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Abstract

Context. The study of radio emission from core-collapse supernovae (SNe) probes the interaction of the ejecta with the circumstellar medium (CSM) and reveals details of the mass-loss history of the progenitor.

Aims. We report observations of the type IIP supernova SN 2016X during the plateau phase, at ages between 21 and 75 days, obtained with the Karl G. Jansky Very Large Array (VLA) radio observatory.

Methods. We modelled the radio spectra as self-absorbed synchrotron emission, and we characterised the shockwave and the mass-loss rate of the progenitor. We also combined our results with previously reported X-ray observations to verify the energy equipartition assumption.

Results. The properties of the shockwave are comparable to other type IIP supernovae. The shockwave expands according to a self-similar law R ∝ tm with m = 0.76 ± 0.08, which is notably different from a constant expansion. The corresponding shock velocities are approximately 10700–8000 km s−1 during the time of our observations. The constant mass-loss rate of the progenitor is Ṁ = (7.8 ± 0.9) × 10−7 α−8/19 (ϵB/0.1)−1 M⊙ yr−1, for an assumed wind velocity of 10 km s−1. We observe spectral steepening in the optically thin regime at the earlier epochs, and we demonstrate that it is caused by electron cooling via the inverse Compton effect. We show that the shockwave is characterised by a moderate deviation from energy equipartition by a factor of ϵe/ϵB ≈ 28, being the second type IIP supernova to show such a feature.

Key words: stars: mass-loss / supernovae: general / supernovae: individual: ASASSN-16at, SN 2016X / circumstellar matter / galaxies: individual: UGC 08041 / radio continuum: general


