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ABSTRACT

We investigate the fraction of close pairs and morphologically identified mergers on
and above the star-forming main sequence (MS) at 0.2 ≤ z ≤2.0. The novelty of our
work lies in the use of a non-parametric morphological classification performed on resolved stellar mass maps, reducing the contamination by non-interacting, high-redshift
clumpy galaxies. We find that the merger fraction rapidly rises to ≥70% above the MS,
implying that – already at z&1 – starburst (SB) events (∆MS ≥ 0.6) are almost always
associated with a major merger (1:1 to 1:6 mass ratio). The majority of interacting
galaxies in the SB region are morphologically disturbed, late-stage mergers. Pair fractions show little dependence on MS-offset and pairs are more prevalent than late-stage
mergers only in the lower half of the MS. In our sample, major mergers on the MS
occur with a roughly equal frequency of ∼5-10% at all masses &1010 M . The MS major merger fraction roughly doubles between z = 0.2 and z = 2, with morphological
mergers driving the overall increase at z&1. The differential redshift evolution of interacting pairs and morphologically classified mergers on the MS can be reconciled by
evolving observability timescales for both pairs and morphological disturbances. The
observed variation of the late-stage merger fraction with ∆MS follows the perturbative
2-SFM model, where any MS galaxy can experience a continuum of different SFR enhancements. This points to a starburst-merger connection not only for extreme events,
but also more moderate bursts which merely scatter galaxies upward within the MS,
rather than fully elevating them above it.
Key words: galaxies: interactions – galaxies: starburst – galaxies: evolution – galaxies: star formation – galaxies: high-redshift
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INTRODUCTION

Since at least z ' 4, star-forming galaxies follow a tight, almost linear relation between their stellar mass and the star
formation rate, the so-called ‘star formation main sequence’
(MS, Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al.
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2007, 2011; Noeske et al. 2007; Salim et al. 2007; Pannella et
al. 2009; Santini et al. 2009; Karim et al. 2011; Whitaker et
al. 2012; Steinhardt et al. 2014; Schreiber et al. 2015; Tomczak et al. 2016). The existence of such a sequence has been
interpreted as evidence that, for the vast majority of galaxies, star formation proceeds in a quasi-steady, self-regulated
fashion (e.g., Noeske et al. 2007; Bouché et al. 2010; Leitner 2012) and that stochastic star-formation enhancements
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causing galaxies to move above this sequence are rare or
short-lived events (Rodighiero et al. 2011; Sargent et al.
2012; Schreiber et al. 2015)
In the local Universe (z.0.3), the strongest starburst
(SB) galaxies with star formation rates well above the MS
– e.g. luminous infrared galaxies, LIRGs, with 1011 L <
LIR < 1012 L or ultra-luminous infrared galaxies, ULIRGs,
LIR > 1012 L – are almost always triggered by major mergers (Joseph & Wright 1985; Armus et al. 1987; Sanders &
Mirabel 1996; Murphy et al. 1996; Clements et al. 1996; Duc
et al. 1997; Farrah et al. 2001; Veilleux et al. 2002; Arribas et
al. 2004; Haan et al. 2011) and the merger fraction increases
with increasing galaxy infrared luminosity (e.g. Scudder et
al. 2012; Ellison et al. 2013; Larson et al. 2016). Although
short-lived (typical depletion time scales for SB galaxies are
of the order of . 108 yr, Solomon et al. 1997; Solomon &
Vanden Bout 2005; Daddi et al. 2010b; Genzel et al. 2010;
Saintonge et al. 2011), these intense, merger-induced starbursts can have a major impact on the galaxy gas reservoir
and internal structure and are one of the possible mechanisms leading to star formation quenching and bulge formation (Toomre & Toomre 1972; Gerhard 1981; Barnes 1988;
Sanders et al. 1988; Mihos & Hernquist 1996; Naab et al.
1999; Di Matteo et al. 2005; Springel et al. 2005; Hopkins et
al. 2006, 2008).
The degree to which this starburst-merger connection
persists at higher redshift is debated. A different interpretation of the nature of off-MS galaxies in z&1 far-IR selected samples is for example proposed in Mancuso et al.
2016. These author suggests that high specific star formation (sSFR) outliers correspond to young, SF galaxies caught
while still assembling the bulk of their stellar mass, which
for this reason display a higher SFR than expected given
their mass. Although they might not be associated with the
most extreme SFR enhancements, internal instabilities are
also able to move high-z galaxies toward the upper ridge of
the MS to an sSFR close to that of SBs (Zolotov et al. 2015;
Tacchella et al. 2016). The exact definition of starbursts in
different works also contributes to discrepancies in the literature. Some of the early studies (e.g. Kartaltepe et al. 2010)
adopted an absolute IR luminosity threshold to quantify the
level of “starburstiness”, as is typically done in local samples.
However, due to the evolution of the average star formation
rate (SFR) of all galaxies with redshift (Daddi et al. 2007;
Elbaz et al. 2007; Karim et al. 2011; Whitaker et al. 2012,
see further references in Speagle et al. 2014), at z & 1 LIRGs
and ULIRGs dominate the main sequence (Daddi et al. 2007;
Sargent et al. 2012) and the cosmic star-formation rate density (Le Floc’h et al. 2005; Caputi et al. 2007; Magnelli et
al. 2009; Béthermin et al. 2011; Casey et al. 2012). They are
hence representative of the ‘normal’ galaxy population at
these redshifts and not of extreme star formation episodes.
Nevertheless, these early studies found that even at z∼2
a significant fraction of ULIRGs – many of which are MS
galaxies – shows morphological signatures of merging activity (∼40%, Kartaltepe et al. 2010). The existence of morphologically disturbed galaxies on the MS may indicate that
SFR enhancements due to merger events are typically small
(factors of about ×2 − 3), as suggested by a number of observational works (e.g. Jogee et al. 2009; Robaina et al. 2009;
Wong et al. 2011; Xu et al. 2012; Kaviraj et al. 2013). Parsecscale numerical simulations of high-z galaxies also show that

Figure 1. Examples of optical-IR matches. From left to right:
H ST H-band image centred on the closest optical counterpart
to the IRAC source, IRAC 3.6 µm image and VLA 20 cm radio
image (Owen 2018). Cyan circles correspond to H−band detected
galaxies in the 3D-H ST catalogue, red circles are galaxies in the
GOODS-S pitzer IRAC parent catalogue used in L18.
Rows 1 & 2: examples of robust optical-IR matches where the
IRAC prior source for the FIR+mm flux extraction is associated
with a single optical counterpart. Although more than one optical source is present within 300 (dotted white circle) of the central
IRAC source, the long wavelength flux is either deblended into
multiple sources or dominated by the central galaxy.
Rows 3 & 4 (red frames): examples of uncertain associations,
where the parent IRAC source is not clearly associated with a
single optical counterpart. Row 3 shows an IRAC source with
three counterparts, two at the same spectroscopic redshift (“s”
appended to redshift value next to cyan circle) and a third with
an incompatible photometric redshift (labelled “p”). The bottom
row shows an example of a genuine close spectroscopic pair.

the high gas fractions and disc turbulence in these galaxies
drive significant central gas inflow even in isolated galaxies,
therefore reducing the impact of mergers which induce either no or very short duration starbursts (Perret et al. 2014;
Fensch et al. 2017).
A different approach for defining starbursts, which incorporates cosmic SFR evolution, is based on the offset of
galaxies from the locus of the MS, often parametrized as
the logarithmic difference ∆MS = log(SFR) − log(SFRMS ) between a galaxy SFR and the characteristic SFR on the MS
at given stellar mass (SFRMS ). Studies investigating merger
fractions among high-∆MS outliers to the MS suggest that,
MNRAS 000, 1–22 (2017)
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also at higher redshift, starburst activity is often associated with on-going mergers or interactions (Kartaltepe et
al. 2012; Hung et al. 2013).
The quantification of the role of mergers in MS and
SB galaxies out to high redshift is however a challenging task. Together with observational limitations affecting galaxy classifications (e.g., surface brightness dimming,
morphological k-correction), galaxies become intrinsically
clumpier as redshift increases, resulting in asymmetric and
disturbed appearances also in ‘normal’ disk galaxies that
are not undergoing an interaction (Cowie et al. 1995; Papovich et al. 2005; Genzel et al. 2006; Elmegreen et al. 2007;
Law et al. 2007; Bournaud et al. 2007, 2008; van Starkenburg et al. 2008; Swinbank et al. 2010; Förster Schreiber
et al. 2009, 2011; Guo et al. 2012; Tacconi et al. 2013). In
all aforementioned morphological merger studies, the distinction between merging galaxies and non-interacting systems is based on either a visual or a parametric classification
of near-IR, single band photometry, probing the rest-frame
UV-to-optical emission, which is dominated by giant clumps.
In this paper, we re-examine the extent to which SB
galaxies are directly linked with mergers, and in general
how merging galaxies are distributed throughout the MS,
by using a novel classification technique which instead relies on morphological information derived from the resolved
mass maps that we developed in Cibinel et al. 2015 (Paper I hereafter). By using spatially resolved Spectral Energy
Distribution (SED) information to reconstruct the intrinsic stellar mass distribution of galaxies, this method is optimised for reducing the contamination by clumpy disks in
high-z merger samples, which have complex UV-optical morphologies but smooth mass distributions. We also combine
these morphologically selected mergers with galaxies in close
pair systems to study how the different merger stages affect
the galaxy position on the MS. For this study we make use
of the latest measurements of deep, far-infrared (FIR) to
sub-millimetre photometry in the Great Observatories Origins Deep Survey North area (GOODS-N, Giavalisco et al.
2004) derived in Liu et al. (2018). Exploiting an improved
de-blending algorithm, these refined IR measurements significantly reduce source confusion and artificial flux boosting
and provide reliable measurements of integrated SFR also for
dust-obscured SBs, for which UV or optical tracers result in
biased estimates.
The paper is organised as follows: We present the galaxy
sample and available data in Section 2. Sections 3 and 4 describe the merger identification techniques used in this study
and how we calculate the merger fraction. Our results are
presented in Section 5 and discussed in the context of other
literature findings in Section 6. A summary is provided in
Section 7. We use magnitudes in the AB system (Oke 1974)
and a Chabrier initial mass function (IMF, Chabrier 2003).
When necessary, measurements for comparison samples are
converted accordingly. We adopt a Planck 2015 cosmology (Ωm = 0.31, ΩΛ + Ωm = 1 and H0 = 67.7 km s−1 Mpc−1 ,
Planck Collaboration et al. 2015).
Note that, throughout the paper, we use two different
parametrisations of the redshift-dependent locus of the MS:
the one derived from the literature compilation in Sargent et
al. (2014) and the one derived from FIR detections or stacks
in Schreiber et al. (2015). The major difference between the
two definitions is that the latter displays a “bending” toMNRAS 000, 1–22 (2017)

3

wards high stellar masses. Unless otherwise stated, results
will always be presented and discussed for both parametrisations. We furthermore employ “total” SFRs defined as
SFR=SFRUV +SFRIR , where SFRUV is the dust unobscured
contribution derived from the UV luminosity and SFRIR represents the obscured SFR derived from light re-emitted in
the 8-1000 µm wavelength range.
Finally, in the literature major mergers are usually defined as those involving galaxies with mass ratios in the
range 1:1 to 1:4, whereas minor mergers typically have ratios 1:4 to 1:10. As explained later in the text, our study
is restricted to mergers in the range 1:1 to 1:6. Our sample therefore includes some minor mergers, but the majority
lies in the major merger regime and for simplicity we refer
to mergers studied here as “major mergers” from now on.

