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Creation of Fundamental Strings by Crossing Dirichlet Branes
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We study the force balance between orthogonally positignbthne and8 — p)-brane. The force
due to graviton and dilaton exchange is repulsive in this case. We identify the attractive force that
balances this repulsion as due to one-half of a fundamental string stretched between the branches. As
the p-brane passes through tk& — p)-brane, the connecting string changes direction, which may be
interpreted as creation of one fundamental string. We show this directly from the structure of the
Chern-Simons terms in the D-brane effective actions. We also discuss the effect of string creation on
the 0-brane quantum mechanics in the typéheory. [S0031-9007(97)03936-7]

PACS numbers: 11.25.Sq

The Dirichlet branes (D-branes) [1,2] are a remark-repulsive force due to the NS-NS closed strings,

able window into nonperturbative string theory. The
- dAns-ns(Y) I Y

D-branes are Bogomolny-Prasad-Sommerfield (BPS) - = o7 (2)
saturated objects which preserve 16 supersymmetries. i ay dma _|Y|_
This implies that when two Dirichlep-branes are placed AS pointed out by L|fsch;1/ptz [4], this is canceled by a
parallel to each other, the force between them vanishe§ontribution of theR (=" open string sector, which
A string theoretic calculation of this force involves the ImPplies that there is attraction due R exchange. How
cylinder diagram, with the ends of the cylinder attachedt@n We understand this attraction physically? We will try
to different D-branes. In the open string channel therd® clarify this issue. , , o
are contributions from the NS (Neveu-Schward, A1 peculiar feature of this force is that it jumps by
(Ramond), and NS(—1)F sectors, which cancel due *3;4 €very time the O-brane crosses the 8-brane. Our
to the abstruse identity for theta functions [2]. Physi-main point is that this jump is due toreation of a
cally, this means that the attraction due to NS-NS closedindamental string stretched between the O-brane and the
strings, the graviton and the dilaton, is canceled by thé-brane. This phenomenon is similar, and, in fatgual
repulsion of the likeR-R charges. to the creation of a 3-brane discovered by Hanany and

It is interesting to study a more general situation wheré/Vitten [5]. Since the number of stretched fundamental
a p/-brane is placed parallel to a-brane withp’ < p.  strings jumps by=1 upon each crossing, we may regard
This configuration preserves eight of the supersymmetrieéie ground state of the 0-8 system as containingof a
if p — p/ =4o0r8. Forp — p’ = 4only the NS and the fundamental string (the sign refers to the direction of the
R open string sectors contribute to the cylinder amplitudestring). When the 0-brane is to the left of the 8-brane, we
and they cancel identically. Thus, there is no force dudave, say,—% of a fundamental string. Upon crossing,
to the RR exchange, while the graviton and the dilatonthis turns into+5 because the string changes direction.
forces cancel identically. o _ Indeed, the attractive force equal }oof the fundamental
A more complicated S|tuat|on/, which is the main sub-gying tension is what is necessary to cancel the repulsion
ject of this paper, arises for — p’ = 8. One example of e 1o the graviton and the dilaton [Eq. (2)]. This is

this is the Ol—brane near th(_e 8-brane, which is importan_t foﬁow the no-force condition required by supersymmetry is
understanding the heterotic theory [3]. Now the contribu-maintained in the 0-8 system.

tion Qf the_NS andR open string sectors to the cylinder | duality and creation of a fundamental strirg.In
amplitude is [4] this section we show that the creation of a stretched
_ 1 [*at ST, P g string by a O-brane crossing an 8-brane is related by

ANs-Ns = 5 [0 ; Bman) e fyg) U duality to creation of a stretched 3-brane byReR
5-brane crossing a NS-NS 5-brane. Hanany and Witten

X [=f3(q) + f3(q)] showed that, when aR-R charged 5-brane positioned in
the (1-2-6-7-8) direction crosses a NS-NS charged 5-brane
_ 1 [x ﬂ(nga,t)_l/zef% (1) positioned in the (1-2-3-4-5) directions, a single (1-2-9)
2 )0 ¢t ’ 3-brane stretched between the 5-branes is created [5].

whereqg = ¢~ and is the transverse position of the  Applying T duality along directions 1 and 2 we find that,
O-brane relative to the 8-brane. Thus, we find a constanwhen a (6-7-8) 3-brane crosses a (1-2-3-4-5) NS-NS 5-
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brane, then a D-string stretched between them along the In the presence of a stationary 0-brane, there is a radial
ninth direction is created. From tl&duality of the type electric field,

IIB theory it now follows that, when a (6-7-8) 3-brane

crosses a (1-2-3-4-5R-R 5-brane, then a fundamental For — HO

string stretched between them along the ninth direction is @ 8307

created. This is the kind of process that is of primarywhere(); is the volume of a unit 8-sphere. Equation (4)
interest to us, because it involves two D-branes with &hows that the normal component of the electric field,
ND (Neumann-Dirichlet) coordinates. There are anumbel? ' plays the role of the charge density in the world

