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Extremely strong magnetic field and QCD phase diagram

CAO Gaoqing
(School of Physics and Astronomy, Sun Yat-sen University, Zhuhai 519088, China)

Abstract  Several experiments are being conducted at heavy-ion colliders around the world to determine the
location of the proposed critical end point of quantum chromodynamics (QCD) in the T - u, phase diagram. As the
presence of a very strong magnetic field is relevant to peripheral heavy-ion collisions, magnetars, and the early
Universe, it is important to investigate the effect of a high magnetic field strength on QCD phase diagrams. We
summarize the recent status and new developments in studies investigating QCD phase transitions under an extremely
strong magnetic field. By doing so, we believe that this work will promote both theoretical and experimental research
in this field. The 7 - B phase diagrams are produced by Lattice QCD simulations. Other phase diagrams (£ - B, uj -
B, i, - B, and Q - B) are mainly studied by using the chiral effective Nambu Jona-Lasinio model. A rotating magnetic
field is adopted for the study of color superconductivity. The Ginzburg-Landau approximation is used to study m-
superfluidity and p-superconductivity in a very strong magnetic field. Physical effects, besides a magnetic field B, can
also be measured when sketching a QCD phase diagram, such as temperature 7, strong electric field £, chemical
potentials x, and rotational angular velocity Q. We present five QCD phase diagrams: 7 - B, E - B, uz - B, u; - B,
and Q - B. The following phases are present in many (if not all) of the five QCD phase diagrams: chiral symmetry
breaking, chiral symmetry restoration, inhomogeneous chiral phase, n’-condensation, =-superfluidity, p-
superconductivity, and color superconductivity. The running of the coupling constant with magnetic field is consistent
with the decrease of the pseudo-critical deconfinement temperature, providing a natural explanation for the inverse
magnetic catalysis effect. We also found that a chiral anomaly induces pseudoscalar condensation in a parallel
electromagnetic field, and that there appears to be a chiral-symmetry restoration phase in the £ - B phase diagram.

Without consideration of confinement, color superconductivity is typically favored for large baryon chemical
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potential; however, chiral density wave is also possible in the large B and relatively small u, region of the phase

diagram. In an external magnetic field, the n-superfluid with finite isospin chemical potential acts similarly to a Type-

I superconductor with finite electric chemical potential. Both n-superfluidity and p-superconductivity are possible in

a parallel magnetic field and rotation, but the latter is more favored for larger Q particles.
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condensation, p superconductivity
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Fig.1 Schematic diagrams of three physical circumstances that have very strong magnetic fields
(a) Heavy ion collisions, (b) Magnetars, (c) The early Universe
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Fig.2 (a) Results of restricted lattice QCD simulations, When eB < 1GeV?, the red and blue bands stand for the chiral transitions of
light (u,d) and strange quarks, respectively. At eB = 3.25 GeV?, the red and blue points correspond to chiral transition of light (u,d)
and strange quarks, respectively, and the green points corresponds to the (de)confinement transition. Here, the dashed and dotted lines
are interpolated from the above data. (b) The combined results of the restricted lattice QCD simulations for a smaller magnetic field
and the anisotropic pure lattice gauge simulations at a larger magnetic field (grey region)“". In these figures, the solid line stands for
the first-order transition, while the rest of theline stands for crossover.
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Fig.3 QCD E - B phase diagram predicted by the two-flavor
Nambu Jona-Lasinio (NJL) model with a parallel
electromagnetic field. The blue, black, and red lines stand for
the transitions between the phases of chiral symmetry breaking

(xSB), homogeneous chiral symmetry restoration (ySR), and
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critical end point.
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Fig.4 QCD y; - B phase diagram, in the chiral limit,
predicted by the two-flavor Nambu Jona-Lasinio (NJL) model.
The blue, black, and red lines represent the transitions between
the phases of chiral symmetry breaking (ySB), chiral density
wave (CDW), and homogeneous color superconductivity
(2SC). Each of the transitions are first-order transitions (as
represented by the solid lines). The orange point is the
tricritical point in the phase diagram.
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Fig.5 QCD g, - B phase diagram predicted by the two-flavor
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