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Abstract

Fast radio burst (FRB) 190608 was detected by the Australian Square Kilometre Array Pathfinder (ASKAP) and
localized to a spiral galaxy at zpos = 0.11778 in the Sloan Digital Sky Survey (SDSS) footprint. The burst has a
large dispersion measure (DMpgp = 339.8 pc cm~3) compared to the expected cosmic average at its redshift. It
also has a large rotation measure (RMgrg = 353 rad m~2) and scattering timescale (7 = 3.3 ms at 1.28 GHz).
Chittidi et al. perform a detailed analysis of the ultraviolet and optical emission of the host galaxy and estimate the
host DM contribution to be 110 & 37 pc cm 3. This work complements theirs and reports the analysis of the
optical data of galaxies in the foreground of FRB 190608 in order to explore their contributions to the FRB signal.
Together, the two studies delineate an observationally driven, end-to-end study of matter distribution along an FRB
sightline, the first study of its kind. Combining our Keck Cosmic Web Imager (KCWI) observations and public
SDSS data, we estimate the expected cosmic dispersion measure DM smic along the sightline to FRB 190608. We
first estimate the contribution of hot, ionized gas in intervening virialized halos (DMp,os =~ 7-28 pc cm ). Then,
using the Monte Carlo Physarum Machine methodology, we produce a 3D map of ionized gas in cosmic web
filaments and compute the DM contribution from matter outside halos (DMjgy = 91-126 pc cm~3). This implies
that a greater fraction of ionized gas along this sightline is extant outside virialized halos. We also investigate
whether the intervening halos can account for the large FRB rotation measure and pulse width and conclude that it
is implausible. Both the pulse broadening and the large Faraday rotation likely arise from the progenitor
environment or the host galaxy.

Unified Astronomy Thesaurus concepts: Galaxy dark matter halos (1880); Quasar absorption line spectroscopy
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, Angus G. Forbes'

E}

s

(1317); Galaxy evolution (594); Intergalactic medium (813); Radio transient sources (2008)
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1. Introduction

Galaxies are the result of gravitational accretion of baryons
onto dark matter halos, i.e., the dense gas that has cooled and
condensed to form dust, stars, and planets. The dark matter
halos, according to simulations, are embedded in the cosmic
web, a filamentary structure of matter (e.g., Springel et al. 2005).
The accretion process of galaxies is further predicted, at least for
halo masses My, = 10'2 M, to generate a halo of baryons,
most likely dominated by gas shock-heated to the virial
temperature of the potential well (White & Rees 1978; White
& Frenk 1991; Kauffmann et al. 1993; Somerville &
Primack 1999; Cole et al. 2000). At T 2 10° K and ne ~
10~* cm 3, however, this halo gas is very difficult to detect in
emission (Kuntz & Snowden 2000; Yoshino et al. 2009; Henley
& Shelton 2013) and similarly challenging to observe in
absorption (e.g., Burchett et al. 2019). And while experiments
leveraging the Sunyaev—Zeldovich effect are promising (Planck
Collaboration et al. 2016b), these are currently limited to
massive halos and are subject to significant systematic effects
(Lim et al. 2020).

Therefore, there has been a wide range of predictions for the
mass fraction of baryons in massive halos, from ~10% to
nearly the full complement relative to the cosmic mean €, /€2,
(Pillepich et al. 2018). Here, €, and (2, are the average cosmic
densities of baryons and matter respectively. Underlying this
order-of-magnitude spread in predictions are uncertain physical
processes that eject gas from galaxies and can greatly shape
them and their environments (e.g., Suresh et al. 2015).

Fast radio bursts (FRBs) are dispersed by intervening ionized
matter such that the pulse arrival delay, with respect to a
reference frequency, scales as the inverse square of frequency
times the dispersion measure, DM. DM is the path integral of
the electron density, 7., weighted by the scale factor (1 + z)~"
ie., DM = f n, ds / (1 + z). These FRB measurements are
sensitive to all of the ionized gas along the sightline. Therefore,
they have the potential to trace the otherwise invisible plasma
surrounding and in between galaxy halos (Macquart et al.
2020). The Fast and Fortunate for FRB Follow-up (F*) team''
has initiated a program to disentangle the cosmic web by
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correlating the dispersion measure of FRBs with the distribu-
tions of foreground galaxy halos (McQuinn 2014; Prochaska &
Zheng 2019). This article marks our first effort.

