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Decay of False Vacua via Impurities in String Theories Yutaka Ookouchi

1. Introduction

Recent progress in string theories has been revealing that there exist a large number of metastable
vacua. This involved vacuum structure of string theories is called string landscape [M]. Among
such metastable vacua, if there is a vacuum corresponding to our universe, it has to have a small
positive cosmological constant. In the celebrated work [[], Kachru, Kallosh, Linde and Trivedi
(KKLT) proposed a scenario realizing de Sitter vacua in string theories. Since the KKLT vacuum
is metastable, it decays within a finite time-length. There are two kinds of instabilities to the KKLT
vacuum. One is destabilization of the volume-moduli and the other is annihilation of D3-branes
with background fluxes: To uplift the anti-de Sitter vacuum, KKLT added D3-branes at the tip of
the deformed conifold [@], and such anti-branes can decay with the background fluxes [B]. In this
paper, we discuss a catalytic effect for the latter decay process due to an impurity in the KKLT
setup. Since the decay process occurs quite near the tip of the conifold, we can treat the total
geometry as the non-compact Klebanov-Strassler (KS) geometry [H] without losing control. This
allows us to neglect gravitational effects in the four-dimensional spacetime and thus drastically
simplify the analysis of the vacuum lifetime. In this non-compact limit, the system is essentially
the same as the model studied by Kachru, Pearson and Verlinde (KPV) [B]. See ref. [B] for an
early work of a decay process of the KPV vacuum. Our goal is to examine the consequence of the
D3-brane impurity and its catalytic effect in the KKLT scenario, for which we need to take into
account nontrivial electromagnetic fields on the brane in the setup of [B] as we explain below.

As we explain in section B, In our setup, the D3-brane impurity behaves as a dyonic particle
in the four-dimensional Minkowski spacetime. This kind of solitonic object was firstly discussed
in [B] and later studied in various setups of string theories [[]. In this paper, we investigate further
on stringy metastable solitons and show that their existence makes the lifetime of the metastable
vacuum drastically shorter. The impurity enhances the bubble nucleation rate and causes a spatially
inhomogeneous decay of the vacuum.

The idea of catalysis induced by solitons was firstly pointed out in ref. [B] and applied to
phenomenological model building later [B, []. Also, it was discussed in the context of string
theory in ref. [[@]. In this paper, we would like to go a step further to a more involved but quite
interesting setup in string theory such as the KKLT model. The analysis of [B] works almost as is
even in the KKLT model, a difference from [B] is that we need to take into account the nontrivial
electric and magnetic fields induced on the NS5-brane due to the D3-brane impurity. We will study
how these fields affect the tunneling rate of the metastable vacuum by employing the thin-wall
approximation and numeric analysis.

The plan of the work is following. In section 2, we briefly review the geometry near the tip
of the deformed conifold [B] and the KPV metastable vacuum realized on it. Then we numerically
show dyonic solutions in the KPV metastable vacuum, which corresponds to the field configuration
before the bubble nucleation. In section 3, we study the catalytic effect induced by such dyonic
objects. By using the thin-wall approximation of the solutions, we show that the lifetime of the
vacuum becomes drastically shorter. Section 4 is devoted to discussions and conclusions. Interested
readers should refer to [[] for details of the analysis.
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2. A dyonic solution in the KPV metastable vacuum

The decay process proposed by KPV is the phase transition from the metastable vacuum of
the KKLT model to the supersymmetric true vacuum induced by annihilation of D3-branes and
background flux [B]. The KKLT model is realized on the deformed conifold background [B], whose
tip is round off at the radius 7> = %84/ 3¢2%/3 due to the background flux. The metric of the non-

vanishing sub-manifold at the tip T = 0 is given by [@, []

dsjs = bigMd [nuyditds” +d¥? +sin® ¥dQj) | 2.1

a0
\/ b(z)gXMoc’

Minkowski spacetime part of the geometry. Here, g

where i = x* (u=0,1,2,3) are the dimensionless coordinates in the four-dimensional

2 _ 43
0— 21/36(1)/2g_¢MOC’
0.9326 are constants defined in terms of ¢y ~ 0.7180, the string coupling constant g, the back-
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ground flux M = ﬁ Jss F3 and the deformation parameter €. As was discussed in the paper [B],
the D3-branes added to this background puff up by the Myers effect [[3] and make an NS5-brane
wrapping on S? of the background geometry (EI). According to the paper [[4], the total action of
the NS5-brane is given by

T;
S = _;;S/d%\/—det (gab+2ﬂgsa’§> - TNS/B6 ) 22

where Tys is the tension of the NS5-brane and 27o’ F =2na F> — C,. Then the decay of KPV
metastable vacuum is given as a tunneling process for the NS5-brane from the metastable vacuum

to the supersymmetric vacuum (see figure ).

