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Summary: A large fraction of the baryons and most of the metals in the Universe are
unaccounted for. They likely lie in extended galaxy halos, galaxy groups, and the cosmic web,
and measuring their nature is essential to understanding galaxy formation. These environments
have virial temperatures & 105.5 K, so the gas should be visible in X-rays. Here we show the
breakthrough capabilities of grating spectrometers to 1) detect these reservoirs of hidden metals
and mass, and 2) quantify hot gas flows, turbulence, and rotation around the Milky Way and
external galaxies. Grating spectrometers are essential instruments for future X-ray missions, and
existing technologies provide 50–1500-fold higher throughput compared to current orbiting
instruments.



1. Introduction and an Overview of X-Ray Spectroscopy
The characteristic temperatures of galaxies, galaxy clusters, stars, neutron stars, black hole

accretion disks, and exploding objects are T > 0.5×106 K. At temperatures of 0.5−100×106 K,
diagnostic emission and absorption lines are from metals (i.e., O, C, Fe, Mg, Si, Ne), and most
have energies in the X-ray band. Of these lines, the strong oxygen lines at 106 K (O VII Heα and
O VIII Lyα, at 21.6Å and 18.9Å) are particularly important because they are detected in a variety
of environments and oxygen is abundant relative to other metals. To measure line profiles and
detect faint lines, the resolution must be close to the thermal width, which for the oxygen lines is
54× (T/106 K)1/2 km s−1. This suggests a resolution of R=3,000-10,000.

Currently, the primary X-ray spectrographs are the Reflection Grating Spectrometer (RGS) on
XMM-Newton and the Low (and High) Energy Transmission Grating Spectrometers (L/HETGS)
on the Chandra X-Ray Observatory. The RGS has a resolution R ∼ 360 at the key oxygen lines
(∼ 0.6 keV) and a collecting area of about 45 cm2. The same region is covered by the LETGS with
a somewhat higher spectral resolution of R=400 but with lower collecting area, ∼ 7 cm2. These
instruments have led to major advances in a variety of fields, despite their sub-optimal resolution.

In the near future (2022), a micro-calorimeter with 5 eV resolution will be launched on XRISM,
followed by the ESA Athena X-IFU with 2 eV resolution (Barcons et al., 2017). Unlike gratings,
which have a constant wavelength resolution (∆λ), calorimeters have constant energy resolution
(∆E). Hence, XRISM will resolve the thermal width (∼200 km s−1) for the high ionization Fe
lines detected above 6 keV, but below 1 keV (where most X-ray transitions lie) it cannot do so;
the resolution is only 130 for O VIII Lyα, three times worse than the HETGS. Non-dispersive
calorimeters will obtain spectra with better than CCD energy resolution for regions of diffuse, low
surface brightness gas, but grating spectrometers are needed to access most of the information
encoded in line profiles, as well as to detect weak absorption lines below 1 keV.

The modest collecting area and sub-optimal resolution of current orbiting gratings and the
inability of currently planned micro-calorimeters to resolve the thermal width for most X-ray tran-
sitions motivates a superior grating spectrometer. Current technology achieves R=3,000-10,000
and collecting areas of 300-4000 cm2. This improves on the RGS and HETGS by orders of mag-
nitude, opening many avenues of discovery. Some of the key ions and lines, and the temperatures
at which they are collisionally ionized are shown in Fig. 1.

2. “Missing” Baryons and Metals Outside of Galaxies
One of the most striking realizations of the past 30 years is that galaxies are missing most of

their baryons and metals (Fukugita et al., 1998; McGaugh et al., 2010; Dai et al., 2010; Shull
et al., 2012, 2014). One obtains the dark matter mass MDM from the galaxy rotation curve and the
cosmic baryon fraction fb from CMB studies. The observed baryonic mass comes from a sum of
the stellar mass of stars (plus remnants), and the gas mass of the H I, H II and H2 disks of spirals
or the hot atmospheres in early-type galaxies. These baryonic components only account for∼30%
of fbMDM for an L* galaxy, and the discrepancy becomes more severe at lower L.

