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Abstract We study supersymmetry conditions for the het-
erotic pure superstring preserving N = 1 supersymmetry in
four dimensions directly from the curved superspace defined
by the Berkovits—Howe constraints.
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1 Introduction

Understanding string dynamics in curved backgrounds is still
one of the most important topics of research in string theory.
It is particularly crucial to study dualities and compactifi-
cations. Most of the knowledge in string compactifications
comes from the Ramond-Neveu—Schwarz (RNS) formalism
or the supergravity limit. In the case of heterotic string or Type
IT strings the RNS formalism allowed significant advances
such as non-renormalization theorems [1] and exact results
from topological strings (see, e.g., [2] for areview). For com-
pactification backgrounds involving Ramond—Ramond (RR)
fields most of the work done was restricted to the supergrav-
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ity limit. The difficulty comes from the RR vertex operators
associated with the linearized RR flux.

The pure spinor formalism [3] introduced by Berkovits has
manifest supersymmetry in flat space-time and made possi-
ble to study RR backgrounds without the subtleties of the
RR vertex operators of the RNS formalism.! In two previ-
ous papers [6,7] we started the study of compactifications
using the pure spinor formalism.> However, in those works
we started with an ansatz for the covariant super deriva-
tive algebra without relating it the supergravity background
defined by the Berkovits—Howe supergravity constraints [9].
The assumption was guided by requiring a nilpotent BRST
charge in the supergravity limit. In this work we want to
study supergravity backgrounds for the heterotic pure spinor
string preserving Poincaré symmetry or supersymmetry in
four dimensions directly from the curved superspace defined
by the Berkovits—Howe constraints. The idea is to construct
the Killing supervectors and derive the conditions imposed
on the supergeometry such that their lowest components sat-
isfy some general requirements expected for Poincaré or
supersymmetry parameters. Knowledge of the 6 expansion
of Killing supervectors is also useful since they define con-
served currents on the worldsheet which can be used to have
an explicit form for the supergravity vertex operators. Killing
spinors and their algebra were already studied in, e.g. [10]
but not directly from superspace point of view.

The superspace approach taken here is considerably more
involved that the component approach historically used in
the literature on superstring compactifications. However if
we want to apply covariant formalisms for the superstring to
this problem we must understand all steps in the description
of curved superspaces for string compactifications. Although
the case studied here is one of the oldest compactification

! Another promising way to study RR backgrounds is to use Closed
Superstring Field Theory [4] as in the work [5].

2 Tt was also studied in [8] using orbifolds.
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models it will serve the base to apply the same ideas to more
general compactifications, e.g. [11-14] and also for Type II
strings. Curved superspace methods were also used in [15]
to describe flux compactifications.

This paper is organized as follows. In the next section we
give a brief review for the heterotic string in the pure spinor
formalism in a general curved background and some of the
main consequences of the Berkovits—Howe constraints. In the
Sect. 3 we study general Killing supervectors in ten dimen-
sional supergravity with the Berkovits—Howe constraints. In
Sect. 4 we study the consequences of imposing four dimen-
sional Poincaré symmetry and supersymmetry. The final sec-
tion has a summary of the main steps of our work and future
applications.

2 Heterotic supergravity and the Berkovits—Howe
constraints

In this section we review the heterotic string in a curved
background in the description of the pure spinor formalism.
The world-sheet action is given by

1 —a 1=
S = /d% <§nan“+ zHAHBBBA + do I

+weVAY + paVpa

Fdo T W+ A%,J’U,J‘) + SFr, 2.1)

where the superspace coordinates Z¥ = (X™,0H) (with
m=0,...,9, u=1,...,16)defines [1* = dZM Ey,4(Z)
= (T1%, T1%), where E ;4 (Z) is the vielbein superfield. The
world-sheet field d,, is the generator for superspace transla-
tions, A% is the pure spinor variable and w, is its momentum
conjugate variable. The world-sheet fields p 4 are the het-
erotic fermions. They are in the fundamental representation
of the gauge group SO(32) or Eg x Eg. These fermions
define the current 71 = %K ,143 PAPB, Where K are the gen-
erators of the gauge group Lie algebra in the fundamental
representation. The covariant derivatives in (2.1) are defined
by

VA% = 2% 428 (§ZMQM,3“) ,

Vou=pa+ K (92" A1) ps. (2.2)

where Q8% is the background Lorentz connection and A y
is the gauge group connection. The background fields are
B, Wy, Uy and the connections in (2.2). Finally, Sgr is the
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Fradkin—Tseytlin term and it is given by

Spr = / a2z a'r@o, 2.3)

where r® is the world-sheet curvature and ® is the dila-
ton superfield. Note that this term breaks classical conformal
invariance but it helps to restore it at the quantum level [16].

