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Proposal for non-Bogomol'nyi-Prasad-Sommerfield D-brane action
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In this paper we would propose a form for the action of a non-BPS D-brane, which will be manifestly
supersymmetric invariant arittduality covariant. We also explicitly show that tachyon condensation on the
world-volume of this brane leads to the Dirac-Born-Infeld action for a BPS-D)-brane.

PACS numbds): 11.25—-w

[. INTRODUCTION field it is zero, so that the action for the non-BPS D-brane in
that case vanishes identically.

In Ref. [1] Sen proposed a supersymmetric invariant There have been many attempts to generalize Sen’s pro-
Dirac-Born-Infeld (DBI) action for a non-Bogomol'nyi- posal for the construction of non-BPS D-branes. In a previ-
Prasad-SommerfieldBPS D-brane. Since the non-BPS 0us papef2] we tried to construct the action for a non-BPS
branes break all supersymmetries, it seems strange to coRP-brane in type-IIA theory, which was manifestly super-
struct a supersymmetric action describing this brane. HowSymmetric and also had the property that tachyon condensa-
ever, although there is no manifest supersymmetry of th&on in the form of a I_(lnk solution leads to thg BPS D-brane
world-volume theory, we still expect the world-volume " type-IIA theory. Different forms of the action for a non-

theory to be supersymmetric, with the supersymmetry realBPS D-brane was suggested [i8,4]. These proposals re-

ized as a spontaneously broken symmetry. From these argﬂ?ﬁ; r;h;"ssrlzgsagzabrleeess%p?:etgor?]etwﬁ.iE tr;es ;an(f{.rlyogte%n%
ments Sen showed that the action has to contain the fu 9 » Which W IcIp !

number of fermionic zero modes=32), because they are 5]. The action presented if8] was T-duality covariant,

o while the action presented [2] was notT-duality covariant,
fermionic Goldstone modes of the completely broken SUPer hich is the main problem of that proposal.

symmetry,. while a BPS D-brane contains 16 zero modes, In the present paper we propose yet another form of the
because it breaks one-half of the supersymmetry. SeQiion for a single non-BPS D-brane which will combine the
showed that the DBI action for the non-BPS D-braméth-  yiryes of all previous attempts. We propose the form of the
out the presence of the tachyds the same as the supersym- action, which will be manifestly supersymmetry invariant,
metric action describing the BPS D-brane. This action isT-duality covariant, and in the linear approximation the
manifestly invariant under all space-time supersymmetriesequation of motion for the tachyon will naturally have a
Sen argued that the ordinary action for the BPS D-brangmooth tachyon kink solution as a solution. As a result, the
contains the DBI term and the Wess-ZumifWZ) term,  action for a non-BPS p-brane will reduce to the Dirac-
which are invariant under supersymmetry. But only whenBorn-Infeld action for Dp-1)-brane, which together with
they both are present in the action for the D-brane is thehe tachyon condensation in the Wess-Zum(W) term for
action invariant under locat symmetry, which is needed for a non-BPS D-brang6,3] will lead to the supersymmetric
gauging away one-half of the fermionic degrees of freedomaction for a BPS Di-1)-brane.

so that only 16 physical fermionic fields remain on the BPS We will also discuss the tachyon kink solution for the
D-brane, as should be the case for an object breaking 16 bukction proposed ifi3,4]. We find the remarkable fact that the
supersymmetries. Sen showed that the DBI term for a nontachyon kink solution in the form of a piecewise function is
BPS D-brane is exactly the same as the DBI term in thed natural solution of the linearized equation of motion ob-
action of a BPS D-bran@vhen we suppose that other mas- tained from this action regardless of the form of the tachyon
sive fields are integrated out, including the tachydrat is  potential. In the conclusions, we suggest possible extensions
invariant under supersymmetry transformations, but hag no of this work.

symmetry, so that the number of fermionic degrees of free-

dom is 32 which is the appropriate number of fermionic II. PROPOSAL FOR NON-BPS D-BRANE ACTION

