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high z
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• High merger rate at high-z

• Studying connection between different 
types of high-z galaxies.

Galaxy Mergers and Interactions at High Redshift 3

Figure 2. Evolution of the merger rate, in units of Gyr and co-moving Gpc3, as a function of
redshift and observed magnitude (left panel), and the empirically determined integrated number
of major mergers since z ∼ 3. These merger rates and histories are taken from merger fraction
data in Conselice et al. (2003) and Patton et al. (2002, 2000).

difficult. In some sense, looking for galaxies in pairs (Patton et al. 2002) gives us a
good idea for the likely interaction history, as close galaxies will be interacting without
necessarily merging. While some increase in the star formation rate is seen for galaxies
in close pairs (e.g., Barton et al. 2003), it is not clear what the global role interactions
play in the increase of stellar mass in galaxies. Recent investigations suggest that the
merger and interaction history together contribute a large fraction of the star formation
at z < 1 (Bridge et al. 2006).

2.2. Galaxy Merger Rates

The measurements of galaxy merger rates, and mass accretion rates due to the merger
process, are the ultimate goal of galaxy merger studies. Observationally, it is not trivial
to determine the merger rate, and very often it is necessary to utilise models in some
regard. The basic problem is understanding how long during a merger your particular
method of finding mergers is sensitive. This quantity is in principle easy to measure for
systems in pairs using dynamical friction arguments; yet it is impossible to constrain the
relative velocities between galaxy pairs in the tangential direction or know the spatial
separation in the radial direction. Considering all of these uncertainties the time-scale
for two galaxies at roughly 20 kpc separation will merge within 0.5-1 Gyr.

Converting a measured merger fraction derived morphologically has its own advantages
and problems. In principle it could be easier to measure the time-scale for merging
sensitivity. Analysing a set of N-body simulations of mergers, Conselice (2006) determine
the first time-scales on the merger process using the CAS methodology (Conselice 2003)
for finding mergers. An example of this is shown in Figure 1 where the morphological
evolution of two disk galaxies merging is shown, as well as the resulting asymmetry
computation for this simulation. Based on these simulations, viewed at various angles
and including galaxies in various orbital configurations, a time-scale in which a merging
galaxy would be found within the CAS system can be derived. For galaxies with masses
1011 M! the merger sensitivity is τm = 0.38 ± 0.1 Gyr. Using this merger time-scale we
can calculate the merger rate evolution for galaxies up to z ∼ 3 (Figure 2).

A new, and potentially powerful, method for measuring the evolution of the merger rate

Conselice 2006
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Environment of submillimeter galaxies 
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Abstract 
 
To study the environment of high-redshift star-forming galaxies -- submillimeter galaxies (SMGs) -- and their 
role during large-scale structure formation, we have estimated the galaxy number density fluctuations around 
SMGs, and analyzed their cross correlation functions with lyman alpha emitters (LAEs), and optical-selected 
galaxies with photometric redshift in the COSMOS and ECDFS fields.  Only a marginal cross-correlation 
between SMGs and optical-selected galaxies at most redshifts intervals is found in our results, except a 
relatively strong correlation detected in the cases of AzTEC-detected SMGs with galaxies at z ~2.6 and 3.6.  
The density fluctuations around SMGs with redshift estimated show most SMGs located in a high-density 
region.  There is no correlation signal between LAEs and SMGs, and the galaxy density fluctuations indicate a 
slightly anti-correlation on a scale smaller than 2 Mpc.  Furthermore, we also investigate the density 
fluctuations of passive and starforming galaxies selected by optical and near infrared colors at similar redshift 
around SMGs.  Finally the implication from our results to the interconnection between high-redshift galaxy 
populations is discussed.

