Color-superconducting . +

strange quark matter * Surface
. ¢ Hydrogen/Helium plasma

® [ron nuclei

Outer Crust
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Outer Core
* Neutrons, superconducting protons
¢ Electrons, muons

Inner Core

¢ Neutrons, protons, electrons, muons
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The phases of strong interactions
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..and the experimental programs
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(Dense) matter on the lattice

QCD, and the lattice

Few body physics, nuclear potential and the nuclear
equation of state

EoS and condensates from first principles in QCD-
like models I: fermionic models

EoS and condensates from first principles in QCD-like
models I1: two color QCD

Overview of methods and results in QCD
The critical point of QCD




Fundamental theory of strong interactions

QCD, AND THE LATTICE



LATTICE QCD ALLOWS FIRST PRINCIPLES
CALCULATIONS FROM THE QCD LAGRANGIAN

L=Lyp+Y(iyDy+m+ pyo)v

We can tune physical parameter, as in real experiments: baryon chemical potential,
temperature, isospin chemical potential, strangeness, .

We can also play with number of color and number of flavor.

We can address phenomenological issues as well as theoretical questions.




QCD

Z(V. T, ) = / DA, DD o SE(V.T L)

Se(V.T, 1) = Sc(V.T) + Sp(V.T. )

1/T

Sa (I'f-. T) — / dIU\/dgx %Tl F}wﬂw
0 | %4
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nf
crh = / e / I Z Vg (YulOp —igAu] +mg — pyo) ¥y
Vv

0 f=1



.0n the lattice

B =P Z Wi = [deLs + 0(d)

ﬂzﬁﬁyzl
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Designing a simulation

Z(Nor N+, 3, g, ,U /HdUn u dE’tQ (TTI-q,ﬁ-))ﬂff‘iE_’SSG

2 )

Choice of the discretization

Input parameters



Dimensional transmutation

aAr, =~ (6bo/ B) /265 ,~B/12bo

5 =6/g’
sassssasasasail

L

.and check of the continuumlimit

UT




COMPUTATIONAL SCHEMES

Z = [ dgpdpdUe 5%V S(¢, 9, U) = [/" dt [ d*zL($,9U)
Locp = Lym + V(v Dy + m)Y + pdyy

Two options:

(1. Integrate out gluons first: 3

Z(T,p, ¥, ¥, U) ~ Z(T, p, ¥, ¥) —
effective approximate fermion models

. Integrate out fermions exactly as S is bilinear in ¥, ¥ :\'
S=SymuU)+vM{U)y

Ztl o U) = / dU e~ Py M (U)—log(detM))

starting point for numerical calculations

o 7




Opthn 1. The strong coupling expansion

- Ist
g g ===
_ CP o
- .. W/o baryons
h\}\
Gq#U ; k \\.
0 01 02 03 04 05

W,

A long history..

Kawamoto,
Miura, Onishi
2007



IMPORTANCE SAMPLING AND THE POSITIVITY ISSUE

Z(T, 1, U) = f dU e~ Sy M (U)—log(det M))

det M > 0 — IMPORTANCE SAMPLING
MONTECARLO SIMULATIONS

To assess sign problem consider M T(pip) = —M(—pp)
o it =0 — det M is real
Particles-antiparticles symmetry : MC Simulations OK

e |maginary pu = 0 — det M is real
(Real) Particles-antiparticles symmetry : MC Simulations OK

e Real u # 0 Particles-antiparticles asymmetry
— det M is complex in QCD

QCD with a real baryon chemical potential:
use information from the accessible region

Realp =0, I'mu # 0



Option 2 : Integrate over fermions and ..

The m=/2 barrier

"3 f | Summary
s af SN _ Of our

N g ¢
an i & efforts!!




