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1. Introduction: the string/field theory correspondence

The AdS/CFT correspondence implements the holographiwipie, realizing the idea that
a quantum field theory iml dimensions is equivalent to a theory containing gravity tineast
d + 1 dimensions. Thus, the latter is supposed to describe altdyrees of freedom, and the
corresponding interactions, of the quantum field theoryeast in some regimes of parameters.
The master example is the conjectured equivalence between’ 4= 4 SYM with gauge group
SU(N¢) and Type 1B string theory on thadS x S background [[1]. The main interest of this
statement resides in the parameter regime of the field thebeye the gravity approximation to
string theory is reliable: the planar limit; > 1 at large 't Hooft coupling ~ g2,,Nc > 1. That s,
affordable computations in a classical theory of gravitynptetely determine the strong coupling
regime of a quantum field theory.

The concrete realization of this correspondence requiastch ingredient in the field theory
(FT) has to have a dual description in the gravity theorysThatermines a dictionary between the
two theories. Some of its main entries are the following:

e For each operataf in the FT there must be a dual gravity fieid

A vacuum in FT corresponds to a background gravity solution.

The RG scale is dual to some radial variable the gravity background: an asymptotically
Anti de Sitter manifold with a natural boundaryrats c.

Deconfined phases at finite temperature and charge densitiealized by charged black
holes.

Transport coefficients, i.e. the response to external getions in FT, are derived by per-
turbing gravity fields.

The actual way to compute correlation functions in FT frormmgy is encoded in the basic formula

(8. B]

<eff¢oﬁ>FT — eSgravily(¢0) ) (11)

where®q = lim,_,., ® is the boundary value of the gravity fiefel dual to the operato. Via the
gravity equations of motions and selecting an appropriateabior of® in the interior, the value

of @ is determined everywhere Isy. The left hand side of the formula above is the generating
functional in FT of the correlations functions of the operaf’, so essentially solves the FT; the
right hand side includes the gravity action on-shell on that®n of the equations of motion for
.

As an example of this formalism, let us consider the stroglypled./" = 4 SYM plasma at
temperaturel . The thermodynamically favored phase, corresponding ¢tomfined matter trans-
forming in the adjoint representation, is described by albleole inAdS Let us also consider one
particular operator: th&, component of the energy-momentum tensor. Its dual grawtyg furns
out to be thegy, component of the metric. Then, the two-point function

<[Txy(t7 X) ) TXy(Ov 6)]> (12)

IWe are quite cavalier with details.
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can be calculated from the on-shell supergravity actiontlier gravitong,y, determined by its
equation of motion on thAdSblack hole.

At long distances, late times as compared td lthe 4" = 4 SYM plasma admits as usual a
hydrodynamic description, whose basic equation is simpyeinergy-momentum conservation

0, TH =0. (1.3)

Up to second order in the derivative expansion, the hydradhos energy-momentum tensor reads

[, B]

THY — gutu’ + pAHY + Y +0HVM (1.4)

wheree is the energy density* the velocity field,p(¢) the pressurep#V = h*V + uHu¥ with h#v
the 4 metric and

O-u
m’ = —notv + nrn[(Do“"> + S 0“"] +K [R<“V> — 2uqUug R“<“">B]
_|_)\10)\<L10v>)\ +A20-)\<IJQV>)\ +)\39;“QV>)‘ +K*2uauBRa<uv>B

0-
+nr,’;Tuo“"+)\4D<“logsDV> logs, (1.5)

N = —Z(0-u)+ZnD(0-u) + &0 opy + E2(0- U)* + EQHVQy
+&40;; logsT! logs+ &R+ &eu“UPRys . (1.6)

For the precise definition of the structures in these exjmesswe refer to[J5]. In principle, the
transport coefficients of the structures above are deteanry the microscopic theory. The most
important transport coefficients are the shear and bullogisesn, { and the two relaxation times
T, Tn, Which have possible implications for the elliptic flow meessd at RHIC and LHC.

