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ABSTRACT
The precise localization (< 1′′) of multiple fast radio bursts (FRBs) to z > 0.1 galaxies
has confirmed that the dispersion measures (DMs) of these enigmatic sources afford a
new opportunity to probe the diffuse ionized gas around and in between galaxies. In
this manuscript, we examine the signatures of gas in dark matter halos (aka halo gas)
on DM observations in current and forthcoming FRB surveys. Combining constraints
from observations of the high velocity clouds, Ovii absorption, and the DM to the
Large Magellanic Cloud with hydrostatic models of halo gas, we estimate that our
Galactic halo will contribute DMMW,halo ≈ 50 − 80pc cm−3 from the Sun to 200 kpc
independent of any contribution from the Galactic ISM. Extending analysis to the
Local Group, we demonstrate that M31’s halo will be easily detected by high-sample
FRB surveys (e.g. CHIME) although signatures from a putative Local Group medium
may compete. We then review current empirical constraints on halo gas in distant
galaxies and discuss the implications for their DM contributions. We further examine
the DM probability distribution function of a population of FRBs at z � 0 using an
updated halo mass function and new models for the halo density profile. Lastly, we
illustrate the potential of FRB experiments for resolving the baryonic fraction of halos
by analyzing simulated sightlines through the CASBaH survey. All of the code and
data products of our analysis are available at https://github.com/FRBs.
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1 INTRODUCTION

Precise measurements of the light element ratios – He-
lium/Hydrogen and especially Deuterium/Hydrogen – cou-
pled with Big Bang Nucleosynthesis theory have provided
a tightly constrained estimate for the cosmic baryonic mass
density ρb = Ωbρc = 0.044h−2

70 (e.g. Burles & Tytler 1996;
O’Meara et al. 2001; Steigman 2010; Cooke et al. 2018).
These analyses have been complemented and confirmed by
independent analysis of the cosmic microwave background
(CMB; Planck Collaboration et al. 2016), a triumph for ex-
perimental and theoretical astrophysics and cosmology.

With the baryonic cosmic mean established, observers
have sought to perform a census of baryons throughout
the universe and across cosmic time (Fukugita et al. 1998;
Prochaska & Tumlinson 2009). At early times (z ∼ 3), before
the growth of substantial structure, it is generally accepted
that the majority of baryons are in a cool (T ∼ 104 K), diffuse
(n ∼ 10−5 cm−3) plasma that fills the space between galaxies,
aka the intergalactic medium (IGM; e.g. Sargent et al. 1980;
Miralda-Escudé et al. 1996). Observationally, this plasma
gives rise to the so-called H i Lyα forest in the spectra of

high-z sources (Rauch 1998). When combined with estimates
of the extragalactic UV background (EUVB), analysis of the
optical depth of the Lyα forest indicates that & 90% of the
baryons reside in the IGM (Rauch 1998; Faucher-Giguère
et al. 2008a). Indeed, researchers now invert the experiment
to leverage Lyα forest observation and cosmological simula-
tion to assess the EUVB and other cosmological parameters
(e.g. Faucher-Giguère et al. 2008b; Palanque-Delabrouille
et al. 2013).

Running the clock forward, dark matter collapses into
galactic halos and into larger structures bringing baryons
along with it. As this gas streams into a halo, it is predicted
to shock-heat to the virial temperature (e.g. T ∼ 106 K for
halos with mass Mhalo = 1012M�) and yield a circumgalactic
medium (CGM) of hot, diffuse gas. A fraction ∼ 10% of
this gas cools and drives galaxy formation near the center
of the halo. By z ∼ 0, the population of dark matter halos
with Mhalo ≥ 1010M� are predicted to contain ∼ 35% of
the all dark matter and, potentially, a similar fraction of the
baryonic mass. Of principal interest to this paper, and future
studies by the authors, is to measure the mass fraction of
gas within halos.
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2 Prochaska & Zheng

At the highest mass – galaxy clusters – X-ray obser-
vations reveal a hot, virialized plasma referred to as the
intracluster medium (ICM) which has sufficient mass to
nearly close the baryon census within the structure, i.e.
MICM/Mhalo ≈ Ωb/Ωm = 0.158 (Allen et al. 2002). Stepping
down in mass to galaxy groups (Mhalo ∼ 1013M�) and indi-
vidual galaxies (Mhalo ∼ 1012M�), the X-ray experiment be-
comes increasingly difficult to perform due to both the lower
masses and virial temperatures. Current lore based on these
data is that such halos are deficient in baryons relative to the
cosmic mean (e.g. Dai et al. 2010), i.e. Mb/Mhalo < Ωb/Ωm
for halos with Mhalo < 1014M� where Mb is the total bary-
onic mass of the system. We emphasize, however, that these
X-ray experiments have insufficient sensitivity to precisely
assess the baryonic mass fraction fb ≡ Mb/Mhalo in lower
mass halos (Anderson et al. 2013; Li et al. 2018).

Nevertheless, there are also persuasive arguments from
galaxy formation theory that lower mass halos have fb,halo �
Ωb/Ωm. For example, attempts to place galaxies within dark
matter halos suggest that L � L∗ galaxies comprise a very
small fraction of the available baryons (Moster et al. 2010).
One possibility is that the gas streams onto the galaxy and
is then ejected from the system prior to forming stars. Such
feedback is frequently invoked to match semi-analytic mod-
els or computer simulations of galaxy formation to observed
luminosity functions (e.g. Somerville & Davé 2015; Muratov
et al. 2015; Christensen et al. 2018). The majority of these
models even envision the gas escaping the halo to pollute the
surrounding IGM (e.g. Shen et al. 2014). At high z, there is
evidence for this scenario (Booth et al. 2012), but empirical
confirmation at low z is lacking (Prochaska et al. 2011).

Given the insufficient sensitivity of X-ray observations
to L* galaxies (much less lower-mass systems), researchers
have had to pursue alternate approaches to place constraints
on fb for galactic halos. A long-standing technique has been
to apply similar techniques used to assess the IGM, i.e.
absorption-line analysis of sightlines that coincidentally in-
tersect galactic halos (e.g. Lanzetta et al. 1995; Prochaska
et al. 2011; Tumlinson et al. 2013). These surveys have
demonstrated that galaxies which show a great diversity
of mass and star-formation history all exhibit a substan-
tial, cool (T ∼ 104 K) plasma in their halos. This plasma
is manifest as H i Lyman series lines and lower ionization
transitions of heavy elements (e.g. Werk et al. 2013). As-
suming this cool CGM is photoionized by the EUVB (or lo-
cal sources), researchers have crudely estimated the cool gas
mass Mcool

CGM ∼ 1010 − 1011M� implying a significant baryon
fraction from cool gas alone, e.g. fb,halo > 0.1Ωb/Ωm (Stocke
et al. 2013; Werk et al. 2014; Keeney et al. 2017). However,
the substantial uncertainty in this estimate, driven by mod-
eling assumptions and the small sample sizes, has sparked
substantial debate as to whether L∗ galaxies are missing
baryons. Furthermore, the community awaits results from
ongoing surveys to estimate Mcool

CGM for sub-L∗ and dwarf
galaxies (e.g. Bordoloi et al. 2014).

The same absorption-line datasets that probe the cool
CGM also offer measurements of high-ions, especially O+5.
High column density measurements of O+5 have revealed
a more highly-ionized plasma, interpreted by many as a
tracer of the predicted T & 106 K virialized halo gas (e.g.
Oppenheimer et al. 2016; Faerman et al. 2017; Mathews &
Prochaska 2017). Estimating the mass of this putative, hot-

phase is even more challenging because it is difficult to assess
the degree of H i absorption associated with it and one rarely
has access to neighboring ions of the same element to con-
strain the ionization state of the gas. Put simply, far-UV
observations are limited in their ability to trace a T > 106 K
plasma (but see Savage et al. 2011; Burchett et al. 2018).
And, while X-ray absorption-line spectroscopy of transitions
like Ovii (λ = 21Å) offer promise (Fang et al. 2015; Nicastro
et al. 2018), current technology is insufficient for statistically
meaningful conclusions beyond our Galaxy.

A promising, and still developing, complementary tech-
nique is to search for the Sunyaev-Zeldovich (SZ) signal from
the hot gas in halos. The all-sky Planck experiment has
enabled analysis of halos with Mhalo ≥ 1013.3M� at z ∼ 0
(Planck Collaboration et al. 2013). Their results suggest that
these halos are ‘closed’, i.e. they contain approximately the
cosmic fraction of baryons for their mass. Estimates for lower
mass halos (i.e. galactic halos) is beyond current SZ sensitiv-
ity and are further challenged by the poor spatial resolution
and one’s ability to precisely select a sample of such halos
(Hill et al. 2018).

Recently (Chatterjee et al. 2017; Tendulkar et al. 2017),
it was confirmed that a new technique had emerged to con-
strain the distribution of baryons in the universe: survey the
dispersion measure (DM) of distant sources – the fast radio
bursts (FRBs). Provided a short and coherent burst of ra-
diation, the plasma it travels through imposes an index of
refraction that retards the group velocity as a function of fre-
quency (Hirata & McQuinn 2014). The precisely measured
DM value, from observations of the photon arrival time ver-
sus frequency, is given by

DM =
∫

ne ds
1 + z

, (1)

which offers an integral constraint on the electron distri-
bution along the path between the source and Earth. This
includes the IGM (Inoue 2004; Zheng et al. 2014; Shull &
Danforth 2018), our Galaxy (Cordes & Lazio 2002), our Lo-
cal Group, the galaxy hosting the FRB (Xu & Han 2015),
and the baryons residing in other galactic halos near the
sightline (McQuinn 2014, hereafter M14). With the confir-
mation that FRBs are extragalactic in origin, the door has
opened for an entirely new approach to assessing the bary-
onic distributions of the IGM and dark matter halos.

In this manuscript, we examine several aspects of using
FRB observations to constrain the nature of baryons in the
CGM. Our emphasis, in contrast to previous work (M14), is
largely empirical, i.e. we examine the scientific potential of
FRBs in the context of modern CGM observations and anal-
ysis. We are also motivated, in part, to rectify a number of
misconceptions in the literature on what is known (and not
known!) about gas in dark matter halos. Further, we exam-
ine our own Galaxy and its halo in detail including gas from
the Local Group. Lastly, we formulate several experiments
motivated by upcoming FRB surveys and discuss follow-up
strategies that may optimize constraints.

