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Abstract: Using gauge/gravity duality, we investigate the string breaking and dissolution of two heavy quarks

coupled to a light quark at finite temperature. It is found that three configurations of QQg exist with the increase in
separation distance for heavy quarks in the confined phase. Furthermore, string breaking occurs at the distance
Lpgg = 1.27 fm (T = 0.1 GeV) for the decay mode QQq — Qqq + Qg. In the deconfined phase, QQq melts at a cer-
tain distance and then becomes free quarks. Finally, we compare the potential of QQq with that of QQ, and it is

found that QQ is more stable than QQq at high temperatures.
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I. INTRODUCTION

With over 20 years of development, gauge/gravity du-
ality has become a useful tool to deal with the QCD prob-
lem through gravitational theory. Quark-antiquark poten-
tial is one of the hottest topics in holographic QCD be-
cause heavy quarkonia are among the most sensitive
probes used in the experimental study of quark-gluon
plasma (QGP) and its properties. The holographic poten-
tial of the quark-antiquark pair was first recorded in Ref.
[1]. It was found that the quark-antiquark potential exhib-
its a purely Coulombian (non-confining) behavior and
agrees with a conformal gauge theory. Soon after, the po-
tential at finite temperature was discussed in [2, 3]. The
deformed AdSs model and Einstein-Maxwell-Dilation
models were used to calculate the quark-antiquark poten-
tial in these studies [4-27].

Moreover, the recent discovery of a doubly charmed
baryon (DHB) E..+ through LHCb experiments at CERN
[28, 29] has reinforced interest in the search for a theoret-
ical description of doubly heavy baryons. Inside a DHB,
there is a heavy diquark and light quark. Because the
heavy quark in a DHB is almost near its mass shell, it is
reasonable to expect the heavy quark limit to be applic-
able in this system [30]. Although lattice gauge theory re-
mains a basic tool for studying nonperturbative phenom-

ena in QCD, it has achieved limited results on QQq po-
tentials to date [31, 32].

In recent years, the multi-quark potential from the
holographic model has been discussed by Oleg Andreev
in Refs. [33—37]. In this effective string model, heavy
quarks are connected by string to a baryon vertex, whose
action is given by a five brane wrapped around an intern-
al space, and a light quark is a tachyon field coupled to
the worldsheet boundary. The main reason for pursuing
this model is that its results on the quark-antiquark and
three-quark potentials are consistent with lattice calcula-
tions and QCD phenomenology [4, 33—37]. The techno-
logy we use to extract the QQq potential is same as that
in lattice QCD [38]. The QQgq potential is extracted from
the expectation value of the QQq Wilson loop
Wopq(R,T). The OOg Wilson loop is constructed from
the heavy-quark trajectories and light-quark propagator.
Hence, we investigate the QQq potential at finite temper-
ature in this paper using gauge/gravity duality.

The remainder of this paper is organized as follows:
We establish the different configurations of string at fi-
nite temperature in Sec. II. Then, we numerically solve
these configurations at different temperatures and provide
a discussion in Sec. IIl. In Sec. IV, we discuss string
breaking for the confined phase. Finally, the summary
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and conclusion are given in Sec. V.

II. CONNECTED STRING CONFIGURATION

First, we briefly review the holographic model used in
the paper. Following Ref. [35], this background metric at
finite temperature is

2 R2 > — —sr
ds? =" = (f(IAF +d7 + £ ()dr?) + 7" g8 de dao’.
(1)

This model parameterized by s is a one-parameter de-
formation of Euclidean AdSs space with a constant radi-
us R, and a five-dimensional compact space (sphere) X,
whose coordinates are w” and f(r), is a blackening factor.
The Nambu-Goto action of a string is expressed as

1 1 T
= 2
S — f(; do fo dr+fy, 2)

where y is an induced metric on the string world-sheet
(with a Euclidean signature). For AdSs space, f(r)=
1-r*/r} with the boundary conditions f(0)=1 and

f(rn) =0. ry, is the position of the black hole (brane). The
Hawking temperature identified with the temperature of a
dual gauge theory can be defined as T = (1/4n)|0,f|,-,, .
The motivations for this metric have been clarified in
Ref. [35]. However, such a deformed AdSs metric leads
to linear Regge-like spectra for mesons [39, 40] and the
Cornell potential of a quark-antiquark [4]. The deformed
metric satisfies the thermodynamics of lattice [41].

