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ABSTRACT: Unlike BPS p-brane, non-supersymmetric (non-susy) p-brane could be either
charged or chargeless. As envisaged in [hep-th/0503007], we construct an intersecting non-
susy p-brane with chargeless non-susy ¢-brane by taking T-dualities along the delocalized
directions of the non-susy g-brane solution delocalized in (p—gq) transverse directions (where
p > q). In general these solutions are characterized by four independent parameters. We
show that when ¢ = 0 the intersecting charged as well as chargeless non-susy p-brane
with chargeless 0-brane can be mapped by a coordinate transformation to black p-brane
when two of the four parameters characterizing the solution take some special values.
For definiteness we restrict our discussion to space-time dimensions d = 10. We observe
that parameters characterizing the black brane and the related dynamics are in general
in a different branch of the parameter space from those describing the brane-antibrane
annihilation process. We demonstrate this in the two examples, namely, the non-susy
DO-brane and the intersecting non-susy D4 and DO-branes, where the solutions with the

explicit microscopic descriptions are known.
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1. Introduction

The static, non-susy and asymptotically flat p-brane solutions' having isometries ISO(p, 1)
x SO(d — p — 1) of type II supergravities in arbitrary space-time dimensions (d) are given
in ref. [l].2 Unlike the BPS p-branes characterized by a single unknown parameter, these
solutions are characterized by three unknown parameters and could be either charged or
chargeless with respect to a (p + 1)-form gauge field. It is well-known that these non-
susy p-branes have a natural interpretation as coincident p-brane-anti-p-brane (or non-
BPS p-brane) [{]-[]. Since there is an open string tachyon on their world-volume, these
systems are unstable [[f]. The three parameters in the supergravity solutions then have
physical meanings in terms of number of branes, number of antibranes and the tachyon
parameter. The explicit semi-empirical relations of the supergravity parameters in terms
of the microscopic physical parameters are given in ref. [, [, so that it correctly captures
the picture of tachyon condensation for these systems.

On the other hand, there is another class of non-susy p-brane solutions in type II
supergravities in the form of black p-branes with isometries R x ISO(p) x SO(d—p—1) B~
[[d]. Unlike the previous solutions which can have naked singularities for certain choices of
parameters, the black p-branes always have regular horizons and are characterized by two
parameters corresponding to the mass and the charge of the black branes. In the literature
these two classes are referred to as type 1 and type 2 solutions [[L1].

However, in contrary to the previous claim [[LT], we will argue that there is only one class
of non-susy p-brane solutions, namely, the type 1. We will restrict our discussion to d = 10
for definiteness. The black brane solutions, i.e. the type 2, with the above isometries belong
to a more general non-susy p-brane solutions of type 1 than the one mentioned in the first

!'We use the terminology non-susy p-brane to represent generically either the p-brane-antip-brane system
or the non-BPS p-branes.
2See [E, E] for earlier works on non-susy p-branes.



paragraph. We will show that the black p-brane solutions are nothing but the intersecting®
non-susy p-branes with the chargeless 0-branes expressed in a different coordinate system,
when two of the four parameters characterizing the latter solutions take some special values.
In order to show that, we will first construct an intersecting non-susy brane solutions where
the constituent branes are the charged non-susy p-brane and the chargeless non-susy g¢-
brane. The explicit solutions when both the non-susy branes in the intersecting solution
are charged are known only when p —q =4 (or the simple case p— ¢ = 0 [[]). Here we
are interested in solutions when non-susy g-brane is chargeless. As mentioned in ref. [[L3],
these solutions can be obtained from the non-susy g-brane solutions delocalized in (p — ¢q)
transverse directions and then applying T-dualities along those delocalized directions. We
then make all the T-dual directions isometric resulting in an intersecting non-susy p-brane
with chargeless non-susy g-brane solutions (where p > ¢). These solutions belong to type 1
and as we will show are characterized by four independent parameters. Next we show that
for ¢ = 0, these solutions can be mapped to the black p-brane solutions mentioned above as
type 2, by a coordinate transformation when two of the four parameters take some special
values. This possibility is expected since the presence of 0-brane breaks the isometry of
non-susy p-brane from ISO(p,1) x SO(9 — p) to R x ISO(p) x SO(9 — p) and the black
brane has two parameters not four as in the non-susy brane solutions.

The above observation, however, gives rise to a puzzle. As we mentioned for the non-
susy p-branes, the intersecting non-susy p-brane with a non-susy g-brane also is an unstable
system which is manifested by the presence of open string tachyon on their world-volume.
Since the parameters of these solutions are related to the microscopic physical parameters
(this is explicitly known for p — g = 0,4) of the intersecting brane-antibrane system [f, [,
the SUGRA parameters change their values as the brane-antibrane annihilation process (or
the tachyon condensation) takes place and finally reach their end values associated with the
BPS configuration. However, in this process we never encounter the formation of a regular
horizon for these systems. Then how for ¢ = 0 and certain values of the parameters we get
a black brane solutions? As we will see, there actually exists an additional disjoint branch®
in the parameter space which has been neglected so far. This branch can give rise to the
regular horizon formation for the black brane where the underlying dynamics is governed
by the possible closed string tachyon condensation as discussed by Horowitz in [14, [L5]
and evolves into a non-susy “bubble of nothing”. In this branch one of the parameters of
the solution becomes unbounded in general and as such makes the solution complex [,
signalling a possible phase transition and this is consistent with our above observation. We
will give some evidence for this. However, in this paper we limit ourselves to finding the
values of the parameters required for the black brane in general only from the second branch
and explain some related issues leaving a detailed study along with other related issues to
a future publication. Also our discussion for providing evidences is limited only to the case
of non-susy DO-branes (which includes DO/D0 and non-BPS D0-branes) and intersecting
non-susy D4-branes with chargeless non-susy D0O-branes. The reason for choosing these two

3 A particular kind of intersecting non-susy brane solutions were constructed previously in [@, H]
4Note, however, that for the complete chargeless case there is a meet point at the initial tachyon value
T =0, i.e., at the top of the tachyon potential as will be shown in the examples given later in this paper.



systems is that only for these two cases we have the explicit relations between the SUGRA
parameters and the microscopic physical parameters describing correctly the process of
open string tachyon condensation [f, f].

