RAA 2021 Vol. 21 No. 8, 200(6pp) doi:10.1088/1674-4527/21/8/200 :
© 2021 National Astronomical Observatories, CAS and |OP ighisig Ltd. Research in

http://mww.raa-journal.org  http://iopscience.iop.org/raa ﬁigggg}'};{;ﬂd

Modeling the fast optical transient SN 2019bkc/ATL AS19dqgr with a central
engine and implication for itsorigin

Jian-He Zheng# I.4) and Yun-Wei Yu €7 z %)

Institute of Astrophysics, Central China Normal Universitvuhan 430079, China
Key Laboratory of Quark and Lepton Physics (Central Chinanhg University), Ministry of Education, Wuhan
430079, Chinayuyw@mail.ccnu.edu.cn

Received 2021 January 24; accepted 2021 March 27

Abstract Modern wide-field high-cadence surveys have revealed theifigiant diversity of optical
transient phenomena in their luminosity and timescaleidigions, which led to the discovery of some
mysterious fast optical transients (FOTs). These FOTs carally rise and decline remarkably in a
timescale of a few days to weeks, which are obviously muclidexpthan ordinary supernovae. SN
2019bkc/ATLAS19dqr is one of the fastest detected FOTs sarfd, meanwhile, it was found to be un-
associated with a host galaxy. These discoveries providméd ghance to explore the possible origins of
FOTs. So, we model the light curves of SN 2019bkc in detdils found that SN 2019bkc can be well
explained by the thermal emission of an explosion ejectaish@owered by a long-lasting central engine.
The engine could be a spinning-down millisecond magnetarfaliback accretion onto a compact object.
Combining the engine property, the mass of the ejecta, anlddktlessness of SN 2019bkc, we suggest that
this FOT is likely to originate from a merger of a white dwarfdsa neutron star.
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1 INTRODUCTION these stars can naturally produce a low-mass ejecta of a
short photon diffusion timescal& et al. 2015.

