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Figure 1. Snapshots of run HPP. The upper color, middle gray scale, and bottom color panels show the surface density of gas, old stars, and newly formed stars that
are born after t = 0, respectively. In each upper panel, the number in the right-bottom corner displays the simulation time (the unit is Myr). The white line in the
right-bottom corner of each panel shows a length of 5 kpc.

causes quick growth of the mass of star clusters. As a result,
hypermassive star clusters form.

In Figure 5, we show the evolution of the masses of these
hypermassive star clusters (upper panels) and their distances
from the closer galactic center (lower panels). The clusters first
grow quickly, reaching about half of the final mass in around
20 Myr. After that, the growth in mass slows down and the
clusters fall to the center of the galaxy due to dynamical friction.

As a result, the merger remnant has a very compact and luminous
core similar to those observed in a large number of elliptical
galaxies (e.g., Kormendy et al. 2009).

Figure 6 shows the evolution of the SFR and bolometric
luminosity coming from the stars in the merging event. The
effects of dust absorption and re-emission are not taken into
account. If we take them into account, the IR luminosity would
become higher since ultraviolet and optical photons are absorbed
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Fig. 2. Gas density distribution for Run M2C. Each panel shows a 16 kpc ! 16 kpc region. The elapsed time in megayears is shown in the right-bottom
corner of each panel.

Fig. 3. Global SFR during the core-merger phase as a function of
time. Thick solid and dotted curves indicate the global SFR for Runs
M1C and M1A, respectively. For reference, the peak SFRs at the first
encounters is 12–16Mˇ yr"1 (the horizontal gray zone), which is small
to the SFR peaks in the core-merger phase shown here.

4. Probability Distribution Function during the Starburst

Figure 4 shows the volume-weighted probability distribu-
tion function (PDF) of Run M2C for several different epochs
before, during, and after the first encounter. Although there are
some noticeable changes in the PDF with time, they are diffi-
cult to see because of the large vertical scale. In order to see the
changes in the density distribution of the gas more clearly, we
plot the mass functions of the gas, dM=d log(nH), in figure 5.
Just before the encounter (t = 410 Myr), an excess of the
gas (bump) appears at nH # 10 cm"3. By t = 430 Myr, this
bump moves to nH & 100 cm"3, and by t = 450 Myr it almost
vanishes. Note that this period of t = 430–450 Myr coin-
cides with the period of the starburst. Thus, we have a simple
and clear picture of a shock-induced starburst. Initially, large
amounts of the gas are compressed to nH # 10 cm"3. Then,
this compressed gas cools and becomes denser through gravi-
tational instability, and when the gas becomes dense enough to
form stars, the starburst takes place. The starburst is led mainly
by star formation in massive clusters. After the high-density
gas is consumed, the density PDF returns to the quasi-steady
state. In figure 6, we show the time variation of the mass in
selected density ranges. The relative changes are larger for
higher densities. Moreover, the peak is found at systemati-
cally later epochs for higher densities. The time delay from

Hopkins et al. (2006)	
 Matsui et al. (2012)	
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Role  of  mergers  in  galaxy  evolution�

1503, 70 micron selected galaxies in the 
0.01 < z < 3.5 universe using COSMOS  
Kartaltepe et al. (2010)	
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Figure 22. Rest-frame U − V histogram for all 70 µm sources in the seven
different redshift bins color coded by morphology. The U − V distribution for
the entire optically selected sample over the same redshift and mass range is
shown as the dashed line. The median LIR is given for reference.

It is also possible that multiple mergers can play a role in
triggering ULIRG activity. Approximately 6% of the ULIRGs
and 3% of the LIRGs in our sample appear to be part of
a small group. It is possible that previous interactions with
other group members, or past mergers, could have lead to an
increase in infrared activity. Ishida (2004) finds some evidence
for minor mergers for low luminosity LIRGs and our findings
indicate that 16% of objects with 1011.0 < LIR < 1011.5 L" are
minor mergers. There is a significantly higher fraction of LIRGs
that are minor mergers (24%) compared to optically selected
galaxies in our comparison sample (13%) in the 0.4 < z < 0.6
redshift bin, suggesting that minor mergers could have a real
effect at these luminosities. Finally, it is worth noting that the
numerical simulations mentioned here do not take into account
the role of AGN activity in contributing to the total infrared
luminosity. We know that the fraction of objects hosting an
AGN increases very strongly with LIR, both locally and at high
redshift (e.g., Veilleux et al. 1995 and Paper I). The role of AGNs
in the sample will be discussed in more detail in Section 5.3.

5.2. Previous High Redshift Studies

Our results show that LIRGs at intermediate redshifts (0.2 <
z < 1.2) are 20% major mergers at LIR < 1011.5 L" and
40% major mergers at LIR > 1011.5 L". Minor mergers also
play a role (24%). This result is fairly consistent with previous
LIRG studies at these redshifts. These studies have found a
range in merger fractions from ∼50% (Zheng et al. 2004;
Melbourne et al. 2005 (at the low-z end); Shi et al. 2006, 2009)
to fairly low fractions (37%: Flores et al. 1999; 28%: Bell et al.

Figure 23. Rest-frame U − V colors as a function of redshift color coded by
morphology (top) and by interaction class for all major mergers (bottom). Note
that the QSOs make up the blue tail of the distribution and that the spirals and
ellipticals both span the entire range of colors. The major mergers are mostly in
the green valley.

2005; 30%: Melbourne et al. 2005 (at the high-z end); 26%:
Bridge et al. 2007; 30%: Melbourne et al. 2008; 15%: Lotz
et al. 2008a). There are several possible explanations for the
seemingly discrepant results among these studies. The first is
that while they all focus on LIRGs, some actually probe slightly
different LIR ranges. For example, Bell et al. (2005) look at all
galaxies with LIR > 6 × 1010 L" and find 28% are mergers,
however, they also find that this fraction increases as a function
of LIR though the numbers are not given. Bridge et al. (2007)
also obtain a merger fraction, selected morphologically, using a
wider range of infrared luminosities (lower limit of their sample
is 5 × 1010 L"). They also find that 25% of their objects are
in pairs, though the overlap with the morphologically selected
mergers is unclear, so the actual fraction of mergers in the sample
may be higher than 26%. The range of luminosities probed by
these studies is likely exacerbated by the selection at 24 µm. As
discussed in Paper I, 24 µm selection introduces a larger error to
the estimate of LIR than the 70 µm selection used here. Many of
these studies use small samples of a few tens of galaxies (with
the exception of Melbourne et al. 2005, Bridge et al. 2007, and
Shi et al. 2009) so small number statistics may also play a role.
The result of Lotz et al. (2008a) stands out as the lowest merger
fraction (∼15%) among (U)LIRGs in the literature. They use the
Gini/M20 criteria described in Section 3.5 to identify potential

