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KMOS3D : Survey Design

Targeting: Halpha - [NII] - [SII]

Statistics : 75nts over 5yrs

deeper:  4hrs YJ,  6hrs H,  8-10hrs K 

Ancillary data: CANDELS fields 

~600 mass selected galaxies at 0.7<z<2.7 
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Figure 14. Some of the diversity of objects within the 3D-HST survey. The template fits from the modified Eazy fits to the spectra + photometry are shown by the
red and orange lines in panels (a)–(d). Panel (a) shows an object in the GOODS-North field with multiple line-emitting components. Two separate spectra are shown
extracted for the bright compact component (which itself has two close sub-components) and the fainter, more diffuse tail extending to the upper right of the image
thumbnail. Panel (b) is a quasar in the COSMOS field at z = 4.656 with strong emission lines of Mg ii and C ii. Panels (c) and (d) show extremely massive galaxies
(1011.5 and 1011.2 M!) at z ∼ 2 with strong continuum breaks and no visible emission lines. The inset panels show the full 0.3–8 µm SEDs (photometry + spectra) and
the template fit. The bottom panels (e) and (f) show the spectra of T- and L-type brown dwarf stars, found in the AEGIS and GOODS-N fields, respectively. The two
best-fitting spectral templates from Burgasser et al. (2010) are plotted on top of the spectra, with the spectral types indicated. We emphasize that while the selection
of objects shown have spectra with particularly high S/N, none of these objects are “serendipitous” detections: that 3D-HST provides high-quality near-IR spectra of
a wide variety of classes of objects is the very essence of the survey.
(A color version of this figure is available in the online journal.)

much of the science that will be enabled by a large HST near-
IR imaging program. In a discussion that is by no means
exhaustive, we describe below some of the science questions
that require both high-resolution imaging and the unique spectra
that currently only 3D-HST can provide.

5.1. What Causes Galaxies to Stop Forming Stars?

In the low-redshift universe many galaxies are observed to be
quiescent, with current SFRs only ∼1% of their past average

(e.g., Pasquali et al. 2006). These quiescent galaxies tend to
be massive early-type galaxies, forming the “red sequence” in
the color–mass distribution of galaxies. Recent work has shown
that at z ∼ 2 many massive galaxies (M ! 1011 M!) exhibit
spectacularly high SFRs of hundreds of solar masses per year,
whereas others were already quiescent, particularly those that
are extremely compact for their mass (Kriek et al. 2006; van
Dokkum et al. 2008; Brammer et al. 2009). Active galactic
nucleus (AGN) feedback is a possible mechanism to suppress
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KMOS3D : Science goals

Dynamical properties

Outflows

Quenching

Chemical evolution

~600 mass selected galaxies at 0.7<z<2.7 

2.



KMOS3D : First Results

106 z~1.0 galaxies, 67 z~2.2 galaxies

13 galaxies at log(M*)>11

~600 mass selected galaxies at 0.7<z<2.7 
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Sample propertiesOutflows

Quenching

Dynamical properties:

Chemical evolution

establish the connection between stellar 
structure and kinematics in order to understand 
the role/timescale of secularly- vs. merger-
driven evolution

Wisnioski et al. (in prep)
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Figure 11. Redshift evolution of the mean gas depletion time (left) and gas mass fraction (right) for main-sequence galaxies from our lensed and reference samples
for which a CO-based measurement of MH2 is available. Error bars show the standard deviation within each redshift bin. The different colors represent the following
datasets: blue: representative z = 0 sample from COLD GASS; green: galaxies from Geach et al. (2011) and Bauermeister et al. (2013) at z ∼ 0.4; orange: the
incompleteness-corrected mean values from Tacconi et al. (2013). The red points show the contribution from this study and include all the galaxies in the specified
redshift intervals from the lensed and comparison samples as well as from PHIBSS, and corrects for sample incompleteness. On the left plot, the gray shaded region
shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)

disks as a function of redshift. Several studies have now reported
a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
〈z〉 = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
the slope and redshift evolution of the star formation MS, the
typical sSFR (in Gyr−1) of a star-forming galaxy of mass M∗ at
redshift z is

sSFR(M∗, z) =






0.07
(

M∗
1010.5 M'

)−0.1
(1 + z)3 if z < 2

0.30
(

M∗
1010.5 M'

)−0.1
(1 + z)5/3 if z > 2.

