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Up-down Quark Stars (udQS)

blue for 68% confidence level, red for 90% confidence level

• C. Zhang,  Phys.Rev.D 101 (2020) 4, 043003
• J.Ren, C. Zhang, Phys.Rev.D 102 (2020) 8, 083003



Inverted Hybrid Stars
and their GW asteroseismology

Part 2

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

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

possibility of QM to HM transition
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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 <QM to HM transition> associated with the chemical 
potential crossing. 

• For brevity, we named it Cross stars (CrSs).
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C. Zhang，J. Ren  Phys.Rev.D 108 (2023) 6, 063012 
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the interplay between the HM and QM compositions helps to reconcile astrophysical constraints at low and high masses, complementarily



CrSs with SQM
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Radial and Non-Radial Oscillations of
of 

Inverted Hybrid Stars

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

Rapid conversion:

Radial Oscillations
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non-radial oscillations (Cowling Approx.)
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𝒇 (solid) and g (dotted) modes 𝒑𝟏 modes

Flores et al (2014)

Conventional
Hybrid Stars

Inverted 
Hybrid Stars

C. Z，Y. Luo, H. Li, L. Shao, R. Xu, 
Phys.Rev.D 109 (2024) 6, 063020



Hybrid Strangeon Stars

Part 3

Based on 
• C. Z, Yong Gao , Cheng-jun Xia, Renxin Xu Phys.Rev.D 108 (2023) 12, 12
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Graph adapted from Xiaoyu Lai “Strangeon matter in kilonova” and LI, Z, QU, Z, CHEN, L, et al. Astrophys J, 2015, 798: 56

Strangeon (Strange-Cluster) matter

Renxin Xu 2003 ApJ 596 L59



A increasing pressure shrink of 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)



• Allowed parameter space for the existence of hybrid strangeon stars from stability consideration







Back Up Slides
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up down Quark Matter (udQM)

• At large particle number (bulk) limit
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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



•  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



Model inverted hybrid stars
 HM sector

• HM: large uncertainties above saturation density
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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



Variations of HM EOSs: Non-hyperonic

• Fix QM EOS, but vary HM EOSs 
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Variations of HM EOSs: Hyperonic
 (with Delta resonances, as expected for core region)
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Radial Oscillations

• Conventional Hybrid stars

28
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
29



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
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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 
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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



• Absorb Nq:

Model hybrid strangeon stars: Strangeon sector



•  Interacting Quark matter (IQM)

35

Model Hybrid strangeon stars: QM sector

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