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ABSTRACT

This study aims to explore the relation between dwarf galaxies (M <5 x 10° M ) with active galactic nuclei (AGNs) and
their environment by comparing neighbourhood parameters of AGN and non-AGN samples. Using the NASA-Sloan Atlas,
both the local environment and the immediate environment of dwarf galaxies with z < 0.055 are analysed. Of the 145155
galaxies in the catalogue, 62 258 of them are classified as dwarf galaxies, and by employing two AGN selection methods based
on emission-line fluxes (BPT and WHAN), 4476 are found to have AGN characteristics in their optical spectra. Regardless of
selection method, this study finds no discernible differences in environment between AGN and non-AGN host dwarf galaxies
and these results indicate that environment is not an important factor in triggering AGN activity in dwarf galaxies. This is in
line with existing literature on environments of regular galaxies with AGNs and suggests universality in terms of reaction to
environment across the mass regime. The biases of AGN selection in low-mass galaxies, and the biases of different measures
of environment are also considered. It is found that there are several mass trends in emission-line ratios and that the SDSS fibre
covers galaxies non-uniformly with redshift. These biases should be accounted for in future work by possibly including other
wavelength regimes or mass weighting of emission-line ratios. Lastly, a discussion of the environment estimation methods is
included since they may not gauge the desired properties due to factors such as time delay or using loosely constrained proxy

parameters.
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1 INTRODUCTION

Galaxies are dynamical objects that evolve and mature over time.
Internal processes such as star formation, supernovae, and nuclear
activity and external ones such as galaxy interactions (Moore et al.
1996), ram-pressure stripping (Gunn & Gott 1972), and intergalactic
medium accretion can change the composition and structure of
galaxies and decide their futures. Many of these processes are
strongly correlated with stellar mass or environment (Kauffmann
et al. 2003; Miller et al. 2003; Baldry et al. 2006; Peng et al. 2010,
2012).

Multiple processes can affect galaxies simultaneously. Dwarf
galaxies can be used to isolate a single evolutionary process due
to their low masses and relatively low frequency of mergers. These
properties potentially give a single process a huge impact on the
evolution of them. For example, field dwarfs are very much shaped
only by internal processes while environmental effects dominate low-
mass galaxies in clusters and groups (Haines et al. 2007; Peng et al.
2010).

Observing and analysing dwarf galaxies are observationally ex-
pensive and time consuming since their low surface brightness
requires long exposures. For example, in a survey similar to the
Sloan Digital Sky Survey (SDSS; York et al. 2000), a galaxy such as
the Large Magellanic Cloud (LMC) will only be observable out the
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z  0.35-0.45 in the r magnitude.! However, more and more large-
scale surveys (such as SDSS) are now reaching these depths and
include more dwarf galaxies, which means that the statistical basis
for studying dwarf galaxies is becoming better. Furthermore, since
dwarf galaxies constitute the first link in the chain of hierarchical
structure formation theory, they constitute an invaluable source in
figuring out the full galaxy formation and evolution puzzle.

Furthering their importance, most dwarf galaxies are believed to
host intermediate-mass black holes (e.g. Moran et al. 2014; Silk
2017, IMBHs; Mgy 102-10°% M ) — a characteristic that has been
studied in more detail in a number of papers; Barth et al. (2004)
examined the host galaxy properties and the IMBH properties in
the POX 52 galaxy. Reines, Greene & Geha (2013) examined dwarf
galaxies with optical signatures of active massive black holes. Sartori
etal. (2015) searched for IMBHSs using mid-infrared (IR) and optical
data while Baldassare et al. (2015) looked at the core region of RGG
118 and could infer an IMBH from the kinematics. Since IMBHs
are the root of the supermassive black holes (SMBHS) either through
acting as a seed of gas accretion or merging of several IMBHs (e.g.
Micic et al. 2007), observing IMBHSs during these phases (i.e. active
galactic nucleus, AGN, phase) can shed light on conditions required
for IMBH growth.

