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Noncommutative solitons and intersecting D-branes
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We construct intersecting D-branes as noncommutative solitons in bosonic and type Il string theory. “De-
fect” branes, which are D-branes containing bubbles of the closed string vacuum, play an important role in the

construction.
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. INTRODUCTION to obtain a Dp—2)-brane perpendicularly intersecting a

] ) ) . 5(p—2)—brane from the decay of a singlepEDp brane
Brane configurations that contain a tachyonic mode ar@onfiguration.

unstable and will decay. The decay modes vary depending on | |apeling coordinates, we will let' denote the noncom-

the unstable D-brane configurations involvéske the re- muytative directionsx® the commutative directions, and
views [1-3]). In bosonic string theory, all D-branes are un- gJ| the directions.

stable. The tachyon on the brane may condense to solitonic
solutions of the open string tachyon field theory. These soli- Il. D25-BRANES DECAY MODES
tons have been noted to correspond to lower dimensional

unstable D-branep4,5]. In type Il super-strings, there are A. Action and conventions

stable tachyon vortex solutions arising from BEane anni- The effective action for the tachyon fietland the U1)
hilation [6,7] corresponding to codimension-2 stable 9auge field in the presence of a nonz8rfield in Euclidean
Bogomol'nyi-Prasad-Sommerfiel@PS D-branes. space IS

It was noticed[8,9] that the construction of solitonic c
D-brane solutions is remarkably simplified in the presence of S=— f d26x[ V(p— 1)\/de(g+ 27a’ (B+F)]
an infinite nonzerd field. The tachyon field theory becomes 9s
noncommutative and, using the operator formalism, the o'
D-brane solutions, now noncommutati¢¢C) solitons[10], + > \/af(¢—1)g””aﬂ¢&y¢+--- , (2.1
are easily constructed. These NC solitonic D-brane solutions

have since been improved to allow for an arbitrary NoNZerQ, hare we have left out higher derivative terma/ andf are

finite B _field [11]. written as functions oth—1. ¢ has been defined such that
In this paper, we present new decay modes of unstablgt the local maximumg=0, V(—1)=1, and at the local
brane configurations in the presence of a nonzgrield. inimum ¢ = 1 V(O):f(O):’O Thus th'e tension of a D25-

Our aim is to construct decay modes within the context Oﬁane with zerd® andF fields isT = c/g. . With a nonzero
the NC operator formalism corresponding to intersectinglﬁ the tension contains zifm Z.xtra factorT!
’ 25

brane configurations. The intersecting branes we construct a__I_ TR
have a nonzer® field in their world volume. =TosVdet@+2ma’B).

In Sec. I, we carry this out within the context of bosonic As shown in(12,13), the presence of a constant nonzBro

string theory, using as a specific example the decay of urfield can also be incorporated in the effective action by mak-

X . . ; i i ifed xi
stable D25-branes. We find that configurations of two inter\"d_theé space coordinates noncommutative, ifec,x']
=i®" with ordinary products replaced Byproducts. In this

secting Dp—2)-branes can be constructed only from the o ) ; :
description, the closed string metric and coupling are re-

decay of two or more P-branes. Starting from one laced by th . @ d inoG... Th
Dp-brane, one can obtain perpendicular brane configurationgace y the open string metrts;; an coupiings.. 1ne
gauge symmetry becomes the noncommutativ® With the

consisting of Dp—4)-branes plus defect P 2)-branes. A . ;
Defect branes are D-branes containing bubbles of the closetf’ilChyon transforming in the adjoint representation and the

string vacuum. The defectfbrane soliton is time indepen- Noncommutative field streng#h appearing only in the com-
dent and asymptotically approaches the solution of thdinationF+ &, whered is an additional parameter. Making
Dp-brane. We conclude the section by constructing nonperthe choice® = —B, the relations between closed and open
pendicularly intersecting D-branes. string variables for a maximum ranR field are given in

In Sec. lll, we extend our results to the type Il super-Euclidean signature by
strings. Special to the superstring case is that perpendicularly

intersecting brane c0£figurati0ns can be constructed from the 0= i
decay of a single P-Dp system. In particular, it is possible B’
G=—-(27a’)’B ! B (2.2
*Email address: Istseng@theory.uchicago.edu =~ (2ma’) g’ '
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Gs=gsde(2ma’'Bg H)¥2 For ®'l of rank 2p, the corresponding Hilbert space can be
_ expressed as a tensor productpotopies of H. As an ex-
IntroducingCi=®ﬁli+Ai and recalling that the derivative ample, forp=2, operators act on the Hilbert spat& H.
is defined in NC theories agf=—i ®i]1[xl,f], we write Projection operators on such a space are likewise obtained by

