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Abstract Magnetars are proposed to be peculiar neutron stars whidhd power their X-ray radiation by
super-strong magnetic fields as highzas0'* G. However, no direct evidence for such strong fields has
been obtained till now, and the recent discovery of low mégriield magnetars even indicates that some
more efficient radiation mechanism than magnetic dipoletexh should be included. In this paper, quan-
tum vacuum friction (QVF) is suggested to be a direct consaqe of super-strorayrfacefields, therefore
the magnetar model could then be tested further through Q¥Kirig. The high surface magnetic field of
a pulsar interacting with the quantum vacuum results in aifsagntly high spindown rateK). It is found
that a QVF dominates the energy loss of pulsars when the fsutsdation period and its first derivative
satisfy the relationshif? P > 0.63 x 10~16¢—* s2, wheret is the ratio of the surface magnetic field over
the dipole magnetic field. In the “QVEF magnetodipole” joint braking scenario, the spindown bérav
of magnetars should be quite different from that in the puagnetodipole model. We are expecting these
results could be tested by magnetar candidates, espdoialiyagnetic field cases, in the future.
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1 INTRODUCTION Magnetodipole radiation could dominate the kine-
matic energy loss of isolated pulsars (e.g., Manchester
Kinematic rotation was generally thought to be the only& Taylor 1977; Dai & Lu 1998; Lyubarsky & Kirk
energy source for pulsar emission soon after the dis2001; Morozova et al. 2008). The derived braking index
covery of radio pulsars until the discovery of accretion-n = Q€2/Q? (Q is the angular velocity of rotation) of a pul-
powered pulsars in X-ray binaries. However, anomalous Xsar is expected to be 3 for pure magnetodipole radiation. As
ray pulsars/soft gamma-ray repeaters (AXPs/SGRs, magkresult of observational difficulties, only braking indiee
netar candidates) have long spin periods (thus low spinef a few rotation-powered pulsars have been obtained with
down power) and no binary companions, which rules ousome certainty (Yue et al. 2007; Livingstone et al. 2007,
spin and accretion in a binary system as the power sourcelsttp: /mww.atnf.csiro.au/research/pulsar/psrcat/).  They
The first SGR-giant flare was even observed in 197%re PSR J1846-0258 (= 2.65 + 0.01), PSR B1509-58
(Mazets et al. 1979), and Paczynski (1992) then pointe¢n = 2.839 4+ 0.001), PSR J1119-6127(= 2.91 £ 0.05),
out that the super-strong magnetic field may explain th¢°SR B0531+21 (the Crab pulsar,= 2.51 & 0.01), PSR
super-Eddington luminosity. AXPs and SGRs were thereB0540-69 { = 2.140 4 0.009) and PSR B0833-45 (the
after supposed to be magnetars, peculiar neutron sta¥ela pulsar,n = 1.4 4+ 0.2). These observed breaking
with surface/multipole magnetic fields('* G ~ 10'® G) indices are all remarkably smaller than the value ef 3,
as the energy source, while the initially proposed strongvhich may suggest that other spindown torques do work
dipole fields could be unnecessary (e.g., Tong et al. 2013pesides the energy loss via dipole radiation (Xu & Qiao
Moreover, the discovery of low magnetic field magnetar2001; Beskin et al. 1984; Ahmedov et al. 2012; Menou
(Zhouetal.2014; Reaetal. 2010, 2012; Scholz etal. 201t al. 2001; Contopoulos & Spitkovsky 2006; Alpar et al.
in recent years indicates that some more efficient radia2001; Chen & Li 2006; Ruderman 2005; Allen & Horvath
tion mechanism than magnetic dipole radiation should b&d997; Lin & Zhang 2004; Tong & Xu 2014; Tong 2015).

included. Besides failed predictions and challenges in the Recently, the research of Davies et al. showed that the
magnetar model (Xu 2007; Tong & Xu 2011), one of theQy/F effect could be a basic electromagnetic phenomenon
key point_s is: can one obtain direct evidence of the strongpavies 2005; Lambrecht et al. 1996; Pendry 1997; Feigel
surface fields? 2004; Van Tiggelen et al. 2006; Manjavacas & Garcia de
Here we suggest that quantum vacuum friction (QVF)Abajo 2010). If QVF exists, the dissipative energy by QVF
is a direct consequence of the surface fields, and calculateould certainly be from rotational kinetic energy of the
the spindown of magnetar candidates with the inclusion opulsar. The loss of rotational kinetic energy of the pulsar
the QVF effect. by QVF may also be transformed into the pulsar’s ther-
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mal energy or the energy of the pulsar’s radiating pho-  The paper is organized as follows. After an introduc-

tons which might not be isotropic. This is the same artion, we deduce the relation between the dipole magnetic

gument as in the work of Manjavacas & Garcia de Abajdfield and the braking index of magnetars in Section 2. The

