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In this paper we study three point functions of the type Il superstring involving one graviton and two
massive states, focusing in particular on the szlpfmmions at the first mass level. Defining a gravitational
qguadrupole ‘h factor,” we find that the nonminimal interactions of string states in general are parametrized by
h+# 1, in contrast with the preferred field theory valuehef 1 (for tree-level unitarity. This difference arises
from the fact that consistent gravitational interactions of strings are related to the presence of a complete tower
of massive states, not present in the ordinary field theory ¢865656-282(199)01908-4

PACS numbdps): 04.62+v, 04.50:+h, 11.25-w

I. INTRODUCTION string theory, indeed, contains many particles of ever-
increasing spin, some of which degenerate in mass. Thus, for
While the matter of consistent interactions of massiveinstance, tree-level unitarity of a massive high-spin particle
higher spin fields with gravity has been fairly well studied in is achieved in string theory in part because of the three-point
the context of field theory1], less is known in the case of vertex, but also because an infinite number of particles of
string theory. Although for the latter, one may argue thatever-increasing mass and spin propagate as intermediate
strings must priori present a consistent theory of gravity, it states. To find which one-graviton vertex is selected by
is nevertheless instructive to examine the nature of such irstring theory, one must therefore resort to direct calculation.
teractions and to determine in particular how strings achieve More specifically, we begin in Sec. Il with an investiga-
such a consistency. tion of the superstring three-point vertex involving one
The simplest recipe for coupling massive fields to gravitygraviton and two spid- fermions at the first string mass

(the “minimal coupling”) is inherently ambiguous. Indeed, |evel. Our reasons for this choice are twofoli:it is known
by replacing ordinary derivatives with covariant derivativesa; difficulties with tree level unitarity do not arise for mas-
one is still free to add to the action terms that vanish on flat;;,e particles of spins less thgnand (i) closed string cal-

space; the commutator of two covariant derivatives, for in-cyjations are simplified for states on the leading Regge
stance. In Ref|2] a prescription was given for fixing some  { aiectory—in this case spififor spacetime fermions at the

of the ambiguities. There, by imposing tree-level unitarity Upfirst mass level. Note that we work in the weak field approxi-
to the Planck scale on forward “Compton” scattering ampli- mation throughout the paper, and work to linearized order in

tudes of a single massive high-spin field, many coefficient§pe gravitational field as we only concentrate on three-point
in its action were fixed unambiguously. In particular, it Was gravitational vertices.

shown that starting from spiﬁ-_tree-level unitarity requires  ~ gection Il focuses on the “gravitational quadrupole”
the presence of terms proportional to the Riemann ensor igyrm that is the three-point vertex proportional to the Rie-
the three-point vertex describing single-graviton emissionnann tensor. In Sec. Il we compare the results obtained

and absorption by the fermions. , from superstring theory with the predictions of tree-level
. Tree-levgl unitarity is really the statement'that an '”teraCt'unitarity. Section IV extends the computation of the three-
ing theory is weakly coupled up to a certain energy scalepgint vertex and effective action to states of arbitrary spin,

1y —1/2 H i i K . . .
MpianciOF (a”) ", for instance. The recipe of RéR]is not g contains some comments on the implications of our re-
immediately applicable to string theory. The spectrum ofgts for tree-level unitarity in strings.
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¥ Il. MASSIVE THREE-POINT FUNCTIONS
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*Email address: jtliu@theory.rockefeller.edu We begin by examining the simplest massive string inter-
SEmail address: massimo.porrati@nyu.edu actions of the type Il string, namely, three-point functions at
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0556-2821/99/5A.0)/1040138)/$15.00 59104013-1 ©1999 The American Physical Society



