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Introduction

Introduction

Projectile

@ Exact hydrodynamical models: kb

e Hydrodynamics relies only on local
thermal equilibrium and conserva-
tion laws

e Exact solutions: analytic insight =

into time evolution spectators »

e Simple formulas for observables

@ Rotation in heavy-ion collisions:
) o Figure taken from arXiv:1610.08678

e Non-central heavy-ion collisions:
non-zero angular momentum @ Numerical models of rotation:

e [ime evolution of rotation: unveils o Many interesting results
€xpansion dynamics, stiffness of o Predict differential HBT as sensi-
Equation of Stat:e (EoS) tive but entangled method

o Important to define observables o AV polarization: measurable effect

which are sensitive to rotation

o Need for exact models
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Basic ideas

@ This work follows the footsteps of: @ To be solved: NR hydrodynamical

Csizmadia, Csorgd, Lukacs, PLB443 (1998) 21 equations
Csorg6, Acta Phys. Polon. B37 (2006) 483 o FoS: E:h:( T)P'.« ,DZHT.

Csorgd, et al., PRC67 (2003) 034094 o Equations in massive case:

@ Recent work: rotating but spheroidal 9en+V (nv)=0,
exact solutions: e+ V (ev)=—p (VV)
t= = - '
Csorg6, Nagy, PRC89 (2014) 044901 . .
Csirgs, Nagy, Barna, PRCO3 (2016) 024916 Iev+(vV)v==Vp/(mon),
@ Rotation (spheroidal models): = 0,0 +V (ov)=0.
o Vorticity: A° polarization, etc. o Rewritten for n. T. v-

o Effective radial flow (9¢+vV) n=—nVv,

@ Aim #1: three-axis (non-spheroidal) dTH(T)
expanding rotating exact solutions 0T (0t +VvV) T=—TVv,
e Aim #2: effect of rotation (with Tnmo (9, +vV)v=—V(nT).

simple formulas for observables)
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Rotating coordinate system

Equations in rotating coordinate system. . .

@ Solution easier to find in co-rotating coordinate system K’ (rotation in
x—z plane, around y axis by UJ(t) angle)

r.=rycost—rysin, v;:vxcosﬂ—vzsin-t)—ﬁr;.
r.=rysinv+r; cos . Ve =Vx sin U+ v, cos-z‘)%—-tjr;,.
Equations in lab frame K in rotating frame K’
den+V (nv)=0, den+V'(nv')=0,
A5 T) (9, vy T+ Twv=0, | D) (i Ly T+ TV =0
a7 etV T+ TVv=0. | == +v' V) T+ -
' /
mon(O¢+vV)v=—V(nT). (8§+U’V’)u’:—%+f’.
f'=2v/ x Q+Qx (r x Q) +r' x Q.

where Q=(0, 7. 0).

@ Inertial forces f’ linear in V': linear velocity profile can be generalized
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New solution

.and their new solutions

In both frames:

X Y _Z dTs(T)]T | V.
Hr_f’ H,= v Hz_?, a7 T+1 =0 if &(T)+# const,
RN
V=0©2m)*?XYZ n= n{;Ti exp(—s/2), T=T;, (%) if k(T)=const
2
g L i X+Z % : P e 5 T
I=%,  w=wpi, R= > X(X-w’R)=YY =Z(Z-wR) = -,
in laboratory frame K: in the co-l*otating frame K
2 - 2 . . r ¢ 2 . r r 2
= jr;_-'fz + % + —;{? + (Elg — flg) [sin® 9(r] —r2) +sin(20)r,7. ] s= 3{17 ;—Eg + —Z“;r
v(r,t)=vg(r,t)+vr(r,t) Vi ) =v (v ) +viR(r', 1)
(chos,?ﬂ —I—stil'l?l?}?"x r, '/HI?’I
in(2v P
vir(r,t) = Hyr, 4 (H. - 1) 32 Vi )= |
(Hsin®d + H,cos*d)r. T l\Hz?‘;
X Z 29 X
s (fcosgﬂ + ysmzﬂ)?z | - !/ 2 r.
vr(r,t)=9] o | +7 0 -I—ﬂ(%—%)% V(' t) =1 0
. X 2 L 29\ . A,
Ty (Zsm 15‘—|—Xcos ﬂ)?r r, |\ Xz

