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The purpose of this talk is to point out
the existence of new local gauge symme-
tries in RNS superstring theory, lead-
ing to an infinite chain of new nilpotent
BRST generators that can be classified
in terms of ghost cohomologies

These gauge symmetries are closely re-
lated to global nonlinear space-time a-
symmetries in RNS superstring theory
that mix matter and ghost degrees of
freedom, form ground rings and origi-
nate from hidden space-time dimensions.

The new nilpotent BRST charges, which
construction will be demonstrated in this
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talk, correspond to sequence of RNS su-

perstring theories in curved backgrounds
(including AdS-type) and can be used

to develop SF'T"s around nontrivial back-
grounds

[n terms of RNS - Pure Spinor (PS) cor-
respondence, we show that the appear-
ance of new BRST charges corresponds
to introducing interactions for the pure
spinor variable A“ in the PS BRST op-
erator s %)\O‘da (equivalent to OPE sin-
oularities OPE between \’s that pre-
serve the nilpotence of Q@ prgr). The
orders of ghost cohomologies of BRST
charges in RNS formalism correspond
to the leading order of OPE singularity

of two pure spinors in PS formalism.
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In string theory the global space-time
symmetries are typically generated by
primary fields of conformal dimension 1
(commuting with BRST charge), while
local gauge symmetry are given by BRST
exact operators (of various conformal
dimensions and not necessarily primary)
, given by commutators of BRST opera-
tor with appropriate ghost fields. ields.

Examples of generators of local gauge
symmetries on the worldsheet are the
stress-energy tensor 7' and the super-

current G: T = {Qq, b} and G = [Qy, ],

where
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Qo = f —(cT + dech — Ao X™
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is the standard BRST charge while the
dimension 1 primaries L' = s QCZT@X m
and L = %wmwn generate Lorenz
translations and rotations on the world-
sheet

To construct a complete version of the
generator of Lorenz rotations, which acts
both on X’s and ®’s one needs to im-
prove L' with bc-ghost dependent terms,
so the complete BRST-invariant expres-
sion for the rotation generator is given
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by

—800€3X 309X [mwn]
2

with the bosonic and fermionic ghosts
7,7, b, c bosonized as

(2) = 6gb_X(Z);
0(z) = eX ¢ax( )=0¢e?(2)
b(z) = e 7(2);c(z) = €7(2)

This defines the BRST-invariant rota-
tion generator, acting both on 1)’s and
(up to a picture-changing) on X's

o
The next, far less trivial example of global
space-time supersymmetry m superstring
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theory is given by the hierarchy of a-
symmetries. These global space-time
symimetries are realised non-linearly, mix-
ing the matter and the ghost sectors of
RNS superstring theory and can be clas-
sified in terms of ghost cohomologies.
Namely, it can be checked that the tull

matter+ghost RNS action:
SRNS = Smatter + Spe + S
Smatter = 217T/ d°z(0X,,0X™
1m0 + P 0™
She = ;ﬁ [ d*z(bOc + bOE)
Sy = | d=(30 + F07)

is invariant under the following trans-
formations (with a being a global pa-
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rameter):
SX™ = af2eP00™ + 9(ePyY™)}
Y™ = —af{e®d?X™ 4+ 20(e?0X™)}
0y = ae®® X h, 2 X™ — 200h,0X™}
03 =0b=0dc=0

so that
0Smatter = =053~
— ;ﬁ [ d%2(0e?) (hm0* X™ — 20, 0X ™)
05p. = 09RNS =0



The generator of these transformations
is given by
% Z PP (X,

dng

= (P d* X — 2a¢maxm>

where 1t 1s convenient to introduce the

notation for the dimension g primary

field:
F(X, ) = Ym0 X™ — 2000 X™

along with the matter worldsheet su-
percurrent

1
— _2¢WL8X7R
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and the dimension 2 primary
L(X, ) =200y — 0Xp0X™

which is the w.s. superpartner of /'
1.€e.

F(w)

Z— W
L%-generator is the element of the ghost
cohomology Hy. As in the case of the
rotation generator, the integrand of the
L% -generator is a primary field of di-
mension 1, however it is not BRST-invariant
since it doesn’t commute with the su-
percurrent terms of the BRST charge;
so similarly one has to introduce the bc-
dependent correction terms to make it

BRST-invariant.

