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ABSTRACT

Gas-rich minor mergers contribute significantly to the gas reservoir of early-type galaxies
(ETGs) at low redshift, yet the star formation efficiency (SFE; the star formation rate divided
by the molecular gas mass) appears to be strongly suppressed following some of these events,
in contrast to the more well-known merger-driven starbursts. We present observations with
the Atacama Large Millimeter/submillimeter Array (ALMA) of six ETGs, which have each
recently undergone a gas-rich minor merger, as evidenced by their disturbed stellar morpholo-
gies. These galaxies were selected because they exhibit extremely low SFEs. We use the
resolving power of ALMA to study the morphology and kinematics of the molecular gas. The
majority of our galaxies exhibit spatial and kinematical irregularities, such as detached gas
clouds, warps, and other asymmetries. These asymmetries support the interpretation that the
suppression of the SFE is caused by dynamical effects stabilizing the gas against gravitational
collapse. Through kinematic modelling we derive high velocity dispersions and Toomre Q
stability parameters for the gas, but caution that such measurements in edge-on galaxies suf-
fer from degeneracies. We estimate merger ages to be about 100 Myr based on the observed
disturbances in the gas distribution. Furthermore, we determine that these galaxies lie, on aver-
age, two orders of magnitude below the Kennicutt—Schmidt relation for star-forming galaxies
as well as below the relation for relaxed ETGs. We discuss potential dynamical processes
responsible for this strong suppression of star formation surface density at fixed molecular gas
surface density.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: formation —
galaxies: ISM — galaxies: kinematics and dynamics — galaxies: star formation.

1 INTRODUCTION

In a hierarchical vacuum-dominated cold dark matter (ACDM) uni-
verse, mergers play a major role in the assembly of galaxies. Galaxy
mergers are capable of inducing strong star formation, fuelling black
hole growth, and precipitating morphological transformations, such
as the formation of bulges (e.g. Sanders et al. 1988; Hernquist 1993;
Springel, Di Matteo & Hernquist 2005). Merger events are often di-
vided into two categories: major mergers with mass ratios larger
than 1:4 and minor mergers with mass ratios below 1:4. Each
of these can be either gas-rich (‘wet’) or gas-poor (‘dry’). Gas-
poor mergers are thought to be responsible for both morphological
transformation and the build-up of the mass and size of early-type
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galaxies (ETGs) since z & 2 (e.g. Naab, Johansson & Ostriker 2009;
van Dokkum et al. 2010). Gas-rich major mergers are usually as-
sociated with strong starbursts with extreme star formation rates
(SFRs; e.g. Sanders et al. 1988; Barnes & Hernquist 1991).

The star formation efficiency (SFE) is here defined as the amount
of star formation per unit molecular gas and defined as

SFE = SFR/My,. (1

where My, is the molecular gas mass. The SFE is the inverse of the
gas depletion time, which can be as low as 107 yr in extreme starburst
galaxies (e.g. Gao & Solomon 2004). This unusually efficient star
formation is usually explained by the dissipative collapse of the gas
to the galaxy centre following a gas-rich major merger. The presence
of a pre-existing interstellar medium (ISM) in spiral galaxies causes
strong shocks when the gas in the two galaxies collide. These shocks

© 2018 The Author(s)
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and angular momentum loss drive the gas densities up and result in
a nuclear starburst (e.g. Mihos & Hernquist 1996).

The effect of gas-rich minor mergers on the star formation in
galaxies has not been quantified as thoroughly. Minor mergers are
less violent events, but these too might be expected to increase the
SFR and/or SFE (e.g. Mihos & Hernquist 1994; Saintonge et al.
2012). Kaviraj (2014) found that minor mergers play an important
role in the low-redshift Universe, where about 40 per cent of star
formation in local spiral galaxies is induced by minor mergers.
Such events also dominate the star formation budget in massive
early-type systems, where they likely provide the vast majority of
the star-forming gas (e.g. Kaviraj et al. 2009; Davis et al. 2011).

This work is an extension of that by Kaviraj et al. (2012) and
Kaviraj et al. (2013), who selected a sample of recent minor merger
remnants, based on their disturbed optical morphologies. In these
recently merged galaxies, the major partner was a gas-poor ETG
and the minor partner was a gas-rich dwarf. The median merger
mass ratio was estimated to be 1: 40, based on gas-to-dust ratios
(Davis et al. 2015). The resulting systems are very gas- and dust-
rich compared to undisturbed ETGs and have a sizeable molecular
gas component (My, > 10° M@). Contrary to expectations, these
coalesced systems do not host strong starbursts. The absence of
strong merger-induced shocks, due to the gas-poor nature of the
original host galaxy, may be responsible for this. More surprising
is that the SFE was found to be suppressed by orders of magnitude,
with gas depletion times that exceed the Hubble time.

The physical process that is suppressing star formation in these
minor merger systems is not yet understood. Clearly such objects
do not fit within a framework where the SFE is constant (e.g.
Bigiel et al. 2011) or one where mergers boost the efficiency of
star formation (e.g. Daddi et al. 2010; Genzel et al. 2010; Saintonge
et al. 2012). ETGs have previously been found to have somewhat
lower SFE than late-type systems (e.g. Saintonge et al. 2012; Davis
et al. 2014). Martig et al. (2009) found that this may be caused
by gas stability in a spheroidal potential well. This could also be
the reason why the SFR is less enhanced after minor mergers in
galaxies with more prominent bulges (Kaviraj 2014). The recent
minor merger systems studied in Davis et al. (2015), and in this
work, however, have an order of magnitude greater suppression
of the SFE and larger gas fractions than seen in relaxed ETGs.
Gas stabilization due to the shape of the potential is therefore un-
likely to be the reason for the low SFEs, at least in these extreme
objects.

