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ABSTRACT

To investigate the physical origin of the Balmer decrement in the broad-line region of active galactic
nuclei (AGNs), we measure the temporal variability of the fluxes of the broad HS and Ha emission
lines using multi-epoch spectroscopic data of low-redshift AGNs from the Sloan Digital Sky Survey.
The analysis of the mean spectra reveals that the Balmer decrement shows no correlation with AGN
luminosity, (while it is inversely correlated with the Eddington ratio. However, the temporal variation
of the Balmer decrement in individual objects exhibits an even stronger anti-correlation with AGN
luminosity, suggesting that the change in AGN luminosity plays a dominant role in determining the
Balmer decrement. By comparing the temporal evolution of the Balmer decrement with the continuum
color, we find that reddening due to the AGN itself may not be the primary factor. Instead, radiative
transfer effects and excitation mechanisms, which deviate from the Case B recombination, appear to
be critical for the variation of the Balmer decrement. These results provide useful insights into the
underlying physics of changing-look AGNs and high-z AGNs, such as the “little red dots”, which
exhibit extreme values of the Balmer decrement that can be misinterpreted as evidence for dust.
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1. INTRODUCTION

The hydrogen recombination lines are among the
strongest features in both the broad-line region (BLR)
and narrow-line region (NLR) of active galactic nuclei
(AGNs). Their relative strengths, namely the Balmer
decrement, have conventionally been used as indica-
tors of dust extinction by comparing them with predic-
tions from theoretical models. The Balmer decrement
is widely employed because of its relative insensitivity
to gas conditions such as temperature and density, and
the Ha/HP ratio is most often used because both lines
are relatively strong and commonly accessible. For pho-
toionized nebulae, the intrinsic Balmer decrement is cal-
culated under the assumption of Case B recombination,
in which the gas density is high enough to be optically
thick to Lyman emission (J. G. Baker & D. H. Menzel
1938). The intrinsic NLR Balmer decrement is typically
~ 3.0 — 3.1, marginally higher than the Case B predic-
tion due to enhancement of Ha by collisional excitation
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(J. P. Halpern 1982; J. P. Halpern & J. E. Steiner 1983;
C. M. Gaskell & G. J. Ferland 1984; D. E. Osterbrock
& G. J. Ferland 2006). Since the intrinsic Balmer decre-
ment exhibits little scatter in low-density environments
such as the NLR, planetary nebulae, and H II regions,
an observed steep Balmer decrement is thought to be
primarily caused by dust reddening.

In contrast, the intrinsic Balmer decrement in the
BLR can be further influenced by gas conditions, such as
temperature and density, due to its high density (D. E.
Osterbrock & G. J. Ferland 2006). A broad range of
BLR Balmer decrements, Ha/Hj3 = 2.7 to 3.5, has been
reported for different type 1 AGN samples (e.g., J. E.
Greene & L. C. Ho 2005a; G. La Mura et al. 2007; X.
Dong et al. 2008; C. M. Gaskell 2017; K.-X. Lu et al.
2019; K. Sriram et al. 2022). Photoionization mod-
els have successfully reproduced the observed range of
Balmer decrements without invoking reddening, as the
Balmer decrement is highly sensitive to gas conditions
and the strength and shape of the ionizing continuum
in high-density environments such as the BLR (e.g., H.
Netzer 1975; K. Davidson & H. Netzer 1979; J. Wu et al.


http://orcid.org/0000-0002-5346-0567
http://orcid.org/0000-0002-3560-0781
http://orcid.org/0000-0001-6947-5846
http://orcid.org/0000-0001-8496-4162
http://astrothesaurus.org/uat/573
https://arxiv.org/abs/2511.07714v1

2

2023). Consequently, the mechanism behind the varia-
tion of the Balmer decrement in the BLR, whether due
to reddening or other processes, remains controversial.