For a general strongly coupled theory, the theoreticalrdetation of the transport coeffi-
cients is a daunting task. In the case at hand, on the continayy can be extracted with a reason-
able amount of work from gravity. The shear viscosity, foample, can be derived in FT via the
Kubo formula

N = limgo % /dt A% d ([T (t, %), Toy(0,0)]) (L.7)

The gravity calculation for the,, component of the metric determines the correlator and finall
the value of the shear viscosity over entropy dengity [6]

n 1

s~ o (1.8)
It is by now well known that this result far¥” = 4 SYM in the planar limit is surprisingly compati-
ble with the experimental results at RHIC and LHC, even tthoexperimental errors remain large.
Other methods of obtaining this quantity, such as pertiud&CD or lattice, give higher values,
hardly compatible with experiments.

The result above shows both the relative simplicity of hodpipic methods and their possi-
ble relevance for a deeper understanding of experimentihg® whenever there are no reliable
direct theoretical calculations available in QCD. An exsiga review of the applications of the
gauge/gravity duality to the physics of heavy ion collisidras appeared ifi|[7].
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2. D3-D7 Quark-Gluon Plasmas

In the heavy ion scattering experiments at RHIC and LHC a RGnon Plasma is produced.
This is a thermalized system at finite (small) baryon chehpiotential where the quarks and gluons
are deconfined. >From a theoretical point of view the ingasitbn of the QGP is quite challenging.
In fact, the analysis of the experiments indicates that it ia strong coupling regime, rendering
perturbative QCD not entirely suitable for the purpose titatmethods are clearly one of the best
instruments for this investigation, but they cannot be astige. Apart from the sign problem for
chemical potential, which can be overcome in some way forllsrmalues, the main difficulty of
the lattice approach is that it is not very suitable for re@aktphysics (transport coefficients, probe
physics), which plays an essential role in the experimesystiems.

In this context, the holographic approach can furnish novabht in the problem. It is au-
tomatically a strong coupling approach and, as we have demreait allows to access with ease
real time phenomena. Moreover, as we will review, it allowsthe investigation of theories with
dynamical flavors at finite chemical potential. The obviotsgwe have to pay in this approach is
that we are investigating a theory, in the planar limit andyvarge 't Hooft coupling, which is not
QCD, but one of its relatives.

In this note, we are interested in reviewing the inclusiordghamical flavors in the holo-
graphic approach to the physics of the = 4 SU(N;) SYM plasma. Flavors are studied by in-
troducing N¢ explicit D7-branes in thAdSblack hole background. In the strict 't Hooft limit
(N — o with N; fixed), the branes can be treated in the probe approximatibare their back-
reaction on the background is ignored and therefore theriame@ quenched][8]. This approach
allows to study a number of physical problems, but it missas$ @f the physics of the RHIC and
LHC QGPs, where a significant fraction of degrees of freedaraslynamical fundamental quarks.

The problem with going beyond the quenched approximatidiascalculating the backreac-
tion of the flavor branes is usually a very difficult task, iwmng the solution of systems of partial
differential equations. In order to overcome this diffiguin [, L0] a method was introducéd,
termed "smearing technique”, which takes advantage ofdahenpeter regime under consideration.
Since we are in the planar limi; > 1, the probe approximation breaks down when we introduce
many flavor braned\s > 1. Thus, these many branes can be homogeneously distriioutieelir
transverse space, recovering (part of) the original symnudtthe solution and typically reducing
the system to a set of ordinary differential equations. Th&reffect in the dual field theory is that
the considered flavor group is Abelian.

Employing this technique, the backreacted backgroundesponding to massless flavors can
be derived in the form

ds}o = h™Y2[—bdt? + dXdx] + h2[bSF2do? + LA + F2(dT + Ake)?],  (2.1)

where 'KE" indicates a Kéhler-Einstein manifold, which in th& = 4 case iR, andAxg is
the connection one-form whose curvature is related to tHaddfdorm of theKE base:dAxg =
2Jke. Using the invariance under diffeomorphisms we have chasawlial coordinate which is
convenient to write the equations of motion of the systene 3diution with zero charge has been

2For a review of this approach, seEl[ll].
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derived in [12], while its generalization at finite chargepears in [IIS]?: It can be expressed by
means of two parameters

Nt 2 1 u 5

where is the quark chemical potential and the subingereans that the coupling is evaluated
at the temperature of the plasma. Up to oreﬁgrs2 the perturbative solution can be derived in
analytic form and expressed in a rferadial variabler such thath = R*/r4, R being the radius of
the undeformed\dSspace

