
New Mechanism for Quark Energy Loss

Jorge Casalderrey-Solana,1 Daniel Fernández,2 and David Mateos2,3

1Physics Department, Theory Unit, CERN, CH-1211 Genève 23, Switzerland
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We show that a heavy quark moving sufficiently fast through a quark-gluon plasma may lose energy by

Cherenkov-radiating mesons. We demonstrate that this takes place in all strongly coupled, large-Nc

plasmas with a gravity dual. The energy loss is exactly calculable in these models despite being an

Oð1=NcÞ effect. We discuss implications for heavy-ion collision experiments.
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Introduction.—A remarkable conclusion from the
Relativistic Heavy Ion Collider (RHIC) experiments [1]
is that the quark-gluon plasma does not behave as a weakly
coupled gas of quarks and gluons, but rather as a strongly
coupled fluid [2]. This makes the study of the plasma a
challenging task.

Experimentally, valuable information is obtained by
analyzing the energy loss of energetic partons created in
hard initial collisions. In order to use this information to
learn about the plasma, a theoretical, quantitative under-
standing of the different mechanisms of parton energy loss
is needed. Several such mechanisms have been previously
studied, both in QCD itself [3] and in the context of the
gauge-gravity duality [4].

In this Letter we will uncover a new mechanism
whereby a sufficiently fast heavy quark traversing a
strongly coupled plasma loses energy by Cherenkov-
radiating in-medium mesons. We will first show that this
takes place in all strongly coupled, large-Nc theories with a
gravity dual. Next we will calculate the energy loss in a
simple example. Finally, we will discuss possible implica-
tions for heavy-ion collision experiments.

Universality of the mechanism.—This follows from two
universal properties of the gauge-gravity duality (in the
limit Nc, � ! 1): (i) the fact that the gauge theory decon-
fined phase is described by a black hole (BH) geometry [5],
and (ii) the fact that a finite number of quark flavors Nf is

described by Nf D-brane probes [6]—see Fig. 1. In addi-

tion to the gauge theory directions, the gravity description
always includes a radial direction which is dual to the
gauge theory energy scale. The radial position of the
horizon is proportional to the plasma temperature T. The
D-branes extend in the radial direction down to a minimum
value proportional to the (constituent) quark mass Mq.

For sufficiently largeMq=T, theD-branes sit outside the

horizon [7–9]. In this phase, low-spin gauge theory mesons
are described by small, normalizable fluctuations of scalar
and vector fields propagating on the branes, whose spec-
trum is discrete and gapped. In particular, this means that
sufficiently heavy mesons survive deconfinement, in agree-

ment with lattice and potential model predictions for real-
world QCD [10].
Let !ðqÞ be the in-medium dispersion relation (DR) for

these mesons. As an illustrative example, the DR for vector
mesons in the D3=D7 system is depicted in Fig. 2. As q !
1, the DR becomes linear: !ðqÞ � vlimq, with vlim < 1.
This subluminal limiting velocity, which is the same for all
mesons, is easy to understand in the gravitational descrip-
tion [11]. Since highly energetic mesons are strongly at-
tracted by the BH, their wave function is very concentrated
at the bottom of the branes. Consequently, their velocity is
limited by the local speed of light vlim at this point (see
Fig. 1). Because of the BH redshift, vlim is lower than the
speed of light at infinity. In the gauge theory this translates
into the statement that vlim is lower than the speed of light
in the vacuum [12].
Consider now a heavy quark in the plasma. In the

gravitational picture, this is described by a string that starts
on the D-branes and falls through the horizon—see Fig. 1.
In order to model a highly energetic quark we consider a
string whose end point moves with an arbitrary velocity v
at an arbitrary radial position r0, where r0 is inversely
proportional to the size of the gluon cloud that dresses
the quark [15].
Two simple observations now lead to the effect that we

are interested in. The first one is that the string end point is
charged under the scalar and vector fields on the branes. In
the gauge theory, this corresponds to an effective quark-
meson coupling (see Fig. 3) of order �1=

ffiffiffiffiffiffi
Nc

p
. The dy-

namics of the branesþ string end point system is thus (a

FIG. 1 (color online). D-branes and open string in a BH
geometry.
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generalization of) that of classical electrodynamics in a
medium in the presence of a fast-moving charge. The
second observation is that the velocity of the quark may
exceed the limiting velocity of the mesons, since the
redshift at the position of the string end point is smaller
than at the bottom of the branes. As in ordinary electro-
dynamics, if this happens then the string end point loses
energy by Cherenkov radiating into the fields on the brane.
In the gauge theory, this translates into the quark losing
energy by Cherenkov-radiating scalar and vector mesons.
The rate of energy loss is set by the square of the coupling,
and is therefore of order 1=Nc.