Subaru MOIRCS  
Bundy et al. (2009)	
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Fig. 1.— Contamination-corrected fraction of paired systems
with 5h−1 kpc < rsep < 20h−1 kpc among galaxies in three red-
shift intervals. The top panel shows results determined using
method I, the bottom panel method II. Abscissa values have been
spaced to keep the data points from overlapping. The X symbols
denote the full sample of primary (host) galaxies while the size of
the circular symbols indicates the result of dividing these into stel-
lar mass bins, as labeled. Predicted values of fpair based on the
2-point correlation function (see § 6.1) of Zehavi et al. (2005) (us-
ing SDSS) are overplotted in the low-z bin of the top panel while
the mid-z bin shows predictions based on Coil et al. (2006) (us-
ing DEEP2). The mass dependence of the clustering predictions
is based roughly on the luminosity range probed by the clustering
analyses.

limit. The results from both methods are listed in Table
1.

We first note that the two panels in Figure 1 are sim-
ilar, reinforcing the utility of the two methods. Both
plots show that roughly 2–5% of galaxies in a mass-
limited sample host fainter companions. The value
of fpair depends on the maximum allowed pair sepa-
ration, rmax. The average value of fpair increases by
an amount of 0.03 for rmax = 25h−1 kpc compared to
rmax = 15h−1 kpc. This difference does not impact the
derived merger rate because the expected merger effi-
ciency decreases with larger rmax (e.g., Patton & Atfield
2008). We use 5h−1 kpc < rsep < 20h−1 kpc in what
follows.

The key result in Figure 1 is the increase in fpair among
more massive host galaxies. Hints of this trend were
observed by Xu et al. (2004) in their K-selected study
of close pairs at 〈z〉 = 0.03. We confirm it here with
moderate significance to z ! 1 using both pair count
correction methods. We verified that these results are
still apparent for different values of rsep including rsep =
15h−1kpc and rsep = 25h−1kpc. The mass dependence is
also apparent in each GOODS field separately, suggesting
that this trend is not a result of cosmic variance.

As we discuss in § 6, some of the increase at higher
masses may reflect the stronger clustering of such galax-
ies. In that section, we return to the important ques-
tion regarding the extent to which the mass dependence
observed for the pair fraction translates into a mass de-
pendence for the merger rate. Still, the fact that the

lowest mass bins in Figure 1 are nearly consistent with
a zero pair fraction implies that the merger rate inferred
from this and other studies is dominated by higher mass
galaxies. We show in § 6.5 that this leads to the result
that major mergers are unlikely to be the sole mechanism
behind the formation of spheroidal galaxies and the red
sequence. At the same time, the higher merger rates im-
plied for massive galaxies shows that they are continuing
to assemble after z ∼ 1. This is an important piece of
direct evidence for hierarchical growth which we seek to
quantify in § 6.5.

Finally, we comment on the possibility that fpair
evolves with redshift. Averaging over the full mass range,
M∗ > 1010M#, we find no statistically significant evolu-
tion. With fpair ∝ (1 + z)m, we measure m = 1.6 ± 1.6
using method I and m = 0.3 ± 1.4 using method II.

5.2. The Dependence on Host Galaxy Color and
Morphology

In addition to their role in mass assembly and their
potential to affect the morphology and SFR of galaxies,
mergers have also been invoked as a means to build the
massive end of the red sequence. Successive dry merg-
ers between early-type galaxies at lower masses can in-
crease the numbers at higher masses (e.g., van Dokkum
2005; Faber et al. 2007). In this scenario, mergers must
clearly be common within the red-sequence. We can be-
gin to test this by characterizing the dependence of fpair
on host galaxy type. Our goal is not only to count the
frequency of dry mergers, but also the remaining fraction
of wet mergers since only these events can be responsi-
ble for morphological transformation or star formation
quenching.

Both pair counting methods offer insight on the ques-
tion of how the pair fraction varies with galaxy type.
Since the first method relies on an entirely statistical
field correction, we can only use it to study trends with
host galaxy type. The properties of the companion and
host together—the wet and dry merger frequency, for
example—are accessible with method II and discussed
below. Method I allows us to divide the host sample by
both mass and type. Figure 2 shows the result when host
galaxy type is defined using the color bimodality to sep-
arate star-forming from passive systems (also see Table
1). Bins corresponding to the most massive blue galaxies
have not been plotted because they contain fewer than
10 hosts.

While the uncertainties have increased compared to
Figure 1, there is weak evidence that the mass-dependent
trend observed in Figure 1 is reflected in the star-forming
properties of the host galaxies, with higher pair frac-
tions found for quenched, red hosts, in large part because
such galaxies dominate at the highest masses. This sug-
gests a role for dry mergers in building the most mas-
sive early-type galaxies. However, a second interpreta-
tion discussed further in § 6 is that Figure 2 may re-
veal the greater degree of clustering among massive red
galaxies. Finally, we note that the number of red hosts
with companions in the lowest mass bin is consistent with
zero. If confirmed with future studies, this observation
would indicate that major mergers among red systems
with M∗ " 1010M# cannot contribute significantly to the
increasing abundance of red sequence galaxies at higher
masses. Transforming blue galaxies into red objects via

0.1	
 1.0	
redshift	
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Mergers  produce  bright  galaxies�
3136 S. L. Ellison et al.

Figure 10. Fraction of galaxies that have a close companion within
30 h−1

70 kpc, 300 km s−1 and 0.33 ≤ M1/M2 ≤ 3 as a function of LIR. All
merger fractions have been corrected for fibre collision incompleteness and
the general spectroscopic incompleteness of the SDSS.

mass limit corresponds to (M!/M#) ∼ 10.37; for lower redshifts,
the limit will be lower).

The process for the quantification of merger fraction as a func-
tion of LIR is as follows. For each galaxy in the SDSS spectro-
scopic sample that appears in the H10 IRAS catalogue, we deter-
mine whether its stellar mass is at least 0.5 dex (a factor of 3) above
the redshift-dependent completeness for blue galaxies described in
Mendel et al. (2013). Every IRAS-detected SDSS galaxy that passes
this mass criterion is then compared with the subset of our cata-
logue of close pairs that have rp ≤ 30 h−1

70 kpc, "V ≤ 300 km s−1and
0.33 ≤ M1/M2 ≤ 3 to identify whether the galaxy has a compan-
ion. During the compilation of the pairs sample, pairs with angular
separations θ > 55 arcsec are randomly culled to produce an even
fibre (in)completeness as a function of separation. Patton & Atfield
(2008) showed that the level of spectroscopic completeness at these
small separations is ∼26 per cent, relative to the photometric galaxy
catalogue. This completeness rate includes both the effects of fibre
collisions and the overall spectroscopic completeness of the SDSS.
We therefore multiply our pair fractions by a factor of 3.85.

