
Studying Galaxy Evolution with 
Spectroscopic Surveys: What We Have 
Learned and an Eye Toward the Future

JEYHAN KARTALTEPE
ROCHESTER INSTITUTE OF 
TECHNOLOGY
TWITTER: @JEYHAN

2022 JULY 5   

A REVIEW ON GALAXY EVOLUTION

FROM GALAXIES TO COSMOLOGY WITH 
DEEP SPECTROSCOPIC SURVEYS

A TRIBUTE TO OLIVIER LE FÈVRE



Spectroscopic Surveys From Low-z 
to High-z

u SDSS revolutionized our understanding of galaxies in the nearby universe
u Surveys like MaNGA continue to!

u High-z optical surveys have gotten larger and pushed to higher and 
higher z
u CFRS, VVDS, DEEP2, zCOSMOS, VIPERS, VUDS, ….

u Near-IR Surveys have taken us the next step
u MOSDEF, KBSS, FMOS-COSMOS, 3D-HST, …..
u KMOS-3D



Metallicity

mass, we invoke another well-known empirical correlation,
the Schmidt star formation law (Schmidt 1959; Kennicutt
1998), which relates the star formation surface density to the
gas surface density.

For each of our galaxies we calculate the star formation rate
(SFR) in the fiber aperture from the attenuation-corrected H!
luminosity following Brinchmann et al. (2004).

We multiply our SFRs by a factor of 1.5 to convert from a
Kroupa (2001) IMF to the Salpeter IMF used by Kennicutt
(1998). Our SDSS galaxies have star formation surface den-
sities that are within a factor of 10 of !SFR ¼ 0:3 M" yr#1

kpc#2, exactly the range found by Kennicutt (1998) for the
central regions of normal disk galaxies. We convert star for-
mation surface density to surface gas mass density, !gas, by
inverting the composite Schmidt law of Kennicutt (1998),

!SFR ¼ 1:6 ; 10#4 !gas

1 M" pc#2

! "1:4

M" yr#1 kpc#2: ð5Þ

(Note that the numerical coefficient has been adjusted to in-
clude helium in !gas.) Combining our spectroscopically de-
rived M/L ratio with a measurement of the z-band surface
brightness in the fiber aperture, we compute !star, the stellar
surface mass density. The gas mass fraction is then "gas ¼
!gas=(!gas þ !star).

In Figure 8 we plot the effective yield of our SDSS star-
forming galaxies as a function of total baryonic (stellar+gas)
mass. Baryonic mass is believed to correlate with dark mass, as
evidenced by the existence of a baryonic ‘‘Tully-Fisher’’ rela-
tion (McGaugh et al. 2000; Bell & de Jong 2001). We are inter-
ested in the dark mass because departures from the ‘‘closed
box’’ model might be expected to correlate with the depth of
the galaxy potential well. Data on the distribution of the ef-
fective yield at fixed baryonic mass are provided in Table 4.
Because very few of our SDSS galaxies have masses below
108.5 M", we augment our data set with measurements from
Lee et al. (2003), Garnett (2002), and Pilyugin & Ferrini
(2000), all of which use direct gas mass measurements. We

Fig. 6.—Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance for '53,400 star-forming galaxies in the SDSS. The large
black filled diamonds represent the median in bins of 0.1 dex in mass that include at least 100 data points. The solid lines are the contours that enclose 68% and 95%
of the data. The red line shows a polynomial fit to the data. The inset plot shows the residuals of the fit. Data for the contours are given in Table 3.
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Figure 11. Comparison of the MZ relation that we measure at z ∼ 1.6 with
the measurement at z ∼ 1.4 from Yabe et al. (2012). The black filled circles
and curve are our measurements, and the red stars are measurements from Yabe
et al. (2012).
(A color version of this figure is available in the online journal.)

In Figure 10, we examine the relation between stellar mass,
dust extinction, and metallicity. The trends observed in the
relation at z ∼ 1.6 are similar to those observed in local
galaxies. Namely, at a fixed stellar mass, dust extinction is
correlated to metallicity. However, we are currently not able
to apply a consistent methodology when examining these two
samples because Hβ is detected in only a small fraction of our
sample. We instead rely on dust extinction determined from the
continuum extinction measured from the B−z color. We convert
this to nebular extinction using the factor we derive in Paper I.
While this may apply to population on average, this may not
be applicable to individual galaxies. Future surveys with higher
sensitivity and broader wavelength coverage should be able to
establish the validity of this approach and robustly establish the
relation between stellar mass, dust extinction, and metallicity.

7. DISCUSSION

7.1. Comparison of the MZ Relation with
Previous High-z Studies

Yabe et al. (2012) report on the MZ relation at z ∼ 1.4 based
on FMOS observations conducted in low-resolution mode. The
initial sample is K-band selected with a secondary selection for
galaxies expected to have Hα flux >10−16 erg s−1 cm−2 based on
rest-frame UV emission. They derive an MZ relation by stacking
the spectra of 71 galaxies that have significant Hα detections
in three mass bins. In order to make a robust comparison, both
the stellar masses and metallicities must be determined in a
consistent manner. Yabe et al. (2012) derive metallicities from
the N2 using the PP04 calibration. However, we find that the
stellar mass estimates are systematically offset mostly (but not
completely) due to the different IMFs adopted. We recalculate
the stellar masses applying our methodology using photometry
provided by K. Yabe. We compare our derived stellar masses
with those calculated by Yabe et al. (2012). Our mass estimates
are systematically lower by 0.28 dex. For consistency, we
subtract 0.28 dex from the stellar masses derived by Yabe et al.
(2012) when plotting the MZ relation.

Figure 11 shows a direct comparison between the MZ relation
derived by Yabe et al. (2012, red stars) and the MZ relation

that we measure (black solid curve and filled circles). Our
data extend ∼0.5 dex higher in stellar mass. The MZ relation
we derive is systematically steeper, though over the stellar
mass range probed by Yabe et al. (2012) the metallicities in
the individual bins are consistent within the errors. As we
noted in Section 6, some small fraction of the galaxies have
misidentified Hα. Including these galaxies in the average leads
to an underestimate of the metallicity. The misidentification of
Hα largely effects the least massive galaxies in the sample. This
may explain the lower metallicities that we measure in the lowest
mass bin. Given the differences in sample size (156 compared to
71 galaxies) and observational modes (high resolution compared
to low resolution) we consider the good agreement in the two
measurements to be reassuring.

In Figure 11, we also plot the MZ relation from Erb et al.
(2006, green triangles). Erb et al. (2006) average the spectra
of 87 star-forming galaxies at z ∼ 2.3 in five bins of stellar
mass. We have recalculated their stellar masses using the same
methodology applied to our z ∼ 1.6 sample in order to ensure
a consistent comparison (see Zahid et al. 2012b). The Erb et al.
(2006) sample is flatter than the relation we derive for our sample
at z ∼ 1.6. At the low mass end, our metallicities may be
underestimated. This may explain part of the discrepancy (see
Section 6). At the high mass end, it is possible that metallicities
determined by Erb et al. (2006) may be underestimated. The
sample of Erb et al. (2006) is UV selected Lyman break galaxies
and therefore biased against dusty objects. In Figure 10, we
show that dust extinction and metallicity are correlated. The UV
selected samples are likely to be missing the dustier, metal-rich
massive galaxies and therefore the average metallicity derived
by Erb et al. (2006) may be underestimated in the highest
mass bins.

Henry et al. (2013) have examined the MZ relation for low
mass galaxies at z ∼ 1.8. The data demonstrate a clear decline
in metallicity at lower stellar masses (down to ∼108 M#).
The relation they derive is consistent with our measurements.
However, we note that due the faintness of low mass galaxies,
the observational uncertainties are large and therefore do not
provide a strong validation of the MZ relation we derive.

Recently, Stott et al. (2013) report an MZ relation for a
combined sample of galaxies at z = 0.84 and z = 1.47. They
determine the metallicity from stacking spectra 103 galaxies
into four bins of stellar mass. The blue squares in Figure 11 are
their measurements of the MZ relation. The primary conclusion
of Stott et al. (2013) is that the MZ relation does not evolve with
redshift (compare their data with the local relation shown by the
gray curve in Figure 11). They argue that the more than dozen
previous studies reporting an evolution in the MZ relation are
biased. They cite the higher SFRs probed in previous studies
and selection bias in UV-selected samples as the origin of the
reported evolution.

Figure 11 clearly demonstrates that the lack of evolution in
the MZ relation reported by Stott et al. (2013) is not supported
by our data. The potential sources of bias provided by Stott et al.
(2013) do not strictly apply to our data. Our sample is based on
the sBzK selection, which is significantly less biased against
dusty objects as compared to UV selections. This is because in
color–color space, the effect of dust is to move objects parallel to
the selection criteria (Daddi et al. 2004). Furthermore, this effect
should be most pronounced for massive galaxies and low mass
galaxies are unlikely to be severely dust obscured. A second
source of bias suggested by Stott et al. (2013) is that previous
studies probe significantly higher average SFRs. We note that
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2.28, 3.24]), the data are consistent with a uniform metallicity
evolution of dlog(O/H)/dz=− 0.11± 0.02 below 1010.2Me (the
turnover mass at z∼ 0).

We utilize the formal measurement uncertainties (σmeas) on the
metallicities and the scatter in the calibrations (σcal) to estimate the
intrinsic scatter (σint) of the MZR at z∼ 2.3 and z∼ 3.3, assuming

Figure 7. The MZR at z ∼ 2.3 (left) and z ∼ 3.3 (right) for individual galaxies (small circles) and stacked spectra in bins ofM* (large squares/triangles). The error bar
in the lower-right corner of each panel displays the median uncertainty of the individual galaxies.