2

DATA

2.1

Main FIR+mm sample

For the analysis in this paper we consider a sample of farIR and sub-millimiter (FIR+mm) detected galaxies in the
GOODS-N area. The availability of FIR measurements is
essential for reliably probing the star-formation in the SB
regime where strong dust obscuration can affect shorter
wavelength SFR tracers. We therefore selected our sample
from the IR catalogue published in Liu et al. (2018, L18 hereafter), which consists of galaxies from the IRAC GOODSSpitzer survey (PI: M. Dickinson), that also have both a
MIPS 24 µm and a VLA 20 cm radio detection.
Photometric data ranging from the mid-IR to the radio is available for this sample, including observations from
the GOODS-Spitzer Legacy Program (including the MIPS
24 µm, PI: M. Dickison), Her schel-PACS 100 and 160 µm
(co-added PEP and GOODS-Her schel programs, Lutz et
al. 2011; Elbaz et al. 2011), Her schel-SPIRE 250, 350 and
500 µm (Elbaz et al. 2011), SCUBA-2 850 µm (Geach et al.
2017) and VLA 20 cm (Owen 2018). For all these galaxies, IR
flux densities and SEDs were derived through an improved
source de-blending technique, which relies on the shorter
wavelength SED properties of each primary target and its
neighbours to define a list of prior sources that are likely
to contribute to the confusion-prone maps at a given IR
wavelength. The details of these measurements and of the
calculation of IR-derived properties are provided in L18.
To build our FIR-detected sample we start by considering sources in the parent L18 catalogue which: (i)
are within the inner GOODS-N area having a high level
of completeness of 24 µm prior sources (low 24 µm instrumental noise, goodArea=1 in Table 2 of L18) and, (ii) are
FIR+mm-detected with a combined signal-to-noise ratio
SNRFIR+mm ≥51 . To ensure that reliable morphological parameters could be derived, we then selected a subset of galaxies from this FIR+mm-detected sample with:
(i) a spectroscopic (spec-z) or photometric redshift
(photo-z) in the range 0.2≤z≤2.0. About 80% of the galaxies considered have a spec-z from the redshift compilation
1

SNR2FIR+mm =SNR2100µm +SNR2160µm +SNR2250µm +SNR2350µm

+SNR2500µm +SNR2850µm +SNR21.6mm , as defined in L18.
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Figure 2. Properties of the FIR+mm and 3D-H ST MS samples. Panels (a)-(c): Distribution in the SFR-M? plane for our three
redshift bins. Black points are FIR+mm detected galaxies in the L18 catalogue, red symbols the MS sample extracted from 3D-H ST .
For reference, all 24 µm-detected (SNR>3) galaxies in 3D-H ST at the same redshift are plotted with small grey points. The horizontal
green line shows the SFR limit corresponding to the FIR selection at the highest redshift in each bin, the horizontal grey line is the 24 µm
detection limit. The solid and dotted blue lines trace the MS (Sargent et al. 2014) and 0.4 dex offset locus at the mean redshift. The red
dashed line indicates the minimum mass (completeness limit) of the combined FIR+mm and 3D-H ST MS sample. Panel (d): Difference
between the SFR derived from the full IR+mm SED fitting in L18 (SFRIR ) and the 3D-H ST estimate (SFR3D−HST ), as function of the
distance ∆MS from the MS (referenced to SFRIR ). Small black symbols show individual galaxies in the FIR+mm sample and big red
points the median difference. For galaxies with |∆MS | .0.4 dex the two estimates are consistent; significant deviations are observed above
and below the MS. Panel (e): redshift distribution of the combined FIR+mm and MS samples. The green histogram shows the redshift
distribution of galaxies with a spectroscopic redshift.

described in L18 (of these, 60% are 3D-HST spec-z – i.e.
non-grism – measurements from Skelton et al. 2014; Momcheva et al. 2016). For the remainder of the sample we rely
on the photo-z as published in L18. To keep evolutionary
effects under control, we will present our findings for three
separate redshift bins, 0.2 ≤ z <0.6, 0.6 ≤ z <1.2 and 1.2 ≤ z ≤2
(boundaries were selected such to divide the sample in bins
with roughly equal number of galaxies, see Table 1).
(ii) an observed HST/WFC3 H160 -band (‘H-band’ from
now on) magnitude brighter than H ≤ 24 and a Kron radius
rkron ≥ 5×FWHM(PSF), assigned by matching the L18 sample with the 3D-HST catalogues (see next section). These
criteria ensure that robust structural parameters can be
measured on the resolved mass maps, as discussed in detail
in Paper I2 . Only ∼2% of the original FIR+mm-detected
galaxies at 0.2≤z≤2.0 are rejected when applying these con-

2

The H-band magnitude cut imposes a mass completeness limit
and a SFR threshold. For star-forming galaxies these are, however, less stringent that the limits implied by the FIR detection
discussed in Section 2.3: the H-band selected sample is complete above masses log(M? /M )'10.0 and probes SFR'10M /yr
at z=2.0. It is therefore not necessary to apply any statistical
correction to the sample as a consequence of our H-band cut.

straints (all in the two highest redshift bins). While small
in number, the exclusion of these galaxies could in principle bias our sample against late stage mergers dominated
by a nuclear SB or extremely obscured merger-induced SB.
However, we find that the fraction of these galaxies stays
constant between the MS and SB regions and we therefore
conclude that their exclusion will not affect our results.
A further 30 galaxies were discarded due to being too
close to or outside the edges of the HST optical/NIR images
or because of other artefacts. We will refer to these FIR+mm
detected galaxies as the “FIR+mm sample”, from now on.
For all these galaxies, UV+IR SFR estimates have been
published in L18. In particular, the dust obscured component SFRIR is derived from the SED fitting of the 2 µmto-radio, super-deblended photometry. The SED fitting included a stellar component (Bruzual & Charlot 2003), a
mid-IR AGN torus template (Mullaney et al. 2011), a dust
SED (Magdis et al. 2012) and a power-law radio component
as detailed in L18. SFRIR are obtained from the pure dust
component and corrected for the AGN contribution. The
unattenuated SFRUV were obtained either by applying the
Kennicutt (1998) calibration to the rest-frame 1400 fluxes
or from the SFRUV /SFRIR versus stellar mass correlation,
for those galaxies that lack 1400 fluxes.
MNRAS 000, 1–22 (2017)
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2.2

Optical counterparts of FIR+mm sources

As mentioned above, an IRAC parent sample serves as basis
for the identification 24 µm+radio sources in the L18 catalogue from which we selected our FIR+mm sample. To identify optical counterparts and assign stellar masses (as well as
magnitudes), the L18 sample was then cross-matched with
the 3D-HST catalogue (Skelton et al. 2014) and the K-band
sample of Pannella et al. (2015). Given the ∼1.5 00 angular
resolution of IRAC, blending of multiple galaxies within an
IRAC resolution element, and as a consequence a FIR+mm
source, is possible. Although it is not excluded that the IRemission could be associated with one of the galaxies only,
an unambiguous match cannot always be established and
such blends could bias the FIR-based star-formation rate
estimates and MS-offset calculation.
To keep these cases under control, we visually inspected
all galaxies in the FIR+mm sample which are likely to suffer from such contamination/blending. We singled out as
potentially problematic sources those which have, within a
3 00 radius, more than one optical counterpart in the 3D-HST
catalogue with an IRAC-1 flux above the 1σ detection limit
of ∼0.5 µJy of the GOODS-N Spitzer observations (Elbaz et
al. 2011). For these galaxies we checked the IRAC images
and also the VLA 20 cm images of Owen (2018) to determine whether the IRAC source could correspond to a blend
of multiple galaxies resolved in the HST H-band image. We
then treated galaxies according to the “purity” of the opticalIR association, as follows.
Instances where the IRAC and radio emission are clearly
dominated by a single optical galaxy, or where sources are
not blended in the IRAC images, were validated as robust
single matches and no further action was required (see examples in upper panels of Fig. 1). For cases where instead more
than one galaxy may contribute to the IR fluxes (∼10% of
the entire FIR+mm sample; see examples in bottom panels
of Fig. 1) we distinguished two categories:
• genuine spectro-photometric associations of multiple
galaxies at the same redshift (∼1% of the entire FIR+mm
sample), as defined in the merger classification described in
more detail in the next section. In such cases, we consider
all galaxies in the system as a single entity and assign to it a
stellar mass given by the sum of the masses in the individual
galaxies to avoid underestimation of the stellar component
associated with the IR emission.
• Likely chance projections (∼9%). Such cases have the
potential of artificially enhancing the SFR of non interacting
galaxies as consequence of the blending with the interloper.
For these galaxies we keep the original mass-SFR association
as published in L18 and we test how the results are affected
when they are excluded from our sample.
2.3

Completeness and complementary MS sample

The detection constraint SNRFIR+mm ≥5 imposed to select
the FIR+mm sample translates into a redshift-dependent
minimum SFR. Consequently, while the FIR+mm sample
is generally complete at high SFR-enhancements, at a fixed
stellar mass it becomes increasingly incomplete for galaxies
on the MS as redshift increases. This is illustrated in Fig. 2.
To ensure a sampling of the MS that is as homogeneous
as possible across all redshift and mass bins, we added to
MNRAS 000, 1–22 (2017)
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the FIR+mm sample a set of MS galaxies extracted from
the 3D-HST survey (referred to as ‘3D-HST MS sample’;
cf. red symbols in Fig. 2). Specifically, we include in this
3D-HST MS sample galaxies that have a total SFR below
the FIR+mm selection, satisfy the constraints H ≤ 24 and
rkron ≥ 5×FWHM(PSF), and which lie no more than 0.4 dex
beneath the mean MS locus. By limiting our analysis to
galaxies within this range of MS offsets we ensure that we
remain complete down to stellar masses log(M?/M )' 10 at
all redshifts 0.2≤z≤2.0.
We note that care needs to be taken to ensure consistency of SFR measurements when combining the FIR+mm
and 3D-HST MS samples. As described in Whitaker et al.
2014, total SFRs for galaxies in the 3D-HST MS sample were
inferred from the IR and UV luminosity with an approach
similar to Bell et al. (2005), after converting the Spitzer
24 µm monochromatic flux density to a total (8-1000) µm
LIR luminosity and the rest-frame 2800 flux to a total UV
luminosity. As shown in Fig. 2d, 3D-HST total SFR values
agree very well with the L18 estimates (<0.1dex difference)
for galaxies on the MS, i.e. within those parts of parameter space were we supplement the FIR+mm sample with
3D-HST galaxies. For galaxies well above the MS, the SFR
in the 3D-HST catalogue is systematically smaller than that
derived by L18, highlighting the importance of a full IR SED
analysis for starbursting systems.
The minimum stellar mass of galaxies included in the
3D-HST MS samples at each redshift – and therefore the
minimum mass of the combined final FIR+mm and MS
samples – is the completeness limit above which the MS
is well sampled by the 24 µm detected galaxies (SNR>3).
These mass limits are log(M?/M )=9.4 at 0.2≤z<0.6,
log(M?/M )=9.9 at 0.6≤z<1.2 and log(M?/M )=10.2 at
1.2≤z≤2.0 (see dashed red lines in Fig. 2).