This paper is organized as follows. Section 2 briefly
comments on the contributions to DM from the interstellar
medium (ISM) of galaxies and is followed by section 3 which
introduces a set of models for the gas distributions of halos.
In Section 4, we detail current constraints on the distribu-
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tion of ionized gas in our Galactic halo and its DM contribu-
tion to FRBs. Section 5 extends the discussion to the Local
Group with emphasis on M31 and the Magellanic Clouds. In
Section 6 we consider gas from halos in the distant universe
and the typical DM contribution from the most massive ha-
los. Lastly, Section 7 offers a discussion of several illustrative
examples of DM distributions that may be revealed by on-
going and forthcoming FRB surveys. And we conclude in
Section 8. Throughout, we use the Planck15 cosmology as
encoded in astropy. This paper also makes extensive use of
the halo mass function code Aemulus1 developed and kindly
distributed by T. McClintock and J. Tinker.

2 A BRIEF SECTION ON THE ISM

This paper focuses on diffuse gas that lies beyond a galaxy’s
interstellar medium (ISM). This means the gas in galactic
halos (aka the CGM) and the gas in between halos (aka the
IGM). We recognize, however, that free electrons in the ISM
of galaxies – including our own – will contribute signatures
to the observations of FRBs. On this topic, we refer the
reader to the excellent NE2001 model2 developed by Cordes
& Lazio (2002, 2003) from observations of pulsars in and
around our Galaxy. Where relevant, we evaluate the Galactic
ISM contribution to DM using this model and refer to it as
DMISM

3. Note that the DMISM values from NE2001 include
free electrons associated with the warm ionized medium
(WIM) which extends a few kpcs beyond the Galactic disk
(e.g. Reynolds 1991; Sembach et al. 2000). The velocities of
the H i counterpart of WIM are typically at 40 . |vLSR | .
100 km s−1 – the so-called intermediate velocity gas (Albert
& Danly 2004; Wakker 2004). To avoid double counting, in
§ 4.1 we refrain from this velocity range and only focus on
the high-velocity gas (|vLSR | > 100 km s−1) when evaluating
DM contribution of the cool Galactic halo. Regarding the
ISM of distant galaxies intercepting FRB sightlines, we point
the interested reader to Prochaska & Neeleman (2018), who
demonstrate that intervening galaxies are unlikely to have
substantial impact on FRB observations.

3 HALO MODELS

In this section, we consider several models for the distribu-
tion of halo gas in dark matter halos and describe several
general implications for DM measurements with FRBs. For
convenience and clarity, we list in Table 1 quantities referred
to throughout the paper.

Since the pioneering work of Navarro et al. (1997), cos-
mologists have established a paradigm for the density dis-

1 https://github.com/tmcclintock/Aemulus HMF
2 Ported from FORTAN to Python by Baror & Prochaska;
https://github.com/FRBs/ne2001
3 There are additional models of the Galactic ISM (Gaensler et al.
2008; Yao et al. 2017) but we recommend the NE2001 model with

the updates included in the Python distribution.

Table 1. List of Quantities Referenced in the Paper

Quantity Description

Halo Properties

Mhalo Total halo mass (within r200)
r200 Virial radius

Mb Total baryonic mass in the halo

Mb,halo Diffuse halo gas mass (excludes stars, ISM)
fb Total baryonic mass fraction, Mb/Mhalo

fb,halo Halo gas mass fraction, Mb,halo/Mhalo
rmax Adopted physical extent of the halo

DMs

DMFRB Total DM measurement of an FRB

DMISM DM of the Galactic ISM

DMMW,cool DM of cool gas in our Galactic halo
DMMW,halo DM of all gas in our Galactic halo

DMLMC Total DM measured to the LMC

DMhalo
LMC DM estimate for Galactic halo gas to the LMC

DMLGM DM of the Local Group medium

DMLG Total DM from all Local Group contributions
DMhalo DM from a galaxy halo

DMhalos DM from an ensemble of galaxy halos

DMIGM DM from the IGM (gas between halos)
DMcosmic DM from all cosmic gas for an event

<DMcosmic> Average DM from all cosmic gas (IGM+halos)
DMhost DM from the FRB host galaxy

tribution of the dark matter in collapsed halos: the NFW
profile

ρ(r) = ρ0
y(1 + y2)

, (2)

where y ≡ c(r/r200), c is the concentration parameter, and
r200 is the virial radius, defined here as the radius within
which the average density is 200 times the critical den-
sity4, ρc ≡ 3H2/8πG. While difficult to test observationally,
the NFW profile has withstood numerous numerical exper-
iments, and constraints from lensing experiments offer solid
observational support (at least for more massive halos; e.g.
Bolton et al. 2008; Sonnenfeld et al. 2018). Numerical stud-
ies, meanwhile, show a relation between the concentration,
halo mass, and redshift,

c200 = 4.67(M200/1014h−1M�)−0.11 , (3)

which we adopt throughout.
The simplest model for baryons in the halo, therefore,

is for them to trace the underlying dark matter distribu-
tion. This is depicted with the black curve in Figure 1 for
a dark matter halo with Mhalo = 1.5 × 1012M� and concen-
tration parameter c = 7.7 which are characteristic values
for our Galaxy. The total baryonic mass within the dark
matter halo is given by Mb = fb,haloMhalo(Ωb/Ωm), where
Mhalo is the integral of Equation 2 to r200 and fb is the
fraction of cosmic baryons in the halo. We further define

4 This widely adopted definition has the unfortunate compli-

cation of coupling r200 to the expansion of the universe, i.e.
ρc ∝ (1 + z)3. Our future analyses may instead consider the so-

called psuedo-r200 (e.g. Diemer & Kravtsov 2014).
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Figure 1. (a): Electron density profiles for a series of models

which might describe the ionized, halo gas in a galaxy like our
Milky Way. Most of the models have been scaled to a halo mass

of Mhalo = 1.5 × 1012M� (r200 = 236 kpc) and an assumed halo

gas fraction fb,halo = 0.75. See § 3 for additional details. (b): Inte-
grated dispersion measures DM(R⊥) for sightlines passing through

the halo at a series of impact parameters R⊥. The evaluation of

Equation 4 assumes rmax = r200.

Mb,halo = fb,haloMhalo(Ωb/Ωm) as the mass of diffuse baryons
in the halo (i.e., ignoring stars and the dense ISM) and
fb,halo specifies the mass fraction. As a default, we will as-
sume fb = 1 and a fiducial value of fb,halo = 0.75. This
presumes that the system has retained the cosmic mean of
baryons and that 25% of these baryons are in the galaxy as
stars, collapsed objects, and ISM (e.g. Fukugita et al. 1998)
which contribute a negligible number of free electrons. Of
course, these fractions may well vary with halo properties
(e.g. Behroozi et al. 2010). For sightlines intersecting dark
matter halos, the quantity of greatest relevancy to FRBs is
the dispersion measure profile DM(R⊥), i.e. the DM value
recorded as a function of impact parameter R⊥ to the cen-
ter of the halo. The DM(R⊥) profile (shown in Figure 1b) is

defined as

DM(R⊥) = 2

√
r2

max−R2
⊥∫

0

neds , (4)

where rmax is the maximum radius of integration through
the halo, typically taken to be r200, and

ne = µe
ρb

mpµH
(5)

with µH = 1.3 the reduced mass (accounting for Helium) and
µe = 1.167 accounts for fully ionized Helium and Hydrogen.
Corrections for heavy elements are negligible. The steeply
rising slope of the NFW density profile lends to very high
DM values at R⊥ < 50 kpc. Indeed, it is argued that such a
high gas density is unsustainable because the implied cooling
time is so short that the gas would rapidly condense onto the
ISM (e.g. Mo & Miralda-Escude 1996). As such, this model
for the gas profile is greatly disfavored.

Maller & Bullock (2004; hereafter MB04) proposed a
modified density profile for halo gas based on the hydro-
dynamic relaxation of the gas predicted by numerical work
(Frenk et al. 1999) and an additional treatment of metal-
line cooling. Figure 1b shows the DM(R⊥) profile based on
the MB04 density distribution using the same underlying
dark matter halo and a cooling radius Rc = 147 kpc (the re-
sults are largely insensitive to this parameter). The obvious
distinction from the NFW profile is the greatly reduced gas
density at small radii (Figure 1a) and the concomitant in-
crease in DM(R⊥) at R⊥ > 100 kpc which conserves the total
baryon mass. The MB04 profile has the added ‘benefit’ that
it is consistent with the electron column density estimate
of our halo towards pulsars in the LMC (see § 4) and also
Galactic X-ray emission (Fang et al. 2013).

Alternative versions of the halo gas profile have also
been derived in the context of feedback which modifies the
distribution away from the NFW profile by altering the en-
tropy distribution of the gas. Mathews & Prochaska (2017)
introduced such a model to investigate the observed profile
of NOVI absorption in present-day L∗ galaxies. We generalize
their modified NFW (mNFW) model as,

ρb =
ρ0
b

y1−α(y0 + y)2+α
, (6)

and show two examples in Figure 1 for our fiducial dark
matter halo. One notes that the mNFW models with α = 2,
y0 = 2 and α = 2, y0 = 4 show similar DM profiles as MB04;
throughout the manuscript we adopt the mNFW model with
α = 2, y0 = 2 as the default.

In a related work, Faerman et al. (2017; hereafter YF17)
synthesized all of the available constraints on the Galactic
halo and developed a phenomenological model comprised of
warm (T ∼ 106 K) and hot (T ∼ 107 K) phases. Summing
the density profiles of these two phases and scaling the in-
tegrated mass to our fiducial (Mhalo = 1.5 × 1012M�), we re-
cover the DM profile shown in Figure 1b. Tellingly, the YF17
profile also tracks the DM curves of MB04 and the mNFW
models; all impose hydrostatic equilibrium and these mod-
els also predict the gas in L∗ galaxy halos is predominantly
ionized by collisions (i.e. T � 104 K). An alternate scenario
for the physical nature of halo gas asserts that virialization

MNRAS 000, 1–20 (2018)
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is limited to radii r < r200 and that the gas at larger radii is
cool and photoionized (Stern et al. 2016, 2018). The density
and DM(R⊥) curves, calculated for a Mhalo = 1.5 × 1012M�
halo, are shown in Figure 1. One notes a break in the den-
sity profile as one transverses the virial shock. This model
shows a systematically lower DM(R⊥) profile than the rest.
Furthermore, it predicts a much smaller fb,halo fraction than
the other models.

