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1 Introduction

The ambitwistor string was introduced by Mason and Skinner in [1] as a string theory
whose tree amplitudes reproduce the Cachazo-He-Yuan description [2] of massless ampli-
tudes in ten dimensions. Like the d = 4 twistor string of [3], the d = 10 ambitwistor
string only contains left-moving variables on the worldsheet and has no massive states.
Although [1] describes bosonic, heterotic and Type II versions of the ambitwistor string,
only the GSO(+) sector of the Type II version correctly describes the massless GSO(+)
sector of the usual Type II superstring, i.e. d = 10 N = 2 supergravity.

Nevertheless, it is interesting to identify the spectrum of massless states described by
the other ambitwistor strings, i.e. the bosonic, heterotic and GSO(—) sector of the Type 11
ambitwistor string. In this paper, these spectra will be identified using the standard BRST
method where equations of motion and gauge invariances are derived from the cohomology
at ghost-number 2 of the BRST operator. The quadratic kinetic term for the string field
theory action will be explicitly constructed for these ambitwistor strings and expressed in
a gauge-invariant manner.

Except for the GSO(+) sector of the Type IT ambitwistor string whose kinetic term is
the usual d = 10 N = 2 supergravity action, the kinetic terms for the other ambitwistor
strings contain higher-derivative terms which imply a non-unitary spectrum. This is similar
to the d = 4 twistor string whose spectrum includes conformal supergravity. In hindsight,
this should have been expected since the three-point amplitudes in ambitwistor strings



(except for the Type II string) were computed to have higher powers of momenta than
the usual massless theories. And since there are no dimensionful constants like o/ in
ambitwistor strings, the higher momentum dependence in the cubic term of the string field
theory action implies higher momentum dependence in the quadratic kinetic term.

Nevertheless, this non-unitary massless spectrum does not seem to have been previ-
ously analyzed for a few reasons. Firstly, vertex operators in the ambitwistor string were
assumed in [1] to contain only P, dependence and to be independent of 9X™, where X™
and P, are the spacetime variable and its conjugate momentum. Secondly, the definition
of BPZ conjugate used in a previous construction of the ambitwistor string field theory
action [4] was chosen in an unconventional manner in order to give a kinetic term with
the standard unitary massless spectrum. And thirdly, a singular gauge-fixing procedure
for the ambitwistor string was adopted in [5, 6] which introduces non-trivial o’ depen-
dence into the field theory action so that the higher-derivative cubic term does not imply
a higher-derivative kinetic term.

One possible application of our result is to test the consistency of one-loop amplitude
prescriptions for ambitwistor string computations. Although the GSO(+) sector of the
Type I ambitwistor superstring is the only ambitwistor string with a conventional spec-
trum, one can in principle try to compute one-loop amplitudes in any of the ambitwistor
strings. It would be interesting to verify if the partition functions computed using the
one-loop prescriptions in [7, 8] reproduce the non-unitary states in the massless spectrum.
Note that even for the Type IT ambitwistor string, the one-loop prescription using the RNS
method involves first computing the partition function for different spin structures and
then summing these partition functions. Before performing the sum over spin structures,
one should be able to observe in the partition function the contribution of the states in
the GSO(—) sector. It would be very interesting to verify if the non-unitary spectrum
of the GSO(—) sector described in this paper is correctly reproduced by the one-loop
computations.

A second possible application of our result is to try to generalize the quadratic ki-
netic term computed here to the full string field theory action including interactions. As
noted in [9], the d = 10 heterotic ambitwistor string has some similarities with the d = 4
twistor string which describes N = 4 d = 4 conformal supergravity coupled to super-Yang-
Mills [10]. It would be interesting to study if the d = 10 heterotic ambitwistor string field
theory action describes a d = 10 generalization of N = 4 d = 4 conformal supergravity.

In section 2 of this paper, we use the standard BRST method to compute the kinetic
term in the bosonic ambitwistor string field theory action. And in sections 3 and 4, we
repeat this procedure for the Neveu-Schwarz states in the Type II and heterotic ambitwistor
string field theory actions.

2 Bosonic ambitwistor string

We first describe the bosonic ambitwistor string. Subsection 2.1 defines the model and our
notation, subsection 2.2 computes the spectrum via BRST cohomology, and subsection 2.3
constructs the kinetic string field theory action. The same steps will be later described in
sections 3 and 4 for the Type II and heterotic ambitwistor strings.



