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Cold gas forms a significant mass fraction of the Milky Way disk, but is its most uncertain baryonic
component. The density and distribution of cold gas is of critical importance for Milky Way dynamics, as
well as models of stellar and galactic evolution. Previous studies have used correlations between gas and
dust to obtain high-resolution measurements of cold gas, but with large normalization uncertainties. We
present a novel approach that uses Fermi-LAT γ-ray data to measure the total gas density, achieving a
similar precision as previous works, but with independent systematic uncertainties. Notably, our results
have sufficient precision to probe the range of results obtained by current world-leading experiments.
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Measuring the gas content of the Milky Way and local
universe is crucial for many fields in astronomy. Cold gas is
the most uncertain baryonic component in Milky Way mass
models, hampering the precision of dynamical mass mea-
surements of dark matter [1,2]. It is also essential for our
theoretical understanding of star and galaxy formation
[3,4].
The dominant gas species of the interstellar medium

(ISM) are atomic and molecular hydrogen (HI and H2),
where especially the latter is difficult to observe directly as
it lacks a permanent electric dipole moment. CO observa-
tions are often used as a tracer [5]. However, the CO-to-H2

ratio is uncertain and depends on the temperature and
density of their environment [6]. A significant fraction of
H2 is known to be CO dark, but the precise amount is
poorly constrained [7–10].
Gas is additionally traced by dust [11], which is typically

easier to observe and serves as a useful proxy for a galaxy’s
gas content [12–17]. Dust is also of direct physical
importance for a number of complex thermal and chemical
processes of the ISM, affecting star and planet formation
[18]. In the Milky Way, the dust-to-gas ratio has been
estimated using gas observations coming from stellar sight-
line UV absorption [19–21], soft x-ray scattering [22], or
21 cm emission [23–25] (see Supplemental Material [26],
Appendix A for further details).
In this Letter, we develop a novel method for measuring

the local Milky Way gas content, within roughly 2 kpc,
using γ-ray data from the Fermi-LAT telescope. The diffuse
γ-ray flux is produced primarily by the hadronic inter-
actions of cosmic rays (CRs) with interstellar gas. Because
CR measurements (e.g., by AMS-02) strongly constrain the
local cosmic-ray density, γ-ray measurements can, in turn,
be used to strongly constrain the gas density. Importantly,
the hadronic interactions that produce γ-ray emission are
entirely agnostic as to the temperature, spin, or ionization

state of the gas targets, making our gas density calculations
highly complementary to the techniques described above.
Furthermore, we use a new dust map [83] that was recently
produced from observations by the astrometric Gaia
mission [84], and has the novel quality of being three

FIG. 1. Ratio between EðB − VÞ dust reddening and gas, as
determined by our γ-ray analysis. The three panels depict total
hydrogen (H), and its atomic (HI) and molecular (H2) species.
The inner error bars of our results correspond to the uncertainty of
our fit, while the outer errors bars include a 10% systematic
uncertainty on the γ-ray cross sections added in quadrature. Our
results are consistent with Refs. [19,20,22,25], but in tension with
Refs. [23,24].
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dimensional and (unlike most previous studies) observed in
the optical rather than the far infrared.
Figure 1 shows the main results of our study. Our

measurements of the dust-to-gas ratio have a similar
precision as previous work, but are affected by an inde-
pendent set of systematic uncertainties. Excitingly, our
results are precise enough to probe the range of results from
state-of-the-art measurements. Furthermore, our study pro-
duces a novel and accurate model for high-latitude diffuse
γ-ray emission from the Milky Way [85], with many
applications to studies of extragalactic γ-ray emission
and extended γ-ray sources.
γ-ray emission models.—γ rays provide a unique probe

into galactic gas. Here, we focus on 0.1–100 GeV γ rays
observed at high Galactic latitudes. These are created by
several processes, including the interaction of CRs with gas
[86,87]. The most important process is π0 production from
hadronic interactions, while the bremsstrahlung of CR
electrons provides a Oð10%Þ contribution below a few
GeV [88–92].
The γ-ray flux produced from a CR component i and a

gas component j is given by the integration of the γ-ray
emission per interaction ϵij and the number density of the
gas component ρj along the line of sight (LOS) in the
direction l, b (longitude, latitude):

d2ϕij
γ

dΩdEγ
ðEγ; l; bÞ ¼

Z
LOS

dlρjðxÞϵijðEγ; xÞ; ð1Þ

where the emission per interaction is given by convolving
the CR flux ϕi

CR with the γ-ray production cross section
σij→γ:

ϵijðEγ; xÞ ¼
Z

dEi
dϕi

CR

dEi
ðEi; xÞ

dσij→γ

dEγ
ðEi; EγÞ: ð2Þ

The product ρjðxÞϵijðEγ; xÞ is commonly called γ-ray
emissivity. Thus, the flux depends on the CR flux and
the total gas density. Importantly, the γ-ray flux is essen-
tially unaffected by whether the gas is cold or hot,
molecular or atomic, ionized or neutral. The dominant
CR fluxes are protons and helium, while contributions from
heavier nuclei are subdominant. The flux of electrons and
positrons is also suppressed compared to protons by 2–3
orders of magnitude, but is important for low-energy
bremsstrahlung due to its faster cooling timescale and
for the inverse Compton emission.
We employ the propagation model recently explored in

Ref. [93] and refit it to the CR data of p, He, 3He=4He, p̄=p,
and eþ provided by AMS-02. The e− data is adjusted in a
postprocedure. The CR model includes diffusion, convec-
tion, continuous energy losses, and fragmentation losses.
Our model is based on the GALPROP code [94], which
numerically solves the propagation equations. It includes
several improvements compared to previous studies.
Details are described in the Supplemental Material [26],
Appendix B.
Besides CR-gas interactions, we model the following

processes: (1) Galactic and extragalactic γ-ray point
sources [95]; (2) the emission from inverse Compton
scattering (ICS), i.e., the up-scattering of low-energy
photons by CR electrons and positrons; and (3) an isotropic
emission that stems from faint and unresolved extragalactic
point sources, charged CR contamination, and residual
Galactic emission.
We perform template fits to the Fermi-LAT data con-

straining the number of γ-ray photons attributed to each
process or gas tracer as sketched in Fig. 2. Ultimately, we
obtain the conversion factor from the gas tracers (21 cm,
dust, CO) to the gas densities (H, HI, H2). The gas tracers
and the exact fitting procedure are explained below.

FIG. 2. γ rays are produced by the interaction of CRs with gas, as well as a few other processes like inverse Compton emission or point
sources. We perform a template fit of the local γ-ray sky by comparing model counts and Fermi-LAT data. We note that maps are
corrected for the Fermi-LAT instrumental exposure, which varies across the sky. We use cuts of jlj < 60° to avoid the Galactic center and
the Fermi bubbles, and jbj < 16° to select nearby emission sources. From the normalization of each template, we infer the conversion
factors of the gas tracers to gas densities, most notably, from dust reddening to cold hydrogen gas.
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Gas tracers.—The ISM is separated into distinct gas
phases, broadly divided into a cold and warm neutral
medium (CNM and WNM) [4,96–98]. The different gas
components and species are traced by different maps in
our model:
CO: Very cold molecular gas is traced by radio obser-

vations of rotational modes in carbon monoxide (CO). We
use the two-dimensional full-sky CO data from the Planck
survey (the “Type 2” map from Ref. [99]). Canonically, the
conversion factor between the CO J ¼ 1 → 0 transition
signal and the H2 column density is equal to ð2� 0.6Þ ×
1020 cm−2 K−1 km−1 s [6,100]. The component of CO-
traced H2 has a small scale height, and thus, due to our
cut on Galactic latitude, its relative contribution is small.
Dust: We use a three-dimensional dust map to trace