This paper is organized as follows. In section 2, we give the four parameter solution of
intersecting non-susy p-brane with chargeless non-susy ¢g-brane. In section 3, we show that
for ¢ = 0, these solutions get mapped to black p-brane when two of the four parameters take
some specific values. In section 4, we use the microscopic descriptions of DO/D0 and also
the intersecting D4/D4 and chargeless DO/DO0 system to show that the parameter space
characterizing the usual black branes and the related dynamics is in a different branch
from that describing the brane-antibrane annihilation process ending up with a BPS or
Minkowski configuration. Our conclusion is presented in section 5.

2. Intersecting brane solution

In this section we will give the construction of intersecting non-susy p-brane with charge-
less non-susy ¢-brane, where, p > ¢q. For this purpose we will start with the non-susy
g-brane solution delocalized in (p — q) transverse directions given in ref. [Ig]. The applica-
tion of T-duality along each of the (p — q) delocalized directions successively will give an

anisotropic intersecting p brane with chargeless ¢-brane.’

Then equating all the param-
eters associated with the various delocalized directions we get the isotropic, intersecting
p-brane with chargeless g-brane. For p — ¢ = 4 the intersecting solutions, when both the
non-susy p-brane and the non-susy g-brane are charged, are known explicitly [ff] and we
will compare these solutions with the ones we obtain here. To begin let us write below the

non-susy g-brane solution delocalized in (p — q) transverse directions given in eq. (R.5) of

ref. [14] as,

_ o N\ (26 /()
ds? = F'S (HH)™ (E) (dr® +r2dQg_,)
- q ‘ 1 p—gq+1 H\ 20 ‘
+F s <—dt2 +Z(dmz)2> +Fs Z (E) (dadTi=1)2
=1 =2
H 201
e? = F <E> . Fgg = bVol(Qs_p) Ada®™ .. Ada? (2.1)

Note that we have written the solution (R.5) of ref. [lf] for d = 10 and we have replaced
p there by ¢ and ¢ there by (p — ¢) to represent non-susy g-brane delocalized in (p — q)

5Note that for BPS branes usually the same procedure does not give intersecting solutions and we get an
isotropic, localized p-brane. The reason for getting a different solution here is that the non-susy solutions
involve more parameters and break the isometry of the solution which can then be regarded as intersecting
solutions as mentioned in ref. ]



directions. The various functions appearing in (R.1)) are defined below,

a ~\
F = (E) cosh? 6 — <£> sinh? 0
H H

T—p
w
T—p
~ w
H=1- " (2.2)
where H and H are two harmonic functions and «, 3, 6, 61, 0a, ..., Op—g+1, and w are

(p — g+ 5) integration constants and b is the charge parameter. However, there are three

relations among the parameters given as,
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where a = (¢—3)/2. So, using the above relations we can eliminate three of the parameters
and the solution therefore has (p — ¢ + 3) independent parameters. We will take T-duality
along 9+, 2972 2P, For that we write the metric in (R.1)) in the string frame as,
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Now when we apply T-dualities [17, [L§] successively along the delocalized directions the
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=2

dilaton changes as,

T-dualities will not change the various components of the string metric in (£-4) except the
ones gg41,q+1, 9g+2,q+2» - - - » gp,p- Let us write below the changed components,

5
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Now we rewrite the full T-dual solution in Einstein frame as

d3? = ¢=9/243>

str

(=)0 | (3-p) Zfz_zﬁl 5

prl -~ 2 (H 8 2(7-p)
=F s (HH)™» <§> (dr? +r2dQ§,p)
(r—a)dy p—q+1 §;

L, (H\ s tXiz 3 i ,

TP <_> (—dt2 + Z(dxl)2>
H i=1
p—g+1 5140 (pog)—Biypmatl %

_ H 173 2 (#i)=2 2 .

Py (E) ’ (dz?+i—1)2

=2
~ L (4—prq)-XrTg 25
62¢ _= FS%Z] <£> ?

Fig_p) = bVol(Q2s_) (2.7)
where d32, is the metric in (R.4) with the gy41,4+1, 9g+2.4+25 ---» Gpp replaced by the
ones given in eq. (R.6). Now we make all the delocalized directions isotropic by setting
8o =03 =+ = 8p_q+1. The solution (R.7) therefore takes the form,
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Note that we have removed ‘tilde’ from d32 and €2? for brevity. The parameter rela-
tions (.3) now take the forms,

a—fF3 =ad
_ —a—1 8 —
L DR — (1 -0 7
b= (7—p)w P(a+ B)sinh 26 (2.9)
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where the functions F and H, H are as given in eq. (2). Tt is clear from the above that
the metric in (R.§) has an isometry ISO(1,q) x SO(p — ¢q) x SO(9 — p) and therefore the
solution can be interpreted as intersecting non-susy p-brane with non-susy g-brane. It is
clear that since we have Fjg_, which is in general non-zero so, the non-susy p-brane is
charged under it, but since there is no Fjg_, in the solution, the charge of the non-susy



g-brane is zero. The solution is characterized by four unknown independent parameters w,
6, 81 and d. So, (R.§) represents the four parameter solution of intersecting non-susy p-
brane with chargeless non-susy g-brane. Although we have concluded that (P.§) represents
the required solution from the symmetry of the metric, in order to convince ourselves we
will compare it with the intersecting brane solutions obtained earlier for p — ¢ = 4 [fi] since
this is only case where explicit solution is known. For this purpose we will define another