2.1 Review and notation

The gauge-fixed worldsheet action [1] is

Sp = 217r/d22 (PrdX™ + bdc + bIE), (2.1)
where all matter and ghost fields are left-moving bosons and fermions on the worldsheet.
(P, X™) are the matter fields of conformal weight (1,0), (b,c) are the Faddeev-Popov
ghosts for reparametrization symmetry of conformal weight (2,—1), and (13, ¢) are the
Faddeev-Popov ghosts for the null geodesic constraint, P? = 0, and carry conformal weight
(2,—1). The action (2.1) is invariant under the BRST transformation generated by

dZ M ]-~ 2
Q= j{ 3 (cT + T + bede + §CP ) (2.2)
where
™ = —P,0X™, T;, = édb— 2b0¢, (2.3)
and one uses the free field OPE’s,

T pae(w) ~ s b)) ~

Po(2) X" (w) ~ — (2.4)

(z —w) (z —w) (z —w)’

Notice that the XX OPE is regular, so ¢*X does not acquire an anomalous dimension.
Furthermore, there are no dimensionful parameters such as o’ in the theory. So the physical
spectrum defined by the BRST cohomology is not expected to contain massive states. This
will be confirmed below, however, we will show that the spectrum contains both unitary
and non-unitary massless states.

Physical closed string states should have ghost number 2 where the ghost number is

defined as p
Ny = — 7{ 92 (he 4 50), (2.5)
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such that b,l~) have ghost number —1 and ¢, ¢ have ghost number 1. In order to compute
the ghost number 2 cohomology, Mason and Skinner [1] considered only homogeneous
polynomials in P so that their expression for the spin-2 unintegrated vertex operator is

V(2) = ¢(2)é(2) Py (2) Pa(2) g™ e "X (2, (2.6)
BRST closedness implies
E™gmn =0 and k2 =0, (2.7)
while BRST exactness gives
5g™" = kXY and K™\, = 0. (2.8)

Equations (2.7) and (2.8) are the usual conditions satisfied by the graviton field in
linearized gravity where g, and A are the target space metric and infinitesimal diffeo-
morphism generator. So it is tempting to say that the vertex (2.6) describes the graviton.



However, this would present a paradox since the three-point scattering amplitude computed
using (2.6) is [1]

(V()V (22)V (28)) = 0% (3 k) (g5°kRE) (g5 k2 K2) (T k3D, (2.9)

Since (2.9) behaves like k® instead of the k% behavior of general relativity and since there
are no dimensionful parameters in the theory, one would expect the kinetic term for g,
should also behave like k. This suggests that the equation of motion for g¢,,, should be
something like [(12¢g™" = 0 instead of the (g, = 0 equation implied by (2.7).

In this paper, we aim to clarify this issue. Mason and Skinner constructed the vertex
operator using only polynomials in P. However, from the string theory perspective, nothing
prevents us from considering vertex operators involving dX. By considering the most
general vertex operator with ghost number two, we will find that the equation of motion

for gmn behaves like kS.

2.2 Bosonic spectrum

The most general vertex operator with ghost number two that is annihilated by by and
LO iSl
V(2) = cé®y 4 OV, + 82ccS™ + 8?80 + 8%ccS?) + deer

+ 92258 + becoes® + bevees™ (211)
where
®y = P"PG) + 0XmOX"GP), + OX™P " H,ppy + 02X ALY 1 9P AR),
U =P"AB) £ ox™mAO) = PmAB) 4 oxm AW, (2.12)

Hyp = G3), + B

The symmetric fields with two indices are represented by G%L, G,(szl, GﬁSL; the antisymmet-
ric 2-form by By = Bly,y; the 1-forms by A(l) .. ASS), and the scalars by SU), ..., S0
These fields have arbitrary dependence on X, e.g., G = G%ZL(X ).

The target space fields have gauge symmetry §V = QA, where A has ghost number
one and also satisfies boA = LoA = 0. The most general gauge parameter A takes the form

A =cP"AD 4+ coX™AR) 4 ePmAWD 4 2o X™AL) + 0eA®) 4 beeA D 4 cbeA®). (2.13)

The vertex (2.11) can be simplified by removing fields that are pure gauge. Whenever
the gauge transformation of a field does not involve spacetime derivatives of the gauge
parameter, we can eliminate this field without producing gauge-fixing ghosts. By a suitable
choice of gauge parameters, it is easy to show that the fields S, S5, §(©), A( ) A,(n) can
be eliminated from the vertex operator (2.11).

