VOLUME 54, NUMBER 6

PHYSICAL REVIEW LETTERS

11 FEBRUARY 1985

Heterotic String

David J. Gross, Jeffrey A. Harvey, Emil Martinec, and Ryan Rohm
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 21 November 1984)

A new type of superstring theory is constructed as a chiral combination of the closed D = 26 bo-
sonic and D = 10 fermionic strings. The theory is supersymmetric, Lorentz invariant, and free of
tachyons. Consistency requires the gauge group to be Spin(32)/Z; or Egx Ej.

PACS numbers: 11.30.Pb, 11.30.Ly, 12.10.En

Recent interest in superstring unified field theories
has been sparked by the discovery of Green and
Schwarz! that nonorientable (type I) open and closed
superstrings? with N =1 supersymmetry are finite and
free of anomalies if the gauge group is SO(32). Previ-
ously the only consistent, anomaly-free® superstring
theory was that of orientable (type II) N =2 supersym-
metric closed strings. The new theory has the advan-
tage of already containing a large (and unique) gauge
group. It is much easier to contemplate this theory
producing the low-energy gauge group, as well as fami-
lies of chiral massless fermions, upon compactification
of the original ten dimensions. Witten has discussed
some of the phenomenology of this theory and has
shown that it is easy to imagine compactifications that
yield an SU(5) theory with any number of standard
fermionic generations.*

The anomaly cancellation mechanism of Green and
Schwarz is based on group theoretical properties of
SO(32) which are shared by only one other semisimple
Lie group, namely EgX Eg. Such a group, however,
cannot appear in the standard form of open-string
theory, in which gauge groups are introduced by at-
taching quantum numbers to the ends of the string and
Chan-Paton factors’ to the scattering amplitudes. This
procedure yields only the gauge groups SO(N) and
Sp(2N).. The correspondence between the low-
energy limit of existing supersymmetric string theories
with anomaly-free, D =10, supergravity field theories
suggests the existence of a new kind of string theory
whose low-energy limit would have an EgX Eg gauge
group. Eschewing the Chan-Paton route to gauge
groups for open strings, one might try to obtain
Egx Eg by compactifying a higher-dimensional closed-
string theory. An important clue to how such a theory
migt;t arise is provided by the work of Frenkel and
Kac.
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In this Letter we shall outline the construction of a
new kind of closed-string theory, whose low-energy
limit is D =10, N =1 supergravity coupled to super-
symmetric Yang-Mills theory with gauge group
Spin(32)/ Z, or Egx Eg. This theory is constructed as a
hybrid of the D =10 fermionic string and the D =26
bosonic string, which preserves the appealing features
of both. We show that the orientable, closed hetero-
tic® string has an N =1 supersymmetric spectrum of
states of positive metric, is free of tachyons and is
Lorentz invariant. The requirement that gravitational
and gauge anomalies be absent necessitates the com-
pactification of the extra sixteen bosonic coordinates
of the heterotic string on a maximal torus of deter-
mined radius, in a way that produces gauge groups
Spin(32)/Z, or Egx Eg. We further argue that the
heterotic loop diagrams are free of all infinities—thus
yielding new consistent candidates for a unified field
theory.

The construction of the heterotic string is based on
the observation that the states of the first quantized
type-II closed strings, fermionic or bosonic, are essen-
tially direct products of left- and right-moving modes.
The physical degrees of freedom of the bosonic string
are the 24 transverse coordinates X‘(t—o) and
X!(r+ o) which describe right- (left-) moving two-
dimensional free fields, with periodic boundary condi-
tions on the circle 0=<<o <<w. The fermionic string
contains eight transverse coordinates as well as eight
right- and left-moving two-dimensional real fermions,
S%r—o) and S r+o) (a=1,...,8) which are
Majorana-Weyl ten-dimensional light-cone spinors.!
The right- and left-handed components of the string
are tied together by the constraint that the total
momentum and position of each component be identi-
cal. Thus the bosonic coordinates are given by the
operators (we choose units in which the slope parame-
teris a’= %)
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whereas the fermionic coordinates are
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[h=+(1 +y,,)], with a similar expression for the left
movers S%(7+ o).