The action (2.1) is the most general expression that is
invariant under background Lorentz and gauge transforma-
tions such that itis also classically conformal invariant. There
is another symmetry that constrains the background fields to
satisfy the equations of supergravity in ten dimensions and
the equations of super Yang—Mills in a curved background
[9]. This symmetry is generated by the pure spinor BRST
charge

0= ?gdz A%dy. 2.4
The nilpotency of Q and the holomorphicity of A“d,, imply
a set of constraints for the background superfields. These
constraints are functions of the torsion, curvature, field-
strength and H = dB components. Let us remind how
they are defined. They are given after constructing the super
one-forms E4 = dZMEyu?, QP = dZMQuP, A; =
dZM Ay and the super two-form B = %dZMdZNBNM.
Note that the Lorentz connection has the form
1
Q. =8QW + Z(y@)aﬁ Qub, 2.5)
where Q) is the connection for scalings and Qg is the
usual Lorentz connection in ten-dimensional superspace. In
this way, one can define the connection 2 48 with non-zero
components Q2,2 and ©,#. The matrix y9¢ = 1yt —
y2y9), where (¥%)ap and (y4)*P are the symmetric 16 x 16
y-matrices in ten dimensions that satisfy the Dirac algebra
ey 7D + (D)ay (7P = 2028} (2.6)
The map of a tensor with superspace curved indices to
local target space indices is performed with the use of the
vielbein and its inverse. For example,
Byy = (-DNMIVEAENEBR,, (2.7)
where (A, M) assigns a sign (+1) for bosonic directions and
(—1) for fermionic directions (for more details see [17]).

The torsion, curvature and field-strength super two-forms are
given by

TA =VEA =dEA + EBQp?, Rp? =dp?
+QpCQc?, Fr =dAr + f/51A4; Ak,
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1

1
T4 =SEPETes”, Rp" = SECEPRpcs”,

1
Fr = EEBEAFMB, (2.8)

where the product between forms is the wedge product and
f7K | are the structure constants of the gauge group Lie alge-
bra. The covariant derivative V is

1
V = EAV, =dzM (aM + EQM@M@JF Qﬁf}S) ., (2.9)

where M, are the Lorentz generators and S is the scaling
generator.
Together with

1

H= EECEBEAHABC’ (2.10)

the torsion, the curvature and the field-strength satisfy
Bianchi identities. They are given by

Via TBC]D + T[ABETEC]D - R[ABC]D =0,
ViaRscip® + Tias" Rrcip®t =0,

ViaFrgc) + T[ABDF[DC] =0,

3
ViaHpep) + ET[ABEHECD] =0, (2.11)

where the (anti)-symmetrization is on (A BC) in the first three
equations and it is on (ABC D) in the last equation.

The nilpotency of the pure spinor BRST charge and the
holomorphicity of the BRST current, together with gauge
fixing gauge symmetries of the action, imply that some of
the torsion components are

Top® = —(¥Yap, Taa” =0, (2.12)

some of the H components are

Hygy = Hape =0, Hopa = —(Va)aps (2.13)
and for the field-strength components
Frap = 0. (2.14)

Using the Bianchi identities of (2.11) and the torsion com-
ponents in (2.12), one can prove that the constraints for the
curvature are implied. Also, the Bianchi identity involving
V(aTgy)% implies that

Toab = 2(Yap2™)q. (2.15)

Itis important to note that since Q,(f) # 0 one has to be careful
when acting with V, on gamma matrices. For example,
Va(rDps = =29 (v ps. (2.16)

Combining the Bianchi identities involving Vi, 7,51 and
Vi« Hgap) one can show that

Type = —Hape. QY =0. (2.17)
The Bianchi identity involving V|q Hupe) together with the
equation (y2)esTa” = 8V,Qy (Which is derived from the
Bianchi identity involving V|, Taﬂ]ﬂ [16]) implies that

Tap® = —é(yQV)“HM - gv@(ygm“))“. (2.18)
Finally, the Bianchi involving Rus,)” implies

Tabe = —(Yabe) P Va2 (2.19)
So we have that

Habe = (Vabe) Va2 (2.20)

Note that Qt(f) = JTVO[QD as it is required by ghost number
anomaly cancellation [9] (also necessary for vanishing of the
beta function at one-loop [16]). One can also use the Bianchi
identities to find the following expressions for the curvatures

. . d
Rap™ = ViaTpe"n + Tad T\ 1" + Vop Ha™.
. . B d
Ry = —Vy T, — Ty 1Py 8],

1
Ryt = —g(yﬁ)aﬂ (VoTab" = Tp1aThie”) »

o

1

RY) = Vi, Q) = nyﬁvg@,
®) 1

Ry = VaQu = 7VaVa®,

R(S) _

= (2.21)

1
@aﬂa = ZTQ“VQCD.

All the gauge covariant background fields depend on the
@ superfield. This is not something new and it is also true
with a different set of constraints [18]. It is interesting to note
that for the Type IIB pure spinor string this is not true [19].
It can be shown that using the Berkovits—Howe constraints
the Ramond—Ramond 5-form, as well as curvature generated
from it, does not appear as a higher component of ® [20]. An
explicit example of this is the Ad S5 x S° background [3,21]
where all covariant derivatives of ® vanish.

