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            Abstract
The temperature in the crust of an accreting neutron star, which comprises its outermost kilometre, is set by heating from nuclear reactions at large densities1,2,3,4, neutrino cooling5,6 and heat transport from the interior7,8,9,10,11. The heated crust has been thought to affect observable phenomena at shallower depths, such as thermonuclear bursts in the accreted envelope10,11. Here we report that cycles of electron capture and its inverse, β− decay, involving neutron-rich nuclei at a typical depth of about 150 metres, cool the outer neutron star crust by emitting neutrinos while also thermally decoupling the surface layers from the deeper crust. This ‘Urca’ mechanism12 has been studied in the context of white dwarfs13 and type Ia supernovae14,15, but hitherto was not considered in neutron stars, because previous models1,2 computed the crust reactions using a zero-temperature approximation and assumed that only a single nuclear species was present at any given depth. The thermal decoupling means that X-ray bursts and other surface phenomena are largely independent of the strength of deep crustal heating. The unexpectedly short recurrence times, of the order of years, observed for very energetic thermonuclear superbursts16 are therefore not an indicator of a hot crust, but may point instead to an unknown local heating mechanism near the neutron star surface.
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                    Figure 1: Schematic nuclear energy-level diagrams for an electron-capture/β−-decay pair.[image: ]


Figure 2: Electron-capture/β−-decay pairs on a chart of the nuclides.[image: ]


Figure 3: Neutrino luminosities in the accreted neutron star crust.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Calculated proton and neutron single-particle energy levels in 105Zr as functions of nuclear deformation.
Left panel, proton levels; right panel, neutron levels. The 40 protons and 65 neutrons in 105Zr fill all levels up to the Fermi levels corresponding to these nucleon numbers in the two diagrams (red dots). Levels corresponding to even parity are shown as solid lines, those corresponding to odd parity as dashed lines. Shell gaps are characterized by a particularly large separation in energy between two adjacent single-particle levels. The numbers of protons or neutrons that occupy levels up to the shell gap are indicated by circled numbers. The single-particle levels are shown for a spherical nucleus in spectroscopic standard notation (left side of each panel), and for a deformation near the calculated ground-state shape of 105Zr with quadrupole and hexadecapole shape-parameter values ε2 = 0.333 and ε4 = 0.06, respectively23 (right side of each panel). The middle section of each panel shows the change in level energies as ε2 and ε4 change from spherical values ε2 = ε4 = 0 to deformed values28. The well-known “magic numbers” 50 and 82 corresponding to particularly large gaps stand out at zero deformation29. When the nuclear shape becomes deformed, the spherical shell gaps disappear resulting in a large density of levels in the vicinity of the Fermi level. This gives rise to a large number of states at low excitation in 105Zr. Some of these states can be populated by strong β− decay transitions from the ground state of 105Y. The situation is similar for the electron capture on 105Zr into deformed 105Y.


Extended Data Figure 2 Temperature as a function of depth in the accreted neutron star crust for different Urca shell cooling strengths.
Here we use [image: ] as a proxy for depth, where P is the pressure, g the local gravitational acceleration, ρ the mass density and z the spatial depth coordinate. As a baseline model, we fix the temperature to be T = 0.42 GK at P/g = 109 g cm−2 and T = 0.35 GK at the crust–core transition. In the absence of Urca shell cooling, the peak local temperature reaches 0.73 GK (solid curve) with the temperature at the superburst ignition depth (P/g ≈ 1012 g cm−2) being 0.66 GK. With the addition of cooling using the HFB-21 mass model and a superburst ash composition (blue dotted line), a local temperature minimum, T = 0.33 GK, appears at the location of the Urca shell. Indeed, for these conditions the temperature at the Urca shell is lower than that at the upper boundary, so that a temperature inversion develops. Even for the much lower Urca shell emissivity of the FRDM mass model (blue dashed line), the temperature at the depth of the superburst ignition is ≲[image: ], which is inconsistent with typical superburst ignition conditions10. For both mass models, the temperature has a local minimum at the location of the Urca shell. The steady-state cooling luminosity from the shell is 2 × 1035 erg s−1 for the HFB-21 mass model and 1.4 × 1035 erg s−1 for the FRDM mass model. As a result, the Urca shell thermally decouples the envelope of light elements from the heating in the deeper crust.
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Localized cooling in a neutron star crust
It has been suggested that the heated crust of a neutron star — its outermost kilometre — influences observable phenomena at shallower depths. Hendrik Schatz et al. have now identified a novel cooling process taking place at the relatively shallow depth of 150 metres in the crust of a neutron star, in which nuclei continuously decay and re-form through cycles of electron-capture and β−-decay, emitting neutrinos in the process. This 'Urca' mechanism has been seen in other bodies such as white dwarfs, but has not been previously linked to neutron stars. This thermal decoupling implies that X-ray bursts and other surface phenomena are largely independent of the strength of deep crustal heating.
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