2.4

Exclusion of AGN

The SED fits underpinning the SFR estimates for the
FIR+mm sample involve a mid-infrared active galactic nucleus (AGN) component (Mullaney et al. 2011). As discussed
above, SFRs were then derived based on the host galaxy dust
component and are hence corrected for any AGN contribution to the IR emission. Such a decomposition was however
not performed on the 3D-HST MS sample and the associated
24µm flux densities and inferred SFR could suffer from AGN
contamination. Moreover, the presence of an AGN could also
affect the UV to mid-IR SED fits used to derive the stellar
population properties and stellar mass estimates.
For this reason, AGN candidates are removed from our
combined FIR+mm and MS sample. We consider as AGNs
those sources with either X-ray luminosity L0.5−7keV ≥3 ×
1042 ergs s−1 or radio-excess indicative of radio-loud AGN
activity as detailed in L18 (“Type.AGN=1”). To assign an
X-ray luminosity to our galaxies, we matched our sample
with the revised 2 Ms Chandra catalogue of point sources in
the Chandra Deep Field North (Alexander et al. 2003; Xue
et al. 2016), using a 1.5 00 search radius around the optical
counterparts identified by these authors.
After the exclusion of AGN candidates (58 galaxies), our
final combined 3D-HST MS and FIR+mm sample consists
of 729 0.2≤z≤ 2.0 galaxies, as summarised in Table 1.
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Table 1. Number of galaxies and median stellar mass of our
sample in each of the redshift bins considered in this study. The
number of galaxies is provided for both the combined FIR+mm
plus 3D-H ST MS sample and for the two separately.

2.5

redshift

Ntot

NFIR+mm

NMS

〈log(M? )〉

all z
0.2 ≤ z <0.6
0.6 ≤ z <1.2
1.2 ≤ z ≤2.0

729
219
291
219

455
146
205
104

274
73
86
115

10.28
9.86
10.29
10.43

Multi-wavelength coverage, integrated stellar
masses and resolved mass maps

Multi-wavelength HST/ACS and HST/WFC3 imaging from
in the optical to NIR is available for all galaxies from
GOODS, the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS) (Grogin et al. 2011;
Koekemoer et al. 2011) and the 3D-HST survey (van
Dokkum et al. 2011; Brammer et al. 2012). In particular, to
construct the resolved stellar mass maps for the morphological classification described below, we use the B435 , V606 , i775 ,
i814 , z850 , J125 , J140 and H-band images released by the 3DHST team, plus the original Y105 from the CANDELS data.
For 37% of the galaxies in our sample UV imaging (WFC3
F275W and F336W) is also available from the Hubble Deep
UV Imaging Survey (HDUV, Oesch et al. 2018), which is
covering the central ∼ 7.5 0 × 10 0 region of GOODS-N.
Galaxy stellar masses for the FIR+mm sources are
those published in L18 and correspond to the SED-inferred
stellar mass of the closest optical counterpart in the 3D-HST
catalogues (Skelton et al. 2014) or in the K−band selected
sample of Pannella et al. (2015). 3D-HST stellar masses are
used for the 3D-HST MS sample.
For all galaxies in our combined sample we also derived
stellar mass maps following the approach detailed in Paper
I. Briefly, we performed pixel-by-pixel SED fitting to the
available HST photometry, after homogenisation of the SNR
and convolution to match the H-band resolution. For the
SNR enhancement we applied an adaptive smoothing using
the code Adaptsmooth3 (Zibetti et al. 2009), which replaces original pixel fluxes with averages over circular areas
that reach the desired SNR threshold. As in paper I, we ran
Adaptsmooth on a stack of all ACS and WFC3 images to
set the required degree of smoothing.
We then fitted the adaptively smoothed pixel SEDs with
LePhare (Arnouts et al. 1999; Ilbert et al. 2006) using a
set of Bruzual & Charlot (2003) templates with delayed,
exponentially declining SFHs (delayed τ-models). The characteristic time scale τ varied between 0.01 and 10 Gyr in 22
steps and template ages were chosen between 100 Myr and
the age of the Universe at the given redshift. We corrected
for internal dust extinction assuming a Calzetti et al. (2000)
law with E(B−V) ranging between 0 and 0.9 mag. The maximum E(B −V) value corresponds to a dust attenuation in the
Far-UV of AFUV '9 mag, which is suitable also for the SB
regime (e.g., Meurer et al. 1999; Overzier et al. 2011; Nordon et al. 2013, with the exclusion of the most extremely obscured SBs/SB-regions which can reach AFUV >>10, Lester
et al. 1990; Scoville et al. 1997; Engelbracht et al. 1998;
3 http://www.arcetri.astro.it/∼zibetti/Software/ADAPTSMOOTH.html

Genzel et al. 1998; Puglisi et al. 2017). When generating the
maps, any neighbouring galaxy that is at a different redshift
than the primary galaxy in our sample – i.e., is not a spectroscopic/photometric companion as described below – was
masked using the SExtractor segmentation map. Total
galaxy masses derived by summing up individual pixels in
the resolved mass maps agree very well with the integrated
stellar masses, with an r.m.s. error of ∼0.15 dex (see also
Paper I, Appendix A.1).

3

MERGER CLASSIFICATION

3.1
3.1.1

Morphologically selected mergers
Morphological classification on the mass maps

To morphologically classify our galaxies into mergers and
non-interacting systems we follow the methodology of Paper
I. To summarise, the merger classification is based on the
degree of asymmetry/clumpiness of the galaxy as quantified
by a combination of the Asymmetry index (A) (Conselice
2003; Zamojski et al. 2007) and the normalised second-order
moment of the 20% brightest (most massive in our case)
pixels, M20 (Lotz et al. 2004)
The novelty of our approach lies in the fact that these
structural parameters are measured on resolved mass maps,
not broad-band images. We henceforth denote asymmetry
and M20 indices measured on mass maps as A? and M20,?.
As shown in Paper I and briefly summarised in Section 3.1.2,
this method reduces the contamination from clumpy, noninteracting galaxies in the merger sample even with respect
to a classification performed on NIR imaging (H-band). This
is particularly important at z&1 where the population of
clumpy disk galaxies becomes more numerous (e.g. Cowie
et al. 1995; Elmegreen et al. 2007; Förster Schreiber et al.
2009; Guo et al. 2012, 2015; Murata et al. 2014).
In Paper I we used the MIRAGE hydrodynamic simulation of interacting and isolated galaxies from Perret et al.
(2014) to generate artificial mass maps at the depth of our
observations and estimated the ratio of merging vs. normal
galaxies populating different regions of the A?-M20,? plane.
We use this information to associate a merger probability
to each galaxy in our sample, as illustrated in Fig. 3. As a
modification to the method presented in Paper I, we here
use the asymmetry index calculated with respect to both
the peak (A?,peak ) and the centroid of the mass distribution
(A?,centroid ), and we classify as a merger any galaxy lying in a
region with merger probability >85% using either definition.
This threshold was chosen as the optimal balance between
completeness and purity of our classification. The reason for
including the alternative asymmetry estimate is that it is
more sensitive to low mass-ratio mergers (1:6), as outlined
in Appendix A, allowing us to increase the completeness of
our sample by ∼15% at these mass-ratios. In comparison to
A?,peak , the A?,centroid index is generally more sensitive to a
lopsided mass distribution, than to galaxy clumpiness (see,
e.g., Fig. 4). Therefore, using this extra parameter results in
the inclusion of mergers that would otherwise be missed.
We show in Figure 4 images of all galaxies classified as
mergers in the FIR+mm and 3D-HST MS samples. We note
that, like standard single-band morphological classifications,
our mass-based classification scheme becomes less certain for
MNRAS 000, 1–22 (2017)
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Figure 3. Distribution of the M20,? and A? indices, quantifying the degree of morphological disturbance in the resolved mass maps and
used to select morphological mergers. The two panels present the results for our two alternative approaches to estimating asymmetry
(Section 3.1.1 and Appendix A). On the left, the asymmetry is calculated using the peak of the mass distribution as centre of rotation. On
the right, the asymmetry is calculated with respect to the mass centroid. The coloured, background area provides the merger probability
in different regions of these planes based on the MIRAGE simulations of interacting and isolated galaxies in Perret et al. (2014, see Paper
I for further details). Symbols with error bars are galaxies from our sample (FIR+mm detected objects only, for illustration). Large,
coloured symbols highlight galaxies with merger probability >85% and therefore classified as mergers in Section 3.1.1 (as in Paper I, a
minimum asymmetry of A > 0.1 is imposed for mergers): Orange – galaxies with >85% merger probability according to both panels;
green (magenta) – galaxies satisfying the >85% merger criterion only when using A?,peak (A?,centroid ), respectively. White symbols are
galaxies classified as non interacting.

galaxies close to the surface brightness limit of the observations where the mass maps become noisy (see also Fig. 3 in
Paper I). Although we performed an adaptive smoothing of
the images prior to pixel-by-pixel SED fitting, the SNR can
remain low even after smoothing for the faintest galaxies in
our sample. We thus flag galaxies morphologically classified
as mergers but with average pixel SNR>3 in less than four
optical-NIR bands (highlighted with white boxes in Fig. 4,
roughly 10% of all morphological mergers). When computing
merger fractions we will conservatively exclude these uncertain cases from the merger sample, but show with errorbars
how these fractions would change when including them.

3.1.2

Comparison with H-band classification

Comparing the performance of the mass-based merger classification with respect to a standard H-band classification
was the aim of Paper I, where we extensively tested our approach at different depths. While we do not wish to repeat
that analysis here and refer the interested reader to our previous paper for an in-depth discussion, we review the key
aspects to enable comparison with other studies.
If we apply our classification scheme to the H-band images, rather then the mass maps, we find that about 30%
of these H-band classified mergers display a smooth, disklike mass distribution and, consequently, are not classified
MNRAS 000, 1–22 (2017)

as mergers using the mass maps. A few examples of such
cases are shown in figure 5. This is in line with our findings
in Paper I that H-band based classifications can have ∼40%
contamination from clumpy, non-interacting galaxies at the
typical GOODS+CANDELS depth and is consistent with
previous finding that mass maps are intrinsically smoother
than the H-band images (Wuyts et al. 2012).

