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Quark matter in general



• Hadronic matter (HM) is the ground state of baryonic 
matter at zero T and P 

• Quark matter (QM) becomes energetically favorable 
only in an environment like a heavy ion collider (high 
T) or deep inside a neutron star (high P) 

• Quark matter (QM) could be the ground state of 
baryonic matter at zero T and P

• Specifically, the strange quark matter (SQM) 
hypothesis has been proposed back in1970s

✦ Common sense

✦ Quark matter hypothesis
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Quark matter in general

[Bodmer (1971); Terazawa (1979);  Witten (1984)]

SQM with comparable 
number of u, d, and s has 
lower E/A even than the 

most stable 56Fe



Why is “QM hypothesis” interesting?

New type of energy source
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Fig. 3 a, Energy of the S-drop E(Z), calculated using the mass relation of ref. 7, as a function of Z relative to its minimum value Emin 
( = E( Y = Ymin =4, Z = Zmin =2)), for A=20, Y = Ymin• E0 =920 Mev and m5 = 150 MeV/c2

• This relative energy is rather insensitive to the 
choice of Eo (in the range 900-935 MeV). We note that an S-drop 5 Az = - 1620- 1 would have an energy ll.E = 40 MeV above the ground state 
-

16202
, and ll.E = 20 MeV above the - 1620° state to which it will decay by tl-emission - 1620°+e- -ve. By scaling tabulated tl-decay rates, we 

obtain the lifetime r 103 (llE (MeV)/20)5 s-1. Thus, this Z = -1 S-drop would live much longer than is necessary to perform the 
experiment proposed in Fig. 1. b, Same as a, but for A= 100 (for which Ymin = 19 and Zmin = 8). 

and separation of the metastable (positive-Z) S-drops. We note 
that experimental and theoretical examination of the S-drops 
so produced, and their decays, will provide important informa-
tion concerning the nature of the mass formula. The energy per 
baryon of stable infinite S-matter, E0 , will thus be determined, 
as well as the quantitative details of the shell effects considered 
by Takahashi and Boyd20. 

The S drops produced and separated in the heavy-ion col-
lisions should be grown as quickly as possible for at least the 
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for certain values of e0 (see Fig. 2), these S-drops might be 
unstable against a-decay, with lifetimes which, because of the 
Coulomb barrier, are long on experimental timescales (seconds) 
but not in relation to the needs for storage; (2) their binding 
energy per baryon grows with A; (3) their neutron-absorption 
cross-section increases as A213 ; (4) their 'sticking' probability 
to a surface increases with A (that is, their thermal velocity 
decreases). Thus we propose a technique for rapid growth of 
relatively small (perhaps 30) S-drops to considerably larger 
(perhaps A> 104

) ones, by passing through liquid deuterium in 
a confining apparatus as shown in Fig. 4. The small relativistic 
metastable 5 drops are slowed down in a linear electro-
static decelerator to non-relativistic velocities. Near the end of 
this decelerator would be a tank of liquid hydrogen of length 
such that an S-drop passing through it would pick up two protons 
and emerge with a charge Z = 1. (Once Z = -1 S-drops are 
detected, one could infer that Z > 0 S-drops are also being 
produced at still higher rates. A major effort should then be 
made to optimize the production and the separation of these 
Z > 0 S-drops. This in tum would enable Z > 0 S-drops to be 
injected directly into the decelerator, obviating the need for a 
liquid-hydrogen tank.) An emerging drop is then circu-
lated through the liquid-deuterium tanks, where it picks up 
neutrons with a cross-section that we estimate (from nuclear 
(D, p) reactions) to be -(A/30)213 10-25 cm2• An absorbed 
neutron in the S-drop would project onto its quark degrees of 
freedom and decay very rapidly by y-transitions to the lowest 
allowed u and d levels. As neutrons are absorbed, the Fermi 
level of the d quarks increases relative to that of the s quarks, 
until s transition takes place with subsequent y-emission: 

following neutron capture, an S-drop 5 Az will relax towards its 
energy minimum by strangeness-changing weak decay 5 Az 
(

5
-

1Az)*, which essentially changes ad quark to an s quark 
(u s+ u) in a charged weak-current interaction. The asterisk 
indicates an excited state, which decays rapidly by y-emission. 
Scaling the similar decay (K+ 7T + 1r

0
), we obtain a decay rate 

5 (.iE(MeV))
2 

_ 1 . 
20 

s (2) 

The E( Y) curves required to evaluate (2) (where Y is the 
hyperchange A+ S) are numerically very similar to the E(Z) 
curves in Fig. 3. 

Thus the S-drop grows and becomes more stable; we envisage 
small initial S-drops (A= 30-50, for which Zrnin = 3) growing 
to a size 104

. Our rough calculations of absorption length, 
Coulomb barrier, time constants and so on seem reasonable for 
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Fig. 4 Schematic diagram of proposed apparatus for the rapid 
growing of small S-drops into large S-drops. These can be stored 
and used as a compact energy source, by feeding in slow neutrons. 
For each neutron absorbed by an S-drop, - (938- E 0 ) MeV of 

energy is released (mostly in y- rays). 

Our limits for the abundance of strange matter are close to 
the instructive estimates of De Rujula and Glashow3

. At present 
we do not consider it useful to put constraints on these theoreti-
cal considerations, because, for the samples investigated here, 
we cannot exclude the possibility of appreciable fluctuations in 
the concentration of supermassive nuclei caused by fraction-
ations during chemical processes in the early Universe. Further 
studies of primitive meteorites, which have not been subjected 
to gravitational effects and whose composition reflects the 
primordial abundance of nuclei, may provide appropriate data 
from which to extract such constraints. 
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Y. Gil and M. Klin for their help in preparing the experiment. 
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Strange matter comprises roughly equal numbers of up (u), down 
(d) and strange (s) quarks, in contrast to nuclear matter, for wbicb 
s quarks are absent. The theoretical possibility1

-
7 that S-drops 

(small 'bags' of strange matter) may not only be metastable, but 
might become absolutely stable if grown to sufficient size, would 
have consequences of tbe greatest importance. In particular, this 
form of matter could provide tbe basis for a compact energy source. 
Here we describe a hypothetical experiment to explore this possi-
bility. Tbe first step is tbe production and detection of S-drops in 
relativistic heavy-ion collisions. Previously, we have estimated8 tbe 
efficiency of production of S-drops by tbe process of fragmentation 
of quarks into badrons following formation of bot quark-gluon 
matter. The proposed experiment would initially produce and detect 
S-drops of charge Z =-I in present CERN and BNL facilities. 
The next step would be to grow small, positively charged S-drops 
to large stable S-drops tbrougb neutron capture in a confining 
apparatus. These two steps could provide the scientific basis for 
subsequent engineering studies of S-drops as an energy source. 

Considerable theoretical interest has centred on the intriguing 
possibility that not only may S-drops be very long-lived, but 
large extended such objects, comprising strange matter (S-
matter), might be absolutely stable. A nucleus of baryon number 
A consists of neutrons and protons, each of which is made up 
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Fig. I A schematic diagram of the proposed high-sensitivity 
experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
of processes on collision of the beam with target T, . b, S-drops 
5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
relativistic S-drops is made by secondary collisions in the down-
stream target T2 , producing a large number of K and A particles. 

of three (massless) non-strange quarks (udd and uud respec-
tively) confined to a small 'bag'. Consider a single bag enclosing 
a total of 3A u and d quarks. This has a higher energy then the 
standard nucleus A. By replacing some u and d quarks by s 
quarks, however, the Fermi energies in the system can be lowered 
significantly. Neglecting the strange quark mass, m., the number 
of strange quarks n, in this S-drop should be 

Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
stable, that is, the energy per baryon is <938 MeV. This has 
important implications for S-drops: neutron stars might actually 
consist of S-matter with essentially no crust, a possibility with 
interesting astrophysical consequences5•9 - 13 • Of more general 
significance, however, is the possibility that a drop of stable 
S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 

Using the Fermi-gas model with lowest-order quantum 
chromodynamics ( QCD) corrections, Farhi and Jaffe6 calculated 
that S-matter could be stable for an appreciable range of values 
of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 

Our limits for the abundance of strange matter are close to 
the instructive estimates of De Rujula and Glashow3

. At present 
we do not consider it useful to put constraints on these theoreti-
cal considerations, because, for the samples investigated here, 
we cannot exclude the possibility of appreciable fluctuations in 
the concentration of supermassive nuclei caused by fraction-
ations during chemical processes in the early Universe. Further 
studies of primitive meteorites, which have not been subjected 
to gravitational effects and whose composition reflects the 
primordial abundance of nuclei, may provide appropriate data 
from which to extract such constraints. 
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Fig. I A schematic diagram of the proposed high-sensitivity 
experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
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5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
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quarks, however, the Fermi energies in the system can be lowered 
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Strange matter comprises roughly equal numbers of up (u), down 
(d) and strange (s) quarks, in contrast to nuclear matter, for wbicb 
s quarks are absent. The theoretical possibility1

-
7 that S-drops 

(small 'bags' of strange matter) may not only be metastable, but 
might become absolutely stable if grown to sufficient size, would 
have consequences of tbe greatest importance. In particular, this 
form of matter could provide tbe basis for a compact energy source. 
Here we describe a hypothetical experiment to explore this possi-
bility. Tbe first step is tbe production and detection of S-drops in 
relativistic heavy-ion collisions. Previously, we have estimated8 tbe 
efficiency of production of S-drops by tbe process of fragmentation 
of quarks into badrons following formation of bot quark-gluon 
matter. The proposed experiment would initially produce and detect 
S-drops of charge Z =-I in present CERN and BNL facilities. 
The next step would be to grow small, positively charged S-drops 
to large stable S-drops tbrougb neutron capture in a confining 
apparatus. These two steps could provide the scientific basis for 
subsequent engineering studies of S-drops as an energy source. 

Considerable theoretical interest has centred on the intriguing 
possibility that not only may S-drops be very long-lived, but 
large extended such objects, comprising strange matter (S-
matter), might be absolutely stable. A nucleus of baryon number 
A consists of neutrons and protons, each of which is made up 
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Fig. I A schematic diagram of the proposed high-sensitivity 
experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
of processes on collision of the beam with target T, . b, S-drops 
5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
relativistic S-drops is made by secondary collisions in the down-
stream target T2 , producing a large number of K and A particles. 

of three (massless) non-strange quarks (udd and uud respec-
tively) confined to a small 'bag'. Consider a single bag enclosing 
a total of 3A u and d quarks. This has a higher energy then the 
standard nucleus A. By replacing some u and d quarks by s 
quarks, however, the Fermi energies in the system can be lowered 
significantly. Neglecting the strange quark mass, m., the number 
of strange quarks n, in this S-drop should be 

Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
stable, that is, the energy per baryon is <938 MeV. This has 
important implications for S-drops: neutron stars might actually 
consist of S-matter with essentially no crust, a possibility with 
interesting astrophysical consequences5•9 - 13 • Of more general 
significance, however, is the possibility that a drop of stable 
S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 

Using the Fermi-gas model with lowest-order quantum 
chromodynamics ( QCD) corrections, Farhi and Jaffe6 calculated 
that S-matter could be stable for an appreciable range of values 
of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 
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• This relative energy is rather insensitive to the 
choice of Eo (in the range 900-935 MeV). We note that an S-drop 5 Az = - 1620- 1 would have an energy ll.E = 40 MeV above the ground state 
-

16202
, and ll.E = 20 MeV above the - 1620° state to which it will decay by tl-emission - 1620°+e- -ve. By scaling tabulated tl-decay rates, we 

obtain the lifetime r 103 (llE (MeV)/20)5 s-1. Thus, this Z = -1 S-drop would live much longer than is necessary to perform the 
experiment proposed in Fig. 1. b, Same as a, but for A= 100 (for which Ymin = 19 and Zmin = 8). 

and separation of the metastable (positive-Z) S-drops. We note 
that experimental and theoretical examination of the S-drops 
so produced, and their decays, will provide important informa-
tion concerning the nature of the mass formula. The energy per 
baryon of stable infinite S-matter, E0 , will thus be determined, 
as well as the quantitative details of the shell effects considered 
by Takahashi and Boyd20. 

The S drops produced and separated in the heavy-ion col-
lisions should be grown as quickly as possible for at least the 
following reasons: (I) although stable against neutron emission 
for certain values of e0 (see Fig. 2), these S-drops might be 
unstable against a-decay, with lifetimes which, because of the 
Coulomb barrier, are long on experimental timescales (seconds) 
but not in relation to the needs for storage; (2) their binding 
energy per baryon grows with A; (3) their neutron-absorption 
cross-section increases as A213 ; (4) their 'sticking' probability 
to a surface increases with A (that is, their thermal velocity 
decreases). Thus we propose a technique for rapid growth of 
relatively small (perhaps 30) S-drops to considerably larger 
(perhaps A> 104

) ones, by passing through liquid deuterium in 
a confining apparatus as shown in Fig. 4. The small relativistic 
metastable 5 drops are slowed down in a linear electro-
static decelerator to non-relativistic velocities. Near the end of 
this decelerator would be a tank of liquid hydrogen of length 
such that an S-drop passing through it would pick up two protons 
and emerge with a charge Z = 1. (Once Z = -1 S-drops are 
detected, one could infer that Z > 0 S-drops are also being 
produced at still higher rates. A major effort should then be 
made to optimize the production and the separation of these 
Z > 0 S-drops. This in tum would enable Z > 0 S-drops to be 
injected directly into the decelerator, obviating the need for a 
liquid-hydrogen tank.) An emerging drop is then circu-
lated through the liquid-deuterium tanks, where it picks up 
neutrons with a cross-section that we estimate (from nuclear 
(D, p) reactions) to be -(A/30)213 10-25 cm2• An absorbed 
neutron in the S-drop would project onto its quark degrees of 
freedom and decay very rapidly by y-transitions to the lowest 
allowed u and d levels. As neutrons are absorbed, the Fermi 
level of the d quarks increases relative to that of the s quarks, 
until s transition takes place with subsequent y-emission: 

following neutron capture, an S-drop 5 Az will relax towards its 
energy minimum by strangeness-changing weak decay 5 Az 
(

5
-

1Az)*, which essentially changes ad quark to an s quark 
(u s+ u) in a charged weak-current interaction. The asterisk 
indicates an excited state, which decays rapidly by y-emission. 
Scaling the similar decay (K+ 7T + 1r

0
), we obtain a decay rate 

5 (.iE(MeV))
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_ 1 . 
20 

s (2) 

The E( Y) curves required to evaluate (2) (where Y is the 
hyperchange A+ S) are numerically very similar to the E(Z) 
curves in Fig. 3. 

Thus the S-drop grows and becomes more stable; we envisage 
small initial S-drops (A= 30-50, for which Zrnin = 3) growing 
to a size 104

. Our rough calculations of absorption length, 
Coulomb barrier, time constants and so on seem reasonable for 
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Fig. 4 Schematic diagram of proposed apparatus for the rapid 
growing of small S-drops into large S-drops. These can be stored 
and used as a compact energy source, by feeding in slow neutrons. 
For each neutron absorbed by an S-drop, - (938- E 0 ) MeV of 

energy is released (mostly in y- rays). 

Our limits for the abundance of strange matter are close to 
the instructive estimates of De Rujula and Glashow3

. At present 
we do not consider it useful to put constraints on these theoreti-
cal considerations, because, for the samples investigated here, 
we cannot exclude the possibility of appreciable fluctuations in 
the concentration of supermassive nuclei caused by fraction-
ations during chemical processes in the early Universe. Further 
studies of primitive meteorites, which have not been subjected 
to gravitational effects and whose composition reflects the 
primordial abundance of nuclei, may provide appropriate data 
from which to extract such constraints. 
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Strange matter comprises roughly equal numbers of up (u), down 
(d) and strange (s) quarks, in contrast to nuclear matter, for wbicb 
s quarks are absent. The theoretical possibility1
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7 that S-drops 

(small 'bags' of strange matter) may not only be metastable, but 
might become absolutely stable if grown to sufficient size, would 
have consequences of tbe greatest importance. In particular, this 
form of matter could provide tbe basis for a compact energy source. 
Here we describe a hypothetical experiment to explore this possi-
bility. Tbe first step is tbe production and detection of S-drops in 
relativistic heavy-ion collisions. Previously, we have estimated8 tbe 
efficiency of production of S-drops by tbe process of fragmentation 
of quarks into badrons following formation of bot quark-gluon 
matter. The proposed experiment would initially produce and detect 
S-drops of charge Z =-I in present CERN and BNL facilities. 
The next step would be to grow small, positively charged S-drops 
to large stable S-drops tbrougb neutron capture in a confining 
apparatus. These two steps could provide the scientific basis for 
subsequent engineering studies of S-drops as an energy source. 

Considerable theoretical interest has centred on the intriguing 
possibility that not only may S-drops be very long-lived, but 
large extended such objects, comprising strange matter (S-
matter), might be absolutely stable. A nucleus of baryon number 
A consists of neutrons and protons, each of which is made up 
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Fig. I A schematic diagram of the proposed high-sensitivity 
experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
of processes on collision of the beam with target T, . b, S-drops 
5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
relativistic S-drops is made by secondary collisions in the down-
stream target T2 , producing a large number of K and A particles. 

of three (massless) non-strange quarks (udd and uud respec-
tively) confined to a small 'bag'. Consider a single bag enclosing 
a total of 3A u and d quarks. This has a higher energy then the 
standard nucleus A. By replacing some u and d quarks by s 
quarks, however, the Fermi energies in the system can be lowered 
significantly. Neglecting the strange quark mass, m., the number 
of strange quarks n, in this S-drop should be 

Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
stable, that is, the energy per baryon is <938 MeV. This has 
important implications for S-drops: neutron stars might actually 
consist of S-matter with essentially no crust, a possibility with 
interesting astrophysical consequences5•9 - 13 • Of more general 
significance, however, is the possibility that a drop of stable 
S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 

Using the Fermi-gas model with lowest-order quantum 
chromodynamics ( QCD) corrections, Farhi and Jaffe6 calculated 
that S-matter could be stable for an appreciable range of values 
of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 

Our limits for the abundance of strange matter are close to 
the instructive estimates of De Rujula and Glashow3

. At present 
we do not consider it useful to put constraints on these theoreti-
cal considerations, because, for the samples investigated here, 
we cannot exclude the possibility of appreciable fluctuations in 
the concentration of supermassive nuclei caused by fraction-
ations during chemical processes in the early Universe. Further 
studies of primitive meteorites, which have not been subjected 
to gravitational effects and whose composition reflects the 
primordial abundance of nuclei, may provide appropriate data 
from which to extract such constraints. 
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form of matter could provide tbe basis for a compact energy source. 
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relativistic heavy-ion collisions. Previously, we have estimated8 tbe 
efficiency of production of S-drops by tbe process of fragmentation 
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experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
of processes on collision of the beam with target T, . b, S-drops 
5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
relativistic S-drops is made by secondary collisions in the down-
stream target T2 , producing a large number of K and A particles. 
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Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
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S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 
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of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 
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bility. Tbe first step is tbe production and detection of S-drops in 
relativistic heavy-ion collisions. Previously, we have estimated8 tbe 
efficiency of production of S-drops by tbe process of fragmentation 
of quarks into badrons following formation of bot quark-gluon 
matter. The proposed experiment would initially produce and detect 
S-drops of charge Z =-I in present CERN and BNL facilities. 
The next step would be to grow small, positively charged S-drops 
to large stable S-drops tbrougb neutron capture in a confining 
apparatus. These two steps could provide the scientific basis for 
subsequent engineering studies of S-drops as an energy source. 

Considerable theoretical interest has centred on the intriguing 
possibility that not only may S-drops be very long-lived, but 
large extended such objects, comprising strange matter (S-
matter), might be absolutely stable. A nucleus of baryon number 
A consists of neutrons and protons, each of which is made up 
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Fig. I A schematic diagram of the proposed high-sensitivity 
experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
of processes on collision of the beam with target T, . b, S-drops 
5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
relativistic S-drops is made by secondary collisions in the down-
stream target T2 , producing a large number of K and A particles. 

of three (massless) non-strange quarks (udd and uud respec-
tively) confined to a small 'bag'. Consider a single bag enclosing 
a total of 3A u and d quarks. This has a higher energy then the 
standard nucleus A. By replacing some u and d quarks by s 
quarks, however, the Fermi energies in the system can be lowered 
significantly. Neglecting the strange quark mass, m., the number 
of strange quarks n, in this S-drop should be 

Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
stable, that is, the energy per baryon is <938 MeV. This has 
important implications for S-drops: neutron stars might actually 
consist of S-matter with essentially no crust, a possibility with 
interesting astrophysical consequences5•9 - 13 • Of more general 
significance, however, is the possibility that a drop of stable 
S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 

Using the Fermi-gas model with lowest-order quantum 
chromodynamics ( QCD) corrections, Farhi and Jaffe6 calculated 
that S-matter could be stable for an appreciable range of values 
of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 

Our limits for the abundance of strange matter are close to 
the instructive estimates of De Rujula and Glashow3

. At present 
we do not consider it useful to put constraints on these theoreti-
cal considerations, because, for the samples investigated here, 
we cannot exclude the possibility of appreciable fluctuations in 
the concentration of supermassive nuclei caused by fraction-
ations during chemical processes in the early Universe. Further 
studies of primitive meteorites, which have not been subjected 
to gravitational effects and whose composition reflects the 
primordial abundance of nuclei, may provide appropriate data 
from which to extract such constraints. 
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Strange matter comprises roughly equal numbers of up (u), down 
(d) and strange (s) quarks, in contrast to nuclear matter, for wbicb 
s quarks are absent. The theoretical possibility1

-
7 that S-drops 

(small 'bags' of strange matter) may not only be metastable, but 
might become absolutely stable if grown to sufficient size, would 
have consequences of tbe greatest importance. In particular, this 
form of matter could provide tbe basis for a compact energy source. 
Here we describe a hypothetical experiment to explore this possi-
bility. Tbe first step is tbe production and detection of S-drops in 
relativistic heavy-ion collisions. Previously, we have estimated8 tbe 
efficiency of production of S-drops by tbe process of fragmentation 
of quarks into badrons following formation of bot quark-gluon 
matter. The proposed experiment would initially produce and detect 
S-drops of charge Z =-I in present CERN and BNL facilities. 
The next step would be to grow small, positively charged S-drops 
to large stable S-drops tbrougb neutron capture in a confining 
apparatus. These two steps could provide the scientific basis for 
subsequent engineering studies of S-drops as an energy source. 

Considerable theoretical interest has centred on the intriguing 
possibility that not only may S-drops be very long-lived, but 
large extended such objects, comprising strange matter (S-
matter), might be absolutely stable. A nucleus of baryon number 
A consists of neutrons and protons, each of which is made up 
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Fig. I A schematic diagram of the proposed high-sensitivity 
experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
of processes on collision of the beam with target T, . b, S-drops 
5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
relativistic S-drops is made by secondary collisions in the down-
stream target T2 , producing a large number of K and A particles. 

of three (massless) non-strange quarks (udd and uud respec-
tively) confined to a small 'bag'. Consider a single bag enclosing 
a total of 3A u and d quarks. This has a higher energy then the 
standard nucleus A. By replacing some u and d quarks by s 
quarks, however, the Fermi energies in the system can be lowered 
significantly. Neglecting the strange quark mass, m., the number 
of strange quarks n, in this S-drop should be 

Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
stable, that is, the energy per baryon is <938 MeV. This has 
important implications for S-drops: neutron stars might actually 
consist of S-matter with essentially no crust, a possibility with 
interesting astrophysical consequences5•9 - 13 • Of more general 
significance, however, is the possibility that a drop of stable 
S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 

Using the Fermi-gas model with lowest-order quantum 
chromodynamics ( QCD) corrections, Farhi and Jaffe6 calculated 
that S-matter could be stable for an appreciable range of values 
of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 
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Existence of a new ground state of baryonic matter implies … 
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A first-order QCD phase transition that occurred reversibly in the early universe would lead to a
surprisingly rich cosmological scenario. Although observable consequences mould not necessarily
survive, it is at least conceivable that the phase transition mould concentrate most of the quark ex-
cess ln dcnsc, lnvlslblc qualk nuggcts, prov1d1ng an cxplanat1on for thc dark matter ln terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon 1ess than 938
MeV. Tvvo Ielated issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.

Although the evidence is divided, various theoretical ar-
guments Rnd computer s1IQUlat1ons I'R1sc thc posslbi11ty
that the early universe may have undeI'gone a first-order
phase transition associated with QCD effects at a tem-
perature of order 100 MCV. (A true second-order QCD
phase transition in cosmology is implausible because in
nature there 1s no exact ch1I'Rl symmetry Rnd no exact cn"
terion for confinement. There may, however, have been a
period in which chiral-symmetry breaking turned on con-
tinuously but abruptly. If so, the thermal history of this
period can be calculated. ) Whether, with the actual
values of the @CD parameters, the early universe would
have undergone a first-order phase transition is something
that probably will only be settled by a future computer
simulation, In this paper, we will assume that a transition
from a state of quasifree light quarks to a state of mesons
and baryons occuI'red at T,—100—200 MCV and we will
cxploI'c thc consequences.
Recent investigations of this problem have con-

sidered the consequences of a departure from equilibrium„
and further thoughts along these hnes will be discussed in
an appendix to th1s papcI'. HcI'c, howcvcI, wc w111 assume
that a first-order @CD phase transition occurred smooth-
ly, without important departure from equilibrium. This
would occur if the rate for nucleating the low-temperature
phase by thermal fluctuations becomes large after relative-
ly small supercooling. In this context, "small" supercool-
ing means that the transition effectively occurs at a tem-
perature at which most of the latent heat between the two
phases still remains, so that phase coexistence can be es-
tablished after nucleation. Such behavior seems plausible
for strong interactions. Actually, in nature, first-order
phase tI'Rnsltlons RI'c most typically med1atcd by lmpurl"
ties, not thermal fluctuations. Even if the @CD dynamics
is unlucky, equilibrium will be maintained if the impurity
abundance 1S adequate. Even wlthoUt R dcta1lcd sccnar1Q~
it seems plausible to assume that equilibrium is main-
tRIIlcd to lligll RccuIRcy 111 R @CD phase tlaIlsitioll. As
wc w111 scc, th1s RppaI'cntly harmless assumpt1on has
surprising consequences. Some of the points that follow

have been made previously by Suhonen.
To fix ideas, consider first how an adiabatic first-order

transition unfolds if we ignore the tiny baryon asymmetry
(10 (nz/n& (10 ' ) in the Universe. At a temperature
just below T„bubbles of low-temperature phase appear.
Unlike the nonequilibrium situation, however, the bubbles
of low-temperature phase do not expand explosively. In a
first-order phase transition there is a difference. between
the energy density of the two phases, usually called the la-
tent heat. As the bubbles of low-temperature phase ex-
pand, they cxpcl heat into thc1I' surroundings, hcat1Ilg thc
h1gh"tcITlpc1atUrc phase up to T~. At this point thc prcs-
sure of the high-temperature phase prevents further ex-
pailsioll of tllc low-tclllpcl'Rtlll'c pllasc. Aftcl' Rll, T ls thc
tcnlpc1atUI'c at which thc two phases have cqUal p1cssuI'cs
and can coexist (Fig. 1).
As the Universe expands, it loses energy. Normally this

IcsUlts 1Q cooling, but Qot hcIc. Cocx1stcncc bctwccQ thc
h1gh- Rnd low-tcmpcrRturc phases 1s poss1blc only Rt 1~
(ignoring the tiny quark and lepton chemical potentials),
and as long as both phases are present the loss of energy
docs Qot IcsUlt 1Q GQO11ng, bUt ln an cxpans1QQ of the bub-
bles of low-temperature phase at the expense of the re-
gions of high-temperature phase. The Universe remains

FICi. 1. Isolated expanding bubbles of low-temperature
phase ln thc h1gh-tcmpcratuI'c phase.
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at T, until the full latent heat I. of the transition is elim-
inated. If p is the energy density of the Universe
(p-T, ), then the time scale for this is of order I./p
times the cosmic expansion time I/Ho-Mpi/T, . For
the QCD transition, it is plausible that I./p- l.
Thus, the bubbles of low-temperature phase slowly ex-

pand. When they occupy roughly 30—50%%uo of the total
volume, they meet and percolate (Fig. 2). At this point
the bubbles have a characteristic radius Ro, depending on
how the transition was nucleated. The scenario below is
simplest if Ro(10 cm (the baryon diffusion length).
ThIs 1s a long dIstancc by hadroMC standards; It corre-
sponds to 10 nucleation events per cubic fermi. We
also will discuss a variant of the scenario which may still
operate if Ro ~~10 cm.
When bubbles collide, we must take surface tension into

account. An isolated bubble is essentially spherical.
%hen bubbles Glcct Rnd pcI'colatc, howcvcI', they arrange
themselves into a system of fewer, larger bubbles to mini-
mize the surface area. We must estimate the time scale
for this process.
If two bubbles of radius R collide and form a single

bubble of radius 2'~ R, the energy is lowered by
hE-crR, where o is the surface tension between the two
phases. The force acting is I' -4E/R -oR, since energy
b.E is released in a distance R. The fluid mass that must
be moved is M-pR 3, and it must be moved a distance of
order R. A force Fwill move a mass Ma distance R in a
time r -(MR/F)' . If o -T, and p- T, , then

Requiring that this time be less than the expansion time
Mpi/T, gives R (Mpi ~ T, ~, which is of order
1—10 cm for reasonable T, . Thus, surface tension causes
the bubbles to coalesce until reaching a characteristic scale
R i of a few centimeters.
For a brief period, this bubble coalescence is the fastest

important process, but once the bubbles are close to the
characteristic size Ri the bubble coalescence effectively
stops, and we must again take account of the expansion of
the Universe and the corresponding removal of heat. The
dilute regions of low-temperature phase grow and soon
occupy more than half thc volume. When the high-
temperature phase fills only 30—50% of the total volume,
the tables are turned; the dense regions of high-

temperature phase detach into isolated, roughly spherical
bubbles (Fig. 3). They have at this point a characteristic
size Ri, since they form from the "holes" between ex-
panding regions of low-temperature phase of size Ri.
Further expansion results in a loss of heat and a further
shrinking of the dense bubbles of high-temperature phase,
until finally they disappear.
%'c must ask whether thermal equilibrium is main-

tained in this process. In fact, heat conduction is very
rapid in the epoch under consideration because there are
particles (photons, charged leptons, and especially neutri-
nos) with very long mean-free paths. Actually, sound
waves also provide a very fast mechanism for equilibra-
tion of temperature. As in any fluid, sound waves rapidly
establish a pressure equilibrium in the cosmic fluid. Un-
like an ordinary liquid or gas, however, the cosmic fluid
has the property that temperature is the only thermo-
dynamic variable, since there is no conserved charge (ex-
cept the tiny baryon and lepton excesses), so that the pres-
sure is a definite function of temperature, and pressure
equilibrium means temperature equihbrium. (In an ordi-
nary fluid, the pressure depends on the temperature and
on the density of atoms. ) Therefore, thermal equilibrium
is a IcasonRblc assumption.
We have so far assumed that the original scale Ro of

bubble coalescence is small, in which case the effective
bubble size R i is determined by surface tension and is in-
dependent of Ro. It is perfectly plausible for Ro to be
small, especially in a system with strong interactions; Ro
might even be zero if the phase transition occurs by spino-
dal decomposition rather than nucleation. However, it
might be that Ro is large; Hogan has shown that in the
@CD transition, Ro could plausibly be as big as about 10
cm (less than the horizon length Mpi/T by a factor of 4
ln Mpi/T, ). In that case, how might the bubbles be ex-
pected to grow'7
At zero temperature, bubbles of true vacuum grow at

the speed of light. At nonzero temperature, but far from
equilibrium, bubbles grow explosively, faster than sound,
but slower than light. The latter process is similar to a
detonation wave in fluid mechanics. ' In strong interac-
tions, however, it is quite plausible that the temperature T
at which nucleation occurs is very close to T„at the same
time that the mean distance Ro between nuclei may be

FIG. 2. The expanding bubbles meet.
FIG. 3. Isolated shrinking bubbles of the high-temperature

phase.

