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We discuss the negativity of the moment of inertia of (quark-)gluon plasma in a window of
“supervortical” range of temperatures above the deconfining phase transition, T ~ (1...1.5)T.
found recently in numerical Monte Carlo simulations by two independent methods. In our work,
we confirm numerically that the origin of this effect is rooted in the thermal evaporation of the
non-perturbative chromomagnetic condensate. We argue that the negative moment of inertia of
gluon plasma indicates the presence of a novel effect, the negative spin-vortical coupling for gluons
resulting in a negative gluonic Barnett effect: the spin polarization of gluons exceeds the total
angular momentum of rotating plasma thus forcing the orbital angular momentum to take negative

values in the supervortical range of temperatures.

Introduction. The moment of inertia I of a physi-
cal body quantifies the angular momentum L carried by
the body when it is set in rotation with an angular veloc-
ity Q [1]. For slowly rotating rigid mechanical systems,
these quantities are related to each other via the linear
relation, L = I Q, where the moment of inertia takes a
form of the tensor of the second rank, I. If the body ro-
tates around one of its principal axis of inertia, the above
relation simplifies to:

L=19, (1)

where I is the corresponding eigenvalue of the tensor I.

In classical systems residing in thermal equilibrium,
the moment of inertia is always a positive quantity, I > 0.
This intuitively clear statement originates from the fact
that a system of physical particles has an everywhere-
positive energy density, implying that the momentum of
any small subsystem of a rigidly rotating body points out
in the direction of its velocity, expressed, in turn, via the
angular velocity Q. As all physical objects we know have
a positive energy density, our intuition tells us that they
must have also a positive moment of inertia.’

However, the numerical simulations performed by two
different methods both for static [7] and rotating [8]
gluon plasmas show that the assertion of the positivity of
the mechanical moment of inertia cannot be applied to

1 An academic counterexample to this assertion is provided by
the Casimir effect [2], where the moment of inertia associated
with the negative Casimir energy is a negative quantity [3, 4]
in consistency with the equivalence principle established by the
gravitational response of the Casimir energy in the background
gravitational field [5, 6]. We do not consider the Casimir effect
since it does not play a role in the effect discussed in our article.

plasma of gluons. On the contrary, the gluon plasma pos-
sesses a negative moment of inertia in a wide window of
temperatures above the deconfinement transition [7, 8].
This conclusion drastically contradicts our intuition since
(quark-)gluon plasma has a positive energy density in ev-
ery point while possessing at the same time a negative
moment of inertia. According to Ref. [8], the origin of the
negative moment of inertia lies in the particularities of
the evaporation of the chromomagnetic gluon condensate
at high temperatures.

A signature of the opposite direction of the angular mo-
mentum of the QCD vacuum with respect to the angular
velocity, which would be consistent with I < 0 in Eq. (1),
has also been noticed in non-renormalized data of Ref. [9)]
about a decade ago. In that work, this property has been
attributed to a classical frame-dependence effect as a par-
ticle that rests in the laboratory seems oppositely rotat-
ing from the point of view of the rotating frame. This
observation — made for the QCD vacuum which is char-
acterized by the gluon and chiral condensates [10, 11]
— lies in the line of our earlier results [7, 8] that high-
light the importance of the chromomagnetic condensate
for rotation in (quark-)gluon plasma.

In our work, we study the contribution of the gluon
condensate to the moment of inertia of gluon plasma,
pointing out to the important role of the chromomagnetic
component as compared to the ordinary mechanical term.

Rotation of quark-gluon plasma. Rotating
quark-gluon plasma (QGP) is routinely produced in rel-
ativistic heavy-ion collisions [12, 13]. The appropriate
quantity in this case is vorticity [14—16] which describes
the local circular motion of plasma constituents at a given
point of spacetime. While simulations show in vortical
plasma, vorticity does not generally correspond to a rigid
rotation [15], the rigid rotation is a useful probe of the



response of the quark-gluon plasma to vorticity in most
analytical [17-31] and numerical [8, 9, 32-34] approaches
to its thermodynamic properties. Our knowledge of this
system can be tested by confronting the analytical re-
sults with numerical simulations for a rigid rotation. We
follow the same strategy in our paper.

