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Strong coupling limit of open string: Born-Infeld analysis
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We consider a large coupling limit of a Born-Infeld action in a curved background of an arbitrary metric and
a two form field. Following Gibbons, Hori, and Yi, we go to the Hamiltonian description. The Hamiltonian can
be dualized and the dual action admits a stringlike configuration as its solution. We interpret it as aclosed
string configuration. The procedure can be viewed as a novel way of bringing out the appropriate degrees of
freedom, a closed string, for an open string under the strong coupling limit. We argue that this interpretation
implies a large number of dual pairs of gauge and gravity theories whose particular examples are AdS/CFT and
matrix theory conjectures.
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The fact that open strings have end points has given
to many interesting results in the recent progress of st
theory. Most notably it led to the discovery of D-branes@1#.
It is plausible that there is yet to be discovered physics
sociated with the end points, some of which could be imp
tant. In the studies of D-branes it has been fruitful to consi
extreme values, such as zero or infinity, of various para
eters of the system under consideration. This is, for exam
what one does in AdS/CFT correspondence@2–4#, a large-N
duality between gauge theory and gravity theory.

In this Rapid Communication we consider the dynam
of the end points of an open string by associating a ‘‘qua
pair with them. In particular we consider a strong coupli
limit where the string coupling constant approachesinfinity.
Then it seems natural, at least at a naive level, to expect
the two end points get ‘‘stuck together,’’ which will in tur
suggest a novel mechanism in which the original open st
may be converted into a closed string. It is the aim of t
paper to investigate this possibility and its implications.

Part of the motivation for this work came from@5# ~see
@6–8# for related discussions! where it was observed that th
gauge-supergravity duality may in fact be deduced as a
energy limit of a ‘‘duality’’ between two differentstringy
descriptions of D-branes, open and closed. There, the ‘‘d
ity’’ was taken to be a starting point as an axiomatic assum
tion. Given that we have an open string description on o
side and a closed string description on the other side, a
version mechanism is likely to be relevant for the und
standing of the relation between the two descriptions. H
we propose that the axiomatic duality should be associa
with a strong-weak duality of an open string in the sense
will discuss in the latter part of this Rapid Communicatio

In the first part, we are concerned with how one might s
the conversion of open strings into closed strings. It wo
be ideal if this picture could be realized quantitatively at t
level of full string theory. However, given the limitations o
the full string theory techniques for a strongly coupled s
tem, it will be easier to turn to the low energy effectiv
action of open strings, a Born-Infeld~BI! action.

The simplicity gained by resorting to the effective acti
does not come without a price: one has to face the issu
justifying the results because, as is well known, a Bo
0556-2821/2001/64~8!/081901~5!/$20.00 64 0819
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Infeld type action has its limitations~for reviews of a BI
action, see@9,10#!. We discuss some of these issues in d
course.

If the physics of the strong coupling limits indeed co
verts open strings into closed strings, it should be a gen
phenomenon that could and should happen to a generic o
string system. Long ago the authors of@11# considered a
bosonic Born-Infeld action.~See@12,13# for more recent dis-
cussions of a strong coupling limit.! They argued that the
Lagrangian in the strongly coupled limit admits a soluti
that provides a simple description forclosed strings. The
dynamical generation of closed strings has also appeare
@14–16# in the tachyonic context.~See also@17,18# and
@19,20#.! In particular it was theU(1) confinement mecha
nism @21,22# that is responsible for the appearance of clos
strings in the work of@14#. For our purpose it is intriguing to
note that all the mathematical manipulations of@14# carry
over when we replace the tachyon potentialV(T) by the
usual tensiont. The limit V→0 can be viewed as to corre
spond to the strong coupling limit where the tension va
ishes,t→0.

The fact that the manipulations remain the same~other
thanV→t! strengthens our belief that a confinement mec
nism should, in fact, be a general feature of open string s
tems, not restricted to a tachyonic system. Therefore
should be able to see the same feature for a BI action
more general background such as a curved one or a b
ground with aB field.1 We will see that this is true. The
necessary manipulation is a generalization of the steps
sented in@14#.