N\ B -
H\* H ~ (H\“
F = <T> cosh?d — [ = | sinh?6 =F <T> (2.10)
H H H
~\ P
A H\™ H
F = <E> cosh? 6 — (ﬁ) sinh? 6 (2.11)

where we have defined a1 + & = « and 1 — & = 3. Now it can be checked that by defining

function F' by,

where

the parameters as,
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we can recast the solution (R.§) as follows,
1 _2 H q—glOQ
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The parameter relations as obtained from (P.9) now takes the form,
- -3
ar— G = (1%—2> a2+pT5
b= (7—p)w P(as + 3)sinh 20
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2
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The solution (R.13) is characterized by four independent parameters w, 6, 6 and ap. Now
comparing (R.13) with the intersecting non-susy Dp/D(p — 4) solution given in eq. (R.1)



of ref. [A], we find that they exactly match for ¢ = p — 4 and when 6; = 6, 6 = 0
indicating that the non-susy D(p — 4) brane is chargeless. The parameter relation (R.14)

also match with the parameter relations given there. Thus comparing the explicit solution

of intersecting non-susy Dp/D(p —4), we conclude that (R.§) indeed represents intersecting

non-susy p-brane with chargeless non-susy g¢-brane solution.

3. Intersecting solution and black p-brane

In this section we will show that when ¢ = 0, either of the intersecting solution (P.§)
or (R.13) can be mapped to the standard black p-brane solution [0 by a coordinate
transformation for certain choice of two of the four parameters characterizing the solution.

For this purpose let us first write the solution (R.13) for general p and ¢ = 0 as follows,
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Let us now make a coordinate transformation from r to p as follows,

(52"

2

where we have defined,
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From eq. (B.) we find
2
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where H and H are as given before in eq. (2-3). From here we also obtain

ﬁ:

(3.1)

(3.2)

(3.5)



Now from the relation (R.11) we write

i a1+51 7\
F = |cosh?6 — sinh? @ <E> (E) (3.7)
When a; + 1 = 2, the relation (B.7) reduces to
F = (cosh®6 — sinh®6f) f~ 7
T=p s 1,2
B po sinh®@) e

where we have defined H = 1 + sinh? Hpg_p /p"7P. Also using

- 4T
HH = 1+ f+2Vf

dr = %{1 2“7}% dp (3.9)

we find that the metric in (B.1]) would reduce to the following black p-brane form,

_ 1 _ 7 P ,
ds® = A% <?dp2 + deag_p> FHS | —fat? ¢ > (dal)? (3.10)
j=1

if the parameters a; and as satisfy,

o = —, and ap = 2. (3.11)

§ = —2(76__;) (3.12)
and the so the dilaton in (B.1]) reduces to
2 — H" (3.13)
The charge relation in (B.Z) becomes
b=2(7 - p)w’ Psinh20 = %(7 —p)pg P sinh 20 (3.14)

The egs. (B-10), (B.13) along with (B.14) represent the known black p-brane solution [§-
[[(]. Note that in obtaining the black p-brane solution we have used the intersecting solu-
tion (B.1)) i.e. we have used (R.13) with general p and ¢ = 0. The parameters in this solution
are w, 6, § and s (a1 and (1 are not independent). However, black p-brane solution could
also be obtained using intersecting solution (.§) where the unknown parameters are w, 6,



61 and & (here a and 3 are not independent). Using (R.12) in (B.11)) and (B.13) we can
obtain the value of the parameters in solution (R.§) such that it represent the black p-brane

solution. The values are,

1 2
O[—{—B:2, a = 76’ B = _?
12 1
5 — 5 - 3.15
== &= (3.15)

Note that unlike in the previous case, the values of the parameters here are universal in
the sense that they are independent of p and will be useful for our discussion of describing
the two branches in the parameter space in the next section.

Before closing this section let us make a few comments on the solution in general.

e Note that the function F' or F' as defined in eq. () or eq. (B-11]) has to be non-
negative in general if the metric of the intersecting brane solution has to remain real.

L . 2 o (ATl N\
Now for general non-vanishing 6 one can write F' = |cosh® 6 — sinh* 6 (ﬁ> (E)

and similarly for F. This implies that a4+ 3 > 0 (or similarly ay + 31 > 0), otherwise
F can not be kept non-negative once r approaches w. So, we need in general a+3 > 0,
but for 8 = 0, we can have o + 3 < 0 as well.

e Given our understanding that the black Dp-brane can be obtained from charged or
chargeless non-susy Dp-brane with intersecting chargeless non-susy D0-brane only
when a4+ 5 =2> 0 and 0; = —12/7, 0o = —1/7, independent of the choice of other
parameters, implies that black brane occurs only in the a4+ 3 > 0-branch even though
the other branch is allowed when 6 = 0.

e Let us now focus on a + 3 > 0-branch. Even for this branch the black Dp-brane
occurs only for particular choice of the other parameters o = 16/7, 6; = —12/7 and
do = —1/7. Then the natural question is what the other values of the parameters
correspond to? Even for a given a4+ 3 > 0, we can still have two branches of values
for other parameters such as 4.

e In the a + 8 > 0-branch the black Dp-brane has well-defined horizon but for other
values of the parameters we have null or naked singularity for each configuration.
One would expect that those with these singularities should be more unstable than
the one with regular horizon because an observer at infinity will see the rapid an-
nihilation process of the brane-antibrane for the system without a regular horizon
than the one with a regular horizon. In the supergravity description the appearance
of singularities in either case is due to supergravity approximation and in the full
non-perturbative string language, we do not expect the singularities to form. The
supergravity configurations only provide us an indication which process we should
assign to.

