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Abstract: We present the results of near-infrared imaging observations of the galaxy overdensity around the
z = 1.44 radio-loud active galactic nucleus (AGN) 6CE1100+3505, which was carried out with the purpose
of sampling the redshifted Hα emission from the actively star-forming galaxies that could constitute the
overdensity. The existence of the structure around this AGN was spectroscopically confirmed by previous
grism observations which are however limited to the central region. Using the CH4Off narrow/medium-band
and H broad band filters in the Wide Infrared Camera (WIRCam) on the Canada-France-Hawaii Telescope
(CFHT), we constructed a sample of objects that show a flux excess in the CH4Off band due to line
emission. The emission line flux is ∼ 4.9× 10−16 erg s−1 cm−2, corresponding to a star formation rate
(SFR) of ∼ 50M� yr−1 for galaxies at redshifts z ∼ 1.4. None of the galaxies with medium-band flux
excess is located within 1 Mpc from the central AGN, and there is no evidence that the selected galaxies
are associated with the proposed cluster. Along with the star formation quenching near the center that
was found from the previous grism observations, the lack of extreme starbursts in the structure suggests
that at z ∼ 1.4, overdense regions are no longer favorable locations for vigorous star formation.
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1. INTRODUCTION

Widely recognized morphology–density or color–density
relations in the local Universe (Dressler 1980; Kauff-
mann et al. 2004) shaped the idea that galaxy clusters
are the most massive structures populated mainly by
quiescent galaxies. The fraction of star-forming galaxies
is significantly lower in local clusters (z < 0.1) than in
the field (Chung et al. 2011), no obscured star formation
is found to be present in nearby clusters (Davies et al.
2010), and the star formation rate (SFR) from galaxies
in clusters only accounts for ∼ 0.25% of the global SFR
density at z ∼ 0 (Iglesias-Páramo et al. 2002). These
observational results suggest that galaxy evolution is
strongly affected by the environment.

Unlike in the local Universe, numerous clusters of
galaxies at z > 0.5 show a significant number of star-
forming galaxies with strong ongoing star formation.
Infrared and submillimeter observations revealed heavily
obscured star formation in massive clusters at 1 < z < 2
(Bayliss et al. 2014; Ma et al. 2015; Stach et al. 2017).
The fraction of star-forming galaxies in clusters is large
compared to that in the field at the same redshift (z =
1.6, Santos et al. 2013; z > 1.2, Alberts et al. 2014).
In some clusters, star-forming galaxies are observed to
be more concentrated near the cluster center (z = 1.4,
Hayashi et al. 2010; z > 1.4, Brodwin et al. 2013),
showing a reversal of the morphology-density relation at
high redshift (Elbaz et al. 2007). The total integrated
SFR within the cluster normalized by the cluster mass,
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i.e., the cluster-specific SFR, is found to be increasing
steeply as the redshift increases up to z ∼ 2, i.e., the
peak of cosmic star formation (Geach et al. 2006; Bai et
al. 2009; Ma et al. 2015). The (proto)clusters must have
been a place for vigorous star formation in the early
Universe.

At z > 2, galaxies with SFRs above 100M� yr−1,
i.e., starburst galaxies, are found within the protoclus-
ters and/or galaxy overdensities (e.g., Hatch et al. 2011;
Cooke et al. 2014). Numerous works presenting the close
connection between the submillimeter galaxies (SMGs)
and the galaxy overdensity provide evidence that ex-
treme starbursts might appear in the center of the most
massive halo (e.g., Dannerbauer et al. 2014; Umehata
et al. 2015). SMGs have thus been used as probes of
massive structures in the early Universe (Clements et al.
2015). However, it has also been claimed that SMGs do
not usually detect overdensities even though they trace
dark matter halos better than star-forming galaxies such
as Lyman break galaxies, mainly due to Poisson noise
from small sample sizes (Miller et al. 2015). In any
case, massive galaxy structures at z > 2 appear to be
a favorable environment for galaxies with exceptionally
strong ongoing star formation. Yet it is not clear where
in the redshift range 1 < z < 2 the most vigorously star-
forming galaxies are located, while the works with dusty
star-forming galaxies including SMGs are all focused on
the study of z > 2 protoclusters.

Environmental effects on the star formation activity
of galaxies in the redshift range 1 < z < 2 are still a
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matter of debate. Recent studies tend to agree that
the environmental effect on star formation ‘quenching’
becomes dominant over the internal mass-dependent
quenching at z ∼ 1 (Lee et al. 2015; Darvish et al.
2016). The paucity of star formation in local galaxy
clusters is a natural consequence of such environmental
quenching. Specifically, the onset of the locally observed
morphology-density relation can be placed at z ∼ 1.5,
supported by the strong evolution of quenching efficiency
at 0.9 < z < 1.6 (Nantais et al. 2017), the evolution of
star formation activity in clusters (Wagner et al. 2017),
and the high fraction of quiescent galaxies in cluster cores
at z ∼ 1.5 (Strazzullo et al. 2019). From comparison of
fractions of star forming galaxies and specific SFRs in
clusters at z > 1.4 and z < 1.4, Brodwin et al. (2013)
concluded that the transition from unquenched high-
redshift clusters with high central SFRs to passive, star-
formation quenched low-redshift clusters occurs at z =
1.4. These results are inconsistent with the observations
of strongly star-forming galaxies at 1 < z < 2 mentioned
above; therefore it is worth investigating where all the
strong star-forming galaxies at 1 < z < 2 are, especially
around a redshift of z ∼ 1.4 that marks an important
epoch for efficient environmental quenching.