Goldstone modes for an object braking bulk supersymmetry ) ) ] ] ] ]
completely. We start this section with recapitulating the basic facts

Sen also showed how we could include the tachyonic fiel@bout non-BPS D-branes in type-lIA theory, followifty.t
into the action. Sen proposed a form of the term expressinrg_”vl‘:_ov_- . p are world-volume coordinates on a D-brane.
the interaction between the tachyon and other light fields ofI€lds living on this D-brane arise as the lightest states from
the world-volume of a non-BPS D-brane on the grounds ofh€ spectrum of the open string ending on this D-brane.
invariance under the supersymmetry and general covariance.
This term has the useful property that for a constant tachyon
IFor non-BPS D-brane the situation is basically the same with the
difference in chirality of the Majorana-Weyl fermions. We refer to
*Email address: klu@physics.muni.cz [1,8] for more details.

0556-2821/2000/622)/1260037)/$15.00 62 126003-1 ©2000 The American Physical Society



J. KLUSON PHYSICAL REVIEW D 62 126003

These open strings have two Chan-PatG®) sectors[7]: 272
The first one, with a unit X2 matrix, which corresponds to Cp= \/ETp: L)
the states of the open string with the usual Glie2zherk- g(4ma’)®

Olive (GSO projection (—1)%|#)=|), where F is the
world-sheet fermion number anjg) is a state from the Hil-
bert space of the open string living on g@rane. The sec-
ond CP sector has CP matrixg and contains states having
opposite GSO projection<{1)F|¢)=—|#). The massless
fields living on a [p-brane are ten components of
XM(¢),M=0,...,9; aU(1) gauge fieldA(s), and a fer-
mionic field # with 32 real components transforming as a
Majorana spinor under the Lorenz gro&®(9,1). We can
write 6 as the sum of a left-handed Majorana-Weyl spinor S= —CpJ’ dPtig
and a right-handed Majorana-Weyl spinor:

is a tension for a non-BPSbrane, wherél, is a tension
for a BPS p-brane andj is a string coupling constant. The
function F contains the dependence of the tachyon and its
derivatives and may also depend on other world-volume and
background fields.

We have proposel®] an action for a non-BPS D-brane in
type-1lA theory in the form

X\/_de(g,u’v'f' Zﬂa,fMV)F(T,&T,HL,aR,gl [ ')1

0=6 +6r, I'116,=6,, I'110r=—6k. 1) )
All fields exceptfr come from the CP sector with the iden- .
tity matrix, while 9z comes from the sector with the; where the functiorF- takes the form
matrix: Suv
As Sen[1] argued, the action for a non-BPS D-brane F=(05"0,Ta,T+V(T)+l1g), (6

(without tachyonm should go to the action for BPS D-brane,

when we sefir=0 (we have the opposite convention[af). where | g1 contains interaction terms between the tachyon

For this reason, the action for a non-BPS D-brankdinvas and fermionic fields, which was determined on the base of

constructed as the supersymmetric DBI action but without the supersymmetric invariance. However, this term also con-
symmetry so that we are not able to gauge away half of théains the expressiorf(T)G4"d,,6rd,6, , which, as was
fermionic degrees of freedom. This action thus describes §hown in[3], is not T-duality covariant, so that this term
non-BPS D-brane. should not be present in the action. On the other hand, the
The next thing to include is the effect of the tachyon. Inequation of motion for the tachyon obtained from E§)

order to get some relation between tachyon condensation arpes lead to the tachyon kink solution and the non-BPS
the supersymmetric D-branes, we would like to have an efD-brane reduces to the BPS D-brane of codimension one,
fective action for the massless fields and the tachyon livingind the presence of the term cited above leads to the elimi-
on the world-volume of a non-BPS D-brane. Followirig, nation of one half of the fermionic degrees of freedom,
the effective action for a non-BPS ptbrane with a Which suggests that the resulting kink solution is a BPS

tachyonic field on its world-volume should have the form D-brane. Then we argued that through tachyon condensation
we have restored the symmetry on the world-volume of the

bi1 resulting D-brane. It can seem that the elimination of the
S= _Cpf d*" o term f(T)C’S‘Vo?#GRa#GL on the grounds ofr-duality covari-