(11)
The above equation is presentd by Lilly et al. (2013) based on
results from a number of recent high-redshift imaging surveys
(Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Pannella
et al. 2009; Stark et al. 2013). The expected redshift evolution of
the gas fraction for galaxies of a given stellar mass can then be
obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
the tdep(H2) relation (Equation (10)). This model predicts a very
modest evolution of the mean gas fraction from 47% at z = 2.2
to 49% at z = 2.8, consistent with our measurement.
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shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)
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a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
〈z〉 = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
the slope and redshift evolution of the star formation MS, the
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obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
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Figure 11. Redshift evolution of the mean gas depletion time (left) and gas mass fraction (right) for main-sequence galaxies from our lensed and reference samples
for which a CO-based measurement of MH2 is available. Error bars show the standard deviation within each redshift bin. The different colors represent the following
datasets: blue: representative z = 0 sample from COLD GASS; green: galaxies from Geach et al. (2011) and Bauermeister et al. (2013) at z ∼ 0.4; orange: the
incompleteness-corrected mean values from Tacconi et al. (2013). The red points show the contribution from this study and include all the galaxies in the specified
redshift intervals from the lensed and comparison samples as well as from PHIBSS, and corrects for sample incompleteness. On the left plot, the gray shaded region
shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)

disks as a function of redshift. Several studies have now reported
a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
〈z〉 = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
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the gas fraction for galaxies of a given stellar mass can then be
obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
the tdep(H2) relation (Equation (10)). This model predicts a very
modest evolution of the mean gas fraction from 47% at z = 2.2
to 49% at z = 2.8, consistent with our measurement.
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Figure 11. Redshift evolution of the mean gas depletion time (left) and gas mass fraction (right) for main-sequence galaxies from our lensed and reference samples
for which a CO-based measurement of MH2 is available. Error bars show the standard deviation within each redshift bin. The different colors represent the following
datasets: blue: representative z = 0 sample from COLD GASS; green: galaxies from Geach et al. (2011) and Bauermeister et al. (2013) at z ∼ 0.4; orange: the
incompleteness-corrected mean values from Tacconi et al. (2013). The red points show the contribution from this study and include all the galaxies in the specified
redshift intervals from the lensed and comparison samples as well as from PHIBSS, and corrects for sample incompleteness. On the left plot, the gray shaded region
shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)

disks as a function of redshift. Several studies have now reported
a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
〈z〉 = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
the slope and redshift evolution of the star formation MS, the
typical sSFR (in Gyr−1) of a star-forming galaxy of mass M∗ at
redshift z is

sSFR(M∗, z) =






0.07
(

M∗
1010.5 M'

)−0.1
(1 + z)3 if z < 2

0.30
(

M∗
1010.5 M'

)−0.1
(1 + z)5/3 if z > 2.

(11)
The above equation is presentd by Lilly et al. (2013) based on
results from a number of recent high-redshift imaging surveys
(Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Pannella
et al. 2009; Stark et al. 2013). The expected redshift evolution of
the gas fraction for galaxies of a given stellar mass can then be
obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
the tdep(H2) relation (Equation (10)). This model predicts a very
modest evolution of the mean gas fraction from 47% at z = 2.2
to 49% at z = 2.8, consistent with our measurement.
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Figure 11. Redshift evolution of the mean gas depletion time (left) and gas mass fraction (right) for main-sequence galaxies from our lensed and reference samples
for which a CO-based measurement of MH2 is available. Error bars show the standard deviation within each redshift bin. The different colors represent the following
datasets: blue: representative z = 0 sample from COLD GASS; green: galaxies from Geach et al. (2011) and Bauermeister et al. (2013) at z ∼ 0.4; orange: the
incompleteness-corrected mean values from Tacconi et al. (2013). The red points show the contribution from this study and include all the galaxies in the specified
redshift intervals from the lensed and comparison samples as well as from PHIBSS, and corrects for sample incompleteness. On the left plot, the gray shaded region
shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)

disks as a function of redshift. Several studies have now reported
a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
〈z〉 = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
the slope and redshift evolution of the star formation MS, the
typical sSFR (in Gyr−1) of a star-forming galaxy of mass M∗ at
redshift z is

sSFR(M∗, z) =






0.07
(

M∗
1010.5 M'

)−0.1
(1 + z)3 if z < 2

0.30
(

M∗
1010.5 M'

)−0.1
(1 + z)5/3 if z > 2.

