Suplemento de la Revista Mexicana dsi€a3 0308077 (2022) 1-4

Holographic confinement of the solitary quark
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Single quarks moving in the vacuum of confining gauge theories are stopped by a drag force. The holographic description relates the
confining scale in the bulk geometry with a range of physical values for the drag force in the vacuum. The vacuum drag force acting on
the isolated quark directly manifests quark confinement since it prevents the quark from walking freely in the vacuum. However, analytical
expressions for the drag force as a function of the quark velocity were lacking. In the present work, we propose that the vacuum drag force is
given by the regularized zero-temperature limit of the corresponding thermal drag force. Within this approach, we obtain the desired analytic
expressions in two different holographic models: the quadratic dilaton and the D-instanton. In both cases, we find well-behaved functions
belonging to their physical range of values.
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1. Introduction confinement at zero temperature. In Ref. [11] it is shown that
the confinement scale allows for a drag force on the single

Particle motion in a populated medium is damped due tdluark moving in the vacuum and establishes an upper bound
scattering of the particles composing the medium. The a for its physically acceptable absolute value. Such a drag force
eraged effect of these collisions produces the drag force acft the boundary comes from the momentum flow through the
ing against the motion. This situation is realized in a quark_tra|I|ng string stretching in the bulk. It happens that analytic

gluon plasma where the quarks can move long distances fa§XPressions for the vacuum drag force as a function of quark
ing other particles as obstacles. In this case, the moving quai€loCity were lacking. The present work complement this
is subjected to a drag force due to the other particles that popl0!09raphic description of vacuum drag force by providing a
ulate the environment. Such a phenomenology can be d&teP-Py-step procedure to obtain the drag force as a function
scribed using gauge/gravity duality. The holographic picture®’ duark velocity in the vacuum. To do so, we establish the
was established by Gubser [1]. Gubser's proposal follow/@CUUm drag force as the regularized zero-temperature I|_m|t
the AdS/CFT correspondence [2—4] that relates a conformd] the thermal drag force.. We apply our proposal in two dif-
field theory with a higher dimensional Anti-de Sitter space-'€"€Nt AdS/QCD models: the quadratic dilaton [12] and the
time. In the boundary gauge theory, the moving quark is duaP-instanton background [13]. _

to a trailing string in the bulk attached in the boundary. By The paper is organized as follows. In Sec. 2, we review
considering this holographic picture, Gubser's proposal wadhe holographic calculation of the drag force in the finite tem-

extended to the context of non-conformal AdS/QCD modeld?€rature. In Sec. 3, we define the procedure to obtain the vac-
at finite temperature and/or chemical potential [5-9]. uum drag force by taking the regularized zero-temperature

) o limit and show to the soft wall and D-instanton models. We
At zero temperature quarks are confined inside hadrons,,qjude in Sec. 4.

and no single quark can walk alone for long distances. Still,
there are at least two reasons for considering the problem
of a single, isolated quark walking in a vacuum. First, one2- Drag force from holography

can think of the situation where there is only one quark Nbere we provide a brief review of the holographic calcula-

o : : o Ton of the drag force in the context of finite temperature
hadrons. Second, it is observed in heavy ion collision ex- i
eriments that some quarks are thrown too hard that fo@dS/QCD' We represent the finite temperature bulk geom-
P : q . : : ' etry by an AdS black-brane deformed by the presence of a
some time, they lose correlation with their partners due todilaton'
the breaking of the flux tube [10]. The problem of a single ’ R 222

guark walking in the vacuum of a confining gauge theory was ds? = 7264%2) (—f(z)dt2 + ()% + Z) .
discussed in Ref. [11]. A particular feature of the AdS/QCD z f(2)

models is the presence of an energy scale associated withith z € (0, z,), f(z) is the blackening factor satisfying
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f(z1) = 0, and the functional form o®(2) is provided by 3. The zero temperature limit
specifying the holographic model.

The dual picture of the moving quark is given by an openThe reality condition imposed on Ed6)(leads to an ana-
string with one endpoint attached to the quark location at théytic expression for the drag force at finite temperature. The
conformal boundaryz — 0). We use the string parameter- temperature information is encoded into the critical value
izationoy = t, o1 = z and realize the string profile by the where thed/0 point is crossed. We remind that the blacken-
ansatzX*(t, z) = (t,vt +£(2),0,0, 2). The information of  ing function also depends on the horizon location, and then
the world-sheet deformation is encoded in the funcon).

The boundary conditiog(0) = 0 is imposed to ensure that
the string endpoint is attached to the quark location. Under
this gauge choice, the embedding metyjg reads

f(z20) = v? = 2(zn) = 1 (0?5 2). (8)

) The precise information of the temperature comes from
ds® = ypdotdo® = R—ze‘b(z) T(zn) = 1/|f’(zh)|._ For the cases of inte_rest, it will hold
z thatT — 0 is equivalent toz, — oo. With these gen-

02 ) , eral results at hand, we will define the analytic expressions

X ( f(z) {1 - f(z)} dt” + 208’ (2)dtdz for the drag force in the vacuum as the regular part of the
zero-temperature limit, or equivalently thg — oo limit of

+ 1 (1+ £(2)¢'2(2)*)d=?] ) 2) Ea.@. Inthis sense, the drag force due to the vacuum is

f(2) the zero temperature remnant from the thermal drag force. A

The Nambu-Goto action is given by the determinant of theSimilar approach known as opacity expansion is used to dis-
embedding metric, using the explicit formaf, we arrive at ~ cuss quark fragmentation into jets [14, 15].

