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Abstract: We present a comprehensive investigation of mid-infrared (MIR) flux variability at 3.4 µm
(W1 band) for a large sample of 3816 blazars, using Wide-field Infrared Survey Explorer (WISE) data
through December 2022. The sample consists of 1740 flat-spectrum radio quasars (FSRQs), 1281 BL
Lac objects (BL Lacs), and 795 blazars of uncertain type (BCUs). Considering Fermi Large Area
Telescope detection, we classify 2331 as Fermi blazars and 1485 as non-Fermi blazars. Additionally,
based on synchrotron peak frequency, the sample includes 2264 low-synchrotron peaked (LSP),
512 intermediate-synchrotron peaked (ISP), and 655 high-synchrotron peaked (HSP) sources. We
conduct a comparative analysis of short- and long-term intrinsic variability amplitude (σm), duty
cycle (DC), and ensemble structure function (ESF) across blazar subclasses. The median short-term σm

values were 0.181+0.153
−0.106, 0.104+0.101

−0.054, 0.135+0.154
−0.076, 0.173+0.158

−0.097, 0.177+0.156
−0.100, 0.096+0.109

−0.050, and 0.106+0.100
−0.058

mag for FSRQs, BL Lacs, Fermi blazars, non-Fermi blazars, LSPs, ISPs, and HSPs, respectively.
The median DC values were 71.03+14.17

−22.48, 64.02+16.97
−22.86, 68.96+15.66

−25.52, 69.40+14.42
−22.17, 71.24+14.25

−21.36, 63.03+16.93
−33.19,

and 64.63+15.88
−24.26 percent for the same subclasses. The median long-term σm values were 0.137+0.408

−0.105,
0.171+0.206

−0.132, 0.282+0.332
−0.184, 0.071+0.143

−0.062, 0.218+0.386
−0.174, 0.173+0.208

−0.132, and 0.101+0.161
−0.077 mag for the same sub-

classes, respectively. Our results reveal significant differences in 3.4 µm flux variability among these
subclasses. FSRQs (LSPs) exhibit larger σm and DC values compared to BL Lacs (ISPs and HSPs).
Fermi blazars display higher long-term σm but lower short-term σm relative to non-Fermi blazars,
while DC distributions between the two groups are similar. ESF analysis further confirms the greater
variability of FSRQs, LSPs, and Fermi blazars across a wide range of time scales compared to BL Lacs,
ISPs/HSPs, and non-Fermi blazars. These findings highlight a close correlation between MIR vari-
ability and blazar properties, providing valuable insights into the underlying physical mechanisms
responsible for their emission.

Keywords: relativistic jets; BL Lac objects; flat-spectrum radio quasars; mid-infrared variability;
gamma rays; WISE survey

1. Introduction

Active galactic nuclei (AGNs), residing at the centers of most galaxies, are known
to be powered by the accretion of matter onto their central supermassive black holes
(SMBHs; 106–109 M⊙) [1]. Approximately 10 percent of AGNs are classified as radio-
loud, exhibiting powerful relativistic jets that often extend beyond the host galaxy [2,3].
A special subclass of radio-loud AGNs, blazars, are distinguished by their relativistic
plasma jets oriented at small angles to our line of sight. This orientation significantly
enhances their observed brightness through relativistic effects [3,4]. Blazars are charac-
terized by rapid and dramatic flux variability across the electromagnetic spectrum, high
polarization in the radio, optical, and X-ray bands, core-dominated radio structure, high
luminosity, and strong γ-ray emission (e.g., [5–11]). Blazars can be further divided into
BL Lacertae objects (BL Lacs) and Flat-Spectrum Radio Quasars (FSRQs) based on their
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spectral properties. FSRQs show prominent emission lines in the optical band, while
the spectra of BL Lacs are featureless or display weak lines only [12,13]. FSRQs are typ-
ically more luminous than BL Lacs [14–16]. The spectral energy distributions (SEDs) of
blazars are characterized by two broad humps [17,18]. The low-energy hump is thought
to be due to synchrotron emission from the relativistic electrons moving in a magnetic
field inside the jet. The origin of the high-energy hump remains a topic of debate, with
various leptonic and hadronic process models proposed [19]. Additionally, blazars can
be classified based on the frequency of the synchrotron peak (νs

peak) as low-synchrotron

peaked sources (LSPs; νs
peak ≤ 1014 Hz), intermediate-synchrotron peaked sources (ISPs;

1014 Hz < νs
peak < 1015 Hz), or high-synchrotron peaked sources (HSPs; νs

peak ≥ 1015 Hz) [20].
Blazars constitute the most numerous discrete extragalactic γ-ray sources identified in

the Fermi Large Area Telescope (Fermi-LAT) sky maps [10]. The latest version (DR3) of the
fourth Fermi-LAT AGN catalog (4LAC-DR3; [21]) incorporates 12 years of data, revealing
3407 high-latitude (|b| > 10◦) AGNs emitting high-energy γ-rays. These include 755 FSRQs,
1379 BL Lacs, 1208 blazars of uncertain type (BCUs), and 65 non-blazar AGNs. γ-ray loud
blazars detected by Fermi-LAT are hereafter referred to as Fermi blazars. However, up
to now, there are still thousands of known blazars that have not been detected to have
significant γ-ray radiation during the Fermi-LAT’s twelve years of continuous observations
(e.g., [22–24]). Such γ-ray quiet blazars are hereafter referred to as non-Fermi blazars. Fermi
blazars generally exhibit more extreme physical properties on average. These include
higher jet power [25], larger radio Doppler factor [22,26], larger apparent opening angle
and smaller viewing angle [27], faster apparent speeds [28,29], higher core flux density and
brightness temperature [30], higher radio/optical polarization [7], and greater radio/optical
variability [31,32].

