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ABSTRACT

If a magnetar interioB-field exceeds 18 G it will unpair the proton superconductor in the star’s cbyeinducing diamagnetic
currents which destroy the Cooper pair coherence. TherR4lwave neutron superfluid in these non-superconductingonsgivill
couple to the stellar plasma by scattering of protofigtee quasiparticles confined in the cores of neutron vortéaghe strong
(nuclear) force. The dynamical time-scales associatel this interaction span from several minutes at the crust-oderface to a
few seconds in the deep core. We show that (a) the rapid cansteoupling is incompatible with oscillation models ofgnatars
which decouple completely the core superfluid from the canst(b) magnetar precession is damped by the coupling ofaidiuids
to the superfluid core and, if observed, needs to be forcedrdimuously excited by seismic activity.
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1. Introduction fields are large enough to unpair proton condensate. We show
) . that unpairing opens a new channel of coupling of electron-
Magnetars are a class of compact stars which exhibit poproton plasma to the neutron vorticity in the core. This new
erful X-ray and softy-ray outburst activity which is at- channel (which is suppressed if protons are supercond)dsin
tributed to the energy release stored in their internal reign the scattering of protonsfioneutron quasiparticles confined in
fields (Thompson & Duncan 1995Their surfaceB-fields are the vortex cores by nuclear force. This process should be con
measured to be a factor of thousand larger than the fieldséufe rasted with the scattering of electron§ magnetized neutron
for rotationally powered pulsars. The interior fields of magyortices by purely electromagnetic forces which provideemp
netars are unknown, but could be several orders of magnityslfind on the electron mean-free-path in a type-I superazindu
larger than the surface field [for recent reviews $eslla et al. ing casej.e., in the absence of proton vorticith(par & Sauls
(2019; Mereghetti et al(2019]. For interior fieldsBig ~ 1, 1988.
whereBys is the field value in units of 10 G, the electromag-  The strength of the coupling of the superfiuid to the unpaired
netic interactions become of the order of characteristear plasma have important implications for the macroscopienbs
scales ¢ MeV). As a consequence, tf&wave condensate of gpje manifestations of magnetars. We give two specific el@snp
protons in the star’s core, which contains charged Coopies pgye|ow, Gabler et al (20139 conducted numerical simulations of
with opposite spins, becomegiected by theB-field. Itis even-  5yisymmetric, torsional, magneto-elastic oscillatiohsiagne-
tually destroyed at the second critical figtd, known from the  5r5'\yith a superfluid core to explain the observed quasigiri
theory of ordinary superconductivity {ikham 1999. Thisun-  ,gijlations of these objects. In doing so, it was assumattite
pairing gffectarises because of coupling of the charge of Coopgfperfluid is decoupled in the core of the star completiedy, (
pairs to the electromagnetic field which winds-up the ti@ec (e neutron and proton fluids are coupled only by gravitye Th
ries of protons in strong magnetic field over distances ma”assumptions above requires a computation of the coupling ti
than the coherence length of a Cooper pair. between the neutron superfluid and rest of the plasma in mag-
In the context of magnetars it was shown previously that bgetars, in particular, in a situation where protons form amad
cause of strong density dependence of the proton pairing g#lpids, as assumed byabler et al(2013. A second example is
the quenching of superconductivity is non-uniform: intedin  the precessional motions of magnetars, more specificalynth
ate field magnetars with.D < Byg < 5 are partially super- fluence of interior fluid on such motionisink (2007 discussed
conducting, whereas high-field magnetarsByg> 5 are fully the implications of the observation of precession in ordimau-
non-superconductingS(nha & Sedrakian 20153). If the fields  tron stars on the state of proton superconductivity in tbeies
are by an order of magnitude larg&s > 10, the neutror$-  focusing on the incompatibility of the type-Il supercontivity
wave condensate is unpaired by the magnetic field becausewvith free precession. An alternative is the type-I supedcmtiv-
the paramagnetic interaction of spins of neutrons with BAe ity in the cores of low-magnetic-field neutron starsni 2003
field (Stein et al. 201} On the other hand the neutréhwave Sedrakian 20Q3Charbonneau & Zhitnitsky 200.7A natural ex-
superfluid, which features spin-1 Cooper pairs, isfiewed by tension of this discussion to magnetars requires the kriyele
the magnetic fields at the fundamental level. Being unctebitge of dynamical coupling of the neutrd-wave superfluid, when
cannot show Landau diamagnetism; its paramagnetic respoftg proton superfluidity is quenched by magnetic fields aod pr
to a B-field is non-destructive because the pairing involves netons form a normal fluid.
trons with parallel spins. This paper is structured as follows. In S@ave review the
The purpose of this work is to discuss the rotational cogplirunpairing é€fect in the cores of magnetars and the implied struc-
of neutron superfluid in magnetar cores in the case where thee of superfluid and superconducting shells. The relaxati
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times-scales for the coupling of the magnetar core to thstcru
are computed in Se@. We discuss the implications of our find-
ings in Sec4 and provide a summary in Seg.