IOANNIS GIANNAKIS, JAMES T. LIU, AND MASSIMO PORRATI PHYSICAL REVIEW D59 104013

superstring states fall into th®O(9) spin representatiohs V( 12-1)(, u® S ef¢/zgxﬂe75—§xp+ a (x
[44+ 84+ 128], X[44+84+128]g. Correspondingly, in (2.2) =, (X)Sa v VurpX)
four dimensions, such states carry spins up to four. Focusing SN Bt S e~ ¢/ze—$—ygxp 1
on spacetime fermiorfs.e., the Ramond-Neveu-Schwd- (YNt Sp v ’ @
NS) sectol, we now describe the vertex operator for emis-
sion or absorption of states in the 2284 of SO(9) and in
the (@,9)=(—3,—1) ghost picture. While the string ampli- X X .
tudes are calculated in ten dimensions, the compactificatioff!® tWo-dimensional fermiong* and the superconformal
to four dimensions is straightforward on a six-torus, with thedN0Sts3, v respectively. The wave fun?'f'?/g’jgnd v are
128 and 44-dimensional representations yielding spins up tBOW constrained by demanding thaty ~*"(z,2) is
2 and 2, respectively. Becchi-Rouet-Stora- Tyupln(BRST) invariant, i.e. that
Massive vertex operators have been discussed previousi,VE Y2 Y(z,Z)] and similarly[Q,VE Y271 (z,Z)] van-
in Ref.[3]. Working in the R-NS sector, the vertex operatorish up to a total derivative. The BRST charge for the type |
for the 128< 44 state may be written as string theory is given by

In this expressiors, ande™ ¢/ represent the spin fields for

1 1 3 1
Q=f dZdZ)(—Eﬂ’”ﬂX IXy= 5 1" Y~ 5 BIY= 5By |(2)

1 1
+f dZ( bC&C-i-E'yn“”(/fM&XV—Zb'yZ (2), 2

and a similar expression fo. We find that [Q,VE Y2 Y (zZ)1=d[c(z2)VE Y2V (2,2)] and [Q,VE Y2V (z2,2)]
=d[c(Z)VE Y27 1(z,2)] when the wave functions andv satisfy

5 V2
(7 ) ahvyvp(x)éaﬁ_l_ (D 2) ,wp(x)%ﬁzo, o*u Myp(x) 0

(P apdr s, (X)+(D=2)0%, (X)8,5=0, (¥)%0, (X)=0,

(P) ity (X) = (D= 2) 0%, (X) 8,5=0, UL, (X)=3"v,,(X)=0, 3

whereD =10 is the space-time dimension. Conformal invari-mions and a graviton. To satisfy the superconformal ghost

ance thus provides equations of motion and gauge conditionsharge condition we consider the graviton vertex operator in
for the wave functionauy, (X) and v,qu(X)' These con- the (@,9)=(—1,0) picture
straints can be written in a compact form if we combine

andv into a Dirac spinortp:(E‘D_z)U): V(G_l’o)(ZE: h(X)yte” oY+ 3xhw(x)¢ne—¢¢x¢v'
(5
A —
V(X FV2,(X) =0, where the graviton wave function obey&lh*?(X)
=d,h*"(X)=0. We proceed now to calculate
“ _ . _p _ Eaz-1) (-1.0) 5 S\ (~12-1)(, =
YUy (K)= 0,1, (X) = 07,1, (X) = 3P4, (X) = 0. (Ve (21,21)Vs “(22.25) Vi (23.,23))-

4 To calculate superstring three-point functions involving
spin fields we use the techniques developed in REf.In
particular, we note that three-point functions always factorize
into a product of a holomorphic and an antiholomorphic
piece. We recall that the closed string graviton vertex opera-
tor, Eq.(5), is simply a product of separate left- and right-
moving gauge boson vertices. Starting with the holomorphic
Ramond sector, we now calculate the three-point function of
two massive fermions with a gauge boson. Dynamical issues

1Both 1A and 1IB theories have identical massive spectra; theirof massive string states in open string theory were discussed
interactions, however, are in general distinct. in Ref. [5].