Subsequently, we introduce the baryon vertex. Ac-
cording to the AdS/CFT correspondence, this is a five
brane [42]. At leading order in o', the brane action is
Svert = T5 X f dé¢ \/W , where 75 is the brane tension, and
& are the world-volume coordinates. Because the brane is
wrapped around the internal space, it appears point-like in
AdS 5. We choose a static gauge £° = ¢ and £ = 6* with ¢¢
coordinates on X. Thus, the action is

—2sr?
dt=— (. 3)

r

Svert =Ty

where 7, is a dimensionless parameter defined by 7, =
T5sRvol(X), and vol(X) is a volume of X.

Finally, we consider that the light quark at string end-
points is a tachyon field, which couples to the world-
sheet boundary via S, = f dre T’ this is the usual sigma-
model action for a string propagating in the tachyon back-
ground [43]. The integral is over a world-sheet boundary
parameterized by 7, and e is a boundary metric. We con-
sider a constant background T(x,r) = Ty and worldsheets

whose boundaries are lines in the ¢ direction. Thus, the
action can be written as

Sq=m [ =T, @)

where m = R Ty. This is the action of a point particle of
mass 7T, at rest. We choose the model parameters as fol-

R? .

lows: g= ——, k= T—,andn: @.
2na’ 3g

A. Small L

The configuration of QQq is plotted in Fig. 1. The
total action is the sum of the Nambu-Goto actions plus
the actions for the vertex and background scalar.

3
S=) S\ +Swen+Sy (5)
i=1

If we choose the static gauge &' =t and &> = r, the bound-
ary conditions for x(r) become

L L
WO =-3. PO=3. )=10(r)=0. (6

The action can now be written as

" dr s
S =gT(2 fo 3¢ 1+ () (0,
+ f %e”z 1+ £ (8,%)?
2517 L
\/f(rq)), (7

) +n=—
ry Vq
where 9,x=0x/0r and T = fOT dr. We consider the first
term in (7), which corresponds to string (1) and (2) in
Fig. 1. The equation of motion (EoM) for x(r) can be ob-
tained from the Euler-Lagrange equation. Thus, we have

+3kS

sr?
w(r)f(r)d,x W(r) = e_. ®)

1+ () @0 ’ a

I is a constant. At r,, we have 0,x],_, =cota with & >0
and

I =

w(ry) f(ry)cota

1+ () (cota/)z.

I= 9)

0,x can be solved as
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-L/2 0 L2

Fig. 1.
separation distance of a heavy-quark pair. The heavy quarks Q

(color online) Static string configuration at a small

are placed on the x-axis, while the light quark g and baryon
vertex V are on the r-axis at r=r, and r = r,, respectively. The
quarks and baryon vertex are connected by the blue string.
The force exerted on the vertex and light quark are depicted
by the black arrows. r, is the position of the black-hole hori-
zon. r,, is the position of a soft wall in the confined phase.

W) f(r,)?

9,x = :
' \/(f (ry) +tan? @) w(r2 f(n? = f(rw(r)? f(r,)?
(10)

Using (10), the integral over [0,r,] of dr is

T d
L:Zf Sar. (11)
0 dr

L is a function of r,, a, and r, (or equally, temperature).
The energy of string (1) can be found from the first term
of (7).