Figure 8. MZR for stacked spectra at z ∼ 0, z ∼ 2.3 (blue), and z ∼ 3.3 (red). Both DIG-corrected (green) and uncorrected (gray) values are shown for the z ∼ 0
stacks. The formal uncertainty in O/H for the z ∼ 0 stacks is typically smaller than the size of the points. The solid lines represent the best-fit relations at each redshift,
while the shaded regions display the 1σ uncertainties of the fits at z ∼ 2.3 and z ∼ 3.3. The z ∼ 0 data are fit using a smoothly broken power law (Equation (8)). At
z ∼ 2.3 and z ∼ 3.3, the stacks (excluding the highest-mass bin) are fit with a power law (Equation (7)).
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The Fundamental Metallicity 
Relation

u z = 0 from SDSS
u z > 0.5, various sources from literature
u See talk by Francesco Pistis

The fundamental metallicity relation 2119

Figure 2. Three projections of the FMR among M!, SFR and gas-phase metallicity. Circles without error bars are the median values of metallicity of local
SDSS galaxies in bin of M! and SFR, colour-coded with SFR as shown in the colour bar on the right-hand side. These galaxies define a tight surface in the 3D
space, with dispersion of single galaxies around this surface of ∼0.05 dex. The black dots show a second-order fit to these SDSS data, extrapolated towards
higher SFR. Square dots with error bars are the median values of high-redshift galaxies, as explained in the text. Labels show the corresponding redshifts. The
projection in the lower left-hand panel emphasizes that most of the high-redshift data, except the point at z = 3.3, are found on the same surface defined by
low-redshift data. The projection in the lower right-hand panel corresponds to the mass–metallicity relation, as in Fig. 1, showing that the origin of the observed
evolution in metallicity up to z = 2.5 is due to the progressively increasing SFR.
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the other properties of galaxies. We extracted from the literature
three samples of galaxies at intermediate redshifts, for a total of
182 objects, having published values of emission-line fluxes, M!,
and dust extinction: 0.5 < z < 0.9 (Savaglio et al. 2005, GDDS
galaxies), 1.0 < z < 1.6 (Shapley et al. 2005; Liu et al. 2008; Epinat
et al. 2009; Wright et al. 2009) and 2.0 < z < 2.5 (Förster Schreiber
et al. 2009; Law et al. 2009; Lehnert et al. 2009). The same pro-
cedure used for the SDSS galaxies was applied to these galaxies.
Metallicity is estimated either from R23 or from [N II]λ6584/Hα,
depending on which lines are available. AGNs are removed using
the BPT diagram (Kauffmann et al. 2003a) or, when [O III]λ5007
and Hβ are not available, by imposing log([N II]λ6584/Hα) < −0.3.
The [N II]λ6584 line, which is usually much fainter than Hα, is not
detected in several galaxies, but removing these galaxies from the
sample would bias it towards high metallicities. For these objects
we have assumed a value of the intrinsic [N II]λ6584 flux which
is half of the upper limiting flux. When necessary, the published
M! have been converted to a Chabrier (2003) IMF. For galaxies
without observations of both Hα and Hβ, dust extinction is es-
timated from spectral energy distribution (SED) fitting, and we
assume that continuum and the emission lines suffer the same ex-
tinction. In local starburst, lines often suffer of higher extinctions
[AV (lines) ∼ 2.3AV (SED) according to Calzetti et al. (2000)]. We
have checked that the inclusion of this effect would have little effect
on the final relations and on the conclusions of this paper.

Erb et al. (2006) have observed a large sample of 91 galaxies at
z ∼ 2.2. Metallicities have been measured only on average spectra
stacked according to M!, which has the results of mixing galaxies of
different SFRs. Despite this problem, no systematic differences in
metallicity are detected with respect to the other galaxies measured
individually, and the Erb et al. (2006) galaxies are included in the
high-redshift sample, although without binning them with the rest
of the galaxies.

2.3 z = 3–4

A significant sample of 16 galaxies at redshift between 3 and 4 was
observed by Maiolino et al. (2008) and Mannucci et al. (2009) for the

LSD and AMAZE projects. Published values of stellar masses, line
fluxes and metallicities are available for these galaxies, which can be
compared with lower redshift data. The same procedure as at lower
redshift was used, with the exception that SFR is estimated from Hβ

after correction for dust extinction, and metallicities are measured
by a simultaneous fitting of the line ratios involving [O II]λ3727,
Hβ and [O III]λ4958, 5007, as described in Maiolino et al. (2008).

3 TH E M A S S – M E TA L L I C I T Y R E L AT I O N
AS A FUNCTI ON OF SFR

The grey-shaded area in the left-hand panel of Fig. 1 shows the
mass–metallicity relation for our sample of SDSS galaxies. Despite
the differences in the selection of the sample and in the measure
of metallicity, our results are very similar to what has been found
by Tremonti et al. (2004). The metallicity dispersion of our sam-
ple, ∼0.08 dex, is somewhat smaller to what have been found by
these authors, ∼0.10 dex, possibly due to different sample selec-
tions and metallicity calibration. The fourth-order polynomial fit to
the median mass–metallicity relation is

12 + log(O/H) = 8.96 + 0.31m − 0.23m2

− 0.017m3 + 0.046m4, (1)

where m = log(M!) − 10 in solar units.
We have computed the median metallicity of SDSS galaxies for

different values of SFR. Median has been computed in bins of mass
and SFR of 0.15 dex width in both quantities. On average, each bin
contains 760 galaxies, and only bins containing more than 50 galax-
ies are considered. The left-hand panel of Fig. 1 also shows these
median metallicities as a function of M!. It is evident that a system-
atic segregation in SFR is present in the data. While galaxies with
high M! [log(M!) > 10.9] show no correlation between metallicity
and SFR, at low M! more active galaxies also show lower metallic-
ity. The same systematic dependence of metallicity on SFR can be
seen in the right-hand panel of Fig. 1, where metallicity is plotted as
a function of SFR for different values of mass. Galaxies with high

Figure 1. Left-hand panel: the mass–metallicity relation of local SDSS galaxies. The grey-shaded areas contain 64 and 90 per cent of all SDSS galaxies, with
the thick central line showing the median relation. The coloured lines show the median metallicities, as a function of M!, of SDSS galaxies with different
values of SFR. Right-hand panel: median metallicity as a function of SFR for galaxies of different M!. At all M! with log(M!) < 10.7, metallicity decreases
with increasing SFR at constant mass.
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Evolution of the FMR?

Cresci et al. 2019
See also, Wuyts et al. 2012, Henry et al. 2013
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Figure 12. Following the approach of Mannucci et al. (2010), we plot metallicity
against the combination of stellar mass and SFR that minimizes the scatter for
our sample at z ∼ 1.6. The data are the same as in Figure 9.
(A color version of this figure is available in the online journal.)

(2010), we find significantly better agreement between galaxies
in the local universe and at z ∼ 1.6. However, we still find
that the sample at z ∼ 1.6 is a steeper relation that is not fully
consistent with the local FMR within the errors. The standard
interpretation of the FMR is that it reflects short timescale re-
sponses to gas flows (Mannucci et al. 2010). Inflows of pristine
gas decrease the gas-phase oxygen abundance, but also lead
to an increase in SFR. In this sense, it is a relation between
global, integrated properties of galaxies. However, the SDSS
SFRs measured without aperture corrections are not reflective
of the global SFR in SDSS galaxies and therefore not the ap-
propriate measurement for deriving relations based on global
properties. It is beyond the scope of this paper to examine the
FMR in detail. We simply note that if we use SDSS SFRs with-
out aperture corrections, we find better agreement between the
local FMR and the relation at z ∼ 1.6. This agreement is likely
to be misleading. For the following analysis, however, we use
the aperture-corrected SDSS SFRs.

In Figure 9, we examine the relation between stellar mass,
metallicity, and SFR. Similar to trends reported by Mannucci
et al. (2010 and others) for local SDSS galaxies, we find that,
at a fixed stellar mass, metallicity is anti-correlated to the
SFR. Following the approach of Mannucci et al. (2010), we
determine the value, α, that minimizes the scatter in metallicity
for our z ∼ 1.6 sample. In Figure 12, we plot the metallicity
as a function, µα , for galaxies shown in Figure 9. Because of
the small sample size, we find that the derived value of α is
dependent on the number of bins. We conclude that for our
sample of galaxies at z ∼ 1.6, the scatter is minimized for
α ∼ 0.4–0.5.

We find that for local galaxies, α = 0.30 minimizes the
scatter in metallicities when they are measured using the N2
ratio. This same value is independently derived by Andrews &
Martini (2013). In Figure 13, we plot the metallicities of local
(gray curve) and z ∼ 1.6 (black curve) galaxies as a function of
the µα that minimizes the scatter in the local relation.

Our data do not support a relation between stellar mass, metal-
licity, and an SFR that is independent of redshift, i.e., the FMR
of Mannucci et al. (2010). When the metallicities of galax-
ies at z ∼ 1.6 are plotted against the µα that minimizes the
scatter in the local relation, a single relation is not observed
(Figure 13). The data support significant evolution in the

Figure 13. FMR for our local fiducial sample (gray curve and squares) and
our z ∼ 1.6 sample (black curve and circles). The gray dotted lines denote the
interval containing the central 68% of local galaxy distribution.

relation between stellar mass, metallicity, and SFR. We em-
phasize that this is largely due to the use of aperture-corrected
SFRs for local galaxies.

7.4. The Stellar Mass, Metallicity, SFR, and Dust

Understanding the distribution of dust as a function of cosmic
time and galaxy properties is critical. Several recent studies have
focused on the dust properties of local galaxies (e.g., Garn &
Best 2010; Xiao et al. 2012; Zahid et al. 2013c). Garn & Best
(2010) derive a relation between dust extinction and stellar mass.
On average, the magnitude of extinction, AHα , varies between
zero and two for galaxies in the SDSS. Garn & Best (2010)
perform a principal component analysis of dust extinction,
stellar mass, metallicity, and SFR. From PCA, they conclude
that the dominant physical property related to dust extinction
in galaxies is stellar mass. The secondary correlations between
dust extinction, metallicity, and SFR are primarily due to the
correlation of all three of these properties to stellar mass. At a
fixed stellar mass, dust extinction and metallicity are correlated
in our sample of galaxies at z ∼ 1.6 (see Figure 10). However,
we note that this relation is significantly weaker than the relation
between stellar mass and dust extinction. The straightforward
interpretation is that galaxies increase their dust content as they
build their stellar mass.

We examine the relation between dust extinction, stellar mass,
metallicity, and SFR for our sample at z ∼ 1.6 with the local
relation. In Figure 14, we plot the dust extinction as a function
of (A) metallicity, (B) SFR, and (C) stellar mass. The black
points are the z ∼ 1.6 sample sorted into 10 bins of stellar mass
and the gray squares are the local sample sorted into 50 bins
of stellar mass. Figures 14(A) and (B) clearly demonstrate that
dust extinction as a function of metallicity and SFR, respectively,
are significantly offset from the local relation. In contrast, the
relation between dust extinction and stellar mass is similar for
local galaxies and z ∼ 1.6 galaxies (see also Paper I).

