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Goals of the project

• Build a spectro-imager based on MKIDs technology


• Deploy it on the ESO-NTT 3.5m telescope


• Demonstrate that the technology is mature for real 
science application and brings a plus-value with respect 
to existing detectors


• Perform a detailed study of the stellar populations of at 
least one Ultra Faint Dwarf galaxy in the Local Group
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The team
• P. Bonifacio (GEPI) PI


• F. Boussaha (GEPI) PM & KIDs 
development


• P. Jagourel (GEPI) Deputy PM


• E. Caffau (GEPI)  IS


• S. Gauffre (LAB) Instrument 
Electronics


• M. Dekkali (LESIA) 
Characterisation Electronics


• S. Mignot (GEPI) DRS


• J. Hu  (GEPI) Cryostat & Test 
Bench


• D. Horville (GEPI) Optics


• J.-P. Amans (GEPI) Mechanics


• G. Fasola (GEPI) Instrument 
Control Electronics


• T. Vacelet (LERMA) AIT
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Key advantages of KIDs 
over traditional detectors

• Energy resolution R~10  without use of filters/dispersers


• Photon counting, zero read-out noise


• Fast read-out (μs), simultaneous reading of all the array 
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Unknowns

• precision of flat-fielding (5% - 1% ???)


• quantum efficiency (?)


• Operate a 100mK cryostat at NTT (never done), 
but..CONCERTO is working on APEX, so…


• Can we obtain spectrophotometry with 0.02 mag 
accuracy ?
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SPIAKID science cases
• Populations of Ultra Faint Dwarf galaxies  

• Follow-up observations of sources of gravitational waves. 

• Folllow up of afterglows of GRBs  

• Redshifts for high-redshift QSOs and galaxies.


• High speed photometry. 


• Follow up of transients (SNe, Novae, …)


• Characterisation of minor bodies of the solar system.  


• Detection of exoplanet transits and exoplanet transit spectroscopy.
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Driving Science Case: UFDs
• In 2005 using the multicolour SDSS data two new LG 

galaxies were discovered (Willman-1 and UMa; Willman et 
al. 2005a,b)


• These were fainter than “classical” dwarf galaxies with L< 
105 L⊙

L86 WILLMAN ET AL. Vol. 626

Fig. 1.—Left panel: Ursa Major CMD including all 172 stars within the 200 arcmin2 area included in the detection, without a statistical subtraction of foreground
stars. Middle p anel: Field-subtracted CMD of UMa. The probable red giant branch of UMa is outlined. Right panel: Color-magnitude diagram of the Sextans
dSph ( , kpc) without any field star subtraction. This CMD includes all stars within Sextans’ half-light radius and was created solely with SDSSm p 26.2 d p 86V

data. The stellar locus of Sextans, empirically measured with the SDSS data, is overplotted. All three CMDs and the field subtraction were created solely with
SDSS data.

Fig. 2.—Field-subtracted color-magnitude diagram of Ursa Major. The stel-
lar locus of Sextans stars, empirically measured with SDSS data and projected
to 100 kpc, is overplotted. Typical color errors as a function of magnitude are
shown at the right.

this discovery are publicly available in Data Release 2 of the
SDSS (Abazajian et al. 2004).
Figure 1 shows color-magnitude diagrams (CMDs) created

solely with SDSS data of the Ursa Major dSph (both before and
after a statistical subtraction of field stars; left and middle panels,
respectively) and the Sextans dSph (right panel). Sextans is an
old and metal-poor ([Fe/H] p !2.1 ! 0.3; Lee et al. 2003)
Milky Way dSph at a distance of 86 kpc. There are a total of
172 stars in the 200 arcmin2 detection area plotted in the left
panel, but only 50 remain after field subtraction. To perform the

statistical subtraction, we first divided the field and source CMDs
into discrete color-magnitude bins, each bin containing the same
number of stars in the field CMD. The color-magnitude (CM)
bins are large enough that the density of field stars can vary
substantially within a bin. We thus subtract the appropriate (area-
normalized) number of stars from each CM bin in the source
CMD by (1) drawing a location from the density distribution of
field stars within that bin and (2) removing the source star closest
in color and magnitude to that location. Red giant branch stars
are outlined in the middle panel, and the overdensity at r ∼

, , is a probable horizontal branch. We20.5 !0.1 ! g! r ! 0.5
overplot the stellar locus of the Sextans dSph empirically derived
from SDSS data on its own CMD.
A visual comparison of the Sextans and UMa CMDs shows

that they are strikingly similar, including the details of their
horizontal branch morphologies. The UMa dSph CMD has
roughly an order of magnitude fewer stars than the Sextans
CMD and thus must have a much lower surface brightness if
it truly is an analogous object. This is remarkable given that
Sextans is the lowest surface brightness Milky Way dwarf
known, having p 26.2 mag arcsec!2 (Mateo 1998), andmV

that the lowest surface brightness dwarf currently known has
p 26.8 mag arcsec!2 (Zucker et al. 2004). We overplot themV

stellar locus of the Sextans dwarf projected to 100 kpc on Ursa
Major’s CMD in Figure 2, to illustrate the similarity of their
stellar populations. This similarity suggests that UMa stars have
an [Fe/H] that is similar to that of Sextans stars.

