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Abstract The famous ancient supernova SN 1054 could have been toat boidpe
explained in the “standard” radioactive-powered supearsmenario. As an alternative
attempt, we demonstrate that the spin-down of the newly Boab pulsar could pro-
vide a sufficient energy supply to make SN 1054 visible atidag/for 23 days and at
night for 653 days, where a one-zone semi-analytical madetiployed. Our results
indicate that SN 1054 could be a “normal” cousin of magnptarered superlumi-
nous supernovae. Therefore, SN 1054-like supernovae dmubd probe to uncover
the properties of newly born neutron stars, which providt@irconditions for studies
on neutron star evolutions.

Key words: supernovae: individual (SN 1054) — pulsars: general — tasianech-
anisms: general

1 INTRODUCTION

Supernovae are a kind of luminous explosion at the end dastlolution, which can transiently
outshine their entire host galaxy. According to the difféneatures of their progenitors, the general
concept of “supernovae” can be divided into three diffetgpés, i.e., due to the core collapse of a
massive star, due to a super-Chandrasekhar disruptiorci@tan-induced collapse of a white dwarf
(Canal & Schatzman 1976; Nomoto & Kondo 1991), and due to theger of a neutron star-neutron
star or neutron star-black hole binary (Li & Paczyhski 1p9e bright emission of supernovae is
usually powered by the decay of radioactive elements sgizbé in supernova ejecta. Therefore,
in view of an obviously small ejecta mass, the transientpbamg while a white dwarf collapses
or when compact objects merge are in fact usually not cladgséfs supernovae, but are sometimes
called kilonovae. However, some recently-discoverediig@volving and luminous transients could
overturn such a conventional understanding, becausdthgimosities can be significantly enhanced
to be~ 103 erg s—! by a remnant spinning-down neutron star (Yu et al. 2013, p015

In fact, the effect of a spinning-down neutron star on poagtransient emission could widely
exist. For example, a remarkable number of so-called supénbus supernova (SLSN) events have
been discovered during recent years, which have bolonatrimosity about 50 times higher than
those of Type la supernovae (Gal-Yam 2012). In the radieastenario for supernovae, the energy
is usually supplied by the decay iNi to °Co and then tG°Fe, but in the core-collapse case the
production of’®Ni is usually considered to be ineffective. In contrast, lifigh luminosity of SLSNe
requires an extremely large amount®6Ni, e.g.,5 M., for SN 2007bi (Gal-Yam et al. 2009) and
22 M, for SN 2006gy (Smith et al. 2007). Therefore, it has been ssiggl that a newly born, rapidly
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Fig.1 The ancient records about SN 1054, marked by blue lines, ineSh historical documents.
The left and middle pictures come froBong Shi and the right picture comes frofong Huiyao
Jigao.

rotating and highly-magnetized neutron star could play lasstantial role in powering the SLSN
emission as an alternative energy source (Woosley 201@&rK&sBildsten 2010). The success of
this scenario has been well exhibited by some example fitiagSLSN light curves (e.g., Inserra
et al. 2013; Nicholl et al. 2013). It is further indicated ttle@ch type of general supernova can be
separated into two subtypes due to radioactivity and spimrcbf a neutron star if a remnant neutron
star exists.

SN 1054, which is famous for its remnant of the Crab Nebulan(lmmark 1921; Hubble 1928;
Rudie et al. 2008), was first recorded by Chinese astronoamei®54 July 4. Some Japanese and
Arab documents in later centuries provided some indepdrm@rfirmations. A summary of the
historical records can be found in Green & Stephenson (2003)