3.2

Close spectro-photometric pairs

The classification based on the asymmetry of the mass map
will fail to identify mergers/interactions in which the two
galaxies are still far apart and hence appear as separate, unperturbed systems. In order to include earlier merger stages
in our analyses, we also searched for pair systems among
galaxies not classified as morphological mergers. We note
that strong morphological disturbances can develop also
right after the first pericentric passage, when the two galaxies are still separated. Galaxies in this configuration satisfying our morphological criterion will be included in the
sample of morphologically selected mergers, which therefore
might be composed of some early phase interactions. For
simplicity, we will however refer to morphologically selected
mergers as “late-stage” mergers and pair systems as “earlystage” mergers. This section details the techniques we employ to find galaxy pairs.
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Figure 4. B435 - z850 -H160 composite images and mass maps for galaxies classified as mergers according to the morphological classification
scheme in section 3.1.1. Galaxies marked by a green (magenta) dot have a >85% merger probability only when using A?,peak (A?,centroid ),
respectively. Stamp images with a white frame (bottom rows) highlight galaxies with low SNR, for which the merger classification is less
certain. Galaxy redshifts are indicated in the upper left corner of each B435 - z850 -H160 image. Stamp sizes are 2× the galaxy Kron radius.
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Figure 5. Examples of galaxies with a clumpy/disturbed H-band
appearance but a smooth mass map. Images are 300 a side.

In calculating the pair statistics, we rely on the 3D-HST
spectroscopic and photometric catalogues (Momcheva et al.
2016; Skelton et al. 2014), which have a high completeness.
For convenience, we refer to any galaxy in our final combined sample as a “primary” galaxy, without any consideration to the mass difference with respect to its neighbouring,
or “secondary”, galaxy. We also indicate the (spectroscopic
or photometric) redshift and related uncertainty of the primary galaxy with z p and σp , and those of the secondary
with zs and σs .
We start by searching in the 3D-HST catalogue for any
secondary galaxy with an angular separation in arcseconds
that would correspond to a physical projected separation
r p ≤ 30kpc, at the redshift z p of the primary galaxy. If such
a neighbour is found we then distinguish two cases.
Case (1): a spec-z is available for both primary and secondary galaxy. In this case we classify the system as close
spectroscopic pair if ∆ v=c|z p − zs |/(1 + z p ) ≤500 km/s. This
criterion is widely used in the literature and it has been
shown that the majority of pairs with these spatial separations and relative velocities will eventually merge in about
1 Gyr (e.g. Patton et al. 2000; Kitzbichler & White 2008).
Case (2): at least one of the two galaxies has no spectroscopic information, but only a photometric redshift. For
these pairs we need to adopt a more probabilistic approach
that takes into account the distribution in redshift space of
the two galaxies and the redshift dependence for the probability of being in a pair system. Here we followed the method
outlined in López-Sanjuan et al. (2010), to which we also refer for further details. We assign to each galaxy a Gaussian
redshift probability distribution; e.g., for the primary galaxy
this is:
1

"

Pp (z) = √
exp −
2πσp

(z − zp )2
2σp2

#
,

(1)

where zp is the primary galaxy spec- or photo-z and the standard deviation is given by either the typical spec-z accuracy,
σp = σspec ' 0.003(1 + z) (Brammer et al. 2012) or the photometric redshift uncertainty, σp = σphot , as provided in the
3D-HST catalogue. An equivalent distribution, Ps (z), holds
for the secondary galaxy.
The probability that the two galaxies are in a pair system is then given by:
∫ z∆v
max
ζpair (z) = αPp (z)
Ps (z 0 )dz 0 ,
(2)
z∆vmin
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where α is a normalisation constant and z∆vmax and z∆vmin are
defined by imposing that the secondary galaxy satisfies the
condition for being a close companion at any given redshift
z, ∆ v=c|z − z∆vmin/max |/(1 + z) ≤500 km/s.
We assume that the two galaxies can be a close pair,
and therefore have ζpair (z) , 0, in the redshift range [zl, zu ],
where the boundaries zl and zu are given either by the intersection region [zp − 3σp, zp + 3σp ] ∩ [zs − 3σs, zs + 3σs ] or the
redshift limits over which the two galaxies would still lie at
a projected distance r p ≤30kpc, whichever is most stringent.
We define the normalisation constant α such that:
∫ zu
∫ zu
∫ zu
ζpair (z)dz =
Pp (z)dz ×
Ps (z)dz .
(3)
zl

zl

zl

With this definition of α, the integral of ζpair (z) represents the
fractional value of the primary galaxy that is in a pair system with the secondary. To better clarify the procedure, Appendix B presents some examples of the derivation of ζpair (z)
for different combinations of spectro-photometric pairs.
Pushing a step further this formalism, we can associate
a ζpair (z) function also to mergers classified using the morphological method in Section 3.1.1 and to the spectroscopic
pairs described in case (1). By definition, these galaxies are
merging at any redshift in which they exist and for this reason have a merger probability distribution equal to their
redshift distribution, i.e., ζpair (z) = Pp (z).
A number of works in the literature have used a simpler
photometric redshift difference threshold to identify close
pairs, rather than following the probabilistic approach described above (e.g., Kartaltepe et al. 2007; Ryan et al. 2008;
Bundy et al. 2009; Man et al. 2016). We have tested how our
results would vary if we identified as a pair any galaxy with
a neighbour having a redshift difference ∆z ≤ 0.1 × (1 + z p ).
Adopting this alternative definition would lead to an overall
increase of about a 5% of the merger fraction, but we found
no significant changes in our findings.

4
4.1

STATISTICAL CORRECTIONS TO THE
MERGER FRACTION
Minimum mass ratio

For interpreting merger fraction measurements, it is important to know down to which mass ratio our merger selection is sensitive. The morphological selection technique developed in Paper I and described in Section 3 has been calibrated on morphologically disturbed mergers with mass ratios in the range ratio 1:1 to 1:6.3 and is sensitive to the immediate pre-coalescence phase (∼300 Myr before coalescence
in the simulations). In Appendix A we use our galaxy sample
to generate a set of artificial mergers and quantify how the
morphological selection completeness depends on the mass
ratio. Our selection is ≥70% complete down to ratios of 1:4,
∼60% down to ratios 1:6 and then decreases significantly below this value. We hence assume a mass ratio threshold of
1:6 for our selection from now on. To consistently combine
the morphologically identified mergers with those from the
spectro-photometric selection, we restrict the close spectrophotometric pair sample to pairs with a ratio of 1:6.
This raises the question of whether, for this mass ratio,
the catalogues used for pair selection are complete to companions. Given the mass limits described in Section 2.3, a 1:6
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mass ratio translates to a minimum companion galaxy mass
of log(M?/M ) = 8.6, 9.1 and 9.4 for our three redshift bins.
We estimate that, with a depth of HF160W =26.9 mag, the
3D-HST/CANDELS catalogue is 90% complete for masses
log(M?/M )>8.3 up to redshift z=0.6, for log(M?/M )>8.7
up to z=1.2 and log(M?/M )>9.0 up to z=2.0. Incompleteness in the spectro-photometric pairs is therefore not an
issue. With the method described in Section 3.2, in the
redshift range 0.2≤z≤2 we find a total of 16 pure spectroscopic pair systems with a mass ratio 1:6 and 22 spectrophotometric pairs with a mass
∫ ratio down to 1:6 and a non
negligible integral of ζpair (z) ( ζpair (z)dz >0.3).

4.2

Corrections for spectro-photometric pairs

Beside companion completeness, there are two other factors
that can affect the spectro-photometric pair estimate and
therefore need to be taken taken into account.
First, while the probabilistic approach described in
Section 3.2 accounts for photo-z uncertainties, these can
be quite large and physically unassociated, projected pairs
could still bias the calculation of the merger fraction. To
estimate the contamination by these chance projections we
followed the approach of Man et al. (2016) and generated 11
realisations of our galaxy catalogs in which we randomised
the R.A. and Dec. position of all galaxies, while leaving all
other properties unchanged.
We then calculated
the aver

Í ∫ z2
age pair number,
ζpair (z, random) , in these random
z
1

samples and subtracted it from the original measurement.
Second, as shown in panel (e) of Fig. 2, the fraction
of galaxies with spec-zs decreases substantially at z&1.2,
due to the difficulty of obtaining reliable spectra at these
redshifts. In our highest redshift bin ∼40% of the galaxies
in the combined FIR+mm and MS sample have a specz measurement, compared to >80% in the first two bins.
A similar trend is observed in the distribution of spectroscopic redshifts in the 3D-HST catalogue used to identify
pair candidates (albeit starting from a lower overall spectroscopic completeness). Consequently, the number of spectrophotometric pairs where at least one galaxy has a spec-z
decreases with redshift and in the highest redshift bin the
pair identification heavily relies on photo-zs, bearing the risk
of introducing systematic effects when relating merger probabilities between redshift bins.
To asses the extent of this effect, we recalculated
pair probabilities and fractions after replacing spec-zs with
photo-zs for a random subset of galaxies (both primary and
secondary) in the first two redshift bins, until reproducing
the ∼40% spectroscopic completeness of the 1.2≤z≤2 bin.
Merger fractions calculated in this way differ from the original estimate by only ∼10% (consistent findings are presented
in López-Sanjuan et al. (2010) for similar spectroscopic fractions). Even if the spectroscopic coverage is only partial, it
is therefore not necessary to apply corrections for this effect.

