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Abstract

Fast Blue Optical Transients (FBOTs) are luminous transients with fast evolving (typically #;s < 12 days) light
curve and blue color (usually —0.2 > g-r > —0.3) that cannot be explained by a supernova-like explosion. We
propose a radiative diffusion in a time-dependent outflow model to interpret such special transients. In this model,
we assume that a central engine ejects continuous outflow during a few days. We consider the ejection of the
outflow to be time-dependent. The outflow is optically thick initially and photons are frozen in it. As the outflow
expands over time, photons gradually escape, and our work is to model such an evolution. Numerical and
analytical calculations are considered separately, and the results are consistent. We apply the model to three typical
FBOTSs: PS1-10bjp, ZTF18abukavn, and ATLAS19dqr. The modeling finds the total mass of the outflow (~1-5
M), and the total time of the ejection (~a few days) for them, leading us to speculate that they may be the result of

the collapse of massive stars.
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1. Introduction

As the observed data increase significantly (e.g., Kaiser et al.
2002; Law et al. 2009; Brown et al. 2013; Shappee et al. 2014;
Chambers et al. 2016; Kulkarni 2018), astronomical transients
attract more and more attention in recent years. Fast Blue Optical
Transients (FBOTs) are a type of transients, which show some
features as follows: fast evolving (typically #s < 12 days), high
bolometric luminosity (Lyo ~ 10% erg sfl), and blue color
(usually —0.2 > g-r> —0.3) (Drout et al. 2014; Pursiainen
et al. 2018; Coppejans et al. 2020; Terasaki et al. 2020). The
observed temperature declines from 20 000-30000 K to 10 000
K within the initial 10 days (Drout et al. 2014; Kuin et al. 2019).
Some FBOTs have been observed luminous X-ray emission and
the delayed radio radiation including AT2018cow, CSS161010,
and AT2020xnd (Margutti et al. 2019; Coppejans et al. 2020;
Bright et al. 2021).

These features are different from the other transients. No
observed evidence proves that there is gamma-ray in FBOTs,
therefore, ruling out a gamma-ray burst. Typical rise time for
tidal disruption events (TDEs) could be weeks to months and
the decay time could be longer (Perley et al. 2019), thus TDEs
were unlikely to explain FBOTs.

Radio emission of FBOTs (Anna et al. 2019; Coppejans et al.
2020) suggests a possible existence outflow. For supernovae,
typically Zgeciine ~ @ few months is much slower than FBOTs, and
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g-r > —0.2 (Drout et al. 2014) is much higher than FBOTs. Also
ordinary supernova models are hard to explain these features. On
one hand, ~a few M 36N should be needed to achieve such
peak luminosity in supernova models, but according to the rise
timescale, the total ejecta mass would be only 0.01 M, which is
contradictory with the *Ni mass. On the other hand, the shock
breakout model of a supernova could exhibit a fast-rising
luminosity, but the typical rise timescale is shorter than 2-3 days
(Waxman & Katz 2017). If we apply the shock breakout model
to FBOTs, the dimension of the progenitor should be 1014cm,
which is comparable to that of a red supergiant. However, as a
result of such a great massive envelope, the decline timescale
would be slower. The light curve would show a plateau after the
peak (Perley et al. 2019; Zheng & Yu 2021).

Due to these special features of FBOTS, some work aims to
propose novel mechanisms, including shock interaction with
circumstellar medium (e.g., Drout et al. 2014; Tanaka et al. 2016;
Margutti et al. 2019; Rivera Sandoval et al. 2018; Fox &
Smith 2019; Perley et al. 2019; McBrien et al. 2019; Rest et al.
2019; Tolstov et al. 2019; Anna et al. 2019; Ho et al. 2020; Leung
et al. 2020), which was systematically studied in Suzuki et al.
(2020), and the evolution of outflow (Kashiyama & Quataert 2015;
Piro & Lu 2020; Uno & Maeda 2020). For the latter explanation,
the model in Kashiyama & Quataert (2015) did not consider the
evolution of outflow material in the early stage of material ejection,
and models in Piro & Lu (2020) and Uno & Maeda (2020)
assumed that the velocity of the ejected material is constant.
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Figure 1. Top left: The mass distribution of the outflow material in velocity space. Top right: Ejection rate evolves as time. Bottom: Total outflow mass as the function
of inner velocity. We adopt oo = 3.0, ¥ = 5/3, Vmax = 0.067 ¢, v, = 0.033 ¢, viin = vp/100 and My, = 2.44 M....

