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Recently, some authors have considered the quantum spectrum of black holes. This consideration is extended to tachyonic black
holes in a brane-anti-brane system. In this study, black holes are constructed from two branes which are connected by a
tachyonic tube. As the branes come closer to each other, they evolve and make a transition to thermal black branes. It will be
shown that the spectrum of these black holes depends on the tachyonic potential and the separation distance between the

branes. By decreasing the separation distance, more energy emerges and the spectrum of the black hole increases.

1. Introduction

Of late, some scientists suggested a more exact black hole
effective temperature with reference to the quantum spec-
trum of black holes [1, 2]. This temperature includes both
the nonthermal Hawking radiation and the radiation of sub-
sequent Hawking quanta. In [1, 2], it was shown that the
quantization depends on the quantum quasi-normal modes
of the black hole, but there were certain approximations
implicitly made in those calculations. In [3], Corda extended
the previous calculations by removing these approximations,
and obtained corrected expressions for the quantization and
thereby also for the Bekenstein-Hawking entropy. Other
researchers [4, 5] using different methods have also obtained
the black hole spectrum. Motivated by these works, we con-
sider the quantum spectrum of tachyonic black holes in a
brane-anti-brane system. These black holes are constructed
from a pair of branes and anti-branes which are connected
by a tachyonic tube [6-8]. By decreasing the separation dis-
tance between branes, the tachyonic potential between them
grows and the tachyonic black holes emit more spectra.

The outline of this paper is as follows: In Section 2, we
calculate the quantum spectrum for tachyonic black holes,
which are constructed from a brane, an anti-brane, and a
tachyonic tube. In Section 3, we generalize this discussion

to thermal black holes. The last section is devoted to a sum-
mary and conclusion.

2. The Quantum Spectrum for Tachyonic
Black Holes:

In this section, we will firstly consider a system of a brane and
an anti-brane which are connected by a tachyonic tube. By
increasing the tachyonic potential between the branes, this
system evolves to a black hole. We will calculate the spectrum
of this tachyonic black hole. In [3], it was shown that the
entropy for the black hole is given by

SBH=47T(M2— g) (1)

where 7 is the number of quantum states, and M is the energy
of the black hole. Now, we wish to calculate the energy of the
tachyonic black hole. For a black hole in the brane-anti-brane
system, the total potential energy can be obtained by summing
over the potentials of the branes and the spaces between them:

Vtot = Vbrane + Vextra’ (2)

The extra potential is a function of the fields which can
move between the branes. Such fields transmit forces between
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the branes, playing a major role in the evolution of the black
holes located on the branes. These fields turn out to be
tachyons.

To build a tachyonic black hole in this theory and calcu-
late the tachyonic potential, consider a set of D3-D3-brane
pairs situated at z; =1/2 and z, = —I/2, respectively, as shown
in Figure 1. z is the transverse coordinate to the branes, and o
is the radius on the world-volume. The induced metric on the
brane is

yoydotdo? = —dr* + (1 +z (0)2) do” + o (d6° + sin6d¢?).
3)

For the case of a single D3-D3-brane pair with open
string tachyon, the action is [9, 10]:

2
Stot—extra =13 J d90 Z V(TA, l)eigb (\/ —det Az) (4)

i=1

TA*P ,
(A = (gMN - TgMzgzN> aax?/[abxfw +Fy,
+ % ((DaTA)(DbTA)* + (DQTA)*(DbTA))

+ il(gaz + ar/lzigzz)(TA(I)IJTA))’F - TA*(DbTA))
+ ll(TA(DaTA)* - TA*(DaTA))(gbz + abzigzz)’
(5)

where

Q=1+TA*Pg,,
D,TA=0,TA-i(A,,~A,,)TA, V(TA,I
=g, V(TAVQ, (6)

R\ 12
e = 9 (1 + ?> >

The quantities ¢, A, ,, and F, are the dilaton field, gauge
fields, and field strength, respectively, on the world-volume
of the non-BPS brane. TA is the tachyon field, 7, the brane
tension, and V(TA) the tachyon potential. Indices a, b stand
for the tangent directions of the D-branes, whereas the indi-
ces M, N run over the background ten-dimensional space-
time directions. The indices i =1 and 2 represent the Dp
-brane and the anti-Dp-brane, respectively. Then, the dis-
tance between the D-branes is given by z, —z, =I. In the
above action, we use units such that 27za’ = 1.

