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ABSTRACT

We investigate the role of the delineated cosmic web/filaments on star formation activity by exploring a sample
of 425 narrow-band selected Hα emitters, as well as 2846 color–color selected underlying star-forming galaxies
for a large-scale structure at z = 0.84 in the COSMOS field from the HiZELS survey. Using the scale-independent
Multi-scale Morphology Filter algorithm, we are able to quantitatively describe the density field and disentangle
it into its major components: fields, filaments, and clusters. We show that the observed median star formation rate
(SFR), stellar mass, specific SFR, the mean SFR–mass relation, and its scatter for both Hα emitters and underlying
star-forming galaxies do not strongly depend on different classes of environment, in agreement with previous
studies. However, the fraction of Hα emitters varies with environment and is enhanced in filamentary structures at
z ∼ 1. We propose mild galaxy–galaxy interactions as the possible physical agent for the elevation of the fraction of
Hα star-forming galaxies in filaments. Our results show that filaments are the likely physical environments that are
often classed as the “intermediate” densities and that the cosmic web likely plays a major role in galaxy formation
and evolution which has so far been poorly investigated.
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1. INTRODUCTION

It is well known that the properties of galaxies are directly
affected by their host environment. In the local universe,
red, passive, early-type galaxies reign over dense regions and
galaxy clusters while blue, star-forming, late-type galaxies are
preferentially found in less dense, field environments (e.g.,
Dressler 1980; Kauffmann et al. 2004; Balogh et al. 2004).
The same trends are seen with stellar mass, i.e., on average,
more massive galaxies are redder (e.g., Baldry et al. 2006),
less star-forming (e.g., Peng et al. 2010), and more likely have
early-type morphologies (e.g., Bamford et al. 2009). Since both
environment and stellar mass influence the observable properties
of galaxies, it is important to consider the effects of both and
their fractional role on the evolution of galaxies.

For example, a tight relation has been recently found be-
tween the star formation rate (SFR) and stellar mass of star-
forming galaxies, i.e., the “main sequence,” showing that more
massive star-forming galaxies are more actively forming stars
(Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007;
Noeske et al. 2007b; Karim et al. 2011; Reddy et al. 2012; see
also Speagle et al. 2014 for a full list of references). The role of
the environment on this SFR-mass relation, along with its slope,
intercept, and intrinsic scatter, and the evolution of all these pa-
rameters with look-back time can impose strong constraints on
scenarios of formation and evolution of galaxies (Noeske et al.
2007a; Daddi et al. 2007; Whitaker et al. 2012). As a result, an
increasing number of studies are now focused on the role of en-
vironment on the SFR–mass relation, with rather controversial
results especially at z � 1 (e.g., Koyama et al. 2013b; Zeimann
et al. 2013).

Current studies of the environmental dependence of the SFR
in galaxies at z � 1 have led to conflicting results. Some agree
with the relations observed in the local universe (Patel et al.
2009), some report no/weak dependence on the environment
(Grützbauch et al. 2011; Scoville et al. 2013) and there are
even claims for a reversal of the SF–density relation (higher
star formation in denser regions Elbaz et al. 2007; Cooper et al.
2008; Tran et al. 2010). Sobral et al. (2011) also showed that
at z ∼ 1, there is an increase of SF activity for star-forming
galaxies at intermediate densities, likely associated with galaxy
groups, followed by a decline for the richest clusters and that
this is the reason for discrepancies: some studies only reach
up to poor group environments, while others only probe rich
clusters. Sobral et al. (2011) showed that once the full range of
environments is probed and correctly labeled, all the apparently
contradictory results can be fully reconciled.

Studies of the effect of large-scale structure on properties of
galaxies have so far been mostly confined to field versus cluster
environments. However, there are intermediate environments
such as galaxy groups, outskirts of clusters and filaments
which are equally important (e.g., see Kodama et al. 2001).
Thus, a rising number of studies now highlight the importance
of intermediate environments, revealing an enhancement of
mean SFR (Porter & Raychaudhury 2007; Porter et al. 2008;
Sobral et al. 2011; Coppin et al. 2012) or the fraction of
star-forming galaxies (see Section 4.1 for more references)
in medium environments. However, the environment in these
studies is often loosely defined as the excess number of galaxies
or visual inspection of overdensities. Indeed, a density-based
definition of environment cannot differentiate between regions
with intermediate densities such as filaments, groups, and

1

http://dx.doi.org/10.1088/0004-637X/796/1/51
mailto:bdarv001@ucr.edu


The Astrophysical Journal, 796:51 (13pp), 2014 November 20 Darvish et al.

periphery of clusters. These could have the same local number
density but host different physical processes (e.g., Aragón-
Calvo et al. 2010 showed that a pure density-based structural
identification does not provide an accurate description of reality
given the overlap among different parts of the large-scale
structure (LSS) and that environment defined only in terms of
density fails to incorporate the intrinsic dynamics of the LSS).

The explicit role of the geometry and dynamics of the “cosmic
web” (Bond et al. 1996)—a web-like structure containing dense
clusters, sparsely populated voids, planar walls, and thread-
like filamentary structures linking overdense regions—in the
formation and evolution of galaxies is relatively unexplored.
The geometry and dynamics of the cosmic web, as revealed
by numerical simulations such as the Millennium simulation
(Springel et al. 2005; Boylan-Kolchin et al. 2009) and large
spectroscopic surveys in the local universe such as 2dFGRS
(Colless et al. 2001) and Sloan Digital Sky Survey (SDSS; York
et al. 2000), can be approximated by collapse of a primordial
gas cloud along its three main axes through successive stages,
first leading to the formation of a wall, subsequently a filament
and finally a cluster (Zel’dovich 1970; Shandarin & Zeldovich
1989). The difficulty of this natural approach toward the
definition of environment lies in the limitation to numerical
simulations (Colberg et al. 2005; Stoica et al. 2005; Aragón-
Calvo et al. 2007) or spectroscopic surveys in the local universe
(Tempel et al. 2014).

In this paper, we study the star formation activity in a
super-structure (∼10 × 15 Mpc) at z ∼ 0.8–0.9 in the Cosmic
Evolution Survey (COSMOS) field (Scoville et al. 2007) by
identifying a striking filamentary structure linking clusters and
groups, which is also traced by the distribution of narrow-band
selected star-forming galaxies at this redshift (Sobral et al. 2011,
2013). Here, the cosmic web is robustly described by the Multi-
scale Morphology Filter (MMF) algorithm (Section 3.2) in a
consistent and homogeneous manner. The Hα emission line is
used as diagnostic of SF activity. The multi-waveband capabil-
ities, as well as the wealth of ancillary information in the COS-
MOS field including accurate photometric redshifts (photo-z)
(Δz ∼ 0.01 out to z ∼ 1) and stellar masses (ΔM ∼ 0.1 dex) also
equip us with a reliable distribution of the underlying control
sample of galaxies at z ∼ 0.85.

The format of this paper is as follows. In Section 2, we briefly
review the data, explain stellar mass and star formation rate
measurements, and discuss completeness and contamination in
the data. Section 3 presents the methods used to identify the LSS.
The main results of this paper, along with a comparison with
other studies are given in Section 4 and discussed in Section 5.
We give a summary of this work in Section 6.

Throughout this work, we assume a flat concordance
ΛCDM cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and
ΩΛ = 0.7. All magnitudes are expressed in the AB system and
stellar masses and star formation rates are given assuming a
Chabrier initial mass function (IMF).

