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KMOS primary science drivers

• Resolved maps of local star-forming regions 

• nearby stars and stellar populations 

• kinematics of star-forming galaxies at 1<z<3 

• first star-forming objects at z > 7 

• galaxy clusters at z > 1 

• galaxy stellar populations at z > 1
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KMOS primary science drivers

With monolithic IFUs (SINFONI/OSIRIS/NIRSpec/NIFS etc.), ~300 high-z galaxies 
measured in 300 nights of observing. KMOS offers a factor of 20 increase in 

survey speed => statistical studies of kinematics at high redshift

• Resolved maps of local star-forming regions 

• nearby stars and stellar populations 

• kinematics of star-forming galaxies at 1<z<3 

• first star-forming objects at z > 7 

• galaxy clusters at z > 1 

• galaxy stellar populations at z > 1
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German KMOS GTO science program 

KMOS3D  
• PIs: Förster Schreiber/Wilman 
• spatially-resolved ionized gas kinematics for emission line galaxies in 

extragalactic deep fields at 1 < z < 3 in the YJ, H, and K bands 

KMOS Cluster Survey and VIRIAL surveys 
• PIs: Bender/Davies and Mendel/Saglia 
• stellar kinematics and rest-frame optical spectra for passive galaxies at z > 1.5 

using very long integrations (20+ hours)
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German KMOS GTO science program 

1) Reliable registration of individual exposures / nights / 
runs to preserve spatial information in kinematic maps 

2) Reliable sky subtraction and telluric correction 

3) Minimize systematic effects for long exposures 

KMOS3D  
• PIs: Förster Schreiber/Wilman 
• spatially-resolved ionized gas kinematics for emission line galaxies in 

extragalactic deep fields at 1 < z < 3 in the YJ, H, and K bands 

KMOS Cluster Survey and VIRIAL surveys 
• PIs: Bender/Davies and Mendel/Saglia 
• stellar kinematics and rest-frame optical spectra for passive galaxies at z > 1.5 

using very long integrations (20+ hours)
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Flux and Kinematic maps from KMOS3D
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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Figure 2. Individual nuclear spectra (extracted in apertures of FWHM 0.3–0.′′4 for AO data and 0.′′6 for seeing limited data) for the 34SFGs with a firm detection of a
broad component at the nucleus (quality “1” or “2” in Column 7 of Table 1).
(A color version of this figure is available in the online journal.)

components we observe for the log(M∗/M⊙) > 10.9 galaxies
as described below.14 The same conclusions apply for the
SINFONI+AO data; while the core of the AO PSF has a
narrow FWHM ≈ 0.′′2, it exhibits significant broad wings with a
FWHM ∼ 0.′′55 corresponding to the uncorrected seeing (FS14a;
N. M. Förster Schreiber et al. 2014b, in preparation).

In practice, a broad component can be detected in individual
spectra if its integrated flux is at least 10% of the narrow compo-
nent, and its width is at least twice that of the narrow component.
The average S/Ns of our spectra are comparable across the stel-
lar mass range covered, thus making the same relative broad line
fraction as easy or difficult to detect at log(M∗/M⊙) ∼ 10, as
at log(M∗/M⊙) ∼ 11.3. We have verified this assessment quan-
titatively by adding model broad components of FWHM 500
and 1500 km s−1 in Hα and the [N ii] lines in various strengths
to the stacked central and outer disk spectra in the different

14 Dense compact quiescent galaxies at z ∼ 1–3, with stellar masses of
log(M∗/M⊙) ∼ 11 and effective radii ∼1 kpc have typical stellar velocity
dispersions of 300–400 km s−1 (e.g., van Dokkum et al. 2009; Bezanson et al.
2013; van de Sande et al. 2013; Belli et al. 2014). Although we cannot exclude
that star-forming progenitors of such very dense “cores” may be present among
our galaxies and cause FWHMs up to ∼100 km s−1, these are very rare and
unlikely to dominate our sample (e.g., Tacconi et al. 2008; Nelson et al. 2014).

mass bins (leaving out those stacks with strong detected broad
components), and then analyzing the spectra in the same man-
ner as described in Section 2.2. In these stacks (of typically
8–11 galaxies each) the minimum detectable broad component,
in the sense of a significant/correct extraction of its width and
flux, is about 15%–20% of the narrow component in terms of
flux ratio, more or less flat across the mass range sampled by
our data and similar for both widths. These detection limits are
shown as thick black and magenta lines in the right panel of
Figure 3. Weaker broad components (to about 10% of the nar-
row flux) can still be detected but their inferred properties are
uncertain.

