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Monopolar pulsar spin-down
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Abstract. A multipole spin-down equation based on a monopolar term is derived from the general expressiofi(v,t)

and used to study pulsar evolution. We show that the time-independent version of such equation cannot reproduce the observed
properties of pulsars and conclude that there is no equation of the/fermf (v) consistent with thé® — P diagram and braking

index measurements. We explore the time-dependent model under the hypothesis of decaying magnetic fields, showing that an
inverse linear decay gives reasonable evolutionary trajectories. This model distinguishes the evolution of Vela from that of the
other three young pulsars considered. We discuss the origin of the monopolar term, which cannot be attributed to radiative
processes, pointing to the importance of particle acceleratioforamdiss loss processes in the dynamical evolution of pulsars.
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1. Introduction very fast pulsars, with period8 < 1.5 ms. For pulsars with

eriodsP 2 3 ms, these changes in the moment of inertia can

Pulsars are accepted to be rapidly rotating and highly mag'E%'neglected. But while physical mechanisms to produee3

tized neutron stars powered by the loss of rotational kinetic en- _— : .
. . ~ have been proposed, the reconciliation of pulsar evolution with
ergy. Yet, the mechanisms through which pulsars lose their ro-

tational enerav are not verv well understood. The discover n.< 3 remains to be studied. This question, addressed to the
gy y . Lo y(?%se of young classical pulsars, is one of the main objectives of
pulsars was preluded by the rotating magnetic dipole mOdeltﬂs work

Pacini (1967), which predicted a spin-down refationc v*, The braking indexn is frequently defined in terms of ob-

whereyv is the rotational frequency. Pulsar spin-down has then . L . o .
. o . Servational quantities, with a definition generalized to a second
been studied through the power-lavifdrential equation,

braking indexm:
v =-k/", (1) ) L

vV L%
wherek is a constant andis called the “braking index”, deter- n= 32’ m= B (2)
;n;)njg bmyatgneert)i?:jsig:;:geecth;|tsom35(sép(|)rl1(;1 |1né;6g;o ;vgct;?fégg;?&)écurate measurement of both braking indices requires long-
while a pure gravitational or electromagnetic quadrupole oﬁe%r . S T :
hasn = 5 (Ostriker & Gunn 1969; Ferrari & Riini 1969). The O dlitches and timing noise in young pulsarsfeating the

expansion of the Larmor equation into electromagnetic mgleasurement of andy. Out Qf maore thf”m %300 detected pul-
ments higher than dipolar gives> 3. Departures from theseSa'S: only a handfull have reliable braking index measurements
. %ble 1). Still, measurements continue to be made and objects

basic models have been studied. For example, the deformafi-é :
o : ; . e PSR J1119-6127 and PSR J1846-0258 might probably
of magnetic field lines by corotation with the magnetosphe e recent additions to the list (Camilo et al. 2000; Mereghetti

might produce 1< n < 3 (Manchester & Taylor 1977), pul- N .
. . . tal. 2002). The second braking indmis even more dficult
Blandf R 1988; Manch 1° .
sar windsn < 3 (Blandford & Romani 1988; Manchester et a measure and has only been estimated for PSR B1589

1985), while magnetic field decay (Chanmugam & Sang 198 spi et al. 1994) and the Crab pulsar (Lyne et al. 1988)

and the alignment between rotation and magnetic axis ten .
given > 3 (Goldreich 1970). Physical processes such as phé gble 1). Itis well-known that measured _valgesma‘_md m
e below, but close, to those of a magnetic dipole in vacuum

transitions in the interior of the fast rotating neutron stars can™ 3 andm = 15

produce changes in the moment of inettiand led also to de- n_P lan m_l _)' _ | died th h e P di
viations fromn = 3 even if the pulsar is spinning-down by pure uisar evo ution Is mostly st_u e t rougn fRe- 'a-
dipolar radiation (Chubarian et al. 2000; Glendenning et gram which shows a sparse distribution of pulsars clustered

1997). However, these phase transitions are significant only 8pghly "?‘t logP N ~03andlogP ~ ~15. In principle it.ShO.UId
e possible to link the bulk of the pulsar population in the

Send gprint requests toC. Alvarez, e-mailcalvarez@inacep.mx P — P diagram with the younger pulsars through evolutionary
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Table 1. Timing parameters and stationary multipole model fitting paA/e then assume the following properties:

rameters for the four young pulsars selected. i
1. f > O forall (vt), asf describes energy and angular mo-

