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Hydrogen-poor superluminous supernovae (SLSN-I) are a class of rare and energetic ex-

plosions discovered in untargeted transient surveys in thepast decade1, 2. The progenitor

stars and the physical mechanism behind their large radiated energies (� 1051 erg) are

both debated, with one class of models primarily requiring alarge rotational energy3, 4,

while the other requires very massive progenitors to eitherconvert kinetic energy into radi-

ation via interaction with circumstellar material (CSM) 5, 6, 7, 8, or engender a pair-instability

explosion9, 10. Observing the structure of the CSM around SLSN-I offers a powerful test

of some scenarios, though direct observations are scarce11, 12. Here, we present a series of

spectroscopic observations of the SLSN-I iPTF16eh, which reveal both absorption and time-

and frequency-variable emission in the Mg II resonance doublet. We show that these ob-

servations are naturally explained as a resonance scattering light echo from a circumstellar

shell. Modeling the evolution of the emission, we �nd a shellradius of 0.1 pc and velocity of

3300 km s� 1, implying the shell was ejected three decades prior to the supernova explosion.

These properties match theoretical predictions of pulsational pair-instability shell ejections,

and imply the progenitor had a He core mass of� 50� 55 M � , corresponding to an initial

mass of� 115 M � .

iPTF16eh was �rst detected by the intermediate Palomar Transient Factory13 on 2015 De-

cember 17.5 (UT). An initial spectrum, taken on 2016 February 18 showed a blue continuum with

shallow O II absorptions characteristic of SLSN-I (Figure 1); subsequent spectra with bluer wave-

length coverage revealed two sets of narrow Mg II absorptionlines. Assuming the higher-redshift

absorption lines originate in the interstellar medium of the host galaxy, the redshift of iPTF16eh is
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z = 0:427. We continued to follow the evolution of iPTF16eh photometrically and spectroscopi-

cally, and �nd that it is among the most luminous SLSNe discovered to date with a peak absolute

magnitude ofMu = � 22:55mag (AB)14, 15, but otherwise evolves similarly to other SLSN-I with

slow timescales. However, it displays one unusual feature never seen before in SLSN spectra: an

intermediate-width emission feature around 2800	A in the rest frame, also likely associated with

Mg II, emerging around 100 days after explosion (taking the explosion date to be 2015 December

14.5; see Methods).

The right panel of Figure 1 shows the development of the Mg II emission line in relation to

the two Mg II absorption systems. The line is �rst clearly visible in the spectrum taken 100 days

past explosion, and persists for more than 200 days, �nally fading below detectability 350 days

after explosion. To quantify the properties of the line, we �t a Gaussian pro�le, and measure the

line centroid, �ux, and full-width half maximum (FWHM) as a function of time (Fig. 2). The

centroid of the line clearly shifts redwards with time; initially the emission line is blueshifted with

respect to the supernova redshift by� 1600 km s� 1, but reaches a redshift of� 2900 km s� 1

before fading away. The line �ux varies at most by a factor of two until the line starts fading, and

the FWHM of the line similarly remains approximately constant around� 1500 km s� 1.

Both the blueshifted absorption system and the existence and properties of the emission

line can be naturally explained by resonance line scattering of the SLSN continuum by a rapidly

expanding, roughly spherical CSM shell. Mg II ions in the shell absorb continuum photons around

2800 	A from the SLSN, which we see along our line of sight as a blueshifted absorption feature in
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the SLSN spectrum. These excited Mg II ions then almost instantaneously (within10� 8 s) decay

back down to the ground level, and emit a line emission photonin a random direction, which we

observe as an emission line. Because the light travel time across the shell (Rout =c) is longer than

the duration of the SLSN light causing the excitation, we seedifferent parts of the shell light up at

different times (Supplementary Fig. 5), explaining the drift of the emission line from blueshifted

to redshifted as we go from seeing the front to the back of the shell.

