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Abstract

Galaxy formation models invoke the presence of strong feedback mechanisms
that regulate the growth of massive galaxies at high redshifts. Providing
observational evidence of these processes is crucial to justify and improve these
prescriptions. In this chapter we aim to (1) confirm spectroscopically the
redshifts of a sample of massive galaxies selected with photometric redshifts
zphot > 2.5; (2) investigate the properties of their stellar and interstellar media;
(3) detect the presence of outflows and measure their velocities. To achieve
this, we analysed deep, high-resolution (R ≈ 2000) FORS2 rest-frame UV
spectra for 11 targets. We confirmed that 9 out of 11 have spectroscopic
redshifts zspec > 2.5. We also serendipitously found two mask fillers at
redshift zspec > 2.5, which originally were assigned photometric redshifts
2.0 < zphot < 2.5. In the four highest quality spectra we derived outflow
velocities by fitting the absorption line profiles with models including multiple
dynamical components. We found strongly asymmetric, high-ionisation lines,
from which we derived outflow velocities ranging between 480 km s−1 and
1518 km s−1. The two highest velocity outflows correspond to galaxies with
active galactic nuclei (AGNs). We revised the spectral energy distribution
fitting U -band through 8 µm photometry, including the analysis of a power-
law component subtraction to identify the possible presence of AGNs. The
revised stellar masses of all but one of our targets are ∼> 1010M�, with four
having stellar masses > 5×1010M�. Three galaxies have significant power-law
components in their spectral energy distributions, indicating that they host
AGNs. We conclude that massive galaxies are characterised by significantly
higher velocity outflows than the typical Lyman-break galaxies at z ∼ 3. The
incidence of high-velocity outflows (∼ 40% within our sample) is also much
higher than among massive galaxies at z < 1, consistent with the powerful star
formation and nuclear activity that most massive galaxies display at z > 2.
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2.1 Introduction

Understanding the formation and evolution of massive galaxies (M? > 1010M�)
at high redshifts is important for constraining galaxy formation models. Early
hierarchical models of galaxy formation were unable to explain the large number
of massive galaxies found at redshifts z > 1 (e.g. Cimatti et al. 2002; Drory
et al. 2003; Pozzetti et al. 2003). Over the last ten years, the implementation
and improvement of feedback recipes in these models has progressively led
to a better agreeement with observational results (Somerville et al. 2004;
Bower et al. 2006; Croton et al. 2006). Feedback is now considered to be
a crucial component of galaxy formation models. This feedback consists of
winds produced by massive stars, supernovae (SN), and galactic nuclei that
regulate the molecular gas collapse leading to new star formation. However,
our knowledge of feedback effects in galaxies at different redshifts is still sparse,
and as a consequence this effect is loosely implemented in theoretical models.

Several studies have shown that a significant fraction (∼20-40%) of the
massive galaxies that we see today were already in place and massive by a
redshift of z ∼ 2 (e.g. Daddi et al. 2005; Caputi et al. 2006b). More recently,
Caputi et al. (2011) determined that this percentage is much lower (∼ 3−5%) at
z ∼ 3, and decreases even faster at higher redshifts, becoming almost negligible
by redshift z ∼ 5. Therefore, the short cosmic time elapsed between redshifts
z ∼ 5 and z ∼ 2 appears to have been the most efficient epoch for massive
galaxy assembly. During this epoch, gaseous inflows and outflows are expected
to be strong since they closely regulate star formation. The inflows fuel a large
gas supply that enables high star formation rates (SFR) and must therefore
have been accompanied by powerful gas outflows that eventually ceased the
star formation activity (e.g. Efstathiou 2000; Croton et al. 2006; Sales et al.
2010; Hopkins et al. 2012). This produced the mostly passive, massive galaxies
that we see today. Thus, searching for evidence of gas outflows at 2 < z < 5
is important to confirm the validity of this proposed mechanism that regulates
massive galaxy growth.

Massive galaxies have been widely studied up to redshifts z ∼ 2, covering the
period after the main peak of global star formation activity. These studies have
investigated the properties of massive galaxies, such as age, stellar composition,
dust reddening, and morphology, and also the formation of the red sequence
after star-formation quenching (e.g. Franx et al. 2003; Saracco et al. 2005; Tasca
et al. 2009; Cirasuolo et al. 2010; Cucciati et al. 2010). Moreover, extensive
spectroscopic campaigns have provided redshift confirmation for large samples
of galaxies up to z ∼ 2 (e.g. Cimatti et al. 2002; Le Fèvre et al. 2005; Lilly et al.
2007; Kurk et al. 2013). At higher redshifts, the amount of spectroscopic data
is much smaller, and is still biased towards optically selected intermediate or
low-mass galaxies (e.g. Steidel et al. 2003; Vanzella et al. 2009). A systematic
spectroscopic study of massive galaxies at z > 2.5 is still lacking in the literature
and is essential to i) confirm the validity of galaxy studies at these redshifts,
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which are still largely based on photometric redshifts and ii) study in detail
the physical conditions of early massive galaxy formation.

The presence of outflows is among the physical properties that have been
extensively investigated at low and intermediate redshifts. Martin (2005),
Rupke et al. (2005a,b), and Cicone et al. (2012) found outflows with velocities
up to and over 1500 km s−1 in ultra-luminous infrared galaxies (ULIRGs) at
redshifts up to z < 0.5. Diamond-Stanic et al. (2012) found outflow velocities
in excess of 1000 km s−1 in a sample of obscured compact starburst galaxies
at z ∼ 0.6, half of which are luminous infrared galaxies (LIRGs) or ULIRGs.
In contrast, Weiner et al. (2009) derived an average outflow velocity of only
300 km s−1 for a composite spectrum of an opticallyselected sample of galaxies
with logM? > 10.45 at z ∼ 1.4. Weiner et al. (2009), and Bordoloi et al.
(2014) found increasing outflow velocities for composite spectra with increasing
SFRs. Bradshaw et al. (2013) studied outflow velocities as a function of several
properties. They confirm increase of velocity with SFR and mass, but also
found correlations with the specific star formation rate (SSFR, defined as
SSFR=SFR/M?). All these studies taken together suggest that the outflow
velocities measured for massive galaxies are strongly dependent on their level
of activity, as one would expect.

Ultra-luminous infrared galaxies and luminous infrared galaxies are increas-
ingly rare at z < 1.5 and z < 1, respectively, and are not representative
of the bulk of massive galaxies at low redshifts, and this is why the high-
velocity outflows found in LIRGs/ULIRGs are not indicative of the typical
properties of the massive galaxy interstellar media (ISM). At redshifts z > 2, a
substantial fraction of massive galaxies are ULIRGs (e.g. Caputi et al. 2006a;
Rodighiero et al. 2010; Magnelli et al. 2011; Murphy et al. 2011), suggesting
that the presence of outflows should be ubiquitous among massive systems.
However, as most spectroscopic studies at z > 2 mainly targeted Lyman-
break galaxies, which mostly have stellar masses M? < 1010 M�, the derived
outflow velocities are typically moderate. For example, Shapley et al. (2003)
found outflow velocities in the range 200-600 km s−1 , Verhamme et al. (2008)
reported 150-200 km s−1 , and Steidel et al. (2010) found maximum outflow
velocities of 800 km s−1 in their spectral samples. Only a few studies focused on
more massive, active galaxies presented evidence for larger outflow velocities.
Harrison et al. (2012) found high-velocity outflows of up to 1400 km s−1 in
four ULIRGs hosting active galactic nuclei (AGNs) at a median redshift of
z ∼ 2.3. Nesvadba et al. (2008) found outflow velocities of ∼1000 km s−1 in
three powerful radio galaxies at 2.4 ≤ z ≤ 3.1.

In this chapter we study medium-resolution (R ≈ 2000) rest-UV spectra of
11 massive galaxies at z > 2.5. In Sect. 2.2 we give details of our target selection
and spectroscopic data reduction. In Sect. 2.3 we present the analysis of all
our spectra on an individual basis and perform a detailed outflow modelling of
our four best quality spectra in Sect. 2.4. In this section, we also compare our
results with previous studies available in the literature. In Sect. 2.5 we revise
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the spectral energy distribution modelling of our targets based on our newly
derived spectroscopic redshifts. Finally, in Sect. 2.6 we summarise our findings
and present some concluding remarks. Throughout this chapter, we adopt a
cosmology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. All
magnitudes refer to the AB system, and we use a Salpeter (1955) initial mass
function over stellar masses in the range 0.1-100 M� .