Since the DM is an additive quantity, it may be split into
individual contributions of intervening, ionized gas reservoirs:

DMEgrg = DMmw + DM osmic + DMyt (1)

Here, DMw refers to the contribution from the Milky Way,
which is further split into its contributions from the interstellar
medium (ISM) and halo gas (DMpw.ism and DMyw. halo
respectively). Additionally, DMy, is the net contribution
from the host galaxy and its halo, including any contribution
from the immediate environment of the FRB progenitor.
Meanwhile, DM¢osmic 1S the sum of contributions from gas
in the circumgalactic medium (CGM) of intervening halos
(DMp,105) and the intergalactic medium (IGM; DMjgym). Here,
CGM refers to the gas found within dark matter halos
including the intracluster medium of galaxy clusters, and the
IGM refers to gas between galaxy halos.

Macquart et al. (2020) have demonstrated that the FRB
population defines a cosmic DM~z relation that closely tracks
the prediction of modern cosmology (Inoue 2004; Deng &
Zhang 2014; Prochaska & Zheng 2019), i.e., the average
cosmic DM is

Zhost _ cdz

(DM} = [ Fe0)— SO @)
with 71, = f;(2) p,(z) /m,(1 — Yy /2), which is the mean
density of electrons at redshift z. Here, m,, is the proton mass,
Yiae = 0.25 is the mass fraction of helium (assumed doubly
ionized in this gas), and f,(z) is the fraction of cosmic baryons
in diffuse ionized gas, i.e., excluding dense baryonic phases
such as stars and neutral gas (see Macquart et al. 2020 and the
Appendix). p,(z) = p0p.0(1 + 2)%, P 18 the critical density
at z = 0, and ), ¢ is the baryon energy density today relative to
P.o- € is the speed of light in vacuum and H(z) is the Hubble
parameter. Immediately relevant to the study at hand, for FRB
190608, (DM _osmic) ~ 100 pc cm™ at zpor = 0.11778.

Of the five FRBs in the “gold” sample of Macquart et al.
(2020), FRB 190608 exhibits a DM qsmic value well in excess of
the average estimate for its redshift: DMcosmic/ {DMecosmic) = 2
based on the estimated contributions of DMyw halo and DMpg;.
This is illustrated in Figure 1, which compares the measured
DMggg = 339.8 pc cm ™ (Day et al. 2020) with the cumulative
contributions from the Galactic ISM (taken as DMyw 1sm =
38 pc cm3; Cordes & Lazio 2003), the Galactic halo (taken as
DMmw hato = 40 pc cm~3; Prochaska & Zheng 2019), and the
average cosmic web (Equation (2)). These fall ~160 pc cm—>
short of the observed value. Chittidi et al. (2020) estimate that
the ISM in the host galaxy contributes DMygeism = 82 £+
35 pc cm™3 based on the observed H/3 emission measure and
DMyost hato = 28 £ 13 pc cm 3 for the host galaxy’s halo, thus
nearly accounting for the deficit. The net DMy is therefore
taken here to be 110 & 37 pc cm 3,

