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Motivations

We aim to study two aspects involved in the equations of state of
neutron stars:

▶ Modified Gravity: how gravity works at high energy density

▶ QCD phases: how matter behaves at high energy density.

Where to look first?
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Motivations: Modified gravity

▶ General Relativity (GR) requires further testing: Einstein’s equations
Gµν = κTµν have not been exhaustively constrained at such high ε.

▶ Testing the theory of gravity in the presence of matter requires
sizeable Tµν , so prior knowledge of EoS is needed.

▶ Several constraints on current EoS coming from observables
obtained within GR.

▶ Our goal is to construct EoS from hadron inputs alone and to test
GR and theories beyond GR, such as modified gravity.
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Motivations: QCD phases

▶ How many and what degrees of freedom could we find inside a NS?

▶ How many first-order phase transitions can a NS EoS admit fulfilling
constraints from astrophysical observables?

H. Heiselberg, arXiv e-prints , astro-ph/0201465 (2002),
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Equations of state from hadron physics alone

From low to high density we match EoS in two regions:

▶ At low density (n ≤ 1.3nS ), with EoS from ChEFT. In this theories,
truncation errors are quantified, but limited to ≈ 2ns .
We systematically use calculations up to N4LO from different ChPT
authors (http://teorica.fis.ucm.es/nEoS/).

▶ At high densities, we interpolate up to pQCD regime by using only
monotony and causality and taking into account the constraints
required at the selected maching point (ε,p, n and µ).
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Equations of state from hadron physics alone (cont.)

Maximum allowed region from first principles and (ε, P) constraints:
cs ∈ [0, 1]
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E. L. Oter et al. J. Phys. G 46 (2019), 084001
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Equations of state from hadron physics alone (cont.)

Maximum allowed regions from (ε, P) and (µ,n) constraints.
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C. Drischler et al. , Phys. Rev. C 102 054315,(2020)
T.Gorda et al. , Phys. Rev. Lett. 127, 162003 (2021)
Komoltsev and A.Kurkela Phys. Rev. Lett. 128,202701 (2022)
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Constructing EoS

Once the EoS is obtained in terms of (ε, p) by the previous interpolation:

▶ Calculating at each point n and B/A (from the data provided for the
chiral EoS), using the expressions:

ni =
εi

MN + (B/A)i
(1)

Pi = n2i
(B/A)i+1 − (B/A)i−1

ni+1 − ni−1
(2)

▶ µ is obtained from the Euler relation:

ε(i) = −p(i) + µ(i)n(i)
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Phase transitions and latent heat

▶ The first-order phase transition (FPT) at T=0 in NS matter is
determined by the Gibbs thermodynamic-equilibrium condition

TH = TE = 0 , µ = µc , PH = PE := Pc .

▶ The specific latent heat L per nucleon normalized to the vacuum
neutron mass of 940 MeV is defined

L|n :=
∆E

NMN

▶ To obtain L|n from the Equation of State (EoS) P(ε), we integrate
the first law of thermodynamics in terms of the pressure, the number
density n (baryon number is conserved) and the energy per nucleon
(E = ε/n)

▶ Our aim is to find the maximum latent heat allowed from QCD
inside a NS
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Phase transitions and latent heat (cont.)
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C. Drischler et al. , Phys. Rev. C 102 054315,(2020)
A. Kurkela et al. , Phys. Rev. Lett.,117,4 (2016)
E. Lope-Oter et al., Phys. Rev. C 105, L052801 (2022).
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Modified gravity

▶ Palatini f(R) gravity is one of the simplest case of the so-called
metric-affine models of gravity.This formalism treats the metric and
the connection as independent variables.

▶ The starting point is the action defined as

S [g , Γ, ψm] =
1

2κ2

∫ √
−gf (R)d4x + Smatter[g , ψm],

where R = gµνRµν(Γ) is the curvature scalar, built both from the
metric and the independent connection, and ψm represents matter
fields.

▶ Varying the action with respect to the metric tensor yields:

f ′(R)Rµν − 1

2
f (R)gµν = κ2Tµν ,
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Modified gravity (cont.)