Fig. 10 shows the fraction of galaxies in each LIR bin that have
a close companion within the criteria for proximity and mass com-
pleteness described above. We find that below log (LIR/L#) ∼ 11
the fraction of galaxies that have a close, approximately equal-
mass companion is approximately constant at ∼2 per cent. Above
LIRG luminosities there is a rise in the fraction of galaxies that
have a close companion, with an overall pair fraction amongst the
LIRGs of 7 per cent. It is not clear why the pair fraction increases
only above log (LIR/L#) > 11, but a similar dependence has been
previously seen (e.g. Kartaltepe et al. 2010). Tekola, Vaisanen &
Berlind (2012) have shown that for galaxies with log (LIR/L#) <

11 there is no correlation between IR luminosity and local galactic
density. However, they also showed that for LIRGs, there is a strong
correlation between LIR and density, and suggested that the LIRG
luminosity (at low redshifts) represents a real transition in galaxy
properties.

Although the close-pair fraction at LIRG luminosities that we
find is of a similar magnitude to what has been found in previous
studies (e.g. Zheng et al. 2004; Melbourne et al. 2005; Wang et al.
2006; Kaviraj 2009; Kartaltepe et al. 2010), a rigorous quantitative
comparison (i.e. on the basis of absolute merger fractions) with

other works is non-trivial. For example, we have defined our merg-
ers in a specific projected separation, "V and mass ratio range. The
fraction of LIRGs (and SFRs of pairs in general) remain elevated
beyond our nominal cut-off of rp ≤ 30 h−1

70 kpc. The mass-ratio cut is
dictated by completeness considerations, but minor mergers can ex-
perience significant SFR enhancements (e.g. Scudder et al. 2012b)
that can result in LIRGs (Fig. 5). Indeed, H10 find that ∼34 per cent
of the LIRGs in their low-redshift sample (also a result of a cross-
matching between IRAS and SDSS) are in minor mergers. Our
close-pair fraction of 7 per cent might therefore be considered to be
a lower limit to the actual fraction of LIRGs with a companion.
Conversely, our close-pair sample will also include galaxies that
have not yet interacted (i.e. have not yet experienced a pericentric
passage), as well as some projected pairs that are not actually des-
tined to interact. Both of these categories will dilute the fraction
of LIRGs associated with merger-triggered star formation. Scudder
et al. (2012b) visually classified a subset of our star-forming pairs
and found only ∼55 per cent to show visible signs of disturbance.
Finally, we do not include a merger time-scale, or an observability
time-scale. These various caveats serve to caution about an abso-
lute comparison with other works, but the general trend of a rising
close-pair fraction at high LIR should be robust, and the results in
Fig. 10 demonstrate a connection between mergers and high IR
luminosities.

4.2 Star formation rates and extinction

In Section 3.3, we argued that the increase in LIRG fraction was
not dominated by the increasing AGN fraction in our close-pair
sample (Ellison et al. 2011b). The enhancement in the SFR in pairs
is therefore the obvious culprit responsible for the increasing LIRG
fraction at small separations. In Fig. 11, we show the distribution of
SFRs for the pair and control samples, distinguishing between those
that are classified as LIRGs and those with lower LIR. In the top and
middle panels, we compare the LIRG (solid lines) and non-LIRG
(dot–dashed lines) SFRs for control (top) and pairs (middle). It can
be seen that the SFRs of the LIRGs are shifted to higher values, in
both the pairs and control, relative to the SFRs in the non-LIRGs.
In the lower panel, we compare the SFRs of the pair LIRGs (red)
with the control LIRGs (black). The SFRs are indistinguishable;
the controls that are LIRGs have similarly high SFRs to those pairs
that are LIRGs. Fig. 11 indicates that whilst the interaction serves
to increase the SFR, and hence the LIR, similarly high values of
SFR (and LIR) can be found amongst the control sample. This result
is in contrast with the ULIRGs, where the high SFRs are almost
exclusively associated with mergers.

Star formation alone does not produce high IR fluxes; it is the
presence of dust to re-process the shorter wavelengths that is the
second key ingredient in the production of a LIRG. In Fig. 12,
we present distributions of E(B − V) for the LIRG/non-LIRG
pairs and control in the same fashion as for SFRs in Fig. 11. The
E(B − V) values are determined from the Balmer decrement using
a Small Magellanic Cloud extinction curve (see Scudder, Ellison &
Mendel 2012a for full details of our emission line processing). As
was the case for SFRs, we find that the LIRGs in both the pair and
control samples have higher E(B − V) than the non-LIRGs. More-
over, the pair LIRGs and control LIRGs (lower panel) have similar
E(B − V) distributions. A high extinction may be due to an in-
trinsically higher dust content, or it can be an inclination effect.
We investigated the disc inclinations derived for our sample from
the public SDSS photometric catalogue of Simard et al. (2011), but
found no difference between the LIRG and non-LIRG distributions.
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Local  Merging  Galaxies�

•  Stellar  morphology,  gas  
mass  fraction,  etc  may  
be  different  between  low  
and  high-‐‑‒z.    �

•  z  =  0  merging  U/LIRGs  
are  the  only  sources  that  
we  can  study  in  detail  in  
order  to  understand  
interaction  triggered  SB  
and  AGN  activity.�
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ALMA  Studies  of  Colliding  Galaxies�

1.  Case Study – VV114 
2.  What is the end product of a major merger?	
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ALMA  Observations  of  VV114�

•  LFIR  =  4.1  ×  1011Lsun�
•  D  =  77  Mpc  �
•  projected  nuclear  
separation  ~∼  6  kpc�

�
•  Iono,  Saito  et  al.  (2013)�
•  Saito,  Iono  et  al.  in  prep�

L7-2 D. Iono et al. [Vol. 65,

Fig. 1. Left: HST ACS image of VV 114 overlaid with approximate regions of the two panels shown on the right, and approximate fields of view of
the ALMA 3-point mosaic [Credit: NASA, ESA, the Hubble Heritage (STScI/AURA)-ESA/Hubble Collaboration, and A. Evans (University of Virginia,
Charlottesville/NRAO/Stony Brook University)]. Right: The distribution of HCO+(4–3) (top) and HCN (4–3) (bottom) in VV 114. The contours
represent flux intensity levels: 0.05, 0.15, 0.25, 0.35, 0.55, 0.85, 1.25, 1.65, 2.05, and 2.45 Jy km s!1.

