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Figure 3: Multi-Wavelength Imaging of our Sample

For each system, we show from left to right: Optical wide-field SDSS deep-coadded gri color image, with the short
designation and dotted squares showing the area covered by the narrow-field images; X-ray wide-field ACIS image,
with the Chandra exposure time and the annulus region (blue dashed circles) used to estimate the X-ray background;
Near-IR narrow-field UKIDSS J-band image overlaid with the VLA 6 GHz map (red contours; 0.3" beam), the 1.4
GHz map from the VLA-Stripe 82 survey (blue contours; 1.8” beam), and the projected separation of the radio cores;
X-ray narrow-field ACIS image in the 0.3-8 keV band with source extraction apertures (red circles). N is up and E is
left for all panels. Both sources in 2300-0005 and 2206+0003NW show diffuse soft X-ray emission, possibly due to
diffuse hot interstellar medium, further evidenced by their low HR values.
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§2.3 Photometry

In order to address the first of our primary questions, whether dAGNs follow similar
luminosity scaling relationships as isolated AGN, we require measurements of the X-ray
luminosity for our sample of dual AGNs. While we do synthesize the results from the radio and
optical emission line luminosity measurements from the previous Fu et al. [2015a, 2015b], we
focus here on the key observables which lead to the assessment of X-ray luminosities. From the
reprocessed Chandra images, we can extract photometric measurements of the photon counts in
the soft band (§= 0.3 — 2 keV, the hard band (H =2 — 8 keV), and the full band (F = 0.3 — 8 keV).
The effective-area-weighted mean energies for these bands are 1.5, 4.3, and 3.6 keV, respectively.
The division between the soft and hard bands at 2 keV allows us to assess the presence of obscuring
media since soft counts will be preferentially absorbed to a greater degree than hard counts. The
key observable quantity here is the count rates for each source, which we then convert to fluxes,
and subsequently derive the intrinsic luminosities in the soft and hard bands.

For aperture photometry, we use a uniform circular aperture with a radius of 2.5 pixels,
centered at the central position determined by the 6 GHZ VLA observations. Since Chandra’s
ACIS-S detector has a pixel size of 0.4920", the corresponding aperture radius is 1.23”. We do not
want the apertures for a given dual system to overlap since this would add ambiguity as to the
origin of the enclosed counts. Our aperture size avoids this problem since the diameter is chosen
to be the angular separation of our most closely separated dAGN system (2.6"). We also need to
account for X-ray background which might contribute non-negligible counts within the source
apertures. To estimate the background, we use an annular region centered half-way between the
pairs, with an inner radius of 20 pixels (thus avoiding overlapping the apertures) and an outer
radius of 60 pixels. We also take care to excise any sources within the background annulus that

were found by wavdetect by inscribing circular apertures of exclusion with 10 pixel radii. The
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source apertures and the background annuli are shown in Figure 3 as red circles in the narrow-field
and blue dashed circles in the wide-field images, respectively.

We measure the counts within each source aperture using the srcflux task for each of the
3 separate energy bands. We use the arfcorr setting in this task to apply a point source aperture
correction to the image’s Auxiliary Response File (ARF), which uses the CALDB energy-
dependent enclosed counts fraction based on a simulated point spread function (PSF). For our
choice of aperture, 92% and 88% of the PSF are enclosed at the effective energies for the soft and
full bands, respectively. We discuss the effects of the Chandra ARF and Redistribution Matrix
Function (RMF) on count rates in more detail during our analysis in chapter 4. The resulting counts
in the 3 bands are listed for each source in Table 3.

While the area-normalized background counts for all source apertures are below 1 count in
all cases, we nevertheless use these measurements to determine the significance of the detections.
The cumulative distribution function for a Poisson distribution is used to determine the probability
for which we would measure the same number of observed counts or greater completely due to the

background. This probability is calculated as follows:
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where k is the observed counts in the source aperture, and b is the expected background counts.
This method can be used for six of our individual AGNs which were detected (both components
in the 0051+0020, 2206+0003, and 2300—0005 systems). In all of these sources, the estimated

probability for no source counts within the aperture is less than 0.1% for full band, which

corresponds to 3¢ confidence level for these detections. For the non-detections of both components

in 2232+0012, we can only estimate the 99% confidence level (corresponding to 3c) upper limits

for the count rates. The aprates task estimates these count rate limits, converting them to upper
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limits on the flux using background-marginalized Bayesian statistics, given an assumed spectral
model. We assume that the putative X-ray AGN follow a power law spectrum with a photon index
of I'=1.9 [Just et al. 2007]. While the photon index has been observed to have a spread of values
for AGNs, our choice of photon index is similar to the best fit values of nearby LLAGNSs [She et
al. 2017]. Without estimates for the absorbing neutral Hydrogen column densities in these AGNS,

we calculate the absorbed fluxes using the count rates and the modelflux task, as well as the
corresponding 1o uncertainties. We devise methods in order to calculate the intrinsic unabsorbed

fluxes for these AGNs in the following section.