2. THE DATA

For this study, we use a sample of narrow-band selected
star-forming galaxies and an underlying control sample (star-
forming and quiescent) selected to the same magnitude and
mass limits and with the same areal coverage. The star-forming
sample is based on Hα emission line which directly originates
from H ii regions in star-forming galaxies and is an excellent
tracer of the SFR. The star-forming sample is mainly used
as a robust indicator of star formation activity for which

environmental effects will be studied. The control sample here is
primarily used to identify the LSS (Section 3) and to determine
the fraction of Hα star-forming galaxies associated with the LSS
(Section 4.1). The star-forming galaxies in the control sample
are also used to double-check the validity of results based on
the Hα selected star-forming sample and to investigate the role
of different SFR estimators on the results. In the following
subsections, we describe each of these samples in more detail,
along with their stellar mass and SFR estimations and their
corresponding completeness and contamination.

2.1. The Star-forming Sample9

This consists of a complete sample of Hα emitting star-
forming galaxies at z = 0.845, selected through narrow-band
near-infrared (J filter) observations, performed as a part of the
High-z Emission Line Survey (HiZELS; Geach et al. 2008;
Sobral et al. 2009, 2012, 2013), covering an area of ∼0.8 deg2 in
the COSMOS field (Scoville et al. 2007). The sample includes
a total of 425 galaxies with K < 23 and log(M/M�) � 9,
located in a narrow redshift slice of Δz = 0.03 centered at
z = 0.845 (0.83 � z � 0.86). This sample is flux limited (∼8 ×
10−17 erg s−1 cm−2 which is equivalent to the SFR limit of ∼1.5
M� yr−1 at z ∼ 0.84) and is selected homogeneously down to the
rest-frame Hα + [N ii] equivalent width limit of ∼25 Å. For more
properties of this sample, see, e.g., Sobral et al. (2011, 2014).

2.2. The Control Sample

The control sample is based on the COSMOS UltraVISTA
Ks-band selected photometric redshift catalog (Ilbert et al.
2013; McCracken et al. 2012). The Ks-band selected catalog
consists of ground- and space-based imaging data in 30 bands.
Due to the large number of filters covering a broad wavelength
range, the photometric redshifts are very secure. It has been
shown that at z < .5, the photo-z accuracy is better than 1%
with less than 1% of catastrophic failure (Ilbert et al. 2013).
At the redshift of this study, the median redshift uncertainty is
Δz ∼ 0.01. Galaxies in the control sample have the same magni-
tude, mass, and areal coverage as the Hα sample and have more
than 10% probability of belonging (Plimit = 0.1) to the redshift
slice of Hα emitters (0.83 � z � 0.86). This probability weight
is calculated by measuring what percentage of the photo-z
probability distribution function (PDF) for each galaxy lies
within the redshift slice defined by the narrow-band Hα sam-
ple. This results in a Ks-band selected sample containing 3920
galaxies. Increasing the Plimit results in a control sample less con-
taminated by foreground and background sources. However, this
also has an increasing risk of losing sources; i.e., a less complete
sample at z ∼ 0.84 (see Section 2.4). Here, we use a 10% cut
as a trade-off between contamination and completeness. Never-
theless, we scrutinized a variety of probability limits (0.05, 0.2,
0.3, 0.4, and 0.5) and were able to retrieve the same results.

The underlying galaxies were later divided into quiescent
and star-forming systems based on their rest-frame two-color
NUV − r+ versus r+ − J plot. Previous studies show that the
rest-frame NUV − r+ color is a better indicator of the recent
star formation activity (Martin et al. 2007) and has a wider
dynamical range compared to the rest-frame U − V color (Ilbert
et al. 2013). Here, galaxies with rest-frame color NUV − r+ >

9 This work is based on observations obtained using the Wide Field CAMera
(WFCAM) on the 3.8 m United Kingdom Infrared Telescope (UKIRT), as part
of the High-redshift(Z) Emission Line Survey (HiZELS; U/CMP/3 and
U/10B/07).
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Figure 1. Rest-frame NUV − r+ vs. r+ − J color distribution of galaxies in
the control sample. Two populations of galaxies are seen here. The black solid
line shows the cut we used to separate the quiescent galaxies from the
star-forming systems.

(A color version of this figure is available in the online journal.)

3.1 and NUV − r+ > 3(r+ − J ) + 1 are selected as quiescent
systems. Figure 1 shows the rest-frame NUV− r+ versus r+ −J
distribution of galaxies in the control sample and the color cuts
used to separate quiescent and star-forming systems. We clearly
see two populations of galaxies. We stress that adding dust to the
star-forming galaxies causes them to move diagonally from the
bottom left to the top right of Figure 1, making them separable
from the quiescent systems (Ilbert et al. 2013). The star-forming
galaxies in the control sample will later be used, along with the
Hα sample, to study the effects of different SFR estimators on
the results.

2.3. Mass and SFR Estimation

2.3.1. Mass and SFR for the Star-forming Sample

For the Hα sample, the stellar masses were estimated by
spectral energy distribution (SED) template fitting using rest-
frame UV, optical, near-, and mid-IR data available in 18 bands
as explained in Sobral et al. (2011, 2014). The synthetic tem-
plates were generated using Bruzual (2007) models, assuming
a Chabrier IMF, five different metallicities, an exponentially
declining star formation history (SFH) with different e-folding
time scales (τ = 0.1–10 Gyr), and Calzetti et al. (2000) dust
extinction. Stellar masses here are based on the median of the
stellar mass PDF, marginalized over all other parameters. The
Hα sample is complete to log(M/M�) ∼ 9–9.5 at z = 0.84
and the stellar mass has a typical observational uncertainty of
ΔM ∼ 0.1 dex.

Hα fluxes are obtained by computing the emission line flux
within the narrow-band J filter, after removing the contribution
from the [N ii] line. The [N ii] contribution is estimated using
the relation between [N ii]/Hα metallicity and the rest-frame
Hα + [N ii] equivalent width from SDSS (Villar et al. 2008).
This relation seems to hold true at the redshift of our study
(Stott et al. 2013). Hα luminosities are based on 2′′ diameter
aperture photometry (∼16 Kpc physical diameter at z ∼ 0.84).
Since we miss ∼23% of the total flux in the 2′′ aperture
(Sobral et al. 2014), a correction factor of 1.3 is applied to the
measured luminosities. Dust-corrected Hα star formation rates
were obtained using aperture-corrected Hα luminosities and the

relation from Kennicutt (1998), modified for a Chabrier IMF:
SFR(M� yr−1) = 4.4 × 10−42 LHα (erg s−1). Dust correction
was performed based on the empirical relation between median
stellar mass and median dust extinction presented in Garn & Best
(2010). This relation is shown to be applicable to star-forming
galaxies at least up to z ∼ 1.5 without evolution (Sobral et al.
2012; later confirmed by Ibar et al. 2013, Domı́nguez et al. 2013,
and Price et al. 2014). The typical observational uncertainty in
the SFR is dominated by the uncertainty in the dust correction
(ΔSFR ∼ 0.2 dex).

2.3.2. Mass and SFR for the Control Sample

Stellar masses for galaxies in the control sample were derived
as explained in Ilbert et al. (2013). This was performed by gen-
erating a library of synthetic spectra using BC03 (Bruzual &
Charlot 2003) with a Chabrier IMF, three different metallicities,
an exponentially declining SFH with different e-folding time
scales (τ = 0.1–30 Gyr), and a Calzetti et al. (2000) extinction
law. Contributions from nebular emission lines were included.
These synthetic spectra were fitted to the rest-frame multi-color
photometry from UV to mid-IR using the “Le Phare” code
(Arnouts et al. 2002; Ilbert et al. 2006). The stellar mass for the
control sample corresponds to the median of the stellar mass
PDF, marginalized over all other parameters. At z ∼ 1, we de-
tect galaxies with masses as low as log(M/M�) ∼ 8.9 given a
sample selected at Ks < 23. We estimate the mass completeness
limit following the procedure explained in Ilbert et al. (2013)
& Pozzetti et al. (2010). The typical observational uncertainty
of stellar mass for the control sample is ΔM ∼ 0.1 dex. These
stellar masses are also available for the majority of Hα emitters.