Lastly, we present the DM profile based on the numer-
ical simulations of Fielding et al. (2017) by scaling their
1012M� halo (with η = 2) to Mhalo = 1.5× 1012M�. This pro-
file is steep in the inner halo, nearly tracking the shape of
the NFW profile. It also has a low fb,halo value, and system-
atically lower DM values than the models with hydrostatic
equilibrium. Ultimately, we wish to test whether these pre-
dictions from modern galaxy formation theory offer a better
description than the simpler models of Figure 1.

It is also illustrative to examine the DM(R⊥) profiles
for halos with a range of properties. In Figure 2 we show
results after varying the dark matter halo mass (Mhalo =
1011 − 1013M�) and concentration using the mNFW model
(y0 = 2, α = 2) and assuming fb,halo = 0.75 throughout5. Each
of the solid curves in Figure 2a shows the integration of DM
to rmax = r200. Clearly, the DM ‘footprint’ of a 1010M� halo
is small, and while such halos are predicted to be ≈ 50 times
more common than ≈ 1012M� halos (per logarithmic mass
bin), these may not dominate the integrated DM of long
pathlengths through the universe (e.g. M14). We return to
this point later in the manuscript.

We also emphasize that the sharp cutoff in the DM pro-
files in Figure 2a, which occurs at R⊥ = r200, is largely artifi-
cial. While all of the models assume that the density profile
at large radii falls off steeply (ρb ∝ r−3 for most cases), the
virial radius does not demarcate a physical edge to the halo.
Extending the integration of Equation 4 from rmax = r200
to 2r200 significantly increases DM at impact parameters
R⊥ > 0.5r200 as illustrated in Figure 2b. At R⊥ = 1.5r200, the
DM increases from a negligible value to several tens pc cm−3

for the 1012M� halo. Even in galaxy formation models that
predict a majority of baryons are lost from the inner re-
gions of halos, the gas is generally located within a few r200
(Diemer & Kravtsov 2014). Therefore, it will still contribute
significantly to the DM of that halo. Any discussion on prob-
ing halo gas with FRBs needs to precisely define a halo and
its ‘sphere of influence’.

4 DM OF THE GALACTIC HALO

Here we examine the key ionized structures that a
FRB sightline may intercept in our Galactic halo giving
DMMW,halo. Our analysis goes as a function of distance
from the Sun, starting with the nearby ionized/neutral high-
velocity clouds (HVCs), and the extended hot Galactic halo.
We defer the analysis of the Magellanic Clouds to the fol-
lowing section.

5 There are predictions from galaxy-formation theory that fb,halo
decreases with decreasing Mhalo(Hafen et al. 2018); if desired, one

can scale down most of the results linearly with fb,halo.
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Figure 2. (a) DM profiles for halos with varying mass and

concentration (c) assuming the modified NFW density profile
(y0 = 2, α = 2) and with Equation 4 evaluated to rmax = r200.

(b) DM(R⊥) profiles for halos with log Mhalo = [11, 12] and with ne
integrated to increasing values of rmax. It is clear the outer portion
of these halos can contribute tens of pc cm−3 and, therefore, defin-

ing the ‘edge’ of a halo is critical to evaluating its contribution.

4.1 The Cool Galactic Halo

Since the discovery of high velocity clouds (HVCs; |vLSR | &
100 km s−1) in the 21 cm emission-line in 1960s (Verschuur
1975; Wakker 1991; van Woerden et al. 2004), the neutral
hydrogen residing in the MW disk and in the inner Galac-
tic halo has been extensively mapped. The seminal Lei-
den/Argentine/Bonn (LAB) survey (Kalberla et al. 2005)
provides an all-sky H i 21 cm emission map at an angular res-
olution of 36′, and a decade later this map is superseded by
the HI4PI survey (HI4PI Collaboration et al. 2016) with an
angular resolution of 16.2′ and higher sensitivity. In recent
years, significant attention has been given to the ionization
state of HVCs and sightlines that pass close to them (e.g. Fox
et al. 2006; Lehner & Howk 2010). Ionized HVCs detected
in a series of ionic species (e.g., Si+, Si++) have been found
ubiquitous over the Galactic sky with covering fractions typ-
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6 Prochaska & Zheng

ically larger than 70% (Shull et al. 2009; Collins et al. 2009;
Lehner et al. 2012; Richter et al. 2017). While the majority
of this neutral and ionized gas is now known to arise from
complexes that are relatively near the Galaxy at a few tens
kpc (e.g. Gibson et al. 2001; Thom et al. 2008), the HVCs
nevertheless contribute significantly to the column density
of gas along any sightline. Here we estimate the contribution
of Galactic electrons associated with neutral/ionized HVCs
to the DM.

The external (i.e., beyond the disk) H i can be isolated
from Galactic emission using velocity cuts. For our purposes,
we adopt 100 ≤ |vLSR | ≤ 600 km s−1 to define the external,
high-velocity H i that contributes to the line-of-sight DM.
We make use of the all-sky HI4PI (HI4PI Collaboration et al.
2016) dataset, and produce a high-velocity H i column den-
sity map as shown in Figure 3. We note that this velocity
definition of HVCs only coarsely separate the Galactic and
halo H i. The emission at |b| . 15 deg is Galactic H i shifted
into the high-velocity regime due to differential rotation of
the Galaxy (Wakker 1991). Other than this, we find the sky
at |b| & 15 degree is well covered by diffuse neutral hydro-
gen with NHI ∼ 1019 cm−2. The Magellanic System (i.e.,
LMC/SMC and the H i stream; Putman et al. 2003; Nide-
ver et al. 2008, 2010) can be seen with NHI & 1020 cm−2,
together with some bright HVC structures such as Complex
C (` ∼ 90, b ∼ 45), K (` ∼ 60, b ∼ 30), A (` ∼ 150, b ∼ 30),
and WD (` ∼ 270, b ∼ 20) (Wakker 2001, 2004; van Woerden
et al. 2004).

For the assessment of DMMW,cool we must consider the
ionized gas associated with HVCs. We adopt an ioniza-
tion fraction of xHI = 0.3 based on mass estimates for H I
and ionized HVCs in the literature. Putman et al. (2012)
find a total mass of MHI,HVC = 2.6 × 107M� excluding
the Magellanic System, while estimates for ionized HVCs
range from MHII,HVC = 4.3 × 107M� (Richter et al. 2017)

to 1.1 × 108M� (Lehner & Howk 2011). Therefore, we find
xHI ≡ MHI/(MHI + MHII) ≈ 0.2 − 0.4 and adopt the mean.
Fox et al. (2014) provide mass estimates for the H I and ion-
ized components of the Magellanic Stream with MHI,MS =
4.9×108M� and MHII,MS = 1.5×109M�, which indicates that
the xHI for the Magellanic Stream is ∼ 0.25, similar to the
non-Magellanic HVC estimate. We note that the xHI value
may vary significantly from sightline to sightline (e.g., Fox
et al. 2005; Howk et al. 2006), the mean value adopted here
provides a bulk estimate of the contribution of the Galactic
ionized hydrogen to DM.

With xHI = 0.3, we may then convert the NHI map into
an electron column density map with

Ne,cool ≡ NH+,cool = µeNHI,HVC

(
1 − xHI

xHI

) (
1

fHVC

)
. (7)

In this equation, we include fHVC to correct for the cool
halo gas at low velocities that is not included in the HVC
NHI map in the top panel. We adopt fHVC = 0.4 based on
a synthetic observation of the halo gas velocity field from
a simulated MW galaxy (Zheng et al. 2015). In the bottom
panel of Figure 3, we show the DMMW,cool map of HVCs con-
verted from the NHI map. As noted above, the NHI HVC map
shows prominent emission from the Galactic plane, Magel-
lanic Clouds, and M31/M33; we mask the cores of these
features that have NHI > 1020 cm−2, and replace the masked
pixels with the median value (NHI,med = 4.3 × 1018 cm−2)

lo
g 

[N
H

I (
cm

-2
)]

Figure 3. Top: All-sky H i column density integrated over 100 ≤
|vLSR | ≤ 600 km s−1 in Mollweide projection with Galactic co-
ordinates. The map is generated with the HI4PI dataset (HI4PI

Collaboration et al. 2016); it is the same as figure 2 in (HI4PI Col-

laboration et al. 2016), with the Galactic emission ( |vLSR | < 100
km s−1) removed. Since HI4PI combines the EBHIS survey in the

north (DEC > −5 deg; Winkel et al. 2016) and the GASS survey

in the south (DEC < 1 deg; Kalberla & Haud 2015), the overlap
region of the two surveys results in a clear boundary near the

Equatorial plane. The difference in the two hemispheres is due
to different noise characteristics and scan strategies: since the

EBHIS survey was convolved from 10.8’ to 16.2’ to be consistent

with GASS, the equatorial northern sky appears to be smoother.
The 1σ value for the adopted velocity range is σNHI = 3 × 1018

cm−2. Bottom: Estimated DM for the MW cool halo (DMMW,cool),
as converted from the NHI map in the top panel using Equation
7. We mask the emission near the Galactic plane and that re-

lated to LMC/SMC/M31/M33, and replace the pixels with the

median value (∼ 4.3 × 1018 cm−2) from the rest of sky. Over the
high-velocity sky, the mean DMMW,cool value is ∼20 pc cm−3. See §
4.1 for further detail.

from the rest of sky. Overall, we find that only ∼ 20% of the
sky (by area) has DMMW,cool& 20 pc cm−3, another ∼ 20%

with DMMW,cool∼ 10 − 20 pc cm−3, and the rest of the sky

with DMMW,cool. 10 pc cm−3. Taking the mean of the DM
map in the bottom panel of Figure 3 finds DMMW,cool≈ 20
pc cm−3. Note that the DM values become significant near
regions with dense H i structures; this is due to the uniform
xHI factor we assume in Equation 7, although one may ex-
pect denser H i structures to be more neutral. Nevertheless,
we conclude that the diffuse halo gas at cool ionized phases
with high surface density (T ∼ 104 K) does not contribute
greatly to the line-of-sight electron density.