As shown in Figure 1, Chinese historical documents said $iMtl054 could be seen by the
naked eye during daytime for 23 days following 1054 July 4jcwtindicated it had an apparent
visual magnitude of at least5 mag. By considering its distance 0 kpc (Trimble 1973) and the
Galactic extinction ofd, = 1.6 mag (Miller 1973), the absolute visual magnitude can beregtd
to beM, = —18.1 mag ¢ 6 x 10*2 erg s~ ! in the visual band). As it faded, SN 1054 could still
be visible at night until 1056 April 6, 653 days after the egibn. The limiting apparent magni-
tude for a night observation using the naked eye is abdunag, which corresponds to an absolute
magnitude ofM, = —7.7 mag ¢ 4 x 1038 erg s~! in the visual band). Such basic features of
the light curve of SN 1054 have been extensively discussed (dinkowski 1971; Chevalier 1977,
Clark & Stephenson 1977; Wheeler 1978). Due to the existehtte Crab pulsar, SN 1054 can be
confirmed to be a core-collapse supernova. According toguti@s of the Crab Nebula, the mass of
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its progenitor can be estimated toke’ — 10 M (Nomoto et al. 1982). Some detailed calculations
showed that, for such progenitor masses, the ma¥\ifproduced during the supernova could be
about~ 0.002 M, (Mayle & Wilson 1988). With such a small amount ¥Ni, it seems impos-
sible to explain the historical records of SN 1054 by theridrd” radioactive-powered scenario
(see Appendix A for a detailed calculation). Therefore, sather energy deposits are alternatively
required to generate the bright SN 1054 emission (Sollerebah 2001; Smith 2013), although its
luminosity is normal.

Being inspired by SLSNe and considering the existence ofCttad pulsar, we propose that
SN 1054 could be dominantly driven by the spin-down of the Ipdvorn Crab pulsar instead of
radioactivity, as previously suggested by Sollerman e{2001) but who did not conduct a de-
tailed investigation. Such an alternative scenario is @lisly natural, as the pulsar is still powering
the Crab Nebula today. In other words, we propose that SN £05# be a “normal” cousin of
millisecond-magnetar-powered SLSNe.

A simple semi-analytical model is established in Sectiom @¢timate the supernova light curve.
In Section 3, we fit the ancient observation using this modédlseveral groups of best fit parameters
are given. Section 4 gives conclusion and discussions. atli®active-powered scenario is also
briefly discussed in Appendix A.

2 THE SUPERNOVA LIGHT CURVE MODEL
2.1 Spin-down of a Pulsar

The energy that a pulsar can provide to power a supernovadymtaimes from the spin-down of the
pulsar. As usual, the evolution of angular frequeficpf the pulsar can generally be expressed in
terms of power-law behavior with a braking indexi.e.,

O =—-KQ" (1)

With a constant of proportionaliti, the above equation givés = Q;(1 + t/tsq)~ /=1, where
the spin-down timescale reatls = [(n — 1)KQ"~']~! and the subscript “i” represents the initial
values. Then the spin-down luminosity of a pulsar can beevrias

n+1
: t\ 1t
L = —1Q0 = Lsd,i (1 + t_) ) (2)
sd
where [ is the moment of inertia of the pulsar with a typical value16f5 gcm? and Ly ; =
IKQ{‘“. The total energy budget that can be injected into superg@eia should be limited by
the initial rotational energy of the pulsar, givenfs; = $1Q? = 2 x 10°?(P, /ms)~2erg where
P, = 27 /Q; is the initial spin period.

2.2 Emission of Supernova Ejecta

In view of the sparsity of historical records related to SN40a one-zone semi-analytical model is
adopted to simulate the supernova light curve (Arnett 18&&en & Bildsten 2010). By invoking
the one-zone diffusion equation, the bolometric luminosita supernoval., can be expressed as
(Kasen & Bildsten 2010; Kotera et al. 2013)

L ¢ 0Bw/V _ ¢ En/V
4rR?2  3kp Or  3kp R

(3)

whereR is the radius of the supernova ejectahe opacityp the densityF;,; the internal energy,
andV the volume. For optical photons,~ 0.2 cm? g~ !, which is dominated by electron scattering.
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The above equation is only valid for optically thick ejectéghnan optical depth of- = kpR =
3kM/(4mR?) > 1, whereM = pV is the total mass of the ejecta. More generally, it should be
written as

