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Abstract We presume the re-brightening of SN 1006 in AD 1016 as recbirdéhe ancient
Chinese literature to be true and the re-brightening wasezhby the encounter either of
photons or the shock wave from the SN outburst with the cisteftar thin envelope mate-
rials. Based on these considerations, and combining theredtsonal results on the optical
proper motion of the N-W limb and the radio observations efather parts of the supernova
remnant G327.6+14.5, we re-determine the distance to SK.Hf the photon-encounter
model, the average radius of the envelope material woulddhg; &nd for the shock wave-
encounter model, the radius would be about 1 ly. We then séuwpequations to solve for
the distance of the SN, the initial shock speed, the expanisdex for two different parts of
the supernova remnant, and the real original radius of thesthvelope nebula. It is indicated
that only the case of photon-encounter will lead to a redsierra@sult. We derived a distance
of 5074 ly (1.56 kpc), an original shock expansion velocit@®71c, an expansion index of
0.72 for the N-W limb of the SNR, and 0.76 for the other partse #éem that the SNR
evolution is still in the stage of reverse shock.

Key words: supernova: supernova remnant — SN 1006 distance — Zhoude-Splan-
etary nebula

1 INTRODUCTION

SN 1006 was one of the brightest supernovae (SNe) humansohaegved until now. The peak appar-
ent magnitude of SN 1006 has been estimated as —5.5 to —1@dfesent authors (Stephenson, Clark
& Crawford 1977; Bo et al. 1987; Stephenson & Green 2002). distance of G327.6+14.5 has been
determined to be from 1kpc to 2.8kpc (Schweizer & MiddIelditc980; Vartanian, Lum & Ku 1985;
Hamilton, Sarazin & Szymkowiak 1986; Hamilton & Fesen 1988een 1988; Strom 1988; Fesen et al.
1988; Smith et al. 1991; Wu et al. 1993; Laming et al. 1996;ki¢inet al. 2003). Most researchers have
chosen G327.6+14.5 (= PKS 1459-41) as the resulting supgemeonnant (SNR), as first suggested by
Gardner & Milne (1965). However, some authors have arguadRKS 1527-42 (Bo et al. 1987) or the
Lupus Loop (Stephenson, Clark & Crawford 1977) might be thiRSAIll those objects have very large
angular size on the sky, e.g., for G327.6+14.5 is abotirB@iameter. Hence the distance of the SN cannot
be very large unless none of them are the remnant of so yourggearsova. For example, the diameter of the
remnant of SN 1054, with a similar age, is only aboubd6one-fifth of that of G327.6+14.6. Moffett et al.
(1993) and Winkler et al. (2003) presented observatiorslte of G327.6+14.5. On the other hand, Wang
(1979) reported a document in an ancient Chinese histdrizzk as showing thatin AD 1016, SN 1006 (the
Zhou-Bo Star) once “re-appeared”. We deem that the eventdie caused by the encounter either of the
photons or the shock wave from the SN outburst with the melteoif the thin circumstellar envelope of the
SN progenitor. Taking the modern observational resultsthadjuoted “re-appearance” event of SN 1006
in AD 1016, we suppose that the progenitor white dwarf of SR6LBad a thin enveloping planetary nebula
of 10ly in radius. We derived a new distance of SN 1006 of 5@ %#*11.56 kpc. This value is within the
range derived by some modern observations (e.g., Laming E326).
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2 THE CHINESE HISTORICAL RECORD ON THE RE-BRIGHTENING OF SN 1006

In the Chinese historical boold‘Continuation of Zi Zhi Tong Jian{edited by Li Dao, a historian of the
Southern Song Dynasty (AD 1127-1279)), there are two extriea “Zhou-Bo Star”. The firstis in volume
26: “In the fifth month of the Third Year of Jing-De Reign-pmti(May 30, AD 1006), on the first day of the
lunar month, (the Yin-Ren day), Si-Tian (the Astronomer &dyeported: a Zhou-Bo Star appeared”. It has
an added footnote: “The event on the Geng-Chen day of thethrownth in the Ninth year of Xiang-Fu
(May 16, AD 1016) should be referred to”. The second recoitded is in volume 32: “On the Geng-Chen
day of the Fourth month of the Ninth Year of Da-Zhong Xiang{May 16, AD 1016), Si-Tian said: the
Zhou-Bo Star reappeared”. It also has a footnote: “The ewefthe first day of the lunar month in the Fifth
month in the Third year of Jing-De (May 30, AD 1006) should éferred to”.