2.2 Sample selection and data reduction

2.2.1 Photometric data

The United Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky Survey
(UKIDSS) (Lawrence et al. 2007) Ultra Deep Survey (UDS) is a near-infrared
survey conducted with the UKIRT Wide Field Camera in a field centred at RA
= 02h 17m 48s and Dec. = -05◦ 05’ 57” (J2000). At the time of the fifth data
release, which was used for the study of our targets (Caputi et al. 2011), these
data had reached 5σ depths of 24.0, 23.7 and 23.9 AB mag for J,H, and K,
respectively.

The UKIDSS UDS field has also been covered by multiwavelength photo-
metric data, ranging from X-rays to radio wavelengths. At optical wavelengths,
the UDS field has been observed by the SuprimeCam on Subaru (Furusawa
et al. 2008), providing photometry in the B, V, R, i, and z bands. In addition,
complementary U-band observations (PI Almaini) have been carried out with
the Megacam on the Canada-France-Hawaii Telescope. At mid-IR wavelengths,
the UDS field was covered by two instruments on board the Spitzer Space
Telescope (SPUDS; PI Dunlop). The Infrared Array Camera (IRAC; Fazio
et al. 2004) covered the field with filters centred at 3.6, 4.5, 5.6, and 8 µm,
and the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004)
with filters at 24, 70, and 160 µm. The Subaru/XMM-Newton Deep Survey
(SXDS Ueda et al. 2008) covered the field at X-rays, up to a depth that allows
us to detect quasi stellar objects (QSOs), i.e. luminosities of & 1044 erg s−1,
at redshift 3.

2.2.2 Spectroscopic target selection

Our spectroscopic program (ID 088.B-0329; PI Caputi) has targeted galaxies
from a parent sample of Spitzer/IRAC 4.5 µm selected galaxies over a 0.6 deg2

sample of the UDS Field (Caputi et al. 2011). The parent sample contained
50 321 galaxies for which photometric redshifts have been derived based on
spectral energy distribution (SED) fitting on 11-band photometry, namely U
through 4.5µm bands. The sample is 80% and 50% complete for [4.5] < 22.4
and < 24.0 AB mag, respectively.

Since [4.5] is a very good proxy for stellar mass at z > 1, one selects a
population of galaxies with large stellar masses when [4.5] is used as a selection
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criterion. To ensure the feasibility of the spectroscopic observations we used an
optical magnitude cut, i.e. V < 25 (AB). Although this optical magnitude cut
has prevented us from targeting massive galaxies with large dust extinctions
at z ∼ 3, the resulting source list still comprises about a half of the 1010 <
M? < 1011 M� galaxies at z ∼ 3, and even includes some ULIRGs, as we will
discuss later. As most of the UV light is produced by massive stars, this cut
introduces a bias towards star forming galaxies at z ∼ 3. We placed our two
masks in regions with a surface density of massive galaxies ten times higher
than average at 2.8 < zphot < 3.5, maximizing the number of galaxies per
observation. Our final target sample contains 18 galaxies with zphot > 2.5. In
Table 2.1 we give the properties of our targets. We have filled the remaining
slits of the masks with galaxies that are mostly IRAC selected, some of which
have a 24 µm detection, at similar or slightly lower redshifts.

2.2.3 Spectroscopic data

The spectra analysed in this work were obtained with the FORS2 spectrograph
on the VLT, using the GRIS 1400V+18 grism. This grism covers the
wavelength range 4560 Å < λ < 6000 Å (1140 to 1500 Å rest frame at z = 3)
and has a resolution of R = 2100, with a dispersion of 0.31 Å per pixel. This
resolution is higher than the typical resolution in previous galaxy studies at
similar redshifts, and allows us to study profiles of absorption and emission
lines in more detail. Our spectra were obtained with two FORS2 masks. Mask
2, containing nine targets, was observed for 7 hours in the period from 22 to 25
November 2011 and on 18 January 2012, while mask 1, containing nine targets,
was only observed for 4 of the awarded 8 hours (on 16 September, 11 October,
and 23 October 2012). As a result of the reduced time, the signal to noise ratio
(S/N) in mask 1 is reduced by a factor of

√
2 per resolution element, which

makes it more difficult to recognise spectral features.

2.2.4 Data reduction

The multislit images were reduced using the FORS2 EsoRex pipeline (version
3.9.6). This pipeline subtracts the bias, applies the flatfield corrections, and
performs the wavelength calibration using the lamp spectrum and the standard
line catalogue. To improve the wavelength calibration, we have modified this
line catalogue by adding five lines (Cd i λλ [4678.16, 4799.92], Ne i λλ [5037.75,
5330.77], He i λ [5047.70]) and removing three ( Ne i λλ [5341.10, 5881.90], He i
λ [5875.62]). We also set the dispersion to 0.31 Å and adapted other parameters
to minimise the errors in the reduction cascade. After all calibrations, cosmic
rays were removed from each individual frame using the Python routine of L.A.
cosmics (van Dokkum 2001).

Image stacking was performed using the Python package pyfits, where we
stacked all individual frames together, and considered the average of every pixel
after excluding the frames with the lowest and highest values. Since the pipeline
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Source id(1) RA (J2000) DEC (J2000) V(2) [4.5](3) Mask(4) zspec
(5) Quality(6)

26113 02:16:49.49 -05:14:41.01 24.73±0.11 22.26±0.10 2 ?
27497 02:16:37.35 -05:14:01.73 23.16±0.10 22.56±0.10 2 ?
30555 02:16:47.57 -05:12:33.97 23.45±0.10 21.69 ±0.10 2 2.640 a
31369 02:16:48.60 -05:12:11.51 24.45±0.11 22.97±0.10 2 0.569 em
33199 02:16:38.56 -05:11:30.00 24.94±0.12 22.06±0.10 2 ?
34743 02:16:38.62 -05:10:43.03 23.73±0.11 22.02±0.10 2 3.186 a
36718 02:16:50.81 -05:09:49.88 24.14±0.11 21.35±0.10 2 3.209 b
37262 02:16:51.08 -05:09:33.06 24.04±0.11 23.37±0.10 2 2.934 b
38729 02:16:39.44 -05:08:51.60 24.45±0.11 23.00±0.10 2 2.611 a
86032 02:17:19.47 -04:48:09.77 24.35±0.11 21.86±0.10 1 2.696 c
86588 02:17:29.47 -04:47:51.52 24.98±0.12 22.25±0.10 1 ?
89190 02:17:19.80 -04:46:22.59 24.99±0.12 22.18±0.10 1 ?
92077 02:17:33.44 -04:44:44.35 23.57±0.10 23.07±0.10 1 >3.930a c
93334 02:17:32.06 -04:43:59.80 24.40±0.11 23.14±0.10 1 ?
94370 02:17:35.01 -04:43:18.91 24.40±0.11 22.84±0.10 1 2.076 em/c
94971 02:17:35.57 -04:42:59.59 24.87±0.10 21.42±0.10 1 3.100 em/a
95692 02:17:35.95 -04:42:33.64 22.57±0.10 20.13±0.10 1 3.284 a
96259 02:17:31.46 -04:42:10.74 25.00±0.12 21.85±0.10 1 ?
25668 02:16:47.93 -05:14:54.43 24.35±0.11 24.18±0.10 2 3.437 em
97267 02:17:34.97 -04:41:29.23 24.46±0.11 22.76±0.10 1 3.090 c

Table 2.1 – Properties of our target galaxies. Mask fillers that appeared to have zspec > 2.5
are included below the line. (1) ID number used; (2) V-band AB magnitude; (3) 4.5 µm
AB magnitude; (4) Mask number, mask 1 and 2 have been observed for 4 and 7 hours,
respectively; (5) spectroscopic redshift obtained from our FORS2 spectra; (6) redshift quality
flag: (a) secure redshift, (b) very likely redshift but not completely secure, (c) plausible
redshift but not secure, (em) redshift based on a single emission line.

aBecause we only see the Lyman α forest, we are unable to determine the redshift and
can only give a lower limit, see also Sect. 2.3.2.
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was unable to properly model the sky, we subtracted the sky by hand. The
FORS2 observations were performed in nodding mode, in which the observing
blocks were divided into sets of three observations where the source was placed
at different vertical offsets in the slit. In this way, the effect of individual pixels
or rows was removed by subtracting the average of the two complementary
frames from an observation, and we used this for subtraction of the sky and
CCD effects. Errors for every pixel in the 1D spectrum were calculated using
a bootstrap method, where we used 1000 random sets of 21 (12) observation
blocks for mask 2 (1), and fitted a Gaussian to the distribution. In the cases
where the fitting routine failed, we set the error to the maximum error found
over the whole spectrum.

