation only when both
the gauge fields in eq. (3.29) are dynamical and unaligned, i.e. with opposite eigenvalues
m. Using eq. (3.18), as well as the symmetry properties of D, we extract the current

FIM QZWAJl +WAJ2Dj2M2 [Ay At
1mi»

.70 Ay J ]7
Jim; VWAILWAT, JM; T My 2Mm2

where the normalization (3.25) is used for the gauge fields. In accordance with eq. (3.14),

(3.32)

this implies the following term in the interacting Hamiltonian:

Z Z (wa,n +wa,n)(Wa, g +wa,)
JM T 32J J + 1 \/WA7J1WA7L]2WA,]3WA’J4 (3‘33)

TFaM JM;TaM T T
X DJ;/[ ;1M1DJ3M34 “tr ([AJ1m1’AngQ]{AJSmB’AJ4m4]) :

We now consider the interactions (3.30) and (3.31) together. The sums over Clebsch-
Gordan coefficients can be simplified by means of eq. (A.19), giving

Z igpl(‘]l + 1)£J1M1017J2M2027J3M303 tr (Azhj\)/[1 [A{53)427A{;;\§[3]) (3'34)
Ji M;p;
JM J1 M- Jo M J3 M. Ja M.
o Z Z 781]1]\/[/1/)1,J2M2p2gJMP:J3M3P37J4M4P4 tr ([A(; )laA(§2)2][A(3 )3 A(4 )4]) .
JMp J; M;p;
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Before diving into explicit calculations, let us identify the relevant contributions that arise
from the above expression. In the first line, angular momentum conservation implies that at
least one of the fields must be at order g in the near-BPS limit, since there is no singlet in a
product of three modes A j,, or Air,m. Due to the total antisymmetry of £, we can always put
for convenience the dynamical modes inside the commutator, and account for other choices
by symmetrizing the prefactor. We thus obtain for the first line in eq. (3.34) the possibilities

1 . PWALT — WA — WA,
Z Z Z 9 m = tr A{P];/I 28JM/’?J17m1 Jzma [A‘Ilml’AThmz] (3‘35)
JMp Jimi 1 2

J1,m1;J2,m2 [AT

T
Jimy? AJ2m2]> }

where we explicitly identified p; = p2 = —1 for the dynamical modes and we used the

+5JMp;J1,m1;J2,m2 [AJlml ) AJng] + gJMp

normalization (3.25). The alignment of J; and Jy in the second line of this expression
implies that for the non-dynamical field the momenta are

J=J1+ Js, m:—(J1+J2+2):—(J+1). (3.36)

However this is in clear tension with the non-dynamical nature of the field, which requires
|m| < J. The second line of eq. (3.35) thus identically vanishes.

Integrating out the non-dynamical fields by means of eq. (3.14) gives the following
term

—1
1 _ _ _ o
o 303 (H W) |pl(pwa,ys —wa,g — wap)(pwa,s —wa,g, —wa,Jy) (3.37)

2 g2
JMp Jym; \ i wy g —4m

XEJMp;lelj2M25JMp;\74M4j3MB tr ([AJlml , Ajrlgmz] [Ajng, ATLN?M]) s
where we have multiplied the expression inside the sum by |p| so that its summation can
be extended to include p = 0.

Next, we consider the second line of eq. (3.34). It exclusively contains the dynamical
modes, since all the other contributions are higher order in g and vanish in the near-BPS
limit. Angular momentum conservation requires the number of Ay, and AT]m factors to
be the same. The alignment of the spins implies that the only surviving interaction is

a2 s (e

JMp Jimi \ i (3.38)

JaMa 0 J M p;JaM T T
X SJMP;lel ’ 28 P 4j3M3 tr ([AJ1m17AJQmQ][AJ3m37AJ4m4]) .

In this way, the contributions to the effective Hamiltonian are given by the sum of
egs. (3.33), (3.37) and (3.38). Using the relation (A.43) derived in appendix A, one can see
that by shifting J — J — 1 for those contributions with p = 1, all terms in the sum cancel.
Defining AJ = J; — Jo = J4 — J3, we find that when AJ # 0 the only contribution arises
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from the lower boundary of summation

J1—J:
1 > Ly (1+J1)(1+J4)\/(1+2J1)(1+2J4) Jyma s
AN = AT\ (T4 ) (14 o)\ (T4 205)(1+ 25) 187 1mim AT Amidim g 5,

%t ([A gy Al Ay A ,])
Here we put a factor of 2 to account for the two possibilities J; > Jo and viceversa, due to

the symmetries of the interaction.
For AJ = 0 we find instead

— o1 ([Aymys 4
BN o 1 r (A s Q%) (3.40)

where Q4 is the SU(N) charge carried by the gauge field. Then this term vanishes due to
Gauss’ law at classical level.

It is convenient to introduce a charge density for the gauge field, defined as

_ 2 LmatAm (82 + 1)(52 + 2) Af A 41
di,Am = mlz;m 52220 C%,mQQ,Am \/(82 i+ 1)(52 +14 2)[ sam2) 32+l,m2+Am]‘ (3‘ )

In this way we introduced a notation where the sums run only over integers® s; = 2.J;, and
where the case [ = 0 corresponds to the total SU(NV) charge

0 = 41=0,Am=0 = Z Z L Asim)] - (3.42)

s= Omf—§

This simplifies the result to

1 00
mt 7NZ

(ql AL, Am) . (3.43)

\lw M“‘N

|~

The interaction is positive definite and written only in terms of the charge density for the
gauge field.

3.3 Adding scalars and fermions — SU(1, 2|2)

After the warm-up in section 3.2, we move to the BPS bound H > S1 + S2 + @1, which
includes scalars and fermions in the decoupled theory in addition to the same gauge field
modes obtained in the SU(1,2) case. The resulting interaction will be invariant under
SU(1,2|2) x U(1) group, which means that the sector is supersymmetric.

5The mode expansion of the fields also becomes A, = A%,m. However, we use for convenience the
notation Ay, to refer to the redefined modes, and it is understood that the sum over s only includes integers.
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Free Hamiltonian and reduction of the degrees of freedom. We follow the same
procedure of section 3.2, which requires to evaluate the BPS bound H — 51 — S, — Q1 >0
at quadratic order. The left-hand side of this inequality reads

H—51-5-1= Z“(’HJJ\M (2m+1)q)1JM‘2+(Wg_(Zm"_l)z)q)BMJq)}JM)

+> % tr(‘H fjwfa—wmcbml +(wj—am?) ol , C;M) (3.44)
J,Ma=2,3

>y [z (s1-2m i (o520 i)

JMr=%1|A=1,4 A=23

¥ 3 (iAo - 2 AG ),
JMp—fll

where we defined
3
wy=2J+1, wﬁzzjjui, way=2J42. (3.45)
We obtain the set of constraints by imposing that eq. (3.44) vanishes.

e The scalar fields appear only in the first and second line. Since w; = 2J + 1 and
|m| < J we see that only for m = J and a = 1 one can have a surviving mode, which
satisfies the non-trivial constraint

(™) g + iy (D1)5, = O(g). (3.46)

e Moving on to the fermionic part, the relevant conditions are given by the definition of

w? and the constraints on momenta: when x = 1 we have |m| < J, while for k = —1

we have |m| < J + % In this way the surviving degrees of freedom have
1 _
k=-1, Im| < J, m=J+ 3 for 1pA=23 (3.47)
These modes are unconstrained. For notational convenience, we define fields with a
shift of the R-symmetry index (in the following identity, A € {0,1,2,3}):
i = Wb (3.48)
o The gauge sector can be identified by analyzing the last line of eq. (3.44). Clearly,
these conditions are the same obtained in the SU(1,2) subsector, see section 3.2.

Adding the relations on the non-dynamical modes and requiring compatibility with the
Hamiltonian evolution, we find that the entire set of constraint reads

-Jmm
Al = 0 ]J(”i et e =g, (3.49)
™ +iwy s AL™ =0, (3.50)
o1 =0, (ng;)2,3)erh =0, Oy mmts) =0, (ngh))(J,m,miJ) =0, (3.51)
(I5™)) .y + i (@1)5,, 5 =0, (3.52)
chm =0, (Y — 0. (3.53)
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The non-relativistic dispersion relation for scalars and the non-vanishing of one chiral-
ity for each copy of the surviving fermions was also observed from the null reduction of
supersymmetric theories [21].

We notice that there are two constraints inducing a change in the Dirac brackets:
eq. (3.50) and (3.52), which give

7

{(Ay)TmTHL (Al )Ty = 87,7 6m,m’ (3.54)

2wa, g
i

(@) gms, (@) }p = 5

07,7 0mm - (3.55)
In order to make the brackets canonical, we define the dynamical modes surviving the
near-BPS limit as

Qm = mq)tll,m,tlv v = C;,m,J+%,n:71 , A = \/ 2WA,J(A+)J7m’J+l ) (3'56)

where due to eq. (3.48) we have a = 1,2. On the constraint surface the Hamiltonian
becomes

E
2

> 3
H=Y Y |et0u@uf+ 3 (s+3) 1l +(6+2uldn?| . @5
2

s=0 m=—=x= a:1,2

In summary, the field content surviving the SU(1,2|2) limit is collected into eq. (3.56):
there is a scalar field, a field strength and two fermions with the same chirality.

Interactions: general considerations. The interacting Hamiltonian of the sector is
defined by
H—5 —5—Q
Hyy =1 :
=

(3.58)

We follow the procedure outlined in section 3.1. Due to the presence of four surviving
letters from the original field content of N/ = 4 SYM, we obtain several terms either from
integrating out auxiliary modes, or from the original action. We combine them into three
main categories:

e Terms mediated by the non-dynamical modes of the gauge field via the currents
contributing to eq. (3.14). Quartic interactions involving only scalar fields, only
gauge fields and the mixed combination of two scalars with two gauge fields.

e Cubic Yukawa terms.

e Terms containing dynamical gauge fields mediated by non-dynamical scalars or
fermions.

The terms listed in the first bullet combine in such a way to explicitly solve the sums
of Clebsch-Gordan coefficients over intermediate momenta (.J,m). We will show that the
Hamiltonian organizes into positive definite blocks, which are naturally distinguished by
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the non-dynamical field mediating the effective interaction.” For this reason, we will list
the interactions following this criterion.

Given the dynamical modes surviving the SU(1, 2|2) limit and summarized in eq. (3.56),
it is convenient to introduce a specific notation for the saturation of momenta, that will
enter all the relevant Clebsch-Gordan coefficients to evaluate. We define

(T, M) =(J,m,J), Im| < J, (3.59)
(T, M) = (J,m,J—l—i,/iz—l) , m| < J, (3.60)
(F, M) =(Jm,J+1,p=—1), Im| < J. (3.61)

These saturations correspond to scalars, fermions and gauge fields, respectively. Now we
are ready to systematically analyze all the interactions.

Interactions I: terms mediated by the non-dynamical gauge field. In order to
compute the effective interactions mediated by the non-dynamical gauge field, we need
to identify all the currents in the N’ = 4 SYM action and then apply eq. (3.14). For this
reason, we collect all the terms in the Hamiltonian linear in the fields x/™™, A‘(p’?m with the
momenta (J,m,m) running over non-dynamical modes. We reserve instead the notation
(Ji, mi, m;) for the dynamical modes, which are responsible for the saturation of momenta
in the Clebsch-Gordan coefficients according to egs. (3.59), (3.60), (3.61).