These two footnotes show that the writer has firmly made a@ction of the two events that took place
on May 30, AD 1006 and on May 16, AD 1016, respectively. Thiidates that he must confidently believe
that the two events occurred on the same celestial body,lpahmeZhou-Bo Star that first appeared in 1006.
We know that in the Northern Song Dynasty (AD 960-1127) astnoical measurements were made with
quite high accuracy, and that the period between the Thied ¥&Jing-De and the Ninth Year of Da-Zhong
Xiang-Fu the society of China was generally peaceful andiibing, and that in the period China has
never used the AD annals. Therefore, we treat the judgmede g the royal astronomers to be reliable
and not a mistake. Wang (1979) noticed these two footnotésegued that the remnant of SN 1006 once
recurred as a re-brightening in AD 1016.

As a type la supernova, SN 1006 might be caused by an accretitgydwarf in a binary system. After
the SN burst almost nothing survived in the center excepbther companion in the binary system. Hence
itis almost impossible that SN 1006 really “re-bursted” Bas after its initial outburst. So, we suspect that
the eventin AD 1016 was a brightening of the circumstellatemial. According to the evolutionary theory
of SN la, the progenitor of SN 1006 (the binary system) musthgad a thin, enveloping circumstellar
nebula (with radius, say) produced very early in the red giant stage (slow wind)the white dwarf stage
(fast wind). This thin circumstellar envelope is the disaang planetary nebula of the progenitor white
dwarf. The space between this envelope and the white dwaltfriest empty due to the accretion for the
SN outburst.

3 A GOOD COINCIDENCE OF THE RE-BRIGHTENING OF SN 1006 WITH A MODERN
ANALYTICAL RESULT

Badenes & Bravo (2001) examined the effect of pre-superpeshution imprinted on the SNR, and sug-
gested four wind models for SN la. They showed that their M@dgives results more consistent with
several features of SNR 1006, but none of the four modelsl fitery well with an SN la. However, we
can find that in their model B (see figure 2 of Badenes & Bravol2®0e distribution profile of ambient
circumstellar material density has a sharp peak of aboutpBdticles per cubic centimeter at a radius
about 101y and almost O particles at all other parts. Theeethe analytical result of a high density shell
with a radius of 101y would be a good coincidence with the SRELEe-brightening in AD 1016, if there
was in fact a circumstellar nebula brightening at radiusQofy1

On the other hand, from the observations of SN 1987A in theogder988 to 2000, the ring-shaped
nebula can be seen as bright by scattering or reflecting thopb of the SN outburst (Crotts, Kunkel &
McCarthy 1989; Sugerman et al. 2005) or be excited by shoelewacounter (Maran et al. 2001). So the
re-brightening of SN 1006 in AD 1016 could possibly occur mg @f the two causes: the photons or the
shock wave of the SN outburst.

4 CALCULATIONSOF THE DISTANCE

Let D be the distance of G327.6+14.6in ly. Assuming that the SNahtaith circumstellar envelope nebular
that re-brightened in 1016, we obtain that the original daugsize of the circumstellar nebula of SN 1006
is tan~1(101y/D) for the photon encounter model, tan~'(10y xwv/D) for the shock wave encounter
model, wherey is the velocity of shock wave. For an SN la, the original shaeke velocityv should be
from 10000 to 30000 kms' or 0.033 to 0.1 times of the light speedAfter encountering the envelope,
the shock wave velocity would be slowed down. Winkler et 2003) have given a law of decreagex

t™, wheref is the angular radius of the SNR at timeyears after the SN outburst in units of arcsec,
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m =d (log9)/d(logt) = (d/dt)! (8/t) is the expansion index. We can write it as
6= At™, (1)

whereA is a constant.
The proper motion of the limb of the SNR is

pw=df/dt = Amt™ !, (2)

in units of arcsec per year. Then we hane= put/At™ =11 = 1t /0. Winkler et al. (2003) presented that at
t =992, for most parts of the SNR,is equal to 900 arcsec, but for the N-W linthis equal to 816 arcsec.
In the following we analyze the two cases, the photon andhibelswave mechanisms, separately.