Figure 4 describes a proof of concept of our method
for generating the DMMW,cool map from all-sky NHI(HVC).
We adopt the column density measurements of Si ii and
Si iii from the ionized HVC survey by Richter et al. (2017)
and assume that Si ii and Si iii are the dominant ions of
silicon at T ∼ 104 K. The DM related to such gas is
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Figure 4. X axis: DM calculated from NHI, which is integrated
over the same velocity ranges as the high-velocity Si ii and Si iii

absorption lines (Richter et al. 2017). The H i spectra are from

the HI4PI survey (HI4PI Collaboration et al. 2016). Y axis: DM
as converted from NSiII+NSiIII, assuming 0.1 Z� for HVCs and Si ii

and Si iii are the dominant phases of silicon. Blue dots are for data
with clean detection of Si ii and Si iii, and orange triangles are for

data with saturated Si ii and/or Si iii lines as defined in Richter

et al. (2017). We find that the DM values from NHI and NSiII +
NSiIII follow a rough 1:1 relation (black dotted line). Although a

large scatter is present, this plot provides a proof of concept for

Equation 7 which generates all-sky DMMW,cool values from an H i
HVC map. See § 4.1 for more detail.

DM≡ (NSiII+SiIII)/ZHVC/(Si/H)�, where ZHVC = 0.1Z� for the
HVCs (e.g. Kunth et al. 1994; Wakker 2001) and (Si/H)� =
10−4.49 (Asplund et al. 2009). Meanwhile, we calculate NHI
by integrating the HI4PI spectra over the same velocity
ranges as the Si ii and Si iii absorption lines, and covert
the values to DMMW,cool using Equation 7 without applying
fHVC. Figure 4 shows a rough 1:1 correlation between the
DM values from NHI and from NSiII + NSiIII, the ions typical
of T ∼ 104 gas.

4.2 The Hot Galactic Halo

X-ray absorption-line spectra of AGN have revealed the
nearly ubiquitous detection of highly ionized oxygen ions
(e.g., Ovii at λ = 21.602Å) in our Galactic halo (e.g. Fang
et al. 2015). This gas must contribute a significant and sep-
arate column of electrons from the lower ionization state
gas traced by HVCs and low-ion metal transitions. Com-
plementing these X-ray observations are far-UV surveys for
Ovi absorption at high velocities (Sembach et al. 2003), i.e.
gas distinct from the Galactic disk (Bowen et al. 2008).

Figure 5 summarizes the distribution of Ovi and Ovii
measurements on the sky, color-coded by the estimated col-
umn density. This figure attempts to isolate gas located
within the Galactic halo. For Ovi, we show the distribu-
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Figure 5. All-sky map (Galactic coordinates) of Ovi and Ovii

column densities associated with the Galactic halo, as measured

in spectra of distant AGN/quasars (Sembach et al. 2003; Fang
et al. 2015). NOVI values are only for the high-velocity halo gas

with |vLSR | & 100 km s−1 (Sembach et al. 2003). The NOVII values

are from the Ovii absorption line (λ = 21.602Å) as observed in
X-ray; this line is unresolved by the low resolution of X-ray spec-

trographs (FWHM∼ 300 km s−1). We find that the NOVII values
are systematically larger and exhibit much greater scatter than

the smooth distribution of NOVI measurements. This scatter likely

reflects the greater uncertainty in these measurements (e.g. due to
variations in the true kinematics of the gas; Hodges-Kluck et al.

2016), although it could also indicate intrinsic variations.

tion of high-velocity, highly ionized gas (|vLSR | & 100 km
s−1; Sembach et al. 2003) beyond the Galactic disk over
the sky; these measurements exhibit typical column den-
sities of logNOVI ≈ 14.3 with standard deviation of ≈ 0.2 dex.
We emphasize there is also hot halo gas with |vLSR | < 100
km s−1 overlapping the Galactic disk (Savage et al. 2003;
Wakker et al. 2003, 2012). Therefore, the halo NOVI value
over the full velocity range is predicted to be a factor of two
higher (Zheng et al. 2015) and one should view the values
in Figure 5 with this in mind. As regard Ovii, one lacks the
spectral resolution to cut on velocity and instead the full in-
tegration is shown. While this may include gas from within
the ISM, we argue below that any such contribution should
be minimal.

In addition to the wide-spread detection of highly-
ionized halo gas across the sky, Figure 5 reveals that the
NOVII values are several orders of magnitude higher than
NOVI and exhibit a much larger dispersion. The latter re-
flects, we believe, the greater uncertainty in the measure-
ments, e.g. due to our assumption of a single b-value for all
of the absorption. The X-ray spectra that provide the NOVII
estimates have a spectral resolution R ∼ 400 (FWHM ∼
700 km s−1) and any absorption detected is unresolved. Fur-
thermore, the measured equivalent widths of the Ovii 21Å
transition (Wλ ∼ 15− 40 mÅ) place them firmly on the satu-
rated portion of the curve-of-growth. As Figure 6 illustrates,
the inferred column densities depend entirely on the assumed
b-values (for absorption dominated by a single component).
More complex models would generally lead to lower column
densities (but see Prochaska 2006). These large uncertain-
ties aside, Figure 5 indicates that the dominant ionization
state of oxygen along sightlines through the Galactic halo
is Ovii. While the location of this Ovii is debated (Wang
et al. 2005; Hodges-Kluck et al. 2016; Faerman et al. 2017),
the gas must contribute a large column density of electrons
for any FRB event.
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Figure 7. Left: Equivalent width Wλ of the Ovii 21Å transition
against the estimated ISM dispersion measure DMISM for the pos-

itive detections along sightlines to distant AGN (Fang et al. 2015).
There is no apparent correlation (Pearson correlation coefficient
of 0.04 and p-value of 0.82) and we conclude that the Ovii gas

lies beyond the Galactic ISM. Right: The same data but with Wλ

converted to DMOVII using Equation 8. The dotted line shows a
one-to-one relation and we note that many of the inferred DMOVII
values greatly exceed the Galactic ISM estimates. The large scat-
ter, however, likely reflects measurement uncertainty (e.g. vari-
ations in the assumed Doppler parameter) and possibly intrin-

sic variations. Higher spectral resolution X-ray observations are

greatly desired to more precisely estimate DMOVII.

For completeness, we first consider whether the Ovii
gas could arise in the ionized regions of the Galactic ISM.
If so, we expect a tight correlation between the DM from
the ISM and the equivalent width of Ovii gas. To test this
hypothesis, we plot the DMISM estimated along the Ovii
sightlines from the NE2001 model against the measured
Wλ(Ovii 21) values (Figure 7). There is no statistically sig-
nificant correlation; we recover a Pearson correlation coeffi-
cient of 0.04 and p-value of 0.82. Furthermore, the implied
NOVII column densities imply DM values from the corre-
sponding ionized hydrogen (using Equation 8 below) that
greatly exceed the DMISM values. We consider this firm ev-
idence that the gas lies beyond the Galactic ISM but await
spectra with higher resolution to confirm the inferred col-
umn densities of N(Ovii).

It is possible, with a few conservative assumptions, to
use the measured Ovii column densities to infer the disper-
sion measure related to this component, DMOVII (see also
Shull & Danforth 2018). First, we assume that the majority
of highly ionized oxygen is in the Ovii state. This is sup-
ported by the lower estimates of NOVI and NOVII and also
by the predicted virial temperature of our Milky Way halo:
T ∼ 106 K, implying fOVII ≡ nOVII/nO ≈ 1 for a collisionally
ionized gas. Second, we assume that the gas has solar metal-
licity or less Z ≤ Z�, i.e. O/H ≤ 1012−8.67 by number. With
these two assumptions, we recover:

DMOVII ≈ 80 pc cm−3 fOVII

(
Z

Z�

)−1 (
NOVII

1017 cm−2

)
(8)

For NOVII = 1016.5 cm−2, a 1/3 solar metallicity, and fOVII =
1, we estimate DMOVII ≈ 50 pc cm−3 (Shull & Danforth
2018 adopt a lower value for NOVII and report DMOVII ≈
30 pc cm−3). This value exceeds DMISM for essentially any
extragalactic (high latitude) sightline and also the typical
value assumed for the Galactic halo in current FRB litera-
ture (Dolag et al. 2015). We compare our estimated DMOVII
value with the prediction (DMXray) from hot gas halo models
based on extragalactic X-ray studies (Sharma et al. 2012).
By taking their entropy-core electron density profile (see
their figure 1) and scaling it to Mhalo = 1.5 × 1012M�, we
find DMXray ∼ 30 pc cm−3 within rmax = 2r200. Note that the
DMXray value may vary by a few given the uncertainties of
the halo gas models; in general, we find our DMOVII to be in
good agreement with extragalactic X-ray studies.

We now consider whether the halo models introduced
in Section 3 may account for the inferred DMOVII values.
Figure 8 presents the cumulative dispersion measure from
the Galactic halo DMMW,halo for sightlines originating at the
Sun. This estimate ignores any contribution from electrons
within 10 kpc of the Galactic center including the ISM. We
assume spherical symmetry with Mhalo = 1.5 × 1012M� and
show two different paths (`, b) through the halo: straight
up from the Sun and towards the LMC. We derive small
variations with angle given the Sun’s proximity to the halo
center. If the scatter in DMOVII shown in Figure 7 is real, it
would imply substantial ‘patchiness’ in our halo.

