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Abstract

Luminous fast blue optical transients (LFBOTSs) such as AT2018cow form a rare class of engine-powered
explosions of uncertain origin. A hallmark feature of these events is radio/millimeter synchrotron emission
powered by the interaction of fast 20.1c ejecta and dense circumstellar material (CSM) extending to large radii
>10" cm surroundrng the progenitor. Assumrng this CSM to be an outflow from the progenitor, we show that dust
grains up to ~1 um in size can form in the outflow in the years before the explosion. This dusty CSM would
attenuate the transient’s ultraviolet emission prior to peak light, before being destroyed by the rising luminosity,
reddening the premaximum colors (consistent with the premaximum red-to-blue color evolution of the LFBOT
candidate MUSSESZOZOJ ) Reradlatron by the dust before bemg destroyed generates a near-infrared (NIR) “echo”
of luminosity ~10*'-10* ergs™ lastlng weeks, which is detectable over the transient’s rapidly fading blue
continuum. We show that this dust echo is compatible with the previously unexplained NIR excess observed in
AT2018cow. The gradual decay of the early NIR light curve can result from CSM, which is concentrated in a
wide-angle equatorial outflow or torus, consistent with the highly aspherical geometry of AT2018cow’s ejecta.
Premaximum optical /UV and NIR follow-up of LFBOTs provide a new probe of their CSM environments and

place additional constraints on their progenitors.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Circumstellar dust (236)

1. Introduction

“Fast Blue Optical Transients” (FBOTs; Drout et al. 2014;
Arcavi et al. 2016; Pursiainen et al. 2018; Ho et al. 2021) are
UV-bright supernova (SN)-like explosions of debated origin
characterized by UV /optical rise t1mes of only days and peak
luminosities up to >1044 erg s~ . This paper focuses on the
most luminous FBOTS (hereafter “LFBOTSs”), which are
extremely rare (<0.1%-1% of the core-collapse SN rate; e.g.,
Coppejans et al. 2020; Ho et al. 2021) and likely possess
distinct progenitors from the majority of FBOTs (whose
properties may form a continuum with previously identified
SN classes; Ho et al. 2021).

The prototypical LFBOT is AT2018cow, which exhibited
multiwavelength emission spanning radio to gamma rays
(Prentice et al. 2018; Rivera Sandoval et al. 2018; Ho et al.
2019; Kuin et al. 2019; Margutti et al. 2019; Perley et al. 2019;
Nayana & Chandra 2021). AT2018cow’s UV /optical light
curve rose over just a few days to a peak luminosity
L~4x 10* erg s' before declining rapidly thereafter. This
emission was accompanied by variable nonthermal X-rays
present from the first observations days after the explosion
(e.g., Rivera Sandoval et al. 2018; Kuin et al. 2019). The
X-rays likely originate from a compact object central engine
(Margutti et al. 2019; Perley et al. 2019; Pasham et al. 2022)
whose time-dependent spectral features (namely, Fe line and
Compton hump) suggest the source is embedded within the
expanding ejecta shell generated during the explosion (Margutti
et al. 2019). The optical wavelength spectra were initially
featureless over the first couple weeks after the explosion,
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indicating large expansion velocities v 2> 0.1c and high
temperatures ~3 x 10* K. Later spectra revealed the emer-
gence of H and He emission features at significantly lower
velocities v ~ 3000-4000 km s~ ' with no evidence for ejecta
cooling (e.g., Margutti et al. 2019; Perley et al. 2019; Xiang
et al. 2021).

Narrow He emission lines <300 km s~ ' were also detected
from AT2018cow, pointing to the presence of dense
H-depleted circumstellar material (CSM) ahead of the ejecta
(e.g., Fox & Smith 2019; Dessart et al. 2021). Indeed, one of
the hallmark features of LFBOTs is the presence of luminous
radio and millimeter synchrotron emission (Ho et al. 2019;
Margutti et al. 2019; Nayana & Chandra 2021) arising due to
shock interaction between the fastest eJecta (velocity v 2 0.1¢)
and CSM of density n > 10°~10" ¢cm ™ on radial scales s ~10'
cm surrounding the progenitor.

Over the last few years, additional LFBOTs have been
discovered, which exhibit qualitatively similar multiwave-
length properties to AT2018cow, including CSS161010
(Coppejans et al. 2020), AT2018lug (“Koala”; Ho et al.
2020), AT2020xnd (Ho et al. 2022; Bright et al. 2022; Perley
et al. 2021), and AT2020mrf (Yao et al. 2022), albeit with a
wide range of X-ray luminosities and fastest ejecta speeds
implied by their radio/millimeter emissions. An LFBOT-like
optical /UV transient, MUSSES2020J, was recently dlscovered
which reached an even hlgher peak luminosity ~10% erg s -
with the final light-curve rise by a factor of 2100 captured over
just 5 days (Jiang et al. 2022) though the identification of this
event as an LFBOT is not certain because of the lack of
multiwavelength data. To summarize the physical picture that
has emerged from detailed modeling (e.g., Margutti et al.
2019): AT2018cow and other LFBOTs are engine-powered
explosions that generate highly aspherical ejecta spanning a
wide range of velocities, propagating into a dense, radially
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extended preexisting CSM. The densest portion of the ejecta,
and potentially also of the CSM, is concentrated in an
equatorial torus, presumably orthogonal to the rotational or
orbital angular momentum axis of the progenitor system.