We observe thaty,,,(X) obeys a massive Dirac equation
and a set of gauge conditions. In order to extract the cou
plings of massive spig-particles to gravity we need to cal-
culate the three-point scattering amplitude of two spiey-
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The vertex operators which describe massive gpier-  necessary to implement the physical state constréimtiid-
mions and massless gauge bosons indke—3 and q= ing the introduction of nonphysical degrees of freeglom
—1 ghost pictures, respectively, are given by the present paper we are mainly interested only in the form
of the interaction between massive higher-spin string states
and external gravitational or electromagnetic fields and not

VE 2(2,2)=us(X)S,e” #2Xk+u4(X) in the details of the additional terms necessary for the con-
sistency of the effective Lagrangian.
X(yA)il//WSﬁe* ¢12 Completing the spir calculation, we now examine the

antiholomorphic sector, corresponding to gauge boson emis-
sion from a massive spin-2 boson. The calculation is

straightforward, especially for the NS sector in the covariant

formalism. The corresponding vertex operators in the ghost
pictureq=0 andgq=—1 read

Vi Yz =A(X)yre ¢ (6)

Conformal invariance implies tha, and ¢= (?D—Z)v) sat-
isfy
V(22 =A0XE, VG V(2D = b (08 o,

OA#(X)=4d,A*(X)=0. (7)
while the resulting amplitude is given by
The gauge conditionsy - ¢y=d- =0 eliminate the spif:
components and thus the vector-spinor wave functign
describes a pure spiimassive open string state.
Taking into account momentum conservation and the con- AZe( b1, KiiA20 Ko b3, Ka)
ditions that different polarizations obey, we find

= ¢1MV¢3)\0’[ 7],“)\ 7IWA2 N k3+ 4 77’“')\k[2VAg]

Ale(1, K13 A2 Ko 93, ,Ka)
— PMKAKSA, - kg — 2kEKk5KEASTT, (11)

1 — —
= 5[¢1M70A20¢§L— D1,V A2y + Y3, K5 K5 ]
with correspondingopen string effective Lagrangian

Fil g,y U=, y- WEIKEAS, ®)

1 1
where v, (y_) projects the Dirac spinog onto its positive L=~ 5D,¢,,D ¢*"~ §m2¢w¢’”+ 2ig, Fr7e"
(negative chirality components(in the ten-dimensional
Sense
While this is meant to be viewed as the holomorphic com-
ponent of the closed string amplitude, it also has the inter-
pretation as an open string calculation of a single photon
emission from a spig-particle. To this linear order in the
gauge field, the corresponding effective field theoretic La-
grangian reproducing the three-point functi@ s given by The three-point function for the closed string stat
follows by combining the holomorphic and antiholomorphic
i 1 three-point functions for the opeé]] string states, E§sand
T 4 T Ewpv (11). Note that extracting the spiframplitude from the ten-
Lan = gVl DAt M= o Py, sor product4{®M x 42119" jnyolves symmetrization on the
vector indices arising from the holomorphic and antiholo-
morphic polarizations. We find

2i
2 (GudF et G F et (12)

1 —
"’EZWM(?MFVA'}’)\'MIV‘*"” ’ (9)

where m=v2 and D,=4d,+iA,. The ellipses represent 2See, e.g., Refl6] for a discussion about the need to introduce
both terms that possibly vanish on-shell and terms which araonphysical degrees of freedom for higher spin string states.
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ARe( Do KNy Ko s, ,Ks) = AL x AZEOM
=J1;m\ 70¢§Vxhapk§+ ﬁlm YU‘/’gyp(hpokg —h* ky,) + iﬁ(%,m Vi thae"
— 1o Y- 3, N#PkGKs,+ 2i ‘/Z(Zl;m\ Vi t3e"? = Yrom ¥ — ¥3,"")
X (0¥ RSk — 1 KEKy) = 1, ¥ (L4 Y2 ) 3™ N KEKEKE — 1,1 ¥ (14274
X g ho‘5k12/k2pk)2\ —h,*k5ka ko s) — iﬁ(ll;m\ Vi ¥ag"P = Yigm V- ¥3,"")
X h#kgkaskbKo, 1 ‘/E(El,uv)\ Y+ ¥30p5~ Yrom V- 1¥3p0)
X (#0kGK5KEKE — NMTKEKIKE) + 11 un Y7 ¥ + 3" Nor ek SKEK Ko K5

