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The introduction and motivation

The Most Intriguing Fluid in Nature



ey

“VIEI Nuclear Physics A 757 (2008) 1-27
Quark—gluon plasma and color glass condensate at
RHIC? The perspective from the BRAHMS
experiment

Abstract

We review the main results obtained by the BRAHMS Collaboration on the properties of hot
and dense hadronic and partonic matter produced in ultrarelat heavy ion collisions at RHIC.
A particular focus of this paper is to discuss to what extent the results collected so far by BRAHMS,
and by the other three experiments at RHIC, can be taken as evidence for the formation of ate of
s evidence for

e proposed ¢

science @omeer:

ELSEVIER Nuclear Physics A 757 (2005) 28-101

The PHOBOS perspective on discoveries at RHIC
PHOBOS Collaboration

NucLEAR
A

Abstract

This paper describes the conclusions that can be drawn from the data taken thus far with the
PHOBOS detector at RHIC. In the most central Au + Au collisions at the hlghe\l beam energ).
evidence is found for the formation of
of freedom

Furthermore, the constituents ur lh: nu\cl
tion. The properties of particle production

2ni L level o eract
at RHIC energies are shown 1o Tollow & nummber of Sumple sceling behaviors, some of which continue

trends found at lower energies or in simpler systems. As a function of centrality, the total number

.c..m.@m..u- NUCLEAR
EEEA
ELSEVIER Nuclear Physics A 757 (2005) 102-183

Experimental and theoretical challenges in
the search for the quark—gluon plasma:
The STAR Collaboration’s critical assessment of the
evidence from RHIC collisions

STAR Collaboration
Abstract

‘We review the most important experimental results from the first three ye:
collision studies at RHIC, with emphasis on results from the STAR experiment, and we assess their
interpretation and comparison to theory. The theory-experiment comparison suggests that central

Au+Au col ns at RHIC pmducc dense, E‘d]l lhcl’l\\d]lllnE nmller clmmc(erlzcd by: (l) initial

to jets. Many of the observations are consistent with models incorporating QGP formation in the
carly collision stag nd have not found ready explanation in a hadronic framework. However, the

SO S— =

PHYSICS

EI_SEVIER Nuclear Physics A 757 (2005) 184-283
Formation of dense partonic matter in relativistic
nucleus—nucleus collisions at RHIC:
Experimental evaluation by
the PHENIX Collaboration

PHENIX Collaboration
Abstract

Extensi i I data from high: 1 llisions were recorded using the
PHENIX detector at the Relativistic H(.‘I\V Inn (‘nl]lder (RHIC) ThL comprehensive s
ments from the first three years of RHIC operation includes charged particle multipli
energy, yield ratios and spectra of identified hddmnx in a wide range of transverse momenta (pr),
elliptic flow, two-particl ions, and suppression of particle produc-
tion at high py. The results are examined with an emphasis on implications for the formation of a
new state of dense matter. We find that the state of matter created at RHIC cannot be described in

terms of ordinary color neutral hadrons.

et of measure-
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o The fastest rotating fluid

NEWS & VIEWS

nature.com/newsandviews

Nature 548, 34-35 (2017)

The fastest-rotating fluid

A state of matter called a quark-gluon plasma is produced in energetic collisions of heavy ions. The rotation of this plasma
has been measured for the first time, providing insights into the physics of the strong nuclear force. SEE LETTER P.62

HANNAH PETERSEN nge;x;gluon
. . . .. Ahyperon 7 |
= The collective dynamics of heavy-ion collisions N —A
can produce emergent phenomena, like spin f (s
polarization. N

= The observed global polarization of A and A in {
heavy-ion collisions suggests that a quark-gluon Colsion plne
plasma may be the fastest-rotating fluid in nature.

