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ABSTRACT

We use deep 70, 100 and 160 um observations taken with PACS, the Photodetector Array Camera and Spectrometer on board of
Herschel, as part of the PACS Evolutionary Probe (PEP) guaranteed time, to study the relation between star formation rate and
environment at redshift ~1 in the GOODS-S and GOODS-N fields. We use the SDSS spectroscopic catalog to build the local analog
and study the evolution of the star formation activity dependence on the environment. At z ~ 1 we observe a reversal of the relation
between star formation rate and local density, confirming the results based on Spitzer 24 um data. However, due to the high accuracy
provided by PACS in measuring the star formation rate also for AGN hosts, we identify in this class of objects the cause for the reversal
of the density—SFR relation. Indeed, AGN hosts favor high stellar masses, dense regions and high star formation rates. Without the
AGN contribution the relation flattens consistently with respect to the local analog in the same range of star formation rates. As in the
local universe, the specific star formation rate anti-correlates with the density. This is due to mass segregation both at high and low
redshift. The contribution of AGN hosts does not affect this anti-correlation, since AGN hosts exhibit the same specific star formation
rate as star forming galaxies at the same mass. The same global trends and AGN contribution is observed once the relations are studied
per morphological type. We study the specific star formation rate vs. stellar mass relation in three density regimes. Our data provides
an indication that at M/M, > 10" the mean specific star formation rate tends to be higher at higher density, while the opposite trend

is observed in the local SDSS star forming sample.
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1. Introduction

One of the most fundamental correlations between the prop-
erties of galaxies in the local Universe is the so-called mor-
phology (color) — density relation. This relation, quantified for
the first time by Dressler (1980), shows that blue, star-forming,
disk-dominated galaxies reside in lower density regions of the
Universe than red, inactive elliptical galaxies. The physical ori-
gin of the morphology density relation is still a subject of debate.
Much of the argument centers on whether the relation arises
early on during the formation of the object, or whether it is
caused by density-driven evolution. Given the tight link between

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.
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galaxy morphology, colors and instantaneous star formation rate
(SFR), an alternative way to tackle this issue is to analyze the
density—SFR relation. To shed light on how the environment af-
fects the galaxy properties, these relations have to be studied
at high redshift, when the galaxy formation processes are still
undergoing.

The existence and the behavior of the density—SFR rela-
tion at redshift ~1 is still matter of debate. Kovac et al. (2010)
show that galaxy star-formation and color transformation rates
are higher in the groups than in lower density regions at z ~ 1.
Elbaz et al. (2007) and Cooper et al. (2008) observe the rever-
sal of the density—SFR relation at z ~ 1 in the GOODS and
the DEEP2 fields, respectively, using a spectroscopically de-
fined density parameter. Caputi et al. (2009) analyze the close
environment, on 1 Mpc scales, of luminous infrared galaxies
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(LIRGs, Lig = 10''=10'2 L) and ultra-luminous infrared galax-
ies (ULIRGs, Lig > 102 Ly) in the zZCOSMOS dataset (Lilly
et al. 2007), finding that LIRGs at 0.6 < z < 1 are more often
found in overdense environment, while ULIRGs prefer under-
dense regions. On the other hand, Feruglio et al. (2010), using
photometric redshifts to define the local galaxy density, find no
dependence of the SFR and LIRG fraction on environment. The
scenario is made even more complicated by the interplay of mass
and density. Indeed, Scodeggio et al. (2009) reveals that already
at z ~ 1 mass and galaxy density are coupled with the most
massive galaxies segregated in the most dense environment.
Therefore, the evidence for a clear density-SFR trend could be
due to the different contribution of massive and less massive
galaxies favoring different density regimes. A first attempt to dis-
entangle the mass-driven and the environment driven evolution
is provided by Peng et al. (2010), based on the zCOSMOS and
SDSS data. They argue that two distinct processes are operating
to affect the galaxy star formation activity, “mass-quenching”
and “environment-quenching”.

A different approach to this issue is to study the SFR of
galaxies directly in high dense regions like clusters and groups.
A rather long list of cluster-related environmental processes can
affect the SFRs of galaxies. Some processes mainly affect the
gaseous content of a galaxy, such as the ram-pressure strip-
ping (Gunn & Gott 1972; Kenney et al. 2004; van Gorkom
2004), re-accretion of the stripped gas (Vollmer et al. 2001),
turbulence and viscosity (e.g. Quilis et al. 2001), and starva-
tion/strangulation (Larson et al. 1980). Gravitational processes,
which affect both the gaseous and the stellar properties of a
galaxy, range from low-velocity tidal interactions and mergers
(e.g. Mamon 1996; Barnes & Hernquist 1996; Conselice 2006),
to high-velocity interactions between galaxies and/or clusters
(Moore et al. 1998, 1999; Struck 1999; Mihos 2004). Several of
these processes can affect the galaxy properties both by quench-
ing or enhancing the star formation activity. At low redshift it is
well recognized that the star formation is suppressed in groups
and clusters. The surrounding regions of groups and clusters
have been identified as the most likely environment where the
star formation in accreted galaxies is quenched (e.g. Abraham
et al. 1996; Balogh et al. 1999; Pimbblet et al. 2002). Indeed,
passive spirals (i.e. spiral morphology but no star formation),
which are considered objects in a transition phase to an early
type morphology, tend to be found in this kind of intermedi-
ate density regions (e.g. Goto et al. 2003). The situation seems
to change towards higher redshift. At intermediate redshift,
Kodama et al. (2001) performed a wide-field imaging of the
CLO0939 cluster at z = 0.41 and discovered that the color dis-
tribution changes dramatically at the intermediate-density envi-
ronment which corresponds to groups/filaments. A very similar
result was reported by Tanaka et al. (2005) for the surround-
ing regions of higher redshift clusters, CLO016 at z = 0.55.
Studies of clusters at redshift z ~ 0.8 (Koyama et al. 2008)
show that star-forming activity is enhanced in the intermediate-
density cluster infalling region between low-density general field
and the high-density cluster core. More recent studies of forming
clusters (Tran et al. 2010; Hilton et al. 2010) show that towards
higher redshift, z ~ 1.4—1.6, enhanced star formation rates are
observed also in the cluster core. However, these studies do not
compare cluster and field galaxy star formation activity at the
same redshift. Thus, it is not clear whether this enhancement of
the cluster galaxy star formation activity is part of a global en-
hancement at the peak of the SFR density at z — 1.5-2 (Madau
et al. 1996) or is due to a real reversal of the density—SFR
relation.
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In this work we use PACS data to study the relation between
the galaxy SFR and the environment at redshift ~1. In order to
disentangle the mass segregation from the environmental effects,
we dissect in mass bins the instantaneous galaxy density—SFR
relation and in density bins the specific SFR-stellar mass rela-
tion. To achieve this goal we need deep IR (dominating the bolo-
metric luminosity at high SFR) data to get a reliable estimate
of the SFR. We also require a highly complete spectroscopic
coverage to estimate the local galaxy density. Thanks to the ob-
servations carried with PACS (Photodetector Array and Camera
Spectrometer, Poglitsch et al. 2010; Pilbratt et al. 2010) as part of
the PACS Evolutionary Probe (PEP) GT Program, we are able to
meet these requirements. Indeed, PACS with PEP provides at the
moment the deepest far-infrared survey at 70, 100 and 160 ym of
the GOODS fields, for which an extremely rich multiwavelength
dataset and extremely highly complete spectroscopic catalog are
available. Moreover, the GOODS fields show the presence of
several intermediate density regions, such as groups and fila-
ments, at z ~ 1, where the enhancement of the star formation ac-
tivity should be found. We use also the SDSS DR7 spectroscopic
catalog to relate the Ha based SFR to the local galaxy density at
z ~ 0 in order to evaluate the evolution of the density—SFR re-
lation. The paper is organized as follows. In Sect. 1 we describe
the data and the sample selection. In Sect. 2 we describe the
methods applied to estimate the galaxy properties. In Sect. 3 we
provide our results about the relation of the SFR and the local
environment at redshift ~1. In Sect. 4 we provide the evolution-
ary analysis of the density—SFR relation. In Sect. 5 we list our
conclusions.