The scalar part reads

> Z{ZQC\%J/\\:EJMH( .- ([(‘I’DJQMQ,(HDJMAI]+[<I>171M1,H~172M2D>

Jm,m J;m;

(3.62)
—4g > A+ 1)D§f%f;JMp (A(p) (@M (‘I’DJQMQ]) }7
p==%1
while the fermionic term is given by
j./\/l JM o o
YD IE, Fw r (MU g (€9 700}
Jm,m J;,m; a= (363)

+g > > Z Z Q?;Aj\j; M (A{ff (Cc]:)lep(Ca)ngQ}) :

Jm,m J;,m; a=1,2 p=+

The part involving only the gauge fields can be inherited from the SU(1,2) subsector and
is given by the sum of egs. (3.29) and (3.30). Collecting all the currents from such terms,

"More precisely, the cases with scalars and gauge fields are also complemented by quartic interactions
already appearing in the N'=4 SYM action where all the fields are dynamical.
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and additionally the ones derived from egs. (3.62) and (3.63), we find

TJmm _ g WJ1 + WJ2) JaMa [‘I) (I)T ]
9 BEATEA TiMu;Jmim X Jimis ¥ Jomg
Jim;

M
t9 Z gzl/\/lzl JM CT)Jlmw (€")gams }
Jim; a=1,2

-y gWAL T WAL 5T Mo

2 [Apm, Al
T2\ WA, JM;JlMl[ smy A
s

TJmm Jl J1+ 1) T2 Mo 1 (364)
- ngm:l W W, ,DleUJmm,P[q)Jlml’(I)Jsz]
+9g Z Z g:%x; JMp (Cl)hmlv (Ca)hﬂm}
Ji,m; a=1,2
g PeA] — AN — A o T [AJ1m1 ) ATszQ] :

2 Jml wA leA J2 JMp?]lMl

In order to get these expressions, we used the definitions (3.56) and we applied the con-
straints (3.50) and (3.52). Using eq. (3.14) with these currents, we compute all the inter-
actions mediated by the non-dynamical gauge field. One can show by explicit computation
that in all the following manipulations, there will always be a condition on momenta such
that we can define

AJ=J1—Jo=Jy— J3, Am=m; —mg =mg —Mm3. (3.65)

In addition, we will also define
i l
si=2J;, 1=2AJ,  |mi < % Am| < 3 (3.66)

in such a way that the sum over momenta runs only over integer values. We will express
the effective interactions in terms of the data (I, Am).

We start with the purely scalar terms, which arise from the square of the first terms
n (3.64). In addition, we also add the quartic scalar self-interaction appearing in the
N =4 SYM action, which is given by

L35 (I

Jmm J;m; \i=1

TJiM TJaM
= ) Nt s CTAN rnin 00 ([P i @ N[® s @ 1) (3.67)

Since the interaction is already at order g2, non-vanishing contributions in the near-BPS
limit are achieved only when all the fields are dynamical: for this reason, in the above
expression we immediately used the definition (3.56).

Combining all the scalar interactions, we find

g Z Z <H ) <(1+ (WJ1 +<")‘72)((“‘4]3 Jr"')J4)>C.171/\/11 cJaMa

J sJmir
JmmeZ i=1 Wi 4‘](J+1) JeMaiJmm™ I Ma; Jmm

DM TaM (3.68)
- W —4 3\ a2+ D)3+ DDTE s DI s, p)
p==x1 )

X tr ([(I)Jw"uu CI)J3m3][(I)J2m27 (I)TJlml])

—90 —



Making use of the procedure explained in appendix A.3 and in particular of the iden-
tity (A.37), we obtain for AJ # 0 the expression

J1—J2
9 5J J3 ~J J
Z “ CnggLT;,AJAmCJ:x;;AJAm tr ([CDJMM? (I)]L]gmg][q)hmm (I)j[llml]) ) (3'69)

sz

where there is a factor of 2 coming from symmetry properties of the SU(2) Clebsch-Gordan
coefficients after exchanging J; <> Jo and J3 <> Jy, and we used the definitions (3.65).

The case AJ = 0 is special. Here we find, again using relation (A.37) that implies a
cancellation of all terms in the sum with J > 0, the result

g Z L=2h tr ([(I)Jlmw Jlml]Qq)> (3.70)

J17m1 Wi

where Q® is the scalar SU(N) charge. It is the [ = 0 value of the following charge density

7m +Am
di,Am = Z Z C322 12 [(I)JLLme q)32+l,m2+Am] )

52 1.
82 O _7 2 b 727
e (3.71)
9 = Qi=0,am=0 = Q% = Z Z JI
s= Om_—f

In this way the effective Hamiltonian for the purely scalar term can be compactly written as

N~

8%\7 0_0031:—?; ( ) Z Z (qlAmQZAm)- (3.72)

l 1 Am——§

Now we consider the purely fermionic part, arising from the square of the second terms
n (3.64). We obtain

g .71/\/(1 T1My 1 JiM;y S JaMy
szjz (4J J_|_1 JQMQ JmmFJ3M5,Jmm pz;l wA J_4m2 g]zMz,JmmngJMs,Jmmp

xtr (L) guma (€ sama (G gy (V) gama }) - (3.73)

We solve this sum using the trick explained in appendix A.3, specifically eq. (A.49). This
gives the result

1 ST \/2,]2 +1 \/2J3 1 m,

o
8N~ aJ] V2h +1\2di+1 C ot am s 718 (3.74)

X tr ({(camml, (C*)sama (G s () rama})

where a factor of 2 is included to account for the symmetry of the sum when exchanging
J1 <> Jo and J3 <> Jy, and we used again the definitions (3.65).
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When AJ = 0, a similar method allows to obtain

1
8N

Ji,mq

tr (6 s (€)mi } QV) (3.75)

where we recognize the appearance of the SU(V) fermionic charge. More precisely, we can
again identify it as the [ = 0 value of a fermonic charge density

,mg—l—Am so+1
qz Am = Z Z Zi C?%m2,2,Am W{(Cl)szmz) (Ca)serl,szrAm} )

a=1,2 s9=0 ppp 5=

do = Q1= =0,Am= O—Qw_ Z Z Z {Ca s,m> Ca)sm}

a=1,2 s= Om_——

(3.76)

Putting everything together, we find the purely fermionic interaction

Z Z tr( Ca s;mo (€ a)s,m}‘jO) Z Z *tl“ (ql Amdl, Am) . (3.7

s= Om_f— l 1Am*—§

The purely gauge interactions are simply inherited from section 3.2, the result being

N~

_8LN mOZii v (a) + Q;zlf; Z (Clz AmdLAm) (3.78)
n= Am=

with charge density and its [ = 0 mode given by eqs. (3.41) and (3.42). This concludes the
treatment of all the squares of single terms contributing to the currents.

We still need to consider all the mixed products. In order to explicitly solve the sums
over J for such terms, we apply the procedure outlined in appendix A.3. Since it is a
straightforward application of the same technique used for the previous terms, we directly
give the result.

Remarkably, we can collect all of the terms mediated by the non-dynamical gauge field
in a compact way by means of a unique total charge density

QiAam = UAm + A.Am + 9,4m - (3.79)

The part of the interacting Hamiltonian mediated by the non-dynamical gauge fields reads

Hoo= 5> Y 3 (QfanQuan) — ot ((Q0)?)

tr (181, ] Qo) (3.80)

. 1
_wzm2;58+2tr([‘45m7 sm]QO) .
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In this way, we observe that all the terms involving the I = 0 modes of the charge density
collect into an expression proportional to the total SU(N) charge of the system, which
vanishes due to Gauss’ law. So, the first term contains all the non-vanishing content of
the effective interaction mediated by non-dyamical components of the gauge fields. All the
information is encoded inside the total charge density (3.79).

Interactions II: terms mediated by the non-dynamical fermions. In the
SU(1,2|2) near-BPS limit the only non-trivial interactions that can be mediated by a
non-dynamical fermion are of two species: the Yukawa term and the minimal coupling in
eq. (3.63).

We start with general considerations on the Yukawa term in A/ = 4 SYM action.
This interaction is cubic and contains antisymmetric combinations of one scalar and two
fermionic fields, with overall linear dependence from the coupling constant g. According to
eq. (3.56), the only non-vanishing contributions in the near-BPS limit occur when the field
content is precisely given by the set (®1, (1, (2).

The case where all the fields are dynamical is forbidden by momentum conservation. A
non-trivial interaction is obtained when we take precisely two fields in the set to be dynam-
ical and one to be non-dynamical, giving the desired order g2. Using the properties of the
Clebsch-Gordan coefficient F, we collect the possibilities into the manifestly hermitian form

; - 1+ 5 oM JoMz b
- 2/Lg Z Z(_]‘) e 2 Jl,anl,lil;JgMQ ﬁab tr (C;Mﬁ[(éi) 2 27CJ1M1H1]) +hC

JMk J;
(3.81)
We consider the case where there is a single auxiliary fermion (%,,,. which need to be

integrated out. Momentum conservation gives the conditions

m=ms—m, m:JQ—Jl—%. (3.82)
When « = 1 we further need to impose the constraints
\m[ﬁJ—i—%, | < J, Jl—J2+;’_J§J1+J2—;, (3.83)
while when k¥ = —1, the constraints are
im| < J, m<J+%, i — Do <J < I+ (3.84)

Both cases are allowed, which means that we need to sum over k = +£1.

Before integrating out the fermion explicitly, we consider the contribution from
eq. (3.63), where now we take the gauge field to be dynamical. It can be shown by similar
manipulations that momentum conservation allows for both the cases k = +1.

In this way the equations of motion for the auxiliary fermion coming from the Yukawa
and the minimal coupling terms read

i —ii+5 TJM
a _ _2Zg(_1)m1 i 2'FJ17—RM1,H1;J2M2
Cimrk = E ,

Eab [(I)J2m2 s (CJ)Jlmlﬁl]

Jimgrips V2w, (Hw? + 2m + %) (3.85)
JM '
gngf\flm;JzMQm Jomapa a
A ) (C )Jlmlf'@J )

+
Jﬂ%;pi V2wa, g, (/wff +2m + %)
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plus the hermitian conjugate. Putting back this expression inside eqs. (3.81) and (3.63),
we obtain a total of three contributions.
The first one gives rise to the effective interaction
2 (_1)m1—ﬁ11+%+ﬁl4—m4+%‘ Jmmk Jmmk
—2g Z Z Z Z " ~ 1 'Fj1M1;J2M2‘Fj4M4;JsM3
oS3 i kB o TR (K + 2+ 1) (3.86)

X tr ([((I)J{)ngs7 (Ca)J4m4][(CcTL)J1m17 ((I)l)ngQ]) ,

where we introduced the normalization of scalar fields given in eq. (3.56).

This interaction contains a sum over intermediate momenta and chiralities k = £1. It
turns out that after shifting J — J — % in the terms with x = 1, the argument of the sum
cancels. Indeed, a careful analysis of the endpoints of summation specified in eqgs. (3.83)
and (3.84) reveals that when Jo > Jj, all the terms in the sum cancel to 0. Instead there
is a non-vanishing contribution coming from x = —1 and J = AJ, as defined in eq. (3.65),
when J; > J5. The result reads

J1,m1 Ja,my

1 CnJ.Amsdymy O AmsJsms )
T ,AMSJ2MM ,QAMiJ3m t q) 3Mms3 a m T _— q) Jomg .
2Na§2§i VI +1)(2Js+1) r([( D D malliCa) i, (1) ])

(3.87)
The second contribution from eq. (3.85) produces the term

2 PO
SPIPIDIDY 1 T
~ M
2 a=1,2 Jym; Jmin k==+1 /WA, JoWA_ J3 (KW? +2m + %) S (388)
JaM
gf’fnmi;jg/\;B tr ([(dt)hmm AJSmS] [Ajrhmgv Ciml]) :

The previous expression contains both a sum over J and over k = +1. It turns out that

shifting J — J — % in the term of the sum coming from x = 1 gives a full cancellation
with the term having k = —1, thus reducing again the result to a boundary contribution.
In paricular, the only non-vanishing result comes from the non-trivial remainder at the
boundary® J = AJ = J, — J; = J3 — Jy in the case with Jy > J;. In this way we obtain

o0
v T X 3 ah e

a=1,2 Jym; AJ=0 WIWA, W I5WA, T3 (3.89)

J. J: J.
X OAQL,]r,nAQm;J1mch3}:@A3m;J4M4 tr ([(Cl)J4m47 A 3m3] [ATIQWLQ7 Cf}ﬂ’nl]) .

The last set of interactions involves the mixed terms in eq. (3.85), that contributes to the
effective interaction

. 2

ig* > ) -
Jimikip; Jmin k=11 /W, WA J3 (KW? + 2m + %)

X eab tr ([AJamsa (CJ)J4m4][(I)J2m27 (Cl:r)Jﬂm]) +h.c.