4.1 The Case of Photons Encountering the Circumstellar Materials

We first consider the case that photons from the SN outbucstietiered the circumstellar materials result-
ing in the re-brightening. As we mentioned above, the radfute thin enveloping nebula, is equal to
101y, so77 = 10lyh, in yr, is the time for the debris produced from the SN outbtarseach the enveloping
nebula, andl, = T — Ty, whereT is the time (in yr, counted from the original outburst of thig)So
produce the observed proper motiprof the SNR limb. For most parts of the nebdla 985yr andu=
0.438 arcsec (Moffett et al. 1993), but for the N-W lirib= 992yr andu = 0.279 arcsec (Winkler et al.
2003).

Considering the white dwarf’s strong radiation pressur e accretion, we can be sure that before
T1, mis equal to 1 and the angular expansion rate is 20626B) arcsec per year, until an angular size of
2062650D arcsec is attained. On@g is passed, the angular expansion rate began to decrease.

At T = 985 yr after the SN outbursip = 0.48 arcsecy = 0.438 arcsec, then we obtdin= ut/m =
900 arcsec, and then

A(985 — 10/v)™ = 900 — 2062650/ D. (3)

If we takem as a constant equivalent value, we have
Am(985 — 10/v)™ ! = 0.438. (4)
Letmn_w) andA_w) be the expansion index and the constant respectively fadélimb:
An—w (992 — 10/v)™N"W) = 816 — 2062650/ D. (5)

If we also taken n_w) as the constant equivalent value, we have

An—wymn—w) (992 — 10/v)™N=W)=1 = 0.279. (6)

From Equation (1), we find that = A_w)=20626%/D is the initial angular expansion speed. So we
have obtained four equations with four unknowns), m, andm x_w). Solving these equations we obtain
all the four unknowns. The final solutions are:= 50741y, v = 0.071 ¢, m = 0.76 andm x_w) = 0.72.
Therefore, for G327.6+14.6, the distance is 5074 ly andvitéugion is still at the early stage number 2.
This is consistent with the fact that the age of SN 1006 waso@rthan 1000 years during the observations.

4.2 The Case of Shock Wave Encountering the Circumstellar Materials

We consider the case of shock wave encountering the cirellarshaterials resulting in the re-brightening.
As Ty = 10yrandT = 985yr after the SN outburst, we have

A(985 — 10)™ = 900 — 2062650(v/ D). ()
If we takem as a constant equivalent value, we then have
Am(985 — 10)™ ! = 0.438. (8)

For the N-W limb,
An—w) (992 — 10)™N-W) = 816 — 2062650(v/D). (9)
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We also takeny_w) as the constant equivalent value, we have

A wym—w) (992 — 10)"NW)=1 = 0.279. (10)

From Equation (1), we can understand tAaand A x_vw) equal to 206265 /D) and 206265, /D)
are the initial angular expansion speed for most parts andlltkV limb, respectively. So we have obtained
four equations with four unknowns, i.e:, D, m, andmx_w). From Equations (7) and (8), we have
0.438 x 975/m = 900 — 2062650 ¢/ D), or 427.05/m = 900 — 104 = A975™. Thenm = 0.569, and

A = 206265 (v/D) = 14.9494. (11)
From Equations (9) and (10), for the N-W limb we have 0.2¢982 / m_w) = 816 — 2062650
(v/D), or 273.978 In_w) = 816 — 10A = A(N_W)QSZ’”(N*W), and 816m _w) = 273.978 + 2.79
x 982" (N-W)~1 30, we obtainny_w) = 0.469, and

An_w) = 206265 (v/D) = 23.1429. (12)

From Equations (11) and (12), we obtain a different inittedek wave speed and the speed of the N-W limb
is larger than that of the other parts. For tHig;_w, if D > 10001ly,v will be larger than 0.14, and if D =
5000 ly,v larger than 0.5& Therefore, we may conclude that only the case that theigétening resulted
from photon excitation and/or scattering and/or reflecismgasonable, unless that the distahds smaller
than 10001y, which is definiely inconsistent with the obsgianal results and so hardly believable.

5 CONCLUSIONS

Considering the re-brightening of SN 1006 in AD 1016 recdrdethe ancient Chinese literature and
some modern observational results, we re-determined thandie of SN 1006 and the result is 5074 ly or
1.56 kpc. We prove that the cause of the re-brightening oStHR in AD 1016 was photons encountering
the thin envelope circumstellar materials left over by tlenptary nebula of the progenitor white dwarf of
the SN. It is noted that our results are based on the histavcard and hopefully will be examined by
more observational data in the future.
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