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ABSTRACT

We study the physical properties of a spectroscopic sample of 28 star-forming galaxies in a large
filamentary structure in the COSMOS field at z ∼0.53, with spectroscopic data taken with the
Keck/DEIMOS spectrograph, and compare them with a control sample of 30 field galaxies. We
spectroscopically confirm the presence of a large galaxy filament (∼ 8 Mpc), along which five con-
firmed X-ray groups exist. We show that within the uncertainties, the ionization parameter, equivalent
width (EW), EW versus specific star-formation rate (sSFR) relation, EW versus stellar mass relation,
line-of-sight velocity dispersion, dynamical mass, and stellar-to-dynamical mass ratio are similar for
filament and field star-forming galaxies. However, we show that on average, filament star-forming
galaxies are more metal-enriched (∼ 0.1−0.15 dex), possibly due to the inflow of the already enriched
intrafilamentary gas into filament galaxies. Moreover, we show that electron densities are significantly
lower (a factor of ∼17) in filament star-forming systems compared to those in the field, possibly be-
cause of a longer star-formation timescale for filament star-forming galaxies. Our results highlight
the potential pre-processing role of galaxy filaments and intermediate-density environments on the
evolution of galaxies, which has been highly underestimated.

Subject headings: galaxies: evolution — galaxies: abundances — galaxies: starburst — galaxies:
fundamental parameters — large-scale structure of universe

1. INTRODUCTION

Metal enrichment in galaxies is one of the most
important aspects of galaxy evolution as it incorpo-
rates the fundamental quantities affecting their evolu-
tion such as inflows of cold gas, feedback processes
and outflows (stellar winds, supernovae and AGN ac-
tivity), stellar mass, gas fraction, star-formation rate
(SFR), and environment. A relatively tight cor-
relation between metallicity and stellar mass (the
mass-metallicity relation) has been investigated, with
a redshift evolution reflecting the metal enrichment
of galaxies over cosmic time (Tremonti et al. 2004;
Erb et al. 2006; Maiolino et al. 2008; Xia et al. 2012;
Foster et al. 2012; Sánchez et al. 2013; Henry et al. 2013;
Zahid et al. 2013; Yabe et al. 2014; Steidel et al. 2014;
Masters et al. 2014; Sanders et al. 2015b; Maier et al.
2015). It has been shown that this mass-metallicity
relation originates from a more fundamental mass,
metallicity, SFR relation (the fundamental metallic-
ity relation), forming a tight surface in this 3D
space (Mannucci et al. 2010; Lara-López et al. 2013a;
Stott et al. 2013; Bothwell et al. 2013; Maier et al. 2014;
Nakajima & Ouchi 2014; de los Reyes et al. 2015). The
mass-metallicity evolution is therefore attributed mostly
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to the selection of galaxies with higher SFRs at higher
redshifts (Mannucci et al. 2010). Simulations and phys-
ical models suggest that the metal content of galaxies
is the result of a balance between inflows and outflows
set by the mass outflow rate, whereas the gas content is
regulated by the gas inflow rate and the gas consump-
tion timescale within the galaxy, governed by the star-
formation law (Davé et al. 2011; Lilly et al. 2013).
Several studies have scrutinized the potential role of

environment in the evolution of the mass-metallicity
relation, showing that environment has a second-
order, insignificant effect in the mass-metallicity re-
lation, with the majority of studies indicating a
slight metallicity enhancement in denser environments
(Mouhcine et al. 2007; Cooper et al. 2008; Ellison et al.
2009; Hughes et al. 2013; Sobral et al. 2013; Kulas et al.
2013; Shimakawa et al. 2015; Kacprzak et al. 2015;
Sobral et al. 2015b; Valentino et al. 2015). However,
these studies focus mostly on the cluster versus field as
two extreme regions in the distribution of galaxies or
rely on the local number density of galaxies as a proxy
for their environment. The distribution of galaxies is
not just limited to clusters and the field as they natu-
rally belong to the complex network of the cosmic web,
comprising clusters, groups, filaments, walls, and voids.
Using local number density of galaxies as a probe of their
environment has its own drawbacks as well. For exam-
ple, regions with similar local densities such as galaxy
groups, the outskirts of clusters, and galaxy filaments
might host different physical processes. As an example
of complexities that may arise by focusing only on clus-
ters or local densities, Ellison et al. (2009) have shown
that cluster galaxies are on average more metal enriched
than the field, but this enhancement is primarily driven
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by local overdensity of galaxies and not merely cluster
membership. Therefore, a better understanding of the
evolution of galaxies can be achieved by considering a
broader range of environments, e.g., by including galaxy
filaments in studies.
Filamentary structures are among the most interesting

objects in astronomy. On galactic and circumgalactic
scales, galaxies are primarily cold-gas fed through
narrow filamentary streams as shown in simulations
(Dekel et al. 2009b). Recent observations are start-
ing to reveal the existence of such feeding filaments
(Cantalupo et al. 2014; Martin et al. 2014b,a, 2015),
with sizes up to a few hundred kpc, possibly leading to
star-formation in star-forming and post-starburst galax-
ies (Lilly et al. 2013; Nayyeri et al. 2014; Schaye et al.
2015). The smooth versus clumpy nature of these fila-
mentary streams has a significant effect on the formation
and evolution of disk- and bulge-dominated galaxies
(Dekel et al. 2009b,a). Optical emission line filaments
with typical sizes of a few tens of kpc are observed in
many cooling flow galaxy clusters, often extending from
the central brightest cluster galaxy that is accreting the
cooling gas (Ford & Butcher 1979; Cowie et al. 1983;
Hu et al. 1985; Heckman et al. 1989; Crawford et al.
1999; McDonald & Veilleux 2009; McDonald et al. 2010,
2011). On larger scales (a few to several Mpc), filaments
make the backbone of the cosmic web of galaxies
(Bond et al. 1996), linking clusters, groups, and denser
regions in the density field. Although they are expected
to occupy . 10% of the volume of the cosmic web, sim-
ulations have shown that galaxy filaments contain most
of the mass in the universe (∼ 40%, Aragón-Calvo et al.
2010) and host a significant fraction of baryons in the
form of a warm-hot intergalactic medium gas in the
temperature range 105-107 K (Cen & Ostriker 1999;
Davé et al. 2001; Cen & Ostriker 2006; Davé et al. 2010;
Klar & Mücket 2012). Filaments are seen in the optical
wavelengths as the large-scale thread-like concentration
of galaxies (e.g., Pimbblet et al. 2004; Scoville et al.
2007a; Kovač et al. 2010; Guzzo & The Vipers Team
2013; Scoville et al. 2013; Alpaslan et al. 2014;
Tempel et al. 2014; Darvish et al. 2014, 2015), in X-ray
as a warm-hot gas in emission and absorption (e.g.,
Scharf et al. 2000; Zappacosta et al. 2002; Kaastra et al.
2003; Finoguenov et al. 2003; Nicastro et al.
2005a,b; Werner et al. 2008; Danforth et al. 2010;
Zappacosta et al. 2010; Nicastro et al. 2010), in
the infrared as possible sites of enhanced star-
formation activity, linking clusters (e.g., Koyama et al.
2008; Biviano et al. 2011; Coppin et al. 2012;
Pintos-Castro et al. 2013), and in the weak-lensing
studies as a bridging distribution of dark matter,
connecting galaxy clusters (e.g., Jauzac et al. 2012;
Dietrich et al. 2012; Higuchi et al. 2015).
Despite the significant importance of filaments, their

observational aspect is still poorly investigated or of-
ten ignored (see e.g., Kodama et al. 2001; Ebeling et al.
2004 for some earlier studies on filaments). Nev-
ertheless, the limited number of studies in this
field has already highlighted the importance of fil-
aments as regions with an enhanced fraction of
star forming galaxies and/or star-formation activ-
ity (Porter & Raychaudhury 2007; Porter et al. 2008;
Koyama et al. 2008; Fadda et al. 2008; Biviano et al.

2011; Coppin et al. 2012; Pintos-Castro et al. 2013;
Darvish et al. 2014). There are also some systematic
surveys/works trying to expand galaxy evolution stud-
ies beyond the cluster realm by probing the much larger
scale structures (of the order of ∼ 10 Mpc and be-
yond) around massive galaxy cluster candidates (see e.g.,
Kodama et al. 2005; Kartaltepe et al. 2008; Lubin et al.
2009; Sobral et al. 2011). In an attempt to study the role
of filaments in galaxy evolution, Darvish et al. (2014)
investigated the star-formation activity in a large-scale
structure (LSS, ∼ 10 × 15 Mpc) at z ∼0.84 in the
COSMOS field (Scoville et al. 2007b) by identifying a
prominent filamentary structure, traced by the distri-
bution of narrow-band selected Hα star-forming galax-
ies (Sobral et al. 2011). They showed that although,
on average, the SFR, SFR−mass relation, and specific
star-formation rate for star-forming galaxies show similar
trends in different environments, the fraction of Hα emit-
ting galaxies is enhanced in filaments compared to clus-
ters and the field, possibly due to mild galaxy−galaxy
interactions. However, a thorough grasp of the role of fil-
aments in galaxy evolution can only be obtained through
a detailed spectroscopic study of galaxies in different en-
vironments including filaments (see e.g., Tanaka et al.
2007, 2009).
In this paper, we focus on the spectroscopic study of

galaxies in a significantly large filament (∼ 8 Mpc) at
z ∼0.53 in the COSMOS field and compare it with a
control sample of field galaxies at the same redshift. We
will investigate the physical properties of galaxies such as
electron density, metallicity, ionization parameter, equiv-
alent width (EW), velocity dispersion, and dynamical
mass in these two environments and scrutinize possible
differences.
The format of this paper is as follows. In Section 2, we

briefly describe the methods used to extract the LSS and
the filament. Section 3 deals with the spectroscopic ob-
servations. Section 4 presents the star-forming emission-
line galaxies selected for the spectroscopic analysis. Our
results are given in Section 5 and discussed in Section 6.
We provide a summary of the results in Section 7.
Throughout this work, we assume a flat ΛCDM cosmol-

ogy with H0=70 kms−1 Mpc−1, Ωm=0.3 and ΩΛ=0.7.
All magnitudes are expressed in the AB system and stel-
lar masses and star formation rates are given assuming
a Chabrier IMF (Chabrier 2003).

