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Phase diagram of strongly interacting matter
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_ . HRG model:
in hadronic matter most simple statistical model

Y.Aoki, G.Endrodi, Z.Fodor, S.D .Katz, and K.K .Szabo, Nature 443,675 (2006) .
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EoS in HRG model and lattice QCD at u5 =0
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Bazavov et al., PRD 90, 094503(2014); Borsanyi et al., PLB 730, 99 (2014)
V. Vovchenko, M. I. Gorenstein and H . Stoecker, Phys. Rev. Lett. 118, no.18, 182301(2017).
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Hadron resonance gas model

Dashen-Ma-Bernstein:
“le interactions mediated By narrow resonances, }oroyem’es of im'emctmg hadron gas are those of nonintzmcﬁ’ng

hadron-resonance gas.”

HRG model: the assumption of thermal equilibrium of a system composed

by free hadrons and resonances.
Wi = Bipg + Qipp + Sipg

@

. . Ve
InZ“ = Z In Zl.’d = Z + al Jd3p In[1 xexp( — (£, — )/ T)]

(27)
PARTICLE
E = \/5’2 +m? Wwhere m usually takes as vacuum mass from PDG. PLooRET
oln Zid d3p p2 id T(aln Zid) Z [ d3p fid(T )
pid — T — . id(T . n- = V. = 8; 3 UL
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But hadron mass will be changed with the increase of temperature and density actually!

R. F. Dashen and R. Rajaraman, Phys. Rev. D 10, 694(1974) .
A . Andronic, et al, Phys. Lett. B 718, 80(2012).



Interactions in hadron resonance gas: attractive interaction and
repulsive interaction .
Classical Van der Waals equation

NT .
P(T,V,N) = = Nobel Prize in 1910
V_bN V2

Two ingredients:
1) Short-range repulsion: particles are hard spheres,

3
V = V—bN, b:447TTr

2) Attractive interactions in mean-field approximation,

P— P—an

VDWHRG model

Volodymyr Vovchenko, Erice 2016

1). VDW interactions only exist between baryon-baryon and antibaryon-antibaryon
pairs.
2). VDW parameters (a and b) extracted from ground of state of nuclear matter.

(E/A = — 16 MeV, n, = 0.16 fm™>)

V. Vovchenko,et al, Phys. Rev. C 91, no.6, 064314(2015).
V. Vovchenko, M. I. Gorenstein and H. Stoecker, Phys. Rev. Lett. 118, no.18, 182301(2017).

V. Vovchenko, Phys. Rev. C 96, no.1, 015206(2017).
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P(T,p) = Py(T, u) + Py(T, u) + P3(T, p) s Ho» Hs)

PM(T,,M) — Zpiid(T, ﬂi) P B(B)(T"u) = Z Pid(T’ 'uiB(B)*) B leg(é)

ieM 1=3:102))
Solving transcendentall equatio;s numerically ZieB Sl-id(T, IuiB*)
B* —
p; — p; = —bPp—abng + 2ang BT FbY ST, ub")
id; B i€ ’
oy = (2P "D Y T,y
ou 1+b), . nd(T,uf") €p = iep 1 P — anz(T, p)

- L+ b2, p €T uf)

e |Lattice (Wuppertal-Budapest) : .

~_ lire (Retacd) Y LI PRL.118, ro.18] 182301(2017).
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V. Vovchenko, M. I. Gorenstein and H. Stoecker, Phys. Rev. Lett. 118, no.18, 182301(2017).
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Spontaneous chiral symmetry breaking » hadron mass

Effective models:Polyakov-Nambu-Jona-Lasinio(PNJL) model,
Polyakov Linear Sigma model (PLSM).

SU(3) Polyakov-loop Linear Sigma Model
(m,n,1, K, 6, ag, fo, )

Generalized mass scaling rule of hadrons

Mpip(T, 1) = Mig;,(0,0) + (N, — N)SM (T, ) + NoM (T, p)

Ny, the number of light quark/strange in a given hadron .

M, light /strange constituent quark mass.

My,,(0,0)  vacuum mass of baryon/meson.

The T behavior of M, 4, shows a smooth crossover .
The starting temperature at which M, 4, begins to melt 1s about T#=0 ~ 160/180 MeV

A.N. Tawfik and A. M. Diab, Phys. Rev. C 91,no0.1, 015204(2015).
B.J.Schaefer and M .Wagner, Phys.Rev.D 79, 014018(2008) .