FEW BODY RESULTS
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Baryons in lattice QCD Light quark mass dependence of Mn

v 1304.634] What is the status now (2012)?
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My (GeV)
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. with g4=1.2(1), gan=1.5(3)
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H dibaryon

1 3 1
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T. Hatsuda / Nuclear Physics A 914 (2013) 211-219

Bound state energy £, [MeV]
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Nuclear force from Lattice QCD

* Phenomenological NN forces have 20—40
fitting parameters. For hyperon—nucleon and
nucleon—nucleon a factor 3 more

* However in QCD all interactions are
controlled only by the scale parameter and the
physical quark masses

* NN potentials are determined from the equal
time Nambu-Bethe-Salpeter wave function



Wave function, Schroedinger
equation and potential

Ua(r) = (0[N (x + r)N(x)|E,).

{k,, - ‘F'?an[r] =y [ U (r, 7 g (r') i
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MM wawve function yrr)

S. Aoki et al. (HAL ()CD Collaboration),
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[he central potentials for the spin-singlet channel from the orbital AT



Fits to phenomenological form
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Fig. 5. (Left) The central potential T;’L-:(-r}(lf

Vr(r) = by(1 — e 27)2 (14

+obg(l—e )2 (14

10 | | |
or """"'*"5—"5"-‘"%—%—;_—;5—_—'?_—:
! O i .
AT :
— 10 }} . _:
b 4
g ]
= 20} ! __
T _
mn=380 MaV —e—]
0T m,=529 MeV ]
mn=?31 MeV —a—i ]

-50 . . |

0.0 0.5 10 e >

r [fm]

9" and the tensor potential Vir(r) obtained from the
JE = T;" NBS wave function, together with the effective central potential 1"}?3(?}“"]:', at
m~ ~ 529 MeV. (Right) Pion mass dependence of the tensor potential. The lines are the four-

parameter fit using one-pion-exchange + one-rho-exchange with Gaussian form factor.

3 3\ emr

_|_
P - " 2 FE
mpr  (mpr) 7
3 3 e~

_|_
mer  (mgr)? r



Wirl [Wiev]

W ey

Overview of the results
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Three nucleon forces
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The short distance repulsion
among baryons

Aoki, Balog, Weisz 2013
The wave function at short distance

pE(F) = Y Di(7)(0|0k(0,0)|BB, E)in

' Diverges atr=01if vi>0
Dy(7) = }*(T@dﬁm Vanishes atr=01if vai<0

A(r) is the 2-loop running coupling defined by
l +rlnA = lllr—* . TE T,
A T
Implies for the short distance potential
@ Attractive if vi>0

Vir)~ =3 () Repulsive if va <0

In some cases a mismatch was observed between the sign of the

potential and these estimates, indicating that the asymptotic
behaviour has not been reached yet on the lattice




Equation of State for Nucleonic Matter and its Quark Mass Dependence

from the Nuclear Force in Lattice QCD

Takashi Inoue!, Sinya Aoki®®, Takumi Doi*, Tetsuo Hatsuda*®,
Yoichi Tkeda®, Noriyoshi Ishii®, Keiko Murano®, Hidekatsu Nemura®, Kenji Sasaki®

(HAL QCD Collaboration)

'Nihon University, College of Bioresource Sciences, Kanagawa 252-0880, Japan
*Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
3 Center for Computational Sciences, University of Tsukuba, Ibaraki 305-8571, Japan
1 Theoretical Research Division, Nishina Center, RIKEN, Saitama 351-0198, Japan

"Kali IPMU (WPI), The University of Tokyo, Chiba 277-8583, Japan

Quark mass dependence of the equation of state (EOS) for nucleonic matter is investigated, on

the basis of the Brueckner-Hartree-Fock method with the jucleon-nucleon interaction extracted

from lattice QCD simulations.

We observe saturation of nuclear matter at the lightest available

quark mass correspondmg to the psendoscalar meson mass ~ 469 MeV. Mass-radius relation of the
neutron stars is also studied with the EOS for neutron-star matter from the same nuclear force in
lattice QCD. We observe that the EOS becomes stiffer and thus the maximum mass of neutron star
increases as the quark mass decreases toward the physical point.