Decomposing gluonic moment of inertia. Our
experience in classical mechanics tells us that we do not
need to set a physical system in motion for the purpose of
evaluating its moment of inertia. In other words, the mo-
ment of inertia can be calculated also in the static limit,
when the object does not rotate at all. This observation
simplifies the calculation of the moment of inertia since
it does not require introduction of the curved space with
a nontrivial metric (the latter method has been actively
used, for example, in Refs. [8, 9, 32-34]). In our pa-
per, we analyze the moment of inertia of (quark-)gluon
plasma using standard, non-rotating lattices for which
the model can conveniently be formulated in a flat Eu-
clidean spacetime following the strategy of Ref. [7].

The moment of inertia I = I,, of a physical system with
respect to global rotations with the angular velocity € =
Qn around the principal axis of inertia n (with n? = 1)
is determined via its free energy F' in the co-rotating
reference frame as follows [35]:

_J(T,9) 1 (aF(T,Q))
T

1) = =2 ey

Q o0

Q-0 Q-0

In this expression, we implicitly implied that the size of
the body in the direction perpendicular to the axis is
bounded, R, < Rignt, by the radius of light cylinder,
Riignt = 1/|€Y], so that the causality is not violated. Equa-
tion (2) also allows us to work in the thermodynamic
limit R, — oo, provided it is taken with a proper order
of limits, limp e limg_., or taking R, = Cy/Q with the
real-valued parameter 0 < Cy < 1.
The moment of inertia (2) of the gluon plasma can be
decomposed into two parts [8]:
Igl _ Igl

mech

+ Irgnlagn . (3)

This result can be readily obtained from Eq. (2) using
the free energy F' = -T'ln [ DAe' of the rotating gluon
gas described by Yang-Mills theory with the action

1 4 v
S5 [ AV B
where the rotation (taken to be around the z-axis) is

defined by the following metric tensor:

1-720% Qy -Qx 0

B Qyu -1 0 0
9w =l —Qz 0 -1 o) (5)

0 0 0 -1

with r, = /22 +y2.

The first term in the right-hand side of Eq. (3):

1= (e 7)), (6)

is the mechanical contribution which accounts for the
fluctuations of the total angular momentum of gluons,

a_1 [ s ik »

J; =5 Vd xeijkMgl (), ,7=1,2,3, (7)

projected on the axis of rotation m. The local angular
momentum of gluons,

M () = ' T (@) - T (). (®)

is expressed through the gluonic stress-energy tensor:
Tg”l” = GWHEGYY - (1/4)17“”G“’°“‘3G§ﬁ with the metric
N = diag(+1,-1,-1,-1) of flat Minkowski spacetime.
Here, we use notations

«O»T = <O>T - <O)T:0 ) (9)

to represent the thermal part of the expectation value of
an operator O. We also notice that (n-J)=0 at Q=0.

In thermodynamic sense, the moment of inertia of a
system is associated with its susceptibility with respect
to global rotations. For example, Eq. (6) has a form
of a susceptibility, which estimates how the system is
susceptible to rotational motion.

Thermodynamic susceptibilities are associated with
the second-order derivatives of the free energy with re-
spect to the corresponding conjugate variables (for ex-
ample, with respect to a chemical potential if we study
density fluctuations). Since rotation is defined by the
shift of the Hamiltonian, Hy - H = Hy - - J, the
second-order derivative of the corresponding free energy?
F =-TInTre /T with respect to the angular frequency
, gives us susceptibility (6) of the angular momentum
J provided the latter does not depend on the angular ve-
locity €2. The particularity of a vector field, such as the
gluon field considered in our article, is that the angular
momentum does depend on the angular velocity €. This
property leads to the second term in Eq. (2).