Star formation is a dynamical process. The cold, dense gas in
galaxies follows a turbulent cascade down to the smallest scales,
where it fragments and eventually forms stars. Various dynamical
and environmental processes can work to suppress this cascade
and affect the resulting SFE. Davis et al. (2015) suggested that
these objects may have been caught at a very specific phase in their
evolution, when gas is still free-streaming towards the galaxy centre,
but has not yet settled. Such streaming motions have been shown
to suppress the efficiency of star formation (e.g. Meidt et al. 2013).
In this scenario, the gas-free nature of the early-type progenitor
explains why star formation suppression after minor mergers has
not been observed in other systems.

This explanation is not unique, however. Shear induced by ro-
tation can prevent the gravitational collapse of gas clouds or pull
them apart, suppressing star formation (Toomre 1964; Seigar 2005).
Additionally, gravitational heating, i.e. conversion of potential en-
ergy to thermal energy during a merger, can deposit energy into
the gas via weak shocks (e.g. Johansson, Naab & Ostriker 2009).
Such energy could stall gravitational collapse and suppress star
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formation. Alternatively, although no evidence for strong nuclear
activity has been found in these objects (Shabala et al. 2012), ac-
tive galactic nuclei (AGN) are also expected to be triggered by
mergers (Kaviraj et al. 2015). Therefore, nascent feedback from a
central black hole may be acting to suppress star formation. De-
termining which, if any, of these processes are acting to suppress
star formation in ETGs after a minor merger will allow us to under-
stand its importance for merger-driven star formation in all types of
galaxies.

In this paper, we present results based on new observations with
the Atacama Large Millimeter/submillimeter Array (ALMA) of six
minor merger remnants from Davis et al. (2015). We selected those
objects with the most suppressed SFEs (below 107!° yr—!). Their
depletion times are above 10 Gyr, longer than those of ‘normal’
ETGs, such as those in the ATLAS®P sample (Davis et al. 2014), by
a factor of 3. They have typical stellar masses of about 10'' Mg,
with molecular gas fractions between 1 and 25 per cent.

In Section 2, we describe the targeted galaxies and the ALMA
observations. In Section 3, we show the resolved ISM morpholo-
gies and velocity structures, which often exhibit clear disturbances
and present results from our kinematic modelling. We discuss
which process is likely responsible for the low SFEs and con-
clude in Section 4. In this work, we assume a cosmology with
Hy = 71kms™! Mpc*], Q,, = 0.27, and 2, = 0.73, consistent
with previous work.

2 OBSERVATIONS

2.1 Sample

The galaxies targeted in this study were originally selected from
the Sloan Digital Sky Survey (SDSS) photometry by Kaviraj et al.
(2012) as part of the Galaxy Zoo project (Lintott et al. 2008). The
objects are massive, bulge-dominated galaxies with large dust lanes
obscuring part of the optical light. The parent sample selected the
most dust-rich objects using 250 pm luminosities observed with the
Herschel Space Telescope (Kaviraj et al. 2013). From the galax-
ies observable from ALMA'’s location, we selected the six galaxies
with the lowest SFEs based on previous Institut de Radioastronomie
Millimétrique (IRAM) 30 m data (Davis et al. 2015). Three-colour
(66 x 66 kpc?) images of our six targets are shown in Fig. 1, using
the Dark Energy Camera Legacy Survey (DECaLS; Dark Energy
Survey Collaboration et al. 2016; in bands grz), when available,
and from SDSS (Abazajian et al. 2009; in bands gri) for galaxies
NGC4797 and 2MASXJ1333. Besides the clear dust lanes, indicat-
ing the likely presence of edge-on gas discs, some of the images
also reveal clear disturbances of the stellar light in the outskirts of
the galaxies, which point to recent minor merger events (see Kaviraj
etal. 2012).

The properties of our target galaxies are taken from Davis et al.
(2015) and presented in Table 1. The source name, redshift, lu-
minosity distance, stellar mass, SFR, SFE, and conversion factor
from arcsec to kpc are listed for each source. The SFRs are de-
rived by modelling the spectral energy distribution from the ul-
traviolet to the far-infrared with energy-balance code maGpHYs (da
Cunha, Charlot & Elbaz 2008) and therefore typically sensitive to
time-scales of approximately 100 Myr (Kennicutt & Evans 2012).
The errors on the SFE are unfortunately fairly large and the SFEs
of the six galaxies are consistent with each other within 2o. We
therefore do not expect to find strong trends with SFE within our
sample.
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2MASXJ0903 2MASXJ1416 NGC4797

2MASXJ1301 2MASXJ1333 CGCG013-092

Figure 1. Three-colour imaging of our target sources at fixed spatial scale of 66 x 66 kpc? from DECaLS (grz), when available, and from SDSS (gri) for
galaxies NGC4797 and 2MASXJ1333. Each panel is labelled with (a shortened version of) the source name. The dust lanes are clearly visible for all galaxies
and are almost edge-on. Disturbances in the stellar light are also visible in certain panels, providing evidence for a recent minor merger.

Table 1. Properties of our selected galaxies: source identifier, redshift, angular diameter distance, stellar mass, SFR, SFE, and conversion factor from arcsec
to kpc. The errors given are lo errors on the measurements.

