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1 Introduction

Black holes in string theory must be made by taking bound states of objects — strings
and branes — present in the theory. The D1D5P system provides a very useful example
of such a construction. One finds that the entropy and the rate of low energy emission
from string states matches the expectations from gravitational thermodynamics [1-4]. The
D1 and D5 branes form a bound state whose dynamics can be given as an effective 1 4 1
dimensional conformal field theory. The momentum charge P is given by the difference in
energy between the left moving and right moving excitations in this CFT.

The CFT has a ‘free point’ which is given by a 1 + 1 dimensional sigma model whose
target space is an orbifold [5-12]. The orbifold theory consists of N copes of a ¢ = 6 CFT,
joined up in different ‘twist sectors’. In each twist sector the excitations are just given
by free left and right moving bosons and fermions, with an overall symmetry condition
to enforce the orbifold symmetry. At this orbifold point, any state with no right moving
oscillator excitations is extremal.

The situation changes as we deform the theory away from the orbifold point. Sets
of extremal states can join up into larger multiplets and lift to higher energies, leaving
a smaller set of states that remain extremal. The count of states that remain unlifted is
given by an index. This index was computed in [1] for the case where the compactification
is K3 x S' and in [13] for the compactification 7% x S'. Our interest is in finding the
actual states that are unlifted, the supermultiplet structure for groups of states that do
lift, and the value of this lift. In particular we are interested in understanding the value
of the twist for sectors where typical lifted and unlifted states arise, since this is relevant
for the physical picture of the extremal hole. States in highly twisted sectors correspond
to gravity states with deep throats, while states in sectors with low twist describe shallow
throats. (For constructions of ‘fuzzball’ microstates dual to different CFT states see for
example [14-18].)

In [19] the lift was computed, in a certain approximation scheme, for the situation
where most of the CFT copies are in the untwisted sector and one set is in a twisted sector.
Low energy excitations of this sector can be mapped, in the gravity dual, to strings in an
AdS3 x S3 x T* spacetime. Apart from a small set of states in the graviton multiplet,
these string states are all lifted. On the other hand we know from the index computation
of [13] that if we go to sufficiently high energies and twists to reach black hole states, then
a large number of states must remain unlifted: the index of [13] agrees with the Bekenstein
entropy of extremal holes for large charges. It would be very interesting to understand
better what properties of the highly excited states makes them remain ‘unlifted’.

In this paper, we consider a CFT with N = 2; this means that the product of the
number N7 of D1 branes and N5 of D5 branes is Ny N5 = N = 2. We work to second order
in the perturbation off the orbifold point. In [20] this problem was studied for the lowest
nontrivial amount of momentum charge P = 1, and the pattern of lifting was found. In
the present paper, we will extend the results to P = 4 and make some observations about
the general nature of the unlifted states.



Our steps and results are as follows:

(i) We study the constraints on lifting from the index. We find the number of states that
can be lifted upto level P = 6. We describe the structure of the long supermultiplets
which relate these states. We identify the class of states that can be lowest members
of long supermultiplets.

(ii) We give explicitly the wavefunctions for these lowest members of the long supermul-
tiplets, upto level P = 3. (The wavefunctions for P = 4 is found in a similar way but
the expressions are rather unwieldy, so we do not write them down in this paper.)
We calculate the lift for all states to level P = 4 at O(\?) in the perturbation. We
find that at this order the lift is nonzero for all these states. Thus all states upto this
level that are allowed to lift by the index are in fact lifted at order O(\?).

(iii) We discuss the general nature of states that remain unlifted at O()\?). First consider
the case N = 2, and states in the untwisted sector. Let the left and right sectors
both be fermionic, so that the overall state of each multiwound copy is bosonic. We
observe that if the right moving sector is antisymmetric in the two copies, then the
state will remain unlifted at O(A?). We then extend this observation to the case
N > 2, including the situation where the component strings that are joined may
have windings ki, ko greater than unity.

Before proceeding, we note that there are many earlier works that study conformal
perturbation theory, the lifting of the states, the acquiring of anomalous dimensions, and
the issue of operator mixing, in particular in the context of the D1D5 CFT see for ex-
ample [21-35]. Also, for more computations in conformal perturbation theory in two and
higher dimensional CFTs see, e.g. [36-47].

2 The D1D5 CFT

In this section, we summarize some properties of the D1D5 CFT at the orbifold point and
the deformation operator that we will use to perturb away from the orbifold point. For
more details, see [21, 22].

Consider type IIB string theory, compactified as

M9’1 — M4’1 X Sl X T4 (21)

Wrap N; D1 branes on S', and N5 D5 branes on S* x T%. The bound state of these branes
is described by a field theory. We think of the S' as being large compared to the 7%, so
that at low energies we look for excitations only in the direction S'. This low energy limit
gives a conformal field theory (CFT) on the circle S*.

It has been conjectured that we can move in the moduli space of couplings in the string
theory to a point called the ‘orbifold point’ where the CFT is particularly simple. At this
orbifold point the CFT is a 1+1 dimensional sigma model. We will work in the Euclidized
theory, where the base space is a cylinder spanned by the coordinates

T,0: 0<o0<2m, —00<T<00 (2.2)



The target space of the sigma model is the ‘symmetrized product’ of Ni N5 copies of T4,
(THMN5 /Sy v (2.3)

with each copy of T? giving 4 bosonic excitations X', X2, X3, X4, It also gives 4 fermionic
excitations, which we call ¥, 12, 1%, ¥* for the left movers, and !, 92, ¥3,1* for the right
movers. The fermions can be antiperiodic or periodic around the o circle. If they are
antiperiodic on the S' we are in the Neveu-Schwarz (NS) sector, and if they are periodic
on the S! we are in the Ramond (R) sector. The central charge of the theory with fields
X4t i=1...41is ¢ = 6. The total central charge of the entire system is thus

¢ =6NN5 = 6N (2.4)
2.1 Symmetries of the CFT

The D1D5 CFT has (4,4) supersymmetry, which means that we have N' = 4 supersym-
metry in both the left and right moving sectors. This leads to a superconformal N = 4
symmetry in both the left and right sectors, generated by operators L, Gir, o for the
left movers and Ly, C_v’ir, J¢ for the right movers. The full symmetry is actually larger: it
is the contracted large N' = 4 superconformal symmetry [13, 48]. The algebra generators
and commutators are given in appendix A.