I’ﬁ £h82 rﬁ rﬁ rﬁ rﬁ
o0 =171 = 5 (o) (B -wo 1 2] ) - haooz)

252 2 4 6 4 2 4
50 r 29r 5r 17 r r 17r
s <17r_g___h___h__ (2—r—2> log [”rh] + —hlogz> ,

R >4 516 2| " 24
Sr) =r {1+ %—F&% (%&—Z—lé,rlogrr—h>

+£Z—i2 <3_2%_3<1—2%> log [1+:—§] —%G(r)>

+2§_2302 <_33+ 22;—'5 +33 (1-2%) log {1+ :—E} + 1;GU)) :
F(r) =r [l—%JrSﬁ <%;2+2—];1|09rr—h>

£n02 r2 i ré r2
—(3-225+55-3(1-2 |log |1+ 5| +2G
+ 40 ( r2 + r2 ry og |+ r2 +26(r)
£25° r2 r2 r4 r2
- -214154- —-3525+21(1-2— |log|1+ 5| —14G
T \ TR TR T Rl )

9

D(r) = P+ &nlo L 8(1+3log— )log™ —3Li 1_ﬁ
= ®Pnt+én grh 28 grh 9 2 =
| 0
120

11 2m- 26 —15% 4 o)+ (114 18" )log [1+ 1| - 291092
r r2 e g r2 ge)

whered is the dilatonG(r) = 271:—@ oF1 (g, 311- :—ﬁ) is an hypergeometric function ahé(u) =
z‘,’f:lﬁ—g is a polylogarithmic functioq. The parameter marks the (perturbative) position of the
horizon defined by(rn) = 0+ (g3, 6%). In addition to the metric and the dilaton there are non-
trivial differential forms and & (1) field turned on in the worldvolume of the D7-branes, dual to
the chemical potential. We refer b [13] for details.

The regime of validity of this solution is limited to the uswangeN; > 1, A, > 1 and, as we
have seeniNs > 1; moreover, since the theory has a Landau pole in the UV,derao decouple

3The zero temperature solution for massless flavors appim[@], the ones for massive flavors @ 12].
4For the explicit form of the equations satisfied by the fiefdthie ansatz in the variabte, we refer to the original

paper [1B].
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the IR physics from the UV we must requigg < 1; finally, in order to have an analytic solution
we requiredd < 1, an assumption that in principle can be relaxed.

3. Results

The solution described in the previous section allows utugysa number of effects of dynam-
ical flavors at finite baryon charge in a strongly coupled thé@wa completely controllable setting.
As a first topic, let us exhibit the thermodynamic quantifiestropy densitys, energy density,
grand potentiatv, specific heat,) in the grand canonical ensemble

1 1 S -
s= ZTPNZT3 |1+ Sen(1+6%) + o e8(1+8%) | , (3.1)
2 T2 24
£ = STENZT |1+ Len(1428%) + 2e2(1+ 1 87)] (3-2)
8 m2 3 4
1 24 1 52 1 2 7A2
w=-p= —éﬂzNCT 1+ Esh(1+26 )+68h(1+ 55 ) s (33)
Gy = SreN2TS 1 L (1+ 32> L L (11+ 782>
A 24" '

Note that in order for the standard thermodynamic relattori®ld it is essential that the following
dependence is actually realizedfs = g4 O(&d), (%) — 3 (14+%+0(ed).

The breaking of conformality due to fundamente;ll matter is@oad order effect ilgy and is
not affected by the finite charge density

1
£—3p = —=TPN2T4?, (3.4)
16
1 1
¢ = 3 [1_65“2} , (3.5)

wherecs is the speed of sound.

Another example of the interest of such kind of solution isvilted by the study of energy
loss of a probe parton in the plasma. It is known that in theegrpental setting the energy loss
is huge and it is very interesting to characterize such @®&®m a theoretical point of view.
We will concentrate on one coefficient, the "jet quenchingapeeter'q'which accounts for such
a characterization. It is defined as the transverse momestuared transferred by the plasma
to the parton per mean free path. In string theory there isasienple way of calculating such
quantity by means of a partially light-like Wilson loop [17h the case at hand the outcome of this
calculation is (neglectin®(e?) terms) [1[13]