Pulsar Cra? 1509-582 0540-699  Vela® mentum losses, . . . .
2. f is a continuous function of time. This requires that the
P(ms) 335 1509 503 893 cumulative &ect of glitches on evolutionary paths in the
tan(yr) 1258 1553 1664 11300 P — P diagram can be neglected.
n 2.509 2837 201 14 3. f is an antisymmetric functionf(-v,t) = —f(v,t). This
+0.005 +0.001 +0.02 +0.2 is equivalent to ascribe a sign to the frequemcsnd its
m 1023 145 derivativev: v andv have the same signs when the pulsar
+0.03 +3.6 is spinning-up and opposite signs when the pulsar spins-
g(Hz %) 35x 101 62x 1076 66x 1018 38x 1018 down. This condition will be further discussed below.
r(Hz') 10x10** 16x10*° 7.1x10%° 1.3x 107 The model consists then of a simple Taylor expansiorf ,of
sHz) 34x10% 20x10"? 57x107%? 12x 10" restricted to the three lowest order terms:
Phirtn 9.9 142° 176 50 b = sty — 1O — g(O). @

(msy

2 Ppirh defined as the period one dynamical time ago.

Higher order terms can be neglected for the frequencies mea-
b I sured in known isolated pulsar#\ variable moment of inertia,
Integration is stopped &, = 1 year. | # 0, would introduce an extra positive monopole terl
(1) Lyne et al. (1988), (2) Kaspi et al. (1994), (3) Manchester ! . . .

Peterson (1989), (4) Lyne et al. (1996). that can be mcorp(_)rated q@t). This Woult_i dfect only very fast
pulsars and we will considdrconstant in here. Equation (4)
represents a very general spin-down model for isolated pulsars.

_ ) ) ) Beyond its simple empirical derivation, it can represent the loss
tracks consistent with a general spin-down equation. Howevgf.rotational energy through physical processes described by
neither the magnetic dipole model or a constant braking indgindard electromagnetic and gravitational radiation multipo-
equation can link these groups and it has been argued that piflterms, together with the ad hoc “monopolar” term. We will
sars might be born with small period derivatives, in a region gigue later that this term has to be associated with other type of
theP — P diagram where no pulsar detection has been rePOf&ﬁ‘gcesses, like particle acceleration or pulsar winds. We under-
(Camilo 1996). Alternatively, magnetic dipole moments mighe that if this model cannot be used to interpretfheP dia-
decay during the pulsar life (Camilo 1996; Tauris & Konagram, then there is no analytical equation of the form given by

2001). On these lines, Colpi et al. (2000) studied the distgty (3), consistent with the required conditions, able to recon-
bution and evolution in the — P diagram of anomalous X-ray jje praking indices with pulsar evolution.

pulsars (AXPs), considering dipolar spin-down of magnetars.
They conclude that magnetic field decay is required to account , , i
for the observed distribution and X-ray luminosities. 3. The stationary multipole spin-down model

We propose here a spin-down model derived from the vergaving momentarily aside the discussion of the origin of the
general spin-down law = —f(v,t). Although the derivation is different terms, we consider now the model given by Eq. (4)
empirical, the model accomodates the usual spin-down meglten the cofiicientsg, r andsare constant, following Alvarez
anisms, namely magnetic dipole radiation and gravitational I@-Carramiiana (1998). These cfieients can be calculated if
diation. In addition, a monopolar term is introduced, aiming e frequency and both braking indices are known. Taking the
reconcile braking indices with trajectories in the P diagram. first and second derivative of Eq. (4) and using Egs. (2), one
We calculate evolutionary trajectories for PSR B1588, arrives to a matrix equation which can be inverted to give:
PSR B054669, the Vela pulsar (PSR B08335) and the 5, .