In terms of these definitions, a significant intrinsic broad
nuclear component is present in each of the 34 SFGs in Figure 2.
This broad component obviously varies greatly from source to
source in width and strength relative to the narrow Hα and two
[N ii] lines. We will return to the detailed properties of this broad
emission when we analyze the high quality co-added spectra.

In addition to these “firm” detections (labeled as quality
“1” or “2” in Column 7 of Table 1), there are13 “candidates”
(labeled as quality “0.5” in Column 7 of Table 1) with possible
but individually marginal broad nuclear components. Broad
components are also detected in the outer “disks” of a number
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sample toward low mass-to-light ratios; however, the selected
galaxies are nevertheless representative of the underlying UVJ-
selected population (see Figure 1). There is generally excellent
agreement between our KMOS-derived redshifts and those in
the 3D-HST target catalog, with a median absolute deviation of
∼1300 km s−1, consistent with the uncertainties estimated by
Whitaker et al. (2013). Individual spectra were then normalized
using a high-order polynomial before being co-added using
inverse-variance weights. In total we generated three stacks:
one for the full sample, and two more where we divide the
sample into red and blue subpopulations based on their UVJ
colors as in Whitaker et al. (2013). The final stacks have S/Ns
of 16, 13, and 9 Å−1 and are shown in Figure 2.

We estimated the properties of our stacked spectra using SSP
models constructed with v2.4 of the Flexible Stellar Population
Synthesis (FSPS) code described by Conroy et al. (2009). We
fit simultaneously for the SSP-equivalent age t, total metalli-
city, and parameters of line-of-sight velocity distribution, using
the ensemble sampling code emcee (Foreman-Mackey
et al. 2013). SSP models were linearly interpolated in tlog
and metallicity on the fly as part of the fitting procedure. Fits
were limited to λ3800–4600 Å in order to exclude wavelength
regions where only a few galaxies contribute.

Final measurements of the stellar age were taken as the
median of the marginal posterior distribution; uncertainties
were estimated using 100 bootstrap realizations of the stacked
spectra, recomputing the best-fit age for each using the
procedure outlined above. We derive a mean age for the full
stack of −

+1.03 0.08
0.13 Gyr, while for red and blue subsamples we

derive ages of −
+1.22 0.19

0.56 and −
+0.85 0.05

0.08 Gyr. In all cases the data
are consistent with solar metallicity. We stress that these
uncertainties do not include systematic effects due to our
choice of SSP model.

3. RESULTS

3.1. Quiescent Galaxy Stellar Populations at ≈z 1.75

The relatively young mean age of massive galaxies in our
sample suggests that most are recent additions to the quiescent
population, consistent with other studies that have reported a
large fraction of post-starburst-like galaxies at high redshift
(e.g., Whitaker et al. 2012; Bezanson et al. 2013). However,

the spread in rest-frame colors among quiescent galaxies is
likely driven at least in part by a variation in their formation
times or SFHs, such that the reddest galaxies are also the oldest
(Whitaker et al. 2010, 2013).
In Figure 3 we show the color versus age derived from our

KMOS data when they are split into two different bins of rest-
frame color; the derived ages—as well as the ∼0.4 Gyr age
difference between the two samples—are consistent with the
evolution of a passively evolving stellar population (solid lines
in Figure 3). For comparison, we also consider SSP models that
host residual star formation fed by stellar mass loss, assuming
that 100% of the material lost is recycled into stars (dashed
lines in Figure 3). While the bluest galaxies are compatible
with either model, the reddest are unlikely to host significant
ongoing star formation, more than a few ⊙ −M yr 1, unless they
are also preferentially dusty. Of the 25 galaxies in our sample,
4 (16%) are detected at 24 μm in the available Spitzer-MIPS
data, suggesting that they may host obscured star formation;
however, there is no clear preference for 24 μm-detected
sources to fall in a particular region of the UVJ-quiescent
selection window (see also Fumagalli et al. 2014).