L Assuming M; = —18.5 and SDSS depth m, = 22.70, https://www.sdss.org
/dr14/imaging/other_info/.
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There are several mechanisms thought to trigger AGN activity.
Merging or harassing galaxies are effective ways of accreting
interstellar medium (ISM) or removing angular momentum from
native gas reservoirs (Miller et al. 2003; Sabater, Best & Argudo-
Fernandez 2013; Gordon et al. 2018; Ellison et al. 2019), and the
influx of material to the central regions of galaxies can then trigger
AGN activity.

Other AGN triggers include environmental effects (Kauffmann
et al. 2004), where for example cooling gas from cluster cores
accretes on to the central galaxies or the intergalactic medium
compressing and shocking gas within a galaxy and driving the gas
towards the core. Complicating this picture are observations that there
might be a time delay between interactions and the onset of AGN
activity (e.g. Pimbblet et al. 2013), which means that the current
environment of a galaxy may not represent the environment that
triggered the AGN activity.

The effect of the environment on a single galaxy can be analysed
from detailed and focused observations, but such an undertaking is
not feasible for a large-scale survey containing thousands of objects.
However, several methods exist to quantify the environment of
galaxies (for a review, see Muldrew et al. 2012), which are more
suitable for a study like this. For example, Miller et al. (2003)
calculated a galactic density using the 10th nearest neighbour (LONN)
as the shell edge while Baldry et al. (2006) used the fourth and fifth
nearest neighbour. Sabater, Best & Heckman (2015) calculated a
tidal estimator that traced the relation between tidal forces exerted
by companions and the internal binding force of a galaxy.

These methods all attempt to quantify the environment, but they
all have different strengths and weaknesses. Some are better at
describing the local galactic environment, others are better for the
group/cluster environment while some are better for the immediate
environment (i.e. whether a close neighbour exerts strong influence
or not).

Even the task of identifying AGNSs is not straightforward since
they have different signatures in different wavelength regimes. In
this work, spectroscopic data from the SDSS will be used and two
different AGN selection methods are utilized. Since this work is
based on SDSS data, optical diagnostic diagrams are used. The
first one is the common Baldwin, Phillips, & Terlevich (BPT)
diagram (Baldwin, Phillips & Terlevich 1981) with the Kewley
et al. (2001) and Kauffmann et al. (2004) criteria for AGNs. BPT
takes advantage of the fact that different excitation mechanisms have
different emission-line fingerprints.

The second diagnostic is the less common WHAN diagram (Cid
Fernandes et al. 2010, 2011). WHAN utilizes the equivalent width,
W,, of Ha and the [N J/H a line ratio and thus covers the same
wavelength regime as BPT. The WHAN diagram was developed as a
response to the BPT since BPT leaves a large population of emission-
line galaxies (ELG) unclassified in SDSS data. The advantage is that
it recovers most things that the BPT does, but it also gains the weaker
AGNs. Both methods will be discussed further in Section 2.2.

Whether environment quenches AGNS, triggers AGNSs, or has no
effect, is unclear when it comes to dwarf galaxies. The broad goals
of this work are to therefore determine the environment of dwarf
galaxies with AGN characteristics and construct arguments based
on these environmental measures on how such dwarf galaxies with
AGNSs trigger and evolve. The environmental analysis consists of
the 10NN method and the velocity difference to nearest neighbours
(' van), and the distributions for each sample is then compared to
non-AGN galaxies using two-sample Kolgomorov—Smirnov (KS)
tests.
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This paper is structured as follows: Section 2 contains details
about the data and methods used. Section 3 includes the analysis
and interpretation of the results and Section 4 has discussions on the
findings. Conclusions and a summary are found in Section 5. This
study assumesa CDM Universe with Hy =70 and ,, = 0.3.

2 DATA AND METHODS

This section describes the data used and the cuts made to classify
dwarf galaxies and the diagnostics used to select AGNs in that
sample.