Crab pulsar (PSR B05321). The model is presented in g"a/(_?’) 1 331 1

Sect. 2, while in Sect. 3 we apply the model to the folir"” /(=) | = 3 -10 10-2 n , | (®)
pulsars just mentioned, assuming time-independent spin-d /(=v) 15-7 1){m-n

mechanisms. _In Sect. 4 we stu_dy the model consid_ering t_im,qq-e factorsy//(~v), 3/(~v) andsv/(-7) represent the frac-
dependent spin-down mechanisms. In Sect. 5, a discussiof@fs of the total energy loss contained in the quadrupole,
possible physical mechanisms related to the spin-down tergisole and monopole terms respectively. Constraining each

is given, to lead to the concluding Sect. 6. term to be between 0 and 1 leads to the bounds on their val-
ues as function oh represented in Fig. 1. The value wofis
2 The model restricted to the range
2 ] 2
The basic assumption of this work is that the frequency deri\}}i'-ax(n +3n-3; n"+7n- 15) Sm<n°+5n-5, (6)
tive v can be described as a function of frequen@nd timet  \yhile 1 < n < 5. The minimum and maximum allowable val-
only: ues form are 1 and 45, which happen far= 1 andn = 5

v=-f(nt). 3) 1 Binary and millisecond pulsars are not considered here.
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Fig. 2. Allowed values of the braking indicasandm. According to

Fig. 1. L/E ratios for the quadrupoleupper panel, dipole (mid- the stationary version of the model, pulsars evolve from the upper-
dle pane) and monopolel¢wer pane) terms. Only values inside the right to the lower-left, increasing their braking indices, but keeping
shaded areas are allowed by the stationary version of the model. WHHN inside the triangle-like region. Both indices have been measured
n — 1 andn — 5 the rotational losses are due only to the monopole 8Pl for PSR B1509-58, which lies inside the allowed region, and the

quadrupole term respectively. The observed braking indices give §gab pulsar, located slightly outside the allowed region. For Vela and

per and lower limits for the dierentL /E, ratios, as indicated by the PSR B0540-69 the value af has not been measured and we have

dotted lines for Vela, PSR B0540-69, the Crab and PSR B1589 assumedn to be in the middle of the allowed range (open circles).
(from left to right in the horizontal axis). Vertical dot lines indicate the value afof these pulsars. Errors of

for the Crab and PSR B1509-58 are smaller than the dots.

respectively. Accordingly, pulsars must be in a restricted re= for PSR B1509-58he measured values wfandn are con-
gion of the 6, m) plane defined by Eq. (6), and shown in Fig. 2.  sistent with the model. However, the integration of Eq. (4)
Spin-down evolution is initially dominated by the quadrupole could not be carried out one entire dynamical time back-

term (0 — 5), afterwards by the dipole term & 3) and finally
by the monopole terrm(— 1). Under this model the braking
index itself would be a rough qualitative age indicator.

From the known timing parameters, v, n and m, one
determines{g,r, s} uniquely, from the matrix relation (5),

with no degree of freedom. This could only be done for
PSR B1509:58, while for the Crab, PSR B0540-69 and Vela

pulsars we assumemh within the constraints of the model.

Evolutionary tracks were calculated for these pulsars, integrat-

ing Eq. (4) backwards one dynamical time and forward to a
point where the monopole term dominates the spin-down eve-
lution (Fig. 3). The results for each of the four pulsars can be

summarized as follows:

— the second braking index of ti@rab pulsar, m= 10.23,
is below the minimum value allowed by the model

(m>10.82) and in order to compute evolutionary trajec-

tories we usedn = 11. This value o is consistent with

the initial period calculated in other models for this pul-
sar (Mereghetti et al. 2002; Glendenning 1996). The Crab
is the only pulsar studied here with the precise age known,
allowing some specific comparisons. Integrating back to
its actual birth (949 years ago) one finds an initial period
<18 ms (Fig. 4). If we integrate back one dynamical time
(1258 years) from now, we get an initial period of 10 ms,
lower but within a factor of two of the period at birth.

wards, asf dt converges at about 1350 years, i.e., before
the present dynamical time (1553 years). Integrating back
to a dynamical age of 1 year, we obtain a putative “initial
period” of about 14 ms and B two orders of magnitude
higher than for any of the other three pulsars. This pul-
sar seems to have been formed in a particular region of the
P — P diagram. Its quadrupolar parametgis at least two
orders of magnitude higher that for the other pulsars. An
initial phase of strong gravitational spin-down would natu-
rally lead to the high? andP observed in this pulsar.

PSR B0540-69its second braking index is still unknown
so we tookm = 8.0, in the middle of the range of allowed
values. As the known timing parameters of PSR B0540-69
are similar to those of the Crab, albeit a somewhat longer
period, their evolutionary paths are similar, with an initial
P — P position of PSR B0540-69 relatively close to that of
the Crab.