The flux calibration has an inaccuracy of ∼ 10% due to differences in the
different calibration tables, i.e. different calibration tables of the same star have
a flux difference of ∼ 10%. These errors only influence the normalisation and
slope of the continuum, but do not affect our line modelling, which depends on
relative flux measurements.

To compare the SEDs, and also in the case of low S/N spectra, we rebinned
the spectra to lower resolution. For this we applied a similar approach to
that used for the original spectra. We first stacked the spectra pixel by pixel,
rejecting the highest and lowest value, and rebinned the spectra afterwards.
To calculate the errors we then applied the same bootstrapping method, but
using the rebinned values.

2.3 Spectral analysis

As previously discussed, our observations were carried out with a higher
resolution grism than most previous studies, allowing us to more accurate study
line profiles. We also analyse our spectra on an individual basis rather than
deriving properties for composite spectra. Our high-resolution spectral study
of individual galaxies at z ∼ 3 allows us to investigate the variety of physical
conditions in massive galaxies at these redshifts.

2.3.1 Redshift measurements

When we found multiple lines in a single spectrum, we used the centre of low-
ionisation interstellar lines to determine the systemic redshift of a galaxy. For
example, C ii λ 1335 was used to fine-tune the redshift of galaxies 34743 and
38729.

Multiple lines of different origin were detected across our spectra. The most
important and complex line in the UV is the Lyα line, which was detected in
five of our spectra. Among these, two spectra show Lyα in emission, one
spectrum has Lyα in absorption, and the remaining two galaxies show P Cygni
profiles. Another prominent absorption line that we detect in most spectra with
a sufficiently bright continuum is the C ii 1335 line, which was also shown by
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Figure 2.1 – Photometric redshifts derived in Caputi et al. (2011) versus the spectroscopic
redshifts determined in this chapter. Out of 11 targets with measured zspec , only one
appears as a catastrophic outlier, and another one has a zspec ∼ 2, slightly lower than the
photometric estimate. For 9 out of 11 targets the spectroscopic redshifts confirm the good
zphot estimates.

Shapley et al. (2003) and Talia et al. (2012) to be one of the most prominent low-
ionisation lines in galaxies at z ∼ 3. We also observed that high-ionisation lines,
such as N v, Si iv, and C iv, were in general, but not always, more prominent
and broader than low-ionisation lines, for example C ii and Si ii. In four spectra,
we only observed a weak continuum and one or two absorption features. In
these cases we decided to follow the results of Shapley et al. (2003) and Talia
et al. (2012), and assign the low-ionisation lines in the UV that were most
prominent in their spectra (i.e. C ii and Si ii) to these absorption features. The
non-detection of high-ionisation lines in these four spectra can be caused by
the low S/N in these parts of the spectra, or can be intrinsic. For example,
Talia et al. (2012) showed that Lyα emitting galaxies have relatively weaker
high-ionisation lines than Lyα absorbing galaxies.

Our first goal was to measure spectroscopic redshifts for our targets. We
show the results in Table 2.1 and the spectra in Figs. 2.2 to 2.4. For our 18
target massive galaxies with zphot > 2.5, we confirmed nine to have zspec > 2.5,
and found two galaxies with zspec < 2.5. For the remaining seven of our
target galaxies, we were unable to determine a redshift. However, since their
continuum is very faint, and they show no obvious emission lines, it is unlikely
that they are low redshift sources.

The spectroscopic confirmation that 9 out of 11 targets are at z > 2.5
results in a success rate of ∼80%. We show the comparison of photometric
and spectroscopic redshift in Fig. 2.1. In addition, we have determined



30 Chapter 2. UV spectra of massive galaxies at z ∼ 3

spectroscopic redshifts for our mask fillers and serendipitously found that two
galaxies with photometric redshifts 2.0 < zphot < 2.5 have zspec > 2.5, resulting
in a total of 11 galaxies with zspec > 2.5.

In order to understand what causes the outliers (no. 31369 and 94370) in
Fig. 2.1, we analysed individually the photometric properties of these galaxies.
In the spectrum of source 31369, we detected only a double peaked emission
line (see Fig. 2.5). It is important to note that if we had used a similar
low resolution to previous studies, it would have not have been clear that this
emission line has a double peaked profile. This would have made it much harder
to determine the origin of this emission line and would possibly have led to a
wrong determination of the redshift. However, because the emission profile so
closely resembles the profile of the [O ii] λλ 3726, 3729 Å emission line doublet
also observed in mask fillers where other emission lines provide secure redshifts,
we are able to securely determine the origin of this emission line as [O ii]. This
leads to a zspec = 0.569 for this galaxy, while the photometric redshift was
zphot = 2.74. This spectrum shows that our higher resolution enables us to
distinguish between emission lines based on their profiles. While Lyα shows a
strong but broad and smooth profile, we expect to see multiple peaks for [O ii],
C iv, and C iii]. Therefore, identifications based on emission lines are more
secure than in previous studies which used a lower resolution to determine
redshifts. The first outlier is thus caused by a strong emission line which the
used SED templates do not take into account. Taking this emission line into
account, and considering the correct redshift for this source, the SED models fit
the broadband data well for this redshift (see also Sect. 2.5). The high success
rate for confirming high redshift galaxy candidates found in this chapter and
previous works indicates that this type of outlier occurs for a small fraction
of galaxies in photometric redshift samples, and they are usually difficult to
prevent without the incorporation of emission lines in the templates used for
SED fitting. The second outlier is a zspec = 2.076 source that is more than 2σ
lower than its redshift estimate zphot = 2.8+0.1

−0.2. The origin of this interloper is
unclear, as there is no apparent contamination in the photometry.

2.3.2 Analysis of individual targets with

In this section we analyse our observed spectra on an individual basis. The
spectra of our targets are shown in Figs. 2.2 and 2.3, while the spectra of
the mask fillers are shown in Fig. 2.4. In all cases, we also show postage
stamps of our sources: mask 2 is within the area covered by the Hubble Space
Telescope Advanced Camera for Survey (HST/ACS), as part of the CANDELS
programme (Grogin et al. 2011; Koekemoer et al. 2011). Instead, mask 1 has
no HST coverage, so we show Subaru V-band images for the sources in this
mask instead.

Object 30555: In the spectrum of galaxy 30555 we can clearly identify several
lines, the most obvious at observed wavelengths 5071, 5104, 5555, 5635, and
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Figure 2.2 – (cont.) Rebinned spectra of targets in mask 1 with redshift determinations.
The spectra are rebinned by a factor of 4 for illustrative purposes. The top spectrum is the
reduced spectrum, where the top axis is rest-frame wavelength, the bottom axis the observed
wavelength, and the vertical axis is the observed flux density. The determined redshift is
shown in the top left corner, and the grey lines represent absorption and emission lines
observed in other studies. Between 5575 Å and 5580Å a poorly subtracted skyline is present
(marked by the grey region), where we set the spectrum to 0. The absorption features seen
at this wavelength are therefore artificial. The middle plot shows the high-resolution 2D
spectrum, where we subtracted the sky as explained in the text. The bottom plot shows the
S/N of every wavelength element, and the stamp on the right is the 7′′×7′′ HST ACS WFC3
stamp in the F606W filter.

5643 Å. This combination is best fit with Si iv λλ1394, 1403, Si ii λ1527, and
C iv λλ1548, 1551 Å, respectively, which gives the galaxy a redshift of zspec =
2.640. This redshift is not centred at the strongest lines, but we used the low-
ionisation line Si ii to fine-tune the systemic redshift. We note that by using
this fine-tuning, the rest-frame wavelength of the high-ionisation lines is at
the wavelength with minimum flux of the absorption feature. The asymmetry
of the high-ionisation absorption line profiles is studied in more detail in Sect.
2.4.1, and from this we derived an outflow velocity of vout = 480 ±102 km s−1

(see Fig. 2.6 for a full resolution zoom-in on the Si iv and C iv doublets). We
note that we do not significantly detect C ii λ1335, although there is a very
weak detection visible in the spectrum.

There is also a strong double absorption line at 4960 Å, but there is no
line combination that can also fit this feature. To see if there was some light
contamination for this source, we used the available Subaru and HST images.
In the Subaru bands we did not see any irregular structure of the source, but
there are several other sources at small distances, whose circumgalactic media
(CGM) may be responsible for these absorption lines. In the HST images (see
the HST stamp in Fig. 2.2), however, we can distinguish two separate sources
at small separation, with a slightly disturbed morphology probably caused by
interaction.