The selection criteria can be summarized as the following: low-
mass galaxies: M <5x10°M ,0 <100 kms™!, and completeness
corrections. BPT galaxies follow the classification in Kewley et al.
(2001) while the WHAN AGN selection requires log([N 11]/H a)
= —0.4 and Wy =3 A. The environment analysis involves two
methods; distance to the 20NN and velocity difference to the nearest
angular separated galaxy.

2.1 Data and sample selection

The data used for identifying dwarf galaxies and AGNs are from the
NASA-Sloan Atlas (NSA) catalogue. This catalogue is constructed
by using several catalogues; sources are found from a combination
of SDSS DR8 (York et al. 2000; Aihara et al. 2011), NASA/IPAC
Extragalactic Database,? Six-degree Field Galaxy Redshift Survey,
Two-degree Field Galaxy Redshift Survey, ZCAT, and ALFALFA
catalogues. Spectroscopic measurements (e.g. line fluxes) are per-
formed on SDSS spectra while all catalogues are used to determine
redshifts. The final NSA catalogue contains extragalactic sources to
a high completeness to z < 0.05, which there are 145 155 of.

The detection and de-blending technique for the photometry
analysis is described in Blanton et al. (2011). It is in spirit based
on the SDSS photometric pipeline (Lupton et al. 2001), but there
are differences in the way objects are deblended and use r-band
templates for all bands.® Furthermore, the sources in NSA are only
included if they are matched to a spectroscopy survey. Not all sources
have SDSS spectroscopy, but the ones that do, have had their spectra
remeasured by Yan (2011) using an improved calibration, which
affects small equivalent width lines making this catalogue well
suited for classification diagrams based on emission-line ratios and
equivalent widths.

Furthermore, since dwarf galaxies tend to have weaker emission,
the better measurements (i.e. higher signal to noise) of spectroscopic
data make this catalogue preferable to others for this study. Another
argument for this catalogue is the stricter significance in SDSS in
r-band images on splitting ‘child” objects from ‘parent’ objects —
basically when an algorithm decides that a source is two objects
rather than one. For dwarf galaxies, it means fewer false positives
making the dwarf galaxy sample more robust, although there is a risk
of large galaxies “absorbing’ small and weak ones.

Low-mass galaxies are selected by imposing a stellar mass limit
of M <5 x10° M and velocity dispersion ¢ < 100 kms™. This
follows similar limitations as other work in the field (e.g. Reines et al.
2013; Penny et al. 2016, 2018) and corresponds roughly to the stellar
mass of the LMC. The masses in NSA is given in units of M h=2,

2The NASA/IPAC Extragalactic Database (NED) is funded by the National
Aeronautics and Space Administration and operated by the California
Institute of Technology.

3For a more in-depth summary, see http://nsatlas.org/documentation.
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Figure 1. Magnitude versus redshift plot. The blue data points are all galaxies in NSA. The orange data points are low-mass galaxies (as defined in Section 2.1).
There are clear magnitude edges in different redshift intervals, which is due to the completeness selection.

Table 1. Completeness selection intervals.

z <M,
0.00=<z<0.01 —15.0
001=<z<0.02 —16.0
0.02=<z<0.03 -17.0
0.03=<z<0.04 —-175
z2=0.04 —18.0

and while other studies assume h = 0.70 (Reines et al. 2013; Hainline
etal. 2016; Baldassare, Geha & Greene 2018), we have assumed h =
1 for galaxy masses despite the cosmology assumed. The analysis
and results in Section 3 and Table 3 have been analysed using both
values, and no significant difference is found. Therefore, the choice
of h = 1 remains unchanged. The effect on sample sizes can be seen
in Table 2.

From inspection of z versus r magnitude (see Fig. 1), upper limits
for several redshifts bins are imposed for the sake of completeness.
The specific redshift bins and their corresponding magnitude cuts
can be seen in Table 1. Using both the low-mass galaxy criteria
and the completeness restrictions, the sample size is reduced to
62 258 objects. This constitutes the parent sample from which further
analysis is carried out.