Introduction 
 
Based on the hierarchical model of galaxy formation, massive galaxies grow via merging and accreting, and 
the peak of mass assembly of galaxies is at redshifts between 2 and 3.  Submillimeter galaxies (SMGs) may 
play an important role to explore the galaxy assembly history during this epoch, because they are likely 
massive and interacting galaxies with violent SFR  102-3 M  yr-1.  To study the connection between SMGs 
and other types of high-z galaxies can therefore provide insightful information of massive galaxy formation 
and evolution.

A series of surveys in submillimeter and Op/IR have been carried out toward the COSMOS and ECDFS fields, 
which make it possible to analyze the spatial correlation between SMG and galaxies with accurate photometric 
redshift estimates (Ilbert et al. 2009; Cardamone et al. 2010).   Two types of high-z galaxies can be identified 
via narrow band technique and color-color criteria respectively.   Lyman alpha emitters (LAEs) are detected 
based on narrow-band observation of Lyman alpha emission line, so they can derive relatively precise redshift 
and trace the large scale structures.  They also appear to be young, less massive and dust free.  BzK galaxies, 
on the other hand, are selected by B - z and z – K colors that were proposed for selecting galaxies of stellar 
mess ~1011M  at 1.4  z  2.5; they can be further classified as star-forming and passive galaxies (Daddi et al. 
2004). 

The data sets for our study are described in Section 2, followed by a section on analysis and results, we use 
SMG-galaxies correlation functions study the spatial relations between SMG and different types of galaxies, 
and galaxy number density fluctuations for detailed study of galaxy overdensity within the scale of few Mpc 
around SMGs.  We discuss the environment where SMGs are located as implied form the results of the two 
approaches in the final section.  Throughout this study, we assume a cosmology with H0 = 70 km s!1 Mpc!1, 
"# = 0.7, and "M = 0.3. 

Data  
 
 
 

a: AzTEC 1100 µm survey in COSMOS (Aretxaga et al. 2011) and GOODSS (Scott et al. 2010); LABOCA 870 µm survey in 
ECDFS (Weiß et al. 2009).
b: z ~ 2.3 in COSMOS (Nilsson et al. 2009); z ~ 2.3 in ECDFS (Gronwall et al. 2007).
c: based on the criteria in Daddi et al. 2004 
d: Galaxy catalogs of COSMOS (Ilbert et al. 2009) and MUSYC (Cardamone et al. 2010). 

Discussion  
 
In this work, we find no detectable SMG-LAE cross-correlation signal in our selected fields, unlike the result 
from previous study of SSA22 field (Tamura et al. 2009), which shows a spatial correlation between the two 
populations.  The SSA22 field is however toward a well-known proto-cluster at high redshift, so either our 
result demonstrates a more general SMG-LAE relation, or the expected signal is diluted by projected sources.

When we compare the SMG-galaxy, instead of limited samples of LAE in redshifts, cross-correlation, we find 
that SMGs tend to be found in relatively dense regions at z > 2, which is consistent with the expected merger 
scenario of SMG origins (see Introduction) and previous detection of resolved SMG (eg, Tacconi et al. 2008).  
Our result further suggests that SMGs are not necessarily embedded in an overdense region at 1.5 < z < 2.  
This may be either accounted by different nature of SMG origins, or the evolution of galaxy merger rates in 
field.

Our third analysis by investigating the size of the average overdense regions around SMGs (Fig. 3) also shows 
the galaxy ovendeisty is only significant at z above 2, and the region sizes are in the range of 0.5—1.5 Mpc.  
Furthermore, to eliminate the projection effect, the same analysis is applied to the SMG with estimated 
redshift only (Fig. 4), and the more obvious signals indicates the sizes of galaxy concentration gradually 
extended from 0.5 to 1.5 Mpc as the universe evolved from z~2.5 to 2.

If SMGs are the progenitors of today’s cD galaxies, they would have been in the center of proto-clusters, and 
more passive galaxies around the SMG could be expected if the central galaxies had interacted for a while 
before the SMG became active.  This scenario is supported by our excess count of BzK result, which shows 
that passive BzK have higher excess fraction than SF BzK.  