LSince Ly is identically zero, the usual constraints that Lo — Lo and by — by annihilate the off-shell closed
string vertex operator are replaced by the constraints that Lo and b annihilate the off-shell vertex operator.
By Lo and by we mean the zero-modes of the b-ghost and stress-energy tensor:

dz dz
bo —?{%zb(z) and Lo —f%ZT(Z) (2.10)



Cohomology. Now that we have the most general vertex operator we can calculate
the cohomology. The BRST-closedness condition QV = 0 gives the following auxiliary
equations

AG) — _gmaq)  46) — _lanH AB) — A6) g4 — _5 g(1)
mn mn’ 2 mn» m ’ m m )

GY) = %DG%% - %a(narcﬁigr, 2GR, = %DGS;’L + DS, (2.14)
§6) — 4 Lagngma) 9@ — _Lgm e 30
2 mn?’ 2 m 2 Y

together with the equations of motion

0G4+ 49m9mG) =0,

OB + 000 Biny = 00" By = 0, (2.15)
PGR), — 020,0°G) )+ 40mn SV + 160,80, 5" = 0.

The gauge transformations given by 6V = QA for the propagating fields are

saW

(mn)

0 Bimn) = ALY

n]

I PNCIR 1)
_§a(nAm)_677mn(a‘A ),
(2.16)
1
1) — 2. AD)
550 = %9 A,

Although the gauge transformation for the field G,(}LZZ does not correspond to the linear
diffeomorphism of the graviton, we will perform in the next subsection a field redefinition
to obtain the usual transformation. However, it is unclear how to interpret this vertex

operator as a deformation around the background.

2.3 Ambitwistor kinetic term

The standard kinetic term S[¥] = 1(¥|(cy — &)QV) for the closed bosonic string was

introduced in [11] using the string field defined by the state-operator mapping: |¥) =

V(0)|0) where |0) is the SL(2,C) vacuum and |¥) is constrained to satisfy (Lo — Lo)|¥) =

(bo — bo)|¥) = 0. For the ambitwistor string, we will have a similar kinetic term; however,

since all the fields are holomorphic, we discard the antiholomorphic zero-modes Lg and by.
Therefore, we propose for the ambitwistor string kinetic term

1 1
S[¥] = §<\IJ|C()Q\I’> = 5(] o V(0)]|0cQV (0)) (2.17)
where |W) is constrained to satisfy
Lo|¥) = bo|T) = 0. (2.18)

The bra state of the string field (V| is defined by the usual BPZ conjugate, (¥| = (0[10V(0)
where I(z) = 1/z. For a primary field of conformal weight h the conformal transformation
I acts as

Lo g(y) = (9,1)"¢(1/y). (2.19)



The variation of S[V¥] implies ¢oQ|¥) = 0. The condition by|¥) = 0 turns this into the
linearized equations of motion QW) = 0. The action S[¥] is invariant under |[§¥) = Q|A),
where A has ghost number one and is annihilated by Lo and by. The proof of gauge
invariance and the derivation of the field equations follows exactly as in [11], so it will not
be reproduced here. A similar string field theory action was previously proposed in [4], but
their construction did not allow insertions of X in the vertex operator and they modified
the usual definition of the BPZ inner product to get a massless unitary spectrum.

Let us focus on computing the action for the ambitwistor string vertex operator (2.11).
The action can be calculated in two different — but equivalent — ways: using creation and
annihilation operator algebra or vertex correlation functions. We will work with the latter.

The gauge parameter (2.13) can set S(2), () §6) AN A®) to zero without producing
ghosts, so the vertex operator (2.11) simplifies to

V(z) = cé®y + cOcW + c0?¢S®) + deely + 82¢cS®) + beoceSM) (2.20)

where
By = PP "G + 0XMOX"G2) + OX P Hypp,

T =PmAL) £ 9X™A®) Ty =PmAB) 4 axmAW.
One can verify that the auxiliary field equations of (2.14) imply that
T(2)V(0) ~+ 27 =ca(HT + 65+ 273[cde(—0m A3, —280))] +
+ 27 3ce(—2P™(0"GL, + ALY — OX™ (0" Hpy + 2490))] +
+ 273[e0E(+0mAB) + 286) — 35y 1 2719V (0)
~ 2z =ce(HT + 65PN 4 271V (0).

