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We study the supersymmetry generators Q, S on the 1-loop vectorless sector of N' = 4 super Yang-
Mills theory, by reduction to the plane-wave matrix model. Using a coherent basis in the 311(2 | 2) sector,
a comparison with the algebra given by Beisert is presented, and some parameters (up to one loop) are
determined. We make a final comparison of these supercharges with the results that can be obtained from

the string action by working in the light-cone gauge and discretizing the string.
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L. INTRODUCTION

The gauge/string duality has been the object of study for
more than a decade by means of the anti—de Sitter/confor-
mal field theory (AdS/CFT) correspondence [1-3], be-
tween IIB superstrings on AdSs X §°> and N =4 U(N,)
super Yang-Mills (SYM) theory in four dimensions. But
while the results calculated from the gauge theory are
perturbative in ’t Hooft coupling A = g%\N,, the calcu-
lations on the string side are valid for strong coupling A.

This strong/weak property of the duality limited its
study to operators/states in sectors protected by supersym-
metry, as these would receive no quantum corrections. But
a heuristic comparison of the algebraic structures in the
weak/strong coupling limits was possible by taking the
plane-wave limit, or BMN limit [4]. On the gauge theory
side, the BMN limit is taken by considering single trace
operators, i.e. N, very large, with large R charge of 30(6)
J~ /N, and conformal dimension A, keeping A —J
finite. These operators consist of a chiral primary (trace
of a large number of a complex field) with some impurities
(other complex fields, bosonic or fermionic). Even though
the "t Hooft coupling A = g%,,N.. is very large, one can use
perturbation theory provided some effective coupling A’ =
gimN./J* ~ g%y 1s kept fixed and small.

On the string side we start from the Green-Schwarz
action on the AdSs X §° [5], with J ~ /N, now being
the angular momentum in one of the directions of S°. We
also take the energy E (generator of time translations in
AdSs) to be large, obeying E — J finite, thus originating
pointlike closed strings with large angular momentum in
S3. In light-cone gauge, the quantity E — J is just the light-
cone Hamiltonian, and the light-cone momentum P, =
E +J is very large. In this case, there is an effective
coupling just A = 4A/P2, which is equivalent to A’ in
the limit J — oo (P, /2 — J). This limit allowed a direct
comparison of the dilatation operator in SYM (anomalous
dimensions of operators in the conformal field theory) to
the energies (E — J) of pointlike semiclassical string os-
cillations in the plane-wave geometry.
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The algebra of symmetries p311(2,2 | 4) is central in
AdSs5/CFT, correspondence, as both the gauge theory
and its string theory dual have the same underlying super-
symmetry algebra. The two-dimensional sigma model
which gives us the perturbative string theory in AdSs X
$3 [5] has a manifest global symmetry under PSU(2,2 | 4)
[6,7], which is the same group of internal and space-time
symmetries of the N = 4 SYM. (See [8] and references
therein.)

In particular, one can use the algebra to compare the
scattering of particles in the duality. For large 't Hooft
coupling the scattering is best described by string theory,
but for small "t Hooft coupling the spin-chain description is
more adequate. It was shown by Beisert that the nonpertu-
bative S matrix is almost completely determined by the
centrally extended algebra 311(2 | 2) ® 5u(2 | 2) [9,10], up
to an overall dressing phase (determined by a crossing
symmetry restriction [11-14]). Each of these centrally
extended algebras 311(2 | 2) has the following structure:
bosonic (kinematical) generators Ry, L, corresponding to
the rotation generators of the bosonic subalgebra $11(2)
311(2); fermionic (dynamical) supersymmetry generators
Qg, Qy’ ; and three central charges H, C, and ct
(Hamiltonian, generator of space translations, and of
boosts).! Their commutation relations are

[Lg, 3] = 830 — 165,
[Rg, J] = 853 — 384,
(L J,]=—65)5 + %SgJy,
[Rf, 3] = =503, + 164, W
{Q2,Q}’y = 85L% + 69R. + 15459,
{Qs. Q) = e*Pe,C.
{Ql, Q}gb} = e, pCT.
In the above expressions, J¥ (where M € {a, a}, a being

bosonic indices and « being the fermionic ones), is any

"Note that (Q¥)T = Q¢ and the same relation holds to the
central elements C and C*.
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element of the Lie algebra. From the elements of the
algebra, the dilatation operator (or central charge
Hamiltonian) has been studied in detail (see [8] and refer-
ences therein).

Much has been done on the study of sectors of this
superconformal algebra on the string side [15-19]. On
the gauge side, Beisert perturbatively studied and deter-
mined the action of the generators of the superalgebra
31(2 | 2) up to two loops, by first restricting to the sub-
algebra 311(2 | 3) whose fundamental representation con-
sists of three complex scalars and two complex fermions
[20], and finally considering an infinite chain of one of the
scalar operators [10]. Using Bethe ansatz techniques it was
later conjectured an all loop result in this sector for the
action of the algebra generators [9].

In this work, we present the supersymmetric (SUSY)
algebra in terms of a matrix model reduction of Yang-Mills
theory in the large N limit. The matrix model has played a
very useful role in large N theories. In fact, the %
Bogomol’nyi-Prasad-Sommerfield (BPS) sector of N =
4 SYM is completely described in terms of a complex
matrix model [21-25], and the 4—1‘ BPS generalization is
also of great interest (work in progress). Presently, the
interest is in the detailed construction and comparison of
supercharges and their commutation relations both on the
Yang-Mills theory and on the string side. We will demon-
strate that the algebra given by Beisert in [9] (at least at one
loop) is correctly reproduced from the reduced matrix
model point of view.

In [26] it was seen that the plane-wave matrix theory
[4,27] arises when compactifying N = 4 SYM in R X §°
followed by a consistent truncation in order to keep only
the lowest Kaluza-Klein modes (see also [28,29]). These
modes have masses proportional to a mass parameter,
given by (%)3 = %. This theory was shown (in some

sectors) to still be integrable up to four loops [30,31].
The study of this model is simpler than the full N =4
SYM, and can be found in Sec. II. In this section we
present a detailed study of the supercharges Q and S,
following the approach of [26]. In Sec. III we restrict
the action of the generators of the algebra to a subsector
31(2 | 2). The results presented in this paper are one loop,
and we compare our results with the nonlocal generators
presented in [9], evaluating some of the parameters defin-
ing these generators.

