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Most hydrogen-rich massive stars end their lives in catastrophic explosions known as Type1

IIP supernovae, which maintain a roughly constant luminosity for ≈100 days and then de-2

cline. This behavior is well explained as emission from a shocked and expanding hydrogen-3

rich red supergiant envelope, powered at late times by the decay of radioactive 56Ni produced4

in the explosion1, 2, 3. As the ejected mass expands and cools it becomes transparent from the5

outside inwards, and decreasing expansion velocities are observed as the inner slower-moving6

material is revealed. Here we present iPTF14hls, a nearby supernova with spectral features7

identical to those of Type IIP events, but remaining luminous for over 600 days with at least8

five distinct peaks in its light curve and expansion velocities that remain nearly constant in9

time. Unlike other long-lived supernovae, iPTF14hls shows no signs of interaction with cir-10

cumstellar material. Such behavior has never been seen before for any type of supernova11

and it challenges all existing explosion models. Some of the properties of iPTF14hls can be12

explained by the formation of a long-lived central power source such as the spindown of a13

highly magentized neutron star4, 5, 6 or fallback accretion onto a black hole7, 8. The ejection14

of a massive hydrogen-rich shell in a pulsational pair instability event9 several years prior15
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to explosion may explain additional properties of iPTF14hls and points to a progenitor more16

than 200 times more massive than the sun. If this scenario is correct, it indicates that very17

massive stars with low metal content (required to retain their hydrogen envelope during most18

of their evolution) can form in the nearby Universe. If it is not, then a new form of stellar19

explosion is required to explain iPTF14hls.20

On 2014 September 22.53 (UT dates are used throughout), the intermediate Palomar Tran-21

sient Factory (iPTF)10, 11 discovered iPTF14hls at right ascension, αJ2000 = 09h 20min 34.30s and22

declination, δJ2000 = +50◦41′46.8′′, at an RPTF-band magnitude of 17.716± 0.033 (Extended Fig.23

1). No source was seen at that position when it was previously visited by iPTF on 2014 May 6.1924

down to a 3σ limiting RPTF magnitude of 20.95. iPTF14hls was later independently discovered25

by the Catalina Real-Time Transient Survey12 as CSS141118:092034+504148 (more recently the26

event was reported to the Transient Name Server as AT 2016bse). On 2015 January 8.71, the event27

was classified as a Type IIP SN at a redshift of z = 0.028, based on prominent broad Balmer series28

P-Cygni lines13. Here we adopt a redshift of z = 0.0344, determined from narrow host-galaxy fea-29

tures (Extended Fig. 7), corresponding to a luminosity distance of 156.2 Mpc (a standard ΛCDM30

cosmology14 is assumed throughout). The host galaxy of iPTF14hls is a star forming dwarf galaxy,31

with a mass similar to that of the Small Magellanic Cloud (see Methods for details), implying a32

low metal content15. The weak iron-line absorption seen in the SN spectra are also consistent with33

a low metallicity progenitor (see Methods for details).34

In Type IIP events, the SN shock heats and ionizes the ejecta, which later expands, cools35
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and recombines. The photosphere follows the recombination front, which is at a roughly constant36

temperature (Teff ≈ 6000 K)1 as it makes its way inwards in mass through the expanding ejecta.37

This leads to the ≈ 100-day “plateau” (or photospheric) phase of roughly constant luminosity in38

the light curve and prominent hydrogen P-Cygni features in the spectrum, both of which constitute39

the observational definition of the Type IIP SN class. Once the recombination front makes it40

through the hydrogen-rich outer ejecta, the luminosity drops to the radioactive decay tail of 56Co41

(a product of 56Ni) and nebular emission lines dominate the spectrum. iPTF14hls, in contrast, has42

yet to become nebular, 600 days after discovery.43

Using blackbody fits to the broad-band optical BV gi photometry of iPTF14hls (see Meth-44

ods for details), we find a roughly constant effective temperature of 5000 − 6000 K, the same as45

the hydrogen-recombination temperature typically seen in Type IIP SNe. However, the inferred46

bolometric luminosity of a few×1042 erg s−1 is on the high end of what is observed for IIP SNe16,47

and the total radiated energy of 2.20+0.03
−0.05× 1050 erg emitted during the 450 days of our multi-band48

optical coverage is a factor of a few times larger than any known IIP SN. Due to the gap of 13949

days between the last non-detection of iPTF14hls and its discovery, the total luminosity and true50

duration of iPTF14hls may be even higher.51

SNe powered by the interaction of their ejecta with a dense circumstellar material (CSM)52

can be luminous and long-lived (even out to > 4 years after explosion)17. In these cases, however,53

the interaction dominates the spectra in the form of a strong continuum together with broad, inter-54

