
The Seidov limit
Modified gravity

The nEoS sets at Complutense
Latent heat: a new bound

Conclusions

Maximum latent heat of neutron star matter
without GR

Felipe J. Llanes-Estrada & Eva Lope-Oter
(earlier collaborators, M. Alford & A. Windisch)

5/Aug/2021 Virtual Quark Confinement & Hadron Spectrum

Older prerecorded talk at https://youtu.be/5FGpVDpD8kU

F. J. Llanes-Estrada Maximum latent heat of neutron star matter without GR



The Seidov limit
Modified gravity

The nEoS sets at Complutense
Latent heat: a new bound

Conclusions

Outline

The Seidov limit

Modified gravity

The nEoS sets at Complutense

Latent heat: a new bound

Conclusions

F. J. Llanes-Estrada Maximum latent heat of neutron star matter without GR



The Seidov limit
Modified gravity

The nEoS sets at Complutense
Latent heat: a new bound

Conclusions

Maybe 1st order phase transitions in strong matter

http://www.gsi.de/fair/experiments/CBM
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Specific latent heat L

I Diagnostic for progress on the Eqn. of State in neutron stars

I Pure number in natural units

Substance/transition L

He-3 superfluid 1.5 µJ/mol = 5.5× 10−24

Ice-water 79.7 cal/g = 3.71× 10−12

Nuclear evaporation 30 MeV/A = 3.2× 10−2

Neutron star matter? O(0.1)?
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Aggregating mass: 1st order phase transition
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RSchwarzschild

If the phase transition is “long”, gravitational collapse
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Seidov limit

L = PH
εE − εH
εEεH

Seidov’s approximation:

εE−εH = εH

(
1

2
+

3

2

PH

εH

)

The maximum tolerable latent heat
depends on the onset point of the phase transition
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Testing Einstein’s GR and constraining modifications

Gµν =
8πG

c4
Tµν

I Very well tested at solar-system (weak field)

I Well tested in binary pulsars (weak field)

I Tests starting near black holes and N∗ mergers
(strong field)

I Gravitational wave propagation
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But all are tests of the LHS

Gµν =
�
���

��8πG

c4
Tµν

Need to assess the Neutron Star interior!
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Distinguishing Nuclear matter- from Gravitational- effects

The strong equivalence principle difficults assigning corrections to
either T or G
Example: cosmological constant

Gµν + λgµν =
8πG

c4
Tµν

Same problem in neutron stars
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So here an example from home

N-Star normal mode damping time against mass

Can displace the curve with
both EOS and theory

EITHER test the EoS

OR test GR

but not both

(Blázquez-Salcedo, González-Romero
and Navarro-Lérida @ UCM)
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R + aR2 gravity: N-star mass increased for large a
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I State equations of Hebeler et al. APJ773:11 (2013)

I Matching to exterior Schwarzschild (careful: lot of energy
there)

I Find heavier stars

I Can also find twin branches from modified gravity
(M. Aparicio Resco et al., Phys. Dark Universe 2016; also works by Odintsov and coll. and Yazadjev & Doneva)

F. J. Llanes-Estrada Maximum latent heat of neutron star matter without GR



The Seidov limit
Modified gravity

The nEoS sets at Complutense
Latent heat: a new bound

Conclusions

But same effect upon changing the EoS

https://astro.physik.unibas.ch/people/matthias-hempel/equations-of-state.html
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Therefore, need to control Hadron input

I In particular, the Seidov bound on L is weaker
if gravity is less intense inside a neutron star

What is Tµν in a neutron star?
(purely from hadron theory)
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René Descartes taught us

The first was never to accept
anything for true which I did not
clearly know to be such; that is
to say, carefully to avoid precipi-
tancy and prejudice, and to com-
prise nothing more in my judg-
ment than what was presented
to my mind so clearly and dis-
tinctly as to exclude all ground
of doubt.
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NNLO+ part of N3LO

From N3LO only 2-body part
(to add 3-body, need to refit triton)

Sammarruca et al. (INFN-Idaho) Proc. of Science Chiral Dynamics 15 026 (2016)
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But the bulk of a neutron star has higher density
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4) EoS from asymptotically high density with pQCD

Also A.Kurkela et al., PRD 81 (2010) 105021
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Maximum allowed region from first principles
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Interpolation with Von Neumann’s rejection

At all points, cs ∈ [0, 1]
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Outcome: bands depending on low-ChPT input

Low P: ChPT High P: pQCD
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Website http://teorica.fis.ucm.es/nEoS
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You find ten sets with several subsets
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Typical EoS: (ε,P) in MeV/fm3
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What you can download

I A few loose EoS for a toy idea or a class

I gZipped packages with 1000 sets each for
research runs

I Or source code to do-it-yourself (at your peril)
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Systematic sensitivity

I Two values of pQCD starting point:

µB ' 2.6, 2.8 GeV

I Several ChPT calculations (Sammarruca et al.,
Hu et al., Drischler et al., Holt and Kaiser, at
available orders of perturbation theory.)

I Two values of ChPT momentum cutoff:

Λ = 0.45, 0.5 GeV

or similar, when available.
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Choice of pQCD starting point
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Diagnostic for progress

How to quantify that this band got smaller?

Use the largest possible phase transition that fits in
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Maximum L in a possible (unknown) phase transition

L =
∆E

NMN
= Phadron

(εexotic − εhadron)

εexoticεhadron
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Maximum L in a possible (unknown) phase transition

I If the ChPT & pQCD computations improve...
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Current status from nEoS: L dependence on transition ε
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Extension to finite temperature
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I ChPT, pQCD EoS at finite T available in the literature
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Extension to finite temperature
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I Difference very modest for these small temperatures
https://www.researchgate.net/publication/353692752
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Conclusions

I If you test modified gravity with a conventional EoS,
you are missing out

F. J. Llanes-Estrada Maximum latent heat of neutron star matter without GR



The Seidov limit
Modified gravity

The nEoS sets at Complutense
Latent heat: a new bound

Conclusions

Conclusions

I To fully test the Einstein’s equations, we need the interior of
neutron stars

I To discriminate between field and matter effects, we need
first-principles predictions of Tµν , saliently P(ρ)

I We have collected the state of the art information thereof
in the nEoS project

I First order phase transition in nuclear matter?
latent heat is bounded from above
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Backup Slides
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Monotony: derivative is positive or null

P(ρ) will be below whatever Neutron Matter computation yields

Anything “exotic” beyond neutrons is a softener
1st order phase transition→ latent heat→ zero
derivative
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Hardness limited by causality: cs =
√
dP/dρ ≤ c
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Chiral Effective Theory
Free neutron gas
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Example use: mass-radius diagram in GR
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Example use: Tidal deformability

(Green band from aLIGO GW170817 + General Relativity)
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Differences with other sets: nEoS knows no astrophysics
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EOS from first principles + mass + tidal constraints

Kurkela et al. 1711.02644

If you can assume General Relativity, this work is way tighter
but to constrain beyond GR theories, visit the nEoS webpage!
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Interpolation between low and high P

Polytropic P ∝ ργ vs. nEoS linear interpolation (γ = 0, 1)
nEoS more naturally allows for 1st order phase transitions
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