8Notice that this definition of AJ has opposite sign with respect to eq. (3.65). On the other hand, since
the regime where the result is non-vanishing corresponds to J2 > Ji or equivalently AJ > 0, this scenario

mi—mmi+5 Ny
(71) ! i Jmmk gJ4M4
J1,—M1;T2 M2~ Jmink; Js Ms

(3.90)

is the same that we considered for the terms mediated by the non-dynamical gauge field.
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Since all the fields are taken to be dynamical, we are using the normalizations (3.56) and
we are putting p3 = —1 and k1 = k4 = —1. In principle two possibilities for the gauge field
are allowed, i.e. to take the eigenvalue of momentum mgz = 4(J3 + 1), but the analysis of
triangle inequalities shows that one of the cases is forbidden.

The double sum over J, k is solved by observing that a shift J — J —% in the term with
k = 1 makes the argument to vanish. A careful analysis of the range of summation shows
that if J; < Jo the result vanishes, while if J; > Js, we have a non-vanishing contribution
coming from the lower boudary of summation:

Jo—J1

1 Ja—J3 Jomo Jamy ab T Joama T
TN & mCAJ,Am;JlmchJ,Am;JSmSE tr ([AJsman (C2)ama ][22, (Cb)JlmJ)
+ h.c. (3.91)

In this case we defined AJ = Jy— J1 = J3 — Jy > 0.
The sum of egs. (3.87), (3.89) and (3.91) nicely combines into a simple expression if
we define the following blocks:

o] 2
2T Am [(Cb)s +l,mo+Am> (I)l m ]

Fa = o matAm 2tlms 2me. 3.92
( )Z,Am 522—:0,,1 ZSQ L Am,77m2 so+1+1 ( )

=0 my=—22

o F

B so+1 sgtl +Am
(K Jram = Z0 Z , \ (s2 1+ 1)(s2+1+2) C% m7%7m2 [(C‘D”’WQ’ASQH’mﬁAm] )
52=0 o= %

In this way all the terms mediated by the non-dynamical fermion are given by

2N 3D Z v (B + KDyam(F*+ K% am) - (3.93)

a=1,21=0 App=—1

Interactions III: terms mediated by non-dynamical scalar. In this subsection we
present effective interactions arising from integrating out a non-dynamical scalar field from
the same kind of terms: the Yukawa contribution (3.81) and the minimal coupling in
eq. (3.62).

If we consider eq. (3.81) with the scalar field ®; being auxiliary with momenta
(J,m,m), and the two fermion modes being dynamical with momenta (Ji,m1,7m1) and
(J2, Mg, Ma), it is easy to determine the following constraints from momentum conservation:

m=Ji+Jo+1, —J<m<J, ’Jl—J2’§J§J1+J2, (3.94)

These are however in contradiction: then the corresponding interaction term vanishes.
The only non-vanishing term arises from the scalar/gauge interaction (3.62). We al-
ready considered in (3.80) all the contributions mediated by non-dynamical modes of the
gauge field: here we study instead how to select the auxiliary modes of the scalar to be
integrated out. We immediately note that p = —1 is fixed for all the gauge fields, since
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these are dynamical. The analysis of momentum conservation and of triangle inequalities
implies that the effective Hamiltonian obtained by integrating out the scalar field reads

—49° ) Z (21m +1)2 \/J(J rOA )

Jmm sz, WnWA,JLWA,JsW ]y (395)

Jmm T4, My Jams T
X DJhMl,J2,M2DJmm0;j3,M3 tr ([ Jamyg? A MAJ?’”?’ (I)Jlml]) )

In order to perform explicitly the summation over the intermediate momenta J, it is cru-
cial to identify the boundaries of the interval where it is defined. Precisely we have the
constraints (coming from triangle inequalities)

Ma.X{JQ - J1+1,J1— JQ} <J< Min{J1 + Jo, J3 + J4} . (3.96)

We observe that the lowest bound is not symmetric under an exchange of J; <> J. On
the other hand, thank to the symmetries of the Clebsch-Gordan coefficients, the sum in
eq. (3.95) organizes in such a way that the contributions for the two cases J; > J; and
J1 < Jy exactly cancel. The only non-vanishing term comes from the non-trivial remainder
at the boundary J = AJ = Jy — J1 = J3 — J4, giving

.= Z Z 2AJ +1 5J1 CJz,m2 CJ3,m3
1n Jy— AJ,Am;J1,my T AT, Am;Jy,my
2N Jimi Ad=0 VWRWALWIWA, T, (3.97)

xtr ([®F,,,,0 Agmg [ [AD, 0y @im])

The result can be written compactly by defining the block

52
2 I+1 2
Wiam = Z Z (s2+1+1)(s2+1+2) s am (Psamas Asattmatam]

$2=0 =
(3.98)
so that we obtain
1 & : t
Hiw= 55> >t (WanWian) - (3.99)
=0 Am—f%
Final result. Summing all the non-vanishing interactions, we find
l
Hine = 53 Ly s ! Ftr (Q g Quan) + 5 Z Z tr (W Weam)
= 1Amf—§ l OAuf——

(3.100)

i
2

+7ZZ > tr<FT+KT)ZAm(Fa+Ka)l,Am>-

a=1,21=0 Ap=—1

The result is naturally organized in terms of three classes of blocks, depending on the
non-dynamical field mediating the interactions:
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e The charge density
Ql,Am =dqi,Am + QZ,Am + qi,Am (3101)
whose elemental contributions are defined in egs. (3.41), (3.71) and (3.76), contains

information about the interactions mediated by the non-dynamical gauge field and
its [ = 0 mode corresponds to the SU(NV) charge.

o The blocks Ff,,, and K}',, , defined in eq. (3.92) describe the interactions mediated
by the non-dynamical fermions.

« The block W) Ay, defined in eq. (3.98) is the only interaction mediated by the non-
dynamical scalar.

In terms of these blocks, the interaction is quadratic and positive definite. This suggests
that one can make a similar reinterpretation of the interaction terms as found in section 2
for the SU(1,1|1) near-BPS theory. Indeed, in analogy with (2.16) one can define the
normalized blocks

1
(Bo)i,am = WQZ,Ama (BY),am = F'am + Kl'am » (B2)i,am = Wi am, (3.102)

We show in section 4 that they separately transforms in irreducible representations of
the SU(1,2) algebra, and together comprise an irreducible representation of the SU(1, 2|2)
algebra. In terms of these blocks, the interacting Hamiltonian assumes the form

2

2
Hiy = 7’01‘ Z Z BOlAmBOIAm+Z Z ZBllAmBalAm

= 1Am*—é I=0 App—=— éa=1

(3.103)
+Z Z BQ lAm B2)l Am

We show in section 4 that this is a natural form in which one can exhibit the invariance
under the SU(1, 2|2) symmetry of the interaction, and that one can interpret it as a norm,
extending our observations of section 2.

4 Symmetry of SU(1,2|2) near-BPS theory

In this section we show that the interacting part of the Hamiltonian of the SU(1,2|2)
near-BPS theory has the same type of structure as the SU(1,1|1) near-BPS theory, as
exhibited in section 2. In particular, we show that the interactions, being quartic in the
fields, are built out of blocks quadratic in the fields that comprise a particular irreducible
representation of the SU(1,2|2) algebra. Using this block structure, we show that the
interaction is invariant with respect to the action of any of the SU(1,2|2) generators. In
connection with this, we show that one can interpret the interaction term as a norm in the
linear space of the irreducible representation. Finally, we note that the SU(1,1|1) near-BPS
interaction emerges as a subcase of the SU(1, 2|2) near-BPS interaction by setting certain
modes to zero.
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In section 3.3 we considered the limit (3.58) of A/ =4 SYM on a three-sphere which
approaches the BPS bound E > S; 4+ S2 + Q1. In this limit, the effective dynamics is
described classically by the following SU(1, 2|2) near-BPS Hamiltonian

Hyimit = Ho + §* Hing (4.1)

where Hj is given by (3.57) and Hjy, by (3.103). In this section we present the symmetry
structure of Hiy, and show that the block form anticipated in (3.103) indeed is natural
from the point of view of the algebra of SU(1,2(2).

Before analyzing the structure of (3.103) we change the notation for labelling the
states with respect to the SU(1,2) subalgebra. In section 3.3 we used the notation (J,m)
associated with spherical harmonics but in this section we find it convenient to use instead
the alternative labels (n, k) given by

n; = J; —m;, ki = J; +m;,

(4.2)
n=ng—ny=AJ—Am, k=ky—ki=AJ+Am.

Note also [ = 2AJ. In this notation we have the Dirac (anti-)brackets for the modes of the
fields

{((I)”v’f)iﬁ (‘I’L',k’)ml}[) 105,100k 1 0107 {( o k) (CZ,L/)’”Z}D (8,0 O O 007"
{405, AL )™} = i S 8i0" (4.3)

Using the dictionary (4.2) one can translate the expres-
sions (3.41), (3.71), (3.76), (3.79), (3.92) and (3.98), as well as the blocks defined
by (3.102), to use labelling (n, k). With this, the interaction (3.103) attains the form

Hiny = LN i (1— 8 4,0)(Bo)n.k (Bo) nk+z B k(B + (BY)ni(Ba)n, ) :
a=1

(4.4)
Note that the (n,k) summation labels takes values along non-negative integers and the
(1 — 8y41,0) factor is there since there is no block (Bé)n,k for n = k = 0. One can also
translate the SU(2) Clebsch-Gordan coefficient entering the blocks. In particular, eq. (A.22)

becomes?

e ¢ (n1 + k)l (n + k)1 +n)!(kr + k)! (45)
nk (n1 4+ k1 +n+E)nglk Itk ‘
There are several reasons that it is convenient to use (n, k) to label the blocks. For one
thing, with the spherical harmonic labels (J,m) we need to sum over J being both integer
and half-integer, while also imposing |m| < J. Another motivation is that the (n, k) label
is adapted to a new basis for SU(1,2) algebra, as shown in eq. (C.11).!19 This basis and

9Actually, the coefficients (4.5) have appeared in [20] as the holomorphic constraint satisfied by BPS
solutions of the free theory. After subtle normalization of the constraint, we can identify our blocks as the
holomorphic constraints there. These constraints fix the near-BPS dynamics of the BPS operators.

10The standard way of thinking about representations of SU(1,2) would be based on the corresponding
isotropy group SU(2) x U(1), which contains the U(1)? Cartan generator (Jo, D) to specify the states.
Instead, the basis in (C.11) has the U(1)? Cartan generators (D — Jo, D + Jo).
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the (n, k) labels make the derivative descendants explicit, e.g. as for the fields written
in (C.12). This could possibly be a clue to how to construct a 241 dimensional (semi-
)local field theory description of the SU(1,2|2) near-BPS theory, in analogy with the 1+1
dimensional semi-local description of the SU(1, 1|1) near-BPS theory of [12], although this
is not clear at this point.'!

We investigate now the symmetry properties of the expression (4.4) for Hiy. Using
the analysis of how the generators of SU(1,2|2) act on the spectrum in appendix C.2, one
can find the generators of SU(1,2|2) expressed in terms of modes of the fields by requiring
consistency with the Dirac (anti-)brackets (4.3). We begin by analyzing the action of the
SU(1,2) generators. To this end, we will label the letters in SU(1,2|2) subsector as

WI = ((I)’ <1’2a FJr) : (46)

Note that for I = 2 the fully accurate definition is W§ = (* with a = 1, 2 since the spectrum
has two fermionic species. From (C.13), we acquire the generators in terms of fields Wi
(labelled in (4.6)) as

I
[M] e

Ly (Wr)

<

(n+ )(n+k+ 1yt [(W]), ), -

ne S8 [V ),

&
I
(e I
3
[z 78
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_
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Il

o
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nn+k+1—1)tr {(W}) Wr)
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-
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e
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n—l,k(
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+

I
Mw
R
<
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(4.7)

I
k+n+
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)
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hE
.

) e [0V, 0m),..].