While these estimates almost fully account for the large
DMggg, several of them bear significant uncertainties (e.g.,
DMmw hato and DMy ). Furthermore, we have assumed the
average DM qsmic value, a quantity predicted to exhibit significant
variance from sightline to sightline (McQuinn 2014; Prochaska &
Zheng 2019; Macquart et al. 2020). Therefore, in this work we
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Figure 1. The cumulative FRB dispersion measure for FRB 190608. The
dashed line corresponds to DMgrp = 339.8 pc cm—3 reported for the FRB
(Day et al. 2020), which is at the highest distance shown (0.5 Gpc). The solid
curve is an estimate of the cumulative DM moving out from Earth toward the
FRB. The Milky Way’s ISM (green; model of Cordes & Lazio 2003) and halo
(blue; model of Prochaska & Zheng 2019) together may contribute
~100 pc cm 3. If the foreground cosmic web (gray) contributes the expected
average (Equation (2)), this adds an additional ~100 pc cm ™ as modeled. Note
that the horizontal axis is discontinuous at the halo—cosmic interface and this is
the reason for a discontinuous cumulative DM. The difference between the
solid and dashed lines at the FRB is ~160 pc cm—> and is expected to be
attributed to the host galaxy and/or an above average contribution from the
cosmic web (e.g., overdensities in the host galaxy foreground).

examine the galaxies and large-scale structure foreground to
FRB 190608 to analyze whether DM osmic &~ (DMcosmic) OF
whether there is significant deviation from the cosmic average.
These analyses constrain several theoretical expectations related to
(DMosmic) (e.g., McQuinn 2014; Prochaska & Zheng 2019). In
addition, FRB 190608 exhibits a relatively large rotation measure
(RM = 353 rad m~2) and a large, frequency-dependent expo-
nential tail (7 4gp, = 2.9 ms) in its temporal pulse profile that
corresponds to scatter-broadening (Day et al. 2020). We explore
the possibility that these arise from foreground matter over-
densities and/or galactic halos (similar to the analysis by
Prochaska et al. 2019).

This paper is organized as follows. In Section 2, we present
our data on the host and foreground galaxies and our spectral
energy distribution (SED) fitting method for determining
galaxy properties. In Section 3, we describe our methods and
models in estimating the separate DM qsmic contributions from
intervening halos and the diffuse IGM. Section 4 explores the
possibility of a foreground structure accounting for the FRB
rotation measure and pulse width. Finally, in Section 5, we
summarize and discuss our results. Throughout our analysis,
we use cosmological parameters derived from the results of
Planck Collaboration et al. (2016a).

2. Foreground Galaxies
2.1. The Data Set

FRB 190608 was detected and localized by the Australian
Square Kilometre Array Pathfinder (ASKAP) to R.A. =
22"16™M4%77, decl. = —07°53’53"7 (Day et al. 2020), placing
it in the outer disk of the galaxy J221604.90—075356.0 at
z = 0.11778 (hereafter HG 190608) cataloged by the Sloan
Digital Sky Survey (SDSS).
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To search for nearby foreground galaxies, we obtained six
33" x 20" integral field unit (IFU) exposures (1800s each)
using the Keck Cosmic Web Imager (KCWI; Morrissey et al.
2018) in a mosaic centered at the host galaxy centroid. The IFU
was used in the “large” slicer position with the “BL” grating,
resulting in a spectral resolution Ry ~ 900. The six exposures
cover an approximately 1’ x 1’ field around the FRB host.
They were reduced using the standard KCWI reduction
pipeline (Morrissey et al. 2018) with sky subtraction (see
Chittidi et al. 2020 for additional details).

From the reduced cubes, we extracted the spectra of sources
identified in the white-light images using the Source Extractor
and Photometry (SEP) package (Bertin & Arnouts 1996;
Barbary 2016). We set the detection threshold to 1.5 times the
estimated rms intensity after background subtraction and
specified a minimum source area of 10 pixels (~5kpc at
z = 0.05) to be a valid detection. Thirty sources were identified
in this way across the six fields; none has an SDSS spectrum.
SEP determines the spatial light profiles of the sources, and for
each source it outputs major and minor axis values of a
Gaussian fit. Using elliptical apertures with twice those linear
dimensions, we extracted source spectra. We then determined
their redshifts using the Manual and Automatic Redshifting
Software (MARZ, Hinton et al. 2016). MARZ fits each
spectrum with a template spectrum and determines the redshift
corresponding to the maximum cross-correlation. Seven objects
had unambiguous redshift estimates, whereas the rest did not
show any identifiable line emission. Five of the seven objects
with secure redshifts are at z > zpo and are not discussed
further. We observed two objects (R.A. = 22h16M45 86,
decl. = —7°53’4§1f’ 16 (J2000)) with a single strong emission
feature at 4407 A for one and 3908 A for the other. MARZ
reported high cross-correlations with its templates for when
this feature was associated with either the [O1] 3727-
3729 A doublet (corresponding to z < zggrp) or Lya (corresp-
onding to z > 2). There are no other discernible emission lines
in the spectra. If we assume the emission line is indeed [O 11],
we can then measure the peak intensity of H3. Thus, in both
spectra, the HG peak would be less than 0.02 times the [O11]
peak intensity, which would imply an impossible metallicity.
Thus we conclude that the features are likely Lya and place
these as galaxies at 7 > 2.6.

