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A S T R O N O M Y

Discovery of diffuse optical emission lines 
from the inner Galaxy: Evidence for LI(N)ER-like gas
D. Krishnarao1*, R. A. Benjamin2, L. M. Haffner3,4,1

Optical emission lines are used to categorize galaxies into three groups according to their dominant central 
radiation source: active galactic nuclei, star formation, or low-ionization (nuclear) emission regions [LI(N)ERs] 
that may trace ionizing radiation from older stellar populations. Using the Wisconsin H-Alpha Mapper, we detect 
optical line emission in low-extinction windows within eight degrees of Galactic Center. The emission is associated 
with the 1.5-kiloparsec-radius “Tilted Disk” of neutral gas. We modify a model of this disk and find that the hydrogen 
gas observed is at least 48% ionized. The ratio [NII] 6584 angstroms/H 6563 angstroms increases from 0.3 to 
2.5 with Galactocentric radius; [OIII] 5007 angstroms and H 4861 angstroms are also sometimes detected. The 
line ratios for most Tilted Disk sightlines are characteristic of LI(N)ER galaxies.

INTRODUCTION
Evidence for ionized gas in galaxies has existed since 1909 when 
optical emission lines were first detected in the spectra of a “spiral 
nebula” (1). Motivated by the discovery that the redshift of spectral 
lines of galaxies correlated with their distance (2), teams at Mt. Wilson 
Observatory and Lick Observatory began programs to obtain spectra 
for a large sample of these galaxies. Early on, both groups detected 
[OII] 3727-Å emission from diffuse ionized gas in the inner re-
gions (R < 2 kpc) of several galaxies (3, 4). Subsequent observations 
showed that this gas was characterized by a [NII] 6584 Å/H 6563 
Å line ratio greater than unity, as opposed to the value of 0.3 seen in 
ionized gas surrounding HII regions in galaxy disks (5).

Emission line studies of ionized gas in subsequent decades fo-
cused on the nuclear regions (R < 0.5 kpc) of galaxies, leading to the 
classification of galaxies according to their emission line ratios. The 
line ratios [NII] 6584 Å/H 6563 Å and [OIII] 5007 Å/H 4861 
Å were found to be particularly useful in classifying galaxies accord-
ing to the principal source of ionization (6). When combined with 
models of the radiation field, these line ratios allowed galaxies to be 
classified into one of three categories according to the dominant source 
of radiation: star formation, active galactic nuclei, or low-ionization 
(nuclear) emission line regions [LI(N)ERs] (7–9). This third catego-
ry was introduced by Heckman (10); possible sources of ionization 
included shocks, cooling flows, and photoionization by evolved 
stellar populations (11).

Modern investigations of LI(N)ER emission (12–14) have resur-
rected interest in the radial extent of this gas, leading to the sugges-
tion that the “nuclear” designation be dropped. Supporting this view, 
similar emission line ratios are found in the extended regions of 
elliptical and early-type galaxies, which also show evidence for an 
ultraviolet (UV) upturn. This UV upturn was first detected in the 
inner regions of M31 by Code (15), who speculated that it could be 
responsible for the previously observed diffuse ionized gas (16, 17). 
Stellar evolution and photoionization modeling of evolved stellar 
populations show that both the UV upturn and the optical emission 

line ratios may be explained by a population of hot old low-mass 
evolved stars [e.g., (18) and references therein]. There are several 
classes of potential ionizing sources, e.g., post–asymptotic giant branch 
(AGB) stars, AGB manqué stars, hot white dwarfs, pre-planetary 
nebula stars, and extreme horizontal branch/subdwarf OB stars, but 
the relative contributions of these sources to the total ionizing flux 
have not been definitively established. Since many of these sources 
are faint, it is not possible to resolve them in extragalactic systems. 
Even in M31—up until now, the nearest LI(N)ER—it is extremely 
challenging to detect individual sources and establish their contri-
bution to the hydrogen-ionizing flux.

Here, we report the first detection of optical emission LI(N)ER-
type gas in the inner part of the Milky Way Galaxy using the 
Wisconsin H-Alpha Mapper (WHAM) (19, 20). Our measurement 
of these optical emission lines in the inner Galaxy is possible due 
to two fortuitous circumstances. First, the neutral gas layer between 
Galactocentric radii of 0.5 kpc < RG < 1.5 kpc is tilted (21), extending 
more than 5° below the Galactic plane in Galactic longitudes l = +10° 
to 0°. Second, this structure aligns with several low-extinction di-
rections toward Galactic Center around (l,b) = (1° to 5°, −3° to −6°), 
including Baade’s Window. This tilted gas structure is distinct from 
the “Central Molecular Zone” (CMZ) interior to RG ~ 0.5 kpc, which 
is also tilted, but with a different rotational axis.

