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Neutron Stars: Laboratories of Extreme Physics

NEUTRON STAR FACTSHEET    
MASS         ~ 2 x  Msol  
RADIUS        ~ 10 km 
DENSITY       ~ 2-10x nuclear density 
TEMPERATURE    ~    109-1011 K 
MAGNETIC FIELD  ~ 10 12 -  10 15  G

Credit: Encyclopædia Britannica



        Nuclear Empirical Observables  
      nsat ,Esat ,Ksat ,Esym ,Lsym ,Ksym 

• From n skin thickness of 208 Pb, 48 Ca (PREX,CREX)
• From electric dipole polarizability αD

• From giant dipole resonance (GDR) of 208 Pb
• From measured nuclear masses
• From isobaric analog states (IAS) 

Nuclear experiments
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Figure 4: (left) Constraints on Esym(n) based on chiral interactions (bands) and phe-

nomenological potentials (symbols). The vertical band depicts the empirical satura-

tion density. Dashed lines are used to enhance readability. Data were taken from

Akmal et al. (80), Baldo et al. (81), Muether et al. (82), Lim & Holt (83), Carbone et al. (44),

Lonardoni et al. (49), and Drischler et al. (64, 27) [“GP–B 500”]. (right) Theoretical and

experimental constraints for (Sv, L) as well as the conjectured UG bounds (84) in compari-

son (see annotations in the panel). The experimental constraints are derived from heavy-ion

collisions (HIC) (85), neutron-skin thicknesses of Sn isotopes (86), giant dipole resonances

(GDR) (87), the dipole polarizability of 208Pb (88, 89), nuclear masses (90), and isobaric

analog states and isovector skins (IAS + �R) (91). In addition, theoretical constraints

derived from microscopic neutron-matter calculations by Hebeler et al. (H) (92), Holt &

Kaiser (HK) (39), and Gandolfi et al. (G) (93). Gray ellipses (64) show the allowed regions

from PNM and SNM calculations at N3LO with truncation errors quantified (light: 1�,

dark: 2�). The white area in the center shows the joint experimental constraint; the con-

straints extracted from measurements of IAS + �R are not included in this area because

they barely overlap.

EFT uncertainty (up to N2LO) and BUQEYE’s new Bayesian framework (up to N3LO),

respectively. Also many-body (or statistical Monte Carlo) uncertainties are included in

the bands. Lim & Holt performed a statistical analysis of MBPT calculations based on a

range of chiral potentials at di↵erent orders and two single-particle spectra to probe the

chiral and many-body convergence. Only the results by Lim & Holt and Drischler et al.

(both MBPT) have a clear statistical interpretation, each at the 1� and 2� confidence level

(di↵erent shadings). Overall, the constraints from ChEFT are consistent with each other,

even at the highest densities shown, but the uncertainties in Esym(n) are generally sizable,

e.g., 20.7±1.1, 31.5±3.0, and 49.0±12.0 MeV at n0/2, n0, and 2 n0, respectively, for Lim &

Holt at the 1� confidence level. Drawing general conclusions from comparing the sizes of

these bands can be misleading since the underlying methods for estimating uncertainties

16 Drischler, Holt, and Wellenhofer

Credit: Drischler+ 2021



Heavy ion collision experiments



Hypernuclear experiments



The Neutron Star interior
Credit: G. Baym

Credit: Chamel & Haensel, Physics of Neutron Star Crusts. 
Living Rev. Relativ. 11, 10 (2008)



Phase diagram of QCD (Quantum Chromodynamics)

FRIB

Figure 6: Schematic view of the QCD phase diagram. We highlight regions probed by ex-

periments (RHIC, LHC, FAIR, and FRIB), regions of validity for lattice QCD and ChEFT,

and environments reached in neutron stars, supernovae, and neutron star mergers.

Volko↵ (TOV) equations:

dp

dr
= �

G(M(r) + 4⇡r
3
p)(" + p)

r(r � 2GM(r))
,

dM

dr
= 4⇡r

2
", (9)

where r is the radial distance from the center of the star, M(r) is the mass enclosed within

r, " is the energy density, and p is the pressure. Analysis of spectral data from neutron stars

in quiescent low-mass x-ray binaries and x-ray bursters (116, 117) have resulted in radius

measurements R1.5 = 10�13 km for typical 1.5 M� neutron stars. More recently, the NICER

x-ray telescope has observed hot spot emissions from the accretion-powered x-ray pulsar

PSR J0030+045. Pulse profile modeling of the x-ray spectrum from two independent groups

have yielded consistent results for the neutron star’s mass M = 1.44+0.15
�0.14 M� (118) and M =

1.34+0.15
�0.16 M� (119) and radius R = 13.02+1.24

�1.06 km (118) and R = 12.71+1.14
�1.19 km (119) at the

68% credibility level. Future large area x-ray timing instruments, such as STROBE-X and

eXTP, have the potential to reduce uncertainties in the neutron-star mass-radius relation

to ⇠ 2% at a given value of the mass. This would significantly constrain the neutron-rich

matter EOS at n ⇡ 2n0 and when combined with mass and radius measurements of the

heaviest neutron stars could give hints about the composition of the inner core (120).

TOV: Tolmann-
Oppenheimer-
Volko↵

NICER: Neutron star
Interior Composition
ExploreR

STROBE-X:
Spectroscopic
Time-Resolving
Observatory for
Broadband Energy
X-rays

eXTP: enhanced
X-ray Timing and
Polarimetry

In recent years numerous works have studied constraints on the neutron star EOS from

ChEFT.10 In Ref. (92) the EOS of neutron-rich matter was calculated up to saturation

10In addition to a high-density extrapolation, a uniform-matter EOS from ChEFT needs to be
supplemented with a neutron-star crust model, e.g., the BPS crust model (121).
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Nuclear theory

Nuclear experiments

Hypernuclear 
experiments

Heavy-ion collision 
experiments

Lattice QCD

Perturbative QCD



NS Equation of State (EoS): Theoretical models

radial profile of NN-potential 

Eur. Phys. J. A (2016) 52: 29 Page 7 of 18
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Fig. 3. (Color online) Selected RMF EoSs (panel a) including hyperon-hyperon repulsion and their corresponding mass-radius
relation (panel b) satisfying the 2M⊙ constraint. The horizontal lines and bands in panel (b) show the observational data of
the Hulse-Taylor [1, 2], PSR J1614-2230 [7] and PSR J0348+0432 [8] pulsars.

Table 1. Maximum masses and radii at 1.4 M⊙ predicted by
the selected models shown in fig. 3.

EoS Mmax (M⊙) R1.4 (km)

WCSB 2.28 13.4
CS 2.06 13.7
OPGR1 2.29 13.8
OPGR2 2.01 12.7
LM 2.18 13.9
CB 2.02 13.2

predicted by these models are given in table 1. The inter-
ested reader is referred to the original works for specific
details.

As mentioned before, a repulsive YY interaction can
be generated through the exchange of vector mesons, the
inclusion of higher-order couplings or the use of density-
dependent couplings. The exchange of vector mesons is
based on the well-known fact that, in a meson-exchange
model of nuclear forces, vector mesons generate repulsion
at short distances (see fig. 4). If the interaction of hyper-
ons with vector mesons is repulsive enough then it could
provide the required stiffness to explain the current pulsar
mass observations. However, hypernuclear data indicates
that, at least, the ΛN interaction is attractive [38]. There-
fore, in order to be consistent with experimental data of
hypernuclei, the repulsion in the hyperonic sector is in-
cluded only in the YY interaction through the exchange of
the hidden strangeness φ vector meson coupled only to the
hyperons. In this way, the onset of hyperons is shifted to
higher densities and neutron stars with maximum masses
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Fig. 4. (Color online) Schematic plot of the radial dependence
of a generic nucleon-nucleon potential.

larger than 2M⊙, and a significant hyperon content, can
be successfully obtained.

