
    
      Fig. 3. 
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        Multi-band light curve of SN 2018ibb from 1800 to 18 500 Å (rest-frame) after correcting for the Galactic extinction. SN 2018ibb was first detected by Gaia. The last non-detections before the first detection by Gaia and ATLAS are shown by the downward-pointing triangles. With a rise time of > 93 rest-frame days, SN 2018ibb is one of the slowest evolving SLSN known. The decline of 1.1 mag (100 days)−1 is similar to the decay time of radioactive 56Co. After tmax+575 days, the decline steepened to 1.5 mag (100 days)−1. The light curve shows undulations up to tmax+100 days and a longer-lasting bump at ∼300 rest-frame days. Vertical bars represent the epochs of spectroscopy and imaging polarimetry. The absolute magnitude is computed with M = m − DM(z)+2.5 log(1+z), where DM is the distance modulus and z the redshift.

      

    

  
    
      Fig. 5. 
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        Bolometric light curve of SN 2018ibb from 1800 to 14 300 Å (rest-frame). The dotted lines indicate time segments with partial wavelength coverage. At peak SN 2018ibb reached a luminosity of > 2 × 1044 erg s−1. Integrating over the light curve from tmax–93 to tmax+706 days yields a radiated energy of 3 > ×1051 erg. Both values are conservative lower limits. The inset shows the evolution of the blackbody temperature and radius of the photospheric phase where photometry has been carried out from the u to H bands. The shaded regions indicate the 1σ statistical uncertainties.

      

    

  
    
      Fig. 7. 
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        Line identification of the photospheric-phase spectrum (top) and nebular-phase spectrum (bottom). Top: The photospheric phase spectrum was fitted with the parameterised spectral synthesis code SYNOW (red curve). Most of the spectral features can be attributed to O I, Mg II, Si II, Ca II, and Fe II as seen in other SLSNe during their cool photospheric phase (Gal-Yam 2019a). In addition to the absorption lines in the SN ejecta, the photospheric phase spectrum shows conspicuous [Ca II] λλ 7291,7324, a feature that gets dominated by [O II] λλ 7320,7330 at about tmax+30 days. Bottom: The spectrum of the nebular phase consists of a blue pseudo-continuum and a series of allowed and forbidden emission lines from singly and doubly ionised oxygen, calcium, magnesium and iron. Remarkable is the presence of [O II] and [O III] in emission (as early as tmax+30 days), indicating ionising radiation from shock interactions (Sect. 5.1). SN absorption lines are indicated by dashed lines, and the locations mark the absorption trough minima (blueshifted by 8500 km s−1 from their rest wavelengths). SN emission lines are indicated by solid lines; their line centres are at the velocity coordinate v = 0. Regions of strong atmospheric absorption are grey-shaded.

      

    

  
    
      Table 6. 

      Fe II absorption line velocities during the photospheric phase.

      
        


	Phase
	Velocity
	Phase
	Velocity



	(day)
	(km s−1)
	(day)
	(km s−1)





	–1.4
	8489 ± 88
	51.5
	8371 ± 126



	8.8
	8610 ± 28
	60.1
	8382 ± 211



	10.5
	8349 ± 64
	70.3
	8303 ± 198



	30.8
	8453 ± 121
	73.8
	8313 ± 198



	31.1
	8426 ± 205
	81.5
	8417 ± 200



	32.7
	8637 ± 168
	94.3
	8431 ± 201



	47.1
	8433 ± 218
	
	





      

    

  
    
      Fig. 10. 
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        Maximum ejecta velocity. The extent of the Ca IIλ 3934 (black) absorption on the blue side can be traced to ∼ 12 500 km s−1 at tmax+32.7 days. Mg IIλ 2796 (dark grey) has a comparable maximum velocity, albeit this region is affected by additional SN features. The location of the blue and red doublet components of Mg IIλλ 2796,2803 and Ca IIλλ 3934,3968 of the host galaxy ISM are indicated by brackets in a darker shade at the top of the figure. We also mark the position of the doublets of the CSM shell with brackets in a lighter shade. The CSM shell is detected through an additional Mg II absorption-line system blueshifted by 2918 km s−1. The CSM shell is not detected in Ca II.

