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ABSTRACT

Supernovae that interact with hydrogen-poor, helium-rich circumstellar material (CSM), known as
Type Ibn supernovae (SNe Ibn), present a unique opportunity to probe mass-loss processes in massive
stars. In this work, we report the first radio detection of a SN Ibn, SN 2023fyq, and characterize
the mass-loss history of its stellar progenitor using the radio and X-ray observations obtained over
18 months post-explosion. We find that the radio emission from 58-185 days is best modeled by
synchrotron radiation attenuated by free-free absorption from a CSM of density ~ 1078 g/cm? (~
10%p1sm) at a radius of 10'® cm, corresponding to a mass-loss rate of ~ 4 x 1073 Mg yr=! (for a
CSM velocity of 1700 kmm/s from optical spectroscopy) from 0.7 to 3 years before the explosion. CSM
configuration inferred from multiwavelength observations, we invoke binary interaction as the most
plausible mechanism for the mass-loss history before this explosion. These results suggest a shell-like
CSM from at most 4 x 10 to 2 x 106 cm (~ 10°Ry) with a CSM density that is roughly consistent
with predictions from a merger model for this object. Future radio observations of a larger sample of

SNe Ibn will provide key details on the extent and density of their helium-rich CSM.

1. INTRODUCTION

Massive stars lose significant amounts of mass as
they approach the ends of their lives (Woosley et al.
1993; Smith 2014; Chiosi & Maeder 1986; Langer 2012;
Puls et al. 2008). Observations of certain supernovae
(SNe) reveal extensive interaction between the ejecta
and dense circumstellar material (CSM) formed by this
mass loss (see e.g., Chevalier & Fransson 2017; Margutti
et al. 2017; Chandra 2018; Jacobson-Galan et al. 2024;
Brethauer et al. 2022; Maeda et al. 2013; Baer-Way
et al. 2025). In particular, certain objects reveal interac-
tion between the ejecta and helium-rich CSM (Matheson
et al. 2000; Hosseinzadeh et al. 2017; Pastorello et al.
2016; Moriya & Maeda 2016; Foley et al. 2007; Smith
2017), suggesting the star has almost fully lost its hy-
drogen and lost at least some of its helium layer but
experienced this mass loss close enough to the explosion
to retain a meaningful amount of nearby high-density
helium-rich material.

These objects, known as type Ibn supernovae (SNe
Ibn) as they are hydrogen-deficient but their optical
spectra contain narrow helium emission lines (~ 1000
km/s FWHM (Hosseinzadeh et al. 2017)) from un-
shocked CSM (Gal-Yam 2017; Modjaz et al. 2019), make
up 1% (by local volumetric rate) of the Core Collapse
Supernova (CCSN) population (Perley et al. 2020). It

has been somewhat difficult to observationally constrain
this class of objects due to their relative scarcity. SNe
Ibn are characterized by fast-declining (relative to any
other supernova subtype) lightcurves (Moriya & Maeda
2016; Hosseinzadeh et al. 2017; Khakpash et al. 2024),
with the ~ 0.1 mag/day decay in the first month post-
explosion driven by changes in the shock emission mech-
anism from radiatively cooling to adiabatic. This occurs
in SNe Ibn due to the high shock velocities (which lower
the CSM densities by quickly propagating to large radii
and allowing for a faster cooling transition) characteris-
tic of the subtype (Maeda & Moriya 2022). By defini-
tion, all SNe Ibn interact with some type of helium-rich
CSM, but optical spectral diversity in line-width and
shape (i.e., P Cygni profiles vs. solely narrow emission
lines) may suggest different optical depths or viewing-
angle effects (Shivvers et al. 2017; Hosseinzadeh et al.
2017). Viewing-angle effects would imply that there are
large deviations from spherical symmetry in the explo-
sion/CSM itself.

Some SNe Ibn show narrow-line emission (order 1000
km/s speed) that persists out to late times and is in-
dicative of continued interaction into the nebular phase
~ 200-300 days post-explosion (Foley et al. 2007; Smith
et al. 2008). Others, such as the target we analyze in
this paper, evolve to look more like a classical stripped-
envelope SN at later phases, potentially due to a less
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extended helium shell of CSM (Dong et al. 2024). Given
the diversity within the subclass, it is possible that there
are intrinsic differences between these explosions/their
progenitors. This implies that they should not be
grouped as one subclass, or that the mass-loss mecha-
nism can act on varying timescales. The time frame over
which the intensive mass-loss occurs (> 1073 Mg yr—! as
has been seen in all SNe Ibn for which a mass-loss rate
was measured (Pellegrino et al. 2024)) is much shorter
(on the order of years) than in hydrogen-rich interacting
objects, where the mass loss can occur for hundreds of
years (Smith et al. 2009). There are various possibilities
for these short-lived mass loss episodes of SNe Ibn, such
as mass ejections due to pulsational instabilities near
core collapse (Woosley 2017), or mass loss due to un-
stable mass transfer during inspiral in a binary system
on the way to a merger-driven explosion (Wu & Fuller
2022; Tsuna et al. 2024; Schreder et al. 2020).