S " d 2
Er=7 =gf0 r_zres, 1+ £(r) (0,x)°. (12)

1

5, We have the
E

Subtracting the divergent term g fom dr

regularized energy:

S e 1 2 1
E === f (—esr V1 +f(r)(6rx)2——)dr— LA
T 0 r2 I"z ry

(13)

Here, ¢ is a normalization constant. Because string (2)
produces the same results, we move to string (3), whose
action is given by the second term in (7). This string is a
straight string stretched between the vertex and light. The
energy can be calculated as

odr -
E=g [ e (14)

r,

Now, we can present the energy of the configuration.
From (7), it follows that

"y 1 sP 1
Eooq =g(2f0 (r—ze V1 + f(r) (0,x)* = r—z)dr

2

2 Todr s 2575
——+f e en—f(ry)
ry rn T rq
—2sr?
+3k f(rq))+2c. (15)
ry

The energy is also a function of r,, a, and r,. There
are two steps to be compeleted: The first is to determine
the position of the light quark, which is a function of tem-
perature, and the second is to determine a. To achieve
this goal, the net forces exerted on the light quark and
vertex vanish. We first write the force balance equation
of the light quark as

f,+€,=0. (16)

By varying the action with respect to r,, it is found that

fq=(0.—gnd, ((e:/ry) F(rp)) and ¢, = gw(ry)(0,-1).

Hence, the force balance equation becomes

292 /f(rq) +2n (—1 + rgs) flrp)+nryf'(ry)=0. (17)

Note that r, (the position of the light quark) is only a
function of r,. At fixed temperature, r, can be fixed via
the above equation. The force balance equation on the
vertex is

e1+e2+e3+fV=0. (18)

e; is the string tension, which can be calculated in the
same manner as in Ref. [37]. As a result, the force on the

vertex is fv=(0,—3gk8,v ((6_2”‘; /ry) A/ f(rv)>), and the

string tensions are

e =gw<rv>[— o 2 ]
Vtanla+ f(r,)  f(r)cotta+1
_ fr) I
2= gw(rv)[ \/tan2a+f(rv)’ Vf(r)cota + 1 ]’

e3 = gw(n,)(0,1).
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The non-trivial component of the force balance equation
is

Ze3sr; 1-

) +6(k+4ksr?) \f(r)

1+ cota? f(r,)
_3krvf’(rv) -0

V()

This equation provides the relationship between r, and «
when the temperature is fixed. With (15) and (17), we can
numerically solve the energy at small L.

(19)

B. Intermediate L

The total action in the configuration plotted in Fig. 2
is expressed as

2
S =Zs§g+svm+sq. (20)
i=1

We still choose the same static gauge as before. The
boundary conditions then take the form

L L ;
WO =-3, 2O=3 =0 @D

In this configuration, the expressions (11) and (13) still
hold. Naturally, we can express the total energy of the
string without the contribution from string (3) as follows:

nl 5 1 2
EQQq=g(2f0 (r—ze 1+ f()(0:x) _ﬁ)dr_Z

Lsr? -

Lsr? 2sr?
L JF )+ 3k , VI +2¢. (22)

ry T,

€
+n

The force balance equation at the point r = r, is
ei+er+f,+f,=0. (23)

Each force is given by

—2s17

f= (0,—3gkar‘, (e \/f(rv))),

v

Vanla+ f(r,)  Vf(r,)coa+1
_ f(r) B 1
2= gw(rv)[ \/tan2a+f(rv)’ Vf(r,)cota + 1 ]’

-L/2 0 L/2

Fig. 2. (color online) Static string configuration at an inter-
mediate separation distance of a heavy-quark pair. The heavy
quarks Q are placed on the x-axis, while the light quark ¢ and
baryon vertex V are at the same point r, on the r-axis. The
forces exerted on the point are depicted by the black arrows.
rp, s the position of the black-hole horizon. r, is the position
of a soft wall in the confined phase.

where r, = r,. The force balance equation leads to

2=e% (=1 + )+ 3K(1+4r79) VT )
4e3rfs ~ (3k+ e(Srfs)/Z)rvf/(rv)

Viteod?fr)  f®n)

=0. (24

C. LargeL

The total action of the configuration plotted in Fig. 3
is the same as Eq. (20). However, it is convenient to
choose another static gauge &' =t and & = x here. Then,
the boundary conditions are

r(=L/2)=r?@/2)=0, r20)=r,. (25)