Each N/ = 4 algebra has an internal R symmetry group SU(2), so there is a global
symmetry group SU(2)7, x SU(2)g. We denote the quantum numbers in these two SU(2)
groups as

SU@2)L = (4, m); SU@2)r: (j,m) (2.5)

In the geometrical setting of the CFT, this symmetry arises from the rotational symmetry
in the 4 space directions of My 1: we have SO(4)g ~ SU(2)1, xSU(2)g. Here the subscript E
stands for ‘external’, which denotes that these rotations are in the noncompact directions.
We have another SO(4) symmetry in the four directions of the 7%. This symmetry we call
SO(4); (where I stands for ‘internal’). This symmetry is broken by the compactification of
the torus, but at the orbifold point it still provides a useful organizing principle. We write
SO(4); ~ SU(2); x SU(2)2. We use spinor indices «, & for SU(2) 1, and SU(2) g respectively.
We use spinor indices A, A for SU(2); and SU(2), respectively.

The 4 real fermions of the left sector can be grouped into complex fermions *4. The

right fermions have indices ). The bosons X* are a vector in the 7. One can decompose
this vector into the (3, ) representation of SU(2); x SU(2)2, which gives scalars X , ;.

2.2 Deformation of the CFT

The deformation of the CFT off the orbifold point is given by adding a deformation operator
D to the Lagrangian

S 55+ A / &2D(z, ?) (2.6)

where D has conformal dimensions (h,h) = (1,1). A choice of D which is a singlet under
all the symmetries at the orbifold point is

1 - o _
D = ZGABﬁaﬂEdBGj7_%GaB’_%O"Bﬁ (27)



where o7 is a twist operator of rank 2 in the orbifold theory. Here G and G are the left
and right moving supercharge operators at the orbifold point.

3 Computation of the lift using the Gava-Narain method

We are interested in finding states which have well defined scaling dimensions, and the
values of these dimensions, as we move away from the orbifold point. We will work in
the Ramond sector. We measure the dimensions from the Ramond ground state, which is

(57> 57)- WE use the term ‘level n’ for the states with dimensions

(h,h) = (n,0) (3.1)

Let these states be labelled by indices a,b, ..., and written as ‘020) > etc.

It turns out that while such states receive corrections at first order in A, the dimensions
get corrections only starting at O(A\?). The computation involves pulling down two copies
of the deformation operator D from the action, and then integrating the positions of these
two D operators. We first compute the matrix elements

Xpa(T) = <Oz()0) (Z) ’ (/ d2w1D(w1,ﬂ/1)) (/ dzsz(w%ﬂ_)z)) ‘Oéo) <—€>> (3:2)

Then we compute the matrix
AZ
B = lim —2 P T X, (T) (3.3)

where E(©) is the energy of the states |O((10)> at the orbifold point. The eigenstates of this
matrix then give the linear combinations of the |Oéo)> which have definite dimensions and
the eigenvalues give the lift in energy of the corresponding states.

Such O(\?) corrections were computed for some simple states in [44, 45]. In general
the computation of a correlation functions with deformation operators involves going to
a covering space where the effect of the twists is undone, and one gets a correlator of
operators not involving twists on this covering space. But the covering space can be a
sphere in some cases, and a torus in other cases. While correlators on a sphere are easy
to compute, they can be difficult to find on a torus. (A central reason for this difficulty
is that the correlators on the covering space can involve spin fields. On a sphere we can
remove these spin fields by spectral flows, but it is not clear how to do this on a higher
genus surface.)

If we cannot explicitly compute the amplitudes (3.2), then how can we find the lifting?
In [19] Gava and Narain gave a method by which amplitudes like (3.2) could be written as
modulus squared of amplitudes involving just one twist. Computing these one-twist ampli-
tudes always gives a covering space that is a sphere, so the computation is straightforward.

In [49] this proposal of [19] was studied in detail. Let us recall the results of this study.
We find

1P =232 (00 |{G50), G o) (3.4



We will refer to the matrix Eéi) as the lifting matrix E®). The operators G (P)

defined as

are

éi(o) = 7T73G+ écr_ap (3.5)

where the operator P is a projection operator, which projects any state to the subspace
spanned by the unperturbed states \O((IO)> which have the dimensions (3.1).

From the above relation we see that the lifting matrix (3.3) can be written using either
of the following two equivalent expressions

B2 = 22( 00 [{a1 D1 G ow) = 220 [{GH LG Do) (36)

Further, it was noted in [49] that the operators G ( ) give the supersymmetric structure
of long multiplets. At the orbifold point the states can be grouped into short multiplets.
As we deform away from the orbifold point, four of these short multiplets can join into a
long multiplet and lift. The structure of this long multiplet is indicated in the following
diagram:

+(P +(P) ~—(P)

o+
) @_70 G—,o
/ \ ¢ 7 .
G+(P)\4 /+( P) @Jéﬂ\ /G_%’)
6 ,

The state ¢ is at the bottom of this long multiplet. Note that ¢ is a member of a short

multiplet created by operators that are not depicted in the diagram. The operators C_}HP)

and GH ) play the role of the two raising operators which take us to states ¢, ¢_ which
are members of two other short multiplets. Acting with both these raising operators takes
us to the short multiplet represented by the state ¢_. We can move along this multiplet
in the reverse direction using the lowering operators C_J;EOP ) and é:&f ),

Suppose we have diagonalized the matrix F?) given in eq. (3.6). Let |0(®) be an
eigenstate of this mat(gi)x. Let the corresponding eigenvalue, which gives the lift of this

operator, be called Ej’. Then from (3.6) we find that Eg) can be written as a sum of

modulus-squared terms

ES =2\’ (\Giﬁf)\o \ +]GZ510®)] ) — 252 (‘GH o) ] G510 )
(3.8)
In the long multiplet described in (3.7) each of the four states ¢, ¢4, ¢ and ¢4

have the following property: if it can be raised by G +(0 ), then it will be annihilated by the

@_(éj ), conversely, if it can be lowered by G_ ( ) then it will be annihilated by the GHP) A

similar statement holds for the raising operators Gf,(o ) and the lowering operators G +f(1)3 ),
Thus in each of the two expressions in (3.8), only one of the two terms is nonzero.

In summary, one can get the value of the lift and the corresponding eigenstates by
diagonalizing the lifting matrix E(2) (3.6). Four short multiplets join into a long multiplet
as shown in eq. (3.7) and the lifting can be calculated from (3.8).



In the cases that we will encounter below, there is a unique state \O((lo)> with the
relevant quantum numbers, so we will not have to diagonalize a matrix Ebz) to first find
the eigenvectors |O(0)).

4 The character decomposition

The CFT has a left and a right moving superconformal symmetry, with each of these
described by the contracted large N' = 4 superconformal algebra [13, 48]. The algebra
generators and commutation relations are given in appendix A.

These symmetries remain true for all values of the coupling. Thus states related by
these symmetries will have the same lift E® . We would like to group states into multiplets
that are related by these symmetries, so that we can reduce the number of independent
lifting computations that we have to perform. In this section, we will count the number of
multiplets by using the character decompostion (see the related works [50, 51]). The main
result of this section is given in table 1 below.