2.2. Isaac Newton Telescope Data

To confirm the Ursa Major dwarf as a Sextans-like Milky
Way companion, we obtained follow-up imaging with the
2.5 m wide-field camera on the Isaac Newton Telescope (INT)
on 2005 March 6–8. Figure 3 shows a CMD in Harris B and
Sloan r of stars in a field around the center of UMa′ ′23 # 12
from a total of 5600 s of exposure time in B and 4800 s in r.
The DAOPHOT II/ALLSTAR package (Stetson 1994) was
used to obtain the photometry of the resolved stars. Sources
with CHI ! 2 and !0.4 ! SHARP ! 0.4 are included in Fig-
ure 3. The magnitudes were calibrated by comparison to SDSS

No. 2, 2005 NEW MILKY WAY SATELLITE L87

Fig. 3.—CMD of stars in an field around the center of Ursa Major,′ ′23 # 12
as observed in a total of 5600 s of exposure time in B and 4800 s in r. A
theoretical isochrone of an [Fe/H] p !1.7, 13 Gyr old population is over-
plotted (Girardi et al. 2004).

Fig. 4.—Left panel: Spatial distribution of Ursa Major as traced by the red giant branch stars outlined in the middle panel of Fig. 1. The stellar overdensity
appears to extend over nearly 0.25 deg2, and its half-light radius is approximately 7!.75. Right panel: For comparison, the spatial distribution of stars in the Sextans
dSph ( kpc) that fall in the same region of the color-magnitude diagram.d p 86

data. Because SDSS does not resolve Sextans’ main-sequence
turnoff, we instead overplot the theoretical isochrone of an
[Fe/H] p !1.7, 13 Gyr old population (Girardi et al. 2004)
projected to 100 kpc. We used the Smith et al. (2002) trans-
formations to convert the Girardi isochrone in Sloan filters from
g and r to B and r. The theoretical [Fe/H] of !1.7 is within
the uncertainty (0.3 dex) and intrinsic spread (0.2 dex; Lee et

al. 2003) in the [Fe/H] of Sextans’ stars. Although the close
match of the theoretical isochrone to the UMa data again sug-
gests that the [Fe/H] of the Ursa Major dwarf is ∼!2, the
present analysis is not sufficient to determine its [Fe/H] more
precisely. In addition to the sparse horizontal and red giant
branch seen in the SDSS, a narrow subgiant branch becomes
clear in these deeper data at 21.5 ! B ! 23.0 and B! r ∼
, confirming UMa as a new MW companion. A main-se-0.9

quence turnoff (MSTO) also appears near andB ∼ 24.5 B!
. The horizontal branch and MSTO are separated byr ∼ 0.5

almost 4 mag in B, characteristic of an old stellar population.
A distance to UMa of ∼100 kpc is necessary to match the
apparent magnitudes of the horizontal branch and MSTO stars
to those of an old, metal-poor stellar population. A detailed
analysis of a substantial amount of data obtained at the INT
and other telescopes will be presented in a subsequent paper.

2.3. Half-Light Radius and Absolute Magnituder M1/2 V

The spatial distribution of red giant branch (RGB) stars out-
lined in Figure 1 supports the idea that UMa is a new nearby
dwarf. Its RGB stellar distribution, shown in the left panel of
Figure 4, is very similar in angular extent to the spatial dis-
tribution of Sextans’ RGB stars, shown in the right panel of
Figure 4. Based on this distribution, the half-light radius of
Ursa Major is ∼7!.75 ( pc, assuming a distance ofr ∼ 2501/2
100 kpc). This estimated half-light radius is very similar to
that of Sextans, which has pc (Mateo 1998).r ∼ 2001/2
To estimate the absolute magnitude of UMa, we first sum

the luminosities of stars in Figure 2 (assuming a distance of
100 kpc) to estimate its faintest possible absolute magnitude

. We then apply an approximate correction toM p !4.6V, faint
this minimum luminosity by multiplying it by 2 to account for
object stars outside the 200 arcmin2 detection area and then
multiplying by 3 to account for stars that fall below the SDSS
magnitude limit. These multiplicative factors are uncertain and
were estimated by measuring the fraction of light coming from
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Very active field of research:
116 refereed papers since 2015

DES J2204–4626, but this is accounted for in the
maximum-likelihood analysis and should not signifi-
cantly affect the characterization of this rich satellite.

DES J2204–4626 is from the LMC (46 kpc) and
from the Galactic center (49 kpc). It is slightly closer to
the SMC (33 kpc) and intriguingly close to the the group
of stellar systems in Tucana (∼18 kpc). While it is
unlikely that DES J2204–4626 is currently interacting
with any of the other known satellites, we cannot
preclude the possibility of a past association.

2. DES J2356–5935 (Tucana III, Figure 7): DES J2356–
5935 is another highly significant stellar system that
presents a clearly defined main sequence and several
RGB stars. The physical size and luminosity of
DES J2356–5935 (r1/2 = 44 pc, MV = −2.4mag) are
comparable to that of the recently discovered dwarf
galaxy Reticulum II. At a distance of 25 kpc,
DES J2356–5935 would be among the nearest ultra-faint
satellite galaxies known, along with Segue 1 (23 kpc),
Reticulum II (32 kpc), and Ursa Major II (32 kpc). The
relative abundance of bright stars in DES J2356–5935
should allow for an accurate spectroscopic determination
of both its velocity dispersion and metallicity.
DES J2356–5935 is reasonably close to the LMC and
SMC (32 kpc and 38 kpc, respectively), and

measurements of its systemic velocity will help to
elucidate a physical association.

As mentioned in Section 5, there is an additional
linear feature in the stellar density field around
DES J2356–5935 that strongly influences the fitted
ellipticity of this galaxy candidate. In Figure 8, we show
the 6 ° × 6° region centered on DES J2356–5935, which
contains this linear feature. Selecting stars with the same
isochrone filter used to increase the contrast of
DES J2356–5935 relative to the field population, we
found a faint stellar overdensity extending ∼2° on both
sides of DES J2356–5935. This feature has an FWHM of
∼0°.3 (i.e., projected dimensions of 1.7 kpc × 130 pc at a
distance of 25 kpc) and is oriented ∼85° east of north.
The length of the feature and the smooth density field
observed with an inverted isochrone filter support the
conclusion that this is a genuine stellar structure
associated with DES J2356–5935.