The primary difference in the relation between stellar mass
and dust extinction at z ∼ 1.6 as compared to the local universe
is at the high mass end. At z ∼ 1.6, massive galaxies exhibit
larger extinction as compared to local galaxies. This may be due
to the distribution of dust within galaxies or to a greater dust
content in galaxies at z ∼ 1.6. Wild et al. (2011) show that the
line-to-continuum extinction is greater for galaxies with higher
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Kashino et al. (incl. Kartaltepe) 2017 
See also Zahid et al. 2014, Grasshorn-Gebhardt 2016

there is a difference between the local and high-z samples at
N � 9.8. At the low-mass end, the offset is approximately
% _log O H 0.2 dex( ) in the FMR and about 0.4 dex in the
MZ relation (Figure 14(b)). Here, we highlight that there still
remains a significant offset in the metallicity between the
relations at these two epochs in spite of the fact that the potential
bias toward high SFRs in our sample is mitigated by computing
the projection axis μ. In conclusion, our data do not support an
extrapolation of the FMR from local galaxies to _z 1.6, as first
reported in Zahid et al. (2014b), particularly at low M* and
high SFR.

6.3. Mass–Z–SFR Relation with a Gas Regulation Model

Maier et al. (2014) have studied the FMR at �z 2 and found
that high-z galaxies in their sample are consistent with a universal
FMR that is based on the physically motivated formulation by
Lilly et al. (2013) (see also Onodera et al. 2016), but not with the
FMR of Mannucci et al. In the framework of Lilly et al. (2013),
the equilibrium gas-phase metallicity, Zeq, is determined by the
regulation of star formation by the mass of gas in a galaxy, and is
given as a function of M* and SFR. We follow the
parameterization of Equation (3) in Maier et al. (2014):

*M F C

�

�
� � � � � �� �

Z Z
y

R b M1 1 1 SFR 0.15
10

eq in

1 1( ) (( ) )
( )

where Zin is the metallicity of the infalling gas, y is the
yield, R=0.27 (for a Salpeter IMF) is the fraction of mass
returned to the ISM, *M r M a is the mass-loading factor, and

*F � rM MSFR b
gas is the SFE. C � �0.25 is the slope of the

relation between stellar mass and sSFR, i.e., *r CMsSFR .
Although Lilly et al. (2013) assume R=0.4 and C � �0.1, the
use of such different values does not change our conclusions.
We note that Equation (10) is a form for z=0 and that the
form for high redshifts will depend on the time variation of
parameters, as discussed in Lilly et al. (2013). In particular, the
SFE is likely to increase with redshift (e.g., Genzel et al. 2015).
Here, we compare our measurements at _z 1.6 to this model
without considering the time dependence of the parameters to

examine whether our FMOS galaxies at _z 1.6 follow a
nonevolving M*–Z–SFR relation.
We determine the parameters from a model fitting for the

local sample using total SFRs, as listed in Table 4. We
use SDSS galaxies with *- -:M M9.2 log 10.6 and -�1

-�
:Mlog SFR yr 11( ) , which are binned by *% �Mlog

0.1 dex and% �log SFR 0.1 dex. We utilize the MPFIT2DFUN
IDL procedure (Markwardt 2009) to fit the model to the median
metallicity in each bin as a function of both M* and SFR. Zin is
fixed to zero while the use of a different value in the range
� �Z y0 0.1in does not change our conclusions, although

the best-fit values of other parameters will change slightly. The
derived values are nearly equivalent to those given in Lilly
et al. (2013).
Based on this gas regulation model, we find that our FMOS

sample at _z 1.6 is consistent with a nonevolving FMR relation.
Figure 19 shows average metallicities for galaxies in our sample
and for local objects, as a function of (a) SFR and (b) sSFR for

Figure 17. Excess in the [N II]/Hα ratio vs. the SFR excess in four bins of stellar mass (median M* is shown in each panel). Individual FMOS galaxies with a [N II]/
Hα measurement are shown as gray circles. In each bin, a solid line is a linear fit to individual points. Stacked points of all galaxies in each M* bin and two subsets
further separated by the SFR excess are shown by blue and yellow circles, respectively. The individual points show a moderate anticorrelation between the two
quantities in all bins, while the stacks do not.

Figure 18. Projected M*–Z–SFR relation: metallicity vs. *NB� M , SFR0.32 ( ).
Metallicities are based on [N II]/Hα and μ is calculated using Hα-based SFRs
for both the local and FMOS samples. Symbols indicate the stacked points in
eight bins of M* (blue circles) or μ (red squares). Shaded contours show local
star-forming galaxies, with the stacked data points in 24 equally spaced bins of
μ (squares) and the central 68th percentiles (dotted lines). A thin solid line
indicates the original FMR derived by Mannucci et al. (2010) (based on in-
fiber SFRs).

22

The Astrophysical Journal, 835:88 (27pp), 2017 January 20 Kashino et al.



Galaxy Merger Rates

u Spectroscopically identified galaxy pairs and mergers
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(M∗ > 1010.7 M") at z ! 1. Since previous studies at higher
redshifts (z > 1.5–3) have reported the opposite trend, find-
ing the merger fraction of lower mass galaxies less than that
found in more massive systems (Conselice et al. 2008) our re-
sult suggests (with moderate significance) a transition of galaxy
assembly between z ∼ 1 and 1.5 (i.e., galaxy assembly down-
sizing). An additional implication of our findings is a potential
mechanism for interpreting cosmic downsizing. As mergers are
known to trigger star formation (Mihos & Hernquist 1996; Bar-
ton et al. 2000; and Section 6 of this work), a higher merger
fraction in lower mass galaxies would aid in the transition of the
dominant cites for star formation moving to lower mass systems
at lower redshifts.

This trend of a higher galaxy merger fraction in lower mass
galaxies at z < 1 is in contrast with the recent close pair
study in the GOODS fields of Bundy et al. (2009). A possible
explanation for the higher pair fractions (of a few percent) found
in higher mass galaxies is the stronger clustering of massive
galaxies, which was not considered when the contamination due
to projection effects was estimated. Another factor to consider
is the small sample size of !89 galaxy pairs, compared to our
sample of >1100 mergers. That being said the trend found in this
work is still one of only moderate significance, stressing the need
for even larger samples to better characterize the dependence of
GIF on host galaxy stellar mass.

5. GALAXY MAJOR MERGER RATE

The role mergers play in the formation and evolution of
galaxies is largely unknown. The rate in which galaxies merge
can affect the mass function of galaxies, and is likely linked at
some level to the decline of the cosmic star formation rate. In
this section, we discuss the galaxy major merger rate derived
from the CFHTLS-Deep Catalog of Interacting Galaxies using
Equation (2)

$mg = GIF/Tmg, (2)

where GIF is the galaxy interaction fraction, and Tmg is the
assumed merger timescale. This equation provides a measure
of the number of mergers galaxy−1 Gyr−1. A primary source of
uncertainty for all merger rate studies is the merger timescale.
This observability timescale is essentially the length of the
merger process over which a specific technique (e.g., finding
close galaxy pairs or using morphology) is able to identify the
galaxy as a merger. Estimates of merger timescales have been
derived using dynamical friction arguments (Patton et al. 2002)
as well galaxy scale numerical simulations tracing stellar or gas
particles (Conselice 2006; Bell et al. 2006a; Iono et al. 2004).

Recent work by Lotz et al. (2008b), in which a morphological
analysis was performed on a suite of N-body/hydrodynamical
equal mass gas-rich mergers that have been processed through
a radiative transfer code have provided reasonable estimates
(0.2–0.9 Gyr), for the timescales probed by close pair methods
and quantitative morphological parameters, such as G − M20
and asymmetry. Lotz et al. (2008b) shows that quantitative
morphological classifications based on G − M20 are sensitive
during the first encounter and final merger stages for gas-
rich equal mass mergers, but do not identify many interacting
galaxies between these two stages, resulting in an observability
(or merger) timescale range of 0.2–0.6 Gyr. Tidal tails can
remain visible even after the central portion of the galaxy
exhibits a uniform or symmetric appearance, therefore the
timescale our technique is able to detect mergers is longer than
that of G − M20.

Figure 11. Merger rate as a function of redshift in units of mergers galaxy−1

Gyr−1. The filled black squares represent the merger rate derived using
interacting galaxies with stellar masses ! 109.5(M"). The best fit to our
CFHTLS data (solid line) of the form (1 + z)m finds m = 2.33±0.72, GIF(0) =
0.027 ± 0.003. Combining the CFHTLS-Deep data with the other works noted
below results in a best fit with m = 2.83 ± 0.29 (dashed line) and m = 2.43
when a 2.0% statistical error is assumed. All fits include both the uncertainties
of the merger fractions and merger timescale. The red points show the observed
merger rate derived from close pair fractions as a function of redshift from Patton
et al. (2002, filled stars), Lin et al. (2004, open upward triangles), Xu et al. (2004,
open star), Bell et al. (2006b, lined star), De Propris et al. (2007, filled square),
Kartaltepe et al. (2007, filled upward triangles), and Bundy et al. (2009, open
diamonds). The merger rate derived from morphological studies as a function of
redshift is shown in blue from Le Fèvre et al. (2000, open diamonds), Conselice
et al. (2003, filled circle), Cassata et al. (2005, filled downward triangles), Wolf
et al. (2005, open upward star), De Propris et al. (2007, open star), Scarlata
et al. (2007, “x”), Bridge et al. (2007, open square), Lotz et al. (2008b, lined
stars), Conselice et al. (2008, open circle), López-Sanjuan et al. (2009, plus
sign), Jogee et al. (2009, open upward triangle), and this work (filled black
squares). The assumed merger timescale for merger fractions derived using
CAS or concentration, asymmetry was 0.9 ± 0.2 Gyr from Lotz et al. (2008a)
and Conselice et al. (2008). The timescale over which mergers selected via
G−M20 is assumed to be 0.4 ± 0.2 Gyr, close galaxy pairs 0.2 ± 0.1 Gyr (Lotz
et al. 2008a), and this work 0.8 ± 0.2 Gyr.

In order to estimate the merger timescale probed by vi-
sually identified mergers based on tidal features, we utilized
N-body simulations of galaxies undergoing mergers described
in Conselice (2006) which employs the models of Mihos &
Hernquist (1996) and Mihos (2001). We carefully considered
the duration that a galaxy encounter would exhibit the tidal
features used in this work to identify interacting galaxies. We
visually inspected snapshots of a simulated merger noting the
duration in which the galaxies would be classified as “inter-
acting” according to our criteria. Ultimately, we estimate the
timescale being probed by strong visual tidal features to be
0.8 ± 0.2 Gyr.

