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1. Introduction

Nuclei colliding at ultrarelativistic energies have a kigitial orbital angular momenturing
if their impact parameter is of order of some fm; in fact, fgmsnetric nucleiLo ~ A,/Sunb/2
in natural units f = 1). For Au-Au collisions at RHIC energieg’syn = 200 GeV andLg ~
5x 10° at an impact parametdr = 5 fm. The angular momentum will be almost two orders
of magnitude larger in the forthcoming Pb-Pb collisions BQ, at,/Syn = 5.5 TeV, with Lo ~
1.4 x 10’. Such large values of the initial angular momentum may gse, ras we will show, to
significant observables effects provided that at least domgton of it gets converted into intrinsic
angular momentum of a subregion of the quark-gluon plasn@R)Jireball.

According to the to-date generally accepted descriptich@tollision process, a locally equi-
librated plasma is formed after a relatively short time e brder of 1 fnd) followed by a quasi-
ideal hydrodynamical expansion. This kind of approach edoto be able to reproduce the large
observed values of the elliptic flow in peripheral collissorat a finite impact parameter, and the
transverse momentum spectra of particles in the pgwegion. In the ideal fluid description es-
sentially no room is left for rotational collective effeci®. vortex formation, because the vorticity
field w = (1/2)0 x v vanishes in the usual Bjorken initial conditions. Howevarpresence of
dissipative effects, vorticity may indeed develop and,stesity is large enough, or if the system
is kept together for a sufficiently long time, then part of #mgular momentum could get trans-
formed into a significant amount of intrinsic spin. Furtherm if the Bjorken scaling hypothesis
is released, a dependence of the initial longitudinal vglam the transverse coordinates is very
likely and this involves a non-vanishing vorticity from tkiery beginning of the hydrodynamical
evolution which drives an enhancement of the expansiorarateconsequently, of the elliptic flow;
we refer the reader to the ref. [1] for a more detailed disouss

In general, the entropy increase implied by dissipativect will drive the system towards
the global equilibrium configuration, which is a rigidly ating fireball at rest [2, 3]. Of course,
the system expands and will never be able to reach full dujiitn (as it is clear from the observed
hadron spectra); nevertheless, it may happen that vgrtigt intrinsic rotation, becomes a non-
negligible effect if viscosity is sufficiently large or if is not vanishing from the very beginning
of the hydrodynamical regime. Estimating the vorticityrfrab initio dissipative hydrodynamical
calculations is a formidable task. In this paper, we do npeowith this problem, rather we point
out some of the possible observable effects which can preb®tmation of spinning subsystems
within the plasma by using simple full-equilibrium calctitas.

2. Angular momentum conservation in heavy ion collisions

In the usual picture of a peripheral heavy ion collision atanklativistic energy the overlap-
ping region of the two incoming nuclei gives rise to QGP whsréhe non-overlapping nucleons
keep flying almost unaffected. Thereby, only a fraction @fithitial angular momenturhy is left
to the interaction region, while the largest part is caragdy by the fragments (see fig. 1). The
angular momentum of the interaction region takes its ofigim the inhomogeneity of the density
profile in the transverse plane. This is much clearly seeriangitudinal projection: the colliding
strips of nucleons have, in peripheral collisions, diffearaumber of nucleons. While the central
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Figure 1: Sketch of a peripheral heavy ion collision at very high egdrgthe longitudinal projection.
The initial momentum distribution of the interaction regi¢right) should have a gradient along the axis
x orthogonal to the collision axis stemming from the different transverse densities of théding strips
(left).

strips have the same weight, the strips above it will havetanoenentum directed along the neg-
ative z axis and conversely the ones below it (see fig. 1). Only if Whe ¢olliding objects were
homogeneous in the transverse plane, the angular momerittiva mteraction region would be
vanishing. Yet, the nucleare nothomogenous in the transverse plane; for instance, if they ar
assumed to be homogenous spheres in their rest frame,rimeskéerse density (or thickness func-
tion) would be proportional ta/R? —r2, r being the distance from the centre of the nucleusRnd
its radius.