Variability measurements serve as a powerful tool for unraveling the nature of AGNs
and the dominant emission processes within them [33]. Blazars, as a population, are highly
variable sources, but the underlying mechanisms remain a topic of debate. Variability in
blazars has been detected in a wide range of time scales: intraday variability (IDV) with
variations on time scales from minutes to hours or less than 1 day, short-term variability
(STV) with variation on the order of days to months, and long-term variability (LTV) in time
scales of months to several years or decades (e.g., [18,34–38]). Traditionally, blazar variability
studies have focused on the radio, optical, X-ray, and γ-ray bands. In contrast, infrared
variability has received less attention due to limited data and a smaller number of monitored
sources (e.g., [36,39–41]), resulting in a gap in our understanding of this aspect. The advent of
NASA’s Wide-field Infrared Survey Explorer (WISE) presents a unique opportunity to study
the variability properties of blazars from a statistical perspective [42–44].

Building upon previous studies [45,46], this work revisits the mid-infrared (MIR)
variability properties of blazars. Using the WISE archival data from October 2013 to
December 2017, we investigated the long-term MIR variability of a sample of 2573 blazars
and compared variability amplitudes between FSRQs and BL Lacs, as well as Fermi and
non-Fermi blazars [45]. Ref. [46] focused on a sample of 1035 Fermi blazars, systematically
studying their MIR variability on both intraday and long time scales, with comparisons
primarily between FSRQs and BL Lacs, as well as between LSPs, ISPs, and HSPs. This work
addresses limitations present in both [45] and [46]. Our study utilizes a significantly larger
blazar sample (3816 objects) compared to the previous works [45,46]. Additionally, we
employ NEOWISE-R photometric data extending to December 2022, which surpasses the
timespan used in [45,46]. Furthermore, the inclusion of AllWISE Multi-epoch Photometry
data allows for extended light curves of selected sources. We comprehensively compare
variability characteristics across various blazar subclasses: FSRQs vs. BL Lacs, Fermi
vs. non-Fermi blazars, and LSPs vs. ISPs vs. HSPs. Our analysis encompasses both
short- and long-term MIR variability. The ensemble structure function (ESF) method is
employed to compare MIR variability amplitudes across different blazar populations on
broad time scales.
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The paper is organized as follows. Section 2 describes the sample and data used in the
analysis. Section 3 presents the methods employed for characterizing temporal variability
and the corresponding results. Finally, Section 4 provides a concise summary and discussion
of the findings. It is important to note that all magnitudes reported throughout the paper
are in the Vega system and uncorrected for Galactic extinction.

2. Sample and Data

The Wide-field Infrared Survey Explorer (WISE), a NASA Explorer mission, aimed to
create the most comprehensive MIR sky survey ever undertaken. Launched in December
2009, WISE surveyed the entire sky in four MIR bands centered at 3.4 µm (W1), 4.6 µm
(W2), 12 µm (W3), and 22 µm (W4) until its coolant depletion in September 2010 [42].
From October 2010 to February 2011, it continued observations in the W1 and W2 bands
as part of the NEOWISE post-cryogenic mission before entering hibernation [43]. WISE
photometric data obtained from 2010 to 2011 are publicly available in the AllWISE Multi-
epoch Photometry data release1. WISE was reactivated on 3 October 2013 and began
sky scans solely in the W1 and W2 bands. This post-hibernation phase is known as
the NEOWISE-R survey [44]2. NEOWISE-R survey has scanned the sky nearly eighteen
times in its first nine years, with six-month intervals between survey passes. During each
observing epoch, 10–20 exposures are typically acquired over 1–2 days. Combining data
from AllWISE and NEOWISE-R allows us to investigate both short-term and long-term
MIR variability in AGNs.

Roma-BZCAT is the most comprehensive list of blazars compiled from multi-frequency
surveys and literature reviews [47]. Its latest (fifth) edition incorporates data on 3561 blaz-
ars [10]. We cross-matched these blazars with those listed in the third and fourth catalogs
of AGNs detected by Fermi-LAT [48,49]. This process yielded a combined sample of
4724 distinct blazars. To focus on high-latitude sources, we excluded objects located
below an absolute galactic latitude (|b|) of 10 degrees. This resulted in a working sample
of 4479 blazars. Sources identified in two Fermi-LAT catalogs (3LAC and 4LAC) were
classified as Fermi blazars, while those exclusively listed in the Roma-BZCAT fifth edition
(not present in Fermi-LAT catalogs) were designated as non-Fermi blazars.

We utilized the NASA/IPAC Infrared Science Archive (IRSA)3 to retrieve all photometric
measurements at the W1 (3.4 µm) band for sources within a 5-arcsecond radius of the target
coordinates. These data encompass all single-exposure detections from the WISE mission,
including both the AllWISE and NEOWISE-R surveys, up to December 2022. Following
established criteria from previous studies [46,50], we subsequently screened the retrieved
AllWISE and NEOWISE-R data to exclude potentially unreliable photometric measurements4:

(1) Only detections (i.e., objects identified in the images) from framesets with
qual_ f ram > 0 were retained. Framesets with qual_ f rame = 0 often indicate issues
such as spurious detections of noise, transient events, or scattered light. By filtering out
these framesets, we can ensure that the retained data are more likely to be reliable and
representative of the targets being studied.

(2) qi_ f act is the frame image quality score with a value of 1.0, 0.5, or 0.0, with 1.0
representing the best numerical image quality assigned to the single-exposure frameset
and 0.0 the lowest. We selected database entries with qi_ f act = 1.0, ensuring the best
image quality.

(3) saa_sep is the angular separation between the apparent position of WISE and the
boundary of the South Atlantic Anomaly (SAA). Positive saa_sep values indicate that WISE
was outside of the SAA boundary, while negative saa_sep values indicate that WISE was
within the SAA boundary. Framesets taken within the SAA exhibit elevated levels of
charged particle hits that can induce spurious detections and contaminate measurements
of real sources. We selected database entries with saa_sep > 0 to avoid framesets taken
when the WISE spacecraft was within the boundaries of the SAA.
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(4) The moon masking flag, moon_masked, indicates whether the frameset was taken
within an area around the moon known to result in significant scattered light. We selected
database entries where moon_masked = 0 to avoid detections that were made on frames
potentially contaminated by scattered moonlight.

(5) The contamination and confusion flag, cc_ f lags, signifies whether the photometry
and/or position measurements of a source were contaminated or biased due to proximity
to an image artifact. Non-zero cc_ f lags values indicate that the single-exposure source
database entry may be a spurious detection or that its measurements may be contaminated
if it represents a real source. We selected detections that are not flagged as spurious
detections or as real sources contaminated by image artifacts, i.e., those with cc_ f lags = 0.

