Chapter 6
The Colour Profiles
Of Virgo Cluster Members

6.1

Introduction
The results of the previous chapter suggest that the migration of galaxies

from the blue cloud to the red sequence may be governed more by the effects of the
environment and less, as recently proposed (Martin et al., 2007; Schawinski et al.,
2007), due to AGN feedback quenching star formation. This result was obtained using
integrated UV-H colours to separate quiescent systems from star forming galaxies. An
alternative approach may be to look at the differential light from a galaxy, rather than
the integrated colours, to test for signatures of internal processes or environmental
effects causing a quenching of the star formation.
This is motivated by the results of recent studies, which demonstrate that
the cluster environment can affect the extent of the star-forming disks in spirals.
Koopmann et al. (2006) conducted a Hα imaging survey of 55 Virgo cluster galaxies.
They found that star formation activity is quenched in the outer disks, which produces
truncated Hα profiles compared to that of the stellar disk. This truncation is linked to
Hi deficiency, whereby gas is removed by external processes that results in a quenching
of the star formation activity. The gas stripping process has been demonstrated for
individual objects (e.g. NGC 4569; Boselli et al., 2006) and statistically using the
relationship between the optical-to-Hα ratio and Hi deficiency (see Figure 11 of Boselli
& Gavazzi, 2006).
Thus, environmental processes such as ram pressure stripping are known to
affect the gas content and hence star formation in the outskirts of the galaxy (e.g.
Cayatte et al., 1994). Consequently, this quenching of the star formation from the
95
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‘outside-in’ may be evident in the colour profiles of galaxies in the transition region,
since these objects were found to be preferentially Hi deficient cluster galaxies with
quenched star formation. Colour profiles based on the UV and H bands could indicate where star formation has recently been quenched, since a reduction in the star
formation on short timescales (t < 108 yrs) will affect the UV emission but not the
H band emission, which traces the older stellar population. The UV-H colour profile
would therefore appear redder if star formation was quenched. In fact, it may be
possible to observe where the quenching has occurred, and thus discriminate between
different possible quenching mechanisms. In the case of a galaxy affected by ram
pressure stripping, this would produce the ‘outside-in’ profile discussed above.
On the other hand, AGN feedback is thought to heat or expel the gas at
the center of a galaxy, thus quenching star formation in the interior of a galaxy.
This mechanism could produce an increased reddening of the colour profile from the
nuclear region towards the outskirts of the disk (an ‘inside-out’ profile). It may then
be possible that the observed interior UV-H colours will be different in transition
objects compared to galaxies on the blue sequence if AGN feedback is playing a role.
However, I note that contrary to the case of ram pressure stripping, any clear effects
of AGN on the colour profiles have yet to be demonstrated observationally.
Thus, there is a potential for the nature of the quenching mechanism to be
imprinted in the colour profiles. Uncovering such signatures of proposed quenching
mechanisms is likely to be a difficult task for a number of reasons. Firstly, the effects
of the different quenching mechanisms on the colour profiles are still unclear. The
impact of AGN feedback on the evolution of late-type galaxies is still not properly
understood and whilst ram pressure stripping has been well studied (see e.g. Roediger,
2009; Vollmer, 2009; Tecce et al., 2010), the timescales involved are likely to be very
short (<0.5-1 Gyr; see Chapter 5), making it difficult to observe the colour variation.
It is also likely that the combination of different mechanisms acting on the disks may
complicate the colour profiles to the point where it is not possible to disentangle the
processes behind the quenching.
Finally, it is important to note that the UV-H colour profiles cannot currently
be properly corrected for internal dust attenuation, necessary to accurately interpret
the UV emission (as discussed in Section 3.5). This is due to a current lack of far
infrared observations with the spatial resolution necessary to determine radial dust
attenuation corrections. However, with the capability of the SPIRE instrument to
deliver high resolution 250, 350 and 500 µm observations using the Herschel Space
Telescope, it will soon be possible to determine the radial distribution of dust in
spiral galaxies and thus develop radial corrections for the dust attenuation. Until
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then, it will be difficult to discriminate between the reddening due to dust extinction
and the reddening due to an ageing stellar population following the quenching of star
formation.
Given the myriad of complications surrounding the simple hypothesis, I conducted a pilot study using a small sample of galaxies to (a) assess the ease of analysing
colour profiles and (b) test the validity of the hypothesis. I begin by discussing the incompleteness of the sample used in this work and then proceed with the construction
of UV-H colour profiles.

6.2

Sample caveat

Whilst the HRS+ sample is used predominately throughout this thesis, the
colour profiles obtained here were initially selected based on an early version of a sample of VCC galaxies. This early sample was constructed from NUV-H versus H band
colour-magnitude diagrams using Virgo galaxies. In these original colour-magnitude
diagrams, the most luminous galaxies were selected based on MH > −21 mag and

using only the UV images from the deeper GALEX surveys, i.e. using the NGS/MIS
observations and excluding the AIS observations (see Chapter 3). This criteria yielded
a sample of 54 late-type galaxies for which NUV-H colour profiles were obtained.
However, this initial sample is both incomplete and poorly defined, and so is not
statistically useful for drawing conclusions from the profiles.

Using the better defined sample afforded by the VCC, I first determine the
completeness of the sample of galaxies with colour profiles. The initial sample was
magnitude limited at MH > −21 mag, which corresponds to a stellar mass of approximately 109.5 M⊙ using the adopted conversion from the H band luminosity to stellar
mass (as described in Section 2.4). Hence, I compare the galaxies with colour profiles
to the total sample of massive (>109.5 M⊙ ) late-type systems. The mass distribution
of the total VCC sample is compared to that of the galaxies with profiles in Figure
6.1. A low fraction 53% (49/92) of the massive systems have colour profiles, and this
fraction drops below 50% in the range 109.5 < M∗ < 1010.3 M⊙ . I note that the difference between the 54 profiles in the initial selection and the 49 profiles available in
the VCC arises from the conversion of a magnitude-limited to mass-limited selection
criteria, since the colour correction used in Equation 2.1 means the magnitude limit of
MH > −21 mag may deviate slightly from the mass limit of 109.5 M⊙ . In comparison,
the situation appears worse when looking at the selected galaxies which overlap with
the HRS+ sample. The mass distribution of the late-types in the HRS+ sample is
compared to that of the galaxies with profiles in Figure 6.1. Only 37% (36/98) of
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galaxies above 109.5 M⊙ overlap with the VCC sample which also have colour profiles.
It is also important that the galaxies are distributed evenly across the range
of NUV-H colours, in order to derive average profiles for galaxies residing on the blue
sequence, in the transition region and towards the red sequence. The NUV-H colourmass diagrams for the VCC and HRS+ galaxies are also shown in Figure 6.1. It is
evident that in the VCC sample, the massive galaxies are distributed fairly evenly
and it is possible to create different average colour profiles for different bins of NUV-H
colour. The HRS+ sample lacks galaxies with integrated colours redder than NUV-H
> 6.
I shall proceed by using all the available colour profiles, given that neither the
VCC or HRS+ sample of massive galaxies with profiles can be considered complete.
It must be kept in mind that since the sample is incomplete, the conclusions may
not accurately represent the properties of the late-type galaxy population in the local
universe.

6.3

Surface photometry
In this section, I describe the procedure I use for first extracting surface bright-

ness (SB) profiles from multiwavelength images, which can subsequently be used for
creating UV-H colour profiles. This procedure is outlined below and follows five main
steps:
1. assigning a world coordinate system to those images which are lacking sky
position information;
2. aligning the multiwavelength images of each galaxy such that each pixel in each
band corresponds to the same position on the sky;
3. measuring and subtracting the background sky emission from each image;
4. smoothing the resolution of each image to that of the lowest resolution observation; and
5. extracting the SB profile by measuring the surface brightness of the galaxy
within apertures of increasing radii.
The images used in this photometry are GALEX NUV and FUV band images from
the GR2/GR3 data release and H band images taken from UKIDSS and GOLDMine,
as described in Section 2.3. Detailed descriptions of each step are presented below.