In fig. 2 we show the angular momentum of the interaction medidor two colliding Gold
nuclei at\/syy = 200 GeV, assuming they are spheres with radius 7.0 fm. I&is &t the angular
momentum attains a maximal value at an impact parametebdirRand quickly drops thereafter.
The maximal value of is about 72 x 10%, i.e. 29% of the initial orbital angular momentulrg of
the colliding nuclei at that impact parameter.

The angular momenturd pertaining to the interaction region is then very large anongly
dependent on the impact paramdteiT his angular momentum should be then non-vanishing also
at the onset of the hydrodynamical expansion. For it to bevamishing, either the initial four-
velocity distribution of the fluid or the proper energy déysind pressure should be dependent on
the azimuthal angle in the transverse plane. The first agsompreaking the Bjorken scaling hy-
pothesis, is the most natural in our view and it is the onlyspas if thermalization is instantaneous
[1]. The second assumption is adopted in current hydrodisaroalculations [4, 5] but it implies
different hydro evolution equations [1], lack of vorticiyd it is therefore distinguishable from the
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Figure 2: Angular momentund of the interaction region as a function of the impact paramfetr Au-Au
collisions at,/Syn = 200 GeV.

first hypothesis.

Once the correct initial conditions have been set such ihatO, the effectiveness of the
angular momentum in producing observable effects crycagpends on what fraction of it gets
converted into intrinsic angular momentum; in hydrodynzahianguage, on how much rotation
or vorticity enters in the angular momentum balance, as bags Imentioned in the Introduction.
The angular momentum associated to vorticity will be dethateJ,,, such that 6< J, < J. The
value ofJ,, will depend, as has been mentioned, on the initial valueefirticity and the strength
of dissipative coefficients like shear viscosity. Otherarcstudies [6] argue that he amount of
vorticity in the fluid is sensitive to initial conditions amdpecially if Bjorken scaling is released.

3. Elliptic flow, pt broadening and polarization

We carried out our calculations for a simple fully equiliteé source at hadronization, i.e. a
rigidly spinning subsystem of the plasma with angular mamenJ,, and fixed angular velocity
w = 1/2rotv parallel to it and linked td,, by a thermodynamic relation which is linear for small
w/T values [3].

Among the most remarkable effects that could be observkg Hencew, is sufficiently large,
is an enhancement of elliptic flow. This is owing to the fagtttim a rotating system particles have
a larger momentum if directed along the reaction plane, arthogonally toJ,, (see fig. 3); in
classical terms, this is a consequence of centrifugal giaterThe corresponding coefficiemf)
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Figure 3: Sketch of a peripheral heavy ion collision at very high egengthe transverse projection. The
overlap almond-shaped region is marked in light grey andahasverall angular momentum directed along
the symmetry axiy.

reads [3]:
fd?’ Ky (my 1f\wxx|‘2‘/T) (pTzw)
) \/1—\wxx|ﬁ T
V2o = Ka(mr , /1—|wxx2/T) (3.1)
! B I
J dx 10 (772)

\/1—\wxx|ﬁ

where |, are modified Bessel functions afidis the global temperature. It should be stressed that
the global temperatur€ in a spinning relativistic gas is related to tloeal proper temperaturé,

by the relation [3]:
T
To(r) = ——= 3.2
o= 5.2
wherer is the distance from the rotation axis Since itis the local, and not the global, temperature
which determines the phase of the system, the decouplingldto@cur when the lowest local

temperature reaches the critical valigdor the quark-hadron transition, that is when:

T
- _T
ViR ¢

beingR the maximal distance from the rotation axis.

That also a finite angular momentum of the interaction regialy induce an anisotropy in the
particle azimuthal spectra has been argued long ago by ldagéd and recently rediscussed in
ref. [8]. It should be emphasized thézf) is a possible extra contribution 1@, supplementing the
traditional one stemming from initial geometrical eccarity of the nuclear overlap region. Yet,

(3.3)
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Figure 4: Elliptic flow coefficientvéJ) as a function opr for hadrons originated from a spherical spinning

plasma at a chemical freeze-out T=165 MeV and radius 10.bfrwfT = 0.03.