Several works have analyzed in detail this possibility.
Bednarek et al. [115], for instance, proposed a non-linear
RMF model involving hidden-strangeness scalar (σ∗) and
vector (φ) mesons, coupled only to hyperons and quartic
terms involving vector meson fields in the effective La-
grangian. These authors showed that the required stiffen-
ing necessary to allow neutron stars with hyperon cores
and Mmax ≥ 2M⊙ was in fact generated by the presence
of the quartic terms involving the φ meson field.

In a couple of recent works [116, 117], one of the au-
thors (DC) of this paper, performed a systematic study of
the influence of the hyperon potentials within the RMF
framework, and showed that the mass constraint could be
reached through the inclusion of the φ meson mediating

Microscopic models  (realistic N-N interactions) 
- Meson exchange (e.g. Brueckner Hartree Fock models )  
- Chiral perturbation theory

Phenomenological models  
- Effective density dependent interactions 
- Parameters adjusted to reproduce nuclear and  
  hypernuclear observables

Non-relativistic (Skyrme interactions )

Relativistic Mean Field Models (RMF) 
- baryon-baryon interaction mediated by meson exchange 
- nucleonic couplings fitted to properties of bulk nuclear  
matter (GL, GM1) or to properties of nuclei ( NL3, TM1, FSUGold)  
- hyperonic couplings fixed by symmetry relations and hypernuclear data

"Equations of state for supernovae and compact stars”
M. Oertel, M. Hempel, T. Klähn, S. Typel,
Rev. Mod. Phys. 89 (2017) 015007  
 
"Hyperons: the strange ingredients of the nuclear equation of state”
Isaac VIdaña, Proc. R. Soc. A.474 (2018) 20180145
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Figure 1: Hierarchy of chiral nuclear interactions up to fifth order (or N4LO) in the chiral

expansion without delta isobars (12). Nucleons (pions) are depicted by solid (dashed) lines.

The circled numbers give the number of short-range contact LECs.

even at N5LO, the derivation of N4LO 3N interactions has not been finished yet. The

3N LECs cD and cE can be fit to (uncorrelated) few-body observables; for instance, the
3H binding energy combined with, e.g., the charge radius of 4He, the 3H �-decay half-life,

or the nucleon-deuteron scattering cross section. Also heavier nuclei and even saturation

properties in infinite nuclear matter have been used to constrain 3N forces.

NkLO:
(next-to)k-leading
order

Although the residual regulator and cuto↵ dependence of obervables at a given chiral

order is expected to decrease at higher orders, actual calculations show significant influence

of these so-called regulator artifacts on the ChEFT convergence depending on the specific

regularization scheme and computational framework. These issues have resulted in the

development of a flurry of chiral potentials with nonlocal, local as well as semilocal regulators

for a range of cuto↵ values; see, e.g., Table I of Ref. (21). Moreover, as discussed in

Section 2.2, RG methods allow one to modify a given set of two- and multi-nucleon potentials

such that observables are left invariant (up to RG truncations) but the convergence of many-

body calculations is optimized. These RG transformations are most suitably formulated

at the operator (i.e., Hamiltonian) level. The nuclear Hamiltonian constructed at a given

order in the ChEFT expansion reads H = Tkin + VNN(⇤, ci) + V3N(⇤, ci) + V4N(⇤, ci) + . . . ,

where ⇤ stands for the (initial) cuto↵ or resolution scale, and ci for the set of LECs inferred

from fits to experimental data. The nuclear Hamiltonian is not an observable, and the basic

idea of the RG is to exploit this feature to generate more perturbative Hamiltonians.

2.2. Perturbative chiral nuclear interactions

The strong short-range repulsion (“hard core”) and tensor force found in nuclear potentials

constructed at cuto↵ scales ⇤ & 500 MeV raise questions regarding the applicability of

www.annualreviews.org • Chiral EFT and the High-Density Nuclear EOS 5

C. Drischler, J.W. Holt and C. Wellenhofer  
Annual Review of Nuclear and Particle Science
Vol. 71 (2021)



Credit: J. Stayner

EoS and M-R relation

Constraints

Credit: Astro2020 Science White Paper

D.C. & I. Vidaña EPJA 52 (2016)



X Ray (NICER, 
ATHENA, SVOM, 

Lynx) 

Optical/
Infrared(LSST, TMT)

Gamma (INTEGRAL, 
Fermi, CTA, THESEUS)

Multi-Wavelength 

(AstroSat)

Multi-Wavelength Astrophysical Observations

Radio (uGMRT, SKA)



Mmax(theo) > Mmax(obs) 

Constraining the NS Mass

Credit: Lattimer (2019)



Mass Spin period

Constraining the NS Radius

Credit: J. Rowe

Credit: M. Kramer

Credit: M. Kramer

Credit: NASA

Credit: Cottam (2008)Credit: Watts 

• Thermonuclear X-ray bursts (photospheric radius expansion)
• Burst oscillations (rotationally modulated waveform)
• Fits of thermal spectra to cooling neutron stars
• kHz QPOs in accretion disks around neutron stars
• Precession in relativistic binaries (double pulsar J0737)

Credit: David A. Hardy 



Moment of inertia I~MR2

Mass Spin period

Constraining the NS Radius

Credit: M. Kramer

Credit: NASA

Credit: S. Morsink/NASA

• Thermonuclear X-ray bursts (photospheric radius expansion)
• Burst oscillations (rotationally modulated waveform)
• Fits of thermal spectra to cooling neutron stars
• kHz QPOs in accretion disks around neutron stars
• Precession in relativistic binaries (double pulsar J0737)
• Pulse Profile Modelling (NICER)

PSR J0740+6620PSR J0030+0451

Credit: Anna Watts

2.08 ± 0.07M⊙

12.35 ± 0.75 km

Miller+ ApJL 918 (2021)



S. Weissenborn, D.C. and J. Schaffner-Bielich,  NPA 881 (2012);  PRC 85 (2012)
Colucci and Sedrakian PRC 87 (2013)

Oertel Providencia Gulminelli and Raduta, J.Phys. G  42 (2015)
Lopes and Menezes PRC 89(2014)

Char and Banik PRC 90 (2014) 

Solving the hyperon puzzle : Role of vector repulsion
“Do hyperons exist in the interior of neutron stars?” 
D.C. & I. Vidaña EPJA 52 (2016)

See recent works by C. Providência, M. Oertel, A. Sedrakian,..



