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How the idea of  RAPID NONLINEAR QGP fireball formation was developing

0.phenomenology of centrality dependence:  
multiplcity/wounded nucleons indicate 
 an unexpected jump between light and heavy ions 

1.The holography and use of the idea of trapped surface 
(from Gubser et al, 2008) 

2. Finding trapped surface for non-central 
collisions (Shu Lin+ ES 2009)  and discovery 
of critical impact parameter 

3.deriving string-string interaction  
(Tigran Kalaydzhyan and ES, 2014) 

4.collective effects in “spaghetti” multistring system 
in the transverse plane (Tigran Kalaydzhyan and ES, 2014) 

5. Strings and multistrings in holography  
(Iatrakis, Ramamurti and ES, 2015) 
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If I still have time, I will tell 
you what I worked on recently 

in connection to hypothetical critical point
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Figure 5: (left) PHOBOS data [25] on integrated number of charged particles, scaled by

Npart/2, in p+p, d+Au, Cu+Cu and Au+Au collisions as a function of centrality. The

uncertainty of Npart has been included in the error bars. (right) The height of the ridge as

a function of the number of mean binary collisions per nucleon. The data are from STAR

collaboration [27, 28] at two collision energies shown in the figure.

The most straightforward observable is entropy, related to the particle multiplicity

versus the impact parameter. In Fig.5(left) from [25] we show some data plotted as a func-

tion of the number of participants Npart. The right end of the figure corresponds to all

nucleons participating, or central collisions: toward the left end are peripheral collisions.

There are indeed two values of multiplicity per participant observed, one for small systems,

pp and dAu collisions (stars and crosses) and one for “large” systems, CuCu and AuAu

(circles and squares). There must be a transition between them somewhere, but, unfortu-

nately, the experimental multiplicity measurements for “grazing” collisions are not available

yet #3. So, unfortunately, we do not yet know how exactly transition from one regime to

another happens and what is bc(E), if it can be defined.

However some other observables associated with collective flows of excited matter do

show rapid changes at certain bc(E) seems to be there. Some evidence for that were seen

in the elliptic flow measurements, as deviations from the hydrodynamical predictions for

very peripheral collisions. Even more clearly those are seen in the centrality dependence

of the so called “ridge” phenomenon (see its relation to flow in [26, 28]) which we show in

Fig.5(right).

Admittedly, these rapid change of the dynamics have not been systematically studied

#3Small multiplicity collisions are detected for all systems, but their accurate separation from beam-residual

gas collisions has not yet been systematically resolved.

21

a 20-year old  
PHOBOS data on multiplcity per 

participant 
there seems to be two horisontal 

lines on this plot , 
one for light  

and one for heavy ions, 
independent of centrality 

jump at about 15 participants?

To keep you interested, I start with phenomenology 
 of light/heavy ion collisions



ν
1 2 3 4 5 6

M
in

ije
t P

ea
k 

A
m

pl
itu

de

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 STAR Preliminary

Binary scaling
200 GeV
62 GeV

Figure 5: (left) PHOBOS data [25] on integrated number of charged particles, scaled by

Npart/2, in p+p, d+Au, Cu+Cu and Au+Au collisions as a function of centrality. The

uncertainty of Npart has been included in the error bars. (right) The height of the ridge as

a function of the number of mean binary collisions per nucleon. The data are from STAR

collaboration [27, 28] at two collision energies shown in the figure.

The most straightforward observable is entropy, related to the particle multiplicity

versus the impact parameter. In Fig.5(left) from [25] we show some data plotted as a func-

tion of the number of participants Npart. The right end of the figure corresponds to all

nucleons participating, or central collisions: toward the left end are peripheral collisions.

There are indeed two values of multiplicity per participant observed, one for small systems,

pp and dAu collisions (stars and crosses) and one for “large” systems, CuCu and AuAu

(circles and squares). There must be a transition between them somewhere, but, unfortu-

nately, the experimental multiplicity measurements for “grazing” collisions are not available

yet #3. So, unfortunately, we do not yet know how exactly transition from one regime to

another happens and what is bc(E), if it can be defined.

However some other observables associated with collective flows of excited matter do

show rapid changes at certain bc(E) seems to be there. Some evidence for that were seen

in the elliptic flow measurements, as deviations from the hydrodynamical predictions for

very peripheral collisions. Even more clearly those are seen in the centrality dependence

of the so called “ridge” phenomenon (see its relation to flow in [26, 28]) which we show in

Fig.5(right).

Admittedly, these rapid change of the dynamics have not been systematically studied

#3Small multiplicity collisions are detected for all systems, but their accurate separation from beam-residual

gas collisions has not yet been systematically resolved.
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a 20-year old  
PHOBOS data on multiplcity per 

participant 
there seems to be two horisontal 

lines on this plot , 
one for light  

and one for heavy ions, 
independent of centrality 

jump at about 15 participants?

To keep you interested, I start with phenomenology 
 of light/heavy ion collisions

WHY?  Isn’t it obvious that very peritheral collisions  
must be just few nucleons, like light? 

Is there some sharp transition between two regimes?
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The most straightforward observable is entropy, related to the particle multiplicity

versus the impact parameter. In Fig.5(left) from [25] we show some data plotted as a func-

tion of the number of participants Npart. The right end of the figure corresponds to all

nucleons participating, or central collisions: toward the left end are peripheral collisions.

There are indeed two values of multiplicity per participant observed, one for small systems,

pp and dAu collisions (stars and crosses) and one for “large” systems, CuCu and AuAu

(circles and squares). There must be a transition between them somewhere, but, unfortu-

nately, the experimental multiplicity measurements for “grazing” collisions are not available

yet #3. So, unfortunately, we do not yet know how exactly transition from one regime to

another happens and what is bc(E), if it can be defined.

However some other observables associated with collective flows of excited matter do

show rapid changes at certain bc(E) seems to be there. Some evidence for that were seen

in the elliptic flow measurements, as deviations from the hydrodynamical predictions for

very peripheral collisions. Even more clearly those are seen in the centrality dependence

of the so called “ridge” phenomenon (see its relation to flow in [26, 28]) which we show in

Fig.5(right).

Admittedly, these rapid change of the dynamics have not been systematically studied

#3Small multiplicity collisions are detected for all systems, but their accurate separation from beam-residual

gas collisions has not yet been systematically resolved.

21

a 20-year old  
PHOBOS data on multiplcity per 

participant 
there seems to be two horisontal 

lines on this plot , 
one for light  

and one for heavy ions, 
independent of centrality 

jump at about 15 participants?

To keep you interested, I start with phenomenology 
 of light/heavy ion collisions

WHY?  Isn’t it obvious that very peritheral collisions  
must be just few nucleons, like light? 

Is there some sharp transition between two regimes?

Recent results from SHINE:  
central Be Be is nearly the same as pp 

but already Ar 
 (atomic weight about 40) 
is already close to PbPb 

Again, a hint for rapid transition…
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By that time it was clear that formation of QGP fireball 
in holographic models  

corresponds to formation of black hole 
out of some falling objects in the “bulk” 

e.g. Shu Lin and myself propose falling membrane 
as a model of thermalization
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By that time it was clear that formation of QGP fireball 
in holographic models  

corresponds to formation of black hole 
out of some falling objects in the “bulk” 

e.g. Shu Lin and myself propose falling membrane 
as a model of thermalization

Gubser et al proposed a new tool :  
find the “trapped surface”   

technically it is a “null surface” 
on which a massless particle 

would move,  
neither falling nor flying away. 

If found, the entropy is given by 
its area in proper units
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By that time it was clear that formation of QGP fireball 
in holographic models  

corresponds to formation of black hole 
out of some falling objects in the “bulk” 

e.g. Shu Lin and myself propose falling membrane 
as a model of thermalization

The line element for two identical head-on shock waves propagating toward one another

in AdS5 is

ds2 =
L2

z2
[

−dudv + (dx1)2 + (dx2)2 + dz2
]

+
L

z
Φ(x1, x2, z)

[

δ(u)du2 + δ(v)dv2
]

, (2)

where we have introduced the light-cone coordinates

u = t− x3 v = t+ x3 , (3)

and have assumed that u < 0 or v < 0. A simple shock-wave geometry in anti-de Sitter

space can be obtained by boosting a black hole solution. As we will explain in section 3, for

such a shock wave, the function Φ(x1, x2, z) in (2) is given by

Φ(x1, x2, z) =
2G5E

L

1 + 8q(1 + q)− 4
√

q(1 + q)(1 + 2q)
√

q(1 + q)
(4)

where

q ≡ (x1)2 + (x2)2 + (z − L)2

4zL
(5)

and E is the total energy of the shock wave. In the rest of this introductory discussion we

focus on shock waves of the form (4). Extensions to more general shock waves in various

dimensions can be found in sections 3.2 and 3.3.

The metric (2) has singularities at u = q = 0 and v = q = 0 where Einstein’s equations

apply only in a distributional sense. These singularities merely signal the presence of pointlike

massless particles of energy E, remnants of the boosted black hole. These singularities could

be smoothed out by replacing each massless particle by a continuous cloud of massless

particles with the same total energy. In [7], point-like sources for shocks propagating in a

flat-space background were replaced by wave-packets. The geometry (2) describes a head-on

collision because the massless particles are located at the same position in the transverse

space parameterized by x1, x2, and z.

The reason we must assume u < 0 or v < 0 in (2) is that the two shocks collide at

u = v = 0, and in the future light-volume of that event, little is known about the geometry

(see however [6].) Assuming a black hole is formed after the collision, there is a standard

method [8, 9, 10, 11] for computing a lower bound on the entropy S of the black hole:

S ≥ Strapped ≡ Atrapped

4G5
, (6)

2

Gubser et al proposed a new tool :  
find the “trapped surface”   

technically it is a “null surface” 
on which a massless particle 

would move,  
neither falling nor flying away. 

If found, the entropy is given by 
its area in proper units
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By that time it was clear that formation of QGP fireball 
in holographic models  

corresponds to formation of black hole 
out of some falling objects in the “bulk” 

e.g. Shu Lin and myself propose falling membrane 
as a model of thermalization

The line element for two identical head-on shock waves propagating toward one another

in AdS5 is

ds2 =
L2

z2
[

−dudv + (dx1)2 + (dx2)2 + dz2
]

+
L

z
Φ(x1, x2, z)

[

δ(u)du2 + δ(v)dv2
]

, (2)

where we have introduced the light-cone coordinates

u = t− x3 v = t+ x3 , (3)

and have assumed that u < 0 or v < 0. A simple shock-wave geometry in anti-de Sitter

space can be obtained by boosting a black hole solution. As we will explain in section 3, for

such a shock wave, the function Φ(x1, x2, z) in (2) is given by

Φ(x1, x2, z) =
2G5E

L

1 + 8q(1 + q)− 4
√

q(1 + q)(1 + 2q)
√

q(1 + q)
(4)

where

q ≡ (x1)2 + (x2)2 + (z − L)2

4zL
(5)

and E is the total energy of the shock wave. In the rest of this introductory discussion we

focus on shock waves of the form (4). Extensions to more general shock waves in various

dimensions can be found in sections 3.2 and 3.3.

The metric (2) has singularities at u = q = 0 and v = q = 0 where Einstein’s equations

apply only in a distributional sense. These singularities merely signal the presence of pointlike

massless particles of energy E, remnants of the boosted black hole. These singularities could

be smoothed out by replacing each massless particle by a continuous cloud of massless

particles with the same total energy. In [7], point-like sources for shocks propagating in a

flat-space background were replaced by wave-packets. The geometry (2) describes a head-on

collision because the massless particles are located at the same position in the transverse

space parameterized by x1, x2, and z.

The reason we must assume u < 0 or v < 0 in (2) is that the two shocks collide at

u = v = 0, and in the future light-volume of that event, little is known about the geometry

(see however [6].) Assuming a black hole is formed after the collision, there is a standard

method [8, 9, 10, 11] for computing a lower bound on the entropy S of the black hole:

S ≥ Strapped ≡ Atrapped

4G5
, (6)

2

Gubser et al proposed a new tool :  
find the “trapped surface”   

technically it is a “null surface” 
on which a massless particle 

would move,  
neither falling nor flying away. 

If found, the entropy is given by 
its area in proper units

Bekenstein
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By that time it was clear that formation of QGP fireball 
in holographic models  

corresponds to formation of black hole 
out of some falling objects in the “bulk” 

e.g. Shu Lin and myself propose falling membrane 
as a model of thermalization

The line element for two identical head-on shock waves propagating toward one another

in AdS5 is

ds2 =
L2

z2
[

−dudv + (dx1)2 + (dx2)2 + dz2
]

+
L

z
Φ(x1, x2, z)

[

δ(u)du2 + δ(v)dv2
]

, (2)

where we have introduced the light-cone coordinates

u = t− x3 v = t+ x3 , (3)

and have assumed that u < 0 or v < 0. A simple shock-wave geometry in anti-de Sitter

space can be obtained by boosting a black hole solution. As we will explain in section 3, for

such a shock wave, the function Φ(x1, x2, z) in (2) is given by

Φ(x1, x2, z) =
2G5E

L

1 + 8q(1 + q)− 4
√

q(1 + q)(1 + 2q)
√

q(1 + q)
(4)

where

q ≡ (x1)2 + (x2)2 + (z − L)2

4zL
(5)

and E is the total energy of the shock wave. In the rest of this introductory discussion we

focus on shock waves of the form (4). Extensions to more general shock waves in various

dimensions can be found in sections 3.2 and 3.3.

The metric (2) has singularities at u = q = 0 and v = q = 0 where Einstein’s equations

apply only in a distributional sense. These singularities merely signal the presence of pointlike

massless particles of energy E, remnants of the boosted black hole. These singularities could

be smoothed out by replacing each massless particle by a continuous cloud of massless

particles with the same total energy. In [7], point-like sources for shocks propagating in a

flat-space background were replaced by wave-packets. The geometry (2) describes a head-on

collision because the massless particles are located at the same position in the transverse

space parameterized by x1, x2, and z.

The reason we must assume u < 0 or v < 0 in (2) is that the two shocks collide at

u = v = 0, and in the future light-volume of that event, little is known about the geometry

(see however [6].) Assuming a black hole is formed after the collision, there is a standard

method [8, 9, 10, 11] for computing a lower bound on the entropy S of the black hole:

S ≥ Strapped ≡ Atrapped

4G5
, (6)

2

Gubser et al proposed a new tool :  
find the “trapped surface”   

technically it is a “null surface” 
on which a massless particle 

would move,  
neither falling nor flying away. 

If found, the entropy is given by 
its area in proper units

it is inequality 
 because the surface we find 

at time zero, and it may grow later

Bekenstein
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Figure 1: A projection of the marginally trapped surface that we use onto a fixed time slice
of the AdS5 geometry. The size of the trapped surface is controlled by the energy of the
massless particles that generate the shock waves. These particles are shown as dark blue
dots.

Schwarzschild solution:

ds2 =
L2

z2

[

(

1− z4

z4H

)

dt2 + dx⃗2 +
dz2

1− z4

z4
H

]

. (9)

According to [18], the energy density is

ϵ =
3π3

16

L3

G5
T 4 . (10)

On the other hand, lattice calculations1 show that

f∗ ≡
ϵ

T 4
≈ 11 for 1.2Tc < T < 2Tc , (11)

and that f∗ rises slowly above this range. We choose

L3

G5
=

16

3π3
× 11 ≈ 1.9 (12)

in order to make the black hole equation of state (10) match (11). Since we have not specified

a compact manifold, we need not assume that the AdS5 background is dual to SU(N) N = 4

1We took the value quoted in (11) from Figure 1 of [19]. See e.g. [20] for a more comprehensive account.