The second contribution to the total momentum (2) is
given by the fluctuation of chromomagnetic field,

1 3 a 2 a 2 2
I;gnagn = [/ d JZ[«(B 'wi) >>T + <<(B 'I’L) >>T ml] ’
(10)
where B = %e”kG;‘k is the chromomagnetic field and
x, =x —-n(n-x) is the vector between the point & and
the axis of rotation set by the unit vector n? = 1. The

2 Equation (2) can be rewritten as a second derivative since
limy_o f'(x)/xz = f"(0) for any function f(x), continuous in the
origin and possessing a vanishing first derivative, f’(0) = 0.



normalization of Eq. (2) is chosen in such a way that cold
(T = 0) vacuum has no moment of inertia with both me-
chanical (6) and magnetic (10) contributions vanishing.?

While the mechanical correlator term (6) always gives
a positive contribution to the moment of inertia, the lo-
cal magnetic term (10) is proportional to the magnetic
gluonic condensate which does change the sign above the
deconfinement phase transition [36]. It is the last term
which is responsible for the negative moment of inertia
of the gluon plasma [7, 8].

Both terms in Eq. (2) are calculated in the static limit,
Q = 0, which possesses the SO(3) rotational symmetry.
For the magnetic term (10), the space isotropy implies

(BB = 50 (B2, ()

thus allowing us to link the magnetic contribution (10)
to the magnetic component of the gluon condensate:

B =5 [ dwa? ((BY?), (12)

Surprisingly, the chromomagnetic contribution (12) has
the same form as the moment of inertia of a classical
body with the mass density p(x):

Lelass = [/ dswp(a:) 133 . (13)

Indeed, one recovers the non-perturbative quantum con-
tribution of the gluon condensate (12) from the classi-
cal expression (13) with the use the formal substitution
p(T) > % <<(Ba)2>>T. While this relation might seem nat-
ural, we will see below that <<(Ba)2>> o < 0in asubstantial
range of temperatures above T,, which, in the classical
formula (13), would correspond to an unphysical nega-
tive mass density, p(x) < 0. Of course, it is well known
that the gluon plasma does not have a negative mass (en-
ergy) density [36] and still, we show [7, 8] the moment
of inertia of this plasma becomes a negative quantity in
a range of temperatures. We will discuss this would-be
paradox below.

Thermodynamic and continuum limits. Before
discussing the results of our numerical simulations, we
would like to comment on their reliability to describe
physics in the continuum limit.

Given the extensivity of the moment of inertia I and,
consequently, its dependence on the shape of the system,
it is convenient to consider an associated non-extensive
quantity Ko = —I/(FyR?), which represents a dimen-
sionless moment of inertia. This expression, written

3 Therefore, a proper renormalization of the data of Ref. [9] would
give us a zero moment of inertia for the QCD vacuum at zero
temperature as nothing (i.e., vacuum) cannot move or rotate.

for a cylinder-shaped object, is normalized by its size
(squared) in transverse dimensions R, as well as by the
free energy in the nonrotating limit, Fy = limg_o F' < 0.
For a non-interacting system of massless particles, one
gets the exact result: Ko = 2 [37]. This result is
also recovered, within the numerical accuracy, in high-
temperature limit of quark-gluon plasma [8], which shows
the consistency of our understanding of the numerical
data.

The independence of the dimensionless moment of iner-
tia K5 on the spatial volume of the system (with various
spatial sizes of the lattice, Ny), established in Ref. [8],
implies that our results are very close to the thermody-
namic limit. In addition, the excellent scaling towards
the continuum limit, taken as a sequence of various Ny,
has been established [7, 8]. Given these observation, we
choose below to work only with a single lattice spacing
(corresponding to the temporal extension N; = 6) and
tree-level improved Symanzik lattice gauge action, which
is adequately close to continuum physics.