. . (2)»
of other such processes related to thisTbguality. For  yolume gauge theory. The total charge on the 8-brane

example, aftefl dualizing along directions 6, 7, and 8, we g
find that a 0-brane crossing an 8-brane creates a stretched
fundamental string. f Bor® = L _ 1
It is interesting that both the Hanany-Witten process r® @ 2 HORO = 4

and the fundamental string creation originate from th et s recall that an end point of a fundamental string
same phenomenon iM theory (the strong coupling manifests itself in the world volume gauge theory as an
limit of IIIA" string theory): creation of a 2-brane gjacyic charge of magnitude: 5——. We conclude that
by crossing 5-branes. Indeed, when a (2-3-4-5-10)o _prane and the 8-brane are connectecbig-half

5-brane crosses a (6-7-8-9-10) 5-brane, a (1-10) 2-brang , f,nqamental string. This provides the attraction that

stretched between the 5-branes is created. Reducing.e|s the repulsion from the graviton-dilaton exchange.
As the O-brane crosses the 8-brane, the net electric

to the type IIA theory along direction 5, we find that a
charge on the 8-brane jumps from% to —7—-. This

4-brane crossing a 5-brane creates a 2-brane. THIs is
clearly shows that an end point of a fundamental string

dual to the 3-brane creation discussed in [5]. We may
however, choose to reduce to the type IIA theory alonqs created on the 8-brane. Similar considerations in the
-brane action show that the other end of the string is

direction 10, which is common to all the branes. Then w
find that a (2-3-4-5) 4-brane crossing a (6-7-8-9) 4'bra‘nG:'slttached to the O-brane. The term in the O-brane action
sponsible for this effect is

creates a fundamental string stretched along directio

1. This confirms that two crossing D-branes, positione

in such a way that there are 8 ND coordinates, create a

stretched fundamental string. WO)/ dt FAo, ()
Effective action arguments-In this section we give a

direct argument for the creation of fundamental strings ) :

indepengent of the result in [5]. We will rely on th% to the 10-form emitted by the 8-brane. Thysy)F is

well-known structure of the D-brane effective actions.the source foer._ W? believe that this shows that
b%he fundamental string indeed ends on the 0O-brane [6].

where F = *F(1p) is the zero-form field strength dual

For concreteness, we will refer to the 0-8 system, bu orrectness of this argument may be checked through
analogous arguments apply to all cases related to this duality. For instance, if wa dualize the 0-8 system

T duality. ) .
The term in the 8-brane world volume action which is & PaI" of orthogonal 4-brane§, then (5) goes into the
following term of the 4-brane action:

crucial for our purposes is [2]
M(4)

! ~—* 5 VoV oV
M(S)Z N1 [ dQU'SVU...VSC('% Yo privs, (3) a1 ] d 0'8v0~~v4F(40) 12V3 pvy (6)

where C(7 is an R-R potential, andF = dA is the The jump in the total charge on a 4-brane as it is crossed

world volume gauge field strength. The D-brane chargdy the other 4-brane is
densities were determined in [2] to be 1

2
_ Wiy = ——
M(p) = V2m Qaal) P, @2

Tal’
Integrating (3) by parts, we get

which is precisely the tension of one fundamental string.
The “bare” Chern-Simons term (5) is crucial for the
1 9 Vo 11 | g consistency of the quantum mechanics of a 0-brane near
H®) gy f doey.rFg A a 8-brane. The 0-8 strings are described by a complex
fermion y with the Lagrangian

= AoFhA,, 4
g “”f S @ Ly = —i%¥ — XAsx — ¥Aox.
where . .
. where the scaladq is the distance between the 0-brane
Fgy = dCa),  Fo = Fg), and the 8-brane (we are now working in the units where
and 9 is the direction normal to the 8-brane. 2aa’ = 1).

1985



VOLUME 79, NUMBER 11 PHYSICAL REVIEW LETTERS 15 BPTEMBER 1997

If we integrate out the fermions, we find “induced” 2-brane is created. It is interesting that this process is

Chern-Simons and potential terms [10] encoded in the relation (12) between the charge of the
1 5-brane and the tension of the 2-branévirtheory.
> Sgn(Ay) (Ag + Ao). (7) Sting creation in heterotic D-particle quantum mechan-

ei(r:f'_The phenomena we have discussed can also be un-
derstood from the point of view of the quantum mechanical
ystem introduced in [3] and elaborated on in [10,13-17].
e will study a system with gauge group SO(2), i.e., a D-
| particle interacting with its mirror image in the background
_ 1 of eight D8-branes{ mirror images) and an 8-orientifold.
PoFA) = =7 sgrido)do The Hamiltonian is given by [this is valid for S&Y
exactly cancels the induced term in (7). The bare terngenerically]
may be interpreted as due tg2lof a fundamental string. (

