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Abstract

Progenitors of core-collapse supernovae (SNe) can shed significant mass to circumstellar material (CSM) in the
months to years preceding core collapse. The ensuing SN explosion launches ejecta that may subsequently collide
with this CSM, producing shocks that can power emissions across the electromagnetic spectrum. In this work we
explore the thermal signatures of dense CSM interaction when the CSM density profile is truncated at some outer
radius. CSM with optical depth >c/v (where v is the shock velocity) will produce primarily ~blackbody optical/
UV emission, whereas lower optical depth CSM will power bremsstrahlung X-ray emission. Focusing on the latter,
we derive light curves and spectra of the resulting X-ray transients that include a detailed treatment of
Comptonization. Due to strong photoelectric absorption, the X-ray light curve is dominated by the postinteraction
phase that occurs after the shock reaches the CSM truncation radius. We treat this regime here for the first time.
Using these results, we present the phase space of optical, UV, and X-ray transients as a function of CSM
properties, and discuss detectability prospects. We find that ROSAT would not have been sensitive to CSM X-ray
transients but that eROSITA is expected to detect many such events. Future wide-field UV missions such as the
Ultraviolet Transient Astronomy Satellite will dramatically enhance sensitivity to large optical depth CSM
configurations. Finally, we present a framework within which CSM properties may be directly inferred from
observable features of X-ray transients. This can serve as an important tool for studying stellar mass loss using SN
X-ray detections.

Unified Astronomy Thesaurus concepts: Time domain astronomy (2109); X-ray transient sources (1852); High

energy astrophysics (739); Ultraviolet transient sources (1854); Core-collapse supernovae (304)

1. Introduction

Toward the end of their lives, massive stars can shed significant
mass through winds or eruptions, thus polluting their immediate
environment with dense circumstellar material (CSM). The death
of these stars results in a violent supernova (SN) explosion, whose
observational features may be markedly shaped by such CSM.
First light produced by the SN (at shock breakout from the stellar
surface) can flash ionize nearby CSM and produce narrow
emission lines (e.g., Yaron et al. 2017; Bruch et al. 2021). As
material ejected from the SN expands, it will ultimately shock the
surrounding CSM. This CSM interaction is observable in a
myriad of ways.

Type IIn supernovae (SNe) exhibit narrow emission lines
indicative of ionization of the surrounding CSM, and their optical
light curves have long been modeled as being powered by CSM
interaction (e.g., Smith 2017). Radio SNe are another well-studied
class of events, whose bright radio luminosities are powered by
nonthermal emission in SN ejecta—CSM shocks (Chevalier 1982;
Weiler et al. 1986; Chevalier 1998; Weiler et al. 2002; Chevalier
& Fransson 2017).

More recently, wide-field optical surveys are discovering rare
optical transients whose light curves cannot be powered by
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radioactivity (Quimby et al. 2007; Drout et al. 2014). CSM
interaction is an appealing alternative energy source. One class of
such optical transients is superluminous SNe (SLSNe; Gal-
Yam 2012). These SNe are extremely bright, are found
preferentially in low-metallicity dwarf galaxies similar to the
hosts of long gamma-ray bursts (GRBs; Lunnan et al. 2014;
Perley et al. 2016), and are typically divided into Type-I/II
subclasses depending on whether hydrogen is observed in their
spectra. Two leading theories for the mechanism powering SLSNe
have emerged: CSM interaction (e.g., Chevalier & Irwin 2011;
Ginzburg & Balberg 2012) and the spin-down of a rapidly
rotating highly magnetized neutron star (a millisecond magnetar)
that may have been born in the stellar explosion (Kasen &
Bildsten 2010; Woosley 2010; Metzger et al. 2015).6 Interaction
models face challenges with SLSN-I, as it is difficult to explain
the lack of hydrogen features given the large CSM masses
inferred. Instead, these events have been extensively modeled
within the magnetar model (e.g., Inserra et al. 2013; Nicholl
et al. 2017). CSM interaction remains an appealing model for
SLSNe-II and has been used to model the light curves of these
events (Chatzopoulos et al. 2013; Inserra et al. 2018).

In recent years, another class of og)tical transients called
Fast Blue Optical Transients (FBOTs)’ are being discovered
(Ofek et al. 2010; Drout et al. 2014; Arcavi et al. 2016;

6 Note that other (non-magnetar) engine-powered models have also been

proposed (e.g., Dexter & Kasen 2013).

These have also been termed Fast-Evolving Luminous Transients (FELTSs),
or just “rapidly evolving transients.” In lieu of a standardized naming
convention, we adopt FBOT in this work.
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Pursiainen et al. 2018; Prentice et al. 2018; Rest et al. 2018; Ho
et al. 2021). These events have a short (~several day) duration
and cannot be explained by standard *°Ni radioactive decay.
Instead, they have been successfully modeled by the interaction
of fast SN ejecta with dense CSM (e.g., Rest et al. 2018).
Interestingly, this modeling suggests that a “shell”’-like CSM
structure with an abrupt outer truncation radius is necessary to
explain the observations. Such an outer edge to the CSM is in
fact expected theoretically if the mass loss is enhanced in the
late stages of massive stellar evolution (e.g., Quataert &
Shiode 2012). A truncated CSM profile may therefore also be
relevant to other classes of interacting SNe.

Motivated by these recent discoveries at optical bands, we
here address the timely question: what are the signatures of
dense CSM interaction at other wavelengths? In this work, we
systematically explore the parameter space of CSM interaction
and investigate signatures that can arise in different regions of
parameter space, with a particular focus on X-rays. Readers
who are interested only in our primary results and their relation
to observations may wish to skip ahead to Sections 6 and 7.

We begin by considering the relevant processes and their
associated timescales (Section 2). In Section 2.2 we present the
parameter space of shocks in dense CSM, which can be fully
specified in terms of the shock velocity and CSM Thompson
optical depth. We then discuss X-ray emission produced during
the interaction phase (Section 3), including Comptonization,
bound-free absorption, and nonthermal synchrotron emission.
We continue by discussing the ‘“postinteraction phase” and
derive X-ray light curves in the various regimes of interest
(Section 4). In Section 5 we briefly review properties of
optical/UV emission produced by CSM with optical depth
>c/v. In Section 6 we use our results to discuss the phase space
of CSM interaction-powered thermal transients, and estimate
detectability prospects by X-ray and UV surveys. Finally, we
use our results to present a framework within which CSM
properties can be directly inferred from X-ray transient
observations (Section 7). We summarize our findings and
conclude in Section 8.

2. General Considerations

We consider the following physical setup: a constant-density
CSM shell of mass M and width AR ~ R is located at radius R.
A shock propagates through this CSM with velocity v, reaching
the outer CSM edge at ¢t = 0. This shock converts bulk kinetic
energy into thermal energy, efficiently heating the postshock
CSM material which can subsequently radiate some of this
energy. Our assumption of a top-hat (constant) density profile
for the CSM shell is somewhat arbitrary, motivated primarily
by convenience. However our results do not depend sensitively
on this assumption so long as the density profile is less steep
than ocr > and most of the mass is located at r~R. In
particular, our results can be easily applied to the case of a
truncated wind density profile p, = M /4mvy,r? (r < R) under
the simple transformation M — ARM/v,. The top-hat
approach reasonably describes the intrinsic emission so long
as the density external to the CSM shell (at r > R) is < than
that at »r <R, and the total mass of any such “circum-shell”
material is < M. For most purposes we therefore assume p ~ 0
at r > R; however, in Appendix B.1 we also consider the effects
of bound-free absorption by an ambient low-density circum-
shell wind, finding that such effects are typically negligible in
regions of interest.
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We consider separately the emission during the “interaction
phase,” while the shock is still propagating within the dense
CSM shell (at #<0; Section 3), and the subsequent
postinteraction phase at ¢ > 0 that accounts for expansion and
cooling of the (now fully shocked) CSM shell (Section 4).

We begin with general considerations of the shocked CSM
properties, focusing first on the low optical depth regime. In
this regime, a gas-pressure dominated collisionless shock forms
with a postshock temperature

kgT, = 6T%uml,v2 ~ 120 keV ETV92. @))

Here vo=v/10°cms ' is the shock velocity normalized to

10,000 kms ™", er is a fudge factor <l that allows for
nonequilibrium electron temperatures® (electron—ion equili-
brium implies ez = 1) and we have adopted a mean molecular
weight of p >~ 0.62 appropriate for fully ionized material with
Solar composition. In general, the shock velocity may change
as it propagates through the CSM. Here we use v to denote the
velocity of the shock near the outer CSM edge (r~ R) and
neglect order-unity corrections that may arise due to shock
deceleration.
The immediate postshock electron density is

B M/, my,
~ 47R’AR

~ 32 X 10100m*3(i)M,1Rf53, )

e

where 7 is the shock compression ratio, M_; =M/0.1 M,
Ris=R/ 10" cm are the CSM mass and radius normalized to
fiducial values, and p, ~ 1.18. Above and in the following we
take the CSM shell width to be AR=R and omit explicit
dependence on AR. Smaller values of AR <R can be easily
accounted for by replacing M — (AR/R)"'M in most
expressions below.

The characteristics of thermal emission from the shocked
shell are fully specified by the shock velocity v along with two
CSM parameters (e.g., any combination of R, M, and n,).
Although quantitative values will depend on this full three-
parameter family, we show below that the shock phase space is
effectively separated into qualitatively distinct regions with
only two variables: the shock velocity and CSM column
density (x n.R). A useful parameterization of the phase space is
therefore given in terms of the CSM Thompson optical depth,

T = n.orR/F ~ 5.3 M,lngz. 3)

The resulting phase space is discussed in Section 2.2 and
illustrated in Figure 1, where different curves separate regions
based on the hierarchy of timescales in the problem. These
timescales are described below.

8 Coulomb collisions will equilibrate electrons with ions over a timescale

ti ~ 5.7 x 10*s M 7' R%v$ (InA/10)~", where InA is the Coulomb logarithm
and 17,; n(,_lTj/2 (Spitzer 1956; Equations (1) and (2)). If ¢, is long
(>min [fayn, fcoo]) then Coulomb processes cannot fully equilibrate electrons
and ions and T, may be lower than implied by Equation (1), i.e., ez < 1.
However, this depends on the relative heating of electrons and ions by
collisionless shocks and the possible role of plasma instabilities in enhancing
postshock electron—ion coupling. Throughout this paper we account for these
uncertainties via the parameter e in Equation (1).



THE ASTROPHYSICAL JOURNAL, 928:122 (26pp), 2022 April 1

radiation Comptonized
10 mediated adiabatic
1074 shock
fn Comptonized
! radiative
)]
€
2 adiabatic
9
S 10

radiative

108

102 10! 10° 1071 1072
— T7

Figure 1. Parameter space for nonrelativistic shocks in confined CSM shells.
The phase space is fully characterized by the shock velocity v and the CSM
column density, here parameterized in terms of the Thompson optical depth 74
(Equation (3); note that 77 is plotted on an inverse scale to facilitate comparison
with Figure 3). The black curve separates collisionless shocks (below) whose
emission peaks in the X-rays from radiation-mediated shocks (above) that
produce predominantly optical/UV emission. Collisionless shocks can be
characterized as either adiabatic or radiative and may be further separated into
regions where inverse Compton scattering is important or negligible. See
Section 2.2 for further details. Appendix C shows that this schematic is in line
with more detailed calculations that include relativistic corrections (important
at high shock velocities).

2.1. Timescales

The first relevant timescale is the dynamical time #4qy, in
which the shock crosses the CSM shell,

tayn = R/v ~ 100 sRysvg . )

A second important timescale is the time it takes photons to
escape the medium,

tese = max (1, TT)f—R ~ 3.3 x 10* s max (1, T)Ri5,  (5)
c

where f< 1 is a parameter that is useful in cases where the
effective width of the medium is less than the CSM shell width
(e.g., for radiative shocks). Otherwise, f= 1.

Turning to radiative processes, we show in Section 3.1 that
inverse Compton scattering can affect both the emergent X-ray
spectrum and the electron cooling rate. The characteristic
timescale for soft photons to Compton upscatter on hot thermal
electrons is

1 (4k37;

mec?

—1
) ~ 1.6 x 103s M Rier'vg % (6)

Finally, bremsstrahlung is the primary photon production
mechanism and free—free emission governs the cooling of
shock-heated electrons in much of the parameter space. The
free—free electron cooling time is therefore another important
timescale. It is

3
EnekBTe

=2 ~57 % 104s M 'Rye ?vo, (7
Age(ne, T,) !

te
where Ag o nezTel/ 2g(T,) is the free—free cooling rate (e.g.,
Draine 2011), and in the final expression we have neglected the
weak (logarithmic) dependence of the frequency-averaged
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gaunt factor g on temperature.” We note that our treatment of
Comptonization and free—free emission assumes nonrelativistic
electron temperatures. In Appendix C we extend this with more
detailed calculations that show that, at shock velocities of
interest here (vg ~ 1), our nonrelativistic treatment will suffice.

2.2. Parameter Space

Figure 1 shows the CSM shock parameter space, which is
separated into several distinct regions. Starting from low
optical depth (the right end in Figure 1), the shock is optically
thin and slow cooling (adiabatic), i.e., the cooling time is long
compared to the dynamical timescale. As one moves toward
higher optical depths (e.g., by increasing the CSM density n.,
or decreasing the shell radius R) the free—free cooling time
decreases with respect to the dynamical timescale, and
eventually they come to equal one another once (see
Equations (3), (4), (7))

tif = lagn: T R 0.30¢5/%v3. (3)

This is depicted by the lower solid gray curve in Figure 1
(below the red curve). To the left/below this curve, #g < f4yn
and the shock is radiative.

For sufficiently high shock velocities, one encounters the
solid red curve. To the left/above this curve fic < fo, and
photons Comptonize before escaping the scattering medium.
This is equivalent to the condition y > 1 on the Compton y-
parameter (Equations (5) and (6)),

s Te ) ©)

11
y=— = frpmax(l, 77) 5
hc mec

The limiting case is schematically illustrated by the red curve in

Figure 1 along which y = 1. In the adiabatic regime f=1 and
this reduces to

adiabatic: y =1 « max (7, 77) ~ 1.06e7'v5 2. (10)

In the radiative regime, postshock electrons remain hot only
within a small fraction ~¢oo1/fqyn < 1 of the CSM width. This
can be accounted for by taking f= f¢/fqy, in the Compton y-
parameter expression (Equation (9)). The condition for
Comptonization in the radiative regime is therefore

radiative: y =1 « vo~ 1.37¢,° ¥ max (1, 7p)"'/4, (11)

which takes precedence over Equation (10) for 77 < 0.57 (at
which # < 74y, when y = 1; Equation (8)). This is shown by the
horizontal branch of the red curve in Figure 1.

Compton scattering is important anywhere above the red
curves. A significant by-product of efficient Compton scatter-
ing is an enhanced cooling rate. The subsequent discussion in
Section 3.1 shows that, beyond some transition region of
intermediate Compton y, the y > y,, cooling rate saturates at an
approximately constant value and can be described as an
enhancement by factor C~ several hundred to the bremsstrah-
lung cooling rate. In this saturated regime, the electron cooling
rate is simply ¢ /C. Therefore, the transition between fast- and
slow-cooling shocks in the saturated Comptonized region of
parameter space is given by an analog of Equation (8) with #
replaced by # /C. This condition is shown as the top solid gray

o §(T,) ~ 297 for our reference parameters (Equation (1)), and spans

between ~2—4 within the full parameter space of interest.
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curve in Figure 1 which separates the radiative and adiabatic
Comptonized regions. For the purposes of this schematic
figure, we set ys, =10 (see Appendix A for more detailed
estimates).