G(z)L(w) ~
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Definition

Positive ghost cohomologies Hy, (n >
0) consist of picture-inequivalent physi-
cal operators, existing at pictures n and
above, annihilated by inverse picture chang-
ing transformation at minimal positive
picture n.

o
Negative ghost cohomologies H_,, con-
sist of picture-ineguivalent physical op-
crators, existing at pictures —n and be-

low, annihilated by direct picture chang-
ing at minimal negative picture —n.
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An isomorphism holds between positive
and negative cohomologies:

Hp~H_p o

H by definition consists of picture-equivalent
operators existing at all pictures (includ-

ing picture 0), while H_1 and H_9 are
empty.
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The full BRST-invariant extension of
L% generating the complete set of a-
symmetries for the matter and the ghost
sectors is given by:

- dz

Lo(w) = § 5 (2 = w{e PPy _y(2)

18CE(FG — ;LP; >>< - aLPqQX)

_ 2X=OFY = 1 77 (5 — w)?
240cce F} = fzm(z w)“Vs3

where the conformal weight n polyno-

@ials P}@l (2), N (2)) are the general-
ized Hermite polynomials defined as
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— o f(01(2), 0N (2 2) 9" (¢1(Z) (2’))
82’”

for an arbitrary function f of NV fields
61(2), ey ON(2) (0.8 Py o = 200—
20 — 00o)

The operator LY is BRST-invariant
and non-trivial, generating the full set
of global nonlinear space-time symme-
tries, originating from hidden dimensions.

Note that the dimension 3 integrand of
L% satisfies

Qo V3] = 0°Wjy (1)

where W is dimension 0 operator (which
precise form is skipped for brevity)
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While it depends on an arbitrary world-
sheet coordinate w, this dependence doesn’t
affect any correlation functions, as the

w derivatives of L (w) are BRST exact,
forming the ground ring.

The non-vanishing operators are the first
and the second derivatives of L%(w) in
w, given by

Li(w) = Oy L™ (w)
dz

= 242 (2 = wl{e PPy 5 _o(2)
)

18cE(FG — 1LPq§ ) - aLqul )
—245’0062X Ja

and
L%(w) = 5’wa‘(10)
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It is straighforward to show that these
generators induce local gauge symime-
tries on the worldsheet and are BRST

exact,that is :

dz -
LY (w) = {Qo. f bz, w)}

L$(w) = {Qu. 0w f bz w)} ()
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with the role of the generalized b-ghost
(corresponding to gauge transtormations
induced by L§ = 0j,L%w);j = 1,2)
played by

dz -
d yfmb(z w)
— f (e = wP{ = e F P o (2)

18E(FG — ;LPQE_)X _ 4aLPq§_>X)

+240ce’X P B

Note: the integrands of L{ and b are
conformal dimension 2 generators.

o
Now that we have the b-analogue of the
b-ghost, what is the generalized ¢ ghost?

17



In analogy with the usual c-ghost, we
shall look for conformal dimension —1
operator, satisfying the canonical rela-
tion

{fb.ey =1 (3)

Complication: since b is at picture +1,
¢ must be at picture —1 to satisfy (). It
appears there is no suitable expression
for ¢ satistying these conditions. How-
ever, since L, is on-shell, the picture-
changing transformation is applicable to
it.
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Since i
T =1{Qo./0b}

and picture changing operators I' and
'~ (direct and inverse) are BRST-invariant,
one has

LY = {Qo, I § b}

so the p.c. transform can be applied to

generalized ghosts as well (even though
they are off-shell).

It is convenient to bring ib to picture
—1 by applying F_Nl twice. The picture
-1 expression for ¢b is given by:

19



fb(w) = f@{—886063¢_4x X
1227’(’ 1
QPO 0L+ 9P o+
D
X (——0%p + —0°x 4+ —0°0 — 4(Dp)* + 8(9X)2

1(80)2 +- 68@58)( — ;&b@a + 76’)((90)]
L53) 1 ]
+6P_ (— aL + L( do aqbl)) + 9

_C€2X 3¢{P_O [—82 — 4(9qu2 >2X+20

+F[é82¢ + a2>< - 820 . (8¢)

S pWn

~3(dx)* — QEME?X — 28¢80 + Ox 00|
L p(2),—1 P96 oy)) — - pB)
o P2 (o OF + F(=,0¢ — 0x)) = P=o}
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Next, the conjugate c-ghost, satistying

