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As a model of the longitudinal structure in heavy ion collisions, we simulate gravitational shock wave
collisions in anti–de Sitter space in which each shock is composed of multiple constituents. We find that all
constituents act coherently, and their separation leaves no imprint on the resulting plasma, when this
separation is ≲0.26=Thyd, with Thyd the temperature of the plasma at the time when hydrodynamics first
becomes applicable. In particular, the center-of-mass of the plasma coincides with the center-of-mass of all
the constituents participating in the collision, as opposed to the center-of-mass of the individual collisions.
We discuss the implications for nucleus-nucleus and proton-nucleus collisions.
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Introduction.—The hydrodynamic behavior of the matter
produced in the high energy collision of two large nuclei is
one of the most striking results of the heavy ion programs
at RHIC and LHC [1–3]. One of the theoretical challenges
posed by this collective behavior is to understand the
hydrodynamization process: the transition from the initial
far-from-equilibrium regime to the regime that is well
described by hydrodynamics. Interesting insights have
been obtained through the dual gravitational description,
in which a central nucleus-nucleus (Aþ A) collision has
been toy-modeled as a symmetric collision in anti–de Sitter
space (AdS) of two gravitational shock waves of infinite
extent in the transverse directions [4–6]. For an extensive
review of applications of the gauge-gravity duality to heavy
ion physics, see [7].
Strong collective behavior may also occur in high-

multiplicity proton-nucleus (pþ A) and deuteron-nucleus
(dþ A) collisions. The recent analyses of p-Pb data from
LHC [8–10] and d-Au data from RHIC [11,12] have
shown flow signals in high-multiplicity events. While their
interpretation as a hydrodynamic response is still far from
settled, early hydrodynamic simulations seem to reproduce
most of the observed systematics [13]. This possibility
motivates us to consider a holographic setup that captures
one of the key features of a ðp=dÞ þ A collision: the
asymmetry in the longitudinal extents of the two projectiles
[14]. Incorporating the different (and finite) extents in the
transverse directions is certainly important but technically
harder and we leave it for future work.
We collide planar gravitational shocks in AdS5 with

different longitudinal profiles, which via the gauge-gravity
duality provides a model for a high-energy collision of

projectiles with nontrivial longitudinal structure [16]. In
the field theory, the shocks are dual to two infinite sheets of
energy characterized by a stress tensor whose only non-
zero components are T��ðz�Þ ¼ ðN2

c=2π2ÞF�ðz�Þ, where
z� ¼ t� z, z is the beam direction, and F�ðz�Þ are two
arbitrary profile functions associated with the left- and
right-moving shocks, respectively. We choose t ¼ z ¼ 0
as the point at which the center of mass (c.m.) of both
shocks coincides. The general expression for the shocks
that we consider is of the form

F� ¼ μ3
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This describes a “double shock” (with two Gaussian
constituents) of characteristic size lchar ≃ l� if l� ≫ w,
and a “single shock” of characteristic size lchar ≃ 3.3w
(the region where 90% of the energy is contained) if
l� ¼ 0. Each constituent is meant to be a cartoon of a
nucleon participating in the collision. By varying lþ
and l− we can therefore model symmetric collisions
(single-single and double-double collisions) and asymmet-
ric collisions (single-double collisions). Note that we work
in the c.m. frame of the collision, in which each shock has
the same energy per unit transverse area, ðN2

c=2π2Þμ3,
regardless of the number of constituents. Because of
conformal invariance, each of the shocks is characterized
by the dimensionless products μw and μl�.
Our main result is that the created plasma at midrapidity

is insensitive to the structure of the initial shocks if the
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characteristic size of each shock satisfies lchar ≲ 0.26=Thyd,
where Thyd is the plasma temperature at the time of
hydrodynamization, thyd. We will refer to this feature as
“longitudinal coherence.” In particular, even though the
initial projectiles may be very asymmetric, in the coherent
regime the c.m. of the created plasma coincides with the c.m.
of all the nucleons participating in the collision, as opposed
to the c.m. of each individual nucleon-nucleon collision.
Longitudinal coherence.—Figure 1 shows the energy