+ Elp. 2 ,yo',y+ ‘//3;7 65( haekzklgk;\ kgkg - hcr)\ kzk'gkgkgkg) . (13)

As a result the effective Lagrangian that reproduces this paindicating that even the leading two-derivative term is by no
ticular three-point function contains terms up to five deriva-means unique. Furthermore, note that the presence of the
tives. Up to terms that vanish on-shedlut that are neverthe- ten-dimensional chirality projection. for spacetime fermi-
less crucial for the consistency of such a massive higher-spigns indicates that, even while massive, such states maintain
Lagrangiaf, we find chiral interactions with gravity. It is at this point where the
difference between massive IIA and IIB string states shows
1— " N up. The complete type Il spectrum includes in fact a pair of
5'//;wx(7 Vptm)y# spin- states at the first mass level, one each from the R-NS
and the NS-R sectors. In our conventions, Etd) corre-

Le=N—0

1— wavp apo 8 N sponds to the state from the R-NS sector, while a similar

m Pum| R - §R YooI'" | Vap equation with eithery_ or vy, would describe the state from

the NS-R sector for the type IIA or IIB theory, respectively.

B i 7. RImae., (1 n Finally, the effective gravitational interactions of string
2 W Vo1 7:) 0,0 states at higher mass levels have correspondingly higher de-
_ rivative couplings. Physically, this corresponds to the intui-

— Y ndFRDVTBy (14+27,) 5" tive notion that highly excited strings are spread out, and

hence feel tidal effects arising from the curvature of space-

_ EE(JMVA&(VRB)UW%%BA time. This ergrture from the minima_l coupling pres_cription
m leads to violation of the strong equivalence principig.

— a8 This is just a fact of life; in relativistic quantum field theory
T P R o) particles have an intrinsic size: their Compton wavelength.
2 _ This makes them behave in some respect as extended ob-
- W(zpﬂykﬁf‘a“R"W)a%%aézpaﬁ* jects, sensitive to tidal forces.
— " PIORI Ty Ly s )| (14 1. NONMINIMAL COUPLING AND THE

GRAVITATIONAL QUADRUPOLE

Several points are in order here. First of all, working with the  Nonminimal couplings to the Riemann tensor were dis-
three-point function, we only obtain information up to linear- cussed in Ref.2] in the context of point particle field theory,
ized order in the gravitoh,,, . For this reason, at this order where it was shown that tree-level unitarity for particles of
there is no distinction between bare and covariant derivativespin>2 demands the presence of just such a nonminimal
of the Riemann tensor that appear in Ety). Secondly, this term. The authors of Ref2] give a general expression for
effective Lagrangian is by no means unique, as we are akhe required nonminimal addition to the action for both inte-
ways allowed to shift it by terms vanishing on-shell. In par-ger and half-integer spins. For the former, the on-shell La-
ticular, we note that the~transverse conditioy- y=0 al-  grangian(also ignoring auxiliary fields for a boson of spin
lows use of the on-shell identity s takes the form

l//;.w)\ RMapUYpo’ nvglpaﬁ)\ = 21//,411/)\ R#Ewﬁlpaﬁ)\
_ p . 3See, e.g., Ref8] for an explicit form of the massive higher spin
— IRy, Pt (15 Lagrangian.
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( 1)

LVE=m?) 9+ —— ¢

1
L= E¢(S)( Rﬂwﬁd’gys/)s'”

oo (16)

The resulting equation of motion fap® may then be ex-
pressed as

(V#V“—m2)¢(5)+ Euv EM ¢(S)+ =0,
(17

where ellipses indicate terms vanishing on shell, 21d are
the Lorentz generators in the smnepresentation,

/.LV)\0'2

[B1532 Bl

aza’

(EMV){Q}{B}Zzs(g[M[ a7 (18
where all symbols are antisymmetric with weight 1.