2. ALMA Observations

HCN (4–3) (!rest = 354.505 GHz) and HCO+(4–3)
(!rest = 356.734 GHz) observations toward VV 114 were
obtained on 2012 June 1–3 in the Cycle 0 program of ALMA
using the extended configuration. The digital correlator
was configured with 0.488 MHz resolution for the spectral
window that contained the emission lines. The absolute flux
calibration was performed using Uranus, J1924!292 was
used for bandpass calibration, and the time dependent gain
calibration was performed using J0132!169 (6ı away from
VV 114). The total on-source time was 86 min.

We used the delivered calibrated data product and CLEANed
the image down to 1.5 " using the ALMA data reduction
package, CASA. Channel maps with a velocity resolution
of 30 km s!1 were made, with a synthesized beam size of
0:005 " 0:004 (PA = 52ı) (equivalent to 200 " 160 pc). The
rms noise level was 0.9 mJy beam!1 for robust = 0.5 maps.
The continuum was subtracted by using all of the line-free
channels in the bandpass.

3. Distribution of HCN (4–3) and HCO+(4–3)

HCN (4–3) and HCO+(4–3) integrated-intensity maps are
shown in figure 1. While the HCN (4–3) emission is only
seen near the eastern nucleus of VV 114 and resolved into
four peaks, the HCO+(4–3) emission is more extended and
has at least 10 peaks in the integrated-intensity map. The
total integrated intensities of HCO+(4–3) and HCN (4–3)
are 15.3 ˙ 0.4 Jy km s!1 and 4.4 ˙ 0.2 Jy km s!1, respectively.
The higher HCO+(4–3) flux observed with the Submillimeter
Array (SMA) (# 17 ˙ 2 mJy, Wilson et al. 2008) by using
a 2:008 " 2:000 beam is likely attributed to missing flux by the
ALMA observation. We show direct comparisons between the

J = 4–3 (this work) and J = 1–0 [taken at the Nobeyama
Millimeter Array (NMA), Imanishi et al. (2007)] transitions of
both species in figure 2, after convolving the ALMA images
with the NMA beam (7:005 " 5:005). While the J = 4–3 tran-
sitions of both species are concentrated near the near-infrared
eastern nucleus with an extension to the west for HCO+ (4–3),
the distributions of the HCN (1–0) and HCO+ (1–0) are
different; the HCN (1–0) emission is separated into two clumps
in the east–west direction, whereas the HCO+ (1–0) emission
widely extends toward the western nucleus.

We label the six HCO+(4–3) peaks in the eastern part of
VV 114 as E0–E5 and the four detected in the western part
of VV 114 as W0–W3 (figure 1, table 1). The HCO+(4–3)
and HCN (4–3) emission peaks are spatially consistent for
E0–E3. The compact component E0 is unresolved with the
current resolution, and the upper limit of size is < 200 pc.
HCN (4–3) emission is not detected in the overlap region
(W0–W2), where both high CO (1–0) velocity dispersion and
significant methanol detection suggest the presence of shocked
gas (T. Saito et al. in preparation).

4. Dense Gas and AGN/Starburst Activity

4.1. Relative Strengths of HCN (4–3) and HCO+(4–3) and
a Signature of AGN

We present a comparison between the surface brightnesses
of HCN (4–3) and HCO+(4–3) in figure 3. Although the
statistics are limited, the three molecular clumps (E1, E2,
and E3) show an increasing trend between ΣHCN and ΣHCO+ .
In contrast, the ratio between the beam-averaged surface
brightnesses of E0 is three times higher than those of
E1, E2, and E3; E0 is the only component that has an
HCN (4–3)=HCO+(4–3) integrated flux ratio which is larger
than unity [HCN (4–3)=HCO+(4–3) = 1.6]. Gaussian
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VV114  seen  in  different  
wavelengths�

A compact starburst (mid-IR)  
and/or  

highly obscured AGN (X-ray)	


Diffuse starburst (mid-IR) 
 
	


Grimes+ 2006, Le Floc’h+ 2002, Alonso+ 2002, Tateuchi+ 2012	


VV114E	
 VV114W	


UV - HST/STIS	
 Ks-band – miniTAO	
 Paα – miniTAO/ANIR	
 Soft X-ray - Chandra	


Global SFRPaα ~ 45 Msun/year	
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ALMA  Observations�

•  CO(1-‐‑‒0),  (3-‐‑‒2)  –  cold  gas  tracer  �
•  HCN  (4-‐‑‒3),  HCO+(4-‐‑‒3)  –  dense  gas  tracer�



10	


CO(1-‐‑‒0),  CO(3-‐‑‒2)�

– 11 –

Table 1. Observed data properties

emission νrest beam size pa ∆V noise rms
[GHz] [arcsecond] [deg] [km s−1] [mJy beam−1] [mK]

(1) (2) (3) (4) (5) (6) (7)

CH3OH(2k-1k) 96.74 (blended) 2.03 × 1.34 85.7 30 1.0 46
CS(2-1) 97.98095 2.01 × 1.37 83.6 30 0.9 40

13CO(1-0) 110.20135 1.77 × 1.20 85.8 30 1.0 46
CN(11/2-01/2) 113.14416 1.97 × 1.27 94.2 30 1.0 37
CN(13/2-01/2) 113.49 (blended) 1.98 × 1.29 95.3 30 1.1 39

CO(1-0) 115.27120 1.97 × 1.35 82.3 10 2.3 76
CS(7-6) 342.88286 0.47 × 0.39 54.2 30 0.7 38
CO(3-2) 345.79599 1.64 × 1.17 112.6 10 2.1 11
HCN(4-3) 354.50547 0.46 × 0.38 51.5 30 0.8 42
HCO+(4-3) 356.73424 0.45 × 0.37 53.4 30 0.9 50
Continuum 94, 96, 107, 108 1.89 × 1.28 81.8 · · · 0.05
Continuum 98, 100, 110, 112 × · · ·
Continuum 323, 325, 335, 337 1.33 × 1.12 119.6 · · · 0.11
Continuum 334, 336, 346, 348 × · · ·

Note. —

a

b

A1

A2

A3
A4

W

Fig. 1.— CO(1-0) integrated intensity(left), velocity field(center), and velocity dispersion(right)

maps for VV114. The contour levels represent 100 x 0.02, 0.04, 0.08, 0.16, 0.32, 0.48, 0.64, 1.28,

and 2.56 Jy beam−1 km s−1. Velocity field map in color scale ranges from 5600 to 6200 km s−1,

and velocity dispersion map ranges from 0 to 120 km s−1. Beam size is 2.0” x 1.3”.
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Fig. 5.— CO(1-0) integrated intensity(left), velocity field(center), and velocity dispersion(right)

maps for VV114. The contour levels represent 100 x 0.02, 0.04, 0.08, 0.16, 0.32, 0.48, 0.64, 1.28,

and 2.56 Jy beam−1 km s−1. Velocity field map in color scale ranges from 5600 to 6200 km s−1,

and velocity dispersion map ranges from 0 to 120 km s−1. Beam size is 2.0” x 1.3”.