1 Introduction
Massive stars experience mass loss via stellar winds or due to eruptive events that can produce enhanced mass-loss rates towards the end of their lives (Foley et al. 2007; Pastorello et al. 2007; Smith et al. 2010; Margutti et al. 2014b; Moriya et al. 2014; Ofek et al. 2014; Bruch et al. 2021; Strotjohann et al. 2021). Mass loss enriches the circumstellar medium (CSM), affects the subsequent evolution of the star, and influences the phenomenology of some supernovae depending on the amount of mass lost at the moment of explosion (e.g. Smith et al. 2009; van Loon 2010).
These massive stars die in core-collapse supernova (SN) explosions, once their cores cannot be supported by thermonuclear reactions (see Smartt 2015 for a review). SN explosions eject large amounts of mass at high velocities, that collide with the pre-existing CSM and produce shocks, which in turn accelerate particles to relativistic velocities and enhance the local magnetic field. As a result, synchrotron radiation is generated, which can be prominent in radio and X-ray wavelengths (Chevalier 1982). Conversely, this emission can be used to constrain the mass-loss history of the progenitor, and this provides key information on the latest stages of stellar evolution.
The radio emission from SNe has been theoretically modelled (Chevalier 1982, 1998; Weiler et al. 2002; Chevalier et al. 2006), and observationally studied in several cases (e.g. Weiler et al. 1990; Chevalier 1998; Stockdale et al. 2003; Ryder et al. 2004; Soderberg et al. 2005; Horesh et al. 2013a; Margutti et al. 2014a; Corsi et al. 2014; Bietenholz et al. 2021). Radio observations at early phases after the SN explosion, in combination with X-ray observations, have revealed properties of the CSM shock, provided estimates of the mass-loss rate of the progenitor, and constrained the fraction of post-shock energy converted to particle acceleration and magnetic field amplification (e.g. Soderberg et al. 2010; Horesh et al. 2013a,b, 2020; Margutti et al. 2014a; Yadav et al. 2014; Kamble et al. 2016).
Type IIP SNe (SNe IIP) are the most abundant SN explosions; over half of all core-collapse SNe in several volume-limited samples are SNe IIP (Smartt 2009 and references therein). SNe IIP exhibit a long plateau phase in the optical light curve, associated with the hydrogen envelope of the progenitor star. The progenitors of SNe IIP are red supergiant stars (RSGs; Chevalier et al. 2006). RSGs are characterised by masses in the range 8–25 M⊙ and radii in the range 500–1500 R⊙ (Heger et al. 2003; Hirschi et al. 2004; Chevalier 1976; Arnett 1980), although pre-explosion imaging has only identified progenitors towards the lower mass so far (Van Dyk et al. 2003; Li et al. 2005; Maund & Smartt 2005). RSGs are believed to sustain slow winds that drive moderate mass loss at rates Ṁ = 10−6−10−4 M⊙ with a wind velocity of approximately ω ≈ 10 km s−1 (Smith 2014). However, the mass loss from these stars has been measured empirically in a small number of cases.
In this paper we present radio observations of the type IIP supernova SN 2016X. We model the radio spectra with the standard SN–CSM interaction model (Chevalier 1981) and derive the properties of the shock and the mass-loss rate of the progenitor.
The paper is structured as follows. In Sect. 2 we summarise the previously published results on SN2016X. In Sect. 3 we present our radio observations in detail. In Sect. 4 we then describe the SN–CSM interaction model and analyse the radio spectra to characterise the shock and calculate the mass-loss rate of the progenitor. Electron cooling and its effects are discussed in Sect. 5, while in Sect. 6 we discuss the possible deviation from the energy equipartition assumption. Finally, we discuss our results and summarise our conclusions in Sect. 7.
2 SN 2016X
SN2016X was discovered on 20.6 January 2016 by the All Sky Automated Survey for SuperNovae (ASASSN-16at; Bock et al. 2016), and classified as a SN IIP using optical spectroscopy acquired within the first three days after discovery (Hosseinzadeh et al. 2016; Zheng & Zhang 2016). The adopted time of the explosion is 18.9 January 2016 (MJD = 57 405.92 ± 0.57; Huang et al. 2018), based on a non-detection (V > 18.0 mag) on 18.4 January and a first detection (V ~ 16.6 mag) on 19.5 January. The host galaxy, UGC 08041, is at a distance of 15.2 Mpc (Tully-Fisher distance, Sorce et al. 2014), and we adopt this as the distance to SN 2016X.
Huang et al. (2018) and Bose et al. (2019) present high-cadence optical and ultraviolet light curves and spectra from the early phases after explosion until the nebular phase. The radius of the progenitor star, as revealed by the rise time, is in the range 860–990 R⊙ (Gall et al. 2015). Using mass-radius relations for RSGs, the mass of the progenitor is estimated to be 18.5–19.7 M⊙. The quasi-bolometric luminosity is comparable to other SNe IIP, but it declines quickly during the plateau phase. The study of absorption features in the spectral lines Hα, Hβ, and Fe II 5169, 5018, and 4924 Å shows that photospheric velocities are high compared to other SNe IIP such as SN 1999em and SN 2005cs, but are comparable to SN 2013ej and SN 2014cx (Leonard et al. 2002; Pastorello et al. 2009; Huang et al. 2015, 2016), evolving rapidly from ~9000 km s−1 at t = 20 days to ~6000 km s−1 at t =80 days for Hα.
SN 2016X was also observed in X-rays with the Neil Gehrels Swift Observatory and the Chandra X-ray Observatory in the 0.3–10 keV energy band. The observed X-ray luminosity was LX ~ 2.5 × 1039 erg s−1 at t ~2–5 days, and declined by a factor of 5 by t ~ 19 days (Bose et al. 2019). The count rate is too low to perform any spectral analysis on the X-ray observations.
Finally, it is noteworthy that SN2016X showed double-peaked Balmer lines with strong asymmetries during the nebular phase. This phenomenology has been associated with bipolar ejecta or aspherical distribution of the CSM (Bose et al. 2019; Utrobin & Chugai 2019), and possibly with the formation of dust in the ejecta (Inserra et al. 2011; Bose et al. 2019).
3 Observations
We observed SN2016X (α = 12h 55m 15s.61, δ = 12° 05′ 59″.35, J2000) with the National Radio Astronomy Observatory (NRAO) Karl G. Jansky Very Large Array (VLA) under the programme 15B-395 (PI: A. Horesh). Observations were acquired at four epochs: 9.50 February, 15.47 February, 2.56 March, and 3.84 April 2016, which correspond to 21.58, 27.55, 43.54, and 75.42 days after the explosion, adopting the ephemeris of the explosion by Bose et al. (2019). Observations were carried out in bands S (2–4 GHz), C (4–8GHz), X (8–12GHz), Ku (12–18 GHz), and K (18–26 GHz) in the three later epochs, while only C- and K-band observations were obtained in the first epoch. The antenna array was in configuration C.
We reduced the observational data with the Common Astronomy Software Applications package (CASA; McMullin et al. 2007). The reduction was done manually, as additional flagging was needed in most bands. The radio sources J 1246–0730 and 3C 286 were used as phase and flux calibrators, respectively. We imaged the field of SN 2016X in several sub-bands depending on the signal-to-noise ratio of the detection and the predominance of radio frequency interference (RFI) using the task CLEAN interactively. We extracted the flux of the source by fitting a two-dimensional Gaussian with the task IMFIT, and we added in quadrature the contribution of three factors to estimate the error bars on the flux: (a) the error provided by the fitting routine, (b) the RMS of the image estimated in an empty region around the source, and (c) 10% of the peak flux to account for calibration errors. We adopted three times the RMS of the image as a 3σ upper limit on the flux for non-detections. In the S -band images, SN 2016X appears embedded in the side lobe of a bright source in the field. We do not use the S-band data in this work since the extracted flux in that band is artificially high. A summary of the observations is presented in Table 1, and images at 4.8 and 22.0 GHz are represented in Fig. 1.
4 Analysis of radio observations
We use the SN–CSM interaction model by Chevalier (1981) to study the radio emission from SN 2016X. We make the following assumptions in our analysis: (i) we model the radio flux as self-absorbed synchrotron radiation, as described in Chevalier (1998) and Chevalier et al. (2006), although we note that other absorption mechanisms such as free-free absorption by ionised gas may also play a role in the case of SNe IIP (see Sect. 4.3); (ii) we assume that the density profile of the CSM decreases with radius as ρCSM ∝ R−2; (iii) we assume that only half of the spherical volume inside the radius R is contributing to the radio emission at all times (i.e. the filling factor is f = 0.5); (iv) we do not include the effects of electron cooling in our modelling; and (v) we assume that there is energy equipartition between particles and fields, that is, the fraction of the post-shock energy converted into particle acceleration, ϵe, and the fraction of the post-shock energy converted into magnetic field amplification, ϵB, are equal and approximately 0.1. Therefore, the equipartition parameter α becomes unity (α ≡ ϵe/ϵB = 1). We note that deviations from the assumptions above will affect the shockwave and mass-loss estimates, as we investigate in Sects. 5 and 6.
The energy distribution of the relativistic electrons follows a power law, N(E) = N0E−γ, where E is the electron energy and N0 is a constant. Under the energy equipartition assumption we can relate the constant N0 and the magnetic field strength, B,
[image: equation](1)
where El = 0.51 MeV is the rest mass energy of the electron.
The complete expression that describes the synchrotron emission from SNe is given in Eq. (1) of Chevalier (1998). The observable flux in the optically thick regime is
[image: equation](2)
and in the optically thin regime yields
[image: equation](3)
Here c1 is a constant (Chevalier 1998); c5 and c6 are functions of the electron energy distribution power-law index γ (Pacholczyk 1970); D is the distance to the supernova; R is the radius of the forward shock; B is the magnetic field strength; and f is the filling factor. The spectral slope in the optically thin part of the spectrum, β, is a function of the electron energy distribution power-law index: β = −(γ − 1)/2.
It can be seen from Eqs. (2) and (3) that the transition from optically thick to optically thin emission creates a peak in the spectrum. By characterising the observed spectral peak by its frequency, νpeak, and its flux, Fpeak, we can obtain the following expressions for the radius of the shock and the magnetic field strength (in cgs units, see Chevalier 1998):
[image: equation](4)
[image: equation](5)
The mass-loss rate of the progenitor, Ṁ, divided by the wind velocity, ω, can be calculated using the fact that the magnetic energy density is a fraction ϵB of the post-shock energy,
[image: equation](6)
where ρCSM = Ṁ/4πω R2 is the density of the CSM, and Vsh is the expansion velocity of the shock. Assuming constant expansion velocity (Vsh = R/t), and using Eqs. (5) and (6), we obtain
[image: equation](7)
Table 1 
Summary of radio observations of SN 2016X.