(6) nb represents the number of point spread function (PSF) components simultane-
ously employed in the profile-fitting process for a source. This count includes the source
itself, making the minimum value nb 1. When the source is fitted concurrently with other
nearby detections (passive deblending), or when a single source is split into two compo-
nents during the fitting procedure (active deblending), nb is greater than 1. To ensure
accurate modeling, we retained only those detections that could be adequately represented
using one or two PSF components, corresponding to nb ≤ 2.

(7) The reduced chi-squared statistic, w1rchi2, quantifies the goodness-of-fit between
the observed data at the W1 band (3.4 µm) and the point spread function (PSF) model. By
establishing a threshold of w1rchi2 < 5, we exclude sources exhibiting a poor fit, thereby
enhancing the overall quality and reliability of the retrieved photometric data.

(8) We only used measured magnitudes, that is, magnitudes for which an uncertainty
is given, but no upper limits.

Finally, to facilitate the analysis of short- and long-term variability, we required a
minimum of five photometric measurements per observing epoch and at least five epochs
of data remaining for each source after filtering.

Our final sample comprises 3816 blazars, categorized as 1740 FSRQs, 1281 BL Lacs,
and 795 BCUs. Figure 1 depicts the sky distribution of these blazars in Galactic coordinates.
The positions of FSRQs, BL Lacs, and BCUs are marked with large red circles, medium
blue crosses, and small cyan triangles, respectively. Redshift information is available for
2567 blazars (∼67%), detailed in Table 1 and Figure 2. Regarding Fermi-LAT detection, the
sample includes 2331 Fermi blazars and 1485 non-Fermi blazars.

Figure 1. Sky distribution of selected blazars in Hammer-Aitoff projection with Galactic coordinates.



Universe 2024, 10, 360 5 of 19

Table 1. Distribution of the number of blazar subclasses and their corresponding redshift (z)
distributions.

Type Number Number-z * z Range Median z

FSRQ 1740 1740 0.07∼6.802 1.2735
BL Lac 1281 622 0.000927∼3.528223 0.3225
BCU 795 205 0.000927∼4.413 0.66

Fermi blazar 2331 1215 0.000927∼4.313 0.746
non-Fermi blazar 1485 1352 0.07∼6.802 1.114

LSP 2264 1823 0.000927∼5.47 1.196
ISP 512 271 0.000927∼6.802 0.56
HSP 655 399 0.047∼3.475 0.335

* Number of sources with available redshift data.
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Figure 2. Redshift distributions of FSRQs, BL Lacs, and BCUs in the sample. The black dashed lines
indicate the median redshifts of the three subsamples.

To classify these blazars, we used three spectral energy distribution (SED) peak fre-
quency (νs

peak) categories: LSP (νs
peak ≤ 1014 Hz), ISP (1014 Hz < νs

peak < 1015 Hz), and

HSP (νs
peak ≥ 1015 Hz) blazars. The peak frequencies were determined using data from

Refs. [48,49,51] and the Open Universe for Blazars—Reference List V2.0 [52]5. Fermi blazars
listed in the third catalog of AGNs detected by Fermi-LAT (3LAC) were initially classified
based on their published νs

peak values ([48]; Table 4, Column 9). The remaining Fermi blazars
were classified using νs

peak values from the fourth catalog of AGNs detected by Fermi-LAT
(4LAC) ([49]; Table 3, nu_syn column). For Fermi blazars lacking νs

peak information in either
catalog, and for all non-Fermi blazars, we first searched for potential νs

peak data in the Open
Universe for Blazars—Reference List V2.0. Finally, for sources without νs

peak data in these
references, we searched for potential νs

peak data in Ref. [51]. This process resulted in the
classification of 2264 LSPs, 512 ISPs, and 655 HSPs.

We generated 69,503 short-term light curves for all sources, averaging approximately
18 light curves per source. A representative long-term light curve for a BL Lac (5BZB
J1135+3200 at z = 0.511) is presented in Figure 3, along with one of its short-term light
curves. Among the final sample of 3816 blazars, 3806 sources had 3.4 µm photometric data
available from both the AllWISE and NEOWISE-R surveys, spanning a 13-year period from
MJD 55203 to MJD 59926. The remaining 10 sources had 3.4 µm photometric data solely
from the NEOWISE-R survey, covering a 9-year period from MJD 56655 to MJD 59926.
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Figure 3. Light curves of the BL Lac 5BZB J1135+3200 (z = 0.511) in the W1 band: (Left) long-term
light curve; (Right) representative short-term light curve.

3. Methods and Results

3.1. Short-Term Variability Amplitude

A crucial aspect of blazar research involves investigating the amplitude of variability
observed in their light curves. One of the most widely used metrics for this purpose is the
intrinsic amplitude of variability (σm) [53,54]. This parameter is derived by estimating the
variance of the observed light curve after accounting for measurement errors. As described
in Ref. [53], σm is calculated as follows:

σm =

{
√

Σ2 − ϵ2 if Σ > ϵ,
0 otherwise,

(1)

where Σ is the standard deviation of the light curve defined as

Σ =

√

√

√

√

1
N − 1

N

∑
i=1

(mi − m)2, (2)

where N is the number of observations, mi is the ith magnitude, and m is the weighted mean
magnitude. The measurement uncertainty (ϵ2) incorporates both individual measurement
errors and systematic uncertainty:

ϵ2 =
1
N

N

∑
i=1

ϵ2
i + ϵ2

s , (3)

where ϵi represents the uncertainty associated with the ith magnitude and ϵs is the systematic
uncertainty for the specific band. In the W1 band, the systematic uncertainty is 0.024 mag [55].

We computed the short-term variability amplitude (σm) for each of the 69,503 short-
term light curves using Equation (1). For each individual source, we selected the maximum
σm value for further analysis. Ref. [46] calculated median σm values for different blazar
subclasses by aggregating all short-term light curves within each subclass. Their approach
provides a measure of the typical short-term variability for a given subclass. In contrast,
our method focuses on identifying the maximum σm value for each individual source across
multiple short-term light curves, followed by a comparative analysis of these maximum
values across blazar subclasses.