_ _ tensor products, for example,
Digp=dip—i[Ai,¢]=—I[Ci,¢],
ni—1 ny,—1
~ . . I pll — _
Fij+®i;=dA;— d;Ai—i[Ai ,Aj]-Bjj=—i[C;,Cj]. Pn,Pn,=Pn, ®Pn, mzo mzo My, mj)(my, my|.

23 2.9

Therefore, the Euclidean noncommutative effective actiorbur notation is that the Roman number superscript on the
for a maximum rankB field can be written as operator will refer to the Hilbert space on which it acts. The
superscript is left out when there is no ambiguity. For in-

S= iJ d26x[ V(¢—1)\/de(Gij—21-ra’i[Ci .CiD stance,P and S are taken to be, respectively, any general
Gs projection and shift operator acting on the whole auxiliary

Hilbert space. Finally, integrals over noncommutative space

- % Gf(¢—1)G'[C;,¢][C;,¢]+--{, (2.4  are expressed in the operator formalism as
with equations of motion d?Px
——————(27)PTr. (2.10
Vde(®") (2m)

8¢ V'($=1) M- GGI{f (¢=1)I[C:,4][C; ]

B. D21-branes versus D23-brane with tangentiaB field

+2[f(¢—1)[Ci,4],C;1}=0, To start, we discuss two types of exact solution turning on
a nonzeroB field in four directions. We work in 251
8C;:  —2mi[C; NV(p—1)VM(M 1] Minkowski space, takingg,,=7,,=(-1,+1,...,+1)
and B3 5= Bys .= b>0. From Eq.(2.2),
—JGG[¢,f(¢—1)[C;.¢]1=0, 2.9 1
f=@2223_ @2425__
WhereMij:Gij_ZWa’,i[Ci,Cj]. b’
Although we will carry out calculations throughout in
Minkowski space and with a nonmaximum raBKield, Eq. G,,=diag—-11,...,1b'2b'%b'2b'?), (2.11
(2.4) times an overall minus sign is the action we will use.
This is appropriate because all solitonic solutions presented Gs=b'?gs,

in this paper are independent of the commutative coordinates

and have vanishing,, the commutative components of the Whereb'=2ma’'b.

gauge field. All solutions are also exddﬂ_,l:u in that each The soliton solution folN coincident D21-branes is given

satisfies Eq.(2.5 and also[C;,¢]=0 and[C;,[C;,C,]] bPY

=0. The last two conditions ensure that higher derivative o

terms in the actioii2.4) do not affect the equations of motion $p=1—-P, Ci=S0; XS, (212

and the energy of the solution. ] ) ] ] o
Working in the NC operator formalism, fields on noncom- Wherel is the identity operator ani is a rankN projection

mutative space become operators acting on an auxiliargPerator both acting okf@H.  Sis defined as the operator

infinite-dimensional Hilbert space with dependence only orthat satisfiesSS=1—P andSS=1. This solution is an exact

the commutative coordinates. With a nonz&éield in only  solution by the solution generating technique described in

two directions, the Hilbert space i=L2(R) and we will  [11]. We can check that this solution gives the right tension.

use as a basis the eigenstates of the simple harmonic oscihdeed, with/det(M;))=b"*P+(b"*+b'?)(1-P), the evalua-

lator. The projection operat@t,, and the shift operatd, are  tion of the action for this solution gives

defined forn=1 to be

n-1 o 1 i . . .
We take®" to be skew diagonalized. Unless explicitly stated as
Pn=m§=:o |m)(ml, Snzmz'o [m+n)(ml, (26 in sec. IlE, we wil SetBys 2= Bys 04. OUr results can easily be
extended to theB,3 ,5# B,s o4 Case with no effect on our conclu-

sions.
2We integrate the action to find the tension. In general, the non-
commutative action may differ from the commutative action by
(2.7 s . .
total derivative term§13]. In calculating the tension, these terms do
not contribute because for D-brane soliton solutions the tachyon
P.S,=S,P,=0. (2.8)  potential vanishes at infinity.

