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Introduction
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Where do we expect to see chiral imbalanced medium?

Different environments of chiral imbalanced
medium:
» Magnetic Fields-Chiral Magnetic Effect’;

7= e“s/oné. a

» High temperature QGP - (Adler-Jackiw
anomaly — chiral imbalanced medium);

» Compactobjects? (Li-Kang Yangetal.
Symmetry 2020,12(12), 2095)
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Ref: D. Kharzeev, L. Mclerran and H. Warringa.
Nucl.PhyS.A 803 (2008) 227-253
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K. Fukushima, D. Kharzeev, H. Warringa. Phys.Rev.D 78 (2008) 074033 327
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What is the phase structure of a chiral imbalanced medium?
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Figure: Left: Pseudocritical temperature of chiral transition?. Right: Pseudocritical temperatures of
chiral transition with different values of baryon chemical potential®.

2 Bin Wang etal. Phys. Rev. D 91, 034017 (2015)
3 Shu-Sheng Xu et al.Phys. Rev.D 91, 056003 (2015)
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What is the phase structure of a chiral imbalanced medium?
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Figure: Left: Pseudocritical temperature of chiral transition?. Right: Pseudocritical temperatures of
chiral and deconfinement transitions®.

2V, V. Braguta, E.-M. llgenfritz, A. Yu. Kotov, B. Petersson and S. A. Skinderev. D 93, 034509 (2016)
3 V. V. Braguta, et al. JHEP06(2015)094
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What is the phase structure of a chiral imbalanced medium?
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Figure: Left: Pseudocritical temperatures of chiral transition in the quark-meson model* and
Nambu-Jona-Lasinio model°.

4 M. Ruggieri. Phys. Rev. D 84, 014011 (2011).
> Snigdha Ghosh et al. Phys. Rev. D109, 016021 (2024)
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Nambu—Jona-Lasinio model SU(2)

The lagrangian of the two-flavor NJL model within chiral imbalanced medium is given by
L= [0, — i+ + 10755] ¥ + G [($0) + (bins 7 )] @

» the current quark masses matrix m = diag(m,, m,) in the isospin symmetry
approximation, m, = my; = m; T are the Pauli matrices; 1 is the spinor representing the

quark fields ¢ = (v, 4)"; Gis the coupling constant and . is the quark chemical
potential.

» Thenewterm L5 = 7o7s/ts introduces effectively the difference between left- and
right-handed particles.

Recommended Reference: K. Fukushima, D. Kharzeev, H. Warringa. Phys.Rev.D 78 (2008) 074033
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Thermodynamical potential at ;s = 0
At ;15 = 0 the thermodynamical potential in the Large N, approximation is given by

FT.g) = M) o / é’#w(k)

ak
- — —(w(k)+ha)/T
4NN¢T [//\T (2ry log (1 +e )

+log (1 n ef(w(k)fuq)/r)]

> w(k) = vk? + M? = quark energy
dispersion relation;

» Sharp cutoff3D, A, as a regularization
procedure;

> thermal cutoff At = Aor A; = oo;

_F0) —

The Feynman Diagram representation for
the Free-energy at the Large N, approxi-
mation.
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Thermodynamical potential at j1s % 0

At finite us, after solving the Functional Generator of the model, we obtain heuristically the

change on the integrations
& p / & p
2 / o [T
(2m)3 Sgﬂ; (2m)3

w(k) = ws(k)

> wherews(k) = \/(|p] + sus)? + M2 is the new quark dispersion relation and the
dispersion relation is given by

_ (M—mo) / Kis / i (k)T
F(Tops) = =2 NNy S A (27r)3w5(k) 2NNT S | Gy log (1 te )

s==41
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Thermodynamical potential - Regularization

Traditional regularization scheme (TRS)

This is just the application of a sharp 3D cutoff,

A, on the vacuum divergent integrations.

[ bt = [ i

However, the vacuum contribution now has a

dependence on 5!
Then A and s are entangled!

Medium separation Scheme (MSS)
It is a mathematical trick to disentangle
vacuum contributions from the .

/ —kzws(k
MZ

= M?| %+ 2 M + lquad —
log 2 s 4 quad

2

2M* MPE(M? — 4p2) M?

