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Ising-ARREXS

Context

e Available Equation of State with a critical point is limited in the range of
Chemical potential u; € (0, 450 MeV)

e An Equation of State with critical point that includes high chemical potential
Is needed for Hydro-Simulations

Objective
e To build an EoS with a Critical point from 3D-Ising model that captures large
part of the phase diagram and matches lattice at low i

Tools

e Alternative Expansion Scheme
e 3D -Ising Model
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Lattice Results Ising-AIREXS

Taylor Expansion around ;i = 0 Limitations
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Lattice Results

Taylor Expansion around ;i = 0
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Limitations

® Currently limited to 'u7B < 2.5 despite great Computational Power

® Adding one more Higher-Order term does not help in convergence
® Taylor expansion is carried out at T= constant and doesn't cope well

with /1 ;-dependent transition temperature
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Alternative Expansion scheme

Simulating at Imaginary
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6T [ orf(r)
oT

5/14



Alternative Expansion scheme Ising-AltExS

Comparing Taylor expansion and Alternative expansion

0 = LD

6T [ oxb(1)
oT
1

(3% 72T =SBy 2 B(T)?

kP 2(T) =
o « 3607 BT

5/14



Alternative Expansion scheme Ising-AltExS
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Comparing Taylor expansion and Alternative expansion

0 1= LD

OT ( oxf(1)
oT
1

2
0 <P = ——— (35 A= B ) T
3607y 5(T)
0.07 -l Kl I I I I 1 ]
0.06 | == EISRﬂé = Pros
' < HRG ]
0.05 f == 54 i - 0 «x,(7)isfairly constant over alarge T-Range

0 Thereis a separation of scale between k,(7') and k,(7)

$obu | 0 x,(T)isalmost zero — faster convergence

¢ A good agreement with HRG results at Low
Temperature

120 140 160 180 200 220 240

T [MeV]

TBorsanyt, S.etal. PRL(2021))

5/14



Introducing Critical Point Ising-AREXS
3D Ising to QCD Mapping

6/14



Introducing Critical Point Ising-AREXS
3D Ising to QCD Mapping

h,

M =10

First Order Crossover

' SRR >

| g

M <)

. . J . .
ferromagnetic Paramagnetic

3D-Ising Co-ordinates

6/14



Introducing Critical Point Ising-AREXS
3D Ising to QCD Mapping

First Order Crossover = — W hsin @y
O ——————— > r TO
2 2
M <0 HB — HpC
=WI(—rp) —-hcos O
0
Paramagnetic
3D-Ising Co-ordinates

6/14



Introducing Critical Point Ising-AREXS
3D Ising to QCD Mapping

| T —T,
First Order Crossover = — W hsin Oy
——————— > r 15
//12 . //t2
M <0 B BC
=WI(—rpP—-hcos
~ (=rp 12)
0
Paramagnetic

3D-Ising Co-ordinates (T', !B )-Co-ordinates

6/14



Introducing Critical Point Ising-AREXS
3D Ising to QCD Mapping

T — T,
First Order Crossover 0 — _ W hsin 'y
——————— > r 15
2 2
M <0 HB — HpC
=WI(—rpP—-hcos
~ (=7p 12)
0
/’c‘i.f‘u’iu.' (aqQretic
3D-Ising Co-ordinates (T', !B )-Co-ordinates

6/14



Introducing Critical Point Ising-AREXS
3D Ising to QCD Mapping
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. ~Introducing Critical Point Ising-AltExS
3D Ising to QCD Mapping

Ising Pressure Plsing
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Ising-ARREXS

Introducing Critical Point

O(P'S™&(T, )/ T*)
O(up/T)

Ising Baryon Density
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Re-Constructing the Full Baryon Density
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Ising-AIRREXS

Re-Constructing the Full Baryon Density
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Full Baryon Density at a constant ] compared with Lattice

T

Baryon density results
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Thermodynamic observables Ising-AIREXS
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Thermodynamic observables Ising-AREXS

Baryon Density
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Thermodynamic observables Ising-AREXS