In the remaining 23 spectra, we detect no identifiable
emission lines. Since we measure only weak continua (per-
pixel signal-to-noise ratio < 1), if any, from the remaining 23
objects, we find it difficult to estimate the likelihood of their
being foreground objects from synthetic colors.

We experimented with decreasing the minimum detection
area threshold to 5 pixels. This increases the number of
detected sources, but the additional sources, assuming they are
actually astrophysical, do not have any identifiable emission
lines. These sources are most likely fluctuations in the
background.

To summarize, we found no foreground galaxy in the 1’ sq.
KCWI field. Assuming the halo mass function (HMF) derived
from the Aemulus project (McClintock et al. 2019), the average
number of foreground halos (i.e., for 7 < zuos and ina 1/ x 1/
field) between 2 x 10'9 M, and 10'® M, is 0.23; therefore, the
absence of objects can be attributed to Poisson variance. This
general conclusion remains valid even when we refine the
expected number of foreground halos based on the inferred
overdensities along the line of sight (see Section 3.2.2).
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To expand the sample, we then queried the SDSS-DRI16
database for all spectroscopically confirmed galaxies with
impact parameters b < 5Mpc (physical units) to the FRB
sightline and z < zpeg. This impact parameter threshold was
chosen to encompass any galaxy or large-scale structure that
might contribute to DM smic along the FRB sightline. As the
FRB is located in one of the narrow strips in the SDSS
footprint, the query is spatially truncated in the northeastern
direction. Effectively no object with b = 2.5Mpc in that
direction was present in the query results because of this
selection effect.

We further queried the SDSS database for all galaxies with
photometric redshift estimates such that Zpper — 20Zphot < Zhost
and Zphot /0Zphot > 1. Here dzpno is the error in zpne reported in
the database. We rejected objects that were flagged as cosmic
rays or were suspected cosmic rays or CCD ghosts. None of
these recovered galaxies lies within 250 kpc of the sightline as
estimated from z,no. However, several galaxies were found
with Zphot > Zhost a0 Zphot — 20Zphot < Znost that can be within
250 kpc if their actual redshifts were closer to Zphot — 26Zphot-

2.2. Derived Galaxy Properties

For each galaxy in the spectroscopic sample, we have
estimated its stellar mass, M,, by fitting the SDSS ugriz
photometry with an SED using CIGALE (Noll et al. 2009). We
assumed, for simplicity, a delayed-exponential star formation
history with no burst population, a synthetic stellar population
prescribed by Bruzual & Charlot (2003), the initial mass
function (IMF) of Chabrier (2003), dust attenuation models
from Calzetti (2001), and dust emission templates from Dale
et al. (2014), where the fraction of active galactic nuclei was
capped at 20%. The models typically report a statistical
uncertainty of <0.1 dex on M, and star formation rate from the
SED fitting, but we estimate systematic uncertainties are
~2x larger. Table 1 lists the observed and derived properties
for the galaxies.