mediate and narrow components of the Balmer series emission lines18, 19, 20. None of these features55
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are seen in the spectra of iPTF14hls (Fig. 2; Extended Fig. 8). We also find no evidence of X-ray56

or radio emission (which are possible additional indicators of strong interaction) in observations57

taken during the brightest peak of the optical light curve. We do not detect any signs of polarization58

indicative of strong asymmetry in the explosion (see Methods for details). Instead, our ≈ 450 day59

spectral campaign of iPTF14hls, which began on 2015 Feb 11.42, shows that the event remained60

spectroscopically similar to standard IIP SNe throughout our coverage (Fig. 2), with an evolution61

approximately 10 times slower compared to that of Type IIP SNe (i.e. the spectrum of iPTF14hls62

at day 500 looks like that of a IIP SN at day 50, etc; Extended Fig. 3). The slow evolution is63

intrinsic and not due to time dilation effects (see Methods).64

The expansion velocity v of SN ejecta is indicated by the P-Cygni minima (i.e. the blueshifted65

absorption) of the spectral lines. In SNe, the faster material is outside (due to homologous expan-66

sion), and the measured photospheric expansion velocities decrease with time as deeper internal67

material is revealed (a power law evolution of v∝ t−0.464 is typically seen, where v is the observed68

expansion velocity at time t from explosion21). For iPTF14hls, the observed slow spectral evolu-69

tion indicates that the photosphere remains at higher-velocity material for longer times compared70

with IIP SNe (Fig. 3). A central engine like the spindown of a magnetar5, 6 or fallback accretion71

onto a black hole7, 8 can explain both the additional energy component and the persistence of the72

photosphere at high velocities. For example, a magnetar with an initial spin period of ≈ 5-10 ms73

and a magentic field of ≈ 0.5-1 × 1014 Gauss can produce the observed average luminosity and74

time scale of iPTF14hls (Extended Fig. 9). However, magnetar light curves are generally expected75

to be smooth5, while the light curve of iPTF14hls has at least five distinct peaks.76
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Some SNe have double peaked light curves22, 23, with the first peak likely due to the cooling77

of the ejecta24 and the second peak due to radioactive 56Ni decay. This mechanism can thus produce78

at most two peaks. SN 2009ip possibly had three peaks25, 26, likely powered by CSM interaction,79

which can in principle produce an arbitrary number of light curve peaks depending on the structure80

of the CSM. However, as mentioned above, iPTF14hls does not show any signs of CSM interaction.81

In addition, the spectra during the rise to the most luminous peak show an increase of flux at all82

wavelengths and not just in the continuum (see Methods), as expected if the peak were powered83

by CSM interaction. Therefore, neither of these mechanisms can explain the unprecedented multi-84

peak structure seen in the light curve of iPTF14hls.85

Instabilities in the accretion flow onto a black hole could produce multiple light curve peaks,86

as seen in active galactic nuclei. In this case, the light curve is expected to eventually settle onto a87

t−5/3 decline-rate27 if a stable accretion disk forms after the last instability. Such a decline rate is88

indeed observed for iPTF14hls (Fig. 1), supporting this scenario.89

While a central engine can reproduce the velocity evolution of the photosphere, it is not clear90

how an observed velocity gradient (Fig. 3) could be maintained constant as the expanding ejecta91

increase their size by a factor of ≈ 6 from day 100 to day 600 (see Extended Figure 6 for an92

explanation of why this is problematic). If the line-forming material were ejected long before our93

discovery of iPTF14hls, the relative increase in radius would be much smaller, and the observed94

velocity evolution could simply be the very late tail of a standard t−0.464 IIP velocity law. We fit95

such a power law to the Fe II 5169Å velocities (Fe lines track the photosphere more accurately96

5



than the lighter elements28, 29) and find that it would require the material to be ejected & 3500 days97

prior to discovery. An eruption at that time is allowed by available pre-discovery non-detection98

limits (Extedned Fig. 2).99

The physical radius of the photosphere can be estimated at any given time t since explosion100

either as the radius of a blackbody sphere which fits the continuum emission spectral shape, or as101

v·t, where v is the observed expansion velocity of the material at the position of the photosphere (as102

measured form the P-Cygni minima in the spectral lines) at time t (neglecting the radius of the pro-103

genitor star and assuming no acceleration after a few expansion doubling times). The equivalence104

of these two methods for tracing the photospheric radius is accurate up to a temperature-dependent105

factor known as the “blackbody dilution factor”30 which typically has a value of order unity for106

the temperatures measured for iPTF14hls31, 28. This equivalence of the two methods for measur-107

ing the photospheric radius has been demonstrated many times and is the basis of the Expanding108

Photosphere Method (EPM)30 for constraining cosmological distances to SNe IIP32, 33, 34, 21, 29.109