Dust-corrected star formation rates are derived from the rest-
frame NUV continuum (NUV corresponds to the GALEX filter
centered on 0.23 μm) and the Spitzer 24 μm flux (for galaxies
with 24 μm detections). Rest-frame observed and extinction-
corrected NUV flux were calculated in Ilbert et al. (2013).
GALEX NUV flux values were estimated from the BC03 best-fit
photo-z SED templates using the NUV magnitudes computed
by Zamojski et al. (2007). The Spitzer 24 μm flux is extracted
from the available catalogs as part of the S-COSMOS survey
(Sanders et al. 2007). MIPS 24 μm total flux was computed
by Aussel and Le Floc’h (Le Floc’h et al. 2009) assuming a
10,000 K blackbody as the underlying spectrum. The SFRs are
estimated in one of the two ways explained below.

1. For galaxies with no 24 μm detection, we make use of
the equation given in Kennicutt (1998), modified for the
Chabrier IMF, in order to estimate SFR based on the dust-
corrected NUV continuum flux (Lcorr

NUV): SFR(M� yr−1) =
0.786 × 10−28 Lcorr

NUV (erg s−1 Hz−1).
2. For galaxies with available 24 μm flux, the SFR is estimated

based on the observed 24 μm flux density using the
relation given in Rieke et al. (2009): log(SFR(M� yr−1

)) = A(z) + B(z)(log(4πD2
Lfobs) − 53), where A(z) and

B(z) are redshift- and wavelength-dependent constants, DL
is the luminosity distance in cm, and fobs is the observed 24
μm flux density in Jy. Here, we use A24(z = 0.8) = 0.445
and B24(z = 0.8) = 1.381 (Rieke et al. 2009).

The typical uncertainty in the SFR for the control sample is
ΔSFR ∼ 0.1 dex.

2.4. Completeness and Contamination

In order to estimate the completeness and contamination in
both the Hα and the underlying control samples, we use the
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Figure 2. Completeness and contamination functions for the control sample
as a function of the probability limit, Plimit. The probability limit is defined
as the minimum probability of galaxies in the control sample to belong to the
redshift slice defined by the Hα narrow-band selected sample (0.83 � z �
0.86). Error bars are estimated assuming Poisson statistics. We estimate the
completeness by counting the number of underlying galaxies in the control
sample that have spectroscopic redshifts within the Hα redshift slice, compared
to the total number of galaxies with spectroscopic redshifts in the same slice.
Contamination is defined as the fraction of galaxies in the underlying sample
with spectroscopic redshifts located outside the Hα redshift slice. Choosing a
larger Plimit results in a less contaminated but simultaneously less complete and
statistically smaller control sample. The control sample here is selected to have
a probability limit Plimit = 0.1, demonstrated by the dashed line in the figure.

(A color version of this figure is available in the online journal.)

VLT-VIMOS zCOSMOS spectroscopic survey (Lilly et al.
2007) selected as I < 22.5. Here, only the highly reliable spec-
troscopic redshifts are considered (Classes 3 & 4 with spectro-
scopic reliability >99.5%). Using the spectroscopic data, we
estimate the completeness as the ratio of the number of un-
derlying galaxies in the control sample that have spectroscopic
redshifts within the Hα redshift slice (0.83 � z � 0.86) to the to-
tal number of galaxies with spectroscopic redshifts in the same
slice. Contamination is computed as the fraction of galaxies
in the underlying control sample with spectroscopic redshifts
located outside the Hα redshift slice. Previous studies show
the Hα sample to be <4% contaminated and >96% complete
(see Sobral et al. 2010, 2013). For the control sample, we esti-
mate the contamination and completeness to be 64% and 74%,
respectively (Figure 2). As explained in Section 2.3.2, a prob-
ability limit of 10% (Plimit = 0.1) was used to select galaxies
in the control sample; i.e., galaxies have a likelihood of >10%
belonging to the redshift slice 0.83 � z � 0.86 set by the Hα
sample. A higher probability limit results in a more reliable and
less contaminated control sample. However, this also leads to a
less complete and statistically smaller sample. Figure 2 shows
completeness and contamination fractions in the control sample
as a function of the probability limit (Plimit) used to define it.
Completeness declines with increasing probability limit faster
than contamination decreases.

In estimating the contamination and completeness for the
control sample, we assume that they are independent of the
apparent magnitude and we can extrapolate the results from

bright (I < 22.5) to faint galaxies. This is a valid assumption
given that (1) at I < 24, a comparison between the photometric
and spectroscopic data shows that the photo-z accuracy is ∼0.01
(Ilbert et al. 2009), smaller than the redshift slice defined by the
Hα sample (∼0.03) and (2) the majority of galaxies in the control
sample (∼93%) are brighter than I < 24.

We also stress that since massive red galaxies, which dominate
denser environments, will have sharply peaked photo-z PDFs
compared to less massive blue systems, they will be more
complete and less contaminated. As a result, the completeness/
contamination might be a function of the environment. We
investigate the environmental dependence of completeness/
contamination and find that although the completeness and
contamination functions vary with the environment (highest
completeness/lowest contamination in clusters), the correction
factor (used in Sections 3.1 and 4.1) is almost independent of
the environment (the higher completeness is accompanied by a
lower contamination which leaves the correction factor almost
intact) and this will not affect our results.

3. LARGE-SCALE STRUCTURE IDENTIFICATION

In this section, we use the underlying distribution of galaxies
in the control sample to estimate the local surface density field
of galaxies from which the cosmic web (filaments and clusters)
is extracted.

3.1. Local Surface Density

In order to identify and extract the LSS (filaments and
clusters) in the underlying galaxy distribution, first we need to
estimate the surface density field within the redshift slice defined
by our narrow-band Hα survey (0.83 � z � 0.86). The surface
density field is evaluated using the weighted adaptive kernel
density estimator described in detail in B. Darvish et al. 2014
(in preparation). In this method, we first associate a weight to
each galaxy, i, in the control sample (consisting of both quiescent
and star-forming galaxies) using its photo-z PDF. The weight
for each individual galaxy, wi , is defined as the fraction of its
photo-z PDF which lies within the boundaries of the redshift
slice. This gives the probability of the galaxy belonging to the
redshift slice associated with the Hα selected sample. The initial
estimate of the surface density associated with the ith galaxy, Σ̂i ,
is found by summing over all the weighted fixed kernels placed
on the positions of galaxies, j, where i �= j :

Σ̂i = 1∑N

j=1

j �=i

wj

N∑
j=1

j �=i

wjK(ri, rj,h), (1)

where N is the number of galaxies in the control sample,
K(ri, rj,h) is the fixed kernel, ri is the position of the galaxy
for which the initial estimate of surface density is measured and
rj is the position of the rest of the galaxies. The width of the
kernel is expressed by the parameter, h, which is a proxy for the
degree of smoothing. For the first estimate of the density, this is
taken to be fixed. For the kernel smoothing function, we use a
2D symmetric Gaussian defined as:

K(ri, rj,h) = 1

2πh2
e
− |ri−rj |2

2h2 (2)

A large kernel width (h) results in over-smoothing of the den-
sity field which tends to wash out real features while a small
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Figure 3. Overdensity map constructed from the Ks-band selected control sample, using the weighted adaptive kernel density estimator for the redshift slice 0.83 � z

� 0.86 in the HiZELS area of the COSMOS field. Overdensity is defined as the surface density normalized to the mean surface density at that redshift. Black contours
are extracted from the Scoville et al. (2013) Voronoi tessellation density estimator for the redshift slice 0.83 � z � 0.85. For clarity, only three contour levels are
demonstrated and these are at one-half, one-fourth, and one-eighth of the overdensity peak. White circles also show the R200 region of the X-ray clusters/groups in
the redshift range 0.82 � z � 0.87 over the same area. There is a very good consistency between our density estimation and that of Scoville et al. (2013). Note the
super-structure in the lower left side of the map.