Although our calculations are limited to a low energ
limit, we view the results as evidence for the ‘‘open-clos
string duality’’ and study its implications. In particular w
note that AdS/CFT may be the low-energy realization of
duality. We also argue that the duality may explain the ma
theory conjectures.

To generalize the calculations in Sec. 4 of@14#, consider a
BI Lagrangian in the presence of a metricgmn and a

1Various BI actions in a curved background with a~non-!constant
B field were previously considered in@23#.
©2001 The American Physical Society01-1
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constant2 two form field Bmn ,

L52tA2Det~gmn1Mmn!, ~1!

where we have introduced a shorthand notation,Mmn[Fmn

1Bmn . For simplicity we impose the following condition
on the metric:g0i505gi0. The full discussion is presente
in the Appendix. The determinant can be rewritten as

2Det~gmn1Mmn!52Det~hik!g002MiD
ikMk ~2!

whereMi[M0i . Above we have introduced similar notatio
as that in @14#, hi j 5gi j 1Mi j , Di j 5(21)i 1 jD j i (h), D
5Det(h)h21, where D represents the minor matrix ofh.
Since theB field is a background we consider the canoni
momenta ofEi but not of M0i . The Hamiltonian is then
HB5p iEi2L5p iM i2p iBi2L, where Bi[B0i . The ca-
nonical momenta are

p i5
dL
dȦi

5
t

A2Det~gmn1Mmn!

1

2
~MkD

ki1DikMk!.

~3!

After some algebra one can show

HB52
tg00Det~h!

A2Det~gmn1Mmn!
2p iBi

5A2g00$p
igi j p

j1@~Fi j 1Bi j !p
j #21t2Det~h!%2p iBi .

In the strong coupling limit, one can drop the last term ins
the square root. Performing a Legendre transformation@24#
LB85HB2 1

2 Fi j K
i j , with

Ki j 52
dH
dFi j

52
g00

H ~Mi
kp

kp i2M j
kp

kp i ! ~4!

leads to

LB85HB2 1
2 Mi j K

i j 1 1
2 Bi j K

i j

5A2g00p
22Ki j Ki j /22p iBi1

1
2 Bi j K

i j . ~5!

Therefore Eq.~1! admits a compact dual description,

L85A2 1
2 KmnKmn1 1

2 BmnKmn, ~6!

where

K52g00p idt∧dxi1 1
2 Ki j dxidxj . ~7!

The same equations that were satisfied byK in the flat case
@14# are also satisfied here: from the definition ofK it is easy
to show that it satisfies a constraintK∧K50. The Bianchi

2Or one could consider a nonconstant,closedtwo form field as in
@23#.
08190
l

e

identity,dF50, is now translated into the equation of motio
of K,

05d~K /A2K2/2 !. ~8!

There is another constraint equation thatK must satisfy:
]mKmn50. This corresponds to the equation of motion a
the Gauss constraint of the original description.3 With these
conditions one can write down the following solution:

Kmn5E d„X2Z~s!…dZm∧dZn. ~9!

Substitution of Eq.~9! into Eq.~6! gives a Nambu-Goto type
action in the same background,

S5E d2sADet~]aXm]bXngmn!

1
1

2 E d2seab]aXm]bXnBmn . ~10!

We view Eq.~10! as aclosedstring action.
We have considered a Born-Infeld action and its stro

coupling limit. Following the literature, we went to th
Hamiltonian formulation to study the physics of the stro
coupling limit. The Hamiltonian can be dualized to yield a
action that allows a connection to a Nambu-Goto type str
action, Eq.~10!. We interpret this as a low-energy realizatio
of the conversion of an open string into a closed string.

As we discussed in the Introduction, the transition of
open string into a closed string should be a general phen
enon. Therefore it should be possible to extend the result
supersymmetric cases.4 We will not pursue this issue here bu
will simply assume that such an extension exists. For t
reason and others that will follow we mostly concentrate
supersymmetric cases below.