Finally, as one moves to even higher optical depths, the
condition 7, = fayn is reached, and photons become trapped
within the CSM until shock breakout. This condition is
depicted by the solid black curve in Figure 1 along which
(Equations (4) and (5))

¢ —1
fesce = ldyn: TR — R 301)9 . (12)

<

Shocks propagating in CSM shells whose optical depth
exceeds Equation (12) (to the left of the black curve in
Figure 1) form a radiation-mediated shock in which
Uraa > Ugas and radiation pressure rather than plasma
instabilities mediate the shock over large length-scales
AT ~c¢/v. In this regime the postshock temperature (assum-
ing equilibrium) is 7 ~ (pv?/agg)"/* ~ 10°-10° K, where p
is the downstream density and agp is the radiation constant.
This temperature is much smaller than implied by
Equation (1) and nonthermal particle acceleration is likely
ineffective (the shock width—over which hydrodynamical
variables change—is >> than particle gyro-radii, thus limiting
standard Fermi acceleration). Such conditions are unfavor-
able for producing X-ray emission and will instead produce
bright thermal optical-UV sources. Equation (12) (black
curve in Figure 1) therefore separates the CSM parameter
space into two regions that are qualitatively distinct in terms
of their observable emission: ~blackbody thermal optical/
UV emission for high column densities and/or shock
velocities versus (potentially Comptonized) bremsstrahlung
X-ray emission in the opposite regime. We note that even an
initially optically thick radiation-mediated shock may trans-
ition into a collisionless shock when it reaches the outer edge
of the CSM shell where 7(r) <c/v (Katz et al. 2011);
however, this remains uncertain (e.g., it is dependent on
whether radiation forces are able to “preaccelerate” the outer
CSM material effectively).

3. The Interaction Phase

We now turn to calculating the emission produced by
collisionless shocks (77 < ¢/v), beginning with the “interaction
phase” that occurs while the shock is still propagating within
the CSM shell. This scenario has been considered by previous
authors in the context of extended CSM with wind-like profiles
(Chevalier & Irwin 2012; Svirski et al. 2012). A major issue
pointed out in these studies is the severe inhibition of X-rays
produced at the shock by photoelectric absorption and
Compton downscattering in the unshocked upstream CSM.
Here we recap several key points of these studies and expand
on issues related to ionization breakout, Comptonization, and
the emergent X-ray spectrum. In Section 4 we consider the
additional scenario of X-ray emission produced after the CSM
has been fully shocked and there is no more continued
interaction.

When inverse Compton scattering is negligible, the total
bremsstrahlung luminosity produced by the shock during the
interaction phase is

Le — . z‘dyn 1
ff = min| n—, 1 |Lg, (13)
tee
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which equals the kinetic shock power Ly,
Lg, = 27R?pv3 = %Mvz/tdyn
~ 10" erg s~ M_ RS, (14)
in the radiative regime (f < f4ys), and where

3

_nekBT;‘

Pl O H 036 (15)
EpV 16 lue

n

is a factor that relates the postshock thermal energy density to
the kinetic energy density of the shock. This factor is only
relevant in the slow-cooling regime (fg > fqyn) Where Ly is
governed by the instantaneous bremsstrahlung luminosity
~AwR?. Although the total radiated power can be substantial
(Equation (14)), the luminosity emitted in the observing band
hv ~1keV is'"

L;f(f =vL, ~ xe Ly
~ min {4.3 x 102 erg s~ M2\ R5 vy e ey

8.2 x 104 erg s~ M,lRfslVngeV

s

(16)
only a small fraction
x = hv/kgT, =~ 8.2 x 103¢7 vy 2oy 17)

of the bolometric luminosity, because the bremsstrahlung
emissivity peaks at high frequencies =kgT,~ 100keV
(Equation (1)). The top case in Equation (16) corresponds to
the adiabatic regime, whereas the lower case is applicable in the
radiative regime.

In the radiative regime, electrons behind the shock cool
within a layer of width ~(t/t4n)R. Although most of the
thermal energy is radiated by electrons of temperature 7,
(Equation (1)) within this layer, if the emission spectrum is
strongly peaked at ~kgT, then colder electrons further down-
stream could potentially contribute more to the luminosity at
low frequencies. The condition for this is that the emission
spectrum vL, rises faster than hv/kgT,. Thus, for bremsstrah-
lung emission the contribution to Ly (measured at frequency v)
from electrons at different temperatures is roughly the same so
long as kgT, > hv. This can be seen by considering that the
contribution to Ly of electrons with different temperatures 7, is
Ly ~ 55NksT, /15t ~ INchw, where N.(T,) ~ Nt (T,) is the
number of electrons at a given temperature and N, ~ 47R?vn,
is the rate at which electrons cross the shock.

3.1. Comptonization

The estimates above do not account for inverse Compton
scattering and apply only in the un-Comptonized adiabatic and
radiative regimes (see Figure 1). In the following, we consider
higher optical depth CSM configurations where Comptoniza-
tion plays an important role. Importantly, we show that
previous treatments of Comptonization in this context are
inapplicable in the y > 1 regime.

19 There is an additional logarithmic dependence on frequency due to the free—
free Gaunt factor, which we neglect here.
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Soft photons are effectively inverse Compton scattered by
the hot postshock electrons if the Compton y-parameter is 21
(Equation (10)). This process modifies the emergent spectrum,
increasing the power at higher frequencies. In the limit y — co,
escaping photons form a Wien spectrum with L, ocx*e™*
(where x is the photon frequency normalized by kzT,;
Equation (17)), and emission at low frequencies (x < 1) is
significantly inhibited. However, for sufficiently small
¥y < Yerif®), the emergent spectrum is ~flat in L, and is not
appreciably changed with respect to un-Comptonized free—free
emission. In Appendix A we derive approximate expressions
for the emergent spectrum of Comptonized bremsstrahlung
with arbitrary Compton y-parameter and show that at low
frequencies this can be expressed in terms of a multiplicative
“correction factor” W(x, y) to the free—free source function
(Equation (A19)),

1 ¥y < Yerit
_ Ly -172
@(X,y):: I ~ (_2;) > K (18)
X ladiabatic M Yerit
Yerit

where y_; (x) ~ 0(10% (Equation (A20)) so that typically
¥ < Yerir and U~ 1. A more precise estimate of ¥ is given by
Equation (A21) and is consistent with this picture. This implies
that LS ~ L in the adiabatic regime and that Comptonization
does not significantly alter the X-ray luminosity at frequencies
x < 1 of interest (see Figure 8).

Compton scattering can also significantly enhance the
electron cooling rate. Compton cooling is proportional to the
number of photons that can be Compton upscattered, and
their mean energy gains ~e”hv. Previous studies (e.g.,
Chevalier & Irwin 2012) adopted the familiar expression
Ac = noorc(4kgT, /m,c?) Uyq for the Compton cooling rate
which is proportional to the photon energy density U.,q, but
this expression is only valid in regimes where y< 1. In a
scattering medium with large Compton y (and large Thompson
optical depth), the radiation energy density increases with the
number of scatterings, and the incident U4 is no longer an
appropriate parameter.

Because in our scenario the seed photon density is produced
by bremsstrahlung emission from the very same electrons that
Compton upscatter these photons, inverse Compton and free—
free cooling are inherently coupled to one another (in
Appendix A.3 we show that Comptonization of soft synchro-
tron photons is less effective). It is therefore convenient to
express the Compton cooling rate in terms of a correction factor
C(y) to the free—free cooling rate such that the total cooling rate
is Ac + Ag = CAg (Equation (AS)).

Forlow y <1, C & 1 and the total cooling rate is set by free—
free emission. For larger Compton y, electron losses are instead
dominated by Compton cooling. This cooling rate is a factor
C~ %ygﬁl ~ O(10%) larger than Ag in the saturated regime,
Y2 Yea» in which C is roughly constant and only weakly
(logarithmically) dependent on system parameters. Between the
two regimes there is a transition region, 1 <y <y, Where C
rises from unity to its asymptotic value (approximately as ox y*;
Equation (A8)). The enhanced cooling rate in the Comptonized
regime affects the conditions at which the shock transitions
from adiabatic to radiative, as illustrated in Figure 1.
Accounting for these effects, the total electron cooling
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timescale is modified from #; (Equation (7)) and is
teool = Itf /C(y) (19)

Likewise, the Comptonized free—free X-ray luminosity is

t,
L;? = Ly, min (T} o l)xe" Yix, y)

tee /C(y) C(y)
1 , adiabatic

1/C(y) , radiative’ 20)

=Ly U(x, y){

a modification to the un-Comptonized free—free luminosity i’
(Equation (16)). The spectrum within the Comptonized
radiative regime may differ from that assumed above because
cold postshock electrons may contribute non-negligibly to the
luminosity at x < 1. These details require solving the spatially
dependent coupled electron cooling and Comptonization
equations, which is outside the scope of our present work.
We note that the Comptonized radiative expression above can
be considered a lower bound on the true luminosity in this
regime.

3.2. Nonthermal Emission

In addition to bremsstrahlung photons produced by the
thermal pool of shock-heated electrons, a collisionless shock
may produce nonthermal emission from a relativistic popula-
tion of electrons accelerated through diffusive shock (first-order
Fermi) acceleration (e.g., Blandford & Eichler 1987). We
assume that electrons in this nonthermal population carry a
fraction e, of the shock energy and are distributed as a power
law in momentum, ON/J(B7) xx (Bv) ¥, above some Lorentz
factor ~,,,'' and that the shock amplifies magnetic fields with
efficiency ep.

Synchrotron emission by these relativistic electrons can
contribute to the X-ray luminosity of the shock. In the X-ray
band, these electrons are fast cooling. Their luminosity is
therefore

syn aN mecz syn
LY" ~ 7(_8 )—7 = e "Lg,, QD
Y tdyn

where Ly, is given by Equation (14), and we have defined

2
e P~ = 2272717 _p-2c mmecvR2
X p—1lyp, p—1pu, ee}a/le/zv
~ 24 x 107%, eyt MRS v Pu? (22)

p=3

as the fractional shock power emitted as synchrotron radiation
at frequency v. In the second line of Equation (22) we have
taken p = 3, often inferred for nonrelativistic shocks in radio
SNe (Weiler et al. 2002).

Comparison of Equations (16) and (22) (see also
Equation (25)) illustrates that the synchrotron X-ray luminosity
is subdominant to the thermal bremsstrahlung component,
unless the shock velocity is very large or p < 3 (note that in any
case it is required that p > 2).

n For the nonrelativistic shocks we consider, v,, &~ 1, and this formalism
follows the “deep-Newtonian regime” of Sironi & Giannios (2013).
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3.3. Propagation Effects

As first pointed out by Chevalier & Irwin (2012) and Svirski
et al. (2012), X-rays produced during the interaction phase are
significantly inhibited due to propagation effects in the
upstream (unshocked) CSM. X-ray photons passing through
the cold upstream medium are subject to Compton down-
scattering and photoelectric absorption. Compton downscatter-
ing will inhibit high-energy photons above a frequency
~m,c?/ 7—% and is therefore only important at ~keV frequencies
for dense CSM with 7 > 23v, /2. Typical CSM configura-
tions of interest will be below this threshold (Equation (3)).12

Photoelectric absorption has a more severe effect on keV
photons given the large bound-free opacity, Kp=
106 cm? g~ ' 1, 3/% (e.g., Chevalier & Fransson 2017). The
optical depth to bound-free absorption throughout the bulk of
the CSM is >1,

Tor & 1700M_1R;5* v, 5/, (23)

and this implies that keV photons would not be able to escape
to an observer. There are two caveats to this conclusion. First,
Equation (23) applies for X-rays propagating a distance
AR ~ R through the upstream medium. If the CSM density
drops sharply at some outer edge (as we consider here) then the
column density of cold gas ahead of the shock will drop such
that 7¢ < 1 once the shock is a distance d < R from the outer
edge. Second, the estimate above neglects the important back
reaction that photoelectrically absorbed X-ray photons have on
the upstream medium—such photons photoionize the upstream
medium and reduce the bound-free optical depth (which counts
only unionized species). A shock that is sufficiently luminous
in ionizing X-ray photons, can thus lead to an ionization
breakout of keV photons.

The full ionization state of photoionized gas depends on
detailed atomic processes, CSM composition, and incident
radiation spectrum, and can be modeled numerically (e.g.,
Margalit et al. 2018). Here we instead adopt a simplified
analytic approach, that is detailed in Appendix B (see also
Metzger et al. 2014). Our primary result is a condition on the
minimum shock velocity required for ionization breakout to
occur (Equation (B35)),

vo > 5.1 M'PRPX 3,0l vl e (24)
Here o, = 1071204“,,12 em’ s~ ! is the radiative recombination
rate of the species whose bound-free transition is closest below
the observing frequency, X, = lszXA’,z the fractional number
density of this species, and ex = Lx/Ly, is the fractional shock
power emitted at this frequency. Equation (24) is an implicit
relation because ex can itself depend on velocity. For the case
where synchrotron emission dominates, ey is given by
Equation (22). For (potentially Comptonized) bremsstrahlung
emission this is determined by Equations (14), (16), (20),

12 We note that by scattering high-energy photons down to hvcgs ~ mec2/72,
Compton downscattering can enhance the luminosity at this frequency by a
modest factor ~1 + In(kgT,/hvcgs) if hvegs < kgT,. This is estimated by
assuming that ~all bremsstrahlung photons above vc4s are scattered down to
this critical frequency (neglecting photoelectric absorption). This effect is only
relevant for particularly high 7, CSM, and we neglect it throughout the rest of
this paper.
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and (A19),

€% (25)

Lo 8.2 x 1073 vy 2uiey C(y) !

L)((: . {43 x 1072 M,]R1g26;1/2V19_4VkeV
min .
Equation (24) illustrates that ionization breakout of keV
X-rays from the bulk of the CSM (i.e., for a significant fraction
of the interaction phase duration, ~f4y,) is unlikely for the
nonrelativistic shocks we consider here. For thermal emission
alone (Equation (25)), the most optimistic (radiative) case
implies that vy 2 377Xa oy, 1o is required for ionization
breakout, which may not be satisfied by typical CCSNe (see
Figure 1). Even if ionizing radiation cannot burrow its way out
of the entirety of the CSM shell, X-ray photons will still
propagate a distance dp;. =R/ Tp.i. ahead of the shock. The
duration of the interaction phase X-ray light curve is therefore

fine = Lagn min (1, 7,1), (26)

where 7,;. is a pseudo-optical depth to photoionizing photons,
given by Equation (B39). It is set by (the larger of) the mean
free path to bound-free absorption or the photoionizing
(Stromgren) depth of photons. This is described in greater
detail in Appendix B.

3.4. The Reverse Shock

In our discussion to this point we have considered only the
forward shock that propagates into the CSM shell. The ejecta—
CSM collision will also drive a reverse shock that propagates
into the ejecta material. This reverse shock is often also
considered as a source of X-ray emission in interacting SNe
(e.g., Chevalier & Fransson 1994; Fransson et al. 1996;
Nymark et al. 2006). We briefly consider this possibility below,
and find that the reverse shock will typically not contribute
appreciably to the X-ray signature.

Pressure balance at the contact discontinuity that separates
shocked CSM from shocked ejecta implies that the temperature
T'ey behind the reverse shock is a factor ~(p,q,, /) < 1 lower
than the forward shock (Equation (1)). The free—free timescale
tp X pflTl/ 2 of shocked ejecta material is accordingly a factor
~Pesm/ Poj)*'? shorter than the shocked CSM free—free time-
scale (Equation (7)). We may crudely estimate the ejecta—CSM
density ratio by assuming a uniform density ejecta of mass M.,
such that pg~ 3M,; /47TR3 and  pesm/ Pej ~ Mesm/3Mej. The
reverse shock is therefore radiative if (Equations (4) and (7))

M )32
3.1 x 1075 M 2REvg e}/? [ —L < 1. (27)
5M;
This condition is satisfied throughout almost the entire relevant
parameter space so that the reverse shock is nearly always
radiative.

The kinetic power of the reverse shock is a factor ~(py, /£)"/ >
smaller than that of the forward shock (Equation (14)),

M. 172
Loy ~ 8.1 x 102 erg slM31/2R151v93( e ) . (28)
S M
However, the lower temperature of the reverse shock
implies that its band-limited luminosity can exceed the
forward shock’s contribution (Equation (16)), so long as
T,y is still above the observing frequency. The latter
condition is only satisfied for sufficiently massive CSM,
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M > 0.12 My, €7' vy 2 viev(Mej/5 M) (Equation (17)). More
importantly, because the reverse shock is radiative, a cold
dense layer of material will accumulate downstream. This
layer will photoelectrically absorb X-ray photons produced at
the reverse shock and severely inhibit any continuum X-ray
emission by this component (see Section 3.3). Instead, the
reverse-shock dissipated power (Equation (28)) may emerge
as line-cooling emission from the cold dense shell (see, e.g.,
Nymark et al. 2006 for detailed discussion and calculations).