September 2013



EoS from lattice nuclear forces

[ Input : NN potentials from zero strangeness sector in flavor SU(3) QCD ]
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Ground state energies
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FIG. 3: Ground state energy per nucleon (E /A) for symmetric
nuclear matter as a function of kp obtained by the BHF the-
ory with the NN potential from lattice QCD. 7220 0 _ . e



Ground state eneraies

—rr T T T
) "ul.':'='1?1 [Mgh] oo | I j;

|
100 | | ] |
I Mpe =837 MeV] ——— II H f ]
My = 672 [MeV] | %
| My = 482 [MeV] —t+— I| | }
80 APR(AV1E I| ; } A
APR({Full) f LI e
7 /
3 _
=,
L -

15 20 25 30 35 40
kp [fm]

FIG. 4: Ground state energy per neutron for the pure neutron
matter as a function of the Fermil momentum. Details of the

calculation are the same as Fig. 3.



Mass-radius relation
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F1(. 5: Mass-radius relation of the neuntron star. Neutron-
star matter consists of n., p, e, and g with charge neu-
trality and chemical equilibrium. EOS for the nucleons is
obtained by an interpolation between Fig. 3 and Fig. 4 under
the parabolic approximation.



of Stam for B ic Matter and its Quark Mass Dependence
ym the Nuclear Force in Lattice QCD

“Takeshi Inoue!, Sinya Acki2®, Tekumi Doié, Tetsuo Hatsuda®s,
Yoichi Tkeda®, Noriyoshi Ishii?, Keiko Murano®, Hidekatsu Nemurs®, Kenji Sasaki®
(HAL QCD Collsboration)
Nihon University, Cauq! of Bioresource Scl:las, Kanagowa 2520550, Japan
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Quark mans depeadence of the oquation of state (EOS) for aucleonic matter i invertigated, o
{he basin of the Brosckner Hastese Fock merbod wih che mucleon imeraction extraceed
from L simulstions. We cbserve saturation of nuclesr matter at the i available
b pacudoacalar menon mam = 398 MeV. Mass-rading relation of the
netrom stars is also studied with the BOS for neutron-star matter fram the sume suclear force in
Inttice QCD. We cheeres that the EOS hecomes stiffer and thus the maximum moe of neutron star
increases an the quark mam decrense toward the physical pains.

-
3

[hep-lat] 16 Sep 201

2

07.0299v

pS

3

PACS mumbers: 1238 Ge, 1375 0s, 1 65 M, 30 8 Kp

The equation of state (EOS) for hadronic matter is a
key quantity for understanding the physics of compact
stars and explosive phenomena in astrophysics.  From
the ohservational point of view, recent reports on mas-
sive neutron stars put stringent constraints on the EOS
[1)- In the future, neutrincs from core-collapsed super-
novae and gravitational weves from neutron ster mergers
will give further constraints on the EOS [2, 3. From the
theorctical point of view, various spproaches to calculate
the EOS have been pursued so far, eg. the Brueckner-
Bethe-Goldstone theory [4], the quantum Monte Cario
simulations [5], and the ehiral effective theories [6, 7).
Although they provide reasonable deseriptions of the mu-
clear matter at low density, it is still beyond the scope
of these approaches to answer the fundamental questions
such as the quark-mass (m,) dependence of the mclear
saturation property and the maximum mass of neutron
stars. These questions can only be answered by many-
body techniques with hadronic interactions obtained by
Iattice QCD simulations for different m,,.

The purpose of this Letter is to make s first exploratory
study for the nuclear and neutron matter EOS by com-
bining the Brueckner Hartree Fock (BHF) many-body
theory with the nuelear force obtained from lattice QCD
simulations. In particular we study how the saturation
develops in muclear matter and how the mass-radius re-
Iation of the meutron star changes &s & function of my:
Sueh my dependenee of the EOS gives us useful informa-
tion on the physics of strongly interacting nueleons, even
though the values of my in this study are still away from
the physical one. In sddition, it is certainly important to
establish & direct connection between lattice QCD and
the physies of the nucleonic matter.

