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A B S T R A C T 

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 ne gativ e second deri v ati ve 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 deri v ati ve, 
and magnetic field. We demonstrate that the evolution rate of the spin period deri v ati ve 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 

4 yr. 
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 I N T RO D U C T I O N  

-ray dim isolated neutron stars (also known as the Magnificent
even, hereafter M7) are a group of nearby thermally emitting
eutron stars (NSs) observed in X-rays and optics with no detected
adio emission (for recent re vie ws see Borghese & Esposito 2023 ;
opov 2023 ). These objects do not demonstrate transient behaviour.
heir thermal X-ray spectra show no robust evidence of a power-

aw tail. These features set M7 apart from Galactic magnetars which
ave similar spin periods and severely limit the possible role of the
agnetosphere in producing X-ray emission and timing irregularities

n the case of M7. These sources have strong dipolar magnetic
elds with typical value � 10 13 G. Surface temperatures of M7 are
igher than expected based on their ages without additional heating
e.g. Potekhin & Chabrier 2018 ). Their surface thermal luminosities
re also higher than their spin-down luminosities. Thus, it is often
ssumed that they are heated due to magnetic field decay and
epresent descendants of magnetars (e.g. Popov et al. 2010 ; Vigan ̀o
t al. 2013 ). 

Recently, Bogdanov & Ho ( 2024 ) provided the first measurement
f the second deri v ati ve of the spin period, P̈ = −4 . 1 × 10 −25 s s −2 ,
or one of the M7 sources – RX J0720.4 −3125 (RX0720 here-
fter). This allows the authors to derive the braking index n ≡ 2 −
¨
 P / ( Ṗ ) 2 ≈ 680. This is much larger than the value n = 3 expected

or the magnetic dipole decelerating in the vacuum. Bogdanov &
o ( 2024 ) propose that this large value is due to irregularities of the

pin behaviour. Here, we study an alternativ e e xplanation that this
arge braking index is due to a rapid magnetic field decay in this NS
imilar to our early analysis of large braking indices of isolated radio
ulsars (Igoshev & Popov 2020 ). 
 E-mail: ignotur@gmail.com 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
This letter aims to show, based on independent observational evi-
ence, that the external dipolar magnetic field of RX0720 presently
ecays on a time-scale ≈10 4 yr. Following the same logic, we predict
hat the remaining M7 objects have braking indices around hundreds.

 TIME-SCALES  O F  MAGNETI C  FIELD  D E C AY  

n this section, at first we provide an estimate for instantaneous
agnetic field decay based on the measured braking index. Second,
e estimate the required magnetic field decay time-scale to support

hermal X-ray emission via the Ohmic heating of the crust. Then, we
ompare these scales. 

.1 Decay as evidenced by the braking index 

or our purposes, the magnetorotational evolution of NSs can be
escribed following a simplified version of the magneto-dipole
quation, see e.g. Philippov, Tchekhovsk o y & Li ( 2014 ): 

 ω ̇ω ∝ B 

2 ω 

4 . (1) 

ere, ω = 2 π/P = 2 πν is the c yclic frequenc y, B is the surface
agnetic field of a NS, and I – its moment of inertia. 
It is convenient to introduce the braking index as a characteristic

f spin evolution. It is defined as: 

 = νν̈/ ̇ν2 . (2) 

or the spin-down with a constant magnetic field and other parame-
ers of the NS, from equations ( 1 , 2 ) one obtains n = 3. A decaying
agnetic field results in n > 3. 
If the magnetic field has a non-zero first deri v ati ve but other

arameters (the moment of inertia and magnetic inclination) are
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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onstant, after a simple algebra, one obtains: 

ν̇2 

ν4 
( n − 3) ∝ −B Ḃ . (3) 

arge positive braking index means negative magnetic field deri v a- 
ive thus translating into decay of magnetic field. In the case of
X0720 we are in the limit of n � 3, thus 

 

ν̇2 

ν4 
∝ −B Ḃ . (4) 

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

 = B 0 exp ( −t/τ ) , (5) 

here B 0 is the initial field, and τ is some characteristic time-scale 
f decay. Note, that τ by itself may depend on B or other parameters,
ut we are interested in an instantaneous value of τ . Then we derive: 

˙
 = −B 

τ
. (6) 

With equations ( 3 , 6 ) we have: 

= − 2 ν

n ̇ν
≈ 10 4 n 1000 ν−1 ̇ν

−1 
−15 yrs . (7) 

ere and below we use the convention A x = A/ 10 x . 