In writing the action of the D3-brane, we assume that
that o is dependant only on the tachyon field TA, and that
the gauge fields are zero. Thus, in the region 7 > R and TA' ~
constant, the action (5) is

Spy~ —EJ dtj doa?V(TA) (\/Drs + v/Damn)» ()

S
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FIGURE 1: Pair of D3-D3-brane pairs at z, =1/2 and z, = -1/2.

where D, 1, =D, 4 =Dy, V5 = 47%/3 is the volume of a unit
sphere S* and

N2
Dy =1+ G (Z) +TAP, (8)

where a prime denotes a derivative with respect to 0. We make
use of the potential [11-13]:

T3

V(TA) = ———————.
(T4) cosh /nTA

©)

To calculate the energy-momentum tensor, we have to take
the functional derivative of the action with respect to metric

I €0 TMN = (2//~det g) (8818 gy )- We get [7, 8],

T?,Obrane = V(TA) V Di’ (10)

After doing some calculations and using some approxima-
tions, we obtain

™

i,brane

=73+ Vbrane’ (11)

where

TA g |'(e)?
Vbrane =T;3 |:\/EZ :l [1 + 672\/7?TA} ! X [% + Tf'\zl2

(12)

This potential depends on the distance between the two
branes and on the tachyon. The effects of the other branes have
to be taken into account to get the change of the parameters
with time. It will be shown that as the branes approach each
other; the tachyons generate a wormhole connecting the branes
which then transmits energy into the black hole from the extra
dimensions.
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Thus far, we have assumed that the tachyon field changes
slowly (TA ~ /> = t), whilst neglecting TA' = 9TA/do and
TA =0TA/0t. Now, we consider the tachyon field to be
changing rapidly as the distance between the brane and anti-

brane decreases. So we cannot neglect TA' and TA. A new
wormbhole forms. During this time, the black hole changes
from a nonphantom phase to a new phantom phase. Thus,
the phantom-dominated era of the black hole accelerates,
ending up in a big-rip singularity. In such a case, the action
(5) becomes:

L= -;_j do0V(TA) (vDria + /Do) (13)

where

ZI(G)Z A2 12 272
D1,TA=D2,TAEDTA=1+T+TA -TA” + TA'F,
(14)

and where it is assumed that TAl < TA'. Next, the Hamilto-
nian related to the above Lagrangian is studied. The canoni-
cal momentum density is needed to derive the Hamiltonian,

i.e., IT = OL/OTA associated with the tachyon, that is

V(TA)TA
\/1 + (l'(0)2/4) +TA2-TA"

Il= , (15)

and the Hamiltonian is
Hppy = 471J dod*TITA - L. (16)

Now, we choose TA =2TA’, and obtain
. 1 1
Hpp = 4nJ doo? [n (TA - ETA')} + 5 TAD, (ITo*) - L.

(17)

In the second step of the above equation, we have inte-
grated the term proportional to TA by parts. This indicates
that the tachyon can be studied as a Lagrange multiplier by
imposing the constraint 0, (IT6>V(TA)) = 0 on the canonical
momentum. By solving the above equation, we get:

B

~ 402’ (18)

where f3 = constant. By (16) and (18), we get:

') i 2p
Hpg = | doV(TA)/1+ ) +TA” + TA*F Fppgys

(19)

B
Fow=a*y[1+ 2. (20)

We then vary (20), and calculate the equation of motion
for I(o):

!
! FDBI

4.1+ (l’(o)2/4>

= 0. (21)

The solution to this equation is

-1 ~ ( ”i;ﬁz>
—1) =4J do' \V°"/

(o) = 4J°° do (FLI(G) )

Fppi(0p)
(22)

This solution represents a wormhole with a finite size
throat for non-zero o, (see Figure 1). Using equations (15),

(18), and (22) and assuming that TA? = TA’Z, we obtain

- Jaof ]| e [ )] e

4
o -0

We see from this that the tachyons depend on the coordi-
nates of the branes and the size of the throat of the wormhole.
By decreasing the distance between the branes, the tachyons
expand and more energy is transmitted from the extra
dimensions into the brane and thus the black hole expands.