Central to our estimates of the contribution of halos to the
DM is an estimate of the halo mass, My, A commonly
adopted procedure is to estimate My, from the derived stellar
mass, M,, by using the abundance matching technique. Here,
we adopt the stellar-to-halo mass ratio (SHMR) of Moster et al.
(2013), which also assumes the Chabrier IMF. Estimated halo
masses of the foreground galaxies range from 10'' M, to
>10'2 M.,

2.3. Redshift Distribution of Foreground Galaxies

Figure 2 shows the distribution of impact parameters and
spectroscopic redshifts for the foreground galaxies. There is a
clear excess of galaxies at z ~ 0.08. Empirically, there are
50 galaxies within a redshift range Az = 0.005 of z = 0.0845.
A review of group and cluster catalogs of the SDSS (Yang
et al. 2007; Rykoff et al. 2014), however, shows no massive
collapsed structure (Mp,o > 103 M) at this redshift and
within b = 2.5 Mpc of the sightline. The closest redMaPPer
cluster at this redshift is at a transverse distance of 8.7 Mpc.
However, we must keep in mind that the survey is spatially
truncated in the northeastern direction and therefore we cannot
conclusively rule out the presence of a nearby galaxy group or
cluster. Nevertheless, the distribution suggests an overdensity
of galaxies tracing some form of large-scale structure, e.g., a
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Table 1
Observed and Derived Properties of the Spectroscopic Foreground Galaxies from SDSS*

RA. Decl. u g r i z Redshift b log(My/ M) log(Mya10 /M)
(deg) (deg) (mag) (mag) (mag) (mag) (mag) (kpe)

334.00914 —7.87554 18.73 17.54 16.98 16.63 16.37 0.09122 158 10.36 11.81
333.97368 —7.87678 19.28 17.87 16.95 16.50 16.20 0.08544 300 10.59 12.09
333.88476 —8.01812 18.48 17.39 16.92 16.72 16.59 0.02732 367 9.06 11.04
334.01930 —8.02294 18.31 16.58 15.74 15.38 15.13 0.06038 541 10.63 12.17
334.04856 —7.79251 19.89 17.99 17.05 16.63 16.19 0.07745 597 10.54 12.01
333.77207 —7.53690 19.79 17.99 17.51 17.24 17.01 0.02394 784 8.85 10.95
334.07667 —7.76554 19.43 18.24 17.39 16.96 16.61 0.08110 819 10.37 11.82
333.99058 —8.10044 19.97 18.48 17.88 17.47 17.30 0.06522 951 9.75 11.39
334.08866 —8.01256 18.95 18.38 17.29 16.84 16.56 0.11726 1050 10.91 12.79
334.12864 —8.08630 19.20 17.86 17.31 16.96 16.75 0.07096 1091 10.01 11.55
Note.

 This table is published in its entirety in the machine-readable format. Ten galaxies with the lowest impact parameters are shown here.

(This table is available in its entirety in machine-readable form.)
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Figure 2. The spatial distribution of foreground galaxies. Bottom: a scatter plot
of foreground galaxy redshifts, z, and impact parameters, b. The points are
colored according to the estimated stellar masses. The red dashed line indicates
the FRB host redshift. Top: a histogram of the redshifts. The “spikes” in the
distribution, e.g., at z ~ 0.08, indicate overdensities in the underlying cosmic
web structure.

filament connecting this distant cluster to another (see
Section 3.2.2).

To empirically assess the statistical significance of FRB 190608
exhibiting an excess of foreground galaxies (which would suggest
an excess DM¢osmic), we performed the following analysis. First,
we defined a grouping'®> of galaxies using a mean-shift
clustering algorithm on the galaxy redshifts in the field,
adopting a bandwidth Az of 0.005 (=3100 km s~!). This
generates a redshift centroid and the number of galaxies in a
series of groupings for the field. For the apparent overdensity,
we recover z = 0.0843 and N = 62 galaxies; this is the
grouping with the highest cardinality in the field. We then
generated 1000 random sightlines in the SDSS footprint and
obtained the redshifts of galaxies with z < zh,s and with
impact parameters b < 5 Mpc, restricting the sample to
galaxies with z > 0.02 for computational expediency. We also

12 We avoid the use of group or cluster to minimize confusion with those oft
used terms in astronomy.
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Figure 3. Grouping population sizes in SDSS fields. A cumulative histogram
of the sizes of the most populous redshift groupings in 1000 random SDSS
fields. Each field was searched for galaxies more massive than 10%3 M, with
spectra within 5 Mpc of a sightline passing through the center. The groupings
are computed using a mean-shift algorithm with bandwidth Az = 0.005. Their
centroids all lie between z = 0.02 and zpoy. The most populous redshift
grouping found in the FRB field at z ~ 0.08 is indicated by the red dashed line.
At the 63rd percentile, the FRB field does not have rare overdensities in its
foreground.

restricted the stellar masses to lie above 10%3 M, to account for
survey completeness near z = 0.08. This provides a control
sample for comparison with the FRB 190608 field.

