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Different approaches to high density matter
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Mergers and EoS/NS constraints
Basic idea:       EoS affects structure and dynamics and thus observables

Three complementary strategies:   

► Finite-size effects during the inspiral → accelerate inspiral compared to BH-BH

- GW170817    →    R < 13.5 km

► Multi-messenger interpretation: GW → binary masses, Kilonova, GRB

- many different ideas, can be quite model-dependent

► Oscillations of the postmerger remnant (not yet measured but promising for future)

- strong EoS impact – weaker signal (at higher frequencies)



Threshold mass for prompt collapse



► Essence of ~ 400 relativistic 

hydrodynamics simualtions

► Relativistic hydrodynamics  

simulations

► Mostly T-dependent EoSs

Bauswein et al. 2021



Threshold mass for prompt collapse

► Constraint on Mthres → EoS / TOV constraint

Notes: mild dependence on binary mass ratio q (usually reduction for asymmetric mergers)
            Similar relations for other TOV parameters

Bauswein et al. 2021



Threshold mass for prompt collapse

► Example

- Kilonova of GW170817 very bright

→ no prompt collapse

→ Mtot < Mthres

→ R > 10.7 km

→ to be updated / refined later
Bauswein et al. 2017



Helium 



New EoS constraint from GW170817/AT2017gfo

► Exploting so far unused information in 3 major steps

- Limits on He abundance in ejecta from kilonova spectrum

- theoretically expected He enrichment from simulations limits lifetime

- Lifetime limit constrains Mthres → EoS/NS constraints

► Notes: 

- Still some open questions but but very powerful and testable predictions

- Two independent constraints

Sneppen et al., PRD 2026, arXiv:2411.03427



He spectral features in spectrum

► Already tiny amounts of He would produce strong absorption feature

→ mass fraction  X(He) < 0.006 … 0.05

Sneppen et al., PRD 2026, arXiv:2411.03427



Simulations

► 3d dynamical merger + 2d long-term evolution (cf. Just et al. 2023)

BH formation

@ 10 ms → 

@ 122 ms → 

Sneppen et al., PRD 2026, arXiv:2411.03427



He production in merger simuations

► Efficient He production only by long-lived merger remnants (producing neutrino driven 
wind with less neutron-rich outflows – after BH formation He production shuts off)

► Low He abundance → remnant in GW170817 collapse latest after 20-30 ms (short-lived)

Sneppen et al., PRD 2026, arXiv:2411.03427



► More models

Vijayan et al, in prep.



► What does a remnant life time below ~20 ms tell us?

→ “proximity” to Mthres



Short-lived remnant constraints Mthres

► Lifetime steeply declines with total binary mass reaching ~0 at Mthres

► Lifetime of ~20 ms implies that GW170817 was “close” to prompt collapse

→ Mtot=2.73 Msun  =>   Mthres < 2.93 Msun

Prompt 
collapse

Most studies avoid concrete limits for tau or favor long-lived model – recall GRB 
after 1700 ms

He limit

Sneppen et al., PRD 2026, arXiv:2411.03427



► Condensed in a single number:   ΔM <= ~ 0.2 Msun

Sneppen et al., PRD 2026, arXiv:2411.03427



► Rough estimate: 



► Binary mass ratio 

→ slightly effects Mthres (extended fit formula)

→ not precisely measured in GW170817 → Mtot not exactly known



► Causality limits allowed range of TOV properties

→ combination limits Mmax < 2.3 Msun 



► Additional independent constraint:     Mtot < Mthres

Refined version of the arguments in Bauswein et al. 2017 including Mmax dependence 
and q distribution

Sneppen et al., PRD 2026, arXiv:2411.03427



Constraints on EoS/NS parameters
► Mmax < 2.3 Msun

► Radii limited to narrow range (sliding window)

► Rules out a number of current EoS models

Sneppen et al., PRD 2026, arXiv:2411.03427



Sneppen et al., PRD 2026, arXiv:2411.03427



Predictions
► Increasing strength of He for lower Mtot

► Dim kilonova for somewhat more massive binary

► But we do not know the exact value of ΔM

► Btw, if correct the GRB in 170817 was powered by a BH

Sneppen et al., PRD 2026, arXiv:2411.03427



Hyperons in neutron stars



Motivation

► Are there hyperons in neutron stars ?

→ What can astro observations tell us (one day) ?

Weber 2004



► One day we will hopefully measure NS radii well enough to get a decent idea about 
M-R relation

► Which one is hyperonic ?

Blacker et al. 2024



Blacker et al. 2024



► So far there is no quantitative measure known based on which one could infer the 
presence of hyperons from stellar structure parameters  !!

Disclaimer:

- “measurable” = very challenging but not impossible to measure

- “hyperons” = non-nucleonic degrees of freedom



► There is the tendency that hyperonic models show a stronger “bending”

- but how to quantify ? (straightforward attempts fail; cf. slope)

- btw, related to the study presented by Just (He absence → small Mmax, larger R)

PRR (2026), arXiv:2507.10372



→ curvature = inverse of curvature radius

Note 1: Second derivative alone one does not see anything
Note 2: it’s better to use R(M) rather than the usual M(R)

PRR (2026), arXiv:2507.10372



► Derivatives from “finite differening”, i.e. R at three different M

► Two sources of error

- “discretization error” → small for measurements at sufficiently disparate M

- radius error propagated through finite difference formula 

→ for ~100m it gets interesting (challenging but maybe not impossible)

PRR (2026), arXiv:2507.10372



► Tidal deformability potentially easier to measure

= parameter determining the GW signal of NS merger inspiral

PRR (2026), arXiv:2507.10372



► ~10% accuracy in lambda may be sufficient (at three different masses)

PRR (2026), arXiv:2507.10372



► Slope (i.e. first derivative) only useful if Mmax is known, otherwise not indicative of 
hyperons

At 1.6 Msun

PRR (2026), arXiv:2507.10372

cf. Ferreira & Povidencia 2025 for statistical arguments



Summary
► Considering helium in the kilonova seems a decent tracer for remnant life time

► (apparent) absence of helium yields upper limit on Mthres

→ upper limit on Radius/ Lambda (Mmax dependent)

→ upper limit on Mmax (<2.3 Msun)

- significant q dependence

- predictions what to expect for future events; potential for better NS constraints

► Lower limits on R from kilonova brightness

► Softening of EoS by hyperons modifies stellar parameters characteristically 

→ consider curvature

→ per cent measurement of several  NSs can yield evidence for non-nucleonic 
degrees of freedom



Discussion

► Certainly challenging to measure – on the other hand the first quantitative feature of 
hyperons in M-R relation

► Refinements possible, Bayesian analysis

► Curvature may also be high when hyperons are present

► Quark matter may also lead to small curvature – but actually with a kink in the M-R 
relation (if transition is first order)



Hyperons in mergers

► Hyperons modify the thermal behavior of the EoS – generally small effects

Comprehensive studies in Blacker et al., PRD 109 (2024), Kochankovski et 
al., PRD 112 (2025) → GWs, mass ejection, threshold mass, ...
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