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Chapter 4. Environment Results
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FIGURE 4.4: A magnified version of Fig. 4.3.



Chapter 4. Environment Results

T
o LERG
@® mean density
: : : @ median density
10000* —————————————————————— —————————————————————— : ——————————————————————
. . . |
. . . |
: : : i
< 3 | | i
S : : : !
S : : : |
2 | 1 1 i
> 10.00 Saains (RIS o CISTRR PP PRI B B
S o= : : !
< : : : |
i T T o9 : : i
[ : : i
R T i |
g |
R % o i
1.00F 4= ‘ —————————————;———————————————: ———————————————
: . |
|
i
i
I I
22 25 26 27
logioLy sqr., W/HZ
FIGURE 4.5: Y5 R as a function of L1 4gHz-
4.0 g ! K T :
: o | s LERG
. o o § § @® mean density
o N o . § @ median density
LS ‘ ‘
o o : : . ]
3.0f o .« i
. . |
R R 1 i
. . |
= IEPISEI 3 i
Q . o . |
= o ° : o : !
5 . S L . |
S 20, e o |
& o | i
< o® o o : i
¥ . | i
e & :
of o e i
U B | H i
e o | i
UYL S |
o ° ) o i
o & oo 0° : : i
o . . . |
Y T Jmmm =
22 23 24 25 26 27

logyoLy 4gp., W/HZ

FIGURE 4.6: A magnified version of Fig. 4.5.
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4.1.2 Intermediate Redshift Interval

We observe relative density as a function of Lj4qn, over the interval, 0.1 < z < 1.2.
The binned medians, means (including their errors) and their statistical significance are
highlighted in Tables 4.6, 4.7, 4.8 and 4.8. Correlation strength is quantified in Table
4.10. In Fig.’s 4.9 - 4.16, relative density as a function of Lj 4qn, is depicted.

log o Liacu-bin | (Xor) (04, ) median  p-significance
22 — 23 2.674 (0.110) 1.408 24.346
23 — 24 2.832 (7.42 x 10_3) 1.391 381.909
24 — 25 2.737 (2.87 x 1073)  1.543 954.579
25 — 26 2.463 (9.58 x 1073)  1.431 257.093
26 — 27 2.608 (0.169) 1.176 15.410

TABLE 4.6: For ¥ag in each Lj4qm,-bin, the mean (u) and its uncertainty (o), in
brackets, are shown as well as the median. These are in kpc—2. Significance of the
binned mean (u-significance) is also given.

log,o Li1.4grz-bin (W/Hz) 1(X20) (Tus,0)) median p-significance
22 — 23 4.016 x 107° (3.980 x 107 ) 2.294 x 107° 10.090
23 —24 5.161 x 107 (2.090 x 107 ) 1.301 x 1073 246.941
24 — 25 6.011 x 107° (1.034 x 10~ ) 1.034 x 1077 581.302
25 — 26 5.275 x 107° (3.691 x 10~7) 3.691 x 1077 142.895
26 — 27 3.709 x 1075 (3.570 x 107%) 3.570 x 1076 10.390

TABLE 4.7: For ¥ap in each Li4qm,-bin, the mean (u) and its uncertainty (o), in
brackets, are shown as well as the median. These are in kpc~2. Significance of the
binned mean (u-significance) is also given.
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log o Liagr~bin (W/Hz) | p(Xs5Rr) (0uzsn)) median  p-significance
22 —23 2.377 (0.105) 1.604 22.601
23 —-24 2.312 (3.44 x 1073)  1.656 672.161
24 — 25 2.574 (2.01 x 1073)  1.880 1279.682
25— 26 2.285 (6.24 x 1073)  1.717 366.001
26 — 27 1.719 (3.46 x 1072)  1.826 49.640

TABLE 4.8: For ¥s5g in each Lj4qm,-bin, the mean (u) and its uncertainty (o), in
brackets, are shown as well as the median. These are in kpc—2. Significance of the
binned mean (u-significance) is also given.

log,o L1.4grz-bin (W/Hz) 1(350) (Ousan)) median p-significance
22 — 23 3.059 x 107° (2.447 x 10~ ) 1.656 x 10~ 12.500
23 — 24 2.879 x 1075 (7.391 x 1078)  1.498 x 1075 389.518
24 — 25 3.814 x 107° (4.626 x 10~ ) 2.298 x 107° 824.510
25 — 26 3.415 x 1075 (1.724 x 1077)  1.682 x 1075 198.066
26 — 27 1.789 x 107° (9.808 x 10~ ) 1.662 x 107 18.244