Roughly 70-100 SNe Ibn have been discovered at opti-
cal wavelengths (Dong et al. 2024). Of these, three have
shown evidence for pre-explosion outbursts, detected
as flares or excess emission in pre-explosion lightcurves
(Gangopadhyay et al. 2020; Foley et al. 2007; Brennan
et al. 2024), one of these being the object we explore in
this work. Beyond SNe Ibn, there have been a few tens of
cases of precursor emission observed in CCSNe (Strotjo-
hann et al. 2021; Pastorello et al. 2013; Elias-Rosa et al.
2016; Ofek et al. 2014). In most cases, including the Ibn
subclass, these precursors are interpreted as compelling
evidence for mass ejection before the explosion that cre-
ates dense CSM. (Gagliano et al. 2025; Jacobson-Galan
et al. 2022; Bilinski et al. 2015; Ofek et al. 2013; Pas-
torello et al. 2010).

As the supernova explodes, the ejecta will run into the
CSM, causing non-thermal radio synchrotron emission
given the strong magnetic field and fast (~ 10,000 km/s)
shock (Chevalier 1982). The hot shocked material can
also generate thermal X-rays (Chevalier 1982). Three
type Ibn SNe have been detected at X-ray wavelengths:
SN 2006jc (Immler et al. 2008), SN 2010al (Ofek et al.
2013) (initially classified as a type IIn) and SN 2022ablg
(Pellegrino et al. 2022). These X-ray observations re-
vealed that these SNe likely had an intense outburst of
mass-loss ~ 1-2 years pre-explosion. While roughly 100
CCSNe have been detected at radio wavelengths (Bi-
etenholz et al. 2021), a SN Ibn has never been detected
despite attempts for multiple different objects (Shivvers
et al. 2017; Smith et al. 2008). Given that very few ob-
jects have been sampled out to late times (beyond ~
30 days-meaning the mass loss was only probed out to
~ 1 year pre-explosion given characteristic 10,000/1000
km/s shock/wind speeds) and/or with high sensitivity
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< 10?0 ergs s~! Hz ™!, these non-detections are not par-
ticularly constraining for the subclass as a whole.

In this work, we report the first radio detection of an
SN Ibn, SN 2023fyq. We use the radio emission of SN
2023fyq to constrain the mass-loss history of its progen-
itor system. SN 2023fyq has been studied extensively at
optical wavelengths even before explosion: SN 2023fyq
showed evidence for optical precursor emission indica-
tive of pre-explosion outbursts for at least 1500 days
(Dong et al. 2024; Brennan et al. 2024). The object
then rose dramatically in brightness, and the explosion
date (in our frame) was inferred as 16 July 2023 (Bren-
nan et al. 2024). Brennan et al. (2024) estimated this
explosion date relative to the time of maximum through
blackbody fits. We take all epochs in this work relative
to this explosion date. We note that our results are ro-
bust even with an explosion date error of ~ £ 15 days.
The SN is roughly 15” offset from the center of its host
galaxy, NGC 4388 — which is at a distance of 18 4+ 3.7
Mpc using the most recent Tully-Fisher estimate (Dong
et al. 2024). This galaxy has attracted interest on its
own as a unique radio and X-ray-bright active galac-
tic nucleus (AGN) (Sargent et al. 2024; Gediman et al.
2024).

SN 2023fyq is one of the first objects for which pre-
explosion spectra were acquired of the outbursting ma-
terial (Brennan et al. 2024). Dong et al. (2024) and
Brennan et al. (2024) have combined the optical pre- and
post-explosion spectra and lightcurves (which showed
that this SN was unambiguously a terminal transient-
meaning the core was disrupted and the progenitor de-
stroyed) to characterize SN 2023fyq. They interpreted
their optical dataset of this object as an explosion origi-
nating from a binary system with a low-mass (~ 3 M)
helium star orbiting a neutron star that they claim even-
tually experienced either runaway mass loss triggering
core collapse, or a merger that directly triggered the ex-
plosion (Dong et al. 2024).