We adopt Qp = 0.73, Qy, = 0.27 and Hy = 75 km st Mpc_1
throughout this paper.

2. Data and sample selection
2.1. PACS data

In this work we use the PACS data of the PACS Evolutionary
Probe (PEP) guaranteed time observations collected in the
GOODS-N and GOODS-S fields. The GOODS-N 30 h observa-
tions were carried out in medium speed (20”/s) scan map mode
at 100 and 160 um during the science demonstration phase of
the Herschel mission. The GOODS-S 113 h observations were
taken in medium speed scan map mode at 70, 100 and 160 um
in December/January (2009-2010). Data have been processed
through the standard PACS data reduction pipeline in the Hipe
environment (Ott et al. 2006), with the addition of some custom
procedures aimed at removal of instrument artifacts.

Glitch removal is based on the Multiresolution Median
Transform, a method developed by Starck & Murthag (1998) for
the detection of faint sources in ISOCAM data. The method re-
lies on the evidence that signal due to a real source and a glitch,
respectively, shows different signatures in the pixel time-line.
These features are identified using a multiscale transform sepa-
rating the various frequencies of the signal. Once the glitch com-
ponents are identified, they are replaced by interpolated value in
the pixel time-line.

PACS photometer observation exhibit 1/f noise (see Lutz
et al., in prep., for a more detailed explanation). In oder to re-
move the bulk of the noise we apply a “running-box” median
filter to the pixel time-line. The source positions are masked in
order to avoid source flux subtraction. The source mask is cre-
ated by masking all pixels with S/N above a given threshold in a
preliminary map. The source mask is optimized by iterating the
procedure.
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The blue channel (70 and 100 um) data show clear interfer-
ence patterns which are not ascribable to the 1/ f noise. In order
to remove those features, the individual scan legs of each obser-
vation have been visually checked and flagged when needed.

Before the map reconstruction, offsets and errors in the
pointing accuracy of the Herschel satellite have been corrected
by re-centering the data on a grid of known 24 um sources.
Scan legs of different scan directions and repetition numbers
have been projected in separate maps. The 24 um sources were
then stacked in the individual maps to compute the average Ax
and Ay offsets to be applied to the given set of scan legs.

The map reconstruction was done via a drizzle method
(Fruchter & Hook 2002). Given the high data redundancy in the
GOODS fields, we chose a very small drop size (pixfrac = 1/8
with a final output pixel scale of 2" at 70 and 100 um and 3"
at 160 um) to reduce the correlated noise in the final map (see
Fruchter & Hook 2002, for a detailed discussion). The individual
maps were then coadded, weighting pixel contributions by the
effective exposure. The final error map is derived as the standard
deviation of the weighted mean in each map pixel. Due to the
map projection and residual 1/f noise, the output pixels show
partial correlation. A correlation correction factor is calculated
in different subareas of the final map under the assumption that
it depends only on relative pixel positions. The correlation turned
out to be rather uniform across the final map. Thus, a mean cor-
related noise correction factor is used in our noise estimation.

The Point Spread Function (PSF) were extracted from the
final science maps, and have a FWHM of ~7.1, ~7.5 and
~11 arcsec in the 70, 100 um and 160 um bands, respectively.
The aperture correction is based on the calibration observation
of the Vesta asteroid. Particular care was taken in calibrating the
derived flux densities to account for the known flux overestima-
tion in the used Hipe version by factors 1.02, 1.09 and 1.29 at 70,
100 pm and 160 pm, respectively as described in the PACS scan
map release note PICC-ME-TN-035. As outlined in the note, the
absolute flux accuracy is within 10% at 70 and 100 um and better
than 20% at 160 um.

PACS catalogs were created using two different ap-
proaches: a blind extraction using the Starfinder PSF-fitting code
(Diolaiti et al. 2000) and a guided extraction using 24 um pri-
ors. Flux reliability, incompleteness and spurious source frac-
tion were estimated and tested via Monte Carlo simulations. We
created 500 images of the individual fields by adding ~20 artifi-
cial sources each for a total of 10000 sources. Input and output
fluxes are consistent within a few percent. The completeness is
defined as the fraction of sources detected with photometric ac-
curacy of at least 50% (Papovich et al. 2004). Spurious sources
are defined as those detected at 30~ flux level and with an in-
put flux lower than 30~. The GOODS-N observations reach the
30 level at ~3.0 mJy and ~5.7 mJy at 100 and 160 um, respec-
tively. The observations in GOODS-S reach the 3¢ limit at ~1.2,
1.2,2.4 mJy at 70, 100, 160 um, respectively. In order to test our
results against biases, we performed the analysis with both cat-
alogs to compare the results. The use of different catalogs does
not lead to any significant difference. Thus, hereafter we show
only the results based on the 24 um prior catalog. The final cat-
alog comprises all PACS detections down to the 30 level. We
reach a completeness level of ~70% at the 5o level and of 35%
at the 30" level. The spurious contamination is about 10%.

2.2. Auxiliary data

The PACS catalogs are matched to highly reliable multiwave-
length catalogs in both fields. For GOODS-N the PEP Team

created a PSF-matched database adopting the Grazian et al.
(2006, ConvPhot) approach, including UV (GALEX), opti-
cal (HST), near-infrared (FLAMINGOS) and infrared (Spitzer
IRAC and MIPS) data, which includes also the spectroscopic
redshifts collected by Barger et al. (2008). We include in the
catalog also the X-ray rest-frame luminosity of Alexander et al.
(2003) based on the Chandra 2 Ms observations of GOODS-N.
For GOODS-S we use the second version of the PSF-matched
GOODS-MUSIC catalog (Santini et al. 2009), which provides
U band (2.2 ESO and VLT-VIMOS), optical (HST), near-
infrared (VLT-ISAAC) and infrared (Spitzer IRAC and MIPS)
data. We matched the GOODS-MUSIC catalog to the GOODS-S
spectroscopic redshift master catalog of Balestra et al. (2010)
after removal of multiple entries for the same source. The
GOODS-MUSIC catalog is matched also to the Luo et al. (2008)
X-ray catalog based on the 2 Ms observation of GOODS-S.

2.3. The sample selection

For the purpose of the paper we need to define two different
catalogs: the star forming galaxy sample and the galaxy sample
to use for building the density field around each star forming
galaxy. In this section we describe how we select the star forming
galaxy sample at high and low redshift.

2.3.1. Star forming galaxies at z ~ 1

The PACS GOODS-N and GOODS-S observations are quite dif-
ferent in terms of depth. The GOODS-S maps are twice as deep
as the GOODS-N data. In order to harmonize the two datasets
without loosing in depth, we complement the PACS data with
MIPS 24 um data, which reach the 30 level at ~25 uJy in both
fields (Elbaz et al. 2007). This solves also any incompleteness
issue of the GOODS-N and GOODS-S PACS samples between
the 3 and 50 flux levels. Given the need for spectroscopic red-
shifts to reliably estimate the local galaxy density, we use a sub-
sample of the combined PACS+MIPS sample with high quality
spectroscopic redshift. The analysis of the spectroscopic com-
pleteness shows that this is above ~60% in any flux bin down to
80 wJy for both GOODS-N and GOODS-S PACS sample. Below
80 uJy the spectroscopic completeness per flux bin in the 24 ym
sample drops down quickly to ~35%. Thus, we apply a 80 uly
cut in the 24 ym sample. To ensure mass completeness we apply
an additional cut at [4.5 um] < 23 mag (Mancini et al. 2009).

