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Pointlike D-brane Dynamics and Space-Time Uncertainty Relation
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We argue that the space-time uncertainty relation of the fAXNAT = o’ for the observability of
the distances with respect to tim&7, and spaceAX, is universally valid in string theory including
D-branes. This relation has been previously proposed by one (T.Y.) of the present authors as a simple
qualitative representation of the perturbative short-distance structure of fundamental string theory. We
show that the relation, combined with the usual quantum mechanical uncertainty principle, explains the
key qualitative features of D-particle dynamics. [S0031-9007(97)02389-2]
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It is often stated that in the fundamental string theorywere described by the usual local field theories neglect-
there exists a minimum length of order qfa’ = ¢,  ing quantum gravity, we would be allowed to state that
beyond which we cannot probe the structure of spaceit is determined by the typical wavelength of the objects,
time. This comes about from the properties of stringnamely,% for sufficiently high energies. Hence, in prin-
amplitudes in the high-energy limit [1,2] and also in theciple, we would have no limitation for probing the short-
high-temperature limit [3]. Such a statement is indeedlistance scale, provided we neglect quantum gravity. If,
quite natural when we have only the ordinary string statesn the other hand, the interactions are mediated by funda-
as possible probes for short distances, since string statesental strings, high energies do not necessarily imply that
themselves have an intrinsic extension of the order ofhe typical spatial scale is given by the wavelength of the
length ;. scattering objects, since higher energies dominantly cause

Recently, however, we found that string theory, inlarger fluctuations with respect to string excitations during
fact, allows a variety of objects of various dimensions asnteractions than with respect to the center of mass mo-
solitonic excitations and that they are bound to play cruciation because of the huge degeneracy of string excitation
roles in nonperturbative formulations of string theory. Inmodes. Itis easy to see [15,16] that the typical (smeared-
particular, we have even pointlike objects called DO-branesut) spatial extensiotX of strings with energyt is of
[4] or D-particles. Recent studies [5—12] of D-particle orderAX ~ ¢2E. This implies the simple relation for the
dynamics revealed the possibility of probing the distancendeterminacies of the space and time lengths,
scales of eleven-dimensional (11D) Planck scale of the AXAT = ¢2 1)
orderg!/3¢,, the natural scale of the M-theory [13], which o _ _
is indeed much shorter than the string scaldor weak which we c_aII the_ space-time uncertainty relation. In
string coupling (the importance of shorter length scaledt®f- [15], this relation was proposed as a natural space-
in string theory has been suggested earlier in [14]). Ifime representation of ther-duality properties of string
we remember that the string scale represents the uniqusé:atterlng amph'tudes. As 'dlscussed later in Ref. [16], it
fundamental constant of Nature in the natural uni=  can also be derived as a direct consequence of the world-
li = 1, its precise significance must certainly be clarified.Sheet conformal invariance. _ _

The purpose of the present paper is to remark that a simple From the viewpoint of the space-time uncertainty rela-
space-time uncertainty relation [15] proposed in 1987 byion, the usual argument [17] for the minimal length es-
one of the present authors is an appropriate interpretatiorentially amounts to assuming that the observable length
for the meaning of the string scafle, since it is universally IS the average of the spatlaleirlg time distances; we would
valid for both ordinary string scattering and D-particle then have the lower boun&52L = ¢,. Clearly, how-
dynamics. ever, what is the dominant scale measured by scatter-

Let us begin by briefly recalling the arguments ofing experiments depends on which kinematical regions
Ref. [15] which motivate the space-time uncertainty re-we are interested in. For example, a high-energy low-
lation. Consider a high-energy scattering of arbitrary ob-momentum transfer (peripheral) scattering experiment can
jects whose interactions are mediated by strings. If th@robe the small time scale, but the spatial scale is not
energy scale is of ordef, the smallest time scale probed Necessarily small.  Thus, it correspondsA® — 0, and
by this scattering event is of ord&yT" ~ % Now, what our rzelatlon (1) implies that the spatial length scale grows
is the typical spatial length scale probed by this scatterings % ~ (2E as the laboratory energ§ increases. By
event? If both the scattering objects and their interactionadapting the string-bit argument due to Susskind [18],
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this longitudinal length scale of a string, growing linearly analyzed in detail in [10] using the effective world line
with energy, leads to the Regge interceqt0) = 2 of the  theories [19]( + 1-dimensional super Yang-Mills matrix
probability amplitudeA(E) ~ E«®~1, in conformity with  quantum mechanics) of D-particles. Relation (2) consti-
the existence of a graviton. [Herejs the invariant mo- tutes one of the most crucial relations in all previous dis-
mentum transfer whose dependence is determined basitissions of short-distance structure in D-particle dynamics.