satisfying the relations

Snlsn2:Sn1+n2’ §nSnZIr Sngnzl—Pn,

126004-2



NONCOMMUTATIVE SOLITONS AND INTERSECTING D-BRANES PHYSICAL REVIEW 54 126004

c (27 . v an infinite number of D21-branes and a D23-brane with non-
S=-— gTz(bT) b’ V(—1)TrPJ d“xy—g zero tangentiaB field cannot be made in the limit’b— o
s since terms withC; in the action(2.4) are negligible in this

limit.
:—NT25(4w2a')2f d??x— =—NT2J d*x\-g,
(2.13 C. Perpendicular brane configurations and defect branes
_ ' Since we have turned dBi; ,3andB,, o5, it seems plau-
where we have used the relatlﬁ'g,n=(47rza’)”/2Tp. No-  sible that there may exist solitonic configurations where two
tice that the tension is independent lof This is a conse- D23-branes intersect. The simplest configuration would be

quence of the background independence of the action, whicihat of one D23-brane with transverse coordinat&s in-
would be manifest if we had used the variablls=0"C;  tersecting with another D23-brane with transverse coordi-

(see[15,16). natesx®*%. Here, each D23-brane contains a rank-2 tangen-
Now consider the soliton solution given by tial B field. Important to the NC branes construction is that
_ I the tachyon operatap must be of the formi— P, whereP is
d=(1=Py17, a projection operator of finite or infinite rank. This form is

required to simplify the evaluation &f(¢—1) in the action
andV’'(¢—1) in the equations of motion. The solution of a
single D23-brane in Eq2.14 suggests that a likely candi-
date for a configuration of two perpendicularly intersecting
D23-branes which is also an exact solution is

=(S,0 xlsl)|” i =24,25, (2.14
ci:|'(®g1xi)”, i=22,23.

The tachyon field solution is exactly that of a single D23-

brane solution witB,3 ,,# 0. Thus, Eq(2.14) is the soliton d=(1-P)'1—-P)",
solution of a single D23-brane with tangentffield in the
x?%23 directions. As a check, we take the solution of Eq. Ci=(S,0; %S 1", i=24,25, 2.16

(2.14) and evaluate the action to obtain the expected result
c
S=— g—(4772a')\/1+ b'zf d*\—g
S

Ci=1'(5,0;;'xIs)", i=22,23.

This givesl—¢=PI"+1'P]—P}P!, indeed a projection
operator. However, the presence of the teriR} P naively

=—Toa/1+ b'?f d?x\—g. (2.15  suggests that around the originvhere the branes intersect,
the configuration might involve an additional D21-brane. To
w 7 / , be more concrete, we evaluate the action for this configura-
Here, VdetM;))=b"3\1+Db"2P} 1"+ (b"*+b'?) (1 - Py)"I". . ! .
Notice that Eq(2.14) cannot be generated by the solution tion. For the solution of Eq(2.16, we obtain

generating technique of11]. If instead we hadC;=(l ) =V(— Pl P (=P (] =P P!
—P)(O; )" for i=22,23 in Eq.(2.14 with the other V(=D =V=DIPIPL+ P =Py T+ (1 =Py Py
fields remaining unchanged, then the solution would be anm b’4p! p”+b'3\/m[p (1-P)"+(1
infinite number of coincident D21-branes as it satisfies the

general form of Eq(2.12. This solution demonstrates the —Py)'P]+(b"*+b"2)(I1-Py'(1-Py)",
important role the gauge field plays in determining the inter-

. Lo . L 2.1
pretation of NC solitonic brane solutionéThis issue was .17
also raised i116].) Note also that such a distinction between which gives

|
S=- g—[(47‘r +(4m2a’)1+Db'? —[TrHl(| —Py)'+Trp(l —Pl)”]] f d?%/—g
S
27yJ1+b'?
—[T21+T237TT[TrH|(I—Pl)'+TrHu(I—P1)”] szzx\/—g
\/1+ b'?
=—T21f XV- 2(T23\/1+b’2j A% —g—Tor—7— fdzz ) (2.19