We therefore conclude that the reverse shock does not
contribute appreciably to the emergent X-ray luminosity for
typical parameters. As a caveat, we note that in the estimates
above we have assumed that the ejecta density is characterized
by its bulk average value, but that a more accurate ejecta
density structure would place a small amount of ejecta material
at lower densities (e.g., Matzner & McKee 1999). This would
lower the ejecta—CSM density ratio at early times and may
change some of our estimates above (in a time-dependent
manner). Given our conclusion that the postinteraction phase is
in any case more important to the resulting X-ray light curve
(Sections 3.3 and 4), and that the reverse shock does not persist
long after interaction ceases, we find it reasonable to neglect
complications related to the ejecta density structure at present.

4. Postinteraction Phase

In Section 3 we discussed X-ray emission produced by the
shock as it crosses the bulk of the CSM shell. In the keV band,
this emission is severely inhibited by bound-free absorption of
X-rays in the cold upstream, limiting the observable phase
space for such X-rays. This motivates us to consider emissions
produced when the shock crosses the outer edge of the CSM,
and during subsequent expansion of the hot CSM gas. The
benefit of this scenario is that photoelectric absorption by the
(now fully shocked and highly ionized) CSM shell would be
negligible, allowing X-ray photons to escape unattenuated.
Before proceeding we first note that the above argument is only
correct if the environment surrounding the shell is sufficiently
“clean.” In particular, because the bound-free opacity is so
large, even a small amount of material external to the shell
could potentially inhibit the observed X-ray signal. In
Appendix B.1 we study this scenario and show that, for
typical stellar mass-loss rates and for the X-ray luminosities
produced by SNe shocking a dense CSM shell, keV photons
manage to photoionize their way out of an initially bound-free
optically thick wind that might surround the dense CSM shell.
Therefore, the presence of such a wind should not affect our
estimates below.

We organize this section by discussing each of the shock
regimes shown in Figure 1, moving from low to high optical
depth. The main result of this section is the characterization of
the expected X-ray light curves in the different regimes and is
summarized in Figure 2.

4.1. Adiabatic Shock

In the adiabatic regime, #x> 4y, and the shocked CSM
doubles in radius (over an expansion timescale ~t4y,) before
any radiative losses occur. This implies that 77, T,, and other
relevant properties remain ~constant during this first radius-
doubling timescale. All shocked electrons therefore remain hot
and contribute to the free—free luminosity in this regime,
L ~ %NekBTe /tff. The fraction of this luminosity that is
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emitted in the observing band is x < 1 (Equation (17)), and the
resulting X-ray luminosity during the first expansion timescale
is equivalent to that during the interaction phase
(Equation (16)).

Following the initial (first) expansion timescale ~tqy,, the
hot gas will undergo adiabatic cooling. Assuming homologous
expansion, R 1 4 ¢/ fayn, the electron temperature at f>> fqy,
drops as T,x 2 (this assumes an adiabatic index 5/3
appropriate for nonrelativistic electrons). In the meantime, the
free—free timescale increases due to this expansion,
g X n, lTel/ 2 o 2. This implies that gas that starts off slow
cooling will remain slow cooling throughout the expansion
phase. At temperatures < 10°K line-cooling will take over
free—free and the situation changes; however, this does not
affect emission in the X-ray band, which is contributed by
electrons whose temperature exceeds >keV ~ 10’ K.

The X-ray light curve is therefore ~constant over a duration
~tayn, Ly & %Nehz/ / tg (and this is equivalent to Equation (16)
in the adiabatic regime), and subsequently declines as Ly oc 2.
This persists until the electron temperature drops below the
observing band, at time

adiabatic: 7 = 1(x = 1) = tayn(x, /> — 1), (29)

where xo=x(r=0) is the initial temperature-normalized
observing frequency (Equation (17)). Subsequent to this time,
the light curve declines exponentially. This light-curve
evolution is illustrated schematically by the black curve in
Figure 2. The red curves show Comptonized light curves, as
discussed in Section 4.2.

Before proceeding onward, we note an interesting point in
the un-Comptonized adiabatic regime: that cancellations of 7,
due to the flat bremsstrahlung spectrum lead to the outcome
that the fluence at frequency v is simply proportional to the
number of radiating electrons, 4wD’Fy = %I\Qhu x M (see
Equation (16)). Observations of such events are therefore able
to uniquely probe the CSM shell mass (see Section 7).

4.2. Comptonized Adiabatic Shock

In the Comptonized regime, the expansion phase light curve
can take on more interesting morphologies. As the expanding
gas dilutes and cools adiabatically, the Compton y-parameter
(Equation (9)) drops dramatically, y o< (1 + ¢ /tdyn)"‘. For this
scaling we have assumed that 77 < 1 as relevant throughout
most of the Comptonized adiabatic regime (see Figures 1, 9).
An important timescale is therefore the time f, at which
Comptonization ceases to become important,

adiabatic: #, = 1(y = 1) = taya(3y’* — 1), (30)

where yo,=y(t=0) is the initial Compton y-parameter
(Equation (9)). At times ¢ > 1, the light curve reverts to that
in the un-Comptonized adiabatic regime discussed in
Section 4.1, and will track the black curve in Figure 2.

At sufficiently low frequencies, the Comptonized light curve
will be nearly indistinguishable from that of the un-Comp-
tonized regime even at times r<t, (when y>1 and
Comptonization is still important). This is because the low-
frequency spectrum is not dramatically affected by Comptoni-
zation (U ~ 1; see Equation (A19)) so long as y < y.;. For
parameters of interest, this is usually the case. Comptonization
will start affecting the light curve once the temperature drops
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Figure 2. Left schematic X-ray light curves in the adiabatic regime. The black curve shows the un-Comptonized light curve in the expansmn phase. At ¢ > fay, this
decays as ot~ 2 from the initial luminosity (Equation (16)), and exponentially at ¢ > ¢ (Equation (29)). Red curves show light curves in the Comptonized adiabatic
regime for x < 1 and yg <y < Yerie (solid red), y >y (dotted red). These light curves show the case where Comptonization is important throughout the entire
evolution. In practice, the Compton y-parameter drops dramatically at ¢ > t4,,, and Comptonization ceases to play a role at time ~f, (Equation (30); in this figure, it is
assumed that 7, > #7). At times 7 2 ¢, the light curve in the Comptonized regime of parameter space will therefore track the un-Comptonized light curve (solid black).
The yellow curve illustrates a possible synchrotron component to the light curve that begins a short duration £y < f4yn (Equation (26)) before the shock exits the CSM

shell. Throughout much of the parameter space Ly"

< L}g so that this component is subdominant (Equations (20) and (21)). Right: same as left panel, but in the

radiative regime fcoo1 < fayn (Equation (19)). The un-Comptonized light curve (black) decays exponentially over a cooling time, whereas the light curve in the
Comptonized regime (y > 1; red) will decay more slowly, over a timescale ~min (t,, f47), here given by Equations (33), (34). This neglects light-crossing effects. If
the light-crossing time #. is longer than any of the above timescales, the observed light curve will be “smeared” over ~1,. (Equation (32)).

sufficiently such that the Wien peak dominates emission in the
observed band, x 2 x,,. This occurs at time

X 3/2
fy = 1(X = Xy) ~ tdyn(Lo — 1) , (31

X0

where  we used Xy ~ (3,/16)7/¢ < t?/3 based on
Equation (A25), an approximate expression for x,, in the saturated
regime (y > y.; Equation (A5)). At times ¢ 2 t,, the X-ray light
curve at fixed frequency rises as Ly o< C(y)x*Lg o t*, where
C(y) is the Compton cooling correction to the bremsstrahlung
luminosity (Equation (A8)), and we assumed y > yg,. This rise
terminates once the Compton y-parameter drops below yg, or
when the temperature drops below the observing band. In the
Comptonized regime, the latter occurs when hv = 4kzT,, at time
~2tr (Equation (29)). Time t,, is smaller than 2¢; (Equation (29))
only if the observing frequency is not too low, xg = ( ysaty)"/ 4,
Figure 2 shows light curves in this scenario. If however ¢, > 2tr,
then the Wien portion of the evolution is irrelevant. Similarly, the
Wien light curve is not realized if #, 2> ¢ ys’ll/ 4 such that the
Compton y drops below its saturation value before time ¢, (or if
initially y < ygq)-

If initially y > yg, and t, <O then the hght curve is already
sampling the Wien peak, and the ocr* rise in Ly commences
immediately at #4y,,. The duration of this rise (~2#7) will be
short given that the thermal peak is not much above the
observing band during the interaction phase (these conditions
are only realized for xqg ~ 1).

Another scenario, though of less practical interest, occurs
if the Compton y-parameter can reach extremely large values
>Yerit- In this case, the initial X-ray luminosity is inhibited by
a factor U ~ (y/y.;)""/? with respect to the un-Comptonized
regime (Equation (20)). The critical Compton y-parameter
(Equation (A20)) is only logarithmically dependent on time
and can be approximated as roughly constant. In the
expansion phase, the light curve therefore evolves as

Lx ~ (3/Yi) /*xLgs < t° while y > y.q. This evolution
terminates at time 2f7 when the temperature drops below
the observing band, or earlier—at time Ntyy;i}/ 4 when the
Compton y-parameter drops below y.; and the X-ray light
curve reverts to the previously discussed regimes above. The
dotted red curve in Figure 2 shows the light curve in this

regime, y > Vi, and assuming that tyyc;:/4 < 2ty.

4.3. Radiative Shock

As discussed in Section 3, the bremsstrahlung X-ray
luminosity in the radiative regime has ~equal contribution
from hot electrons (at temperature 7,) immediately postshock
and cooler electrons further downstream, a result of the flat
free—free spectrum.'> The downstream gas is thermally
unstable in this regime because the free—free cooling time,
g X 1, lTel/ 2, becomes unceasingly shorter as T, drops (if
cooling is isobaric then 7, oc T, ' making matters even worse).

Radiating electrons therefore produce X-ray emission for a
duration ~#(T,) set by the first cooling e-fold time (at initial
temperature 7,; Equation (1)). An additional timescale
necessary to consider in this regime is the light-crossing time
of the CSM shell,

e ~ R/c =~ 3.3 x 10*s R;s. (32)
Even if electrons radiate their energy over very short timescales,
te < b, the resulting light curve—which is contributed by
electrons distributed around the shell—would be “smeared” over

13 ¢ radiating electrons were all heated instantaneously (at the same time) then
they would cool in tandem, and the resulting X-ray luminosity, Ly ~ Nhv/t,
would in fact peak after several cooling e-fold times when # is small. The fact
that radiating electrons are not heated instantaneously by the shock changes
things dramatically: electrons that were heated at earlier times have had time to
cool, and the number of electrons at different temperatures is
N,(T,) ~ N,t¢(T,), so that t; cancels out. Most importantly, this subtlety is
only important for runaway cooling, where this fine ( < f) timing becomes
relevant.
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the light-crossing time. The observed X-ray light curve will
therefore last a duration ~max (¢, #.) after the shock exits the
CSM outer edge (when the interaction phase stops). The light
curve drops dramatically following this time. Finally, note that
tg < tgyn in the radiative regime (by definition), so the light curve
falls off before the shocked gas manages to double in radius.

4.4. Comptonized Radiative Shock

The Comptonized radiative regime behaves similarly to the
un-Comptonized case so long as the (Compton modified)
electron cooling time, t.,, = g /C(y), decreases with temper-
ature. The additional dependence of 7.,, on the Compton y-
parameter will however change things throughout much of the
parameter space. The full time-dependent spatial problem of
cooling electrons coupled to a (self-consistently generated) bath
of Comptonizing photons is outside the scope of this work.
Instead, we adopt an approximate approach and assume that the
separation of timescales fjc < t. 1S maintained, namely that
Comptonization acts rapidly with respect to electron cooling. In
this regime, Comptonization achieves a steady state at each
epoch of electron cooling, and the results derived in
Appendix A under the assumption of fixed 7, can be used.

As gas cools (radiatively) the Compton y-parameter
decreases proportionally to the electron temperature, y < 7,
(Equation (9); here and in the following we assume isochoric
radiative cooling). The Compton cooling correction scales as
C x y? in the regime 1<y < yy (Equation (A8)), which
implies feoo1 X ti¢ /Y2 o T, 3/2 for this range of Compton y. In
this regime, Comptonization has a significant effect—it
changes the cooling rate such that 7., increases as gas cools
down. This is markedly different from the runaway cooling that
applies in the un-Comptonized regime, and implies a slow
(power-law) decline in temperature, T, o< (1 + 3¢/2tc001.0) 2.

The cooling time in this regime increases as .o, o ¢ and the
light curve for 1<y<ys Yeir (@(n which U~ 1;
Equation (A19)), Ly~ Nw/te0, therefore decays as
Lyoct'. This continues until the Compton y-parameter drops
below unity at which point C ~ 1 and the cooling reverts back
to the un-Comptonized runaway process described in
Section 4.3. This occurs at time

. 2
radiative, y <y fy = tcool,og(yg/z -1, (33)

where we used the temperature temporal evolution and the fact
that y o< T,. Another relevant timescale that can terminate the
power-law X-ray light curve occurs when the temperature
drops below the observing band (hv = 4kgT,),

radiative, y <y, far = tcool,%(Sx(ﬁ/ 2D, (3

This is analogous to Equation (29) except in the radiative
(rather than adiabatic) cooling regime of interest. Typically
Yo < 4xy ' so that t,<tyr for parameters of interest
(1 <y <yg). In this hierarchy, 747 does not influence the
resulting light curve.

Finally, note that our assumption that #c < #.o01, if valid at
t =0, remains valid subsequently as well. This is because the
cooling time increases as f.,o o<t while the Comptonization
timescale (Equation (6)) increases only as fic oc T, ' oc 12/3,
Another implicit assumption of our steady-state treatment of
the Comptonizing radiation field is that 7., < f.o01. BECAUSE e
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does not change throughout the cooling process (again,
assuming isochoric cooling) while .o 0t if foge < leool0
initially, then this condition will also be satisfied at any later
point. Using Equation (5) with f= o010/ fayn it is easy to show
that fec <fooo10 throughout the entire parameter space of
nonrelativistic radiative collisionless shocks (v < ¢, feoo10 <
tayn, Tr < C/V).

For y >y Comptonization saturates and C ~ const
(Equation (AS8)). In this highly Comptonized case ., X Tel/ 2
and again there is runaway cooling. This runaway process halts
once y=ys, and one enters the regime discussed in the
preceding paragraphs.

Finally, we note again that the observed light curve will be
“smeared” over light-crossing timescales (Equation (32)) so
that the temporal evolution described above may not be directly
observable if 1, < .

5. Thermal Optical/UV Signature of Dense Shells

In the previous sections we described the X-ray signatures of
CSM interaction, and showed that these (both thermal and
nonthermal) are expected to occur only for shells whose initial
optical depth is 77 < c¢/v. In the case of dense shells where
T7 > ¢/v, a radiation-mediated shock replaces the collisionless
shock so that the characteristic (postshock) temperature (e.g.,
Svirski et al. 2012)

18pv2 )/ 3/40p1/4. 172
Trms = - ~ 23eV R, *M v/ (35)

is much lower than that of a collisionless shock (Equation (1);
note that above we normalize to Rj4, =R/ 10 cm). This brings
the resulting thermal transient into the UV /optical range, and
indeed—such dense-shell circumstellar interaction has been
commonly invoked as a model for bright optical transients
(e.g., Ofek et al. 2010; Chevalier & Irwin 2011; Ginzburg &
Balberg 2012).