2. ANALYSIS
2.1. Radio Data Analysis

In general, radio emission from CCSNe is non-thermal
synchrotron radiation that arises due to the interaction
of the SN forward shock with the CSM. The emission
is suppressed via synchrotron self-absorption (SSA) by
the synchrotron-emitting electrons themselves and/or
via free-free absorption (FFA) by the dense medium ex-
ternal to the shock (Chevalier 1998). Both absorption
mechanisms can work in tandem, and radio light curves
can be represented in parametrized forms that describe
the optically thick (F)-rising) and thin (F),-declining)
spectral and temporal evolution, as well as the opti-




cal depth normalization. In an FFA model, the radio
flux density (F(v,t)) can be parametrized as Chevalier
(1982); Chandra et al. (2020); Weiler et al. (2002):

v @ t
F(v, t)rra = Ky (5 GHZ) (1000 days

(1)
Here, « is the spectral index and ( is the temporal index
of the flux density evolution. « is related to the electron
energy index p by p = 2a+ 1 (Chevalier 1998). We note
that this is true only when the self-absorption frequency
is less than both the cooling and minimum electron en-
ergy frequency, but we confirm this is the case using the
scale of the B-field (~ 0.5 G) derived self-consistently in
section 2.2. The FFA optical depth is given by

v\ 21 t -
TrrA (1, 1) = K> (m) (I()O()days) .

0 describes the evolution of the optical depth, and is
related to the density gradient in the CSM pcgy o< 7%
by m = Z—:‘;’ (where the ejecta density profile pejecta X
r~™), where § = m(2s — 1). We can also use this m to
characterize the evolution of the CSM radius R o t™.
K5 is the optical depth normalization.

In the SSA model, the flux density is parametrized as

(Weiler et al. 1986; Chevalier 1998)

R t -
F(v,t)ssa = Ki (5 GHZ> (1000 dayS)

« (1 _ e_TSSA(Vvt)) (3)

The SSA optical depth is parametrized by

v (—a—2.5) t (=B'+8)
Tssa = Ko ( > < ) (4)

5 GHz 1000 days
K5 corresponds to the SSA optical depth normalization.
B’ and 3 denote the temporal evolution of flux densities
in the optically thick (F o tB,) and thin phase (F
t?), respectively. The SSA model can be rewritten at
a specific temporal epoch to reduce the model to 3 free

parameters and measure their evolution as: (Chevalier
1998; Soderberg et al. 2006)

v\ /2 L\ ~25a
F,ssa = 1.582F, (V> (1 —exp [— <V) ])
p P

()
where o again is the optically thin spectral index, 1,
is the frequency at which the SSA spectrum peaks (fre-
quency at which 79ga ~ 1), and F}, is the corresponding
peak flux density. v, and F,, can be used to estimate
the shock radius (R) and magnetic field (B) (Chevalier
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1998). For p ~ 2.5 (given the optically thin spectral
slope that we measure as detailed later in this section),
we find (Pacholczyk 1970)
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where f.p = :—; denotes the ratio between the energy
density of relativistic electrons (e.) and the magnetic
field energy density (ep). f is the volume filling fac-
tor, which we assume to be 0.5 as is standard for radio
SNe with n ~ 10 and s ~ 2 (Weiler et al. 1986) — al-
though other values could be considered up to f=0.1 or
1 (considering the asymmetry seen in the optical dataset
(Dong et al. 2024)) without changing R and B by more
than 10 %. D is the angular distance to the SN.

As seen in Figure 77, the data do not cover the peak
of the SED at any epoch: at 58 days, the entire SED is
in the optically thick phase, and the data are optically
thin at all other epochs. We still attemped to fit an
FFA-dominated and SSA-dominated model to the full
dataset using equations 1 and 3. We carry out fits using
emcee (Foreman-Mackey et al. 2013), with 200 walk-
ers and 10000 iterations. In the FFA model, we kept
a, 3,0, K1, Ky as free parameters, while for SSA we kept
a, 3,8, K1, K> as free parameters. We find similar re-
duced x? x, rra? = 1.41 and x, ssa? = 1.81. We find
a = 0.877019 for FFA and o = 0.7670 93 for SSA. We
also find for FFA that § = 2.11'_"8:(1)2. This § value im-
plies that s ~ 2 for reasonable m values from 0.6-1 with
the relation § = m(2s — 1). We find 8/ = 3.671030
for SSA. Finally, we have § = 1.321‘8:%8 for SSA and
B = 1.86701] for FFA. From the similar x? values and
visual inspection of the best-fitting models, we conclude
that we cannot favor a pure FFA or SSA model for the
full dataset but find preference for s ~ 2.