Vela pulsar: the frequent glitches of Vela prevent any esti-
mate of the second braking index, and rendéralilt mea-
suring its first braking index. We assummd= 3.5, consis-
tent with the low first braking indexy = 1.4 = 0.2 (Lyne
etal. 1996). As1 < 2, Vela has already passed its minimum
P value and its predicted evolution is close ta & 1 line.

We note that the track computed for the past evolution of
Vela is close of that of PSR B0540-69. However, its mo-
tion in theP — P diagram is very slow and when integrating
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Fig.3. Evolutionary trajectories computed for the CrabFig.4. Pulse period as function of time predicted for past and near-
PSR B150958, PSR B0540-69 and Vela. The small dots oftture evolution of the Crab pulsar. The evolutionary trajectories are
the tracks mark the present positions of these four pulsars, while #igen by the all allowed values of. The dashed, full and dot-dashed
big dots mark the positions integrated back one dynamical time. THes correspond ton = 1364, m = 110 andm = 10.82 respectively.
open circle marks the position of the Crab at the time of the SN103de vertical dotted lines mark the present tirhe=(0), the moment
explosion. For PSR B1509-58 the integration converges before @fiéhe SN1054 explosiort & —948 yrs) and one dynamical age back-
dynamical time, the large filled circle marking tRe- P position with wards.
tayn = 1 year. The stationary model takes these pulsars into a region

of theP — P diagram where pulsars have not been detected.

\
—
O

back one dynamical time Vela only reacties 50 ms with
a braking index almost equal to 2.

Although exact tracks cannot be computed for older pulsars,§ —12
their known timing parameters not constrainifggr, s} sufi-
ciently, we evolved backwards 17 pulsars Wity < 10° years,
assumingn = 1.5, in order to locate the region of their likely
initial conditions in theP — P diagram (Fig. 5). We stopped the
computation whergy, = 1 year. We note that most of these
pulsars arrive to highd? than all of the youngest pulsars, with
the exception of PSR B1509-58. In order to gelPte P posi-
tions more consistent with that of the Crab, these pulsars would
need to have a braking index closer to 1. A prediction of the ’
stationary multipole model is that> 1 for the majority of the _3 _5 _ 0 1
pulsar populatio_n. _ _ _ log,, [Period/s]

A more detailed discussion of the stationary model can be
found in Alvarez (1998). Here we want to point out several irig. 5. Evolutionary trajectories for 17 middle aged pulsars evolved
consistencies of the model, which lead us to reject its non-tifg@ckwards totyy, = 1 year. The four youngest pulsars (Crab,
dependent version. As it can be seen in Fig. 3, the evolutidiR B1509-58, PSR B0540-69 and Vela) are denoted by the large
ary tracks of the youngest pulsars take them to a region of I‘MS‘
P — P diagram where no pulsars have been found. Although a
large P might difficult the detection of pulsars located therefpr PSR B0540-69 and 2310° years for Vela. The dynamical
the region corresponds to pulsars slower but more energeties of the rest of the pulsars in tRe- P diagram are much
than some known radio-pulsars, specifically those with sSamdarger and cannot be reproduced by the model from the data
but lower P. Pulsars in that region should be detectable. \# these young pulsars, a clear inconsistency between the pre-
believe these tracks are indicative of the inconsistency heted evolution of the young pulsars and the timing parameters
tween the model and the observations. A second discrepanayfislder pulsars.
the eventual dominance of the monopole term, which implies Through the study of the stationary multipole model pro-
v/v — constant (Fig. 6). Ae — 1 the dynamical time tends toposed here we reach the general conclusion tiete is no
a constantigyn — 1/2s, which values between@x 10° years time-independent evolutionary equation= —f(v) able to

log,, [Period derivative/(sHz)]
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related objects to decay as a power law on timescales of the
order of 10 years.