      

    

  
    
      Fig. 11. 
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        Fe II ejecta velocities of SN 2018ibb and general SLSN samples (grey) at the time of maximum (top panel) and as a function of time (bottom panel). SN 2018ibb has a remarkably low velocity at the time of maximum and an unprecedentedly flat velocity evolution, which is in stark contrast to known SLSNe.

      

    

  
    
      Fig. 12. 
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        Normalised X-shooter spectra from tmax+32.7 days to tmax+94.3 days (top panels) and their inverse-variance weighted co-added spectrum (bottom panel). The individual and stacked spectra show barely resolved, narrow absorption lines from the host ISM (marked by the solid vertical lines). In addition, a blue-shifted (2918 km s−1) absorption line system is visible (marked by the dashed vertical lines). The FWHMs of the blue-shifted component are 406 km s−1, significantly larger than the ISM lines but significantly smaller than the SN lines. This blue-shifted absorption-line system is connected with a shell of circumstellar material expelled by the progenitor star shortly before the explosion. No significant evolution in the position or shape of the absorption lines can be seen in the individual spectra (upper panels). The error spectrum is shown in grey.

      

    

  
    
      Fig. 13. 
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        Impact of the light curve bump between tmax+240 and tmax+340 days on the SN spectrum at tmax+286.7 days. Top: The spectra before, during and after the light curve bump. Bottom: The observed spectrum at tmax+286.7 days (≈13 days before the peak of the bump) is shown in black. We estimate the “bump-free” spectrum of SN 2018ibb at tmax+286.7 days (red) based on the spectra obtained before and after the bump. The difference between the observed (black) and interpolated (red) spectra at tmax+286.7 days is shown in blue. It reveals a series of emission lines that can be attributed to [O II] and [O III]. An excess bluewards of 5000 Å is also visible, while no apparent residual can be seen at the location of [O I].

      

    

  
    
      Fig. 14. 
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        Thermal and non-thermal emission of SN 2018ibb. Less than a few percent of the total radiated energy is emitted in the radio and X-rays. The luminosity limits lie in the ballpark of non-detections of other SLSNe, and they are a factor of 50 larger than the luminosity of the four H-poor SLSNe with either radio or X-ray detection. The limits of SN 2018ibb are larger than the most luminous radio and X-ray SNe.

      

    

  
    
      Fig. 15. 
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        Spectral energy distribution of the host galaxy from 1000 to 60 000 Å (black dots). The solid line displays the best-fitting model of the SED. The red squares represent the model-predicted magnitudes. The fitting parameters are shown in the upper-left corner. The abbreviation “n.o.f.” stands for the number of filters.

      

    

  
    
      Fig. 16. 
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        Star-formation rate and stellar mass of the host galaxy of SN 2018ibb in the context of SLSN-I host galaxies from the PTF survey (Schulze et al. 2021). The host galaxy of SN 2018ibb lies in the expected parameter space of SLSN host galaxies but in the lower half of the mass and SFR distributions (kernel density estimates of the observed distributions are shown at the top and to the right of the figure). Its specific star-formation rate (SFR/mass) is comparable to the typical star-forming galaxies (grey band) but lower than for an average SLSN host galaxy.

      

    

  
    
      Fig. 20. 
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        Comparison of the [O III] λλ 4959,5007 lines with the [O III]λ 4363 line. These lines are produced by the interaction of the SN ejecta with circumstellar material. Due to the occulation of the CSM by an optically thick SN ejecta, less of the “backside” of the CSM is seen. The velocities of the CSM shell (vCSM), the photospheric velocity (vFeII) and the maximum velocity of the ejecta (vmax) are indicated.

      

    

  
    
      Fig. 23. 
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        The bolometric light curve of SN 2018ibb from 1800 to 14 300 Å (rest-frame) and light-curve fits to the fading light curve using the Katz et al. (2013) method. The entire fading light curve from up to 706 days after peak is fully consistent by being powered 24–35 M⊙ of 56Ni (dark red), suggesting that SN 2018ibb could be a pair-instability supernova. At about 300 days after peak (i.e. ≳400 days after the explosion), the γ-ray trapping decreases with time. The loss of trapping is indicated by the difference between the light-red (100% trapping) and dark-red (< 100% trapping) curves.

