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ABSTRACT

Magnetic field evolution of neutron stars is a long-standing debate. The rate of magnetic field decay for isolated, non-accreting
neutron stars can be quantified by measuring the negative second derivative of the spin period. Alternatively, this rate can be
estimated by observing an excess of thermal emission with respect to the standard cooling without additional heating mechanisms
involved. One of the nearby cooling isolated neutron stars — RX J0720.4—3125, — offers a unique opportunity to probe the field
decay as for this source there are independent measurements of the surface X-ray luminosity, the second spin period derivative,
and magnetic field. We demonstrate that the evolution rate of the spin period derivative is in correspondence with the rate
of dissipation of magnetic energy of the dipolar field if a significant part of the released energy is emitted in X-rays. The
instantaneous time-scale for the magnetic field decay is ~10* yr.
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1 INTRODUCTION

X-ray dim isolated neutron stars (also known as the Magnificent
Seven, hereafter M7) are a group of nearby thermally emitting
neutron stars (NSs) observed in X-rays and optics with no detected
radio emission (for recent reviews see Borghese & Esposito 2023;
Popov 2023). These objects do not demonstrate transient behaviour.
Their thermal X-ray spectra show no robust evidence of a power-
law tail. These features set M7 apart from Galactic magnetars which
have similar spin periods and severely limit the possible role of the
magnetosphere in producing X-ray emission and timing irregularities
in the case of M7. These sources have strong dipolar magnetic
fields with typical value >10'3 G. Surface temperatures of M7 are
higher than expected based on their ages without additional heating
(e.g. Potekhin & Chabrier 2018). Their surface thermal luminosities
are also higher than their spin-down luminosities. Thus, it is often
assumed that they are heated due to magnetic field decay and
represent descendants of magnetars (e.g. Popov et al. 2010; Vigand
et al. 2013).

Recently, Bogdanov & Ho (2024) provided the first measurement
of the second derivative of the spin period, P = —4.1 x 1072 s572,
for one of the M7 sources — RX J0720.4—3125 (RX0720 here-
after). This allows the authors to derive the braking index n =2 —
P P/(P)? ~ 680. This is much larger than the value n = 3 expected
for the magnetic dipole decelerating in the vacuum. Bogdanov &
Ho (2024) propose that this large value is due to irregularities of the
spin behaviour. Here, we study an alternative explanation that this
large braking index is due to a rapid magnetic field decay in this NS
similar to our early analysis of large braking indices of isolated radio
pulsars (Igoshev & Popov 2020).
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This letter aims to show, based on independent observational evi-
dence, that the external dipolar magnetic field of RX0720 presently
decays on a time-scale ~10* yr. Following the same logic, we predict
that the remaining M7 objects have braking indices around hundreds.

2 TIME-SCALES OF MAGNETIC FIELD DECAY

In this section, at first we provide an estimate for instantaneous
magnetic field decay based on the measured braking index. Second,
we estimate the required magnetic field decay time-scale to support
thermal X-ray emission via the Ohmic heating of the crust. Then, we
compare these scales.

2.1 Decay as evidenced by the braking index

For our purposes, the magnetorotational evolution of NSs can be
described following a simplified version of the magneto-dipole
equation, see e.g. Philippov, Tchekhovskoy & Li (2014):

Twd « B*w®. (D

Here, w = 27 /P = 2nv is the cyclic frequency, B is the surface
magnetic field of a NS, and / — its moment of inertia.

It is convenient to introduce the braking index as a characteristic
of spin evolution. It is defined as:

n=vi/v% 2)

For the spin-down with a constant magnetic field and other parame-
ters of the NS, from equations (1, 2) one obtains n = 3. A decaying
magnetic field results in n > 3.

If the magnetic field has a non-zero first derivative but other
parameters (the moment of inertia and magnetic inclination) are
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constant, after a simple algebra, one obtains:
v? .
—(nn—3)x—BB. 3)
v
Large positive braking index means negative magnetic field deriva-
tive thus translating into decay of magnetic field. In the case of
RX0720 we are in the limit of n > 3, thus
v’ A
n— «x —BB. “4)
v

In order to get an estimate for magnetic field decay time-scale, we
assume that the field decays exponentially:

B = Byexp(—t/1), (©)

where By is the initial field, and 7 is some characteristic time-scale
of decay. Note, that T by itself may depend on B or other parameters,
but we are interested in an instantaneous value of 7. Then we derive:

. B
B=——. (6)
T

With equations (3, 6) we have:

2v 4 1
T=——~10 n1000V-1V_;5 YIS. 7
nv

Here and below we use the convention A, = A/10*.

