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Motivation
• Both from a theoretical and experimental point of view, the properties
of matter at very high densities, above the nuclear saturation density
!" = 3 % 10() g cm-., are highly unknown.

• The density in the interior of neutron stars can exceed several times
!". Therefore, they are unique laboratories to study matter in extreme
conditions.

• Radius and mass measurements of neutron stars can allow us both to
infer the equation of state (EOS) of super-dense matter and to
establish constraints on fundamental physics.

• Different techniques have been proposed to determine radii and
masses of neutron stars. We performed spectral fits to the emission
from the surface of the millisecond pulsar PSR J0437-4715, in order to
measure its radius [1].



Millisecond Pulsars
• Millisecond pulsars (MSPs) are fast spinning neutron stars,

with typical periods of few millisecond.

• They are thought to have been spun up by accretion of

matter from a binary companion.

• PSR J0437-4715 is the brightest and nearest millisecond

pulsar, at a well-measured distance ! = #$%. '( ± *. +$ pc
[2]. In addition, this MSP is in a binary system (with a white

dwarf companion), which has allowed to measure its mass

with high precision: . = #. // ± *. *' .⨀ [3]

• Ultraviolet and X-ray observations have revealed thermal

emission from the entire surface of PSR J0437-4715 [4,5].
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Spectral fit PSR J0437-4715
• We modelled the cool thermal component observed in the UV
(HST [4]) and soft X-rays (ROSAT [5]), considering realistic
atmosphere models of neutron stars for H, He, Fe
composition, as well as blackbody emission

• We perform a MCMC analysis considering four parameters:
radius, temperature, dust extinction, and neutral hydrogen
column density.

• We found that a hydrogen atmosphere yields the best spectral
fits.

• By considering a prior in the dust extinction, based on 2D and
3D maps of galactic dust, we measure a neutron star radius
! = #$. & ± (. ) km
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Conclusions and future prospects
• The radius measurement for PSR J0437-4715,
combined with its well-measured mass, allows us to
establish one of the tightest constraints on the EOS for
ultra-dense matter to date.

• Our results, combined with the largest measured
masses for a pulsar (PSR J1614-2230 [6]), favour a stiff
EOS and disfavour a strange quark composition inside
neutron stars.

• This research demonstrates that combined ultraviolet
and X-ray observations of neutron stars can allow us to
study the properties super-dense matter in conditions
that cannot be reproduce by terrestrial laboratories.
Future observations of neutron stars will help us to
establish further constraints on the EOS. Currently, only
HST has the required capabilities to observe this kind
of sources in the far ultraviolet.
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Figure 9.Mass-radius relation for di↵erent cold, superdense mat-
ter EOSs. The curves with di↵erent colors show a few EOSs, la-
beled as in Lattimer & Prakash (2001). The blue filled region
labeled “CEFT” shows a range of EOSs based on chiral e↵ective
field theory (Hebeler et al. 2013). The grey, horizontal bands show
the mass measurements for PSR J1614–2230 (Demorest et al.
2010; Arzoumanian et al. 2018) and J0437 (Reardon et al. 2016).
The black region shows the radius measurement for J0437, at 1�,
obtained in this work.

face of the rest of the NS, is outside the scope of this pa-
per and should be addressed using, for example, the hard
X-ray data from NuSTAR and the high-quality soft X–ray
data from the NICER mission. Furthermore, dealing with
the hot polar cap emission requires to properly account for
scattering opacity in the source function of our atmosphere
models, which at the moment are suitable to model the cold
thermal component of J0437 (see Section 2). Other uncer-
tainties, such as the errors in the source distance or mass,
are negligible in our analysis, as the errors are dominated
by the much larger uncertainties, for example, in the inter-
stellar extinction E(B �V) (set as a fitting parameter in the
MCMC analysis, either with a uniform or Gaussian prior).

5 DISCUSSION AND CONCLUSIONS

We modelled the cool thermal component of the spectrum
of MSP J0437, observed in the UV (HST ) and soft X–ray
(ROSAT) bands, considering non-magnetized, partially ion-
ized H, He, and Fe atmospheres. For surface temperatures
⇠ 10

5 K, as previously determined for this source (Kargalt-
sev et al. 2004; Durant et al. 2012), we found that plasma
e↵ects are negligible in the UV band (less than 1% flux sup-
pression), but may become important for cooler sources with
heavy-element atmospheres, particularly for the emission in
the soft X–ray band (in the Wien tail of the spectrum).