      

    

  
    
      Fig. 24. 
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        Modelling of the light curves from the rest-frame UV to the NIR with MOSFiT. All models provide an adequate description of the data up to tmax+400 days, though with differences in the fit quality. At later times, the models diverge. The pure nickel model is the only model that captures the evolution after tmax+500 days and has physically meaningful parameters. The central engine models (magnetar and fallback) predict a flattening of the light curve due to a power-law-shaped heating rate in contrast to powering by 56Ni that has an exponential energy deposition rate. The magnetar+nickel model also captures the full evolution. However, the inferred model parameters would be either physically implausible or require an exotic star, which we deem not viable. We note that the Keck photometry at tmax+539 days and tmax+562 days is not corrected for host contamination owing to the lack of Keck reference images to perform image subtraction. The expected host contribution is ≈10%.

      

    

  
    
      Fig. 25. 
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        Comparison of SN 2018ibb with the PISN models P250Ni25 and P250Ni34 from Kozyreva et al. (2017; left panel) and the He100, He125, and He130 from Heger & Woosley (2002; right panel). Templates with nickel masses of 34–44 M⊙ are required to describe the entire bolometric light curve from tmax–93 to tmax+706 days. Models with M(Ni)=25 M⊙ systematically underestimate the observed bolometric light curve, but they could still be viable if CSM interaction contributes significantly throughout the evolution.

      

    

  
    
      Fig. 27. 
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        Nebular spectrum of SN 2018ibb (black) at tmax+637.3 days and its decomposition into a CSM interaction (blue) and PISN component (red). This decomposition reveals that the shape of the spectrum in the blue is similar to the pseudo-continuum seen in interaction-powered SNe (Type Ia-CSM, Ibn, Icn and IIn). The emission lines in the blue arise either from CSM interaction or from material in the CSM shell excited by the SN light. The dotted vertical lines indicate the location of strong galaxy emission lines.

      

    

  
    
      Fig. 30. 
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        Photospheric velocity evolution of SN 2018ibb (probed with Fe II) and the predicted evolution from different PISN models. The synthetic velocities of the P250Ni25|34 and He130 models are very similar to the observed velocities and velocity evolution. These are also the models that match the observed bolometric light curve well, in particular the He130 model.

      

    

  
    
      Table 10. 

      Light-curve properties of slow-evolving SLSNe.

      
        


	
	Redshift
	t1/e, rise
	t1/e, decline
	Mg, peak
	(g − r)peak



	
	
	(day)
	(day)
	(mag)
	(mag)





	SN 2018ibb
	0.166
	68
	102
	−21.8
	−0.12



	LSQ14an (1)
	0.163
	…
	∼100
	<  − 20.8
	−0.21



	PS1-11ap (2)
	0.524
	< 25
	38
	−21.8
	…



	PS1-14bj (2)
	0.521
	83
	130
	−20.6
	…



	PTF12dam
	0.107
	50
	56
	<  − 21.7
	−0.20



	SN 2007bi (3)
	0.128
	< 23
	< 77
	−21.3
	0



	SN 2015bn
	0.114
	< 31
	56
	−22.0
	−0.17



	




	ZTF SLSNe
	
	29
	43
	−21.5
	−0.12





      

      
Notes. The peak absolute magnitudes and the colours at tpeak are k-corrected and corrected for MW extinction. The uncertainty on the time scales is of the order of a few days. The peak magnitudes and colours have a statistical error of ≈0.1 mag. The row “ZTF SLSNe” summarises the median values of the homogeneous ZTF SLSN sample (Chen et al. 2023b). Chen et al. (2023b) do not report the median rise and decline 1/e time-scale. We inferred that value from their median 1/10 rise time-scale and the relationship between the rise and decline time scales reported in that paper.

(1) The light curve of LSQ14an covers only the post-peak evolution.


(2) The redshifts of PS1-11ap and PS1-14bj are so high that the rest-frame g − r colour cannot be inferred from spectra published in Lunnan et al. (2014) and McCrum et al. (2014).


(3) The light curve of SN 2007bi is only well-observed in R band. We use the R-band data as an upper limit on the g-band time scale.




    

  
    
      Fig. 33. 
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        Fe II ejecta velocities of slow-evolving SLSNe (in colour) and general SLSNe samples (grey) at the time of maximum (top panel) and as a function of time (bottom panel). SN 2018ibb has a markedly low velocity at the time of maximum and a flat velocity evolution, which is in stark contrast to the bulk of the SLSN population. Its velocity at peak is similar to the slow-evolving SLSNe PS1-14bj and SN 2007bi. However, both comparison objects lack spectra at earlier and later times.

