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Introduction

From
http://www.spaceref.com/news/viewpr.html?
pid=41658

HETE J1900.1–2455 – low mass X-ray binary (LMXB), a binary
system consisting of a neutron star (NS) and a low mass
companion
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Thermal evolution of such transients can be investigated in the
framework of two different paradigms:
• Study of long-term thermal balance (i.e., averaging over a
large number of accretion and quiescent episodes). This allows
to investigated the properties of neutron stars cores and, in
particular, neutrino emission mechanisms.
• Study of thermal relaxation immediately after the end of an
accretion phase. In this case one can investigate not only the
properties of the core, but the properties of the crust as well.
This method was used to prove that the crust forms a crystal
lattice, not amorphous solid.
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“Long-term” thermal balance (heating curves, left) vs. cooling of
the isolated neutron stars (cooling curves, right)

From Beznogov & Yakovlev, MNRAS 447, 1598 (2015)
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Study of thermal relaxation is a promising technique as one can
investigate the properties of the core and the crust simultaneously.
LMXBs allow us to “conduct” a unique experiment: heat up a
neutron star and observe its subsequent cooling.

Thus, we focused on studying thermal relaxation.
Our primary goal was to obtain constraints on the heat capacity of
the star. However, we have also obtained some other interesting
results.

HETE J1900.1–2554
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Some facts about neutron star in HETE J1900.1–2455
•
•
•
•
•

Detected in May 2005;
Accretion episode ended in the middle of 2015;
Two observations in quiescence: April 2016 and June 2018;
Only six photons were detected during the second observation;
Despite ~10 years of accretion the star is rather cold compared
to other transients.

HETE J1900.1–2554
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Usually the observational data is analyzed and the effective
surface temperature is inferred assuming one fixed distance and a
“canonical” neutron star model (1.4 M⊙ , 10 km).
However, we have performed the analysis for the triplets of
distance, mass and radius that form a regular 3D grid:
• Distance: 3.1, 4.7, 5.3 kpc;
• Mass: 1.2, 1.6, 2.2 M⊙ ;
• Radius: 10, 12, 14 km.

HETE J1900.1–2554

Inferred effective surface temperature for two observations:

From Degenaar et al, MNRAS, stab2202 (2021)
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HETE J1900.1–2554
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This approach allowed us to make self-consistent fits of
observational data with theoretical cooling curves as for each
neutron star model (including the star mass and radius) we fitted
the corresponding value of the effective surface temperature.

Analysis of thermal evolution
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Heat capacity
For a strongly degenerate Fermi gas or liquid the heat capacity is
directly proportional to the temperature. So,
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Taking into account that for “standard” cooling during accretion
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Combining two last expressions for ∆𝐸�th , we can easily obtain
the expression for the heat capacity in our simplified model
D =

2E h
T12 − T02

Unfortunately, currently there are no cases where all three
quantities are known and all assumptions are satisfied (strong
heating to heat up the core, subsequent crust-core equilibration,
etc.).
Consequently, we can only obtain a lower limit on the heat
capacity by assuming that 𝑇�0 ≪ 𝑇�1 :

2E
D ≥ 2h
T1
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Other authors have already performed similar estimations (for
HETE J1900 and other transients).
Let us consider the expected values of the heat capacity. It was
shown by others that for a wide range of EOSs and masses less
than ∼ 2.2 M⊙ , lepton and unpaired (i.e., non-superfluid) nucleon
contributions to the heat capacity are:
• Сlep ≈ 1 − 5 × 1036 𝑇�7 erg/K
• Сnucl ≈ 1 − 3 × 1037 𝑇�7 erg/K

Analysis of thermal evolution
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HETE J1900 parameters:
• 𝐷 = 4.7 kpc
• 𝑀 = 1.6 M⊙

• 𝑅 = 12 km
∞
𝑇eff
= 35 eV, which
corresponds to 𝑇�1 =
107 𝐾.
𝑀̇~2.3 × 1016 g/s with ~
2 MeV/nucleon gives
𝐸�h ~1043 erg.