One interpretation is that DES J2356–5935 is in the
process of being tidally stripped by the gravitational
potential of the Milky Way. The relatively short projected
length of the putative tails may imply that
DES J2356–5935 is far from its orbital pericenter (where
tidal effects are strongest) and/or that stripping began
recently. Despite the possible presence of tidal tails, the

Figure 6. Stellar density and color–magnitude diagrams for DES J2204–4626 (Grus II). Top left: spatial distribution of stellar objects with g < 24 mag that pass the
isochrone filter (see text). The field of view is 2° × 2° centered on the candidate and the stellar distribution has been smoothed by a Gaussian kernel with standard
deviation 1 2. Top center: radial distribution of objects with g − r < 1 mag and g < 24 mag: stars passing the isochrone filter (red), stars excluded from the isochrone
filter (gray), and galaxies passing the isochrone filter (black). Top right: spatial distribution of stars with high membership probabilities within a 0°. 5 × 0°. 5 field of
view. Small gray points indicate stars with membership probability less than 5%. Bottom left: same as top left panel, but for probable galaxies that pass the isochrone
filter. Bottom center: the color–magnitude distributions of stars within 0°. 1 of the centroid are indicated with individual points. The density of the field within an
annulus from radii of 0°. 5–1°. 0 is represented by the background two-dimensional histogram in grayscale. The blue curve shows the best-fit isochrone as described in
Tables 1 and 2. Bottom right: color–magnitude distribution of high membership probability stars.
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Grus II

main body of DES J2356–5935 appears to be relatively
round. While the proximity of DES J2356–5935 might
make it an important object for indirect dark matter
searches, evidence of tidal stripping would suggest that a
large fraction of its outer dark matter halo has been
removed. However, the mass within the stellar core (and
therefore the dark matter content in the central region)
can still likely be determined accurately (Oh et al. 1995;
Muñoz et al. 2008; Peñarrubia et al. 2008).

3. DES J0531–2801 (Columba I, Figure 9): DES J0531–
2801 is the second most distant of the Y2 DES candidates
(182 kpc) and is detected as a compact cluster of RGB
stars. Both the BHB and red horizontal branch (RHB)
appear to be well-populated. The distance, physical
size (103 pc), and luminosity (MV = −4.5mag) of
DES J0531–2801 place it in the locus of Local Group
dwarf galaxies, comparable to Leo IV and CVn II
(Belokurov et al. 2007). DES J0531–2801 is isolated
from the other new DES systems and is likely not
associated with the Magellanic system.

4. DES J0002–6051 (Tucana IV, Figure 10): DES J0002–
6051 has the largest angular size of the candidates
(rh = 9 1), which at a distance of 48 kpc corresponds to a
physical size of r1/2 ∼ 127 pc. This large half-light radius
is inconsistent with the sizes of known globular clusters
(Harris 1996, 2010 edition), thus making it very likely
that DES J0002–6051 is a dwarf galaxy. The measured
ellipticity of DES J0002–6051, ò = 0.4, is also consistent
with a galactic classification. DES J0002–6051 is found
to be 27 kpc from the LMC and 18 kpc from the SMC.
DES J0002–6051 is one of the proposed members of the
Tucana group, with a centroid separation of 7 kpc.

Measurements of the radial velocity and proper motion
of DES J0002–6051 will provide strong clues as to
whether it was accreted as part of a system of satellites.
Similar to DES J2356–5935 and DES J2204–4626, the
MSTO of DES J0002–6051 is well-populated and clearly
visible. Several possible member stars can also be seen
along the HB.

5. DES J0345–6026 (Reticulum III, Figure 11): DES J0345–
6026 appears to be similar to DES J2204–4626 in its
structural properties, but is more distant (heliocentric
distance of 92 kpc). Like DES J2204–4626, DES J0345–
6026 can be tentatively classified as a dwarf galaxy based
on its physical size and low surface brightness. There is
some indication of asphericity for this object; however,
the ellipticity is not significantly constrained by the DES
data. DES J0345–6026 has a sparsely populated RGB, a
few possible RHB members, and two possible BHB
members. The MSTO for DES J0345–6026 is slightly
fainter than our fitting threshold of g < 23mag, thus its
age is poorly constrained.

6. DES J2337–6316 (Tucana V, Figure 12): DES J2337–
6316 is the second new system in the Tucana group and is
the closest to the group’s centroid (3 kpc). At a
heliocentric distance of 55 kpc, DES J2337–6316 is also
located 29 kpc from the LMC and 14 kpc from the SMC.
The physical size (17 pc) and luminosity (MV ∼ −1.6
mag) place DES J2337–6316 in a region of the size–
luminosity plane close to Segue 1, Willman 1, and Kim 2.
Segue 1 and Willman 1 have sizes similar to the most
extended globular clusters, but are approximately an
order of magnitude less luminous. On the other hand,
deep imaging of Kim 2 has led Kim et al. (2015b) to

Figure 7. Analogous to Figure 6 but for DES J2356–5935 (Tucana III).
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Tuc III

Figure 9. Analogous to Figure 6 but for DES J0531–2801 (Columba I).

Figure 10. Analogous to Figure 6 but for DES J0002–6051 (Tucana IV).
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Columba I

Figure 11. Analogous to Figure 6 but for DES J0345–6026 (Reticulum III).