We find three principal results. First, the optical line ratios for this 
gas are unlike anywhere else in the Milky Way Galaxy but typical of 
emission from LI(N)ER systems. Second, the inferred mass of ion-
ized gas is much higher than predicted by current hydrodynamical 
models of gas flowing in a Milky Way–barred potential. A tilted 
geometrical model of the neutral gas modified to include an ionized 
component suggests that the atomic (nonmolecular) gas in the 
inner Galaxy is more than 50% ionized. And third, the [NII] 6584 
Å/H 6563 Å ratio increases with Galactocentric radius, suggesting 
a radiation field that changes with position in the inner Galaxy. In 
the future, these observations may be compared with spatially re-
solved observations of UV-emitting stellar populations to assess the 
source of ionization for LI(N)ER-type gas.

RESULTS
Using the WHAM (19, 20), we obtained high sensitivity (IHɑ ~ 0.1 R), 
velocity-resolved (R ~ 25,000; v ~ 12 km s−1) observations of several 
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optical emission lines, e.g., H 6563 Å, H 4861 Å, [NII] 6584 
Å, and [OIII] 5007 Å, in the vicinity of Galactic Center. This 
dual-etalon Fabry-Perot spectrometer samples the region using a 1° 
diameter beam. These data are supplemented with HI 21-cm obser-
vations from the HI4PI survey (22), with a sensitivity of 43 mK and 
an angular resolution of 16.2 arcmin.

In the low-extinction region around (l,b) = (1° to 5°, −3° to −6°), 
we detect H emission in the velocity range of −110 km s−1 ≤ vLSR ≤ 
−50 km s−1, the same velocity range in which 21-cm emission is 
seen. Figure 1 shows a map of HI 21-cm emission near Galactic 
Center for longitude l > 0°, with −110 km s−1 ≤ vLSR ≤ −50 km s−1 
in blue and l < 0° with +50 km s−1 ≤ vLSR ≤ +110 km s−1 in red. 
These “forbidden” velocities cannot arise from circular rotation in 
the inner Galaxy and have been interpreted as the expansion of a 
tilted circular annulus (21) or tilted elliptical trajectories of gas, pos-
sibly aligned with the bar (23). The contours on the HI 21-cm map 

show our detection of H emission in the same velocity windows. 
Two example spectra show kinematically distinct optical emission 
lines in the same velocity range as the neutral gas of the Tilted Disk. 
There is also H emission above the midplane of the Tilted Disk that 
we refer to as the “Upper Feature.” Unlike the Tilted Disk emission, 
this emission is not kinematically distinct and is found in broad wings 
of local H emission. In some directions, we observe HI 21-cm 
emission at the same negative velocities as the Upper Feature, but 
this emission will not be considered further.

Figure 1 also shows that the [NII]/H emission line ratio associ-
ated with the Tilted Disk is substantially higher than the local emis-
sion traced by gas near vLSR = 0 km s−1. Our multiwavelength WHAM 
observations of [NII], [OIII], H, and H allow for the inner re-
gions of the Milky Way to be compared with other galaxies using the 
diagnostic Baldwin-Phillips-Terlevich (BPT) diagram (6). Figure 2 
shows two optical line ratios in a diagram comparing Sloan Digital 

Fig. 1. Observations of the Tilted Disk. Integrated velocity channel map of HI 21-cm emission over inner Galaxy forbidden velocities for positive longitudes (−110 km 
s−1 ≤ vLSR ≤ −50 km s−1; bluescale) and negative longitudes (+50 km s−1 ≤ vLSR ≤ +110 km s−1; redscale), showing the tilted distribution of this gas. H contours integrated 
over the same velocity range show evidence for an ionized counterpart to the neutral gas. A projection of a tilted elliptical HI disk model (23) integrated over all velocities 
is shown with black and gray contours, while the blue-to-white and red-to-white contours show the emission predicted by the model in the same velocity range as the 
data with contour values of 0.1, 10, 75, and 100 K km−1 s−1. The purple line shows the projected outline of the Fermi Bubble (38) extrapolated into Galactic Center. The 
dotted circles and arrows show the location of two 1° WHAM beams and their corresponding optical emission line spectra for H, H, [NII], [SII], and [OIII]. A rescaled (1/20) 
HI spectrum averaged over the WHAM beam is also shown to demonstrate the kinematic agreement between the neutral and ionized gas observations. The bright emis-
sion around vLSR = 0 km s−1 is from local emission in the solar neighborhood.
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Sky Survey (SDSS) galaxies, WHAM observations of the Tilted Disk, 
and WHAM observations in the direction of the “Scutum Star Cloud”, 
an extinction window at l ~ 30°, which traces gas in the Scutum 
spiral arm at RG = 4 to 6 kpc (24). Of the 10 Tilted Disk pointings 
shown on this plot (orange points and pink bars), 6 have only [NII]/H 
ratio measurements, 3 have upper limits for [OIII]/H, and 1 point-
ing has both lines of the [OIII]/H ratio detected at greater than 2 
significance. All but one of these pointings would be classified as 
composite or LI(N)ER emission. Moreover, the [NII]/H ratio is 
distinctly different from what is seen in HII regions, Galactic diffuse 
ionized gas in the disk, and the Scutum spiral arm but is similar to 
ratios seen in LI(N)ERs. Last, the face-on H surface brightness 
predicted by a geometric model of the ionized Tilted Disk (described 
in the next section) is ~5 × 10−17 ergs s−1 cm−2 arcsec−2, comparable 
to the average surface brightness observed in M31 (25).