(11)
The above equation is presentd by Lilly et al. (2013) based on
results from a number of recent high-redshift imaging surveys
(Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Pannella
et al. 2009; Stark et al. 2013). The expected redshift evolution of
the gas fraction for galaxies of a given stellar mass can then be
obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
the tdep(H2) relation (Equation (10)). This model predicts a very
modest evolution of the mean gas fraction from 47% at z = 2.2
to 49% at z = 2.8, consistent with our measurement.
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Figure 3. Histograms of resolution corrected dispersion in individual pixels for z ⇠ 1 (black) and z ⇠ 2 histograms(red). The arrows
represent the median values of each distribution. Panel1: input distributions to model galaxies, Panel2: recovered values from models
convolved with average PSF, Panel3: observed pixel values for KMOS3D galaxies.

Figure 4. Galaxy velocity dispersions measurements from
z = 0 � 5 from molecular gas emission (black points) and
ionised gas emission (coloured points) taken from the literature.
KMOS3D measurements at z ⇠ 1 and z ⇠ 2 are shown by X
symbols. ....

ranges, and measurement methods. In the next section we
do attempt to describe the apparent evolution analytically
for a subset of galaxies.

However, we note that the evolution follows closely to
a scaling of (1+z), shown by the dashed line.

5 DISCUSSION

5.1 Relation to gas fraction evolution

Is galactic turbulence mostly driven by the evolution of gas
fractions in near-critical disks? To answer this question, we
assume the evolution of the gas fraction (Tacconi et al. 2013;
Saintonge et al. 2013) and equation 7. The result is such
that one might expect an evolution of the vertical velocity
dispersions, �

z

to evolve directly with the gas fraction. We
solve for this relation at di↵erent galaxy velocity and sizes
(V

rot

, r
1/2

) assuming that the empirical relationship between
V
rot

and r
1/2

(Fig ??, and Newman et al. 2013) is constant at
all redshifts. This gives the colour lines in Fig 5 where Fig 4 is
repotted with plot symbols coloured and sized to the relative
size of the galaxy in X-band photometry where such sizes are
available. To obtain f

gas

(z) we assume log(M
⇤

)= 10.5 M
�

.
Thus we only include data with log(M

⇤

)= 10.5 M
�

within
the errors where errors are available or when errors are not
available we include data with 10.2 > log(M

⇤

[M
�

])> 10.8.
This makes the scatter clearer as small objects have

high dispersions due to beam-smearing and resolution e↵ects
which is opposite to the trends expected from equation 7.

Figure 5. Same as Fig 4 with plot symbols coloured and sized to
the relative size of the galaxy in X-band photometry where such
sizes are available for galaxies with log(M

⇤

)= 10.5 M
�

within the
errors where errors are available or when errors are not available
we include data with 10.2 > log(M

⇤

[M
�

])> 10.8.

The connections between gas content and rotational
support are investigated for individual objects by computing
gas fractions (where direct molecular gas measurements are
not available) from star formation rates using the scaling de-
rived from the PHIBSS and COLDGASS surveys (Tacconi
et al. 2013; Saintonge et al. 2013), such that,

t
depl

[Gyr] = 1.5⇥ (1 + z)↵; ↵ = �1 (5)

and

M
molgas

= t
depl

⇥ SFR (6)

assuming f
gas

= M
molgas

/(M
molgas

+M
⇤

) where, t
depl

is the
depletion time, M

molgas

is the molecular gas mass, and ↵ is
... .

Combining the derived gas fraction with the Toomre
(in)stability criterion yields;

v
rot

�
0

=
a

f
gas

Q
crit

=
a

f
gas

(z)
(7)

where a ⇠
p
2 and Q

crit

= 1 for a thin, and 0.67 for a
thick, pure gas disk. For a stellar plus gas disk the critical
Q increases by factors 1� 2 (CITE).

Figure 6 shows the measured v
rot

/�
0

ratio as a func-
tion of the derived molecular gas fraction for the KMOS3D ,
SINS, and PHIBSS/COLDGASS surveys.