4/21




r

N More about the motivation
(@

= Rotating gluons increase the phase transition temperature, while the rotating fermions
decrease it [V. V. Braguta et al.'20'21]

= The rotation and acceleration influence on the phase transition [M. N. Chernodub et
al!17'24'25]

= The Unruh effect in the heavy-ion collisions [D. Kharzeev'06, F. Becattini'18, G. Yu. Prokhorov,
O. V. Teryaev, and V. |. Zakharov'19'23]

= The predictions of the large magnetic [V. Skokov, A. Y. lllarionov, and V. Toneev'09]
and electric [H. Taya, T. Nishimura, and A. Ohnishi'24] fields = large vorticity and acceleration?

= Negative moment of inertia of the QGP [V. V. Braguta et al.'23'24]
= Pion vortices in rotating systems [D. N. Voskresensky'24'25]

= A lot of results within the framework of the holographic models, effective approaches,
(in-)direct QFT calculations...
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The setup

The PHSD transport model and the
particles-to-medium transition



ainn The PHSD transport model (]
(G

The PHSD transport model® as a heavy-ion collisions framework: based on the Kadanoff-Baym equations (on-shell and
off-shell dynamics, first gradient expansion, test particles ansatz), DQPM (parton phase) FRITIOF Lund (hard scatterlng)

Chiral Symmetry Restoration (strangeness production), .. oF AUAU@7.7GeV /\+z° E F T AeAu@T.7Ge s
fw, Cassing, E.L. Bratkovskaya,Phys. Rev. C 78 (2008); Nucl. Phys. A 831 (2009), i
o 07
2 — —TT — S w07k
F T T F _7| T 15 g 3
EAYZ L. Bl 91 1 o
o 15 | ] S8 w0
;% i @ I o £ 19°F —pHsD, 0-5% STAR, 0-5%
g b fosmm A : FpZHe clen I s
e r 0O NA49, PbPb | {} J 10°F — PHSD, 20-30% (x10° ) [ = STAR, 20-30% (x10~ ) K|
S [ |aEmae Jos wp e ] wrismEce
E 3E917' auau | 3 ] h o5 i 15 R 5 ; :
- ! e : : P, [Ge\//c] P, [Gev/c]
v 1 1 ] bl 3
L : -0.0 ob T AuAu@IL5Gey | A0 1 £ " AuAu@ITsGeV | El
1= ] £
s F H10* - 0
5 i 1 € 10k
o 10715_ Y |5 107
£ E
[ ] & 19°F _pusp, : STAR, 0-5%
1 § 17F —PHSD, 51006 (x10° STAR! 5-10% (x107)
107%E H10° 107 ZPHSD. 20-30% (4103 STAR. 20-500 (109 E
e e Jf. — PHSD; 30-40% (x10°) = STAR 30-40% (x10°7) E
5 107F _PHSD, 40 60% (x10°°) k| 10E w STAR, 40-60% (x10°°) 1
\'s [GeV] \san [GeV] 107 o T 15 107 o5 T 15
NN NN
. p, [Gevic] P, [Gev/c]
V. Voronyuk, N.S. Tsegelnk, E.E. Kolomeitsev, Phys.Rev.C 111 (2025) 3 N. Tsegelnk, E. Kolomeitsev, V. Voronyuk, Particles 6 (2023) 1
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ann The particles-to-medium transition (v
(G

particles-to-medium transition <— Fluidization <— continuization <—— collectivization

= At each time step we perform the effective fluidization procedure:

()
T (x /\/Z LA pl” ® (x,%4, (1)), N = /@(x,xi(t)) d*z — norming factor,
Py, t , :
Jh(x, t) =V ZB% o t BAVIE ® (x,x;(t)) — smearing function,
u, TH = e v, ng = u,Jy, — EoS*® — Temperature(e, np)
= The fireball criterion: s L ™ \
only cells with € > ¢ ~ 0.05 GeV /fm”! AN - |
= Spectators separation: w(0), piit],/ T 4
spectators do not interact and do not form fluids but have Participants

an indirect impact via transport equations!