Some methods have been employed in the gauge theory
side that allowed a comparison of the Hamiltonian to string
theory equivalent algebra generator. Such methods include
the use of coherent states [32-34], collective field theory,
and string field theory [35,36]. In this framework one can
compare a discrete (first quantized) version of the super-
charges on the string side with the oscillator expansion of
the charges in SYM, in the BMN limit.

In Sec. III we use a coherent state basis to write the
supercharges, which are then shown, in Sec. IV, to have the
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same structure as the first quantized version of the algebra
generators determined from the string action. In Sec. V we
present a summary of the results and some future paths of
investigation.

IL N =4SYMON R X $3: A REVIEW

In this first section, we summarize the method of finding
the supercharges of 311(2,2 | 4) up to 1 loop, as can be
found in [26,28].

The action for N = 4 SYM in four dimensions can be
obtained from dimensional reduction of the N =1 10-
dimensional SYM on a 6-torus. Using the notation where
the D = 10 Dirac matrices split into SO(1, 3) X SO(6), the
action becomes

2 1 1
S=—— d4X\/|g|Tr{—ZFWFw_ED’Ld’iDu‘ﬁi
8ym

- %dﬁ + ;l‘[dn-, é;F —2ialo#D 1A
() At i02 by 5] — (pDas(AN T io[ ', AB]}.

We have a vector field A s six real scalars ¢;, and four
Weyl spinors A,, (all in the adjoint representation of the
gauge group). The six scalars transform in a 6 of the
R-symmetry group SO(6) = SU(4)g, while the spinors
transform in a 4. Coordinate indices are x* = (1, x%), u =
0,...,3, with the spatial coordinates having (curved) in-
dices a = 1, 2, and 3. The metric is given by

ds* = —di* + R*(d6? + sin20d > + sin®0sin® yd x?),

where R is the radius of 3, and R = 2 is the Ricci scalar.

Some notation.—From this point on we will be consid-
ering o* = (1, 0%) and * = (—1, 0%), where the o are
the usual Pauli matrices pulled back to S3. Also, p?8 =

1

o8 are the Clebsch-Gordan coefficients of SU(4) that
relate two 4 irreducible representations (irreps) with one
6. These coefficients have several properties, in particular
piB = 1gABCD(p1) ) and allow us to write

¢ = %P?Bq)AB = %(P;r )ABq)AB-

Finally, one comment about the Weyl spinors. We know
that in D = 10 we start from a 32-component complex
spinor, and by imposing a Majorana-Weyl condition, ob-
tain a 16-component (after fixing the xk-symmetry) spinor
L. This spinor can be written in terms of Weyl spinors as

)lozA
L=1. PR
<l("2)aﬁ)‘ﬂA )

2We will be following the notation of [26], in which a different
basis for the y matrices is used. The same procedure could be
done by following [28] choice of basis.
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with = 1,2 and A = 1, 2, 3, and 4. The A*4 are four 2-
component Weyl spinors.”

A. SUSY transformations and corresponding charges

The SUSY transformations are given by

8,A, = Zi(/\ia'MnA — nj\ch/\A),
5,,(I>AB = 21'(—)ljgiolSABEF77’;7 — (MTig*n?
— (AB)Tig2nh),
8, A = JF o'y + 2D, B 5 io?ny

+ @BV my — 2i[DAC, Dglnb.

We want to build the Noether charge Q7. To do so we
need to take into consideration the pairs of canonical
variables. From the action, we have the following (anti-)
commutation relations:

[Fo, A"] = 82,
[Doo;, ¢j] =6;;= [Dy®,p, PP
= 5(6% 85 — 856%),

{—i(A1a0),, ABR} = 6588,

Also one has to take into consideration that n®4 are
Killing spinors, which in R X §* obey the equation
V,n== #a'ﬂn, and so will give us two soluti_ons Ns.
We will then obtain two charges Q = Q; and Q = Qg,
corresponding to . and 7_, respectively.

The fermionic Noether charges are thus*

2
On=—— | dQTr{-2iA}0%5,"
8ym /S8

— 2i(A)T 008, A% ).

For the purposes of this paper, we will simplify the
calculations by setting the vector field to zero (we will be
looking only at the sector of scalars and spinors). This
truncation is consistent with the one-loop calculation we
will be performing.

3In the basis used in [28], the separation of L into L =
(L.L_)" becomes a separation into SU(2); X SU(2)g, for
which one uses dotted/undotted indices & and «. In the basis
used in [26] this separation is not obvious.

For comparison purposes, one could also write this charge, in
the SU(2), X SU(2), formalism, as

2
Qc=——

. | Te{iA§ 00,8 A + iXA(0°) 48 Aaa):
YM VS
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The nonvector sector of the charges Q7 is given by

2
On=——— | dOTH2iA{N" 000y,

8ym /8
+2V, 485902y + OG0’V , mj
— 2{[®AC, D ]nP) + 2i(A1)T
X (—21L45(0) io? n? — 2V, D ,5(64) io* n®
= D50 i07V P = 2i[ Dy, PR},
(2)

where I1 45 is the momentum conjugate to the bosonic field
PAB,

We now have an expression for the supercharges. The
next step is to evaluate it on R X §3: we expand the four-
dimensional fields in terms of the spherical harmonics of
§3 and then perform the integration of the sphere.

B. Harmonic expansion on S3 and the plane-wave limit

Each field, defined by its spin, will have a decomposition
in spherical harmonics on S3. These spherical harmonics
can be labeled by the irreducible representations (m;, my)
of the isometry group SO(4) = SU(2); ® SU(2). As such,
we have
(1) Spin 0: We have scalar spherical harmonics Y, ("01), in
the irrep (k + 1, k + 1). Their mass will be (k +
1)/R.

(i) Spin %: In this case we will use spinor spherical
harmonics: Yg‘ll/;), in the irrep (k + 2, k + 1); Y(kll/_Z)’
in the irrep (k + 1,k + 2). Both have mass (k +
3/2)/R.

As usual, k labels different irreducible representations, and
I enumerates elements of a particular irreducible represen-
tation (I = 1---d, where d is the dimension of the
representation).

