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How luminous?
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Surprisingly elusive

L]

/

PTF12dam
Visible to z ~ 0.5 with 1m survey telescope

But only discovered in ~2010
Reason 1: low rate

1 per 103-104 SNe by volume ,  LSQi4bdg

(<1 per 100 SNe detected)

b PS15ae
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Host galaxies

Reason 2:

Faint galaxies ignored by
older surveys

SLSNe occur in low-Z
dwarf galaxies

Perley+ 2016
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Today: SLSNe from wide-field surveys

Reach raw numbers... ...Remove galaxy bias... ...Know what to look for!
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Big questions

Short-term:
- What is the power source?
- What are the progenitors?
- Why (almost) all at low metallicity?
Long-term:
- What does this tell us about stellar evolution?

- May be more common at high-z: early stars and galaxy evolution
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Possible power sources

Circumstellar Interaction?
Llrcumsteliar interaction?

* Kinetic energy converted to
Externally BELETSRE energy in CSM shock

Large nickel mass?

' ~ o of 26Nl
* Require up to =10 - heatea ®* Need CSM mass comparable to
> Needs a very massive nternally ejecta mass
progenitor (PISN?) ontod

S F TN
BN Ve

Central engine?
® Rapidly rotating neutron star or BH

® Similar to gamma-ray burst engine but

lasting days, not seconds




Superluminous supernovae Type |

Now defined spectroscopically SLSN

Very blue spectra, low-EW optical lines \ | Mg II SN Ic
Si 11

. . . Fe IV/III
O Il lines close to maximum light -

CII
+ Blue + O Il => hot ejecta

Fe 1l

—

S 11
Si 11
Some Fe lll, later Fe I

Much stronger lines in NUV: IMEs such /\'\J(\’\Q{M
as Mg, Si, C

Flux (ergs ecm~A™)

Ol
Call H I HI
2000 4000 6000 3000
Wavelength (A)

MN 2021
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Superluminous, or super-hot?

By ~ few weeks after peak, temperature is same as SN Ic at peak

When temperature is the same, spectra are very similar!
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Optical light curves of SLSNe I: very diverse
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No obvious width-luminosity
relation
(but see Inserra+ 2021)
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Luminosity function: gap or continuum?

S " H-poor SLSNe -
Objects with SLSN-like spectrum 71 .
now seen fainter than -21 mag g: :
Z 4l ]
If SLSNe are SNe Ic with extra 3L i
heating, expect no gap between oL ]
brightest SNe Ic and faintest SLSNe 1+ - 1
° SeemS tO be the case in Iarge IOOOO_ with volumetric correction  :
samples 1000 £
Brightest SLSNe have optical peak 100
M= -22.5 mag 10+ .
- Physical upper limit? Ll 1" M
De Cia+ 2018 16 -17 -18 -19 -20 -21 -22

M

g, peak
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"‘Luminous” su pernovae Brighter => bluer spectra

[OII] MgI] [OIII] OI Nal Ol More SLSN Like

Like SLSNe, events in the ‘gap’ have wide range I
of timescales
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LSN 2011kl: coincident with hours-long GRB
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Greiner+ 2015
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‘Bumps” and "wiggles”

~20% (Angus+ 2020) of SLSNe
have double-peaked light curves

Initial peak or ‘bump’ resembles
shock cooling in e.g. SNe lIb

But very luminous!

Requires either very extended
material or very high energy input
per solar mass

Probes immediate environment?

Matt Nicholl
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‘Bumps” and "wiggles”
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The Big Data era and the SLSN Catalog

Public catalog of all known SLSNe up to 31 Dec 2022
Classifications manually verified
202 events

- 30,000 light curve points

- 974 spectra

+ Consistently derived parameters (observational and physical)

- Handy functions for manipulating data

Matt Nicholl Queen’s University Belfast


https://github.com/gmzsebastian/SLSNe
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Redshift and magnitude distributions
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SLSN Catalog: photometry
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Light curve distributions Gomez+ 2024
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from slsne.lcurve import get_all_lcs
# Get light curves of all SLSNe 1n r-band
(dim, mean, high), (time_samples, lightcurves) = get_all_Ics(’r’)

(Peak magnitude ) (Decay timescale) # Get a single light curve

time_samples, r_2018lfe = get_all_lcs(’r’, names = 2018lfe’)
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A simple but important observation

Normal SNe are heated by °5Ni decay, ® AllSLSN

timescale and energy per unit mass fixed @ 1o mox < 0.90
. fmag,max<0-50

For more luminosity, need more mass

SLSNe show a wide, uncorrelated range of
decline rates and luminosities

Te [Days]

* Not all SLSNe can be powered by Ni

- ltis required observationally that the
true power source has at least one
more degree of freedom than Ni:
separate normalisation and duration

Gomez+ 2024
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But not too much freedom!