2. MOTIVATION AND THE LSS EXTRACTION

We use the density field estimation of Darvish et al.
(2015) in the COSMOS field (Scoville et al. 2007b)
to search for large overdensities of galaxies that have
a filamentary morphology. The surface density field
was estimated in narrow z-slices, using a Ks < 24
(McCracken et al. 2012) sample of galaxies with accurate
photometric redshifts (photo-z uncertainty ∆z .0.01 at
z ∼0.5, Ilbert et al. 2013), with the aid of the robust
weighted adaptive kernel density estimator. The photo-
z probability distribution function (PDF) of individual
galaxies were carefully incorporated into the density field
estimation in order to minimize the projection effect. At
z ∼0.53, we find a filament-like, significant overdensity
of galaxies. Figure 1(a), shows the estimated density
field in the COSMOS field at z ∼0.52-0.54. A large-scale
structure with a thread-like morphology is evidently seen
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Fig. 1.— (a): Significance map of the density field in the COSMOS at z=0.52−0.54, estimated via the weighted adaptive kernel density
estimator explained in Darvish et al. (2015). A large-scale structure (∼ 8 Mpc) with a filament-like morphology is clearly seen in the
lower left. There are at least five confirmed X-ray groups (Finoguenov et al. 2007; George et al. 2011) lying along, or in the vicinity of
this filamentary structure (white crosses). Black dashed regions show the approximate position of filament and field masks, designed for
spectroscopy (Section 3.2). (b): Filamentary signal map, constructed using the MMF algorithm (Aragón-Calvo et al. 2007; Darvish et al.
2014) at z=0.52−0.54, reveals a large filamentary signal values (> 0.5) in the region covering the LSS, further supporting the reality of the
filament. (c): A close-up view of the significance map, showing the filamentary LSS, the approximate position of the filament mask, and the
projected position of the filament star-forming, emission-line galaxies (white squares) selected for our spectroscopic study (Section 4). Note
that some galaxies on the filament mask are selected as the field sources (white circles) as their spectroscopic redshift is outside the redshift
range selected for the filament membership (Section 4). (d): A close-up view of the significance map, showing the approximate position
of the field mask, and the projected position of the field star-forming, emission-line galaxies (white circles) selected for our spectroscopic
study (Section 4).
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in the lower left side of Figure 1(a), with a significance
of σ ∼8−18 6. The same structure can also be seen in
the density maps produced by Scoville et al. (2013) at
z ∼0.53.
To further investigate the reality of this structure,

we used the 2D version of the Multi-Scale Morphol-
ogy Filter (MMF) algorithm (Aragón-Calvo et al. 2007;
Darvish et al. 2014), which is able to disentangle the cos-
mic web into its components such as filaments and clus-
ters. This algorithm describes the local geometry of each
point in the density field based on the signs and the ra-
tio of eigenvalues of the Hessian matrix (second order
derivative of the density field). For example, if the local
geometry of a point resembles a thread-like structure,
this algorithm results in a large filamentary signal for
the point. The filamentary signal value (a value between
0 and 1) shows the degree of resemblance to a filament,
with higher values indicating more resemblance. We ap-
ply the MMF algorithm to our density field at z ∼0.53,
which results in large filamentary signal values (> 0.5)
in the region covering the LSS (Figure 1(b)).
The reality of this filamentary structure is further sup-

ported by the X-ray group catalogs of Finoguenov et al.
(2007) and George et al. (2011) in the COSMOS field.
There are at least five confirmed intermediate-density X-
ray groups lying along, or in the proximity of this fil-
amentary structure (white crosses in Figures 1(a) and
1(c)), in agreement with the expectations from the cos-
mic web simulations that galaxy groups/clusters are con-
nected through the network of filaments (Bond et al.
1996). The X-ray groups are in the redshift range
δz=0.527−0.530, with virial masses M200=1.8−4.6×1013

M⊙ (George et al. 2011). This filamentary structure has
a physical length of ∼ 8 Mpc and it might be even longer
as it is located near the edge of the COSMOS field. Ac-
cording to simulations (Aragón-Calvo et al. 2010), such
long filaments have < 10% chance of being found in the
density field, making them unique targets for the studies
of the cosmic web and the LSS.

3. SPECTROSCOPIC OBSERVATIONS

3.1. Target Selection for Spectroscopy

In selecting the sources for spectroscopy, we define two
samples. The first sample comprises the potential fila-
ment members and the second is a control sample of field
galaxies at the same redshift. The main filament targets
are selected to be in the vicinity of the filament, brighter
than i+ < 22.5 and to have > 50% of their photo-z PDF
lying within the redshift slice ∆z ∼0.52−0.54 centered
at z=0.53. The width of the redshift slice is ∼2 times
the median photo-z uncertainty at z ∼0.5. The main
field targets are selected similarly to those in the fila-
ment, except that they are located in a random point
in the COSMOS field with no sign of overdensities. We
also consider fillers as we design multi-object masks for
spectroscopy. The filler sources on the filament mask are
selected to be in the vicinity of the filament, brighter than
i+ < 22.5, with their photo-z in the range ∆z=0.41−0.52
or ∆z=0.54−0.65. The filler sources on the field mask
are chosen in a similar way as that of the filament fillers

6 Significance is defined as σ=(Σ − Σbg)/σbg , where Σ is the
estimated surface density, Σbg is the mean surface density, and σbg

is the standard deviation around the mean surface density values.

except that they are located in the random position of
the field mask. In selecting the sources (main targets
and fillers, in filament and the field), we discard those
flagged as potential AGN, based on the publicly avail-
able catalog of AGN candidates in the COSMOS field
(Trump et al. 2007). Therefore, we expect little to no
AGN contamination.

3.2. Observational Strategy

Spectroscopic observations were made on 28 and 29
December 2014 with the DEIMOS spectrograph on the
Keck II telescope under clear conditions. We used a
600 line/mm diffraction grating (0.65 Å/px dipersion)
with a spectral span of ∼5300 Å and a GG455 order
blocking filter. Slit width is set to 0.75” for all sources.
We select the central wavelength of λc=7200 Å which
gives us an observed wavelength coverage ∼4550−9850
Å. Since the majority of the targets are expected to be
at z ∼0.53, we achieve the rest-frame wavelength cov-
erage ∼3000−6400 Å, given that all the slits are lo-
cated at the center of the mask. This enables us to
cover major spectroscopic features that can be poten-
tially used to estimate SFR (e.g. [OII]λ3727, Hβ), metal-
licity ([OII]λ3727, [OIII]λ4959, [OIII]λ5007, Hβ), elec-
tron density ([OII]λλ3726,3729 doublet), and ionization
parameter ([OII]λ3727, [OIII]λλ4959,5007) for the main
targets. We designed two masks, one containing the fil-
ament targets and fillers and the other containing the
control sample of field galaxies (targets and fillers). The
masks were designed in such a manner to maximize the
number of main targets (Black dashed regions in Figure
1).
The filament mask consisted of 52 main targets and 46

fillers and the field mask contained 17 main sources and
50 fillers 7. The filament mask was observed on Decem-
ber 28 for 5.4 ks exposure time (4 individual exposures
of 1.2 ks and one exposure of 0.6 ks), with the midpoint
airmass of ∼1.1 and an average seeing of ∼0.5”. We ob-
served the field mask on December 29 for ∼2.8 ks total
exposure time, with the midpoint airmass of ∼1.05 and
an average seeing of ∼0.7”. We note that after the spec-
troscopic redshift extraction, some fillers may turn out
to be filament members or some fillers might be used as
field galaxies. We will use these extra possible sources to
increase the sample size for our analysis. Table 1 sum-
marizes the observing log.

3.3. Data Reduction and Calibration

In order to reduce the DEIMOS data, we use
the spec2d package (Cooper et al. 2012; Newman et al.
2013). The reduction process involves flat fielding, cos-
mic ray removal, sky subtraction and wavelength calibra-
tion on a slit-by-slit basis. We used standard Kr, Xe, Ar,
and Ne arc lamps for wavelength calibration. No dither-
ing pattern was used for sky subtraction. The pipeline
also extracts the 1D spectrum from the reduced 2D one
per slit using the extraction algorithm of Horne (1986),
which relies on the sum of fluxes at each wavelength in

7 There is also one Lyman-α candidate in the filament and one
in the field mask. The spectroscopic confirmation and analysis of
these Lyman-α targets are presented in Matthee et al. (2015) and
Sobral et al. (2015a).
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TABLE 1
Observing Log and Spectroscopic Mask Properties

Mask Name Date R.A. Dec. Position Angle Exp. Time Number of Sources
J2000 J2000 deg ks

Filament 28 Dec. 2014 10:00:59.36 +1:47:04.4 −42.0 5.4 52 targets, 46 fillers

Field 29 Dec. 2014 10:01:35.78 +2:32:08.0 +27.0 2.8 17 targets, 50 fillers
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Fig. 2.— Some examples of the observed spectra, including quiescent and star-forming galaxies, in the filament and the field masks in
the wavelength range 5400−8500 Å. The labels show the extracted redshift of the samples. Note the quality (high S/N) of the spectra.

an optimised window around the 2D spectrum. We flux-
calibrate the 1D spectra using the standard stars Feige34
and Hz44. The half-light radius of the sources is in the
range ∼0.2−0.9”. Therefore, we lose some flux at the
0.75” slit width due to the larger angular size of some
of the sources and primarily, due to the seeing. We cor-
rect the flux-calibrated spectrum of each source (for the
slit-loss) by scaling it with the observed photometry of
the source. This is performed by integrating the spec-
tra over the Subaru filter response profiles in broad (r
and i+), intermediate (IB574, IB624, IB679, IB709,
IB738, IB767 and IB827), and narrow (NB711 and
NB816) band filters and finding the required slit-loss
correction term at each waveband. The median (esti-
mated with the Hodges−Lehmann estimator) of the slit-
loss correction scaling terms at these bands for each in-
dividual source is used as its slit-loss correction term.

Subaru multi-waveband magnitudes are extracted from
the publicly available optical catalog of the COSMOS
field (Capak et al. 2007). Figure 2 shows examples of
selected spectra in the filament and the field.

3.4. Spectroscopic completeness

The overall spectroscopic completeness for the main
targets in the filamentary structure and the field are
∼74% and ∼77%, respectively. The spectroscopic com-
pleteness varies slightly with magnitude. For the main
targets with i+ ≤21.5, we obtain a spectroscopic com-
pleteness of ∼76% (filament) and ∼73% (field). At
i+ >21.5, the spectroscopic completeness becomes ∼72%
(filament) and ∼82% (field). We obtain a spectroscopic
success rate of ∼94% (89% for fillers) and 100% for the
main targets in the filament and the field, respectively.
The spectroscopic sampling rate is generally a function
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of the 2D angular coordinates (over the DEIMOS field of
view). However, due to the small sample size, we do not
try to quantify it. We note that it is relatively uniform
over the filament and the field regions.

3.5. Filament Spectroscopic Confirmation

We visually extract the spectroscopic redshifts using
the SpecPro code (Masters & Capak 2011). The main
filament targets yield spectroscopic redshifts in the range
zspec=0.5067-0.5582 with a very sharp peak at z ∼0.53
(see Figure 3). The filament fillers are spread in the
range zspec=0.4085−0.7797. Figure 3 shows the spectro-
scopic redshift distribution in the range 0.50≤ z ≤0.59
for all the sources (main targets and fillers) in the fila-
ment mask (dashed blue line), as well as the main fil-
ament targets only (dashed red line). We clearly see a
peak at z ∼0.53, confirming the presence of the filamen-
tary structure. The average spectroscopic redshift for
the filament main targets is zavg=0.5279, with standard
deviation σz=0.0073. We fit a Gaussian function to the
obtained redshift distribution of the main targets (solid
green line). The Gaussian fit results in a peak redshift
of zpeak=0.5283, with standard deviation σ=0.0015.
There is evidence for at least two individual nearby

peaks centered at z1 ∼0.528 and z2 ∼0.526, as seen
in the inner plot of Figure 3, indicating the exis-
tence of substructures along the filament. Fitting a
double peaked Gaussian to the distribution of fila-
ment main targets yields redshifts z1=0.5258±0.0008 and
z2=0.5287±0.0004 for these substructures. The pro-
jected 2D distribution of these two nearby peaks also
shows two substructures along the filament. Note that
there are only 4 (∼8%) main filament targets that yield
spectroscopic redshifts outside the range 0.52< z <0.54
originally adopted for main target selection, indicating
a successful target selection process and a robust LSS
extraction (Darvish et al. 2015).

4. SELECTION OF STAR-FORMING, EMISSION-LINE
GALAXIES

In this work, we compare physical, chemical and dy-
namical properties of galaxies in the filament and the
field that rely on strong emission lines. Therefore,
we need to define a sample of star-forming emission
line galaxies. We carefully investigate the obtained
spectra and select those that visually have clear star-
forming features, high quality, high Signal-to-Noise [OII],
[OIII], and Hβ emission lines. We also make sure
that filament sources have spectroscopic redshifts in the
range zspec=0.52−0.54 and field sources in the range
zspec=0.47−0.59. As we already mentioned in Section
3.2, after the spectroscopic redshift extraction of the
sources, some fillers turned out to be filament members
and some fillers can be used as field galaxies. We use
these extra sources to increase the sample size of star-
forming emission line galaxies. The final star-forming
sample comprises 28 galaxies in the filament and 31
galaxies in the field 8. Figures 1(c) and 1(d) show the
angular distribution of the filament (white squares) and
field (white circles) star-forming, emission-line galaxies
used in this study.