The expansions of the fields in the corresponding har-
monics are

oo (k+1)2

S =3 S BV ()
k=0 I=1
oo (k+1)(k+2)

) =3 3 S AME@YE) L ().
k=0 I=1 +

Note that spinor spherical harmonics are 2-dimensional
commuting Weyl spinors. The Killing spinor n* (parame-
ter of the superconformal transformations) will have the
same expansion as A%, with coefficients n***(z).
Plane-wave limit [26,27].—We want to truncate the
infinite tower of Kaluza-Klein modes to the lowest super-
multiplet. One can then climb up the various states (with
increasing masses) by acting with the two supercharges
Q; = (2,1,4) and Oy = (1, 2, 4), where the numbers cor-
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respond to representations of SU(2), ® SU(2); ® SU(4).
Focusing on the zero modes of the Kaluza-Klein tower we
find 6 scalar spherical harmonics, constant on S°, and 4
lowest spinor spherical harmonics S&*, in irrep (2, 1) ®
(1,2) of SU(2), ® SU(2)g (the hatted index refers to the
degeneracy of the solution), solutions to the killing spinor
equation for a Weyl spinor.
The fields with only these zero modes become

¢i(x) = X;(1),

2
Ad(x) = D (04T ()STH (x9) + 647 ()SE™ (x).
a=1

If we restrict ourselves to half of the supercharges Q;,
then together with the bosonic symmetries will generate
the subalgebra 311(2[4). The restriction to the Q; charges
leads us to consider only the zero modes that are SU(2)z
singlets. Then we keep all the lowest scalar harmonics, and
only two spinor harmonics S&* (instead of the 4 if we
included S¢7). The conjugate momenta 7r; will have the
same expansion as its conjugate field ¢;, that is 7;(x*) =
I1,(z).

Now we can proceed to the actual integration on the
supercharges. Going back to (2), we find that’:

fio?ny

0, =0n" = Tr{(%XAB + ZiHAB)
— V2[Xuc, XCB]HgAs&BnBE
+ (%XAB - ZiHAB>(0+A)Ti0'277+B
— \/E[XAC’ XCB]HXg a,éngB}

=Q0:n+Sin"

The final expression for the supercharges is®

. (1
QA = Tr{_HBa(EXBA - ZZHBA)
_ ﬁgﬁdg;B[XBc’ XCA]}’ (3)

) 1 , 1s
§AG = Tr{é’; E<EXBA + 21HBA) — V2[ Xy XCA]ag}sﬁ .

5In order to obtain the supercharges integrated over S°, we
used the properties of the spherical harmonics, as well as other
properties of the Pauli matrices. These pro ertles can be found in
[26-28], and include o*ic?o!, = (6*) ic?o, = —2io?. In
the same references one can ﬁnd the expansion of spin 1 vector
fields. We also used an identification between the radius of the
sphere R and the Yang-Mills coupling constant gvy; such that
47°R3 /g%y — 1. This prefactor shows up when obtaining the
action of the plane-wave matrix theory action from N =4
SYM action, and would also appear in the charges.

SNote that in our choice of basis the relation S = QT is not
manifest.
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III. THE 8u(2 | 3) SUBSECTOR AND ITS
RESTRICTION TO THE 3u(2 | 2)

We will continue by studying the sector 311(2 | 3), as in

[20]. For that we reduce our fields as follows:
0« = 9%, Pt = X, a=1,2; a=17273.

By construction we have ¢¢ = ¢, and 7, = I1,,, as well
as XBC = 1gBCAPX, |, The supercharges restricted to this
sector can then be written as

0 = Tr{—ﬂ“d(%&a - 2iH4a)
— \/EQIES’M[X“C, XCa]}
= Tr{ﬁ“(% ba + 2iwa) ~ 20} [, ¢>”]};
“)

sae — Tr{eT ( X4 4 21H4“) —V2[ Xy XCa]e;g}e/?d

= Tr{b’}),(l—e ¢4 — Ziﬁ“) —2e%[ .., d_Jb]GVsyB}aB“.
)

In order to continue, we will need to rewrite the fields in
terms of creation/annihilation operators. First identify 1=
%, l.e. exchange the parameter R by a mass parameter m
[26]. Then consider the expansion of the six scalars/mo-

menta X;, I1;:
a; = \/%(iﬂi + 5X0) = \/%(ai +al),
; = %\@(ai - a}t),

%(—IH, + %Xi)’
The bosons X, are a combination of two real scalar fields
such that X4 = 3(X, + iX,43), a =1, 2, 3. If we now
define the creation annihilation operators as a¢ =
a® + ia*3 and bt = gt + a3, with a =1, 2, 3,
we then have the following expansions for our (complex)

fields:
d)a —Xa4 _\/7(61 +b1'a)
(6)

m, = 1y, = Z\/-'(aa ba),

with equivalent expressions for fields ¢, and .
Introducing also fermionic creation operators, the fermions
become

ot = ¢ = g*Pcy; @ = cta, 7)

We will be interested in the action of the charges on the
subspace of states that will only have excitations of ¢ and
bt, so we will drop the oscillators a, al in the bosonic
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fields. We find

3v2
Qi = TI'{ %C]Laba - \—/_Sa'gsabc[bfcr bTb]C,B},
V m
3+/2
a — Tr{—wl?b”ca - isaﬁs“bccw[bc, b,,]}.
m

As expected, these results are similar to the ones in [27], up
to a change of basis for the gamma matrices.

8)

A. The 8u(2 | 2) subsector: Vacuum and excitations

The study will focus on states that transform in the
311(2|3) sector and are single trace (gauge invariant) op-
erators of the fields (3 bosons and 2 fermions). This spin
chain arises from the large N limit of the gauge theory. In
this sector the action of the algebra generators can be found
in [20]. Consider now the vacuum as a long string of Z =
¢° fields. In oscillator notation, we have Z = b3t and the
vacuum state can be written as

iy~ 3tJ

A generalization of this vacuum consists of an infinitely
long string of Z fields (the asymptotic regime, J — ©0), as
in [10]. The excitations are now the other fields of the
31(2|3) algebra, xy € {¢!, ¢?|¢!, $?}, which corresponds
to the $11(2|2) subsector of the algebra. The excitations can
move through the chain on Z’s with some momentum p.
Thus, in momentum space we can write

N J
x =D ermix(n) = Y ey = x(po),

n=1 n=1

where n denotes the position of the impurity/excitation y
on the vacuum string.
A general state with K impurities can then be written as

Z eipimtFipgng

ny,.,ng=1

XlZ"'ZXIZ"'XZ"

X1 - xx: J) =

For an asymptotic state (/ — o0) we consider the dilute gas
|
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approximation, where the positions nj, ..
purities obey n; K n, K -+ K ng.