Fig. 6.— CO(1-0) integrated intensity(left), velocity field(center), and velocity dispersion(right)

maps for VV114. The contour levels represent 100 x 0.02, 0.04, 0.08, 0.16, 0.32, 0.48, 0.64, 1.28,

and 2.56 Jy beam−1 km s−1. Velocity field map in color scale ranges from 5600 to 6200 km s−1,

and velocity dispersion map ranges from 0 to 120 km s−1. Beam size is 2.0” x 1.3”.

Fig. 7.— CO(3-2) integrated intensity(top-left), velocity field(top-right), and velocity disper-

sion(bottom) maps for VV114. The contour levels represent 2.5 x 2, 4, 8, 16, 32, and 64 Jy

beam−1 km s−1. Velocity field map in color scale ranges from 5600 to 6200 km s−1, and velocity

dispersion map ranges from 0 to 120 km s−1. Beam size is .

CO(1-0)	


CO(3-2)	


Saito, Iono et al. in prep	
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No. 3] Dense Gas in VV 114 L7-3

Fig. 2. Left: HCN (1–0) emission (in dark contours, Imanishi et al. 2007) compared with the HCN (4–3) emission convolved to the NMA resolution (in
red contours). The contour levels for HCN (1–0) are the same as those of Imanishi et al. (2007), and the HCN (4–3) contours are (2.8–4.8) ! 10"2 (in
steps of 0.2 ! 10"2) Jy=beam km s"1. The crosses indicate the locations of the near-infrared peaks shown in figure 2 of Imanishi et al. (2007). Right:
Similar to the left panel but for the HCO+ emission. The HCN (4–3) contours are (1.0–1.7) ! 10"2 (in steps of 0.1 ! 10"2) Jy=beam km s"1.

fits to the HCO+(4–3) and HCN (4–3) spectra at E0 give
peak = 9.0 mJy and ! = 123 km s"1 [for HCN (4–3)], and
peak = 6.9 mJy and ! = 93 km s"1 [for HCO+(4–3)]. Thus,
the HCN (4–3) emission is not only brighter at E0 but also
broader than the gas traced in HCO+(4–3), suggesting that
the HCN (4–3) and HCO+(4–3) are tracing physically different
gas at < 200 pc scales. Such a high relative intensity of the
HCN emission is possibly a signature of a buried AGN, as
suggested by previous studies (e.g., Kohno et al. 2001).

It has been known that the brightness of the HCN emis-
sion line is enhanced near the AGN compared to star-forming
regions (Kohno et al. 2001), with a higher contrast in high
J transitions (Hsieh et al. 2012). Individual galaxies (e.g.,
NGC 1068; NGC 1097) have been studied extensively at high
resolution (Kohno et al. 2003; Krips et al. 2011; Hsieh et al.
2012), clearly revealing the over abundance of HCN emission
near the Seyfert nucleus, through J = 1 to 4. The exact cause
of the enhanced intensity ratio is not clearly understood, and it
could be due to gas excitation effects (e.g., density and temper-
ature), the intensity of the incident radiation field (e.g., Photon-
Dominated Region vs. X-ray-Dominated Region), IR pumping
(e.g., Garcı́a-Burillo et al. 2006), or other non-collisional exci-
tation due to star formation or supernova explosions (see Krips
et al. 2008 for a discussion). There is evidence showing
a dominance of low-density (< 104:5 cm"3) gas in a sample
of AGNs (Krips et al. 2008), and hence the difference in the
critical density is likely not the only reason for the difference
in the relative abundance.

Regardless of the exact physical origin of the higher rela-
tive intensity of the HCN (4–3) emitting gas, the broad
(FWHM = 290 km s"1) and compact (< 200 pc) unresolved
source E0 is of high interest, since it coincides with the region
where past observations suggest the presence of a buried AGN.

Fig. 3. Relation between the HCN (4–3) and HCO+(4–3) surface
brightnesses for different regions in VV 114. The triangles represent
upper limits to the HCN (4–3) surface brightness. The solid lines are
the surface brightness ratios of 0.5, 1, and 2.

We derived the upper limit to the dynamical mass by using
Mdyn = r!2=G (assuming that the inclination is 90ı for the
sake of simplicity), where r is the radius enclosing the emission
region, ! the width of the HCN line, and G the gravitational
constant. The upper limit to the dynamical mass estimated
from the line width and the beam size is . 4 ! 108 Mˇ. Since
the HCN emission is generally believed to be optically thick,
we estimated the dense gas mass of the E0 component by
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Buried	
  AGN?	


Iono, Saito et al. (2013).	


•  Unresolved with 200 pc beam 
•  Broad linewidth (FWZI ~ 290 km/s) 
•  E0 has HCN/HCO > 1 
•  Observational evidence that such 

high HCN/HCO suggests AGN 
(e.g. Kohno et al. 2001) 

Mass < 8.1 x 106 Msun AGN 
triggered by the merger?	
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ALMA  Studies  of  Colliding  Galaxies�

1.  Case Study – VV114 
2.  What is the end product of a major merger?	
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What  is  the  end  product  of  a  major  merger?�

Junko Ueda (U. Tokyo) et at. in prep 	
Galaxy&Evolu+on&a-er&Merging�

Classical**
Scenario�

Disk*Galaxy�

Recent*
Simula(ons�

Past studies were limited to optical/NIR data, 
(i.e. limited kinematical information).  Cold 
gas traced in CO observation is the best way 
to understand the global properties of the 
end product. 
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Disk  survival�

1910 P. F. Hopkins et al.

Figure 7. Disc survival in mergers. Top panel: gas image of the SMC f
merger remnant (as Fig. 1), with our full-feedback model, after the final
coalescence. The gas has clearly re-formed a large, rotating disc (face-on
here), very similar to the isolated progenitor(s). Middle panel: distribution
of specific angular momentum j of the baryons within 5 kpc of the centre
of the same model, after the merger; values are compared to the value jc of
a pure circular orbit at the same radius. The distribution is clearly bimodal,
with a peak containing ≈30 per cent of the mass near j/jc = 0 (bulge), and
≈70 per cent in a peak near j/jc = 1 (disc). The disc lies on the same Tully–
Fisher relation as its progenitors. Bottom panel: mass fraction of the discs
which is consumed in the final-coalescence starburst (fburst), as a function
of the gas mass fraction just before the burst begins (fgas; here 200 Myr
before the SFR peaks). The dotted line shows the result if all the gas were
consumed, fburst = fgas. The solid line shows the approximate model for the
efficiency of disc survival in gas-rich mergers from Hopkins et al. (2009b),
roughly fburst ≈ fgas (1 − fgas). The small diamonds compare the effective
EOS simulations used to analyse disc survival therein. The large circles
compare the simulations here. Values fburst < fgas indicate disc survival and
re-formation. Disc survival is comparably efficient in full-feedback and EOS
models.

Figure 8. Optical image (as Fig. 2) of the stars in the relaxed merger
remnant of the Sbc f merger (viewed edge-on and face-on). The violently
relaxed stars form a very extended halo, but this is mostly at surface densities
∼100 times smaller than the disc. The merger produces an S0/a (depending
on the viewing angle), despite the fact that it just experienced an equal-mass
(1:1) merger with no new gas accretion: most situations will give even larger
discs.

The integrated mass in stars formed in total and in the major
starburst(s) is similar, as suggested by Fig. 6. However, the exact
maximum SFR and shape of the star formation history can differ
significantly. It is already known that the duration, amplitude and
variability within the starburst are quite sensitive to the initial condi-
tions, and the treatment of the subgrid star formation recipe applied
to the simulations (see Cox et al. 2006c), so this is not surprising.

In all explicit feedback models, there is increasing variability in
the SFR, owing to star formation being concentrated in resolved
GMC and clusters, and feedback being associated with individual
star clusters (and SNe), hence more stochastic in time and space.
Interestingly, this suppresses some of the differences between pro-
grade and retrograde encounters in the weaker first-passage bursts,
although quantifying this effect in detail requires a larger sample of
orbits.

In the low-mass (SMC and Sbc) cases, the starbursts are much
more pronounced with explicit feedback models; this is because
the EOS models, even with effective sound speed ∼10 km s−1, are
sufficient to highly pressurize the systems and suppress a strong
burst. In this case, the allowance for molecular cooling makes the
gas more compressible.

However, especially in the higher mass cases, expulsion of gas
from the nuclei in feedback-driven winds (in the explicit feedback
models) tends to ‘spread’ the starburst in time. In particular, it gives
rise to a long tail of star formation as much of the material is not
entirely unbound, but kicked into a fountain or stirred up within
the disc and then re-condenses. The difference between this and
the EOS case is especially clear in the prograde (e) models; there,
with an EOS model, the gas is efficiently consumed in the starburst,
leaving very little continuing star formation afterwards. However, in
the explicit feedback models, the SFR declines from a similar peak
much more slowly, remaining at more than an order of magnitude
higher SFR for ∼Gyr.

This has important implications for ‘quenching’ of star forma-
tion in massive galaxies. If quenching were possible without the
presence of some additional feedback source – say, from an active
galactic nucleus (AGN) – then the simulations here are the most
optimal case for this. They are isolated galaxies, so there is zero
new accretion; moreover, an equal-mass merger represents the most
efficient means to exhaust a large amount of gas quickly via star for-
mation, much more so than an isolated disc (see e.g. Hopkins et al.
2008b,d). However, we find that with the presence of stellar winds,
many of our models – including the already gas-poor MW-like
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•  Initial parameters, gas mass fraction can 
be the important parameter for disk 
survival. (Hopkins et al. 2006, 2013) 

•  AGN can also play a key role in the 
evolution of disks (Okamoto et al. 2008)	


1908 P. F. Hopkins et al.

Figure 5. Comparison of the morphology in gas and stars in the e (prograde) merger of the Sbc (dwarf starburst) galaxy; each shows the optical and gas as
Figs 1–4 at different times during the merger (top to bottom: before the first passage, after the first passage, before the final coalescence and after the final
coalescence, respectively). Left-hand panels: simulations with explicit stellar feedback models (stars and gas). Right-hand panels: simulations with a simplified
subgrid treatment of the ISM and stellar feedback; the lack of small-scale structure (molecular clouds, star clusters and dust lanes) and galactic winds is
apparent. A complete set of images for all the simulations (with additional panels) is given in Appendix A.

where the profile is dominated by violent relaxation of pre-existing
stars. However, in previous EOS models, it has generally been found
that the central ∼kpc is dominated by stars formed in situ in the
nuclear starburst (from gas driven to the centre by strong torques;
see Mihos & Hernquist 1994a; Hopkins et al. 2008c). We therefore
examine the mass profile of two subcomponents: the stars formed in
the starburst,5 and the violently relaxed ‘envelope’ of stars formed
before this starburst/coalescence (all stars formed previous to this
cut). In all cases, the explicit feedback models are nearly identical to
the ‘effective’ EOS models. In particular, the starburst component,

5 For simplicity, we define this as all stars formed within ±150 Myr of the
peak in the SFR near coalescence, but small changes in the definition have
no effect on our conclusions.

not just the dissipationless envelope, appears to have similar mass,
shape and radius.

There are some systematic second-order differences. The full-
feedback models tend to produce a somewhat more massive ∼kpc-
scale core (at the tens of per cent level), because dissipation is more
efficient. There are subtle differences at large radii (∼10 kpc) owing
to extended star formation (discussed below), although the total
stellar mass in young stars involved at these radii is very small.

3.3 Disc survival

A controversial subject in recent years has been the question of
disc ‘survival’ or ‘re-formation’ after mergers. Simulations with
EOS models predicted that sufficiently gas rich mergers should
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Merger  Remnant  Sample�Sample&of&Merger&Remnants�

•  34*galaxies*out*of*Rotheberg*&*Joseph*(2004)*catalog*

•  Rotheberg*&*Joseph*(2004)*is*a*catalog*of*51*merger*remnants*
compiled*from*4*catalogs*of*peculiar*galaxies*(e.g.,*Arp,*VV,..),*and*
then*selected*based*on*Kcband**

1.  Op(cal*morphology*((dal*tails,*loops)*
2.  Single*nucleus*+*No*nearby*companion**

37	
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CO  observations  of  merger  
remnants�Results:*Integrated*Intensity*Maps�

Chapter 1

Figure 1.1: The K-band images of the merger remnant sample.