On the other hand, for spim 3) fermions in four di-
mensions, the nonminimal Lagrangian is

( )

L= (Y = m) i o gD R KBy

+e- (19
(again only up to terms vanishing on-shelHere me

me'*' R”Mﬁy \o IS @ feature of the four-dimensional
theory. Taking the first order equation of motion from Eqg.
(19) and multiplying by ¢*V ,+m), we obtain the second
order equation

(Vﬂvu_mZ)w(n) EMV EMT ¢(n)+ =0,

(20

,LLV}\O’Z

where this time

v][515,32 :Bn]

a/2 CY

(2 D

(SH") {B}—_y/w5[ﬂl En%+2n5[u[ o]

is the Lorentz generator in the spin-f 3) representation.
We now see from Eq$17) and(20) that both integer and

half-integer spin fields have identical forms for the preferred
nonminimal coupling resulting from tree-level unitarity con-
cerns. Furthermore, since the Riemann coupling has the forfurthermore,
of a gravitational quadrupole moment, these results of Refy-transverse conditions on,,,. ..

PHYSICAL REVIEW D 59104013

Lagrangian, such a definition is complicated by the fact that
there is an inherent ambiguity in the minimal coupling pre-
scription itself (which is not present for the equations of
motion). Using this definition, the results of R¢2] may be
concisely summarized by the statement thatl is the pre-
ferred value of théh factor based on the above field theory
considerations.

Turning to the spin; Lagrangian(14) it is clear that it
cannot be written in the “preferred” form of Eq19), even
through the use of the on-shell manipulatid®).* As a re-
sult this provides evidence thiat 1 for massive string states
in general. In order to determine the sgifactor, we first
make use of Eq(15) and work in four dimensions to note
that the second order equation of motion arising from Eq.
(14) has the form

1
(vap_ m2) (/l,uv)\_’_ 3( Rpavﬁ+ E Ryaprr,ypo_,’]vﬁ) ‘ﬁaﬁ)\

+---=0. (23

On the other hand, for spif Eq. (22 gives instead

(V,VP—m?) ¢+ +6h Yo"

RMavB 3'_1 RM“PU,ypUnV,B

+---=0, (29
which clearly has a different Lorentz structure. What this
indicates is that, even when restricted to on-shell interac-
tions, there are in fadtvo possible distinct Lorentz-invariant
and parity conserving interactions that may be written in
terms of the Riemann coupling. Thus a single factor” is
insufficient, and in fact two parameters are necessary to fully
characterize this lowest order nonminimal interaction.

On the other hand, working in the Newtonian limit, we
find that bothR““"# ¢, 5... and R***7y,,7"P) ) p... reduce
to the same form, related to ttigonrelativisti¢ quadrupole
momentQ'!. In particular, in four dimensions, the compo-
nents of the Riemann tensor are given in terms of the New-
tonian potentiakp as

Roioj=did; ¢,
Rijki = 0ikd; 0\ ¢+ ) 9idxp— 81 9jdxdp— S didy . (25)
nonrelativistically, the transverse and
give both ...

[2] are suggestive of a gravitational version of the corre-=0(p/M) ;... <1 andy'y;...<1. Thus we find

sponding statement of g'=2" as a natural value for the
gyromagnetic ratio for electromagnetic couplii@$.

The above discussion suggests the definition of a gravita-

tional quadrupole t factor” that may be determined from
the equations of motion according to

T P

(22

(V,VE—m?)e+h(R

p,v)\oz

+ 8k Y,

REYPifs g — R 8

where the last term, having a trace form, does not contribute
diagonally to the leading spif-quadrupole interaction, but
instead gives an off-diagonal interaction between spiasd

