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Lattice QCD EoS parametrization from hydro
Non-relativistic solutions with c(T)
Quark-hadron transitions
- Crossover
- 2nd order PT
Fine tuning:
-Multi-component hadronic solution
-Temperature dependent mass
Observables
- Scaling behaviour is explained by MC-solution




Motivation

T I
@ 1QCD simulations
IQCD parametrization

«(T) = €/p
from lattice QCD
arXiv:1007.2580
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Can they be understood
in a consistent picture?
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Scaling behaviour of single
particle spectra
nucl-ex/0307022
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Crossover (CO), lattice QCD EoS
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m EoS of the whole [T%.Ty] interval:
K(T) = O(Tehem — 1)k (1) + O(T — Tchem)""”QC’D (1)




Multi-component (MC) HM solutions

QM o (7, t)_ﬂ'ﬂ‘{:? s/2

(1+#) [ﬁ(lii)]?+?:0
X(X—Rwﬂ)zy?zz(z—mﬁ):

n; (7, t) = ni’ﬂ%ﬂ_sfg

[ (<) 7+ =0

X(X—Rwﬂ)zy?zz(é—mﬂ)z Z

n (7, t)—ngi’{P s/2

5 (D) T+ v =0
X(X—Rwﬁ)zy?zz(i—mﬁ):

Zi- ;g Multi-component hadronic matter (HM):
m & (m) = S0, Expands and rotates together
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Dynamics at a QCD Crossover

| Temperature equation at a crossover

(1+#) [dci; (1?.«,)] ;

m Equation of state

€= E m;n; + Kp
1

m Infinitesimal relations

dp = odT
de = Z m;dn; + kodl' + pdk




Dynamics at a QCD Crossover

[ Temperature equation at a crossover

(1+#) Lg" (1?:-«.-,) *

m Equation of state

m Infinitesimal relations

dp = odl + Z n;dm;
d£:Zmidn?;—|—h: J—|—Zni% dl" + pdk
i i dr

if m is T dependent...




Dynamics at a QCD Crossover

m Equations of motion:

1
l—l-ﬁz—l-fH@

X(X—RwQ) :YY:Z(Z—RMQ) _

m Low temperature limit with k(7" < T) = ks condition:

lim ! !
T—>01_|_K3_|_fH< m) < )

m High temperature limit:

. 1 1
111
T—>ool_|_Kj_|_f () 1—|—;{,Q




Dynamics at a QCD Crossover

m Equations of motion:

1
Tt fn

X(X—ng) =YY=Z(Z—RLJ2) _

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

1 T

T=014 K+ fy (m}T)) (m(T))

m High temperature limit:

1 1

lim b
T—oo | & g+ o <m§1_T)> 1+ KQ

if m is T dependent...




Slopes: linear mass dependence

SC HM MC HM

Te =Ty +mef2 Ty i =Tf+mr.-;,fo2

Ty =Ty +mgYy" Ty =Ty +mi Yy

T. =Tp +mpZ;" Too=Tr+mi 24
T!. =T +my (X'f2 +wJ%R§) T!,, =Tf+m (X'fg +wJ%R§)
wo # 0 Ty, =Tr + mefQ Ty
(K' frame) | T, =T¢+my (Zf2 + w%R?e) T, ;=T +miy (ng + wJ%R%)

s 2
=Ty +mq Yy

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;>?
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HBT results: Gaussian radii

SC HM

MC HM
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m Transform to the lab. frame (wy # 0): R= M™'RM

m Linear mass dependence
m Scaling behaviour




m,.(T) and m_ .=const comparison

= Temperature dependence of masses: D. Klabucar’s calculations
(Rank 2)

= Calculation of <m(T)> was based on Kaneta model
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m,.(T) and m_ .=const comparison
(dynamics)

—with <m>=<m(T)>
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m,.(T) and m_ .=const comparison
(observables)
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| | = with m=const

——with m=m(T)
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——with m=m(T)
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m,.(T) and m_ .=const comparison
(observables)

For every T,:
Xo=5 fm

Yo=6 fm

Zy=4 fm
dX/dt|,,=0
dY/dt|,,=0
dz/dt|,,=0
wy=0 ¢/fm
Tehem=158 MeV
T,=100 MeV




Summary

|QCD equation of state is parametrized by considerations
based on hydro

This parametrization is ready to apply in the c;2>c,(T)
generalization of CKC] solution (future plan)

m > m(T) generalization: hardly effect the dynamics and
the observables

Hydro does not really sensitive to n’ mass drop




Backup slides




Non-relativistic hydrodynamics

m Nonrelativistic approximation:

|2-{-5,’.:£:2

|7

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

o +V(ov)=0 On; +V (n;v) =0, Vi

To (9, +vV)v=-Vp >mini (Oy +vV)v =—Vp

s [ 4] (9 +vV) T+ Vv =0 F 9P @0+ vo) T+ Vv =0

p=ocT/(1+ k) p:sz-:TZni

E+p me+Ta,
i

E+p To (TT; :_"TETchﬂm):

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




Relativistic hydrodynamics

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

dyout =0 dynut =0, Vi

Tou”d,ut = (g™ — uu”) p (Z m@ni) u’ dyut = (" — utu¥ ) p

k| d &T d(T
e [ i 00T + By =0 B[] o + o =0

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

e+p me+T0,
i
E+p To (TTz >T > Tchem):

E+p Z T (Tche'm >T > Tf).
i




Rotation angles, p and q space

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

gL My, N _ 1o 2R
p—QELI'CELIl T:{:I—T;z —QEIICELH X+Z

In laboratory frame: 0, = ¥ +
m Rotation angle of the HBT space (K’ frame):

1 ( OXZT! ., )
= —arctan - —

— X7

zz,1

Z2T!

