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Talk Outline 

• Science Requirements 

• Technical Description 

• Commissioning Results 
• Data Reduction Pipeline 

• Early GTO/SV Science 



Science Case 

[1] Cluster Formation and Morphology-Density Relation 

[2] The Masses and Growth of Field Galaxies 

[3] Extremely High-Redshift Galaxies and Re-ionisation  

[4] The AGN-Galaxy Formation Connection 

[5] Age-Dating Ellipticals at z=2 to 3 

[6] Stellar Populations in Nearby Galaxies 

[7] Galactic Astronomy 

(Phase A Report  Sep 2003) 



Functional Requirements 

Requirement Value 

Throughput  IZ>20%, YJ>20%, H>30%, K>30% 

Wavelength coverage  0.85 to 2.5 µm 

Spectral Resolution  R>3300,3400,3800,3800 (IZ,YJ,H,K) 

Number of IFUs 24 

Extent of each IFU  2.8 x 2.8 sq. arc seconds 

Spatial Sampling  0.2 arc seconds 

Patrol field  7.2’ diameter  field 

Close packing of IFUs  ≥3 within 1 sq arcmin 

Closest approach of IFUs  ≥2 pairs separated by 6 arcsec 



Instrument Overview 

                  
 



KMOS @ UT1 (Antu) 

                  
 



Key Milestones 

•  Phase A Report    Sep 2003 
•  Preliminary Design Review  May 2006 
•  Final Design Review   Apr 2008 
•  Prelim Acceptance Europe  Jul 2012 
•  First Light     Nov 2012  
• Commissioning 1    Nov 2012 
• Commissioning 2    Jan 2013 
• Commissioning 3    Mar 2013 
•  Science Verification   Jun/Sep 2013 
•  Start of Operations   Oct 2013 



Optical Layout (8 arms) 

                  
 



Pickoff Module: 24 arms 

                  
 



Pickoff Arm Accuracy 
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All arms < +/- 0.4 arcsec 
 
83% arms < +/- 0.2 arcsec 

Spaxels (0”.2) 



Red dotted lines show the minimum requirements from the 
Tech Spec scaled by 90% for the detector, 85% for the 
telescope, and 95% for the atmosphere. Segment#3 has 
worst performance.  

Total System Throughput 



Spectral Resolution 

•  Resolution is close to two 
pixels FWHM over all spatial 
channels. 

• Graphs show the 
measurements in four 
quartiles of H-band. 

•  Segment #3 seems slightly 
better than Segment #1 

1.5µm 

1.6µm 

1.7µm 

1.8µm 



Spatial Resolution 

•  In good seeing and S/N 
the PSF in reconstructed 
cubes are well-behaved. 

•  FWHM along the slice 
(red) is slightly broader 
(0”.05) due to the 
additional aberrations in 
spectrograph (consistent 
with FWHM~0.2 pixel 
instrumental PSF) 

• Worse in IFU#17-24 at 
some Nasmyth PAs (still 
investigating) 



Sky Subtraction 

Conclusions: 
-  arm-to-arm sky subtraction is best within Segment#1 
-  in Segment#1 about as good as simple subtraction from a subsequent exposure 
- optimal subtraction from subsequent exposure is significantly better than any of above 
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• Simple sky subtraction:    IFU j  (on source)  - IFU j (on sky) 
All the discussions so far assume a “simple” sky subtraction in which the sky in a given IFU 
is subtracted from the same IFU in a subsequent exposure to sky, e.g. the classical A-B 
nodding. 

 
• Optimal sky subtraction: IFU j  (on source)  - IFU j (on sky after rescaling the OH-lines) 

An improvement can be obtained by using an “optimal” sky subtraction, in which the sky is  
determined as before by a subsequent exposure on the same IFU (classical A-B nodding), 
but this time applying a wavelength dependent scaling of the various OH-sky lines in the sky 
frame following the algorithm presented in Davies 2007 (MNRAS, 375, 1099). This method 
gives smaller residuals and is currently being implemented in the KMOS pipeline. 