3. For the other possibility, we find instead

While the h factor may equally well be defined in terms of “The factor of3 arises in Eq(14) because theny&,va is a Majo-

the nonminimal coupling ofp to the Riemann tensor in the

rana spinor, while in Eq(19) 4" is a Dirac spinor.
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(waypg,]vl?) Vap-.- induced by terms that vanish on the Einstein shd@lhe so-
— . i ‘ lution to this paradox is that Eq430) is a good definition of
—Rikimy "=~ 480k T+ 29 (dkd1 by r..).  the quadrupole only for nonrelativistic matter. In more gen-

(27)  eral cases this definition is wrongyven in the Newtonian

limit. The correct definition is obtained by computing the
energy of the particle in a static, slowly varying external
Newtonian potential¢y. The change in energy due to the

This time the last ternfhaving ay-trace form corresponds X
quadrupole is

to an off-diagonal interaction between spthand 3.

With the above in mind, in practice we define thé
factor” of Eqg. (22) only in the Newtonian limit(in other 1
words focusing on angular momentum and not Lorentz gen- AH=———Qly, d;. (33
erator$. As a result, the diagonal spfequation of motion 2(b-1)

(23) reduces to

This formula is insensitive by construction to all terms that
o . : vanish on the Einstein shell. In the Newtonian limit, the met-
— m2) ik g A Kooz o ’
(Vo VP=mI =600 ¢+ --=0, (28 ¢ is gy= —1-2¢, g;;={1—-[2/(D—3)]$}5;;, all other
terms vanish. This induces the following change in the en-

) . . . . ergy
where ellipses now also include off-diagonal interactions

with lower-spin stategthat are always present and fall on the
subleading Regge trajectorje€ontrasting this with

— D-1 00 1 i
AH—fd x| T +D_3T). (34)
(V,VP—m?) ¢ —9hsl ¢y 0 +---=0,  (29)  Thus, the correct expression for the quadrupole is obtained

by replacingT® with T%+ (D —3) 1T} in Eq. (30). By sub-
stituting Eq.(32) into this new expression we find that the

which follows from Eq.(24), finally allows us to determine contribution to the quadrupole due to nonminimal coupling

thath=2 for this particular massive spifistring state. to the Ricci tensor vanishes, as it should. Equatié®) can

At thls point we must clarify an apparent paradox. Thebe used in the Newtonian limit only whélﬁ 0, as it holds,

nonrelativistic formula for the quadrupole moment is, infor instance, in macroscopic nonrelativistic matter.

space-time dimensioBb:

IV. GENERALIZATION TO HIGHER SPIN

The results for the massive spjrstate are easily gener-
Qll :j d°~IX[(D—1)x'xI— §'1x2]T® i ,j=1,.D—1. alized to arbitrary massive higher spin string states interact-
ing with a graviton. As usual, the three-point function fac-

(30 torizes into separate holomorphic and antiholomorphic parts.
For simplicity we focus on states on the leading Regge tra-
jectory, namely states of spim+3 andn+ 1, respectively,
for the R and NS sectors at mass lewel

In the Ramond sector, the spin-f 3) vertex operator is

given by

The action of particles of spie>3 can have a nonminimal
coupling proportional to the Einstein tensor:

As:f dDXB’“’GM,,, (31 V;;l/Z)(Z,Ej

=ug o (X)S,e7 #2XH - gXkn
whereB#” is a bilinear in the spirsfield. To linear order in o
the gravitational field, this induces the following change in

the stress energy tensor: +vfj1...ﬂn(X)(yk)gl//ﬁll/ﬁsﬁef P25 2. .. gXkn.

(35

T®=4,9;Bi+---, T|=(3—-D)3g;B+---. (320  The resulting three-point functiod? contains terms up to
O[(a'k?"]. To lowest order, we find