The states of the first quantized, type-II, closed
strings are direct products of the Fock space states of
the right and left movers. In addition, the basic one-
particle operators of the theory (e.g., the super Poin-
caré generators) are direct sums of operators in the
right- and left-moving sectors separately, and the ver-
tex operators that describe the splitting and joining of
the strings are direct products of left and right ver-
tices.2? Therefore one can, in principle, construct a
consistent string theory in which the left- and right-
handed components are treated asymmetrically—as
long as each sector is internally consistent. We there-
fore construct the heterotic string to consist of
fermionic-string right movers: eight transverse coordi-
nates X' (i=1, ..., 8), eight Majorana-Weyl fermion-
ic coordinates S¢ and of bosonic string left movers:
eight transverse coordinates X ""and sixteen internal
coordinates X/, I=1, ...,16.
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(The factor of —;‘,,-, familiar in light-cone quantization,
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arises since X' is a function of 7 + o alone.)

If X'is to satisfy the periodic boundary conditions of
the closed string, either p/=0 or else x! parametrizes
some compact space 7. The simplest (and at present
the only known consistent) choice for T is a sixteen-
dimensional torus. Compactification of a conventional
string coordinate on a nonsimply connected manifold
introduces several new features.!® There now exist
classically stable topological configurations where a
string coordinate, X(o)=x+2a'pr+2NRo+. ..,
winds N times around the manifold as o runs from 0
to . In addition, of course, the momenta, p’, are
quantized in units of the inverse radius, 1/R, of the
manifold.

In order to achieve a consistent string theory involv-
ing only left-moving coordinates X/ to cancel
anomalies and to preserve the geometrical structure of
string interactions, we are forced to compactify on a
special torus. 7 must be a ‘““maximal’® torus—a prod-
uct of circles of equal radii, R = (a’)¥2=1//2, on
which points are identified according to

X'=X'+27R 3 eln;,
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where e/ are sixteen basis vectors [normalized so that
(e/)?=2] which generate an integer, even, self-dual
lattice. This means that g;=73}% efe/ is integer
valued and detg=1. In this case the allowed values of
the momenta are
16
p'= 3 me! (n=integer), (5)
i=1
and must equal the winding numbers N’/. [Note that
the minimal value of (p/)? is two.] There exist only
two lattices of this type. One is I'1¢ and coincides with
the lattice of weights of Spin(32)/Z, , the other is a
direct product, I'gxT'g, where I'g is the lattice of
weights of Ej.

To complete the construction of the heterotic string
we express X ¥=(1/v/2)(X°+X°) in terms of the
physical degrees of freedom, as usual in light-cone
gauge,!! X*=x*+p*rand

(6)

In the heterotic string «,” is constructed as in the fermionic string
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The mass operator is
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where N(N) are the number operators for the right
(left) movers (i.e., N=p*ay, N=p*:ag:). The
subtraction of 1 from N arises from the normal order-
ing of the bosonic number operator A, it is also re-
quired in order to maintain Lorentz invariance. Final-
ly, we must constrain the physical states so that

N=N-1++3,(phH2% (10)

This implies that the wunitary operator U(A)
=exp2iA[N—N+1—+3,(pH?], which shifts o (in
' X0 by A, is the identity operator on physical
states, thereby ensuring that there is no distinguished
point on the closed string.