6.3. Surface photometry
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Figure 6.1: Upper panels: The completeness of the massive (M∗ > 109.5 M⊙ ) late-type
galaxies with colour profiles (blue histogram) compared to the massive late-types in
the VCC sample (left panel; black line) and the HRS+ sample (right panel; black
line). Lower panels: The NUV-H colour-mass diagrams for the VCC sample (left)
and the HRS+ sample (right), highlighting those galaxies for which profiles are determined (solid green circles) out of the total sample of late-type (solid blue circles) and
early-type systems (open red triangles). The dashed line shows the approximate mass
selection limit at M∗ ∼ 109.5 M⊙ .

Setting the WCS
Each pixel of each image corresponds to a point on the sky. Information for the
position of each image on the sky is required for accurately aligning multiwavelength
observations. However, some of the H band observations obtained for this work have
corrupted or missing sky position information. Thus, the first step is to check each
image and, where necessary, assign a coordinate system (referred to as the world
coordinate system; WCS) to the pixel array of the images.
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To create a WCS matrix, positions are first identified to act as reference points
to calculate the matrix. I obtained SDSS r band images, which all have an assigned
WCS, for those galaxies lacking WCS information. Using the Gaia software package,
stars are selected which are visible in both the r band and H band observations. These
stars are evenly distributed over the whole image. The star positions are determined
from the centroid of the peak of the light distribution in the r band images. These
positions, based on the J2000 equatorial system, are then transferred to the H band
observations and each position is matched and aligned to the corresponding star.
Thus, the equatorial coordinates from the r band images could then be saved to the
H band images, acting as reference points for a WCS matrix to be calculated for each
image. With this procedure, I assigned the J2000 equatorial system as the WCS to
the H band images of 15 objects.
The accuracy of the assigned positions is checked by comparing the positions
of stars coincident in both the H and NUV bands. The difference between the position
measurements of the H band and the NUV bands are < 0.2 sec in right ascension
with a scatter of ∼0.1 sec, and < 1′′ with a scatter of ∼0.6′′ in declination. These
errors are equivalent to the standard discrepancies between the positional information
of images of different bands and so the procedure used here does not introduce any
additional errors.
Image alignment
The next step in the construction of UV-H colour profiles is to align the images, such
that the same point in the sky has matching observations in different bands. In this
case, the NUV and FUV observations are aligned and scaled to the H band images.
This process follows two steps.
Firstly, the spatial transformation function, which maps the coordinate system
of the reference image to the coordinate system of the input image, is determined.
This is performed with the IRAF software package, using the WCSMAP task. The
task determines the function from comparing the coordinates in the reference image,
in this case the H band observations, and the UV images. This is the reason why
it is necessary to apply a WCS to images lacking sky position information, since
WCSMAP requires a coordinate system to determine the transformation function.
Secondly, the transformation is applied with the GEOTRAN task and the
images are visually inspected to check that the alignment was successful, by comparing
the positions of stars or the positions of the maximum of the galaxy emission in the
different aligned images.

6.3. Surface photometry
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Figure 6.2: From left to right: NGC 4548 as observed in the SDSS (composite g, r
and i ) bands , in the FUV and NUV GALEX bands and in the H band. Note that
this figure is to illustrate the galaxy at different wavelengths, as such the alignment is
approximate and not to the accuracy of the procedure outlined in Section 6.3.

Background subtraction
The background sky emission is then subtracted from all the images. Rectangular
background regions are selected using the MARKSKY task, a custom script for the
IRAF environment. Another custom script called SKYFIT then calculates the mean
of the background regions and subtracts this value from the image.
Resolution matching
The last step before extracting the surface brightness profiles is to match the resolution of all the images. This is achieved by reducing the image resolution to that
of the lowest observed resolution. In this case, the H band images typically had the
highest resolution (∼1.5′′ ) compared to the GALEX UV observations (4.2(5.3)′′ for
the FUV(NUV) bands; Morrissey et al., 2007), so the resolution of the H band images
is lowered. The H band images are therefore convolved with a Gaussian profile with
a full width half maximum (FWHM) given by
F W HM =

p
P SF (UV )2 − P SF (H)2

(6.1)

to rescale the resolution to match the UV images. The IRAF GAUSS task performs
the convolution. The results of the convolution are checked by comparing the PSF
of stars coincident in the H and UV band images and found to be consistent within
15%.
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Profile extraction
Once the images are aligned, background-subtracted and then rescaled to the resolution of the lowest resolution observation, the surface brightness profiles are extracted
for each set of images. The CPHOT task, a custom task written by L. Cortese, fitted
ellipses of increasing diameter to the image by utilising the ELLIPSE task in the
IRAF package. The center of the ellipses are determined by taking the maximum of
the light distribution of the galaxy as the center, and this central position is fixed
throughout the fitting procedure. The ellipticity and position angles are also fixed
parameters and are initially determined based on the overall shape of the distribution
of the NUV band emission. The axial ratios of the ellipses are kept constant. For
each set of observations, the fitted ellipse parameters are determined from the H band
image and then applied to the FUV and NUV band images to get radially integrated
surface brightness profiles for each band. Thus, all the ellipse parameters are fixed
during the fitting. The outer ellipse used in this work is either the aperture fixed by
visual inspection of the NUV image or when the signal-to-noise ratio approached 1,
depending on which boundary condition is reached first.
I briefly tested whether this approach produces surface brightness profiles that
accurately represent the surface brightness distribution, compared to if the ellipse
parameters are allowed to vary. Using ellipses fitted with varying parameters, I found
that the profiles obtained from using fixed and free ellipse parameters show very
little difference. Thus, for the purposes of this pilot study, it is sufficient to keep the
parameters fixed.
Before fitting the ellipses, stars within the outer ellipse are masked. The
CPHOT task then fits the ellipses and computes the surface brightness within each
ellipse. Figure 6.3 shows the outer ellipses used for the H, NUV and FUV band
observations of VCC1615, together with the extracted surface brightness profiles. The
UV surface brightness profiles are compared with the profiles presented in the GALEX
Ultraviolet Atlas of Nearby Galaxies (Gil de Paz et al., 2007). The sample includes
the vast majority of the massive late-types in the VCC sample and the UV profiles are
available online1 . From a visual inspection of the surface brightness profiles and the
corresponding apertures, it appeared that both the profiles and apertures of this work
are similar to those of Gil de Paz et al. (2007), although no quantitative comparison of
the two sets of profiles is possible. The error in the surface brightness measurements
are typically 0.1 mag arcsec−2 , although the errors for outer measurements show
1

The FUV and NUV surface brightness and colour profiles for the GALEX Ultraviolet Atlas
of Nearby Galaxies are available online at http://nedwww.ipac.caltech.edu/level5/GALEX Atlas/Gildepaz fig3.html.
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increased uncertainty.
To statistically compare the surface brightness profiles of all 54 galaxies, the
profiles are normalised to the scale length of the disk, determined from the H band
profile. The surface brightness profiles of the disk are well approximated by
Σ(r) = Σ0 exp(−

r
)
rs

(6.2)

where Σ0 is the central surface brightness of the disk in units of M⊙ pc−2 and rs is the
scale length (Sersic, 1968). Expressing the surface brightness in terms of logarithmic
units, where µ0 = −2.5 log10 Σ0 , then
r
µ = µ0 − 1.086( )
rs

(6.3)

Thus, performing a linear least squares fit to the extracted profiles yields the scale
length, since the gradient of the linear fit m ≡ 1.086/rs. The dashed line in the H
band surface brightness profile in Figure 6.3 demonstrates a typical fit to the disk,
which avoids the central bulge component and instead fits to the outer exponential
disk.
Finally, the surface brightness profiles are used to create NUV-H and, where
possible, FUV-H colour profiles by simply subtracting the profiles. The surface brightness profiles and colour profiles for 54 galaxies are presented in Appendix D.
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Figure 6.3: Aligned and scaled multiwavelength observations of VCC1615 (left panels)
illustrating the radial surface brightness profiles (right panels). The H, NUV and FUV
bands are shown in the top, middle and center panels, respectively.