In subsection 4.1, we recall the partition function of the orbifold theory. In subsec-
tion 4.2, we count the number of multiplets by writing the partition function in terms
of characters. In subsection 4.3, we consider the constraints on lifting that arise from
considering the index.

4.1 The partition function

In this subsection we recall the partition function of the orbifold CFT. The partition
function for a single ¢ = 6 copy of the CFT is defined as

7 Tr(_1)2J872jgngfc/24q—Eofc/24y2Jgg2jg’ - Z c(h, E,jg,jg)qhqﬁy%yjm (4.1)
h,h,j3,73

We work with the case where the 4-manifold is 7. There are U(1) charges that arise from

momentum and winding charges around this 7%, but we work in the sector where all such
charges have been taken to be zero. For this choice, one finds

CNOROE

where

01 =i(y"? —y [ (- M@ —yg™) (1 -y ")
n=1

n=q'/* ﬁ (1-4q" (4.3)
n=1

Using the above we can find the partition function for the case where the target space of
the 1 + 1 dimensional CFT is the symmetric product Sym” (7). The partition function
for a symmetric product target space Z(Sym®™ (X)) is given by

1
(1- pnqh/nqﬁ/ny2j3g233)C(hJLJ:sJB)
(4.4)

o0 o0 !
Zp, .39, 9) =y pNZBymV(X) =] ]
N=0 n=1 hzl_7’7j3’33



where H%ng, 5, 1s restricted so that (h — h)/n is an integer. The c(h, h, j3,j3) are the
degeneracies appearing in the partition function for the CFT with a single copy of the
space X. We write

Z(p.q,0,y.5) = Y. (N, hh,js, ja)p" " Ty (4.5)
N7h7ﬁﬂj3733

This yields the degeneracies ¢(N, h, h, js, j3) of the states with total winding of the effective
string N and quantum number A, h, js, j3.

4.2 The character decomposition

We now write the partition function in terms of the characters of the contracted large
N = 4 superconformal symmetry. We let the total winding number of the effective string
be N = 2, and consider states with h = 0. From (4.4) and (4.5), the partition function for
this case is .
Z(N=2h=0)= Y ¢(N=2hh=0,js,js)q" vy 5 (4.6)
h.js.j3
There are two different twist sectors for NV = 2: the case of two singly wound copies
which we call N = (1,1), and the case of a single doubly wound copy which we call
N = (2). The expression (4.6) includes the contribution from both these twist sectors. We
are however interested in obtaining the contribution separately from these two different
twist sectors. It turns out that with a little effort we can separate the two contributions in
the expression (4.6). This is done as follows:

N = (1,1) sector: in (4.4), restrict the product to terms with n = 1 and collect
all the terms with dependence p?.
N = (2) sector: in (4.4), restrict the product to terms with n = 2 and collect

all the terms with dependence p?.

In this way, we can separate the two contributions

Z(N=2;h=0)=Z(N = (1,1);h=0) + Z(N = (2); h = 0) (4.7)

For each of these two sectors, we find the following character decomposition

_ — /- 1 1 — /-
Zay, )= Y, Sax@enxE@+F Y Graxin@nXE @) (48)
j=1/2,1 =1
ja=-1,-1/2,0 Jjs=-1,-1/2,0

where xj and Xé’,h are given in appendix B. They are characters of a left moving contracted
large N' = 4 algebra. The X; is the character for a short representation in which the
primary has dimension h = 0. The Xé‘,h is the character for a long representation in which
the primary has dimension A > 0. From appendix B for N = 2, we see that the possible
values of j for a short representation are 7 = 1/2,1 and for a long representation is j = 1.

For the character x;, of the right mover, we consider the sub-algebra formed by JS‘A.
The lowest weight states are defined by

dy6) =0 (4.9)



level | sector Xé’:l,hﬁg:—l Xé‘:17h)233=—1/2 X2=17h>233=0 sector X§:17h)233:71/2
10} unlifted Oy — o+, ¢—, unlifted

h=11| (1,1) 3 0 3 (2) 6

h=21 (1,1) 1 16 1 (2) 28

h=31 (1,1) 18 8 18 (2) 98

h=41 (1,1) 15 72 15 (2) 282

h=51| (1,1) 68 80 68 (2) 728

h=6| (1,1) 89 264 89 (2) 1734

Table 1. The character decomposition at the orbifold point.
with charge
Jo16) = Jsle) (4.10)

There are two fermionic raising operators d_g + Application of these operators once to a
lowest weight state, which has charge j3, gives two states with charges j3 + 1/2. Applying
again gives a state with charge js + 1

G =203 +1/2) = ja+ 1 (4.11)
The character is defined by the trace over the irreducible representation. We find
o _9J3 93 _\97 _ __
X, () = Te(=1) 2Tl = —(—g) 2 (/2 — = 1/2)2 (4.12)
The possible values of js for N = 2 are j3 = —1,—1/2,0. The results of the character

decomposition (4.8) of N =2 are

(i) For the coefficients ¢is, in (4.8), which tell us the numbers of primaries with dimen-

sion h = 0 and with charges j and js, the results are

(L) 0 AXo1/9XGa=—1/2 T Xj=1XGy=—1 T Xj=1Xjs=0
(2) © Xjz1/2XGy=—1/2 (4.13)
(ii) For the coefficients Cg',h;jg
h > 0 and with charges j and js, the results are shown in table 1.

, which tell us the numbers of primaries with dimension

4.3 The constraints on lifting from the index

Let us first recall how the index is computed. Consider the exact supercharge operators
C_r’jg, A = +,— of the perturbed CFT. These operators are the ones that join four short
multiplets into a long multiplet. Let us see the structure of the set of states that will join
into a long multiplet. Each of the operators @:g increases the SU(2)r charge by 1/2 and
does not change the SU(2); charge. Thus the four short multiplets joining into a long
multiplet must have the same left moving character but their right moving characters will
be as follows:

Xis  2Xar1/2 Xs41 (4.14)



Whenever we can group states in the manner indicated by such a set of characters, then
we find a set of states that have the charges to join into a long multiplet. We therefore
exclude such sets of states from the index. If there are states left over that cannot group
into a set with characters (4.14), then we count those states in the index, since they cannot
possibly join into a long multiplet and lift.

Now let us look at table 1. In the row h = 1, it is possible to join 3X§':1,h>233=71
and 3xé:17h>2;3:0 in the (1,1) sector and 6xé-:1’h)_(33:71/2 in the (2) sector into 3 long
multiplets. In second order perturbation theory, they indeed join into 3 long multiplets [20].
In the row h = 2, it is possible to join X‘lj:l,hi.%:—l and Xé’:l,hxjg,:o in (1,1) sector and
2xé:1,h>253:_1/2 into a long multiplet. The 2 of Xé’:1,h>233:—1/2 can come from the 16 in the
(1,1) sector or the 28 in the (2) sector. In second order perturbation theory, it should come
from the (2) sector because the operators (3.5) joining short multiplets into long multiplets
change the twist sector.