Figure 12. Analogous to Figure 6 but for DES J2337–6316 (Tucana V).
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Ret III • The nearest UFDs have the TO around r=20 
• the most distant for which TO has been observed 

r=25 
• Many have only been observed in the RGB even 

though photometric observations were pushed to 
r=23
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The classical view of what 
can be done observationally

A&A 579, L6 (2015)

Fig. 1. Colour−magnitude diagram in g and r bands of the Crater stars
within 50.′′0 from the centre, based on the DES public images. The two
target stars are identified as large green dots. Overplotted are shown two
PARSEC isochrones for a 7 Gyr and a 2.2 Gyr old stellar population. A
reddening correction of E(B − V) = 0.023, as deduced from the maps
of Schlegel et al. (1998), has been applied to the isochrones.

Fig. 2. Portion of the X-Shooter normalised spectra of the two stars,
R.I. is the residual intensity. The spectrum of Crater J113615-105244
has been displaced vertically by 0.5 for display purposes. Only lines
that have been used in the abundance analysis are identified.

extended to the blue. Laevens et al. (2014) instead interpreted
the system as a distant GC, for which they derived a precise dis-
tance, metallicity, and age (8 Gyr). If this interpretation is cor-
rect, then the bright blue stars observed in the system are either
blue stragglers or non-members. It should be stressed that no
other such “young” metal-poor GC has been observed to date.
Such a system could have been formed in a currently disrupted
satellite galaxy and now been accreted to the Milky Way halo.

In this Letter we present the result of spectroscopic ob-
servations of two of the brightest giants of Crater. Our main
motivation was to determine radial velocities and metallicities
for the two stars.

Fig. 3. Radial profile of Crater. The red squares are the raw counts
of Crater stars selected along the stellar sequence; the filled circles
represent the counts corrected for foreground contamination using the
colour−magnitude diagram. The solid line is the best-fitting King model
(King 1966), and the position of the tidal radius is indicated by a down-
ward arrow.

2. Target selection, observations, and analysis

In the two photometries presented by Belokurov et al. (2014) and
Laevens et al. (2014), two luminous red giant stars are visible at
g ≈ 20 at ≃2 mag over the HB. From our previous experience
with X-Shooter and the Exposure Time calculator, we estimated
that the stars were bright enough to obtain a spectrum suitable
for measuring radial velocities with X-Shooter and determine
abundances in about four hours of exposure for each star. We re-
trieved g, r public images from the ESO archive and catalogues
of Data Release 1 of VST ATLAS and used them to identify the
stars and provide the coordinates used for the observation. Since
magnitudes in the catalogue were obtained with aperture pho-
tometry, we ran DAOPHOT/ALLSTAR on the released images
to extract PSF photometry to improve the coordinates and pho-
tometry of the targets, which are already at the detection limit.
The final photometry was corrected for illumination using the
ATLAS DR1 catalogue.

We subsequently retrieved public g, r deep images observed
in the course of the Dark Energy Survey (DES; Abbott et al.
2005; Diehl et al. 2014) from the NOAO Science Archive3. We
used two images, obtained from the stacking of several short ex-
posures, for each band for a total time of 6240 s (3720+2520).
The seeing of the images is quite good ≃0.8 ÷ 0.9 arcsec.
We extracted PSF photometry with DAOPHOT/ALLSTAR and
used the multiple exposures to obtain a deeper photometry with
ALLFRAME. The final g, r catalogue was calibrated with the
ATLAS DR1 photometry, which is tied to the APASS system
(Henden & Munari 2014; Munari et al. 2014). Magnitudes are
AB magnitudes and should be on the DECAM system. The DES
adopted photometry was used to create the g, r colour-magnitude
diagram of Crater as shown in Fig. 1, where the two observed

3 http://portal-nvo.noao.edu/

L6, page 2 of 7

High resolution spectroscopy 
R≳10000

Low resolution spectroscopy 
R≃2000
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The SPIAKID view of what 
can be done observationally

A&A 579, L6 (2015)

Fig. 1. Colour−magnitude diagram in g and r bands of the Crater stars
within 50.′′0 from the centre, based on the DES public images. The two
target stars are identified as large green dots. Overplotted are shown two
PARSEC isochrones for a 7 Gyr and a 2.2 Gyr old stellar population. A
reddening correction of E(B − V) = 0.023, as deduced from the maps
of Schlegel et al. (1998), has been applied to the isochrones.

Fig. 2. Portion of the X-Shooter normalised spectra of the two stars,
R.I. is the residual intensity. The spectrum of Crater J113615-105244
has been displaced vertically by 0.5 for display purposes. Only lines
that have been used in the abundance analysis are identified.

extended to the blue. Laevens et al. (2014) instead interpreted
the system as a distant GC, for which they derived a precise dis-
tance, metallicity, and age (8 Gyr). If this interpretation is cor-
rect, then the bright blue stars observed in the system are either
blue stragglers or non-members. It should be stressed that no
other such “young” metal-poor GC has been observed to date.
Such a system could have been formed in a currently disrupted
satellite galaxy and now been accreted to the Milky Way halo.

In this Letter we present the result of spectroscopic ob-
servations of two of the brightest giants of Crater. Our main
motivation was to determine radial velocities and metallicities
for the two stars.

Fig. 3. Radial profile of Crater. The red squares are the raw counts
of Crater stars selected along the stellar sequence; the filled circles
represent the counts corrected for foreground contamination using the
colour−magnitude diagram. The solid line is the best-fitting King model
(King 1966), and the position of the tidal radius is indicated by a down-
ward arrow.