6.4. Ultraviolet-infrared colour profiles

6.4
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Ultraviolet-infrared colour profiles
I now test the hypothesis that the signatures of environmental effects, such as

ram pressure stripping, or AGN feedback may be observed in the UV-H colour profiles
obtained in the previous section. I divide the 54 galaxies into three different subsamples based on their integrated NUV-H colours, in a similar fashion to the previous
chapter; galaxies with NUV-H < 4.5 are designated as residing on the blue cloud,
whilst the red sequence lies at NUV-H >= 6 and the transition region lies between
the two sequences (i.e. 4.5 <= NUV-H < 6). Average profiles were determined based
on the galaxies inhabiting these three different colour regions, in an initial attempt
to determine any systematic differences in the shapes of the colour profiles. The top
row panels of Figure 6.4 present the results of this exercise. It is immediately evident
that no significant variations exist in the shapes of the average profiles. Any small
differences from the average profiles either arise from a low number of profiles in each
radial bin or are much smaller than the typical error bars associated with the points
under scrutiny.
The lack of variation in the shapes of the average colour profiles for the total
sample may indicate that such an approach may be inconclusive, since such variations
may be subtle and the effects of reddening from either the environment or internal
processes are removed during the averaging process. However, individual profiles and
subsequently the averaged profiles in the three different colour bins do appear to
decrease in radial extension with progressively redder NUV-H colours. This indicates
that the NUV profile becomes truncated compared to the H band as star formation is
quenched, a prediction of the effect by the environment. Since the truncation of star
formation activity in the outskirts of a galaxy has been linked with the loss of gas
from the disk (e.g. Boselli et al., 2006; Boselli & Gavazzi, 2006), the average profiles
for the Hi deficient galaxies present in the sample may be different compared to the
total sample.
When comparing the profiles of Hi deficient galaxies or objects classified as
AGN-host galaxies, both sets of results tend to show no significant variation in shape
between the average profiles of the different colour bins. However, the profiles show
the same decrease in radius of the NUV profile as seen in the average profiles derived from the total sample (if the last points of the average red sequence profile are
excluded, since they are derived from one extensive profile). Thus it appears that
there may be some evidence supporting the truncation of star formation activity in
the outskirts of the disk.
The average profiles from Figure 6.4 are compared in Figure 6.5. From this
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Figure 6.4: Radial NUV-H colour profiles divided according to the integrated NUV-H
colour (coloured circles), for the blue cloud (NUV-H < 4.5; left column), the transition
region (4.5 <= NUV-H < 6; middle column) and the red sequence (NUV-H >= 6;
right column). The binned profiles for the total sample of 54 galaxies (top row ) are
compared to the binned profiles for Hi deficient galaxies (middle row ) and galaxies
displaying AGN-like behavior (bottom row ). The average profile for each colour bin is
shown in each plot (black symbols).

6.5. Variation in isophotal radii
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Figure 6.5: The average radial NUV-H colour profiles of the total sample (left panel),
Hi deficient galaxies (middle panel) and AGN-host galaxies (right panel), divided according to the integrated NUV-H colour (coloured symbols).

figure, it is clearly evident that the average profiles are fairly consistent between
the AGN-host galaxies and the Hi deficient galaxies and do not yield any significant
variation from the average profiles obtained with the total sample of 54 galaxies.

6.5

Variation in isophotal radii

The extent of the average profiles shown in Figure 6.5 appear to decrease with
increasing colour for both AGN host galaxies and the Hi deficient objects. Since a
truncation of the star formation, hence a truncation of the NUV surface brightness
profile, may be expected, I adopted an alternative method of comparing the NUV
and H band profiles for the AGN-host and Hi deficient galaxies.
An alternative approach may be to seek variations in the isophotal radii of
the surface brightness profiles, since these may give an indication of the effect of
the environment. I define the radius R26,N U V as the NUV band isophote at µ = 26
mag arcsec−2 and the radius R20,H as the H band isophote at µ = 20 mag arcsec−2 .
Thus, the ratio R26,N U V /R20,H can be used to compare the extent of star formation
compared to the stellar disk and indicate the possible ‘truncation’ in the profiles
due to environmental effects, such as ram pressure stripping. In Figure 6.6, the
R26,N U V /R20,H is compared to the Hi deficiency for the 54 galaxies. A correlation
between the two quantities is evident, with a Spearman coefficient of rs = -0.63,
relating to a probability P(rs ) > 99.9%. This anticorrelation suggests that galaxies
with normal gas content tend to have more extensive NUV band profiles compared to
the H band profiles and, conversely, Hi deficient galaxies are likely to have ‘truncated’
NUV profiles compared to the H band profiles. This is a new result, since it has not
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been previously shown statistically that cluster late-type galaxies with a reduced
gas content typically display smaller NUV profiles compared to the infrared radii,
although this observation does mirror a similar trend seen when comparing Hα and
optical isophotal radii (i.e. see Figure 11 in Boselli & Gavazzi, 2006). This suggests
that the star formation activity is lower in the outskirts of Hi deficient galaxies, due
to the removal of gas necessary to fuel star formation.
However, plotting the R26,N U V /R20,H ratio against a measure of the nuclear
activity reveals the same result. The log([Nii] λ6584/Hα) ratio, determined from
spectroscopic observations (as described in Chapter 4), can be used to classify the
nuclear activity of a galaxy. Under the Decarli et al. (2007) scheme for classifiying
nuclear activity, galaxies with log([Nii] λ6584/Hα) > -0.4 are classified as displaying
AGN-like behaviour (see Section 2.4.3). Figure 6.6 also presents the R26,N U V /R20,H
ratio plotted against the log([Nii]/Hα) ratio. A correlation between the two quantities
is evident, with a Spearman coefficient of rs = -0.62, relating to a probability P(rs )
> 99.0%. The plot could be interpreted that AGN-host galaxies tend to have smaller
star forming disks than the normal spiral galaxies. However, as it was demonstrated
in Chapter 5, most massive galaxies tend to host AGN. Whilst the fraction of AGNhost spirals peaks in the transition region, I showed that at fixed stellar mass, AGNs
are not associated with a systematic decrease in the star formation activity whereas
Hi deficient galaxies are redder than gas-rich systems. Thus, it is likely that the
relationship demonstrated in Figure 6.6 is actually driven by the Hi deficient objects
and that the AGN-hosts are typically found in these massive galaxies (Kauffmann
et al., 2003). This is most probable, given that the log([Nii]/Hα) ratio and the Hi
deficiency are both equivalently correlated with the R26,N U V /R20,H ratio. The relation
really suggests that the UV emission, hence star formation, is gradually reduced in
truncated disks, which is consistent with star formation truncated by the environment.

6.6

Conclusions

In this chapter, I present a method for using the differential NUV-H colour
profiles, to discriminate between the impact on star formation from the effects of the
environment and from internal processes such as AGN feedback. This hypothesis
was tested by obtaining surface brightness profiles and colour profiles for 54 galaxies
from the VCC sample. Although the sample was incomplete, I attempted to analyse the differences in the shapes of the average profiles for different bins of NUV-H
colour, which reflected whether galaxies resided on the blue cloud, red sequence or
the transition region, as defined in Chapter 5.

6.6. Conclusions
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Figure 6.6: Left panel: The R26,N U V /R20,H ratio plotted against the Hi deficiency.
The DEFHI > 0.5 limit for dividing Hi deficient from Hi normal galaxies is shown
(dashed line). Right panel: The R26,N U V /R20,H ratio plotted against log([Nii]/Hα),
where galaxies with log([Nii]/Hα) > -0.4 are classified as AGN-hosts (dashed line).