We should note that on shell the physical states are
cyclic (property of the trace), and so we must have
ZkK=1 P =0.

Now that we have defined the states that the super-
charges will be acting on, we can determine their action.
The first step will be to check what the charges do to just
one excitation on the vacuum. Then one can generalize to
multiexcitation states of the 311(2]2) subsector of 311(2|3).
Once we have the action of the charges on a multiexcitation
state, we can determine the commutator of two super-
charges, as a check of our results.

In this subsector the charges (8) become

., n; of the im-

0 = 5 mifue - (‘é)3ﬁsabe“ﬁ[z, 155}
S8 = \/? -4 ai B (\/%)Sﬁs“”saa pe O

iz sl

where we chose a coherent state basis, such that

9

cte— g T Gy
9

bte — g% b, — Pyl

For a = 3, we have the identification ¢ = Z. The factor
\/? will appear as an overall factor in every charge calcu-
lated, and will be dropped, as we know that the quadratic
terms come from the free theory gvy = O.

We now proceed to determine the action of the super-
charge Q (and equivalently S) on a single excitation state
Ix;Jy =3, ePt|Z"~ xZ/="* 1), If the excitation is bo-
sonic, y; = ¢!, then

0slx: J)y = Y e sz e (m)z! ),
n

while if the excitation is fermionic, XB = ¢B , we have

3\3 b
0fl1x:J) = —<‘/:) V2e e PN 212 (2, 0127 T+ )
m

J + 1

3 ’ +1 3
—(\/E) \/Esabsaﬁ —J Nl/2|Z"¢b(n + DZ/ T+ 1)+ <‘/§)
m J m

X \/Eaabsaﬁ T]\]1/2lzn—l(ﬁb(n)zj—n+2;J_i_ 1>

U

3)\3 . )
_(\/:) \/zsabsaﬁzetpn(e*tp _ 1)N1/2lzn*1¢b(n)zj*n+2;‘] + 1>
m n

It can be seen from the expression above that the insertion of a Z field before the excitation changes its phase by e 7, while
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the insertion after the excitation leaves that phase untouched. This is a property of the asymptotic state, for which an
infinite number of Z fields exist after the (last) excitation. This was seen in [10] as being equivalent to ““opening” the trace.
In the above expression we also kept only the first order in %

From the results shown above, we can easily determine the generalization to a multiexcitation state. First, rewrite the
state as

D) = lx - xis J)y = ettt tivko ko). (10)
i}

The action of one charge on such state is (zeroth order in %)

Q4. xx: ) = ZZeW* +Wk(l'[( 1)”’")))( x4 Qaxd) - xkloi )
k=1 {1;}

= Z Zezml +.. +szl,<(l_[(_1)F(m)){5(Xk ¢b)5aX1X2 . l/l”‘(lk) . 'X]Jr<|0;]>
=1{1}

K
=25t O TT e ) = Dewexind - ¢ xklo:s + v}, ()
1

m=k+

[
and similarly for the S charge (noticing that the action of S  where the coefficients are given by
on a bosonic excitation returns an extra factor of N). In r—
here 5(Xk o?) means that the excitation y(/;) is bosonic ¢4, = l_[ (—1)Fm),
¢?, while in &( Xk’ P) the excitation y(I,) is fermionic
P The factor (—1) is equal to 1 if y,, is bosonic and JIN K
—1if x,, is fermionic. Finally we defined M = \/Z. When by = e [ ( I)F(’"):I(l ’p")[ l_[ e”'f’m:l

X« 1s a fermionic excitation, one gets the expected factor of m=k+1
(e~ — 1), which already showed up in the single excita- N kfl
tion case, but one also gets an extra factor of =0 € e Ple'rr — 1)[ l)F(m)e"’”’:I
[1X_,., e P». This last factor can also be explained by m=1
the insertion of the Z field. In fact in the single excitation 2N o 11 i .
case we saw that Z changed the momentum if inserted €k = W[ ( 1) ]( P — 1)[ e'’r ’”]
before the excitation on the chain of fields. But now the m=k+1
field Z gets inserted before all of the excitations y,, with _ 2N o P ki' Flm) —ip
m >k, hence the change of momenta of all these - (- ‘ [ —DTmentrn ]
excitations. o m=l

The results of the action of Q and S on a multiexcitation d, = — l—[ (= 1)Fm), (14)

state will be summarized next using a nonlocal notation
(see also [9]).

m=1

There is one other notation, introduced by Beisert in [9],

1. Twisted vs nonlocal notations called the twisted notation. In this local notation we have

The supercharges Q and S acting on a general state 0%l - Ly =al bl Y e,
|x;J) can bel\:/ritten in a nonlocal notation: 0 - f = beBe e 2y
Oslxs ) = D {axdhd(x, ¢"xi - 9+ xis ) SOl = chebe gl ZTY PP, (15)
/;_]bksabsaﬁ(s(/\/}:’ ) Sa I l/ff Sy = d255| c YTl
Xxp @b xgsJ + D)} (12)  We notice the presence of the markers Z* and Y~*. These

markers have a simple explanation, up to one loop. The

K marker Y= marks the position on the string of fields (the

Saly;J) = Z{cks“”sa 50( XZ, ") state) where a fermion field was inserted (Y ) or removed
k=1 (Y7). In the twisted notation we are only given the action

Xy P xgsJ — 1) of the supercharge on the field k of the string. But in order

Ba(t 18 . for a supercharge to act on such field it will have to pass by
+didadxe PPNxi e xi Dl (3) the previous ones. If these are bosonic fields nothing
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happens, but if they are fermionic, a minus sign will appear
(for each fermionic field it passes). Thus, it is important to
know where the supercharge acted, which is done by the
marker. The marker is shifted around as follows:

V) = @ Y )

where

1 if bosonic
—_ (_1\Fk) — Xk )
&= (=1 {—1 if y, fermionic. (16)

The marker Z* marks a position where an extra Z field
was inserted in the string. This changes the length of the
vacuum spin chain, reflecting a change in the momenta of
the excitation fields. But this change in momenta only
affects the excitation fields after the position of the marker.
The marker has the property

|"'XkZi"'>=x_§|"'ZiXk"'>r where & = g*in,
Xk k
(17

with p; being the momenta of the excitation y;, as before.