TABLE 4.9: For ¥5p in each Lj4qm,-bin, the mean (u) and its uncertainty (o), in
brackets, are shown as well as the median. These are in kpc~2. Significance of the
binned mean (u-significance) is also given.

surface-density type p p
Yom 0.0177 . 0.394
Yo 0.0216  0.297
Y5R 0.0208 0.316
25D 0.0452  0.0293

TABLE 4.10: Spearman’s rank correlation coefficients for mean YN when N = {2,5}
per L 4qu.-bin in the low redshift interval spanning the range 0.1 < z < 0.2.
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4.2 Discussion

Previous studies examining the role of environment on AGN have shown that the quan-
tity of radio AGN (HERG and LERG) fractions increase with galaxy density among
low-redshift radio source populations. The opposite is seen to be true for optical AGN

(LINER, Seyfert and TO) (Sabater et al., 2013).

Although also considered radio AGN, HERGs are known to share characteristics with
optical AGN. One of these is that they are detectable in both radio and optical wave-
lengths. Following the results of Sabater et al. (2013), we should thus expect the HERG
fraction to increase with decreasing density. On the other hand, LERGs are only de-
tectable in the radio continuum due to weak spectral features (Heckman and Best, 2014).
LERGs, like radio AGN, have been found to favour regions where galaxy density is high
(Sabater et al., 2013). If this pattern is reflected by our radio sample, we should observe
a significant quantity of LERGs in environments denser than those of HERGs.

We find that our results agree with those of Sabater et al. (2013) in the low redshift
interval. Based on the binned mean and median relative densities, we find that sources
classified as LERGs occupy environments denser than the field in all bins except for where
Ly acr, € [10%°,10%°] W/Hz. We have no results for HERGs in this interval because JVLA
radio sources with Ly 4an, > 10 W/Hz (HERGs) do not feature at all. This may be a

result of HERGs simply being rare at these redshifts.

We also find, within this range, that relative mean density is not significant for ¥, g and
Yo p (as seen in Tables 4.1 and 4.2). Moreover, it is only marginally significant for 35 g
but not 35 p (shown in Tables 4.3 and 4.4). Given that in three of the four mean density
measures for Ly 4qm, € [10%,10%°] W/Hz have statistics that are not significant, we can

safely disregard the mean density measure in this bin.

The Spearman’s rank correlation coefficients, p and p, are displayed in Table 4.5. The
value of p in each case indicates a relation between density and radio-luminosity that is
weak and positive. We find that p < 0.05 applies for ¥5p alone, implying a valid corre-

lation. For three of the four density measures, however, the test indicates no correlation.
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These results are consistent with the idea that LERGs or low-power AGN at low red-
shifts occupy the densest regions. Since, all our LERG environments are denser than
the field. This is consistent with Sabater et al. (2013) in which radio AGN (akin to
LERGS) fractions are found to increase with density implying that radio AGN favour

dense environments.

Both HERGs and LERGs exist in the intermediate redshift interval of our sample. In
this interval, the binned mean and median relative densities indicate that AGN occupy
regions denser than the field for Ly 4qn, € [10*,10%"] W/Hz. All relative mean densities

are significant for ¥y and 35 (as seen in Tables 4.6, 4.7, 4.8 and 4.9).

The Spearman’s rank correlation test coefficients, p, indicate weak and positive correla-
tions in each case (Table 4.5). The p-values suggest that the only valid correlation is for

Y5 p measures. Once more, in three out of four cases, no correlation is observed.

These results are informative in a number of ways. They indicate that LERGs and
HERGsS, on average, reside in over-dense regions. LERGs in this interval occupy envi-
ronments denser than the field consistent with low-redshift results from Sabater et al.
(2013). This new finding indicates that for z > 0.2, HERG environments are denser than
the field which contradicts the prediction that HERGs are likely to favour under-dense
environments. The explanation behind this could be that HERG fractions increase with
redshift which has been shown by V/V,. cosmic evolution tests (Best and Heckman,
2012). There is a possibility that through some quenching mechanism, HERGs evolve
into LERGs. It is likely that, in the intermediate redshift interval, the HERGs we find
in over-dense regions have evolved over cosmic time into LERGs that occupy the same

over-dense regions at low redshifts.

The discrepancies between previous findings and our own may stem from differences in
classification methods, density measures and redshift-intervals used. By classifying the
sample using Ly 4qn, ~ 10 W/Hz (Best and Heckman, 2012), we make a rather basic
approximation of accretion-mode that should only to apply to low-redshift sources. We
find that the best way to classify radio sources reliably is using equivalent widths of

optical emission and ionisation lines. In this work, it appears that we have only really
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tested the relation between density and 1.4 GHz luminosity rather than density and the
accretion-mode or the HERG-LERG dichotomy.