A large number of progenitor models for LFBOTs has been
proposed, including the SN explosion of a rapidly rotating
massive star with a low total ejecta mass giving birth to a
central engine, such as a millisecond magnetar or black hole
(Prentice et al. 2018; Fang et al. 2019; Margutti et al. 2019;
Perley et al. 2019; Gottlieb et al. 2022); an initially “failed” SN,
which nevertheless produces an accreting black hole and mass
ejection (Margutti et al. 2019; Perley et al. 2019; Quataert et al.
2019; Antoni & Quataert 2022); the tidal disruption of a star by
an intermediate-mass black hole tidal disruption event (IMBH-
TDE; Kuin et al. 2019; Perley et al. 2019) or a stellar-mass
black hole in a dense stellar environment (Kremer et al. 2021);
pulsational pair instability SNe (e.g., Leung et al. 2020); and
the merger of a helium core with a black hole or neutron star
following a common envelope event (Soker et al. 2019;
Schrgder et al. 2020; Uno & Maeda 2020; Metzger 2022;
Soker 2022).

Here we point out that the gaseous CSM* environment
surrounding LFBOTS on large scales >10'® cm is likely to be
sufficiently cool and dense prior to the explosion to facilitate
the formation and growth of dust. This dusty CSM would
furthermore be opaque to the transient’s early UV emission
before peak light until the dust is destroyed by the rising
luminosity. This has two observable consequences: (a) the
premaxima UV /optical spectra of LFBOTs will be substan-
tially redder than the bluer colors observed near and after peak
light, and (b) the UV luminosity absorbed during the early
rising phase prior to dust destruction will be reemitted by the
heated dust at near-infrared (NIR) wavelengths, giving rise to a
“dust echo” lasting weeks. As we will show, such an echo
appears compatible with the heretofore mysterious NIR excess
observed from AT2018cow by Perley et al. (2019). The
discovery of similar and related dust signatures in future
LFBOTs offers a new probe of their large-scale progenitor
environments complementary to those provided by radio/
millimeter observations.

2. Dust in LFBOTs

We begin in Section 2.1 by summarizing what is known
about the CSM properties surrounding LFBOTs and use this
information to estimate the dust formation properties in this
environment. In Section 2.2 we describe the conditions for dust
destruction during the LFBOT rise phase before estimating the
properties of the NIR echo in Section 2.3. The geometry of the
system is illustrated in Figure 1.

2.1. Dust Formation in the Progenitor CSM

The synchrotron radio/millimeter emission from LFBOTSs
starting weeks after the explosion is powered by shock
interaction of a fast outflow of velocity v~ 0.1-0.5¢ with
dense CSM (e.g., Ho et al. 2019; Margutti et al. 2019;
Coppejans et al. 2020; Bright et al. 2022; Nayana &
Chandra 2021; Margalit et al. 2022). Application of standard

4 Although we shall refer throughout this paper to the dense gas on this scale,

as inferred from the radio/millimeter shock emission, to be a “CSM,” in some
scenarios such as IMBH-TDE, this dust-laden material may not originate from
the LFBOT progenitor itself.
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Figure 1. Schematic illustration of the geometry of dust destruction and light
echoes in LFBOTs. Modeling of AT2018cow and other LFBOTS reveals dense
CSM extending to radii >10'"® cm surrounding the progenitor system,
potentially concentrated in an equatorial torus along the same symmetry axis
as inferred from the highly aspherical ejecta. The CSM is sufficiently dense to
form and grow dust grains outside the condensation radius r. > 10'*-10"% cm
(Equation (5)). At early times following the explosion, the dusty CSM is
opaque to UV /optical emission (optical depth 7yy > 1). As the UV luminosity
rises to maximum over a few days, the dust is heated and destroyed out to
increasingly large radii, eventually reducing 7yv < 1. Before being destroyed,
the heated dust reradiates the absorbed UV energy, most of which is emitted at
the radius ~ri, = 10'® cm (Equation (16)), where Ty ~ 1 (but 7ir < 1). An

