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Abstract
Some narrow-line Seyfert 1 galaxies have been found to exhibit GeV gamma-
ray emission (gamma-ray loud) and have consequently attracted continued at-
tention. To date, the literature has reported 22 gamma-ray loud narrow-line
Seyfert 1 galaxies, along with 3 additional high-confidence candidates. Utiliz-
ing the Wide-field Infrared Survey Explorer (WISE) data platform, simultane-
ous photometric data in two infrared bands, W1 (3.4 �m) and W2 (4.6 �m),
were obtained for these sources covering the period from January 2010 to De-
cember 2019. The parameter V and the normalized excess variance method
were employed to analyze their long-term variability. The results show that
24 sources display long-term brightness (W1 magnitude) variations, while 17
sources exhibit long-term color (W1-W2) variations. By investigating the cor-
relation between color and magnitude, 7 sources were found to exhibit a redder-
when-brighter (RWB) phenomenon, and 4 sources display a bluer-when-brighter
(BWB) phenomenon. Finally, possible explanations and implications of these
color variations are briefly discussed.
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Abstract

The detection of GeV 𝛾-rays from some narrow-line Seyfert 1 galaxies (𝛾-ray-
loud NLS1s) has received increasing attention. Up to now, the literature has
reported 22 𝛾-ray-loud NLS1s and another 3 high-confidence candidates. Using
the data platform of the Wide-field Infrared Survey Explorer (WISE), we de-
rived simultaneous photometric data in the W1 (3.4 �m) and W2 (4.6 �m) bands
(from January 2010 to December 2019) for these sources. We then analyzed
their long-term variability via the parameter 𝑉 and the normalized excess vari-
ance 𝜎2

𝑁𝑋𝑆 methods. It was found that 24 sources showed long-term brightness
(W1 magnitude) variabilities, and 17 sources showed long-term color (W1-W2)
variabilities. When studying the correlation between color and magnitude, we
found that 7 sources exhibited a redder-when-brighter (RWB) trend, while 4
sources exhibited a bluer-when-brighter (BWB) trend. Finally, the possible
causes of these color changes and their implications are briefly discussed.

Keywords: Seyfert galaxy; Gamma-ray; Infrared variability; Statistical

0 Introduction
Seyfert galaxies represent a class of low-luminosity active galactic nuclei (AGN)
whose host galaxies are readily observable, in contrast to quasars [1]. Based
on their emission-line properties, they are divided into two subclasses: Seyfert
1 and Seyfert 2 galaxies [2]. The former exhibit broad permitted lines with
full width at half maximum (FWHM) exceeding 2000 km s−1, while the latter
show permitted lines with widths comparable to their forbidden lines, typically
less than 1000 km s−1. In the unified model of AGN, both types share the
same central engine structure, with their observational differences arising from
orientation effects. Seyfert 2 galaxies are viewed at larger inclination angles,
causing the broad-line region emission to be obscured by an outer, optically
thick dusty torus along the line of sight [3-4].

Narrow-line Seyfert 1 galaxies (NLS1s) constitute a particularly unique subclass
of Seyfert galaxies. The original definition by Osterbrock & Pogge [5] specifies
that NLS1s have relatively narrow H𝛽 emission line widths (FWHM < 2000 km
s−1), weak [O III] $�5007𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝑡𝑜𝐻�$ ([O III]/H𝛽 < 3), and strong Fe II emis-
sion, along with steep soft X-ray spectra. It is generally believed that NLS1s
harbor relatively small central black hole masses and high Eddington ratios [6-9].
The vast majority of NLS1s are radio-quiet (radio loudness parameter 𝑅 < 10),
with only about 2.5% being radio-loud (𝑅 > 10) [10-12]. Over the past decade,
𝛾-ray-loud NLS1s (𝛾-NLS1s) discovered by the Fermi Large Area Telescope
(Fermi/LAT) have attracted widespread and sustained attention in the astro-
nomical community, providing direct evidence for the presence of relativistic jets
in these sources. 𝛾-NLS1s may exhibit observational characteristics similar to
blazars, such as compact radio cores, very high brightness temperatures, rapid
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and large-amplitude variability, flat radio spectra, and double-peaked broad-
band spectral energy distributions [13-16].

To date, the number of known 𝛾-NLS1s remains small, but systematic studies
of their observational and statistical properties are crucial for understanding jet
formation, the connection between accretion disk-corona-jet systems, gamma-
ray emission mechanisms and regions, and galaxy evolution [14]. In this work,
based on the largest currently available sample of 𝛾-NLS1s, we systematically
investigate their long-term infrared brightness and color variations to obtain
useful clues about infrared emission mechanisms.

1.1 Sample
Paliya [13] compiled all currently known 𝛾-NLS1s, comprising 22 sources. Ad-
ditionally, Lähteenmäki et al. [17] identified 3 further high-confidence 𝛾-NLS1
candidates. These 25 sources constitute our analysis sample. Columns (2)-(5)
of Table 1 provide detailed information, including source names, right ascension
and declination in degrees, and redshift 𝑧.

1.2 WISE Survey
The Wide-field Infrared Survey Explorer (WISE) is a NASA space telescope
launched in December 2009 to map the entire sky in infrared wavelengths [18].
WISE carries a 40-cm infrared telescope operating in four bands: 3.4, 4.6, 12,
and 22 �m (designated W1, W2, W3, and W4), with spatial resolutions of 6.1,
6.4, 6.5, and 12 arcseconds, respectively. Before September 30, 2010, WISE
conducted all-sky surveys in W1-W4 or W1-W3 bands, after which it continued
only in W1 and W2 bands for the Near-Earth Object Wide-field Infrared Survey
Explorer (NEOWISE) mission until entering hibernation in February 2011. In
October 2013, WISE was reactivated and has since continued the NEOWISE-R
mission in W1 and W2 bands to the present day [19-20].

WISE completes an all-sky survey every six months. Over approximately one
day, it completes 15 orbits, yielding light curves with multiple photometric data
points (typically 12) for target sources on daily timescales [21]. Compared to the
previous Infrared Astronomical Satellite (IRAS), WISE’s sensitivity is 100 times
greater, providing unprecedented opportunities to study the infrared properties
of AGN [22].

1.3 Light Curves
Using the NASA/IPAC Infrared Science Archive (IRSA) with a search radius
of 3 arcseconds, we first obtained W1 and W2 band photometric data for the
25 sources from January 2010 to December 2019. It should be emphasized that
W3 and W4 band data are much sparser and have relatively poorer photometric
accuracy, and therefore were not included in our analysis. We then screened
the data to remove poor-quality measurements using the following criteria: nb
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≤ 2, na = 0, moon_{masked} = ‘00’, cc_{flags} = ‘00’, w1sat = 0, w2sat
= 0, w1snr ≥ 7, w2snr ≥ 5, w1rchi2 < 10, w2rchi2 < 10, qual_{frame} > 0,
qi_{fact} > 0, saa_{sep} > 0, and sso_{flag} = 0. Additionally, we removed
data points with only magnitude upper limits in either W1 or W2, as well
as points with magnitude errors (w1sigmpro, w2sigmpro) exceeding 0.2 mag.
Details of the photometric data quality can be found in the official WISE doc-
umentation. This process yielded simultaneous W1 and W2 light curves for all
25 sources. Each source was observed during 13-15 epochs (see column 6 of
Table 1), with each observational epoch containing an average of 14 W1/W2
photometric measurements over an average duration of approximately 1.3 days.

To investigate the long-term infrared brightness and color variations of 𝛾-NLS1s,
we performed weighted averaging of the data for each observational epoch fol-
lowing standard procedures [23]. For a time series dataset 𝑥𝑖 with weights
𝜔𝑖 = 1/𝜎2

𝑖 , the weighted mean is given by equation (1) and its standard error by
equation (2). Using these formulas, we calculated the epoch-averaged W1 mag-
nitude and its standard error, as well as the epoch-averaged color (W1-W2) and
its standard error for each source (Table 2 provides examples for two sources),
thereby obtaining the long-term variation curves for W1 magnitude and color
(W1-W2). Figure 1 [Figure 1: see original paper] illustrates the process for PMN
J0948+0022, showing the W1/W2 light curves for all epochs (blue points for W1
magnitude, red points for W2 magnitude), the epoch-averaged W1 magnitude
light curve, and the epoch-averaged color (W1-W2) variation curve.

2 Methods and Results
We employed two methods to investigate whether the sample sources exhibit
long-term brightness and color variations.

2.1 Parameter 𝑉
The parameter 𝑉 , defined by McLaughlin et al. [24], is widely used to quantify
the probability of variability. This parameter is derived from the chi-square
value of the light curve as shown in equation (3), where 𝑦𝑖 represents the ob-
served magnitude (or color), 𝜎𝑒𝑟𝑟,𝑖 the magnitude (or color) error, ̄𝑦 the mean
magnitude (or color), and 𝑁 the number of data points. The probability of vari-
ability is then given by equation (4), where Γ is the incomplete gamma function
[25]. Larger 𝑉 values indicate higher probabilities of variability. The commonly
adopted criterion in the literature is 𝑉 > 3.1, corresponding to a variability
probability exceeding 95% [26].

2.2 Normalized Excess Variance
The normalized excess variance (𝜎2

𝑁𝑋𝑆) is frequently used to quantify variability
amplitude, where“excess”indicates that the variance due to observational errors
has been removed from the total variance [27]. It is defined by equation (5),
where 𝜎𝑒𝑟𝑟,𝑖 represents the observational errors. When measurement errors are
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large, 𝜎2
𝑁𝑋𝑆 may become negative. Following Sánchez et al. [26], we define

Δ = 𝜎2
𝑁𝑋𝑆 − 𝜎2

𝑒𝑟𝑟 to indicate that the error-corrected variability amplitude
exceeds zero.

2.3 Results
Using the two methods described above, we examined the long-term brightness
and color variations of our sample sources. A source was considered to exhibit
statistically significant brightness (color) variation if its light curve simultane-
ously satisfied 𝑉 > 3.1 and Δ > 0.

