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Isolated ideal neutron stars (NS) of age > 109 yr exhaust thermal and rotational energies and cool down
to temperatures below Oð100Þ K. Accretion of particle dark matter (DM) by such NS can heat them up
through kinetic and annihilation processes. This increases the NS surface temperature to a maximum of
∼2550 K in the best case scenario. The maximum accretion rate depends on the DM ambient density and
velocity dispersion, and on the NS equation of state and their velocity distributions. Upon scanning over
these variables, we find that the effective surface temperature varies at most by ∼40%. Black-body
spectrum of such warm NS peak at near infrared wavelengths with magnitudes in the range potentially
detectable by the James Webb Space Telescope (JWST). Using the JWST exposure time calculator, we
demonstrate that NS with surface temperatures ≳2400 K, located at a distance of 10 pc can be detected
through the F150W2 (F322W2) filters of the NIRCAM instrument at SNR≳ 10 (5) within 24 hours of
exposure time. Independently of DM, an observation of NS with surface temperatures ≳2500 K will be a
formative step toward testing the minimal cooling paradigm during late evolutionary stages.
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I. INTRODUCTION

Neutron stars (NS) are one of the most compact and
dense astrophysical objects in the Universe. They are stellar
configurations that are supported against gravitational
collapse by the neutron degeneracy pressure and that from
neutron-neutron interactions [1]. NS are notoriously hard
objects to detect observationally, especially if they are very
old. Most of the detected NS ∼Oð103) have been observed
as isolated radio pulsars with ages ≲100 Myrs. Older NS
have been detected so far, only as companions in binary
systems, e.g., millisecond pulsars [2–4]. A better under-
standing of these objects is emerging, thanks to recent
gravitational wave observations of binary NS mergers [5],
and other studies estimating their mass and radius [6–9].
Old (>109 yr) isolated NS have not been identified so far.
According to the minimal cooling paradigm [10] such
objects exhaust all their thermal and rotational energy,
making it impossible to observe them. A key feature of

passive cooling models or minimal cooling paradigm is that
they predict a drastic fall in the temperature once the
neutrino emission from the core becomes smaller than that
of thermal photons from the surface. This leads to surface
temperatures below 104 (103) K after about 10 (100) million
years; see Ref. [10] and references within. As a conse-
quence, very little is known about their physical and
statistical properties [11–16].
The situation can change when dark matter (DM)

particles in the galactic halo are efficiently captured by
NS. These DM particles can deposit energy via scattering
and annihilation processes, giving rise to kinetic [17] and
annihilation heating [15,18] of the NS, respectively. The
resulting increase in the surface temperature of NS can be
significantly larger than the case without DM heating. In
the local bubble, NS older than Gyrs can have an increase in
temperature from about ∼100 to ∼2000 K due to DM
heating mechanisms [17,19]. Observation of such NS
would place constraints on DM mass and their interaction
strength with visible matter in a broadly model independent
way [17–31].
During late evolutionary stages (tage > Gyrs), the lumi-

nosities of NS that accrete DM are solely controlled by the
DM capture rate. This depends on several factors including
the physics of the nuclear matter at near saturation
densities, NS and DM phase space distributions, and the
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interaction strength of DM with visible matter, and their
masses. For any given neutron star of mass M and radius R,
the maximal rate of DM accretion is given by the so-called
geometric rate corresponding to scattering cross section
σg⋆ ¼ πR2=N ∼ 10−45 cm2, where N is the total number of
target neutrons in the NS.1

In this paper, we evaluate the DM capture rate (and
consequent change in the effective surface temperature of
NS) for a range of equations of state (EOS) allowed by
current observational data, and a viable range of NS and
DM phase space distributions. We find that the maximal
temperature is ∼2550 K and varies only by 40% over this
whole range of inputs. Subsequently, we study the prospect
of observing such old maximally heated NS close to the
solar position. The spatial distribution of such objects is
predicted using Monte-Carlo orbital simulations of galactic
NS [11–16]. These simulations suggest that we can expect
1–2 (100–200) old isolated NS within 10 (50) pc. The
black-body spectrum of NS that are maximally heated by
DM peaks at near infrared wavelengths of λ ∼ 2 μm, and
fall in the range of observability for the recently launched
James Webb Space Telescope (JWST) [17]. Using the
publicly available JWST exposure time calculator [32], we
discuss the optimal observation strategy that can be
employed to hunt such old NS. Among the widest band
filters available onboard JWST, we find that the NIRCAM
filter F150W2 provides the best sensitivity and facilitates
detection with signal to noise ratio (SNR) ≳10 within
24 hours of exposure time.

