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AGN Catalog
• Construct an all-sky catalog based on optical spectra

• Compare with all-sky catalogs at other wavelengths

• Provide new (near-by) AGN to target in studies

• Ideally: Pure, Complete, Homogeneous

• Challenges

• Dependence on subtraction of host galaxy contribution

• Heterogeneous data: differences in spectral quality and resolution
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Parent Sample: 2MRS

• Near-complete census of the near-by (z <~ 0.09) universe outside 
the Galactic Plane

• Collected ~ 80% of the spectra, ~75% in 4 spectral subsamples
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• Pros: Well defined and reliable

• Cons: Can miss obscured and low luminosity AGN, 
sensitivity to host galaxy subtraction 

Optical AGN Identification

Dobos et al. (2012)

Zaw, Chen, & Farrar, 2019

Broad-line (Type 1) AGN

Narrow-line (Type 2) AGN

Zaw, Chen, & Farrar, 2019
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Fitted Galaxy Contribution

Data spectrum

Error Spectrum

•Fitted Galaxy Contribution: Linear combination of single stellar 
population (SSP) templates 

•Data/Error: Spectral signal-to-noise

Zaw, Chen, & Farrar, 2019

Host Galaxy Subtraction



Stellar Population Models
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!  MILES: 3500-7500Å, 63Myr-18Gyr, Z=0.0001-0.03, purely empirical library 

!  MIUSCAT: 3500-9469Å, extended MILES models, purely empirical stellar libraries 

!  Maraston05: 0.3-2.5µm, 3Myr-15Gyr, Z=0.0001-0.04, mixed libraries 

!  Maraston11: 1000-25000Å, various metallicity depends on input stellar library, 
empirical libraries 

!  PEGASE-HR: 4000-6800Å, higher resolution of PEGASE, purely empirical library 

!  BC03:  91Å-160µm, 0.1Myr-20Gyr,Z=0.0001-0.05, mixed stellar library (empirical + 
theoretical) 

!  FSPS (Conroy09,10): 91Å-160µm, 3Myr-15Gyr, Z=0.0001-0.03, mixed stellar 
library (empirical + theoretical) 

!  Starburst99: 91Å-160µm, 1Myr-1Gyr, Z=0.001-0.04, purely theoretical stellar library 

!  PEGASE: 220Å-5µm, 1Myr-20Gyr, Z=0.0004-0.05, purely theoretical stellar library 

!  González Delgado et al. 2005: 3000-7000Å, 4Myr-17Gyr, Z=0.004-0.019, 
purely theoretical stellar library 
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Systematic Shift in Line Ratios
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MILES

BC03, 
SDSS, DR8

MS11Solar, 
SDSS, DR13

Zaw, Chen, & Farrar, 2019
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Discrepancies Biggest at Low Luminosities

• MILES templates give the best results

• Better stellar library than BC03, fits favor higher-than-solar metallicities 

Chen, Zaw, & Farrar, 2018

AASTEX AGN identification on stellar population models 9

(a) (b)

(c) (d)

Figure 7. Panel (a): The clear histogram shows the [O III]5007 luminosity distribution of type II AGN identified by using BC03
templates. The objects not identified as AGN by using MILES templates are shown in green. Panel (b): Rate of misidentified
type II AGN using BC03 templates as a function of [O III]5007 luminosity. Panel (c): The clear histogram shows the [O III]5007
luminosity distribution of type II AGN candidates identified by using MILES templates. The objects not identified as AGN by
the work of using MS11solar are shown in green. Panel (d): Rate of misidentification of type II AGN by MS11solar as a function
of [O III]5007 luminosity.

MS11solar, i.e., “false negatives”. Since [O III] luminosity is an indicator of the AGN bolometric
luminosity, we use it to determine whether the misidentification rate depends on AGN activity. We
show the [O III] luminosity distribution of BC03 type II AGN in Fig 7a. The clear histogram shows the [O III]
luminosity of 562 type II AGN identified by using BC03 templates, selected from the MILES emission line
galaxy sample; the green histogram shows the false positives. We find that 25% of BC03 type II
AGNare false positives1. The fainter the object is, the more likely it is to be misidentified as an AGN. We show
the ratio of misidentification of type II AGN candidates as a function of [O III] luminosity in Fig 7b. The largest
misidentification rate, ⇠ 50%, is found for galaxies with [O III] luminosity fainter than ⇠ 1038 erg s

�1.

1 False negatives from BC03 and false positives from MS11solar are negligible (less than 2%).



The Catalog
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Identified AGNs

• Broad-line: Halpha FWHM > 1000 km/s, Narrow-line: Kauffmann et al. 2003 criteria

• AGN properties: names, coordinates, type, subsample, S/N

• Additional: Fluxes, line widths, errors

• Users can customize section criteria

Zaw, Chen, & Farrar, 2019
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Figure 13. The rates of false positives (blue) and false negatives (red) in AGNs identified from 6dF spectra compared to SDSS
spectra, as a function of the S/N requirement for the four Type 2 AGN identification lines.

Table 2. AGN Numbers and Fractions

Type 1 Type 2 K01 Type 2 K03

6dF 877 (8.47±0.30%) 1088 (10.51±0.33%) 2495 (24.09±0.54%)

SDSS 811 (11.47±0.43%) 1511 (21.38±0.61%) 2455 (34.73±0.81%)

FAST 137 (2.18±0.19%) 714 (11.39±0.45%) 1145 (18.26±0.59%)

CTIO 104 (3.65±0.36%) 294 (10.31±0.63%) 467 (16.38±0.82%)

Total 1929 (7.27±0.17%) 3607 (13.59±0.24%) 6562 (24.72±0.34%)

The table lists the number of AGNs in each subsample as well as the AGN fraction and error on the fraction, relative to the
number of spectra in our final sample, for Type 1 (broad line), Type 2 (narrow line) according to the Kewley et al. (2001)
(K01) criteria, and Type 2 according to the Kauffmann et al. (2003) (K03) criteria. The AGN fractions are not the same for
the different subsamples due to the differences in signal-to-noise, spectral resolution, and spectral sampling of each subsample.
As expected, the SDSS sample has the highest AGN fractions. For Type 1 AGN, 6dF has the second highest, and FAST and
CTIO have similar fractions while all three have similar fractions for Type 2 AGN. The discrepancies in Type 1 AGN fractions
between 6dF, FAST, and CTIO are due to spectral resolution, as discussed in Section 6.1 and shown in Figure 18.

• The galaxy is outside the Galactic Plane (|b| ≥ 10◦),

• The reduced χ2 from the SSP fitting must be less than 2.55, 6.05, 3.75, and 7.15, for SDSS, 6dF, FAST, and
CTIO, respectively, keeping 99% of the subsamples,

• Broad line AGNs (Type 1):

– Broad Hα S/N ≥ 3.0 for SDSS, ≥ 2.0 for 6dF, FAST, and CTIO,

8491 AGNs



AGN Types

• Spectral S/N and resolution affect T1:T2 and Sy:LINER ratios

• Higher T1:T2 for lower resolution

• Higher S/N identifies more LINERs
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Figure 17. The Type 2 AGNs in each subsample of our catalog, separated into Seyferts (purple) and LINERs (green) using the
Kewley et al. (2006) criteria. Although there are more LINERs than Seyferts in each subsample, SDSS has the highest LINER
to Seyfert ratio. LINERs have weaker emission lines, so they are preferentially lost when spectral signal-to-noise decreases. Note
that we use the [O III]/Hβ vs. [N II]/Hα BPT diagram to identify AGNs, so some emission line galaxies which do not qualify
as AGNs in the main diagram appear in the AGN region in the [O III]/Hβ vs. [SII]/Hα diagram.

Since AGN identification depends on emission line widths and ratios, the S/N of spectral lines affects the detection
rates. Further analysis shows that these differences are due to overall, continuum, S/N of the spectrum. While the line
S/N is determined by a mixture of spectral quality and the strength of the emission line in a spectrum, the continuum
S/N does not depend on the line emission. The continuum S/N is a measure of the noise at a given wavelength, and
the ability to detect a line at that wavelength. The left column of Figure 19 shows the AGN detection rate versus
continuum S/N for, from top to bottom, Type 1 AGNs, Type 2 AGNs which meet the Kewley et al. (2001) criteria,
and Type 2 AGNs which meet the Kauffmann et al. (2003) criteria. Since the continuum S/N is wavelength dependent,
we choose to evaluate the continuum S/N between 6350 and 6540 Å (near the Hα line) for Type 1 AGNs. For Type 2
AGNs, we use evaluate the continuum S/N between 4660 and 4810 Å, i.e. near the Hβ line, since Hβ is the weakest
of the four lines used in Type 2 AGN identification.
The AGN detection fraction increases with S/N for all subsamples until a saturation point in the signal-noise-ratio,

S/N (6350-6540 Å) ∼50 for Type 2 AGNs and S/N (4660-48109Å) ∼75 for Type 1 AGNs, at which point the AGN
fraction flattens out. In addition, for S/N above the saturation value, 6dF and SDSS have consistent AGN detection
fractions. FAST and CTIO subsamples do not have enough data to evaluate but their behavior is likely similar to 6dF.
The similarity of the trend between the different subsamples for the different AGN types indicates that the overall
spectral signal-to-noise is driving the AGN detection fraction. If the line S/N cut is changed, all the rates move up
and down but the shape of the distribution remains the same.
The right panels of Figure 19 show the distribution of continuum S/N for the four subsamples. As expected, the

SDSS sample has the highest overall S/N, while 6dF, FAST, and CTIO show more similar distributions. Consequently,
our catalog contains inhomogeneities due to the differences in sky coverage of the subsamples. Figure 20 shows the
AGN fractions (the number of identified AGN divided by the number of galaxies in our spectroscopic sample) for
our catalog, across the sky (left panel) and in redshift (right panel). In each pixel on the sky and redshift bin, the
number of AGNs is the sum of the number of broad line AGNs and the number of narrow line AGNs which satisfy the
Kauffmann et al. (2003) criteria. Assuming that AGNs trace the large scale structure in which they are located, the
AGNs-to-galaxies ratio should be uniform across the sky and in redshift. In the Southern hemisphere where there are

Zaw, Chen, & Farrar, 2019



Inhomogeneities
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Zaw, Chen, & Farrar, 2019

Detection rates vary across the sky and in z  
(due to sky coverage of different subsamples)
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Figure 20. Ratios of the number of identified AGNs to the number of galaxies in our spectroscopic sample, across the sky
(left panel, the sky has been divided into 768 equal area regions and the color indicates the AGN fraction), and with respect
to redshift (right panel). In these plots, we have combined the broad line AGNs with the narrow line AGNs which satisfy the
Kauffmann et al. (2003) criteria. The inhomogeneity across the sky is largely due to the differences in the AGN detection rates
of the subsamples; the inhomogeneity in redshift is due to the telluric contamination of 6dF, FAST, and CTIO samples.

Figure 21. The AGN fractions (the number of identifed AGNs divided by the number of galaxies with spectra) across the sky
(divided into 768 equal area regions), for each spectral subsample. Dark blue indicates pixels with fewer than 10 galaxies in
2MRS. In these plots, we have combined the broad line AGNs with the narrow line AGNs which satisfy the Kauffmann et al.
(2003) criteria. The AGN fractions are uniform for each subsample but the average AGN fraction differs between sample with
SDSS having the highest and 6dF, FAST, and CTIO having lower fractions.

Inhomogeneities: Subsamples, Spatial

Zaw, Chen, & Farrar, 2019

More homogeneous within a subsample
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Inhomogeneities: Subsamples, Redshift
26 Zaw et al.

Figure 22. The AGN fractions (the number of identified AGNs divided by the number of galaxies with spectra) versus redshift,
for each spectral subsample. In these plots, we have combined the broad line AGNs with the narrow line AGNs which satisfy
the Kauffmann et al. (2003) criteria. The AGN fractions are uniform for each subsample but the average AGN fraction differs
between sample with SDSS having the highest and 6dF, FAST, and CTIO having lower fractions. The 6dF, FAST, and CTIO
samples show a gap in z due to telluric contamination of the [N II]-Hα complex.

Figure 23. Ratios of the number of identified AGNs to the number of galaxies in 2MRS, across the sky (left panel, the sky
has been divided into 768 equal area regions and the color indicates the AGN fraction), and with respect to redshift (right
panel). In these plots, we have combined the broad line AGNs with the narrow line AGNs which satisfy the Kauffmann et al.
(2003) criteria. The inhomogeneity across the sky is due the galaxies for which we do not have spectra (corrected for telluric
contamination) and to the differences in the AGN detection rates of the subsamples, and that in redshift is due to the telluric
contamination of 6dF, FAST, and CTIO samples.

Zaw, Chen, & Farrar, 2019

More homogeneous within a subsample



Data Quality Effects and
Statistical Corrections
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Effects of Spectral S/N
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Zaw, Chen, & Farrar, 2019

S/N in Continuum Regions
S/N of Lines

Better measure of spectral quality



AGN Identification Rate Determined by Continuum S/N
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doing so, we obtain the following relations:

RfT1 =(SN1) ∗ 0.002412 − 0.01400 forSN1 < 76

=0.1693 ≡ RsT1 forSN1 ≥ 76

RfT1 =(SN2) ∗ 0.004621 − 0.01214 forSN2 < 50

=0.2432 ≡ RsT2 forSN2 ≥ 50

where SN1 (SN2) is the continuum signal-to-noise for wavelengths 6350-6540 Å (4660-4810 Å), i.e. near the Hα (Hβ)
line, RfT1 (RfT2) is the AGN fraction for the given galaxy’s S/N value for Type 1 (Type 2) AGNs, and RsT1 (RsT2)
is the saturation value for the Type 1 (Type 2) AGN fraction. If a non-AGN has a S/N (6350-6540 Å) value above
76, we assign it a Type 1 AGN likelihood of zero. Similarly, if it has a S/N (4660-4810 Å) above 50, we assign a Type
2 AGN likelihood of zero. If a galaxy’s S/N values near the Hα and Hβ lines are less than the saturation values, we
assign likelihoods as follows:

LT1 =
RsT1 − RfT1

1 − RfT1 − RfT2

LT2 =
RsT2 − RfT2

1 − RfT1 − RfT2
,

where LsT1 and LsT2 are the likelihoods for the galaxy to be a Type 1 and Type 2 AGN, respectively. For galaxies which
are not in our spectroscopic sample, we assign the saturation AGN fractions as their AGN likelihoods. The probability
for a galaxy to be an AGN is the sum of the likelihoods for Type 1 and Type 2 AGNs. The galaxies identified as
AGNs are assigned an AGN likelihood of 1.0. Examples of the likelihood assignments for the non-AGNs and galaxies
with missing spectra are given in Tables 4 and 5, respectively. These likelihoods are intended to statistically correct
for both the inhomogeneity and incompleteness. If different criteria are used for identifying AGNs, e.g. different line
S/N, this analysis should be repeated to assess the incompleteness and inhomogeneity.
Figure 24 shows the number of AGNs (Type 1 and Type 2 satisfying the Kewley et al. (2001) criteria) divided by

the number of galaxies in 2MRS, i.e. the AGN fraction, across the sky (left) and with respect to redshift (right). In
the top plots, the number of AGNs is simply the number which pass the emission line criteria. These identified AGNs
are inhomogeneous across the sky and in redshift. In addition, the ratios across the sky and in redshift are below the
saturation value, set to be the maximum of the range. In the bottom plots, the number of AGNs is defined as the
sum of the AGN likelihoods. The ratio of these “statistical” AGNs to the number of galaxies in 2MRS is uniform
across both the sky and in redshift. Additionally, the ratios fall around the saturation value, now in the middle of the
plotted range. Therefore, the AGN likelihoods statistically compensate for the inhomogeneity and incompleteness of
the identified AGNs due to spectral quality and can be used in statistical studies. The analysis also identifies galaxies
whose AGN status needs to be clarified with higher quality spectroscopy in order to have a complete and homogeneous
AGN catalog.
This result validates the assumption that the inhomogeneity and incompleteness are dominated by spectral quality.

Furthermore, these results indicate that, in order for an optical catalog to be complete, the spectra should have S/N
(6350-6540 Å) ! 76 and S/N (4660-4810 Å) ! 50. The higher S/N requirement for Type 1 is consistent with the fact
that the broad lines typically have lower peaks than narrow lines, and are harder to distinguish from the noise.

7. CONCLUSIONS

We have constructed an all-sky catalog of nearby AGNs, uniformly selected from the parent sample of 2MRS galaxies
and classified using optical spectra. The catalog consists of 1929 broad line AGNs and 6562 narrow line AGNs which
satisfy the Kauffmann et al. (2003) criteria, of which 3607 also satisfy the Kewley et al. (2001). For each AGN and
emission line galaxy, we report the line widths, fluxes, flux errors, and signal-to-noise ratios fo the AGN identification
lines, enabling the user to customize his/her own AGN catalog. We also provide an assessment of the completeness
and homogeneity of our catalog across the sky and in redshift. Although we start with a homogeneous, complete
parent sample and we process the spectra uniformly, inhomogeneity remains because we have different subsamples
whose spectra were taken with different instruments, which have different spectral resolution and signal-to-noise. The
differences in data quality affect not only the overall AGN detection rate but also the broad line to narrow line AGN
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and classified using optical spectra. The catalog consists of 1929 broad line AGNs and 6562 narrow line AGNs which
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Statistically Corrected Catalog

Uncorrected

28 Zaw et al.

Figure 24. Ratios of the number of AGNs to the number of galaxies in 2MRS, across the sky (left panels, the sky has been
divided into 768 equal area regions and the color indicates the AGN fraction), and with respect to redshift (right panels). In
these plots, we have combined the broad line AGNs with the narrow line AGNs which satisfy the Kewley et al. (2001) criteria.
The top plots show the AGN fractions with the AGNs satisfying the emission line criteria. We have set the AGN saturation
value as the maximum for the plotted ranges. The bottom plots show the AGN fraction where the number of AGNs is defined
as the sum of the AGN likelihoods. The statistically enhanced catalog has a homogeneous AGN fraction across the sky and in
redshift, as expected assuming that AGNs trace large scale structure. The ratios also fall around the saturation value, now in
the middle of the plotted range, indicating that the incompleteness has also been statistically accounted for.

ratio. We find that a spectrum should have a continuum signal-to-noise !75 (!50) near the lines of interest in order
to have full efficiency for detecting Type 1 (Type 2) AGNs.
If an analysis needs individual AGNs, e.g. for extragalactic water maser searches, this catalog can be used as is

or customized with different selection criteria using the spectroscopic measurements provided. The Kauffmann et al.
(2003) criteria selects the galaxies with any AGN contribution while the Kewley et al. (2001) criteria selects those
with emission lines dominated by emission from AGN activity. Increasing the signal-to-noise requirement will improve
the purity of the sample at the expense of the completeness and homogeneity. If the catalog is to be used in a
statistical study, e.g. for correlations with the arrival directions of ultra-high energy cosmic rays, the incompleteness
and inhomogeneity must be taken into account.
In order to make this catalog better suited for statistical studies, we have assigned Type 1, Type 2, and total AGN

probabilities for the non-AGNs in our spectroscopic sample and for the 2MRS galaxies for which we do not have telluric
corrected spectra. After these corrections, the AGN fractions are uniform across the sky and in redshift. This catalog
is thus suitable for statistical studies. The analysis also paves the way for a truly complete and homogeneous nearby
AGN catalog by identifying galaxies whose AGN status needs to be verified with higher quality spectra, quantifying
the spectral quality necessary to do so. This work also underscores the importance of accounting for differences in

Corrected

Zaw, Chen, & Farrar, 2019

Also accounts for galaxies without spectra



Conclusions
• A pure, complete, homogeneous, all-sky AGN 

catalog is necessary for studies of 
astrophysical particle acceleration

• Constructed an AGN catalog from a uniform, 
complete parent galaxy sample

• Statistically correct for incompletenesses and 
inhomogeneities resulting from differences in 
data quality

• Started cross-correlation studies with 
BAT105, WISE, and Radio (all sky) AGN 
catalogs
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Figure 24. Ratios of the number of AGNs to the number of galaxies in 2MRS, across the sky (left panels, the sky has been
divided into 768 equal area regions and the color indicates the AGN fraction), and with respect to redshift (right panels). In
these plots, we have combined the broad line AGNs with the narrow line AGNs which satisfy the Kewley et al. (2001) criteria.
The top plots show the AGN fractions with the AGNs satisfying the emission line criteria. We have set the AGN saturation
value as the maximum for the plotted ranges. The bottom plots show the AGN fraction where the number of AGNs is defined
as the sum of the AGN likelihoods. The statistically enhanced catalog has a homogeneous AGN fraction across the sky and in
redshift, as expected assuming that AGNs trace large scale structure. The ratios also fall around the saturation value, now in
the middle of the plotted range, indicating that the incompleteness has also been statistically accounted for.

ratio. We find that a spectrum should have a continuum signal-to-noise !75 (!50) near the lines of interest in order
to have full efficiency for detecting Type 1 (Type 2) AGNs.
If an analysis needs individual AGNs, e.g. for extragalactic water maser searches, this catalog can be used as is

or customized with different selection criteria using the spectroscopic measurements provided. The Kauffmann et al.
(2003) criteria selects the galaxies with any AGN contribution while the Kewley et al. (2001) criteria selects those
with emission lines dominated by emission from AGN activity. Increasing the signal-to-noise requirement will improve
the purity of the sample at the expense of the completeness and homogeneity. If the catalog is to be used in a
statistical study, e.g. for correlations with the arrival directions of ultra-high energy cosmic rays, the incompleteness
and inhomogeneity must be taken into account.
In order to make this catalog better suited for statistical studies, we have assigned Type 1, Type 2, and total AGN

probabilities for the non-AGNs in our spectroscopic sample and for the 2MRS galaxies for which we do not have telluric
corrected spectra. After these corrections, the AGN fractions are uniform across the sky and in redshift. This catalog
is thus suitable for statistical studies. The analysis also paves the way for a truly complete and homogeneous nearby
AGN catalog by identifying galaxies whose AGN status needs to be verified with higher quality spectra, quantifying
the spectral quality necessary to do so. This work also underscores the importance of accounting for differences in



Backup Slides
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SDSS Data: DR8 with BC03 templates, Ours with MILES templates
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Fluxes Agree

Zaw, Chen, & Farrar, 2019



Single Stellar Population (SSP) Models
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Origin of Discrepancies

• Comparison with theoretical SSPs

• BC03 based on a smaller, less well calibrated stellar library. 
Corrected colors but not lines for younger populations.
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Chen, Zaw, & Farrar, 2018



Origins of Discrepancies

• Thomas et al. 2013 use only solar metallicity templates 
from Maraston & Strombeck 2011

• Our fits favor higher metallicity templates

 25 Chen, Zaw, & Farrar, 2018


