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Tight straightjacket: 
• Theory: Einstein gravity, Standard Model physics (QCD phase diagram)
• Experiment: 𝑀𝑇𝑂𝑉 >2 𝑀⊙, GW170817, NICER e.t.c..

Imagination with the tight straightjacket:
Alternative possibility of 
• Matter:     Up-down Quark matter (and up-down Quark Stars) [Phys.Rev.Lett. 120 (2018), 222001, Phys.Rev.D 101 (2020) , 043003]

• Structure: Inverted hybrid stars [Phys.Rev.D 108 (2023), 063012, Phys.Rev.D 109 (2024), 063020 ]

• Matter and Structure: Hybrid Strangeon Stars [Phys.Rev.D 108 (2023) , 12]



up-down Quark Matter (udQM)
and up-down Quark Stars (udQSs)

Part 1

Based on 
• B. Holdom, J. Ren, C. Z, Phys.Rev.Lett. 120 (2018) , 222001
• C. Z,  Phys.Rev.D 101 (2020) 4, 043003
• J.Ren, C. Z, Phys.Rev.D 102 (2020) 8, 083003



Strange Quark Matter (SQM) hypothesis
[1984 E. Witten]

QM with nearly equal number of u,d,s quarks, 
may be the most stable form of matter even at 
zero temperature and zero pressure

However, assumed that  

1. QCD vacuum is flavor-independent (a universal bag const)

2. stable u,d quark matter (udQM) can not exist, considering we don’t see 
proton&neutron being converted to udQM. 
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Up-down Quark Matter (udQM) hypothesis
[B. Holdom, J. Ren, C. Z, Phys.Rev.Lett. 120 (2018) , 222001]

u,d quark matter could be more stable than 
SQM and ordinary nuclear matter at a 
sufficiently large baryon number 𝑨𝒎𝒊𝒏>300

Derived from an extended SU(3) chiral quark-meson model 

with the flavor dependence  of the QCD vacuum naturally accounted 

and fits well with all the mass spectrum and decay widths of light scalar and 

pseudoscalar mesons.
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C. Z, Phys.Rev.D 101 (2020) 4, 043003
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  Up-Down Quark Stars (udQSs)

Blue: 68% confidence level
Red: for 90% confidence level

[C. Z,  Phys.Rev.D 101 (2020) , 043003]
[J.Ren, C. Z, Phys.Rev.D 102 (2020) , 083003]



Inverted Hybrid Stars
and their radial & non-radial oscillations

Part 2

Based on 
• C. Z，Jing Ren  Phys.Rev.D 108 (2023) 6, 063012 
• C. Z，Yudong Luo, Hongbo Li, Lijing Shao, Renxin Xu, Phys.Rev.D 109 (2024) 6, 063020



(Conventional) Hybrid Star

Basic picture: at high pressure, hadrons deconfine into quark matter
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Graph adapted from arXiv:1612.09485 [nucl-th], arXiv:nucl-th/0411016

https://arxiv.org/abs/1612.09485
https://arxiv.org/abs/nucl-th/0411016


However
• The picture of hybrid star aforementioned assumed that quark matter only 

become absolutely stable over hadronic matter at high pressure

• But in context of stable QM hypothesis, QM is more stable than HM at low 
pressure

10

• Non-perturbative QCD
• Inaccessible by Lattice and earth experiment
• With stable QM hypothesis, cannot rule out the 

possibility of QM to HM transition

?



Inverted Hybrid Stars

Motivation: 
• At low pressure (crust), SQM/udQM hypothesis allows quark matter to be absolutely stable
• At high pressure (core), it’s possible to have <quark matter to hadronic matter transition> 

associated with the chemical potential crossing. 