4.3

Correction matrix for morphological mergers

We can also derive statistical correction factors for the mergers classified via the morphological technique. The true number of morphological mergers in our sample is mapped into

an observed number of classified mergers which is not necessarily identical to the intrinsic value. The completeness
of our selection, i.e., the fraction of true mergers identified as such, and the contamination, i.e., the fraction of
morphologically-selected mergers, that in truth are not interacting and are therefore misclassified, both contribute to
differences between these numbers.
We can use tests on simulated and real galaxies to derive a correction scheme enabling us to recover the intrinsic
morphological merger fraction. For simplicity, in the following we label and refer to non-interacting galaxies as “disks”.
This a purely notational choice and has no physical implication for the actual disk prominence in the non-interacting
sample, which will also contain bulge-dominated galaxies.
We start by defining a “completeness/contamination”
matrix C as follows:
 


NM
N
= C × True,M =
ND
NTrue,D

 

C11 C12
N
=
× True,M =
C21 C22
NTrue,D

 

PM→M PD→M
N
=
× True,M ,
(4)
PM→D PD→D
NTrue,D
where NM and ND are the number of galaxies classified as
mergers and disks in our sample. NTrue,M and NTrue,D are
the real number of mergers and disks. The terms inside the
matrix C describe the probability of a true merger or disk
being classified as either of the two classes. For example,
C21 = PM→D is the probability for a true merger to be classified as disk instead. We can estimate NTrue,M – and therefore
recover the intrinsic merger fraction – by inverting C:


 
NTrue,M
N
= C−1 × M =
NTrue,D
ND

  
1
C22 −C12
N
=
× M ,
ND
C11 C22 − C12 C21 −C21 C11
where the transformation from (NM ,ND ) to (NTrue,M ,NTrue,D )
via C−1 is number conserving.
This leads to:
NTrue,M =

C22 NM − C12 ND
.
C11 C22 − C12 C21

(5)

The full formalism for the derivation of C is not complex, but
somewhat lengthy. Readers not interested in these details
can proceed directly to Equation 7 and the subsequent text,
where we provide an interpretation of Equation 5.
Two main factors define the completeness and contamination in our selection, hence the probability terms in matrix
C. First, the classification scheme inherently carries a certain
degree of incompleteness as well as mixing between the disk
and merger populations which is determined by the chosen
classification threshold (i.e., 85% merger probability in our
case). This reflects the “intrinsic” overlap of the two classes
of galaxies and even an ideal, noise-free sample would be
affected by it. Second, in real data S/N effects introduce an
additional source of confusion between mergers and disks,
scattering the two classes across the A?-M20,? plane.
We treat these two factors as independent terms, such
that they can be parametrised by two separate matrices PC
and PN representing the effects of classification and of noise.
These matrices map the true number of mergers and disks
MNRAS 000, 1–22 (2017)
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into classified disks and mergers as follows:
 



NM
NTrue,M
= PN × PC ×
=
(6)
ND
NTrue,D


PM,class→M,noise PD,class→M,noise
×
=
PM,class→D,noise PD,class→D,noise
 


NTrue,M
PM,true→M,class PD,true→M,class
×
×
.
PM,true→D,class PD,true→D,class
NTrue,D
In the equations above PM,true→M,class is the probability that
a true merger is classified as a merger purely on account
of classification threshold choices and PM,class→M,noise is the
probability that a galaxy classified as a merger in noisefree circumstances retains its classification as a merger after
accounting for noise in the data. Similar expressions hold for
the cross-over terms and for the disk population.
The matrix PC quantifying the degree of mixing inherent to the classification can be inferred from the artificial
simulations we used to calibrate the classification scheme itself4 . The probability terms in PC are simply given by the
fraction of all simulated mergers and disks that were classified or misclassified with our technique. For noise-related
effects and the matrix Pn , we rely instead on tests performed
on the real data. In Paper I we have derived mass maps for
a set of galaxies in the HUDF at two different depths: using the very deep HUDF and HUDF12 images or instead
the shallower CANDELS and GOODS imaging, which has
the same depth as our GOODS-N sample. By applying the
morphological classification scheme to both sets of maps,
we can estimate how S/N-effects scatter galaxies and blur
the classification in real data. The fraction of galaxies with
consistent or discrepant classes at the GOODS-depth with
respect to the deeper HUDF classification correspond to the
terms in matrix PN .
Comparing Eq. 6 with Eq. 4 we see that:


C11 C12
C =
= PN × PC =
C21 C22


PN,11 PC,11 + PN,12 PC,21 PN,11 PC,12 + PN,12 PC,22
=
,
PN,21 PC,11 + PN,22 PC,21 PN,21 PC,12 + PN,22 PC,22
where, as an example, PN,11 = PM,class→M,noise . From the
analysis described above we derive the following values for
the correction terms:




0.55 0.05
1.90 −0.10
C=
and
C−1 =
.
(7)
0.45 0.95
−0.90 1.10
We can understand the nature of our correction as follows. When the classified number of mergers (NM ) is significantly larger than the number of classified disks (ND ),
N M N D

Equation 5 simplifies to NTrue,M −−−−−−−−−→ C22 NM /(C11 C22 −
C12 C21 ) ' NM /C11 and the dominant contribution to the
correction arises from matrix element C11 =PM→M ≡55%,
which represents the completeness of our merger selection.

4

The simulations were processed to reproduce the S/N in the
actual observations and therefore the two factors discussed above
are somewhat intertwined. However, more complex S/N effects
present in the data (e.g., wavelength-dependent impact of noise on
the SED fitting), could not be fully reproduced in the simulations
and hence we use the comparison of the real data at different
depth as a way of quantifying this additional term.
MNRAS 000, 1–22 (2017)
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This overall merger completeness results from the combination of classification-driven incompleteness (∼30%5 ) and
noise effects (adding a further ∼15%). Conversely, although
only a small fraction of disks suffers from misclassification
(C12 =PD→M ≡5%), their contribution is non negligible once
ND &NM and the correction factor C12 ND in Equation 5
must betaken into account. For strongly disk-dominated
samples the measured merger count may in fact be dominated by misclassified disks, resulting in a merger fraction
consistent with zero. All morphological merger fractions reported from now on (Fig 8-12) have been corrected to intrinsic numbers following Equation 5.
4.4

Merger fraction

Combining all the information derived in the preceding sections, we can now write the fraction of merging galaxies over
all galaxies Ntot in a redshift interval [z1, z2 ] as:
fmerg |zz12 =

NzPair + NzpPairs + Nmorph
Ntot

.

(8)

The three terms in the numerator of Equation 8 are
the number of spectroscopic pairs (NzPair ), of spectrophotometric pairs corrected for chance projection (NzpPairs )
and of morphologically-classified mergers corrected to the
true number (Nmorph ).
Specifically, following our formalism we can write the
number of spectroscopic pairs – which we recall have
ζpair (z) = Pp (z) – as:
Õ ∫ z2
Õ ∫ z2
NzPair =
ζ j,pair (z)dz =
P j (z)dz .
(9)
j,zPair z1

j,zPair z1

The number of spectro-photometric pairs is given by:
 Õ ∫ z2

Õ ∫ z2
NzpPairs =
ζ j,pair (z)dz −
ζpair (z, random) ,
j,zpPair z1

z1

(10)
and the intrinsic number of morphologically disturbed galaxies is:
Í ∫ z2
Í ∫ z2
C22
P j (z)dz − C12
P j (z)dz
z
z
j,Mergers

Nmorph =

1

j,Disks

C11 C22 − C12 C21

1

.
(11)

The total number of galaxies in the denominator of Equation 8 is simply:
Õ ∫ z2
Ntot =
Pi (z)dz .
(12)
i

z1

We note that the majority of our galaxies have a P(z)
that is fully included in ∫one of the redshift bins used in
z
this study, resulting in a z 2 P(z)dz = 1 in the numerator of
1
Equation 8. With this formalism, we can however correctly
redistribute the contribution of the ∼20% of galaxies that
have a redshift distribution straddling more than one bin.
5

The classification-driven incompleteness estimated here, from
simulations, for the completeness/contamination matrix C agrees
within 10% with the incompleteness inferred using artificially generated mock merger images (see Appendix A).
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Figure 6. Top: Distance ∆MS from the MS for galaxies in our sample, colour-coded by merger probability (see colour bar). The redshiftdependent locus of the MS is parametrised as in Sargent et al. (2014, left) or Schreiber et al. (2015, right). The merger probability of
morphologically-identified mergers is inferred from the position in A? -M20,? space (max. merger probability between those calculated
using either A?,peak or A?,centroid ). For galaxies in pairs it is given by the integral of the function ζpair (z) in Section 3.2 (spectroscopic
pairs have a pair probability equal to 1 by definition). Galaxies for which the IR/sub-mm photometry could suffer from blending (see
Section 2.2) are shown with empty symbols. Dotted horizontal lines indicate a 4-fold SFR-enhancement with respect to the MS, i.e. the
∫SB region. Middle: as above, but for spectro-photometric pairs. Only spectro-photometric pairs with non-negligible merger probability
ζpair (z)dz ≥ 0.3 are shown. Square symbols represent pure spectroscopic close pairs (where both primary and secondary galaxy have a
spec-z). Black arrows show the stellar mass above which our sample is complete at all redshifts for MS galaxies. Bottom: Distribution of
morphologically-identified mergers.

5
5.1

RESULTS
Merger fraction on the MS and among
starburst galaxies

We start our investigation of how major mergers affect star
formation in galaxies by showing in Fig. 6 the distance from

the MS for the entire sample of galaxies, this time highlighting with colours the merger probability for each galaxy, as
either derived from its morphology in Section 3.1.1 or from
the pair statistics in Section 3.2. Results are presented for
the two parametrisations of the MS (Sargent et al. 2014;
Schreiber et al. 2015). We also show separately the distribuMNRAS 000, 1–22 (2017)
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tainty on the merger fraction. For completeness, we show in
Appendix C the same figure but without applying any of the
statistical corrections described in Section 4.
The fraction of major mergers is roughly constant at values of ∼5-10% for galaxy that are within the scatter of the
MS (−0.3.∆ M S .0.3 ), but starts to increase for ∆ M S & 0.3.
These trends are observed in all redshift bins and independently of the MS definition which is used. Of those galaxies
that are located in what is typically identified as the SB region, i.e., have ∆ M S ≥0.6, at least ∼70% are found to be in a
major merger. The merger fraction increase is largely due to
morphologically classified mergers, i.e., late stage mergers,
whereas the fraction of galaxy pairs stays roughly constant
with only a modest increase at the highest ∆ M S .
5.2

Figure 7. Observed ∆MS distribution, adopting the Sargent et
al. (2014) MS parametrisation, for our entire galaxy sample at
0.2≤z ≤2.0 (black histogram), for all major mergers shown in Fig 6
(morphological mergers+pairs, dark purple) and for morphological mergers only (light purple). The median ∆MS for the three
galaxy samples are shown with colour-matched arrows. Curves
are normalised to the total number of galaxies in the ∆MS =0 bin
(highlighted with dotted line). The shaded grey area indicates
∆MS values where our sample becomes incomplete. Although major mergers can be found at any ∆MS , their distribution is skewed
toward higher sSFR than the global population.

tion of close pairs only (middle panel) and of galaxies that
are in a late stage merger as probed by the morphological
selection (bottom panel).
Where our sample selection is complete (∆MS ≥ − 0.4),
merging galaxies are found over a wide range of ∆MS . However, the relative contribution of merging galaxies to the
overall population depends on the distance from the MS
and the average merger probability increases when moving
across the MS, as evident in the upper panels of Fig. 6. This
is more explicitly shown in Fig. 7, where we compare the
distribution of ∆MS for all galaxies at 0.2≤z≤2.0 with that
for mergers only. Merging galaxies are shifted towards higher
sSFR than the entire population; the median offset from the
MS for all galaxies is ∆MS =0.09+0.01
, whereas for all types
−0.01
+0.01 . The difof mergers combined we measure ∆MS =0.21−0.04
ference is even larger when only considering morphologically
+0.04 .
selected mergers, namely ∆MS =0.26−0.01
To further quantify this, we present the fraction of
galaxies classified as mergers as a function of the distance
from the MS in Fig. 8. We show this for the entire sample
and for the three separate redshift bins. As discussed in Section 3.1.1, uncertain morphological classification of low S/N
galaxies could potentially affect the calculation of the merger
fraction. In Fig. 8 we show with white points the “fiducial”
merger fraction calculated by excluding these galaxies from
the merger sample, but we use the coloured bar to indicate
how the fraction would change if these galaxies were all genuine mergers. In the size of these bars we also integrate the
effect of removing galaxies for which the IR flux could be
affected by blending (see Section 2.2) and the formal uncerMNRAS 000, 1–22 (2017)