Using a MCMC analysis, we found that spectral fits to
the UV/X–ray data of J0437 favour a H atmospheric com-
position, disfavour a He composition, and rule out Fe atmo-
spheric composition as well as BB emission. This is consis-
tent with the fact that BB emission cannot reproduce the
observed pulsed amplitude of J0437 (Bogdanov 2013). For
the H atmosphere composition, we found that:

a) By considering uniform priors in all fitting parameters,
we obtain a NS radius RNS = 16.3+3.0

�2.5
km, a bulk surface

temperature T1
e�
= (2.4 ± 0.2)⇥10

5
K, a dust extinction value

E(B�V) = 0.06± 0.03, and a neutral H column density NH =

(1.7 ± 0.3)⇥10
20

cm
�2.

b) By including a Gaussian prior on the dust extinction,
based on current 3D maps of galactic dust, we refine our
measurements: RNS = 13.1+0.9

�0.7 km, T1
e�
= (2.5 ± 0.2)⇥10

5
K,

and NH = (1.6 ± 0.3)⇥10
20

cm
�2

c) By accounting for the e↵ect of the hot polar caps, we
obtain our final results: RNS = 13.6+0.9

�0.8 km, T1
e�
= (2.3 ±

0.1)⇥10
5

K, and NH = (1.4 ± 0.3)⇥10
20

cm
�2

Our radius determination for J0437, combined with its
well-measured mass, allows us to establish the tightest con-
straint on the equation of state for ultra-dense matter to date
(for a review see Lattimer & Prakash 2016) from a MSP. As
shown in Figure 9, the constraint on MNS (Reardon et al.
2016) and RNS (this work) for J0437 combined with one of
the largest measured masses for a pulsar (PSR J1614–2230,
Demorest et al. 2010; Arzoumanian et al. 2018) favours a
sti↵ EOS and disfavours a strange matter EOS. Precise 3D
maps of Galactic dust, presently under development, based
on GAIA data (see e.g., Lallement et al. 2019), and high
quality X–ray observation from the NICER mission, will fur-
ther improve the radius estimation for J0437 and the con-
straints on the EOS.

Compared with other results, our measurement of RNS

for J0437 is:

a) consistent with the lower limits on the radius previously
published for this source. Specifically, Bogdanov (2013) de-
rived RNS > 10.9 km from the X–ray light curve (due to the
hot polar caps), assuming a H atmosphere, while Guillot
et al. (2016) obtained RNS > 10 km from the soft X–ray spec-
trum (using a BB spectral component for the cool surface),
b) consistent with the constraints derived for two other

MSPs: PSRs J2124 and J0030, with the associated lower
limits RNS > 7.8 km and RNS > 10.4 km, respectively (as-
suming MNS = 1.4 M�, Bogdanov et al. 2008; Bogdanov &
Grindlay 2009),

c) consistent with the NS radius derived from the NS-NS
merger gravitational wave signal GW 170817 (Abbott et al.
2018),
d) consistent with the NS radius measurement from recent

statistical analyses combining quiescent low-mass X–ray bi-
naries (e.g., Steiner et al. 2018; Baillot d’Etivaux et al. 2019),
which find radii in the 11–14 km range, and

e) slightly larger, but still marginally consistent with the
NS radius obtained through the analysis of the cooling tails
of X–ray bursts from the low-mass X–ray binary 4U 1702–
429, RNS = 12.4 ± 0.4 km (Nättilä et al. 2017).

Our analysis also allowed us to test the surface compo-
sition of the MSP J0437. In particular, a H atmosphere is in
agreement with the expectations for these sources, as such
composition might result from a) past accretion from a bi-
nary companion, b) accretion from the interstellar medium
or c) spallation of heavier elements (Bildsten et al. 1992). If
other heavier elements coexist in the surface layers of NSs,
they would stratify within ⇠ 100 s (Romani 1987; Bildsten
et al. 1992), leaving the lightest element on top. Further-
more, a very small amount of H, ⇠ 10

�20 M� (Bogdanov et al.
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Radius and mass relation
for different EOSs [7]
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