To quantify the shell properties, we have done Monte-Carlo calculations of the scattering

process (Methods), assuming a spherical shell with inner radiusRin and outer radiusRout . The size

of the shell is constrained by the duration of the emission, while the thickness is determined by the

relative intensity of the emission lines and the scatteringcontinuum,F line
� =Fcont

� (tpeak) � � R=R.

We assume homologous expansion withV = Vmax (r=Rout ) km s� 1 for the shell, which is likely

for a time-limited eruption, like that resulting from the 1843 eruption in Eta Carinae16, or for a

pulsational pair-instability ejection5; however, the results are not sensitive to this assumption.In

addition to the parameters describing the shell, the resulting emission depends on the light curve of

the scattered radiation, i.e. the supernova continuum around 2800	A. As our observed photometry

does not extend suf�ciently to the blue, we measure the continuum in this wavelength region from

the observed spectra (Supplementary Fig. 1). Unfortunately, our earliest spectrum covering this

wavelength region is 87 days after explosion, so we need to make assumptions for the rising light

curve at this wavelength; prior to the �rst spectrum, we therefore use a stretched form of the

modelledu-band light curve of PTF12dam17, 18, which �ts the observed 2800	A light curve after

the peak (Methods).
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Fig. 3 shows the line pro�les at the observed epochs forRin = 130 light days andRout = 137

light days andVmax = 3300 km s� 1, and in Fig. 2 the centroid and �ux from the model. As is seen,

there is a good qualitative agreement with the observed evolution in Figs. 1 and 2. In particular,

the fading of the line �ux gives a strong constraint on the outer radius of the shell, and we estimate

the error to be� 7 light days (Methods). In the �rst two epochs, the SN continuum dominates the

light output, and we see strong absorption together with a weak, but growing, emission component

on top of the SN spectrum. The spectrum at 143 days marks the transition from an absorption

dominated to a pure emission spectrum, as the direct continuum from the SN becomes too faint to

show any absorption component. The �ux of the simulated emission lines is nearly constant up to

� 270days, when it drops sharply. This is in good agreement with the observations (Fig. 2), and

corresponds to the constant time parabola of the echo exiting from the outer radius at the far side

of the shell (Supplementary Fig. 5). At 330 days only weak emission remains as the light from the

supernova tail is scattered off the back of the shell.

The line shapes are sensitive to the input light curve, and can therefore serve as a probe of

the (unobserved) early supernova light curve around 2800	A. To explore this, we also run a model

including a luminous shock breakout, parametrized as a burst of radiation at 1 day and a Gaussian

shape with� = 1 day and a peak luminosity a factor of 5 brighter than that of the main peak

at the relevant wavelengths around 2800	A. While we do not explicitly assume a temperature for

this shock breakout contribution, it is implied in the modelthat a suf�ciently small amount of the

Mg II is ionized to leave the line optically thick. The bottompanel in Fig. 3 shows the result of

this calculation, which leads to two distinct peaks at the long wavelength edge of the line. The
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width of the line peaks are mainly determined by the width of the shell, as long as the burst is

short compared to the width of the shell. These examples showthat the late line shape serves as a

powerful diagnostic of the early light curve, and in particular that in the case of iPTF16eh the echo

is consistent with being dominated by the main SN light curve, as opposed to a strong, brief shock

breakout pulse on day one.

We can also place constraints on the geometry of the shell. The smooth velocity evolu-

tion, as well as the very similar velocity of absorption (� 3; 200 km s� 1) and maximum emission

(� 3; 400 km s� 1) argue for a symmetric eruption. The fact that both absorption and emission

lines are seen also argues against a thin ring (similar to what was seen in SN 1987A), since this

would require the plane of the ring to be very close to the lineof sight. Moreover, we �nd that

the total scattered �ux in the absorption components is consistent within the errors of the �ux in

the integrated emission (Methods), suggesting that the covering factor of the shell is close to4�

steradians. As discussed in the Methods, the linear evolution of the line velocity indicates that

the geometry is also close to spherical. This therefore argues against e.g., a bipolar structure such

as that of Eta Car, and may also indicate that rotation of the progenitor was not important for the

ejection.