In summary, the twisted notation is a local notation,
since it only provides the action of the supercharge on
the excitation field y;, plus a set of markers that allow us
to rewrite it in a nonlocal notation, as found in (12) and
(13). We can go from the twisted notation to the nonlocal
one by removing the markers from the first, i.e., shifting
them so that they will be at the right (or left) of all the
excitation fields.

In the local twisted notation we have’

V2N

a, = —d, =1, bl = 57 (1 — e~ iprx),
o = =2 imy,
k M3

2. Comparison with Beisert at 1 loop

One can find the all-loop version of these coefficients in
[9], for both the nonlocal and the twisted notation. In fact
we can expand the (nonlocal) coefficients given in that
reference to order O(g), and compare them to our results.
These coefficients are

"The coupling constant M° = (%) is related to the Yang-Mills
coupling constant gy in the following way:

1 8vm

M® 327
This relation comes from matching the prefactor of the reduced
SYM action with the prefactor of the matrix model action. In fact
we had m = %, where R was the radius of S°. Taking the radius
small corresponds to m >> 1 and consequently gy << 1.

PHYSICAL REVIEW D 79, 086014 (2009)
k—1 )
a; = y; l_[(_l)F(J)’
j=1

a e .
bp = g— (1 =) [T (=D)V),
Yk j=1

k—1
_ - Yk —i F(j)
Cr =1 e Pr(—1)F\V)),

+

k—1
d = g5 (1 = ) [](=DFO.
Yk j=1

We used the identifications (16) and (17) into the tran-
scribed coefficients, and also made a rescaling of the
parameter 7y, — ,/g7¥,. The expansion in g is hidden in
the dependence of x™, x~ on the coupling constant:
r by =L (18)
X X g

This last equation, together with (17), allows us to solve for
x"(g):

L1441+ 16g%sin*(p/2)
. ! 2g(1 —eiP)

Then by expanding this expression up to order O(g), we
obtain exact agreement with (14), as long as we identify
vie = (—1)F® and a = ¢~*. Note that the relation be-
tween the normalized 't Hooft coupling g and the Yang-
Mills coupling constant gyy is g = £2./N,, from the
gauge group SU(N,).

The other charges that we are interested in determining
are the Hamiltonian H and the central charges of the
extended algebra P, K. These charges arise from commu-
tation relations between the supercharges, which will be
determined next.

B. Commutation relations

At this moment we have calculated only the super-
charges of the full extended algebra $11(2]2), up to O(g).
We are interested in having the complete set of charges at
this order, which comprises also the rotations generators L,
R, the dilatation operator H, and also the central charges of
the extended algebra P, K (bosonic generators of momen-
tum and boosts, which have zero eigenvalues when applied
to physical states). All of these generators can be obtained
to O(g) from the commutation relations of the
supercharges.

The central charges of the extended algebra receive no
loop corrections, and as such, can be obtained exactly by
the anticommutation relations {Q, Q} ~ P and {S, S} ~ K,
by knowing the zeroth order of the supercharges. The other
generators will be obtained from the last anticommutator
{0, S}« R + L + H, but while the zeroth order super-
charges will be enough to determine rotation generators
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L and R, the central charge H will only be known correctly

up to O(g), as we will see below.
In the anticommutator of any two supercharges the only
terms that will not vanish are the ones where the two
|

PHYSICAL REVIEW D 79, 086014 (2009)

supercharges are applied to the same excitation. The anti-
commutator of two Q charges is

S V2N
{05, 03 x1 - xx: ) =3 xa - (QF, Q3hxw) -+~ xxs ) = a7 Z[(l —e7im) n e ”"]I)(l xx:d + 1)
k=1 I=k+1
V2N p—
= (1= e 2y d + 1),

This is just the action of the central charge {Q, Q} « P of
the extended algebra on a multiexcitation state. The action
of the other central charge of the extended algebra is
obtained from {S, S} « K:

2N

. K
xi:J) = W(] - e’zk=1pk)

J—=1).

We know from [9] that there is an outer automorphism
relating H and the central charges of the extended algebra
P, K, which corresponds to an $[(2) algebra. Closure of
this algebra on the original commutation relations of the
supercharges requires that

H>-PK =1

{5 Satx ...

X x1 .- Xk

19)

This relation should only hold when we consider the all
loop H, and not only when we consider the first two orders.
Using nonlocal notation, we find that the product PK is
given by

{Qf, Satxi-. xxs ) =

k=1

+ ckbksﬁﬁ/gaa’(sga(/\/z’ d’ﬁl)l/\/l e
yh -

+ akdk5Z5(XZ’ P xy

From Eqgs. (14) we have that

akdk = _1,
16N

4N —ipi)(pi —
bicy :W(l —e Pe)(e'Pk — 1) = — 3

P
sin (2 )
Also, we know from the algebra (1) that

LEN Y7y = 8LwPy — 1681y7),
Ril$) = 83107) = 151°).

For multiparticle states this generalizes to

K
Z{Ckbks‘m/sbbmsg(S(X;:ry (yba/)l/\/l Tt

PK = M6 (e_’ZA 1Pk — 1)(e+’zk 1Pe—1)
__ 8N Pk SN (P
- Wsm (kz'_l 2) v sin (5)
andso H> =1+ PK = | + 1%71\6[ sin®(5), which implies

1 32N )4 1 g%{MN . oD
=+ + o sin?( S ) = £ 41+ =)
H 2\/1 3 n<2> 2\/1 2 sin (2>

This is the result expected at one loop. The identification of
the matrix model mass parameter with the Yang-Mills
coupling coupling holds at one loop but some mismatches
were seen to appear at higher loop calculations, implying
some kind of BMN scaling breakdown, and a substitution
of the factor 2% for a function () [31].