4

Here is the setting: 
a central collision 
of two relativistic  

masses  
(black holes) 

their field is  a 
gravitational 

“shock wave”

the flat surface 
is a boundary 
where we live

where Atrapped is the area of the trapped surface: that is, a surface whose null normals all

propagate inward. The inequality (6) is based on the expectation that trapped surfaces must

lie behind an event horizon. To our knowledge, (6) has not been rigorously demonstrated in

anti-de Sitter space. It is related to singularity theorems [12], cosmic censorship (for a review

see [13]) and the area theorem, which is usually proven on the assumption that spacetime

is asymptotically flat; see however [14, 15, 16, 17]. Instead of attempting to clarify the

conditions under which (6) must hold, we will make the working assumption that it does

hold for the collisions we discuss.

When they exist, trapped surfaces are highly non-unique. But in the case of head-

on collisions in flat space there is a standard choice of such surfaces [8, 9, 10, 11] which

are easily obtained due to the symmetries of the configuration: head-on collisions preserve

rotational symmetry around the axis of motion of the massless particles, O(2) in d = 4.

The standard trapped surface preserves this symmetry too. In the case we’re considering,

the metric (2) possesses an O(3) symmetry which acts on x1, x2, and z but preserves q.

It is a remnant of the O(4, 2) symmetry of AdS5. We explain this symmetry more fully in

section 3, and in section 4 we construct an O(3)-symmetric trapped surface (more precisely,

a marginally trapped surface) which is an obvious adaptation of the standard one in flat

space. The marginally trapped surface we find comprises two halves, S1 and S2, which are

matched along a co-dimension three “curve” C. This is depicted in figure 1. C lies in a three-

dimensional slice of AdS5 whose internal geometry is the hyperbolic space H3. Because

of the O(3) symmetry, C must be a two-sphere located at some constant value qC of the

O(3)-invariant variable q.

As we will see in section 4, the area of the trapped surface depends on the energy E of

the configuration, and one can obtain a relation between Strapped and E through qC. When

qC ≫ 1, this relation takes the form

E ≈ 4L2

G5
q3C Strapped ≈ 4πL3

G5
q2C , (7)

from which we can immediately extract

Strapped ≈ π

(

L3

G5

)1/3

(2EL)2/3 . (8)

To obtain a numerical value for Strapped, we must evidently select values for the dimensionless

quantities L3/G5 and EL. To choose L3/G5, consider the translationally invariant AdS5-

3

the main result: 
multiplcity should grow as  

E(cm)^(2/3)
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Figure 2: A plot of the total number of charged particles vs. energy. The data points were
taken from table II of the PHOBOS results [23]. We show in red the region consistent
with the bound (15) obtained via the gauge-string duality, using point-sourced shocks and
estimates described in the text, and assuming the bound (6). The blue curve corresponds to
the prediction of the Landau model [24].

the latter dependence, predicted by the Landau model [24],2 seems to hold over a strikingly

large range of energies. Put differently, the inequality in (15) is consistent with all heavy-ion

collision data to date, but for energies only slightly above RHIC energies, (15) predicts a

faster increase of entropy than is generally expected.

At the LHC,
√
sNN will be 5.5TeV for lead-lead collisions. Inserting this value into (15),

and making minor corrections for the differences between lead and gold3 one finds

Strapped ≈ 3.4× 105 . (16)

S ≥ Strapped corresponds to Ncharged ≥ 45000 if we continue to use (1). The lower bound

on the entropy (16) exceeds the prediction of the Landau model, S ≈ 2.1 × 105, by a

factor of about 1.6. Calculations based on the Color Glass Condensate tend to predict

lower multiplicities: for example, from figure 5 of [28], one may read off the prediction

Ncharged ≈ 22000, about a factor of 2 below the estimate from (16); see also [29].

We see three main ways in which (15) could fail:

1. Using the gauge-string duality to describe entropy production may cause us to mis-

2For an introduction to the Landau model, see section 2.3; for a review, see [27].
3A = 208 for lead, so Ebeam = 570TeV; L = 4.4 fm from the rms radius of lead, resulting in EL ≈ 1.3×107.

6

Famout Fermi-Landau initial condition 
— the instant equilibration — 
gives E(cm)^(1/2) or s^(1/4) 

worked better for RHIC, 
Gubser et al show 

but the model is very schematic… 

(it was before LHC)
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Abstract

AdS/CFT correspondence is now widely used for study of strongly coupled plasmas,

such as produced in ultrarelativistic heavy ion collisions at RHIC. While properties of

equilibrated plasma and small deviations from equilibrium are by now reasonably well

understood, its initial formation and thermal equilibration is much more challenging

issue which remains to be studied. In the dual gravity language, these problems are

related to formation of bulk black holes, and trapped surfaces we study in this work is a

way to estimate the properties (temperature and entropy) of such black hole. Extending

the work by Gubser et al, we find numerically trapped surfaces for non-central collision

of shock waves with different energies. We observe a critical impact parameter, beyond

which the trapped surface does not exist: and we argue that there are experimental

indications for similar critical impact parameter in real collisions. We also present a

simple solvable example of shock wave collision: wall-on-wall collision. The applicability

of this approach to heavy ion collision is critically discussed.
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Figure 1: (left)The shapes of C (the trapped surface at u = v = 0) at G5E
L2 = 1. The impact

parameters used in the plot are 0.4L, 0.6L, 0.8L, 1.0L, 1.1L, 1.14L from the outer to the

inner. The innermost shape being the critical trapped surface. (right)The shapes of C (the

trapped surface at u = v = 0) at G5E
L2 = 100. The impact parameters used in the plot are

1.0L, 2.0L, 3.0L, 4.0L, 5.0L, 5.3L from the outer to the inner. The innermost shape being

the critical trapped surface. As collision energy grows, the trapped surface gets elongated

in the axis of mismatch.

Strapped =
2A

4G5
=

1

2G5

∫

√
gd3x (50)

where A is the area of the boundary C. The prefactor is

L3

G5
=

2N2
c

π
(51)

We plot the lower bound of entropy in the dual field theory for energy G5E
L2 = 100 in

Fig.3

5 Wall-on-wall collisions

In this section we address a simpler form of the shock waves, called wall-on-wall in [18], in

which there is no dependence on two transverse coordinates. Grumiller and Romatschke [3]

have also discussed it, using gravitational shock waves. The problem with their approach

is (power) growing amplitude of the shock as a function of holographic coordinate z. If

so, collision dynamics resembles the atmospheric turbulence in the sense that the largest

perturbation is at the largest z – namely in the infrared modes – cascading down toward

15

we found that there is a 
critical trapped surface 

and at impact parameter 
b>bc no such surface exists! 

no black hole =  
no QGP fireball

we started much more complicated project: 
nonzero  impact parameter 

then trapped surface is not a sphere! 
one needs to find it from complicated eqn, 

which we turned to integral eqn and 
solved it numerically



For the first time ever we managed to do so 
BEFORE Gubser et al also did it 

in their second paper, 

Here is a comparison from 
lines are theirs, 

the black dots are our numerical  solution 
as you see, they match perfectly

It is the area (=entropy=multiplcity) 
versus the impact parameter 
the vertical line is the location 

of the critical value b_c 

very peripheral collisions do  
NOT produce a fireball
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We study the early stages of “central” pA and peripheral AA collisions. Several observables
indicate that at a su�ciently large number of participant nucleons the system undergoes a transition
into a new “explosive” regime. By defining a string-string interaction through the � meson exchange
and performing molecular dynamics simulation, we argue that one should expect a strong collective
implosion of the multi-string “spaghetti” state, creating significant compression of the system in the
transverse plane. Another consequence is the collectivization of the “sigma clouds” of all strings
into a chirally symmetric fireball. We find that these e↵ects happen provided the number of strings
Ns > 30 or so, as only such a number can compensate a small sigma-string coupling. These
findings should help us to understand the subsequent explosive behavior, observed for the particle
multiplicities roughly corresponding to this number of strings.

PACS numbers: 12.38.Mh, 25.75.Ld, 11.27.+d

I. INTRODUCTION

A. The evolving views on the high energy collisions

Before we get into our discussion of high-multiplicity
pA collisions, let us start by briefly reviewing the current
views on the two extremes: AA and minimum-bias pp
collisions.

“Not-too-peripheral” AA we define as those which have
the number of participant nucleons Np > 40, and a corre-
sponding multiplicity of the order of a few hundred. (Pe-
ripheral AA, complementary to this definition, we discuss
in Sec. IVB.) Central AA collisions produce many thou-
sands of secondaries: the corresponding fireball has an
energy/entropy density well within the QGP domain, and
these were naturally in the “mainstream” of the RHIC
and LHC heavy-ion programs. Needless to say, the the-
ory guidance and those experiments resulted in widely
known conclusions about the strongly coupled dynamics
of QGP. In particular, its collective flows were found to
follow the hydrodynamical predictions with a remarkable
accuracy.

(Hydrodynamical modeling typically starts at the
proper time ⌧i ⇠ 1/2 fm, and the equation of state used is
that of the fully equilibrated matter known from lattice
simulations. The description of matter at earlier stages
and the exact mechanism/degree of actual thermal equi-
libration are still a developing and hotly debated subject,
which we do not address in this work.)

AdS/CFT correspondence provides a dual description
of strongly interacting systems. In this vocabulary, the
thermal fireball of deconfined matter is dual to a five-
dimensional (5D) black hole, and its hydrodynamical ex-
pansion corresponds to the motion of this black hole
o↵ the space boundary (where the gauge theory is lo-
cated). The attractively interacting and collapsing sys-
tem of QCD strings we discuss should be viewed as a

FIG. 1: (Color online) Top: Basic mechanism of a two-
string production, resulting from color reconnection. Bottom:
Sketch of the simplest multi-string state, produced in pA col-
lisions or very peripheral AA collisions, known as “spaghetti”.

QCD analog to AdS/CFT black hole formation.
The opposite extreme is represented by typical (min-

imum bias) pp collisions. Its Pomeron description at a
large impact parameter b = 1 � 2 fm is naturally given
in terms of a double-string production (see Fig. 1, top).
Color reconnection (described perturbatively or semiclas-
sically, by a “tube” string diagram) leads to a pair of
longitudinally stretched strings, with subsequent break-
ing into several pieces – hadronic clusters, which finally
decay into a few final secondaries, as implemented in,
e.g., the Lund model event generators, which do quite a
good job in reproducing these phenomena. The density
of a produced excitation is low, and it takes place in the
confining QCD vacuum: thus the string description. The
Pomeron profile, in particular, was historically the origin
of the so-called ↵0(t = 0) parameter, related to the string
tension, which defines the “string scale” both in QCD
and in fundamental string theory.
(If collisions are “hard”, with a momentum transfer

Q � 1 GeV, they resolve nucleons and Pomerons to
their partonic substructure. The perturbative descrip-
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dimensional (5D) black hole, and its hydrodynamical ex-
pansion corresponds to the motion of this black hole
o↵ the space boundary (where the gauge theory is lo-
cated). The attractively interacting and collapsing sys-
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QCD analog to AdS/CFT black hole formation.
The opposite extreme is represented by typical (min-

imum bias) pp collisions. Its Pomeron description at a
large impact parameter b = 1 � 2 fm is naturally given
in terms of a double-string production (see Fig. 1, top).
Color reconnection (described perturbatively or semiclas-
sically, by a “tube” string diagram) leads to a pair of
longitudinally stretched strings, with subsequent break-
ing into several pieces – hadronic clusters, which finally
decay into a few final secondaries, as implemented in,
e.g., the Lund model event generators, which do quite a
good job in reproducing these phenomena. The density
of a produced excitation is low, and it takes place in the
confining QCD vacuum: thus the string description. The
Pomeron profile, in particular, was historically the origin
of the so-called ↵0(t = 0) parameter, related to the string
tension, which defines the “string scale” both in QCD
and in fundamental string theory.
(If collisions are “hard”, with a momentum transfer

Q � 1 GeV, they resolve nucleons and Pomerons to
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QCD analog to AdS/CFT black hole formation.
The opposite extreme is represented by typical (min-

imum bias) pp collisions. Its Pomeron description at a
large impact parameter b = 1 � 2 fm is naturally given
in terms of a double-string production (see Fig. 1, top).
Color reconnection (described perturbatively or semiclas-
sically, by a “tube” string diagram) leads to a pair of
longitudinally stretched strings, with subsequent break-
ing into several pieces – hadronic clusters, which finally
decay into a few final secondaries, as implemented in,
e.g., the Lund model event generators, which do quite a
good job in reproducing these phenomena. The density
of a produced excitation is low, and it takes place in the
confining QCD vacuum: thus the string description. The
Pomeron profile, in particular, was historically the origin
of the so-called ↵0(t = 0) parameter, related to the string
tension, which defines the “string scale” both in QCD
and in fundamental string theory.
(If collisions are “hard”, with a momentum transfer
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basic mechanism of  production of QCD strings 
(also called flux tubes) 

multistring configuration after collision, 
(spaghetti) 

when strings are extended longitudinally 
Lund model (Pythia etc) true for pp and light 

nuclei assumes string are broken  
INDEPENDENTLY 

This cannot be true of the number is large…
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and the exact mechanism/degree of actual thermal equi-
libration are still a developing and hotly debated subject,
which we do not address in this work.)

AdS/CFT correspondence provides a dual description
of strongly interacting systems. In this vocabulary, the
thermal fireball of deconfined matter is dual to a five-
dimensional (5D) black hole, and its hydrodynamical ex-
pansion corresponds to the motion of this black hole
o↵ the space boundary (where the gauge theory is lo-
cated). The attractively interacting and collapsing sys-
tem of QCD strings we discuss should be viewed as a

FIG. 1: (Color online) Top: Basic mechanism of a two-
string production, resulting from color reconnection. Bottom:
Sketch of the simplest multi-string state, produced in pA col-
lisions or very peripheral AA collisions, known as “spaghetti”.

QCD analog to AdS/CFT black hole formation.
The opposite extreme is represented by typical (min-

imum bias) pp collisions. Its Pomeron description at a
large impact parameter b = 1 � 2 fm is naturally given
in terms of a double-string production (see Fig. 1, top).
Color reconnection (described perturbatively or semiclas-
sically, by a “tube” string diagram) leads to a pair of
longitudinally stretched strings, with subsequent break-
ing into several pieces – hadronic clusters, which finally
decay into a few final secondaries, as implemented in,
e.g., the Lund model event generators, which do quite a
good job in reproducing these phenomena. The density
of a produced excitation is low, and it takes place in the
confining QCD vacuum: thus the string description. The
Pomeron profile, in particular, was historically the origin
of the so-called ↵0(t = 0) parameter, related to the string
tension, which defines the “string scale” both in QCD
and in fundamental string theory.
(If collisions are “hard”, with a momentum transfer

Q � 1 GeV, they resolve nucleons and Pomerons to
their partonic substructure. The perturbative descrip-
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the same applies to central collisions of light nuclei 
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strings reaches a certain critical value, the cluster takes
over the whole system, which was suggested to become
“deconfined” as a result. For a recent relation to high-
multiplicity pp see also [22]. (These ideas are, in a way,
complimentary to our treatment below, which focuses,
however, on chiral symmetry restoration rather than de-
confinement.)

Studies of the interaction of nonoverlapping strings
have been done on the lattice, in a di↵erent setting. We
do not go into this subject, because one can find a brief
review of it in our previous paper [9].

Unlike that paper, here we consider not complicated
string shapes, “string balls”, but a set of parallel and
straight (unexcited) strings, called spaghetti. These
strings have charges at the end, which move along the
beam line, into positive and negative directions, with
high rapidities. The equation of motion will be derived
for a small segment of the string in the middle, of length
�x. (The value of �x is irrelevant, as it appears both in
the mass and in the force, and cancels out.) The calcu-
lation is done in the nonrelativistic approximation, as-
suming transverse string velocity v ⌧ 1 and ignoring
retardation e↵ects. The string-string potential depends
on m�r and, therefore, has an uncertainty in the sigma
mass (due to its large decay width). This uncertainty
is presumably larger than or comparable to the e↵ect of
retardation.