• For brevity, we named it Cross stars (CrSs). 11

C. Z，J. Ren  Phys.Rev.D 108 (2023) 6, 063012 



•  Interacting Quark matter (IQM)
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Model inverted hybrid stars
QM sector

C. Z, R.B. Mann, Phys.Rev.D 103 (2021) 6, 063018

For simplicity, in this work we ignore color-superconductivity, thus



Variations of HM EOSs

• Fix QM EOS, but vary HM EOSs 
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Variations of QM EOSs

Next, we fix HM EOS (APR), and vary the QM EOSs
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• Solid lines are for udQM
• Dashed line are for SQM
• darker=𝑎4,𝑚𝑖𝑛 , lighter= 𝑎4,max



Complementarity of CrSs
an illustrative example

• NS with APR cannot well meet NICER PSR J0740+6620; udQS with B=20 MeV/fm^3 cannot meet 
GW170817. But inverted hybrid stars with (APR& udQM B=20 MeV/fm^3 ) can well meet both 
constraints

15the interplay between the HM and QM compositions helps to reconcile astrophysical constraints at low and high masses

QM

HM



CrSs with udQM, more examples

16
CrSs with SQM are similar 



Radial and Non-Radial Oscillations of
of 

Inverted Hybrid Stars

C. Z，Yudong Luo, Hongbo Li, Lijing Shao, Renxin Xu, 
Phys.Rev.D 109 (2024) 6, 063020



Slow conversion:

Rapid conversion:

Fundamental mode of Radial Oscillations



Non-Radial Oscillations: 
Some General Correlations(NSs and Hybrid stars)

Andersson, N. and Kokkotas, K.D., 1998. 

Kunjipurayil, A., Zhao, T., Kumar, B., Agrawal, B.K. 

and Prakash, M., 2022.. Physical Review D, 106(6), p.063005.

Ranea-Sandoval, I.F., Guilera, O.M., Mariani, M. and Orsaria, 

M.G., 2018 

Journal of Cosmology and Astroparticle Physics, 2018(12), 

p.031.

For physics origin of different non-radial modes, see Dr. Miao’s yesterday talk



𝑔, 𝑓, 𝑝1 modes of Non-Radial Oscillations 
(Cowling Approximation)

Conventional 
Hybrid Stars

Conventional 
Hybrid Stars

Flores, et al (2014) 
Flores, et al (2014) 



bizarre jump in 𝑓mode

• This bizarre jump appear even for conventional hybrid stars 
With large Δ𝜌/𝜌𝑡𝑟𝑎𝑛𝑠 (e.g. >1.3),   but been overlooked by others 
due to their choice of Δ𝜌/𝜌𝑡𝑟𝑎𝑛𝑠<1
for 𝑀𝑇𝑂𝑉 > 2𝑀⊙ consideration.

• Confirmed in Full GR by Dr. Tianqi Zhao 

Δ𝜌

𝜌𝑡𝑟𝑎𝑛𝑠
=1.51

Δ𝜌

𝜌𝑡𝑟𝑎𝑛𝑠
=1.45



Hybrid Strangeon Stars

Part 2

Based on 
• C. Z, Yong Gao , Cheng-jun Xia, Renxin Xu, Phys.Rev.D 108 (2023) , 12



Graph adapted from Xiaoyu Lai “Strangeon matter in kilonova”

Strangeon (Strange-Cluster) matter
Renxin Xu 2003 ApJ 596 L59

[Renxin Xu, Special Issue of QCS2023]

See Prof. X.Y Lai’s talk



A increasing pressure reduces strangeon lattice spacing 

→the lattice constant becomes smaller than the radius of individual quark bags

→Strangeons to SQM transition

Strangeons to SQM transition?

[Z. Q. Miao, C. J. Xia, X. Y. Lai, T. Maruyama, R. X. Xu and E. P. Zhou, Int. J. Mod. Phys. E 31, no.04, 2250037 (2022)]



• Leonard-Jones Model

EOS For Strangeons
[X. Y. Lai , R. X. Xu, MNRAS, 398, 1, 2009]

See Prof. X.Y Lai’s talk



• EOS with 𝑵𝒒 absorbed:

Model hybrid strangeon stars: Strangeon sector





B=60 MeV/fm^3

B=80 MeV/fm^3



Mixed Phase?

Strangeon

Unpaired SQM

Strangeon

CFL

Δ𝜇𝐵~ only 1 MeV
 =>  Mixed phase is not prefered



• Up-down quark matter can be the ground state of matter. They can 
form up-down quark stars that can naturally have large M_TOV.

• Both theory and experiment can not exclude the possibility of 
inverted hybrid stars. We have shown their consistency with recent 
observations. They have distinct p-mode behaviour compared to 
conventional hybrid stars. 

• Strangeon matter can transit to SQM at high pressure, form Hybrid 
strangeon stars. They are consistent with recent observations. 