We now calculate the anticommutator of Q and S, which
will be proportional to L%, R and the Hamiltonian H:

¢ x )
P i D)+ adi SRS, D) xy b X )
“xxs Dk
[
LEx - xx: ) = Z xi X1 xkloJ),

with a similar result for the charge RY.®
One can now easily see that

8The charges £ and R are the generators of the algebra that
correspond to rotations of the ¥ 31(2) algebra and of the ¢*
51(2) algebras, respectively. As such, L5|¢°) =0, and
Rily) = 0.
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{Qf, Satxy - xgs ) = 5§RZ|X1 xd) 5Z£g|)(1 .

PHYSICAL REVIEW D 79, 086014 (2009)

K

1
/YK"I> + 555Z Z(iakd,{ + bka)l)(l .. XK,J>

k=1

K K
— 88 breyd(xf dDxi - b xin Y = 88 by (xE y Oy WP Xk ).
k=1 k=1

If we compare with the expected results from commutation
relations given in (1), the last two terms seem to be extra.
But in fact this is the exact result. We (anti-)commuted
only the order g° and order g' of the supercharges. That is,
we calculated the nonzero anticommutators {Qg, Sy} o
R+ L+ H, and {Q,, S,}. This last anticommutator con-
tributes to order g2 of the Hamiltonian, H,, but there will
be another contribution to H,: the two-loop terms of the
supercharges, @, and S,, will have nonzero commutation
relations with S, and Q,, respectively, and contribute to
O(g?). So H, (the energy central charge of order g?) will
be fully determined by

Hy « {8}, 01} + {82, Qo} + {So. 0o}

Only by considering all of the above anticommutators we
will get the correct result for the H,. For calculations see
Appendix A, and also [20].

21

C. Supercharges as operators in momentum space

We now present a description of the supercharges in
terms of operators in momentum space. Consider as before
an infinite chain of fields Z. The vacuum state, written
before as |0;J) = Tr(Z7)|0), can be rewritten, in the
“Hamiltonian formalism” introduced in [4] as |0;J) =
(b1)710), where b} creates an extra Z field in the string.’
Then we can write a state with K impurities as

W) =3 ermibtng) - bt (ng)l0;7)

ny,.. g
= bT(Pl) toe bJr(PK)|O; J).

We are imposing dilute gas approximation, in which we
consider n; K n, K -++ K ng. We will now assume
P1<py<‘'°°<pg

In the last expression for |W) we used the creation
operators bt(n) = (b;r)”b*(bz)", which create a boson b
at position n in the string of Z’s. One can also introduce
ctn) = (bg)"cf(bz)” as a creation operator for a fermion
at position n. The action of the Hamiltonian in this frame-
work can be found in [4], and a further comparison with
lattice strings can be found in [36].

To write the action of the supercharges in terms of these
operators, we also need to introduce a partial momentum

°The subscript z is used in this section to distinguish the
creation operator b1 for the boson Z from the creation operator
b“t for the two bosonic impurities.

(20)

operator
P(p) = [0 P ap' It () + et (pe(p]

or the discrete momentum version

p—1

P(p) = 3 Kbt (R)b(k) + ct(k)e (k)]
k=0

The total momentum operator is just 2 = P(p,,.,), Where
Pmax 18 €ither oo in the continuum case, or finite (but large)

in the lattice. Also, define an operator ® conjugate to the

“R-charge operator” J. In the spin-chain formalism, J
effectively measures the length of the chain of Z fields, and

6] changes that length:
Te*1®10, 7y = (J = 1)e*®0, J),

We can now proceed to the action of the supercharges. In
momentum space, they become

V2N

0f = — 5 epysfF e®e PN B (p) (e — 1)
M p
X PP ep(p) + > cPH(p)by(p):
p
22)

V2N P , . (

84 = W Eaa/ €% e ’e’PZc“ t(p)(1 — e7iP)
p

X e P0b(p) = 3 bt (pea(p).
P

It is not hard to check that these definitions give us the
results obtained in the previous section. In the above ex-
pression the sum over momenta has increments of 27” 10

Commuting two central charges Q will give us the
central charge P:

{0, 0} = e Y bt (p)(e? — DePPb(p)
14

+ ei@e_iPZcT(p)(eip - l)eijj(f’)c(p) =P
)

(23)

19The operator e*® does not commute with the sum over the
momenta, as it changes the increments in the sum. But in the
very large limit of J, this change will be negligible.
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One can show that the central charge takes the much more
common form'':

P = e P(eif — 1) = e®(1 — ™). (24)

To summarize, we found expressions for the supercharges
as operators in momentum space, as well as for their
commutation relations, in the large J limit. These expres-
sions once applied to states with K impurities will result in
the expressions obtained in the previous section.

IV. SUSY GENERATORS IN AdSs X $°

This section will be devoted to determining the action of
the supercharges from the string action in AdSs X S° on a
lattice string, followed by a comparison of its structure to
supercharge actions obtained in the previous Sec. III C.

We now turn to the action of the supercharges from the
AdSs X §° perspective. We start from the results of
[16,19]. In Appendix B we find a summary of those results,
and their restriction to the 311(2|2) subsector. The fermi-
onic supercharges Q and S are given by

1 .
Si=-5 j doe” W% (i9*(2PY + i), — €Pe,0LY™),
4 = % / dae /D (i0L2PY — iY)* + €,5€0PY)).

Before continuing, let us notice that the coordinate x_ (o)
obeys

(o) = [ doa () +x (-1

ag
=[ do'my(a') + x°,
—-r

where x'. = (o) is the world sheet momentum density.
The total world sheet momentum is given by p,, =
[, dom(o).

We now want to perform a mode expansion. To do so we
will follow the notation of [17]. For the bosonic fields we
have

1

Y, = —~=(A, + BD);
a \/5( a )

po = Y2 (4t _ oy

4i

o (25)
Y=Y, =—=(A"" + BY);

w

P, =P =iV (A, — BD),

N

"t can be proven by using the property (valid for any power n,
proven by induction, and for y fermionic or bosonic)

Pr(p)xt(p!) = xT (6 — p)p' + P(p)].