Following this, we assume the string interaction to be
mediated by the lightest scalar �. For one string the
sigma “cloud” has a shape given by the quark condensate,

hq̄q(r?)W i

hW ihq̄qi
= 1� CK0(m� r̃?) , (7)

where K0 is the modified Bessel function and the “regu-
larized” transverse distance r̃? is

r̃? =
q
r2? + s2string , (8)

which smooths the two-dimensional (2D) Coulomb sin-
gularity ⇠ ln(r?) at small r?. The parameter sstring is
considered to be an “intrinsic” string width (in contrary
to the e↵ective string width, which is a result of quantum
fluctuations).

Lattice simulations, such as [23], have found vacuum
modifications due to the presence of a QCD string. We
argued [9] that these data can be well described by a
“sigma cloud” (7). In Fig. 3 one can see our two-
parameter fit to these data (the sigma mass here was
taken to be m� = 600 MeV as an input, and was not fit-
ted/modified). According to our fit, the intrinsic width
is sstring ' 0.176 fm. After we had done the calculations,
other lattice data [25] appeared, reporting the “intrinsic”
width (penetration length of the dual superconductor pic-
ture in their case) to be equal to � = 0.175 fm. Taken
that our calculation was not supposed to be so precise,
we treat this as an amazing match.

Since the strings are almost parallel to each other, the
problem is reduced to the set of point particles on a plane
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FIG. 3: (Color online) Normalized chiral condensate as a func-
tion of the radial coordinate transverse to the QCD string.
Points are from the lattice data [23]. The curve is expression
(7) with C = 0.26 and sstring = 0.176 fm.

with the 2D Yukawa interaction. From fit (7) one can see
[9], that the main parameter of the string-string interac-
tion (in string tension units) is numerically small,

gN�T =
h�i2C2

4�T
⌧ 1 , (9)

typically in the range 10�1
� 10�2. So, it is correctly

neglected in situations for which the Lund model was
originally invented – when only O(1) strings are created.
The interaction starts to play a role when this small-

ness can be compensated by a large number of strings.
As shown in Fig. 3, the magnitude of the quark con-
densate � = |hq̄qi| at the string position is suppressed by
about 20% of its vacuum value. So, in a “spaghetti” state
one should think of the quark condensate suppression as
being about 0.2 times the diluteness, (6), which is still
< 1.
On the other hand, about 5 overlapping strings would

be enough to eliminate the condensate and completely
restore the chiral symmetry. If Ns > 30 strings implode
into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
fireball.
Another possible approach to the flux tube interaction

is developed within the Abelian Higgs (or dual super-
conductor) model of the QCD vacuum. In this picture
the scalar field � is produced by the condensed magnetic
monopoles. The vector (electromagnetic) field acquires
mass due to the nonzero vacuum expectation value of the
scalar field h�i 6= 0. The ratio of the masses MA/M� de-
fines the leading interaction channel between (and hence
the sign of the interaction between) the Abrikosov flux
tubes: if it is larger than 1, then one has domination of
the attraction, i.e., a “type-I” superconductor. We as-
sume that this is the case. There are also recent lattice
data [24, 25] supporting our assumption in the SU(3)
case.

QCD flux tubes were studied on the lattice 

Classification of flux tube in superconductor: 
(Abrikosov) 
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due to which they are glued together to 
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do not go into this subject, because one can find a brief
review of it in our previous paper [9].
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straight (unexcited) strings, called spaghetti. These
strings have charges at the end, which move along the
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strings reaches a certain critical value, the cluster takes
over the whole system, which was suggested to become
“deconfined” as a result. For a recent relation to high-
multiplicity pp see also [22]. (These ideas are, in a way,
complimentary to our treatment below, which focuses,
however, on chiral symmetry restoration rather than de-
confinement.)

Studies of the interaction of nonoverlapping strings
have been done on the lattice, in a di↵erent setting. We
do not go into this subject, because one can find a brief
review of it in our previous paper [9].

Unlike that paper, here we consider not complicated
string shapes, “string balls”, but a set of parallel and
straight (unexcited) strings, called spaghetti. These
strings have charges at the end, which move along the
beam line, into positive and negative directions, with
high rapidities. The equation of motion will be derived
for a small segment of the string in the middle, of length
�x. (The value of �x is irrelevant, as it appears both in
the mass and in the force, and cancels out.) The calcu-
lation is done in the nonrelativistic approximation, as-
suming transverse string velocity v ⌧ 1 and ignoring
retardation e↵ects. The string-string potential depends
on m�r and, therefore, has an uncertainty in the sigma
mass (due to its large decay width). This uncertainty
is presumably larger than or comparable to the e↵ect of
retardation.

Following this, we assume the string interaction to be
mediated by the lightest scalar �. For one string the
sigma “cloud” has a shape given by the quark condensate,

hq̄q(r?)W i

hW ihq̄qi
= 1� CK0(m� r̃?) , (7)

where K0 is the modified Bessel function and the “regu-
larized” transverse distance r̃? is

r̃? =
q
r2? + s2string , (8)

which smooths the two-dimensional (2D) Coulomb sin-
gularity ⇠ ln(r?) at small r?. The parameter sstring is
considered to be an “intrinsic” string width (in contrary
to the e↵ective string width, which is a result of quantum
fluctuations).

Lattice simulations, such as [23], have found vacuum
modifications due to the presence of a QCD string. We
argued [9] that these data can be well described by a
“sigma cloud” (7). In Fig. 3 one can see our two-
parameter fit to these data (the sigma mass here was
taken to be m� = 600 MeV as an input, and was not fit-
ted/modified). According to our fit, the intrinsic width
is sstring ' 0.176 fm. After we had done the calculations,
other lattice data [25] appeared, reporting the “intrinsic”
width (penetration length of the dual superconductor pic-
ture in their case) to be equal to � = 0.175 fm. Taken
that our calculation was not supposed to be so precise,
we treat this as an amazing match.

Since the strings are almost parallel to each other, the
problem is reduced to the set of point particles on a plane
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FIG. 3: (Color online) Normalized chiral condensate as a func-
tion of the radial coordinate transverse to the QCD string.
Points are from the lattice data [23]. The curve is expression
(7) with C = 0.26 and sstring = 0.176 fm.

with the 2D Yukawa interaction. From fit (7) one can see
[9], that the main parameter of the string-string interac-
tion (in string tension units) is numerically small,

gN�T =
h�i2C2

4�T
⌧ 1 , (9)

typically in the range 10�1
� 10�2. So, it is correctly

neglected in situations for which the Lund model was
originally invented – when only O(1) strings are created.
The interaction starts to play a role when this small-

ness can be compensated by a large number of strings.
As shown in Fig. 3, the magnitude of the quark con-
densate � = |hq̄qi| at the string position is suppressed by
about 20% of its vacuum value. So, in a “spaghetti” state
one should think of the quark condensate suppression as
being about 0.2 times the diluteness, (6), which is still
< 1.
On the other hand, about 5 overlapping strings would

be enough to eliminate the condensate and completely
restore the chiral symmetry. If Ns > 30 strings implode
into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
fireball.
Another possible approach to the flux tube interaction

is developed within the Abelian Higgs (or dual super-
conductor) model of the QCD vacuum. In this picture
the scalar field � is produced by the condensed magnetic
monopoles. The vector (electromagnetic) field acquires
mass due to the nonzero vacuum expectation value of the
scalar field h�i 6= 0. The ratio of the masses MA/M� de-
fines the leading interaction channel between (and hence
the sign of the interaction between) the Abrikosov flux
tubes: if it is larger than 1, then one has domination of
the attraction, i.e., a “type-I” superconductor. We as-
sume that this is the case. There are also recent lattice
data [24, 25] supporting our assumption in the SU(3)
case.

Note that the effect is rather small:   
even at the flux tube center the 
condensate is reduced by 20% 

so one needs high density of string  
to destroy the condensate
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lation is done in the nonrelativistic approximation, as-
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argued [9] that these data can be well described by a
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taken to be m� = 600 MeV as an input, and was not fit-
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being about 0.2 times the diluteness, (6), which is still
< 1.
On the other hand, about 5 overlapping strings would
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into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
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the scalar field � is produced by the condensed magnetic
monopoles. The vector (electromagnetic) field acquires
mass due to the nonzero vacuum expectation value of the
scalar field h�i 6= 0. The ratio of the masses MA/M� de-
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tubes: if it is larger than 1, then one has domination of
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“deconfined” as a result. For a recent relation to high-
multiplicity pp see also [22]. (These ideas are, in a way,
complimentary to our treatment below, which focuses,
however, on chiral symmetry restoration rather than de-
confinement.)

Studies of the interaction of nonoverlapping strings
have been done on the lattice, in a di↵erent setting. We
do not go into this subject, because one can find a brief
review of it in our previous paper [9].

Unlike that paper, here we consider not complicated
string shapes, “string balls”, but a set of parallel and
straight (unexcited) strings, called spaghetti. These
strings have charges at the end, which move along the
beam line, into positive and negative directions, with
high rapidities. The equation of motion will be derived
for a small segment of the string in the middle, of length
�x. (The value of �x is irrelevant, as it appears both in
the mass and in the force, and cancels out.) The calcu-
lation is done in the nonrelativistic approximation, as-
suming transverse string velocity v ⌧ 1 and ignoring
retardation e↵ects. The string-string potential depends
on m�r and, therefore, has an uncertainty in the sigma
mass (due to its large decay width). This uncertainty
is presumably larger than or comparable to the e↵ect of
retardation.

Following this, we assume the string interaction to be
mediated by the lightest scalar �. For one string the
sigma “cloud” has a shape given by the quark condensate,

hq̄q(r?)W i

hW ihq̄qi
= 1� CK0(m� r̃?) , (7)

where K0 is the modified Bessel function and the “regu-
larized” transverse distance r̃? is

r̃? =
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r2? + s2string , (8)

which smooths the two-dimensional (2D) Coulomb sin-
gularity ⇠ ln(r?) at small r?. The parameter sstring is
considered to be an “intrinsic” string width (in contrary
to the e↵ective string width, which is a result of quantum
fluctuations).

Lattice simulations, such as [23], have found vacuum
modifications due to the presence of a QCD string. We
argued [9] that these data can be well described by a
“sigma cloud” (7). In Fig. 3 one can see our two-
parameter fit to these data (the sigma mass here was
taken to be m� = 600 MeV as an input, and was not fit-
ted/modified). According to our fit, the intrinsic width
is sstring ' 0.176 fm. After we had done the calculations,
other lattice data [25] appeared, reporting the “intrinsic”
width (penetration length of the dual superconductor pic-
ture in their case) to be equal to � = 0.175 fm. Taken
that our calculation was not supposed to be so precise,
we treat this as an amazing match.

Since the strings are almost parallel to each other, the
problem is reduced to the set of point particles on a plane
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Points are from the lattice data [23]. The curve is expression
(7) with C = 0.26 and sstring = 0.176 fm.

with the 2D Yukawa interaction. From fit (7) one can see
[9], that the main parameter of the string-string interac-
tion (in string tension units) is numerically small,

gN�T =
h�i2C2

4�T
⌧ 1 , (9)

typically in the range 10�1
� 10�2. So, it is correctly

neglected in situations for which the Lund model was
originally invented – when only O(1) strings are created.
The interaction starts to play a role when this small-

ness can be compensated by a large number of strings.
As shown in Fig. 3, the magnitude of the quark con-
densate � = |hq̄qi| at the string position is suppressed by
about 20% of its vacuum value. So, in a “spaghetti” state
one should think of the quark condensate suppression as
being about 0.2 times the diluteness, (6), which is still
< 1.
On the other hand, about 5 overlapping strings would

be enough to eliminate the condensate and completely
restore the chiral symmetry. If Ns > 30 strings implode
into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
fireball.
Another possible approach to the flux tube interaction

is developed within the Abelian Higgs (or dual super-
conductor) model of the QCD vacuum. In this picture
the scalar field � is produced by the condensed magnetic
monopoles. The vector (electromagnetic) field acquires
mass due to the nonzero vacuum expectation value of the
scalar field h�i 6= 0. The ratio of the masses MA/M� de-
fines the leading interaction channel between (and hence
the sign of the interaction between) the Abrikosov flux
tubes: if it is larger than 1, then one has domination of
the attraction, i.e., a “type-I” superconductor. We as-
sume that this is the case. There are also recent lattice
data [24, 25] supporting our assumption in the SU(3)
case.
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for a small segment of the string in the middle, of length
�x. (The value of �x is irrelevant, as it appears both in
the mass and in the force, and cancels out.) The calcu-
lation is done in the nonrelativistic approximation, as-
suming transverse string velocity v ⌧ 1 and ignoring
retardation e↵ects. The string-string potential depends
on m�r and, therefore, has an uncertainty in the sigma
mass (due to its large decay width). This uncertainty
is presumably larger than or comparable to the e↵ect of
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gularity ⇠ ln(r?) at small r?. The parameter sstring is
considered to be an “intrinsic” string width (in contrary
to the e↵ective string width, which is a result of quantum
fluctuations).

Lattice simulations, such as [23], have found vacuum
modifications due to the presence of a QCD string. We
argued [9] that these data can be well described by a
“sigma cloud” (7). In Fig. 3 one can see our two-
parameter fit to these data (the sigma mass here was
taken to be m� = 600 MeV as an input, and was not fit-
ted/modified). According to our fit, the intrinsic width
is sstring ' 0.176 fm. After we had done the calculations,
other lattice data [25] appeared, reporting the “intrinsic”
width (penetration length of the dual superconductor pic-
ture in their case) to be equal to � = 0.175 fm. Taken
that our calculation was not supposed to be so precise,
we treat this as an amazing match.

Since the strings are almost parallel to each other, the
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with the 2D Yukawa interaction. From fit (7) one can see
[9], that the main parameter of the string-string interac-
tion (in string tension units) is numerically small,

gN�T =
h�i2C2

4�T
⌧ 1 , (9)

typically in the range 10�1
� 10�2. So, it is correctly

neglected in situations for which the Lund model was
originally invented – when only O(1) strings are created.
The interaction starts to play a role when this small-

ness can be compensated by a large number of strings.
As shown in Fig. 3, the magnitude of the quark con-
densate � = |hq̄qi| at the string position is suppressed by
about 20% of its vacuum value. So, in a “spaghetti” state
one should think of the quark condensate suppression as
being about 0.2 times the diluteness, (6), which is still
< 1.
On the other hand, about 5 overlapping strings would

be enough to eliminate the condensate and completely
restore the chiral symmetry. If Ns > 30 strings implode
into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
fireball.
Another possible approach to the flux tube interaction

is developed within the Abelian Higgs (or dual super-
conductor) model of the QCD vacuum. In this picture
the scalar field � is produced by the condensed magnetic
monopoles. The vector (electromagnetic) field acquires
mass due to the nonzero vacuum expectation value of the
scalar field h�i 6= 0. The ratio of the masses MA/M� de-
fines the leading interaction channel between (and hence
the sign of the interaction between) the Abrikosov flux
tubes: if it is larger than 1, then one has domination of
the attraction, i.e., a “type-I” superconductor. We as-
sume that this is the case. There are also recent lattice
data [24, 25] supporting our assumption in the SU(3)
case.
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have been done on the lattice, in a di↵erent setting. We
do not go into this subject, because one can find a brief
review of it in our previous paper [9].

Unlike that paper, here we consider not complicated
string shapes, “string balls”, but a set of parallel and
straight (unexcited) strings, called spaghetti. These
strings have charges at the end, which move along the
beam line, into positive and negative directions, with
high rapidities. The equation of motion will be derived
for a small segment of the string in the middle, of length
�x. (The value of �x is irrelevant, as it appears both in
the mass and in the force, and cancels out.) The calcu-
lation is done in the nonrelativistic approximation, as-
suming transverse string velocity v ⌧ 1 and ignoring
retardation e↵ects. The string-string potential depends
on m�r and, therefore, has an uncertainty in the sigma
mass (due to its large decay width). This uncertainty
is presumably larger than or comparable to the e↵ect of
retardation.

Following this, we assume the string interaction to be
mediated by the lightest scalar �. For one string the
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considered to be an “intrinsic” string width (in contrary
to the e↵ective string width, which is a result of quantum
fluctuations).