Since the discussions have been kept to the level o
low-energy effective action, there are various limitations
the claims one can make based on the results. For exam
the solution~9! should not be viewed as to represent all
the stringy configurations of closed strings including t
massive modes. To be able to make such a statement~or a
similar one!, one would probably have to consider a BI typ
action in a background that contains all the massive clo
string fields, whose proper discussion would require a
string theory or string field theory. Rather one should vie
the procedure as a novel and effective way of bringing ou
closed string as appropriate degrees of freedom for amass-
lessopen string in the extreme coupling.

However, this interpretation still faces criticism that th
action of our starting point, Eq.~1!, is incomplete because i

3The equation of motion~8! admits a scaling symmetryK→ fK,
m→m/ f where f is an arbitrary function. f should be a constan
for the similar reason discussed in@11#.

4For that, it will be of great use to employ superfield machine
such as the techniques of a nonlinear realization of supersymm
@25–28# or the superembedding formulation@29,30#.
1-2
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does not contain certain higher derivative terms and th
fore it could be used only for slowly varying configuration
Although more complete resolution of this problem wou
have to wait until the arrival of a superspace formulation o
D-brane action through a partial breaking of supersymme
it might be useful to recall that there could be a field rede
nition that removes some~but not all! of the higher deriva-
tive terms. An example of a field redefinition that remov
certain higher derivative terms appeared in the discussio
a 3-brane action in@27#. Another example is@31# where a
field redefinition is introduced for a comparison of a fou
dimensional super Yang-Mills action and a BI action. Aft
such a field redefinition, if necessary, the resulting act
might still allow a connection to a string configuration. It
also relevant to note that the equation]mKmn50 does not
depend on the detailed form of the action. It is the Bian
identity of the dual field,5 G5* K, and the dual field will
satisfy the Bianchi identity irrespective of the detailed fo
of the original action.

There is another issue worth discussing. The pict
seems to be contradictory to the fact that we have open s
boundary conditionsto start with. In other words, the ope
strings might remain as open strings even under the str
coupling limit since their attachments to the branes are r
ized as the boundary conditions. The resolution of this puz
might come from the fact that in general, the boundary c
ditions must be consistent with the given background. T
apparently innocuous statement has not been much app
ated, partially because we are more used to a flat backgro
where no moduli parameters take extreme values suc
infinity. In such backgrounds, one can impose Neumann
periodic boundary conditions without any obstacle. Ho
ever, a more general background with some of its mod
parameters taking extreme values may restrict the choic
boundary conditions. After all, boundary conditions the
selves should be considered as a part of the background
as such they should not contradict the rest of the data of
background. There is a familiar background that can prov
a concrete example: consider open strings in a flat ba
ground with a constantB field. The boundary condition is
gmn]nXn12pa8Bmn] tX

nubd50. OnecannottakeB→` im-
posing the Neumann boundary condition at the same ti
With these discussions we will assume that the conversio
true at the level of the low-energy effective action. Furth
more we will assume that it will remain true at the level
the full string discussion. We now turn to its implications.

Recently it has been shown@32,33# that closed strings can
be decoupled from open strings in a background where
background electric field approaches its critical value. One
the lessons of these works is that the conventional lore
open strings need closed strings is in fact a backgrou
dependent statement. One may take one step further and
sider a general construction of open-closed string theory w
open string fields only.~Closed stringswithout explicit
closed string fields have been discussed in the past@34–37#.!

5By the dual field we meanK or G ~which of the two should be
clear from the context!, while the original field refers toF.
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In other words, instead of putting closed strings explicitly
the kinematic setup one may start only with open str
world sheet Lagrangian.