Figure 3 shows the cumulative distribution of the number of
galaxies in the most populous groupings in each field. We find
that the FRB field’s largest grouping is at the 63rd percentile,
and therefore conclude that it is not a rare overdensity. It might,
however, make a significant contribution to DM osmic, a
hypothesis that we explore in the next section.

3. DM Contributions

This section estimates DMy0s and DMjgy. For the sake of
clarity, we make a distinction in the terminology we use to refer
to the cosmic contribution to the DM estimated in two different
ways. First, we name the difference between DMggp and
the estimated host and Milky Way contributions DMggp ¢,
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i.e., DMFRB,C = DMFRB — DMMW — DMhost ~ 152 pc cm’3.
Second, we shall henceforth use the term DM ygmic to refer to
the sum of DMy, and DMjgy semiempirically estimated
from the foreground galaxies.

3.1. Foreground Halo Contribution to DM .,y

We first consider the DM contribution from halo gas
surrounding foreground galaxies, DMy,js. The four galaxies
with b < 550kpc all have estimated halo masses My, <
10'22 M. We adopt the definition of r;; using the formula for
average virial density from Bryan & Norman (1998), i.e., the
average halo density enclosed within r;, is

pyr = (1872 — 82g — 39¢°)p.
D0 3)
Qo1 +2)* + Qo

q:

Here p. is the critical density of the universe at redshift z and
o is the dark energy density relative to p,,. Computing
ryir from the estimated halo masses, we find that only the halo
with the smallest impact parameter at z = 0.09122 (i.e., first
entry in Table 1) is intersected by the sightline. In the
following, however, we will allow for uncertainties in My,
and also consider gas out to 2r;. Nevertheless, we proceed
with the expectation that DM},s is small.

To derive the DM contribution from each halo, we must
adopt a gas density profile and the total mass of baryons in the
halo. For the former, we assume a modified Navarro—Frenk—
White (NFW) baryon profile as described in Prochaska &
Zheng (2019), with profile parameters v = 2 and yp, = 2. We
terminate the profile at a radius ry,x, given in units of ry;. (i.e.,
Tmax = 1 corresponds to r,;). The gas composition is assumed
to be primordial, i.e., 75% hydrogen and 25% helium by mass.
For the halo gas mass, we define M?,, = Joot (% / Q) Mhatos
with f, . parameterizing the fraction of the total baryonic
budget present within the halo as hot gas. For a halo that has
effectively retained all of its baryons, a canonical value is
Jhot = 0.75, which allows for ~25% of the baryons to reside in
stars, remnants, and neutral gas of the galaxy at its center (e.g.,
Fukugita et al. 1998). If feedback processes have effectively
removed gas from the halo, then f, < 0.75. For simplicity,
we do not vary f . with halo mass but this fraction might well
be a function of halo properties (e.g., Behroozi et al. 2010).

At present, we have only weak constraints on f,, a, and yy,
and we emphasize that our fiducial values are likely to
maximize the DM estimate for a given halo (unless the impact
parameter is <r;). We therefore consider the estimated
DMj,q105 to be an upper bound. However, we further note that
the choice of ry,.x, which effectively sets the size of the gaseous
halo, is largely arbitrary. In the following, we consider r,.x = 1
and 2.