— log | —
6472 3272 M3

Recommended Reference: R. Farias, D. Duarte, G. Krein and R. Ramos. Phys.Rev.D 94, 074011 (2016)
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Medium separation scheme
First, we can work with a more treatable integral by evaluating (euclidean space)

i Pk /Jroodk/ Pk 1 )
oMz | ) (2r)? o (27)? k2 +w2(k)’

then, we rewrite the integrand as

1 B 1 N k* + M3 — w?(k)
k24 w2(k) — k24 k2 4+ M2 (k2 + k2 + M2) [k2 +w2(k)]’

which, when applied three times we obtain

1 1 As(k) AR) A (k)

ﬁﬂﬂmzﬁﬂﬂm_%+%®f (k2 + w2(k))’ %+%wfw+@®r6)

where we have defined wo (k) = \/k? + M5; and Ag(k) = pZ + 2skus + M* — M3 and My is

the quark mass in the vacuum (i.e., computed at T = 0, us = 0).
/27
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Medium separation scheme

Let’s look to each term separately

+°Odk Pk 1 i ) i
First term = = Quadratically divergent integral

(27) k24w (k)
Tk, As(k
Second term = / / k2+0532k)) = Logarithm divergent integral

Tk, [ Pk As(k)?
Third term = / / P (e tu? k)) = Logarithm divergent integral
0

Fourth term = /+00dk/ dh As(k)3 = finite integral
3 (k2 +wB (k)2 (k + w2 (k) ¢

12/27



Results
©000000000000

Mismatch between LQCD and Effective Models

Effective models using TRS regularization mismatch the T,. x 15 relation with LQCD.
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Figure: Left: Effective quark masses as a function of the chiral chemical potential at T = 0. Right:
Pseudocritical temperature of chiral phase transition for TRS and MSS regularizations.

Recommended Reference: R. Farias, D. Duarte, G. Krein and R. Ramos. Phys.Rev.D 94, 074011 (2016) 132
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Optimized perturbation theory
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Figure: Left: EOS for NJLSU(2). Right: EOS as a function of the temperature in the NJL model. In both
plots, the continuous line is for the OPT computation and the dashed for LN.

14/27

Jean-Loic Kneur, Marcus B. Pinto and R. Ramos. Phys.Rev.C 81, 065205 (2010)
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Optimized perturbation theory
The OPT approximation is based on the modification of the original Lagrangian by a fictitious
new expansion parameter §
L) =0—=00)Lo+L=Lo+ (L — Lo) (6)

» L, isthe free Lagrangian;
» Listhe original Lagrangian;
> L(6)interpolates between the original Lagrangian § = 1and the free theory § = 0;

» The relevant physical quantities are evaluated in series expansion in §, which is treated as a small
number.

For dimensional balance, £, must have at least one arbitrary mass parameter ). Then, any
physical quantity must be at least locally n—independent, i.e.,

9P(n) - . o
Tn’ﬁ = 0. Principle of minimal sensitivity - PMS )

15/27
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Optimized perturbation theory applied to NJL model

By using the Large N, Nambu—Jona-Lasinio SU(2),
Lin = (P —m)p— (0 +ipT- 7)Y —G(o” +77)

we can rewrite the OPT Lagrangian as

,Cop'r = T/-J[ia—mc—(S(O'ﬁ-l"}’sF-ﬁ")—T]('l —5)]¢—C(0’2+7_l"2).

in which we will consider @ = 0.

N=n+m —dn—o)

16/27
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Optimized perturbation theory applied to NJL model
The Feynman diagrams at order é in OPT to the NJL model

Figure: Feynman diagrams of OPT at order 4.
The free energy is given by

(M —m,)?
4G

~ o] .
+0NgNettols (T, /2) + SGNgNel5 (T, /2) — 5 SGNgNe(n + me)*I5(T, /)

Fopr = — NgNch (T, i) 4 NeNe(n + me)(n — M+ mc) (T, ji)

Jean-Loic Kneur, Marcus B. Pinto and and R. Ramos. Phys.Rev.C 81, 065205 (2010) 1727
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Optimized perturbation theory applied to NJL model at uis # O