PHYSICAL REVIEW D 79, 086014 (2009)

where w = ‘/1 + %/{6(2,, and A is the effective coupling

constant (light-cone gauge) in the pp-wave limit A = ;—9,
kept finite when P, A — oo. For the fermionic fields we
have

1 1 1 1
0% = —(1+—)c“; 0% = —(1+—)c,t. (26)
2 w 2 1)

With these expansions, we get the following results:

+1
i09Q2PY + iY), = —| o —ce
2w
Jo " 1 T}
x 124, — BY) + ——(A, + BD),
{5, - 8D + =, + 8D
— =
oLy? = * ICL&(AT’HFB’?).
2w V2w

We will be keeping ¥ =~ B', dropping the oscillators A,
At. Then up to order O(V/X),

1 i VA
Qz/ — Z j‘da-e(l/z)x*(czBa + \/Efa'gfubcﬁ /\aerZ)
(27

The same can be done for the supercharge S, which then
becomes

1 : N
Sg = Z /do'e_(l/z))L(CaBZ + \/zea'gfabczg )‘aa'Bb)
(28)

For a comparison with the super Yang-Mills super-
charges found in Sec. III C, we need to discretize the above
results. To do so recall that r = P, /2, and [" do = P..
Then the lattice version of Q is

P, ¢
QZ :% z eix‘)_/2<l—[ e(i/z)w(k)){cl(g)Ba(g)
=1

k=0

+ \/zeaﬁeabcﬂ(e)ﬁ(B;r(O — Bj(¢ = D)}
P,
_ % 3 el /200 (6)Be(€)
=1

+ V2e,5ePNA(BL(€) — Bf (€ — 1))cP(E)}, (29)

where p(¢) = 3¢, m(k).
To continue, we need to write what p(€) does to an
excitation:

W/2p(0) —i/2p0 — [ X € <<
¢ (e {X(ek+ ) €,>¢

By performing the following change of variables, c},(€) —
e~ /D% o=/ 1 (), the charge becomes
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Py
= % S {ckyBe(e) + \/Eeaﬁe"b\/xe(i/2)xq /2000 B (£)i12pO0) o112 (BT () — B (€ — 1))}
(=1
Py
= % S {cl (OB €) + V2e getVAe (BL(0) — Bi (€ — 1)ePOch(0)). (30)
=1

The other supercharge S§ can also be determined to be

& . . . . ‘ <
s = 1 Z e~ /D% o=/ Dp(O) (ca(£)i/2p(0 o(i/22% B () 4- \/Ee“ﬁeahe‘(’/z)ﬁe‘(’/z)l’(‘)c;g(€)\/X(B”(€) — Bb(€ — 1))
(=1
1 & 0
=1 z (BEOc(€) + V2ePe  Re ™ e Ok (0)(B2(€) — B (€ — 1)) 31)

If we wrote these charges in momentum space, we would obtain the exact structure for the supercharges (22), as long as we
make the correspondence that the conjugate pair (x, P, ) — (@, 7). In the above expressions, x* plays the part of the
length changing operator, as it is the conjugate variable to P, the total light-cone momentum, which is in its turn related to
the width of the world sheet cylinder. For closed strings the total world sheet momentum p,, has to vanish (on shell)—-
level-matching condition. If we relax this condition (off shell) and take P, — oo, then we obtain the centrally extended
algebra with extra central charges C, C* added to the Hamiltonian H (the same as the generators of translations P and
boosts K).

One other way of checking the results is by writing the supercharges in the first quantized framework. Choosing again a
state such that

P+

X1+ xxs Pe) = Z et IR oy (my) < -+ x(mg)|05 Py,
{m}=0

where y;(m;) = b7 y;b; ™, with b, being the oscillators equivalent to the field Z. Then
| & kol : )
Oilxi - xk3 Py) = 1 Z(]_[(—I)F(’”)){B(Xk, By)&glx1 - calk) -+ xgs Py)
k=1\m=1

V2R3 e ey [T —l'[e’m)lxl B0 xcPe DL 62)

I=k+1

Doing the same calculation for the S generator, one gets

K ,k—1
subui i) = ¢ (T 600 chaguim) - BLR) - xxomglo: Py
k=1 \m=1

+ ‘/_3(ij B*)e“ﬁeab( l_[ e P — l_[e ’I’I)IXI -cg(k) e xks Py — 1}}. (33)

I=k+1

From this we can again see that the actions of the
supercharges Q and S have a similar structure at one
loop, on both sides of the correspondence. But while the
results presented in this section are perturbative in A (BMN In this paper we studied in detail the Q, S generators of
limit), the results presented in the previous section are  the extended algebra 311(2]2) in the plane-wave matrix
perturbative in the ’t Hooft coupling A, so one cannot  theory formalism. By using a coherent basis we determined
perform a direct comparison. the supercharges in the nonlocal notation of Beisert [9] (as

V. CONCLUSIONS
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well as in the local twisted notation), and determined some
of the coefficients in this notation up to order O(gyy).

We also determined the anticommutation relations of
these supercharges and obtained the expected results for
the central charges P, K, and H. We saw that we needed to
know the Hamiltonian up to two loops in order to have a
closed (anti-)commutation relation between Q and S.

We finally wrote a first quantized formulation of the
supercharges obtained directly from the sigma-model ac-
tion for the string. Having the supercharges written in that
way allowed us to compare their structure with what we
had previously calculated from the gauge side.

The evidence seems to point to N = 4 SYM and IIB
superstring theory being integrable models in the "t Hooft
limit. We also said that the scattering matrix is completely
defined by the underlying symmetry algebra p311(2, 2|4).
One finds that the S matrix actually retains a symmetry
algebra that is two copies of a central extension of
the ps1(2|2) algebra, in particular, ps1(2]2)xR3 =
311(2[2)xR?. This symmetry of the S matrix is expected
to be a Yangian [37-39], and have an underlying Hopf
algebra [40,41]. (See also [42-44].) Having these new
developments in mind, it would be interesting to apply
the methods used in this paper to the study of the Hopf
algebra related to the central extension and get some results
on the corresponding Yangian generators.