(2.21)

(2.22)

So after applying the auxiliary field equations of (2.14), T' has no double or cubic poles
with V', which implies that I o V(z) = V(I(z)) and the string action (2.17) becomes the
two point function (V(1(0))0cQV (0)). We stress that applying the auxiliary field equations
before computing the kinetic term is a trick to simplify the computation. One could have
done the calculation in full detail and obtained the same answer.

Using the vacuum normalization (0%cdccd?c0éE) = 4, the string action becomes

S =— / d*x {+1G"m<1>m3a<1> + 1 G O2or G + 46 9,0,,8M +
8 mn 4 T m nYym
. (2.23)
—i—Gg(l)DS(l) _ ian(Dan + 00 Bopp) | -

The equations of motion agree with (2.15) and the gauge transformations are those given
by (2.16). Note that the kinetic action for G,(%;l involves 6 derivatives, so the inconsistency
between the momentum dependence of the 3-point amplitude (2.9) and the momentum
dependence of the kinetic term is resolved.

To write the kinetic action in terms of gauge invariant objects, it is convenient to
perform a field redefinition since the gauge transformation for GSL is not quite the trans-
formation of the graviton. A convenient field redefinition is

i — ~Tinh? = GO

6 mn?

t =450 — %D%g, (2.24)



to obtain the gauge transformations of linearized gravity

i — 0. 2.25
Ol = 50w Am) » 6t =0 (2.25)

The action (2.23) written in terms of gauge invariant objects becomes
26 1 mn 1 1 mnp
S=—[d°X §RmnDR — ZRDR +1R — §H Hpynp | (2.26)

where we have defined the linearized Ricci tensor and 3-form field strength

2Ry = 00y + 020y — Ol — DD b,

(2.27)
Hppnp = OmBnp + OnBpm + OpBmn.

One can simplify further by shifting ¢ to t+R/4 so the term ROR drops out of the action.

3 Type II ambitwistor

In this section we will describe the Type II ambitwistor string for both GSO Neveu-Schwarz
sectors. The spectrum for the GSO(+) Neveu-Schwarz sector will be the usual bosonic
massless Type II supergravity states, however, the spectrum for the GSO(—) Neveu-
Schwarz sector will have some unusual non-unitary states. Although only the GSO(+)
sector is supersymmetric, the GSO(—) sector is expected to appear as intermediate states
before summing over spin structures using the RNS formalism. So by analyzing the con-
tribution of individual spin structures to the one-loop partition function of the Type
IT ambitwistor superstring, one should be able to verify this unusual spectrum for the
GSO(—) sector.

3.1 Review and notation

For the Type II action we add two fermionic holomorphic worldsheet variables 1,1, both
with conformal weight 1/2. We also introduce two pairs of bosonic Faddev-Popov ghosts:
(B1,71) and (B2,72). The f’s have conformal weight 3/2 while the 7’s have conformal
weight —1/2. The action for this system is

1 _ L _ B _ i
Sirr = o /dzz (Pr0X™ 4 bOc + bOC + 1011 + 2012 + B1071 + B2072). (3.1)
The new field variables have the OPE’s
nmn . . o 5ij
(Z _ w) 9 /81(2)7] (w)

in addition to the ones obtained in (2.4). The action (3.1) also presents BRST symmetry

(2 —w)

generated by

1 N N
Q= f{ <CTM—|- T4 T, + Ty, + bede+ 55P2 + Y1 P - h1+72P - by — b — 43b
(3.3)



where
1 1 L
T = —PLoX™ — b1 - OY1 — =t - Opa, T, = GOb — 20,
. 32 2 (3.4)
T3,~; = —53/52% - 551'3% .

The nilpotency of the BRST charge imposes the critical spacetime dimension d = 10. In
order to write the vertex operator in the picture (—1, —1) we bosonize the ghosts (53;, ;)
by introducing a set of fermions (7;, ;) with conformal weight (1,0) together with a chiral
boson ¢;. This new system is described by the free field OPE’s

9i(2)¢j(w) ~ —6ijIn(z — w),  ni(2)&;(w) ~ ; (3.5)

zZ—Ww

and the change of variables is
ﬁi = €_¢ia§¢ s Yi = 771'6+¢i. (3.6)

The BRST charge (3.3) in terms of bosonized variables (7, £, ¢) is written by replacing
1
T,y = —§3¢i3¢i — 0°¢; —m;0& and 7} = n0ne %, (3.7)

for each pair (f;,7;). The ghost number charge (4.10) is modified to accommodate the
(8,7) system as

dz ~_
Ngp, = — f T(bc + e+ &+ Eamp) (3.8)

!