– 3 –

Chapter 1

Figure 1.1: Continued. The K-band images of the merger remnant sample.

– 4 –

New*SMA*&*CARMA*data�

ALMA*Cycle*0*data�

FIR*luminosity�High� Low�
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Kinematics�Velocity&fields�

FIR*luminosity�High� Low�

Chapter 1

Figure 1.1: Continued. The K-band images of the merger remnant sample.

– 4 –

Chapter 1

Figure 1.1: The K-band images of the merger remnant sample.

– 3 –
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Large  disks�

6 Ueda et al.

(n=10.00)
CARMA CO (1-0) 2 kpc CARMA CO (1-0) 2 kpc

(n=10.00) SMA CO (2-1) 2 kpc SMA CO (2-1) 2 kpc

(n=1.56) ALMA CO (1-0) 1 kpc ALMA CO (1-0) 1 kpc

(n=2.99) SMA CO (2-1) 2 kpc SMA CO (2-1) 2 kpc

Fig. 1.— (left) The K-band images of UGC 6, NGC 34, Arp 230, and NGC 828 (Rothberg & Joseph 2004). The length of each side
corresponds to 9000. The magnification is selected individually for each galaxy to clearly illustrate its individual morphological structure.
(middle) The CO moment 0 contour maps overlaid on the K-band images. The contours are 1.2 Jy km s�1⇥ (1, 2, 3, 4, 5, 6, 7) for UGC 6,
5.6 Jy km s�1⇥ (1, 2, 3, 5, 10, 15, 20, 30) for NGC 34, 0.23 Jy km s�1times (1, 2, 3, 5, 7, 9, 11, 13) for Arp 230, 4.3 Jy km s�1⇥ (1, 2, 3,
5, 10, 20, 30, 40) for NGC 828. (right) The CO moment 1 maps. The moment 0 and 1 maps are clipped at 2� level using the AIPS task,
MOMNT. The plus signs in the center of the moment maps show the galactic center defined by the K-band image and the ellipses in the
bottom-left corner of the moment maps show the beam sizes.

6 Ueda et al.

(n=10.00)
CARMA CO (1-0) 2 kpc CARMA CO (1-0) 2 kpc

(n=10.00) SMA CO (2-1) 2 kpc SMA CO (2-1) 2 kpc

(n=1.56) ALMA CO (1-0) 1 kpc ALMA CO (1-0) 1 kpc

(n=2.99) SMA CO (2-1) 2 kpc SMA CO (2-1) 2 kpc

Fig. 1.— (left) The K-band images of UGC 6, NGC 34, Arp 230, and NGC 828 (Rothberg & Joseph 2004). The length of each side
corresponds to 9000. The magnification is selected individually for each galaxy to clearly illustrate its individual morphological structure.
(middle) The CO moment 0 contour maps overlaid on the K-band images. The contours are 1.2 Jy km s�1⇥ (1, 2, 3, 4, 5, 6, 7) for UGC 6,
5.6 Jy km s�1⇥ (1, 2, 3, 5, 10, 15, 20, 30) for NGC 34, 0.23 Jy km s�1times (1, 2, 3, 5, 7, 9, 11, 13) for Arp 230, 4.3 Jy km s�1⇥ (1, 2, 3,
5, 10, 20, 30, 40) for NGC 828. (right) The CO moment 1 maps. The moment 0 and 1 maps are clipped at 2� level using the AIPS task,
MOMNT. The plus signs in the center of the moment maps show the galactic center defined by the K-band image and the ellipses in the
bottom-left corner of the moment maps show the beam sizes.
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Small  disks�

Cold Molecular Gas Disk Survey in Merger Remnants 7

(n=1.46) SMA CO (2-1) 4 kpc SMA CO (2-1) 4 kpc

(n=10.00) SMA CO (2-1) 1 kpc SMA CO (2-1) 1 kpc

(n=4.10) ALMA CO (1-0) 4 kpc ALMA CO (1-0) 4 kpc

(n=3.44) ALMA CO (1-0) 2 kpc ALMA CO (1-0) 2 kpc

Fig. 1.— (Continued) The same as the previous figure but for UGC 2238, NGC 1614, Arp 187, and AM 0612-373. The contours in the
CO moment 0 maps are 3.0 Jy km s�1⇥ (1, 2, 3, 5, 10, 20, 40, 60) for UGC 2238, 3.0 Jy km s�1⇥ (1, 2, 3, 5, 10, 25, 50, 75, 100) for
NGC 1614, 0.46 Jy km s�1⇥ (1, 2, 3, 5, 10, 15, 20) for Arp 187, and 0.38 Jy km s�1⇥ (1, 2, 3, 5, 10, 15, 20) for AM 0612-373.

Cold Molecular Gas Disk Survey in Merger Remnants 13

(n=10.00) ALMA CO (1-0) 4 kpc ALMA CO (1-0) 4 kpc

(n=3.41) ALMA CO (1-0) 0.5kpc ALMA CO (1-0) 0.5kpc

Fig. 1.— (Continued) The same as the previous figure but for AM 2246-490 and NGC 7727. The contours in the CO moment 0 maps
are 0.30Jy km s�1⇥ (1, 2, 3, 5, 10, 15, 25, 50) for AM 2246-490 and 0.22 Jy km s�1⇥ (1, 2, 3, 5, 10, 20, 30) for NGC 7727.
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Clumpy  distribution�

Cold Molecular Gas Disk Survey in Merger Remnants 9

(n=2.17) ALMA CO (1-0) 2 kpc ALMA CO (1-0) 2 kpc

(n=1.87)
ALMA CO (1-0) 1 kpc ALMA CO (1-0) 1 kpc

(n=3.75)
ALMA CO (1-0) 1 kpc ALMA CO (1-0) 1 kpc

(n=4.59)
SMA CO (2-1) 1 kpc SMA CO (2-1) 1 kpc

Fig. 1.— (Continued) The same as the previous figure but for NGC 3256, NGC 3597, AM 1158-333, and NGC 4194. The contours in
the CO moment 0 maps are 2.0 Jy km s�1⇥ (1, 2, 3, 5, 10, 25, 50, 75, 100) for NGC 3256, 0.46 Jy km s�1⇥ (1, 2, 3, 5, 7, 9, 11, 13, 15)
for NGC 3597, 0.37 Jy km s�1⇥ (1, 2) for AM 1158-333, and 2.7 Jy km s�1⇥ (1, 2, 3, 5, 10, 15, 20) for NGC 4194.