8 We later discard one of the field sources as an AGN (Section
4.3), reducing the field sample size to 30 sources.
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Fig. 3.— Spectroscopic redshift distribution in the range 0.50≤
z ≤0.59 for sources in the filament mask. Dashed blue line shows all
the sources (main targets and fillers) in the filament mask, whereas
the dashed red line indicates the main filament targets only. A peak
at z ∼0.53 is seen, confirming the presence of the filament. Solid
green line shows a Gaussian fit to the obtained redshift distribu-
tion of the main targets, peaking at zpeak=0.5283, with standard
deviation σ=0.0015. The inner plot shows two individual nearby
peaks at z1=0.5258±0.0008 and z2=0.5287±0.0004, showing the
existence of possible substructures along the filament.

4.1. Stellar Mass Estimation

Stellar masses were derived by Ilbert et al. (2013), us-
ing SED template fitting to the UV, optical, and mid-
IR photometry. The synthetic templates were gener-
ated using BC03 (Bruzual & Charlot 2003), assuming a
Chabrier IMF, three different metallicities, an exponen-
tially declining SFH with different e-folding time scales
(τ=0.1−30 Gyr), and the Calzetti et al. (2000) extinc-
tion law. Contributions from nebular emission lines were
included. Stellar masses are based on the median of the
stellar mass PDF, marginalized over all other parame-
ters.
The magnitude cut of i+ < 22.5 used for sample selec-

tion, introduces a varying stellar mass completeness limit
at different redshifts. We use the method developed by
Pozzetti et al. (2010) to estimate the stellar mass com-
pleteness (see also Ilbert et al. 2013; Darvish et al. 2015).
In this method, we assign a limiting mass to each galaxy
which corresponds to the stellar mass that the galaxy
would have if its apparent magnitude were equal to the
magnitude limit used for sample selection (i+ < 22.5).
At each redshift, the 95% mass completeness, for in-
stance, is then equal to the stellar mass for which 95%
of galaxies have their limiting mass below it. At z ∼0.5,
we estimate the mass completeness to be ∼70%, 90%,
and 95% at log(M/M⊙)∼9.3, 9.6, and 9.7 respectively.
In the low-mass bin (log(M/M⊙)=9−9.5) of our star-
forming sample, the weighted average of the stellar mass
is log(M/M⊙)∼9.3. Therefore, in the lower mass range,
our sample is ∼70% complete in stellar mass, while at
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and the median absolute deviation between the two SFR indicators
is only 0.03 dex.

higher mass bins, we achieve a completeness of > 95%.

4.2. SFR Estimation

We estimate the SFR based on Hβ and [OII] lu-
minosities. We convert dust-corrected Hβ luminosity
(LHβ) to star-formation rate using the theoretical value
of LHα/LHβ=2.86 for case B recombination (tempera-
ture T=10,000 K and electron density Ne=102 cm−3,
Osterbrock 1989) and the relation between Hα dust-
corrected luminosity and SFR given in Kennicutt (1998),
modified for the Chabrier IMF:

SFRHβ(M⊙yr
−1) = 1.27× 10−41LHβ(ergs

−1) (1)

The Hβ line is also affected by the Balmer contin-
uum stellar absorption. For brighter galaxies with clear
Balmer absorption feature in their spectrum, we correct
the Hβ flux by directly fitting a Gaussian function to
the the Balmer absorption and adding the missing flux
to the Hβ line. For fainter sources where the stellar ab-
sorption is not clearly seen, we take the median EW of
the Balmer absorption of brighter galaxies and use it to
correct for fainter galaxies. The median EW of the Hβ
Balmer absoprtion feature is ∼0.8 Å, in agreement with
Zahid et al. (2011). Nevertheless, the Hβ stellar absorp-
tion only results in a 5%−10% correction to the Hβ flux,
which is smaller or of the order of the uncertainty of the
measured line flux itself.
The [OII] star-formation rate not only depends on

dust-corrected [OII] luminosity but also on metallicity
and ionisation state of the gas. Here, we use the
metallicity-dependent equation given in Kewley et al.
(2004), modified for the Chabrier IMF:

SFR[OII](M⊙yr−1) =
4.44× 10−42L[OII](ergs

−1)

(−1.75± 0.25)[12 + log(O/H)] + 16.73± 2.23
(2)

where 12+log(O/H) is the oxygen abundance metallicity
(Section 5.2), estimated based on the R23 diagnostic,
via the R23-metallicity relation of Zaritsky et al. (1994):

12+log(O/H) = 9.265−0.33R23−0.202R2
23−0.207R3

23−0.333R4
23
(3)

where R23 metallicity diagnostic is defined as
R23=([OII]λ3727+[OIII]λ4959+[OIII]λ5007)/Hβ.
We dust-correct the emission line fluxes ([OII], [OIII],

Hβ) using the relation between the reddening of the ion-
ized gas (E(B−V )gas) and that of the stellar continuum
(E(B − V )star) presented in Calzetti et al. (2000):

E(B − V )gas = 2.27E(B − V )star (4)

The stellar continuum is estimated in the SED
Template-fitting procedure (Section 4.1), assuming the
Calzetti et al. (2000) attenuation curve. Therefore, the
dust-corrected, intrinsic emission line flux (Fint) is:

Fint = Fobs × 100.4kλE(B−V )gas (5)

where kλ is the reddening curve. The relation between
stellar and gas extinction is quite uncertain at higher
redshifts. While some studies nearly agree with the
local universe relation (see e.g., Price et al. 2014 for
z ∼1.5 galaxies), others have shown that the E(B −
V )gas=E(B − V )star relation is preferable (see e.g.,
Shivaei et al. 2015 for z ∼2 galaxies and Reddy et al.
2015 for z ∼1.4−2.6 systems). However, choosing this
new relation does not significantly affect many galaxy
properties such as metallicity, ionization parameter, elec-
tron density, and gas velocity dispersion presented in
Section 5. Moreover, at the redshift of our study
(z ∼0.5), Ly et al. (2012) have shown that assuming
E(B − V )gas ∼ 2E(B − V )star for star-forming galax-
ies results in a better agreement between SED-based and
Hα SFRs.
Figure 4 shows the comparison between dust-corrected

[OII] and Hβ SFRs for filament and field samples, ex-
hibiting a very good agreement. The median SFR[OII]

and SFRHβ are consistent to within ∼0.01 dex (filament)
and ∼0.03 dex (field) and the median absolute deviation
between the two SFR indicators is only 0.03 dex (filament
and field).
We also compare the [OII] and SED-based SFRs (not

shown here). This shows a larger dispersion of the or-
der ∼0.3 dex. However, this is consistent with e.g.,
Steidel et al. (2014) (∼0.2 dex, Hα versus SED SFRs
at z ∼2−3) and Ciardullo et al. (2013) (∼0.3 dex, [OII]
versus UV SFRs at z .0.5). The source of discrepancy
might be due to the stochasticity of the star-formation
activity and the difference between the UV and [OII]
star-formation timescales (< 20 Myr for [OII] and ∼ 100
Myr for UV, Kennicutt 1998), as the UV SFR is averaged
out over a longer timescale.

4.3. AGN Contamination

As we discussed in Section 3.1, we originally discarded
the potential AGN from the samples selected for spec-
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the field is within the AGN region. We discard this source from our analysis.

troscopy (Trump et al. 2007). However, we check if the
spectroscopic sample is contaminated by any remain-
ing AGN using the available line ratios. Here, we use
the [OIII]λ5007/Hβ versus [OII]λ3727/Hβ plot, as well
as O32 versus R23 (O32 and R23 are defined in Sec-
tion 5) plot to separate AGN from star-forming galaxies
(Lamareille et al. 2004). Figure 5 shows the line ratios
and the line separating star-forming galaxies from AGN.
The separating curve is extracted from Lamareille et al.
(2004) and the dashed lines are ±0.15 dex (±0.1 dex) un-
certainties in the [OIII]λ5007/Hβ versus [OII]λ3727/Hβ
(O32-R23) separation curve. According to Figure 5, all
of our sources lie within the star-forming locus except
one source. We jettison this source from our analysis
in the following sections. We note that there are a few
other sources in the field that lie close to the uncertainty
curves. These sources do not change the results of this
study.

4.4. Stacking Procedure

In order to obtain an average value of the physical
quantities presented in Section 5, we stack the individual
spectra in different environments, as well as stellar mass,
SFR, sSFR, and µ0.32 bins (defined in Section 5.2). We
first shift each flux calibrated spectrum to the rest-frame
and normalize it to the flux of the Hβ line at the vacuum
wavelength of λHβ=4862.7 Å. We then take the weighted
mean of each individual, normalized, rest-framed, flux-
calibrated spectrum (Fi(λ)) by summing them up using:

Fstack(λ) =

N
∑

i=1

wi(λ)Fi(λ)

N
∑

i=1

wi(λ)

(6)

where wi(λ) is the inverse variance of the nor-
malized, rest-framed flux. We define three mass
bins (log(M/M⊙)=9−9.5, log(M/M⊙)=9.5−10, and
log(M/M⊙)> 10), two SFR bins (log([OII] SFR)≤0.75
and (log([OII] SFR)> 0.75), two sSFR bins (log(sSFR)≤
−9 and log(sSFR)> −9), and two µ0.32 bins (µ0.32 ≤9.5
and µ0.32 >9.5) and will use them in the following section
for the analysis of the results.

5. RESULTS

5.1. Electron Density

The average electron density (Ne) in a nebula can be
estimated using the ratio of two lines of the same ion,
emitted by different energy levels with almost the same
excitation energy. Here, we use [OII]λ3726/λ3729 line ra-
tio to estimate the average electron density (Osterbrock
1989). Since the [OII]λ3726 and [OII]λ3729 lines are not
fully separated in our stacked spectra, we fit a double
Gaussian function of the following form to the [OII] dou-
blet line flux:

fλ = (
a1√
2πσ1

e
−

(λ−λ1)2

2σ2
1 +

a2√
2πσ2

e
−

(λ−λ2)2

2σ2
2 ) + f0 (7)

We fix the parameters λ1 and λ2 to the vacuum wave-
length of [OII] doublet lines, i.e., λ1=3727.09 Å and
λ2=3729.88 Å. The [OII]λ3726/λ3729 flux ratio is there-
fore determined by the ratio of the normalization pa-
rameters, a1/a2. We estimate errors of a1 and a2 us-
ing a Monte-Carlo simulation. We assume that the
true flux at each wavelength follows a Gaussian dis-
tribution with a sigma equal to the flux uncertainty.
We fit the function fλ to the flux values that are
randomly selected from their Gaussian distribution at
each wavelength. We perform the fitting procedure
100 times and the error of each free parameter is the
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log(M/M⊙) = 9− 9.5