The progenitors of FBOTs are also a controversial issue.
Proposed scenarios include stellar explosion (Margutti et al. 2019;
Coppejans et al. 2020), tidal disruption events (Kremer et al. 2019;
Kuin et al. 2019; Perley et al. 2019), common envelope jets (Soker
et al. 2019), and merger events between a white dwarf and a
neutron star or a black hole (Gillanders et al. 2020). We will
discuss about the progenitors based on our results.

In this paper, we assume a time-dependent outflow which
carries radiation with it. As the outflow expands, it becomes
optically thin and the radiation in the outflow is released. To
explain how such an outflow is produced, we adopt a core-
collapse model for the formation of the black hole (Kashiyama

& Quataert 2015; Perley et al. 2021). In fact, after a massive
star explodes, a black hole accretion disk system is usually
produced (Antoni et al. 2021). A black hole forms as the result
of core collapse of a massive star. While the inner portion of
the stellar envelope directly falls into the nascent black hole,
the outer materials with sufficient specific angular momentum
will fall back and form an accretion disk. The radiation pressure
in the accretion disk increases due to the shock wave and the
viscous effect, which drives the outflow in the form of disk
wind (Kashiyama & Quataert 2015). The outflow that we
discussed in this paper does not depend on the mechanism by
which the outflow is produced, the core-collapse mechanism
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that we mentioned is the most likely mechanism that produces
the outflow, but we do not rule out other mechanisms such as a
compact binary merger (McCully et al. 2017), or a stellar tidal
disruption event (Perley et al. 2019; Coppejans et al. 2020).

Kashiyama & Quataert (2015) considered an instantaneous
ejected outflow, while Piro & Lu (2020) and Uno & Maeda
(2020) considered a uniform speed of the outflow. We assume
that the ejection of outflow is within a period of time. Since the
outflow ejection lasts for a few days, it is natural that the
ejection velocity varies slowly with time within this long
period, and it may also fluctuate on smaller timescales. For the
latter case, the collisions within the outflow would redistribute
the momentum in a way such that faster shells move ahead and
slower shells trail behind. So we conclude that it is reasonable
to have a velocity distribution of the outflow. We assume that
the velocity of particles is distributed in the range of (Vyin, Vinax)
(Kashiyama & Quataert 2015; Tsuna et al. 2021). We describe
the physical process briefly and perform analytical calculations.
Assuming the internal energy of the outflow is comparable to
its kinetic energy according to the Equipartition Theorem, we
model the temperature evolution and the light curve.

In Section 2, we describe the time dependence of the outflow
and the velocity shells. In Section 3, we calculate our models
including the temperature evolution and the bolometric light
curve predictions. We apply the model to observed data of
three FBOTs in Section 4, including PS1-10bjb (Drout et al.
2014), ZTF18abukavn (Leung et al. 2021), and ATLAS19dqr
(Chen et al. 2020; Prentice et al. 2020; Zheng & Yu 2021).
Finally, we discuss some implications and caveats in Section 5
and summarize the results in Section 6.

2. The Time-dependent Outflow

A mass outflow (also named as wind or ejecta) is the subject
of many models for transients. Usually the outflow is assumed
to be spherically symmetric, only for the ease of treatment. It
was ejected from a central engine, and the ejection was active
for some finite duration. There might be a velocity distribution
within the outflow. In the following, we describe our treatment
of the mass/density/velocity distribution within this outflow. It
serves as a framework upon which the photon diffusion process
within the outflow is further calculated.