The physical states of the heterotic string are direct
products of Fock space states (| Ygx|).) of the
right-moving fermionic string and the left-moving bo-
sonic string, subject to the constraint (10). The right-
handed ground state is annihilated by a}, S (n > 0),
and N, and forms an irreducible representation of the
zero mode oscillators S§, containing eight transverse
bosonic states |i) g and eight fermionic states |a) g.
The left-handed ground state, annihilated by &,’;, &,{
(n>0), and N, with zero p’ is removed from the
physical Hilbert space by the constraint. Therefore the
heterotic string is free of tachyons! The lowest mass
states are direct products of |i)gz or |a)z with
& 110y ., & 110) ., or |p?), [with (p/)*=2] and are
all massless. The states |i or a) g X &’ ]0), form the

1 i
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which acts on right movers alone, and satisfies (as in
the fermionic string)

{0%,0% = —2(ny*P)%, (12)

The interactions of the heterotic string, which corre-
spond geometrically to the splitting and joining of
closed strings, can be constructed as direct products of
the vertex operators for the fermionic and bosonic
strings. We have constructed the vertices for the
emission of massless closed strings and have shown
that they are Lorentz and G invariant.!> We have also
examined the one-loop diagrams and have seen that
these are consistent with unitarity (the restriction to
self-dual lattices comes from this requirement) and are
finite.!2 While we have not calculated the string hexa-
gon diagrams, the equivalence of the heterotic low-
energy field theory to the anomaly-free D=10 N=1
theories convinces us that they will be anomaly free.
Thus we have established the existence of two new
consistent closed-string theories, which naturally lead,
by a string Kaluza-Klein mechanism, to the gauge
symmetries of SO(32) or Egx Eg. These theories
differ in essential ways from open-string gauge
theories (for example the gauge coupling g2=«?/a’ as

504

irreducible N =1, D =10 supergravity multiplet. The
states |ior a) g xal 110); and |ior a) g x|p?), [with
(pH?*=2] form an irreducible N=1, D =10, super
Yang-Mills multiplet of G [either SO(32) or
Egx Eg]l—the Lie group whose maximal torus coin-
cides with 7. These consist of sixteen neutral vector
mesons (plus their supersymmetric partners) with
p'=0, which are the ordinary Kaluza-Klein gauge bo-
sons arising from the U(1)'® isometry of 7. The addi-
tional 480 charged vectors with (p!)2=2, which com-
plete the adjoint representation of G, are special to
closed-string theory. Given the work of Frenkel and
Kac, who have used string vertices to construct
representations of Kac-Moody-Lie algebras, it is not
surprising that the standard geometrical string interac-
tions will yield a heterotic string whose states form
representations of G with G-invariant interactions
(note that massive excited states can have arbitrarily
large values of the charges p’, corresponding to arbi-
trary representations of G).

Lorentz invariance in D =10 is easily_established
since the generators, J#* = ["do [ X*P¥ — X¥ P*] + K*
[where X*=X¢+X*  Ph=(d/dr)X*, KY=i/8
x3S_,vY"S,, etc.] act separately on the right and
left movers. Since the right movers (left movers) are
those of the fermionic (bosonic) string in its critical
dimension of 10(26), the would-be anomalies cancel.
In addition the hybrid string contains one supersym-
metry, generated by

an

opposed to g2=ka’ for open strings).

Fermionization of two-dimensional field theories
often simplifies their structure, as in the case of the
nonlinear sigma model with a Wess-Zumino term.!3
We have also constructed a version of the heterotic
string in which the internal coordinates are fermions
[in this case, Egx Eg is realized on its SO(16)
® SO(16) subgroupl. Details of this construction will
be presented in Ref. 12.

Additional possibilities for use of the above mechan-
ism to generate new string theories are severely limit-
ed. Attempts to compactify the D =26, bosonic string
to D=10 on a sixteen-dimensional torus'* are
doomed, since they would produce a gauge group of
G x G, would not contain D =10 fermions or super-
symmetry, and would have tachyons. Compactifica-
tion of the type-II closed fermionic string will produce
no new gauge symmetries associated with winding
strings.

Finally, we note that the heterotic EgX Eg string is
perhaps the most promising candidate for a unified
field theory. One can easily contemplate physically in-
teresting compactifications of this theory to four
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dimensions, including the possibility that the E3— Ejg
symmetry is unbroken, thereby implying the existence
of a ‘‘shadow world’’ consisting of Eg matter which in-
teracts with us (Eg matter) only gravitationally.12
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