3
g= 1@ sarsfyy 2t M (14 0.867582)] . (3.6)
r3) 8
The naive interpretation of this formula is that both unglearflavors and a finite charge enhance
the jet quenching, i.e. the energy loss of the partédthough being a priori completely unjustified,

5In the uncharged case, this result was already obtaine@]n‘lﬁm non-critical string models, which on the other
hand suffer from uncontrolled approximations and so arejoantitatively fully reliable.
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one can plug in the formula above quantities reasonablen®oRHIC experiment, such & =

Nf = 3, T = 300 MeV, A = 671, u = 10 MeV, obtainingg™ 5.3 (GeV)?/fm[[L3], as opposed to
G~ 4.5 (GeV)?/fmfor the unflavored theon[17]. The most common values regofor RHIC
areq~ 5— 15 (GeV)?/fm, so the naive extrapolation of the formu[a]3.6) is surpgsi close to
the real values. This fact could be a total accident, or elsigreal that the energy loss process at
strong coupling is quite insensitive to the details of theolty under consideration, as it happens
for the shear viscosity over entropy density value.

The above statement of the enhancement of the jet quenchetpdlavors and charge density
is definitively too naive, since it involves the comparisdrwo theories with different numbers
of degrees of freedom. Adding fundamental flavors and chanances the entropy density, so
the enhancement of the parton energy loss could be a trivieaguence of this fact. In order to
disentangle the two effects, one can compare the unflavagfiavored theories keeping fixed the
number of degrees of freedom, i.e. either the entropy or tieegy density. This can be achieved
by adjusting the temperatunig obtaining the result that flavors do enhance the jet quegdhit
the charge density reduces this enhancement. Or, one cée fiz’utnber of degrees of freedom by
varying N (at fixedT). In the latter case, while again the flavors enhance theuehching, the
effect of the finite charge is to increase the enhancement.

All in all, the solid conclusion that can be extracted frore tlesult above is that dynamical
flavors enhance the jet quenching; note that this is probieiyonly reliable computation of the
effects of dynamical flavors at strong coupling on the endogyg of partons in a plasma. Consid-
ering that flavor effects are often discarded as subleadimiénomenological estimatgs][19], the
result should give an important indication that the latigpraximation is probably not justified.

4. On hydrodynamics of holographic plasmas

There are solid lattice indications that the QCD plasma th bearly conformal and strongly
coupled in the temperature window relevant for the presgmments 15T, < T < 4T.. Probably
the simplest way of modeling this situation holographicélby anAdSbackground deformed by a
scalar dual to a marginally relevant operator. The latteotir behaves effectively, at leading order
in the deformation, as a so-called Chamblin-Reall model.tik@se theories, all the hydrodynamic
transport coefficients up to second order can be extracted tine results in[[20]. Thus, one can
give an estimate of the (initial behavior of) transport ¢ioefnts, up to second order, for RHIC and
LHC [21, [22]. With the definitioh

5=1-3c, (4.1)

wherecs is the speed of sound, and referring to the hydrodynamissteergy tensor if (1.4),
the transport coefficients are given in Taplé Considering the difficulty of dealing with such
coefficients in QCD, this information could be useful in nuioa simulations of the hydrodynamic
evolution of the QGP. In patrticular, the behavior with thenperature and the speed of sound of
the shear and bulk relaxation timeg 1 is both potentially relevant and unexpected.

6Note thatd and are completely unrelated terms.

"The uncharged flavored” = 4 SYM plasma has these same coefficients with: eﬁ/G. Unfortunately, the
Chamblin-Reall model is not able to describe the charged das to the presence of extra fields in the gravitational
setup.
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Table 1: The transport coefficients at leading order in the confoityndeformation paramete¥ = 1 — 3c2.

5. Future directions

The technique employed above in order to study the dynanfiftsxdamental flavors is suit-
able for a number of possible interesting applications énrtear future. Clearly, a first route would
be to extend the analysis above beyond the séheélgime, exploring the large chemical potential
region of the phase diagram which could correspond to exlignof the dual black hole. More-
over, considering the results above, a deeper investigatidhe probe parton physics would be
quite important, considering also the experimental pdgss of the LHC experiment. It would
be also interesting to explore the optical properties obirstem along the lines df [2B,]24]. Finally,
it would be worth exploring the condensed matter applicetiof this formalism in the context of
the holographic duality.
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