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ABSTRACT

Context. Rapidly rotating neutron stars are an ideal laboratory to test models of matter at high densities. In particular the maximum
rotation frequency of a neutron star is equation of state dependent, and can be used to test models of the interior. However observations
of the spin distribution of rapidly rotating neutron stars show evidence for a lack of stars spinning at frequencies larger than f =~ 700
Hz, well below the predictions of theoretical equations of state. This has generally been taken as evidence of an additional spin-down
torque operating in these systems and it has been suggested that gravitational wave torques may be operating and be linked to a
potentially observable signal.

Aims. In this paper we aim to determine whether additional spin-down torques (possibly due to gravitational wave emission) are
necessary, or whether the observed limit of f ~ 700 Hz could correspond to the Keplerian (mass-shedding) break-up frequency for
the observed systems and is simply a consequence of the, currently unknown, state of matter at high densities.

Methods. Given our ignorance with regard to the true equation of state of matter above nuclear saturation densities, we make minimal
physical assumption and only demand causality, i.e. that the speed of sound in the interior of the neutron star should be less or
equal to the speed of light c. We then connect our causally-limited equation of state to a realistic microphysical crustal equation
of state for densities below nuclear saturation density. This produces a limiting model that will give the lowest possible maximum
frequency, which we compare to observational constraints on neutron star masses and frequencies. We also compare our findings with
the constraints on the tidal deformability obtained in the observations of the GW170817 event.

Results. We find that the lack of pulsars spinning faster than f ~ 700 Hz is not compatible with our causal limited ‘minimal’ equation
of state, for which the breakup frequency cannot be lower than f,.,x & 1200 Hz. A low frequency cutoff, around f ~ 800 Hz could
only be possible if we assume that these systems do not contain neutron stars with masses above M ~ 2M,. This would have to
be due either to selection effects, or possibly to a phase transition in the interior of the neutron star, that leads to softening at high
densities and a collapse either to a black hole or a hybrid star above M ~ 2M,, . Such a scenario would, however, require a somewhat

unrealistically stiff equation of state for hadronic matter.

Key words. Dense matter, Stars: neutron, X-rays: binaries

1. Introduction

Neutron Stars (NSs) are extraordinary cosmic laboratories, as
they allow to probe aspects of all fundamental interactions at ex-
tremes of density and gravity impossible to reproduce in terres-
trial experiments. In fact, while current methods allow to study
the physics of crustal layers below nuclear saturation density
po = 2.7 x 10'* g cm™3, the density in the core of a NS can
exceed pg by an order of magnitude, entering a highly uncertain
regime well beyond the possibilities of rigorous ab-initio theo-
retical modelling (for a textbook introduction, see Haensel et al.
2007).

Constraints on theory have come from the observation of
NSs with masses close to 2M: PSR J1614-2230 (Demorest et al.
2010; |[Fonseca et al.|2016; |Arzoumanian et al.|[2018&)) and PSR
J0348+0432 (Antoniadis et al.[2013)), as well as recent indica-
tions that PSR J2215+5135 may have a mass of M =~ 2.3M,
(Linares et al.|[2018). These systems allow us to constrain sev-
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eral models for the Equation Of State (EOS) of dense matter, by
imposing that matter in the core must be stiff enough to allow
for a maximum mass Mp,,x > 2M, (see e.g. |Fortin et al.[2016).
More stringent constraints are expected in the near future, when
the NICER (Arzoumanian et al.|2014), and further in the future
ATHENA (Motch et al.|2013)), missions’ data will allow to ac-
curately determine pulse profiles and thus not only measure the
mass, but also constrain the radius of several NSs.

While simultaneous measurements of mass and radius would
allow for strong constraints on the EOS, it is important to keep
in mind that many NSs rotate rapidly, with frequencies f of up
to f = 700 Hz (Papitto et al.|2014} Hessels et al.|2006a}, Haensel
et al.||2016; [Patruno et al.[|2017a; Bassa et al|[2017). Rapid ro-
tation leads to increased centrifugal support, and allows for the
existence of supramassive NSs (objects with a mass higher than
the maximum mass of the static configuration). This not only al-
ters the mass-radius curve for a given EOS, and must be kept
in mind when analysing observational data, such as will be pro-
vided by NICER (Sieniawska et al.[2018), but may lead to a spin-
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down induced collapse which has been suggested as a possible
engine for energetic phenomena such as fast radio bursts (Falcke
& Rezzollal|2014; Ravi & Lasky|2014)), or the short-lived X-ray
afterglows observed in some short gamma ray bursts (Dat & Lu
1998bla; |Zhang & Mészaros|2001}Gao & Fan[2006; |Lasky et al.
2014).