In this paper, we discuss the properties of potential
z ∼ 1.4 Hα emitters in the region around the z = 1.44
radio-loud AGN 6CE1100+3505. Candidate sources are
those that show higher fluxes in narrow/medium band
than in broad band photometric filters. The z ∼ 1.4
structure was identified as a probable cluster by spec-
troscopy (Noirot et al. 2018). By combining the available
spectroscopic data for the cluster core (< 500 kpc) and
newly obtained narrow/medium-band observations out
to several times of the cluster size (> 4 Mpc), we derive
the specific SFR of galaxies with strong Hα emission
and check if these starbursts populate the confirmed
structure. All magnitudes are given in the AB system
unless stated otherwise. The cosmological parameters
used are H0 = 71 km s−1, ΩM = 0.27, and ΩΛ = 0.73.

2. DATA

2.1. Overdensity around the Radio-loud AGN
Our target field, the environment of the radio-loud AGN
6CE1100+3505 at z = 1.44, was initially selected based
on the excess of Spitzer IRAC-selected sources within
∼ 1 Mpc found by a count-in-cell analysis in a deep
IRAC imaging survey around 1 < z < 3 radio galaxies
(Clusters Around Radio-Loud AGN program for Spitzer ;
Wylezalek et al. 2013). The H− 1.6µm bump in the
spectral energy distribution of galaxies can be used for
estimating photometric redshifts regardless of the galaxy
type (Sawicki 2002). The 1.6µm bump is redshifted
into the IRAC ch2 band (λcen ' 4.5µm) at z > 1.3;
more than 80% of sources with IRAC color [3.6µm]−
[4.5µm] > −0.1 are indeed located at z > 1.3 (Papovich
et al. 2007; Wylezalek et al. 2013). The surface number
density of sources with red IRAC color (i.e., [3.6]−[4.5] >
−0.1) around 6CE1100+3505 is ∼ 21 arcmin−2, which is
more than 3σ above the typical surface densities around
radio AGNs. The value is higher than those for some

spectroscopically confirmed galaxy clusters, e.g., around
7C1756+6520 at z = 1.41. The structure around the
6CE1100+3505 was confirmed by spectroscopy using the
HST WFC3 grism follow up (Noirot et al. 2018). Our
study focuses on the star formation properties of possible
z ∼ 1.4 galaxies in this clear ‘overdensity’ around the
6CE1100+3505.

2.2. WIRCam Observations
The target field was centered at R.A. = 11h30m00s and
Dec = 34d44m52s (offset from the coordinates of the
radio-loud AGN to avoid the AGN falling on the gaps
between the detectors). We observed with the Wide-
field InfraRed Camera (WIRCam; Puget et al. 2004)
at the Canada France Hawaii Telescope (CFHT) using
the filters H (CFHT/WIRCam filter No. 8201) and
CH4Off (CFHT/WIRCam filter No. 8204), in the frame
of the K-GMT science program (program ID: 15AK005,
PI: H. Shim). Most images were obtained during four
successive nights in May 2015. Weather conditions were
photometric, the seeing ranged between 0.7′′ and 1.3′′.
The large field of view of the CFHT/WIRCam (∼ 20×
20 arcmin2) corresponds to∼ 10×10 Mpc2 at the redshift
of our targets.

We used the two photometric filters to identify
emission from strong Hα lines redshifted to z ∼ 1.4.
The CH4Off filter covers the wavelength range 1.530–
1.630µm (i.e., has an FWHM bandwidth ∆λMB =
0.1µm) centered at 1.58µm. This bandwidth is a few
times larger than the ones of typical custom narrow-band
filters, thus we will refer to this filter as medium-band
(hereafter MB) in the following. The H filter used for our
broad-band (hereafter BB) observations covers a range
of 1.486–1.776µm centered at 1.630µm. The bandwidth
of the BB filter, ∆λBB = 0.290µm, is only ∼ 3 times
larger than that of the MB filter. This limits the detec-
tion of Hα emitters to those with the largest Hα (+[Nii])
equivalent widths.