cally by the effective transverse size of the string.] OnFollowing [10], we often call the scalgv ¢, the stadium
the other hand, a high-energy fixed-angle scattering asize. From the point of view of the effective super Yang-
studied in [2] tries to probe short distances with respecMills matrix model, the stadium size is the limit for the
to both space and time. In this case, since relation (13patial scale where the Born-Oppenheimer approximation
shows there is no such degrees of freedom, the amplituder the coupling between the D-particle coordinates and the
damps exponentially in the high-energy limit. short open-string excitation connecting them ceases to be
As long as we only use the strings as probes, it seem&lid. The dynamics of the latter, corresponding to the
difficult to imagine a scattering experiment which makes itoff-diagonal part of the adjoint Higgs fields originating
possible to measure directly the regidid — 0, because from the 10D gauge fields by dimensional reduction, is
of the intrinsic extension of the string. In Refs. [15,16], governed by the time scal@ (¢2/b) while that of the for-
it was suggested that we interpret relation (1) in the limitmer, the diagonal part of the Higgs, is By(»/v). If the
AX — 0 as an explanation as to why it is possible toBorn-Oppenheimer approximation is not valid, we cannot
treat the asymptotic string states, propagating an infinelearly separate the diagonal part as the spatial coordinates
itely long time AT — o, aslocal external fields in the of D-particles, and hence we must have (2). Our proposal
sigma-model approach to world-sheet string theory. Thés thus to interpret this result as a consequence of the uni-
asymptotic states correspond to thehannel poles. Com- versal space-time uncertainty relation (1).
bined with the Regge-pole exchange picture for the limit Now, once relation (2) is known, the important fact
AT ~ L — 0, relation (1) is thus interpreted as a naturalthat the characteristic spatial length scale of D-particle
space- tlme interpretation of [Regge-pole] [resonance- dynamics is nothing but the eleven-dimensional Planck
pole] duality. Now it is clear that the DO-branes arescale associated with M-theory is understood from the
ideal objects for the purpose of directly probing the shortusual uncertainty relation. If the time duration of the
spatial length scale and testing relation (1) beyond suchcattering is of orderAT ~ % ~ v~ 1/2¢,, the usual
formal arguments. Fortunately, there already appearetime-energy uncertainty relation applied for a pointlike
several works cited above which studied the dynamics ob-particle implies an uncertainty with respect to the
DO-branes in the low-energy limit. In the following, we D-particle velocity of orderAv ~ g,v~'/2 which leads
show that all the results so far are consistent with relato the spread of the wave packet of orger ~' ¢, during
tion (1), and the most crucial feature behind these resultte time interval ~'/2¢,. Here, we used the fact that the
can be naturally understood on the basis of (1). kinetic energy of a D-particle |§— v? for weak string
First of all, we note that the slow velocity limit studied coupling. [For the present order ‘estimate, we can neglect
in these works is appropriate just for probing the smallthe potential energy of orded (+ 59 7)€6 which is smaller
AX regions where (1) implies th&t7" grows. Moreover, than the kinetic energy WhemX = b.] In order that the
it seems fairly clear that the space-time uncertaintyminimum length scalé ~ /v be meaningfulp must be
relation conforms just to the basic principles emphasizetarger than this spread. Thus we have the lower bound
in Ref. [10] that the leading singular behavior in the for the velocity [10]
short spatial distance limit is determined by the infrared
behavior of brane world-volume quantum theory. In fact, v =gy
this statement is a direct consequence of the duality
betweens and ¢ channels, which was nothing but the which leads to the 11D Planck scabe~ gs € of the
original interpretation of relation (1) as discussed above. M-theory as a meaningful smallest distance probed by
Now, let us con5|der the scattering of two heavy D-par-D-particle scattering at low velocities.