If the line-emitting material of iPTF14hls were indeed ejected & 3500 days prior to discov-110

ery, its current radius would be & 1017 cm (using the Fe II 5169Å velocity of ≈ 4000 km s−1),111

requiring a mass of & 200 M� to remain optically thick and produce the spectral lines (see Meth-112

ods). Such a large mass ejection prior to core collapse could be the result of a pulsational pair113

instability event9, assuming that mechanism can account for the required & 1052 erg in kinetic114

energy needed to eject such a shell at the velocities observed today.115

The blackbody-inferred radius, on the other hand, is a few times 1015 cm (Fig. 4), much116
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smaller than the inferred radius at which the lines are formed. Even if the line-emitting material117

were ejected at discovery, the v·t-inferred photospheric radius is still larger than the blackbody-118

inferred photospheric radius by over an order of magnitude, and growing (Fig. 4). The blackbody119

dilution factor is not large enough to explain the discrepancy31, 28 or its increasing nature (the120

dilution factor depends on the photospheric temperature, which is roughly constant in iPTF14hls).121

It remains a puzzle why the two radii are so different from each other for iPTF14hls (see Methods),122

though similar behavior has been seen for the Type IIb SN 2011dh35.123

To our knowledge, iPTF14hls is the only SN ever discovered to show long-lived slowly-124

evolving IIP-like emission. The PTF and iPTF surveys alone have discovered 631 Type II SNe,125

indicating that iPTF14hls-like events could be 10−3 of the Type II SN rate. Since luminous long-126

lived varying events are easier to detect in transient surveys compared to normal SNe, the true127

volumetric rate of iPTF14hls-like events could be much lower. On the other hand, we can not rule128

out whether such events were discovered in the past but dismissed as normal IIP SNe after one129

spectrum with no subsequent followup. It is therefore not possible to calculate a precise rate for130

iPTF14hls-like events, but whatever the explosion channel, it must be extremely rare.131

Our discovery of a new explosion channel for hydrogen-rich stars requires refinement of132

existing explosion scenarios, or the development of a new scenario, that can: (1) produce the same133

spectral signatures as common Type IIP SNe but with an evolution slowed down by a factor of134

≈ 6 − 10; (2) inject energy to prolong the light curve by a factor & 6 while not introducing135

narrow-line spectral features or strong radio and x-ray emission indicative of CSM interaction; (3)136
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produce at least five peaks in the light curve; (4) decouple the deduced line-forming photosphere137

from the continuum photosphere; and (5) maintain a photospheric phase with a constant line-138

velocity gradient for over 600 days. Magnetar spindown can reproduce properties (1) and (2), and139

black hole accretion could in addition reproduce property (3). It is not clear if any existing SN140

model can reproduce properties (4) and (5). A pre-explosion high-velocity ejection of ≈ 200 M�141

of hydrogen-rich material may complete the scenario, but detailed modeling is required to test this142

hypothesis.143

iPTF14hls is an ongoing event. When it finally becomes nebular, new clues as to the nature144

of the progenitor star and the explosion mechanism may be revealed. Interpreting the unique ob-145

servational properties of this rare SN may have implications for our understanding of the common146

class of SNe IIP and their use as cosmological distance indicators through the EPM method, as147

well as for our understanding of the late evolutionary stages of massive hydrogen-rich stars in the148

local Universe and the production rate of black holes.149
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Figure 1 **Christofer working on final P60 photometry** Multi-band optical light curves387

of iPTF14hls (a; see Methods for telescope names). The prototypical Type IIP SN 1999em388

is shown for comparison (dashed lines)34, matched to the absolute magnitude displayed389

on the right axis. Photometric points from the same day, instrument and filter are averaged390

for clarity. The SEDM i-band data is shifted by +0.3 magnitudes to compensate for filter391

differences with the other instruments. The upper tick marks denote epochs of optical392
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spectroscopic (black), radio (green), polarimetry (orange) and X-ray (blue) observations.393

The last pre-discovery non-detection of iPTF14hls was obtained by iPTF approximately394

139 days before discovery (not shown), leaving the explosion time of iPTF14hls not well395

constrained. Even so, iPTF14hls remains luminous substantially longer than a normal396

IIP and displays evidence for at least five distinct light-curve peaks (at approximately397

140, 220 and 410 days after discovery, as well as at least one peak before discovery, as398

indicated by the R-band light curve, and one while the SN was behind the sun between399

days 260 and 340 after discovery). iPTF14hls remains roughly constant in color, whereas400

normal IIP SNe decline faster in the bluer bands due to increasing iron-line opacity. The401

bolometric light curve of iPTF14hls (b) is deduced from blackbody fits to the broad-band402

BV gi photometry. The late-time decline is slower than the radioactive decay of 56Co403

(which usually dominates SN light curves at these phases; black), but is consistent with404

both accretion power (blue; t0 is the onset of accretion at the last peak) and magnetar405

spindown power (red; t0 is the formation time of the magentar, P0 the initial spin period and406