2.2 Ohmic heating and X-ray radiation

Now let us assume that all the magnetic energy released due to decay
is via the Ohmic heating of the crust and is consequently emitted
in X-rays to produce the luminosity Lx. This is a simplification as
some heat can be transported inwards to the core and then emitted
by neutrinos (see e.g. Kaminker et al. 2014). For relatively low
energy release, expected for M7 sources, the fraction of the energy
emitted from the surface is relatively high if magnetic energy is
released not very deep in the crust and direct URCA processes are
not activated in the core. The existence of superfluidity in the crust
helps to increase the surface temperature for the given energy release
and depth (Kaminker et al. 2017). In addition, there might be some
luminosity contribution from the remaining heat emitted from the
surface.
The magnetic energy can be roughly estimated as:

£ B2\ [4 R B?R? ®
= | — —mT R’ = .

e 87 ) \3 6

Here, R is the NS radius. For our estimates, we assume Rg =

R/10°m = 1. If we assume that the magnetic field is confined in

the crust with volume of V & 47 h R? and thickness 4 ~ 0.3 km then
the estimate of the total magnetic energy is reduced by an order
of magnitude. On the other hand, we neglect here contributions
from non-dipolar (and non-poloidal) field components. Note, that for
RX0720 there is evidence for a strong non-dipolar external magnetic
field (Borghese et al. 2017).

Then the energy release is

BBR®

Emag = T . (9)

Let us assume that Emag = Lx and similarly use equation (6)

32R3
Lx = ) (10)
3‘[]3
which results in time-scale estimate:
B’R?
W=~ 10°BL Lys, yrs. (11)

L55

It is worth noting that the magnetic field in the case of M7 objects
can be estimated by two different methods. First, based on spin
period and period derivative. Second, from the proton cyclotron line
properties. Both estimates are in good correspondence with each
other (e.g. Haberl 2007). For our estimates below we use the field
values derived from the spin-down rate.

3 THE CASE OF RX J0720.4-3125

Measurement of the second derivative of the spin period for an NS
which is supposed to be powered by magnetic field decay and for
which there is an independent measurement of the magnetic field
via spectral data, provides a unique opportunity to probe if its spin
evolution and thermal surface emission are in correspondence with
each other.

RX0720 has B3 = 2.5 and v_;5 = —1.02. The value of the mag-
netic field is derived from the magneto-dipole formula and is in good
correspondence with the value Bj3 ~ 5 obtained from the spectral
feature (Haberl et al. 2004) interpreted as caused by cyclotron
resonance scattering of protons by magnetic field. For RX0720 from
equation (7) we obtain Ty70 = —(2v)/(nv) = 1.1 x 10* yrs. If we
use this value to calculate the expected luminosity via equation (10)
then we obtain Lx ~ 6 x 1032 erg s~ or Lx ~ 0.6 x 10’2 erg s™! if
magnetic field is present in the crust only. Surprisingly, this is very
close to the luminosity of RX0720 which is equal to ~(1-3) x 10%
ergs~! (Potekhin et al. 2020). This means that the time-scale derived
from the spin period evolution is in good correspondence with the
scale g from equation (11). If we account for the fact that in this
estimate we use the total volume of the NS and part of the energy can
be emitted by neutrinos, then the correspondence is still good as the
observed luminosity is smaller than the one derived from equation
(10) assuming ty750 = Tg.

4 DISCUSSION

The time-scale derived for RX0720 is much shorter than the kine-
matic age of RX0720 found to be ~0.4-0.5Myr (Tetzlaff et al.
2010). Also, this scale is not in correspondence with the Hall one
Taan ~ (10°=10%) B! yr (Aguilera, Pons & Miralles 2008) if we
substitute the external dipolar field values derived for the M7 objects.

Numerical simulations of the magnetothermal evolution of NSs
predict that the M7 sources have large braking indices (see their
nearly vertical paths in P — P diagram fig. 10 by Vigano et al.
2013). Reading numerical values for P and ages for track with initial
magnetic field B = 3 x 10'* G from that plot we estimate the P ~
4 x 10725572 which translates to braking index of n &~ 100. To
explain values n ~ 1000 it seems to be necessary to assume an
episode of a faster magnetic energy dissipation, maybe due to some
instability.

4.1 Predictions for other M7 sources

Recently, new timing data was obtained for another of the M7 objects
—RX J0806.4—4123 (Posselt et al. 2024). In this case, we can obtain
8 ~ 10° yr. We can use it to predict the values of » and ¥ assuming
T = tg. We obtain nggpe ~ 1000 and iggpe ~ 6 X 107 Hzs™2. A
similar procedure can be done for other M7 sources using recent
data from Bogdanov & Ho (2024):

6vLx

23—
n= e = 60v_ Lx31 B3 Ry 0|5 (12)
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Table 1. Predicted braking indices and second time derivatives of frequency. The thermal
X-ray luminosities Lx3; are taken from Potekhin et al. (2020). If a range is given, we take
the medium value. B and v are taken from Bogdanov and Ho (2024). For RX J0806 all data

are taken from Posselt et al. (2024).