TrrT,i

2

) 2m X ZwR (X ~ Z)

= — arctan

2 (1" + miWQRQ) (Z2 — X2)+my (Z2X2 _ XQZ'Q)

In laboratory frame: 6, ; = U7 + 0,
m (,,, 0, correlation: it can be a new possibility to measure the type
of the quark-hadron transition




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)
“HB T-space ellipsoid” (eigenframe of HBT correlations)

0 = ! arctan 20, _ ! arctan 2wl

z2rr X2

TT, ZZ.1

2XZT!. )

M.I. Nagy and T. Cs6rgd: arXiv:1606.09160



https://arxiv.org/abs/1606.09160

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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Rotation angles, p space

m ), as a function of the initial temperature
m Left: 2nd Order PT, right: crossover
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Rotation angles, q space

m ,; as a function of the initial temperature
m Left: 2nd Order PT, right: crossover
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Triaxial, rotating exact hydro solutions

In both frames:

Hg Hy:Y Hz Z

:Y: ?r :Er

V=(2m)"2XYZ, n=noYlexp(—s/2),

w:wn%, R:X—‘ZI"—Z,

d[I's(T") I n
drr T

T:TD(

X(X—w?R)=YV=2(Z-w'R) =L,

V. _0 if &(T)+# const,

if w(T)=const

o

in laboratory frame K:

in the co-rotating frame K':

2 2

b
Ty

vir,t)=vug(r,t)+ver(r,t)

s= % + I + %‘!- + (El.-_; — Elr‘y) [(rg —rH)sin? 9+ ror, sin(29)]

1"'2 12 '."',2
— u
=TTy

V(' ) = v (' )+ VR(r, t)

(Hzcos9 + H.sin?9)rz (Hzfr;
sin(24)

VH(I', t): Hy'l"y fo[rr:t] =

(Hzsin?d + H,cos?d)r,

X o294 Z gin?
(Zcos t9—|—Xsm #)rz

D j 2 Vh[r’, t) :"9

— (ising*ﬁ1 + g{:n:iﬁg*ﬁ‘) Te

Z X

TABLE II: 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



http://arxiv.org/abs/arXiv:1610.02197

Hydro: mass systematics of HBT radii

m Linear mass dependence

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

o S PH: ‘ENIX
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Crossover (CO), lattice QCD EoS

m Energydensity and pressure:
E=¢6Q +EH = 9Q¢ + gHE
p=pqQ+pru=Jfopr+ fup
m EoS of the crossover:
kQcD = fokqQ + JHKH
m Weights:

0<gg=cqg/c<1 0<gg=cmg/c<1
0< fo=rq/p<1 0<fu=pu/p<1

m Connection between g; and f;:




Method of multi-component solutions

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

u 9,5 =10

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

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

;.0
no

Pmc =Zpi =P
i

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!




Three classes of analytic solutions

Class A: T = T(t) and k = «(T)

Gaussian integrals: all observables are analytic.

QM (T; 2T = Tehem)

HM (Tehern > T > TY)

X Y 7
vV = (X’rmj vy zfr’z)

r2
27 2

2

'y

272

d xT |T |, V
(1+H’)[fl+—n]T+V 0

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 «=x (T) but ...
k (T) has to have special form! Is it QCD compatible?

m Analytic solution - QM (T > T,):

1+Kg B
o () "+
ko(T) =

Kechem—+1

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

m Analytic solution - HM (T" < T,)

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

m rg(T): EoS of the quark matter B Kchem = K(Lchem)
m xy(T): EoS of the hadronic matter m ry = x(TY)




2nd Order Phase Transition (CEP)

senaans i, (T=90 MeV) ||
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chem
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2nd Order Phase Transition
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m Combined EoS at T,pom:
K(T) = O(Tehem —T)u(T) + O(T — Tenem ) ko (T)




Dynamics at the QCD Critical Point

m Boundary conditions:

TQ (tﬂhem) — TH (tchem) — T{:hem
ﬁQ(Fa tchem) — ﬁH (F: tchem)

RQ (Tﬂhem) — Ry (Tchem)

m From the equations of motion:

1 Tﬂ ETTL
~0.13 < h

1+ Rehem <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

T. Csorg6 and G. Kasza: arXiv:1610.02197



http://arxiv.org/abs/arXiv:1610.02197

Second explosion

Crossover (IHA), Tchem=1 58 MeV

Crossover (RHA), Tchem=158 MeV
——2nd OT (IHA), T, =166 MeV
——2nd OT (RHA), T, _ =166 MeV

40 60 80 100
t [fm/c]