However, the fact that at At = 58days, the SED is
best sampled in the optically thick regime allows us to
constrain the dominant absorption process. The flux
densities rise by a factor ~ 2 between 9-11 GHz, suggest-
ing a very steep optically thick slope of F,, ~ v*. In an
SSA model, the optically thick spectral slope would be
F, o v*® (given the ordering of cooling/electron/SSA
frequencies we confirmed) (Rybicki & Lightman 1979).
The observed optically thick spectral slope is steeper

(6)

(7)




than this and suggests that FFA must be dominant at
this epoch. We thus fit each SED with equation 1 (fixing
t at each epoch).

We freeze § = 3 (as § = (2s — 1)m) as we assume
constant shock velocity m = 1 and s=2. We note that
with s =2,m = Z:‘j can only be approximately 1, but
we assume m = 1 for simplicity and given the poor con-
straint on s. We also fix 8 = 1.86 from the FFA fits
to the full dataset as 8 should not vary across individ-
ual epochs (as it sets the temporal evolution). As one
further motivation for fitting with FFA, we note that
given the 10 GHz peak, a Chevalier diagram (Chevalier
1998) as shown in Figure 2 suggests a shock speed ~
4000 km/s, which is a clear underestimate based on op-
tical estimates, meaning SSA alone is not the primary
absorption mechanism and there is a significant contri-
bution from FFA. We use Vg, = 8500kms™! from the
late-time optical spectra (Dong et al. 2024). This likely
corresponds to the fastest ejecta speed, which is not the
same as the shock speed and is often an underestima-
tion (Chevalier & Fransson 2017). We proceed assuming
a non-decelerating shock speed, given that we lack the
data to accurately model the evolution of this speed.

We perform FFA fits at each epoch using equation 1
keeping K, Ky and « as free parameters. The results
for these three parameters are shown in Table 1. We
note the relatively high « at early epochs, but also em-
phasize that the error bars are quite large and there are
degeneracies in the fitting. We show the single-epoch
FFA fits to the data in Figure ??. We caution that our
results in general are only approximations given the s
and m we assume.

2.2. Intrinsic SSA+FFA

We proceeded to find the intrinsic SSA emission sup-
pressed by the FFA self-consistently by estimating the
radius and B-field accounting for the density profile.
We use the CSM densities from single epoch FFA fits.
We estimate Tppa using equation 2 with the best-fit Ko
and assumed 6=3. The CSM density is then given by

PFFA = 4]7\r/1TF2F1fW, where (Chandra et al. 2020)

0.5
M. A 1.06
M o (S ) ()
v n{fe Z
CSM,1 1+ { () }

Tesar\ "7 ven 15 ¢ 1.5
“\ 107K (104kms—1> 1000 days

(®)

here 7. is the effective optical depth considering all
absorption components (here, we consider FFA optical
depth), Tegy is the electron temperature of the CSM,
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. . _1 M_
and vy, is the shock speed in kms™?. ﬁ denotes

the mass-loss rate in units of 1073 Mg yr~! for a wind
speed of v, = 10kms™'. We use vy, = 1700kms~!
from the P Cygni absorption trough of He I 5876 A seen
in the optical spectra (Brennan et al. 2024; Dong et al.
2024).

We assume n(He)/n(H) ~ 10 given that the CSM is
helium rich (Dong et al. 2024; Brennan et al. 2024). This
ratio could be even higher and the derived mass-loss rate
would then be lower. We also assume the CSM temper-
ature to be high at 105K considering high ionization
indicated by the strong presence of helium (Lundqvist
& Fransson 1991). We note that the M we estimate will
be an effective value, given both that we do not assume
an unchanging K» and thus do not fix the mass-loss rate
as constant directly, and we assume our line of sight is
representative of the total distribution of matter. Using
the 7pra and the radius of the CSM Vit (where we use
Vin = 8500 kmn/s), we find prpa at each epoch.

Using the CSM density derived from FFA modeling,
we can then constrain B using the magnetic field scaling
relation (Chevalier 1998).

B2

e esprraVa, 9)

Vsh is again the constant shock speed where R = Vijt.
Using the estimated B from equation 9 and R, we can
constrain the SSA F), and v, at each epoch using equa-
tions 6 and 7. However, we need e€g and f.p. From
running MCMC fits using an SSA model attenuated by
FFA (equation 10) with f.p and ep as free parameters,
it is clear that there are degeneracies between these val-
ues and «. However, at the fourth epoch where we have
the most datapoints, we find eg = 0.0016705001 and
fep = 1.2703 for the frozen o from the FFA single-
epoch fit. We thus fix eg = 0.0016 and f.p = 1 given
the degeneracy with «. This gives good fits as seen in
Figure 77 except at the second epoch, where the FFA
« and the f.p and eg that work well for other epochs
do not provide a good fit. We attribute this to degen-
eracies in the fitting. We fix a = 0.75 at this epoch for
the SSA+FFA plotting (this does not affect any derived
parameters) given the fit to the optically thin points be-
tween 15-30 GHz at all epochs as detailed below.