Lattice simulations, such as [23], have found vacuum
modifications due to the presence of a QCD string. We
argued [9] that these data can be well described by a
“sigma cloud” (7). In Fig. 3 one can see our two-
parameter fit to these data (the sigma mass here was
taken to be m� = 600 MeV as an input, and was not fit-
ted/modified). According to our fit, the intrinsic width
is sstring ' 0.176 fm. After we had done the calculations,
other lattice data [25] appeared, reporting the “intrinsic”
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into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
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mass due to the nonzero vacuum expectation value of the
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tubes: if it is larger than 1, then one has domination of
the attraction, i.e., a “type-I” superconductor. We as-
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do not go into this subject, because one can find a brief
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Unlike that paper, here we consider not complicated
string shapes, “string balls”, but a set of parallel and
straight (unexcited) strings, called spaghetti. These
strings have charges at the end, which move along the
beam line, into positive and negative directions, with
high rapidities. The equation of motion will be derived
for a small segment of the string in the middle, of length
�x. (The value of �x is irrelevant, as it appears both in
the mass and in the force, and cancels out.) The calcu-
lation is done in the nonrelativistic approximation, as-
suming transverse string velocity v ⌧ 1 and ignoring
retardation e↵ects. The string-string potential depends
on m�r and, therefore, has an uncertainty in the sigma
mass (due to its large decay width). This uncertainty
is presumably larger than or comparable to the e↵ect of
retardation.
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mediated by the lightest scalar �. For one string the
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which smooths the two-dimensional (2D) Coulomb sin-
gularity ⇠ ln(r?) at small r?. The parameter sstring is
considered to be an “intrinsic” string width (in contrary
to the e↵ective string width, which is a result of quantum
fluctuations).

Lattice simulations, such as [23], have found vacuum
modifications due to the presence of a QCD string. We
argued [9] that these data can be well described by a
“sigma cloud” (7). In Fig. 3 one can see our two-
parameter fit to these data (the sigma mass here was
taken to be m� = 600 MeV as an input, and was not fit-
ted/modified). According to our fit, the intrinsic width
is sstring ' 0.176 fm. After we had done the calculations,
other lattice data [25] appeared, reporting the “intrinsic”
width (penetration length of the dual superconductor pic-
ture in their case) to be equal to � = 0.175 fm. Taken
that our calculation was not supposed to be so precise,
we treat this as an amazing match.

Since the strings are almost parallel to each other, the
problem is reduced to the set of point particles on a plane
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FIG. 3: (Color online) Normalized chiral condensate as a func-
tion of the radial coordinate transverse to the QCD string.
Points are from the lattice data [23]. The curve is expression
(7) with C = 0.26 and sstring = 0.176 fm.

with the 2D Yukawa interaction. From fit (7) one can see
[9], that the main parameter of the string-string interac-
tion (in string tension units) is numerically small,

gN�T =
h�i2C2

4�T
⌧ 1 , (9)

typically in the range 10�1
� 10�2. So, it is correctly

neglected in situations for which the Lund model was
originally invented – when only O(1) strings are created.
The interaction starts to play a role when this small-

ness can be compensated by a large number of strings.
As shown in Fig. 3, the magnitude of the quark con-
densate � = |hq̄qi| at the string position is suppressed by
about 20% of its vacuum value. So, in a “spaghetti” state
one should think of the quark condensate suppression as
being about 0.2 times the diluteness, (6), which is still
< 1.
On the other hand, about 5 overlapping strings would

be enough to eliminate the condensate and completely
restore the chiral symmetry. If Ns > 30 strings implode
into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
fireball.
Another possible approach to the flux tube interaction

is developed within the Abelian Higgs (or dual super-
conductor) model of the QCD vacuum. In this picture
the scalar field � is produced by the condensed magnetic
monopoles. The vector (electromagnetic) field acquires
mass due to the nonzero vacuum expectation value of the
scalar field h�i 6= 0. The ratio of the masses MA/M� de-
fines the leading interaction channel between (and hence
the sign of the interaction between) the Abrikosov flux
tubes: if it is larger than 1, then one has domination of
the attraction, i.e., a “type-I” superconductor. We as-
sume that this is the case. There are also recent lattice
data [24, 25] supporting our assumption in the SU(3)
case.

5
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gularity ⇠ ln(r?) at small r?. The parameter sstring is
considered to be an “intrinsic” string width (in contrary
to the e↵ective string width, which is a result of quantum
fluctuations).

Lattice simulations, such as [23], have found vacuum
modifications due to the presence of a QCD string. We
argued [9] that these data can be well described by a
“sigma cloud” (7). In Fig. 3 one can see our two-
parameter fit to these data (the sigma mass here was
taken to be m� = 600 MeV as an input, and was not fit-
ted/modified). According to our fit, the intrinsic width
is sstring ' 0.176 fm. After we had done the calculations,
other lattice data [25] appeared, reporting the “intrinsic”
width (penetration length of the dual superconductor pic-
ture in their case) to be equal to � = 0.175 fm. Taken
that our calculation was not supposed to be so precise,
we treat this as an amazing match.

Since the strings are almost parallel to each other, the
problem is reduced to the set of point particles on a plane
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FIG. 3: (Color online) Normalized chiral condensate as a func-
tion of the radial coordinate transverse to the QCD string.
Points are from the lattice data [23]. The curve is expression
(7) with C = 0.26 and sstring = 0.176 fm.

with the 2D Yukawa interaction. From fit (7) one can see
[9], that the main parameter of the string-string interac-
tion (in string tension units) is numerically small,

gN�T =
h�i2C2

4�T
⌧ 1 , (9)

typically in the range 10�1
� 10�2. So, it is correctly

neglected in situations for which the Lund model was
originally invented – when only O(1) strings are created.
The interaction starts to play a role when this small-

ness can be compensated by a large number of strings.
As shown in Fig. 3, the magnitude of the quark con-
densate � = |hq̄qi| at the string position is suppressed by
about 20% of its vacuum value. So, in a “spaghetti” state
one should think of the quark condensate suppression as
being about 0.2 times the diluteness, (6), which is still
< 1.
On the other hand, about 5 overlapping strings would

be enough to eliminate the condensate and completely
restore the chiral symmetry. If Ns > 30 strings implode
into an area several times smaller than �in, occur basi-
cally on top of each other and act coherently (which is
the case as we will argue below), then the chiral conden-
sate will be eliminated inside a region of 1 fm in radius,
or about 3 fm2 in area. This will create a small hot QGP
fireball.
Another possible approach to the flux tube interaction

is developed within the Abelian Higgs (or dual super-
conductor) model of the QCD vacuum. In this picture
the scalar field � is produced by the condensed magnetic
monopoles. The vector (electromagnetic) field acquires
mass due to the nonzero vacuum expectation value of the
scalar field h�i 6= 0. The ratio of the masses MA/M� de-
fines the leading interaction channel between (and hence
the sign of the interaction between) the Abrikosov flux
tubes: if it is larger than 1, then one has domination of
the attraction, i.e., a “type-I” superconductor. We as-
sume that this is the case. There are also recent lattice
data [24, 25] supporting our assumption in the SU(3)
case.

Note that the effect is rather small:   
even at the flux tube center the 
condensate is reduced by 20% 

so one needs high density of string  
to destroy the condensate

A SCALAR EXCHGE IS ATTRACTIVE  
AND CANNOT BE SCREENED



correctly neglected in situations for which the Lund model 
was originally invented – when only O(1) strings are created ,
but not for spaghetti!
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FIG. 7: (Color online) Example of changing transverse positions of the 50 string set: the four plots correspond to one initial
configuration evolved to times ⌧ = 0.1, 0.5, 1, and 1.5 fm/c. Distances are given in femtometers, and gN�T = 0.2.
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FIG. 8: (Color online) Example of peripheral AA collisions, with b = 11 fm, gN�T = 0.2, and the 50-string set. The four plots
of the string transverse positions x, y (fm) correspond to times ⌧ = 0.1, 0.5, 1., and 2.6 fm/c.
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FIG. 9: (Color online) The left plot is for central pA, the right one – for peripheral AA collisions. The vertical axis is the
e↵ective coupling constant gN�T (dimensionless). The horizontal axis is the maximal energy density ✏max (GeV/fm3) defined
by the procedure explained in the text. Five sets shown by di↵erent symbols correspond to string number Ns = 10, 20, 30, 40, 50,
left to right respectively.

with ~rij = ~rj � ~ri and “regularized” r̃ (8).

In our simulations we used a classical molecular dy-
namics code based on the double-precision CERNLIB
solver DDEQMR. In Figs. 7 and 8 we show an exam-
ple of one particular configuration with Ns = 40. In
order to study a longer time evolution, we took a some-
what larger coupling, gN�T = 0.2. As shown in Fig. 5

the conservation of the (dimensionless) total energy

Etot =
X

i

v2i
2

� 2gN�T

X

i>j

K0(m�rij) (22)

is indeed observed: its accuracy is about 10�4. An
even higher accuracy is observed for the total momen-
tum (which remains 0).
The evolution consists of two qualitatively distinct

parts: (i) early implosion, which converts the potential
energy into the kinetic one, which has its peak when a

Table 1
Example of changing transverse positions of the 50 string set: the plots correspond to initial

configuration evolved to times τ = 0.1, 0.5 and 1 fm/c  



the formation of chirally restored fireball
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fraction of the particles “gravitationally collapses” into
a tight cluster; and (ii) subsequent approach to a “mini-
galaxy” in virial quasi-equilibrium. To illustrate better
the first stage of the motion we took a number of screen-
shots: a typical case is shown in Fig. 7. Starting from var-
ious initial configurations we occasionally see more com-
plicated scenarios realized, e.g., two minigalaxies flying
away from each other.

One can see that the total kinetic energy shows a peak
and then oscillates. Its average over time approaches
some mean value, which of course should be related to
the “virial” value

2hEkini =

*
X

i

~ri
@U

@~ri

+
(23)

as time goes to infinity. (This is the standard outcome of
molecular dynamics studies, e.g., stars in galaxies have a
similar quasi-equilibrium).

Simulations for peripheral AA show a particular fea-
ture. As exemplified in Fig. 8, the initial strong defor-
mation of the system – its y-direction size is much larger
than that in the x direction – the collapse occurs in two
stages. First, one observes a rapid 1D collapse along the
x axes, followed by a much slower collapse along the y di-
rection. If the simulation runs long enough, the resulting
cluster becomes, of course, isotropic.

D. Results

We simulated similar time evolutions for ensembles of
randomly generated initial conditions. Systematic re-
sults were organized as follows. We have ensembles of
10 independent runs for each set of parameters, string
numbers Ns = 10, 20, 30, 40, and 50, coupling constants
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FIG. 10: (Color online) Instantaneous collective potential
(in units of 2gN�T ) for an AA configuration with b = 11 fm,
gN�T = 0.2, Ns = 50 at the moment in time ⌧ = 1 fm/c.
White regions correspond to the chirally restored phase.

gN�T = 0.01, 0.02, 0.03, 0.05, 0.08, 0.1, and 0.2, and two
di↵erent initializations, corresponding to the central pA
and peripheral AA cases.

The dependence of the evolution timescale on the value
of the coupling is shown in Fig. 6. While the value it-
self grows substantially with the coupling, the “implosion
time” (the location of the first peak) depends on the cou-
pling more gradually.

Of the many possible observables we selected the lo-
cal density in the generated clusters ✏max defined by the
following procedure. As the first step, we find the loca-
tion of the most rapidly moving particle, resembling early
searches for the location of the black hole at our galaxy
center. After it is found, its position is taken as the clus-
ter center, and the number of particles inside the circle
of fixed radius r0 = 0.3 fm is used to calculate the max-
imal 2D density nmax. The results are converted to the
maximal energy density of a run by

✏max = �Tnmax (24)

and averaged over the runs.

The output is shown in Fig. 9 as the maximal energy
density reached (during the proper time ⌧ < 2 fm/c).
The main result is that the implosion of the system pro-
duces values which are significantly higher than those at
the initial time ⌧ = 0, namely ✏0 = 2 to 9 GeV/fm3 for
these sets.

While the rate of evolution depends on the strength
of the coupling, the maximal energy density reached is
much less sensitive to it. As one can see from this, for a
small number of strings, ⇠ 10, there is no dependence on
the coupling in the range selected: these are too small to
create any e↵ect. However, as Ns > 30, the coupling be-
comes important: it increases the density by a significant
factor, reaching values as large as ✏max ⇠ 80 GeV/fm3.

As such a high energy density is being reached, the
string description of the system can no longer be main-
tained. The kinetic energy is transferred into multiple
string states, and the strings become highly excited. If
the system fully equilibrated into the sQGP, the temper-
ature would be about Ti ⇠ 500MeV ⇠ 3Tc, enough to
generate a very robust hydro explosion.

Finally, in Fig. 10 we show an example of the instanta-
neous collective potential produced by the strings in the
transverse plane. The white regions correspond to poten-
tial values smaller than �5 · 2gN�T (fm

�1) ⇡ �400 MeV;
i.e., chiral symmetry can be completely restored in these
regions. A large gradient of this potential at its edge can
cause quark pair production, similar to the Schwinger
process in an electric field: one particle may flow out-
ward and one fall into the well. This phenomenon is a
QCD analog to Hawking radiation at the black hole hori-
zon. An analogous picture was also considered in [27] and
[28]. The final ellipticity of the induced elliptic flow will
be studied elsewhere.

In the white region quarks become massless 
which means they have full 

pressure like in QGP 
AND THERE IS AN EXPLOSION

WE ESTIMATED  
THAT THE EFFECT 

GETS IMPORTANT FOR 
N STRING > 30 

(each pair of wounded nucleons  
mean 2 strings )
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QCD strings originate from high-energy scattering in the form of Reggeons and Pomerons, and
have been studied in some detail in lattice numerical simulations. Production of multiple strings,
with their subsequent breaking, is now a mainstream model of high energy pp and pA collisions.
Recent LHC experiments revealed that high multiplicity end of such collisions show interesting col-
lective e↵ects. This ignited an interest in the interaction of QCD strings and multi-string dynamics.
Holographic models, collectively known as AdS/QCD, developed in the last decade, describe both
hadronic spectroscopy and basic thermodynamics, but so far no studies of the QCD strings have
been done in this context. The subject of this paper is to do this. First, we study in more detail the
scalar sector of hadronic spectroscopy, identifying “glueballs” and “scalar mesons,” and calculate
the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
have a “gluonic core” and a “sigma cloud.” The latter generates � exchanges and collectivization
of the strings, a↵ecting, at a certain density, the chiral condensate and even the minimum of the
e↵ective string potential, responsible for the very existence of the QCD strings. Finally, we run
dynamical simulations of the multi-string systems, in the “spaghetti” setting approximating central
pA collisions, and specify conditions for their collectivization into a black hole, or the dual QGP
fireball.

PACS numbers: 11.25.Tq, 25.75.-q, 12.38.Mh

I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From

⇤Email: ioannis.iatrakis@stonybrook.edu
†Email: adith.ramamurti@stonybrook.edu
‡Email: edward.shuryak@stonybrook.edu

the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
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to calculate string interactions 
one needs to understand 
one of the most diffucult 

subject in hadronic spectroscopy 
meson-glueball mixing 
in scalar 0++ channel

without mixing, strings interact 
only by glueball exchange, 

and the lightest 
scalar glueball has mass 

of about 1.6 GeV 

the mass of lightest scalar meson 
sigma is only 0.4-0.6 GeV 

sigma is the crucial 
element for nuclear  attractive 

force and its binding
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High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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and elastic amplitudes.

These observations were then explained in terms of
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trajectories, including that of the Pomeron, ↵0, were re-
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵
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We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S
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charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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(30)

t̃(A) = t(z(A))z0(A)2 , (31)

where the original coe�cients (without the tildes) are
given by the lengthy expressions in [15], Eqs. (A.102 -
A.107). We will not copy them here, but just comment
that all parameters of those coe�cients are fixed by the
Lagrangian, and so, even with all the complexity of ex-
pressions, everything is fully determined. Normalizable
solutions, both in IR and UV, provide the scalar masses
that we already discussed above.