I found that the radial extent of the average colour profiles decreased significantly with increasing NUV-H colour, indicating that systems with quenched star
formation inhabiting the transition region and red sequence also have smaller starforming disks than their counterparts still residing on the blue cloud. After defining
isophotal radii in the NUV and H bands, an anticorrelation is observed between the
gas content and the extent of the NUV band profiles compared to the H band profiles.
Galaxies with normal atomic hydrogen content typically display more extensive NUV
profiles than galaxies which have had a large fraction of their gas content removed.
This is the first time it has been demonstrated statistically that cluster late-type
galaxies with a reduced gas content typically display smaller NUV profiles compared
to infrared isophotal radii. This result mirrors a similar trend seen when comparing Hα and optical isophotal radii (i.e. see Figure 11 in Boselli & Gavazzi, 2006)
and has been shown for individual galaxies (Koopmann et al., 2006). Combining
these observations, this suggests that the quenching of star formation is typically due
to environmental effects (e.g. ram pressure stripping) modifying the gas content in
the outskirts of galaxies, truncating the gas disk and removing the fuel for the star
formation process.
Apart from the radial extension of the colour profiles, no significant variations
in the shapes of some of the colour profiles were observed. Rather than use the
statistical approach to study variations in the colour profiles used here, I conclude
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that it would be more constructive to first understand the colour profiles of individual
galaxies. Although these results lack an accurate interpretation, they do show the
potential of using NUV-H colour profiles to study the distribution of star formation
in disks. There are a number of reasons for the difficulty in interpreting the profiles at
this stage. Firstly, the inability to correct the UV emission for the effects of internal
dust attenuation means that the reddening due to quenched star formation cannot
be distinguished from the reddening due to dust attenuation. Since variations in the
colour profiles are likely to be small, it becomes necessary to correct for the effects
of dust in order to eliminate this uncertainty in the observations. This is a problem
that can be addressed in the near future, using the high resolution observations of
the Herschel Space Telescope to study the radial dust properties of the galaxies in the
HRS sample. Secondly, it was apparent that without modelling the effects of either
ram pressure stripping or AGN feedback on the colour profiles, it is not possible
to gain a measure of the significance of these results. The individual profiles clearly
show differences in the shape of their colour profiles and understanding the underlying
nature of these variations can only be properly tested by reproducing the observed
profiles using models. This is also necessary due to the possibility that multiple
mechanisms are influencing the star formation in the disk at the same time, thus
disentangling these mechanisms will pose a problem.
Thus, this pilot study highlights the need to properly correct radial UV profiles
for dust attenuation and that theoretical modelling of the effects of ram pressure
stripping and AGN feedback on the colour profiles of disks is necessary to obtain any
additional insight. However, whilst this pilot study was unsuccessful at thoroughly
testing the initial hypothesis and understanding the shapes of the colour profiles,
it does raise an interesting question. The overall effect of ram pressure stripping
on star-forming disks has been modelled by a number of different studies (see e.g.
Kronberger et al., 2008; Kapferer et al., 2009; Vollmer, 2009). On the other hand,
the theoretical predictions of the impact of AGN feedback on star formation in disk
galaxies is not clear (Okamoto et al., 2008), meaning that the uncertainty of the
effects of AGN feedback is not limited to the understanding of the colour profiles,
but extends to all the properties of late-type galaxies. Indeed, it is even questionable
whether the central engines in the nuclei of late-types are even powerful enough to
affect the entire disk. Therefore, in the next chapter I shall investigate the predictions
of current theoretical models for the evolution of late-type AGN-host galaxies.

Chapter 7
The Importance Of AGN Feedback

7.1

Introduction
Several recent studies have claimed that a large fraction of galaxies in the

transition region between the red and the blue sequence are in fact AGN-hosts. It
has been proposed that the correlation between nuclear activity and colour suggests
that AGN feedback is responsible for the quenching of star formation (e.g. Nandra
et al., 2007; Schawinski et al., 2007). In Chapter 5, however, I demonstrated that the
various evolutionary paths likely followed by galaxies residing in the transition region
are typically governed in part by the effects of the environment, despite the majority
of massive galaxies in the transition region playing host to active nuclei. There is
no indication, nor requirement, that AGN feedback should to be invoked in order to
explain the observed properties of the transition region galaxies.
This conclusion apparently contradicts previous observations linking the central supermassive black hole to the evolution of the host galaxy. Firstly, the discovery
of a connection between the mass of the central black hole with both the spheroidal
mass of a galaxy (Magorrian et al., 1998; Merritt & Ferrarese, 2001; Marconi & Hunt,
2003) and the stellar velocity dispersion in bulges (see e.g. Ferrarese & Merritt, 2000)
suggests that the properties of AGN are fundamentally linked to the formation and
evolution of the host galaxy. The more recent observation of a connection between the
X-ray emission from an AGN and the Hi distribution of the host galaxy, NGC 4151,
provides additional support towards for a scenario in which AGN feedback quenches
star formation by modifying the gas properties in individual galaxies (Wang et al.,
2010). Moreover, AGN feedback has become ever more important in semi-analytic
models of galaxy formation, since the process can decrease the bright end of the
galaxy luminosity function in the population (Bower et al., 2006; Croton et al., 2006)
111
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Figure 7.1: Colour-magnitude diagrams for model disk galaxies without feedback from
an active nucleus (left), with weak feedback (middle), and with strong feedback (right).
The galaxies at z = 3, 2, 1.5, 1, 0.5, 0.2 and 0 are indicated by the plus signs connected
by the dotted line. The colours of their spheroidal components are also indicated by
the diamonds. The upper and lower thin solid lines represent mean colours of the
red and blue populations taken from Baldry et al. (2004). This figure is taken from
Okamoto et al. (2008), where details of the models may be found.

and even provide sufficient energy to create radio cavities that can limit gas cooling
flows in clusters (Dalla Vecchia et al., 2004; Sijacki & Springel, 2006). AGN feedback
thus provides an improved match between the observations and the current theory of
galaxy evolution.
Despite these advancements in our understanding of AGN feedback, theoretical studies incorporating the feedback are typically based around early-type, bulgedominated galaxies since they generally host normal, bright AGN and feedback is
the most plausible mechanism for stopping star formation in elliptical galaxies. The
role of AGN in the evolution of late-type, spiral galaxies has been overlooked, even
though most spirals are thought to contain supermassive black holes, typically displaying Seyfert nuclei or LINERs. The recent theoretical study by Okamoto et al.
(2008) focusses on the formation of AGN-host disk galaxies and they investigate the
resulting co-evolution of the AGN and the host galaxy. Comparing the impact of
the active nucleus on the host galaxy, they find that AGN feedback has only minor
effects on the observed colours of disk galaxies (see Figure 7.1) and find no significant
difference in the evolution of simulated disk galaxies with and without feedback.
Therefore, to understand the apparent contradiction in the results, it is important to understand the relationship between the active nucleus and the host galaxy
as predicted from current models. In this chapter, I attempt to clarify the role of
AGN in late-type galaxies, from the viewpoint of a simple toy model representing the
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currently accepted ideas of AGN feedback in the literature. The aim of this work is to
quantify the impact of AGN feedback on star formation and hence determine whether
the transition region spirals contain AGN powerful enough to quench star formation.
I tackle this problem by first developing the simple model, and then comparing the
theoretical relationship between the star formation rate and the power of the AGN
with the observed values.

7.2

Modelling nuclear activity
The aim of this model is to predict the impact of AGN on the star formation

rate in spiral galaxies. This model is based on different elements from the semianalytic models of Mo et al. (1998), Croton et al. (2006) and Somerville et al. (2008).
The various underlying assumptions are discussed throughout, but the overall philosophy is to keep the model and assumptions as simple as possible, whilst still retaining
the accurate predictions. However, one of the main assumptions adopted in this
model is that the galaxy evolves according to a closed box with no environmental
influences. Whilst the theory involved in this section is deeply rooted in the literature, current state-of-the-art models use N-body simulations to populate a universe
with dark matter halos, which grow via mergers with neighbouring halos. This is
not possible in this work. Instead, I use an analytical approach to study galaxies
embedded in virialized dark matter halos of varying mass. The baryonic component,
which is a fraction of the galaxy halo mass, cools to form a gas disk. Energy radiated
from gas accretion onto a central supermassive black hole heats the cooling gas and
prevents condensation.