QCD phase transition, if first-order, can generate 
quark nuggets with large mass, providing a DM 
candidate without BSM [Witten PRD 30 (1984)]
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Figure 3. Constraints on the Macro cross section and mass (as-
suming the Macros have a single mass), including the Macro-
photon constraints and applicable for both elastically- and
inelastically-scattering candidates. In red are the femto- and
micro-lensing constraints, while in grey are the CMB-inferred
constraints (see text for references). The black and green lines
correspond to objects of constant density 1 g cm�3 and 3.6 ⇥

1014 g cm�3, respectively. Black hole candidates lie on the ma-
genta line, however, these may be ruled out for other reasons
(see Capela et al. (2013b,a); Pani & Loeb (2014); Defillon et al.
(2014)); objects within the hatched region in the bottom-right
corner should not exist as they would simply be denser than black
holes of the same mass.

3.1.1 Model III

Since a detailed description of the core charge distribution
within the Macro is unknown, we take it to be uniform.
In the places/eras of interest, the Macros will be immersed
in a fluid of protons, electrons and, depending on the era,
positrons. We will assume the overall distribution of the fluid
to be determined by the hydrostatic equilibrium between the
fluid pressure and the electrostatic force.

Recall that the number densities and pressures of a
fermion species are given by

ni =
1
⇡2

Z 1

mi

d eE
eE
q

eE2 �m
2

i

e
( eE+Vi�µi)/T + 1

(33)
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Z 1
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eE2
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⌘3/2

e
( eE+Vi�µi)/T + 1

, (34)

where here eE is only the relativistic part of the energy, i.e.
E = eE + Vi, where E is the full energy eigenvalue of the
Hamiltonian. Using this definition, the chemical potentials,
µi are the same as their background values in the absence
of the Macro. In the classical limit, applicable in the cases
of interest, the exponential dominates in the denominators
and one finds

ni = e
�Vi/T n̄i (35)

Pi = e
�Vi/T n̄iT , (36)

where the barred values are the background values, and we
have defined Ve� ⌘ V so that Ve+ = Vp = �V .

Since the system is taken to be spherically symmetric,
the condition for electric hydrostatic equilibrium is

dP

dr
=

Qint(r)↵
r2

(�ne� + ne+ + np) , (37)

where Qint (r) is the (integer) charge within a sphere of ra-
dius, r, and is given by

Qint (r) =

8
>><

>>:

QX

✓
r
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◆3
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Z
r

0

der er2 (np + ne+ � ne�)

QX + 4⇡

Z
r

0

der er2 (np + ne+ � ne�) ,

(38)
where the top and bottom lines apply for r < RX and
r > RX, respectively. In the limit r ! 0, one can show
that dP/dr ! 0 for a reasonably well-behaved potential8,
indicating

V
0(0) = 0 . (39)

The other boundary condition on V comes from the require-
ment

lim
r!1

V (r) ! 0 (40)

The value of V (0) will generally not be known, except for
when a full analytic solution for V (r) is available, hence nu-
merical “shooting” will be required in order to numerically
evolve V (r) from r = 0. The di↵erential equation to solve is
found by taking a derivate of (37) with respect to r, which
simply results in a version of the Poisson equation9

V
00(r)+

2
r
V

0(r) = 4⇡↵

✓
±n⇥(RX � r)+np +ne+ �ne�

◆
,

(41)
where n ⌘ 3 |QX| /(4⇡R

3

X), and upper or lower signs refer
to QX > 0 or QX < 0, respectively. After dividing by T ,
defining q

2
⌘ 4⇡↵n/T , y ⌘ qr, and v(y) ⌘ V/T , we arrive

at the dimensionless equation

v̈(y) +
2
y
v̇(y) = ±⇥ (yX � y) +

np + ne+ � ne�

n
, (42)

where a dot is a derivative with respect to y and yX ⌘ qRX.
Generally, this equation must be solved numerically; how-
ever, in the case |v(y)| ⌧ 1 it is easy to show that

np + ne+ � ne� ' (n̄p + n̄e+ + n̄e�) v(y) (43)

due to overall charge neutrality. Therefore the solution to
(42) is approximately

v(y) =

8
>><

>>:
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±c2
e
�ay

y
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(44)

where a
2
⌘ n̄/n and n̄ ⌘ n̄p + n̄e+ + n̄e� . By the matching

of v(yX) and v̇(yX) at yX we learn

c1 =
1

2a3
e
�ayX (1 + ayX) (45)

c2 =
1
a3

(sinh ayX � ayX cosh ayX) . (46)

8 This is true if V (r) is finite at r = 0, for example.
9 This is consistent with our convention that V = �e�, where
� is the electrostatic potential; it satisfies r

2� = �⇢, where ⇢ is
the charge density.
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Why is “QM hypothesis” interesting?

New type of energy source New type of compact stars
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Fig. 3 a, Energy of the S-drop E(Z), calculated using the mass relation of ref. 7, as a function of Z relative to its minimum value Emin 
( = E( Y = Ymin =4, Z = Zmin =2)), for A=20, Y = Ymin• E0 =920 Mev and m5 = 150 MeV/c2

• This relative energy is rather insensitive to the 
choice of Eo (in the range 900-935 MeV). We note that an S-drop 5 Az = - 1620- 1 would have an energy ll.E = 40 MeV above the ground state 
-

16202
, and ll.E = 20 MeV above the - 1620° state to which it will decay by tl-emission - 1620°+e- -ve. By scaling tabulated tl-decay rates, we 

obtain the lifetime r 103 (llE (MeV)/20)5 s-1. Thus, this Z = -1 S-drop would live much longer than is necessary to perform the 
experiment proposed in Fig. 1. b, Same as a, but for A= 100 (for which Ymin = 19 and Zmin = 8). 

and separation of the metastable (positive-Z) S-drops. We note 
that experimental and theoretical examination of the S-drops 
so produced, and their decays, will provide important informa-
tion concerning the nature of the mass formula. The energy per 
baryon of stable infinite S-matter, E0 , will thus be determined, 
as well as the quantitative details of the shell effects considered 
by Takahashi and Boyd20. 

The S drops produced and separated in the heavy-ion col-
lisions should be grown as quickly as possible for at least the 
following reasons: (I) although stable against neutron emission 
for certain values of e0 (see Fig. 2), these S-drops might be 
unstable against a-decay, with lifetimes which, because of the 
Coulomb barrier, are long on experimental timescales (seconds) 
but not in relation to the needs for storage; (2) their binding 
energy per baryon grows with A; (3) their neutron-absorption 
cross-section increases as A213 ; (4) their 'sticking' probability 
to a surface increases with A (that is, their thermal velocity 
decreases). Thus we propose a technique for rapid growth of 
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Our limits for the abundance of strange matter are close to 
the instructive estimates of De Rujula and Glashow3

. At present 
we do not consider it useful to put constraints on these theoreti-
cal considerations, because, for the samples investigated here, 
we cannot exclude the possibility of appreciable fluctuations in 
the concentration of supermassive nuclei caused by fraction-
ations during chemical processes in the early Universe. Further 
studies of primitive meteorites, which have not been subjected 
to gravitational effects and whose composition reflects the 
primordial abundance of nuclei, may provide appropriate data 
from which to extract such constraints. 
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Strange matter comprises roughly equal numbers of up (u), down 
(d) and strange (s) quarks, in contrast to nuclear matter, for wbicb 
s quarks are absent. The theoretical possibility1

-
7 that S-drops 

(small 'bags' of strange matter) may not only be metastable, but 
might become absolutely stable if grown to sufficient size, would 
have consequences of tbe greatest importance. In particular, this 
form of matter could provide tbe basis for a compact energy source. 
Here we describe a hypothetical experiment to explore this possi-
bility. Tbe first step is tbe production and detection of S-drops in 
relativistic heavy-ion collisions. Previously, we have estimated8 tbe 
efficiency of production of S-drops by tbe process of fragmentation 
of quarks into badrons following formation of bot quark-gluon 
matter. The proposed experiment would initially produce and detect 
S-drops of charge Z =-I in present CERN and BNL facilities. 
The next step would be to grow small, positively charged S-drops 
to large stable S-drops tbrougb neutron capture in a confining 
apparatus. These two steps could provide the scientific basis for 
subsequent engineering studies of S-drops as an energy source. 

Considerable theoretical interest has centred on the intriguing 
possibility that not only may S-drops be very long-lived, but 
large extended such objects, comprising strange matter (S-
matter), might be absolutely stable. A nucleus of baryon number 
A consists of neutrons and protons, each of which is made up 
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Fig. I A schematic diagram of the proposed high-sensitivity 
experiment to detect Z = - 1 S-drops at CERN and BNL. a, 
Literally hundreds of secondaries will be produced in several types 
of processes on collision of the beam with target T, . b, S-drops 
5 A z - - • with momentum given by equation (I) are separated in 
the magnetic spectrometer. c, Positive identification of separated 
relativistic S-drops is made by secondary collisions in the down-
stream target T2 , producing a large number of K and A particles. 

of three (massless) non-strange quarks (udd and uud respec-
tively) confined to a small 'bag'. Consider a single bag enclosing 
a total of 3A u and d quarks. This has a higher energy then the 
standard nucleus A. By replacing some u and d quarks by s 
quarks, however, the Fermi energies in the system can be lowered 
significantly. Neglecting the strange quark mass, m., the number 
of strange quarks n, in this S-drop should be 

Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
stable, that is, the energy per baryon is <938 MeV. This has 
important implications for S-drops: neutron stars might actually 
consist of S-matter with essentially no crust, a possibility with 
interesting astrophysical consequences5•9 - 13 • Of more general 
significance, however, is the possibility that a drop of stable 
S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 

Using the Fermi-gas model with lowest-order quantum 
chromodynamics ( QCD) corrections, Farhi and Jaffe6 calculated 
that S-matter could be stable for an appreciable range of values 
of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 

Our limits for the abundance of strange matter are close to 
the instructive estimates of De Rujula and Glashow3

. At present 
we do not consider it useful to put constraints on these theoreti-
cal considerations, because, for the samples investigated here, 
we cannot exclude the possibility of appreciable fluctuations in 
the concentration of supermassive nuclei caused by fraction-
ations during chemical processes in the early Universe. Further 
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to gravitational effects and whose composition reflects the 
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of three (massless) non-strange quarks (udd and uud respec-
tively) confined to a small 'bag'. Consider a single bag enclosing 
a total of 3A u and d quarks. This has a higher energy then the 
standard nucleus A. By replacing some u and d quarks by s 
quarks, however, the Fermi energies in the system can be lowered 
significantly. Neglecting the strange quark mass, m., the number 
of strange quarks n, in this S-drop should be 

Chin and Kerman3 calculated that S-drops with A> 10 and 
nJ A > 0.8 would be metastable with lifetimes T > 10-4 s. More 
recently, Witten5 made the startling suggestion that very large 
S-drops, indeed S-matter, with n./ A= 1 might be absolutely 
stable, that is, the energy per baryon is <938 MeV. This has 
important implications for S-drops: neutron stars might actually 
consist of S-matter with essentially no crust, a possibility with 
interesting astrophysical consequences5•9 - 13 • Of more general 
significance, however, is the possibility that a drop of stable 
S-matter could be used as an energy source, because, unlike 
nuclei, S-drops become more stable as they grow. It is this 
exciting idea that we wish to discuss here. 

Using the Fermi-gas model with lowest-order quantum 
chromodynamics ( QCD) corrections, Farhi and Jaffe6 calculated 
that S-matter could be stable for an appreciable range of values 
of the QCD coupling strength and of m, . Bethe et al. 14 argued 
against S-matter having a lower energy than nuclear matter. 
However, those authors approximated S-matter as being 
equivalent to an interacting gas of A particles, which is not a 
convincing model. As it seems likely that QCD calculations will 
not be accurate enough in the foreseeable future to give a 
definitive prediction on the stability of S-matter, experimental 

a neutron absorbed by an S-drop   

Cold dark matter candidate

Existence of a new ground state of baryonic matter implies … 

energy ~(938-E0) MeV released in y-rays  

PHYSICAL REVIEW 0 VOLUME 30, NUMBER 2

Cosmic separation of phases
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A first-order QCD phase transition that occurred reversibly in the early universe would lead to a
surprisingly rich cosmological scenario. Although observable consequences mould not necessarily
survive, it is at least conceivable that the phase transition mould concentrate most of the quark ex-
cess ln dcnsc, lnvlslblc qualk nuggcts, prov1d1ng an cxplanat1on for thc dark matter ln terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon 1ess than 938
MeV. Tvvo Ielated issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may
have produced a detectable gravitational signal.

Although the evidence is divided, various theoretical ar-
guments Rnd computer s1IQUlat1ons I'R1sc thc posslbi11ty
that the early universe may have undeI'gone a first-order
phase transition associated with QCD effects at a tem-
perature of order 100 MCV. (A true second-order QCD
phase transition in cosmology is implausible because in
nature there 1s no exact ch1I'Rl symmetry Rnd no exact cn"
terion for confinement. There may, however, have been a
period in which chiral-symmetry breaking turned on con-
tinuously but abruptly. If so, the thermal history of this
period can be calculated. ) Whether, with the actual
values of the @CD parameters, the early universe would
have undergone a first-order phase transition is something
that probably will only be settled by a future computer
simulation, In this paper, we will assume that a transition
from a state of quasifree light quarks to a state of mesons
and baryons occuI'red at T,—100—200 MCV and we will
cxploI'c thc consequences.
Recent investigations of this problem have con-

sidered the consequences of a departure from equilibrium„
and further thoughts along these hnes will be discussed in
an appendix to th1s papcI'. HcI'c, howcvcI, wc w111 assume
that a first-order @CD phase transition occurred smooth-
ly, without important departure from equilibrium. This
would occur if the rate for nucleating the low-temperature
phase by thermal fluctuations becomes large after relative-
ly small supercooling. In this context, "small" supercool-
ing means that the transition effectively occurs at a tem-
perature at which most of the latent heat between the two
phases still remains, so that phase coexistence can be es-
tablished after nucleation. Such behavior seems plausible
for strong interactions. Actually, in nature, first-order
phase tI'Rnsltlons RI'c most typically med1atcd by lmpurl"
ties, not thermal fluctuations. Even if the @CD dynamics
is unlucky, equilibrium will be maintained if the impurity
abundance 1S adequate. Even wlthoUt R dcta1lcd sccnar1Q~
it seems plausible to assume that equilibrium is main-
tRIIlcd to lligll RccuIRcy 111 R @CD phase tlaIlsitioll. As
wc w111 scc, th1s RppaI'cntly harmless assumpt1on has
surprising consequences. Some of the points that follow

have been made previously by Suhonen.
To fix ideas, consider first how an adiabatic first-order

transition unfolds if we ignore the tiny baryon asymmetry
(10 (nz/n& (10 ' ) in the Universe. At a temperature
just below T„bubbles of low-temperature phase appear.
Unlike the nonequilibrium situation, however, the bubbles
of low-temperature phase do not expand explosively. In a
first-order phase transition there is a difference. between
the energy density of the two phases, usually called the la-
tent heat. As the bubbles of low-temperature phase ex-
pand, they cxpcl heat into thc1I' surroundings, hcat1Ilg thc
h1gh"tcITlpc1atUrc phase up to T~. At this point thc prcs-
sure of the high-temperature phase prevents further ex-
pailsioll of tllc low-tclllpcl'Rtlll'c pllasc. Aftcl' Rll, T ls thc
tcnlpc1atUI'c at which thc two phases have cqUal p1cssuI'cs
and can coexist (Fig. 1).
As the Universe expands, it loses energy. Normally this

IcsUlts 1Q cooling, but Qot hcIc. Cocx1stcncc bctwccQ thc
h1gh- Rnd low-tcmpcrRturc phases 1s poss1blc only Rt 1~
(ignoring the tiny quark and lepton chemical potentials),
and as long as both phases are present the loss of energy
docs Qot IcsUlt 1Q GQO11ng, bUt ln an cxpans1QQ of the bub-
bles of low-temperature phase at the expense of the re-
gions of high-temperature phase. The Universe remains

FICi. 1. Isolated expanding bubbles of low-temperature
phase ln thc h1gh-tcmpcratuI'c phase.
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at T, until the full latent heat I. of the transition is elim-
inated. If p is the energy density of the Universe
(p-T, ), then the time scale for this is of order I./p
times the cosmic expansion time I/Ho-Mpi/T, . For
the QCD transition, it is plausible that I./p- l.
Thus, the bubbles of low-temperature phase slowly ex-

pand. When they occupy roughly 30—50%%uo of the total
volume, they meet and percolate (Fig. 2). At this point
the bubbles have a characteristic radius Ro, depending on
how the transition was nucleated. The scenario below is
simplest if Ro(10 cm (the baryon diffusion length).
ThIs 1s a long dIstancc by hadroMC standards; It corre-
sponds to 10 nucleation events per cubic fermi. We
also will discuss a variant of the scenario which may still
operate if Ro ~~10 cm.
When bubbles collide, we must take surface tension into

account. An isolated bubble is essentially spherical.
%hen bubbles Glcct Rnd pcI'colatc, howcvcI', they arrange
themselves into a system of fewer, larger bubbles to mini-
mize the surface area. We must estimate the time scale
for this process.
If two bubbles of radius R collide and form a single

bubble of radius 2'~ R, the energy is lowered by
hE-crR, where o is the surface tension between the two
phases. The force acting is I' -4E/R -oR, since energy
b.E is released in a distance R. The fluid mass that must
be moved is M-pR 3, and it must be moved a distance of
order R. A force Fwill move a mass Ma distance R in a
time r -(MR/F)' . If o -T, and p- T, , then

Requiring that this time be less than the expansion time
Mpi/T, gives R (Mpi ~ T, ~, which is of order
1—10 cm for reasonable T, . Thus, surface tension causes
the bubbles to coalesce until reaching a characteristic scale
R i of a few centimeters.
For a brief period, this bubble coalescence is the fastest

important process, but once the bubbles are close to the
characteristic size Ri the bubble coalescence effectively
stops, and we must again take account of the expansion of
the Universe and the corresponding removal of heat. The
dilute regions of low-temperature phase grow and soon
occupy more than half thc volume. When the high-
temperature phase fills only 30—50% of the total volume,
the tables are turned; the dense regions of high-

temperature phase detach into isolated, roughly spherical
bubbles (Fig. 3). They have at this point a characteristic
size Ri, since they form from the "holes" between ex-
panding regions of low-temperature phase of size Ri.
Further expansion results in a loss of heat and a further
shrinking of the dense bubbles of high-temperature phase,
until finally they disappear.
%'c must ask whether thermal equilibrium is main-

tained in this process. In fact, heat conduction is very
rapid in the epoch under consideration because there are
particles (photons, charged leptons, and especially neutri-
nos) with very long mean-free paths. Actually, sound
waves also provide a very fast mechanism for equilibra-
tion of temperature. As in any fluid, sound waves rapidly
establish a pressure equilibrium in the cosmic fluid. Un-
like an ordinary liquid or gas, however, the cosmic fluid
has the property that temperature is the only thermo-
dynamic variable, since there is no conserved charge (ex-
cept the tiny baryon and lepton excesses), so that the pres-
sure is a definite function of temperature, and pressure
equilibrium means temperature equihbrium. (In an ordi-
nary fluid, the pressure depends on the temperature and
on the density of atoms. ) Therefore, thermal equilibrium
is a IcasonRblc assumption.
We have so far assumed that the original scale Ro of

bubble coalescence is small, in which case the effective
bubble size R i is determined by surface tension and is in-
dependent of Ro. It is perfectly plausible for Ro to be
small, especially in a system with strong interactions; Ro
might even be zero if the phase transition occurs by spino-
dal decomposition rather than nucleation. However, it
might be that Ro is large; Hogan has shown that in the
@CD transition, Ro could plausibly be as big as about 10
cm (less than the horizon length Mpi/T by a factor of 4
ln Mpi/T, ). In that case, how might the bubbles be ex-
pected to grow'7
At zero temperature, bubbles of true vacuum grow at

the speed of light. At nonzero temperature, but far from
equilibrium, bubbles grow explosively, faster than sound,
but slower than light. The latter process is similar to a
detonation wave in fluid mechanics. ' In strong interac-
tions, however, it is quite plausible that the temperature T
at which nucleation occurs is very close to T„at the same
time that the mean distance Ro between nuclei may be

FIG. 2. The expanding bubbles meet.
FIG. 3. Isolated shrinking bubbles of the high-temperature

phase.

QCD phase transition, if first-order, can generate 
quark nuggets with large mass, providing a DM 
candidate without BSM [Witten PRD 30 (1984)]

8 D. M. Jacobs, G. D. Starkman, and B. W. Lynn

Figure 3. Constraints on the Macro cross section and mass (as-
suming the Macros have a single mass), including the Macro-
photon constraints and applicable for both elastically- and
inelastically-scattering candidates. In red are the femto- and
micro-lensing constraints, while in grey are the CMB-inferred
constraints (see text for references). The black and green lines
correspond to objects of constant density 1 g cm�3 and 3.6 ⇥

1014 g cm�3, respectively. Black hole candidates lie on the ma-
genta line, however, these may be ruled out for other reasons
(see Capela et al. (2013b,a); Pani & Loeb (2014); Defillon et al.
(2014)); objects within the hatched region in the bottom-right
corner should not exist as they would simply be denser than black
holes of the same mass.

3.1.1 Model III

Since a detailed description of the core charge distribution
within the Macro is unknown, we take it to be uniform.
In the places/eras of interest, the Macros will be immersed
in a fluid of protons, electrons and, depending on the era,
positrons. We will assume the overall distribution of the fluid
to be determined by the hydrostatic equilibrium between the
fluid pressure and the electrostatic force.

Recall that the number densities and pressures of a
fermion species are given by

ni =
1
⇡2

Z 1

mi

d eE
eE
q

eE2 �m
2

i

e
( eE+Vi�µi)/T + 1

(33)

Pi =
1

3⇡2

Z 1

mi

d eE

⇣
eE2

�m
2

i

⌘3/2

e
( eE+Vi�µi)/T + 1

, (34)

where here eE is only the relativistic part of the energy, i.e.
E = eE + Vi, where E is the full energy eigenvalue of the
Hamiltonian. Using this definition, the chemical potentials,
µi are the same as their background values in the absence
of the Macro. In the classical limit, applicable in the cases
of interest, the exponential dominates in the denominators
and one finds

ni = e
�Vi/T n̄i (35)

Pi = e
�Vi/T n̄iT , (36)

where the barred values are the background values, and we
have defined Ve� ⌘ V so that Ve+ = Vp = �V .

Since the system is taken to be spherically symmetric,
the condition for electric hydrostatic equilibrium is

dP

dr
=

Qint(r)↵
r2

(�ne� + ne+ + np) , (37)

where Qint (r) is the (integer) charge within a sphere of ra-
dius, r, and is given by

Qint (r) =

8
>><

>>:

QX

✓
r

RX

◆3

+ 4⇡

Z
r

0

der er2 (np + ne+ � ne�)

QX + 4⇡

Z
r

0

der er2 (np + ne+ � ne�) ,

(38)
where the top and bottom lines apply for r < RX and
r > RX, respectively. In the limit r ! 0, one can show
that dP/dr ! 0 for a reasonably well-behaved potential8,
indicating

V
0(0) = 0 . (39)

The other boundary condition on V comes from the require-
ment

lim
r!1

V (r) ! 0 (40)

The value of V (0) will generally not be known, except for
when a full analytic solution for V (r) is available, hence nu-
merical “shooting” will be required in order to numerically
evolve V (r) from r = 0. The di↵erential equation to solve is
found by taking a derivate of (37) with respect to r, which
simply results in a version of the Poisson equation9

V
00(r)+

2
r
V

0(r) = 4⇡↵

✓
±n⇥(RX � r)+np +ne+ �ne�

◆
,

(41)
where n ⌘ 3 |QX| /(4⇡R

3

X), and upper or lower signs refer
to QX > 0 or QX < 0, respectively. After dividing by T ,
defining q

2
⌘ 4⇡↵n/T , y ⌘ qr, and v(y) ⌘ V/T , we arrive

at the dimensionless equation

v̈(y) +
2
y
v̇(y) = ±⇥ (yX � y) +

np + ne+ � ne�

n
, (42)

where a dot is a derivative with respect to y and yX ⌘ qRX.
Generally, this equation must be solved numerically; how-
ever, in the case |v(y)| ⌧ 1 it is easy to show that

np + ne+ � ne� ' (n̄p + n̄e+ + n̄e�) v(y) (43)

due to overall charge neutrality. Therefore the solution to
(42) is approximately

v(y) =

8
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>>:
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1
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e
ay

� e
�ay

y

◆
(y < yX)

±c2
e
�ay

y
(y > yX) ,

(44)

where a
2
⌘ n̄/n and n̄ ⌘ n̄p + n̄e+ + n̄e� . By the matching

of v(yX) and v̇(yX) at yX we learn

c1 =
1

2a3
e
�ayX (1 + ayX) (45)

c2 =
1
a3

(sinh ayX � ayX cosh ayX) . (46)

8 This is true if V (r) is finite at r = 0, for example.
9 This is consistent with our convention that V = �e�, where
� is the electrostatic potential; it satisfies r

2� = �⇢, where ⇢ is
the charge density.
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Constraints on Macro Dark Matter 

[Jacobs, Starkman, Lynn, 
MNRAS 450(2014)]

Strange quark star

[Xu, ApJL 596 (2003)]

Strangeon stars: quark cluster

a large range 
of parameter 
space remains 
valid for quark 
nuggets 
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[Haensel, et al.  AA 160 (1986); Alcock, et al. ApJ 310 (1986)]



Quark matter may not be strange



3

Strange quark matter might be the ground state of baryonic matter at zero T and P, which 
doesn’t ruin the stability (or extremely long lifetime) of ordinary nuclei.

Strange quark matter hypothesis 

[Bodmer (1971); Witten (1984)]

Why strange quark matter (SQM) rather than ud quark matter (udQM)?

• Ordinary heavy nuclei will convert to udQM with the same A catastrophically fast

• Forming SQM needs simultaneous conversion of a sufficiently large number of 
down quark to strange quark via the weak interaction, so the probability is 
negligibly small

• In the context of MIT bag model, SQM has lower energy than udQM

3



Loopholes for SQM hypothesis 
• Empirical evidence? 

As the periodic table of elements ends for A>300, 
udQM could be the ground state and the catastrophic 
decay of ordinary nuclei would not happen as long as 
the minimal Amin>300 for udQM 

4



The MIT bag model may not adequately model the 
feedback of a dense quark gas on the QCD vacuum. 
Particularly, the badly broken flavor symmetry of u, 
d, s not reflected in the response of constituent 
quark masses to the gas.

Loopholes for SQM hypothesis 
• Empirical evidence? 

• Theoretical prediction? 

As the periodic table of elements ends for A>300, 
udQM could be the ground state and the catastrophic 
decay of ordinary nuclei would not happen as long as 
the minimal Amin>300 for udQM 
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In the bulk �0 = 0 suggests that p0F,f = 0, while at the boundary when � approaches the VEV with
�0 > 0, pF,f decreases. The radius of the nugget is defined by the boundary conditions: pF,f = 0,
�i = h�ii. This guarantees that ✏(r) = 0, p(r) = 0 for r > R.

2.1. Isospin breaking inside the nuggets

Definition with {�u,�d} or {�x,�3}?
Small isospin breaking due to the large ma0 = 980MeV, compared with m� & 600MeV. Shift of

force balancing points for small and large pF . When pF � mud, the fermion energy is independent
of the constituent mass, so the small isospin breaking in the meson field space has no impact.