Source identifier b4 Dy Miar My, SFR SFE Conversion
(Mpc) Mp) Mp) Mg yr 1 (yr™h (kpcarcsec™!)
2MASXJ09033081-0106127 0.040 161 10109 £01 10%:64£0.07 0.0970:02 (2.067540) x 10711 0.78
2MASXJ14161186+0152048 0.082 315 10112:£01 1098901 0.0215:0¢ (2.587] 71 x 10712 1.53
NGC4797 0.026 106 10!12£01 10%17 % 0.08 0.037903 (2.03729%) x 10711 0.52
2MASXJ13010083+2701312 0.078 301 10109 %01 101031 £005 0.447033 (2.167317) x 10711 1.46
2MASXJ13333299+2616190 0.037 150 1010801 10971 £005 0.0175:0¢ (19571470 x 10712 0.73
CGCGO13-092 0.035 142 1010:0%01 10984 £004 0.2810:0¢ (405155 x 10711 0.69
2.2 ALMA data The raw ALMA data were calibrated using the standard ALMA

pipeline, provided by the ALMA regional centre staff. We then used
the Common Astronomy Software Applications (casa) package to
image the resulting visibility files for each track, producing a three-
dimensional RA-Dec-velocity data cube (with velocities determined

We observed the '>?CO(1-0) line in our six dust lane ETGs with
ALMA, as part of programme 2015.1.00320.S. ALMA’s 12 m an-
tennas were used in a compact configuration, resulting in an ap-
roximately 1arcsec beam and sensitivity to emission on scales . . .
Ep to A3 03/40 arcsec. A 1850 MHz correlztor window was placed with respect to the rest frequency of the '2CO(1-0) line). In this
=~ . . . —1
over the CO(1-0) line, yielding a continuous velocity coverage of workz we bin the raw da}ta} toa channe.l width of‘IOkm s and
about 1600 kms~! with a raw velocity resolution of ~1.0km s ", use plX?lS of 0.3 arcsec (giving us approximately 4 pixels across the
This is sufficient to properly cover and sample the line. Three ad- synthesized beam). . . C
The data presented here were produced using Briggs weighting

ditional 2 GHz wide low-resolution correlator windows were si- . -
. . . with a robust parameter of 0.5. We attempted to detect continuum

multaneously used to potentially detect continuum emission (see . . .
emission from these sources over the full line-free bandwidth. If

Section 2.4).
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Table 2. Parameters for our ALMA observations: source identifier, date of observation, total observation time, amplitude calibrator, bandpass calibrator, phase
calibrator, beam size, and rms noise in 10km s~ channels of each source.

Source identifier Observation date tobs Amplitude Bandpass Phase Obeam RMS
(min) calibrator calibrator calibrator (arcsec) (mJy beam™!)
2MASXJ09033081-0106127 2016-03-19 29.36 J0750+1231 J0854+2006 J0909+0121 1.91 x 1.32 0.9
2MASXJ14161186+0152048 2016-04-09 47.35 Ganymede J1337-1257 J1410+0203 1.78 x 1.46 0.8
NGC4797 2016-03-21 62.73 Callisto J1229+0203 J1303+2433 1.80 x 1.35 1.0
2MASXJ13010083+2701312 2016-05-04 29.86 Callisto J1229+0203 J1303+2433 2.05 x 1.29 1.1
2MASXJ13333299+2616190 2016-05-04 27.15 J1256-0547 J1229+0203 J1333+2725 2.35 x 1.03 1.5
CGCGO013-092 2016-03-20 34.34 Callisto J1220+0203 J1229+0203 1.62 x 1.31 1.0

present, we subtracted the continuum from the line data in the uv
plane, using the casa task uvcontsus. The continuum-subtracted
dirty cubes were cleaned in regions of source emission (identified
interactively) to a threshold equal to the root-mean-square (rms)
noise of the dirty channels. The clean components were then re-
convolved using a Gaussian beam of full-width at half-maximum
(FWHM) equal to that of the dirty beam. Finally, the residuals were
added back into the clean components. This produced the final,
reduced, and fully calibrated '>CO(1-0) data cubes.

The molecular masses used here assume a Galactic Xc¢ factor,
which quantifies the conversion between CO integrated line flux and
H, mass. However, Xco has been shown to vary with metallicity
(see Bolatto, Wolfire & Leroy 2013 for a review). We unfortunately
do not have an independent measure of the gas-phase metallicity in
our galaxies, which may be sub-solar. We could therefore be under-
estimating the amount of molecular gas present in these systems,
possibly by an order of magnitude (Leroy et al. 2007). This would
only reduce the SFEs even further and make our targets even more
extreme objects.

2.3 Line detections

Table 2 summarizes our observational parameters. For each source,
we list its full name (taken from the NASA/IPAC Extragalactic
Database'), the dates the galaxies were observed, the total integra-
tion time, the calibrator sources used (for the amplitude, bandpass,
and phase), the beam size, and the rms noise reached in 10 km s~
channels. The data quality and precision are sufficient to resolve the
spatial structure of the molecular ISM and its line-of-sight velocity
in all of our target galaxies using the CO(1-0) line. No other lines
were detected. We use these data to detect and quantify morpholog-
ical and kinematic disturbances in the gas in Section 3.

2.4 Continuum detections and upper limits

Although the focus of this work is on the molecular gas, we at-
tempted to detect continuum emission as well. Table 3 summarizes
our findings and lists, for each source, our measurement or upper
limit of the 3 mm continuum flux (right column) and the frequency
at which this was observed (middle column). In case of a detec-
tion, we list the flux from the upper and lower side band (USB
and LSB) separately, but combined them for our upper limits. We
detected the continuum for galaxies 2MASXJ0903 and CGCGO013-
092 (=300 wly), which are both point sources at 3 mm. By com-
paring to the far-infrared fluxes from Rowlands et al. (2012), we
interpret this emission as arising from the Rayleigh—Jeans tail of the
dust emission. We do not discuss this further here, because this is

Uhttps://med.ipac.caltech.edu

Table 3. Continuum detections or upper limits: source identifier, observed
frequency, and 3 mm continuum flux (or 3o upper limit) of each source.
In case of a detection, we analyse the upper and lower sideband (USB and
LSB) separately.