.2 Ohmic heating and X-ray radiation 

ow let us assume that all the magnetic energy released due to decay
s via the Ohmic heating of the crust and is consequently emitted
n X-rays to produce the luminosity L X . This is a simplification as
ome heat can be transported inwards to the core and then emitted
y neutrinos (see e.g. Kaminker et al. 2014 ). For relatively low
nergy release, expected for M7 sources, the fraction of the energy 
mitted from the surface is relatively high if magnetic energy is
eleased not very deep in the crust and direct URCA processes are
ot acti v ated in the core. The existence of superfluidity in the crust
elps to increase the surface temperature for the given energy release 
nd depth (Kaminker et al. 2017 ). In addition, there might be some
uminosity contribution from the remaining heat emitted from the 
urface. 

The magnetic energy can be roughly estimated as: 

 mag = 

(
B 

2 

8 π

) (
4 

3 
πR 

3 

)
= 

B 

2 R 

3 

6 
. (8) 

ere, R is the NS radius. For our estimates, we assume R 6 =
/ 10 6 cm = 1. If we assume that the magnetic field is confined in

he crust with volume of V ≈ 4 πhR 

2 and thickness h ∼ 0 . 3 km then
he estimate of the total magnetic energy is reduced by an order
f magnitude. On the other hand, we neglect here contributions 
rom non-dipolar (and non-poloidal) field components. Note, that for 
X0720 there is evidence for a strong non-dipolar external magnetic 
eld (Borghese et al. 2017 ). 
Then the energy release is 

˙
 mag = 

B Ḃ R 

3 

3 
. (9) 

Let us assume that Ė mag ≡ L X and similarly use equation ( 6 ) 

 X = 

B 

2 R 

3 

3 τB 
, (10) 

hich results in time-scale estimate: 

B = 

B 

2 R 

3 

3 L 

≈ 10 5 B 

2 
13 L 

−1 
X31 yrs . (11) 
X 
It is worth noting that the magnetic field in the case of M7 objects
an be estimated by two different methods. First, based on spin
eriod and period deri v ati ve. Second, from the proton cyclotron line
roperties. Both estimates are in good correspondence with each 
ther (e.g. Haberl 2007 ). For our estimates below we use the field
 alues deri ved from the spin-do wn rate. 

 T H E  CASE  O F  R X  J 0 7 2 0 . 4  −3 1 2 5  

easurement of the second deri v ati ve of the spin period for an NS
hich is supposed to be powered by magnetic field decay and for
hich there is an independent measurement of the magnetic field 
ia spectral data, provides a unique opportunity to probe if its spin
volution and thermal surface emission are in correspondence with 
ach other. 

RX0720 has B 13 = 2 . 5 and ν̇−15 = −1 . 02. The value of the mag-
etic field is derived from the magneto-dipole formula and is in good
orrespondence with the value B 13 ≈ 5 obtained from the spectral 
eature (Haberl et al. 2004 ) interpreted as caused by cyclotron
esonance scattering of protons by magnetic field. For RX0720 from 

quation ( 7 ) we obtain τ0720 = −(2 ν) / ( n ̇ν) = 1 . 1 × 10 4 yrs . If we
se this value to calculate the expected luminosity via equation ( 10 )
hen we obtain L X ≈ 6 × 10 32 erg s −1 or L X ≈ 0 . 6 × 10 32 erg s −1 if

agnetic field is present in the crust only . Surprisingly , this is very
lose to the luminosity of RX0720 which is equal to ∼(1 –3) × 10 32 

rg s −1 (Potekhin et al. 2020 ). This means that the time-scale derived
rom the spin period evolution is in good correspondence with the
cale τB from equation ( 11 ). If we account for the fact that in this
stimate we use the total volume of the NS and part of the energy can
e emitted by neutrinos, then the correspondence is still good as the
bserved luminosity is smaller than the one derived from equation 
 10 ) assuming τ0720 = τB . 