Now, we introduce an impurity by wrapping a D3-brane on S? at 7 = 0. Since the RR 3-form
flux threads S°, a charge of the fundamental string is induced on the wrapped D3-brane [[3]. To
reconcile the charge conservation for the induced charge, we have to introduce the fundamental
string ending on the D3-brane and the NS5-brane. This object can be seen as a dyonic particle
from the viewpoint of Minkowski spacetime spanned by the NS5-brane (see figure &). When the
metastable vacuum decays in this setup, the D3-brane forms a bound state with the domain wall
created by the decay as follows. At the domain wall, the NS5-brane sweeps a portion of S* between
the loci corresponding to the metastable vacuum and the true vacuum. Thus the domain wall NS5-
brane and the dyonic D3-brane are on the top of each other on S*. In this case, the D3-brane
dissolves into the NS5-brane to form a bound state [[[A], and the effect of the D3-brane manifests
in the Lagrangian as the electromagnetic field on the NS5-brane.

Now we are ready to consider the Lagrangian describing the NS5-brane. Let us discuss the
electromagnetic field in the dimensionless coordinate Fy,ydx* Adx¥ = fuvdi“ Adx”. The diagonal
block corresponding to Minkowski spacetime of the matrix g, +27g,0t’F,;, can be represented as

(-14+¥H) Y +& 0 0

Y —& (1+¥?) 0 0
0 0 7 B ’
0 0 —P Psin’0

hig Mo/ x
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Figure 1: A schematic of the KPV vacuum decay. D3-branes added to the deformed conifold background
form a NS5-brane that resides at the metastable point at ¥ ~ 27p/ bgM . This vacuum decays to the super-
symmetric true vacuum corresponding to ¥ = 7 by reducing the background H3 flux by one unit.
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Figure 2: The D3-brane impurity behaves as a dyonic particle in the four-dimensional Minkowski spacetime
spanned by the NS5-brane. In the KPV vacuum decay the D3-brane dissolves into the domain wall made of
the NS5-brane to form a bound state.

where 7 is the dimensionless radial coordinate, and the NS5-brane is wrapping S? at ¥ = W(7, 7).

2mgsQ
2

The dot and prime denote 7 and 7 derivatives, respectively. % = =—B stands for the dimen-
0

sionless magnetic field multiplied by 7, which is a constant and proportional to the number of

the D3-branes added as the impurity. & = an;a’E is the electric field induced on the brane. Also

a

0
the diagonal block of the matrix g, + 27mg,'F,;, corresponding to the internal space dQ% in (ZT)
spanned by 0;, ¢ is given by

bg Mo sin> ¥ o (ﬂ:gs p—gM(¥— Lsin 2\1')) sin 6
4 (ngsp —gsM (¥ — 1sin 2‘1’)) sin 6; bigMa'sin® P sin® 6

where p is the number of the anti-D3-branes. Thus, the DBI action for the NS5-brane Spg; =
—%S Jd% \/ —det(gap + 278,07 ) = —167° g, M b 11sSppy is given by

. i . 1 1 2
SDBI Z/dldf\/l —\Pz—i-q”z—@ﬁz\/f“—i-%zn_\/béSiIl‘“P—i— (7;5— (‘P—zsiHZ‘P)) ,

where we defined us = Tysao/ 3. Also the Chern-Simons term in (E2) is written as, using the KS
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solution [H],

i 1
Scs = —Tys / Bs = “5/3 / (dV)4 / Cy = 167%g,M>bjus / drdi 7 <‘P—sin2‘{’) :
&8s s2 2

In total, the action is given by

S = 167 g M3biusS = 167 g M3 bl s / didi Z | 2.3)