2.1. The Mass-velocity Distribution and the Shells

The ejection of the outflow lasts for a duration of #.,4, with a
total mass of the ejecta M,,.. We divide the ejection into two
stages: the rise and the decline of the outflow mass rate,
respectively (see the top panel of Figure 1). We consider that
the outflow is composed of a series of continuous mass shells.
The terminal velocities of those shells are distributed in the
range of (Vmin, Vmax) in @ homologous manner, such that faster
shells always move in front of the slower ones.
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Assuming the mass distribution in the velocity space:

M1 v —a—1
a—| — , for v, < v < Viax,
dm . Vb \ Vb (1)

dv M, — v\
1{ V 1%
a— | X |, fOr vipin < V < Vp,

Vb \ Vmax — Vb

where v,, is the shell velocity that the shell ejected at the end of
the ejection rate rising stage. a (>0) and v (>0) are model
parameters. A larger o (>0) means more mass is contained in
slower shells while a larger v (>0) means less mass is
contained in slower shells. Since the total ejecta mass is My,
we can write M, as:

Ml _ Mout . (2)

' _ o A\l=7 " -
1 aWmax —Vp) (Vmux me) —1 = (ﬂ)
* =) [ Vmax — Vb ] Vi
The mass ejection rate history M) = dm/dt’ =

dm/dv x (dv/dt") depends on the velocity-ejection time
distribution, which we assume to be a simple linear relation:

t/
V(') = Vmax — (Vmax — Vb) —. (3)
Iy
where #, is time that the slowest shell ejects during the ejection
rate rising stage. Note that the fastest shell is ejected at ' = 0,
the slowest shell is ejected at 7.4, and it could be given as:
Vmax — Vmin
fend = (Ve )tb' “)
(Vmax — Vp)
According to Equations (1) and (3), the mass ejection rate
could be described as:

—a—1
dm _ a(vmax — Vb) [Vmax Iy — (Vmax — Vb)t/:l

dt’ Vplp Vblp

M,
% out ,

v\ -«
1 a(Vmax — Vp) (Lmax me) —11 = (M)
+ vp(l =) [ Vmax = Vb 1 Vb
for0 < t' < tp, (&)
dm _ a(Vmax — Vb) t o
dt’ Vplp Iy
Moy

X
1 + a(Vmax — Vp) [(Vmavamin)li’y _ 1] — (M)ia

vp(1 =) Viax — Vb )

fort, < t' < fend, (6)

s

where we adopt y=5/3 in this paper. Since the envelop
material will first fall back to form the disk with the fallback
rate My, oc t->/3 (Michel 1988; Zhang et al. 2008; Dexter &
Kasen 2013), the falling material will be immediately accreted
by the black hole, and the mass of the accreted material is
comparable to the mass of the ejected material (Kashiyama &
Quataert 2015), we assume that the mass ejection rate is
also dm/dt’ < t75/3.
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Figure 1 shows the evolution of the outflow mass rate with
time, the differential and the integral mass distribution as a
function of velocity, respectively.

2.2. The Density of the Shells

Consider one of those shells whose mass is dm and its
terminal velocity is v—we will call it the m-shell or v-shell
hereafter. It was ejected at the time #’. At the current time ¢, the
m-shell has moved to the radius

r(t) =ro+ vt —1t), @)
where rg is the launching radius. The width of the shell is
dr=( — t"Ydv — vdt, ®)

where the first term on the right-hand side accounts for the
radial expansion due to the velocity difference, and the second
term is the initial width. Since the velocity difference is
dv = (Vmin — Vmax)dt’ /1, according to Equation (3), the shell
width expression can be written in two asymptotic regimes:

{—vdt’, for (t — 1) < 1,
dr ~

9
(t — tYdv, for (t — t') > 1, ®

for (t — ') < 1, this case indicates that the width of the shell is
dominated by the time difference between different velocity
shells. For (r — t') > 1, this case indicates that the width is
dominated by the velocity difference between different velocity
shells.