We will have to solve the following integrations

Z / p) + TIn(1+ e—(w:(P)—ﬁ)/T) +TIn(1 + e—(ws(p)-Hj)/T) )
s==1

1 1
(T 71) = Szﬂ / (p)< o T 11 e(w:(p)+m/r+1> (12)

1 1
SZ:H / (e(ws =A/T 11 elwsP)+)/T 4 1) (13)

where i = i+ 10"

1o is the second mass parameter fixed by PMS condition.
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Optimized perturbation theory applied to NJL model

OPT conditions
The principle of minimal sensitivity (PMS)
applied to both variables n and 7o

dFopt
dn

_ dFopr

=0
dno

ﬁ7U76:1

77_0,0',5:1
Also the minimization of the chiral condensate

dF

do =0

77#7075:1

Thermodynamics
The quantities we will explore in this work
are

P= _-7:(577_77770)
= PN(Taﬂ) = P(T’:u) - P(0,0)

€=—P+Ts+ up+ psps

) (8P> ) oP
= a ) 5 = 7
On T,ps Ous Tu
_ op 2 dp _ -
_57 Cs _d_E’ X_m6|<¢¢>|
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Parametrizations

We adopt the following parameters (3D cutoff) of the Large N, approximation

| A[MeV] | GAZ | m [MeV] | ()" (MeV] | fr[MeV] | m [MeV] |
| 640 |214| 52 | —246986 | 924 | 1366 |

The set of parameters with 3D sharp cutoff in the OPT approximation are given by:

| AMeV] | GAZ | m. [MeV] | (i) (MeV] | fr[MeV] | my [MeV] |
| 635 |198| 514 | —24624 | 924 | 135 |

Jean-Loic Kneur, Marcus B. Pinto and and R. Ramos. Phys.Rev.C 81, 065205 (2010)
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Numerical Results
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Figure: Effective quark masses as a function of the chiral chemical potential with TRS (a) and MSS (b).
Right: Pseudocritical temperature as a function of the chiral chemical potential with TRS (c) and MSS (d).

A.Gongalves, D. Duarte, R. Farias, M. Pinto, R. Ramos, W.R. Tavares. To appear on Arxiv.
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Numerical Results
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Figure: Effective quark masses as a function of the quark chemical potential at T = 0in LN and BLN
approximation, for different values of chiral chemical potential.

A.Gongalves, D. Duarte, R. Farias, M. Pinto, R. Ramos, W.R. Tavares. To appear on Arxiv. |
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Numerical Results
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Figure: Left: Baryonic density as a function of quark chemical potential in LN and BLN approximations.
Right: Normalized pressure as a function of quark chemical potential for different values of ps in LN and

BLN approximations.

A.Gongalves, D. Duarte, R. Farias, M. Pinto, R. Ramos, W.R. Tavares. To appear on Arxiv.
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Numerical Results
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Figure: Left: Ratio P/e as a function of the quark chemical potential for different values of s in LN and
BLN approximations. Right: EOS (P X ¢) for different values of yi5 in LN and BLN approximations.

A.Gongalves, D. Duarte, R. Farias, M. Pinto, R. Ramos, W.R. Tavares. To appear on Arxiv.
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Numerical Results
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Figure: Left: Sound velocity as a function of the quark chemical potential for different values of w5 in LN
and BLN approximations. Right: Topological susceptibility as a function of quark chemical potential for
different values of uis in LN and BLN approximations.

A.Gongalves, D. Duarte, R. Farias, M. Pinto, R. Ramos, W.R. Tavares. To appear on Arxiv.
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Conclusions
In the MSS scheme combined with the BLN approximation, we observe an increase in

the pseudocritical temperature as a function of the chiral chemical potential, in
agreement with LQCD results.

Non-trivial first-order phase transitions with p and ps, observed in the LN approximation,
are avoided in the BLN approximation.

The BLN approximation underestimates both the pressure and the baryonic density
compared to the LN results.

Topological susceptibility and effective masses are underestimated in the BLN
approximation compared to the LN results.
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Thanks for your attention!
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