Source identifier Observed v Continuum
(GHz) (Wy)
2MASXJ09033081-0106127 97.9 (LSB) 332+ 39
110.0 (USB) 370 + 50
2MASXJ14161186+0152048 99.7 <22
NGC4797 99.3 (LSB) 218 £17
111.5 (USB) 295 £29
2MASXJ13010083+2701312 100.1 <23
2MASXJ13333299+2616190 104.2 <34
CGCGO013-092 104.4 <80

beyond the scope of this work. The lack of synchrotron-dominated
spectra at 3 mm (non-detections or a spectral slope inconsistent with
synchrotron emission) argues against the presence of strong AGN,
but we cannot exclude low-luminosity AGN.

3 RESULTS

The aim of this work is to resolve the spatial and kinematic struc-
ture of the molecular gas in the selected dust lane ETGs in or-
der to narrow down the cause of the suppression in their SFEs.
Fig. 2 therefore shows the new ALMA observations of the six
selected galaxies. Left and middle panels show CO(1-0) flux con-
tours in orange, in the left-hand panels combined with the SDSS
r-band image in grey-scale. The contours displayed range from three
times the rms level to the maximum value in 3 (left) or 19 (mid-
dle) linearly spaced increments. The right-hand panels show the
CO(1-0) line-of-sight velocity contours centred on the kine-
matic centre as determined from their kinematic modelling (see
Section 3.1).

As expected, the gas is coincident with the dust lane seen in
absorption against the stellar light, which means that both likely
have the same origin. The images show that the majority of the
galaxies’ molecular gas discs are asymmetrical. 2MASXJ1416 has
detached gas clouds, the low-surface brightness emission extends
further from the centre on one side of the disc in 2MASXJ0903
and CGCGO013-092, and NGC4797 and 2MASXJ1301 exhibit a
small warp in their centres (best seen by the tilt in the zero velocity
contour in the velocity maps). Only galaxy 2MASXJ1333 shows no
sign of asymmetries. The disturbed kinematics can also be identified
in the position—velocity diagrams (see Fig. 4). This provides visual
evidence that the molecular gas is not completely relaxed. It also
supports our conclusion that the gas was brought in by a gas-rich
minor merger in the recent past.

Downl oaded from https://acadeni c. oup. com mras/article-abstract/476/1/122/ 4828394 MNRAS 476’ 122-132 (2018)

by University of Central Lancashire user
on 05 March 2018


https://ned.ipac.caltech.edu

126  F. van de Voort et al.
s 300
Q —~
a {200 <
X "
:, ; f 100 ¢
3 -~ N o <
© -100°G
25 i ke
e A -200 ¢
a @) 2MASXJ0903 —300
-5 0 5 -5 0 )
< 20 300
£ 10 200 7
0 0 ~ <
° _10 I 4 —100‘g
o -
5 200 ©
a -20 O — 2MASXJ 14167 _300
-20-10 0 10 20-20-10 0 10 20-20-10 O 10 2
< S | [ T T [ {300
£ ;' 1200 7,
= ) 1l {100 €
& Of ‘ f o 5;
S -2 * 1 1002
[o]
O -4 r 5|| —2007)
y | {lo bt TS NGC4797 ~300
—6420246—6420246—6420246
/a 15F . ]
S 10} 5 {9 200 T
- 5 , ‘ il 7100 ¢
8 o0 . — Mo <
5 _g ‘ {l {-100%
o —10 ' 4" 2008
& 5k, et to — {1 2MASXJ1301 s
-15-10-5 0 5 10 15 -15-10-5 0 5 10 15 -15-10-5 0 5 10 15
_‘C:L 41 200 T
S 2y ’ 100 ¢
& o 4 o <
S —2 ‘ -100g
g —4 -200 9
5 _g 2MASXJ 1333
—-6-4-20 2 4 -6-4-20 2 4
~ 10 300
Q —~
a 200 %
i p 100 ¢
» . b 0 <
= 2
8 -5 ' —1003
° 7" -200 2
a -10 o — 1 1.c6cc013-092{ [l 500~

-10-5 0 5 10
RA offset (kpc)

-10-5 0 5 10
RA offset (kpc)

-10-5 0 5 10
RA offset (kpc)

Figure 2. Images of the CO(1-0) data for all six galaxies. Left-hand panels: SDSS r-band image overlaid with ALMA CO(1-0) contours. Middle panels:
CO(1-0) flux contours. Right-hand panels: Line-of-sight velocity contours of the gas. The contours displayed range from three times the rms level to the
maximum value in 3 (left) or 19 (middle) linearly spaced increments. Most of the galaxies exhibit morphological disturbances, such as detached gas clouds,
warps, and other asymmetries, indicating that the gas is not completely settled.

Downl oaded m%é§s47ﬁdc£gé?ﬁl3&gzpo]r§)mr as/article-abstract/ 476/ 1/ 122/ 4828394

by University of Central Lancashire user
on 05 March 2018



Star formation suppression in merger remnants 127

| 30f NGC4797 ]
30F 20
> 20}
E 10
~ 10}
3
[ OH 0
_10 L
-20 - -10 - -
30 2MASXJ1333 1 60} CGCG013-092 A
= 20 a0}
£
5 20F
“ 0
0 L
~10 HJL

-500 0 500 -500
Velocity (km s™')

Velocity (km s™')

0 500 -500 0 500
Velocity (km s™')

Figure 3. Spectra of the CO(1-0) data for all six galaxies with our new ALMA data shown in black and previously obtained (lower resolution) IRAM data
in red. The flux detected in our new interferometric observations is similar to that from the previous single dish measurements. This means that we are likely

capturing molecular gas structures on all important scales with ALMA.