~

observer viewing the system from an angle 6, with respect to the CSM polar
axis receives the IR emission from radius r, and angle 6 with a time delay
AfR =~ (Fwin(0) /c)(1 — 7' - ), set by the light-crossing time, where
Fthin(0) o n'/~ grows with the polar angle due to the increasing density n(6)
(see Equation (24)). Reprocessed emission may not reach the observer from the
bottom hemisphere (6 > 7/2) if the dense equatorial disk is opaque to the NIR
emission (7ig > 1).

synchrotron shock models to two well-studied events,
AT2018cow and AT2020xnd, found similar CSM density
profiles (Bright et al. 2022), which on radial scales r ~ 10'® cm
are roughly approximated as a power law of the form (Bright
et al. 2022; their Figure 4):

-3
r
n=n; X 107Cm73(m) , (1)

where the precise normalization n; ~ 0.1 — 1 depends on the
shock microphysics (e.g., the fraction of the shock energy
placed into magnetic fields, eg). Although such a steep density
profile is not compatible with that of a steady wind
(n = My, /47r’m,vy, o< r~2), its normalization corresponds to
a mass-loss rate M, ~ 1073-1072 M, yr ' for an assumed
wind velocity vy, = 300 km s ! (Fox & Smith 2019). Modeling
the optical/X-ray emission from LFBOTs (e.g., Margutti et al.
2019) indicates the ejecta from the explosion, and potentially
also the CSM, are not distributed uniformly surrounding the
progenitor but are instead concentrated in an equatorial outflow
or thick torus with a higher density n(f) at larger angles 6
(Figure 1) from the polar axis (along which the explosion ejecta
are fastest and the radio/millimeter emission predominantly
originates; see Section 2.3 for further discussion).

Stellar objects undergoing high rates of mass loss in other
contexts, such as giant outbursts from luminous blue variables,

are observed to generate copious amounts of dust (e.g.,
Davidson & Humphreys 1997; Kochanek 2011). We now
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estimate the size of the dust grains that could grow in the
outflows of LFBOT progenitors of density profile (Equation 1).
Motivated by the oxygen-rich composition of massive-star
outflows, we focus on silicate grains. However, qualitatively
similar results would follow for carbonaceous grains, and when
possible, we interpret our analytic estimates for dust properties
(e.g., sublimation temperatures) spanning both possibilities.

Once the temperature in the progenitor outflow decreases
from its initially hot state close to the progenitor to values
T<T. at radii ~r., solid condensation occurs, and grain
nucleation can begin (e.g., Cherchneff & Dwek 2009; Nozawa
et al. 2014), where T.~ 1200 K (1500-2000 K) for silicate
(carbonaceous) grains, respectively.

Assuming that grain growth is dominated by the rate of
accumulating monomers, the timescale for a spherical dust
grain to grow to radii a = a,,,,, pm is given by (e.g., Kwok 1975;
see Kochanek 2011, their Equation (17)),

VAT n(rmyXeve(T)
~0.26 yr pm ( e )3 )
n7Xd,_1Tcl’{§00 1015cm ’

where in the second line, we take p, ~3.8 g cm > as the bulk
density of the silicate dust grain, and X4 =0.1Xy4 _; is the mass
fraction of dust-generating condensable material, normalized to
a higher value than for solar metallicity given the hydrogen-
depleted nature of the CSM surrounding LFBOTs (e.g., Perley
et al. 2019). The effective collisional velocity v, is assumed to
be the thermal velocity,

1/2
™y

where Tyo00=T7/(1200 K), and we take m, =20m, for the
monomer building blocks of silicate grains (Kochanek 2011).

The radius r. at which T'= T, enters Equation (2) depends on
the radiation environments of the LFBOT progenitors, which
are uncertain. Assuming the progenitor was a massive star of
luminosity L,, the radiation temperature Tjoq = (i45q/@)'/* in
the CSM with energy density u,q at radius r in the outflow can
be estimated as’

L. + D\/*
T 2( (1R ))

dmor?
1/4 —1/2
L*(TIR + 1) ( r )
~ 1941 K s 4
( 10%%rg s~! 10%%cm X

where g ~ 1 is the radial optical depth through the CSM to
the reradiated NIR emission of temperature ~T7,,q. Assuming
the gas and radiation are in equilibrium (7'~ T;,q), this results

5 One way to understand the factor (7ir + 1), which enters u,q, is that a
radially constant energy flux Fp.q = Up.qvairr Will be established between the
location of interest (optical depth 7ir > 1) and the photosphere (rgr ~ 1) at
which uq(rir = 1) = L, /4mcr? and vy~ ¢/ is the radial diffusion
velocity of the IR photons.
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in a condensation radius (where 7~ T,) of

7o~ 2.6 x 10 cm

(nr + D'/? L, v 5
100ergs!) ©)

The size to which dust grains can grow is determined by a
comparison between the grain growth timescale and the
outflow (or inflow) timescale from the condensation radius
fexp ~ T /Vy (e.g., Kochanek 2011). Evaluating Equation (2) at

r:rca

t Trow (LM 1 w *
gow 29 (TR + )( % ) L ©)
300 km s~!/\ 10%%rg s~!

where v,, is normalized to a value 300 km s~ ! close to the
narrow spectral-line features in AT2018cow (e.g., Fox &
Smith 2019). Comparing tgzw With fex,, We see that grain
growth to sizes a > 0.1-10 yum is possible (fgrow /fexp < 1) for
reasonable ranges in the values of {n;, vy, L, T¢, TIr}.