Light curves have similar
Intrinsic shape

Fade time ~1.5-2 % rise time

Natural in centrally-powered
models

Te [Days]

CSM models are more flexible

GOmeZ+ 2024 Trise [Days]
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Light curve fits: magnetar + nickel (MOSFIT)

Rotational energy of millisecond magnetar &</B

~ 1052 erg/s f X
Energy extracted™ via dipole spin-down \ \ )
(Ostriker & Gunn 1971, Thompson+ 2004, A )
Kasen & Bildsten 2010, Woosley 2010...)  [og Linout —

Power ~ B2/P4 -

—>

Timescale ~ P2/B2 -

Arnett diffusion formalism to get mass,
velocity

log t

* How does it couple to ejecta? Unclear

Matt Nicholl Queen’s University Belfast
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Light curve fits: magnetar + nickel (MOSFIT
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Parameters

O All SLSNe
@ Aguilera-Dena 2020

. W o
Nickel contribution <10% ® GRB SNe (Kumar 2024)

Possible mass-spin correlation 102 -

- Predicted by stellar models
(Aguilera-Dena+ 2020)

s 10!
» Evidence for chemically ;
homogeneous
evolution?
100 -
Faster spins than GRB magnetar 1 L
fits (Kumar 2024) 109 10°

Pspin LS| Gomez+ 2024

Matt Nicholl Queen’s University Belfast



Could a subset be Ni-powered?

SN 2018ibb
PS1-14Dbj
LSQ14an
SN 2007bi
SN 2015bn
- PTF12dam
—o— PS1-11ap

tt
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N

Some of the broadest light
curves can be fit with 26N

|
N
o

Resemble models of PISNe:
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far
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SLSN Catalog: spectroscopy
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-80 to -20 days 40 to 60 days
10700K blackbody 6000K blackbody

Spectroscopic
properties

/ \a I I l e r+ Number of objects: 27 Number of objects: 54
-20 to 0 days 60 to 80 days
2 O 2 5 10400K blackbody 5800K blackbody

~1000 spectra:

- Telluric corrected

Number of objects: 98

- Extinction and redshift corrected e S T memen

Number of objects: 28

Scaled Flux

+ Scaled to match photometry

- Mapped to common wavelength  |vcomewn T ] e

20 to 40 days 100 to 160 days

| |
g rl d 7100K blackbody 5600K blackbody

Compute average spectrum vs time

Number of objects: 92 Number of objects: 29

3000 4000 5000 6000 7000 8000 9000 3000 4000 5000 6000 7000 8000 9000
Rest-frame Wavelength (A) Rest-frame Wavelength (A)
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ldentify weak features: Helium?

20 to 40 days from peak

[60 to 80] (%) days from explosion
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Fe |l velocity measurements
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Constraints on ejecta structure

Compare radius where iron

lines form (vxt) to radius from
blackbody fits (Gomez+24)

Lines form at or above
blackbody photosphere

Natural for homologous ejecta

Difficult to reproduce if
photosphere in CSM?

Matt Nicholl
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But: evidence for circumstellar material |
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Evidence for circumstellar material |l

Detached shells at larger
radii detected via light
echoes

Mg |l changes from blue-
shifted absorption to
redshifted reflection

Implied CSM shell at ~0.1 pc

Ejected ~decades before
explosion

Complex mass-loss histories!

Matt Nicholl
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O Il ines In detall AV

Five O Il absorption Iipes, strongest 21 ' ' ' ' " PTF12dam. peag 254
at ~4200 and ~4450 A ‘ pessart 2012
1.8—‘.v : Olll
Blueshift ~ 10,000-15,000 km/s R g
C

—
N
|

Gal-Yam 2019: width due to
multiplets, not Doppler broadening

—
N
|

—_
|

Dessart 2012: 7 Me ejecta,
1.5 x10%1 erg, centrally heated

Flux [erg cm™? s Ang'1]

- Great match 04|

* Remarkably prescient choice of . . . . . . . .
4800 000
pa rameter Valu es 3200 3400 3600 3800 Res:l\(/)\?;)velengﬁ?([)Ang] 4400 4600 5
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Non-thermal excitation

5

[
[

u

Fe III, Co III

]‘

[, C II, S1 111

C III, C II, T1 III

T

——

C 11, Mg II

O II

2000 3000 4000 5000

rest wavelength [A]
Matt Nicholl

Mazzali+ 2016

. Increase O Il level occupation
| above thermal expectations

But debated!