We defined a set of “zeroth order” states ⇣
(0)
n , ⇠

(0)
n as

the eigenfunctions of the Hamiltonian without mixing

H
(0) =

 
H⇣ 0

0 H⇠

!
. (32)

The eigenvalues are “unmixed masses squared” m
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The normalization weight for each is found by the stan-
dard transformation to the Sturm-Liouville form of the
uncoupled fluctuation equations, and all of those states
are subsequently normalized to the unit norm. Hence,
we have defined

w⇣(A) = z
0(A)2e

R
k̃(A)

, w⇠(A) = t̃(A)2e
R
ñ(A)

. (35)

In Fig. 3, we show the determinant of the UV
boundary value of two linearly independent solutions of
the scalar fluctuation equations as a function of mass
squared. Zeros correspond to the normalizable solutions
and denote the eigenvalues. The curve with closed circles
corresponds to fully-coupled system, giving the “mixed
mass squared,” while two other curves are for uncoupled
equations. The lesson from this plot is that each mixed
state is close in its mass to one of the unmixed states we
use as a basis; this was our early indication that mix-
ing e↵ects are, in some sense, small. Looking at the Fig.
3 more attentively, one finds an expected pattern of re-
pulsive mass levels due to to mixing: close pairs of states
move away from each other, the lowest state moves lower,
etc.
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FIG. 3: The determinant of the UV boundary value of two
linearly independent solutions of the scalar fluctuation equa-
tions, versus the mass parameter in ⇤UV units. The solid
curve’s five zeros (red circles) indicate the normalizable solu-
tions, and the corresponding masses are those of the lowest
five mixed scalars. The two other curves (dashed and dot-
dashed) correspond to unmixed equations as explained in the
text.
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(b)

FIG. 4: The first three (a) meson and (b) glueball wave func-
tions squared, multiplied by the appropriate weight.
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the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
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I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
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↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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t̃(A) = t(z(A))z0(A)2 , (31)

where the original coe�cients (without the tildes) are
given by the lengthy expressions in [15], Eqs. (A.102 -
A.107). We will not copy them here, but just comment
that all parameters of those coe�cients are fixed by the
Lagrangian, and so, even with all the complexity of ex-
pressions, everything is fully determined. Normalizable
solutions, both in IR and UV, provide the scalar masses
that we already discussed above.

We defined a set of “zeroth order” states ⇣
(0)
n , ⇠
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the eigenfunctions of the Hamiltonian without mixing
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The normalization weight for each is found by the stan-
dard transformation to the Sturm-Liouville form of the
uncoupled fluctuation equations, and all of those states
are subsequently normalized to the unit norm. Hence,
we have defined

w⇣(A) = z
0(A)2e

R
k̃(A)

, w⇠(A) = t̃(A)2e
R
ñ(A)

. (35)

In Fig. 3, we show the determinant of the UV
boundary value of two linearly independent solutions of
the scalar fluctuation equations as a function of mass
squared. Zeros correspond to the normalizable solutions
and denote the eigenvalues. The curve with closed circles
corresponds to fully-coupled system, giving the “mixed
mass squared,” while two other curves are for uncoupled
equations. The lesson from this plot is that each mixed
state is close in its mass to one of the unmixed states we
use as a basis; this was our early indication that mix-
ing e↵ects are, in some sense, small. Looking at the Fig.
3 more attentively, one finds an expected pattern of re-
pulsive mass levels due to to mixing: close pairs of states
move away from each other, the lowest state moves lower,
etc.
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FIG. 3: The determinant of the UV boundary value of two
linearly independent solutions of the scalar fluctuation equa-
tions, versus the mass parameter in ⇤UV units. The solid
curve’s five zeros (red circles) indicate the normalizable solu-
tions, and the corresponding masses are those of the lowest
five mixed scalars. The two other curves (dashed and dot-
dashed) correspond to unmixed equations as explained in the
text.

(a)

(b)

FIG. 4: The first three (a) meson and (b) glueball wave func-
tions squared, multiplied by the appropriate weight.
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I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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QCD strings originate from high-energy scattering in the form of Reggeons and Pomerons, and
have been studied in some detail in lattice numerical simulations. Production of multiple strings,
with their subsequent breaking, is now a mainstream model of high energy pp and pA collisions.
Recent LHC experiments revealed that high multiplicity end of such collisions show interesting col-
lective e↵ects. This ignited an interest in the interaction of QCD strings and multi-string dynamics.
Holographic models, collectively known as AdS/QCD, developed in the last decade, describe both
hadronic spectroscopy and basic thermodynamics, but so far no studies of the QCD strings have
been done in this context. The subject of this paper is to do this. First, we study in more detail the
scalar sector of hadronic spectroscopy, identifying “glueballs” and “scalar mesons,” and calculate
the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
have a “gluonic core” and a “sigma cloud.” The latter generates � exchanges and collectivization
of the strings, a↵ecting, at a certain density, the chiral condensate and even the minimum of the
e↵ective string potential, responsible for the very existence of the QCD strings. Finally, we run
dynamical simulations of the multi-string systems, in the “spaghetti” setting approximating central
pA collisions, and specify conditions for their collectivization into a black hole, or the dual QGP
fireball.

PACS numbers: 11.25.Tq, 25.75.-q, 12.38.Mh

I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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QCD strings originate from high-energy scattering in the form of Reggeons and Pomerons, and
have been studied in some detail in lattice numerical simulations. Production of multiple strings,
with their subsequent breaking, is now a mainstream model of high energy pp and pA collisions.
Recent LHC experiments revealed that high multiplicity end of such collisions show interesting col-
lective e↵ects. This ignited an interest in the interaction of QCD strings and multi-string dynamics.
Holographic models, collectively known as AdS/QCD, developed in the last decade, describe both
hadronic spectroscopy and basic thermodynamics, but so far no studies of the QCD strings have
been done in this context. The subject of this paper is to do this. First, we study in more detail the
scalar sector of hadronic spectroscopy, identifying “glueballs” and “scalar mesons,” and calculate
the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
have a “gluonic core” and a “sigma cloud.” The latter generates � exchanges and collectivization
of the strings, a↵ecting, at a certain density, the chiral condensate and even the minimum of the
e↵ective string potential, responsible for the very existence of the QCD strings. Finally, we run
dynamical simulations of the multi-string systems, in the “spaghetti” setting approximating central
pA collisions, and specify conditions for their collectivization into a black hole, or the dual QGP
fireball.

PACS numbers: 11.25.Tq, 25.75.-q, 12.38.Mh

I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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QCD strings originate from high-energy scattering in the form of Reggeons and Pomerons, and
have been studied in some detail in lattice numerical simulations. Production of multiple strings,
with their subsequent breaking, is now a mainstream model of high energy pp and pA collisions.
Recent LHC experiments revealed that high multiplicity end of such collisions show interesting col-
lective e↵ects. This ignited an interest in the interaction of QCD strings and multi-string dynamics.
Holographic models, collectively known as AdS/QCD, developed in the last decade, describe both
hadronic spectroscopy and basic thermodynamics, but so far no studies of the QCD strings have
been done in this context. The subject of this paper is to do this. First, we study in more detail the
scalar sector of hadronic spectroscopy, identifying “glueballs” and “scalar mesons,” and calculate
the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
have a “gluonic core” and a “sigma cloud.” The latter generates � exchanges and collectivization
of the strings, a↵ecting, at a certain density, the chiral condensate and even the minimum of the
e↵ective string potential, responsible for the very existence of the QCD strings. Finally, we run
dynamical simulations of the multi-string systems, in the “spaghetti” setting approximating central
pA collisions, and specify conditions for their collectivization into a black hole, or the dual QGP
fireball.

PACS numbers: 11.25.Tq, 25.75.-q, 12.38.Mh

I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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QCD strings originate from high-energy scattering in the form of Reggeons and Pomerons, and
have been studied in some detail in lattice numerical simulations. Production of multiple strings,
with their subsequent breaking, is now a mainstream model of high energy pp and pA collisions.
Recent LHC experiments revealed that high multiplicity end of such collisions show interesting col-
lective e↵ects. This ignited an interest in the interaction of QCD strings and multi-string dynamics.
Holographic models, collectively known as AdS/QCD, developed in the last decade, describe both
hadronic spectroscopy and basic thermodynamics, but so far no studies of the QCD strings have
been done in this context. The subject of this paper is to do this. First, we study in more detail the
scalar sector of hadronic spectroscopy, identifying “glueballs” and “scalar mesons,” and calculate
the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
have a “gluonic core” and a “sigma cloud.” The latter generates � exchanges and collectivization
of the strings, a↵ecting, at a certain density, the chiral condensate and even the minimum of the
e↵ective string potential, responsible for the very existence of the QCD strings. Finally, we run
dynamical simulations of the multi-string systems, in the “spaghetti” setting approximating central
pA collisions, and specify conditions for their collectivization into a black hole, or the dual QGP
fireball.

PACS numbers: 11.25.Tq, 25.75.-q, 12.38.Mh

I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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QCD strings originate from high-energy scattering in the form of Reggeons and Pomerons, and
have been studied in some detail in lattice numerical simulations. Production of multiple strings,
with their subsequent breaking, is now a mainstream model of high energy pp and pA collisions.
Recent LHC experiments revealed that high multiplicity end of such collisions show interesting col-
lective e↵ects. This ignited an interest in the interaction of QCD strings and multi-string dynamics.
Holographic models, collectively known as AdS/QCD, developed in the last decade, describe both
hadronic spectroscopy and basic thermodynamics, but so far no studies of the QCD strings have
been done in this context. The subject of this paper is to do this. First, we study in more detail the
scalar sector of hadronic spectroscopy, identifying “glueballs” and “scalar mesons,” and calculate
the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
have a “gluonic core” and a “sigma cloud.” The latter generates � exchanges and collectivization
of the strings, a↵ecting, at a certain density, the chiral condensate and even the minimum of the
e↵ective string potential, responsible for the very existence of the QCD strings. Finally, we run
dynamical simulations of the multi-string systems, in the “spaghetti” setting approximating central
pA collisions, and specify conditions for their collectivization into a black hole, or the dual QGP
fireball.

PACS numbers: 11.25.Tq, 25.75.-q, 12.38.Mh

I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From
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the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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QCD strings originate from high-energy scattering in the form of Reggeons and Pomerons, and
have been studied in some detail in lattice numerical simulations. Production of multiple strings,
with their subsequent breaking, is now a mainstream model of high energy pp and pA collisions.
Recent LHC experiments revealed that high multiplicity end of such collisions show interesting col-
lective e↵ects. This ignited an interest in the interaction of QCD strings and multi-string dynamics.
Holographic models, collectively known as AdS/QCD, developed in the last decade, describe both
hadronic spectroscopy and basic thermodynamics, but so far no studies of the QCD strings have
been done in this context. The subject of this paper is to do this. First, we study in more detail the
scalar sector of hadronic spectroscopy, identifying “glueballs” and “scalar mesons,” and calculate
the degree of their mixing. The QCD strings, holographic images of the fundamental strings, thus
have a “gluonic core” and a “sigma cloud.” The latter generates � exchanges and collectivization
of the strings, a↵ecting, at a certain density, the chiral condensate and even the minimum of the
e↵ective string potential, responsible for the very existence of the QCD strings. Finally, we run
dynamical simulations of the multi-string systems, in the “spaghetti” setting approximating central
pA collisions, and specify conditions for their collectivization into a black hole, or the dual QGP
fireball.
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I. INTRODUCTION

A. QCD Strings and Holographic Models

High energy hadronic collisions in 1960’s led to discov-
eries of Regge phenomenology of scattering amplitudes
and striking Regge trajectories connecting mesonic and
baryonic states. The leading singularity, producing a
term in the amplitude

A(s, t) ⇠ s
↵(t) ⇠ s

↵(0)+↵0(0)t
, (1)

is known as the Pomeron, named after I. Pomeranchuk.
The Pomeron dominates the high-energy cross sections
and elastic amplitudes.

These observations were then explained in terms of
the QCD strings. In particular, the slopes of the Regge
trajectories, including that of the Pomeron, ↵0, were re-
lated to the string tension. (Creators of the fundamen-
tal string theory have kept this notation for the funda-
mental string scale). String tension is also the slope of
the linear potential of confinement, which has been stud-
ied in detail in lattice numerical simulations. Its value,
Ts = (420MeV)2, is in fact used as a standard definition
of “physical units” in various confining theories.

QCD strings have been with us for about half century,
and yet, the interest to them was rather unsteady. From

⇤Email: ioannis.iatrakis@stonybrook.edu
†Email: adith.ramamurti@stonybrook.edu
‡Email: edward.shuryak@stonybrook.edu

the lattice we learned that the QCD strings are surpris-
ingly thin, with an r.m.s. width of only about 0.17 fm.
The dynamics of these strings are well described by the
simplest Nambu-Goto action. The exponential growth of
density of states of strings produces the Hagedorn phe-
nomenon, a rapid excitation of the string, responsible for
the deconfinement transition.
The discovery of QCD gave rise in 1970’s to weak cou-

pling, or pQCD, methods. In the field of hadronic colli-
sions, the “hard,” or BFKL, Pomeron has been derived
through the re-summation of gluonic ladders. This ap-
proach focused on the Pomeron intercept ↵(0), while ig-
noring a “stringy” ↵

0(0).
We return to the recent derivation of the Pomeron

below, and now switch to strong coupling models,
which came into existence after seminal discovery of the
AdS/CFT duality. This relates the 4-dimensional, N = 4
super Yang-Mills theory at strong coupling and large
number of colors with the weakly coupled Type IIB su-
pergravity in an AdS5 ⇥ S

5 background created by a set
of D3 branes, [1].
Maldacena in [1] calculated the potential of two static

charges connected by a string by deriving the shape of
a bending (geodesic) string in the bulk spacetime. As
the setting is scale invariant, the modified strong cou-
pling Coulomb law remains V ⇠ 1/r, with only the coef-
ficient modified. The calculation for the charges mov-
ing with fixed velocity ±v away from each other has
been performed by Lin and Shuryak [2], who found that
for small enough v there is a scaling solution for the
falling string, generalizing Maldacena case into a “gen-
eralized Ampère law.” Yet, above certain critical veloc-
ity this becomes unstable, and the stable solution in
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FIG. 10: Snapshots in the transverse (left) and holographic (right) planes of a falling 30 string configuration initially centered
at z = 0.44⇤�1

UV at t = (a) 0 fm/c, (b) 1.0 fm/c, and (c) 1.32 fm/c.

snapshots of 
string in x-z plane: 
going to larger z 

is falling toward AdS center 
its hologram 

means that strings get fatter 
with time! 

the factor is so big that 
it appears as a fireball 

at z=0 (our world)

z=0 
is the boundary 

the initial distance 
from it defines 

the width of QCD 
STRINGS

in AdS/QCD strings are 
pointlike in the bulk, 

sitting in some potential. 
Their hologram are 
QCD strings which 
have finite width 
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Suppose the CP indeed exists, and is located in the part of the phase diagram near the 
freezeout line of BES program collisions. Furthermore, while scanning this line, for some 
specific beam energy one happens to be in a state in which the correlation length reaches a 
value ξmax ∼ 1.5-2fm. What observables are sensitive to such scale of ξ? 

•The main idea of this work:

3

⇠min ⇠ 1/m� ⇠ 0.4 fm
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FIG. 1. Preclusters of four nucleons, shown by blue circles. Six lines connecting them indicate binary
potentials. The gray area indicates the range of forces between them, for standard nuclear forces (left) and
near the critical point (right). In the latter case the interaction is not only binary but many-body ones
also appear.

action ⌦(�) generate novel many-body interactions between nucleons: its perturbative e↵ect can
be accounted for by the lowest-order diagrams shown in Fig. 2. Note that two of them – (a) and
(d)– lead to attraction, and the other two – (b) and (c)– to repulsion. It is the interplay between
them we will study in this paper.