The nuclear force which we adopt in this Letter is
taken from the zero-strangencss sector of the octet-

TABLE I: Mvs, My and Ma denie hadron masses orre-

poe mmon, vector meson and acet
baryan, respectively, with the SU(3) symmetric hopping pa-
et et 8. Trecicey lengih i o sumbes of coo-
Biurations Negg are

Fote[Mps MeV[My [MeV] M [M=V][ Vot § oy
015060 | 1170.9(7) [1s10.40.9)| z2raiz) [ az0 /200
nasno | 1015.2(8) |1se0.6(11)| 2081(2) | 360 /3800
nasten | s38.5(5) |1ussooa)| 17aeq) | as0 /4800
nasao | erza(e) |wereio)| 1484z | 3603800

sa2015)) 161 | 07580

potentials in the fsver-SU(3) limit caleulsted
on the lattice [, 9], where the renormalization group
improved Iwasski gauge ction and the nonperturba-
tively improved Wilson quark action were amployed on
8 30% x 32 lattios with the lattioe specing o =0.121(2)
fm. The potentials were derived from the imaginary-time
Nambu-Bathe Salpater wave funetions by the HAL QCD
method [10-12], at the quark masses corresponding to
the pendascalar meson masses (Mps) ranging between
469 and 1171 MeV. Shown in Table 1 are the
vectar meson mass (Mv) and the baryon mass (Ms) for
these quark masses.

In Fig. 1, we show the NN potentials obtained from
fits to the lattice data in 8 and D-waves at Mps = 460
MeV. These potentials share commen features with phe-

nomenological potentials, ie., & strong repulsive core
st short distance and the sttractive pocket at imterme
diste distance, so thet the 'So phase shift in Fig. 2

ows qualitatively similar behavior with the experimen-
tal data (3. While the phase shift in the %) channel
shows stronger attraction at low energies than that of the



Dense Matter from First Principles

QCD-like models and the strong coupling
expansion : condensates, equation of state,
search for exotic phases

1.
QCD, and its critical point



Observables and EoS
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FERMIONIC MODELS



2+1 Gross-Neveu model

N ,

j=1

Zo chiral symmetry is ¥ +— 51, ¥ — —15

Phase diagram in ordinary conditions



GN model on the continuum and on

the lattice

. _ P Ny .
[ — [ L) @ o3 L gahh(d) .";[J}'} A
; PIPED + o] + 550
j=
Ny /2 N
S = Z Zf?(r) TyYa ZYL Z D—(i) —ﬁZJE(J)
i=1 T,y < T,r T
1 m_ 5 —p 1 1
-"'M.T._y = 3 [6y,x—|—ﬁf — Gy!T_ﬁE } + E Z Th, (T) [6y,x—l—£} — 5y.x—13_
- v=1,2
4 I > — —trSp — — < M1 > A
—{hlu}—v-rp—vﬁirf
1 olnZz 1 1 _ )
<e>= -5z = 310070Sr ——{Ze“u lo—e ML >,
1 dlnz 1 ) e r—
{n}:_l’;ﬁ o Vrﬁ,DSF {zrze“'lfxx o T€ "“'JII 5>

\_

J




Mean field solution vs lattice results

2o—X=T (lﬂ(l T f-’_ﬁ(E_m) + In(1 + e_‘jmﬂ‘:‘})

Set =0 and obtain the critical line

H ‘ —3
l — — =2—1In(l +e ")
>0 S ( 1.0L I
Note for T=0 u—independence till uc = Zo .
i ]
WZ, 05
0.0 . : o
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15,



The Phase Diagram of 2+1 GN
model : mean field and exact
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Hands, Kocic, Kogut 1993



Condensate and EOS in NJL 3+1

Hands and Walters 2003
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Figure 1. Chiral condensate {3}, baryvon density, and diquark condensate as functions
of pu, showing both large-N. solution (solid curve) and simulation results (points).