Ein

L = T];C, fort <t,, (4)
Ein

— th, for t > t,, (5)

wheret. represents the time for the optical thick-thin transition.
With the energy supply from the pulsar, the evolution of thielinal energy of the supernova
ejecta can be determined by the energy conservation law as

OFins oV
=¢Leyg — L —p—o1, 6
N §Lsa P, (6)
where¢ is the energy injection efficiency and the workpdV represents the energy loss due to
adiabatic expansion of the ejecta witlbeing pressure. By taking the radiation-dominated eqoatio
of statep = Ei,¢/3V/, the above equation can be rewritten as (Kasen & Bildste@R01

1 aEintt
t Ot

Simultaneously, due to the adiabatic expansion, the sopargjecta can be somewhat accelerated
and then the evolution of its velocityis determined by

= gLsd - L. (7)

dv  47R%p
iy (8)
with
dR

Finally, combining Equations (7), (8) and (9), we can obtimolometric light curve for a pulsar-
powered supernova. An analytical analysis of the tempatadbiors of the light curves can be found
in Yu et al. (2015).

2.3 Leakage of Hard Emission

The electromagnetic energy released from a pulsar, whidlddze associated with a remarkable
number of electron-positron pairs, can ultimately gereeagiulsar wind nebula behind the supernova
ejecta. The leptons in the nebula are accelerated to avistetspeed and mostly lose their energy by
forming X-rays and gamma-rays through synchrotron andrg@«€ompton radiation (Kotera et al.
2013). It should be noticed that the opacity of the supermjpeeta with respect to the X-rays and
gamma-rays is very complicated and energy-dependentifspéy, for X-rays with energy~ 0.1 —

100 keV, the opacity is dominated by photoelectric absorptiamle very hard X-rays and gamma-
rays predominantly experience Compton scattering abovi®)0 keV and pair production above
~ 10 MeV. As a result, the opacity varies from 10 cm?g ' for ~ 100 keV to ~ 0.01 cm?g~!
above~ 10 MeV (see fig. 8 in Kotera et al. 2013). A similar valuesof ~ 0.03 cm? g~ is also
obtained by Colgate et al. (1980), Woosley et al. (1989) andr& et al. (1995) for an energy of
about 2 MeV corresponding to gamma-rays from radioactia@gef *’Ni and °*°Co. Therefore,
while most energy of the pulsar wind emission is absorbedheysupernova ejecta, its highest-
energy emission could first escape from the ejecta (Metzgal. 014). By considering such a
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Table1l Parameters for the best fittings to SN 1054

n K(s"?) P(ms) ta(d) Lsai(ergs') v (10°kms™)

1.5 5.7x10°Y 6.8 1.3 x 102 1.5 x 1044 2.9
2 4.6 x 1010 5.7 2.3 6.2 x 10%4 3.6
25 3.2x10"11 45 47 3.2 x 10%° 4.6
3 1.7 x 10712 3.7 1.2 1.4 x 1046 5.6

leakage effect, the trapping factor of the pulsar wind eimis$n the supernova ejecta (i.e., the
energy injection efficiency) can be roughly estimated by (e.g., Wang et al. 2015)

Exl—e

(10)

wherer, = r,pR is the optical depth of the supernova ejecta for gamma-fEtys.above rough
estimation can be valid as long as the pulsar wind emissioredly equally allotted to X-rays
and gamma-rays{ 10 MeV). Following the theoretical calculations mentioneded, we adopt
Kk~ ~ 0.01 ecm? g=!, which could also be consistent with some constraints fleenfittings to the
late-time light curves of some SLSNe (Wang et al. 2015; Cheh 2014).