<z

)
—VQ(‘P)\/I—‘I‘2+‘P/2—é"2\/74+%2+% <‘P—;sin2‘l’> : (2.4)

Here we defined V»(¥) by

1 1 ?
W(¥Y) = ﬂ\/bgsin“‘l‘—i— <7;‘5 - <‘P— 2sin2‘I’>> . (2.5)

& depends on 7, hence it is convenient to change the variable that is independent of 7. This can
be accomplished by the Legendre transformation in terms of the electric displacement & = %% =

Vo(P)& 4/ % (see [, IR]). Z is proportional to the number of the 3-form fluxes M and

that of the D3-branes added as the impurity. Then the new Lagrangian which is a function of %

and ¥ is given by

72

%:?—95:—¢V2(W)2(%+@2)+92 1—‘P2+‘P/2+”<‘P—;sin2‘P). (2.6)

To understand basic features of the KPV metastable vacuum and its decay, let us consider the
action with Z = & = 0. In this case, we can rewrite the action as

~ 1 i _ . 1 1.
S=4- / didid®d¢ i sin 0 [Vg(‘?) Vi-w2 pp2 g - (l}f zsmz\yﬂ QD

Once we put ¥ = 0, this action coincides with that for a homogeneous configuration shown in [3].
From this action, the potential energy for a static configuration is given by

\7(%2@20)«%(\1’)—% (‘P—;sin2‘1’>. (2.8)

As shown in figure B, this potential has a true vacuum at ¥ = 7 and a metastable point at ¥ ~
2np/ bgM [B]. The tunneling process proceeds from the metastable vacuum ¥ ~ 27p/ bgM to the
supersymmetric true vacuum ¥ = 7.

Now let us study inhomogeneous (¥ # 0) static solutions with &, % # 0 imposing the reg-
ularity at the center W/ (7 = 0) = 0 following [[¥]. These solutions correspond to the metastable
configuration before the tunneling process occurs. In figure B, we show numerical solutions of such
static configurations obtained using the relaxation method. At large 7, contributions of & and %
become negligible, and then the NS5-brane position converges to the KPV metastable point. As the
radius becomes small, the NS5-brane position ¥ becomes closer to ¥ = 7 for a purely magnetic
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Figure 3: Potential energy for a static NS5-brane with 2 = % = 0. Besides the global potential minimum
is at W = m, there is a local minimum at ¥ = 0.220, which is approximately given by ¥ = 27rp/béM when
p/M < 1 [3].
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Figure 4: Plots of static solutions for p/M = 0.03. The right panel shows purely magnetic solutions with
2 =0, where the red, green and blue lines correspond to 8 = 1.4, 0.3 and 0.001. The left panel shows the
purely electric solutions with 8 = 0 where the red, green and blue lines correspond to ¥ =1, 0.3 and 0.001.

solutions while it becomes closer to ¥ = 0 for a purely electric solutions. This behavior can be
understood as follows. Expanding the action to the leading order in & and 4, we find

() ()] e

where we recovered the angular integrals. Let us focus on the purely magnetic case first, for which

§DZ7r/d4f

only the first term is present in the above. We see that the energy density due to nonzero % becomes
larger as 7 becomes smaller. To compensate this energy increase, ¥ is forced to shift to smaller
value since V,(¥), defined by (E3), is an increasing function of W. On the other hand, in the purely
electric case, Vo(W) appears as the denominator of the second term, hence W becomes larger as 7
becomes smaller to make the total energy smaller.

It is worth noting that in the present setup, the 3-form flux M is a large number because the
curvature of the conifold should be large enough to make the supergravity approximation reliable.
When we wrap the D3 brane on the S*, M units of the fundamental charge are induced on it, which
means that & is proportional to M. Therefore, in our assumption, Z is larger than . In this case,
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from figure B, we expect that profile functions of the dyonic particles should be much similar to the
ones in the left panel of the figure. For this type of dyonic solutions, ¥ is shifted to larger value
around the center. This feature would enhance the phase transition from the metastable vacuum
since the configuration of the NS5-brane is pushed toward that of the true vacuum W = 7. In the
next section, we will confirm that the tunneling rate to the true vacuum is indeed enhanced when
nonzero % and & are present.