The optical/UV light curve that results from such CSM
interaction can be broadly separated into two phases. The first
is the initial shock-breakout phase during which photons first
manage to escape ahead of the shock. This occurs when the
shock nears the outer CSM edge, and the radiation temperature
(assuming LTE) is ~Trms (Equation (35)). For sufficiently
dense shells (small R and/or large M) the breakout flash will
occur in the far-UV or soft X-ray bands, and may not be
observable with optical facilities. Such configurations however
may still be detectable in the optical during the cooling-
envelope phase that follows the initial shock-breakout phase.
Cooling-envelope emission is produced once the fully shocked
CSM begins to expand and cool (through a combination of
adiabatic and radiative losses), which causes the characteristic
radiation temperature to cascade down as a function of time.
Note that the shock-breakout and cooling-envelope phases are
analogous to the “interaction” and “postinteraction” phases we
have discussed in Sections 3, 4. The former is relevant to
optically thick 77> c¢/v shocks (radiation-mediated shocks)
whereas the latter is relevant to 77 < c¢/v shocks (collisionless
shocks).

In the following, we adopt the formalism of Margalit (2021)
to calculate the optical/UV signature of CSM shells with
7> ¢/v. This work derived a full analytic solution to the light
curve of such CSM shells starting from shock-breakout and
through the subsequent cooling-envelope phase, and we refer
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Figure 3. Contours of 1keV X-ray peak luminosity (gray; labeled in
logarithmic units of erg s and timescale (Equation (36); dotted blue)
resulting from a shock of velocity v driven into a compact CSM shell at radius
R (and width AR = R). The CSM mass is fixed at 0.1 M., so that the shell
position (R) determines the Thompson optical depth 77 (top axis). This allows
direct comparison with Figure 1. The peak luminosity is dominated by
(potentially Comptonized) bremsstrahlung emission below the solid yellow
curve, and synchrotron emission above this curve. Within the black shaded
region a radiation-mediated shock is formed (see Section 5).

readers to Margalit (2021) for further details. In calculating
band-limited properties (such as peak luminosity and duration)
we assume a thermal (blackbody) spectrum.

6. Transient Phase Space and Detectability

In Sections 3—4 we have described the detailed X-ray light
curve in various regimes. Using these results, we are now in a
position to show the main observable features of X-ray
counterparts to CSM interaction as a function of the shock
and CSM parameters.

Figure 3 shows contours of peak luminosity (solid gray) and
duration (dotted blue) in the phase space of shock velocity v
and CSM radius R. The CSM mass is fixed at 0.1 M, and we
assume a shell width AR=R. The yellow curve shows the
contour along which LY" = LS (Equations (20) and (21);
assuming p =3, €, = eg = 0.1). Above this curve, synchrotron
emission dominates the (interaction phase) X-ray light curve,
whereas below it the peak of the light curve is dominated by
free—free emission. The duration of the interaction phase
depends on the photoelectric absorption of X-ray photons
(Equation (26); Appendix B) and is subject to some uncertainty
given our simplified analytic treatment. More precisely, the
duration of the X-ray transient is taken to be

{max [fine + max (tdyn’ teool)s hie] , brem
X = , (36)
max [tinu tlc] , Syn

where fqyn, fcool, fin, and #. are the dynamical, cooling,
interaction, and light-crossing times (Equations (4), (19), (26),
(32), respectively) and the two cases correspond to the
bremsstrahlung and synchrotron components (see Figure 2).
The top horizontal axis in Figure 3 shows the Thompson
optical depth 7, of the CSM shell (increasing from right to left;
Equation (3)), facilitating a comparison with the schematic
phase space illustrated in Figure 1. For visual clarity, we do not
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plot in Figure 3 curves delineating the different regimes shown
in Figure 1; however, the transition between radiative and
adiabatic shocks is clearly noticeable as a kink in the
luminosity /duration contours. Finally, we note that within the
black shaded region 77> ¢/v and a radiation-mediated shock
that produces primarily optical/UV emission replaces the
X-ray-producing collisionless shock. This regime is discussed
in Section 5 and further below.

Figure 3 shows that X-ray emission is brightest for fast
shock velocities and CSM configurations that lie closest to the
77 = ¢/v boundary. The peak duration is also shortest for these
parameters. We note that there exists a parameter space around
R~ 10" cm, v~10°cms™"' where the peak X-ray luminosity
is not very sensitive to either R or v, but in which the duration
can vary substantially (primarily as a function of R). This is due
to the weak (linear) scaling of Ly on parameters within the
radiative regime compared to the stronger f;x R scaling of
duration within this regime (Equations (7), (21)). For our
fiducial M = 0.1 M, this motivates searches for ~10*' erg s
(1042 erg sfl) transients at 1keV (10keV), with durations
spanning < day to ~month timescales. These quoted luminos-
ities roughly scale as oc M for different CSM masses.

We can similarly plot the phase space of interaction-powered
transients as a function of CSM shell mass and position while
keeping the shock velocity fixed. This is shown in Figure 4 and
helps illustrate the dependence on CSM properties alone.
Plotting results in this phase space is also motivated by the
expected narrower dynamical range in shock velocity com-
pared to CSM mass. In Figure 4 we fix the velocity to a fiducial
v=10"cms™' and take AR=R. As in Figure 3, gray (blue)
curves on the right-hand side of the figure show contours of
constant X-ray luminosity (duration) at 1 keV. As previously
discussed, a long-lasting X-ray signature is primarily expected
outside of the black shaded region. Within this shaded region,
77> c¢/v and a radiation-mediated shock forms. The equili-
brium temperature of such shocks is several orders of
magnitude lower than in Equation (1); it falls within the UV
rather than the hard X-ray band (see Equation (35)) resulting in
bright optical/UV emission without appreciable X-rays.

This dichotomous behavior is important in interpreting
observational constraints on dense-shell stellar mass loss. As
we discuss in Section 6.1, X-ray surveys are not currently
sensitive to the short-duration keV emission of shells just right
of this boundary (77 <c¢/v). Optical facilities are, however,
becoming increasingly sensitive to short-duration transients
such as FBOTSs, and are thus beginning to probe the parameter
space of CSM shells with 77 2 ¢/v. As one example, we show
in Figure 4 CSM parameters inferred from optical observations
of the FBOT KSN2015K marked with a yellow circle (Rest
et al. 2018).

The fact that KSN2015K (as well as other FBOTS) lies so
close to the interface 7y~ c/v may, at first glance, seem
surprising. However, as we now discuss, this can be understood
by considering the properties of optical transients within the
parameter space. To illustrate this, we plot contours of constant
optical luminosity vL, (solid white; at a fiducial wavelength of
5000 A) and duration (dotted blue) within the allowed
parameter space (black shaded region), as discussed in
Section 5. At fixed shell mass M, the luminosity in the optical
band drops for CSM shells located at smaller radii. The
transient duration is typically also shorter for CSM located at
small radii (though not always; see the curvature in the dotted



THE ASTROPHYSICAL JOURNAL, 928:122 (26pp), 2022 April 1

101

100

107°

Margalit, Quataert, & Ho

optical < —>» X-ray
h >

oo 1en

IiI814
R (cm)

1015 1016 10Y7

Figure 4. Similar to Figure 3 but for fixed velocity v = 10,000 km s, and varying CSM mass, Mcsy. Within the black shaded region, 77 > ¢/v and a fast optical
transient is expected, consistent, e.g., with the FBOT KSN2015K (yellow circle; Rest et al. 2018). Contours of peak optical luminosity (white; at 5000 A) and duration
(blue) of such transients is shown within this region following the model described by (Margalit 2021; see Section 5). To the right of the black region, CSM interaction
is expected to power primarily hard X-ray emission (gray/blue contours show luminosity/timescale of this emission at 1 keV). CSM properties inferred from flash-
ionization spectroscopy of the IIp SN iPTF13dqy are shown with the red error bar (Yaron et al. 2017), while a few SNe with detected X-ray emission and inferred
CSM properties are shown with red circles (IIn SN2006jd, Chandra et al. 2012; IIn SN2010jl, Ofek et al. 2014; Chandra et al. 2015; Ibn SN2006jc; Immler

et al. 2008).

blue curves). Optical surveys are less sensitive to shorter-
duration less-luminous transients, and are therefore generally
biased toward finding events with large CSM mass that are
closer to the interface 77~ c/v.

Similarly, Figure 4 illustrates why CSM shells have not
typically been detected at much larger radii >10'* cm. In this
regime 74 < ¢/v and most of the energy is radiated in the hard
X-ray band. As discussed in Section 6.1, the sensitivity of
current X-ray instruments to such events in blind searches is
limited. Optical imaging surveys would also be blind to such
CSM configurations simply because no appreciable optical
continuum emission is expected in this regime (as opposed to
optically bright 72 ¢/v CSM shells). Such CSM is however
increasingly being probed by rapid SN follow-up efforts. In
particular, narrow emission lines revealed by early-time flash-
ionization spectroscopy indicate that dense CSM may be
ubiquitous. Recent work by Bruch et al. (2021) analyzed a
systematic sample of Type II SNe detected by the Zwicky
Transient Facility where early spectra were obtained, and
concluded that 2>30% of such events harbor dense CSM
at < 10" cm scales.
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One well-observed example of early flash-ionized emission
lines is the Type IIp SN iPTF13dqy (Yaron et al. 2017). Detailed
observations of this event allowed Yaron et al. (2017) to constrain
properties of the surrounding CSM, finding that a CSM of mass
~107* M, truncated around R ~ several x 10" cm is required to
explain the multiwavelength data. The inferred CSM properties
for iPTF13dqy are shown with red markings in Figure 4. Our
present work predicts a ~10* ergs™' X-ray counterpart to such
CSM. It is interesting to note that Yaron et al. (2017) present
X-ray upper limits based on nondetections from Swift follow-up
(shown as the red dashed luminosity contour in Figure 4) and that
the predicted emission falls below these limits. We therefore
conclude that despite the deep X-ray follow-up in this event, these
observations would not have been sensitive enough to detect the
X-ray counterpart to such CSM interaction.

Figure 4 also shows a handful of SNe with X-ray follow-up
detections from which CSM masses and radii have been estimated
(red circles). These give a sense for the range of CSM properties
inferred from core-collapse SNe. Only a small fraction of Type IIn
SNe have detected X-ray emission (Chandra 2017), and even a
smaller fraction of other classes of SNe (Ofek et al. 2013). Here
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Figure 5. Same as Figure 4, but with the 7 > ¢/v region of parameter space (left of the solid black curve) now showing the expected X-ray luminosity (solid gray; in
logarithmic units of erg s ') and duration (dotted blue; in log seconds) within this regime. The shock-breakout and cooling-envelope X-ray emission are calculated
following Margalit (2021). Light (dark) shaded purple regions show the CSM parameter space where eROSITA (ROSAT) is expected to detect Nger > 1 events, as
described in Section 6.1. This shows that the ROSAT All-Sky Survey would not have been sensitive to such CSM-powered X-ray transients; however, eROSITA may
be expected to detect many such events (see also Table 1). X-rays can be susceptible to photoelectric absorption in a low-density wind that may surround the CSM
shell. Gray shaded areas show regions where such absorption is relevant after accounting for ionization breakout (Appendix B.1). This shows that an external wind
would not inhibit X-rays in regions where detectability prospects are most promising. Left panel, for ivy = 1 keV, and right panel, for hvy = 0.1 keV.

we show the Type IIn SN2006jd (Chandra et al. 2012), the well-
observed IIn SN2010jl (Ofek et al. 2014; Chandra et al. 2015),
and the Ibn SN2006jc (Immler et al. 2008). These occupy regions
with CSM radii >10"® cm and CSM masses >M_., for the IIn SNe
(~10"2 M., for the Ibn). While there is good evidence for an outer
CSM truncation radius for iPTF2013dqy and SN2006jc, the
situation is less clear for other core-collapse SNe (though
deviations from an r 2 wind have been claimed by some authors
for both SN2006jd and SN2010j1). Our current modeling assumes
a constant-density shell, but would similarly apply to other
truncated CSM profiles.

Above we have focused on the dichotomy between CSM shells
where 77 is larger or smaller than ¢/v, pointing out that optical
emission is dominant at large optical depth and X-ray emission at
low optical depth. Although this is true for sufficiently long =>day
duration transients that are produced by CSM shells at
characteristic radii ~10"* cm, bright X-ray emission can also be
produced within the 77> ¢/v region if the CSM is sufficiently
dense and confined. Equation (35) shows that the postshock
temperature of radiation-mediated shocks can be pushed into the
keV band if R<10"cm. If this temperature is above the
observing band then shock-breakout and cooling-envelope
emission (that occurs within the 77> c¢/v region) will also
produce X-ray emission that may be detectable.

Figure 5 illustrates this point. Similar to Figure 4 we plot
contours of X-ray luminosity and duration in the CSM mass—
radius phase space, however here we extend these contours (in the
X-ray band) to within the 77> ¢/v region of parameter space (to
the left of the solid black curve). At keV frequencies (left panel)
the X-ray signature within this region is negligible unless
R< 102 cem (7> ¢/v), consistent with our discussion above.
The Iuminosity contours roughly peak when Tryvs ~ keV, along
the track R ~ 7 x 10" em M >33, %3 (Equation (35))."

4 We have verified that thermal equilibrium is established for these
parameters, and therefore the observed radiation temperature equals Tryvs-
Specifically, using Equation (10) of Nakar & Sari (2010) we find that
My R 0.05v u;el\{ 2 along the Trps = keV track, where 7y < 1 implies thermal
equilibrium.
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At larger radii the effective temperature is always below the
observing band and the luminosity falls off exponentially. The
expression above also illustrates the sensitive dependence on
frequency. At 0.1keV, even relatively extended CSM at
R ~ 10'* cm can produce bright X-ray emission. This is shown
in the right panel of Figure 5. Although the peak luminosity of
such transients would be very large, their duration is expected
to be very short, ~minutes—hours, limited by the light-crossing
time (Equation (32)).

A potential concern is whether X-rays from such compact
shells could be bound-free absorbed by even a small amount of
surrounding circum-shell material (e.g., a “standard” stellar
wind), if present. This would seemingly occur if R < Ry~
5 x 10" cm v %3 (Equation (B41)). However, we show in
Appendix B.1 that photoionization of the surrounding medium
allows X-rays to break out in much of the R < Rys parameter
space. Gray shaded patches in Figure 5 show regions where
photoelectric absorption in a surrounding wind would be able
to quench the X-ray signature, assuming a fiducial wind mass-
loss rate M = 1075 M, yr~! and velocity v, =100kms '
This shows that bound-free absorption in an external wind is
only effective at mitigating X-rays in regions where the X-ray
luminosity is extremely low, and where observational prospects
are in any case less promising (see Section 6.1 below).

6.1. Detectability in X-Ray Surveys

Above we have discussed the various X-ray signatures of
CSM interaction. We can set a limit on the rate of such X-ray
transients using the ROSAT All-Sky Survey (RASS; Truem-
per 1982), the most sensitive wide-field survey before the
ongoing extended ROentgen Survey with an Imaging Tele-
scope Array (eROSITA) on the Spektrum-Roentgen-Gamma
(SRG) mission (Predehl et al. 2010). ROSAT completed one
all-sky survey over 6 months, in addition to (more sensitive)
pointed observations. Roughly 10% of the RASS area had a
previous or subsequent pointed observation, so this sets the
fraction of the RASS fields in which a day- to month-timescale
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transient could have been identified. Donley et al. (2002)
conducted a thorough search for X-ray transients using the
RASS Bright Source Catalog (Voges et al. 1999), focusing on
transients in galactic nuclei. However, the search criteria were
very generic and would have identified a transient regardless of
whether it was actually located in a galactic nucleus. Despite
this, only five extragalactic X-ray transients were discovered,
and all were consistent with active galactic nucleus activity.
We can use the nondetection of such transients in the RASS
data to estimate their rate. ROSAT scanned a 2° wide 360°
circle with a 96 minute orbit, and over the course of 1 day this
circle shifted by 1° (Belloni et al. 1994). The effective exposure
for a given source position was 10-30s. In this way, the full
sky was mapped after 6 months, but the cadence at any given
part of the sky was very sensitive to the latitude. In what
follows we refer to a single orbit as a ‘“scan” and the
accumulation of multiple scans of a given region a “visit.”
The Donley et al. (2002) search is only relevant for transients
with durations significantly longer than ~2 days (the time spent
on a given visit; Belloni et al. 1994). For such transients the
expected number detected in the 6 month sky survey Ny is

Q
Naer (tX >2 daYS) = ]i—epNvisit %vaimtX
70

3/2
~0.02 R Lx k|
700 Gpe 3 yr~' J\ 104 erg 57! 100 days

(37)

Above, fi,~0.1 is the fractional area with previous or
subsequent repeat pointed observations, Ny = 180 1is the
total number of visits of a given strip, Qg..n/47 is the fraction
of sky covered in a single scan where {y,, =720 degz, ty is
the transient duration, R the volumetric rate of such transients,
and Vjnis the volume out to which the transient would be
detectable by the survey. We assume a Euclidean geometry
such that Vi, = (47/3)(Lx /47Fin )>’? and have adopted a
fiducial volumetric rate of the same order of magnitude as the
transients detected by optical surveys, 1% of the core-collapse
SN rate (Drout et al. 2014), or R = 700 Gpc 3 yr~! (Li et al.
2011). For the survey sensitivity, we use the count rate in
Donley et al. (2002): the search was estimated to be complete
to 0.031cts '. We used WebPIMMS'® with a synchrotron
spectrum and a photon index I'=1 to convert this to an
approximate limiting unabsorbed 0.2-2.4 keV flux density of
Fim =5 x 1073 ergecm 257! (the result does not change
assuming a thermal bremsstrahlung spectrum).