The mass density of the shell is given by dm=
47 pdr = (dm/dv) x dv. Thus:

dm/dv dv
pv([) = ; 3 [pe—
dr(v(t — t)) + rg)= dr
_ dm/dv 1
- Y] 2 dr’
AT =)+ P (- 1) — v
dm/dv

T An — 1) + ro)?
(Vmax — Vb)
X

, for (t — 1) S t,
vty

(10)

(t - t/)719
where ry is the launch radius of the outflow. We consider this
radius as 100 times the Schwarzschild radius. In this paper, we

adopt ro=3 x 10® cm according to the hypothesis that the
central black hole is a stellar-mass black hole.

for (t — t') >,

3. Radiative Properties
3.1. The Internal Energy and Temperature

The internal energy of the outflow is dominated by photons.
Thus for an individual shell, the evolution of its energy density
obeys the adiabatic law aT* p4/ 3. Let Ty, po be the initial
temperature and density, respectively, of the shell when it was
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ejected, at the initial radius ry. Throughout the paper, we
consider ry be much smaller than . Assuming the following
energy equipartition at the base between the internal and kinetic
energies:

aTy = onvz, (11)
2
where 7 is a constant, we have
1/3
aT* = ﬁpvz(ﬁ] , (12)
2 Po

since v is defined as the outflow terminal velocity, it can be
considered as constant for r > ry.

We can calculate the equivalent luminosity: for ¢t — ¢/ < #,
we could obtain L(r) = 4nr2aT* = nM (r)vZ(p/py)'/?/2
according to Equation (12), and according to Equation (10),

1/3 I 2/3 2/3
(ﬁ) N[w] N(Lro)/, For t— 1> 1, we

Po v(it—t)+ry
}’2

3
obtain I 173 ~ W@ — 1)+ ro)vip 1/3 -~ v2p 1/ 1
0 Wt — 1)+ 70)*(Vmax — vp) (t — 1) (Vmax — vb) r’

To summarize the results, we can write as:

L(r) = 4nr2aT*
r_0)2/3

2.0 1/3

1y VL, 1
0 | 2 fort—t' >t
(Vmax — Vb) r

13)

fort —t' < tp,

URY 2
~—=M(r)v: x
5 (r)

for the photons that are “frozen” in and carried by the outflow,
up to a diffusion radius r, where they start to diffuse out. Note
that the outflow mass rate M (r) = 4nr?py is smaller than
M(t"), because of the radial expansion that the shell
experienced. Equation (13) suggests that the radiative lumin-
osity will always be a tiny fraction of the outflow’s kinetic
energy luminosity.

3.2. The Photon Diffusion and Luminosity
The optical depth for the v-shell is

Tvzfmx fﬁpd}':fmux ﬁpﬂdv, (14)
r i dV

v

we adopt £ =0.4cm” g ' in this paper.

Using Equation (10), we have

fvmux dm/dv dv dr
Ty = K [
v Ar(v(t — t) + ry)? drdv

dv, (15)

where 7ax = Vmax t 1S the outer edge of the outflow. We adopt
the following formula in Piro & Lu (2020) to estimate the
photon diffusion time of the v-shell

1y (Fmax — 1)

liif & T ————, (16)
c Tmax
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Figure 2. The evolution of the diffusion radius r, during the whole process. At the center of each diagram is the black hole—accretion disk system where the outflow
is ejected. The blue is the material that was ejected when the ejection rate went up, and the yellow is the material that was ejected when the ejection rate went down.

which matches the expected limits: fgif = 7, (Fnax — #,) /¢ When
Fy & Fnax, and fgeR T, /c when r, < Fpac. Note that the
definition of 74 in Kashiyama & Quataert (2015) corresponds
to the first limit only.