4.1 Single-epoch spectral modelling
In this section we analyse the radio spectrum for individual epochs. The free parameters of the SN–CSM interaction model (Chevalier 1998) are the power-law index of the electron energy distribution, γ; the radius of the forward shock, R; and the magnetic field strength, B. Theoretical considerations and observations of other SNe IIP indicate that γ ≈ 3.0 (e.g. Chevalier 1998 and references within). This implies that the spectral index in the optically thin regime equals β = −1, although steepening of the spectral slope is possible due to electron cooling. Since the simple SN–CSM interaction model described in Chevalier (1998) does not account for electron cooling, any modelling of a spectral index steeper than β = −1 when cooling is in effect may incorrectly point to large values of the electron energy distribution power-law index, γ. Since our analysis suggests that electron cooling is important for SN 2016X, as we demonstrate in Sect. 5, we fix the electron energy distribution power-law index to γ = 3.0, and fit for the optically thin spectral index, β, instead. Transforming Eq. (1) of Chevalier (1998), our model reads
[image: equation](8)
where ν1 is the frequency at which the optical depth equals unity for self-absorbed synchrotron:
[image: equation](9)
We implement a Markov chain Monte Carlo (MCMC) algorithm sampling over the optically thin spectral index, β, the radius of the shock, R, and the magnetic field strength, B. We determine the best values and the error bars of the free parameters from the posterior probability distributions. We also estimate the confidence intervals of the frequency and flux of the spectral peak from the Markov chains. The velocity of the shock is calculated assuming constant expansion, Vsh = R/t, and the ratio of the mass-loss rate to the wind velocity is calculated with Eq. (7). The results of the analysis of individual epochs are gathered in Table 2, and the best-fit models are represented in Fig. 2.
We note that the optically thick part of the spectrum and the spectral peaks in the later epochs, especially the fourth one, are not well constrained by the modelling, which results in larger error bars in the estimates of the physical quantities. We observe a steepening of the spectral slope β in the first three epochs, while the spectral index approaches the expected value β ≈ −1 in the last epoch, which we interpret as a consequence of electron cooling (see Sect. 5). The radius of the shock expands from R ≈ 2.6 × 1015 cm at t = 21.6 days to R ≈ 5.0 × 1015 cm at t = 75.4 days. The resulting shock velocities, assumed constant in this section (Vsh = R/t), are in the range 13 900–7800 km s−1, and are higher than for other SNe IIP observed at ages between 8 and 81 days, which typically show expansion velocities below 10 000 km s−1 (e.g. Beswick et al. 2005b; Chevalier et al. 2006; Yadav et al. 2014). The high expansion velocities we obtained can indicate that the free expansion phase, where R ∝ t, does not extend to the time of our observations. Our estimates of the shock radius are compatible with a power law R ∝ tm with index m = 0.8 ± 0.1, excluding the last epoch. Finally, we obtain a weighted average mass-loss rate of Ṁ = (4.4 ± 0.3) × 10−7 M⊙ yr−1, for an assumed wind velocity of ω = 10 km s−1.
	[image: thumbnail]	Fig. 1 Images of SN2016X at the four epochs of our observations, obtained at 4.8GHz (top row) and 22.0GHz (bottom row). The flux on the images is indicated by the colour bars on the right, and the beam size is represented at the bottom left of every image.



Table 2 
Results of the single-epoch spectral analysis.

4.2 Multiple-epoch spectral modelling
In this section we analyse the radio spectra at all epochs including expressions for the temporal evolution of the radius of the shock and the magnetic field. We assume that the electron energy distribution power-law index (γ = 3) and the filling factor (f = 0.5) remain constant for the entire evolution of the supernova, as observations have shown in other SNe (e.g. Weiler et al. 1991).
We introduce a self-similar solution for the evolution of the radius of shock, R = R0 (t/t0)m, where m is a number between 2/3 and 1 (Chevalier 1982). We also introduce a self-similar solution for the evolution of the magnetic field: B = B0 (t/t0)−b. The value of the exponent b is indicative of the amplification mechanism of the magnetic field: b ≈ 1 points towards turbulent motions in the shocked regions, while b ≈ m implies compression of the circumstellar magnetic fields (Chevalier 1982).
We implement a Markov chain Monte Carlo algorithm, sampling over the spectral slope at individual epochs, β, the parameters describing the temporal evolution of the radius of the shock, R0 and m, and the parameters describing the temporal evolution of the magnetic field, B0 and b. We evaluate R0 and B0 at the first epoch of our observations by fixing t0 to t = 21.6 days. We estimate the values and the error bars of the free parameters from the posterior probability distributions, for which we obtain R0 = (2.6 ± 0.1) × 1015 cm, [image: equation], B0 = (1.25 ± 0.06) G, and b = 1.00 ± 0.06 (with a χ2 = 7.8 and degrees of freedom =27). We also derive the features of the spectral peaks at individual epochs from the Markov chains. We estimate the magnetic field strength, the shock radius and the expansion velocity from their temporal evolution (Vsh = dR/dt = R0 m tm−1 for the shock velocity). We calculate the ratio of the mass-loss rate to the wind velocity with a modified version of Eq. (7) that includes a factor m−2 to account for the evolution of the shock radius. The results of the multiple-epoch analysis are summarised in Table 3, and the best-fit model is represented in Fig. 3.
The results of the multiple-epoch analysis are similar to those in Sect. 4.1, except for the slower expansion velocities in the range 10700–8000 km s−1. The temporal evolution of the magnetic field (b ≈ 1) suggests that turbulent motions are responsible for the amplification mechanism. We obtain a weighted average mass-loss rate of Ṁ = (7.8 ± 0.9) × 10−7 M⊙ yr−1, taking into account the error bars and for an assumed wind velocity of ω = 10 km s−1. We also observe spectral steepening during the first three epochs (see Sect. 5). Since the spectral peaks are more tightly constrained with the multiple-epoch analysis and the error bars are generally lower, we use the results of this section in Sects. 5 and 6.
	[image: thumbnail]	Fig. 2 Single-epoch spectral modelling of SN2016X. The shaded regions represent the 1σ confidence intervals of the best models.