B See for details [N.S. Tsegelnk, E.E. Kolomeitsev, V. Voronyuk, Phys.Rev.C 107 (2023) 3]

?Hadron resonance gas: L.M. Satarov, M.N. Dmitriev, and I.N. Mishustin, Phys. Atom. Nucl. 72 (2009) Spectators
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The medium dynamics

The velocity, vorticity, acceleration and the Unruh
temperature



AuAU@7.7GeV, b=7.5fm, t= 50fm/c AUAU@7.7GeV, b=7.5fm, t= 7.0fm/c AUAU@7.7GeV. b=7.5fm, t= 9.0fm/c AUAU@7.7GeV, b=7.5m, t=110fm/c

o 025 05 075 1 o 025 05 075 1 [ 025 05 075 1 o 025 05 075

AuAU@7.7GeV. b=7.5fm, t=130fm/c

o 025 05 075 1

AuAU@7.7GeV, b=7.5fm, t= 50fm/c AUAU@7.7GeV, b=7.5fm, t= 7.0fm/c AUAU@7.7GeV. b=7.5m, t= 9.0fm/c AUAU@7.7GeV, b=7.5fm, t=110fm/c

Vorticity, Me!

Tsegelnk, E. Kolomeitsev, V. Voronyuk, Particles 6 (2023)

0
Vorticity, M

AuAU@7.7GeV. b=7.5fm, t=130fm/c




"QGP, or not QGP, that is the question”



AUAU@77GeV, b=75m, t= 50fm/c AUAU@7.7GeV, b=7.5fm, t AUAU@7.7GeV, b=7.5fm, t= 9.0fm/c
12

The largest vorticity for the system occurs at times ¢t ~ 6 — 8fm/c,
but already at t ~ 7fm/c the QGP phase is almost absent!

N(partons) / N(hadrons)

N(partons) / (3 N(baryons) + 2 N(mesons))

LI I B B B
AuAu@7.7GeV b=0.0fm

b=2.5fm
b=5.0fm
b=7.5fm
b=10.0fm
b=12.5fm

s

mloaa Lo b s b leaag

7

TT T T T T T T T T T
AuAu@7.7GeV b=0.0fm
b=2.5fm
b=5.0fm
b=7.5fm
b=10.0fm
b=12.5fm
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z

5 1
t [fm/c]
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Nuclear medium has significant
vorticity!



The vortex rings in nature

©

& VOLCANIC VORTEX RINGS
OVER MOUNT ETNA. ITALY

RESEARCH ARTICLE | MAY 22 2025
Hydrodynamics of suckermouth catfish: The role of
wake forces during the fast start 6%

; Long Zheng (%P %) &=

Jinhao Wang (E#B%) ©; Ge Shi (£31) ; Luquan Ren ({EER)
'.) Check for updates

=+ Author & Article Information
Physics of Fluids 37, 051912 (2025)

&1

F 47.4°

Shedding
vortex rings

Body angle 4.2°

Path angle 4.1°
weight  Fuction

Freaction 47.4°
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What about the acceleration and
the Unruh temperature?



.L”/.T.’. The acceleration o, = v”0,u, = (a°,a) o

10 AuAu@7.7GeV  b=7.5fm

AuAu@7.7GeV  b=7.5fm

AuAU@7.7GeV  b=7.5fm -

AuAu@7.7GeV  b=7.5fm
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N (7] AR S RNt l 2 I SRR R R K LA L R B XA SRR SN 101
IR R 22255 ROREA AR LI SRS ERS S NN S N IS
-5F 9 4 QHHN-O-H-HM

10°

-10+

t-tcon=2.0fm/c  y=0.0fm

t-tcon=3.0fm/c y=0.0fm t-tcon=4.0fm/c y=0.0fm t-tcon=5.0fm/c y=0.0fm o

-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 10
X [fm] x [fm] X [fm] x [fm]