The MB observation comprises 112 exposures of
48 seconds each, resulting in a total integration time
of 90 minutes. The BB imaging achieved a total inte-
gration time of 50 minutes, with 200 exposures of 15
seconds each. All frames were obtained in 3×3 dithering
mode. For pre-processing we used the ‘I‘iwi pipeline
version 2.1.200 provided by the CFHT (Thanjavur et
al. 2011) which includes non-linearity correction, bias
subtraction, dark subtraction, flat-fielding, bad pixel
masking, and sky subtraction. For MB flux calibration,
the WIRCam queued service mode provides magnitude
zero points determined from observations of standard
stars. Spectrophotometric standards are stars with well-
modeled near infrared fluxes, and standard magnitudes
are calculated by convolution of filter response func-
tion and model spectra. The magnitude zero points
are stored in each FITS extension header under the key
word PHOT C0. The values can be different for the four
different detectors, thus we used the zero point derived
from the pipeline to scale the flux of each detector and
each image when combining images to produce the final
coadded mosaic. We used Swarp (Bertin et al. 2002) to
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Figure 1. Color–magnitude diagram for sources detected in
the medium band (MB) image. The abscissa represents MB
magnitude measured in an aperture of radius 1′′, the ordinate
indicates the difference between the broad band (BB) and MB
magnitudes. The solid line indicates a significance level of
Σ = 3, therefore objects above the solid line are identified as
possible line emitters. The radio-loud AGN 6CE 1100+3505
is marked by a red open square. Black filled squares are
objects with red IRAC colors ([3.6] − [4.5] > −0.1), located
within 2 Mpc from the central AGN. The horizontal dotted
line indicates the value of ∆m (= mBB −mMB) which corre-
sponds to the observed equivalent width of 340 Å. Typical
magnitude errors for different magnitude bins are indicated
by error bars. The inset panel shows the response curves for
the CH4Off (MB, dashed line) and H-band (BB, solid line)
filters, overplotted with the redshifted Hα emission line of
the z = 1.4 QSO and starburst model templates.

produce coadded MB and BB images with the ‘weighted
combine’ method, by utilizing the bad pixel mask ob-
tained during the pre-processing as a weight image for
inverse variance weighting. A small fraction (∼ 10 %
for the MB, ∼ 5 % for the BB) of the images are lost
due to the poor image quality leading to bad astrometry
solutions. The final coadded images and weight images
were used for photometric analysis.

3. POTENTIAL LINE EMITTERS

3.1. Photometry
We performed aperture photometry on the reduced and
mosaicked images for both filters using an aperture
radius of 1′′ (∼ 3 pixels). The point spread function
(PSF) sizes were similar in both the MB and BB images
(∼ 0.8′′), therefore we did not apply any correction for
the PSF difference. We used the dual mode in SExtractor
(Bertin & Arnouts 1996) for detecting sources (with
DETECT THRESH= 3, i.e., > 3σ) in the MB image and
measuring their fluxes in both the MB and BB images.
This way it is also possible to select sources with strong
line emission but faint continuum. Such sources might

be spurious if they are only detected in the MB image.
Since we do not have multi-wavelength data over this
field with depths comparable to the WIRCam images,
we removed sources below the < 3σ threshold in the
BB and MB images to avoid contamination by spurious
sources. The 3σ limiting magnitude for an aperture with
radius 1′′, estimated from the measured background
pixel-to-pixel rms, is 22.5 mag in MB and 23.5 mag in
BB.

Before the selection of MB excess objects, star-like
objects were removed through cross-comparison to the
spectroscopic and photometric star catalog provided by
the Sloan Digital Sky Survey (SDSS).

3.2. Selection of MB Excess Objects
The Hα emission line, redshifted to z ∼ 1.4 (and other
strong emission lines at different redshifts redshifted into
the MB wavelength range), causes a flux excess in the
MB filter compared to the BB filter. We thus used the
difference between the MB magnitude (mMB) and the
BB magnitude (mBB) to select potential line emitters.
We quantified the statistical significance of a measured
flux excess using the parameter Σ (Bunker et al. 1995;
Sobral et al. 2013, 2015), where the difference between
the counts (i.e., measured flux) in MB (cMB) and in BB
(cBB) should be larger than Σ times the photometric
errors for a given aperture size:

cMB − cBB > Σ
√
πr2(σ2

MB + σ2
BB) (1)

Here, r indicates the radius of the aperture in pixels (in
this study, ∼ 3 pixels), σMB and σBB are the rms values
of the background in counts per pixel for MB and BB,
respectively. In terms of magnitudes (mMB and mBB),
the parameter Σ can be expressed as

Σ =
1− 10−0.4(mBB−mMB)

10−0.4(ZP−mMB)
√
πr2(σ2

MB + σ2
BB)

(2)

where ZP is the photometric magnitude zero point. Note
that after mosaicking, both MB and BB images are
scaled to have the same zero point.

The central wavelengths of the MB (1.58µm) and
BB (1.63µm) filters are slightly different, thus the mag-
nitude difference (mBB−mMB) also depends on the color
of the stellar continuum. In order to correct this effect,
we compared the (J −H) and (mBB −mMB) colors for
bright sources and added the difference to the observed
magnitude difference between MB and BB. The J-band
magnitudes were derived from the UKIRT Hemisphere
Survey data (Dye et al. 2018) which has a 5σ limiting
depth of 20.5 AB mag. For objects with no (J − H)
colors due to the shallow J-band depth, we applied the
average correction to the observed (mBB−mMB), which
is 0.08 mag.