We chose the redshift range 0.7 < z < 1.1 in order to sam-
ple the two main large scale structures in the fields: a low mass
cluster (M ~ 10 My) at z = 0.736 (Popesso et al. 2009) in
GOODS-S and a big group at z = 1.016 (Elbaz et al. 2007)
in GOODS-N. Figure 1 shows the PACS+MIPS sources iden-
tified by our selection criteria in the M/My — Lig plane. The
horizontal and vertical lines shows the M/M, = 8 x 10° and
Lir/Lo = 10'"!' cuts corresponding to our selection criteria at
0.7 < z < 1.1. The mass limit is estimated as described in
Rodighiero et al. (2010): we computed the mass-completeness
thresholds as a function of redshift for our IRAC 4.5 um-selected
sample (mag 4.5 um < 23.0, AB), derived from synthetic stel-
lar population models as described in Mancini et al. (2009). We
used a variety of galaxy models from the templates of Bruzual
& Charlot (2003), with a Salpeter IMF, and different ages, and
dust extinction parameters (E(B — V)). We decided to adopt the
most conservative mass-completeness limit, above which even
the oldest (2 Gyr) and highly extincted (E(B — V) = 0.8) star-
forming galaxy population would be entirely recovered. The
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Fig. 1. Bolometric IR luminosity — stellar mass relation. Empty circles
in the figure are MIPS 24 um detections without spectroscopic informa-
tion. Filled circles in the figure are MIPS 24 yum detections with spec-
troscopic information. Red circles identify MIPS sources with PACS
detection. The horizontal and vertical lines shows the M/M, = 8 x 10°
and Lir/L, = 10" cuts corresponding to our selection criteria at
07<z< L1

filled points in the figure refer to galaxies with spectroscopic red-
shift. The spectroscopic completeness is fairly uniform in both
mass and Lijr bins. Red circles identify PACS detections, which
dominate the Lig bright end. In addition, the cut at Lig /Lo = 10"
nicely separates the star forming and passive galaxies at the high
mass end.

We identify also 60 X-ray detected sources in our sample,
40 in GOODS-N and 20 in GOODS-S. 49 of these sources are
identified as AGN following the criteria of Brusa et al. (2009).
3 out of 49 AGNs are broad line AGNs. We exclude those
sources from our sample since in those cases the AGN contri-
bution dominates the SED at optical and IRAC wavelengths,
thus, not allowing a reliable estimate of the host galaxy stel-
lar mass (see Merloni et al. 2010). The dominant AGN contri-
bution at MIR wavelength prevents also a reliable estimate of
the host galaxy star formation rate. The remaining 46 AGNs
are classified as obscured AGNs, the dominant population in the
GOODS fields as outlined in Alexander et al. (2003) and Luo
et al. (2008). These sources are all at luminosities below that of
typical QSOs (Lx > 10* erg s~!'). Moderate-luminosity AGN
(Lx ~ 10 erg s7!) have been shown to be ideal laboratories for
the study of their host galaxies due to their low optical bright-
ness which in many cases is due to their nuclear obscuration
(Tozzi et al. 2006; Mainieri et al. 2007). In particular, as shown
in Merloni et al. (2010), an obscured AGN contributes in a negli-
gible way to the host galaxy SED at shorter wavelengths, thus al-
lowing a reliable estimate of the host galaxy stellar mass. 22 out
of the 46 obscured AGNs in GOODS fields have only a 24 um
detection. MIR wavelength can be affected by the AGN contri-
bution and can provide overestimated estimates of the instan-
taneous star formation rate. Instead, the rest-frame far infrared
seems to be dominated by the host (Netzer et al. 2007; Lutz
et al. 2010). In order to check whether the MIR flux provides
a reliable estimate of the host galaxy star formation rate, we
compare the Lig extrapolated from the 24 yum flux versus the
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Lir given by the PACS FIR flux, for the sources which have
both detections. Figure 2 shows the ratio Lir 24 um/Lir pacs Ver-
sus the Lig 24 ym. The trend of the relation is discussed in the
next session, but we point out here that, with the exclusion of
the broad lines AGNs, the remaining sources lie on the same
relation and show the same scatter as the normal star forming
galaxies. To check the reliability of the 24 um extrapolation, we
stacked in the GOODS-N 160 um map the 17 AGNs without
PACS detection. The mean flux is then converted into Ljg by us-
ing the empirical Ligp ,m — Lir relation found in our dataset. The
stacked point gives a ratio Lig 24 um/Lir pacs of 1 and it is con-
sistent within 1o~ with the relation obtained with the individual
detections. We conclude that in the redshift range of interest Lig
extrapolated from the 24 um flux can provide a reliable estimate
of the host galaxy star formation rate.

After the exclusion of broad line AGNs, we are left with
326 sources, of which 185 are PACS sources.

2.3.2. The z ~ 0 counterpart: the Sloan star forming galaxy
sample

The local galaxy sample is drawn from the SDSS DR7 spectro-
scopic database (Abazajian et al. 2009). The spectroscopic com-
ponent of the SDSS survey is carried out using two fiber-fed dou-
ble spectrographs, covering the wavelength range 3800-9200 A,
over 4098 pixels. They have a resolution varying between 1850
and 2200, and together they are fed by 640 fibers, each with an
entrance diameter of 3 arcsec. The fibers are manually plugged
into plates inserted into the focal plane; the mapping of fibers to
plates is carried out by a tiling algorithm (Blanton et al. 2003a,b)
that optimizes observing efficiency in the presence of large-scale
structure.

Using the selection criteria of Yasuda et al. (2001) we iden-
tify 813287 unique galaxies in the SDSS galaxy spectroscopic
sample. We match this sample to the catalog provided by the
MPA-JHU DR7 release of spectrum measurements!. This cata-
log provides stellar mass estimates based on Kauffmann et al.
(2003) and Salim et al. (2007). The star formation rate and spe-
cific star formation rate are based on Brinchman et al. (2004,
hereafter BO4, we refer to this work for further detail of the SFR
and sSFR estimation). The current version of the catalog pro-
vides mainly He-derived SFR. An estimate of the SFR is pro-
vided also for galaxies without emission lines. This estimate is
based on D4000 index. Since no calibration is provided for this
indicator, we limit our sample to the galaxies with emission lines
and Ha-derived SFR. The total SFR and sSFR is obtained by
correcting the fiber estimates. The extinction correction is based
on the Ha/Hp ratio. The aperture corrections are done by fit-
ting the photometry of the outer regions of the galaxies with
models and should remove the systematic overestimate of to-
tal SFR in certain classes of galaxies identified by Salim et al.
(2007). B0O4 divide the galaxy sample into several classes on the
basis of the BPT diagram (Baldwin et al. 1981). The following
galaxy categories are identified: star-forming galaxies, low S/N
star forming galaxies, composite galaxies, AGNs, and unclassi-
fiable objects. Since the AGN contribution to the Ha flux can
lead to a SFR overestimation, we exclude this class of objects
from the sample. Moreover, we limit our sample to the galaxies
classified as star forming and low S/N star forming. We exclude
the unclassifiable objects, which, according to B04 are galaxies
with extremely low S/N or absent He emission and with very
uncertain SFR estimate.

! http://www.mpa-garching.mpg.de/SDSS/DR/
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We select a subsample of galaxies in the redshift slice 0.01 <
z < 0.1 and with the same stellar mass cut used for the high red-
shift sample, M/Mg = 8 X 10°, for a total number of 97 244 star
forming galaxies.

3. Galaxy properties estimate
3.1. The local galaxy density parameter

To reconstruct the density field around each star forming galaxy
in the GOODS-N and GOODS-S fields we use all galaxies with
spectroscopic redshift in the range 0.7—1.1 and with zap <
23 mag to ensure a rather high spectroscopic completeness level
(Popesso et al. 2009).