STILL NOT SURE I UNDERSTAND THIS: So at high-
z this simple theory and for thick pure gas disks would pre-
dict a 1.4/0.67 2, and for z=0 and thin disks with a stellar
component a 1. Is it fortuitous or interesting that the high-
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Figure 11. Redshift evolution of the mean gas depletion time (left) and gas mass fraction (right) for main-sequence galaxies from our lensed and reference samples
for which a CO-based measurement of MH2 is available. Error bars show the standard deviation within each redshift bin. The different colors represent the following
datasets: blue: representative z = 0 sample from COLD GASS; green: galaxies from Geach et al. (2011) and Bauermeister et al. (2013) at z ∼ 0.4; orange: the
incompleteness-corrected mean values from Tacconi et al. (2013). The red points show the contribution from this study and include all the galaxies in the specified
redshift intervals from the lensed and comparison samples as well as from PHIBSS, and corrects for sample incompleteness. On the left plot, the gray shaded region
shows the expected trend between tdep(H2) and z described by Equation (10), for α = [−1.0,−1.5]. On the right panel, the gray shaded region is the expected redshift
dependence of fgas derived from Equations (9)–(11), assuming that α = −1.0 (Tacconi et al. 2013) and sSFR follows Equation (11) (Lilly et al. 2013). Alternative
relations for fgas(z) are obtained by assuming that sSFR ∝ (1 + z)2.8 at all redshifts (dotted dark blue line), or else reaches a plateau at z = 2 (dashed light blue line).
(A color version of this figure is available in the online journal.)

disks as a function of redshift. Several studies have now reported
a rapid increase of fgas with redshift (Tacconi et al. 2010; Daddi
et al. 2010a; Geach et al. 2011; Magdis et al. 2012a). The most
robust analysis so far was performed by Tacconi et al. (2013). In
that work, the PHIBSS data at z ∼ 1 and z ∼ 2 were corrected
for incompleteness and compared to a matched local control
sample extracted from the COLD GASS catalog, revealing an
increase of fgas from 8% at z = 0 to 33% at z ∼ 1 and 47%
at z ∼ 2. These three secure measurements are reproduced in
Figure 11 (right panel). There are very few galaxies at z ∼ 0.5
with published CO measurements, but in Figure 11, the few
systems found in Geach et al. (2011) and Bauermeister et al.
(2013) are compiled (CO measurements for several galaxies
with 0.6 < z < 1.0 are published also in Combes et al. (2012),
but we do not include them here as they are above MS objects).

As the PHIBSS sample extends to z = 2.4, we combine all
the MS galaxies in our lensed and comparison samples above
that redshift to derive a mean gas fraction of 40% ± 15% at
〈z〉 = 2.8. We then apply the methodology of Tacconi et al.
(2013) to correct for sample incompleteness. As the sample of
lensed galaxies with z > 2.4 is richer in on MS and below MS
galaxies, accounting for this bias raises the mean gas fraction
to 44%. Therefore, our observations suggest that the trend for
increasing gas fraction with redshift does not extend beyond
z ∼ 2, and may even be reversing.

Can this flattening of the relation between gas fractions and
redshift at z > 2 be expected under the equilibrium model? The
definition of the gas fraction (Equation (9)) can be re-expressed
as

fgas = 1
1 + (tdepsSFR)−1

, (9)

and the best predictions available for the redshift evolution of
tdep and sSFR used to compute the expected behavior of fgas(z).
As explained in Section 5.3, it is estimated that

tdep(z) = 1.5(1 + z)α[Gyr], (10)

with α measured to be −1.0 by Tacconi et al. (2013) and
predicted to be −1.5 in the analytic model of Davé et al.
(2012). The relation is normalized to the typical depletion time
of 1.5 Gyr observed in local galaxies (Leroy et al. 2008; Bigiel
et al. 2011; Saintonge et al. 2011b, 2012). Based on studies of
the slope and redshift evolution of the star formation MS, the
typical sSFR (in Gyr−1) of a star-forming galaxy of mass M∗ at
redshift z is

sSFR(M∗, z) =






0.07
(

M∗
1010.5 M'

)−0.1
(1 + z)3 if z < 2

0.30
(

M∗
1010.5 M'

)−0.1
(1 + z)5/3 if z > 2.