The DM contribution of each foreground halo was computed
by estimating the column density of free electrons intersecting the
FRB sightline. Figure 4(a) shows the estimate of DMy for
Tmax = 1. When ryax = 2 (Figure 4(b)), the halo at z = 0.09122
(Table 1) contributes an additional ~10 pc cm ™3 to the estimate
of DMy,,0s from the extended profile. Furthermore, the halo at
z = 0.08544 contributes ~10 pccm™> and the halo at z =
0.06038 contributes ~2 pc cm 3.

In addition to the spectroscopic sample, we performed a
similar analysis on the sample of galaxies with 7, only. As

Simha et al.

mentioned earlier, no galaxy in this sample was found within
250 kpc if their redshift was assumed to be z,no; and therefore
their estimated contribution to DMy,,s Wwas null. However, if
we assumed their redshifts were Zpnot — 20Zphot, We estimate a
net DM contribution of ~30pccm™ from four galaxies
(Table 2). Their contribution decreases with increasing
assumed redshift. At z,05, only the first two galaxies contribute
and their net contribution is estimated to be ~13 pc cm™3. A
spectroscopic follow-up is necessary to pin down the galaxies’
redshifts and therefore their DM contribution because they lie
outside the field of view (FoV) of our KCWI data.

Using the aforementioned assumptions for the halo gas
profile, we can compute the average contribution to (DM qsmic)s
i.e., (DMp10s), by estimating the fraction of cosmic electrons
enclosed in halos, f, .15 (2). (DMhaios) provides a benchmark
that we may compare against DMy,s. First, we find the average
density of baryons found in halos between 10'%3 M. and
10'® M, using the Aemulus halo mass function (McClintock
et al. 2019), i.e., P, paos(2)- The ratio of this density to the
cosmic matter density p,(z) is termed fha0s. Then, according to
our halo gas model, f, ;.05 (2) is

He halos (Z) _ ph,halos (Z)fl‘iot

I’l; (@) Pb (Z)f;1 @) 4)

B o
ﬁlalos (Z)fd(Z)

Lastly, we relate (DMhaios) = f; hatos X (DMecosmic)- The dashed
lines in Figure 4 represent (DMy,105), and we note that DM,
for the FRB sightline is well below this value at all redshifts.

There are two major sources of uncertainty in estimating
DMyq105. First, stellar masses are obtained from SED fitting and
have uncertainties of the order of 0.1 dex. In terms of halo
masses, this translates to an uncertainty of ~0.15 dex if the
mean SHMR is used. Second, there is scatter in the SHMR
which is also a function of the stellar mass. Note that the
intervening halos have stellar masses ~10'0% M. This
corresponds to an uncertainty in the halo mass of ~0.25 dex
(Moster et al. 2013). In Figure 4, we have varied stellar masses
by 0.1 dex and have depicted the variation in DMp,j,s through
the shaded regions. If, instead, we varied the stellar masses by
0.16 dex, thus mimicking a variation in halo masses by nearly
0.25 dex, the scatter increases by roughly 10 pccm™3 in
Figure 4(a) and by about 20 pccm~ in Figure 4(b) at
z=0.11778.

For the remainder of our analysis, we shall use the estimate
for DMp,jes corresponding to  7pax = 1, i.e., DMypaos =
12pccm™3 and is bounded between 7 pccm3 and
28 pc cm~3, while bearing in mind that it may be roughly
twice as large if the radial extent of halo gas exceeds ry;.. For
the galaxies with photometric redshifts only, we shall adopt
Zphot and thus estimate no contribution to DMpgjos.

fe;,halos (Z) =

32 DMIGM and DMcosmic

We now proceed to estimate the other component of
DM osmic, DMjgMm, the contribution from diffuse gas outside
halos. In this section, we discuss two approaches to estimat-
ing DMIGM-