(2010), in which the authors argue that at zero temperaturealculated results and analysis are presented in Section 3.

the friction produced on rotating neutral particles byinte Finally, conclusions and discussions are presented in

action with the vacuum electromagnetic fields transformsection 4.

mechanical energy into light emission and produces parti-

cle heating. A pulsar may transfer its angular momentun2 SPINDOWN AND BRAKING INDEX OF

to the vacuum when pulsars rub against a quantum vacuum MAGNETARS

since the angular momentum is conserved. In this case, the

vacuum may work as a standard medium (Dupays et af\ pulsar radiates power as a magnetic dipole of

2008). Dupays et al. (2008, 2012) even calculated the en- . 9

ergy loss due to the pulsars’ interaction with the quantum FEaip = —gc*;ﬂQ‘* , (1)

vacuum by taking account the effect of quantum electro-

dynamics (QED) in a high magnetic field. The calculationswhere

indicate that when the pulsars’ magnetic field is high, QVF o= leipRB sin @ 2)

would also play an important role in causing a loss of rota- 2

tional energy in pulsars. Thus, it is necessary to take QVks magnetic dipole moment ards the speed of light in a

into account when considering the rotational energy lossacuum,Bg;;, is the dipole magnetic field? is the radius

of pulsars, especially on the surface of highly magnetize@f the pulsar, and is the inclination angle. For general

pulsars, like magnetars. pulsars, the surface magnetic field is approximately equal

to that of a dipole magnetic field because the multipole

In this paper we assume that a pulsar interacts with anagnetic field is greatly attenuated. However, for magne-

guantum vacuum like in the work of Dupays et al. (2008)tars there is a hon-negligible multipole magnetic field due

and consider the difference between the surface/toroidab its extraordinarily strong surface magnetic field. So, a

magnetic field and dipole/poloidal magnetic field. Themagnetar’s surface magnetic fieltl,,,; is described by a

braking indices for pure QVF radiation and the surfacedipole magnetic field34;, and a multipole magnetic field.

magnetic field of magnetars for the “QVF magne- We suppose that the ratio of the surface magnetic field to

todipole” joint braking model are calculated. the dipole magnetic field

_ B ©

is a constant. The pulsar rubs against the quantum vacuunthandoses its rotational kinetic energy (Dupays et al.
2008) of

3 Rsin?6 B2 4
16 c¢B2 P27 @)
wherea = e? /hc ~ 1/137 is the coupling constant of electromagnetic interaction= 4.4 x 103G is the QED critical
field andP = 27/ is the spin period.

The typical radius of a pulsaR = 10° cm, is adopted. We also set the inclination angjle: 90° for the sake of
simplicity. Considering Equation (2) between the magnettoment of pulsars and magnetic field in the polar region of
pulsars, we can obtain the ratio of the energy loss due to Q¢Fthat due to magnetodipole radiation

EQVF >~ —Q

E,
—E —7.69 x 1072 B2, P (5)
dip
Assuming the rotational energy loss of a pulsar comes froin fmagnetodipole radiation and QVF, i6.= Edip +
EQVF, the total energy loss of a pulsar is given by
211204 37 sin? 0 BﬁipR“
3¢ Y16 ¢B2 P2

B~ ¢ (6)

From the pulsar's rotational energy logs = 10, where[ is the moment of inertia with typical valug =
10%° g cn®?, we can obtain a relationship between a pulsar’s periodtaritié period derivative with respect to time

P 272 R0 sin? 0 Bﬁip 3aR*sin 6
a 3c31 P 64w B.21c

B, P€". ()
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Using the relation between and P, the braking index can be obtained

1 (272RSsin?0 B}, = 3a Risin’f

== - B} P& . 8
"TP < & P oan Brlc DTt ®
Numerically, the braking index can be written as

n— 7.31 + f(BdipaPa 5)
2.44 + f(Baip, P,€)’

9
where
f(Baip, P,§) = 18.75B%;, 1, P*¢* (10)

with Baip,12 = 10*12Bdip. We can also express the ratio of the energy loss due to QViRtloeedue to magnetodipole
radiation in terms of a pulsar’s perio#) and period derivativelf) from Equations (5) and (7)