0

0.5

1

1.5

2

2.5

3710 3720 3730 3740 3750

I/
I H

β

Rest− frame Wavelength (Å)
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vary in the range ∼ <10−75 cm−3 for filament galaxies and in the range ∼ 200−740 cm−3 for galaxies in the field, significantly lower for
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standard deviation of the 100 estimated values. The
[OII]λ3726/λ3729 flux ratio is converted to electron den-
sity using the TEMDEN task of the IRAF package
(De Robertis et al. 1987; Shaw & Dufour 1995). We as-
sume an electron temperature of Te=10,000 K as a
typical temperature of star-forming regions with near-
normal abundances (Osterbrock 1989). Figure 6 shows
the stacked [OII] intensity normalized to that of Hβ at
λHβ=4862.7 Å in filament and the field and in stellar

mass, SFR, and sSFR bins (dotted lines). For compari-
son, the double Gaussian fits are also shown (solid lines).
We find that the average electron density is sig-

nificantly lower for star-forming galaxies in the fila-
ment compared to that of the field galaxies. The
[OII] line ratio is [OII]λ3726/λ3729= 0.6909±0.0044
for the stacked spectra of filament star-forming galax-
ies, whereas for field star-forming systems, this ratio
is [OII]λ3726/λ3729=1.0050±0.0104. These ratios cor-
respond to the average electron densities of Ne=22±4
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and 367±13 cm−3 for filament and field galaxies, re-
spectively. The average electron density of the field
star-forming galaxies is &17 times that of star-forming
systems in the filament. The average electron den-
sity for our filament star-forming galaxies at z ∼0.5
is similar to that of the local universe and low-z sam-
ples (see e.g., Yabe et al. 2015; Sanders et al. 2015a),
whereas the typical electron densities in our field sam-
ple at z ∼0.5 resemble those at higher redshifts (see e.g.,
Steidel et al. 2014; Masters et al. 2014; Shimakawa et al.
2015; Sanders et al. 2015a; Yabe et al. 2015).
We divide the sample into stellar mass, SFR, and sSFR

bins and stack the spectra in each bin. Figure 7 shows
the [OII]λ3726/λ3729 line ratio for individual filament
(red empty points) and field (blue empty points) star-
forming galaxies as a function of stellar mass, SFR, and
sSFR, along with mass-, SFR-, and sSFR-stacked spec-
tra in these two environments. For comparison, we also
label the line ratios that correspond to electron densities
of Ne=10 (black dashed line), 350 (green dashed line),
and 1000 (pink dashed line) cm−3. We find no signif-
icant relation between the electron density and stellar
mass, SFR, and sSFR for both filament and field star-
forming galaxies. We calculate the coefficient of determi-
nation (square of the Pearson coefficients) between the
[OII]λ3726/λ3729 line ratio and stellar mass, SFR, and
sSFR for filament and field star-forming galaxies. In all
cases, the coefficient of determination is <0.1, indicat-
ing no clear relation between electron density and stellar
mass, SFR, and sSFR. This is fully consistent with e.g.,
Yabe et al. (2015) (for star-forming galaxies at z ∼1.4)
and Sanders et al. (2015a) (for star-forming galaxies at
z ∼2.3) who found no clear relation between electron
density and other properties of galaxies such as stellar
mass, SFR, and sSFR.
However, we find that at each given mass, SFR,

and sSFR bin, the average electron density of the
stacked spectra for the filament galaxies is significantly
lower than that of the field galaxies (Figure 7, red
and blue solid points). For example, in the mass
range of log(M/M⊙)=9−9.5, the average electron den-
sity is Ne=58±5 (filament) and 201±10 (field) cm−3.
For log(sSFR)> −9, the average electron density is
Ne=15±4 (filament) and 405±15 (field) cm−3, a factor
of ∼27 larger for field galaxies. In other words, our re-
sult regarding the lower average electron density of star-
forming galaxies in filament compared to the field does
not change if the comparison is performed at fixed stel-
lar mass, SFR, and sSFR bins in these two environments.
Depending on the bin selected, electron densities vary in
the range ∼ <10−75 cm−3 for filament galaxies and in
the range∼ 200−740 cm−3 for galaxies in the field. How-
ever, we note that the dispersion in the estimated line
ratios (electron densities) for individual galaxies is still
large and a larger sample is required to more robustly
constrain the environmental dependence of electron den-
sities for star-forming galaxies. The [OII] line ratios, as
well as the estimated electron densities in different envi-
ronments and for different mass, SFR, and sSFR bins of
galaxies are given in Table 2.
In order to describe the environment of galaxies more

quantitatively, we use the local number density of galax-
ies (estimated in Section 2) as a measure of their host
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Fig. 7.— [OII]λ3726/λ3729 line ratio (as a measure of electron
density) for individual filament (red empty points) and field (blue
empty points) star-forming galaxies as a function of stellar mass,
SFR, and sSFR, along with mass-, SFR-, and sSFR-stacked spec-
tra in filament (red solid points) and the field (blue solid points).
The line ratios that correspond to electron densities of Ne=10,
350, and 1000 cm−3 are shown with black, green, and pink dashed
lines, respectively. We find no significant relation between the
[OII]λ3726/λ3729 line ratio (electron density) and stellar mass,
SFR, and sSFR for both filament and field star-forming galaxies,
with the coefficient of determination <0.1 in all cases. However, at
a fixed stellar mass, SFR, and sSFR, the average electron density
of the stacked spectra for the filament galaxies is significantly lower
than that of the field galaxies (compare red solid points with blue
ones). Depending on the bin selected, electron densities vary in
the range ∼ <10−75 cm−3 for filament galaxies and in the range
∼ 200−740 cm−3 for galaxies in the field. The stacked points er-
rorbars are smaller than the size of the points.
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black, green, and pink dashed lines, respectively. We find that
filament star-forming galaxies tend to have lower electron density
values. The K-S test result shows that it is significantly likely that
the distribution of [OII]λ3726/λ3729 line ratios (electron densities)
for filament and field star-forming systems are drawn from different
parent distributions (p-value=0.000072). Bottom: Average elec-
tron densities for the overdensity-stacked spectra as a function of
local overdensity of galaxies. We see an anti-correlation between
the average electron density and local overdensity of galaxies, sug-
gesting that the environmental dependence of the electron density
for star-forming galaxies is possibly a local phenomenon.

environment and investigate the relation between local
overdensity of galaxies (overdensity is defined as the es-
timated local number density divided by the mean local
density) and the [OII]λ3726/λ3729 line ratios and their
corresponding electron densities. Figure 8 (top) shows
the [OII]λ3726/λ3729 line ratio for individual filament
(red points) and field (blue points) star-forming galax-
ies as a function of overdensity values. We also show
the line ratios that correspond to electron densities of
Ne=10 (black dashed line), 350 (green dashed line), and
1000 (pink dashed line) cm−3. We clearly see that fil-
ament star-forming galaxies tend to occupy denser re-
gions and more importantly, tend to have lower electron
density values. For example, ∼70% of filament star-
forming galaxies have electron densities of <10 cm−3,
whereas only ∼15% field star-forming galaxies have low
electron densities of <10 cm−3. Using the K-S test, we
compare the distribution of [OII]λ3726/λ3729 line ratios

for filament and field star-forming galaxies. The esti-
mated p-value is p=0.000072, indicating that it is signif-
icantly likely that the distribution of [OII]λ3726/λ3729
line ratios (electron densities) for filament and field star-
forming systems are drawn from different parent distri-
butions. We also discard the data points with large line
ratio errorbars and reperform the K-S test. The result-
ing p-value is p=0.0038, showing that the difference be-
tween electron densities of filament and field star-forming
galaxies is still significant. Furthermore, we stack the
galaxies based on their local overdensity value (regard-
less of whether they are in the filament or the field) and
investigate the relation between the electron densities
and local overdensity. Figure 8 (bottom) shows the esti-
mated electron densities for the overdensity-stacked spec-
tra as a function of overdensity. We clearly see an anti-
correlation between the average electron density and the
local overdensity of galaxies, especially for Σ/Σmean &6.
This suggests that the environmental dependence of the
electron density for star-forming galaxies is possibly a
local effect.
Using [SII]λ6716/[SII]λ6761 line ratio, Sobral et al.

(2015b) found that for a massive post-merger cluster at
z ∼0.2 (Dawson et al. 2015; Stroe et al. 2015), electron
densities are extremely low (< 5 cm−3) for cluster star-
forming galaxies, much smaller than star-forming galax-
ies in the outskirts and outside of the cluster. They also
found that this is primarily driven by star-forming galax-
ies in the hottest regions of the cluster, thus likely caused
by environmental effects. This is consistent with our re-
sult in this section (low to extremely low electron densi-
ties for filament galaxies) as we showed that the environ-
ment affects the electron densities in a sense that regions
with higher local densities host galaxies with lower elec-
tron densities. However, the environmental dependence
of the electron densities shown in our work seems incon-
sistent with the recent work of Kewley et al. (2015), who
did not find a significant difference between electron den-
sities of cluster and field star-forming galaxies at z ∼2.
The inconsistency, however, might be due to larger error-
bars, smaller sample size, and a different redshift regime
compared to our work.

5.2. Metallicity

In order to estimate metallicities for filament and
field star-forming galaxies, we use the R23 index defined
as R23=([OII]λ3727+[OIII]λ4959+[OIII]λ5007)/Hβ

(McGaugh 1991; Tremonti et al. 2004; Kewley & Ellison
2008). Here, we use the upper branch of the double-
valued R23-metallicity relation given by Tremonti et al.
(2004):

12+ log(O/H) = 9.185−0.313x−0.264x2−0.321x3 (8)

where x=log(R23).
Using equation 8, we evaluate the average metallicity
for the stacked spectra of star-forming galaxies in the
filament and the field. The metallicity of the stacked
spectra in the filament is 12+log(O/H)=8.766±0.004,
about 0.13 dex larger than that of the field galaxies
(12+log(O/H)=8.639± 0.007). It is known that the
metallicity is also a function of stellar mass and star-
formation rate (Tremonti et al. 2004; Mannucci et al.
2010) and the metallicity difference between average fila-
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Fig. 9.— Mass-metallicity relation for filament (red empty
points) and field (blue empty points) galaxies, along with mass-
stacked and SFR-stacked spectra in the filament (red solid points)
and the field (blue solid points). Red and blue solid lines repre-
sent the fit to the individual galaxies in the filament and the field,
respectively. Mass-metallicity relation in the local universe from
Tremonti et al. (2004) (dotted line) and that of Erb et al. (2006)
at z ∼2 (dashed dotted line) are shown for comparison. The re-
lation lies ∼0.06−0.13 dex below the local universe trend for fila-
ment galaxies and ∼0.21−0.23 dex for galaxies in the field. Fila-
ment galaxies are ∼ 0.1−0.15 dex more metal-enriched compared
to galaxies in the field at a fixed stellar mass bin. The stacked data
errorbars are smaller than the size of the points.

ment and field star-forming galaxies might be due to dif-
ferent mass and/or SFR of galaxies in these two environ-
ments. In order to check this, we divide the star-forming
galaxies into mass and SFR bins and stack their spectra.
We find that at a given stellar mass bin, star-forming
galaxies in the filament are more metal-enriched (by
∼0.1−0.15 dex) compared to those in the field (Figure
9). For example, at log(M/M⊙)=9−9.5 mass bin, metal-
licities are 12+log(O/H)=8.708±0.004 and 8.541±0.007
in the filament and the field, respectively. Similar re-
sults are obtained at fixed SFR bins. That is, at fixed
SFR bins, star-forming galaxies in the filament are more
metal-enriched. For example, for log(SFR)≤0.75, star-
forming galaxies in the filament are ∼0.16 dex more en-
riched in metals than their field counterparts. Table 2
gives the metallicities of the stacked spectra for different
subsamples.
Figure 9 shows the mass-metallicity relation for in-

dividual galaxies (red and blue empty points), as well
as their stacked results in filament and the field (red
and blue filled points). For comparison, we also
show the local universe mass-metallicity relation from
Tremonti et al. (2004) (modified for stellar masses based
on the Chabrier IMF) and that of the Erb et al. (2006)
at z ∼2 (−0.56 dex below the z ∼0 trend). Our ob-
tained mass-metallicity relation at z ∼ 0.5 lies between
z ∼0 and z ∼2 trends. For filament galaxies, it lies
∼0.06−0.13 dex below the local universe trend, whereas
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Fig. 10.— Relation between metallicity and µ0.32 ≡
log(M/M⊙)−0.32log([OII] SFR) for filament (red empty points)
and field galaxies (blue empty points), together with µ0.32-stacked
filament (red solid points) and field (blue solid points) spectra. For
comparison, the polynomial best fit from Mannucci et al. (2010)
is also shown. Both filament and field galaxies nearly follow the
Mannucci et al. (2010) trend. However, at a fixed µ0.32, filament
galaxies are more metal-enriched (∼0.07−0.16 dex). The stacked
data errorbars are smaller than the size of the points.

