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How heavy can a NS get?
We have shown that massive neutron stars, with 
structure effects from magnetic field and anisotropy 
can explain mass gap objects (> 2.5𝑀⊙), satisfying 
stability and observational constraints.
ZZ, Mukhopadhyay, Weber, Phys. Rev. D. (2024)

Adding more physics!
Superconductivity, 
Deconfined quarks
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mailto:https://arxiv.org/pdf/2604.06308


QUARK/STRANGE/HYBRID STARS

Weber, PPNP (2005) 



COLOR SUPERCONDUCTIVITY
Weber, PPNP (2005) 

CFL à Color-flavor 
locked state à u,d,s 
quarks pair

Non-CFL à 2SC, CSL, 
etc.

Δsc	= 10 -100 MeV
Pairing gaps higher than 
proton case 
à higher critical fields 
required to destroy color 
superconductivity

Color superconducting (CSC) matter à source of deformation/anisotropy?



High field cases: 𝐵! = 10"#	𝐺, 𝐵$ = 10"%	𝐺

Magnetar cores are not devoid of superconductivity!
Only proton superconductivity is destroyed 
à Color superconductivity can still persist



HYBRID STAR EQUATION OF STATE (EoS)

We assume entire quark core is CFL color superconducting with a constant gap ∆CSC
Quark parameters: 𝐵eff, 𝐾! and ∆CSC à Determine extent of (color superconducting) quark core

Hadronic EoS: DD2
DDRMF EoS
Typel et al., PRC (2010)

Quark EoS: vBag
Bag model (𝐵eff) + Repulsive vector interactions (𝐾!)
Klähn & Fischer, ApJ (2015)

Hadronic and quark phases: Joined by sharp 
first-order phase transition (PT) 
à Maxwell construction

CSC effects included through CSC pairing 
energy ΔSC

! 𝜇! in the thermodynamic potential
à ΩCFL = Ωunpaired −	(3/𝜋

")ΔSC
" 𝜇" (CFL)

Lugones & Horvath, PRD (2002)



FORMALISM
Modified TOV equations
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Deb, Mukhopadhyay & Weber,  ApJ (2021, 2022)
ZZ, Mukhopadhyay, Weber, Phys. Rev. D (2024)

For radially oriented (RO) fields

For transversely oriented (TO) fields

Ansatz for anisotropy

Magnetic Field profile used	

𝐵 𝑃 = 𝐵" + 𝐵# 1 − exp −𝜂
𝑃
𝑃#

$

ZZ et al., Universe (2026)
Bandyopadhyay et al. , PRL (1997)



ANISOTROPY PROFILES
(color/proton) Superconductivity + Magnetic field = Anisotropy

Profile 1: Multiplicative
Role of (color/proton) Superconductivity à Enhancing magnetic stresses in star

𝜎aniso 	= 𝑝0 − 𝑝1 =
2𝑚
𝑟

(±𝐵2) 1 +
ΔSC
2 𝜇2

𝑝1
𝑝1
𝑝3

Following quasilocal 
model of anisotropy;
Ensures anisotropy 
vanishes at center

Magnetic 
stress 
anisotropy

Enhancement from 
superconductivity

Ensures anisotropy 
vanishes at surface

Following behavior of Type II superconductors (Easson & Pethick, PRD, 1977) 
and MCFL phase (Paulucci et al., PRD, 2011) 

à Superconductivity coupled to magnetic field stresses

Das, Sedrakian, Mukhopadhyay, PRD Lett., (2025) Type-II



ANISOTROPY PROFILES
(color/proton) Superconductivity + Magnetic field = Anisotropy

Profile 2: Additive
Role of (color/proton) Superconductivity à Introducing its own anisotropic stress to the star

𝜎aniso 	= 𝑝0 − 𝑝1 =
2𝑚
𝑟

±𝐵2 + ΔSC
2 𝜇2

𝑝1
𝑝3

Following quasilocal 
model of anisotropy;
Ensures anisotropy 
vanishes at center

Magnetic 
stress 
anisotropy

Enhancement from 
superconductivity

Ensures anisotropy 
vanishes at surface

Glampedakis, Jones, Samuelsson, PRL (2012)

Following behavior of Crystalline color superconducting phases 
(Mannarelli, Rajagopal & Sharma, PRD, 2007) 

à Superconductivity can lead to independent anisotropic stresses



ENHANCED	𝑀max

• Magnetic fields dominate the anisotropy and/or 
anisotropy effects

• When the PT leads to unstable branch à 
Magnetic field enhances mass of hadron star 
before quark core forms 