e So, the above indicates that the parameter space of the (intersecting) non-susy brane
configuration has various disjoint branches, which may imply a phase structure of



the underlying dynamics. One branch gives rise to the brane-antibrane annihilation
where the underlying dynamics is governed by the open string tachyon condensa-
tion [[9]. Under this process the brane-antibrane configuration evolves into the final
BPS brane or Minkowski vacuum depending on the initial charge of the system [g, [f.
In this branch we really do not have the condition of regular horizon formation to
begin with except for the special complete chargeless case as mentioned earlier and to
be discussed in the next section, and the solutions will have null or naked singularity
(although this should be understood as the artifact of perturbative string theory).
The other branch can give rise to the regular horizon formation and then the under-
lying dynamics is governed by possible closed string tachyon condensation [[[4], [L5].
Under this process the black p-brane would evolve into bubble (so no singularity)
according to Horowitz’s prescription.

e Let us recall that the static non-susy p-brane or Dp/Dp brane configuration obtained
in ref. [fl], containing a parameter § which was bounded from above for the solution
to remain real. Right at the bounded value, the corresponding configuration has a
null-singular horizon. We also noted that when the parameter exceeds the bound
the solution becomes complex in general (except for a particular choice of # where
the configuration has periodically naked singularities), therefore, signalling a possi-
ble phase transition. This feature persists even for the intersecting non-susy brane
solutions. In the next section we will demonstrate the similar characteristic, indi-
cating the existence of two possible phases, for the two examples, namely for D0/D0
and intersecting D4/D4 with chargeless D0/DO0 system where the explicit microscopic
descriptions are known.

4. Dynamical structure of non-susy Dp-branes

In this section we give some evidence that the non-susy Dp-branes have two disjoint dy-
namical structures, one corresponding to the brane-antibrane annihilation process and the
other related to the black p-brane dynamics. To illustrate the points we use the micro-
scopic representation of the SUGRA parameters in terms of the physical parameters of
the non-susy Dp-branes. These are known only for the D0/D0 system and the intersecting
D4/D4 with chargeless D0/DO0 system and we discuss the two cases separately below.

(a) DO/DO0 system. The supergravity solution of DO/D0 system (when it is chargeless
it can represent either the equal number of D0/D0 system or non-BPS D0-branes) can be
obtained from eq. (B-§) by putting p = ¢ = 0. This solution as discussed in ref. [ is
characterized by three independent SUGRA parameters w, 6 and 6;. In ref. [f] we have
related these parameters to the microscopic physical parameters namely the number of DO-
branes (), the number of DO-branes (V) and the tachyon parameter (T') of the system.
When we related the supergravity solution this way we assumed that the solution (R.§)
represents one of a continuous family of the brane-antibrane configurations labeled by the
tachyon parameter (') in the brane-antibrane annihilation process. We also noted that
the parameter §; has to be bounded in order for this to be true. We noticed that when ¢

,10,



exceeds that bound, the solution becomes complex and thereby signalling a possible phase
transition in the system. In order for describing the brane-atibrane annihilation process
through tachyon condensation such that the system evolves either to a BPS Dp-brane or

Minkowski vacuum we found that the parameter d; must be given as [f],
_ (N-N)2
() \/ 2T
! 20p la| {\a! S INNcos? T

(N —N)? 28 — p)
—\/a2 <COSQT+ iNNeo2T) T 4 Tpc’% —cos?T (4.1)

where a = (p — 3)/2 and ¢, is an unknown constant depending on p but is bounded as

T—0p p+1
Cp = —
4 \2(8-p)

(4.2)

in order for 6%7) to be real. It is not difficult to check that the absolute value of 5%7), ie.,
\5§_)\, in ([£1) is bounded by,

1 [23-p)
5 4.3
o< = S (43)

for which the configuration remains real, and approaches zero (when N # N and p # 3)

or the maximum value 1/2(8 — p)/(7 — p) less than the bounded one given in eq. ([.3)
(when N = N or p = 3) as T — 7/2. Note that in ref. [§], for simplicity, cp was taken as

= /(7T—p)/2(8 — p). Now since §; was obtained from a quadratic relation (.9) (with
g = 0) it actually has two roots and we just kept the above bounded root there. This

corresponds to one branch value of §; and the other branch value of d; is given by the
other root as

(NN
5t = \/ 27
! 20p la| {\a! S INNcos? T

N - N)? 2(8 — p)
2 2T (77 4 ——>c2 —cos2T 4.4
+\/a (cos +4NNcos2T> + < - ca — cos (4.4)

which, on the other hand, exceeds the bounded value in general, and for this reason it

was dropped in ref. [[J]. We know that the first expression gives a good description of the
brane-antibrane annihilation leading to either a BPS Dp-brane or Minkowski vacuum i.e.
the open string tachyon condensation. From our previous discussion the second expression
will be responsible for the unbounded §; and therefore may be related to a possible phase
transition. Further, as will be shown, d; = —12/7 for the usual black 0-brane is a solution
of 5§+) but not 5§_) in general except for a degenerate case.® This seems also consistent

5As will be clear from the following discussion, the two branches are disjoint when N # N, otherwise
they will meet at a point at T' = 0, i.e., at the top of the tachyon potential as claimed in the introduction.
One can check this explicitly by noting that in order to have 657) = 5§+), the second square root in each
expression must vanish which can occur only as N = N and ¢, takes its minimal value given in (@)
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with the possible phase transition for black branes through the closed string tachyon con-
densation to bubbles of nothing as proposed by Horowitz and others [I4, [[§]. Since we
propose black brane to appear in some branch of the parameter space and since only for
p = 0, the non-susy p-brane solution (which is obtained from (R.§) by putting ¢ = 0 as
well) can be mapped to black DO-brane so we will use p = 0 in (f.1]) and (f.4). Now we will
examine explicitly which of the above d; eq. (.1)) or ({.4) will satisfy the condition for the
black 0-brane i.e. 61 = —12/7 (see eq. (B.17)) for certain value of the tachyon. To discuss
this let us first set N = N, i.e., the chargeless case (N # N will be discussed later). Since
a = —3/2 for 0-brane, putting 6%7) = —12/7 in (1)) we get

