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• ESO Large Programme to observe ~150 galaxies at 1.2 < z < 2.5 
• Multi - Integral Field Spectroscopy with KMOS (24 IFU) :  

spatially resolved spectral information 
• full NIR wavelength coverage (J, H, K band) :  

map the entire set of rest-frame optical nebular diagnostics 

physical conditions of the ionized gas  
spatially resolved excitation properties and chemical abundances

J H Kgalaxy at z~1.3
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The KLEVER Survey



The KLEVER Survey

boost in sensitivity and 
angular resolution

• Sample :  
lensed galaxies from HST CLASH &  
FRONTIER FIELDS clusters 
+ unlensed from GOODS-S and COSMOS  
+ few strongly lensed galaxies (SINFONI - Pilot)

probe wider regions of the star forming 
Main Sequence (logM < 10 M⊙)

RXJ2248



Modeling and Analysis

seeing limited 
KMOS PSF

Source Plane 
PSF

Image Plane Source Plane
KMOS

• emission line fitting on image plane  
• surface brightness maps delensed  

back into the Source Plane  
(typical resolution ~ 2 Kpc)

Horseshoe

Image Plane

Source Plane

SINFONI
Ha maps

Lens Modelling 
!  Singular Isothermal Ellipsoid (SIE) with external shear, 

 i.e 

!  Dark matter NFW profile 

E.g. Horseshoe model: 

HST Bband Model Residuals 
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Data Model Residuals
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BPT Diagrams at high redshift

investigate the origins 
of this offset in a 
spatially resolved 

manner

The Astrophysical Journal, 795:165 (40pp), 2014 November 10 Steidel et al.

Figure 5. “BPT” diagram for 219 objects with ⟨z⟩ = 2.34 ± 0.16 in the KBSS-MOSFIRE survey (large points with error bars) in comparison with the SDSS (z ≃ 0)
sample (e.g., Tremonti et al. 2004; locus of gray points). The 168 objects with measurements in both [N ii]/Hα and [O iii]Hβ are indicated with dark green points,
while an additional 51 galaxies with [O iii]/Hβ detections and upper limits (2σ ) for [N ii]/Hα are light triangles with left-pointing arrows. The red curves trace the
metallicity sequence of SDSS star forming galaxies, showing the expected location of galaxies in the BPT plane for oxygen abundances of 0.2–1.0 solar—the solid
curve is based on the calibration of Maiolino et al. (2008), while the dashed curve represents the same metallicity sequence implied by the strong-line calibration of
Kewley & Ellison (2008). Both curves have been adjusted to the N2 metallicity scale of PP04 for consistency. The blue solid curve is the maximum starburst model
of Kewley et al. (2001). The orange curve is the best-fit BPT sequence for the KBSS-MOSFIRE sample (Equation (9)), with the yellow shaded region tracing the
inferred intrinsic dispersion of ±0.1 dex. Eight objects among the 219 have been identified as AGNs based on their rest-UV and/or rest-optical spectra (see discussion
in Section 5); these are indicated with magenta stars. AGNs identified by both rest-UV and rest-optical spectra are indicated by circles surrounding the stars.
(A color version of this figure is available in the online journal.)

of [O ii], [O iii], and Hβ, since [N ii] and Hα cannot be ob-
served from the ground. In the latter case, additional issues come
into play (e.g., nebular extinction, accurate relative flux calibra-
tions, and the well-known non-monotonic behavior of the line
indices).

Figure 6 illustrates the problem in the context of the z ∼ 2.3
sample: using locally established metallicity calibrations leads
to systematically different metallicities, even for the closely

related N2 and O3N2 methods (both calibrations from PP04),
which were calibrated primarily using the direct or Te method
and the same set of local H ii regions. Interestingly, the scatter
in the locus of inferred metallicities for the z ∼ 2.3 sample
remains small (!0.04 dex after accounting for the contribution
of measurement errors to the observed scatter), suggesting that
a recalibration at high redshift of the strong-line indicators may
produce an equally good, albeit different, mapping of metallicity

17

Steidel+14

Newman+14, Masters+14,16, 
Steidel+14, Shapley+15, 
Hayashi+15, Zahid+14, 
Kashino+16,  Strom+17 ...

higher density
harder radiation field
ionization conditions

metallicity
nitrogen enrichment

? ?

KLEVER

Williams, M.C. et al, in prep.



BPTs - Electron Density (Ne)

from [S II]6717/6731

high-z galaxies have on 

average higher densitiesSDSS

high-z

• no clear general 
correlation between 
enhanced density 
and BPT offsets

sp2

R2248_LRb_p3_M4_Q3_93__1

GLOBAL

Williams, M.C. et al, in prep.



BPTs - Ionization Parameter (U)

high-z galaxies have on 
average higher U

from [S III]9530/[S II]6717,6731 
or [OIII]5007/[O II]3727

SDSS

high-z

• in some galaxies U is 
correlated with the deviation 
in BPT line ratios, but it’s not 
always the case 

• as a general trend large 
[O III]/Hß can be ascribed  
to high U values 

• many spaxels in SF-region 
with high U as well

GLOBAL

sp3

sp7



N/O abundance

• N/O correlates well with the 
most  deviating spaxels in  
the [NII]-BPT 

• no clear trend in [S II] BPT

R2248_LRb_p3_M4_Q3_93__1

sp3

GLOBAL

sp2

MUSE_NE_111-99-99

Williams, M.C. et al, in prep.