Diguark condensation
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From QCD to four fermion models

§ = 12X Y n@R@UEX(E +5) ~ X+ )V x(@)

—1/22??0 2)Up()x(z +0) — x(z + 0)Uj ()x ()]
—l/SZﬁ/g Z [1 —relrU,,(z)]

=1
"‘Zle

Lattice QCD action with staggered

fermions




From QCD to four fermion models

Cfr Lectures by Massimo Mannarelli

3
$ = —1/232% ni(x)R(@)Uj(@)x(x +5) — X(z + 5)U} (z)x(2)

~1/2 mo(a) [X(x)Vo()x(z + 0) — X(x + 0)U{ (2)x ()]

1/35°6/4° ' Gauge part disappears
in the infinite coupling
+)_ mxx limit



From QCD to four fermion models

3
S = =1/2323 ni(x)[(x)Uj(x)x(x + 5) = x(z + 5)Uj (z)x(x)]

—1/2 )" mo(x) [¥(z)Vo(z)x(z + 0) — X(= + 0)Uj (z)x(x)]

Gauge part disappears
in the infinite coupling
limit

Meson
operators

" timelinks



Sketch of the calculations (T,u=0)

1) Bosonization Z ~ [do exp[—5rdo? + Lox(x)xP(x)]

A Meanfield  0(2) ~ o(e + 1) =0 =X fdpylenlon)(e)) =

i
7 = [ do ﬁ:{:p[—f'ﬂ;(f—crg — Ino)]
Vie) \
'\.
Spontaneous chiral \
symmetry breaking :
(T=0) }
a (o)
NK-Smit (‘81)

Kuberg-stern-Morel-Napoly-Petersson('81)



Results from the strong coupling

expansion for finite T and

- Ist
12 g Ind === -
1 — e W
|~ ---_w/o barvons
0.8 - k\_‘
= 0.6 T70 —
0.4
0.2
0

= ' B Kawamoto,
° o1 02 qul; 04 05 Miura, Onishi
it -

2007



The Strong Coupling Expansion
approaching the continuum limit

Phase Diagram Evolution with Increasing 0 = 2N/g*

Next-to-Leading Order of 1/g? Expansion

K. Mmra, 1-Z, Nakano, A, Ubnishi and N, Kawamoto 2 - - 2

Phys. Rev. D §0 (000" 074094 . o Phase Diagram Evolution with Increasing /3

Courtesy Kohtaroh Miura Noxt-to-Noxt-to-Leading Order of 1/g* Expansion
arX v 091 1.3453, T-Z. Naduwo, K, Ml snd A, Obuiakd

Second Order




TWO COLOR QCD



QCD with two colors

Siin = Z () [ ()U,(x)x(x +v) — x(x) LV[:L—L’))L(;L'—I:’)]

r, =13 2

+ 25 [W(@e (e + D) - x(o)e T (e = Do — )]

Stin= 3. ””f) [X.(2)U, () Xo(2 + ) — X(2)Uf (2 — ) Xo(z — 0)]

r even,r=1,3

- 0, :
%@ () o) V@ Xo(a+6) - ——

n Z Wt{;:)

I evern

%@ (Y o) Ul - X (e =)

_ % Pauli—Gursey Symmetry:
Y S . b . T Xo .
[Xﬂ = (Xe, Xe'72) + Xo= (_Tﬂg’") ] quarks and antiquarks
transform according to
equivalent reps.