In addition to the ghost number charge we define the picture number:

Np, = 74 B e — 06y), (3.9)
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such that 8 and v have picture zero and ghost number —1 and 1 respectively.

3.2 Type II spectrum

There are two sectors for Neveu-Schwarz states in superstring theory which contain either
GSO parity + or GSO parity —. The vertex operator considered by Mason and Skinner [1]
is in the GSO(+) sector. The field content found in [1] is a spin-2 Gy, a scalar G]! and a
2-form B,,,, which agrees with the bosonic fields of d = 10 N=2 supergravity. However, the
ambitwistor superstring also has a GSO(—) sector that has not yet been fully investigated.

In order to distinguish the two sectors, we introduce the operator (—)P¥% where the
parity of ¢; and e?! is defined to be odd, the parity of 1 and e?? is defined to be even,
and the parity of all other variables (P,,, X™, b, c, b, ¢, &i, i) is defined to be even. One can
easily verify that (—)P¥% commutes with the BRST charge of (3.3).

Although the superstring is only spacetime supersymmetric after truncating out the
GSO(—) sector, it will be interesting to compute the spectrum for both sectors. The most



general Neveu-Schwarz vertex operator in the picture (—1, —1) with ghost number two and
which is annihilated by by and Lg is

V(z) = e e %2 (cé® 4 c0SW) 4 ¢0cS ) + dpre e —¢2ces<2>
+ e 1 dpge” 20393 + 0&e” 2010 ¢2(ccac¢1 +cch¢2 )+

3.10
+ e 719826292 (cedEn)y - A®) 4 czdEpy - A ) + mO&e2?2ce8 ™ 4 (3.10)
+ 0&1e” ¢1n2065(5),
with
& =P- AN +0X - AP 4+ BOYTYT + BOWE S + Hopn "0, (3.11)

where the fields are represented by six scalars S, six 1-forms A,,, one symmetric two-form
Gynn, and three antisymmetric 2-forms B,,,,,. Note that the vertex operator (3.10) is defined
in the small Hilbert space, i.e does not contain the zero mode of &;. Using the definition of
the operator (—)P¥% the fields can be separated into

GSO(+) : Hyn = G + By, AW, A 5 56)
GSO(-) : Agn),A,(fb),A( ) A(G) BW B g() §(2) gB3) §6)

mn? mn?

(3.12)

Cohomology. As in the bosonic case, the fields in (3.10) have gauge transformations
0V = QA, where the gauge field A is in the small Hilbert space and satisfies LoA = bpA = 0.
So the gauge field with ghost number one is

A = 0&e 22 e %2 (- AN 4 ahy - AP + 0722 P ci(yhy - AB) 4y - AW+
+ e 1792 (cA©) 4 A 4 9¢ 7201057292 cc0eA )+ (3.13)
+ 8251851673¢167¢20680A(8) + 825285267345267(;5166861\( ),

which can be used to gauge away (A,(},,),S(D,S(Q),S(S)). After using QV = 0 to elimi-
nate the auxiliary fields in the vertex operator (3.10) whose equations of motion do not
involve derivatives, the remaining equations of motion and gauge transformations for both
sectors are

e GSO(+) :
Field equations Gauge transformations

OGmn — O Gryp + 000 SY =0, Gn = +2 a( A%+ a( A®)

n)’

PO Gy —OSD =0, 6By = +2 a[mM - 58[mA(3)

n| n] ’

OB + 00 By, =0,  65W =9- A<3> +0-A®.

nlp



o GSO(-):

Field equations Gauge transformations
B, =0, §B. =0,
OB}, + 0, A2 =0, OB = 0 ALY,

OB, — 0,0 B, =0, 514%) — 49,A® — 9,0 AW,

Ip

where in the GSO(—) sector we defined Bffm = B&QL + quf}l The field content in the
GSO(+) sector is the expected one from superstring theory and has a graviton G,,,,, coupled
to a scalar S, and an antisymmetric 2-form B,,,. On the other hand, the spectrum in
the GSO(—) sector is unusual and includes two antisymmetric 2-forms and a 1-form. One
of the antisymmetric 2-forms has the usual gauge transformation but the other one is gauge

invariant.

