
The QCD phase diagram 
in strong magnetic fields

   D.P. Menezes -  25/09/23



Figure taken from
Krill Tuchim's

seminar





    Motivation: why magnetic fields?
   

   Magnetars - eB ≃ 0.5m2
π                      m2

π ≃ 3.5 × 1018 G

       Non-central HIC - eB ≃ 5 − 15m2
π 

   Early Universe - eB ≃ 30m2
π

eB = 1 GeV2 B = 1.69⇥ 1020G

Heaviside-Lorentz, Gaussian and natural units lead to different conversions!

in natural units:



                      QCD Phase Diagram

• W

What would happen if matter were subject to 
strong magnetic fields ?



We would like to understand magnetic field effects: 

- at high densities and low temperatures (NS): 

- at low densities and high temp. (heavy ion collisions); 

- at low densities and low temperatures (pasta phase): 

- if the CEP exists, how its location would change 



CEP - NJL / PNJL

• RKH parametrization / B=0 and strong B

• Different scenarios : 

•

µu = µd = µs

µu = µd, µs = 0

⇢u = ⇢d = ⇢s

� � equilibrium



B=0

P. Costa, M. Ferreira, H. Hansen, D.P.M., C. Providência, Phys. Rev. D 89, 056013 (2014)  

Full line = zero isospin
PNJL



Full lines= 1st order transitions at eB=0; 
two CEPs at low T and strong B (pink and blue)
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                                                    Main NS manifestations:

                                                                                                                                   • Pulsars - powered by rotation                 
                                                   energy (1900 observed in 
                                                    radio-frequency)

                                                                                                                                • Accreting X-Ray Binaries
                                                powered by gravitational energy 
                                             rotation periods 0.0015-1000 s)
  
•

NS interior composition explorer - 06/2017

Advanced  telescope for high energy astrophysics 
 to be launched in 2030 

M = M� ' 1030 Kg

R ' 10Km

⇢ = M/R3 ' 1018Kg/l



Magnetars don’t fit into these categories! They are normally isolated 
NS whose main power source is the magnetic field. 
 
              There are 2 classes of magnetars (29):
http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

• Soft gamma-ray repeaters (discovered in 1979 as transient X-ray 
sources and giant flares - 12 confirmed, 4 candidates);

• Anomalous X-ray pulsars (identified in 1990 as a class of persistent 
• X-ray with no sign of a binary companion - 12 confirmed, 
• 2 candidates);

http://www.physics.mcgill.ca/~pulsar/magnetar/main.html


So far, 30 magnetars:

16 SGRs (12 confirmed, 4 candidates)
14 AXPs (12 confirmed, 2 candidates)



K. Makishima Progress Theo Phys Suppl 151 (2003) 

Rotation-powered NS

Spin down -> 
decrease in rotational energy

Assuming decreasing is due
to magnetic dipole radiation:



https://www.science.org/doi/10.1126/science.ade3293



27/09 - Wednesday - 3 PM



Pulsars x Magnetars

B = 1012 G B = 1015 G

Crab nebula pulsar/ Chandra Just my imagination

But the EOSs are only sensitive to B > 1017G



Structure of a NS

Figure by Danny Page



Liquid-gas phase transitions
Spinodal instabilities: 

thermodynamical - obtained from the determinant of the symmetric 
matrix: 

 dynamical - obtained from the Vlasov equation: 

Fij =
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How to calculate crust-core transition density?



B⇤ = B/Be

Be = 4.4⇥ 1013G

D. Chatterjee, F. Gulminelli and DPM, JCAP 03 (2019) 035 





L.Zdunik, M. Fortin and P. Haensel, A & A 599 (2017) A 119

How can we obtain the crust thickness ?

One integrates from core to ccpt with TOV - core mass and radius 

Mcrust =
4⇡PccR4

core

GMcore

✓
1� 2GMcore

Rcorec2

◆

RNS =
Rcore

1� (↵� 1)(Rcorec2GMNS � 1)

↵ = (µcc/µ0)
2, µ0 = 930.4 MeV

lcrust = RNS �Rcore



�lcrust = l2crust � l1crust

canonical star - Sly4 - isotropic EOS  

expected crust size = of the order of 2.4 km (?)