for galaxies in the field, the difference is ∼0.21−0.23 dex.
We fit the metallicity of individual data points in the fil-
ament and the field with a function of the form:

12 + log(O/H) = c(t−m0)
2 + z0 (9)

where t=log(M/M⊙). We fix the parameter c to that of
Tremonti et al. (2004) relation (c=−0.08026). The fit-
ting is performed using the robust nonlinear least-squares
Marquardt-Levenberg algorithm. The estimated param-
eters are m0=11.192±0.339 and z0=8.955±0.094 in the
filament and m0=10.639±0.236 and z0=8.698±0.041 in
the field. The intrinsic metallicity scatter (after subtract-
ing in quadrature the median observational uncertain-
ties in measured metallicities) around the mean mass-
metallicity relation is ∼0.17 dex (filament) and ∼0.13
dex (field). The results of the fits are shown in Figure
9. The fits to individual data points also show difference
(∼ 0.1−0.2 dex) between metallicities in filament and
the field at a given stellar mass, although the dispersion
around the fitted lines is large.
In another attempt to quantify the environmen-

tal dependence of the mass-metallicity relation,
we use the generalized two-dimensional K-S test
(Fasano & Franceschini 1987) to determine the prob-
ability that the populations of filament and field
star-forming galaxies on the mass-metallicity plane are
drawn from the same parent distribution. The derived
p-value is p=0.04, implying that it is < 4% probable
that the difference in mass-metallicity distributions in
different environments is due to chance. In addition, we
perform the one-dimensional K-S test for stellar mass
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and metallicity distributions in different environments.
The derived p-value for the K-S test of stellar mass
distributions in filament and the field is p=0.27, whereas
it is p=0.03 for metallicity distributions. This indicates
that it is unlikely that the stellar masses in filament and
the field are drawn from a different parent distribution
while there is a more significant difference between
metallicity distributions.
As we already mentioned, the mass-metallicity relation

is due to a more general mass-metallicity-SFR relation
(the fundamental metallicity relation, Mannucci et al.
2010). As shown in Mannucci et al. (2010), by intro-
ducing the quantity µ0.32=log(M)−0.32log(SFR) that
minimizes the dispersion of the projected fundamen-
tal metallicity relation, all galaxies out to z ∼2.5
should follow the same µ0.32-metallicity relation. We
define µ0.32=log(M/M⊙)-0.32log([OII] SFR) and inves-
tigate the µ0.32-metallicity relation for filament and field
galaxies. Figure 10 shows the relation between metal-
licity and µ0.32 for individual filament and field galax-
ies, along with stacked points. For comparison, the
polynomial best fit from Mannucci et al. (2010) is also
shown. Both filament and field galaxies nearly follow
the Mannucci et al. (2010) trend. However, at a fixed
µ0.32, filament galaxies are more metal-enriched. For ex-
ample, at µ0.32 > 9.5, the stacked spectra in the filament
are about ∼0.07 dex more metal-enhanced and at µ0.32

< 9.5, filament galaxies show a metallicity enhancement
of ∼ 0.16 dex compared to the field galaxies. The metal-
licities for the stacked spectra in different environments
are presented in Table 2.
Our result regarding a deficit of metallicity in

both filament (∼0.06−0.13 dex) and field (∼0.21−0.23
dex) galaxies at intermediate redshifts (z ∼0.5) com-
pared to z ∼0, is in an overall qualitative agree-
ment with Savaglio et al. (2005) (at least 0.1 dex at
z ∼0.7), Cowie & Barger (2008) (∼0.2 dex at z ∼0.77
for log(M/M⊙)=10−11 galaxies), Maiolino et al. (2008)
(∼0.1−0.2 dex at z ∼0.7 for log(M/M⊙)=9−10 galax-
ies), Lamareille et al. (2009) (∼0.2 dex at z ∼0.59),
Moustakas et al. (2011) (∼0.16 dex at 0.45< z <0.55
for log(M/M⊙)=10.1−10.3 galaxies), Zahid et al. (2011)
(up to ∼0.15 dex at z ∼0.8 for log(M/M⊙) < 10.5 galax-
ies), Lara-López et al. (2013a) (∼0.1 dex at z ∼0.36),
and Pérez-Montero et al. (2013) (0.14 dex at 0.4<
z <0.6). Qualitatively, our filament mass-metallicity
relation evolution for stacked spectra resembles that of
Moustakas et al. (2011) and Zahid et al. (2011), whereas
for field galaxies, it is similar to that of Lamareille et al.
(2009).
The metallicity enhancement (∼0.1−0.15 dex) in fil-

ament star-forming galaxies with respect to those in
the field is consistent with several studies at low-
z (z .0.2, Shields et al. 1991; Skillman et al. 1996;
Mouhcine et al. 2007; Cooper et al. 2008; Ellison et al.
2009; Scudder et al. 2012a; Petropoulou et al. 2012;
Hughes et al. 2013; Alpaslan et al. 2015; Sobral et al.
2015b), intermediate-z (z∼1, Sobral et al. 2013), and
high-z (z∼2, Kulas et al. 2013; Shimakawa et al. 2015;
Kacprzak et al. 2015), showing no or at best a small
metallicity enrichment (∼ 0.05−0.2 dex) of galaxies in
clusters relative to the field or galaxies in higher local
densities with respect to those in low-density environ-
ments. Our result, together with these studies suggest

that the internal processes are the primary driver of the
chemical evolution of star-forming galaxies and the en-
vironment has a secondary role in the metallicity evolu-
tion of galaxies. However, we stress that some studies
have found opposite environmental trends in the mass-
metallicity relation. We will discuss it later in Section
6.

5.3. Ionization Parameter

The ionization parameter (q) —a measure of the num-
ber of H-ionizing photons per H atom— can be estimated
using the O32 index defined as the [OIII]/[OII] line ra-
tio (Kewley & Dopita 2002; Nakajima et al. 2013). The
[OIII]/[OII] ratio also depends strongly on metallicity
(and stellar mass according to the mass-metallicity re-
lation). Here, in order to estimate the ionization param-
eter, we use the equation given by Kobulnicky & Kewley
(2004) (see also Nakajima & Ouchi 2014) based on the
photoionization model of Kewley & Dopita (2002):

log(q) =
A(O32, 12 + log(O/H))

B(O32, 12 + log(O/H))

A = 32.81− 1.153y2

+ (12 + log(O/H))(−3.396− 0.025y+ 0.1444y2)

B = 4.603− 0.3119y− 1.163y2

+ (12 + log(O/H))(−0.48 + 0.0271y+ 0.02037y2)
(10)

where y=log(O32), O32 is the [OIII]/[OII] line ratio,
i.e., O32=([OIII]λ4959+[OIII]λ5007)/[OII]λ3727, and
12+log(O/H) is the gas phase oxygen abundance (metal-
licity). 12+log(O/H) metallicity is estimated in Sec-
tion 5.2 using the R23 index and the equation given in
Tremonti et al. (2004). The error of ionization param-
eter is estimated using the Monte-Carlo approach ex-
plained in Section 5.1, based on the uncertainties in es-
timated metallicity and the [OII] and [OIII] line fluxes.
Line fluxes are estimated by fitting Gaussian functions
to the line profiles. We note that the [OII] line is double-
peaked and a better estimate of the flux can be achieved
by fitting a double-peaked Gaussian function similar to
Section 5.1. However, we found the difference between
the flux estimated from single and double Gaussian func-
tions to be negligible and use the single Gaussian fit to
the [OII] line in this section.
Within the uncertainties, we do not find a significant

difference between the average ionization parameter of
the star-forming galaxies in the filament compared to
that of the field galaxies. The ionization parameter is
estimated to be q=7.352±0.086 and 7.397±0.099 cms−1

for stacked filament and field star-forming galaxies, re-
spectively. We find that the ionization parameter is a
function of stellar mass (or metallicity) and decreases
with increasing stellar mass (metallicity). However, at a
fixed stellar mass, we do not find a significant difference
between the average ionization parameter of galaxies in
the filament and the field (Figure 11). The O32 values
and the ionisation parameters for different environments
and stellar mass bins are given in Table 2.
Recently, Sobral et al. (2015b) studied a merging clus-

ter at z ∼0.2 and did not find a significant difference be-
tween ionisation parameter of Hα star-forming galaxies
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TABLE 2
Properties of the Stacked Spectra for Different Subsamples

Subsample [OII]3726/[OII]3729 Ne [OIII]/[OII] log(q) (12+log(O/H))T04 EW[OII]

cm−3 log(cms−1) Å
Filament all 0.6909±0.0044 22±4 0.3897±0.0079 7.352±0.086 8.766±0.004 30.4±0.7
log(M/M⊙)=9−9.5 0.7273±0.0054 58±5 0.7446±0.0163 7.574±0.085 8.708±0.004 33.3±0.9
log(M/M⊙)=9.5−10 0.6399±0.0065 <10 0.2457±0.0059 7.204±0.113 8.766±0.005 23.5±0.6
log(M/M⊙)>10 0.7008±0.0169 31±16 0.1399±0.0072 7.091±0.279 8.890±0.005 13.3±0.2
log(SFR)≤0.75 0.7322±0.0082 63±8 — — 8.757±0.005 —
log(SFR)>0.75 0.6737±0.0042 <10 — — 8.796±0.003 —
log(sSFR)≤ −9 0.7449±0.0132 76±14 — — — 17.0±0.4
log(sSFR)> −9 0.6847±0.0043 15±4 — — — 41.4±0.8
µ0.32 ≤9.5 — — — — 8.759±0.003 —
µ0.32 >9.5 — — — — 8.853±0.004 —

Field all 1.0050±0.0104 367±13 0.5374±0.0135 7.397±0.099 8.639± 0.007 27.6±0.7
log(M/M⊙)=9−9.5 0.8621±0.0094 201±10 0.9496±0.0258 7.542±0.097 8.541±0.007 39.0±1.6
log(M/M⊙)=9.5−10 1.2822±0.0188 741±28 0.3413±0.0074 7.271±0.093 8.684±0.006 26.2±0.5
log(M/M⊙)>10 1.0105±0.0234 374±28 0.2464±0.0143 7.223±0.255 8.804±0.007 15.6±0.2
log(SFR)≤0.75 0.9055±0.0099 250±11 — — 8.595±0.006 —
log(SFR)>0.75 1.0528±0.0139 427±18 — — 8.763±0.004 —
log(sSFR)≤ −9 0.9074±0.0115 252±13 — — — 20.7±1.0
log(sSFR)> −9 1.0354±0.0117 405±15 — — — 33.5±0.5
µ0.32 ≤9.5 — — — — 8.600±0.004 —
µ0.32 >9.5 — — — — 8.785±0.006 —
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Fig. 11.— Ionization parameter estimated with O32 index for fil-
ament (red) and field (blue) galaxies as a function of stellar mass.
Ionization parameter decreases with increasing stellar mass. How-
ever, within the uncertainties, there is no significant difference be-
tween ionization parameter of filament and field galaxies.

in the field, the core, and the outskirts of the cluster at a
fixed metallicity. Kewley et al. (2015) also compared the
ISM of a sample of field and cluster star-forming galax-
ies at z ∼2 and found no significant difference between
their ionisation parameter. These are consistent with
what we found in this section for our filament and field
star-forming galaxies.