The total action becomes

S =gT( f dxw(r) \/f(r)+(0xr)2
-L/2

L/2
+ f dxw(r) ALF(F) + (0,r)
0
—2sr? 1sr?
VI +n = Jﬂm). 26)

e 2
ry ry

+ 3k

We consider string (1), whose action is given by the first
term in (26). The first integral has the form

w(r)f(r)

NFO)+ @) '

I= 27
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T

A d
-L/2 L/2
Fig. 3.
separation distance of a heavy-quark pair. The heavy quarks O

(color online) Static string configuration at a large

are placed on the x-axis, while the light quark ¢ and baryon
vertex V are at the same point r, on the r-axis. The forces ex-
erted on the point are depicted by the black arrows. There is a
turning point located at (xo,ro) for string (1). r,, is the position
of a soft wall in the confined phase. r;, is the position of the
black-hole horizon.

At points ry and r,, we have

w(r) f(r)

— O~ w(ro) V(o) (28)
F() +(0xr)?
W(rv)f(rv) _ W(VO) m (29)

v f(ry) +tana?

The relationship between ry, r,, and a can be obtained
from Eq. (29). Using Eq. (28), the separation distance and
energy can be subsequently obtained. As before, d,r can
be solved as

er _ JW(r)zf(r)2f(r0) — f(r)w(r0)2f(r0)2 . (30)

w(ro)? f(ro)?

The separation distance consists of two parts:

o 1 o 1
L=2(Li+L) = z(f —,dr+f —/dr)
o F rn ¥

) f " \/ w(ro)> f(ro)* dr
0 N WEP ()2 f(ro) = f(rw(ro)*f(ro)?

f’o \/ W(ro)2f (ro)?
+
. W2 f (o) — fwlro 2 f (o)

dr]. (31)

The energy of string (1) can be obtained by summing two
parts.

ER =ER1 -i-ER2

¢ [ Wiyl 24 f J1 24
gfo‘ w(r) + f(r)x'*dr+ g i w(r) + f(r)x’*dr

e [0 \/ W f (2 (o) "
0 w(r)2f(r)2 f(ro) = f(rw(ro)* f(ro)*

ve ["n \/ WS (P f(r0) "
w N WGP 0 = Fow ol fr?
(32)

After subtracting the divergent term, the renormalized en-
ergy of string (1) is

- (W(r) \/ WSS (r0) ) .
", w(r)2 f(r)? f(ro) = f(r)w(ro)* f (r0)>

e[ (W(r) \/ WP f(r0)
0 W2 (o) = Frw(ro fro?

(33)

The calculation of string (2) has the same procedure as
before and gives the same expressions for L and E. Then,
the total energy of the configuration can be written as

Ay (" w(r2 L (2 f (ro)
Foos _(zfn W) \/w(r)2f<r)2f(ro) Ao o

o f (W(r) \/ W F P f(ro)
0 WP F2 (o) = Frw(ro P f(ro)?

) 1 g2 e’

1
— = Jdr— = +3k +n
14 ro ry ry

)g +2c.
(34)

The force balance equation is the same as Eq. (23). Each
force is similarly given in the previous section. With Eq.
(29) and (24), we can numerically solve L and Egg,.
Except in the symmetric case, the light quark can be
in a position far from the r-axis. The non-symmetric con-
figuration has been discussed in Ref. [33], which, as
noted in Ref. [33], is not energetically favorable. In this
paper, we mainly focus on the symmetric configuration.

III. NUMERICAL RESULTS AND DISCUSSION

The system will change from the confined to decon-
fined phase with increasing temperature. The procedure
for determining the melting temperature of QQq is simil-
ar to that of Q0. We can judge the meting temperature
from the behavior of the potential energy. In the confined
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phase, if we do not consider string breaking, the potential
will rise linearly forever. When changing from a low to
high temperature, the behavior of the potential will have
an endpoint, as shown in the figures of Sec. I11.B.3. Be-
sides the potential, we can also judge the melting temper-
ature from the behavior of the separation distance. Fur-
ther discussions can be found in [6, 8, 16, 19].