(A color version of this figure is available in the online journal.)

value tends to break up regions into smaller uncorrelated sub-
structures. Here, we use a fixed physical length of h = 0.5 Mpc
which corresponds to the typical value of R200 for X-ray clus-
ters and groups in the COSMOS field (Finoguenov et al. 2007;
George et al. 2011). However, a constant value of h for the
whole field has the problem that it underestimates the surface
density in crowded regions while it overestimates it in sparsely
populated areas. To overcome this problem, we introduce the
adaptive smoothing width, hi, which is a measure of the local
surface density associated with each galaxy, Σ̂i . This is defined
as hi = h×λi , where λi is a parameter that is inversely propor-
tional to the square root of the surface density associated with
the ith galaxy at the position of that galaxy (Silverman 1986):

λi ∝ Σ̂(ri)
−0.5 (3)

Having the adaptive kernel, we now calculate the surface density
field, Σ(r), on each location on a fine 2D grid, r = (x, y) as:

Σ(r) = 1∑N
i=1 wi

N∑
i=1

wiK(r, ri,hi) (4)

The surface density field is evaluated on a 300 × 240 grid
with a grid size (resolution) of 0.005 deg (corresponding to
∼0.125 Mpc physical size at z ∼ 0.85). The estimated surface
density field needs to be corrected for incompleteness and con-
tamination in the control sample since the incompleteness tends
to underestimate the density values whereas the contamination
has a tendency to overestimate them. Thus, we introduce a cor-
rection factor, η, simply defined as:

η = (1 − contamination)

completeness
. (5)

The surface density field corrected for completeness and con-
tamination, Σc(r), becomes:

Σc(r) = ηΣ(r). (6)

The density field corresponding to the underlying galaxies
near the edge of the field covering Hα emitters is biased toward
the smaller values, affecting the surface densities near the edge
of the field. To minimize this edge effect, we make use of a
larger underlying galaxy sample distributed well beyond the
Hα coverage to estimate densities. Later, we limit our analysis
to the area of Hα emitters.

We stress that since we use galaxy weights, wis, to estimate
the surface density field (Equations (1) and (4)), our method is
immune to spurious structures due to possible random cluster-
ing of foreground and background galaxies. These contaminat-
ing galaxies would have smaller weights (because only the tail
of their photo-z PDF would overlap the redshift slice associ-
ated with the Hα sample) and therefore, they contribute only
marginally to the estimated density field.

We confirm the robustness of the estimated density field in
this section by comparing it with the X-ray clusters/groups
(Finoguenov et al. 2007; George et al. 2011) and Voronoi
tessellation-based density field of Scoville et al. (2013). This
is presented in Figure 3 where we find a very good agreement
between our weighted adaptive kernel estimator and the inde-
pendent estimation based on Voronoi tessellation (Scoville et al.
2013). There is also a good consistency between the overdense
regions and the position of X-ray clusters/groups.

3.2. Filament and Cluster Extraction

To identify and extract spatial structures such as filaments
and clusters in the underlying galaxy distribution, we utilize
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Figure 4. Filament signal map constructed from the Ks-band selected underlying distribution of galaxies using the MMF algorithm for the redshift slice 0.83 �z �0.86
in the HiZELS area of the COSMOS field. The white contours are extracted from the cluster signal map for the same underlying galaxies as explained in the text.
Black circles show the R200 region of the X-ray clusters/groups in the redshift range 0.82 � z � 0.87 over the same area. Blue circles show the distribution of Hα

emitters overlaid on the filament signal map. Note the filamentary structure with a great filamentary signal value connecting the overdensities and clusters in the lower
left side of this map and its corresponding thread-like distribution of Hα emitters tracing the same region.

(A color version of this figure is available in the online journal.)

the 2D version of the MMF algorithm developed by Aragón-
Calvo et al. (2007). This algorithm is able to assign a filament
and a cluster signal to each point in the surface density field
based on the local geometry of the point in question. If the local
geometry of a point in the density field has a greater resemblance
to a thread-like structure (filament) than a circular-like feature
(cluster), its filamentary signal surpasses its cluster signal. The
local geometry of each point is calculated based on the signs
and ratio of eigenvalues of the Hessian matrix H (r) which is the
second-order derivative of the surface density field:

H (r) =
[ ∇xxΣc(r) ∇xyΣc(r)

∇yxΣc(r) ∇yyΣc(r)

]
, (7)

where ∇ij s denote the second derivatives in the i and j directions.
Since structures have a variety of physical sizes, this algorithm
builds a scale-independent structure map by smoothing the sur-
face density field over a range of physical scales and eventually
selecting the greatest cluster and filament signal among all the
various signal values at different physical scales. Here, we use a
circularly symmetric Gaussian smoothing function with various
physical scales in the range ∼0.125–1.5 Mpc. Ultimately, each
point in the density field has an associated filament-like value
between 0 and 1 (filament signal, Sf ) as well as a cluster-like
value between 0 and 1 (cluster signal, Sc) that are interpolated
into the positions of galaxies. Sf and Sc indicate the degree of
resemblance of the local environment of any given point to a
filament or cluster, respectively (Figure 4).

3.3. Filament, Cluster, and Field Selection

Using the techniques developed in Sections 3.1 and 3.2, three
environments are defined: clusters as regions with a cluster
signal greater than 0.5 and also greater than or equal to that
of a filament (Sc > 0.5 and Sc � Sf ), filaments as regions

with filament signals greater than 0.5 and greater than that of
a cluster (Sf > 0.5 and Sf > Sc) and the remaining regions
with both cluster and filament signals less than or equal to
0.5 (Sc � 0.5 and Sf � 0.5) as part of the general field. The
structures identified over the area covered by the Hα narrow-
band survey are shown in Figure 4. We demonstrate the filament
signal values as a heat map whereas the cluster signal values are
shown as contours. We have confirmed the resulting structures
in Figure 4 by comparing them with the structures depicted from
X-ray observations. The X-ray groups & clusters in the redshift
range 0.82 � z � 0.87 (Finoguenov et al. 2007; George et al.
2011) are overlaid on our predicted structures in Figure 4 and
show close agreement.

Using the defined environments, we estimate the aver-
age number density of Hα emitters to be δHα = 1.53 ± 0.29,
0.45 ± 0.09, and 0.13 ± 0.01 arcmin−2 in clusters, filaments,
and the field, respectively. The errors are estimated assuming
Poisson statistics. δHα values clearly show that dense, inter-
mediate, and sparse environments are respectively occupied by
clusters, filaments, and the field. A better representation of the
density in different classes of environment is seen in Figure 5.
A normalized distribution of overdensity values of the surface
density field (estimated in Section 3.1) within regions defined as
clusters, filaments, and the field is shown in Figure 5. Although
they inhabit relatively distinct values of overdensity, there is a
substantial degree of overlap which means that a pure density-
based definition of environment is not fully adequate to identify
different structures. Intermediate densities do correspond mostly
to filaments (even though only our analysis actually disentan-
gles them from clusters and the field). Throughout this work,
we use the environment defined based on the MMF algorithm
as a robust indicator of the cosmic web.

We also note that ideally, one wishes to select clusters and
filaments with the highest signal value but practically, this leads
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Figure 5. Normalized distribution of overdensity values within regions defined
as clusters, filaments, and the field. While these structures occupy roughly a
distinct range of overdensity values, there is significant overlap. We find that
intermediate densities correspond mostly to filaments (even though only our
analysis actually disentangles them from clusters and the field).

(A color version of this figure is available in the online journal.)

to a statistically smaller sample size (especially for Hα emitters).
The selection cut here (0.5) is due to a trade-off between
the sample size and the reality (significance) of clusters and
filaments. Nevertheless, we fine-tuned around the selection cut
and examined some other values (0.3, 0.4, and 0.6) and found
no significant change in the results.