There have been attempts to investigate the correla-
tion between the Balmer decrement and the accretion
state of the AGN, using observed power-law indices or
continuum slopes, ranging from the optical to the X-rays
(X. Dong et al. 2008; D. Baron et al. 2016; K. Sriram
et al. 2022). D. Baron et al. (2016) and K. Sriram et al.
(2022) found that the Balmer decrement increases when
the optical continuum slope (L, o v, between 3000
and 5100 A) becomes redder and the X-ray photon in-
dex at 2 —10 keV becomes harder. They attributed this
correlation to dust obscuration, which becomes stronger
when the optical continuum reddens from dust and the
X-ray photon index hardens from photoelectric absorp-
tion. This interpretation, however, conflicts with other
studies that failed to find a clear connection between the
Balmer decrement and luminosity (X. Dong et al. 2008;
K.-X. Lu et al. 2019), although the torus covering factor
is known to increase with decreasing luminosity (e.g., R.
Maiolino et al. 2007; R. Mor & B. Trakhtenbrot 2011;
E. Lusso et al. 2013; B. Trefoloni et al. 2025; but see H.
Netzer et al. 2016; M. Stalevski et al. 2016). Instead,
the Balmer decrement has been reported to be larger
for AGNs with lower Eddington ratios (e.g., G. La Mura
et al. 2007; K. Sriram et al. 2022; K.-X. Lu et al. 2019),
consistent with the observed trend that the torus cov-
ering factor becomes larger with decreasing Eddington
ratio for AGNs with intermediate Eddington ratios (e.g.,
C. Ricci et al. 2017; M.-Y. Zhuang et al. 2018; C. Ricci
et al. 2023). On the other hand, J. Wu et al. (2023) ar-
gued that the inverse correlation between Balmer decre-
ment and Eddington ratio is unlikely to be driven by
dust obscuration, as low-Eddington ratio AGNs with
minimal absorption still exhibit steep Balmer decre-
ments. Furthermore, the presence of intermediate-type
AGNs (type 1.8/1.9; D. E. Osterbrock 1981), character-
ized by elevated Balmer decrements despite weak X-ray
absorption, indicates dust obscuration cannot fully ac-
count for the steep Balmer decrement (e.g., X. Barcons
et al. 2003).

Disentangling the contributions of accretion state and
dust obscuration from mean Balmer decrement measure-
ments is not straightforward. Temporal variations of
the Balmer decrement offer an alternative diagnostic,
although previous studies have mostly focused on in-
dividual sources, including changing-look AGNs. The
Balmer decrement of AGNs is observed to rise when the
continuum or Hf flux drops (e.g., R. R. J. Antonucci
& R. D. Cohen 1983; A. I. Shapovalova et al. 2004; W.
Kollatschny et al. 2018, 2022; R. Li et al. 2022), but its

behavior can be more complex depending on the AGN
state. For example, in their 20-year spectral variability
study of the Seyfert 1 galaxy NGC 7603, W. Kollatschny
et al. (2000) discovered that the BLR Balmer decre-
ment increases as the HS intensity decreases in the low
state, but this trend disappears in the high state, leav-
ing the physical origin of these empirical trends unre-
solved. Similar state-dependent behavior of the Balmer
decrement in response to continuum flux has also been
reported in other objects (e.g., A. I. Shapovalova et al.
2010; S. G. Sergeev et al. 2011; L. C. Popovié¢ et al.
2011).

In particular, changing-look AGNs offer an opportu-
nity to understand the physical origin of Balmer decre-
ment variations in the BLR, as their values changed dra-
matically during a changing phase. The changing-look
phenomenon is often thought to be linked to a change in
the accretion state, rather than line-of-sight absorption
or extinction (e.g., C. L. MacLeod et al. 2016; Z. Sheng
et al. 2017; Q. Yang et al. 2018), particularly in cases
that exhibit repeated changes (S. Wang et al. 2025 and
references therein). This result suggests that the accre-
tion state also plays a vital role in the variation of the
Balmer decrement. On the other hand, S. Panda & M.
Sniegowska (2024) found no clear systematic relation-
ship between temporal variations of the Balmer decre-
ment and AGN luminosity in a sample of 32 changing-
look AGNs compiled from the literature. These con-
flicting results highlight the need for further systematic
investigation.

To understand the physical origin of the Balmer decre-
ment in the BLR, we investigate its temporal variation in
response to changes in AGN properties in a large sample
of type 1 AGNs. We analyze multi-epoch spectra from
the SDSS, using the methods detailed in Section 2. We
perform spectral fitting in Section 3, and in Section 4,
we present the dependence of the Balmer decrement on
AGN properties. We then discuss the physical implica-
tions of our findings in Section 5 and conclude in Sec-
tion 6. This study adopts the cosmological parameters
from the 2018 Planck results (Hy = 67.3640.54 km s~*
Mpc~t, Qp = 0.6847 £ 0.0073, €2,,, = 0.3153 4 0.0073;
Planck Collaboration et al. 2020).