B the magnetic field of the magnetar). The magnetar model, however, is not consistent407

with the luminosity during the first 100 days, as implied by the R-band observations at408

that epoch (a).409
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Figure 2 Optical spectra of iPTF14hls (blue) expressed in terms of normalized flux den-411

sity as a function of rest-frame wavelength. The spectra are binned in wavelength and412
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shifted in flux for clarity. Phases are noted in rest-frame days since discovery on the right413

axis, with the telescope used to obtain the spectrum in parentheses (see Methods for414

details). Spectra of the prototypical Type IIP SN 1999em34 (red) are shown for compari-415

son with phases noted in rest-frame days since explosion. Balmer series hydrogen line416

wavelengths are denoted in green tick marks at the top. iPTF14hls is similar spectroscop-417

ically to a normal Type IIP SN but evolves much slower. The spectral evolution is very418

smooth, in contrast to the multi-peaked light curve. No narrow emission lines, as signs of419

interaction with circumstellar material, are seen (see also Extended Figure 8).420
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Figure 3 Expansion velocities as a function of time, measured from the P-Cygni ab-422

sorption features (see Methods for details), of three different spectral lines, for iPTF14hls423

(filled symbols) and the prototypical Type IIP SN 1999em34 (empty symbols). A magnetar-424

powered velocity evolution is shown (black) for an ejecta mass of 15 M�, an explosion425

energy of 1051 erg and a spindownd period of 100 days, assuming the magnetar formed426

at discovery. The red line is the best-fit t−0.464 velocity decline rate observed in normal IIP427

SNe, without magnetar formation but requiring an envelope ejection date at least ≈ 3500428

days before discovery.429
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Figure 4 The photospheric radius of iPTF14hls (filled symbols) estimated in two different431

ways: (1) Using blackbody fits to the broad-bandBV gi photometry (blue) and (2) using the432

derived expansion velocities of Fe II 5169Å (Fig. 3) times the elapsed rest-frame time since433

discovery (red). The same quantities are shown for the prototypical Type IIP SN 1999em434

(empty symbols; after correcting for the blackbody dilution factor)34. For SN 1999em the435

radii overlap as expected, but for iPTF14hls they diverge.436
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Methods437

Discovery The intermediate Palomar Transient Factory first detected iPTF14hls on 2014 Sep438

22.53 (Extended Fig. 1). Prior to then, the field was last visited by iPTF 139 days earlier. The439

source was observed by iPTF again on 2014 Oct 13, Oct 31, Nov 4 and Nov 10 before being saved440

and given a name as part of routine iPTF transient scanning. On 2015 Feb 3, upon routine LCOGT441

re-scanning of previously saved iPTF candidates, we noticed the peculiar decline then rise of the442

light curve (but were unaware of the public classification of this target as a Type IIP SN)13, and443

began an extensive campaign of spectroscopic and multi-band photometric followup.444

Optical Photometry Images were obtained with the Palomar 48-inch Oschin Schmidt telescope445

(P48), the Palomar 60-inch telescope (P60)36 using both the GRBCam and SED Machine (SEDM)446

instruments, and the Las Cumbres Observatory Global Telescope (LCOGT)37 network 1-meter447

and 2-meter telescopes. P48 images were first pre-processed by the Infrared Processing and448

Analysis Center (IPAC)38. Image subtraction and PSF fitting was then performed39 using pre-449

explosion images as templates. Magnitudes were calibrated to observations of the same field by450

the Sloan Digital Sky Survey (SDSS) DR1040. P60 images were pre-processed using a PyRAF-451

based pipeline36. Image subtraction, photometry extraction and calibration were performed with452

the FPipe pipeline41 using SDSS images as references. LCOGT images were pre-processed us-453

ing the Observatory Reduction and Acquisition Control Data Reduction pipeline (ORAC-DR)42
454

up to 2016 May 4, and using the custom Python-based BANZAI pipeline afterwards. Photome-455

try was then extracted using the PyRAF-based lcogtsnpipe pipeline43 to perform PSF fitting456

and calibration to the AAVSO Photometric All-Sky Survey44 for BV -band data and SDSS DR845
457
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for gri-band data. We correct all photometry for Milky Way extinction46 extracted via the NASA458

Extragalactic Database (NED).459

Blackbody Fitting We fit a blackbody SED to every epoch of LCOGT photometry containing at460

least three of the BV gi filters obtained within 0.4 days of each other (we exclude r-band data from461

the fits due to contamination from the Hα line). For each epoch we perform a blackbody fit using462

Markov Chain Monte Carlo simulations, through the Python emcee package47, to estimate the463

blackbody temperature and radius at the measured distance to iPTF14hls of 156.2 Mpc.464