The sector of near 1/2 BPS operators in N = 4 super
Yang-Mills theory has been well studied by the use of
collective methods [35,36], and the same methods can be
used to study the elements of the algebra in the 1/4 BPS
sector (work in progress).
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APPENDIX A: COMMUTING THE 351(22)
SUPERCHARGES UP TO TWO LOOPS

The expressions found here are restrictions to the
311(2]2) subsector of the full sector %1(2|3) found in
[20]. The supercharges at order g°, Q,, and S, at order
g', 0y, and Sy, and at order g2, Q,, and S, in the dilute gas
approximation can be written as follows:

e ={5} =2}

PHYSICAL REVIEW D 79, 086014 (2009)
B ([ 15]

& /8 - ’
\/_ BB b'3 3p!

@ A aa (1/3 361/ .
(Sl)a _ﬁ‘gaa/8 {a,}_{a/} >

o= (5=5m 5[k 1]
(% m)({ F{a])
R CRERRERD (WIRS )
el )

We will be using the notation used in [20]. The index 3

(0% =

above means an insertion of a field Z. The action of { ?C[ZZ}

on a state looks for a sequence of a fermion followed by
two bosons, and permutes them in the order second boson-
fermion—first boson. As an example in $1(2|3), where
indices 1, 2, and 3 correspond to bosons and indices 4, 5
correspond to fermions, we have

{ f”" }|142 334452) = |134234452) + |242334415).

Determining the anticommutation relations, we have

S (@ = 813
—5’4[2{2}—{%}—{?2}]
ol et
2126 Qo) + {0 ()3
) afal]- o2
{151
Then the sum of these anticommutators gives

{(SDE, (@G (825, (Qo)j} + {(S0)§, (02}
= %5Z5§H2,

where the two-loop contribution for the Hamiltonian (di-
lute gas approx) is
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1 _Ala o a3 3a a3
Pk M R Y B P Rl b o
3«
a3 |
From the results presented above, we can see that we can
only get the complete order g2 of the Hamiltonian from the

commutation of the supercharges if we consider their two-
loop contributions.

APPENDIX B: THE Q0 SUPERCHARGES IN THE
311(2]2) SECTOR, ON THE STRING SIDE

As can be seen in [16,19], we can write the charges as

0o — [ doe ™ (B (x, p) + {By(x, p) + - )

+ O0(x) (BI)

where we only kept the term linear in fermion fields, and
kept all the bosonic terms of the expansion [B,,(x, p) is the
term with a product of n bosonic fields].

The next step is to determine the Poisson brackets of two
charges with a; = @, = 1. For example (see the appendix
of [19]),

(01 0y~ ePe [ doeic (a4 <t »)

where f(x, p) is a local function of the transverse fields.
The result for {Q4, Qf,’;} can be obtained by conjugation.
Integrating this expression, we get

r d .
{Qaa! Qﬁb} -~ eaﬁeab / do'd— e'r-

—r o
— B, it (~N(emilv-()x (-1 _ 1)

We know that p,, = x_(r) — x_(—r). We also impose
the boundary condition x_(—r) = x°, which is the zero
mode of x_, conjugate to P, . Then

1 L0
{0, 08} ~ Zeaﬁeahe B (e — 1),
Aa b 1 ab X0 (Lipws — 1
{Q a’ Q ﬁ} ZE eaﬁe (e );
and consequently, the central charges are ¢, ¢* with

1 ., . .
— __ p lX— 1 —_ LPws _lﬂws'
c 7 e (1 — e'Pw)e

Looking at the value of the central charge here and the one
obtained from the spin-chain formalism, we can conclude
that the results are correct up to an overall phase =P, as
long as we match {Q, 0} < {S, 0} and {C, C'} — {K, P}.
This overall phase is natural, as different boundary con-
ditions for x_ will differ from each other by such a phase.
Also the algebra (1) allows a U(1) automorphism, which

(B2)
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means we can always multiply all supercharges by some
phase that can depend on all central charges.

1. Some comments

In the case of P, infinite, the zero mode x° vanishes, but
the same is not true for finite light-cone momentum. This
brings some problems, as for P, (which is effectively the
length of the string) finite, the transverse fields do not have
to vanish at the string points, and the symmetry algebra is
thus changed.

At the quantum level, both p, and x° are promoted to
operators P, X% | and the central charges are

1 . .
C = 76—1X°, (e—zP _ 1),

{

and its conjugate C*. X is the conjugate quantum opera-
tor of P,.. If we consider a state P |p,) = p,|p.), thena
state ¢“X*|p, ) obeys

P+€MXO’|P+> = (a+ P+)eiaxo’|]9+>-

Because P acts as the length of the string, the operator
¢'®X% will be the length changing operator. The Hilbert
space of the theory will be a direct sum, H = @, H pis
of spaces of each of the eigenvalues of P .

(B3)

(B4)

P+

2. 311(2|2) subsector and mode expansion

The explicit form of the charges Q », was determined in
[19]. The algebra 7 includes two p311(2|2) subalgebras.
We will be focusing on the p311(2]2).

The leading quadratic order of (B 1) can be read from the
results in [19]. The fermionic charges are at leading order:

1 ‘
0% =5 f doe”P-[ig*(2PY + iY),

+ (2P% — iZ)*qnl — otey! — iz/%q,

+ €*Pe,,(i0(2PY + iY)? + (2P? — iZ)gmtP

— 6LY" —iZyn")) (BS)

1 ‘

0. =5 [ doel/P*[ib2PY — iY)* — 2P% + iZ),n°

+0,Y' — izl + €,5e(i0TF(2PY — iY),

— (2P% + iZ)Pn, + 0BY), — iZPph)E (0 )1
(B6)

We want to restrict ourselves to the $11(2|2) subsector of
[10]. This corresponds to keeping only the 2 complex
coordinates Y and the respective conjugate momenta P~.
These will correspond, in the SYM side, to our bosonic
excitations ¢“, with a = 1, 2. In terms of the fermions we
will be interested in only keeping 6¢, 0};, which will
correspond to the 2 fermionic fields ¢, ¢1* from SYM.
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The vacuum of the fields Z in Yang-Mills theory will, in
this case, correspond to [4]

1
JINT Tr(Z’) <10, p*).

With these restrictions, the fermionic supercharges (B5)
and (B6) become
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