The moment of inertia is an extensive quantity which
behaves as I o« VR?, where V is the volume of the sys-
tem and R, is the size of the system with respect to the
axis of rotation. Since we work on square lattices with
the transverse extension R, = L/2, we will present the
results of the specific moment of inertia defined as

1 Ly

= R, = =%, 14
VR2’ D) (14)

i2
Here the specific (size-independent) notations are intro-
duced as i, = I,/(VRY), with n = 2,4,..., in order to
highlight the size-dependence of the expansion of the free
energy F', defined in the co-rotating reference frame, over
the angular frequencies 2:

F(TleaQ):FO(T7RL)_VZ ng( ')REkQQk
=1 (2k)!
EF0—§QQ+O(Q4), (15)

(see, e.g., Ref. [37]). The usual moment of inertia, I = I,
corresponding to the static limit {2 — 0, appears in the
second term in the series in the second line of Eq. (15). It
is expressed via the specific moment of inertia iy defined
in Eq. (14). The higher-order terms in Eq. (15) corre-
spond to the nonlinear contributions to the moment of
inertia due to deformation of the system caused by ro-
tation. We will not consider them in this article. For
a rotating system of free bosons, these terms were com-
puted analytically in Ref. [37].

Monte Carlo results for the specific moment of
inertia of SU(3) gluon plasma (quenched QCD) are pre-
sented in Fig. 1. These data were obtained on the finite
temperature lattice 6x24x312 with the zero-temperature
subtraction performed at N; = 24, while other details of
the lattice simulations may be found in Ref. [7]. We
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FIG. 1. The mechanical (6) and chromomagnetic (10) con-
tribution to the total moment of inertia (16) along with the
fits (25) and (26), respectively (given by the solid lines). The
dashed lines are plotted to guide the eye.

plot separately the mechanical term (6), the magnetic
term (10), and the total specific moment of inertia (3):

ig = ig'e" + i8N, (16)

How should we understand these results?

Deeply in the confinement (hadronic) phase, the mo-
ment of inertia of the system is zero. This property has
a simple explanation since at temperature substantially
lower than T, there is no gluonic matter that can be set
in motion: gluons are confined into glueballs which are
too heavy to be excited thermally. Indeed, intuitively,
we cannot move or rotate nothing (i.e., vacuum). The
vanishing of the moment of inertia is well seen in Fig. 1
for the temperature point 7" ~ 0.707,. This result also
demonstrates the correctness of the additive normaliza-
tion procedure (9) used in our calculations.

As soon as temperature raises and we are approaching
the deconfining temperature, glueballs become thermally
activated and they form an interacting dilute gas. In ad-
dition, since the phase transition in SU(3) Yang-Mills
theory is of a (weak) first order, the thermal fluctuations
should produce small bubbles of the high-temperature
phase. Thus, slightly below the critical temperature Tz,
we have a warm gluon matter which is expected to be
sensitive to rotation and possess a small moment of in-
ertia. Our results in Fig. 1 at T ~ 0.947, confirm this
anticipated fact which, however, possesses one surprising
property that the total moment of inertia has a tendency
to become a negative quantity in agreement with [7, 8].

Figure 1 shows that this extraordinary property ex-
tends also to the gluon plasma regime above the critical
temperature. The total moment of inertia I is negative
up to the supervortical critical temperature [7, §],

T, = 1.50(10)T, (17)

at which it vanishes and turns to positive values at
T > Ts. The positivity of I in the high-temperature
regime fits well our understanding that plasma becomes
overwhelmingly perturbative at T — oo.

The mechanical contribution (6) possesses a mundane
constant behaviour with I 511 ocn > 0, which gets established
right above the critical temperature. The chromomag-
netic part (10) of the moment of inertia is, however, a
non-trivial function of temperature. It takes a negative
value in range of temperatures which makes the total mo-
mentum of inertia negative as well in the supervortical
region of temperatures T, ST < Ts.

We work in the formalism of Ref. [7] which does not re-
quire introduction of the metric tensor thus giving more
robustness to our calculations. Another way to calcu-
late the moment of inertia on the lattice involves the
simulation of the rotating Yang-Mills theory in curved
space and analytic continuation procedure similarly to
Refs. [32-34]. The results of such calculations, presented
in Ref. [8], firmly overlap with them from non-rotating
lattices thus demonstrating the consistency of our ap-
proaches.