G.P. Kadam, H. Mishra, Phys. Rev. C 93, 025205(2016) .
J. Jankowski, D . Blaschke and M. Spalinski, Phys. Rev. D 87, no.10, 105018(2013)
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Various meson states in hot and dense hadronic matter
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7, K, n states increases as temperature increases.
a,, K, 0, Ty, 17’ states decrease as temperature increases




All considered HRG models in our work:

1. IHRG model

2. THRG model

(thermal hadron mass eftect +|HRG model)
3. VDWHRG model

4. TVDWHRG model
(thermal hadron mass effect+VDWHRG model)




Thermodynamics in TVDWHRG model vs Lattice data
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a = 239 MeV fm3, b =342 fm3 at pp = 0 H.X.Zhang, J. W .Kang, and B. W .Zhang, arxiv : 1905.08146.

1. Vacuum hadron masses up to 2 GeV are taken from PDG2014.

2. P/T* E/T?,s/T° within TVDWHRG model have an improved agreement with lattice

data than within VDWHRG model at crossover region 0.16 GeV < T < 0.19 GeV .
3. The speed of sound square, c? = dP/de, is closer to lattice data at 0.165 < T < 0.18 GeV

within TVDWHRG model.

S.Borsanyi,Z .Fodor,C.Hoelbling,S.D .Katz,S.KriegandK .K . Szabo, Phys . Lett. B 730, 99(2014) .
Bazavov et al.,Phys.Rev.D 90, 094503(2014).
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Pressure in TVDWHRG model vs Lattice data

» Lattice (Hot QCD) * Lattice (Hot QCD) * Lattice (Hot QCD)

VDWHRG - - - - VDWHRG 8 ---- VDWHRG
—— TVDWHRG | = TVDWHRG — TVDWHRG

ug = 0.1GeV 1y = 0.2GeV ug = 0.3GeV

P/T* have better agreement to lattice data at pp = 0.1, 0.2 GeV
while for puz > 0.2 GeV all considered models fail to simulate lattice data.

Reasons for failure:

(I) The parameters a and b may vary with Hs .
(I1) Lattice data we used here only up to Uy,

Bazavov et al.,Phys.Rev.D 90, 094503(2014).
N. Sarkar and P. Ghosh, Phys. Rev. C 98, 014907(2018).
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Transport coefficients

Shear viscosity () , thermal conductivity (1) and electrical conductivity (Cer)
In quasi-particle kinetic theory under the relaxation time approximation

| d’p
n=— gJ T, f.(1 £1)

15T (27)3 E2 fa
2
= (—— _ 1+ _
b= Z J(z o7 3gr B =V LAEL W=e+P
| 4;: p p?
o e . f.(1*x
‘37137 ;g“ “J (27)3 E, alal £1a) 7, . the relaxation time

Only elastic scattering process a(p,) + b(p,) = a(p.) + b(p,)

'B JSOOO Gabeaby(S)Kl (ﬁ\/g)ﬁdS
-1 — _
g = 2 nb<6abvab> Z 4m£mb2 K2 ( ﬂma)Kz(ﬂmb) ny, -

b b

n, =|ng + ngl|+ ny,

l

are different in the cases of IHRG and VDWHRG

P. Chakraborty and J. I. Kapusta, Phys.Rev.C 83, 014906(2011).
A. Abhishek, H. Mishra and S. Ghosh, Phys. Rev. D 97 (2018) no.1 014005.
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n Shear viscosity

VDWHRG y P TVDWHRG

g =0.1GeV Hg=0.2 GeV g =0.1GeV Uy = 0.2 GeV ' Hg=0.1GeV Hg = 0.2 GeV
lg =0.3 GeV ug = 0.35 GeV Hg = 0.3 GeV ug = 0.35 GeV Ky =0.3 GeV lg = 0.35 GeV

IHRG IHRG VDWHRG

(a) Hg=0.1GeV g = 0.2 GeV . Hg=0.2 GeV
- = u;=0.3GeV = + =y, =0.35GeV = = pg=03GeV ="+ =pu,;=0.35GeV
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(a) n increases monotonically with the increase of T and py .
(a) Considering thermal hadron mass effect strengthen 7 increase .

(b) The increase of n can be improved further with the inclusion of VDW interactions .

(¢) The effect of VDW interactions can be enhanced by including thermal hadron masses .
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2/T2 Scaled thermal conductivity

VDWHRG TVDWHRG
1ng=0.1 GeV 1;=0.2 GeV 1,=0.1 GeV 1;=0.2 GeV 1;=0.1 GeV
1;=0.3 GeV Hg=0.35 GeV 1g=0.3 GeV 1;=0.35 GeV 1g=0.3 GeV He=0.35 GeV
IHRG ) IHRG ) VDWHRG
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(a) A/T? decreases with the increase of T and g .