the behaviour of the “rotationawg) as a function ofpr is very similar to the traditional one, as

shown in fig. 4 foraw/T = 0.03 at the local chemical freeze-out temperaturé.cf 165 MeV and
a source radiuR= 10.1 fm. Therefore, it is almost impossible to disentangle Wedontributions
from a fit to the data and one should rather make a full hydradhyoal calculation. It should be
pointed out that the formula (3.1) refers to primary pagscbnly in the Boltzmann statistics and
turns out to be almost independent of the particle mass. ¥esitess that(zj) shown in fig. 4
only refers to the particles emitted from a spinning souf@tcourse, particles emitted from non-
spinning (i.e. vorticity-free) regions of the source willutle this rotational contribution to the
anisotropy.

Besides generating an azimuthal anisotropy, the presdnaesminning source will also en-
hance the broadening of thm spectra with respect to a static source. This is clearly sedme
formula [3]:

(3.4)

dn; D/d3 primeKa(mr /1= 1@ X/T) / prje x|,
—_— X lo
dpr T

1—\w><x‘2|

which tells us that the presence of the angular momentuntyna@ounts to the a local radial flow
velocity w x x. Once again, the effect is very similar to that driven by poes gradients in a
perfect fluid, although, in case of spinning regions, it vidbloé more enhanced in semi-peripheral
collisions, whereJ, hencel,, turns out to be larger.

Altogether, both elliptic flow angr broadening are not unique consequences of an intrinsic
rotation. There is, however, a distinctive signature tbera polarization of the emitted hadrons
along the angular momentum direction (in the lab frame). Asjide relation between the large
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angular momentum in peripheral heavy ion collisions andprdtion of the final hadrons has been
pointed out first in ref. [9], where it has been studied witaiperturbative QCD framework. We
have used a completely different approach and determirfedain equilibrated system, by invok-
ing the statistical hadronization dogma which turned oube@csuccesfull in describing hadronic
multiplicities over a wide range of energies: every multifemic state compatible with conserva-
tion laws is equally likely. Since the total angular momentis not vanishing, particles will not
fill available spin states uniformly and a net polarizatioifl show up. A calculation of the proper
polarization vectofl for a relativistic rotating ideal gas has been carried ouhleyauthors [3]:

_ Lanh @ [Eg @PP
MNo= 2tanhz_l_ {mw m(s+m)] (3.5)
for spin 1/2 particles and:
~ 2sinhw/T) [e . @-pp
0~ 2cosw/T)+1 [mw m(e +m) (3.6)

for spin 1 particlesg is the energy angd the momentum of the particle. The polarization turns out
to be maximal for particles emitted orthogonallyXtg, i.e. along the reaction plane, and increasing
for increasingpr [3].

It is interesting to note that the polarization (more geliethe spin density matrix) depends
on the ratio between angular velocity and global tempeegathiat is, using (3.2) opw/To, being
To the local temperature. Therefore, it can be conjecturedmimking locality principle, that a
polarization should appear in a generic accelerated hydeodical cell at local equilibrium fully
determined by local quantities. Henaeis to be plausibly replaced by the vector:

1v x a (3.7)

w—>v2

which is the local angular velocity for a general traject@gcording to the Frenet formulae. If this
conjecture is true, every hadronizing hydrodynamical edll produce hadrons with polarization
vector (3.5),(|refinteger) witlw equal to the right hand side of (3.7).

4. Conclusions

We have pointed out that angular momentum conservation iiwayige to observable effects
in peripheral heavy ion collisions at very high energy, vehiime initial angular momentum is very
large. Besides an enhancement of the elliptic flow paranwetend a further broadening of trans-
verse momentum spectra, the most characteristic signattine formation of spinning subregions
within the plasma would be a polarization of the emittedipkas, orthogonal to the reaction plane
and maximal for particles with momentum parallel to the tiemcplane. A quantitative assessment
of these effects is very difficult as the fraction of angulasmentum associated with intrinsic ro-
tationJ,, is an unknown quantity. This depends on how much vorticiigtexat the beginning and
gets created during the hydrodynamical expansion of theesyswhich in turn requires a more
accurate knowledge of initial conditions and dissipatiemstants. Because of the larger initial
angular momentum, such effects could be better observed@t L
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