2. DATA

We begin by selecting type 1 AGNs from the SDSS
Data Release (DR) 16 quasar catalog (B. W. Lyke
et al. 2020). To investigate temporal changes in the
Balmer decrement, we focus on targets with multi-epoch
spectroscopic observations available within the SDSS
dataset. Due to systematic discrepancies in wavelength
coverage and sensitivity between the original SDSS spec-
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Figure 1. Example of the spectral fitting. (a) The black solid line represents the original data in the rest-frame, corrected
for the Milky Way reddening. The cyan line denotes the continuum from the accretion disk, modeled with a power law plus
polynomial terms, along with Fe II multiplets, while the magenta line shows the host galaxy component. The red line represents
the best-fit model. Spectral decomposition of the (b) HB and [O III] and (¢) Ha and [N II] region. The black histogram shows
the residual spectrum after subtracting the continuum fit. The blue lines represent the broad components of H8 and Ha, while
the green lines represent the narrow components of H3 and Ha, with the [O III] doublet and [N II], respectively. The red line

indicates the total best-fit model.

trograph and the Baryon Oscillation Spectroscopic Sur-
vey (BOSS; S. A. Smee et al. 2013) spectrograph, we
exclude data obtained with the original SDSS spectro-
graph. As the goal of this study is to examine the flux
ratio between Ha and HS, we apply a redshift crite-
rion of z < 0.45 to ensure complete spectral coverage
of the Ha line. We further refine our sample through
visual inspection, eliminating targets with spectral ar-
tifacts near the HB or Ha lines. This selection process
results in a final sample of 1,403 type 1 AGNs, yielding
69,275 pairwise combinations formed from multiple ob-
servations per source. The majority of targets (~ 86% of
the entire sample) exhibit only one pairwise combination
composed of two spectra, while a minority of the targets
have more than a thousand spectral pairs because they
were repeatedly observed as part of the SDSS reverber-
ation mapping project.

HB and Ha emission lines are fitted from the
continuum-subtracted spectra. For the HfB region, we
adopt double Gaussian profiles for the narrow emission
lines to account for the outflow component commonly

seen in [O II1]AN959,5007 (e.g. J. E. Greene & L. C.
Ho 2005b; M. Kim et al. 2006).

3. SPECTRAL FITTING

In order to investigate the Balmer decrement in our
sample, we perform spectral fitting on the BOSS spec-
tra. We begin by correcting for Galactic extinction us-
ing the extinction law from E. L. Fitzpatrick (1999) and
E(B — V) values adopted from E. F. Schlafly & D. P.
Finkbeiner (2011). The extinction-corrected spectra are
then shifted to the rest-frame using the redshift given
in B. W. Lyke et al. (2020), followed by continuum fit-
ting to decompose the host galaxy component, Fe II
multiplets, and the power-law continuum to derive a
pure emission-line spectrum. For this purpose, we use
PyQSOFit, which was developed for spectral fitting of
SDSS QSOs (Y. Shen et al. 2019). We specifically adopt
the method optimized for host decomposition (W. Ren
et al. 2024), as this step is critical for robustly estimating
the continuum emission from the accretion disk and the
fluxes of the Balmer lines. The accretion disk continuum
is modeled with a power-law and an additional polyno-
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Figure 2. Balmer decrement versus (a) continuum luminosity at 5100 A and (b) Eddington ratio. The dashed line shows the
best-fit linear regression. The density contour is shown on a logarithmic scale.

