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Motivation 
1.  Strongly lensed galaxies benefit from magnification and so 

can be studied at a high physical resolution in their source 
plane 

 

2.   Near-IR multiband observations: 

  -> BPT diagnostic 

 -> Multiple metallicity tracers 

       -> Break degeneracy between N/O & O/H 

      (most metallicity calibrators implicitly assume 

  N/O proportional to O/H) 



Sample 
!  Sample of  highly magnified lensed galaxies at z ~ 2 

with: µ = 8 – 15 

!  SINFONI : 5 galaxies 

!  KMOS: 11 galaxies in pilot program (being observed) 

!  Observed in 2-3 bands 

!  Hα + [NII] + [SII] 

!  Hβ + [OIII] 

!  [OII] (only for a few galaxies) 



Cosmic Horseshoe 

!  Almost complete 
Einstein ring 
discovered in SDSS 
data (Belokurov+07) 

!  Lens z = 0.44 

!  Source z = 2.38 

!  µ ~ 13 

HST  



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

 i.e 

!  Dark matter NFW profile 

E.g. Horseshoe model: 

HST Bband Model Residuals 

⇢(R) / 1

R2

Courtesy of  Matt Auger 



Horseshoe 

Full diagnostics 
in this region 

HST  
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IMAGE PLANE SOURCE PLANE 

HST 
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CSWA 64 
(SDSS J0232-0323) 

 

!  Selected from CASSOWARY 
survey of  bright strongly 
lensed arcs discovered in 
SDSS images (Belokurov+09) 

!  Source z= 2.52 

!  µ ~ 14 

SINFONI data Courtesy of B. James 

Data Model Residuals 

WORK IN PROGESS 
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Rband HALPHA VELOCITY 
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Two galaxies? 



MACS 0451 
!  Galaxy cluster from 

MAssive Cluster 
Survey 

!  Lens z = 0.43 

!  Source z = 2.01 

!  µ ~ 12 

Cluster Lens Modelling 

Focus images back to source plane 
using: 

Mass: Singular Isothermal Sphere (SIS) 

Cluster: SIE dark matter halo 

HST  
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A warning on resolution! 



BPT Diagnostic Diagram 

!  Use emission line ratios to classify galaxies 

Host Galaxies of Active Galactic Nuclei 3
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Figure 1. (a) The [N ii]/H! vs [O iii]/H" diagnostic diagram for SDSS galaxies with S/N > 3. The Kewley et al.
(2001a) extreme starburst line and the Kau!mann et al. (2003a) classification line are shown as solid and dashed lines
respectively. (b) The [S ii]/H! vs [O iii]/H" diagnostic diagram, (c) The [O i]/H! vs [O iii]/H" diagnostic diagram.

3 OPTICAL CLASSIFICATION

Baldwin et al. (1981) proposed a suite of three diagnostic
diagrams to classify the dominant energy source in emission-
line galaxies. These diagrams are commonly known as BPT
diagrams and are based on the four optical line ratios
[O iii]/H!,[N ii]/H", [S ii]/H", and [O i]/H". Kewley et al.
(2001a, ; hereafter Ke01) used a combination of stellar pop-
ulation synthesis models and detailed self-consistent pho-
toionization models to create a theoretical “maximum star-
burst line” on the the BPT diagrams. The maximum star-
burst line is determined by the upper limit of the theoretical
pure stellar photoionization models. Galaxies lying above
this line are likely to be dominated by an AGN. To rule out
possible composite galaxies, Kau!mann et al. (2003a, ; here-
after Ka03) modified the Ke01 scheme to include an empiri-
cal line dividing pure star-forming galaxies from Seyfert-H ii

composite objects whose spectra contain significant contri-
butions from both AGN and star formation.