4.3 Absorption mechanism
Radio emission from SNe is affected by absorption at early times. Our radio model presented in Sect. 4 includes self-absorbed synchrotron radiation, but free-free absorption by ionised gas in the CSM can also play an important role. Here we investigate the significance of the free-free absorption for SN2016X.
Free-free absorption has been studied in detail (e.g. Chevalier 1982; Weiler et al. 2002; Chevalier & Fransson 2006), and examined for individual SNe on several occasions (e.g. Horesh et al. 2012; Nayana et al. 2018). The optical depth for free-free absorption is calculated as
[image: equation](10)
where Te is the temperature of the electrons in the CSM, the frequency is expressed in GHz, and EM is the integral of the square of the electron density along the line of sight expressed in cm−6 pc, known as emission measure. The EM from a radius, R, to infinity can be calculated as
[image: equation](11)
where n0 is the electron density at radius R0.
Expressing n0 as a function of Ṁ/ω and substituting the radius by its time evolution solution found in Sect. 4.2 (R = R0(t/t0)m), the free-free optical depth becomes
[image: equation](12)
where we use Te = 105 K (Lundqvist & Fransson 1988, Chevalier et al. 2006). For our first epoch, we obtain τffa[ν = 4.8, 8.4, 22.0 GHz] = [0.018, 0.006, 0.001], which shows that the free-free optical depth is not relevant for our observations of SN2016X.
5 Electron cooling
Relativistic electrons can undergo synchrotron or inverse Compton cooling, and affect the spectra and light curves of SNe. In particular inverse Compton cooling can be important for some SNe IIP during the plateau phase due to the high density of photospheric photons (Chevalier et al. 2006). Our spectral analysis in Sect. 4 suggests that electron cooling may be significant for SN 2016X; therefore, we study the characteristic timescales and frequencies of the cooling mechanisms in this section.
First, we compare the timescales of synchrotron and the inverse Compton cooling, tsynch and tIC, to the timescale of the expansion of the radio-emitting shell, tSN. We use Eqs. (5) and (6) from Chevalier et al. (2006),
[image: equation](13)
[image: equation](14)
where Lbol is the bolometric luminosity of the supernova in erg s−1, the velocity of the shock is expressed in km s−1, the ratio of the mass-loss rate to the wind velocity is expressed in M⊙ yr−1/km s−1, times are expressed in days, and frequencies are expressed in GHz. We approximate the bolometric light curve presented in Huang et al. (2018) by a power law, Lbol(t) ∝ tδ, with δ = −0.59, between phases t = 30 days (Lbol(30) = 6.3 × 1041 erg s−1)and t = 80 days (Lbol(80) = 3.5 × 1041 erg s−1). Assuming ϵB = 0.1, we obtain tsynch/tSN ≈ 2.4–9.5 and tIC/tSN ≈ 0.4–1.7 for the frequencies and the times of our observations (ν = 4.8–22.0GHz, t = 21.6–75.4 days). We note that the shorter cooling timescales are obtained at earlier times and higher frequencies. These timescales indicate that inverse Compton cooling can be important for SN 2016X, which in turn may indicate low values of the mass-loss rate, Ṁ, and ϵB (Chevalier et al. 2006).
Second, we estimate the cooling frequencies for both mechanisms. The synchrotron cooling frequency is
[image: equation](15)
where me and qe are the mass and charge of the electron, c is the speed of light, σT is the Thomson cross-section, and all variables are expressed in cgs units. The inverse Compton cooling frequency is
[image: equation](16)
where the bolometric luminosity is expressed in erg s−1, the velocity of the shock is expressed in km s−1, and the ratio of the mass-loss rate to the wind velocity is expressed in M⊙ yr−1/km s−1.
We obtain characteristic synchrotron cooling frequencies above νsynch ≳ 200 GHz for all our epochs, so our observations are not affected by synchrotron cooling. We obtain inverse Compton cooling frequencies in the range νIC = 2.8–14.7 GHz, which can affect our observations. We interpret the steepening of the optically thin spectral index at the earlier epochs, especially at t = 27.6 days for which β ≈ −1.4, as the signature of inverse Compton cooling in the radio spectrum.
Table 3 
Results of the multiple-epoch spectral analysis.

	[image: thumbnail]	Fig. 3 Multiple-epoch spectral modelling of SN2016X. The shaded regions represent the 1σ confidence intervals of the best model.