Because of this likely interaction, high SFRs are expected, consistent with
the outflow velocities we have determined (see Sect. 2.4.1). The high SFR
is confirmed by a 24 µm detection with S(24) = 105 µJy, which implies that
this system is a ULIRG at z = 2.640. With the current data it is not possible
to distinguish with certainty if the two galaxies are a merger and that another
galaxy is causing the absorption line at 4960 Å, or that one of these two galaxies
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Figure 2.3 – Rebinned spectra of targets in mask 2 with redshift determinations. The axes
are the same as in Fig. 2.2, but the stamp is from the Subaru V-band and is 14′′ on a side.
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Figure 2.4 – Rebinned spectra of mask fillers from both masks with redshift determinations
zspec > 2.5. The labels and axes are the same as in Fig. 2.2 for the top spectrum, and the
same as Fig. 2.3 for the bottom two spectra. The stamps are from HST ACS WFC3 in the
F606W filter for target 25668, and from the Subaru V-band for the other two targets. The
stamps are 14′′ on each side.
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Figure 2.5 – Detailed view of the [O ii] emission line in the full resolution spectrum of object
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Figure 2.6 – Detailed view of full resolution spectrum of object 30555. On the left, the
asymmetric profile of the Si iv absorption line is clearly visible at this high resolution. On
the right we show the asymmetric profile of C iv; in particular C iv λ1548 Å shows a clear
blueshifted wing .

is a foreground galaxy. However, from the morphology and the high 24µm flux
we find it more likely that this is a merging pair. If this absorption line is
indeed caused by the CGM of one of the other sources at small separation or
an undetected counterpart, the profile fits that of the C iv doublet and the
redshift of the absorber would be zspec = 2.198.

This merger hypothesis also affects the outflow analysis. If this is a merger
pair, the light from the more distant galaxy can pass through the gaseous halo
or disc of the galaxy in front of it. Owing to a velocity difference between
the two galaxies, this could have a similar effect on the absorption profile as
an outflow. However, the symmetric profile of Si ii λ 1527 Å does not agree
with this scenario, although the significance of this non-detection of asymmetry
in Si ii λ 1527 Å is not high enough to discard the pair-driven absorption
profile completely. A study that includes strong and narrow emission lines can
disentangle these two possibilities with certainty.

Object 34743: This galaxy shows a strong Lyα line both in absorption and
emission, and a clear break in the continuum due to the Lyα forest. The
Lyα line has a complex P Cygni profile, and the complexity of the profile
makes modelling this line beyond the scope of this study. In this spectrum we
also see two strong absorption lines at 5180 Å and 5201 Å which are matched
by the N v λλ1239, 1243Å doublet. There are also smaller absorption features;
for example we detect a weak, but significant, feature at 5584 Å, corresponding
to C ii λ1335. This absorption line has an equivalent width of 1.5 Å, more
than twice that of the largest noise feature within 50 Å. Although it is very
close to the atmospheric line at 5577 Å, there is some continuum between the
absorption line and the atmospheric line. Once more we used the low-ionisation
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line to fine-tune the redshift to zspec = 3.186. As explained in Sect. 2.4.1, we
modelled the absorption profile of the N v doublet and determined an outflow
velocity of vout = 652 ± 64 km s−1. The HST images of this galaxy show a
single compact object.

At the position of this source, Ueda et al. (2008) found a soft X-ray flux of
f(0.5− 2.0 keV) = 2.7± 0.5× 10−15 erg s−1 cm−2 (assuming a photon index
of 1.8), but did not find any significant detection in any other X-ray band.
The total X-ray luminosity for this object is L(0.5 − 2 keV) = (2.5 ± 0.5) ×
1044 erg s−1, i.e. it is classified as a QSO.

Object 36718: The redshift of this galaxy is based on a broad absorption line
around 5120 Å, which we identify as Lyα. The line is shallow and not very
obvious in the 1D spectrum, but the clear rise of continuum redwards of this
feature strengthens this identification. Placing Lyα in the middle of this broad
absorption feature results in a redshift of zspec = 3.209, although because of
the width of the line there is an uncertainty of ∆z = 0.01 in this determination.

Object 37262: There is only one significant absorption feature visible in the
spectrum of source 37262, at 5250 Å. The identification of this feature with
C ii produces a match of other expected lines with less significant absorption
features, and therefore we infer that the spectroscopic redshift is zspec = 2.934.
Because of these other possible absorption features, we classify this redshift
with a flag b, rather than a flag c which would have been appropriate for a
single absorption feature.

Object 38729: This galaxy shows two strong absorption lines that are best fit
with O i and C ii, and also shows absorption profiles of high-ionisation lines,
although at a lower S/N. This solution gives a redshift of zspec = 2.611, which
is within 1 σ of the photometric redshift zphot = 2.79. Again, there is an
asymmetry in the absorption profiles of these high-ionisation lines and we found
an outflow velocity of vout = 547 ± 81 km s−1 (see Sect. 2.4.1).

Object 86032: In this low S/N spectrum we see only one absorption line. The
absorption line has a slightly higher EW than nearby noise features (3.2 Å and
2.3 Å, respectively), but in the 2D spectrum this feature is slightly wider. We
identify this feature with the strongest low-ionisation line in the UV, i.e. C ii,
such that the redshift is zspec = 2.696. As there is only one feature visible, and
the S/N is very low, we classify the redshift as uncertain, i.e. flag c. This is
in very good agreement with our previously determined photometric redshift
of zphot = 2.71. There are some weaker features visible, but these are not
explained by any other main absorption line, and they are more likely to be
noise features. There are no HST images for the mask including source, but
in the Subaru images we see that there might be a fainter second source very
close to the target.
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Object 92077: In this spectrum there is a clear rise of the continuum flux to
longer wavelengths. There are also many absorption lines visible, and there
is no clear signature of either a flattening in the continuum, or a decrease in
the number of absorption lines. We considered the complete Lyman series to
explain either the emission lines at 5150, 5250 and 5365 Å or the large variety
of absorption lines, but without success. Because of this, we believe that what
we observe is a Lyα forest and that we do not observe Lyα yet, but by setting
the Lyα alpha line to the last absorption line we see, we find a lower limit of
zspec ≥ 3.930. This lower limit is in agreement with the photometric redshift
zphot = 4.26.

Object 94971: The spectrum of this source shows only one strong emission
feature, and no continuum (this is confirmed by inspection of the 2D spectrum).
The profile of this main emission line shows an asymmetry on the red tail,
which suggests that this line corresponds to Lyα . We determined a redshift
zspec = 3.100 for this galaxy, which is supported by other absorption features,
albeit all of them very weak.

We measured a Lyα flux of 0.56 ×10−16 erg s−1 and a redshift of z = 3.100.
We obtained LLyα = 4.7×1042 erg s−1 without correcting for aperture or dust
effects. Correcting for the extinction found in Sect. 2.5, we found that LLyα

= 1.41× 1043 erg s−1.

Object 95692: The spectrum of this object is the most remarkable in our
sample. In this spectrum there is a break at 5215 Å, which we associate with
the Lyα forest. We see a very broad absorption line around 5300 Å, and a
very narrow absorption line at 5322 Å. We fit the narrow absorption line with
the N v λ 1243 Å feature and obtain a redshift of zspec = 3.284. We note,
however, that this redshift does not fit the weaker absorption line seen at 5694
Å, and that by using C ii to fit this line zspec = 3.267 is found. We favour 3.284
however, because otherwise the line profiles of Lyα and N v will show excess
absorption at the blue side, corresponding to inflowing material. Although this
might not necessarily be a problem for Lyα, it is very unlikely that the hot and
highly ionised N v is present as inflowing gas, which instead is expected to be
cold.

Ueda et al. (2008) showed that there is an X-ray detection with a flux of
f(0.5− 4.5 keV ) = 1.7× 10−15 erg s−1 cm−2 at a small offset from the source.
Smail et al. (2008) used the AAOmega spectrograph at the Anglo-Australian
Telescope to obtain a lower resolution spectrum, and estimated a redshift of
3.292, although with low confidence. This is very close to the redshift we have
obtained with a higher resolution. The resulting X-ray luminosity for 95692 is
LX ≈ 1.4 × 1044 erg s−1, which means that this galaxy also contains a QSO.
In the Smail et al. (2008) spectrum, the broad absorption lines observed at
wavelength ∼ 5300 Å are detected, but the large width of the line is lost because
of the much lower resolution. Although the resolution is too low to determine
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the width of absorption lines, other clear absorption features associated with
high-ionisation lines are visible.