We compute the projected local galaxy density, X, by count-
ing all galaxies located inside a radius of 0.75 Mpc and within
a fixed velocity interval of Av = 3000 kms™!, 3 times the typi-
cal velocity dispersion of massive clusters (o, ~ 1000 kms™'),
around each galaxy. The key ingredient for building a reliable
density field is a very high and spatially uniform spectroscopic
coverage. For this purpose we measure the spectroscopic com-
pleteness around each source as the ratio between the number of
objects with spectroscopic redshift and the number of all sources
with and without redshift, at zag < 23 mag in the cylinder along
the line of sight of the considered source and with a radius cor-
responding to 0.75 Mpc at the redshift of the considered source.
As shown in Fig. 3, the distribution of the completeness param-
eter is very narrow with a rms of 0.04 around the median value
of 77%. This ensures that the spectroscopic coverage of the fields
is very high and rather uniform. However, number densities mea-
sured within an apparent magnitude limit exhibit a strong red-
shift bias. Indeed, an apparent magnitude limit samples different
regions of the rest frame luminosity function (LF) at different
redshifts: the lower the redshift, the larger the region of the LF
sampled, thus the larger the number of galaxies measured within
the cylinder. For this reason, we prefer to measure the number
densities at an absolute magnitude cut. We set the cut to the abso-
lute magnitude corresponding to zag = 23 at the highest redshift
of our sample, z = 1.1, which is zap = —21.35. The local galaxy
density and the local completeness in this case are estimated as
described above with the difference that galaxies are counted
down to the m(z) = —21.35 + 5log(dl) + Slog(h) + k(z) + 25,

30 = T ‘ T —]
L Lg/Lg > loties ]
M/M, > 1099 )

L — z,3 < 23 mag 4

20 — =

" z,y; < —21.35 mag

0.4 0.6 0.8 1

zZ completness around source

spec

Fig. 3. Distribution of the completeness parameter calculated around
each source. The solid line shows the histogram of the completeness
parameter based on a galaxy sample selected with an apparent magni-
tude cut at zog < 23 mag. The dashed histogram shows the distribution
of the completeness parameter based on a galaxy sample selected with
an absolute magnitude cut at zag < —21.35 mag.

where z is the redshift of the reference star forming galaxy at the
center, dl is its distance luminosity and k(z) is the k correction
with respect to z = 1.1. The k correction is estimated through
the Kcorrect code of Blanton et al. (2007, version v4_1_4). The
distribution of the completeness parameter is as narrow as the
one obtained with the apparent magnitude cut, with a some-
what higher peak at 80% =+ 0.05, as shown in Fig. 3 (dashed
histogram). Thus, our absolute magnitude cut ensures the high-
est completeness level up to the highest redshift of our sample
without biasing the density parameter. We use our local com-
pleteness measure to correct the local galaxy density to retrieve
the actual density field. This is done under the assumption that
the incompleteness in the cylinder along the line of sight around
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Fig. 4. Comparison of the density parameter calculated assuming 80%
incompleteness and corrected for that (Z(output)) versus the actual
value (X(input)) in a light-cone of the Millennium simulation (Springel
et al. 2005).

each galaxy is the same as in the portion of the same cylinder
within Av = 3000 kms™! from the redshift of the galaxy.

The reliability of the method is also tested on a sample
of simulated galaxies in lightcones built from the Millenium
simulation (Kitzbichler & White 2007; Springel et al. 2005)
in the same redshift range considered in this analysis and at
Mp < =20.75 mag, corresponding to our absolute magnitude cut
at z ~ 1. We assume a mean spectroscopic completeness of 80%
and extract randomly a corresponding percentage of galaxies in
the lightcone. We apply our method to estimate the projected lo-
cal galaxy density and compare with the actual value in Fig. 4.
The corrected projected local galaxy density based on 80% com-
pleteness and the real density lie on average on the 1 to 1 line.
The errors in the figure are estimated through a jackknife tech-
nique. According to the mock catalog result, the average uncer-
tainty in our density estimate is about 15%, with a maximum of
~23% at the minimum density and a minimum of ~7% at the
maximum density. This shows that using our approach we trace
reliably the actual density field.

We compared this local density estimator with similar meth-
ods. Elbaz et al. (2007) vary the redshift interval in order to
sample the same comoving value, 90 Mpc?, around each galaxy.
Instead, as in Poggianti et al. (2010) we use proper quantities.
This is motivated by the fact that, in order to study the depen-
dence of galaxy properties on the density of the local environ-
ment, what matters are gravitational and vicinity effects, and
therefore proper distances between galaxies. However, given the
narrow redshift slice considered here, we see that our estimates
of the surface and volume densities are consistent within the er-
rors with the quantities derived at a fixed comoving volume. Our
approach is also consistent with the method of Elbaz et al. (2007)
once we use the same apparent magnitude cut as in that work.
However, the two estimates diverge when we use our absolute
magnitude limits, since the Elbaz et al. (2007) method shows the
redshift bias discussed above. Elbaz et al. (2007) use also vol-
ume densities to study the SFR-environment relation. However,
we use here only the projected galaxy local density.
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We compare our method also to the Nth nearest neighbor
density estimator (Dressler 1980; Capak et al. 2007; Guzzo et al.
2007; Postman et al. 2005). According to this method, the pro-
jected density around each galaxy is derived from the distance to
the Nth neighbor, 7, which define a circular area whose surface
density is £ = N/mr?. We found that the two density estima-
tors similarly trace the same large scale structures. In order to
compare with similar works based on accurate photometric red-
shifts, we use the accurate GOODS-S phot-z to define a photo-
metrically defined projected local galaxy density. To compare to
Feruglio et al. (2010) we use the 10th nearest neighbor density
estimator by adopting the same absolute magnitude limit used
above and a velocity interval equal to 3 X 0,(1 + z), where o is
the accuracy of the photometric redshift (o, = 0.01 at z < 1.1
and zap < 23, similar to the one used in Feruglio et al. 2010).
We find that the two different definitions of the projected local
galaxy density agree with a very large scatter. The photometri-
cally defined projected local galaxy density can trace very high
density regimes, however it is not able to separate intermediate
and low density regimes.

We use a subsample of the whole SDSS DR7 galaxy spec-
troscopic sample described above, with spectroscopic redshift
in the slice 0.01-0.1 (~350000 galaxies), to build the density
field around each star forming galaxy at low redshift. In order
to study the evolution of the density—SFR relation, we derive
the projected local number density of the SDSS galaxies in the
same way, within 0.75 Mpc and Av = 3000 kms™!. Our abso-
lute magnitude cut in the z band corresponds to Mp = —20.75
at redshift ~1. According to the B band rest frame luminosity
function estimated at 0.75 < z < 1 in Zucca et al. (2009), this
cut is equal to M* + 0.42, where M* is the characteristic mag-
nitude of the best-fit Schechter function. In order to sample the
same luminosity range in the low redshift sample, we use as ab-
solute magnitude cut Mp = M*(z = 0.1) + 0.42 = -20.3 mag,
where M*(z = 0.1) = =20.73 mag is the characteristic magni-
tude of the Schechter function fitted to the rest frame B band LF
at 0.1 < z < 0.35 in Zucca et al. (2009). The B band is obtained
from the SDSS ¢ band by using the Kcorrect code of Blanton
et al. (2007)

In order to obtain an estimate of the completeness correc-
tion for the SDSS star forming sample, we perform the same
analysis applied to the high redshift samgle to a subsample of
SDSS galaxies in a region of 10 X 10 deg”, which includes sev-
eral clusters at the redshift considered here. We use the mean
value of the completeness level to correct the local galaxy den-
sity and we use the dispersion of the completeness distribution as
error associated to this correction. As shown if Fig. 5, the mean
completeness level is 85% =+ 0.07. As already shown in Popesso
et al. (2005), the completeness level drops down to ~70% only in
the very central region of the massive clusters within ~0.1 Mpc,
due to the so called “fiber-fiber collision” problem: fibers can-
not be placed closer than 55 arcsec. Given the very large volume
used for the estimate of the local galaxy density, the higher cen-
tral incompleteness level does not affect significantly our density
estimates.