Neutron Stars as Gravitational Wave Sources

Credit: R. Hurt/Caltech-JPL

Credit: Pnigouras & Kokkotas (2016)

Non-axisymmetric Oscillations: 
           f-modes: fundamental  modes 
           p-modes: pressure  
           g-modes: buoyancy 
           r-modes: Coriolis force 
           w-modes: space-time

Binary NS mergers

Isolated NSs



QNMs in isolated NSs or post-merger remnant
Time varying quadrupole (rotating, deformed or oscillating NSs)

Non-axisymmetric Oscillations: 
           f-modes: fundamental  (~ KHz) 
           p-modes: pressure  
           g-modes: buoyancy 
           r-modes: Coriolis force (~ Ωs/2π ) 
           w-modes: space-time

• “Constraining dense matter physics using  
f-mode oscillations in neutron stars”, 
S. Jaiswal & D.C, Physics 2021, 3, 302  

• “Effect of hyperons on f-mode oscillations in 
neutron stars” 
B. K. Pradhan & D.C., Phys. Rev. C 103, 
035810 (2021) 

• “General relativistic treatment of f-mode 
oscillations of hyperonic stars” 
B. K. Pradhan, D. C., M. Lanoye and P. 
Jaikumar, arXiv:2203.03141 (accepted in Phys 
Rev C) 

• “Impact of updated Multipole Love numbers 
and f-Love Universal Relations in the context 
of Binary Neutron Stars”, B. K. Pradhan, A. 
Vijaykumar, D.C. Phys. Rev. D 107, 2023

Fig.: R. Nilsson

See talk by Bikram K. Pradhan

Can we use GWs from NS oscillation modes  
to constrain hyperons in NSs?



Relativistic Mean Field (RMF) model:  
interaction Lagrangian → EoS

Calibration of the Model : 
isoscalar coupling constants fixed to  
- nuclear saturation density nsat 
- binding energy per nucleon Esat 
- incompressibility Ksat 
- effective nucleon mass m*/m  
isovector coupling constants function of  
- symmetry energy & its slope Esym, Lsym

 Isoscalar couplings : 

        nsat = 0.15-0.16 fm-3  
     Esat = - 16.5 to -15.5 MeV 
     Ksat = 240-280 MeV 
     m*/m = 0.55 - 0.75  
Isovector couplings: 
functions of Jsym and Lsym  

         Esym = 30 - 32 MeV 
      Lsym = 50 - 60 MeV

Nuclear EoS and F-modes

Nuclear saturation properties

S. Jaiswal & D.C, Physics 2021, 3, 302



Sensitivity study

The saturation density plays a non-negligible 
role, while the uncertainties in other 
parameters does not affect the f-mode 
frequencies

• The effective nucleon mass is the 
dominant empirical saturation parameter 
that determines the f-mode frequencies

Within Cowling approximation 

Esat Esym

Ksat Lsym
m*/m

nsat

S. Jaiswal & D.C, Physics 2021, 3, 302



• RMF model: interaction Lagrangian  
→ EoS

• Calibration of the Model : 
- hyperon-vector meson couplings fixed by 
SU(6) symmetry of quark model  
- hyperon-sigma meson couplings fixed to 
hyperon depth in nuclear matter 
- hyperon strange-scalar meson fixed by hyperon 
potential depths in hyperon matter

Do hyperons affect F-modes?

 Isoscalar couplings : 

        nsat = 0.16 fm-3  
     Esat = - 16 MeV 
     Ksat = 240 MeV 
     m*/m = 0.55 - 0.75  
Isovector couplings: 
functions of Jsym and Lsym  

          Jsym = 32 MeV 
      Lsym = 60 MeV

B. K. Pradhan & D.C., Phys. Rev. C 103, 035810 (2021)

MeV



MeV

Within Cowling approximation 
B. K. Pradhan & D.C., Phys. Rev. C 103, 035810 (2021)



MeV

Within Cowling approximation 
B. K. Pradhan & D.C., Phys. Rev. C 103, 035810 (2021)



B. K. Pradhan, D. C., M. Lanoye and P. Jaikumar, 
Phys. Rev. C 106, 015805 (2022) 

• The frequency and damping time of quadrupole f-mode oscillations of 
hyperonic stars are found to be in the range of 1.47–2.45 kHz and 0.13–0.51 s 
respectively

• Cowling approximation can introduce an error in the mode frequency of 
10-30%

• Error decreases with increasing mass (f-mode is peaked near the surface) 

FROM COWLING APPROXIMATION TO FULL GR



B. K. Pradhan, D. C., M. Lanoye and P. Jaikumar, 
Phys. Rev. C 106, 015805 (2022)

CORRELATION STUDIES 
• Correlation between Lsym and 

radius of 1.4M⊙ star increases 
when compared to the 
nucleonic case (from 0.24 to 
0.52)  

• The correlation between m* and 
R of 1.4M⊙  decreases from 0.85 
to 0.57 compared to the 
nucleonic case 

• Effective mass shows strong 
correlation with mode 
characteristics (frequency and 
damping time) 

• Correlations between UΞ  and 
mode characteristics are poor.

Nucleonic

Hyperonic



B. K. Pradhan, D. C., M. Lanoye and P. Jaikumar, 
Phys. Rev. C 106, 015805 (2022)

Asteroseismology and Universal Relations 



B. K. Pradhan, D. C., M. Lanoye and P. Jaikumar, 
Phys. Rev. C 106, 015805 (2022)

Asteroseismology and Universal Relations 



Non-axisymmetric Oscillations: 
           f-modes: fundamental  (~ KHz) 
           p-modes: pressure  
           g-modes: buoyancy 
           r-modes: Coriolis force (~ Ωs/2π ) 
           w-modes: space-time

“g-mode Oscillations in Neutron Stars with Hyperons”,  
V. Tran, S. Ghosh, N. Lozano, D. C., P. Jaikumar,  
Phys. Rev. C 108 (2023) 015803

Can we use GWs from NS oscillation modes  
to constrain the nuclear EoS?

g-MODE OSCILLATIONS IN NEUTRON STARS WITH … PHYSICAL REVIEW C 108, 015803 (2023)

TABLE II. Different DDRMF models chosen for this work and
their parameters including saturation density n0, nonstrange me-
son coupling constants, and density dependent specific parameters
[5,69]. In particular, gσN (n0), gωN (n0), gρN (n0) refer to the values
of the coupling constants at saturation and ai, bi, ci, di determine the
dependence of the coupling constants on total baryon number density
nB as given by Eqs. (40) and (41).

Model DD-MEX DD-ME2

n0 (fm−3) 0.152 0.152
mσ (MeV) 547.333 550.124
gσN (n0) 10.707 10.540
gωN (n0) 13.339 13.019
gρN (n0) 7.238 7.367
aσ 1.397 1.388
bσ 1.335 1.094
cσ 2.067 1.706
dσ 0.402 0.442
aω 1.394 1.389
bω 1.019 0.924
cω 1.606 1.462
dω 0.456 0.478
aρ 0.620 0.565

To get the hyperon coupling constants, we can employ the
same SU(6) symmetry scheme as mentioned in Sec. IV A.
The equation relating the hyperon optical potentials to the gσY
coupling constants is modified to include the $r term:

U N
Y = gωY ω0 − gσY σ0 + $r (nB), (45)

which for the previously mentioned hyperon optical poten-
tials of U N

% = −30 MeV, U N
$ = 30 MeV, U N

& = −14 MeV
yield the relations gσ% = 0.6105gσN , gσ$ = 0.4426gσN , and
gσ& = 0.3024gσN [69]. The corresponding hyperon coupling
constants are listed in Table III.

TABLE III. Hyperon couplings using SU(6) symmetry argu-
ments as determined by fitting saturation density coupling constants
and fields to to Eq. (45) using the following values for the hy-
peron optical potentials: U N

% = −30 MeV, U N
$ = 30 MeV, U N

& =
−14 MeV [5,9,64,68,69].