At 24 µm this galaxy has a flux density of Sν(24) = (309± 10) µJy, which
makes it a ULIRG in addition to a QSO. The photometric observations in the
optical and IR bands show a rising flux with wavelength (see Fig. 2.14), which
is in agreement with the X-ray classification of this galaxy as an AGN. We
found an outflow velocity vout = 1518 ± 146 km s−1, which is the highest
velocity outflow that we measured in our sample, but consistent with other
studies on ULIRGs (e.g. Rupke et al. 2005b,c; Martin 2005) or QSOs (e.g.
Trump et al. 2006).

It is important to realise that the broad N v absorption looks very similar to
the broad absorption troughs seen in broad absorption line QSOs (BALQSOs)
(e.g. Weymann et al. 1991; Hall et al. 2002) and mini-BALQSOs (e.g. Churchill
et al. 1999). The high energy required to ionise N four times (77 eV) is
consistent with this picture, and is significantly higher than the energy required
to ionise Si and C three times (33 and 48 eV, respectively). Misawa et al.
(2007) and Ganguly et al. (2013) investigate the fraction of QSOs that have
intrinsic rather than galactic absorption, and find that 30-40 per cent of the
N v absorbers are intrinsic absorbers. According to their classification this
source might have intrinsic absorption. It remains unclear however, whether
the outflows observed around the BALQSO are also present at galactic scales.
Therefore, it is uncertain if we can compare this outflow to galactic scale
outflows, for example the outflows discussed in this chapter. As it is uncertain,
we include this object in the comparison in Sect. 2.4.1, but caution should be
taken with the interpretation of this outflow velocity.

Object 25668: This is a mask filler for which we determined a redshift zspec =
3.437. In this spectrum the emission line at observed 5395 Å is very clear (see
Fig. 2.4). Since there is only one peak, this emission line cannot be a double
peaked emission line, i.e. it cannot be C iv, C iii], or [O ii]. This emission line
is most likely Lyα, resulting in a redshift of zspec = 3.437. We note that in the
spectrum there is another emission feature visible at 4822 Å, but the profile in
the 2D spectrum does not resemble the profile normally seen for emision lines
(i.e. it is not round, but looks more like a blob). In addition, the S/N for the
feature at 4822 Å is very low, which is uncharacteristic for an emission line.
The S/N at 5395 Å is > 9, confirming that this is the only detected emission
line.

In both the Subaru and the HST F606W and F814W images, we see that
there is an extended source visible, which in combination with the Lyα emission
would make this a likely Lyα blob.

Object 97267: Source 97267 shows an increase in the continuum at almost
5000 Å. In combination with the absorption feature at 5456 Å we identify the
redshift of this galaxy as zspec = 3.090, where the increase in the continuum
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is due to the Lyα forest, and the absorption feature is due to C ii. Not many
other features can be seen in this spectrum and therefore we set the quality of
this redshift as insecure.

Overall, we note that we found a significant difference in the equivalent
width ratio of the Si iv λλ1393, 1403 doublet for the spectrum of galaxy
30555 compared to the nominal ratio expected in an optically thin ISM. In
such an optically thin medium, the expected ratio of equivalent widths is
EW(Si iv1393/EW(Si iv1403) ≈ 2. We measured an EW of 1.84 and 2.27 Å for
Si iv λ1393 and Si iv λ1403, respectively, such that the ratio is 0.81, while Talia
et al. (2012), for example, found a ratio of 1.42. The lower value of our ratio
suggests that the ISM, and possibly also the outflowing material, of galaxy
30555 is optically thick. We attempted to confirm this by analysing other
absorption line ratios in the spectrum, but unfortunately other lines such as
O i λ1302 and Si ii λ1304 are mixed with weaker unresolved lines, hampering a
reliable EW ratio determination. However, a simple visual inspection indicates
that both lines seem to have comparable EW, producing a ratio closer to ∼ 1,
which would support the conclusion that this galaxy has an optically thick
ISM. We note that we also see a ratio differing from the nominal value of ∼ 2
for other galaxies, e.g. the N v doublet in the spectrum of 34743, inidicating
that the ISM in massive galaxies at z ∼ 3 might be optically thick.

2.4 Outflow analysis

2.4.1 Modelling of absorption profiles with outflowing
components

In the four spectra with a maximum quality flag (corresponding to galaxies
30555, 34743, 38729 and 95692) we find high-ionisation lines whose centres are
shifted with respect to the rest-frame predictions of atomic line databases and
asymmetric profiles. In these shifted high-ionisation lines we also see extended
absorption wings at the blue sides of the absorption lines. Both this shift and
the asymmetric line profiles are signatures of outflows.

We modelled the absorption profile to determine the velocity of the
outflowing material with the software package VPFIT1. This code requires
a continuum estimate, which we derived by fitting a spline to the spectrum,
excluding regions where absorption or emission lines are visible.

One of the advantages of using VPFIT is that it allows us to tie spectral
features, which means that properties of multiple absorption lines, such as
veloat city and dispersion, can be coupled to each other. As a consequence,
all lines associated with one dynamical component, for example the ISM, are
moving at the same velocity and with a tied velocity dispersion. This provides

1http://www.ast.cam.ac.uk/rfc/vpfit.html
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a better physical representation of the gas in the galaxy, assuming that there
is only one well-mixed component at a given velocity. We use two dynamical
components when fitting the line profiles. First we tie all low-ionisation lines
and a low velocity component of the high-ionisation lines as a rest-frame feature,
assuming that this is the ISM. Second, we tie all the high-velocity components
of the high-ionisation lines, which represent the outflowing component.

As there are only asymmetries or blueshifts in the high-ionisation lines,
we use the relative difference between two components of the high-ionisation
lines to measure the velocity2. In two of the spectra, 30555 and 38729, we
detected both the Si iv and the C iv features and therefore use both features
to measure the outflow velocity. In both of these spectra, the asymmetries in
C iv are not strong enough to use this absorption line alone, but the marginal
detection supports the outflow determination in Si iv. The combination of the
two absorption lines leads to a better redshift estimate. The results are shown
in Table 2.2 and Figs. 2.7 to 2.10. We found velocities of ∼ 600 km s−1 in three
of the spectra. The fourth galaxy, 95692, displays a velocity of ∼ 1500 km s−1,
more than twice the value of the other sources. A detailed analysis of this
source indicates that this galaxy probably hosts an AGN, as it is a ULIRG
with a 24 µm flux density of Sν(24) = 309 µJy and has an X-ray detection at
2-10 keV. For all of our sources we found that the component that we assumed
to be at rest was at very low velocity, and at our resolution this is consistent
with no velocity at all, confirming the accuracy of our redshift determinations.

The Lyα line profile contains a wealth of information about the dynamics
of the outflow. However, modelling this profile is not a simple task, as it
depends on many properties, such as the column density, intrinsic line width,
and velocity of the gas. As we are mostly interested in the dynamical properties
of the outflow, we perform a very quick modelling of Lyα in galaxy 95692. We
model the line by fitting a Lorentzian to the continuum on the blue side of Lyα
and the continuum-subtracted profile on the red side of Lyα. Although this
is in no respect representative of the intrinsic Lyα emission, the wavelength
position of the deepest absorption features will be approximately the same. As
we observe an increase in the flux at 1213 Å, we assume that there are again two
dynamical components producing the absorption, a narrow absorption feature
at ∼ 1215 and a broader feature ∼ 1210 Å. We couple these H i lines to the N v
lines as described above, and find very good agreement between atomic species
(Fig. 2.10).

To determine the accuracy of this approach to measuring outflow velocities,
and to see how sensitive our results are to statistical variations in the input
spectrum, we created 1000 simulated spectra for each galaxy, and applied the
same outflow measurement technique to them. The simulated spectra are
created by assigning to each pixel a random flux density within a Gaussian

2 Because the C ii absorption line in galaxy 34743 is very close to the atmospheric line
at 5577 Å, VPFIT is unable to accurately fit this absorption profile. Rather than forcing
VPFIT to fit this line, we fitted only to the N v profiles to determine the velocity.
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distribution centred at the original flux density (µ), with an r.m.s. σ equivalent
to the measured flux density error at that wavelength. As an example, the
outflow velocity distribution obtained from the mock spectra for source no.
34743 is shown in Fig. 2.11. We considered that the final error on the
outflow velocity of each galaxy is the sum of the dispersion obtained from this
distribution, and an additional error corresponding to the minimum resolution
of the spectra.

We did not detect any outflows in the other spectra, but this does not
necessarily imply that they are not present. In these other spectra, the S/N
in the continuum and the absorption profiles is not high enough to determine
asymmetries with certainty.