J. Piekarewicz, F. J. Fattoyev and C.J. Horowitz, Phys. Rev. C 90, 015803 (2014)  

  TOV = small crust



LORENE = solves Einstein-Maxwell and equilibrium 
solutions self consistently  with a magnetic field 

dependent EOS

expected crust size = of the order of 2.4 km (?)
J. Piekarewicz, F. J. Fattoyev and C.J. Horowitz, Phys. Rev. C 90, 015803 (2014).  

   Lorene = large crust



What is the effect of B on the NS constituents? 

B=0

L.L.Lopes and D.P.M., EPJA (2020) 56:122

GM1

GM1
+

strange
(repulsion)

meson



K.D. Marquez, M.R.Pelicer, S. Ghosh,J.Petterson, D. Chatterjee,V. Dexheimer, 
DPM, PRC 106, 035801 (2022)

Solid lines - without AMM; dashed lines - with AMM
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Protons Neutrons



How to deal with anisotropic effects on NS?

1) Ignore it and run TOV

2) Assume chaotic B and run TOV 

3) Take anisotropy into account 

O(3) rotation symmetry remains valid

D.P.M. and L.L.Lopes, EPJA (2016) 52:17



But …
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B0
<latexit sha1_base64="FjGmUxI00qznYe3vooLqDNFOr8k="></latexit>✏0

<latexit sha1_base64="ppA+xLMfHYUSegnKlAhVRzFhOdE="></latexit>✏M
<latexit sha1_base64="xrEcrrT9UopP9JHjmBR8yciFsXA="></latexit>�

is a fixed value, at the centre of non-mag  <latexit sha1_base64="41CW+03Q/YfpgTZe2E+ozpdtCuU="></latexit>

Mmax

matter alone, is a positive number



K.D. Marquez, M.R.Pelicer, S. Ghosh,J.Petterson, D. Chatterjee,V. Dexheimer, 
DPM, PRC 106, 035801 (2022)

LORENE -  
<latexit sha1_base64="olW4Rx4QYT8nf7Wrxfn9ShyEU84="></latexit>

l = 0, 2, 4, 6

Solid (monopolar), dashed (dipolar), 

dash-dotted (quadrupolar), dotted

Magnetic distribution inside
a NS of 1.8 
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hybrid and quark stars

1969 - hybrid stars (possible superconductor core)
Ivanenko + Kurdgelaidze

1970 - quark stars - Itoh

Bodmer (1971) and Witten (1984) conjecture  
 strange stars

hybrid stars - with or without mixed phase



QCD phase diagram (two models) - B=0

Carline Biesdorf, Luiz L. Lopes and DPM, BJP (2023) 53:137
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B1/4
0 = 165 MeV ! T0 = 155 MeV
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Magnetized matter with flavor conservation, T=0  
Betânia C.T. Backes, Kauan D. Marquez and DPM, EPJA (2021) 57:229 



Magnetized matter with flavor conservation, T=0  
M.R.Pelicer and DPM EPJA (2022) 58:177
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B = 3⇥ 1018 G



Latent energy

N.O. Agasian, S.M. Fedorov, arXiv 0803.3156v3

The value of the magnetic field where latent heat turns 
to zero corresponds to the CEP



Carline Biesdorf, Luiz L. Lopes and DPM, BJP (2023) 53:137

Latent heat
B=0



Can we reproduce this behavior with 2 models?  
2CEPs at low T and strong B (pink and blue)



Thank you !
Constança Providência, Francesca Gulminelli, Mariana Dutra, 

Odilon Lourenço, Luiz L. Lopes, Verônica Dexheimer, 
Mateus Pelicer, Norberto Scoccola,  
Kauan D.Marquez, Carline Biesdorf, 

many students





Magnetic �eld and spin down

Source: Makishima, K., Progress of Theoretical Physics Supp. No. 151, 2003

B0 =
Å

3Ic3PṖ

8⇡2R6
0

ã1/2

á P = 2� 12s
á Ṗ = 10�13 � 10�10

á L= 1033 � 1036 erg/s

Figure taken from Mateus Pelicer’s seminar
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,/p = -0.4

p,/p =0

FIG. 3. The Maxwell construction for symmetric and asymmet-
ric systems. The construction for symmetric matter (p3/P=O) is
indicated by the segment AB and is the same as for a one-
component system. The construction for asymmetric matter with
p3/p= —0.4 is indicated by the segment CF and shows the quali-
tatively new behavior allowed in a two-component system. The
asymmetry is held constant throughout the phase separation. The
(dashed) binodal line is obtained from similar isotherms at other
values of the asymmetry.