As Mg II is the only line we detect from the shell, we can only place weak constraints on

the composition, and therefore the total mass of the shell. The nondetection of other lines does

not imply an unusual composition, as Mg II is the strongest resonance line of abundant elements

in the observed part of the spectrum, and other possible species like Na I, K I and Ca II are likely
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ionized by the hot supernova continuum. The Mg II doublet is at least partially saturated, so the

equivalent width of the Mg II� 2803line only allows us to set a lower limit on the column density of

NMg II & 1014 atoms cm� 2. The lack of detected H� emission from the shell does not necessarily

imply that the shell is H-poor, but places an upper limit on the H mass ofM . 27f M � , where

f < 1 is the �lling factor of the shell (Methods).

Given the derived size of� 3:5 � 1017 cm and observed velocity of� 3300 km s� 1, the

shell was ejected� 32 years prior to the supernova explosion, assuming a constantvelocity. We

consider several different mechanisms for the origin of theshell. In the Methods we rule out the

wind of a Wolf-Rayet progenitor. A more likely possibility is that the shell could be the result of a

previous LBV-like massive ejection, similar to that seen inEta Carinae. In particular, high velocity

material moving up to� 6000 km s� 1 was seen in the 1840 eruption of Eta Carina19. In addition,

the 2012A outburst of SN 2009ip shows that ejections with velocities of& 6000 km s� 1 can occur

without disrupting the star20, 21. A problem for the LBV eruption scenario is that the structure of

the CSM may be highly anisotropic with material moving at a range of velocities, as is seen for

Eta Car19, unlike the detached shell we see in iPTF16eh.

Our preferred alternative is that the shell is the result of apulsational pair-instability (PPI)

ejection, which has been discussed in connection to both H-rich and H-poor SLSNe1, 5, 8, 17, 22, 11, 12.

The time scale between the �rst major ejection and the �nal collapse is a strong function of the

He core mass; 32 years would correspond to a He core mass of� 51 � 53 M � according to

Ref. 22. Depending on the amount of rotation this implies a zero-age main sequence mass of
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� 90 � 120 M � . Ejection of . 10 M � of material in the initial pulse results in velocities�

2700� 2900 km s� 1 (Ref. 22), close to our observed velocities, and thus shows that one can get a

consistent picture in this scenario. Subsequent pulses happen closer to the �nal collapse for cores

in this mass range (� 30days before explosion in the53 M � model), and would be already swept

up by the supernova ejecta by the time of our �rst spectrum. Better sampled light curve data as

well as spectroscopy during the rising part of the light curve could constrain the presence of such

later-ejected shells and offer a test of the PPI scenario.

Although our observations are consistent with a shell resulting from a PPI ejection, this

does not imply that the supernova light curve is also explained by interaction between later shell

ejections. In particular, the total energy and luminosity expected from such shell ejections are lower

than what is observed for iPTF16eh by about an order of magnitude22. Possibilities, discussed in

Methods, include magnetars in both lower mass stars and highmass stars, ending their lives as

SNe. A further possibility is energy injection from a disk around a black hole, resulting from a

rapidly rotating massive progenitor. Whatever mechanism may be driving the main supernova light

curve, our observations put strong constraints on any progenitor model by requiring a signi�cant

mass ejection during the �nal burning stages before explosion.

Ultimately the supernova ejecta will collide with the shell, which may provide a chance to

estimate the composition from the emission. This will occurat a timeRin=Vejecta. From the spectra,

we measure a maximum ejecta velocity of� 15; 000 km s� 1 (Methods), and thus predict that the

collision will take place� 7 years after the supernova explosion (in the rest frame), or 10 years as
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observed on Earth. This will result in optical/UV, radio andX-ray radiation, and may in principle

be observable depending on the mass of the shell. Especiallymonitoring the optical �ux may

be promising for information about the chemical composition of the shell: if there is hydrogen

present, we may expect H� emission, which has indeed been seen in other SLSN-I with late-time

CSM interaction11, 12.