@ Springer
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3 Killing supervectors

As discussed in the previous section all Lorentz covariant
tensors can be computed from ®. Under a general super
reparametrization £¥ (Z) it transforms as
8D =EMVyd =£4V,4D =0, (3.1
where we are defining €4 = £M Ey 4. However it is not
enough to impose that the transformation above vanishes.
Generically the covariant tensors are given by
Tayn, ~Va, -+ Va,®, (3.2)
therefore in order to have §74,...4, = 0 we must also impose
that V4 = 0. Another way to see it is that particular compo-
nents of the vielbein cannot be obtained from & so to impose
that the full background is invariant under some particular
super diffeomorphism the covariant derivatives (2.9), which
depend on E 4M  should also be invariant.

The textbook way, see e.g. [22], to study super diffeomor-
phisms is to introduce a vector superfield containing £4, a
compensating Lorentz rotation A2 and scale transformation
o
K =4V + $A% My +0S. 3.3)
Although the pure spinor sigma model has two independent
local Lorentz symmetries, acting on vectors and spinors sepa-
rately, a combination of the two is fixed in the process of solv-
ing the Berkovits—Howe constraints. The local scale symme-
try is also used to fix the dimension zero torsions, however
since we are not eliminating the scale connection from V,
we still have to include the scale transformation in K. As
we will see this will effectively reduce the structure group of
symmetry transformations from Lorentz times scale to only
Lorentz, as expected.

A generic tensor superfield @414 transforms under
local reparametrizations and local Lorentz transformations
as generated by K as

A

sOAAn = K OALAn (3.4)

Since the covariant derivatives map tensors to tensors we
have that the covariant derivatives themselves transform as
§Va =[K, Val. 3.5)

If we apply this idea to V,, and use the Berkovits—Howe
constraints we get

1
8V, = (—vagﬂ—ZA“b(yab)aﬁ - 350) Vg

@ Springer

b
+ (_Vagé+ éﬂ%{ﬁ - éaTgocé> VQ

1
+ 5 (~Va AL+ £ Reu ™) My

+ (§°RE), — Voo ) 5 =0, (3.6)

where R,(:z)s is the scaling curvature and R4 g*? is the Lorentz
curvature. The first term in (3.6) defines A% in terms of £%
it also implies that
V&% = —160, (Vy2dey = . (3.7)
Before studying the consequences of these conditions let us
first analyze the second term of (3.6), which has the lowest
mass dimension. From it we can write an expression for £“
in terms of £% as

o 1 753 a 9 a o
£ = v VpE + 254 0R)

1 8
_ afga Cga o
Vs (vafet) + 250",

(3.8)

We can also write the fundamental equation for £4 using the
usual ten dimensional gamma matrix identity

Vb(ps (—Vooéé + EQTMQ) =0, (3.9)

it depends only on £ and the background. Using the explicit
form of TO@é and the fact that the V,, derivative of yjgs is not
zero, simplifies this equation to just

Via ((VQ);%)EQ) =0. (3.10)
A nice way to summarize this is that the isometries of a
general supergravity background with the Berkovits—Howe
constraints [9] are generated by a symmetric bi-spinor satis-
fying

AWPEu =0, Vigéps = 0. @3.11)

Let us see what consequences are obtained by using the con-
ditions (3.7) and the expression for (3.8) for £*. Acting with
V, on (3.8) one obtains

1 1
Vot = 5va (Ve VplE: + 574" QuVp®

9 9
+ S (Va1 + S8V (1), (B12)

Using the equation for V&4 from (3.6), the anticommutator
for the for the first term and Q, = %Va ® one obtains
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1 b
V£ = 2va? Vg ViE® + " Rupp®)

1 ap y.,,4a b a

+ S Ve R E vy + E ")
9 9

+ 5 + E T (" + 15849 Ve, Vgl @,

(3.13)

Now we use the equation for VQEQ from (3.21) below, the
Bianchi identity involving Rygp® and note that all the terms
with two factors of €2, vanish (because they form a factor of
the form (2y,2)), we obtain
VoY =16 82QY) = 0 = —£9Q0), (3.14)
As we mentioned below Eq. (3.3) this condition on o is effec-
tively eliminating the scale connection from V,,, reducing the
structure group of the symmetry generators. Note that €,
already vanishes as a consequence of the Berkovits—Howe
constraints.

The second condition in (3.7) does not provide informa-
tion: in fact, using (3.8) one obtains

(yebed), Pyge® = — (yabedy by, vge,

10
1
+ 5y gk,
9 9
+ D (VpE) (4 + L (D PE Vp (o).
(3.15)
The first term becomes
1 abedy B o 8 abed
- g(yi)a Vp&® — 5(5)/79)
9 [a .., bedl\aB 54 [a bed]
+ 35 L=V Qp + ?E (QYy=4Q) (3.16)

after anticommuting the fermionic derivatives, using the
equation for V&, derived from (3.6) and the Bianchi identity
involving Ryp, . For the second term, after using the equa-
tion for Vg&, from (3.6) one obtains that this term is equal
to

o yabedg) ?s[ﬂ(ﬂywm (3.17)

For the third term, we use again the equation for Vgé, to get

18 54
;(f;ymm - gs@mywm. (3.18)