5.4. Line Equivalent Width

In this section, we study the equivalent width (EW) of
[OII]λ3727, as well as that of Hβ in the filament and the
field to investigate any environmental dependence. We
also investigate the relation between EW, stellar mass,
and sSFR and their dependence on environment.
We do not find a significant difference between

EW distributions in different environments. The me-
dian [OII] EW for filament star-forming galaxies is
EW[OII]=29.9 Å, fully consistent with that of the field

galaxies (EW[OII]=29.1 Å). For the stacked spectra,

we obtain EW[OII]=30.4±0.7 Å in the filament and

EW[OII]=27.6±0.7 Å in the field. We obtain the same re-
sults based on other emission lines. For example, EWHβ

has a median value of EWHβ=6.0 and 8.2 Å in filament
and the field (corrected for Balmer stellar absorption, see
Section 4.2), correspondingly, with typically larger EW
uncertainties compared to those of EW[OII]. We perform
K-S test to compare the distribution of EWs in different
environments. The p-value is p=0.62 ([OII]) and p=0.40
(Hβ), meaning that it is unlikely that the distribution of
EWs in filament and the field are drawn from different
parent distributions.
The EW of an emission line is a measure of its intensity

with respect to the stellar continuum. Since the flux of
the emitting line is related to the recent star-formation
activity in galaxies and the stellar mass of a galaxy is
predominantly determined by the overall mass of con-
tinuum stars, the EW of strong emission lines is a mea-
sure of the specific star-formation rate (sSFR) in galaxies
(Fumagalli et al. 2012). Here, we investigate the envi-
ronmental dependence of the relation between EW[OII]

and [OII] specific star-formation rate (sSFR[OII]). Figure
12 shows log(EW[OII]) versus log(sSFR[OII]) for filament
and field galaxies and the sSFR-stacked spectra. We find
that sSFR[OII] increases with EW[OII] for both filament
and field star-forming galaxies. The EW[OII]-sSFR[OII]
relation appears to be independent of environment. We
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Fig. 12.— Relation between log(EW[OII]) and log(sSFR[OII]) for

filament (red empty points) and field (blue empty points) galaxies
and the sSFR-stacked spectra (solid points). Solid lines show the
linear fit to the filament (red line) and field (blue line) data points.
The sSFR[OII] increases with EW[OII] for both filament and field
star-forming galaxies. However, the EW[OII]-sSFR[OII] relation is
independent of environment, within the uncertainties. The stacked
data errorbars are smaller than the size of the points.

perform a linear fit (log(EW[OII])=a[log(sSFR[OII])]+b)
to the log(EW[OII])-log(sSFR[OII]) relation for filament
and field star-forming galaxies. Parameters of the best
fit are a=0.285±0.064 and b=4.078±0.528 for filament
star-forming galaxies, consistent with the field param-
eters (a=0.387±0.042 and b=5.001±0.364). The K-S
test on the 2D distribution of galaxies in log(EW[OII])-
log(sSFR[OII]) plane shows similarities between filament
and field galaxies (p-value=0.13).
Many studies have shown a relatively tight corre-

lation (typical dispersion of ∼0.2 dex) between SFR
and stellar mass (Main-Sequence of star-forming galax-
ies), or equivalently between sSFR and stellar mass
out to z ∼6 (Brinchmann et al. 2004; Salim et al. 2007;
Daddi et al. 2007; Elbaz et al. 2007; Noeske et al. 2007;
Karim et al. 2011; Whitaker et al. 2012; Reddy et al.
2012; Sobral et al. 2014; Salmon et al. 2015). Since
we found that EW[OII] and sSFR[OII] are related, we
expect to see a relation between EW[OII] and stellar
mass. We investigate the environmental dependence
of the EW[OII] and stellar mass for individual galaxies
and our mass-stacked spectra, as shown in Figure 13.
We see that EW[OII] decreases with increasing stellar
mass. However, this trend looks similar for star-forming
galaxies in the filament and the field. We linearly pa-
rameterize this relation (log(EW[OII])=c[log(M)]+d) by
fitting the stacked spectra, showing that the parame-
ters are the same for filament (c=−0.473±0.055 and
d=5.949±0.547) and the field galaxies (c=−0.462±0.064
and d=5.921±0.638), within the uncertainties.
The EW[OII]-mass anti-correlation found here is con-

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8

lo
g
(E

W
[O

I
I
])
(Å
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Fig. 13.— EW[OII]-mass anti-correlation for individual filament

(red empty points) and field (blue empty points) galaxies and the
stellar mass-stacked spectra (solid points). Solid lines show the
linear fit to the filament (red line) and field (blue line) data. The
EW[OII] decreases with increasing stellar mass. However, this
trend is similar for star-forming galaxies in the filament and the
field. The stacked data errorbars are smaller than the size of the
points.

sistent with other similar studies (Fumagalli et al. 2012;
Sobral et al. 2014; Bridge et al. 2015; Cava et al. 2015).
Using a sample of [OII] emitters at z .0.6, Bridge et al.
(2015) found a factor of ∼3 decline in the EW[OII] be-
tween their lowest and highest mass bin. Here, we find
a factor of ∼2.5 decline between our lowest and highest
mass bin, consistent with Bridge et al. (2015) given their
wider mass range at z ∼0.5. Fumagalli et al. (2012) also
found that galaxies in the lowest mass bin of their data,
have on average, an EWHα which is five times higher
than those in their highest mass bin. Given their broader
mass range compared to our study, it is qualitatively in
agreement with our result. Sobral et al. (2014) found a
slope of ∼ −0.25 between log(EWHα+[NII]) and log(M),
shallower than what we found. However, this might be
due to differences in selection functions and EWHα+[NII]

versus EW[OII]. Nonetheless, our work agrees qualita-
tively with that of Sobral et al. (2014). We highlight that
we found that the EW[OII]-mass anti-correlation is inde-
pendent of environment and it is another manifestation of
the environmental invariance of the SFR−mass relation
for star-forming galaxies, consistent with Darvish et al.
(2014).
The environmental invariance of EW[OII]-sSFR[OII]

and EW[OII]-mass relations found here is consis-
tent with several observational studies and large-scale
hydrodynamical simulations, showing that on aver-
age, many properties of star-forming galaxies that
are related to star-formation activity (such as color,
SFR, sSFR and SFR−mass relation) are indepen-
dent of their host environment, a result that ap-
pears to hold regardless of the redshift, the method
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used to define environment, and the star-formation
activity indicator (Peng et al. 2010; Wijesinghe et al.
2012; Muzzin et al. 2012; Koyama et al. 2013, 2014;
Hayashi et al. 2014; Lin et al. 2014; Vogelsberger et al.
2014; Darvish et al. 2014). Hence, it has been ar-
gued that the major role of environment is to con-
trol the fraction of quiescent and star-forming systems
(Peng et al. 2010; Sobral et al. 2011; Muzzin et al. 2012;
Vogelsberger et al. 2014; Darvish et al. 2014), that is, it
is more likely for galaxies to become quenched in denser
environments. However, when they form stars, on aver-
age, their star-formation activity becomes independent of
their host environment. In Section 6, we will discuss the
possible role of star-formation histories in determining
the fraction of star-forming galaxies in different environ-
ments.

5.5. Velocity Dispersion and Dynamical Mass

In order to estimate the line-of-sight gas velocity dis-
persion, we use the sigma of the fitted Gaussian functions
to Hβ and [OIII]λ5007 line profiles. We need to subtract
in quadrature the instrument velocity dispersion (σinst).
The line-of-sight gas velocity dispersion is therefore:

σ =
√

σ2
t − σ2

inst (11)

where σ is the line-of-sight gas velocity dispersion (Hβ
or [OIII]λ5007), σt is the directly measured (total) veloc-
ity dispersion from the spectra (using the sigma of the
Gaussian fit to the line profiles), and σinst is the instru-
ment velocity dispersion, measured from the width of the
Arc lines. For the DEIMOS instrument (slit width 0.75”,
central wavelength λc=7200 Å), we achieve a resolution
of ∼1.5 Å, which is equivalent to σinst=62 kms−1. For
galaxies with σt < σinst, we use the instrument veloc-
ity dispersion as an upper limit for the velocity disper-
sion. We note that the velocity dispersions measured
from the line width have some other contributions, such
as the thermal broadening due to temperature of star-
forming regions (at T∼104 K, it is .10 kms−1 for Hβ
and much smaller for [OIII]λ5007), mergers, and turbu-
lent gas motions inside the HII regions (typically ∼ 20
kms−1, Shields 1990). We do not subtract these smaller
effects from the measured velocity dispersion and the
measured values are a combination of these.
Figure 14 shows a comparison between estimated Hβ

and [OIII]λ5007 velocity dispersions for star-forming
galaxies in the filament and the field. There is a very
good agreement between the estimated velocity disper-
sions. The median σHβ and median σ[OIII]λ5007 are

consistent to within ∼5 (10) kms−1 for filament (field)
galaxies, which are smaller than the median observa-
tional uncertainties of Hβ velocity dispersion (∆σHβ ∼10
(20) kms−1 for filament (field) galaxies) and that of
[OIII]λ5007 (∆σ[OIII]λ5007 ∼25 (15) kms−1 for filament
(field) galaxies). The two velocity dispersion measure-
ments also have a median absolute deviation of ∼ 5 (15)
kms−1, smaller than the typical velocity dispersion un-
certainties.
We do not find a significant difference between velocity

dispersions in filament and the field. For example, the
median Hβ velocity dispersion is σHβ ∼90 kms−1 in the
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Fig. 14.— [OIII]λ5007 versus Hβ line-of-sight velocity disper-
sions for star-forming galaxies in the filament (red points) and the
field (blue points). There is a very good agreement between the
estimated velocity dispersions. The two velocity dispersion mea-
surements have a median absolute deviation of ∼ 5 (15) kms−1 in
filament (field), smaller than the typical velocity dispersion uncer-
tainties. We do not find a significant difference between velocity
dispersions of the filament and field galaxies.

filament, whereas it is σHβ ∼95 kms−1 in the field, con-
sistent within the uncertainties. The K-S test p-values
also show that it is unlikely that the distribution of σHβ

(p=0.47), σ[OIII]λ5007 (p=0.43), and σHβ − σ[OIII]λ5007

2D distribution (p=0.43) in filament and the field are
drawn from different parent distributions.
We compared our estimated velocity dispersions with

that of Weiner et al. (2006) and found a relatively good
agreement, within the uncertainties. We limited the sam-
ple of Weiner et al. (2006) to typical redshift (z ∼0.5)
and magnitude (i+ ∼21) of our own sample and found
a velocity dispersion of ∼75 kms−1, comparable to our
estimated value of ∼90 kms−1 within our typical uncer-
tainties (∼10−15 km−1). Our derived σ values also agree
very well with those from Forbes et al. (1996) at ∼0.5
(∼90 kms−1).
Given the velocity dispersion and the half-light radius

of galaxies, we can estimate their dynamical mass (Mdyn)
via:

Mdyn =
βReσ

2

G
(12)

where β is a constant that depends on the mass dis-
tribution in a galaxy, Re is the effective half-light ra-
dius, and G is the gravitational constant. The β value
varies between∼2−6 (Rix et al. 1997; Pettini et al. 2001;
Erb et al. 2003; Cappellari et al. 2006; Toft et al. 2012;
Maseda et al. 2013; Erb et al. 2014; Rhoads et al. 2014;
Beifiori et al. 2014) and is our major source of system-
atic uncertainty in dynamical mass measurements. Here,
we use β=2 corresponding to the singular isothermal
sphere mass profile (Keeton 2001; Binney & Tremaine
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Fig. 15.— Normalized distribution of stellar-to-dynamical mass
ratio (Mstar/Mdyn) for filament (red points) and the field
(blue points) star-forming galaxies. We do not find a signifi-
cant difference between them. After discarding the unphysical
Mstar/Mdyn >1 data from our analysis, we find that for fila-
ment star-forming galaxies, the median stellar-to-dynamical mass
ratio is Mstar/Mdyn ∼0.28 with a median absolute deviation
∼0.15, fully consistent with the field star-forming galaxies (median
Mstar/Mdyn ∼0.27 and median absolute deviation 0.15). The K-S
test also shows no significant difference between the distribution of
Mstar/Mdyn in filament and the field (p-value=0.47).