2. Target selection, observations, and analysis

In the two photometries presented by Belokurov et al. (2014) and
Laevens et al. (2014), two luminous red giant stars are visible at
g ≈ 20 at ≃2 mag over the HB. From our previous experience
with X-Shooter and the Exposure Time calculator, we estimated
that the stars were bright enough to obtain a spectrum suitable
for measuring radial velocities with X-Shooter and determine
abundances in about four hours of exposure for each star. We re-
trieved g, r public images from the ESO archive and catalogues
of Data Release 1 of VST ATLAS and used them to identify the
stars and provide the coordinates used for the observation. Since
magnitudes in the catalogue were obtained with aperture pho-
tometry, we ran DAOPHOT/ALLSTAR on the released images
to extract PSF photometry to improve the coordinates and pho-
tometry of the targets, which are already at the detection limit.
The final photometry was corrected for illumination using the
ATLAS DR1 catalogue.

We subsequently retrieved public g, r deep images observed
in the course of the Dark Energy Survey (DES; Abbott et al.
2005; Diehl et al. 2014) from the NOAO Science Archive3. We
used two images, obtained from the stacking of several short ex-
posures, for each band for a total time of 6240 s (3720+2520).
The seeing of the images is quite good ≃0.8 ÷ 0.9 arcsec.
We extracted PSF photometry with DAOPHOT/ALLSTAR and
used the multiple exposures to obtain a deeper photometry with
ALLFRAME. The final g, r catalogue was calibrated with the
ATLAS DR1 photometry, which is tied to the APASS system
(Henden & Munari 2014; Munari et al. 2014). Magnitudes are
AB magnitudes and should be on the DECAM system. The DES
adopted photometry was used to create the g, r colour-magnitude
diagram of Crater as shown in Fig. 1, where the two observed

3 http://portal-nvo.noao.edu/

L6, page 2 of 7
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observations acquired at later times, when the UV emission
from the transient was no longer present in the images (Swift ID
07012979003). The systematic effect from the host light
contamination is ≈3% (see e.g., Brown et al. 2009).

3. Light Curves and Spectral Energy Distributions

3.1. Light Curves

Our UV/optical/NIR light curves are shown in Figure 1.
The data span from 0.47 to 18.5 days post-merger, with bluer
bands fading below the detection limits at earlier times. The
light curve coverage was truncated by the proximity of the
source to the Sun. We first note that the light curves are not
well described by a power law, indicating minimal contribution
from a GRB optical afterglow over the timescale of our
observations. This is consistent with modeling of the afterglow
based on X-ray and radio observations (Margutti et al. 2017;
Alexander et al. 2017).

The light curves exhibit a rapid decline in the bluest bands
(ug), an intermediate decline rate in the red optical bands (rizY),
and a shallow decline in the NIR (HKs). However, while the
u- and g-band light curves decline by ≈2 mag day−1 starting
with the earliest observations, the redder optical bands exhibit a
more complex behavior: they exhibit a comparatively slow
decline (≈0.3 mag day−1) over the first 1.5 days, develop a
shoulder at about 4 days, and subsequently begin to decline at
about 8 days.

We find a similar rapid evolution in the colors of the transient
(Figure 2). In particular, the u−g and g−r colors become
redder by about 1 mag between about 1.5 and 3.5 days. The
colors in the redder optical bands exhibit slower evolution, with
- » –r i 0.5 1 mag, - » –i z 0 0.5 mag, and - »z Y 0.3 mag.

These colors are significantly redder than those of known
supernovae near explosion (e.g., Folatelli et al. 2010; Bianco
et al. 2014; Galbany et al. 2016).

3.2. Spectral Energy Distribution

We construct SEDs from photometry at several epochs
from about 0.6 to 10 days post-merger (Figure 2). The SEDs
exhibit rapid evolution from an initial peak at ∼3500Å to a
final peak at 15000Å by 10 days. Moreover, the SED at 1.5
days appears to consist of two components, as indicated by
the changing slope in the NIR emission. The same rapid
evolution and structure are apparent in the optical and NIR
spectra at comparable epochs (Chornock et al. 2017; Nicholl
et al. 2017).
The SED at 0.6 days is well described by a blackbody with
~T 8300 K and ~ ´R 4.5 1014 cm, corresponding to an

expansion velocity of ~v c0.3 . This is somewhat larger than
the velocities observed in broad-lined SNe Ic (for which
»v c0.1 ; Modjaz et al. 2016), but is consistent with

expectations for ejecta resulting from a BNS merger (Metzger
2017). The SEDs at later times are not well described by a
blackbody curve, instead exhibiting strong flux suppression at

Figure 1. UV, optical, and NIR light curves of the counterpart of GW170817. The two-component model for r-process heating and opacities (Section 4) is shown as
solid lines. The right panels focus on the g (top), i (middle), and H-band photometry (bottom) over the first 10 nights. Triangles represent 3σ upper limits. Error bars
are given at the s1 level in all panels, but may be smaller than the points.
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blue wavelengths that leads to a spectrum with a sharper peak
than a blackbody. This behavior is also present in our optical
spectra (Nicholl et al. 2017).

3.3. Bolometric Light Curve

We construct a bolometric light curve from the ugrizYH data
spanning 11 days. We fit the time evolution in each band
independently with a linear model and interpolate the
magnitudes to a common grid of times. The bolometric
luminosity is determined using the integrated total flux at each
time step; see Figure 2. The peak bolometric luminosity of
~ ´5 1041 erg s−1 at 0.6 days is broadly consistent with the
luminosity predicted for r-process heating by a ´ -

:Mfew 10 2

ejecta, similar to the original predictions of Metzger et al.
(2010) for blue KN emission from Fe-opacity ejecta. The total
radiated energy during the first ∼10 days is ≈1047 erg.