We note that we assumed p =~ 2.5 in equations 6
and 7, motivated by the shallow spectral slope derived
from an overall fit to the optically thin points between
15-30 GHz (an MCMC fit yields a spectral index of
a = 0.75701%). Having found 7ppa and F, /v, through
prFA /Vsn we construct an SSA+FFA model with the a



from the single-epoch FFA fits.

L\ /2
F, ssa+rra = € A 1582F, <>
Vp

(1= [-(2) 7))

The 1.582 factor carries over from the SSA formula-
tion (Chevalier 1998). We did attempt fits where Tppa
is a free parameter along with «, f.p and eg. There
are clear degeneracies between all these values, so we
opted to freeze o and Tggra from the single-epoch FFA
fits and then f.p/ep from reasonable values obtained
from fitting equation 10 at the fourth epoch with more
datapoints. We plug in all our values to this equation 10
at each epoch. We note that at > 125 days, there seems
to be an uptick in CSM density. Given the assumptions
and uncertainties, we suggest these variations are within
error bars and cannot be attributed to true variations
within the CSM. As described, we find eg = 0.0016 and
fes ~ 1 allows for the best fit to the flux density val-
ues. Given the R values we assume and the B values we
find in Table 1, we use equation 1 of Chevalier (1998) to
find the density of relativistic electrons Ny and thus Ug.
We find Ug ~ 0.8Up, suggesting that the equipartition
implied by our best-fit fop = 1 is a reasonable assump-
tion. However, these microparameters are quite difficult
to ascertain from the limited data we have and have de-
generacies with other parameters i.e., shock radius/a
(Fransson et al. 1996). These values differ from the
often-assumed e = eg = 0.1 (Soderberg 2006). Re-
cent studies suggest such deviations are plausible due to
shock acceleration effects (Park et al. 2015; Gupta et al.
2024). The inferred value of ep is also consistent with
measurements from other radio-bright interacting SNe
such as SN 2023ixf (Nayana et al. 2025).

(10)

Results from Our derived SSA+FFA models are plot-
ted in Figure 1 and all relevant parameters are listed
in Table 1. Given we have constrained the frequency
vp where 7gsa = 1, we find the overall 7.g at this fre-
quency using equation 2 (adding 1 to the FFA optical
depth for the SSA contribution), and estimate the mass-
loss rate at each spectral epoch again using equation 8.
Using the 1700 km/s CSM speed, we obtain the mass-
loss rates at each epoch with detections seen in Figure
1. The effective mass-loss rate is relatively constant at
~ 4 x 1072 Mg yr~! as expected given the assumed
s = 2 in equation 8. The variations seen are within er-
ror bars. We convert to pre-explosion epoch by taking
the ratio of the assumed shock to the CSM speed and
plot this as well in Figure 1.
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While we have assumed a standard »~2 CSM density
profile based on the FFA fitting, SNe Ibn are expected
to have an =3 CSM density profile (Maeda & Moriya
2022), at least for the first ~ 100 days. Given the lim-
ited data, it is difficult to model in an s = 3 scenario
, especially because at s = 3 the self-similar solutions
derived by Chevalier (1982) are no longer valid. How-
ever, we find the r—3 mass-loss rate at each epoch from
the relation in Fransson et al. (1996) (equation 2.1 in
their work), using our initial mass-loss value as the base
mass-loss and adjusting for the evolution of the radius
of the shock as needed for non-r—2 profiles.

Recent work on stars in binary systems undergoing
high rates of mass loss (Wu & Tsuna 2025) has devel-
oped an approach that uses a given explosion energy and
shock speed as well as an assumed electron power-law
index p to obtain estimates of the flux from interaction
between the SN ejecta and CSM density profile (Wu
& Tsuna 2025). This model uses the M2.467_P100d
posm ~oc 3 density profile (where the density pro-
file is directly extracted from simulations, i.e., no func-
tional form assumed). The model has ejecta kinetic en-
ergy of 10°! erg, ejecta mass 1.25 Mg, shock velocity of
8970km s—!, CSM filling factor 1 (meaning a symmetric
CSM), €, =107, e = 1072, and p = 2o + 1 = 2.1.