It is interesting to compare the extent of the molecular gas in our
sample to that of relaxed ETGs in the ATLAS?P sample. We measure
the radius of the relaxed gas disc by fitting a kinematic model to the
data cube, which only reproduces the symmetric, undisturbed part
(see Section 3.1). The radius of the undisturbed gas is defined as the
radius at which the model surface brightness is above 10 M@ pc2,
which is the surface brightness limit used by Davis et al. (2013).
The total extent, including the morphologically and kinematically
disturbed part, is measured directly from the data, also using the
surface brightness limit of 10 M pc™2. For the relaxed galaxies,
the radius of the molecular gas disc normalized by the radius of the
25 mag arcsec 2 isophote in the B band is Rco/R»s = 0.16 (Davis
et al. 2013). Unsurprisingly, the gas discs in our selected dust lane
ETGs are more extended. For the undisturbed part of our gas discs,
we find an average Rco/R»s = 0.28 and if we include the disturbed
gas this increases to Rco/Rys = 0.53. This shows that our sample
galaxies are extreme, not just in their total molecular gas mass, but
also in the extent of their molecular gas.

In Fig. 3, we compare our ALMA CO(1-0) flux measurements
with those previously obtained with the IRAM 30 m telescope
(Davis et al. 2015), showing the CO(1-0) flux as a function of ve-
locity, where the centre is obtained from our kinematic modelling
(see Section 3.1). The ALMA spectra were made by extracting a
rectangular region based on the images shown in Fig. 2, then sum-
ming the unclipped data cube spatially, and dividing by the beam
area. Both observations show the typical double-horned spectrum
of rotating galaxies. Our interferometric observations are similar to
the single dish measurements. The total flux is consistent within
uncertainties, which indicates that we are likely not resolving out
any structure on large scales. The spectra of galaxies 2MASXJ0903,
2MASXJ1416, 2MASXJ1301, and CGCG013-092 have an asym-
metric profile, reflecting their asymmetric morphologies.
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To study the rotation curve of the molecular gas, Fig. 4 shows the
major-axis position—velocity diagram of each of our target galax-
ies. This was created by extracting a slice from the cube at the
estimated position angle, with a width of 5 pixels, which were then
summed spatially. Contour levels are evenly spaced between three
times the rms level to the peak flux in nine increments. The dis-
turbed structures, previously identified along the major axis in the
images in Fig. 2, can also be seen here. According to our best-
fitting kinematic model (see Section 3.1), they do not follow the
general galaxy rotation curve, although accurate stellar photometry
is needed to model the stellar mass and be absolutely certain about
this. Four out of our six targets clearly show asymmetrical features at
large radii — galaxies 2MASXJ0903, 2MASXJ1416, NGC4797, and
CGCGO013-092. The asymmetry of galaxy 2MASXJ1301 is more
subtle, but can be identified by noticing that the emission extends
from —8 kpc to +10kpc. Galaxy 2MASXJ1333 is the only object
for which, at the current resolution, all the detected molecular gas
seems to be part of a regular, relaxed gas disc.

A large fraction of the molecular gas is located in the rising part of
the rotation curve. This is consistent with samples of relaxed ETGs
(from ATLAS?P and EDGE-CALIFA), which show that the SFE
decreases as this fraction increases (Davis et al. 2014; Colombo
et al. 2018). This could suggest that a dynamical effect, such as
the higher shear rate in this region, acts to stabilize the gas against
collapse. However, the dust lane ETGs have SFEs that are much
lower than those in ATLAS?P, so this is likely not the dominant
mechanism for our extreme SFE suppressed galaxies.

The molecular gas which exists outside the central, undisturbed
part of the discs appears not to be in dynamical equilibrium. Instead,
it is likely flowing towards or away from the centre. Because the
disturbed structures are oriented along the major axis, we consider
the most likely scenario that this gas is accreting.
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Figure 4. Position—velocity diagram for our selected galaxies extracted along the major axis. Contour levels are evenly spaced between three times the rms
level to the peak flux in nine increments. The majority of the observed galaxies show asymmetries and disturbed features with velocities likely offset from
the circular velocity of the galaxy. 2MASXJ1301 is fairly regular, but has detectable flux out to 10 kpc on one side, whereas it only extends to 8 kpc on the
other side. 2MASXJ1333 is the only galaxy that shows no sign of kinematic disturbances in CO(1-0) at this resolution. This shows that, for most of our dust
lane ETGs, not all the molecular gas is dynamically relaxed. This argues in favour of dynamical stabilization as a way of suppressing the SFE in recent minor

merger remnants.

3.1 Kinematic modelling

To learn more about the dynamical state of the gas and its physical
parameters, we aim to construct kinematic models that reproduce
our CO observations. In order to model the kinematics of the gas,
we use a forward modelling approach. We assume that the gas is in
a circularly symmetric disc and therefore do not try to model the
asymmetrical features seen in Figs 2 and 4. Because the disturbances
are low surface density features, they do not strongly affect the
model, which aims to reproduce the majority of the molecular gas
(i.e. the central disc).