Model DD-MEX DD-ME2

gσ%(n0) 6.613 6.535
gω%(n0 ) 8.893 8.679
gρ%(n0) 0.0 0.0
gφ%(n0) 6.288 6.137
gσ$ (n0) 5.0834 4.962
gω$ (n0) 8.893 8.679
gρ$ (n0) 14.476 14.734
gφ$ (n0) 6.288 6.137
gσ&(n0) 3.3319 3.320
gω&(n0) 4.446 4.340
gρ&(n0 ) 7.238 7.367
gφ&(n0) 12.576 12.274

FIG. 3. The equation of state for the various models considered
in this work with npeµ matter (solid line) and npeµY matter (dot-
dashed line). The onset of hyperons leads to a characteristic softening
of the equation of state [15,29].

Ultimately, we choose the following density dependent
RMF models: DD-MEX [62] and DD-ME2 [9], as they
produce stars with mass-radius curves and tidal deforma-
bilities in agreement with current astrophysical constraints
from NICER and GW170817. Their relevant parameters in-
cluding coupling constants are listed in Table II. For these
models, UNL is effectively zero; that is, there are no nonlin-
ear meson-meson interactions unlike in the nonlinear RMF
models. These models are likewise fit to the following
saturation parameters: E0 = −16.14 MeV, K0 = 267.059, and
250.89 MeV [5].

C. Equilibrium structure

The pressure p and ε tabulated against total baryon num-
ber density give us a parametric equation of state, Fig. 3,
which then determines the macroscopic properties such as
mass and radius of the star from the Tolman-Oppenheimer-
Volkov (TOV) equations (46) and (47) for a static, spherically
symmetric star in hydrostatic equilibrium. Figures 4(a), 4(b),
and 5 show the corresponding mass-radius plots and tidal
deformability with observational constraints (as error bars).
The models we use satisfy current observational astrophysical
constraints:

d p
dr

= −Gm(r)ε(r)
r2

[
1 + p(r)

ε(r)

][
1 + 4πr3 p(r)

m(r)

]

1 − 2GM(r)
r

, (46)

dm
dr

= 4πε(r)r2. (47)

015803-7

VINH TRAN et al. PHYSICAL REVIEW C 108 , 015803 (2023)

FIG. 4. Mass-radius relations for the various models used in this work with the npeµ and npeµY compositions on the left and right
respectively. The astrophysical constraints of maximum masses from PSR J0740 + 6620 and the secondary object of GW190814 are likewise
plotted here in the light blue areas [14,20]. Additionally plotted are the Neutron star Interior Composition Explorer (NICER) constraints
on the mass-radius of PSR J0030 + 0451 from Riley etal. 2019 (1.34+0.15

−0.16 M⊙ and 12.711.14
−1.19 km) and Miller et al. 2019 (1.44+0.15

−0.14 M⊙ and
13.02+1.24

−1.06 km) [18,19] as well as for PSR J0740 + 6620 with values of (2.072+0.067
−0.066 M⊙ and 12.39+1.30

−0.98 km) and (2.08+0.08
−0.07 M⊙ and 13.7+2.6

−1.5 km)
[20,21].

V. ADIABATIC SOUND SPEED VIA
SOUND SPEED DIFFERENCE

Having established our working models for the stellar
structure and composition, we turn now to the calculation
of the adiabatic sound speed squared c2

s , or equivalently, the
sound speed difference (since c2

e is easily obtained from the
EoS) by using Eq. (7). Starting from Eq.(42), the partial

FIG. 5. Tidal deformability plotted against stellar mass for our
various models for npeµY compositions. The curves for npeµ matter
are similar. We see that all save for GM1-Y5 are safely below the
! ! 800 constraint from GW170817.

derivative of the baryonic chemical potential5 is

∂µ(B)
i

∂nB

∣∣∣∣
χ

=
∂E∗

Fi

∂nB

∣∣∣∣
χ

+ ∂µ(m)
i

∂nB

∣∣∣∣
χ

+ ∂$ r

∂nB

∣∣∣∣
χ

. (48)

We discuss each of these contributions in turn, noting that
the effective energy for ith baryon E∗

Fi
will only couple to the

scalar mesons, and µ(m)
i will only couple to the vector mesons.

A. Partial derivative of the effective energy (E∗
Fi

)

Through Eq. (21), E∗
Fi

depends on each of the scalar meson
fields (say, m in number) σ, δ, ξ through the effective mass
term m∗

i = mi − gσ iσ − gξ iξ − I3igδiδ for the NLRMF and
DDRMF models. To determine ∂E∗

Fi
/∂nB, we would need

to determine the partial derivatives ∂σ/∂nB, ∂ξ/∂nB, and
∂δ/∂nB as well. First, for each of the baryons (say, b in
number), we have equations for the scalar density given by

ns
i = ⟨ψ̄iψi⟩ = 1

π2

∫ kFi

0

m∗
i

E∗
Fi

k2 dk

= m∗
i

2π2

[
kFi E

∗
Fi

− m∗
i

2 ln
kFi + E∗

Fi

m∗
i

]
, (49)

providing additional relations between E∗
Fi

and the meson
fields. As a result, after differentiating both sides of Eqs. (21)

5The partial derivatives for leptons can be obtained from their
relativistic dispersion relation,

∂µℓ

∂nB

∣∣∣∣
χ

= π 2xℓ

kFℓ
EFℓ

, xℓ := nℓ

nB
.
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Non-axisymmetric Oscillations: 
           f-modes: fundamental  (~ KHz) 
           p-modes: pressure  
           g-modes: buoyancy 
           r-modes: Coriolis force (~ Ωs/2π ) 
           w-modes: space-time

“g-mode Oscillations in Neutron Stars with Hyperons”,  
V. Tran, S. Ghosh, N. Lozano, D. C., P. Jaikumar,  
Phys. Rev. C 108 (2023) 015803

Can we use GWs from NS oscillation modes  
to constrain the nuclear EoS?

VINH TRAN et al. PHYSICAL REVIEW C 108, 015803 (2023)

FIG. 7. g-mode oscillation frequency as a function of stellar mass for npeµ composition on the left and npeµY composition on the right.
As a result of dependence of the sound speed difference on the number of equilibrating species in the system, the g-mode frequency rises
sharply when the threshold density for a new species that participates in β-equilibrium reactions is breached. The case of GM1-Y5 is markedly
different from the other models: the difference arises due to the absence of quartic interactions or SU(6) coupling constants, which forces
hyperons to appear only at the tail end of the mass-radius curve.

(Fig. 6), raising the local Brunt-Väisälä frequency and the
fundamental g-mode frequency of the star (Fig. 7). Contrasts
of g-mode frequencies between normal and hyperonic stars
containing quark matter (Fig. 7) form the principal results of
our work. This contrast is a common feature that arises across
the different models of hyperonic matter, and gives confidence
that the effect is representative of the change in composition
rather than an artifact of a specific model.

We briefly comment on two additional effects that can
affect the g mode. Superfluidity/superconductivity introduces
an additional flow component of the baryonic fluids leading
to a new set of superfluid g modes which were discussed in
some recent works [71]. The frequency of these superfluid
modes can be quite large (≈700 Hz) but they are strongly
temperature dependent, unlike the normal fluid g modes
considered here. The effect of magnetic field on the g mode is
an interesting question that has yet to be investigated in detail,
barring a few studies for the neutron star ocean [72]. It is
possible that the magnetic field plays a role in core g modes if
the field value is sufficiently large to change the composition
from the zero field case.