3

3 FITTING TO THE OBSERVATION OF SN 1054

The modeled bolometric light curve cannot be directly confed with observational records of
SN 1054, because these records only include visual luntiessiTherefore, a bolometric cor-
rection (BC) to the observation is required, which, howedepends on the uncertain radiation
spectrum. Some previous works suggested that the BC of rsonse is less than one magnitude
during the peak, and would become several magnitudes inateetime (e.g., Bersten & Hamuy
2009, Lyman et al. 2014). Here we use a black body spectruim aviteffective temperature of
T.g = (L/4nocR?*)'/* ~ 6000 K to give an estimation of BCx 0.5 mag for the peak lumi-
nosity, whereo is the Stefan-Boltzmann constant and the visual frequeange is taken to be
v = (3.8 ~ 7.9) x 104 Hz. The temperature used here is much lower than the intemaderature
in the ejecta which is described (d@im/aV)l/‘*, whereq is the radiation density constant. As shown
in Equation (3), just the temperature gradient leads to likental flux. In late time, the spectrum
could deviate from the black body and the BC could becometargcause the spectral peak could
shift out of the visual band. For simplicity, we take B€2 mag for the data at day 653, according
to the calculation for SN 1987A by Sollerman et al. (2001)e Visual and bolometrically-corrected
data are presented in Figure 2 by open and solid circlesecésply.

With the energy supply from the pulsar using different pulsarameters, we provide some
example fittings to the observation in Figure 2, where thesiothodel parameters are taken as
M = 4.6 M, andv; = 1000km s~'. Obviously, with appropriate pulsar parameters, the his-
torical observation can be well explained by the model, Whidicates that SN 1054 could be a
pulsar-powered supernova. Following such a consideraimmne constraints on the parameters, i.e.,
n, K and P, (or n, tsq and P,), of the nascent Crab pulsar can be derived from the obsenvat
SN 1054. For different values of, we firstly constrain the parameteikSand P, by the luminosity
during the first 23 days. The results are shown by the linesgare 3. Secondly, by taking into
account the data at day 653, the constraints can be furtleerditksome points on the lines as labeled
by the solid circles in Figure 3. The parameter values ofdfpesnts are listed in Table 1. As shown,
the initial period of the pulsar is found to be a few milliseds, but the spin-down timescale could
vary within a wide range.

Accompanying the heating of the supernova ejecta, a rerrkaction of the pulsar-injected
energy would be transformed into kinetic energy of the @jeEhe resultant speeds at day 1000 (de-
noted byuv¢) are listed in Table 1, which are about several thousandieters per second. The larger
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Fig.2 Example fittings to the historical observation of SN 1054 lxy pulsar-powered supernova
model for different braking indices as labeled. The coroesiing values of the other pulsar param-
eters are listed in Table 1. The solid and open circles reptethe bolometrically-corrected and
uncorrected observations, respectively. The error batkeomagnitude (i.e5£0.8 mag for day 1
and day 23 and-0.6 mag for day 653) are adopted from Smith (2013), which werienesed with
the uncertainties in both distance and Galactic extinction

Kis™?

10 :_

10" .- 1

10-15 t s 1 L 1 " 1 " 1 s 1 " 1

Fig.3 The parameter space for the best fittings to the observati®NdL.054. While the lines for
differentn are required by the luminosity during the first 23 days, tHelswrcles are obtained by
combining the constraints from the luminosity at day 653.

the braking index of the pulsar is, the higher the acceldraddocity is. However, present observa-
tions of the remnant Crab Nebula require SN 1054 to be “undergetic,” with a kinetic energy
of ~ 10°° erg (Chevalier 1977). More specifically, the expansion eiyoof the supernova ejecta
should not be much higher than00 km s~ in order to be consistent with the present size of the
Crab Nebula. Therefore, a small braking index appears tadferped. In any case, more stringent
constraints on the pulsar parameters call for more obsenatinformation, which however cannot
be acquired for SN 1054.
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Fig.4 A comparison between the observation of SN 1054 and somersyzelight curves powered
by radioactivities for different masses BiNi.

