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Outline

e Motivation;

e The role of regularization: MSS;

 Finite magnetic field effects;

e Final remarks.
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The QCD phase diagram

Approaches: perturbative, 1/ N. Expansion, LQCD, AT
DSE, effective models... O .-
cO.-

Plasma

Adam, Martin-Caro, Huidobro, Wereszczynski, Symmetry 15, 899 (2023)
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The QCD phase diagram
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The QCD phase diagram

Approaches: perturbative, 1/ N. Expansion, LQCD, AT

DSE, effective models... .-
o
" Quark-Gluon

Effects of B here!
Adam, Martin-Caro, Huidobro, Wereszczynski, Symmetry 15, 899 (2023)
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Magnetic field effects in the compact objects

Self-consistent modulation via many-body forces in a RMF approach: gravitational mass, deformation,

internal density profiles of neutron stars and particle population. Gomes, Franzon, Dexheimer, Schramm, APJ
850:20 (2017)

Changes in the microscopic structure of the neutron star crust: equilibrium composition, melting
temperature, and moment of inertia. Changes also in the nuclear pasta geometry (~10-15%), even

though global star properties remain largely unaffected. Parmar, Das, Sharma, Patra, PRD 107, 043022 (2023)

A mechanism involving charged gluon vortices in neutral 2SC matter may amplify moderate the
magnetic fields (~ 10® - 10") G: microscopic explanation for the intense magnetic fields in magnetar

core. Yuan, Feng, Ferrer, Pinero, PRD 110, 114038 (2024)

Induction of frequency shifts in the postmerger GW spectrum similar to those caused by EoS features
like phase transitions, introducing a degeneracy that complicates the interpretation of GW observations
and demands magnetic effects be consistently included in the analysis. Tsokaros, Bamber, Ruiz, Shapiro, PRL

134 121401 (2025).
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Cutoff-independent regularization of four-fermion interactions for color superconductivity

R. L. S. Farias,! G. Dallabona,! G. Krein,! and O. A. Battistel?
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The original “Cutoff independent regularization™

e Problem: A = 0 in the vacuum — Not a good scale parameter.

]quad(Az) — ]quad(Mz) + (Az - Mz)llog(Mz)

A2 e In chiral models Iq.4 and I, are related to
+ A*—M*— ANPIn(— he chiral .
(47 )2 M?2 the chiral condensate and pion decay
I (Az) _ (Mz) B i n A_2 constant as )
og 0g (4n)2 M2 ’ ’i] uad(M2) — <qq>
4 12M
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ZIlOg(M )—
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The original “Cutoff independent regularization™

e Problem: A = 0 in the vacuum — Not a good scale parameter.

Ilog(A — ) —

i | A?
() “(W)

Divergent integrals in terms of  Finite terms

the quark mass in the vacuum

e In chiral models Iy and I, are related to
the chiral condensate and pion decay

constant as

I . M2 — <q_q>

Hauaa(M7) = =157
2 2

ihog(M7) = =100



6/21
The original “Cutoff independent regularization™

e Problem: A = 0 in the vacuum — Not a good scale parameter.

]quad(Az) =1 uad(Mz) + (Az - Mz)llog(Mz)

2 e In chiral models Iy and I, are related to
2
—A7In (W)} the chiral condensate and pion decay
I A j | A2 constant as
log( - (4]_[)2 n (W) . il uad(M2) _ <QQ>
4 12M
. 2 fx
Divergent integrals in terms of  Finite terms iliog (M) = — 1902

the quark mass in the vacuum

» Back to the gap equation: No divergent integrals!

B (qq) 2 L 1 2 2 _ A2 A_z
1 = )\G{ (AP - AR - M - A%

SRE 1 A 2 2
R EYVE R 47T221n 2 + In (A%, 1) + Ian (A7, —p)



6/21
The original “Cutoff independent regularization™

e Problem: A = 0 in the vacuum — Not a good scale parameter.

]quad(Az) =1 uad(Mz) + (Az - Mz)llog(Mz)

2 e In chiral models Iy and I, are related to
2
—A7In (W)} the chiral condensate and pion decay
I A j | A2 constant as
log( - (4]_[)2 n (W) . il uad(M2) _ <QQ>
4 12M
. 2 fx
Divergent integrals in terms of  Finite terms iliog (M) = — 1902

the quark mass in the vacuum

» Back to the gap equation: No divergent integrals!