The reason for considering such a kinematic setup is
it seems better suited for the possible proof of the dua
between an open string description and a closed string
scription. Let us start with an open string theory with a ve
small coupling constant. The next step is to applyS duality.
At the level of a low-energy effective action it is a we
known operation, as we discussed in the previous sect
After S-dualizing the system one can employ the argum
that the appropriate degrees of freedom are now those
closed string. Therefore, if true, the conversion will lead to
very general concept of duality between the two descripti
~which in turn reduces to low-energy duality between fie
theories and gravity theories!. The dual closed string descrip
tion will be stronglycoupled: the duality under consideratio
is different from the familiar world sheet open-closed dual
because the latter is considered in the usual kinematic s
and furthermore in the dual channel the description is s
weaklycoupled. It is amusing to note that, as proposed in@5#,
this picture implies that the geometry in which the du
closed string propagates is the same6 ~but with strong cou-
pling! as the one for the original open string.~See Fig. 1.!

We are ready to discuss how the conversion ‘‘derives’’ t
AdS/CFT duality. AdS/CFT can be motivated by taking
viewpoint that there are two different but dual stringy d
scriptions of the same objects, D-branes. One descriptio
via open strings with mixed Dirichlet and Neumann boun
ary conditions. In the other description one considers ty
IIB closed string theory expanded around the D-brane sol
solutions.7 Upon taking a low-energy near horizon limit, th
viewpoint leads, e.g., in the case of D3 branes, to the dua
betweenN54, D54 Super Yang-Mills~SYM! theory and
N58, D55 gauged supergravity. To make the discuss
slightly more general, consider an open string attached to
arbitrary odd-dimensional brane. The open string propag
in the curved background produced by the presence of

6The relevance of curved backgrounds for a BI action was d
cussed in@38,39,5,40,41# in connection with AdS/CFT.

7As discussed above, it should not be confused with the fam
channel duality. In@5# it was called fundamental-solitonic duality t
avoid confusion.

FIG. 1. ~a! open string description;~b! closed string description.
1-3
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brane. We start with a weakly coupled open string theory
a pure open string formulation8 and go to a strong coupling
limit by Sduality. After the duality the appropriate degrees
freedom are a closed string in the same background.
closed string should be of type IIB and strongly coupled.
the case of a D3 brane, the resulting closed string is in the
brane background, but can be considered asweaklycoupled
due to theSL(2,Z) self-duality@42#: the weakly coupled IIB
closed string is connected by a chain of dualities to the st
ing point, a weakly coupled open string. In the low ener
this leads to the duality betweenN54 SYM theory and IIB
supergravity on AdS53S5. Similarly, starting with an open
string in the background of D2/D49 branes we will get AdS/
CFT conjecture concerning AdS4/73S7/4. ~See Fig. 2.!

One can give similar arguments for matrix theories. Co
sider an open superstring with the fermionic coordinates
opposite chiralities. Take fully Neumann boundary con
tions. Apply the conversion procedure, i.e., start with a v
weak coupling and considerS duality to go to a strong cou
pling limit. The closed string that appears will be of type IIA
In particular it will be strongly coupled. The strong couplin
limit of IIA is M theory @44#. On the other hand we ca
T-dualize the original open string to an open string w
Dirichlet boundary conditions for the nine space dimensio
Therefore, one end of this operation is an open string w
Dirichlet boundary conditions and the other end is M theo
Once we go to a low-energy limit, the two theories resp
tively reduce to quantum mechanics and eleven-dimensi
supergravity: we have the matrix theory conjecture of
theory @45#. On the other hand, if we start with an ope
string whose fermionic coordinates have thesamechiralities,
we will get the Ishibashi-Kawai-Kitazawa-Tsuchiya matr
theory conjecture@46#.

8Or one may consider a decoupling limit where the asympto
closed strings decouple. The limit results from a slight modificat
of the familiar scaling limits of the moduli parameters. Consid
open strings with an extremely weak coupling. With a vanish
coupling constant the asymptotic closed strings will be decoup
One then takes a large-N limit such thatgsN becomes fixed. How-
ever,gsN is taken to besmall to avoid suppressing massive string
excitations. The conditiongs→0 suppresses the dynamical gene
tion of closed strings, which otherwise would propagate off
branes. However, the open string theory is still an interacting the
on the world volume because of the nonvanishing value ofgsN,
which is the effective coupling of the open strings on the wo
volume.