Using Equation (2), the merger rate for galaxies with stellar
masses "109.5 M" was derived and shown in Figure 11 as
a function of redshift. The large uncertainty in the merger
timescale reflects the various possible merger scenarios (i.e.,
large mass ratios can extend the merger timescale).

We find an average merger rate of Rmg ∼ 0.065 mergers
gal−1 Gyr−1 between 0.1 # z # 0.7, which increases to
0.24 mergers gal−1 Gyr−1 at z ∼ 1.0. The merger rate evolves
with redshift as (1 + z)2.25±0.23. When both the Poisson errors in
the GIF and the uncertainty in the merger timescale are included
m = 2.33 ± 0.72.

Using our GIF results and the merger timescale derived above,
we calculate a lower limit for the interaction history for typical
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These values are based on the average timescales for those
separations and similar (baryonic) mass ratios of 1:3.

The additional factor, Cmerg, is necessary because two
galaxies that appear as a pair only have some probability to
merge over a given timescale. The orbital parameters of some
galaxy pairs can result in a very long dynamical friction
timescale, resulting in a merger timescale longer than the
Hubble time. From simulations, this value computed over all
possible merging scenarios is typically Cmerg=0.6 (Conselice
2014), but this value will also depend on the specific mass and
is redshift dependent.

In this work we estimate the merger rates using the redshift-
dependent merger observability timescale of Snyder et al.
(2017), such that
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The redshift-dependent merger observability timescale,
τP(z), is calculated by modeling the timescale required to
reconcile the intrinsic merger rates of galaxies in the Illustris
simulation (Genel et al. 2014; Vogelsberger et al. 2014) with
the estimated pair counts of galaxies from the simulation. This
evolving timescale incorporates the effects accounted for by
Cmerg in Equation (31), and is defined as

U � q � �( ) ( ) ( )z z2.4 1 Gyr. 33P
2

We note that the pair criteria employed by Snyder et al. (2017)
differ from those in this work, with a primary galaxy mass range
of 10.5<log10(Må/Me)<11 and pair-separation radii of 10 to
50 kpc. The overall normalization of the timescales therefore
represents a significant systematic uncertainty, particularly in the
case of the 9.7<log10(Må/Me)<10.3 sample. Despite these
systematic uncertainties, our assumed observability timescales
presented by Snyder et al. (2017) represent the best currently
available and the most plausible avenue for inferring merger rates
from observed pair counts. In addition to these systematic
uncertainties, we also highlight that there is likely significant
scatter in the merging timescales on a pair-by-pair basis (see
Figure 6 of Snyder et al. 2017).

With these caveats in mind, in Figure 13 (and in Table 5), we
present the merger rate per galaxy as a function of redshift
implied by the observed pair counts in this work. We find an
increase in the merger rate over all redshifts such that the
highest merger rates are found for galaxies at the highest
redshifts where we can probe. In Figure 13 we also plot the
best-fit power law and power law+exponential parameteriza-
tions from Table 3 convolved with the observability timescale.
The pair-count results of Mundy et al. (2017), Mantha et al.
(2018), and Ventou et al. (2017) converted using the same
merger timescale are also shown.

In the higher mass bin we find that there is excellent
agreement with the merger rates measured in the Illustris
hydrodynamical simulation by Rodriguez-Gomez et al. (2015).
However, at 9.7<log10(Må/Me)<10.3, the pair counts
measured for the CANDELS fields imply merger rates that
are significantly higher than those presented in Illustris (Snyder
et al. 2017).

Although more informative than the merger fraction alone,
the merger rate per galaxy is an average over all galaxies at a
given mass and redshifts. We are also interested in knowing
what the true merger rate is - that is, how many mergers are

occurring per unit time per unit volume as a function of
redshift. Similarly to previous studies, we define the comoving
merger rate density, Γ, as

� � � U( � � � �( ) ( ) ( ) ( ) ( )M z f M z n M z z, , , , 34p c P
1

where fp(>Må, z) is, as before, the mass- and redshift-dependent
galaxy pair fraction, nc(>Må, z) the comoving number density
for galaxies with stellar mass > Må, and τP(z) the redshift-
dependent merger observability timescale. The comoving number
densities for galaxies with 9.7<log10(Må/Me)<10.3 and
log10(Må/Me)�10.3 are estimated from the same SMF para-
meterizations used for the mass-completeness weights: Mortlock
et al. (2014) at z�3, Santini et al. (2012) at 3<z<3.5, and
Duncan et al. (2014) at z�3.5.
Errors on the number densities are estimated by perturbing

the Schechter function parameters based on their quoted errors
and recalculating the integrated number density. This step is
then repeated 104 times, and the lower and upper 1σ errors are
taken as the 16th and 84th percentiles.
In Figure 14 we show the resulting merger rates calculated

following Equation (34) (see also Table 6). We also compare in

Figure 13. Estimated major merger rate per galaxy as a function of redshift for
galaxies with stellar mass 9.7<log10(Må/Me)<10.3 (top) and log10(Må/Me)>
10.3 (bottom) assuming the redshift-dependent merger timescales of Snyder et al.
(2017). Also shown are the merger rates based on the close-pair statistics of
Mundy et al. (2017), Ventou et al. (2017), and Mantha et al. (2018), assuming the
same redshift-dependent timescale. The golden line and shaded region in each
figure show the best-fitting power-law model from Figure 10 converted into
merger rates using our assumed merger timescales (Equation (33)). The right-hand
scale illustrates the inferred specific mass accretion rate through major mergers
based on the observed merger rate (see text). For reference, we also show the
observed specific star formation rates for similar mass galaxies as a function of
redshift (green shaded region; Speagle et al. 2014).
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Star Formation Enhancement in 
Nearby Galaxy Pairs

Patton et al. (2013) Patton et al. (2020)

The orbital extent of enhanced star formation L61

Figure 1. Lower panel: the mean SFR of SDSS paired galaxies (blue sym-
bols) and their associated control galaxies (red symbols) is plotted versus
projection separation (rp). Upper panel: mean SFR enhancement (ratio of
pair SFR to control SFR) is plotted versus rp, with the dashed horizontal
line denoting zero enhancement. The inset plot extends this out to 1000 kpc,
using larger rp bins. All error bars show the standard error in the mean.

Figure 2. This SDSS gri image shows a wide galaxy pair (rp = 91 kpc)
with an obvious tidal tail linking the member galaxies. Tidal features are
also seen on the opposite side of each galaxy. The galaxy on the right
(SDSS objID=587736619324735891) has an SFR of 7.8 M! yr−1, which
is 5.6 times higher than its controls. The companion galaxy is not in our
star-forming sample, since it has a composite spectrum (star formation +
AGN).

rp ∼ 150 kpc. Fig. 2 shows a striking example of enhanced star
formation in a relatively wide pair (91 kpc) with a clear tidal tail
linking the member galaxies. Above 150 kpc, there is no evidence
of net enhancement (or suppression) in the pair SFR (this is true out
to at least 1000 kpc, as shown in the inset panel of Fig. 1).

Over the range rp < 80 kpc, these results are broadly consistent
with the findings of Scudder et al. (2012), despite some differences
in data (e.g., stellar masses, S/N requirements), pair selection and
environmental matching. At larger separations, our results indicate
that we have achieved our goal of measuring SFR enhancements out
to sufficiently wide separations that the enhancements reach zero.
Since our paired galaxies have controls which are closely matched in
galaxy properties (stellar mass and z) and environment (local density
and isolation), we conclude that galaxy–galaxy interactions appear

to be able to boost the mean SFR out to rp ∼ 150 kpc, but not further.
If true, this implies that enhanced star formation extends out to larger
separations than has previously been appreciated, and that studies
of strongly interacting galaxies may miss a sizeable population of
galaxies which exhibit enhanced star formation due to recent close
encounters. To examine if this interpretation is physically plausible,
we now turn to simulations.

4 N- B O DY / S M O OT H E D PA RT I C L E
H Y D RO DY NA M I C S ( S P H ) S I M U L AT I O N S

4.1 Overview of the simulations

We investigate the possibility that mergers are responsible for the
observed SFR enhancement using a controlled suite of numerical
simulations. The numerical methods employed here are similar to
those described in detail in Torrey et al. (2012a). Specifically, our
simulation suite has been run using the N-Body/SPH simulation
code GADGET (Springel 2005) which – in addition to including
gravity and hydrodynamics – accounts for radiative cooling of gas
(Katz, Weinberg & Hernquist 1996), a density-driven SFR prescrip-
tion with associated feedback (Springel & Hernquist 2003), and gas
recycling from aging stellar populations (Torrey et al. 2012a).

Our goal is to construct a set of galaxy merger simulations, where
we can compare the evolving SFRs in isolated galaxies to the SFRs
in merging systems, as a function of galactic separation r. To achieve
this, we construct two isolated galaxies of initial stellar mass M1 =
5.7 × 109 M! and M2 = 1.4 × 1010 M!. These masses, and the
resulting stellar mass ratio of ∼2.5: 1, were chosen to match the
median mass and mass ratio of our SDSS pairs sample. Each iso-
lated galaxy contains a dark matter halo, a stellar and gaseous disc
(20 per cent initial gas fraction), and a stellar bulge (which contains
20 per cent of the stellar mass). We ensure that our galaxies are
stable against bar formation or other instabilities when evolved in
isolation, and then set them on merging trajectories as described
in the following subsection. Since our isolated galaxies are stable
against bar formation or any rapid changes in their SFR, any major
changes seen in the SFR for the merging galaxies can be confidently
attributed to the merger interaction.