The novel feature of this work is the first calculation of
the two sound speeds in hyperonic matter and its impact on
the principal g-mode frequency of hyperonic stars. Our results
suggests that determining the composition of the star through
g modes is a possible resolution to breaking degeneracies in
inferences on the equation of state from M-R data alone and
ascertaining if strangeness exists in neutron stars. Future work
is aimed at quantifying the g-mode frequencies for hyperonic
stars with a phase transition to quark matter or crossover tran-
sitions as in quarkyonic matter. It would also be interesting
to study the evolution of the g mode in binary mergers where
one or both components may be a hyperonic star, since such
modes can be excited during inspiral and potentially alter the

phase and amplitude of the gravitational wave signal from
coalescing ordinary neutron stars.
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APPENDIX A: DEMONSTRATING VALIDITY
OF SOUND SPEED DIFFERENCE EXPRESSION

It was shown in [45] that from the definitions of c2
s and c2

e
the sound speed difference c2

s − c2
e could be rewritten as

c2
s − c2

e = 1
µavg

∂ p
∂nB

∣∣∣∣
χ

− 1
µn

d p
dnB

, (A1)

where µavg :=
∑

i µixi, µn is the neutron chemical potential
and ∂ p/∂nB|χ is the partial derivative of pressure with respect
to baryon density nB while holding composition fixed. This
expression was then shown to be rewritable in terms of partial
derivatives of µ̃i for the specific case of npe and npeµ matter
where the independent variables chosen were the electron
fraction xe in the first case and the lepton fraction x and muon
fraction y in the second case. Then the sound speed difference
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• A sharp rise in the g-mode frequencies upon the onset of strange baryons. 
• Should g modes be observed in the near future, their frequency could be used to test  

the presence of hyperonic matter in the core of neutron stars



➢ R-modes generic to all rotating neutron stars  
➢ Unstable by the CFS mechanism: R-mode amplitude grows under 

the effect of gravitational radiation-reaction; sources of GW 
➢ Damped by (shear, bulk) viscosity, depend on NS composition  

➢ Shear viscosity from momentum transport due to particle 
scattering 

➢ Bulk viscosity from variation in pressure and density when the 
system is driven away from chemical equilibrium 
 
 

➢ timescale associated with growth/dissipation 
τBV, SV » τGR : r-mode unstable, star spins down  
τBV, SV  « τGR : r-mode damped, star can spin rapidly

inertial

co-rotating

Image: L. Rezzolla

Neutron Stars and R-mode instability

1
τ

= −
1

τGR
+

1
τSV

+
1

τBV



Leptonic weak processes involving nucleons 

Non-leptonic processes involving hyperons, 
Bose condensates or quarks

Shear viscosity

instability  
window

Leptonic  
bulk viscosity

Hyperon bulk viscosity

D.C. and D. Bandyopadhyay, 
     Phys. Rev. D 74 (2006)
     Astrophys. Space Sci. 308 (2007)
     Phys. Rev. D 75 (2007)
     Ap. J. 680 (2008) 
     J. Phys. G 35 (2008)
     PoS ( NIC X ) (2008) 181

Hyperons and R-modes

See recent works by B. Haskell,  
N. Andersson, W. C. G. Ho, 
M. Alford, K. Schwenzer,..

D.C. & I. Vidaña EPJA 52 (2016)



Frequency and damping time for different EoSs can be calculated as functions of NS structure parameters such as 
M, R and compactness M/R 

Hyperons result in higher frequencies and lower damping times of first axial w modes than  
those of nucleonic matter

Detection of w-mode frequencies can constrain composition of NSs 

 Hyperons and axial w-modes

D.C. and D. Bandyopadhyay, PRD 80 (2009)

! ¼ 1=!i. Converting to physical units we obtain " ¼
32:26
n ðM!rÞ kHz and ! ¼ 4:937 $ n

M!i
# s, where n ¼

M=M% and !r and !i are estimated in units of ðkmÞ&1,
and M and M% are measured in units of km [9]. Figures 2
and 3 display frequency and damping time of the first axial
w mode as a function of neutron star compactness (M=R),
respectively. In both figures, the dashed line corresponds to
np matter with K ¼ 240 MeV, whereas the solid line
represents the np case with K ¼ 300 MeV. We note that
the softer EoS leads to a higher frequency of the first axial
w mode for each M=R value as shown in Fig. 2, whereas
damping times are lower than that of np matter with K ¼
300 MeV as evident from Fig. 3.

In the next paragraphs we discuss the role of exotic
matter on frequency and damping times of the axial
w mode. First we study axial w modes of neutron stars
involving np! matter along with those of np matter for
K ¼ 300 MeV. Frequencies and damping times of the first
axial wmodes for both cases are exhibited in Figs. 4 and 5.
The appearance of ! hyperons makes the EoS softer
compared with the np case. This leads to higher frequen-
cies of the first axial w modes for oscillating neutron stars
including ! hyperons as shown by the upper curve in
Fig. 4, whereas damping times in this case are given by
the lower curve in Fig. 5. Frequencies and damping times
of the first three l ¼ 2 axial w modes corresponding to the
EoS involving np!matter with increasing compactness as
well as central densities of those neutron stars are recorded
in Table III.
We continue our investigation of first axial w modes of

neutron stars including a first order K& condensate. These
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FIG. 4. The frequency of the first axial w mode is plotted as a
function of neutron star compactness for np as well as np!
matter with K ¼ 300 MeV.
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FIG. 5. Damping time of the first axial w mode is plotted as a
function of neutron star compactness for np as well as np!
matter with K ¼ 300 MeV.

TABLE III. The first three values of characteristic l ¼ 2 axial
w-mode frequencies and damping time scales for neutron stars
made of n, p, ! and electrons and muons. The corresponding
central densities of the neutron stars are also indicated here.

nc=n0 M (M%) R (km) M
R " (kHz) ! (# s)

4.1 1.822 12.892 0.2 6.830 79.571
10.055 47.711
13.391 50.397

5.1 1.867 12.325 0.22 6.796 87.129
9.8556 52.440
12.800 51.996

6.5 1.885 11.514 0.24 6.800 94.766
9.595 60.417
12.148 54.029
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FIG. 6. The frequency of the first axial w mode is plotted as a
function of neutron star compactness for np and npK& matter
with K ¼ 300 MeV and U "Kðn0Þ ¼ &120, &160 MeV.
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Tidal deformability and EoS

k2 = tidal love number

credible interval width for the radius measurement of
almost a factor of 2, from 5.9 to 3.6 km.
Discussion.—In this Letter, we complement our analy-

sis of the tidal effects of GW170817 in [52] with a
targeted analysis that assumes astrophysically plausible
NS spins and tidal parameters, as well as the same EOS
for both NSs. This additional prior information enables us
to measure NS radii with an uncertainty less than 2.8 km
if consistency with observed pulsar masses is enforced,
and 3.6 km using GW data alone at the 90% credible
level. We observe that, in both cases, the data are
informative and drive the upper bounds on the NS radii
and the stiffness of the EOS. Simultaneously, the pressure
at twice the nuclear saturation density is measured to be
pð2ρnucÞ ¼ 3.5þ 2.7