Here ellipses stands for terms that do not contribute to the
gravitational quadrupole. Substituting this equation into for- STerms proportional to the scalar curvature tensor do not contrib-
mula (30) we obtain a nonzero change of the quadrupoleute to the quadrupole.
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n'|— 2n —
AIZF(lﬂl,kl;Azmkz;l//saka):5 ¢1M1---MnAza7’U¢§l Fn—j F(lﬂlaw--#n?’f'ﬁw“z Hn
_Jlﬁ,uz‘“yn’)“r ‘//3aM2.“'un)kgk§+'” ’ (36)
|
wherem=/2n is the mass of thath excited level. 1_
Prior to examining the closed string graviton amplitude, £2n+32=V—9 §¢(2n+1)()’”vﬂ+ m) g
we note that the effective field theoretic Lagrangian which
reproduces this three-point function for the open string may n(n+1)— ovept 1
be written as T 2m Vmomy ke RfoTof = 4(n+1)
i - X R.U-oVO)\o',y)\(rn,U-lvl) l//v ” K2 M. . . (40)
LRI = 5 Wy YDt M)y i

S : The resulting second order equation fatakes the form
- A
— 2m21 wl"‘l”'ﬂnFMI |¢'/-’~1 v, Mnd... (37)

(V V2= 2) o 2( S - %) ( Sk~ %) RH0¥0k141

From the form of the Lagrangian we can verify that the the + 2| g— =| Ruovore v

gyromagnetic ratiog for all such massive fermionic open 2 2 o

string states on the leading Regge trajectory is equal 8.2 (41)
For the spin-(i+ 1) state in the NS sector, we find, on the

other hand, the leading behavior for the three-point functionyhere s, =n+1 andSy=n+3 are the components of the

spin contributed by left and right movers on the world sheet,
AL (&1 Ky Lo Ko £9.Kg) respectively, and5=S, + Sg(=2n+3) is the total (space-
BBLS1, 11, 52,02,53,13 time) spin. Using this suggestive form of the nonminimal
interaction, we find the correspondiigfactor to be

Pt =0,

=0 E g €30, "2 AL (77PKE — M E 2S,Sq
h= 12 (half-integer sping (42
+ nﬁkkg) 71+ n( n”l"kl‘z"l_ n#lkk;l) ,7013_;_ 4, s _)
2

(38)
A similar calculation in the NS-NS sect¢also on the lead-

ing Regge trajectonygives similarl
where once agaim=2n. In general, as for the fermions, g Regd jectonyg y

the complete expression contains terms umfqa’k?)"]. 2S.Sp . )
Viewed as an open string amplitude, the corresponding ef- h= S5-1) (integer sping. (43
fective Lagrangian has the form

Note the resemblance to the striggactor resulf10]

1 1 R L
(open _ _ Mn_— — " Hn S
L= 2 D)\d’,uo'“,unD}\d’Mo # 2 m2¢,uo'“un¢#o a g|_=2—<SZZ> , Or=2 <Z> . (44)
n
; b g Based on the factorization of the graviton three-point func-
+ oy FHVIROT, T 39 SO . ) )
Ii:zo Pugul 1P T 39 tion in terms of holomorphic and antiholomorphic gauge bo-

son amplitudes and thg=1 result for all massive open
string states, it is now apparent that théactor result, Eqgs.
As expected, this indicates that the nonminimal electromag¢42) and (43), is equally valid for all massive string states
netic coupling toF,, gives preciselyg=2 for the open and is not restricted to those on the leading Regge trajectory.
string.

Turning now to the closed string, combining Eq86)
and (38) and symmetrizing on the vector indicésorre-
sponding to the maximal spin state at mass leyajives the In this paper we have examined the three-point couplings
following on-shell form of the effective Lagrangian: of massive higher-spin string states with gravity. Focusing

V. CONCLUSIONS
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on the spinj state at the first mass level of the type Il string, the tree-level unitarity results hold for a single massive
we have obtained an effective Lagrangian reproducing alhigher spin particle interacting with gravity, while in string
on-shellinteractions to linearized order in the graviton. In theory tree-level unitarity is achieved not only by the three-
particular, this effective Lagrangian contains a nonminimalpoint interaction but also because a whole tower of states of
two-derivative coupling of the formgRy), which was ex-  arbitrarily large masses and spins propagate as intermediate
amined by the authors of RdR] in the context of tree-level States.

unitarity. Since this has the form of a gravitational quadru-
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