3.3 Ambitwistor kinetic term

The construction of the quadratic action for the superstring is similar to the bosonic con-
struction of section 2.3. In addition to the constraints Lo|U) = by|¥) = 0, the string field
at ghost-number 2 is also constrained to be in the (—1,—1) picture in the small Hilbert
space. The string field |¥) is given by the vertex operator (3.10) introduced in the previous
section. We have ) )

SIW) = 5 (WeoQIW) = 3 (1 o V(0)|0cQV (0) (3.14)
where I o V(z) is the conformal transformation (2.19). The vertex operator (3.10), af-
ter eliminating gauge fields and auxiliary fields, is a primary field with conformal weight
zero, i.e,

T(2)V(0) ~ 210V (0),

thus the conformal transformation I o V(z) = V(27!) acts as (2.19). So the calcula-
tion for the action becomes an ordinary two point function with vacuum normalization
(cOcO?cc0E0*Ee2P1e7292) = 4. After some algebra, the actions for the GSO(+) Neveu-
Schwarz sectors are

1 1 1 1
St=—= / d [Gm” <2DGmn - a(maPGn)p) +5W (apamapm - 255<4>) +

2 2
X . (3.15)
+pBmn <2|:|an + 28[m8an}p>:| ,
5™ = [ [BrO@BLY, - 0,078, + 0,42+
2 " " " (3.16)
n 2 2)
+B™O(OBE) - 0,0"BS) + 0,4%))]

The GSO(+) sector has the standard Type II spectrum — graviton, Kalb-Ramond,
and dilaton. In order to make the field content more clear, rewrite the action (3.15) in

,10,



terms of gauge invariant objects by redefining the fields

Gun = hyn,  R=—0RE + 0" hypy, ¢ = SW + 17,

(3.17)
Hmnp = amBnp + aanm + ameru
such that the gauge transformations are
1 1
Ohmn = +§5‘(m)\n) , 0B, = +§6[mwn} , 0p =0, (3.18)

with A, = Aﬁ%’ + Aﬁi) and w,, = Aﬁﬁ) - Aﬁi). The action for the GSO(+) sector written in
term of these gauge covariant objects is

1 1 1
57— g [ A O+ @y = L+ 100"y + 0

. ) (3.19)
_7¢D¢ + 7Hmanmnp
2 6
which agrees with the action found by [4].
On the other hand, the action (3.16) for the GSO(—) sector is unusual. In terms of
Bffm = B,(ﬁ% + qu,)l, the action (3.16) is
- 1 1 _ 1
§”=-3 / dVx [3‘}1 TOPH QHW"?H;M + BT E,, (3.20)
where Fy,, = 8[mA£L2]) and Hrj,[mp = 8[mep]. So B,,, has the standard kinetic term for
an antisymmetric two-form, but B, couples to F'™™" and does not have the usual gauge
invariance of an antisymmetric two-form.

4 Heterotic ambitwistor string

4.1 Review and notation

The worldsheet action for the heterotic model is similar to the Type II, but the two world-
sheet fermions (11,12) are replaced by one worldsheet fermion 1) together with a new
current action S

St = 5 [ 422 (PadX" B0+ 50 + 030 + 507) + 5. (4.1)

The particular form of the current action S is irrelevant, except that it should allow the
vertex operator to be written using a current algebra J* which has conformal weight one
and satisfies the OPE

5ab f(z:zb e

+
(z—w)?  z—w

T (2) " (w) ~ (w), (4.2)

where f% are the structure constants of the algebra. The action (4.1) has BRST symmetry
generated by

1 ~
Q= %dz <cTM + bede + Ty, + cTpy + Ty + 55132 + AP — 72b>, (4.3)

— 11 —



with
" 1 IV 1 3
T =—-P.-0X — §¢ -~ Oy, Tj.=cob—200¢, Tp, = —5857 - 568%

being the stress energy tensor for the matter and ghost fields. The new feature compared
to the Type II ambitwistor, after removing the variables (12, v2, f2), is the stress energy
tensor T'; associated with the current action S; with

cJ 2Ty (w) | 0Ty (w)
2(z —w)* * (z —w)? + (z —w)’

TJ(Z)TJ('UJ) ~

where ¢y is the central charge. Nilpotency of the BRST charge implies 41 — ¢y — %D =0,
so the critical spacetime dimension is D = 10 for ¢; = 16.

4.2 Heterotic spectrum

Although the Yang-Mills vertex operator of [1] for the heterotic ambitwistor string has
the expected behavior for Yang-Mills scattering amplitudes, the graviton vertex operator
proposed by Mason and Skinner (2.1) for the heterotic model has similar issues as in the
bosonic model. The three-point graviton scattering amplitude behaves like k* as opposed
to the expected k? behavior of general relativity. After allowing 0X in the construction
of the vertex operator, we will find that the equation of motion for the symmetric 2-form
R, 18

0% homn + -+ - =0,

which is consistent with the momentum behavior of the three-point amplitude. Another
unexpected feature of the heterotic ambitwistor string is that the spectrum contains a
three-form which is not present in the massless sector of the usual heterotic superstring.