Baryon Density Pressure
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Thermodynamic observables Ising-AREXS

Baryon Density Pressure
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Thermodynamic observables Ising-AREXS

Baryon Density Pressure
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Thermodynamic observables Ising-AREXS

Baryon Density Pressure
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Constraints of our EoS

Physical Quark masses

® Relates the parameters of the Ising -to-QCD mapping to the quark masses m,

® Suggests the angle a;, between r = 0 and 2 = O lines in (T, ug) vanishes as mg/s

[ Pradeep, M. S., & Stephanov, M PhysRevD . 100(5), 056003.(2019)]
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Constraints of our EoS

Physical Quark masses

® Relates the parameters of the Ising -to-QCD mapping to the quark masses m,

® Suggests the angle a;, between r = 0 and 2 = O lines in (T, ug) vanishes as m§/5
[ Pradeep, M. S., & Stephanov, M PhysRevD . 100(5), 056003.(2019)]
Thermodynamic Stability & Causality
. 0s ong 0°P
® Stability c,= | — > 0 rTpg) =\ — )| =\ == > 0
ol Opp - Opg .

® Causality CSZ(T, pp) < 1
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Code structure Ising-AREXS
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Mapping Ising to QCD
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Code structure Ising-AREXS
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Mapping Ismg to QCD

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)a T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior
Ly (T pg) = 13, (T pig) + Toi(T' pip)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)a T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior
Ly (T pg) = 13, (T pig) + Toi(T' pip)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

T/ (T,,l/t ): T/ (Tal/t ) + T, (T,//t )
full B lat B crit B ull Up ,
nlj; (T’ 'MB) — _xglattice(z}ull(T’ /’tB))

I

13/14



Code structure Ising-AREXS

Lattice data
)(Z(T) ’ KZ(T)a T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

LT ) = 11,(T pp) + 1031, i)

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

Tl 1) = Tio(Toptg) + ToT 1) wigy o Ba o
nB (T’ 'MB) — 7)(2,lattice(7}ull(T’ //tB))

Compute
P(Ta MB) ’ S(Ta MB) ’ Cz(Ta ,uB) ’ )(2(Ta ,MB) ’ €(T9 ,MB) ’ Cv(Ta ,MB)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

Tl 1) = Tio(Toptg) + ToT 1) wigy o Ba o
nB (T’ 'MB) — 7)(2,lattice(7}ull(T’ //tB))

Compute
P(Ta MB) ’ S(Ta MB) ’ Cz(Ta ,uB) ’ )(2(Ta ,MB) ’ €(T9 ,MB) ’ Cv(Ta ,MB)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

]/fl/tll(T’ IMB) — l/at(Ta //tB) + TC,'T‘it(T’ IMB) Comlete

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

Compute

Cy(T, ug) >0, cX(T,pup) < 1
s ’ P(T,pug) , S(T, ug) » ¢*(T,up) , xo(Topig) » €(T, pg) , C(T, pig)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

]/fl/tll(T’ IMB) — l/at(Ta //tB) + TC,'T‘it(T’ IMB) Comlete

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

Compute
P(Ta MB) ’ S(Ta MB) ’ Cz(Ta ,uB) ’ )(2(Ta ,MB) ’ €(T9 ,MB) ’ Cv(Ta ,MB)

Cy(T, ug) >0, cX(T,pup) < 1

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

]/fl/tll(T’ IMB) — l/at(Ta //tB) + TC,'T‘it(T’ IMB) Comlete

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

False

Compute
P(Ta MB) ’ S(Ta MB) ’ Cz(Ta ,uB) ’ )(2(Ta ,MB) ’ €(T9 ,MB) ’ Cv(Ta ,MB)

Cy(T, ug) >0, cX(T,pup) < 1

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

]/fl/tll(T’ IMB) — l/at(Ta //tB) + TC,'T‘it(T’ IMB) Comlete

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

False

Compute
P(Ta MB) ’ S(Ta MB) ’ Cz(Ta ,uB) ’ )(2(Ta ,MB) ’ €(T9 ,MB) ’ Cv(Ta ,MB)