For the fourth term we just contract the gamma matrices to
obtain

9 . 18 .
—gs[ﬁ(yﬂbaﬂmﬂ - ?E[Q(QVM]SZ). (3.19)

Adding (3.16), (3.17), (3.18) and (3.19) we obtain that

(P vge®

1 . .
= —g(yw)aﬂvﬂsa = (y2ed) Pvge® = 0. (3.20)

Therefore the second equation in (3.7) is identically satisfied.
The vanishing of §V, should be implied by §V, = 0.
Nevertheless, it is still useful to have its explicit form

8Vy = (—VaE* —ETei®) Ve

+ (—Vgéb—éaT%b—SgTﬂé—Agé) v,
1

+3 (= Va A + €2 RpabE) My

+ (sck(gg - vgo) S=0. (3.21)

One can use the equations in (3.6) to derive each term
above. For example, consider first {Vy, Vg}é A which is
equal to

(Var VpIEY = yip Vas ™ + 55 Rapp”, (322)

and use the equations for £ and A derived from §V4 = 0 in
(3.6) and (3.21). For £4, (3.22) implies

1 ‘ .
B ZA@[VE, Y4ap + 82 (VaTpp" + TapTp)c)

b
+&7 (23/5(& )+ 7, (@ Tﬂ)ﬁ) — 207,

b b
= —Y,pAp® + & (Raﬂkg — Yap Thf) =&Yy Typ™
(3.23)

The terms with A cancel after computing the commutator.
The term with £2 is also zero because of the Bianchi identity
involving Rygp. The terms with £7 are equal to

b
& (27”3(049;9) + mﬂTy)gg) = —2y,57Q)), (3.24)

where we have used the fact that Tg,% = 2(y,%€2) g and the
Fierz identity y(éy o) p)p = 0. The result of (3.24) has to
cancel the term with o in (3.23). Therefore,
o=-£"Q,, (3.25)
which is a condition already found before (see (3.14)).

As we already mentioned before, the scalar superfield @
should also be invariant under the transformations generated
by K. Since §Q, = —o and Q, = %VQCD, invariance
under K implies that

£9V,® = 4o. (3.26)

@ Springer



991 Page 6of 12

Eur. Phys. J. C (2022) 82:991

Finally, one can calculate the commutator of two different

Killing transformations parametrized by (slA, A‘f*b, o1) and

(52 > 2 ’0—2)

1
K1 =&'Va+ 2A Mab—i-GiS

1
=&'Va+ 2A "Mup + 028. (3.27)

Both K’s leave V4 invariant, so the parameters & and A
satisfy the equations the come from [K, V4] = 0. The com-
mutator K3 = [K1, K7] is then given by

b
K3 = (60 Vit — 68 Vel — 6760 Tep” + f Aoy,
1 Bea paboA
+—(V@)a E[lAQ](Sﬂ Va
lac
(52 £ Rap®t —H‘E VAAZ] + AT AL )M@

+ (§[1VA02]) S. (3.28)

Using the equations from (3.6) and (3.21) for the derivatives
of &1, &, A1, A; the expression above can be simplified to
K3 = ( 5152] ab— +§1 52 Va}g 5152 cb™ )va
- Sféi abavoz
+ 3 (616 R + AfEALE) M

= &P Tep VA + 3 (e Rpa™ + A A2E) Mapy

+ (§1Vaoa) 5. (3.29)
So we finally obtain that
b
6 = ~ePeSTep, AP = (e Rpa® - A4A0Y)
o3 = (§1Vaon). (3.30)

For the heterotic string it is also possible to include a gauge
field background. The superfields present in the sigma model
are (Ag, W¢, U, U@). They are valued in the Lie algebra of
Eg x Eg or SO(32) and Ap is the usual gauge superfield.
The Berkovits—Howe constraints imply that they can be writ-
ten in terms of A, . One could include the gauge superfield in
the covariant derivatives together with a compensating gauge
transformation in K and include their contributions to (3.6)
and (3.21). However, a gauge background is better described
by its dimension % covariant field strength W¢ and its trans-
formation under K is

1
* =gV WY 4 ZA@ (yaW)* (3.31)

@ Springer

where the V4 above includes the gauge connection. In what
follows we will focus purely on the geometry and will not
include a gauge background.

3.1 Flat superspace

In flat space V4@ = 0, the solution to (3.10) looks like

1
£9 = €% 4 A%y, + (9yin) — Z(GV@Q)A@. (3.32)

where €4 is the translation parameter, A% is the Lorentz
rotation and n* is the supersymmetry parameter. There are
no higher order 6 terms in the expansion. One way to see
this is to note that the first term in the second line of (3.6)
in flat space implies that A42 is constant. It also implies that
VsVqEP = 0, which means &7 is constant in x and that
Vi, -+ Va,1EP |0:0 = Oforn > 2s0&f isatmostlinearin .
This is the complete set of isometries of flat ten dimensional
superspace.