~
Il
—_
S
il
o

3 [e’e]
L= Jkn+k+I-1tr OV V1),
I=1n,k=0
3 o)
Ji = Z Z k(n+1)tr {(W})n-s-l,k—l(wl)n,k} ’

Il
Me I
Mz T

J_ n(k + 1) tr [(W]) (Wr)

n—1,k+1 n,k} )

~
l‘

3
ol
Il
o

Tt is expected [5] that the SU(1,2) subsector can be effectively described by a quantum field theory in
2+ 1 dimensions. The fact that the new algebra basis can be considered as a basis to decompose SU(1, 2)
as two interacting SU(1,1) could offer a clue to this. Indeed, one could speculate that if we label the
coordinates of the 142 dimensional field theory as (¢,z1,x2), then 1 and z2 correspond separately to a
SU(1,1) subsector, in accordance with the labelling (n, k) that give the number of derivatives di1 and da
for these two directions, respectively. However, we will postpone the construction of a possible local field
theory description in 2 4+ 1 dimensions to a future work.
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where I = 1,2, 3 stands for scalars, fermions and gauge fields, respectively. Note that when
I = 2 in the above sums one should sum over a = 1,2, but we have chosen to hide this
sum for brevity of the expressions. We introduce a similar notation for the blocks

BNk = ((BDngs (Br g, (B ) - (4.8)

However, notice that this is with I = 0, 1, 2 instead, thus for the blocks the index I does not
run over the same values as for the spectrum. Note also that for I = 1 the fully accurate
version of the above is (B?T)nvk = (B‘fT)n’k. for a = 1,2 since we have two different species
of fermionic blocks.

Acting now with the SU(1,2) generators (4.7) on the blocks we obtain

(L) (B)uge = /(0 + 1)+ k + 1) (B]usvk

(L) p(BPngk = /(k+ 1)(n + k+ (B} -
¥ . k+1 1
(E0)p (B = (n+ 57 ) (B

n+1

(Eo)p (B = (k + ) (B

(L-)p(B)uk = \/n(n + k+ 1 —1)(B}) a1,

(L) p(B)nk =k +k+1 = 1)(Bns1,

(J)p(BDng = \/E(n + 1)(B])ni1p-1,

(J2)p(BDk = /nlk +1)(B))n 1 k41

where I = 0,1,2 for these blocks shown in (3.103). We used the same notation (2.18)
introduced in section 2, but here with respect to the Dirac (anti-)brackets (4.3). Com-

(4.9)

paring (4.9) with the representations shown in the appendix C.2 we see that the block
(B})M€ is in the (p,q) = (0,1 — 3) representation of SU(1,2), where I = 0,1,2. Here we
are using the SU(1,2) representation labels p and ¢ defined in appendix C.1. Notice that
these block representations are in contrast with those of the spectrum, where one has the
(p,q) = (0,1 — 3) representations of SU(1,2) with I =1,2,3.

Considering now Hiy in eq. (4.4) we see that the three terms (including sums over n
and k, and a for the second term) each correspond to a different representation of SU(1, 2).
The first term corresponds to the (p,q) = (0,—3), the second to the (p,q) = (0, —2) and
the third term to the (p,q) = (0, —1) representation of SU(1,2). Therefore, the invariance
with respect to the SU(1,2) generators (4.7) should be shown separately for those three
terms. This is indeed what one finds.
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Turning to the fermionic generators of SU(1,2|2) we find

(o] (o)
= Z vn + 1tr<¢i+1,k¢z,k) + Z vn + 1tr((}zll’kAn’k> ,

n,k=0 n,k=0
[e’s) oo
Ql=3 VETTu(®l )+ 3 VET (A
n,k=0 n,k=0
%) o0
= 3 Vot ke Lu(he,) + Y Varktau(Al ).
n,k=0 n,k=0
G (4.10)
Q; = Z \/mtr<<1>jl+17kgll’k) — Z Wtr( n+1,k Nk>’
n,k=0 n,k=0
[e’s) oo
Q=3 VE+Tu(®l,¢h,) — 3 VEFLu(h, ),
n,k=0 n,k=0
%) o0
= > Vot ke i(¢h®) - S Vit au(al,3,).
n,k=0 n,k=0

We note that the SU(1,2) generators (4.7) can be worked out as anti-commutators of these
using (C.18) and (C.19). Acting on the blocks with the above fermionic generators and
their hermitian conjugates, we find that the non-zero actions are

@DpB ke =V + 1Bk, (QDp(B)wk = —vn+ 1B g1

(@) p(B ke = vV +1(BYnsre,  (Q)p(BY)ny = mw}*)nﬂ,k,
(SDDBYnk =V + kB g, (SDHpB nk = —Vn+k+ LB,
(53)0(B3)ns =V KB s, (0B e = vVt R TBns, 1
(Q)p(BY)nk = V(B o 1k, (@) (B ke = —vn(Bhn-1 '
(Q2)p(BY)nk = —vn(Bi -1k, (Q2)p(B{ nk = —vn(Bhn14,

(81)p(B N = Vn+ (B, (S1) DBk = —Vn+k + LBy,
(S2)p(Bi g =~V 4 k(Buk.  (S2)p(BYng = —vVn+k+ 1(B) )

From the action of the fermionic charges one observes that the blocks BT, 1=0,1,2, form
a N = 2 vector multiplet representation of SU(1,2/2). This is illustrated in figure 1. The
structure can be understood as follows. As we know, the A/ = 2 vector multiplet is made
of one N' = 1 vector multiplet and one N’ = 1 chiral multiplet. Basically, QLSI are the
supercharges relating (B;, B%T) to form an A = 1 vector multiplet and (Bg, B%T) to be an
N =1 chiral multiplet. Similarly, Q;,Sg are the supercharges relating (B;,B%T) to form
an N = 1 vector multiplet and (B(Jg, B?") to be an NV = 1 chiral multiplet.

In addition to the fermionic generators and SU(1,2) generators, we have also R-
symmetry generators that act on the fermionic fields in the spectrum as one can see from
appendix C.2. The R-symmetry generators are

Z tl"( C}L,k —C?z,TkCTQL,k)’ R, =R! = Z tr( & k) (4.12)

nkO n,k=0
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(n.k) B}

Q1 Q2
Qi Q4
(n—1,k)
o\ Qi 2,
(n=2%) Bj
(a) Actions by supercharge generator Q. (b) Actions by supercharge generator S;.

Figure 1. The blocks as an A/ = 2 vector multiplet. The blue arrows are actions by @Q; while the red
arrows are the actions by QZ. Similarly the orange arrows are the actions of S; while the green arrows
are the actions by Sg . The Q; supercharges are not shown in this diagram, which will only differ from
this one by changing the k levels, which corresponds to the derivative operator d;. Note that the
supercharges ; will change the level by 1 while the supercharges of S kind do not change the levels.

The R-charges of the blocks Bg and B; are zero, while the blocks Bff have opposite non-
trivial R-charges. These are simply given by

1 1
(Ro)p(By ) = —§(B}T)n,k, (Ro)p(B{ ) = 5(3?*)“. (4.13)
Finally, in the SU(1, 2|2) algebra one has an additional U(1) generator that we denote by

G, see appendix C.2. In terms of the fields this generator takes the form

G=— > w[OV)sOWa] =5 3Dt [OM) kM) (4.14)
n,k=0 a=1,2n,k=0

As we now have presented all the generators of the SU(1,2|2) algebra, we are ready
to discuss the invariance of Hiyt, as given in (4.4), under SU(1, 2|2) transformations. Us-
ing (4.11) it is straightforward to check that when acting with any of the 8 fermionic charges
on Hi, one gets zero. This means that Hj, is invariant with respect to the action of all 8
fermionic generators of SU(1,2|2). An example of how this works for a particular fermionic
generator is given in appendix C.4. Since the Dirac (anti-)commutators (C.18) and (C.19)
reveal the bosonic generators of the SU(1,2|2) algebra, it follows from the associativity
of the Dirac (anti-)brackets that one can obtain the action of the bosonic generators by
combining actions of the fermionic generators. In this way it is straightforward to see that
since the action of all fermionic generators gives zero, it directly follows that also the action
of the bosonic generators on Hiy give zero as well.

It is important to remark that the SU(1,2|2) near-BPS theory, in addition to the
invariance with respect to the SU(1, 2|2) generators, possesses a U(1) invariance associated
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with the number operator

0 2
N= 3" tr|® @+ > e+ Al Aukl - (4.15)
n,k=0 a=1
One can check that N pHiimit = 0, which means that N is conserved and hence the

SU(1,2|2) near-BPS theory is non-relativistic.

We consider now representations with respect to the full SU(1, 2|2) superalgebra. Both
the spectrum and the blocks correspond to certain representations of this superalgebra. We
use the following Dynkin diagram of SU(1, 2|2)

O—xR—0— (4.16)

with two bosonic and two fermionic roots. Indeed, the associated raising operators to this
Dynkin diagram are J_, Q1, R4 and S, and the associated lowering operators are the
conjugates of these. The Dynkin labels are defined as [s1,r1, q1,72] with

S1 :21~10—2L0, r = —§L0+§I~/0+%G—Ro, q=2Ry, o= %(Lo—kio)—%G—Ro

(4.17)
in terms of the Cartan generators Lg, Lo, Ro and G of SU(1,2|2). The highest weight for
the spectrum is |®) since J_, Q1, Ry and S, all are zero when acting on this state. This
corresponds to Ly = Lo = %, Ry = 0 and G = —1 giving the Dynkin labels [0,0,0, 1].
This defines the irreducible unitary representation of the spectrum, generated by repeated
application of the lowering operators on the highest weight. See appendix C for more
details on this.

Turning now to the blocks, one finds that the action of J_, Q1, Ry and Ss all are zero
on the particular block (B%T)o,o with Cartan charges Lo = Lo = Ry = G = % and Dynkin
labels [0,0,1,0].'2 Thus, this defines the irreducible unitary representation of the blocks
(B})nk by repeated application of the lowering operators on the highest weight (B%T)(),o.
The blocks (B})nk are all normalized with respect to this, which means in particular that
the expression for Hiy in eq. (4.4) uses normalized blocks.

We saw in section 2.3 for the SU(1, 1|1) near-BPS theory that the quartic interaction
Hipg can be written as (2.29) where (B|B) can be seen as a norm (squared). We show now
that this is also true for the SU(1,2|2) near-BPS theory. We write

o) 2
|B) = (1= 0n12,0) [(Bo)nk) + D 1(BDnk) + [(B2)nk) (4.18)
n,k=0 a=1
with
‘(B?)n,k> = Z((B(Il)n,k)ij“vj;la a7nak> (4'19)
0.

12Note here the subtlety that for (Bg)n,k one does not have a block with n = k = 0 unlike for (B{"), x
and (B})n.x. This is consistent with the representation of SU(1,2|2). The origin of this is that Qoo is zero
by the singlet constraint.
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where I = 0,1,2 and a is either empty (for I = 0,2) or a = 1,2 (for I = 1). In this
expression, |ij;I,a,n,k) are normalized and orthogonal basis vectors in the linear space
given by the adjoint representation of SU(N) times the irreducible representation of the
SU(1, 2|2) with highest weight [0, 0, 1,0]. Just like in section 2.3 this means one can consider
the blocks as components of | B) in the linear space of the representation and one finds (B|B)
by inserting a complete basis, demonstrating that (2.29) is realized for the SU(1, 2|2) near-
BPS theory.

One can further elaborate on this construction by using the fact that we can generate
the representation from a highest weight. However, for consistency of notations, we should
work in the conjugate representations of blocks for the norm interpretation, which means
that it is actually a lowest weight. Let us start with the lowest weight state |(B%)070> that
is annihilated by the lowering operators J, QI, R_ and Sg with respect to the Dynkin
diagram (4.16). The supermultiplet ground states are created using the corresponding
raising operators

Sh ‘(B%)0,0> = [(B2)o,0) » Q2 ‘(B%)0,0> = [(Bo)o,0)

) . . (4.20)
R |(BY)oo) == |(Boo), Qi|(Bi)oo) = —I(Bo)io) -

In this way, all the lowest weight states in the three distinct SU(1,2) representations are
generated. The conjugate descendants are generated by applying the L_ and L_ operators,
which are anti-commutators of supercharges (C.19). The results simply read

(Bns) = g 122 [(Boo)
(Bahns) = (ni e (Baloo) (4.21)
|(B0)n,k:> = ! Lﬁ_lili |(Bo)1’0> .

Vin—=Dkl(n +k)!

Each of these correspond to the conjugate of a SU(1,2) representation, being the (p,q) =
(0,-3),(0,—-2), (0,—1) representations, respectively.