{yb,e} =T
(note that I' is picture-changing opera-
tor, 1.e. picture-transformed unit oper-
ator 1) is given by:
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I
5—Qe3¢ X{F( P+ S 00P )

(2) 1 (2)
+GL(2P¢_X + 8¢P¢_X + 2aFP¢_X)
+OGLRY  +GoLPy).
+15’2GL +dGOLY

Ap—2 pl) (1)
+b€ ¢ X{ GF ¢ 4O_P¢_X

3) pl)
+12LP R o

- (2) (1)
+ 168LP¢_XP¢ o)

(1
comeo g Lpl PR

L 53)
M D—2x—0 )
Since the ground ring elements L{ and
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& can be shown to commute:

LT, L] =0
the nilpotent BRST charge of ghost co-
homology Hjy is by definition equal to

Q1= LT + L5
Cl=C,Co=}C
Computing the OPE’s it is straightfor-

ward to derive the manifest integrated
expression for ()1:

d
Q1= fQ;T{ce(b(GL + FP;QX)

1 94 1o
+,E0XGE + 2LP2<¢>_2X_U) — dcc€L(2)}

This defines a new BRST complex in
RNS superstring theory! It is an ele-
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ment of superconformal ghost cohomol-
ogy
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BRST charges of Higher Order
BRST Cohomologies

In case of uncompactified critical RNS
superstring theory the a-symmetry ()
is the only additional global space-time
symmetry, present in the theory. For
RNS theories in noncritical dimensions
or critical but compactified on S, there
is a huge set of additional a-symmetries,
due to interactions with the Liouville
(or compactified) mode.

(D.P. 0706.0275, LIMPA (2007):
0806.3565, LIMPA (2009))

Thus, for a d-dimensional RNS the-
ory, there exist d+1 additional a-symmetries
of ghost cohomology Hy. Combined with
<d+1>2<d+2> Poincare symmetries (includ-

ing the Liouville direction), these d+2
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oghost-matter mixing symmetries of Hy
enlarge space-time symmetry group from
SO(2,d) to SO(2,d + 1), bringing in
the first extra-dimension. Next , an Ho
cohomology can be shown to contain
(d + 3) superconformal ghost number
2 a~symmetries which, combined with
Poincare symmetries and a-symmetries
of Hy anrarge the space-time symmetry
group to SO(2,d + 2), bringing in the
second extra-dimension.
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Example of a typical a-generator of

Ho:

d
LF = § = F(X, ¥)F (0, )(2)

F(X, ) = 0 X™ — 2000 X™
F(p,\) = A\d%p — NIy

where ¢ and A are the super Liouville
components (or those of a compactified
direction)

Asin the case of LY, BRST-symmetrization
of

LP — LP(w)

leads to correction terms which w-derivatives
oive rise to ground ring, inducing gauge
transformations at the Ho-level with the

associate ghost pair (2 (w) and # ¢(2) (w)
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satisfying

! = {Qo, 6P (w)}
(0P (w), &y =17

At this level, however, the ground ring
1s non-commutative and consists of 3 el-
ements: with

/=00 L9(w);i=1,2,3
satisfying

| b Lﬁ] , Lﬁ
So the BRST charge at the Ho-level is
3 1 ~
() = jZl c<2)jL§ + 4c<2>1c(2>2@120fb<2>(w)

This construction can in principle be
generalized to ghost cohomologies /7, of
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arbitrary n, with each cohomology rank
having its own associate BRST charge
(),; although I only was able to do it
explicitly for n < 3.

Determining BRST cohomologies of
(Qn, for n > 1 is a challenging and inter-
esting problem, aland though it looks
plausible that each of (), corresponds
to RNS string theory with certain back-
oround geometry:.
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Properties of (),: cohomologies

So far, we have been able to investigate
the simplest nontrivial case n = 1. The
problem of investigating the higher n
cases 1s still to be addressed. In critical
uncompactified case the only nontrivial
clement of Qo+ is given by the mass-
less gauge boson:

V(k) = f e {(A0X)(kOX) (kD)
+(AD) (k) (k) (A4) (kO X) bt
EA(k) = 0; (k)* = 0

This operator is the element of H_s.
In the noncritical cases there are other
massless modes. in particular, for d = 4
there are 7 extra massless vector bosons
in the Qg + @)1 cohomology, altogether

giving rise to SU(3) octet of gluons. There
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are no nontrivial massive modes
in the cohomology! Such a field-
theoretic behaviour is characterictic for
string theories in AdS-type backgrounds,
dual to CFT (YM in d = 4)