We would like to know how the existence of (3.32) implies
a flat ten dimensional superspace. First we have to define the
basic properties of £% in an appropriate way if the superspace
is curved. In this case there is no notion of a reparametriza-
tion invariant 6 expansion. The higher components of &4
should be defined as an expansion using the Grassmann odd
covariant derivatives. Using the ®-variable notation of Wess—
Bagger [17] we can represent the 6 expansion of £< as

a _ $£|0=0 + ®a(va§l)|9=0

1
+ 5@"@)‘%vmvma&ﬂ)|9=0 o (3.33)

where - - - are higher order ® terms. For flat superspace we
could say €4, A% and n® were constants, but that is a frame
dependent notion. For a general curved superspace we will
impose that the components of £ satisfy

ED)peg = €2 (VaeD)|,_y = —Ad2 (3.34)
b

(VaD)|y_g = Vapn®s (Van™)|y_y =0, (3.35)

(Va(Via VE1ED | y_) oo = 0 (3.36)

where Ay = —Ap, and also that

Vio V£2 L abe 3.37

( [ ﬁ]$7)|9:0 4‘}/0”3 bes ( . )

is the same A defined by (3.34). Because of the nested 6 = 0
projections it is difficult to work with the conditions above.
However, it is possible to simplify them in the case where
the gravitino (and dilatino) vanishes. The bosonic covariant
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derivative is defined as

V, = E,™(x,0)Vy + E*(x,0)V,

= (e, (x) + - )V + (Y (x) + - )V, (3.38)
where - - - are higher order 6 terms. Since V,, is the only
operator that has a 6 derivative, when ¥,/ = 0 we can write
(Va(Oly_ ) y_o = (VaO) 5> (3.39)
this allows us to simplify the projections in the conditions
for the components of £ and use them in (3.6) and (3.21).
In summary, if we want to impose Poincaré invariance in
the full ten dimensional superspace we require that the back-
ground is invariant under transformations generated by ten
linearly independent vectors defined by £%|y—¢ satisfying
Va€2l9—0 = —A42l9—0, with the further conditions that
A@p) = 0 and V. Agplo=0 = 0. It is clear that these con-
ditions in (3.21) automatically imply the space is flat and
without bosonic torsion.

4 Invariance conditions

Before we start let us summarize the results of the previous
section. There are only two independent invariance condi-
tions from which all others can be derived, they are

EUV,® + £V, =0, “.1)

b 1

Vak? = EPyp + S E(r*)a" Vs 0. (42)
We already saw that the second equation can be written purely
in terms of £ and @, the same can be done with the first and
it is simply

VP V,E4V D + 1054V, P = 0. (4.3)
All other equations can be obtained from the ones above and
the Bianchi identities. The last equations in both (3.6) and
(3.21) can be obtained from

Vo (§9Vy® —40) =0, V,(§°Ve®+40) =0, (44)
using that 2, = J—‘Va ®, the scaling curvatures Rgg in (2.21)
and the first lines of (3.6) and (3.21).

If we can find a set of superfields (&4, A%, ) such that
8Vy = 0 the supergravity background will remain invari-
ant. The idea is to find the superspace conditions for these
equations to be satisfied for some specific set of parameters

(4, A%L, &) corresponding to translations in four dimen-
sions and one global supersymmetry. From now on we will

separate vector indices into four dimensional and six dimen-
sional parts a = (a, i). We will decompose the parameters
as

EA = (67,898, A= (A" AT A, (4.5)
Later, when imposing four dimensional supersymmetry we
will also use complex indices (7, ) for the internal space.

4.1 Four dimensional Poincaré symmetry

Let us first impose only four dimensional Poincaré invari-
ance. Of course the conditions on the background are obvi-
ous, however it is still instructive to see how they appear
from (4.1) and (5.2). It is not possible in this case to fix
£4 = (0,&%,0) as superfield conditions. This would con-
strain the full ten-dimensional superspace to be flat. A less
restrictive way to do it is to impose

£4,_0 = (0.€%,0), A%|g—o = (1", 0,0), (4.6)

where € is a four dimensional vector and /*® a four dimen-
sional Lorentz rotation. All higher components of the super-
fields (¢4, A%?) should depend only on (€%, [ aby and the ten-
sors of the geometry. Since we are dealing with a purely
bosonic background we will use that

(val ...va2n+lq)) ‘9:0 =0

4.7
Staring from (4.1) we see that the first component of &
should independent of the four dimensional coordinates but
it is unconstrained on the internal coordinates. From using
(3.6), (4.6) and (4.7) we fix the next order in € expansion

1
VatPlo—o = —Zlab(m)aﬂ,

Voé?lo=0 = 0,
Va&'lo—0 =0,
Vo A%lg—o = 0,
Ve A% g=o =0,
VoA |g—o = 0. (4.8)

To get the second term in the expansion we first use that

1 1
\A = 51Ve, Val4 + 5 Vs, Vo)t

1 1 1
= 5 [Ve, Vple" + 270 Vab " + JE7 Raps™.