4.2 A suite of 75 merger simulations

For our merger suite, we adopt a set of five eccentricities (0.85,
0.9, 0.95, 1 and 1.05) and five impact parameters (2, 4, 8, 12 and
16 kpc) which are consistent with orbital element distribution func-
tions derived from cosmological simulations (Wetzel 2011). While
many previous merger studies have limited their scope to studying
zero-energy orbits with fixed impact parameters, the 25 combina-
tions of eccentricity and impact parameter used in our merger suite
yields substantial differences in the resulting apocentre separations
(rapo). This is critical for this Letter, where we are interested in
assessing the feasibility of driving SFR enhancements at relatively
large galactic separations (>100 kpc) via galaxy–galaxy interac-
tions. Since there are no known correlations between the orientation
of each galaxies’ angular momentum vector relative to the plane of
the merger (e.g. Khochfar & Burkert 2006), we select three repre-
sentative merger disc orientations (the e, f and k orientations from
Robertson et al. 2006), yielding a suite of 75 merger simulations.
We emphasize that this merger suite is not intended to be complete,
as we are still failing to sample a large portion of available merger
parameter space (e.g., variations in galaxy morphology, mass, mass
ratio, gas fraction, etc.). Moreover, these simulated pairs are pure
binary systems, without the cosmological context of additional

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/433/1/L59/957029 by guest on 04 July 2022

The orbital extent of enhanced star formation L61

Figure 1. Lower panel: the mean SFR of SDSS paired galaxies (blue sym-
bols) and their associated control galaxies (red symbols) is plotted versus
projection separation (rp). Upper panel: mean SFR enhancement (ratio of
pair SFR to control SFR) is plotted versus rp, with the dashed horizontal
line denoting zero enhancement. The inset plot extends this out to 1000 kpc,
using larger rp bins. All error bars show the standard error in the mean.

Figure 2. This SDSS gri image shows a wide galaxy pair (rp = 91 kpc)
with an obvious tidal tail linking the member galaxies. Tidal features are
also seen on the opposite side of each galaxy. The galaxy on the right
(SDSS objID=587736619324735891) has an SFR of 7.8 M! yr−1, which
is 5.6 times higher than its controls. The companion galaxy is not in our
star-forming sample, since it has a composite spectrum (star formation +
AGN).

rp ∼ 150 kpc. Fig. 2 shows a striking example of enhanced star
formation in a relatively wide pair (91 kpc) with a clear tidal tail
linking the member galaxies. Above 150 kpc, there is no evidence
of net enhancement (or suppression) in the pair SFR (this is true out
to at least 1000 kpc, as shown in the inset panel of Fig. 1).

Over the range rp < 80 kpc, these results are broadly consistent
with the findings of Scudder et al. (2012), despite some differences
in data (e.g., stellar masses, S/N requirements), pair selection and
environmental matching. At larger separations, our results indicate
that we have achieved our goal of measuring SFR enhancements out
to sufficiently wide separations that the enhancements reach zero.
Since our paired galaxies have controls which are closely matched in
galaxy properties (stellar mass and z) and environment (local density
and isolation), we conclude that galaxy–galaxy interactions appear

to be able to boost the mean SFR out to rp ∼ 150 kpc, but not further.
If true, this implies that enhanced star formation extends out to larger
separations than has previously been appreciated, and that studies
of strongly interacting galaxies may miss a sizeable population of
galaxies which exhibit enhanced star formation due to recent close
encounters. To examine if this interpretation is physically plausible,
we now turn to simulations.

4 N- B O DY / S M O OT H E D PA RT I C L E
H Y D RO DY NA M I C S ( S P H ) S I M U L AT I O N S

4.1 Overview of the simulations

We investigate the possibility that mergers are responsible for the
observed SFR enhancement using a controlled suite of numerical
simulations. The numerical methods employed here are similar to
those described in detail in Torrey et al. (2012a). Specifically, our
simulation suite has been run using the N-Body/SPH simulation
code GADGET (Springel 2005) which – in addition to including
gravity and hydrodynamics – accounts for radiative cooling of gas
(Katz, Weinberg & Hernquist 1996), a density-driven SFR prescrip-
tion with associated feedback (Springel & Hernquist 2003), and gas
recycling from aging stellar populations (Torrey et al. 2012a).

Our goal is to construct a set of galaxy merger simulations, where
we can compare the evolving SFRs in isolated galaxies to the SFRs
in merging systems, as a function of galactic separation r. To achieve
this, we construct two isolated galaxies of initial stellar mass M1 =
5.7 × 109 M! and M2 = 1.4 × 1010 M!. These masses, and the
resulting stellar mass ratio of ∼2.5: 1, were chosen to match the
median mass and mass ratio of our SDSS pairs sample. Each iso-
lated galaxy contains a dark matter halo, a stellar and gaseous disc
(20 per cent initial gas fraction), and a stellar bulge (which contains
20 per cent of the stellar mass). We ensure that our galaxies are
stable against bar formation or other instabilities when evolved in
isolation, and then set them on merging trajectories as described
in the following subsection. Since our isolated galaxies are stable
against bar formation or any rapid changes in their SFR, any major
changes seen in the SFR for the merging galaxies can be confidently
attributed to the merger interaction.

4.2 A suite of 75 merger simulations

For our merger suite, we adopt a set of five eccentricities (0.85,
0.9, 0.95, 1 and 1.05) and five impact parameters (2, 4, 8, 12 and
16 kpc) which are consistent with orbital element distribution func-
tions derived from cosmological simulations (Wetzel 2011). While
many previous merger studies have limited their scope to studying
zero-energy orbits with fixed impact parameters, the 25 combina-
tions of eccentricity and impact parameter used in our merger suite
yields substantial differences in the resulting apocentre separations
(rapo). This is critical for this Letter, where we are interested in
assessing the feasibility of driving SFR enhancements at relatively
large galactic separations (>100 kpc) via galaxy–galaxy interac-
tions. Since there are no known correlations between the orientation
of each galaxies’ angular momentum vector relative to the plane of
the merger (e.g. Khochfar & Burkert 2006), we select three repre-
sentative merger disc orientations (the e, f and k orientations from
Robertson et al. 2006), yielding a suite of 75 merger simulations.
We emphasize that this merger suite is not intended to be complete,
as we are still failing to sample a large portion of available merger
parameter space (e.g., variations in galaxy morphology, mass, mass
ratio, gas fraction, etc.). Moreover, these simulated pairs are pure
binary systems, without the cosmological context of additional
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Increasing Numbers of Spectroscopically 
Confirmed Pairs at High-z

u de Ravel et al. 2009: 314 major pairs at 0.15 < z < 1.0
u Silverman et al. 2011: 562 major and minor pairs at 0.25 < z < 1.05
u Tasca et al. 2014: 12 major pairs at 2 < z < 4
u Ventou et al. 2017: 113 major and minor pairs at 0.2 < z < 6
u Shah et al. 2020: 1300 major pairs at 0.5 < z < 3.0
u Dai et al. 2021: 416 major and minor pairs at 0.2 < z < 1.6
u + more from ALMA surveys!

u Overall, still very small numbers at z > 2…
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Figure 3. AGNs in close kinematic pairs (left: Chandra; right: HST/Advanced
Camera for Surveys (ACS) F814W). Top: an AGN (CID=450) at z = 0.658 is
part of a system of three galaxies within the central potential of an X-ray emitting
galaxy group. The redshifts of the individual galaxies are labeled. Middle: an
AGN (CID=1711) is associated with a pair of interacting, spiral galaxies at
z = 0.77. Bottom: a system at z = 0.371 with a barred spiral hosting an AGN
(CID=3083). In all panels, the optical positions of the zCOSMOS galaxies in
pairs are marked with a small cross (red=AGN), and north is up while east is
to the left.
(A color version of this figure is available in the online journal.)

if an excess of AGNs in paired galaxies is realized. In Section 5,
we proceed a step further by recovering the intrinsic fraction
of AGNs in galaxies in both pairs and the field, including
reliable confidence intervals, since we have full knowledge of
the selection function of the spectroscopic sample. This second
step further enables us to compute the actual fraction of all AGNs
that are correlated with the presence of being in a kinematic pair.

For all analysis, we specifically determine whether a
zCOSMOS galaxy with M∗ > 2.5 × 1010 M# is identified
with an X-ray detection by Chandra. We allow a galaxy to be
associated with a kinematic pair if it has a neighbor satisfying
the criteria, given above, on the projected separation and line-of-
sight velocity difference. We further restrict the sample to pairs
with a mass ratio less than 10:1, which allows for a companion
to have a mass below our threshold. This mass ratio is chosen to
isolate a sample for which strong gravitational interactions are
capable of destabilizing gas that can subsequently fuel an AGN.

The observed AGN fraction (f; Equation (1)) is determined
by summing over the full sample of AGNs (N) with Neff,i
representing the number of effective galaxies in which we could
have detected an AGN of a given X-ray luminosity Li

X (see

Figure 4. Observed AGN fraction of galaxies in close kinematic pairs (dr <
75 kpc and dv < 500 km s−1; filled black circles) compared to galaxies with
no neighbor within a projected separation of 143 kpc and a velocity offset less
than 500 km s−1 (open circles) for two redshift intervals. The horizontal bars
indicate the redshift range for each value while the vertical bars are the 1σ error.

Silverman et al. 2009a, 2009b):

f =
N∑

i=1

wi

Neff,i
. (1)

This procedure enables us to account for the spatially varying
sensitivity limits of the Chandra observations (effectively the
source detection completeness as a function of X-ray flux
shown in Figure 12 of Puccetti et al. 2009) of the COSMOS
field (also see Figure 4 of Elvis et al. 2009). The effective
number of galaxies typically falls below the total number of
galaxies by ∼15%. An additional weight (wi) denotes whether
an X-ray source was observed as a random (wi = 1) or
compulsory (wi = 0.70) target. This factor wi is the ratio of
the sampling rate of random targets (0.68) divided by that of
the compulsory targets (0.97) within the central zCOSMOS
area. These sampling rates are simply the ratio of observed
targets divided by the total number of targets in an input
galaxy catalog. By down-weighting the “compulsory” targets,
we effectively remove to first order the bias that some AGNs
were targeted at a higher rate compared to random galaxies.
We also incorporate these weights (w) into Neff,i with a minor
impact because the majority of galaxies (∼97%) are random
targets. Due to the fact that the Chandra observations were
taken after the zCOSMOS program began, only 30% of these
X-ray sources were compulsory targets, essentially the brighter
XMM-Newton sources. We estimate the associated 1σ error (see
Equation (4) of Silverman et al. 2009b) based on a Gaussian
approximation to a beta distribution (Cameron 2011; R. Andrae
et al. 2011, in preparation).