The results revealed that: (1) except for 3C 286, all other 𝛾-NLS1s showed long-
term brightness variations; (2) 17 𝛾-NLS1s exhibited long-term color variations.
Detailed results are presented in columns (7) and (8) of Table 1.

The advantage of using WISE to study infrared color variations lies in the simul-
taneous observation of W1 and W2 bands. To further understand the long-term
color variations of our sample sources, we constructed color-magnitude diagrams
with W1 magnitude on the x-axis and color (W1-W2) on the y-axis. Based on
the brightness and color variability analysis, we constructed color-magnitude
diagrams only for the 17 𝛾-NLS1s that showed both long-term brightness and
color variations. Using weighted least-squares fitting that accounts for errors
in both color and magnitude [25], we fitted linear relationships of the form
(𝑊1 − 𝑊2) = 𝐴 × 𝑊1 + 𝐵, where 𝐴 is the slope and 𝐵 the intercept. Columns
(3)-(6) of Table 3 present the linear fitting results for these 17 sources. The slope
𝐴 of the best-fit line serves as a measure of spectral shape variation, with its
distribution shown in Figure 2 [Figure 2: see original paper]. Additionally, we
calculated the Spearman rank correlation coefficient (𝑟𝑠) and chance probabil-
ity (𝑝) between W1 magnitude and color (W1-W2), using this non-parametric
statistic due to the non-normal distribution of the data. The results are listed
in columns (7) and (8) of Table 3, with 𝑟𝑠 and 𝑝 values respectively. Following
Anjum et al. [28], we characterized the color variation trends as: (1) if 𝐴 > 0
and 𝑝 < 0.05, the source shows a bluer-when-brighter (BWB) trend; (2) if 𝐴 < 0
and 𝑝 < 0.05, the source shows a redder-when-brighter (RWB) trend. According
to these criteria, 4 𝛾-NLS1s exhibited significant BWB trends (Figure 3 [Figure
3: see original paper]), while 7 𝛾-NLS1s showed significant RWB trends (Figure
4 [Figure 4: see original paper]).

The infrared emission from AGN may include multiple components, both
thermal and non-thermal, with their relative contributions depending strongly
on the AGN type and wavelength. In AGN, a dusty torus absorbs ultra-
violet/optical radiation from the accretion disk and re-emits this energy as
infrared radiation, with wavelengths determined by dust temperature. The
dust temperature reaches approximately 1500 K, with emission peaking at
a few microns [29]. In addition to the dusty torus, contributions from the
host galaxy and jet synchrotron radiation (for radio-loud AGN) must also be
considered [30].
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Rakshit et al. [31] utilized WISE W1/W2 data to study the long-term mid-
infrared color (W1-W2) variations of 492 radio-detected NLS1s, finding that
69% showed color variations exceeding 0.1 mag. Among these, 27% exhibited
RWB trends and 42% showed BWB trends. Within a two-component frame-
work (AGN emission + host galaxy emission), they provided possible expla-
nations for these trends. RWB trends tend to appear when AGN emission
dominates (bright states), while BWB trends are favored when AGN and host
galaxy emissions are comparable (faint states). In this work, we focus on the
more special subclass of 𝛾-NLS1s and investigate their long-term brightness and
color variations. Notably: (1) All 9 𝛾-NLS1s included in Rakshit et al. [31] are
present in our sample (marked with “†”in Table 1). For 8 of these, our results
are fully consistent with theirs (SBS 0846+513, NVSS J093241+530633, PMN
J0948+0022, PKS 1502+036, TXS 1518+423, and SDSS J211852.96-073227.5
show significant RWB trends; GB6 J0937+5008 and PMN J2118+0013 show
no significant RWB or BWB trends). Rakshit et al. [31] reported a long-term
RWB trend for NVSS J142106+385522, but our analysis indicates this source
shows significant long-term brightness variation without significant color varia-
tion, so we did not perform color-magnitude fitting or correlation analysis for it.
(2) Using WISE data through December 2019, our analysis includes 2-5 more
observational epochs per source than Rakshit et al. [31]. Our results demon-
strate that 𝛾-NLS1s exhibit both RWB and BWB trends, with 68% (17/25)
showing statistically significant long-term color (W1-W2) variations, consistent
with Rakshit et al. [31]. Among these, 41% (7/17) show RWB trends and 24%
(4/17) show BWB trends, suggesting that 𝛾-NLS1s have a stronger tendency
toward RWB variations. This may result from the prominent jet emission and
higher accretion rates in 𝛾-NLS1s, which more easily dominate the overall radi-
ation. It should be emphasized that the currently known sample of 𝛾-NLS1s is
small, and our comparative analysis provides only preliminary“clues”about the
infrared emission in these sources. Our hypotheses require verification through
future analyses of larger samples. Additionally, combining other methods (such
as rapid variability studies and spectral energy distribution fitting) would better
enable exploration and quantification of the relative contributions from different
components to the infrared emission.
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