4. RESULTS AND COMPARISON WITH OTHER STUDIES

4.1. Fraction of Star-forming Galaxies in the Cosmic Web

Using the structures identified in Section 3.3, we now study
the fraction of star-forming Hα emitters (the ratio of the number
of Hα emitters to the total number of underlying galaxies in the
control sample) in filaments, clusters, and the field. This fraction
is corrected for contamination and incompleteness. In order to
examine the effect of photometric selection on our result, we
perform this on both our original Ks-band and I-band selected
control samples in the COSMOS (the I-band selected catalog is
from Capak et al. 2007). The correction factor, η, is 0.49 and
0.47 for the Ks- and I-band samples, respectively. An increase
in the fraction of Hα emitters is seen in the filaments relative
to both the cluster and the field environments (Figure 6). This
trend is not influenced by the photometric selection wavelength
(I-band versus Ks-band) in the underlying galaxy population.
The error bars in Figure 6 are evaluated assuming Poisson
statistics. As noted by Ilbert et al. (2013), the longer wavelength
selection (Ks-band here) can more reliably detect galaxies at
intermediate to high redshifts and we mention that the results
based on the Ks band are likely more robust.

The enhancement in the fraction of Hα emitters in filaments
(i.e., intermediate densities) is consistent with previous studies,
depicting the importance of intermediate environments, i.e.,
galaxy groups and the outskirts of galaxy clusters and filaments,
in the evolution of galaxies. These results hold at low-z (z �
0.5, Fadda et al. 2008; Tran et al. 2009; Biviano et al. 2011;
Geach et al. 2011; Koyama et al. 2011; Mahajan et al. 2012),
intermediate-z (z ∼ 1, Koyama et al. 2008, 2010; Sobral et al.

Figure 6. Fraction of Hα emitters (the ratio of the number of Hα emitters
to the total number of underlying galaxies in the control sample) corrected
for completeness and contamination in the number of underlying galaxies over
different cosmic environments and for both the Ks-band and the I-band selected
control samples. The error bars are evaluated assuming Poisson statistics. Note
an elevation in the fraction of Hα emitters in filaments relative to clusters and
the field. This trend is not much affected by photometric selection of the control
sample. We also show the average number density of Hα emitters (in units of
arcmin−2) in clusters, filaments, and the field on top of the figure.

(A color version of this figure is available in the online journal.)

2011; Pintos-Castro et al. 2013), and high-z (z � 1.5, Koyama
et al. 2014; Santos et al. 2014).

At z ∼ 1, the closest work to our study in terms of sample se-
lection is that of Sobral et al. (2011) who showed that at z ∼ 0.85,
the fraction of Hα emitters from both COSMOS- and UDS-
HiZELS surveys, when compared to the underlying population
of galaxies at the same redshift, peaks at intermediate environ-
ments, in agreement with our result. Pintos-Castro et al. (2013)
performed a thorough IR study of a super-structure at z ∼ 0.85
and showed that although the average star formation does not
show any clear environmental dependence (see Section 4.2),
the fraction of star-forming galaxies indicates that intermediate
densities are preferred. They showed that the enhancement in
the fraction of star-forming far-IR emitters in medium densities
is seen for both optically red and blue far-IR emitters and also
in different mass-binned samples. This is also consistent with
our results here regarding the enhancement in the fraction of
Hα emitters in filaments, although they used far-IR emitters as
indicators of star-forming galaxies and number density of galax-
ies as a measure of environment. A combined narrow-band Hα
and AKARI mid-IR imaging survey of a z = 0.81 super-structure
by Koyama et al. (2010) revealed that the red Hα emitters and
mid-IR galaxies are more commonly found in medium density
environments such as cluster outskirts, groups, and filaments.
This reinforced the results of a similar study of the same struc-
ture by Koyama et al. (2008), which showed that the fraction of
both red and blue 15 μm selected galaxies is highest in medium
density environments. Both of these studies by Koyama et al.
(2008, 2010) at z ∼ 0.8 agree with our results in this section but
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we note that we are explicitly identifying filamentary structures
as the drivers of such enhancement.

At lower redshift (z � 0.5), there are several studies consistent
with our results. For example, Geach et al. (2011) analyzed a
super-structure at z = 0.55, comprising several dense regions
connected by a filamentary structure, using GALEX NUV
and Spitzer MIPS 24 μm data and showed that although on
average, there is no significant difference between the SFRs of
star-forming galaxies in the super-structure and the randomly
selected field (compare Section 4.2), there are intermediate-
scale regions within the super-structure where the probability of
a galaxy undergoing star formation is enhanced. This increased
probability is analogous to our results here regarding the
elevation in the fraction of star-forming galaxies in filaments.
At z ∼ 0.2, Fadda et al. (2008) discovered two galaxy filaments
associated with a cluster (Abell (1763)) and found that starburst
galaxies preferentially inhabit the two filaments compared to
the cluster core and the outer regions excluding filaments. A
more recent study of the same supercluster by Biviano et al.
(2011) confirmed the previous results, showing that the filament
contains the highest fraction of IR-emitting galaxies. These
agree with our results although they used a different prescription
to identify filaments and a redshift different from our sample.
Studies on galaxy group scales at z ∼ 0.4 by Tran et al. (2009) &
Koyama et al. (2011) also show an overall good agreement with
our results in filaments. Recently, Stroe et al. (2014) found that
the LF of Hα galaxies around the shock-induced radio relics of a
cluster at z ∼ 0.2 is significantly boosted compared to the field.
We argue that such enhancement could be driven by collapsing
filamentary structures when two very massive clusters merge.

The enhancement in the fraction of star-forming galaxies at
intermediate environments is also seen at higher redshifts. For
example, Koyama et al. (2014) showed that for a rich cluster at
z ∼ 1.5, Hα-emitting galaxies are preferentially located in the
cluster outskirts and Santos et al. (2014) found a huge excess of
the star-forming fraction relative to the corresponding passive
fraction in a 1–3 Mpc distance from the center of a massive
cluster compared to the cluster core and the field. Smail et al.
(2014) also found no significant variation in mean SFR with
environment for a structure at z ∼ 1.6—consistent with our
results in Section 4.2—and that the highest density regions
of this structure are devoid of the most actively star-forming
galaxies (far-IR, submillimeter, MIPS, and radio sources),
which instead are preferentially found in intermediate density
environments.

In our study, we used a robust quantitative technique to iden-
tify structures with a special emphasis on filaments as locations
with intermediate environments. Although the techniques used
to identify the structures are different, our results are in close
qualitative agreement with previous studies at different redshifts
that were discussed above. We conclude that star-forming galax-
ies are more commonly found in intermediate density regimes
at least out to z ∼ 1.5, regardless of how they are selected (Hα,
IR, etc.) or how their environments are defined. For this study, it
seems that filaments are likely responsible for this enhancement.

The boost in the star formation activity at intermediate
environments is not confined to only an elevation in the star-
forming fraction. For example, some studies have shown that
the rise in the star formation activity at medium environments
is a result of an increase in the mean SFR of galaxies (e.g.,
Coppin et al. 2012; Porter & Raychaudhury 2007; Porter et al.
2008) or due to an enhancement in both the SFR of galaxies and
their fraction at intermediate density regimes (e.g., Fadda et al.

Table 1
Median SFR (Based on Hα Line), Stellar Mass, and sSFR

in the Cosmic Web at z ∼ 0.8–0.9 for the Hα Sample

Cosmic Structure SFR Stellar Mass sSFR
(M� yr−1) log(M�) log(yr−1)

Cluster 4.47 ± 1.15 10.20 ± 0.24 −9.45 ± 0.22
Filament 4.50 ± 0.73 9.85 ± 0.10 −9.32 ± 0.13
Field 3.58 ± 0.14 10.01 ± 0.06 −9.43 ± 0.04

Note. The errors are estimated by bootstrap resampling from
10,000 trials.