However NS rotation also opens up the possibility of further,
independent constraints on the EOS. First of all, accurate timing
of pulsars in compact binaries over long periods can constrain
the spin-orbit coupling and allow for measurements of the mo-
ment of inertia of the NS (see e.g. Bejger et al.|2005}; [Kramer|
& Wex|2009; Watts et al.|[2015} |[Patruno et al.|[2017b)). Another
potential probe of NS structure and EOS is the determination of
the mass-shedding limit, i.e. the maximum rotation rate the star
can sustain before mass is stripped from the outer layers. Mea-
surements of spins of millisecond radio pulsars and accreting
millisecond X-ray pulsars are then a valuable tool to place lower
limits on the maximum rotation rate of a NS.

While theoretical models based on state of the art modelling
of the EOS for hadronic matter all predict maximum frequen-
cies well above 1 kHz (see e.g. |Haensel et al.|2009)), observa-
tions in radio and in X-rays, however, have not led to the dis-
covery of any NS rotating with sub-millisecond periods, with
the fastest known pulsar, PSR J1748-2446ad, rotating at 716
Hz (Hessels et al.|[2006b)). In particular a recent analysis of the
spin distribution of accreting NSs in Low Mass X-ray Bina-
ries (LMXBs) by [Patruno et al.| (2017a) revealed also that the
distribution is well described by two populations, a slower one
that peaks around 300 Hz and a much narrower (standard de-
viation o ~ 30 Hz) one of fast systems above 540 Hz, with
an average frequency of 575 Hz. Standard accretion models,
even accounting for the transient nature of the spin-up over re-
peated accretion episodes, struggle to explain the lack of fast
pulsars (Patruno et al.||2017aj D’ Angelo||2017; Bhattacharyya &
Chakrabarty|2017) and it has thus been suggested that an addi-
tional spin-down torque, that grows rapidly for high-frequencies,
is required to explain it (although see |Patruno et al.|[2012| for a
discussion of how accretion torques alone can explain the data).
Gravitational Waves (GWs) provide a natural mechanism, and it
has been suggested that the lack of sub-millisecond pulsars is an
indication of quadrupolar ‘mountains’ in the crust or of unstable
modes in the core, radiating gravitationally at a level sufficient
to balance the spin-up torque due to accretion (Papaloizou &
Pringle| 1978} [Wagoner| 1984 Bildsten||1998; |Andersson||1998)).
This scenario is, however, highly uncertain and estimates of GW
emission from known systems, based on theoretical models, in-
dicate a much lower level of emission in most cases (Haskell
et al.||2015; Haskell & Patrunol|[2017)), while current GW detec-
tors, such as Advanced LIGO and Virgo, are not yet sensitive
enough to detect the waves directly (Abbott et al.|2017a)).

In this paper we approach the problem from a different an-
gle. Rather than assume a theoretical EOS, and assume an addi-
tional spin-down torque to stop the NS from spinning up to their
breakup frequency, we remain agnostic with regards to the EOS
and assume that the NSs have spun-up to their maximum fre-
quency, the mass-shedding frequency. Our goal is thus to under-
stand whether the lack of rapidly rotating pulsars (above f =~ 700
Hz) can be explained without additional spin-down torques, and
determine what this would mean for the physics of the high den-
sity interior of the star. To do this we follow the approach of
Koranda et al.[|(1997)) (see also |Silva & Yunes|2018) and first of
all establish how low the break-up frequency can be by making
only basic physical assumptions, i.e. imposing simply that the
EOS remain causal in the core of star. Below the nuclear satura-
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tion density we adopt a realistic crust EOS, as will be described
in the following sections. We analyse the impact on the stellar
rotation rate, by also imposing that the maximum mass of a NS
has to be at least the currently observed maximum of 2M; and
that the mass-shedding frequency must exceed the currently ob-
served maximum rotation rate of f = 716 Hz.