2.2. Bulk limit

In the bulk limit we are interested in the total energy per baryon number,
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where pF,i = f1/3
i pF and �V is the scalar potential energy di↵erence between the bulk limit and

the minimum (vacuum). Minimization of the total energy for fixed baryon number is the same as to
minimize ✏/nA. Under the large and small momentum limit, it can be simplified as
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When pF is small, i.e. pF,d ⌧ ms and pF,s = 0 (fs = 0), the force balancing along the strange
direction requires �y to be close to the minimum valley of the potential (or close to its VEV). In
another word, the potential along the strange direction is too sti↵ at other place and the strange
fraction remains zero. With increasing pF , �x in the bulk limit moves towards the maximum of

4

quark fraction

SQM with comparable u, d, s 
attains the lowest kinetic 
energy with ms~100MeV  

BUT the bag constant 
might not be flavor 

independent 
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Quark Matter May Not Be Strange
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If quark matter is energetically favored over nuclear matter at zero temperature and pressure, then it has
long been expected to take the form of strange quark matter (SQM), with comparable amounts of u, d, and s
quarks. The possibility of quark matter with only u and d quarks (udQM) is usually dismissed because of
the observed stability of ordinary nuclei. However, we find that udQM generally has lower bulk energy per
baryon than normal nuclei and SQM. This emerges in a phenomenological model that describes the spectra
of the lightest pseudoscalar and scalar meson nonets. Taking into account the finite size effects, udQM can
be the ground state of baryonic matter only for baryon number A > Amin with Amin ≳ 300. This ensures the
stability of ordinary nuclei and points to a new form of stable matter just beyond the periodic table.
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Introduction.—Hadronic matter is usually thought to be
the ground state of baryonic matter (matter with a net
baryon number) at zero temperature and pressure. Then,
quark matter only becomes energetically favorable in an
environment like a heavy ion collider or deep inside a
neutron star. However, as proposed by Witten [1] (with
some relation to earlier work [2–5]), quark matter with
comparable numbers of u, d, and s, also called strange
quark matter (SQM), might be the ground state of baryonic
matter, with an energy per baryon ε≡ E=A even smaller
than 930 MeV for the most stable nuclei 56Fe.
With the lack of a first-principles understanding of the

strong dynamics, the MIT bag model [6] has long been
used as a simple approximation to describe quark matter. In
this model, constituent quark masses vanish inside the bag,
and SQM is found to reach lower energy than quark matter
with only u and d quarks (udQM). If SQM is the ground
state down to some baryon number Amin, as long as the
transition of ordinary heavy nuclei with A > Amin to SQM
needs a simultaneous conversion of a sufficiently large
number of down quarks to strange quarks, the conversion
rate can be negligibly small [7]. A faster catastrophic
conversion could occur if the ground state were instead
udQM. So, quite often, the energy per baryon is required to
satisfy εSQM ≲ 930 MeV≲ εudQM [7,8].
On the other hand, since the periodic table of elements

ends for A≳ 300, this catastrophe can be avoided if
Amin ≳ 300 for udQM. It is also recognized that the bag
model may not adequately model the feedback of a dense

quark gas on the QCD vacuum. How the u, d, and s
constituent quark masses respond to the gas should account
for the fact that flavor symmetry is badly broken in QCD.
This can be realized in a quark-meson model by incorpo-
rating in the meson potential the flavor-breaking effects
originating in the current quark masses. Through the
Yukawa term, the quark densities drive the scalar fields
away from their vacuum values. The shape of the potential
will then be important to determine the preferred form of
quark matter. This effect has already been seen in NJL and
quark-meson models [9–13]. These are studies in the bulk
limit, and they tend to find that udQM has a lower ε than
SQM, with the conclusion that neither is stable.
The possibility that udQM is actually the ground state of

baryonic matter has been ignored in the literature, but it
shall be our focus in this Letter. With an effective theory for
only the scalar and pseudoscalar nonets of the sub-GeV
mesons with Yukawa coupling to quarks, we demonstrate
a robust connection between the QCD spectrum and the
conditions for a udQM ground state in the bulk, i.e.,
εudQM ≲ 930 MeV and εudQM < εSQM. We shall also show
that surface effects are of a size that can ensure that Amin ≳
300 by numerically solving the scalar field equation of
motion. This points to the intriguing possibility that a
new form of stable matter consisting only of u and d quarks
might exist not far beyond the end of the periodic table.
The meson model.—Here we study an effective theory

describing the mass spectra and some decay rates of the
scalar and pseudoscalar nonets of the sub-GeV mesons.
The QCD degrees of freedom not represented by these
mesons are assumed to be integrated out and encoded in
the parameters of the phenomenological meson potential.
We view our description as dual to one that contains vector
mesons [14]. With the parameters determined from data,
we can then extrapolate from the vacuum field values to the
smaller field values of interest for quark matter.
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become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
meson fields of interest are [26,27]

∇2σnðrÞ ¼
∂V
∂σn þ g

X

i¼u;d

hψ̄ iψ ii;

∇2σsðrÞ ¼
∂V
∂σs þ

ffiffiffi
2

p
ghψ̄ sψ si; ð5Þ

where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]

ρψ ¼
X

i¼u;d;s

2NC

ð2πÞ3

Z
pFi

0
d3p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

q
;

ρϕ ¼ ΔV þ 1

2

X

i¼n;s

ð∇σiÞ2; ρZ ¼ 1

2

ffiffiffi
α

p
VCnZ; ð6Þ

where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2

3 nu −
1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼

R
R
0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark

TABLE II. The meson masses (in MeV), mixing angles, and
decay widths (in MeV, keV for scalar, pseudoscalar).

mπ mK mη m0
η θp

Exp. 138 496 548 958 ' ' '
Set 1 138 496 548 958 −15.0°
Set 2 148 454 569 922 −10.8°

ma0 mκ mσ mf0 θs
Exp. 980( 20 700–900 400–550 990( 20 ' ' '
Set 1 980 900 555 990 31.5°
Set 2 887 916 555 955 21.7°

Γη→γγ Γη0→γγ Γσ→ππ Γκ→Kπ
Exp. 0.52–0.54 4.2–4.5 400–700 ∼500
Set 1 0.59 4.90 442 451
Set 2 0.54 4.87 422 537

Γf0→ππ Rf0 Γa0→ηπ Ra0
Exp. 10–100 3.8–4.7 50-100 1.2–1.6
Set 1 11 4.3 37.4 2.4
Set 2 20 4.0 52.0 1.2
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FIG. 1. The field values σn, σs (blue dashed, left axis) and the
energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ

F , p̄F, and pðsÞ
F .
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become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
meson fields of interest are [26,27]
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where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]
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where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2

3 nu −
1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼

R
R
0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark

TABLE II. The meson masses (in MeV), mixing angles, and
decay widths (in MeV, keV for scalar, pseudoscalar).
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η θp
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FIG. 1. The field values σn, σs (blue dashed, left axis) and the
energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ
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Quark gas densities: 
depend on pFi = pF 𝑓i, 
quark masses inside

become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
meson fields of interest are [26,27]

∇2σnðrÞ ¼
∂V
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hψ̄ iψ ii;

∇2σsðrÞ ¼
∂V
∂σs þ

ffiffiffi
2

p
ghψ̄ sψ si; ð5Þ

where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]
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where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2

3 nu −
1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼

R
R
0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark
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decay widths (in MeV, keV for scalar, pseudoscalar).
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energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ
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become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
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∇2σnðrÞ ¼
∂V
∂σn þ g

X

i¼u;d

hψ̄ iψ ii;

∇2σsðrÞ ¼
∂V
∂σs þ

ffiffiffi
2

p
ghψ̄ sψ si; ð5Þ

where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar
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The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
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where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2
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VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼
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0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark
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become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
meson fields of interest are [26,27]

∇2σnðrÞ ¼
∂V
∂σn þ g

X

i¼u;d

hψ̄ iψ ii;

∇2σsðrÞ ¼
∂V
∂σs þ

ffiffiffi
2

p
ghψ̄ sψ si; ð5Þ

where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]

ρψ ¼
X

i¼u;d;s

2NC

ð2πÞ3

Z
pFi

0
d3p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

q
;

ρϕ ¼ ΔV þ 1

2

X

i¼n;s

ð∇σiÞ2; ρZ ¼ 1

2

ffiffiffi
α

p
VCnZ; ð6Þ

where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2

3 nu −
1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼

R
R
0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark

TABLE II. The meson masses (in MeV), mixing angles, and
decay widths (in MeV, keV for scalar, pseudoscalar).

mπ mK mη m0
η θp

Exp. 138 496 548 958 ' ' '
Set 1 138 496 548 958 −15.0°
Set 2 148 454 569 922 −10.8°

ma0 mκ mσ mf0 θs
Exp. 980( 20 700–900 400–550 990( 20 ' ' '
Set 1 980 900 555 990 31.5°
Set 2 887 916 555 955 21.7°

Γη→γγ Γη0→γγ Γσ→ππ Γκ→Kπ
Exp. 0.52–0.54 4.2–4.5 400–700 ∼500
Set 1 0.59 4.90 442 451
Set 2 0.54 4.87 422 537

Γf0→ππ Rf0 Γa0→ηπ Ra0
Exp. 10–100 3.8–4.7 50-100 1.2–1.6
Set 1 11 4.3 37.4 2.4
Set 2 20 4.0 52.0 1.2
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FIG. 1. The field values σn, σs (blue dashed, left axis) and the
energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ
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where ΔV is the potential energy with respect to the
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VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
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Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
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As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
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F , and at p̄F the minimal energy per baryon ε̄ is reached.
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densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
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momentum for each flavor, pFi ¼ pFfi1=3, where the quark
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the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]

ρψ ¼
X

i¼u;d;s

2NC

ð2πÞ3

Z
pFi

0
d3p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

q
;

ρϕ ¼ ΔV þ 1

2

X

i¼n;s

ð∇σiÞ2; ρZ ¼ 1

2

ffiffiffi
α

p
VCnZ; ð6Þ

where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2
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1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼
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0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark
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Explicit SU(3) flavor symmetry breaking incorporated 
in current quark masses: 

pseudoscalar 
scalar nonets

We find that a linear sigma model provides an adequate
description without higher-dimensional terms:

Lm ¼ Trð∂μΦ†∂μΦÞ − V; V ¼ V inv þ Vb; ð1Þ

whereΦ ¼ Taðσa þ iπaÞ is the meson field and Ta ¼ λa=2
(a ¼ 0;…; 8) denotes the nine generators of the flavor
Uð3Þ with TrðTaTbÞ ¼ δab=2. V inv is chirally invariant:

V inv ¼ λ1ðTrΦ†ΦÞ2 þ λ2Tr½ðΦ†ΦÞ2&
þm2TrðΦ†ΦÞ − cðdetΦþ H:c:Þ: ð2Þ

The c term is generated by the ’t Hooft operator.
Boundedness from below requires that λ1 þ λ2=2 > 0.
For there to be spontaneous symmetry breaking in the
absence of Vb requires that 8m2ð3λ1 þ λ2Þ < c2.
Vb ¼

P
8
i¼1 Vbi describes the explicit SUð3Þ flavor

breaking by incorporating the current quark mass matrix
M ¼ diagðmu0; md0; ms0Þ:

Vb1 ¼ b1TrðΦ†Mþ H:c:Þ;
Vb2 ¼ b2ϵijkϵmnlMimΦjnΦkl þ H:c:;

Vb3 ¼ b3TrðΦ†ΦΦ†MÞ þ H:c:;

Vb4 ¼ b4TrðΦ†ΦÞTrðΦ†MÞ þ H:c:;

Vb5 ¼ b5TrðΦ†MΦ†MÞ þ H:c:;

Vb6 ¼ b6TrðΦΦ†MM† þΦ†ΦM†MÞ;
Vb7 ¼ b7ðTrΦ†Mþ H:c:Þ2;
Vb8 ¼ b8ðTrΦ†M − H:c:Þ2: ð3Þ

Other possible terms have been eliminated by a field
redefinition [15]. We adopt ms0 ¼ 94 MeV and mu0;d0 ¼
mud0 ¼ 3.4 MeV [16]. This general set of terms is suc-
cessful at describing the lightest scalar and pseudoscalar
nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
sizes of the bi coefficients are made more meaningful by
normalizing with respect to the estimates of naive dimen-
sional analysis (NDA) [20] to obtain dimensionless NDA
couplings:

λ̄1;2 ¼
f2π
Λ2

λ1;2; m̄2 ¼ 1

Λ2
m2; c̄ ¼ fπ

Λ2
c;

b̄1 ¼
1

fπΛ
b1; b̄2 ¼

1

Λ
b2; b̄3;4 ¼

fπ
Λ

b3;4;

b̄5−8 ¼ b5−8; ð4Þ

where fπ is the pion decay constant and Λ ¼ 4πfπ is an
effective cutoff.
In the meson model, chiral symmetry breaking of

QCD is realized by the nonzero vacuum expectation values
of the neutral scalar meson fields at the potential minimum,

hΦi ¼ T0v0 þ T8v8 ¼ 1
2 diagðvn; vn;

ffiffiffi
2

p
vsÞ, where we

use the nonstrange and strange flavor basis: σn ¼
ð

ffiffiffi
2

p
=

ffiffiffi
3

p
Þσ0 þ ð1=

ffiffiffi
3

p
Þσ8, σs ¼ ð1=

ffiffiffi
3

p
Þσ0 − ð

ffiffiffi
2

p
=

ffiffiffi
3

p
Þσ8.

The deformation by M naturally implies an SUð3Þ break-
ing vacuum vn ≠

ffiffiffi
2

p
vs. A standard gauging of the model

then leads to vn ¼ fπ ¼ 92 MeV, vs ¼
ffiffiffi
2

p
fK − fπ=

ffiffiffi
2

p
¼

90.5 MeV [16,18].
The mass spectra for the scalar and pseudoscalar

nonets are derived by M2
s;ab ¼ ∂2V=∂σa∂σb and M2

p;ab ¼
∂2V=∂πa∂πb. With isospin symmetry, the eight indepen-
dent masses are m2

a0 ¼ M2
s;11, m2

κ ¼ M2
s;44, m2

π ¼ M2
p;11,

m2
K ¼ M2

p;44, and m2
σ , m2

f0
, m2

η, m2
η0 after diagonalizing

the (0,8) sectors. The rotations are defined as σ0 ¼
cos θsσ − sin θsf0, σ8 ¼ sin θsσ þ cos θsf0, and π0 ¼
cos θpη0 − sin θpη, π8 ¼ sin θpη0 þ cos θpη.
We solve the 12 free parameters (λ1; λ2; c; m2; b1;…; b8)

in Eq. (1) in terms of two decay constants, eight meson
masses, and two mixing angles. θp is related to the
diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the

meson model to study quark matter. Quark matter can

TABLE I. The NDA couplings for benchmarks.

λ̄1 λ̄2 m̄2 c̄ b̄1 b̄2

Set 1 −0.06 0.33 −0.13 0.33 −4.4 0.19
Set 2 0.04 0.16 0.05 0.27 −1.6 −0.14

b̄3 b̄4 b̄5 b̄6 b̄7 b̄8
Set 1 −4.2 2.5 −3.0 50 1.4 4.7
Set 2 −0.18 0.09 4.0 5.2 −3.9 −5.5
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pseudoscalar 
scalar nonets
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nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
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QCD is realized by the nonzero vacuum expectation values
of the neutral scalar meson fields at the potential minimum,
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ing vacuum vn ≠
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vs. A standard gauging of the model

then leads to vn ¼ fπ ¼ 92 MeV, vs ¼
ffiffiffi
2

p
fK − fπ=

ffiffiffi
2

p
¼

90.5 MeV [16,18].
The mass spectra for the scalar and pseudoscalar

nonets are derived by M2
s;ab ¼ ∂2V=∂σa∂σb and M2

p;ab ¼
∂2V=∂πa∂πb. With isospin symmetry, the eight indepen-
dent masses are m2
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, m2

η, m2
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the (0,8) sectors. The rotations are defined as σ0 ¼
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cos θpη0 − sin θpη, π8 ¼ sin θpη0 þ cos θpη.
We solve the 12 free parameters (λ1; λ2; c; m2; b1;…; b8)

in Eq. (1) in terms of two decay constants, eight meson
masses, and two mixing angles. θp is related to the
diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the

meson model to study quark matter. Quark matter can

TABLE I. The NDA couplings for benchmarks.

λ̄1 λ̄2 m̄2 c̄ b̄1 b̄2

Set 1 −0.06 0.33 −0.13 0.33 −4.4 0.19
Set 2 0.04 0.16 0.05 0.27 −1.6 −0.14

b̄3 b̄4 b̄5 b̄6 b̄7 b̄8
Set 1 −4.2 2.5 −3.0 50 1.4 4.7
Set 2 −0.18 0.09 4.0 5.2 −3.9 −5.5
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The c term is generated by the ’t Hooft operator.
Boundedness from below requires that λ1 þ λ2=2 > 0.
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M ¼ diagðmu0; md0; ms0Þ:

Vb1 ¼ b1TrðΦ†Mþ H:c:Þ;
Vb2 ¼ b2ϵijkϵmnlMimΦjnΦkl þ H:c:;

Vb3 ¼ b3TrðΦ†ΦΦ†MÞ þ H:c:;

Vb4 ¼ b4TrðΦ†ΦÞTrðΦ†MÞ þ H:c:;

Vb5 ¼ b5TrðΦ†MΦ†MÞ þ H:c:;

Vb6 ¼ b6TrðΦΦ†MM† þΦ†ΦM†MÞ;
Vb7 ¼ b7ðTrΦ†Mþ H:c:Þ2;
Vb8 ¼ b8ðTrΦ†M − H:c:Þ2: ð3Þ

Other possible terms have been eliminated by a field
redefinition [15]. We adopt ms0 ¼ 94 MeV and mu0;d0 ¼
mud0 ¼ 3.4 MeV [16]. This general set of terms is suc-
cessful at describing the lightest scalar and pseudoscalar
nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
sizes of the bi coefficients are made more meaningful by
normalizing with respect to the estimates of naive dimen-
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diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the
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cessful at describing the lightest scalar and pseudoscalar
nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
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diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
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nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
sizes of the bi coefficients are made more meaningful by
normalizing with respect to the estimates of naive dimen-
sional analysis (NDA) [20] to obtain dimensionless NDA
couplings:
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where fπ is the pion decay constant and Λ ¼ 4πfπ is an
effective cutoff.
In the meson model, chiral symmetry breaking of

QCD is realized by the nonzero vacuum expectation values
of the neutral scalar meson fields at the potential minimum,

hΦi ¼ T0v0 þ T8v8 ¼ 1
2 diagðvn; vn;

ffiffiffi
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vsÞ, where we
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The deformation by M naturally implies an SUð3Þ break-
ing vacuum vn ≠

ffiffiffi
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p
vs. A standard gauging of the model

then leads to vn ¼ fπ ¼ 92 MeV, vs ¼
ffiffiffi
2

p
fK − fπ=

ffiffiffi
2

p
¼

90.5 MeV [16,18].
The mass spectra for the scalar and pseudoscalar

nonets are derived by M2
s;ab ¼ ∂2V=∂σa∂σb and M2

p;ab ¼
∂2V=∂πa∂πb. With isospin symmetry, the eight indepen-
dent masses are m2
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s;11, m2

κ ¼ M2
s;44, m2

π ¼ M2
p;11,
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p;44, and m2
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the (0,8) sectors. The rotations are defined as σ0 ¼
cos θsσ − sin θsf0, σ8 ¼ sin θsσ þ cos θsf0, and π0 ¼
cos θpη0 − sin θpη, π8 ¼ sin θpη0 þ cos θpη.
We solve the 12 free parameters (λ1; λ2; c; m2; b1;…; b8)

in Eq. (1) in terms of two decay constants, eight meson
masses, and two mixing angles. θp is related to the
diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the

meson model to study quark matter. Quark matter can
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b̄3 b̄4 b̄5 b̄6 b̄7 b̄8
Set 1 −4.2 2.5 −3.0 50 1.4 4.7
Set 2 −0.18 0.09 4.0 5.2 −3.9 −5.5
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The c term is generated by the ’t Hooft operator.
Boundedness from below requires that λ1 þ λ2=2 > 0.
For there to be spontaneous symmetry breaking in the
absence of Vb requires that 8m2ð3λ1 þ λ2Þ < c2.
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Other possible terms have been eliminated by a field
redefinition [15]. We adopt ms0 ¼ 94 MeV and mu0;d0 ¼
mud0 ¼ 3.4 MeV [16]. This general set of terms is suc-
cessful at describing the lightest scalar and pseudoscalar
nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
sizes of the bi coefficients are made more meaningful by
normalizing with respect to the estimates of naive dimen-
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cos θpη0 − sin θpη, π8 ¼ sin θpη0 þ cos θpη.
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in Eq. (1) in terms of two decay constants, eight meson
masses, and two mixing angles. θp is related to the
diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the

meson model to study quark matter. Quark matter can
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We find that a linear sigma model provides an adequate
description without higher-dimensional terms:

Lm ¼ Trð∂μΦ†∂μΦÞ − V; V ¼ V inv þ Vb; ð1Þ

whereΦ ¼ Taðσa þ iπaÞ is the meson field and Ta ¼ λa=2
(a ¼ 0;…; 8) denotes the nine generators of the flavor
Uð3Þ with TrðTaTbÞ ¼ δab=2. V inv is chirally invariant:

V inv ¼ λ1ðTrΦ†ΦÞ2 þ λ2Tr½ðΦ†ΦÞ2&
þm2TrðΦ†ΦÞ − cðdetΦþ H:c:Þ: ð2Þ

The c term is generated by the ’t Hooft operator.
Boundedness from below requires that λ1 þ λ2=2 > 0.
For there to be spontaneous symmetry breaking in the
absence of Vb requires that 8m2ð3λ1 þ λ2Þ < c2.
Vb ¼

P
8
i¼1 Vbi describes the explicit SUð3Þ flavor

breaking by incorporating the current quark mass matrix
M ¼ diagðmu0; md0; ms0Þ:

Vb1 ¼ b1TrðΦ†Mþ H:c:Þ;
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Vb6 ¼ b6TrðΦΦ†MM† þΦ†ΦM†MÞ;
Vb7 ¼ b7ðTrΦ†Mþ H:c:Þ2;
Vb8 ¼ b8ðTrΦ†M − H:c:Þ2: ð3Þ

Other possible terms have been eliminated by a field
redefinition [15]. We adopt ms0 ¼ 94 MeV and mu0;d0 ¼
mud0 ¼ 3.4 MeV [16]. This general set of terms is suc-
cessful at describing the lightest scalar and pseudoscalar
nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
sizes of the bi coefficients are made more meaningful by
normalizing with respect to the estimates of naive dimen-
sional analysis (NDA) [20] to obtain dimensionless NDA
couplings:
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where fπ is the pion decay constant and Λ ¼ 4πfπ is an
effective cutoff.
In the meson model, chiral symmetry breaking of

QCD is realized by the nonzero vacuum expectation values
of the neutral scalar meson fields at the potential minimum,
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cos θsσ − sin θsf0, σ8 ¼ sin θsσ þ cos θsf0, and π0 ¼
cos θpη0 − sin θpη, π8 ¼ sin θpη0 þ cos θpη.
We solve the 12 free parameters (λ1; λ2; c; m2; b1;…; b8)

in Eq. (1) in terms of two decay constants, eight meson
masses, and two mixing angles. θp is related to the
diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the

meson model to study quark matter. Quark matter can
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For there to be spontaneous symmetry breaking in the
absence of Vb requires that 8m2ð3λ1 þ λ2Þ < c2.
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nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
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diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
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The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
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• a good fit to observables with 
less free parameters  

• reasonable choose of 
parameters 

We find that a linear sigma model provides an adequate
description without higher-dimensional terms:

Lm ¼ Trð∂μΦ†∂μΦÞ − V; V ¼ V inv þ Vb; ð1Þ

whereΦ ¼ Taðσa þ iπaÞ is the meson field and Ta ¼ λa=2
(a ¼ 0;…; 8) denotes the nine generators of the flavor
Uð3Þ with TrðTaTbÞ ¼ δab=2. V inv is chirally invariant:
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The c term is generated by the ’t Hooft operator.
Boundedness from below requires that λ1 þ λ2=2 > 0.
For there to be spontaneous symmetry breaking in the
absence of Vb requires that 8m2ð3λ1 þ λ2Þ < c2.
Vb ¼
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breaking by incorporating the current quark mass matrix
M ¼ diagðmu0; md0; ms0Þ:

Vb1 ¼ b1TrðΦ†Mþ H:c:Þ;
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Other possible terms have been eliminated by a field
redefinition [15]. We adopt ms0 ¼ 94 MeV and mu0;d0 ¼
mud0 ¼ 3.4 MeV [16]. This general set of terms is suc-
cessful at describing the lightest scalar and pseudoscalar
nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
sizes of the bi coefficients are made more meaningful by
normalizing with respect to the estimates of naive dimen-
sional analysis (NDA) [20] to obtain dimensionless NDA
couplings:

λ̄1;2 ¼
f2π
Λ2

λ1;2; m̄2 ¼ 1

Λ2
m2; c̄ ¼ fπ

Λ2
c;

b̄1 ¼
1

fπΛ
b1; b̄2 ¼

1

Λ
b2; b̄3;4 ¼

fπ
Λ

b3;4;

b̄5−8 ¼ b5−8; ð4Þ

where fπ is the pion decay constant and Λ ¼ 4πfπ is an
effective cutoff.
In the meson model, chiral symmetry breaking of

QCD is realized by the nonzero vacuum expectation values
of the neutral scalar meson fields at the potential minimum,

hΦi ¼ T0v0 þ T8v8 ¼ 1
2 diagðvn; vn;

ffiffiffi
2

p
vsÞ, where we

use the nonstrange and strange flavor basis: σn ¼
ð

ffiffiffi
2

p
=

ffiffiffi
3

p
Þσ0 þ ð1=

ffiffiffi
3

p
Þσ8, σs ¼ ð1=

ffiffiffi
3

p
Þσ0 − ð

ffiffiffi
2

p
=

ffiffiffi
3

p
Þσ8.

The deformation by M naturally implies an SUð3Þ break-
ing vacuum vn ≠

ffiffiffi
2

p
vs. A standard gauging of the model

then leads to vn ¼ fπ ¼ 92 MeV, vs ¼
ffiffiffi
2

p
fK − fπ=

ffiffiffi
2

p
¼

90.5 MeV [16,18].
The mass spectra for the scalar and pseudoscalar

nonets are derived by M2
s;ab ¼ ∂2V=∂σa∂σb and M2

p;ab ¼
∂2V=∂πa∂πb. With isospin symmetry, the eight indepen-
dent masses are m2

a0 ¼ M2
s;11, m2

κ ¼ M2
s;44, m2

π ¼ M2
p;11,

m2
K ¼ M2

p;44, and m2
σ , m2

f0
, m2

η, m2
η0 after diagonalizing

the (0,8) sectors. The rotations are defined as σ0 ¼
cos θsσ − sin θsf0, σ8 ¼ sin θsσ þ cos θsf0, and π0 ¼
cos θpη0 − sin θpη, π8 ¼ sin θpη0 þ cos θpη.
We solve the 12 free parameters (λ1; λ2; c; m2; b1;…; b8)

in Eq. (1) in terms of two decay constants, eight meson
masses, and two mixing angles. θp is related to the
diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the

meson model to study quark matter. Quark matter can

TABLE I. The NDA couplings for benchmarks.

λ̄1 λ̄2 m̄2 c̄ b̄1 b̄2

Set 1 −0.06 0.33 −0.13 0.33 −4.4 0.19
Set 2 0.04 0.16 0.05 0.27 −1.6 −0.14

b̄3 b̄4 b̄5 b̄6 b̄7 b̄8
Set 1 −4.2 2.5 −3.0 50 1.4 4.7
Set 2 −0.18 0.09 4.0 5.2 −3.9 −5.5
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become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
meson fields of interest are [26,27]

∇2σnðrÞ ¼
∂V
∂σn þ g

X

i¼u;d

hψ̄ iψ ii;

∇2σsðrÞ ¼
∂V
∂σs þ

ffiffiffi
2

p
ghψ̄ sψ si; ð5Þ

where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]

ρψ ¼
X

i¼u;d;s

2NC

ð2πÞ3

Z
pFi

0
d3p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

q
;

ρϕ ¼ ΔV þ 1

2

X

i¼n;s

ð∇σiÞ2; ρZ ¼ 1

2

ffiffiffi
α

p
VCnZ; ð6Þ

where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2

3 nu −
1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼

R
R
0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark

TABLE II. The meson masses (in MeV), mixing angles, and
decay widths (in MeV, keV for scalar, pseudoscalar).

mπ mK mη m0
η θp

Exp. 138 496 548 958 ' ' '
Set 1 138 496 548 958 −15.0°
Set 2 148 454 569 922 −10.8°

ma0 mκ mσ mf0 θs
Exp. 980( 20 700–900 400–550 990( 20 ' ' '
Set 1 980 900 555 990 31.5°
Set 2 887 916 555 955 21.7°

Γη→γγ Γη0→γγ Γσ→ππ Γκ→Kπ
Exp. 0.52–0.54 4.2–4.5 400–700 ∼500
Set 1 0.59 4.90 442 451
Set 2 0.54 4.87 422 537

Γf0→ππ Rf0 Γa0→ηπ Ra0
Exp. 10–100 3.8–4.7 50-100 1.2–1.6
Set 1 11 4.3 37.4 2.4
Set 2 20 4.0 52.0 1.2
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FIG. 1. The field values σn, σs (blue dashed, left axis) and the
energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ

F , p̄F, and pðsÞ
F .
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Find two benchmarks: 

from diagonalizing (0,8) sector

We find that a linear sigma model provides an adequate
description without higher-dimensional terms:

Lm ¼ Trð∂μΦ†∂μΦÞ − V; V ¼ V inv þ Vb; ð1Þ

whereΦ ¼ Taðσa þ iπaÞ is the meson field and Ta ¼ λa=2
(a ¼ 0;…; 8) denotes the nine generators of the flavor
Uð3Þ with TrðTaTbÞ ¼ δab=2. V inv is chirally invariant:

V inv ¼ λ1ðTrΦ†ΦÞ2 þ λ2Tr½ðΦ†ΦÞ2&
þm2TrðΦ†ΦÞ − cðdetΦþ H:c:Þ: ð2Þ

The c term is generated by the ’t Hooft operator.
Boundedness from below requires that λ1 þ λ2=2 > 0.
For there to be spontaneous symmetry breaking in the
absence of Vb requires that 8m2ð3λ1 þ λ2Þ < c2.
Vb ¼

P
8
i¼1 Vbi describes the explicit SUð3Þ flavor

breaking by incorporating the current quark mass matrix
M ¼ diagðmu0; md0; ms0Þ:

Vb1 ¼ b1TrðΦ†Mþ H:c:Þ;
Vb2 ¼ b2ϵijkϵmnlMimΦjnΦkl þ H:c:;

Vb3 ¼ b3TrðΦ†ΦΦ†MÞ þ H:c:;

Vb4 ¼ b4TrðΦ†ΦÞTrðΦ†MÞ þ H:c:;

Vb5 ¼ b5TrðΦ†MΦ†MÞ þ H:c:;

Vb6 ¼ b6TrðΦΦ†MM† þΦ†ΦM†MÞ;
Vb7 ¼ b7ðTrΦ†Mþ H:c:Þ2;
Vb8 ¼ b8ðTrΦ†M − H:c:Þ2: ð3Þ

Other possible terms have been eliminated by a field
redefinition [15]. We adopt ms0 ¼ 94 MeV and mu0;d0 ¼
mud0 ¼ 3.4 MeV [16]. This general set of terms is suc-
cessful at describing the lightest scalar and pseudoscalar
nonets, with all masses below 1 GeV, which is typically not
possible when keeping the Vb1 term only [17–19]. The
sizes of the bi coefficients are made more meaningful by
normalizing with respect to the estimates of naive dimen-
sional analysis (NDA) [20] to obtain dimensionless NDA
couplings:

λ̄1;2 ¼
f2π
Λ2

λ1;2; m̄2 ¼ 1

Λ2
m2; c̄ ¼ fπ

Λ2
c;

b̄1 ¼
1

fπΛ
b1; b̄2 ¼

1

Λ
b2; b̄3;4 ¼

fπ
Λ

b3;4;

b̄5−8 ¼ b5−8; ð4Þ

where fπ is the pion decay constant and Λ ¼ 4πfπ is an
effective cutoff.
In the meson model, chiral symmetry breaking of

QCD is realized by the nonzero vacuum expectation values
of the neutral scalar meson fields at the potential minimum,

hΦi ¼ T0v0 þ T8v8 ¼ 1
2 diagðvn; vn;

ffiffiffi
2

p
vsÞ, where we

use the nonstrange and strange flavor basis: σn ¼
ð

ffiffiffi
2

p
=

ffiffiffi
3

p
Þσ0 þ ð1=

ffiffiffi
3

p
Þσ8, σs ¼ ð1=

ffiffiffi
3

p
Þσ0 − ð

ffiffiffi
2

p
=

ffiffiffi
3

p
Þσ8.

The deformation by M naturally implies an SUð3Þ break-
ing vacuum vn ≠

ffiffiffi
2

p
vs. A standard gauging of the model

then leads to vn ¼ fπ ¼ 92 MeV, vs ¼
ffiffiffi
2

p
fK − fπ=

ffiffiffi
2

p
¼

90.5 MeV [16,18].
The mass spectra for the scalar and pseudoscalar

nonets are derived by M2
s;ab ¼ ∂2V=∂σa∂σb and M2

p;ab ¼
∂2V=∂πa∂πb. With isospin symmetry, the eight indepen-
dent masses are m2

a0 ¼ M2
s;11, m2

κ ¼ M2
s;44, m2

π ¼ M2
p;11,

m2
K ¼ M2

p;44, and m2
σ , m2

f0
, m2

η, m2
η0 after diagonalizing

the (0,8) sectors. The rotations are defined as σ0 ¼
cos θsσ − sin θsf0, σ8 ¼ sin θsσ þ cos θsf0, and π0 ¼
cos θpη0 − sin θpη, π8 ¼ sin θpη0 þ cos θpη.
We solve the 12 free parameters (λ1; λ2; c; m2; b1;…; b8)

in Eq. (1) in terms of two decay constants, eight meson
masses, and two mixing angles. θp is related to the
diphoton radiative decay widths of η0, η and the strong
decay widths of a0, κ. θs needs to fit the small and large ππ
widths of f0 and σ, respectively, which implies that the σ
meson is quite close to the nonstrange direction.
Table I presents two benchmarks for the meson model.