The above reasoning only applies to sources with a duration
longer than 2 days and shorter than the time between RASS and
the pointed observations, which ranged from months to several
years (Donley et al. 2002). So, we caution that the results do
not apply to sources with timescales of several years or longer,
as they would not be recognized as transients.

Next we consider the case where the event duration is shorter
than 2 days (the visit time close to the ecliptic plane) but longer
than the 96 minutes of a single orbit. In this case, all transients
that explode in the strip area over the course of those 2 days
should be detected, and the expected number of detections is

15 https:/ /heasarc.gsfc.nasa.gov /cgi-bin/Tools /w3pimms /w3pimms.pl
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Table 1

Estimated Number of Sources Ny Detected by RASS and eROSITA
Mcsm Resm NRASS NSROSITA
10 M, 3% 10" cm 3 10°
1M, 3% 10" cm 9%x107° 3
1 M., 10'® cm 0.2 50
1M, 3x 10" cm 6x 1073 16
0.1 M, 3% 10" cm 102 3
0.1 M, 10" cm 1073 3

Note. For a few representative CSM shell configurations and a shock velocity
v=10,000 kms™!. Calculations assume an event rate of 1% of the CCSN rate,
R = 700 Gpc—3 yr~!, and peak sensitivity at 1 keV. See Section 6.1 for further
details.

not sensitive to the transient duration. The expected number is

. Q
Nyet (96 minutes < ty < 2 days) = Nvisit%RVHm Byisit
s

3/2
~0.1 R Lx ,
700 Gpc 3 yr~! J\ 108 erg s~!

where t,;5; = 2 days is the visit time at the ecliptic plane. The
number detected is set only by the luminosity of the transient.
In this case, we use the single-scan sensitivity, reported in
Greiner et al. (1999) to be 0.3 ct s ! (as per their Figure 1).
Using WebPIMMS we find that this corresponds to an
unabsorbed 0.2-2.4keV  flux density of Fj, = 5X%
1072 ergem—2s7 1,

Finally, we consider the regime where the transient duration
is less than the 96 minutes orbital period during which a full
720 deg? is surveyed. For each strip of sky, ROSAT performed
Now = 15 such orbits over the course of 1day, effectively
viewing each ROSAT QFOV:Wdeg2 field of view (FOV;
assuming a 2deg FOV diameter) 15 times. Therefore, any
detectable event with a duration < 96 minutes would be seen in
at most one ROSAT orbit but not in any of the other 14, and
could in principle be flagged as a transient. However, the
number detected by RASS is sensitive to the event duration,

(38)

. Q
Nget B0 s < ty < 96 minutes) = NorbNVisit%RVnmtx
T

372
~1073 R Lx / ( Ix )
700 Gpc 3 yr~' J\ 10* erg s~! 103s )

(39)

Figure 5 shows the CSM parameter space that ROSAT could
have been sensitive to the dark purple shaded area in this figure
shows regions where the number of events detectable by
ROSAT is Ny > 1. This area is almost nonexistent, showing
that ROSAT would not have been sensitive to X-ray transients
of this type (see also Table 1). This is in line with the
nondetection of such transients in the RASS data as discussed
above (Donley et al. 2002).

We now repeat the calculation for eROSITA. eROSITA uses
a similar survey strategy to the RASS, but over a longer period
of time: the full sky every 6 months for 4 yr. Again, we caution
that sources with durations significantly longer than 4 yr might
not be recognizable in the survey, so our calculations here do

not apply.
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In a given 6 month survey, the sensitivity in the
more sensitive soft (0.5-2keV) band is roughly 5 X
1074 erg cm 257! (Merloni et al. 2012), or ~10 times more
sensitive than the RASS. For sources with durations between
2days and 6 months, the exzpected number of detections
exceeds that of ROSAT by 10%/% ~ 32 from the sensitivity, and
a factor of 10 from the fact that the full sky will have repeat
visits (that is fr., = 1 instead of 0.1), for a factor of ~300 in
total.

The eROSITA single-scan sensitivity is 10~ ' erg cm
in the 0.5-10 keV range (Merloni et al. 2012), which is a factor
of 50 better than the single-scan sensitivity of ROSAT. So, the
improvement in the expected number of sources detected (for
durations <2days) is a factor of 50°/2~350 from the
sensitivity, with an additional factor of 8 from the number of
all-sky surveys, for a total of ~2800.

These results are summarized in Figure 5 and Table 1.
Shaded light purple regions in Figure 5 show the CSM
parameter space where Ny > 1 for eROSITA while dark
purple shading shows the region where the number of events in
the RASS is Ny > 1, as discussed above. These figures show
that the improved sensitivity of eROSITA will open up the
possibility of probing a new region of the CSM parameter
space at 77 < ¢/v: eROSITA may detect many events produced
by >0.1 M., CSM at ~10"> cm scales. In the softer X-ray band,
eROSITA may detect many shock-breakout events (left of the
black curve in Figure 5, where 77> ¢/v) of ~hr duration,
although we have not accounted here for the rapid drop in
instrument sensitivity at these low frequencies. Finally, we note
that we have chosen to normalize Ny using a modest
volumetric event rate of ~1% of the CCSN rate. This is
motivated by the inferred rate of fast optical transients that are
thought to be powered by dense CSM interaction (Drout et al.
2014; Figure 4), however recent flash-ionization spectroscopy
indicates that perhaps most Type II SNe are surrounded by
such CSM (Bruch et al. 2021). In this case our estimates of Nye
should be scaled up by a factor of ~100, significantly
improving detectability prospects. Note that our discussion
above does not address complications related to the possibility
of foreground (imposter) events, which is beyond the scope of
our present order-of-magnitude estimates.

-2 —1
S

6.2. UV Phase Space

We conclude this section by highlighting the importance of
wide-field UV instruments in constraining the CSM phase
space. Equation (35) shows that transients powered by CSM
with 772 ¢/v emit most of their energy in the UV. This is
empirically supported by observations of fast blue optical
transients. Future wide-field high-cadence UV missions are
therefore critical to further explore such CSM interaction. The
Ultraviolet Transient Astronomy Satellite (ULTRASAT) is a
near-UV mission currently under development that is particu-
larly important in this context (Sagiv et al. 2014). Indeed, one
of the primary science goals of ULTRASAT is detecting shock-
breakout from SNe, which is similar to the dense CSM
interaction discussed in Section 5. In Figure 6 we show the
luminosity and timescale associated with such transients in the
near-UV band. This is the same as Figure 4, except that the
luminosity /duration contours within the 77> ¢/v region (dark
shaded region) are calculated at 2500 A where the ULTRASAT
sensitivity peaks. We can roughly estimate the number of such
events detectable by ULTRASAT by assuming that any
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Figure 6. Same as Figure 4, but for the near-UV instead of the optical band.
The white (blue) curves within the dark shaded region to the left (where
Tr> c/ v) show contours of peak luminosity (and corresponding duration) at
2500 A, calculated as described in Section 5. Curves within the right-side
region show luminosity/timescale contours at 1keV, with symbols and
notation following Figure 4. Dense CSM with 74> ¢/v produces bight UV
transients that would be prime targets for upcoming UV missions. The purple
shaded region (a subset of the black region) shows the parameter space in
which the ULTRASAT detection rate is Ny > | yr~! (Equation (40);
Section 6.2).
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transient whose flux exceeds Fj, ~ 6.9 x 107 erg cm 257!
is correctly identified. This flux corresponds to an effective
limiting AB magnitude of 22 (E. Ofek, private communlca-
tion). Taking the instrument’s field of view to be Q = 180 deg?,
we find that the rate at which ULTRASAT will detect such

events is

. Q
Nyt = _RVIim
41

~17 yr~! R
700 Gpe =3 yr~

L 3/2
NUV

. 40
‘)(1043erg s‘l) @0

This is qualitatively consistent with the estimates of Ganot et al.
(2016) (see their Table 2), with the primary quantitative
difference arising from our normalization to a lower volumetric
rate R (and additional minor differences in the assumed
sensitivity threshold Fj, and model light curves). The purple
shaded region in Figure 6 shows the CSM parameter space
where Ny exceeds one per year. Clearly, ULTRASAT would
probe a significant region in CSM mass-radius parameter space
that is currently under explored, even with our conservative
(low) fiducial volumetric rate.

7. Inferring CSM Properties from X-Ray Detections

In Section 6 we presented the phase space of CSM
interaction as a function of physical properties such as CSM
mass, radius, and shock velocity (e.g., Figure 4). This is a
natural approach based on the forward modeling derived in
Sections 2—4. Here we turn the problem around and ask: can
the CSM properties be inferred from observed X-ray data?

Based on Figures 3-5 we find that the X-ray transient
duration tx is typically set by the postinteraction phase, and that
emission during this phase is mostly governed by un-
Comptonized bremsstrahlung unless the shock speed is larger
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than a typical SN shock speed of ~10,000 km s~ '. This implies
that zy ~ #4y,, for an adiabatic shock and #x ~ #;; in the radiative
regime. To enforce continuity between the two cases, we
assume that £y = min (tayn, tfr/7) as implied by Equation (13).
Inverting Equations (4), (7), (16) we find that the CSM mass
and radius can be expressed as a function of the duration 7 and
peak luminosity Ly of the X-ray transient,

1/2 3/2
Lx/Viev Ix 2

0.39 M., .
(1041 erg sl) (100 days) ’

3/2 1/2
Ly /Viev Ix )
0.029 M, v
G(IO‘”erg s") (100 days) ’

(41)

M ~ max

and

8.6 x 105 cm| — X |y,
100 days
R ~ max

(42)

172 172
23 x 105 cm| X/ Vv Ix vy!
10*! erg 5! 100 days ’

In both equations above the top (bottom) case corresponds to
the adiabatic (radiative) regime.
The adiabatic and radiative expressions in Equations (41)
and (42) equal one another at a critical value of the shock
Lx /Vkev

velocity,
1/4 , ~1/4
X
. (43
10*' erg sl) (100 days) =

For v >v.q the shock is adiabatic, while at v <v.q it is
radiative (see, e.g., Figure 1). It is convenient to define a
dimensionless variable
{V/ Vrad
max

(V/vrad)7 !

such that v > 1. With this new variable, we can write down the
CSM mass and radius (Equations (41) and (42)) in a simple
form that is applicable in both adiabatic and radiative regimes,

Vrad =~ 5200 km sl(

(44)

1Y

M~ 011 M, [ 2L/ Vev Vix
10*Terg s=! J1 100 days

(45)

and

. V4, 3/4
Ly /Viev vy

R~ 4.5 x 105 cm| 22X . (46

(10‘” erg s~ 100 days (46)

Equations (45) and (46) can be used to infer the CSM mass
and radius of observed thermal X-ray transients (we note again
that Equations (45) and (46) assume Compton y < 1, which is a
consistency check that should be made when using these
results). This is shown in Figure 7, where contours of constant
CSM mass (red) and radius (blue) are plotted as a function of
vty and ULy /viev. If the shock velocity of a given event is
measured by other means, then ¥ can be calculated from
Equations (43) and (44) and the source can be unambiguously
placed within this diagram. In practice, the shock velocity is
usually unknown. In this case, the CSM mass /radius cannot be
uniquely determined. A conservative assumption is to adopt
7 = 1 when placing events on the luminosity—duration diagram
(Figure 7). This corresponds to the assumption that the shock is
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Figure 7. Luminosity—duration phase space of CSM-powered thermal
(bremsstrahlung) X-ray transients neglecting Comptonization: red (blue)
contours show the CSM mass (radius) required to produce an X-ray transient
with peak luminosity Ly at frequency vy and duration fx (Equations (45) and
(46)). The dimensionless variable ¥ (v, Ly, ty) = 1 that multiplies both axes
can be calculated from Equations (43) and (44) if the shock velocity v is
known. Otherwise, a conservative assumption of ¥ = 1 yields minimum values
of mass and radius. As in Figures 4-6 we show the events: SN2010j1 (Ofek
et al. 2014; Chandra et al. 2015), SN2006jd (Chandra et al. 2012), SN2006jc
(Immler et al. 2008), and iPTF13dqy (Yaron et al. 2017). Dotted gray contours
show v,q (Equation (43)). Events that fall below the curve corresponding to
vV =V,q (shock velocity equals the labeled contour value) are within the
radiative regime. This diagram provides a convenient framework for inferring
CSM properties of X-ray transients. See Section 7 for further details.

10°

marginally radiative (v = v,q) and yields minimum values of M
and R that are consistent with the data. If the shock velocity is
either greater than or lower than v,,q then ¥ > 1 and the source
would move along an upwards diagonal trajectory in Figure 7.
This is illustrated by the black arrows in the figure.

We illustrate the method by placing a handful of SNe with
observed X-ray emission within this luminosity—duration
phase space, as described above (Figure 7). For SN2006jc and
SN2006jd we adopt Ly~ 4 x 10 ergs ', 1y ~ 100 days and
Ly~3x 10" ergs™!, 1y > 1600 days, respectively (Immler
et al. 2008; Chandra et al. 2012). These quoted luminosities
are in the 0.2-10keV band and depend on the assumed
photon index. Here we adopt vy = 1keV as a characteristic
frequency; however, we note that for electron temperatures
above >10keV (Equation (1)) the luminosity should be
dominated by the top of the band ~10keV (for the
bremsstrahlung emission spectrum relevant here the photon
index would be I' =1). Lacking a direct constraint on the
shock velocity for these events (from which ¥ could be
calculated; Equation (44)), we conservatively assume 7 = 1.
This amounts to assuming that the shock velocity is
V= Vaqa ~2300km s~ for SN2006jc and ~3400 km s~ for
SN2006jd. If the actual shock velocity of either event is
larger/smaller then ¥ would be >1 and the events would
move in the direction of the black arrows. For example,
Immler et al. (2008) suggested that v~ 9000kms ' for
SN2006jc, which would imply v ~ 3.9 and a larger CSM
mass and radius (marked with a connected open circle). For
this velocity, SN2006jc would be in the radiative regime. This
may explain why the observed X-ray rise/fall time is shorter
than the time elapsed since the SN explosion (~tg4,,).

For SN2010j1 we similarly adopt Ly~ 8 x 1041yerg s~ at
Uev =1 and 7y~ 300 days based on Chandra et al. (2015).
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This event was particularly well observed, allowing direct
estimates of the peak temperature (from the SED), and thus the
shock velocity (Ofek et al. 2014). Here we adopt the value
kgT,~ 19keV from Chandra et al. (2015), which implies a
shock velocity v~ 4000 km s! (Equation (1)). Note that the
values above (and especially Ly) may be uncertain by factors of
a few, e.g., due to the intervening neutral column density Ny
(compare Ofek et al. 2014 with Chandra et al. 2015). Similar to
the other events, we show the conservative v = 1 location of
SN2010jl with a filled black circle in Figure 7. The more
realistic location, utilizing the inferred shock velocity, is shown
with a connected open circle. This implies Vv~ 1.7
(Vpaq =~ 6600 km sfl) and that SN2010jl is radiative. Finally,
we show the Swift upper limits on X-ray emission from
iPTF13dqy with a dashed black curve (Yaron et al. 2017). This
limit is marginally consistent with the inferred CSM mass and
radius of this event based on flash-ionization spectroscopy.
Future detected events may be similarly placed on this diagram,
and help unveil CSM properties of different stellar populations.