II. MAXIMAL DM CAPTURE IN NS

The maximum rate at which DM particles can be
gravitationally captured by the NS depends on its mass
(M), radius (R), velocity (v⋆), the DM dispersion velocity
(vd), and the ambient DM density (ρχ). The geometric limit
is considered for the capture rate when the DM mean
free path is approximately smaller than the neutron star
radius, which corresponds to DM scattering cross section
σ ≳ σg⋆ [18,19,30,33–36]. For a given DM mass (mχ), the
maximum capture rate (geometric rate) is given by [23]

Cg
⋆ ¼ πR2

ρχ
mχ

hvi0
1 − v2esc

ffiffiffiffiffiffi
3π

8

r
v2esc
v⋆vd

Erf

� ffiffiffi
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2
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with hvi0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8=ð3πÞp

vd, the escape velocity vesc ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GM=R

p
from the neutron star, and the error function

is denoted by Erf. Thus the accretion rate strongly depends
on the EOS of the neutron star through vesc, and modestly
on variables ρχ , v⋆, and vd. When the DMmean free path is
approximately larger than the NS radius, the geometric

capture rate above should be rescaled by factor of σ=σg⋆.
In the opposite limit, when the mean free path is smaller
than the NS radius and mχ > 106 GeV, DM requires more
than one scattering to lose enough energy to be captured.
Taking this into account intrinsically changes the mχ

dependence in Eq. (1) [17,37]. The main goal of this work
is to systematically evaluate how the maximum capture rate
in the single scattering regime, and consequently, the
maximal neutron star heating induced by DM capture
and annihilation, are affected by the allowed range of these
parameters.

A. Maximal DM heating of NS

Ambient DM in the halo is accelerated to semirelativistic
velocities as it impinges on the NS. Scattering of the DM
particles with particles in the stellar medium (n, p, μ, e)
can result in the capture of DM in NS as most of their
initial kinetic energy is deposited to the NS medium,
thereby heating it up [17]. Next, if DM particles can
annihilate during the current cosmological epoch, the
accumulated DM in the core of NS would also annihilate
upon thermalization with the NS medium [18,20,38,39].2

Further heating of the NS is possible, if the products of
annihilation process deposit all their energy in the NS
medium. In this case, the total energy deposited is equal to
the sum of kinetic and annihilation energies, dubbed here as
KA heating. The kinetic and annihilation energies depos-
ited are mχðγ − 1ÞCg

⋆ and mχC
g
⋆, respectively. Here, γ ¼

ð1 − 2GM=RÞ−1=2 is the gravitational redshift factor.
Therefore, the deposited energies are independent of DM
mass. Note, however, there exists a lower limit on the DM
mass below which DM evaporation from the NS domi-
nates [21,24,40,41]. This lower limit is set when the ratio of
escape energy from the core to the core temperature is
∼30 [40]. For isolated and cold NS, the kinetic only, or the
KA energy can effectively render the NS observable by
increasing the surface temperature which translates directly
to the luminosity, as given by the Stefan-Boltzmann law
(4πR2σBT4

eff ). For an observer far away from the NS, the
apparent temperature is T∞ ¼ Teff=γ. The contributions
from kinetic only, and KA heating can be computed as

T∞
kin ≈ 1787K

�
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0.08

�
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�

×
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v⋆

�
Erf

�
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vd

v⋆
220 km=s

��
1=4

; ð2Þ

1The value of the geometric cross section is mildly DM model
dependent, which can vary by up to 2 orders of magnitude [28,29].