Figure 1 shows the color (i.e., magnitude difference,
mBB − mMB) as a function of MB magnitude. We
classified sources with significance larger than 3 (i.e., Σ >
3; solid line in the diagram) as potential line emitters.
The parameter Σ is basically proportional to the line
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Figure 2. (a) Spatial distribution of the IRAC-selected ([3.6] − [4.5] > −0.1) objects (filled squares) and spectroscopically
confirmed star-forming galaxies at z ∼ 1.44 (blue diamonds, Noirot et al. 2018). Background contours show the surface
density of IRAC-selected objects, on a scale given by the color bar on the right. Only two of the IRAC-selected objects
(except the radio AGN itself, marked by an ‘X’) are identified as strong line emitters based on the MB excess (red open
circles). Dashed circles indicate distances of 1 Mpc, 2 Mpc, and 4 Mpc from the central AGN. The dotted line shows the field
of view for the WFC3 grism observations. (b) Spatial distribution of the MB excess objects with Σ > 3 (red open circles).
The surface density distribution shows no significant excess of strong Hα emitters near the central AGN.

flux, thus the Σ > 3 cut places a lower limit on the line
flux of possible line emitters. In addition to the flux
limit, previous studies (e.g., Sobral et al. 2015) have
defined a minimum equivalent width (EW) cut in the
selection of line emitters because the small photometric
errors for bright sources can produce unrealistically large
values of Σ. The observed EW is calculated from the
magnitude difference and the bandwidths like

EW =
∆λBB∆λMB[1− 10−0.4(mBB−mMB)]

∆λBB10−0.4(mBB−mMB) −∆λMB
(3)

where ∆λBB and ∆λMB are the bandwidths of the H
and CH4Off filters, respectively. We applied the condi-
tion mBB −mMB > 0.19, which is 1.5 times larger than
typical color errors at mMB = 21.2 mag (10σ flux limit),
for a robust selection of line emitters. This corresponds
to an observed line EW of 340 Å. If the MB flux ex-
cess is due to the redshifted Hα (with the contribution
from [N ii]) at z ∼ 1.4, the rest-frame EW would be
larger than 140 Å. This limit is high compared to the
EW(Hα) of local star-forming galaxies, but the EW(Hα)
for z > 1 star-forming galaxies is found to be larger
than that of local galaxies in general (e.g., Fumagalli et
al. 2012; Sobral et al. 2013, 2015; Marmol-Queralto et
al. 2016). Moreover, though the EW(Hα) for galaxies
is not linearly correlated to the Hα line flux, the z ∼ 1
galaxies with the largest Hα luminosities tend to have
EW(Hα) larger than 100 Å (Sobral et al. 2015). The
EWs of the selected MB excess objects will be discussed
later in Section 4.1, in connection with the flux limit in

our observation.
All except two objects with red IRAC color ([3.6]−

[4.5] > −0.1, hereafter ‘IRAC selected objects’) are not
classified as MB excess objects as they do not satisfy
Σ > 3 and the EW cut (Figure 1). This shows that the
red IRAC colors are sensitive to z > 1 galaxies with
red rest-frame near-infrared colors, i.e., passive stellar
populations.

3.3. Near-infrared Spectroscopy

Near-infrared spectroscopic follow up observations were
executed for a limited number of IRAC selected objects
and objects detected in the MB image. The observations
were made using the MMT and Magellan Infrared Spec-
trograph (MMIRS) at the MMT observatory, through
the K-GMT science program (program ID: MMT-2018A-
5, PI: H. Shim). Priority was given to MB bright objects
and those with high Σ in the mBB−mMB vs. mMB plot
in the slit mask configuration stage. Due to instrument
scheduling and weather constraints, only one third of the
initially allocated time (∼ 1.5 hrs) was actually executed.
The quality of the obtained spectra was relatively poor.
Among the 18 objects (6 IRAC-selected objects and 12
MB detected objects; note that not all MB detected ob-
jects are MB excess objects, only one of them has Σ > 3
while the others have Σ between 2 and 3) targeted in the
slit mask, only two objects show marginal (S/N ∼ 3),
single emission lines at 1.562µm and 1.588µm. Note
that these objects are those with the brightest in MB
or those with the largest significance factor (Σ) among
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Figure 3. (a) Hα line flux distribution of the MB excess objects found by the CFHT WIRCam observations (open histogram),
assuming that these are Hα emitters at z ∼ 1.4. Line fluxes measured from HST WFC/G141 grism spectra are shown by the
filled histogram, although these are not identified as MB excess objects. The inset plot shows a comparison of spectroscopic
and photometric line fluxes; spectroscopic values are from MMT/MMIRS spectroscopy (circles) and WFC3/G141 grism
spectroscopy (diamonds). (b) Star formation rates estimated from Hα line fluxes, assuming a redshift z = 1.44 if no
spectroscopic redshift is available. Tthe open histogram shows the MB excess objects, the filled histogram shows the values
for grism-selected objects. (c) Stellar mass distributions for the MB excess objects (open histogram) and grism-selected
objects (filled histogram).

our targets. Since it is difficult to derive spectroscopic
redshifts from single emission lines, we used the spectra
to derive the line fluxes spectroscopically and compared
the values with the line fluxes measured photometrically
in Section 4.1.