7.2.1

Formation & gas cooling

Galaxy formation is a two stage process; dark matter halos form through
dissipationless hierarchical clustering and the cooling of gas occurs in the halo interior.
The first step in constructing a model galaxy is to specify the properties of the dark
matter halo in which the observable baryons condense. Following the model of Mo
et al. (1998) and Croton et al. (2006), a dark matter halo with mass, Mhalo , and
velocity dispersion, vvir , are related to a limiting radius for the halo
r200 =

vvir
10H(z)

;

Mhalo =

2
3
vvir
r200
vvir
=
G
10GH(z)

(7.1)

where r200 is defined as the radius containing a mean mass density of 200 times the
critical density, and H(z) = H0 = 70 km s−1 Mpc−1 in the local universe.
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The cooling of the gas within the halo is a fundamental process for galaxy
formation, as it governs the rate at which gas becomes available to fuel star formation.
The gas is assumed to be shock heated during relaxation following the collapse, up
to the virial temperature of the halo, Tvir , given by:
Tvir =

1 µmH 2
vvir = 35.9[vvir (km s−1 )]2 K
2 kB

(7.2)

where µ is the mean molecular mass of the gas, mH is the mass of a hydrogen atom
and kB is the Boltzmann constant.
The gas cooling rate depends upon this temperature, which determines its
ionization state, and on the metallicity of the gas. Figure 7.2 shows the relationship between the cooling rate and the temperature for three example metallicities
as calculated by Sutherland & Dopita (1993). For this toy model, I assume a fixed
temperature and metallicity, and adopt a constant cooling rate of the order 10−22 erg
cm3 s−1 , taken as an estimate from Sutherland & Dopita (1993). As I show later, this
rough approximation is able to predict the mean observed relationship between specific star formation rate and stellar mass, and is sufficient for the aims of this model.
The cooling time is defined as the thermal energy density divided by the cooling rate
per unit volume:
tcool =

3
µmp kB Tvir
2

ρ(r)Λ(T, Z)

(7.3)

where Λ(T, Z) is the cooling rate of the gas and ρ(r) is the gas density profile.
The gas density profile, ρ(r), is obtained by considering a singular isothermal
sphere (SIS) in hydrostatic equillibrium
δ
δr



r 2 δρ
ρ δr



= −4π

GM 2
ρr
kB T

(7.4)

which has the solution of
ρ(r) =

2
vvir
2πGr 2

(7.5)

For this model I use the above SIS density solution, but it should be noted that a
Navarro, Frenk & White (1996) profile is more commonly used and will be the subject
of future study. A cooling radius, rcool , can now be defined as the point where the
local cooling time is equal to the dynamical time of the halo. Substituting the SIS
profile into Equation 7.3, the radius within which all the gas cools within a given
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Figure 7.2: The cooling rate Λ(T, Z) plotted as a function of the virial temperature
of the hot halo gas Tvir , with different curves illustrating the dependence upon the
metallicity of the gas. The equivalent circular velocity of the halo is indicated on
the top axis. This figure, taken from Baugh (2006), uses the results of Sutherland &
Dopita (1993).

cooling time becomes
rcool



mhot tcool Λ(T, Z)
=
6πµmp kB Tvir

1/2

(7.6)

Different models use different values for tcool , either the Hubble time (tH ; Kauffmann
et al., 1993), the time since the last merger (tmrg ; Somerville & Primack, 1999) or
the halo dynamical time (tdyn ; Croton et al., 2006). The cooling time is an important
assumption, because tdyn < tmrg < tH and shorter cooling times lead to faster cooling
rates, as shown below in Equation 7.8. I adopt the halo dynamical time,
tdyn = rvir /vvir .

(7.7)

The expression for the mass within this cooling radius can be differentiated to give
ṁcool , the rate at which gas cools
ṁcool = 0.5mhot

rcool 1
rvir tcool

(7.8)
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Disk sizes
The rate of star formation in the condensing gas relies on the dynamical time

of the gaseous disk, which is proportional to the size and circular velocity of the disk,
which I now consider. The disk size depends on the virial radius of the halo and on
it’s angular momentum. The angular momentum of the system is often quantified by
the spin parameter, a dimensionless quantity given by
λ≡

J|E|1/2
5/2

GMhalo

,

(7.9)

where J is the total angular momentum and E is the gravitational binding energy
(Peebles, 1969). As shown in N-body simulations, the distribution of the spin parameter can be approximated with a lognormal distribution with λ̄ = 0.05 and σ(λ) = 0.5
(Cole & Lacey, 1996; Bullock et al., 2001). I adopt the mean value for λ. The disc
radius may be related to the spin parameter and virial radius by assuming that the
angular momentum of the disc is a fixed fraction of the angular momentum of the
halo,
rdisk

1
=√
2



jd
md



λ rvir

(7.10)

where md is the ratio between the disk mass and halo mass, and jd is the ratio
between the angular momentum of the disc and the halo. This is valid for halos
with an isothermal profile, which is another motivation for using the SIS gas density
profile. Mo et al. (1998) make the further assumption that the two ratios md and jd
are equivalent, meaning that galaxies are an order of magnitude smaller than their
haloes.
Finally, I further assume that the self-gravity of the disk is negligible, hence
the circular velocity is equal to the virial velocity. From these assumptions, I can
then determine the disk dynamical timescale, tdisk = rdisk /vvir .

7.2.3

Star formation
I adopt a model for star formation based on the Croton et al. (2006) pre-

scription. I begin with the assumption that the star formation rate is proportional
to the mass of cold gas in the disk, which provides the fuel for star formation, and
inversely proportional to the time-scale of star formation, the dynamical time of the
disk. There is a critical surface density above which star formation can occur, but
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below this threshold no stars are allowed to form. The critical surface density at a
radial distance of R is given by
Σcrit (R) = 120




vvir
200 km s−1



R
kpc



M⊙ pc−2

(7.11)

in a study by (Kauffmann, 1996). Under the assumption that this cold gas is uniformly distributed throughout the disk, the critical mass of cold gas required for star
formation is


 r
vvir
disk
9
mcrit = 3.8 × 10
M⊙
(7.12)
200 km s−1
10 kpc
The star formation rate is then governed by
ṁ∗ = αSF (mcold − mcrit )/tdisk

(7.13)

where the star formation efficiency is initially set at αSF = 10% and the disk dynamical timescale is tdisk = rdisk /vvir .

7.2.4

AGN feedback
Cooling gas is accreted onto a central supermassive black hole and converted

into energy. The energy radiated from the AGN then heats the gas, reducing the rate
that the gas can cool and limiting star formation. The energy output couples to the
gas and heats it at a rate, ṁheat , given by
ṁheat =

Lbol
3
[v (km s−1 )]2
2 vir

(7.14)

so that the net cooling flow becomes
ṁnet = ṁcool − ṁheat ,

(7.15)

which is the standard method used in the literature for suppressing gas cooling using
AGN feedback (see Croton et al., 2006; Bower et al., 2006; Somerville et al., 2008).
Theoretically, the bolometric luminosity of the AGN, Lbol , can be calculated by
assuming Bondi (1952) accretion onto the black hole and a mass accretion rate. The
accretion rate and hence the AGN power is governed by the mass of the black hole,
so it is necessary to determine the black hole mass Mbh . In the semi-analytic models
embedded in N-body simulations, the black hole masses grow during the accretion
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Figure 7.3: The Mhalo -Mbh relationship reported by four examples in the literature,
demonstrating the discrepancies between the different studies.

of material and via mergers as the simulated universe evolves. Since I do not have
the resources to replicate such simulations, I instead estimate the black hole mass
from the halo mass. In the last decade, many studies have attempted to constrain
the observed Mhalo -Mbh relation, both observationally (e.g. Baes et al., 2003; Fine
et al., 2006; Shankar et al., 2006) and theoretically (e.g. Booth & Schaye, 2010), with
varying results (see Figure 7.3). I adopt the observed relationship of Fine et al. (2006),
as they report the lowest scatter for their relation. Thus, I assume the relationship
between the halo mass and the black hole mass follows
log