8768 8768 2 8768 .
WE _ 769 x 102 (——w?’RQBf + \/(9—27r3RQB§) + —7rIcB§§4P3P> : (11)
C

din 9¢ 3R1

Numerically, the above equation can be written as

E 1 1 -
SVE 4 \/— +3.16 x 1016¢4P3P (12)
FEaip 2 4

3 THE NUMERICAL RESULTS the surface magnetic field over the dipole magnetic field.
According to the above relationship and current observed
The periods of observed pulsars are mainly distributed iata for confirmed magnetars (see Table 1), QVF will dom-
the range fron0.1 s to5 s (The ATNF Pulsar Catalogue: inate the rotational energy loss in the spindown of all mag-
http://mww.atnf.csiro.au/research/pulsar/psrcat/).  Using  netars.
Equation (5), we plot the ratio diqvr/ Eaip as a function Substituting the observed value @ and P into
of the periodP in Figure 1 for{ = 10 and in Figure 2 for  Equation (7), the magnetic field of pulsars can be calcu-
& = 100. From Figure 1 we can see that the QVF may playlated. We compute the currently confirmed magnetic field
an important role when the dipole magnetic field is highefof magnetars and list the results in the last coluBjf
than ~ 10'° G for pulsars whose periods are betweenof Table 1. The fourth columiBg;, is derived from pure
0.1 sand 1 s. The magnetic field of most observed pulsarsnagnetodipole radiation. The calculated results demon-
derived from pure magnetodipole radiation, is in thestrate that the derived dipole magnetic figld;, from
rangel0'! — 10'3 G, however, if QVF is included in the pure magnetodipole radiation is abali*(¢ = 10) and
associated energy loss, the derived magnetic field coulth*(¢ = 100) times larger tharB'2! obtained by combin-
be lower. Thus it is necessary to independently measurigg QVF and magnetodipole racfiation. Also, the derived
the magnetic field of pulsars so that we can judge whethegurface magnetic field,,.; from pure magnetodipole ra-
QVF has an important contribution to the rotational energydiation is about 100 times larger tha®:! inferred by

loss of pulsars. combining QVF and magnetodipole radiation for bota
From Figure 2 we can see that QVF may play an im-10 and¢ = 100. _ _
portant role in pulsar braking when its dipole magnetic If £ = Eqvr, from Equation (4) we can obtain

field Baip > 10'° G. For millisecond pulsars, the derived Q « Q! and therefore the braking index = 1 for a
magnetic field from magnetodipole radiation is already sqgulsar’s spindown by pure QVF. Equation (9) shows that a
low (Bai, < 10'°G) that we can ignore the QVF's contri- pulsar’s braking index is betwedn~ 3 in the “QVF +
bution to its rotational kinetic energy loss, but for magne-magnetodipole” joint braking scenario. Magnetars have a
tars the derived magnetic field from QVF is already so highstrong surface magnetic field, longer rotation period and
(Baip > 10'2G) that we have to consider the QVF’s con- bigger £, so magnetars have a larger value of the func-
tribution. We can also express the ratio of the energy loson f(Baip, P, ) (see Eq. (10)), which results in QVF
due to QVF over that due to magnetodipole radiation bydominating magnetar braking and its braking indices be-
a pulsar’s period ) and period derivative®) as shown ing about3. However, for some low magnetic field mil-
in Equation (12). From this equation we can obtain thatisecond pulsars, a small value ¢fByg;p, P, ) leads to
QVF dominates the energy loss of a pulsar when a pulsariagnetodipole radiation becoming the main means of en-
rotation period and its first derivative satisfy the relatio ergy loss in its spindown and its braking index is abéut
ship P2P > 0.63 x 10716¢=* &2, where¢ is the ratio of ~ Considering a pulsar’s spindown by both QVF and mag-
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Fig.1 The ratio of a pulsar’s energy loss rate from QVF over thatfroagnetodipole radiation, as a function of period, wigere 10.
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Fig.2 Theratio of a pulsar’s energy loss rate from QVF over thatifroagnetodipole radiation, as a function of period, wigere 100.

netodipole radiation, we use Equation (9) to calculate thaetic field and long periodH,.;P > 10'? G s) if the
braking indices of magnetars. The results show that alNalue of magnetic field is inferred by pure classical mag-
the braking indices of all magnetars are around 1 for botmetodipole radiation. Therefore, it is necessary to carsid