density for the two asymmetric collisions in the second row
of Table I: a coherent collision with lchar ≃ 0.12=Thyd (left)
and an incoherent collision with lchar ≃ 0.36=Thyd (right).
All constituents have μw ¼ 0.05; i.e., they are “thin” in the
language of [5]. In both cases the left-moving shock is a
single-shock, while the right-moving shock is a double-
shock with μl− ¼ 8μw ¼ 0.4 (left) and μl− ¼ 24μw ¼
1.2 (right). As expected from [5], the thin constituents pass
through each other virtually undisturbed and then start to
attenuate. Close to the light cone, both figures show one
left-moving and two right-moving attenuating maxima after
the collision, indicating that in both cases the high-rapidity
region is sensitive to the initial structure of the shocks.
In contrast, the midrapidity region of Fig. 1(left) keeps

no memory of the initial structure of the shocks. This is
illustrated in Fig. 2(left), which shows snapshots of the
energy density at a fixed time after hydrodynamization,
μt ¼ 1.6, for the several collisions with different initial
shock structures but with the same total energy listed in the
left part of Table I. We see that the energy density around
midrapidity for the single-double collision of Fig. 1(left)
is identical to that for a single-single or a double-double
collision with constituents of the same width, and for a
single-single collision with twice-as-thick constituents. In
all these cases the hydrodynamization time and the hydro-
dynamization temperature are independent of the initial
structure of the shocks. For single shocks this is consistent
with [5], where it was found that the hydrodynamization

properties of the plasma are independent of the widths of
the initial shocks provided these satisfy μw≲ 0.2.
Figure 2(right) shows analogous snapshots for the

collisions listed on the right part of Table I, which again
have the same total energy but differ in the initial structure
of the shocks. One of the curves is the same single-single
collision of thin shocks from Fig. 2(left), which is included
for comparison. The other three curves all have lchar >
0.26=Thyd and they illustrate the incoherent regime, namely
the fact that the energy density around midrapidity, as well
as the hydrodynamization time and the hydrodynamization
temperature, are sensitive to the initial structure of the
shocks. Note that the different hydrodynamization temper-
atures would translate into about a 30% difference in the
energy density at midrapidity (which scales roughly as
T4
hyd) even if each of these curves were plotted at its

corresponding hydrodynamization time.
From the gauge theory viewpoint, these results imply

that the smallest longitudinal structure that the fields in the
midrapidity region can resolve is set by the inverse temper-
ature at hydrodynamization, which in the coherent regime
is Thyd ¼ 0.3μ. Clearly, the plasma will be sensitive to the
structure of the initial shocks if their characteristic size,
lchar, is larger than the formation time of the hydrodyna-
mized plasma, thyd. By inspection of Table I we see that the
transition between the coherent and the incoherent regimes
takes place at a scale lcoh such that 0.12 < lcohThyd < 0.36.
Since this transition is smooth, lcoh is not sharply defined.
Motivated by the considerations above, we therefore choose
to define it as the hydrodynamization time for single-single
collisions of thin shocks, which yields lcoh ¼ 0.26=Thyd.
This picture is supported by the gravitational description.

In Fig. 3 we show the volume element on the apparent
horizon formed in the two collisions displayed in Fig. 1.
Although this quantity depends on the slicing of the space-
time, close to equilibrium it provides a lower bound for
the entropy density [17]. According to the gauge-gravity

FIG. 1 (color online). Energy density (divided by N2
c=2π2) of two asymmetric collisions. The black lines are streamlines of the

produced plasma.
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duality, the horizon encodes the physics at the thermal
scale. Heuristically, one may say that Fig. 3 provides an
effective picture of Fig. 1 in which all length scales shorter
than the thermal scale have been integrated out. It is
therefore suggestive that in Fig. 3(left) there is no trace
of the microscopic structure of the shocks even at the time
t ¼ 0 of the collision. In contrast, for the further-separated
colliding shock constituents of Fig. 1(right), the corre-
sponding apparent horizon in Fig. 3(right) reflects the
initial configuration, albeit with a significant smoothening
due to the integration of scales.
Discussion.—Since longitudinal coherence only depends

on the inability of the horizon to resolve sub-thermal length
scales, we expect this coherence to occur in holographic
high-energy collisions more general than the simple model
considered here. These may include collisions of shocks
with profiles more general than (1) and collisions with
nontrivial transverse dynamics, at least if the transverse
expansion rate is slower than the longitudinal one. In the
following we take this as an assumption and explore an
interesting consequence for high-multiplicity ðp=dÞ þ A
collisions. Furthermore, we consider the limits in which
the physics of bulk-particle production is assumed to be
exclusively strongly or weakly coupled, the hope being
that these limits bracket the production dynamics at the
energies of present colliders.