8. Conclusions

Dense CSM interaction may produce bright electromagnetic
emission that manifests in myriad ways depending on the CSM
and shock properties. In this work we have described the
optical to X-ray signatures that arise from such interaction. The
shock—CSM parameter space is divided into distinct regions
based on the shock velocity v and CSM column density, e.g.,
parameterized by the Thompson optical depth 77 (Figure 1): at
low optical depths 77 < ¢/v the (collisionless) shock heats the
CSM to >keV temperatures (Equation (1)) and a hard X-ray
thermal transient with a (potentially Comptonized) bremsstrah-
lung spectrum is produced; at high optical depths 77> c¢/v a
radiation-mediated shock that heats the CSM to significantly
lower temperatures (Equation (35)) is formed instead, and the
resulting signature is an optical/UV thermal blackbody
transient. The latter is often termed ‘“‘shock-breakout” and
“cooling-envelope” emission and has been discussed exten-
sively as a mechanism for producing fast optical transients
(e.g., Nakar & Sari 2010; Ofek et al. 2010; Chevalier &
Irwin 2011; Nakar & Piro 2014; Piro 2015; Rest et al. 2018; Ho
et al. 2019; Piro et al. 2021; Margalit 2021). Here we have
instead focused primarily on aspects of the X-ray transient
produced within the 77 < ¢/v regime, a problem that was first
addressed by Chevalier & Irwin (2012) but has received far less
attention (though see Pan et al. 2013; Svirski et al. 2012; Tsuna
et al. 2021). In particular, we treat the case where the CSM has
an outer truncation radius, as motivated by observations of fast
optical transients (e.g., Rest et al. 2018) and enhanced mass
loss in late stages of stellar evolution (e.g., Quataert &
Shiode 2012).

Properties of the X-ray transient depend on the thermal state
of the shock and on photon propagation effects. In Section 2.2
we showed that the shock—CSM parameter space can be
divided into several regions depending on whether the shock is
radiative or adiabatic, and whether Comptonization is impor-
tant (see Figure 1). Additionally, the X-ray light curve can be
separated into two phases: (i) the “interaction” phase in which
the shock propagates within the CSM, and (ii) the subsequent
“postinteraction” phase that describes the expansion and
cooling of the CSM after it has been fully shocked. These
are analogous to the shock-breakout and cooling-envelope
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emission phases discussed in the context of radiation-mediated
shocks.

In Section 3 we discussed the X-ray signature produced during
the interaction phase, paying special attention to Comptonization
of low-frequency bremsstrahlung photons by hot postshock
electrons, a process that becomes important in shaping both the
emergent spectrum and total energetics at high shock velocities.
We carefully treat Compton scattering in Appendix A and show
that the commonly used expression for the inverse Compton
cooling rate Ac = n,opc(dkpT,/m,c?)Uyq is not valid (in a
global sense) in regimes where the Compton y-parameter is
large, y > 1.

As first pointed out by Chevalier & Irwin (2012) and Svirski
et al. (2012) and discussed in Section 3.3, propagation effects
through the upstream unshocked CSM can severely inhibit the
emergent X-ray luminosity during the interaction phase. In
particular, photoelectric absorption of ~keV photons can
quench the X-ray signature within this band until the shock
reaches very near to the CSM outer edge (where the unshocked
CSM column density is small). This implies a short duration
< lgyn of the interaction phase X-ray light curve
(Equation (26)), unless X-rays produced by the shock manage
to photoionize the upstream CSM. As shown by Equation (24)
(see also Appendix B), this is only possible for extremely high
shock velocities and/or low-density CSM, and is therefore
irrelevant throughout most of the parameter space.

Because X-ray emission is likely severely inhibited by
bound-free absorption during the bulk of the interaction phase,
we were motivated to consider the novel regime of the
postinteraction phase (Section 4). Accounting for adiabatic
expansion, Comptonization, and radiative cooling, we derived
the range of possible X-ray light curves within this phase.
These are summarized in Figure 2.

Transitioning to the 77> ¢/v parameter space, we briefly
reviewed and discussed the (primarily) optical/UV emission
that is expected within this radiation-mediated shock regime
(Section 5). Details of these processes are derived and
discussed in greater detail elsewhere (e.g., Chevalier &
Irwin 2011; Ginzburg & Balberg 2012; Piro 2015; Marga-
lit 2021), and we here mainly recapitulated a few pertinent
points for completeness.

In Section 6 we described and discussed observable
implications of our results. We plot the luminosity and duration
of CSM-powered X-ray transients within the phase space of
shock velocity and CSM mass/radius (Figures 3-6). The
number of these transients that would have been detectable by
the RASS and that may be found with eROSITA are estimated
in Section 6.1 and shown in Figure 5 (see also Table 1). For a
volumetric event rate of R = 700 Gpc 3 yr~! (~1% of the
CCSN rate; motivated by the rate of FBOTs) we find that
RASS most likely would not have been sensitive to such
transients, consistent with the lack of candidate events in
previous searches (Donley et al. 2002). In contrast, eROSITA
is expected to discover Ny, > 1 events with M > 10~ M., and
10"ecm <R <10'"°cm and potentially many more short-
duration (~107s) shock-breakout X-ray flashes. The latter
would be associated with particularly compact CSM shells
(R ~ 10" cm). One concern is that X-ray emission from such
shells might be bound-free absorbed by even low-density
material that may enshroud the dense CSM shell (e.g., a
standard stellar wind). We show in Appendix B.1, however,
that radiation is typically capable of photoionizing its way out
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of such material so that this should not in fact affect
detectability prospects (see Figure 5).

We additionally discussed the dichotomy between observa-
ble manifestations of collisionless and radiation-mediated
shocks, as illustrated in Figure 4. Collisionless shocks
(77 < c¢/v) produce hard X-ray emission, whereas radiation-
mediated shocks with 772 ¢/v manifest as bright optical/UV
transients. Future wide-field UV missions would be especially
sensitive to such events (Section 6.2). In particular, we estimate
that the planned ULTRASAT mission (Sagiv et al. 2014) may
detect >107 events per year (Equation (40); Figure 6). This
would revolutionize our ability to probe confined dense CSM
and would help improve our understanding of stellar mass loss
during the final months to years of a star’s life.

Finally, in Section 7 we showed how X-ray observations
may be used to infer properties of the underlying CSM. The
CSM mass and radius can be found using the peak X-ray
luminosity and duration of observed events, provided that the
shock velocity is known (e.g., by constraining the X-ray
SED). A convenient parameterization that is applicable in
both the adiabatic and radiative regimes is given by
Equations (45) and (46) and a dimensionless variable ¥ > 1
(Equations (43) and (44)). Figure 7 illustrates this luminos-
ity—duration phase space, showing a handful of SNe with
X-ray detections. This figure provides a convenient frame-
work for inferring CSM properties and comparing X-ray
transients. This can be viewed as an analog to the luminosity—
duration phase space of synchrotron self-absorbed radio
transients (Chevalier 1998) for the case of optically thin
thermal (bremsstrahlung) X-ray transients. Systematic sensi-
tive X-ray follow-up of nearby SNe on timescales of months—
decades will be necessary to further fill in this phase space
(e.g., Ofek et al. 2013).

We conclude by commenting on our choice of density
profile. Throughout this work we have considered the CSM to
be a constant-density (top-hat) shell. An outer truncation radius
is motivated by observations and modeling of FBOTs;
however, our assumption of a constant-density medium within
this radius is somewhat ad hoc and chosen for simplicity. We
note however that our main results do not depend strongly on
this assumption. In particular, our results can easily be applied
also to a wind density profile p, = M /47vy,r? (where M is the
mass loss and v, the wind velocity) under the simple
transformation M — RM /v,, in every equation (where R is
the outer wind truncation radius).
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Appendix A
Inverse Compton Scattering

In the following we derive pertinent results regarding
Comptonization of bremsstrahlung emission for an arbitrary
Compton y-parameter. These topics were first discussed by
Illarionov & Syunyaev (1972) and Felten & Rees (1972).
Below we rederive and extend some of these results, and
identify a minor point of contention. We also point out
important differences between our treatment of inverse
Compton cooling and previous treatments in the context of
CSM X-ray emission studies (e.g., Chevalier & Irwin 2012;
Svirski et al. 2012).

A.l. Inverse Compton Cooling

Inverse Compton scattering increases the energy of photons
at the expense of scattering electrons so long as h () < 4kgT,.
In the small Compton y regime, y < 1, the inverse Compton
cooling rate can be calculated from the perspective of an
electron scattering off the radiation field, resulting in the well-

4kﬂ£)lﬁ,, where U, is the

mec?
radiation energy density. An important point is that this
expression is not applicable in the y 2 1 regime, where photons
are upscattered appreciably. In this regime, the radiation energy
density is no longer an appropriate parameter since it is not
conserved in the scattering process (i.e., the emergent U,
differs significantly from its initial value, before scattering). For
the same reason, it is also more convenient to consider the
scattering process from the point of view of photons, assuming
that the electron distribution function and temperature
remain fixed.

A photon within the scattering medium
frequency by a factor ~e”, and up to
hv ~ 3kgT,. The energy gain for a given

frequency v is therefore
3k37;) .
hv .

The electron cooling rate is equal to the energy gain of photons
per unit of time,

known expression Ac = nearc(

is upscattered in
a maximum of
photon of initial

SE,(v) = hv [min (e»", (A1)

_ dE,
 dvdt

~ f ¥ ™ ) SE, (1)

c3

Ac

vy 2
— (e — 1) f 87”; i) hudy
>

82 |
+ f 7:: 1 () Gk T, — hv)dy

=( — DU, — &U,(>vy) + kT, (>1y),  (A2)
where v, = e kgT,/h is the frequency above which all emitted
photons saturate in Compton scattering up to the thermal peak.

For small Compton y <1, hyy=kgT,. If the injected
spectrum is sufficiently “soft,” then both U,(>1,) and
#i,(>1y) are small, and the cooling rate reduces to the familiar

4k"T2”)U7 (where we used the

expression Ac ~ yU, = neoTc(

mec
fact that y =4t /tic and U, = Uw/tesc). In the opposite, large
Compton y regime we instead have that the cooling rate is
proportional to the volumetric rate at which soft photons are
produced.
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For the specific case where photon production is governed
by bremsstrahlung emission, we note that the free—free cooling
rate is simply A = U,. We then express the Compton cooling
rate in terms of an enhancement factor C = (Ag + Ac)/Ag to
the free—free cooling rate, so that

U,7 (> Vy) ’;l'y ( > Vy) (A3)

C(y):ey[l - ]+3an

Y i

For bremsstrahlung emission, the source function is propor-
tional to 71(x) o< g(x)x 3e™* where g(x) ~ In(2.2/x) is the
Gaunt factor, and x=hv/kgT, is a normalized frequency
ordinate. In this case, the second term on the RHS of
Equation (A3) can be estimated as

f g(x)x e *dx

S — A4
J; g(x)e ¥dx (A%)

~ 3y(%y + 1n(2.2))

for y <y, Where we have approximated the integral by taking
e*~0Okxr<1), and where the saturation Compton y-
parameter is defined as

Yoo = In(xigh). (AS)

The frequency x5, above plays an important role in
Comptonization of bremsstrahlung radiation: it represents the
minimal frequency of photons that can effectively inverse
Compton upscatter in the medium (Kompaneets 1957; Ill-
arionov & Syunyaev 1972)

Xcoh
aY 1n(2~2/)€coh)

~1.4 x 10710 ME{ZR1753/2€;9/4V979/2.

~ 3 x 105 n}/?T,%*

(A6)

Below this frequency free—free absorption operates faster than
inverse Compton scattering and photons are destroyed
(absorbed) before they can Compton upscatter in frequency
(Kompaneets 1957).

The first term on the RHS of Equation (A3) can similarly be
estimated as

fxvg(x)e*xdx
- f g(x)e*dx

Xcoh

e’| 1 Rl +y =y e, (A7)

where above we assumed that x., < 1. Overall, we find that

_ |
L+ y = yge’ ™+ 3y (Ey * 1n(2.2)) Y

C(y) ~
» 1
1+ 3ysut Eysat + 1I1(22) >y > Ysat
I+y ,y<l1
o8 y2 ] 1 5 y < ysa[ (AS)

const. ,y = Y

and C = %ln (xop)? in the saturated Comptonized regime

(¥ 2 Ysa)» in agreement with the result first derived by
Kompaneets (1957). Equation (A8) can be seen as an extension
of that result to arbitrary Compton y.

A final point: the Compton cooling correction in
Equation (AS8) is derived without reference to the spatial
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distribution of electrons and photons. This is akin to the infinite
homogeneous medium approach commonly adopted in solving
the Kompaneets equation. A physical (finite-size) cloud from
which photons escape will be influenced by edge effects (e.g.,
photons emitted near the surface of the medium will experience
fewer scatterings and lower Comptonization), and the cooling
correction will be somewhat modified. In Section A.2 we treat
the spatial Comptonization problem in detail. The effective
volume-averaged Compton cooling correction that arises from
this treatment, C ~ f (L, + L))dv /Lff (where L, + L, is the
emergent  specific  luminosity after ~Comptonization;
Equations (A13) and (Al4), are broadly in agreement with
Equation (A8). The primary difference is a smoother transition
into the saturated regime, around y ~ ygq.

A.2. Comptonized Spectrum

The emergent spectrum of Comptonized bremsstrahlung
radiation was first discussed by Illarionov & Syunyaev (1972),
and independently by Felten & Rees (1972). In the following,
we review these results and extend them to a broader range of
parameters.

The treatment of Comptonization and solution of the
Kompaneets equation can be separated into two distinct cases:
that of an infinite homogeneous medium; and the more
physically relevant scenario of a finite medium. The emergent
spectrum, though qualitatively similar in both regimes, scales
differently with the Compton y-parameter, leading to potential
confusion. Indeed, the Compton y label should be interpreted
quite differently in the two scenarios: it corresponds to a time
coordinate in the infinite medium scenario but represents
physical depth (or column density) within the scattering region
for the finite-medium scenario. In the following we treat the
finite-medium case.

Consider a scattering cloud of size R that is characterized by
a constant electron density n, and temperature 7,. We consider
the physical setting in which photons that undergo scattering by
the cloud are also produced within the cloud itself. In this
scenario, photons emitted from different depths within the
scattering medium will experience a different number of
scatterings (on average) before escaping to an external
observer. One way to view this is that photons produced at
different radii r within the cloud have a different effective y-
parameter

2
Y(r) = 4n20%(R — r)z(%) - y(l - %) . (A9

e

where above we assume that 77> 1. Photons that are produced
at frequency v/ and depth r will be upscattered to v ~ v/e¥' ")
(and up to a maximum of hv~ 3kgT,). There is thus a
correspondence between the frequency of a photon escaping
the scattering medium and the radius r at which it was
produced.

The emergent luminosity (assuming steady state) depends
only on the rate of photons produced at different frequencies
and depths within the cloud. The differential number of
photons that are produced within the scattering medium and
that escape with frequency v is thus a convolution of the photon
emission frequency v’ and the depth within the scattering
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medium r,

4nr (v, v)dr (v, V'),

4mg, (r, VD) (A10)

dN(z/)Nfd’

hv

where j, is the emissivity, and r(v, ') = r(y’) following
Equation (A9) such that

Y/ (v, v') = min | In (i) In ( 3Ky,
v! hv'!