Mass- and redshift-dependence of the MS
merger fraction

We showed above that the global merger fraction is roughly
constant within the MS. It is, however, interesting to check
whether the MS merger fraction displays any dependence
on galaxy stellar mass. In Fig. 9 we show how the merger
fraction varies with stellar mass for galaxies lying within
the scatter of the MS, namely have −0.3 ≤ ∆MS ≤ 0.3. As
in Fig. 8, we also show results separately for morphological
mergers and spectro-photometric pairs.
We find no clear trend with stellar mass, with an overall merger fraction that stays constant at ∼5-10% over the
∼2 dex mass range explored here. There is a tendency – most
clearly seen when galaxies from all redshifts are grouped
(first column in Fig. 9) – for the merger fraction to decrease
at the highest masses (M?>1010.5 M ). The decrease is, however, not statistically significant in the individual redshift
bins and should be confirmed on larger datasets. Similar results are found when considering morphological mergers or
pairs only.
An in-depth discussion of the evolution of the global
merger fraction with redshift is beyond the scope of this paper; this would require a different sample selection to ensure
homogenous sampling of the entire galaxy population – i.e.
including both quiescent and star-forming galaxies – across
redshift and stellar mass, whereas our sample largely consists of star-forming galaxies by construction. We can however investigate how the merger fraction evolves for galaxies on the MS, which is well probed by our selection. We
show this in Fig. 10, again considering only galaxies with
−0.3 ≤ ∆MS ≤ 0.3. As discussed in Section 2.3, the 24 µm
selection used to define the 3D-HST MS sample imposes a
minimum stellar mass that varies with redshift. We therefore include in this analysis galaxies with log(M?/M ) >10.2
at any redshift, i.e., that are above the mass completeness
of the highest redshift bin.
We observe an increase of the total merger fraction from
about 5% at z < 1 to 10-15% at z > 1. A fit to our data with
the parametric function f (z) = f (0)×(1+z)m returns a formal
index value of m=2.9 ± 0.5. While the pair fraction remains
roughly constant, morphologically identified mergers display
a more pronounced redshift evolution and drive the overall
increase in the 1.2 ≤ z ≤ 2 bin. Some previous merger fraction measurements, either based on pair statistics (Williams
et al. 2011; Newman et al. 2012; Man et al. 2016; Mantha
et al. 2018) or morphological classification (Lotz et al. 2008;
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Figure 8. Fraction of galaxies classified as mergers as a function of distance from the MS. Results are presented for the entire sample
(“all z”), and separated by redshift bin. For row 1 we adopt the MS parametrisation of Sargent et al. (2014), for row 2 that of Schreiber et
al. (2015). We use boxes to represent the possible range of merger fractions measured when accounting for different sources of systematic
uncertainties as discussed in the text (i.e., in/excluding galaxies with IR blended photometry and galaxies with uncertain morphological
classification) and for formal errors on the calculated fraction. Dark purple bars show the total merger fraction, light purple bars the
fraction of morphologically selected mergers. Red bars correspond to the fraction of galaxies in pairs. The white points mark the fiducial
total merger fraction, calculated by excluding from the merger sample galaxies with an uncertain morphological selection. Only ∆MS bins
with at least 6 galaxies are considered. The median stellar mass of the galaxy sample is indicated at the top of each redshift column.
Fractions are corrected for statistical uncertainties as described in Section 4. We find a rapid increase of the merger fraction that star
formation episodes moving galaxies into the starburst regime regime are almost always associated with a major merger.

Conselice et al. 2009; Bluck et al. 2012), are also presented
in Fig. 10 for reference. Overall, our merger fraction is in
good agreement with previous findings. We stress however
that we do not aim to perform a fully consistent comparison,
as it would require a careful homogenisation of all different
samples in terms of stellar mass, galaxy separation, merger
mass ratio, etc., which we have not attempted (although
where possible we selected studies that satisfy selection criteria similar to ours). The literature data is provided to enable the reader to place our results in the context of these
previous findings, but the caveats preventing a one-to-one
comparison should be kept in mind.

6
6.1

DISCUSSION
Starburst-merger connection

Combining our new approach for the morphological classification of mergers with a pair statistic, we found an increase
in the merger fraction with distance from the MS. These results are summarised for the entire galaxy sample in Fig. 11,
where we compare our merger factions as a function of ∆MS
with literature estimates/predictions.
Our results confirm that even at z & 1 a large fraction,
if not the totality, of galaxies classified as SB (∆MS ≥0.6) are
undergoing a major merger, consistent with findings from
previous high-z morphological analyses (e.g. Kartaltepe et
al. 2012; Hung et al. 2013) and recent ISM studies (Puglisi
et al. 2017; Elbaz et al. 2017; Calabrò et al. 2018).

In the SB regime, the merger fraction is in fact ∼70% or
higher depending on the assumptions made. Mergers among
SB galaxies are dominated by late-stage, disturbed systems,
with a ratio of morphologically classified mergers relative to
galaxy pairs of about 8:1. This preponderance of strongly
perturbed galaxies is not unexpected and supports a scenario in which strong SFR enhancements with respect to
the MS (factors ∼6-10 or above) are generated only during the late stages of mergers (e.g. Sanders & Mirabel 1996;
Murphy et al. 1996; Veilleux et al. 2002; Haan et al. 2011
for observational studies, Mihos & Hernquist 1994; Springel
2000; Cox et al. 2006; Di Matteo et al. 2008; Bournaud et al.
2011; Fensch et al. 2017 for simulation-based results), while
earlier merger stages induce only mild SFR variations, as
observed in studies of close pairs at low and high redshift
(e.g. Lin et al. 2007; Robaina et al. 2009; Hwang et al. 2011;
Xu et al. 2012; Scudder et al. 2012; Pipino et al. 2014).
As a consequence of this, it is not surprising that mergers are also found within the MS, although they constitute a
minority of this population. The existence of mergers on the
MS is in agreement with previous findings (Kartaltepe et al.
2012; Hung et al. 2013; Puech et al. 2014; Lackner et al. 2014;
Wisnioski et al. 2015), but we find a lower fraction than other
studies at z'1. In Fig. 11 we plot with green triangles measurements by Hung et al. (2013) and Kartaltepe et al. (2012)
for comparison. We perform this comparison at 0.5≤z≤1.5,
encompassing the highest redshift bins explored by these authors, in order to focus on the intermediate/high-z regime
where disks with clumpy substructure become frequent. On
MNRAS 000, 1–22 (2017)
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Figure 9. Mass dependence of the merger fraction for galaxies that are lying on the MS, i.e., that have an offset from the MS locus
within the range −0.3 ≤ ∆MS ≤ 0.3. Symbols and colour scheme as in Fig. 8. MS major mergers occur with roughly equal frequency at all
masses &1010 M in our sample

the MS, we measure an overall merger fraction of ∼5-10%
at 0.5≤z ≤ 1.5. In Hung et al. (2013), about 20-30% of MS
galaxies are found to be interacting at a redshift 0.5<z<1.5,
while Kartaltepe et al. (2012) find a merger fraction exceeding 20% for MS-like IR luminosities at z=1 (see their figure
9). At z'2 Kartaltepe et al. (2012) report a merger fraction
of ∼24% in ULIRGS on the MS. This is consistent within
the errors with our measured mergers fraction at 1.2≤z≤2
(see right-most panel in Fig. 8), although their estimate lies
at the high end of our range. As we discussed throughout
the paper, our morphological merger selection is designed
to minimise the misclassification of clumpy galaxies. The
observed difference might therefore arise from a lower contamination of non-interacting galaxies in our merger sample,
but different selections could also be responsible.
Merging galaxies on the MS may be observed not only
because early merger stages are associated with moderate
SFR enhancements, but also as a consequence of high-z, gas
rich mergers being less efficient in triggering starbursts in
general. In hydrodynamical simulations of high-z galaxies,
even late stage mergers induce only moderate SFR enhancements (factors of about 3-5) due to the presence of an already highly turbulent medium prior to the interaction (Di
Matteo et al. 2008; Perret et al. 2014; Fensch et al. 2017;
specifics of the gas density distribution may also play a role,
see Sparre & Springel 2016). Recent ALMA observations
have revealed the existence of a z∼2 population of galaxies
with compact, nuclear star-formation and SB-like depletion
times, but SFRs within the upper part of the MS (Elbaz et
al. 2017). These starburst galaxies hidden in the MS also
display spheroid-like morphologies. The mergers on the MS
found in our analysis could represent the preceding stage
to this evolutionary phase leading to spheroid formation.
We note that most of our MS mergers are at lower masses
than the mass range M? > 1011 M explored in Elbaz et
MNRAS 000, 1–22 (2017)

al. (2017), small number statistics at these high masses may
however play a role. Very late merger stages, associated with
an already compact remnant might also be missed by a pure
morphology selection and a combination of morphological
criteria and information on burstiness (Elbaz et al. 2017)
or obscuration (e.g. Calabrò et al. 2018) could ensure a full
accounting of all mergers stages.
Finally, we compare our results on the merger fraction
with the empirical “2-Star Formation Mode” (2-SFM) framework of Sargent et al. (2012, 2014). In the 2-SFM, SB galaxies are described by a “boost factor” – i.e., the SFR enhancement with respect to the pre-burst phase – which is
a continuous and increasing function of the galaxy position
with respect to the MS. While representing a minority, in
this picture SB galaxies exist on the MS and correspond to
galaxies having experienced a moderate SFR boosting from
an initial SFR that was close to or even below the MS (see
figure 6 in Sargent et al. 2014). We explore how well our
measured major merger fractions agree with the continuous
boost factor formalism in the 2-SFM by showing with the
orange, dotted line in Fig. 11 the 2-SFM prediction of how
the SB fraction varies with ∆MS .
We find a good agreement between our measured global
merger fraction (morphological mergers+pairs) and the 2SFM SB fraction, which is roughly constant on the MS and
rapidly increases toward the MS upper edge at ∆MS ' 0.5.
Interestingly, the low SB fraction on the MS in the 2-SFM
matches particularly well with the fraction of morphological mergers. We interpret this as evidence that starburst
activity is linked to the final merger phases (selected by our
morphological criterion), for “canonical” high-sSFR SB, as
well as more moderate SB events that do not cause the host
galaxies to rise above the MS. In this picture, the higher
observed total merger fraction (∼5%) with respect to the 2SFM SB fraction on the MS (∼1%) arises from pairs where
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Figure 10. Evolution of the merger fraction for galaxies that
are on the MS. As in Fig. 8, coloured bars represent the global
(dark purple), pair (red) and morphological (light purple) merger
fraction measured for our galaxy sample. Only galaxies with
−0.3 ≤ ∆MS ≤ 0.3 and log(M? /M ) >10.2 are here considered (only
the Sargent et al. (2014) MS definition is shown, but very similar
results are obtained for the Schreiber et al. (2015) parametrisation). A compilation of literature measurements of the merger
fraction from either close pairs (Williams et al. 2011; Newman
et al. 2012; Man et al. 2016; Mantha et al. 2018) or morphological studies (Lotz et al. 2008; Conselice et al. 2009; Bluck et al.
2012) is shown with small grey symbols (see figure legend). To
match our MS selection, literature data is shown for star-forming
galaxies only where possible (Williams et al. 2011; Newman et al.
2012). The MS total merger fraction increases from about 5% at
z < 1 to 10-15% at z > 1, with this evolution being largely driven
by morphologically identified mergers.