Theoretical models provide context for this problem and show that it is not just an accounting
curiosity, but a crucial clue to understanding galaxy formation and evolution. In simple spherical
accretion models, potential energy is converted to thermal energy at an accretion shock, producing
a massive hot halo at ∼Tvirial (Mo et al., 2010). Modern simulations show that accretion is more
complex and asymmetric, with ensuing star formation leading to supernovae that heat their sur-
roundings, driving winds from the galaxies. Some gas is rendered unbound, while most remains
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bound to the CGM (e.g., Fielding et al., 2017), either as hot gas or warm (non-buoyant) clouds
(Werk et al., 2014; Tumlinson et al., 2017). However, in different simulations, similar galaxies
have greatly different CGM masses, temperatures, and metal distributions, as well as fractions of
metals ejected beyond R200 and gas cooling rates onto the disc (Schaye et al., 2015; Hopkins et al.,
2018; Nelson et al., 2018).

A related issue is the missing metals problem. The metals produced by a galaxy can be esti-
mated from the observed stellar populations and the characteristic metal yield per supernova, and
we find that only 1/4 of the metals are retained in the stars and gas of the galaxy – most of the
metals were ejected through winds (Peeples et al., 2014) and presumably reside in the CGM.

A second missing baryons and missing metals problem exists for the Universe as a whole, as
1/3-1/2 of the baryons are unaccounted for (Shull et al., 2012), as are most of the metals. When cal-
culating the total metal mass from the cosmic star-formation rate (Shull et al., 2014) or supernovae
(Maoz & Graur, 2017), one predicts a cosmic metallicity 0.1− 0.2Z�. However, the metal budget
from stars and the CGM, as measured from UV absorption lines (using the Cosmic Origins Spec-
trograph on Hubble; Keeney et al., 2017; Prochaska et al., 2017; Wotta et al., 2019), only accounts
for 20-40% of this value. A likely solution is that most metals lie in the currently “invisible” hot
diffuse gas, which must have a mean metallicity of 0.2-0.3 Solar to close the metal budget. This is
good news for observers, as there should be plentiful ions to produce absorption lines.

2.1. A Blind Census of 105.5-106.5 K Gas in the Universe

A prime observational goal is to execute an unbiased survey of hot gas in the Universe by
measuring X-ray absorption systems for lines of sight toward distant AGN. This parallels the in-
vestigations using UV lines to characterize the neutral and warm ionized gas, and completes the
census of gas in the Universe. The expected temperatures and oscillator strengths imply that O VII

and O VIII will be the key ions, and one would obtain cosmic ion densities (Ω(O VII), Ω(O VIII))
as a function of redshift. The few X-ray absorption lines detected so far (e.g. Nicastro et al., 2018;
Kovács et al., 2019) prove feasibility, but are inadequate for determining metallicities.

Such a survey connects directly to simulations of structure formation, which predict a range
of equivalent width (EW) distributions (e.g. Fig. 2). Virialized systems have characteristic halo
column densities of ∼n200R200, or about 1019.5 cm−2 for an L* galaxy, and this measure increases
as M1/3

h . Coupled with the metallicity needed to account for the missing metals (∼0.2 Solar), this
column produces EW(O VII)≈ 2−10 mÅ, depending on the projected radius. The column density
is higher for galaxy groups, which are more massive and larger (cross section scales as R2

200), but
their space density is lower. The number of detectable lines per sight line depends on the space
density of systems, and both simulations (Cen & Ostriker, 2006; Cen, 2012) and simple estimates
predict a detectable system every ∆z ≈ 0.1−0.2 for EW > 3 mÅ, and every ∆z ≈ 0.06 for EW >
1 mÅ. This may be an underestimate for the detection rate, as recent observational work indicates
a rate a few times higher (Nicastro et al., 2018).