In general, in second order perturbation theory for any level h > 0, the operators (3.5)
join Xé’:1,h>_633=—1 and X_lj=1,h>_<j3=0 in the (1, 1) sector and 2Xé‘:1,h>233:—1/2 in the (2) sector
into a long multiplet. In table 1, the number in the column Xé’:l,hxjgz—l/Q in the (2)
sector grows faster than twice of the number in the column Xé-:Lh)Z;g:_l or Xé-:l,h)@?):o
in the (1,1) sector. Thus it is possible that all the states in the columns X§:17h233:_1 and
X§:17h>233:0 in the (1, 1) sector will be lifted by pairing with states in the (2) sector. In the
following, we will find that states in these two columns with dimension up to h = 4 are
indeed lifted.

5 The method for finding the lifted primaries

The primaries and their descendents have same lift. Thus we can focus on the primaries,
which are counted in table 1. To find all the lifted primaries, we need to construct the
primaries in the X§:17h)233:_1 column explicitly. Then applying the two raising operators
@I&f ) gives all the four lifted primaries in a long multiplet as in (3.7).

In subsection 5.1, we will construct the right movers of all the primaries explicitly.
In subsection 5.2, we will construct the left movers of the primaries in the Xé’:1,h>253:—1
column up to level h = 4.

5.1 Right movers

The right movers of primaries satisfying (4.9) with total winding N = 2 were found in [20].
There are two classes:

(i) The following set of right moving states can join into a long multiplet and lift at
second order in perturbation theory

(L1) XG—e1: [07) =10R)I0)
(2) Xjommrpz: 165) = lo%) = 0F)

_ L ow4(1)  744+@)y, 741 74—\ Ay 15—
(L) Xjymo: 16H) = 5™ —dg ) (dy ™ = dg)0R)I0R)  (5.1)

~10 -



(ii) The following right moving state cannot join with other states into a long multiplet
and thus states of this type cannot lift at second order in perturbation theory

_ -+ A A
(1L,1) Xe1jp: (@™ —dg @) [0 107) (5.2)

The first and third right movers in (5.1) and the right mover in (5.2) are the three right
moving primaries listed for the (1, 1) sector in table 1. The second right mover in (5.1) is
the right mover of the primary in the (2) sector in table 1.

The right mover of the operator G ( ) is P&, Thus the long multiplet structure (3.1)
for the right movers is as given in the followmg diagram:

/ \¢

The states in class (i) satisfy the properties in (5.3). Thus they can join into a long

/ \¢ - (5.3)
A

multiplet and have nonzero lifting. The states in class (ii) are annihilated by Pa®. Thus
states who have right mover (5.2) have zero lift at O(\?).

5.2 Left movers

In this subsection, we will explain how to find the left movers of primaries in the Xé‘:l, W XGs——1
column in table 1.
In the (1, 1) sector, the global modes (A.10) are defined as

0 = o) + 0P (5.4)

n

Thus these modes are applied symmetrically to the two copies of the CFT. The primaries ¢
with dimensions h > 0 of the contracted large N' = 4 superconformal algebra are defined by

LP|8) = G1019) = BO|g) = 1TDlg) =0 n>0
Gy =1, @lg) =0 n>0 (5.5)

and
aA -
AM|¢>> 2@y =0  n>0 (5.6)

From the algebra in appendix A, all the conditions in eq. (5.5) follow from the conditions
Doy = J791g) = G ]g) =0 (5.7)

To find all states satisfying the relations (5.6), we define operators that are antisymmetric
between the two copies:
oW =o) — 0P (5.8)
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level | number of long multiplets (Ja,J4) E® 12\

h = 3 (1,0) 1

h= 1 (0,0) 15/8

h = 18 (2,1), (1,0) 3, 64,39

h = 15 (1,1), (2,0), (0,0) | 3, 5/2, 2695/1024

Table 2. The energy lift at second order.

From the algebra in appendix A, one finds

(0058 = 0. {daA9) i} = o (5.9)

Thus the states satisfying eq. (5.6) are the states built by acting with the antisymmetric
(A) and daA(A)
AAn n
Therefore, to find the primaries in the Xéth)Z;S:_l column, we can first build states
Eﬁ)n and d%A(A)
the solutions of eq. (5.7). This procedure gives the required primaries. The results are

operators « on the Ramond ground state |05)[0%).

using the antisymmetric operators « . Then on this space of states we find

described in section 6 below.

6 Long multiplets and lifting

In this section, we will find the long multiplets and their lift up to level-4. For each level,
we will first construct the primaries in the Xé‘:l,hijngl column. Then we will apply the
two raising operators C_lifé) ) to get all the four primaries in a long multiplet. Because the
four primaries in a long multiplet have the same lift, we will only calculate the lift of the

primaries in the X§'=17 nXGs——1 column. For these states, the lift (3.8) becomes
2 ~+(P)| |2 ~+(P)| |2
B =261 )| = 222|616 (6.1)

In the following, we will organize primaries into A and A charge multiplets, which will
be labeled by (ja,j4). We will only write the result of the lowest weight states explicitly
for each A and A charge multiplet.

We find that up to level-4 all states that can lift do actually lift at second order. The
lifts are listed in table 2.

6.1 Level-1

The 3 primaries in the Xé’:1, hXjs=—1 column can be organized into a A charge triplet and
A charge singlet; we label this as (1,0).

- 12 —



For the lowest weight state of the (1,0) multiplet, the normalized left movers of the
long multiplet are

]_ i
6) =10} = g1 o) o)
1
68) = J5tmiteroal0f)
64) = i 1l .

while the normalized right movers are in eq. (5.1). Applying (6.1) to the primary ¢, one
finds the lift

2
B ) = 702 (6.3)

6.2 Level-2

The one primary in the Xéth)ZjS:_l column is a A charge singlet and A charge singlet;
thus we have the representation (0, 0).