Cy(T, ug) >0, cX(T,pup) < 1

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

]/fl/tll(T’ IMB) — l/at(Ta //tB) + TC,'T‘it(T’ IMB) Comlete

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

False

Compute
Cy(T, ug) >0, cX(T,pup) < 1

P(Ta MB) > S(Ta MB) > Cz(Ta :uB) ’ )(2(Ta MB) > €(T9 IMB) > Cv(Ta IMB)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

]/fl/tll(T’ IMB) — l/at(Ta //tB) + TC,'T‘it(T’ IMB) Comlete

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

False

Compute
Cy(T, ug) >0, cX(T,pup) < 1

P(Ta MB) > S(Ta MB) > Cz(Ta :uB) ’ )(2(Ta MB) > €(T9 IMB) > Cv(Ta IMB)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

]/fl/tll(T’ IMB) — l/at(Ta //tB) + TC,'T‘it(T’ IMB) Comlete

ull B ,
nlj; (T’ 'MB) — 7X£lattice(7}ull(T’ /’tB))

False

Compute

Cy(T, ug) >0, cX(T,pup) < 1
s ’ P(T,pug) , S(T, ug) » ¢*(T,up) , xo(Topig) » €(T, pg) , C(T, pig)

13/14



Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

/ e a// / C t
full(T’ /’tB) Il lat(T’ /’tB) T Tcrit(T’ /’tB) ﬁlrgn p;; ©

ull /
nlj; (T’ 'MB) — 7)(2,lattice(7}ull(T’ //tB))

False

Compute

Cy(T, ug) >0, cX(T,pup) < 1
s ’ P(T,pug) , S(T, ug) » ¢*(T,up) , xo(Topig) » €(T, pg) , C(T, pig)

Thermodynamic Observables

nB(Ta //tB) ’ P(Ta :MB) ’ S(Ta MB)? E(Ta //tB) ’ CV(Ta /’tB) ’ Csz(Ta IMB) ’ )(f(Ta ,uB)




Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

/ e a// / C t
full(T’ /’tB) Il lat(T’ /’tB) T Tcrit(T’ /’tB) ﬁlrgn p;; ©

ull /
nlj; (T’ 'MB) — 7)(2,lattice(7}ull(T’ //tB))

False

Compute

Cy(T, ug) >0, cX(T,pup) < 1
s ’ P(T,pug) , S(T, ug) » ¢*(T,up) , xo(Topig) » €(T, pg) , C(T, pig)

Thermodynamic Observables

nB(Ta //tB) ’ P(Ta :MB) ’ S(Ta MB)? E(Ta //tB) ’ CV(Ta /’tB) ’ Csz(Ta IMB) ’ )(f(Ta ,uB)




Code structure Ising-AREXS

Lattice data
XQ(T) ’ K2(T)9 T()
l User Input

v

Mapping Ising to QCD

Introducing Critical behavior

/ e a// / C t
full(T’ /’tB) Il lat(T’ /’tB) T Tcrit(T’ /’tB) ﬁlrgn p;; ©

ull /
nlj; (T’ 'MB) — 7)(2,lattice(7}ull(T’ //tB))

False

Compute

Cy(T, ug) >0, cX(T,pup) < 1
s ’ P(T,pug) , S(T, ug) » ¢*(T,up) , xo(Topig) » €(T, pg) , C(T, pig)

Thermodynamic Observables

nB(Ta //tB) ’ P(Ta :MB) ’ S(Ta MB)? E(Ta //tB) ’ CV(Ta /’tB) ’ Csz(Ta IMB) ’ )(f(Ta ,uB)




Code Status Ising-AIREXS
Completed Tasks

Mathematica /

@ C++ /\J (Mapping and computes Baryon density)

(With few physics still under construction)

Remaining Tasks
¢ Finishing the C++ code that computes all thermodynamics
¢ Defining the YAML specifications & manifest

0 Create a Docker container
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Thank you !
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Alternative Implementation
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