2008). However, we note that this could be as large
as ∼6. Therefore, our dynamical masses are lower lim-
its and could become higher by a factor ∼3. Half-light
radii are extracted from the publicly available catalog of
Leauthaud et al. (2007) in the COSMOS field, derived
by running Sextractor (Bertin & Arnouts 1996) on the
HST /ACS F814W images 9. We use the Hβ velocity
dispersion for dynamical mass measurements because the
typical uncertainties in Hβ velocity dispersion is smaller
than that of the [OIII]λ5007 line.
We find no significant evidence for different dynam-

ical mass distributions for filament and field galaxies.
The median dynamical mass is log(Mdyn/M⊙)∼10.12
in filament while in the field, we have median
log(Mdyn/M⊙)∼10.06, with a median absolute deviation
of ∼0.12 dex in both environments. Dynamical masses
are in the range log(Mdyn/M⊙)∼9.8−10.4 for filament
galaxies and in the range log(Mdyn/M⊙)∼9.4−10.8 for
galaxies in the field. Dynamical masses for field galaxies
have a slightly broader range. However, this might be
due to a slightly wider stellar mass range in the field.
We also investigate the stellar-to-dynamical mass ra-

9 We also tried the public ZEST catalog (Scarlata et al. 2007)
which extracts structural parameters (including effective radii)
from HST/ACS F814W images, using Simard (1998) GIM2D
IRAF package. We found a relatively good agreement between
the estimated effective radii from these two catalogs. Here, we
only use the Leauthaud et al. (2007) values.

tios (Mstar/Mdyn) of star-forming galaxies in different
environments and do not find a significant difference be-
tween them (Figure 15). For star-forming galaxies in
the filament, the median stellar-to-dynamical mass ratio
is Mstar/Mdyn ∼0.45 with a median absolute deviation
∼0.31. The median ratio is Mstar/Mdyn ∼0.30 in the
field with a median standard deviation of ∼0.18. Given
the relatively large absolute deviations, the stellar-to-
dynamical mass ratios in filament and the field are con-
sistent with each other.
Stellar-to-dynamical mass ratios in the filament are

in the range Mstar/Mdyn ∼0.08−3.88, and Mstar/Mdyn

∼0.08−4.42 for field galaxies. ∼20% of star-forming
galaxies in the filament and ∼15% in the field have un-
physical Mstar/Mdyn >1 (Figure 15). There might be
several reasons for these unphysical values. Firstly, the
uncertainties in the estimated Mstar/Mdyn are quite large
and the lower limit of their estimated Mstar/Mdyn lies
within the reasonable range for the majority of these
sources. Secondly, we assumed a value of β=2 in esti-
mating the dynamical masses. These sources might have
a larger β value. Choosing β ∼5−6 brings all (except one
with large error bar) the Stellar-to-dynamical mass ra-
tios to the safe zone. Thirdly, the nebular gas dynamics
may not be a complete representative of the total mass
as the star-forming regions are mostly localized to inner
regions of the disk.
In fact, if we discard the seemingly unphysical

Mstar/Mdyn >1 from our analysis, we find a much better
agreement between stellar-to-dynamical mass ratios in
filament and the field. The median stellar-to-dynamical
mass ratio becomes Mstar/Mdyn ∼0.28 (median absolute
deviation ∼ 0.15) for filament star-forming galaxies, fully
consistent with the field star-forming galaxies with me-
dian Mstar/Mdyn ∼0.27 and median absolute deviation
0.15. We also perform K-S test for the distributions of
Mstar/Mdyn in filament and the field, showing that it
is unlikely (p-value=0.47) they are drawn from different
parent distributions.
The estimated stellar-to-dynamical mass ratios in the

filament and the field are consistent with each other
(Mstar/Mdyn=0.27−0.28) and with some previous stud-
ies, although these studies may cover a different stellar
mass range, galaxy type, redshift, and selection function
when compared to our study. For example, Maseda et al.
(2013) found that for a sample of extreme emission line
galaxies at z ∼2 with stellar masses log(M/M⊙)∼8−9,
the stellar-to-dynamical mass ratio is Mstar/Mdyn ∼0.27
(assuming β=3), in good agreement with our result. Us-
ing a sample of massive quiescent galaxies at z >1 and
in the SDSS, Belli et al. (2014) showed that the aver-
age log(Mstar/Mdyn) is −0.13 for z >1 and −0.12 for
the SDSS samples, assuming β=5. Adopting our value
of β=2 in Belli et al. (2014) leads to the average value
of Mstar/Mdyn ∼0.30 for SDSS and z >1 samples, fully
consistent with the median value of (0.27−0.28) for our
study at z ∼0.5.
According to the numerical simulations of the galaxy

harassment scenario, galaxies in denser environments
lose their mass due to frequent interactions with other
galaxies and the tidal gravitational field of the dense
environment. However, the dark matter component of
a galaxy experiences a more effective mass loss com-
pared to the stellar component, as the stellar compo-



18

nent is more bound to the gravitational potential of the
galaxy (e.g., Moore et al. 1998). Therefore, one expects
a larger stellar-to-dynamical mass ratio in denser envi-
ronment. Observational evidence for the environmen-
tal dependence of Mstar/Mdyn for dwarf galaxies in the
cluster environment exists (e.g., Ryś et al. 2014). How-
ever, the absence of any environmental dependence of
Mstar/Mdyn in our work suggests that galaxy harass-
ment is not significantly effective on the type of galax-
ies (log(Mstar/M⊙)&9) and in the environments (fila-
ments and intermediate-density regions) considered in
this study.
Many studies of the Tully-Fisher relation out to z ∼1

have shown no or at best very weak (for S0 galaxies
and fainter systems) environmental dependence of its
characteristics (Sakai et al. 2000; Nakamura et al. 2006;
Pizagno et al. 2007; Jaffé et al. 2011; Mocz et al. 2012;
Bösch et al. 2013; Rawle et al. 2013; Sobral et al. 2013).
Since maximum rotational velocity is related to veloc-
ity dispersion and absolute magnitude is proportional
to stellar mass, the environmental invariance of stellar
mass and velocity dispersion seen in our work is indi-
rectly related to the environmental independence of the
Tully-Fisher relation seen in these previous studies and
obliquely agrees with them.

6. DISCUSSION

In Section 5, we showed that some of the observable
properties of filament and field star-forming galaxies such
as their EW, EW-sSFR relation, velocity dispersion, dy-
namical mass, and ionization parameter are the same
within the uncertainties. However, we found an enhance-
ment of metallicity and a significant reduction of electron
density for filament galaxies. What might be the cause
of these differences?
We first need to discuss that the environmental

dependence of the metallicity of star-forming galax-
ies may depend on the scale at which the environ-
ment is defined. At small scales (a few tens of
kpc), there is substantial evidence from observations
and simulations for a decrement of metallicity and
an enhancement of star-formation activity in galaxy
close pairs, merging, and interacting systems compared
to isolated, field galaxies, mostly attributed to the
interaction-induced inflow of metal-poor gas from the
periphery of interacting galaxies to the center, dilut-
ing their metal content, and increasing their gas fuel for
star-formation (Mihos & Hernquist 1996; Kewley et al.
2006; Michel-Dansac et al. 2008; Ellison et al. 2008;
Sol Alonso et al. 2010; Rupke et al. 2010; Perez et al.
2011; Scudder et al. 2012b; Ellison et al. 2013; Ly et al.
2014). At intermediate group scales where galaxy inter-
actions are more common compared to cluster and field
environments (Perez et al. 2009; Tonnesen & Cen 2012)
(due to a combination of (1) a lower velocity disper-
sion of group galaxies relative to their cluster counter-
parts and (2) a higher number density of group galax-
ies compared to the field systems, which provide an
ideal condition for interactions), there is also evidence
for a deficit of metals in group galaxies compared to
control samples in the field (Lara-López et al. 2013b),
possibly due to a higher fraction of interacting galax-
ies. At larger filamentary and cluster scales, the slight
metal enhancement of galaxies relative to the field might

be due to (1) the inflow of already enriched interafil-
amentary or interacluster gas into galaxies as obser-
vations and simulations have shown a more metal en-
riched IGM in cluster and filament environments com-
pared to the field (Arnaud et al. 1994; Aracil et al. 2006;
Stocke et al. 2006, 2007; Sato et al. 2007; Davé et al.
2011; Cen & Chisari 2011; Oppenheimer et al. 2012),
(2) the environmental strangulation (Larson et al. 1980;
Peng et al. 2015) of low-metallicity diluting gas falling
from the surrounding LSS cosmic web into galaxies, (3)
the environmental ram pressure stripping (Gunn & Gott
1972; Abadi et al. 1999) of the metal-poor diluting gas
in the periphery of galaxies, and (4) trapping and recy-
cling of metal-enriched outflows due to the hotter envi-
ronment of filaments and clusters (Cen & Ostriker 2006;
Aracil et al. 2006; Werner et al. 2008) compared to the
field.
However, among all the possibilities considered above,

the inflow of the metal-enriched intrafilamentary gas into
filament galaxies can better describe our observations
in this work. Strangulation and ram pressure strip-
ping would affect the gas content of filament galaxies
which would eventually result in a reduced gas reservoir
for galaxies, leading to a reduction of SFR in filament
galaxies. However, we showed in Section 5.4 that the
EW[OII]-mass relation which is related to star-formation
activity in galaxies is invariant to filament and field star-
forming galaxies. Moreover, ram pressure stripping is
practically effective for dwarf galaxies in denser environ-
ments of massive clusters with large velocity dispersions.
Given the mass range of our sample galaxies and the en-
vironment of our filament, it is unlikely that ram pressure
stripping would significantly affect the gas content of our
filament galaxies.
The small environmental dependence of galaxy metal-

licity seen in this work and similar studies might be due
to the selection of mostly brighter, central galaxies as
highlighted by Peng & Maiolino (2014). Using a sample
of galaxies in the SDSS, Peng & Maiolino (2014) showed
that once central and satellites are carefully separated,
there is a strong relation between overdensity and metal-
licity for satellite star-forming galaxies, whereas for cen-
tral system, no such correlation was found. They at-
tributed this correlation to the inflow of more metal-
enriched gas in denser environments to satellite galax-
ies. Similarly, Pasquali et al. (2012) found that satellites
have higher metallicities than equally massive centrals in
the SDSS dataset.
We showed that on average, the ionization parameter is

almost the same for filament and field galaxies, whereas
the electron density is much lower for filament galaxies.
The ionization parameter is defined as:

q =
Q(H0)

4πr2NH

(13)

where Q(H0) is the number of Hydrogen photoionizing
photons per second, passing through the surface area of
4πr2 with the Strömgren radius r, and NH is the number
density of Hydrogen atoms. Assuming ionization equi-
librium, the photoioization rate is balanced out by the
recombination rate:

Q(H0) ∝ r3N2
Hǫ (14)
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where ǫ is the filling factor. Inserting equation 14 into
13 gives:

q ∝ rNHǫ (15)