3.4. Qualitative Comparisons to Kilonova Emission

Before exploring detailed models, there are several lines of
preliminary evidence that suggest the optical counterpart is an
r-process-powered KN. The presence of an initially blue SED,
which then transitions to a multi-component SED and finally to
a red SED, is strongly suggestive of both blue and red KN
emission; this is consistent with lanthanide-poor and rich ejecta
components, respectively (Metzger et al. 2010; Barnes &
Kasen 2013; Tanaka & Hotokezaka 2013; Metzger &
Fernández 2014; Kasen et al. 2015; Wollaeger et al. 2017).
Furthermore, the deviations from a pure blackbody spectrum at
late times are indicative of the strong UV line blanketing
expected for lanthanide-rich material, lending further evidence
to the existence of a red KN component. This behavior is also
seen in optical/NIR spectra of the transient (Chornock et al.
2017; Nicholl et al. 2017).
The fact that this red component does not initially obscure

the emission from a blue component suggests that we require
two separate emitting regions with distinct sources of ejecta.
If the KN outflow is quasi-spherical, then the blue component
must reside outside of the material with red emission.
Alternatively, if the outflow is not spherically symmetric,
the blue and red ejecta should occupy distinct portions of
the outflowing solid angle. This feature is suggested in
several models that consider lanthanide-rich material ejected
in the equatorial plane while the lanthanide-poor material
is ejected from the polar regions (Kasen et al. 2015;
Metzger 2017).

4. Kilonova Modeling

We test the conjecture that the UV/optical/NIR transient
is an r-process KN by fitting several isotropic, one-zone,
gray opacity models to the light curves. For each model,
we assume a blackbody SED which evolves assuming a
constant ejecta velocity until it has reached a minimum
temperature, at which point the photosphere has receded into
the ejecta and the temperature no longer evolves. A similar
temperature “floor” is predicted in Barnes & Kasen (2013),
and we include this minimum temperature as a fitted
parameter. We additionally fit for a “scatter” term, added in
quadrature to all photometric errors, which roughly accounts
for additional systematic uncertainties that are not included in
our model.
We use MOSFiT82 (Guillochon et al. 2017; Nicholl et al.

2017), an open-source light curve fitting tool that utilizes a
Markov Chain Monte Carlo (MCMC) to sample the model
posterior. For each model, we ensure convergence by enforcing
a Gelman-Rubin statistic <1.1 (Gelman & Rubin 1992). We
compare models using the Watanabe–Akaike Information
Criteria (WAIC; Watanabe 2010; Gelman et al. 2014), which
accounts for both the likelihood score and the number of fitted
parameters. The best-fit parameters, uncertainties, and WAIC
scores for each model are provided in Table 1.
We first attempt a simple supernova model, namely heating

by the radioactive decay of 56Ni and Fe-peak opacity of

Figure 2. Top: optical colors from DECam observations as a function
of time. We observed rapid and early reddening in g−r compared to
the relatively flat but red i−z colors. Also shown are template Ia SN
colors relative to the explosion for comparison (Nugent et al. 2002). Middle:
SEDs at four representative epochs (assuming isotropic emission). The
transition from a blue dominated spectrum at early times to a spectrum
dominated by a red component at late times is clearly visible. Bottom:
Bolometric light curve spanning ugrizYH. Expected values for r-process
heating from Metzger et al. (2010) are shown for comparison, indicating that
the observed emission requires ´ -

:Mfew 10 2 of r-process ejecta. Error
bars are given at the s1 level in all panels, but may be smaller than the
points.

82 https://github.com/guillochon/MOSFiT
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Credit: ESO/L. Calçada/M. Kornmesser

Cowperthwaite et al. 2017

Gravitational Wave sources 
Artist’s view of GW170817, an event that 
results form the merging of two neutron stars. 
It is an important site of production of heavy 
elements through rapid neutron capture. 
Modelling of the light curve, especially in the 
NIR provides important iformation on this 
process
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synthesized in the merger ejecta (so-called kilonova; Li &
Paczyński 1998; Rosswog et al. 1999; Metzger et al. 2010;
Barnes & Kasen 2013), and radio emission produced by
interaction of the kilonova ejecta with the circumbinary medium
(Nakar & Piran 2011; Metzger & Berger 2012).

The search for optical counterparts is particularly attractive
due to the combination of emission that, unlike GRB emission,
is not highly beamed and wide-field optical telescope facilities;
a detection can then be followed up at other wavelengths with
narrow-field instruments. Over the last two years, we have used
the Dark Energy Camera (DECam; Flaugher et al. 2015), a 3
deg2 wide-field imager on the Blanco 4 m telescope at the
Cerro Tololo Inter-American Observatory (CTIO), to follow up
GW sources from the advanced Laser Interferometer Gravita-
tional-wave Observatory (aLIGO; Abbott et al. 2009) and
Virgo (Acernese et al. 2015) detectors (see, e.g., Abbott et al.
2016b; Dark Energy Survey Collaboration 2016). In particular,
we conducted rapid follow-up observations of the black hole
binary merger events GW150914 (Abbott et al. 2016c) and
GW151226 (Abbott et al. 2016a), using DECam (Annis et al.
2016; Cowperthwaite et al. 2016; Soares-Santos et al. 2016).
No optical counterpart was discovered in either case.