We then compare the fraction of galaxies, in pairs, that
host an AGN to those, not in pairs, over the redshift range
0.25 < z < 1.05 (Table 1). We define an AGN here as an
X-ray point source with log L0.5–10 keV > 42.3 (units of erg s−1),

4

Silverman et al. 2011
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Figure 14. Comparison of the SFR enhancement as a function of the projected separation of pairs for our galaxy pair sample
(0.5 < z < 3.0) and pair sample in the local universe (0.02 < z < 0.20) from Patton et al. (2013). SFR enhancement is defined as
the ratio of the average of SFR of pair sample to that of the control sample (Equation 1.) The dotted line at a SFR enhancement
value of one corresponds to no interaction-induced SFR in galaxy pairs. The blue filled circles show SFR enhancement for our
complete galaxy pair sample (log(Mpair/M�) > 10.3 and 0.5 < z < 3.0). The filled green diamond, filled purple square, and
filled orange triangle correspond to the SFR enhancements for our visually identified merger sample, blended interaction sample,
and non-blended interaction sample, respectively. The gray region corresponds to the merger (or post merger) stage. The filled
black stars correspond to the Patton et al. (2013) SFR enhancement results for a pair sample in the local (0.02 < z < 0.20)
universe estimated using SDSS observations.

less than 25 kpc, we see an overall trend of increasing
SFR enhancement with decreasing projected separation.
For the SFR enhancement our blended interactions sam-
ple, we see a value slightly less than one, which could
be due to low number statistics. Unlike our results, P13
observe an enhancement in SFR for pairs with projected
separations of up to 150 kpc. Many factors can impact
the measurement of SFR enhancement (such as sample
selection, redshift, SFR measurement method, etc.) and
would be cumulatively responsible for the di↵erences be-
tween our results and P13 results.
Apart from the clear di↵erences in the redshift range

of our pair sample (0.5 < z < 3.0) and their pair sample
(0.02 < z < 0.2), the P13 pair sample also consists of
both major and minor pairs (mass ratio < 10), unlike
our sample of only major galaxy pairs. They also apply
a stricter line of sight velocity di↵erence constraint to
identify galaxy pairs (�V < 300 km s�1) compared to
our relatively liberal constraint (�V < 1000 km s�1).
Furthermore, similar to many local studies, P13 select
only star forming galaxies identified using emission lines,
which means that their sample consists of only star-
forming galaxies compared to our sample which also con-
tains non-star forming galaxies. Considering only the
subset of our galaxies that are star-forming, our SFR
enhancement result (Figure 10) of 1.30+0.09

�0.10 at 0-25 kpc
is ⇠ 2.8� (compared to ⇠ 3.2� for the complete sam-

ple), lower than P13 SFR enhancement at 10-20 kpc.
Hence, even for the star-forming sample, our pair sam-
ple (0.5 < z < 3.0) shows less SFR enhancement than
a local (0.02 < z < 2.0) pair sample P13 at similar pro-
jected separations.
Similarly, Ellison et al. (2013a) find a SFR enhance-

ment of ⇠ 3.5 in a post-merger sample compared to the
controls generated using SDSS observations. Their SFR
enhancement is ⇠ 5.5� higher than our visually identi-
fied merger sample (0.5 < z < 3.0). It is also ⇠ 6.4�
higher than our high z (1.6 < z < 3.0) merger sample.

6.2. Comparison with simulation-based studies

A significant decrement in the SFR enhancement level
and its duration in merging galaxies with a significantly
higher gas fraction (similar to galaxies at high z) com-
pared to low gas fraction (similar to galaxies at low z)
is also suggested by some studies conducted using ide-
alized binary merger simulations (Bournaud et al. 2011;
Hopkins et al. 2013; Scudder et al. 2015; Fensch et al.
2017). For example, Fensch et al. (2017) use idealized
binary merger simulations to study the e↵ect of a galaxy
merger on the SFR of galaxies and show that the amount
and the duration of the merger-induced star formation
excess is about ten times lower for high redshift galaxy
(gas fraction ⇠ 60%, z ⇠ 2) mergers compared to their
low redshift counterparts (gas fraction ⇠ 10%, z ⇠ 0).

u ~1300 spectroscopically 
identified major merger pairs 
in COSMOS and CANDELS 
(0.5 < z < 3)

u ~300 visually identified 
mergers and close 
interactions

u SFR in pairs/mergers relative 
to that of a matched control 
sample

Shah, Kartaltepe, et al., 2022, submitted
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Figure 14. Comparison of the SFR enhancement as a function of the projected separation of pairs for our galaxy pair sample
(0.5 < z < 3.0) and pair sample in the local universe (0.02 < z < 0.20) from Patton et al. (2013). SFR enhancement is defined as
the ratio of the average of SFR of pair sample to that of the control sample (Equation 1.) The dotted line at a SFR enhancement
value of one corresponds to no interaction-induced SFR in galaxy pairs. The blue filled circles show SFR enhancement for our
complete galaxy pair sample (log(Mpair/M�) > 10.3 and 0.5 < z < 3.0). The filled green diamond, filled purple square, and
filled orange triangle correspond to the SFR enhancements for our visually identified merger sample, blended interaction sample,
and non-blended interaction sample, respectively. The gray region corresponds to the merger (or post merger) stage. The filled
black stars correspond to the Patton et al. (2013) SFR enhancement results for a pair sample in the local (0.02 < z < 0.20)
universe estimated using SDSS observations.

less than 25 kpc, we see an overall trend of increasing
SFR enhancement with decreasing projected separation.
For the SFR enhancement our blended interactions sam-
ple, we see a value slightly less than one, which could
be due to low number statistics. Unlike our results, P13
observe an enhancement in SFR for pairs with projected
separations of up to 150 kpc. Many factors can impact
the measurement of SFR enhancement (such as sample
selection, redshift, SFR measurement method, etc.) and
would be cumulatively responsible for the di↵erences be-
tween our results and P13 results.
Apart from the clear di↵erences in the redshift range

of our pair sample (0.5 < z < 3.0) and their pair sample
(0.02 < z < 0.2), the P13 pair sample also consists of
both major and minor pairs (mass ratio < 10), unlike
our sample of only major galaxy pairs. They also apply
a stricter line of sight velocity di↵erence constraint to
identify galaxy pairs (�V < 300 km s�1) compared to
our relatively liberal constraint (�V < 1000 km s�1).
Furthermore, similar to many local studies, P13 select
only star forming galaxies identified using emission lines,
which means that their sample consists of only star-
forming galaxies compared to our sample which also con-
tains non-star forming galaxies. Considering only the
subset of our galaxies that are star-forming, our SFR
enhancement result (Figure 10) of 1.30+0.09

�0.10 at 0-25 kpc
is ⇠ 2.8� (compared to ⇠ 3.2� for the complete sam-

ple), lower than P13 SFR enhancement at 10-20 kpc.
Hence, even for the star-forming sample, our pair sam-
ple (0.5 < z < 3.0) shows less SFR enhancement than
a local (0.02 < z < 2.0) pair sample P13 at similar pro-
jected separations.
Similarly, Ellison et al. (2013a) find a SFR enhance-

ment of ⇠ 3.5 in a post-merger sample compared to the
controls generated using SDSS observations. Their SFR
enhancement is ⇠ 5.5� higher than our visually identi-
fied merger sample (0.5 < z < 3.0). It is also ⇠ 6.4�
higher than our high z (1.6 < z < 3.0) merger sample.

6.2. Comparison with simulation-based studies

A significant decrement in the SFR enhancement level
and its duration in merging galaxies with a significantly
higher gas fraction (similar to galaxies at high z) com-
pared to low gas fraction (similar to galaxies at low z)
is also suggested by some studies conducted using ide-
alized binary merger simulations (Bournaud et al. 2011;
Hopkins et al. 2013; Scudder et al. 2015; Fensch et al.
2017). For example, Fensch et al. (2017) use idealized
binary merger simulations to study the e↵ect of a galaxy
merger on the SFR of galaxies and show that the amount
and the duration of the merger-induced star formation
excess is about ten times lower for high redshift galaxy
(gas fraction ⇠ 60%, z ⇠ 2) mergers compared to their
low redshift counterparts (gas fraction ⇠ 10%, z ⇠ 0).



SFR Enhancement in IllustrisTNG
Pairs

u Selected the same way 
as observed pairs

u See only slight decrease 
in enhancement with 
redshift 

Shah, Kartaltepe, et al., in prep



AGN Enhancement in Nearby Galaxy 
Pairs

Ellison et al. (2013)
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(a) (b)

Figure 5. Observed fraction of galaxies hosting an AGN shown as a function of both the projected physical separation (a) and line-of-sight velocity difference (b).
The rightmost data point in both panels gives the AGN fraction of galaxies not in pairs with the horizontal lines showing the 1σ error and extended along the abscissa
for visual comparison.

Figure 6. Observed AGN fraction of galaxies in close kinematic pairs (filled
circles: dr < 75 kpc and dv < 500 km s−1; open circles: dr < 143 kpc and
dv < 500 km s−1) as a function of the mass ratio of the two galaxies. The
horizontal bars give the non-pair fraction with 1σ errors.

pair sample, compared to non-pair galaxies (control sample),
with the highest levels of incidence occurring on the smaller
scales of projected separation. We note that redshift- and mass-
dependent effects may be non-negligible for pair samples with
higher mass ratios (>10) since we do not implement volume-
or mass-limited criteria for both members of a galaxy pair.

4.2. Further Considerations

We recognize that a number of selection effects must be
considered given their potential impact on the aforementioned
results, such as (1) an artificially elevated level of incidence of
AGNs in pairs due to differences in the redshift success rate

between galaxies and AGNs or (2) 30% of the X-ray sources
being spectroscopically observed as compulsory targets. Any
bias in the number of AGNs in our sample can artificially
induce a higher fraction of pairs with AGNs if not considered
carefully since the probability of having a pair is the product
of the sampling rates of the individual galaxies. To address the
first issue, we measure the success rate of redshift identification
with a confidence flag f ! 1.5 (see Lilly et al. 2009) between
randomly targeted galaxies (89.2%) and AGNs (91.9%) in the
zCOSMOS sample and find very similar rates. To address the
second issue, we carried out a similar analysis, as done above,
to measure the AGN fraction but with a highly conservative
selection. We limited the sample to (1) only galaxies and
AGNs that were observed as part of the random sample (see
Section 5). In addition, we constructed a highly conservative
sample that further imposed the following restrictions on the
random sample: (2) only AGNs with a higher luminosity cut
(log LX > 42.6) over all redshifts to avoid those falling near the
flux limit, thus avoiding a large contribution from a few objects,
and (3) as done above, a limit on the maximum luminosity of the
AGN. Even with these limited samples, we see an enhancement
of AGNs on the same scale and with similar confidence (see
Table 1). We highlight that a stronger enhancement is seen
(2.6 times) for the case where the X-ray luminosity is limited to
the lower end of the distribution (42.6 < log LX < 43.7) that
may indicate that such encounters are more likely to result in an
AGN of moderate luminosity.