§2.4 Hardness Ratios

Our second major question of interest, just how obscured dAGNs are compared to isolated
systems, requires the derived quantity the neutral Hydrogen column density Nu, which illustrates
the amount of gas obscuring the nuclear region along the line of sight. In X-ray observations with
high count rates (~200 full band counts), Ny is typically estimated via spectral fitting. Given that
most of our sources have only tens of counts total, this method is simply not feasible (we address
the mixed success of spectral fitting on our highest count source in §2.5). Instead, we use the
second key observable quantity obtained from our analysis, the hardness ratio. The hardness ratio
assesses the relative hardness of the X-ray spectrum as HR = (H - S)/(H + S), where H and S
are the counts in the hard and soft energy bands, respectively. An AGN with no obscuration will
be observed with a soft HR value close to -1. Conversely, total absorption of soft X-ray photons
by obscuring media will leave only the hard photons and an HR value closer to +1.

We use the Bayesian Estimation of Hardness Ratios (BEHR) code for the 6 AGNs which
have detected counts [Park et al. 2006]. The resulting estimated HR values are then fed through
modelflux, along with each source’s ARF, RMF, and an absorbed power law model, in order to
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derive the relationship between HR and column density (e.g., Wilkes et al. 2013). The choice of
spectral model that we adopt for the remainder of our analyses is an absorbed power law at the
redshift of the source with I'=1.9. The spectrum suffers from two-fold photoelectric absorption:
absorption at the redshift of the source by some obscuring medium from the host galaxy, and then
by the Milky Way’s column density along the line of sight (Nu®). We therefore employ the

ensemble of xspec models: xszpowerlw * xszphabs * xsphabs. The values for ng’al are taken

from the NRAO catalog of Milky Way observations from Dickey and Lockman [1990]. The xspec
photoelectric absorption models use the cross-sections determined by Balucinska-Church &
McCammon [1992], with a Helium cross-section from Yan et al. [1998].

A caveat to this spectral modelling is that HR values lower than -0.4 are below the threshold
of minimum hardness that can be modeled with an unabsorbed power law of our assumed photon
index. This scenario describes 3 of the 6 sources that have estimated HR values (2206+0003NW,
2300-0005NW, and 2300-0005SE). In these cases, we assume the intrinsic Ny is zero, and rescale
the absorbed flux to unabsorbed using modelflux and the galactic column density. We also use
this approach for the two sources without any HR estimates, correcting the absorbed flux using
only the redshifted model with Nu%!. The remaining three sources (0051+0020SW,
0051+0020NE, and 2206+0003SE) do have estimated HRs that are high enough to be modelled
by an absorbed power law with our chosen photon index, and so we run modelflux with the

derived Ny values. The resulting unabsorbed full-band fluxes are given for each source in Table 2.
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144

X-ray Observations and Photometry

Table 2:

Object Exptime Full Soft Hard HR logNu 1ogF§l3)S_ 8 keV 10gF5}gigSkeV
(ks) src (bkg)  src (bkg)  src (bkg) (cm) (ergs'em?)  (ergs!cem?)
(1) 2) 3) “ ©) (6) ) (8) ®

0051-+0020SW 28.7 30(0.3) 19(0.1)  11(02)  —0.28731%  21.23%931  -13.89%3%8 —13.75%072
0051+0020NE 6(0.3) 3(0.1) 3(0.2) —0.027349  21.89%7%45  —14.561317 —14.30%937
2206+0003NW 15.9 3(0.2) 1(0.1) 1(0.1) —0.63+953 —-14.63%0%3 —-14.571033
2206+0003SE 72(0.2) 7(0.1)  65(0.1)  +0.827308 22717993 —12.95%38% —12.44*311

2232+0012NW 16.9 0(0.2) 0(0.1) 0(0.1) < —14.44 < —14.38

2232+0012SE 1(0.2) 0(0.1) 1(0.1) < —14.29 < —14.23
2300-0005NW 34.7 12 (0.6) 10(03)  2(03)  —0.78+923 —14.39+%12 —14.34+312
2300—-0005SE 6 (0.6) 4(0.3) 2(0.3) —0.471342 —14.72+338 —14.66%038