 
•  Cross-arm sky subtraction: IFU j  (on source) - IFU k (on sky with/out rescaling the OH-lines) 

Another possibility is to remove the sky-background by subtracting one arm from another in 
the same exposure, e.g. having only few arms dedicated to sky during the whole OB and 
using them to subtract the sky in all the other IFUs. This can be done with or without 
applying the “optimal” rescaling of the OH-sky lines. Based on preliminary results obtained 
during commissioning this cross-arm subtraction leaves sky residuals which are a factor 2-3 
higher compared to the normal nod-to-sky method (A-B) described before (see Figure 13, 
Figure 14). In this case is recommended to use at least one IFU on sky per each of the three 
spectrographs. 
 
 

 

 
Figure 13. An illustration of the quality of sky subtraction, on the left for the “simple” sky subtraction method, and on 
the right using the “optimal” sky subtraction method following the algorithm presented in Davies (2007). The matrix 
shows arm-to-arm subtraction in the same exposure, e.g. the sky residual in IFU j using IFU k  to do sky subtraction 
in the same exposure. For comparison, the vector at the bottom shows the sky residual when the sky is subtracted 
from the same IFU, but from the subsequent exposure, e.g. IFU j – IFU j in the classical A-B sequence.  

 
 
 



Background Noise Limit 

Photon-noise limited exposure times (DIT) of 300 sec. 

Gain 2.08 e-/adu 

YJ band 1.025-1.344µ   

Blue = inter-line 
continuum 



Instrument Flexure 

Spectral 

Spatial 
Residual Night Sky 
         (5 km/s) 

Arcs/Flats taken every 60 degrees 



Detector Persistence 



Cold Head Vibrations  

KMOS vibration 
analysis on UT1 
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Nevertheless, some new frequency peaks are visible on the power spectral density (PSD) of the 
measured OPL. As clearly shown on the following figures, peaks at 7.8, 47.8Hz and in a 
frequency range of 105-130Hz are linked to the state of the CCC heads and compressors.  
The contribution of each head to the peak at 7.8Hz is quite different. It may be possible that a 
better rotator position would decrease the amplitude of this peak. Although the amplitude of the 
peak is not huge, this peak will not be corrected by MN2 and its impact on OPL would have to be 
measured in interferometric mode with FINITO during a UT technical night. 

 
Figure 1 - Impact of KMOS compressors and heads on telescope stability ON-OFF-On sequence. 

M1-M3 accelerometer test - OK 

 

KMOS vibration 
analysis on UT1 
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APPENDIX 1: Impact of KMOS on UT1 Coude train Tip and Tilt  

 

 
Figure 7 - Impact of KMOS on Tip, zoom in bandwidth 75-210Hz. 

 
Figure 8 - Impact of KMOS on Tilt, zoom in bandwidth 40-210Hz. 

UT1 Coude test (IRIS) – 
deemed unacceptable 

KMOS operations since Comm-1 have required closed cycle 
coolers to be switched off during all VLTI runs. Adverse impact 
on arm reliability.  



Cold Head Vibrations 

Anti-vibration mounts fitted Feb 2014.  



•  Primary Header 
•  Empty data section 
•  3 data extensions 
 
•  8 IFUs per detector 
•  Each IFU sliced into 14 slitlets, 14 pix width 
•  Each slitlet is a dispersed pseudo-longslit, 

2040 pix length 
 
•  Exposure size: 48 MB 
•  4 pix border around each frame reserved 

for detector readout electronics 

Raw Data Format 



Loop over all IFUs 

optional 
reconstruct 

divide 

subtract 

divide 

divide 

combine 

Science Data 

Object IFU Sky IFU 

MasterFlat 

Illum. Corr. 

Telluric Corr. 

Reduced Data 

KMOS Pipeline (SPARK) 



SV/GTO programmes 

•  Science Verification (21 proposals): 
–  KMOS confirmation of Spitzer-selected galaxy clusters at z > 1.4 

–  Looking for low luminosity lensed galaxies with KMOS 

–  Near-Infrared line strength gradients in IC4296 

–  Outflows from massive young stellar objects 

–  Exoplanet transits with KMOS 

•  Guaranteed Time Observations (8 projects underway): 
–  KMOS3D 

–  KMOS Deep Survey 

–  KMOS Kinematic Survey 

–  Chemical Evolution of Galaxies using AGB Stars 

•  UT1 oversubscription: P92 (7.8), P93 (6.7) 



Resolved Galaxy Kinematics 

KKS Team 

See also the 
presentation by 
David Sobral on 
Thu morning 

0.7<z<1.5  
109<M*<1011  
 

         

Resolved 185 
galaxies out 
of 258 
targetted 

Stellar Mass 



Resolved Galaxy Kinematics 

Sky subtraction 

ABA ABA + Davies SS Bootstrap all IFUs 



Low-Z Galaxies (IZ) 

Russell Smith et al. 