2.4.2 Comparison with previous studies

We compared our outflow velocities with those obtained by previous studies
based on optical spectra. Most previously reported outflow velocities are based
on line Doppler broadening, and are often upper limits on outflow velocities.
In other cases, they are based on shifts between stellar and interstellar lines,
which are in many cases lower limits or averages. The lack of sufficiently
high resolution in outflow analysis typically leads to underestimated outflow
velocities (see Bordoloi et al. 2014, for a discussion).

Instead, in our high-resolution study we modelled multiple dynamical
components to the profile of the main absorption lines observed in our spectra,
and derived outflow velocities from the difference between these components.
The relatively high resolution of our spectra has allowed us to adopt this more
refined approach.

Keeping in mind that different resolutions and methods to measure outflow
velocities may lead to slightly different results, we still attempt to compare
our derived values to others obtained in the literature. For this comparison,
we considered studies that have adopted line profile fitting or shifts between
interstellar and nebular lines (i.e. Shapley et al. 2003; Erb et al. 2006b; Talia
et al. 2012) to determine outflow velocities. Our results are shown in Fig. 2.12.
We are clearly probing a unique region of parameter space of stellar masses
and redshifts. Our stellar masses are comparable to the lower redshift surveys
of Tremonti et al. (2007), Coil et al. (2011), and Martin et al. (2012) and the
moderate redshift survey of Erb et al. (2006b). We found similar velocities to
Tremonti et al. (2007) (see below for a comparison of the samples), but higher
outflow velocities than Erb et al. (2006b), Coil et al. (2011) ,and Martin et al.
(2012).

The difference in strength and occurence of outflow velocities obtained here
and those in lower-redshift studies suggests that there is a significant difference
in the level of feedback (due to star formation or nuclear activity) in massive
galaxies at different redshifts. However, we stress that the large uncertainties
in sample size and selection could influence this result and more data is needed
to confirm this. If we consider that there is indeed an increase of feedback
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Figure 2.7 – Line profile fitting for the spectrum of galaxy 30555, obtained with the VPFIT
code. The solid line represents the spectrum, which has been smoothed with a box function of
3 pixels wide for illustrative purposes. The dotted line is the fit from VPFIT. The horizontal
axis is the velocity, where a velocity of 0 is the centre of the rest-frame feature calculated
with VPFIT, and the vertical axis is the flux plus a constant. The absorption at ∼ 500
km s−1 in the Si ii λ1304 Å line is due to absorption of O i λ1302 Å.
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Figure 2.8 – Same as Fig. 2.7, but for galaxy 34743. Because of the proximity of the
atmospheric line at 5577 Å we did not fit the profile of C ii, but only used the information
contained in the N v line profiles. The rest-frame wavelength in this plot is therefore shifted
by ∼ 300 km s−1 with respect to Fig. 2.2.
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Figure 2.9 – Same as Fig. 2.7, but for galaxy 38729. The absorption at ∼ 500 km s−1 in
the Si ii λ1304 Å line is due to absorption of O i λ1302 Å.
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Figure 2.10 – Same as Fig. 2.7, but for galaxy 95692.
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Figure 2.11 – Distribution of outflow velocities for 1000 simulated spectra based on
the spectrum of galaxy 34743. The solid line represents a Gaussian fit to the resulting
distribution. To obtain the final error on galaxy velocity outflow, we considered the r.m.s.
of this distribution, and added an extra error component taking into account the spectral
resolution.
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Source ID EW vout(
Å
)

( km s−1)
N v1238 N v1242 C ii1335 Si iv1393 Si iv1403 C iv1548 C iv1551

30555 - - 0.41±0.13 1.84±0.10 2.27±0.19 2.39±0.333 2.39±0.334 480±102
34743 1.35±0.18 0.82±0.08 1.45±0.07 - - - - 651±64
38729 - - 2.12±0.32 2.54±0.33 2.50±0.45 0.67±0.28 0.23±0.15 547±81
95692 11.20±0.305 11.20±0.306 0.66±0.10 - - - - 1518±146

Table 2.2 – Column 1 contains the source ID, and Cols. 2 to 8 list the measured EW for the lines seen in the spectra. In the last column the
outflowing velocities measured using VPFIT are given, for which the errors are calculated based on the analysis of 1000 mock spectra obtained
from each galaxy spectrum.

3blended doublet due to outflows.
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at high redshift, this is consistent with the global well-known behaviour of
massive galaxy evolution, namely that massive galaxies at low redshift are
mostly quiescent, while at higher redshift many of them are actively forming
stars (Caputi et al. 2006a; Papovich et al. 2006; Rodighiero et al. 2010).

Bradshaw et al. (2013) found a correlation of outflow velocity with SFR
and SSFR at z = 1.1. We calculated the SFR of all our galaxies with outflow
velocity measurements, except 95692, which is strongly AGN dominated. To
compute the SFR, we considered the rest-frame UV luminosities sources, and
for 30555 we also considered the total infrared luminosity (LIR), as it is 24 µm
detected.

For source 30555 at zspec = 2.640, we obtained LIR making use of
the νLν(8µm)-LIR conversion calibrated by Bavouzet et al. (2008), and k-
corrections based on the Lagache et al. (2005) models (the observed wavelength
24 µm corresponds to rest frame 6.6 µm at zspec = 2.640). We then followed
Kennicutt (1998) to derive the SFR:

SFRIR(M� yr−1) = 1.73× 10−10LIR(L�). (2.1)

As this galaxy does not show any sign of AGN activity (see also Sect. 2.5.2)
we did not have to correct for an AGN contribution. Using the observed 24
µm flux density of 105 µJy, we derived an SFR of ≈ 300M� yr−1.

We also obtained the dust-unobscured component of the SFR traced by the
rest UV light, again following Kennicutt (1998),

SFRUV(M� yr−1) = 1.4× 10−28LUV, (2.2)

where LUV is now expressed in erg s−1 Hz−1, measured at 1600 Å. Using the
uncorrected flux in the R-band, we found SFRUV = 32 M� yr−1, and SFRtot=
SFRUV + SFRIR ≈ 330M� yr−1. Using the stellar mass obtained in Sect. 2.5,
we found log(SSFR) ≈ −8.18.

Objects 34743 and 38729 are not detected at 24 µm, and therefore we
used the attenuation-corrected rest-frame UV flux to estimate their SFR.
Although 34743 has a significant power-law (PL) component in its spectral
energy distribution (see Sect. 2.5.2), the rest-UV flux is dominated by the host
galaxy light. We obtained SFR = 48 M� yr−1 and 46 M� yr−1, and log(SSFR)
= -8.75 and -8.30, respectively. This means that the SFR of these two sources
are comparable, but their SSFR differ by a factor of ∼ 2.8. The measured
outflow velocities for these two sources are very similar (overlapping within the
error bars), and comparable with mean values obtained by Bradshaw et al.
(2013) for galaxies with similar SFR at z = 1.1. Source 30555 has a much
higher SSFR than 34743 and 38729, but a comparable outflow velocity.

In summary, we do not see any clear correlation between outflow velocity
and SFR or SSFR for our galaxies at z ∼ 3, as has been proposed by other
authors at lower redshifts (e.g. Weiner et al. 2009; Bradshaw et al. 2013). Of
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course, as our sample is very small we cannot conclude that these relations do
not exist at such high redshifts, but if they do, scatter must be very important.
The analysis of outflow velocities in larger samples of z ∼ 3 galaxies is necessary
to probe if these relations actually exist at high redshifts.

We also compared our sources to the local ULIRG sample observed
by Rupke et al. (2005b,c), and see that our outflow velocities are similar.
All ULIRGs are associated with episodes of high star formation activity
and, in the local Universe, they typically host an AGN. The high outflow
velocities are a mere consequence of this powerful activity. It has been proven
difficult to determine stellar masses for local ULIRGs because single aperture
measurements are insufficient as they are often ”messy” interacting systems.
U et al. (2012) derived stellar masses for 64 local (U)LIRGs, including thirteen
galaxies that are also studied in Rupke et al. (2005b) and Rupke et al. (2005c).
They find that the stellar mass for local (U)LIRGs are similar to the masses
we derived for our sample. In Fig. 2.12 we use the masses derived by U et al.
(2012) for the Rupke et al. (2005b,c) samples.

High-velocity outflows were also found by Tremonti et al. (2007) in massive
post-starburst galaxies at z = 0.6, presumably also triggered by AGNs, because
the star formation activity has ceased in these galaxies. The strong influence
of AGNs is confirmed using a composite spectrum for AGNs at z ≈ 2.5 by
Hainline et al. (2011), in which they find a high average outflowing velocity of
∼ 850 km s−1 .

