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Motivation

I T
@ 1QCD simulations
IQCD parametrization

«(T) = €/p
from lattice QCD
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Can they be understood
in a consistent picture?
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Relativistic hydrodynamics

m Basic equations of relativistic hydrodynamics
Oy (ou") =0
a, T =0
THY = (¢ + p) u!'u” — pgh”
m Energy conservation and Euler equation:

(e+p)opu” +u"0ye =0

(e +p)u’Out = (¢"" —u"u”) O,p

m Particle conservation in hadronic matter:

d,, (nut) =0

m Equation of State:
e=r(T)p




Relativistic hydrodynamics

QM (Tz = T > Tchem) HM (Tchem >T = Tf)

dyout =0 dynut =0, Vi

Touw” d,ut = (g™ — uu”) p (E m@ni) u’ dut = (g" — utu”) p

H?”‘ [%1’1—2] ut 0, T + dyut =0 % [L(E‘}] u0, T + dut =0

p=ocl/(1+ k) p:Zpg-:TZni

E+p me+T0,
i
E+p To (TTI >T = Tchem):-

e+p Z min; (Tehem > T = Ty).
i




Non-relativistic hydrodynamics

m Nonrelativistic approximation:

|2-{-5,’.:£:2

|7

QM (T?. > T > Tchem) HM (Tchem >T > Tf)

ho+V(ov)=0 on; +V(n;v) =0, Vi

To(dy+vV)v=-=Vp 2.ming (g +vV)v =—Vp

Lin [% 1’?3;] (O +vV)T +Vv =0 3 [—d(;g)] (O +vV)T +Vv =0

p=oT/(1+ k) p:sz-:TZn.;

E+p me+Tﬂ,
i

E+p To (Trz ETETCHE‘IH)!

E+p Z i1 (Tchem >T = Tf).
i




Three classes of analytic solutions

Class A: T = T(t) and « = «(T)

Gaussian integrals: all observables are analytic.

QM (T; =T = Tehem)

HM (Tepem, > T > T%)

vV = (frmj %frm %'r‘z)

2
J—Jg‘{;’ e}(p( 55ty —

r2
27 2

X Y. Z
vV = (frm, vy 7?‘2)

Ve
N = Nj ey €XP (

2

'y

272

d xT |T |, V
(1+H’)[fl+—n]T+V 0

d(sT) T

Class B: T = T(t,r), but « #«(T)

Allows to handle init. temp. inhomogeneities analytically.
But class B excludes the use of lattice QCD EoS.

What about class C?




Three classes of analytic solutions

Class C: T = T(t,r) AND «=« (T) but ...
k (T) has to have special form! Is it QCD compatible?

m Analytic solution - QM (T" > T.):

1+kKg B
() "+
ko(T) =

Hchem+1

T 1+ﬁ:q __ Bchem —HKgq
T-r:hem ﬂ:.r_'l'l.m'ra."i_]-

m Analytic solution - HM (T < T,)

. Kchemd ehem — K _fo _ Kechem — Kf TﬂhemTf
R (T) = T.— T, Tenem —T; T

m rg(T): EoS of the quark matter ® Kehem = K(Tehem)
m x(T): EoS of the hadronic matter m xp = x(TY)




2nd Order Phase Transition (CEP)

& 1QC0 simulatkns

2nd Order Transition
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m Combined EoS at T.pom:
K(T) =O(Tehem —T)u(T) +O(T — Teonem ) ko (T)




Crossover (CO), lattice QCD EoS

m Energydensity and pressure:
E=¢6Q +EH = 9Q¢f + gHuE
p=pqg+pru=Jfopr+ fup
m EoS of the crossover:
kQcp = fQkQ + fHKH
m Weights:

OSgQ:EQ/Eﬁl OEQH:EH/Eﬂl
0< fo=rq/p<1 0< fu=pu/p<1

m Connection between g; and f;:




Crossover (CO), lattice QCD EoS

I I * T
@  1QCD simulations
| ==e=e===- 1QCD parametrization

T, =158 MeV
chem

Crossover T:=100 MeV
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m EoS of the whole [1%. 75| interval:
HJ(T) = G(Tchem — T) KE (T) + '@(T — Tchem)ﬁQGD (T)




Method of multi-component solutions

m Suppose we know the u* velocity field
m The scale variable (s) of the fireball satisfies

ud,s =10

m We assume that 7" and n are known, and a connection between n
and n;:
;.0
n; = n
no

m If p < n then the pressure of the MC scenario is

740
pMc =Y pi=p ”
7

m In this way, if we know a single component solution then we get the
multi component generalization with this trivial method

It works for relativistic and nonrelativistic!




Multi-component (MC) HM solutions

QM o (7,t) :Ju%e_sf2

+n) g7 (55)| 7+ v =0

X(X—Rw2):Y?:Z(Z—Rw2) =

— Vo —
n; (7, 1) = ng oyre™s/?

X(X—Rwﬁ)zy?:z(é—mﬂ):%

Za‘ T, Multi-component hadronic matter (HM):
m & (m) = S0, Expands and rotates together
it




Dynamics at the QCD Critical Point

m Boundary conditions:

TQ(tchem) = TH(tchem) = Tehem
ﬁQ (Fﬁ' tﬂhﬁm) — ﬁH (FJ tchem)

KQ(Lehem) = Ko (Liehem)

m From the equations of motion:

]- Tﬂ e
~ (.13 < h

1+ Kehem <m>

~ (.59

m The 2nd derivative of the scales jump at ..,

m Second explosion: starts just after the conversion to the HM

Second explosion for <m> ~ 280 MeV
Used to be the softest point ...