In the presence of high fields: 
𝐵# = 10$%	𝐺, 𝐵& = 10$'	𝐺 (Magnetar) 

Magnetic field profile: 
𝜂 = 0.01, 𝛾 = 1, 𝐵! = 10"#	𝐺, 𝐵$ = 10"%	𝐺, TO 

Presence of CSC quark core leads to CSC 
softening: Compensated by anisotropy 
for ∆CSC> 50 MeV 

In the presence of low fields: 
𝐵# = 10$"	𝐺, 𝐵& = 10$%	𝐺 (Regular NS) 

• Magnetic field effect sub-dominant; cannot 
enhance mass

• Profile 2 à shows enhancement of mass for 
∆CSC> 50 MeV; independent of field. Not the 
case for Profile 1 (∆CSC coupled to low field)



ENHANCED	𝑀max

• Magnetic fields dominate the anisotropy and/or 
anisotropy effects

• When the PT leads to unstable branch à 
Magnetic field enhances mass of hadron star 
before quark core forms 

In the presence of high fields: 
𝐵# = 10$%	𝐺, 𝐵& = 10$'	𝐺 (Magnetar) 

Magnetic field profile: 
𝜂 = 0.01, 𝛾 = 1, 𝐵! = 10"#	𝐺, 𝐵$ = 10"%	𝐺, TO 

Presence of CSC quark core leads to CSC 
softening: Compensated by anisotropy 
for ∆CSC> 50 MeV 

In the presence of low fields: 
𝐵# = 10$"	𝐺, 𝐵& = 10$%	𝐺 (Regular NS) 

• Magnetic field effect sub-dominant; cannot 
enhance mass

• Profile 2 à shows enhancement of mass for 
∆CSC> 50 MeV; independent of field. Not the 
case for Profile 1 (∆CSC coupled to low field)

(Lower) mass gap objects (~ 2.5 − 2.6𝑀⊙) 
still possible for hybrid stars with CSC 
quarks/PT. Softening compensated by 
anisotropy of magnetic field/CSC matter.

See also: ZZ et al., Universe (2026)



ANISOTROPY INDUCED DEFORMATION

https://zeniazuraiq.github.io/ellipticity_CSCStars

𝐵eff = 100	𝑀𝑒𝑉/𝑓𝑚&, 𝐾' = 25	𝐺𝑒𝑉()

Profile 2 Ellipticity

𝜖	 =
𝜋
𝐼L
,
M
𝑑𝑟 𝛿𝜌	𝑟N

Effective 1D treatment: all calculations assume 
an equatorial slice θ = π/2 in the star

https://zeniazuraiq.github.io/ellipticity_CSCStars
https://zeniazuraiq.github.io/ellipticity_CSCStars
https://zeniazuraiq.github.io/ellipticity_CSCStars
https://zeniazuraiq.github.io/ellipticity_CSCStars


CONTINUOUS GRAVITATIONAL WAVES
Deformed, triaxial, rotating star à emits continuous gravitational waves (CGWs)

Sieniawska & Bejger, 
Universe (2019)

For a triaxially deformed star, 

ℎE 	=
2𝐺
𝑐F

Ω2𝜖𝐼E
𝑑

(2cos	2𝜒 − sin2𝜒)

Kalita & Mukhopadhyay, MNRAS (2019)

Detection possibility of slow rotating (𝝂 < 𝟑𝟎	𝑯𝒛) 
and weakly magnetized (𝑩𝒔 < 𝟏𝟎𝟏𝟐	𝑮) sources 
taken from ATNF catalog



CONTINUOUS GRAVITATIONAL WAVES

Non-detection from aLIGO à a plausible way to constrain quark 
properties and/or structural effects of color superconductivity



Maximum detectable distance

Einstein Telescope

https://zeniazuraiq.github.io/CGW_ET_CSCStars

IndIGO-D

https://zeniazuraiq.github.io/CGW_DeciHz_CSCStars

Maximum 𝑑max = 1.5 kpcMaximum 𝑑max = 69 kpc
> Radius of Milky Way galaxy

https://zeniazuraiq.github.io/CGW_ET_CSCStars
https://zeniazuraiq.github.io/CGW_ET_CSCStars
https://zeniazuraiq.github.io/CGW_ET_CSCStars
https://zeniazuraiq.github.io/CGW_ET_CSCStars
https://zeniazuraiq.github.io/CGW_DeciHz_CSCStars


TAKE HOME
Pressure anisotropy in hybrid stars plays a key role in determining its 

structure, properties and observables.