The most general vertex operator in picture (—1) in the small Hilbert space that is
annihilated by by and Ly with ghost number 2 is:

Viz) = e_¢(cE<I>3/2 +c0eA® - p 4+ 0cc AW ) + pe (AP - )+

+ 0te™ 2 (9eecW + 9%EccSD) 4+ n(eSWM 4 &S3)) + e 22(8%cceS P )+ (4.4)
+ 0€Dpe=220cccS®) + 9%ce2¢(eceS D),

where

By /o = HI) P + HELOX™" + Couptd ™" P + T4 - A+ - AY,

Uy =P-A®) 4 9x - A® 4 jege + BG ymyn,  HO =G0 + BO (4.5)

The target space fields are described by six abelian scalars S, one non-abelian scalar C%,
six abelian 1-forms A,,, one non-abelian 1-form A%, two symmetric 2-forms G, three
antisymmetric 2-forms B, and a 3-form Cly,,.
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Cohomology. The gauge invariance 6V = QA can be used to gauge away S, §(1) Aq(ﬁ),

Ag), Bq%)l where the gauge parameter in picture (—1) with ghost number 1 is

A = e ?(cADym 4+ eADym) 1+ 0ce™2? (ccdy + cEAP)) + 9%¢e™2PccA®) +

4.6
+ 02€0ce320ecc ANy + 9EDpe 2P AP, (46)
with &1 = P A®) 4+ 9X - AW - gmyn A 4 Jana),

After using QV = 0 to fix all auxiliary fields whose equations do not contain deriva-
tives, the remaining dynamical fields are G%ZL, GZ:(Q), By(r%%, A2 and Cppp. The equations of

motions together with its gauge transformations for these remaining fields are

_igwg}g] + Dia(mapa“) L Oar s G — éanama’"as(?ﬁ?ﬂL

n)p
N . (2 _ 1 2) o
_?OnmnDGr — EﬁnﬁmGr = 0,
A7, — Om (0P Ap) = 0,
1 2
~OChmmp + 50 By =0, (4.8)
0P Crnp = 0,
with gauge transformations
m _ 1 1 5. — A6 L A®)
6G(mn) = 28(nAm) + 4nmn8 A, A=A+ A
sGm2) = %Da A,
(4) (4.9)

0B, = O
5Cmnp =0,
§A% = —8, A",

n] ’

4.3 Ambitwistor kinetic term

The kinetic term follows exactly the Type II construction of section 3.3, so we shall not
review it here. The vertex operator (4.4) transforms as a primary field with conformal
weight zero after using the equation of motion for the auxiliary fields. Finally, the quadratic
term takes the form

5= / i {—iG(l)m”DQGS}L — 0@, @Gl 0GR GLL,+
—g(amanagg)z + %G:@)(—Dez(l) —20m"G)) — 6B orC,,,+ (4.10)

1 1
+6C™P <—2Dc*mnp + 4ah,arcmn]r> + 249 (A% — 9,,(9 - AY)]

where a[pcmn}r = 20,Crnr + 20 Crpr + 20, Cpmr-
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To write the action (4.10) in terms of gauge invariant objects, we redefine the fields

1 1 1
1) r(2) __ _ _
GO = hun = Jlanh, GIP =t = J0R = Shyn = =5 9nhny, St=0. (411)

Using the field strengths for the gauge and 2-form fields together with the linearized
Riemann tensor

Rabcd = abachad + 8aadhfbc - aaachbd - 8l)aclh1107

Fo = 0,,A% —9,A% (4.12)
Hypnp = 0,B2) + amBg} + anBﬁg,

the action (4.10) takes the form
1 1 1
S=-- / dPx ERmnR"m + — Runpg R™™? + —tR — 2C™"P Hypp+
4 10 10 5
' (4.13)
—3Ccmne <D0mnp — 28[p(‘9TCmn}r> + F‘”””F,‘jm] .

Although the heterotic ambitwistor action correctly describes Yang-Mills, it also has a
symmetric two-form field h,,,,, whose kinetic action is neither Einstein nor conformal gravity.
In addition, it contains an antisymmetric 2-form By(,le and antisymmetric 3-form C,,,,, with
unusual couplings. It is interesting to note, however, that the heterotic ambitwistor string

was used in [9] to reproduce M HV amplitudes for conformal gravity in D = 4.