For the environmental analysis, the NSA catalogue is also used.
The only interesting properties of the neighbour galaxies are
their positions and redshift. The full number of sources is then
145155 and all objects contain coordinates and redshifts from spec-
troscopy. The environmental analysis will be described in detail in
Section 2.3.

Table 2. Number of galaxies depending on choice of h. While the number
of galaxies decreases with decreasing h, the results described in Section 3 do
not change.

h Dwarfs NOT BPT WHAN AND OR

1.00 62258 55643 387 4323 228 4476
0.73 43774 41341 124 1399 62 1461
0.70 41289 39189 102 1182 47 1237

2.2 Classification diagrams

Two AGN selection methods are employed: the familiar BPT diagram
(Baldwin et al. 1981; Kewley et al. 2001; Kauffmann et al. 2003,
2004) and the lesser used WHAN (Cid Fernandes et al. 2010, 2011).
They are used both in conjunction and in parallel since they both have
different strength and weaknesses. The diagnostics are used on the
dwarf galaxy sample consisting of 62 258 objects. BPT and WHAN
diagrams can be seen in Figure2. and Figure3. respectively. Below
is a more detailed description of each classification scheme and an
overview of the numbers can be found in Table 2 and Figure4.

2.2.1 BPT diagram

The BPT diagram is used as one of the diagnostics to identify AGNS.
More specifically, the [N 11JA6584/H a versus [O 111TA5007/H 3 line
ratios are used and follow the Kewley et al. (2001) distinction
between composite star-forming galaxies and pure AGNs. While
massive composite galaxies do include AGNSs, too, we are uncertain
of the intepretation in the low-mass regime. This division yields 2644

MNRAS 496, 25772590 (2020)
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objects. However, requiring an S/N =3 on the four emission lines
reduces this number to 296 —a  88.8 per cent rejection rate.

The primary reason for rejection is due to the low S/N on
HpB. 95.5 percent of the 2348 rejected BPT galaxies have an
S/Nypg < 3. As noted by Cid Fernandes et al. (2010), AGN galaxies
have intrinsically low H B emission, which gives rise to low S/N
measurements — a problem that is exaggerated in dwarf galaxies
because of their already weak signal. In Cid Fernandes et al. (2010),
53 percent of their sample of ELGs had weak measurements of
H 3, which supports the notion that dwarf galaxies are particularly
vulnerable to this effect. v

Another approach is to require use of the S/Nyio > 3/ 2 instead.
This means that if one emission line is well-determined but the other
isnot, itis not automatically rejected. This follows the same approach
as e.g. Juneau et al. (2014) and Trump et al. (2015). Using this S/N
cut yields 387 BPT galaxies and a  85.4 per cent rejection rate, and
this is the sample used going forward.

BPT classification can also be performed using other line pairs
such as [SNJAAN6717, 6731/H a and [O 1]A6300/H a. However, they
are also compared against [O 111]A5007/H 3 and thus do not provide
away to bypass the low SNR on H 3. Therefore, these BPT diagrams
are not chosen for further analysis in this work.

2.2.2 WHAN diagram

The criteria for being classified as an AGN in the WHAN diagram
follow Cid Fernandes et al. (2011); log([Nu}/Ha) = —0.4 and
Wyo =3 A. In the WHAN classification, there is a distinction
between strong and weak AGNs (weak here meaning to be an
indicator of energy output of the AGN and not low S/N like for
the weak BPT classification). The used limit on Wy 4 is such that
both weak and strong AGNSs are included and no further distinction
are made between them. This yields 4323 pbjects. Using an S/N =3
requirement of Ha and an S/Naio = 3/ 2 recovers 4317 sources.
This is the WHAN sample in onwards analysis.