24 3 9 16
%_§COST:_\/ZCOS2T_|_4<7C%—COS2T> (4.5)

Now from eq. (.3) we have ¢y > 7/16, the lhs of eq. ([L5) gives 24co/7 — 3cosT/2 >
(3/2)(1 —cosT) > 0. So, in general this equation can not be satisfied. The only way it can
be satisfied is if the rhs of ({.§) vanishes. It can be easily checked that for this to happen
¢p must take the minimum value 7/16 and cosT = 1, i.e. the tachyon is at the top of the
potential, a sort of critical value. For this ¢y, we have from ([L1))

— 4
5% ) = —5 <3 cosT — ﬁsinT) (4.6)

We thus see from this expression that 5§7) = —12/7 is the smallest value and any other

value of 5§_) in the condensation will be larger. The implication of this is that just as
the brane-antibrane starts to annihilate each other, the system has a choice to either form
a regular horizon (then the brane-antibrane can no longer annihilate each other) or to
annihilate each other without forming a regular horizon. In the former case an analog
of a transition to “bubble of nothing”” may take over while for the latter it is just the
open string tachyon condensation process. For all other values of ¢y, we have only brane-
antibrane annihilation via open string tachyon condensation and there is no regular horizon
formation in this branch since 6; / = —12/7 can never be satisfied.

Now we consider the second expression ([.4)) for the black brane and in this case we

get for 6§+) = —12/7,

24 3 9 16
760 ~3 cosT = \/Z cos?T + 4 <7c(2) — cos? T>. (4-7)

This equation can be solved with either cos T' = 16¢(/7 or cos T = 2¢¢/7. The first solution

can only be satisfied if ¢y = 7/16 (since this is the minimum value of ¢p) and cosT = 1
which is the critical case as mentioned above but there is some complication here. Let us
discuss this in a bit detail. For ¢y = 7/16 we have from ([.4))

5§+) = —é (3 cos T + /7sin T) . (4.8)

"We will address the possible transition for 0-brane case in a forthcoming paper as will be mentioned
later in this section.
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It is not difficult to check that this 5§+) has the smallest value of —16/7 at cosT = 3/4,

i.e. reaching its bounded value, and the largest value of —4/4/7 at cosT = 0 or T = 7/2.
Since —4/+/7 > —12/7, we therefore expect another solution for 5§+) = —12/7 between
cosT = 3/4 and cosT = 0 in addition to the cosT = 1. Indeed one can find that this
occurs at cosT = 1/8 from the above equation which is just given by cosT = 2¢/7 for
cop = 7/16. Given that ]5§+)\ < 16/7, i.e., its bounded value, for 0 < T < /2, we therefore
expect that this 6§+) for the chargeless case can also be used to describe the brane-antibrane
annihilation or the open string tachyon condensation. The actual process may behave like
this: just as the brane-antibrane starts to annihilate each other, the system has a choice
either to form a regular horizon (then the brane-antibrane can no longer annihilate each
other and the possible phase transition associated with the black brane is taken over) or to
annihilate each other without forming a regular horizon. When the system makes a choice
of annihilating each other initially, i.e., at cosT = 1, it will continue so until cosT' = 1/8.
At this point, the system has again a choice either to form a regular horizon without
continuing the annihilation or to continue the annihilation to end up with a Minkowski
vacuum. We now consider 7/16 < ¢q < 7/2. The only solution to (f.7) is cos T = 2co/7 as
given above. We now have from ([.4)

n 1 (3 64 7
5§):_2—CO icosT—{— 763—ZCOSQT . (4.9)

The 5§+) has a minimum value of —16/7, which is also its bounded value, at cosT =
12¢/7 if 7/16 < ¢9 < 7/12. Given that there is only one solution cosT = 2¢p/7 now
and |5§+)| < 16/7, we therefore expect the following process: the brane-antibrane system
initially annihilates each other until cosT = 2¢y/7. At this point, it has a choice either to
form a regular horizon without annihilating each other further or to continue to annihilate
each other without forming a regular horizon to end up with a Minkowski vacuum.

Let us next discuss the case when N # N. For this case the condition for the black
brane §; = —12/7 gives from the first expression ({.1)),

2co 3 \/ ) (N — N)2 9 (N — N)? 16
£ _ 2 oy M T P (g2 A T ) Ly (222 o2 ).
7 VOt NN 2T V2 \ T T iAoz ) T T @ T e0s

(4.10)
We have to see whether this equation can be made consistent for the allowed values of ¢

and some values of cosT. In order for eq. (J.1I() to be consistent, we need to have the
second term on the right smaller than the first term and this can only be true if the second
term in the square root is negative, i.e.,

16

703 —cos?T <0 (4.11)
or 0 < ¢p < v/7cosT/4. But actually for consistency we have to have the following equation
to be satisfied (which can be derived from (4.10))

(N-N)? (2co — cosT)(2co — cos T') (¢ + cos T') (2co + cos T)

ANN cos?2T (1—7800)2

(4.12)
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The left side of the above equation is positive and so must be the right side. Given that
co < (VT/4)cosT, i.e., 2¢/7 < (1/2/T) cos T < cos T, we must have from (f.12)

16
—C0 cosT <0 (4.13)