 DI SCUSSI ON  

he time-scale derived for RX0720 is much shorter than the kine-
atic age of RX0720 found to be ∼0 . 4–0.5 Myr (Tetzlaff et al.

010 ). Also, this scale is not in correspondence with the Hall one
Hall ∼ (10 3 –10 4 ) B 

−1 
15 yr (Aguilera, Pons & Miralles 2008 ) if we

ubstitute the external dipolar field values derived for the M7 objects.
Numerical simulations of the magnetothermal evolution of NSs 

redict that the M7 sources have large braking indices (see their
early vertical paths in P – Ṗ diagram fig. 10 by Vigan ̀o et al.
013 ). Reading numerical values for Ṗ and ages for track with initial
agnetic field B = 3 × 10 14 G from that plot we estimate the P̈ ≈
 × 10 −26 s s −2 which translates to braking index of n ≈ 100. To
xplain values n ∼ 1000 it seems to be necessary to assume an
pisode of a faster magnetic energy dissipation, maybe due to some
nstability. 

.1 Predictions for other M7 sources 

ecently, 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

B ≈ 10 5 yr. We can use it to predict the values of n and ν̈ assuming
= τB . We obtain n 0806 ≈ 1000 and ν̈0806 ≈ 6 × 10 −29 Hz s −2 . A

imilar procedure can be done for other M7 sources using recent
ata from Bogdanov & Ho ( 2024 ): 

 = 

6 νL X 

B 

2 R 

3 ν̇
= 60 ν−1 L X31 B 

−2 
13 R 

−3 
6 ν̇−1 

−15 . (12) 
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Table 1. Predicted braking indices and second time deri v ati v es of frequenc y. The thermal 
X-ray luminosities L X31 are taken from Potekhin et al. ( 2020 ). If a range is given, we take 
the medium value. B and ̇ν are taken from Bogdanov and Ho ( 2024 ). For RX J0806 all data 
are taken from Posselt et al. ( 2024 ). 

Name L X31 ν̇−15 B 13 n ν̈−28 

10 31 erg s −1 10 −15 Hz s −1 10 13 G 10 −28 Hz s −2 

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 J2143 + 0654 10 −0 . 47 2 350 7 
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hus, we predict that for the rest of the M7 sources braking indices
re about a few hundreds. Similarly, we can predict values of ν̈: 

¨ = −6 L X ̇ν

B 

2 R 

3 
= 6 × 10 −28 L X31 ̇ν−15 B 

−2 
13 Hz s −2 . (13) 

esults are presented in Table 1 . 

.2 Excluding the fallback disc model 

rtan et al. ( 2014 ) proposed that the M7 objects are NSs surrounded
y a fallback disc. In particular, these authors provide a model
escribing spin period, period deri v ati ve, and associated X-ray
uminosities. The measurement of the second spin period deri v ati ve
rovides an opportunity to check the model by Ertan et al. 
In fig. 3 of their paper, Ertan et al. ( 2014 ) presented plots for

he evolution of spin period and period deri v ati ve. Unfortunately,
heir code is not publicly available. Thus, we cannot obtain the exact
umbers. Instead, we extract the numerical values from their fig.
 and model time evolution of Ṗ assuming that it approximately
ollows a power law at the moment when their model can reproduce
he RX0720 timing properties: 

˙
 = Ct α. (14) 

ere the time is measured in seconds and we estimate α = −3 . 8 and
 = 8 × 10 34 to be compatible with fig. 3 of Ertan et al. ( 2014 ). For

his evolution of the period derivative we obtain: 

¨
 = αCt α−1 . (15) 

imilarly we can compute the braking index as: 

 = 2 − P̈ P 

( Ṗ ) 2 
. (16) 

ubstituting numerical values suggested by Ertan et al. ( 2014 ) for the
ge of RX0720 which is taken to be equal to 1 . 45 × 10 5 yr (2-3 times
maller than the kinematic age mentioned abo v e), we obtain n ≈ 80.
lthough it has a correct sign, the braking index estimate is nearly an
rder of magnitude below the actual value presented by Bogdanov &
o ( 2024 ). 
Finally, we note that the values of the magnetic field proposed

or the M7 objects by Ertan et al. ( 2014 ) are incompatible with the
alues estimated using the spectral features following the assumption
f proton cyclotron lines. 