We then consider whether the lack of NS spinning faster than
f = 700 Hz is consistent with causality and our understanding of
low density physics. In general we find that it is inconsistent with
our minimal physical assumptions and that additional physics is
needed, either in the form of exterior spin-down torques (e.g.
due to GW emission), or in the form of a phase transition in
the interior of the star, that softens an otherwise stiff hadronic
equation of state at high densities, and leads to collapse (either
to a black hole or a hybrid star) if accretion pushes the stellar
mass above M ~ 2M,, (Bejger et al.[2017).

2. The maximum rotation frequency of neutron stars

The maximum rotation rate of a NS is determined by the fre-
quency fmax Of a test particle co-rotating at the star’s equator:
this is the so-called mass-shedding frequency limit, above which
matter is no longer bound and is ejected from the outer layers
of the star. The frequency fi.x at the equator depends on the
gravitational mass of the star and is EOS dependent. The de-
termination of fi,,x generally requires the calculation of rotating
general relativistic equilibrium configurations. However Haensel
et al.| (2009) have shown that to a good degree of accuracy the
mass-shedding frequency fia.x can be determined by the EOS
independent empirical formula:

M )1/2( R (1)

-3/2
fm<M>=C(Vo —mkm) :

where M is the gravitational mass of the rotating star, R is
the radius of the non-rotating star of mass M, and C is a prefac-
tor, which is approximately EOS independent and only depends
on whether we are dealing with a hadronic star (low density at
the surface), or a self-bound (strange) star. For standard hadronic
matter the coefficient is Cyg = 1.08 kHz, while for self bound
strange stars (with a hadronic outer crust) it is Cs = 1.15 kHz,
with an accuracy of a few percent as discussed below (Haensel
et al[2009). The second value of C is also appropriate for any
EOS that is self-bound at high density (of the order of nuclear
matter density) and thus should be used also for the limiting EOS
we construct in the following, the so-called ‘causal’ EOS, that is
maximally stiff and corresponds to matter in which the speed of
sound is equal to the speed of light. The difference between the
two values of C is an example of the role of the outer layers of the
NS (the crust), as their response to fast rotation in the equatorial
plane is stronger than that of the NS core, thus making a quan-
titative difference in the case of strange stars with only an outer
crust (for a detailed analysis see |[Zdunik et al.||2001, where the
role of the outer crust on rotating strange stars was discussed).
The formula above can be used for masses up to 0.9M32 | with

max?
M the maximum mass of the non-rotating configuration. Note
that, as will be discussed in the following, this precludes us from
using it to estimate the absolute maximum mass-shedding fre-
quency for a given EOS, as this will generally correspond to the
maximum mass configuration. Nevertheless Eq. (1)) is an impor-
tant tool to estimate the mass-shedding frequency of the majority
of the configurations, and the average density in the interior of

the NS.
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Table 1. Mean density (in units of the saturation density p, = 2.7 x 10'4
g cm™>) and stellar radius (in km) of a NS with M = 2M,, for the two
values of C entering in Eq. (I) and for f;,.x equal to the largest observed
spin frequency (716 Hz) and to 800 Hz.

foax | C=108kHz [ C=1.15kHz
p RQ2Mo) | p R (2Mo)

716 | 0.77 16.56 0.68 17.28

800 | 0.97 1539 0.85 16.04

The relative errors when comparing results of Eq. (1) to nu-
merical calculations are typically within 2%, with largest devi-
ations of 5% at highest masses, although the precision of the
formula worsens slightly on the low-mass side, for masses be-
low 0.5 M. A detailed discussion of Eq. () for different EOSs
and the accuracy of these approximations is presented in/Haensel
et al.| (2009). It can be inverted to obtain the mean density of the
non-rotating star for which the mass-shedding frequency is fiax
at given mass.

2

max
o @
which decreases with decreasing maximum frequency. In Ta-
ble (I) we show the mean densities and radii of maximally ro-
tating configurations with a mass M = 2M,,. It is clear that low
maximum frequencies, close to the currently observed maximum
of 716 Hz, will lead to very low average densities, below the nu-
clear saturation density py. As we will see in the following, in
this range of densities the EOS for the crust is constrained well
enough to limit how stiff the EOS can be and the possibility of
having low values for the breakup frequency.