3.2. Mean Evolution of Red Galaxies from ≈z 2

In Figure 4 we investigate the evolution of galaxy ages from
≈z 2 to the present, incorporating recent results from the

literature. We include age estimates based on spectral fitting
from Choi et al. (2014) at < <z0.1 0.7, Belli et al. (2015) at

< <z1 1.5, and Whitaker et al. (2013) at < <z1.4 2.2. The
Belli et al. (2015) data have been converted from their τ-model
parameterization to light-weighted values using the age, τ, and
metallicity as given in their Table 1; we plot here the median
age and redshift of their data split into two redshift bins. Two
additional age estimates based on fitting to standard Lick
absorption line indices (e.g., Worthey 1994) from Schiavon
et al. (2006) at =z̄ 0.9 and Onodera et al. (2014) at =z̄ 1.6
are also shown.
As a comparison to the observed ages we consider the

evolution of galaxies which form as a part of the normal star-
forming population, but whose star formation is truncated after
some redshift ztrunc so that they evolve passively to the present
day. We reconstruct mean SFHs by considering that the
evolution of stellar mass is driven by a combination of star

Figure 2. Stacked galaxy spectra and their best-fit SSP models for the total (top), red (middle), and blue (bottom) subsamples. Spectra have been normalized by a
high-order polynomial, and are offset for clarity. Key absorption features are indicated by vertical lines. Shading shows the σ±1 uncertainties on the stacked spectra,
derived using bootstrap samples.
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formation and stellar mass loss (e.g., Leitner & Kravtsov 2011;
Leitner 2012), i.e.,

= − R( )M t M z t˙
*( ) SFR *, ( ), (1)

where M zSFR( *, ) is the redshift- and mass-dependent SFR,
andR t( ) is a convolution of the SFH and stellar mass-loss rate,
which we estimate using FSPS. Following Lilly et al. (2013)
we assume that the typical specific SFR (sSFR ≡ SFR/M*) of
a star-forming galaxy with mass M* at redshift z is
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For a given final stellar mass, M z*( )trunc , we evolve galaxies
back in time according to Equation (1), using the iterative
procedure described by Leitner & Kravtsov (2011) to solve for
M t˙

*( ), until they reach an initial mass of ⊙M108 ; the remaining
mass is assumed to form in a burst at z = 8. The resulting main-
sequence lifetime—from an initial mass of ⊙M108 to M z*( )trunc

—is only weakly dependent on the particular value of the initial

mass, for example, adopting ⊙M107 results in lifetimes that are
longer by only ∼150Myr. In Figure 4 we show the evolution of
luminosity-weighted age for SFHs with ⩽ ⩽z1 2.5trunc and

= ⊙M z M*( ) 10trunc
11 , as well as for a galaxy which remains

star forming until the present day (i.e., =z 0trunc ).
There are two competing effects that drive the age evolution

shown in Figure 4: the quenching of star formation in star-
forming galaxies and the passive evolution of already-formed
stellar mass. At <z 1 the stellar populations of massive
galaxies are consistent with simple passive evolution, in
agreement with previous spectroscopic studies (e.g., Choi
et al. 2014), as well as with evolution of the galaxy luminosity
function over a similar epoch (e.g., Brown et al. 2007). On the
other hand, the relatively uniform ages measured at >z 1
suggest that the quiescent galaxy population is being kept
young (in the mean) by the constant addition of recently
quenched galaxies. The transition at ≈z 1 therefore reflects
changing demographics of the progenitor population (i.e.,
progenitor bias; van Dokkum & Franx 2001), where the factor
of ∼3 increase in quiescent galaxy number density from z = 2
to 1 (e.g., Tomczak et al. 2014) is dominated by the addition of
recently quenched star-forming galaxies, and at <z 1 the
massive galaxy population grows primarily by the assembly of
existing quiescent galaxies. Marchesini et al. (2014) obtain
qualitatively similar results for the most massive galaxies by
tracing progenitors at fixed number density (see also Papovich
et al. 2014). Based on comparison with the mock main-
sequence SFHs, a ∼2–3 Gyr spread in formation times is
required to explain both the relatively old ages found for
quiescent galaxies already at z = 1.5–2 as well as the ages