3. Numerical study of the decay rate

We studied static configurations of the NS5-branes in the previous section and observed that
the branes are bent near the origin of ¥ when a dyonic impurity exists at the origin. In this section,
by assuming the existence of a stable solution for an appropriate choice of the parameters %, 7,
we estimate the decay rate using the thin-wall approximation to the bubble.

3.1 Thin-wall approximation

The goal of this section is to construct solutions describing the phase transition from the
metastable KPV vacuum to the true vacuum. An obstacle for it is that the Lagrangian (ZZ8) de-
pends on both 7 and 7, hence one would need to solve two-dimensional partial differential equa-
tions to obtain such solutions. To simplify this problem we employ the thin-shell approxima-
tion for the domain wall, with which the profile of a domain wall is given by W = (Wnax —
Winin) [1 — G(F—R(f))] + Whin. Where 0 is the step function. The NS5-brane annihilates with
the background flux at the bubble wall, hence the electromagnetic field on the NS5-brane becomes
zero inside the bubble. Namely, we set & = ¥ = 0 for f < R. For this ansatz, the differen-
tials of W(7,7) become %‘f = —(Pmax — Pmin) 8 (F— (f)) af = (Pmax — Pmin)R()8 (F— R(7)),
and then the kinetic part of the Lagrangian (Z8) is approximated as \/1 — W2 + W2 ~ (¥ ax —

Whin)V 1 —R2S (r — ) Applying the above approximations to (Z), the action

~ R 9?2 R3 sin2¥
ot — [ df / di( Va(Pmin)y | P4+ B+ ——— = Vo (P )P | + o= [ Prnax — ———%
S /tlo r( 2( mn)\/ T W) 2(Pmax) 7 | 37 Wima 2

R3 i ZlPInlll Wiin
—(lpmin—sm >+/ d‘P<\/V2 2R+ )+ 22T R~ [Va(¥) 2$2+@2)]

R¥4 2
3.1)

To make this total action finite, we subtracted the action for the static solution R(%) = 0.
To see the physical meaning of (BI), let us study the potential energy of a static configuration

~ AmR3 R P2
ATV = —AV —47Vs (W in / di | [P+ B2+ —
3 2 )0 r(\/ i +V22(‘Pmm) '

ledX
+47r/ d‘P(\/Vz PR+ 22) + 22— \[Va(®) 2@2+@2> (3.2)
\Pmln

where we defined AV = 7 (Ppin) — ¥ (Pmax) with 7 (¥) = L[Vo(P) — 1 (¥ — 1sin2¥)]. The
first term is the energy deficit due to the true vacuum inside the bubble. The second term is the
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energy deficit due to disappearance of the electromagnetic fields inside the bubble. The third term
corresponds to the surface energy of the bubble originating from the tension and electromagnetic
fields on it.

3.2 Bounce action

Now, we are ready to study a catalytic decay of the KPV metastable vacuum. To estimate the
decay rate, we use Coleman’s method [[4] and proceed basically along the lines of [[A]. Let us
first introduce functions defined by

T(R,%’,@)z—/ e\ V(R R (R + ) + 72

max

R3 1
H(R,A,7)= gy (‘Pmax —Woin — 3 —sin2%¥nax + = 5 s1n2‘Pmm) +T(R=0,%,9)

— Vo (¥ max / dr # + V2 (Pmin / dr\/r“—l—f%’2
Inm)

With these functions, the Euclidean action can be written as

Siot — /dr H(R.3,7)+ T(R 2,20V (3.3)

When p/M is small, which is necessary for neglecting the back-reaction of the D3-branes, the
angular coordinate at the metastable vacuum is approximately given by Wi, = 27p/ b M [B].

for the maximum value of ¥, we simply assume the value for the supersymmetric vacuum, namely
Whax = 7. Below, we show the dimensionless effective potential defined by V=-H (R,B,2)+
T(R,%,2) for several values of & and 2. In figure B, we choose 2 = 0, p/M = 0.08. The blue,
green and red lines correspond to Z = 0.01, 0.3 and 1 respectively. From the right panel of the
figure B, one sees that there exists a metastable point at nonzero R. We denote this minimum Rjp;.
The effective potential for the case # = 0, Z # 0 show similar features.