A quantitative example.—In this section we will calcu-
late the rate of energy loss in four-dimensional, SUðNcÞ,
N ¼ 4 super-Yang-Mills (SYM) theory coupled to one
quark flavour (but the result is valid for arbitrary Nf, see

Discussion section). The dual description consists of a
D7-brane probe in the supergravity background of Nc

black D3-branes. Following [12] we write the induced
metric on the D7-brane world volume as ds2 ¼ L2ds2ðgÞ
with

ds2ðgÞ¼�2

2

�
�f2

~f
dt2þ ~fdx2i

�
þð1þ _R2Þ

�2
dr2þ r2

�2
d�2

3;

(1)

where �2 ¼ R2 þ r2, f ¼ 1� 1=�4, ~f ¼ 1þ 1=�4, _R ¼
dR=dr, and x� ¼ ft; xig are the four gauge theory direc-
tions. RðrÞ describes the D7-brane embedding, with

Rð1Þ ¼ 2Mq=
ffiffiffiffi
�

p
T. The dimensionless coordinates above

are related to their dimensionful counterparts (denoted
with tildes) through x� ¼ �T~x�, fr; R; �g ¼
f~r; ~R; ~�g=�L2T.

The terms in the braneþ string action relevant to our
calculation are

S ¼ �
Z

d8�
ffiffiffiffiffiffiffi�g

p 1

4
FabFab � e

Z
d�Aa

d�a

d�
; (2)

where Fab ¼ @½aAb� and �a ¼ fx�; r;�3g. The first term

comes from expanding the Dirac-Born-Infeld part of the
D7-brane action to quadratic order in the gauge field. The
metric g that enters this term is that in Eq. (1), which
contains no factors of L; these have been absorbed in the
definition of e in Eq. (3). The Wess-Zumino part of the
D7-brane action will not contribute to our calculation. The
second term in (2) is the minimal coupling of the end point
of an open string, whose worldline is parametrized by
�að�Þ, to the gauge field on the branes. We have omitted
a similar coupling to the scalar fields, which will be con-
sidered in [16]. The coupling constant in (2) is

e2 ¼ 1

TD7ð2�l2sÞ2L4
¼ 8�4

Nc

; (3)

where TD7 ¼ 1=gsð2�Þ7‘8s is the D7-brane tension. As
expected, e is of order 1=

ffiffiffiffiffiffi
Nc

p
, which justifies our neglect

of terms of order higher than quadratic in the action.
The second term in (2) may be written as

�e
R
d8�AaJ

a. For simplicity, we will assume that the
quark moves with constant velocity along a straight line
at constant radial and angular positions, so we write

Ja¼�ð3Þð ~x� ~vtÞ�ðr�r0Þ�ð3Þð���0Þ�ð1; ~v;0; ~0Þ: (4)

In reality, r0 and v will of course decrease with time
because of the BH gravitational pull and the energy loss.
However, for simplicity we will concentrate on the initial
part of the trajectory (which is long provided the initial
quark energy is large) for which r0 and v are approxi-
mately constant [17]—see Fig. 1.
The rate of quark energy loss is given by minus the work

per unit time done by the gauge field:

dE

dt
¼ �e

Z
d3xdrd�3F0aJ

a ¼ �eviF0iðt; ~vt; r0;�0Þ:
(5)

Since real-world QCD has no internal S3, we focus on
modes with no angular momentum on the S3. These take
the form A�ðx�; rÞ, Arðx�; rÞ, A� ¼ 0. We set Ar ¼ 0 by a

gauge choice. Further, we work with the Fourier-space
components A�ð!; q; rÞ and choose ~q ¼ ðq; 0; 0Þ, ~v ¼
vðcos	; sin	; 0Þ. After integrating over the S3, the relevant
Fourier-space components of the current are

J�¼2��ð!�qvcos	Þ�ðr�r0Þ�ð1;cos	;sin	;0Þ: (6)

With this choice the only transverse mode of the gauge
field excited by the source is A ¼ A2. The equation of
motion for this mode is

@r

�
fr3@rA

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ _R2

p
�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ _R2

p r3

�4

�
!2 ~f

f
�q2f

~f

�
A¼ ~eJ ; (7)

where J ¼ J2, ~e ¼ e=�3, and�3 ¼ 2�2 is the volume of
a unit S3. We solve (7) by expanding A as

A ð!; q; rÞ ¼ X
n

Anð!; qÞ
nðq; rÞ (8)
FIG. 3. Effective quark-meson coupling.