The most famous FOT is undoubtedly the kilonova
Astronomical transient phenomena, particularly, the one&T2017gfo, which was discovered in the follow-up
occurring in extragalactic galaxies usually indicate anobservations of the gravitational wave (GW) event on 2017
extremely huge energy release as a result of catastrophugust 17 and had played a crucial role in localizing and
collapses of massive stars or binaries. Specificallyidentifying the origin of the GW signalbbott et al. 2017
supernovae (SNe) are undoubtedly the most representativandreoni et al. 2017 Arcavi et al. 2017 Chornock et al.
of such transients, which are the primary targets oR017 Coulteretal. 2017 Cowperthwaite etal. 2017
many current wide-field surveys. Thanks to these moder®rout et al. 2017Evans et al. 20%,7Kasliwal et al. 2017
surveys with their tight cadences, a huge diversity hasipunov et al. 2017 Nicholl et al. 2017 Pian et al. 2017
appeared in the distribution of all SN-like transients ia th Smartt et al. 2017 Tanvir et al. 2017 Trojaetal. 2017
space of peak luminosity and emission timescale. It is thetsumi et al. 2017 Valenti etal. 201Y. Such kilonova
discovered that some unusual fast optical transients (FOTgmission was first predicted blyi & Paczyhski (1998
can rise and decline significantly from view in a few daysand elaborately described etzger et al.(2010, as a
or weeks, which is much more rapider than the typical SNgromising electromagnetic counterpart of a GW event.
(Drout et al. 2014 Prentice et al. 2018Pursiainen etal. Following these pioneering works, it is widely suggested
2018 Perley et al. 2019McBrien et al. 2019Chen etal. that the AT2017gfo emission can be powered by the
202Q Gillanders et al. 2020Prentice etal. 2020 Such radioactive decay of heavy r-process elements synthesized
fast evolving behaviors indicate that these FOTs probablguring the merger of compact objectsasen et al. 2017
have origins very and even intrinsically different from Metzger 201Y. However, from the detailed modeling
normal SN explosions. In any case, within the basicof the AT2017gfo data, it can be found that the
framework of the stellar explosion, the short duration ofpreconceived radioactive explanation is actually very
FOTs could indicate that their progenitors are compactuestionable L(ietal. 2018. Instead, an extra energy
objects or ultra-stripped stars, because the explosion @ource is necessarily required, which can even be dominant
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over the radioactive powel( et al. 2018Li et al. 201§. is determined by the heat diffusion in it, can be roughly
Specifically, such an extra energy source can be providegstimated by Kasen & Bildsten 2010Kotera et al. 2013
by a remnant massive neutron star (NS) formed fron¥u et al. 201%
the merger, as previously suggested Yayet al. (2013 o
andMetzger & Piro(2014). The existence of such a post- Ly ~ it (I—e), (1)
merger massive NS in the GW170817 event has further T
been supported by the works #firo et al. (2019 and  wherec is the speed of lightF;,; is the internal energy
Ren et al(2019. of the ejecta, andr = 3kM,/47R? is the optical
Fairly speaking, it is not very surprising to find depth withx being the opacity. This expression combines
a long-lasting energy engine from an FOT, since suchwo asymptotic properties of the emission Ag, =
an engine has been widely used to explain somekFE,/(R7)forr > 1 andLy, = cEi/R forr < 1.
extreme transient phenomena (s¥eetal. 2019afor  The evolution of the internal energy is simultaneously
a brief review), such as superluminous SN&opsley determined by the energy conversation as
201Q Kasen & Bildsten 2010Dexter & Kasen 2013and JE.
gamma-ray burstfai & Lu 1998ha; Dai 2004 Dai et al. int
2006 Yu et al. 2010. Just following this knowledge, it dt
has been previously suggestedYayet al. (2015 that, at where L., and L,,q are the heating rate due to the
least, the FOTs of an ultrahigh luminosity are very likely central engine and the radioactivity, respectively,=
to be powered by a central engine, where the luminosity is; (Ein /37 R?) is the radiation-dominated pressure, and
too high to be explained by the radioactive scenario evers the expansion velocity of the ejecta which determines
though all of the explosively-ejected material is supposedhe ejecta radius byR = vdt. The expansion velocity can
to be radioactive. Generally, the nature of the centrain principle be increased, because of the increase of the
engine of an FOT could be a spinning-down NS or akinetic energyFy of the ejecta through the work by the
fallback accretion onto a compact object, which can evolveressure.
from different progenitors. For the radioactive power, if it is dominated by the
Recent years, the implementation of modern surveydecay of nickels as usual as for typical SNe, then the
and the discovery of AT 2017gfo has effectively promotedcorresponding heating rate can be given Gplgate et al.
the discovery of a lot of luminous FOT#¢Brienetal. 1980 Arnett 1980
2019, among which SN 2019bkc/ATLAS19dqr is the
most rapidly declining one that was discovered by Asteroid Lrad,Ni = Mui[(eni — €co)e™ /™ + ecoe™ /7], (3)
Terrestrial-impact LastAIertSystem (_ATLAS'pnry et al._ where My; is the total mass of°Ni, ex; = 3.90 x
2018 Chen et al. 2020 This source is the focus of this | 1 9 1.
; : .10%rg s~ g™! andeg, = 6.78 x 10%ergs~ g, and
paper, because of its unprecedented magnitude decllq_e. — 376 davs andr.. — 111.42 davs are the lifetimes
after the peak. In about four days, the luminosity of ' i y o : y

. . . f th [ ive el Al ively, if i
SN2019bke decayed by a half. This decine rate s verg, o CLOCTE RTENE © COS TR L
close to the situation of AT2017gfaChen etal. 2020 P yp

Prentice et al. 2020 In principle, such a rapid evolution kilonovae, then we should emplol(grobkin et al. 201

can appear in some ultra-stripped SNauris et al. 2013 1 1 t—to\1'?
[— — —arctan ( )} ,