The rms–flux correlation, a statistical relationship between the root-mean-square
amplitude of variability and the average flux, has been observed in some blazars [56–59],
suggesting that the source is more variable when it is brighter. Consistent with this
correlation, maximum σm values are likely indicative of high-state activity. During these
periods, increased jet turbulence or accretion disk fluctuations may contribute to higher
brightness and greater variability. Conversely, quiescent or low states are characterized
by reduced emission and variability due to a relatively stable jet and accretion disk. By
analyzing maximum σm values, we aim to explore the upper limits of variability and
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complement the average variability analysis presented in [46]. A comparative analysis
of both average and maximum σm distributions among various blazar subclasses offers
a more nuanced understanding of the variability characteristics of blazars. For instance,
one population of blazars might exhibit a similar distribution of average σm but a different
distribution of maximum σm compared to another population of blazars.

The complete set of short-term σm values for all sources is provided in Table 2. Notably,
only 23 blazars (∼0.6%) out of the 3816 have a short-term σm of zero, indicating a high
prevalence of short-term MIR variability in this blazar population. The entire sample
exhibits a range of short-term σm values from 0 mag to 1.636 mag, with a median of
0.149 mag. The distribution of short-term σm for the entire sample is presented in the left
panel of Figure 4.

Table 2. Classfication and MIR variability analysis results of our blazar sample ‡.

No. Name
RA

(deg)
Dec (deg) z Type1 Type2 † Type3 σm(long) (mag) σm(short) (mag)

Duty
Cycle
(%)

1 5BZQJ0000−3221 0.0850 −32.3503 1.275 FSRQ N LSP 0.030 0.242 78.56
2 5BZQJ0001−1551 0.2721 −15.8519 2.044 FSRQ N LSP 0.024 0.267 100.00
3 5BZBJ0001−0746 0.3250 −7.7741 BL Lac Y ISP 0.593 0.036
4 5BZBJ0001−0011 0.3395 −0.1944 0.462 BL Lac Y LSP 0.137 0.148 83.40
5 5BZBJ0002−0024 0.7382 −0.4131 0.523 BL Lac N LSP 0.143 0.103 70.65
6 5BZQJ0003+2129 0.8306 21.4957 0.45 FSRQ N LSP 0.091 0.043 27.98
7 5BZBJ0004−1148 1.0203 −11.8161 BL Lac Y LSP 0.265 0.071
8 5BZQJ0004+4615 1.0674 46.2551 1.81 FSRQ Y LSP 0.780 0.397 92.55
9 5BZQJ0004−4736 1.1485 −47.6054 0.884 FSRQ Y LSP 0.390 0.219 81.17
10 5BZQJ0004+2019 1.1490 20.3285 0.677 FSRQ N LSP 0.657 0.280 79.04
11 5BZQJ0005−1648 1.3247 −16.8013 0.78 FSRQ N LSP 0.127 0.081 49.03
12 5BZQJ0005+0524 1.3342 5.4030 1.9 FSRQ N ISP 0.000 0.142 43.30
13 5BZQJ0005+3820 1.4883 38.3376 0.229 FSRQ Y LSP 0.134 0.037 29.48
14 5BZBJ0006−0623 1.5579 −6.3931 0.347 BL Lac Y LSP 0.894 0.058 31.05
15 5BZQJ0006−4245 1.5822 −42.7552 1.77 FSRQ N LSP 0.000 0.312 92.19
16 5BZQJ0006+2422 1.7033 24.3768 1.684 FSRQ N ISP 0.106 0.542 93.39
17 5BZQJ0007−6113 1.8358 −61.2184 0.857 FSRQ N LSP 0.179 0.418 90.71
18 5BZBJ0007+4712 1.9999 47.2021 0.28 BL Lac Y HSP 0.240 0.085 42.62
19 5BZQJ0008−2339 2.0015 −23.6550 1.412 FSRQ N LSP 0.000 0.097 54.51
20 5BZBJ0008−2339 2.1474 −23.6577 0.147 BL Y HSP 0.055 0.083 53.17

† In this column, “Y” and “N” denote Fermi and non-Fermi blazars, respectively. ‡ The complete table is available

online at the National Astronomical Data Center (NADC) of China: https://paperdata.china-vo.org/MLS/2024

/Universe/Table2.csv, accessed on 24 July 2024.
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Figure 4. Distributions of (Left) short-term variability amplitude quantified by σm, (Middle) duty
cycle, and (Right) long-term variability amplitude quantified by σm for the entire sample. The pink
dashed lines mark the median values of the data set.
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We investigated the short-term σm distributions for different blazar subclasses (FSRQs
vs. BL Lacs, Fermi vs. non-Fermi blazars, and LSPs vs. ISPs vs. HSPs). Figure 5 illustrates
the normalized histograms, cumulative distribution functions (CDFs), and quantile–quantile
(Q–Q) plots for each subclass. To indicate the 95% confidence interval in the CDF plots, we
used the 2.5th and 97.5th percentiles of 1000 bootstrapped CDFs derived from the original
data. In the Q–Q plots, a 45-degree line is included to visually compare the distributions of
the two samples. The same visualization approach is used in Figures 6 and 7.

To determine if the short-term σm distributions of FSRQs and BL Lacs differ signifi-
cantly, we conducted a k-sample Anderson–Darling test using the stats.anderson_ksamp
function within the SciPy scientific computing library [60,61]. The null hypothesis was that
both distributions originate from the same source population. The k-sample Anderson–
Darling test for FSRQs vs. BL Lacs resulted in a p-value < 0.0016. The median short-
term σm values were 0.181+0.153

−0.106 mag for FSRQs and 0.104+0.101
−0.054 mag for BL Lacs, respec-

tively. A k-sample Kruskal–Wallis test, using the stats.kruskal function within the SciPy
library, was employed to examine statistical differences between the medians of these
groups [61,62]. The k-sample Kruskal–Wallis test yielded an H-statistic of 321.78 with a
p-value of 5.93 × 10−72. Based on the H-statistic, we calculated the effect size η2 using
the formula η2 = (H − k + 1)/(N − k), where k is the number of groups and N is the total
sample size. General guidelines for interpreting effect sizes in this context are as follows:
η2

< 0.01 indicates a negligible effect, 0.01 ≤ η2
< 0.06 a small effect, 0.06 ≤ η2

< 0.14
a medium effect, and η2 ≥ 0.14 a large effect. The obtained η2 was approximately 0.11,
indicating a medium effect. The right-skewed distributions of short-term σm, as illustrated
in Figure 5, necessitate an examination of the 75th and 95th percentiles to comprehend
their shape and dispersion. For FSRQs, the 75th and 95th percentiles were 0.287 mag and
0.431 mag, respectively. For BL Lacs, these percentiles were 0.166 mag and 0.303 mag. These
results collectively indicate statistically distinct short-term σm distributions between FSRQs
and BL Lacs. Specifically, FSRQs exhibited significantly larger variability amplitudes on
short time scales.

Figure 5 (middle panels, top to bottom) demonstrates a significant difference in the
distributions of short-term σm between Fermi and non-Fermi blazars. A k-sample Anderson–
Darling test resulted in a p-value less than 0.001, indicating statistically distinct distributions.
The median short-term σm values were 0.135+0.154

−0.076 mag for Fermi blazars and 0.173+0.158
−0.097

mag for non-Fermi blazars, respectively. A k-sample Kruskal–Wallis test yielded an
H-statistic of 78.83 with a p-value of 6.76 × 10−19. The calculated effect size η2 was approx-
imately 0.02, indicating a small effect. The 75th and 95th percentiles of the short-term σm

distribution for Fermi blazars were 0.226 mag and 0.390 mag, respectively. For non-Fermi
blazars, these percentiles were 0.280 mag and 0.420 mag. These results indicate statistically
distinct short-term σm distributions between Fermi and non-Fermi blazars, with non-Fermi
blazars exhibiting larger variability amplitudes on short time scales.

We further examined the short-term σm distributions for LSPs, ISPs, and HSPs. The
bottom panels of Figure 5 suggest that the short-term σm distribution of LSPs differs from
those of ISPs and HSPs, while ISPs and HSPs appear to have similar distributions. A
k-sample Anderson–Darling test resulted in a p-value less than 0.001, indicating statistically
distinct distributions. The median short-term σm values were 0.177+0.156

−0.100 mag, 0.096+0.109
−0.050

mag, 0.106+0.100
−0.058 for LSPs, ISPs, and HSPs, respectively. A k-sample Kruskal–Wallis test

yielded an H-statistic of 353.32 with a p-value of 1.89 × 10−77. The calculated effect size
η2 was approximately 0.10, indicating a medium effect. We also calculated η2 for pair-
wise Kruskal–Wallis tests. The results revealed a medium effect between LSPs and ISPs
(η2 = 0.08), a medium effect between LSPs and HSPs (η2 = 0.07), and a negligible effect
between ISPs and HSPs (η2

< 0.01). To identify specific groups that differed significantly in
their short-term σm distributions, we conducted Dunn’s test as a post-hoc analysis following
the Kruskal–Wallis test. Dunn’s test determines whether the differences between the medi-
ans of various groups are statistically significant, adjusting for multiple comparisons [63].
We employed the “Bonferroni” method to adjust the p-values, using the scikit-posthocs
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Python package for efficient implementation of Dunn’s test7. The obtained adjusted p-
values were 4.27 × 10−49 for the comparison between LSPs and ISPs, 2.99 × 10−46 for
the comparison between LSPs and HSPs, and 0.41 for the comparison between ISPs and
HSPs. In addition to comparing medians, we examined the 75th and 95th percentiles of
the short-term σm distributions among LSPs, ISPs, and HSPs. For LSPs, the 75th and 95th
percentiles were 0.284 mag and 0.427 mag, respectively. For ISPs, these percentiles were
0.157 mag and 0.298 mag. For HSPs, they were 0.170 mag and 0.300 mag. These results
collectively suggest that LSPs exhibited significantly larger short-term σm compared to ISPs
and HSPs, while ISPs and HSPs had comparable short-term σm values.
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Figure 5. Distributions of short-term σm for different subclasses of blazars. (Left) panels show
normalized histograms. (Middle) panels display CDFs with 95% confidence intervals. (Right) panels
present Q–Q plots, with red lines representing 45-degree lines.

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

  FSRQ
  BL Lac

 

 

N
or

m
al

iz
ed

 F
re

qu
en

cy

Duty Cycle

Figure 6. Cont.



Universe 2024, 10, 360 10 of 19

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

  Fermi
  non-Fermi

 

 

N
or

m
al

iz
ed

 F
re

qu
en

cy

Duty Cycle

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.00

0.05

0.10

0.15

0.20

0.25

0.30

  LSP
  ISP
  HSP

 

 

N
or

m
al

iz
ed

 F
re

qu
en

cy

Duty Cycle

Figure 6. Distributions of duty cycle (DC) for different subclasses of blazars. Left panels show
normalized histograms. Middle panels display CDFs with 95% confidence intervals. Right panels
present Q–Q plots, with red lines representing 45-degree lines.
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Figure 7. Distributions of long-term σm for different subclasses of blazars. (Left) panels show
normalized histograms. (Middle) panels display CDFs with 95% confidence intervals. (Right) panels
present Q–Q plots, with red lines representing 45-degree lines.

3.2. Duty Cycle

For each blazar in the sample, we obtained multiple short-term light curves, averaging
approximately 18 per blazar. These light curves typically spanned ∼1–2 days. We used
these data to estimate the duty cycle (DC) of short-term variability, defined as the fraction
of time a source exhibits an active phase (flux exceeding a given threshold) or variability
relative to the total observation period. This metric accounts for the fact that blazars may
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not display flux variations during all observational epochs. Following [64], the DC is
calculated as

DC =
∑

M
j=1 Aj × (1/∆Tj)

∑
M
j=1(1/∆Tj)

× 100%, (4)

where ∆Tj is the redshift-corrected time interval of the jth light curve (∆Tj = ∆Tj,obs(1 +

z)−1), M is the number of short-term light curves for a given source, and Aj is assigned
a value of 1 for variable sources and 0 otherwise. Variability was determined using the
criterion σm > 0 as outlined in Ref. [46]. We calculated the DC for 2567 blazars with known
redshifts, as tabulated in Table 2. The overall DC distribution is shown in the middle panel
of Figure 4. Only 19 blazars (∼0.5%) exhibited a DC of 0. The median DC for the sample
was approximately 69.21%. These findings collectively indicate that blazars, as a population
of AGNs, display frequent short-term variability.

To compare the distributions of DC among various blazar subclasses, we analyzed
the 2567 sources with computed DC values. A k-sample Anderson–Darling test between
FSRQs and BL Lacs resulted in a p-value less than 0.001, indicating statistically distinct
distributions (see Figure 6, upper panels). FSRQs and BL Lacs exhibited median DC values
of 71.03+14.17

−22.48% and 64.02+16.97
−22.86%, respectively. A k-sample Kruskal–Wallis test yielded an

H-statistic of 51.63 with a p-value of 6.69 × 10−13. The calculated effect size η2 was approx-
imately 0.02, suggesting a small effect. As illustrated in Figure 6, the distributions of DC
values exhibit a pronounced left-skewness. To gain a more nuanced understanding of their
shapes and dispersions, it is essential to analyze the 5th and 25th percentiles. For FSRQs,
the 5th and 25th percentiles of the DC distributions were 23.97% and 57.70%, respectively.
For BL Lacs, these percentiles were 24.60% and 48.00%. These results demonstrate that
FSRQs exhibited larger DC values compared to BL Lacs.

Figure 6 (middle panels, top to bottom) indicates that the DC distributions of Fermi
and non-Fermi blazars are not significantly different. This finding was supported by a k-
sample Anderson–Darling test, which yielded a p-value of 0.16. The median DC values for
Fermi and non-Fermi blazars were 68.96+15.66

−25.52% and 69.40+14.42
−22.17%, respectively. A k-sample

Kruskal–Wallis test resulted in an H-statistic of 0.63 with a p-value of 6.69 × 10−13. The
calculated effect size η2 was less than 0.01, suggesting a negligible effect. For Fermi blazars,
the 5th and 25th percentiles of the DC distributions were 23.26% and 53.53%, respectively.
For non-Fermi blazars, these percentiles were 23.88% and 55.80%. These findings suggest
that there were no statistically significant disparities in the distributions of DC values
between Fermi and non-Fermi blazars, and that their DC values were comparable.

The bottom panels of Figure 6 illustrate the DC distributions for LSPs, ISPs, and HSPs.
A k-sample Anderson–Darling test revealed a p-value less than 0.001, indicating statistically
distinct distributions among these subclasses. The median DC values are 71.24+14.25

−21.36%,
63.03+16.93

−33.19%, and 64.63+15.88
−24.26% for LSPs, ISPs, and HSPs, respectively. A k-sample Kruskal–

Wallis test yielded an H-statistic of 74.65 with a p-value of 6.16 × 10−17. The calculated
effect size η2 was approximately 0.03, suggesting a small effect. We also calculated η2 for
pairwise Kruskal–Wallis tests. The results revealed a small effect between LSPs and ISPs
(η2 = 0.02), a small effect between LSPs and HSPs (η2 = 0.02), and a negligible effect between
ISPs and HSPs (η2

< 0.01). Moreover, we conducted Dunn’s test as a post-hoc analysis
following the Kruskal–Wallis test. The obtained adjusted p-values were 1.83 × 10−10 for
the comparison between LSPs and ISPs, 1.45 × 10−10 for the comparison between LSPs
and HSPs, and ≃1.0 for the comparison between ISPs and HSPs. In addition to comparing
medians, we examined the 5th and 25th percentiles of the DC distributions among LSPs,
ISPs, and HSPs. For LSPs, the 5th and 25th percentiles were 27.21% and 57.83%, respectively.
For ISPs, these percentiles were 12.00% and 40.70%. For HSPs, they were 24.80% and 48.00%.
These results jointly indicate that LSPs exhibited higher DC values compared to both ISPs
and HSPs.
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3.3. Long-Term Variability Amplitude

To investigate the long-term variability amplitude of selected blazars, we initially
computed the mean MJD, W1 magnitude, and associated uncertainty for each observational
epoch (typically spanning ∼1–2 days). This process generated a representative long-term
light curve for each blazar. The weighted average W1 magnitude, mwtd, is computed as

mwtd =

N

∑
i=1

ωimi

N

∑
i=1

ωi

, (5)

where N is the number of photometric data points, mi represents the ith magnitude,
ωi = 1/σ2

i is the weight, and σi denotes the uncertainty of mi. The standard error of the
weighted average, as described in Ref. [65], is given by

σmwtd =

√

√

√

√

√

√

√

√

1
N − 1











N

∑
i=1

ωim
2
i

N

∑
i=1

ωi

− (mwtd)2











. (6)

We subsequently applied Equation (1) to determine the long-term σm for all blazars.
The resulting values are presented in Table 2, and the overall distribution of long-term σm

is depicted in the right panel of Figure 4. The median long-term σm for the sample was
found to be 0.175 mag.

When comparing the long-term σm distributions between FSRQs and BL Lacs, a
k-sample Anderson–Darling test resulted in a p-value less than 0.001, indicating statistically
distinct distributions (see Figure 7, upper panels). FSRQs and BL Lacs exhibited median
long-term σm of 0.137+0.408

−0.105 and 0.171+0.206
−0.132, respectively. A k-sample Kruskal–Wallis test

yielded an H-statistic of 0.06 with a p-value of 0.81. The calculated effect size η2 was
less than 0.01, suggesting a negligible effect. These results demonstrate that FSRQs and
BL Lacs have different distributions of long-term σm, but their median values are similar.
While their central tendencies are comparable, their overall shapes and spread vary. The
normalized histograms reveal that FSRQs have a heavier tail. The CDFs plot shows a
crossover between the two subclasses. The Q–Q plot further illustrates this difference:
within the range of σm < 0.25 mag, the percentile points align with the 45-degree line,
indicating similar distributions. However, within the range of σm > 0.25 mag, all points
from FSRQs lie below the 45-degree line, suggesting that FSRQs tend to extend to larger σm

values than BL Lacs. To quantify this difference, we computed the 75th and 95th percentiles
of the long-term σm distributions for FSRQs and BL Lacs. The results were 0.383 mag and
0.306 mag for the 75th percentile, and 0.868 mag and 0.553 mag for the 95th percentile,
respectively. If we adopt a more stringent criterion of 0.5 mag for long-term σm, 87 out of
1381 BL Lacs (∼6.8%) have a long-term σm value greater than 0.5 mag, while 305 out of
1740 FSRQs (∼17.5%) show a long-term σm larger than 0.5 mag. These findings collectively
indicate that FSRQs tend to exhibit larger long-term σm values compared to BL Lacs.