Now let us address the question of how can it be that
the moment of inertia of a gluon gas is negative while
the energy density of the very same gluon gas is positive
everywhere? The last statement contradicts our experi-
ence of classical mechanics, Eq. (13) which implies that
the moment of inertia should both be a positive quantity
as the mass density is a positive quantity as well.

Evaporation of the chromomagnetic conden-
sate. The negative moment of inertia originates from
the thermal properties of (chromo)magnetic conden-
sate (12). The chromomagnetic, <<82>>T, and chromo-
electric, <<€2>>T, condensates enter the (thermal part of)
the total gluon condensate:

(&) = (B +(€%)r (18)

which determines, via the trace anomaly [36],

SN (1 M () MR

the equation of state which relates the energy density &
with pressure p. Eq. (19) involves the QCD beta function,

e-3p=(T")

dovs (1)

B(QS(M))— dln g <0, (20)
which reflects the running of the QCD coupling constant
o = g%/(47) with the energy scale p.

Our Monte Carlo results for all gluonic conden-
sates (19) are shown in Fig. 2. These results were cal-
culated within standard lattice technique [36, 38] on the

4 This figure essentially reproduces Fig. 10 (taken with a minus
sign) of Ref. [36] re-calculated for the improved Symanzik action.
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FIG. 2. The total gluon condensate (19), and, separately,
its electric <<52>>T and magnetic «BQ»T components (18), as
functions of temperature 7.

lattice 6x36x 1452 with performed zero-temperature sub-
traction at Ny = 36. The magnetic condensate becomes
negative above the phase transition and then it changes
the sign to a positive domain at T' ~ 2T [36].

How to understand the thermal behaviour of the
magnetic condensate? One can associate its behaviour
with the evaporation of the magnetic component of the
gluon plasma [39, 40] and the associated string dynam-
ics [39, 41]. Moreover, the magnetic condensate is an in-
frared non-perturbative property of the vacuum. As any
other condensate, it can be associated with the infrared
coherence of the vacuum state. Strong thermal fluctua-
tions add large ultraviolet noise to the system and, con-
sequently, disorder this condensate. Therefore, the con-
densate quickly evaporates as temperature raises above
the critical point, T' = T,. This behaviour is clearly seen
in Fig. 2 in the temperature range 1 $T'/T,. < 1.1. Notice
that the magnetic condensate is not an order parame-
ter of the deconfinement phase transition and, therefore,
nothing special happens with it at the phase transition
T =T, apart from the quick drop caused by the evapora-
tion.

Finite temperature environment generates also essen-
tially perturbative thermal fluctuations in the system
which contribute positively to the magnetic condensate.
As temperature raises to about T' ~ 1.17,, the raise of
the magnetic thermal fluctuations overcome the evapo-
ration of the remaining magnetic condensate, and the
slope changes: at this temperature, the quantity <<6’2 >>T
starts to rise.” At T ~ 2T, the thermal contribution be-
comes larger than the drop due to the evaporation of the

5 At T 2 1.17T., the quantity <<[3’2 »T includes an essential contribu-
tion coming from thermal fluctuations so that it is not justified,

T = 0 condensate, and <<B2 >>T becomes a positive quan-
tity at higher temperatures, approaching the expected
(B?),. o< T* Stefan-Boltzmann law at T - oo.

Since the right hand side of the anomaly equation (19),
given by the sum of electric and magnetic condensates is
always a positive quantity, therefore thermodynamic re-
lations imply that the energy density is always a positive
quantity as well [36]. Therefore, the moment of iner-
tia, substantially altered by the chromomagnetic com-
ponent (10) can take negative values while the energy
density, given by the sum of both electric and magnetic
contributions (18), is always a positive quantity. In other
words, one can have a negative moment of inertia for an
object with an everywhere-positive energy density.

Rotating photon gas. It is instructive to compare
our numerical results for gluonic plasma, extrapolated
to the high-temperature limit, with thermodynamics of
non-interacting massless vector fields, that is, photons.
The interest in this comparison originates from the fact
that the generic relation (2) equally applies to rotating
photon gas while the vector nature of the photon field
assures — similarly to the gluon field — that the photon gas
receives two contributions to its moment of inertia (3),
both mechanical (6) and magnetic (10) ones.