6 X-ray emission and energy equipartition
In this section we study the origin of the X-ray emission from SN 2016X, and we combine the X-ray data with our radio analysis results to verify the energy equipartition assumption. We use the X-ray luminosity registered by Chandra, [image: equation] in the 0.3–10 keV band at phase t = 18.9 days (Bose et al. 2019), and we assume that the X-ray luminosity remains constant until the time of our first radio observations at t = 21.6 days.
First, we consider thermal emission from the circumstellar and reverse shocks as the source of the X-ray emission. We estimate the temperatures behind the circumstellar shock, Tcs, and the reverse shock, Trs, as (Fransson et al. 1996)
[image: equation](17)
[image: equation](18)
where m is the exponent of the evolution of the shock radius (R ∝ tm), and Vsh is expressed in km s−1.
With these temperatures, we calculate the X-ray emission per unit energy (Eqs. (8) and (9) from Chevalier et al. 2006),
[image: equation](19)
[image: equation](20)
in erg s−1 keV−1 units. Here EX = 4.9 keV is the average energy of the X-ray photon, the temperatures are expressed in 109 K units, the ratio of the mass-loss rate to the wind velocity is expressed in M⊙ yr−1/km s−1, the velocity of the shock is expressed in km s−1, and the age of the SN is expressed in days. Adding these two contributions, we obtain a thermal X-ray emission of ~6.8 × 1035erg s−1 keV−1, for which the uncertainty is dominated by the estimates of the temperatures. This can roughly account for 1% of the X-ray emission observed with Chandra.
X-ray thermal emission can be absorbed by a dense shell of cool low-ionised plasma in the contact discontinuity region if the reverse shock is radiative (Fransson et al. 1996). Radiative reverse shocks are plausible when the supernova presents large density gradients (i.e. n ≳ 9 with ρSN ∝ R−n), but we find n = (2m − 3)/(m − 1) ≈ 6.2 for SN2016X. Moreover, the presence of a layer of cool absorbing plasma also requires short cooling times for free-free emission behind the reverse shock; however, for SN 2016X we find
[image: equation](21)
We therefore conclude that absorption of X-ray emission from the reverse shock is not relevant for SN 2016X.
Since the thermal emission cannot explain the observed X-ray flux alone, we consider emission via inverse Compton scattering of photospheric photons. The X-ray emission per unit energy due to inverse Compton scattering is (Eq. (11) from Chevalier et al. 2006)
[image: equation](22)
where Γmin is the minimum Lorentz factor of the electron population, and Lbol = 1042 erg s−1 is the bolometric luminosity at t = 21.6 days (Huang et al. 2018). We assume that the minimum Lorentz factor is Γmin = 1 as the population of non-relativistic electrons can be significant for all subtypes of SNe II (Chevalier & Fransson 2006). We obtain an X-ray luminosity via inverse Compton scattering of 6.2 × 1036 erg s−1 keV−1, which accounts for approximately 14% of the observed emission with Chandra. We note that the X-ray luminosity could have decreased at the epoch of our first radio observations. We also note that these calculations are sensitive to the energy equipartition assumption as a deviation from equipartition leads to an underestimation of the mass-loss rate divided by the wind velocity.
Hence, we investigate potential deviations from energy equipartition combining the X-ray and radio observations. From Eqs. (5) and (6) it can be seen that
[image: equation](23)
Using the results of Sect. 4.2, we obtain S* = 5.2 × 1012 g cm−1. Assuming that inverse Compton cooling is responsible for the observed X-ray flux, we can rewrite Eq. (22) substituting the mass-loss rate term by S*,
[image: equation](24)
from which we can obtain the ratio α = ϵe/ϵB. For Γmin = 1,
[image: equation](25)
we obtain α = 28.4, and assuming ϵe = 0.1, we get ϵB = 0.0035. This result represents a moderate departure from the energy equipartition assumption compared to other SNe where α ≳ 100, such as SN 2011dh (Soderberg et al. 2012; Horesh et al. 2013b), SN 2012aw (Yadav et al. 2014), or SN 2020oi (Horesh et al. 2020). This deviation from the energy equipartition assumption implies that our radio analysis overestimated the shock radii by ~19%, and the magnetic field strengths by a factor of ~2, and underestimated the ratio of the mass-loss rate to the wind velocity by a factor of ~6.9.
7 Discussion
7.1 Radio analysis
We presented radio observations of the type IIP supernova SN 2016X obtained with the VLA. We performed a spectral analysis of these observations using the SN–CSM interaction model and modelling the emission as self-absorbed synchrotron radiation. We modelled both individual epochs and multiple epochs introducing self-similar solutions for the evolution of the radius of the shock and the magnetic field. The results of the two analyses are compatible with each other, although the multiple-epoch analysis better constrains the spectral peaks, which is expected given the limited number of data points for individual epochs.
The expansion properties of SN2016X are comparable to other SNe IIP. We calculated from the multiple-epoch analysis that the radius of the shock expands from (2.6 ± 0.1) × 1015 cm to (6.7 ± 0.7) ×1015 cm during the epochs of our observations, evolving according to a power law, R ∝ tm, with index [image: equation]. The resulting expansion velocities are between 10700 ± 1100 km s−1 and 8000 ± 1700 km s−1. The expansion velocities are slightly higher than for other SNe IIP observed at the same ages (e.g. Chevalier et al. 2006), although this result depends on the equipartition assumption. The observed evolution of the magnetic field can be explained by the turbulent motion of particles in the shocked regions.
Assuming a wind velocity of ω = 10 km s−1 and a self-similar temporal evolution of the shock, we obtained a mass-loss rate of Ṁ = (7.8 ± 0.9) × 10−7 α−8/19 (ϵB/0.1)−1 M⊙ yr−1. This mass-loss rate is compatible with the expectations of RSGs and comparable to other SNe IIP, such as SN 1999gi (Schlegel 2001), SN 2004dj (Nayana et al. 2018), or SN 2011ja (Chakraborti et al. 2013), if equipartition is assumed.
We assessed the significance of free-free absorption by estimating the free-free optical depth at our first epoch of observations. For our lowest frequency, the free-free optical depth is τffa(ν = 4.8 GHz) = 0.018. Hence, we conclude that self-absorbed synchrotron is the dominant absorption mechanism.
Bose et al. (2019) interpreted double-peaked Balmer lines in the SN 2016X spectrum as a result of bipolar ejecta or asymmetric wind distribution. Our radio analysis incorporates possible deviations from spherical symmetries through the volume filling factor, f. However, the flat functional dependence of the physical parameters on the filling factor, R ∝ f−1/19 and B ∝ f−4/19, does not allow for an accurate determination. For instance, reducing the filling factor by half only changes the result of the shock radius by less than 4%. Since the CSM density for SN2016X is proportional to R−2.1, in agreement with the density profile of spherically symmetric wind (∝ R−2), we see no evidence of asymmetric plasma distribution in our radio data. It should also be borne in mind that the only evidence that supports the claim of asphericity (i.e. the double-peaked optical lines) only appears when the nebular phase is well established (t > 200 days), which may not be relevant for our radio observations.
	[image: thumbnail]	Fig. 4 Free-free optical depth as a function of frequency for the epochs of observation of SN 2016X.