mial function to account for occasional peculiarities in
the continuum, possibly due to abnormal internal ex-
tinction (Y. Shen et al. 2019) or instrumental calibration
(J. E. Greene & L. C. Ho 2006). The Fe II multiplets are
fitted using the template from T. A. Boroson & R. F.
Green (1992), with the widths of the multiplets and their
strengths treated as free parameters. The spectral area
regions from strong emission lines are used for the fit.
The wavelength separation between HS and [O I11] is
fixed to their known value. Additionally, the line ratio
between two [O III] lines is fixed to the theoretical value
of 2.98. This fitting process is performed in velocity
space. It is worth noting that [S IJAN6716,6731 is fre-
quently adopted as a reference for narrow emission lines
in the Ho + [N IJAA6548,6584 region (L. C. Ho et al.
1997). In our case, however, the signal-to-noise ratio
(S/N) of [S 1I] is generally too low for robust model fit-
ting. For consistency, we therefore adopt the [O I11I] dou-
blets as the reference for both the HS and Ha regions.
Visual inspection of the line-fitting results indicates that
adopting two components to fit the narrow emissions in
the spectral region of Ha and [N II] occasionally leads
to overestimation of the fluxes of narrow emissions, and
hence underestimation of the flux of broad Ha emission,
possibly due to the complexity of line profiles in the
Ha+[N 1II] region. Therefore, we used a single Gaussian
component represented by the narrower Gaussian profile
derived from the [O III] emission for the narrow Ha and
[N I1] emissions. Since the flux contribution of the sec-

ond Gaussian component relative to the broad emissions
is typically ~ 4%, the impact of this choice is minimal.

For the broad components, we use three Gaussian
components, as they are generally sufficient to yield an
acceptable fit of the broad Balmer lines. When the peak
of broad emission lines (i.e., H3 and He) is smaller than
three times the uncertainty in the corresponding con-
tinuum flux density, we assume that the measurement
of line fluxes is highly uncertain. Consequently, we ex-
clude those objects to ensure the robustness of the flux
estimation. Additionally, we visually inspect the fitting
results and discard objects with poor fitting, primarily
due to the residual from the imperfect sky subtraction or
the lack of sufficient spectral elements in the H3 or Ha
regions. The final sample used for further analysis con-
tains 1,116 targets with 44,679 pairwise combinations
from multiple spectra per source. While the majority
of the targets (~ 86% of the entire sample) exhibit one
pairwise combination composed of two spectra for each
object, a minority of the targets have more than 2000
spectroscopic pairwise combinations, as those were re-
peatedly observed as a part of the RM SDSS project.

An example of spectral fitting is shown in Figure 1.
Uncertainties in the spectral measurements, such as flux
and full width at half maximum (FWHM), are computed
using a bootstrap approach, in which the spectral fit is
applied repeatedly to spectra with flux densities per-
turbed within their uncertainties.



4. RESULTS
4.1. Balmer Decrement vs. AGN Properties

The mean of the distribution of the Balmer decre-
ment (fua/fup) is 3.66 £ 0.95, which is marginally
larger than the value of 3.1 predicted from the Case B
recombination under conditions appropriate for AGNs
(J. P. Halpern 1982; J. P. Halpern & J. E. Steiner 1983;
C. M. Gaskell & G. J. Ferland 1984). The typical
measurement error of the Balmer decrement is ~ 0.1.
We note that a small fraction (~ 3%) of our sample
has a Balmer decrement smaller than the prediction
from the normal case B recombination (2.7). This is
likely attributable to measurement errors or the system-
atic uncertainty arising from the imperfect decomposi-
tion between the broad and narrow emission lines. It
is worthwhile to note that the average Balmer decre-
ment of the narrow emission lines is 2.70 with a stan-
dard deviation of 1.01, which is closer to the prediction
from the case B condition compared to the broad emis-
sions. In order to examine whether the Balmer decre-
ment correlates with AGN properties, we calculate the
black hole (BH) mass (Mpn), AGN bolometric lumi-
nosity (Lpe1), and Eddington ratio (Agqq) directly from
the spectral measurements. The Mgy is measured us-
ing the virial method applied to single-epoch spectra.
Specifically, the estimated FWHM of the broad emission
lines (Ha) and the monochromatic luminosity at 5100 A
(Ls100), together with the formalisms from J. E. Greene
& L. C. Ho (2005a) and L. C. Ho & M. Kim (2015),
are adopted. We derive Ly, from the L5109, which
is measured from the host galaxy-subtracted spectrum,
adopting the bolometric correction (Lpe = 9.4Ls100)
from G. T. Richards et al. (2006). Finally, the Agqq is
computed based on the bolometric luminosity and BH
mass derived from the broad Hoa emissions. The AGN
properties of the final sample are log (Mpu/Mg) =
7.85 £ 0.54, log (Lpo/ergs™) = 45.06 + 0.48, and
log >\Edd = —0.89 £ 0.39.