As a final remark, we note that the norm structure of SU(1,1|1) Hamiltonian can be
acquired straightforwardly from the Hamiltonian (4.4) of the SU(1,2|2) theory with the
state defined as (4.18). This is due to the fact that the letters of SU(1,1|1) consist of an
N = 1 chiral multiplet including their corresponding descendants, which transform as a
subset of the N/ = 2 vector multiplet of the SU(1,2|2) theory.

5 Conclusion and outlook
In this paper we derived by sphere reduction and integrating out non-dynamical modes

the classical interacting Hamiltonian for the SU(1,2|2) near-BPS limit of N' = 4 SYM.
We demonstrated that the interactions have a symmetry structure that allow them to be
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written on a convenient block form

Hiny = LN i (1— 8160) (B ) n.1o(Bo) nk+z B k(B i + (BY) i (B2)n, ) ,
a=1

(5.1)
These blocks correspond to a particular representation of the SU(1,2|2) superalgebra. Fur-
thermore, we have shown that the full structure of Hj, arises from considering it as a norm
in the linear space spanned associated with the representations of the blocks, explaining
the normalization of the terms in Hjyg, its positive-definite form and its invariance under
SU(1,2|2) transformations. We have also worked this out in the SU(1, 1|1) case where Hipt
takes the reduced form

o0 [e.@]
Hi = 5t S (BB + (BB (5.2)
This can be seen as a subcase of the SU(1,2|2) expression (5.1).

The algebraic analysis performed in this paper justifies the underlying structures of
the interactions. One way to obtain them is to perform the classical sphere reduction [22],
which is a technical but systematic procedure to obtain a definite result. On the other
hand, it turns out that the Hamiltonian (5.1) is basically the consequence of symmetry
requirements with minimal inputs such as: 1) the interactions arise from quadratic blocks
involving the brackets of the fields and 2) the Hamiltonian is quadratic in these blocks.
These conditions are then sufficient to identify the highest weight of the corresponding
representation in order to obtain all the other interactions (up to constant shifts) with the
action of lowering operators. This is not only a more convenient way to proceed, but it
also gives a unique prescription to find the quartic interactions.

The positive-definite structure of eq. (5.1) points to a way that one can solve the
strong-coupling limit. Sending the coupling to infinity means that only configurations
with Hiy = 0 survive, corresponding to having zero norm in the above-mentioned norm
interpretation. This is only possible if all the blocks vanish

Bk =0, (BN =0, (BDas=0, (5.3)

7

with a = 1, 2, including both bosonic and fermionic constraints. Thus, one should look for
configurations that obey this infinite set of constraint equations. Given such a configuration
one can then study small fluctuations around it, both in the classical and the quantum
regime, to reveal the strong coupling dynamics.

The bosonic part of the constraints (5.3) were derived in [20]. Configurations that obey
the constraints should be identified with %—BPS states [15, 20]. An interesting novelty of
our approach is that we find these constraints are transforming in specific representations of
SU(1,2|2) and the one-loop Hamiltonian exactly consists of these constraint. This should
help in understanding the space of solutions.

The interactions obtained from sphere reduction are classical; in order to quantize the
system, we need to promote the Hamiltonian to an operator. With this, one should get
SU(1,2|2) Spin Matrix theory [4]. In the SU(1,1) near-BPS limits, the prescription was
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simply to directly promote the classical result to the quantum level, and it was possible
to show that the normal ordering terms were sufficient to give the self-energy corrections
in terms of harmonic numbers [11, 12]. In this way, the result matched the one-loop
corrections of the dilatation operator computed in quantum N = 4 SYM restricted to the
sector of interest. For the SU(1,2) limits considered here, it is interesting to understand if
quantization will leave unchanged the positivity and what will happen to the interpretation
of the interactions as part of a norm. Since we expect that quantization should only
change the zero-point energy and that supersymmetry should preserve the positivity of the
Hamiltonian, it is interesting to investigate in detail how the SU(1, 2|2) generators organize
in order to obtain such structure. We leave this topic for a future investigation.

One would expect that the structure in eq. (5.1) can be derived from a local formula-
tion, along the lines of [12]: the effective Hamiltonians corresponding to limits preserving
the SU(1,1) spin group were found to arise from (1 + 1)—dimensional field theories on the
circle with non-canonical commutation relations. In the case of supersymmetry, a superfield
formulation was also found. In the more general cases considered in this paper, there are two
parameters containing informations about the three-sphere: the momenta (.J,m) or the ana-
log quantum numbers (n, k), which point towards the existence of a local description of the
theories on a (2 + 1)—dimensional manifold. Finding a local interpretation of the interact-
ing Hamiltonian would allow to identify novel field theories whose properties are interesting
to analyze by themselves, being non-trivial realizations of the non-relativistic symmetries.

It is interesting to consider the implications of the present work in relation to the grav-
itational and string theory side of AdS/CFT duality. As exhibited in [7-10] this involves
non-relativistic string theories with a U(1)—Galilean target space. Depending from the
number of colours of the gauge group SU(N), we can make the following observations:

e In the strict planar limit N = oo one can use the description one the field theory
side in terms of integrable spin chains. Using a long-wavelength limit [6, 23] one
obtains a sigma-model that can be compared directly to the non-relativistic string
theories of [7-10] which are found by taking the equivalent near-BPS limits of the
string theory side that we have explored here for N' = 4 SYM. This would extend the
SU(2) case considered in [6]. One can find the spectra of these theories by employing
integrability techniques.

o In the planar limit where N is large but not strictly infinite, one can study 1/N
corrections from both sides of the duality. Following [9], it is possible to extend the
classical connection between the non-relativistic sigma models and the continuum
limit of the SMT spin chain to include the interactions between strings.

e In the case of finite N, non-perturbative effects play a major role. This is related to
non-perturbative states on the string side, such as D-branes and black holes. It is
the case where the analysis performed in the present paper is particularly relevant,
since the presence of a positive-definite structure of the interactions allows to study
the strongly-coupled regime by setting to zero the individual blocks. This regime
was considered in the SU(2) case in [24] where a direct relation between the large g
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behavior of SU(2) SMT and dual interacting Giant Gravitons were found. It would
be highly interesting if one can extend these studies to the cases considered here.

One of our future goals is to obtain and explore the PSU(1,2|3) near-BPS theory,
and the corresponding PSU(1,2|3) Spin Matrix theory. Obtaining the SU(1,2|2) near-BPS
theory and understanding its symmetry structure have given new insights into the possible
near-BPS limits of ' =4 SYM theory. However, the PSU(1, 2|3) near-BPS limit gives the
maximally possible Spin Matrix theory that one can obtain. Thus, the PSU(1,2|3) near-
BPS theory includes all previously considering near-BPS theories as subcases. New types of
interactions will be present in the PSU(1, 2|3) near-BPS theory since it includes an interact-
ing triplet of scalar fields. In addition, this is the only case in which one has a Dirac equation
for the fermions that is important for understanding the number of fermionic degrees of free-
dom. As a subcase it should include the PSU(1, 1]2) near-BPS theory previously considered
in [12]. It would be highly interesting to see if the symmetry structure of the interactions
found in this work can extend to the full PSU(1,2|3) case, as well as the PSU(1, 1|2) case.

One potential application of PSU(1,2|3) SMT is to understand the microscopic states
of 1—16—BPS black hole in AdSs spacetime. It is a long term question [17] to understand how
the states of N/ =4 SYM can capture the AdSs black hole entropy [25-27], following the
original technique developed for the static magnetically charged case in AdS; x S7 [28].
The work [29] tried to resolve this problem by solving a BPS cohomology equation, whose
solutions to a few low orders are found to be consistent with multi-gravitons. On the
contrary, recent progress [19, 30, 31] enlightened by [32] showed the superconformal index
of N = 4 SYM can successfully reproduce the black hole entropy by considering the
saddles with complex chemical potentials.'® As a decoupling limit, Spin Matrix theory
in PSU(1,2|3) subsector might provide simpler insights to resolve this problem. Besides,
the supersymmetric AdSs black holes have an Extremal Vanishing Horizon limit, where an
AdS3 factor decouples [34]. It was shown in [35] that such decoupling can be understood
as emergence of 2d Cardy formula from the 4d superconformal index. However, it is still
unclear how operators in the UV A/ = 4 SYM can organize themselves into a representation
of the infinite dimensional Virasoro algebra in the IR. We expect constructing an interacting
field theory describing the PSU(1,2|3) subsector could help understanding the dynamics
here. Another interesting phenomenon that one can hope to observe is the emergence of
dual D-branes in the form of giant gravitons, similarly to the investigation done in [24].

Another type of application of this work is towards the understanding of the dilata-
tion operator of N/ = 4 SYM theory. We have observed that the Spin Matrix Theory
Hamiltonian consists of blocks transforming in specific representations of spin group. It is
interesting to study whether such structures can help to reorganize the quantum correc-
tions of dilatation operator of N/ =4 SYM beyond the decoupling limit [14]. Especially,
the higher loop corrections of dilatation operators are notoriously difficult to calculate.
Some of the achievements can be found in [3, 13]. A possible mechanism like organization
of higher loop terms by global symmetry would be very handy for practical calculations.

131t is also worth to mention that recent work [33] showed the superconformal index actually interpolates
between black hole phase at large charge and multigraviton phase in the small charge regime.
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Finally, one could contemplate connections to factorizations of 4d SCFT partition func-
tions. The free limit of partition function in 4d SCFT can be factorized into holomorphic
blocks, which are the partition functions in Dy x T2 [36, 37]. The blocks have been shown
to be related to 2d elliptic genera [38—40] of the corresponding worldsheet theory. The geo-
metric picture is that one can acquire the M?* manifold by glueing two solid T? torus by an
SL(3,Z) group element. This is known as the Heegaard decomposition. The group element
then relates the complex structures of two solid T? torus. Such factorization structure can
also be observed in N/ =4 SYM [41]. Tt is interesting to know whether such factorization
structure can survive in the one-loop level with the Spin Matrix theory coupling turned
on and also what is the corresponding effect on the 2d elliptic genera. Also following the
spirit of [37, 42, 43], which studied the SL(3,Z) modularity of 4d supersymmetric partition
function, we can ask how the SL(3,Z) modularity can be affected considering the Spin
Matrix theory is not protected by supersymmetry. The answers to these questions might
shed light on the structures of 4d conformal field theories beyond supersymmetry.
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A Properties of spherical harmonics and Clebsch-Gordan coefficients

We refer the reader to the appendices A and B of [12], where the following conventions are
stated: decomposition of the fields into spherical harmonics on the three-sphere, expression
of the Cartan charges in terms of the modes, list of the weights under SU(4) R-symmetry of
all the letters in N/ = 4 SYM theory, interacting Hamiltonian of the theory. In the present
paper, we follow exactly the same notation.

Other details on the algebra and the quantum numbers of the letters will be discussed
in appendices B and C. The relevant terms from the interacting Hamiltonian are written
in section 3 for all the specific cases considered. In the following, we define the Clebsch-
Gordan coefficients that give rise to interactions between spherical harmonics and find
several relations between them: they are crucial to perform the explicit computations of
the sphere reduction.
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A.1 Definition of the Clebsch-Gordan coefficients

We report the explicit definitions of the Clebsch-Gordan coefficients, given e.g. in [22].

CItts = J BIEUCREY o 1 (A1)
DIAE on T Mo = (—1)"27““\/3(2J2+1)(2J2+2pg+1)(2J+1)(2J+2p2+1)
Q2 Q2 1
X CoymomCanmamy @ @ 1, (A.2)
Ji J1 0

EJiMypr;JaMapa; I Mp = \/6(2J1+1)(2J1 +2p7+1)(2J2+1) (224205 +1) (27 +1) (2 +2p% +1)
Q1 Q11

x(~1)TEE 0, 001 Q1 Q2 @) (@1 @@ , (A.3)
~ mi1 mo m ml T7L2 m
QR Q1
Fpahm = ()00 (20 41)(20541) (242+2)
7 U, U &
Ui,m1 U1,m1 1 V1 35
XCU27m2’JmCU2,mQ,Jm{U2 U2 (A4)
Gt = (—1)5\J6(21+1) (22+2) (27 +1) (2T +2p2+1)
 [wo
Ui,m Uy, ~
XCU217m21,QmCU;m21;Q’m U2 ({2% ; (A5)
Q@ Q1
where we defined the quantities
1 ~ 1-— 1 ~ -1
UEJJF"jlr L U=J+ 4”, QEJ+p(p2+), QEJ—i-p(p2). (A.6)

Properties of 9-j and 6-j Wigner symbols were used to write the coefficient F in this form,
but the expression is still completely general.