= Lce + Lrad - Lbol - 47TR2pU7 (2)

or in the shock breakout emission of some normal or failed Lrad,r = 4 x 10'®M,; .
SNe, which are however disfavored by the un-association (4)
of SN 2019bkc with a host galaxy. Therefore, following \yith to = 1.3 s ande = 0.11 s. Meanwhile, the

the considerations ilfu et al. (2013 andYu et al.(2018,  central engine of the FOT can also have two representative
here we would like to connect SN 2019bkc with a compachaiyres including (i) a spinning-down NS, which is usually
object progenitor and model its temporal evolution with azgnsidered to spin at a near-Keplerian frequency and
central engine. It is expected that an implication for theye highly magnetized, and (ii) an accretion of fallback
origin of SN 2019bkc could be found from the propertiesmaterial onto the central compact object. In the former
of the engine and the explosion ejecta. case, the spin-down luminosity of the NS can be estimated

by its magnetic dipole radiation power as usual as
2 MODELING THE TEMPORAL EVOLUTION OF (Shapiro & Teukolsky 1983

SN 2019BK C L
t
2.1 Model Description Lsa = Lgai (1 + 5) . (5)
For a hot explosion ejecta of a mast; and a radiug?,  In the later case, as usual, we assume simply the accretion

the bolometric luminosity of its thermal emission, which luminosity to be proportional to the accretion rate and then
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have Piro & Ott 201) Table 1 Parameter Values
’ ~1/2 ' 5/37 Parameters Units Spinning-Down NS Fallback Accretion
Lac = Lac.max <ﬁ_) + (_> (6) Lee,i ergs™!  9.431047 x 1017 9547030 x 1018
ac tac tad OF tac s 4347023 102 34. 40+8 70
- L M Mg 0.3570-02 0.2870-01
Here, the characteristic luminositysq; Or Lac max and " cm2g—1 006+8‘8} 007+8‘8}
timescaletyq or t,. are taken as free parameters in our g, 10%erg 4327139 5621087
calculations. It should be pointed out that, when we use s - 0.9610-08 0.99700%

Lgq or L,. to determine the energy injection rafg, in

Equation @), an extra factor of should be multiplied,

the value of which is in principle determined by the in Lietal. (2018, if the SN 2019bkc emission is purely
thermalization efficiency of the energy and also influencedPowered by the decays of r-process elements, then its
by the possible anisotropic distribution of the energyei€cta mass should be as high-as.0 M, by according to

outflow. Equation 4). Simultaneously, the opacity is required to be
After the bolometric luminosity of the FOT is given, a as low as~ 0.03cm®g™", in order to explain the rise time
black-body effective temperature can be given by of the emission on the order of a few days by the photon
diffusion timescale ag; = (3xM.;/4mvc)'/2. However,
Lol 1/4 in contrast, the typical ejecta masses due to the NS-NS or
Tep = wRe ) (7)  NS-BH mergers are only arounid; = 10~4 — 10-2M,

(Hotokezaka et al. 203&nd the corresponding opacity is
which is crucial for determining the radiation spectrumexpected to reack 10 — 100 cm?g~! due to the synthesis
and then the chromatic luminosities for different filters,of lanthanides Tanaka & Hotokezaka 20)3Therefore,
whereo is the Stefan-Boltzmann constant afigy, is the  the SN 2019bkc emission cannot be powered by the decays
photospheric radius. Followin4rnett (1982, we define of r-process elements. On the other hand, SN 2019bkc

the photospheric radius by is also unlikely to be purely powered by the decay of
9 56Ni. This is not only because of the unreasonably high
Rpn =R — 5)\7 (8)  requirement on the mass &fNi, which is comparable to

or even higher than the total mass of the ejecta, but also
where\(t) = 1/kp(t) is the mean free path of photons. because the decline time of the emission is actually shorter
Obviously, the motion of the photosphere due to thethan the lifetime of"Ni. Therefore, it is reasonable and
expansion of the ejecta is dependent on the materialecessary to invoke a central engine for explaining the
distribution in the ejecta (sddu et al. 2018for a general emission characteristics of SN 2019bkc, which has also
investigation). For simplicity, we adopt the single power-been previously suggested gshida(2019.
law density profile in our calculations. Then, by confronting the engine model with the multi-
3 color observational data of SN 2019bkc, we constrain
p(r,t) = p(R;,0) [M] z=% ~(9) the model parameters by using the Markov Chain Monte
R(t) = Bmin(t) Carlo (MCMC) method Goodman & Weare 20)0After