2For geometric values of cross section, DM particles thermalize
within Oð10Þ Myrs for 10−8 GeV < mχ < 104 GeV [27,38,40].
Capture and annihilation processes are in equilibrium as long as
s-wave (p-wave) annihilation cross sections are greater than
∼10−53 cm3=s (10−44 cm3=s) for Gyr old NS.
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with

αkin ¼
ðγ − 1Þðγ2 − 1Þ

γ4
and αKA ¼ γðγ2 − 1Þ

γ4
:

The above expressions are normalized to M ¼ 1.5M⊙ and
R ¼ 10 km. Note that αKA (αkin) is maximized for
γ ¼ 1.732ð2.56Þ. If old NS exist in binary systems, then,
depending on the period of their orbits, the DM capture
rates (1) will be enhanced by factors up to 4 [42].
Mechanisms of kinetic andKAheating can heat the NS up

to Oð103Þ K after about 100 Myrs. However, for similar
ages, other mechanisms of heating can begin to work, if
exotic phases such as neutron/proton superfluidity are
realized in their cores. Generically, heat can be injected into
the NS by conversion of magnetic, rotational, and/or chemi-
cal energies [10,15]. In such scenarios, the intrinsic heating
signature is degenerate with that of DM heating, challenging
its interpretation. Constraints on DM parameter space can
nevertheless be placed if NS with effective surface temper-
ature ≲2 × 103 K were to be observed [43,44].

III. COMPUTATIONAL INPUTS

In this section wewill briefly discuss the inputs necessary
to compute the quantities described by Eqs. (1), (2), and (3).
The primary variables are v⋆, ρχ , and vd, and the NS EOS
through γ. We detail the sources from where the range of
values are obtained together with observational and or
theoretical justifications in the Supplemental Material [45].
We consider values of ρχ and vd obtained from existing

fits to dynamical measurements of rotational curves,
inclusive of baryonic effects, assuming a generalized
Navarro-Frenk-White profile, and Maxwell-Boltzmann
velocity distribution in the galactic frame [63]. We choose
values of ρχ ¼ 0.39–0.52 GeV=cm3 and corresponding
values of vd in the range 260–316 km=s.
The expected velocities of old NS in the local bubble are

estimated from population synthesis studies of such objects
in the Milky Way [11,13,14,16]. We consider two normal-
ized probability distribution functions (PDFs) obtained in
Ref. [13] (models unimodal and bimodal) and three from
Ref. [14] (models 1C, 1E, and 1E⋆), which are represen-
tative of the full range of possibilities. The median values of
the distribution functions are 214.9,196.2,179.18,202.3,
and 233.6 km=s, respectively.
To compute the gravitational redshift factor, γ ¼

ð1 − 2GM=RÞ−1=2, it is necessary to consider the full range
ofmass and radius allowed by viableNSEOS.Awidevariety
ofNSEOS, taken in the limit of zero temperature, are studied

and discussed in the literature [64–70]. In this work we
consider the mass-radius relationship coming from repre-
sentative EOSWFF-1, BSK-21, AP3, AP4, MPA-1, PAL-1,
and H4, which are allowed by current astrophysical and
gravitational wave data. The values of M-R span the range
0.5–2.2M⊙ and 9.4–14.2 km, respectively.3

IV. LUMINOSITIES OF DM ACCRETING NS

Using the computational inputs discussed in Sec. III, we
now compute the luminosities of NS from DM accretion
heating. For each set of (M, R) given by EOS i we compute
the DM geometric capture rate averaging over DM phase
space parameters through

Cg
i;jðM;RÞ ¼ κ

X
k;l

Z
dv⋆pjðv⋆ÞCg

⋆ði; v⋆; vkd; ρlχÞ; ð4Þ

where, j ¼ 1, 5 corresponds to the different velocity
probability distributions (pj) of NS discussed above,
and the averaging coefficient κ ¼ ðkmaxlmaxÞ−1. Integers
kmaxð¼2Þ and lmaxð¼ 2Þ denote the number of values we
sample for parameters vd and ρχ , respectively. When both
kinetic and annihilation heating processes are operative, the
effective surface temperature T∞

i;j is obtained by summing
both contributions ðmχðγ − 1Þ þmχÞCg

i;j and equating it to
the apparent luminosity [see Eq. (3)]. Next, we average
over the NS velocity distributions by hCg

i i ¼
P

j C
g
i;j=jmax

to get an effective average surface temperature T∞
avg;i.