Figure 1a shows the [O iii]/H! versus [N ii]/H" stan-
dard optical diagnostic diagram for our sample. The Ke01
and Ka03 classification lines are shown as solid and dashed
lines. Galaxies that lie below the dashed Ka03 line are
classed as H ii region-like galaxies. Star-forming galaxies
form a tight sequence from low metallicities (low [N ii]/H",
high [O iii]/H!) to high metallicities (high [N ii]/H", low
[O iii]/H!) which we will refer to as the ”star-forming se-
quence”. The AGN mixing sequence begins at the high
metallicity end of the star-forming sequence and extends to-
wards high [O iii]/H! and [N ii]/H" values. Galaxies that lie
in between the two classification lines are on the AGN-H ii

mixing sequence and are classed as composites. Composite
galaxies are likely to contain a metal-rich stellar popula-
tion plus an AGN. Galaxies that lie above the Ka03 line are
classed as AGN.

Figures 1b and 1c show the [O iii]/H! versus [S ii]/H"
and [O iii]/H! versus [O i]/H" diagrams for our sample.
The Ke01 classification line provides an upper bound to
the star-forming sequence on these diagrams. Galaxies that
are classed as composites using the [N ii]/H" diagram (Fig-
ure 1a) lie mostly within the star-forming sequence on the
[S ii]/H" diagram (Figure 1b) and about half-way into the

star-forming sequence in the [O i]/H" (Figure 1c) diagram.
The [N ii]/H" line ratio is more sensitive to the presence of
low-level AGN than [S ii]/H" or [O i]/H" thanks primarily
to the metallicity sensitivity of [N ii]/H". The log([N ii]/H")
line ratio is a linear function of the nebular metallic-
ity until high metallicities where the log([N ii]/H") ra-
tio saturates (Kewley & Dopita 2002; Denicoló et al. 2002;
Pettini & Pagel 2004). This saturation point causes the star-
forming sequence to be almost vertical at [N ii]/H"! "0.5.
Any AGN contribution shifts the [N ii]/H" towards higher
values than this saturation level, allowing removal of galax-
ies with even small AGN contributions.

In this work, we classify pure star-forming galaxies as
those that lie below the Ka03 line on the [N ii]/H" vs
[O iii]/H! diagnostic diagram. Composite galaxies lie above
the Ka03 line and below the Ke01 line. The optical spec-
tra of composites can be due to either (1) a combination
of star-formation and a Seyfert nucleus, or (2) a combina-
tion of star-formation and LINER emission. The narrow line
emission from galaxies lying above the Ke01 line is likely to
be dominated by an AGN.

3.1 New LINER, Seyfert, Composite
Classification Scheme

It is clear from the [S ii]/H" and [O i]/H" diagrams (Fig-
ures 1b and 1c) that galaxies containing AGN lie on two
branches. Seyfert galaxies lie on the upper branch while LIN-
ERs lie on the lower branch, thanks to their low ionization
line emission. We use the [S ii]/H" and [O i]/H" diagrams to
separate Seyfert from LINER galaxies. We use only galaxies
with S/N> 6 in each of the strong lines to derive our new
classification scheme. We define an empirical base point, p
(blue circles in Figure 2) and we define annuli with widths
of 0.1 dex centered on p. For the galaxies in each of these
annuli with radii (R) for which the two AGN branches are
well-defined (0.5-1.5 dex from p), we compute histograms
of angle from the x-axis. We then step the 0.1 dex annuli
through the data from p in 0.02 dex increments and recal-
culate the minima of each histogram for each increment.
A total of 84 histograms were created and minima between

Kewley et al. (2006) 
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Full Sample 
!  There have been previous claims of  high-z galaxies being above the local 

discrimination -> probably partly due to low S/N on Hβ 

!  Possible selection effects from previous studies -> do not observe the diffuse 
gas in the outskirts, which we do detect with lensing as it is non-preferential. 

S/N(Hβ) > 3 



Dopita +13 Models 
-> Low ionisation region 

Dopita et al, 2013 

Belfiore et al., 2015 

The Astrophysical Journal Supplement Series, 208:10 (26pp), 2013 September Dopita et al.
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Figure 8. Far-IR diagnostic for abundance and ionization parameter, [O iv]
25.89 µm/[O iii] 51.81 µm vs. [N iii] 57.34 µm/[O iii] 51.81 µm. The grid is
shown for ! = ! and the gray circles represent the ! = 20 case. The effect of
! on this diagnostic is very small.