Finally we note that although there are 22 SMGs detected by both LABOCA and AzTEC (870 µm and 1100 
µm) in ECDFS, their cross correlation functions and number density of galaxies results do not show the 
similar features.

!  Excess of galaxy count

For detailed studying, we measure the ratio of excess galaxy count !n in the regions around SMGs with radii 
from 0.5 to 2 Mpc (assume z = 2) to the mean galaxy count <n> in the same field !. 
 
Optical galaxy count of all SMGs

Analysis and Results 

! Correlation function

The estimator we adopted is w(") =[DD(") # 2DR(") + RR(")]/RR(")  and the uncertainties are $(") = [1 + 
w(")]/[RR(")]1/2 (Landy & Szalay 1993), where w(") = A% (") -!, and a typical value ! = 0.8 is assumed and 
we covert A% to r0. r0 is the correlation length which can be an indicator of intensity of correlation 
(Magliocchetti & Maddox 2000). 
 
With LAEs

Fig. 3. Average excess galaxy count ratio $ around projected SMGs in different epochs. All three fields show 
SMGs tend to be located at relatively dense regions at z > 2, stronger signals are expected if the projection 
effect due to SMG redshift uncertainties can be eliminated. 

 SMGa LAEb BzKc 
Passive Star forming 

COSMOSd 189; AzTEC 187; z ~ 2.3 720 25942 
ECDFSd 126; LABOCA 160; z ~ 3.1 112 776 GOODSS 47; AzTEC 

!

Fig. 1. Cross correlation functions between 
LAEs and SMGs. In COSMOS, there are 
LAEs at z ~ 2.25 and SMGs detected by 
AzTEC; ECDFS have LAEs at z ~ 3.1, 
LABOCA 870 µm survey, AzTEC observation 
of smaller field, and GOODSS, at 1100 µm.  
Because the samples are not enough, result 
shows very fluctuate at separation smaller 
than 2 arcmin and seems two populations are 
random distribution. 

Fig. 2. Correlation length as a function of redshift.  We divided the optically selected galaxies into subsets by 
photometric redshift with 0.2 intervals and calculated their cross correlation functions with SMGs.  Black 
symbols are galaxies auto correlation lengths for comparison.  For data at r0=0, it means no positive 
correlation from model fitting.  (a) Red symbols are SMGs detected by AzTEC in the COSMOS cross 
correlate with galaxies. (b) Blue and red symbols are cross correlation lengths between galaxies and SMGs 
detected by LABOCA and AzTEC instruments in the ECDFS. 

BzK count 

The redshift range and stellar messes of BzK galaxies are similar with SMGs (Daddi et al. 2004), and BzK 
selection criteria can further well distinguish star forming and passive galaxies. So it is worth using BzK to 
study the environments of SMGs.  

Fig. 5. Star forming and passive BzK excess galaxy count ratio ! varied with separation of SMGs.  (a) In 
COSMOS, although passive BzK are much less than SF BzK, there is overdensity at scale smaller than 1 
Mpc.  (b) In ECDFS, passive BzK have higher density fraction around LABOCA sources, but this is not seen 
around AzTEC sources.  Both panels show passive BzK have higher density than star forming BzK.]  

Fig. 4. Galaxies count excess around 
LABOCA sources with photometric 
redshift estimate. We excluded sources 
with redshift error greater than 0.7, so 
there are only few sources at z > 3. 
There is a peak at z ~ 2.5 – 2.7 and it 
shows nearly flat at 1.5 < z < 2. It seems 
the peak has a shift between 0.5 Mpc 
and others.]  

Optical galaxy count of SMGs with photo-z 
 
Photometric redshifts of LABOCA sources were estimated by Wardlow in 2011, which can be used to reduce 
fore/background contaminations, although the redshift uncertainties are not good enough. 

With optical galaxies

(a) ! (b) !

(a) ! (b) !

• Combined SMGs and LAEs observations in 
two fields.