−1.7 × 1034 dyn=cm2. Our results are con-
sistent with x-ray binary observations (see, e.g.,
[19,20,126,127]) and suggest that NS radii are not large.
Additionally, our results can be compared to tidal
inference based on the electromagnetic emission of
GW170817 [128–130].
Our results are comparable and consistent with studies

that use the tidal measurement from [5] to obtain bounds on
NS radii. Using our bound of Λ1.4 < 800 (the only tidal
parameter in [5], which assumed a common EOS for both
NSs) and different EOS parametrizations, several studies
found R1.4≲13.5 km [56,58,62,64]. Reference [63] arrives
at a similar conclusion using our Λ̃ < 800 constraint [5]
(though see [52] for an amended Λ̃ bound) and the
observation that Λ̃ is almost insensitive to the binary mass
ratio [99]. Our improved estimate of Λ1.4 ¼ 190þ 390

−120 , and

R1 ¼ 10.8þ 2.0
−1.7 km and R2 ¼ 10.7þ 2.1

−1.5 km for the EOS-
insensitive-relation analysis is roughly consistent with
these estimates (see for example Fig. 1 of [62,58]). If
we additionally enforce the heaviest observed pulsar
to be supported by placing direct constraints on the
EOS parameter space, we get further improvement in
the radius measurement, with R1 ¼ 11.9þ 1.4

−1.4 km and
R2 ¼ 11.9þ 1.4

−1.4 km.
A recent analysis of the GW170817 data was performed

in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the additional
assumption that Λ ∝ C−6 (an alternative to the Λ-C relation
used here [104]), directly relates the two tidal deformabil-
ities as Λ1 ¼ q6Λ2. After our paper appeared as a preprint,
De et al. obtained a revised estimate of the common NS
radius 8.9 km < R̂ < 13.2 km. Despite using a lower low
frequency cutoff—and hence more data—than our study,
the result of De et al. corresponds to a width of 4.3 km,
which is wider than the uncertainty on radii computed
under our EoS-insensitive analysis. There are differences in
several details of the setup of the two analyses (most
notably, frequency range, data calibration, the noise PSD
estimation, waveform model, parameter priors, assumed
relations between radii and Λs and treatment of corre-
sponding uncertainties), each of which may be responsible
for part of the observed discrepancies.
Our results, and specifically the lower radius limit, do

not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that
the coalescing bodies were NSs both in terms of their spins

FIG. 3. Marginalized posterior for the massm and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97 M⊙ (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in gray. The lines in the
top left denote the Schwarzschild BH (R ¼ 2m) and Buchdahl (R ¼ 9m=4) limits. In the one-dimensional plots, solid lines are used for
the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds of the
90% credible intervals.
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FIG. 3. Marginalized posterior for the massm and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97 M⊙ (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in gray. The lines in the
top left denote the Schwarzschild BH (R ¼ 2m) and Buchdahl (R ¼ 9m=4) limits. In the one-dimensional plots, solid lines are used for
the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds of the
90% credible intervals.
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credible interval width for the radius measurement of
almost a factor of 2, from 5.9 to 3.6 km.
Discussion.—In this Letter, we complement our analy-

sis of the tidal effects of GW170817 in [52] with a
targeted analysis that assumes astrophysically plausible
NS spins and tidal parameters, as well as the same EOS
for both NSs. This additional prior information enables us
to measure NS radii with an uncertainty less than 2.8 km
if consistency with observed pulsar masses is enforced,
and 3.6 km using GW data alone at the 90% credible
level. We observe that, in both cases, the data are
informative and drive the upper bounds on the NS radii
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pð2ρnucÞ ¼ 3.5þ 2.7
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Our results are comparable and consistent with studies

that use the tidal measurement from [5] to obtain bounds on
NS radii. Using our bound of Λ1.4 < 800 (the only tidal
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−120 , and

R1 ¼ 10.8þ 2.0
−1.7 km and R2 ¼ 10.7þ 2.1

−1.5 km for the EOS-
insensitive-relation analysis is roughly consistent with
these estimates (see for example Fig. 1 of [62,58]). If
we additionally enforce the heaviest observed pulsar
to be supported by placing direct constraints on the
EOS parameter space, we get further improvement in
the radius measurement, with R1 ¼ 11.9þ 1.4

−1.4 km and
R2 ¼ 11.9þ 1.4

−1.4 km.
A recent analysis of the GW170817 data was performed

in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the additional
assumption that Λ ∝ C−6 (an alternative to the Λ-C relation
used here [104]), directly relates the two tidal deformabil-
ities as Λ1 ¼ q6Λ2. After our paper appeared as a preprint,
De et al. obtained a revised estimate of the common NS
radius 8.9 km < R̂ < 13.2 km. Despite using a lower low
frequency cutoff—and hence more data—than our study,
the result of De et al. corresponds to a width of 4.3 km,
which is wider than the uncertainty on radii computed
under our EoS-insensitive analysis. There are differences in
several details of the setup of the two analyses (most
notably, frequency range, data calibration, the noise PSD
estimation, waveform model, parameter priors, assumed
relations between radii and Λs and treatment of corre-
sponding uncertainties), each of which may be responsible
for part of the observed discrepancies.
Our results, and specifically the lower radius limit, do

not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that
the coalescing bodies were NSs both in terms of their spins

FIG. 3. Marginalized posterior for the massm and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97 M⊙ (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in gray. The lines in the
top left denote the Schwarzschild BH (R ¼ 2m) and Buchdahl (R ¼ 9m=4) limits. In the one-dimensional plots, solid lines are used for
the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds of the
90% credible intervals.
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Tidal deformability

k2 = tidal love number
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1. “Imposing multi-physics constraints at different densities  
on the Neutron Star Equation of State” 
S Ghosh, D. C. & J. Schaffner-Bielich,  
Eur. Phys. J. A 58, 37 (2022) 

2. “Multi-physics constraints at different densities to probe  
nuclear symmetry energy in hyperonic neutron stars”  
S Ghosh, B.-K. Pradhan, D. C. & J. Schaffner-Bielich,  
Front. Astron. Space Sci. 9, 864294 (2022) 

Nucleonic Matter

Hyperon Matter

Can we use hints from Multi-disciplinary Physics 
to probe the Neutron Star interior?



Nuclear experimental data 

Chiral Effective Field Theory

Heavy-ion collision experiments

NS astrophysical data 

GW data

KaoS experiment 
FOPI experiment 
ASY-EOS experiment 
n/n0 ~ 1 - 3

Maximum Mass PSR J0740+6620 

Tidal deformability from GW170817  
large n/n0  
 
Radius from NICER 
PSR J0030+0451, J0740+6620S. Ghosh, D. C., J. Schaffner-Bielich,  EPJA 58 (2022)

• Multi-physics constraints at different density regimes to constrain the nuclear 
parameter space

• Investigate possible correlations between empirical nuclear parameters & 
astrophysical observables

Motivation:



• Microscopic description: Phenomenological Relativistic Mean Field (RMF) model  
Strong interaction mediated by scalar, vector and isovector mesons  
Interaction among hyperons is mediated by the exchange of strange vector (ɸ) meson 
We also vary hyperon-isovector coupling  y from 0 to SU(6). 