4
Mhalo
Mbh
= −8.5 + log
M⊙
3
M⊙

(7.16)

It then follows from Bondi accretion that the accretion rate, M˙acc , is proportional to
the black hole mass via
M˙acc = κradio



Mbh
108 M⊙



3
vvir
200 km s−1

(7.17)

where κradio is a constant with units of an accretion rate, M⊙ yr−1 (Somerville et al.,
2008). Finally, the mass accreted onto the black hole is converted into energy such
that
Lbol = ζ κheat M˙acc c2

(7.18)

7.2. Modelling nuclear activity

119

Figure 7.4: Left: A comparison of the ṁheat /ṁcool ratio (top panel) to the rcool /rvir
ratio (bottom panel). The condition of rcool < rvir is shown in both panels (dashed
line), marking when the heating rate becomes important under the Somerville et al.
(2008) prescription. Right: The model star formation rate as a function of the mass
accretion rate, using accretion efficiencies of 1% (dashed line), 5% (dotted line) and
10% (solid line). The range of efficiency of star formation, 5% < αSF < 15% (shaded
yellow region) is shown for the model without feedback.

where ζ is the efficiency of the conversion. This is initally adopted as 10% following
Somerville et al. (2008) but, as discussed in Section 7.4.2, it is likely that this varies
between bright AGN and less luminous, LINER-like systems. As such, I will later test
scenarios for ζ = 0.01, 0.05 and 0.1. Combining Equations 7.16 to 7.18, it is possible
to calculate the accretion rate and consequent luminosity of the AGN, which modifies
the net amount of cold gas available for star formation according to Equation 7.15.
The variable κheat is the coupling efficiency of the energy to the hot gas that, as an
upper limit, is assumed to be 100%, which is standard practice in other models.
Figure 7.4 demonstrates how the importance of the heating rate ṁheat to the
cooling rate ṁcool varies with the virial mass of the halo. The heating rate only
becomes significant for halo masses > 1012 M⊙ . However, Somerville et al. (2008)
define a distinction between gas accretion flows; when rcool < rvir the cooling gas
becomes shock heated to near Tvir and then cools, but when rcool > rvir normal
cooling flows occur. When rcool > rvir , it is assumed that gas is not susceptible
to AGN heating and cools at the normal rate, setting Equation 7.14 to zero. A
comparison of the two radii is shown in Figure 7.4 and it should be noted that (in the
model) AGN feedback would only be ‘switched on’ for halos with mass > 1012 M⊙ if
this criteria is followed.
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Since the accretion rate is directly proportional to the heating rate and can
be estimated observationally, it is useful to investigate how the accretion rate relates
to the star formation rate. Figure 7.4 illustrates the SFR-Ṁacc relationship. The
star formation rate gradually increases until the accretion rate, and consequently the
heating rate, become more important, until finally the heating rate dominates over
the cooling rate and star formation becomes totally quenched. The point at which
the accretion rate can significantly quench the star formation rate depends on the
efficiency of the black hole to convert the accreted material into energy, ζ. This is
typically fixed at 10% in other models (e.g. Croton et al., 2006; Somerville et al.,
2008) but, as discussed later, may vary in low mass systems. Regarding the scenario
when ζ = 0.1, star formation becomes quenched in halos > 1012 M⊙ .
Thus, the results of this model seem to indicate that only in those halos with
virial velocities > 150 km s−1 and massive halos > 1012 M⊙ does the heating rate
become significant compared to the cooling rate. However, the model has several
limitations, as a number of different assumptions regarding the physical processes
and properties have been adopted. The model should also be adjusted to take into
consideration whether the AGN can reheat previously cooled gas, and thus not just
prevent gas cooling. Presently, the work suggests that the heating effect from AGN
is not enough to significantly modify the cooling rate, and subsequently the star
formation rate, of less massive galaxies.
Finally, adopted values of parameters are summarised in Table 7.1.

Parameter

Description

Equation

Value

Plausible range
10−21 -10−24

(1)
(2)

Λ(T,Z)

Gas cooling function

7.3, 7.6

10−22

λ

Halo spin parameter

7.12

0.05

0.0-0.2

αSF
κradio
ζ
κheat

Ref.

Star formation efficiency

7.13

0.10

0.05-0.15

(3)

Normalization of accretion rate

7.17

6×10−6

-

(4)

Conversion efficiency of rest mass to energy

7.18

0.1

0.001-0.1

(3,4)

Coupling efficiency of energy with hot gas

7.18

1.0

-

(3,4)

Table 7.1: The values assumed for various parameters used in this model and the main
equations in which they appear. References are (1) Sutherland & Dopita (1993); (2)
Mo et al. (1998); (3) Somerville et al. (2008); and (4) Croton et al. (2006).
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Estimating nuclear activity
In the previous section, a model was constructed which was able to predict

the dependence of the star formation rate on the accretion rate of material onto the
supermassive black hole. I demonstrated that in galaxies with masses typical of spiral
galaxies (Mhalo < 1012 M⊙ , M∗ < 1010 M⊙ ), star formation proceeds as normal and
it is only in the most massive halos that feedback from the accretion can sufficiently
prevent gas cooling to form stars. This model was developed from existing models in
the literature, but it is important to test whether the model successfully predicts an
observed relationship between AGN feedback and star formation in nearby spirals.
Developing reliable indicators to observe the central engine has been the subject of much research in the last two decades, due to the importance of understanding
the nature of AGN, via the bolometric luminosity. The modern unified model of
galactic nuclei envisages an optically thick torus of dusty material that surrounds
the central engine, and it is the varying viewing angles between the observer and
the nucleus that lead to the multitude of different classifications of nuclear activity
(i.e. Seyfert 1 and 2, among others; see Figure 1.2). The viewing angle determines
the line of sight through the torus and thus the amount of obscuration of photons
emitted from the central engine. For high column densities (typically NH > 1025
cm−2 ), even high energy X-rays are Compton-scattered, hence the central engine is
fully obscured and it is not possible to directly determine the bolometric luminosity.
As such, the luminosity of the [Oiii] λ5007 line (Heckman et al., 2004; Netzer et al.,
2006), the [Oiv] 25.89 µm line (Meléndez et al., 2008), the infrared continuum (Horst
et al., 2006) and the 2-10 keV X-ray flux (Satyapal et al., 2005, hereafter S05) have
all been proposed as indirect indicators for estimating the AGN power. In this work,
I chose to use the L[OIII] indicator and describe the method for estimating Lbol in
the following section.