Saito+ 2024: can form thermally
for T2 12,000 K
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UV lines also reproduced by strong interior
heating source

4.0
35l SNLS-06D4eu
3.0F

L =2 x10*
2.5

L =1 x10*

L =5 x10%

(-
Ul
T

relative flux (plus offset)
N
o

1.0}
05 SCPO6F6

Felll CHI/CIl Cll  ClI/Mgll Howell+ 2013
0-07500 2000 2500 3000 3500 4000

wavelength (angstroms)
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Diversity and sub-classes

0 1 [ slow SLSNe

Several suggestions to group SLSN | & e |
light curves into “fast” (trise S 50 d) and 00 — i
‘Slow” (trse 2 50 ) ; ¥+ |22

/':T ZOOj .
SLSNe with slow light curves also have = o —9
slow velocities =100 —

_ O
And velocity correlated with dv/dt 0- —
T |

6000 8000 10000 12000 14000 16000 18000 20000 0.0 2.5 5.0

Velocity (Fe II)1g

Inserra+ 2018
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Diversity and sub-classes

O |l line profiles at peak are also diverse

» Classic ‘W’ shape vs ‘“15bn-like’

* Due to temperature dependence of lines?
'Slow’ SLSNe more likely to be in 15bn group

Two classes, or a continuum?

Matt Nicholl

Scaled 1° F,

Scaled 1'°F,
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oY VNV S I _\:\\W W

18hti -54d

DES14X31az -29d

10kd -22d
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18bsz ~16d
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‘ﬂ{
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PS1-14b; -42d
iPTF13ehe -14d
18ibb -11d
PTF12gty -4d
S8S120810 -4d
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LSQi12dlf -1d —
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Konyves-Toth
2022
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Principal component analysis with SLSN Catalog

Flux density

Flux density

~—

A
J/MM

3000 4000 5000 6000 7000 8000 9000
Wavelength (A)

(a) Days -80 - -5

o
N

WM

% Var. Total

44.1 44.1

23.1 67.2

9.8 77.0

4.8 81.8

3.2 85.0

% Var. Total

49.5 49.5

18.6 68.1

10.3 78.4

3.0 814

2.0 834

3000 4000 5000 6000 7000 8000 9000
Wavelength (&)

(b) Days -5 - 15

Flux density

Flux density

KR TTT

WWW

3000 4000 5000 6000 7000 8000 9000
Wavelength (&)

(c) Days 15 - 40

\M

W

N A N e e N NV P

wa\/wmw
G NN R T .

3000 4000 5000 6000 7000 8000 9000
Wavelength (&)

(d) Days 40 - 160

——————————————————————————————————————————————————
More diverse (more components) at later times

% Var. Total
48.2 48.2

20.4 68.6
55 74.0

3.0 77.1

26 79.7

2.1 81.8

1.6 834

1.2 84.6

% Var. Total
51.9 51.9

18.2 70.1
54 755
2.8 783
2.1 80.4
1.9 823
1.4 83.8

1.2 84.9

Aamer+ 2025
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Clustering
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Line evolution up close

PTF12dam: SLSN evolves smoothly from
W-like to 15bn-like as it cools

+ Classes clearly related

- Range of temperatures?

Matt Nicholl

PTF09cnd —21d

E W
=
f PTF12dam —17d
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N
=
2
@)
z 4,
NN
SN2015bn —9d
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+7d

3500 3750 4000 4250 4500 4750 5000 5250
Rest-frame Wavelength (A)
MN 2026
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Line evolution up close

Line profiles, velocities, and velocity
gradients are sensitive to size, location
and temperature of photosphere:

- Which depend on time since
explosion

Wide range of rise times => peak
spectra obtained at very different times

since explosion! Time since explosion

Matt Nicholl Queen’s University Belfast



Diverse rise times lead to diverse temperatures

Brightness +
Time +
Temperature +
Radius

= BT TR way to connect light
curves and spectra

Long-rising events are more
expanded and therefore
redder at peak

- Less likely to show strong
W-shaped O Il line

Matt Nicholl

. L -1
Bolometric luminosity (ergs )

10

(Y
-

45 |

N
N

Photosphere Radius -

° 1015 Ccim

® 5% 10" cm

2015bn

‘TFlZdam
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Time since explosion (rest-frame days)

ek
N

p— p—
\® EEN

ek
-

I
o0

Photosphere Temperature (103 K)

MN 2026, data from Gomez+ 2024
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Can rise times also explain v and dv/dt ?