The shock velocity from this modeling is consistent
with our estimate, despite the difference in p/small dif-
ference in €./eg. The model does not provide as good
a fit to the light curve as SSA/FFA (although data at
day ~ 100 would truly have allowed us to distinguish
between the models). However, it is noteworthy that
our derived density values are relatively consistent (de-
spite our assumption of an 7~2 profile) with the density
profile (the M2.P467100D model specifically) developed
by Tsuna et al. (2024) for these radio models (e.g., see
Fig. 1). Furthermore, the Tsuna et al. (2024) model as-
sumes there is no significant mass-loss beyond 2 x10'6
cm, which is consistent with our late-time upper limits
that suggest a sharp decline in radio flux density.

2.3. X-Ray Data Analysis

We also did not detect the supernova at 542 days post-
explosion in NASA Chandra images, with a limit on the
0.3-10 keV luminosity of Lx < 2 x 103® ergs/s. We can
convert the limit on luminosity to a limit on mass loss
at this epoch. Using the cooling formulas detailed in
Chevalier & Fransson (2017) (equations 14/18), we find
from the mass-loss rate inferred from radio modeling (<
0.0025 Mgyr—!) that at 542 days, the reverse shock will
be adiabatic and there will no longer be significant ab-
sorption from the dense shell between the shocks. We
thus can use equation 3.10 from Fransson et al. (1996)




Table 1. SN 2023fyq fitting results

Epoch (Days)

K, (FFA)

K»(FFA)

prra (g/cm?)

58 0.055T5:951  0.00237:0502
125 0.02970:955  0.001973:500%
139 0.04113-51¢  0.003875-9514
165 0.05475:919 0.00663:59%
185 0.0337951  0.004715:9528

50758 x 10718
1.370% x 10718
1.3702 x 10718
1.210% x 10718
82755 x 10717

B (G)* R (cm)*  «(FFA)
0.408  4.26 x 10"  1.467030
0.180 9.18 x 10'® 1.297032
0.193  1.02 x 10'° 0.97%735
0.187  1.21 x 10'® 0.851032
0.153  1.36 x 10'® 0.847013

NoTE—Starred values (*) are fixed from the FFA single-epoch fit + assumed shock velocity (using
equations 6/7 and 9) and thus are not reported with associated error bars. All FFA parameters
are from single-epoch fits with equation 1 with frozen 6 = 3/8 = 1.86. We fixed K; <0.25 at the
first epoch due to unphysically large values obtained from fits where it was not constrained.

(which gives the prediction for the 1 keV reverse shock
spectral luminosity given some mass-loss rate) to find
the mass-loss limit given the limit on the X-ray lumi-
nosity. Assuming a 5 keV temperature of the shock,
the 8500 km/s shock speed, and converting our X-ray
0.3-10 keV luminosity to a spectral luminosity, we find
M < 3x 107 3Mgyr—!. This is consistent with the limit
obtained at radio wavelengths at a similar epoch.

3. INTERPRETATIONS

The detection of radio emission from SN 2023fyq al-
lows for the first constraints on mass-loss up to 8 years
pre-explosion in a SN Ibn. There are two clear results
from our modeling:

1. The best-fit model to the radio emission suggests
mass loss at a rate ~0.004 Mg yr~—! from 0.7-3
years before the explosion for a CSM velocity of
1700 km/s as measured in optical spectra (Dong
et al. 2024). This mass-loss rate translates to con-
straints on CSM density from (0.4-1.4)x 10 cm.

2. The non-detections at At = 525 days suggest that
there was a drop in CSM density at R ~ 2 x 106
cm (suggesting a drop by a factor > 2 in progen-
itor mass-loss rate). This is confirmed by an X-
ray non-detection at At = 542 days, which gives a
similar limit on the mass-loss rate and implies a

shell-like CSM.

From an analysis of the optical spectroscopy and
lightcurves, Dong et al. (2024) and Brennan et al. (2024)
determined that SN 2023fyq was surrounded by a highly
dense torus of CSM created by intensive mass loss (at a
rate of ~ 1 Mg yr~!) in the last 40 days before explo-
sion that caused the sharply rising precursor emission.
Assuming our CSM speed of 1700 km /s, this would only
create CSM out to R ~ 3 x 10 c¢m, which is a smaller
radius than the CSM radius at any epoch at which we
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obtained detections. The authors also suggest that there
was further mass loss at earlier times before the explo-
sion caused by less intensive precursor outbursts that
may have created a shell of less dense CSM (with no
specifics on the density) at larger radii (R = 3x10% cm).
This shell could correspond to the material traced by our
radio observations, whereas the mass loss immediately
preceding the explosion may have caused strong radio
absorption consistent with our early non-detections up
to At = 58days (R < 4 x 105 cm).