, ance will lead to conclusion that through tachyon condensa-

X\ —de(G,,+2ma’ F,,)F(T,dT,0.,0-.G, ...), tion we are not able to obtain BPS D-brane. However, as we

) will show, this is not completely true. We must also say that
the terml g contains many interaction terms with a compli-
cated structure, while the interaction between fermions and

M_ M_ "M — MTTN -
= 0,X"=0070,0,6,,= munIL 1L, ) tachyons presented [8] emerges in a very natural and sym-
metric way. This seems to tell us to follow their approach in
and the construction of the action for a non-BPS D-brane.
1 In this paper we would like to propose the Dirac-Born-
Foy=F 4 EFMFW 6<O7VXM_ EEFMaya) — (o). Infeld action for a single non-BPS D-brane in the form
4

Spgi=— Cpf dP*LoV(T)

2ma’d,Ta,T
X\ —det G, +2ma' F,,+————

The constant

V(T) ’
20ur conventions are the following:™ are 32<32 Dirac matri- 7
ces appropriate to 10d with the relatigh™, '™ =27MN " with
MN=(—1,1,...,1). Forthis choice of gamma matrices the mas-
sive Dirac equation isI{"g,,—M)¥=0. We also introducd’;;
=T,...Ty,(T)%=1. 3The meaning of}’;” will be explained latter.
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where V(T) is a tachyonic potential, which in the zeroth the action(7) is equal to zero, while/(0) is nonzero and
order approximation is equal {®,10] depends on the precise form of the tachyon potential. For
example, for the zeroth-order approximation of the tachyon
=\ (T2-T2)2 potential,V(T=0) is equal to about 0.60 of the tension of a
0l non-BPS D-brang9,10] so that the DBI action for a non-
(8) BPS D-brane in type-1IX1IB) theory goes to the DBI action
) R _ . for a BPS D-brane in type-IIBIIA) theory (of course, with
wherem®=1/2a",To=2ma'm/4\. In the following we do g appropriate modification of fermionic terms, since in

We must stress that the form of the actigh was mainly  the tension

inspired with the recent proposdl3,4] where the action for

(2ma’'m?)?

__ ' 22 4
V(T)=—2ma'm°T/24+\T"+ 1o

non-BPS D-brane was given as T,=0.6T,, (12
S=-C, f dP*oV(T) where
x\—detG,,+2ma' F,,+2mwa'd,T3,T). (9) 27
o=
We have modified the action given above to the actirin P g(4mPa’)PrLR

order to get smooth tachyon kink solutig®]. Than we will
show that the tachyon condensation in the actionleads s the correct tension for a BPSpEbrane. In the previous

naturally to the DBI action for BPS D-brane and togetherequation we have used the transformation rule for the tension
with the tachyon condensation in the Wess-Zumino term fogf the non-BPS D-brane under—(@)Ft operation [12]:

a non-BPS D-brane proposed [if] and generalized to the (—1)Fi.:c —T,. We believe that with the inclusion of the

supersymmetric invariant form i8] higher-order corrections to the tachyon potential we get the
exact result.
Swz:f CAdTAe2m' 7. (10) It is also easy to see that the action given in Ef.
reduces into the actiori9), when we neglect the higher

powers of the tachyon field in the expression
Zwa’aMTavTV(T)*l, because the tachyon potential must
contain the constant term ensuring that the potential is equal

in the next section that the equation of motion for thet for the tach Lo it lue. Th
tachyon obtained from the linearized form of the acti®h hoa\f:ro or the tachyon equal to Its vacuum value. then we

leads to a solution which is a piecewise tachyon kink solu-
tion regardless the form of the tachyon potential. , . , 4
In this paragraph we will discuss the properties of the — 27a’d,Td,TV(T) *~A-27a’d, T, T+O(T"),
action (7). The action is manifestly supersymmetric invari-
ant, since it contains the supersymmetric invariant terms ] )
[1,8], together with a natural requirement that the tachyorvhereAis some constant that depends on the precise form of
field is invariant under supersymmetric transformations. Thdhe tachyon potential. As was argued ir1], the requirement
action is manifestly invariant under the world-volume re-©0f T duality does not precisely fix the numerical constant in
parametrization as well. The action is aaluality covari- ~ front of the term ¢T)?, so that the presence of constant
ant[11]. This can be easily seen from the fact that the po-does not affect the similarity with the term given in K8).