Table 2
Median SFR (form UV Flux), Stellar Mass, and sSFR in the Cosmic Web

at z ∼ 0.8–0.9 for the Star-forming Control Sample

Cosmic Structure SFR Stellar Mass sSFR
(M� yr−1) log(M�) log(yr−1)

Cluster 9.57 ± 1.41 9.76 ± 0.04 −8.81 ± 0.05
Filament 11.13 ± 1.62 9.79 ± 0.06 −8.64 ± 0.05
Field 8.97 ± 0.30 9.68 ± 0.01 −8.67 ± 0.02

Note. The errors are estimated by bootstrap resampling from
10,000 trials.

2008; Sobral et al. 2011). Here, we showed that filaments lead to
an observed enhancement in the star formation fraction. In the
following section, we will investigate whether this enhancement
is a consequence of an increase in the SFR of many galaxies
in filaments or merely due to some galaxies having their star
formation switched on by filaments.

4.2. The SFR and Stellar Mass in the Cosmic Web

We now investigate the observed distribution of SFR, stellar
mass, and specific star formation rate (sSFR) in different
environments. For the star-forming galaxies in the Hα sample,
the median SFR, stellar mass, and sSFR are independent of the
environment (Table 1). The same is true for the underlying
star-forming galaxies in the control sample (Table 2). The
uncertainties in the median values are estimated from 10,000
bootstrap trials.

A comparison between the observed distribution of Hα-based
SFRs in different environments reveals similarities (Figure 7),
showing that the environment does not significantly affect the
SFR of selected star-forming galaxies. The observed distribution
of the stellar mass and the sSFR is also found to be independent
of the environment for the Hα sample (Figure 7). These results
also hold true for the selected star-forming galaxies in the control
sample (Figure 8).

We perform K-S tests to compare distribution of SFRs, stellar
Masses, and sSFRs in different environments and the results are
tabulated in Tables 3 and 4 for both the Hα emitters and the
star-forming galaxies in the control sample. Here, the p-value is
the probability that the two considered distributions are drawn
from the same underlying parent population. It is unlikely that
the observed distributions of SFRs, stellar masses, and sSFRs
in different environments are extracted from different parent
populations, with an evaluated p-value >0.01 in all cases.

The results in this section are consistent with other indepen-
dent studies at different redshifts (Peng et al. 2010; Geach et al.
2011; Wijesinghe et al. 2012; Koyama et al. 2010, 2013a, 2013b,
2014; Feruglio et al. 2010; Ideue et al. 2012; Muzzin et al.
2012; Pintos-Castro et al. 2013; Bouché & Lowenthal 2005;
Grützbauch et al. 2011; Brodwin et al. 2013; Hayashi et al.
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Figure 7. Normalized stellar mass, SFR, and sSFR distribution of Hα emitters
in clusters, filaments, and the field at z ∼ 0.8–0.9. These observed distributions
are similar in different environments. Using the K-S test we show that it is
statistically unlikely that the above-mentioned distributions are drawn from
different parent populations. The K-S test p-value is >0.01 in all cases.

(A color version of this figure is available in the online journal.)

2014; Santos et al. 2014; Smail et al. 2014). Here, we found no
significant evidence that the cosmic web affects the stellar mass,
SFR, and sSFR of the observed star-forming galaxies at z ∼ 1;
a result that might be partially explained by selection biases.

To further investigate this, we study the environmental (fil-
ament, cluster, and field) dependence of the SFR–mass rela-
tion—often known as the “main sequence” of star-forming
galaxies—for the Hα emitting galaxies and the star-forming
galaxies in the control sample. The mean SFR–mass rela-
tion for the Hα sample appears to be independent of the
environment (Figure 9). Using the nonlinear least-squares
Marquardt–Levenberg algorithm, we perform a linear fit
(log(SFR) = alog(Mass) + b) to the log(SFR)–log(Mass) rela-
tion for Hα emitters in filaments, clusters, and the field, sepa-
rately. For clusters and filaments, the slope of the linear fit is
fixed to the slope of the best-fitting line for the field Hα sample.
The slope of the best-fitting line is a = 0.27 ± 0.02 with the in-
tercept being b = −1.99 ± 0.04, −2.04 ± 0.05 and −2.13 ± 0.17
for cluster, filament, and the field Hα emitters, respectively. The

Figure 8. Same as Figure 7 but for star-forming galaxies in the control sample.

(A color version of this figure is available in the online journal.)

intercepts are consistent within the uncertainties. We also eval-
uate the observed scatter around the mean SFR–mass relation in
different environments. The observed scatter for the Hα sample
is found to be �0.2 dex, independent of the environment. It is
worth mentioning that the typical observational uncertainty in
the Hα SFR (Section 2.3.1) is greater than the observed scat-
ter around the mean SFR–mass relation. It is noteworthy that a
slight increase in the median Hα SFR is seen in clusters com-
pared to the field. However, this enhancement is not significant
and is within uncertainties.

In another attempt to quantify the environmental depen-
dence of the SFR–mass relation, we use the generalized two-
dimensional K-S test (Fasano & Franceschini 1987) to deter-
mine the probability that the populations of cluster, filament,
and field Hα emitters on the log(SFR)–log(Mass) plane are
drawn from the same parent distribution. The derived p-value
is 0.09 (cluster versus filament), 0.06 (cluster versus field) and
0.12 (filament versus field), implying that they are unlikely to
be drawn from different parent populations on the log SFR–log
Mass plane (The p-value is >0.01 in all cases).

The environmental independence of the median SFR and the
mean SFR–Mass relation for the Hα star-forming galaxies might

Table 3
Results of the K-S Test for Distributions of Hα SFR, Stellar Mass, and sSFR from the Hα Sample in Different Cosmic Structures

Cosmic Structures p-value p-value p-value
(log SFR distributions) (log Mass distributions) (log sSFR distributions)

Cluster and filament 0.22 0.05 0.22
Cluster and field 0.02 0.08 0.44
Filament and field 0.14 0.24 0.18

Note. The p-values are the probabilities that the two distributions are drawn from the same parent population.

Table 4
Results of the K-S Test for Distributions of UV SFR, Stellar Mass, and sSFR from the Star-forming Galaxies

in the Control Sample in Different Cosmic Structures

Cosmic Structures p-value p-value p-value
(log SFR distributions) (log Mass distributions) (log sSFR distributions)

Cluster and filament 0.62 0.46 0.09
Cluster and field 0.66 0.02 0.03
Filament and field 0.19 0.12 0.44

Note. The p-values are the probabilities that the two distributions are drawn from the same parent population.
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Figure 9. SFR–mass relation for Hα emitters in clusters, filaments, and the field.
The best-fit lines for clusters, filaments, and the field data are displayed with dot-
dash (red), dashed (green), and solid (blue) lines, respectively. The results of the
best-fit parameters are given on the top left corner of the figure. The observed
SFR–mass relation does not depend on the environment. A careful 2D K-S
test also shows that it is statistically unlikely that the 2D log(SFR)–log(Mass)
distributions in clusters, filaments, and the field are drawn from different parent
populations (p-value >0.01). The black solid line also shows the Hα selection
limit. Note the large envelope of galaxies near the selection limit.

(A color version of this figure is available in the online journal.)

be effected by the selection biases in the data. In other words,
the median SFR of star-forming galaxies might be intrinsically
different in different environments but due to selection effects,
this difference does not mirror itself into the observed median
SFR and/or the mean SFR–Mass relation.

Since the Hα selected sample is flux limited (i.e., SFR lim-
ited), the SFR–mass relation could be entirely driven by the
fixed Hα SFR limit, the shape of the Hα luminosity function
and the mass-dependent dust correction we use in this work.
Due to the shape of the luminosity function and the SFR limit
of the Hα sample (∼1.5 M� yr−1), the majority of galaxies tend
to crowd near the selection limit which defines a relatively nar-
row horizontal strip in the SFR–mass plane. A mass-dependent
dust correction to the Hα sample then introduces a slope in the
relation. Since these selection biases apply equally to all envi-
ronments, this leads all environments to give the same results.