3The functional representation &, under Wey! correspondence i (x,y) = 2e~ %**¥/¢ where[x,y]=1 6.
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The action calculatiori2.18 clearly shows that the configu- an intersection is an overlap region where there must be two
ration is not that of two perpendicularly intersecting D23- projection operators present. But adding two identical pro-
branes. From Eq2.18), the configuration is, however, natu- jection operators never results in a projection operator. Thus,
rally separated into three components—a D21-brane situatatie requirement thap—| be a projection operator prohibits
at the origin plus two perpendicularly oriente@fectD23-  the construction of two intersecting branes at least as a decay
branes. The defect of the brane is apparent from thgITr mode of a single D25-brane. One of the intersecting branes
—P,) factor. If the factor was instead 4jtl), then by the must have a defect. Here, in our semiclassical description, a
trace-integral correspondence of Eg.10, we would have defect brane is a D-brane with a “hole.” As for the exact
two D23-branes in addition to a D21-brane. The presence afolution of Eq.(2.16 consisting of two perpendicular defect
P, (or in generalP,) can be thought of as a “bubble” of the branes, the hole that results from the defect is filled with a
closed string vacuum within the unstable D-brane. This cai21-brane.
be seen most clearly in taking' b— . Because of the open We leave to the reader straightforward generalizations of
string boundary condition, the D23-brane becomes a coneonstructing defect branes with “larger bubbles” and other
tinuous distribution of D21-branes in the presence of gperpendicular configurations by turning on a higher rénk
rank-2 tangentiaB field [13]. As observed ih9] and evident field.
from the last equality of Eq(2.18, a defect D23-brane in
this limit is simply a D23-brane with onéor in generaln)
D21-brane subtracted or decayed away. The decay of these
D21-branes into the closed string vacuum forms the bubble. The above semiclassical argument requires that any inter-
Indeed, the defect brane is an exact static solution for angecting D-brane solutions contain two projection operators
nonzero value ob. With only a rank-2B field turned on, covering the same noncommutative region. This can be at-

D. Perpendicularly intersecting D-branes

B.s 2.~ b>0, a defect D25-brane solution is simply tained by decaying two D25-branes. Simply put, with a
rank-4B field turned on, two intersecting D23 branes is con-
$=P,, C,=S,0-xIS,, i=2425. (2.19 structed from two D25 branes by letting each D25 brane

! I 1] ] y . .

decay into a D23 brane but with different transverse direc-
This solution gives a nonzero field strendify ,— —bP tions. The fields now have Chan-Paton indices and are 2

. "2 , : 425 1 X2 operator-valued matrices. The noncommutative action
With - ydetM;j)=b""P,+b"y1+b™*(1=Py) and V(¢—1)  ih NC U(2) gauge symmetry now has an additional trace

=V(=1)(1—Py), the evaluation of the action gives over the U2) representation and we take it to be

2m\1+b'?

S=—T25TTrH(I—P1)f d*x\—g S=—G£f d26xTr[V(¢—1)\/—de(Gij—27-ra’i[Ci,Cj])

12
_ —(T25W [ @90 m 2 [

- 5 VGH($-1GI[C,, #lC; #l+-|, (220

2.2

(220 Subtle issues of the non-Abelian Dirac-Born-InféRBI)
In Eq. (2.19, both the tachyon field and the resulting field action(see, for example17]) will not affect our discussion
strength vanish asymptotically. Thus, far away from the ori-below and will be ignored. Using E2.14), the perpendicu-
gin, the defect D25-brane has the tension of a D25-brankrly intersecting D23-brane configuration is given by
with tangentialB field. In general, the defect®brane soli-
ton is a nonconstant solution with the boundary condition (-prpi" 0
that it asymptotically approaches the value of p-Brane =( 0 (—p )..),
instead of the closed string vacuum. The defect brane has a .
nonconstant tension that varies spatially in the noncommuta-
tive directions® (51®ﬁlxj§1)'| I 0

We can intuitively understand the presence of defect Ci= VN

branes in the decay of a single D25-brane into a perpendicu- 0 (O )1
lar brane configuration from the “semiclassical” viewpoint. (2.22
As in Bohr quantization, we can roughly associate each pro-
jection operator with an area of the noncommutative space. A
D23-brane would involve covering a sheet of noncommuta- Cj=
tive plane with projection operators such la'g ' However,

) , 1=24,25,

1@ )" 0
0 15,0, 'XIS)"

) , 1=22,23.