We used the KINematic Molecular Simulation (KinMS?) tool
(Davis et al. 2013), with which we produce mock observations
of a theoretical gas distribution with the same beam, pixel size,
and velocity resolution as our ALMA observations. We then com-
pare the mock observations to the real data and explore the pa-
rameter range with the Markov Chain Monte Carlo (MCMC) code
KinMS_MCMC that couples to the KinMS routines in order to get
the full Bayesian posterior probability distribution. This code fits
the entire CO data cube produced by ALMA, rather than simply the
position—velocity diagram shown in Fig. 4.

The mass budget in these ETGs is dominated by their stars. Due
to the lack of sufficiently high-resolution optical imaging, we model
a galaxy’s rotation curve by assuming it follows an arctangent (e.g.
Swinbank et al. 2012). We force the curve to reach its maximum

2 https://github.com/Timothy ADavis/KinM$

faster by imposing

(R [ R
UV = Ugire, flartan for tan <1
Tnorm Tnorm

R
) =1, @

T norm

= Vgire flar fOT tan‘](

where Veire, o 1S the asymptotic (or maximum) circular velocity in
the flat part of the rotation curve, R is the radius, and ryqy, is the
normalization radius. We fit veire, o and 7,0 to best match the gas
velocities. We repeated our kinematic modelling based on avail-
able long-wavelength optical or near-infrared image (from SDSS
or Spitzer) and found best-fitting values similar to those using the
arctangent model and presented in Table 4.

We furthermore fit the total flux, kinematic centre, systemic ve-
locity, position angle, and inclination of the gas disc. We addi-
tionally fit a model of the gas surface brightness profile and gas
velocity dispersion (assumed to be constant throughout the disc) in
order to reproduce the bulk properties of the disc. For the galaxies
2MASXJ0903, 2MASXJ1416, NGC4797, and 2MASXJ1301, we
find a reasonable fit by using an exponential gas surface brightness
profile. This simple form has previously been shown to be appro-
priate in most ETGs (Davis et al. 2013) and provides a good match
to the observed morphology and velocity of the gas in these objects.
For galaxy 2MASXJ1333, however, we find that we additionally
need an outer surface density cut-off in order to fit the data. Object
CGCGO013-092 clearly shows an X-shape in its position—velocity
diagram, which is typical for molecular gas within a bar. We model
this with a central ring and an outer exponential profile.
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Table 4. Resulting parameter values from the kinematic modelling: source identifier, inclination, gas velocity dispersion (upper limit),
Toomre stability parameter based on modelled o g, and radially averaged, based on modelled o g, and gas surface density weighted, based
on o g = 8km s~! and radially averaged and based on o5 = 8km s~! and surface density weighted, inclination of the gas disc, and
estimate for the merger age equal to three times the dynamical time at the radius out to which the gas is undisturbed.

Source identifier Inclination O gas (Q)max (0 (Q)8kms~! <Q>§§§(;S" fmerge
©) (kms™!) (Myr)
2MASXJ09033081-0106127 85 <40 <163 <126 33 25 109
2MASXJ14161186+0152048 76 <26 <9.1 <73 2.8 23 149
NGC4797 69 <16 <196 <227 9.8 114 39
2MASXJ13010083+2701312 78 <24 <33 <2.1 1.1 0.7 171
2MASXJ13333299+2616190 83 <6 <3.1 <38 4.1 5.0 ~99
CGCGO13-092 78 <16 <56 <43 2.8 22 128

We use the derived centre, systemic velocity, and position angle
to centre the previous figures. With the derived velocity dispersion
and gas profile, we try to estimate whether or not the observed gas
discs are stable against gravitational collapse. In order to do this, we
calculate the Toomre Q parameter (Toomre 1964) by evaluating

K Ogas

0= TG T

3)
Here, G is the gravitational constant, X, is the surface density
of the molecular gas, and « is the epicyclic frequency (i.e. the fre-
quency at which a gas parcel will oscillate when radially displaced).
The latter is calculated by

K:,/4Q2+Rd—92, )
dR

where R is the radius and 2 is the angular frequency Q2 = v.ir./R,
where v is the circular velocity. A higher velocity dispersion
means higher gas pressure stabilizing the disc against collapse.
Here, we calculate « from our best-fitting arctangent models. «x thus
depends on the potential, but does not include the effects of any
streaming or non-circular motions.

Theoretically, the disc is expected to be unstable to perturbations
if O < 1. However, star-forming galaxies have been found to have
Q values above unity (e.g. Leroy et al. 2008; Romeo & Mogotsi
2017). Higher threshold values have therefore also been used in
order to account for asymmetric perturbations not captured in the
simple model. Such perturbations are likely present in our disturbed
galaxies as well and we therefore caution the reader that Q by itself
can probably not determine the stability of the disturbed gas discs.

Another problem is that the observed gas discs are nearly edge-
on and our kinematic modelling therefore suffers from degeneracies
due to non-circular rotation and beam smearing effects, although our
modelling procedure attempts to take this into account. The derived
velocity dispersion found is thus potentially a combination of the
true velocity dispersion and the radial variation in velocities and
may be spuriously high (Barth et al. 2016). We therefore consider
our values upper limits to the true velocity dispersion of the gas.

The results from our kinematic modelling are listed in Table 4.
The second and third columns give the best-fitting value for the
galaxies’ inclinations (with errors <3°) and velocity dispersions.
The next four columns show the derived values for Q based either
on the best-fitting velocity dispersions (fourth and fifth columns)
or on a canonical 04, = 8km s~! (sixth and seventh columns;
Caldd-Primo & Schruba 2016). The values given include both
the radial averages (fourth and sixth columns) and the surface
density-weighted averages (fifth and seventh columns). The de-
rived upper limits for the velocity dispersions are generally high,
except for 2MASXJ1333. Even when assuming a canonical value of

0 gas = 8km s~!, we find that Q > 1 and therefore theoretically stable
against gravitational collapse, with the exception of 2MASXJ1301.
However, these values are similar to those found in local spiral
galaxies and therefore do not provide much power to discriminate
between galaxies with normal and suppressed SFEs.

