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Which country has had the world’s largest telescope  
for the longest period in history ? 

Birr Castle,  
Co. Offaly 
Ireland 





Binary Black Hole mergers 2015-17  
4 secure detections  

Abbott et al. 2017 PRL 118, 221101 
Abbott et al. 2016,  
Phys.Rev. X6 (2016) no.4, 041015 

 



LIGO discoveries and EM
• Can electromagnetic 

counterparts be found ?

• New opportunities for compact 
remnants, high energy physics,

• nucleosynthesis of r-process 
elements, 

• velocity of the graviton vs c

• standard “sirens”

• Genuine excitement of 
“seeing” the source and secure 
the host galaxy, stellar 
population  

Abbott et al. 2016a, 2016b



GW  sources -what can we 
expect ? 

• NS-NS mergers and BH-NS 
mergers  

• Predicted to be strong 
emitters of EM radiation 

• Short GRBs : working model is 
NS-NS mergers  

• Gamma rays are beamed from 
relativistic jet 

• Beam opening angle ~ 10o 
(see Berger ARA&A 2014) 

1.4+1.3M⦿ neutron stars
http://compact-merger.astro.su.se/ 
See Rosswog, Piran & Nakar 2013

http://compact-merger.astro.su.se/


GW and EM transients from 
NS-NS or NS-BH mergers

Fernandez & Metzger 2015



Barnes and Kasen 2013 
Kasen, Badness & Barnes 2013 
Kasen, Fernandez & Metzger 2015
Quantitative radiative transfer
models with different components

Radiative transfer calculations, 
critical. 

Must include Ga to  U

Opacity higher by factor 100 than in 
normal supernova 

Tanaka & Hotokezaka 2013

erg is cgs unit of energy
1erg = 10-7   J





q = Md/Mtotal 

i.e. ratio of disk mass to total 

See also Perna, Lazzati & Giacomazzo 

2016



Very large sky areas

• LIGO/Virgo are all sky monitors  
• 90% enclosed probability has ~200 - 2000 deg2 

Abbott et al.
arXiv:1606048526

GW170104

LVT151012
1600 sq deg

GW151226
  850 sq deg

GW150914
 230 sq deg 

GW170104
 1608 sq deg 



The first optical counterpart 
to a Gamma-ray burst 

GRB970228  
Van Paradijs 
et al. Nature,  
1997 



Optical or NIR critical for 
redshift

First redshift,  
z = 0.835 
Metzger et al.  
1997, Nature 

GRB970508 
From the GRB 
after-glow  
emission itself

Redshift of the first  
GRB with optical  
counterpart  
Bloom et al. 2001



Very large sky areas

• LIGO/Virgo are all sky monitors  
• 90% enclosed probability has ~200 - 2000 deg2 

Abbott et al.
arXiv:1606048526
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LVT151012
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GW151226
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GW170104
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Our most sensitive 
telescopes 

VLT 
0.07 sq 

deg



Plate Scale = 206
F

    arcsec mm−1

F

D

Focal	length	=	2F			,	but	plate	scale	is	half	
Therefore	4	times	more	pixels	!

D	=	diameter	of	primary	mirror	
F	=	focal	length		
f	=	F/D	=	focal	ratio	camera

The basics of telescope optics and dimensions  



ASASSN = All Aky Automated 
Survey for Supernova 

• Each telescope has four 14cm 
lenses on common mount 

• f/2.8 

• Cameras have 2k x 2k CCD 
detectors  

• 15 micron pixels  

• What is the plate scale, or 
pixel scale ?  

• What is the total FOV ? 



Pan-STARRS : Panoramic survey 
telescope and rapid response system
• One 1.8m telescope (2nd one being 

commissioned)  

• D= 1.8m , F = 8m  

• f/4.4 

• The “Gigapixel camera” has 60  
4.8k x 4.8k CCD detectors  

• 10 micron pixels  

• What is the plate scale, or pixel 
scale ?  

• What is the total FOV ? 





The Pan-STARRS Sky 

This	is	a	gri	colour	image	of	the		3pi	Steradian	survey.	Image	quality	is	~	1	arcsec,	
with	0.256’’	sampling	over	30,000	square	degrees	or	about	6	Petapixels		(10

12
)	

with	over	100	epochs.			

First	public	data	release	from	Space	Telescope	Science	Ins6tute	(MAST	archive	system	and		tools)	
December	2016

3𝛑 survey in grizy

Low dec band in i -30o

-45o

85% of the sky observed as a reference



Subaru 8.2m telescope
• 8.2m telescope, National Astronomical 

Observatory of Japan (on Mauna Kea)  

• D= 8.2m , F = 15m  

• f/1.9  (at Prime Focus, with corrector 
lens)  

• The “HSC camera” has 100  2k x 4k 
CCD detectors  

• 15 micron pixels  

• What is the plate scale, or pixel 
scale ?  