It may also be the case that the observed trends are driven
by the dependence of AGN activity on stellar mass. Therefore,
we performed a series of Kolmogorov–Smirnov (K-S) tests to
determine whether the stellar mass distribution of the pairs and
the control sample differ in any of the bins (i.e., redshift, dr , dv)
implemented in this study. We find that there is no noticeable dif-
ference that can be responsible for the results presented herein.

5. A MONTE CARLO INFERENCE OF THE INTRINSIC
AGN FRACTION

As a second step, a complementary analysis, using a
Monte Carlo technique as fully outlined in the Appendix, is

6

SDSS Pairs (0.01 < z < 0.2) zCOSMOS Pairs (0.25 < z < 1.05)

Silverman et al. (2011)



u ~1300 major merger pairs in COSMOS and CANDELS (0.5 < z < 3)

u AGN fraction in pairs relative to that of a matched control sample

Shah, Kartaltepe, et al., 2020
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Figure 15. Comparison of our results with studies of galaxy pair samples in the local universe. Left: X-ray AGN enhancement
as a function of projected separation for our sample of paired galaxies with �V < 1000 km s�1 at 0.5 < z < 3.0 (filled dark
blue circles) and the visually identified merger sample (filled green diamond) in comparison with the results of Ellison et al.
(2013a) for optical AGN in SDSS spectroscopic paired galaxies and post mergers (filled black stars) at 0.01 < z < 0.20 and the
results of McAlpine et al. (2020) AGN (Lbol > 2 ⇥ 1042 erg s�1) in pairs at 0.05 < z < 0.10 from the cosmological simulation
EAGLE (golden asterisks). Right: IR AGN enhancement as a function of projected separation for our sample of paired galaxies
with �V < 1000 km s�1 (filled deep pink circles) and the visually identified merger sample (filled green diamond), based on
the Donley et al. (2012) criteria, in comparison with the results of Satyapal et al. (2014) for IR AGN selected from WISE in
SDSS spectroscopic paired galaxies and post mergers (filled black stars). The gray shaded region in both panels corresponds to
merging/post-merger systems. All spectroscopic pairs correspond to major interactions (mass ratio < 4).

AGN enhancement, particularly at high redshift. Sim-
ilarly, some galaxies in the control sample may be at
an advanced merging stage and missed by our selection.
We attempted to account for this by removing the visu-
ally identified mergers and interactions from the control
parent sample, but since that selection was fairly con-
servative, there are almost certainly many mergers that
have been missed and could have been included in the
control sample.
It is also important to note that any biases and selec-

tion e↵ects present in the spectroscopic redshift samples
will be present in our pair sample. Spectroscopic surveys
in these fields are inhomogenous overall and each survey
has a di↵erent goal in mind for targeting. Of particu-
lar note, the spectroscopic completeness of X-ray AGN
is higher than the general galaxy population in these
fields since there have been many campaigns to specifi-
cally target X-ray AGN. We attempt to mitigate this by
requiring all controls to have spectroscopic redshifts and
all controls to come from the same field as the galaxy
pairs so that any selection e↵ects are present in both
samples. Therefore, we expect that these selection ef-
fects have minimal impact on our final AGN enhance-
ment results.
While our kinematic pair sample is not a↵ected by the

dimming of low surface brightness features at high red-
shift, our sample of visually identified interactions and

mergers certainly are. The observational bias of sur-
face brightness dimming results in a decrement of three
magnitudes in sensitivity from z = 0 to z = 1. De-
spite using deep HST images to visually identify the
interaction and merger samples, these samples are in-
complete as many interaction features at high redshift
are too faint to be identified. In addition to being dif-
ficult to identify, many classifiers may disagree on the
presence of merger signatures, due to their faintness as
well as to the fact that other physical processes can be
responsible for morphological disturbances at high red-
shift. Our selection in this paper is intentionally con-
servative – all of the galaxies identified as mergers and
interactions have a high level of confidence due to the
presence of strong signs of disturbance. Therefore, this
analysis is certainly insensitive to all of the mergers in
these fields and our resulting sample is very small, af-
fecting our statistics. This could result in some missing
mergers being included in our control sample, diluting
any AGN enhancement in our measurement.
We compare our results for our visually identified sam-

ples with the results of Lackner et al. (2014). They
apply an automated method of identifying mergers by
median-filtering the high-resolution COSMOS HST im-
ages to distinguish two concentrated galaxy nuclei at
small separations, i.e., to identify late-stage mergers at
0.25 < z < 1.0, and also used X-ray observations to iden-



“X-Ray” AGN Enhancement in 
IllustrisTNG

u Lx estimated using BH accretion rate from IllustrisTNG
Shah, Kartaltepe, et al., in prep
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Fig. 5—The relationship between the (�5007/�4861) and (�6584/�6563) intensity ratios. The symbols have the same meanings as in Figures 1 and 
2. 
into a common system. If the same classification could 
be derived for an object on the basis of any of the in- 
tensity-ratio diagrams, the general properties of the 
spectra of different emission-line objects could be quick- 
ly and quantitatively compared even when the observa- 
tions cover different regions of the spectrum. The de- 
sired strict correlation between the ���indices would of 
course be fortuitous, given that the various intensity ra- 
tios depend in different ways on the underlying physical 
variables. Figure 7 shows that the indices are in fact not 
well correlated. But there is still an advantage in aver- 
aging them together for each object, in order to bring 
into play as much data as are available and to help to 
define transition cases between different excitation 
mechanisms. 

We define 

(9) 
(��) = 1/3 [���(�5007/�4861) + ���(�6584/�6563) 

+ ���(�6300/�6563)] . 

(��) is plotted against (�3727/�5007) in Figures 8 and 
9. The ����regions scatter about (��) = 0 with a Gaus- 
sian distribution having a standard deviation ��= 0.064. 

They all fall within the ± 3 ��limits shown in the fig- 
ures. Most of the planetary nebulae lie inside a second 
region, as indicated in the figures, except that six are 
mixed in with the ����regions and could be either mis- 
classified ����regions or planetaries having unusually 
cool stars. All of the shock-heated galaxies and most of 
the power-law photoionization objects fall clearly into 
their own distinct areas. There are in addition a few gal- 
axies claimed to be photoionized by power-laws which 
scatter into other parts of the diagram, and which will 
be discussed in detail in section V. With the exception of 
the latter objects, the "power-law photoionization" zone 
on Figure 9 can be adequately described as —1.3 < 
(�3727/�5007) < 0 and (��) > + 0.19, and the "shock- 
heated,, zone as (�3727/�5007) >: 0 and (��) > 
4-0.19. The individual extragalactic objects used to de- 
fine this classification system are listed in Table III. 

V. Discussion 
The primary goal of this work has been to find a vari- 

ety of convenient graphs, using emission-line intensity 
ratios, which can segregate emission-line galaxies and 
QSOs according to their primary excitation mechanism. 
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The host galaxies of AGN 1057 

1997) as diagnostics of the stellar populations of the host galaxies. 
Both indices are corrected for the observed contributions of the 
emission lines in their bandpasses. Using a library of 32 000 model 
star formation histories, we have used the measured Dn (4000) and 
H&a indices to obtain a maximum-likelihood estimate of the z-band 
mass-to-light ratio {M/L) for each galaxy. By comparing the colour 
predicted by the best-fitting model to the observed colour of the 
galaxy, we also estimate the attenuation of the starlight due to dust. 

The SDSS imaging data provide the basic structural parameters 
that are used in this analysis. We use the z band as our fiducial 
filter because it is the least sensitive to the effects of dust attenua- 
tion. The z-band absolute magnitude, combined with our estimated 
values of M/L and dust attenuation Az yield the stellar mass (M*). 
The half-light radius in the z band and the stellar mass yield the 
effective stellar surface mass density (/x* = M*/27tr|) J. As a proxy 
for Hubble type we use the SDSS ‘concentration’ parameter C, 
which is defined as the ratio of the radii enclosing 90 and 50 per cent 
of the galaxy light in the r band (see Stoughton et al. 2002). Strateva 
et al. (2001) find that galaxies with C > 2.6 are mostly early-type 
galaxies, whereas spirals and irregulars have 2.0 < C < 2.6. 

3 IDENTIFICATION AND CLASSIFICATION 
OF AGN 
According to the standard ‘unified’ model (e.g. Antonucci 1993), 
AGN can be broadly classified into two categories depending on 
whether the central black hole and its associated continuum and 
broad emission-line region are viewed directly (a ‘type 1 ’ AGN) or 
are obscured by a dusty circumnuclear medium (a ‘type 2’ AGN). 

Since this obscuring medium does not fully cover the central source, 
some of the radiation escapes and photoionizes the surrounding gas, 
leading to strong narrow permitted and forbidden emission lines 
from the ‘narrow-line region’ (NLR). In type 1 AGN the optical 
continuum is dominated by non-thermal emission, making it a chal- 
lenge to study the host galaxy and its stellar population. This is 
especially true of QSOs, where the continuum radiation from the 
central source outshines the stellar light from the host galaxy. 

We have therefore excluded the type 1 AGN from our initial 
sample (but will undertake a limited analysis of such objects in 
Section 5). The rejection of type 1 AGN from our sample is accom- 
plished automatically by the SDSS spectral classification algorithm, 
which is based on a principal component analysis (PCA) approach 
(Schlegel et al., in preparation). We have verified the reliability of 
this procedure through the manual inspection of ~1000 spectra of 
the most powerful AGN in our sample. In about 8 per cent of the 
cases, weak broad wings are present on the Ha emission line, but 
not on Hß. In the standard nomenclature (Osterbrock 1989), these 
would be classified as ‘type 1.9’ AGN (objects in which the obscura- 
tion of the central continuum source is substantial, but not complete). 
We retain these objects in our sample, since the contribution to the 
observed continuum by the AGN is not significant (see Section 3.2 
below). 

