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Abstract. Ca II and O I emission lines in active galactic nuclei (AGN) have
been used as powerful diagnostic probes of the broad-line region (BLR) for the
past 40 years. In particular, line ratio diagnostics have been used to constrain
the physical conditions in the low-ionization phase of the BLR, while line width
measurements have provided rough constraints on the location of the emission
region relative to the Balmer-emitting phase of the BLR. However, due to
limited observational capabilities, detailed line-profile studies of these lines—
directly linking Ca II and O I with structural BLR models—have only become
possible very recently. Here, we present an overview of our most recent study
that has enabled investigations of Ca II and O I emission lines in unprecedented
detail, directly linking Ca II triplet emission profiles to the kinematics of a
rotating disk. We focus on our results for NGC 4593, but we also provide an
outlook on how Ca II and O I open up a new observational window to probe
the low-ionization part of the BLR in general.

Key words: NGC 4593 – active galactic nuclei – broad-line region – double-
peaked emitter – reverberation mapping

1. Introduction

The O I emission lines and the Ca II triplet (λλ8498, 8542, 8662) have long been
recognized as powerful diagnostic tools of the physical conditions and excita-
tion mechanisms in active galactic nuclei (AGN). Early foundational works in-
clude studies by Grandi (1980, 1983), Persson & McGregor (1985); Persson
(1988), Ferland & Persson (1989), and Joly (1989). Strong similarities between
the emission-line profiles of these species have been firmly established (Persson,
1988; Rodŕıguez-Ardila et al., 2002a; Matsuoka et al., 2007) and are interpreted
as evidence that the Ca II and O I emitting regions are largely co-spatial and
share similar physical conditions. Later studies have adopted a unified view of
the two species (e.g., Matsuoka et al., 2008; Marziani et al., 2013; Mart́ınez-
Aldama et al., 2015, 2021).

Given the inferred similarity in the physical conditions for Ca II and O I, a
central question is where within the BLR these low-ionization lines are emitted.
Answers to this question were already given in the earliest studies of Ca II in
AGN: Persson (1988) noted that if Ca II triplet emission is observed in AGN,
the triplet ratio is usually 1:1:1, indicating that the emission region is optically
thick in Ca II. Model calculations later confirmed this conclusion by means of
photoionization calculations that placed the emitting region in a cool and dense
gas with temperatures of T ≤ 8000 K, densities of nH ' 1012 cm−3, and column
densities of NH ≥ 1023 cm−2 (Ferland & Persson, 1989; Joly, 1989; Matsuoka
et al., 2007). Such physical conditions are characteristic of an outer, cold accre-
tion disk, with Ferland & Persson (1989) and later Dultzin-Hacyan et al. (1999)
linking the Ca II emission to a wind or corona above the disk.

However, despite evidence that Ca II emission—and O I emission, for that
matter—is closely tied to the atmosphere of an outer accretion disk, disk-line
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profiles (Chen & Halpern, 1989; Eracleous et al., 1995, 2009) of these species had
remained elusive until very recently. Dias dos Santos et al. (2023) reported, for
the first time, the detection of a double-peaked O I profile—that of O Iλ11287—
in the near-infrared spectrum of III Zw 002. Shortly after, Ochmann et al. (2024)
reported the detection of double-peaked O Iλ8446 as well as of double-peaked
near-infrared Ca II triplet profiles in a transient spectrum of NGC 1566. This
detection was followed by the detection of double-peaked O Iλ8446 and Ca II
triplet emission in a non-transient spectrum of NGC 4593 (Ochmann et al.,
2025). Here, we summarize the key results of Ochmann et al. (2025) and dis-
cuss how future studies of O I and Ca II emission could help to advance our
understanding of the BLR.

2. Observations of NGC 4593

NGC 4593 is a local (z = 0.008312) face-on Seyfert galaxy, which has been
extensively studied in past variability campaigns (e.g., Dietrich et al., 1994;
Santos-Lleo et al., 1995; Kollatschny & Dietrich, 1997; Denney et al., 2006;
Barth et al., 2015; McHardy et al., 2018; Cackett et al., 2018). The detection of
double-peaked O I and Ca II in NGC 4593 was made from a spectrum obtained
with VLT/MUSE (Multi Unit Spectroscopic Explorer; Bacon et al., 2010, 2014)
IFU spectrograph as part of the ESO program 0103.B-0908 (PI: Knud Jahnke)
on 2019 April 28, with a total exposure time of 4800 s. Further details on the
observations and data reduction are provided in Ochmann et al. (2025).