Recently, Noirot et al. (2018) identified eight cluster
member galaxies (including the radio-loud AGN itself) at
z = 1.44 around 6CE1100+3505 (referred to as CARLA
J1103+3449 in their paper) based on HST/WFC3 grism
observations. For six galaxies, [O iii] line emission was
detected in addition to Hα, which supports the robust-
ness of the spectroscopic redshift. All confirmed cluster
members are located within ±1000 km s−1 from the
central AGN, thus the structure around this AGN is
unlikely to be a massive, virialized cluster. Among the
eight spectroscopically confirmed members, four objects
are not detected in either of the MB and BB images
taken by CFHT/WIRCam, mainly due to their faintness
(the 3.6µm magnitudes of the objects undetected in BB
are > 1 mag fainter than that of the detected objects).
The remaining four objects are detected in BB while
the central AGN and its interacting companion galaxy
are blended in the WIRCam image. Even the objects
detected in BB, except the central AGN, do not satisfy
our criteria for MB excess objects. Although there is
no overlap between the grism-selected cluster members
and MB excess objects, we use the grism-selected cluster
members to validate the derived photometric line fluxes.

3.4. Contaminants

If the flux excess in the MB is due to strong emission
lines redshifted into the MB wavelengths, the possible
candidates are (1) strong Paβ line (rest-frame wave-
length of 1.282µm) emitting galaxies at z ∼ 0.24, (2)
Hα emitting star-forming galaxies at z ∼ 1.4, (3) [O iii]

(+Hβ) line emitters at z ∼ 2.2, and (4) [O ii] line emit-
ters at z ∼ 3.2. The survey volumes for z ∼ 0.24 Paβ
emitters, z ∼ 1.4 Hα emitters, z ∼ 2.2 Hβ + [O iii]
emitters and z ∼ 3.2 [O ii] emitters are 0.087, 1.67, 2.79,
and 3.42×105 Mpc3 respectively considering the filter
bandwidths. The expected number of sources of each
type in the surveyed area can be calculated by integrat-
ing the luminosity function above the detection limit
for the line flux density. For the Paβ emitter number
density, we used the Hα luminosity function of z = 0.4
star-forming galaxies (Sobral et al. 2013) and applied the
relative line intensity ratio between hydrogen recombi-
nation lines assuming the case B condition (Osterbrock
& Ferland 2006). To estimate the number of z ∼ 1.4
Hα emitters, the luminosity function from Sobral et al.
(2013) is used. [O iii] and [O ii] luminosity functions at
z ∼ 2.2 and z ∼ 3.2 are from Khostovan et al. (2015).
The expected numbers of line emitters of each type are
0.26+3.44

−0.22 for Paβ emitters, 0.53+2.87
−0.48 for [O iii] emitters,

and 0.0015+1.61
−0.0005 for [O ii] emitters while the number of

z ∼ 1.4 Hα emitters is expected to be 33+22.4
−13.5. As the

numbers show, the number densities of other line emit-
ters are much smaller than that of the Hα emitters at
z ∼ 1.4, suggesting that most of the MB excess objects
sample would consist of Hα line emitters at z ∼ 1.4.

Contamination by line emitters at different red-
shifts can be removed by using photometric redshifts
or the color-color plane. For example, Khostovan et al.
(2015) used (i− z) vs. (z−K) colors and/or (B− z) vs.
(z−K) colors to separate [O iii] emitters at z ∼ 2.2 from
emitters at different redshifts, and (U − V ) vs. (V − z)
colors to reliably identify [O ii] emitters at z ∼ 3.2.
Despite there being only a limited amount of ancil-
lary multi-wavelength data with limited depth over the
6CE1100+3505 field, we tried to remove the MB excess
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objects possibly located at redshifts other than z ∼ 1.4
based on the colors and the derived photometric red-
shifts. First of all, the SDSS provides ugriz images
over this field. Although the SDSS depths are relatively
shallow (r ∼ 22.5 at 5σ) compared to the WIRCam
near-infrared images, we used their (u − r), (r − z),
(i−z), and (z−H) colors to exclude objects that satisfy
the color-color selection criteria for z ∼ 2.2 and z ∼ 3.2
objects from the MB excess sample. Photometric red-
shifts (zp) are also available for objects bright enough
to be detected in SDSS (Photoz table from the Catalog
Archive Server;1 Beck et al. 2016), so we removed ob-
jects with zp < 1 and photometric redshift uncertainty
δzp/(1 + zp) < 0.05 from the MB excess sample.

For a limited area (∼ 4 arcmin) near the central
AGN, deeper i-band images (Sloan i, ∼ 24 mag) are
available from the Auxiliary Camera at the William
Herschel Telescope (WHT; observed in 2014). Only one
object in the initial MB excess sample (with Σ > 3)
is located in the WHT field of view, and the i-band
magnitude of this object is mi = 22.7 mag. The derived
zp of this object based on the i-band, H-band, 3.6µm
and 4.5µm fluxes is zp = 1.5, therefore this object is
consistent with being a z ∼ 1.4 Hα emitter candidate.
When only BB and MB photometry is available, we
removed sources that are not detected in BB (i.e., H-
band) since it is impossible to determine whether they
are artifacts or strong line emitters with faint continuum.
Through visual inspection we removed objects that lie
close to the streaks of bright stars since their photometry