N/O abundance

• N/O correlates locally with O/H 
above ~1/4 Z_sun 

• BPT offset as a function of 
deviations from local O/H vs N/O 
relation

sp3

sp6

R2248_LRb_p1_M3_Q4_58__2

GLOBAL

Williams, M.C. et al, in prep.



Gas-phase metallicity
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Stacks single galaxies with [OIII]4363  
detection  

MC+17

• metallicity derived with different 
diagnostics 
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ratios are abundance sensitive, and the third is more
sensitive to excitation. The result is shown in Figure 2,
where the y−axis gives the abundance (with very small
residual sensitivity to either log U or log P/k, while the
x−axis demonstrates sensitivity to both ionisation pa-
rameter and pressure.

In Figure 2, apart from the high-redshift (mean)
points from the Masters et al. (2014) and Shapley et al.
(2015) samples, we have used the observations of indi-
vidual H II regions from van Zee et al. (1998). We have
chosen to use the van Zee sample rather than the SDSS
nuclear data to avoid the aperture effects, the inclusion
of diffuse emission, and the bias towards high abun-
dance inherent in the SDSS sample. In addition, the
van Zee sample represents a homogenenous sample of
integral H II region spectra, observed and reduced in
the same way, with the same instrument. This min-
imises systematic errors. In addition, it provides condi-
tions in the ionised gas which are more comparable to
the high-redshift galaxies because:

1. It samples HII regions across the faces of galax-
ies, ensuring that a wide range of metallicities
and ionisation parameters are sampled. In par-
ticular, HII regions with abundances similar to
the high-redshift sample are well-represented.

2. By its choice of high surface brightness and high
luminosity HII regions, the van Zee sample is
biased towards selecting HII regions with both
high local specific star formation rates, and with
high ISM pressure, both of which are believed to
apply to high-redshift galaxies.

From Figure 2 it is evident that only the line ratios
[N II]λ6484/Hα the [N II]λ6484/[S II]λλ6717, 31 need
to be used to obtain a good estimate of the chemical
abundance. Our use of only the red lines allows ob-
servers to effectively ignore reddening corrections. In-
deed, these lines may be the only ones available to be
observed at certain red-shifts.

This emission line combination has notable advan-
tages over the calibration of Pettini & Pagel (2004),
which uses the [O III]λ5007/Hβ and [N II]λ6484/Hα
line ratios, through the compound so-called O3N2 ra-
tio introduced by Alloin et al. (1979). For high-redshift
galaxies, the use of this requires observations in two
wavelength bands, and is strongly affected by both
the pressure and ionisation parameter issues discussed
above.

For these two line ratios the calibration to abundance
is particularly simple. This is shown graphically in Fig-
ure 3. A linear fit is good up to 12 + log (O/H) ∼ 9.05
(within the limits imposed by the uncertainties in the
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Fig. 2.— The 3D projection of the [N II]λ6484/Hα the
[N II]λ6484/[S II]λλ6717, 31 and the [O III]λ5007/Hβ
line ratios which cleanly separates the abundance
(y−axis) from the effects of pressure and ionisation
pressure (x−axis). For comparison with the theoretical
grid, the observations of van Zee et al. (1998) of indi-
vidual H II regions in local spiral galaxies are shown
as grey circles, and for high-redshift galaxies we plot
the z ∼ 2 MOSDEF stacks from Shapley et al. (2015)
(stars), and the z ∼ 2 composite spectrum from the
Magellan FIRE survey from Masters et al. (2014) (filled
black circle). These data points are generally consistent
with sub-solar metallicity, high pressure, and high ion-
isation parameter.

models themselves, including the uncertainty in the de-
pletion factor discussed above). With:

y = log [NII]/[SII] + 0.264 log [NII]/Hα, (1)

12 + log (O/H) = 8.77 + y (2)

This linear fit is shown on Figure 2. If so desired, a
somewhat improved fit can be got by adding a 5th.
order correction term:

12 + log (O/H) = 8.77 + y + 0.45(y + 0.3)5, (3)

which is shown as the curved line on Figure 3. How-
ever, other errors both observational and theoretical are
likely to mask the effect of such a correction.

Dopita+16

•  Te based calibrations : MC+17(R3+N2), Pilyugin+10 

•  grids of models : PYQZ, Dopita+16 



Metallicity Maps & Gradients
• metallicity maps sometimes irregular  
• gradients from average metallicity in 

elliptical apertures (Source Plane PSF) 
• Resolved if sampled at least 2 linear PSFs  
• radial metallicity gradients generally flat
• a few examples of inverted gradients

MC. et al, in prep.



Metallicity Gradients
• flat gradients at z~1.2-2.5  
• merging residuals, enhanced feedback, 

efficient mixing, irregular maps 
• no clear trends observed with other 

quantities (stellar mass, SFR …)

MC. et al, in prep.



Summary

• first observations from KLEVER ~30 lensed galaxies analasyed so far 
• spatially resolved BPT diagrams at 1.2 < z < 2.5 
• high-z galaxies with higher electron densities but no strong correlation with offsets in BPTs 
• increase in ionization parameter drives the evolution in line ratios for some, but not all, galaxies 
• N/O : nitrogen enriched regions deviates towards high [NII]/Ha  

(in particular the most deviating from local N/O vs O/H relation) 
• BPT offsets arise from the combination of different effects whose relative  

contribution can change from galaxy to galaxy
• metallicity maps : often chaotic and irregular 
• radial metallicity gradients consistent with being flat between 1.2 < z < 2.5

observations currently
ongoing

stay tuned for more 
results soon !