The potential between branes can be obtained from equa-
tion (20):

Hpgy =T + Vi (24)
3t

Vtot = 0_;J davbraneFDBI’ (25)

Fy=o®y/1+ £ (26)

o4’

The energy density may be calculated from equations
(20) and (26):

00 00
Ti,brane = J dOTi,brane+extra = J dGV(TA) DTAFDBI = Vtot’
(27)
where T{p .. is the energy of the brane and T{p . \exra IS

the energy of the brane-anti-brane and tube. Putting the
energy density in equation (27) equal to the energy density
in equation (11), we obtain:

T3+ Vbrane = Vtot’ (28)

37, B
T3+ Vbrane = FJ do-VbrameO'2 I+ ; . (29)



By multiplying equation (29) by ¢°, and by differenti-
ating with respect to the cosmic time, we get

3070 Vipane + 0V = =37,020 + 37507 Vi et/ 1 + é
o
(30)
For S« 1, we obtain
i — _Vbrane ) (31)
o 313+ [3 - 3‘[3]Vbrane

Solving equations (32), (22), (23), (29), and (31) simul-
taneously, we obtain

VL [BlAw [t} - 1] {\/H [(W/ t4—tg>ﬂ

2

S )

r 2

) el [ (220

Vit =T3 + T3

(32)
Substituting energy (32) in equation (1), we obtain
n
Spu = 477((Vtot)2 - 5)’

1
tot ™ 4n_th .

(33)

1/2

o <w,>z <1— (w/w')2(1/04))

E v (1 + (w/w’)z((l + y‘z)/a‘*))

(1 - ((3T3 + [3 - 3T3} Vbrane/‘./brane)/1 + Vbrane V;rzane) ’ (1/0’4)>
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The above equations show that by decreasing the dis-
tance between branes, the tachyonic energy increases. This
causes the quantum spectrum of the black hole to grow
and the entropy increases.

3. The Quantum Spectrum of Thermal
Tachyonic Black Branes

In this section, we will generalize the method in the previous
section to thermal black branes. We will show that branes
move with high acceleration towards each other. This accel-
eration produces a curved space-time and creates a horizon
around the system. This causes the system to evolve and
make a transition to a system of black branes.

To achieve these aims, we begin with the equation of
motion for the tachyons as follows:

0°TA  0’TA _

o072 " do? (34)

By using (31), we can write the following reparame-
terizations

2
_ 2 _ —
P=P0 =Py 5 W=

315+ [3 - 3T3]Vbrane 7= YJt dc's YUZ
g > 2 ‘
0

Vbrane
(35)

Using the above expression and doing the following
calculations:

(- @15 [ - s

we obtain

0
axﬂ

N

(o (o] s A0, (3)

Xy

where x; =p, x,=7 and the metric elements become

-2
1 ( 1+ Vbrane Vbrane

2
ﬁz 3T3 + [3 - 373]Vbrane/Vbrane> (1 +

—(gﬁ)_l,

. . 2
((313 + [3 - 3T3]Vbrane/vbrane)/l + Vbrane beane) ((1 + V_z)/a4)>

PP
729

(38)
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where we have assumed (0TA/0t = 0TA/d7 =2(dTA/d0)).
Now, we can compare the elements with the line element
of one black D3-brane [14]:

ds’=D2H " (—fde + dx}) + DV H ' (dx) + dx))
+D 2" (fdr’ + erQS)Z,

(39)
where
4
o
f = 1 - 7"74’ (40)
_ 1’4
H=1+ —2 sinh’a, (41)
r
D' = cos’e + H! sin’e, (42)
1
cose= ———— |
43
1+ (Blo*) (43)
Equations (38) and (43) lead to
2
f_1_L§~ _<w,) 14
T w o
. 2
=1- <3T3 + [3 B 3T3]Vbrane/vbrane> i
2 1’
1+ Vbrane Vbrane g
4 2 -2
o . w\* (1+y )
H—1+F sinh oc~1+(g> i
. 2 5
=1+ <3T3 + [3 - 3T3]Vbrane/Vbrane> (1 + Y )
2 VR
I+ Vbrane Vbrane g
D! = cos’e + H 'sin’e
1
w 2
=1=r~0,1y~ (—,) ) (1 +y’2) ~ sinh?a.
w
(44)