On the nature of the progenitor, Dong et al. (2024)
concluded that SN 2023fyq was a helium star in a bi-
nary system with a compact object which either merged
or experienced runaway core collapse very close to ex-
plosion. This merger-precursor scenario has been con-
sidered and modeled in detail by Tsuna et al. (2024), and
the mass-loss rate we measure in these initial phases up
to 1 year pre-explosion is generally consistent with the
mass-loss values they find. However, it does not match
the increase in mass-loss rate (as we assume a standard
r~2 profile given that our data do not fully constrain the
density profile) as seen in Figure 1. This short mass-loss
timescale (< 10 years before the explosion) is common
in type Ibn supernovae (Smith 2014), and the merger
scenario does provide a clear explanation in this case for
why the mass-loss would only occur at an elevated rate
for such a limited time frame.

In more detail, the sharp drop in CSM density at
2x10'% cm is only feasible in a scenario where there
were limited mass ejections or some late-stage mass loss
explicitly triggered by changes in the progenitor sys-
tem. The merger model can account for the uptick in
mass loss, with the beginning of mass-loss caused by
the onset of non-conservative mass transfer preceding
merger (Tsuna et al. 2025, 2024). The mass-loss rate
measured from 0.7-3 years at 0.004 Moyr~! is, in fact,
relatively low (by an order of magnitude) compared to
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Figure 1. The mass-loss picture of SN 2023fyq that we derive based on our radio modeling. Left : Derived effective mass-loss
rate as a function of days after explosion, as well as years before explosion, assuming the observed CSM speed of 1700 km/s.
We denote the period over which optical precursor emission (at S/N>3) was detected (Brennan et al. 2024) to illustrate how
the precursor outbursts may have been creating the CSM we observe in the radio. No precursor data could be obtained beyond
7 years before the explosion, since the ZTF/ATLAS surveys had not started then. Right : CSM density associated with the
mass-loss rate as a function of the CSM radius. We also show r~3 & r~2 density profiles along with profiles from merger
simulations by Tsuna et al. (2024). Our data suggests enhanced mass-loss with a sudden drop between 5-8 years before the
explosion revealed by our upper limit. We emphasize that some jump in density, potentially due to shock breakout, would be
needed to consistently explain our datapoints and the early datapoint from (Dong et al. 2024) in the r~2 case. Our last 3o
upper limits are consistent with the Tsuna et al. (2024) density profile extrapolation, given that this profile assumes that the
mass loss starts directly at 4 years before the explosion (for our assumed CSM speed).

the huge outbursts from mass ejections seen in SN 2006jc The timescale of mass loss in SN 2023fyq differs from
or 2022ablq, which may suggest that the merger model other SNe Ibn with confirmed multi-wavelength emission
for SN 2023fyq is more likely than mass ejections. The that allowed for a constraint on the mass-loss evolu-
elevated mass-loss just before the explosion, suggested tion across time. In SN 2006jc, detailed modeling of
by the rise in precursor emission seen at optical wave- the X-ray light curve and the optical data revealed a
lengths in the last 40 days, also means that there would massive outburst two years before explosion at M ~
have to have been multiple outbursts at varying mass- 10~2Mpyr~! that was preceded by extremely quiescent
loss rates in the ejection scenario. Additionally, the con- mass-loss at > 5 orders of magnitude lower (Tominaga
sistent optical emission over > 5 years suggests contin- et al. 2008). SN 2022ablq revealed even more intensive
uous energy injection and perhaps disfavors the ejec- mass loss at M ~ 107! Mgyr~*! for the 2-3 years pre-
tion scenario (Dong et al. 2024). Given the extremely explosion (Pellegrino et al. 2024).

short timescale and the high mass-loss rate, a stellar While the mass-loss rate has ramped up pre-explosion
wind cannot explain our measurements. However, our in SN 2023fyq as shown by the optical analysis (Dong
data cannot explicitly distinguish between distinct ejec- et al. 2024; Brennan et al. 2024), the radio results sug-
tions leading to the optical/radio discrepancy at differ- gest the increase was only by ~ 2 orders of magnitude.
ent times or a continuous outflow driven by the merger It thus seems that the mass loss acted on a different
inspiral, given the cadence of our data/uncertain con- timescale and at a different magnitude in SN 2023fyq,
straints on density profile. We also note that our data emphasizing that SNe Ibn can originate from a wide
does not fully distinguish between our preferred CSM range of progenitor channels. While initially it was
shell vs. torus/clumps; however, clumps would be ex- thought that most SNe Ibn came from Wolf-Rayet stars
pected to give rise to elevated X-ray emission/a poten- (Pastorello et al. 2016), certain objects showed potential
tially shallower density profile that we do not see. evidence for more exotic progenitors such as white dwarf

binary systems (Sanders et al. 2013). Other work has
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suggested that certain pair instability supernovae could
appear as SNelbn with hydrogen-free ejecta (Woosley
2017; Renzo et al. 2020) due to the intense mass ejec-
tions.