The spectral-line classification method is largely based on BPT diagrams (Baldwin et al.,
1981). These are used to determine the AGN classes of the low-redshift radio source
sample of Sabater et al. (2013) into star-forming nuclei (SFN), Seyfert galaxies, transition
objects (TO — where star-forming and AGN properties are both observed), low-ionization
emission regions (LINER) and passive galaxies (where star-formation has been quenched).
We make the simplifying assumption that optical AGN are similar to HERGs. This is,

however, insufficient without proper validation from spectral lines.

In addition to this, the radio AGN from Sabater et al. (2013) are identified up to a flux-
limit of 5mJy (at z=0.1) for Ly 4qn, = 102 W/Hz (Best et al., 2005) and classified into
HERGs and LERGs. Given this flux-limit, it is likely that these sources have higher
radio luminosities than those in our JVLA sample which has a flux-limit of ~ 0.4mJy for

Liscn, = 10?2, Hence, much fainter radio sources are contained in our sample. These

differences in depth and flux-limit may also explain why results differ.

Differences in density measure can also contribute to discrepancies in results obtained.
We have calculated surface-density up to the 2nd and 5th nearest neighbours per radio
source i.e. 3y and 5. In Sabater et al. (2013), surface-densities, ¥5 and ¥;; are obtained.
It is possible for galaxy density measures in the same region to differ when measured on
different scales e.g. under-dense on the kpc-scale and over-dense on the Mpc-scale. Hence,
findings between studies where density has been measured different expanses may differ

greatly.

In general, groups or clusters are approximately 1 — 2 Mpc in diameter and separated
at distances of 15 — 30 h™'Mpc (West, 1989). Hence, distances between galaxy groups
are, on average, a factor of 10 larger than the distances between individual groups or
clusters. We have shown that the parameter, N, determines the extent to which density
is measured. We call the number of galaxies in a group or cluster, n. Such that when N
> n, the N* nearest neighbour is likely to exist in a neighbouring galaxy meaning that
the local density is not measured. Yy represents the galaxy density within virialised dark

matter halo structures when N < n. Hence, density measured using >;; may bias densities
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to lower values if the average number of individual galaxies in a group are < 12. This
could possibly explain some differences between our findings and those of Sabater et al.

(2013).

Our measurement of density also lacks precision and would benefit from additional quan-
tifiers. These include aperture counts, tidal-force estimation and the Voronoi volume
method. Aperture counts quantifies the number of SDSS galaxies in a projected circular
region on the sky. A tidal-force estimator (Verley et al., 2007) measures the magnitude
of tidal forces relative to the internal binding forces for a galaxy. The Voronoi Volume
counts the number of neighbouring galaxies in a sphere of finite radius centred on the

target source (Cooper et al., 2005).

We do not observe a correlation between galaxy density and 1.4 GHz radio luminosity.
This may be because density is perhaps being influenced by another factor within an
AGN’s environment. Secular processes have been suggested as a primary influencer of
AGN activity in this regard Sabater et al. (2015). This may also be true for our sam-
ple, the radio AGN population residing in environments denser than the field. Since
high-density regions are known to foster an abundance of diffuse, hot intra-cluster gas
which may constitute the fuel supply for AGN in denser regions (Hardcastle et al., 2007).
The orientation and strength of magnetic fields may also influence the measured nuclear

activity (O’Sullivan et al., 2015).



Chapter 5

Conclusions

5.1 Summary and Conclusions

We used WISE photometry to examine the mid-IR properties (in the 3.4 — 22um range)
of 8946 sources detected by the JVLA in the 1 — 2 GHz range which form the radio-
loud AGN sample. On WISE two-colour diagrams, HERGs are found to occupy regions
that suggest the presence of dust. LERGs do not follow any discernible patterns on the
two-colour plots. These results are in agreement with the prediction that HERGs have

circumnuclear dust structures which WISE is able to detect.

We examined the effects of environment on a radio-loud AGN sample in SDSS Stripe
82. We did so by measuring local environments of radio AGN relative to the field by
computing surface-densities (Xy) for AGN and mass and redshift matched control galax-
ies. This provided us with AGN and field densities that when compared (via ratios and
differences) gave the relative density for each AGN. We then investigated the correla-
tion between relative density and accretion-mode (as approximated by 1.4 GHz radio

luminosity).

Environment density results indicate that at low redshift (0.1 < z < 0.2), low-power
sources, in the 1022—10% W /Hz range, occupy environments denser than the field sources,
on average. However, we find, overall, that no correlation exists between relative density

and 1.4 GHz radio luminosity.