7.3.1

The [Oiii] luminosity indicator

I use the [Oiii] λ5007 emission line as a tracer of AGN activity, by inferring
the bolometric luminosity of the AGN from the [Oiii] luminosity. The [Oiii] emission
line arises in the narrow line region of the galactic nucleus, where the gas in this
region is photoionised by continuum radiation escaping from the torus. Therefore,
the observed emission line flux is not strongly affected by the viewing angle to the
torus and so it provides an estimate of the nuclear bolometric luminosity, assuming
the bolometric correction factor is reliably known.
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This line was chosen for a number of reasons. Firstly, it is usually the strongest
emission line in the optical spectra of type 2 AGNs and does not often become blended
with neighbouring emission line features. Secondly, it is significantly less contaminated by a contribution from star-forming regions compared to other methods, although there has been some recent debate about whether it is necessary to apply a
correction for star formation (e.g. see Lamastra et al., 2009). Finally, optical spectroscopy of the nuclear regions are available for a large fraction of the late types in
my sample via the SDSS. I note that the drift-scan spectroscopy reduced in Chapter
4 is not adequate for the purposes here, since the drift-scan method provides the
integrated spectral emission from across the entire extent of a galaxy, thus the emission lines will be dominated by emission from Hii star-forming regions and gaseous
nebulae. The spectroscopic observations of nuclear regions afforded by the SDSS
may reliably measure the nuclear emission from the narrow line region, since the 3′′
diameter fibers cover a small fraction of the surface area of nearby galaxies. At the
distance of the Virgo cluster, the fiber aperture covers ∼0.5 kpc compared to the
typical diameter of a massive spiral being ∼10 kpc. Thus spectra from fibers placed
over the nucleus will be significantly less contaminated by star formation.
Therefore, measurements of the [Oiii] emission line flux of the late-type galaxies in the HRS+ sample were obtained from the SDSS Data Release 7, only using
spectra from fibers placed over the nuclear regions. For the AGN-host late-type galaxies with available star formation rates, spectra exist for a large fraction, although the
observations are slightly biased towards brighter objects (Figure 7.5). The [Oiii] luminosities span a range of ∼105 to ∼108 L⊙ , similar to the range reported for the
samples of Heckman et al. (2004) and Lamastra et al. (2009).
A correction to the [Oiii] luminosity is necessary for converting to the bolometric luminosity. Heckman et al. (2004) determined a bolometric correlation using a
two step process based on a sample of type 1 and type 2 AGN. Firstly, they estimated
a mean ratio between the continuum luminosity at 5000 Å and the [Oiii] luminosity,
and then determined the bolometric luminosity and the 5000 Å continuum luminosity
from the average intrinsic spectral energy distribution of a type 1 AGN as reported by
Marconi et al. (2004). From the results of their analysis, the ratios are L5000 /L[OIII] ≈
320 and Lbol /L5000 = 10.9, such that the implied bolometric correction is therefore
Lbol ≈ 3500L[OIII]

(7.19)

and the variance in the correction is ∼0.4 dex. In a more recent study, Wu (2009)
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Figure 7.5: The coverage of spectroscopic observations of late-type, AGN-host galaxies
in the SDSS (blue histogram) compared to the total number of late-type AGN-hosts
(black solid line) present in the entire HRS+ sample (left), in the Virgo cluster members
(middle) and outside the Virgo cluster (right). The total sample is displayed in the
latter two plots for ease of comparison (black dashed line).

estimated an alternative bolometric correction,
log Lbol = (0.95 ± 0.08) log L[OIII] + (5.39 ± 3.17)

(7.20)

which is also based on a sample of type 1 AGN. These two corrections provide very
similar results. Because the Wu (2009) correction is based only on type 1 AGN,
whereas Heckman et al. (2004) uses both type 1 and type 2 AGN similar to the
HRS+ sample, I proceed using Heckman et al. (2004) correction. Since the Heckman
et al. (2004) correction assumes the [Oiii] luminosity is uncorrected for internal dust
attenuation, I follow the same procedure and do not correct the [Oiii] measurements
for attenuation. Combining the bolometric correction with Equation 7.18, I estimate
the mass accretion rates of the AGN in the sample by assuming a conversion efficiency of rest mass to energy of ζ = 0.1. This is a standard assumption for the
conversion efficiency and is based on a geometrically thin yet optically thick accretion
disk (Shakura & Sunyaev, 1973; Narayan & Yi, 1995).
Finally, as previously mentioned, I use the NUV emission to estimate current
star formation rates (see Section 3.6). In the following section, I present and discuss
the results of this exercise.
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Comparison of theory with observations
I now compare the predictions of the toy model for the relationship between

the star formation rate and mass accretion rate. However, first I conduct a test to
determine whether the model successfully reproduces observed star formation rates.

7.4.1

Star formation rates
As a test of the model, I compare the relationship between the stellar mass

and specific star formation rate (SFR/M∗ ; SSFR) as predicted by the model with the
observed M∗ -SSFR relationship, based on the NUV star formation rates (see Section
3.6) for the late-types in the HRS+ sample. The predictions and observations are
compared in Figure 7.6. The model successfully predicts the slope of the observed
SSFR-M∗ relationship, by using the assumption that the stellar mass is a constant
fraction (1%) of the halo mass, but the range of observed SSFRs is not matched by
a variability of αSF alone. This may be due to a number of reasons. Firstly, the
sample used to construct the figure contains perturbed objects with quenched star
formation, as clearly shown in Chapter 5, and a large fraction of the scatter from
the mean SSFR is due to these perturbed systems. Because the model assumes that
the galaxy evolves according to a closed box model, it does not take into account the
quenching of star formation via environmental effects, which, as I have previously
shown, play a significant role in suppressing star formation. Secondly, it is likely
that some of the fixed values I have assumed for variables does not reproduce the
observed range of SSFR. For example, adopting a fixed value for the cooling function
is not accurate, since this value actually depends on the temperature and metallicity
of the cooling gas and, as shown in Figure 7.2, has a range of values from ∼10−21 10−24 erg cm3 s−1 . Whilst the constant value I have adopted fits the mean observed
relationship, the range of values may be accounted for if the cooling rate is allowed
to vary based on the temperature and metallicity of the halo gas. However, since the
model does provide a good match between the predicted relationship and the mean
observed relationship, I proceed with using the model to investigate the relationship
between star formation and AGN feedback.

7.4.2

The SFR-Macc relationship

The relationship between the star formation rate and the mass accretion rate
is investigated in Figure 7.7. The observations show no trend; the observations for the
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Figure 7.6: A comparison of the predicted relationship between the specific star formation rate (SFR/M∗ ) and the stellar mass (solid black line) and the relationship
observed in star-forming, late-types (solid blue circles). The range of efficiency of star
formation, 5% < αSF < 15% (shaded yellow region), successfully predicts the mean
observed relationship (dashed black line).

44 AGN-hosts yield a Spearman correlation coefficient of rs = 0.08 with a probability
of P(rs ) < 99.5%, hence there is no significant correlation.
I compare the results found here with those of S05. They published the bolometric luminosities, estimated from the 2-10 keV X-ray luminosity, and FIR luminosities for a large sample of 129 galaxies representing the broad range of AGN
classifications, including LINERs, Seyferts, radio-loud and radio-quiet quasars, and
narrow-line Seyferts (previously explained in Section 1.3.1). Following the method of
S05, I convert the published LF IR into a star formation rate using the relations presented in Bell et al. (2003). The mass accretion rate is calculated from the bolometric
luminosity assuming ζ = 0.1.
Although there is a slight overlap between the HRS+ and S05 samples, any
comparison of individual results is limited to one galaxy: NGC 4527 / HRS 201.
This is due to the S05 sample containing a fraction of early-types, excluded from this
analysis, and galaxies outside the distance limits of the HRS+ selection criteria, i.e.
D < 15 Mpc and D > 25 Mpc. For both rates available for NGC 4527, the values
obtained in this work are consistent within the errors with the values presented in S05.
The HRS+ (S05) values are SFR = 0.44(0.31) M⊙ yr−1 and log M˙acc = -5.46(-4.54)
M⊙ yr−1 .
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Figure 7.7: The estimated mass accretion and star formation rates from this work (blue
circles).