9The relevance of the world volume theories of D2/D4 branes w
discussed in@43#.

FIG. 2. Duality chain for BFSS matrix theory.
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AdS/CFT conjecture was motivated in@5# by starting
from an axiomatic assumption that there are two dual
scriptions of D-branes, open and closed. We have arg
here that the duality may originate from the conversion of
open strong into a closed string under a large coupling li
where the coupling constant approaches infinity. For that,
considered a~nontachyonic! generalization of the analysis o
@14# to a curved background with a constantB field. Al-
though we studied only a bosonic Born-Infeld action we b
lieve that a similar analysis should be possible for a sup
symmetric case, which is an interesting open problem.
noted that the duality under consideration implies, in lo
energy limits, very general dual relations between gau
theories and gravity theories. In particular, it seems that A
CFT and matrix theory conjectures come from the same r
the conversion of an open string into a closed string unde
strong coupling limit. It will be interesting to promote th
discussions to a full string theory analysis.

Note added. After this work was published, a paper@47#
appeared which has partially related discussions.

For their valuable discussions I would like to thank
Craps, N. S. Deger, A. Kaya, P. Kraus, F. Larsen, M. Rocˇek,
I. Rudychev, W. Siegel, T. A. Tran, A. A. Tseytlin, P. Yi, an
especially C. N. Pope. This work is supported by the U
Department of Energy under grant DE-FG03-95ER40917

APPENDIX

Earlier we imposedg0i50 for simplicity. Here we relax
the condition. Since the calculations for theB part remain the
same we will not consider them. Withg0iÞ0 the determi-
nant can be rewritten as

2Det~gmn1Fmn!52g00Det~hik!2Ei
~1 !DikEk

~2 ! , ~A1!

where

E6
i5Ei6g0i , hi j 5gi j 1Fi j ,

Di j 5~21! i 1 jD j i ~h!, D5Det~h!h21, ~A2!

where D represents the minor matrix ofh. The canonical
momenta are

p i5
t

A2Det~gmn1Fmn!

1

2
~Ek

~1 !Dki1DkiEk
~2 !!. ~A3!

After some algebra one can show that

H5
t

A2Det~gmn1Fmn!
@2Det~h!g001

1
2 g0i~Ek

~1 !Dki

2DikEk
~2 !!#. ~A4!

The Hamiltonian in terms of the canonical variables can
obtained by solving the following equation that it satisfies

H222g0lu
li Fi j p

jH1
1

G00@p igi j p
j1~Fi j p

j !2#50, ~A5!
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where (Fi j p
j )2[gikFi j p

jFkmpm andt has been set to zero
We have also introducedui j , the inverse matrix ofgi j . In
general,ui j is not the same asgi j the (i j )th component of
gmn although that was true in the case we considered ear
i.e., in the case ofgi050. As before we perform a Legendr
transformation with

Ki j 52

g0lu
li p j2g0lu

l j p i1
2

G00~Fl
ip lp j2Fl

jp lp i !

2H22g0lu
li Fi j p

j ~A6!

whereFl
i[GikFkl . It is straightforward to show

L852
2

G00

p igi j p
j

2H22g0lu
li Fi j p

j . ~A7!
tt

rg

ys

01
s

08190
r,

Using the same definitions for the components ofKmn, i.e.,

K0i52p i , Ki j 5Ki j , ~A8!

one can show, after rather lengthy algebra, that

1

2
KmnKmn52S 2

G00D 2 ~p igi j p
j !2

~2H22g0lu
li Fi j p

j !2 . ~A9!

Therefore the dual Lagrangian has the same form as be

L85A2 1
2 KmnKmn ~A10!

and the discussions below Eq.~7! remain the same.
ys.
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