Baldwin, Phillips & Terlevich (1981, hereafter BPT) demon- 
strated that it was possible to distinguish type 2 AGNs from normal 
star-forming galaxies by considering the intensity ratios of two pairs 
of relatively strong emission lines, and this technique was refined 
by Veilleux & Osterbrock (1987). It has become standard practice 
to classify objects according to their position on the so-called BPT 

i 1 1 1 J 1 1 1 1 1 1 1—n 1 J 1 1 1 r 
Seyferts _ 

-1.5 -1 -0.5 0 
log ([Nil] X6583/Ha) 

Figure 1. An example of a BPT (Baldwin et al. 1981) diagram in which we plot the emission-line flux ratio [Oni]/H/3 versus the ratio [NiiI/Hoî for all the 
galaxies in our sample where all four lines are detected with S/N > 3 (55 757 objects). The dotted curve shows the demarcation between starburst galaxies and 
AGN defined by Kewley et al. (2001). The dashed curve shows our revised demarcation (equation 1). A total of 22 623 galaxies lie above the dashed curve. 
Seyfert galaxies are often defined to have [O iu]/H/j > 3 and [N ii]/Hq' > 0.6, and LINERs to have [O ni]/H/j < 3 and [Nii]/Hg' > 0.6. Our sample includes 
2537 Seyferts and 10 489 LINERs according to this definition. 
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classification scheme. The remaining sources are likely
star-forming/AGN composite sources, rather than low-
luminosity AGNs.

4. The line ratios of our sample of (U)LIRGs show a high
level of agreement with the scenario 1, 3, and 4 mixing
sequences of Kewley et al. (2013b), suggesting that these
galaxies likely span a range of ISM conditions and
metallicities.

5. In comparison to optically and sBzK selected samples,
our far-infrared-selected galaxies mostly lie at higher
values of [N II]/Hα and span a wide range in [O III] /Hβ.
Therefore, our FIR sample appears to be dominated by
AGNs, have higher metallicities, and have higher stellar
masses.
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Figure 3. BPT diagram, [O III] /Hβ vs. [N II]/Hα, for two optically selected
galaxy samples at high redshift with near-infrared spectroscopy at z 1.5_
(green, from the high-resolution FMOS program; Silverman et al. 2014) and
z 2.2_ (gray, from MOSFIRE; Steidel et al. 2014) in comparison to our
infrared-selected sample at z 1.5_ (red). Overplotted are the AGN
classification lines at z = 0, z = 1.5, and z = 2.2 from Kewley et al.
(2006, 2013b) and the contours of the full SDSS sample at low redshift. Note
the offset between the infrared and optically selected samples.
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Figure 2. [N II] BPT diagram. Green points indicate 1.9 ≤ z ≤ 2.7 MOSDEF galaxies with S/N ≥ 3 for all four plotted emission-lines. Large magenta stars
represent measurements of stacks from composite spectra, binned by stellar mass, for 1.9 ≤ z ≤ 2.7 MOSDEF galaxies. The grayscale 2D histogram indicates
local SDSS galaxies. The cyan curve is the fit to the MOSDEF sample from Shapley et al. (2015). The orange curve is a fit to the z ∼ 0 star-forming locus
(Kewley et al. 2013). The red curve is the best fit to the z ∼ 2.3 galaxies from KBSS (Steidel et al. 2014). The black curve is the maximum starburst line from
Kewley et al. (2001). The blue curve is the empirical AGN-/star-forming galaxy dividing line from Kauffmann et al. (2003).

(ii) Rejection of the [O II] doublet based on visual inspection. Such
cases occur when skylines affect the [O II] doublet but not the [S II]
doublet, spurious detections, and poor fits.

We set the lower limit for ne to be 1 cm−3.

2.2 SDSS Comparison Sample

Throughout this study, we compare our high-redshift MOSDEF
sample to local galaxies. For this comparison, we use archival data
from the SDSS Data Release 7 (DR7; Abazajian et al. 2009). We
obtain galaxy properties and emission-line measurements from the
MPA-JHU DR7 release of spectrum measurements 1. SDSS galaxies
are selected within the 0.04 ≤ z ≤ 0.10 redshift range. We impose
similar restrictions on our SDSS sample to those applied to the
MOSDEF sample by requiring that each emission-line used in the
analysis has an S/N ≥ 3. For the SDSS sample, we remove AGN
using equation (1) from Kauffmann et al. (2003). Galaxies are also
identified as having an AGN component if N2 > 0.5. These criteria
result in a comparison sample of 103 422 SDSS galaxies when
considering the [N II] BPT diagram alone, and 74 726 SDSS galaxies
when considering galaxies with simultaneous detections across all
three emission-line diagrams analyzed in this work ([N II] BPT, [S II]
BPT, and O32 versus R23).

3 R ESULTS

3.1 The [N II] BPT diagram

We start by investigating the locations of z ∼ 2.3 star-forming galax-
ies in the [N II] BPT diagram based on the complete MOSDEF sample
(Fig. 2). We include the 180 galaxies with ≥3σ detections for all four
emission-lines (Hβ, [O III]λλ4960,5008, Hα, and [N II]λ6585) and
the corresponding SDSS sample with the same four emission lines

1https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/

detected. Similar to previous MOSDEF studies (e.g. Shapley et al.
2015; Sanders et al. 2016; Shapley et al. 2019; Topping et al. 2020b)
and other studies from the literature (e.g. Shapley et al. 2005; Erb et al.
2006; Steidel et al. 2014), there is a systematic offset observed for
the high-redshift MOSDEF sample from the local sequence (Fig. 2).
The MOSDEF galaxies appear on average to be shifted towards the
AGN region of the diagram with elevated N2 and/or O3 values,
with some galaxies on the AGN side of the Kauffmann et al. (2003)
AGN/SF boundary. There are even a small number of galaxies past
the maximum starburst line from Kewley et al. (2001) as well.

To search for any biases in the sample based on the ≥3σ detection
requirement in all four [N II] BPT lines, we construct spectral stacks
for all MOSDEF galaxies at 1.9 ≤ z ≤ 2.7 with Hα emission detected
at S/N ≥ 3. There are four spectral stacks, divided into bins of
stellar mass (see Sanders et al. 2018 for a full description of the
method for constructing composite spectra). The emission-line ratios
measured from stacked spectra follow the distribution of data points
measured from MOSDEF galaxies with individual detections in all
[N II] BPT lines. Therefore, the sample of individual detections seems
to represent the parent z ∼ 2.3 MOSDEF data set with minimal bias.
The four stacks, similarly to the individually detected galaxies, are
offset from the local SDSS sample with elevated N2 and/or O3 values.

3.2 Dividing the z ∼ 2.3 sample in the [N II] BPT diagram

Fig. 2 shows that on the [N II] BPT diagram, part of the MOSDEF
sample sits on or near the local SDSS sequence, while the remainder
of the galaxies lie off the SDSS sequence and are shifted towards
the local AGN region. We now investigate if the location of a
high-redshift galaxy − either on or offset from the local SDSS
sequence − is connected with other physical properties of the
galaxy. For this analysis, we examine how galaxies on the [N II] BPT
diagram populate the [S II] BPT and O32 versus R23 diagrams, and
therefore require the sample to have ≥3σ detections for all emission-
lines on these diagrams: [O II]λλ3727,3730, Hβ, [O III]λλ4960,5008,
Hα, [N II]λ6585, and [S II]λλ6718,6733. There are 123 MOSDEF
galaxies that meet this criterion. One galaxy was removed because
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Resolved Spectroscopy
with IFUs

u With resolved spectroscopy, one can:

u Isolate nuclear and specific star
forming regions

u Identify low luminosity AGN
u Study the impact of shocks
u Study the properties of outflows
u Look at metallicity gradients
u Probe detailed kinematics

Resolved diagnostic diagrams: LIER galaxies 3119

Figure 5. Examples of the different gas excitation conditions observed in MaNGA galaxies. Following the classification scheme described in the text, from top
to bottom, galaxies are classified as follows: 1-114306 SF; 1-636015 SF (note the clear extraplanar LIER emission); 1-155926 LIER central (cLIER);
1-114928 LIER extended (eLIER); 12-193481 peculiar (merger); 1-72322 Seyfert (Sy). Each row shows, from right to left (1) a g − r − i image
composite from SDSS with the MaNGA hexagonal FoV overlaid. (2) A map of log(H α flux), with histogram stretching of the colour bar. (3) the [S II] BPT
diagram showing the position of each spaxel (and typical line ratio uncertainties in the bottom-right corner). (4) A map of the galaxy colour coded according
to the position of individual regions with the same colour coding as in (3). The MaNGA PSF is shown as a hatched circle in the bottom-right corner of the
MaNGA maps. The greyed area corresponds to the FoV of the MaNGA bundle.
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We’ve Only Seen the Tip of the 
Iceberg at High-z

u KMOS-3D: NIR IFU 
spectroscopy of 700 galaxies 
at 0.7 < z < 2.7

u Ha velocity fields of 250 
z~1 and 2 galaxies, relative 
to the star forming main 
sequence

Wisnioski et al. 2015, 2019

https://www.mpe.mpg.de/ir/KMOS3D

https://www.mpe.mpg.de/ir/KMOS3D


KMOS-3D

u Rotation curves of 
high-z disks suggest 
an evolution in the 
dark matter 
content of 
galaxies

Genzel et al. 2017, 2020
Lang et al. 2017
Price et al. 2021



JWST Spectroscopic Modes



JWST Possibilities

Resolved stellar 
kinematics

Strong lines 
detectable out to 

high-z 

Metallicity 
measurements using 

strong lines, weak 
lines, and direct 

calibration 

MIR AGN 
Diagnostics

ISM conditions in the 
early universe: 

Evolution of the 
ionization parameter 
and ionizing photon 

production, gas 
density/pressure 

Redshifts for large 
numbers of

faint/low mass/ 
high-z galaxies 

(including pairs!)

Your Favorite 
Topic Here!



The 30-m Class ELTs

u IFUs+AO (multiplexed?) will enable ‘MaNGA’ at high-z!
u Resolved metallicities
u Resolved stellar kinematics for faint galaxies

u Next-Generation NIR MOS
u Measure redshifts, 

metallicities,
ISM conditions, AGN 
diagnostics, etc.
for large samples of 
galaxies



Summary
u Large optical and NIR spectroscopic surveys have enabled tremendous 

progress in our understanding of galaxy evolution
u MZR and FMR well-established, evolution of FMR debated
u Merger rate better constrained to moderate z, larger samples needed at higher z
u Possibly evolving role of interactions in fueling star formation and AGN activity but 

larger samples of spectroscopically confirmed pairs at z>2 are needed
u AGN and ISM diagnostics out to cosmic noon

u IFU surveys at low-z (MaNGA, CALIFA, SAMI) enable detailed studies of 
physical processes in galaxies
u High-z surveys like KMOS-3D are beginning to scratch the surveys

u Larger, fainter, and higher-z samples are needed to address many open 
questions
u Will be possible with JWST, ELTs, and surveys with PFS, MOONS, Euclid, Roman, etc.