The dynamical time of the v-shell is the current time ¢ ~ r,/v.
The diffusion radius r; (or, the diffusion v-shell) is defined as
the radius of the shell for which the two timescales are equal
tair =t. Thus:

Tvzfmax Kkpdr = fmax npﬂdv
q Vi dv

= fmax (17)
(Fnax — 7a) Va

This shows that the classic condition 7~ ¢/v typically used
for defining the diffusion radius (e.g., Strubbe & Quataert 2009;
Nakar & Sari 2010) is valid only when the diffusion radius is
deep inside the outflow (Piro & Lu 2020).

The observed luminosity is the energy flux of photons
diffusing across the diffusion radius:

Lops = 47rr§aT4<rd)(vd - %) (18)
t

where following Piro & Lu (2020) we include the dr,/dt term

to account for the changing position of the diffusion radius.
The diffusion radius evolves during the whole stage as in

Figure 2. We define 7,4 as the time when the diffusion

radius coincides with the radius of the v,-shell, i. e,
1q(tmia) = Vo (tmia — 1)

For any time ¢, the diffusive shell (i.e., v, r;) would be
known by solving Equation (17), then the observed color
temperature Tops=T(r;) and luminosity L., can be
calculated.

3.3. Temporal Properties of the Diffusive Emission
3.3.1. Early Times: t <t

In this subsection, we analyze the asymptotic behavior of the
diffusive emission in several stages of the outflow, starting
from the earliest. Then we provide the numerical result for an
example.

—Stage (a): 77 = Fmax-

In this regime, the width of the velocity shell does not
change significantly due to the difference in velocity, thus we
could take p 2 for the same velocity shell. Since v; ~ Viax,
the diffusion shell is almost coincides with the shell with
the maximum velocity, we could have pyoct 2. From
Equation (12), we find aT, oc 178/3 since py is the initial
density in the velocity shell with v = vy.x. Evaluating
Equation (17) we find

(s — 72) ~ . (19)

KPa
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Table 1
Asymptotic Scalings of the Evolution of the Observed Color Temperature and
Bolometric Luminosity

t<t, and t <t, and ty K t < tig and
Stages ¥4 = Tmax tq < Fmax Ya < Fmax ¥4 = Fmin
Tope 2/3 4= 0)/6a+6) (3a-2)/6a+6) 176
Lobs x t—l/() 1(40—4)/(3 a+3) 1—16/(3 a+3) t—10/3

Taking the square root and the time derivative, we get
dar,
Vimax — — o /2, (20)
dt

Therefore, from Equation (18) we see that Lgp X
(ut)2aT s (Vinax — %) oc 127 8/31/2 = ~1/6 This stage is
very short, only at the beginning of the ejection process.

—Stage (b): 7y < Fax-

The width of velocity shell is dominated by the time
difference during the shell ejection in this regime, which means
the assumption dr ~ vdt’' is reasonable. For Equation (17),
since 1y < hmax and the ejected matter is concentrated in slow
shells, we can write the approximate form as 7, ~ Kp;ry ~

“Pd% - ;. Therefore, according to Equation (17) we could
consider /{pd% Sy = Vﬁ when r; < hpax. Combine with
d
Equations (10, 15), we obtain 7, ~ /i“l'::—/;‘lvv ~ vi We have
Ty i
dm/dv < v; ! at this stage according to Equation (1), thus
dm/dvv ~ vyt
471')‘3 d vt)? . "
finally we could obtain v, oc ¢~ /C@*D_Since we have obtained

we can write K vdwvi by taking r,~ v,

I .
vg, we can calculate p; o dn/dv, — o t0/@+1) - Combined
ry i

with Equations (10) and (12), we can obtain aT;‘bs ~
pdvdZ(rd)fz/S . t(S*ZQ)/(3a+3), thus e OC 4= /6 a+6).