molecular and atomic hydrogen in the CNM. This dust map
was produced using Gaia data [83], given in terms of
extinction per distance in units mag pc−1, at a wavelength
of 6500 Å (corresponding to the center of Gaia’s photo-
metric G band); this extinction is proportional to EðB − VÞ
by a factor of 0.88 × 3.1 ¼ 2.73 [83,101]. The conversion
factor between EðB − VÞ dust reddening and the hydrogen
nuclei column density is roughly 6 × 1021 mag−1 cm−2,
although the precise value is highly uncertain (see Fig. 1).
The dust distribution of this map has a small scale height.
Most of it is contained within 100 pc from the midplane,
with only weak tails to heights around 300 pc. Hence it is
inconsistent with the ∼400 pc scale height of the WNM,
and we make the interpretation that this dust map only
traces the CNM.
21 cm: We use the two-dimensional full sky 21 cm map

called HI4PI [102], integrated over LOS velocities between
ð−90; 90Þ km s−1, to trace atomic hydrogen in the CNM
and WNM. This map overlaps with the dust map, since
both trace CNM HI. Canonically, the conversion factor
between the 21 cm signal and the HI column density is
equal to 1.823 × 1018 cm−2 K−1 km−1 s [102,103]. We
assume that the 21 cm optical depth is negligible for our
Galactic latitude cuts. This assumption breaks down for
jbj≲ 10° [104], which is smaller than our latitude cut.
Analytic WNM distribution: As an alternative to the

21 cm map, we consider an analytic model for the WNM,
with a density proportional to

fWNMðxÞ ∝ sech2
�

z
400 pc

�
exp

�
−

R
3.5 kpc

�
; ð3Þ

where z is the height with respect to the disk and R is
Galactocentric radius. This functional form reflects the fact
that the WNM forms less significant substructure due to its
high temperature, such that its distribution in the Solar
neighborhood is well-approximated by a 400 pc scale
height and a 3.5 kpc disk scale length [105].
The precise relationship between gas components and

gas tracers is complex, where some gas components are

covered by multiple tracers. In our modeling, we take the
CO to trace the surplus of H2 that is otherwise not
accounted for by the dust tracer. We perform fits for two
separate models, labeled A and B, which are summarized in
Table I. Model A includes the 21 cm map but not the fWNM
map, and vice versa for model B. The crucial difference is
that the gas tracers have an overlap in terms of the CNM HI
component in model A, but not for model B. By comparing
their respective results we can estimate the amount of total
hydrogen, HI, and CO-dark H2 in the CNM. Model B is
expected to perform slightly worse in terms of a χ2 statistic,
since fWNM does not capture any WNM substructures. For
this reason it is also highly degenerate with other smooth
components (the ICS and isotropic background, see below).
However, this is not detrimental to our fit, as the purpose of
model B is to extract more information about the dust-to-
gas conversion factor of the CNM, for which the ignored
WNM substructures have a negligible effect.
We employ the canonical assumption that all gas phases

are mixed with the same fraction of helium, constituting
38% of the hydrogen gas mass, with an additional 4% mass
from heavier elements [106–108]. The γ-ray production per
mass is approximately the same for π0 while bremsstrah-
lung from heavier targets is slightly suppressed, as descri-
bed in the Supplemental Material [26], Appendix D. In our
model, we ignore the hot interstellar medium (HIM), which
constitutes a subpercent contribution to the local gas
density and, despite its large scale height, a small con-
tribution to the total gas surface density [109]. The HIM
lacks smaller scale spatial structure, so its contribution to
the γ-ray sky is absorbed by other smooth γ-ray emission
components (listed below), without affecting the norma-
lizations of the cold gas in our fit.
Other γ-ray emission components.—While γ rays from

π0 decay and bremsstrahlung both trace Galactic gas, there
are several mechanisms that do not depend on the gas
density. First, Fermi-LAT observations include over 5000
point sources of both Galactic and extragalactic origin,
including supernova remnants, pulsars, blazars, and star-
forming galaxies. The large number of sources makes it
difficult to model the intensity and spectrum of each
independently. Thus, we use the default flux and spectra
for each source reported in the 4FGL-DR2 catalog

TABLE I. Gas components (top row) and the respective maps
(left column) they are traced by in model A and model B.