Cid Fernandes et al. (2010) suggest that the WHAN diagram
is more suitable for selecting weaker AGNs — especially ELGs —
compared to the BPT diagram. The BPT diagram is a very strict
selection technique since it requires four emission lines of high
quality. In fact, they argue that the choice of a strong (here meaning
S/IN = 3) H[3 biases against objects with low W, and thus leaving
out weaker AGN galaxies. As the goal of this paper is to quantify the
environment of dwarf galaxies hosting AGNs, this makes the WHAN
diagram an ideal selection method for our sample selection.

2.2.3 ‘AND’, “‘OR’, and ‘NOT’ samples

As mentioned in Section 1, the two diagrams are used both separately
and in conjunction with each other. Two further samples are made
from the BPT and WHAN samples: ‘AND’ and ‘OR’. The ‘AND’
sample is comprised of galaxies that fulfil both the BPT and WHAN
selection criteria while ‘OR’-selected galaxies fulfil either. The size
of the samples are 228 and 4476, respectively.

Additionally, dwarf galaxies that does not appear in either
non-S/N-corrected sample are labelled ‘NOT’. This is the largest
subsample and comprises 55643 objects. In ‘NOT’, galaxies with
eithera BPT or WHAN AGN classification (before correcting for low
S/N and are thus not considered AGNSs in this study). They are not
included because the sample size is sufficiently large without them —
even if they were included, it would only change the sample size by
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less than 4 per cent and excluding them makes the ‘“NOT” sample
more robust because only onjects with clear classification is included.

2.3 Environment estimation

There are two different properties of the environment that this
study attempts to examine: the density of the local environment
and the recent interaction history of AGN galaxies where the local
environment is to be understood as the area of the group or cluster
that the dwarf galaxy is situated in. Though both properties are not
straightforward to quantify, there are a number of methods to infer
them (for a discussion of these, see Muldrew et al. 2012).

One method to infer the density of the environment is the
projected distance to the 20NN while the recent interaction history
can be inferred from the velocity difference to the nearest angular
separated neighbour ( vyn). Throughout this study, the environment
inferred from 10NN is often referred to as the local environment,
and from vy, the environment is referred to as the immediate
environment. While other studies describe the local environment by
the galaxy surface density, translating ryo to galaxy surface density is
straightforward through the equation ;5 = mlm Therefore, the use
of rip isasgood as 1.

Both methods only consider galaxies within 21000 km s, which
is slightly higher than the average galaxy cluster velocity dispersions
(see e.g. Bilton & Pimbblet 2018). This is to ensure that galaxies
are only neighbours if they are close spatially (i.e. member of the
same group or cluster) and not just angularly close. Muldrew et al.
(2012) remark that a nearest neighbour approach is a better measure
of the local density compared to cluster density, and a higher nth
separated neighbour smooths out local variances. Smoothing out
local variances is desirable for estimating the local environment
in general, but local variances are exactly what is important for
immediate environments.

3 ANALYSIS

This section contains the statistical analysis of differences between
the subsamples. The neighbourhood parameters (LONN and  vnn)
will be looked at with a Monte Carlo KS test procedure while other
properties such as stellar mass and redshift will receive a short
statistical rundown. A visual inspection is also carried out on the
galaxies fulfiling both the WHAN and BPT criteria (i.e. the ‘AND’
subsample) and compared to a similar sized subsample from the
‘NOT’ subsample.

3.1 KStesting

To quantify the difference of environment between different subsam-
ples, two-sample KS tests are carried out. It is a test of whether or not
two samples come from the same parent distribution — for example
whether the distribution of the distance to the 10NN of the ‘BPT’
sample is the same as the distribution of the ‘NOT” sample. Though
two samples of different sizes can be used, the input sample sizes are
scaled to 152 elements. 152 is the number of objects in the smallest
subsample (WHAN AGNSs that are rejected in BPT because of low
SIN).