 

• Range of nuclear empirical parameters  
 
 
 
 
 
 
 
 

Methodology
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Hornick,.., Schaffner-Bielich, Phys Rev C 98 (2018)

S. Ghosh, D. C., J. Schaffner-Bielich,  EPJA 58 (2022)



• Uniform prior of the nuclear parameters. 
• Likelihood functions are filter functions appropriately chosen from physical constraints at different densities 

• Posterior is used to explore correlations  
 
 
 
 
 
 
 
 
 

Low density :  Chiral EFT 

High density: Multi-messenger  
observations (EM+GW) 

Intermediate density:  
Heavy ion collision (HIC) experiments  

KaoS       

FOPI       

ASY-EOS       

SNM EoS

ANM EoS

Bayesian posterior distributions
S. Ghosh, D. C., J. Schaffner-Bielich,  EPJA 58 (2022)
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Posterior after �EFT filter

• No points at low Lsym and small m*/m 
• Hugenholtz van-Hove theorem 

•  Strong correlation between symmetry 
energy and its slope at saturation density 
but they are weakened after applying the 
HIC filters 

•  Radius of 1.4 solar mass NS has low 
correlation with slope of symmetry energy 
but high correlation with effective mass 

•  Nuclear saturation density  has good 
correlation with the effective mass and the 
astrophysical observables 

•  High correlation between the astrophysical 
observables 

Correlations: nuclear matter
S. Ghosh, D. C., J. Schaffner-Bielich,  EPJA 58 (2022)

See also S. Huth et al., Nature 606 (2022) 



•  Inclusion of hyperon shifts the posterior of 
effective mass to a lower value to satisfy the 
astrophysical constraints. But HIC filters 
favours higher m* value. Inclusion of hyperon 
generates a tension between astrophysical 
and HIC constraints 

•  Strong correlation between symmetry 
energy and its slope at saturation density 
after CEFT filter but they are weakened 
after applying the HIC filters  

•  Radius of 1.4 solar mass NS has low 
correlation with slope of symmetry energy 

•  Increase in correlation between effective 
mass and incompressibility due to the KaoS 
filter. 

• No correlation between the hyperon 
potentials and astrophysical observables.ChiEFT+Astro ChiEFT+Astro+HIC

Correlations: hyperon matter
S Ghosh, B.K. Pradhan, D. C.  
& J. Schaffner-Bielich, 
Front. Astron. Space Sci. 9, (2022)

➢ Constrained parameter space -> informed choice of parameters in astrophysical  
and numerical relativity simulations  

➢ This work : among nuclear empirical parameters, saturation density and  
effective nucleon mass are essential parameters to vary



➢ During the binary inspiral, viscous processes in NS matter can damp out the tidal energy induced by 
the companion and convert this to thermal energy to heat up the star

➢ This tidal heating due to normal neutron matter viscosity is too small to have any significant effect, 
and is therefore neglected 
Bildsten & Cutler, ApJ 400(1992), D. Lai MNRAS 270(1994) 

Flanagan et al. PRD 77,021502(R) (2008)

Tidal heating in BNS inspiral

“Tidal Heating as a direct probe of Strangeness  
 inside NS matter”,  
S. Ghosh, B. K. Pradhan and D.C., arXiv:2306.14737

Credit: Daniel Price (U/Exeter) and Stephan Rosswog (Int. U/Bremen)



Hyperon bulk viscosity and Tidal heating
S. Ghosh, B. K. Pradhan and D.C., arXiv:2306.14737
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FIG. 2. Estimated timescale for the di↵erent processes as
a function of GW frequency compared against the inspiral
timescale (tD) for a NS binary of equal mass 1.8M�. Shear
viscous(SV) and hyperon BV dissipation corresponds to the
dominant f -mode dissipation by shear viscosity from e � e
scattering [33] and BV from hyperons respectively. The tidal
heating corresponds to the heating timescale from the hy-
peron BV dissipation. The di↵erent bands indicates uncer-
tainities due to the choice of di↵erent EoSs given in Table I.

Here the chirp mass is given by

M = M

✓
q3

1 + q

◆1/5

(12)

with the primary star mass is M and the companion mass
is qM . ⌦ denotes the orbital frequency which is given by

⌦2 =
GM(1 + q)

D3
(13)

where D is the separation between the masses. In this
Newtowian evolution dynamics, the orbital timescale is
given as [56]

1

tD
⌘

⌦̇

⌦
=

96

5c5
(GM⌦)5/3⌦ . (14)

In Fig. 2, we plot this inspiral timescale for the relevant
LIGO frequency band of 20 � 500 Hz with the viscous
dissipation and tidal heating timescale for the case of
equal binary mass of 1.8M� for all the EOSs given in
Table. I. We see that both the hyperon bulk viscous
dissipation and tidal heating timescales are smaller than
the inspiral timescale, confirming that unlike the case
of shear viscous dissipation, the hyperon bulk viscous
dissipation and heating happens faster than the orbital
evolution and it can e�ciently damp out the tidal energy
to heat up the star during the inspiral.

Now that we have established that bulk viscous dis-
sipation will e↵ectively damp out the mode oscillation

during the inspiral, let us estimate the temperature the
NS will reach till they come into contact. Since we are
only considering the dominant mode l = m = 2 contribu-
tion, the energy dissipation rate can be estimated from
the mode amplitude [33]

Ėvisc =
12⇡

5

GM2

R
q2(1 + q)!�4

0 Q2
0

✓
R

D

◆9

2�bulk (15)

where R is the radius of the star, Q0 tidal coupling
strength of the f -mode and !0 the normalised frequency
of the f -mode. The heat content of the star due to the
degenerate fermionic gas in the core can be given as [33]

U ⇡ 4.5 ⇥ 1045T 2
8 erg = 4.5 ⇥ 1022T 2J. (16)

During the inspiral the thermal evolution of the star can
be written as

dU

dt
= Ėvisc + Ėcool, (17)

where Ėcool denotes the rate of cooling due to neu-
trino emission and surface photon luminosity. But the
timescales for both these cooling processes are very high
compared to the binary inspiral timescale as shown in
Fig. 2, and therefore can be neglected [30]. After inte-
grating the thermal evolution equation (17) from D ! 1

when the stars were far apart and at a very low temper-
ature (105 � 106K), we can get an estimate of the tem-
perature reached as a function of their separation D
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where A and B are parameters fitted to the functional de-
pendence of �bulk on the temperature (T ), �bulk = AT 2

B+T 4

coming from the temperature dependence of timescale for
hyperon BV. In Table I, we provide the estimates of the
temperature reached at a separation of D = 3R when the
stars are about to merge. We see that, the temperatures
are ⇠ 109 � 1010K, which is twice order of magnitude
higher than the earlier estimates [33, 34].

IV. PHASE ERROR ESTIMATION AND
DETECTABILITY

The energy loss due to tidal heating during the binary
inspiral will lead to a change in the number of wave cy-
cles (�N ) or equivalently, a phase shift �� = 2⇡�N in
the observed frequency range of the GW detectors. This
is very crucial to accurately guess the phase of the signal,
otherwise the GW template can destroy a possible detec-
tion using matched filter technique [57]. This additional
torque to the viscous dissipation of energy will lead to a

5

total change in the number of cycles given by

�N = �

Z fb

fa

tD

 
Ėvisc

Ėgw

!
df (19)

where fa is the frequency when the signal first enters the
detector band, and fb , when it dives into the noise again.
Since, f -modes are not resonantly excited, we need to do
the integration over the whole frequency range unlike the
cases for resonantly excited g-modes or r-modes where
additional energy loss is associated with the particular
mode frequency [56, 58]. Using the expressions given in
Eqn. (11) and (15), the net change in the number of
cycles is given by
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In Table I, we demonstrate the net phase di↵erence
accumulated at GW frequency of 500 Hz for all the
di↵erent EoSs and di↵erent values of equal mass binaries.
In Fig. 3, we display how this phase di↵erence grows as
a function of frequency, taking into consideration uncer-
tainties due to the di↵erent choice of EOSs. For equal
1.6M� binaries, we see that the net phase di↵erence is
of the order of 10�3

� 10�2 rad and for higher masses
of 1.8M� or 2M�, we get a net phase di↵erence in the
order of 0.1 � 0.5 rad.