In order to check this, we perform a simulation. We select
a mock sample of galaxies with the stellar mass randomly
drawn from 9 < log(M/M�) < 11 and the SFR randomly drawn
from the Hα luminosity function based on the HiZELS sur-
vey (L∗ = 42.25 erg s−1, α = −1.56). We emphasize that in ran-
domly selecting these galaxies, no assumption about an intrinsic
correlation between SFR and stellar mass is made. We dust-
redden the sample using the mass-dependent dust correction
equation used in this work (Section 2.3) and apply the HiZELS
Hα SFR limit (1.5 M� yr−1) to mimic the observational selec-
tion of the HiZELS survey. We later undo the dust extinction
on the galaxies that passed the SFR selection limit. Figure 10
(blue symbols) shows the SFR–mass relation for these simulated
galaxies considering the selection effects. This resembles what
we observe in Figure 9, despite the fact that we initially intro-
duced no intrinsic relation between SFR and stellar mass a priori.
The slope of the SFR–mass relation for these simulated galaxies
is a = 0.22 ± 0.02, similar to that of Figure 9, within errors.

Figure 10. Hα SFR–mass relation for two sets of simulations. These simulations
are subjected to the observational selection biases of the Hα star-forming sample.
The intrinsic SFR of galaxies for simulation # 2 (red symbols) is twice that of
simulation # 1 (blue symbols). Despite the intrinsic difference between the
SFRs of galaxies in these simulations, their SFR–mass relation is almost the
same within statistical uncertainties.

(A color version of this figure is available in the online journal.)

To further investigate the selection effects on the results,
we double the intrinsic SFR of every galaxy and assume that
they happen to be located in filaments. This means that more
galaxies will pass the Hα selection limit due to the shape
of the luminosity function. The fraction of galaxies that now
pass the selection limit is increased by a factor of ∼2.2 (see
Figure 6). However, the median SFR and the mean SFR–mass
relation do not change significantly. Figure 10 (red symbols)
shows the SFR–mass relation for the new simulated galaxies
(in filaments) with twice the intrinsic SFR. This SFR–mass
relation looks similar to that of the blue symbols although
the intrinsic SFR of each individual galaxy is doubled. The
median SFR for detected galaxies is only slightly increased
from 5.30 ± 0.22 to 5.91 ± 0.19. The slope and intercept values
are now a = 0.22 ± 0.02 and b = −1.38 ± 0.17, respectively, and
remain almost the same within uncertainties (these values are
a = 0.22 ± 0.02 and b =−1.36 ± 0.20 for blue symbols).

We conclude that the environmental invariance of the median
SFR and the mean SFR–mass relation for the Hα star-forming
galaxies is partly due to selection biases. In other words, the
intrinsic SFR of star-forming galaxies might be a function of
the environment but is not completely seen in the observed
SFR–mass relation or the median SFR due to selection effects.
The intrinsic enhancement of SFR of Hα emitters in filaments,
together with the selection biases, has the same effect of
elevating the observed fraction of Hα star-forming galaxies in
filaments (results in Section 4.1), while leaving the observed
median SFR and the mean SFR–Mass relation almost intact.
Therefore, from the Hα sample alone, the selection biases are
sufficiently strong that we cannot conclude whether it is the
average SFR of all galaxies that increases in filaments or whether
some galaxies have their star formation switched on by filaments
that lead to an enhancement in the star-forming fraction.

We find similar results for the SFR–mass relation based on
the rest-frame NUV − r+ versus r+ − J selected star-forming
galaxies in the control sample (Figure 11); i.e., the mean
SFR–mass relation for selected star-forming galaxies in the
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Figure 11. Same as Figure 9 but for star-forming galaxies in the control sample.

(A color version of this figure is available in the online journal.)

control sample is found to be independent of the environment.
As explained in Section 2.3.2, the SFR of the control sample
is based on the UV continuum and IR flux (where available).
A linear fit to the logSFR–LogMass data results in a slope of
a = 0.46 ± 0.02 and intercepts b = −3.52 ± 0.04, −3.45 ± 0.04
and −3.50 ± 0.18 for cluster, filament, and field star-forming
galaxies in the control sample, respectively (the slope is fixed to
that for the field sample). We evaluate the intrinsic scatter around
the mean SFR–mass relation in different environments after
subtracting in quadrature the typical observational uncertainty
in SFR (Section 2.3.2) from the observed scatter. The intrinsic
scatter for the star-forming galaxies in the control sample is
∼0.4 dex, regardless of the environment. Also, similar to the
results from the Hα sample, the 2D K-S test exhibits that the
environmental discrepancies are insignificant, with p = 0.43,
0.05, and 0.11 for cluster and filament, cluster and field, and
filament and field, respectively.

We stress that the estimated SFRs for the Hα emitters and
the underlying star-forming galaxies have different origins,
calculated based on different recipes and are based on different
diagnostics. We apply the K-S test to the distribution of log(Hα
SFR/UV SFR) for the Hα emitters with available UV SFR in
three different environments. The K-S test p-value is p = 0.59,
0.12, and 0.53 for cluster and filament, cluster and field, and
filament and field, respectively, indicating that the result is
insensitive to the SFR estimators used in this analysis. We
emphasize that our main purpose here was to investigate whether
the environment affects the SF activity in star-forming galaxies
and not to compare different SFR diagnostics.

Similar to the Hα selected sample, the results based on the
star-forming galaxies in the control sample are not completely
free from selection biases. It is more difficult to model the effect
of the selection bias for the star-forming galaxies in the control
sample. However, they might be affected by similar potential
biases. The selection of these star-forming galaxies is based
on some color–color cuts and if their SFRs were to increase,
then some galaxies that did not initially pass the color selection
criteria would now do so, probably leading to the same bias.

The environmental independence of the SFR–Mass relation
for the Hα sample, as well as the star-forming galaxies in the
control sample, is in agreement with previous studies at low-z
(z � 0.5, Peng et al. 2010; Biviano et al. 2011; Wijesinghe et al.

2012; Koyama et al. 2013b; Lin et al. 2014), intermediate-z
(z ∼ 1, Koyama et al. 2010; Peng et al. 2010; Ideue et al. 2012;
Muzzin et al. 2012; Koyama et al. 2013b; Lin et al. 2014), and
high-z (z � 1.5, Hayashi et al. 2011; Grützbauch et al. 2011;
Koyama et al. 2013b, 2014).

These studies cover a wide redshift range (0.05 � z � 3) with
their galaxy samples selected differently from a variety of sur-
veys (SDSS, COSMOS, zCOSMOS, GAMA, GCLASS, Pan-
STARRS1, GOODS-NICMOS and some specifically targeted
structures). They have used different proxies for the definition of
environment (the majority of them are based on the local number
density of galaxies) and the SFR was estimated with different
indicators. This includes dust-corrected Hα-based SFR (Peng
et al. 2010; Koyama et al. 2010, 2013b, 2014), [O ii] λ3727
(Hayashi et al. 2011; Ideue et al. 2012; Muzzin et al. 2012), to-
tal IR luminosity (Biviano et al. 2011), extinction-corrected Hα
EW (Wijesinghe et al. 2012), SED template-fitting (Peng et al.
2010), rest-frame UV flux (Grützbauch et al. 2011) and rest-
frame U and B magnitudes (Lin et al. 2014). They all have shown
that for star-forming galaxies, the SFR–mass or sSFR–mass re-
lation is almost independent of the environment, consistent with
our results.

We found that the SFR–mass relation for star-forming galax-
ies does not depend on the environment, regardless of the meth-
ods used to define environment or to estimate SFR. However,
it is important to note that the environmental independence of
the SFR–mass relation, as seen in this work and some similar
studies, might be partially due to selection effects.