▶ Finally, contracting this equation with the metric and relating the
Palatini curvature to the trace of energy-momentum tensor

f ′(R)R− 2f (R) = κ2T

with (−+++) metric and κ2 = 8πG/c4

▶ The quadratic model in Palatini f (R) gravity is f (R) = R+ βR2
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Palatini gravity

The full relativistic hydrostatic equilibrium equation is given as

p′ =

− GM(r)

c2r2I1/2
1

(c2ρ+ p)

(
1− 2GM(r)

c2rI1/2
1

)−1

×

(
1 +

4πI
3
2
1 r

3

c2M(r)

(
p

I2
1

+
I2
2κ2

))]
×
( r
2
∂r ln I1 + 1

)
+
(
−c2ρ+ 5p

)
∂r ln I1,

where the invariants in the case of perfect-fluid energy-momentum tensor
are:

I1 = 1 + 4βκ2(c2ρ− 3p),

I2 =
4βκ4(c2ρ− 3p)2

(1 + 4βκ2(c2ρ− 3p))2
,

Eva Lope Oter September 21th,2022 14 / 28



Palatini gravity (cont.)

The mass function, after applying the above forms of the invariants,
is:

M(r) =

∫ r

0

4πr̃2
ρ− 2c−2βκ2(c2ρ− 3p)2

(1 + 4βκ2(c2ρ− 3p))1/2

×
[
1 +

r̃

2
∂r̃ ln

(
1 + 4βκ2(c2ρ− 3p)

)]
dr̃ .

(3)

In what follows, we will use a redefined Starobinsky parameter as:

α := 2c2κ2β. (4)

A. Wojnar, Eur. Phys.J.C79 (2019),n 1,51. A. Kozak, A. Wojnar, Eur.Phys.J.C 81 (2021) 6, 492
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Constructing EoS for modified gravity
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C. Drischler et al. , Phys. Rev. C 102 054315,(2020)

T.Gorda et al. , Phys. Rev. Lett. 127, 162003 (2021) Komoltsev et al., Phys. Rev. Lett., 128, 20, 202701 (2022)
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GR versus MG Mass-Radius: the stiffest EoS

Conservative constraints: c2s ≈ 1 from n = 1.3ns
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GR versus MG Mass-Radius: the stiffest EoS

Agressive constraints: c2s ≈ 1 from n = 1.9ns
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E. Lope Oter, A. Wojnar, in preparation, 2022
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GR versus MG Mass-Radius:the softest EoS

Conservative/agressive constraints: c2s = 0 from n = 1.3ns/1.9ns to
n = 8.9ns
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▶ The softer the EoS, the greater the range of allowed values of α.

▶ −79 ≤ α(km2) ≤ 97
E. Lope Oter, A. Wojnar, in preparation, 2022
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Constructing EoS with FOPT

Examples of intermediate EoS with 1PT; 2PT and 4PT at ε ≈ 300, 400,
600 and 1000 MeV/fm3 and ∆ε ≈ 100 MeV/fm3
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GR versus MG Mass-Radius: intermediate EoS (1 FOPT)
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▶ Negative α increases M and R. Positive values, the opposite effect.

▶ −44 ≤ α(km2) ≤ 20
E. Lope Oter, A. Wojnar, in preparation, 2022
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GR versus MG Mass-Radius of EoS with 2 FOPT
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E. Lope Oter, A. Wojnar, in preparation, 2022
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GR versus MG Mass-Radius of EoS with 4FOPT
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EoS for modified gravity: RLS-EoS
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GR versus MG Mass-Radius of RLS-EoS
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Results

▶ Maximum mass decreases from 3.5 to 3.0 M⊙ if we use agressive
chiral constraints.

▶ Given an EoS, the effect of MG increases with the maximum mass

▶ The Palatini parameter varies between −30 ≤ α ≤ 23 km2 for the
stiffest EoS and −84 ≤ α ≤ 94 km2 for the softest EoS, taking into
account chiral constraints.

▶ For a same mass, α negatives values decrease the radius, but alpha
positive values increase the radius.
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Conclusions

▶ Palatini f(R) gravity has a considerable impact on Mass-Radius
diagrams, to be taken into account by NS EoS.

▶ Several First-order phase transitions can be admited by Ns EoS,
fulfilling current observations constraints.
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Thank you!
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