Obviously we can work out Ly, o< 4mraT g vy oc t¢a—H/Ga+3)

according to Equation (18) since we assume that v; — CUE

comparable to v, at this stage. ‘

This result predicts a rising stage in the light curve for o > 1.
Due to the power law outflow ejection as Equation (1), more
outflow is constrained in lower velocity shells, which may
carry more energy. As the diffusion shell recedes from the
maximum velocity shell to the lower velocity shell, more
energy will be released. Therefore, the luminosity will rise in
this stage.

3.3.2. Middle Times: t, < t < tpiq
—Stage (¢): 77 <K Tiax-

The widths of velocity shells are dominated by the velocity
difference in this regime, which means we have dr ~ v(t — t').
Through similar procedure as in stage (b), we obtain
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vgoct 2D and p, ~ d'::i/;lv o tB-®/+D) We can calcu-
Trg

d

4 2 P~ 173 2 rzvd 1/3
late  aTg o< p,v) Qp_’ x PV ( :2[) o t(-6a=HBa+3)
thus T, (T3a=2)/®at6) 4 q Lops £ 16/BGa+3)

3.3.3. Late Times: tgq <<t
—Stage (d): 7y = Fin.

At this stage, since the ejected matter is not concentrated in
slow shells, we take the approximate form as 7, ~

ko (Vp — V) - % ~ KV - % due to v,>v, We have
Vi < Vmax, thus we consider dm/dv to be a constant according
to Equation (1). At this stage, the density profile of the shell
rapidly decreases as in Equation (10), the diffusion radius will
quickly move to the inner edge, that is, the velocity shell
around the inner edge is just ejected and soon becomes the
diffusion shell. Therefore, we will adopt this assumption
t —t' <, for p; and p at this stage. From Equation (17), we

dm /d -
zi )zvvb ~ Vi, therefore, vyoc7 2, and
d d

1/3 _
aTos X vy (Z—d) P d’ziz/vjvvj(%) ) Finally, we
could obtain T(,UbS o t'/° and Lops X 1973,

The above asymptotic behavior is summarized in Table 1.
Adopting o =3 and y=5/3, a numerical example is shown in
Figure 3. Clearly we can see the temperature slips from a
few x10° K—~10*K in the first one day, then it stands in a
stable value of ~10%K and finally declines to a few x10* K
slowly. For the light curve, the luminosity drops slowly when
t < 1 day, then it rises to the peak in the next a few days due to
the increase of the outflow ejection rate. After the peak the
luminosity goes down rapidly, which coincides with the
features of FBOTSs. In our work, we assume that the ejection
velocity of the outflow shell has a distribution as adopted in
Kashiyama & Quataert (2015), whereas in Piro & Lu (2020),
the ejection velocity of the outflow shell is constant. This is the
reason that leads to the difference between the results in Piro &
Lu (2020) and our results.

can write T, ~ K

4. Application

Here we apply our model to three FBOTs. We put the well fit
results of PS1-10bjp (Drout et al. 2014) in Figure 4,
ZTF18abukavn in Figure 5, and ATLAS19dqgr (Chen et al.
2020; Zheng & Yu 2021) in Figure 6. Fit parameters are
presented in Table 2.

Under the assumption of the blackbody, previous
work has calculated the blackbody radius rgg by g =
(Lobs/4maT5,c)'/2, but it is not the radius where the photons
escape. Since Loy, = 47mrggaTimcc and we calculate Ly, via
Lops = 47TrjaT;‘bsc/ 7 in our model, for a given Ty and Ly,
we always have r, > rgg. Therefore, we do not compare r; with
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Figure 3. Numerical results compare to analytical results. Top left: Light curve; top right: temperature evolves as time; bottom: diffusion radius evolves as time. Solid
lines are our numerical results and dashed lines are analytical results. Parameter values are the same as in Figure 1.

rgg, and we plot only the results of T,,s and L. Fit
parameters are presented in Table 2.