Each KS test is iterated 1000 times, each time with 152 different
random elements from the subsamples listed in Table 3. Next, a
comparison sample is found from another subsample (although each
subsample is also tested against itself) where a matching galaxy is
found for each of the 152 in the original subsample. The matching
critera involves mass, redshift, and colour. The critera are:

‘IINH 10 Ausioniun Aq | L68G8S//LGZ/€/96v/9191E/SEIU/WOD dNO"DIWSPEOE//:SAPY WOI) PIPEOjUMOQ

1202 4oquiadaq Z0 Uo [INH Jo AysieAlun



Table 3. p-values of, respectively, 10NN and vy two-sided KS tests.
Each row has the subsample in the leftmost column as the subsample to be
compared against a control sample from a subsample given by the column
name. For example, the test in row 1, column 2 is found from 152 random
galaxies from all low-mass galaxies and a matching galaxy (in mass, colour,
and redshift) sample is found for each element from the BPT subsample.
‘WBPT” is short for ‘weak BPT".

10NN All BPT WHAN AND  OR NOT WBPT
All 0.52 0.26 0.47 0.14 0.46 054  0.00
BPT 0.20 0.57 0.40 0.43 0.40 0.21 0.00

WHAN  0.52 0.27 0.55 0.12 0.53 0.50  0.00
AND 0.14 0.51 0.25 0.53 0.26 0.13  0.00

OR 0.50 0.27 0.54 0.13 0.56 0.49  0.00
NOT 0.55 0.28 0.44 0.14 0.44 0.54  0.00
WBPT 0.17 0.00 0.01 0.00 0.01 0.20  0.56
VNN All BPT WHAN AND OR NOT  wBPT
All 0.53 0.31 0.46 0.40 0.46 053 0.39
BPT 0.44 0.56 0.41 0.46 0.43 0.44  0.29

WHAN  0.49 0.33 0.52 0.25 0.53 0.48  0.38
AND 0.32 0.49 0.28 0.55 0.29 031 021
OR 0.51 0.34 0.54 0.26 0.52 050 0.36
NOT 0.51 0.28 0.43 0.39 0.45 053 0.37
WBPT 0.45 0.34 0.37 0.22 0.38 0.47  0.53

i 1—-M/M aon = 0.20.
(II) Zagn — 2 =< 0.01.
(lll) (UAGN - rAGN) - (U - r) <0.4.

The matching criteria are similar to that of Cheung et al. (2015) but
with stricter limits on mass and redshift. The masses of the galaxies
in this sample are more similar than the galaxies in of Cheung et al.
(2015) and are more numerous that allows for more strict criteria
without eliminating all possible matches.

A stricter redshift interval is necessary due to that fact that the
SDSS fibre covers different fraction of galaxies at different redshift
— an effect that is very pronounced at lower redshifts. For example,
at z = 0.005, the 3 arcsec fibre covers 0.3 kpc while at z = 0.055, it
covers 3.3 kpc. Thus, it is not the same reagion of each galaxy that is
examined with redshift. A discussion of this effect can be found in
Section 4.1.

This follows the same methodology as in other papers such as
Penny et al. (2016). That study’s sample size is smaller (39) since it
is drawn from the smaller MaNGA survey. Therefore, the statistics
are not directly comparable because the p-value from KS testing
changes with sample size (decreases with larger sample size). They
are sufficiently similar to allow for adaptation of the method. The
values shown in Table 3 show the average p-values of these iterations.