The normalized left movers of the long multiplet are

1 —+(A) ——(A) +—(A A
") = l¢%_) = T/ﬁ[dff( JaZy W= W ag

+d T WG g WA g A gt

A A A A\ A—
O‘Srﬁ —104(——) -1t 04(—42 104&—) —1} 07)|0%)
1 _A -
|6%) = NG AZ; [OéA+7—3/2d_1/2 - 304A+,—1/2d_3’4/2
0 A 4=+, d-T
To®A+—1/20 150 150 10
oy —1pp0y 12— 04++,—1/20é——,—1/2)04A+,—1/2d:f/2] 0%)
1
L —A —A
‘¢7> = 4\/6 Z OZA,,,3/2CZ_1/2 o 3&A,7,1/2d_3/2
5 a4 d=t.d T
TA- 120y p@ 9@ )0
oy 1oy 172 — 04++,—1/204——,_1/2)OéA—,—l/zd:f/g 0%)
(6.4)
Applying (6.1) to the primary ¢, one finds the lift
(2) 15 2)2
B = 5™ (6.5)
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6.3

Level-3

The 18 primaries in the Xé’:l,hiigz—l column can be organized into a A charge quintet and
A charge triplet and a A charge triplet and A charge singlet; thus the representations are
(2,1) and (1,0).

For the lowest weight state of the (2,1) multiplet, the normalized left movers of the

long multiplet are

") =10} ) =

ph) =

A A ——(A) (A |\ |-
Zail Lol d T Y 0g) 0R) (6.6)
1 L 1 __
e O, —53/20044,—1/2004 - —1/20 1 o = 50y —5/2004 - —1/2004— 1720 1 5
_ o 1
+O‘+<*1/2d—3/2d—1/2d 1/2+ Qg —1/204— —1/204— —1/2d_5 )5
1 __
—50‘++,f1/204+7,71/204+7,71/204+7,71/2047+,71/2d_1/2
50, —1/200 4, —1/200 - —1 /2004 — 1 /20— —1/2d
1 _ __ _
+1O‘++7—1/2a+—7—1/2a+—7—1/2dt1/2d 1/2d 1/2 |0?2> (6.7)
1 1 __ 1 __
= 27\/6 §Oé+f,73/204+7,71/204+7,71/2d_1/2+§Oé+7,71/204+7,71/204+7,71/2d_3/2
1 __
—§O¢+—,—1/2f¥+—,—1/2C¥+—,—1/204+—,—1/204—+,—1/2d_1/2
50, —1/20 = —1/204 1 /204~ —1/20— —1/2d "y
1 e T
+ZO[+,7,1/201+,,,1/2a+,,,1/2d 1/2d 1/2d 1/2 ‘0R> (68)

Applying (6.1) to the primary ¢, one finds the lift

o)

242

For the lowest weight state of the (1,0) multiplet, the normalized left movers of the

long multiplet are

|6%) =

%) =

p%) =

1 () (A _g g (A) (A=) =)
d_yWal W24 d —d 5, WMd
2\/473 -3 —2 -

+3d75< )d:;“)do**(f‘)dg*(““t%di () = () =+ () =)

3, (A A A A
+2( (+42,710‘(77) -1 asrj 710‘(4271)d ;¢ )do .
A A A
+O‘Sr42,—2agr—),— O‘Sr—) —20‘++ ~1|10R)0R) (6.10)
1 15 a- 29 g 75 -
/397 164+ —5/20 1727 g F+,-3/2 5/2+16O‘++,—1/2 —5/2
27 27 __
+17),06——,—3/204++,—1/204++,—1/2 _1/2—TG04—+,—3/204++,—1/20é+—,—1/2d_1/2
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43 - .
_TGO‘+—7—3/20‘++7—1/20‘—+7—1/2d—1/2_0‘+—7—3/20‘++7—1/2a++,—1/2d—1/2

21

tg O, —3/20 - —1/20— 4, —1/2d_ 17277 T O +—3/20++,-1/20——, —1/2d 1 /5
L2 -

+04++,73/204++,71/204+—,71/2d_1/2—§a++,71/204+—,71/20L+,71/2d_3/2

21 29 L __
+= g M —1/2% 4, —1/20——, —1/2d 55— 169+ —3/pd” 1720 1/2d 1/2

21 L o 3 __ _
Ty Y- +—1/2d_ 3/2d—1/2d 1/27 164+ —1/2d_ 3/2d 1/2d 1/2

81 L __ 81 _ __

320‘++,—1/2d 3/2d 1/2d 1/27 3204++ —1/2d 3/2d 1/2d 1/2

75 _ __
+372a++7_1/2dt3/ d / d 1/2

21 __

16a++7,1/2a+,7,1/ga +71/2d 1/2d 1/2d 1/2

21 __

160‘++ —1/2044,-1/20——, 1/2d” 1720 1/2d 1/2

21 __
+1730‘++,71/204+—,71/204+—,71/2047+,71/2CL+,71/2d_1/2

21 __
—§0‘++,—1/20¢++,—1/204+—,—1/204—+,—1/204——,—1/2d_1/2

21 __ 9_
+17;0‘++,71/204++,71/204++,71/20477,71/2a77,71/2d_1/2 ‘OR ) (6.11)

Because ¢” is a A charge singlet, ¢~ is given by doing the following replacement in qﬁi.
QA+ pn = IQAF (6.12)

Applying (6.1) to the primary ¢, one finds the lift

2 _ 64 5.9
E37(170) = @w A (6.13)

6.4 Level-4

The 15 primaries in the Xé‘zl,hy@s:—l column can be organized into a A charge triplet and
A charge triplet (1,1), a A charge quintet and A charge singlet (2,0) and a A charge singlet
and A charge singlet (0,0). Their lifts are

(2 _ 9242
E47(171) = 374\
2 _ 9 22
E4’(270) = 571' )\
1500 = 024" A (6.14)

Since the states are very complicated, we will not write them explicitly here.
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6.5 Properties of lifting at O(A\?)

In this subsection, we summarize the properties of the lift at O(\2?) for primaries in the
theory with total winding N = 2.

(i) From the index, we expect that primaries in the columns X§‘=1, nXjs——1 and X§‘=1, 1 XGs=0
are lifted. At order O()\?), we find that primaries up to level-4 are all lifted. They
are the states ¢ and ¢4 _ in the long multiplet (3.7).

From eq. (5.1) we see that the right movers of primaries in these two columns
are symmetric between the two copies. In the orbifold CFT the overall state of each
string must be symmetric between the copies. Thus primaries in these two columns
must be symmetric between the copies in both the left and right sectors separately.

(ii) From the index, we expect that primaries in the column Xé:l,h>_633=*1/2 in the (1,1)
sector are unlifted. At order O()\?), we find that primaries at any level in this column
are unlifted. The reason is the following. The right moving state is (5.2), which is
antisymmetric between the two copies. Thus primaries in this column are antisym-
metric in the left and right sectors separately. Because the projection operator (3.5)
treats the left mover and right mover of the two copies symmetrically in the lifting
computation, antisymmetry in both the left and right sectors leads to zero lift.