Overlaid on the model curves are (i) the estimated
DMhalo

LMC to the closest pulsar in the LMC ignoring the Galac-
tic ISM contribution in that direction, and (ii) a fiducial es-
timate of DMOVII = 50pc cm−3 for the hot gas component
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Figure 8. The color curves show the cumulative DMMW,halo val-
ues through our Galactic halo for two models of the baryon distri-

bution. The calculations originate at the Sun and travel a distance

s in two directions through the halo: (solid) ` = 0, b = 90; (dot-
ted) ` = 280.5, b = −32.9 corresponding to the direction towards

the LMC. The inner 10 kpc of the halo has had ne set to zero
so as to ignore any ISM contribution. The dash-dot horizontal

line shows an estimate for DMOVII based on the observed equiva-

lent Ovii widths (Figure 7, Equation 8). The black point shows
an estimate of Galactic halo contribution to DM DMhalo

LMC for the

sightline to the LMC, plotted at the distance to the LMC (as

described in the text).

discussed above6. The two models reproduce the fiducial
DMOVII at a distance s = 100 kpc from the Sun and well
exceed the value by r200. Any excess relative to DMOVII is
acceptable as there may be substantial mass at large radii
with a very low oxygen abundance. For the mass of the Milky
Way adopted here, however, the models in Figure 8 predict
a higher density at 50 kpc than the constraint published by
Salem et al. (2015) based on ram-pressure stripping model-
ing of the LMC (n ≈ 1 × 10−4 cm−3). For our Galaxy, there-
fore, one might adopt a shallower density profile in the in-
ner halo than the ones depicted. We further emphasize that
these models imply significantly greater DM contributions
(2 − 3×) from the Galaxy halo than those typically adopted
in the FRB literature (Dolag et al. 2015), where a lower halo
mass and steeper density profile were been assumed. We rec-
ommend DMMW,halo = 50 − 80pc cm−3 for an integration to
r200, and even larger values if one extends beyond.

Models of the Galactic halo in the literature have been
heavily influenced by the LMC constraint. And one notes
that the models in Figure 8 exceed the central value of the
ISM-corrected estimate by ∼ 5−10 pc cm−3. Given its impor-
tance, let us reexamine the origin of this DM constraint on

6 This can well exceed DMhalo
LMC because it has no constraint on

distance in the halo.

the Galactic halo towards the LMC. To be precise, Manch-
ester et al. (2006) reported DM measurements for 14 pul-
sars discovered towards the Magellanic clouds, and argued
12 were located within them (although none have confirmed
distances). Standard treatment has been to assume that the
total DM from Earth to the LMC DMLMC = 70pc cm−3 based
on several of the pulsars showing approximately this value
(e.g. Anderson & Bregman 2010). To estimate the contribu-
tion from the Galactic halo, one then requires an estimate to
DMLMC from the Galactic ISM. The latter is dominated by
the thick disk component and the NE2001 model estimates
is DMISM = 52pc cm−3 (49pc cm−3 using YMW17). Empir-
ically, none of the pulsars within 10 deg of the LMC have
a parallax measurement, i.e. there is no test of the thick
disk model in this direction. From the Gaensler et al. (2008)
analysis, one derives an even lower DMISM = 47pc cm−3 value
but, unfortunately, there are few |b| ≈ 30 deg pulsars to test
it. Given the lack of empirical constraints on the distance
of any of the pulsars and the uncertainty of the thick disk
model, we adopt a 1σ systematic uncertainty of 10pc cm−3

for DMISM towards the LMC. Last, we estimate the DM of
the Galactic halo alone towards the LMC from the differ-
ence: DMhalo

LMC = 23 ± 10pc cm−3, as illustrated in Figure 8.
Clearly, both models used in Figure 8 are consistent with
this estimate. We encourage the community to further refine
estimates of DMLMC and DMhalo

LMC through new constraints
on the distances to pulsars towards the LMC.

5 THE LOCAL GROUP

The Milky Way is not an isolated galaxy. Its own halo con-
tains the Magellanic clouds and tens – if not hundreds –
of satellite galaxies. Furthermore, at ∼ 1 Mpc distance lies
M31 and its own system of satellites (McConnachie 2012).
Together with M33, these massive spiral galaxies form the
Local Group. It is possible, if not probable, that this Lo-
cal Group also contains a distinct intragroup plasma that
will contribute to the DM of FRB events. At the very least
we expect contributions from the halo gas of our Galaxy’s
neighbors. In this section, we provide estimates for these Lo-
cal Group contributions focusing on hot gas with T � 104 K.

5.1 Magellanic Clouds

The Magellanic Clouds are also believed to reside within
their own dark matter halos and may contain an ionized
phase of halo gas. At the least, there is evidence for galactic-
scale outflows that may be polluting the regions around
them (Hoopes et al. 2002; Lehner & Howk 2007; Barger
et al. 2016). One also observes that the Magellanic stream
spans hundreds of deg across the sky, whose contribution
component is already captured in our HVC analysis (§ 4.1;
Figure 3). Here, we focus on putative halo components lo-
calized to the satellites themselves.

Figure 9 illustrates the potential contributions of the
Clouds to DM measurements using the following assump-
tions of mass, concentration, and fb,halo (D’Onghia & Fox

2016): MLMC
halo = 1.7 × 1010M�, cLMC = 12.1, f LMC

b,halo = 0.75;

MSMC
halo = 2.4 × 109M�, cSMC = 15.0, f SMC

b,halo = 0.75. We have

adopted the mNFW model (α = 2, y0 = 2) and distances of
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Figure 9. Top: All-sky Mollweide projection (Galactic coor-

dinates) of the DM contribution of M31’s halo (` = 121 deg,
b = −21.6 deg), M33’s (` = 133.6 deg, b = −31.3 deg), the LMC’s

(` = 280.5 deg, b = −32.9 deg), and the SMC’s (` = 302.8 deg,

b = −44.3 deg). See the text for details on their halo properties.
Note that M33 halo is overwhelmed by M31 in this panel. Bot-

tom: Zoom-in on M31 and M33’s halo contribution. M33 can be

seen in the lower right corner.

dLMC = 50 kpc and dSMC = 61 kpc from the Sun. While the
average DMs for the Clouds is considerably less than M31
(see below; Figure 9), it is striking how large of an area that
they span across the sky. This follows, of course, from their
close proximity. It is possible, therefore, that a large, South-
ern FRB experiment (e.g. SKA) could search for diffuse halo
gas associated with the Clouds.

5.2 M31

Analysis of the kinematics of M31’s stellar disk and satellite
system indicates it has a dark matter halo mass compara-
ble to our Galaxy, i.e. MM31

halo ≈ 1.5 × 1012M� (van der Marel
et al. 2012a). At a distance of only ≈ 750 kpc (Riess et al.
2012), M31 subtends a large angular diameter on the sky.
Indeed, its halo spans a sufficient size that one may iden-
tify several tens of luminous quasars behind it and probe its
halo gas in absorption (Lehner et al. 2015). These data have
revealed an enriched, cool CGM surrounding M31 with col-
umn densities comparable to but generally less than those
observed for other L* galaxies at low-z (Lehner et al. 2015;
Howk et al. 2017). The implication is that M31 possesses a

gaseous halo of cool material embedded, presumably, within
a hot medium.

These far-UV observations, however, do not offer direct
constraints of hot halo gas for M31. Instead, the proxim-
ity of M31 affords a unique opportunity to study its CGM
with FRBs. Consider the following illustrative examples.
Adopting the mNFW halo model with y0 = 2, α = 2, and
fb,halo = 0.75, we have estimated the halo DM contribution7

of M31 for sightlines passing within 2×r200 of its center (Fig-
ure 9). The proximity of M31 implies its disk alone comprises
many sq deg. on the sky and its halo subtends ≈ 30 deg. A
Northern-sky survey for FRBs that yields ∼ 10, 000 events
(e.g. CHIME; Bandura et al. 2014), will randomly intersect
M31’s halo hundreds of times. For completeness, we also
include a model for M33 taking Mhalo = 5 × 1011M� and
c = 8.36.

To crudely assess constraints from such a survey, we
performed the following exercise. We generated a random
sample of 10,000 FRBs with redshifts uniformly drawn from
zFRB = [0, 0.5] and declination δ > 0◦. For each FRB, we
assume the Galaxy contributes DMMW,halo = 80 pc cm−3

with a ±15 pc cm−3 uncertainty (uniform deviate) to ac-
count for intrinsic dispersion and systematic uncertainty in
the NE2001 model. We further assume that the FRB host
galaxy contributes DMhost = 40 ± 20pc cm−3 (normal distri-
bution). Lastly, we assume the cosmic DM model8 of Simha
& Prochaska (2019; in prep., hereafter SP19) with a ±20%
uniform deviate. All of these contributions are required to
have zero or greater value. Lastly, we adopt the halo model
for M31 illustrated in Figure 9.

The distribution of DMtotal measurements for the sample
of events away from M31 (R⊥ > r200) versus those intersect-
ing its halo (R⊥ ≤ r200) is shown in Figure 10. One notes a
shift in the M31 distribution of ≈ 75 pc cm−3 the halo model
adopted here. A two-sided Komolgorov-Smirnov test on the
distributions yields a very small probability; this rules out
the null hypothesis that the two were drawn from the same
parent population. The results are, of course, sensitive to the
assumed FRB redshift distribution and the other assump-
tions. Furthermore, a proper analysis would forward model
the observed distribution to perform a maximum likelihood
of M31’s halo gas. In any event, we conclude that a project
like CHIME (Bandura et al. 2014) will provide a very pow-
erful constraint on M31’s halo gas.

5.3 The Local Group Medium (LGM)

Numerical studies of the Local Group have been designed to
trace back the history of our Galaxy and M31, and to pre-
dict their futures (e.g. van der Marel et al. 2012b), includ-
ing the impending merger of the Galaxy and M31. Sawala
et al. (2016) have generated a series of hydrodynamical sim-
ulations (named APOSTLE) designed to mimic our Local
Group with scientific focus on its satellite systems. The to-
tal mass of their simulated groups are typically ∼ 1013M�
to r ≈ 3 Mpc, i.e. ∼ 5× greater than the combined masses
of M31 and the Galaxy. These simulated halos contain a

7 Here, we ignore the ISM of M31 and have taken DMM31(R⊥ <
10kpc) = DMM31(R⊥ = 10kpc).
8 See https://github.com/FRBs/FRB
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surements for 10,000 random FRBs distributed on the Northern
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from M31. Bottom: Cumulative distributions for the two samples.
For any random draw, we recover a very small PKS value indicat-

ing the two samples are drawn from distinct parent populations.

highly ionized medium which we refer to as the Local Group
Medium (LGM).

Over the past decades there have been claims of an ob-
served LGM in both cool gas (HVCs; Blitz et al. 1999) and
an enriched hot phase (OVII; Nicastro et al. 2005). These
inferences, however, have been challenged and alternatively
explained by gas local to the Galactic halo (Wakker 2001;
Sembach et al. 2003; Fang et al. 2013, see also the previous
section). Nevertheless, there is strong theoretical motivation
to expect an LGM and we briefly explore the potential im-
plications while defering an extensive analysis to a future
paper (Fattahi et al., in prep.).

