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I. Executive Summary

The results obtained in the two years of the grant have served to shine new light on 
several important questions about the phases of quantum chromodynamics (QCD) 
under extreme conditions that include quark matter at high density, as well quark-gluon 
plasma at high temperatures, both in the presence of strong magnetic fields. The 
interest in including an external magnetic field on these studies is motivated by the 
generation of large magnetic fields in off-central heavy-ion collisions and by their 
common presence in astrophysical compact objects, the two scenarios where the 
physics of quark matter becomes relevant.

The tasks carried out in this DOE project led us, among other things, to discover the first 
connection between the physics of very dense quark matter and novel materials as for 
instance topological insulators and Weyl semimetals; they allowed us to find a physical 
explanation for and a solution to a standing puzzle in the apparent effect of a magnetic 
field on the critical temperature of the QCD chiral transition; and they led us to establish 
by the first time that the core of the observed two-solar-mass neutron stars could be 
made up of quark matter in certain inhomogeneous chiral phases in a magnetic field and 
that this was consistent with current astrophysical observations.

A major goal established by the Nuclear Science Advisory committee in its most recent 
report "Reaching for the Horizon" has been "to truly understand how nuclei and 
strongly interacting matter in all its forms behave and can predict their behavior in new 
settings." The results found in this DOE project have all contributed to address this goal, 
and thus they are important for advancing fundamental knowledge in the area of 
nuclear physics and for enhancing our understanding of the role of strong magnetic 
fields in the two settings where they are most relevant, neutron stars and heavy-ion 
collisions.

II. Goals and Accomplishments

The goals and accomplishments for the project can be summarized as follows:

1. Effects of a magnetic field-induced dynamical quark anomalous magnetic 
moment on the properties of quark matter. This goal was addressed in Phys.
Rev. D 89 (2014) 085034, Phys Rev D91 (2015) 085041; Astron. Nachr. 33 (2014) 
685, and arXiv:1411.2493.

2. Exploring the chiral phase transition at finite temperature as well as in dense 
quark matter in a magnetic field, with possible application for neutron stars and 
heavy ion collisions. This goal was accomplished through several works. We 
studied the effect of a magnetic field in the chiral transition at finite temperature 
in Phys. Rev. D91 (2015) 054006. The region at high density in a magnetic field
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was studied in Phys. Rev. D 92 (2015) 105018, arXiv:1512.03972, and 1411.1686. 
Related to this topic, we also considered the realization of color superconducting 
phases after the chiral transition, including the gluons effects to see whether 
they could be or not important for the equation of state (EoS) in neutron stars 
applications, this was done in Phys. Rev. D92 (2015) 043010.

3. Studying the BCS-BEC crossover including diquark-diquark interaction was done 
in Nucl.Phys. A933 (2014) 229.

III. Summary of Project Accomplishments

1. Phys. Rev. D 92 (2015) 105018: Proved that inhomogeneous phases of dense 
quark matter in a magnetic field are compatible with the Mass/Radius of 
observed neutron stars. We performed the first study ever done on the influence 
of spatially inhomogeneous chiral condensates on the EoS for compact stellar 
objects in a magnetic field and found that a dense quark phase with Dual Chiral 
Density Wave (DCDW) in a magnetic field is compatible with the observed 2- 
solar-mass stars.

2. arXiv:1512.03972: Discovered a connection between dense quark matter in a 
magnetic field in the DCDW phase and new topological materials as Weyl 
semimetals and topological insulators. This result is very important, as it opens 
the possibility to explore the physics of the challenging region of cold and dense 
QCD in a magnetic field with the help of countertop experiments with 
topological materials.

3. Phys. Rev. D91 (2015) 054006: Found that the physical origin of the Inverse 
Magnetic Catalysis (IMC) paradox is connected to two main features: the 
asymmetry of the strong coupling in a magnetic field and the antiscreening due 
to the color paramagnetism of the quarks/antiquarks pairs in the lowest Landau 
level (LLL).

4. Phys. Rev. D 89 (2014) 085034: Found the effect of a dynamical Anomalous 
Magnetic Moment on the critical temperature of the chiral phase transition. The 
results of this paper were important for the calculations that led to solve the 
standing problem of the IMC mentioned in point 3.