Despite the lack of overlap between the samples, I can compare the distribution
of the HRS+ AGN-host subsample in the SFR-M˙acc parameter space to that of the
S05 sample. Figure 7.10 shows the properties of the AGN from the S05 sample. It
shows the apparently differing relationships of the LINER and Seyfert galaxies and
the linear fits to these AGN subclasses, as reported by S05. The HRS+ AGN-hosts
clearly occupy the same parameter space as the LINER systems, showing lower mass
accretion rates compared to the Seyferts. This is an expected result, since the HRS+
LINER galaxies typically demonstrate less energetic AGN-like behaviour compared
to the Seyfert galaxies predominate in the S05 sample. Thus, the AGN-hosts in the
HRS+ sample appear to have accretion and star formation rates typical of the LINER
regime, consistent with S05.
However, it should be noted that the apparent difference between the Seyferts
and LINERS may be resolved with a varying mass-to-energy conversion efficiency
across the different AGN classes, instead of the assumption that all AGN work at
an efficiency of ζ = 0.1. It has been shown that the radiative efficiency for systems
with low M˙acc is likely to be much smaller than this value, even possibly a decreasing
function of M˙acc (Narayan & Yi, 1995). A transition between a radiatively efficient,
geometrically thin, optically thick accretion flow and a radiatively inefficient, geometrically thick, optically thin flow is theoretically expected (Narayan & Yi, 1994)
and also has observational support (Jester, 2005). Applying a single value for ζ to
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a sample of AGNs is therefore likely to be incorrect. Indeed, Wu & Cao (2006)
demonstrate this by calculating varying values of ζ for the LINER systems in the S05
sample, based on a model of radiatively inefficient accretion flows, finding that the
LINERs are shifted to follow the same relation as the Seyfert galaxies.
Even taking into account the uncertainty in the value of ζ by adopting the
lower limit of 0.001 (consistent with RIAF models, e.g. Quataert, 2003), the accretion
power of the late-type AGN-hosts in the HRS+ sample are still typically lower than
the normal bright AGNs. With the available ancillary data, it is not currently possible
to observationally determine the correct radiative efficiencies for each AGN in the
sample. As such, I proceed using ζ = 0.1, which is an upper limit of the effect of
feedback.
To summarise the results of this section, I find that the HRS+ AGN-hosts
residing in late-type galaxies are typically LINER-like galaxies, with low mass accretion rates that only weakly influence the rate of star formation. These results are
consistent with previous studies (Okamoto et al., 2008), although it is noted that
some uncertainty lies in the assumed conversion between the accreted rest mass and
energy output, since not all AGN convert mass to energy with a constant efficiency.
By assuming an upper limit for the conversion efficiency, it is still possible to test
the predictions of a toy model, discussed in Section 7.2, and determine whether AGN
feedback is important for quenching star formation in these AGN-hosts.
The [Oiii] emission line luminosity and the NUV luminosity are tracers of the
mass accretion and star formation rates, which may now be compared with the predictions from the toy model. Figure 7.9 shows the predicted star formation rate as a
function of the mass accretion rate, which is linked to the heating of the gas. Since the
mass accretion rate essentially scales according to the mass of the simulated system,
the model predicts that for lower mass systems, the star formation rate gradually increases proportional to the accretion rate. As the mass accretion gradually increases,
the star formation rate is reduced due to the energy output from the central black
hole heating the gas and quenching the star formation. Eventually, feedback from the
AGN fully heats the available gas and star formation (in the model) becomes totally
quenched. The predicted halo mass at which the gas heating rate dominates over the
gas cooling rate is dependent primarily on the conversion efficiency, as indicated by
the SFR-M˙acc curves based on varying ζ presented in Figure 7.9.
Comparing these predictions with the observations, the main result is that the
LINER galaxies (in both the S05 and HRS+ sample) appear to lie below the threshold
where the accretion rate becomes large enough to significantly impact the cooling of
gas, thus modifying the amount of cold gas available for star formation. This is
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Figure 7.8: The estimated mass accretion and star formation rates from this work
(solid blue circles), compared to those from the study of Satyapal et al. (2005, other
symbols), assuming ζ = 0.1. The differing relationships found by S05 between the
LINERS (dashed line) and the Seyferts (dotted line) are also shown.

true regardless of the efficiency adopted for converting the rest mass of the accreted
material into radiative energy from the black hole, as evident from the various SFRM˙acc curves. Consider the effect of removing the assumption that the observed ζ = 0.1
and adopting a varying efficiency. In this scenario, the LINER-like systems may be
shifted to lie on the same SFR-M˙acc relationship for the Seyfert-like systems presented
in S05, as demonstrated by Wu & Cao (2006), albeit with lower star formation and
accretion rates. However, reducing the model ζ accordingly still yields the result that
the LINERs lie below the threshold where AGN feedback has a significant impact.
Whilst the distribution of the M˙acc of the observed galaxies shows that the
LINERs typically lie below the threshold for significant quenching via AGN feedback,
it is obvious from a comparison of the model SFR-M˙acc relation to the observed
relations presented in S05 that they are not consistent. Investigating this issue by
exploring the feasible range of the different parameters (e.g. the cooling function
Λ(T, Z), the star formation efficiency αSF ), I found that whilst the slope and intercept
of the SFR-M˙acc relation may vary significantly if the adopted values are changed
according to the ranges in Table 7.1, the observation that the LINERs lie below the
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Figure 7.9: The estimated mass accretion and star formation rates from this work (blue
circles) compared to the predictions the star formation rate as a function of the mass
accretion rate in the toy model, using accretion efficiencies ζ of 10% (dashed curve),
5% (dotted curve) and 1% (solid curve). The blue arrows demonstrate the effect of
systematically decreasing ζ to 0.01. For reference, the relationships found by S05 for
Seyferts (dashed line) and LINERs (dotted line) are also shown.

threshold of total quenching remains.
Taking these points into account, the model predicts that LINER-like AGN
are never powerful enough to fully quench the star formation, suggesting that for my
sample, AGN feedback does not significantly affect the star formation rate of their
host galaxies.

7.5

Conclusions

I constructed a simple model to test whether the AGN present in late-type
galaxies are powerful enough to significantly quench the star formation in the disks,
thus driving the spirals from the blue to the red sequence. Based on current theory,
the model indicates that although in large halos, the central black holes are massive
enough to rapidly accrete material and efficiently radiate energy capable of quenching
star formation, this is not true for smaller halos (Mhalo < 1012 M⊙ ). Thus, the
predictions of the model match those of other studies (e.g. Croton et al., 2006;
Somerville et al., 2008).
Given the large number of assumptions in this model, the theoretical predictions for how the AGN power affected the star formation rate were tested using the
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Figure 7.10: The estimated mass accretion and star formation rates from this work
(solid blue circles), compared to those from the study of Satyapal et al. (2005, other
symbols), assuming ζ = 0.1. The predicted star formation rate as a function of the mass
accretion rate in the toy model, with accretion efficiencies ζ of 10% (dashed curve), 5%
(dotted curve) and 1% (solid curve) are plotted, together with the relationship where
feedback is switched off (yellow shaded ragion). The differing relationships found by
S05 between the LINERS (dashed line) and the Seyferts (dotted line) are also shown.

NUV and [Oiii] λ5007 emission line luminosities as tracers of the star formation rate
and mass accretion rate, respectively. Comparing these observational indicators with
the model predictions, I explored the relationship between the AGN and the star
forming disk. I found that the AGN in the sample were never powerful enough to
reach the predicted threshold where the radiative energy from the black hole accretion
became significant enough to impact the star formation rate. The results suggest that
the AGN residing in late-type galaxies are typically LINER-like systems, consistent
with the current understanding of low luminosity AGN.
It was also found that to properly understand the relationship between the
mass accretion rate and the host galaxy SFR, it is necessary to determine the radiative
efficiencies and decouple their effects on the derived mass accretion rates for the entire
sample. With the current data available, combined with the theoretical uncertainties,
I could not reliably expand further the investigation in order to give a more accurate
indication on the true value of ζ for all galaxies in our sample. As the L[OIII] indicator
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is a useful proxy for the AGN power to trace the model predictions and future work
should be focussed on developing more accurate (i.e. < 0.1 dex, not ∼0.4 dex)

bolometric corrections to observationally investigate the distribution of ζ.
Regardless of the limitations and assumptions of this simple toy model, the

results still hold under closer scrutiny and are found to be consistent with the predictions of more complex models in the literature (e.g. Croton et al., 2006; Somerville
et al., 2008; Okamoto et al., 2008). I remind the reader that I have not added any
new physics into this model and the various components are standard to most semianalytic models invoking AGN feedback (Baugh, 2006). Combining these results
with the analysis from previous two chapters, I do not find any evidence in support
of AGN feedback quenching star formation in late-types, in agreement with Okamoto
et al., suggesting that AGN feedback is not a universal effect for all morphological
types. In fact, observational evidence points towards the environment as the cause of
suppressed star formation in the local universe. This concludes the investigation to
determine the quenching mechanism.
For the remainder of the analysis, I now focus my attention on the final aim
of this thesis, and investigate the effect of the environment on the chemical evolution
of galaxies.