As can be seen from Eq. (I) the mass-shedding frequency
increases with the mass, and is thus maximum for the maxi-
mum mass M that can be obtained for a given EOS. This value
depends on the choice of EOS, and is furthermore beyond the
range of validity of Eq. (I)), which can only be used reliably in
the mass range 0.5My < M < 0.9M32 . To obtain an absolute
upper bound on f,,x one can however fit maximum mass config-
urations of NSs rotating at the breakup frequency and obtain the

5 S ].76p0

following expression for the absolute maximum frequency f£OS:
stat \ 1/2 stat  \—3/2
£0s _ o (M R 3)
mak T Mo 10 km ’

where Crax = 1.22 kHz (Haensel et al|[1995) and R} _is the

radius of the non-rotating star at the maximum mass M52, . Cpax
is independent of the EOS , while the maximum mass M« (and
corresponding radius) clearly depends on it. Note that close to
the mass-shedding frequency the maximum mass of the rotating
star My will generally be higher than the maximum mass of
the non-rotating configuration M2 by up to 20% (Lasota et al.
1996). To account for this and estimate the accuracy of the for-
mula in (3) we have also calculated maximally rigidly rotating
models for the EOSs described below with the use of the multi-
domain spectral methods library LORENEE] (Gourgoulhon et al.
2016) and the nrotstar code (Bonazzola et al.|[1993; |Gour-
goulhon et al.|[1999). We also recall the result of Bejger et al.
(2007), where it was demonstrated that with a great accuracy the

mass-shedding frequency may be approximated by

1 |GM
fmax = E R_gqa

" http://www.lorene.obspm. fr

“

with gravitational mass M and equatorial (circumferential) ra-
dius R,, of a star rotating at the mass-shedding frequency fmax-
This relation may be used to estimate the maximum radius that
a star can support for a given fi.x and M; for fi.x = 716 Hz one
gets

1/3
M ) km. 5)

R™ =20.94
e ? (1.4 M,

3. Causal Limit EOS

Given our ignorance regarding the EOS of matter at supranuclear
densities, we will remain agnostic regarding the true EOS and
only demand causality throughout the star. As a limiting case we
thus consider the maximally compact Causal Limit (CL) EOS:

P=(p-pu)c’, (6)
for which the speed of sound ¢ is such that

dpP
;= - A, ©)

where P is the pressure and p, is the minimum mass-energy
density to which the CL EOS extends, which in our case will
be a free parameter. For self bound stars p, > 0 while for stars
with a crust, p, is approximately the density at the crust-CL EOS
boundary. For the CL EOS the maximum mass M, of a non-
rotating self-bound star is (Glendenning|[2000):

2.7-10" gcm™?

Mpax = 4.07 \| ————=—— M, , (®)
Pu
with a radius
2.7-1014 -3
Ryt = 17.1 4|28y ©9)
Pu

Let us begin by assuming that the maximum spin frequency
is the one of the fastest observed rotating NS f,.x = 716 Hz.
From Egs. (2) and (3)) we obtain a mean density of p = 0.61py,
which from Eqs. (8) and (9) results in p, = 0.43p,. This density
is well below the nuclear saturation density and would thus im-
ply that regions of the star with p < pg are also described by the
CL EOS. This however can be excluded from our understanding
of low density NS physics, as despite significant uncertainties re-
garding composition and transport properties, the stiffness of the
crustal EOS is constrained well enough to discard the CL EOS
as a viable option in this region (Fortin et al.[|2016; [Haensel &
Fortin|2017).

If we accept that our ignorance of the EOS begins at densities
P > po, it is thus necessary to construct configurations with p, >
Po, and supplement the CL EOS with a realistic crust for lower
densities.

Before doing this we note that if in Eq. () we take p, = po
the maximum mass is well above the observed maximum of =
2M, and the radius of such a configuration is larger than the
range currently suggested by X-ray observations, of between 10
and 14 km (Ozel & Freirel[2016; [Haensel et al |[2016).
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Fig. 1. Mass-radius relations for non-rotating stars for the CL EOS with
Pu = po, the CL EOS with two crust models connected at p, = po:
the catalyzed crust from |Douchin & Haensel| (2001) (CLC EOS) and
the accreted crust from [Haensel & Zdunik| (2008) (CLCacc EOS). For
reference we plot the M — R relation obtained for the DH EOS. The
horizontal lines correspond to the largest observed maximum mass for
PSR J1614-2230 and PSR J0348+0432.