FIG. 2 (color online). DR for the transverse (black, continuous
curve) and longitudinal (red, dashed curve) modes of a heavy
vector meson with vlim¼0:35 in the D3=D7 system. The blue,
continuous straight line corresponds to!¼vqwith vlim<v<1.
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in terms of a basis of normalizable eigenfunctions
f
nðq; rÞg in the radial direction. These are solutions of
Eq. (7) with J ¼ 0 with q-dependent eigenvalues ! ¼
!nðqÞ, and satisfy the orthonormality relations

Z 1

0
dr

~fr3

f�4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ _R2

p

m
n ¼ �mn: (9)

Inserting the expansion (8) in (7), and using the eigenstate
equation and the orthonormality relations, we find

½!2 �!2
nðqÞ�Anð!; qÞ ¼ ~eJ nð!; qÞ; (10)

where

J nð!; qÞ ¼
Z

drJ ð!; qÞ
nðq; rÞ
¼ 2��ð!� qv cos	Þv sin	
nðq; r0Þ: (11)

Through the expansion (8) we have ‘‘Kaluza-Klein’’ re-
duced the five-dimensional gauge field to a discrete, infi-
nite tower of independent four-dimensional gauge fields
fAnð!; qÞg. Each of these fields is characterized by a
q-dependent radial ‘‘wave function’’ 
nðq; rÞ, as well as
by a DR ! ¼ !nðqÞ, and couples to the quark with an
effective strength eeffðq; r0Þ ¼ e
nðq; r0Þ.

With retarded boundary conditions, as appropriate for
the reaction to the quark’s passage, Eq. (10) yields

A nð!; qÞ ¼ ~eJ nð!; qÞ
ð!þ i�Þ2 �!2

nðqÞ
: (12)

We now evaluate (5) to obtain the energy deposited on the
nth transverse mode. We first express F02ðt; ~vt; r0;�0Þ as
an integral over its Fourier components. We then integrate
over frequencies trivially because of the delta function in
(11). Finally, we set d3q ¼ 2�q2dqds, where s ¼ cos	, to
arrive at

dEn

dt
¼�e2v

�3

Z 1

0

dq

2�
q
2

nðq;r0Þ
Z 1

�1

ds

2�i

sð1�s2Þ
ðsþ i�Þ2�s2nðqÞ

¼ e2v

2�3

Z 1

0

dq

2�
q
2

nðq;r0Þð1�s2nðqÞÞ�ð1�s2nðqÞÞ;
(13)

where sn ¼ vn=v and vnðqÞ ¼ !nðqÞ=q is the phase ve-
locity of the mode. The Heaviside function confirms the
expected result: the quark only radiates into modes with
phase velocity lower than v—those to the right of the
dashed, vertical line in Fig. 2. The numerical result for n ¼
0 is plotted in Fig. 4. For fixed r0, the energy loss increases
monotonically with v up to the maximum allowed value of
v—the local speed of light at r0. As r0 decreases, the
characteristic momentum qchar of the modes contributing
to the integral increases. As r0 ! 0 these modes become
increasingly peaked at small r, and eeffðqchar; r0Þ and the
energy loss diverge [16]. However, this mathematical di-
vergence is removed by physical effects we have not taken
into account. For example, for sufficiently large q the
radial profile of the mesons becomes of order the string

length and stringy effects become important [13]. Also,
mesons acquire widths � / q2 at large q [18] and can no
longer be treated as well-defined quasiparticles. Finally,
the approximation of a constant-v, constant-r0 trajectory
ceases to be valid whenever the energy loss rate becomes
large.
Phenomenology.—The Cherenkov radiation of mesons

by quarks depends only on the qualitative features of the
DR of Fig. 2, which are universal for all gauge theory
plasmas with a dual gravity description [19]. Moreover, it
is conceivable that they may also hold for QCD mesons
such as the J=c or the � (see, e.g., the discussion in [14]).
Here we will examine some qualitative consequences of
this assumption for HIC experiments.
The energy lost into mesons would be reflected in a