= Here we show a vector part a of the 4-vector a,, (not 3-acceleration!). z

= Inner black-and-white contour for the QGP phase (eqgp > 0.5 GeV/fm3). T

= Outer blue-and-green contour for the fireball (¢, > 50 MeV/fm3). o

= The maximum magnitude (|a] ~ 1 — 10 GeV) is located at the system edge at |z| = |zmax]|- ‘/ﬁ‘f <
These zones are characterized by an extremely high deceleration due to the relativistic stopping. i B

= For the fireball and QGP the acceleration is smaller and co-directed within expansion.
The maximum magnitude (|a] ~ 0.1 — 1 GeV) is located near the edges of the fireball and QGP.
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ann The acceleration o, = v/0,u, = (d°,a) o

(G
full system fireball &7 > 0.05 GeV/fm?
Au+Au at syy = 7.7GeV, b = 7.5fm, t — teon = 5.0fm/c Au+Au at /sy =7.7GeV, b =7.5fm, t - tcon = 5.0fm/c
a
[GeV] b
—4
3
2
1
,,/
Lo 5
e The maximum magnitude (ja] ~ 1 — 10 GeV) is located at the | e The maximum magnitude (|a| ~ 0.1 GeV) is located near
system edge at |z| = |zZmax]|- the edge at |z| = |zmax| — 2.
e These zones are characterized by an extremely high e These zones are characterized by a smaller acceleration
deceleration due to the relativistic stopping. co-directed within expansion.
® G.Yu. Prokhorov, D.A. Shohonov, O.V. Teryaev, N.S. Tsegelnik, V.. Zakharov, ® unpublished; in preparation...

arXiv:2502.10146; will be in the published version
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QGP and fireball: small acceleration and
(Tu)vol < ({T)vol

Hadrons: large acceleration and
<TU>VOI > <T>Vol



Conclusions and prospects

Let's summurize our results



s Conclusions and prospects
-

The simultations of the heavy-ion collisions at the NICA energies show:

= The vorticity of the nuclear medium (not only QGP or not at all) is the largest predicted
(w ~ 80 MeV /R ~ 10%* s1), but the flow is mostly shear!

= The acceleration for hadron matter is extremely high a ~ 1 GeV (similar to the values near the horizon of
a black hole), leading to (Tu)vor > (T)vol.

= The acceleration for the QGP and firebal is smaller but may be also high a ~ 0.1GeV, but
<TU>vol < <T>\'olo

= The vorticity and acceleration of the nuclear medium lead to the global polarization and its values in a
good correspondence with the experimentall data.

The research supported by the grants of JINR Ne25-301-06 and BASIS #25-1-5-80-1.

The grant BASIS #25-1-5-80-1 "Non-inertial effects, electromagnetic fields and phase transitions within the
holographic approach, QFT methods and the PHSD transport model”:
= Using the holographic model of N' = 4 SYM plasma, calculate the quark-antiquark potential and the
energy losses of high-energy quarks passing through the plasma in the presence of 1) electromagnetic

fields and 2) acceleration.
= Compare the holographic calculations within the results from the PHSD model and QFT calculations.

21/21



minn The predictions of the vortex structures (v

(G

PHYSICAL REVIEW C 93, 031902(R) (2016)

Femto-vortex sheets and hyperon polarization in heavy-ion collisions
Mircea Baznat."** Konstantin Gudima,"*-' Alexander Sorin.'*! and Oleg Teryaev'**
Joint Insitute for Nuclear Research, 141950 Dubna (Moscow Region). Russia
nstitute of Applied Physics. Academy of Sciences of Moldova, MD-2028 Kishinev, Moldova
*National Rescarch Nuclear University MEPH (Moscow Engineering Physics Institute). Kashirskoe Shosse 31, 115409 Moscow Russia
(Received 7 October 2015 revised manuscript received 20 January 2016: published 4 March 2016)

peripheral heavy-ion collisi
i within this model holds with
tures of vorticity field (vortex sheets). Their existence

We study the ic helicity fields

accuracy. We observe the fon
i mirrored in the polariza

on of hyperons of the percent order.