4. Including the crust

To obtain a robust limit of f.,x we consider models in which
our ignorance is restricted to densities p > py, i.e. to the core of
the NS. For the core we use the CL limit EOS P = (p — p,)c?
described previously, with p, = po(1 — Py/, pocz) and Py the pres-
sure at the crust-core boundary || For the crust we use a stan-
dard EOS from [Douchin & Haensel (2001)) (DH in the follow-
ing) for matter below the nuclear matter density pg (correspond-
ing to ng = 0.16 fm~3), and connect it to the core EOS assuming
continuity of the chemical potential y and pressure P at the crust-
core interface, following the approach presented in|Zdunik et al.
2017).

The resulting M(R) plots for both the bare CL EOS NS and
the CLC EOS (CL EOS with a realistic crust) NS are presented
in Fig. [T} The maximum masses for these EOSs are extremely
large as expected for these maximally stiff EOS, much larger
than the ones obtained for a realistic EOS like the one from
Douchin & Haensel (2001). The results for the maximum fre-
quency are presented in Fig.[2] The solid lines correspond to
calculations obtained using the numerical library LORENE, while
the dashed ones using the approximation in Eq. (I). The compar-
ison between the results for the CL EOS with a crust confirms
that the approximate formula works well up for masses smaller
than 0.9M32 .

It is clear that the crust has a strong effect as it significantly
increases the radius for a given mass compared to a bare CL star,
thus decreasing the maximum frequency f;. The absolute maxi-
mum frequency, corresponding the maximum mass for our CLC
EOS (i.e. for p, = pg), is f"™* = 1200 Hz. This is the lowest
value of the maximum frequency for a hadronic star that is still
consistent with our understanding of physics below nuclear sat-
uration density and with minimal physical assumptions for the
core, namely that the equation of state remain causal. We note
that as the CL EOS is the stiffest possible, any realistic EOS

2 Strictly speaking our construction, that requires continuity of both P
and p, leads to p, being smaller than py by approximately 1%.
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Fig. 2. Mass-shedding frequency vs mass for the same EOSs as in
Fig. m For the CLC EOS we plot both the curves obtained with the
approximate expression in Eq. (3) from a static configuration and exact
numerical solutions for rotating configurations obtained with LORENE.
For the DH EOS, configurations also obtained with LORENE are plotted.
It can be seen that the maximum mass close to the mass-shedding fre-
quency increases significantly due to the additional rotational support,
but the error on the frequency remains small, around 10%. We see that
for the most extreme configuration that is physically plausible, the CL
EOS with crust, the mass-shedding frequency is around 1200 Hz, well
above the observed maximum of f = 716 Hz. As this is the stiffest
equation of state that can be built, any softening will lead to a higher
mass-shedding frequency, as can be seen by comparing to the curve for
the more realistic DH equation of state, which reaches mass shedding
around f =~ 1730 Hz.

such as the DH EOS will lead to a higher value of f; at given
mass. If continued observations of NS spins confirm the absence
of NSs spinning at frequencies higher than f ~ 700 Hz, it can be
excluded that this corresponds to £, and additional physics is
required.

As an example in Fig. 3] we show M(R) for two equations
of state, the realistic DH equation of state and our ‘minimal’
CL equation of state with crust. We also plot the limit given
by Eq. (I) for the currently observed maximum frequency of
f = 716 Hz (dashed lines). The crossing points between this
theoretical curve and the M(R) curves give us the minimum mass
for which 716 Hz could correspond to the maximum frequency.
It is about 0.8 M for DH model and 1.2M,, for the CL EOS.
The points correspond to pulsars for which there are estimates
of both mass and frequency, as given by [Haensel et al.| (2016)
and |Ozel & Freire|(2016). The uncertainty on the mass determi-
nation is marked by the fragment of a curve defined by Eq. (T)),
for the measured frequency of a given object. We see that if NSs
rotating at higher frequency were observed, they would begin to
provide constraints for models of the high density interior.