In this section, we investigate the effect of different
temperatures on the QQq potential. The configurations of
0Qq change with temperature. With an increase in tem-
perature, QQq melts. Because we want to approach the
lattice at vanishing temperature, all the parameters are
fixed as follows: s=042GeV?, g=0176, n=

1
3.057, k= —Zel/“, and ¢ = 0.623 GeV[33].

A. T=01GeV

First, we investigate the configurations of QQq at the
low temperature 7 =0.1 GeV. At this temperature, the
system is in the confined phase with a soft wall below the
black-hole horizon, and the string and light quark cannot
exceed this wall [6, 8, 16, 19].

1. Small L

From (17), we can determine the position of the light

F

quark at fixed temperature. The force balance equation of
the light quark F(r,) as a function of r, is presented in
Fig. 4(a), where two solutions are observed. However,
one solution beyond the soft wall is unphysical. At tem-
perature 7 = 0.1 GeV, r, = 1.15GeV~! is a solution of the
force balance equation. Then, a can be numerically
solved from Eq. (19). The force balance equation for the
vertex can give the relationship between the angle o and
tv, as shown in Fig. 4(b). In the range 0 <r, <r,, we find
that a is not a monotone function of r,; it first decreases
and then increases with an increase in r,. A schematic
diagram is shown in Fig. 5.

Furthermore, the separation distance of a heavy-quark
pair, which can be calculated using Eq. (11), is shown in-
Fig. 6(a). L is a monotonously increasing function of r,.
At r, =g, there is a cutoff. Beyond r,, the configuration
will turn into the second case. The corresponding energy
can be calculated using Eq. (15), which is shown in Fig. 6
(b). It is found that the energy is a Coulomb potential at
small separation distances and a linear potential at large
distances.

2. Intermediate L

In the second configuration, r, ranges from r, to a

a

0.20} (b)
0.15}
0.10}

0.05¢
——

0204060810 v

(a) Force balance equation of the light quark as a function of r,. (b) « as a function of r,. The unit for r, and r, is GeV~!.

8
6f (a)
4
2
O a a a a a rq
_2_&5161520253P
-4
Fig. 4.
.
Q Q Q
Fig. 5.

Q Q Q

(color online) Schematic diagram of the string configuration with increasing r, for small L. a is always positive.
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L
0.25}
(@)
0.20}
0.15}
0.10f

0.05¢

000 ™04 06 08 10 14V
Fig. 6.
of L is fm, and that of r, is GeV~!.

certain position where a vanishes, as shown in Fig. 7. A
schematic diagram for this case is shown in Fig. 8. At the
beginning, a ~ 0.22. When we increase r,, a slowly tends
to zero.

The separation distance of a heavy-quark pair can
also be calculated from Eq. (11). In Fig. 9(a), we can see
that L increases with an increase in r,. There is an end-
point r, = 1.45GeV~!, where a tends to zero. Similarly,
by solving the force balance equation of (24), we obtain
numerical results for a. It is found that a is a monotone
function of r, and decreases with an increase in r,. From
Fig. 9(a), it is clear that the separation distance will in-
crease with increasing r,. It should be noted that r, has a
maximum value, beyond which the configuration will
turn to the third case. The maximum separation distance
and energy emerge at r, = 1.45GeV~'. The correspond-
ing energy can also be evaluated, which is shown in

a
0.25¢

0.20f
0.15F
0.10F

0.05

0.00

1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.56V
Fig. 7. o as a function of r,. The unit of r, is GeV~!.

L

2.5 (@)
2.0f
1.5¢
1.0¢f

0:5-_____/

115120 1.25 1.30 1.35 1.40 1.45 1.50"

Fig. 9.
that of r, is GeV~!.

1.5¢

1.0f

0.5f

0.0 L

-0.5p

/0.02 0.04 0.06 008 0.10 0.12

(a) Separation distance L as a function of r,. (b) Energy E as a function of separation distance L. The unit of £ is GeV, the unit

Fig. 9(b). In this configuration, the energy is a linear
function of L. Next, we turn to the third case and discuss
it further.