DOI: 10.1103/PhysRevC.93.031902

Vorticity c/fm
57

00

FIG. 3. The vortex sheet.
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Vortex rings in heavy-ion collisions at energies \/syy = 3-30 GeV and possibility of
their observation

Yu. B. Ivanov!?
! Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna 141950, Russia
*National Rescarch Nuclear University "MEPAI”, Moscow 115{09, Russia
*National Rescarch Center "Kurchatov Institute”, Moscow 123182, Russia

The ring structures that appear in AwtAu collisions at collision energic
studied. The caleulations are performed within the model of three-fluid dy
that 1 paro of vortex rings are formed, one at Torward and another at backward rapidities,in ultra-
central AutAu collisions at. /&¥N > 4 GeV. The vortex rings carry information about early stage
of the collision, in particular about the stopping of baryons. It is shown that these rings can be

0)

VAN =330 G are
mics. It is demonstrated

detected by mes Num),l\w ring observable Ry oven in rapidity range 0 < y < 0.5 (or —0.5 < y <
on the level of 0.5-1.5% at y/axx = 5 - 20 GeV. At forward/backward rapidities, the By signal is
1 against background of

e 1o b atronger. Posibliy of observation of the vortex-1ing s

non-collective transverse polarization is discussed.

Kjva Proje(;li_lg%t?x ring
¥ pfojettil o
o g Tael> i 4

7 » D
Tavge}ﬁrtex ring C,,()

FIG. 1: Schematic picture of the vortex rings at for-
ward/backward rapidities. Curled arrows indicate direction
of circulation of the matter.



ann The vorticity imprint

(G

¢n = atan(py/pz)
CoS oy = Pu/PT

= The highest polarization corresponds to the
particles moving in the same direction as the
projectile (target), which are mostly born from
the matter of the projectile (target)!

= We can increase the polarization signal by
selecting particles by angle and momentum.

The imprint of the vorticity mechanism is 0
the angular dependence of the polarization!

N. Tsegelnk, V. Voronyuk, E. Kolomeitsev, Particles 7 (2024) 4
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mnn Polarization vs. collision energy
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i e 1 e
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There is a different polarization for particles and
antiparticles for all the hyperon species.

The polarization of all the hyperon kinds decreases
with an energy increase for /syy > 3 — 4 GeV.

The strongest decrease and smallest difference are
for Q and Q.

The biggest difference is for = and Z.

= The maximum of A and A polarization occurs at

/SNy ~ 4 GeV.

= The following polarization hierarchy holds for the energy range /syy = 3.5 — 11.5 GeV:
Pz~ Pgx > Pgo > Py > Pso > P=.

= V. Voronyuk, N.S. Tsegelnk, E.E. Kolomeitsev, Phys.Rev.C 111 (2025) 3
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ann The feed-down and A —
(%
—
20-50% 0.4GeV/c<p;<3GeV/c |y|<1
8 L
o STAR: A
— o STAR: A
) = HADES: A PHSD
o6+t " - — w.o. feed-down-
c T 7w feed-down1
RS 1
©
Nal '
—
©
g
2 L
0 1 1
0 5 10 15
1/2
sy [GeV]

> ambiguity (]

The polarization of A hyperons agrees with
experimental data, except low energies. The
polarization of A is largerin 1.5 — 2 times than A.

The filled area reflects uncertainty between ratio of
As and Xs. The limiting case when all Xs are actually
As is depicted via dash-dotted line.

It looks more attractive to consider the global
polarization of = hyperons, which experimentally could
be clearly identified and would carry direct information
about the spin polarization of the fireball.

Moreover, a part of = comes from =* decays and
carries by factor 5/3 stronger polarization than primary

=s.

V. Voronyuk, N.S. Tsegelnk, E.E. Kolomeitsev, Phys.Rev.C 111 (2025) 3
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