3. Results

We analyzed the VLT/MUSE spectrum of NGC 4593 and identified, for the
first time, double-peaked profiles in both O Iλ8446 and the Ca II triplet. We
performed a detailed decomposition of the near-infrared O Iλ8446 and Ca II
triplet blend in the MUSE spectrum. We assumed identical line profiles of the
Ca II triplet lines and used the unblended red wing of the Ca IIλ8662 profile as a
template for the red wing of Ca IIλ8542. In this way, we were able to reconstruct
a clean Ca IIλ8662 profile, which was used for the final decomposition of the
line blend shown in Fig. 1, resulting in a clean, unblended O Iλ8446 profile.

The extracted line profiles of O I and Ca II are double-peaked with a full
width at half maximum (FWHM) of ∼ 3700 km s−1. They exhibit a redward
asymmetry with a red-to-blue peak ratio of 4:3. The intensity ratio of the Ca II
lines is 1:1:1, suggesting a high-density emission zone in the BLR. The Ca II
emission lines show no evidence of a central narrow or intermediate-width com-
ponent. The profiles of Ca II and O I are remarkably similar, and we especially
note the particular similarity in the red wings of both lines. Overall, the simi-
larity between the O Iλ8446 and Ca II lines suggests a very similar, overlapping
emission region for both line species.
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Figure 1. Decomposition of the blended O Iλ8446 and Ca II triplet emission lines

using the reconstructed Ca IIλ8662 profile as a template for all Ca II lines. The differ-

ence between original spectrum and reconstructed blend is due to the subtraction of

a linear pseudo-continuum beneath each emission line. The central wavelengths of the

emission lines are indicated by dashed lines. Data taken from Ochmann et al. (2025).

To test how well the observed double-peaked Ca II profile agrees with pre-
dictions from line-emitting, non-axisymmetric accretion disk models, we fitted
the profile with the elliptical disk-line model of Eracleous et al. (1995), which
has seven free parameters: the inner and outer pericenter distance ξ1 and ξ2,
the inclination angle i, the major axis orientation φ0, the broadening parameter
σ, the disk eccentricity e, and the emissivity power-law index q. The best-fit
results are given in Table 1. For details on the fitting procedure see Ochmann
et al. (2025).

Table 1. Best-fit parameters for the Ca IIλ8662 profile obtained by applying the el-

liptical line-emitting accretion disk model.

Profile ξ1 [rg] ξ2 [rg] i [deg] φ0 [deg] σ [km s−1] e q

Ca IIλ8662 320+9
−10 1103+29

−33 10.8+0.1
−0.1 57.1+1.6

−1.1 65+11
−8 0.22+0.01

−0.01 −1.27+0.05
−0.05

We find that the double-peaked Ca IIλ8662 profile is in good agreement with
emission from a non-axisymmetric disk with an eccentricity of e ∼ 0.22, confined
within ∼ 320− 1100 rg, and with an inclination of ∼ 11◦. We particularly point
out the remarkably low internal turbulence of only σ ∼ 65 km s−1. This is the
lowest value reported for an AGN emission line to date and is significantly lower
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than typical values obtained for Balmer lines in other sources (e.g., Strateva
et al., 2003; Ward et al., 2024).