In the strong-coupling limit our results, together with
the large Lorentz contraction of the colliding projectiles
at RHIC and LHC, suggest that most of the participating
nucleons act coherently in the formation of the plasma.
As a consequence, the momentum rapidity of the plasma’s
c.m., yplasma, should coincide with the momentum rapidity
of the c.m. of all the participating nucleons, ypart. Since the
local energy density at fixed proper time is maximal at
yplasma [5,6], the maximum in the rapidity distribution of
particles, ymax, also coincides with ypart. For a generic
collision with NA (NB) right-moving (left-moving) partici-
pating nucleons moving at rapidity yA (yB), we have that
ypart ¼ 1

2
logðNA=NBÞ þ yNN, where yNN ¼ 1

2
ðyA þ yBÞ is

the rapidity of the nucleon-nucleon c.m.
This shift has interesting consequences for Aþ A

collisions. First, event-by-event fluctuations in the num-
ber of participating nucleons in Aþ A collisions lead to
fluctuations in ymax according to ypart, as was also studied
in [18]. Second, for off-central collisions there will be a
similar shift locally in the transverse plane. Last, although
in this Letter we focused on the plasma formed at
midrapidity, it would also be interesting to study in more
detail the high-rapidity region, where universal scaling
(limited fragmentation) is observed in both Aþ A [19] and
pðdÞ þ A collisions [20]. However, since addressing this
feature would require a more sophisticated model that

TABLE I. Parameters of the shocks displayed in Fig. 2.

Left Right
μw μlþ μl− μthyd Thyd=μ lcharThyd μw μlþ μl− μthyd Thyd=μ lcharThyd

Green-dashed (single-single) 0.05 0 0 0.88 0.30 0.05 0.05 0 0 0.88 0.30 0.05
Black-continuous (single-double) 0.05 0 0.4 0.88 0.30 0.12 0.05 0 1.2 0.95 0.31 0.36
Red-dotted-dashed (double-double) 0.05 0.4 0.4 0.88 0.30 0.12 0.05 1.6 1.6 1.20 0.33 0.48
Blue-dotted (single-single) 0.10 0 0 0.88 0.30 0.1 1.9 0 0 −0.08 0.30 1.9

FIG. 2 (color online). Energy density (divided by N2
c=2π2) at μt ¼ 1.6 for different shock collisions characterized by the parameters

displayed in Table I.
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incorporates confinement and finite-Nc effects, we leave
this study for future work.
Perhaps even clearer is an observable consequence for

pðdÞ-A collisions. There ymax shifts to the A side due to
the asymmetric collision geometry. Taking NA ¼ 15–30
as representative values for central pðdÞ þ A collisions
at the LHC (RHIC) we find ymax ¼ 0.9ð1.3Þ–1.2ð1.7Þ. An
additional result of the strong-coupling model is that the
plasma is y-reflection-symmetric around yplasma. Interestingly,
particle production in dþ A collisions at RHIC [21] seems
consistent with both of these features, as already noted in [22].
At weak coupling we may determine ymax via perturbative

QCD. For collisions with a large rapidity gap, jyA − yBj
≫ 1, this can be estimated by equating the squared satu-
ration scales of both colliding objects [23], Q2

sðNA; ymaxÞ ¼
Q2

sðNB; ymaxÞ. Far from its own rapidity yC, the saturation
scale of a nucleus with NC participating nucleons evolves
as Q2

sðNC; yÞ ∼ NC exp ðλ̄jy − yCjÞ [24,25]. The coupling-
dependent exponent λ̄ can be extracted from fits to HERA
data within the saturation framework [26] and is given by
λ̄≃ 0.25 [24,25], reflecting the fact that in perturbative QCD
the fraction of energy available for particle production
decreases with energy. Substituting in the equation for
ymax we find ymax ¼ 1

2λ̄
logðNA=NBÞ þ yNN. We expect this

estimate to be a better approximation for the LHC than for
RHIC because of the much larger rapidity window of the
former [27].
We thus conclude that the strong- and weak-coupling

predictions for ymax in pþ A collisions differ by about a
factor of 4 [28]. This makes the possible experimental
extraction of ymax from LHC pþ A data [29] extremely
interesting, since the result may help constrain the mecha-
nism of bulk-matter production.
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