(iii) The lifting properties of primaries in the (2) sector determined by the details of
operator (3.5). Because number of primaries in the (2) sector grows faster than
the numbers of primaries in the columns Xé’:l,hf(}g:—l and X§:17h>253:0 in the (1,1)
sector, most of the primaries in the (2) sector will be unlifted. The lifted states are
the ¢4 and ¢_ in the long multiplet (3.7).

7 Unlifted states in the untwisted sector

In section 6, we found that in our study upto level-4, the unlifted states in the (1, 1) sector
are states that have a right moving sector that is antisymmetric between the two copies.
In this section, we will study the consequences of this antisymmetry in more detail, and
generalize it to the situation where the component strings have higher twists.

In section 7.1, we study the antisymmetry of the right movers for two singly wound
strings. In section 7.2, we generalize this antisymmetry to the situation where we have
many singly wound strings. In section 7.3, we generalize this discussion to the case where
we have two component strings with winding numbers k; and ko.

7.1 Right movers for the (1,1) sector

Consider the case where N = 2 and we have two singly wound strings. Let us focus on the
right movers. We have used the fact that we can write the right movers on the two strings
using the sum and difference of the oscillators on the two strings. Thus we get the global
modes

dg W 4 gfe (7.1)
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which are symmetric between the two copies, and the antisymmetric modes
ag ) — g4 (7.2)

which are antisymmetric between the two copies. We have seen that states where the right
moving sector contains one antisymmetric mode are unlifted, while those containing zero
or two antisymmetric modes are lifted. Thus unlifted states have an antisymmetric right
sector while lifted states have a symmetric right sector. For example, the right moving
states

_ _ _ _ 1 - - - - _ _
I U R e (U U ()
and
(dy V™ — dy @y 0)[05) Vo) (7.4)
are antisymmetric and thus lead to zero lift.

7.2 More general states

Let us now consider the case N > 2. We will see that we can use the above notion of
antisymmetrization of the right sector to make a large class of states that are unlifted
at O(\?).

We first illustrate the idea by a simple example. Consider 3 singly wound strings. Let
the left and right sectors of each string be fermionic, so that each string is overall in a
bosonic state. Let the left sides of each string be in a different excited state:

), WL, i) (7.5)
Let the right sides be given by
ay M)V, dg P 0R @, dg o) (7.6)
Thus the overall state is
@) = —[dg g @ a O L) 0R) D [07)10R) @ [0E)05) (7.7)

We now look at different cases
(i) All A; are the same: let us set A; = + for all i. Thus the state is
(1) FHH(2) 7H+(3 ~_ —_ __
@) = —[dg TVt Pa; O] 1] o) D [w1)[05) P [ 0R) @ (7.8)

As shown in (7.3), the right mover is antisymmetric between any two copies. If we
twist any two strands together, then we get zero, so this state is unlifted to O(\?).

(ii) One A; is different: let us set A1 = +, Ay = +, A3 = —. The state is

1) = —[dg TV dy @) by 0m D [0 @ [ 0m) @ (7.9)
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There is no lift if we twist together strands 1,2. But there is a lift for strands 2, 3.
Thus let us take instead the antisymmetrized state

Wy = 7[Jar+(1)gg+(2)garf(3) _ Jg+(1)g5r+(3)darf(2) _ J;{H?’)Jg*@)@*(l)]

1) 107) ™M [97)]075) ) [12)]07) P
(@O G @) | gt g @) g @) | g () @) g o))

[Wi)0R) M 11)107) [41)[07) (7.10)
Now we find that there is no lift at O(\?) from twisting any pair of strings.

We can now see that the above example is easily generalized. We can take any set
of states with arbitrary left excitations, and antisymmetrize the right movers. This will
make the states unlifted at O(\?). Note that when two strings have the same bosonic right
movers, their antisymmetrization will lead to a vanishing of the state. Thus this method
of making unlifted states can only be used when we have fermionic right movers.

7.3 Strings with winding numbers k; and ks

In section 7.1, we had considered the case where two singly wound strings joined to a doubly

wound string. In this subsection, we consider the analogous problem for the situation where

a string with winding k; and a string with winding ks join to a string with winding %k + k2.
Right movers in the (k1, k2) sector can be built by the global modes

J‘DFA(’Q) —i—CZS_A(kQ) (7.11)
and the modes U cag 1 e
k*ldo Tk dy (7.12)
acting on the ground state
0% 0% (7.13)

The global modes (7.11) do not contribute to the lift. In appendix D, we find that the op-

erators C_}z(op) annihilate the right moving states containing one operator of type (7.12); the
~a(P)

operators C_?j(éj
of (7.12).
Thus the contribution to the lift from the interaction joining together strings with

do not annihilate the right moving states containing zero or two operators

winding numbers ki and ko is zero for states with right movers containing one operator
of (7.12).

Note that the twist interaction can also break the strings of winding k; or ko into
shorter strings. But we do not consider this effect here; if the windings ki, ko are much
smaller than the total number N of component strings, then combinatorical factors suppress
the interactions where one strand of the string twists together with another strand of the
same string.

The modes (7.11) and (7.12) are the analogues of the symmetric and antisymmetric
modes (7.1) and (7.2). However, they do not have definite symmetry properties.
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Now let us consider states with a fermionic right moving sector for each string. Consider
the right moving states

d+ﬂ:(k1) T+ (k2) |0k1 >|0’f§’>

B 1 - _ _
_ _klkf2k2 (d—i-ﬂ:(lﬁ) d(‘)"i(kz)) <da'i(k1) d+ﬂ:(k2)> |Ol]€%1*>‘01;%27> (7.14)

and

d++(k1)d+f(k2) . Jadr(kz)gg*(kl)

kiks (k1) | T+ (k) ( (k) 1 —+—(kz))
[ (d +d, ) kldo deO

A 4 @) (g0 = Sy oo (rs)
1

States with right movers (7.14) and (7.15) will be unlifted because each term contains only
one mode of (7.12). Note that these two right moving states are antisymmetric under the
change k1 < ko. If we consider other possible right moving states that lead to zero lift,
then we find that there is no definite symmetric property of such states in general; what
we have noted here is that in the case where we have fermionic right movers for each string
the state is antisymmetric under the change k; < ko.

Thus, we can generalize the discussion in subsection 7.2. We take states with arbi-
trary winding numbers, arbitrary left excitations and only fermionic right movers. An-
tisymmetrizing the fermionic right movers will make the states unlifted at O()2), in the
approximation where we only consider the effect of twisting two strings into a longer string
and ignore the breaking of the strings to shorter strings.