The parameters of set 1 are chosen to give a good fit to the
data; however, this leads to a rather large value for the NDA
coupling b̄6. Given the theoretical uncertainties associated
with the neglected higher-dimensional terms, allowing the
masses and decay widths to depart from the experimental
values could be more sensible. An example with up to 10%
departures gives the smaller NDA couplings of set 2.
Table II compares the experimental values [16] with the

results of the two benchmarks, including predictions for some
decay widths. The f0, a0 widths have large KK threshold
corrections, and so for these, Flatté [21] rather than Breit-
Wigner widths are used. In these cases, we also compare the
ratios Rf0 , Ra0 that involve the strange and nonstrange
amplitudes [22,23].We have checked that turning on explicit
isospin breaking (mu0 ≠ md0) has negligible impact on this
study. But it does turn on the π0 − ηðη0Þmixing angles, ϵ and
ϵ0. ϵ is found to be roughly consistent with experiments
[24,25], while ϵ0 can be compared to future measurements.
Quark matter in general.—Now we can employ the

meson model to study quark matter. Quark matter can

TABLE I. The NDA couplings for benchmarks.

λ̄1 λ̄2 m̄2 c̄ b̄1 b̄2

Set 1 −0.06 0.33 −0.13 0.33 −4.4 0.19
Set 2 0.04 0.16 0.05 0.27 −1.6 −0.14

b̄3 b̄4 b̄5 b̄6 b̄7 b̄8
Set 1 −4.2 2.5 −3.0 50 1.4 4.7
Set 2 −0.18 0.09 4.0 5.2 −3.9 −5.5

PHYSICAL REVIEW LETTERS 120, 222001 (2018)

222001-2

constrain mixing angles 

A minimal model for sub-GeV mesons  

6[Holdom, JR and Zhang, PRL 120 (2018)]



• “Force balancing” between scalar potential v.s. fermion density determines meson fields values

• Bulk properties             determined by minimizing the energy per baryon 

Quark matter in the bulk limit

(p̄F , f̄i)(p̄F , f̄i)(p̄F , f̄i)

 

Quark Matter May Not Be Strange

Bob Holdom,* Jing Ren,† and Chen Zhang‡

Department of Physics, University of Toronto, Toronto, Ontario M5S1A7, Canada

(Received 30 July 2017; revised manuscript received 23 October 2017; published 31 May 2018)

If quark matter is energetically favored over nuclear matter at zero temperature and pressure, then it has
long been expected to take the form of strange quark matter (SQM), with comparable amounts of u, d, and s
quarks. The possibility of quark matter with only u and d quarks (udQM) is usually dismissed because of
the observed stability of ordinary nuclei. However, we find that udQM generally has lower bulk energy per
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be the ground state of baryonic matter only for baryon number A > Amin with Amin ≳ 300. This ensures the
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Introduction.—Hadronic matter is usually thought to be
the ground state of baryonic matter (matter with a net
baryon number) at zero temperature and pressure. Then,
quark matter only becomes energetically favorable in an
environment like a heavy ion collider or deep inside a
neutron star. However, as proposed by Witten [1] (with
some relation to earlier work [2–5]), quark matter with
comparable numbers of u, d, and s, also called strange
quark matter (SQM), might be the ground state of baryonic
matter, with an energy per baryon ε≡ E=A even smaller
than 930 MeV for the most stable nuclei 56Fe.
With the lack of a first-principles understanding of the

strong dynamics, the MIT bag model [6] has long been
used as a simple approximation to describe quark matter. In
this model, constituent quark masses vanish inside the bag,
and SQM is found to reach lower energy than quark matter
with only u and d quarks (udQM). If SQM is the ground
state down to some baryon number Amin, as long as the
transition of ordinary heavy nuclei with A > Amin to SQM
needs a simultaneous conversion of a sufficiently large
number of down quarks to strange quarks, the conversion
rate can be negligibly small [7]. A faster catastrophic
conversion could occur if the ground state were instead
udQM. So, quite often, the energy per baryon is required to
satisfy εSQM ≲ 930 MeV≲ εudQM [7,8].
On the other hand, since the periodic table of elements

ends for A≳ 300, this catastrophe can be avoided if
Amin ≳ 300 for udQM. It is also recognized that the bag
model may not adequately model the feedback of a dense

quark gas on the QCD vacuum. How the u, d, and s
constituent quark masses respond to the gas should account
for the fact that flavor symmetry is badly broken in QCD.
This can be realized in a quark-meson model by incorpo-
rating in the meson potential the flavor-breaking effects
originating in the current quark masses. Through the
Yukawa term, the quark densities drive the scalar fields
away from their vacuum values. The shape of the potential
will then be important to determine the preferred form of
quark matter. This effect has already been seen in NJL and
quark-meson models [9–13]. These are studies in the bulk
limit, and they tend to find that udQM has a lower ε than
SQM, with the conclusion that neither is stable.
The possibility that udQM is actually the ground state of

baryonic matter has been ignored in the literature, but it
shall be our focus in this Letter. With an effective theory for
only the scalar and pseudoscalar nonets of the sub-GeV
mesons with Yukawa coupling to quarks, we demonstrate
a robust connection between the QCD spectrum and the
conditions for a udQM ground state in the bulk, i.e.,
εudQM ≲ 930 MeV and εudQM < εSQM. We shall also show
that surface effects are of a size that can ensure that Amin ≳
300 by numerically solving the scalar field equation of
motion. This points to the intriguing possibility that a
new form of stable matter consisting only of u and d quarks
might exist not far beyond the end of the periodic table.
The meson model.—Here we study an effective theory

describing the mass spectra and some decay rates of the
scalar and pseudoscalar nonets of the sub-GeV mesons.
The QCD degrees of freedom not represented by these
mesons are assumed to be integrated out and encoded in
the parameters of the phenomenological meson potential.
We view our description as dual to one that contains vector
mesons [14]. With the parameters determined from data,
we can then extrapolate from the vacuum field values to the
smaller field values of interest for quark matter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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Large A limit: meson fields and fermion densities are roughly spatially constant, and quark 
fractions are driven to approach charge neutral
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Introduction.—Hadronic matter is usually thought to be
the ground state of baryonic matter (matter with a net
baryon number) at zero temperature and pressure. Then,
quark matter only becomes energetically favorable in an
environment like a heavy ion collider or deep inside a
neutron star. However, as proposed by Witten [1] (with
some relation to earlier work [2–5]), quark matter with
comparable numbers of u, d, and s, also called strange
quark matter (SQM), might be the ground state of baryonic
matter, with an energy per baryon ε≡ E=A even smaller
than 930 MeV for the most stable nuclei 56Fe.
With the lack of a first-principles understanding of the

strong dynamics, the MIT bag model [6] has long been
used as a simple approximation to describe quark matter. In
this model, constituent quark masses vanish inside the bag,
and SQM is found to reach lower energy than quark matter
with only u and d quarks (udQM). If SQM is the ground
state down to some baryon number Amin, as long as the
transition of ordinary heavy nuclei with A > Amin to SQM
needs a simultaneous conversion of a sufficiently large
number of down quarks to strange quarks, the conversion
rate can be negligibly small [7]. A faster catastrophic
conversion could occur if the ground state were instead
udQM. So, quite often, the energy per baryon is required to
satisfy εSQM ≲ 930 MeV≲ εudQM [7,8].
On the other hand, since the periodic table of elements

ends for A≳ 300, this catastrophe can be avoided if
Amin ≳ 300 for udQM. It is also recognized that the bag
model may not adequately model the feedback of a dense

quark gas on the QCD vacuum. How the u, d, and s
constituent quark masses respond to the gas should account
for the fact that flavor symmetry is badly broken in QCD.
This can be realized in a quark-meson model by incorpo-
rating in the meson potential the flavor-breaking effects
originating in the current quark masses. Through the
Yukawa term, the quark densities drive the scalar fields
away from their vacuum values. The shape of the potential
will then be important to determine the preferred form of
quark matter. This effect has already been seen in NJL and
quark-meson models [9–13]. These are studies in the bulk
limit, and they tend to find that udQM has a lower ε than
SQM, with the conclusion that neither is stable.
The possibility that udQM is actually the ground state of

baryonic matter has been ignored in the literature, but it
shall be our focus in this Letter. With an effective theory for
only the scalar and pseudoscalar nonets of the sub-GeV
mesons with Yukawa coupling to quarks, we demonstrate
a robust connection between the QCD spectrum and the
conditions for a udQM ground state in the bulk, i.e.,
εudQM ≲ 930 MeV and εudQM < εSQM. We shall also show
that surface effects are of a size that can ensure that Amin ≳
300 by numerically solving the scalar field equation of
motion. This points to the intriguing possibility that a
new form of stable matter consisting only of u and d quarks
might exist not far beyond the end of the periodic table.
The meson model.—Here we study an effective theory

describing the mass spectra and some decay rates of the
scalar and pseudoscalar nonets of the sub-GeV mesons.
The QCD degrees of freedom not represented by these
mesons are assumed to be integrated out and encoded in
the parameters of the phenomenological meson potential.
We view our description as dual to one that contains vector
mesons [14]. With the parameters determined from data,
we can then extrapolate from the vacuum field values to the
smaller field values of interest for quark matter.
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become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
meson fields of interest are [26,27]

∇2σnðrÞ ¼
∂V
∂σn þ g

X

i¼u;d

hψ̄ iψ ii;

∇2σsðrÞ ¼
∂V
∂σs þ

ffiffiffi
2

p
ghψ̄ sψ si; ð5Þ

where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]

ρψ ¼
X

i¼u;d;s

2NC

ð2πÞ3

Z
pFi

0
d3p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

q
;

ρϕ ¼ ΔV þ 1

2

X

i¼n;s

ð∇σiÞ2; ρZ ¼ 1

2

ffiffiffi
α

p
VCnZ; ð6Þ

where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2

3 nu −
1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼

R
R
0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark

TABLE II. The meson masses (in MeV), mixing angles, and
decay widths (in MeV, keV for scalar, pseudoscalar).

mπ mK mη m0
η θp

Exp. 138 496 548 958 ' ' '
Set 1 138 496 548 958 −15.0°
Set 2 148 454 569 922 −10.8°

ma0 mκ mσ mf0 θs
Exp. 980( 20 700–900 400–550 990( 20 ' ' '
Set 1 980 900 555 990 31.5°
Set 2 887 916 555 955 21.7°

Γη→γγ Γη0→γγ Γσ→ππ Γκ→Kπ
Exp. 0.52–0.54 4.2–4.5 400–700 ∼500
Set 1 0.59 4.90 442 451
Set 2 0.54 4.87 422 537

Γf0→ππ Rf0 Γa0→ηπ Ra0
Exp. 10–100 3.8–4.7 50-100 1.2–1.6
Set 1 11 4.3 37.4 2.4
Set 2 20 4.0 52.0 1.2
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FIG. 1. The field values σn, σs (blue dashed, left axis) and the
energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ

F , p̄F, and pðsÞ
F .
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• “Force balancing” between scalar potential v.s. fermion density determines meson fields values
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If quark matter is energetically favored over nuclear matter at zero temperature and pressure, then it has
long been expected to take the form of strange quark matter (SQM), with comparable amounts of u, d, and s
quarks. The possibility of quark matter with only u and d quarks (udQM) is usually dismissed because of
the observed stability of ordinary nuclei. However, we find that udQM generally has lower bulk energy per
baryon than normal nuclei and SQM. This emerges in a phenomenological model that describes the spectra
of the lightest pseudoscalar and scalar meson nonets. Taking into account the finite size effects, udQM can
be the ground state of baryonic matter only for baryon number A > Amin with Amin ≳ 300. This ensures the
stability of ordinary nuclei and points to a new form of stable matter just beyond the periodic table.
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Introduction.—Hadronic matter is usually thought to be
the ground state of baryonic matter (matter with a net
baryon number) at zero temperature and pressure. Then,
quark matter only becomes energetically favorable in an
environment like a heavy ion collider or deep inside a
neutron star. However, as proposed by Witten [1] (with
some relation to earlier work [2–5]), quark matter with
comparable numbers of u, d, and s, also called strange
quark matter (SQM), might be the ground state of baryonic
matter, with an energy per baryon ε≡ E=A even smaller
than 930 MeV for the most stable nuclei 56Fe.
With the lack of a first-principles understanding of the

strong dynamics, the MIT bag model [6] has long been
used as a simple approximation to describe quark matter. In
this model, constituent quark masses vanish inside the bag,
and SQM is found to reach lower energy than quark matter
with only u and d quarks (udQM). If SQM is the ground
state down to some baryon number Amin, as long as the
transition of ordinary heavy nuclei with A > Amin to SQM
needs a simultaneous conversion of a sufficiently large
number of down quarks to strange quarks, the conversion
rate can be negligibly small [7]. A faster catastrophic
conversion could occur if the ground state were instead
udQM. So, quite often, the energy per baryon is required to
satisfy εSQM ≲ 930 MeV≲ εudQM [7,8].
On the other hand, since the periodic table of elements

ends for A≳ 300, this catastrophe can be avoided if
Amin ≳ 300 for udQM. It is also recognized that the bag
model may not adequately model the feedback of a dense

quark gas on the QCD vacuum. How the u, d, and s
constituent quark masses respond to the gas should account
for the fact that flavor symmetry is badly broken in QCD.
This can be realized in a quark-meson model by incorpo-
rating in the meson potential the flavor-breaking effects
originating in the current quark masses. Through the
Yukawa term, the quark densities drive the scalar fields
away from their vacuum values. The shape of the potential
will then be important to determine the preferred form of
quark matter. This effect has already been seen in NJL and
quark-meson models [9–13]. These are studies in the bulk
limit, and they tend to find that udQM has a lower ε than
SQM, with the conclusion that neither is stable.
The possibility that udQM is actually the ground state of

baryonic matter has been ignored in the literature, but it
shall be our focus in this Letter. With an effective theory for
only the scalar and pseudoscalar nonets of the sub-GeV
mesons with Yukawa coupling to quarks, we demonstrate
a robust connection between the QCD spectrum and the
conditions for a udQM ground state in the bulk, i.e.,
εudQM ≲ 930 MeV and εudQM < εSQM. We shall also show
that surface effects are of a size that can ensure that Amin ≳
300 by numerically solving the scalar field equation of
motion. This points to the intriguing possibility that a
new form of stable matter consisting only of u and d quarks
might exist not far beyond the end of the periodic table.
The meson model.—Here we study an effective theory

describing the mass spectra and some decay rates of the
scalar and pseudoscalar nonets of the sub-GeV mesons.
The QCD degrees of freedom not represented by these
mesons are assumed to be integrated out and encoded in
the parameters of the phenomenological meson potential.
We view our description as dual to one that contains vector
mesons [14]. With the parameters determined from data,
we can then extrapolate from the vacuum field values to the
smaller field values of interest for quark matter.
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become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
densities. QCD confinement, on the other hand, prevents
net color charge from appearing over large volumes. We
suppose that these residual QCD effects on the energy per
baryon are minor, similar to the way they are minor for the
constituent quark model description of much of the QCD
spectrum.
With the Yukawa coupling to quarks, Ly ¼ −2gψ̄Φψ ,

the equations of motion for the spherically symmetric
meson fields of interest are [26,27]

∇2σnðrÞ ¼
∂V
∂σn þ g

X

i¼u;d

hψ̄ iψ ii;

∇2σsðrÞ ¼
∂V
∂σs þ

ffiffiffi
2

p
ghψ̄ sψ si; ð5Þ

where ∇2 ¼ ðd2=dr2Þ þ ð2=rÞðd=drÞ, and there are NC ¼
3 colors of quarks. The quark gas is described by the Fermi
momentum for each flavor, pFi ¼ pFfi1=3, where the quark
fractions are fi ¼ ni=ðNCnAÞ, pF ¼ ð3π2nAÞ1=3 and nA is
the baryon number density. The r dependence of these
quantities is determined by the equations of hydrostatic
equilibrium.
The forces driving the field values are from the scalar

potential and the quark gas densities, hψ̄ iψ ii¼½2NC=ð2πÞ3&R pFi
0 d3pmi=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2þm2

i

p
. In the interior, the quark masses

mu;dðrÞ ¼ gσnðrÞ þmud0 and msðrÞ ¼
ffiffiffi
2

p
gσsðrÞ þms0

become smaller than the vacuum values mudv and msv.
The radius R of the bound state is defined where σiðrÞ and
pFiðrÞ quickly approach their vacuum values.
Electrons have little effect on the energy per baryon for

any A, and they need not be contained when R becomes

smaller than the electron Compton wavelength, i.e., A≲
107 [7]. The quark, scalar, and Coulomb energy densities
are [7,28]

ρψ ¼
X

i¼u;d;s

2NC

ð2πÞ3

Z
pFi

0
d3p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

q
;

ρϕ ¼ ΔV þ 1

2

X

i¼n;s

ð∇σiÞ2; ρZ ¼ 1

2

ffiffiffi
α

p
VCnZ; ð6Þ

where ΔV is the potential energy with respect to the
vacuum. nZ ¼ 2

3 nu −
1
3 ðnd þ nsÞ is the charge density,

VC is the electrostatic potential, and α ¼ 1=137. The flavor
composition of the quark gas and the radius R can be
determined by minimizing the energy of the bound state
E ¼

R
R
0 d3rðρψ þ ρϕ þ ρZÞ [29].

Quark matter in the bulk limit.—At large A, finite size
effects can be ignored, and then both the meson fields
and quark densities can be taken to be spatially constant.
From Eq. (5) and for given ðpF; fiÞ, the meson fields take
values where the two forces balance. Among these force-
balancing points we can find the values of ðp̄F; f̄iÞ that
minimize the energy per baryon ε ¼ ðρψ þ ρϕ þ ρZÞ=nA,
with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark

TABLE II. The meson masses (in MeV), mixing angles, and
decay widths (in MeV, keV for scalar, pseudoscalar).

mπ mK mη m0
η θp

Exp. 138 496 548 958 ' ' '
Set 1 138 496 548 958 −15.0°
Set 2 148 454 569 922 −10.8°

ma0 mκ mσ mf0 θs
Exp. 980( 20 700–900 400–550 990( 20 ' ' '
Set 1 980 900 555 990 31.5°
Set 2 887 916 555 955 21.7°

Γη→γγ Γη0→γγ Γσ→ππ Γκ→Kπ
Exp. 0.52–0.54 4.2–4.5 400–700 ∼500
Set 1 0.59 4.90 442 451
Set 2 0.54 4.87 422 537

Γf0→ππ Rf0 Γa0→ηπ Ra0
Exp. 10–100 3.8–4.7 50-100 1.2–1.6
Set 1 11 4.3 37.4 2.4
Set 2 20 4.0 52.0 1.2
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FIG. 1. The field values σn, σs (blue dashed, left axis) and the
energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ

F , p̄F, and pðsÞ
F .
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with the uniform charge density ρZ ¼ ð4π=5ÞαR2n2Z. The
flavor composition f̄i is driven to charge neutrality in the
large-A limit to avoid the dominance of ρZ.
Figure 1 presents the field values and the energy per

baryon as functions ofpF, after minimizationwith respect to
fi, for the set 1 benchmark with mudv ¼ 330 MeV (which
implies g ¼ 3.55 and msv ¼ 548 MeV). The minimum
energy per baryon is ε̄ ¼ 903.6 (905.6) MeV at p̄F ¼
367.8 (368.5) MeV with f̄s ≈ 0 for set 1 (set 2). For both
sets,udQMis the ground state of baryonicmatter in the bulk.
As pF increases from small values, the fields move away

from the vacuum along the least steep direction, which is a
valley oriented close to the σn direction. σn drops rapidly at
pðnÞ
F , and at p̄F the minimal energy per baryon ε̄ is reached.

p̄F can be estimated by minimizing the relativistic quark

TABLE II. The meson masses (in MeV), mixing angles, and
decay widths (in MeV, keV for scalar, pseudoscalar).

mπ mK mη m0
η θp

Exp. 138 496 548 958 ' ' '
Set 1 138 496 548 958 −15.0°
Set 2 148 454 569 922 −10.8°

ma0 mκ mσ mf0 θs
Exp. 980( 20 700–900 400–550 990( 20 ' ' '
Set 1 980 900 555 990 31.5°
Set 2 887 916 555 955 21.7°

Γη→γγ Γη0→γγ Γσ→ππ Γκ→Kπ
Exp. 0.52–0.54 4.2–4.5 400–700 ∼500
Set 1 0.59 4.90 442 451
Set 2 0.54 4.87 422 537

Γf0→ππ Rf0 Γa0→ηπ Ra0
Exp. 10–100 3.8–4.7 50-100 1.2–1.6
Set 1 11 4.3 37.4 2.4
Set 2 20 4.0 52.0 1.2

0 200 400 600 800
0

20

40

60

80

pF MeV

i
M

eV

n s

900

1000

1100

1200

1300

1400

M
eV

FIG. 1. The field values σn, σs (blue dashed, left axis) and the
energy per baryon number ε (red solid, right axis) in the bulk
limit. The vertical lines denote the values of pðnÞ

F , p̄F, and pðsÞ
F .

PHYSICAL REVIEW LETTERS 120, 222001 (2018)

222001-3

become energetically favorable due to the reduction of the
constituent quark masses in the presence of the quark
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suppose that these residual QCD effects on the energy per
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From Eq. (5) and for given ðpF; fiÞ, the meson fields take
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Minimum achieved (only ud quark)

ud quarks 
becomes 
light first

strange fraction 
turns on

and potential energies ε ≈ 3
4NCpFχ þ 3π2ΔVn=p3

F with
respect to pF only. χ ¼

P
if

4=3
i , and ΔVn is the potential

difference along the valley. This gives ε̄ ≈ NCχ̄p̄F and
p̄4
F ≈ 12π2ΔVn=ðNCχ̄Þ, with only u and d quarks contrib-

uting in χ̄. fs will finally turn on for pF ≳ pðsÞ
F when it is

energetically favorable to produce strange quarks (that may
or may not be relativistic).
Our conclusion regarding udQM relies on the features

that pðnÞ
F ≲ p̄F ≲ pðsÞ

F and ε̄≲ 930 MeV. These quantities
can be estimated with a parameter scan of the meson model
along with mudv ≈ 330–360 MeV. The scan is constrained
to be no more than about 10% outside the experimental
ranges and with NDA coupling magnitudes less than 15.
We find the ranges pðnÞ

F ≈280–305MeV, p̄F≈355 –

395MeV, pðsÞ
F ≳550MeV, and ε̄≈875–960MeV. As an

example of sensitivity to the lightest meson masses, Fig. 2
shows a ε̄ vs mσ projection of the parameter space, where
we see that realistic values of mσ favor stable udQM.
Determination of Amin for udQM.—At smaller A, we

need to include finite size effects and the Coulomb energy
contribution. We adopt the approximation that the values of
pF and fi are constants, nonvanishing only for r < R,
which has been found to give a good approximation for the
binding energy [30]. For each A, we solve for the profile of
the field σnðrÞ moving along the valley using Eq. (5) and
find the configuration, including the radius R, that mini-
mizes the energy E.
For the set 1 benchmark with mudv ¼ 330 MeV, the

numerical solutions of the electric charge and the minimal
energy per baryon as functions of A are presented by blue
dots in Figs. 3 and 4, respectively. It turns out that the electric
charge of udQM can be well estimated by simply minimiz-
ing the quark and Coulomb energies of the relativistic u, d
gas with charge Z ¼ NCA½f̄uðAÞ − 1=3&, as shown by the
blue line in Fig. 3. We find Z ≈ ð0.86=αNCÞA1=3 for large A.
The shaded region denotes configurations that are stable
against decays into ordinary nuclei.
Figure 4 shows that the surface effect increases the

energy and destabilizes the udQM configuration for

A < Amin. For set 1 (set 2), Amin ≈ 320 (450) is large
enough to prevent normal nuclei from decaying to udQM.
The numerical results of ε̄ðAÞ can be well approximated by
incorporating a surface-tension term 4πR2Σ into the bulk
analysis: ε̄ðAÞ ≈ ε̄þ 46Σ=ðp̄2

FA
1=3Þ þ 0.31αZ2p̄F=A4=3.

Here ε̄ and p̄F reflect the value of χ̄ away from the bulk
limit. From fits from the two sets and other examples, we
find that Σ ≈ ð91 MeVÞ3, and that it varies less than ε̄ as
displayed in Fig. 2. So as long as ε̄≳ 903 MeV, we can
expect that Amin ≳ 300. The surface term dominates the
Coulomb term for all A, and so the analog of fission that
ends the periodic table does not occur for udQM.
Discussion.—If Amin for udQM is close to the lower

limit, it raises the hope to produce this new form of stable
matter by the fusion of heavy elements. With no strange-
ness to produce, this may be an easier task than producing
SQM. Due to the shape of the curve in Fig. 3, there would
still be the issue of supplying sufficient neutrons in the
reaction to produce udQM, as in the attempts to produce
normal superheavy nuclei in the hypothetical “island of
stability” around A ≈ 300 [31]. udQMmay instead provide
a new “continent of stability” as shown in Fig. 3, in which
the largest values of Z=A are of interest for production and
subsequent decay to the most stable configuration. As with
SQM, the further injection of neutrons (or heavy ions
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For a wide range of parameter, udQM is more 
stable then SQM and is the ground state of 
baryonic matter

Parameter scan 
(theo + exp constraints)

Large A limit: meson fields and fermion densities are roughly spatially constant, and quark 
fractions are driven to approach charge neutral
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Small A limit: need to include the Coulomb energy contribution and the finite size effects

udQM away from the bulk limit
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• ATLAS: general purpose detector by utilizing highly 
ionizing signature, better limits  

• MoEDAL: passive detection methodologies tuned for 
HIPs, good for higher charge

Collider searches of highly ionizing particles
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TABLE II. 95% CL mass limits for the HECO search.

Electric charge (e)
15 20 25 50 75 100 125 130 140 145 150 175

Spin 95% CL mass limits [GeV/c2]
0 70 120 190 560 580 550 500 490 470 470 460 400

1/2 (�-exchange) 180 280 440 780 780 730 660 640 580 520 500 -
1/2 (�/Z⇤-exchange) 170 310 440 780 780 710 640 620 620 510 580 -

1 280 430 590 1000 1020 1000 960 950 930 920 900 870

TABLE III. 95% CL mass limits for the magnetic monopole search.

Magnetic charge (gD)
1 2 3 4

Spin 95% CL mass limits [GeV/c2]
0 700 790 750 520

1/2 990 1110 1040 -
1 1140 1240 1230 1110

despite the use of the NTDs as well as the MMT sub-
detectors. This is due to a combination of: the limited
acceptance of MoEDAL’s MMT and NTD Run-1 proto-
type detectors compared to Run-2; the smaller ECM and
DY cross-section at Run-1; and, the smaller luminosity
of Run-1 compared to Run-2.

No evidence was found for DY produced HECO pairs.
Thus, limits were placed on the DY production of HECO
pairs with cross-sections from around 30 fb to 70 pb,
for electric charges in the range 15e to 175e and masses
from 110 GeV/c2 to 1020 GeV/c2. The limits on the DY
production of HECOs are the strongest to date, in terms
of charge reach, at any collider experiment.
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LHC search for highly-ionizing particles (HIP): Drell-Yan                       +   photon-fusion
?? collision data. While MoEDAL is the only experiment sensitive to magnetic charges in the range
36D  |6 |  56D [97–101], the present ATLAS search is able to set significantly better cross-section limits
(one to two orders of magnitude) for 16D and 26D.

0 1 2 3 4 5
]

D
gCharge [ 

0

500

1000

1500

2000

2500

3000

3500

Lo
w

er
 m

as
s 

lim
it 

[G
eV

]

JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510
JHEP08(2016)067 PRL.124.031802 This work PRL.126.071801
PRL.96.201801 PRD.93.052009 PRL.123.021802 PLB782(2018)510

ATLAS
Dirac Magnetic Monopoles

2/1spin-
spin-0

MoEDAL 13 TeV DY+PF

ATLAS 13 TeV PF

ATLAS 13 TeV DY

ATLAS 13 TeV DY

MoEDAL 13 TeV DY

ATLAS 8 TeV DY

MoEDAL 8 TeV DY

CDF

Figure 10: Comparison of the lower mass limits obtained by LHC searches in Run 1 and Run 2 ?? collisions for
Drell-Yan and photon-fusion pair-produced magnetic monopoles. A Tevatron measurement by CDF in ? ?̄ collisions
is also shown. The dashed and solid lines represent spin-0 and spin-� measurements, respectively.

8 Conclusions

This paper presents a search for spin-0 and spin-� magnetic monopoles and HECOs produced via the
Drell-Yan and photon-fusion mechanisms using a dataset of 138 fb−1 of 13 TeV proton-proton collisions
collected by the ATLAS detector between 2015 and 2018 during Run 2. Upper cross-section limits and
lower mass limits computed at 95% confidence level are presented. The search improves by approximately
a factor of three the cross-section limits on the Drell-Yan production of magnetic monopoles with magnetic
charges 16D and 26D and HECOs in the range 20  |I |  100 attained in the 2015/16 dataset alone. Also,
the first ATLAS limits on the photon-fusion pair production mechanism of magnetic monopoles and
HECOs are obtained.
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FIG. 1. Tree level Feynman diagram for DY production
(top) of HIP anti-HIP pairs and (bottom) spin-1/2 HECO
pairs.

for evidence of HECOs. The precision of the luminos-
ity measurement at IP8 during Run-1 is estimated to be
1.16% [45].

A DY mechanism provides a simple model for HIP
pair production. Monopole pair production and spin-
0 and spin-1 HECO pair production cross sections are
computed using the Feynman-like diagram shown in
Fig. 1(top). In the case of spin-1/2 HECOs DY produc-
tion can take place via virtual photon or Z exchange [46],
as depicted in Fig. 1(bottom). In the case of Drell-Yan
processes of magnetic monopole production, the coupling
of the magnetic charge to the Z boson is usually assumed
to be absent. In specific models of such monopoles this
is proven explicitly [32, 33], since any Z-flux that could
exist in the monopole solution would be concentrated in-
side the monopole core. In the case of electrically charged
dyons this issue is model dependent. The spin 1 magnetic
monopole [34, 35] can have a non-zero magnetic moment,
characterized by the parameter  [36]. In this analysis
the value =1 is used as it is the only one that respects
unitarity [37].

It should be noted that the large monopole-photon
coupling places such calculations in the non-perturbative
regime. In the case of HECOs, which are characterized
by large electrical charges, the Drell-Yan (DY) diagram
shown in Fig. 1 should undergo appropriate resumma-

tion, to account for potential non perturbative quantum
corrections, see e.g. [47], [48]. Such techniques are be-
yond the scope of this paper, and will be the topic of a
future investigation.

THE MOEDAL DETECTOR

MoEDAL’s detector technology is radically di↵erent
from the general-purpose LHC experiments, ATLAS
and CMS. The MoEDAL detector, deployed alongside
LHCb’s VELO (VErtex LOcator) detector at IP8, em-
ploys two unconventional passive detection methodolo-
gies tuned to the discovery of HIPs. The first of these is
a plastic NTD stack array to detect the ionization trail
of HIPs. The second is a detector system comprised of
aluminium absorber elements. This detector system is
called the MMT (Magnetic Monopole Trapper) since it
was used to trap HIPs with magnetic charge, that slow
down and stop within its sensitive volume, for further
laboratory analysis. Both of these detector systems are
passive, requiring neither a trigger or readout electronics.
The MoEDAL detector is described in more detail below.
The MoEDAL detector is exemplified by its ability to

retain a permanent record, and even capture new parti-
cles for further study. The NTDs provide a tried-and-
tested and cost e↵ective method to accurately measure
the track of a HIP and its e↵ective charge. Importantly,
the NTD response was directly calibrated using heavy-
ion beams at the CERN SPS. The second detector sys-
tem, the MMT, ensures that a small but significant frac-
tion of the HIPs produced are slowed down, stopped and
trapped for further study in the laboratory. There are no
SM particles that can produce such distinct signatures.
Thus, even the detection in MoEDAL of few HIP mes-
sengers of new physics would herald a discovery.