400
T slow SLSNe T
: @® fast SLSNe | o
300 - e
O ﬁ‘. :
—~ 200 7 L- *
ey . °
@ )
= &
‘< 100 - *  J
| I ®
0 - ‘ T
.~100 --—-------o--r - H---—--—-+-o— orn—1"-r———"r————
. 6000 8000 10000 12000 14000 16000 18000 20000 0.0 2.5 5.0

Velocity (Fe II)q Inserra+ 2018
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Toy moael

Homologous log(p)
expansion: v o< r

. 0
Power-law density

Vbr |Og(v)
Fast rising event at peak: Slow rising event at peak:
Photosphere still In outer ejecta Photosphere has reached inner ejecta
Observe high velocity at photosphere Observe lower velocity at photosphere
Receding quickly through outer envelope Receding slowly In denser ejecta
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Making it quantitative MN 2026, data
from Aamer+ 2025

Integrate to find where 30000] “ 1000/ | oot
©(t) =1togetvanddv/dt -, ,,, L\ :
=4 = 500
£ 10000 3 * * + :
Mej ~ 2—40 Mo \ N 0 SR R
0 150 200
(Gomez+24) . - = —
30000 f AN + Pout XV : ‘T%\ 1000 + Pout XV
Vor ~ 50015000 km/s 'z 20| INCleiebings,
2 | e o A 3l S £ 500
10000 | bd -1 = T*' -**+ I
Reproduce vph from O ADRRE LS == 5 o i R T Y T -
Aamer+25 only for 0 50 100 150 ] 200 A 150 ] 200
shallow power-law! o 3% o™
Gomez mean params =  Fiowol O EEMEEIRTLLYL ¢ | = | o
Dessart 2012 L AP E T ik e e S R B S—— =
0 50 100 150 200 0 50 100 150 200
Time since explosion (days) Time since explosion (days)
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Density profile vs simulations
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SLSNe at nebular times

Photospheric ____ wait. Nebular

phase phase Inner ejecta /
engine a black box
during optically

thick phase

At late times, see
composition and
heating of interior
directly

Matt Nicholl Queen’s University Belfast



SLSNe at nebular times

Same lines as SNe Ic, but more iron
Even better match to SNe Ic-BL / GRBs

Luminosity of [O 1] 6300 line confirms
ejecta mass up to few x10 Me

Persistent ionisation at low velocity
coordinate:

- Narrow O | 7774 recombination line

- [O 1] /[0 lll] present in many SLSNe

Normalized F) Normalized F)

Normalized F;

MN+ 2019

Matt Nicholl

y

Mean SLSN, (t) =360 days [O 1]
Mean SN Ic
Call \ Ol
.‘MM\\ . AN

Call

Mean SLSN, (t) =360 days
—1998bw, t =123 days

) A
AW, .,,'1\\/\/ \ /‘k A‘

Mean SLSN (t) =360 days
——10M, C-burn model (Jerkstrand), ¢ =400 days

AV AR, A\‘, l/« j‘\

5000 6000 7000 8000 9000

Wavelength (A)

4000

3000
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Power source from nebular spectrum

10 — 5 —
ity < 4 o1} lHa [Call] {[O1I] ol i iimgll

Recent result:

L7300 / Le300 probes ionisation

. ([Call]+[ON])/[O ]

ity > 4 [o1] | [Call] |/#[O11] o Mgl

- More scatter at early
phase

Normalized Continuum-Subtracted Flux
Ul

Can correlate ionisation with
light curve properties...