      

    

  
    
      Table 11. 

      Summary of the PISN tests applied on SN 2018ibb.

      
        


	Test
	Condition
	Observation
	Section
	Pass
	Reference





	Light curve



	




	Rise time
	120–150 days
	> 93 days
	
4.2
	?
	(1, 2)



	Decline rate
	1 mag (100 days)−1
	1.1 mag (100 days)−1
	
4.2
	✓
	(1, 2)



	Peak absolute magnitude Mbol
	−20 to −22.5 mag
	<  − 21.8 mag
	
4.2
	✓
	(1, 2)



	Nickel mass
	10–40 M⊙
	25–40 M⊙
	
5.2.1, 5.2.2, 5.2.3
	✓
	(1, 2)



	PISN template
	He100–He130,
	He120–He130,
	
5.2.3
	✓
	(1, 2, 3)



	
	P200–P250
	P250, P250Ni34
	



	




	Spectra



	




	Photospheric velocity
	7000–11 000 km s−1
	8500 km s−1
	
4.3.2
	✓
	(3, 4)



	Photospheric velocity evolution
	Flat
	Flat
	
5.3
	✓
	Here



	Nebular spectra
	He100, He130
	He130, but blue excess
	
5.2.4
	✘
	(5)



	[Co II] λ 1.025 μm
	Not predicted
	Detected
	
5.2.5
	✘
	(5)



	




	Contribution from CSM interaction to the light curve and spectra



	




	CSM interaction
	Not explored
	Observed
	
5.1, 4.3.4, 5.2.4
	?
	



	




	Host galaxy



	




	Metallicity
	< Z⊙/3
	
[image: equation]
	
4.6
	✓
	(6)





      

      
References.

(1) Kasen et al. (2011); (2) Kozyreva et al. (2017); (3) Gilmer et al. (2017); (4) https://2sn.org/DATA/HW01/bulk_yields.txt based on Heger & Woosley (2002); (5) Jerkstrand et al. (2016); (6) Langer et al. (2007).



    

  
    
      Fig. A.1. 
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        The light curve from the Catalina Sky Survey in pseudo-V band together with the r-band light curve of SN 2018ibb.

      

    

  
    
      Table A.1. 

      Log of photometric observations

      
        


	Telescope/
	Filter
	MJD
	Brightness



	Instrument
	
	(day)
	(mag)





	Swift/UVOT
	uvw2
	58464.766
	21.07 ± 0.16



	Swift/UVOT
	uvw2
	58472.770
	21.36 ± 0.19



	Swift/UVOT
	uvw2
	58476.387
	21.26 ± 0.19



	Swift/UVOT
	uvw2
	58481.176
	21.40 ± 0.24



	Swift/UVOT
	uvw2
	58484.828
	21.76 ± 0.23



	Swift/UVOT
	uvw2
	58493.922
	21.69 ± 0.25



	Swift/UVOT
	uvw2
	58497.102
	21.55 ± 0.22



	Swift/UVOT
	uvw2
	58500.664
	21.84 ± 0.36



	Swift/UVOT
	uvw2
	58501.531
	21.92 ± 0.34



	Swift/UVOT
	uvw2
	58505.371
	21.75 ± 0.21



	Swift/UVOT
	uvw2
	58507.598
	21.80 ± 0.21



	Swift/UVOT
	uvw2
	58516.656
	22.02 ± 0.25



	Swift/UVOT
	uvw2
	58521.641
	21.80 ± 0.22



	Swift/UVOT
	uvw2
	58528.613
	22.22 ± 0.34





      

      
Notes. All measurements are reported in the AB system. An s-correction was applied to all measurements but no correction for reddening. A machine-readable table is available online on WISeREP.



    

  
    
      Fig. F.1. 
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        Spectral energy distribution (SED) of the host galaxy of SN 2015bn (black data points). The solid line displays the best-fitting model of the SED. The red squares represent the model-predicted magnitudes. The fitting parameters are shown in the upper-left corner. The abbreviation ‘n.o.f.’ stands for the number of filters.
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