D.P.,0806.3565;IJMPA 24:113(2009)
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New BRST Charges and
Deformed Pure Spinors

In pure spinor formalism the standard

BRST operator

dz
QPS — 7{2.>\Oédoz
1 VIT

do = Py — QVZlﬁaXmeﬁ
1
—S(Q”ym@@) (Ymf)a
a,=1,..,16
is nilpotent if
AN =0

(pure spinor condition) and OPE be-
tween two A’s is nonsingular. The latter
condition is ensured by the fact that in
the standard PS action A is a free ghost
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field. This condition, however, can be
relaxed with () still remaining nilpotent
even if OPE between pure spinors be-
comes singular, provided that the pure
spinor constraint is still satisfied at a
normal ordered level and certain other
constraints are fulfilled. E.g. consider
the most general OPE between dy(2)
dg(w) around the midpoint:

Ta
do(z)dg(w) = — ﬁZWin
Z+w
iz = w) g IR ()
iz = w{angbILy)
Z+w
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and suppose that A satisfies the OPE

Aa(2)Ag(w) ~

Z;w)JrO(z—w)

(no (z — w)-term means that the PS
constraint is fulfilled in a normal or-
dered (weaker) sense). Then the BRST
charge is still nilpotent if either oy =
0 or : Amnﬁ) = (0 (other singular-
ities vanish upon evaluating traces of
gamma-matrices). This precisely is the

situation that is realised if one considers
the RNS-PS map

(Z_w) 704514 (
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1
Oo = €275
)\Oz — {QO) (904}

1 1 -
= —4beg¢_2XZ@ — 2e§¢—><yg%axmzﬂ
1.1
+ce2¢(22&8gb +0%,)
) so that
1
Aadg ~ 50bbe”? ™ X et + O (2—w)

(2 —w)

[t can be shown that, under such a Ps-
RNS identification the PS BRST charge
is simply mapped to RNS BRST charge
Qo (up to similarity transformation) and
is therefore nilpotent:

(D.P. 0810.4696, to appear in
IJMPA)
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where

d |
R=232/ ?@CCQQX_Q(/)@MZ)

20T

Thus the RNS theory is equivalent to
modified PS theory with the double pole
singularity in the pure spinor OPE. This
construction can be generalized to in-
clude the modified pure spinors with more
singular OPE:; remarkably, the RNS BRST
operators of higher ghost cohomologies
are then reproduced, with the leading
singularity order of pure spinor OPE re-
lated to the ghost cohomology order in
RNS formalism (!) We have been able
to show this for the n = 1 case and con-
jectured for higher n’s. Namely, in the
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n = 1 case one starts with

g = 205051207 Xy, + X, 00)

which is the dimension 0 primary field

space-time spinor at ghost number g,

NOT related to the previous ghost num-

ber % version of 6 by picture-changing.
Next, one defines

5\04 — {QORNsv éOJ}
keeping d“ unchanged at picture —%
The straightforward calculation gives

les _ ]gj\oéda N e—RQ{%NseR
with the same R.

Conjecture:
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RNS superstring theory with the BRST
operator (), of Hy, is equivalent to mod-
ified pure spinor (PS) theory with singu-
lar pure spinor OPE’s with the leading
OPE singularity order given by 6n? +
on + 2.
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Conclusions

Hierarchy of surprising space-time a-
symmetries in RNS superstring theories
induces ground rings of matter-ghost mix-
ing local gauge symmetries that can be
classified in terms of ghost cohomologies

Hy,.
o

Each ground ring induces the asso-
ciate new BRST charge @), of H, in
RNS theory, corresponding to some de-
formed background geometry (AdS-type
for n =1)
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Each )y of RNS theory corresponds
to deformed PS superstring theory, with
the leading OPE singularity order in the
PS formalism related to the ghost coho-
mology order of n in RNS formalism

Projects for the future: investigate co-
homologies of @)y, for n > 1; identity
geometries of underlying backgrounds,
building SE'T"s around these backgrounds...

possibly developing PS-formulated SE'T"s
inspired by generalized RNS-PS map
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