gives a correct description of a non-BPS D-brane in the ap
proximation of slowly varying fields. However, we will see

(13

tential V(T) does not change und@rduality transformation ~ AS @& last check we will show that in the linear approxi-
and theT-duality covariance of the other terms in Eg)  Mation the action(7) reduces to the actiotb) without the
was proven if3,11]. interaction termd g between the fermions and the tachyon.

The action(7) is equal to zero for the tachyon equal to its IN fact, the interaction between tachyon and fermions is in-
vacuum valueT, which can be seen from the fact that for cluded directly in the form of the DBI action, which can be
T=const its derivative is equal to zero whigT)#0 for  €asily seen from the rewriting the determinant in EqQ.in
T#T,, so that the action reduces to the action anticipated b§he form
Sen[1] for the case of a constant tachyon field

de{(G+2ma’'F),,, Jdef 8*+2ma’ G&*9, T, TV(T) 1],

sz—cpf dP*LV(T) V= del(G,, + 2ma’ F,,)—0, (14

if T—T,. (11 whereG*” is a inverse ofj+ F and ( ...) means the sym-
metric part of a given matrix. This result follows from the
We can also see that fofr=0, which corresponds to the fact thatd, T4, T is symmetric in the world-volume indexes.
(—1)FL operation{ 12] that takes a non-BPS D-brane in type- When we expand the second determinant in Ed) and
[IA (1IB) theory into a BPS D-brane in type-lIBIA ) theory,  when we restrict ourselves to the linear approximation, then
the derivative of the tachyon is zero, so that the terd@r in we obtain, from Eq(7),
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1=G— (2ma’ )2 F oG *P Fpx, 24
SDBI: _Cpf dp+1a'\/—de(gw,+27'ra’}"w) gxx ( T ) Xag BX ( )
where ,8=0, ... p—1,x=xP. SinceG*+0, we obtain
2ma’, the natural solution of the previous equation in the form:
X | V(T)+ > G579,Ta,T|, (15
Gxx=1,0xa=Fap=0. (25
which is the same action as Eth) without the fermionic
terms. Then we get

We can show that the equation of motion for the tachyon ,
obtained from Eq(15) leads naturally to the solution, which Gapt(2ma’) Fop O
has the behavior of a kink solution. This solution has been det(G,,+(2ma’)F,,)=de 0 1
given earlier in[2] and we will review this calculation.

We get the equation of motion for the tachyon from the _ +(27a 2
variation of Eq.(2), which gives(we consider dependence of delGapt(2ma’) Fap)-  (26)
the tachyon on only one of the coordinatesay: When we combinalV/dT with the second term in Eq.

d/ SE dE s DA T (16 (19), we get the equation
T'= -, 2
whereF has a form: 2ma’ AT @9
2ma’ where T'=dT/dx. This equation has been solved in many
— sV .
F ( 2 9s a“Ta”TJrV(T)) (17 textbooks (see, for example[14,15) and we will follow
. their approach. The integration of the previous equation
and we have defined leads to
D=-del(G,,+(2ma’) F,,). (18) a2
First, we consider the first bracket in E@.6). The first \/_Vz quldx. (28)

expression in Eq(16) gives
This equation can be easily integrated for the potential given

Zwa’aﬂ(@’s‘xaxT(x))z2wa’&ﬂ(§gx)&xT in Eqg. (8) and we get
+27a’ G (0T), (19
T=Tgtanh —=x (29
where we have used the fact that the tachyon field is a func- V2

tion of x only. Since for the tachyon in the form of a kink . _
solution the first derivative is nonzero, the first term in Eq.  Using Egs.(26), (28) the action(15) has the form
(19) leads to the result