CO H2 CNM H2 CNM HI WNM HI

Model A CO ✓
Dust ✓ ✓
21 cm ✓ ✓

Model B CO ✓
Dust ✓ ✓
fWNM ✓
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[95,110]. This provides an accurate model for nonvariable
sources. In contrast, we mask the bright and time-variable
sources as discussed in the Supplemental Material [26],
Appendix C2.
The second component is the isotropic γ-ray back-

ground, which is primarily produced by the subset of
extragalactic sources that are too dim to be individually
detected. It also includes a contribution from cosmic rays
that are misidentified as γ rays by the Fermi-LAT. Because
both extragalactic sources and cosmic rays are isotropic, the
morphological template in each bin matches the Fermi-LAT
exposure.
The final component is the ICS of starlight by relativistic

electrons. Notably, the same electron population produces
the ICS and the bremsstrahlung component discussed
above. To calculate the convolution of this electron dis-
tribution with Galactic radiation, we utilize the CR model
described in the Supplementary Material [26], Appendix B,
and the up-to-date interstellar radiation field models given
by Ref. [89].
Fitting procedure.—We infer our results in a Bayesian

framework, with a Poisson count data likelihood and flat box
priors on the normalizations of each respective γ-ray map
component, and sample the posterior probability density
using Hamiltonian Monte-Carlo sampling. We produce our
main results in a joint fit of the 4th–15th energy bin (0.4–
100GeV), which are dominated by hadronic interactions and
therefore they are less prone to systematic errors related to
bremsstrahlung cross sections, as well as Fermi’s angular
resolution, which improves at high energies. We employ
jackknife subsampling by splitting the sky into sub-areas in
order to quantify systematic uncertainties, and also perform
fits for each separate γ-ray energy bin. See the Supplemental
Material [26], Appendix D for further details.
Because we focus our analysis on the local ISM, we

exclude regions of the sky where the γ-ray data include
significant systematic uncertainties due to distant sources.
These include (1) regions along the Galactic plane with
jbj < 16°; (2) regions near the Galactic center with
jlj < 60°, which removes contamination from the Fermi
bubbles [111] and Loop I [112]; (3) a 3° radius circle
around 17 highly variable Fermi-LAT point sources, for
which the quoted 4FGL fluxes may not produce proper flux
estimates; and (4) a 5° radius circle surrounding the
position of the Large Magellanic Cloud. The sizes of these
masks are motivated by the Fermi-LAT point spread
function, which has a 2.93° 68% containment region for
our lowest energy bin.
Results.—In Fig. 3, we show a comparison between the

data count and the best-fit model A, for a fit of the full
nonmasked sky over the 4th–15th energy bins (for indi-
vidual energy bins, see Supplemental Material [26],
Appendix D. The higher energy bins have limited statistics,
so the fit is mainly driven by roughly the 4th–7th energy
bins. Our model provides an overall good description of the

data. However, some structures are not fully captured by
our model. The mean absolute relative difference between
the model and data counts in the nonmasked region is
5.9% and 9.5% for models A and B, beyond what can be
accounted for by statistical noise. Hence, our result is
strongly dominated by systematic uncertainties, which we
estimate by jackknife subsampling.
The main focus of our results concerns the dust con-

version factors, as presented in Fig. 1. A more complete
visual representation of our results, including the conver-
sion factors for the 21 cm and CO maps and their energy
dependence, can be found in the Supplemental Material
[26], Appendix D. The dust-to-H conversion factors differ
significantly between the model A and model B fits. This is
expected, as the 21 cm map of model A traces CNM HI and
thus overlaps with the dust map. However, despite the
CNM HI already being accounted for, the dust map is still
inferred to contribute significantly to the γ-ray sky in model
A, with a dust-to-H conversion factor of ð2.31� 0.75Þ ×
1021 mag−1 cm−2 (posterior mean and standard deviation).
Thus the dust map must also trace a component that is not
accounted for in the 21 cm or CO maps. We make the
interpretation that this additional component is CO-dark H2