One could naively expect that at high temperatures,
the physics of gluons becomes perturbative due to asymp-
totic freedom: in a hot gluon plasma, the mean energy
of gluons is high and for such high-energy gluons, the
Yang-Mills coupling constant is asymptotically vanish-
ing. However, this expectation does not work for all glu-
ons since the magnetic gluon component always contains
a non-perturbative part, regardless how high tempera-
ture is [42].

Moreover, in the studied range of temperatures, the
equation of state of the gluon plasma contains a strong
correction from a non-perturbative sector [42] and there-
fore any relation with free photodynamics are at least far
fetched. In addition, it is the chromomagnetic contribu-
tion (10) which makes the negative contribution to the
moment of inertia. However, contrary to the gluon case,
the magnetic part of photons is not non-perturbative
and easily calculable analytically, which makes the com-
parison of high-temperature gluodynamics with high-
temperature photodynamics especially valuable. Below,
we will make the comparison, normalized by degrees of
freedom, to see how different the thermodynamics of
these rotating vector fields are.

To evaluate the total moment of inertia of rotating pho-
tons, one can take the result for a free scalar field [37] and
rescale it by the factor of 2 corresponding to degrees of
freedom of a photon. One gets for a photon in a cylinder

strictly speaking, to call it a condensate. We will, however, con-
tinue to use the word “condensate” to keep our narration smooth.



of the radius R and the height L:

9 2
oS pRATY (21)

Ph o= peh
magn 45

total — mech
This expression excellently agrees with the numerical re-
sults of Ref. [43] for the moment of inertia of hot photon
gas rotating in a cylinder, I,,/(LR*T?) ~ 0.44.
Similarly to gluons (3), the total moment of inertia (21)
of the photon gas possesses two contributions which are
easily calculable. The mechanical part, given by the sus-
ceptibility of the angular momentum (6),

2
h
[Ilzuech 70 (4 - 71—)L}TLTA ) (22)
can be obtained by subtraction of the contribution from
thermal fluctuations of magnetic field (10),

h _ 3
Ir%agn = f d°r

from the full expression (21). In order to calculate
Eq. (23), we took into account the Stefan-Boltzmann
value of the thermal fluctuations of the magnetic field,
<Bz>T = 7274/15. The mechanical contribution (22),
obtained by the difference between the total value (21)
and the magnetic contribution (23), gives only a small
fraction of the total moment of inertia of the photon gas:

LR4T4 (23)

ph T ph
mech _ 1 _" 0.215, or —=E - __ _ ~3.66. (24)
Itpol:al 4 IrIr)llréch 4-m

This observation should be compared with the behaviour
of gluon plasma shown in Fig. 1, where the magnetic
contribution is indeed bigger than the mechanical part
which, however, still takes an essential part of the total
moment of inertia at our higher temperature T ~ 3.67.

The asymptotic values of the mechanical and magnetic
parts of the moment of inertia in the gluon plasma, can be
obtained by suitable fits. The mechanical part is almost
insensitive to temperature in deconfinement phase and
it can be well described in the region T > 1.357,, with
x%/d.o.f.~ 0.1, by the constant function,

18,5,(T) 15
Th4 = T4h:1.21(6). (25)

The chromomagnetic contribution, as well as the to-
tal specific moment of inertia, has a more involved be-
haviour which can be fitted at T' 2 1.357, by the follow-
ing function (with x?/d.o.f. ~ 1.9 for magnetic part and
x%/d.o.f. =~ 0.1 for total values):

gl fit
magn/total (T)
T4
gl,oo
magn/total T

T 2
- magnftotal 1y te 4 (Lt . (26)
T4 T-T, T-T,

1850 T = 2.474(15), ¢ = -1.001(5), ¢z =0.114(3),
I /T4 =3.70(23), e1 = ~0.672(61), e = 0.076(26).

These fits are shown by the solid lines in Fig. 1.