Using the same geometrical model to convert observed velocity 
to Galactocentric radius, Fig. 3 also shows evidence for a trend of 
increasing [NII]/H ratio with Galactocentric radius in the inner 
Galaxy. We also find that the spectra in the direction closest to 
Galactic Center are consistent with star formation–dominated spectra.

Interpreting these emission spectra further requires a three-
dimensional (3D) kinematic model of gas to convert the observed 
gas velocity to the gas location within the Galaxy and to estimate the 
total ionized gas mass. We consider two different models: (i) a geo-
metrical model of a tilted elliptical disk (23), modified to include 
an ionized gas component, and (ii) a hydrodynamical model of gas 
flow in the barred potential of the Milky Way (26) that includes 
heating, cooling, and a chemical network to track the ionization 
state and composition of the gas. Details for both models are given 
in the Supplementary Materials and are summarized here.

We first consider a previously constructed model of the neutral 
Tilted Disk by Liszt and Burton (23) and modify it to include an 
ionized gas component. Before the development of this model, 
anomalous velocity features were modeled as arising in explosive 
events at Galactic Center (27). The original Tilted Disk model (21) 
explained many of these observations as resulting from a tilted disk 
with radial expansion. Subsequent refinements of the model ex-
plained the anomalous velocity gas as elliptical motion requiring 
no expansion (23).

The neutral gas model has elliptical streamlines of gas, with a 
semimajor axis of ad′ = 1.51 kpc and a semiminor axis of bd′ = 
0.49 kpc. The gas density varies only as a function of height; angular 
momentum is conserved along the elliptical orbits. The disk is tilted 
13.5° out of the plane, 20° toward us, and has its major axis at an 
angle of 48.5° with respect to the Sun–Galactic Center direction (23). 
Our best-fitting ionized gas density model uses the same orientation 
and velocity field as the neutral gas and is characterized by a central 
midplane density ne,0 = 0.39 (+0.06/−0.05) cm−3 and central Gaussian 
scaleheight, Hz,0 = 0.26 ± 0.04 kpc. We also introduce a flaring factor, 
Fz = 2.05 (+0.42/−0.31), such that the scaleheight increases linearly 
with radius as Hz(r) = Hz,0[(1 − x) + Fz x] where x = r/(ad′). Similar 
to the neutral gas model, we assume that surface density is indepen-
dent of radius, so ne(r) = ne,0 Hz,0/Hz(r). As in previous work (28), 
we remove an inner ellipse with a semimajor/minor axes of ad′/2 
and bd′/2, half the outer value.

This model predicts the observational trends of H seen with 
WHAM and confirms that directions where we do not detect emis-
sion are inaccessible due to extinction. The previous neutral gas 
model and our new ionized gas model allow us to compare the mass 
of these two components. We find a total neutral gas mass of MH0 = 
(3.1 ± 0.3) × 106 solar masses, which agrees with previous estimates 
(28). The total ionized gas mass from our model is MH+ = 12 (+4/−3) × 
106 solar masses. Since these values come from extrapolating our 
ionized gas model beyond the observational window where H is 

Fig. 2. BPT diagram with the Milky Way. BPT diagram of the [OIII]/H versus [NII]/
H line ratios for SDSS DR7 galaxies (grayscale) and the Milky Way (colored data), 
as observed with WHAM. Classification lines in blue, cyan, and orange separate 
regions by their modeled primary excitation mechanism (7–9). Orange-shaded filled 
circles are WHAM observations of the Tilted Disk structure we have modeled. 
Green plus symbols are extinction-corrected WHAM observations of the Scutum 
direction (24) and cover a range of 4 kpc < RG < 7 kpc. Pink lines and shaded regions 
show additional observations of [NII]/H of the Tilted Disk where either [OIII] or H 
are not detected. Error bars are either 1 errors or upper limits (arrows).