High-Z Clusters 

Bender/Davies et al 

See presentations by Houghton, Beifiori, Rettura (cluster 
gals) and Forster Schreiber, Cirasuolo, Mendel (field gals) 
on Thu/Fri. 

Z=1.39 Lookback time ~ 9Gyr 



Star Clusters (Antennae) 

Typical Targets 

KARMA 

Br series 
FeII 
Pα 
HeI 



Transit Spectroscopy (?) 
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Figure 6: The fits to the light curves of WASP19b (left) and the residuals (right).

8

HK 1.484 – 2.442 µm  

1 1.5-1.6 µm 

2 1.6-1.7 µm 

3 1.7-1.8 µm 

4 1.95-2.05 µm 

5 2.05-2.15 µm 

6 2.15-2.25 µm 

7 2.25-2.35 µm 

Saglia, Koppenhoefer et al 



KMOS Mosaic Mode 
VLT-MAN-KMO-146606-002 KARMA User Manual 23
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Figure 12: The size of the area (grey) covered by a single OB in Mosaic mode with the large

configuration, which requires 16 telescope pointings. The red squares indicate the IFU positions

at the start of the OB. A combination of up to 2x2 of such fields is possible, corresponding to an

equivalent number of PAF files and OB’s.

Figure 13: The small Mosaic configuration, which requires 9 telescope pointings to cover the grey

rectangular area. Again, the combination of up to 2x2 such fields is allowed.

65” x 43” 
16 pointings 
384 IFUs  

!
A&A proofs: manuscript no. spark

Fig. 17. Flux (top), velocity (middle) and dispersion (bottom) of the
Brγ line extracted from the KMOS mosaic. The velocity is shown in the
range 230–310 km s−1, and the dispersion in the range 0–70 km s−1. The
2 contours outline the location of the most prominent Brγ line emission
for reference. All panels have been drawn on a linear scale using the
colour bar shown underneath, with lowest values in black/blue and the
highest values in red/white.

are drawn in Fig. 16. A spectrum of the brightest of these stars,
closest to the centre of the field in the He II image, is drawn in the
top panel of the figure. It indicates that there are numerous He II
lines with FWHMs of about 1000 km s−1, typical of Wolf-Rayet
stars as is clear, for example, from K-band spectra of WN stars
in the Galactic Center (Martins et al. 2007), the Arches cluster

Fig. 18. Spectrum extracted from the KMOS mosaic of R 136. This is
from a region of bright narrow Brγ emission at 2.17 µm, to the north of
the field. It shows also the He I line at 2.06 µm, but no other features.

(Martins et al. 2008), and also R 136 itself (Crowther et al. 2010).
These are also prominent in a map of broad Brγ flux, which hints
that there may be another 2 stars with some broad Brγ emission,
just an arcsec east of two of the magenta arrows drawn on the
mosaics. However, in the short 30 sec integration time of these
data, the signal-to-noise is too low to confirm these.

All five stars are listed in either the catalogue of Wolf-
Rayet stars in the Large Magellanic Cloud by Breysacher, Az-
zopardi, & Testor (1999) or in Massey & Hunter (1998) (for
which we designate names as MH98 followed by their number-
ing). The identifications in both catalogues, together with co-
ordinates, have been given with the spectra Fig. 16. They are
all classified as O4 If+, O3 If*, WN6-A, or WN7-A stars. These
are consistent with the broad Brγ emission, and in some cases
broad He II lines. The broad Brγ map shows 2 additional tenta-
tive detections of WN stars, but their spectra are too noisy, and
the equivalent width of the line to low, to attempt any classifica-
tion. One of these stars can be identified with MH98 11, which
Massey & Hunter (1998) class as O4 If+. The other is ∼1′′ east
of MH98 14, and does not appear in either of the catalogues
mentioned above. Indeed, it has no obvious counter-part in the
WFPC2 image from HST; and so because the star lies exactly in
the join of the tiles in the KMOS mosaic, we conclude that the
broad Brγ detection in this case may be spurious.