The last column in Table 4 lists the estimated merger age,
Imerge> assumed to be equal to five times the dynamical time at the
transition between the undisturbed disc (based on our modelling)
and disturbed gas structures (measured at three times the rms level).
Because the gas inside this radius appears to be relaxed, whereas
the gas outside this radius is clearly not settled yet, this time can
serve as a proxy for when the merger happened. This rough estimate
is based on theoretical studies of the relaxation of misaligned gas
discs in the potential of elliptical galaxies that found that the relax-
ation process typically takes a few dynamical times (t4y,; Tohline,
Simonson & Caldwell 1982; Lake & Norman 1983). Specifically,
Lake & Norman (1983) found that the relaxation time, i.e. the time
it takes a misaligned disc to settle into the plane, was approximately
tayn/€, where € is the eccentricity of the potential. For a typical
lenticular galaxy € ~ 0.2 (Méndez-Abreu et al. 2008), so we there-
fore assume fperge A Stayn. The true value of fyeree could also be
higher if it takes more than five dynamical times for the gas to settle
(van de Voort et al. 2015). Our merger ages are lower than the ages
of the last starburst derived by Kaviraj et al. (2012) from broad-band
optical colours. Galaxy 2MASXJ1333 has a lower limit for #ycrge,
because we found no disturbed gas structures in this object.

3.2 Kennicutt—-Schmidt relation

Because we spatially resolve the gas disc in all our dust lane galax-
ies that recently experienced a gas-rich merger, we can compare
them to the observed Kennicutt—Schmidt relation (Kennicutt 1998).
Fig. 5 shows the relation between SFR surface density, X srr, and
molecular gas surface density, Xy, for our six SFE suppressed
ETGs (red symbols with 1o error bars) compared to galaxies in the
literature. This is calculated by dividing the SFR and My, by the
area of the molecular gas disc. The black, solid line, and grey shaded
regions show the average relation for star-forming galaxies and its
1o uncertainty, based on local spiral galaxies (black crosses) and
starburst galaxies (black plusses) from Kennicutt (1998). Relaxed
ETGs (black diamonds) from the ATLAS>P sample fall below the
Kennicutt—Schmidt relation, on average (Davis et al. 2014).

To estimate the surface area of the molecular gas in our targets,
we use our kinematic models to estimate the extent of the relaxed
gas disc (measured at three times the rms level, 7 M pc~?) and
assume axisymmetry. The resulting surface densities are shown as
the red, filled symbols. The 1o errors are based on the errors in the
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Figure S. Comparison between the molecular gas surface density (Xgas)
and SFR surface density (Xspr). The black, solid line, and grey shaded
regions show the average relation for star-forming galaxies and its 1o scatter
(Kennicutt 1998). Local spiral galaxies (black crosses) and starburst galaxies
(black plusses) fall on this relation, whereas relaxed ETGs (open black
diamonds) are slightly offset, on average (Davis et al. 2014). Our six dust
lane ETGs are shown as red symbols, with 1o error bars, for which we
take the area of the undisturbed gas that can be modelled as a disc. The
cyan symbols (connected to the corresponding red symbols by a dotted
line) instead take into account the maximum extent of the disturbed features
by assuming this gas is also located in a symmetric disc (note that galaxy
2MASXJ1333 shows no disturbed features). This results in the maximum
possible surface area of the gas (both disturbed and undisturbed). This
overestimate of the surface area moves the galaxies slightly closer to the
YsFrR—2H, relation, but not enough to affect our conclusions. Our sample of
ETGs that have undergone a recent minor merger have molecular gas surface
densities similar to spiral galaxies and relaxed ETGs, but much lower SFR
surface densities, falling on overage two orders of magnitude below the
Kennicutt—Schmidt relation.

SFR and My, measurements. Since there are disturbed gas features
outside the disc, the surface area may in fact be somewhat larger.
We estimate the maximal extent by assuming all the detected gas
is located in an axisymmetric disc and show the resulting surface
densities as cyan, filled symbols (except for galaxy 2MASXJ1333,
because its gas disc is not disturbed). Error bars have been omitted,
but are the same as for the corresponding undisturbed measurements
(i.e. the red symbols). The true values will lie in between our two
estimates (connected by dotted lines), but will likely be much closer
to the one which excludes the disturbed gas (i.e. the red symbols).

Note that Kennicutt (1998) included the atomic gas as well as
the molecular gas within the star-forming region, whereas we (and
Davis et al. 2014) used only the total molecular gas mass within
the molecular gas region (which is likely similar to the star-forming
region). H1has been detected in the majority of our dust lane ETGs
(Davis et al. 2015), but this emission was unresolved. Adding H1
to our X, determination would move our points to the right in
Fig. 5 (by 0.2-0.5 dex), only exacerbating the disagreement with
the star-forming galaxies.

The X,, and Xgrg estimates based on the undisturbed area as
well as the one based on the disturbed area show that these dust
lane ETGs have much lower star formation surface densities than
spiral galaxies and relaxed ETGs at fixed X 4,;. Because our galaxies
have molecular gas densities similar to those in spirals and relaxed
ETGs, the suppression is not caused by low gas densities at least in
an average sense. It remains possible that the dense molecular gas,

traced by molecules such as HCN and closely related to the SFR
(Gao & Solomon 2004), has lower surface densities in our objects
than in relaxed systems. Also if this is the case, the question remains
which physical process is responsible for this.