(A11)

relates a photon’s initial frequency to its value upon escape
from the scattering cloud. These expressions are correct for an
idealized situation in which the number of scattering events
(xy") is fully determined by r. In reality this process is
stochastic, so that different photons emitted from the same
location » may undergo a somewhat different number of
scatterings prior to their escape. This will broaden sharp peaks
in the source function spectrum and can be incorporated into
the formalism above by integrating over a (geometry
dependent) probability distribution function for y’(r). Here
we neglect this complication for the sake of simplicity and note
that because the probability distribution function of y’ is peaked
at a value comparable to Equation (A9), and since the source
function we consider is weakly dependent on frequency, our
simplified treatment will suffice. This treatment will also allow

derivation of results in closed analytic form.
From Equations (A9) and (A11) we find that
dr

i ()%)

-1/2
___R l[ln(%)] , v < —3kBTe
- 2y1/2 v 1% h

0 , else

(A12)

This result is of significant importance because it implies that
the specific luminosity L, qu, / dv o< dr / dv  scales
as yil/ 2 in the limit of large y (Equations (A10) and
(A12). More precisely, we can write the specific luminosity L,
at frequencies v <3kpT, and below the Wien peak as
(Equations (A10) and (A12)

dn, 4
Ly~ | S2 |~ hw [ av W AULE r(ﬂ)
dl/ hv' dv
v dy! v -1/2
Q- 2p3,—1/2 .
= 871' R y / Lfye—y~ 7]V(V/)|:ln(7):|

[ @/ ) T
< |1 - (7) O < 3ksT, /h),
y

(A13)

where in the final line we have assumed that the source
function j, does not vary with r (which follows from our
treatment of constant density, constant temperature media).
One can formally show that this reduces to L, = 167r2R3jl,/ 3in
the limit y— 0, as expected when Comptonization is
negligible.

Photons that manage to upscatter all the way to the thermal
peak will accumulate at a mean frequency hv = 3kgT, and form
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a Wien spectrum. The luminosity of this Wien component is

= —hNW 3=, (A14)

where x=hv/kgT, is the normalized frequency, and the
number of photons in the Wien peak is

4
de Nfd / 71-JV(V)4_7-(”cr1t(1//)3

3 N2 T
f,ydi,y( ’)[ (@) } (A15)

where 1. (v') is the minimal depth from which a photon of
initial frequency v’ would be upscattered into the Wien peak.
This radius is determined by Equation (A9) and the
condition y' (7)) = In(3/x").

For the specific case of bremsstrahlung emission we have
J(x) ox g(x)e” ¥, where g(x) ~ In(2.2/x) is the Gaunt factor.
We can approximate the integral in Equation (A13) by taking
the exponential factor in j, to be a step function that terminates

at x’ = 1. This yields
I(X,)’)Eyfl/zf' dx’ln(zz)
max (xcop,xe ) X
-1/2 n\1/2 2
n(2)] [1 () ] AT
X X y

where the lower integration limit cannot be below the
frequency x.o, at which free—free absorption destroys photons
faster than inverse Compton scattering. This frequency defines
a critical Compton y-parameter In(x/x.n) = ((x) through
which the solution to the integral (A16) can be expressed as

T 150 3 (%);y<czln(xih)’ (A7
At
y ~1,2
L))
%[ C+1n (sz)](g)l}; > ). (AIS)

These expressions enter the Comptonized specific luminosity
and are valid except at frequencies x> 1 where the step
function approximation to e~ ™ in the bremsstrahlung source
function is no longer applicable. Furthermore, at frequencies
x ~ 1 and sufficiently large Compton y, the Wien component
(Equation (A14)) may dominate that given by Equation (A13);
this occurs for x > x,, (see Equation (A25)).

It is convenient to express the Comptonized emission in
terms of a multiplicative correction factor to the intrinsic

_ 1672R3
3h

! +%ln

|H J\|‘<

[\
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Figure 8. Left: spectrum of Comptonized bremsstrahlung emission from a finite-size slab with uniform density and temperature. The spectrum is shown for varying
Compton y-parameters (with L,ff s R3j,, kept fixed; Equations (A13) and (A14)). We assume X, = 10719, implying ys. =~ 23 (Equation (AS5)). The solid black curve
shows the un-Comptonized spectrum (y = 0), solid red for y = 10%y,,, and gray for intermediate Compton y (as labeled). In the strongly Comptonized regime
(y > ysar) @ Wien spectrum o< Xe”* dominates at frequencies x > x,, (Equation (A25)), and the ratio between this peak and the ~flat spectrum at x < x,, is A(y)
(Equation (A23)). Right: the Compton “correction factor” ¥(x, y) = L,,C /L,,ff (Equation (A19)) as a function of Compton y and for frequencies x = 107! (solid red)
and 1072 (thin gray). In the former case, the thick gray curve shows the result of numerically integrating the source function (as shown in the left panel) while the red
curve shows the analytic approximation using Equation (A17). The two begin to deviate at very large y, once xy(y) < x and the Wien bump dominates at the observed
frequency (Equation (A25)). The dashed black curve shows the broken power-law approximation given in the bottom row of Equation (A19). This rough
approximation is correct to within a factor of ~3 for any x < 10~" (and improved accuracy for lower frequencies).

bremsstrahlung emission, U(x, y) = LS /LT,

I(x,y) 3 (2.2) !
U(x, ~ ——== = —|In|— I(x,y)
(. 7) x<1 I(x, 0) 2 X (x.y
1 5 y < ycrj[
~( v Y"? (A19)
- 5 Y 2> Vet
Yerit
where the final line is a crude approximation to

Equations (A17) and (A18), which increases in accuracy at
low frequencies x < 1, and where
g X
Xcoh

In ()C/ xcoh)
In(2.2/x)

Equation (A19) shows that Comptonization does not
appreciably change the specific luminosity of bremsstrahlung
emission at low frequencies of interest, x.,, < x < 1, except
for very high Compton y-parameters >y, . ~ O(10%). This is
illustrated in Figure 8, which shows the emergent spectrum as a
function of y. For y <1, the spectrum and luminosity are not
appreciably altered by inverse Compton scattering (the
luminosity increases as 1-+y in this regime; see
Equation (A8)). For 1 <y <y, the total luminosity increases
as o<y?, and the spectrum—now regulated by inverse Compton
scattering—is relatively flat, L, o In(v)"!/2. The fact that the
emergent spectrum in this regime is not dramatically changed
from the un-Comptonized case is a coincidence due to the
similarly ~flat free—free source function. Finally, at y > yg,,, the
Wien peak becomes apparent in the spectrum. In this saturated
regime, the total luminosity does not continue to grow with
increasing Compton y (Equation (A8)). Instead the Wien peak
remains fixed while the flat portion of the spectrum decreases in
luminosity as yil/ 2 (Equation (A19)).

We note that for practical purposes, the Compton y-parameter
of many astrophysical systems will be y < In(x/xcon) ~ O(10).

Yerit (X)) = [3 + (A20)
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In this regime the Compton cooling correction (Equation (A19))
attains a particularly simple form,

Y (A21)

y < In (X/xcoh): \I/(X, y) x?l I+ m

Note that Equation (A21) implies W ~ 1 for low y, consistent
with the bottom row of Equation (A19).

We conclude with an estimate of the ratio A between the
peak (Wien) and flat spectral luminosities. We define a second
integral term,

1 2.2
Iw(y)Ef - dx’ln(—/)
max (X¢on,e ) X

A2 TP
xi - In(1/x")
x! y

1
~ ysat(—ysal +1n 2.2), (A22)

YV 2

that enters Equation (Al15). With Equations (A13), (Al4),
(A18), (A22) we find that

()0

e

1(1,y)

LY(x=3)
L,(x=1)

3
1(3 Y2172,
y>yad\e )

A(y) =

~ 2
73

(A23)

~

Illarionov & Syunyaev (1972) considered only the saturated
Comptonized regime and comment that A = In(xp)y'/?=
Yy'/%, but do not provide a derivation for this (see also Felten
& Rees 1972). Equation (A23) recovers the same ocyl/ 2
scaling in the saturated regime, albeit with a prefactor
~3y!/2 ~ 10 smaller than quoted by Illarionov & Syu-

sat

nyaev (1972).
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A final parameter of relevance in the Comptonized regime is
the transition frequency x,, between the ~flat Comptonized
spectrum  (Equation (Al13)) and the Wien peak
(Equation (A14)). We focus on the saturated Comptonized
regime, y > Ygu, in Which the Wien peak is pronounced and of
greater relevance (at low y, the Wien portion of the spectrum
becomes buried below the flat spectrum). In this regime, x,, can
be found as a solution to the transcendental equation

X 3e”‘w

L,(xy) = W(-xw) — A(y) ~ 1.

(A24)

Given that x,, < 1, the exponential term in the equation above
can be Taylor expanded to obtain a closed-form analytic
solution for x,,

~1/6 ~1/3
YsatY l(ysaty)
Xy ~ salr 4 - =2 +.y A25
) y>>>;m( 16) 3016 (A25)

where the second term is typically only a small correction, and
we have made use of Equation (A23).

A.3. Upscattering of Soft Synchrotron Photons

Above we have considered inverse Compton scattering of
soft photons by thermal electrons, where the source of soft
photons was assumed to be bremsstrahlung emission by the
same thermal electrons. Here we consider an alternative
possibility, that the soft photon field is dominated by low-
frequency synchrotron emission from nonthermal electrons.

The absorption coefficient of synchrotron radiation for a
power-law electron distribution with p =3 is given by Rybicki
& Lightman (1979)

2 5/2
o, = —9e e F(H)F(ﬂ)@nvz v 12,
327Tm2 2 \12 12 2mm,c
(A26)

Taking the magnetic field to be B = ,/16megnm,v?, the
timescale for synchrotron self-absorption (SSA) of a photon at

frequency x (= hv/kgT,) is
1

a,(x)c

X MR

—-5/4 7/2
—1€B -1 €T

3 (x) = ~4x108s¢,!

dbs
(A27)

Clearly, SSA is irrelevant for hard X-ray photons (where
x ~ 1); however, the strong frequency dependence £3" oc x7/2
makes synchrotron absorption important at lower frequencies.
Equating 7;}¢' to the inverse Compton scattering timescale #c
(Equation (6)) yields the frequency x>) above which inverse
Compton scattering of synchrotron photons becomes effective
(that is, at frequencies x > xJ)) photons can be inverse
Compton scattered before they are absorbed, fic < t3). It is

PR
Xeoh &

4 x 107327, (A28)

5/14 _—9/727s5/14 p—15/14 —9/7
B,/—lfT / M—{ Rys / Vo 7.
This is the direct analog of x., for bremsstrahlung emission
that was previously discussed (Equation (A6)).

The above estimates assume that the nonthermal electrons
are slow cooling; that is, that #,y,(x) > fqyn. However, this is

only correct at frequencies less than the synchrotron cooling
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frequency

Xeool &2 2.5 x 10719 e M “} 2R Pvg P e, (A29)

The frequencies of relevance in our current problem lie well
above Xx.,o, and therefore the above estimates should be
modified to account for the fast cooling regime.

In the fast cooling regime, the absorption coefficient above
should be replaced with oy, —  foyn () /tayn = 4, (X /Xeoo) /2.
Therefore the SSA timescale is £ — 33" (x/Xcoo)' /2,

1 (x> Xeoo) 28 x 1085 €, 65}
X eTM:f/ZRI‘;/Zv;‘x‘* (A30)
This implies that
X (>Xeool) A 2 x 1070/ el/B e 5 M BR S B 32,
(A31)

We can now compare the production rate of soft synchrotron
photons versus soft bremsstrahlung photons. It is

ilsyn ()C)

nge(x) [ oo

13 x 105 ¢3/8,¢ l/l6 31/8M—15/16R35/l6 39/4
. s

7~ max 23 x ]02 62/8 l/16 27/8Ml/16R3/16 31/4(

32)

where the top (bottom) case corresponds to an adiabatic
(radiative) shock. The above estimate shows that synchrotron
emission produces far more photons than free—free emission
does at frequency x... Naively, this suggests that the inverse
Compton cooling rate of thermal electrons should be set by soft
synchrotron photons rather than—as estimated in the previous
subsections—by bremsstrahlung photons. However, because
the (nonthermal) synchrotron-emitting electrons are fast cool-
ing at frequencies of interest, photon production at these
frequencies is confined to within a thin shell of relative width
~tsyn 6 [tagn = (X350 [Xeoo) /2 ~ 4 x 107 behind the
shock front. The Compton y-parameter relevant for upscatter-
ing of these photons is therefore ~4x 10> times smaller than
the Compton y throughout the full CSM shell (as relevant in the
case of bremsstrahlung emission). This implies that the
effective y of synchrotron photons is always < 1 and that
inverse Compton scattering of soft synchrotron photons is
irrelevant in our current scenario (despite the fact that
synchrotron emission produces more soft photons than
bremsstrahlung). Our estimates from the previous subsections
are therefore appropriate, even in the presence of nonthermal
synchrotron emission.

Appendix B
Ionization Breakout

In the following we derive conditions under which X-rays
emitted by the shock can escape without undergoing significant
bound-free absorption by upstream matter. This can differ from
the simple condition 7y¢ < 1 (Equation (23)) because the shock-
produced X-rays can feed back on their environment by
photoionizing the upstream and reducing the column density
of matter that contributes to bound-free absorption. Such
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“ionization breakout” has been discussed in previous work
(e.g., Metzger et al. 2014; Margalit et al. 2018 in the context of
SLSNe). Here we present and extend key results of these
papers, applying them to the shock-powered scenario of
interest in this work.

The main properties of ionization breakout can be under-
stood using a Stromgren sphere—like analysis. In this treatment,
an infinite homogeneous medium is considered, and it is
assumed that a photon that is emitted by a recombining ion is
immediately reabsorbed by photoionizing a neighboring ion
(the so-called “on-the-spot” approximation). This approx-
imation dictates that, in photoionization equilibrium (steady
state), the number of free electrons is equal to the number of
ionizing photons emitted over a recombination timescale,
N, 7 Qotrec, Where tye. ~ (ayrn,)~! is the recombination time
(v 1s the radiative recombination rate) and Qy = f (L, /hv)dv
is the emission rate of ionizing photons.

The classic Stromgren analysis determines the size of the
photoionized region d; by equating N, ~ Qote. to the number
of free electrons within a volume enclosed by the Stromgren
region. For a homogeneous medium this is N, ~ 47R%*dn, in
the planar regime (ds < R) that is relevant for the compact CSM
shells considered in this work (AR < R). This yields

Qo

s = ———— (B33)
47R* Xy uren?

which is an analog of the Stromgren sphere result for planar
geometry.'® In the above, X, is the fractional number density of
ion A of interest (so that dj is the ionization depth of this ion).

The result above gives the steady-state solution, achieved at
t 2 te.. How does the ionization front expand toward this
equilibrium? At times ¢ < t,. every ionized atom has not yet
had time to recombine, therefore the number of ionized
electrons is simply set by the number of ionizing photons
emitted during this time, N.(f) ~ Qyt, which implies dg ox ¢ at
t < te. and that the ionization front phase velocity is ~ds/t .
(in the spherical regime d; < /'3 instead).

Ionization breakout through the full CSM shell requires that
both dy > AR and dg/t.>v. The second condition ensures
that the ionization front phase velocity exceeds the shock
velocity. Typically t#.. <t4, so that this condition is
automatically satisfied if d; > AR.

Because d; o< Qg ox Ly, ionization breakout requires high
ionizing luminosity. In the present scenario, the breakout
conditions can be cast instead as a requirement on the shock
velocity. We express the ionizing luminosity as a fraction ex of
the kinetic shock power Ly, oc v’ (Equation (14)), which gives
Qo ~ exLgy/hv and yields the ionization breakout condition

2R Xpow ) (2 )
v > max | [ 2 e | v (B34)
Ex 1,my €x 1My

or, quantitatively,

1/3p-2/3y1/3 1/3  1/3 _—1/3
{S-IM—{ Rys / XA,/—2arr{—l2VkéV6X,—/3
V¢ > max .

(B35)
1364 35y

This is an implicit relation for v because ex (normalized above

to a fiducial ey _3 = ex/ 1073) depends on the emission process

16 In the spherical regime (ds > R) we instead have N, ~ 47rd53ne /3 and the
result reduces to the standard Stromgren sphere, d; = (3Qy /47rarrne2)1/ 3,
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and is in general also a function of velocity v (Equations (22)
and (25)). Above we have normalized XA,,szA/IO*2 and
Q12 = Quy/ 107"2cm’s™!, roughly appropriate to *°Ne,
whose K-shell edge falls immediately below 1keV (e.g.,
Wilms et al. 2000).