(a) The effect of thermal hadron mass strengthen A/T? decreases especially at pp > 0.3 GeV
while the effect of thermal hadron mass on A/T? is negligible at uy < 0.2 GeV .

(b) Considering VDW effect on A/T? can lead to an improvement of 1/T? with temperature
at higher T (T > 0.16 GeV).

(c) The effect of VDW interactions will be enhannced for g > 0.2 GeV at high T by
including thermal mass effect.
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/T Scaled electrical conductivity
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(a) 0,,/T decreases with the increase of T and puy .

(a) Considering thermal hadron mass ettect strengthen o,/ T decrease.

(b) 0./T 1including VDW i1nteractions increases as ug increases at higher T.

(c) The effect of VDW interactions will be enhannced for pug > 0.2 GeV at high T .

by including thermal mass effect.
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Summary&Outlook

(1) Thermodynamical observables in TVDWHRG model have an improved agreement with the
lattice data at u=0 than within VDWHRG model, though the general behavior of
thermodynamics don’t change much.

(2) Considering thermal hadron mass effect can strengthen shear viscosity increases while
weaken thermal and electrical conductivities .

(3) The transport coefficients have a significant enhancement at T>0.16 GeV by including the
VDW interactions between hadrons even change the behavior of transport coefficients.

(4) The effect of VDW interactions on thermal and electrical conductivities can be enhanced
further at high T by taking into account thermal hadron masses for u>0.2 GeV .

(5) Choosing appropriate effective model and VDW parameters to better consistent with lattice
result.
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Hadrons in PLSM at finite T and /3

: : TTug? )
Spontaneous chiral symmetry breaking » hadron mass >

Effective models:Polyakov-Nambu-Jona-Lasinio(PNJL) model, Polyakov Linear Sigma model (PLSM).

The effective Lagrangian of PLSM: < = % ..+ L eson — U (D, ) *.T)

Quark part : quuark = z q/ty"D, — 8T (0, + Tysm,))q; g is Yukawa coupling constant .
/

Mesonic part: &~ = Tr(0,M"0"M) — m*Tr(M'M) — A, [Tr(M"M1*> — A,[Tr(M"M1?

+c[det(M) + det(M™)] +Tr[HM + M")]
[U(1), symmetry breaking] [explicit symmetry breaking]

meson

8 8
A
chiral fields M = Z T (o, + irm, 1s scalar and pseudoscalar nonet), H = Z hT,T,= ?a generator operator

a”a’
a=0 a=0

Polyakov-loop potential: % (¢.¢ *.T) mimics de/confinement transition

¢, ¢ * are order parameters for confinement/deconfinement .

Different parameterizations of Polyakov potential: Polynomial form, logarithmic form,Fukushima form

A.N. Tawfik and A. M. Diab, Phys. Rev. C 91,n0.1, 015204(2015). C.Ratti, M.A .Thaler, and W.Weise, Phys. Rev. D73, 014019 (2006) .
B.J.Schaefer and M. Wagner, Phys.Rev.D 79, 014018(2008) . S.Roessner, C.Ratti, and W. Weise, Phys. Rev. D75, 034007 (2007) .
B.J.Schaefer et al, Phys.Rev.D 81, 074013(2010). K .Fukushima, Phys. Rev. D77, 114028 (2008).
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The thermodynamic potential of PLSM in mean field approximation

—T %

QT, p; o, Oy, ¢, p*) = %
Quark-antiquark potential:
R)
Q. =-2T ) J 621 1; ~(In[1 +3(¢ + ¢ * e HH) x 7B 4 oG]
T
f=u,d,s

In[1+3(@p+¢* e_(Ef+”.f)/T) X e Ertu)lT 4 6—3(Ef+ﬂf)/T])

Mesonic potential part:
2

Ulo,, 0,) = —(0? + 63) — hyo, — h
(ax,ay)—7(0x+ay)— O — 0, —

= Q. +U(o.0,) +Up,¢*.T)

C

2y/2

A | |
620, +71036y2 +20h + Aot + SO+ Lo
Logarithmic Polyakov-loop potential:

U, p*,T) |
log = — 5 a(T)pp* +b(T)In1 ~ 6oy * +4(¢° + ¢*°) = 3(Pp*)’]

T4
Constituent light and strange quark masses:
o O.
m, = g?x, mg = gTy chiral condenstates relates chiral transition :o, = (gq), o, = (5s) .
2

Minimizing the thermodynamic potential with respect to order parameters (sigma fields
and Polyakov loop fields)