In our galaxies, we expect that both intense star formation and nuclear
activity are responsible for the high-velocity outflows. The two galaxies in
which we measured the highest outflow velocities contain a significantPL
component in their SEDs and have X-ray detections, indicating the presence of
an active nucleus (see Sect. 2.5.2). The high assembly rates of massive galaxies
at high redshift are consistent with this major activity, manifested through the
high-velocity outflows.

Recently, detailed studies of outflows in local ULIRGs showed that star-
bursts can power outflows up to velocities of 1000 km s−1 , but that AGNs are
necessary for higher outflow velocities (Sturm et al. 2011; Rupke & Veilleux
2013; Veilleux et al. 2013). In addition, Rupke & Veilleux (2013) argued
that the ionised, neutral, and molecular gas phases are well mixed in low or
moderate velocity outflows, but that the highest outflow velocities only occur
in the ionised gas phase. This suggests that the two highest velocity outflows
that we detect might be physically distinct from the lower velocity outflows,
as the energy required to ionise N four times is significantly higher than the
energies required to ionise C or Si three times. The presence of AGNs in the
two galaxies with the highest velocity outflows is consistent with the higher
energies and the aforementioned studies.
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Figure 2.12 – Comparison of gas outflow velocities derived for galaxies in different studies.
Top: Stellar mass versus redshift; middle: Outflow velocities versus redshift; bottom: Outflow
velocities versus stellar mass. In the two lower plots, the y-axis is inverted, and a negative
velocity indicates gas flowing towards us, i.e. outflows. Circles correspond to individual
galaxies, squares to average measurements in composite spectra, triangles to measurements
of a shift between emission and absorption lines in individual galaxies, and the star-like
symbols to the results in this work. The two diamond symbols are subsamples of Bradshaw
et al. (2013) containing only SF galaxies. We note that the two highest outflow velocities
from Rupke et al. (2005b) (∼ 5000 km s−1 and ∼ 10000 km s−1) are out of range in our plots.
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Table 2.3 – Parameter values used to create the grid of SED models.

parameter parameter range
Age 5e7 – 2.6e9 yrs

Metallicity 0.02 (Z�)
IMF Salpeter
SFH exponential, burst, constant
τexp 0.01 - 10 Gyr
AV 0 - 3.0
b 0.0 - 1.0
α 1.3, 2.0, 3.0

2.5 Properties based on multiwavelength broad-
band analysis of our targets

2.5.1 Spectral energy distribution modelling

Having obtained spectroscopic redshifts for a total of 11 galaxies at zspec > 2.5,
and two with zspec < 2.5, we revised their broadband SED fitting results. The
spectroscopic redshifts allow us to derive their properties based on broadband
SED fitting, such as age, dust attenuation, and stellar mass, more securely.

We fitted the spectral energy distribution of our targets over 13 broadbands
from U through 8 µm at the corrected spectroscopic redshift of each source. We
used our own customised SED fitting code with a library of synthetic galaxy
templates generated with the publicly available packages GALAXEV (Bruzual
& Charlot 2003) and Starburst99 (Leitherer et al. 1999). We created a grid
of these models varying the age between 0.05 Gyr and the age of the Universe
at each corresponding redshift (∼ 2.6 Gyr at z=2.5). We considered different
possible star formation histories (SFH), including a single stellar population
(SSP), several exponentially declining models with an e-folding time τ , and a
model corresponding to a constant star formation history. We included the
effects of dust extinction by convolving each of the models with the Calzetti
et al. (2000) reddening law. We considered a Salpeter initial mass function over
stellar masses 0.1− 100 M� and solar metallicity.

As the results of the SED fitting obtained using the SB99 and BC03
templates are very similar, we only considered those obtained with the BC03
library for the rest of our analysis (see Table 2.4). All but one of the selected
targets has a best-fit SFH that is exponentially declining with a short e-folding
time scale τ = 0.1 or 0.01 Gyr. For these galaxies the ages vary between 0.05
Gyr and 0.5 Gyr, showing that young populations are preferred when combined
with the exponentially declining SFHs.
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For object 92077 we have been unable to determine a spectroscopic redshift
and use the derived lower limit to derive the properties. Consequently, the
resulting χ2

reduced,min value that is obtained is very high (χ2
reduced,min ≈ 40),

but this value decreases to χ2
reduced,min < 10 when a redshift z > 4.4 is used.

The stellar properties derived by using the lower limit z = 3.930 are very
similar to those when z = 4.5 is used. The stellar mass decreased to 9.3× 1010

M�, while the best-fit age changed from 128 Myr to 72 Myr, illustrating that
although the redshift is insecure, the stellar properties are reliable.

One object (30555) has a SFH characterised by much longer τ than the other
galaxies, and an older SED best-fit age of ∼ 1 Gyr. These derived properties
appear at odds with the fact that this source is classified as a ULIRG from
its 24µm detection, i.e. it has an instantaneous dust-obscured SFR > 200M�
yr−1. Such a high SFR could not have been continuously sustained for a 1 Gyr
time period (we note that the stellar mass is only 5 × 1010 M�). A possible
explanation for this apparent discrepancy might be that this galaxy had a
more complicated SFH, consisting of an underlying stellar population formed
continuously (which is dominant in the SED fitting), and a secondary burst
with a higher SFR (producing the ULIRG phase).

Our sample spans a range of different best-fit extinction values and other
parameters. The results of the SED fitting indicate a significant degeneracy
in dust extinction and age for each galaxy, as can be seen in the example
in Fig. 2.13. This is a known problem, since the stellar population age and
dust attenuation have similar effects on the galaxy SED. We have used our
UV spectra in an effort to break or reduce this degeneracy, but the narrow
wavelength coverage of our spectra, along with the relatively low resolution of
the model templates, have made this effort unsuccessful.

All except one of our galaxies have stellar masses M? > 9 × 109M�,
including four with stellar masses > 5 × 1010M� (after correcting for a PL
contribution, when necessary; see below). These derived stellar masses indicate
that almost all our galaxies are already massive at z ∼ 3. Some of them could
be progenitors of the massive red galaxies that we see in the local Universe.
We note that the fact that our targets only include four galaxies with stellar
mass M? > 5 × 1010M� is related to the V-band magnitude cut imposed in
the spectroscopic target selection criterion, as it is known that the majority
of most masssive galaxies at z ∼ 3 are very faint in the optical bands (Caputi
et al. 2011).

2.5.2 Analysis of the contribution of an AGN component
to the SED fitting

Caputi (2013) proposed a generalised technique to identify the presence
of AGNs among infrared-detected galaxies, and derived corrected stellar
parameters, through a PL subtraction analysis. This PL component is the
result of hot-dust emission produced by the AGN dusty torus, and it is



2.5. Properties based on multiwavelength broadband analysis of our targets 53

8.0 8.5 9.0

log(Age) [Gyr]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
v

2.61

3.01

3.42

3.82

4.22

4.62

5.03

5.43

5.83

6.23

χ
2 re
d

Figure 2.13 – χ2
reduced distribution of galaxy 38729. On the horizontal axis is the age

in log scale, on the vertical axis is the dust extinction AV . The coloured area is within
∆χ2

reduced,min = 4, or a 2σ difference. For each grid point the best-fit model without a PL

is used as the χ2
reduced value.

manifested as excess flux at rest wavelengths ∼ 1 − 4µm with respect to the
host galaxy stellar emission.

For galaxies at z > 1, Caputi (2013) proposed the SED decomposition

Sν(λ) = Sstell.
ν (λ) + bSν(8µm )×

(
λobs

8µm

)α
, (2.3)

where the term on the left-hand side is the total observed flux, and the terms
on the right-hand side correspond to the stellar and PL contributions. In this
equation, the PL is normalised at the observed wavelength 8µm, which is the
longest wavelength usually available to trace the maximum excess of the hot-
dust emission at z > 1; α is a free parameter set to values α = 1.3, 2.0, 3.0,
which are representative of the AGN spectral indices observed in the local
Universe, and b is the fractional contribution of the PL component to the
observed total flux at 8 µm. In this study we only analyse galaxies in a
relatively narrow redshift range (virtually all within 2.6 < zspec < 3.5), and
so we considered a fixed rest-frame wavelength of 2µm (equivalent to observed
8µm at z = 3) to normalise the PL component in Eq. 2.3, i.e.

b = 1− Sstell.
ν (2µm )
Sν(2µm )

. (2.4)
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This allows us a more direct comparison of the importance of the PL
components in different galaxies. The case with b = 0 corresponds to a
pure stellar template, and b = 1 to a pure PL at 2µm rest frame. Following
Caputi (2013), we determined for which of our galaxies the subtraction of a PL
component from the original photometry leads to a signifiacnt improvement in
the SED fitting with pure stellar templates, i.e. we imposed ∆χ2

reduced,min > 4.