To assess the detectability of such lines, we consider two telescope concepts: a MIDEX-class
mission1 with R=3000 and a collecting area of about 300 cm2 (such as Arcus; Smith et al., 2017),
and a Large Strategic mission with R=6000 and a collecting area of about 4000 cm2 (Lynx; Gaskin
et al., 2018)). Arcus could detect lines with EW>3 mÅ, while Lynx could achieve the more ambi-
tious goal of detecting absorption lines with EW . 1 mÅ.

1Medium-class explorer, https://explorers.gsfc.nasa.gov/midex.html
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Either instrument could perform a blind survey up to a redshift of z=1.6 (for O VII Heα) and
z=2.0 (for O VIII Lyα), with the limits set by severe absorption of X-rays by foreground Galactic
gas below E=0.22 keV. Within this space, the next challenge is to identify absorber redshifts. Our
calculations show that more than one absorption transition will be detected for many systems, and
we expect that identifications will be aided by UV absorption line studies of lower ionization lines
(when available) and by optical redshift determinations of likely host systems.

The ∼100 best background AGN targets have been defined (Bregman et al., 2015), with a
median AGN redshift z ∼ 0.3 (and a range up to z < 2). Most absorption systems will have
z < 0.6. Most of the absorption lines associated with galaxies will come from galaxies with Lopt

> 0.2L∗, based on models (Qu & Bregman, 2018). Such galaxies are brighter than mr = 22 mag
and are already detected by large surveys (e.g., Pan-STARRS), allowing spectroscopic follow-up.

2.2 Hosts of X-ray Absorption Systems: Galaxies, Galaxy Groups, and the Cosmic Web

Once absorbers have been associated with hosts, it will be possible to study the properties of
the gas in galaxy halos, in galaxy groups, and in the cosmic web.

The observations will enable a measurement of the density profile up to (Arcus) and beyond
(Lynx) R200 (Fig. 3). Currently, the Milky Way is the only L* system studied in X-ray absorption,
and the absorption is dominated by gas within 50 kpc (Bregman et al., 2018). More massive
galaxies, both early- and late-type, have X-ray emitting gas that is also typically seen within 50 kpc.
These data can be described by a density profile n ∝ r−3/2, but its behavior at larger radii is unclear.
The blind survey will distinguish between competing models (r−3/2, flattened, or NFW profiles)
and determine whether the halo terminates at the splashback radius (Fig. 3). In combination with
the metallicity, this density profile will robustly constrain the mass.

In larger systems, such as galaxy groups, it will be possible to measure velocity information
from the line profiles and determine the radial (infall) and azimuthal (rotation) velocity of the hot
gas, as well as constrain the turbulent velocity from the line width. These will directly test galaxy
formation models and enable a search for hot outflows. One generic prediction is that the hot
gas is volume-filling, so the line profiles are likely different than the discrete, multi-component
systems of UV-traced CGM clouds with a small filling factor (Stocke et al., 2013; Werk et al.,
2014). Nevertheless, with R > 3000 these measurements are possible (e.g., Miller et al., 2016).
Both Arcus and Lynx will measure velocities from centroids, but the higher spectral resolution of
Lynx will resolve the lines into multiple components.

At the lowest EW, we anticipate detection of hot filaments in the Cosmic Web not associated
with any particular galaxy or group. The filaments are not fully virialized, so the lines will be
weaker than in galaxy halos, and so Lynx, with its greater sensitivity, is best suited for making
a breakthrough. Such detections will be aided by redshifts of galaxies along the line of sight to
detect candidate filaments and rule out absorption at the outskirts of (virialized) galaxy groups.

3. The Hot Circumgalactic Medium of the Milky Way
As in many fields, Milky Way studies of the hot CGM have led to important insights. The

objectives are to measure the total gas mass in the Milky Way’s hot halo and resolve Galactic
O VII into components from (a) rotation and inflow, (b) turbulence, and (c) thermal broadening.
Deriving the hot halo’s mass and density profile requires accurate column density measurements
with optical-depth corrections (τ = 0.5−3 at line center) obtained by measuring the line shapes
and, independently, by measuring multiple lines of O VII, O VIII, C VI, etc.