But the condition (f.13) gives ¢y < (7/16) cos T which is even more constrained than the
bound ¢y < (v/7/4) cos T. In other words, for consistency we must have this constraint to
be satisfied but this one contradicts with the previous constraint ¢y > 7/16 derived earlier.
Therefore we can not make ([l.10) consistent implying that there is no solution from the
expression ([L.1)) for §;’ to form a regular horizon which is the expected result. For the
second expression ([.4) for 5l+), we expect in general a solution since the relevant equation
is

24cg 3\/ ) (N —N)2 9 (N — N)2 16
= T+ = - 7 Z 2 M T 4 =2 — 2T
7 AV T T IS T\ I\ T NN oz ) T\ T T8

(4.14)
Now we still have cg > 7/16 but here we don’t need to have ¢y < (v/7/4) cos T as before
for consistency. But we still have the equation ([.19) to be satisfied. So the condition for
the right side to be positive and consistent with ¢y > 7/16 is ¢y > 7/2. Since the term in

the square root on the right side of (.14 is (64/7)c2 whose square root is less than the
left side of this equation, therefore we are certain that there must be at least a solution of
this equation for cos T as expected. Moreover from ([£4) for p = 0, |5§+)| for the charged
case will be unbounded for small cosT and therefore we expect that this branch of 5§+)
will be responsible for possible phase transition related to the black brane such as from

black brane to “bubble of nothing”.

(b) Intersecting D4/D4 with chargeless D0/D0 system. The supergravity solutions
of intersecting Dp/Dp with D(p —4)/D(p — 4) system where both brane-antibrane systems
are charged are given in ref. [i]. These solutions are characterized by five parameters w, 6,
02, A1(= a1+ 1) and Ag(= as+32). We would like to refer the reader to [] for the details
of the solution, but we just mention that the subscript 1 and 2 refer to Dp/Dp system and
D(p — 4)/D(p — 4) system respectively. These supergravity parameters were related in
to physical microscopic parameters, namely, the number of Dp-branes (N7), the number
of Dp-branes (N1), the number of D(p — 4)-branes (N3), the number of D(p — 4)-branes
(N3) and the tachyon parameter (T') such that we get the correct picture of brane-antibrane
annihilation via tachyon condensation. These relations are not known for other intersecting
brane solutions. Since the black-brane appears when one of the intersecting branes is the
chargeless 0-brane/anti-0-brane, we will make use of the solutions of ref. [] only for p = 4
after discussing some generalities. From our experience of tachyon condensation on the
simple Dp/Dp system and the fact that there is no interaction between the Dp/Dp and
D(p — 4)/D(p — 4) system we found in (see eq. (R.10) of [fi]) that the parameters A; and
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Ay must satisfy,

_ NL)2
WHM .

2A2A% cos? T

a2(N2 — N2)2
Agy 14 L2 7 )7
2\/ * 2 A2A3 cos? T

cpA cos2T

1 Ny — Np)2 _ _
———-\/E——l————l)— +-4Jvipvlcos21‘—-51§—§5]

cpA cos?T

Ny~ V)2 : 7
L\/M + 4N5 Ny cos2T — pTél (4.15)

where in the above A = /N1 N; + a\/NaN;y and a = (27?\/&)4/1/4 with V4 the volume of
the compact directions. Now using the parameter relation analogous to (2.9) or (£.14) in
that case given by,

2 2 _(P—3)2_(P—7)2 28—
A1+A2+<4 1 1 0 _8—7_p (4.16)

we obtain a quadratic relation in §, after substituting A and As from (K.15) in (4.1¢). So,

the equation has two roots given by,

_ 1 K 2(8—1p) _ _
§C) = ||K| = (/K2 464 2222242 — (Ny Ny + a2N, N 27
8c,A K] K| \/ + < T—p ¢ (N1Ny + a? Ny N3) cos >
1 2(8—1p) _ _
5§ = — ||k K2 +64 Z2—22242 — (NN + a®? Ny N: 2T
8c, A K| |K| + + T—p y ( 11V1 + a“ Ny 2)cos
(4.17)
where,
(N1 — N1)? Y (N — Ny)? -
K = (p—3)\/w +4N1 N, COSQT+a(p—7) T2 T + 4Ny Ny cos?2 T (4.18)

In (f17) 6¢) is bounded while §(+) is not when cos T’ approaches zero and so only the first
one is responsible for the open string tachyon condensation when either Ny # Ny or Ny #
Ny or both, i.e., the charged case. Let us point out some features of the solutions ()
First, the term in the square root should be positive for reality of the solutions. This in
general sets the bound for ¢,. Second, in order to get black Dp-brane, we know from (B.19)
that § = —2(6 — p)/(7 — p) < 0 and this implies that we need K < 0 for at least some
values of cosT'. It is obvious that when K > 0, the second equation in ({.17) can not be
satisfied for the negative §, but this is not obvious from the first one. We will show that
even for this case § can not be negative, therefore no solution exists for this § when K > 0.