On 2017 August 17 at 12:41:06 UT the advanced LIGO/Virgo
(ALV) observatories detected a binary neutron star merger,
GW170817 (LIGO Scientific Collaboration & Virgo Collaboration
2017b, 2017d, 2017a). At 23:12:59 UT (10.53 hr after the GW
detection) we began to image a 70.4 deg2 region that covered 93%
of the localization probability in the map provided by the LVC at
the time (LIGO Scientific Collaboration & Virgo Collaboration
2017c). Immediately following the identification by one of us
(R. Chornock), we received a private communication from another
DECam team member (R. Foley) indicating that the source was
also discovered in an image taken 0.5 hr ahead of ours by the
Swope Telescope. We issued a circular to the Gamma-ray
Coordination Network (GCN) reporting the discovery at

01:15:01UT (Allam et al. 2017), including a reference to a GCN
from the 1M2H Collaboration at 01:05:23 UT (SSS17a; Coulter
et al. 2017), and subsequent to our GCN the DLT40 team also
announced an independent detection (DLT17ck; Yang et al. 2017
reported at 01:41:13 UT); see LIGO Scientific Collaboration &
Virgo Collaboration et al. (2017a) for an overview of the
observations carried out by the community. This transient has
received an IAU name of AT2017gfo.
Subsequent to our discovery of the optical transient, we

obtained follow-up observations with a wide range of telescopes,
spanning radio to X-rays, which are detailed in the associated
papers of this series: Cowperthwaite et al. (2017), Nicholl et al.
(2017), Chornock et al. (2017), Margutti et al. (2017), Alexander
et al. (2017), Blanchard et al. (2017), and Fong et al. (2017).
Here, in the first paper of the series, we present our DECam

observations, the discovery of the optical transient, and a search
for other potential counterparts across the 70.4 deg2 region. We
find no other potential optical counterpart within the GW
localization region, thus helping to significantly establish the
association between the detected optical transient and
GW170817. A measurement of the Hubble constant, the first
utilizing a gravitational-wave event as a standard siren
measurement of distance (Schutz 1986; Dalal et al. 2006), is
enabled by this work and is described in LIGO Scientific
Collaboration & Virgo Collaboration et al. (2017b).

2. DECam Counterpart Search

The alert for GW170817 was issued 40 minutes after the
trigger, on 2017 August 17 at 13:21 UT (Abbott et al. 2017;
LIGO Scientific Collaboration & Virgo Collaboration 2017b),
and was promptly received by our automated GCN listener
system. Two subsequent GCN circulars indicated that the high-
significance candidate was consistent with a binary neutron star
merger at »d 40 Mpc and coincident within 2 s with a short

Figure 1. NGC4993 grz color composites (1 5×1 5). Left: composite of detection images, including the discovery z image taken on 2017 August 18 00:05:23 UT
and the g and r images taken 1 day later; the optical counterpart of GW170817 is at R.A., decl. = -197.450374, 23.381495. Right: the same area two weeks later.

3

The Astrophysical Journal Letters, 848:L16 (7pp), 2017 October 20 Soares-Santos et al.Soares-Santos et al. 2017, grz composite images

1.5’ x 1.5’  image

It is also extremely important to characterize the host galaxy and its host 
populations, for this reason UV-to-NIR spectrophotometry is also essential
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Gamma Ray bursts

brief and intense flashes of high-energy gamma-rays, originating at cosmological 
distances and oftenassociated with radiation emitted at longer wavelengths for longer 
periods, identified as the afterglow. (Melandri et al. 2012)

• “cosmological distances” 
implies high red-shift, thus 
NIR data is important 

• some GRBs are “dark” (low 
optical flux compared to X-ray 
flux). Most likely reason is 
local dust extinction, again a 
good reason to have NIR data.

1268 A. Melandri et al.

(iv) GRB 060904A. For this event, there is a gap in the XRT data
that does not allow us to constrain the value of βOX. Using late-time
data acquired with the photon counting (PC) mode (mean photon
time arrival ∼58.5 ks), we obtain βPC

X = 0.28+0.40
−0.47, while using the

data acquired with the windowed timing (WT) mode (mean photon
time arrival ∼0.35 ks) the value is βWT

X = 1.07 ± 0.05. Moreover,
there are no secure optical detections. Therefore, we could only put
a conservative upper limit on the value of f O for this event. Due to
this uncertainty, we excluded this event from our analysis.

(v) GRB 080602. Only an optical upper limit at early time
(∼3.4 h post-burst; Malesani et al. 2008) is available for this event.
Also the XRT observations stop after ∼0.4 h with a not well-defined
decay slope. This prevented us from estimating f O, f X and thus βOX

with good accuracy. We also excluded this event from our analysis.
(vi) GRB 081221. As a conservative upper limit for the optical

flux at t = tobs, we considered the only optical detection at ∼9 h,
having in mind that this value could be contaminated by the host
galaxy (Alfonso et al. 2008).

(vii) GRB 090709A. The optical decay of this event is not well
defined since the afterglow has been detected in the R filter for
only three epochs (Guidorzi et al. 2009; Cenko et al. 2010). We
extrapolated the optical flux using the observed value of the optical
decay (αR ∼ 0.3) and we decided to consider this flux as conservative
upper limit of f O.

(viii) GRB 100615A. Very conservatively we assumed the ob-
served upper limit at ∼0.3 h (Nicuesa et al. 2010) as the upper limit
for the optical flux. Even assuming the optical flux at such an early
time, the βOX remains pretty low (∼0.06). In fact, the nature of this
burst has already been analysed and discussed in detail by D’Elia &
Stratta (2011), showing how this event is indeed a very dark burst.

After this analysis, we ended up with a total of 55 GRBs (49
with secure redshift) for which it was possible to estimate the
value (or an upper limit) of βOX at the observed time tobs = 11 h
post-burst.