• What is the total FOV ? 

Daniel Birchall, NAOJ

sabarutelescope.org

http://sabarutelescope.org


Sensitivity

ASASSN Pan-STARRS HSC

Aperture 
(m) 0.14 1.8 8.2

Exptime 90s 30s 30s

Filter V g g

Mag lim 17.5 21.5 24.5

FOV (sq 
deg) 80 7 1.8



Étendue and survey power
• Survey power : 

P  = A𝞨 
where  
A = aperture area (m2) 
𝞨 = FOV (sq deg)

Tyson, 2010, arXiv:1009.2263 
Totals are all facilities 



Re-cap of Part 1
• LIGO produces large skymaps of order 200-2000 sq 

degrees

• Challenging to map these areas 

• Optical is critical to identify an electromagnetic 
counterpart and its galaxy and redshift and distance 

• Distance gives energy emitted - crucial

• Wide-field optical surveys : have reviewed the challenges, 
techniques and capabilities 

• Now … what might we expect to be able to detect ? 



END OF PART 1 





ATLAS coverage : 42 %
Pan-STARRS :       43 %  



The Pan-STARRS Sky 

This	is	a	gri	colour	image	of	the		3pi	Steradian	survey.	Image	quality	is	~	1	arcsec,	
with	0.256’’	sampling	over	30,000	square	degrees	or	about	6	Petapixels		(10

12
)	

with	over	100	epochs.			

First	public	data	release	from	Space	Telescope	Science	Ins6tute	(MAST	archive	system	and		tools)	
December	2016

3𝛑 survey in grizy

Low dec band in i -30o

-45o

85% of the sky observed as a reference



Pan-STARRS Cyber-Infrastructure 

• Hawaii : Image Processing 
Pipeline 

• PSPS : hierarchical database. 
All sky catalogues  

• High i/o rate, large cpu 
requirement. Large local 
storage required - large 
computer science project 

• QUB Transient Science Server 
in Belfast

Hawaii IPP

8000 cores
8PB storage

Ship catalogues : 107 detections per 
day to Belfast  “Transient Science 
Server”  
Database, algorithms - machine 
learning and boosted decision trees. 
Classify all transients 

Ken Smith, Dave Young 

QUB

Mark Huber



GW and EM transients from 
NS-NS or NS-BH mergers

Fernandez & Metzger 2015



Fraser et al. 2013

astrodon.com

http://astrodon.com


Barnes and Kasen 2013 
Kasen, Badness & Barnes 2013 
Kasen, Fernandez & Metzger 2015
Quantitative radiative transfer
models with different components

Radiative transfer calculations, 
critical. 

Must include Ga to  U

Opacity higher by factor 100 than in 
normal supernova 

Tanaka & Hotokezaka 2013



Basic calcs
Distance Modulus :  

mf - Mf = 5log10 d - 5 + Af         (where d in pc) 
           = 5log10 d + 25 + Af      (where d in Mpc)

Luminosity and mags useful rule of thumb (but  you will be working out 
exact!) 

V = 0    corresponds to F = 3.75 x 10-9  erg/s/cm2/Ang 
 can work out  

V ~   -16   is about  F = 1042 erg/s 



Values to keep in your head   

Distance Dist mod  z (redshift)

1 Mpc 25 0.00025

10 Mpc 30 0.0025

100 Mpc 35 0.025

1000 Mpc 40 0.21

What does this redshift depend upon ? 



Radioactive transfer models 
of NS-NS mergers 

Barnes and Kasen 2013 
Quantitative radiative transfer
models with different components





What we might expect

➔

Barnes and Kasen 2013 



What distance and volume 
might we be sensitive to ? 

• What do we need to consider ? 

• What distance is LIGO (+ VIRGO) sensitive 
to ? 

 NS  - NS mergers (1.4 solar masses)  d < 70 Mpc
 NS  - BH mergers (1.4 + 5 solar masses)  d < 110 Mpc

V110/V70 = (110/70)3 ≃ 3.9  
70Mpc

110Mpc



At 100Mpc - what magnitudes do we need to reach ?  



10min task 
• How long will it take to map out a typical LIGO 

sky localisation region to the depths required ? 

• Assume :  
1. Area = 1000 sq degrees 
2. Distance of source = 100 Mpc  
3. Peak mag of source  Mr = -15  

4. texposure ∝ (Δflux)2

• What practical issues do we need to consider ?  
• If we do this experiment and identify all new sources in 1000 sq 

deg, what are we likely to find ?  