3.2. Stellar masses and star formation rates

Stellar masses and the total infrared luminosity (Lir) of each
PACS source are derived according to the method described in
Rodighiero et al. (2010, and 2007), through a fitting of the whole
spectral energy distribution (SED) of each source. The stellar
mass is derived by fitting the UV-5.8 um broad band photomet-
ric data with the Bruzual & Charlot (2003) stellar population
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Fig. 5. Distribution of the completeness parameter calculated around
each source in a SDSS subsample in a area of 10 x 10 deg?.

synthesis models, assuming a Salpeter IMF and a Calzetti ex-
tinction law, and by fixing the redshift at the available spectro-
scopic redshift. For GOODS-S the stellar masses are available
from Santini et al. (2009) and are calculated with the same stel-
lar population synthesis models and recipes (Rodighiero et al.
2010; and Santini et al. 2009, for further details).

The Lir is derived in a similar way by fitting the optical-
FIR SED with a library of local templates, including the library
from Polletta et al. (2007) and few additional modified templates
with colder FIR emission (see Gruppioni et al. 2010, for more
details) at a given redshift. We compute Lig by integrating the
best-fit SEDs in the [§—1000] um rest-frame range. The use of
the whole SED allows to obtain a more accurate and reliable es-
timate the K correction (Rodighiero et al. 2010). For the sources
with 24 um detection only, the fit is performed from optical up
to MIR wavelength only (hereafter R10 method). For compari-
son with previous works we calculate also Ljg extrapolated from
the 24 ym flux via the Chary & Elbaz (2001) method (hereafter
CEO1). To check for consistency, we compare the L estimate
provided by the MIR (LR 24 ,m) only and the Lir based on the
FIR fluxes (Lir pacs), for sources with both 24 ym and PACS
detections. Figure 2 shows the Lir 24 um/Lir pacs ratio versus the
Lir 24 um for the R10 and CEO1 methods. In both cases we see a
positive correlation, confirmed by a Spearman test at more than
7o level. There is a clear bias, whereby at lower Lig 54 m the
bolometric Lir is on average underestimated with respect to the
FIR based estimate. The CEO1 method produces a similar bias
also versus the stellar mass as shown in the right-hand panel of
Fig. 2, which we do not find in the R10 results. However, the
R10 Lir 24 um/Lir pacs VS. Lir 24 .m T€lation is steeper and tighter,
possibly indicating a somewhat stronger bias. Thus, we use the
CEO1 Lir 24 um as estimate of the Lig for the sources with only
MIPS detection. As already outlined in the previous section, the
X-ray detected AGNs follow the same trend as the normal star
forming galaxies. We perform a fit of the data with and without
the AGNs and we get consistent best fit lines. Before combin-
ing PACS detected and MIPS only detected sources, we correct
the CEO1 estimate Lig 24 um by using the best fit obtained in the
Lir 24 ym/Lir pacs VS. Lir 24 um relation.

The star formation rate is derived from the total infrared lu-
minosity Lig according to the Kennicutt law (1998). We checked
that above Ligr/Lo > 10", as in our selection, the contribution
of the uncorrected for extinction UV luminosity is negligible (on
average ~3%, much less than the mean 10% accuracy of our SFR
estimate).

4. Star formation activity and environment at z ~ 1
4.1. The density—SFR relation

We build the density—SFR relation to check which is the typi-
cal environment of star forming galaxies at any given star for-
mation rate. Thus, our approach is to derive the mean density
of the star forming galaxies per SFR bin. This approach is less
sensitive to selection effects due to spectroscopic incomplete-
ness. Indeed, the spectroscopic coverage of the GOODS fields is
spatially rather uniform, as pointed out in the previous section.
Instead, taking the average SFR per density bin is more prone
to biases because of the non uniform sampling of the L lumi-
nosity function through the spectroscopic selection function. We
associate an error to the mean density per SFR bin through a
jackknife technique. As done in Elbaz et al. (2007), if n is the
number of galaxies within a selected SFR interval, we randomly
eXtract njackknite galaxies from this sample and computed their
mean density. This process is repeated S00 times. The error bar
on the typical density for a given SFR bin is equal to the root
mean square of the 500 measurements of the density divided by
the square 100t of 7o/Mjackknife- We checked that the error bar
was robust by trying several values for Njickknife- In the highest
SFR bins, where the number of galaxies gets small, we use the
dispersion around mean density in the SFR bin divided by the
square root of the number of galaxies in the bin. This technique
is applied also to the study of the density—sSFR and sSFR—stellar
mass relation in the following sections.

In order to disentangle the environment from the mass ef-
fect, we perform this analysis in two bins of stellar masses with
acut at 5 x 10'° M. The density—SFR relation is different in
the two mass bins. A 2-dimensional Kolmogorov-Smirnoff test
shows that the probability that the two distributions are drawn
from the same parent population is 1.6 X 107*. A Spearman test
performed on the high mass sample gives a positive density-SFR
correlation at the 30~ confidence level (mean relation shown by
stars in the left panel of Fig. 6). The same test applied to the
low mass sample, shows, instead, that SFR and density do not
correlate (mean relation shown by empty triangles in the left
panel of Fig. 6). In addition, as expected due to mass segregation,
star forming galaxies in the low mass bin lie in lower densities
regimes with respect to the systems of higher mass.

To check if the positive correlation observed in the high mass
bin is due to a residual mass segregation effect, we check through
a KS test that the mass distribution is the same in all SFR bins.
According to the KS statistics the probability that the mass dis-
tributions of galaxies in different SFR bins are drawn from the
same parent distribution is 85% in the worst case. We conclude
that the the rising of the density—SFR relation in the high mass
bin is due to an environmental effect. The density—SFR relation
estimated in the whole sample gives a 3.50 positive correlation
(shaded pink area in Fig. 6). We ascribe the correlation to the
fact that massive galaxies are dominating at high star formation
rates.

Before comparing the redshift ~1 density—SFR relation with
the local reference, we have first to remove the AGN from the
sample. Indeed, we exclude the AGN from the low redshift
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Fig. 6. Density—SFR relation. We show the relation obtained by including the low luminosity obscured AGNs (/eft panel) and the relation obtained
after removing the AGNs from the sample (middle panel). In these panels the shaded regions show the global relations at M/M, > 8 x 10°, empty
triangles show the relation obtained in the low mass sample (8 x 10° < M/Mg < 5 x 10'7), stars show the relation obtained in the high mass sample
(M/Mg > 5 x 10'°). The right panel show the comparison of the global relations obtained by inclusion (pink area) and excluding (purple area) the

AGNs in the sample.

SDSS star forming sample since the AGN contribution to the
Hea emission can lead to a strong overestimation of the star for-
mation rate. Once the AGN host galaxies are removed from the
sample, the observed correlations become less significant and
flatter, as shown in the middle panel of Fig. 6. The Spearman
test gives a much higher probability of no correlation both in the
high mass bin and in the global relation (~20%). We also point
out that the AGN with only MIPS detection lie all at low lumi-
nosities (the first three SFR bins in the density—SFR relation).
Their removal do not affect at all the relation, meaning that even
if the 12 um rest frame flux can be biased by the AGN contribu-
tion towards higher Lir, this bias is not affecting our relation.