mixed in with the CNM. For our model B, which does not
include the 21 cm map, the dust map is interpreted to trace
the totality of both CNMHI and CNMH2, with a dust-to-H
conversion factor of ð6.28� 0.94Þ × 1021 mag−1 cm−2. By
taking the dust conversion factor difference between model
A and model B, we obtain the amount of CNMHI traced by
dust, inferred to be ð3.97� 0.48Þ × 1021 mag−1 cm−2. This
difference has a smaller uncertainty than the individual
conversion factors because we account for correlations in
the jackknife subsampling. The relative uncertainties for
the dust-to-H conversion factor is roughly 12%, on the
same order of magnitude as the systematic errors seen in the
model and data comparison of Fig. 3.
For model A, we infer a 21 cm conversion factor of

ð1.816� 0.153Þ × 1018 cm−2K−1 km−1 s, consistent with

FIG. 3. Comparison of our model A with the data counts, from
the best fit over the 4th–15th energy bins.Masked regions are gray.
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the canonical value of 1.823 × 1018 cm−2K−1 km−1 s
[102,103]. This agreement is in general support of the
accuracy of our analysis, and does not indicate any signifi-
cant bias in for example the γ-ray cross sections. For the
CO-to-H2 conversion factor, we infer ð1.67� 0.27Þ × 1020

and ð0.81� 0.45Þ × 1020 cm−2K−1 km−1 s for model A and
B, respectively. These results for model A are consistent with
the canonical value of ð2� 0.6Þ × 1020 cm−2K−1 km−1 s.
The CO-to-H2 conversion factor discrepancy between model
A and B implies that there is an overlap between the dust
map and the CO map; in other words, the CO-bright H2 is
also in part traced by dust. The CO-to-H2 conversion factor
is potentially not very well understood [113], perhaps further
complicated by its interplay with dust as a tracer. To
investigate this in more detail would require a more extensive
study, preferably including lower Galactic latitudes with a
more significant CO signal.
Another important contribution to baryonic models for

the Solar neighborhood is that we quantify the amount of
CO-dark H2 that is mixed with the CNM HI, to a mass
fraction of 36.0� 8.8%. This result agrees well with
Ref. [25], which uses a completely different method affec-
ted by other systematic uncertainties (see Supplemental
Material [26], Appendix A for details). Outside CO-bright
regions, they find a CO-dark H2 mass fraction of 46%
relative to the total amount of hydrogen, although they do
not state any uncertainty for this quantity.
We also perform additional tests, described in the

Supplemental Material [26], Appendix D, for example,
by applying an alternative data likelihood that is less
sensitive to outliers. In summary, we obtain very similar
results for these alternative fits, even with latitude cuts of
jbj > 12° and jbj > 8°, as well as at higher or lower angular
resolution. Furthermore, in Supplemental Material [26],
Appendix D5, we present a model for the cold gas mass
density based on our results, and compare this model with
estimates from other studies.
Conclusion.—We weigh the local ISM (within roughly

2 kpc), focusing on its cold gas components and, as a first
work of its kind, do so using γ-ray data from Fermi-LAT
and a dust map based on Gaia data. We employ a
conservative treatment of uncertainties and potential sys-
tematic errors. Our results for the dust-to-gas conversion
factor are robust and have sufficient precision to probe the
range of results produced by current world-leading experi-
ments. Furthermore, our method is highly complementary
to these other studies, subject to different sources of
potential systematic biases, and especially useful for
revealing otherwise difficult to observe gas components
such as CO-dark H2.
This method for using γ rays to probe the ISM of the

Solar neighborhood is expected to improve in the near
future. The dust maps are getting deeper and more precise,
due to better astrometric measurements from Gaia,
complementary spectro- and photoastrometric distance

information [114,115], and more sophisticated modeling
of the three-dimensional distribution of dust (e.g., employ-
ing Gaussian processes [116,117]). Further improvements
might be achieved by a better understanding and modeling
of the cross sections for hadronic γ-ray production using the
latest data from high-energy experiments.
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