Polarimetry **Final version of this text TDB Jesper / Giorgos.** We observed iPTF14hls with465

the the Andalucia Faint Object Spectrograph and Camera (ALFOSC) mounted on the 2.5-meter466

Nordic Optical Telescope (NOT) in polarimetric mode on 2015 Oct 28, Nov 03 and Dec 15. We use467

a 1/2 wave plate in the FAPOL unit and a calcite plate mounted in the aperture wheel. The calcite468

plate provides the simultaneous measurement of the ordinary and the extraordinary components of469

two orthogonally polarized beams **[to be confirmed by Giorgos]**. We observed in 4 different470

retarder angles (0, 22.5, 45, 67.5 deg) at each epoch, using the V - and R-band filters. The data471

were reduced in a standard manner, using bias frames and flat-fields without the polarisation units472

in the light path. **The conditions were varying. Do we want to say anything about that?** We473

then performed aperture photometry on each frame on both the ordinary and extraordinary beam,474

on both the SN and **X** comparison stars. By taking the ratio of fluxes and following standard475

procedures?, we are able to measure the Stokes parameters (for both the SN and the comparison476

stars) **The difficult part is the determination of the ISP**. The main limitation of the instrument477

is the small field of view that only included 2 **1-4?** suitable objects, which does not allow478
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for an accurate determination of the ISP. **We estimate the ISP to be ... We do not detect any479

significant polarisation for iPTF14hls. The measured polarisation is X%, implying ... within the480

accuracy that we can obtain we cannot detect any measurable evolution...**481

Optical Spectroscopy Spectra of iPTF14hls were obtained with the Floyds instrument mounted482

on the northern LCOGT 2-meter telescope37, the Andalucia Faint Object Spectrograph and Camera483

(ALFOSC) mounted on the 2.5-meter Nordic Optical Telescope (NOT), the Device Optimized for484

the LOw RESolution (DOLoRes) mounted on the 3.6-meter Telescopio Nazionale Galileo (TNG),485

the Low Resolution Imaging Spectrometer (LRIS)48 mounted on the Keck I 10-meter telescope,486

the DEep Imaging Multi-Object Spectrograph (DEIMOS)49 mounted on the Keck II 10-meter tele-487

scope, the Double Beam Spectropgraph (DBSP)50 mounted on the Palomar 200-inch telescope488

(P200) and the DeVeny spectrograph mounted on the 4.3-meter Discovery Channel Telescope489

(DCT). The Floyds spectra were reduced using the PyRAF-based floydsspec pipeline. The490

ALFOSC and DOLORES spectra were reduced using custom MATLAB pipelines. The LRIS491

spectra were reduced using the IDL LPipe pipeline. The DEIMOS spectrum was reduced using492

a modified version of the DEEP2 pipeline51, 52 combined with standard PyRAF and IDL routines493

for trace extraction, flux calibration and telluric correction. The DBSP spectrum was reduced494

using custom IRAF and IDL routines. The DeVeny spectrum was reduced using standard IRAF495

procedures.496

Spectral Fitting We fit each iPTF14hls spectrum to a library of Type II SNe (which includes a497

full set of SN 1999em spectra34) using Superfit53. We then calculate the average best-fit SN phase,498

weighing all the possible fits by their corresponding fit scores. We repeat this process for cutouts499
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of the iPTF14hls spectra centered around the Hα, Hβ and Fe II 5169Å features (separately). The500

weighted-average best-fit phases for each cutout are presented in Extended Figure 3. iPTF14hls can501

be seen to evolve slower than other Type II SNe by approximately a factor of 10 when considering502

the entire spectrum, as well as when considering the Hβ and the Fe II 5169Å features separately,503

and by a factor of 6− 7 when considering the Hα emission feature separately.504

Expansion Velocity Measurements Expansion velocities for different elements were measured505

by fitting a parabola around the minimum of the absorption feature of their respective P-Cygni506

profiles. The difference between the minimum of the best-fit parabola and the rest-wavelength of507

the line was translated to an expansion velocity. The end points of each parabola fit were chosen508

manually per line, so that they would remain the same for all spectra. Errors on the velocities were509

estimated by randomly varying these endpoints by ±5Å around their original values. The Fe II510

5169Å velocities were then fit to a t−0.464 power law using Markov Chain Monte Carlo simulations,511

through the Python emcee package47, with the ejection time and velocity normalization as free512

parameters.513

Expansion Velocity Interpretations In a SN, the ejecta are in homologous expansion, that is,514

the radius of the ejecta at time t evolves as r = v·t with faster material at larger radii. Even515

for perfectly mixed ejecta, at any given time spectral lines of different elements form in different516

regions. Specifically, the Fe lines are formed at smaller radii than the H lines and therefore display517

a lower velocity. This is also the case in iPTF14hls. As time passes and the ejecta expand and518

recombine, the line-forming region of each element moves inward in mass to a region where the519

outflow is slower. This is why the velocity of all lines is observed to decrease with time. Thus,520