4 DISCUSSION AND CONCLUSIONS

We studied the morphology and kinematics of cold, molecular gas
in six dust lane ETGs. These objects were selected to have very
low SFEs. These systems were observed previously and are known
to exhibit mild disturbances in their stellar distribution, suggesting
that they underwent minor mergers in the recent past. It is possible
that star formation is suppressed due to the fact that the gas brought
in by the minor merger is not dynamically relaxed. If the gas is
still streaming in to settle into a disc, the high velocity may have
a stabilizing effect on the gas, preventing it from collapsing. We
obtained spatially resolved molecular gas measurements in these
galaxies with ALMA to test this hypothesis.

We detect edge-on gas discs in all our six targets, as expected.
The majority of these show disturbed features, such as detached gas
clouds, warps, and other asymmetries, both morphologically and
kinematically. Warps are expected when the gas, which was brought
in via a minor merger with its angular momentum misaligned from
the stars in the host galaxy, is still settling into the stellar potential
(e.g. van de Voort et al. 2015). Even though five out of six galaxies
show some asymmetries indicating the gas is not fully relaxed, the
majority of the molecular gas is located in the central disc, which
exhibits regular rotation.

To better understand, the kinematic behaviour of the gas, we fit the
data cube with a kinematic model using the KinMS modelling code
coupled to an MCMC code. The resulting velocity dispersions of the
molecular gas are relatively high (16-40kms™!), except in galaxy
2MASXJ1333 (6kms~!, which also shows no disturbed features).
This, in principle, supports our claim that the gas discs are not dy-
namically relaxed. However, due to the fact that we are viewing the
discs edge-on, we are unsure how much these velocity dispersions
are biased because of projection effects (caused by non-circular mo-
tions). Future observations of more face-on galaxies with low SFEs
(with inclinations below 60°) will enable improved modelling, es-
pecially when paired with high-resolution high-resolution optical or
near-infrared imaging to better constrain the galaxy rotation curve.

We believe our objects have only recently acquired their molecu-
lar gas and are therefore in a special phase of their evolution in which
the gas is not yet in dynamical equilibrium with the other galaxy
components. Based on the observed disturbances in the gas distri-
bution, we derive (minor) merger ages between 39 and 171 Myr.
The gas is likely still flowing towards the centre, which potentially
affects their stability against fragmentation and star formation. This
enhanced stability could be provided by inflowing motions (e.g.
Meidt et al. 2013) or by shear (Seigar 2005) or by excess (weak)
shocks or (magnetohydrodynamic) turbulence in the molecular gas
(e.g. Cluver et al. 2010; Padoan & Nordlund 2011). Other observa-
tions of star formation in tidal tails or ram pressure stripped tails
have also revealed low SFEs (e.g. Knierman et al. 2013; Jachym
etal. 2014). Certain interacting galaxies are observed to have a large
fraction of warm molecular gas, likely due to shocks and turbulence
induced by gas accretion, and to show suppressed SFEs (Alatalo
et al. 2014; Appleton et al. 2014). These are consistent with our
interpretation that the suppression of the SFE is due to dynamical
effects.

The SFRs measured are sensitive to star formation in the past
2100 Myr. This time-scale is similar to our estimated merger ages.
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However, the sensitivity increases towards more recent star for-
mation and is most sensitive to stars with ages <5-10Myr. It is
possible that the SFR in our objects is increasing with time, which
would mean that the instantaneous SFR is higher than the 100 Myr-
averaged SFR, in which case we would be underestimating the SFE
in our recently merged galaxies. However, for this to negate the one
to two orders of magnitude suppression of the SFE, the SFR would
have to rise by a similarly large factor over the past 5-10 Myr for
all of our objects, which we consider unlikely.

Although the lack of synchrotron emission at 3 mm argues against
any active supermassive black holes in our galaxy sample, AGN
feedback could eject cold molecular gas and suppress star formation.
However, Rosario et al. (2018) find normal gas fractions and SFEs
in the centres of nearby Seyfert galaxies. Additionally, outflows
are generally detected away from the disc and emanating from the
centre, whereas the kinematically disturbed features we detected are
located in the plane of the disc. Furthermore, since the molecular gas
is very extended, nuclear feedback is unlikely to efficiently couple
to it. We therefore disfavour the explanation that AGN feedback (or
supernova feedback) could be responsible for the abnormally low
SFEs.

ETGs that have recently undergone a minor merger are not the
only objects that feature severely suppressed SFEs. Similarly strong
suppression of the SFE has been found in post-starburst galaxies
(Kohno et al. 2002; French et al. 2015; Suess et al. 2017). These
are very different objects, because their SFRs are lower than in the
recent past, since they just experienced a starburst, whereas SFRs
in our ETGs are higher than before, since the star-forming gas
was recently brought in by a gas-rich merger. The physical reason
behind the SFE suppression may be different in these different types
of galaxies, but spatially resolved observations of the molecular gas
content in post-starbursts may help answer this question.

In summary, we obtained resolved observations of CO emission in
six dust lane ETGs with known low SFEs. We find clear morpholog-
ical and kinematic disturbances, which indicate that the suppression
of star formation could indeed be due to the gas motion stabilizing
the molecular gas against collapse. Gas-rich mergers with gas-rich
hosts are known to result in starburst events with elevated SFEs,
due to the compression of the galaxies’ ISM. The opposite effect
is found here, due to gas-poor nature of the hosts studied in this
work and therefore the absence of strong shocks. Future studies of
these effects in hydrodynamical simulations will be useful to un-
derstand the evolution of the SFE during major and minor, gas-rich
and gas-poor mergers.
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