tern with two conserved charges at fixed temperature. Here
p denotes the density of the sum of the charges, and p3
denotes the density of the difference; thus, p3 /p is a measure
of the asymmetry. The dashed curve indicates the intersec-
tion of the two-dimensional binodal surface obtained from
the set of common tangent planes with the plane defined by
T= 10MeV. (The end points of the dashed curve in Fig. 2
correspond to points A and 8 in Fig. 1.) Observe that all
configurations where the free-energy density has a saddle
point are contained within the binodal. Note also that in this
example, the free-energy density is always convex with re-
spect to variations in p3 at fixed p and T.
One feature of the binodal surface is that it may contain

critical points. At the critical points, if they exist, the two
phases can no longer be distinguished by their densities.
Therefore the critical points form a line that divides the bin-
odal surface into different regions describing either a high
density (liquid) or a low density (gas) phase. Finally, we note
that more than two phases can coexist if and only if each pair
of phases form a binodal, and if all these binodals have a
common region of intersection [44].
The binodal surface determines the stability boundaries of

the system, but it remains to show how the system behaves
inside, i.e., how to interpolate within the metastable and un-
stable regions using a Maxwell construction. To explain this
in more detail, we consider an isothermal compression in a
situation where the system can separate into two phases.
We begin with the familiar case of a one-component sys-

tem, as illustrated by symmetric nuclear matter in Fig. 3.
Suppose that during the compression, the system encounters
the binodal at some point A in /tT, p j space. At this point, the
whole volume is occupied by a phase with density p", and a
second phase with density p is about to emerge in an infini-
tesimally small volume. The two phases at A and B are con-
nected by the Gibbs conditions, so that they have equal tem-
peratures, pressures, and chemical potentials. In a one-
component system, B is the point at which the system leaves
the two-phase region; on the (p, p) diagram of Fig. 3, A and

B are connected by a horizontal line, the well-known Max-
well construction. In a multicomponent system, however, as
depicted in the upper portion of Fig. 3, the ratios of the
charges in the emerging phase at D are generally different
from those in the original preparation at C, thus violating the
conservation laws. The system must therefore evolve instead
through configurations that maintain the ratios of the total
charges (the curve CF), and it leaves the instability region at
the point F, which lies together with C on the line of con-
stant ratios Q;/g . At this point, the original phase is
present in infinitesimal quantities with densities ip, ), while
the newly created phase has evolved to point F. The con-
figuration at F is consistent with the conservation laws, and
in general, the pressure and chemical potentials in the coex-
isting phases have changed throughout the transition.
To determine the nature of the system between these ex-

treme values, we must solve

p, = ( 1 —k )p,' + k p", (18)

for given values of p;, with p,
' and p", lying on the binodal

surface. It is important to realize that Eqs. (18) are indeed a
set of n equations in n unknowns, since the p; are specified,
and among the 2n+1 variables p,', p',-', and P, n+1 can be
eliminated by virtue of conditions (14) and (15). Moreover,
these equations yield solutions with qualitatively different
characteristics. If the solutions yield all values of k in the
interval [0,1], so that

p,'=p, for X=0, p", =p, for P =1,
then the system has undergone a phase transition. However,
anticipating the subsequent discussion, there are also solu-
tions with 0(P ~X „(1.In this case the system becomes
unstable to phase separation, but undergoes a retrograde con-
densation: after occupying a maximal volume fraction„, the new phase begins to disappear, and the system
leaves the instability region in the original phase. In either
situation, Eq. (18) provides the desired Maxwell construction
that determines the free energy in the transition region ac-
cording to

B=N +N„=Vp
and the total charge, or equivalently, the third component of
iso spin

N —N 1
I3= =——Vp3.2 2 (2o)

Thus we have

A(T, P, P3) = P(T,. /L, /J. 3)+PP+ P sP3. —(21)

Densities related to other extensive quantities can be com-
puted accordingly.
We close this section by specializing the general formal-

ism to asymmetric nuclear matter, a system of interacting
neutrons, protons, and mesons. Such a system is character-
ized by two conserved charges: the total number of baryons

Phase Transitions in multicomponent systems:

Kmax=n+2 phases can coexist in a system with n conserved charges
(more than 2 phases can coexist if and only if each pair of phases form
a binodal and if all the binomials have a common region of intersection.

H.Müller and B. Serot, 
Phys. Rev. C 52, 2072 (1995)



• Binodal sections - obtained from the conditions of phase 
coexistence: 

•
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Results obtained with the LORENE code