The previous Clebsch-Gordan coefficients can be defined in terms of specific contrac-
tions of spherical harmonics on the three-sphere. This representation is convenient to keep
track of momentum conservation and also to obtain specific crossing relations between dif-
ferent kinds of harmonics (e.g. scalar and vector ones), as we will show below. Precisely,
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we have

ngllj\\/[/jzl;JM = /ss dQ(Vyan) ViV (A7)

DM pmsariy = [, 42 )" VinViase (A3)
ngMlpthszzJMp—/ dQEZJkleMlzyJQMQJyJMkv (A.9)
F oo ar = LAYV )" Yiapa Yo (A.10)
G / A0 (Vtana)” VsV i (A1)

where V* denotes the complex conjugate of the harmonics ).

Notice that these Clebsch-Gordan coefficients always contain three sets of indices
(Ji, M;), with possible other labels (k;,p;) specifying the spinorial or vectorial compo-
nent of the harmonics. We will adopt the following convention: whenever any set of indices
is higher, it means that the corresponding spherical harmonic appears with the complex
conjugation, e.g. we define

JM .
En 1p1J2M2p2;JMp:/S3 Aeijk Voan )" Voonn Y - (A.12)

A.2 General crossing relations

We derive a general crossing relation that relates quadratic combinations of the D and £
Clebch-Gordan coefficients, and it is used to compute the effective Hamiltonian in the limits
analyzed in section 3. The starting point is a particular product of four vector spherical
harmonics

I= /dQ €ijk€kin YT 01,1V It YT vtV a0 (A.13)

Since the block eZ]kYJ1 M”YJ2 Mo transforms as a vector under spatial rotations, we can
decompose it into vector harmonics, with

12
Vk( )_Ezykylelzbew Z VJ p)ngk' (A.14)
J,M,p

The coefficients of the linear expansion are nothing but the Clebsch-Gordan coefficients &,
as defined in eq. (A.3). Indeed we find

V}}\?)’(p) = /dQ Vk(lg)(yf;Mk /dQ €ijk yJMk) leMlzyJQng JMleMlﬂl;J2M2P27
(A.15)
as follows from the normalization of vector spherical harmonics. Consequently, we find for
the integral (A.13)

(34)
I= /dQVk12)Vk3 Z g J1M1P1;J2M2P2gJMP§J3M3p3;J4M4P4' (A.16)
J,M,p

On the other hand, another way to write eq. (A.13) is the following comes from the prop-
erties of the Levi-Civita symbol:

I= /dQ yJ1M1ZyJ2M2]yJ3M5’LyJ4M4J yJ1MlzyJQszngngyJ4M4z) . (A17)
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If we insert a complete set of scalar spherical harmonics, we get

I— /deJMle]\/[12 JSMSrL/dQ/yJMyJQMQJyJ4M4J
(A.18)
— Z /deJMylelzyJ4M4z/dQ yJMyJQMijJ3M3]

After recognizing the appearance of the D-type Clebsch-Gordan coefficient defined in (A.8),
and combining with eq. (A.16), we find the relation

> e : .
J1Miyp1;JaMapa©JMp;J3sMsps;JaMyps —

FaLe (A.19)

_ JM
Z (DJ1M1p1 J3M3p3DJM;J2M2p2;J4M4p4 - DJlM1p1;J4M4p4DJM;J2M2p2;J3M3p3) :

A.3 Crossing relations at saturated angular momenta

The equation (A.19) derived above relates Clebsch-Gordan coefficients for arbitrary values
of the quantum numbers characterizing the harmonics.

From now on, we will consider instead crossing relations arising from particular satura-
tions of the Clebsch-Gordan coefficients, specifically the assignments of quantum numbers
given by eq. (3.59), (3.60) and (3.61). While all the special cases are characterized by an
unspecified value of —J < m < J, there is a saturation of the m eigenvalue and this informa-
tion will be sufficient to provide non-trivial conditions between Clebsch-Gordan coefficients.

This analysis represents a generalization of appendix C in [12], where the factor of
SU(2) Clebsch-Gordan coefficient containing the unfixed momentum m is collected in front
of all the relevant expressions. We will see that it is possible to express all the coefficients
in terms of the purely scalar one, which reads

T2 Ma;Jmait (Ji+ Jo — DS+ Jo + J + 1)1 J2madme '

We specialize the definitions (A.1)-(A.5) to the case of saturated momenta. We define the
following quantities

AJ=J—Jo, Am=mi —mo. (A.21)

In particular, an important role is played by this specific SU(2) Clebsch-Gordan coefficient
with saturated momenta

o _ (1)l (2J2)!1(2AJ)!(J1 — m1)!(J1 + )
Jama;AJ,Am (2J1)'(J2 — mg).(JQ + mz) (AJ Am) (AJ + Am)' ’
(A.22)

since it enters explicitly all the fundamental blocks defined in section 3.
The following relations hold:

e Clebsch-Gordan coefficient D
) 1+A 1-A
Db _;(J1+J2—J)\/(J+ e J)CJIMI (A.23)

JoMaiJmin,p=—1"" Jo(Ja+1)(J+1) (2] 41) T2 MesTmm?

(JH1HAT)(J+H1I-AT) L7014
Jo(Jo+1)(J+1)(2J+3) T2MziJ+1mm

,Dg;ﬁ; Jmi,p=1"" (J+J1+J2+2)\/ (A.24)
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¢ Clebsch-Gordan coefficient £

Gkt qymi—d |THIHAD(T+1-AJ) 7,04
5JM,p=—1;j1M1 =™ \/ (J+1)(2J+1) TiMy; T (A.25)
L JoMa _ mtmi—g41|AJ] TaM
Epptp=oimn, = (=DM T A M (A.26)
e vmi—g1 [TFIEAD(J+1=AT) 7
gJM,p:l;lel ? 2_(_1) ' \/ (J’+1>(2J+3) j12M12;J+1,mm' (A27)

e Clebsch-Gordan coefficient F

JiMy _ 1My
TaMo;Jmin — ~JeMa;Jmm (A.28)

e Clebsch-Gordan coefficient G

JiMy - (J+AJ+1)(J_AJ+1) Ji My (A 29)

JaMa;Jmin,p=—1 "~ (J+1)(2J +1) JaMa;Jmin ’

g@/\fh - ('] +AJ + 1)(J —AJ+ 1) JiMa ~ (A 30)
TaMa;Jmim,p=1 (J + 1)(2J + 3) ToMa;J+1,mn :

We explain the general technique to explicitly solve the sum over J for the terms of the
effective Hamiltonian mediated by the non-dynamical gauge field. The method to solve
the sums for the other interactions is directly explained in section 3.

Interactions mediated by non-dynamical gauge field. While there are many terms
contributing to the result in eq. (3.80), all the sums over intermediate quantum numbers
that involve terms mediated by non-dynamical modes of the gauge field can be solved
applying the same trick. We explain in full generality the technique, and then we will show
the explicit application in some specific examples; the other cases can be treated similarly.

The common feature of all the interactions mediated by the non-dynamical gauge field
is that their contribution arises from evaluating the expression (3.14). In the case of terms
involving only scalar fields, gauge fields or mixed products of them, it is supplemented by
specific quartic interactions appearing in the original N' = 4 SYM action. This does not
happen for fermions, since there are no such quartic terms in the action.

The formula (3.14) contains a sum over three contributions: the square of the current

j(‘)] ™M and the square of the current jg)”m, for the values p = +1. These currents are always

linear in the Clebsch-Gordan coefficients. It can be shown'# that all such blocks can be

1YWe verified that this statement is true for all the blocks entering eq. (3.14), but in this appendix we
will show the details only for some specific cases. The procedure is straightforward but repetitive.
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put into the form

1 mm -Jmm
Hiye = tr (JZ W\o = > —m2)|]d?) 2) -

m,m p==x1Jm,m
J= Jmax )
= X X |G d) + foy (i D) CNL pmanCTN (A.31)

T=Jmia(p)
+f(1)(Ji’ J) C:;g/\/\//llzl J+1, mmcngg J+1 mm:| tr ([WJlml ’ WszQ}[WJ:ams? WJ4m4}) .

Here we denoted with W € {®, ot ¢, C(I, A, AT} a generic field in the set of the dynamical
modes (3.56), with [-, -} the (anti)commutator between fields (depending from the statistics)
and with f(_y), f(0), f(1) some functions of the momenta J,J;. Specifically, the subscript
refers to the contributions from p = 41, while the case p = 0 corresponds to the square of
the current j‘]mm

The sums over (m,m) are trivial because they correspond to solving constraints in the
form of delta functions arising from momentum conservation. The endpoints of the sum
over J are determined from triangle inequalities and generically depend from the value of

p. This allows to apply the following trick to solve the sums:

1. Consider the term with p = 1 in the sum and perform a shift J — J — 1. This step
has two consequences: the first one is to bring the corresponding quadratic term in
the last line of eq. (A.31) to the form

M JaMy
Cj;MQI,Jmij,ng;Jm’fh ’ (A32)

which is the same combination multiplying the functions f(_y), f(9). The second con-
sequence is the shift of the endpoints of summation for the term with p = 1.

2. At this point we can collect the common factor (A.32) from all the terms in the
argument of the sum (A.31), which now involves the combination

f(J, i) = f—1)(Jiy I) + foy(Jis J) + foy(Ji, J + 1) (A.33)

3. Notice that for all the terms mediated by the non-dynamical modes of the gauge field
in the interacting Hamiltonian, we obtain

f(J, Ji) = 0. (A.34)

Then all the non-vanishing part of the sums over J can only arise from the boundaries,
if the endpoints of summation after the shift of the p = 1 term are not the same.

There are few more remarks on this procedure. The first caveat is that the case AJ =0
is special, because the lower boundary of summation is J = 0 and the term corresponding
to p = 0 has a singular prefactor. This implies that we need to start the corresponding
summation from J > 0, but the rest of the procedure works in the same way.
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The second remark is that for the terms involving four scalars, four gauge fields or
two scalars and two gauge fields, the combination (A.33) does not vanish. On the other
hand, the A/ = 4 SYM action contains an additional quartic contribution for each of these
terms. After adding such terms, which also contain the quadratic combination (A.32), we
remarkably find that the improved function f(.J, J;) vanishes. This allows to solve exactly
these summations using the same strategy. We show how the procedure works in practice
in few cases.

Example 1: quartic scalar term. We start from the purely scalar interaction and we
define the quantities

Jimad (W Fwip) Wiy +wiy) \ »7 M TiM
AJ;Z;J;Z;JW?% = (1 + - 4JZ']+13) s CJ;M;;JmmCJ;?M;;Jmm (A'35)
16 _
Jima,J. _ TM TaM
Byma,Jyma; Jmiip = — i V(DA 1) Js(Js+ )DL, DI L (A36)

Simple algebraic manipulations and the application of eqs. (A.23), (A.24) give rise to the
relation

AJ1m17J4m4 + BJ1m1,J4m4 Pt BJ1m17J4m4 0, (A.37)

Jama,Jamg;JJmim Jama,Jamg;JJmin,p= Jamg,Jsma;J—1,mim,p=1 —

valid for J > 1. The combination in the left-hand side of (A.37) is the same as in the
interacting term (3.68), except that the term with p = 1 is shifted. Using the definitions
in eq. (A.21), we need to distinguish two cases as follows:

o In the case |[AJ| < |Am], the lower bound of summation Jy,;, depends on p. From
the triangle inequalities, we find that when p # 1, Jyin = |Am|. When p = 1, the
definition of the vector spherical harmonics implies instead that Jyi, = |Am| — 1.
Then the shift J — J — 1 in the last term above gives

Z (Ajlml,J4m4' + Jlml,J4m4. It Jlml,J4m4. _) -0
ama,Jamz;J,Am,AJ Joma,Jsmsz;J,Am,AJ,p=—1 Joma,Jamsz;J—1,Am ,AJ p=1 )
J=|Am|
(A.38)
after applying eq. (A.37).

o In the case |AJ| > |Am|, we find that Jmin = |AJ| for all the terms in (3.68). Shifting
J — J — 1 thus only cancels the terms in the sum with J > |AJ|, leaving the final
expression

Jima,Jamy Jimai,Jamy Jimi,Jama
> (AngQ,hmg;J,Am,AJJF Bsmartsma;gamagp=—1 T Bngg,J3m3;J,Am,AJ,p:1)

J=|AJ]

_ Jimi,Jamy

- _Bszg,J3m3;‘AJ|71,Am,AJ,p:1 ’ (Agg)

where we have used eq. (A.37) once more.