2. Unpairing effect

As well known [see, for exampl&,inkham (1999] in type-I|
superconductors the Ginzburg-Landau (GL) parameter, eféfin O
ask = A/&p, whered is the London penetration depth Bffield s
in a superconductog, is the coherence length, is in the range =
T

1/ V2 < k < o0. The magnetic field is carried by electromagnetic
vortices with quantum flu®, = /e (here and belovi = ¢ = 1)
if the B-field is in the range between the lower and upper critical
fields,i.e, Hgg < B < He. If the B-field is larger tharH, it
unpairs the Cooper pairs and destroys the supercondyctivit
The unpairing &ect in a superfluid neutron and supercon-
ducting protommixturewas explored within the GL theory on the
basis of the following functional §inha & Sedrakian 201%a

1 , B? 0,5 15 2
F100] = Flo ]+ Tl ]+ DU + (1) nin,
wherey and ¢ are the proton and neutron condensate wavEig. 1. Dependence of the critical unpairing fiettl, on bary-
functions,my is the proton mass) = —iV — 2eA is the gauge onic density (solid line). The density is normalized to the n
invariant derivative,#,[¢,y] and Zp[¢,y] are the energy- clear saturation density) = 0.16 fm 3 and the equation of state
density functionals of neutron and proton condensates. Taed composition of matter is the same assinha & Se_draklan
proximity to He, guarantees that the proton condensate wave:0159. This arrangment of flux-free and flux-featuring phases
function is small and its functional can be written as poweer sarises in the case of intermediate field magnetars with geera
ries constant fieldB < Hcp, which is indicated by the dashed line.

b
Zolg. ] = atlyl® + Slul + lylIgl’, @)

wherer = (T — Tcp)/Tep With T being the temperature afidp 3. Rotational crust-core coupling time-scales
the critical temperature of superconducting phase tiansaf

protons,a andb are the familiar coicients of GL expansion, Neutron superfluid rotates by forming an array of quantizee v
wheready describes the coupling between the neutron and piéees. The areal number density of neutron vortices is gbyen
ton condensates. The equations of motions of the proton con- 20 x

densate associated with the GL functioriBl gre given by the N, = =, g= —, (4)
variationss.#[¢, y] /6y = 0 ands.Z ¢, ¥]/5A = 0. Close to the wo Mh

critical field the GL equations can be linearized assumintpér
that A is locally linear in coordinates, so thBtfield is locally
constant. The solution of the pair of linearized GL equatitirat
correspond to non-vanishirggprovide the maximal value of the
field compatible with superconductivity, which is then itiéed
with the upper critical field$inha & Sedrakian 201%a

ety (170 @)

Unpaired

wherem, is the bare neutron masg,is the rotation frequency
of the starwy is the quantum of neutron circulation.