8 Discussion

To understand the AdS/CFT correspondence we need to match quantities between the
gravity and field theory descriptions. The principal difficulty in this match is the fact
that one of these descriptions is weakly coupled, then the other is strongly coupled. There
have been much progress in understanding black holes by comparing quantities in the free
CFT to results with weakly coupled gravity; however a more detailed comparison will
necessarily need us to perturb the CFT away from its free (i.e. orbifold) point. The most
basic quantity we can study under such a perturbation is the energy levels of states in the
CFT as a function of the perturbation parameter \.

In this paper we have considered states which are BPS at the orbifold point, and asked
which states are lifted and by how much as we perturb away from this point. For most of
this paper we worked with the simplest system which allows a computation of the lift: the
case N = 2 where we have 2 copies of the basic ¢ = 6 CFT making up the orbifold theory.
The lifted states must join into a supermultiplet in which all members will have the same
lift; we found this multiplet structure and the value of the lift to order O(\?) for the first 4
levels above the Ramond ground state. For the first 3 levels we also explicitly write down
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the wavefunctions of the lifted states. We found that all the states that are allowed to lift
by the index are in fact lifted at O(\?).

We observed that the unlifted states in the untwisted sector have a right moving sector
which was antisymmetric between the two copies of the ¢ = 6 CFT. We then extended this
observation to the case N > 2, where we found states which would remain unlifted to order
O()\?) by using a feature similar to this antisymmetry.

For large N, one can consider the gravity dual. In this gravity description a large class
of supergravity states called ‘superstrata’ were found in [52-57]. These are extremal states
that describe fully backreacted solutions arising from massless string quanta placed in the
AdS3 x 83 x T* geometry. The analysis of lifting carried out in the present paper may
help us to understand the nature of the CFT states that are dual to these BPS gravity
solutions. We hope to return to this issue in a future work.
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A Contracted large N/ = 4 superconformal algebra

We follow the notation in the appendix of [45]. The indices « = (+,—) and & = (+, —)
correspond to the subgroups SU(2)z, and SU(2) g arising from rotations on S3. The indices
A= (+,-)and A = (+,—) correspond to the subgroups SU(2); and SU(2); arising from
rotations in 7%. We use the convention

e =1, € =-1 (A.1)

The commutation relations for the contracted large N' = 4 superconformal algebra are

[ A d s Oppnl = —gmﬁAB6 ABOm4n.0
{dph diPy = —2ePet5 (A.2)
[Lm, O‘AA,n] = N4 mn [Lm, d?A] = - (77; + T) d?nlir
(G, %) =iePetPa,; [GY, g m) = —imeapeipdit,
o d ) = S (7, (A3)
(Lo, L] = 1—C2m(m2 — D)bmino + (m—n)Lonin
e, Jb] = 1—62m5“b5m+n,0 +ietb e,

{Gj,r’ GﬂB,s} = €AB

c 1
6“56 (7"2 — 4) Orts,0 + (JaT)ﬁew(r —s)J s+ eO"BL,,«JrS
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a (07 1 a o
[ G5, = 50" IEGT L,

Ly, JO] = —nJ®

m—+n
e m (e
[Lm, GA,T'] = (2 - T) GA,m+T (A4)
We define J;F, J, as

Ji = Jy +iJ]
Jo = J—iJ? (A.5)

From (A.3), one can see that d24 with a = +, — is a SU(2), charge doublet. We have

[,];;7(1;’”4] =0, [']n_wd;j_A] = d;{ir
[Jn+wd;A] = djr_fkr? [Jniwd;A] =0 (AG)

From (A.4), one can see that G with a = +, — is also a SU(2), charge doublet. We have
ot — ot —
[Jm’ GA,T] =0, [Jm’ GA,T] - GA,m—l—r

1 _ o+ - o 1=
[th’ GA,T] o GA,m—H"’ [Jm’ GA,T] =0 (A7)

It is believed that the contracted large N/ = 4 superconformal algebra is an exact symmetry
at any point of the moduli space.

Now let’s consider the orbifold point. Look at the winding sector (k1,ke, ..., ki,...)
with the total winding N = >, k;. For the ith twisted set of copies with winding number
ki, we have following mode expansions on the cylinder.

1 21 k‘i
(0%

@ _ (4) n
Adn T 27 oo OwX 4 (w)e™ dw

i 1 27k; i
aA(i) aA(3) nw A
dy 5.7 /0:0 (0 (w)e™ dw (A.8)

In terms of o and d modes, the J, G and L modes can be written as
. 1 ) i
Jo) — fkiZeAijB@eM(aaT)gdff‘,(), a=1,2,3

1
2k;

(i) =@ _ 1 — (i) g+ (0)
Zdr ()dm—r _T]ﬂzdr ()dm—r

JH0 _ ki SO0 o - kl S a0

T3 =

e _ _ki‘ 3 A0 40

Ar TN TAAn
(@ _ AB_AB, (i) (@) b . L aA(i) 38B(i)
Lm o 2k; zn: €€ aAA,naBB,mfn 2k; Zr: m—1r+ 9 eoe,BeABdr dm—r
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Let ¢ be an integer. The mode numbers for a, L, J are n = q/k;. In the R sector, the
mode numbers for d and G are n = ¢q/k;. In the NS sector, the mode numbers for d and
G are n = (q + %) /ki. The modes (A.8) and (A.9) satisfy the contracted large N' = 4
superconformal algebra (A.2)(A.3)(A.4) with ¢ = 6k;.

We define the global modes O’ by summing the terms from each copy

oY) =0 (A.10)

where the modes O can be modes of «, d, L, J, G. The global modes satisfy the contracted
large A/ = 4 superconformal algebra (A.2)(A.3)(A.4) with ¢ = 6N. It is believed that global
modes satisfy the algebra at any point in the moduli space.

B The N = 4 character

In this appendix, we will present the character of the small and the contracted large N' = 4
superconformal algebra. The characters are defined as follows:

3 e 3
Xjn(a,y) = Tr(—1)>0 ghom iy (B.1)

where the trace is over states in the irreducible representation. In this paper we will work
in the Ramond sector. The primaries in these represenations have dimension h, which is

the eigenvalue of Ly — 57, and SU(2) charge j.