Fig. 3. [NII]/H versus Galactocentric radius. [NII]/H line ratio toward the Tilted 
Disk as a function of Galactocentric radius (RG). Points with orange error bars corre-
spond to the orange points in the BPT diagram of Fig. 2, while points with pink 
error bars correspond to the pink vertical bars in the BPT diagram. An additional 
offset along both axes of 0.01 is added to the point with the largest values on both 
axes to differentiate the two points with very similar values.
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detected, we also compare the total mass of neutral and ionized gas 
in our observing window. Over the region, l = 0° to 6°, b = −7° to –2° 
in the velocity interval, vLSR = −120 to −40 km s−1, HI 21-cm obser-
vations combined with our geometric models yield a neutral and 
ionized gas mass of (0.30 ± 0.01) × 106 and 0.37 (+0.12/−0.09) × 106 
solar masses, respectively, and an ionization fraction of 55% (±7%). 
Despite the uncertainties of how to extrapolate our results in the 
extinction window to the full structure, it is clear that a substantial 
fraction of the gas we observe is ionized. Details on the mass esti-
mates and uncertainties shown here are available in the Supple-
mentary Materials.

Although the geometric model has the advantage of simplicity, it 
does not capture the full complexity of the gas distribution expected 
in a barred galaxy like the Milky Way. In particular, hydrodynamical 
models show notable variations in density with both azimuth and 
radius interior to the bar radius [e.g., (26) and references therein]. 
From our vantage point at the Sun, looking in the direction of 
positive Galactic longitudes (l > 0°), these models predict that the 
leading—high positive vLSR—side of the bar is characterized by 
dense gas and dust, while the trailing side of the bar—high negative 
vLSR—would have much lower gas density. To examine the effects of 
this density asymmetry on our interpretation, the Supplementary 
Materials contains a comparison of our geometric model to a hydro
dynamical simulation (26). Since this particular simulation also tracks 
the chemical state of the gas, it makes specific predictions for the 
density structure of ionized gas.

We find that this model fails to adequately account for the H 
emission we see in three principal ways. First, it fails to predict 
the observed tilted distribution of gas, a shortcoming discussed in 
(26). Since the model gas layer lies in the plane, it lies behind large 
amounts of extinction, and we would expect to detect no H. Second, 
although the vertical thickness of the gas depends on position and is 
not easily characterizable with a single scaleheight, we find that at 
all positions, the model produces a gas layer much thinner than 
what is inferred from both the H and HI observations. This issue 
was also noted by (26) with regard to the molecular and neutral 
atomic gas but is even more discrepant for the ionized gas compo-
nent. Last, even when we introduced an arbitrary tilt in the gas 
distribution, we found that the gas on the trailing side of the bar, 
traced by negative-velocity gas, had a much lower density of ionized 
gas than needed to explain the observed H emission. This last dis-
crepancy is almost certainly due to the radiation field used in this 
simulation, which did not include hydrogen-ionizing photons. All 
of the hydrogen ionization in this model comes from cosmic rays or 
collisional ionization.

The discrepancies we identify are likely to be present in any of 
the currently available models of gas flow in a barred potential. To 
our knowledge, no model has successfully resulted in a tilted distri-
bution. Moreover, in all models, the higher gravitational potential 
of the inner Galaxy can be expected to result in a thin gas layer in 
the absence of other sources of vertical support. While many models 
seem to produce a high positive-velocity dense gas structure on the 
leading side of the bar, analogous to the observed “Connecting Arm” 
seen in CO observations, there has been much less attention paid to 
matching the column densities of gas in the negative-velocity trail-
ing side of the bar. Regardless, both our geometrical model and the 
hydrodynamical models agree on the general location within the 
Galaxy where the kinematic signatures we observe must originate—
the trailing side of the bar.

DISCUSSION
Given that the presence of LI(N)ER-type gas has been shown to be 
well-correlated with the occurrence of Galactic bars (29), one might 
have reasonably suspected the ionized gas in the inner Milky Way 
to have LI(N)ER-like line ratios. Our observations not only confirm 
this expectation but allow for new constraints on the nature of 
the ionization mechanism and the power requirements. Particu-
larly intriguing is our finding that the [NII]/H ratio drops as the 
Galactocentric radius decreases, with our innermost observations 
consistent with a star formation–dominated ionizing radiation field. 
Analysis of far-infrared line ratios in the CMZ, which are not acces-
sible optically, has been interpreted as a star formation–dominated 
radiation field (30), although the situation is not entirely clear (31).