Figure 7 (middle panels, top to bottom) presents a comparison of the long-term σm

distributions for Fermi and non-Fermi blazars. A k-sample Anderson–Darling test revealed
statistically significant differences between the two groups, with a p-value less than 0.001.
Fermi blazars demonstrated a median long-term σm of 0.282+0.332

−0.184, significantly higher
than that of non-Fermi blazars, which had a median of 0.071+0.143

−0.062. A k-sample Kruskal–
Wallis test confirmed this disparity, yielding an H-statistic of 1083.58 with a p-value of
1.22 × 10−237. The calculated effect size η2 was 0.28, suggesting a large effect. The 75th
and 95th percentiles of the long-term σm distribution for Fermi blazars were 0.476 mag
and 0.958 mag, respectively. For non-Fermi blazars, these percentiles were 0.147 mag and
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0.378 mag. These findings indicate that Fermi blazars exhibited significantly larger long-
term σm values compared to non-Fermi blazars.

Figure 7 (bottom panels) presents a comparison of the long-term σm distributions
for LSPs, ISPs, and HSPs. A k-sample Anderson–Darling test yielded a p-value less than
0.001, indicating statistically distinct distributions among these subclasses. The median
long-term σm values were 0.218+0.386

−0.174, 0.173+0.208
−0.132, and 0.101+0.161

−0.077 for LSPs, ISPs, and HSPs,
respectively. A k-sample Kruskal–Wallis test yielded an H-statistic of 180.45 with a p-value
of 6.53 × 10−40. The calculated effect size η2 of approximately 0.05 indicates a small effect.
We also calculated η2 for pairwise Kruskal–Wallis tests. The results revealed a negligible
effect between LSPs and ISPs (η2

< 0.01), a medium effect between LSPs and HSPs (η2

= 0.06), and a medium effect between ISPs and HSPs (η2 = 0.05). A post-hoc Dunn’s test
revealed significant differences between LSPs and ISPs (adjusted p-value = 9.54 × 10−5),
LSPs and HSPs (adjusted p-value = 3.45 × 10−40), and ISPs and HSPs (adjusted p-value =
1.31× 10−10). In addition to comparing medians, we examined the 75th and 95th percentiles
of the long-term σm distributions among LSPs, ISPs, and HSPs. For LSPs, the 75th and 95th
percentiles were 0.447 mag and 0.927 mag, respectively. For ISPs, these percentiles were
0.321 mag and 0.573 mag. For HSPs, they were 0.209 mag and 0.374 mag. These findings
suggest that LSPs exhibited larger long-term σm values compared to both ISPs and HSPs.

To complement our analysis of long-term variability using σm, we employed the
structure function (SF) to investigate variability behavior across different time scales. As
a powerful, model-independent tool for empirically quantifying AGN variability, the SF
measures the root-mean-square variability of sources. Given the sparse sampling of WISE
data, we calculated the ensemble structure function (ESF) to characterize the average
variability of different blazar subclasses [66]. Following Refs. [46,67], the ESF is defined as

SF =

√

π

2
⟨|∆m|⟩2 − ⟨σ2

e ⟩, (7)

where ∆m is the magnitude difference between two observations separated by a rest-frame
time lag ∆τ (∆τ = ∆τob/(1 + z), ∆τob is a time lag in the observer frame), and σ2

e is the
sum of the squared uncertainties for these two magnitudes. To compute the SF(∆τ) for
each blazar group, we binned the data using a 200-day (rest frame) step size for ∆τ and
calculated the average SF(∆τ) for each interval. Errors on SF(∆τ) were determined through
error propagation as described in Refs. [46,67]. Figure 8 illustrates the SF(∆τ) for different
blazar subclasses. Figure 8 presents the structure function (SF) as a function of time lag (∆τ)
for various blazar subclasses. A visual inspection of these plots reveals several key trends:

(i) All ESF curves exhibit a consistent profile characterized by an initial rise at shorter
time lags followed by a plateau or gradual decline at longer time scales, a trend also
observed in the studies of long-term quasar variability in the optical band (e.g., [67–69]).
This suggests a common variability mechanism across blazar subclasses. Within the ap-
proximate ∆τ range of 120 to 2000 days, a power-law increase (i.e., SF ∝ ∆τβ, where β is
the power-law index) is evident for all blazar subclasses. The best-fit β values for these
subclasses range from 0.09 to 0.19, which are lower than the predicted value of 0.5 for
the damped random walk (DRW) model, a stochastic model often used to describe the
quasar variability [70]. This suggests that additional factors, such as relativistic beaming
and intrinsic blazar properties, contribute to the observed β values. A comparison of the
best-fit β values reveals that FSRQs exhibited a shallower ESF compared to BL Lacs, Fermi
blazars exhibited a shallower ESF compared to BL Lacs, and LSPs exhibited a shallower
ESF compared to ISPs and HSPs.

(ii) Within the approximate ∆τ range of 120 to 3900 days, FSRQs exhibited higher
ESF values than BL Lacs, indicating greater variability. Fermi blazars displayed more
pronounced variability than non-Fermi blazars, as evidenced by their higher ESF values. A
clear decreasing trend in ESF values was observed from LSPs to ISPs, and then to HSPs,
suggesting that LSPs exhibited greater variability than both ISPs and HSPs. These ESF
results are consistent with those obtained from long-term σm analysis.
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Figure 8. Ensemble structure functions (ESFs) for blazar subclasses. ESFs are shown in the rest
frame (log–log scale) for various blazar subclasses. Upper panels: Comparison of ESF between (left)
FSRQs and BL Lacs, and (right) Fermi and non-Fermi blazars. (lower): Comparison of ESF among
LSP, ISP, and HSP blazars. Dashed lines represent power-law fits to the ESFs (SF ∝ ∆τβ) within the
approximate ∆τ range of 120 to 2000 days. Best-fit β values are shown near the lines.