Asymptotic results normalized by degrees of freedom,
do not coincide with those of the hot photonic gas. The
reason is in the non-Abelian nature of magnetic degrees
of freedom of gluons which receive non-perturbative con-
tributions even in the T'— oo limit [42]. Still, the hierar-
chy of these parts is the same: in the high-temperature
regime, the purely magnetic degrees of freedom provide
a dominant contribution to the total momentum. Still,
just above the deconfinement transition at T' = T, up
to the supervortical critical temperature T ~ 1.57 , the
negative contribution of the chromomagnetic gluons out-
weighs the positive contribution coming from the fluctu-
ation of the angular momentum, and the plasma appears
to carry a negative moment of inertia.

Strong negative Barnett effect for gluons. A
negative moment of inertia implies that the total angu-
lar momentum J = L + S, which (quark-)gluon plasma
possesses, is pointed out in the opposite direction to the
angular velocity € with which the (quark-)gluon plasma
rotates. How can this situation be realized in Nature?
We put forward here the suggestion that the key player
here is the gluon spin S, which accumulates too much of
total angular momentum J, forcing, at the same time,
the gluons themselves to rotate orbitally in the opposite
direction with respect to the total angular momentum in
order to compensate the over-excess of the angular mo-
mentum accumulated in the gluon spins S.

We call this effect the “negative Barnett effect” (NBE),
which states that spin polarization of gluons is opposite
to the angular velocity of the system itself. The usual
Barnett effect is the manifestation of the spin-orbital-
coupling which implies that the spin of the particles, ex-
periencing a rotational collective motion, are aligned with
the local angular velocity of the system [44].° For an or-
dinary uncharged substances such as certain metals [46]
or even water [47], the spin polarization can experimen-
tally be measured via rotation-produced magnetization
of the sample.

The NBE, on the contrary, implies that the spin-
orbital-coupling has a reversed sign, so that the orien-
tation of the spins S and the angular velocity €2 is op-
posite to each other within the supervortical window of

6 The effect of the spin-orbital coupling caused by rotation should
be contrasted to the effect in static (non-rotating) bound sys-
tems. In a hydrogen atom, for example, the spin and orbital
angular momentum of an electron tend to be anti-parallel, re-
sulting in a lower energy of the 2P1/2 state compared to the
2P3/2 state. It is a fine-structure effect [45] caused by the polar-
ization of an electron magnetic moment by magnetic field arising
in a (momentary) rest frame of the electron.



temperatures T, $ T < Ts. Namely, we suggest that in a
rotating gluon system:

(i) a sizable fraction of the total angular momentum
J =L+ S is accumulated in the spin of gluons S;

(ii) the spin polarization S is parallel to the total an-
gular momentum J and anti-parallel to the orbital
angular momentum of plasma L.

Yet in other words, projecting all angular momenta
onto a single axis n and assuming without loss of general-
ity J > 0, the gluonic spins accumulate too large amount
of angular momentum S > J > 0, so that this contribution
needs to be compensated by a negative orbital motion,
L =J -5 < 0. Therefore, plasma acquires the angular
momentum in one direction (J > 0) and rotates in the
opposite direction (L < 0), as illustrated in Fig. 3.

J T/
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o Sl o |
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FIG. 3. (left) The usual (positive) Barnett effect: the system
possesses the positive angular momentum J which is redis-
tributed between the positive orbital momentum L, corre-
sponding to the counterclockwise rotation and the positive
spin polarization S generated by rotation. (right) The nega-
tive Barnett effect: the system possesses the positive angular
momentum J = Jn (with n? = 1), which is redistributed
between a large positive spin polarization S = Sn (with
S >J>0) and an orbital angular momentum L = Ln = I.Q
that takes a negative value L < 0 due to conservation of total
angular momentum, J = S + L. Since the moment of iner-
tia stored in orbital motion is positive, I, > 0, the system
rotates, as a whole, clockwise: 2 = Qn with < 0. The neg-
ative Barnett effect implies that the angular velocity €2 and
spin polarization S are anti-parallel to each other.