The dusty outflow at radii 2r. will obscure the progenitor at
optical /UV  wavelengths. The absorption opacity in the
geometric optics limit (wavelengths A\ < 27a), is approxi-
mately given by

T 1200

9/2
Texp nXg, 1T, {300

Xaq,—
Koy = S8 2.0 % 10% em? g 124 (7)
4 ppa Aum
The optical depth of the CSM dust to UV radiation external
to a given radius r is
Tuv(>r) = froc mpnkyydr

)
~ 165 ”7Xd’*‘(—r ) , ®)

aum \10%cm

where we have used Equations (1) and (7). Absent dust
destruction, the UV emission from LFBOTs should be
obscured (Tyy 2 1) by the dusty CSM on the same radial scales
~10"® cm probed by the transient’s radio /millimeter emission,
contrary to observations taken near and after the optical/UV
peak showing blue colors from a high-temperature (>10* K)
continuum.

2.2. Dust Destruction by the Rising UV Transient

As the UV luminosity Lyy of the transient rises to its peak,
this radiation will heat and sublimate the dust to increasingly
large radii, reducing the optical depth (Equation (8)). To
estimate the dust sublimation radius, we follow similar
considerations in the context of other explosive transients:
SNe (e.g., Bode & Evans 1980; Dwek 1983; Maeda et al.
2015), AGNs (e.g., Barvainis 1987), gamma-ray bursts (e.g.,
Waxman & Draine 2000; Waxman et al. 2022), and tidal
disruption events (van Velzen et al. 2016). We compute the
temperature of the dust by equating the rate a grain of radius a
at radius r absorbs heat,

Lyv wa?

Laps = Quv > 9

4rr

where Quy ~ 1 is the absorption efficiency at UV wavelengths
where the spectral energy distribution (SED) of LFBOT peaks
at early times (Topr~ 3 X 10* K; e.g., Perley et al. 2019), to the
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rate at which dust radiates
4
Laug = 4ma*(Qr )07y, (10)

where Qry is the emission efficiency. For silicate grains across
arange of sizes a ~ 0.01-1 pm, the Planck-averaged emissivity
at temperatures Ty~ 10° K is approximately given by (e.g.,
Draine & Lee 1984, their Figure 11)

Ty
~ 03a,n| ——— | 11
(Or)T #m(23OOK) (11)
Setting L,ps = Lgus gives the dust temperature
1/4
o~ | Lov
167TO'<Q[R>T7'2
1/5 —1/5 r 2
~ 3066 K L,{ a, , 12
4374, (10160m) (12)

where L4; ELUV/(IO43 erg sfl). Following Equation (12) of
Waxman & Draine (2000), we estimate that for UV irradiation
lasting from hours to days during the transient rise (see
Equation 19), dust will be destroyed by sublimation above the
temperature Ty = T, ~ 1700 K at the radius

1o~ 4.4 x 10'%m Li{%a, )/ * T, Y. (13)

A somewhat higher sublimation temperature T~ 2000 K
would characterize carbonaceous grains. The UV optical depth
through the CSM when the luminosity reaches Lyy is thus
given by (Equation (8)):

TUV(>r§) = 084 n7L4E;1Xd’_17;?1700. (14)

As the sublimation radius grows, the value of Tyy is reduced
to <1 once the luminosity increases to a value

Lin ~ 8.4 x 10%%erg s~'n7Xa, 1T 1700, (15)

which is notably independent of the grain size. This occurs at a
critical radius

Fbin = % (Linin) ~ 4.1 x 10%mn, 2 X% a,0/%.  (16)

2.3. Reradiated IR Emission

Grains heated by the transient just prior to their destruction
will reradiate the absorbed energy at the temperature of the dust
grains. In particular, most of the energy absorbed when
Tuv 2 1 (L < Ly,;,) will be emitted as quasiblackbody emission
of temperature T = Ty, =~ 1700-2000 K in the NIR. The total
UV radiation energy absorbed by the dust on radial scales
~rmin (Equation (16)) is estimated as that absorbed when
Tuv ™~ 1:

Er =~ Lin Alei“(AQ/47T), a7

where Aty is the time the transient spends during its rise
around the luminosity ~Lg;, and AQ is the total solid angle
subtended by the CSM (we assume the transient’s UV
luminosity is isotropic across AS?).