The effect due to the AGN removal is to remove massive
galaxies at high density. Indeed, the AGN fraction in our sample
is a rising function of density and mass and star formation rate
(Fig. 7). This result is in agreement with previous results ob-
tained at low redshift and based on obscured AGNs (Kauffmann
et al. 2003) and radio-loud (Best et al. 2005) AGN in the SDSS.
More recently Silverman et al. (2009) find in the COSMOS field
a similar trend at z ~ 0.5, but with a fraction of AGN 5 times
smaller. The discrepancy is likely due to to the fact that the
deep 2 Ms Chandra observations of the GOODS fields allow
to sample a larger portion of the Lx luminosity function at the
steep faint-end with respect to the shallower XMM survey of the
COSMOS field.

In order to test whether removing massive galaxies irrespec-
tive of the AGN presence can destroy the density-SFR correla-
tion in the same way, we performed a MonteCarlo simulation
by randomly removing a million times massive galaxies from
our sample in the same number of the AGNs and performing
the Spearman test on the remaining galaxies. Only in 0.5% of
the cases removing massive galaxies leads to the same or lower
probability of correlation as removing the AGN. The probabil-
ity is somewhat higher (1.5%) is we remove randomly chosen
galaxies irrespective of the mass. As additional test we removed
for a million times randomly chosen galaxies in the same number
and with the same mass distribution of the AGN in our sample.
Similarly, we find that in 1.6% of the cases, the Spearman test
gives the same or lower probability of correlation as removing
the AGN. In addition, the higher the AGN fraction left in the
sample, the higher the correlation probability. Thus we consider
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Fig. 7. Fraction of AGN hosts in our sample of star forming galaxies as a
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rate (panel ¢)) and specific star formation rate (panel d)).
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Fig. 8. Density—SFR relation obtained using only 24 um derived SFR.
The filled points show the relation obtained with 24 ym only derived
SFR with the AGN contribution, the empty stars show the same with-
out AGN contribution. The positive correlation does not disappear after
removing the AGN when 24 um derived SFR are used. The shaded
regions show the density—SFR relations estimated with PACS+MIPS
data: pink region is the density—SFR relation with the AGN contribu-
tion, the violet region is the same without AGN contribution.

AGN host galaxies as a good candidate to cause the reversal of
the density—SFR relation in our sample.

Once the AGN hosts are removed from the high redshift
star forming galaxy sample as in the low redshift sample, the
agreement between the behavior of the density—SFR relation at
z ~ 1l and z ~ 0.1 is remarkable. Indeed, as shown in Fig. 9,
although in a much larger SFR range, we do not observe any
correlation in the SDSS star forming sample as confirmed by the
Spearman test. The mean relation is shown by filled points in
Fig. 9. Once we split the SDSS sample in two mass bins as we
do for the z ~ 1 galaxies, we observe the same mass segrega-
tion effect, e.g. the higher the mass, the higher the mean density.
We do not observe any correlation in any mass bin similarly to
the z ~ 1 galaxies without AGN hosts. We do not compare here
the absolute value of the local density of star forming galaxies at
z ~ land z ~ 0.1, because the density parameter is not estimated
exactly in the same comoving volume.

The comparison of our density—SFR relation with analogous
results in the literature is not straightforward. Indeed, all pre-
vious works use a different approach to derive the same rela-
tion: they estimate the mean SFR per density bin. This is equiv-
alent to study the galaxy type mix per density regime rather
than investigate which is the typical environment of galaxy
with a given instantaneous star formation rate. However, qual-
itatively we find a good agreement with Elbaz et al. (2007) and
Cooper et al. (2008) if AGN hosts are kept in our analysis. The
density—SFR relation obtained after removing the AGN contri-
bution is much flatter than in Elbaz et al. (2007). Indeed, as
shown in Fig. 8, when we use 24 um only derived SFR, the
density—SFR relation is steeper than the one based on PACS
data if AGN are kept in the sample. In addition, the removal
of AGN from the sample does not destroy the correlation as ob-
served in the relation obtained with PACS derived SFR. This

SDSS z~0.1 star forming galaxies

S (Mpc?)

% M/M, > 5 x101°
A Bx10° < M/M, < 5 x10%°

@ mean relation (M/M, > 8x109)

100
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Fig. 9. Density—SFR relation in the local SDSS star forming sample.
Filled points show the global relations at M/M, > 8 x 10°, empty tri-
angles show the relation obtained in the low mass sample (8 x 10° <
M/Mg < 5 x 10'%), stars show the relation obtained in the high mass
sample (M/Mg > 5 x 10'0).

is confirmed by a Spearman test, which gives a positive cor-
relation at 3.50 level even after removing the AGN. This can
be explained by the bias observed in the 24 ym only derived
L in Fig. 2. The same comparison is not possible with Cooper
et al. (2008) because they cannot identify and remove AGN in
the DEEP2 sample. We find a better agreement with Feruglio
et al. (2010) who exclude AGN from the analysis and find a flat
relation.

4.2. The density—sSFR relation

We analyze here the density-specific SFR (sSFR = SFR/M,,) re-
lation. Due to the known anti-correlation between the sSFR and
the galaxy stellar mass (Elbaz et al. 2007; Rodighiero et al.
2010), binning in stellar mass implies a selection in sSFR. We
show the result also for the low and high mass samples (same
stellar mass cut as in the previous analysis) separately, to anal-
yse the different contributions to the global density—sSFR rela-
tion. The mean relation is shown in the left panel of Fig. 10
(shaded region). The Spearman test reveals a negative correla-
tion with probability of no correlation P(rs) = 0.23%. The anal-
ysis of the contributions from the different mass samples reveals
that: a) in the high mass bin sSFR and density marginally corre-
late (90% confidence level according a the Spearman test, empty
stars in left panel of Fig. 10), as already found in the same mass
bin by Elbaz et al. (2007); b) at lower stellar masses there is no
correlation (empty triangles in left panel of Fig. 10); ¢) due to
mass segregation, high mass systems lie generally in dense re-
gions while low mass systems prefer low density environments;
d) the high mass systems dominate the low sSFR end; e) the low
mass systems dominate the high sSFR bins. This mass segrega-
tion leads to a global density-sSFR anti-correlation.

The removal of AGN hosts from the sample does not affect
significantly the result. Indeed, as shown in the panel d) of Fig. 7,
the AGN fraction is relatively constant at any sSFR. Thus the
effect of removing AGNs is to reduce the number of galaxies
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Fig. 10. Density—sSFR relation. We show the relation obtained by including the low luminosity obscured AGNs (left panel) and the relation
obtained after removing the AGNs from the sample (middle panel). In these panels the shaded regions show the global relations at M/M, > 8 x 10°,
empty triangles show the relation obtained in the low mass sample (8 x 10° < M/M < 5 x 10'°), stars show the relation obtained in the high mass
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Fig. 11. Density—sSFR relation in the local SDSS star forming sample.
Filled points show the global relations at M/M, > 8 x 10°, empty tri-
angles show the relation obtained in the low mass sample (8 x 10° <
M/Mg < 5 x 10'%), stars show the relation obtained in the high mass
sample (M/M,, > 5 x 10'0).

populating any sSFR bin and consequently to enlarge the error
bars. This directly implies that the level of star formation activity
of AGN hosts is consistent with the star formation level of star
forming galaxies at the same mass.

The anti-correlation observed in the star forming sample
at z ~ 1 is consistent with the behavior observed at z ~ 0,
as shown in Fig. 11. The local star forming sample show the
same mean anticorrelation (filled points in Fig. 11) as confirmed
by the Spearman test. Differently from the high redshift case,
we observe a significant anti-correlation also in the high (stars)
and low mass bins (triangles). However, this can still be due to
mass segregation since a Spearman test reveals a very signifi-
cant (>150) positive correlation between mass and local density
in the individual mass bins.
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For the same reasons described in the previous section,
the comparison of our relations with the previous work is not
straightforward. Nonetheless, as already outlined, we can repro-
duce the marginal positive correlation observed by Elbaz et al.
(2007) between sSFR and density in the high mass bin. We as-
cribe this marginal correlation to the AGN contribution. We find
good agreement with Cooper et al. (2008) who observe a global
density-sSFR anti-correlation. We find partial agreement with
Feruglio et al. (2010) who do not find any relation in fixed stellar
mass bins. However, they do not provide a definitive result about
the combination of the contributions of the different mass bins to
the global sSFR-mass relation.