We introduce time dependence in our model through the
codficients{r(t), s(t)} o« B(0)?(t/t.), wheret, is the charac-
teristic time-scale for field decay agda dimensionless func-
tion satisfyingy(0) = 1. Frequently used functional formsf
are exponential or inverse linear. For simplicity, we will only
consider future evolution for the youngest pulsars, so that the
quadrupolar cofficienty(t) can be neglected hereaftewe can
then study evolutionary tracks on tie— P diagram writing
Eq. (4) in terms of the period and its derivative as

taym (1000 years)

P= (12 + %P) uit/t) )

This equation describes the period evolution of pulsars for a
decaying magnetic field. It can be integrated analytically, lead-
ing to:

t (1000 years)

PA(t) = (ro/s0 + P§) exp [25ote ¥ (t/t0)] — ro/so. 8)

Fig. 6. Dynamical versus chronological time for the Crab pulsar. No
thattayn — 4.6 x 10° yrs for ages greater thar20x 10° years. As the X
model forces’ « v, asn — 1, dynamical ages tend to constant value‘é’here Po = P(0) and¥(x) = fo y(udu. If ¢ — 0 fpr
which, for the four pulsars studied, are below the values observed fo> te, ¥ will generally converge to a valug., and the period
other pulsars. The dotted lines mark the date of birth of the pulsar aifill tend to a constan®..,. This occurs because the spin-down
today. mechanisms disappear gs@pproaches zero. If one knows the

present values af andy, the initial parametergy andsy can

] be derived from Eq. (7) and its time derivative:

reconcile braking indices with the PP diagram Note that in- . )
cluding av « v tern? cannot prevent the eventual dominanc%r _ 1 (E) (3 Cns (—l!/)/l//)
of the monopolar term, needed to explain the braking index o 2y P/P )

P
Vela (and probably also of PSR B0540—69). The impossibility PP () /v
to have a time-independent expression means that the physieaf g( -4 P/P )
properties involved in the dynamics of pulsars must vary on
timescales comparable to their life as active radio-pulsars. Tlieren is the present braking index and a decay-law means
most obvious form of time dependence is through the magnetic 0. The decay timescateis taken here as a free parameter
moment of the star, namely magnetic field decay or alignmenitfit the data, to be determined by selecting physically mean-
betweenthe magnetic and rotational axes. We consider in thgfull trajectories in thé® — P diagram and, > 0 ands, > O.
next section the time-dependent multipole model using phyblete thatrg ands, are both positive if
cally expected time-dependences. :

i)y (10)

. >n-3,
P/P

9)

n-1>

4. The time-dependent multipole model ) ) ) ) )
which relatest; with the dynamical time and requires> 1

Modelling the distribution observed in tife— P diagram re- always On the other hand, old pulsars can now have arbitrarily
quires considering plausible time dependences in physical pgrge braking indices, as can go toco wheny /¥ — const,
rameters involved like the magnetic dipole moment of the — P_ andP — 0. The largest loss of rotational energy
neutron star. Observational evidence in favor of magnetic fieddcurs whemy — 0,y — constanti.e. whenis close to one.
decay is discussed by Tauris & Konar (2001), who analyzed the |n the next sections we present evolutionary tracks for the
relation between characteristic time against rotational eneigises of exponential and linear magnetic field decay.

of the pulsars in the Princeton Catalog (Taylor et al. 1993).

Additional evidence comes from the measurements of their )

proper motions and from the study of ultramagnetized neutrfnl- Exponential decay

stars or magnetars. Sang & Chanmugam (1990) argued thatglyseq on the observed deficit of pulsars with periods larger
namical and kinetic ages of pulsars can only be reconciliatgghn 1 s, Ostriker & Gunn (1969) proposed a rapid decrease
with decaying magnetic fields of the for{t) = B(0)/(1+t/t).  of pulsar radio luminosity as result of exponentially decaying
Further evidence of magnetic field decay is provided by anomgagnetic fields,

lous X-ray pulsars (AXPs) interpreted as magnetars. Colpi

et al. (2000) required the magnetic field in these neutron s&(t) = By exp(-t/t.), (11)

2 Inconsistent with the antisymmetric condition. 3 Neglectingg also means that we do not require knowing
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Table 2. Time-dependent model parameters and exponential magndible 3. Time-dependent model parameters and inverse linear mag-

field decay timescales consistent with> 0 ands, > O. netic field decay timescales consistent wigh> 0 ands, > 0.
Pulsar ro S te(yrs) Pulsar ro S te(yrs)
(HzY) (Hz) min best max (HzY) (Hz) min best max