We consider a halo model centered on the barycenter of
the Galaxy/M31 system with an integrated mass to 3 Mpc
of 1013M�. With these simple constraints, we have gener-
ated the DMLGM map in Figure 11. As an example, we

270◦0◦90◦
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−30◦

−60◦

Local Group Medium

10 275DM (pc/cm3)

Figure 11. All-sky Mollweide projection (Galactic coordinates)

of the DM contribution from the Local Group medium, adopting
a halo mass of 1013 M� out to 3 Mpc. The baryonic center of the

Local Group is assumed to lie directly between the Galaxy and

M31. See § 5.3 for details.

adopt the mNFW model with Mhalo = 1012.5M� to r200 and
fb = 0.8. Figure 11 shows an all-sky projection of DMLGM
in the Galactic coordinate system. The results are similar to
those we derived for M31 in Figure 9 except the halo mass
is larger and its center is twice closer. Clearly, there will be
a degeneracy between the two components but the same ar-
guments made for resolving M31’s halo otherwise apply and
are stronger for the LGM. Future work (Fattahi et al.) will
examine the combined contributions between the Galaxy,
M31, and LGM self-consistently.

6 HALOS OF INTERVENING GALAXIES,
GROUPS, AND CLUSTERS

In this section we review current constraints to describe the
distribution of baryons in distant dark matter halos. Our
goals are to describe our current (limited) knowledge and
illustrate the opportunities (and challenges) that FRB ob-
servations may provide. We refer to the contribution from a
single halo as DMhalo and from a population of halos along
a given sightline as DMhalos.

6.1 Groups and Clusters

In the highest-mass dark matter halos (galaxy clusters;
Mhalo > 1014M�), their halo gas is virialized to T > 107 K
and emits brightly at X-rays. Observations of this intraclus-
ter medium (ICM) yield model estimates for the density of
this plasma (e.g. Vikhlinin et al. 2006) with a typical pa-
rameterization:

npne = n2
0

(r/rc)−α

(1 + r2/r2
c )3β−α/2

1
(1 + rγ/rγs )ε/γ

+
n2

02
(1 + r2/r2

c2)3β2

(9)

where all parameters are free except γ = 3. The ICM bary-
onic mass fraction inferred is ∼ 70% estimated by adopt-
ing the total dynamical mass inferred from the gas tem-
perature. Therefore, we adopt fb,halo = 0.7 in what fol-
lows. For any sightline that intersects one of these rare
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Figure 12. DM profiles for a fiducial intracluster medium (ICM)

of a Mhalo = 5 × 1014M� cluster (black), the intragroup medium
(IGrM) of a Mhalo = 1013.5M� halo (green), and the CGM of an L*

galaxy (blue; mNFW model). Clearly, the DM values associated

with a cluster greatly exceed any contribution from L* galaxy or
even galaxy group to beyond 1 Mpc.

halos, DMhalo is substantial. Figure 12 shows the DM(R⊥)
profile for a fiducial model adopting the parameter val-
ues derived by Vikhlinin et al. (2006) for the cluster A907
(M500 = 1014.7M�). This is compared with the DM(R⊥) pro-
file for an L* halo (Mhalo = 1012.5M�) and the halo for a
group with mass Mhalo = 1013.5M�. The differences are strik-
ing and we further note that DMhalo from a single galaxy
cluster may exceed the total from all other contributions
along the sightline.

While DMhalo for a galaxy cluster is very large, these
halos are rare and therefore may not contribute signifi-
cantly to DMhalos. We estimate the probability of inter-
secting a single cluster as follows. First, using the Aemu-
lus halo mass function we calculate the average co-moving
number density of clusters from z = 0 − 1 as: nc(Mhalo ≥
h−1

68 1014M�) = 8.7 × 10−6h3
68 Mpc−3 Second, the average line-

density in the cosmology-normalized Jacobian (Bahcall &
Peebles 1969) is `(X) = (c/H0)ncAp where Ap is the physical

size and dX = (1 + z)2H0/H(z)dz. Adopting Ap = π(1 Mpc)2,
we estimate `(X) = 0.12. For an FRB at z = 1, the likeli-
hood to intersect a cluster is then p ≈ `(z)∆z with `(z) =
`(x)dX/dz ≈ 0.2. With ∆z = 1 for a single FRB, we esti-
mate p(Mhalo ≥ 1014M�; zFRB = 1) ≈ 0.2; i.e., we expect to
intersect one cluster for 5 FRBs at zFRB ∼ 1. This drives a
significant fraction of the scatter predicted for DMFRB (see
also M14).

The contribution of galaxy groups (Mhalo = 1013 −
1014M�) to DMcosmic should be as substantial and likely
greater than clusters given that their comoving number den-
sity is more than an order of magnitude higher. Groups are
still sufficiently rare, however, that Poisson statistics will
describe their effects on FRB DM measurements. For ex-
ample, using the same methodology as above, we estimate

p(Mhalo = 1013.5−1014h−1
68 M�; z = 1) = 0.58 for an intersection

within r200 of the halo.
Existing and forthcoming experiments to measure the

distribution of massive halos in our Universe offer the op-
portunity to use FRBs to probe the halo gas within them.
One viable experiment will be to cross-correlate FRB ob-
servations with the massive halos ‘tagged’ by luminous red
galaxies (LRGs). The auto-correlation function of LRGs at
z ∼ 0.6 indicates these galaxies reside in dark matter ha-
los with Mhalo ≈ 1013.5M� (Zhai et al. 2017). Furthermore,
researchers have scoured all-sky images for concetrations of
LRGs and other red galaxies to identify groups and clusters
to z ∼ 1 (Rykoff et al. 2016). Imaging surveys on both sides of
the planet provide millions of LRGs across the sky and sev-
eral million will have have spectroscopically measured red-
shifts by 2020 (Martini et al. 2018). For precisely localized
FRBs with redshifts, a sample of ∼ 50 events at z ∼ 1 (i.e.
∆z = 50) should intersect 10 clusters and 30 massive groups.
Combining DMFRB with the incidence of massive halos in-
tersected would provide terrific new insight into the nature
of the ICM/IGrM at large radii. Furthermore, we can envi-
sion experiments that cross-correlate more poorly localized
FRBs with LRGs to generate results similar to Figure 10. Of
course, one can also include the large and growing samples
of clusters detected through X-ray and SZ observations.

6.2 L* Galaxies

In contrast to clusters, the halo plasma temperature and lu-
minosity of galactic halos (Mhalo < 1013M�) are sufficiently
low that X-ray detections from individual halos are scarce
and generally precluded (e.g. Li et al. 2018). The conven-
tional wisdom from the X-ray community, however, is that
such galactic halos have fb,halo � 1, i.e. they are ‘missing’
a non-negligible fraction of baryonic mass. This assertion,
however, is based on modeling these challenging X-ray ob-
servations of the inner halo with unrealistically steep den-
sity profiles for the gas (e.g. NFW; Anderson & Bregman
2010; Fang et al. 2013). Indeed, analysis of the SZ signal
from ’stacked’ dark matter halos show no apparent decline
in fb,halo down to current sensitivity limits ( Mhalo ∼ 1013M�
Planck Collaboration et al. 2013). In short, we have lim-
ited constraints on the distribution and mass of T & 106 K
baryons in distant, L* halos (see Burchett et al. 2018, for
first results).

An alternate approach for tracing baryons in galac-
tic halos is through absorption-line analysis. Spectroscopy
of background sources whose sightlines penetrate the halo
yield precise estimates on the column densities of atoms and
ions, including H i, Ovi, C iv, C iii, and Mg ii. The species
with lower ionization potentials (hν ∼ 1 Ryd) trace the cool
(T ∼ 104K), less-ionized plasma within the halo, while ions
like C iv and Ovi probe more highly ionized and (possibly)
warm-hot gas with T ∼ 105 − 106K. Together, these diag-
nostics reveal the incidence and surface density of gas with
T ≤ 106 K around galaxies that have a diverse range of prop-
erties and environments.

Focus first on the cooler, less-ionized gas traced by H i
and lower ion stages. Several decades of research, acceler-
ated in recent years by the highly sensitive COS spectrome-
ter on HST, have provided surveys of the CGM in a diverse
set of galaxy populations at z < 1 (e.g. Chen et al. 2010;
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Figure 13. The blue 2D-histogram visualizes the PDF of DMcool
CGM

as a function of impact parameter. Darker color indicates a radial

bin with more individual measurements and less scatter within
those measurements. The results were derived from ionic column

density observations and photoionization models (yielding NH es-

timates) of quasar sightlines penetrating R⊥ ≤ 150 kpc within L*
galaxy halos at z ∼ 0.2 (Prochaska et al. 2017). One notes sub-

stantial scatter in DMcool
CGM at all radii which reflects dispersion in

the observed column densities and, likely, systematic uncertainty

in ionization modeling. The curves on the plot are: (red, dotted)

a lower-limit estimate to DM of highly ionized halo gas based
on observations of Ovi (Tumlinson et al. 2011); (blue) estimates

of DMcool
CGM derived from the underlying PDF (Werk et al. 2014);

(green) the DM profile for our fiducial Milky Way halo.

Prochaska et al. 2011; Stocke et al. 2013; Tumlinson et al.
2013; Werk et al. 2013). These data yield direct measure-
ments on the projected surface density of neutral hydro-
gen (NHI) as a function of impact parameter from targeted
galaxy populations. The generic result is a high incidence of
strong, coincident H i absorption demanding a substantial,
cool CGM (Prochaska et al. 2011; Thom et al. 2012; Werk
et al. 2014). On this point, there is community-wide agree-
ment. To convert the measured H i column densities NHI into
total hydrogen column density NH, however, one must adopt
an ionization model for the predominantly ionized medium.
The standard approach is to assume that photoionization
dominates, primarily driven by the EUVB. Furthermore, one
assumes equilibrium conditions apply and one may then use
observations of metal-line absorption coincident with the H i
Lyman series to constrain the ionization model and thereby
infer NH.

Figure 13 shows a reproduction of the NH probability
distribution function (PDF) – as a function of radial bins
– derived from the COS-Halos survey by Prochaska et al.
(2017), expressed as DM values assuming the µe = 1.167 cor-
rection for Helium. Darker color indicates a radial bin with
more individual measurements and less scatter within those
measurements. The PDF was estimated from the CGM anal-
ysis of 31 L∗ galaxies at z ∼ 0.2 using an MCMC algorithm
that minimizes the difference between the ionization model
and observed ionic column densities. Two results are evident:
(i) there is a large dispersion in the inferred DM values of this
cool phase; (ii) the largest values exceed even 100 pc cm−3.
On the latter point, we caution that those sightlines with

the highest inferred DM values have the largest ionization
corrections and even these uncertainties may be underesti-
mated. Nevertheless, one recovers integrated DMhalo values
of several tens pc cm−3 to R⊥ = 150 kpc and likely beyond9.
Overplotted on Figure 13 is an estimate of the DM(R⊥) pro-
file (blue curve) based on the fit of Werk et al. (2014) to the
cool CGM measurements and the DM(R⊥) profile for our
fiducial mNFW halo (green curve). We find that the cool
CGM may contain a substantial fraction of a halo’s baryons
although likely less than the full cosmic fraction. In any case,
the cool gas in L* halos will contribute to the integrated DM
of any distant FRBs.

Nearly every star-forming galaxy in the COS-Halos
sample also exhibits strong Ovi absorption. This requires
a second, more highly ionized phase of gas within the halo
(Tumlinson et al. 2011). One may estimate a lower limit
to the DMOVI associated with this gas by assuming conser-
vative estimates for the ionization fraction of Ovi ( fOVI)
and the gas metallicity Z (analogous to our Equation 8 for
Ovii). Taking fOVI = 0.2 and a one-third solar metallicity
(Z = Z�/3), we generate the curve in Figure 13 using the
parameterization of NOVI by Mathews & Prochaska (2017).
While this curve falls well below the DM profile for even
the low ionization phase, we re-emphasize that the assumed
fOVI and Z values are conservative and order-of-magnitude
higher values are possible. It is possible if not plausible that
Ovi traces a warm-hot component (where Ovii dominates)
that comprises the remainder of baryons in the halos.

Designing experiments to assess the distribution of ion-
ized baryons in halos of L* galaxies faces distinct advan-
tages and challenges compared to higher mass halos. On
the positive side, L* galaxies are far more common, e.g.
one estimates p(Mhalo = 1011.5 − 1012.5M�; z = 1) = 4.8 for
R⊥ ≤ 200 kpc. On the other hand, the typical DM value
from a single L* halo may be only several tens pc cm−3 which
is comparable to the scatter from the signatures associated
with the Galaxy and the FRB host galaxy. Nevertheless, a
set of well-localized low-z FRBs events (e.g. Mahony et al.
2018; Bannister & et al. 2019) where one maps the location
of all L > 0.1L∗ galaxies will offer unique insight into galactic
halo gas.

7 DISCUSSION

We now perform a few exercises motivated by the previous
sections. These are designed to further illustrate the scien-
tific potential and observational challenges associated with
probing halo gas using FRB observations.

The discussion focuses on the cosmic dispersion measure
which includes all diffuse, ionized gas in the universe beyond
the Local Group and not including any contribution from the
FRB host. The average < DMcosmic > may be derived from
the universe’s average baryonic mass density,

<DMcosmic>=

∫
ds n̄e/(1 + z) , (10)

with n̄e = fdρb(z)µe/µmmp and where fd(z) is the fraction

9 The experiment was only designed to examine gas at R⊥ ≤
150 kpc.
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Figure 14. Estimates for the cosmic fraction of dark matter in
halos relative to the total dark matter mass density as a function

of redshift. The fiducial model (blue) integrates the mass function

down to Mmin = 1010M� and includes only matter within the virial
radius (rmax = r200). The other two curves vary Mmin (orange) and

rmax (green). At z ∼ 0, approximately 50% of the mass in the
universe lies within one virial radius of a dark matter halo. This

function declines from to z = 0 − 1 indicating greater sensitivity

to halo gas at lower redshifts.

of cosmic baryons in diffuse ionized gas, ρb ≡ Ωbρc , and
µm = 1.3 and µe = 1.1667 account for the mass and elec-
trons of Helium. This is the mean DM signal one predicts
from extragalactic gas for an ensemble of FRB events. Any
individual FRB, meanwhile, will record a specific DMcosmic
value dependent on the precise distribution of matter fore-
ground to it. In the following, we separate DMcosmic into two
components: DMhalos and DMIGM the diffuse gas within dark
matter halos and the lower density medium between them.
For an empirical discussion of DMIGM based on observations
of the Lyα forest, we refer the reader to Shull & Danforth
(2018).

7.1 Integrated Models

M14 studied the variance in the dispersion measure to dis-
tant FRBs in the context of several halo models. In this
sub-section, we expand on his work by adopting the mNFW
halo models from Section 3 and varying several additional
parameters. Similar to M14 we consider models with a min-
imum halo mass Mmin capable of retaining the majority of
its baryons. For Mhalo < Mmin, we set fb,halo = 0 and let
fb,halo = 0.75 otherwise. The other halo parameter explored
is rmax, which defines the radial extent of the halos.

As defined above, the cosmic contribution (DMcosmic) to
DMFRB combines the gas within halos DMhalos with the lower
density medium between them DMIGM. Given the build-up
of cosmic structures in time, the relative contributions of
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Figure 15. Probability distribution function (unnormalized) of
DMhalos for a population of FRBs at zFRB = 0.1 that considers

only gas in foreground halos. The halos adopt the fiducial mNFW

model with fb,halo = 0.75, rmax = r200, and Mmin = 1010M� and no
clustering (i.e. the halos are randomly placed; clustering would

further broaden the PDF). The 95% interval spans from DMhalos =
[0, 203]pc cm−3. For reference, the dotted line shows the average

<DMcosmic> evaluated to z = 0.1 (halos + IGM).

DMIGM and DMhalos varies with redshift, with decreasing
DMhalos at higher z. In Figure 14 we plot fhalo ≡ ρhalos/ρm
as a function of redshift for several assumptions on Mmin
and rmax. Over the past ∼ 10 Gyr, the fraction of matter
within halos has risen from a few tens percent to ∼ 50%
today. It is also evident that fhalo has a strong dependence
on rmax and only a modest dependency on Mmin. Another
conclusion is that the contribution of halos to DMcosmic will
have a stochastic nature that declines (in a given redshift
interval) with increasing redshift until one is left primarily
with the variance in DMIGM.

To explore this stochastic nature, we performed the fol-
lowing exercise. Using the Aemulus halo mass function, we
generated a ‘random box Universe’ with l ≈ 200 cMpc on
each side of its base and extending to z = 1 in a series of
δz = 0.1 layers. In each layer, we add a random draw of
Nhalos assuming Gaussian statistics with mean N̄ = n̄c(M ≥
Mmin; z)Vlayer where n̄c(z) is the average comoving number
density of halos with M ≥ Mmin and Vlayer is the co-moving
volume of the layer. We then draw halo masses Mhalo from
the mass function at the mean redshift of the layer and
place them randomly within it. Halos with Mhalo < 1014M�
have gas profiles following the fiducial mNFW model with
fb,halo = 0.75 and rmax = r200. Higher mass halos adopt
the profile described by Equation 9 with radial parameters
scaled by the virial radius. Note that we have ignored the
clustering of galaxies and large-scale structures both within
each layer and between layers, an effect we defer to future
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Figure 16. Fraction of 10,000 random sightlines with DMcosmic >
DMmin. The colored bands illustrate the scatter in the predicted

values. The large blue swaths, meanwhile, show the excluded re-
gion (dark blue) and where the relation is always satisfied (light

blue).

work (see also M14). Our 10,000 FRB sightlines are then
drawn at regular intervals on a grid with 2 cMpc spacing.

Figure 15 shows the variation in DMhalos for the 10,000
sightlines through the first layer of this random universe. In
this sample, there is over three orders of magnitude varia-
tion. The lowest ≈ 10% do not intersect a single halo and give
zero value (here set to 1 pc cm−3). The highest DMhalos values
pass within a galaxy cluster halo with Mhalo > 1014M�. For
this fiducial model, we find that halos in logarithmic mass in-
tervals from Mhalo = 1011−1015M� contribute nearly equally
to DMhalos on average. The scatter, therefore, is dominated
by the high mass halos which are Poisson distributed. Re-
turning to Figure 15, we further emphasize that the relative
scatter in DMcosmic will be largest for low-z FRBs where the
total value is small.

Continuing this exercise, we now consider the fraction
of FRB events that yield DMcosmic greater than a given min-
imum value. This may be used to set an upper limit to the
redshift of an FRB based on its measured DM. Results are
presented in Figure 16 where we have combined the DMhalos
values from our simulated universe with DMIGM estimated
from <DMcosmic> and fhalo. Specifically,

DMIGM =

∫
[1 − fb,halo fhalo(z)]

d <DMcosmic>

dz
dz . (11)

with d < DMcosmic > /dz the differential contribution to
< DMcosmic > in a dz interval. The trends are as expected,
i.e. an increasing fraction of sightlines have DMcosmic exceed-
ing progressively higher DMmin values. At z = 1, all of the
sightlines have DMcosmic > 1000pc cm−3 due to the DMIGM
component which has no scatter in our model (the relative
scatter is estimated at ∼ 10%; M14). It is also evident that
95% the scatter in DMcosmic at a given redshift is gener-
ally greater than several hundred pc cm−3. Similarly, a given
DMcosmic value corresponds to a range of zFRB values with
width ∆zFRB ≈ 0.2.

Lastly, Figure 17 show the probability distribution func-
tion (PDF) for recovering a specific DMFRB value in boxes of
∆z = 0.01,∆DM = 20. For this calculation, we have included
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Figure 17. Estimations of the probability of a given DMFRB value

(±10pc cm−3) at a given redshift (±0.005). The calculations at-

tempt to capture all contributions to DMFRB including simple es-
timations for the host and Local Group contributions (see the

text for details).

a nominal Local Group term DMLG = 100 ± 30pc cm−3 (uni-
form deviate) and a host term DMhost = 50± 30pc cm−3 (uni-
form deviate). One edge of the PDF smoothly follows the
DMIGM track, in part because we do not include any scatter
in that term. The other side shows the dispersion related
to the Poisson nature of massive halos. As an example, for
DMFRB = 360pc cm−3, we find the 95% interval spans from
zFRB = [0.11, 0.35]. Clearly, DMFRB measurements offer only
a rough redshift estimate for any given FRB.

7.2 An Illustrative Example

As described above, future FRB analysis related to halo gas
will synthesize DM values with measurements of galaxies in
the field surrounding the event. To illustrate such analysis,
we perform the following exercise by leveraging the CASBaH
galaxy database (Prochaska & et al. 2019) which surveyed
the galaxies surrounding 10 quasars at z ∼ 1 observed with
HST/COS. Designed to examine the relationship between
galaxies and the IGM/CGM (Tripp & et al. 2019; Burchett
et al. 2018), the survey is relatively complete to galaxies
with stellar mass M∗ & 109M� for redshifts z < 0.2 with
decreasing completeness and sensitivity at higher redshifts.

Using these data we first assume that a FRB event oc-
curred at the location and redshift of a CASBaH quasar
(e.g. PG1407+265; Figure 18a). Second, we consider all of
the spectroscopically confirmed galaxies with impact param-
eter R⊥ < rmax from the FRB sightline and consider two
values of rmax (r200, 2r200). Third, we estimate a DM value
for each galaxy using the fiducial mNFW halo model with
fb,halo = 0.75 for all galaxies. For the halos, we take the es-
timated halo mass from the CASBaH project which applies
the Moster relation to link stellar mass estimates to Mhalo.
Lastly, we integrate to rmax and adopt concentration values
from Equation 3. We emphasize that this process may under-
predict DMhalos because we have not attempted to connect
clustered galaxies to yet more massive halos (i.e. groups and
clusters; see section 6.1).
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Figure 18. (Left: Image of the field surrounging PG1407+265 taken from the CASBaH survey (Prochaska & et al. 2019). In the following,
we assume that an FRB event has occured at the redshift (z = 0.94) and position of the quasar. Circles on the image identify galaxies

foreground to PG1407+265 that also lie within 300 pkpc of the sightline. Right: Colored solid lines show integrated DM curves for the
galactic halos identified in the field. For these, we have adopted the halo mass estimated by Prochaska et al. (2018) using abundance

matching and then adopt the fiducial mNFW halo model with fb,halo = 0.75, rmax = r200 (blue) or rmax = 2r200 (orange), and concentration

according to Equation 3. For comparison, we show the <DMcosmic> estimate and fhalo <DMcosmic> using the rmax = r200 curve in Figure 14.

The cumulative DMhalos curves contributed by fore-
ground galaxies is shown in Figure 18. For comparison, we
also show <DMcosmic> and fhalo <DMcosmic> with fhalo given
in Figure 14. Comparing the fiducial DMhalos curve to the
fhalo <DMcosmic> evaluation (which both adopt rmax = r200),
we note the former lies systematically below expectation for
z < 0.7. This implies a lower incidence of massive halos than
on average along this sightline. The impact of large-scale
(i.e. groups, filaments) is also evident as significant jumps
in DMhalos occur at redshifts where multiple galaxies con-
tribute. At z ∼ 0.7, the sightline crosses within 300 kpc of
three luminous galaxies with Mhalo ∼ 1012.5M� that raise
DMhalos substantially. This illustrates the stochastic and dis-
crete nature of cosmic structure and the resulting Poisson
behavior of DMhalos.

Figure 19 extends the exercise to include all 5 CASBaH
fields with high galaxy-survey completeness to z ∼ 0.7. The
figure reveals a significant stochasticity in DMhalos for the
various sightlines which reflects scatter in the number and
masses of the halos intersected. The most dramatic outlier
is the FBQS0751+2919 field where the sightline penetrates
an overdensity of galaxies at z < 0.1. The true DMhalos value
would even higher if we assumed the galaxies occur within
a Mhalo > 1013.5M� group. By combining models of DMhalos
with measurements of DMFRB and the galaxies foreground to
the events, we will resolve the distribution of baryons within
galactic halos.
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Figure 19. Similar to Figure 18 but for all of the fields with high
survey completeness in the CASBaH project.

8 SUMMARY AND CONCLUDING REMARKS

In this manuscript we have examined the contributions of
galactic halos to the integrated dispersion measures of fast
radio bursts. Our treatment has spanned the scales of our
Galactic halo, the halos of our Local Group, and the extra-
galactic halos of the distant universe. We have not discussed
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Figure 20. Illustrative estimation of the cumulative DM for a sightline traveling from Earth to the coordinate J004244.3+413009,

chosen to intersect the halo of M31. The total distance depicted corresponds approximately to an FRB at z = 0.5. The figure details the
contributions from the Galactic ISM, the Galactic halo, M31, and then the IGM and halos in the extragalactic universe. The extragalactic

halos with the largest contribution are marked and their mass Mhalo and impact parameters R⊥ are labeled.

extensively the DM signatures from the halos hosting FRBs,
but the models presented should translate.

The principal results from our work may be summarized
as:

• A range of models introduced to describe the gas profiles
of ∼ L∗ galaxy halos predict a diverse set of DM profiles for
sightlines intersecting them. The DM distributions are fur-
ther dependent on the radius used to define a halo’s physical
extent (Section 3).

• The cool CGM of the Galaxy traced by HVCs yields a
small but non-negligible contribution to FRB DM measure-
ments (∼ 10−20pc cm−3; Section 4.1). The warm/hot plasma
traced by Ovi and Ovii absorption, imposes an additional,
estimated DMMW,halo = 50 − 80pc cm−3 (Section 4.2). Hy-
drostatic equilibrium models of the Galactic halo with the
cosmic baryonic fraction can satisfy this constraint and re-
produce current estimates of the integrated DM to the LMC.

• Halos of the Local Group galaxies – especially M31 –
will have a detectable signal in all-sky DM maps from a
large ensemble of FRB observations. One may also search
for signatures of a Local Group medium (Section 5).

• Absorption-line analysis of CGM gas in ∼ L∗ galaxies

yields an estimated DMcool
CGM ∼ 20pc cm−3 at R⊥ = 100 kpc

from cool (T ∼ 104K) gas alone (see Figure 13). Observations
of Ovi and other highly ionized species suggest a comparable
DM signature from a warm/hot plasma.
• The DM values of more massive halos – groups and clus-

ters – are sufficiently large that these will dominate the scat-
ter in extragalactic DM signals. We assess this scatter from
random sightlines intersecting simulated halos in a mock
universe and through select fields previously surveyed for
galactic halos (Sections 6 & 7).

As a means of further summarizing these results, Fig-
ure 20 presents the cumulative DM from Earth to a notional
z = 0.5 FRB selected to lie behind M31’s halo. For this illus-
tration, we have adopted our fiducial models for the Galac-
tic and M31 halos and have generated a random realization
of halos in the extragalactic universe. In this direction, the
DM from the our Galaxy and its Local Group is substantial.
The Galactic ISM is estimated to contribute ≈ 75pc cm−3,
the Galactic halo adds ≈ 50pc cm−3, and the putative M31
halo imposes an additional ≈ 100pc cm−3. This large signal
underscores the potential of FRB DM measurements to re-
solve halo gas in our local environment.

MNRAS 000, 1–20 (2018)
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Examining the cosmic contributions, the figure shows
a simple, monotonic rise to the cumulative DM from the
IGM component. A more realistic treatment may show vari-
ability from intersections with filaments in the cosmic web,
as revealed by the Lyα forest (e.g. Shull & Danforth 2018).
The analysis does show, however, the stochastic impact of
individual halos with Mhalo > 1011M� with DM jumping
discretely at the halo locations. In this example, the largest
DM increments in the extragalactic regime are from mas-
sive halos with Mhalo > 1012.5M�. Lower mass halos are also
included (and shown) yet have DM contributions that are
small and therefore similar to the integrated IGM compo-
nent. In short, one predicts scatter in the cosmic DM con-
tribution to be driven predominantly by galaxy groups and
clusters. Looking forward to galaxy surveys of the fields sur-
rounding FRB events, the emphasis should be placed on
more massive, foreground halos.

These results motivate a further question on survey de-
sign, namely: what is the optimal FRB sample in terms of
zFRB for exploring the DMhalos contribution to DMFRB. Qual-
itatively, there are three main considerations: (1) require
large enough DMcosmic values to dominate over the intrin-
sic scatter in DMFRB from the Local Group and the host
galaxy; (2) maximize the fractional variation in DMhalos by
minimizing the number of halos intersected; (3) have suf-
ficient sensitivity with follow-up observations to map the
foreground galaxy population. On the first point, if we as-
sume σ2(DMLG+host) = σ2(DMLG)+σ2(DMhost) and assert for
sake of example that σ(DMLG) = 50pc cm−3 and σ(DMhost) =
40pc cm−3 we recover σ2(DMLG+host) ≈ 65pc cm−3. For a nom-
inal halo model with Mmin = 1010M� and rmax = 2, we
estimate DMIGM > 5σ(DMLG+host) at zFRB = 0.44. At this
redshift, we estimate the average intersection with Mhalo ≥
1012M� halos to be N = 1.2 for R⊥ ≤ r200, i.e. we are well
within the Poisson regime and expect large fluctuations from
field to field. And, conveniently, this redshift is sufficiently
low that one can build a deep spectroscopic survey in finite
observing time with 4m to 10m-class telescopes (e.g. CAS-
BaH; Figure 18).

This paper has focused on the impacts of halo gas on
the DM values encoded in FRB events. There are, however,
additional physical effects that halo gas may impose on these
signals. This includes, for example, temporal broadening of
the signal due to turbulence in the gas (Macquart & Koay
2013; McQuinn 2014; Prochaska & Neeleman 2018; Vedan-
tham & Phinney 2019). The inferences from photonioniza-
tion modeling that the cool CGM may be clumped on scales
of ∼ 1 pc is quite favorable for this effect (e.g. Cantalupo
et al. 2014). One may also search for signatures of magnetic
fields in galactic halos on the rotation measure RM, as sug-
gested by previous studies using radio loud quasars (Bernet
et al. 2008). We may address each of these in greater detail
in future works.

Last, we remind the reader that all of the
codes for the analysis presented here are public at
https://github.com/frbs. This includes links to the all-sky
DM maps generated for the Local Group (e.g. Figure 3).
These software will be updated as the field progresses and
new observations offer constraints on the gas within halos.
We encourage community development.
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