1https://skyserver.sdss.org/casjobs

is likely to be unreliable.
After the removal of all possible contaminants in-

cluding artifacts and line emitters at different redshifts,
we are left with 20 MB excess objects with Σ > 3, within
8 arcmin (corresponding to a physical scale of ∼ 4 Mpc
at z = 1.44) from the central AGN. These are likely
to be z ∼ 1.4 galaxies with strong Hα emission. In
the HiZELS survey (Sobral et al. 2015), all z = 0.84
Hα emitters above the luminosity limit for our sample
show rest-frame EWs larger than 140 Å, which is our
EW cut limit. Considering the increase of EW as the
redshift increases, the EW cut would not reduce the
detected sample size. The number of the MB excess
objects, 20, is consistent with the expected number of
the Hα emitters based on the Hα field galaxy luminosity
function within the errors. This is different from the
case of z ∼ 2 protoclusters, where the number density
of Hα emitters is a few times that in the field (Hatch et
al. 2011).

Figure 2 shows the spatial distribution of the se-
lected galaxies around the central AGN: (a) galaxies
with red IRAC colors ([3.6] − [4.5] > −0.1) suggested
to form an overdensity by Wylezalek et al. (2013) in
addition to the spectroscopically confirmed z ∼ 1.44
star-forming galaxies, and (b) the final sample of MB
excess galaxies with Σ > 3. Unlike the overdense clumps
and the east-west alignment of galaxies with red IRAC
colors close to the AGN, there are no MB excess galax-
ies within 1 Mpc from the central AGN. This suggests
that there is no contribution by the exceptionally vigor-
ous star-forming galaxies to the overdensity of galaxies
at z ∼ 1.44. Only two galaxies with red IRAC colors
turned out to be MB excess objects. More than half of
the emission line objects from the HST WFC3/G141
grism observations (Noirot et al. 2018) do not show red
IRAC color, therefore it appears natural to not detect
an MB excess in most of the IRAC selected targets. A
rough interpretation, given the limited number of galax-
ies, is that IRAC color and MB excess select different
populations of galaxies at similar redshift: the former se-
lecting relatively quiescent galaxies, the latter selecting
active star-forming galaxies.

4. PROPERTIES OF z ∼ 1.4 Hα EMITTERS

4.1. Hα Line Flux
Assuming the excess in MB over BB is due to the red-
shifted Hα+[N ii] line, the line flux can be estimated
from the difference between the BB and MB fluxes and
the bandwidths of the filters like

f(Hα+ [Nii]) =
∆λ′MB(fMB − fBB)

1− (∆λMB

∆λBB
)

(4)

Here, ∆λ′MB is the bandwidth of the MB filter converted
to frequency units; ∆λMB and ∆λBB are the bandwidths
of the MB and BB filters, respectively; and fMB and fBB

are fluxes per frequency (fν) derived from the observed
AB magnitude in each filter. We double-checked the
derived line fluxes and the EWs by convolving model
spectra with the MB and BB filter response curves, with

https://skyserver.sdss.org/casjobs


No Excess Star Formation in the z = 1.4 Structure 241

Table 1
List of medium band excess objects

R.A. Dec. mMB mBB Σ log f(Hα) EWobs dr
(mag) (mag) (erg s−1 cm−2) (Å) (Mpc)

11 03 30.4 +34 47 51 20.60 ± 0.04 21.13 ± 0.05 7.97 −14.77 845 1.070
11 03 39.5 +34 49 04 21.16 ± 0.07 21.59 ± 0.09 3.82 −15.07 535 1.432
11 03 42.5 +34 50 01 22.26 ± 0.19 23.34 ± 0.27 3.10 −15.10 7194 1.706
11 03 12.5 +34 47 00 20.90 ± 0.06 21.18 ± 0.07 2.96 −15.21 231 1.998
11 03 20.3 +34 45 50 21.22 ± 0.09 21.69 ± 0.09 3.91 −14.95 640 2.091
11 03 13.2 +34 46 20 20.68 ± 0.05 21.00 ± 0.07 4.20 −15.08 299 2.199
11 03 49.3 +34 50 56 21.81 ± 0.15 22.49 ± 0.20 3.26 −15.16 1444 2.482
11 02 58.9 +34 48 04 21.03 ± 0.07 21.43 ± 0.10 3.94 −15.03 449 2.961
11 03 17.2 +34 55 20 21.80 ± 0.17 23.16 ± 0.26 5.51 −15.00 25805 2.965
11 03 18.2 +34 55 24 21.17 ± 0.09 21.57 ± 0.12 3.43 −15.03 439 2.967
11 02 57.3 +34 50 56 21.83 ± 0.16 22.48 ± 0.25 3.05 −15.18 1274 3.063
11 03 16.4 +34 55 30 21.21 ± 0.10 21.58 ± 0.13 3.05 −15.18 410 3.074
11 02 56.3 +34 50 44 21.74 ± 0.14 22.34 ± 0.20 3.17 −15.13 1121 3.139
11 03 35.3 +34 56 13 21.51 ± 0.17 22.02 ± 0.28 3.34 −15.13 787 3.403
11 02 54.8 +34 46 36 21.26 ± 0.09 21.70 ± 0.10 3.55 −15.04 555 3.636
11 03 08.4 +34 56 03 21.33 ± 0.15 21.78 ± 0.18 3.35 −15.11 565 3.674
11 03 52.0 +34 54 50 20.92 ± 0.09 21.47 ± 0.12 6.02 −14.77 883 3.718
11 03 18.8 +34 42 35 21.13 ± 0.07 21.48 ± 0.09 3.05 −15.18 353 3.725
11 03 44.4 +34 56 06 20.72 ± 0.08 21.02 ± 0.10 3.75 −15.06 246 3.729
11 03 33.0 +34 42 18 21.56 ± 0.10 22.11 ± 0.14 3.39 −15.06 902 3.854