Energy Loss of HIPs in MoEDAL

In the MoEDAL detector HIPs lose energy by ioniza-
tion. The energy loss by ionization in the MMT detector
is computed using Bethe-Bloch formula. For NTDs, the
relevant quantity is the Restricted Energy Loss (REL)
[49]. For � <10�2, the REL is equal to the particle’s to-
tal energy loss in the medium. At larger velocities, REL
is the fraction of the electronic energy loss leading to
the formation of �-rays with energies lower than a cut-o↵
energy Tcut. The REL can be computed from the Bethe-
Bloch formula restricted to energy transfers T<Tcut with
Tcut a constant characteristic of the medium. For Mak-
frofol, which is the MoEDAL NTD used for the analysis
reported in this paper, Tcut  350 eV. The RELs for
MMs and for HECOs in Makrofol are shown in Fig. 3
and Fig. 4, respectively.

[Acharya et al. [MoEDAL], EPJC 82 (2022)]

[Aad et al. [ATLAS], arXiv:2308.04835]

[Aad et al. [ATLAS], arXiv:2308.04835]
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Figure 1: Feynman diagrams for Drell-Yan (left) and photon-fusion (right) pair-produced monopoles <. HECO
production occurs by analogous diagrams. Other production modes not shown here, but which can be seen in
Ref. [104], include spin-0 HIP production by a four-point photon-fusion process and Drell-Yan production of spin-�
HECOs mediated by /

0 exchange, in addition to photon exchange. /0 exchange is forbidden for spin-0 HECOs and
for Dirac monopoles of either spin.

suite [112] is used in data simulation, in the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition systems of the experiment.

3 Simulation

Drell-Yan (DY) and photon fusion (PF) are considered as benchmark models for pair production of spin-0
and spin-� HIPs. The model implementations are described in detail in Ref. [104]. As a result of the high
HIP charge, the charge-squared dependence of the HIP coupling to the gauge boson implies divergences
in the perturbative expansion beyond leading order [85]. To provide an approximation to these highly
non-perturbative processes, only leading-order interactions, as described by the Feynman-like diagrams
seen in Figure 1, are considered.

Monte Carlo (MC) samples are produced for both production models for magnetic monopoles with
magnetic charges |6 | = 6D and 26D and HECOs with electric charges |I | = 20, 40, 60, 80 and 100. In all
cases, the masses considered are 200, 500, 1000, 1500, 2000, 2500, 3000 and 4000 GeV . The available
energy of the interaction between two quarks in the collision sets the upper mass constraint. Because
HIPs with mass below 200 GeV are more probable in softer ?? collisions, in general they have lower
kinetic energies and, consequently, poor selection efficiency. The leading-order benchmark models are
implemented in M��G����5_�MC@NLO 2.8.1 [113], which is used to generate the HIP pairs and to
calculate the production cross sections. The events were interfaced to P����� 8.244 [114, 115] to model
the parton showering and hadronization, with parameter values set according to the A14 tune [116], and the
NNPDF2.3LO [117] and LUXQED [118] parton distribution functions were used for DY and PF production,
respectively.

To determine selection efficiencies, samples of 60 000 MC events of Drell-Yan spin-� HIPs of a given
mass and charge were simulated using G����4 [119] and processed with the ATLAS reconstruction
software. The G����4 simulation describes the HIP ionization energy loss in the ATLAS detector, the
X-ray production and secondary ionization, and the monopole acceleration in the magnetic field. The
standard Bethe-Bloch formula is used for ionization by HECOs, whereas a modified formula accounting
for the velocity-dependent Lorentz force [120] is used for monopoles. In both cases, the energy loss by
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FIG. 1. Tree level Feynman diagram for DY production
(top) of HIP anti-HIP pairs and (bottom) spin-1/2 HECO
pairs.

for evidence of HECOs. The precision of the luminos-
ity measurement at IP8 during Run-1 is estimated to be
1.16% [45].

A DY mechanism provides a simple model for HIP
pair production. Monopole pair production and spin-
0 and spin-1 HECO pair production cross sections are
computed using the Feynman-like diagram shown in
Fig. 1(top). In the case of spin-1/2 HECOs DY produc-
tion can take place via virtual photon or Z exchange [46],
as depicted in Fig. 1(bottom). In the case of Drell-Yan
processes of magnetic monopole production, the coupling
of the magnetic charge to the Z boson is usually assumed
to be absent. In specific models of such monopoles this
is proven explicitly [32, 33], since any Z-flux that could
exist in the monopole solution would be concentrated in-
side the monopole core. In the case of electrically charged
dyons this issue is model dependent. The spin 1 magnetic
monopole [34, 35] can have a non-zero magnetic moment,
characterized by the parameter  [36]. In this analysis
the value =1 is used as it is the only one that respects
unitarity [37].

It should be noted that the large monopole-photon
coupling places such calculations in the non-perturbative
regime. In the case of HECOs, which are characterized
by large electrical charges, the Drell-Yan (DY) diagram
shown in Fig. 1 should undergo appropriate resumma-

tion, to account for potential non perturbative quantum
corrections, see e.g. [47], [48]. Such techniques are be-
yond the scope of this paper, and will be the topic of a
future investigation.

THE MOEDAL DETECTOR

MoEDAL’s detector technology is radically di↵erent
from the general-purpose LHC experiments, ATLAS
and CMS. The MoEDAL detector, deployed alongside
LHCb’s VELO (VErtex LOcator) detector at IP8, em-
ploys two unconventional passive detection methodolo-
gies tuned to the discovery of HIPs. The first of these is
a plastic NTD stack array to detect the ionization trail
of HIPs. The second is a detector system comprised of
aluminium absorber elements. This detector system is
called the MMT (Magnetic Monopole Trapper) since it
was used to trap HIPs with magnetic charge, that slow
down and stop within its sensitive volume, for further
laboratory analysis. Both of these detector systems are
passive, requiring neither a trigger or readout electronics.
The MoEDAL detector is described in more detail below.
The MoEDAL detector is exemplified by its ability to

retain a permanent record, and even capture new parti-
cles for further study. The NTDs provide a tried-and-
tested and cost e↵ective method to accurately measure
the track of a HIP and its e↵ective charge. Importantly,
the NTD response was directly calibrated using heavy-
ion beams at the CERN SPS. The second detector sys-
tem, the MMT, ensures that a small but significant frac-
tion of the HIPs produced are slowed down, stopped and
trapped for further study in the laboratory. There are no
SM particles that can produce such distinct signatures.
Thus, even the detection in MoEDAL of few HIP mes-
sengers of new physics would herald a discovery.

Energy Loss of HIPs in MoEDAL

In the MoEDAL detector HIPs lose energy by ioniza-
tion. The energy loss by ionization in the MMT detector
is computed using Bethe-Bloch formula. For NTDs, the
relevant quantity is the Restricted Energy Loss (REL)
[49]. For � <10�2, the REL is equal to the particle’s to-
tal energy loss in the medium. At larger velocities, REL
is the fraction of the electronic energy loss leading to
the formation of �-rays with energies lower than a cut-o↵
energy Tcut. The REL can be computed from the Bethe-
Bloch formula restricted to energy transfers T<Tcut with
Tcut a constant characteristic of the medium. For Mak-
frofol, which is the MoEDAL NTD used for the analysis
reported in this paper, Tcut  350 eV. The RELs for
MMs and for HECOs in Makrofol are shown in Fig. 3
and Fig. 4, respectively.
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ity measurement at IP8 during Run-1 is estimated to be
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A DY mechanism provides a simple model for HIP
pair production. Monopole pair production and spin-
0 and spin-1 HECO pair production cross sections are
computed using the Feynman-like diagram shown in
Fig. 1(top). In the case of spin-1/2 HECOs DY produc-
tion can take place via virtual photon or Z exchange [46],
as depicted in Fig. 1(bottom). In the case of Drell-Yan
processes of magnetic monopole production, the coupling
of the magnetic charge to the Z boson is usually assumed
to be absent. In specific models of such monopoles this
is proven explicitly [32, 33], since any Z-flux that could
exist in the monopole solution would be concentrated in-
side the monopole core. In the case of electrically charged
dyons this issue is model dependent. The spin 1 magnetic
monopole [34, 35] can have a non-zero magnetic moment,
characterized by the parameter  [36]. In this analysis
the value =1 is used as it is the only one that respects
unitarity [37].

It should be noted that the large monopole-photon
coupling places such calculations in the non-perturbative
regime. In the case of HECOs, which are characterized
by large electrical charges, the Drell-Yan (DY) diagram
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tion, to account for potential non perturbative quantum
corrections, see e.g. [47], [48]. Such techniques are be-
yond the scope of this paper, and will be the topic of a
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from the general-purpose LHC experiments, ATLAS
and CMS. The MoEDAL detector, deployed alongside
LHCb’s VELO (VErtex LOcator) detector at IP8, em-
ploys two unconventional passive detection methodolo-
gies tuned to the discovery of HIPs. The first of these is
a plastic NTD stack array to detect the ionization trail
of HIPs. The second is a detector system comprised of
aluminium absorber elements. This detector system is
called the MMT (Magnetic Monopole Trapper) since it
was used to trap HIPs with magnetic charge, that slow
down and stop within its sensitive volume, for further
laboratory analysis. Both of these detector systems are
passive, requiring neither a trigger or readout electronics.
The MoEDAL detector is described in more detail below.
The MoEDAL detector is exemplified by its ability to

retain a permanent record, and even capture new parti-
cles for further study. The NTDs provide a tried-and-
tested and cost e↵ective method to accurately measure
the track of a HIP and its e↵ective charge. Importantly,
the NTD response was directly calibrated using heavy-
ion beams at the CERN SPS. The second detector sys-
tem, the MMT, ensures that a small but significant frac-
tion of the HIPs produced are slowed down, stopped and
trapped for further study in the laboratory. There are no
SM particles that can produce such distinct signatures.
Thus, even the detection in MoEDAL of few HIP mes-
sengers of new physics would herald a discovery.

Energy Loss of HIPs in MoEDAL

In the MoEDAL detector HIPs lose energy by ioniza-
tion. The energy loss by ionization in the MMT detector
is computed using Bethe-Bloch formula. For NTDs, the
relevant quantity is the Restricted Energy Loss (REL)
[49]. For � <10�2, the REL is equal to the particle’s to-
tal energy loss in the medium. At larger velocities, REL
is the fraction of the electronic energy loss leading to
the formation of �-rays with energies lower than a cut-o↵
energy Tcut. The REL can be computed from the Bethe-
Bloch formula restricted to energy transfers T<Tcut with
Tcut a constant characteristic of the medium. For Mak-
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and Fig. 4, respectively.
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It is clear that the present CQM model phenomenolog-
ically incorporates four basic features of QCD, namely,
asymptotic freedom and linear quark confinement as well
as chiral symmetry restoration and quark deconfinement
at high baryon density. In the original Richardson po-
tential for heavy quarks [63], one has ⇤0 = ⇤ and thus
the AF and CF have the same scale. However, while ⇤ is
⇠ 100 MeV from perturbative QCD [54, 64], ⇤0 is found
to be ⇠ 400 MeV from heavy and light meson spectro-
scopies as well as baryon properties [56, 63, 65] where
the CF plays an important role. In particular, the val-
ues of ⇤ = 100 MeV and ⇤0 = 350 MeV are shown to
successfully describe the energies and magnetic moments
of �++ and ⌦� [55]. In this work, we adopt ⇤ = 100
MeV, ⇤0 = 350 MeV, mu = 4 MeV, md = 7 MeV
and ms = 150 MeV to be consistent with Ref. [55], and
↵0 = 0.65 following Ref. [66]. We also setm⇤

u = 331 MeV,
m

⇤
d = 328 MeV and m

⇤
s = 377 MeV to match the vac-

uum constituent quark mass Mu0 = Md0 = 335 MeV and
Ms0 = 527 MeV from SU(3) Nambu-Jona-Lasinio (NJL)
model with the parameter set HK [67]. Furthermore,
we assume ⌫u = ⌫d ⌘ ⌫ud for simplicity, and thus we
have only two free parameters, namely, ⌫ud and ⌫s. We
note that using the isospin-dependent quark mass for-
mula (⌫u 6= ⌫d) with one more parameter can help to
enhance the MTOV by about 0.2M� for SQSs [61].

For the details of QS calculations within the CQM
model, the reader is referred to Refs. [54, 61]. The di-
mensionless tidal deformability ⇤k for a QS with mass
Mk and radius R can be expressed as ⇤k = 2

3
(R/Mk)5k2

where k2 is the dimensionless quadrupole tidal Love num-
ber. In a binary system, the mass weighted tidal deforma-
bility ⇤̃ is defined as [68, 69]

⇤̃ =
16

13

(12q + 1)⇤1 + (12 + q)q4⇤2

(1 + q)5
, (5)

where ⇤1 (⇤2) is for the component with mass M1 (M2)
in the binary and q = M2/M1  1 is the mass ratio.
Special boundary condition [70, 71] should be applied in
determining k2 since the self-bound QSs have a sharp
discontinuity of energy density at the surface. For all
the QS calculations in this work, the causality condition
is guaranteed, i.e., the sound speed cs ⌘

p
dP/d✏  1

where P is the pressure and ✏ is the energy density of the
QS matter. We use the natural units with ~ = c = G = 1
in the present work.

III. RESULT AND DISCUSSION

We mainly consider two QS scenarios, namely, the con-
ventional SQS and the udQS. For the conventional SQS,
SQM is absolutely stable by satisfying the so-called sta-
bility window [72], i.e., the minimum energy per baryon
Emin of SQM should be less than that of the observed
stable nuclei (i.e., 930 MeV) while the Emin of udQM
should be larger than 930 MeV to be consistent with em-
pirical nuclear physics. For udQS, udQM is absolutely

stable by requiring the Emin of udQM should be less than
930 MeV and the Emin of SQM. By varying the values of
⌫ud and ⌫s, we find the MTOV for the conventional SQS
reaches its maximum value of 1.87M� with ⌫ud = 0.39
and ⌫s = 1.07 (the parameter set is denoted as SQS1.87)
while the MTOV for udQS reaches its maximum value of
3.30M� with ⌫ud = 1.04 and ⌫s  0.94 (the parameter
set is denoted as udQS3.30). Therefore, the udQS can
have a much larger MTOV than the conventional SQS,
and the MTOV of the conventional SQS is significantly
smaller than the mass 2.59+0.08

�0.09M� from GW190814.
The self-bound QS with a larger MTOV generally has

a larger radius and thus a larger ⇤̃ for a fixed mass.
The GW170817 is the first confirmed merger event of
two pulsars, and with minimum assumptions it puts a
strong constraint of ⇤̃ = 300+420

�230
(90% highest posterior

density interval) with the binary mass ratio q = 0.73-
1.00 and chirp mass Mc = 1.186+0.001

�0.001M� for the low-
spin prior [10]. Assuming GW170817 is a binary QS
merger, we find the udQS3.30 strongly violates the con-
straint ⇤̃ = 300+420

�230
as it predicts ⇤̃(q = 0.73) = 1260.

Since ⇤̃(q) generally increases with q for a fixed Mc, the
GW170817 constraint implies ⇤̃(q = 0.73)  720 and
⇤̃(q = 1) � 70 for Mc = 1.186. To be consistent with the
GW170817 constraint on ⇤̃, we find the udQS can have
a maximum of MTOV = 2.87M� with ⌫ud = 0.843 and
⌫s  0.72 (the parameter set is denoted as udQS2.87),
and the udQS2.87 predicts ⇤̃(q = 0.73) = 720 for
Mc = 1.186M� and ⇤(1.4M�) = 677.
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FIG. 1. M-R relation in the CQM model with SQS1.87,
udQS2.87 and udQS3.30. For comparison, the mass
2.59+0.08

�0.09M� (90% C.L.) from GW190814 (orange band), and
the two independent constraints for PSR J0030+0451 [57, 58]
and PSR J0740+6620 [59, 60] from NICER (90% C.L.), are
also included.

Figure 1 displays the QS M-R relation with SQS1.87,
udQS2.87 and udQS3.30. For comparison, we also in-
clude in Fig. 1 the mass 2.59+0.08

�0.09M� from GW190814
and the two independent simultaneous M-R measure-

[Cao, Chen, Chu and Zhou, PRD 106 (2022)]

GW190814 as udQS (confining quark matter)

• “All compact stars being udQSs”: instantaneous 
transition typically predicted; consistent with observations 

udQM nucleates inside hadronic stars through quantum tunneling, forming pure ud quark stars (udQSs) 

determining the transition rate. Here we present the
comparison of various nðpÞ curves in Fig. 5(b). Given
the theoretical range of Beff in Eq. (3), the udQM pre-
diction is a quite narrow band as approximated by
nðpÞ ≈ 0.003 MeV−1Pþ nð0Þ. Interestingly, most of the
hadronic models considered before are quite soft, and their
nðpÞ curves can easily intersect with the udQM band at
some low pressure, i.e., below 30 MeV fm−3, accessible
from an astrophysical neutron star. Thus, newly formed
hadronic stars described by these EOSs will experience an
instantaneous transition, and observed compact stars with
M ≳ 1.4 M⊙ are most likely to be udQSs. On the other
hand, the uncertainty range of the hadronic matter EOSs
as from the low energy theory and astrophysical observa-
tions remain large, where the major part of the udQM
band is covered. A slow transition is then possible for a
special set of viable EOSs with the nHðPÞ curve sitting
moderately below the udQM band. In the following, we
discuss these two possibilities and their observational
implications in detail.
As a side remark, for the case that a crossing of nðpÞ

curves occurs, the chemical potential difference μH − μQ
starts to decrease above the crossing point with nH > nQ,
referring to Eq. (22). At some higher pressure, μH may
become smaller than μQ, indicating that the hadronic matter
becomes more stable again. If this pressure is accessible
from udQSs, there will be a transition back to the hadronic
matter in the deep interior of the quark stars. This points to
a new type of hybrid stars, in contrast to the conventional
ones with a quark matter core. We leave the detailed study
for future work.

A. All compact stars being udQSs

Neutron stars described by a soft hadronic matter EOS is
more likely to convert to udQSs, the maximum mass of
which remains compatible with the observed heaviest
pulsars. The possibility that all compact stars are udQSs
then provides a natural solution to the hyperon puzzle. In
this case, the main question is the consistency of udQS
predictions with most of the other neutron star observations
that involve objects considerably lighter than 2 M⊙. Note
that the joined constraints found in [49] and other refer-
ences rely on the nuclear theory input for the hadronic
matter at the low density, and they cannot be directly used
for udQM and udQSs.
Figure 6 compares the theoretical range of Beff in Eq. (3)

with the recent gravitational wave and pulsar observations
of neutron stars. Three types of constraints are considered
here. For the observations of massive pulsars with
M ≳ 2 M⊙, we include another pulsar J2215þ 5135 with
a heavier mass but a much larger uncertainty. Overall, the
theoretical range is consistent with these 2 M⊙ bounds at
90% C.L.. NICER measures the x-ray emission from a
rotating neutron star and is expected to reach better
sensitivity for the mass and radius measurements. As the

first target, J0030þ 0451 points to a star with the mass
around 1.4 M⊙ and the radius around 13 km. Given the
rescaled mass and radius relation for udQSs in Fig. 1(a), the
inferred range on the M–R plane can be translated to a
range for Beff. A relatively small Beff is favored by this
observation, with the theoretical prediction disfavored at
68% C.L. The tension nonetheless goes away at 90% C.L.,
and there is even less concern if considering the theoretical
uncertainties associated with the surface tension σs0.
Gravitational-wave observations provide a unique

chance to measure the tidal properties for the binary
system. The average tidal deformability Λ̃ can be extracted
from a waveform at the inspiral stage, and it is a function of
the mass ratio and the rescaled chirp mass. The constraints
from GW170817 favor a relatively large Beff , with the
theoretical prediction sitting right within the lower boun-
dary of the 90% range [19]. The more recent event
GW190425, on the other hand, has a larger chirp mass

FIG. 6. Observational constraints on Beff at 68% C.L. (blue)
and 90% C.L. (red) in the scenario that all compact stars are
udQSs. The three constraints on the bottom show the upper
bounds on Beff from radio measurements of heaviest pulsar
masses, withM=M⊙ ¼ 2.14þ0.10

−0.09 , 2.01
þ0.04
−0.04 , 2.27

þ0.17
−0.15 (68% C.L.)

for J0740þ 6620 [11], J0348þ 0432 [12], J2215þ 5135 [32],
respectively. The constraint in the middle comes from the mass
and radius measurement of J0030þ 0451 with NICER. Here we
use the results from a recent analysis [50] withM ¼ 1.44þ0.15

−0.14M⊙
and R ¼ 13.02þ1.24

−1.06 km (68% C.L.) [The Beff constraint from
another analysis of NICER data [51] is comparable and differs by
less than 5%]. The two constraints on the top are from
gravitational wave measurements of neutron star binaries with
LIGO/Virgo, with the chirp mass Mc=M⊙ ¼ 1.186% 0.001,
1.44% 0.02, the mass ratio q ¼ 0.73 − 1, 0.8–1, the average
tidal deformability Λ̃ ¼ 300þ420

−230, ≲600 (90% C.L.) for
GW170817 [33] and GW190425 [23] respectively. The vertical
green band shows the theoretical prediction in Eq. (3).
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• “Two family scenario”: high-mass stars are 
udQSs and low-mass ones are hadronic stars  

[Zhao, et al. PRD 100 (2019), Ren and Zhang, PRD 102 (2020)]
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Hybrid stars: maybe an inverted structure?  
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Conventional picture QM hypothesis

Hadronic 
matter               

Quark 
matter    

Deconfined 
quark matter 

Hadronic 
matter     

Deconfined 
quark matter 

As density increases, nucleons may get 
decomposed into deconfined strange quark 
matter, forming hybrid stars  

If HM is more stable than QM at intermediate density, 
inverted structure can be formed by NSs hit by QM or 
quantum nucleation of QM (HM) inside NSs (QSs)

hadrons

quarks

[Zhang and JR, PRD 108 (2023)]



Crossing from QM to HM 

13

Considering a sharp phase transition (Maxwell construction), QM to HM transition occurs when μQ and μH cross, i.e. 
a softer HM EOS and stiffer QM EOS at low densities, given 

small B or a4 region with not-large Pcr, CrSs can account
for a sufficiently small tidal deformability at 1.4M⊙ and a
large enoughMTOV simultaneously. The other possibility is
to have lower mass QSs explaining the PSR J0030þ 0451
and GW170817 constraints and CrSs residing in the large-
mass regime meeting the PSR J0740þ 6620 one. This
arises in the large B region with a relatively large Pcr, as the
red lines (B ¼ 50 MeV=fm3) shown in Fig. 3, whereMTOV
of CrS can even exceed that of QS.
For the two types of QM hypothesis, the parameter space

for CrSs with a SQM crust is more constrained by the
astrophysical observations, especially for hadronic EOSs
that are relatively stiffer than APR at low pressure like SLy4
(see Appendix). This is because the transition usually takes
place at a higher Pcr for SQM compared to udQM, as
shown in Fig. 1. Thus, less parameter space exists to realize
stable CrSs in the SQM hypothesis in general, and we see
fewer solid lines on the right column of Fig. 3 than the left.
We also see “twin star” configurations, i.e., stars with

identical masses but very different radii, in cases of small B
and large a4. This is closely related to the existence of the
unstable region in Fig. 2 and the largeΔρ=ρðPcrÞ for the first-
order phase transition as discussed. In contrast to conven-
tional hybrid stars, the larger-radius one in our scenario is a
pure QS and the smaller-radius one is a CrS. For CrSs with
udQM (SQM) in the cases shown, the largest radius differ-
ence can reach 4.3 km (3.1 km) at M ∼ 1.7M⊙ (1.75M⊙).

IV. CONCLUSIONS

To summarize, we have explored a new possibility of a
distinct stellar objects, CrSs, with a QM crust and a HM
core, based on the hypothesis that QM can be absolutely
stable at low pressure. We have shown that CrSs can be
naturally realized within the stable branch of compact stars
and they may play a significant role to reconcile various
astrophysical constraints.
It is possible that more crossings exist at higher pressure,

yielding a multilayer structure of quark and hadronic matter.
The astrophysical implications of such objects deserve further
study, including the possibility of explaining the supergiant
glitch phenomena, considering the associated first order phase
transition decreases the moment of inertia and thus causes a
sudden spin-up [88,89]. CrSs can possibly be distinguished
from other type of compact stars from future fine-radius
measurement [32], or GW asteroseismology [90,91] due to
their distinction on nonradial oscillations [92]. Besides,
including color superconductivity effects can increase the
stiffness of QMEOSs and then enlarge the parameter space of
CrSs, which may explain the massive secondary component
of GW190814 [8,55,93,94].
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APPENDIX A: VARIATIONS OF HADRONIC EOSs

To demonstrate the robustness of our results against the
uncertainties of hadronic EOSs, we consider ten more
examples of hadronic EOSs here.
We display in Fig. 4 the masses, radii, and tidal deform-

abilities of CrSs for the 11 HM EOSs. They have similar
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FIG. 4. (Top) μðPÞ of the two matter phases with udQM EOSs
same as Fig. 1 but nowwith 11 hadronic EOSs. (Middle) M-R and
(bottom) Λ −M of cross stars (solid curves) with udQM of
ðB; a4Þ ¼ ð20 MeV=fm3; 0.35Þ. The 11 hadronic EOSs are those
as the top legends shows. Dashed lines denote pure QSs configu-
rations and the dotted lines denote unstable CrSs configurations.
The observational constraints follow the same as Fig. 3.
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HM EOS QM EOS 

The top panel of Fig. 1 displays μðPÞ for the two types of
QM with the aforementioned benchmark sets of the bag
constant B, and μðPÞ for APR hadronic EOS [67]. At low
pressure, μQ is smaller than the hadronic chemical potential
μH under the QM hypothesis. As P increases, both
chemical potentials go larger. If μQ increases faster with
P than μH, the two μðPÞ curve may cross at some critical
pressure Pcr. For both cases, μQ increases faster for a
smaller a4 or B as expected from Eq. (4), and so the
crossing takes place at a smaller Pcr. For SQM, a softer
EOS results in a more slowly increasing μQ than udQM,
and then a larger value of Pcr in general. Thus, to realize
CrSs within the stable branch below the maximum mass,
the udQM hypothesis allows a larger parameter space.
We depict the combined EOSs in the bottom row of

Fig. 1. At low pressure, the EOS is given by Eq. (2) for the
more stable QM phase. Once the crossing of chemical
potentials takes place within the interested range, the
energy density jumps from ρQ to ρH by a finite amount
Δρ at Pcr, indicating a first-order phase transition. At higher
pressure, HM becomes more stable and the EOSs all merge
into the benchmark model. The possibility of a first-order
phase transition has also been considered for conventional
hybrid star, while for CrSs the order of phases are
naturally inverted. It turns out that there is a large overlap

of the parameters they considered and the CrS model we
explore here, so the effects of the inverted structure can be
more clearly seen. These cover a large empirical param-
eter space and are consistent with recent studies on the
sound speed [68–71] (see Appendix B).

III. ASTROPHYSICAL IMPLICATIONS

To obtain the configuration of CrSs, we incorporate the
combined EOS of the two matter phases into the Tolman-
Oppenheimer-Volkov (TOV) equation [72,73]

dPðrÞ
dr

¼ −
½mðrÞ þ 4πr3PðrÞ&½ρðrÞ þ PðrÞ&

rðr − 2mðrÞÞ
;

dmðrÞ
dr

¼ 4πρðrÞr2; ð5Þ

where the profiles PðrÞ and mðrÞ are solved as functions of
the center pressure Pcenter. The radius R and physical mass
M of the compact stars are determined by PðRÞ ¼ 0 and
M ¼ mðRÞ, respectively. To compare with gravitational
wave observations, we can further compute the dimension-
less tidal deformability Λ ¼ 2k2=ð3C5Þ, where C ¼ M=R
is the compactness and k2 is the Love number that
characterizes the stars’ response to external disturbances
[74–77]. The Love number k2 can be determined by solving
a function yðrÞ from a specific differential equation [77]
and the TOVequation Eq. (5), with the boundary condition
yð0Þ ¼ 2. For CrSs, the matching condition [78,79]
yðrþd Þ − yðr−d Þ ¼ −4πr3dΔρd=ðmðrdÞ þ 4πr3dPðrdÞÞ should
be imposed at rd (i.e., the hadronic core radius rcr and the
CrS radius R), where an energy density jump Δρd occurs.
To elaborate the explicit stellar structure of CrSs, we

display the masses and radii of the CrSs and their hadronic
cores as functions of the centre pressure in Fig. 2. Here,
we choose a benchmark model with the hadronic core
described by the APR EOS and the udQM crust with
B ¼ 20 MeV=fm3 and different values of a4. CrSs with a
SQM crust share similar behaviour. As a general feature,
the compact stars are pure QSs at low Pcenter, and transit to
CrSs at high Pcenter. Right above the transition pressure Pcr,
there may exist an unstable region, whereM decreases as P
increases. When M approaches the maximum mass, the
HM core grows large and the QM crust takes only a small
fraction with ∼0.1M⊙ in mass and ∼1 km in width.
Regarding the dependence on QM properties, we see that,

for a givenB, a lowerPcr results in a largermass and radius for
the hadronic core and the opposite effect on the overall mass
and radius, thus altogether map to a larger mass and radius
fraction for the hadronic core.Also, the unstable regiongrows
larger for increasing a4, which maps to the large Δρ=ρðPcrÞ
regime referring to Fig. 1. Such a map is a general feature for
compacts stars involving hybrid structures [10,80].
We depict the mass-radius relation and the correspond-

ing tidal deformabilities of CrSs with a more general
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small B or a4 region with not-large Pcr, CrSs can account
for a sufficiently small tidal deformability at 1.4M⊙ and a
large enoughMTOV simultaneously. The other possibility is
to have lower mass QSs explaining the PSR J0030þ 0451
and GW170817 constraints and CrSs residing in the large-
mass regime meeting the PSR J0740þ 6620 one. This
arises in the large B region with a relatively large Pcr, as the
red lines (B ¼ 50 MeV=fm3) shown in Fig. 3, whereMTOV
of CrS can even exceed that of QS.
For the two types of QM hypothesis, the parameter space

for CrSs with a SQM crust is more constrained by the
astrophysical observations, especially for hadronic EOSs
that are relatively stiffer than APR at low pressure like SLy4
(see Appendix). This is because the transition usually takes
place at a higher Pcr for SQM compared to udQM, as
shown in Fig. 1. Thus, less parameter space exists to realize
stable CrSs in the SQM hypothesis in general, and we see
fewer solid lines on the right column of Fig. 3 than the left.
We also see “twin star” configurations, i.e., stars with

identical masses but very different radii, in cases of small B
and large a4. This is closely related to the existence of the
unstable region in Fig. 2 and the largeΔρ=ρðPcrÞ for the first-
order phase transition as discussed. In contrast to conven-
tional hybrid stars, the larger-radius one in our scenario is a
pure QS and the smaller-radius one is a CrS. For CrSs with
udQM (SQM) in the cases shown, the largest radius differ-
ence can reach 4.3 km (3.1 km) at M ∼ 1.7M⊙ (1.75M⊙).