Name Lx31 B3 n V_»og
103 ergs™! 107 Hzs™! 108G 10728 Hz 52

RX J0420—5022 0.6 —2.44 1 40 8.8

RX J0806—4123 1.6 —0.08 1.1 1000 0.6

RX J1308+2127 33 —~1.05 3.4 160 16

RX J1856—3754 6.5 —0.6 1.5 520 10

RX 1214340654 10 —0.47 2 350 7

Thus, we predict that for the rest of the M7 sources braking indices
are about a few hundreds. Similarly, we can predict values of i':

6Lxv
V= —32;3 =6x 10728Lx31f),15B1—32HZ872. (13)

Results are presented in Table 1.

4.2 Excluding the fallback disc model

Ertan et al. (2014) proposed that the M7 objects are NSs surrounded
by a fallback disc. In particular, these authors provide a model
describing spin period, period derivative, and associated X-ray
luminosities. The measurement of the second spin period derivative
provides an opportunity to check the model by Ertan et al.

In fig. 3 of their paper, Ertan et al. (2014) presented plots for
the evolution of spin period and period derivative. Unfortunately,
their code is not publicly available. Thus, we cannot obtain the exact
numbers. Instead, we extract the numerical values from their fig.
3 and model time evolution of P assuming that it approximately
follows a power law at the moment when their model can reproduce
the RX0720 timing properties:

P =Cr. (14)

Here the time is measured in seconds and we estimate « = —3.8 and
C = 8 x 10** to be compatible with fig. 3 of Ertan et al. (2014). For
this evolution of the period derivative we obtain:

P =acCr* . (15)
Similarly we can compute the braking index as:

2 e 16
SRS (e
Substituting numerical values suggested by Ertan et al. (2014) for the
age of RX0720 which is taken to be equal to 1.45 x 103 yr (2-3 times
smaller than the kinematic age mentioned above), we obtain n ~ 80.
Although it has a correct sign, the braking index estimate is nearly an
order of magnitude below the actual value presented by Bogdanov &
Ho (2024).

Finally, we note that the values of the magnetic field proposed
for the M7 objects by Ertan et al. (2014) are incompatible with the
values estimated using the spectral features following the assumption
of proton cyclotron lines.

4.3 Possible physical mechanisms for delayed fast decay of
magnetic field

If we accept the evidence presented in the previous sections, it is
worth discussing possible physical mechanisms that could cause
magnetic field evolution on such an extraordinarily short time-scale
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of 10* yr after hundreds of kyr of slower evolution. Known estimates
for the magnetic field decay due to the crust resistivity vary between
0.1-1 Myr for pasta layer in magnetars (Pons, Vigano & Rea 2013)
and 210 Myr (Igoshev 2019) for normal radio pulsars with some
indications of even ~30 Myr scale (Igoshev 2019). The Hall time-
scale for the crust-confined magnetic field is Ty ~ (10°-10°) yr B1_3l
for magnetic field comparable to dipole estimates. These mechanisms
for magnetic field evolution in the crust do not allow for an episode
of delayed field decay. Therefore, we must look elsewhere to identify
a source of this evolution.

The NS core has long been suggested as a potential site of delayed
magnetic field evolution. For example, it is long known that many
magnetic field configurations are not stable in the core, see e.g.
Lander & Jones (2012) and references therein. It was shown that
a purely poloidal magnetic field is unstable under the influence of
single fluid ambipolar diffusion (Igoshev & Hollerbach 2023). This
configuration induces new electric currents in the crust and could thus
release thermal energy on time-scales comparable to the ambipolar
diffusion time-scale. This time-scale is sensitive to temperature and
magnetic field strength. The ambipolar diffusion requires time for
NS to cool down and instabilities to grow which might explain the
late onset of the decay. The decay due to the ambipolar diffusion
was already briefly discussed exactly for RX0720 by Cropper et al.
(2004). However, these authors considered a different time-scale of
evolution with just a mild decay.

An alternative could be a fast evolution due to the core transi-
tion to superconductor/superfluid state (Glampedakis, Andersson &
Samuelsson 2011). A very recent research by Bransgrove, Levin &
Beloborodov (2024) suggests that the internal crustal magnetic fields
could be amplified by orders of magnitude during the flux expulsion
which should inevitably lead to enhanced thermal emission and
accelerated evolution. Superconductor transition is sensitive to the
temperature which can explain the late onset. However, detailed
studies of the magnetic field evolution in the NS core are still in
their early phase with few robust results. Therefore, we cannot
conclusively prove that the core evolution is responsible for the
enhanced X-ray luminosity of M7.

5 CONCLUSIONS

In the case of one of the Magnificent Seven objects RX
J0720.4—3125, we demonstrate a peculiar coincidence between the
time-scales of magnetic field dissipation obtained from the braking
index and from the X-ray luminosity. In both derivations, we assume
that the field decay is the main process responsible for the anomalous
spin evolution and the observed surface emission. We suggest that
the observed thermal X-ray luminosity can be an indicator for the
dipole field evolution. Thus, we make predictions for braking indices
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and ¥ of other M7 sources. Braking indices are expected to be ~ a
few hundred and ¥ ~ 10728 — 1072 Hzs 2.
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