3. LargelL

Using Eq. (24), we first numerically obtain the rela-
tionship between a and r,, as shown in Fig. 10(a). Unlike
the previous case, the difference here is a negative a. Cal-
culating the first integral from Eq. (29), we find that ry is
a function of r, in Fig. 10(b). As shown, the maximum #,
is r, ~ 1.48 GeV~!, which corresponds to the position of
the soft wall r, ~ ro ~ 1.53GeV~!. We can also see that
the separation distance tends to infinity when ry ap-
proaches 1.53 GeV~! in Fig. 11(a).

r
Ty
r,
v
a1V
<a
q|v
X
QQQ QQQ
Fig. 8. (color online) Schematic diagram of the string con-
figuration with increasing r, for intermidiate L. a is always
positive.
E
4.0¢
3.5 (®)
3.0f

2.5¢ /
2.0f

182 04 06 08 ¢

(a) Separation distance L as a function of r,. (b) The energy E as a function of L. The unit of E is GeV, the unit of L is fm, and
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a

146 147 148 149 150 'V

-0.005}
-0.010¢
-0.015}
-0.020}
-0.025}
-0.030¢
-0.035¢

Fig. 10.

L
2.0 (a)
1.5

1.0

144 146 148 1.50 1.52 fv

Fig. 11.
and that of r, is GeV~!.

X

QQQ QQQ

Fig. 12. (color online) Schematic diagram of the string con-
figuration with increasing r, for large L. a is always negative.

Finally, the corresponding potential energy is shown
in Fig. 11(b). Because the absolute value of a decreases
with increasing r,, we present a schematic diagram of the
third configuration in Fig. 12. At ry ~ r,,, a tends to zero,
and the separation distance becomes extremely large.

4. Short summary

If we combine all the configurations, we can present
the energy as a function of L at all distances, as shown in
Fig. 13. Clearly, the energy is smoothly increasing with
separation distance for all configurations.

B. T=0.148 GeV

At temperature T =0.148 GeV, the system is in the
deconfined phase. In this phase, the soft wall disappears,

r
1.52f
150} (b)
1.48}

1.46}

146 147 148 149 150 /v

(a) o as a function of r,. ry as a function of r,. o and r, have the unit of GeV~!.

L

—_

1.0 1.5 2.0 25

(a) Separation distance L as a function of r,. (b) The energy E as a function of L. The unit of £ is GeV, the unit of L is fm,

Fig. 13.
aration distances. The black line represents small distances,

(color online) Energy E as a function of L at all sep-

the blue line represents intermediate distances, and the red line
represents large distances. The unit of £ is GeV, and the unit
of L is fim.

and QQq will melt at a sufficient distance.

1. Small L

First, we can determine the position of the light quark
from (17). At T=0.148GeV, we find r,=138
GeV~! or r, =1.54 GeV~'. In this study, we focus on the
ground state and only consider r, = 1.38 GeV ™' at T = 0.148
GeV. The angle a can be calculated from Eq. (19). The
energy and separation distance are calculated using the
same procedure as before, and the results are shown in
Fig. 14. L is still an increasing function of r,, and F is a
Cornell-like potential.
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L
0.5¢

04f @
0.3}
0.2}

0.1f

0.0

02 04 06 08 10 12 14 v
Fig. 14.
and that of r, is GeV~!.

2. Intermediate L

In this configuration, we calculate the energy and sep-
aration distance in Fig. 15. With an increase in r,, the

045} (a)

0.40f

0.35f

1.3 1.4 15 1.6 1.7 14v
Fig. 15.
and that of r, is GeV~!.

3. Short summary

Only the first and second configurations can exist at
T =0.148 GeV. We present the energy as a function of
separation distance from 0 to Ly, in Fig. 16. The poten-
tial is smoothly increasing from small distances to inter-
mediate distances. The potential ends at Ly,x = 0.445 fm,
marked by the red dot in the figure. At large distances,
0Q0q melts and becomes free quarks.