93
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At intermediate redshift (0.2 < z < 1.2), environments of the radio AGN across the full
radio luminosity range probed, 10*> — 10?” W/Hz range are, on average, denser than the
field. This is true for both HERGs and LERGs. Once more, no correlation is observed

between relative density and 1.4 GHz radio luminosity.

We attribute the absence of correlations at both low and intermediate redshift intervals
to the notion that local galaxy density plays only a secondary role in influencing AGN
properties such as 1.4 GHz luminosity. Secular processes involving the collapse of hot
intra-cluster medium gas or cold gas of origins local to the AGN play are likely to play
a more significant role. Galactic-scale magnetic fields may also be more influential on

nuclear activity than galaxy density.

5.2 Future Work

This study represents a starting point for what is a growing body of work that aims to
chronicle the role of environment on accretion-mode classification with cosmic time. The
best way to build on what has been done is to invoke optical ionisation and emission lines
to classify the AGN properly. The diagnostics drawn from BPT diagrams will thus be

taken into consideration in future.

We may also need an improved algorithm for identifying unique sources in the radio
catalogue. The present use of PyBDSM may be insufficient for this purpose. Spurious
radio noise detections in the JVLA catalogue may have been falsely identified as unique

astronomical sources resulting in unwanted biases on surface-density measures.

In this work, we only make use of the surface-density parameter to estimate galaxy
density. To get a more precise measure of density, we require additional methods. The

more methods that are used, the better the constraint on density measurement.

Finding solutions for these issues may help improve the overall precision of our measure-
ments. Such that when we are able to better classify and identify individual radio sources,
and make use of additional density quantifiers, we will be able to study the relation be-

tween nuclear activity and environment more accurately and in greater detail.



Appendix A

Measured Quantities

A.1 Cosmological Distance

To convert angular separations on the celestial sphere to physical distances, we take
cosmological expansion into account. In this work, we have made use of the WMAP 9
cosmology constants: Hy = 69.3 km/s/Mpc, Q, = 0.287, Q = 0 (flat universe consider-
ation) and Q, = 0.713 (Hinshaw et al., 2013).

A direct relation between angular separation (0) and physical separation (D), shown
in equation A.8 (Peebles, 1993), is derived through a series of steps. This begins with
equation A.1. The line-of-sight co-moving distance, d¢, is the distance between two
objects. It remains constant within a specific epoch, provided that it is small enough
and both objects move with the Hubble flow (or cosmological expansion). This distance
measure is obtained by integrating equation A.l in redshift-space and multiplying the
integral by the Hubble distance dy defined by equation A.2. The transverse co-moving

distance, dy, is equivalent to d¢ for €.

To obtain the angular diameter distance, d,, we integrate equation A.4 (Carroll and Press,
1992). To do this, we substitute the Hody; with da in this expression. The luminosity
distance, dy,, is defined by equation A.5 containing luminosity (L) and flux (S). With this,

we obtain the angular diameter distance via equation A.7.
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E(z) = /20 (1+2)° + (L + 27 + 0 (A1)
di = — = 3000h~"Mpc (A.2)
Hy
2 od
de = dH/O E(Z) (A.3)
Hodyt = [ [(1+22(1+ Quif) =72+ 7)) (A4)
0
L
5= g (A5)
dx =2, (A.6)
C
dL - dA(l -+ Z)2 (A?)

In this work, all distances are represented by dy,. In Euclidean space, the physical separa-
tion (D) is related to angular separation by equation A.8. Combining equations A.7 and
A.8 yields equation A.9. This provides a direct way of converting angular separations to

physical distances which takes cosmological expansion into account.

D = d,0 (A.8)

[\

(1+2)
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The frequency-dependent luminosity, L, , is affected by redshift via bandwidth-smearing.
This refers to the broadening of wavelength bands with increasing redshift. The result
of this is a decrease in total luminosity per frequency bin. Flux is measured in the
observational frame of reference and L, is intrinsic to a source and emitted in the source
frame. The difference between emitted and observation frames makes it necessary to
apply a k-correction along the line-of-sight. This is accomplished by introducing a factor
of (1+z) to the relation between luminosity and flux. Doing this leads to the k-corrected
luminosity in equation A.10 where observed and emitted frequencies are denoted by v,

and v, respectively (Hogg, 2000).