With the caveat that the true density structure of ionized gas is 
likely to be more complicated than assumed in our geometric model, 
we can use our H observations to infer the level of ionizing flux 
in the inner Galaxy. If one assumes that the disk is ionized from 
outside, then a balance between the number of ionizations and re-
combinations in our model exponential ionized disk implies a (plane-
parallel) hydrogen-ionizing flux of ɸ = (2.7 × 107 photons s−1 cm−2) 
(1 − 0.5 ×) to each side of the disk, where x = r/ad′. This is 10 times 
the flux needed to maintain the warm ionized layer in the vicinity of 
the Sun (32). The corresponding luminosity of hydrogen-ionizing 
photons is Q(H0) = 6.3 × 1050 photons s−1. This can be compared 
to the number of Lyman continuum photons coming from star 
formation in the CMZ, which is QCMZ = 1.2 to 3.5 × 1052 photons 
s−1, assuming a CMZ star formation rate of 0.05 to 0.15 solar mass 
year−1 (33, 34) and that a star formation rate of 1 solar mass year−1 
produces 2.4 × 1053 photons s−1 (35).

Although it would only take approximately 5 to 10% of these 
ionizing photons to maintain the ionization in the Tilted Disk, 
models of radiative transfer will be needed to establish whether 
this radiation source alone would suffice to explain the changing 
level of ionization seen. Evolved stellar populations, e.g., subdwarf 
OB stars, have been posited as a source of ionization in LI(N)ER 
systems; the contribution of these sources could be observationally 
constrained in the Galaxy. A Galactic bulge concentration of these 
stars would occur at magnitude mV ~ 19 for a subdwarf OB absolute 
magnitude of MV = 4.6 (36). Since the Galactic bulge is vertically 
thicker than much of the extinction in the inner Galaxy, such a 
population could be detected.

Absorption line studies will also be valuable for studying the 
thermal pressure, ionization, metallicity, and dust depletion in the 
neutral and ionized components of this LI(N)ER-like gas. One such 
study toward the distant B1 Ib-II star LS 4825 (l = 1.67° and b = −6.63°) 
shows absorption at the same velocity as the Tilted Disk. Analysis of 
this component yields a solar abundance of sulfur, ~1-dex depletion 
of iron and aluminum, a thermal pressure three times higher than 
in the solar neighborhood, and evidence for more highly ionized gas 
traced by C IV and Si IV, indicating a possible interface with hotter 
gas (37).

Last, hot gas associated with a large-scale nuclear outflow indi-
cated by the Fermi Bubbles may provide another source of ionizing 
radiation (38). In Fig. 1, we show how the estimated boundary of the 
Fermi Bubble—as seen in gamma-ray and x-ray emission—compares 
to the structure of the Tilted Disk. If hot gas is intermixed with the 
Tilted Disk structure, then our gas mass estimates based on H 
emission will be lower limits (39) to the total amount of ionized 
gas in the inner Galaxy. Our observations show that the nearest 
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LI(N)ER-like gas to us in the universe is now the inner Milky Way and 
no longer the inner parts of M31. This opens new avenues to better 
constrain the nature and ionization sources of this elusive class of 
gas with an unprecedented level of detail across all wavelengths.

MATERIALS AND METHODS
All data used in this work can be accessed publicly. The WHAM Sky 
Survey has a public release of H observations available online at 
http://www.astro.wisc.edu/wham-site/. The HI4PI observations of 
21-cm neutral hydrogen (22) and the 3D dust models (40) used in 
this work are also available publicly. The Tilted Disk geometric 
model can be computed using the open-source Python package, 
modspectra (https://github.com/Deech08/modspectra). Multi-
wavelength WHAM observations have not been publicly released, but 
those specific to this work can be accessed at the following GitHub re-
pository, which also includes Python notebooks to replicate plots 
shown in this work (https://github.com/Deech08/mw_bpt).

Statistical analysis
For each WHAM pointing, the H emission intensity and line pro-
files are calculated for our model assuming Case B recombination 
and using maps of the 3D dust distribution to apply extinction cor-
rections (40). A Bayesian Markov Chain Monte Carlo approach is 
used to optimize the model in comparison with WHAM observa-
tions of H in the extinction windows shown in Fig. 1. Our model 
predicts the observational trends of H seen with WHAM and con-
firms that directions where we do not detect emission are inaccessible 
due to extinction. Full details on this procedure are available in the 
Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaay9711/DC1
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