Assuming the NS to be a black body, we compute the
spectral energy distribution (SED) as follows

fλðM;RÞ ¼ 4π2

λ3
ðe 2π

λT∞ − 1Þ−1
�
Rγ
d

�
2

: ð5Þ

Here R and d are the radius (typically 10 km) and distance
(taken to be d ¼ 10 pc) to the NS, and the factor Rγ=d is
the angle subtended by the NS to the observer. The flux
density at a given wavelength λ is denoted by fλðM;RÞ, and
T∞ is the surface temperature of the NS [see Eq. (3)]. In
Fig. 1 (left panel), we display the SEDs due to KA heating,
encompassing the temperature range for each combination
of mass and radius shown in the right panel of Fig. S1 in
Supplemental Material [45], and NS velocity PDFs dis-
cussed above, also shown in the left panel of Fig. S1 in
Supplemental Material [45]. We also present the SED
(black) for a NS of mass (radius) 1.5M⊙ (12 km), for
AP4 EOS, with age ∼15 Myr, representative of late evolu-
tionary stages within the minimal cooling paradigm [10].
We consider three scenarios for the NS luminosity.

The MAX scenario is obtained for the NS EOS WFF-1
and the 1E velocity PDF, while, the MIN scenario is

3Note that population synthesis models suggest occurrence of
heavier NS (> 2M⊙) is rarer than lighter ones.
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realized by EOS PAL-1 and bimodal velocity PDF. The
MED scenario, however, is obtained by averaging over
all NS velocity PDFs, and corresponds to EOS AP3.
The maximal difference in the temperature between the
MAX and MIN scenario is ∼40%.

A. Detectability through JWST

As is evident from Fig. 1 (left panel), the SEDs peak at
λ ∼ 2 μm in the near-infrared bands with maximum flux
values∼2.5 nJy. Owing to the compact (R ∼ 10 km) size of
NS, they will appear as unresolved, extremely faint point
sources, even for a cutting-edge facility such as the JWST.
Any attempts to detect such objects warrant exploiting the
full potential of JWST, optimizing every available resource
within the telescope and cameras. In the right panel of
Fig. 1, we demonstrate the sensitivity of the Near-Infrared
Camera (NIRCAM) on the JWST, to the MAX, MED,
MIN, and minimal cooling paradigm SEDs shown in the
left panel. The SNR is plotted as a function of the exposure
time, where the SNR is computed using the exposure time
calculator (ETC) specifically dedicated for JWST and
WFIRST missions [71]. The SEDs displayed in Fig. 1
(left) are injected into the ETC as source flux distributions.
With the use of JWST background tools we generate a
reference (low) background model for a blank field given
by coordinates RA=’03 32 42.397’ and Dec= ’-27 42 7.93’.
NIRCAM offers only two very wide-band filters, that allow
for effective collection of large amounts of photons. They

are F150W2 and F322W2, roughly corresponding to the
near-infrared H and L bands, and their wavelength coverage
is marked in Fig. 1 (left) using vertical dashed lines. The
very faint nature of the targets requires integration times
longer than 1000 s; therefore observations will require the
DEEP8 readout pattern4 in order to minimize data volume.
Given that this readout pattern will be strongly affected by
cosmic rays, we assumed 21 dithers.5 From this figure, it is
seen that NS with maximal KA heating (MAX) has
excellent prospects to be detected at SNR ∼5–10 in <
24 h of observing time with F150W2. Detecting the MED
scenario is possible only at a SNR∼5 after 24 h of exposure
(25 h limit for a JWST small program) for the filter
F150W2, assuming a reference (high) background reduces
the maximum attainable SNR within a day of observation
by at most two units; see Sec. S2 in the Supplemental
Material [45] for further details.

FIG. 1. Left panel: range of black-body spectral energy distributions for the case of kineticþ annihilation heating, for old isolated NS
at 10 pc are shown in red. The thick black line is representative of a minimal cooling model for NS of age ∼15 Myrs with black-body
temperature 3500 K and with mass (radius) 1.5M⊙ (12 km). The thick solid line, dashed line, and thin line correspond to effective
temperatures of 2543 K, 2282 K, 1494 K, and mass (radius) of M ¼ 2.11M⊙ (9.41 km), M ¼ 1.5M⊙ (12.07 km), M ¼ 0.5M⊙
(14.19 km), respectively. Dashed lines were obtained upon averaging over all EOS independent inputs, while the solid (thin) line is
representative of the maximum (minimum) value of effective temperature over all EOSs we consider over the mass range 0.5 − 2.2M⊙.
Vertical dashed lines delimit the bandwidth of filters F150W2 and F322W2. Right panel: the SNR is shown as a function of exposure
time for filters F150W2 and F322W2, and narrow band filter F200W. See text for details.