Thus, the theory seems anomalous because the coeffici
in front of the Chern-Simons term is fractional. This
problem is solved by the creation of the fundamental
strings. The bare Chern-Simons term (5)

1 1 1 (1
— P} - —E§> + —(5[/19,)(,-]2

There is a corresponding bare attractive potential relatdl = T4, 2 2 Ap

to (5) by N = 8 supersymmetry [10], | _
2 ! . .
SL = _% |A9| , 4 [Xisz] ) + 2 ( Sa[A9’Sa] Sa[AQsSa]
which cancels the induced repulsive potential. Thus, the ; < I 7
entire induced Lagrangian (7) obtained by integrating over + 2Xi04i{Sa. Sa} + l; Xi Ao Xi )} (13)
the fermions is canceled by the bare terms due/®df a  whereP; are the conjugate momenta of tigand Ey the
fundamental string. conjugate momentum ofs. The bosonic fieldsy; are
In the previous section we showed that the string crein the traceless symmetric representation, whileis in
ation follows by dimensional reduction from membranethe adjoint. For the fermionic fields; is in the traceless
creation inM theory. Let us make a direct argument for symmetric representatiois,, is in the adjoint, while the
the latter. Consider the effective action for a (1-2-3-4-5)y; are in the fundamentalAy corresponds to the distance
5-brane in the presence of a (1-6-7-8-9) 5-brane. This agetween the D-particle and its mirror. We putequal tor

tion contains a Chern-Simons term and use the Born-Oppenheimer approximation to integrate
1 out the massive fields, i.e., the 16 bosonic modes from
99512 f d00 8., CPOV I HS, (8) X, the 16 real fermionic modes frosy,, and the 32 real

fermionic modes fromy;. It is found that an effective

where H = dB is the world volume field strength. The potential given by
16

2-brane and 5-brane charge densities and tensions were 8
normalized in [11,12] V(r) =r Z (N2 +1/2) +r Z (NF —1/2)
i=1 i=1
qe) = \/EKT(z) = V20273, (9) . L6
7 \1/3 + EZ(N,f - 1/2) (14)
— — I i=1
46) = V2Tis) = ﬁ(g,{) ' (10) is generated. The first two terms are the bosonic and
Integrating (8) by parts, we find fermionic contributions from strings stretching between the

D-particle and its mirror image. Since we have only half
6 Vo1 vavs pYavs the number of fermions compared to the situation without
195 % 41 ] 4T v F Bme (1) an orientifold [18-20], the varzzuum energies do not cancel
This shows thatF,;4s acts as a source faBy,. Thus, unless we add the eight D8-branes. This will give 16
Fa345 is proportional to the density of strings on the world extra complex fermions (not eight), but their contribution
volume which point along direction 1. Such a string isis nevertheless exactly what we need. As seen above there
the boundary of a1 — 10) 2-brane stretched between is a relative factor 12 in the potential due to the fact that
the 5-branes. Evaluating the flux through the (1-2-3-4-5¥he fermions are only in the fundamental representation.

5-brane due to the (1-6-7-8-9) 5-brane, Another way to understand the relative factor is that they
correspond to strings going between the D-particle and a
[ &’ o Fyss D8-brane, rather than between the D-particle and its mirror.
If we separate the D8-branes from the orientifold by
we find that the net ch?rge that couplespig is turning on Wilson lines the last term in (14) generalizes
a5 _ To
— = . 12 8
2 2 o LS - ml i —172)
Thus, one-half of a 2-brane is stretched between the 2 5
5-branes. As the 5-branes pass through each other, one + |r + myl (N,fL - 1/2)]. (15)
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Let us start with a supersymmetric, forceless situation [6] After completion of this work it was brought to our
with the D-particle to the right of all D8-branes. Then attention [7] that a similar conclusion had been reached in
move it through the rightmost D8-brane, say the one with  [8]. There it was shown using charge conservation that in
i = 8. The change of sign provides a net force. This the presence of an 8-brane, a string must end on a 0-brane.
force, however is canceled by the creation of exactly one A careful normalization shows tlhat,lwhen the O-brane is to

. . fR . L the right (left) of the 8-brane;-5 (+3) of a fundamental
string, i.e.,Ng = 1. Thus, there are no discontinuities

: . ) string ends on the O-brane. Brane creation has also been
in the force experienced by the O-brane as it crosses the analyzed using the anomaly inflow argument [9].

8-branes: the O-brane at rest feels no force anywhere (thi$7] 0. Bergman, M. Gaberdiel, and G. Lifschytz, hep-th/

conclusion differs from that reached in [10]). Similarly 9705130 (to be published).

the net Chern-Simons term also cancel, as required by thg8] J. Polchinski and A. Strominger, Phys. Lett. 38 736

N = 8 supersymmetry. This is consistent with the picture (1996).

that we have developed in the preceeding sections. [9] C.P. Bachas, M.R. Douglas, and M.B. Green, hep-th/
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