B.1 The small N = 4 character

The characters were computed in [58, 59]. The central charge is given by ¢ = 6m, where
m is an integer. We use x(¥) to label the character in the small N = 4 algebra. There are
m + 1 short representations with h =0 and j = 0,1/2,...,m/2. Their characters are

) (1 ) = (_1)% i01(r, 2)?
Xjim (7:2) = (=1)% (91(7-, 2z)n(7’)3>

q(m+1)k2+ky2(m+1)k+1

=L 2j+1 _ qfk(2j+1)y7(2j+1)) (B.2)
keZ

(qk(2j+1)y

2miT

where we define ¢ = ¢ and y = €>™*. There are m long representations with ~ > 0 and

j=1/2,1,...,m/2. Their characters are

~ 2
1(S) — gh(_1)2 i0,(7, 2) (m+1)k2, 2(m+D)k ([ 2kj, 25 —2kj, —2j
X (7:2) = ¢" (1) <91(T’22)n(7)3 éq y (y* — g7y ~)
(B.3)

B.2 The contracted large N’ = 4 character

The characters were computed in [60, 61]. The central charge is given by ¢ = 6m, where

m is an integer. There are m short representations with h =0 and j =1/2,1,...,m/2
1/87,
q /°L(7,2) s(5)
X;‘;m (7—’ Z) = 77(7_)3 Xjfl/z;mfl(Ta Z) (B'4)
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There are m — 1 long representations with A > 0 and j =1,...,m/2

1/871,
q T,2) (S
Won7:2) = LG a9 (B.5)

where

(S
L(7,2) = X2 o g (72 2) (B.6)

Here x*(%) and x!(%) are characters of the short and long multiplets (B.2)(B.3) of the small
N = 4 algebra.

C The effect of the twist operator

The operator (3.5) contains the twist operator o2. The action of this twist was studied
in [21, 22]. Here we recall some results about this action which will be of use to us later in
the computation of E(2).

We consider only the left sector. Start in the twist sector N = (1,1) where we have
two singly wound copies of the CFT. Let the initial state be the Ramond ground state
|05)|0%). Let us apply the twist operator o at the position wy on the cylinder. This
action generates the state |x)

) = o (w0)]07)05) = eDme1/ans12 Mhnl-ot ma=m —ba—t mas—

mnld oz —d T AT 2
ezm21/2,n21/27 [ ]]O% ) (C.1)
where
q2(m’+n'+1)p P + m’} r P + n’}
2 2 2

B —
T 212 = om0y (20 4 1) (1 + m! + 2)r T/ + 1T/ + 1]
@2(m’'+n'+ 1) [% + m’} T [% + n’}

F
’ ’ - - 2
T +1/2,m041/2 2n' + 1)7(1 +m' +n/)T[m’ + 1[0/ + 1] (©2)

where a = e*0/2 and m/,n’ are negative integers.

For states containing one oscillator excitation on the vacuum [05)|0%), we have

A _ _
o (wo)aly) 107)[0R)

7 I {% - n} I [—% —p/] a?(n—p’)—l
=2 Z P T[] T[] T 1O‘BB,p'+1/2‘X> (C.3)

B
e 1d;)r/+1/2|X> (C4)
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and

;T [% — n] r [—% — p’} q2(n—p")-1

=2 E — d,E ‘X> (C.5)
_ +1/2
ety I'[—n] I[-p] 2n—2p—17 /
where a; E)z " and dg (A) are the antisymmetric operators defined in (5.8). We use these

antisymmetric operators to build primaries in section 5.2.
We can also start with initial states that have more than one oscillator excitation; i.e.,
we can compute

The general method to compute the final state in this situation was given in [22]. We first
do all possible contractions in []; O; _,, using the following rules

C |:OC(A) OC(A) :| — 25AB£AB<2iG)2m+2n

AAm BBn
—n—1 -m—1-n—1
Z mC,m,n,kan(n—l-k) - Z Z kancqm+kc_(n+q)(_1)m—k+1(n+q)
k=0 k=0 ¢=0
(C.7)
and
—n—1 —n—1
C [dg;‘”“d;f‘)—ﬂ = 2¢48(24q)2m+2n [Z T g "Cqt2 Y T C g1 "Gy
q=0 q=0
—m —n—1
+Z Z (71)m7k mflok an m+k710_n_q_1
k=0 q=0
—-m—1-n—1
+2 > > (—ymkt el ne, mRCL, (C.8)
k=0 ¢=0

Then each of oscillators left is moved separately to the final state as indicated in the
relations (C.3)—(C.5) discussed above where we had only one initial operator.

D Twisting strings with winding numbers k; and k,

) is given by Pa®. The effect of twist operator

The right moving part of the operators Gi(éj
% on strings with winding numbers k1 and ko was found in [62]. Including the projection

operator P, the effect of this operator on the ground state is

Pay |03 )0E ) =0 (D.1)
Po (05 )05 ) = C/3, 1007 (D-2)

where by 4 ko
Chyky = ST (D.3)
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A fermionic mode applied to one of the strings before the twist gives rise to a fermionic
mode on the joined string obtained after the twist

o T A(KL) kg — Ak — k1 1/2 7+ A(k1+ks) A (k1 +k
Pogdy 0RO ) = o Grldy MO0 (D.4)
T A(ke) =y — 1 =k — ko 1/2  7+A(k1+ka) A (k1 +k
Podg P0G I0 ) = 1 ey M0 ) (D.5)
Thus
Poy (k dg A —k—2d+‘4 (k2) ) 0y |0k = 0 (D.6)

We can also consider the action of Po~, but in this case we see that the final state on the
k1+ ko wound string must have charge & = —1, which is not possible for a Ramond ground
state. Thus we have
1 - 1 - _ _
Py (s ") = ) [0 10 ) =0 0.1
k1 ko
For the case where we have two dy operators on the initial strings, each such operator
can be moved to the final state string using (D.4) and (D.5). We thus have

Poy <1dg+(’“) - d*“’“”) < ag— ko - dg<k2>) M0k =0 (D)
k1 ko k1 )
In general there is also a contraction term between the two initial state operators. However
this contraction term will vanish in our present situation, since both the dy operators have
positive & charge, and so they cannot contract with each other.
Now consider the action of P&~ on the state with two initial excitations

1 - 1 -
Pos <d§+(’“1) _ d0++(k2)) (k1d+ () _ L - k2>> 050

k1 k2 ko
_ 1 -
= Uy Po) (s ) = a0 ) () = ) o)
k1 ks ko
_ 1 - _ _ _
_ _P5;_J0_ (da-—&-(lﬂ) . da—-i-(kz)) ( do —(k1) 7d+ (k2)> ’01;%1—>’01}f%2—>
k1 ko k1 ko ©
A .G | a—r® I 4k H—(k2) \ 7k —\ k2 —
— _pa} <k1d0 (1)_1?2% <2)> (kldo (k1) _ = Lo (2>> 08y ok
T 1N o m
= —Pog ( - ) 0h ) |0k
2 kl k’Q | R >| R >
ki+ko 172 =(ki+ho)—
=i (1) Sy (D.9)

where to get the third line we used (D.8) and to get the fifth line we used the commuta-
tor (A.2).

In summary, we find that the operators G a(P A0 )
contain one operator of the type (7.12); this is shown in (D.6) and (D.7). But the operators
G A(O) do not annihilate the right moving sector containing zero or two operators of the
type (7.12); this is shown by (D.2) and (D.9).

annihilate the right moving states which
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