ticles of massn = g with slow typical velocityv. If we From the viewpoint of the effective super Yang-Mills
assume that there is a limitation for the meaningful spacematrix model, the 11D Planck scale is easily understood
time lengths in the form (1), what is the smallest possibldrom a scaling argument [8,9] which says that coupling
spatial length scalé probed by this scattering? Let constantg, can be eliminated from the dynamics by
b~ v, . making a rescalingX; — g!/3x; andr — g /31, for the
D-particle coordinates(; and timer, respectively. We
here emphasize a trivial but crucial fact that thgposite
scalings for the space and time coordinates just conform
to a necessary requirement for the validity of relation (1).
b~ v, (2) Actually, as pointed out in [10], when we consider
This length scale first appeared in [6], where an annua D-particle in the presence of a large number of D4-
lus amplitude of open strings is computed, and was furthebranes, it becomes possible to probe arbitrary short spatial
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distance scale. This is basically due to the fact that the D4pointlike nature of the D-instanton in space-time, while
branes produce an effective metric for the moduli spacAX — « is associated with the long-range propagation of
of a DO-particle which makes the effective mass of thea virtual dilaton exchange. Indeed, after the integration
DO-particle much heavier than that in the flat space abver the position of a single D-instanton, we would have
short distances: The effective action in the presence of = 0. From the viewpoint of (1), the appearance of the
N coincident parallel D4-branes is given by long-range exchange of massless dilaton is a necessary
3 condition for the existence of the pointlike instanton
1 Ng;t3\ 4,6 /.7 -
Setr = f dt[z 7 <1 + — >v + O(Nv* ) /r )}, (AT ~ 0) contribution. Therefore, the apparent loss of
8sts d the stringy property of the D-instanton-string interaction
wherer is the distance between the D-particle and D4-may be regarded as yet another piece of evidence for the
branes. According to [10], this metric is likely to be exactuniversal nature of the space-time uncertainty relation. Of
without @’ and instanton corrections. When the distancecourse, this argument is restricted to one instanton case.
r is much shorter thariNg,)'/¢,, the mass of the D- The multi-instanton dynamics is much more complicated
particle is effectively given byrn ~ N¢2/r* > —-. We  due to stringy interactions and the integration over the
can then easily check that the spread of the D-particlgollective coordinates. Further investigations on general
wave packet can be neglected during the time v~'/2¢,  D-brane dynamics including instantons from our view-
compared with the stadium sizgv ¢, for large N (if point will be useful for clarification towards more precise
itself is the stadium sizg/v €;). This allows us to probe and general interpretation of the space-time uncertainty
arbitrary short lengths with respect to the distance betweerelation.
the D-particle and D4-branes and hence indicates that the Our discussions so far assumed weak string coupling.