• Selected BzKs from optical galaxy survey 
catalogs.

• a: AzTEC 1100 μm survey in COSMOS (Aretxaga et al. 2011) and GOODSS (Scott et 
al. 2010); LABOCA 870 μm survey in ECDFS (Weiß et al. 2009). 

• b: z ~ 2.3 in COSMOS (Nilsson et al. 2009); z ~ 2.3 in ECDFS (Gronwall et al. 2007). 
• c: this work (based on the criteria in Daddi et al. 2004)
• d: Galaxy catalogs of COSMOS (Ilbert et al. 2009) and MUSYC (Cardamone et al. 

2010).

DATA



• brightness, mass, morphology, wavelength
• Selection methods → different properties
• Star forming galaxies

• Submillimeter galaxies (SMGs)

• Lyman alpha emitters (LAEs)

• BzKs
• Optical galaxies with rough redshift estimate.

Galaxy classification



• Massive, intense 
dust-obscured. 

• Large redshift 
uncertainty.

• SFR ≳ 102-3 M☉ yr-1

(Blain et al 2002)

• Young, less massive, 
dust free.

• Relatively precise 
redshift 

(Nilsson 2009)

SMGs              LAEs
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• Massive, intense 
dust-obscured. 

• Large redshift 
uncertainty.

• SFR ≳ 102-3 M☉ yr-1

(Blain et al 2002)

• Young, less massive, 
dust free.

• Relatively precise 
redshift 

(Nilsson 2009)

SMGs              LAEs

Guaita et al. 2010

Broad band filter

Narrow band 
filter

LAEs SED



• Stellar mass ~1011M☉ at 1.4 ≲ z ≲ 2.5

• Can be further classified as star-forming 
and passive galaxies 
(Daddi et al. 2004).

BzKs



• Stellar mass ~1011M☉ at 1.4 ≲ z ≲ 2.5

• Can be further classified as star-forming 
and passive galaxies 
(Daddi et al. 2004).

BzKs208 MCCRACKEN ET AL. Vol. 708

Figure 4. (B − Z)AB vs. (z − K)AB diagram for all galaxies in the COSMOS
field. Four distinct regions are shown: stars (lower part of the diagram), galaxies
(middle), star-forming galaxies (left), and passively evolving galaxies (top right).
The solid line shows the colors of stars in the BzK filter set of Daddi et al.
computed using the models of Lejeune et al. (1997).

For galaxies expected at z > 1.4, star-forming galaxies (here-
after sBzK) are selected as those objects with BzK > −0.2. One
should also note that the reddening vector in the BzK plane is
approximately parallel to the sBzK selection criteria, which en-
sure that the selection is not biased against heavily reddened
dusty galaxies.

Old, passively evolving galaxies (hereafter pBzK) can be
selected as those objects which have

BzK < −0.2, (z − K) > 2.5. (9)

Stars are selected using this criteria:

(z − K) < −0.5 + (B − z) × 0.3. (10)

Finally, the full galaxy sample consists simply of objects
which do not fulfill this stellarity criterion. The result of this
division is illustrated in Figure 4. The solid line represents the
colors of stars in the BzK filter set of Daddi et al. using the
empirically corrected spectra presented in Lejeune et al. (1997),
and it agrees very with our corrected stellar locus.

4. SOURCE COUNTS

We now present number counts of the three populations
selected in the previous section.

4.1. Star and Galaxy Counts

Figure 5 shows our differential galaxy number counts com-
pared to a selection of measurements from the literature. We
note that at intermediate magnitudes (20 < Ks < 22) counts
from the four surveys presented here are remarkably consistent
(Elston et al. 2006; Huang et al. 1997; Hartley et al. 2008). At
16 < Ks < 20, discrepancies between different groups con-
cerning measurement of total magnitudes and star–galaxy sep-
aration leads to an increased scatter. At these magnitudes, shot
noise and large-scale structure begin to dominate the number
count errors.