3.2 BPT and WHAN comparison

To compare the two selection methods, the AGN subsamples are
classified in the other’s diagnostic diagram (see Figs 5 and 6). While
BPT galaxies tend to be in the AGN part of the WHAN diagram,
WHAN galaxies are mostly in the star-forming or composite region
in the BPT diagram. Interestingly, 53 percent of WHAN selected
galaxies have S/Nyp ong = 3, which is the same fraction as Cid
Fernandes et al. (2010) found for all galaxies. This means that they
are more robustly classified in the BPT diagram than the initial (i.e.
before SNR rejection) BPT galaxies. The BPT diagram classifies
the majority of WHAN galaxies as only star-forming but with a
significant number of composite galaxies.
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Figure 2. BPT diagram. The solid black lines follow the Kewley et al.
(2001, 2006) classification diagram. However, no distinction is made between
Seyfert and LINERS, and only pure AGNSs are included in this sample, thus
following the Kewley et al. (2001) classification. Three samples are plotted.
The blue dots are all the low-mass galaxies in the NgA catalogue. The red dots
are the BPT-selected galaxies with S/Nriio > 3/ 2 og/both emission-lines
ratios. The ‘weak’ BPT are galaxies with S/Nyatip < 3/ 2. Especially Hf is
responsible for classifying a BPT-selected galaxy as weak (= 87.5 per cent
of all dwarf BPT galaxies in this sample have S/Nyg < 3).
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Figure 3. WHAN diagram (for details, see Cid Fernandes et al. 2010, 2011).
The solid black lines mark the different regions (from top left, clockwise);
star-forming, strong AGNs, weak AGNSs, and retired galaxies. Both weak and
strong AGNSs are included in the sample and no distinction is made between
them. The blue dots are all the low-mass galaxies in the NS{x catalogue. The
red dots are the WHAN-selected galaxies with S/Nraig >3/ 2on[N H]/H o

The ‘weak” WHAN are galaxies with S/Natio < 3/ 2.

An interesting finding is that the emission-line ratios and equiva-
lent width of Ha all have clear mass trends. Towards lower stellar
mass galaxies, [N1]/Ha decreases while EWyq increases. This
means that galaxies move towards the upper left corner of the WHAN
diagram — deep in the star formation region. This is in agreement
with the literature on dwarf galaxies that they are very star forming
(Kauffmann et al. 2004; Yang et al. 2007; Geha et al. 2012). Towards
higher masses, the average EWyq drops to below 3 A, which helps
explain why the WHAN AGN fraction peaks around M = 10%° (see
Fig. 12 for a visualization).

In the BPT diagram towards lower masses, the trend of [N 1]/H a
moves the galaxies away from the vertical cut-off for AGN/LINER
classification, and the [0 m]/HB trend for M < 10° is declining

MNRAS 496, 2577-2590 (2020)
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Figure 4. NSA Venn diagram showing the different selections.
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Figure 5. BPT diagram with WHAN selected galaxies. The dots are colour
coded by their relative point density. The majority of the WHAN selected
galaxies would have been classified as star-forming or composite SF/AGNs
using the BPT classification scheme.
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Figure 6. WHAN diagram with BPT selected galaxies. The dots are colour
coded by their relative point density. The majority of BPT selected galaxies
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Figure 7. Average values of emission-line ratios and EW o function of
mass. The log ratio values are shifted to be in the same area while the EW is
log and then scaled by 0.5. The data consist of 32 linear log scale mass bins
and the bins with less than 300 galaxies are shaded in grey.

while it increases afterwards. In BPT, whenever [N1]J/Ha  —0.1,
galaxies are classified as either composite or pure AGNs. This
condition is met for the average [N 11]/H a for galaxies 2 < 101° M
=M =2 x 10" M possibly explaining the BPT AGN fraction
peak around M 101, A visualisation of these mass trends in the
diagnostic diagrams can be seen in Figure 7. and Figure 8..

3.3 Local neighbourhoods of dwarf AGNs, 10NN

From the KS testing, it appears that there are no discernible differ-
ences between the distances to the 10NN of any of the subsamples.
This means that the density of the environment does not seem to
affect AGN activity in dwarf galaxies, and the implications will be
discussed further in Section 4.2. Fig. 9 shows the 10NN distribution
BPT, WHAN, and NOT and similar figures for the AND, OR, and
weak BPT and NOT samples can be found in the appendix. The
statistics can be found in Table 3.

The average projected separations are between d, = 3.7 and 4.3
Mpc with ¢ = 2.0-2.2 Mpc, which further shows that the distribu-
tions are indiscernible. The BPT and WHAN distributions tend to
lie at the lower end of both intervals (respectively, 3.7 & 2.0 Mpc
and 4.1 =+ 2.2 Mpc) suggesting they do prefer denser environments
compared to NOT galaxies (4.3 = 2.2 Mpc) though the KS statistics
make this inconclusive.