Until recently, no LFBOT UV /optical light curves were
available in the literature that start significantly before
maximum light to enable a measurement of the rise. We
accordingly adopt a premaximum rise Lyy o #* motivated by
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early SN observations (e.g., Olling et al. 2015), i.e.,

2

t

Lyv = ka — |, <tIp (18)
Tpk

where t is measured from the onset of the explosion and Ly
and 1, are the peak luminosity and peak/rise time of the
transient, respectively. This rise law is roughly consistent with
that measured for the extremely luminous LFBOT-like
transient MUSSES2020J (Jiang et al. 2022) though we caution
that early dust attenuation could act to steepen the observed rise
compared to the intrinsic one (we return to possible observa-
tional evidence for such early attenuation in Section 4).
The time spent around a given luminosity is then

172

t

Ay = Fwv Ik Lov ) (19)
dLyv /d[ 2 ka

Evaluating  this for
Equation (17) becomes

Lyy =Lpin  (Equation  (15)),

_ Lifs ik AQ
2
L{*2 4r
~5.3 x 107 erg n] XAty sLy 17 (AQ f4m),  (20)

Er

where we have normalized Ly = Ly 44 X 10% erg s~! and

fox = Sty 5 days to typical values for the peak luminosity and
decay time,° respectively, of LFBOT light curves (e.g., Prentice
et al. 2018). We have also assumed 7,=1700 K in
Equation (15) for Ly, whereas in actuality 7 will have a
weak dependence on the duration of the irradiation (Waxman
& Draine 2000).

Because the dust grains are distant from the source of
emission, there is a significant time delay before the NIR
radiation reaches a distant observer (Figure 1). If the direction
from the center of the explosion to the observer is the polar axis
of a system of spherical coordinates, the delay is given by

Afr = (R/¢)(1 — cosB), 21)

where R is the radial coordinate to a particular location on the
dust shell and @ is its polar angle.” Insofar as Ejg is emitted
from a shell of radius R = ry,;, (Equation (16)), this gives a
maximal delay (@ = 7, AQ = 47)

2Tihin

AR max = ~ 31.6 dny/ 2 X a0/ (22)

—1%um
c i

The response function of a spherical shell (or a portion of a
spherical shell axisymmetric about the line of sight to the
observer), which reradiates light simultaneously is a square
wave, resulting in a flat light curve of luminosity

EIR _ E[R(AQ = 47T)

LIR ~ =
Atr AR max

~ 1.8 x 10% erg s~ Xa 1aufy Lylid tocs. (23)

6 Though not a perfect point of comparison, the u-band light curves of Type
Ib/c SNe exhibit similar rise and decay timescales to within a factor <2 (see
Taddia et al. 2015; their Table 3).

7 The angle 6 with respect to the observer’s line of sight is not to be confused
with the polar angle 6 relative to the CSM symmetry axis (Figure 1).
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The plateau of luminosity Lig lasts a duration Afr < Tiaxs
depending on the angular extent of the dust shell.

More generally, the light-curve shape will not be strictly flat
if either (a) the CSM is not distributed in a spherically
symmetric manner around the explosion, i.e., the CSM density
varies as a function of the polar angle with respect to some
symmetry axis, or (b) reprocessed light reaches the observer
from only a portion of the total 47 solid angle, for instance, if
the CSM in the equatorial plane (Figure 1) blocks reprocessed
NIR light from the opposite hemisphere. Both of these effects
play a role in our model for AT2018cow’s NIR echo in the next
section.

Additional UV /optical energy than implied by our estimate
for Ejr (Equation (17)) will be absorbed at larger radii » > rg as
the sublimation radius 7 oc L\4? grows as the transient
luminosity rises toward peak; however, the decreasing UV
optical depth Ty LI}\I, (Equation (8)) implies that the
absorbed energy Ejr o< LyyTyy Will only add to the estimate in
Equation (17) by a logarithmic factor. However, as this energy
will be reradiated over a somewhat longer time Afg x
1, oc Li{? due to the larger sublimation radius r,, it may
contribute to the tail end of the echo (we return to this point at
the end of Section 3.1). On the other hand, because of the
rapidly declining postpeak optical/UV luminosity Lyv ot ?
(e.g., Margutti et al. 2019), we do not expect a significant
contribution to the NIR echo from reprocessed optical/UV
radiation released after the peak.

3. Application to AT2018cow

Although most of its luminosity is radiated in the UV and
optical bands, Perley et al. (2019) identified in AT2018cow a
source of NIR emission in excess of the best-fit blackbody fit to
the UV /optical continuum (see their Figures 7, 8; we reproduce
these data here in Figures 2, 3). This excess shows up in the
spectrum most prominently around A= 2 ym and possesses a
much flatter light curve than the rapidly fading UV /optical
continuum, remaining present for at least 44 days.