From Degenaar et al, MNRAS, stab2202 (2021)

Lower limit on the heat capacity of HETE J1900 in comparison
with other transients

Analysis of thermal evolution
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Recurrence time
The problem lies in the recurrence time. “Standard” cooling
(photon + modified Urca-process) gives a recurrence time of
𝜏rec = 𝐸�h �𝐿�γ ∼ 104 years. This is very long compared to the
duration of the accretion episode. It also raises a question of a
probability to observe the active phase that lasts only ~ 0.001 of
the recurrence time.
In view of this argumentation it looks like that this neutron star is
undergoing some enhanced (fast) neutrino cooling. Such as direct
Urca-process or similar.

Analysis of thermal evolution

16 (26)

Unfortunately, fast cooling renders lower limit on the heat
capacity uninformative.

(

2 E h − Eν
D ≥
T 2

)

1

Thus, we need a more systematic approach to calculate the heat
capacity. We have employed Markov Chain Monte Carlo
(MCMC) technique.

MCMC study
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So, we used MCMC technique to fit the observational data with
the parametrized theoretical heating-cooling curves and to obtain
posterior distributions of the parameters.
We have 18 parameters in total:
• (1 – 3) Distance, mass and radius: 𝐷, 𝑀, 𝑅
• (4) Initial temperature: 𝑇�0
5
1
• (5 – 9) Impurities in the crust (5 density zones): 𝑄imp
⋯ 𝑄imp

• (10) The amount of light elements in the envelope: 𝑦L
• (11 – 13) Shallow heating: 𝑄sh , 𝜌sh , Δ𝜌sh
min max
• (14 – 15) Superfluidity in the crust: 𝜌SF
, 𝜌SF
• (16) Neutron entrainment: 𝑎entr

MCMC study
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Two key parameters are:
• 𝑋Fast
• 𝐶 core

Fast X × 1035 T 6 erg/s
L=
ν
Fast
7
core
С=
C core × T 107 K
7

(

(

C7core ≡ С core T =107

)
K ) =10

Γ

erg/K

Prior distributions are uniform the following ranges:
• log10 𝑋Fast from – 6 to 0
• Γ from 35 to 37.5

MCMC study
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From Degenaar et al, MNRAS, stab2202 (2021)

Using publicly available data from all-sky X-ray monitors
(RXTE/ASM, Swift/BAT, MAXI), we were able to track the
evolution of the mass accretion rate with time.

MCMC study
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From Degenaar et al, MNRAS, stab2202 (2021)

Example of the heating-cooling curves; scenario A.

MCMC study
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From Degenaar et al, MNRAS, stab2202 (2021)

Main results (scenario A is black, scenario B is red)

MCMC study
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From Degenaar et al, MNRAS, stab2202 (2021)

Correlation between fast neutrino emission and core heat capacity

MCMC study
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Additional results
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From Degenaar et al, MNRAS, stab2202 (2021)
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Conclusions
• New observation in 2018 revealed that the neutron star in
HETE J1900 has cooled significantly compared to the
observation made in 2016. Thermal luminosity of ≈ 1031 erg/s
makes this neutron star one of three coldest neutron stars in
LMXBs (SAX J1808.4 –3658, 1H 1905+000). Moreover,
unlike these two other transients, for HETE J1900 we can
actually observe the cooling of the crust and not just assume it.
• Simple analysis in terms of recurrence time strongly suggests
the presence of some form of fast neutrino cooling.
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• Although significant fraction of the models have high heat
capacity, we cannot make any decisive conclusion due to the
presence of fast neutrino cooling.
• On the other hand, high heat capacity and fast neutrino cooling
both suggest that noticeable fraction of the core is not
superfluid.
• Unfortunately, any quantitative constraints on the nonsuperfluid fraction of the core are very model dependent and
cannot be considered as derived directly from the
observational data.
• Our modeling also shows the possibility of further cooling, up
to ≈ 15 eV.

Thank you!
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