emission lines of varying flux density added, to reproduce
the observed (BB–MB) colors. The derived f(Hα+[Nii])
should be corrected for the contribution from [N ii] to
isolate f(Hα). It has been suggested that the line flux
ratio [N ii]/Hα depends on the rest-frame Hα+[N ii] EW
(Sobral et al. 2015), with smaller contributions by [Nii]
in galaxies with large EWs. For the limiting EW of 140 Å
in our study, the [N ii]/Hα ratio is expected to be ∼ 0.17.
The line fluxes derived from MB and BB photometry are
corrected for the [N ii] contribution using the [N ii]/Hα
ratio-vs.-EW relation. We applied aperture correction
to the derived line fluxes because the aperture radius
of 1 arcsec we used for the identification of MB excess
objects requires a non-negligible aperture correction to
derive total magnitudes. The aperture correction factors
were consistent in MB and BB within 10 %, thus we used
the aperture correction factors of the MB data to correct
the Hα line fluxes. From the growth curves of isolated
sources, the aperture correction factors are in the range
1.1–1.8 to scale fluxes within the 1′′ aperture to total
fluxes, with a dependence on the FWHM of the objects.
Most of the Hα emitters are not significantly extended,
thus the aperture corrections applied to their f(Hα)
were 1.1–1.3.

Figure 3a shows the Hα line flux distribution of
the MB excess objects. The minimum f(Hα) that
can be measured in our analysis is determined by
the Σ factor, with Σ = 3 roughly corresponding to
4.9× 10−16 erg s−1 cm−2 which in turn corresponds to a
luminosity of L(Hα) > 6×1042 erg s−1 at z ∼ 1.4. If the
[N ii]/Hα ratio is 0.17 and the aperture correction factor
is 1.1, the line flux limit is > 4.6× 10−16 erg s−1 cm−2.
We compared the Hα line flux measured from the spec-
trum to the line flux estimated from the MB excess (see

inset plot in Figure 3a). Both the photometric line flux
and the spectroscopic line flux are aperture corrected
considering the photometric apertures and slit widths
in case of the MMT/MMIRS observation, but not cor-
rected for [N ii] since the [N ii] and Hα lines were not
resolved by the grism. Though the number of the galax-
ies is small (five in total, including the radio-loud AGN),
the overall consistency between the spectroscopically
measured line flux and photometrically estimated line
flux validates our use of line fluxes for the derivation of
star formation rates in the next section. The derived
f(Hα), observed EW(Hα+[Nii]), and the cluster-centric
distance of all 20 MB excess objects within < 4 Mpc
from the AGN are listed in Table 1.

4.2. Star Formation Rate and Stellar Mass
The star formation rates of the potential Hα emitters
are derived from the Hα line luminosity, following the
equation from Kennicutt (1998),

SFR[M� yr−1] = 7.9× 10−42L(Hα)[erg s−1] (5)

As expected from the high f(Hα) limit, SFRs for objects
identified by their MB excess are higher than 50M�
yr−1 (Figure 3b). Note that the SFR presented here
represents the lower limit of true star formation since
dust attenuation is not considered. The SFRs of the
MB excess objects are in the range of 50–300M� yr−1.
A statistical correlation between the A(Hα) and the
SFR (and the stellar mass) is known for local galaxies
(Garn & Best 2010), thus by applying this relation, the
intrinsic SFR can be as high as 100–600M� yr−1. Such
a range in SFR is close to that of dusty star-forming
galaxies, which in general are used as probes of galaxy
overdensities at z > 2.
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Galaxy evolution can be affected by environment,
but the parameter that drives the evolution most is
mass. Therefore we estimated the stellar masses of MB
excess objects as well, using the rest-frame near-infrared
magnitudes. To estimate the stellar mass of a galaxy,
we used its IRAC 3.6µm flux (rest-frame ∼ 1.4µm at
z ∼ 1.4) and applied the average M/L ratio in the
near-infrared (Bell & de Jong 2001; Bell et al. 2003)
which is rather independent of galaxy type. A slow
evolution of M/L ratio with redshift, especially in early-
type galaxies, is expected (van der Wel et al. 2005), yet
the effect was not taken into account here since the line
emitters are considered to be young galaxies. Where
3.6µm fluxes were not available due to the limited IRAC
field of view and its layout, we used 4.5µm fluxes instead.
If none of the IRAC bands was available, we applied a
linear relation between the H-band magnitude and the
logM∗ which was derived from the 3.6µm-detected MB
excess objects. All magnitudes in 3.6µm, 4.5µm, and
H-band were aperture corrected to derive stellar masses.
Figure 3c shows the derived stellar mass distribution.
Most of the MB excess objects have stellar masses of
a few ×1010M�, while the H-band magnitude limit
places the stellar mass limit at > 1010M� when IRAC
data are not available. The stellar masses of MB excess
objects are comparable to those of confirmed z = 1.44
star-forming galaxies from Noirot et al. (2018).

