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Deformation of space-time by 
massive objects 
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Indirect proof of existence of GW 

Hulse-Taylor pulsar (Nobel Prize 1993) 

¨  Orbital period NS+NS: 7h45 

¨  Reduces by 77 microseconds/yr 

¨  Merger in 300 Myr 
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Indirect proof of existence of GW 

SDSS J0651+2844    [Brown+ 2011, Hermes+ 2012] 

¨  Eclipsing double white dwarf binary 

¨  Porb= 12.75 min, merger in 1 Myr 

¨  Now more precise orbital decay measurement than GR prediction! 

3 yr Ultracam @ WHT 
 
[Bloemen et al, in prep.] 



+
Direct detections: interferometers 

Distance changes of order 10-22 

2016-2017: Advanced LIGO/VIRGO à 10x more sensitive 
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What will (hopefully) be 
detected by LIGO/Virgo? 

Mergers (inspiral) of 

n  Neutron star + neutron star  (13 known)   

n  Neutron star + black hole  (0 known) 

n  Black hole + black hole  (0 known) 
 
 

 

 

 

GW freq. in  
range 10 Hz 
to few kHz 



+ We have to find the electromagnetic 
counterparts… 

 

Need for identification and follow-up 

Gravitational Wave information Electromagnetic Wave information 
- Merger time T0 
- Chirp mass of components 
- Inclination of the binary system  

- Outflow velocities and energetics 
- Delay times 
- Nucleosynthesis in merger material 
- Remnant geometry: information on mass ratio  

- Rough sky location (~100 sqd) 
- Distance 

- Accurate position (1”) 
- Redshift 

- Neutron star internal structure - Position in/near a galaxy 
- Correlation with stellar populations  
- Magnetic field strength 

- Rates of BH/NS mergers - Previous evolution: mass ejection, binary evolution 
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Predicted electromagnetic signals 
(NS + NS à BH) 

n  First <1s: 
gamma/X-ray; beamed 

n  Up to hours/days: 
optical and IR; kilonova due 
to decay of r-process 
elements in neutrino-driven 
 wind + jet-ISM shock 

n  After weeks to months: 
radio; ejecta-ISM shock 

 

Optical and IR are ideal: 
  - isotropically emitted 
  - immediately visible 

Metzger & Berger, 2012 
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How many sources are expected? 

Unclear how many mergers will be detectable in GW+EM 

Some realistic estimates for LIGO+VIRGO (Nissanke+ 2013): 

 

220-400 Mpc 
~20/yr 

 
 

350-600 Mpc 
~3/yr 

no expected 
EM signal 

Detection horizon: 
Typical expected event rate: 
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Optical counterparts 

n  Challenges: 
n  Poor sky localization (~100 sqd) 

n  Faint (21st-22nd mag at 200 Mpc) 

n  False positives 

n  Gone in hours/days 

n  What do we need? 
n  Large field of view 

n  Sensitivity 

n  Colour information 

n  Dedicated facility for rates 
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BlackGEM Array 

n  Phase-I: 4 telescopes 
Funded by Netherlands 
(NOVA, RU, FOM) and KU Leuven 

n  Phase-II: 15 telescopes 
Not yet funded 

n  La Silla, Chile 

n  Cassegrain camera, u’g’r’i'z’ filters 

n  2.7 sqd FOV 

n  Single 10k * 10k CCD per telescope 

n  Thanks to good site: 
 ~22nd mag in 5 minutes in g’ 
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BlackGEM site: La Silla 
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Re-use GPO building 

!
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Three phases in  

BlackGEM operations 

Phase 2: (50% y1 + when no trigger)     Survey Phase 
Rates : Ncandidates(l,b,τ,mag,colour) (degr-2 hr-1 mag-1) 
 
●  Number of fiducial fields: ~100 square degrees 
●  Cadence: once every 2 minutes, in 3 bands (g+r ,r, i) 
●  Time per field: 14 nights 

Phase 3:                          Trigger Phase   
GW events  
 
●  Follow-up of Virgo/LIGO detections 
●  Cover the error boxes in a tiling pattern 

Phase 1: (50% of year 1)                        All Sky Survey 
Full Southern Sky in u,g,r,i,z down to ~22nd mag 
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Variability on times scales of 
minutes/hours is not well studied 

???? 