could be understood (in part) as a result of the folding of the
log(Z): log(q) surface, which ensures that H ii regions having a
wide range in these parameters occupy the same region of the
diagnostic diagram. Dopita et al. (2006b) demonstrated that the
ionization parameter, the hardness of the ionizing spectrum, and
the metallicity are tightly correlated, and provided a theoretical
explanation of why this fact should be the case. Both of these
effects clearly play a role in making a tight H ii region and star-
burst sequence. The fundamental difficulty with the theoretical
models is that the “fold” in the surface was not the correct shape,
presumably due to a combination of errors or incompatibilities
in the stellar atmospheres used, issues with the atomic data used,
or errors in the modeling procedure, especially in the treatment
of the geometry of the H ii region and in the treatment of dust
absorption in the H ii region. Dopita et al. (2006b) made an
attempt to take into account the time evolution of the spectrum
of an H ii region as the stellar cluster ages and as the nebu-
lar shell expands. This analysis showed that the more recent
STARBURST99 atmospheres were definitely too soft in their
EUV spectra, as a consequence of the use of non-clumpy stellar
winds. This analysis also showed that most extragalactic H ii re-
gions are observed when they are very young (!2 Myr), shortly
after the absorbing placental dust cloud is dispersed, when the
pressure—and hence the emissivity—in the H ii region is high,
and before the central stars fade in their EUV photon production
rate.

The models presented here represent a great improvement
over the earlier work of our group, although we should note
in passing that the models of Stasińska et al. (2006) provide a
rather good description of the upper envelope of the H ii region-
like points on these diagrams. In Figure 9, we present the VO87
plot of [O iii] "5007/H# versus [N ii]"6584/H$. This figure
should be compared to Figure 2 of Dopita et al. (2000), showing
the improvement in the fit of the theory compared with the
observations. Important contributors to this improvement are
the proper treatment of the EUV absorption dust, improved
atomic data, the use of spherical models, and the fact that the
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Figure 9. VO87 plot of [O iii] "5007/H# vs. [N ii] "6584/H$. The grey dots
represent the SDSS data set as used by Kewley et al. (2006), while the points
with error bars are from the van Zee et al. (1998) data set. The delineation of the
two AGN sequences in the upper right-hand side of the diagram, the Seyferts
(upper) and LINERS (lower), is very clear on this plot. The models grids on this
and all subsequent diagnostic diagrams are shown for two values of !: ! = !
(black lines) and ! = 20 (green lines). Note that the effect of ! is relatively
small in this diagnostic.
(A color version of this figure is available in the online journal.)
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Figure 10. As in Figure 9 but for the VO87 plot of [O iii] "5007/H# vs.
[S ii] ""6717, 31/H$. The models seem to predict slightly too weak [S ii] line
intensities.
(A color version of this figure is available in the online journal.)

nebular abundance set is now fully compatible with the stellar
model atmospheres.

In Figure 10, we present the VO87 plot for [O iii] "5007/
H# versus [S ii] ""6717, 31/H$. Once again, there is a great
improvement in the fit between theory and observation (cf. Fig-
ure 3 of Dopita et al. 2000). However, the [S ii] lines are perhaps

12
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shown for ! = ! and the gray circles represent the ! = 20 case. The effect of
! on this diagnostic is very small.
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wide range in these parameters occupy the same region of the
diagnostic diagram. Dopita et al. (2006b) demonstrated that the
ionization parameter, the hardness of the ionizing spectrum, and
the metallicity are tightly correlated, and provided a theoretical
explanation of why this fact should be the case. Both of these
effects clearly play a role in making a tight H ii region and star-
burst sequence. The fundamental difficulty with the theoretical
models is that the “fold” in the surface was not the correct shape,
presumably due to a combination of errors or incompatibilities
in the stellar atmospheres used, issues with the atomic data used,
or errors in the modeling procedure, especially in the treatment
of the geometry of the H ii region and in the treatment of dust
absorption in the H ii region. Dopita et al. (2006b) made an
attempt to take into account the time evolution of the spectrum
of an H ii region as the stellar cluster ages and as the nebu-
lar shell expands. This analysis showed that the more recent
STARBURST99 atmospheres were definitely too soft in their
EUV spectra, as a consequence of the use of non-clumpy stellar
winds. This analysis also showed that most extragalactic H ii re-
gions are observed when they are very young (!2 Myr), shortly
after the absorbing placental dust cloud is dispersed, when the
pressure—and hence the emissivity—in the H ii region is high,
and before the central stars fade in their EUV photon production
rate.