IV. CONCLUSIONS

To summarize, we have explored a new possibility of a
distinct stellar objects, CrSs, with a QM crust and a HM
core, based on the hypothesis that QM can be absolutely
stable at low pressure. We have shown that CrSs can be
naturally realized within the stable branch of compact stars
and they may play a significant role to reconcile various
astrophysical constraints.
It is possible that more crossings exist at higher pressure,

yielding a multilayer structure of quark and hadronic matter.
The astrophysical implications of such objects deserve further
study, including the possibility of explaining the supergiant
glitch phenomena, considering the associated first order phase
transition decreases the moment of inertia and thus causes a
sudden spin-up [88,89]. CrSs can possibly be distinguished
from other type of compact stars from future fine-radius
measurement [32], or GW asteroseismology [90,91] due to
their distinction on nonradial oscillations [92]. Besides,
including color superconductivity effects can increase the
stiffness of QMEOSs and then enlarge the parameter space of
CrSs, which may explain the massive secondary component
of GW190814 [8,55,93,94].
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APPENDIX A: VARIATIONS OF HADRONIC EOSs

To demonstrate the robustness of our results against the
uncertainties of hadronic EOSs, we consider ten more
examples of hadronic EOSs here.
We display in Fig. 4 the masses, radii, and tidal deform-

abilities of CrSs for the 11 HM EOSs. They have similar
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FIG. 4. (Top) μðPÞ of the two matter phases with udQM EOSs
same as Fig. 1 but nowwith 11 hadronic EOSs. (Middle) M-R and
(bottom) Λ −M of cross stars (solid curves) with udQM of
ðB; a4Þ ¼ ð20 MeV=fm3; 0.35Þ. The 11 hadronic EOSs are those
as the top legends shows. Dashed lines denote pure QSs configu-
rations and the dotted lines denote unstable CrSs configurations.
The observational constraints follow the same as Fig. 3.
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crossing, which can happen from QS spin-down, accretion
or merger.
We will demonstrate that CrSs can be naturally realized

within simple theoretical frameworks, and also accommo-
date different astrophysical observations.

II. CROSSING FROM QM TO HM

To describe the phase transition from QM to HM inside
CrSs, we adopt the Maxwell construction, which assumes a
sharp phase transition with no mixed phase. This is a valid
assumption here considering the rapid hadron-quark phase
transition in the empirical range of the surface tension of
the hadron-quark interface [14,37,48–50]. The phase tran-
sition is then determined by the crossing of chemical
potentials for the two matter phases at low densities.
Given the general thermodynamic relation between the
chemical potential and EOS [51], the QM to HM transition
occurs in the case of a softer HM EOS and stiffer QM EOS
at low densities. Below, we will conduct a comprehensive
analysis to determine the feasibility of this transition within
the extensively studied parameter space of QM and HM.
Similar transitions have also been studied before, but in the
context of specific holographic models [52–54].
We start by describing the properties of QM. The

existence of absolutely stable quark matter at low densities
originates from the reduction of constituent quark masses in
the presence of quark densities. QCD confinement ensures
that net color charge does not appear over large volumes.
The general QM grand potential can be parametrized as the
following form [10,55]:

Ω ¼ −
ξ4a4
4π2

μ4 −
a2
π2

μ2 þ B; ð1Þ

where μ denotes the chemical potential of QM. The first
term describes a free quark gas with additional QCD
corrections, with a4 ¼ 1 corresponding to no corrections
and a4 ≪ 1 corresponding to large corrections [9,56,57].
The value of ξ4 depends on the flavor composition of
QM. For udQM, ξ4 ¼ ½ð1=3Þ4=3 þ ð2=3Þ4=3&−3 ≈ 1.86,
while for SQM ξ4 ¼ 3. The μ2 term arises from the
quark bare mass or possible color superconductivity
effect induced by the residual attractive interaction. In
this work, we neglect color superconductivity for sim-
plicity, and thus a2 ¼ 0 for udQM due to the negligible
small mass of u, d quarks. B is the effective bag
constant that accounts for the nonperturbative feedback
of dense quark gases on the QCD vacuum. As the flavor
symmetry is badly broken, B can have different values
for udQM and SQM [23].
For later convenience, we define λ ¼ a2=

ffiffiffiffiffiffiffiffiffi
ξ4a4

p
, so that

λ ¼ 0 for udQM and λ ¼ −
ffiffiffi
3

p
m2

s=ð4
ffiffiffiffiffi
a4

p Þ for SQM [55].
The finite strange quark mass ms ¼ 95' 5MeV [58], and
we choose ms ¼ 95MeV as its benchmark value. The
general QM EOS is then derived as [55,59,60]

P ¼ 1

3
ðρ − 4BÞ þ 4λ2

9π2

 

−1þ sgnðλÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3π2

ðρ − BÞ
λ2

r !

:

ð2Þ

The EOS of udQM reduces to P ¼ 1
3 ðρ − 4BÞ. The EOS

for SQM receives additional corrections from finite λ, and
is softer than the udQM EOS of the same bag constant.
The energy per baryon number and chemical potential for
the interacting QM are [55]

εQ ¼ 3
ffiffiffi
2

p
π

ðξ4a4Þ1=4
B1=4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ2=Bþ π2Þ1=2 þ λ=

ffiffiffiffi
B

pq ; ð3Þ

μQ ¼ 3
ffiffiffi
2

p

ða4ξ4Þ1=4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðPþ BÞπ2 þ λ2&1=2 − λ

q
: ð4Þ

The properties of QM are fully determined by the two
parameters ðB; a4Þ.
The parameter space of ðB; a4Þ are constrained by the

absolute stability condition of QM at zero pressure. Since
the most stable nucleus, 56Fe, has an energy per baryon
number of εFe ≈ 930 MeV, the stability condition εQ ≤ εFe
imposes a lower bound on a4, with audQM4;min ≈ 174π2B=ε4Fe
and aSQM4;min ¼ 3ð36π2Bþ 3m2

sε2FeÞ=ε4Fe. In the context of
udQM hypothesis, to not ruin the stability of ordinary
nuclei, it is safe to have the minimum baryon number of
udQM larger than 300, corresponding to εQ ≳ ε900 ≡
900 MeV [23]. This sets an upper bound for a4:
audQM4;max ¼ audQM4;min ðεFe → ε900Þ. Requiring audQM4;min ≤ 1 set an
upper bound for udQM bag constant B ≤ 56.8 MeV=fm3.
In the context of the SQM hypothesis, udQM is unstable by
definition, and this sets an upper bound of aSQM4;max ¼ audQM4;min ,
under the conventional assumption of a flavor-independent
bag constant. Requiring aSQM4;max ≳ aSQM4;min and aSQM4;min ≤ 1

together constrain B to a window B ∈ ½15.5;
82.2& MeV=fm3. Thus, we choose a benchmark set
B¼ ð20;35;50Þ MeV=fm3 ≈ ð1114;1284;1404Þ MeV4 for
both udQM and SQM. The allowed range of a4 is
given by audQM4;min ≈ ð0.35; 0.62; 0.88Þ and audQM4;max ≈ ð0.40;
0.70; 1.0Þ for udQM; aSQM4;min ≈ ð0.32; 0.49; 0.64Þ and
aSQM4;max ≈ ð0.35; 0.62; 0.88Þ for SQM.
To address the uncertainties associated with the HM

EOS, we perform the analysis for 11 representative
models, including APR, BL, GM1, SLy4, SLy9, DDHδ,
Sk13, Sk14, Sk15, SKa, and SKb [61,65,66]. The corre-
sponding EOSs and chemical potentials data are taken from
Ref. [67]. We find that CrSs with these hadronic models
are not significantly different from each other in terms of
their stellar properties such as masses and radii (see
Appendix A); thus we take APR as the representative
benchmark in this paper.
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Considering a sharp phase transition (Maxwell construction), QM to HM transition occurs when μQ and μH cross, i.e. 
a softer HM EOS and stiffer QM EOS at low densities, given 
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for a sufficiently small tidal deformability at 1.4M⊙ and a
large enoughMTOV simultaneously. The other possibility is
to have lower mass QSs explaining the PSR J0030þ 0451
and GW170817 constraints and CrSs residing in the large-
mass regime meeting the PSR J0740þ 6620 one. This
arises in the large B region with a relatively large Pcr, as the
red lines (B ¼ 50 MeV=fm3) shown in Fig. 3, whereMTOV
of CrS can even exceed that of QS.
For the two types of QM hypothesis, the parameter space

for CrSs with a SQM crust is more constrained by the
astrophysical observations, especially for hadronic EOSs
that are relatively stiffer than APR at low pressure like SLy4
(see Appendix). This is because the transition usually takes
place at a higher Pcr for SQM compared to udQM, as
shown in Fig. 1. Thus, less parameter space exists to realize
stable CrSs in the SQM hypothesis in general, and we see
fewer solid lines on the right column of Fig. 3 than the left.
We also see “twin star” configurations, i.e., stars with

identical masses but very different radii, in cases of small B
and large a4. This is closely related to the existence of the
unstable region in Fig. 2 and the largeΔρ=ρðPcrÞ for the first-
order phase transition as discussed. In contrast to conven-
tional hybrid stars, the larger-radius one in our scenario is a
pure QS and the smaller-radius one is a CrS. For CrSs with
udQM (SQM) in the cases shown, the largest radius differ-
ence can reach 4.3 km (3.1 km) at M ∼ 1.7M⊙ (1.75M⊙).

IV. CONCLUSIONS

To summarize, we have explored a new possibility of a
distinct stellar objects, CrSs, with a QM crust and a HM
core, based on the hypothesis that QM can be absolutely
stable at low pressure. We have shown that CrSs can be
naturally realized within the stable branch of compact stars
and they may play a significant role to reconcile various
astrophysical constraints.
It is possible that more crossings exist at higher pressure,

yielding a multilayer structure of quark and hadronic matter.
The astrophysical implications of such objects deserve further
study, including the possibility of explaining the supergiant
glitch phenomena, considering the associated first order phase
transition decreases the moment of inertia and thus causes a
sudden spin-up [88,89]. CrSs can possibly be distinguished
from other type of compact stars from future fine-radius
measurement [32], or GW asteroseismology [90,91] due to
their distinction on nonradial oscillations [92]. Besides,
including color superconductivity effects can increase the
stiffness of QMEOSs and then enlarge the parameter space of
CrSs, which may explain the massive secondary component
of GW190814 [8,55,93,94].

ACKNOWLEDGMENTS

C. Z. is supported by the Jockey Club Institute for
Advanced Study at The Hong Kong University of

Science and Technology. J. R. is supported by the
Institute of High Energy Physics, Chinese Academy of
Sciences, under Contract No. Y9291220K2.

APPENDIX A: VARIATIONS OF HADRONIC EOSs

To demonstrate the robustness of our results against the
uncertainties of hadronic EOSs, we consider ten more
examples of hadronic EOSs here.
We display in Fig. 4 the masses, radii, and tidal deform-

abilities of CrSs for the 11 HM EOSs. They have similar

APR BL DDH GM1 Sk13 Sk14

Sk15 SKa SKb SLy4 SLy9

0 20 40 60 80 100 120 140
900

1000

1100

1200

1300

P (MeV/fm3 )
μ(
M
eV

)

6 8 10 12 14 16
0.0

0.5

1.0

1.5

2.0

R (km)

M
(M

)

PSR J0952- 0607

PSR J0740+6620

PSR
J003

0+04
51

1.0 1.2 1.4 1.6 1.8 2.0 2.2
0

500

1000

1500

M(M )

GW170817

FIG. 4. (Top) μðPÞ of the two matter phases with udQM EOSs
same as Fig. 1 but nowwith 11 hadronic EOSs. (Middle) M-R and
(bottom) Λ −M of cross stars (solid curves) with udQM of
ðB; a4Þ ¼ ð20 MeV=fm3; 0.35Þ. The 11 hadronic EOSs are those
as the top legends shows. Dashed lines denote pure QSs configu-
rations and the dotted lines denote unstable CrSs configurations.
The observational constraints follow the same as Fig. 3.
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HM EOS QM EOS 

The top panel of Fig. 1 displays μðPÞ for the two types of
QM with the aforementioned benchmark sets of the bag
constant B, and μðPÞ for APR hadronic EOS [67]. At low
pressure, μQ is smaller than the hadronic chemical potential
μH under the QM hypothesis. As P increases, both
chemical potentials go larger. If μQ increases faster with
P than μH, the two μðPÞ curve may cross at some critical
pressure Pcr. For both cases, μQ increases faster for a
smaller a4 or B as expected from Eq. (4), and so the
crossing takes place at a smaller Pcr. For SQM, a softer
EOS results in a more slowly increasing μQ than udQM,
and then a larger value of Pcr in general. Thus, to realize
CrSs within the stable branch below the maximum mass,
the udQM hypothesis allows a larger parameter space.
We depict the combined EOSs in the bottom row of

Fig. 1. At low pressure, the EOS is given by Eq. (2) for the
more stable QM phase. Once the crossing of chemical
potentials takes place within the interested range, the
energy density jumps from ρQ to ρH by a finite amount
Δρ at Pcr, indicating a first-order phase transition. At higher
pressure, HM becomes more stable and the EOSs all merge
into the benchmark model. The possibility of a first-order
phase transition has also been considered for conventional
hybrid star, while for CrSs the order of phases are
naturally inverted. It turns out that there is a large overlap

of the parameters they considered and the CrS model we
explore here, so the effects of the inverted structure can be
more clearly seen. These cover a large empirical param-
eter space and are consistent with recent studies on the
sound speed [68–71] (see Appendix B).

III. ASTROPHYSICAL IMPLICATIONS

To obtain the configuration of CrSs, we incorporate the
combined EOS of the two matter phases into the Tolman-
Oppenheimer-Volkov (TOV) equation [72,73]

dPðrÞ
dr

¼ −
½mðrÞ þ 4πr3PðrÞ&½ρðrÞ þ PðrÞ&

rðr − 2mðrÞÞ
;

dmðrÞ
dr

¼ 4πρðrÞr2; ð5Þ

where the profiles PðrÞ and mðrÞ are solved as functions of
the center pressure Pcenter. The radius R and physical mass
M of the compact stars are determined by PðRÞ ¼ 0 and
M ¼ mðRÞ, respectively. To compare with gravitational
wave observations, we can further compute the dimension-
less tidal deformability Λ ¼ 2k2=ð3C5Þ, where C ¼ M=R
is the compactness and k2 is the Love number that
characterizes the stars’ response to external disturbances
[74–77]. The Love number k2 can be determined by solving
a function yðrÞ from a specific differential equation [77]
and the TOVequation Eq. (5), with the boundary condition
yð0Þ ¼ 2. For CrSs, the matching condition [78,79]
yðrþd Þ − yðr−d Þ ¼ −4πr3dΔρd=ðmðrdÞ þ 4πr3dPðrdÞÞ should
be imposed at rd (i.e., the hadronic core radius rcr and the
CrS radius R), where an energy density jump Δρd occurs.
To elaborate the explicit stellar structure of CrSs, we

display the masses and radii of the CrSs and their hadronic
cores as functions of the centre pressure in Fig. 2. Here,
we choose a benchmark model with the hadronic core
described by the APR EOS and the udQM crust with
B ¼ 20 MeV=fm3 and different values of a4. CrSs with a
SQM crust share similar behaviour. As a general feature,
the compact stars are pure QSs at low Pcenter, and transit to
CrSs at high Pcenter. Right above the transition pressure Pcr,
there may exist an unstable region, whereM decreases as P
increases. When M approaches the maximum mass, the
HM core grows large and the QM crust takes only a small
fraction with ∼0.1M⊙ in mass and ∼1 km in width.
Regarding the dependence on QM properties, we see that,

for a givenB, a lowerPcr results in a largermass and radius for
the hadronic core and the opposite effect on the overall mass
and radius, thus altogether map to a larger mass and radius
fraction for the hadronic core.Also, the unstable regiongrows
larger for increasing a4, which maps to the large Δρ=ρðPcrÞ
regime referring to Fig. 1. Such a map is a general feature for
compacts stars involving hybrid structures [10,80].
We depict the mass-radius relation and the correspond-

ing tidal deformabilities of CrSs with a more general
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of cross stars. APR EOS (green) is the representative benchmark
for HM. udQM (solid) and SQM (dashed) sample B ¼ 20
(black), 35 (blue), 50 ðredÞMeV=fm3, and a4 ¼ a4;min, a4;max
from the darker to lighter color.

HYBRID STARS MAY HAVE AN INVERTED STRUCTURE PHYS. REV. D 108, 063012 (2023)

063012-3

udQM (solid), SQM (dashed)

HM
(APR)

[27] Z. Miao, J. L. Jiang, A. Li, and L. W. Chen, Astrophys. J.
Lett. 917, L22 (2021).

[28] F. Weber, Prog. Part. Nucl. Phys. 54, 193 (2005).
[29] L. K. Yang, X. F. Luo, J. Segovia, and H. S. Zong, Sym-

metry 12, 2095 (2020).
[30] M. Kumari and A. Kumar, Eur. Phys. J. C 81, 791 (2021).
[31] X. Lai, C. Xia, and R. Xu, Adv. Phys. X 8, 2137433 (2022).
[32] A. Li, EPJ Web Conf. 260, 04001 (2022).
[33] A. Li, Z. Q. Miao, J. L. Jiang, S. P. Tang, and R. X. Xu,

Mon. Not. R. Astron. Soc. 506, 5916 (2021).
[34] C. J. Xia, S. S. Xue, R. X. Xu, and S. G. Zhou, Phys. Rev. D

101, 103031 (2020).
[35] C. J. Xia, J. F. Xu, G. X. Peng, and R. X. Xu, Phys. Rev. D

106, 034016 (2022).
[36] C. Zhang, Phys. Rev. D 101, 043003 (2020).
[37] J. Ren and C. Zhang, Phys. Rev. D 102, 083003 (2020).
[38] Q. Wang, C. Shi, and H. S. Zong, Phys. Rev. D 100, 123003

(2019); 100, 129903(E) (2019).
[39] T. Zhao, W. Zheng, F. Wang, C. M. Li, Y. Yan, Y. F. Huang,

and H. S. Zong, Phys. Rev. D 100, 043018 (2019).
[40] Z. Cao, L. W. Chen, P. C. Chu, and Y. Zhou, Phys. Rev. D

106, 083007 (2022).
[41] L. Wang, J. Hu, C. J. Xia, J. F. Xu, G. X. Peng, and R. X.

Xu, Galaxies 9, 70 (2021).
[42] W. L. Yuan, A. Li, Z. Miao, B. Zuo, and Z. Bai, Phys. Rev.

D 105, 123004 (2022).
[43] C. M. Li, S. Y. Zuo, Y. P. Zhao, H. J. Mu, and Y. F. Huang,

Phys. Rev. D 106, 116009 (2022).
[44] E. L. Oter, A. Windisch, F. J. Llanes-Estrada, and M. Alford,

J. Phys. G 46, 084001 (2019).
[45] A. Kurkela, E. S. Fraga, J. Schaffner-Bielich, and A.

Vuorinen, Astrophys. J. 789, 127 (2014).
[46] We focus on one crossing in this study. Having more

crossings may require fine-tuning of the models or it
may easily fall into the unstable branch of compact stars.

[47] E. Farhi and R. L. Jaffe, Phys. Rev. D 30, 2379 (1984).
[48] I. Bombaci, D. Logoteta, I. Vidaña, and C. Providência,

Eur. Phys. J. A 52, 58 (2016).
[49] K. Iida and K. Sato, Phys. Rev. C 58, 2538 (1998).
[50] M. G. Alford, K. Rajagopal, S. Reddy, and F. Wilczek,

Phys. Rev. D 64, 074017 (2001).
[51] The thermodynamics relation is μðPÞ ≈ μð0Þ þ

R
P
0 dP0 1

nðP0Þ,
where the number density nðPÞ is positively correlated with
the equation of states ρðPÞ.

[52] E. Annala, C. Ecker, C. Hoyos, N. Jokela, D. Rodríguez
Fernández, and A. Vuorinen, J. High Energy Phys. 12
(2018) 078.

[53] N. Jokela, M. Järvinen, and J. Remes, J. High Energy Phys.
03 (2019) 041.

[54] C. Hoyos, N. Jokela, and A. Vuorinen, Prog. Part. Nucl.
Phys. 126, 103972 (2022).

[55] C. Zhang and R. B. Mann, Phys. Rev. D 103, 063018
(2021).

[56] E. S. Fraga, R. D. Pisarski, and J. Schaffner-Bielich, Phys.
Rev. D 63, 121702(R) (2001).

[57] S. Weissenborn, I. Sagert, G. Pagliara, M. Hempel, and J.
Schaffner-Bielich, Astrophys. J. 740, L14 (2011).

[58] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38,
090001 (2014).

[59] C. Zhang, M. Gammon, and R. B. Mann, Phys. Rev. D 104,
123007 (2021).

[60] C. Zhang, Phys. Rev. D 104, 083032 (2021).
[61] We do not consider PREX-II constraints [62] at this stage

since the stiff HM EOS around saturation density indicates it
is in tension with the GW170817 constraint and the CREX
analysis [63,64].

[62] D. Adhikari et al. (PREX Collabworations), Phys. Rev. Lett.
126, 172502 (2021).

[63] S. Tagami, T. Wakasa, and M. Yahiro, arXiv:2210.03313.
[64] D. Adhikari et al. (CREX Collaborations), Phys. Rev. Lett.

129, 042501 (2022).
[65] S. Typel, M. Oertel, and T. Klähn, Phys. Part. Nucl. 46, 633

(2015).
[66] A. Y. Potekhin, A. F. Fantina, N. Chamel, J. M. Pearson, and

S. Goriely, Astron. Astrophys. 560, A48 (2013).
[67] CompOSE: https://compose.obspm.fr/.
[68] P. Landry, R. Essick, and K. Chatziioannou, Phys. Rev. D

101, 123007 (2020).
[69] I. Legred, K. Chatziioannou, R. Essick, S. Han, and P.

Landry, Phys. Rev. D 104, 063003 (2021).
[70] S. Altiparmak, C. Ecker, and L. Rezzolla, Astrophys. J. Lett.

939, L34 (2022).
[71] C. Ecker and L. Rezzolla, Astrophys. J. Lett. 939, L35 (2022).
[72] R. C. Tolman, Phys. Rev. 55, 364 (1939).
[73] J. R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55, 374

(1939).
[74] A. E. H. Love, Proc. R. Soc. A 82, 73 (1909).
[75] T. Hinderer, Astrophys. J. 677, 1216 (2008).
[76] T. Hinderer, B. D. Lackey, R. N. Lang, and J. S. Read, Phys.

Rev. D 81, 123016 (2010).
[77] S. Postnikov, M. Prakash, and J. M. Lattimer, Phys. Rev. D

82, 024016 (2010).
[78] T. Damour and A. Nagar, Phys. Rev. D 80, 084035 (2009).
[79] J. Takatsy and P. Kovacs, Phys. Rev. D 102, 028501 (2020).
[80] L. Lindblom, Phys. Rev. D 58, 024008 (1998).
[81] M. C. Miller et al., Astrophys. J. 887, L24 (2019).
[82] T. E. Riley et al., Astrophys. J. 887, L21 (2019).
[83] M. C. Miller et al., Astrophys. J. 918, L28 (2021).
[84] T. E. Riley et al., Astrophys. J. 918, L27 (2021).
[85] R. W. Romani, D. Kandel, A. V. Filippenko, T. G. Brink,

and W. Zheng, Astrophys. J. Lett. 934, L18 (2022); 934,
L17 (2022).

[86] J. Antoniadis et al., Science 340, 6131 (2013).
[87] H. T. Cromartie et al. (NANOGrav Collaborations), Nat.

Astron. 4, 72 (2019).
[88] N. K. Glendenning, S. Pei, and F. Weber, Phys. Rev. Lett.

79, 1603 (1997).
[89] F. Ma and B. r. Xie, Astrophys. J. Lett. 462, L63 (1996).
[90] A. Passamonti, M. Bruni, L. Gualtieri, A. Nagar, and C. F.

Sopuerta, Phys. Rev. D 73, 084010 (2006).
[91] G. Pratten, P. Schmidt, and T. Hinderer, Nat. Commun. 11,

2553 (2020).
[92] C. Zhang, Y. Luo, H. b. Li, L. Shao, and R. Xu, arXiv:

2306.08234.
[93] A. Kanakis-Pegios, P. S. Koliogiannis, and C. C.Moustakidis,

Symmetry 13, 183 (2021).
[94] Z. Roupas, G. Panotopoulos, and I. Lopes, Phys. Rev. D

103, 083015 (2021).

CHEN ZHANG and JING REN PHYS. REV. D 108, 063012 (2023)

063012-8

small B or a4 region with not-large Pcr, CrSs can account
for a sufficiently small tidal deformability at 1.4M⊙ and a
large enoughMTOV simultaneously. The other possibility is
to have lower mass QSs explaining the PSR J0030þ 0451
and GW170817 constraints and CrSs residing in the large-
mass regime meeting the PSR J0740þ 6620 one. This
arises in the large B region with a relatively large Pcr, as the
red lines (B ¼ 50 MeV=fm3) shown in Fig. 3, whereMTOV
of CrS can even exceed that of QS.
For the two types of QM hypothesis, the parameter space

for CrSs with a SQM crust is more constrained by the
astrophysical observations, especially for hadronic EOSs
that are relatively stiffer than APR at low pressure like SLy4
(see Appendix). This is because the transition usually takes
place at a higher Pcr for SQM compared to udQM, as
shown in Fig. 1. Thus, less parameter space exists to realize
stable CrSs in the SQM hypothesis in general, and we see
fewer solid lines on the right column of Fig. 3 than the left.
We also see “twin star” configurations, i.e., stars with

identical masses but very different radii, in cases of small B
and large a4. This is closely related to the existence of the
unstable region in Fig. 2 and the largeΔρ=ρðPcrÞ for the first-
order phase transition as discussed. In contrast to conven-
tional hybrid stars, the larger-radius one in our scenario is a
pure QS and the smaller-radius one is a CrS. For CrSs with
udQM (SQM) in the cases shown, the largest radius differ-
ence can reach 4.3 km (3.1 km) at M ∼ 1.7M⊙ (1.75M⊙).

IV. CONCLUSIONS

To summarize, we have explored a new possibility of a
distinct stellar objects, CrSs, with a QM crust and a HM
core, based on the hypothesis that QM can be absolutely
stable at low pressure. We have shown that CrSs can be
naturally realized within the stable branch of compact stars
and they may play a significant role to reconcile various
astrophysical constraints.
It is possible that more crossings exist at higher pressure,

yielding a multilayer structure of quark and hadronic matter.
The astrophysical implications of such objects deserve further
study, including the possibility of explaining the supergiant
glitch phenomena, considering the associated first order phase
transition decreases the moment of inertia and thus causes a
sudden spin-up [88,89]. CrSs can possibly be distinguished
from other type of compact stars from future fine-radius
measurement [32], or GW asteroseismology [90,91] due to
their distinction on nonradial oscillations [92]. Besides,
including color superconductivity effects can increase the
stiffness of QMEOSs and then enlarge the parameter space of
CrSs, which may explain the massive secondary component
of GW190814 [8,55,93,94].
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APPENDIX A: VARIATIONS OF HADRONIC EOSs

To demonstrate the robustness of our results against the
uncertainties of hadronic EOSs, we consider ten more
examples of hadronic EOSs here.
We display in Fig. 4 the masses, radii, and tidal deform-

abilities of CrSs for the 11 HM EOSs. They have similar
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FIG. 4. (Top) μðPÞ of the two matter phases with udQM EOSs
same as Fig. 1 but nowwith 11 hadronic EOSs. (Middle) M-R and
(bottom) Λ −M of cross stars (solid curves) with udQM of
ðB; a4Þ ¼ ð20 MeV=fm3; 0.35Þ. The 11 hadronic EOSs are those
as the top legends shows. Dashed lines denote pure QSs configu-
rations and the dotted lines denote unstable CrSs configurations.
The observational constraints follow the same as Fig. 3.
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crossing, which can happen from QS spin-down, accretion
or merger.
We will demonstrate that CrSs can be naturally realized

within simple theoretical frameworks, and also accommo-
date different astrophysical observations.

II. CROSSING FROM QM TO HM

To describe the phase transition from QM to HM inside
CrSs, we adopt the Maxwell construction, which assumes a
sharp phase transition with no mixed phase. This is a valid
assumption here considering the rapid hadron-quark phase
transition in the empirical range of the surface tension of
the hadron-quark interface [14,37,48–50]. The phase tran-
sition is then determined by the crossing of chemical
potentials for the two matter phases at low densities.
Given the general thermodynamic relation between the
chemical potential and EOS [51], the QM to HM transition
occurs in the case of a softer HM EOS and stiffer QM EOS
at low densities. Below, we will conduct a comprehensive
analysis to determine the feasibility of this transition within
the extensively studied parameter space of QM and HM.
Similar transitions have also been studied before, but in the
context of specific holographic models [52–54].
We start by describing the properties of QM. The

existence of absolutely stable quark matter at low densities
originates from the reduction of constituent quark masses in
the presence of quark densities. QCD confinement ensures
that net color charge does not appear over large volumes.
The general QM grand potential can be parametrized as the
following form [10,55]:

Ω ¼ −
ξ4a4
4π2

μ4 −
a2
π2

μ2 þ B; ð1Þ

where μ denotes the chemical potential of QM. The first
term describes a free quark gas with additional QCD
corrections, with a4 ¼ 1 corresponding to no corrections
and a4 ≪ 1 corresponding to large corrections [9,56,57].
The value of ξ4 depends on the flavor composition of
QM. For udQM, ξ4 ¼ ½ð1=3Þ4=3 þ ð2=3Þ4=3&−3 ≈ 1.86,
while for SQM ξ4 ¼ 3. The μ2 term arises from the
quark bare mass or possible color superconductivity
effect induced by the residual attractive interaction. In
this work, we neglect color superconductivity for sim-
plicity, and thus a2 ¼ 0 for udQM due to the negligible
small mass of u, d quarks. B is the effective bag
constant that accounts for the nonperturbative feedback
of dense quark gases on the QCD vacuum. As the flavor
symmetry is badly broken, B can have different values
for udQM and SQM [23].
For later convenience, we define λ ¼ a2=

ffiffiffiffiffiffiffiffiffi
ξ4a4

p
, so that

λ ¼ 0 for udQM and λ ¼ −
ffiffiffi
3

p
m2

s=ð4
ffiffiffiffiffi
a4

p Þ for SQM [55].
The finite strange quark mass ms ¼ 95' 5MeV [58], and
we choose ms ¼ 95MeV as its benchmark value. The
general QM EOS is then derived as [55,59,60]

P ¼ 1

3
ðρ − 4BÞ þ 4λ2

9π2

 

−1þ sgnðλÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3π2

ðρ − BÞ
λ2

r !