Kasliwal et al., 2011 
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Gravitational wave sources and 
rates, but also: 

- Local Group Dwarf Galaxies 
- Extragalactic globular clusters  
- NS/BH binaries 
- Eclipsing binaries 
- Pulsating stars 
- Tidal disruptions 
- AGN variability 
- Extragalactic science  
- Supernovae 
- GRBs 
- CVs, Novae  
- Asteroids/NEOs 
- Hypervelocity stars 
- White dwarfs 
- Brown dwarfs 
- Stellar populations and star clusters  
- … 

www.blackgem.eu 
@BlackGEM_Array 
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Discussion 

n Many ongoing and upcoming time-resolved  
wide-field surveys 
Gaia, iPTF, Skymapper, Pann-STARS, ZTF, BlackGEM, LSST,… 

à Different setups: cadence, depth, sky coverage, colours,… 

à  ‘Big data’ era in astronomy 
Are we ready to find what we are looking for, as well as the unexpected? 

n Gravitational wave astrophysics 
à New window on the sky (LIGO/Virgo, eLISA,…) 

à Probing poorly known population of ultra-compact binaries (rates!) 

à Witness stellar merger events 

à Challenging multi-wavelength follow-up 
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www.blackgem.eu 

@BlackGEM_Array 
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Extra slides – only here for 
potential use during Q&A 
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Custom optical, mechanical design 

n  Cassegrain camera, u’g’r’i'z’ filters 

n  Modified Dall-Kirkham design: 2.7 sqd FOV 

n  Single 10k * 10k CCD per telescope 

n  Thanks to good site: ~22nd mag in 5 minutes in g’ 
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What is available? 

Telescope Hemi- 
sphere 

Oper./Planned Aperture Sensitivity 
(60s) 

FOV 
(sqd) 

Spat. Res. 

iPTF N Operational 1.2m 21  7.1 2'' 
PanStarrs N Operational 1.8m 22  7.0 1'' 
DECam S Operational 3.8m 23 3 1'' 
SkyMapper S 2014? 1.3m 21 5.7 2'' 
ZTF N 2017 1.2m 21 40 2'' 
LSST S 2022 8.4m 24 9.6 1’’ WRONG CADENCE, NOT DEDICATED, TOO LATE 

WILL BE REPLACED BY ZTF 

DARK ENERGY COMMUNITY 

WRONG CADENCE, NOT DEDICATED 

WRONG CADENCE, NOT DEDICATED 



+
Deformation of space-time by 
massive objects 
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Advanced LIGO and VIRGO 

10x more sensitive = 1000 x more volume 

LIGO-Hanford (2016) 
LIGO-Louisiana (2016) 
VIRGO (2017) 

LIGO-India (?) 
Kagra-Japan (2019?) 

 LIGO 

AdLIGO 

Shot noise (random photon emissions), photons shake the mirrors, earthquakes,…  
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Kilonovae (NS+NS): recent models 

Large FOV is cheaper 
in optical than in IR 
 
 
 
 
 
 
 
Newest opacities show evolution  
blue →  red  
                                             (Kasen et al., 2013) IR Optical 

6 hours after T0 
 
5 days after T0  
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Gravitational waves  
– a new window on the sky! 

n  Strong gravity physics (test for GR) 

n  Equation of state of ultradence, cold matter (neutron star) 

n  r-process elements 

n  NS, BH Merger rates, correlation with environment (galaxies, 
star forming regions) 

n  Massive star evolution 

n  Distance scale in cosmology 
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First ‘kilonova’ associated with 
short gamma-ray burst 

n  Tanvir et al. 2013, Nature 

n  Short GRB (SWIFT, ~0.2s) 

n  Afterglow: 
  X-ray 
  optical (WHT, HST) 
  near IR (HST) 

n  IR-excess due to 
radioactive decay in 
ejected material 

n  Redshift z=0.356 
(400 Mpc ~ z=0.1) 

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Optical signals are weak 

Sensitivity needed to detect optical counterparts up to 400 Mpc 
is ~ 22 mag. à Background limited! 

Adapted from Piran et al. 2013 
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MeerLICHT 

Single telescope of BlackGEM type in 
South Africa 

Changing transient science to truly 
multi-wavelength 

Pointing determined by MeerKAT 
radio telescope 

In South Africa: bridge between SALT 
and SKA/MeerKAT 

 
Nijmegen, NWO (NL); 
               UCT, SAAO (SA); Oxford (UK) 
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SAAO 
MeerLICHT 

SKA 
MeerKAT 