Figure 3. −U V and −V J color as a function of stellar age for the red and blue
galaxy populations. Lines show predicted color vs. age for SSP models at two
different metallicities (solid lines), as well for models that include star
formation driven by stellar mass loss (dashed lines). Uncertainties show the
error on the mean derived from bootstrap samples, while thin lines indicate the
range of colors present in each sample. Vertical arrows indicate the expected
change in color for =A 0.5v . The measured ages are consistent with
expectations from a passively evolving SED model.

Figure 4. Evolution of mean stellar age for massive quiescent galaxies over the
past ∼9 Gyr. Our age estimates, as well as those from Schiavon et al. (2006),
Onodera et al. (2014), Whitaker et al. (2013), and Choi et al. (2014), are
measured from stacked data, while the points from Belli et al. (2015) are taken
as the median of their individually analyzed galaxy spectra split into two
redshift bins. We have corrected the Belli et al. (2015) values from their τ-
model parametrization to light-weighted values for comparison with the other
data (original values are shown as open diamonds). Error bars indicate either
the uncertainty in a given SSP-equivalent age measurement, or range in redshift
spanned by a given sample. Lines show evolution of the light-weighted age for
the truncated MS star formation histories described in Section 3.2. The
flattening of mean stellar ages at >z 1 likely reflects the increased importance
of quenching to the formation of massive quiescent galaxies at high redshift.
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Leitner 2012), i.e.,
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back in time according to Equation (1), using the iterative
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mass is assumed to form in a burst at z = 8. The resulting main-
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luminosity-weighted age for SFHs with ⩽ ⩽z1 2.5trunc and
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11 , as well as for a galaxy which remains

star forming until the present day (i.e., =z 0trunc ).
There are two competing effects that drive the age evolution

shown in Figure 4: the quenching of star formation in star-
forming galaxies and the passive evolution of already-formed
stellar mass. At <z 1 the stellar populations of massive
galaxies are consistent with simple passive evolution, in
agreement with previous spectroscopic studies (e.g., Choi
et al. 2014), as well as with evolution of the galaxy luminosity
function over a similar epoch (e.g., Brown et al. 2007). On the
other hand, the relatively uniform ages measured at >z 1
suggest that the quiescent galaxy population is being kept
young (in the mean) by the constant addition of recently
quenched galaxies. The transition at ≈z 1 therefore reflects
changing demographics of the progenitor population (i.e.,
progenitor bias; van Dokkum & Franx 2001), where the factor
of ∼3 increase in quiescent galaxy number density from z = 2
to 1 (e.g., Tomczak et al. 2014) is dominated by the addition of
recently quenched star-forming galaxies, and at <z 1 the
massive galaxy population grows primarily by the assembly of
existing quiescent galaxies. Marchesini et al. (2014) obtain
qualitatively similar results for the most massive galaxies by
tracing progenitors at fixed number density (see also Papovich
et al. 2014). Based on comparison with the mock main-
sequence SFHs, a ∼2–3 Gyr spread in formation times is
required to explain both the relatively old ages found for
quiescent galaxies already at z = 1.5–2 as well as the ages

Figure 3. −U V and −V J color as a function of stellar age for the red and blue
galaxy populations. Lines show predicted color vs. age for SSP models at two
different metallicities (solid lines), as well for models that include star
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Figure 4. Evolution of mean stellar age for massive quiescent galaxies over the
past ∼9 Gyr. Our age estimates, as well as those from Schiavon et al. (2006),
Onodera et al. (2014), Whitaker et al. (2013), and Choi et al. (2014), are
measured from stacked data, while the points from Belli et al. (2015) are taken
as the median of their individually analyzed galaxy spectra split into two
redshift bins. We have corrected the Belli et al. (2015) values from their τ-
model parametrization to light-weighted values for comparison with the other
data (original values are shown as open diamonds). Error bars indicate either
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spanned by a given sample. Lines show evolution of the light-weighted age for
the truncated MS star formation histories described in Section 3.2. The
flattening of mean stellar ages at >z 1 likely reflects the increased importance
of quenching to the formation of massive quiescent galaxies at high redshift.
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On-sky monitoring