3 R ESULTS AND DISCUSSION

3.1 Dark bursts population

For all the GRBs in our sample, we estimated the optical flux (f O)
and the X-rays flux (f X) in the observed frame at a common time
tobs = 11 h. Then we calculated the values of βOX and we took the
estimates of βX from the Swift burst spectrum repository (late-time
PC-mode data; Evans et al. 2009). With these data, we reproduced
the dark bursts distribution of our sample according to the definition
and diagram of Jakobsson et al. (2004) and van der Horst et al.
(2009). The results are shown in Fig. 1.

Following the practical definition of Jakobsson et al. (2004),
we find a total of 18 GRBs lying below the βOX = 0.5 line:
10 of them are optically detected (nine with secure redshift:
GRB 050401, GRB 060210, GRB 071117, GRB 080319C,
GRB 080607, GRB 081222, GRB 090102, GRB 090812 and
GRB 090926B; one with no redshift: GRB 090709A), while
for the remaining eight only upper limits in the optical bands
are available (five with redshift: GRB 060814, GRB 061222A,
GRB 070306, GRB 070521 and GRB 100621A; three with no
redshift: GRB 081221, GRB 090201 and GRB 100615A). In
the βOX–βX plane defined by van der Horst et al. (2009), only
11 out of these 18 events above (GRB 060210, GRB 060814,
GRB 061222A, GRB 070306, GRB 071117, GRB 080607,
GRB 081221, GRB 090201, GRB 090709A, GRB 100615A and

Figure 1. Top panel: dark bursts distribution in our sample according to the
definitions of Jakobsson et al. (2004). Open red circles and blue squares are
GRBs with secure redshift, while filled black circles are the GRBs with no
redshift measurement. Bottom panel: dark bursts distribution according to
the definitions of van der Horst et al. (2009). The dimension of the symbol
for both plots is a direct visual of the value of the redshift of the GRB; the
larger the symbol the bigger the associated redshift.

GRB 100621A) still fall into the region for the optically dark
events.3 The remaining seven (GRB 050401, GRB 080319C,

3 One further event (GRB 060306) falls into the βOX < βX − 0.5 region.
However, there are large uncertainties in the extrapolation at tobs of the
optical flux and we decided not to include this event in the list of secure dark
bursts. We note that there also some indication from K-band observations
(Lamb et al. 2006) in favour of the dark nature of this object; therefore, we
include this event when we estimate the maximum fraction of dark bursts
for the van der Horst et al. (2009) definition.

C⃝ 2012 The Authors, MNRAS 421, 1265–1272
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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S. Beldi et al, Optics Express 2019

10x10 pixels

MKID technology at Observatoire de Paris I. Small pixel size

F. Boussaha - SPIAKID Kick-off meeting, 19 February 2020
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Measure in the laboratory (APC cryostat)

LED visible (450 nm)
LED I-R proche (890 nm)

Figures courtesy of S. Beldi
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Lifetime of quasi-particules for  TiN (Tc = 4.6 K)

13 µs     

• Measurement of the phase allows 
to determine the lifetime of the 
quasiparticules 

• In TiN the lifetime is inversly 
proportional to the Tc (Leduc et 
al. 2010) 

✦15 μs @ 4K 

✦100 μs @1.1K 

✦200 μs @0.8K

Goal: produce TiN with Tc ~ 1 K
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FI

Superconducting devices at Observatoire de Paris

F. Boussaha - SPIAKID Kick-off meeting, 19 February 2020

Sputter deposition, a physical vapor deposition (PVD) 
: Nb, Al, AlOx, AlN, AlN, NbN, Ti and TiN

PLASSYS MP700S

ISO 7 class clean room
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SPIAKID_10x2002p_IDC_Sapphire_TiN4.6K_02102020_ver1
(Design: S. Beldi,F. Boussaha / Fabrication: C. Chaumont / Cutting out: F. Reix)

R&T Group – Pôle Instrumental – GEPI, F. Boussaha 02/10/2020
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Focal plane geometries
• Field of view: 2’


• pixel size 0.45”


• Mosaic of 4 independent 
detectors


• Number of pixels is 
dimensioning


• Uniform sensitivity
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20 020-pixel device + holder_26112020

3/3



First	measured	resonances	of	a	2002-pixel	array	
(march	2021)		

A	small	part	of	the	
transmission	S21		
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Read-out electronics
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SPIAKID Deployment
1. Laboratory, test bench


2. 1m telescope Meudon. SPIAKID fed by a custom fibre IFU. 
No scientific goal, system check. Opportunity for students 
to be involved in the instrument testing.


3. 3.5m NTT telescope


a. Commissioning (technical time ?) 2-3 nights


b. Visitor Instrument, offered through OPC. Open for the 
community. SPIAKID team will take care of observations 
and data reduction.
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100mK cryostat acquisition

100mK cryostat implementation

Detector (MKIDs camera)

Phase 1_Detector

Phase 2_Detector

Phase 3_Detector

Optics

Optics : Design

Optics : supply and assembly

Mechanics

Mechanics : Design

Mechanics : supply and assembly

Electronics

Electronics_S1 : Architecture/Design

Electronics_S2 : Implementation

Electronics_S3 : Intergration

Data processing

AIT

1 m telescope implementation

Test in 1 m telescope

Packaging and Tranportation

Instrument commissioning

Observation

SPIAKID SCHEDULE 

1500 and 2000-pixel arrays (TiN 1K)

15000 and 20000-pixel arrays (TiN 1K)

1500 or 2000-pixel array (TiN 4.6K)

PDR FDR
09 September 2020
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