Any variation in the angular velocity of the magnetar causes
the free vortices to move and leads to their new quasieqiuifib
distribution. Hence the vortex distribution depends orirtiie-
locity field v,_. This velocity field is determined by the equation
of motion of a vortex, which because of the negligible vortex
mass reduces to the requirement that the sum of forces axting
its unit segment vanishes

Hc2 =

wheremglat| = (2£,)72. The critical value of the field is en-
hanced by3 ~ 0.2 due to the density-density coupling between prwol(vs —vL) x V] — vy —vy) = 0. (5)
neutron and proton condensates. The dependertdg dield on

density is illustrated in Figl, where we adopted the same inpuHere the first term is the Magnus force and the second term
physics as described #inha & Sedrakia0159. Itwas found is the friction force between the vortices and the normal liq
that independent of the details of microphysical input trexm uid, p, is the mass density of the superfluid component,s
imum of He, is attained close to the crust-core interface (cothe velocity of the normal component, ands the coordinate-
responding ton, = 0.5ng, whereng is the nuclear saturation dependent longitudinal (with respect 1@ — wvy) friction co-
density). As a consequence, magnetars with approximately cefficient. We first consider the flux-tube free (unpaired region)
stant interior fields below, will contain two physically dis- and demonstrate that it is coupled to the plasma of the star on
tinct regions: (a) the inner core which is void of supercasitd  short dynamical coupling time-scales. First note that tbe-n

ity; (b) outer core where protons are superconducting amah, ¢ superconducting proton fluid will couple to the electrondlan
sequently, proton flux-tubes (vortices) are present aloittgtive  plasma timescales, which are much shorter than the hydrody-
neutron vortex lattice induced by the rotation. The magrgti namical timescales. Therefore, the unpaired core of a ntagne
field in type-1l superconductor forms quantized electromedi can be considered as a two-fluid system with neutron contensa
vortices with densityN, = B/®o. These phases are envelopetbrming the superfluid component and the proton plus electro
by the crust which is threaded by non-quantized magnetit. fielfluids forming the normal component. Neutron vortices (drel t
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of superfluid is the ratio of the strengths of viscous frintforce

6
- and the Magnus force or thizag-to-lift ratio
4
I n 1 Mp
2 = =——. 9
L pnwo  2Q1 Ny ©)
0
0.4 _|  Finally, the macroscopic dynamical coupling time of theesup
fluid to the plasma is given by
0.2+ |

p = % (¢+¢h). (10)

We adopt the same equation of state and nucleonic compositio
as inSinha & Sedrakiaif20153 to compute the numerical val-
ues of the quantities of interest and we do not repeat the de-
tails of the input here. We do not consider hyperonic or decon
fined quark degrees of freedom. The hyperonic scattering con
tribution will be subdominant or of the same order of magni-
tude as the proton scattering because of comparable abteslan
of these species in hyperon-rich matter. The relevant agiax

quasiparticles confined in the neutron vortex core (uppeepa time-scales "? two-flavor quark matter have been computed fo
the drag-to-lift ratio (middle panel) and dynamical refem COlOr-magnetic flux tubes interacting via Aharonov-Bofffeet
time (lower panel) foff = 0.01 MeV (solid line) andr = 0.05 with leptons and unpaired quarks, in which case again tbegtr

MeV (dashed line) and rotation frequer@y= 1 Hz. The shown force_ Is involved {lford & Sedrakian 201}0 ) :
results are valid in the entire density domain if the corfiaid _ Figure2 shows the key results of this study: the relaxation
in the core satisfieB > maxHc; for fields belowHc, the results ime (), the drag-to-lift ratio §), and the dynamical coupling
are valid to the right of the superconducting-normal bowdatlmescale 10) as a function of baryon density in the star’s core

assuming the arranament of phases as inlki for T = 0.01 and 005 MeV, or equivalently folf = 1.2 x 109
( g g P iFig KandT = 58 x 10° K. An average energy and angle inde-

pendent neutron-proton cross-section~ 60 fn? and rotation

) ) frequencyQ = 1 Hz have been assumed. The relaxation time
neutron superfluid) couples to this normal component &ectincreases with decreasing temperature mainly due to the-exp
magnetically Gauls et al. 1992 However, because protons are,entia| Boltzmann-factor ing). The results shown in Fi@ are
unpaired {e., excitations out of Fermi surface can be createg|eyant in the entire density range if the field in the stdissa
without the energy cost of breaking a Cooper pair) they Walts  fies the conditiorB > max He, i.€., the unpairing fect acts in
ter dficiently of neutron vortex core quasiparticle by the nucleghe entire core. IB < maxHe, then the results are valid above
force. The solution of the Boltzmann equation for protonti® - certain density threshold (see Fig.Below this threshold den-
relaxation time approximation leads to the microscopiexel sity the dynamics of the core is determined by the vortex-flux

log T, [min]