C. T=015GeV

First, we check the force balance equation of the light
quark for the first configuration and find there is no solu-
tion for any r, at 7 =0.15GeV, as shown in Fig. 17.
Thus, the first configuration cannot exist at this temperat-
ure. From Eq. (24), we can find the relationship between
o and r,. There is also a maximum value ry,, at
T =0.15 GeV, beyond which QQqg meltsas shown in Fig.
18. The separation distance and energy of the string are
shown in Fig. 19.

2k (b)

0.1 0.2 0.3 0.4

(a) Separation distance L as a function of r,. (b) The energy E as a function of L. The unit of £ is GeV, the unit of L is fm,

separation distance increases. There is a maximum value
Liax = 0.445 fm beyond which the configuration cannot
exist and quarks become free. Thus, we find that the third
configuration cannot exist at 7 = 0.145 GeV.

E
2.08¢

(b)
2.06}
2.04f
2.02}

2.00f

1.98 0.38 0.40 0.42 0.44 0.4!)'

(a) Separation distance L as a function of r,. (b) The energy £ as a function of L. The unit of £ is GeV, the unit of L is fm,

E

of —

3 K

0j1 Oj2 013 0j4 L

-1k
ok
-3k
-4
-5
Fig. 16. (color online) Energy E as a function of L at all dis-

tances. The black line represents Egg, at small distances, the
blue line represents Epg, at intermediate distances, and the
red line represents Egp, at large distances. The unit of £ is
GeV, and the unit of L is fm.
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F,

/TA D 1.8

2.0

Fig. 17. Force balance equation of the light quark as a func-
tion of r,. The unit of r, is GeV~'.

L
0.4}

0.3}
0.2}

0.1¢

0.0

0.2 04 06 08 10 12 14 1.6rv
Fig. 19.
and that of r, is GeV~!.

IV. STRING BREAKING IN THE CONFINED
PHASE

In the confined phase, the quarks are confined in the
hadrons. Can QQq exist at extremely large distances? The
answer is no. The light quarks and anti-quark will be ex-
cited from vacuum at large distances. We call this string
breaking and consider the following decay mode:

00q — Qqq+ 04g. (35)

Qqq consists of three fundamental strings: a vertex and
two light quarks. Thus, the total action of Qgq is
S = 2?21 S ;’I)G +Svert +254. Qg consists of a fundamental
string and a light quark. Thus, the total action of Qggq is
S =SnG +S4. The total actions of Qgg and Qg are

I, ASr ry A7 —2sr?
‘g ‘ e \Jf(r
oo [ s [ AT
r, 0 r

r2 ry

e%”ﬁ
+2n " 1/f(rq)),

1

T, esrZ e;srﬁ
Soz = + .
07 =8 fo a e V(g

Varying the action with respect to r, gives Eq. (17), and

(36)

r
o qVv
qlV

Q Q1 Q Q *

Fig. 18.
figuration with increasing r,.

E
2.1¢

2.0f
1.9¢
1.8}
1.7¢
1.6}
1.5¢
1.4

(color online) Schematic diagram of the string con-

L

01 02

03 04

(a) Separation distance L as a function of r,. (b) The energy E as a function of L. The unit of E is GeV, the unit of L is fm,

varying the action with respect to r, gives

14 3ke ™ \[f(ry) + 12kse ™" 12 \[f(ry)

3k f () _

24/f(ry)

We can obtain r, = 0.41

37

0GeV~! or r, =0.453 GeV~!.

Because the difference in energy is extremely small for
the two states, we take r, =0.410 GeV~! for simplicity.
The configuration for Qgqg+ Qg is shown in Fig. 20. The

renormalized total energy is

7

Fig. 20.

073102-10
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rqesrl T, esr2 1 1
Epu+Epi=gl2 | =dr+ | [>-=|-—
s [ [ (-2

7y [ AST =252 [
+f (e__l)_i+3ke—f(rv)
0

ry ry

e
+3n . If(rq)) +2c. (38)

q

For fixed r,=1.146GeV™' and r,=0410GeV™!, we
have Egp,q+ Egs =3.006 GeV. Figure 21 is a schematic
diagram of string breaking. To determine the string
breaking distance, we plot the energy FEgpg, and
Egz+Egqq as a function of r, at T=0.1 GeV in Fig. 22.
The cross point shown in the figure enables us to determ-
ine Lgg, at fixed temperature. We find the distance of
string breaking to be Lpg, = 1.27 fm.