(11)
The above equation is presentd by Lilly et al. (2013) based on
results from a number of recent high-redshift imaging surveys
(Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Pannella
et al. 2009; Stark et al. 2013). The expected redshift evolution of
the gas fraction for galaxies of a given stellar mass can then be
obtained by combining Equations (9)–(11). For galaxies in the
mass range 1010–5 × 1011 and for α = −1.0 in Equation (10),
the expected trend is shown in Figure 11 as the light gray band.
At z > 2, fgas flattens out because of the shallower evolution of
sSFR with redshift mostly canceling out the (1 + z)−1 term from
the tdep(H2) relation (Equation (10)). This model predicts a very
modest evolution of the mean gas fraction from 47% at z = 2.2
to 49% at z = 2.8, consistent with our measurement.
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Figure 3. Histograms of resolution corrected dispersion in individual pixels for z ⇠ 1 (black) and z ⇠ 2 histograms(red). The arrows
represent the median values of each distribution. Panel1: input distributions to model galaxies, Panel2: recovered values from models
convolved with average PSF, Panel3: observed pixel values for KMOS3D galaxies.

Figure 4. Galaxy velocity dispersions measurements from
z = 0 � 5 from molecular gas emission (black points) and
ionised gas emission (coloured points) taken from the literature.
KMOS3D measurements at z ⇠ 1 and z ⇠ 2 are shown by X
symbols. ....

ranges, and measurement methods. In the next section we
do attempt to describe the apparent evolution analytically
for a subset of galaxies.

However, we note that the evolution follows closely to
a scaling of (1+z), shown by the dashed line.

5 DISCUSSION

5.1 Relation to gas fraction evolution

Is galactic turbulence mostly driven by the evolution of gas
fractions in near-critical disks? To answer this question, we
assume the evolution of the gas fraction (Tacconi et al. 2013;
Saintonge et al. 2013) and equation 7. The result is such
that one might expect an evolution of the vertical velocity
dispersions, �

z

to evolve directly with the gas fraction. We
solve for this relation at di↵erent galaxy velocity and sizes
(V

rot

, r
1/2

) assuming that the empirical relationship between
V
rot

and r
1/2

(Fig ??, and Newman et al. 2013) is constant at
all redshifts. This gives the colour lines in Fig 5 where Fig 4 is
repotted with plot symbols coloured and sized to the relative
size of the galaxy in X-band photometry where such sizes are
available. To obtain f

gas

(z) we assume log(M
⇤

)= 10.5 M
�

.
Thus we only include data with log(M

⇤

)= 10.5 M
�

within
the errors where errors are available or when errors are not
available we include data with 10.2 > log(M

⇤

[M
�

])> 10.8.
This makes the scatter clearer as small objects have

high dispersions due to beam-smearing and resolution e↵ects
which is opposite to the trends expected from equation 7.

Figure 5. Same as Fig 4 with plot symbols coloured and sized to
the relative size of the galaxy in X-band photometry where such
sizes are available for galaxies with log(M

⇤

)= 10.5 M
�

within the
errors where errors are available or when errors are not available
we include data with 10.2 > log(M

⇤

[M
�

])> 10.8.

The connections between gas content and rotational
support are investigated for individual objects by computing
gas fractions (where direct molecular gas measurements are
not available) from star formation rates using the scaling de-
rived from the PHIBSS and COLDGASS surveys (Tacconi
et al. 2013; Saintonge et al. 2013), such that,

t
depl

[Gyr] = 1.5⇥ (1 + z)↵; ↵ = �1 (5)

and

M
molgas

= t
depl

⇥ SFR (6)

assuming f
gas

= M
molgas

/(M
molgas

+M
⇤

) where, t
depl

is the
depletion time, M

molgas

is the molecular gas mass, and ↵ is
... .

Combining the derived gas fraction with the Toomre
(in)stability criterion yields;

v
rot

�
0

=
a

f
gas

Q
crit

=
a

f
gas

(z)
(7)

where a ⇠
p
2 and Q

crit

= 1 for a thin, and 0.67 for a
thick, pure gas disk. For a stellar plus gas disk the critical
Q increases by factors 1� 2 (CITE).