Perley et al. (2019) consider a nonthermal origin for this NIR
excess, arguing it is part of the same synchrotron emission
spectrum responsible for the millimeter-band flux. However,
Margutti et al. (2019) showed that an extrapolation of the
model that best fits the radio observations at v < 100 GHz
severely underpredicts the NIR flux (the NIR band is likely
above the synchrotron cooling break). It is thus tempting to
identify AT2018cow’s NIR excess as a dust echo similar to
those explored here.

Perley et al. (2019) considered the possibility of dust
emission for the NIR excess in AT2018cow but disfavored this
explanation on the grounds that (a) dust emission lacks a
physical origin (now provided in this paper) and (b) fitting the
UVOIR data with two blackbodies results in best-fit temperature
for the NIR component closer to 3000 K, hotter than would be
expected for dust. However, the spectrum of the dust echo
emission will be that of a modified blackbody B’, ~ B, Qg =
B,v? of temperature T~ T, ~ 1700-2000 K, where g ~ 1-1.5
at NIR wavelengths for micron-sized grains (Draine &
Lee 1984; their Figure 5) with a spectral peak at
hvpy = (3.9-4.5)kT; (A~ 2 um). We note that, if one tries to
fit the peak of the spectrum, assuming pure blackbody
emission (for which hyp ~2.8kT), this would lead to an
overestimate of the temperature by a factor of =1.4-1.6,
transforming the ~3000 K best-fit blackbody spectrum inferred
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Figure 2. Two-component fits to the time-dependent SEDs of AT 2018cow for
a selection of 12 epochs. The blue component shows the primary blackbody,
the solid red component shows the dust graybody , and the green curve is the
sum of these. Points with no outline were excluded from fitting.

by Perley et al. (2019) to one with ~2000 K, closer to the
emission temperature of soon-to-be sublimated dust.

In order to explore this issue, we repeated the SED fits using
a modified blackbody equation of the type above in place of the
nonthermal power law originally employed in Perley et al.
(2019). The temperature was fixed to 2000 K, and the
blackbody curve was attenuated by an attenuation factor of

—sq
the form Q(\) = ((A) ) + i)‘l/“ (Beuermann et al. 1999).
a a

The break wavelength a was set to 1 um, the break sharpness
parameter to s = 2.0, and the long-wavelength power-law index
to ¢ = 1. The modified emission curve was then numerically
integrated at each epoch to calculate the luminosity. The
resulting fits are shown in Figure 2, and the time evolution of
the parameters is presented in Figure 3.

This revised model shows a qualitatively good match to the
data, with a median residual of less than 0.05 mag across all
epochs, comparable to the expected systematic error. The
goodness of fit is inferior to that of the original power-law
model in Perley et al. (2019; X2 of 225 and 145, respectively,
on 370° of freedom) although the difference originates
primarily from an apparent flux excess in the i and z bands at
late times, which may be due to an unidentified spectral feature.
Both models do an excellent job of fitting the early-time data
before this feature appears, notably, including the epochs at
14.6 and 16.8 days where JHK photometry is available.



THE ASTROPHYSICAL JOURNAL, 944:74 (8pp), 2023 February 10

| i1011
L ® Blackbody
104 @ Dust graybody 1
E _ 10
—~ F -+ "Nonthermal" (P19) 3 10
@ 0L ]
K Jie ~
= r 110" 73
(7, r | f/
£ 107 1
§ : ~410°
1041;
g $ 107
e aae 1120
{100
g w5: 780
= 10" e S
ER 160 2
g L
o r 40
20
oL 20
_3xi1o'E 330
< F E
o F =
£ 210t X
[0} = =3
=3 E z
£ E
= 1x10°E —10
(1) etetetet et L eteteietrieTietutve
10 20 30 40 50 60 70

MJD-58285

Figure 3. Time evolution of model parameters for the blackbody-graybody fit.
Blue circles show the properties of transient photosphere; red circles show the
emission properties of the putative dust shell (the effective radius has been
scaled down by a factor of 10). The temperature of the dust component is fixed
to 2000 K. The top panel also shows the X-ray luminosity and the luminosity
of the power-law component that was used to fit the NIR excess in Perley
et al. (2019).

3.1. NIR Light-curve Modeling

Equations (22) and (23) show that both the characteristic
timescale and luminosity of the measured NIR emission
(Lig ~ 10*1-10*? erg s L Atgr =~ 30-60 days; Figure 4) can
be explained for dust grain sizes a 2 ym and an assumed CSM
density (no/ 107cm73)(Xd/0.1) ~ 3, moderately higher than is
found by radio modeling of AT2018cow and other LFBOTSs
(Ho et al. 2019; Margutti et al. 2019). As we now discuss,
however, this high density is consistent given the angular
distribution of the CSM inferred from the NIR light-curve
shape.