Cold Molecular Gas Disk Survey in Merger Remnants 11

(n=2.74) SMA CO (3-2) 2 kpc SMA CO (3-2) 2 kpc

(n=2.34) SMA CO (2-1) 2 kpc SMA CO (2-1) 2 kpc

(n=1.13) SMA 
CO (2-1)

1 kpc SMA 
CO (2-1)

1 kpc

(n=10.00)
SMA CO (2-1) 2 kpc SMA CO (2-1) 2 kpc

Fig. 1.— (Continued) The same as the previous figure but for Arp 193, UGC 9829, NGC 6052, and UGC 10675. The contours in the
CO moment 0 maps are 10 Jy km s�1⇥ (1, 2, 3, 5, 10, 20, 30, 40) for Arp 193, 2.4 Jy km s�1⇥ (1, 2, 3, 5, 6, 7, 8) for UGC 9829, 1.7
Jy km s�1⇥ (1, 2, 3, 5, 7, 9, 11, 13) for NGC 6052, and 2.5 Jy km s�1⇥ (1, 2, 3, 5, 7, 8, 11, 13) for UGC 10675.
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Size  of  the  CO  disks�
****The size of the molecular gas disk**** 

 

��Scale Length�"�#� 
��MW, ATLAS, BIMA-SONG��!* 
� RCO, MW ~ 11 kpc, R80, MW = 8.5 kpc, Rd,MW =  
  RCO, ATLAS = 1.1 kpc 
��,��
��)(	�����4.4�����
��� 

 
 
�EVLA+�� 
�� %'�� 
 

Milky Way	
Early types (from ATLAS3D)	


Median (Merger remnants)  
  = 1.7 +/- 1.2 kpc 

Median (Early types)  
  = 1.1 +/- 0.6 kpc	


Ongoing work by J. Ueda (Tokyo)	


Disks	


Non-disks	
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59 antennas at the site 
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ALMA  Overview�

•  An  international  project�
•  20  countries  and  regions  (Japan,  Taiwan,  U.S.,  
Canada,  15  EU  nations,  Chile)�

•  4  regions�
•  East  Asia  (NAOJ)�
•  North  America  (AUI/NRAO)�
•  Europe  (ESO)�
•  Chile  �

–  Joint  ALMA  Observatory  (JAO)�

॔ঝঐੑ઺भ໪ਏ 

y International Project 
í 20 countries and regions (Japan, Taiwan, U.S., Canada, 

15 European nations, and Chile)  
í Constructed 
     in Chile 
í 4 regions 
z East Asia 

NAOJ 
z North America 

AUI/NRAO 
z Europe 

ESO 
z Chile 

Joint ALMA Observatory (JAO) 
 

2 
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ALMA  Performance�

•  Number  of  antennas�
•  12m  main  array:  50  x  12m�
•  Atacama  Compact  Array  (ACA):  4  x  12m  +  12  x  7m�

•  Angular  resolution  �
•  0.01”  (  x10  of  HST)�

•  Sensitivity    �
•  30  –  100  times  better  than  �
        existing  radio  telescopes�

॔ঝঐੑ઺भ໪ਏ 

y Performance 
– The number of antennas66؟ (12 m x 54, 7m x 12) 

 ْJapan is to design, develop and manufacture ACA (Atacama 
Compact Array) that remarkably improves the images of ALMAٓ 
 

 
 

– Angular Resolution؟
0.01 arcsec (10 times 
better than the Hubble 
Space Telescope) 

– Sensitivity؟ About 30 to 
100 times better than 
current radio 
telescopes. 

4 

ACA (Japanese Contribution)	
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ALMA  Status�
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Array Operations Site 
Operations Support Facility 

ALMA  operation�
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ALMA  Inauguration  (March)�

6 presentations at the OSF  
(2900 m site) 

Vice Minister of MEXT Fukui 

ALMA Chief Scientist Ryohei Kawabe 

President Pinera 
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Subaru-‐‑‒ALMA  Synergy�
•  Cycle  0  (2011-‐‑‒2012),  Cycle  1  (2013)�
•  ~∼30%  of  ALMA  cycle  0/1  accepted  proposals  in  
East  Asia  are  based  on  Subaru  data�

•  Subaru  –  stellar  distribution,  mass,  (kinematics)�
•  ALMA  –  gas  distribution,  mass,  kinematics�
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Strengths  and  weaknesses  of  ALMA�

•  Small	
  FOV	
  
•  18”	
  at	
  850	
  micron	
  

•  Narrow	
  Bandwidth	
  
•  8	
  GHz	
  per	
  IF	
  

	
  
	
  
.	


•  High	
  resoluXon	
  
•  High	
  sensiXvity	
  and	
  
dynamic	
  range	
  

•  Observable	
  during	
  
dayXme	
  

•  Covers	
  the	
  enXre	
  mm/
smm	
  atmospheric	
  
window	


Strengths	
 Weaknesses	
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ALMA  pointing�

•  880  pointings  
(Nyquist@100GHz)  
to  cover  14  x  14  
arcmin  (GLAO  FOV)�

�
�

M33	
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Future  Developments�
•  Near  (~∼5  year)  future  (before  2020)�

–  Band  1,  2,  5  (Baseline  bands)�
–  VLBI  capabilities�

•  >10  years  ahead  (>  2020)�
–  Band  11  (THz:  high-‐‑‒J  CO,  [NII])?�
– Multi-‐‑‒beam  receiver  (~∼10-‐‑‒100  pixels)?�
– Wide  bandwidth  (10-‐‑‒100  GHz?)?�
–  Longer  baselines  (expanded  ALMA)?�

•  Workshop  on  future  development  (July  8-‐‑‒9)                                                  
“EA  ALMA  Development  Workshop”�
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Questions�

•  Which  instrument  is  important?�
– Proposed  wide-‐‑‒field  instruments  important  for  
ALMA  synergy  (particularly  for  ALMA  follow-‐‑‒
up)�

– Spectroscopic  capabilities  will  allow  direct  
comparison  with  ALMA  cold  gas  observations.  
(But  targeted  AO  may  be  sufficient  for  merger  studies:  TMT?)�

•  Synergy?�
– Complementary:  ALMA  will  possibly  seek  wide  
field  capabilities  for  2020  and  beyond�


