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ABSTRACT 

 X-shaped radio galaxies (XRGs) constitute a small fraction of known radio galaxies that 

appear to have two sets of radio jets instead of one. One proposed explanation for these double 

lobes is that they are relic emissions of a previous jet orientation, as might occur in the case of 

merging binary supermassive black holes (SMBHs). We study a large population of 131 known 

and candidate XRGs and identify those demonstrating clear X-shaped morphology and spectral 

indicators of hosting binary SMBH. 39 of the candidates were identified as XRGs by displaying 

four distinguishable lobes in one or both of the 1.4GHz Faint Images of the Radio Sky at 

Twenty- centimeters (FIRST) (Becker et al. 1995) and 3GHZ Very Large Array Sky Survey 

(VLASS) radio cutouts. Through spectral analysis, 8 of these XRGs were found to have double 

peaks at the rest-frame 4958.911 Angstrom and 5006.843 Angstrom [OIII] emission lines, 

indicating that they potentially host binary SMBHs. Using spectral decomposition and 

comparing the redshifts of the double peaks, the velocity difference between the two SMBHs in 

each of the binary candidates was calculated. These velocity differences were found to range 

between 308 ± 47 km/s to 910 ± 97 km/s, with a mean of 546 km/s, median of 524 km/s, and 

standard deviation of 189 km/s. This study suggests a possible connection between the observed 

radio morphology and kinematics of binary SMBHs and provides a handful of interesting 

candidates for follow-up observation for confirmation of double AGNs.      

 

1. INTRODUCTION 

Nearly every galaxy hosts a 

supermassive black hole at its center, and 

when this black hole is accreting, the active 

galactic nucleus (AGN) can in some cases be 

identifiable by the presence of two radio jets. 

A small fraction of these galaxies has an extra 

set of dimmer radio jets, the wings, which, in 

combination with the primary lobes, form an 

X-shape. Propositions to explain these X-

shaped radio galaxies (XRGs) include the relic 

emissions model, in which the second set of 

wings are relic emissions from a previous jet 

orientation, the hydrodynamical backflow 

model, in which a steep pressure gradient of 

ambient gas causes the backflow of electrons 

from the ends of the radio jets to form the 

smaller wings, and the superimposed twin jets 

proposition, in which the second set of wings 

is actually from a separate AGN, 

superimposed to look like a single structure. 
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The relic emissions model requires a change in 

jet direction, which can occur in a binary 

system when two SMBHs closely interact. The 

kinematics of two binary SMBH with AGN 

emission lines causes a split of the spectral line 

due to their relative motion. Thus, searching 

for XRGs that follow this relic emissions 

model is one way of looking for binary SMBH 

candidates. Therefore, in this research, we 

select a sample of XRGs with double peak 

narrow emission lines from AGN and 

decompose their spectra, in order to find 

potential candidates of XRGs hosting binary 

SMBH.  

2. METHODS 

2.1 Selecting Candidates 

In identifying candidates hosting 

binary SMBHs, an initial pool of 131 X-shape 

radio galaxies compiled by Teddy Cheung 

(Cheung 2007 and private communication) in 

Table 1 was considered. They were selected 

firstly by their radio morphology and secondly 

by the shape of their radio spectra. As was 

available, radio image cutouts from the Karl 

G. Jansky Very Large Array’s (VLA’s) Faint 

Images of the Radio Sky at Twenty-one 

centimeters (FIRST) (Becker et al. 1995) and 

the Very Large Array Sky Survey (VLASS) 

(Lacy et al. 2020) were retrieved for each 

galaxy and analyzed to determine if they 

revealed viable XRG candidates for further 

analysis.  

The principal criteria for narrowing 

down the list according to X-shaped radio 

morphology was the presence of 4 identifiable 

structures, two lobes and two wings, in both 

surveys. However, in the specific cases that a 

galaxy was especially bright or had especially 

large wings, it was accepted with all four 

features visible only in one of the two surveys. 

This was due to the fact that longer exposure 

time could allow for better images of galaxies 

with wings large enough but too dim to 

identify and higher resolution could allow for 

better images of galaxies bright enough to see 

in their entirety but too small to distinguish 

two lobes and two wings. The lobes were 

identified as the brightest pair of diagonal 

features, the wings thus being the dimmer 

diagonal pair.  

The lengths of these features were 

measured by an online pixel ruler on 

rapidtables.com, for a comparison of lobe and 

wing length in each. To measure these ratios, a 

screenshot of the radio image was uploaded to 

https://www.rapidtables.com/web/tools/pixel-

ruler.html, where one endpoint of the 

measurement was selected as the center of the 

galaxy, according to the galaxy’s optical 

image. Then, the other endpoint was dragged 

around the edge of one lobe, while the pixel 

distance between endpoints was displayed, 

until the point of maximum distance was 

located and the distance was recorded. Then, 

keeping the central endpoint the same, the 

other end point was brought to each of the 

other lobes and wings and measured at the 

maximum distance in the same way. Fig. 1 

shows how this was done for one of the 

galaxies, with the endpoints shown as each end 

of the diagonal of a rectangle. Because these 

measurements were in pixel count, they did 

not give the distance of the actual lobes and 

wings, but the measurements were sufficient 

for calculating the ratios of lobes to wings in 

each.  

Then, of the candidates selected by 

morphology, the spectral data of each were 

acquired from the Sloan Digital Sky Survey 

(SDSS) (Ahumada et al. 2020) or Cheung et 

al. (2009) to be narrowed down further to a list 

only of XRGs potentially hosting binary 

SMBHs. The criteria for this selection was the 

https://www.rapidtables.com/web/tools/pixel-ruler.html
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presence of double peaks at the two [OIII] 

emission lines of rest-frame wavelengths 

4958.911 Angstrom and 5006.843 Angstrom, 

shifted according to the galaxy’s redshift.  

 

2.2 Decomposing AGN Emission Line 

Spectra 

The spectral data of the binary XRG 

candidates was decomposed into multiple 

components for further analysis, using a 

combination of python and gnuplot. First, the 

continuum fit was found for each on python 

using specutils, an astropy package for 

spectral analysis, by their 

fit_generic_continuum function. 

Then, the continuum fit was subtracted from 

the spectral data and the resulting data was 

exported to an ASCII-format data file for 

analysis on gnuplot. On gnuplot, Gaussians 

were fit as appropriate around the Hβ, Hα, and 

[OIII] emission line regions by the following 

process.  

First, using the known galaxy redshift 

from SDSS or (Cheung et al. 2009), the 

emission wavelength was predicted. Second, 

the surrounding region (e.g., the wavelength 

range covering 150-250 Angstrom) was 

plotted. Third, as many initial Gaussian 

functions as necessary were defined, as g1(x), 

g2(x), …, gn(x), with initial parameters 

estimated from visual inspection of the 

spectrum. Fourth, the Gaussian fit function 

was applied to each individual Gaussian, with 

the window of data for the fit limited to only 

the wavelength range of that specific Gaussian 

and excluding the rest of the data. If the 

resulting fits were not located where they 

should be, the initial guesses of step three were 

changed accordingly and step four was 

repeated using a modified window as 

necessary. Fifth, a new function, h(x), was 

defined as the sum of the component 

Gaussians, and was fit over the entire plotted 

region. Sixth, the result of the h(x) fit was 

taken and modified by hand, by visually 

comparing with the plot. Seventh, h(x) was 

refitted. Eighth, steps six and seven were 

repeated until the reduced chi squared value of 

h(x) could not be decreased any further, 

indicating the best possible fit.  

Finally, using python, the spectral data, 

continuum fit, and Gaussian components were 

all plotted on one set of axes. The fitting 

procedure is illustrated in the flow chart in Fig. 

2. 

 

2.3 Calculating Velocity Differences 

With the parameters of the 

decomposed [OIII] double Gaussians, the 

velocity difference between the two AGNs 

could be determined based upon the difference 

between the mean wavelengths of each 

Gaussian as follows. The relationship between 

the speed of light, c, the source velocity, v, and 

redshift, z, is given by Equation (1), 

v = cz    (1) 

 The definition of redshift according to 

observed wavelength, λobs, and rest 

wavelength, λrest, is given by Eq. (2), 

1 + z = λobs / λrest  (2) 

By solving Eq. (2) for z, and substituting that 

into Eq. (1), the formula for velocity 

difference according to the observed 

wavelength difference λ2 – λ1 was found, 

v2 – v1 = (λ2 – λ1) * c / λrest (3) 

 

2.4 Calculating Redshift Differences 

Where there was a difference between 

the emission line wavelength predicted by the 
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galaxy’s redshift, and the peak in the Hα 

and/or Hβ fits that correspond to the AGN, this 

was used to predict a possible difference 

between the AGN and galaxy redshift. The Hα 

and Hβ emissions measured by SDSS result 

mostly from the AGN, due to the small 

aperture size used in this survey, pointed to the 

central region of the galaxy where the AGN 

dominates. For this reason, the wavelengths, 

λobs, corresponding to the peak of the Hα and 

Hβ Gaussian fits (the means) were used to 

determine the AGN redshift, zAGN, according 

to the modified version of Eq. (2) given by Eq. 

(4) 

zAGN = λobs / λrest – 1  (4) 

Then, this calculated zAGN could be subtracted 

from the galaxy z value given by the SDSS to 

determine the redshift difference.  

 

3. RADIO MORPHOLOGY 

Narrowing down the initial list of 

known and candidate XRGs by their 

morphology resulted in a list of 39 top XRG 

candidates. Fig. 3 shows images of these 39 

XRG candidates along with their FIRST and 

VLASS images, formatted on ds9 to a 

logarithmic power scale with contour lines at 

constant intervals to more clearly show their 

distinct lobes and wings. Fig. 3 also shows an 

optical r-band image of each galaxy from the 

Dark Energy Camera Legacy Survey 

(DECaLS) with the FIRST contours overlaid, 

to show the jets with reference to the galaxy 

size. 

The newly released VLASS radio 

images were at a higher resolution (2.5 arcsec) 

than the FIRST images (5 arcsec), allowing for 

the shape of the lobes and wings to be 

distinguished more clearly, particularly for the 

small but bright galaxies. This was most 

notably the case for J0220-0156, J1043+3131, 

J1206+0406, J1327-0203, J1614+2817, and 

J1323+4115, all of which did not clearly meet 

the criteria of having 4 distinguishable features 

(two lobes and two wings) by the FIRST 

images alone.  

However, for some of the fainter radio 

galaxies, the VLASS image did not provide 

much information, and sometimes only 

showed small parts of the galaxies. This was 

true for J0115-0000, J0725+5835, 

J1018+2914, J1040+5056, J1130+0058, and 

J1202+4915, all having visible wings in 

FIRST but not VLASS. This can be attributed 

to the fact that VLASS was at a higher 

frequency than FIRST, and synchrotron 

emissions fade faster at higher frequencies 

than lower frequencies. A second likely cause 

for the decreased visibility may be the fact that 

at the VLASS higher resolution the sensitivity 

for recovering extended continuum emission is 

likely reduced. 

The lobe to wing ratios of the list of 39 

candidate XRGs are distributed as shown in 

the histogram in Fig. 4. The lobe to wing ratio 

is defined here as (the sum of the length of the 

lobes)/(the sum of the length of the wings) for 

each XRG. The length of the lobe or wing is 

defined as the distance from the center of the 

optical galaxy, to the furthest point on the 

outermost radio contour line of that lobe or 

wing, using the DECaLS images with FIRST 

contours from Fig. 3; except, for J1043+3131 

and J1102+0250, the FIRST contours did not 

clearly enough distinguish the wings so the 

VLASS contours were used instead. 

The most frequent lobe to wing ratio 

was between 1.30-1.40, with the majority of 

the galaxies having a lobe to wing ratio greater 

than one. However, 5 of the galaxies did have 
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a ratio less than one, indicating their wings 

appeared longer than their lobes.   

 

4. SPECTRAL ANALYSIS 

4.1 Decomposed Spectra 

There were 8 of the X-shaped 

morphology candidates that showed the double 

peaked [OIII] emission lines. Fig. 5 shows 

these 8 binary XRGs along with their entire 

spectra in the top left for each XRG, featuring 

the observed spectrum in blue, the continuum 

fit overlaid in orange, as well as vertical lines 

on the predicted wavelengths of several 

notable emission lines, according to the 

galaxy’s redshift. From left to right those 

spectral emission lines represent [OII] in 

purple, Hβ in yellow, [OIII] in green, [NII] in 

blue, Hα in red, and [NII] in blue.  

The gnuplot Gaussian fit process was 

done for the [OIII] regions of each of the 8 

binary candidates, with the resulting 

parameters in Table 2 and decomposed spectra 

in the bottom left for each XRG in Fig. 4. For 

each candidate, a double Gaussian fit was able 

to be applied to both [OIII] emission lines, 

except for J0220-0156 and J1600+2058 which 

only allowed for a single Gaussian fit for the 

[OIII] emission at 4959 angstrom, likely due to 

noise and/or blending, but still a double 

Gaussian for the [OIII] emission at 5007 

angstrom. The peaks of [OIII] emission line at 

5007 angstrom were more than twice the 

amplitude of the peaks of [OIII] emission line 

at 4959 angstrom. Furthermore, for every 

double Gaussian one peak was notably higher 

than the other, and whether this was the 

redshifted or blue-shifted peak was consistent 

for both [OIII] emissions within each 

individual XRG plot, but not consistent across 

all the plots.  

The standard deviations of most of the 

Gaussians were similar, ranging between 3-6 

Angstrom with the following exceptions: The 

single Gaussian in J1600+2058 was 

particularly wide with a standard deviation of 

10.20 Angstrom, which may be a result of 

severely blended double peaks, and J0220-

0156 had one component of the double 

Gaussian being very narrow with a mere 1.02 

Angstrom standard deviation, which combined 

with the fact that the other emission line was 

only a single Gaussian, raises the possibility 

that this is not a true double peak. J0941+3944 

also had more narrow peaks ranging from 

2.00-2.17 Angstrom, but this is not particularly 

notable because they are nearly the same for 

each component. Conversely, J0914+1715 was 

interesting in that the blue-shifted components 

of both emission lines, 3.03 and 2.41 

Angstrom, were significantly narrower than 

the right components of 5.17 and 6.89 

Angstrom. 

Following the [OIII] plot, the Hα and 

Hβ regions were also decomposed and plotted, 

as allowed by the data available, noting that 

many of the galaxies with higher redshifts did 

not have data in the Hα region. Table 2 gives 

the resulting parameters and the top right and 

bottom right for each XRG in Fig. 4 show the 

decomposed Hβ and Hα plots, respectively, 

that were available for these 8 binary XRGs.   

Every XRG had a sufficient signal-to-

noise ratio (S/N) of an Hβ emission for a 

Gaussian fit to be possible, but the S/N was 

only marginal for J0220-0156, J0941+3944, 

and J1430+5217. The Hβ peak was almost 

indistinguishable from noise for J0917+0523, 

J1406-0154, and J1600+2058. There was only 

one Gaussian component for the majority of 

the Hβ fits, with the exceptions of J0914+1715 

with a broad and narrow line, and J0941+3944 

with two peaks that were two small to clearly 
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categorize but appeared to be narrow. These 

two double Gaussians were distinguishable 

because they were shifted slightly apart, but 

the others may have also had multiple 

components that would not have been 

distinguishable without a wavelength shift 

between them.  

Only J0220-0156, J0914+1715, 

J0941+3944, and J1600+2058 had any Hα 

data, but these all had clear narrow Gaussian 

peaks at Hα as well as a distinguishable [NII] 

peak to the right. J0220-0156 and J1600+2058 

also had broad Hα Gaussians blue-shifted with 

respect to the other narrow emission line 

components. J0941+3944 was interesting in 

that it appeared to have two narrow Hα 

components, as well as an [NII] peak to the 

left. J0914+1715 had too much noise to 

distinguish anything beyond the 

aforementioned Hα and [NII] peaks that were 

visible in all the plots.  

 

4.2 Velocity Differences  

Table 3 lists the velocity differences (v2 

– v1) determined by Eq. (3) for each predicted 

Binary XRG. For each of the XRGs that it was 

possible to fit double Gaussians to both [OIII] 

emission lines the velocity difference was 

calculated as the average of the two. The range 

of velocity differences varied from 308 ± 47 

km/s to 910 ± 97 km/s, with a mean of 546 

km/s, median of 524 km/s, and standard 

deviation of 189 km/s.  

 

4.3 Redshift Differences and AGN 

Velocities 

Several of the spectral plots had the 

emission data shifted slightly from the 

emission lines predicted by the SDSS 

redshifts. This shifted data indicated a 

difference in redshift, (z-zAGN), between the 

AGN and the galaxy. These redshift 

differences were calculated by determining 

zAGN according to each Hβ and Hα Gaussian fit 

and retrieving z from the SDSS, with the 

results shown in Table 4. Table 4 also lists the 

velocities of the AGN relative to their 

galaxies, vAGN, corresponding to each redshift 

difference. There is no z, (z-zAGN), vAGN listed 

for J0220-0156 because this galaxy did not 

have spectral data in the SDSS database, so the 

redshift used for its emission lines was instead 

the AGN redshift acquired from (Cheung 

2009). 

This shift between the AGN data and 

galaxy emission line was apparent in the [OIII] 

plots when the galaxy emission line was not 

centered between the double peaks of the 

[OIII] emissions, such that the galaxy emission 

line was red or blue-shifted from the dip 

between the double peaks. This was the case 

for J0914+1715, J0917+0523, J1406-0154, 

and J1430+2058.  

J0917+0523 had no Hα data, but the 

Hβ shift visually matched the [OIII] shifts, 

with a redshift difference of -0.000498 ± 

0.000351 and AGN velocity of 4,080 km/s ± 

106,638 km/s. Similarly, J1406-0154 had no 

Hα data, but the Hβ visually matched the 

[OIII] shifts, with a redshift difference of -

0.000937 ± 0.000441 and AGN velocity of 

147,697 ± 132,240. This was also the case for 

J1430+5217 in which there was no Hα data 

but the Hβ shift visually matched the [OIII] 

shifts, with a redshift difference of -0.000336 

± 0.000079 and AGN velocity of 10310 ± 

23681. 

The Hα shift appeared similar to that in 

the [OIII] plot for J0914+1715, but was not 

supported by the Hβ plot where the narrow 
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component seemed to be shifted in the 

opposite direction. The rest of the binary XRG 

candidates did not have data shifts that 

matched between their Hβ, [OIII], and Hα 

plots.  

 

5. DISCUSSION 

5.1  Morphology 

Typically, the wings of an XRG are 

expected to be shorter than the lobes, and this 

was the case for the majority of the XRG 

candidates analyzed as shown in Fig. 2. 

However, the five that had longer wings than 

lobes can be understood by considering their 

orientation, with the lobes being less 

perpendicular than the wings to the line of 

sight.  

 

5.2 Understanding AGN Signatures 

For AGN, there are expected to be a 

broad and narrow component for the Hα and 

Hβ emission lines, with the broad component 

coming from the fast-moving hydrogen gas 

nearest the nucleus and the narrow component 

coming from the slower orbiting gas further 

from the nucleus. However, for the XRGs, the 

clearest visibility of the radio jets requires that 

the rotation axis be roughly orthogonal to the 

line of sight and that the accretion disk be 

parallel to the line of sight. At this orientation 

the dust torus surrounding the accretion disk 

blocks the broad line emissions, explaining 

why there are only narrow emissions for 

several galaxies. However, for all the Hβ 

emissions the S/N was too low to clearly 

distinguish if there were both broad and 

narrow line components or not.   

For the Hα emissions, it was possible 

to distinguish a broad line emission separate 

from the narrow line emission when this broad 

emission was blue-shifted, as was the case for 

J0220-0156 and J1600+2058. A shift in the 

broad emission line can be explained by a 

gravitational wave occurring, resulting in a 

directional kickback for the AGN and broad 

emission line region. However, given that the 

S/N of the broad emission line was not very 

strong for most of the XRG samples in this 

study, detailed investigation and modeling 

work is required to make a definitive 

conclusion. 

The shifts in narrow emission line data 

from the predicted SDSS emission lines, and 

thus differences in AGN and galaxy redshifts, 

were also found. While this shift was apparent 

based on the Hβ plots for J0917+0523, J1406-

0154, and J1430+5217, the error on each of 

their calculated redshift differences was to the 

same order of the magnitude as the redshift 

difference, making these results inconclusive 

The precision of the results for these three 

galaxies specifically could be improved by 

acquiring Hα data, such that an average of the 

two emission line results could be calculated. 

A higher S/N would be necessary to decrease 

the error in the fit parameters and resulting 

redshift differences, and thus provide more 

conclusive results. Further investigation, 

verifying the redshifts that were associated 

with the galaxies, is also necessary to make a 

definite conclusion about the galaxy vs. AGN 

redshift differences.  

5.3 Implications of Binary Signatures 

The double peaks of the [OIII] 

emission plots in Fig. 4 are strong indicators 

that these XRGs each have two SMBHs at 

their center with different velocities relative to 

us. Another possible explanation for double 

peaks is the outflow scenario, in which 

outflowing material would have shifted 

emission lines due to their motion. However, 
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in the cases of the XRGs, for the lobes and 

wings to be clearly visible they must be 

orthogonal to our line of sight, meaning the 

outflowing material would move mostly 

perpendicular to our line of sight causing no 

visible difference in velocity. This leaves 

binary SMBHs as the most likely explanation 

for the double [OIII] peaks. A ramification of 

these XRG’s hosting binary SMBHs is that the 

strong gravitational interaction between these 

two bounded SMBHs would cause a change in 

spin. 

 A significant reorientation of the jet 

axis requires strong interaction between the 

SMBHs, as is the case when there is a small 

separation between the SMBHs. Due to 

conservation of angular momentum, a small 

separation correlates to a high radial velocity, 

for which the measured velocity differences 

serve as an indicator. However, because the 

calculated velocity differences only consider 

the component of each AGN velocity parallel 

to the line of sight, any velocity difference 

component perpendicular to our line of sight 

would indicate a higher true velocity 

difference of the AGN.  Therefore, each 

calculated difference should be considered as 

the minimum velocity difference between 

those two AGN. The velocity differences 

measured do indicate a likelihood that the 

kinematics of the binary SMBHs would allow 

for a significant reorientation, as they all had 

an order of magnitude of 100 km/s, meaning a 

true velocity difference on the order of 100 

km/s or higher.  

This jet reorientation is the primary 

qualification for the relic emissions model, 

thus offering strong evidence that the binary 

XRG candidates’ wings are relic emissions 

from a previous jet orientation.  