the galaxy-galaxy interaction has not yet induced significant
SFR variations.
6.2

Merger timescales

We can also use our measurement of the fraction of galaxies
in early merger stages (i.e., in pairs) and in late stages (morphologically identified mergers) to attempt a derivation of
the relative observability timescales of these two phases. In
doing so, we assume that all galaxies in pairs will eventually
merge (i.e. we neglect fly-by interactions) and experience a
period during which they display a disturbed appearance,
so that the ratio of the observed fractions, fmorph / fpair , can
be interpreted in a statistical sense as a proxy for the ratio
of the corresponding timescales, τmorph /τobs,pair .
Fig. 10 suggests a different evolution of the morphological and pair fractions, with the former increasing with
redshift and the latter remaining almost constant or slightly
decreasing. Given the relatively small cosmic volume probed
by the GOODS-N field, observational effects such as cosmic variance and Poisson uncertainties could be at the origin of this trend (e.g., Man et al. 2016 find a lower major

merger fraction at z>1 in GOODS-N with respect to other
3D-HST fields). However, the observed difference could also
be explained by a differential evolution of the observability
timescales of early- and late-stage mergers. The time interval over which a galaxy displays morphological disturbances,
and therefore is morphologically identifiable as a merger,
is known to depend on the galaxy gas fraction ( fgas ), with
gas-rich galaxies developing strong asymmetries for longer
time periods than gas poor ones (Lotz et al. 2010b). Given
that the gas fraction of galaxies increases with redshift (e.g.,
Daddi et al. 2010b; Geach et al. 2011; Béthermin et al. 2015;
Genzel et al. 2015; Schinnerer et al. 2016; Tacconi et al.
2018), morphologically disturbed mergers are plausibly visible for a longer time interval at high redshift. Although
typically assumed to be constant, also the galaxy pair visibility may display a redshift dependence. In the recent work
of Snyder et al. (2017) a pair observability timescale varying
as τpair ∝(1 + z)−2 is required to recover the intrinsic merger
rate from the Illustris simulation (Vogelsberger et al. 2014;
Genel et al. 2014).
We test whether the ratio between our measured morphological merger and pair fractions is consistent with these
scenarios in Fig. 12, where we compare fmorph / fpair with
the expected evolution of τmorph /τpair from numerical simulations. For τpair we assume either the aforementioned Snyder
et al. (2017) relation, τpair = 2.4(1 + z)−2 Gyr, or a constant
value τpair = 0.6 Gyr, which is the average timescale for
pairs with separation <30 kpc and mass ratios between 1:1
and 4:1 in Lotz et al. (2010a, 2011). The evolution of the
morphological observability timescale is instead derived by
combining the equations relating τmorph to fgas in Lotz et al.
(2010b) (1:3 mass ratio) with recent literature estimates of
the evolution of the gas fraction of MS galaxies (Sargent et
al. 2014; Béthermin et al. 2015; Tacconi et al. 2018)6 . For
our measured fmorph and fpair we use the merger fractions
derived for MS galaxies shown in Fig. 10. This ensures a
consistent sampling of galaxy stellar mass and SFR – which
affect relevant galaxy properties like fgas – at all redshifts.
We also note that, although a minority in relative terms,
mergers on the MS dominate the overall merger population
in absolute numbers in our sample (see Fig. 6). Due to the
limited cosmic volume, the SB regime is sampled more heterogeneously at different redshifts, hampering evolutionary
analysis for such galaxies due to low number statistics. How
the results presented here would change when considering
the SB population only should be tested on larger datasets.
We caution that there are a number of aspects that
make possible only an approximate comparison between
our measured fmorph / fpair and the expected τmorph /τpair : (i)
Lotz et al. (2010b) performed the morphological selection on
g−band images rather than mass maps and they used a different combination of non-parametric structural estimators
than ours. As a plausible range spanned by the simulations,

6 The linear relations between f
gas - τmorph in Lotz et al. (2010b)
can formally lead to τmorph being equal or less than zero for
very low gas fractions. We therefore impose a minimal floor
T0 = 0.15 Gyr to those relations, representing the minimum average observability times scale in the different models explored in
Lotz et al. 2011 (see their Figure 9), but our results hold even
when this term is not included.
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Figure 11. Comparison of our measured merger fraction with literature data. The left- and right-hand panels show the fraction as
function of the distance from the MS for galaxies at intermediate redshift, 0.5≤z ≤1.5, and for galaxies at all redshifts, respectively. Dashed
bars are the morphological merger fraction; filled grey bars in the background represent the total merger fraction (pairs+morphological
mergers). Cyan and light grey correspond to the MS definition in Sargent et al. (2014); blue and dark grey to the Schreiber et al. (2015)
MS parametrisation. Light green triangles and dark green squares show the observed merger fractions in the IR-selected sample of Hung
et al. (2013). The dark star with error bar is the merger fraction measured in z=1 galaxies with LIR = 1011 L by Kartaltepe et al. (2012).
The orange line on the right is the 2-SFM starburst fraction from Sargent et al. (2012, 2014). We find a good agreement between our
measured merger fraction and the 2-SFM SB prediction, esp. if considering morphological mergers. This suggest a link between starburst
activity and final merger stages, both for high-sSFR starbursts and for more moderate SFR enhancements that do not moves galaxies
above the MS.

we consider the τmorph − fgas relations derived for morphological criteria including the asymmetry parameter which is the
most discriminating in our selection, but how these relations
change if applied to the mass maps has not been tested7 . (ii)
The simulated relations in Lotz et al. (2010b) refer to total
gas fractions, i.e. atomic plus molecular gas (HI+H2 ). While
at z & 1 the molecular phase presumably dominates the gas
content, the contribution of HI becomes increasingly important at low redshift. Observational constraints on the combined molecular and atomic content of galaxies are however
not currently available out to high redshift and we thus rely
on observational studies of the H2 fraction for an estimate of
fgas . Actual τmorph values are likely higher than derived here
for the local Universe. (iii) Finally, the details of the pair selection (primary mass, mass ratio, separation) in Snyder et
al. (2017) slightly differ from those we employed and could
have an impact on timescale estimates.

7

The MIRAGE simulations of Perret et al. (2014) which underpin our classification scheme cannot be used for this test as they
all have a high initial gas fraction of 65%.
MNRAS 000, 1–22 (2017)

Keeping these caveats in mind, Fig. 12 shows a reasonably good agreement between the evolution of the merger
fraction ratio we measured here and the expected evolution
of the ratio of timescales. Although a constant τpair cannot
be ruled out, our z∼1.5 measurement seems to favour a scenario in which the pair observability displays a dependence
on redshift as found in Snyder et al. (2017), with possibly
an even a steeper evolution than the τpair ∝(1 + z)−2 proposed
by these authors.

7

SUMMARY

In this paper we have studied the frequency of major mergers
(down to a 1:6 mass ratio), selected either morphologically or
through close pair statistics, in a sample of 0.2 ≤ z ≤ 2 starforming galaxies in the GOODS-N field that have reliable
SFR estimates from highly deblended FIR data.
A novelty of our study is that we perform the morphological classification of mergers on resolved stellar mass maps
constructed from UV-to-NIR HST imaging, rather than relying on single band imaging as customarily done in stud-
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above the main sequence of star-forming galaxies. Our findings can be summarised as follows:

Figure 12. Ratio of the morphological merger and spectrophotometric pair fractions for MS galaxies versus redshift (red
symbols with error bars; inferred from Fig. 10). Lines are predictions for the redshift evolution of the ratio between the visibility timescale for mergers selected through morphological disturbances and for galaxy pairs, τmorph /τpair . We derive τmorph (z)
by combining the prescription of Lotz et al. (2010b) for the dependence of τmorph on fgas with literature measurements of gas
fraction evolution for MS galaxies (dark shading – 2-SFM, Sargent et al. 2014; medium shading – Béthermin et al. 2015; light
shading – Tacconi et al. 2018. Gas fractions are estimated for a
galaxy stellar mass log(M? /M ) = 10.5 and ∆MS = 0). Solid and
dashed lines show results for τmorph for mergers selected with the
Asymmetry or Gini-Asymmetry method in Lotz et al. (2010b),
respectively. For the upper panel we adopt a redshift-dependent
visibility timescale for pairs, τpair = 2.4(1 + z)−2 Gyr, as measured
by Illustris (Snyder et al. 2017). The lower panel assumes a constant τpair = 0.6 Gyr. The differential redshift evolution of pairs
and morphologically classified mergers we observe could be explained by an evolving observability timescale for both pairs and
morphological disturbances, as in the upper panel.