:

ð2Þ

The EOS of udQM reduces to P ¼ 1
3 ðρ − 4BÞ. The EOS

for SQM receives additional corrections from finite λ, and
is softer than the udQM EOS of the same bag constant.
The energy per baryon number and chemical potential for
the interacting QM are [55]

εQ ¼ 3
ffiffiffi
2

p
π

ðξ4a4Þ1=4
B1=4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ2=Bþ π2Þ1=2 þ λ=

ffiffiffiffi
B

pq ; ð3Þ

μQ ¼ 3
ffiffiffi
2

p

ða4ξ4Þ1=4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðPþ BÞπ2 þ λ2&1=2 − λ

q
: ð4Þ

The properties of QM are fully determined by the two
parameters ðB; a4Þ.
The parameter space of ðB; a4Þ are constrained by the

absolute stability condition of QM at zero pressure. Since
the most stable nucleus, 56Fe, has an energy per baryon
number of εFe ≈ 930 MeV, the stability condition εQ ≤ εFe
imposes a lower bound on a4, with audQM4;min ≈ 174π2B=ε4Fe
and aSQM4;min ¼ 3ð36π2Bþ 3m2

sε2FeÞ=ε4Fe. In the context of
udQM hypothesis, to not ruin the stability of ordinary
nuclei, it is safe to have the minimum baryon number of
udQM larger than 300, corresponding to εQ ≳ ε900 ≡
900 MeV [23]. This sets an upper bound for a4:
audQM4;max ¼ audQM4;min ðεFe → ε900Þ. Requiring audQM4;min ≤ 1 set an
upper bound for udQM bag constant B ≤ 56.8 MeV=fm3.
In the context of the SQM hypothesis, udQM is unstable by
definition, and this sets an upper bound of aSQM4;max ¼ audQM4;min ,
under the conventional assumption of a flavor-independent
bag constant. Requiring aSQM4;max ≳ aSQM4;min and aSQM4;min ≤ 1

together constrain B to a window B ∈ ½15.5;
82.2& MeV=fm3. Thus, we choose a benchmark set
B¼ ð20;35;50Þ MeV=fm3 ≈ ð1114;1284;1404Þ MeV4 for
both udQM and SQM. The allowed range of a4 is
given by audQM4;min ≈ ð0.35; 0.62; 0.88Þ and audQM4;max ≈ ð0.40;
0.70; 1.0Þ for udQM; aSQM4;min ≈ ð0.32; 0.49; 0.64Þ and
aSQM4;max ≈ ð0.35; 0.62; 0.88Þ for SQM.
To address the uncertainties associated with the HM

EOS, we perform the analysis for 11 representative
models, including APR, BL, GM1, SLy4, SLy9, DDHδ,
Sk13, Sk14, Sk15, SKa, and SKb [61,65,66]. The corre-
sponding EOSs and chemical potentials data are taken from
Ref. [67]. We find that CrSs with these hadronic models
are not significantly different from each other in terms of
their stellar properties such as masses and radii (see
Appendix A); thus we take APR as the representative
benchmark in this paper.
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General grand potential: 

crossing, which can happen from QS spin-down, accretion
or merger.
We will demonstrate that CrSs can be naturally realized

within simple theoretical frameworks, and also accommo-
date different astrophysical observations.

II. CROSSING FROM QM TO HM

To describe the phase transition from QM to HM inside
CrSs, we adopt the Maxwell construction, which assumes a
sharp phase transition with no mixed phase. This is a valid
assumption here considering the rapid hadron-quark phase
transition in the empirical range of the surface tension of
the hadron-quark interface [14,37,48–50]. The phase tran-
sition is then determined by the crossing of chemical
potentials for the two matter phases at low densities.
Given the general thermodynamic relation between the
chemical potential and EOS [51], the QM to HM transition
occurs in the case of a softer HM EOS and stiffer QM EOS
at low densities. Below, we will conduct a comprehensive
analysis to determine the feasibility of this transition within
the extensively studied parameter space of QM and HM.
Similar transitions have also been studied before, but in the
context of specific holographic models [52–54].
We start by describing the properties of QM. The

existence of absolutely stable quark matter at low densities
originates from the reduction of constituent quark masses in
the presence of quark densities. QCD confinement ensures
that net color charge does not appear over large volumes.
The general QM grand potential can be parametrized as the
following form [10,55]:

Ω ¼ −
ξ4a4
4π2

μ4 −
a2
π2

μ2 þ B; ð1Þ

where μ denotes the chemical potential of QM. The first
term describes a free quark gas with additional QCD
corrections, with a4 ¼ 1 corresponding to no corrections
and a4 ≪ 1 corresponding to large corrections [9,56,57].
The value of ξ4 depends on the flavor composition of
QM. For udQM, ξ4 ¼ ½ð1=3Þ4=3 þ ð2=3Þ4=3&−3 ≈ 1.86,
while for SQM ξ4 ¼ 3. The μ2 term arises from the
quark bare mass or possible color superconductivity
effect induced by the residual attractive interaction. In
this work, we neglect color superconductivity for sim-
plicity, and thus a2 ¼ 0 for udQM due to the negligible
small mass of u, d quarks. B is the effective bag
constant that accounts for the nonperturbative feedback
of dense quark gases on the QCD vacuum. As the flavor
symmetry is badly broken, B can have different values
for udQM and SQM [23].
For later convenience, we define λ ¼ a2=

ffiffiffiffiffiffiffiffiffi
ξ4a4

p
, so that

λ ¼ 0 for udQM and λ ¼ −
ffiffiffi
3

p
m2

s=ð4
ffiffiffiffiffi
a4

p Þ for SQM [55].
The finite strange quark mass ms ¼ 95' 5MeV [58], and
we choose ms ¼ 95MeV as its benchmark value. The
general QM EOS is then derived as [55,59,60]
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The EOS of udQM reduces to P ¼ 1
3 ðρ − 4BÞ. The EOS

for SQM receives additional corrections from finite λ, and
is softer than the udQM EOS of the same bag constant.
The energy per baryon number and chemical potential for
the interacting QM are [55]
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The properties of QM are fully determined by the two
parameters ðB; a4Þ.
The parameter space of ðB; a4Þ are constrained by the

absolute stability condition of QM at zero pressure. Since
the most stable nucleus, 56Fe, has an energy per baryon
number of εFe ≈ 930 MeV, the stability condition εQ ≤ εFe
imposes a lower bound on a4, with audQM4;min ≈ 174π2B=ε4Fe
and aSQM4;min ¼ 3ð36π2Bþ 3m2

sε2FeÞ=ε4Fe. In the context of
udQM hypothesis, to not ruin the stability of ordinary
nuclei, it is safe to have the minimum baryon number of
udQM larger than 300, corresponding to εQ ≳ ε900 ≡
900 MeV [23]. This sets an upper bound for a4:
audQM4;max ¼ audQM4;min ðεFe → ε900Þ. Requiring audQM4;min ≤ 1 set an
upper bound for udQM bag constant B ≤ 56.8 MeV=fm3.
In the context of the SQM hypothesis, udQM is unstable by
definition, and this sets an upper bound of aSQM4;max ¼ audQM4;min ,
under the conventional assumption of a flavor-independent
bag constant. Requiring aSQM4;max ≳ aSQM4;min and aSQM4;min ≤ 1

together constrain B to a window B ∈ ½15.5;
82.2& MeV=fm3. Thus, we choose a benchmark set
B¼ ð20;35;50Þ MeV=fm3 ≈ ð1114;1284;1404Þ MeV4 for
both udQM and SQM. The allowed range of a4 is
given by audQM4;min ≈ ð0.35; 0.62; 0.88Þ and audQM4;max ≈ ð0.40;
0.70; 1.0Þ for udQM; aSQM4;min ≈ ð0.32; 0.49; 0.64Þ and
aSQM4;max ≈ ð0.35; 0.62; 0.88Þ for SQM.
To address the uncertainties associated with the HM

EOS, we perform the analysis for 11 representative
models, including APR, BL, GM1, SLy4, SLy9, DDHδ,
Sk13, Sk14, Sk15, SKa, and SKb [61,65,66]. The corre-
sponding EOSs and chemical potentials data are taken from
Ref. [67]. We find that CrSs with these hadronic models
are not significantly different from each other in terms of
their stellar properties such as masses and radii (see
Appendix A); thus we take APR as the representative
benchmark in this paper.
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effect induced by the residual attractive interaction. In
this work, we neglect color superconductivity for sim-
plicity, and thus a2 ¼ 0 for udQM due to the negligible
small mass of u, d quarks. B is the effective bag
constant that accounts for the nonperturbative feedback
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symmetry is badly broken, B can have different values
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The EOS of udQM reduces to P ¼ 1
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for SQM receives additional corrections from finite λ, and
is softer than the udQM EOS of the same bag constant.
The energy per baryon number and chemical potential for
the interacting QM are [55]
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The properties of QM are fully determined by the two
parameters ðB; a4Þ.
The parameter space of ðB; a4Þ are constrained by the

absolute stability condition of QM at zero pressure. Since
the most stable nucleus, 56Fe, has an energy per baryon
number of εFe ≈ 930 MeV, the stability condition εQ ≤ εFe
imposes a lower bound on a4, with audQM4;min ≈ 174π2B=ε4Fe
and aSQM4;min ¼ 3ð36π2Bþ 3m2

sε2FeÞ=ε4Fe. In the context of
udQM hypothesis, to not ruin the stability of ordinary
nuclei, it is safe to have the minimum baryon number of
udQM larger than 300, corresponding to εQ ≳ ε900 ≡
900 MeV [23]. This sets an upper bound for a4:
audQM4;max ¼ audQM4;min ðεFe → ε900Þ. Requiring audQM4;min ≤ 1 set an
upper bound for udQM bag constant B ≤ 56.8 MeV=fm3.
In the context of the SQM hypothesis, udQM is unstable by
definition, and this sets an upper bound of aSQM4;max ¼ audQM4;min ,
under the conventional assumption of a flavor-independent
bag constant. Requiring aSQM4;max ≳ aSQM4;min and aSQM4;min ≤ 1

together constrain B to a window B ∈ ½15.5;
82.2& MeV=fm3. Thus, we choose a benchmark set
B¼ ð20;35;50Þ MeV=fm3 ≈ ð1114;1284;1404Þ MeV4 for
both udQM and SQM. The allowed range of a4 is
given by audQM4;min ≈ ð0.35; 0.62; 0.88Þ and audQM4;max ≈ ð0.40;
0.70; 1.0Þ for udQM; aSQM4;min ≈ ð0.32; 0.49; 0.64Þ and
aSQM4;max ≈ ð0.35; 0.62; 0.88Þ for SQM.
To address the uncertainties associated with the HM

EOS, we perform the analysis for 11 representative
models, including APR, BL, GM1, SLy4, SLy9, DDHδ,
Sk13, Sk14, Sk15, SKa, and SKb [61,65,66]. The corre-
sponding EOSs and chemical potentials data are taken from
Ref. [67]. We find that CrSs with these hadronic models
are not significantly different from each other in terms of
their stellar properties such as masses and radii (see
Appendix A); thus we take APR as the representative
benchmark in this paper.

CHEN ZHANG and JING REN PHYS. REV. D 108, 063012 (2023)

063012-2

Considering representative models from CompOSE:

QCD 
corrections

flavor dependent  
bag constant

bare mass 
or pairing

[Zhang and JR, PRD 108 (2023)]

QM to HM transition 

occurs in a wide range 

of parameter space 



Comparison to conventional hybrid stars

14

M − R and Λ −M relations, and all meet the two solar mass
constraints. The main distinctions are at Pcr and Mcr. As
mentioned in the main text, given the general thermody-
namic relation μðPÞ ≈ μð0Þ þ

R
P
0 dP0 1

nðP0Þ, Pcr is smaller in
the case of a softer HM EOS at low densities. For example,
the BL EOS is stiffer than SLy4 at both low and high
pressure, thus it has a larger Pcr and Mcr. In contrast, APR
is softer than SLy4 at low densities but stiffer than SLy4 at
high densities. APR then results in a smaller Pcr and Mcr,
but with a larger maximum mass MTOV at high densities.
Those with stiff hadronic EOS at low densities are also
less likely to meet the GW170817 tidal deformability
constraints.
We enumerate explicit results of CrSs with SLy4 below

in Fig. 5. Compared to CrSs with APR in Fig. 3, we see that
CrSs with udQM are quite similar. Due to the fact that SLy4
is softer than APR at high pressure, we see CrSs with SLy4
can not easily meet the MTOV constraint of 2.35þ0.17

−0.17M⊙
from PSR J0952-0607 [85],1 yet it can still easily meet all
other constraints such as GW170817 (cyan-colored dashed

line), PSR J0740þ 6620 and PSR J0030þ 0451 from
NICER (shaded regions), plus the MTOV constraints
of 2.01þ0.17

−0.11M⊙ for J0348þ 0432 and 2.14þ0.20
−0.18M⊙ for

J0740þ 6620, with the help of lift on masses and radii
compared pure hadronic star with SLy4.
However, there are noticeable differences for CrSs

with SQM, i.e., less parameter space allows the existence
of CrSs (no red lines) and to satisfy GW170817 tidal
deformability constraints in Fig. 5. These differences are
expected considering that SLy4 is stiffer than APR at lower
pressure and then results in larger tidal deformabilities and
larger Pcr. The SQM composition has a similar effect so
that altogether makes it less likely for CrSs with SQM to
exist, and less likely to satisfy GW170817 constraints even
if they exist.

APPENDIX B: COMPARISON WITH
CONVENTIONAL HYBRID STARS

The constant-sound-speed (CSS) parametrizations [10]
are usually used for a model-agnostic description of the
EOSs for hybrid stars:

ρðPÞ¼
!
ρHMðPÞ P<Ptrans

ρtransþΔρþc−2s ðP−PtransÞ P>Ptrans
; ðB1Þ
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FIG. 5. M-R (top) and Λ-M (bottom) of cross stars (solid lines) with udQM (left) and SQM (right). SLy4 EOS is used for hadronic
composition, with the green dot-dashed curve denoting pure hadronic star with SLy4 EOS. All other conventions follow the same
as Fig 3.

1One can employ CrSs with stiffer HM EOS (like what we did
in main text) or stiffer QM EOS (like QM with color super-
conductivity) at large pressure to easily satisfy this large MTOV
constraint.
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FIG. 1: Equation of state "(p) for dense matter. The quark
matter EoS is specified by the transition pressure ptrans, the
energy density discontinuity �", and the speed of sound in
quark matter cQM (assumed density-independent).

EoS max mass radius at M = 1.4M� L

NL3 2.77M� 14.92 km 118MeV
HLPS 2.15M� 10.88 km 33 MeV

TABLE I: Properties of the NL3 and HLPS equations of state.
L characterizes the density-dependence of the symmetry energy
(see text). NL3 is an example of a stiff EoS, HLPS is an example
of a softer one at density n . 4n0.

0.3, above the transition from nuclear matter (see Fig. 9
of Ref. [21]). In the quartic polynomial parameteriza-
tion [22], varying the coefficient a2 between ±(150MeV)2,
and the coefficient a4 between 0.6 and 1, and keeping
ntrans/n0 above 1.5 (n0 ⌘ 0.16 fm�3 is the nuclear satu-
ration density), one finds that c2QM is always between 0.3
and 0.36.

In this paper we study hybrid stars for a range of values
of c2QM, from 1/3 (characteristic of very weakly interact-
ing massless quarks) to 1 (the maximum value consistent
with causality). We expect that this will give us a rea-
sonable idea of the likely range of outcomes for realistic
quark matter.
• Nuclear Matter EoS. Up to densities around nuclear
saturation density n0, the nuclear matter EoS can be ex-
perimentally constrained. If one wants to extrapolate it
to densities above n0, there are many proposals in the
literature. For illustrative purposes, we use two exam-
ples: a relativistic mean field model, labelled NL3, [23]
and a non-relativistic potential model with phenomeno-
logical extrapolation to high density, corresponding to
“EoS1” in Ref. [24], labelled HLPS. Since HLPS is only
defined at n > 0.5n0, we continued it to lower density by
switching to NL3 for n < 0.5n0. Some of the properties
of HLPS and NL3 are summarized in Table I, where L
is related to the derivative of the symmetry energy S2

with respect to density at the nuclear saturation density,

L = 3n0(@S2/@n)|n0 .
HLPS is a softer equation of state, with a lower value

of L and lower pressure at a given energy density (up to
p ⇡ 3 ⇥ 109 MeV4, n ⇡ 5.5n0 where its speed of sound
rises above 1 and becomes unphysical). NL3 is a stiffer
EoS, with higher pressure at a given energy density (also,
its speed of sound is less than 1 at all pressures). It yields
neutron stars that are larger, and can reach a higher max-
imum mass.

There is some evidence favoring a soft EoS for nuclear
matter: in Ref. [25], values in the range L = 40 to 60 MeV
were favored from an analysis of constraints imposed by
available laboratory and neutron star data. Using data
from X-ray bursts, Ref. [26] finds the surface to volume
symmetry energy ratio Ss/Sv ⇡ 1.5± 0.3 (See after their
Eq. (43) and Table 4), which corresponds to L in the
range 22± 4 MeV (using Eq. (7) in Ref. [25]).
• Nuclear/Quark transition. The nuclear matter to quark
matter transition occurs at pressure ptrans. We will some-
times specify its position in terms of the energy den-
sity "trans of nuclear matter at the transition, or the
ratio ptrans/"trans. Since the nuclear matter EoS has
d2"/dp2 < 0 at high densities (Fig. 1), p/" increases
monotonically with p, ", and n, so it is a proxy for the
transition pressure or density.
• Organization of paper. In Sec. II we discuss the criteria
for stable hybrid stars to exist, as a function of the nu-
clear matter equation of state and the parameters of our
generic quark matter equation of state. Sec. III presents
the phase diagram for hybrid star branches as a function
of the parameters of the CSS EoS for quark matter. In
Sec. IV we discuss the maximum mass that such hybrid
stars can achieve. Sec. V gives a summary and conclu-
sions.

II. CRITERION FOR STABLE HYBRID STARS

A. Connected hybrid branch

A compact star will be stable as long as the mass M of
the star is an increasing function of the central pressure
pcent [27]. There will therefore be a stable hybrid star
branch in the M(R) relation, connected to the neutron
star branch, if the mass of the star continues to increase
with pcent when the quark matter core first appears, at
pcent = ptrans. When the quark matter core is sufficiently
small, its effect on the star, and hence the existence of a
connected hybrid star branch, is determined entirely by
the energy density discontinuity �" at its surface, since
the quark core is not large enough for the slope (c�2

QM) of
"(p) to have much influence on the mass and radius of the
hybrid star. This fact was pointed out in Ref. [12] where
the dependence on �" was expressed in terms of the pa-
rameter q ⌘ 1+�"/"trans. A more detailed treatment in
Ref. [13, 28] (see also [29, 30]) used a parameter � with
the same definition, and calculated the linear response to
a small quark matter core in terms of �. Ref. [14] used the

Constant-sound-speed (CSS) parametrizations  

HM

QM

• Conventional hybrid stars 
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However, there are noticeable differences for CrSs

with SQM, i.e., less parameter space allows the existence
of CrSs (no red lines) and to satisfy GW170817 tidal
deformability constraints in Fig. 5. These differences are
expected considering that SLy4 is stiffer than APR at lower
pressure and then results in larger tidal deformabilities and
larger Pcr. The SQM composition has a similar effect so
that altogether makes it less likely for CrSs with SQM to
exist, and less likely to satisfy GW170817 constraints even
if they exist.
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The constant-sound-speed (CSS) parametrizations [10]
are usually used for a model-agnostic description of the
EOSs for hybrid stars:
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FIG. 5. M-R (top) and Λ-M (bottom) of cross stars (solid lines) with udQM (left) and SQM (right). SLy4 EOS is used for hadronic
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as Fig 3.

1One can employ CrSs with stiffer HM EOS (like what we did
in main text) or stiffer QM EOS (like QM with color super-
conductivity) at large pressure to easily satisfy this large MTOV
constraint.
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a generic QM equation 
of state allowing for a 
first order phase 
transition between HM 
and QMwhere Ptrans is the critical pressure of HM-to-QM phase

transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
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transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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FIG. 1: Equation of state "(p) for dense matter. The quark
matter EoS is specified by the transition pressure ptrans, the
energy density discontinuity �", and the speed of sound in
quark matter cQM (assumed density-independent).

EoS max mass radius at M = 1.4M� L

NL3 2.77M� 14.92 km 118MeV
HLPS 2.15M� 10.88 km 33 MeV

TABLE I: Properties of the NL3 and HLPS equations of state.
L characterizes the density-dependence of the symmetry energy
(see text). NL3 is an example of a stiff EoS, HLPS is an example
of a softer one at density n . 4n0.

0.3, above the transition from nuclear matter (see Fig. 9
of Ref. [21]). In the quartic polynomial parameteriza-
tion [22], varying the coefficient a2 between ±(150MeV)2,
and the coefficient a4 between 0.6 and 1, and keeping
ntrans/n0 above 1.5 (n0 ⌘ 0.16 fm�3 is the nuclear satu-
ration density), one finds that c2QM is always between 0.3
and 0.36.

In this paper we study hybrid stars for a range of values
of c2QM, from 1/3 (characteristic of very weakly interact-
ing massless quarks) to 1 (the maximum value consistent
with causality). We expect that this will give us a rea-
sonable idea of the likely range of outcomes for realistic
quark matter.
• Nuclear Matter EoS. Up to densities around nuclear
saturation density n0, the nuclear matter EoS can be ex-
perimentally constrained. If one wants to extrapolate it
to densities above n0, there are many proposals in the
literature. For illustrative purposes, we use two exam-
ples: a relativistic mean field model, labelled NL3, [23]
and a non-relativistic potential model with phenomeno-
logical extrapolation to high density, corresponding to
“EoS1” in Ref. [24], labelled HLPS. Since HLPS is only
defined at n > 0.5n0, we continued it to lower density by
switching to NL3 for n < 0.5n0. Some of the properties
of HLPS and NL3 are summarized in Table I, where L
is related to the derivative of the symmetry energy S2

with respect to density at the nuclear saturation density,

L = 3n0(@S2/@n)|n0 .
HLPS is a softer equation of state, with a lower value

of L and lower pressure at a given energy density (up to
p ⇡ 3 ⇥ 109 MeV4, n ⇡ 5.5n0 where its speed of sound
rises above 1 and becomes unphysical). NL3 is a stiffer
EoS, with higher pressure at a given energy density (also,
its speed of sound is less than 1 at all pressures). It yields
neutron stars that are larger, and can reach a higher max-
imum mass.

There is some evidence favoring a soft EoS for nuclear
matter: in Ref. [25], values in the range L = 40 to 60 MeV
were favored from an analysis of constraints imposed by
available laboratory and neutron star data. Using data
from X-ray bursts, Ref. [26] finds the surface to volume
symmetry energy ratio Ss/Sv ⇡ 1.5± 0.3 (See after their
Eq. (43) and Table 4), which corresponds to L in the
range 22± 4 MeV (using Eq. (7) in Ref. [25]).
• Nuclear/Quark transition. The nuclear matter to quark
matter transition occurs at pressure ptrans. We will some-
times specify its position in terms of the energy den-
sity "trans of nuclear matter at the transition, or the
ratio ptrans/"trans. Since the nuclear matter EoS has
d2"/dp2 < 0 at high densities (Fig. 1), p/" increases
monotonically with p, ", and n, so it is a proxy for the
transition pressure or density.
• Organization of paper. In Sec. II we discuss the criteria
for stable hybrid stars to exist, as a function of the nu-
clear matter equation of state and the parameters of our
generic quark matter equation of state. Sec. III presents
the phase diagram for hybrid star branches as a function
of the parameters of the CSS EoS for quark matter. In
Sec. IV we discuss the maximum mass that such hybrid
stars can achieve. Sec. V gives a summary and conclu-
sions.

II. CRITERION FOR STABLE HYBRID STARS

A. Connected hybrid branch

A compact star will be stable as long as the mass M of
the star is an increasing function of the central pressure
pcent [27]. There will therefore be a stable hybrid star
branch in the M(R) relation, connected to the neutron
star branch, if the mass of the star continues to increase
with pcent when the quark matter core first appears, at
pcent = ptrans. When the quark matter core is sufficiently
small, its effect on the star, and hence the existence of a
connected hybrid star branch, is determined entirely by
the energy density discontinuity �" at its surface, since
the quark core is not large enough for the slope (c�2

QM) of
"(p) to have much influence on the mass and radius of the
hybrid star. This fact was pointed out in Ref. [12] where
the dependence on �" was expressed in terms of the pa-
rameter q ⌘ 1+�"/"trans. A more detailed treatment in
Ref. [13, 28] (see also [29, 30]) used a parameter � with
the same definition, and calculated the linear response to
a small quark matter core in terms of �. Ref. [14] used the

Constant-sound-speed (CSS) parametrizations  

The top panel of Fig. 1 displays μðPÞ for the two types of
QM with the aforementioned benchmark sets of the bag
constant B, and μðPÞ for APR hadronic EOS [67]. At low
pressure, μQ is smaller than the hadronic chemical potential
μH under the QM hypothesis. As P increases, both
chemical potentials go larger. If μQ increases faster with
P than μH, the two μðPÞ curve may cross at some critical
pressure Pcr. For both cases, μQ increases faster for a
smaller a4 or B as expected from Eq. (4), and so the
crossing takes place at a smaller Pcr. For SQM, a softer
EOS results in a more slowly increasing μQ than udQM,
and then a larger value of Pcr in general. Thus, to realize
CrSs within the stable branch below the maximum mass,
the udQM hypothesis allows a larger parameter space.
We depict the combined EOSs in the bottom row of

Fig. 1. At low pressure, the EOS is given by Eq. (2) for the
more stable QM phase. Once the crossing of chemical
potentials takes place within the interested range, the
energy density jumps from ρQ to ρH by a finite amount
Δρ at Pcr, indicating a first-order phase transition. At higher
pressure, HM becomes more stable and the EOSs all merge
into the benchmark model. The possibility of a first-order
phase transition has also been considered for conventional
hybrid star, while for CrSs the order of phases are
naturally inverted. It turns out that there is a large overlap

of the parameters they considered and the CrS model we
explore here, so the effects of the inverted structure can be
more clearly seen. These cover a large empirical param-
eter space and are consistent with recent studies on the
sound speed [68–71] (see Appendix B).

III. ASTROPHYSICAL IMPLICATIONS

To obtain the configuration of CrSs, we incorporate the
combined EOS of the two matter phases into the Tolman-
Oppenheimer-Volkov (TOV) equation [72,73]

dPðrÞ
dr

¼ −
½mðrÞ þ 4πr3PðrÞ&½ρðrÞ þ PðrÞ&

rðr − 2mðrÞÞ
;

dmðrÞ
dr

¼ 4πρðrÞr2; ð5Þ

where the profiles PðrÞ and mðrÞ are solved as functions of
the center pressure Pcenter. The radius R and physical mass
M of the compact stars are determined by PðRÞ ¼ 0 and
M ¼ mðRÞ, respectively. To compare with gravitational
wave observations, we can further compute the dimension-
less tidal deformability Λ ¼ 2k2=ð3C5Þ, where C ¼ M=R
is the compactness and k2 is the Love number that
characterizes the stars’ response to external disturbances
[74–77]. The Love number k2 can be determined by solving
a function yðrÞ from a specific differential equation [77]
and the TOVequation Eq. (5), with the boundary condition
yð0Þ ¼ 2. For CrSs, the matching condition [78,79]
yðrþd Þ − yðr−d Þ ¼ −4πr3dΔρd=ðmðrdÞ þ 4πr3dPðrdÞÞ should
be imposed at rd (i.e., the hadronic core radius rcr and the
CrS radius R), where an energy density jump Δρd occurs.
To elaborate the explicit stellar structure of CrSs, we

display the masses and radii of the CrSs and their hadronic
cores as functions of the centre pressure in Fig. 2. Here,
we choose a benchmark model with the hadronic core
described by the APR EOS and the udQM crust with
B ¼ 20 MeV=fm3 and different values of a4. CrSs with a
SQM crust share similar behaviour. As a general feature,
the compact stars are pure QSs at low Pcenter, and transit to
CrSs at high Pcenter. Right above the transition pressure Pcr,
there may exist an unstable region, whereM decreases as P
increases. When M approaches the maximum mass, the
HM core grows large and the QM crust takes only a small
fraction with ∼0.1M⊙ in mass and ∼1 km in width.
Regarding the dependence on QM properties, we see that,

for a givenB, a lowerPcr results in a largermass and radius for
the hadronic core and the opposite effect on the overall mass
and radius, thus altogether map to a larger mass and radius
fraction for the hadronic core.Also, the unstable regiongrows
larger for increasing a4, which maps to the large Δρ=ρðPcrÞ
regime referring to Fig. 1. Such a map is a general feature for
compacts stars involving hybrid structures [10,80].
We depict the mass-radius relation and the correspond-

ing tidal deformabilities of CrSs with a more general
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M − R and Λ −M relations, and all meet the two solar mass
constraints. The main distinctions are at Pcr and Mcr. As
mentioned in the main text, given the general thermody-
namic relation μðPÞ ≈ μð0Þ þ

R
P
0 dP0 1

nðP0Þ, Pcr is smaller in
the case of a softer HM EOS at low densities. For example,
the BL EOS is stiffer than SLy4 at both low and high
pressure, thus it has a larger Pcr and Mcr. In contrast, APR
is softer than SLy4 at low densities but stiffer than SLy4 at
high densities. APR then results in a smaller Pcr and Mcr,
but with a larger maximum mass MTOV at high densities.
Those with stiff hadronic EOS at low densities are also
less likely to meet the GW170817 tidal deformability
constraints.
We enumerate explicit results of CrSs with SLy4 below

in Fig. 5. Compared to CrSs with APR in Fig. 3, we see that
CrSs with udQM are quite similar. Due to the fact that SLy4
is softer than APR at high pressure, we see CrSs with SLy4
can not easily meet the MTOV constraint of 2.35þ0.17

−0.17M⊙
from PSR J0952-0607 [85],1 yet it can still easily meet all
other constraints such as GW170817 (cyan-colored dashed

line), PSR J0740þ 6620 and PSR J0030þ 0451 from
NICER (shaded regions), plus the MTOV constraints
of 2.01þ0.17

−0.11M⊙ for J0348þ 0432 and 2.14þ0.20
−0.18M⊙ for

J0740þ 6620, with the help of lift on masses and radii
compared pure hadronic star with SLy4.
However, there are noticeable differences for CrSs

with SQM, i.e., less parameter space allows the existence
of CrSs (no red lines) and to satisfy GW170817 tidal
deformability constraints in Fig. 5. These differences are
expected considering that SLy4 is stiffer than APR at lower
pressure and then results in larger tidal deformabilities and
larger Pcr. The SQM composition has a similar effect so
that altogether makes it less likely for CrSs with SQM to
exist, and less likely to satisfy GW170817 constraints even
if they exist.

APPENDIX B: COMPARISON WITH
CONVENTIONAL HYBRID STARS

The constant-sound-speed (CSS) parametrizations [10]
are usually used for a model-agnostic description of the
EOSs for hybrid stars:

ρðPÞ¼
!
ρHMðPÞ P<Ptrans

ρtransþΔρþc−2s ðP−PtransÞ P>Ptrans
; ðB1Þ
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FIG. 5. M-R (top) and Λ-M (bottom) of cross stars (solid lines) with udQM (left) and SQM (right). SLy4 EOS is used for hadronic
composition, with the green dot-dashed curve denoting pure hadronic star with SLy4 EOS. All other conventions follow the same
as Fig 3.

1One can employ CrSs with stiffer HM EOS (like what we did
in main text) or stiffer QM EOS (like QM with color super-
conductivity) at large pressure to easily satisfy this large MTOV
constraint.
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a generic QM equation 
of state allowing for a 
first order phase 
transition between HM 
and QMwhere Ptrans is the critical pressure of HM-to-QM phase

transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
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with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
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with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
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0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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where Ptrans is the critical pressure of HM-to-QM phase
transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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FIG. 1: Equation of state "(p) for dense matter. The quark
matter EoS is specified by the transition pressure ptrans, the
energy density discontinuity �", and the speed of sound in
quark matter cQM (assumed density-independent).

EoS max mass radius at M = 1.4M� L

NL3 2.77M� 14.92 km 118MeV
HLPS 2.15M� 10.88 km 33 MeV

TABLE I: Properties of the NL3 and HLPS equations of state.
L characterizes the density-dependence of the symmetry energy
(see text). NL3 is an example of a stiff EoS, HLPS is an example
of a softer one at density n . 4n0.