T. Csorg6 and G. Kasza: arXiv:1610.02197
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Dynamics at a QCD Crossover

m Equations of motion:

1
Lt T

X(X—Rﬁ):Y?:ZGhJMﬂ:

m Low temperature limit with (1" < Tf) = k¢ condition:

y 1 T
1111 =
T=0] 4+ g2 (m)

m High temperature limit:

1 1
Im —
T—}oo1+ﬁ+fﬂ%l 1+ﬁ:Q

Crossover smoothens explosion for <m> ~ 280 MeV
Softest point recovered ...




Slopes: linear mass dependence

SC HM [1],[2] MC HM
T =T; +mX,° Tm,,,_Terme
Ty =Tp +mY; T,,,_Tf+me
T. =T; +mZs" Too =T +miZs
T;,m:Tf—l—m(XfQ—l—w%R%) T,,:="Tr+m, (X'fz—l—w?.R%)
wo # 0 7!, =T +mYy T =Tp+mYy
(K’ frame) | T., =Tf+m (Zf —I—wj%R?E) T, ,=Tf+m (Zf2 —I—w%R%)

m Transform to the lab. frame (wg # 0) with M rotation matrix:
T,'=M"'T'M
m Linear mass dependence

m Scaling behaviour
Hydro scaling: T = T; + m <u,>?




HBT results: Gaussian radii

SC HM [1],[2]

-2 _ 2T,
R _Xf T,

_9 9T

RI? =771
f Ty

_9 _9 T.-' TFQ
R" p— X TaT 1 _ Tz
T f Tf T&';!ET;Z-

wo # 0 RS2 = Yf—ﬁ'%?

2
2T, | _ Tez, n-2 _ -2
Tm:l:Tzz o f

2
(K’ frame) | R.; :Zf T, nd

m Transform to the lab. frame (wo # 0): R = M™'RM
m Linear mass dependence
m Scaling behaviour




Observables from the new solutions
- triaxial, rotating and expanding

Coordinate-space ellipsoid at the beginning of time evolution
Final coordinate-space ellipsoid at freeze-out

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

g1 o Lo (2R
= — arctall = — arctan " <
P 2 T;:I o T;z 2 X+Z

r 1 2XZT;. ;
0,:= 5 arctan AT X2

TT, zz .1

M.I. Nagy and T. Cs6rg6: arXiv:1606.09160
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Earlier measurements

v FreezeoutAngle
e CorrelationAngle

0=19.70 + 84.89 e
0=14.65+83.52 e

-r3(2 * 4.80%)
-r3(2 * 1.88%)

M. Lisa et al.,
arXiv:1302.3408
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L. Francalanza, talk at Zimanyi'l6
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Correlation of p and q space
difference of dynamlcs at CEP and CO QCD transition
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Correlation of angles in
momentum and in HBT
space: sensitive to
CEP, CO, in general to
QCD EoS
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Summary and conclusions

New hydro based parametrizations of IQCD simulations
EoS from hydro for crossover and 2nd Order PT

MC generalization of Triaxial fireball solution

Dynamics of 2nd Order transition leads to a 2nd explosion

Low and high temperature limits of crossover dynamics gives back
the solutions of the QM and HM equations

Observables: our theory is in agreement with the data
MC generalization describe the scaling behaviour

m Angle correlations: crossover or 2nd Order PT?

Thank you for your attention!
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Rotation angles, p and q space

m Rotation angle of the momentum space (K’ frame):

p = 5 arctan 1) 5 arctan Xz
In laboratory frame: 0, = ¥ + ¢,
m Rotation angle of the HBT space (K’ frame):

1 ( OXZT! ., )
— — arctan - —

— X7

zz,1

Z2T!

T,

2

) 2m X ZwR (X ~ Z)
= — arctan

2 (T + msw?R?) (22 — X2) + m, (Z2X2 - X?Z’?)

In laboratory frame: 6, ; = vy + 0,
m ,i, 0, correlation: it can be a new possibility to measure the type
of the quark-hadron transition




Rotation angles, p space

m J,, as a function of the initial temperature
m Left: 2nd Order PT, right: crossover

N
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Rotation angles, q space

m ,; as a function of the initial temperature
m Left: 2nd Order PT, right: crossover

T hem=166 MeV Tohem=128 MeV
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Triaxial, rotating exact hydro solutions

In both frames:

_X _Y _Z dTe(MIT , V _y ;
Hz_f’ Hg_?, HZ_E’ T T+V_U if w(T)# const,

1/
V=02r)*?XYZ, n:m% exp(—s/2), T:TD(%) if k(T)= const

i=Y, w:wnf—fg, R=2FZ, X(X—u’R) =YV =2(Z-w’R) =L

o

in laboratory frame K: in the co-rotating frame K':
2 2 12 r2

a2 2
T . .
s= G gt Gt (g ) (02 )i O sin0)] =ty

v(r,t)=vg(r,t)+vg(r,t) V(e ) =viy (e ) +viR(r, )

(Hzcos®0 + Hosin?0)r, (Hz'r;
vir(r, 1) = Hyr, +(He— H) 20 | Vi, 0= | myr
(H_rsin919+Hzcos919)rz

X o294 L gin?
(Zcos t9—|—Xsm 19)'.",,

D j 2 Vh[r’, t) :"9

— (ising'ﬁ1 —+ icn:ns;g'ﬁ‘) Te

Z X

TABLE I1: Summary of the new rotating solution of the hydrodynamical equations, written up both in the intertial, laboratory
frame K and in the K’ frame, where the coordinate axes rotate together with the (X, Z) axes of a triaxial ellipsoid.

M. Nagy and T. Cso6rgo,
arXiv:1610.02197
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Hydro: mass systematics of HBT radii

m Linear mass dependence

MinBias Au+Au @ \'s,, = 200 GeV T~

o o PH ENIX
oM preliminary
on*n*

o free
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