4.3. The morphological analysis

In this section we analyse the previous relation per morpho-
logical type in order to link the galaxy SFR (sSFR) and en-
vironment to the galaxy morphology. The morphological clas-
sification is performed by visual inspection of all objects in
our sample. We identify 5 morphological types: 49 spheroidal,
71 bulge dominated objects, 73 disk dominated spirals, 97 ir-
regulars, 34 interacting galaxies. We exclude two objects that
turn out to be stars. In order to have enough statistics, we group
the spheroidals and the bulge dominated galaxies as early type
galaxies, and the irregulars and interacting objects as galaxies
with disturbed morphology. Thus, early type galaxies account
for 37% of the sample, late type galaxies for 22% and galaxies
with disturbed morphology for the remaining 41%. Figure 12
shows the density—SFR relation (left panel) for the different mor-
phological types. According to the Spearman test none of the
three considered morphological types shows a significant corre-
lation. The mean density slightly increases from the late to the
early types. Below 50 M, yr~! the late type and irregular galax-
ies are dominating. As a consequence the mean density is low
around 2.6 + 0.4 Mpc™!. Above that threshold the galaxies are
almost equally distributed in the three morphological types. This
brings the mean density at 3.9 + 0.5 Mpc™! above 50 My, yr~'.
This shows that the morphology-density relation is already in
place among LIRGs at redshift ~1 and how the morphological
type mix relates to the reversal of the density—SFR relation. As
for the global relation, the removal of the AGN hosts from the
sample leads to a flattening of the density—SFR relation for any
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Fig. 12. The left panel shows the density—SFR relation per morphological type. Black points refer to early type galaxies, magenta points refer to
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morphological type, as shown in the central panel of Fig. 12.
A Spearman test confirms that there is no correlation for all mor-
phological types. This is also confirmed by the large error bars
in the figure.

The right panel of Fig. 12 shows the density—sSFR relation
per morphological type. All three galaxy types follow the global
relation. We do not show the effect of the AGN removal because,
as for the global relation, the trend remains unchanged while the
error bars increase due to the lower statistics.

4.4. The sSFR-stellar mass relation

In order to gain more insight into the relation between
galaxy SFR and environmental conditions we study also the
sSFR—stellar mass relation in three density bins, to isolate low,
intermediate and high density regimes. Each bin contains at least

100 sources. In order to control the selection effects, we compare
our relation with the relation of Rodighiero et al. (2010) based on
the stacking of an IRAC selected sample. As shown in Fig. 13 the
RO10 relation (left panel, shaded region) is consistent with our
relation. As expected, we slightly overestimate the sSFR-mass
relation at the low mass end due to our 10" L/L, luminosity
cut. We find a rather significant difference (at the 30 level) rising
from low to high density regimes. The discrepancy is confirmed
by a 2-dimensional Kolmogorov-Smirnoff test showing that the
mutual sSFR and stellar mass distributions have a probability of
6 x 1073 to be drawn from the same parent distribution from the
lowest to the highest density bin. Partly this is due to mass seg-
regation. Indeed a unidimensional KS test applied to the stellar
mass distribution between the lowest and highest density bins,
shows with high significance that they are not drawn from the
same parent distribution. The same test applied to the SSFR gives
a somewhat higher probability, 20%. The left panel of Fig. 13
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shows the sSSFR-mass relation in the three density bin. We fit the
best fit line by linear regression in the log-log space and show
the best fit parameters as a function of the mean density in the
central panel. The errors are estimated through a jackknife tech-
nique. We see a clear trend of the relation which is flattening
towards higher local density. The removal of AGN hosts does
not change the trend. This is due to the fact that the AGN frac-
tion is equally distributed at all SSFR (panel d of Fig. 7). So re-
moving the AGN hosts mainly enlarges the error bars due to the
lower statistics. Figure 14 shows the same analysis applied to
the SDSS local star forming sample. We observe a change in the
sSFR-mass relation as a function of the local density. This was
already pointed out in Kauffmann et al. (2004), although they
consider all SDSS galaxies and not only star forming systems
as in this work. The effect is visible only at the high mass end
of the relation, M/My > 10", whereby the higher the density
the lower the mean sSFR of the star forming galaxies. We point
out that Peng et al. (2010) studies the same relation using SDSS
galaxies without reporting any environmental effect. However,
we also point out that Peng et al. (2010) consider a much larger
range of stellar masses, from 107 to 10'2 M/M,. As shown in
Fig. 14, below 10'' M/M,, we do not observe a deviation as a
function of density with respect to the mean relation (shaded re-
gion). Although they do not dominate in mass, low mass galaxies
surely dominate in number with respect to massive galaxies and
determine statistically the slope of the relation. Thus, a linear fit
to the sSFR-mass relation in the log-log space, as done in Peng
et al. (2010), provides slopes consistent in any density regime.
Figure 15 shows the direct comparison of the density depen-
dence of the sSFR-mass relation at low and high redshift. The
figure shows the residuals A(log(sSFR)) of the sSFR-mass rela-
tion per density bin with respect to the mean relation in the local
SDSS star forming sample (left panel) and in the high redshift
star forming sample (right panel). The deviation from the mean
relation at the high mass end is clear at z ~ 0.1 (left panel) and,
although much less significant (2.50 effect), still visible in the
z ~ 1 case (right panel). As indicated by the arrows, we find an
indication that the effect is going in opposite direction at high

A145, page 12 of 15

redshift with respect to the local analog. To explain this reversal
of tendency, we look at the sSFR-mass relation per morphologi-
cal type in the three density bins at z ~ 1. However, this analysis,
due to the poor statistics of the current high z sample, can provide
only an indication. As shown in Fig. 16, we observe a marginal
increase of the mean sSFR of massive (M/M, > 5 x 10'!) early
type galaxies from the low density to the high density bin. This
figure is equivalent to the right panel of Fig. 12 limited to the
high mass bin. Late type and irregular galaxies do not exhibit
any variation of the mean sSFR as a function of density given
the current accuracy. The fraction of massive early type galax-
ies varies from ~20% in the low density regime to ~40% at the
highest density at the expenses of the late type galaxy fraction
which decreases from 40% to 20%, while the fraction of irregu-
lar galaxies remains constant. The tilt of the sSSFR-mass relation
at high density could be due to the presence of a larger number
of massive and highly star forming early type galaxies. We point
out that this is in agreement with the marginal increase of the
density—sSFR relation observed in the high mass bin in the left
panel of Fig. 10. However, to confirm this indication we need a
dataset with much higher statistics. In addition, the picture pro-
posed here is partial because we can not check what is the role
of the star forming galaxies with early-type morphology in the
local SDSS star forming sample. Indeed the visual morpholog-
ical classification applied to the high z star forming sample is
just unfeasible for the large Sloan sample. The detailed study of
the sSFR-mass relation as a function of the morphological type
and environemnt in an homogeneous way and on a dataset with
much higher statistics is the aim of another paper of this series.