4. Summary and Discussion

In this work we constructed a comprehensive dataset of 69,503 short-term 3.4 µm
(W1 band) light curves for 3816 blazars using WISE data spanning up to December 2022.
Additionally, we derived a representative long-term 3.4 µm light curve for each source
through epoch averaging. A comparative analysis of short- and long-term intrinsic variabil-
ity amplitude (σm), duty cycle (DC), and ensemble structure function (ESF) across blazar
subclasses revealed significant differences in 3.4 µm flux variability. Our findings are
summarized as follows:

• FSRQs exhibited larger σm and DC values compared to BL Lacs.
• LSPs displayed larger σm and DC values relative to ISPs and HSPs.
• Fermi blazars demonstrated higher long-term σm but lower short-term σm relative to

non-Fermi blazars, with similar DC distributions between the two groups.
• ESF analysis further confirmed the greater variability of FSRQs, LSPs, and Fermi

blazars across a wide range of time scales compared to BL Lacs, ISPs/HSPs, and
non-Fermi blazars.

Our study represents the most comprehensive statistical analysis of MIR variability
among blazars to date. The observed significant disparity in MIR variability across blazar
subclasses can be attributed to three primary factors: synchrotron peak frequency, jet power,
and Doppler factor.

Within the standard leptonic emission model, W1 band emission is attributed to
synchrotron radiation produced by a relativistic electron population with a broken power-
law energy distribution [19]. The W1 band covers the declining portion of the synchrotron
spectrum for LSPs, while it falls within the rising spectral region for HSPs and ISPs. Lower-
energy electrons contribute to the rising synchrotron spectrum, whereas higher-energy
particles produce the spectral decline. Given the inverse relationship between cooling time
and electron energy (tcool ∝ γ−1, where γ is the Lorentz factor of the electrons), high-energy
electrons exhibit faster variability. Consequently, LSPs are anticipated to be more variable



Universe 2024, 10, 360 15 of 19

than HSPs and ISPs [71]. As the majority of FSRQs are classified as LSP sources and BL Lac
objects as HSP sources, FSRQs are expected to be more variable compared to BL Lacs. Our
findings are consistent with the leptonic emission scenario for blazar jets.

Disparities in jet power among blazar subclasses can also contribute to variability
differences [46]. For instance, Ref. [72] found larger amplitude optical variability in FSRQs
compared to BL Lacs, suggesting higher jet power in FSRQs as a potential cause for more
substantial flares. Ref. [31] also found LSPs to be significantly more variable in the optical
band than HSPs. The influence of higher jet power in FSRQs/LSPs can also explain the
observed variability differences [73,74].

The relativistic Doppler boosting of the jet towards the observer plays a crucial role
in non-thermal emission from blazars [4]. Consequently, Doppler effects can contribute to
blazar variability. BL Lacs generally exhibit lower Doppler factors than FSRQs, potentially
due to a selection bias favoring the detection of more FSRQs at higher redshifts (e.g., [75,76]).
Additionally, non-Fermi blazars tend to have lower Doppler factors compared to Fermi
blazars (e.g., [22,26]). These Doppler factor differences can also contribute to the observed
variability disparities between blazar subclasses.

Fermi blazars exhibited larger long-term σm compared to non-Fermi blazars, while
displaying lower short-term σm. This suggests distinct variability mechanisms dominating
on short and long time scales. We propose that the higher Doppler factor in Fermi blazars
relative to non-Fermi blazars primarily accounts for their larger long-term σm. An analysis
of our Fermi and non-Fermi blazar samples revealed that non-Fermi blazars predominantly
consist of LSPs (70.3%), while Fermi blazars have a lower LSP fraction (52.3%). This
significant difference in LSP composition between the two groups likely explains the larger
short-term σm observed in non-Fermi blazars relative to Fermi blazars.

This study extends previous studies of MIR variability in blazars [45,46]. Compared to
previous studies with 2573 blazars [45] and 1035 Fermi blazars [46], this study encompasses
a substantially larger sample of 3816 blazars. Furthermore, this study utilizes WISE data
spanning approximately 13 years, significantly extending the temporal coverage of 4 and
7 years in Refs. [45,46]. In this study, an average of eighteen short-term light curves are
collected per source, significantly exceeding the eight light curves per source obtained in
the previous research by Ref. [46]. This increased dataset allows for a more comprehensive
analysis of both short- and long-term variability across various blazar subclasses. Our
findings corroborate previous results, including the higher long-term variability of Fermi
blazars compared to non-Fermi blazars [45], and the greater variability of FSRQs compared
to BL Lacs on both short and long time scales [46]. Additionally, we confirm previous
findings [46] that LSP blazars exhibit higher variability than ISP and HSP blazars. This study
presents, for the first time, a comparative analysis of short-term σm and DC distributions
between Fermi and non-Fermi blazars, addressing a gap in previous investigations. Our
results reveal that Fermi blazars exhibit lower short-term σm values compared to non-
Fermi blazars, contrasting with the trend observed for long-term σm [45]. Our analysis
indicates comparable DC values for Fermi and non-Fermi blazars. Contrary to the findings
of Ref. [46], which identified BL Lacs as having higher DC values than FSRQs, our research
observed the opposite trend. These new findings may provide valuable insights into the
MIR variability properties of blazars.
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Notes

1 https://wise2.ipac.caltech.edu/docs/release/allwise, accessed on 10 December 2023.
2 https://wise2.ipac.caltech.edu/docs/release/neowise, accessed on 10 December 2023.
3 https://irsa.ipac.caltech.edu/, accessed on 21 December 2023.
4 https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec2_4ci.html, accessed on 21 December 2023.
5 https://openuniverse.asi.it/OU4Blazars/MasterListV2/, accessed on 8 July 2023.
6 The p-values from the stats.anderson_ksamp function are floored/capped at 0.001/0.25.
7 https://pypi.org/project/scikit-posthocs/, accessed on 23 August 2024.
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