4. Conclusions from Ochmann et al. (2025)

The emission-line profiles of the Ca II triplet can be well reproduced with the
elliptical line-emitting accretion disk model, yielding a rather sharply defined
disk (between ∼ 320 − 1100 rg) with a small eccentricity of e ∼ 0.22. This is
only the second time—after the case of NGC 1566, for which the first double-
peaked profiles of the Ca II triplet were reported by Ochmann et al. (2024)—
that double-peaked profiles of Ca II have been found1, linking the Ca II-emitting
region directly to the kinematics of a rotating disk, thus bridging the gap to
predictions from photoionization calculations (Ferland & Persson, 1989; Joly,
1989) that place this region in the wind or corona of an outer accretion disk.
We especially point out the low internal turbulence in Ca II observed for both
NGC 4593 and NGC 1566, consistent with high kinematic ordering close to the
mid-plane of the disk. This suggests that line broadening in Ca II is primarily due
to Keplerian rotation with only minor contributions from turbulence, making
these emission lines a valuable tool for studying the BLR by being able to
directly trace its kinematics. Such an undisturbed view of BLR dynamics offers
great potential for refining BLR models and testing scenarios of complex gas
motion, including, for instance, supermassive black hole binaries (SMBHBs)
(e.g., Popović, 2012). Obtaining and modeling such high-fidelity line profiles,
however, requires data of the highest quality—i.e., with sufficient signal-to-noise
ratio, spectral resolution, and a small enough aperture to avoid host-galaxy
absorption affecting the Ca II profiles—in order to recover clean line profiles of
Ca II and O I.

5. Outlook & Future Prospects

The first detections of clean disk-line profiles in Ca IIλλ8498, 8542, 8662 and
O Iλ8446 demonstrate the potential of detailed line-profile studies of these low-
ionization lines. Further high-quality observations of Ca II and O I emission in
additional sources are strongly encouraged to establish these transitions as a
novel probe of BLR structure and geometry in AGN. We stress that complex
Ca II and O I emission features are already visible in published data (e.g., Pers-
son, 1988; Garcia-Rissmann et al., 2005; Landt et al., 2008), which motivates a
closer reinspection of archival spectra to search for further signatures of disk-line
or complex emitters.

1We note that the double-peaked feature in the Ca II triplet is also discernible in spectra of
NGC4593 already presented by Garcia-Rissmann et al. (2005) and Landt et al. (2008), but
had not been recognized until now.
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A particularly valuable next step would be reverberation mapping (RM)
campaigns of Ca II and O I, especially in AGN exhibiting disk-line profiles
(Ochmann et al., submitted). Although RM campaigns exist for other low-
ionization lines such as the Balmer series or Mg IIλ2800 (e.g., Shen et al., 2016;
Czerny et al., 2019), there are so far no dedicated monitoring programs for
Ca II or O I. Measuring their lags and velocity-resolved responses would directly
link the double-peaked profiles to the size and geometry of the emitting region,
thereby testing a disk-plane origin and possible vertical stratification within the
BLR through comparison with the RM signatures of other lines.

Notably, Lyβ pumping is assumed to be the dominant excitation mechanism
of O Iλ8446 in many AGN (e.g., Rudy et al., 1989; Rodŕıguez-Ardila et al.,
2002b; Landt et al., 2008). Therefore, if a variable signal in O I were detected in
a source where Lyβ pumping dominates, its variability would likely be causally
linked to changes in the Lyβ flux.2 We propose that this could be utilized in
future campaigns to study the structure of the BLR, in particular its vertical
stratification: For large enough BLRs, differences between the delay chains from
the continuum → Lyα/Lyβ → O I and that from the continuum → Hα/Hβ in
light-travel time may become measurable, provided that the different excitation
channels operate on spatial scales comparable to the observational cadence. In
this framework, the Lyβ line effectively acts as an intermediate reprocessor, in-
troducing an additional delay channel beyond the direct continuum response
and thereby allowing a new diagnostic handle on vertical BLR geometry. More
precisely, if the bulk of the Lyα/Lyβ emission is generated at some distance from
the ionizing source, but not directly along the line of sight to O I or Hα/Hβ,
which “see” the ionizing continuum, then the light-travel path from the contin-
uum source via Lyα/Lyβ to O I or Hα is longer than the direct path from the
continuum source to O I or Hα. The basic principle of this reverberation mapping
utilizing two different, spatially offset drivers, namely the ionizing continuum
and the pumping line, is shown in Fig. 2 for a planar BLR geometry with an
assumed vertical stratification.

We emphasize that this is a rather simplified picture—for instance, it does
not account for the spatial extent of the Lyα/Lyβ-emitting region or the covering
factors of the individual BLR phases—but we propose that, depending on the
exact geometry, such an approach could convey information about the scale-
height-dependent BLR structure.
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