Figure 5. Ks-selected galaxy and star counts from the COSMOS survey (open
circles and stars, respectively) compared to measurements from recent wide-
field near-infrared surveys.

The COSMOS-WIRCam survey is currently the only work to
provide unbroken coverage over the range 16 < Ks < 23. In ad-
dition, our color-selected star–galaxy separation provides a very
robust way to reject stars from our faint galaxy sample. These
stellar counts are shown by the asterisks in Figure 5. We note
that at magnitudes brighter than Ks ∼ 18.0 our stellar number
counts become incomplete because of saturation in the Subaru
B image (our catalogs exclude any objects with saturated pixels,
which preferentially affect point-like sources). Our galaxy and
star number counts are reported in Table 2.

4.2. sBzK and pBzK Counts

Figure 6 shows the counts of star-forming BzK galaxies com-
pared to measurements from the literature. These counts are
summarized in Table 2. We note an excellent agreement with
the counts in Kong et al. (2006) and the counts presented by the
MUYSC collaboration (Blanc et al. 2008). However, the counts
presented by the UKIDSS-UDS group (Lane et al. 2007; Hartley
et al. 2008) are significantly offset compared to our counts at
bright magnitudes, and become consistent with it by Ks ∼ 22.
These authors attribute the discrepancy to cosmic variance,
but we find photometric offsets a more likely explanation (see
below).

Figure 7 shows, in more detail, the zone occupied by passive
galaxies in Figure 4. Left of the diagonal line are objects
classified as star-forming BzK galaxies. Objects not detected in
B are plotted as right-pointing arrows with colors computed from
the upper limit of their B-magnitudes. An object is considered
undetected if the flux in a 2′′ aperture is less than the corrected
1σ noise limit. For the B band this corresponds to approximately
29.1 mag. This criterion means that in addition to the galaxies
already in the pBzK selection box, fainter sBzK with B-band
non-detections (shown with the green arrows) may be scattered
rightward into the pBzK region.

Counts for our passive galaxy population, including these
“additional” objects, are represented by the hatched region
in Figure 8. The upper limit for the source counts in this
figure represents the case in which all the (z − K)s > 2.5
sources undetected in B are scattered into the pBzK region.

McCracken 2010
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Figure S1 | Schematic picture of this work. The filamentary structure in green shown in the top-left 

corner represents the proto-cluster outlined by Lyman-! emitting galaxies in the SSA 22 field. We found 

an apparent clustering of submillimetre galaxies, which are believed to be massive dusty starburst 

galaxies (orange dots; an artist’s conception of a submillimetre galaxy is shown in the bottom-left corner), 

towards the proto-cluster using the AzTEC camera mounted on the ASTE telescope (shown in the 

bottom-right corner).  Although the 1,100-µm map shows only the projected distribution of the 

submillimetre galaxies on the plane of the sky, it is likely that some fraction of our submillimetre galaxies 

actually belongs to the proto-cluster, marking the local peak of underlying mass distribution.  
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Correlation function

• Auto/Cross correlation function (ACF/
CCF)

• DD(θ) : galaxy–galaxy; DR(θ) : galaxy–
random; RR(θ) : random–random
(Landy & Szalay 1993)
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• CCF between LAEs and SMGs



• SSA22 field

Tamura et al. 2009



• δn / n
• Radii from 0.5 to 2 Mpc  (assume SMGs 

z = 2)

Excess of galaxy count



• SMGs with photo-z

Part of SMGs have photo-z estimate 
(Wardlow 2011) → eliminated foreground 
and background contamination.





• Excess in BzKs count around SMGs

Passive

Star forming



Conclusion

• No detectable SMG-LAE cross-correlation signal 
in our selected fields.

→ more general SMG-LAE relation

→ signal is diluted by projected sources ?

• SMGs tend to be found in relatively dense regions 
at z > 2.

→ consistent with the expected merger scenario of SMG 
origins

• Passive galaxies may have higher probability 
around SMGs.
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