30



following the line velocity over a large range of time (and hence mass coordinates) provides a521

“scan” of the velocity profile over a large range of the ejecta. Although different lines are formed522

at different regions, all line-forming regions scan the velocity of the same ejecta. Therefore if there523

is a significant velocity gradient in the ejecta, we expect to see both a significant difference between524

the velocity of Fe lines vs. H lines and significant evolution in the velocity of each line when the525

outflow radius changes significantly. There two features are seen clearly in the typical case of526

SN 1999em (Extended Data Fig. 6). However, this doesnt seems to be the case in iPTF14hls.527

On one hand there is a significant difference between the H and Fe line velocities, indicating a528

large velocity gradient in the ejecta. However, on the other hand, the velocity of each line shows529

almost no evolution in time between days 100 and 600 after discovery. If the line-forming material530

were ejected just before discovery then this time span corresponds to a change by a factor of ≈ 6531

in radius. In this case, the lack of observed velocity evolution indicates a very shallow velocity532

gradient in the ejecta, which is inconsistent with the large velocity difference between the lines.533

However, if the ejection of the line-forming material took place long before discovery, then the534

relative change in radius during the observations is small, indicating that the position of the line-535

forming region does not change much, thus solving the apparent contradiction. Hence, we may536

be observing the late tail of the standard v∝t−0.464 evolution, which is what we fit the Fe-line537

velocities with.538

Metallicity Measurements The Fe II 5018Å absorption pseudo equivalent width (pEW) in Type539

IIP SN spectra has recently been shown to be a good proxy for the metallicity of the progenitor540

star54, 55. We measure the pEW for this line in our spectra following a standard prescription56. The541
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wavelength regions we use to define the pseudo continuum are 4896 − 4916Å on one side and542

5008 − 5028Å on the other (rest wavelength). The minimum of the Fe II 5018Å P-Cygni absorp-543

tion feature lies in the range 4950 − 4970Å. We estimate the error on the pEW measurement by544

randomly varying the pseudo continuum regions from a Gaussian distribution with a conservative545

10Å standard deviation. The results indicate a low (Z < 0.1 Z�, where Z� is the solar metallicity)546

metallicity progenitor when compared to models54, though no models have been made for the late547

epochs at which iPTF14hls was observed (Extended Figure 4).548

The Added Luminosity in the Main Peak The luminosity of iPTF14hls increases by approxi-549

mately 50% between rest-frame day 207 and 232 after peak (Fig. 1). Generally, CSM interaction550

luminosity contributes to the continuum level, while central-engine luminosity being reprocessed551

by the outer layers would increase both the continuum and the line luminosity equally. We find552

that the spectra taken on day 207 and day 232 are identical up to a global normalization factor,553

indicating that the increase in luminosity is equal at all wavelengths. If the increase were only554

to the continuum flux, then the lines would appear diluted (i.e. weaker) in the normalized flux555

comparison. To demonstrate this, we fit a low-order polynomial to the spectrum taken on day 207,556

excluding the Hα region, in order to estimate the continuum flux. We add 50% to this continuum557

flux and re-normalize the spectrum. The result is plotted in the dashed line in Extended Data Fig-558

ure 5. This is clearly different than the observed spectrum at day 232, indicating that the increase559

in bolometric luminosity observed at that day is not due to an increase in the continuum flux alone.560

This result further disfavors CSM interaction as a source of luminosity for iPTF14hls.561
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X-Ray Observations We observed the location of iPTF14hls with the X-Ray Telescope (XRT)57
562

on-board the Swift satellite58 on 2015 May 23.05. In total 4.9 ks of live exposure time was obtained563

on the source. We use on-line analysis tools59, 60 to search for X-ray emission at the location564

of iPTF14hls. No source is detected with an upper limit on the 0.3–10.0 keV count rate of <565

2.3 × 10−3 ct s−1. Assuming a power-law spectrum with a photon index of Γ = 2 and a Galactic566

H column density61 of 1.4× 1020 cm−2, this corresponds to an upper limit on the unabsorbed 0.3–567

10.0 keV flux of fX < 8.4 × 10−14 erg cm−2 s−1. At the luminosity distance of iPTF14hls this568

corresponds to a luminosity limit of LX < 2.5× 1041 erg s−1.569

Radio Observations Radio emission from SNe may indicate ongoing interaction between the570

SN ejecta and the CSM (**Assaf: refs**). In search for signs of such interaction we observed571

iPTF14hls in radio wavelengths using both the Jansky Very Large Array (VLA) and the Arcminute572

Microkelvin Imager (AMI). The AMI observation was undertaken on 2016 May 18, at 15 GHz and573

resulted in a null-detection with a 3σ upper limit of 150µJy **Assaf: Two more AMI epochs are574

reported on marshal**. On 2016 June 10, iPTF14hls was observed with the VLA at 6.1 GHz. The575