In this analysis, we use the mean values of the spectral
measurements because multiple spectra were obtained
from the same target. As the physical origin of the
Balmer decrements remains uncertain, any correction
for possible extinction due to the AGN is not applied in
this study. We find that the Balmer decrement shows
no correlation with L5190 with a Spearman correlation
coefficient (r) of 0.01, whereas it is anti-correlated with
the Eddington ratio with » = —0.17 (Fig. 2). We note
that all correlation coefficients derived in this study are
statistically significant (p-value < 0.001), except for the
relation between the Balmer decrement and Ls19g, and
therefore p-values are omitted hereafter.

0.6F — - — T T N

Alog (fHa / fHﬁ)

or=-—0.24, p<0.001
_06 | N N | N N I N N 1 " " 1]
-0.6 -0.3 0.0 0.3 0.6
Alog fs100

T

Figure 3. Comparison of temporal variation of the Balmer
decrement with AGN brightness indicated by the continuum
flux at 5100 A. The density contour is shown on a logarithmic
scale.

The lack of correlation between the Balmer decrement
and AGN luminosity is consistent with previous findings
(X. Dong et al. 2008; K.-X. Lu et al. 2019). The ob-
served anti-correlation between the Balmer decrement
and the Eddington ratio was also reported by J. Wu
et al. (2023) (r = —0.51), although our measured corre-
lation is much weaker (r = —0.17). The difference may
reflect the fact that our sample is, on average, brighter
than that of J. Wu et al. (2023), which focused on low-
luminosity AGNs. K.-X. Lu et al. (2019) also found a
similar anti-correlation between Balmer decrement and
dimensionless accretion rate (.# = Agaa/n) for SDSS
DR7 AGNs, with r = —0.18, which is similar to our

value.

4.2. Temporal Variation of Balmer Decrement

The primary aim of this study is to investigate the
temporal variation of the Balmer decrement, A fuq/ fugs,
and its correlation with the temporal variation of AGN
properties. For this purpose, we examine the temporal
behavior of the Balmer decrement for each individual
target. To reduce uncertainties from flux calibration,
the spectra are additionally normalized by matching the
fluxes of the [O III] A5007 emission lines in each spec-
troscopic pair.

Figure 3 compares the temporal change in the Balmer
decrement with that of the AGN brightness, represented
by the continuum flux at 5100 A. A negative correlation
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becomes evident (r = —0.24), in contrast with its ab-
sence in the mean spectra of the same sample (Section
4.1). While the physical origin of this discrepancy is un-
clear, it is worth noting that temporal variations in an
individual object provide an excellent tool for studying
the roles of AGN luminosity while the BH mass remains
unchanged. An orthogonal distance regression fit yields
Alog (fua/fup) = —0.40Alog f5100. The zero-point of
the correlation is close to zero, suggesting that the trend
may be independent of the faint and bright phases of
AGNs. We note that the temporal variation of AGN
brightness corresponds to that of the Eddington ratio,
since the BH mass is fixed for a given target. Therefore,
the observed anti-correlation of the Balmer decrement
variation with AGN brightness variation may reflect its
anti-correlation with the Eddington ratio variation.

5. IMPLICATIONS
5.1. Physical Origin of Balmer Decrement

One of the striking findings of this study is that the
temporal variation of the BLR Balmer decrement is pri-
marily anti-correlated to that of AGN luminosity. A key
question is whether this anti-correlation arises from dust
extinction along the line-of-sight or from physical con-
ditions within the BLR. To further examine the causal
connection with extinction in AGNs, we estimate the
variation of continuum color together with the Balmer
decrement. Using the continuum solely from the accre-
tion disk derived from the spectral fit, we measure the
continuum fluxes at 3800 A (fsg00) and 5100 A (f5100).

If the temporal variation of the BLR Balmer decre-
ment is driven by extinction, and the BLR and accretion
disk experience a similar amount of extinction along the
line-of-sight, the continuum color and Balmer decrement
should be strongly correlated, with a relation consistent
with predictions from the extinction law. This test can
only be carried out with the temporal changes in the
same target, as different samples may have intrinsically
different continuum slopes depending on the tempera-
ture of the accretion disk. Figure 4 shows that the tem-
poral variation of the Balmer decrement is strongly cor-
related with that of the continuum color, suggesting that
the extinction could be a physical origin of the Balmer
decrement variation. Interestingly, however, the slope of
this relation is significantly steeper than that predicted
by dust extinction, as judged by the extinction curves
of the Milky Way, star-forming galaxies, and AGNs,
adopted from E. L. Fitzpatrick (1999), D. Calzetti et al.
(2000), and C. M. Gaskell et al. (2004), respectively.