_ 1 . 2 R2 P(z) v? 2
Ine = =55 / d’o e 1= T +f8% ) 31 AdS deformed by quadratic dilaton

The drag force on the bou_ndary quark is given by the ﬂOWThe AdS space deformed by a quadratic dilaton is shown
of thex component of the linear momentum along the holo-

; S to be confining [12], and according to [11] a single quark
graphicz direction: . . .
on its vacuum is subjected to a drag force. Here we ap-
e OIng ply the proposal for defining the vacuum drag force as the
Fdrag =1I T (4)

~ 6(0,x)° regularized zero-temperature limit of the thermal drag force.
In our case at hand, In th_e present bottom-up AdS/QCD model, the bulk geom-
2 o) ) etry is an AdS-Schwarzchild black brane deformed by the
s G A /€ _ (5) duadratic dilatong(z) = k22?. The blackening factor is
r 2ol 22 [ _ % 1 fer f(z) =1—(z/z,)% leading to
The on-shell conservation @7, leads to a first order equa-
; : * a 22 =221 — 02, T:i. 9)
tion for &: c , T2h
d¢  2mwa’ f—? ) . . .
i 7 i T2 (6) Inserting the above expressions in Ef). §ne obtain the
o — (2na/lly) drag force as a function of the temperature:

Requiring¢ to be real-valued for € (0, z;,) means that the

denominator inside the square root should change the sign . (v, T) = 2 T? R? JENE v (10)
with the numerator. We call the turning point, defined by dragi® 20/ 1— o2

f(zc) = v2. The conserved momentum is obtained

®(2) To identify the regular part whe™ — 0 we expand
Firag = 1%, = _87/2 f(z). (7) T?7 ~ T? + a+ O(1/T?). The divergent terms cor-
malz; respond to the)(1/7?) that is just ruled out. Then, we take

It is important to remark that the presence of an eventhe zero-temperature limit of the remaining terms and obtain
horizon is considered from the beginning of the discussion,
leading to the above equation. The analogous discussion R2k2
starting from a bulk geometry with no event horizon does Fuae(v) = Tanza
not provide an expression for the drag force. Instead, one
finds a finite range for the allowed values that drag force camote that as < 1, the expression above respect the allowed
assume. In the following, we will start from the finite tem- range predicted in Ref. [11]. However, this drag force is not
perature drag force to establish analytic expressions for thénear in the relativistic momentum, and as a consequence,
vacuum drag force. the momentum damping will not be exponential.

(11)
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3.2. D-instanton background 4. Conclusions

An interesting AdS/QCD scenario is given by the D-instantonin this work we have updated the proposal of Ref. [11] by

(12)

F’UCLC(U) = - (13)

background [7, 16]. This scenario is known to be confiningproviding a step-by-step procedure to obtain the vacuum drag
in the sense of a lineayg potential. In Ref. [7], the finite- force as a function of quark velocity. To show how the proce-
temperature geometry is explored and the drag force actingure works we considered two different AdS/QCD models:
on the single quark moving in the dual hot medium is giventhe AdS deformed by a quadratic dilaton and the D-instanton
by background. For the Anti-de Sitter space deformed by the
gquadratic dilaton we face a divergent zero-temperature limit

Farag(v) = _\/1 + % In (12> and regularize the expression by subtracting positive powers
T RET v of % This proposal is analogous to the treatment given in
9 Ref. [17] for the Casimir force. On the other hand, in the D-

T2/ o .

—— instanton background, we found a convergent zero tempera-

o 2 Vi-w - _ _ ture limit for the thermal drag force. The expression obtained

This time, the zero-temperature limit is obtained withoutfor the vacuum drag force in the D-instanton background is
any regularization, leading to found to be continuous in the ranges [0, 1] and respect the
qIn(v2) v upper bound imposed by the zero temperature geometry.
M R2 -2 . The resul_ts presented paves one more step in the discus-
. . . sion started in Ref. [11] concerning the role of confinement
The obtained drag force in the vacuum is bounded from . :
. in the path of a single quark as well as the viscous nature of a
above wherv — 1. One can easily check that the above ex- . . .

. . . confining vacuum from a holographic perspective. We also
pression respects the upper b.ound predicted in Ref. [11.] f(.){remark that our proposal for obtaining vacuum drag force
the vacuum drag force by taking the zero-temperat_ure IImIcan, in principle, be applied in other confining holographic
for the D-instanton background geometry [16]. This result odels of QCD
represents one more example where we can obtain an anal;rlp— '
ical expression for the drag force in the vacuum of a confining
gauge theory with holographic dual.
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