To be able to measure this phase di↵erence using the
current or future generation GW detectors, the phase
uncertainty of detected GWs must be smaller than the
phase shift. Earlier estimates based on a detection with
signal-to-noise ratio (SNR) of 10 and an approximate sin-
gle detector sensitivity showed that phase uncertainty
was to be around �� ⇡ 1 � 3 rad (�N = 0.5 equiv-
alent to �� = ⇡) [59]. However recent improvements of
analysis [60] have shown the phase error to be around
�� ⇠ ±0.1 rad for fGW  300 Hz inclusive of calibra-
tion uncertainties for the GW170817 signal analysed us-
ing GW waveform model IMRPhenomPv2 NRTidal [61].
More recently, Read (2023) [62] compares a number of
GW waveform models and shows that the uncertainty
due to waveform di↵erences is ⇠ ±0.02 rad for A+ [63]
and ±10�3 rad for Cosmic Explorer (CE) [64]. So, from
these estimates, we see that a BNS event with SNR like
GW170817 would produce enough tidal heating to be
detectable using the current LVK detectors if it has a
heavier component mass � 1.8M�. In the 3G detectors,
we can measure evidence of tidal heating due to hyperons
even for much lower mass NS components.

V. DISCUSSION

This work considers for the first time the e↵ect of
tidal heating in NSs during binary inspirals due to bulk
viscosity originating from non-leptonic weak interaction
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FIG. 3. Estimated phase shift accumulated in the GW sig-
nal for equal mass binaries as a function of GW frequency.
The di↵erent bands indicate uncertainties due to the choice
of di↵erent EoSs given in Table I corresponding to di↵erent
masses of equal mass binaries considered and the solid lines
define their boundaries.

processes involving hyperons inside the NS core. We
consider several state-of-the-art EoSs including the
hyperonic degrees of freedom consistent with multi-
messenger observations and calculate the bulk viscous
dissipation of the dominant f�mode oscillations excited
due to the tidal interaction during the inspiral. This
dissipated energy can be e↵ectively converted to thermal
energy during the inspiral timescale and can heat up
the stars upto 0.1 � 1 MeV during the last orbits before
coalescing.

For systems with mass ratio q > 1 such as neutron
star-black hole (NSBH) systems, it is evident from
Eqn. (18) and (20) that the temperature estimate will
be higher by a factor of q1/4 and the net phase shift
decreases by a factor of q(1 + q) respectively. Although
these estimates are higher by orders of magnitudes than
earlier estimates by Lai (1994) [33] and Arras et al.
(2019) [34], they are not su�ciently high to demand
inclusion of thermal e↵ects in the EoS during inspiral.
Recent studies [65] have shown that thermal correction
to the tidal deformability and radius is negligible for
temperatures below 1 MeV.

For neutron stars with lower mass ⇠ 1.4M�, the cen-
tral density may be too low support su�cient hyperon
fraction to produce significant tidal heating. Recent
analysis of populations of galactic binary NSs by Farrow
et al.(2019) [66] suggests two distinct mass distributions
for recycled and slow NSs, and bimodality of the recycled
NS mass distribution. Although this model predicts
that we need O(10) and O(100) BNS events to have a
component mass � 1.6M� and � 1.8M� respectively,

➢ Hyperon bulk viscosity in the core is high enough to heat the star up 
to 0.1-1 MeV during the inspiral, but not high enough to require 
inclusion of thermal corrections to the EoS 

➢ The dissipated energy can induce a net phase difference  
~ 10-3 - 0.5 rad depending on component masses

➢ Tidal heating due to bulk viscosity arising from hyperons is significant 
and its detection may indicate the presence of hyperons inside NS 
core

Detailed Post-Newtonian calculation is ongoing! 



Leptonic weak processes involving nucleons 

Leptonic weak processes involving hyperons, 
Bose condensates or quarks
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Hyperons and ProtoNS cooling

D.C. & I. Vidaña EPJA 52 (2016)



Hyperons and stability of BNS merger remnants

“Signatures of Strangeness in Neutron Star  
Merger Remnants“
K. P. Nunna, S. Banik and D.C., ApJ 896 (2020) 109



MG vs MB for neutrino-free  
and neutrino-trapped matter

Hyperons and Blackhole formation during SNE

D.C.& I. Vidaña EPJA 52 (2016)



Important conclusions

➢ The appearance of hyperons in the NS core significantly affect unstable oscillation modes 
(f-,p-,g-,w- and r-modes) and consequently GW emission  

➢ For f-modes, it may be difficult to distinguish signatures of hyperons from those of 
nucleonic NSs from future GW detections, given the present uncertainties in EoS models 
with hyperons  

➢ If g-modes be observed in the near future, their frequency could be used to test the 
presence of hyperonic matter in the core of neutron stars 

➢ Multidisciplinary physics from nuclear theory, heavy-ion collisions and multi-messenger 
astrophysical observations impose important constraints on the parameter space of EoS 
models for nucleonic and hyperonic matter 

➢ Hyperon bulk viscosity may lead to significant tidal heating during the inspiral phase of 
BNS mergers, which may indicate the presence of hyperons in NSs



Still open questions to be addressed in the future

➢ Further systematic studies of effects of hyperons on various NS astrophysical observable 
properties required 

➢ Improved constraints on the parameter space of EoS models describing hyperons and 
hyperon-hyperon interaction from future multi-messenger (EM+GW) observations of NSs, 
isolated or in binary  

➢ Future nuclear and hyper nuclear experiments to improve understanding of N-N, Y-N and 
Y-Y interaction, which are important ingredients of EoS models  

➢ Future heavy-ion experiments at intermediate energies to improve our understanding of 
the EoS of dense matter at densities beyond 4-5 saturation nuclear density



LVK discoveries until O3

Credit: LIGO



Current generation of GW detectors

Credit: LIGO

Improvement in localisation of GW150914 with LIGO-India



The Future: 3G GW detectors

Credit: ET collaboration

Sensitivities in the 3G era
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Future nuclear and hypernuclear experiments
 N-N interaction : fairly well known 
- scattering data  
- measured properties of nuclei 
 Y-N interaction : poorly constrained  
- short lifetime of Y 
- low intensity beam flux 
- ΛN and ΣN scattering events ~ 600 
 Y-Y interaction : hardly any constraints  
- no scattering data 
 Hypernuclei (YN bound systems) 
- 40 single Λ-hypernuclei and few double-Λ 
- no Σ hypernuclei confirmed yet 

 Strangeness exchange reactions  
(CERN, BNL, KEK, J-PARC) 
Associate production reactions  
(BNL, KEK, GSI) 
Electro-production reactions  
(JLAB,MAMI-C)
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Future heavy-ion experiments



Thank you!           Questions?

IUCAA,  
Pune, India