As has already been mentioned, neither the ejecta velocity
nor the CSM it interacts with are likely to be spherically
symmetric, as significant pole-to-equator gradients in both are
needed to explain the multiwavelength data from AT2018cow
(Fox & Smith 2019; Margutti et al. 2019) and are predicted by
several LFBOT progenitor models as a result of stellar rotation
or binarity (e.g., Quataert et al. 2019; Soker et al. 2019;
Schrgder et al. 2020; Uno & Maeda 2020; Metzger 2022).
Thus, those regions of the CSM probed most sensitively by the
radio/millimeter emission may not match those that dominate
the bulk of the reprocessed IR emission. In particular, the
shock-powered synchrotron emission is more sensitive to the
ejecta speed than CSM density and hence will preferentially
arise from higher latitudes (small 6 in Figure 1) along which the
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Figure 4. Blue lines show models for the NIR dust echo luminosity for
different observing angles 6,,s with respect to the symmetry axis of the CSM
density distribution (Equation (24); see Figure 1 for the assumed geometry).
The normalization of the luminosity requires CSM properties: no(Xq/
0.D~3x%x10"ecm™>, an~ 1 pm (see Equation (4)). The model only includes
dust emission from radii ~ry;, and the hemisphere closest to the observer
(0 > m/2). For comparison, we show the excess NIR emission component from
AT2018cow as red circles (Figure 3).

fast jetlike polar outflow from the central engine is directed. By
contrast, the reprocessed IR luminosity Lig xn will arise
preferentially from closer to the equatorial plane (0= 7/2)
where the CSM density is greatest.

A similar angular dependence for the CSM density could
contribute to the shape of AT2018’s NIR light curve,
particularly its gradual decay over the first 30 days after the
explosion (versus the strictly flat light-curve prediction for a
spherical dust shell). To illustrate this, we have calculated the
dust-echo light curve for an assumed CSM density profile of
the form

n(0) = nosin 0, (24)

which peaks in the equatorial plane (6 =/2). This profile
results in an angle-dependent dust-emission radius
Tinin (0) = Finin.0 5in 0 oc n'/? (Equation (16)).

We calculate the NIR emission received by an observer at a
given polar angle 6,,; by summing the contributions from each
solid angle df) = d¢d(sinf) subtended by the central
explosion, weighting it by the reprocessed energy
ERr(0) x rj"-n (Equation (17)) along that direction, accounting
for the light-travel arrival delay At = (ripin /¢)(1 — 7 - #) (see
Figure 1 for the adopted geometry). Physically, solid angles
along which the density is higher contribute proportionally
more to the echo because a greater fraction of the total UV
light emitted by the transient during the rise phase is
reprocessed. The assumed grain size a,;,~ 1 um and mid-
plane density n(0=m/2)=ng~3 x 10’ ¢cm™> determine
through rin 0~ 5 X 10'® cm and the overall normalization of
Er the characteristic duration and peak luminosity of the
emission, which still roughly follow the analytic estimates in
Equations (22) and (23) (provided one uses the peak CSM
density, n = ng). We only consider emission from the CSM at
angles 0 < 6 < /2, assuming the dense equatorial CSM will
attenuate reprocessed emission from the opposing hemisphere
(TIR > 1)

The blue lines in Figure 4 show our calculation for different
observer viewing angles, {O,s=m/12, w/4, 7/2}, in
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comparison to the NIR light curve of AT2018cow. For typical
observing angles (e.g., Oops = 7/4), one predicts a roughly flat
brief initial light-curve phase (emission from dust closest to the
observer’s line of sight, where the CSM is locally homo-
geneous for small angles around 0 = 6,), followed by gradual
decay over longer timescales as emission is received from
larger and larger angles approaching the opposite side of the
hemisphere.

The lack of detailed agreement between the model and the
observed IR light curve is not unexpected given our ad hoc
CSM density profile (Equations (1) and (24)) and other
simplifications of the model (we do not account for angle-
dependent dust grain properties and radiative transfer effects,
for example). The late-time NIR emission at ¢ 2> 30 days is also
not captured by the toy model though such emission can arise
from dust at radii >rg,;, (Where Tyy <1, so less energy is
reprocessed with a longer delay time; e.g., Maeda et al. (2015);
see the discussion at the end of Section 2.3) or from the
opposite hemisphere (7/2 < 6 < ) that nevertheless reaches
the observer despite absorption by the equatorial CSM.

In our interpretation for the NIR excess from AT2018cow as
a dust echo, the broadly similar shape of the X-ray and NIR
light curves in Figure 2 would be coincidental. Another point
of tension regarding the reprocessing scenario is the apparent
short-timescale variability /wiggles in the NIR light curve, such
as the “bump” at r~20 days. A clumpy CSM with a large
density enhancement along the observer’s line of sight at radii
>rnin Might be needed to generate such features.