S=-— Cpf dPodxy/— det(G,pt+2ma’ F,p)2V(T(X)),

Gi*=const. (20) 0
Since the constant in EQR0) has not any physical mean- , '
ing we can take solution in the form whe_re we have use\d(T)+(2w_a 12)T _=2V(T). We can
easily integrate over the coordinate using Eq22) and we
=0, x#u, get the final result
G¢¥=1=G,=1, G,,=0, (21) s=—T(p_l)f dPo\—detG,p+2ma’' F,p), (31

whereG,,, is an inverse matrix of” and plays the role of
the natural open string metrjd3].
With using Eq.(21), the second expression in E(.6)

where the tension for the P(1)-brane has the form

gives the condition T(p—l):Cpf dx2V(T(x))
D =0=0,G,,= Iy F,,=0. (22) e
When we return to Eq(21) and use :Cp~2VkJ7xdx 1—tanr?(ﬁx)

G,uv:g,w_(Zwal)zfﬂkgwf&w (23) 2 (8\/§Vk

P )(47720”)1/2, (32)

we get  g(4mla’)PrD2
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where V,=(27wa’'m?)?/161. As was shown in[9], the fields and suggests the deep symmetry between the tachyon
vacuum value of the tachyon potential in the zeroth-ordeand the other fields which was anticipated &j.

approximation cancels about 0.60 of the tension of the non- We would like to discuss the equation of motion for the
BPS D-brane, so we have the value 6§ equal toV, tachyon obtained from the linearized form of acti(8b).

=0.60 and the previous equation gives the result The linearized form of the action is
Tp-1)=072—7F——, (33 S=—Cpf dp+10'\/—de(gw,+277a'flw)
g(4w2a1)p/2
which is in agreement with the res(it]. We believe that the X 2ma E’S‘Va#Ta,,TV(T)ﬂLV(T) , (36)
higher-order correction to the potential as well as using the 2

direct form of the action(without restriction to the linear
approximation (7) could give a correct value of the tension from which we obtain the same equation of motion for the
of a D(p—1)-brane. tachyon as in Eq(16) with function F now given as

We must also stress that we do not obtain any constraints
on the fermionic degrees of freedom. This follows from the 2ra

. . . s ~

fact that there are no interaction terms relating left-handed F=——V(T)G4"9,Ta,T+V(T). (37
and right-handed spinors with the tachyon field, since these 2
terms are not allowed through principles of thieduality
covariance. However, this does not contradict the claim thalhe analysis of the this equation is the same as in the previ-
tachyon condensation on the world-volume of a non-BPPUS section and we obtain the same form of the constrains on
Dp_brane leads to the action for the BPSFj}(]_)_brane’ the massless fields as before. The analysis of the resulting
because we must also consider the tachyon condensation @§luation for the tachyon is very interesting:
expression(10). It was shown in[6] that the tachyon con-
densation in this term leads to the correct term for a BPS dV  27a’ dV
D(p—1)-brane. Using this result and E¢1) the whole

a7 2 gr 7)) 2T (VT
action after tachyon condensation on the world-volume of a T 2 T

non-BPS [p-brane has the form dV  2m7a’ dV
_ 4 "2 __ ’ T 7"y —
dT+ 5 dT(T ) —2ma’ (V'T'+VT")=0,
s=—Tp,1f dPoy—detG,p+2ma’ F,p) (39
ol F where (...)'=d/dx. We can immediately see that the so-
tup-1| CAe : 34 |ution T=T, is the solution of equation of motion. This re-

sult comes from the fact that(T,)=0,dV/dT|r_7,=0 and

When we assume that tachyon condensation leads to the cGfom the trivial fact that the derivative of a constant function
rect values of D-brane tensioh, ; and D-brane charge is equal to zero. This confirms the results present¢@linTo

tp-1, then Eq.(34) is the supersymmetric action for the obtain the other solution, we multiply the previous equation
D(p-1)-brane withk symmetry restored. with T" and we get