Include contemporaneous observation of stars in arm configuration 
• 3 arms dedicated to stars (1 per detector) 

• Used to monitor telescope tracking, dither pattern, PSF, throughput, telluric
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IFU registration and shifts
Relative arm positions change with re-configurations/rotation 

• use monitoring stars to track the telescope dither pattern for each acquisition 

• cross-correlate white-light images from each acquisition to derive final shifts on 
an object-by-object basis
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Sky subtraction

Small IFU size (2.8”x2.8”) means we always use offset sky frames 
• Sky rescaled by dividing the spectrum into different transitions and fitting for 

variability of the OH line flux 

• Modified to include an adaptive shift-and-stretch of the relative wavelength 
solutions (also now implemented in the ESO pipeline) 

Removing OH emission from infrared spectra 1101

Figure 2. Spectrum of the OH emission across the H and K bands (the thermal background has been subtracted). The various spectral ranges corresponding
to the different vibrational transitions (labelled) are indicated. Very few OH lines from the 7–5 transition are observed due to atmospheric absorption (between
the H and K bands) at these wavelengths.

Figure 3. Flowchart showing the steps in the combined algorithm to correct both for changes in the vibrational and rotational temperature of the OH radical,
and also for spectral flexure. Next to each step is indicated the place from where it comes in the text. Also shown is whether each step applies to a summed
one-dimensional spectrum or to the entire data cube.

(v) Combine the scalings from each segment to generate the vi-
brational scaling function across the whole spectrum.

(vi) Multiply the spectrum at each spatial position in the sky
cube (from which the thermal background has been subtracted) by
the scaling function to create a modified sky cube.

(vii) Subtract the modified sky cube from the object cube.

The procedure as given above is not specific to OH lines, and
hence can also be used for the jungle of emission features longward
of 2.35 µm in the K band as well as the O2 emission in the J band.

C⃝ 2007 The Author. Journal compilation C⃝ 2007 RAS, MNRAS 375, 1099–1105

Davies et al. 2007
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Correcting for IFU illumination

Arm 6

Arm 9

Arm 13

Arm 16

Arm 20

Variation in the IFU illumination as a function instrument rotation 
• changes of up to 2-5% across individual IFUS, 10-20% between IFUs 

• in some cases jumps between calibration angles make it difficult to predict
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Telluric correction

Telluric calibration scheme based on adapting radiative transfer 
model from LBLRTM/Molecfit to match standard star observations 

• Observe 2-3 telluric standards per night to calibrate PWV relative to 
atmospheric model for Paranal 

• Once calibrated, we fix the rescaling of PWV (optionally as a function of time) 
and use the (time-dependent) atmospheric parameters to predict the 
atmospheric correction for every frame
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Telluric correction

Telluric calibration scheme based on adapting radiative transfer 
model from LBLRTM/Molecfit to match standard star observations 

• Observe 2-3 telluric standards per night to calibrate PWV relative to 
atmospheric model for Paranal 

• Once calibrated, we fix the rescaling of PWV (optionally as a function of time) 
and use the (time-dependent) atmospheric parameters to predict the 
atmospheric correction for every frame 

Still some challenges for a consistently good telluric correction 
• Need a good model for the PSF 

• Requires validation with bright enough monitoring stars to assess correction, 
but not so bright as to cause additional detector-level problems 

• Still need to figure out how best to monitor arm-to-arm variation in instrument 
response
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Output channel drift

YJ: no corrections
Bias level drift on each of the 32 output channels leads to striping 

in reconstructed data
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YJ: darkvals

Output channel drift

Bias level drift on each of the 32 output channels leads to striping 
in reconstructed data
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before correction

Unknown but correctable(-ish) vertical structure in detector 1, 
possibly related to processing by the read/control electronics on 

detectors with “bad” reference pixels

after correction

Output channel drift
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Capacitive coupling between different read channels at the ~sub 
percent level, but nevertheless important when dynamic range is large

Raw frame

Unsharp masked

Inter-channel crosstalk
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Can these effects be calibrated out?