whereR = R; + vt and Rmin = Rumini + Umint are 5000 steps with 40 “walkers”, we present the parameter
the outmost and inmost radius of the ejecta withand ~ constraints in Figuré for both models of a spinning-down
Runin,; being their initial values, the dimensionless radiusNS and a fallback accretion. The constrained parameter
is defined asc = (r — Ruin)/(R — Rumin). For such a values are listed in Tabld. Here, besides the central

velocity distribution, the relationship between the leagdi ©€ngine, a radioactive power of an amount(of02 M,

velocity and the kinetic energy can be written ms—  ~°Ni is still considgred,_which is necessary for explaining
(21 B/ Ix M) /2 with Ty = 3_15 and Ix = L the threellate points i band Chen et al_. ?02)) For _
Finally, when the value given by Equatio8) (is smaller the best-fit parameters, we present the fittings of multi-
than Ry, We artificially takeR,, = Runin. color light curves of SN 2019bkc in Figug® It is shown
that both models can in principle be consistent with the
2.2 Fitting Results observational data. The primary deviation of the models

from the data appears in thiédand. The later the time is,
SN 2019bkc was found to be associated with a galaxyhe more serious the deviation will be. This is obviously
group at redshift~ 0.02 corresponding to a distance due to the fact that the de facto emission spectrum can
of 89.1 Mpc. This determines its peak luminosity to bedeviate from the black-body spectrum more and more, as
around10*2erg s—!, which is comparable to that of AT the ejecta gradually becomes transparent. This complexity
2017gfo and difficult to be accounted for by a radioactiveof the emission spectra can be clearly seen from the almost
power. On the one hand, as discussed for AT 2017gfoverlap between theand: data.
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energy released from the isotropic wind component
could be partially reflected back into the magnetar wind
(Metzger & Piro 2013 (iii) The energy finally injected

into the ejecta can only be absorbed and thermalized in
the ejecta with a limited efficiency, which is specifically
determined by the emission spectrum of the magnetar wind
Jﬁ& and the energy-dependent opacity of the eje¥taet al.
2019h.
7\5: fm\_ Alternatively, if the engine is a fallback accretion, the
@ﬂ/ ﬁ@‘ maximum accretion rate and the total mass of the fallback
ﬂ material can be estimated to
% \Q.)/f % \Q?/:/‘ = \g\\?_g .
) - - ’,.jr‘ ]\/[ac,max = Lac,max/c2 =95.3 % 1076571]\/[(9571(12)
80 1042 46 5 3 35 4 005006007 0 20 40 6006 0.8 1
Lo 4 ts s M 0. 1M, ) K E, 48 5 and
M ~ Mae maxtac = 1.8 x 107°6 7 M, (13)
, J Meanwhile, the density of the fallback material before it
-0 falls back can be estimated to
3 zg Al pr ~ (Gt2,)™1 = 1.3 x 10*g cm %, (14)
:F 2 b o ﬁk since the accretion timescale can be roughly given by the
o] ’ freefall imescale as,. ~ (Gp;)~'/2. By combining the
o0 @ || ™ JH& . values ofM; andp¢, we can further obtain the length-scale
2 L0 @ I of the fallback material as
w40 ’ 1/3
—ol® @10 @ ® @‘ jﬁ Rg ~ <i’%> ~ 1.9 x 108¢~3¢m, (15)
oge A \ N 1 T Pf

20 60 100 5 10 2 25 3005 0.1 20 40 60 095 1

Linex, 47 Yo, 1 Mei(0-1M, ) " E 48 J

which is just smaller than and somewhat comparable
to the typical radius~ 10* km of white dwarfs
Fig.1 Observational constraints on the model parameterShapiro & Teukolsky 1983

for the spinning-down NSt@p) and fallback accretion
(bottom) models. 3 CONCLUSIONSAND DISCUSSION