.3 Possible physical mechanisms for delayed fast decay of 
agnetic field 

f we accept the evidence presented in the previous sections, it is
orth discussing possible physical mechanisms that could cause
agnetic field evolution on such an extraordinarily short time-scale
NRASL 535, L54–L57 (2024) 
f 10 4 yr after hundreds of kyr of slo wer e volution. Kno wn estimates
or the magnetic field decay due to the crust resisti vity v ary between
.1–1 Myr for pasta layer in magnetars (Pons, Vigan ̀o & Rea 2013 )
nd � 10 Myr (Igoshev 2019 ) for normal radio pulsars with some
ndications of even ≈30 Myr scale (Igoshev 2019 ). The Hall time-
cale for the crust-confined magnetic field is τHall ∼ (10 5 –10 6 ) yr B 

−1 
13 

or magnetic field comparable to dipole estimates. These mechanisms
or magnetic field evolution in the crust do not allow for an episode
f delayed field decay. Therefore, we must look elsewhere to identify
 source of this evolution. 

The NS core has long been suggested as a potential site of delayed
agnetic field evolution. For example, it is long known that many
agnetic field configurations are not stable in the core, see e.g.
ander & Jones ( 2012 ) and references therein. It was shown that
 purely poloidal magnetic field is unstable under the influence of
ingle fluid ambipolar dif fusion (Igoshe v & Hollerbach 2023 ). This
onfiguration induces new electric currents in the crust and could thus
elease thermal energy on time-scales comparable to the ambipolar
iffusion time-scale. This time-scale is sensitive to temperature and
agnetic field strength. The ambipolar diffusion requires time for
S to cool down and instabilities to grow which might explain the

ate onset of the decay. The decay due to the ambipolar diffusion
as already briefly discussed exactly for RX0720 by Cropper et al.

 2004 ). Ho we ver, these authors considered a different time-scale of
volution with just a mild decay. 

An alternative could be a fast evolution due to the core transi-
ion to superconductor/superfluid state (Glampedakis, Andersson &
amuelsson 2011 ). A very recent research by Bransgrove, Levin &
eloborodov ( 2024 ) suggests that the internal crustal magnetic fields
ould be amplified by orders of magnitude during the flux expulsion
hich should inevitably lead to enhanced thermal emission and

ccelerated evolution. Superconductor transition is sensitive to the
emperature which can explain the late onset. Ho we ver, detailed
tudies of the magnetic field evolution in the NS core are still in
heir early phase with few robust results. Therefore, we cannot
onclusiv ely pro v e that the core evolution is responsible for the
nhanced X-ray luminosity of M7. 

 C O N C L U S I O N S  

n the case of one of the Magnificent Seven objects RX
0720.4 −3125, we demonstrate a peculiar coincidence between the
ime-scales of magnetic field dissipation obtained from the braking
ndex and from the X-ray luminosity. In both deri v ations, we assume
hat the field decay is the main process responsible for the anomalous
pin evolution and the observed surface emission. We suggest that
he observed thermal X-ray luminosity can be an indicator for the
ipole field evolution. Thus, we make predictions for braking indices



Rapid magnetic field decay in RX J0720.4 −3125 L57 

a  

f

A

A
t  

g
o

D

N  

T

R

A
B
B  

B  

B  

C
E

G
H
H
I
I
I
K  

K  

L
P
P
P
P  

P
P
P  

T  

V  

T

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.co
nd ν̈ of other M7 sources. Braking indices are expected to be ∼ a
ew hundred and ν̈ ∼ 10 −28 − 10 −27 Hz s −2 . 
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