Acknowledgments

NB and ML would like to thank Thales Azevedo, Henrique Flores, Max Guillen and Warren
Siegel for useful discussions. ML would also like to thank FAPESP grant 2016,/16824-0 for
financial support and NB thanks FAPESP grants 2016/01343-7 and 2014/18634-9 and
CNPq grant 300256/94-9 for partial financial support.

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

References
[1] L. Mason and D. Skinner, Ambitwistor strings and the scattering equations,
JHEP 07 (2014) 048 [arXiv:1311.2564] [INSPIRE].

[2] F. Cachazo, S. He and E.Y. Yuan, Scattering of Massless Particles in Arbitrary Dimensions,
Phys. Rev. Lett. 113 (2014) 171601 [arXiv:1307.2199] NSPIRE].

[3] N. Berkovits, An alternative string theory in twistor space for N = 4 superYang-Mills,
Phys. Rev. Lett. 93 (2004) 011601 [hep-th/0402045] [iINSPIRE].

[4] R.A. Reid-Edwards and D.A. Riccombeni, A superstring field theory for supergravity,
JHEP 09 (2017) 103 [arXiv:1701.05495] [INSPIRE].

[5] W. Siegel, Amplitudes for left-handed strings, arXiv:1512.02569 [INSPIRE].

— 14 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP07(2014)048
https://arxiv.org/abs/1311.2564
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.2564
https://doi.org/10.1103/PhysRevLett.113.171601
https://arxiv.org/abs/1307.2199
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.2199
https://doi.org/10.1103/PhysRevLett.93.011601
https://arxiv.org/abs/hep-th/0402045
https://inspirehep.net/search?p=find+EPRINT+hep-th/0402045
https://doi.org/10.1007/JHEP09(2017)103
https://arxiv.org/abs/1701.05495
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.05495
https://arxiv.org/abs/1512.02569
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.02569

(6]

[7]

8]

[9]

O. Hohm, W. Siegel and B. Zwiebach, Doubled o’ -geometry, JHEP 02 (2014) 065
[arXiv:1306.2970] INSPIRE].

T. Adamo, E. Casali and D. Skinner, Ambitwistor strings and the scattering equations at one
loop, JHEP 04 (2014) 104 [arXiv:1312.3828] [INSPIRE].

Y. Geyer, L. Mason, R. Monteiro and P. Tourkine, One-loop amplitudes on the Riemann
sphere, JHEP 03 (2016) 114 [arXiv:1511.06315] INSPIRE].

T. Azevedo and O.T. Engelund, Ambitwistor formulations of R? gravity and (DF)? gauge
theories, JHEP 11 (2017) 052 [arXiv:1707.02192] [INSPIRE].

N. Berkovits and E. Witten, Conformal supergravity in twistor-string theory,
JHEP 08 (2004) 009 [hep-th/0406051] [INSPIRE].

B. Zwiebach, Closed string field theory: Quantum action and the B-V master equation,
Nucl. Phys. B 390 (1993) 33 [hep-th/9206084| INSPIRE].

,15,


https://doi.org/10.1007/JHEP02(2014)065
https://arxiv.org/abs/1306.2970
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.2970
https://doi.org/10.1007/JHEP04(2014)104
https://arxiv.org/abs/1312.3828
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.3828
https://doi.org/10.1007/JHEP03(2016)114
https://arxiv.org/abs/1511.06315
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.06315
https://doi.org/10.1007/JHEP11(2017)052
https://arxiv.org/abs/1707.02192
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.02192
https://doi.org/10.1088/1126-6708/2004/08/009
https://arxiv.org/abs/hep-th/0406051
https://inspirehep.net/search?p=find+EPRINT+hep-th/0406051
https://doi.org/10.1016/0550-3213(93)90388-6
https://arxiv.org/abs/hep-th/9206084
https://inspirehep.net/search?p=find+EPRINT+hep-th/9206084

	Introduction
	Bosonic ambitwistor string
	Review and notation
	Bosonic spectrum
	Ambitwistor kinetic term 

	Type II ambitwistor 
	Review and notation 
	Type II spectrum
	Ambitwistor kinetic term 

	Heterotic ambitwistor string
	Review and notation
	Heterotic spectrum
	Ambitwistor kinetic term 