Since the fields are all diagonal, one easily find that the so-

“Note that the calculation in Eq2.20 does not give the tension lution (2.22) gives the expected tension, two copiesafl5).
of the defect brane. In Eq2.20 and also Eq.(2.18, we have As a nontrivial check, one can check for the presence of the
simply integrated the contribution of the “bubble” to the action to ground state tachyonic fluctuation mode existing at the inter-
demonstrate the difference between defect branes and D-branes.section. This mode corresponds to an open string connecting
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the two branes with both ends at the origin. Indeed, the [€*),,0]=0. (2.2
ground state tachyonic mode arises from the fluctuation of
the off-diagonal mode, For ®%223= 9 and ®?*?°= ¢’ with #+ ¢’ and other compo-

nents zero, Eq2.27) breaks S@)=SU(2) X SU(2) down to
B 0 $10,0(0,0 29 U(1)xXU(1). The U1)'s correspond to separate rotations in
¢= 510,0(0,0 0 : (223 the x22.423 and x24x> planes. More interestingly, fop
=¢0', the unbroken group is S@)xU(1). Here, the Wl)
Details of the quadratic fluctuation of th@mode are given generator is proportional t® =i (1® o) where land o,

in Appendix A 1. The mass of this mode is found to be are the 22 identity matrix and the Pauli matrices, respec-
tively. The SU2) generators are then

, 1/ 1 J1+b’*?
Y Ji=—3(01007), J,=3(0,®1), 33:_%(03‘@?22)2-&
1 1 1 1 ,
==~ +W_W+O 3| & b’ —oo. As an example, we will work out the rotation under the

generator. This corresponds to a rotation by an argla
(224 poth thex?2-x2* andx23x% planes, or

As worked out in Appendix A 2, the expected mass from the

. e L COSyp 0 —sing 0
first quantization calculation is _
[ ]i 0 CoSyp 0 —sine 2.29
1 1 1 Rali=| o . (2
mz__/[_lJr . —Ztan‘zb’” sing 0 COSgp 0
m 0 sing 0 cose
1 1
=—| -1+ b 72b'2 +0 b3 The unitary transformation of operators under rotation is de-
termined byUTx'U=R}xJ. Using[x',x!]=i®", the unitary
as b'—oo, (2.25  operator associated wifR, is found to be
Comparing Eq(2.24) with Eq. (2.25, one sees that we have X5 x4
agreement in the largb’ limit to order 1b’. This is as Us=expio——Fp—— (2.30

expected since to obtain agreement to higher order would

require working with higher derivative terms of the tachyonWe now have the necessary ingredients to write down the

field in the effective actior(2.21). The exact form of these . i . . 25
solution of a D23-brane with transverse coordinaté$

ZI)?ah C?r Sd oeIS;ilgzviutte rirg S elsssgr?ttiarlle]% (:egafl(glrjlSEQStr;Jhcet'ngxgleintersecting another D23-brane situated at an apgieboth
9 he x?%-x?* andx?*-x?® planes from the first. The solution is

masses of the fluctuation modes.

I . (I1=P"" 0
E. Nonperpendicularly intersecting branes ¢,:< 0 Ut — Py )
So far we have constructed only perpendicularly intersect- 2 ) 2
ing D-branes. It is also possible in the operator formalism to ,
obtain nonperpendicularly intersecting branes. We will dem- C— Ci 0 (2.31
onstrate this for the case of two intersecting D23-branes. : 0 [Rz]gU;C{Uz ' :

This again requires working with the decay of two D25-

branes. The solution we seek is of the diagonal form as i'having defined! as the gauge field solutia®; in Eq. (2.14)

Eq. (2.22, but now with one D23-brane with transverse co-for the single D23-brane with rank-2 tangentifield. One
ordinatesx“*<> and the other D23-brane rotated relative t0 .o check that fop= /2 Eq.(2.31) becomes the solution of

the first. Since before the decay the noncommutative factof,q perpendicularly intersecting D23-branes of E2j22).
©" is the same on both branes, our goal is to rotate thes s most easily done working with the annihilation op-

D23-brane, keepin"! fixed. erators
As a rank-2 tenso®", withi,j=22,...,25transforms
under the S@) rotation in the four noncommutative direc- W24y 125 224 123
tions as al:W, aZ:W (2.32
0 -R.RIO, (2.26

_ A and their complex conjugate creation operators. As an aside,
whereR; is an element of S@). With R=e™'* Ja, whereJ,  this operator basis makes explicit that the unbroken
are the S@) generators in the fundamental representationSU(2) X U(1)=U(2) rotation whend= 6’ is the U2) symme-
the requirement tha®'! is invariant gives the condition try group of the two-dimensional isotropic oscillator.