Our conclusions depend very weakly on the assumptions on
the crustal EOS we adopt for the NS (whether it is accreted or
catalyzed, and which specific model is used). For our analysis
the basic parameter of the crust which determines the NS Kep-
lerian frequency is its thickness. The latter depends mainly on
the value of the baryon chemical potential y at the crust-core
interface and at the surface (Zdunik et al.|2017). The detailed
description of dense matter in the crust, its composition in par-
ticular, influences the microscopic properties such as the heat
transport, superfluidity, pinning etc. .., but not the thickness in
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Fig. 3. Mass-radius relations for non-rotating stars for the CL EOS (red)
with the crust calculated in/Douchin & Haensell (2001) (DH) connected
at p, = po. For reference we plot the M — R relation obtained for the
DH EOS. Dashed lines correspond to Eq. () for f = 716 Hz (with two
values of the factor C = 1.08, appropriate for standard hadronic matter,
and C = 1.15, which is used for self-bound stars and is also appropriate
for our maximally stiff CL EOS) and Eq. (4) for f = 716 Hz (the radius
is here the equatorial radius of a rotating star). The crossing point be-
tween the theoretical M(R) curves and the dashed curves corresponds to
the minimum mass for which the mass-shedding frequency of a star de-
scribed by the chosen EOS could be f = 716 Hz. Black points are obser-
vational limits from pulsars for which there are simultaneous frequency
measurements and mass determinations, with the error bars determined
by the uncertainty on mass, obtained by applying Eq. (I), whereas cyan
points correspond to Eq. @). The letters denote the following rapidly-
spinning pulsars: A - B1957+20 (622.12 Hz), B - J11023+0038 (592.42
Hz), C - J1903+0327 (465.14 Hz), D - J2043+1711 (420.19 Hz), E
- J1311-3430 (390.57 Hz), F - J0337+1715 (365.95 Hz). Theoretical
M(R) relations should be located on the left side of the observed pul-
sar to be consistent with its parameters. The more constraining points
correspond to faster pulsars, so that the detection of objects rotating at
frequencies above ~ 1 kHz would begin to constrain our CL EOS and
more generally the physics of dense matter in the stellar interior.

a strong enough way to influence our results. The difference in
the radius of a non-rotating NS with an accreted crust and with
a catalysed one is AR(f = O0Hz) ~ 100 m (Zdunik et al.|2017)
as can be seen in Fig. [I] for the CLCacc model where the ac-
creted crust from [Haensel & Zdunik! (2008) is connected to the
CL EOS at py. Rotation increases the difference between NSs
with accreted and catalysed crusts: AR(f = 500Hz) ~ 120 m
and AR(f = 716 Hz) ~ 200 m which amounts, however, to only
~ 1% of the NS radius, see Fig. 3] For example for Keplerian
configurations with M = 2 M, the frequency for a catalysed
crust (corresponding to a more compact NS) is only larger by
~ 0.6% and the radius smaller by ~ 0.4% compared to a star with
an accreted crust - see Fig.[2] where the CLC and CLCacc curves
are almost indistinguishable. Our conclusions on the minimum
cutoff frequency for accreting NSs are therefore not influenced
by current uncertainties on the crust EOS.

5. Conclusions

In this paper we have examined the problem of whether, given
our lack of understanding of high density physics, the observed
limit on the rotation rate of NSs of f =~ 700 Hz (Patruno et al.

10* }
108 }
<

10% }

10 }

0 s s s s s
100.5 1.0 15 20 25 3.0

M [Mo]

3.5 4.0

Fig. 4. Tidal deformability A as a function of mass for the CLC EOS
(red) with the DH crust connected at p, = po (results obtained with
the CLCacc EOS are indistinguishable), and for the DH EOS (green).
The bottom horizontal line corresponds to the limit on the deformability
of a 1.4M,, obtained from the observations of GW170817, the merger
of two NSs: A < 800. While the DH EOS is compatible with this ob-
servational constraint, the maximally stiff CLC EOS gives much larger
values of A for M = 1.4M,,. The top horizontal line corresponds to the
tidal deformability in the case in which one of the components of the
GW170817 merger was a black hole (or a very compact self-bound star)
with vanishing deformability. This limiting A ., = 2777 was com-
puted from the observational bound on A = 800 (Eq. for marginal
values of the component masses, M; = 1.17 M, (assumed NS, A # 0)
and M, = 1.6 M, (assumed BH, A = 0) in the low-spin prior estimation
case (see Table 1 in|Abbott et al.[2017b|for details).

2017a)) can correspond to the maximum rotation frequency of the
star, or additional spin-down torques (due e.g. to GW emission
or additional spin-down torques in a magnetised accretion disc)
must be invoked.

We do this in an EOS independent way, by following the
approach of [Koranda et al.| (1997) and making only minimal
physical assumptions, namely that our models remain causal in
the high density interior, and that the EOS below nuclear sat-
uration density pg is given by the realistic model of [Douchin
& Haensel (2001). This produces a maximally stiff equation of
state that will give the lowest possible breakup frequency for a
NS. Any softening (as all realistic models will provide) will lead
to a higher maximum frequency.