Fig.2. Relaxation time-scales for protons scattering the

ation timescalegedrakian 1998 interactions and the coupling of the electron liquid to tis-
N, T een\2 9 dor glomerate, which is not well understood. For typical magnet
1= 13815—— (—) T — (6) periods of order of 10 secge., the spin rotations are of order of
1/2Mpén \ €Fp do 1 Hz, Fig.2 implies that the unpaired core couples to the plasma

where e, and e, are the Fermi energies of neutrons anfn short dynamical timescales, which lie in the range from se
protons,s(l)/z = 7A2/(4ery) is the lowest energy state of g€ral minutes at the crust-core boundary to a few secondsideep

neutron quasiparticle confined in the vortey, is the pairing 1€ magnetar core.

gap,do/dQ is the diferential neutron-proton scattering cross-

section&, is the neutron condensate coherence length. Here

below, for simplicity, we do not distinguish between the tneo )

and proton fective masses.e., we setmj, = ny,. precession
The force exerted by proton quasiparticfes single vortex

is given by Bildsten & Epstein 198p

aA{Tqmplications for superfluid oscillations and

We now briefly comment on some applications of the results
above. Superfluid oscillations where studied Gybler et al.
2 d3p (2013 under assumption that protons form a normal fluid (in
F=_ / f(p, UL)pW = -nu, (7) " line with unpairing &ect, which is alluded by these authors),
" but assuming that the superfluid core is completely decaduple
where f(p,v.) is the non-equilibrium distribution function, from the crust. This leads to higher Alfven speed in the cere b
which we expand assuming small perturbation about theibguilcause only protons take part in magneto-elastic oscitiatand
rium distribution functionfo, i.e., f(p, v.) = fo(p) +(9fo/d€)(p-  stronger penetration of these modes into the crust. In iaddit
v ). In the low-temperature limitfo/de ~ —o(e — €rp). The fric-  |ess massive core takes part in the magneto-elastic dimila
tion cosficient, after phase space integrationsi)) {s given by  which means that the coupling to the crust is stronger. Thielra
mn relaxation times obtained in Se®.imply that the two assump-
= PP (8) tions above are incompatible, because once protons areahorm
™Nn they will couple the proton-electron normal fluid to the rreat
wheren, is the proton number density arid, is defined in superfluid by scatteringfbthe neutron vortex core quasiparti-
Eq. @). The quantity characterizing the macroscopic relaxatiaes; note that for rotation periods characteristic for metgrs
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‘ ] free precession in magnetars. Note that our arguments &pply

0.8+ Slow mode free precession; it can still be observed if there is a coiotis
c0.6- ] source of excitation, such as magnetic energy which carcedu
oo 1 seismic activity (ander et al. 2015
30.4f N
O'Zf ] 5. Summary
0, P ) The key result of this work is the demonstration tifahe B-
0.008- Fastmode - field in the interior of a magnetar is large enough to unpaie th
0,006 ] proton condensate (unpiaringfect) th_e magnetar's core will
Chaeal ] couple to the crust on short dynamical time-sca%& have
30.004- . also computed the relevant values of the drag-to-lift ratich
0.002- ] measure the influence_ of superfluid on the dynami(_:s o_f normal
! - ] fluid plasma. The obtained range of this parameter lies imghe
03— _;—"’ ‘ ‘*-—15 -, gion of the crossover from undamped precession to its cample

damping, therefore an observation of precession in magneta
can shed light on the dynamical coupling mechanism of their
Fig. 3. Eigenfrequencies of precessional modes (solid lines) aodre to the crust. Our results indicate that long-term B&ioa
their damping (dashed lines) of a compact star with supés-unlikely in magnetars and, if observed, needs to be indlbge
fluid component$edrakian et al. 1999The slow mode (upper seismic activity. We anticipate that the results above khba
panel) is normalized to classical precession frequeficyhere useful in other contexts, such as the quasiradial osditiatiof

€ is the eccentricity. The fast mode (lower panel) is a fractd magnetars, their glitch and anti-glitch relaxations, errshear
rotational frequency. modes, etc.

log ¢
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