7.2 Electron cooling and equipartition
The characteristic cooling timescales and frequencies suggest that inverse Compton electron cooling is important for SN 2016X. The signature of inverse Compton cooling is evident in the radio spectrum, where we observe a steepening of the optically thin spectral slope at early times, when electron cooling is most important. This behaviour has been observed in other SNe of different types (e.g. SN2002ap, Björnsson & Fransson 2004; SN2012aw, Yadav et al. 2014; SN2020oi, Horesh et al. 2020).
Combining our results from the radio analysis with X-ray observations reported by Bose et al. (2019), we find a moderate deviation from energy equipartition by a factor α = 28.4. Assuming that the fraction of the energy invested in particle acceleration is ϵe = 0.1, the fraction of the post-shock energy deposited in magnetic field intensity is ϵB = 0.0035. This deviation is modest compared to other SNe, where α ≳ 100 (e.g. SN2011dh Soderberg et al. 2012; Horesh et al. 2013b; SN 2012aw Yadav et al. 2014; SN 2020oi Horesh et al. 2020). This deviation from equipartition implies that our results overestimate the shock radii and magnetic field and underestimate the mass-loss rate. The corrected mass-loss rate is Ṁ = (5.4 ± 0.6) × 10−6 M⊙ yr−1, which is similar to that of SN 1999em (Pooley et al. 2002), SN 2002hh (Nymark et al. 2006), or SN2004et (Misra et al. 2007).
Since the free-free optical depth depends on the mass-loss rate, we review our calculations here. In Fig. 4 we present the optical depth as a function of frequency for our epochs of observations. The maximum value of the free-free optical depth is τffa(ν = 4.8 GHz, t = 21.6 d) = 0.85, which is below unity. Additionally, we can check if free-free absorption is important by verifying whether the shell velocities obtained from the radio model are lower than the velocities derived from optical spectral lines. For SN2016X, we obtained shock velocities of 10 700–8000 km s−1, while Huang et al. (2018) inferred velocities in the range ~9000–6000 km s−1 between t = 20 and t = 80 days from Hα lines. With these results, we argue that the self-absorbed synchrotron is the dominant absorption mechanism.
	[image: thumbnail]	Fig. 5 Radio and X-ray properties of SNe IIP. The radio luminosity at ~5 GHz# is measured at the peak of the light curve for SN 1999em, SN2004dj, SN2004et, SN2012aw, and SN2016X; and limits on the flux peak are used for the rest of the SNe§. The X-ray luminosity is taken as close to the peak as possible in the energy ranges ~0.4–8 keV for SN 1999em, SN2002hh, SN2004dj, SN2004et, SN2013ej, and ~0.3–10 keV for the rest of the SNe. The mass-loss rate is estimated from radio observations, except for SN 1999gi, SN 2013ej, and SN 2017eaw. For SN 2016X we plot the mass-loss rate assuming equipartition (empty symbol) and departure from equipartition (filled symbol). The vertical lines are not error bars, but rather ranges of possible values reported by different authors (e.g. Nayana et al. 2018). References: [1] Pooley et al. (2002), [2] Chevalier et al. (2006), [3] Schlegel (2001), [4] Pooley & Lewin (2002), [5] Beswick et al. (2005a), [6] Beswick et al. (2005b), [7] Chakraborti et al. (2012), [8] Beswick et al. (2004), [9] Misra et al. (2007), [10] Chakraborti et al. (2013), [11] Chakraborti et al. (2016), [12] Bietenholz et al. (2021), [13] Immler & Brown (2012), [14] Yadav et al. (2014), [15] Argo et al. (2017), [16] Grefensetette et al. (2017), [17] Szalai et al. (2019), [18] This work. Notes:(#) SN2013ej was observed in radio at 9 GHz.(§) SN 1999gi was not detected in radio, so it is plotted at the arbitrary radio luminosity Lradio = 1025 erg s−1 Hz−1.