singular spatial metric in the DO-particle moduli space isHowever, given that, except for type IIA theory and
meaningful even in the limit — 0. On the other hand, heteroticEs X Eg theory, the S-duals of string theories
since the time scale grows indefinitely, we cannot talkare again string theories, it is natural to expect that the
about the interaction time in any meaningful way in therelation is valid even at strong string coupling. Note
limit of short spatial distance. that the string constant, can be regarded as invariant
The space-time uncertainty relation (1), in general, sayander the S-dual transformations, and therefore the string
that, to probe the short spatial distances, an inversely largension with respect to the correctly rescaled space-
time interval is necessarily required and vice versa. Thugsime coordinates remains the same as well. In the case
if it is universally valid, we would not be able to introduce of type IIA (which we are mainly concerned with in
the concept of the space-time event which is local withthe present paper) and heterofiig X Eg, the dual is
respect to both space and time. the M-theory, whose strong (string) coupling limit is
Although we expect that the space-time locality is lostbelieved to be described by 11D supergravity in the
eventually in any theory including quantum gravity, rela-long-distance limit. If the recent interesting conjecture
tion (1) suggests a specific manner on how this happer[21] that the microscopic M-theory is describedactly
in fundamental string theories. It is very important toby the0 + 1D Yang-Mills matrix model in the infinite-
see whether this way of expressing the significance of thenomentum frame is correct, it is plausible that our
string constant is useful in the dynamics of more general uncertainty relation continues to be valid even for strong
branes and strings, including D-instantons. Since the inteistring coupling, since the time scale in the Galilean
action between general D-branes is governed by the furdynamics of the off-diagonal elements is then always
damental strings and relation (1) originates from thegiven by the difference of the diagonal elemerﬂjﬁé_*‘x—I
conformal invariance of the fundamental string dynamicsfor the D-particle coordinates;, x;, which is the basis for
itis reasonable to expect its general validity, if we interpretrelation (1) from the viewpoint of the super Yang-Mills
the relation appropriately. Here, the case of D-instantongatrix model as a world line theory of D-particles.
(D-1-branes) is very special since we cannot talk about Another relevant question towards a possible general-
time evolution in their dynamics. Itis known [20] that the ization of the space-time uncertainty relation would be
invariant scattering amplitude of massless string states offhether we can have a similar relation for spatial domains
?fixed D-instanton for arbitrary energy is simply given by without including the time length. As a simple example,
+ apart from the kinematical factor wherés the invariant  let us consider a measurement of the position of a D-
t-channel energy, provided we supply the appropriatgarticle inside D4-branes by scattering with an external
fermion contribution to cancel possible fermion zeroD-particle. Classically, a bound state of a D-particle with
modes. The pole = 0 represents the massless dilatony coincident D4-branes can be described by an instanton
exchange contribution. Namely, the amplitude for weaksolution of the D4-brane gauge field [22]. Probing the D-
string coupling is reproduced by a local field theory particle inside these D4-branes is equivalent to probing the
without any a’ correction for any energy. This isota localization of the background fiel. The localization of
contradiction to our space-time uncertainty relation, sincet is disturbed by the massless D4-brane open string modes
the above behavior can be interpreted to correspond to thgs the decay product of pairs of open strings connecting the
special case wherAT ~ f—gf ~ 0: AT ~ 0 reflects the D-particle probe and D4-branes. We note that D4-brane
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open string modes are the inevitable product if the impacautomatically. It would hopefully lay the mathematical
parameter is sufficiently small. The dissipation rate isfoundation for the space-time uncertainty relation.
calculated in [6] for D-particle—D-particle scattering, and The present work grew out of discussions between us,
in [10] for D-particle—D4-brane scattering. When the im-begun when T.Y. was visiting Brown University under
pact parameter is of ordéxX, the space-time uncertainty the U.S.-Japan Collaborative Program for Scientific Re-
relation shows that the typical energy transferred to thesearch supported by the Japan Society for the Promotion
massless open string modes of the D4-brane is of ordef Science. T.Y. would like to thank Professor A. Jevicki
AE ~ AT ! ~ Agx If this energy is used for the inter- for warm hospitality and discussions during his stay. We
action with the D-particle inside the D4-brane to probe itswould like to thank M. Douglas and E. Martinec for read-
position, it would contribute to an uncertainty of the ve-ing the manuscript. The work of M. L. was supported by
locity of the D-particle inside, of ordekv = &% \which DOE Grant No. DE-FG02-90ER-40560 and NSF Grant

vAT?
implies uncertainty of the position of ordeﬁ% dur-  No. PHY 91-23780.

ing the interaction timeA7T. On the other hand, the
D-particle inside the D4-brane travels the distance of
the ordervAT. Thus the net uncertainty of the po- *Electronic address: mli@curie.uchicago.edu
sition of the D-particle inside the D4-brane is at least  'Electronic address: tam@hepl.c.u-tokyo.ac.jp
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