VLA data were reduced using standard CASA software routines where J0920+4441 and 3C286576

were used as phase and flux calibrators, respectively. No radio emission was observed at the SN577

position to a 3σ upper limit of 21.3µJy. **Assaf: some context for this number from interacting578

SNe - can we limit any CSM parameters?**579

Host Galaxy and Redshift Determination We use the SDSS (ugriz) and WISE (channels 1580

and 2) photometry of the host galaxy (obtained from the respective online databases of both581

surveys62, 63), and fit the 7-band photometry simultaneously with standard SED fitting techniques64
582
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using the BC0365 stellar population synthesis models. Due to the blue optical-IR color, only models583

of low stellar metallicity < 0.5 Z� (where Z� is the solar metallicity) provide a good fit to the data.584

Assuming a metallicity of 0.2 Z�, the best fit SED is dominated by a population≈1 Gyr in age with585

negligible dust extinction (AV . 0.2 magnitudes) and a star formation rate of . 0.4 M� yr−1. The586

best fit total stellar mass is 3± 1× 108 M�, similar to that of the Small Magellanic Cloud (SMC),587

but with a diameter of ≈ 7 kpc the iPTF14hls host galaxy is larger than typical low-mass dwarfs.588

We obtained a spectrum of the host galaxy of iPTF14hls on 2015 Dec 11 with the Low Resolution589

Imaging Spectrometer (LRIS)48 mounted on the Keck I 10-meter telescope. We used the 1.0′′ slit590

centered on the core of the galaxy and rotated to the parallactic angle to minimize the effects of591

atmospheric dispersion66 (in addition, LRIS has an atmospheric-dispersion corrector). We used a592

configuration whereby coverage in the blue with the 600/4000 grism extends over the wavelength593

range 3200−5600Å with a dispersion of 0.63Å pixel−1 and a full-width at half-maximum intensity594

(FWHM) resolution of ∼ 4Å. We used the 5600Å dichroic, and our coverage in the red with the595

400/8500 grating extends over 5600− 10200Å with a dispersion of 1.16Å pixel−1 and a resolution596

of FWHM ≈ 7Å. For this observation the region near the dichroic had low flux and was noisy, so597

we have trimmed it out, leaving a small gap in wavelength coverage. Spectra were reduced using598

the standard techniques optimized for Keck+LRIS by the CarPy package in PyRAF, and flux cal-599

ibrated to spectrophotometric standard stars obtained on the night of our observations in the same600

instrument configuration. We determine a redshift of 0.0344 based on narrow host galaxy emission601

lines of H, S II, O II and O III (Extended Fig. 7; some broad Hα emission from the supernova can602

also be seen).603
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Can Time Dilation Explain iPTF14hls? iPTF14hls displays a factor of ≈ 6− 10 slower spectral604

evolution compared to a normal SN IIP. Relativistic time dilation would cause the spectrum to be605

redshifted by the same factor of ≈ 6 − 10, which is inconsistent with our observed redshift of606

0.0344. For a light echo to cause time dilation (in addition to time delay), the reflecting surface607

would have to be moving away from the light source at a velocity comparable to the speed of light608

divided by the time dilation factor. The required time dilation then implies an improbably high609

velocity for the reflecting surface of≈ 0.1c (with c the speed of light). The light echo interpretation610

is also difficult to reconcile with the observed emission being more luminous than any previously611

observed IIP SN. We therefore rule out time dilation effects and conclude that the slow spectral612

evolution of iPTF14hls is intrinsic to the SN.613

The Ejecta Mass of iPTF14hls The optical depth τ in a shell of mass M , radius R and opacity614

κ is Mκ/4πR2 (we assume spherical symmetry, as implied by the shape of the P-Cygni profiles615

observed in the spectra). The resulting mass needed to maintain an optically thick shell (τ = 1)616

is then M ≈ 2M�κ
−1
0.34R

2
16 where κ0.34 is the opacity in units of 0.34 cm2 g−1 (as appropriate for617

hydrogen-rich material) and R16 is the radius in units of 1016 cm. The measured v·t radius of618

≈2·1016 cm at day 600 from discovery (assuming the expansion started at discovery), with the619

spectrum still photospheric then, implies an ejecta mass of ≈ 8 M� which is typical of Type IIP620

SNe. However, if we set the start date of the expansion to 3500 days earlier, as required by the621

v∝ t−0.464 fit to the velocity evolution, then the implied radius is ≈ 1017 cm which requires an622

ejecta mass of ≈ 200 M�.623
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The Divergent Photospheric Radii of iPTF14hls As explained in the main text, we measured the624

photospheric radius using two methods and find diverging results. This could be explained if the625

line-producing photosphere and the continuum-producing photosphere are somehow decoupled.626