7.3 SN2016X compared to other SNe IIP
SN 2016X is one of the few SNe IIP that are detected in both radio and X-rays, and it is arguably one of the best monitored in radio bands since we collected 36 data points in several frequencies and four different epochs. The other SNe IIP with similar or better radio coverage are SN2004dj (Nayana et al. 2018), SN2004et (Misra et al. 2007), and SN2012aw (Yadav et al. 2014).
In this section we compare the properties of SN 2016X to other SNe IIP observed in radio and X-ray bands. We present an overview of these SNe IIP in our Fig. 5, updating the sample in Nayana et al. (2018)’s Fig. 5. SN2016X is the most luminous SN IIP in the radio, with L4.8GHz ≈ 1.5 × 1026 erg s−1 Hz−1 (t = 43.5d). The X-ray luminosity of SN2016X is average, larger than for SN 1999gi, SN 1999em, SN 2004dj, or SN 2004et, similar to SN 2011ja and SN 2002hh, and smaller than for SN 2012aw, SN 2017eaw, and SN 2013ja. While the range of radio luminosities is restricted to roughly one order of magnitude, the values of X-ray luminosity span four orders of magnitude.
The mass-loss rate of SN IIP is well constrained within ~1–10 × 10−6M⊙ yr−1 for an assumed wind velocity of 10 km s−1. SN2016X exhibits a mass-loss rate towards the lower limit if equipartition is assumed, but comparable to the highest mass-loss rates taking into account deviations from equipartition.
The radio spectrum of SN2016X is also affected by electron cooling via inverse Compton scattering, such as SN2004dj, SN2004et, and SN2012aw, which may suggest that it is a common process for SNe IIP. SN2016X also has in common with SN2012aw the fact that both exhibit deviations from energy equipartition, although the deviation is more severe for SN 2012aw (α ~ 112). The mass-loss rate of SN 2016X is higher than that of SN 2012aw by a factor of ~3. The case of SN 2016X illustrates the importance of obtaining early radio and X-ray observations of young SNe.
8 Summary
In this paper we presented radio observations at frequencies 4.8–25.0 GHz obtained at four different epochs at ages in the range 21.6–75.4days, which makes it one of the best monitored SN IIP in radio frequencies. The observations can be well modelled with a self-absorbed synchrotron model, introducing self-similar expressions for the time evolution of the shock radius and magnetic field. The results are consistent with the interaction of ejecta with density profile ρSN ∝ R−6.2 with a CSM with density profile ρw ∝ R−2.1. The expansion of the shock radius shows moderate deceleration, R ∝ t−0.76.
We observed steeping of the spectral index in the optically thin regime at earlier epochs, which we interpreted as the signature of electron cooling via inverse Compton scattering. We combined our radio data with X-ray observations, and we found a mild deviation from energy equipartition, with α = ϵe/ϵB ≈ 28.4. This is the second SN IIP to exhibit this phenomenology, after SN 2012aw.
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	[image: thumbnail]	Fig. 5 Radio and X-ray properties of SNe IIP. The radio luminosity at ~5 GHz# is measured at the peak of the light curve for SN 1999em, SN2004dj, SN2004et, SN2012aw, and SN2016X; and limits on the flux peak are used for the rest of the SNe§. The X-ray luminosity is taken as close to the peak as possible in the energy ranges ~0.4–8 keV for SN 1999em, SN2002hh, SN2004dj, SN2004et, SN2013ej, and ~0.3–10 keV for the rest of the SNe. The mass-loss rate is estimated from radio observations, except for SN 1999gi, SN 2013ej, and SN 2017eaw. For SN 2016X we plot the mass-loss rate assuming equipartition (empty symbol) and departure from equipartition (filled symbol). The vertical lines are not error bars, but rather ranges of possible values reported by different authors (e.g. Nayana et al. 2018). References: [1] Pooley et al. (2002), [2] Chevalier et al. (2006), [3] Schlegel (2001), [4] Pooley & Lewin (2002), [5] Beswick et al. (2005a), [6] Beswick et al. (2005b), [7] Chakraborti et al. (2012), [8] Beswick et al. (2004), [9] Misra et al. (2007), [10] Chakraborti et al. (2013), [11] Chakraborti et al. (2016), [12] Bietenholz et al. (2021), [13] Immler & Brown (2012), [14] Yadav et al. (2014), [15] Argo et al. (2017), [16] Grefensetette et al. (2017), [17] Szalai et al. (2019), [18] This work. Notes:(#) SN2013ej was observed in radio at 9 GHz.(§) SN 1999gi was not detected in radio, so it is plotted at the arbitrary radio luminosity Lradio = 1025 erg s−1 Hz−1.
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      Table 1 

      Summary of radio observations of SN 2016X.

      
        


	Epoch (days)
	Central frequency (GHz)
	Bandwidth (GHz)
	Flux (µJy)





	+21.6
	4.8
	1.0
	220 ± 41



	+21.6
	7.4
	1.0
	659 ± 72



	+21.6
	18.8
	1.7
	659 ± 77



	+21.6
	22.0
	1.5
	454 ± 67



	+21.6
	23.6
	1.6
	519 ± 79



	+21.6
	25.2
	1.7
	495 ± 61



	+27.6
	4.8
	1.0
	404 ± 47



	+27.6
	7.4
	1.0
	739 ± 73



	+27.6
	8.4
	0.8
	735 ± 81



	+27.6
	9.1
	0.8
	631 ± 78



	+27.6
	9.9
	0.9
	628 ± 66



	+27.6
	10.9
	1.2
	575 ± 68



	+27.6
	13.3
	1.0
	457 ± 53



	+27.6
	14.3
	1.0
	455 ± 56



	+27.6
	15.3
	1.0
	402 ± 52



	+27.6
	16.3
	1.0
	394 ± 54



	+27.6
	17.4
	1.3
	341 ± 48



	+27.6
	22.0
	8.0
	233 ± 46



	+43.5
	4.8
	1.0
	537 ± 65



	+43.5
	7.4
	1.0
	475 ± 57



	+43.5
	8.4
	0.8
	443 ± 58



	+43.5
	9.1
	0.8
	437 ± 58



	+43.5
	9.9
	0.9
	345 ± 42



	+43.5
	10.9
	1.2
	298 ± 44



	+43.5
	13.6
	1.7
	220 ± 32



	+43.5
	15.4
	1.7
	211 ± 33



	+43.5
	17.1
	1.8
	174 ± 32



	+43.5
	22.0
	8.0
	145 ± 26



	+75.4
	4.8
	1.0
	284 ± 45



	+75.4
	7.4
	1.0
	193 ± 33



	+75.4
	8.4
	0.8
	194 ± 41



	+75.4
	9.1
	0.8
	163 ± 27



	+75.4
	9.9
	0.9
	165 ± 31



	+75.4
	10.9
	1.2
	162 ± 29



	+75.4
	15.4
	5.3
	93 ± 16



	+75.4
	22.0
	8.0
	<90 ± 30





      