2
4.9)

@ Springer



991 Page 8 of 12

Eur. Phys. J. C (2022) 82:991

From the second term of (3.6) with A = a we get

1 I 1
51V Val6® = =y, VbE® — 267 Rups® + Vp& v

+28°Qpys — VpEL T — £PVETe ™ (4.10)
Before projecting to 6 = 0 we must find the conse-
quences of Poincaré symmetry conditions Va?;b lo=0 = —1,°,

VA" |g—o = 0 from (3.21). The first term in (3.21) gives
no information at leading order in . Choosing the indices in
the second term to be (a, b) we find that T,p.|g—0 = 0. From
the choice (a, i) and using that (VaEH|g=g = 0 we have
that Te4ilo=0 = 0. On the other hand, this will imply that
(Vi& b )p=0 = 0, as expected. Finally, from the choice (i, j)
we have that T¢;jl9=0 = 0. From the third term in (3.21) we
get a vanishing four dimensional curvature Rab0d|9:0 =0
and also that Ry, |g—0 = Rap" |o=0 = O. Using Bianchi
identities we have that V; A4 lg=0 and Rdib"|9:0 = 0. Using
all this information we get the third term in the covariant
theta expansion of £% and &’

l a
E[Vﬂv Val€%19=0

1 1 | R
= (EV;’ﬁlha — ~€"Ropp” — Z(y(d)ﬂsyo‘;glcd - EbVﬂTba"> ’

2 0=0
. 1.
= 3V "led = 5 (ViaTpe") loo. (@.11)
1 ; | 1. i
3195 Valé om0 = 2¥i5"lea = 3¢ (ViaTpie") loo- 4.12)

The next steps would be to calculate [V, Vﬁ]A”b and
Via Vg Vs1E°. For the latter we first calculate [Vg, V4 ]€°
using the same method as above and then applying another
covariant derivative and anti symmetrizing in all indices. This
will give terms depending on the curvature. Additional con-
straints on the background from imposing Poincaré symme-
try in four dimensions will come from (4.1). At lowest order
in 6 we only have that
(Vo ® + &4V, P)p=0 = €“(VaP)lo=0 = 0, (4.13)
so the first component of @, the dilaton, is constant in the
four dimensional variables. For the next order we have to
compute

VieVp (67 V, @ +99,0) | =0, @.14)

0=0

Using the conditions on the symmetry parameters and eval-
uating at 6 = 0 this expression becomes

(2(VBE" )V V,y @ — 2(Vo ") VgV, @

+([Va, VBIED Ve ® + E4[Vy, V5]V D) ‘9:0

(4.15)

@ Springer

Using (4.8), (4.9) and (4.10) we simplify to

1 1 be
<§lab(yab)[ay(vﬁ]v)/ D) — Elaby:ﬁgvgq)

+eb (ViaTpp®) Va® + €[V, V,g]VaCID) ( =
(4.16)

Commuting the derivatives in the last term we obtain

[V VgIVa®lo=o = = (ViaTp1a2) VoPloo

+ Va[ Ve, Vg]®|g—o, (4.17)

plugging this into (4.16), it becomes

1
Elab(y“”nay(vmvycb)m:o

1 b
= lab Ve Ve®lo=0 + Val Ve, Vgl®lo—o = 0. (4.18)

Now we use the relation

1 abc
Hape

l 4
Vo Vg® = _VJ;BVQCI) — ﬁya abe

2

1 | B
= —'}/;TBVQ(D - [‘/k

> 54 VB Hiji,

(4.19)

to finally obtain
1 . 1 ..
(Zlab{y‘”’, V<ap Ve ® + ElabHijk[y“b, Yl I

1 1
—z(y“bﬁ)aﬂvgcb _ Ey'-/"v,lH,-jk> ‘920 —0. (420)

The first term cancels the third term. The second term is
vanishes because y* commutes with /¥, Finally we obtain
the equation

(VaHiji)lo=0 =0, 420
which is the expected condition at mass dimension one from

(4.1). The calculation at fourth order in 6’s is significantly
more involved and will not be presented here

4.2 Global four dimensional N = 1 supersymmetry

We now turn to the conditions imposed by four dimen-
sional global supersymmetry and the calculation of the cor-
responding Killing supervector. First we want to explain
the notation we will use. In the breaking of SO(1,9) to
SO(1,3) x SO(6) the sixteen component spinors will fac-
torize into SL(2, C) x SU (4) spinors

16 — (2,4) + (2, 4). (4.22)
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The global supersymmetry parameters are the spinors of
SL(2,C). All the spinors considered in this section will
be assumed to be a Grassman odd SL(2, C) spinor times
a Grassmann even SU (4) spinor
N=e@X+ERX. (4.23)
Will also assume that x is normalizable such that x y = 1.

Furthermore, when considering a different spinor " we will
assume that only the SL(2, C) to be different

"=d®x+&®x. (4.24)
This will, for example, imply that
n*yesn® = (ey?e). n“yign® =o0. (4.25)

When we assumed that x is normalizable it was already
implicit that x is a nowhere vanishing spinor of the inter-
nal manifold which means the internal manifold has SU (3)
structure. Locally we can choose a tangent space basis such
that an su(3) subalgebra of so(1, 9) annihilates 7. To make
that explicitly we will choose complex tangent space indices
for the internal manifold (7, 7). The antisymmetric product
of two gamma matrices can be decomposed as

IJj 1]

y@ = (yab’ yal’ yal’ yljv Yy oY (4.26)

V).