Q0 Qo0

0o, 0o, 0p 0p* i

= 0 I:> Gx(Ta /’tB)a O (Ta /’tB)a ¢(Ta MB)& ¢ * (Ta :uB)
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Various meson states in hot and dense hadronic matter

Meson masses at finite T and p

QT )

iab —

) 2
in mi,ab + 5Tmi,ab

a¢i,aa¢i,b "

ha=0GeV B =0Gey 0600 _peev 06V mizalb . tree — level mass matrix,
- - - p=0.1GeV \'A - - Hg=01GeV [ He=01Gev N - p=01Gev \ ’
Hp=02GeV Ho=026eV [ s026 ongm02Gey 5Tml.2a , - mass modification due to T and ug
----- 1, = 0.3 GeV a, 95k = -1y =0.3GeV T #e=03GeY [ - u=03Gev ’
100 120 140 160 180 200 100 120 140 160 180 200 100 120 140 160 180 200 100 120 140 160 180 200 Sector symbol PDG PLSM
T(MeV) T(MeV) T(MeV) T(MeV)
. e 0.64 _ scalar mesons +20 1028
Hg =0 GeV : Hp =0 GeY — %o 00(980 )
--- 1;=01GeV G4k T T He=01GeV N - :
’ 2 D PR 1y =02GeV ! S R 02 ; JPC =0t K K(’)k(1425150) 1124
- - pg=03GeV '
' o (400 — 1200) 800
Jfo o f,(1281 £0.5) 1278
Peeudoscal 7 79%(134.97*%9) 138
seudoscalar mesons
496

K K%497.614*091%)
JFC =0t n o n(547.853%017) 539

120 140 160 180 200 100 120 140 160 180 200 s 120 140 160 180 200 100 120 140 160 180 200
T(MeV) T(MeV) T(MeV) T(MeV) n

' 1/(957.78%006) 963

7, K, n states increases as temperature increases.
a,, K, 0, Ty, 17’ states decrease as temperature increases




Thermodynamic potential density

—TIn#
QT p) =————=Ulon0) + % *.T) + <,

Quark-antiquark potential

Q, =—2TN Z [ d 1;3 (n[1 + 3(¢p + ¢ * e EHITY 5 e~ E=mT 4 o=3E=1p/T]
V1

In[1 + 3(p + ¢ * e~ EHITY ¢ o= E+u/T 4 o=3E+ppITY)

Mesonic potential

2 A 1 1
U(o,,0,) = %(03 +62) - ho,— b0, 2&5 o2 +7la§o-§ + @4+ Aoy + nak Aoy

XYy

Polyakov-loop potential

% 10) (¢’¢* 7T) b2 T b3 b4 TO TO 2 TO 3
Sl . _ ; )¢¢* _?(453 + +T(¢¢*)2 bAT) = a0 +al(=0) + a2 + a3()
U, (D, p*.T) |
log o = — Ea(T)qﬁqb *+b(T)In[1 — 60 * +4(p° + $*°) — 3(Ppp*)°] , .
a(T) =ay+ a170 + azT—g, b(T) = b3%
U QT
Fuku(?f ) __ %[54(”%(/5 *+In(1 = 6¢¢ * =3(pp*)* + 4(@° + $*))]

m? Ny hy Ay, Ay and ¢, which can be fixed experimentally .
¢ and ¢ are deconfinement order parameters .

B.J.Schaefer et al, Phys.Rev.D 81, 074013(2010).



oy ,0y ,¢ and ¢* can be obtained by minimizing the potential

0w __o_ Qe
o o, b F
oy = Oy, Oy = Oy, ) = ¢ and ¢ * = ¢ * are the global minimum .

All parameters

¢ = 4807.84 MeV Polynomial Logarithmic Fukushima
m? = — (306262 Mey? (0= =70 MeV %0 =31 @ =003 MeV
. ; ay = 6.75 a,=—247 b = (196.2 MeV)?
hx = (12073) MeV o= 1.95 a, = 15.2
h, = (336.41)° MeV? a, = 2.625 by =—1.75
A, = 13.49 a, = —7.44 T, = 270 MeV
A, = 46.48 b, =15

g = 6.5 C.Ratti, M.A .Thaler, and W.Weise, Phys. Rev. D73, 014019 (2006) .

S.Roessner, C.Ratti, and W. Weise, Phys. Rev. D75, 034007 (2007).
m_= 800 MeV ,
&4 K.Fukushima, Phys. Rev. D77, 114028 (2008).

A.N. Tawfik and A. M. Diab, Phys. Rev. C 91,no0.1, 0152042015
MO = 433 MeV f 7 (01)

M) =300 MeV