In the case of the extinction curve of E. L. Fitzpatrick
(1999), we attempt to reproduce the observed trend
by varying the Ry value (Ry = 1.5, 3.1, and 5.5) to
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Figure 4. Comparison of the temporal variation between
the Balmer decrement and the flux ratio of the continua at
3800 and 5100 A. The various lines represent the tempo-
ral variation predicted solely by the intrinsic extinction of
AGNs, under the assumption that the accretion disk and
BLR share the same extinction. The blue dotted, solid, and
dashed lines correspond to the predictions based on the ex-
tinction curve of E. L. Fitzpatrick (1999) with Ry = 1.5,3.1,
and 5.5, respectively. The red and green lines are de-
rived from the extinction curves of star-forming galaxies (D.
Calzetti et al. 2000) and AGNs (C. M. Gaskell et al. 2004),
respectively. The black dashed line denotes the orthogonal
distance regression of the observed data.

adjust the extinction curve slope, but cannot find pa-
rameters that match the observed relation between the
Balmer decrement and continuum color variation. No-
tably, extinction curves derived from AGN composite
spectra in previous studies differ significantly from those
of ordinary galaxies (e.g., B. Czerny et al. 2004; C. M.
Gaskell et al. 2004). C. M. Gaskell et al. (2004) argued
that the AGN extinction curve is flat and wavelength-
independent (“gray”), whereas other studies reported
that the reddening curve of individual AGNs is com-
parable to or steeper than that of the Milky Way and
the Small Magellanic Cloud (e.g., D. M. Crenshaw et al.
2001, 2002). However, even the AGN extinction curve of
C. M. Gaskell et al. (2004) predicts a shallower relation
between the temporal variation of the Balmer decrement
and the continuum color than our observed relation.
This suggests the extinction may not be the sole cause
of Balmer decrement variability. However, caution is
warranted, as continuum color also changes with AGN
brightness (i.e., bluer-when-brighter; U. Giveon et al.
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Figure 5. Comparison of temporal variation between the
Balmer decrement and AGN brightness indicated by the flux
of broad Ha emission. The dashed line shows the best-fit lin-
ear regression. The density contour is shown on a logarithmic
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1999; J. J. Ruan et al. 2014). Given the negative correla-
tion between the Balmer decrement and continuum flux,
a decrease in AGN flux could produce both a steeper
Balmer decrement and a redder continuum simultane-
ously, making it hard to disentangle the effect of red-
dening.

Alternatively, this discrepancy with the prediction
from the extinction curve can be reconciled if the ac-
cretion disk and BLR do not share the same extinc-
tion. This scenario is plausible, as the dusty torus is
clumpy and the BLR is significantly larger in extent
than the accretion disk. Therefore, the amount of ex-
tinction can differ between the two components, depend-
ing on the geometry and covering factor of the clumpy
torus. This effect would more likely introduce random
scatter into the relation between the Balmer decrement
and continuum color, rather than cause a systematic
change (i.e., a significant shift in the slope). However,
if the torus covering factor systematically increases in
response to a decline in AGN luminosity or Eddington
ratio, and if the extinction is more severe for the BLR
than for the accretion disk, the observed result in Fig-
ure 4 can be produced. Interestingly, the former as-
sumption is in broad agreement with the observed anti-
correlation between torus covering factor and either lu-
minosity (e.g., R. Maiolino et al. 2007; E. Lusso et al.
2013; B. Trefoloni et al. 2025) or Eddington ratio (for
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0.01 < logAgaqa < 0.3; e.g., C. Ricci et al. 2017; M.-
Y. Zhuang et al. 2018; C. Ricci et al. 2023). Although
several studies have reported different results, showing
that the covering factor is only weakly correlated or not
correlated with AGN luminosity (e.g., H. Netzer et al.
2016; M. Stalevski et al. 2016), the scenario that the ac-
cretion disk and BLR do not share the same extinction
cannot be completely ruled out.