4 CONCLUSION AND DISCUSSION

In the “standard” model, the energy deposition of superadvarovided by the radioactive elements
synthesized during the explosion. However, the basic @atenal features of the famous ancient
case of SN 1054 cannot be explained in this scenario. Therefonuch larger energy deposition is
required to make the supernova visible at night for 653 daythis paper we demonstrate that such
an alternative energy deposition could be contributed bysfiin-down of the newly born Crab pul-
sar. Such a pulsar energy injection model was previouslggsed for gamma-ray burst afterglows
(Dai & Lu 1998a,b; Yu et al. 2010) and in particular SLSNe (\ley 2010; Kasen & Bildsten
2010), where the pulsars are usually found to be magnetarsy@rk indicates that SN 1054 could
be a “normal” cousin of SLSNe, although its luminosity is mal. These pulsar-powered super-
novae enable us to probe the properties of newly born nestess, which provide peculiar initial
conditions for studies on neutron star evolutions. Thegmebraking index of the Crab pulsar is
measured to be = 2.519 + 0.002 (Lyne et al. 2015). Furthermore, according to its preseribde
of P(tg) = 33 ms and period derivative aP(tg) = 4.22 x 10713 s s~! (Lyne & Graham-Smith
2012), the present value df can be calculated to b&9 x 10~'5s'/2. The obvious difference
between the initial and present valuesnoind K indicates a significant evolution of the braking
mechanism of the pulsar occurred during the past one thdugzars. Such an evolution could be
caused by material accretion and outflow, gravitationaltazh, and in particular the evolution of
the magnetic fields that includes both the associated stremgl structure.

Finally, instead of the pulsar power, the kinetic energyhef 8N ejecta could also provide an
energy source for radiation from the supernova, if densrinirstellar material can be produced by
the stellar wind before the collapse. In that case, the idmeetergy of the ejecta (i.e. the remaining
envelope) can be converted into internal energy by the shatich could effectively raise the peak
luminosity in the early times (Smith et al. 2008; Smith 2013)
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Appendix A: RADIOACTIVE-POWERED SUPERNOVAE

As a standard consideration, here we present the superigbtalirves powered by the decay of
nuclei, specifically, the dominant process®6Ni—>6Co—°6Fe. The numbers of nucléV; in a
decay chain are determined by the Bateman equations:

dNNi Nni
= — A.l
dt TNi ’ ( )
dNco _ Nni Neo (A2)

dt TNi TCo |

wherery; = 8.8 day andrc, = 111.3 day are the mean lifetimes of the nuclei. The energy released
during these processes is carried by the produced gammsanalypositrons, where the latter one
is relatively subordinate. The gamma-ray energyxs =1.78 MeV andgc, =3.505 MeV for the
decay peP®Ni and per’®Co, respectively. Then, the powers due to the decafidf and°°Co can

be solved to give
iNni (0 t
Ly = DeWi(0) (__)

TNi TNi

My t _
= 8.0 x 10* (MZ > f~exp (—T—> ergs !, (A.3)

Ni

and

ONIO e} t
Lo = acoNni(0) 7o exp <— )

TCo TCo — TNi TCo
Myi t
= 1.4 x 10% (Mz > f~yexp (— Tco) ergs (A.4)

where My; is the initial total mass ofSNi and f., represents the fraction of gamma-rays trapped
in the ejecta. For simplicity, we assunfie = 1, which actually could become much smaller with a
decrease in the optical depth. By substituting Equation3)(and (A.4) into Equation (7), we plot
some radioactive-powered supernova light curves in Figwréh varying values of\/y; as labeled.
Although some uncertainties still exist in the time zeraapof the light curves, Figure 4 confirms
that the luminosity of SN 1054 during the first 23 days caneaddcounted for with only radioactive
power. Of course, one may suggest that a much higher and naucbwer peak could be produced
by some other mechanisms (e.g., the recombination waveaghwhowever, could not influence
the late emission. Therefore, as pointed out by Sollermah. €2001), the radioactive-dominated
scenario can be basically ruled out by the last observdtienard at day 653, because the required
mass of°Ni is much higher than what ah— 10 M, progenitor can provide. Then, a much larger
alternative energy deposition is undoubtedly demandeldtir early and late emission of SN 1054.
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