4. Discussion and Summary

We conclude that—whatever their nature—the progenitors
of LFBOTs just before exploding may find themselves
enshrouded in dust formed in their own dense CSM, the
presence of which is made apparent by the luminous shock-
powered radio/millimeter emission following the explosion. In
principle, such dust-shrouded progenitors could be observable
as IR sources with luminosities as high as L, ~ 10*°-10%° erg
s~!, qualitatively similar to the IR-luminous progenitors of the
SN2008S-like explosions (e.g., Prieto et al. 2008; Thompson
et al. 2009). Given the short-lived phase of the CSM mass loss
(<10yr; see below) and extremely low rate of LFBOTS, such
“ultraluminous IR sources” would be extremely rare and
difficult to discover in the local universe. We estimate that the
planned High Latitude Wide Area Survey on the Nancy Grace
Roman Space Telescope (Wang et al. 2022) could in principle
detect a progenitor with L, ~ 104 erg s~ ' at the ~60 Mpc
distance of AT2018cow if it emits a significant fraction of its
luminosity at A~ 1-2 pm.

Though most of the dust is ultimately destroyed by the
transient’s UV light, the few percent of the radiated energy that
was absorbed during the rise before this Point is reemitted as an
NIR echo of luminosity Lig ~ 10*'-10** erg s ' lasting weeks
to months. Given the long wavelength of this emission (a
modified blackbody of effective temperature <7 ~ 1700-2000
K), this signal is visible over the transient’s rapidly fading
optical /UV continuum. We encourage future NIR follow-up of
LFBOTs as a probe of the CSM properties on radial scales
~10"® cm complementary to that provided by radio /millimeter
observations.

The high luminosity and early-time gradual decay of
AT2018cow’s IR light curve arise naturally if the CSM is
preferentially concentrated in a thick equatorial outflow or torus
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with a peak density n(r ~ 10" c¢m) >10% em 2 for X, < 0.1
greater than that at higher latitudes probed by the radio/
millimeter shock emission by a factor 210 (Equation (1)). If
the CSM is an outflow, its corresponding mass-loss rate for
vy ~ 300 km s~' must be larger than M,, ~ 0.1 M, yr ', and it
must contain a total mass 20.1-1 M. Such a large quantity of
mass loss years prior to the explosion provides a strong
constraint on any LFBOT progenitor model (see Metzger 2022
for a discussion).

Dust signatures including excess IR emission are observed in
many core-collapse SNe (e.g., Bode & Evans 1980;
Dwek 1983; Fox et al. 2013), particularly in a handful of the
Type Ibn SNe subclass (e.g., Mattila et al. 2008; Smith et al.
2008; Gan et al. 2021) spectrally most similar to AT2018cow.
However, the dust emission in these events does not generally
become prominent for several weeks or longer after the
explosion, and the emitting dust may be freshly synthesized by
the shock rather than being exclusively preexisting CSM (e.g.,
Mattila et al. 2008; Smith et al. 2008). By contrast, the IR
emission component in AT2018cow is already present even
days after peak light, when the equilibrium temperature behind
even the fastest portions of the ejecta is still too high, at 2104
K, for dust nucleation. Infrared dust echoes are also observed in
TDEs (e.g., van Velzen et al. 2016) though the radial density
profile of the dusty circumnuclear medium surrounding the
black hole on sub-parsec scales is expected to be flatter
(p o< r~ 7, with a ~ 0-2; Metzger 2012; Generozov et al. 2015;
Yalinewich et al. 2018) than that inferred for AT2018cow
(a2 3;e.g., Ho et al. 2019; Bright et al. 2022).

Though challenging given their rarity and rapid evolution, we
encourage efforts to discover LFBOTs and obtain multiband
photometry, if not spectra, during their premaximum rise phase.
The optical/UV spectrum should be substantially reddened by
dust attenuation up to luminosities Ly, = 10%-10* erg s !
(Equation (15)) capable of destroying the dust.

A possible test of this prediction came with the discovery of the
extremely luminous LFBOT candidate MUSSES2020J (Jiang
et al. 2022) four days prior to the optical maximum. Contrary to
the naive expectation of hotter UV /optical emission at early times
after the explosion while the photosphere is still compact,
MUSSES2020J exhibited substantially redder colors (g — r 2 0)
four days before optical peak, when the transient luminosity was
<10* erg s, than near the peak itself (g — r ~ — 0.5). In light of
the above discussion, it is tempting to associate the premaximum
red-to-blue color evolution with the residual absorption by, and
subsequent destruction of, preexisting dusty CSM. Follow-up
photometry and spectra were obtained for this event, but the bluer
rest-frame wavelengths they cover at A <0.5 ym (due in part to
the high source redshift z ~ 1) unfortunately preclude constraining
the presence of an IR dust echo.
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