Notes: Every two lines is a pair. (1) Object name. (2) ACIS-S exposure time in kilosecond. (3—5) source and background counts inside a 2.5"-diameter circular
aperture centered on the radio position for full band (F, 0.3—8keV), soft band (S, 0.3—2.0 keV), and hard band (H, 2.0-8.0 keV), respectively. (6) Hardness ratio
(HR) determined using Bayesian estimation method (BEHR; Park et al. 2006), which is defined as HR = (H — S)/(H + S). We quote the mode and the 15.8-and-
84.1-percentiles. (7) Intrinsic hydrogen column density inferred from HR by fixing the photon index at I' = 1.9. Three of the six detected sources do not have Nu
measurements because their nominal HRs are softer than the assumed power-law. (8) Absorbed power-law model flux at the observed-frame full band. The absorbed
flux includes both intrinsic absorption and Galactic absorption. (9) Unabsorbed power-law model flux at the observed-frame full band. Detections are quoted with
the 1o uncertainty, and non-detections are listed as upper limits at 99% confidence level. The quoted error of the unabsorbed flux accounts for the uncertainties in

both the count rate and the HR-derived intrinsic column density.



§2.5 Spectral Fitting

As discussed in the previous section, when high count observations are available, the
preferred method for estimating Ny is spectral fitting. Only one of our sources, 2206+0003SE, has
an appreciable amount of counts (72 counts) to enable rough spectral fitting. We use the CIAO
task specextract to extract the full-band counts within the same aperture used in our photometric
analysis in §2.3. We then use the software suite Sherpa, (corresponding to the versions of CIAO
and CALDB used) to manipulate the spectral data [Freeman et al. 2001]. The data is grouped with
adaptive binning so that there is a minimum of 5 counts per energy bin. This serves to increase
signal to noise ratio. We use the same redshifted absorbed power law as in the previous section,
setting NuY?! to the known value of 4.64 x 10?° cm™. The photon index I' is allowed to vary during
the Levenberg-Marquart optimization routine. This results in poorly constrained fit parameters
(namely I" and Nu), thus we fix the photon index to the usual value of 1.9 as we had done
previously. Upon this second fitting, the intrinsic column density is estimated as logNy =
23.091512 cm, where the upper and lower limits reflect 16 uncertainty from the fit. We plot the
resulting best-fit model over the grouped spectrum in Figure 4, along with the residuals of the fit.
The reduced fit statistic for this model is y?/dof = 8.605 /12. Visual inspection of the fit
reveals a fairly hard spectrum with very few counts in the soft regime, qualitatively consistent with
the results of our aperture photometry. However, this estimate of column density is ~0.4 dex higher
than that obtained using the hardness ratio. This discrepancy is most likely owing to the low
weighting during fitting of the heavily grouped counts below 2 keV, and so we defer to the HR
method of estimating Ny for the remainder of this paper.

The spectrum appears to exhibit a narrow emission-line feature around 3.5 keV. While
there are no known instrumental lines at this energy, we proceed to add a Gaussian component and

refit the spectrum in order to constrain its properties. The reduced fit statistic for this model

25



is y*/dof = 4.35/9, with a center for the Gaussian at 3.8 £ 0.1 keV. The best-fit linewidth, of
o = 1302330 eV is unresolved below the 26 confidence level given that Chandra’s ACIS-S3
energy resolution is ~64 eV at 5.9 keV [Chandra Proposer’s Observatory Guide]. Despite this, we
conduct an F-test to check whether the addition of this component to the spectral model is

statistically warranted. Using the y? values from our two fitting strategies, the F-statistic is:

_ (Zi - Zg)/(Pz —p1)

B N=-m

(2)

where the subscripts 1 and 2 denote the simpler model (absorbed power law) and the more complex
model (absorbed power law with Gaussian), p is the number of free parameters, and N is the
number of data points which remains consistent across both trials. In comparing the two models,
we obtain an F-statistic of 2.93 for p;= 2, p> =5, and N = 14. Following the F-distribution with
(p, — p1, N — p, ) degrees of freedom, we find the probability that a random F-statistic would be
generated with a value greater than that observed is 9.2%. The simpler model can therefore only
be rejected at this rather high false-rejection probability (the typical threshold is chosen to be 1%),
which suggests that the addition of the Gaussian emission component does not significantly
improve the fit to the data. The veracity of this feature’s existence will require deeper Chandra

observations to make more definite conclusions, and so we do not discuss it further.
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Figure 4: Chandra ACIS-S spectrum of 2206+0003SE
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The spectrum was extracted using a circular aperture of radius 2.5", centered at the VLA 6 GHz radio position. The
upper plot shows the full-band counts grouped by 5 per energy bin. The lower plot shows the residuals of the fit in
units of 6. The red solid curve shows the best-fit absorbed power law model, and the turquoise dashed curve is the
super-resolution model with 0.1 keV bins. The spectrum’s steep slope below 3 keV suggests moderate nuclear
obscuration.
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CHAPTER 3: RESULTS FROM AGN LUMINOSITY PROPERTIES