We find that the maximum rotational frequency for a NS can-
not be less than fi.x ® 1200 Hz, and that the observed lack of
NSs spinning faster than ~ 700 Hz is not consistent with minimal
physical assumptions on hadronic physics. Additional mecha-
nisms must be at work to explain this.

The first possibility is the one that is usually considered, i.e.
the presence of additional spindown torques acting on the NS,
either due to GWs or to interactions between the disc and the
magnetic field of the star (Andersson|[1998; |Bildsten||1998}; |Pa-
truno et al.|2012). Another possibility however, emerges if we
observe Fig.[2] We see that for masses M > 2M, the maximum
frequency f; = 810 Hz. The currently observed limit for the
spin frequency would thus be roughly consistent with our CL
EOS+crust if we are not observing stars with M > 2M,. We re-
mind the reader, however, that this is only the case for our CL
core EOS, and that realistic EOSs with maximum mass close to

M2 ~ 2M,, are generally much softer and predict much higher
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values of f;. It would thus be necessary for the EOS to be very
stiff (close to the CL EOS) and thus predict a high maximum
mass. A possibility is that there are selection effects that prevent
us from observing higher mass NSs. One such possibility might
be related to the binary evolution of the LMXB where the re-
cycling process occurs. [Tauris et al.| (2012) suggested that the
equilibrium spin period that a NS can reach during the recycling
process is a steep function of the total mass accreted. The mass
transfer process (from the donor star to the surface of the NS)
is almost certainly not conservative, since there is evidence for
the presence of mass ejection phenomena in LMXBs (e.g., rel-
ativistic jets, donor ablation, accretion disk winds). This in turn
reduces the maximum amount of mass available for the spin-
up, possibly limiting the maximum spin frequency that NSs can
reach. However, we note that in this case one would expect a
smooth decrease in the number of fast NS, and not the existence
of a fast population as observed in accreting systems. Further-
more recent observations by [Linares et al.|2018| suggest a mass
2.3M,, for arecycled NS.

Another intriguing possibility is that the EOS is indeed very
stiff, close to the CLC EOS, but there is significant softening at
high densities, leading to back bending in the EOS, which leads
to a collapse for masses higher than M =~ 2M, either directly to
a black hole, or to a stable branch of hybrid stars (Gerlach/[1968];
Glendenning & Kettner|2000; |Bejger et al.|2017). Note however
that if the system collapses to a more compact configuration, one
may expect it to be more rapidly rotating if angular momentum
is conserved, and such systems are not observed, although the
dynamics of such a collapse are poorly understood. Future work
should aim to evaluate the viability of this scenario in more de-
tail.

Furthermore this model would still require the equation of
state for hadronic matter to be close to the causal limit, much
stiffer than what most models predict and in tension with the
limits set by the recent measurements of tidal deformability ob-
tained in GWs from the merger of two NSs, event GW 170817
(Abbott et al.|2017b) (see also |Paschalidis et al.|2017| and [De’
et al.||2018| for a recent analysis). For this event one has a con-
strain A < 800 (90% credible interval) for a low NS spin prior,
where

5_16 (My + 12M>) MIA + (Ma + 12My) M3A,

13 (M, + My ’
can be translated to the deformability of a single NS of 1.4 M,
leading to Aj4 < 800 (Abbott et al.|[2017b). We compare this
limit with the DH EOS and the CLC EOS in Fig. ] where one
can see that the CLC EOS is incompatible with it. Additionally,
one can assume that one of the components in the GW170817
system was a black hole (or a self-bound star) with a vanishing
tidal deformability. In that case, if we assume that e.g., A, = 0,
then

(10)

1 M, + M, -
1—3(1+2)A

= 11
16 (M, + 12M>) m} (v

To estimate how large A one can adopt adopt M| = 1.17 M,
and M, = 1.60 M (meaning that the NS has mass M| and the
black hole mass M>), and arrive at A; < 2777. Even in this ex-
treme case the CLC EOS is only marginally compatible with this
bound.

This further strengthens our conclusion that our lower limit
on the Keplerian frequency is robust, as more realistic equations
of state will always lead to higher Keplerian frequencies. The
observed lack of NSs spinning faster than ~ 700 Hz cannot be
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a consequence to the physical breakup frequency of the NS, and
additional physics must be at work in these systems to prevent
the stars from spinning up to higher rotation rates.
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