If the number density of hydrogen atoms is related to
electron density, given the lower electron density in fila-
ment galaxies and similar ionization parameter between
field and filament systems, the Strömgren radius and/or
the filling factor of filament galaxies should change in
such a way that leave the ionization parameter intact,
according to equation 15. In other words, on average,
filament galaxies might have bigger HII star-forming re-
gions assuming ǫ is fixed, or the filling factor is larger for
filament galaxies compared to the field assuming that r
is the same in these two environments, or a combination
of these.
Different star-formation histories between filament and

field star-forming galaxies can explain some of the dif-
ferences seen in this study. A longer, more constant
star-formation timescale for filament star-forming galax-
ies compared to a shorter, burstier star-formation history
for field star-forming galaxies is capable of sustaining a
bigger HII region for a longer time. A bigger HII region
reduces the pressure inside the region which leads to a
lower electron density. A longer star-formation timescale
for filament star-forming galaxies also suggests that at
the time of observation, it is more likely to find a higher
fraction of star-forming galaxies in filaments compared
to the field. This is consistent with e.g., Darvish et al.
(2014) who found a higher fraction of Hα star-forming
galaxies in a filamentary structure at z ∼0.84. It is
still not clear what environmental effects (if any) might
cause the difference in electron density, Strömgren ra-
dius, filling factor, and star-formation histories between
filament and field galaxies. Whatever they are, they al-
ter the ISM of galaxies in such a manner that affect
the electron densities and leave the ionization param-
eter almost unchanged. Sub-kpc-resolution simulations
in different environments are required to unveil the na-
ture of this trend. Furthermore, with the publicly avail-
able HST /ACS F814W data in the COSMOS field, a
detailed high-quality morphological analysis of filament
and field galaxies can be performed. This can poten-
tially shed more light on the origin of the environmental
effects seen in this study, a possibility that can be done
in another work in the future.
Since electron density measurements originate from

HII regions with sizes up to a few hundred pc, a full
understanding of them in different environments at in-
termediate and high redshifts requires sub-kpc resolu-
tion. Current space-based telescopes such as HST and
ground-based integral field units (IFU) equipped with
adaptive optics (AO) are able to provide information
on kpc-scale star-forming regions in intermediate and
high redshift galaxies (see e.g., Swinbank et al. 2012;
Wuyts et al. 2013; Hemmati et al. 2014). However, with
the next generation of telescopes such as TMT and E-
ELT, sub-kpc resolution for intermediate- and high-z
galaxies can be achieved through AO systems, enabling
us to have a grasp of the properties of HII-regions in
these galaxies located in different environments.

7. SUMMARY AND CONCLUSION

In this paper, we spectroscopically confirm the pres-
ence of a large filamentary structure (∼ 8 Mpc) in
the COSMOS field at z ∼0.53. We extensively study
the physical properties of the star-forming emission-line
galaxies in this filament and compare them with a con-
trol sample of field galaxies at the same redshift. Our
main results are:

1. We estimate the average electron density for
filament and field star-forming galaxies using
[OII]λ3726/λ3729 line ratio. We find no clear rela-
tion between [OII]λ3726/λ3729 ratio (electron den-
sity) and stellar mass, SFR, and sSFR. However,
we show that the average electron density is signif-
icantly lower (a factor of ∼ 17) for filament star-
forming galaxies compared to that of the field sys-
tems. We obtain the same result if we perform the
comparison in fixed stellar mass, SFR, and sSFR
bins. Depending on the bin selected, electron densi-
ties vary in the range ∼ <10−75 cm−3 for filament
star-forming galaxies and in the range ∼ 200−740
cm−3 for star-forming galaxies in the field. How-
ever, we note that the dispersion in the estimated
line ratios (electron densities) for individual galax-
ies is still large and a larger sample is required to
more robustly constrain the environmental depen-
dence of electron densities for star-forming galax-
ies. The decrement of the electron densities in fila-
ment star-forming galaxies might be due to a longer
star-formation timescale for filament star-forming
systems.

2. We stack the galaxies based on their local overden-
sity value (regardless of whether they are in the
filament or the field) and find an anti-correlation
between the average electron density of the stacked-
spectra and the local overdensity of galaxies. This
suggests that the environmental dependence of the
electron density for star-forming galaxies is possi-
bly a local effect.

3. We estimate the oxygen abundance metallicity us-
ing the R23 index. We show that our mass-
metallicity relation at z ∼0.5 for filament and
field star-forming galaxies lies in between mass-
metallicity relations at z ∼0 and z ∼2. We also
show that our µ0.32-metallicity relation for filament
and field star-forming galaxies nearly follows the
Mannucci et al. (2010) trend at z ∼0.

4. We show that at a fixed stellar mass, SFR,
and µ0.32, filament star-forming galaxies are more
metal-enriched (∼0.1−0.15 dex) compared to their
field counterparts. The metallicity enhancement
for filament star-forming galaxies compared to the
field might be due to the inflow of the already
enriched intrafilamentary gas into filament galax-
ies. The metallicity enhancement in denser en-
vironments suggests that environment has a sec-
ondary effect in the metal enrichment of galaxies
and internal processes are the major driver of the
chemical evolution in galaxies.

5. We estimate the average ionisation parameter
of filament and field star-forming galaxies using
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the O32 index. Ionisation parameter depends on
stellar mass and decreases with increasing stellar
mass for both filament and field star-forming
galaxies. However, within the uncertainties, we
find insignificant difference between ionisation pa-
rameter of filament and field star-forming systems.

6. We show that EW[OII] correlates with sSFR and
anti-correlates with stellar mass for filament and
field star-forming galaxies. However, we show
that within the uncertainties, EW[OII]-sSFR and
EW[OII]-mass relations are the same for filament
and field star-forming systems. The environmental
independence of the EW[OII]-mass anti-correlation
is another manifestation of the environmental in-
variance of the SFR−mass relation for star-forming
galaxies, seen in previous studies.

7. We estimate the line-of-sight velocity dispersion
and dynamical masses for filament and field star-
forming systems. We show that, on average,
velocity dispersion, dynamical mass, and stellar-
to-dynamical mass ratio are similar for filament
and field star-forming galaxies. The environmen-
tal invariance of stellar-to-dynamical mass ratio
in this work suggests that galaxy harassment is
not significantly effective on the type of galaxies
(log(Mstar/M⊙)&9) and in the environments (fil-
aments and intermediate-density regions) consid-
ered in this study.

Assuming ionisation equilibrium within HII star-forming
regions, we can show that the ionisation parameter di-
rectly depends on the electron density, the diameter of
the HII region, and the volume filling factor. Since we

showed that, on average, the ionisation parameter is sim-
ilar for filament and field star-forming galaxies and the
electron density is much lower for filament star-forming
systems, this suggests that, on average, filament star-
forming galaxies might have larger HII regions compared
to their field counterparts if we assume that the filling
factor is the same for them. However, HII regions have
sub-kpc sizes and a full understanding of their sizes in dif-
ferent environments at higher redshifts requires the next
generation of telescopes such as TMT that are equipped
with the IFU systems and assisted by the AO technology.

ACKNOWLEDGEMENTS

We gratefully thank the anonymous referee for read-
ing the manuscript and providing very useful comments
which significantly improved the quality of this work.
The authors wish to thank Brian Siana, Gabriela Canal-
izo, Brant Robertson and Michael Rich for their helpful
comments and discussions. DS acknowledges financial
support from the Netherlands Organisation for Scien-
tific research (NWO) through a Veni fellowship, from
FCT through a FCT Investigator Starting Grant and
Startup Grant (IF/01154/2012/CP0189/CT0010), from
FCT grant (UID/FIS/04434/2013), and from LSF and
LKBF. The observations presented herein were obtained
at the W. M. Keck Observatory, which is operated as
a scientific partnership among the California Institute of
Technology, the University of California and the National
Aeronautics and Space Administration. The Observa-
tory was made possible by the generous financial support
of the W. M. Keck Foundation. The authors would like to
recognize and acknowledge the very prominent cultural
role and reverence that the summit of Mauna Kea has
always had within the indigenous Hawaiian community.
We are fortunate to have the opportunity to perform ob-
servations from this mountain.

REFERENCES

Abadi, M. G., Moore, B., & Bower, R. G. 1999, MNRAS, 308, 947
Alpaslan, M., Robotham, A. S. G., Driver, S., et al. 2014,

MNRAS, 438, 177
Alpaslan, M., Driver, S., Robotham, A. S. G., et al. 2015,

MNRAS, 451, 3249
Aracil, B., Tripp, T. M., Bowen, D. V., et al. 2006, MNRAS, 367,

139
Aragón-Calvo, M. A., Jones, B. J. T., van de Weygaert, R., &

van der Hulst, J. M. 2007, A&A, 474, 315
Aragón-Calvo, M. A., van de Weygaert, R., & Jones, B. J. T.

2010, MNRAS, 408, 2163
Arnaud, K. A., Mushotzky, R. F., Ezawa, H., et al. 1994, ApJL,

436, L67
Beifiori, A., Thomas, D., Maraston, C., et al. 2014, ApJ, 789, 92
Belli, S., Newman, A. B., Ellis, R. S., & Konidaris, N. P. 2014,

ApJL, 788, L29
Bertin, E., & Arnouts, S. 1996, AAPS, 117, 393
Binney, J., & Tremaine, S. 2008, Galactic Dynamics: Second

Edition (Princeton University Press)
Biviano, A., Fadda, D., Durret, F., Edwards, L. O. V., &

Marleau, F. 2011, A&A, 532, A77
Bond, J. R., Kofman, L., & Pogosyan, D. 1996, Nature, 380, 603
Bösch, B., Böhm, A., Wolf, C., et al. 2013, A&A, 554, A97
Bothwell, M. S., Maiolino, R., Kennicutt, R., et al. 2013,

MNRAS, 433, 1425
Bridge, J. S., Gronwall, C., Ciardullo, R., et al. 2015, ApJ, 799,

205
Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004,

MNRAS, 351, 1151
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682
Cantalupo, S., Arrigoni-Battaia, F., Prochaska, J. X., Hennawi,

J. F., & Madau, P. 2014, Nature, 506, 63
Capak, P., Aussel, H., Ajiki, M., et al. 2007, ApJS, 172, 99
Cappellari, M., Bacon, R., Bureau, M., et al. 2006, MNRAS, 366,

1126
Cava, A., Perez-Gonzalez, P. G., Eliche-Moral, M. C., et al. 2015,

ArXiv e-prints, arXiv:1507.07939
Cen, R., & Chisari, N. E. 2011, ApJ, 731, 11
Cen, R., & Ostriker, J. P. 1999, ApJ, 514, 1
—. 2006, ApJ, 650, 560
Chabrier, G. 2003, PASP, 115, 763
Ciardullo, R., Gronwall, C., Adams, J. J., et al. 2013, ApJ, 769,

83
Cooper, M. C., Newman, J. A., Davis, M., Finkbeiner, D. P., &

Gerke, B. F. 2012, spec2d: DEEP2 DEIMOS Spectral Pipeline,
Astrophysics Source Code Library, ascl:1203.003

Cooper, M. C., Tremonti, C. A., Newman, J. A., & Zabludoff,
A. I. 2008, MNRAS, 390, 245

Coppin, K. E. K., Geach, J. E., Webb, T. M. A., et al. 2012,
ApJL, 749, L43

Cowie, L. L., & Barger, A. J. 2008, ApJ, 686, 72
Cowie, L. L., Hu, E. M., Jenkins, E. B., & York, D. G. 1983, ApJ,

272, 29
Crawford, C. S., Allen, S. W., Ebeling, H., Edge, A. C., &

Fabian, A. C. 1999, MNRAS, 306, 857
Daddi, E., Dickinson, M., Morrison, G., et al. 2007, ApJ, 670, 156
Danforth, C. W., Keeney, B. A., Stocke, J. T., Shull, J. M., &

Yao, Y. 2010, ApJ, 720, 976



21

Darvish, B., Mobasher, B., Sobral, D., Scoville, N., &
Aragon-Calvo, M. 2015, ApJ, 805, 121

Darvish, B., Sobral, D., Mobasher, B., et al. 2014, ApJ, 796, 51
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