While the total counts obtained in the previous chapter represent the key observable
quantity of sheer number of photons that hit the detector, what we really would like to know is the
intrinsic light emitting capacity of the AGNs. This requires us to scale the derived unabsorbed
fluxes back to the surface of the emitter, thereby capturing the X-ray luminosity of the sources.
Due to the expansion of space-time through the Hubble flow, we must also make a K-correction
to the luminosities of our sources based on their redshifts (see Appendix for details on the
derivation of the K-correction). Briefly, the expansion of space at great distances alters the
observed wavelengths (and therefore energies) of the photons by the time they reach us; the

correction factor undoes this effect by sliding the observed luminosity back along the assumed

spectral energy distribution. For the power law spectrum of the form n(E) o ET, where n is the

energy dependent photon number density and the slope is the photon index I = 1.9, we can recover
the rest-frame luminosity in the energy band 2-10 keV. The resulting X-ray luminosities for our
dAGNs are given in Table 3.

At a glance, we notice that none of the individual AGNs have X-ray luminosities above the
loose division of LLAGN and Seyferts at logLa-10kev = 42 erg s [Heckman & Best 2014]. To gain
a more complete picture of how these dAGNs behave, we consider in the §3.1 the previously
analyzed radio and optical properties. AGN are not the only potential sources of X-rays for our
sources, so in §3.2 we assess the degree of mixed X-ray contributions. In §3.3, we make
comparisons between the radio and X-ray luminosities. Lastly, in §3.4 we incorporate the
properties of the central black holes themselves and draw some conclusions about the level of
accretion in these merging systems compared to isolated systems in order to test the predictions

from simulations.
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Multi-Wavelength Derived Properties

Table 3:

Object logM , Ox logMgy logLy, logLio logLschy logL12m logLy
(Mg)  (km sh (Mg) (erg s (erg s (erg s (erg s (erg s
(1) () 3) 4) (5) (6) (7) (8) )
0051+0020SW 10.8 140+13 7.8+0.3 41.80+0.02 41.33+0.11 38.73£0.02  43.88+0.02 41.49%313
0051+0020NE 10.9 166+9 8.10.3 42.36+0.01 41.37£0.18 39.22+0.01 40.95*933
2206+0003NW  10.3 11549 7.4+0.3 41.23£0.01 40.63+0.06 37.370.10 42.77+0.02 39.877033
2206+0003SE 10.7 171+6 8.240.3 41.55+0.01 41.20+0.03 38.22+0.01 41997311
2232+0012NW  10.6 245437 8.9+0.4 41.18+0.04 40.47+0.08 39.03+0.04 44.17+0.02 <4151
2232+0012SE 10.7 21161 8.6£0.6 41.510.04 41.15+0.08 39.28+0.02 < 41.66
2300—-0005NW 11.4 285+13 9.2+0.3 < 40.50 < 40.05 39.40+0.01 43.28+0.17 41.35%31%
2300-0005SE 11.5 324+12 9.4+0.3 < 40.62 <40.12 38.52+0.09 41037018

Notes: Every two lines is a pair. (1) Object name. (2) Total stellar mass from spectral modeling with SSPs [Fu et al. 2015b]. (3) Stellar velocity dispersion from
spectral fitting [Fu et al. 2015b]. (4) Black hole mass from the Mgy — o relation [Kormendy & Ho 2013]. (5) Ho emission line luminosity from optical spectra,
corrected for extinction and aperture-loss. (6) [O IIIJA5007 emission line luminosity from optical spectra, corrected for extinction and aperture-loss. (7) Rest-frame
5 GHz radio core luminosity vL, calculated from the 6 GHz flux density. (8) Rest-frame 12 m mid-IR luminosity, where the total for each pair is shown due to the
blending of both sources from the WISE spatial resolution. (9) Unabsorbed rest-frame X-ray luminosity, K-corrected to 2-10 keV band from the 0.3-8 keV band

unabsorbed flux.