Only two of our galaxies appear to have a significant PL component in their
SEDs, namely galaxies 34743 and 95692, both of which are X-ray confirmed
AGNs. A third galaxy, 94971, shows some excess 8 µm flux as well, but the SED
fitting with and without PL subtraction gives a maximum ∆χ2

reduced,min ∼ 3.5,
slightly below the nominal 2σ confidence level difference. However, we have
other reasons to accept this source as an AGN. For example, this galaxy has a
24µm flux of 419±6 µJy, indicating that a powerful dust-heating mechanism is
present in this galaxy, in agreement with the flux rise already observed at 8 µm.
In Fig. 2.14, we show the best-fit models, with and without a PL subtraction,
for the three galaxies with a significant PL component in their SEDs. As can be
clearly seen, the subtraction of a PL component from the original photometry
significantly improves the quality of the fitting with stellar templates.

The best-fit stellar properties derived from the SED fitting before and after
the PL subtraction are slightly different. The stellar masses decrease by a
factor ∼ 0.7 for 34743 and 94971, while only a minimal stellar mass decrease
is found when considering a PL for 95692. The best-fit models are more dusty
for the pure stellar templates, but the ages are very similar. These effects can
also be seen in Fig. 2.14, since the best-fit templates with and without a PL
are very similar up to observed 4.5 µm.

2.6 Summary and conclusions

In this work we presented the results of a VLT/FORS2 spectroscopic study
of 11 massive galaxies at z ∼ 3, which have been selected from the parent
IRAC catalogue by Caputi et al. (2011). The high-redshift candidate selection
was based on photometric redshifts, which we have found to be very good
for identifying high-redshift sources: ∼80% of the originally selected massive
targets at zphot > 2.5 were confirmed to have redshifts zspec > 2.5.

The spectroscopic lines that we detected in our rest UV spectra are the most
prominent features also found in previous studies. In our study in particular,
the high-ionisation lines N v, Si iv, and C iv are very prominent in spectra
with a bright continuum. We found that, in our galaxies, high-ionisation lines
are generally more prominent than low-ionisation lines, such as C ii and Si ii.
Previous studies found that low-ionisation gas is also common in outflows,
but still produce the strongest absorption at rest-frame wavelengths. High-
ionisation lines do not always show the strongest absorption at rest frame, but
can show most absorption in the outflowing components (e.g. Pettini et al.
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Figure 2.14 – The best-fit models for galaxies with a significant PL component, plotted with
the observed broadband fluxes. The red (green) line are the best-fit models with (without)
a PL component. The blue points with error bars are the observed broadband fluxes (note
that most of the error margins are so small that the bars are covered by the points).
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id ch2 zspec SFR(t) τ age Av M? PL χ2
min

(Gyr) (yr) (M� )
30555 2.640 e−t/τ 10.000 1.02e+09 0.40 5.01e+10 N 5.45
34743 3.186 e−t/τ 0.010 1.02e+08 0.10 2.72e+10 Y 5.99
36718 3.209 e−t/τ 0.010 5.50e+07 0.80 4.08e+10 N 6.94
37262 2.934 e−t/τ 0.010 7.19e+07 0.00 9.91e+09 N 5.76
38729 2.611 e−t/τ 0.100 1.43e+08 0.60 9.19e+09 N 2.63
86032 2.696 e−t/τ 0.010 7.19e+07 0.80 3.15e+10 N 4.54
92077 3.930 e−t/τ 0.010 1.28e+08 0.0. 1.10e+11 N 39.177

94370 2.076 e−t/τ 0.010 7.19e+07 0.80 1.02e+10 N 4.79
94971 3.100 e−t/τ 0.100 4.54e+08 0.50 1.06e+11 Y8 4.35
95692 3.284 e−t/τ 0.010 1.02e+08 0.30 2.35e+11 Y 23.52
25668 3.437 e−t/τ 0.010 5.50e+07 0.00 5.15e+09 N 5.33
97267 3.090 e−t/τ 0.010 7.19e+07 0.40 1.77e+10 N 3.06

Table 2.4 – We used the BC03 models to construct our stellar templates, applied dust reddening according to Calzetti et al. (2000), and used a
PL component as explained in Sect. 2.5. The parameters for the models are given in Table 2.3. The Cols. are: (1) the id number of the source;
(2) the spectroscopic redshift; (3) the SFH, we consider singles bursts, exponentially declining SFRs and constant SFH; (4) the free parameter
for the corresponding SFH; (5) the age; (6) the dust attenuation; (7) the stellar mass; (8) the AGN classification, according to the PL component
analysis; (9) the minimum χ2 value.
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2002). Because of this, we used the low-ionisation lines, rather than the high-
ionisation lines, to determine the systemic redshifts of our sources.

Because of the relatively high resolution of the FORS2 1400V grism, we were
able to resolve the profiles of emission and absorption lines better than most
previous studies at similar redshifts. Using the resolved absorption profiles of
high-ionisation lines, we found outflows of >500 km s−1 in four of our galaxies.
The two highest outflow velocities are derived from N v absorption line profiles.
The high energy required to ionise N four times and the presence of AGNs in
these galaxies suggest that these outflows might be physically different from the
other outflows. One of these two outflows has a very large velocity vout ∼1500
km s−1 , an outflow velocity that, in the local Universe, is only found in galaxies
with an active nucleus. Besides nuclear activity, the large 24µm flux classifies
this galaxy as a ULIRG and it suggests a significant amount of star formation.
To our knowledge, this is the first time that outflow velocities have been
determined for individual massive galaxies at high redshift using absorption
profiles in the rest-frame UV.

Our inferred large outflow velocities are in agreement with the high veloc-
ities determined for similarly massive galaxies with powerful star formation
and/or nuclear activity at different redshifts. The large outflow velocities and
increased levels of activity are, for example, present in local ULIRGs, which
are a rare population, and constitute only a negligible fraction of the massive
galaxies in the Universe today. At high redshifts, powerful star formation and
nuclear activity are more widespread among massive galaxies. Our sample
with outflow velocity measurements at z ∼ 3 is too small to generalise about
the presence of high-velocity outflows in massive galaxies at high redshifts.
Nevertheless, the fact that all four of the most secure spectra in our sample
show clear high-velocity outflow signatures suggests that this phenomenon is
probably quite common in massive galaxies at high redshifts. Within our
sample, the high-velocity outflow incidence is ∼ 40%.

According to existing observational evidence, the typical level of activity
among massive galaxies at z ∼ 2 should be similar to those of massive galaxies
at z ∼ 3. Thus, we do not expect to observe a significant evolution in the
incidence of high-velocity outflows. The differences in outflow velocities found
with respect to Talia et al. (2012) can be explained by the different sample
properties. As they excluded possible AGNs, they effectively removed the
highest outflow velocities from their sample. In addition, the median stellar
mass of their sample is significantly lower: the median stellar mass for our
outfow sample is ∼ 5 × 1010 M�, while for the Talia et al. sample it is ∼
1× 1010 M�.

Even though inflows are expected in massive galaxies at high redshift, we
have not detected evidence of them. This is not entirely surprising as their
covering fraction is expected to be low and they are very difficult to observe.

Finally, we have used SED fitting techniques to re-determine stellar masses,
dust attenuation and stellar ages for our target galaxies, using our spectroscopic
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redshifts. We found that almost all our galaxy SEDs are best fit with stellar
populations younger than 500 Myr and an exponentially declining SFH with
short e-folding timescales. Eleven out of twelve galaxies have a stellar mass
M? > 9×109M�, and four have M? > 5×1010M�. The distribution of best-fit
dust attenuation is broad but in all cases restricted to Av < 1. The young ages
and low to moderate dust attenuation are consequences of the selection criterion
of our targets: all of them have been chosen to have V < 25 mag to enable
the spectroscopic follow up. We have also studied the presence and importance
of AGNs among our targets by doing a PL component decomposition of their
SED fitting. Three of our targets appear to have a significant PL component,
indicative of an AGN with an underlying massive galaxy host.

Overall, this work has provided spectroscopic confirmation of the presence
and nature of massive galaxies at high redshifts. In the coming years, further
galaxy surveys extended to larger samples, and including redder objects, should
be able to assess the general validity of our conclusions for massive galaxies at
high redshifts.
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