The top map in Fig. 17 is of the narrow Brγ line emission
at 2.17 µm, created using the LINEFIT code described in Ap-
pendix B of Davies et al. (2011). A spectrum extracted from a
bright part of the line emitting region near the north edge of the
image is presented in the top panel of Fig. 18, and shows also
narrow He I 2.06 µm emission but no other features. While there
is a remarkable amount of detail in the Brγ image, a number of
limitations are immediately clear. The edge effects between the
separate pointings can be severe, and make it difficult to see, for
example, that the bright emission at the north edge of the mosaic
is actually a ring.

The map was generated by finding, at each spatial location,
the Gaussian that, when convolved with the instrumental line
profile, provides the best fit to the observed line. As such, it
also yields velocity and dispersion maps. These are shown in
the lower panels of Fig. 17 and warrant some discussion. The
mosaic was reconstructed using the spatial and spectral flexure
corrections described in Section 5.1. Without these, the velocity
map would have severe discontinuities; applying the corrections

Article number, page 16 of 17

R. I. Davies et al.: The Software Package for Astronomical Reductions with KMOS: SPARK

Fig. 15. Images from a KMOS mosaic of a region just to the south
of the core of R 136. Top: 2.2–2.3 µm continuum. Middle: broad He II
line emission at 2.19 µm. Bottom: broad Brγ line emission (the faint
extended structure is narrow line emission that has not been fully re-
jected). The Wolf-Rayet stars, for which spectra are drawn in Fig. 16,
have been identified in each plot by magenta arrows. All panels have
been drawn on a linear scale using the colour bar shown underneath,
with lowest values in black/blue and the highest values in red/white.

the focus of numerous observational and theoretical studies be-
cause it is the most massive young resolved cluster. As such it is
yielding insights into the formation, environment, content, and
evolution of star clusters as well as of starbursts. It provides an
excellent example of what KMOS can do, and also of some of

Fig. 16. Spectra extracted from the KMOS mosaic, which had 30 sec
exposure time per pointing. These are of 4 known Wolf-Rayet stars and
1 possible new one. In addition to broad and narrow Brγ, they show a
variety of broad He II lines (identified in magenta) typical of WN stars.
Lines and wavelengths are from Figer, McLean, & Najarro (1997).

the issues of which one needs to be aware in the processed data
(at the same time this shows that further improvements to the
pipeline would still be beneficial). The data have been processed
using only the kmo_sci_red recipe, and then the extracted maps
have been cleaned to remove deviant pixels. This field was ob-
served in the K-band in mapping mode using 30 sec exposures,
to provide a large mosaic made of 384 tiles.

Fig. 15 shows three maps extracted from the mosaic cube,
of a region approximately 60′′ × 40′′ to the south of the cluster
core (which is about 10′′ beyond the top of the field towards the
left side). The top map is the 2.2–2.3 µm continuum, which is a
wavelength range free of the strongest line emission. This reveals
the stars, the number density of which increases to the north-
east. It also shows variations of the background level within and
between the IFU fields, which can make reliable photometry of
faint continuum sources difficult to achieve. A more sophisti-
cated background adjustment algorithm than that applied here
could improve this situation. The map of broad He II shows five
stars with detections of this line at 2.19 µm, the spectra of which

Article number, page 15 of 17

R136 (30 Dor) 
R Davies et al 
A&A 558, 56  
(2013) 

Jupiter 
methane  
bands 



Thank You 



Additional slides 



Ghosts 

Grating ghost: 2% (IZ), 1% (YJ), 0.5% (H), <0.5% (K) 

All other ghosts/scattered light <1%  



H2RG Detectors 

June 2009 

March 2011 



Detector Persistence 

#211 KMOS-1 

#212 KMOS-2 

#184 KMOS-3 