Row and column corrections 
• Reference pixel correction now implemented in ESO KMOS pipeline. 

• Useful to understand cause of detector 1 row offsets to ensure that the correction 
is not unnecessarily boosting noise. 

Persistence corrections 
• Can be characterized using long flat + dark sequence to measure decay rate. 

• Requires a better model for the dependence of persistent flux on source flux 

• Can be somewhat mitigated by exposure tracking or  global reset de-trapping? 

Crosstalk calibration 
• Coupling coefficients can be measured from standard star frames, but requires 

nodding to cover all output channels. 

• Non-trivial to implement correction without a good source model, but likely 
worthwhile for exposures with large dynamic range (or extremely faint objects).
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Extensions/adaptations of the existing 
pipeline
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Motivation 
• Fewer operations on reconstructed data, more straightforward error handling 

and propagation 
• better handling of detector-level effects (e.g. row/column drift, reflections) 
• build frame-specific illumination and wavelength corrections which deal with 

mismatched calibration angles 
• theoretically enables simultaneous reconstruction of all data for a given object, as 

opposed to reconstructing each exposure separately, then interpolating (again) to 
make a final cube.

Moving from cube- to detector-based processing
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Modified sky subtraction on the detector

sky frame subtracted

Similar concept to the Kelson et al. approach (also discussed by Igor) 
• Significant slice-to-slice changes in resolution, as well as variability within each slice, 

make it difficult to construct a well-behaved polynomial model 
• too few “clean” detector pixels per IFU to build a robust model IFU-per-IFU 
• use a hybrid approach where we first subtract the sky frame, then model residuals as 

a function of wavelength and spectral resolution

raw detector
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Modified sky subtraction on the detector

corrected with sky model

raw detector

Similar concept to the Kelson et al. approach (also discussed by Igor) 
• Significant slice-to-slice changes in resolution, as well as variability within each slice, 

make it difficult to construct a well-behaved polynomial model 
• too few “clean” detector pixels per IFU to build a robust model IFU-per-IFU 
• use a hybrid approach where we first subtract the sky frame, then model residuals as 

a function of wavelength and spectral resolution
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Frame-dependent illumination correction

Construct frame-specific illumination correction using sky lines 
• identify 30-50 bright sky lines in a moving 400mas window across each slice, which 

are fit with a Gaussian to measure flux, wavelength and resolution  
• use wavelength relative to reference to modify LCAL table  
• use flux ratios to measure illumination changes across each slice as well as slice-to-

slice variability
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Optimized 1D extraction

• Multiple reconstructions are sub-optimal for very faint 
sources => better to extract 1D spectra straight from the 
uncombined frames 

• Use HST images as a prior for source positions during the 
frame registration, and use these to model source back to the 
detector plane 

• Extract 1D spectrum in a single go! 

Advantages 
• better handling of bad pixels/data 

• trivial to generate bootstrap realizations of the output data 
(which is now out standard procedure) 

• In the extreme case we can construct a complete forward 
model and perform spectral fits on simultaneous on the 
uncombined detector frames
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Comparison to MOSFIRE data

• Passive galaxy at z = 1.66 observed with both 
KMOS and MOSFIRE@Keck (thanks to Sirio 
Belli for the comparison) 

• Similar on-source exposure time after correcting 
for aperture size difference between Keck and 
VLT 

• Sky subtraction with KMOS seems to be 
working remarkably well given difficulties with 
IFUs vs slits. 

• Flux calibration agrees to within about 20% (but 
still trying to understand differences in 
extraction)
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Final thoughts

KMOS has been operating smoothly since the last major intervention 
in Feb. 2015 to address arm failures. 

Data reduction 

• The default reduction pipeline now works well for emission-line data taken with 
relatively standard observing plan (OSO, short exposures…) 

• There are still some outstanding detector-level effects to address systematics 

• We’re still exploring adaptations of the pipeline to shift processing from 
reconstructed cubes to detectors 

Question: 
• Should sky exposures be treated as part of the calibration plan for NIR instruments 

(i.e., should OOSOOOO even be an option)?