Notice that it is the orbital momentum which encodes
rotation of plasma as whole, while the spin polarization
is an intrinsic characteristic of the system which does
necessarily manifest itself in rotation. A relevant case is
represented by a ferromagnet in the broken phase which
spontaneously generates magnetic field due to substantial
spin polarization, S # 0, and, at the same time, does not
rotate, L = 0 [35]. Another example is given by superfluid
3He in a metastable, but eternally long-lived p-wave state
where the angular momentum, accumulated vortices, is
opposite to the global rotation of the fluid [48].

Given the suspected negativity of the spin-orbital cou-
pling, one may ask ourselves how the moment of inertia

is redistributed between spin and orbital degrees of free-
dom. Following the analogy with the Barnett effect [44],
we assert that the rotation with angular velocity € in-
duces the spin polarization of gluons, S = Ig€2.

Writing similarly for the orbital part, L = I, one
arrives to Eq. (1) where the total moment of inertia is
the sum of the the spin and orbital contributions: I =
Ig + Ip. Since the energy density is a positive quantity,
the mechanical orbital rotation can only lead to a positive
value of the orbital moment of inertia, I, > 0. Therefore,
the negative moment of inertia can only be achieved if the
rotation polarizes spin negatively, Is < -1 < 0, against
the rotation direction, so that I = Ig + I, <0.

Implications for quark-gluon plasma. So far, we
discussed the gluonic component of the rotating plasma.
The magnetic condensate term will also exist in the pres-
ence of rotating fermionic component, so that our con-
clusions equally apply to the quark-gluon plasma. The
coupling of quarks to rotation results in a linear term in
the free energy which implies that fermions themselves
cannot generate the negative Barnett effect because their
contribution to the total moment of inertia is associated
with the single, purely mechanical term:

1 L (g T, @)
The angular momentum of quarks J is given by Eq. (7)
with the substitution Mng - ng = ipy° (v DI — 4T D )ap.
The covariant derivative D, = 0, +1gA,, incorporates the
coupling of the quark spinors 1 to the gluon field A*.

The mechanical momentum which includes the con-
tribution of quarks (27) is expected to give a positive
addition to the total moment of inertia thus diminishing
the magnitude of its negative value in the supervortical
range of temperatures. However, the evaporation of the
gluon condensate also occurs in the presence of quarks,
implying that the negative moment of inertia and the
associated negative Barnett effect will also be realized
in the quark-gluon plasma in relativistic heavy-ion colli-
sions.

Discussion and Conclusions. It was recently
found that the gluon plasma in the range of tempera-
tures T ~ (1...1.5)7T,. possesses a negative moment of
inertia, which may be interpreted as thermodynamic in-
stability to the global rotation [7, 8]. The result was
obtained using two independent approaches in static [7]
and rotating [8] plasmas. In this paper, we argued, us-
ing thermodynamic arguments and — in relation to the
gluon plasma — the lattice data, that one can have a neg-
ative moment of inertia for an object with an everywhere-
positive energy density.

The moment of inertia of a gluon system contains not
only the expected mechanical term corresponding to the
total angular momenta, but also a local term which incor-
porates the chromomagnetic condensate. This additional



term emerges due to the vector nature of gluons: the lat-
ter property leads to the non-linearity of the gluonic free
energy which contains terms both linear and quadratic
in . The linear term produces the standard mechan-
ical contribution (6) while the quadratic term leads to
the novel contribution which incorporates the chromo-
magnetic condensate (10). Our Monte Carlo simulation
clearly show that it is the thermal evaporation of the
chromomagnetic condensate that leads to the negative
moment of inertia of rotating plasma.

As a result, we conclude in our paper that the total
angular momentum is still positive, while the plasma me-
chanically rotates in the opposite direction to the angular
momentum implying the unusual relation € -J < 0. We
coin this novel phenomenon as the Negative Barnett Ef-
fect. While this effect can have direct consequences on
rotation of gluon plasma, the detailed implications of the
emergence of the negative moment of inertia remains to
be explored. The Negative Barnett Effect for gluons may
be one of the possible causes of the thermodynamic in-
stability reported in Ref. [8].
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