7281/(1/0) (Alo)

A.2 Error Analysis

We quantify the error on the mean or standard error (SE) via equation A.12). This is
defined as the standard deviation (equation A.11) in a sample, weighted by /N with
N being the number of data points within the sample. The symbols, <>, denotes an

average of the enclosed parameter.

o=V > — <x>? (A.11)

g

SE = i (A.12)

We propagate errors using equations A.14 and A.13 for sums ie. X =a+0b+...+n and

products i.e. X = a®b’...n7, respectively.

oy =02+ ot 4. +o? (A.13)
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(A.14)



Appendix B

Neighbour Search and Cross-match
Tools

We make frequent use of Starlinks Table Infrastructure Library Tool Set (Stilts) Taylor
(2015a) in this work. Stilts is a Java library containing a set of command-line tools de-
signed to perform specific functions on data tables or catalogue. One of these is functions

the cross-matching of catalogues.

An example of a Stilts command which is used to determine nearest-neighbour match-

groups for radio sources in the JVLA-SDSS sample is as follows:

java -jar -Xmx16384m ../topcat_\&_stilts/stilts.jar tskymatch?2
ifmtl=’ascii’ ifmt2="fits’

omode=out
out=’../stripe82_SDSS/agn/stilts_search_ukidss/20as_agn_search_results.txt’
ofmt="ascii’ ral=’ra’ decl=’dec’ ra2=’ra’ dec2=’dec’

error=20 tuning=16 join=land2 find=all
inl=’../stripe82_UKIDSS/s82_vla_sdss_ukidss.txt’
in2=’../SDSS_photoz/sdss_coadd_glxs_v12.04_all.fit.txt’

In general, a command like this invokes the use of java because Stilts based on a java
library. The flag jar is set to specify that the programme’s source is a JAR file. We also

flag -Xmx16384m to increase the heap memory used by the programme. In this example,
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we allocate 24 MB or 16.384 GB heap memory. What follows is the file-path of the Stilts
JAR file.

The tool we use here is tskymatch2 and requires input formats e.g. ASCII, VOTable,
FITS etc (ifmt) for the two tables being cross-matched. The parameter omode writes a
new table containing the results of a cross-match. These results are written into a file

specified under the name, out. The format of the output table is given under ofmt.

Co-ordinate, right-ascension (ra) and declination (dec) in tables 1 and 2 are assigned
under ral, decl and ra2, dec2, respectively. Pixel-size for binning rows during the
matching process is determined under tuning. The higher this value, the more detailed
the cross-match method and also, the greater the memory and power of computational

resourced used to complete the cross-match.

The error, in arcseconds (”), is the search-cone radius (SCR). The parameter, join
defines which tables should be matched. The matching method is defined by find. In
this example, we combine tables 1 and 2. We want the programme to search for all
possible matches to each source in table 1 within circular areas centred on each source in

table 1 that have radii equivalent to the angular size or error.

Input tables are denoted by inl for table 1 and in2 for table 2. This numbering is kept
consistent throughout the command i.e. in1 is associated with the parameters, ral and

decl as is in2 with ra2 and dec?2

We can display catalogued data using a programme called Topcat (Taylor, 2015b). It
is Java plugin that interpolates table data into diagrams among other functions. Some
of these include performing calculations on tabulated data, plotting and cross-matching
catalogues. Topcat differs in that it runs via a graphical user interface (GUI) rather than

via a command-line.



Appendix C

Computing the Surface-density

Parameter

We compute the surface-density parameter, >y, using a sequence of steps. This involves

the use of Python, Topcat and Stilts. A brief outline of our method is as follows:

e The JVLA-SDDS-UKIDSS combined catalogue form the AGN sample. The control
sample consists of all SDSS-UKIDSS galaxies matched in M, and z to the AGN. We
implement this control galaxy search in Python. These two steps yield the AGN and

control samples.

e We run a neighbour-search in SDSS for each source in the AGN and control catalogues.
The output is a table containing groups of neighbouring SDSS sources for all AGN and

control galaxies.

e A Python script groups the tabulated results by AGN for the AGN sample. Because
an AGN may have between 2 — 10 control galaxies, results are grouped first by AGN and

then by control galaxy on the control sample.

e For each group of neighbouring sources, the N** nearest source is identified. This is
given as an angular distance in arcseconds (") and then converted to a physical distance

in kpc. This N nearest distance (dy) is then expressed as Y. Surface-density for each
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AGN gives the AGN density Yy agn. The average X over each set of controls associated
with an AGN yields the field density for that AGN i.e. Xy felq-

e Using a Python script, we write these surface-densities into two separate text files (one
each for the AGN and control samples) with the 19-digit unique SDSS identifier for each
AGN. This helps match the surface-densities so that the ratios and differences of ¥y agn
and Xy geq can be calculated to obtain the relative galaxy density we consider as the

galaxy density measure for the AGN.
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