Rest Wavelength (A)

Blanchard+ 2025
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Power source from nebular spectrum

-- 2017egm PTF12dam

_ _ _ _ LSQ14an —— 2020abjc
For most events, lonisation Is ---- PTF10hgi 2022le
" " \ —— 2015bn —— 2020znr

correlated with instantaneous power rron 2020a1b

implied by magnetar fits

Three outliers (anti-correlated):

L7300/L6300

+ 2017egm:;
known outlier (Aamer+ 2025)

+ LSQ14an + PTF10hgi:
very large L7300 (MN+ 2019)

Time

- Qutliers interaction powered? 1044 1042 1043
Thermalized Spin-Down Power (erg s—*)

Blanchard+ 2025
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Late-time light curves = o SN2015bn
@ HST data |
Visibly flatten and stay bright: ol
Can be -15 mag at ~3 years post-peak! 2
Most direct evidence for engine to date? s -18; |
QE) - o - Magnetar engine:
e z+1 m w ° % - \\ LOCt_z(l - e_k/t ) ~ t_4
18F o f * 255w e 2 =23 A Y
@b % _16 i \\\\
20k - .\. vV v —21 é | \\\
S & O 19§ % ' \\‘\
gzz- ° og © g E —14 7 ¢ T
S, | ° T
< *0.‘\ % ] - E | P o -
26 A & -15% 19| Generic exponential
56Co e _ (radioactive decay or
28] {-13 | shock-heated diffusion)
—~200 0 200 200 600 500 1000 1200 0 200 400 600 800 1000 1200

Observed Days Since MJD 57713.2

Blanchard+ 2021 MN+ 2018
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So are they magnetars?

Evidence Challenges
- Photospheric properties consistent - How does the magnetar actually
with central heating heat the ejecta?
- Shallow velocity gradients » Clear evidence that some SLSNe

do interact with environment
- High ionisation at low velocity

* Have no progenitor model: what
- Late-time power-law light curves stellar evolution produces

millisecond magnetars?
- GRB connection (hosts and

ULGRB)

Matt Nicholl Queen’s University Belfast



SLSNe from Rubin + TIDES

> 10 observations

> 50 observations

> 10 observations in rise

AN

> 10 observations

A

> 50 observations

N

> 10 observations in rise

[

F

F

Rate (yr=t; Az = 0.1)

N

> 20 during peak

< 10 days after explosion

Measurable duration in r

A

AN

> 20 during peak

< 10 days after explosion

Measurable duration in r

/-

Matt Nicholl
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Villar+ 2018
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SLSNe frOm RUbin T TlDES Frohmaier+ 202

AMOST first light image Type Ta: 13000 (18000

- Type II: 4400 (6500
SLSNe 2500 (3100
SESNe: 1600 (2300
3 91bg /Tax: 500 (690
TDE 160 (210
CaST 100 (140

5
= i
= {
2 102k
= -
= y
. |
1 L
Credit: AlIP/Background: Harshwardhan Pathak/Telescope Live E
: : 0.4 0.0 : :
Unbiased sample of ~3000 SLSNe up to z~2! Redshift
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Redshift evolution: metallicity dependence?

Need to constrain rate at z > 1

450
Frohmaier et al. (This work

400 - , ( ) L
Quimby et al. 2013

350 A McCrum et al. 2015

Prajs et al. 2017
Cooke et al. 2012
o7 Moryia et al. 2019

\ o

Ot -

- O
I I

Rate (SLSNe yr~'Gpc™3)
N\
S
|

150
100 —
50
0 | | T | | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Redshift
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UV backlight for high-z star-formation
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Early spectra and late light curves (for free)
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The real smoking gun?

Events above magnitude (yr—1)

1000 100 10 1 le-1 1le-2
If SLSNe are powered by magnetars, I e
some radiation should escape and peak i
at GeV-TeV (Vurm & Metzger 2021) 10712 - o PTFL2dam
: _ ® SN2015bn ® SN2017egm
VERITAS - 10 hr
Cherenkov Telescope Array could detect € 10 f s sow
thls emission fOr a feW nearby SLSNe é ..... BT T A g s
per year 51:33 Lo-14 _;""C'T'A'-'B'O'Fw"PSLlAb} .......................................................
- ® SN2005ap
1015 ; @ \PTF13ajg
10—16_E
2l2 2l0 118 1'6 1l4 1l2

Peak Optical Magnitude

R CTA Large-Size Telescope,
‘ ko J P Acharyya+ 2023
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Conclusions

Large samples of SLSNe now becoming available

Very diverse, but properties mostly consistent with central heating source —
magnetar spin-down?

But likely need CSM to describe some observables
Rubin detection rates will be a game-changer
Understand host associations, progenitors, and high-z galaxies

GeV observations could finally pin down the power source

Matt Nicholl Queen’s University Belfast