@ Many possibilities, this one (Gaussian n, homogeneous T) is a simple case
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Observables

Observables

@ Solution: simplest (Gaussian) one: @ Single-particle spectrum:

analytic formulas possible n (p)zE%mE/dE'rS(p:r)
@ Freeze-out condition: simplest C P
one: T(tr)=T;=140 MeV e Flow coefficients:
. : d E d
@ Source function: final thermal ; = "«
distribution d*p  2mpe dpedy
S(r.p)ocn(rﬂr) exp _(P—mu(rf,l‘])z X 1—|—2Z vp cos [n(p—Wp,)]
’ Tf'fg 2mTs n—1
@ Observables: @ Two-particle HBT correlations:
e Single-particle spectrum 3k (a) |2

C(K,q)~1+A\

o Flow coefficients (vq, vo, v3...)
o [wo-particle HBT correlations

1Sk (0) ]

Sk (q)z/ d3re'S (r,K)
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lllustrations

llustration: time evolution of ellipsoid axes

Now skipping some formulas. . .

@ For suitable initial conditions £F va
L . > 12 —x=35e
@ Expansion is sensitive to EoS: fx-25m
. . [ ---xk=15 a
illustrated here by varying w o
| A e
ET: IIE I-I1- Iﬁ I!'!- I1I:I I12 I'|-1-
t(fm/c)
E 14— E |4:—
> NRE
E.': =z = % =3 B[ BB 4 B.-: —— — — — e . —
t (fm/c) t (fm/c)
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lllustrations

lllustration: time evolution of T, w

@ Initial conditions: same as before

o Effect of Eos is two-fold: Sl T
— adiabatic expansion with stiffer "ot
EoS leads to slower temperature
change: more time before freeze-

out -
— stiffer EoS leads to faster 5
" E\.'_ = 2 : F3 : [ a8 I1I:I I12 ' 14
expansion— faster decrease of t (tmrc)
018
w(t). S o)
. . an.m_—ﬁ“'\‘ —k=35 ®
@ Interplay of these effects is sensi- AN =25 m
. . e - F N\, -c-k=15 a
tive to precise initial conditions

nnzp-

=3 == % 2 0 E 4
t (fm/c)
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lllustrations

llustration: final observables (flow coefficients, HBT radii)

: ! I
il i P | T i i M i 5 N HDE HSI
i 0B D& 04 D2 0 02 04 Dl?ﬂpigﬁy {y‘}1 0 - % W2 rad)
Single-particle spectrum: Gaussian, HBT correlations: Gaussian, tilted in
. g -p p _,I‘ . "
tilted in K’I K’ with different angles!
dn oxexp —ip! (Tr)—l ,U! )
d3p’ 2m' K K C(K,q)=1+Aexp| — Z akRya
k. =x.y,z
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Signatures of rotation

Signatures of rotation

Coordinate-space ellipsoid at the beginning of time evolution

Final coordinate-space ellipsoid at freeze-out

‘Momentum-space ellipsoid” (eigenframe of single-particle spectrum)
"HB T-space ellipsoid” (eigenframe of HBT correlations)

e Tlilt angle of momentum space '
ellipsoid:

| 2T, 2wR
tan (20,)) = 77 = ra;
e Tilt angle of HBT ellipsoid:
2XZT.,

tan (zﬂhBT) — X2 T,;z o 22 T;::x
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lllustrations

lllustration: time evolution of tilt angles

S

i (rad) =

1)

—K=35®
K=2.5 B

- k=15 a
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Summary and outlook

Hydrodynamical models: time evolution vs. observables
New solutions (triaxial, rotating, expanding)

Generalization of previous solutions (rotating but spheroidal & triaxial

but non-rotating); relativistic generalization needed!

Signals of rotation:

e Directed & third flow vs. rapidity (v1(y), va(y))

e 1st order order oscillations of R,;, Rq HBT radii vs. pair azimuth angle

o tilt angle of HBT # tilt angle of spectrum # tilt angle of coordinate ellip-
soid

Tilt angle measurement: complicated task. ..

Also: promising! Mapping of QCD phase diagram by investigating EoS

stiffness

Further steps

e Relativistic generalization (first steps already taken)
o Experimental measurement. . .
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Thank you for your attention!
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