The Stromgren analysis described above neglects optical
depth effects, in essence assuming that the bound-free optical
depth T — oo outside the ionization front and 7y~ O interior
to it (i.e., that this region is fully ionized). Clearly, if 7,; < 1
through the CSM shell then X-rays freely escape regardless of
photoionization /recombination, and the Stromgren analysis is
irrelevant. To connect these two regimes we proceed by
calculating the penetration depth of ionizing photons account-
ing for the bound-free optical depth, i.e., relaxing the previous
implicit assumption that the neutral fraction is f;, = 0 interior to
the ionization front. This closely follows Metzger et al. (2014).

In local ionization-recombination equilibrium, the neutral
fraction of the CSM at a depth r is

‘/;min(r)

where J,, is the specific intensity of ionizing radiation, oy is the
bound-free cross section, and vy;, (r) the minimal frequency of
photons that can penetrate a depth r. The effective optical depth
of the CSM to photons of frequency v is

4n

Qprle

J, (r)ope (V)

-1
™ ] , (B36)

fi() = [1 +

Teir (1) = j(; naove(Wfy (r)(1 + neorr’) dr'. (B37)
This accounts for the additional path length traveled by photons
in the large scattering optical depth regime, 71 = 1. Following
Appendix B of Metzger et al. (2014) but retaining the first term
in brackets in Equation (B36) above (which is neglected in
Metzger et al. 2014; see their Equation (B3)), we find that

(1 + neorr)dr = 3[71
14 Obf (Vimin)
arl, .
I LR (FI (B38)
T+ 2)hayn.ny

where T' is the photon index (J, oc ' ™*; T' =1 for the typical
case of bremsstrahlung emission) and we have assumed that
op() o v, This is analogous to Equation (B5) in Metzger
et al. (2014). At vy, = v, the ionizing photon penetration
depth dp; is defined such that 7.g(dp;)=1. This can be
calculated by integrating Equation (B38) from r=0to r=d,;,
resulting in

L dpi NUA2m(rd A — 1

T5i = —— =
PLTAR -
Tof + 75 s < 1
~ - , (B39)
2rr(Tye +75) s> 1
where
T:] = L+2 4 ~ 19 x 10’3(F s 2)5X,73
) 47 AR 3
X Xxaan pvievM T REvS (B40)
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is an effective Stromgren optical depth (see Equation (B33)),
and Ty, is the usual bound-free optical depth (Equation (23)).
In the limit 7,¢>> 1 and small scattering opacity (71 < 1), we
recover the Stromgren result, namely d,,; ~ d,. However, in the
regime where Ty <7 then the optical depth, rather than
photoionization, is what sets the photon penetration depth. An
alternative way to understand this regime is to note that 7y,s < 75 is
satisfied when the photon mean free path Ay, ~ 1 /na0ps exceeds
the Stromgren distance d;. Clearly, in this case photons will not be
photoelectrically absorbed within the region 7 < dy < A SO that
the assumptions on which the Stromgren analysis are derived are
clearly violated. Indeed, in the standard Stromgren regime the
neutral fraction within the ionized nebula can be shown to be
fo=(y opeds) N = (ds//\mfp)’1 < 1 because \pg, < ds.

B.1. Ionization Breakout from a Wind

In the following we consider the necessary conditions for
X-rays to escape unattenuated from a wind density profile. Our
primary motivation is considering whether a low-density stellar
wind, that may surround the dense CSM shell, could inhibit
X-ray emission due to photoelectric absorption. From a physics
standpoint, this is an extension of our previous discussion in
this A;z)pendix to the case of a density profile that scales as
pocr -, Specifically, we take the wind density to
be p, = M [4mvy 2.

There are three characteristic radii in this problem (Ryy, Rs, and
R...), which we consider below. The first is the radius at which the
bound-free optical depth 73y = f Kbt P dr equals one:

lﬁ:be
T Vw

Rbf =

~ 53 x 10" cm __M
10_5 MC yr_]

Vy - —8/3
x (100 km S*I) VeV - (B41)
If the CSM shell is located at R > Ry then the bound-free
optical depth of the surrounding wind is <1 and X-rays can
freely escape to an observer. Alternatively, if R < Ry¢ then
photoelectric absorption plays an important role. However,
X-rays may still be able to burrow out if the emission is
luminous enough to photoionize the wind. We now consider
this possibility.

We adopt a Stromgren sphere approach, as discussed earlier in
this Appendix. This is a steady-state approach that assumes that
photoionization and recombination are in equilibrium. In this
limit, the extent of the photoionized region is determined by
equating the emission rate of ionizing photons Q, with the
volume-integrated recombination rate within this region,
f s (4mr3n, / trec) dr. This yields the “Stromgren radius” R out
to which the wind would be ionized,

—1
R, = (1 - QQ° ) R, (B42)
crit
where
M 2
Ourit = A 81 x 10% s RS
f,mpVy ) 4R
. 2 )

X Q.14 M ( M ) . (B43)

107> M, yr=' ) \100 km s~!
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Equation (B42) implies a sharp transition: for low ionizing
luminosities (low Q) only a small region ~R; — R < R ahead of
the shell would be photoionized, while for Qg > Q. the entire
wind would be completely ionized (R;— oo is implied by
negative values in Equation (B42)). This occurs because, for a
wind density profile, the volume-integrated recombination rate is
dominated by material at small radii. Once photoionization
manages to overcome this interior region (Rs 2 2R) then the rest
of the wind would be easily photoionized as well. This can also be
seen by observing that the condition Qg = Q. for ionization
breakout (Equation (B42)) is nearly identical to the requirement
d; 2 R for ionization breakout from a shell (Equation (B33)) if we
consider a shell of density n, = py,(R)/ IR

The expression above is however only valid in steady state.
The recombination timescale is f,ec = (qyr12,)~! o r2 in a wind
density profile, so at large radii recombination becomes very
long and the steady-state assumption must break down.
Specifically, for a transient source of ionizing X-ray radiation
that is active for duration fy, steady state requires that . < tx.
There is a critical radius R, at which fo.(Ryec) = tx,

M
Rrec = Qrlx
Amp,my,vy,

. vt 1/2( - )_1/2 ty 1/2
1075 M, yr! 100 km s~ 100 days )

(B44)

At radii 7 > R the recombination time is longer than the
transient duration and steady state cannot be achieved. The
photoionization breakout condition in this regime is altered
from Equation (B42). When the recombination time is longer
than 7y one must consider the total number of ionizing photons
produced by the source, rather than the rate. The radius out to
which wind material can be ionized is therefore set by equating
Qotx to the total number of available free electrons enclosed

Lo . . Ry . .
within this radius, f 47n,r? dr. This gives

-2
- R Qo ( R ) ’
chil Rrec

which has no dependence on the recombination rate. This is
expected since recombination is long and does not play a role
in this regime.

Combining the two regimes above, we find that the overall
photoionization (“Stromgren”) radius for a wind density profile
can be expressed as

1/2
~ 14 1/2
) ~ 47 x 10%cm oy,

o 111y Vey
M

Ry = Qotx (B45)

(1 Qo
0

-2
QQ—O (Ri) , else
crit rec

where Q. and R, are given by Equations (B43) and (B44).
X-rays will be photoelectrically absorbed by the wind only if
both R < Ry (bound-free absorption optical depth is large) and
R, < Ry¢ (radiation cannot photoionize its way out to the
optically thin region). In any other case (other orderings of R,
Rys, R, and R...) X-rays will be free to escape to an external
observer. In practice, the condition Ry < Ryy is usually set by

-1
) ,0 < Ry < Ryee
crit

R;=R , (B46)
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the bottom case in Equation (B46), the non-steady-state case,
so that

Ly tx
10*'erg s=' J\ 100 days
Vwy

M ’ 2
X
(105 M yrl) ( 100 km sfl)

as well as R < Ry (Equation (B41)) are required for X-rays to
be bound-free absorbed. Above we have taken Qg ~ Ly/hv,
where Ly is the luminosity (vL,) at frequency ey
Equation (B47) is only satisfied for extremely low luminosities,
which are not relevant to the parameter space of interest in our
present work (that is, where detectability prospects are more
promising), unless M /vy>> than values assumed above. We
therefore conclude that a “normal” (time-steady, low-density)
stellar wind cannot photoelectrically absorb X-rays produced
by the CSM shell, and that these X-rays—if manage to escape
the dense shell itself—would typically reach an external
observer uninhibited.

-5/3
Vyev

) <32 x 1073

(B47)

Appendix C
Pair Production and Relativistic Plasma Corrections

Throughout the main text we have neglected relativistic
effects. At shock velocities of interest in standard SNe (vg ~ 1)
relativistic corrections are expected to be minor. However, care
must be taken: the postshock electron temperature is mildly
relativistic (kgT, ~ m,c*) even for nonrelativistic shock velo-
cities (Equation (1)). Relativistic effects will introduce
corrections to estimates of the postshock temperature, the
bremsstrahlung emissivity, and Comptonization. These amount
to modest quantitative corrections that affect high-velocity
shocks, but do not change the qualitative picture presented. A
more serious concern has to do with the possibility of runaway
pair creation in a relativistic postshock plasma. If the plasma
temperature is high enough, then pair creation processes may
be able to produce copious pairs that dominate photon emission
and scattering. This would have significant qualitative
implications on the shock properties (for example, an initially
collisionless shock might be able to generate enough pairs to
drive the scattering optical depth above ¢/v and “bootstrap” its
way to becoming a radiation-mediated shock). In Appendix C
we investigate this possibility and find that this scenario cannot
be realized for initially pair-poor shocks.

We follow the formalism of Svensson (1982, 1984) who
investigated steady-state pair-equilibrium solutions in mildly
relativistic thermal plasmas. We define a normalized temper-
ature O = kT, /me,c2 and denote the pair multiplicity as
Z=n,/n, where n, is the positron pair density and 7, the
proton density. Svensson (1982) showed that the solution phase
space can be characterized in terms of the plasma temperature
and “proton” optical depth (the Thompson optical depth,
neglecting pairs), with only a weak dependence on density. At
low temperatures, there exist two steady-state solutions: a low-z
solution and a high-z pair-dominated solution. In our context,
there is no initial source of pairs in the system (the pair density
in the upstream medium is assumed to be negligible). An
initially pair-poor shock of this kind may be capable of
producing enough pairs to settle onto the low-z branch. Since
the pair multiplicity in this case remains low, pairs are
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effectively negligible and may safely be ignored. However,
Svensson (1982), Svensson (1984) show that there exists a
critical temperature ©,;(77) above which no equilibrium
solution exists (see also Guilbert & Stepney 1985). At
© > O, annihilation cannot balance pair creation processes,
runaway pair creation takes place, and the plasma becomes
pair-dominated with z > 1. This would dramatically change the
shock properties and alter our previous estimates.

We calculate the critical pair-equilibrium solution using the
pair creation and annihilation rates n., 714 from Svensson
(1984). Specifically, we include vy, ~e, Vp, ee, and ep pair
creation processes. The photon density (which enters the
processes) is calculated assuming a one-zone steady-state
escape model such that n, = rif,, and we take electron-
proton bremsstrahlung to be the dominant photon-generating
process in 7i,. The photon energy distribution is a combined
bremsstrahlung + Wien spectrum, with a fraction f3 of photons
populating the Wien component, and fz calculated following
Appendix C of Svensson (1984) (we adopt {=1 and
X, = 10719). At low temperatures (O < 1) this Comptonization
prescription is consistent with the results we derive in
Appendix A.

To cast the results in the shock phase space of Figure 1, we
must translate between shock velocity and CSM column
density to the downstream temperature and effective proton
optical depth. As discussed in Section 2, the shock velocity
governs the immediate downstream temperature. We adopt the
temperature prescription ©(v) from Margalit & Quataert (2021)
with er=1 (their Equations (2) and (3)), that extends
Equation (1) to the case of mildly relativistic shock velocities.
The effective proton optical depth is simply the CSM optical
depth 7 so long as the shock is adiabatic. The effective optical
depth is lower than 77 when the shock is radiative because the
hot postshock region subtends only a small fraction f of the
total CSM width (see Section 2). This limits the radiated power
to the maximum available (the kinetic shock luminosity) such
that f= min (1, Lg,/L.q). Here L., = CL¢, the free—free
luminosity Ly is calculated using Equations (17)—(18) of
Svensson (1982), and the Comptonization enhancement factor
C is calculated from Equation C7 of Svensson (1984). These
extend Ly and C which are used throughout the rest of this
paper to mildly relativistic temperatures. A root-solving
procedure is then used to calculate the effective optical depth
at each point, (1 + 7o) Tetr = f (Tefrs 77> ©) X (1 + T7)77, Where
fis a function of 7.¢ through the Comptonization enhancement
factor C. This approach of replacing 77 — Tg ensures a correct
calculation of Comptonization and of the photon density 7.,
taking into account the diffusion time of photons through the
full CSM along with the fact that photon production and
inverse Compton scattering takes place only within a
(potentially small) fractional width f of this region.

The results are presented in Figure 9, which shows the shock
phase space accounting for relativistic corrections. The gray
curve separates collisionless shocks into adiabatic (right) and
radiative (left) cases. The cooling timescale here is calculated
using expressions for the bremsstrahlung emissivity and
Comptonization from Svensson (1982, 1984), as described
above. The red curve delineates the parameter space into
Comptonized (above) and un-Comptonized (below) regimes,
where the relativistically appropriate Compton y-parameter is
taken to be y= Ter(l + Te)(40 + 1607). The purple curve
shows the critical pair-equilibrium solution, along which
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Figure 9. Same as Figure 1 but accounting for relativistic corrections to the
postshock temperature, bremsstrahlung emissivity, and Comptonization. Thick
black, gray, and red curves delineate the shock phase space into radiation-
mediated/collisionless, adiabatic/radiative, and Comptonized/un-Compto-
nized shocks. These curves are in line with the simpler approximations shown
in Figure 1. The parameter space where postshock electron temperatures
exceed the critical pair-equilibrium solution is shaded in purple. Given
sufficient time, runaway pair creation would occur within this region, changing
the nature of the shock and emerging radiation. In the scenario under
consideration, the pair creation timescale is limited by the shock crossing
(dynamical) time. Regions where the pair creation timescale is shorter than the
dynamical time are shaded in blue. A pair-dominated shock (with z > 1) can
only occur in regions where the blue and purple shaded areas overlap. The fact
that there is no such overlapping region below 77 <c¢/v implies that
collisionless shocks cannot reach a pair-dominated state (absent an external
source of pairs or radiation). Thin dotted gray curves show contours of constant
compactness.

O = Oi(Tesr). Above this curve (purple shaded region) no
steady-state pair-equilibrium solution is possible. Given
sufficient time, runaway pair creation would occur within this
region of parameter space. However in practice, this process
turns out to be limited by the available time ~fqyp.

The doubling-time of pairs ~z/7 is arbitrarily short if z— 0 or
7 — 00, so that the timescale for runaway pair creation is limited
by the doubling rate at z~ 1. We therefore define a critical pair
creation timescale as r. = zn,/h+(z)|; — o5. The blue curve in
Figure 9 shows the contour along which 7, = t4y,. To the left of
this curve (blue shaded region) the pair creation timescale is
shorter than 74y, and the plasma could in principle reach a pair-
dominated state within the shock crossing time. The system will
only manifest this state if both the runaway pair creation condition
(©>BOg;) and the timescale criterion (f < tqy,) are satisfied.
Figure 9 shows that there exists no parameter space where both
conditions apply (no intersection of the blue and purple shaded
regions) in the collisionless shock regime. This implies that a pair-
dominated state is never realized for such shocks.

We note that the primary reason that runaway pair creation
does not take place in the shock scenario is the limit on the
radiative luminosity L.q < Lg,. In the active galactic nucleus
context, where this limit is irrelevant, it is well recognized that pair
production can be critical even at low temperatures © ~ 0.1 (e.g.,
Fabian et al. 2015). This case corresponds to the high optical
depth branch of the Svensson (1984) O, solution which cannot
be realized due to the reduction of the effective optical depth in
the radiative shock regime. To further illustrate this, light dotted
gray curves in Figure 9 show contours of constant compactness,
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(= LaT/mpc3R. The cap on the radiated luminosity L < Ly, can
be seen by the kink in these contours at the feqc = f4yn curve. One
can map the O curve from {77, O} space into an {/, O}
parameter space using these contours, facilitating comparison
with, e.g., Figure 1 of Fabian et al. (2015).
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