Within ~100 Mpc 
UGC2372
D=115Mpc

i=20
Mi = -15
LIGO	O1	
upper	limits	
AbboA	et	al.		
2016,		
NS+NS	
mergers	
N	<	52	yr-1	

DES	search	
for	kilonovae	
(Doctor		
et	al.	2017)	
N	<	100	yr-1	

PS16eot = SN2016hfb





Experience to date : 3 
BH-BH mergers  



GW150914 + GW151226

•  Two sources released in LIGO O1 to EM follow-up teams 
•  BH - BH mergers : EM radiation not likely to be luminous  
•  Smartt et al. (2016a, 2016b) : proof of concept for follow-up, meaningful limits 

for GW151226  

290 deg2 mapped out in the i-band 
Started 11.5hrs after LIGO 
26.5% of probability map covered 



The Pan-STARRS Sky 

This	is	a	gri	colour	image	of	the		3pi	Steradian	survey.	Image	quality	is	~	1	arcsec,	
with	0.256’’	sampling	over	30,000	square	degrees	or	about	6	Petapixels		(10

12
)	

with	over	100	epochs.			

First	public	data	release	from	Space	Telescope	Science	Ins6tute	(MAST	archive	system	and		tools)	
December	2016

3𝛑 survey in grizy

Low dec band in i -30o

-45o

85% of the sky observed as a reference



Pan-STARRS Cyber-Infrastructure 

• Hawaii : Image Processing 
Pipeline 

• PSPS : hierarchical database. 
All sky catalogues  

• High i/o rate, large cpu 
requirement. Large local 
storage required - large 
computer science project 

• QUB Transient Science Server 
in Belfast

Hawaii IPP

8000 cores
8PB storage

Ship catalogues : 107 detections per 
day to Belfast  “Transient Science 
Server”  
Database, algorithms - machine 
learning and boosted decision trees. 
Classify all transients 

Ken Smith, Dave Young 

QUB

Mark Huber



Location of transients and 
limits on emission

• 49 extragalactic transients found 
• Spectral classification of 20 
• All apparently normal supernova 

- apart from one stand out case 
•At time we didn’t know the 

distance to GW151226 
Smartt et al. 2016b
Kasen et al. models 



Outlook for O2 with LIGO+ 
Virgo

• O2 will produce approximate 
distance estimates 

• And probability that system 
contains a NS mass 
component  

• These two factors will allow 
EM teams to prioritise 
resources and efforts  

• Can adjust survey strategy 
during first 1-2 days based on 
these two numbers from LIGO/
Virgo

PS15dpn

See Singer et al. 2016  : 3D probability skymaps 

Abbott et al.
arXiv:1606048526



Very large sky areas

• LIGO/Virgo are all sky monitors  
• 90% enclosed probability has ~200 - 2000 deg2 

Abbott et al.
arXiv:1606048526

GW170104

LVT151012
1600 sq deg

GW151226
  850 sq deg

GW150914
 230 sq deg 

GW170104
 1608 sq deg 





2 

PS1 + PS2  
Haleakala  



Specs	and	sky	coverage	goals	

5 

•  2 x 50cm telescopes : 7.5o diameter FOV,  
•  f/2 Wright-Schmidt telescopes  
•  Cameras (ACAM) =   10560 x 10560 pixel CCDs (STA 1600) 
•  CCDs – excellent science grade quality, 7 sec readout  
•  Plate scale :  9 micron pixels =  1.86 arcsec  (with focal length  F = 2) 
•  Single image size = 29.2 square degrees  
 
•  Goal 60,000 sq degrees coverage per night to m ≈ 20 
•  Each telescope 30,000 sq degrees per night 
•  Footprint of 15,000 sq degrees (4 times - for NEO tracklets and fast 

transients)  

5.4° 







GRB170105 



Bhalerao et al 
Arxiv:1706.00024











Prob ATLAS17aeu and  
GRB are coincidence  
r1 = 0.75 GRB per day  
r2  = 0.18 days 
r3 = 0.07 (sky overlap) 
p  = 0.01  

i.e. 1% chance of random  
coincidence 
Hypothesis rejected at 2.6𝛔 

Properties of gamma ray, x-ray/radio and optical 
(and faint host) all consistent with a GRB at  
1 < z < 2.9  
Therefore chance coincidence with GW170104 if 
this distance is true 



Prob ATLAS17aeu/GRB  
and GW170104 are  
coincidence  
r1 = 0.75 GRB per day  
r2 = 0.05 (LIGO skymap) 
p  = 0.04 

i.e. chance of random  
coincidence or  
hypothesis can be rejected 
96% confidence level at 2.1𝛔 

If  we had redshift of Galaxy A (or B), and it was  
within the LIGO range of ~ 500-1300 Mpc 
it would force reconsideration of physical link 





q = Md/Mdtotal



GW150914: Fermi x-ray 
detection ?