Based on the fitting results, if the engine is a spinningdn this paper, we demonstrate that the fast-evolving
down NS, then we can derive the initial spin period and thduminous emission of SN 2019bkc can be well explained

dipole magnetic field of the NS to be by an explosion that ejects a mass-~of0.3 M, and is
_ _ lastingly powered by a central engine.
 _ 127 —1/2 ,—=1/2 1/2 . . .
B =149 Lyg {yrtoq3 ms = 746 “ms, (1) The progenitor of SN 2019bkc is unlikely to be a
and massive star, because of the deficiency of hydrogen and
B, =22 x 101651/2L;11i/i7t;d13G oxygen features in the spectra and its un-association with

— 1.6 x 1015¢1/2G (11) 4 h0§t galaxy. Therefore, the ultra-stripped SN model
’ (Tauris etal. 2018 and the SN shock breakout model
according to the expressions@f.q; = 9.4 x 10%7ergs=*  are somewhat disfavored. Then, as an alternative natural
andty, = 4.3 x 10%s. This result indicates the post- consideration, the hostlessness of SN 2019bkc could be
explosion NS is a millisecond magnetar as expected iéxplained by an NS-NS binary progenitor, the merger of
¢ ~ 0(0.1), which is well consistent with the previous which could lead to the formation of a massive millisecond
results found inYu et al. (2015 for the PS1 transients. magnetar. However, this scenario is seriously challenged
Here the value of could be much smaller than 1 becauseand even can be ruled out by the required very high mass
of the following reasons. (i) Drawing lessons from gamma-of the ejecta, even though the ejecta mass can be somewhat
ray busts and superluminous supernovae, the wind driveincreased by a long-lived post-merger NSaflice et al.
by a millisecond magnetar could be highly anisotropic.2018.
The majority energy could be collimated within a small In comparison, a WD-involved progenitor could be a
cone around the rotational axis and would not influencéetter choice. Nevertheless, the requirements on theadentr
the thermal emission of the isotropic ejecta. (i) Theengine and the ejecta mass still rule out the possibility
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Fig.2 Fittings to the multi-color light curves of SN 2019bkc withet spinning-down NS modelleft) and the fallback
accretion modelr{ght) for the best-fit parameters. The data are taken f@ran et al(2020 andPrentice et al(2020.
The time origin is set at 2019-02-26 04:48:00 UT (JD 2458B)0.

that SN 2019bkc is an SNla explosion due to helium-shel(ii) The energy injected into the explosion ejecta from
detonations on the surface of a sub-Chandrasekhar matte central engine is usually considered to be in the form
WD (Bildsten et al. 200/7Shen et al. 2010 Alternatively,  of high-energy photons such as X-rays that are emitted
SN 2019bkc could originate from the collapse/disruptionfrom the engine outflow. Then, after the ejecta became
of a WD, specifically, (i) an accretion-induced collapse oftransparent, this high-energy emission of a luminosity of
aWD (Canal & Schatzman 197&rgma & Tutukov 1976  10%° — 10*'erg s—' for months should in principle be
Dessart et al. 20Q6Yu et al. 2019Ix), (i) a merger of a detected on the SN 2019bkc’s distance. In other words, as
WD with an NS or a stellar-mass black hole (BHetzger argued byPrentice et al(2020, the detection of possible
2012 McBrien et al. 2019 and (iii) the tidal disruption of ~ X-ray emission can provide a test of the existence of
a WD by a BH of an intermediate mass of 10>° M  the central engine. However, in fact, a precise prediction
(Kawana et al. 2020 Fairly speaking, the last scenario of this high-energy emission is actually very dependent
could be most likely to generate a sufficiently heavy ejectaon the shock interaction between the engine outflow
However, it is not sure whether such a system can exist faand the explosion ejecta and also the uncertain shock
away from galaxies. In view of this, the existence of an NSmicrophysics. Sometimes, the emission of the engine
in the binary could still be very helpful for understanding outflow could be primarily in the UV band and the X-
the hostlessness of SN 2019bkc, due to the possible higlay emission can be suppressed by an order of magnitude
kick velocity of the NS that can lead the binary system torelative to the total power (e.g., see sect. 3Yinet al.
depart from the center of the host before the final merge20191).

happens. Therefore, the merger of a WD and an NS could
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