Not only do these results support the 

relic emissions model as an explanation for the 

occurrence of XRGs, but they also offer a new 

way of searching for binary SMBHs. The class 

of XRGs following the relics emissions model, 

identifiable by a combination of radio imaging 

and optical spectral analysis, serves as a pool 

of candidates within which SMBHs can be 

searched.  

 

6. FUTURE GOALS 

The next primary goal is to confirm 

two AGNs in these binary SMBH candidates, 

using higher resolution radio imaging. My 

advisors and I proposed VLBA observation of 

one of our candidates to confirm its dual AGN 

in the center. With these observations it should 

be possible to locate the AGN in X-band and 

detect extended radio jet emission in S-band.  

And, also using the [OIII] emission 

luminosity, we intend to estimate the accretion 

rate and SMBH mass of these AGN.  

Another goal is to study the dynamics 

of the binary SMBHs further, as developing a 

clearer understanding of the AGN kinematics 

may offer further support for the relic 

emissions theory. While the velocity 

differences serve as a strong indicator of 

merging SMBHs, they do not tell the whole 

story, leaving unanswered the questions of 

separation and orbital velocity. It is possible to 

estimate the separation of the two SMBHs by 

supplementing the velocity difference results 

with an assumption of orbital configuration 

and the SMBH masses. 

Finally, further evidence for the relic 

emissions theory may come from study of the 

radio spectral index of the wings and lobes, as 

the spectral energy distribution (SED) of the 

radio emissions becomes steeper with time. 
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Our recent 10GHz VLA observation 

(VLA/20A-459) combined with the existing 

1.4 and 3GHz images with similar resolution 

can allow for a study of the radio SED of lobes 

and wings to infer the age of radio emission. 

Past studies using this model have indicated 

higher steepness in the wings, and verification 

of this with more data at various frequencies 

would provide evidence for the wings being 

older and likely relic emissions.  

 

7. CONCLUSION 

To summarize, J0036+0048, J0220-

0156, J0914+1715, J0917+0523, J0941+3944, 

J1406-0154, J1430+5217, and J1600+2058 

were identified as XRGs and predicted to host 

binary SMBHs. The existence of binary 

SMBHs in XRGs supports the relic emissions 

model as an explanation for the second set of 

wings in these XRGs. Support for the 

prediction that these XRGs host binary 

SMBHs may be supported by future study and 

more XRGs hosting SMBHs may be found. 

Through this, the existence of XRGs and the 

behavior of merging SMBH may be further 

understood. 
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Table 1 Coordinates of Known and Candidate XRGs from Teddy Cheung 

 

 

 

 

Figure 1 Example of pixel ruler being used to measure the lengths of the lobes and wings of one XRG, J0036+0048. 

The optical r-band emissions from DECaLS of the galaxy is shown the background of the 1.4GHz FIRST contours 

in green. The distance measured for each lobe and wing is shown in yellow as the diagonal of the rectangles. 
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Figure 2 Flowchart of spectral decomposition process 
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Figure 3 XRG candidates selected by their X-shape morphology. The first and fifth columns show the 1.4GHz 

FIRST radio emissions, the second and fifth columns show the 3GHz VLASS radio emissions, and the third and 

fifth columns show the DECaLS r-band optical emissions for each XRG.  Underneath the FIRST and VLASS 

images the contour levels for each are listed. 
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Figure 4 Histogram of the lobe to wing ratios of the XRG candidates selected by morphology 
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Figure 5 Binary XRG candidates’ spectral plots with each XRG having their entire spectra on the top left, their Hβ 

emission on the top right, their [OIII] emission on the bottom left, and their Hα emission on the bottom left—for 

those with Hα data available. 
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Table 2 Binary XRG Decompose Spectral Plot Parameters 
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Table 3 XRGs with Indicators of Binary SMBHs 

 

 

 

Table 4 Binary XRG Hα and Hβ Redshift Differences and AGN Velocities 

 