      
Notes. The epoch of the observations is estimated from the explosion time (MJD = 57 405.92 ± 0.57; Huang et al. 2018). The flux is calculated fitting a 2D Gaussian profile to the images of the sub-bands specified by their central frequency and bandwidth. The error bars are calculated adding in quadrature the error of the fitting routine, the RMS of the image, and 10% of the peak flux in order to account for calibration errors.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Images of SN2016X at the four epochs of our observations, obtained at 4.8GHz (top row) and 22.0GHz (bottom row). The flux on the images is indicated by the colour bars on the right, and the beam size is represented at the bottom left of every image.

      

    

  
    
      Table 2 

      Results of the single-epoch spectral analysis.

      
        


	Epoch (days)
	χ2
	d.o.f.
	β
	νpeak (GHz)
	Fpeak (mJy)
	Magnetic field (G)
	Shock radius (1015 cm)
	Shock velocity (103 km s−1)
	[image: equation]





	+21.6
	2.2
	3
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	+27.6
	1.2
	9
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	[image: equation]



	+43.5
	1.9
	7
	[image: equation]
	[image: equation]
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	[image: equation]



	+75.4
	1.9
	4
	[image: equation]
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	[image: equation]
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	[image: equation]





      

      
Notes. We use a model with γ = 3 and with free parameters for the optically thin spectral index, β; the radius of the shock, R; and the magnetic field, B. The columns in the table (from left to right) are the epoch of the observations; the χ2; the number of degrees of freedom of the fitting; the spectral slope in the optically thin regime, β; the frequency and flux of the observed spectral peak, νpeak and Fpeak; the magnetic field strength, B; the radius of the shock R; the shock expansion velocity assuming constant velocity Vsh; and the ratio of the mass-loss rate to the velocity of the wind, Ṁ/ω (Eq. (7)).




    

  
    
      Fig. 2 
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        Single-epoch spectral modelling of SN2016X. The shaded regions represent the 1σ confidence intervals of the best models.

      

    

  
    
      Table 3 

      Results of the multiple-epoch spectral analysis.

      
        


	Epoch (days)
	β
	νpeak (GHz)
	Fpeak (mJy)
	Magnetic field (G)
	Shock radius (1015 cm)
	Shock velocity (103 km s−1)
	[image: equation]





	+21.6
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	+27.6
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	+43.5
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	+75.4
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Notes. We use a model with γ = 3 and with free parameters for the optically thin spectral indexes, β the parameters of the temporal evolution of the shock radius, R0 and m (R = R0 (t/t0)m, t0 = 21.6 days); and temporal evolution of the magnetic field, B0 and b (B = B0 (t/t0)−b, t0 = 21.6 days). The columns in the table (from left to right) are the epoch of observation; the optically thin spectral index, β the frequency of the spectral peak, νpeak; the flux of the spectral peak, Fpeak; the magnetic field strength, B; the radius of the shock R; the expansion velocity, Vsh; and the ratio of the mass-loss rate to the velocity of the wind, Ṁ/ω (Eq. (7)).




    

  
    
      Fig. 3 
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        Multiple-epoch spectral modelling of SN2016X. The shaded regions represent the 1σ confidence intervals of the best model.

      

    

  
    
      Fig. 4 
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        Free-free optical depth as a function of frequency for the epochs of observation of SN 2016X.

      

    

  
    
      Fig. 5 
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        Radio and X-ray properties of SNe IIP. The radio luminosity at ~5 GHz# is measured at the peak of the light curve for SN 1999em, SN2004dj, SN2004et, SN2012aw, and SN2016X; and limits on the flux peak are used for the rest of the SNe§. The X-ray luminosity is taken as close to the peak as possible in the energy ranges ~0.4–8 keV for SN 1999em, SN2002hh, SN2004dj, SN2004et, SN2013ej, and ~0.3–10 keV for the rest of the SNe. The mass-loss rate is estimated from radio observations, except for SN 1999gi, SN 2013ej, and SN 2017eaw. For SN 2016X we plot the mass-loss rate assuming equipartition (empty symbol) and departure from equipartition (filled symbol). The vertical lines are not error bars, but rather ranges of possible values reported by different authors (e.g. Nayana et al. 2018). References: [1] Pooley et al. (2002), [2] Chevalier et al. (2006), [3] Schlegel (2001), [4] Pooley & Lewin (2002), [5] Beswick et al. (2005a), [6] Beswick et al. (2005b), [7] Chakraborti et al. (2012), [8] Beswick et al. (2004), [9] Misra et al. (2007), [10] Chakraborti et al. (2013), [11] Chakraborti et al. (2016), [12] Bietenholz et al. (2021), [13] Immler & Brown (2012), [14] Yadav et al. (2014), [15] Argo et al. (2017), [16] Grefensetette et al. (2017), [17] Szalai et al. (2019), [18] This work. Notes:(#) SN2013ej was observed in radio at 9 GHz.(§) SN 1999gi was not detected in radio, so it is plotted at the arbitrary radio luminosity Lradio = 1025 erg s−1 Hz−1.
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