B (qq) 2 L 1 2 2 _ A2 A_z
1 = )\G{ S (AP oM - A - M - A%

SRE 1 A 2 2
R EYVIR 47T221n 2 + In (A%, 1) + Ian (A7, —p)



7/21
Modern implementation: Medium Separation Scheme (MSS)
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Successtul applications: Phase diagram with a chiral chemical

potential

e Universality arguments of large V., DSE and lattice simulations predicts an increasing 7.
with ps, with NO CEP...
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Successtul applications: Phase diagram with a chiral chemical

e MSS cure the problem, and more!
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Successtul applications: 2-color QCD

e A — 0 for high values of pug (= N.u)is an artifact of the incorrect regularization also in the
physical limit.
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Kogut, Stephanov, Toublan, Verbaarschot, Zhitnitsky,
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Successtul applications: CSC in 2-color QCD

e A — 0 for high values of pg (= Nu)is an artifact of the incorrect regularization also in the

physical limit.
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Successtul applications: Nonvanishing A at high p

* Two-flavor spin-0 superconducting gap prediction using the weak-coupling renormalization

group techniques:

2
A ~ ﬂS exp <_ 3T ) D. T. Son, PRD59, 094019 (1999)

g V2g
300 [ I I I | I |
250
A is an increasing function of p, and 200 -

corrections to this formula does not seem é 150 1

to change this behavior. =

Hong, Miransky,Shovkovy, Wijewardhana, 100 -

PRD61 056001 (2000)

Hsu, Schwetz, Nucl. Phys. B572, 211(2000). 50

0

100 200 300 400 500 600 700 800 900
i (MeV)

Farias, Dollabona, Krein, Battistel, PRC73, 018201 (2006).
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Successtul applications: Nonvanishing A at high p

* Two-flavor spin-0 superconducting gap prediction using the weak-coupling renormalization

group techniques:

Aw%exp<
g

31
V24 )
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corrections to this formula does not seet

to change this behavior.

Hong, Miransky,Shovkovy, Wijewardhana,
PRD61 056001 (2000)

Hsu, Schwetz, Nucl. Phys. B572, 211(2000).

Gholami, Hofmann, Buballa, PRD 111 014006 (2025)
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SU(2) NJL model in a magnetic field

T . ) A N2 (T o N2

& = b (00RO [0+ G
+ Gp (W ereivsy) (iepelysy®)]

Allen, Grunfeld, Scoccola have a very complete discussion on this context! See PRD 92, 074041 (2015)

Thermodynamic potential:

M — c ’ A2 d3 B
o = ! 407: o 1Gp _/ (27:)?3 S (Epa) + 7 (o)
+o0
B oo
B> [ |1 (B + 1 (5
=0

v2f (By, ) +2f (E{f)] iix):za_:;f (e



14/ 21
Zero temperature thermodynamic potential in a final magnetic

field
(M — mc)2
Qr—op = 1G Z QIql
lq|=0,1,3
with

d>p
g = 2 W Ep,0+(N_Ep,O)9(N_Ep,O)
= 87‘(‘2 Zan/dpz [2Ep,1+(ﬂ_Ep,1>9(,u_E,l)]

o0 +OO
a0, — eB an [+ o B :\/p2 +p2 4 M2

=0 e 2 _{p§+p§ if Ja| =0
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Regularization: A (n) and smooth regulators

with A(n) = \/k2 + 2k|q|n
H/G =0.75 - p=0

Adk, /AW dk.
_> ,
0 2T
800 L 1 L I L Ll L] 'l'

e Fermi-Dirac: U(x)
1
e Wood-Saxon: U(z) =
[1 + exp (w/g—l)}
. 22\~
e Lorentzian: [1 - (F)]
200 : Lo
0.01 0.1
eB [GeV]
Allen, Grunfeld, Scoccola PRD 92, 074041 (2015)
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Zero temperature thermodynamic potential in MFIR
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Zero temperature thermodynamic potential in MFIR
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Order parameters at finite p
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A at fixed magnetic field
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There is no normal phase at high chemical

potential!
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A # 0 soften the EoS at

high densities
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Final Remarks

[/ o |

NQ «gCFL

0 ‘ . . . ‘ . .
~923  Baryon Chemical Potential (MeV) 320 340 360 380 400 420 440 460 480 500
H [MeV]

 Significant progress has been made in recent years toward describing the QCD
phase diagram, but magnetic field effects are important.

» The careful treatment of divergences through the separation of medium-dependent
terms in non-renormalizable models is essential for an accurate description of the
physical quantities of interest;

« MSS proves to be a powerful tool for this task when applied to NJL/PNIJL.
Extension to other models/contexts?

Thanks for your attention!
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