5. Phys. Rev. D91 (2015) 085041; Astron. Nachr. 33 (2014) 685: Performed a 
thorough study of the influence of a dynamical AMM on the EoS of fermion 
matter. Showed that contrary to the long-standing assumptions in the literature, 
the AMM of charged fermions do not significantly influence the EoS of the quark 
matter system and hence can be neglected.

6. Nucl. Phys. A933 (2014) 229: Investigated the effects of a diquark-diquark 
repulsion on the BCS-BEC crossover in dense quark matter. We proved that 
thanks to the diquark-diquark repulsion, the pressure near the BCS-BEC 
transition is positive.

3



7. Phys. Rev. D92 (2015) 043010: Explored how the effects of gluons can affect the 
EoS of neutron stars with a color-superconducting core and found that in the CFL 
phase, the gluon's contribution to the pressure is negative, hence reducing the 
star's mass at a given radius.

IV. Publications

1. Novel Topological Effects in Dense QCD in a Magnetic Field, , E.J. Ferrer and V. de 
la Incera, arXiv:1512.03972 [nucl-th] (under revision in PRL)

2. Crystalline chiral condensate as a component of compact stars, S. Carignano, E. J. 
Ferrer, V. de la Incera, and L. Paulucci,Phys. Rev. D 92 (2015) 105018. DOI: 
http://dx.doi.org/10.1103/PhysRevD.92.105018

3. Insignificance of the anomalous magnetic moment of charged fermions for the 
equation of state of a magnetized and dense medium, E.J. Ferrer, V. de la Incera, 
D. Manreza Paret, A. Perez Martinez, and A. Sanchez, Phys Rev D91 (2015) 
085041. DOI: 10.1103/PhysRevD.91.085041

4. Gluon Effects on the equation of state of color superconducting strange stars, E.
J. Ferrer, V. de la Incera, and L. Paulucci, Phys. Rev. D92 (2015) 043010. DOI: 
10.1103/PhysRevD.92.043010

5. Quark antiscreening at strong magnetic field and inverse magnetic catalysis, E. J. 
Ferrer, V. de la Incera, and X. J. Wen, Phys. Rev. D91 (2015) 054006. DOI: 
10.1103/PhysRevD.91.054006.

6. Effects of the AMM on the EoS of magnetized dense systems, D. Manreza Paret, 
A. Perez Martinez, E.J. Ferrer, and V. de la Incera. Astron. Nachr. 33 (2014) 685. 
DOI: 10.1002/asna.201412093

7. BCS-BEC Crossover and Stability in a Nambu-Jona-Lasinio Model with Diquark- 
Diquark Repulsion, Efrain J. Ferrer, Vivian de la Incera, Jason P. Keith, and Israel 
Portillo, Nucl.Phys. A933 (2014) 229. doi:10.1016/i.nuclphysa.2014.10.041.

8. New Look at the QCD Ground State in a Magnetic Field, Efrain J. Ferrer, Vivian de 
la Incera, I. Portillo and M. Quiros, Phys. Rev. D 89 (2014) 085034. DOI: 
10.1103/PhysRevD.89.085034

9. Induced magnetic moment in the magnetic catalysis of chiral symmetry breaking, 
Efrain J. Ferrer, Vivian de la Incera, arXiv:1411.2493 [nucl-th]. Proceedings of the 
37th International Conference on High Energy Physics (ICHEP 2014), 2-9 Jul 2014, 
Valencia, Spain.

10. Inhomogeneous Phases and chiral symmetry breaking, S. Carignano, E. J. Ferrer,
V. de la Incera, arXiv:1411.1686 [hep-ph]. Proceedings of the 37th International 
Conference on High Energy Physics (ICHEP 2014), 2-9 Jul 2014, Valencia, Spain.

V. Training Provided

This DOE project helped the PIs to train three postdoctoral fellows, three graduate 
students, and five undergraduates.
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Postdocs
Name From To
S. Carignianno Jan 2014 May 2015
Laura Paulucci Oct. 2014 March 2015
X. J. Wen Jan. 2014 Jan. 2015

Students
Name Level Degree Earned/Date

Israel Portillo G PhD/ Spring 2014

Paul Springsteen G MS/ Fall 2014

Jason Keith G MS/ Sum. 2014

Brian Zamarripa UG BS/2015

Irving Martinez UG BS/Fall 2105

Erin Hodson UG NA

Kevin Vallejo UG NA

Jeffrey William UG NA

The grant served to partially support 2 of the graduate students. The three postdocs and 
three graduate students were coauthors in several of the papers published during the 
grant period.
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