3



4



This set of columns is fit with a density model to yield the hot halo gas mass (Li & Bregman,
2017; Bregman et al., 2018). The current uncertainty on the hot gas mass within R200 is ∼200%
(< 8×1010 M� within 250 kpc), but there is also a question regarding the proper density profile to
use (Miller & Bregman, 2015; Nicastro et al., 2016; Nakashima et al., 2018). The larger number
of more accurate EWs from the two fiducial missions will reduce the statistical uncertainty to 25%
and resolve the debate over the shape of the halo.

The improvement in the mass uncertainty results from measuring the column density beyond
50 kpc, as the mass out to R200 is obtained by extrapolating the fit from R<50 kpc. The simplest
way to do this is to measure the hot gas column to LMC/SMC targets and compare it to the column
densities from sight lines passing through the entire Galactic halo (Bregman et al., 2018). These
same observations will provide a direct measure of the halo metallicity from the ratio of the O VII

and O VIII absorption EWs to their emission measures (e.g., from Suzaku or XMM-Newton).
X-ray observations have shown that the Milky Way hot halo is rotating (within 50 kpc) and

contains a significant amount of the total angular momentum (Hodges-Kluck et al., 2016). This
discovery provides critical new insights into galaxy accretion and formation (Oppenheimer, 2018),
but uncertainties are large (vrot= 183±41 km s−1) and it is unclear if the rotation axis is aligned
with the MW disk. New observations with high-resolution gratings will not only greatly reduce the
mean uncertainty, they will provide rotation information as a function of radius – a hot halo rotation
curve (Miller et al., 2016, and Fig. 4). This requires an instrument that can resolve absorption lines
that are broadened by 200 km s−1 in key directions (l near 90◦, 270◦).

The net inflow or outflow of hot CGM material is already constrained to ≤ 5 M� yr−1 by
observations with XMM-Newton at high Galactic latitudes (Hodges-Kluck et al., 2016). Some
models predict accretion values of 1-2 M� yr−1 in order to replenish disk gas, and Arcus will
determine the net accretion or outflow rate to levels of 2 M� yr−1 (3σ), while Lynx will be a factor
of two better (Miller et al., 2016). The data would reveal if outflows occur in some directions (e.g.,
along the pole) concurrently with accretion onto the outer disk, providing vital insights into the
growth and evolution of galaxies.

These same spectra will also yield the degree of turbulent line broadening along every sight
line, revealing the magnitude and location of feedback. For example, feedback near the Galactic
center is likely dominated by the enormous Fermi Bubbles, which shock the hot halo. Either
mission will measure the expansion velocity of the shocked gas to a precision of <10% through
O VIII absorption. A comparison of the expansion velocities to models will differentiate between
an impulsive AGN outburst from Sgr A* and ongoing star formation.

4. Recommendation for the Future of High Resolution X-Ray Spectroscopy
Arcus and Lynx will improve soft X-ray spectroscopy by 50 and 1500 times relative to current

instruments (figure of merit is R × Aeff) respectively. That will expand the number of observable
X-ray targets from a few hundred to at least 105-107, assuming a constant space density. This
enormous expansion of parameter space will lead X-ray spectroscopy from being a niche field to
a standard tool that touches every field of astrophysics. Here we have outlined how it will reveal
the properties of the CGM and intergalactic medium, uncovering vital clues for the evolution of
galaxies. This undertaking cannot be accomplished with a single X-ray spectrometer, anymore
than a single optical spectrometer on a single telescope would have been adequate for ground-
based astronomy. Grating spectrometers should be planned for most future X-ray missions, just as
optical-IR spectrometers are present on nearly every ground-based telescope.
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Hopkins, P. F., Wetzel, A., Kereš, D., et al. 2018, MNRAS, 480, 800
Keeney, B. A., Stocke, J. T., Danforth, C. W., et al. 2017, ApJS, 230, 6
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