\% \%
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1500}
0.06}

1000}
0.04}

500¢
0.02}

R
20 40 60 80 : ‘ ‘ ‘ R
_500/ 005 010 015 0620 625 030 0.35
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Figure S: Plots of the dimensionless potential V with p/M =0.08. We choose 2 = 0 and the blue, green
and red lines correspond to 8 = 0.01, 0.3 and 1 respectively. In the right panel, we magnify the functions
around R = 0.15. Each curve has a local minimum at R = R;,; > 0, at which the domain wall before the
vacuum decay resides.

By using the initial condition given by R = Ry, and R = 0 at T = 0, the conserved Hamiltonian

can be represented as T(R’l'i\/%f) =H(R,#,2)—H(Rini,B,2)+ T (Rini, B, ), which can be used
+
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to eliminate R from the bounce action. Also, to obtain the bounce action we subtract the action for
the static solution R = Rjy;

%Eb = Sg — Sg(Rini) = / 4T |-H(R.2,9)+ T(R 2, 9)V1+ R~ K|

R,
_ / dR\|T(R, B, 2~ (H(R,B,2) +K)? . (3.4)
Rini

where we introduced Ko = —H (Rini, B, 2) + T (Rini, B, D).

In figure B, we show numerical values of the bounce action (B4) and its dependence on %
and . The main feature of the result is that the bounce action decreases as % or ¥ increases.
The effect of # and & is significant mainly in the small 7 region, and in such a region the total

action (B3) depends on & and ¥ through a combination \/ B>+ D2/ sz (Wmin)- This dependence
would be the origin of behavior of the bounce action shown in figure B, where the bounce action
decreases linearly with respect to % when & = 0 (left panel) while the behavior becomes more
involved when both Z and & are turned on (right panel of figure H). The tunneling probability is
an exponential of the bounce action, and hence we may conclude that nonzero % and & enhances
the tunneling probability significantly. The # and & fields are nothing but the manifestation of
the D3-brane impurities we introduced, and in this sense one concludes that the KPV vacuum is

efficiently catalyzed by such impurities to decay to the true vacua.

B, B,
EO EO
1.000}- 1.00r,.,
0.998 . 0.99F ’
0.996F 0.98F
9941 -
099 0.97}
0.992}
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Figure 6: Numerical values of the bounce action for p/M = 0.08 normalized by By which is the bounce
action for # = 2 = 0. In the left panel, we show the Z dependence of the bounce action for 2 = 0. In
the right panel, we show the & dependence when 28 = 0.4. In both cases, as % or 9 increases, the bounce
action becomes smaller.

4. Discussions and conclusions

In this work, we focused on the decay of metastable vacua in Type IIB string theory and
investigated the catalytic effect induced by D3-branes wrapped on S* at the tip of the deformed
conifold. We first studied the bound state of the D3-brane and domain wall NS5-brane which con-
nects the metastable vacuum to true vacuum. We found that a dyonic particle induces instability of
the metastable state near the particle. Then, we estimated the decay rate employing the Coleman’s
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method and the thin-wall approximation. We showed that the life-time of the metastable vacuum
becomes shorter when non-vanishing electromagnetic field is present. We also pointed out that
this type of the vacuum decay may occur even in the de Sitter vacuum in the KKLT scenario if
D3-brane impurities are present.

In this work we neglected the gravitational effects in the four-dimensional spacetime by taking
the decoupling limit and focusing on the tip of the deformed conifold. It is desirable to improve
our analysis taking the gravitational effect into account, so that we can study the influences of the
vacuum decay discussed in this work to the de Sitter universe realized in the KKLT scenario. For
example, catalysis of the phase transition due to the black holes and compact objects were dis-
cussed in ref. [20] taking the gravitational effect into account. Though the “catalyst” in our setup is
a stringy particle and qualitatively different from theirs, it would be fruitful to make connection be-
tween these catalytic processes to gain deeper insight into the phenomenology in the early universe
and to find observational evidence of the background theory governing it.

This decay process is associated with a dyonically charged spherical domain wall, and it might
be interesting to examine its observational signature in our universe. In some cases, such spherical
domain walls collapse to form black holes. Studying the dynamics and observational consequences
of such spherical domain walls employing techniques of, e.g., ref. [Zl] would be one of possible
future directions of our study.
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