Let us now put p = 4 and for our purpose of making connection with black D4-brane
we put Ny = Ny. Let us also for simplicity consider first the case of Ny = Nj i.e. the
chargeless D4/D4 system. Unlike the D0O-case discussed previously, here we need to fix
both Aj(= a3 + 31) and As(= az + B2) to be 2 and also from (B.12) § = —4/3. Indeed we
note from the general system given in (B.1]) and (B.9) that we have A; = oy + 31 = 2 and
Ay = ap = 2 and from (B.12) § = —4/3. Now by using the first equation of ([L.15) for the
present case, we get

Ny

2
_cosT = 2 4.1
A cos 3 (4.19)
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Note that we have used the plus sign of the rhs of the equation since with minus sign this
equation can not be satisfied. On the other hand from the second equation of (J.15) we
get,

CLN2

—cosT =2 4.20

A (4.20)
Here also plus sign is chosen as with the minus sign the equation can not be satisfied
except for some degenerate case which we ignore. These two imply that the solution exists
only if aNy = 3N; and now cosT = 8c4/3. Note that we have A = 4N; and K =
2(Ny — 3aN3) cosT = —16N7 cos T < 0 and this is consistent with our above observation.
Now in order for §’s to remain real (i.e. for the quantity inside the square root of eq. ({.17)

to remain positive) we have from ([L.17)

3

(Nl — 3(1N2)2

cos® T (4.21)
16

Since ¢4 is a constant, independent of the N’s and the value of cosT', we need to have the
following condition so that ([.21]) can always be satisfied,

> 3 [(Nl2 +a2N22) —

EERY
e (N1 — 3aNp)” } (4.22)

16

Now let us see what is the value of ¢4 for the present solution where alNo = 3N;. We
find from (f.29) ¢4 > 3/8. Now we have to see whether this condition is consistent with
the solution namely, cosT = 8¢4/3. It is obvious that this condition is consistent only for
the critical value ¢4 = 3/8 and cosT = 1. Actually for this case the square root in (l.17)
vanishes and so solves both the equations.® The explanation for the underlying picture is
the same as for the D0-case i.e. the system starts at the top of the potential and it has
the choice of either forming the brane-antibranes and subsequently annihilate each other
through open string tachyon condensation to end up with a Minkowski vacuum or forming
the regular horizon for the black D4 phase and subsequently decay to bubbles through
possible closed string tachyon condensation.

Let us next discuss the general case where N7 # Nj. It is in general quite involved
to discuss the solution directly from (f.17) and much easier to use eq. (f.15) with p = 4
instead. The second equation in this case has exactly the same form as before

aNs cos T'(aNg cos T — 2¢4A) =0 (4.23)

where we have used Ay = 2, and 6 = —4/3. Note that cosT # 0 comparing the same cos T
obtained from the first equation in ([L.15). Now since (p — 3)§/2 = —2/3 < 0, only the plus
sign can be taken in the first equation of ({.15) and the equation is,

\/4 LN 2 \/44N1N1 y Q= M) (4.24)

cﬁAQ cos2T 3 (12]\722 cﬁAQ cos2T

8 Again we see a meet point at cosT = 1 of the two branches for the chargeless case.
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where we have used aNycosT = 2c4A from eq. (f.2d) in some of the terms above. It is
clear from (§.24)) that in order to have a consistent equation we must have the following

constraint,
AN Ny
4.25
Further from the same equation (}£.24)) we also have,
a2N22(N1—N1)2 o 2 6N1N1 8 6N1N1 (4 26)
16(c3A2)2  \3  a2N3? ) \3  a2N3 '

where the positivity of the lhs of the above equation gives further, by considering ({£.29),

AN|N, 4
<=z 427
a?NZ 9 (4.27)

and also we solve from (f£.24) the following,”

cos? T = [N — Nl’
2aN3+/(1/3 — 3N1 N1 /a2N3)(4/3 — 3N1 N, Ja’N3)’
N[Ny — N
A% = a1 — Ny (4.28)

8v/(1/3 = 3NN, /a?N3)(4/3 — 3NN, /a2N3)’

where we have also used cosT = 2¢4A/aNs from eq. (£23). In obtaining (f-2§), we have
squared some equations and have not checked the consistencies that the term inside the
square root in (¢.17) remains positive. We need to check a few things before we can be claim

that the above solution indeed exists. Let us discuss under what conditions, a solution with
§ < 0 can exist. Let us first check the value of K in ([L1§). In this case we have

Ny — Ny )2 i
K= \/ (1721) + 4Ny Ny cos2 T — 6aNy cos T (4.29)
cos* T

We see that K is positively infinite when cosT — 0. So if the minimum value of K is
positive, then K is always positive. If this happens, then we expect a possible solution
from the first equation in (.17) only when

8 _
chAQ > (N1 Ny + a®N3) cos* T (4.30)

When K < 0 for certain values of cosT', then a solution is possible from the first equation
when the above inequality is reversed and from the second equation of ([.I7) in general.

So we now check the sign for K from the solution (4.2§). Using this in (4.1§) we get

K=-—

QG/NQ‘Nl —N1’ 7 3N1N1
1/4

[(1/3 - 3N1]\_71/a2N22)(4/3 — 3N1N1/a2N22)] 3 a2N22 > <0 (4.31)

9Note that the brane number N’s and the parameter a appearing in (.2§) should be constrained such
that cos®>T < 1 and also the constraint for ¢4 is not violated.
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This shows that (4.2§) may be a solution. Before we make sure this and know which one
in ([.17) actually solves this, let us evaluate the term with the square root in (f.17) and
we find

8 _
\/K2 + 64 [gcifp — (N1N1 + a?N3) cos? T]

3 a2N22

_ 2&N2|N1—N1| ( (4 32)

1 3N1N1>
[(1/3 — 3Ny Ny /a2 N2)(4/3 — 3Ny Ny /a2 N2)]*
where we made use of ([.27). From ([£31)) and (f.33) one can check directly that the
solution in ({.28) is indeed a solution of the second equation in (f.17) but not the first
one. This is entirely consistent with our expectation since now cosT # 1 and only the
unbounded channel (or the second solution of ([.17)) is associated with the regular horizon
formation as we conjectured.