The more plausible explanation, rather than the red-
dening, is that the anti-correlation between the temporal
variation of the Balmer decrement and that of the con-
tinuum luminosity is naturally driven by the difference
in responsivities of Ha and HB within the BLR, with-
out invoking reddening. Responsivity, which describes
how sensitively a line flux responds to continuum varia-
tion, is lower for Ha than for HS due to its higher optical
depth (e.g., H. Netzer 1975; M. J. Rees et al. 1989; K. T.
Korista & M. R. Goad 2004). Under extreme BLR con-
ditions of high density, the responsivities of Ha and Hf
are strongly affected by optical depth, as Balmer transi-
tions that are assumed to be optically thin in the Case
B recombination become optically thick. In addition,
collisional excitation, which enhances Ha more than H3
(e.g. C. M. Gaskell & G. J. Ferland 1984; D. E. Os-
terbrock & G. J. Ferland 2006), can further contribute
to lower responsivity of Ha relative to HB. Therefore,
when the AGN dims, the Ha flux decreases less than
Hp, resulting in a steeper Ha/Hp ratio.

Similarly, previous spectral monitoring studies of indi-
vidual type 1 (L. C. Popovié et al. 2011) and changing-
look AGNs (A. I. Shapovalova et al. 2004, 2010; W. Kol-
latschny et al. 2018) have reported that the temporal
variation of the Balmer decrement anti-correlates with
that of the continuum luminosity, which is consistent
with findings from a multi-object spectral monitoring
analysis (Y.-S. Ma et al. 2023). This anti-correlation
also appears as the earlier disappearance of the broad
Hp component than the broad Ha component during
the transition to a type 2 state in changing-look AGNs
(e.g., D. C. Kim et al. 2018; R. Li et al. 2022). In the
changing-look AGN 1ES 19274654, R. Li et al. (2022)
found that the Balmer decrement dramatically increased
by a factor of ~ 4-5 during the dimming phase over a
timescale of ~ 500 days. They argued that this steep-
ening was not due to changes in reddening but instead
reflected decreases in both electron density and the ion-
izing photon flux. These arguments align well with our
findings, supporting the conclusion that the observed
anti-correlation between the Balmer decrement and con-
tinuum strength is not caused by a reddening along the
line-of-sight, but is likely driven by BLR gas conditions.
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Figure 6. (a) Comparison of the broad Ha luminosity with its equivalent width (EW). The red diamonds denote the little
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a logarithmic scale.

Remarkably, the temporal variation between the
Balmer decrement and the Ha flux shows the opposite
behavior, exhibiting a positive correlation (Fig. 5). It
is worthwhile to note that the temporal variation of the
Hp flux is anti-correlated with the Balmer decrement.
This trend is similar to the observed relation for the
continuum luminosity (Fig. 3), and has also been re-
ported for individual AGNs (e.g., W. Kollatschny et al.
2000, 2022). The Ha luminosity is often used as a tracer
for the continuum luminosity, such as Ls109, based on
the observed linear relation between the two parameters
(e.g., J. E. Greene & L. C. Ho 2005a). Under this as-
sumption, the BH mass has been estimated using the
Ha luminosity in combination with the FWHM of Ha.
Therefore, the observed positive correlation between the
temporal Balmer decrement and the Ha flux conflicts
with our finding that the temporal Balmer decrement is
anti-correlated with the continuum flux. This discrep-
ancy may arise from the complicated interplay of radia-
tive transfer effects and excitation mechanisms in the
BLR, and suggests that the Ha luminosity is correlated
with both L5109 and the Balmer decrement, according
to the relation

log L5100 = 0.991og Ly, — 0.4810g (fua/fug) + 1.98,
(1)
where luminosities are expressed in units of erg s~!. The
scatter in the relation is ~ 0.11 dex. This relation can be
useful for inferring Lg1g¢ from luminosity measurements

of the broad emission lines. Interestingly, this effect re-
sults in the strong correlation of the equivalent width
(EW) of Ho with the Balmer decrement (Fig. 6).