Finally, we consider how unique iPTF16eh is. At least two favorable conditions aligned to

make the resonance echo observable: �rst, the supernova redshift is suf�ciently high (z & 0:25) for

Mg II to be easily observable by ground-based optical spectrographs, which typically have limited

sensitivity below 3500-4000	A . In addition, the supernova itself is among the most luminous

ever discovered, making it possible to obtain high-qualityspectroscopic observations over a long

time baseline. Higher-redshift SLSNe that cover the rest-frame UV rarely have late-time spectra

available, and thus would not be able to detect a Mg II emission line like the one seen in iPTF16eh.

However, the absorption lines from the shell would be readily visible in spectra taken at peak

brightness. We have searched through all the spectra of SLSNe from the Pan-STARRS Medium

Deep Survey14 as well as PTF/iPTF15, 23, and we do not �nd evidence of a double Mg II absorption

system in any of the spectra with suf�cient quality blue spectra to cover these wavelengths (27

total). Given that in the PPI model the time between the �rst shell ejection and the �nal core-

collapse is a strong function of the He core mass, it is possible that even if such ejections are

common, a shell at the distance and velocity separation of iPTF16eh could be rare. The recent

detections of late-time H� emission in three SLSN-I11, 12, interpreted as collision with circumstellar

shells located at distances� 1016 cm, suggest that iPTF16eh is not alone in having a complex

10



circumstellar environment, although the detection of the echo gives unique information about the

location, geometry, velocity and mass loss time scale.
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Figure 1 Spectroscopic evolution of iPTF16eh. Left: Observed spectroscopic sequence

of iPTF16eh, with the phase of each spectrum in rest-frame days relative to the best-�t

explosion date indicated. The gray shows the observed spectra, while the black shows the
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spectra smoothed by a Savitzky-Golay �lter. The spectra up t o day +143 have been nor-

malized to the continuum value at 4000 	A , while the spectra after 200 days have continua

dominated by noise and are instead normalized by a value 5 � 10� 18 erg s� 1 cm� 2 	A
� 1

.

Each spectrum is offset from each other by one scale unit. The spectroscopic evolution of

iPTF16eh is similar to a typical SLSN, with the exception of a strong emission line devel-

oping around 2800 	A. Right: Zoom-in on the region around Mg II (shaded blue on the left

side plot), shown on an absolute �ux scale and without any smo othing. The two earliest

spectra clearly show the presence of two Mg II absorption systems; the highest-redshift

one is interpreted as due to absorption in the host galaxy ISM, while the second system is

at slightly lower redshift, corresponding to a velocity offset of � 3200 km s� 1 with respect

to the host galaxy. Note the development of an emission line around 100 days past explo-

sion, the redward shift of the emission line with time, and its fading away at 330-350 days

after explosion.
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Figure 2 Observed and modeled evolution of the Mg II emission line. The black �lled

circles show measured line properties as measured by �tting a Gaussian pro�le, using

the lmfit routine in IDL; the plotted data is also tabulated in Supplemental Table 3.

The error bars plotted are the 1� estimated uncertainties on each parameter, given the

measurement errors of the input spectra. The gray line shows the corresponding line

evolution in the resonance scattering model. (a) Line centroid versus time. In addition

to the �lled circles showing the evolution of the emission li ne, the open circles show the

average of the absorption line doublet, where measurable. Typical error bars are . 1 	A

and are too small to show on the plot. (b) Line FWHM versus time. The jumps in the
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model at � 200 days are caused by the Mg II absorption lines from the host galaxy. (c)

Line �ux versus time.
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Figure 3 Time sequence of simulated spectra in the Mg II wavelength region for a shell

with inner radius 130 light days and outer radius 137 light days for two different light curves

for the 2800 	A �ux. Upper panel: Our standard model. The �ux of each spectrum has

been scaled by a common factor and normalized to the continuum level at 2800 	Aat 50
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days; the two �rst spectra have then been scaled down by a furt her factor of 5 and 2,

respectively (as indicated) to facilitate comparison. Bottom panel: Same as the upper

panel, but with a luminous burst added at 1 day. We have added absorption lines from the

host galaxy and convolved the spectrum with the instrumental resolution of the Keck/LRIS

spectrograph with the grating used (FWHM � 6:5 	A).
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Methods

iPTF discovery and classi�cation iPTF16eh was �rst detected by the intermediate Palomar Tran-

sient Factory at coordinates RA=12h41m06.21s, Dec=+32� 48030:900(J2000) on 2015 December

17.5 (UT dates are used throughout this paper), at a magnitudeg = 21:43� 0:23 mag. The photo-

metric coverage on the rise is sparse, as iPTF was conductinga “slow-and-wide” experiment at the

time; iPTF16eh was eventually saved and �agged for follow-up on 2016 February 8. A spectrum

taken with the Faint Object Camera and Spectrograph (FOCAS24) on the 8.2 m Subaru Telescope

on 2016 February 18 revealed a blue continuum with O II absorptions, classifying iPTF16eh as

a SLSN-I at an approximate redshift ofz ' 0:42. A subsequent spectrum taken with the Dou-

ble Beam Spectrograph (DBSP25) on the 200-in Hale telescope at Palomar Observatory on 2016

February 27 shows narrow Mg II�� 2796,2803 absorption atz = 0:413, though a better S/N spec-

trum taken with Low Resolution Imaging Spectrometer (LRIS26) on the 10-m Keck I telescope on

2016 March 6 also reveals the presence of a second, weaker Mg II�� 2796,2803 absorption system

at z = 0:427. We take this higher-redshift system to be the redshift of the supernova host galaxy.

Photometry Theg-band photometry obtained with the P48 CFH12K camera was processed with

the Palomar Transient Factory Image Differencing and Extraction (PTFIDE) pipeline27 to obtain

point-spread function (PSF) photometry. In addition, we obtainedBgri photometry with the auto-

mated 60-inch telescope at Palomar(P60;28), includinggri data taken with the Spectral Energy Dis-

tribution Machine (SEDM29), and PSF photometry was performed usingFPipe 30. Additionalgri

imaging was obtained with the Large Monolithic Imager (LMI)mounted on the 4.3 m Discovery

Channel Telescope (DCT) in Happy Jack, AZ. Standard CCD reduction techniques (e.g., bias sub-
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traction, �at �elding) were applied using a custom IRAF pipeline. Individual exposures were astro-

metrically aligned with respect to reference stars from theSloan Digital Sky Survey31 (SDSS) using

SCAMP32. We calculated aperture photometry magnitudes for the transient using an inclusion ra-

dius matched to the FWHM of the PSF, and calibrated the imageswith respect to point sources from

SDSS. Additionalgr images were also obtained with LRIS on the 10-m Keck I telescope, and were

reduced usingLPipe (http://www.astro.caltech.edu/ ˜ dperley/programs/lpipe.html ).

Again, aperture photometry was performed and calibrated against point sources in SDSS. iPTF16eh

was also observed for one epoch with the Ultra-Violet/Optical Telescope (UVOT) aboard the Neil

GehrelsSwiftObservatory; photometry was performed using theHEAsoft package (https://heasarc.nasa.gov/lheasoft/ ).

Supplementary Fig. 1 shows the observedBgri light curves, and all photometry is listed in Sup-

plementary Table 1. All photometry has been corrected for Milky Way foreground extinction

according toE(B � V) = 0 :01533. We assume a standard� CDM cosmology with
 M = 0:27,


 � = 0:73andH0 = 70 km s� 134.

In addition to the limits from the supernova discovery observing season listed in Supple-

mentary Table 1, the �eld of iPTF16eh was observed by PTF and iPTF a number of times prior

to the discovery of the supernova. Pre-explosion limits exist for the following date ranges: May

13-19 and July 5, 2009; March 18 - June 13, 2010; March 1-2, 2011; February 1 - June 20, 2013;

March 19 - May 28 and December 20, 2014; and June 5-26, 2015. All upper limits are inr -band

except for March 1-2, 2011 and June 5-26, 2015 which areg-band. Typical nightly upper limits

are between 20.5 - 21.5 mag.
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