Crab  10x10%4 40x102 3300 45x10* 8.0x 10¢ Crab  94x107% 75x 102 2090 10x10* 3.0x 10*
1509-58 21x101® 18x1012 3390 37x10° 1.5x1CP 1509-58 12x 10 48x10% 1830 10x10* 4.0x 10*
0540-69 10x 104 68x 102 6600 25x 10* 50x 10¢ 0540-69 73x10*° 1.0x10* 4980 10x10' 20x 10*

18 12
Vela  23x10%7 17x10%2 11x10° ... 20x10F  Vela  21x107° 17x107* 10x10°
[Mosmmmass ] Trmeismese | ] . .
PSR B1509-58
T i — -1 - PSR B0540-69 ]
H ) L 4
Z
Q -+ = —
'g (U
5 2z L
S o
H S 14 —
e - 7]
o
2 | i
)
&t ; 1
- @ 16 - ,, 7 f
2 Q
= - .
£ i ! . L 7
5}5 -18 | | | | | | | |
ey -2 -1 0 1
| B ] Log,,[Period]
I B W N S
45 -1 05 0 05 115 -1 05 0 05 ! Fig.8. Evolutionary trajectories for the Crab, PSR B1509-58,
Log,,[Period] Log o[ Period] PSR B0540-69 and Vela, using an inverse linear decay-law for the

. . . . . . . magnetic field. The decay timescale usetkis 10* except for Vela
Fig. 7. Evolutionary trajectories using exponentially decaying ma uheret, = 1.04x 1P years. The trajectories were run for1Q except
netic fields for the Crab, PSR B1509-58, PSR B0540-69 and Vet Lt of C\/ela.which was rur.l for 10

The three curves correspond to the lowest, best and latgesn-

sistent with observations. For Vela the best trajectory is that of min-

imum t., as shown in Table 2. Trajectories were followed fot.10 4.2. Inverse linear decay

6t. and 5. for the PSR B053421, 5.5; and 4, for PSR B0833—45,

10Q,, 5.5, and 4. for PSR B1509-58 and 160 6t; and 4.8, for Sang & Chanmugam (1990) proposed an inverse linear decay

PSR B0540-69. law for the magnetic field of pulsars,
B(t) = BO) , (13)
a natural result of ohmic dissipation. In this case the model 1+t
becomes to reconcile dynamical and kinetic ages. Using this decay law
in the model, relatively short timescales,~ 10* years, are
P=e2/%(ry/P + sP), (12) needed to fit the evolutionary trajectories of the four pulsars

considered with thé@ — P distribution, as shown in Fig. 8 for
and we havel,, = 1/2. For the youngest pulsars we obtaithe Crab, PSR B1509-58, PSR B0540-69 and Vela. Except for
the trajectories shown in Fig. 7. Satisfactory trajectories are @be Vela pulsar, to be discussed below, trajectories can be fit-
tained fort, ~ 10% yrs (Table 2), which correspond to extremelyed through the bulk of the pulsar population. Although the
rapid evolution, as the magnetic field becomes negligible in jughescales needed to fit the data are similar to those for the
10t. and pulsars cross the death-line of reP diagramin 16  case of exponential decay, linear decay is far more convenient
to 1(P years. This timescales are too short to be consistent wéth pulsars remain active for 3010 t., crossing the death line
estimated birth rates of one pulsar every 90 years (Brazierofradio emission in some 1@ears, in reasonable agreement
Johnston 1999) and supernova rates of one everQ@ears with pulsar and supernova rates.
(van der Bergh & Tammann 1991). We conclude that exponen- For the Vela pulsar, the minimum decay timescales consis-
tially decaying magnetic fields cannot be used to properly fént with the model, i.e. with positive, and sy, do not man-
the P — P diagram without contradicting present known pulsaxge to turn its evolutionary tracks towards the bulk of pulsars.
and supernova rates. However, the uncertainty in the measurementadllows us
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‘ [ gravitational radiation losses. An inclined rotating magnetic
dipole in vacuum produces a dipolar term given by

2
Edip = — o5 Q% (14)

\
—
o

\

whereQ = 2nvis the angular frequency apd the component

of magnetic dipole moment perpendicular®o Pacini (1967)
was the first to equaty, = 1Q€Q, introducing the basic equa-
tion of pulsar dynamics. A quadrupolar term can be associated
either to the next electromagnetic moments or to the lowest
gravitational radiation multipole moment:

. 32G
Equad= - — 1%€? Q°, 15
quad 55 ( )

wherele the product of the moment of inertia and equatorial
ellipticity of the star. The fact that observed indices are close
18 L y R L to 3 indicates that gravitational radiation is not the dominant
) _1 0 1 form of energy loss in pulsars at present, although it might be
. important in the very early stages of pulsar evolution.
Loglo[Perlod/s] IODirectly equatinzgl the Larmor equpation to rotational losses
Fig. 9. Evolutionary trajectories for the Vela pulsar, considering difannot lead to the monopolar term proposed in Eq. (4). The
ferent possible values of Trajectories using larger than~ 1.5 are Larmor equation arises from considering the energy flux of an
consistent with known long-period pulsars, whilec 1.4 is inconsis- electromagnetic wavé& o« |Erad®k, with the radiation fieldE aq
tent with observations. proportional to the acceleration of the charged patrticles, scaling
therefore a€)" with n even and>4. Even in the framework of
the models mentioned in Sect. 2, it is unlikely that radiative
emission processes can give &elient dependence @h
to consider a range of values. Evolutionary trajectories with On the other hand, there is clear evidence that particle ac-
n < 1.4 take Vela to a region of large periods and high p&eleration and massive winds are important energy loss pro-
riod derivatives where no radio pulsars have been found. F&sses in pulsars. This evidence includes the short lifetimes
n = 1.2, Vela takes about.@ x 10° yrs to slow down to Of relativistic electrons in the Crab Nebula and the need of a
P ~ 10, and $x 10° years fom = 1.3. Taking these numberssource to account for its luminosity (as pointed out first by Oort
and considering one pulsar like Vela born every 11000 yeas\Valraven 1956), observational changes directly observed in
we should expect to see between 18 and 27 pulsars in #e vicinity of the Crab pulsar (Hester et al. 1995) and the
same region of thé® — P diagram occupied by Vela. IndicesX-ray images of the Crab, PSR B1509-58 and the Vela pul-
1.5 < n < 1.6 can produce reasonable tracks (Fig. 9), leadisgr (Weisskopf et al. 2000; Gaensler et al. 2002; Helfand et al.
to longer periods than those of the other three young pulsa#801 respectively). The monopolar term cannot be of radiative
but consistent with long-period pulsars present infheP di-  0rigin, so we propose here its relation with particle/anchass
agram. It does not seem feasible to reconcile Vela trajectorless processes. We note we cannot discadoaQ® term but
with those of the Crab, PSR B1509-58 and PSR B0540—#gis term would be neither necessary noffisient to explain
which pass though the bulk of the pulsar population withotlte data; therefore we avoid introducing it and assumed the an-
impossing a braking inder > 1.6, inconsistent (at least attisymmetric condition for simplicity. Neglecting the o Q3
the 1 level) with observations. So, even though the mod&rm (equivalent to o v?) we put forward the issue of whether
can fit the data, the evidence points to the Vela pulsaras a pgegtticle acceleration ayo mass-loss follow an antisymmetric
ticular type of pulsar. Pulsar evolution might distinguish bespin-down equation, like the Larmor equation does.
tween Crab-like pulsars, with magnetic-fields decaying at pe- A monopolar spin-down term arises from any energy loss
riodsP. < 1's, and — less common — Vela-like pulsars, whefgechanism with &£ « Q? dependence, which can be ex-
the magnetic-field decay is slower and becomes spun-dowrPtessed as

\
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i

\

Period Derivative/(sHz)]

[
|
)
\

Log,,

asymptotic periods between 1 and 10 s. _ 2 c/Q 2
Emon = _ﬁ(gl Q4) (—) > (16)
R.
) ) ) whereg is a dimensionless factor that can depend on time but
5. Physical spin-down mechanisms not explicitly onQ. It is an open question whether energy-loss

rocesses like particle acceleration and pulsar winds can pro-

The main feature of the model presented here is the mclus&ae this sort of expression and we can only especulate about

qf the monopolar tgrm_, required to derive re‘_is‘”.‘ab_'e EVOis point. Michel (1969) estimated the torque exerted on a neu-
tionary tracks considering the measured braking indices.

Sn star by a pulsar wind as
other two terms of the model have been widely used in the yap

past and are usually interpreted in terms of electromagneticloe (71'(1)2/40) Q, a7
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