5. DISCUSSION

We have shown that the fraction of star-forming galaxies
varies with environment and is enhanced in filamentary struc-
tures. We have also shown that the observed properties of the
star-forming galaxies (such as their SFR–mass relation) are in-
dependent of the cosmic web. However, due to selection biases
in the current data, we are unable to discriminate between two
scenarios: (1) the observed enhancement in the fraction of star-
forming galaxies in filaments is the result of an elevation in the
SFR of star-forming galaxies and (2) there is a real intrinsic
enhancement of star-forming galaxies in filaments with respect
to clusters and the field.

It is possible to disentangle these two scenarios with a signif-
icantly deeper (and/or wider) Hα sample. This would equip us
with a mass-dependent luminosity function and a significantly
broader range of intrinsic SFRs in different environments. In-
deed, a deeper/wider sample would introduce less selection
biases in the results.

The enhancement of star formation activity in filaments
compared to denser regions like clusters could be attributed
to a milder galaxy–galaxy harassment and interaction (Lavery
& Henry 1988; Moore et al. 1996; see also Coppin et al.
2012) in the former. The environment of filaments is not hot
compared to clusters (the typical temperature of filaments is
∼105–107 K, e.g., see Cen & Ostriker 2006; Werner et al.
2008; Zappacosta et al. 2002; Nicastro et al. 2005). Therefore,
galaxies in filaments can still hold their gas content to form stars.
Ram-pressure stripping (Gunn & Gott 1972; Abadi et al. 1999)
is practically not effective in suppressing the star formation
in filaments compared to clusters, given the fact that (1) the
IGM within filaments is less dense, (2) galaxies in filaments,
on average, have a smaller velocity dispersion with respect
to the background gaseous medium, and (3) the timescale of
SF events in galaxies is shorter than the effective timescale
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for ram-pressure stripping (∼Gyr). Notice, however, that this
argument depends on the galaxy mass. In dwarf galaxies, their
shallow potential wells can provide a relatively small restoring
force from the ram-pressure force of the IGM in filaments, with
the end result of significant gas stripping in low mass galaxies
due to the cosmic web at typical gas densities and velocities
(e.g., Benı́tez-Llambay et al. 2013). Instead, for galaxies in the
mass range studied here, the restoring force of the dark matter
halo + baryons can be more than three orders of magnitude
larger than the inner regions of dwarfs, making ram-pressure
stripping from filaments largely inefficient.

Another possibility for the enhancement in the fraction of star-
forming galaxies in filaments might be due to a more efficient
gas accretion rate in filamentary structures. A more efficient gas
accretion rate in filaments is able to increase the availability
of cold gas for galaxies which, in turn, enhances the intrinsic
SFR of galaxies in filaments and would affect their SFR–mass
relation. However, if the selection biases turned out to be a
minor issue and the SFR–mass relation was indeed independent
of the environment, the gas accretion rate, as the main driver
of the SFR–mass relation (Dutton et al. 2010), would become
independent of the environment and could not possibly account
for the increased fraction of star-forming galaxies in filaments.

As galaxies move along filaments toward the central region
of galaxy clusters, it is likely that a fraction of them survive their
passage through the cluster core and are flung back out into less
dense filamentary structures. It is unlikely that these backsplash
galaxies (Gill et al. 2005; Pimbblet 2011) significantly influence
our results. Since these systems have already entered the cluster
environment, their star formation was likely truncated due to ram
pressure stripping and the gravitational tidal field of the cluster
well before they returned to filaments. Moreover, backsplash
galaxies become important within ∼1–2 virial radii of clusters
(Pimbblet 2011; Mamon et al. 2004), a region that does not
cover a significant portion of the filaments in this study.

Here, we argue that the higher number density of galaxies
in filaments compared to the field and their lower velocity dis-
persion compared to those in clusters, increase the chance of
gravitational interaction between galaxies, which, in turn, re-
sults in a higher chance of star-forming galaxies to be found
in filaments (and/or a higher SF activity in filaments). Our
results are consistent with a physical process that might be
related to mild galaxy–galaxy interactions, as numerical simu-
lations have shown that interactions can trigger star formation
due to tides and compression of the gas (e.g., Barnes 1991;
Springel 2000; Cox et al. 2008). The scenario proposed here
could induce several other observational signatures, such as a
larger fraction of irregular morphologies, close galaxy pairs, and
AGNs (interaction-induced) associated with filaments than in
clusters/field.

To further support this idea, we investigated the morphology
of the Hα sample using the available ZEST catalog (Scarlata
et al. 2007). Interestingly, we find that the fraction of irreg-
ular morphologies is higher in filaments compared to that of
clusters and the field. The fraction of irregular Hα emitters
is 32% ± 12%, 8% ± 5%, and 19% ± 2% in filaments, clusters
and the field, respectively (see also Sobral et al. 2009 for an
overall number of irregulars). However, we mention that the
uncertainties in the fraction of irregular Hα emitters is rela-
tively large and we need larger number statistics to robustly
constrain it. Another piece of evidence arises from the fraction of
galaxy pairs in different environments. We find that the fraction
of close galaxy pairs (projected distance < 20 Kpc) in the con-

trol sample is 7.7% ± 2.2%, 5.4% ± 1.4%, and 2.7% ± 0.3%
in filaments, clusters, and the field, respectively, higher in fil-
aments and clusters compared to the field. We also inspected
the fraction of AGNs in different environments but due to very
small number statistics, we cannot make any conclusions with
the AGNs. We mention that all of the above-mentioned obser-
vational signatures can be constrained vigorously with a larger
sample, a possibility that we would like to explore in the near
future.

6. CONCLUSIONS

1. Our results improve previous studies based on intermedi-
ate environments and agree quantitatively and qualitatively
with them, but show that what are often called “intermedi-
ate” densities and/or “group” environments are likely to be
filaments.

2. Our results show that the observed fraction of star-forming
galaxies is enhanced in filaments, relative to the field and
cluster environments at z ∼ 0.8–0.9. This enhancement in
the fraction of star-forming galaxies in filaments is either
intrinsic and/or due to a boost in the SFR of star-forming
galaxies in filaments when combined with the selection
biases. A possible physical interpretation for this trend is
mild galaxy–galaxy interactions.

3. We also find that—in agreement with other studies—the
observed SFR–mass relation and its intrinsic scatter, me-
dian SFR, stellar mass, and sSFR is mostly independent of
environment for selected Hα emitters and underlying star-
forming galaxies at z ∼ 0.8–0.9. However, we mention that
the environmental independence of the median SFR and the
SFR–mass relation for star-forming galaxies is affected by
the selection biases, i.e., the intrinsic SFR of star-forming
galaxies might vary with environment without being ob-
served in the median values or the SFR–mass relation, as a
result of selection effects. Indeed, if the environmental in-
variance of SFR–mass relation turns out to be real (and not
much affected by the selection biases), this means that the
environment is most relevant to set the star-forming frac-
tion, or to determine if a galaxy is actively forming stars or
not (but when it forms stars, on average, it lies on the same
relation across environments). This implies that the physical
processes involved in triggering/quenching star-formation
should act on a relatively short timescale (assuming the
SFR–mass relation is actually independent of environment
and not much affected by selection biases).

4. Since our analysis is limited to a narrow redshift slice
(Δz = 0.03, equivalent to a comoving radial length of
∼80 Mpc at z ∼ 0.84), we discriminate against filaments
oriented radially and we miss possible sub-structures along
the line of sight. However, this is a limitation to all
other similar photo-z-based studies. A better understanding
of the geometry of structures can be achieved by 3D
reconstruction of them using a large spectroscopic sample.
We plan to further investigate this analysis using large
spectroscopic data taken for this structure, combined with
the spectra available from the literature. We mention that
this analysis can be repeated to look for time evolution by
applying it to the whole COSMOS field out to z ∼ 3 (in
preparation).
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