The spinor su(3) generators are '/ and any spinor of the
type (4.23) will satisfy
(") =o. (4.27)

It is clear that we can decompose the real spinor 7 as

0 =n"+n". (4.28)
We will choose the normalization of 1 such that
vin=mn, yvin=-—1. (4.29)

Finally, the complex pair of spinors (7, 1) also satisfy

(4.30)

With all these set up the Killing supervector and local
Lorentz transformation corresponding to N = 1 supersym-
metry transformations will satisfy

A%lg—g = (0,0,0), olg=0 = 0.
4.31)

£%o—0 = (i1, 0,0),

Again we can go through the equations imposed by (3.6) and
(3.21) finding the higher components of (§4, A%’) and the
conditions imposed in the geometry. In this case the only
consequences from the & = 0 projection coming from (3.21)
are

(Vaii*)lg=0 = 0. (4.32)
Itis well known (see, e.g., [23,24]) that this means it is always
possible to choose a connection with SU (3) holonomy. How-
ever it does not yet imply Ricci flatness since the torsion is
not constrained. Furthermore, it is possible to have curva-
ture terms like Ryp!” |g—o with SIjRabIJlgzo = 0. The next
order in the 0 expansion is given by (3.6)

Va&Plo—o =0, (4.33)
Va&%9=0 = Vi’ (4.34)
b ~ b " c b
Vo ALlg— = it (VaxTﬂ)f QZOHM-F Vap He*™™ 920) ,
(4.35)
1.
Va0 lo=0 = 771" Va5 VaPlo=0- (4.36)

With this information we can compute the first non-trivial
supersymmetry condition from (4.1), which is the supersym-
metry transformation for the dilatino

(—E*Vg Vo ® + (V4EYV, D) ‘H —o. (4.37)
Using (4.19) we get

3 1 e

n” <V§avad) + Ey;;a‘Hm> ’920 =0. (4.38)

The different sign from what is usually obtained from the
supersymmetry transformation for the dilatino comes from
(2.17). At the next order we have to compute VgV, Vs (6% V
d + &4V,

®) |g=0. This a long and tedious computation. To simplify it
we will restrict to the cases where V, ®|g—¢ vanishes. First,
acting with V’s we get

VpVy Vs (§“Va® + £V, @) lo=0 = [—£* VsV, VsVe @
— (V) Vs£*) Vs Va® + (V5 Vs£®) V, Vo @
— (Ve V%) VsVa @
+ (VsE9) VgV, Vo ® — (V%) Vg VsV, ®
+(VpE®) V) VsVa @]y (4.39)

here we used (4.7). Note that the terms with an expression like
VgV, go away because VgV, P = [Vg, V4P + V, Vg
vanishes at@ = 0. Use something similar with the terms with
VgV, VP,

@ Springer
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VgV, Va®lo—o = Vg ([Vy, Val® + VYV, @) |90

=V (—TMQVQCD +V,V, cD) l9=0
= ([Vg, ValVy @ + Va VgV, @) l9=0 = Va V5V, Plo0.
(4.40)

and (4.39) becomes,

VgV, Vs (E9Va ® + E2V,®) [9—0 = [—£* V5V, V5 Ve @
— (V) V5E%) VgV ® + (V5 V5E%) V, Vo
— (VgV,E) Vs Vo ®

+ (Vs£4) Vo VgV, @ —

+ (Vg€9) VaV, Vs @]

(VyEY) VaVp V5@

- (4.41)

The first term in the right hand side of (4.41) is

— —(W“”C)a(y ¢y ) gy Roede

1 - def
- 24—x48(m/@)5 Vpy HabcHaef

efg (4.42)

(fn/@)a(y Vad)ﬂyHbc efg~

+24><16

The last line in (4.41) is

1 . bed | bed
= 555y Vatoea + 52 Giv®)y Vg VaHoed

I bed
= 5587y VaHped. (4.43)

Using (4.19) we obtain

3 .
Vo VgEY lg=0 = ——(ny%(y@)ﬁmﬂ

L
_(m/abc)agy Hgpe — %(”Vabcde)a(yﬂ)ﬂyHm-
(4.44)

Using this, the second line in (4.41) is equal to

bed

(ﬁJ/Q)y(V VEf)ﬁBHaebecd

8 x 16

3 .
+ ﬁ(ﬂyg)ﬁ(VM)VBHbigHm

1 -
+ 96 = 24(7”/@))/(3/@)/38['1@[{&

~ %6 x 12('7)/@);3(1/&);/31‘1@1‘1@

1 b d
+ 56 x 24(Wabcde)y(1/f)/a )ps H“H o

(ﬁyabcde)ﬂ(yﬁ)y(SHmHﬂé

4.45
24 x 8 (443)