PS1-10bjp belongs to the golden sample of FBOTs in Drout
et al. (2014), and we compare our results to the data in
Figure 4. Initial work considers this transient as shock breakout
or tidal disruption events in Drout et al. (2014), but fails to
obtain light curve fit about this event. In our model, luminosity
declines during the initial 1 day. Since the lack of observed
data, we are impossible to compare with the model. The next
stage is the rising curve which is consistent with our prediction
that the bolometric light curve rises due to the accelerating
mass outflow. According to stage (b), since we adopt o = 2.0,
obviously we could work out Lobso<t0'44. After the peak,

luminosity declines as next two stages that all show in light
cures. Easily we can see that L X 78 during the first
decline stage according to stage (c). In the second phase of
decline, we can see that L, o 193 which is consistent with
stage (d).

Though the light curve fits well, there are some discrepancies
in the temperature curve fitting results, especially in the initial
stage. Since we assume that the ratio of the internal energy to
kinetic energy is constant as 7 in Equation (11), but in reality it
may change over time. The model predicts that the temperature
declines rapidly during the initial stage, which is inconsistent
with the observed data. Then it rises briefly, and also no
observed data supports this result.
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25

1045

1044

Lops (erg-s—1)

1043

o_

10 20
t (days)

Chen & Shen

105:—
g r
= +
* o
1045— L ¢
i | | | | | |
0 5 10 15 20 25
t (days)

10bjp. Left: Light curve; right: temperature evolves as time. Data are

105:—
g
104k
3 | | |
1075 10 20
t (days)

Figure 5. Numerical results (blue solid line) compare to the observed data (red points) of ZTF18abukavn. Left: Light curve; right: temperature evolves as time. Data

are from Leung et al. (2021).

ZTF18abukavn is also a typical FBOT, and we compare our
results with the data in Figure 5. Previous work interpreted this
event as a result of the ejecta interaction with the circumstellar
matter, but lacked analytical forms for each stage (Leung et al.
2021). We describe analytical results as follow. At first,
luminosity drops as stage (a), but no observed data in this stage.
Then since we adopt o= 3.0, on the basis of stage (b), we
obtain Lgps X 277, After the peak, light curve drops as
Lops ot 113 immediately, which corresponds to stage (c).

Finally when r; = ryin, the diffusion radius coincides with the
inner edge of the outflow. The outflow becomes transparent
and experiences cooling in this stage. We adopt the conclusions
from Kashiyama & Quataert (2015) that are Tops < ' and
Loyps o<t > as a result of adiabatic cooling. Also, there are
obvious errors in the temperature curve fitting results.
ATLAS19dqr is another typical FBOT, for which we present
our results in Figure 6. Previous work considered a central
engine that keeps ejecting material but did not model the light
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Figure 6. Numerical results (blue solid line) compare to the observed data (red points) of ATLAS19dqr. Left: Light curve; right: temperature evolves as time. Since
the SED analysis is absent in Chen et al. (2020), Prentice et al. (2020), Zheng & Yu (2021), we plot only the model prediction for T,,. Data are from Chen

et al. (2020).

Model Parameters Obtained for the Three FBOTs from’Il‘jﬂgflgzthe Light Curves and the Color Temperature Evolution
Vinax (€) vip(€) Vinin (€) Mou(Mo) fena(days) e} n
PS1-10bjp 0.13 0.05 0.03 33 15 2.0 1.5
ZTF18abukavn 0.4 0.22 0.11 43 13 3.0 1
ATLAS19dqr 0.14 0.07 0.007 1.3 5.3 4.3 2

curve well (Chen et al. 2020; Prentice et al. 2020; Zheng &
Yu 2021). As our results show, the luminosity drops initially,
similar to the fore-mentioned two events. Then we obtain
Lops o 182 during initial ~2 days when bolometric luminosity
rises rapidly. Follow this stage, the bolometric luminosity
declines as Ly o< 1% which couples with stage (c), and after
this stage, luminosity drops as Lgps X 193 which corresponds
to stage (d). Since the SED analysis, thus the T, data, is
absent in Chen et al. (2020); Prentice et al. (2020); Zheng & Yu
(2021), we plot only the model prediction for 7.