4NIRCAM allows for nine different data readout patterns. The
DEEP8 pattern involves taking an image with 20 samples per
group where eight frames are averaged and 12 frames are
skipped, in each group. The maximum number of groups for
this mode is 20. Each detector readout takes 10.737 s for the full
frame of 2048 × 2048 pixels [72].

5Dithering is a technique in which multiple images are
obtained with small projected angular offsets on the sky. The
resulting images are then (median) combined to eliminate
detector artifacts [72], and the spurious cosmic-ray hits, that
would affect the individual images.
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B. Observational prospects

In Fig. 2, we summarize the prospects of detecting KA
heated isolated old NS located at a 10 pc distance. In the
effective temperature vs NS mass plane, we plot contours of
SNR = 2, 5, 10 for exposure times of 24.3 h (5.5 h) in solid
(dashed) red, obtained by imaging through the F150W2
filter. The absolute maximum (minimum) temperatures for
each NS mass is plotted with black thick (thin) curves. The
dashed line represents the temperature obtainable upon
averaging over the inputs ρχ , vd, and v⋆ for EOS AP3. We
find that the prospect for detection at SNR ≳10 of KA
heated isolated NS is realized for the heaviest NS ∼ 2M⊙ in
our sample, corresponding to T∞ ≳ 2400 K, while the
prospect for detection of lightest of the NS≲ 1M⊙ in
our sample is not encouraging.
For a given M-R, the SNR typically increases with the

surface temperature; however, close to the Tmax
KA curve the

SNR contours display features that bend rightward. This is
because the luminosity is proportional to the radius of the
NS which varies while scanning through the EOS. The kink
in the Tmax

KA curve at MNS ¼ 2.1M⊙ is due to a jump from
the end point of EOS WFF-1 to another.
For the scenario involving only kinetic heating, the

maximum temperature is ∼2045 K for a NS of 2.1M⊙ and
9.41 km, corresponding to EOS WFF-1 and NS velocity
PDF 1E. For this case, after 24.3 h of exposure through the

F150W2 filter, a maximum SNR ∼ 4.5 can be obtained.
For the minimal cooling scenario, corresponding to
relatively young NS of age 15 Myrs, with black-body
temperature 3500 K, SNR of 10 can be reached within ≲4
h of observation. As shown in this section, detecting
old and cold NS with JWST has good prospects; how-
ever, observational implementation will require assem-
bling candidate target lists for such objects through deep
surveys from space and ground based facilities, such as
the WFIRST or Vera C. Rubin Observatory.

V. CONCLUSION

DM from the halo can accrete on to old NS leading to
anomalous heating of these objects during late evolutionary
stages [18]. Leveraging this argument, it was pointed out in
Ref. [17] that NS heated by DM could be observable by a
state-of-the-art facility such as the JWST, and that the
discovery of sufficiently cold and old NS in the local
bubble would constrain the interactions of particle DMwith
the Standard Model in a model independent way.
In this paper, we have quantified the observational

prospects for the maximal (kinetic and annihilation) DM
heating scenario of NS, corresponding to geometric values
of scattering cross section ∼10−45 cm2, and for the minimal
cooling scenario representative of NS of age ∼15 Myrs.
The effective surface temperature of NS due to DM heating
depends on the NS mass and radius through the EOS, the
NS velocity in the local bubble, DM velocity, and number
density. The corresponding variations of the NS effective
surface temperature have been assessed together with its
impact on the observability of such NS using the NIRCAM
instrument on the JWST. Our study implies that NS warmer
than ≳2600 K, in the local bubble, are observable with
strategies requiring shorter exposure times than discussed
here. Such scenarios can be realized in a particle physics
model dependent way through the “Auger effect,” if DM is
charged under the baryon number [73–75], or through DM
capture from a clumpy halo with large boost factors [76], or
due to other internal heating mechanisms independent of
DM [15,43]. Observation of such NS would not only shed
light on late evolutionary stages, but also on their equation
of state.
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