• Open questions: search for udQM? microscopic picture of inverse 
phase transition?  radiation signals? Seismology of hybrid strangeon 
stars?....

Summary



Thank you



Back Up Slides



(2018) up-down Quark Matter Hypothesis

• With the flavor dependence of the QCD vacuum accounted, we found that u,d quark matter 
(udQM) could be more stable than SQM and ordinary nuclear matter at a sufficiently large baryon 
number 𝐴min

• We find 𝐴min > 300, which guarantees the stability of ordinary nuclei on earth

• Derived from an extended quark-meson model I devised that fits well with all the mass spectrum 
and decay widths of light scalar and pseudoscalar mesons.

33

B. Holdom, J. Ren, C. Z, Phys.Rev.Lett. 120 (2018) 22, 222001

𝐴𝑚𝑖𝑛~300



The Quark-Meson Model

• QCD has approximate chiral symmetry 

34Meson Potential Plays the role of the effective bag constant



Generalized Meson Potential
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Generalized Meson Potential
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up down Quark Matter (udQM)

37

Strangeness starts to appear

Equation of States ⟹ 𝑃 ≈
1

3
(𝜌 − 𝜌0)

< 𝜎𝑛> give masses to u,d quarks
< 𝜎𝑠> give masses to s quarks



We have shown the possibility of up-down quark stars, inverted hybrid 
stars, hybrid strangeon stars and their consistency with recent 
observations. 

• A microphysics picture of quark-to-hardron phase transition?

• What if the phase transition is cross-over, instead of 1st order?

Hybrid Strangeon Stars

• Nonradial oscillations of hybrid strangeon stars? 

• Other distinct astrophysical signatures? (cooling, merger remnant, e.t.c )

Summary and Outlook



Hadronic Matter vs Quark Matter

39

Tomohiro Inagaki k2.sci.u-toyama.ac.jp › Inagaki_Tomohiro › files › Inagaki_Tomohiro1

High Temperature 
or 

High Pressure (densities)

http://k2.sci.u-toyama.ac.jp/SI2009/p-list/Inagaki_Tomohiro/files/Inagaki_Tomohiro1.ppt


up down Quark Matter (udQM)

• At large particle number (bulk) limit

40

Strangeness starts to appear

Equation of States ⟹ 𝑃 ≈
1

3
(𝜌 − 𝜌0)

< 𝜎𝑛> give masses to u,d quarks
< 𝜎𝑠> give masses to s quarks



udQM vs SQM

• udQM is more positively charged

• 𝐴𝑚𝑖𝑛
𝑢𝑑𝑄𝑀

≪ 𝐴𝑚𝑖𝑛
𝑆𝑄𝑀

• udQM could be possibly formed during a supernove core collapse from 
conversion of superheavy nuclei. [Kei Iida, et al., JPS Conf. Proc. , 011057 (2020)]

[Cheng-Jun Xia, et al.  Phys. Rev. D 101, 103031 (2020)] 



udQS vs SQS

•    

42

• SQSs generally have smaller masses and radii than udQSs due to the large strange 
quark mass and the larger bag constant (unless introduce interquark effects like 
color superconductivity). So udQSs are general easier to satisfy the large mass 
constraint.   [C. Z,  Phys.Rev.D 101 (2020) 4, 043003]

• Compared to NS-> SQS case, NS can transit to udQS at much faster rate without the 
need of converting in strange quarks. We found that it is possible all NSs observed 
are actually udQSs.    [J.Ren, C. Z, Phys.Rev.D 102 (2020) 8, 083003]





Intro: Interacting Quark Stars (IQS)

blue band for the GW170817,
Red band for GW190425,
cyan band for the recent NICER analysis of PSR J0030+0451
The 2.59 solar mass line is from GW190814 
  

 
 

C.Zhang and R.B. Mann Phys.Rev.D 103 (2021) 6, 063018; e-Print: 2009.07182 [astro-ph.HE]

https://arxiv.org/abs/2009.07182


Model Cross stars: QM sector

• Stability constraints:

               Energy per Baryon number

• For udQM hypothesis: 

 . 𝜀𝑄  < 𝜀𝐹𝑒  =930MeV → 

                  . 𝐴min >300 → 𝜀𝑄 > 900 MeV →

• For SQM hypothesis:

         . 𝜀𝑄  < 𝜀𝐹𝑒 =930MeV → 
  . udQM is unstable by definition →

• Benchmark choices:

45

caveat



Typical results for conventional stars

• 𝑓 mode

Flores, C.V. and Lugones, G., 2014 Classical and Quantum Gravity, 31(15), p.155002







CrSs with SQM
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CrSs for SLy4 hadronic EOS



Variations of HM EOSs: Hyperonic
 (with Delta resonances, as expected for core region)
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Radial Oscillations

• Conventional Hybrid stars

52
Graph adapted from Lugones, G., & Grunfeld, A. G. (2021). Universe, 7(12), 493.



Radial Oscillations

• Solving Scheme:

Initial Conditions:

Solve the eigenfrequencies via shooting method,
Until match the boundary Condition:

Junction conditions: Slow:    ;   Rapid:  

For small discontinuity, slow≈rapid



Non-Radial treatment
 via Cowling Approximation

Initial Conditions:

Solve the eigenfrequencies via shooting method,
Until match the boundary Condition:

Junction conditions

Sotani, H., Yasutake, N., Maruyama, T. and Tatsumi, T., 2011 Physical Review D, 83(2), p.024014



A New Rescaling Scheme

C. Z, Yong Gao , Cheng-jun Xia, Renxin Xu Phys.Rev.D 108 (2023) 6, 063002

At zero pressure, ത𝑛 = 3. 

Requiring ҧ𝜌 ≥ 0 at zero pressure thus yield ҧ𝜖 ≤
2

𝑎
≈ 0.1757 ( ҧ𝜖𝑚𝑎𝑥

𝑡ℎ𝑒𝑜)

We take ҧ𝜖𝑚𝑎𝑥
𝑒𝑚 =

120 MeV

930 MeV
= 0.13



TOV Equations



Non-Radial Oscillations

• When compact stars oscillate non-radially, various modes of GWs are radiated 

• The gravity (𝑔), fundamental (𝑓) and pressure (𝑝) modes are related to the fluid 
oscillations while 𝜔 modes correspond to the oscillations of spacetime itself 
• 𝑓 mode and 𝑝 mode result from pressure forces, with 𝑓 mode a particular zero-radial-node mode 

of 𝑝 mode in its oscillation eigenfunction 

• 𝑓 mode is positively correlated to average mass density, 𝑝 mode is mostly sensitive to the outer 
core/crust.

• 𝑔 mode is originated from buoyancy forces and thus is excited if the star has 
temperature/composition gradients or density discontinuities (like hybrid stars and cross stars) 

• In chemically homogeneous, zero temperature stars, all g-modes are zero frequency 

• 𝑔 mode vanishes for rapid conversions



Non-Radial Oscillations

Cowling Approximation

• Assumes that the fluid would oscillate on a fixed background metric with the 
metric perturbation (𝜔 mode) being neglected 

• there is no damping (the eigenfrequencies of oscillation modes only have the real 
parts)

• compared to full treatments:

• differences by less than 20% for f modes, around 10% for p-modes [66], and 
5%–10% for g-modes 



Sharp vs Mixed

Lugones, G., & Grunfeld, A. G. (2021).  Universe, 7(12), 493.

We focus on Sharp interface (i.e., Maxwell construction) in our current study



Typical results for conventional stars

• 𝑝1 mode

Flores, C.V. and Lugones, G., 2014 Classical and Quantum Gravity, 31(15), p.155002

p modes of conventional hybrid stars (∼ 4–6 kHz  for stars with 𝑀𝑇𝑂𝑉 ≳ 2𝑀⊙)



Graph adapted from X.~Lai and R.~Xu, J. Phys. Conf. Ser. 861, no.1, 012027 (2017)

Strangeon Stars



Strangeon Stars

Graph adapted from 
LI, Z, QU, Z, CHEN, L, et al. Astrophys J, 2015, 798: 56



•  Interacting Quark matter (IQM)

63

Model Hybrid strangeon stars: QM sector

C. Z, R.B. Mann, Phys.Rev.D 103 (2021) 6, 063018

We focus on CFL phase (𝝃𝟒 = 𝟑)



M-R and Tidal deformability

• Branch of “Twin stars”: stars with identical masses but very different radii
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Mixed Phase?
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