126004-5



LI-SHENG TSENG PHYSICAL REVIEW D 64 126004

[l. SUPERSTRING One difference in the superstring case is that there exist

In the bosonic theory, we have shown that in the presenchIUtlons of ~D7-branes  perpendicularly intersecting

of at least a rank-4 tangentil field, a D-brane can decay D7-branes for the single D9®decay. For a D7-brane per-
into perpendicular brane configurations. These brane corpendicularly intersecting a Dbrane, the tachyon solution is
figurations consist of what we called defect branes in addisimply ¢=S,S! . In the semiclassical language of Sec. II C,

tion to lower dimensional branes. To obtain configurations Ofthe projection operators for the D-branes andbf@nes exist

intersecting D-branes requires the decay of at least two cqsp sgparate noncommutative planes because the potential in

incident D-branes. , Eq.(3.1) consists of two terms, one associated with D-branes
Our results in the bosonic theory can be extended to typend the other with Ebranes. However. to obtain a configu-
[l string theory. For the non-BPS D-branes, the results aré . '

similar to those of the bosonic theory with some subtletiesratlon of_two intersecting D7-branes requires the decay of
due to the tachyon potential having two degenerate minim&vo D9-D9 branes.

(see[9,18]). For the DDsystem, the situation is more com-

plex in that the form of the noncommutative effective action ACKNOWLEDGMENTS
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(3.9

APPENDIX A:  GROUND STATE TACHYON MASS AT
THE INTERSECTION OF TWO PERPENDICULARLY
INTERSECTING D23-BRANES WITH TANGENTIAL

where the potential is of a Mexican hat-like shape with local
maximum atV(—1)=1 and minima at|=1. From string
field theory[21], the tachyon solution must satisfy the partial

i B FIELD
isometry conditionppp= ¢. This is also a sufficient condi-
tion for a solution to satisfy the equation of motion (Bf1) 1. Soliton fluctuation
with V(x) =2 _,a,x". A solution corresponding ten D7- We provide details of the calculation for the mass of the
branes andh D7-branes is given bys=S,S,, [11].° Notice ~ ground state tachyonic fluctuation mode. The variation is
that this gives performed on the NC (2) action of Eq.(2.21) with respect
o o to the perpendicularly intersecting brane solution of Eq.
¢dp—1=—P,, V(ddp—1)=V(-1)P,, (2.22. Finding the masses of all the fluctuation modes is
highly nontrivial and will not be discussed here. The ground
¢$_ I=—P,, V( (,55_ H=V(-1)P,. (3.2 state fluctuation mode comes from the variation of the
tachyon field as given in Eq2.23. Explicitly, we have
The projection operator is again utilized to simplify calcula-
tions. Turning on a rank-8 field, the arguments from Sec. —PyI" BP}PY
IIC imply that perpendicular configurations with defect GHEp—I=\— i _iph | (A1)
== BP1P1 I'Py

branes should also exist. For example, fg=S;S;,

V(pd— N=V(—1){PL(1—P)"+(—P)'PI+PIP}. To wheregis the complex fluctuation field of interest with de-
be certain, one should find the solution for the gauge fieldspendence ow®, the 22 commutative coordinates. The poten-
which we have neglected in the infini field limit, and  tial is assumed to be polynomial and have the fovif
calculate the tension. -1)=3,_,a,(¢—1)". This givesO(BB)