The temperature of the Blon system is T = 1/7r, cosh «
[7]. As a result, the temperature of the brane-anti-brane sys-
tem can be calculated as

N 12
T=— =2 |—
argcosha  m\ w
.2 172
- Z 1+ Vbrane Vbrane
T 3T3 + [3 - 3T3]Vbrane/vbrane

The above equation shows that the temperature of ther-
mal tachyonic black branes depends on the tachyonic poten-
tial and its changes with respect to time. By increasing the
tachyonic potential, the temperature of the system grows
and tends to large values.

(45)

Like the previous section, we obtain the energy b using
the energy-momentum tensor for the black D3-brane [7]
and write

2
Vit = J doT® = J daﬂ7 T}sry(5+4 sinh’a)
2

n w\?,
~7T§B<g) (9+77)

1

n? 375+ [3 =375 Virane! V :

- ? T?)3 3 [ TS] }Jr_a;e brane (9 + y—Z),
1+ Vbrane Vbrane

(46)

Substituting the energy (46) in equation (1), we obtain

g) . (47)

Spy = 47 ((Vtot)z -
The above equation shows that the spectrum of the ther-
mal tachyonic black branes depends on the tachyonic poten-
tial and its changes in terms of time. If the velocity of change
in the tachyonic potential increases, branes move towards
each other with high acceleration, and greater energy is pro-
duced in the system. This extra energy can be seen as the
extra spectrum around black branes.

4. Results and Discussion

In this research, we have shown that by decreasing the sepa-
ration between branes, the tachyonic energy increases. This
causes the quantum spectrum of the black hole to grow and
the entropy increases. Also, we have found that the spectrum
of the thermal tachyonic black branes depends on the tachyo-
nic potential and its change in terms of time. If the velocity of
change in the tachyonic potential increases, branes move
towards each other with high acceleration, and greater energy
is produced in the system. This extra energy can be seen as
the extra spectrum around black branes.

A question that arises is whether we could calculate the
entropy of a Bohr-like black hole for this system? In the Bohr
system, particles like electrons move around the black hole,
and the entropy can be calculated by summing over all quan-
tum states. As equation (37) shows, in a brane-anti-brane
manifold, particles like scalar, Dirac, and tachyon fields move
and experience a curved space-time. Also, the black hole
entropy has a thermodynamical relation with the black holes
mass:

M
BH

TBH

- (48)

SBH

where Mpy is the black hole mass, and T'yy; is the black hole
temperature. Usually, the black hole temperature has the
relation below with the black hole mass:

TR (49)



Consequently, the black hole entropy has the relation
below with the black hole mass:

Sp ~ (MBH)2+' (50)

The above result is semiclassical. However, by consider-
ing quantum states, we again arrive at equation (1). Thus, this
model could be applied to tachyonic black holes also.

Another question that may arise is why we choose this
special tachyonic potential. This is a very-well known poten-
tial in string theory, which is used in most studies for the
action of brane-anti-branes. This action produces a potential
with one minimum which is a stable result. Although there
are more forms for the potentials [15-17], this potential
yields better results. In addition, potentials with more than
one minimum may affect the stability of the tachyonic black
hole. In these conditions, a system may evolve from a state
with one minimum tachyonic potential to another one, and
many parameters change. These changes can make the system
unstable. For these potentials, there are two horizons related to
different minima of energy (7},i,0n1 = X1> Thorizonz = X2)> and
three regions (x < x;,x > x,,x, <x < x;) appear. Some parti-
cles are confined between two horizons (7,002 < X < Thorizon1)
and evolve between them. Also, two horizons ("},1,0n1> "horizon2
may interact with each other, change and the system becomes
unstable.

5. Conclusions

In this research, we have obtained the quantum spectrum of
tachyonic black holes in brane-anti-brane systems. These
black holes are built from a pair of branes and anti-branes
which are connected by a thermal tube. This tube is produced
by a tachyonic potential between the branes. By decreasing
the distance between the branes, the potential of the tachyons
increase, and the energy of the system increases. Conse-
quently, this black hole radiates extra energy, and the quan-
tum spectrum of black hole increases.
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