In Refs [1, 6] the nucleons were assumed to be uncorrelated by any interaction other than
those induced by the critical field fluctuations. This crucial assumption allowed for the relation of
moments of the � distribution to moments of the produced nucleons. Indeed, if locations of nucleons
are unrestricted and can just be integrated out, each external line of these diagram becomes simply
a propagator integrated over all space,

Z
d3r

exp(�r/⇠)

4⇡r
= ⇠2

.
Unfortunately, this simplifying assumption of uncorrelated nucleons is not really correct. Con-

ventional nuclear forces do create significant correlations between them, even at the freezeout stage
of heavy ion collisions, with temperature T ⇠ 100 MeV . In Refs. [4, 5] the phenomenon of nucleon
preclustering was introduced, and studied using classical molecular dynamics, semiclassical “fluc-
ton” method at finite T, and quantum hyperspherical approximation. It has been shown that while
nucleon pairs and triplets have only weakly coupled single states, starting from four nucleons the
clustering becomes robust. The preclusters decay into multiple bound and resonance states known
for 4He and then feed-down into light nuclei production.

In our previous paper on the subject [7] we address these phenomena using the (first principle)
path-integral Monte Carlo (PIMC) simulations at appropriate temperatures. We calculated the
9-dimensional e↵ective volume of the precluster, entering the 4th-order virial coe�cient. We have
shown that while precluster phenomenon only contribute to multiplicity at a small –percent –
level, its positive contribution to kurtosis of the proton multiplicity distribution becomes of order
one for collisions energy below

p
s = 7.7 GeV, as it is indeed observed by STAR and HADES

collaborations. The direct consequence of preclustering is the so called ”feed-down” to light nuclei
(d, t,3 He,4 He) yields. We also evaluated the 4th-order virial coe�cient of the partition function
and compared it to proton kurtosis measured by STAR and HADES.

In all these papers [4, 5, 7] estimates of only binary nuclear forces were done. It was assumed
there that forces are modified by existence of exchanges of longer-range critical mode. Since the
e↵ect of that was persistently found to be unrealistically large, it was concluded that nothing like

far  from CP 
nuclear forces are 

short range, 
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dominate
near CP one needs to 
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In Refs [1, 6] the nucleons were assumed to be uncorrelated by any interaction other than
those induced by the critical field fluctuations. This crucial assumption allowed for the relation of
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are unrestricted and can just be integrated out, each external line of these diagram becomes simply
a propagator integrated over all space,
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Unfortunately, this simplifying assumption of uncorrelated nucleons is not really correct. Con-

ventional nuclear forces do create significant correlations between them, even at the freezeout stage
of heavy ion collisions, with temperature T ⇠ 100 MeV . In Refs. [4, 5] the phenomenon of nucleon
preclustering was introduced, and studied using classical molecular dynamics, semiclassical “fluc-
ton” method at finite T, and quantum hyperspherical approximation. It has been shown that while
nucleon pairs and triplets have only weakly coupled single states, starting from four nucleons the
clustering becomes robust. The preclusters decay into multiple bound and resonance states known
for 4He and then feed-down into light nuclei production.
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path-integral Monte Carlo (PIMC) simulations at appropriate temperatures. We calculated the
9-dimensional e↵ective volume of the precluster, entering the 4th-order virial coe�cient. We have
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(d, t,3 He,4 He) yields. We also evaluated the 4th-order virial coe�cient of the partition function
and compared it to proton kurtosis measured by STAR and HADES.

In all these papers [4, 5, 7] estimates of only binary nuclear forces were done. It was assumed
there that forces are modified by existence of exchanges of longer-range critical mode. Since the
e↵ect of that was persistently found to be unrealistically large, it was concluded that nothing like

Side remark:  too many domains. sound waves which we observed  
have the wavelength much larger than 2 fm, 2piR/m =6fm or more

far  from CP 
nuclear forces are 

short range, 
 binary forces 

dominate
near CP one needs to 

include manybody forces



Suppose the CP indeed exists, and is located in the part of the phase diagram near the 
freezeout line of BES program collisions. Furthermore, while scanning this line, for some 
specific beam energy one happens to be in a state in which the correlation length reaches a 
value ξmax ∼ 1.5-2fm. What observables are sensitive to such scale of ξ? 

•The main idea of this work:

3

⇠min ⇠ 1/m� ⇠ 0.4 fm
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

⇠max ⇠ 2 fm
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

FIG. 1. Preclusters of four nucleons, shown by blue circles. Six lines connecting them indicate binary
potentials. The gray area indicates the range of forces between them, for standard nuclear forces (left) and
near the critical point (right). In the latter case the interaction is not only binary but many-body ones
also appear.

action ⌦(�) generate novel many-body interactions between nucleons: its perturbative e↵ect can
be accounted for by the lowest-order diagrams shown in Fig. 2. Note that two of them – (a) and
(d)– lead to attraction, and the other two – (b) and (c)– to repulsion. It is the interplay between
them we will study in this paper.

In Refs [1, 6] the nucleons were assumed to be uncorrelated by any interaction other than
those induced by the critical field fluctuations. This crucial assumption allowed for the relation of
moments of the � distribution to moments of the produced nucleons. Indeed, if locations of nucleons
are unrestricted and can just be integrated out, each external line of these diagram becomes simply
a propagator integrated over all space,

Z
d3r

exp(�r/⇠)

4⇡r
= ⇠2

.
Unfortunately, this simplifying assumption of uncorrelated nucleons is not really correct. Con-

ventional nuclear forces do create significant correlations between them, even at the freezeout stage
of heavy ion collisions, with temperature T ⇠ 100 MeV . In Refs. [4, 5] the phenomenon of nucleon
preclustering was introduced, and studied using classical molecular dynamics, semiclassical “fluc-
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ton” method at finite T, and quantum hyperspherical approximation. It has been shown that while
nucleon pairs and triplets have only weakly coupled single states, starting from four nucleons the
clustering becomes robust. The preclusters decay into multiple bound and resonance states known
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In all these papers [4, 5, 7] estimates of only binary nuclear forces were done. It was assumed
there that forces are modified by existence of exchanges of longer-range critical mode. Since the
e↵ect of that was persistently found to be unrealistically large, it was concluded that nothing like

Pre-clustering  of nucleons create 
objects of the right scale ! 

Their  energy — and therefore production yield 
— is very sensitive to correlation length

Side remark:  too many domains. sound waves which we observed  
have the wavelength much larger than 2 fm, 2piR/m =6fm or more

As we will show, the interplay of attractive binary 
And repulsive manybody forces  

Will lead to  very non-monotonous signal
far  from CP 

nuclear forces are 
short range, 

 binary forces 
dominate

near CP one needs to 
include manybody forces
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that was actually happening.

As it will be shown in this paper, the inclusion of many � body forces induced by critical
fluctuations near the hypothetical CP resolves the problem. Furthermore, with presumed growth
of the correlation length ⇠, repulsive three and four-nucleon forces grow even stronger than binary
forces, reversing the dependence on ⇠ seen in the binary force. Basically, they all pre-clustering in
a small vicinity of CP should be killed by these e↵ects. Thus, our calculations have indeed predict
even more non�monotonous signal, starting as an enhancement of clustering, to its rapid absence
near CP, and back to enhancement at the other side of the CP.

Before we begin our discussion, let us state for clarity that in this paper we are not interested
in the most generic problem of the many-body forces influencing the thermodynamics of infinite
matter (at freezeout). Traditional studies of nuclear matter do include well documented three-
body forces, derived from precise treatment of light nuclei. Those are not important here, since
the nucleon density at freezeout conditions of heavy ion collisions of interest are even smaller than
nuclear matter density. Also, as one can see below, the e↵ects we discuss are much larger than
those 3-body forces.

We focus on preclusters with four nucleons. While they include only a fraction of a percent of
all nucleons, their density is ⇠ 3 times larger than nuclear matter density, and therefore three-
and four-body forces are no longer small. Also important is that their size fits well to the maximal
correlation length scale expected near CP. Furthermore, we only discuss four nucleon clusters
of flavor-spin arrangement p"p#n"n#, with all four nucleons being distinguishable particles. This
simplifies combinatorial factors and reduced the technical challenges of the previous PIMC calcu-
lations. As such, Pauli blocking is completely absent, and there are no e↵ects of 5- and 6-body
forces; although such vertices are present in the e↵ective action, it is not supposed to be used in
loops.

The structure of the paper is as follows: in section II we introduce some lowest-order diagrams
describing the interaction of the critical mode with nucleons and with itself, and qualitatively
discuss their signs and magnitudes. Dependence of the diagram magnitude on the cluster size
relative to the correlation length is discussed in section II D. The next section II E averages out
over cluster shapes, using snapshots from path integration performed in Ref. [7]. In section III we

(a) (b)

(c) (d)

FIG. 2. Diagrams representing the many-body interactions of the four-nucleon cluster. Blue circles are
nucleons, black lines are propagators of the � fields

Energy of 4-N cluster 
rho=2 fm 
t=T/Tc-1
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Similarly, we define four-body function for diagram (c), we have

Vc

�
~x1, ~x2, ~x3, ~x4

�
⌘

Z
d3uD(~x1 � ~u)D(~x2 � ~u)D(~x3 � ~u)D(~x3 � ~u). (15)

Note that its dimension will be [fm�1].
Finally, for diagram (d) we define

Vd

�
~x1, ~x2, ~x3, ~x4

�
⌘

Z
d3ud3vD(~x1 � ~u)D(~x2 � ~u)D(~u � ~v)D(~x3 � ~v)D(~x4 � ~v) (16)

with corresponding dimension [fm].
These functions depend on 3 or 4 points, and should be averaged over many-body density matrix

P
�
~x1, ~x2, ~x3, ~x4

�
of the clusters.

For orientation, we start with clusters of particular shapes and size, varying the correlation
length ⇠. For di↵erent shapes we will select clusters in which the 9-dimensional hyperdistance ⇢
(defined in (A3) ) is the same. so that one can define the average 3-body potential

Using these definitions, we can write the e↵ective potential for four-nucleon cluster in the fol-
lowing form

V =�4 · 3

2

g2c
4⇡

exp(�rij/⇠)

rij
+ 4 · 3!�3(

gc

4⇡
)3Vb

+4!�4(
gc

4⇡
)4Vc � 4!

�2
3

8⇡
(
gc

4⇡
)4Vd (17)

where we now restore combinatorial factors and signs. Note that an extra 1/8⇡ in the last term
comes from 1/2! of the second order expansion and 1/4⇡ from an extra intermediate propagator
between the vertices.

Generally speaking, this many-body potential should be included in PIMC simulations, as it
was done with the binary potential, to directly observe its e↵ect on clustering. It is not however
practical to do so as they include extra multidimensional integrations over the locations of the
nonlinear vertices.

We therefore adopt the perturbative approach, in which all locations of the nucleons ~xi in the
cluster are to be averaged over the appropriate 9-dimensional density matrix calculated in PIMC
with the binary interactions only .

In doing this average, we would like to separate the dependencies on the “hyperdistance” ⇢ and
the “shapes” (angular variables) of the cluster. The former is defined via most-symmetric definition
of the hyperdistance ⇢ (A3) coordinate.

D. Dependence of multibody forces on the cluster shape and the correlation length

As a warm-up, we calculate the diagrams for two specific shapes. The most symmetric one is
a tetrahedral shape, in which all pair distances are the same Ltet. Another shape we considered
is a flat square with size Lsq: in order for both to correspond to the same hyperdistance ⇢, they
should be related by

6L2
tet = (4 + 2 · 2)L2

sq = 4⇢2 (18)

The results are shown in Fig. 3 as a function of the basic ratio ⇠/⇢, and also in the Table 1
for ⇠/⇢ = 1 . In diagram (d) there are two vertices and the square configuration can be further
divided into two more configurations: one in which nucleons on the same side of the square are

Repulsive three and four 
Body forces overcome 

Attraction near CP 
and kill clustering
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FIG. 11. (Color online) Left plot: contributions to the change in free energy �F of a 4-nucleon cluster
of size ⇢ = 2 fm due to individual diagrams (a,b,c) and their total combined contribution, with coupling
g2c/4⇡ = 10, versus t = T/Tc�1. Diagram (a) has had the unmodified binary interaction subtracted out as
described in the text. Right plot: Boltzmann factor of the change in potential exp(��F/T ) with T = 120
MeV, versus t. Note that the leftmost point, t = 0.077 (not shown) has Boltzmann factor ' 10�10.

Since, in the left plot of Fig. 11, it is hard to read the magnitude of the attractive e↵ect on
the r.h.s. , we separately show how this free energy translates into the probability of precluster
production, exp(��F/T ) in the right plot. In it one finds that attractive force is strong enough
to enhance clustering, by a few orders of magnitude at distance t = 0.2 from the CP. At the same
time it plunges well below 1 due to repulsive many-body forces at smaller t (closer to the CP).
This is the “non-monotonous signal” we speak about.

Let us remind that very strong e↵ects displayed in Fig. 11 were shown as a function of t, on a
line close to the critical line distorted by J̃ = 1/100, for clusters of fixed size ⇢ = 2 fm. We selected
this size as characteristic of pre-clusters as PIMC calculation with conventional nuclear forces.

Another perspective on the problem is obtained if one fixes t, say to values rather close to CP,
just above t = 0.077 with correlation lengths just below ⇠ = 2 fm, and plot the total energy of the
cluster as a function of its size ⇢, see Fig. 12. One can see from it that while for ⇢ < 2 fm the
potential is indeed repulsive and much larger than T ⇠ 100 MeV, it is very rapidly changing for
larger sizes. As one approaches CP, the size of this repulsive region increases and the maximum
depth of the attraction decreases. In particular, near the minimum at ⇢ ⇡ 4 fm, ��F/T ⇡ 2
at the smallest value of t. Therefore, here instead of suppression one finds enhancement in the
production of clusters of a larger size relative to PIMC is by factor exp(2) ⇠ 7, rather than by
three orders of magnitude, as in Fig. 11. This qualitative behavior remains unchanged for di↵erent
reasonable choices of the nucleon-critical mode coupling. Varying this coupling modifies the size of
the repulsive region, while keeping the maximum depth of the attraction relatively fixed, as seen
in Fig. 12 (right).

It might be tempting to conclude that accounting for many-body forces simply modifies clusters
to be of the size ⇢ > 3 fm rather than ⇠ 2 fm as was seen in PIMC calculations. Such a conclusion
would however be rather meaningless, since at such size the e↵ective cluster density would not
be any di↵erent from that of ambient matter. In other words, there would be enhancement, but
feed-down from such large clusters to light nuclei production would be negligible, as the clusters



19

HADES:  2002.08701
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FIG. 11. Upper plot: The ratio K4/K2 from STAR and Hades experiments, versus
p
s, from [? ] Red

points show the most central bins, black points for mid-central one, 30� 40%.
Lower plot: Compilation of experimental data for the ratio of yields of tritium, deuterium and protons
t · p/d2 from [12].

between the STAR centrality dependence at 7.7 GeV and that reported by HADES at 2.4 GeV .
Before one gets excited by such opposite trends in it, one needs to wait for BES-II data to clarify
what happens in between these two energies.

After these warning are made, let us analyze these two plots looking for hints for our main
theoretical prediction, a non-monotonous pattern shown in the lower Fig. 10: enhancement of
clustering at some distance from CP due to binary forces, rapidly changed to repulsive many-body
forces which suppress clustering near the CP. Let us enumerate what we seem to observe:

1. The most dramatic change in Fig.11(upper) is the reversal of centrality dependence betweenp
s = 7.7 GeV and 2.4 GeV already noticed.

•Let us now look at experimental kurtosis

•

•

•

•

Two dips for central bins 
large at 2 and smaller at 20 GeV? 

