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gives Tw = 5.0±0.1×105 K and Th = (1.9±0.3)×106 K.
The characteristic age of Geminga is 3.4 × 105 yr. In
confronting the neutron stars’ blackbody temperatures
with the theoretical models, we will adopt the lower of
the two values inferred. The ages of these three neutron
stars are known only on the basis of a spin-down model,
which is uncertain. We quantify this uncertainty by as-
signing a factor of 3 error to the spin-down age of each of
these objects. The data on PSR B1055-52 are marginally
(in)consistent with the cooling curves we find, but the un-
certainties in the physics of cooling tolerate such discrep-
ancy: first, in contrast to CCO in Cas A, only the spin-
down age is known, which can have larger error than we
assumed; second, at the later stages of thermal evolution,
heating processes (even for weakly magnetized stars) can
become a factor. Finally, the discrepancy may lie in the
modeling of the pairing gaps, which can be tuned to fit
the inferred temperature of PSR B1055-52.

C. Results of simulations

The results of extensive simulations are summarized
in Fig. 2, where we show cooling tracks for 16 models
of light- and intermediate- (m = 1 and m = 1.4) mass
neutron stars for cases of a nonaccreted iron envelope
(η = 0) and a light-element envelope (η = 1). For each
of these cases the axion coupling has been assigned the
following values: fa = ∞ (negligible coupling), fa7 =
10, fa7 = 5 and fa7 = 2, where fa7 = fa/107 GeV, in
combination with charges |Cn| = 0.04 and |Cp| = 0.4.
The observational temperatures of the four objects dis-

cussed are shown by dots with error bars. The temper-
ature of CCO in Cas A is consistent with the cooling of
m = 1 and 1.4 mass stars assuming that the compact
object in Cas A has a light-element envelope and axion
cooling is absent. Switching on the axion cooling de-
creases the temperatures of models with the age of CCO
in Cas A because of the additional losses caused by the
axion PBF process. It is seen that for small enough val-
ues of fa, the cooling curves become inconsistent with
the Cas A data. Quantitatively, the lowest value of ax-
ion coupling fa7 = 2 is inconsistent with both m = 1 and
m = 1.4 mass cooling; the value fa7 = 5 is inconsistent
with m = 1 but not with m = 1.4 mass star cooling.
The temperatures of the remaining middle-aged neu-

tron stars from our collection are consistent with the cool-
ing of m = 1 and 1.4 mass star models if we make the
natural assumption that these neutron stars have nonac-
creted iron envelopes. Axion cooling with fa7 ≤ 5 is
clearly inconsistent with the data on these objects. For
fa7 = 10 and m = 1.4, the cooling tracks are marginally
consistent with the data. Physically, the inconsistency
arises from the PBF axion cooling of the models prior to
the actual age of these objects, which according to sim-
ulations are currently cooling predominantly via crust
bremsstrahlung and surface photon emission.
Figure 3 focuses on the cooling behaviour at the early
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FIG. 3: Cooling tracks of neutron star models with masses
m = 1 (dash-dotted) 1.4 (solid) and 1.8 (dashed) for the case
of an accreted light-element envelope (η = 1) along with the
measured temperature of CCO in Cas A. For each value of
mass, the upper curve corresponds to the cooling without ax-
ions, and the lower curve corresponds to axion cooling with
fa7 = 5. Note the weak dependence on the surface tempera-
ture of models on the star mass.
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FIG. 4: Cooling tracks of neutron star models with masses
m = 1 (dashed) 1.4 (solid), and 1.8 (dash-dotted) for the case
of a nonaccreted iron envelope (η = 0). The measured tem-
peratures of PSR B0656+14, Geminga are consistent with
neutrino cooling tracks; the uncertainty in the spin-down
age of PSR B1055-52 and internal heating may account for
marginal inconsistency. The axion cooling tracks are shown
for fa7 = 10.
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