The evaluation of the last term gives the result (3.69) when AJ # 0. The limiting case
AJ = 0 works in the same way, except that the A term is singular in the lower bound of
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summation J = 0. For this reason, it must be excluded from the sum and we find that the
result is
Bl (A.40)

Joma,JJ3m3;J=0,m=0,m=0,0=—1"
which corresponds to eq. (3.70).
This computation represents a generalization of the similar technique explained in
appendix C of [12]. In particular, when the eigenvalue of momenta saturates to m; = —J;,
we obtain eq. (C.22) of that paper.

Example 2: quartic term with gauge fields. As a second example of the procedure,
we consider the case containing only gauge fields, which is a new contribution of the SU(1, 2)
near-BPS limits.

Along the lines of the purely scalar case, we define

mdama (WA, +wA,g,)(Wags +wAL) 57K, IM;J3Ms (A.41)
Jama,Jams;Jmin 4J(J +1) IM;JaM2 ™ JaMa ’ ’
N Jama — ,(pr,J twas twan)pwag twan twan)
Jama,JJamsz;Jmmp p w% ;= 4m2
.. My eIMpTsMs |
X EMpdanty” € FMy (A.42)

where now p € {—1,0,1} because we already included the contribution from the quartic
term in the gauge fields appearing in the original N/ = 4 SYM action, as explained in
section 3.2.

Using the expressions (A.25), (A.26) and (A.27) for the saturated Clebsch-Gordan
coefficients, we obtain by direct computation that
M i%; 5@%3 Jmin TN ilrfgl,i;l;nn; 1 mip=1 TN ilfn";f;ﬁf i p=0tN. iﬂ; i4$; Jmim,p=—1 = 0

(A.43)

The block in the left-hand side is precisely the same appearing in the interacting Hamilto-
nian containing only dynamical gauge fields, which is given by the sum of egs. (3.33), (3.37)
and (3.38). The only difference is that the term with p = 1 is shifted. In order to perform
the sum over J, we need to distinguish the two cases:

o When |AJ| < |Am|, after shifting J — J — 1 in the term with p = 1 we find that the
argument of the sum is precisely given by eq. (A.43), and the endpoints of summation
coincide for all the terms. Then the total result is vanishing.

o When |AJ| > |Am|, the lower boundary of summation coincides between all the
terms and it is Jyin = |AJ|. After the shift J — J — 1 in the term with p = 1, and
using eq. (A.43), we find that the sum reduces to a single contribution

Jama,JJsms;Jmm Jama,Jamsz;J mm,p=1

Z (MJ1m17J4m4 +NJ1m1,J4m4

Jszin
Jima,Jamy Jima,JJamag
+ Ny, Jsmasmin,p=0 +NJ2m2,J3m3;Jmm,p:—1)
_ _ ArJima,Jama
- Joma,Jams;|AJ|—1,Am,AJ,p=1" (A44)
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When evaluating the last expression with AJ # 0 explicitly, we obtain precisely the result
in eq. (3.39). The case AJ = 0 is special because the M term is singular at the boundary
value J = 0, and then its sum needs to start instead from J > 0. Taking this into account,
we find that the only non-vanishing contribution comes from

NJ1m1,J4m4 . +NJ1m1,J4M4 (A.45)

Joma,J3m3z;J=0,m=0,m=0,p= Joma,JJ3m3z;J=0,m=0,m=0,p=0 >
giving precisely the result in eq. (3.40).

Example 3: quartic fermionic term. We conclude the set of the examples with the
purely fermionic term. In this case there isn’t any quartic term appearing directly in
the A/ = 4 SYM action, and the effective interaction is completely mediated by the non-
dynamical modes of the gauge field. We define the blocks

. 1
Jima;J. _ JIM JaM
PJQIHT;J;TS;;Jmm - 8J(J 4 1)C\721M21;Jmﬁlcng§;JmTh7 (A46)
Jimasd _ 1 AM TiM
QJ;z;;Jizg;Jmfn,p:l B _8(J +1)(2J +3) Cjlezl;JJr1,m,mcj§M§;J+1,m,m , (AA4T)
) 1

Jima;J — JM TaM

QJ;Z;;ngi;Jmﬁ%P:—l - 78(J + 1)(2J n 1)CJ21M21;JmmCJ§M§;Jmm : (A'48)

It can be shown that

PJ1m1;J4m4 + QJ1m1§J4m4 i + Q‘hml;‘]‘lm‘l 1= O . (A49)

Joma;Jams;Jmm Jomao;Jzmaz;J—1,m,m,p= Joma;Jzmaz;Jmm, p=—

We recognize that, except for the shift of the p = 1 term, the left-hand side of the previous
expression corresponds to eq. (3.73). Distinguishing the different cases where we compare
AJ and Am, it is possible to show that a shift J — J — 1 in the term with p = 1 leaves a
non-vanishing remainder in the sum only when |AJ| > |Am/|. The result is

Jimay;Jamy Jimay;Jamy Jimay;Jamy _
Z (PJ2m2§J3m3§J:Am7AJ + QJQM2;J3m3;J,Am,AJ,p=1 + QJQWLQ;ngg;J,Am,AJ,pzfl) -
JZJmin

_ __JimaJamy
= = Qs Jamas AT—1,Am, A p1 - (A.50)

In particular, the explicit evaluation of this expression gives

_ QJlml;J4m4 _ 1 leM1 CJ4M4
Jama;Jzms;AJ—1,Am,AJ,p=1 8|AJ|(2]AJ| + 1) T2 M| AT, Am,ATY T3 M35 AJ|,Am,AJ

(A.51)
which is nothing but eq. (3.69). The special case AJ = 0 can be treated separately by
taking into account the singularity of the function P in J = 0. We obtain as a result
eq. (3.70).

As for the purely scalar term, this case is a generalization of a computation performed
in appendix C of [12]. When the momenta are saturated to m; = —J;, we recover eq.
(C.51) of that paper.

The analysis of these three examples concludes the study of the fundamental blocks
for the terms mediated by the non-dynamical gauge field. The mixed terms can be studied
using the same technique, and their sum over J still reduces to a boundary term.
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B SU(1,1|1) algebra

The letters in the free N' = 4 SYM theory can be well-formulated in terms of oscillators
aq, b and fermionic oscillators ¢* with o, & = 1,2 and a = 1,2, 3, 4. The oscillators satisfy

[aa, ag] = 6&57 [bo'n b;] = 5@55 {Cjn Cb} = 6ab . (Bl)
The corresponding number operators for each oscillator are defined as

a® = aLaa, bt = bgbd, = c};ca. (B.2)

We are following the notations in [5, 14].

In the SU(1, 1|1) subsector, the relevant oscillators are two bosonic harmonic oscillators
a1, b1 and one fermionic harmonic oscillator c¢3. The other number operators due to the
decoupling condition are

d=vV=c==2=0, =1. (B.3)
The corresponding central charge constraint is
al =o'+ =—1. (B.4)
The global algebra contains the SU(1, 1) generators L +, the U(1) R-symmetry generator R
Lo = %(1 +ala;+blb)), Ly =albl, L_=ab;, R= %cg(:3, (B.5)
and the fermionic generators given by the supercharges
Q= alcg, S = bics. (B.6)
The full SU(1,1|1) algebra can then be worked out by the oscillators (B.1)
[Lo,Li] = +L., [L_,L.]=2Lo
{QQY=Lo+R, {85}=Ly-R, {SQ}=L- (B.7)
L0.Q=3Q,  [Lo8]=—5S, [QL]=5" [5L,]=0"
States of SU(1,1|1) include one scalar mode and one fermion mode, including their d;
descendants.
90) = (alb])elell0), fin) = mwibbnakho» (B:)

These define the modes of the fields which can be used to represent the Lie algebra gener-
ators. These are shown as [12]

Lo= 3 tr|(n+ 5 ) Bi0u + (n+ 100

=N (B.9)

L.=1L" = > tr {(n + 1)<1>L+1‘I)n +4/(n+1)(n+ 2)¢L+1¢n
n=0

The Lie algebra relations of (B.9) are realized by Dirac brackets. Typically, an (anti-
Jcommutator for generators G; of the algebra [G1, G2} = G3 is represented as

{G1,G2}p =1iG3 (B.10)
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C SU(1,2) and SU(1,2|2) algebras

C.1 A review of SU(1,2)

We are focusing on the SU(1,2) subsector and its supersymmetric extension SU(1,2|2) in
the /=4 SYM theory. As shown in [5], the su(1,2) sectors are constrained to satisfy

d=t=3=c=1, b’ =0. (C.1)

It is convenient to use the oscillators to construct generators of SU(1,2) algebra. The
subset of the generators of PSU(2,2|4) algebra relevant in this subsector are [44]

1
L% =Jy= 5( J{al — agag), L% =J;, = aJ{ag, L% =J_= agal ,
1
D= 5(&1{31 + a;ag + 2b]ib1) +1, (C.2)
Py =albl, Py = albl, Ky = a;by, Ky = asb; .

There are eight generators in total, which can be mapped to the Gell-Mann matrices as
the matrix representations of SU(3). To be explicit, the matrices are

1 100 010 000
Li=§ 0-10 Li=|o000 L2=(100
000 000 000
00 000 (oo
Pi=1000 Pru=100i D=c2]010
000 000 00 -2
000 000
Kor=[000 Kiyp=|[000]. (C.3)
040 i 00

The generator D is related to the dimension operator Dy of psu(2,2[4) by D = Do + L}
where

1 1
A%:1+#ﬂm+£m+b%rﬂﬁm,lﬁz?ﬂm—b%ﬁ. (C.4)

Thus the by oscillator completely gets decoupled from this sector. The two Cartan gener-
ators of SU(1,2) algebra (C.2) are the dimension operator D and Jy respectively. There
are two independent Casimir operators in SU(1,2) group. It is useful to parametrize these
Casimirs as

1
02=p+q+§@ﬁww+f% (C.5)
1
03=§gp—@@+aq+wm+ap+m. (C.6)

The unitary representations of SU(1,2) were thoroughly explored in [44, 45]. It was shown
that the corresponding representations are parametrized generically by five quantum num-
bers, which are (p, q) to parametrize the two Casimir operators Co, C3, the spin j of SU(2)
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subalgebra spanned by J4 o, the dimension A as the eigenvalue of D and the eigenvalue m
of U(1) generator Jy in the SU(2) subalgebra.'® The D is analogous to the hypercharge Y
in SU(3) QCD theory.

The J4 o form the SU(2) subalgebra of SU(1, 2), and its operations on states [pg; jmA)
follow the conventional expressions

Jo [pg; jmA) = m|pg; jmA) (C.7)
Ji |pg; jmA) = \/§(G +1) — m(m £ 1) [pg; j(m £ 1)A) . (C.8)

The operations of Casimir operators and D are stated above. The other operators we need
to specify are P,; and K,1. As shown in [44], it is convenient to introduce a cubic function

G(z) = (z —z1)(x — ) (x — 23) = 2% — (Cy + 1)z — C3, (C.9)

such that the action of generators on states can be written as

, GGj+A/3+1) [jEm+1 ! 1 3
Kiglpq;JmM:\/ U 2].+/2 )\/‘72j+1 'pq;<3+2)7(mi2)7A+2>

—G(—j+A3) [jEm| (. 1)( 1) 3>
jE\/ 2 +1 2j pq’(j 5) \mEg).A+5)

t s _ -G(—j+A/3-1) jj:m+1’ ( 1)( 1) _3>
KiélqumM—ﬂF\/ 57 12 51 Prlits) mt o) A=

. W(é;ﬁ/& W‘ e (i-3) (me3)a-3) . @

_ P o
E 9 1 — I . .
where K1 = (P11, P21) and K (K21, K11). Now the remaining tasks are to use (C.10)
P 3

to figure out the allowed parameter region for p,q, 7, m, A such that the representation is

unitary.