Errors still large => BESII

•Older STAR data have shown large effect

• 	e-Print: 2001.02852

https://arxiv.org/abs/2001.02852
https://arxiv.org/abs/2001.02852
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Figure 4: Ss (1) and ks2 (2) as a function of collision energy for net-proton distributions measured

in Au+Au collisions. The results are shown for central (0-5%, filled circles ) and peripheral (70-

80%, open squares) collisions within 0.4 < pT (GeV/c) < 2.0 and |y| < 0.5. The vertical narrow

and wide bars represent the statistical and systematic uncertainties, respectively. Shaded green

band is the estimated statistical uncertainty for BES-II and the energy range for STAR fixed-target

(FXT) program is shown as arrows in panel (2). The peripheral data points have been shifted along

x-axis for clarity of presentation. Results from a hadron resonance gas (HRG) model 35 and a

transport model calculation (UrQMD 33) for central collisions (0-5%) are shown as black and gold

bands, respectively. These model calculations utilize the experimental acceptance, and incorporate

conservation laws for strong interactions, but do not include a phase transition or a critical point.

3.1s. This significance is obtained by generating one million sets of points, where for each set, the

measured C4/C2 value at a given
p

sNN is randomly varied within the total Gaussian uncertainties

(systematic and statistical uncertainties added in quadrature). Then for each new C4/C2 versus
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conservation laws for strong interactions, but do not include a phase transition or a critical point.

3.1s. This significance is obtained by generating one million sets of points, where for each set, the

measured C4/C2 value at a given
p

sNN is randomly varied within the total Gaussian uncertainties

(systematic and statistical uncertainties added in quadrature). Then for each new C4/C2 versus

12

• 	e-Print: 2001.02852

Which was recently found to be  partly 
due to small set of defective events for central bin 

Still non-monotonous signal? 
Clearly much more accurate measurements  

from BeS-II are needed

https://arxiv.org/abs/2001.02852
https://arxiv.org/abs/2001.02852


•Let us now look at light nuclei production: the tritium ratio

• •

•

In this ratio the main driver 
 — fugacity  exp(mu/T) - 

Cancels out

Beam Energy dependence of Light Nuclei Production in Au+Au Collisions

Wenbin Zhao,1, 2, 3, 4 Chun Shen,5, 6 Che Ming Ko,7 Quansheng Liu,1, 2 and Huichao Song1, 2, 3

1Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
3Center for High Energy Physics, Peking University, Beijing 100871, China

4Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics (MOE),
Central China Normal University, Wuhan, Hubei 430079, China

5Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA
6RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA

7Department of Physics and astronomy, Cyclotron Institute,
a Texas A&M University, College Station, TX 77843, USA

(Dated: October 22, 2020)

We study in the coalescence model the collision energy dependence of (anti-)deuteron and (anti-
)triton production in the most central Au+Au collisions at

p
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4

and 200 GeV. The needed phase-space distribution of nucleons at the kinetic freeze-out is generated
from a new 3D hybrid dynamical model (iEBE-MUSIC) by using a smooth crossover equation of
state (EoS) without a QCD critical point. Our model calculations predict that the coalescence
parameters of (anti-)deuteron (B2(d) and B2(d̄)) decrease monotonically as the collision energy
increases, and the light nuclei yield ratio NtNp/N

2
d remains approximately a constant with respect

to the collision energy. These calculated observables fail to reproduce the non-monotonic behavior of
the corresponding data from the STAR Collaboration. Without including any effects of the critical
point in our model, our results serve as the baseline predictions for the yields of light nuclei in the
search for the possible QCD critical points from the experimental beam energy scan of heavy ion
collisions.

PACS numbers: 25.75.Ld, 25.75.Gz, 24.10.Nz

I. INTRODUCTION

One of the primary goals of the experiments at the
Relativistic Heavy Ion Collider (RHIC) is to explore and
map out the phase structure of QCD [1–10]. In par-
ticular, the search for the conjectured critical point in
the QCD phase diagram has attracted much interest in
the past ten years [8–26]. Experiments at the RHIC
Beam Energy Scan (BES) program have already found
some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
mulant ratio k�

2 of the katosis  and variance �
2 of

the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2

out�R
2
side) extracted from

two-pion interferometry measurements is found to have a
non-monotonic dependence on the collision energy with
a maximum value at around p

sNN = 20-40 GeV [28–
30]. Furthermore, the measured yield ratio NtNp/N

2
d

of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N

2
d , both show a clear

non-monotonic energy dependence with a dip and a peak
around p

sNN =20 GeV in central Au+Au collisions, re-
spectively [31, 44], implying a dramatic change of the
speed of sound and a large relative density fluctuations of
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search for the possible QCD critical points from the experimental beam energy scan of heavy ion
collisions.
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I. INTRODUCTION

One of the primary goals of the experiments at the
Relativistic Heavy Ion Collider (RHIC) is to explore and
map out the phase structure of QCD [1–10]. In par-
ticular, the search for the conjectured critical point in
the QCD phase diagram has attracted much interest in
the past ten years [8–26]. Experiments at the RHIC
Beam Energy Scan (BES) program have already found
some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
mulant ratio k�

2 of the katosis  and variance �
2 of

the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2

out�R
2
side) extracted from

two-pion interferometry measurements is found to have a
non-monotonic dependence on the collision energy with
a maximum value at around p

sNN = 20-40 GeV [28–
30]. Furthermore, the measured yield ratio NtNp/N

2
d

of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N

2
d , both show a clear

non-monotonic energy dependence with a dip and a peak
around p

sNN =20 GeV in central Au+Au collisions, re-
spectively [31, 44], implying a dramatic change of the
speed of sound and a large relative density fluctuations of
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FIG. 4: (Color online) Collision energy dependence of the
yield ratio NtNp/(N

2
d ) in 0-10% Au+Au collisions calculated

from the coalescence model. The data is taken from Ref. [31].

EoS in the iEBE-MUSIC hybrid model. As to the yield
ratio NtNp/N

2
d , the two-body process slightly overesti-

mates whereas the three-body process slightly underes-
timates the measured value at 200 GeV. Both processes
greatly underestimate, however, the measured value atp
sNN  62.4 GeV.

Figure 4 further shows that the yield ratio NtNp/N
2
d

with tritons produced from the 2-body process is larger
than that with tritons produced from the 3-body process
in our model, which is a consequence of the non-trivial
spatial-momentum correlations in the nucleon phase-
space distributions from our iEBE-MUSIC hybrid model.
It is shown in Ref. [100] that the yield ratios from these
two processes would be the same if the nucleon phase-
space distributions are uniform in the coordinate space.
We emphasis that our model does not contain any ef-
fects from a critical point, which thus provides the non-
critical baseline results for the yields of these light nuclei
in heavy ion collisions at the RHIC BES energies. For a
better explanation of the observed non-monotonic behav-
ior of NtNp/N

2
d , B2(d), B2(d̄) and

p
B3(t) in their colli-

sion energy dependence, a dynamical model with critical
fluctuations or the effects of critical point is required.

We note that our result on the yield ratio NtNp/N
2
d

is similar to those found in Ref. [39], which is based
on a simple phase-space coalescence model using nucle-
ons from the JAM hadronic cascade model [101] and in
Ref. [48], which is based on a coalescence model similar
to that in the present study with nucleons from a multi-
phase transport (AMPT) model [102].

Although a non-monotonic collision energy dependence
of the yield ratio NtNp/N

2
d has been reported in Ref. [49]

from a coalescence model study using nucleons from the
UrQMD model [66], the result is puzzling because of the
unexpected very different nucleon and light nuclei rapid-
ity distributions predicted from this study.

IV. SUMMARY

In this paper, we have used the nucleon coalescence
model to study light nuclei production in the most cen-
tral Au+Au collisions at p

sNN = 7.7, 11.5, 19.6, 27, 39,
62.4 and 200 GeV. The input phase-space distributions
of (anti-)protons and (anti-)neutrons at kinetic freeze-
out for the coalescence calculations are generated from
the iEBE-MUSIC hybrid model using three dimensional
dynamical initial conditions and a crossover EoS. These
comprehensive simulations can nicely reproduce the mea-
sured pT -spectra of (anti-)pions, (anti-)kaons, and (anti-
)protons for Au+Au collisions at psNN = 7.7� 200 GeV
(as shown in the appendix and in Ref. [84]). We have
found that the subsequent coalescence model calculations
can reproduce the measured pT -spectra and dN/dy of
(anti-)deuterons and (anti-)tritons and the particle ratios
of t/p within 10% of accuracy. However, the deviations
between the calculated and measured particle ratios of
d/p, d̄/p̄, and t/d increase to 15%, 20%, and 10%, re-
spectively.

Although the coalescence model reasonably describes
the pT -spectra and yields of light nuclei at various col-
lision energies, the predicted coalescence parameters of
(anti-)deuterons and tritons, B2(d), B2(d̄) and

p
B3(t),

decrease monotonically with increasing collision energy,
and the yield ratio NtNp/N

2
d stays almost constant with

respect to the collision energy. All these theoretical re-
sults fail to describe the non-monotonic behavior of the
corresponding measurements in experiments. We empha-
sis that the hydrodynamic part of our calculations with
a crossover EoS for all collision energies does not gener-
ate any dynamical density fluctuations, which are related
to the critical point and first-order phase transition, for
the subsequent nucleon coalescence model calculations.
According to Refs. [45, 46], non-trivial density fluctua-
tions in the produced hot QCD matter are needed to
describe this non-monotonic behavior. Our model calcu-
lations thus provide the non-critical baseline results for
comparisons with related light nuclei measurements at
the RHIC BES program. We leave the implementation
of an EoS with a critical point in the hydrodynamic evo-
lution and the inclusion of dynamical density fluctuations
to future studies.
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between the STAR centrality dependence at 7.7 GeV and that reported by HADES at 2.4 GeV .
Before one gets excited by such opposite trends in it, one needs to wait for BES-II data to clarify
what happens in between these two energies.

After these warning are made, let us analyze these two plots looking for hints for our main
theoretical prediction, a non-monotonous pattern shown in the lower Fig. 10: enhancement of
clustering at some distance from CP due to binary forces, rapidly changed to repulsive many-body
forces which suppress clustering near the CP. Let us enumerate what we seem to observe:

1. The most dramatic change in Fig.11(upper) is the reversal of centrality dependence betweenp
s = 7.7 GeV and 2.4 GeV already noticed.

• •

•

In this ratio the main driver 
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We study in the coalescence model the collision energy dependence of (anti-)deuteron and (anti-
)triton production in the most central Au+Au collisions at

p
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4

and 200 GeV. The needed phase-space distribution of nucleons at the kinetic freeze-out is generated
from a new 3D hybrid dynamical model (iEBE-MUSIC) by using a smooth crossover equation of
state (EoS) without a QCD critical point. Our model calculations predict that the coalescence
parameters of (anti-)deuteron (B2(d) and B2(d̄)) decrease monotonically as the collision energy
increases, and the light nuclei yield ratio NtNp/N

2
d remains approximately a constant with respect

to the collision energy. These calculated observables fail to reproduce the non-monotonic behavior of
the corresponding data from the STAR Collaboration. Without including any effects of the critical
point in our model, our results serve as the baseline predictions for the yields of light nuclei in the
search for the possible QCD critical points from the experimental beam energy scan of heavy ion
collisions.
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I. INTRODUCTION

One of the primary goals of the experiments at the
Relativistic Heavy Ion Collider (RHIC) is to explore and
map out the phase structure of QCD [1–10]. In par-
ticular, the search for the conjectured critical point in
the QCD phase diagram has attracted much interest in
the past ten years [8–26]. Experiments at the RHIC
Beam Energy Scan (BES) program have already found
some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
mulant ratio k�

2 of the katosis  and variance �
2 of

the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2

out�R
2
side) extracted from

two-pion interferometry measurements is found to have a
non-monotonic dependence on the collision energy with
a maximum value at around p

sNN = 20-40 GeV [28–
30]. Furthermore, the measured yield ratio NtNp/N

2
d

of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N

2
d , both show a clear

non-monotonic energy dependence with a dip and a peak
around p

sNN =20 GeV in central Au+Au collisions, re-
spectively [31, 44], implying a dramatic change of the
speed of sound and a large relative density fluctuations of
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I. INTRODUCTION

One of the primary goals of the experiments at the
Relativistic Heavy Ion Collider (RHIC) is to explore and
map out the phase structure of QCD [1–10]. In par-
ticular, the search for the conjectured critical point in
the QCD phase diagram has attracted much interest in
the past ten years [8–26]. Experiments at the RHIC
Beam Energy Scan (BES) program have already found
some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
mulant ratio k�

2 of the katosis  and variance �
2 of

the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2

out�R
2
side) extracted from

two-pion interferometry measurements is found to have a
non-monotonic dependence on the collision energy with
a maximum value at around p

sNN = 20-40 GeV [28–
30]. Furthermore, the measured yield ratio NtNp/N

2
d

of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N

2
d , both show a clear

non-monotonic energy dependence with a dip and a peak
around p

sNN =20 GeV in central Au+Au collisions, re-
spectively [31, 44], implying a dramatic change of the
speed of sound and a large relative density fluctuations of
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FIG. 4: (Color online) Collision energy dependence of the
yield ratio NtNp/(N

2
d ) in 0-10% Au+Au collisions calculated

from the coalescence model. The data is taken from Ref. [31].

EoS in the iEBE-MUSIC hybrid model. As to the yield
ratio NtNp/N

2
d , the two-body process slightly overesti-

mates whereas the three-body process slightly underes-
timates the measured value at 200 GeV. Both processes
greatly underestimate, however, the measured value atp
sNN  62.4 GeV.

Figure 4 further shows that the yield ratio NtNp/N
2
d

with tritons produced from the 2-body process is larger
than that with tritons produced from the 3-body process
in our model, which is a consequence of the non-trivial
spatial-momentum correlations in the nucleon phase-
space distributions from our iEBE-MUSIC hybrid model.
It is shown in Ref. [100] that the yield ratios from these
two processes would be the same if the nucleon phase-
space distributions are uniform in the coordinate space.
We emphasis that our model does not contain any ef-
fects from a critical point, which thus provides the non-
critical baseline results for the yields of these light nuclei
in heavy ion collisions at the RHIC BES energies. For a
better explanation of the observed non-monotonic behav-
ior of NtNp/N

2
d , B2(d), B2(d̄) and

p
B3(t) in their colli-

sion energy dependence, a dynamical model with critical
fluctuations or the effects of critical point is required.

We note that our result on the yield ratio NtNp/N
2
d

is similar to those found in Ref. [39], which is based
on a simple phase-space coalescence model using nucle-
ons from the JAM hadronic cascade model [101] and in
Ref. [48], which is based on a coalescence model similar
to that in the present study with nucleons from a multi-
phase transport (AMPT) model [102].

Although a non-monotonic collision energy dependence
of the yield ratio NtNp/N

2
d has been reported in Ref. [49]

from a coalescence model study using nucleons from the
UrQMD model [66], the result is puzzling because of the
unexpected very different nucleon and light nuclei rapid-
ity distributions predicted from this study.

IV. SUMMARY

In this paper, we have used the nucleon coalescence
model to study light nuclei production in the most cen-
tral Au+Au collisions at p

sNN = 7.7, 11.5, 19.6, 27, 39,
62.4 and 200 GeV. The input phase-space distributions
of (anti-)protons and (anti-)neutrons at kinetic freeze-
out for the coalescence calculations are generated from
the iEBE-MUSIC hybrid model using three dimensional
dynamical initial conditions and a crossover EoS. These
comprehensive simulations can nicely reproduce the mea-
sured pT -spectra of (anti-)pions, (anti-)kaons, and (anti-
)protons for Au+Au collisions at psNN = 7.7� 200 GeV
(as shown in the appendix and in Ref. [84]). We have
found that the subsequent coalescence model calculations
can reproduce the measured pT -spectra and dN/dy of
(anti-)deuterons and (anti-)tritons and the particle ratios
of t/p within 10% of accuracy. However, the deviations
between the calculated and measured particle ratios of
d/p, d̄/p̄, and t/d increase to 15%, 20%, and 10%, re-
spectively.