As a closing remark in this section we emphasize that in this paper we have made
use of the semi-empirical relations, obtained previously in refs. [{, fi], between the SUGRA
parameters and microscopic physical parameters (number of branes, number of antibranes
and the open string tachyon parameter) of the (intersecting) non-susy brane system to
discuss the brane-antibrane annihilation process and the black brane formation and the
related phase transition. In particular, for the charged system we have shown that the
specific value of the parameter § for the black brane can only occur in the unbounded
channel. Given that the non-susy brane configuration represents the underlying brane-
antibrane system and in general cosT # 1 for the black brane value of ¢ in the second
expression, we can expect that the brane-antibrane in this case starts to annihilate from
cosT = 1 to the value of cosT corresponding to the black brane value of 4. At this
particular value of cos T, the system has a choice of either forming a regular horizon (the
possible closed string tachyon condensation will be taken over as discussed by Horowitz
to end up with a bubble of nothing) or continuing the annihilation so that § reaches its
bounded value. Then also a possible phase transition exists since the configuration becomes
complex there once § exceeds its bounded value and this is corroborated by the fact that
right at the bounded value of §, the corresponding configuration also has a horizon which
is null-singular. We are currently investigating the possible phase transitions related to the
different dynamics considered here. However, Horowitz’s picture of closed string tachyon
condensation of black brane doesn’t seem to apply for the p = 0 case and and it appears that
we need to lift the configuration to eleven dimensions. Whether our current investigation for
p = 0 case can be of any help in understanding the various phase transitions we mentioned
is to be seen.

5. Conclusion

To conclude, contrary to the common belief, we have argued in this paper that the non-susy
(non-extremal) p-branes are of only one type and not of two types. Usually it is known that
there are two possible ways of constructing the non-susy p-branes in type II supergravities
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and they are referred to as type 1 and type 2 in the literature [[1]. The type 1 metric has
the form

P
ds? = 4 (dr* + TQdQ?;fp) + 28 <—dt2 + Z(dml)2> (5.1)
i=1

in ten dimensions, where the functions A and B are quite general but depends on r only.
For the type 1 solution A, B satisfy

(p+1)B+ (T—p)A=InG (5.2)

where G(r) is an arbitrary function. Note that when G(r) = 1, the type 1 solution reduces
to the usual BPS p-brane solution. In ref. [[[] this solution is referred to as non-susy p-brane
solution and has been interpreted as p-brane/anti-p-brane (or non-BPS p-brane) solution.
On the other hand the type 2 metric has the form,

p
ds? = 4 (ftdr*+ r2dQ§,p) + 2B (—f dt* + Z(dwl)2> (5.3)
i=1

and now the function A and B satisfy
(p+1)B+(7T—p)A=0 (5.4)

just like a BPS p-brane. We have shown that type 2 solutions are in fact contained in
the generalized type 1 as a special case and therefore we only have one type of solutions,
namely, the type 1 solutions.

To show this we know that non-susy branes of type 1 can be of different kinds. That is,
there can be only one kind of brane involved or there can be intersections of many kinds of
branes, where the different branes can be either charged or chargeless under various form-
fields. We have argued that the type 2 p-brane solution can be regarded as intersecting
non-susy p-brane with chargeless non-susy 0-brane. We have shown this explicitly when the
type 2 solution is the usual black p-brane. So, we first constructed an intersecting solution
of non-susy p-brane with chargeless non-susy g-brane i.e. of type 1. This is constructed from
a non-susy g-brane solution delocalized in (p—q) transverse directions and then applying T-
dualities successively in all the delocalized directions. The resulting solution has (p — g+ 3)
independent parameters and is anisotropic in the delocalized directions. When we made
the solution isotropic (in the delocalized directions) by setting the parameters associated
with these directions equal, the solution has an isometry group ISO(1,q) x SO(p — q)
x SO(9 — p) and is dependent on four independent parameters. From this isometry we
recognized the solution to be intersecting non-susy p-brane with chargeless non-susy g¢-
brane. The non-susy g-brane is chargeless because there is no gauge field associated with
it, unlike the non-susy p-brane. The intersecting solution when both the branes are charged
is known explicitly only when p — g = 4 or 0. We have compared these solutions with the
ones we obtained in this paper. Next we showed that when we set ¢ = 0 i.e. when the
isometry group becomes R x ISO(p) x SO(9 — p), the resulting solution can be mapped to
the standard black p-brane solutions by a coordinate transformation when two of the four
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parameters (w, 6, J, as or w, 0, 61, d2) take some special (6 = —2(6 —p)/(7—p), aa =2 or
0 = —12/7, 09 = —1/7) values. This is expected since the black brane has two parameters
corresponding to its mass and the charge. This in turn shows that the black branes are
indeed of type 1 or intersecting non-susy p-brane with g-brane solution of special kind.

(Intersecting) non-susy branes of type 1 has a natural interpretation as (intersecting)
brane-antibrane systems. Since there are tachyons in the world-volume of these unstable
systems, they usually decay to BPS branes or Minkowski vacuum depending on the initial
charge of the system. This decay process (or the tachyon condensation) can be described
by relating the various SUGRA parameters appearing in the solution semi-empirically to
the microscopic physical parameters of the system. But in this process usually we do not
encounter the formation of a regular formation. We have demonstrated that this is because
there exists two disjoint processes, namely, the brane-antibrane annihilation process and
the black-brane related phase transition process in the parameter space of non-susy branes.
We have shown this by giving two concrete examples, namely the D0/D0 system and the
intersecting D4/D4 and chargeless DO/D0 system where the explicit relations between
the SUGRA parameters and the microscopic physical parameters are known. The brane-
antibrane annihilation process where the underlying dynamics is governed by the open
string tachyon condensation is much better understood and has been studied in specific
cases in refs. [{, f]. The other process, i.e., the regular horizon formation and the subsequent
evolution or transition to non-susy bubbles where the underlying dynamics is governed by
the possible closed string tachyon condensation except for the p = 0 case has been discussed
by Horowitz and others [[4, [J. The p = 0 case as well as other issues as mentioned in
the text are under current investigation and we hope to come back to these in a future
publication.
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