5. Discussion

The main structures sampled by our high density regimes are two
clusters in formation: a low mass cluster at z = 0.73 at the center
of two long filaments in the GOODS-S region, and two merg-
ing groups at z = 1.016 in GOODS-N. Recently, Fadda et al.
(2008) conducted a very wide field MIR observation with Spitzer
MIPS which covers two filaments around the Abell 1763 clus-
ter (z = 0.23), and found that the fraction of starburst galaxies is
more than twice larger in the filaments than in the inner region or
outer fields of the clusters. The enhancement of star-forming ac-
tivity in filaments is also suggested in nearby clusters in optical
studies (e.g. Porter & Raychaudhury 2007; Porter et al. 2008).
Tzanavaris et al. (2010) find also an enhanced sSFR in members
of gas rich Hickson compact groups (HGC) harboring mainly
spirals and irregulars with respect to gas poor groups dominated
by ellipticals and SO galaxies. Following Verdes-Montenegro
et al. (2001) they argue that S/I and E/SO HGC galaxies may
constitute two distinct subclasses, consistent with being the two
extremes of a possible evolutionary sequence progressing from
the S/I high-sSFR subclass to the E/SO low-SSFR one. Initially,
loose groups contract to a more compact configuration (Barton
et al. 1998). At this stage, most of the H I is found in galaxy
disks, which constitute the prevailing morphological type. As the
effects of tidal interactions gain in importance with time, an in-
creasing fraction of the group H I mass is stripped from the inter-
stellar medium of member galaxies and forms tidal tails, bridges,
and intergalactic structures. At this stage old, gas poor groups
host quiescent elliptical and SO galaxies. This scenario is also in
agreement with the more recent findings of Hwang et al. (2010)
based on the cross-correlation of the SDSS galaxy catalog and
IRAS faint source catalog. They find that the star formation ac-
tivity in LIRGs and ULIRG:s is triggered by galaxy galaxy inter-
action. Moreover, the star formation activity is boosted when the
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interaction happens between gas rich galaxies, while it is sup-
pressed when a gas-rich galaxy encounter an early type gas poor
system.

Tran et al. (2009) analyses the star formation activity of a
super galaxy group at z ~ 0.37. The system is merging to form
a galaxy cluster comparable in mass to Coma. The super-group
has a significantly higher fraction of dusty star-forming mem-
bers than the massive cluster at the same redshift. The star form-
ing galaxy population of the super-group is composed of lumi-
nous (Mg < —20.5) and relatively low mass (10'0 < M/M, <
4 x 10'%) members with late type morphology. Most of these
members are outside the cluster core. Similarly, Vulcani et al.
(2010) find that the median SFR of groups at 0.4 < z < 0.8 is

comparable to the median SFR of field galaxies, while in cluster
SF galaxies they observe a much lower star formation activity.

A similar scenario is confirmed at redshift z ~ 0.8 by
Koyama et al. (2008). They find that star-forming activity is en-
hanced in the intermediate-density cluster infalling region be-
tween low-density general field and the high-density cluster
core. They argue that the infalling galaxies would experience
close interactions among themselves, even before they experi-
ence any significant influence of the gravitational potential of
the cluster, and that of its ICM, on their rate of star formation.
Particularly for galaxies falling along crowded filaments into a
cluster, the local density of galaxies would already have begun to
increase rapidly, and it could be appreciable at distances as large
as twice the virial radius. Therefore, the most likely cause for
enhanced star formation in the cluster infall region and groups is
most likely due to galaxy-galaxy harassment, which is a rapidly
acting process, working efficiently in crowded environments.
Moving towards the center of the cluster, the infalling galaxies
experience ram pressure stripping by the hot ICM and galaxy
strangulation that quench the star formation rate. At higher red-
shift, z ~ 1.4-1.6, Tran et al. (2010) and Hilton et al. (2010)
observe enhanced star formation rates towards the cluster core
and not only in the infalling region. This would suggest that at
that epoch the processes quenching the star formation rate in the
cluster highest density region did not yet take place or are not
yet fully efficient.

Putting our results in the context, all tends to be consistent
with the scenario described above. Indeed, we do observe seg-
regation of highly star forming galaxies, though AGN hosts, in
the group density regime. In addition, the dynamical analysis of
the structures considered here show that they are all groups with
substructures, long filamentary structures and probably experi-
encing merging (Popesso et al., in prep.). Thus, we are proba-
bly observing systems similar to the supergroup of Tran et al.
(2009) at z ~ 0.37 with a confirmed enhanced star formation
activity in the infalling regions. However, our estimate of the
galaxy local density is not accurate enough to distinguish be-
tween the infalling and virial regions. Thus, we can not confirm
whether the reversal of the density—SFR relation still holds in the
group core or whether it is dominated by the infalling systems.
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In addition, our data provides an indication for a reversal of ten-
dency at the high mass end of the sSFR-mass relation with re-
spect to z ~ 0.1, possibly due to early type galaxies. This could
indicate that we are whitnessing the formation of massive sys-
tems (M/Mg > 10'") with early type morphology in the dense
regions where they are usually segregated, as also observed at
z ~ 1.4-1.6 (Tran et al. 2010; Hilton et al. 2010). To have a
clearer picture, a more detailed study of the members of the
structures contained in our sample is needed and it is the aim
of a second paper.

6. Summary and conclusions

In order to build a clean catalog of star forming galaxies at red-
shift ~1, we complement the PACS catalogs in the GOODS
fields with MIPS 24 um sources to cope with the different
depth and incompletness levels in the GOODS-N and GOODS-S
PACS observations. Applying additional cuts at 4.5 um and at
24 ym we build a catalog complete in stellar mass down to
8 x 10° My and Lig = 10" Ly, with an average spectroscopic
completeness of 80% and above 60% in any flux bin. We identify
X-ray detected AGNs and exclude broad line AGNs for which
we can not obtain either a reliable estimate of the host stellar
mass or star formation rate. We keep in the sample low lumi-
nosity obscured AGNs for which we obtain reliable estimates of
the host galaxy properties. In order to build a reference sample
of star forming galaxies at z ~ 0, we use the SDSS DR7 spec-
troscopic sample toghether with the SFR, stellar mass and clas-
sification of the MPA-JHU spectroscopic catalog. We estimate
the density parameter at high and low redshift in a homogeneous
way. The density parameter is based on spectroscopic redshift
information to properly identify low, intermediate and high den-
sity regimes.
We list here our findings:

— we analyse the density—SFR relation at redshift ~1 in two
mass bins. We observe a reversal of the density—SFR rela-
tion, as previously found by Elbaz et al. (2007) and Cooper
et al. (2008) for galaxies at masses M/Mg, > 5 x 10'0.
At lower masses the SFR and the density do not correlate.

— Thanks to the high accuracy provided by PACS in measuring
the star formation rate also for AGN hosts (we have PACS
detection for the 50% most luminous AGN in the sample),
we indentify in this class of objects the cause for the reversal
of the global density—SFR relation at M/Mg, > 8 x 10°. This
was not previously seen by works based only Spitzer 24 ym
data, which can be biased towards higher bolometric infrared
luminosities by the AGN contribution (Elbaz et al. 2007) and
works based on optical data which suffer even more by this
bias (Cooper et al. 2008).

— Our data reveals that the fraction of AGN in the sample is
rising towards high masses, high densities and high SFR.
Thus, removing AGN from the sample is equivalent to re-
moving an increasing fraction of the most star forming sys-
tems towards high densities, which causes the steepening of
the density—SFR relation to disappear.

— Once AGN hosts are removed from the sample, as done for
the local SDSS star forming sample based on optical data,
the qualitative behavior of the density—SFR relation is con-
sistent between high and low redshift.

— We observe a clear density-sSFR anti-correlation which is
due to the different contribution of massive and less mas-
sive galaxies, thus, to mass segregation. Removing the AGN
hosts from the sample does not affect significantly the
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anti-correlation, since they are equally distributed in any bin
of sSFR, thus, they have the same mean sSFR of star forming
galaxies at the same mass.

— The same trends and AGN effect are observed even when
galaxies are separated in different morphological types.

— We observe an indication for a reversal of tendency at the
high mass end of the sSFR-mass relation with respect to the
z ~ 0.1 relation. At M/Mg > 10'! the mean specific star
formation rate tends to be higher at higher density, while the
opposite trend is observed in the local SDSS star forming
sample.
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