0.3, above the transition from nuclear matter (see Fig. 9
of Ref. [21]). In the quartic polynomial parameteriza-
tion [22], varying the coefficient a2 between ±(150MeV)2,
and the coefficient a4 between 0.6 and 1, and keeping
ntrans/n0 above 1.5 (n0 ⌘ 0.16 fm�3 is the nuclear satu-
ration density), one finds that c2QM is always between 0.3
and 0.36.

In this paper we study hybrid stars for a range of values
of c2QM, from 1/3 (characteristic of very weakly interact-
ing massless quarks) to 1 (the maximum value consistent
with causality). We expect that this will give us a rea-
sonable idea of the likely range of outcomes for realistic
quark matter.
• Nuclear Matter EoS. Up to densities around nuclear
saturation density n0, the nuclear matter EoS can be ex-
perimentally constrained. If one wants to extrapolate it
to densities above n0, there are many proposals in the
literature. For illustrative purposes, we use two exam-
ples: a relativistic mean field model, labelled NL3, [23]
and a non-relativistic potential model with phenomeno-
logical extrapolation to high density, corresponding to
“EoS1” in Ref. [24], labelled HLPS. Since HLPS is only
defined at n > 0.5n0, we continued it to lower density by
switching to NL3 for n < 0.5n0. Some of the properties
of HLPS and NL3 are summarized in Table I, where L
is related to the derivative of the symmetry energy S2

with respect to density at the nuclear saturation density,

L = 3n0(@S2/@n)|n0 .
HLPS is a softer equation of state, with a lower value

of L and lower pressure at a given energy density (up to
p ⇡ 3 ⇥ 109 MeV4, n ⇡ 5.5n0 where its speed of sound
rises above 1 and becomes unphysical). NL3 is a stiffer
EoS, with higher pressure at a given energy density (also,
its speed of sound is less than 1 at all pressures). It yields
neutron stars that are larger, and can reach a higher max-
imum mass.

There is some evidence favoring a soft EoS for nuclear
matter: in Ref. [25], values in the range L = 40 to 60 MeV
were favored from an analysis of constraints imposed by
available laboratory and neutron star data. Using data
from X-ray bursts, Ref. [26] finds the surface to volume
symmetry energy ratio Ss/Sv ⇡ 1.5± 0.3 (See after their
Eq. (43) and Table 4), which corresponds to L in the
range 22± 4 MeV (using Eq. (7) in Ref. [25]).
• Nuclear/Quark transition. The nuclear matter to quark
matter transition occurs at pressure ptrans. We will some-
times specify its position in terms of the energy den-
sity "trans of nuclear matter at the transition, or the
ratio ptrans/"trans. Since the nuclear matter EoS has
d2"/dp2 < 0 at high densities (Fig. 1), p/" increases
monotonically with p, ", and n, so it is a proxy for the
transition pressure or density.
• Organization of paper. In Sec. II we discuss the criteria
for stable hybrid stars to exist, as a function of the nu-
clear matter equation of state and the parameters of our
generic quark matter equation of state. Sec. III presents
the phase diagram for hybrid star branches as a function
of the parameters of the CSS EoS for quark matter. In
Sec. IV we discuss the maximum mass that such hybrid
stars can achieve. Sec. V gives a summary and conclu-
sions.

II. CRITERION FOR STABLE HYBRID STARS

A. Connected hybrid branch

A compact star will be stable as long as the mass M of
the star is an increasing function of the central pressure
pcent [27]. There will therefore be a stable hybrid star
branch in the M(R) relation, connected to the neutron
star branch, if the mass of the star continues to increase
with pcent when the quark matter core first appears, at
pcent = ptrans. When the quark matter core is sufficiently
small, its effect on the star, and hence the existence of a
connected hybrid star branch, is determined entirely by
the energy density discontinuity �" at its surface, since
the quark core is not large enough for the slope (c�2

QM) of
"(p) to have much influence on the mass and radius of the
hybrid star. This fact was pointed out in Ref. [12] where
the dependence on �" was expressed in terms of the pa-
rameter q ⌘ 1+�"/"trans. A more detailed treatment in
Ref. [13, 28] (see also [29, 30]) used a parameter � with
the same definition, and calculated the linear response to
a small quark matter core in terms of �. Ref. [14] used the

Constant-sound-speed (CSS) parametrizations  

The top panel of Fig. 1 displays μðPÞ for the two types of
QM with the aforementioned benchmark sets of the bag
constant B, and μðPÞ for APR hadronic EOS [67]. At low
pressure, μQ is smaller than the hadronic chemical potential
μH under the QM hypothesis. As P increases, both
chemical potentials go larger. If μQ increases faster with
P than μH, the two μðPÞ curve may cross at some critical
pressure Pcr. For both cases, μQ increases faster for a
smaller a4 or B as expected from Eq. (4), and so the
crossing takes place at a smaller Pcr. For SQM, a softer
EOS results in a more slowly increasing μQ than udQM,
and then a larger value of Pcr in general. Thus, to realize
CrSs within the stable branch below the maximum mass,
the udQM hypothesis allows a larger parameter space.
We depict the combined EOSs in the bottom row of

Fig. 1. At low pressure, the EOS is given by Eq. (2) for the
more stable QM phase. Once the crossing of chemical
potentials takes place within the interested range, the
energy density jumps from ρQ to ρH by a finite amount
Δρ at Pcr, indicating a first-order phase transition. At higher
pressure, HM becomes more stable and the EOSs all merge
into the benchmark model. The possibility of a first-order
phase transition has also been considered for conventional
hybrid star, while for CrSs the order of phases are
naturally inverted. It turns out that there is a large overlap

of the parameters they considered and the CrS model we
explore here, so the effects of the inverted structure can be
more clearly seen. These cover a large empirical param-
eter space and are consistent with recent studies on the
sound speed [68–71] (see Appendix B).

III. ASTROPHYSICAL IMPLICATIONS

To obtain the configuration of CrSs, we incorporate the
combined EOS of the two matter phases into the Tolman-
Oppenheimer-Volkov (TOV) equation [72,73]

dPðrÞ
dr

¼ −
½mðrÞ þ 4πr3PðrÞ&½ρðrÞ þ PðrÞ&

rðr − 2mðrÞÞ
;

dmðrÞ
dr

¼ 4πρðrÞr2; ð5Þ

where the profiles PðrÞ and mðrÞ are solved as functions of
the center pressure Pcenter. The radius R and physical mass
M of the compact stars are determined by PðRÞ ¼ 0 and
M ¼ mðRÞ, respectively. To compare with gravitational
wave observations, we can further compute the dimension-
less tidal deformability Λ ¼ 2k2=ð3C5Þ, where C ¼ M=R
is the compactness and k2 is the Love number that
characterizes the stars’ response to external disturbances
[74–77]. The Love number k2 can be determined by solving
a function yðrÞ from a specific differential equation [77]
and the TOVequation Eq. (5), with the boundary condition
yð0Þ ¼ 2. For CrSs, the matching condition [78,79]
yðrþd Þ − yðr−d Þ ¼ −4πr3dΔρd=ðmðrdÞ þ 4πr3dPðrdÞÞ should
be imposed at rd (i.e., the hadronic core radius rcr and the
CrS radius R), where an energy density jump Δρd occurs.
To elaborate the explicit stellar structure of CrSs, we

display the masses and radii of the CrSs and their hadronic
cores as functions of the centre pressure in Fig. 2. Here,
we choose a benchmark model with the hadronic core
described by the APR EOS and the udQM crust with
B ¼ 20 MeV=fm3 and different values of a4. CrSs with a
SQM crust share similar behaviour. As a general feature,
the compact stars are pure QSs at low Pcenter, and transit to
CrSs at high Pcenter. Right above the transition pressure Pcr,
there may exist an unstable region, whereM decreases as P
increases. When M approaches the maximum mass, the
HM core grows large and the QM crust takes only a small
fraction with ∼0.1M⊙ in mass and ∼1 km in width.
Regarding the dependence on QM properties, we see that,

for a givenB, a lowerPcr results in a largermass and radius for
the hadronic core and the opposite effect on the overall mass
and radius, thus altogether map to a larger mass and radius
fraction for the hadronic core.Also, the unstable regiongrows
larger for increasing a4, which maps to the large Δρ=ρðPcrÞ
regime referring to Fig. 1. Such a map is a general feature for
compacts stars involving hybrid structures [10,80].
We depict the mass-radius relation and the correspond-

ing tidal deformabilities of CrSs with a more general
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where Ptrans is the critical pressure of HM-to-QM phase
transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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where Ptrans is the critical pressure of HM-to-QM phase
transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:
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!
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; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
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with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
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111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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where Ptrans is the critical pressure of HM-to-QM phase
transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.

[1] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 116, 061102 (2016).

[2] B. P. Abbott et al. (LIGO Scientific and VIRGO
Collaborations), Phys. Rev. Lett. 118, 221101 (2017);
121, 129901(E) (2018).

[3] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. X 9, 031040 (2019).

[4] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 119, 161101 (2017).

[5] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. X 9, 011001 (2019).

[6] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Phys. Rev. Lett. 121, 161101 (2018).

[7] B. Abbott et al. (LIGO Scientific and Virgo Collaborations),
Astrophys. J. Lett. 892, L3 (2020).

[8] R. Abbott et al. (LIGO Scientific and Virgo Collaborations),
Astrophys. J. Lett. 896, L44 (2020).

[9] M. Alford, M. Braby, M.W. Paris, and S. Reddy, Astrophys.
J. 629, 969 (2005).

[10] M. G. Alford, S. Han, and M. Prakash, Phys. Rev. D 88,
083013 (2013).

[11] V. Dexheimer, L. T. T. Soethe, J. Roark, R. O. Gomes, S. O.
Kepler, and S. Schramm, Int. J. Mod. Phys. E 27, 1830008
(2018).

[12] E. R. Most, L. Jens Papenfort, V. Dexheimer, M. Hanauske,
H. Stoecker, and L. Rezzolla, Eur. Phys. J. A 56, 59
(2020).

[13] Z. Miao, A. Li, Z. Zhu, and S. Han, Astrophys. J. 904, 103
(2020).

[14] J. J. Li, A. Sedrakian, and M. Alford, Phys. Rev. D 104,
L121302 (2021).

[15] A. Li, Z. Miao, S. Han, and B. Zhang, Astrophys. J. 913, 27
(2021).

[16] J. J. Li, A. Sedrakian, and M. Alford, Phys. Rev. D 107,
023018 (2023).

[17] Y. J. Huang, L. Baiotti, T. Kojo, K. Takami, H. Sotani, H.
Togashi, T. Hatsuda, S. Nagataki, and Y. Z. Fan, Phys. Rev.
Lett. 129, 181101 (2022).

[18] A. Kedia, H. I. Kim, I. S. Suh, and G. J. Mathews, Phys.
Rev. D 106, 103027 (2022).

[19] A. Li, G. C. Yong, and Y. X. Zhang, Phys. Rev. D 107,
043005 (2023).

[20] A. R. Bodmer, Phys. Rev. D 4, 1601 (1971).
[21] E. Witten, Phys. Rev. D 30, 272 (1984).
[22] H. Terazawa, Report No. INS-Report-336, INS, University

of Tokyo, Tokyo, 1979.
[23] B. Holdom, J. Ren, and C. Zhang, Phys. Rev. Lett. 120,

222001 (2018).
[24] P. Haensel, J. L. Zdunik, and R. Schaeffer, Astron. As-

trophys. 160, 121 (1986).
[25] C. Alcock, E. Farhi, and A. Olinto, Astrophys. J. 310, 261

(1986).
[26] E. P. Zhou, X. Zhou, and A. Li, Phys. Rev. D 97, 083015

(2018).

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

P (MeV/fm3 )

c s2

FIG. 6. c2s vs P for CrSs with APR (green) and udQM of
B ¼ 20 MeV=fm3, a4 ≈ 0.35, 0.38, 0.40 from the darker to
lighter black color.

HYBRID STARS MAY HAVE AN INVERTED STRUCTURE PHYS. REV. D 108, 063012 (2023)

063012-7

where Ptrans is the critical pressure of HM-to-QM phase
transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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where Ptrans is the critical pressure of HM-to-QM phase
transition, ρtrans ¼ ρHMðPtransÞ, Δρ ¼ ρQMðPtransÞ−
ρHMðPtransÞ, and cs is the sound speed of QM. A first-order
phase transition takes place when Δρ > 0.
The CrSs in contrast have an inverted structure and the

EOS has the following form:

ρðPÞ ¼
!
ρQMðPÞ P < Ptrans

ρHMðPÞ P≳ Ptrans
; ðB2Þ

with Ptrans ¼ Pcr determined from the crossing of μQ and
μH. Equation (B2) can be compared with the CSS
parametrization in Eq. (B1) but with an inverted order
of HM and QM. This leads to ρtrans ¼ ρQMðPtransÞ and
Δρ ¼ ρHMðPtransÞ − ρQMðPtransÞ. It turns out that our inter-
acting quark matter model for udQM (SQM) together
with APR hadronic EOS in Fig. 1 cover a large variation
of CSS parameters: Ptrans ¼ 5 ∼ 96ð7 ∼ 93Þ MeV=fm3,
ρtrans ¼ 94 ∼ 489ð121 ∼ 506Þ MeV=fm3, Δρ¼83∼
111ð59∼175ÞMeV=fm3, and correspondingly Δρ=ρtrans ¼
0.17 ∼ 1.51ð0.12 ∼ 1.15Þ.
For the sound speed, the QM crust has c2s ¼ 1=3 for

udQM and c2s < 1=3 for SQM, while the HM core can have
the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
parameter set in Fig. 2. This does not contradict with the
recent generic studies of the sound speed in neutron
stars [69–71], which have assumed the low-densities
EOS to be hadronic and then do not account for the
possibility of absolute stable QM.
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the sound speed violating the conformal speed limit

(c2s > 1=3), as shown by Fig. 6 for the same benchmark
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small B or a4 region with not-large Pcr, CrSs can account
for a sufficiently small tidal deformability at 1.4M⊙ and a
large enoughMTOV simultaneously. The other possibility is
to have lower mass QSs explaining the PSR J0030þ 0451
and GW170817 constraints and CrSs residing in the large-
mass regime meeting the PSR J0740þ 6620 one. This
arises in the large B region with a relatively large Pcr, as the
red lines (B ¼ 50 MeV=fm3) shown in Fig. 3, whereMTOV
of CrS can even exceed that of QS.
For the two types of QM hypothesis, the parameter space

for CrSs with a SQM crust is more constrained by the
astrophysical observations, especially for hadronic EOSs
that are relatively stiffer than APR at low pressure like SLy4
(see Appendix). This is because the transition usually takes
place at a higher Pcr for SQM compared to udQM, as
shown in Fig. 1. Thus, less parameter space exists to realize
stable CrSs in the SQM hypothesis in general, and we see
fewer solid lines on the right column of Fig. 3 than the left.
We also see “twin star” configurations, i.e., stars with

identical masses but very different radii, in cases of small B
and large a4. This is closely related to the existence of the
unstable region in Fig. 2 and the largeΔρ=ρðPcrÞ for the first-
order phase transition as discussed. In contrast to conven-
tional hybrid stars, the larger-radius one in our scenario is a
pure QS and the smaller-radius one is a CrS. For CrSs with
udQM (SQM) in the cases shown, the largest radius differ-
ence can reach 4.3 km (3.1 km) at M ∼ 1.7M⊙ (1.75M⊙).

IV. CONCLUSIONS

To summarize, we have explored a new possibility of a
distinct stellar objects, CrSs, with a QM crust and a HM
core, based on the hypothesis that QM can be absolutely
stable at low pressure. We have shown that CrSs can be
naturally realized within the stable branch of compact stars
and they may play a significant role to reconcile various
astrophysical constraints.
It is possible that more crossings exist at higher pressure,

yielding a multilayer structure of quark and hadronic matter.
The astrophysical implications of such objects deserve further
study, including the possibility of explaining the supergiant
glitch phenomena, considering the associated first order phase
transition decreases the moment of inertia and thus causes a
sudden spin-up [88,89]. CrSs can possibly be distinguished
from other type of compact stars from future fine-radius
measurement [32], or GW asteroseismology [90,91] due to
their distinction on nonradial oscillations [92]. Besides,
including color superconductivity effects can increase the
stiffness of QMEOSs and then enlarge the parameter space of
CrSs, which may explain the massive secondary component
of GW190814 [8,55,93,94].

ACKNOWLEDGMENTS

C. Z. is supported by the Jockey Club Institute for
Advanced Study at The Hong Kong University of

Science and Technology. J. R. is supported by the
Institute of High Energy Physics, Chinese Academy of
Sciences, under Contract No. Y9291220K2.

APPENDIX A: VARIATIONS OF HADRONIC EOSs

To demonstrate the robustness of our results against the
uncertainties of hadronic EOSs, we consider ten more
examples of hadronic EOSs here.
We display in Fig. 4 the masses, radii, and tidal deform-

abilities of CrSs for the 11 HM EOSs. They have similar
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FIG. 4. (Top) μðPÞ of the two matter phases with udQM EOSs
same as Fig. 1 but nowwith 11 hadronic EOSs. (Middle) M-R and
(bottom) Λ −M of cross stars (solid curves) with udQM of
ðB; a4Þ ¼ ð20 MeV=fm3; 0.35Þ. The 11 hadronic EOSs are those
as the top legends shows. Dashed lines denote pure QSs configu-
rations and the dotted lines denote unstable CrSs configurations.
The observational constraints follow the same as Fig. 3.
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benchmark set in Fig. 3. We see that, in general, the
masses of CrSs are always larger than the corresponding
HSs of the same radii, while the radii and tidal deform-
abilities of CrSs are in between those for the

corresponding QSs and HSs of the same M. As M
increases, their radii and tidal deformabilities decrease
and approach those of the pure HS due to the growth of
the hadronic core. This helps to satisfy the GW170817
constraint in comparison to pure QSs of the same B. On
the other hand, the maximum mass (MTOV) and radii of
CrSs are lifted by the quark matter crust compared to pure
HSs, which helps meet the NICER J0740þ 6620 con-
straint and observations of heavy pulsars. The advantage
of CrSs is then clear: the interplay between the HM and
QM compositions helps to reconcile astrophysical con-
straints at low and high masses, opening vastly more space
for soft hadronic EOSs or stiff quark matter EOSs.
More explicitly, the depicted maximum masses of

CrSs all meet the two solar mass constraints from pulsar
mass measurements, in particular, 2.01þ0.17

−0.11M⊙ for
J0348þ 0432 [86], 2.14þ0.20

−0.18M⊙ for J0740þ 6620 [87],
and 2.35þ0.17

−0.17M⊙ for PSR J0952-0607 [85]. For the rest, we
find two possibilities naturally emerge to reconcile theM-R
relation constraints of PSR J0740þ 6620 [83,84] and PSR
J0030þ 0451 [81,82] from NICER and the tidal deform-
ability constraint of the GW170817 event. The first one is
to have the CrS branch to explain them all. We find that in
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FIG. 2. Mass (black, left axis) and radius (purple, right axis)
versus center pressure Pcenter for CrSs with APR and udQM of
B ¼ 20 MeV=fm3, a4 ≈ 0.35, 0.38, 0.40 from the darker to
lighter color. Dashed lines denote pure udQSs. Solid lines denote
the stable CrSs with dotted segments denoting the unstable ones.
The dot-dashed lines denote the hadronic cores with the radius rcr
and mass mðrcrÞ.

FIG. 3. M-R (top) and Λ-M (bottom) of CrSs (solid lines) with udQM (left) and SQM (right), sampling B ¼ 20 (black), 35 (blue),
50 ðredÞMeV=fm3, and a4 ¼ a4;min, ða4;min þ a4;maxÞ=2, a4;max from the darker to lighter color. All cases are truncated to themaximummass
points, and the caseswith noCrSbranch are dropped.APREOS is used for the hadronic composition,with thegreen dot-dashed curve denoting
pure hadronic star withAPREOS.Dashed lines denote pureQSs,while solid and dotted lines denote stable and unstable CrSs. Shaded regions
are constraints with 90% credibility from the NICERmission PSR J0030þ 0451 (green colored) [81,82], PSR J0740þ 6620 (cyan colored)
[83,84], and PSR J0952-0607 [85] (orange colored). The cyan-dotted vertical line denote GW170817’s Λð1.4M⊙Þ≲ 800 constraint [5].
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• Its M larger than HSs of the 
same R, while (R,Λ) in between 
those for QSs and HSs of the 
same M

• Interplay between HM and QM 
helps to reconcile astrophysical 
constraints at low and high 
masses

• “Twin star” configurations 
(identical M but very different R) 
exist in cases of small B and 
large a4 

• The new stellar structure leaves 
more space open for EOS of 
both HM and QM

•
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Summary

• udQM generally has lower bulk E/A than normal nuclei and 
SQM; serve as ground stater at zero T and P for A>300; 
ensure stability of ordinary nuclei 

• Production of udQM by the fusion of heavy elements within 
the new “continent of stability”… 

• Under the QM hypothesis, inverted hybrid stars naturally 
arise (no need to fine-tune) when the HM becomes 
more stable in the intermediate density

• Astrophysical implications of inverted hybrid stars 
deserve further study…  

The top panel of Fig. 1 displays μðPÞ for the two types of
QM with the aforementioned benchmark sets of the bag
constant B, and μðPÞ for APR hadronic EOS [67]. At low
pressure, μQ is smaller than the hadronic chemical potential
μH under the QM hypothesis. As P increases, both
chemical potentials go larger. If μQ increases faster with
P than μH, the two μðPÞ curve may cross at some critical
pressure Pcr. For both cases, μQ increases faster for a
smaller a4 or B as expected from Eq. (4), and so the
crossing takes place at a smaller Pcr. For SQM, a softer
EOS results in a more slowly increasing μQ than udQM,
and then a larger value of Pcr in general. Thus, to realize
CrSs within the stable branch below the maximum mass,
the udQM hypothesis allows a larger parameter space.
We depict the combined EOSs in the bottom row of

Fig. 1. At low pressure, the EOS is given by Eq. (2) for the
more stable QM phase. Once the crossing of chemical
potentials takes place within the interested range, the
energy density jumps from ρQ to ρH by a finite amount
Δρ at Pcr, indicating a first-order phase transition. At higher
pressure, HM becomes more stable and the EOSs all merge
into the benchmark model. The possibility of a first-order
phase transition has also been considered for conventional
hybrid star, while for CrSs the order of phases are
naturally inverted. It turns out that there is a large overlap

of the parameters they considered and the CrS model we
explore here, so the effects of the inverted structure can be
more clearly seen. These cover a large empirical param-
eter space and are consistent with recent studies on the
sound speed [68–71] (see Appendix B).

III. ASTROPHYSICAL IMPLICATIONS

To obtain the configuration of CrSs, we incorporate the
combined EOS of the two matter phases into the Tolman-
Oppenheimer-Volkov (TOV) equation [72,73]

dPðrÞ
dr

¼ −
½mðrÞ þ 4πr3PðrÞ&½ρðrÞ þ PðrÞ&

rðr − 2mðrÞÞ
;

dmðrÞ
dr

¼ 4πρðrÞr2; ð5Þ

where the profiles PðrÞ and mðrÞ are solved as functions of
the center pressure Pcenter. The radius R and physical mass
M of the compact stars are determined by PðRÞ ¼ 0 and
M ¼ mðRÞ, respectively. To compare with gravitational
wave observations, we can further compute the dimension-
less tidal deformability Λ ¼ 2k2=ð3C5Þ, where C ¼ M=R
is the compactness and k2 is the Love number that
characterizes the stars’ response to external disturbances
[74–77]. The Love number k2 can be determined by solving
a function yðrÞ from a specific differential equation [77]
and the TOVequation Eq. (5), with the boundary condition
yð0Þ ¼ 2. For CrSs, the matching condition [78,79]
yðrþd Þ − yðr−d Þ ¼ −4πr3dΔρd=ðmðrdÞ þ 4πr3dPðrdÞÞ should
be imposed at rd (i.e., the hadronic core radius rcr and the
CrS radius R), where an energy density jump Δρd occurs.
To elaborate the explicit stellar structure of CrSs, we

display the masses and radii of the CrSs and their hadronic
cores as functions of the centre pressure in Fig. 2. Here,
we choose a benchmark model with the hadronic core
described by the APR EOS and the udQM crust with
B ¼ 20 MeV=fm3 and different values of a4. CrSs with a
SQM crust share similar behaviour. As a general feature,
the compact stars are pure QSs at low Pcenter, and transit to
CrSs at high Pcenter. Right above the transition pressure Pcr,
there may exist an unstable region, whereM decreases as P
increases. When M approaches the maximum mass, the
HM core grows large and the QM crust takes only a small
fraction with ∼0.1M⊙ in mass and ∼1 km in width.
Regarding the dependence on QM properties, we see that,

for a givenB, a lowerPcr results in a largermass and radius for
the hadronic core and the opposite effect on the overall mass
and radius, thus altogether map to a larger mass and radius
fraction for the hadronic core.Also, the unstable regiongrows
larger for increasing a4, which maps to the large Δρ=ρðPcrÞ
regime referring to Fig. 1. Such a map is a general feature for
compacts stars involving hybrid structures [10,80].
We depict the mass-radius relation and the correspond-

ing tidal deformabilities of CrSs with a more general
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FIG. 1. μðPÞ of the two matter phases (top) and ρðPÞ (bottom)
of cross stars. APR EOS (green) is the representative benchmark
for HM. udQM (solid) and SQM (dashed) sample B ¼ 20
(black), 35 (blue), 50 ðredÞMeV=fm3, and a4 ¼ a4;min, a4;max
from the darker to lighter color.
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Comparing udQM and SQM hypothesisbenchmark set in Fig. 3. We see that, in general, the
masses of CrSs are always larger than the corresponding
HSs of the same radii, while the radii and tidal deform-
abilities of CrSs are in between those for the

corresponding QSs and HSs of the same M. As M
increases, their radii and tidal deformabilities decrease
and approach those of the pure HS due to the growth of
the hadronic core. This helps to satisfy the GW170817
constraint in comparison to pure QSs of the same B. On
the other hand, the maximum mass (MTOV) and radii of
CrSs are lifted by the quark matter crust compared to pure
HSs, which helps meet the NICER J0740þ 6620 con-
straint and observations of heavy pulsars. The advantage
of CrSs is then clear: the interplay between the HM and
QM compositions helps to reconcile astrophysical con-
straints at low and high masses, opening vastly more space
for soft hadronic EOSs or stiff quark matter EOSs.
More explicitly, the depicted maximum masses of

CrSs all meet the two solar mass constraints from pulsar
mass measurements, in particular, 2.01þ0.17

−0.11M⊙ for
J0348þ 0432 [86], 2.14þ0.20

−0.18M⊙ for J0740þ 6620 [87],
and 2.35þ0.17

−0.17M⊙ for PSR J0952-0607 [85]. For the rest, we
find two possibilities naturally emerge to reconcile theM-R
relation constraints of PSR J0740þ 6620 [83,84] and PSR
J0030þ 0451 [81,82] from NICER and the tidal deform-
ability constraint of the GW170817 event. The first one is
to have the CrS branch to explain them all. We find that in
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FIG. 2. Mass (black, left axis) and radius (purple, right axis)
versus center pressure Pcenter for CrSs with APR and udQM of
B ¼ 20 MeV=fm3, a4 ≈ 0.35, 0.38, 0.40 from the darker to
lighter color. Dashed lines denote pure udQSs. Solid lines denote
the stable CrSs with dotted segments denoting the unstable ones.
The dot-dashed lines denote the hadronic cores with the radius rcr
and mass mðrcrÞ.

FIG. 3. M-R (top) and Λ-M (bottom) of CrSs (solid lines) with udQM (left) and SQM (right), sampling B ¼ 20 (black), 35 (blue),
50 ðredÞMeV=fm3, and a4 ¼ a4;min, ða4;min þ a4;maxÞ=2, a4;max from the darker to lighter color. All cases are truncated to themaximummass
points, and the caseswith noCrSbranch are dropped.APREOS is used for the hadronic composition,with thegreen dot-dashed curve denoting
pure hadronic star withAPREOS.Dashed lines denote pureQSs,while solid and dotted lines denote stable and unstable CrSs. Shaded regions
are constraints with 90% credibility from the NICERmission PSR J0030þ 0451 (green colored) [81,82], PSR J0740þ 6620 (cyan colored)
[83,84], and PSR J0952-0607 [85] (orange colored). The cyan-dotted vertical line denote GW170817’s Λð1.4M⊙Þ≲ 800 constraint [5].
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• Transition usually takes place at 
a higher pressure  for SQM 
compared to udQM, and thus 
less parameter space exists to 
realize stable inverted hybrid 
stars in the SQM hypothesis

• The parameter space for 
inverted hybrid stars with a 
SQM crust is more constrained 
by the astrophysical 
observations, especially for 
hadronic EOSs that are 
relatively stiffer than APR at low 
pressure like SLy4 

•

udQM SQM 

benchmark set in Fig. 3. We see that, in general, the
masses of CrSs are always larger than the corresponding
HSs of the same radii, while the radii and tidal deform-
abilities of CrSs are in between those for the

corresponding QSs and HSs of the same M. As M
increases, their radii and tidal deformabilities decrease
and approach those of the pure HS due to the growth of
the hadronic core. This helps to satisfy the GW170817
constraint in comparison to pure QSs of the same B. On
the other hand, the maximum mass (MTOV) and radii of
CrSs are lifted by the quark matter crust compared to pure
HSs, which helps meet the NICER J0740þ 6620 con-
straint and observations of heavy pulsars. The advantage
of CrSs is then clear: the interplay between the HM and
QM compositions helps to reconcile astrophysical con-
straints at low and high masses, opening vastly more space
for soft hadronic EOSs or stiff quark matter EOSs.
More explicitly, the depicted maximum masses of

CrSs all meet the two solar mass constraints from pulsar
mass measurements, in particular, 2.01þ0.17

−0.11M⊙ for
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−0.17M⊙ for PSR J0952-0607 [85]. For the rest, we
find two possibilities naturally emerge to reconcile theM-R
relation constraints of PSR J0740þ 6620 [83,84] and PSR
J0030þ 0451 [81,82] from NICER and the tidal deform-
ability constraint of the GW170817 event. The first one is
to have the CrS branch to explain them all. We find that in
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FIG. 2. Mass (black, left axis) and radius (purple, right axis)
versus center pressure Pcenter for CrSs with APR and udQM of
B ¼ 20 MeV=fm3, a4 ≈ 0.35, 0.38, 0.40 from the darker to
lighter color. Dashed lines denote pure udQSs. Solid lines denote
the stable CrSs with dotted segments denoting the unstable ones.
The dot-dashed lines denote the hadronic cores with the radius rcr
and mass mðrcrÞ.

FIG. 3. M-R (top) and Λ-M (bottom) of CrSs (solid lines) with udQM (left) and SQM (right), sampling B ¼ 20 (black), 35 (blue),
50 ðredÞMeV=fm3, and a4 ¼ a4;min, ða4;min þ a4;maxÞ=2, a4;max from the darker to lighter color. All cases are truncated to themaximummass
points, and the caseswith noCrSbranch are dropped.APREOS is used for the hadronic composition,with thegreen dot-dashed curve denoting
pure hadronic star withAPREOS.Dashed lines denote pureQSs,while solid and dotted lines denote stable and unstable CrSs. Shaded regions
are constraints with 90% credibility from the NICERmission PSR J0030þ 0451 (green colored) [81,82], PSR J0740þ 6620 (cyan colored)
[83,84], and PSR J0952-0607 [85] (orange colored). The cyan-dotted vertical line denote GW170817’s Λð1.4M⊙Þ≲ 800 constraint [5].
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