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High redshift galaxies

Lya and spectral properties and environment
Reionisation (LCGs and LyC from galaxies and supernovae)

High redshift supernovae

Surveys, detection, spectral study, PISNe, Pop III star deaths

Fast transient detection

Millisecond-to-hour durations, FRB and GW counterparts, 
Multi-wavelength, simultaneous observations, rapid-response 

and longer-term follow-up observations
Real-time reduction, analysis and candidate identification

software, human visualisation, citizen science

Collaborative large programs



JWST Early Release Science Supernova Survey



HSC-SSP Superluminous Supernovae at z ~ 2-6
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HST far-UV spectroscopy

HSC-SSP Superluminous Supernovae at z ~ 2-6

z ~ 0.1-0.2 SLSNe

SLSN-II
SLSN-I
Galaxy



AU Keck spectroscopy

HSC-SSP Superluminous Supernovae at z ~ 2-6

z = 2.4 SLSN?



AU Keck spectroscopy

HSC-SSP Superluminous Supernovae at z ~ 2-6

z = 2.4 SLSN-I



AU Keck spectroscopy

HSC-SSP Superluminous Supernovae at z ~ 2-6

z = 2.4 SLSN-II



HSC-SSP Superluminous Supernovae at z ~ 2-6

HSC-SSP SLSN program

Based on the success, current plan, and duration of  
HSC Ultradeep survey

Propose complementary z and Y observations 
for z ~ 5-7 SLSNe and LAE continua and Lya EWs

Keck synergy, JWST z ~ 5-7 SLSN spectra 
to calibrate for FUV spectra to z ~ 20 

Subaru HSC, PFS, ULTIMATE
Keck LRIS, MOSFIRE, NIRES, OSIRIS
TAO SWIMS deep IR survey
JWST Restframe FUV through optical spectra
GMT FUV+optical spectra, IFU of hosts and SNe



HSC-SSP Lyman Continuum Galaxies at z ~  3-4

UnGR selected z ~ 3 LBGs  (e.g., Steidel et al. 2003)
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‘Flat’model

‘Step’model

Modifying the composite spectra 

Cooke et al. 2014

HSC-SSP Lyman Continuum Galaxies at z ~  3-4



HSC-SSP Lyman Continuum Galaxies at z ~  3-4

Modifying the composite spectra 



Modifying the composite spectra 
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HSC-SSP Lyman Continuum Galaxies at z ~  3-4

VVDS spectra (100s)
Keck spectra (100s) 
ZFOURGE (30-band SEDs 100s)



15 of the 15 ZFOURGE-selected LCGs are 
confirmed

Keck LRIS – Stack of 6 LCGs (6hr exposure)

HSC-SSP Lyman Continuum Galaxies at z ~  3-4



HSC Project 212

CLAUDS – CFHT U-band survey (Sawicki+) 

HSC SSP Deep layer, U=27AB

CLAUDS+HSC SSP 

will enable 0.5 mag deeper

5x wider search of LCGs 

(Iwata, Cooke, et al.)

HSC-SSP Lyman Continuum Galaxies at z ~  3-4



HSC-SSP LCGs

LCG number density, bright candidates, quantify the 
contribution of galaxies to reionisation

Test merger hypothesis

Wide-field narrow band LyC emission searches
potentially powerful detection technique

Subaru HSC, PFS, ULTIMATE
Keck LRIS, MOSFIRE, NIRES, OSIRIS
HST Deep LyC imaging
JWST z > 6 restframe optical nebular emission lines
GMT z > 6 restframe optical nebular emission lines 

HSC-SSP Lyman Continuum Galaxies at z ~  3-4
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Many sources of gravitational waves 
are expected to be fast transients

LIGO (WA, USA)                                               LIGO (LA, USA)

e.g., kilonovae, 
supernovae shock breakout, 
gamma-ray bursts, etc.

Virgo, Italy GEO, Germany

Gravitational Wave Sources



Parkes Gemini 

DECam

VLA

Swift

VLTAAT

Zadko

LIGO-WA

SALT REM

Molonglo

ATCA

AST3

Keck

SkyMapper

MLO

LIGO-LA

SkyHopper

GEO

Virgo

ANU2.3m

XMM-Newton

active

proposed/future

ASKAP



ID = dwf9497 

fast transient



Multi-wavelength coverage



ID = dwf16758 

bursty fast transient



Real-time analysis
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Real-time analysis



Fast transients are faint



Fast transients are faint

4

erg s−1 g−1 is the heating rate from the beta-decay of free neu-

trons (Kulkarni 2005), where Xn(m, t) = Xn,0(m) exp [−t/τn] (where

τn ≈ 900 s is the neutron decay timescale), and ėr is the heat-

ing rate from decaying r-process nuclei (β-decays and fission;

e.g. Metzger et al. 2010), which we model using the parameteri-

zation of Grossman et al. (2014):

ėr = 2 ×1018(1 − Xn,0) 0.5 −π−1 arctan [(t − t0)/σ] erg s−1 g−1,
(6)

where t0 = 1.3 s and σ = 0.11 s. The initial free neutron mass

fraction Xn,0 is assumed to vary with depth according to

Xn,0 = (1 − 2Ye)(2/π) arctan [m/mn] , (7)

where Ye is the electron fraction Ye of the fastest ejecta. This sim-

ple functional form accounts in a crude way for our expectation that

at shallow depths m ≪ mn (small τexp) the ejecta contains mostly

free neutrons, while at high depths m ≫ mn (large τexp) all free

neutrons are captured into nuclei. A transition mass mn ∼ 10−4M⊙

is expected based on the fraction ∼ few per cent of the dynami-

cal ejecta that expands sufficiently rapidly to avoid neutron cap-

ture (Fig. 1). Remaining mass not in protons or neutrons is as-

sumed to be r-process nuclei, with a (temporally fixed) mass frac-

tion Xr(m) = 1 − Xn,0. The last term in equation (5),

ėrad(m) =
e

(td + tcr)
, (8)

accounts for radiative losses, where

td =
3mκ

4πβvct
(9)

is the effective diffusion timescale, which is calculated in the op-

tically thick limit from the diffusion equation for the energy flux

F = mėrad/4πr
2 = (c/3κρ)∂[eρ]/∂r ≈ ceκβ/3r, where the ra-

dial gradient ∂r = vt/β is approximated from the velocity gradi-

ent (eq. [4]). The term tcr = R/c = t(c/v) limits the energy loss

timescale to the light crossing time when td ≪ tcr.