V(=1)PyI"+ %V'% ~1)BBP}P]
V(p+dp—1)= L B : (A2)
V(= DI'Pi+5V"(—1) 8PP

SRecently, the effective action for the_DQ/stem has been calculated[ 9,20 using boundary string field theory.
SHere we choose the convention that the Ramond-RaniRR charge of a D7 brane is 1 and is given by the index ap.
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We have left out the off-diagonal elements because they dBy definition, V"(—=1)/f(—=1)=—-1 since ¢=0 corre-
not contribute to the overall trace of the action. This can besponds to the D25 brane. Therefore, the mass of the ground

seen in that multiplying EqA2) is the diagonal matrix state tachyon is
PI III - p
\/de(Mij):blg\/l'f‘bzk 1 o +(br4+b/2) 2_2b_i\/1+b2_i i_ J1+b'?
0 I'P; Ms=p2 o b o \ab b’ '
((|—P1)'|” 0 3 (A8)
. A
0 1'(1=Py)" where in the second equality of EGA8) we have usedb’

_ o o - =2ma’'b. It is important to remember that this mass for-
As for varying the tachyon kinetic term, it is convenient mula has been derived neglecting contributions to the qua-

to work in the basis of annihilation and creation operators ofyratic fluctuations from the higher derivative terms of the
Eq. (2.32. As is conventional, we denote the correspondingtachyon field in the effective actiof®.4).

complex coordinates ag andz;, respectively. The kinetic
fluctuation has the form given by 2. Ground state mass from string quantization

, For completeness, we work out the ground state mass of
o ) . ; i

= JGH H—1)GH'D S4D .S an open string s_,tretchlng between two perpendllcularly inter-
2 VG (¢=1) no¢D,0¢ secting branes in the presence of a backgroBrigld. The
open string is parametrized by and o within the region

‘b’ b & —o< 7<% and O<o<m. We will i i
_ N _ <. guantize the open string
2 f(¢ I)[ b’zizl ([Czi'5¢][czi'5¢] that stretches from the D23-brane with transverse coordi-
natesx?*2° at =0 to the D23-brane with transverse coor-
dinates x?>%® at o=m. For coordinatesx? where a
. a L]
+[Czi’5¢][czi’5¢]) +d 5¢‘935¢] ' (Ad) =0, ...,21both open string end points satisfy the Neumann

boundary conditiory,X2=0. With nonzeroB fields in the

where we have used E2.11) and noted thatC; , #]=0 for remaining coordinates, the open string boundary conditions
. -

the brane solutiof2.22. A straightforward calculation gives '€ €ither Dirichlet(D), 9.X'=0, or mixed (M), 7;jd,X’
+2’7TCY’B”O7,.XJ:0, with

=0 o=
2 X2, x23 M D (A9)
2, ([C4,081(Cy,8¢]+(C5,08](Cy, 5¢1) X24 25 D N
Zplp!l 0 As in Sec. IID, we takeBy3 ;7= Bys,4~b>0 and letb’
_ BBP1P; (A5)  =2ma’b. The boundary conditions are diagonalized in the
0 BBPLPY )’ linear combinations
and, moreover, 1 1
Zl=‘7(X22+iX23), 22=7(x24+ix25), (A10)
Y ’ ’
i I):f(_l)( 0 |'p2) ' and their complex conjugates. In these coordinates(A%).
becomes
a apl pll
Fopap|  PlPPPL O 3,244ib3,21,-0=0, 9,24 ,-,=0,
) 0 FBIBPIPY

A6
(A8 3,2%,-0=0, 8,22+ib'9,2%,-,=0. (All)

Using Eqs.(A2)=(A6), the action forg up to O(Bp) is The mode expansion is thus shifted and given by

found to be
b a 172 =
— 1| ivima—i(nN+tv)(7+0o)
SZ—C(,Tzlf(_l)fdzzx{ﬂaﬁaaﬁ—i' 0 ‘ '( 2) (2, [enrertnin
LV Jirb” BB (A7) —e Tl r)(rm o] .
a' f(—1) b’ ' n+vy’
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where bothv; and v, have rangd0,1) and Eq.(A1l) re-
quires that tamy7=1/b’ and tanv,7=—1/b’. The ground
state mass is therefore

1/2 =
E [e,i(n+ vo)(1t+o) _ e*i(n+ Vz)(T*O')]

n=—ow

Xn+ vy
n+ Vo ’
(A12)

oo

PHYSICAL REVIEW D 64 126004

) 1 1 1
m =? =1+ v (l—vy)+ EVz(l_Vz)

. . (A13)

This expression can be simplified by letting=3 — e and
v,= 3+ €. We thereby obtain

1
ml=—-| -1+
a

1
i 62) } tanewr=b’.  (Al4)
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