3.3.1 Weak galaxies

The only subsample that shows a significant difference in
distribution is BPT selected galaxies with low S/N and thus rejected
as AGNs. Though it is uncertain whether this subsample has AGN
characteristics due to low S/N, this subsample will be referred to as
‘weak BPT’. These galaxies will be discussed further in Section 4.2.1.

3.4 Immediate neighbourhood of dwarf AGNs, vy

Similarly to 10NN, this measure shows no discernible between the
any of the subsamples — even weak ELGs. This seems to suggest that
the velocity difference to a dwarf AGN galaxy’s nearest neighbour is
not deciding factor in its AGN activity. The distributions can be seen
in Fig. 9. A notable anomaly/feature is an excess at around 600 km s+
in the BPT distribution, but this ‘bump’ does not significantly affect
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Figure 8. BPT and WHAN diagram showing mass trends. Each data point
is the average values in 32 different mass bins and the size of the dot is scaled
by the number of galaxies in that bin. Each bin has at least 300 galaxies in
them unless surrounded by a black edge and otherwise contains between 312
and 11581 galaxies.

the KS statistics. However, the bump does seem to make the BPT
distribution have the highest average v.

Overall, most galaxies tend to have a very small velocity differ-
ences to its nearest neighbour. There is no adjustment for the fact that
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the velocities are only in the line of sight, which partially explains
the shape of the distribution.

3.5 Visual inspection

A visual inspection is carried out to look for any morphological
disruptions. Such tidal interactions are not necessarily quantified by
the two primary environment estimation methods and thus serves as
a complementary qualitative method. Two subsamples are used: the
‘AND’ subsample and a simlar sized control sample from the ‘NOT’
subsample. The control subsample is comprised of galaxies that are
matched in stellar mass, colour, and redshift to the AGN galaxies.
The matching criteria are the same as in Section 3.1. The purpose of
this is to look for any obvious asymmetries or tidal interactions with
neighbours.

The images are 40 arcsec by 40 arcsec and from SDSS. They
are characterized by a number of properties that will be explained
below. Fig. 10 showcases four of these properties in the different
subsamples. A number of galaxies are rejected due to either appearing
as a massive galaxy or observational artefacts.

(i) Unstructured. Does the galaxy lack any morphology or have
any discernible structure, e.g. spiral arms or dust lanes?

(ii) Bright core. Does the galaxy have a concentrated peak in
brightness at the centre?

(iii) Elongated. Is the galaxy flatter than roughly an  E6 galaxy?

(iv) Compact. The appearance of the galaxy is that only of a core
and confined within 4 arcsec.

(v) Spiral. Does the galaxy show clear spiral arms from either an
angle or face-on?

(vi) Neighbour. Does the galaxy have a neighbour in the image?
A neighbour is defined as a source of roughly the same colour and
brightness.

(vii) Asymmetric. Does the galaxy have asymmetric features such
as a tidal tail, a warped appearance, or unevenly distributed light.

Items (i)—(v) are descriptive of the intrinsic properties of the
galaxies whereas (vi) and (vii) can be used to infer properties about
their environments. The numbers between the two samples are similar
(within 6 percent points) in most aspects except frequency of
bright cores and being compact.

Figure 9. Left: Projected spatial separation from the dwarf AGN galaxies to their 10NN and right: The absolute velocity difference between dwarf AGN
galaxies and their nearest 2D separated neighbour (within = 1000 kms™1). Three samples are plotted: Black dotted are BPT-selected galaxies, grey dashed are
WHAN-selected galaxies while blue solid are galaxies that appear in neither of the other samples. Generally, there are no discernable differences between the
three distributions in either case. The BPT bump near 600 kms~! is not statistically significant. See Section 3.1 and Table 3 for statistics.
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