& = 10 and¢ = 100. In the future, the model could rotational energy loss of magnetars by both magnetodipole
be tested by comparing the calculated results to observeddiation and QVF.

braking indices. This comparison can also provide further

information to understand QVF. We consider the difference between the surface mag-
netic field and dipole magnetic field of pulsars and com-
4 CONCL USIONSAND DISCUSSIONS pare the energy loss rate of pulsars due to magnetodipole

radiation to that due to QVF. The results show that when
We investigate the rotational energy loss of a pulsar frona pulsar has a strong magnetic field or a long period
QVF and compare it with that from magnetodipole radi-(Bg,tP > 10'! G s foré = 10, BoutP > 10'° G s
ation in different ranges of magnetic field and periodsfor ¢ = 100), compared to QVF, the energy loss by mag-
We find that if the ratio of the surface magnetic field netodipole radiation can be ignored, but when pulsars have
over dipole magnetic field is fixed t)(100), QVF could  a weak magnetic field or short perioBy,.+P < 10'° G s
play a critical role in braking for pulsars wheBy,,; P > for & = 10, Beut P < 10° G s foré = 10) the QVF can
10*1(10%%) G s, but it can be ignored wheB,,, P <  be negligible. We consider that rotational energy loss of
10'°(10%) G s. Magnetars may have a high surface magmagnetars is the sum of the energy loss due to QVF and
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Table 1 The parameters and the inferred magnetic field of magnetdms.data on the period of a magnetd?)( the period
derivative (°) and dipole magnetic fieldRqip) are from the McGill SGR/AXP Online Catalolgftp://mwww.physics.mcgill.ca/ pul-

sar/magnetar/main.html. The last column of the tableBid‘;f), is the inferred magnetic field from our model based on botgmasodipole
radiation and QVF.

Name P p Baip Bint Bint

(s) @1o—1ss) (10 G) (10" G, ¢ =10) (1010 G, ¢ = 100)
CXOU J010043.1-721134 8.020392(9) 1.88(8) 3.9 5.946 5.946
4U 0142+61 8.68832877(2) 0.20332(7) 1.3 3.342 3.342
SGR 0418+5729 9.07838827 < 0.0006 < 0.075 < 0.770 < 0.770
SGR 0501+4516 5.76209653 0.582(3) 1.9 4.817 4.817
SGR 0526-66 8.0544(2) 3.8(1) 5.6 7.082 7.082
1E 1048.1-5937 6.4578754(25) 2.25 3.9 6.565 6.565
1E 1547.0-5408 2.06983302(4) 2.318(5) 2.2 8.791 8.791
PSR J1622—4950 4.3261(1) 1.7(1) 2.7 6.766 6.766
SGR 1627-41 2.594578(6) 1.9(4) 2.2 7.905 7.905
CXO J164710.2-455216 10.6106563(1) 0.083(2) 0.95 2.541 5412,
1RXS J170849.0-400910 11.003027(1) 1.91(4) 4.6 5.516 65.51
CXOU J171405.7-381031 3.825352(4) 6.40(5) 5.0 9.718 9.718
SGR J1745-2900 3.76363824(13) 1.385(15) 2.3 6.655 6.655
SGR 1806-20 7.6022(7) 75(4) 24 15.145 15.145
XTE J1810-197 5.5403537(2) 0.777(3) 2.1 5.229 5.229
Swift J1822.3-1606 8.43772106(6) 0.00214(21) 0.14 1.078 .078L
SGR 1833-0832 7.5654091(8) 0.439(43) 1.8 4.194 4.194
Swift J1834.9-0846 2.4823018(1) 0.796(12) 1.4 6.430 6.430
1E 1841-045 11.7828977(10) 3.93(1) 6.9 6.494 6.494
3XMM J185246.6+003317 11.55871346(6) < 0.014 < 0.41 < 1.594 < 1.594
SGR 1900+14 5.19987(7) 9.2(4) 7.0 9.856 9.856
1E 2259+586 6.9789484460(39) 0.048430(8) 0.59 2.466 2.466
PSR J1846-0258 0.32657128834(4) 0.7107450(2) 0.49 10.379 10.379

that due to magnetodipole radiation. Based on this joinbraking model as well as help us understand the effects of
mechanism of energy loss, the surface magnetic field o0®VF in more detalil.
magnetars and braking indices are calculated. Our work
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