The opacity κ(m, t) = κes + κr is composed of the Thomson

scattering opacity κes = (σT/mp)(1−Xn(m, t) −Xr) of the electrons

paired with the protons produced by neutron decay and the opac-

ity of the r-process nuclei κr. The latter is dominated by line tran-

sitions of actinide and lanthanide elements and is approximately

independent of the r-process mass fraction Xr (Kasen et al. 2013).

Although the r-process line opacity will in general be frequency-

dependent and will change with temperature and ionization state of

the ejecta, we approximate it using a temperature-independent grey

opacity κr ≈ 3 − 30 cm−2. The highest value we consider, κr = 30

cm2 g−1, is close to the mean opacity predicted by extrapolating

the results of Kasen et al. (2013) (their Fig. 10) to the higher inte-

rior temperatures few ×104 K relevant to the peak of the precursor

emission. However, a lower opacity κr = 3 cm2 g−1 may be jus-

tified if weak interactions increase Ye sufficiently that the nuclear

flow does not get past the N = 126 closed shell, as is necessary to

reach the lanthanides. Each d-shell species contributes an opacity

around 0.1 cm2 g−1 and since lanthanide-free matter is a mixture of

∼ 30 d-shell elements, this results in a total opacity ≈ 3 cm2 g−1.

Assuming blackbody radiation, the temperature of the thermal

emission is given by Teff ≈ (Ltot/4πσR
2
ph

)1/4, where Ltot = ėraddm

is the total luminosity (summing eq. [8] over all mass shells). The

radius of the photosphere Rph at each time is approximated as the

radius R = v(mph)t of the mass shell mph for which the optical depth

equals unity. The flux at frequency ν and distance D is given by

Fν(t) ≃
2πhν3

c2

1

ehν/kTeff − 1

R2
ph

D2
, (10)

Figure 3. Top Panel: Kilonova light curves, including the free neutron pre-

cursor, calculated for an assumed mass cut mn = 10−4M⊙ separating the

ejected dominated by free neutrons and r-process nuclei. AB magnitudes

at U, G, and I bands are shown as a function of time after the merger for

an assumed distance of 200 Mpc equal to the detection range of Advanced

LIGO/Virgo for NS-NS mergers. Solid lines show a model including the

radioactive heating from free neutrons, while dashed lines show a case with

neutron heating artificially set to zero. Approximate sensitivity of the ZTF

and BlackGEM telescope arrays are shown as a solid black line (see text).

Bottom Panel: Bolometric luminosity Ltot and the mass mph, radius Rph, and

temperature Tph of the photosphere, for the solution shown above.

Note that each shell provides its maximum contribution to the light

curve at the timescale defined by the condition t = td,0 (eq. [9]),

td,m =
3mκ

4πβvc

1/2

≈ 3 hr
m

10−4M⊙

1/2
κ

10 cm2 g−1

1/2
v

0.5 c

−1/2

.

(11)
3.1 Results

Figure 3 (top panel) shows the multi-band light curve for our fidu-

cial case corresponding to a neutron mass cut mn = 10−4M⊙ , opac-

ity κr = 30 cm2 g−1, electron fraction Ye = 0.05, and an assumed

distance D = 200 Mpc corresponding to the expected range of

Advanced LIGO/Virgo for NS-NS mergers (Abadie et al. 2010).

Dashed lines show for comparison the light curves for the equiv-

alent case with heating from neutron decay set to zero. The contri-

bution of neutron heating to the light curve is apparent as an excess

at times ∼< few hours, which is most prevalent at U band due to the

high photospheric temperature T ∼ 104 K. The bottom panel of

Figure 3 shows the time evolution of the bolometric luminosity Ltot

and the properties of the photosphere (radius, mass coordinate, and

c⃝ 2014 RAS, MNRAS 000, 1–??



Fast transients are faint
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Subaru 
HSCParkes MolongloSwift BAT

Collect simultaneous data (continuous 20s integrations), transfer it, 
process, calibrate and analyse it, and identify candidates every ~1 minute

AAT 
2dF+AAOmeg
a
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The optical fast time domain is essentially unexplored territory

Multi-facility, multi-wavelength collaboration search for fast transients
Simultaneous, rapid-response and follow-up observations
Real-time reduction, analysis, and candidate identification

HSC will drive discovery
Need faint detection; KNe, SBO, off-axis GRBs, etc.

Japan Subaru (HSC, PFS), TAO (SWIMS)
Australia AAT, SkyMapper, ANU 2.3m, Zadko, Gattini

Parkes, Molonglo, ATCA, ASKAP, MWA
China/AU AST3-2, PMO, KDUST
US Keck, Gemini, Palomar, ZTF, MLO, VLA, LSA
Canada CFHT, CHIME
Chile/ESO Gemini, VLT, DECam, REM
South Africa SALT
Space Swift, XMM-Newton, SkyHopper
Other IceCube, aLIGO, Virgo, KAGRA

DWF summary
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