The landscape of SU(1,2) representation theory was systematically explored in [44].
There are representations such that p,q can be complex numbers, which is analogous to
the continuous representation of SU(1,1). There are various versions of discrete series
representation which are distinguished by whether p or ¢ or p + ¢ are integers. To our
interest, we only need to focus on the integer series, where (p, ¢) are simultaneously integers.
The states in the integer representation are parametrized by the lowest spin and dimension

(jo, Do) [44].

Alternative basis of SU(1,2) algebra. Our aim is to formulate the representation
theory for letters of the form d?d’g@ including gauge fields, fermions and scalars. The dj 2
are considered to be descendants of two spatial directions of the effective 24 1 dimensional
quantum field theory. Therefore, we would like to have a basis of SU(1,2) algebra such
that the two spatial directions are treated equally. The algebra (C.2) is then reorganized

®The dimension A is equivalent to 2y in [44].
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into the following oscillator representations

1 1
L0:§(D—|—J0) = 5(1—1—&1&1%—1)1]31), L+:P11 :aIbJ{, L_ =Ky :albl,

= 1 1 - -
L0:§(D—J0) = 5(1+a$a2—|—b1b1), Ly =Py :aEbI, L_ = Ky = asby,
Jy = aJlrag, J_ = agal . (C.11)

The new basis (C.2) is written to treat SU(1, 2) as two coupled SU(1, 1) algebra, which
are generated by L4 and E:I:,O respectively. We use i}i,o to emphasize it is not anti-
holomorphic part since it does not commute with the untilded generators. The Cartan
generators are Ly and IN/O, while the dj 2 operators are identified with L, and i+ respec-
tively. Each of SU(1,1) itself is a 1 + 1 dimensional field theory, which can be acquired by
compactifying the other spatial direction. We would like to show how these generators act
on the descendant states in SU(1,2) subsector.

C.2 SU(1,2) with N/ = 2 supersymmetry

The main task of our work is studying the SU(1,2|2) subsector of N' = 4 SYM theory,
which indicates that AN/ = 2 supersymmetry is added into the global SU(1,2) symmetry.
As explained in [5], the subsector contains the following letters: a scalar ® = Z, fermions
(12 = X5.7 and the gauge component F';. We label them by Wy (see (4.6)). We define the
states |n, k, Wr) as

mn 1 n
‘d1d§‘b> = |n,k, Wh) = m(aibb (alb])relel j0)
mn 1 n
[did561) = |k W) = e (alb)"(alb]) "blelelch 0)
Y ‘ (C.12)
[didiGa) = [,k WE) = — ey (alb)" (alb]) blelele] 0}
mn n 1 n
(A ) = I, W) = — e (alb])" (abb])" (b)) *elebelich 0)

such that unit normalization is ensured for all of these states. Then we get the following
actions of the generators listed in eq. (C.11) on the states:

Ly |n kW) = \/(n+ D) (n+ k+ 1) [n+ 1,k Wr) |

Lo |n,k,Wi) = \Jn(n+ k+1—1)|n—1,k,Wy) ,

kE+1
Lo|n,k,Wr) = (n—i— ;) |n, k, Wr) ,

Ly ln, ke, Wr) = \J(k+ 1)(n + k +1) I,k +1,Wy)
Lo lnk,Wr) = \Jk(n+ k41— 1) [,k — 1,Wy) ,

- I
To ln, ke, W) = (k+”+ >|n,k,wf> ,

Ji|n, k,Wr) =\ /k(n+ 1) |n+ 1,k —1, W) ,
J_|n,k,Wr) =/n(k+1)|n—1,k+1,Wr) .

(C.13)

— 50 —



This basis is symmetric under the action of two descendant generators L, and L. We
will show later that the coefficients obtained from the actions of generators on the states
can be mapped to specific representations by identifying (p, q) in eq. (C.10).

In additional to the bosonic SU(1,2) generators in (C.11), there are following super-
symmetry transformation generators in this sector

Qi = alcT Qz = aQC;-r, Sz = blci, (Z = 1, 2) . (C.14)

The R-symmetry acts as SU(2) subalgebra, formed by
R;; 51] > ckck (C.15)
k=12

The corresponding R-charges are defined to be the eigenvalues of Ry

1
Ry = 5(0%02 - cicl) . (C.16)
At the end we also have an U(1), symmetry G written as
3
G=-1+ aIal + agaQ — b];bl + 5(‘3];‘31 + C;CQ) ) (C.17)

The Lie algebra structures can be then derived by the help of oscillator (anti)-
commutators (B.1). The non-trivial anti-commutators involving the supercharges and their

hermitian conjugate are
1 -
{in Q}L} = Rij + g@j(‘llzo — 2Ly + G) ,

o 1 B
i f =R;i + =06;;(—2Lo+ 4Ly + G),
{Q 7Q]} J 3 j( 0 0 ) (018)

1 .
{527 j} = - ]z + §513(2L0 + 2LO - G) )
{Qi, QY =070, {Qi,Ql} =0,/
The tilded and untilded anti-commutators do not decouple in (C.18), indicating the two

SU(1, 1) subalgebras are interacting. The anti-commutators in (C.18) generate the whole
SU(2) subalgebra {Jx, Lo — Lo}. The other SU(1,2) generators are generated by

{Qi,Si} = 6L, {Q!, SJT-} =05 L4,
{Qi,8;} =i, L—, {Q!, SJT} =655 -
Based on the definition of states (C.12) and supercharges (C.14), the supercharge

(C.19)

actions on states are

Ql|ddso) = v+ 1|artidbe),  Qf|drdsFy ) = vt 1 ‘d”“dkgl> :

Ql|ardseo) = VE+T|ards o), Q) |drasFy ) = VE+1 \dndk+1g1> ,

S] |drdso >=\/7+1 drdsco),  St|drdsc) = v+ R+ 2|didsEy ) 20,
Qb |ardsc) = v+ 1ldittdse),  Qi|ardsFy) =~V 1|ardiG) '
QL|ardsc) = VE+T|ards o), QLldrasFy ) = —VE+1 ‘dndk+1@> ,

s} |y dsa >:\/T‘d"d 1), SH|didsG) = v+ k+2|ddSFy ) .
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(a) Actions by supercharge generator Q. (b) Actions by supercharge generator S;.

Figure 2. Structures of letters as an A/ = 2 supermultiplet.

The Q;r are lifting the level of d; derivatives by 1 while the Q; are lifting the level of ds
derivatives. Besides, ST generators do not affect the level of derivatives. The corresponding
actions on the letters are forming an N’ = 2 vector multiplet shown in the figure 2.

The set of U(1) generators can be reorganized into the Dynkin labels [s1,71, q1,72] as
shown in (4.17), which can be used to parametrize the representations of the supermultiplet.
We can thus specify the representation by the Dynkin labels of the highest weight state.

These are
k+1 - 1
ﬂﬁ@:l@zn+4g—,L0:k+n;, Ry=0, G=-1,
k+2 - 2 1 1
dyds¢t Lo=n+i, Lo=’<¢+n+ , Ro=, G=-—7,
2 2 2 2
k+2 n+4 2 1 1 (C.21)
m ik ~2 T
D Lo=n+-——", Ly= =—7, G=-=
d1d2c 0 n+ 2 3 0 k+ 9 5 RO 27 G 27
_ k+3 = 3
ﬁ£F+:L0:n+—g—,L0:k+n;  Ry=0, G=0

Then the corresponding Dynkin labels are

dtds® . [k —n,k,0,n+k+1],

drdSct s [k —n,k,1,n+k+1], ©2)
s k—nk+1,-1,n+k+2], '
drdSFy o [k—nk+1,0,n+k+2].

The highest weight state annihilated by all the raising operator is the scalar ®. The
corresponding Dynkin labels are [0, 0,0, 1].

C.3 Examples of integer representations of SU(1, 2)

In the previous section, we have used the Dynkin labels to specify the representations of the
letters of N' =4 SYM in the SU(1,2|2) subsector. In this section, we would like to relate
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these letters to the representation theory of SU(1,2) studied in the literature [44], which
was reviewed in appendix C.1. Instead of Dynkin labels, we will study the representations
where the letters of SU(1,2|2) are transforming in terms of (p,q) parameters. This is
analogous to parametrize the representations of SU(1,1) by the quantum number j. We
will only consider the representations made by oscillators [44]. Assume (a,b) to be the
number of a, b oscillators applied to construct the state, then the eigenvalues of (J, D) will
be easily read to be

a MM) _ (C.23)

(J.4) = (2’ 2
The ground state operators in SU(1,2|2) subsector do not have a generators. Its corre-
sponding dimension is thus denoted as I satisfying Ag = b+ 1 = I. Comparing with the
data in the integer representation [44], we can fix the (p,q) to be

p=0, ¢g=1-3. (C.24)

Furthermore, since all the descendants are generated by L} and Z}i, one can read that
there are in total (n+ k) more a and b generators. The corresponding dimension and spin
J are thus

3 a n+k
A= — I | = — = . 2
In the remaining part of this section, we will carefully compare the (p,q) = (0,1 — 3)

representations studied by [44] and (C.13). We will find they match exactly.

(p,q) = (0, I — 3) representation. We would like to work with the quantum numbers
(n, k) which take values on all the negative integers and represent the level of derivative
generators L, L. The quantum numbers (j,m) of SU(2) in (C.7) are then rewritten as

n+k n—k
J 5 M 5 (C.26)

The corresponding action by Ji are thus consistent with (C.13).

The equations (C.25) and (C.26) are adequate to match the (p, q) = (0, I —3) represen-
tation of SU(1,2) studied in [44] with the symmetry actions in the new basis (C.13). Then
it is straightforward to check the actions by Ly and Lg are consistent with the definition

in the new basis
k+1 ~ n+1

1 1
Lo=5A+m)=n+-F—  Li=g(A-m)=k+——. (C.27)

To check the actions by the others generators (C.13) are consistent with (C.10), we

can first work out the polynomial G(x) to be

G(x)—(a:—é) <x+231—1) <x+1—é>.

Then let’s take the actions by L as an example. We find

GG+A/3+1) [j+m+1  [GR2i+i+1) [j+m+1
\/ 2j +2 2j+1 2j + 2 2j + 1 =tk +Dn+1).

(C.28)
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Actions by other generators can be extracted similarly from (C.10). The other generators
from (C.13) can be checked similarly. We can thus conclude the (C.13) is indicating the
letter Wy are transforming in the (p,q) = (0,1 — 3) representations of SU(1, 2).

Summary for field representations. Just as the discrete representation of SU(1, 1) is
parametrized by a half integer parameter j, the representations of SU(1, 2) are parametrized
by (p, q). As subsectors of N' = 4 SYM, the letters studied in this paper are all transforming
in the integer representations [44]. These are summarized below

« Gauge field: the gauge field F; is parametrized by (p,q) = (0,0) representation.
o Fermion: the fermion (, is parametrized by (p,q) = (0, —1) representation.
o Scalar: the scalar ® is parametrized by (p,q) = (0, —2) representation.

They together form an N = 2 vector multiplet whose highest weight state is ® with Dynkin
labels [0, 0,0, 1].
C.4 Actions by SU(1,2) symmetry

In this section, we would like to give an example showing how the action is invariant under
the SU(1,2) symmetry action. Without loss of generality, we will only consider the action
by supercharges in (4.11). Take Q]i as the example. Its action on the Hamiltonian is

o0

(@) Hine = 5y 3 o [(@Do(Bh)as) Bedos + (@D (B )os) B
2 3 (B (@DotBoa) + B (@D (BH)) N
:Jvniotr[_\/m(B%T)nH,k(Bﬂnk%-\/m(Bg)nJrLk(B%)nk} )
kZOtr[ (BYui/ (B} e+ V(B i (B)-1,] = 0.

The variation is exactly a telescopic sum and can be proven to vanish by shifting n — n—1.
The Q; and SZT actions are similar. The supercharge QJ{ is relating (B;,B%T) as vector
multiplet and (Bg, B%T) to be an N/ = 1 chiral multiplet. The cancellation is happening
between the corresponding N = 1 supermultiplet.

Since the bosonic SU(1,2) generators (4.7) are the anticommutators of supercharges,
we can prove the invariance of Hamiltonian Hiy under SU(1,2) generator actions simply
by the group associativity.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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