4.3. Comparison to Main Sequence Galaxies
As shown in Figure 2, none of the Σ > 3 MB excess
objects is located within 1 Mpc from the central AGN.
The smoothed surface density distribution of IRAC color-
selected galaxies shows an overdensity in the proximity of
the AGN, but the peak of the surface density distribution
of MB excess objects is not consistent with that of
the IRAC color-selected objects or that of the grism
selected z ∼ 1.4 galaxies. In short, we see that the
possible ‘structure’ associated with 6CE1100+3505 does
not host galaxies with SFR > 50M� yr−1. The absence
of vigorous starbursts is expected from the absence of
an excess in the number density of Hα emitters in this
structure compared to the field (Section 3.4). Several
z > 2 proto-clusters around radio galaxies show an
excess of Hα emitters (Hatch et al. 2011; Shimakawa et al.
2018) or have ultra-luminous infrared galaxies near their
centers (Cooke et al. 2014). On the contrary, the lack
of enhanced star formation in the structure at z ∼ 1.4
studied here shows that an overdense environment does
not anymore trigger vigorous star formation, though
the reason for this – environmental quenching or galaxy
feedback – is unclear.

Figure 4 shows the relation between the specific
star formation rate (sSFR) and the stellar mass of MB
selected galaxies. Since there is a line flux limit, i.e., a
limit on the SFR down to which Hα emission can be
detected via the MB excess, the MB excess selection
is biased to high sSFR objects at low stellar mass and
low sSFR objects at high stellar mass. The selection
bias naturally arises from our significance cut, since
the criteria illustrated in Figure 1 select objects with

ever larger EW at fainter magnitudes. The sSFR limit
for different stellar masses of galaxies is marked by a
dashed line in Figure 4. The MB excess objects show
sSFR at least 0.5 dex to 1.0 dex higher than that of
star-forming main sequence galaxies, therefore these
should be considered as starbursts. As we have discussed
in the context of the spatial distribution (Figure 2),
these extreme starbursts do not seem to be associated
with the known protocluster. Only galaxies with stellar
masses higher than 5 × 1010M� can be probed down
to log(sSFR) ∼ 0 [Gyr−1], which is close to the star-
forming main sequence. None of the galaxies within
1 Mpc from the central AGN is found to be located
above the main sequence. Massive galaxies confirmed to
be at z ∼ 1.44 show sSFRs ∼ 1 dex lower than the main
sequence, showing the efficient star formation quenching
due to the environment.

The structure around 6CE1100+3505 is classified
as probable cluster in Noirot et al. (2018), but from
estimates of the significance of the spectroscopic over-
density and the galaxy contrast from the background,
they also suggested that this structure might be a ‘node’
of the cosmic web. The velocity dispersion of the spec-
troscopically confirmed members within 1 Mpc implies
that the mass of this structure is ∼ 1014M�. At this
mass scale, it is probable that the cluster is not virialized
and galaxies or groups of galaxies are falling into the
cluster along filamentary structures. However, even with
a present infall of galaxies, the star formation in those
galaxies is too low to be detected in our observations
which are sensitive to SFR on scales comparable to that
of dusty star-forming galaxies.

5. SUMMARY

We investigated the overdensity around the radio-loud
AGN 6CE1100+3505 at z = 1.44 using near-infrared
medium band and broad band imaging observations.
The overdensity has been already been confirmed spec-
troscopically to be a probable cluster with a relatively
small velocity dispersion. Our shallow MB and BB ob-
servations enable the selection of MB excess objects with
exceptionally large emission line fluxes. Assuming that
the origin of the MB excess is the Hα line redshifted to
z ∼ 1.4, we identified 20 possible Hα line emitters with
Hα line flux larger than 4.9× 10−16 erg s−1 cm−2 within
4 Mpc from the central AGN. The MB excess objects are
thought to be galaxies with SFRs as large as 50–300M�
yr−1 and stellar masses of a few times 1010M�. The
specific star formation rates of these galaxies are up to
1 dex higher than those of star-forming main sequence
galaxies of the same stellar mass, considering the mean
dust attenuation.

Interestingly, there are no such extreme galaxies
within 1 Mpc from the AGN. Previous studies using
HST/WFC3 grism observations of the very center of
the structure found galaxies with SFRs less than 10M�
yr−1 with stellar masses 3× 109 − 1011M�. The sSFRs
of galaxies associated with the z ∼ 1.44 structure (which
has a mass above 2× 1010M�) are lower than those of
star-forming main-sequence galaxies by ∼ 1 dex. In ad-
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dition to the results from previous studies, our search of
MB excess objects confirms the lack of strong starbursts
related to the z ∼ 1.4 cluster, different from the case of
galaxy overdensities at z > 2.
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