The models presented here represent a great improvement
over the earlier work of our group, although we should note
in passing that the models of Stasińska et al. (2006) provide a
rather good description of the upper envelope of the H ii region-
like points on these diagrams. In Figure 9, we present the VO87
plot of [O iii] "5007/H# versus [N ii]"6584/H$. This figure
should be compared to Figure 2 of Dopita et al. (2000), showing
the improvement in the fit of the theory compared with the
observations. Important contributors to this improvement are
the proper treatment of the EUV absorption dust, improved
atomic data, the use of spherical models, and the fact that the
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nebular abundance set is now fully compatible with the stellar
model atmospheres.

In Figure 10, we present the VO87 plot for [O iii] "5007/
H# versus [S ii] ""6717, 31/H$. Once again, there is a great
improvement in the fit between theory and observation (cf. Fig-
ure 3 of Dopita et al. 2000). However, the [S ii] lines are perhaps
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Possibly now also seen in 
local IFU data from 
MANGA 



Metallicity Gradients 

! Flat gradient 

Horseshoe 

1’’ ~ 8.3 kpc 

Halpha 12+log(O/H) 



!  Looks like an inverted 
gradient, BUT actually 
due to the companion 
galaxy 

CSWA 

1’’ ~ 8.2 kpc 

Halpha 12+log(O/H) 

Metallicity Gradients 



!  Messy gradients due 
to interacting galaxy 

MACS 0451 

1’’ ~ 8.5 kpc 

Halpha 12+log(O/H) 

FULL ANALYSIS TO COME … 

Metallicity Gradients 



ΣSFR Vs. Metallicity 
!  Previous works at high-z have found an inverse correlation 

between ΣSFR and metallicity (e.g. Cresci+10, Troncoso+14) 
interpreted as evidence of  metal poor inflows. 

!  Some galaxies show this trend individually but not always 
the case#



Nitrogen Vs. Oxygen 
!  Nitrogen is sensitive to chemical evolution in 

galaxies: 
 - Low Z: primary origin independent of  metallicity 

 - Higher Z: becomes secondary product & directly      

   proportional to the metallicity 

 

!  Try to break degeneracy between nitrogen 
abundance and metallicity 
 - Measure N/O using calibration from Perez-Montero +09 



Nitrogen Vs. Oxygen 
CSWA 

Colour-code by S/N(Hα) Colour-code by velocity 

!  Further evidence for 2 galaxies with different nitrogen enrichment 
(i.e. different star formation histories, evolved vs. young) 



Horseshoe 

•  Horizontal distribution has also 
been seem in MANGA (Belfiore
+15). 

•  Interpreted as dilution : 
-  Inflows of  metal poor gas 

dilute the metallicity while 
only have a small effect on 
N/O 

•  OR fountain effects:  
-  central high N/O gas 

ejected, mixing with metal 
poor gas in outskirts 

Inflow of  metal poor gas 

Nitrogen Vs. Oxygen 



Full Sample 



More to come – KMOS ! 
!  KMOS: IFU with 24 arms each with FoV: 2.8x2.8’’ in H,J,K band 

!  Pilot program to study lensed galaxies at z=1.5-2 in 2 CLASH 
clusters: 

MACS 0416-2403 
 

 MS2137-2325 (being observed) 
 





Conclusion 
!  Studying lensed galaxies at z~2 with multiband 

SINFONI detections for 5 galaxies 

!  Can obtain metallicity gradients in the source 
plane using multiple diagnostics. 

!  Disentangle nitrogen abundance & metallicity to 
study the chemical evolution. 

!  More galaxies to come from KMOS pilot program 
of  lensed galaxies in 2 galaxy clusters. 





Fountain & Dilution Effects 

Belfiore et al., 2015 