Connaughton et al. 2016 ApJL: 
• Fermi hard x-ray transient (E>50 

keV), 0.4 s after the GW event, with 
a false alarm probability of 2.9σ 

• Poor sky localisation (3000 deg2) - 
not inconsistent with LIGO error 
region

• Duration is less than 2 sec - and it 
is not unlike short GRBs. 

• Perna et al. (2016) : “fossil” disk, 
accretion restarted

Greiner et al. 2016 ApJL :

• Consider it to be background fluctuation 
• Not detected by Integral  



AGILE detection ? ArXiv:1706.00029  
F. Verrecchia et al. 

“post-trial significance of 3.4𝛔 for a temporal coincidence 
with GW170104”.



Outlook for O3 and beyond
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Limits on rates 

LIGO’s best estimates of rates of binary NS and NS+BH 
systems    
Abbott et al. 2016, ApJ, 832, L21



Large Synoptic Survey Telescope : 2022-2032
Most ambitious survey telescope and facility 

ever built  

• 8.4m telescope with 3.2 Gigapix camera 
• FOV is 10 square degrees 
• Dedicated to surveys : USA, Chile, France, 

UK, Italy (plus likely many more)  



LSST

• Survey operations to cover southern sky - but 
possible interruptions for ToO



Full LIGO/Virgo + LSST

• In 2020’s  : LIGO H+L  + VIRGO +LIGO-India 

• Error boxes 5-20 sq deg 

• Exact match to LSST FoV : can reach m = 26-27 in one night, depending on 
coverage will easily determine if kilonovae or other EM counterparts exist   

Abbott et al. 2016, Liv. Rev. Rel.



END OF PART2





ATLAS coverage : 42 %
Pan-STARRS :       43 %  



The Pan-STARRS Sky 

This	is	a	gri	colour	image	of	the		3pi	Steradian	survey.	Image	quality	is	~	1	arcsec,	
with	0.256’’	sampling	over	30,000	square	degrees	or	about	6	Petapixels		(10

12
)	

with	over	100	epochs.			

First	public	data	release	from	Space	Telescope	Science	Ins6tute	(MAST	archive	system	and		tools)	
December	2016

3𝛑 survey in grizy
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85% of the sky observed as a reference



Pan-STARRS Cyber-Infrastructure 

• Hawaii : Image Processing 
Pipeline 

• PSPS : hierarchical database. 
All sky catalogues  

• High i/o rate, large cpu 
requirement. Large local 
storage required - large 
computer science project 

• QUB Transient Science Server 
in Belfast

Hawaii IPP

8000 cores
8PB storage

Ship catalogues : 107 detections per 
day to Belfast  “Transient Science 
Server”  
Database, algorithms - machine 
learning and boosted decision trees. 
Classify all transients 

Ken Smith, Dave Young 

QUB

Mark Huber



𝛾 and x-ray to radio follow-up 
of GW150914

• Abbott et al. 2016c
• Followup by 25 teams of 
observers from gamma, x-
ray to radio

• Three different skymaps 
released, before final 
analysis focused >95% of 
the probability in the 
southern arc

• One summary paper and 
many project papers 

• Proof of concept for Pan-
STARRS and PESSTO in 
Smartt et al. 2016a,b

• No detections but …. 
Fermi claim



Swift’s low redshift deficit

From Berger 2014, ARA&A

Numbers per yr : 
Swift ~ 40 
Fermi ~ 35 (offline, unverified)

• No sGRB known with z < 0.1 
in 10 yrs of Swift operations  

• Nothing within D < 400 Mpc 
• Not surprising if 𝜭 ~ 10o  ,      

fon-axis = 1.5% 
• LIGO/Virgo horizon distance for 

NS-NS is D < 200 Mpc



• Public ESO Spectroscopic 
Survey for Transient Objects 

• 43 institutes, 185 scientists 
from ESO, Chile, Australia, USA  

• 90N per year on ESO NTT 
(2012-2017) 

• 870 transients classified -
reduced data released publicly 
within 24hrs 

• 43 papers (>50 end of 2016) 
• Major resource for classification 

of GW candidates 
• Low-resolution filter for VLT and 

Gemini 

SN2015F; Cartier et al. 2016

www.pessto.org

http://www.pessto.org


Plot from
P. Groot
(Nijmegen)

Skymapper

ZTF
BlackGEM

ZTF

Soares-Santos 
et al. 2016Kasliwal et al 2016

GOTO (UK/AUS)

ATLAS (US/UK)



Pan-STARRS : ready for 85% of sky 

PS2

PS1

PESSTO 

UH2.2m 

Liverpool 2m

Gemini 8m VLT 8m

i,z ≲ 22 mag