5. Discussion

Given the obtained the parameters about the total outflow
mass and the mass ejection timescale, we discuss the
progenitors for FBOTs. First, for the stellar mass larger than
15M, at the end of the stellar evolution, the stellar core may
collapse and form a black hole (Pejcha & Thompson 2015).
Therefore, the mass of the outer envelop to be accreted larger
than 1 M, is reasonable.

Next, we discuss the outflow ejection timescale. The
accretion disk mentioned in this paper is a thick accretion
disk, which means that the material falling on the accretion disk
can be immediately accreted. Therefore, the accretion timescale
is equivalent to the freefall timescale of the stellar outer layer
material. Since the accretion timescale and the mass ejection
timescale are also equivalent, we can estimate that the freefall
timescale of the outer layer of the star is about 10 days. By
tree = 7r(R>,§ /8GMgy)' /2 (Kashiyama & Quataert 2015), where
tiree 18 the freefall timescale and R, is the radius of the stellar
outer layer, for a stellar with a mass of 15 M., and an outer
material freefall timescale of 10 days, we can estimate R, ~ a
few 10'* cm. Therefore, we consider the progenitor is a red
giant with a mass of about 15M, and a radius of about
10" cm.

Our model results reveal a very early stage which the
temperature shows a sharp drop. This temperature drop stage
results from the rapid decline of the internal energy of the
earliest shells at the diffusion radius due to the adiabatic
cooling. At stage (a), the diffusion radius r, almost coincides
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with the outer edge, so the early drop of the temperature, thus
the luminosity, is dominated by the decline of internal energy
of the shells at this time. So far, no data is available at such
early time to support this result. With the future there may be
telescopes with a larger field of view, we could obtain such
early data. As more and more photons escape from the outflow,
such energy drop becomes less and less dominant.

We compare the kinetic energy of the outflow and the
total radiative energy. Considering the kinetic energy as
E, = %Momvz, since Mgy ~ 1M, and v ~ 0.1c, we can estimate
the total kinetic energy as ~10°%erg. For the total radiative
energy, we estimate it from the light curve, in which we can get
a peak luminosity of Lpyeax ~ 10¥ erg s~' and the peak
timescale fpeqc ~ 5 days, which gives the total radiative energy
Eraa ~ Lpcaktpeak ~ 10%8 erg. The latter is much lower than the
kinetic energy, which means that only the minority of kinetic
energy is converted into radiation. When the expanded outflow
moves into the circumstellar matter (CSM) and interacts with
the CSM, it may release most of kinetic energy through a
shock. We do not currently have observational evidence of
such radiation, possibly because the CSM is very thin, the
ejected material does not fully release kinetic energy through
the collision, thus we cannot see such weak radiation. In fact,
some FBOTs do have been observed such bright radio radiation
in the hundreds of days after the explosion (Coppejans et al.
2020), which might be explained by our model.

6. Conclusion

In order to explain the observed features of FBOTs,
including the fast evolution, high peak luminosity and blue
color, we propose a radiative diffusion in a time-dependent
outflow model. We assume such outflow is produced during the
core-collapse of a massive star (Kashiyama & Quataert 2015;
Antoni et al. 2021). However, since the outflow is optically
thick at the beginning, the photons will be frozen in it initially.
As the outflow expands, it gradually becomes optically thin,
and more and more photons escape from it. We calculate the
energy carried by the photons that escape in this way, and we
can obtain the analytical form and numerical form of the light
curve.

We apply the model to three FBOTS, including PS1-10bjp,
ZTF18abukavn, and ATLAS19dqgr. From the results of data
fitting, on the one hand, we require the total mass of the
outflow material to be ~1-5 M, and we estimate that the mass
of the progenitor is about 15 M, so that it is enough to produce
such a large mass of the outflow. On the other hand, we require
the mass ejection timescale to be 10 days, which suggests that

Chen & Shen

the progenitor has a radius of 103 cm, i.e., it is a red
supergiant.
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