Spectrum and condensates

a b .
Quark propagator Gij = ( b a*.) SU(2) matrix
pion QA = ( at + bi) Mesons and Baryons
| | are degenerate at

scalar meson ~ £trGGT = E(a2 1 b‘z) T,u=0

scalar gg  detG = (a® + b%)

ol A7 2 | 32

scalar gg detGT = (a" +b°) The degeneracy is

pseudoscalar gqg  edetG = ¢(a® + b?) lifted at T,u # 0

pseudoscalar g edetGT = (a® + b°) .
pion  trG(u)G'(—p)

Hands, Kogut, MpL, Morrison 1999 scalar 49 dEtG(”)




Rotation of condensates

0_6 T T T

B=13m=105 pion (PbtP) ——
delta -

scalar qq ——#—-

05+ pseudoscalar qq -+

o
|

susceptibility

* B

mu



Quarkyonic phase — Two color

25 ¢ Deconfined
Chiral Symmetric

Quark Gluon Plasma

Tim,g
LA

I Confined :’ Confined
Chiral Broken g Chiral Symmetric
0.5  Hadronic Mnm'.-r! Quarkyonic Superfluid

[ |
E

ﬂ '} o '} L

0 0.5 | 1.5 2 2.5 3
Mg mg

Brauner, Fukushima, Hidaka 2009
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A Quarkyvonic Phase in Dense Two Color Matter

Simon  Haneds
|I_.||'Illlr.l?lli ui of J‘-'.ly-.lnl SmananT |'.n|n'r-\.r|'_|||_ .'1'1r.|,;|].l|.|r|l Pk Suwanam S42 AP0, IT K

Sevong Kim
.I'.:'l'j!ul tanerid of f'l'lg.lr\-".a. Sifeig l“lnlrr.uily_. Soowl J{F-TYT, Korea.

Jon-Twnr Skullerwd
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. . et
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bt o B i
a ' o/l _
N 4 o By
..ﬂ'. } u gj_::rll]/.lil‘m {a=0.23fm)| |
[ o ] |
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und Polyskov line versus p. nset shows £4/c< gk for comparison.
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Phases of two color QCD
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Hands, Skullerud, Kim 2013
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The sign problem

’ T F - 5’ . JI‘ M (det )
E(T I, D) — | dUe (Sy p(U)—log(det M))

ﬂfﬁi(,u B) = —M(—pug)

Complex for real p

Possibilities for a real determinant: _
Four fermion models

Mt = PMP! P = vs M*=QMQ™

i Wilson fermions
Imaginary - -

H M(p) = ( Lﬁ{” L(iu) ) L(p)t = ysL(—p)7s

1ot 7 N — [ det .02 > Two color,
stJ‘[(ju)_ \{_h’_tl?‘(,u)\ > 0. s0spin density



Features of the phase of the
determinant

Summarizing:

e Quark mass outside eigenvalues: Gaussian

1 —67 /52

=
v Tl

e Quark mass inside eigenvalues: Lorentzian

(6(0 —8")) =

for o< pr., N, — oo,

for Mo ., 268 [—

=

G026 '25‘;]“ 1 sinh(2rnMN_ )
{c — ———
) 5‘ ! moosh(2nN. ) — cos(28)

Ouark mass

L]
mnside eigenvalues Lorentzian
[}

LL

- 3
m 2 m, /3

MpL, Splittorff, Verbaarschot 2010




Superfluid

QGP

u

QGP

Hadron Gas

C5C

L



Because of the QCD symmetries, the complex ;. ; plane

T

T
hji

sssssndenssee
¥  bm

A4444

can be mapped onto the complex ,u:’g plane

Cimpn ¢ Pl

'TTTTT..E_'lI



Useful to consider
the QCD phase
diagram in the
temperature,

A2 plane

Temperature

Endpois
\

Charal Transition - - -
Roberee Weiss Transition

=0 -

ht W and Chuaral

Hadron Gas b

Real |.1l




Chiral Transition - - -
Roberge Weiss Transition

it RW and Charal

v
—
—!
=
-
]
T
v
,.
—
—
=]
=
L
o

Hadron Gas

Real u:




L Chiral Transition - - -
:Roberge Weiss Transition
| n=0

Eudpoiﬁt RW and Chiral
\

Works
Inside
circle

2
=
s
w
—
o
=8
g
=
L
.—

Hadron Gas




All methods work at high T

TIT,

0 0.1 02 0.3 0.4 0.5
E-DE | | I | I I
5.04 f%- R m_ g, =Sign=~085(1) | QGP {10
502 - TR e, "
: | whge  Fesign= ~ 0.45(5) 1 p.as
498 HE'-‘”% <sign> ~ 0.1(1) |
496 | I 0.90
' LB
- 494T R { 0.85
492 +  confined AN
49T ! S = 1 0.80
4.88 O\
486 L Azcoiti etal., 8~ +—*—}
Zoros i - 1 0.75
i 4.84 Our reweighting, Ei '—“—Ii ™
A 87 fleForcrand, Kratochvila, 67 ———
4.8 ' . -3 0.70
0 0.5 1 1.5 2
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SEARCHING FOR THE QCD
CRITICAL POINT



STRATEGY |l : GAVAI AND GUPTA, BIELEFELD-RBC
Series expansion for the pressure:

1 (2), 1 (4 - 1 (6 1 (8
P, up) = PT) +5x 52 (Mg + x P (M + 5 9 @y + g P oy + -

The quark number susceptibility has the expansion

xp(T,pg) = xg)('l’) + %x(,;”(’l’)ﬂ%; + %x(,g)('l')u‘;; i3 éx(g)('l")#% g

THIS SERIES IS EXPECTED TO DIVERGE AT THE QCD CRIT-
ICAL END POINT. RADIUS OF CONVERGENCE IS

(n) 1 xg™
hivhi il ™’ =
n \‘ n(n —1) \"-(L?)

The endpoint is the first singularity in the complex p. plane occurring at real j.
Coefficients should be all positive at large n



Back to the complex u plane

Chiral Transinon - - -
15111

p=0
Singularities for complex p |
Endpoifit RW and Chiral
o | |
= \
...... Circle = —
...... Circle of badperr IR : ~ =2l
Erdpeint Com Y 2 -
_. T 1"*-, E o \(’_)('iP
1‘. I_-'- -'.__ _.a'l P ~
o " i Hadron Gas \
‘‘‘‘‘‘ - | \
H \
\

Endpodrit of the RW Transhion Endpoint of the Chiral TransHion

. . ) ) Real p°
In>T, Fﬂ.i{Fr:



The radius of convergence (?)

[ Nt=8 o

214 776 278 476 678



T/Tc

1.1

aS

the critical point of QCD being found?2>

0.8

0.7

Nt=4




Data from RBC Collaboration
Lower bound on the radius of convergence Courtesy E. Laermann and C.

. Schmidt. C. Ratti and MpL QM09
And freezout point PLQ
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Use imaginary u to validate
radius of convergence

Falcone, Meyer,

Chiral Transition - - - Laermann, MpL
Roberge Weiss Transition ------
e
IEI]deiJ]'[ RW and Chiral
i
ERIR Candidate
= S~ L Critical point
£ = -~
S T~ o

Check radius of convergence
here!

Real j.l2



Alternative estimate of the radius of
convergence

07
14}

LN
- q I'-.' T, ] 1! I
15} Pttt

1 ‘.:.;:;‘-. - " f . Wit 1F
04 A7, Nl
03} AN '3 0 |
02t ' 04}
RN 4 } 1 i

] | '. ) 1 0
T =205 MeV T=210 Mev | ' T=218 MeV
J:H 1 1 1 _[:2 1 1 1 1 _I:! 1 1 1 1 1
0 0ls 01 0.13 0 0 005 01 085 02 0% 03 0 @5 01 01 02 0% 03
all all a

Laermann, MpL, Meyer 2013



Falcone, Laermann, Meyer, MpL

A proposal for a better control on
the QCD critical point

| Circle of
N convergence
M around A
-\\ Intersections of

circles of

A convergence
Circle of
==—  convergence
amund the origin




.;'f.,..,y .-f».uh-,'(.'r.‘lt'!' -. The phases Of OCD

Temperature

Quark-Gluon Plasma
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Baryon Chemical Potentia

US NSAC Long RangePlan
(adapted)