Figure 6 shows the measured v
rot

/�
0

ratio as a func-
tion of the derived molecular gas fraction for the KMOS3D ,
SINS, and PHIBSS/COLDGASS surveys.

STILL NOT SURE I UNDERSTAND THIS: So at high-
z this simple theory and for thick pure gas disks would pre-
dict a 1.4/0.67 2, and for z=0 and thin disks with a stellar
component a 1. Is it fortuitous or interesting that the high-
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Mmolgas = tdepl ⇥ SFR (6)

assuming fgas = Mmolgas/(Mmolgas +M
⇤

) where, tdepl is the
depletion time, Mmolgas is the molecular gas mass, and ↵ is
... .

�0 = vrotQcritfgas(z) (7)

Combining the derived gas fraction with the Toomre
(in)stability criterion yields;

vrot
�0

=
a

fgasQcrit
=

a
fgas(z)

(8)

where a =
p
2 for a disk with constant rotational velocity

and Qcrit = 1 for a quasi-stable disk.
Another way to view this result is the near constant

average of V fgas/� over cosmic time in balance with a/Qcrit

such that Qcrit = 1 for a thin disc and Qcrit = 0.67 for a
thick, pure gas disk. For a stellar plus gas disk the critical Q
increases by factors 1�2 (CITE). The constant defining the
geometry of the discs also likely varies slightly with cosmic
time such that a ⇠ 1� 2.

Figure ?? shows the measured vrot/�0 times the de-
rived molecular gas fraction for the KMOS3D , SINS, and
PHIBSS/COLDGASS surveys (reproduction of Genzel et
al.).

The molecular dispersion, shown by the black squares
in Fig. 6 and Fig. ??, are on average ⇠ 30� 80% lower than
the ionized gas dispersions at a given redshift (CHECK: not
sure I believe it!).
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KMOS3D : Summary

KMOS3D observations underway

Survey designed to maximise unbiased 
science

Dispersion values closely tied to galaxy 
gas fractions

Dispersion evolution consistent with the 
“equilibrium model”
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Currently: ~300 galaxies in ~300 nights of observing



KMOS3D 

Pilot z ~ 1 Sample
Commissioning II + III (tobs  =2hrs): 57 Galaxies 100% continuum detections

                                                                           80 % Halpha detections
med



log[ Σ (M) ]

log[ Σ (M) ]

log[ Σ (M) ]

1000 km/s

KMOS3D Team / Mass maps c.o. S.Wuyts & P.Lang also see Tacchella talk

KMOS3D



KMOS: K-band Multi-Object Spctrgrph
- Highly-multiplexed IFU: 24 pick-off arms 
over a 7.2’ field, each sampling 2.8”x2.8”

- Wavelength coverage from 0.8-2.5 microns 
➞ R~3500 spectra at 0.8 < z < 2.5

- Packed IFU configurations: >2 within 6”, 
>3 within 1 sq. arcmin

- Factor of ~24 increase in survey 
speed relative to seeing-limited 
SINFONI@VLT

- Compared to slit spectroscopy, IFU 
allows for unbiased studies of 
galaxies with complex morphology/
kinematics



An Era of Kinematic Surveys

KMOS3D (also: MOS-DEF, VIRIAL)

- ~600-1000 galaxies 
- 75nts, (2013 - 2017)
- deep fields (COSMOS, GOODS-S, UDS)
- mass(sed) selection
- parallel cluster program

z=0.7-2.5
z<0.1

AUS Synergies
w/ KMOS

SAMI (also: MaNGA, CALIFA,
 DYNAMO)

- ~3400 galaxies
- 151-181nts, (2013 - 2016)
- GAMA/SDSS/2dF
- mass(color) selection
- parallel cluster program

3D



SAMI: 1degree

KMOS: 7.2 arcmin

SAMI: 15 arcsec

KMOS: 2.8 arcsec

SAMI: 13 IFUs

KMOS: 24 IFUs

Field Size
IFU Size



SAMI: 1degree

KMOS: 7.2 arcmin

SAMI: 15 arcsec

KMOS: 2.8 arcsec

SAMI: 13 IFUs

KMOS: 24 IFUs

Field Size
IFU Size

SAMI: ~23 kpc @ z=0.08
KMOS: ~23 kpc @ z=1