In addition to the temporal behavior, we also found
that the Balmer decrement is inversely correlated with
the Eddington ratio in the mean spectra. J. Wu et al.
(2023) reported that, at low accretion rates, the Balmer
decrement increases sharply, which they attributed to a
dramatic reduction in ultraviolet photons as the accre-
tion state transitions to a truncated disk model L. C.
Ho 2008). In our analysis based on the mean spec-
tra, a dependence on the Eddington ratio is very weak,
possibly because J. Wu et al. (2023) concentrated on
AGNs with lower Eddington ratios reaching as low as
log Agqaqa ~ —3. Nevertheless, their conclusion that the
Balmer decrement is primarily regulated by the strength
of ultraviolet photons remains consistent with our find-
ing that the temporal variation of the Balmer decrement
is anti-correlated with that of AGN luminosity.

5.2. Application to high-z AGNs

The James Webb Space Telescope (JWST) has opened
a new window on the demographics of AGNs in the
early Universe through the discovery of a newly iden-
tified AGN population that appears red and compact,
the so-called little red dots (LRDs; e.g., D. D. Kocevski
et al. 2023; R. Maiolino et al. 2024). These objects ex-
hibit a V-shaped spectral energy distribution and are
exceptionally common at high redshift (e.g., Y. Harikane



et al. 2023; J. E. Greene et al. 2024; V. Kokorev et al.
2024), although their physical origin remains under de-
bate (e.g., K. Inayoshi 2025; F. Jiang et al. 2025). One
of the remarkable features of LRDs is the relatively
high EW of the broad Ha emission, associated with a
steep Balmer decrement (e.g., J. Matthee et al. 2024;
M. Brooks et al. 2025; R. Maiolino et al. 2025). This
finding may suggest that the two parameters are phys-
ically related. To investigate whether this relation is
also present in our sample, we estimate the EW of the
broad Ha using the host-subtracted continuum. Figure
6a shows that high-z LRDs from J. Matthee et al. (2024)
tend to have higher EWs than those in our sample. It
should be noted that the EW of LRDs is estimated with-
out subtracting the host contribution. Therefore, their
measurements should be regarded as lower limits.

To assess the causal connection between the steep
Balmer decrement and the EW of Ha, which is clearly
observed in high-z AGNs, we examined the temporal
variation of these two parameters in our sample. Re-
markably, their variations are strongly correlated, and
the trend is in excellent agreement with that seen in
high-z LRDs (i.e., higher Ho EW with a steeper Balmer
decrement; Fig. 6b). This finding suggests that the two
features are closely linked to the physical conditions in
LRDs, and that distinctive radiative transfer effects and
excitation mechanisms within the BLR, rather than red-
dening, may be responsible for the steep Balmer decre-
ment in LRDs.

6. SUMMARY

To unveil the physical origin of the Balmer decrement
in the broad-line region (BLR) of type 1 AGNs, we uti-
lize the multi-epoch spectroscopic dataset of more than
1,000 low-redshift AGNs from the SDSS. Performing de-
tailed spectra fitting to derive the Balmer decrement of
the broad lines, we arrive at the following conclusions:

e The analysis based on the mean spectra reveals
that the Balmer decrement is not correlated with
the AGN luminosity, but is marginally inversely
correlated with the Eddington ratio. These results
are broadly consistent with the previous studies
based on the mean spectra.

e Unlike the result from the mean spectra, the analy-
sis of the spectra of individual objects reveals that
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the temporal variation of the Balmer decrement
is inversely correlated with the AGN luminosity,
steepening as the AGN brightens. The slope and
correlation coefficient of the relation are larger
than those from the mean spectra, indicating that
the change of the brightness plays a critical role in
determining the Balmer decrement.

e A comparison of the variations in continuum color
and the Balmer decrement reveals that the nomi-
nal dust extinction curves, even in extreme cases,
fail to reproduce the observed trend, suggesting
that intrinsic reddening in AGNs is unlikely to be
a dominant factor in determining the variation of
the Balmer decrement.

e The Balmer decrement is likely governed by the
optical depth effect and collisional excitation aris-
ing from the high density of the BLR. In particu-
lar, differences in the responsivities of Ha and HS3
to the ionizing continuum may play an important
role in the variation of the Balmer decrement.

Our study reveals that the variation of the Balmer
decrement is predominantly determined by the physi-
cal conditions within the BLR, rather than by redden-
ing along the line-of-sight. This interpretation provides
useful insight into the underlying mechanisms not only
of changing-look AGNs but also of the steep Balmer
decrements commonly seen in high-redshift AGNs (e.g.,
M. Brooks et al. 2025).
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