• Presence of magnetic field and (color/proton) superconductivity à leads to anisotropic 
stresses in the star. 
We have proposed two phenomenological profiles to parameterize anisotropic effects.

• Magnetar/highly magnetized NS cores: NOT devoid of superconductivity. 
Even if proton superconductivity is destroyed, color superconductivity persists.

• Anisotropy enhances mass of hybrid stars à overcomes softening effects 
à Plausibility of mass gap candidates.

• Enhanced deformation from CSC anisotropic stresses à can make GWs from slow 
rotating, weakly magnetized NSs observable 
à detection/non-detection constrains CSC quark core and properties.

arXiv: 2604.06308

mailto:https://arxiv.org/pdf/2604.06308




PROTON SUPERCONDUCTIVITY
In presence of type-II superconducting 
protons à anisotropic stress gets modified 

𝐵"

8𝜋 →
𝐵𝐻+$
8𝜋

Das, Sedrakian, Mukhopadhyay, PRD Lett., (2025)
Sinha, Sedrakian, Phys. Part. Nucl. (2015)

https://uspas.fnal.gov/materials/13Duke/SCL_Chap1.pdf

Easson & Pethick, PRD (1977)

Proton superconductivity 
à source of deformation/anisotropy?

Δsc	~	1 MeV

At the cores of magnetars/highly magnetized NSs 
à𝐵 > 𝐻*)
à Proton superconductivity absent

Type-I Type-II
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QUARK EoS & PARAMETERS
vBag model
Klähn & Fischer, ApJ (2015)

Quark parameters: 𝐵eff, 𝐾H and ∆CSC
à Determine extent of (color superconducting) quark core

(CFL) Color superconductivity
Lugones & Horvath, PRD (2002)

ΩCFL = Ωunpaired −	(3/𝜋
))ΔSC

) 𝜇)

PCFL = Punpaired +	(3/𝜋
))ΔSC

) 𝜇)

𝜖CFL = 𝜖unpaired +	(3/𝜋
))ΔSC

) 𝜇)

𝑛CFL = 𝑛unpaired +	(2/𝜋
))ΔSC

) 𝜇)



QUARK CORE TRENDS
• Increase in 𝐵eff 
à Point of PT shifts to higher densities
à Decreases the extent of CSC matter in the star

 
• Increase in 𝐾H 
à Point of PT shifts to higher densities
à Decreases the extent of CSC matter in the star

 
• Increase in ∆CSC	
à Point of PT shifts to lower densities
à Increases the extent of CSC matter in the star

Higher 𝐵eff à higher energy cost to deconfine 
the quark phase à higher pressures/densities 
required for the stable quark phase to appear 
in the star.

Higher 𝐾! à stiffer EoS in the quark phase 
(additional vector repulsion contribution). 
Pressure at a given 𝜇 reduces à require 
higher pressures for the PT.

Star’s magnetic field only affects the extent of proton superconductivity

Higher ∆CSC	à pressure and energy density 
enhanced by the pairing energy ∼ ∆CSC

" 𝜇" 
à point of PT reached at lower pressures



Low field cases: 𝐵! = 10"&	𝐺, 𝐵$ = 10"#	𝐺



ENHANCED	𝑀max

Profile 1 

Profile 2 



ENHANCED	𝑀max

Magnetic field profile: 
𝜂 = 0.01, 𝛾 = 1, 𝐵! = 10"#	𝐺, 𝐵$ = 10"%	𝐺, TO 

• When the PT leads to unstable branch 
à Role of magnetic field - enhances 
mass of hadron star before quark core 
forms 

• Presence of CSC core leads to CSC 
softening: Compensated by anisotropy 
for ∆CSC> 50 MeV 



ENHANCED	𝑀max
We have recently shown similar 
mass enhancement of 
hadronic branch before PT due 
to magnetic field for different 
hybrid star set-up.

Hybrid star EoS: ACB4
Paschalidis et. al., PRD (2018)

Magnetic field profile: 
𝜂 = 0.01, 𝛾 = 1, 𝐵! = 10"#	𝐺, 𝐵$ = 10"%	𝐺, TO 

ZZ et al., Universe (2026)

Anisotropy profile: Modified BL
Bowers & Liang, ApJ (1974)

Deb, Mukhopadhyay & Weber, ApJ (2021, 2022)