(i) at all redshifts 0.2≤z≤2.0, virtually all galaxies displaying star formation enhancements typical of starburst galaxies, i.e. ∆MS ≥ 0.6, are undergoing a merger. The majority
of these systems are morphologically disturbed, late stage
mergers, whereas galaxy pairs represent only a small fraction of galaxies at these high specific star formation rates.
This paints a picture where galaxies move significantly above
the MS as a consequence of merger-induced processes even
at z>1, with strong starburst episodes developing primarily
during coalescence or close to coalescence phases.
(ii) About 5% to 10% of MS galaxies also display morphological signatures of a late stage merger or are found in a
close pair system. The global merger fraction is roughly constant within the scatter of the MS, but it increases towards
the upper edge before rapidly rising to almost unity in the
SB region. Contrary to the starburst regime, the MS hosts
comparable fractions of pair galaxies and late stage mergers.
On the MS we measure an overall lower merger fraction than
reported in previous work. This is likely a consequence of the
lower contamination from clumpy, non interacting galaxies
among merger candidates in our new classification scheme.
(iii) Mergers on the MS seem to occur at all mass scales
M?&1010 M , with the possible exception of a decrease at
the highest masses M?'1011 M .
(iv) The observed fraction of late-stage major mergers on
and above the MS matches the distribution of starbursting
galaxies in the empirical 2-SFM framework, where galaxies
are subject to a continuously varying range of SFR boosts,
depending on their MS-offset. In this framework, starbursts
on the MS have experienced more moderate SFR enhancements (e.g. from a position in the lower half of the MS), while
high-∆MS outliers are associated with the strongest perturbations. The observed agreement reinforces the idea that
these perturbations are linked to the late phases of galaxy
mergers both on and above the MS.
(v) We find a different redshift evolution for the fractions
of pairs and morphological disturbed mergers on the MS,
with the former staying roughly constant or slightly decreasing between z=0 and z=2 and the latter instead roughly doubling. Although this trend should be confirmed with larger
datasets, it could be explained by the combination of a pair
visibility that decreases with redshift, as suggested by recent
numerical simulations, and a visibility window for morphological features that instead increases as a consequence of
higher gas fractions at z>1.
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Magdis, G. E., Daddi, E., Béthermin, M., et al. 2012, ApJ, 760,
6
Magnelli, B., Elbaz, D., Chary, R. R., et al. 2009, A&A, 496, 57
Man, A. W. S., Zirm, A. W., & Toft, S. 2016, ApJ, 830, 89
Mancuso, C., Lapi, A., Shi, J., et al. 2016, ApJ, 833, 152
Mantha, K. B., McIntosh, D. H., Brennan, R., et al. 2018, MNRAS, 475, 1549
Meurer, G. R., Heckman, T. M., & Calzetti, D. 1999, ApJ, 521,
64
Mihos, J. C., & Hernquist, L. 1994, ApJ, 431, L9
Mihos, J. C., & Hernquist, L. 1996, ApJ, 464, 641
Momcheva, I. G., Brammer, G. B., van Dokkum, P. G., et al.
2016, ApJS, 225, 27
Mullaney, J. R., Alexander, D. M., Goulding, A. D., & Hickox,
R. C. 2011, MNRAS, 414, 1082
Murata, K. L., Kajisawa, M., Taniguchi, Y., et al. 2014, ApJ, 786,
15
Murphy, T. W., Jr., Armus, L., Matthews, K., et al. 1996, AJ,
111, 1025
Naab, T., Burkert, A., & Hernquist, L. 1999, ApJ, 523, L133
Nardini, E., Risaliti, G., Watabe, Y., Salvati, M., & Sani, E. 2010,
MNRAS, 405, 2505
Newman, A. B., Ellis, R. S., Bundy, K., & Treu, T. 2012, ApJ,
746, 162
Noeske, K. G., Weiner, B. J., Faber, S. M., et al. 2007, ApJ, 660,
L43
Nordon, R., Lutz, D., Saintonge, A., et al. 2013, ApJ, 762, 125
Oesch, P. A., Montes, M., Reddy, N., et al. 2018, ApJS, 237, 12
Oke, J. B. 1974, ApJS, 27, 21
Overzier, R. A., Heckman, T. M., Wang, J., et al. 2011, ApJ, 726,
L7
Owen, F. N. 2018, ApJS, 235, 34
Pannella, M., Carilli, C. L., Daddi, E., et al. 2009, ApJ, 698, L116
Pannella, M., Elbaz, D., Daddi, E., et al. 2015, ApJ, 807, 14
Papovich, C., Dickinson, M., Giavalisco, M., Conselice, C. J., &
Ferguson, H. C. 2005, ApJ, 631, 101
Patton, D. R., Carlberg, R. G., Marzke, R. O., et al. 2000, ApJ,
536, 153
Perret, V., Renaud, F., Epinat, B., et al. 2014, A&A, 562, A1
Pipino, A., Cibinel, A., Tacchella, S., et al. 2014, ApJ, 797, 127
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2015,
arXiv:1502.01589
Puech, M., Hammer, F., Rodrigues, M., et al. 2014, MNRAS, 443,
L49
Puglisi, A., Daddi, E., Renzini, A., et al. 2017, ApJ, 838, L18
Robaina, A. R., Bell, E. F., Skelton, R. E., et al. 2009, ApJ, 704,
324
Rodighiero, G., Daddi, E., Baronchelli, I., et al. 2011, ApJ, 739,
L40
Rodriguez-Gomez, V., Genel, S., Vogelsberger, M., et al. 2015,
MNRAS, 449, 49
Ryan, R. E., Jr., Cohen, S. H., Windhorst, R. A., & Silk, J. 2008,
ApJ, 678, 751
Saintonge, A., Kauffmann, G., Wang, J., et al. 2011, MNRAS,
415, 61
Salim, S., Rich, R. M., Charlot, S., et al. 2007, ApJS, 173, 267
Sanders, D. B., Soifer, B. T., Elias, J. H., et al. 1988, ApJ, 325,
74
Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749
Santini, P., Fontana, A., Grazian, A., et al. 2009, A&A, 504, 751
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Figure A1. Evolution as a function of time (with respect to coalescence, thin dotted line a t = 0) of the asymmetry index measured on the mass maps for the MIRAGE simulation of isolated
disks (magenta lines) and mergers (blue). Darker shades of blue
correspond to increasing merger ratio (see figure legend). The left
panel shows the evolution of the asymmetry index A?,peak , calculated using the peak of the mass distribution as centre of rotation.
In the right panel is plotted the asymmetry calculated with respect to the centroid of mass, A?,centroid . For low mass ratio mergers (1:6.3, light blue lines) the asymmetry variation during the
merger phase is more clearly pronounced when using A?,centroid .

Figure A2. Completeness of the morphological merger selection
as a function of the merger mass ratio. The completeness is estimated on a set of ∼1000 artificial mergers generated from the superposition of the mass maps of random primary-secondary pairs
selected from our sample. The galaxies in these artificial mergers
were chosen to be at a similar redshift and to have a mass ratio
in the range [1:1,1:10].

APPENDIX A: PARAMETERS EVOLUTION IN
SIMULATIONS AND SELECTION
COMPLETENESS
The asymmetry parameter is defined as the normalised residual
flux (or mass in our case) that is measured in a galaxy image after subtraction of a 180◦ -rotated version of it. In the calculation
of the asymmetry, a centre of rotation must therefore be chosen. In paper I we used for the merger classification solely the
asymmetry derived using as centre of rotation the peak of the
mass distribution, A?,peak , as it provides the clearest separation
between mergers and disks (as also seen in Figure 3).
It is however also possible to use the centroid of the mass
distribution to define the asymmetry A?,centroid . We show in FigMNRAS 000, 1–22 (2017)

Figure A3. Illustration of the calculation of the pair probability distribution, ζpair (z). The probability distribution P(z) of
the primary galaxy is shown with a black solid Gaussian and
is aways centred at zp = 1.52. In panels a, c and e the primary has σp = 0.045 (typical photo-z error); in b, d and f it
has σp = 0.003(1 + z) = 0.0076 (typical spec-z error). The secondary galaxy can have zs = 1.33 (blue Gaussian in panels a to
d), zs = 1.60 (red) or identical redshift as the primary (panels
e and f ). In panels panels a and b the secondary galaxy has
σs = 0.08, in c and d it has σs = 0.02, and σs = σp in panels
e and f. The resulting function ζpair (z) is shown with the shaded
areas matched in colour to the corresponding secondary galaxy.
Note that, by definition, ζpair (z) , 0 only in the intersection range
[zp − 3σ p , zp + 3σ p ] ∩ [zs − 3σs , zs + 3σs ]. Along the upper edge of
each panel, the integral value of ζpair (z) over this range is given, for
each primary-secondary pair configuration. For plotting purposes,
all probability distributions are normalised to the peak value.

ure A1 the evolution of the asymmetry index measured in these
two different fashions for the MIRAGE simulated galaxies. In
the simulations, mergers with lower mass ratios (1:6.3) display
a clear increase in A?,centroid during the merger phase, whereas a
less marked asymmetry variation is shown when using A?,peak . In
combination with the M20 index, the inclusion of this alternative
asymmetry definition therefore increases the completeness of the
classification for minor mergers and for this reason was included
in this study, as described in Section 3.1.1.
To quantify the level of completeness of our selection criteria
and how this depends on the mass ratio of the merging galaxies,
we also generated artificial mergers by selecting a random subset
of galaxies from our sample and by superimposing to each of
their mass map the map from a secondary galaxy with a similar
redshift (|∆z | ≤ 0.25). We selected secondary galaxies with a mass
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Figure A4. As in Fig. 8 but we show here the merger fraction as directly calculated from the data, without applying any statistical
correction to account for the completeness and contamination in the merger selection as described in Section 4.

ratio from 1:1 to 1:10 and placed it at a random position with a
spatial separation 1.5 <r<10 kpc at the galaxy redshift (therefore
excluding the “coalescence phase” and well separated pairs, which
are not detected by the morphological technique). The results are
shown in Fig. A2. The morphological selection provides a high
completeness & 70% for major mergers down to a ratio 1:4, but
decreases to <60% for mass ratios smaller than 1:6. In the 1:1 to
1:6 range, we estimate an average completeness of 70%.

a primary galaxy will provide a small contribution to both the
number of merging galaxies in the numerator of Equation 8 and
to the total number of galaxies in the denominator.
For the sample considered in this study, the large majority of the galaxies with a companion (70%) are in configuration
similar to the one shown in panel (b), namely having a spectroscopic redshift for the primary and a photometric redshift for the
neighbouring galaxy.

APPENDIX B: PAIR PROBABILITY
DISTRIBUTION

APPENDIX C: MERGER FRACTION WITH
NO CORRECTIONS

In Fig. A3 we illustrate a range of possibilities for the pair probability distribution ζpair (z) function discussed in Section 3.2. In
all these examples the redshift distribution Pp (z) of the primary
galaxy is centred at the same redshift (zp = 1.52) and we set its
standard deviation to be equal to either the typical photo-z error
in our sample, σp = 0.045 (left-hand side panels in Fig. A3), or
to the spec-z error, σp = 0.003(1 + zp ) = 0.0076 (right-hand side).
We consider different combinations with secondary galaxies that
have different or identical redshift as the primary, as well as a
broad or narrow redshift distribution. For each of these cases, we
show the functional form of ζpair (z) and provide the value of the
integral of ζpair (z), i.e., the fraction of the primary galaxy that is
in a pair with the secondary.
As illustrated in Fig. A3 and expected, with this formalism
a primary galaxy will provide a non-negligible contribution to
the number of merging galaxies only if the secondary Ps (z) has
similar peak and standard deviation values. This also implies that
primary and secondary galaxies with identical P(z) will result in
a integrated ζpair ' 1, regardless of the width of the Gaussian as
shown in panels e and f. Although this can be counter-intuitive,
it can be understood as follows. In panel f we can determine
with a high precision that the two galaxies are a pair at the same
redshift. In panel e, on the other hand, the redshift measurement
has a much lower precision. This means that we cannot pin-point
their location in redshift, but consequently we cannot firmly rule
out that they are a pair either. We also note that in the case of a
very broad redshift distribution that spans multiple redshift bins,

For reference, we show in Fig. A4 the merger fractions as directly measured from the data, without applying the statistical
corrections to the morphological selected mergers and spectrophotometric pairs described in Section 4.
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