Although the coalescence model reasonably describes
the pT -spectra and yields of light nuclei at various col-
lision energies, the predicted coalescence parameters of
(anti-)deuterons and tritons, B2(d), B2(d̄) and

p
B3(t),

decrease monotonically with increasing collision energy,
and the yield ratio NtNp/N

2
d stays almost constant with

respect to the collision energy. All these theoretical re-
sults fail to describe the non-monotonic behavior of the
corresponding measurements in experiments. We empha-
sis that the hydrodynamic part of our calculations with
a crossover EoS for all collision energies does not gener-
ate any dynamical density fluctuations, which are related
to the critical point and first-order phase transition, for
the subsequent nucleon coalescence model calculations.
According to Refs. [45, 46], non-trivial density fluctua-
tions in the produced hot QCD matter are needed to
describe this non-monotonic behavior. Our model calcu-
lations thus provide the non-critical baseline results for
comparisons with related light nuclei measurements at
the RHIC BES program. We leave the implementation
of an EoS with a critical point in the hydrodynamic evo-
lution and the inclusion of dynamical density fluctuations
to future studies.
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between the STAR centrality dependence at 7.7 GeV and that reported by HADES at 2.4 GeV .
Before one gets excited by such opposite trends in it, one needs to wait for BES-II data to clarify
what happens in between these two energies.

After these warning are made, let us analyze these two plots looking for hints for our main
theoretical prediction, a non-monotonous pattern shown in the lower Fig. 10: enhancement of
clustering at some distance from CP due to binary forces, rapidly changed to repulsive many-body
forces which suppress clustering near the CP. Let us enumerate what we seem to observe:

1. The most dramatic change in Fig.11(upper) is the reversal of centrality dependence betweenp
s = 7.7 GeV and 2.4 GeV already noticed.
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and 200 GeV. The needed phase-space distribution of nucleons at the kinetic freeze-out is generated
from a new 3D hybrid dynamical model (iEBE-MUSIC) by using a smooth crossover equation of
state (EoS) without a QCD critical point. Our model calculations predict that the coalescence
parameters of (anti-)deuteron (B2(d) and B2(d̄)) decrease monotonically as the collision energy
increases, and the light nuclei yield ratio NtNp/N

2
d remains approximately a constant with respect

to the collision energy. These calculated observables fail to reproduce the non-monotonic behavior of
the corresponding data from the STAR Collaboration. Without including any effects of the critical
point in our model, our results serve as the baseline predictions for the yields of light nuclei in the
search for the possible QCD critical points from the experimental beam energy scan of heavy ion
collisions.

PACS numbers: 25.75.Ld, 25.75.Gz, 24.10.Nz

I. INTRODUCTION

One of the primary goals of the experiments at the
Relativistic Heavy Ion Collider (RHIC) is to explore and
map out the phase structure of QCD [1–10]. In par-
ticular, the search for the conjectured critical point in
the QCD phase diagram has attracted much interest in
the past ten years [8–26]. Experiments at the RHIC
Beam Energy Scan (BES) program have already found
some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
mulant ratio k�

2 of the katosis  and variance �
2 of

the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2

out�R
2
side) extracted from

two-pion interferometry measurements is found to have a
non-monotonic dependence on the collision energy with
a maximum value at around p

sNN = 20-40 GeV [28–
30]. Furthermore, the measured yield ratio NtNp/N

2
d

of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N

2
d , both show a clear

non-monotonic energy dependence with a dip and a peak
around p

sNN =20 GeV in central Au+Au collisions, re-
spectively [31, 44], implying a dramatic change of the
speed of sound and a large relative density fluctuations of
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the QCD phase diagram has attracted much interest in
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some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
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2 of

the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2

out�R
2
side) extracted from
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a maximum value at around p
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d

of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N
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d , both show a clear
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around p
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FIG. 4: (Color online) Collision energy dependence of the
yield ratio NtNp/(N

2
d ) in 0-10% Au+Au collisions calculated

from the coalescence model. The data is taken from Ref. [31].

EoS in the iEBE-MUSIC hybrid model. As to the yield
ratio NtNp/N

2
d , the two-body process slightly overesti-

mates whereas the three-body process slightly underes-
timates the measured value at 200 GeV. Both processes
greatly underestimate, however, the measured value atp
sNN  62.4 GeV.

Figure 4 further shows that the yield ratio NtNp/N
2
d

with tritons produced from the 2-body process is larger
than that with tritons produced from the 3-body process
in our model, which is a consequence of the non-trivial
spatial-momentum correlations in the nucleon phase-
space distributions from our iEBE-MUSIC hybrid model.
It is shown in Ref. [100] that the yield ratios from these
two processes would be the same if the nucleon phase-
space distributions are uniform in the coordinate space.
We emphasis that our model does not contain any ef-
fects from a critical point, which thus provides the non-
critical baseline results for the yields of these light nuclei
in heavy ion collisions at the RHIC BES energies. For a
better explanation of the observed non-monotonic behav-
ior of NtNp/N

2
d , B2(d), B2(d̄) and

p
B3(t) in their colli-

sion energy dependence, a dynamical model with critical
fluctuations or the effects of critical point is required.

We note that our result on the yield ratio NtNp/N
2
d

is similar to those found in Ref. [39], which is based
on a simple phase-space coalescence model using nucle-
ons from the JAM hadronic cascade model [101] and in
Ref. [48], which is based on a coalescence model similar
to that in the present study with nucleons from a multi-
phase transport (AMPT) model [102].

Although a non-monotonic collision energy dependence
of the yield ratio NtNp/N

2
d has been reported in Ref. [49]

from a coalescence model study using nucleons from the
UrQMD model [66], the result is puzzling because of the
unexpected very different nucleon and light nuclei rapid-
ity distributions predicted from this study.

IV. SUMMARY

In this paper, we have used the nucleon coalescence
model to study light nuclei production in the most cen-
tral Au+Au collisions at p

sNN = 7.7, 11.5, 19.6, 27, 39,
62.4 and 200 GeV. The input phase-space distributions
of (anti-)protons and (anti-)neutrons at kinetic freeze-
out for the coalescence calculations are generated from
the iEBE-MUSIC hybrid model using three dimensional
dynamical initial conditions and a crossover EoS. These
comprehensive simulations can nicely reproduce the mea-
sured pT -spectra of (anti-)pions, (anti-)kaons, and (anti-
)protons for Au+Au collisions at psNN = 7.7� 200 GeV
(as shown in the appendix and in Ref. [84]). We have
found that the subsequent coalescence model calculations
can reproduce the measured pT -spectra and dN/dy of
(anti-)deuterons and (anti-)tritons and the particle ratios
of t/p within 10% of accuracy. However, the deviations
between the calculated and measured particle ratios of
d/p, d̄/p̄, and t/d increase to 15%, 20%, and 10%, re-
spectively.

Although the coalescence model reasonably describes
the pT -spectra and yields of light nuclei at various col-
lision energies, the predicted coalescence parameters of
(anti-)deuterons and tritons, B2(d), B2(d̄) and

p
B3(t),

decrease monotonically with increasing collision energy,
and the yield ratio NtNp/N

2
d stays almost constant with

respect to the collision energy. All these theoretical re-
sults fail to describe the non-monotonic behavior of the
corresponding measurements in experiments. We empha-
sis that the hydrodynamic part of our calculations with
a crossover EoS for all collision energies does not gener-
ate any dynamical density fluctuations, which are related
to the critical point and first-order phase transition, for
the subsequent nucleon coalescence model calculations.
According to Refs. [45, 46], non-trivial density fluctua-
tions in the produced hot QCD matter are needed to
describe this non-monotonic behavior. Our model calcu-
lations thus provide the non-critical baseline results for
comparisons with related light nuclei measurements at
the RHIC BES program. We leave the implementation
of an EoS with a critical point in the hydrodynamic evo-
lution and the inclusion of dynamical density fluctuations
to future studies.
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We study in the coalescence model the collision energy dependence of (anti-)deuteron and (anti-
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p
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4

and 200 GeV. The needed phase-space distribution of nucleons at the kinetic freeze-out is generated
from a new 3D hybrid dynamical model (iEBE-MUSIC) by using a smooth crossover equation of
state (EoS) without a QCD critical point. Our model calculations predict that the coalescence
parameters of (anti-)deuteron (B2(d) and B2(d̄)) decrease monotonically as the collision energy
increases, and the light nuclei yield ratio NtNp/N

2
d remains approximately a constant with respect

to the collision energy. These calculated observables fail to reproduce the non-monotonic behavior of
the corresponding data from the STAR Collaboration. Without including any effects of the critical
point in our model, our results serve as the baseline predictions for the yields of light nuclei in the
search for the possible QCD critical points from the experimental beam energy scan of heavy ion
collisions.

PACS numbers: 25.75.Ld, 25.75.Gz, 24.10.Nz

I. INTRODUCTION

One of the primary goals of the experiments at the
Relativistic Heavy Ion Collider (RHIC) is to explore and
map out the phase structure of QCD [1–10]. In par-
ticular, the search for the conjectured critical point in
the QCD phase diagram has attracted much interest in
the past ten years [8–26]. Experiments at the RHIC
Beam Energy Scan (BES) program have already found
some intriguing results that might be related to the crit-
ical phenomenon in QCD matter. For example, the cu-
mulant ratio k�

2 of the katosis  and variance �
2 of

the (net) proton multiplicity distribution obviously de-
viates from the Poisson distribution expected from sta-
tistical fluctuations and shows a non-monotonic behavior
at lower collision energies [27]. Also, the Gaussian emis-
sion source radii difference (R2

out�R
2
side) extracted from

two-pion interferometry measurements is found to have a
non-monotonic dependence on the collision energy with
a maximum value at around p

sNN = 20-40 GeV [28–
30]. Furthermore, the measured yield ratio NtNp/N

2
d

of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N

2
d , both show a clear

non-monotonic energy dependence with a dip and a peak
around p

sNN =20 GeV in central Au+Au collisions, re-
spectively [31, 44], implying a dramatic change of the
speed of sound and a large relative density fluctuations of
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out�R
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non-monotonic dependence on the collision energy with
a maximum value at around p
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30]. Furthermore, the measured yield ratio NtNp/N
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of proton, deuteron and triton in central Au+Au colli-
sions clearly shows a non-monotonic behavior in its colli-
sion energy dependence with a peak around p

sNN = 20
GeV [31].

Besides studying the signatures of critical fluctuations
in heavy ion collisions, it is also important and necessary
to systematically investigate and understand the noncrit-
ical and/or thermal fluctuations that are present in these
collisions as they provide the background against which
the signals can be identified and used to locate the po-

sition of the possible critical point in the QCD phase
diagram [8, 9, 32–39]. However, because of the many
complicated processes involved in realistic heavy-ion col-
lisions, it is difficult to obtain clean baseline contribu-
tions to observables in these collisions. For example, the
net-proton multiplicity distribution, which has been sug-
gested as a sensitive signal for the QCD critical point [11–
13], is strongly influenced by both volume fluctuations
and charge conservations, which result in deviations from
the Skellam distribution [33–36]. To impose strict charge
conservations in the hybrid model simulations for QGP
and hadronic evolution turns out to be difficult because
the local correlation length between a charged particle
pair is finite and is sensitive to the expansion of the pro-
duced fireball [40, 41]. It is thus highly nontrivial to
include all of the important effects originated from non-
critical fluctuations in a single model and calculate their
contributions to the higher-order cumulants and the cu-
mulant ratio of net-proton multiplicity distribution.

Recently, the STAR Collaboration has collected a
wealth of data on light nuclei, such as (anti-)deuteron (d̄,
d), (anti-)triton (t̄, t) and (anti-)helium-3 (3H̄e, 3

He),
and has also analyzed the energy dependence of their
yields and yield ratios in heavy ion collisions at RHIC
BES energies [31, 42–44]. The observed coalescence pa-
rameters of (anti-)deuteron (B2(d) and B2(d̄)) and the
yield ratio of light nuclei, NtNp/N

2
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around p

sNN =20 GeV in central Au+Au collisions, re-
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speed of sound and a large relative density fluctuations of
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FIG. 4: (Color online) Collision energy dependence of the
yield ratio NtNp/(N

2
d ) in 0-10% Au+Au collisions calculated

from the coalescence model. The data is taken from Ref. [31].

EoS in the iEBE-MUSIC hybrid model. As to the yield
ratio NtNp/N

2
d , the two-body process slightly overesti-

mates whereas the three-body process slightly underes-
timates the measured value at 200 GeV. Both processes
greatly underestimate, however, the measured value atp
sNN  62.4 GeV.

Figure 4 further shows that the yield ratio NtNp/N
2
d

with tritons produced from the 2-body process is larger
than that with tritons produced from the 3-body process
in our model, which is a consequence of the non-trivial
spatial-momentum correlations in the nucleon phase-
space distributions from our iEBE-MUSIC hybrid model.
It is shown in Ref. [100] that the yield ratios from these
two processes would be the same if the nucleon phase-
space distributions are uniform in the coordinate space.
We emphasis that our model does not contain any ef-
fects from a critical point, which thus provides the non-
critical baseline results for the yields of these light nuclei
in heavy ion collisions at the RHIC BES energies. For a
better explanation of the observed non-monotonic behav-
ior of NtNp/N

2
d , B2(d), B2(d̄) and

p
B3(t) in their colli-

sion energy dependence, a dynamical model with critical
fluctuations or the effects of critical point is required.

We note that our result on the yield ratio NtNp/N
2
d

is similar to those found in Ref. [39], which is based
on a simple phase-space coalescence model using nucle-
ons from the JAM hadronic cascade model [101] and in
Ref. [48], which is based on a coalescence model similar
to that in the present study with nucleons from a multi-
phase transport (AMPT) model [102].

Although a non-monotonic collision energy dependence
of the yield ratio NtNp/N

2
d has been reported in Ref. [49]

from a coalescence model study using nucleons from the
UrQMD model [66], the result is puzzling because of the
unexpected very different nucleon and light nuclei rapid-
ity distributions predicted from this study.

IV. SUMMARY

In this paper, we have used the nucleon coalescence
model to study light nuclei production in the most cen-
tral Au+Au collisions at p

sNN = 7.7, 11.5, 19.6, 27, 39,
62.4 and 200 GeV. The input phase-space distributions
of (anti-)protons and (anti-)neutrons at kinetic freeze-
out for the coalescence calculations are generated from
the iEBE-MUSIC hybrid model using three dimensional
dynamical initial conditions and a crossover EoS. These
comprehensive simulations can nicely reproduce the mea-
sured pT -spectra of (anti-)pions, (anti-)kaons, and (anti-
)protons for Au+Au collisions at psNN = 7.7� 200 GeV
(as shown in the appendix and in Ref. [84]). We have
found that the subsequent coalescence model calculations
can reproduce the measured pT -spectra and dN/dy of
(anti-)deuterons and (anti-)tritons and the particle ratios
of t/p within 10% of accuracy. However, the deviations
between the calculated and measured particle ratios of
d/p, d̄/p̄, and t/d increase to 15%, 20%, and 10%, re-
spectively.

Although the coalescence model reasonably describes
the pT -spectra and yields of light nuclei at various col-
lision energies, the predicted coalescence parameters of
(anti-)deuterons and tritons, B2(d), B2(d̄) and

p
B3(t),

decrease monotonically with increasing collision energy,
and the yield ratio NtNp/N

2
d stays almost constant with

respect to the collision energy. All these theoretical re-
sults fail to describe the non-monotonic behavior of the
corresponding measurements in experiments. We empha-
sis that the hydrodynamic part of our calculations with
a crossover EoS for all collision energies does not gener-
ate any dynamical density fluctuations, which are related
to the critical point and first-order phase transition, for
the subsequent nucleon coalescence model calculations.
According to Refs. [45, 46], non-trivial density fluctua-
tions in the produced hot QCD matter are needed to
describe this non-monotonic behavior. Our model calcu-
lations thus provide the non-critical baseline results for
comparisons with related light nuclei measurements at
the RHIC BES program. We leave the implementation
of an EoS with a critical point in the hydrodynamic evo-
lution and the inclusion of dynamical density fluctuations
to future studies.
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