Oq
o=
X
Q Q
Fig. 21. (color online) Schematic diagram of string break-

ing from the third configuration of QQq to Qqq+ 0g.

E

4l Eaew*Eaqg

-2

Fig. 22.  (color online) Green line is the energy Epyq+Eg;.
The black line represents Egg, at small distances, the blue line
represents Egp, at intermediate distances, and the red line rep-
resents Egg, at large distances. The unit of £ is GeV, and the
unit of r, is GeV~!.

V. COMPARING WITH Q0

The energy of QQ has been extensively studied in

many holographic models. In this section, we focus on
comparing the energy of Q0 with OQq in the confined
and deconfined phases. First, we only show the results of
the separation distance and energy of Q0

) (g N\
Los=2 -1 s 39
o0 fo (gl(") (gz(ro) )) 9
“ 82(Ng1(r) 1] 2g
Epp =2 1/——— 28 e (40
e g[fo 82(r)—g2(ro) r2] ro t2e (40

2sr? 2sr?

where g(r) = 67, g(r) = f:7f(r), and zo isthe turn-

ing point of the U-shape string. A detailed calculation can
be found in our previous paper [19, 24, 25]. We consider
the decay mode QQ — Qg+ Qgq. It is clear that

B g et
Eps = =@ -D]-=+ N +e. (41
07 g(fo rz(e )) R (s frg)+c. (41)

q

Thus, we can calculate Eg;+Ep, =2.39GeV at
T =0.1GeV. In the confined phase, such as when
T =0.1 GeV, we present the energy of Eg; + Eg, and Epg

E
4¢
3t E6q+EQ<i o
| Sl - e e
1 L

/ QQ
[]
L]
1E 0.5 1.0 1.5 2.0
-2
Fig. 23.  (color online) Blue dashed line is the energy of

Egy +Ep,» and the black dashed line is the energy of Ey;. The
temperature is 7 = 0.1 GeV. The unit of £ is GeV, and the unit
of L is fm.

i

-
——
- ——
-

L
0.2 04 06 0.8 1.0 1.2

Fig. 24. (color online) Solid line is the energy of Egg,, and
the dashed line is the energy of E,;. The temperature is
T =0.148 GeV. The unit of £ is GeV, and the unit of L is fm.
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in Fig. 23. Through a comparison with Fig. 22, we find
the distance of string breaking L = 1.25 fm is close to that
of 0Qq.

In the deconfinement phase, we compare the energies
of Eypp and Egg, at T = 0.148 GeV. Fig. 24 shows that the
screening distance of Epg,(L =0.45fm) is significantly
smaller than that of Ey5(L = 0.94 fm) at the same temper-
ature T = 1.48 GeV. This indicates that QQ is more stable
than QQgq in the deconfined phase.

VI. SUMMARY AND CONCLUSION

In this study, we focused on QQq melting and string
breaking at finite temperature through a five-dimensional
effective string model. For the confined phase, string and

light quarks cannot exceed the soft wall. Quarks are per-
manently confined in the hadrons. However, string break-
ing of OQq occurs at sufficiently large distances. We
considered the decay mode QQq — Qgq+ Qg and found
the distance of string breaking to be L =1.27 fm. Other
decay modes may be considered in the future studies. At
a high temperature, the system is in the deconfined phase,
which implies that the soft wall disappears and QQq
melts at a certain distance. For example, QQqg melts at
L=0.45fm for T =0.148 GeV. In contrast, we found that
00 melts at L=0.94 fm for T = 0.148 GeV, which indic-
ates that Q@ is more stable than QQq at high temperat-
ures. Finally, we hope that studying the effective string
model will provide more observable quantities for future
experiments.
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