@ Springer

Here we have used the identity [yap, Yede]l = 2 (NafcVael
—NblcVdela)- Using all this we obtain

6V5V, Vs (E“Vad> + EQVQCD) lo=0

1 )
= —E(nyﬂ){ﬁ(ym)ys}lebff‘

—24 24(75)/@){5(3/@))/5}1‘1@11@

- —(77)/ 429 18(Y fed)y sy Hpoc™ HaE

_(77)/ ){B(Vfga)yS}HbceH efs
- —(W 9824y, 5,V Hpea
- ﬁ(ﬁyg){ﬁ(ym)ya}H@gH@

3
+ 3¢ 1Y (r*D) ) Hoe* Heda

(nyabc){ﬁ(y )yS}Haef Hbcd

1
96 x

96 x z(ﬁyahcde){ﬂ()/&)ys}HﬂH@Q

1 -
= 5as g abede)(p (Y5 ys) H Hgp> = 0. (4.46)

24

where {8y} means cyclic permutation. The Eq. (4.46) can
be simplified to

- 9
Y9 (2D s (4V£HM + EHﬁgHell>
+ (Y2 5 (4, 5)

1
—HMHﬂ-F

X (UMRQQ"‘ 3%

7 1 ¢
1 Hade Hper = 3 Mad Hpe™ Hger

b Yabede)ip () HEL Fig = (4.47)

So far the conditions found only imply there exists a global
Grassmann odd symmetry generated by (4.31). In order to
have N = 1 supersymmetry we must impose that at zero
order in 6 the commutator of two Killing vectors with dif-
ferent parameters in (4.31) generate only a four dimensional
translation. From (3.29) we find

7175 (V(aTﬁ)a + VaﬁHca ) lo=o0 = 0, (4.48)

51 Vs Va®lo=o = 0. (4.49)
The second equation implies that the dilaton is constant in
the four dimensional variables. The first can be written as

abcde

1
7 11y <2Va,377 'Vid 4~ ¢ Vop Hcde> ‘9:0 =0. (450)

This equation can be combined with one obtained from (4.38)
with a spinor 7; multiplying it by ﬁg(yd—e),;ﬁ and then sub-
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tracting it from the same equation but with the order of
spinors reversed we get

Y 1 ,
77}/773 <2[)/de, yﬁ]ayvgcb + E{Vd*e, ym}ay Habc) ‘

(4.51)

Computing the (anti-)commutators, the above expression
together with (4.50) implies that

Haupelo=o = 0. (4.52)
It would also be possible to require an AdS super algebra
from (4.50) by requiring it to be proportional to a four dimen-
sional Lorentz rotation, however it is not possible to have
four dimensional AdS solutions without including a gaug-
ino condensate [14,25]. Furthermore, without considering a
warp factor in the four dimensional metric, all H flux has to
vanish. In this particular case, for spinors satisfying (4.30)
the equation (4.47) will imply that

Raped = Rijed = Rijoq = SIJRIJ-E =0. (4.53)
Finally, these conditions together with (4.31) and Bianchi
identities imply the four dimensional space is flat and the
internal space is Ricci flat and Kihler.

5 Summary and prospects

In this work we analysed in detail the conditions on the
curved superspace geometry imposed by Poincaré and super-
Poincaré invariance. Although this is a very old subject in
string theory a full superspace examination of this prob-
lem has not been performed before. We used the superspace
defined by the pure spinor heterotic string which, in addition
to the usual local Lorentz symmetry, has a local scale sym-
metry that acts only on spinors. The fundamental equations
for our analysis are

EYV,® + £4V, D = 0, .1)

1
Vat = £y, + S8 V@, (5.2)

where (64, A%2, o) are local parameters in a diffeomorphism
generated by K = &4V, + %A@M@ +oSand P is a
superfield whose first component is the dilaton. The possible
geometries are fixed by superspace boundary conditions on
the Killing supervectors and Lorentz and scale parameters.
For example, if we want to find what type of super geometries
admit rigid supersymmetry we start with

=0.

Ao = (0,0,0), olg=0 =0,
(5.3)

£%49=0 = (7%, 0,0),

with the further requirement that the commutators of two
transformations of the above type close to a translation, using

b 1 il
g = —ePef Tept A= (61 6f Ruat — AT A2Y).

03 = (éﬁVA(fz]). (5.4)
This procedure will constraint the components of the covari-
ant 8-expansion of the superfield ® and therefore restrict pos-
sible H-flux and curvatures. The usual Kéhler and Ricci flat-
ness conditions for compactifications without flux is obtained
in this way.

Knowing the covariant 6-expansion is useful to perform
a background field expansion in the sigma model and study
quantum corrections arising from consistency of the pure
spinor sigma model, corrections for the physical spectrum or
calculating amplitudes in the desired background. However,
the main motivations for this work is the extend the ideas to
study Ramond-Ramond flux backgrounds in Type II strings.
Since the RNS formalism has very limited use in these types
of backgrounds, the pure spinor formalism is more adequate
to compute «’ corrections of, for example, target space equa-
tions of motion or superpotential for moduli fields.
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