SN 2023fyq is the first type Ibn object to be detected
in the radio, but it is not the first object for which ob-
servations were attempted. SNe Ibn 2019aajs and SN
2019qav were observed but not detected with the VLA
and NOEMA (IRAM Northern Extended Millimeter Ar-
ray) from 15-400 days post-explosion at 10/90 GHz (Ho
et al. 2023). SN 2020bqj was observed but not detected
with AMI-LA at 15.5 GHz at 6 days post-explosion
(Kool et al. 2021). SN 2015G (Shivvers et al. 2017) and
the aforementioned SN 2006jc (Soderberg 2006) were
both observed at VLA frequencies from 4-22 GHz at~ 1
week for SN 2006jc and out to 120 days for SN 2015G.
The dates of discovery/explosion are taken from optical
estimates for all of these SNe.

For SN 2015G, the non-detection was analyzed to ob-
tain a limit on the mass-loss rate at < 1074 Mg yr—1,
while for SNe2006jc, 2019aajs, 2019gav and 2020bgj
the results were less constraining, given that the non-
detections were either early at 7-40 days post-explosion
(Pastorello et al. 2008; Kool et al. 2021; Ho et al. 2023)
or were at a high luminosity limit given the large dis-
tance to the SN. SN 2015G had a 10 GHz non-detection
at 3 x 10%°ergs~'Hz ™! at 120 days, which is a factor of
5 below the luminosity of the 10 GHz detection of SN
2023fyq at 125 days. We display the radio light curve of
SN 2023fyq and the upper limits for the other SNe Ibn
in Figure 3. The fact that the SN 2015G radio emission
must have been at least one order of magnitude less lu-
minous implies that 2015G may come from a progenitor
with a different mass-loss history.

When comparing with other interacting SNe,
SN 2023fyq is less luminous and peaks slightly earlier
than most radio-detected SNe IIn as shown in Figure 2.
Another difference from SNe IIn is in the non-detections
at later times and/or potentially steeper density pro-
file. While SN 2023fyq may have experienced mass loss
for longer than other SNe Ibn, it appears that it defi-
nitely did not lose mass at enhanced rates on the decade-
centuries timescales that SNe IIn do (see i.e. Smith
(2017)). SN 2023fyq provides compelling evidence for
continuing to observe a larger sample of SNe Ibn at ra-
dio wavelengths to try to understand the subclass.
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Figure 2. The peak spectral luminosity vs. peak time for
SN 2023fyq (taken at 10 GHz) in context with a variety of
other radio-detected SNe (Nayana et al. (2025) and refer-
ences therein). The speeds noted on diagonal lines are shock
velocities for pure SSA. 2023fyq is distinct from most other
stripped-envelope SNe, likely due to denser CSM, but does
not reach the peak spectral luminosity of many SNe IIn.
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Figure 3. A view of all previous radio-observed type
Ibn SNe and the upper limits on luminosities, including 10
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are all 30 limits.

4. CONCLUSIONS

We observed SN 2023fyq from 1-35 GHz with the
VLA and GMRT over 1.5 years post-explosion. We
also analyzed data over the same time period at X-
ray wavelengths from Swift-XRT and Chandra (finding




non-detections). Our detections at radio wavelengths
constitute the first ever radio detection and long-term
radio follow-up of a type Ibn supernova. We obtain
constraints on the mass-loss rate from the best-fitting
free-free absorbed + intrinsic synchrotron self-absorbed
models. The magnitude of the mass-loss rate and CSM
density /upper limits measured suggest a drop in CSM
density at ~ 2 x 10'® cm that can be explained by en-
hanced (~ 4 x 1072 Mg yr~—!) mass loss that only oc-
curred for roughly 5 years before the explosion and must
have ramped up by ~ 2 orders of magnitude in the fi-
nal months pre-explosion based on the optical evolu-
tion (Brennan et al. 2024; Dong et al. 2024). Our de-
rived mass-loss history is roughly consistent with early
mass-loss predictions from the binary merger scenario
explored in depth by Tsuna et al. (2024). We empha-
size that further monitoring of SNe Ibn at radio wave-

lengths within 1-2 years post-explosion is needed to con-
strain their progenitor systems and understand objects
like SN 2023fyq in the context of the larger SN Ibn pop-
ulation.
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