I1l. ANOTHER PROPOSAL FOR NON-BPS 2ma 2ma
D-BRANE ACTION V’+TV'(T')2—27Ta’/V'(T’)2— Tv((T')Z)/
In the recent paper$3,4], the action for a non-BPS

Dp-brane was proposed in the explicit form g 2ma’ Ny
=Vi-—— (V(T")9)' =0, (39
S= _Cpf dP* o V(T) which can be easily integrated with the result
X\-detg,,+2mwa' F,,+2ma’d,Td,T). (35 pra’
. o . o V=——VT'2+k, (40)
This action is manifestly supersymmetric invariant and also 2

T-duality covarian{3,16,11. This action obeys the property

proposed in[1] that for the tachyon equal to its vacuum wherek is an integration constant. We determine this con-
value [this is the value of the tachyon that minimizes the stant from the fact that in order to get the solution with the
potentialV(T)] T=T,,V(To) =0 the action is equal to zero. finite energy, the solution must approache the vacuum value
This action incorporates in a very nice way the tachyon fieldat spatial infinity, where we havé(T,)=0,T'—0. We im-

and the interaction between the tachyon and the masslessediately see thdt=0. Then the next integration gives
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1 We must emphasize again that in the linear approximation
T=\/—X, (41) this solution does not depend on the exact form of the
ma' tachyon potential, it depends only on the vacuum value of

. . ) the tachyon field. However, we must stress that from these
where this solution does not depend on the precise form ofimple calculations we cannot determine the exact form of

the tachyon potential. We can show that the solution of thgne “action for a non-BPS D-brane. Perhaps more detailed
equation of the motion is given in terms of the function g cyjations in the string theory could answer the question of

~To, x<L what a DBI action for a non-BPS D-brane looks like.

[ 1 IV. CONCLUSION
T= EX, —L<x<L, (42)

In this paper we have proposed the form of the action for
To, x>L, a non-BPS P-brane, which is manifestly supersymmetric
invariant, T-duality covariant, and in the linear approxima-
¢ tion we have obtained through the tachyon condensation the
supersymmetric action for a P¢1)-brane withx symmetry
restored. We have also discussed the tachyon kink solution
obtained as a solution of the equation of motion which arises
[ 1 from the variation of the linearized action proposed 3.
To=\/—L=L=TyJma'. (43 We have seen the remarkable fact that we can get a solution
ma' which does not depend on the form of the tachyon potential
explicitly, it is a function of the tachyon vacuum value only.
) s k i ; At present we cannot determine whether our proposal is the
duces to the piecewise kink solution discussed3h Fhat correct one only on the grounds of supersymmetry invari-
depends only on the vacuum value of the tachyon field.  5ce andr-duality covariance. It seems to us that more de-
_ The next calculation is the same as in the previous SeGyjjeq calculations in string theory could determine the cor-
tion. The tension of the resulting D-brane is given as rect form of the DBI action for a non-BPS D-brahe.
- - It would be interesting to extend the actidi) to the
Tp_lchf dxF(T)=2Cpf dxV(T), (44)  non-Abelian case, following4]. This result could have a
- - direct relation to the classification of D-branesKntheory
[17,5,18,19. We have made some progress in this direction
in [20,21], where we have tried to extend the acti®hto the
non-Abelian case. It would be nice to see whether the action
L To presented iH20,21] could be modified in order to be related
Tp,lzchf dXV(T)=2Cp\/Wa’f dTV(T), to the non-Abelian extension of the acti¢r). We hope to
-t ~To return to this question in the future.

where the parametdris determined from the condition tha
for x=L the tachyon field given in Eq41) is equal to its
vacuum value

We see that this solution in the zero slope limit—0 re-

where we have used E@L0). Using Eq.(42) we obtain from
the equation given above

(45)
For the zeroth-order approximation to the potent®l we ACKNOWLEDGMENTS
obtain the result ) . ; )
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