However, such decoupling has never been observed for IIP SNe, nor is it explained by any existing627

SN model. An alternative explanation to the diverging photospheric radii is that the homologous628

expansion assumption is invalid, and mass is continuously being injected into the system as a high-629

velocity outflow from a central source, In such a case, v·t no longer represents a radius since t no630

longer represents the time it takes mass traveling at velocity v to reach the photosphere. However,631

there is no known mechanism to create continuous mass outflows at SN-ejecta velocities (several632

thousand km s−1) as observed for iPTF14hls (Fig. 3).633

36



Extended Data634

635

Extended Data Figure 1 SDSS image centered at the position of iPTF14hls (a), Palomar 48-inch636

deep co-added pre-discovery reference image (b), Palomar 48-inch discovery image of iPTF14hls637

(c) and the result of subtracting the reference image from the discovery image (d). The position of638

iPTF14hls is indicated by tick marks in each image.639
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Extended Data Figure 2 Pre-explosion non-detection limits of iPTF14hls from P48 (red arrows,641

Mould-R band, 3σ non-detections) and from CSS (unfiltered, obtained via the CSS website).642
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Extended Data Figure 3 Best-fit phase of iPTF14hls spectra from Superfit53, compared to the644

true spectral phase, when fitting the entire spectrum (black) or only certain line regions as noted.645

The spectra of iPTF14hls are similar to those of other Type II SNe but are a factor of 6-10 slower646

evolving.647
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Extended Data Figure 4 Fe II 5018Å absorption pseudo equivalent width (pEW) measurements649

for iPTF14hls (circles). Values from theoretical models54 of different progenitor metallicities are650

also shown (lines; Z� is the solar metallicity). iPTF14hls may have had a low metallicity progenitor,651

though the models do not extend to late enough times to allow for an accurate comparison.652
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Extended Data Figure 5 Spectra of iPTF14hls expressed in terms of normalized flux density654

as a function of rest-frame wavelength taken on rest-frame days 207 (right before the rise to the655

brightest peak in the light curve) and 232 (at the brightest peak in the light curve) after discovery656

(solid lines). The similarity of the spectra indicate that the increase of≈ 50% in luminosity observed657

in the light curve between the two epochs is equal at all wavelengths. If the increase were only to658
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the continuum flux, then the line emission on day 232 would have been diluted in the continuum659

(as simulated by the dashed line).660
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Extended Data Figure 6 Evolution of the measured velocity gradient in the normal Type IIP662

43



SN 1999em34 (a) and in iPTF14hls (b). At a given time, the H-line-forming region is at material663

expanding with velocity v1, while the Fe-line-forming region is at material expanding with lower664

velocity v2 (top inset in panel a). For SN 1999em, the H-line-forming region soon reaches the665

material expanding at velocity v2 as it moves inwards in mass (bottom inset in panel a) and v2666

is measured in the H lines. For iPTF14hls, in contrast, the H-line-forming region does reach the667

material expanding at v2 even after the time since discovery increases by a factor of 6. If the668

material were ejected soon before discovery, this would indicate an increase in the radius of the669

line forming regions by a factor of ≈ 6, which is unlikely given the observed velocity gradient670

between the H and Fe lines. If the material were ejected long before discovery, on the other hand,671

the relative expansion in radius would be much smaller. This case is discussed in the main text.672
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Extended Data Figure 7 Spectrum of the host galaxy of iPTF14hls, expressed in terms of flux674

density as a function of rest-frame wavelength, obtained by positioning the slit on the center of the675

host, away from the SN. Some SN contamination is present, precluding the precise measurement676

of host galaxy line fluxes, but clear narrow emission lines can be seen, indicative of ongoing677

star formation. The annotated lines allow an accurate redshift determination of z = 0.0344. The678

spectrum has been binned in wavelength for clarity.679
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Extended Data Figure 8 The Hα region in our highest resolution spectrum of iPTF14hls taken681

on 2016 June 4 using DEIMOS on Keck II (blue), expressed in terms of normalized flux density as a682

function of rest-frame wavelength, compared to the interaction-powered Type IIn SN 2005cl20 (red).683

iPTF14hls shows no signs of narrow emission or narrow P-Cygni features as seen in interacting684

SNe.685
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Extended Data Figure 9 Magnetar initial spin period, P (red), and magnetic field, B (blue),687

required to produce transients of different time scales (x-axis) and average luminosities (y-axis)5.688

The time-scale and average luminosity of iPTF14hls (grey area representing only a lower limit on689

the time-scale, as the event is still ongoing, assuming it keeps the same average luminosity) can690

be reproduced by a magnetar with an initial spin period of ≈ 5 − 10ms and a magnetic field of691

≈ 0.5− 1× 1014 Gauss.692
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