reduction of the heavy quark nuclear modification factor
RAA [21]. This would only occur for high enough quark
velocities, thus yielding a very particular behavior of RAA.
Note that the minimum quark velocity at which the reduc-
tion starts to occur may actually be higher than vlim, since
the quark energy must be larger than the mass of the
radiated meson. For example, for a charm quark to radiate
a J=c meson this condition yields v > 0:87. In fact, our
calculation applies strictly only in the limit of infinite
quark energy, which suggests that it should be more rele-
vant to HIC experiments at the Large Hadron Collider than
at RHIC.
The radiated mesons would be preferentially emitted at a

characteristic Cherenkov angle cos	c¼vlim=v. Taking the
gravity result as guidance, vlim could be as low as vlim ¼
0:35 at the meson dissociation temperature [12], corre-
sponding to an angle as large as 	c � 1:21 rad. This emis-
sion pattern is similar to the emission of sound waves by an
energetic parton [22] in that both effects lead to a nontrivial
angular structure. One important difference, however, is
that the radiated heavy mesons would not thermalize and
hencewould not be part of a hydrodynamic shock wave. As
in the Mach cone case, the meson emission pattern could
be reflected in azimuthal dihadron correlations triggered by
a high-pT hadron. Because of surface bias, the energetic
parton in the triggered direction is hardly modified, while
the one propagating in the opposite direction moves
through a significant amount of medium, emitting heavy

FIG. 4 (color online). Energy loss into Aðn¼0Þ for an embed-
ding with Rð1Þ ¼ 1:32. The continuous curves correspond to
r0 ¼ 0:86, 0.97, 1.10, 1.25, 1.45. The dotted curve is defined by
the end points of the constant-r0 curves.
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mesons. Thus, under the above assumptions, the dihadron
distribution with an associated J=c would have a ringlike
structure peaked at an angle 	 � �� 	c.

Discussion.—Cherenkov emission of gluons in the con-
text of heavy-ion collisions has been considered in [23],
where the in-medium gluons are assumed to have spacelike
DR. Although some of the underlying physics is similar,
the mechanism we have discussed is different in two
respects. First, the radiated particles are colorless mesons,
not gluons. Second, the gauge-gravity duality provides a
large class of completely explicit and calculable examples
in which this mechanism is realized.

We have focused on the transverse modes of the gauge
field. Since the vector mesons are massive, there is a
similar energy loss into the longitudinal modes [16].

We calculated the energy deposited on the branes by the
string end point. Since the branes sit outside the BH, this
energy must stay on the branes (in the limit Nc, � ! 1).
Because total conserved charges must agree, this energy is
the same as the energy lost by the quark in the gauge
theory. The Cherenkov angle 	c is also the same, since it
is determined by kinematics alone. In contrast, extracting
unintegrated gauge theory quantities (e.g., the differential
power spectrum) would require computing the boundary
stress-energy tensor as in [24].

The validity of our results requires not just large Nc, but
also strong coupling. In this regime the holographic me-
sons behave as elementary excitations, as opposed to com-

posite bound states, up to energies of order
ffiffiffiffi
�

p
T � T

[7,12]. Despite the strong coupling requirement, our results
might apply to asymptotically free theories as long as
(i) they are sufficiently strongly coupled at the scale T,
so that the in-medium meson DR shares the qualitative
features of that in Fig. 2, and (ii) there is a nonzero quark-
meson coupling in the medium.

The energy loss is Nf independent because (at leading

order) the string end point couples directly to the gauge
field on only one of the Nf D-branes. The 1=Nc scaling of

the energy loss does not necessarily imply that the analo-
gous effect (if present) is small in Nc ¼ 3 real-world QCD,
in particular, at high quark velocities. Furthermore, its
characteristic geometry and velocity dependence may
make it easily identifiable.

We close with a comment on the energy loss of heavy
mesons. At Nc ! 1, these mesons experience no drag
[12,25]. At finite Nc, pointlike heavy mesons experience
a drag of orderOð1=N2

cÞ [26]. Cherenkov radiation implies
an Oð1=NcÞ drag for fast excited mesons describable as a
long string with both end points on theD-branes [27], since
each end point may radiate as an individual quark.
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