1. The diffuse IGM is assumed to be uniform and isotropic.
This implies that its DM contribution is completely
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Figure 4. DMp,os vs. redshift. The black line represents (DMp,ys), i.€., the average DM from halos using the Aemulus halo mass function (ignoring the IGM). The
solid green line is our estimate of DMj,os, the DM contribution from intervening halos of galaxies found in SDSS and assuming a hot gas fraction f,,, = 0.75. The
dark green shaded region is obtained by varying the stellar masses of each of the intervening halos by 0.1 dex, which modulates the adopted halo mass. This is
representative of the uncertainty in DM propagated from stellar mass estimation. The lighter green shaded region is obtained by similarly varying the stellar masses by
0.16 dex and it is representative of the uncertainty in DM propagated from the scatter in the SHMR. This calculation was performed for two values of the
dimensionless radial extent of the halo’s matter distribution, 7y, 1 (left) and 2 (right). Using the central measures of stellar mass and the SHMR, the intervening

galaxies contribute DMy,0s less than the expected cosmic average, (DMpyos), and do not exceed 50 pc cm™3.

determined by cosmology and our assumptions for
DMpa0s. This is equivalent to estimating the cosmic
average of the IGM contribution, (DMjgp).

2. Owing to structure in the cosmic web, the IGM is not
assumed to be uniform. We infer the 3D distribution of
the cosmic web using the galaxy distribution and then use
this to compute DM;gy.

We consider each of these in turn.

3.2.1. (DMgy)
Approach 1 is an approximation of DMgy. We define

<DMIGM> = <DMcosmic> - <DMhalos>- (5)

Naturally, (DMjgy) depends on redshift and on our parameter-
ization of (DMpys), i€, on fi, and rax. At Z = Znese for
frog = 0.75 and rpay = 1, (DMjgm) ~ 54 pc cm ™3, i.e., about
54% of (DM cosmic)-

Adopting this value of (DMjgy), we can estimate DM osmic
toward FRB 190608 by combining it with our estimate of
DMya10s (Figure 1). This is presented as the blue, shaded curve
in Figure 5 using our fiducial estimate for DMy (f,o, = 0.75,
Fmax = 1). This DMgemic estimate is roughly 90 pc cm™3 less
than DMggp ¢, and the discrepancy would be larger if one
adopted a smaller DMpyw hao Value than 40 pc cm™ (e.g.,
Keating & Pen 2020). We have also computed DM_osmic for
different combinations of f;, and 7y, and show the results in
Figure 6.

First, we note that the DMosmic €stimate is always lower than
DMErg.c. Second, it is not intuitive that the estimate is closer to
DMggrg,c when f, = 0 (i.e., DMyaos =~ 0). This arises from
our definition of (DMjgm), i.e., fio; = O implies (DMpyo5) = O
or (DMigm) = (DMcosmic)- As (DMeosmie) = 100 pc cm ™3 is
independent of f , and r,y, the estimate is close to DMggg c.
For all higher £, (DMjgum) is smaller and DMy, is insufficient
to add up to DMggg,c. In summary, DMp,os is consistently lower

3

than (DMy,s) for the parameter range we explored. This results
in DM_osmic thus estimated being systematically lower than
DMggs, c-

3.2.2. Cosmic Web Reconstruction

As described in Section 3.1, the localization of FRB 190608
to a region with SDSS coverage enables modeling of the DM
contribution from individual halos along the line of sight. It
also invites the opportunity to consider cosmic gas residing
within the underlying, large-scale structure. Theoretical models
predict shock-heated gas within the cosmic web as a natural
consequence of structure formation (Cen & Ostriker 1999;
Davé et al. 2001), and indeed FRBs offer one of the most
promising paths forward in detecting this elusive material
(Macquart et al. 2020).

Using the SDSS galaxy distribution within 400’ of the FRB
sightline, we employed the Monte Carlo Physarum Machine
(MCPM) cosmic web reconstruction methodology introduced
by Burchett et al. (2020) to map the large-scale structure
intercepted by the FRB sightline. Briefly, the slime mold-
inspired MCPM algorithm finds optimized network pathways
between galaxies (analogous to food sources for the Physarum
slime mold) in a statistical sense to predict the putative
filaments in which they reside. The galaxies themselves occupy
points in a 3D space determined by their sky coordinates and
the luminosity distances indicated by their redshifts. At each
galaxy location, a simulated chemo-attractant weighted by the
galaxy mass is emitted at every time step. Released into the
volume are millions of simulated slime mold “agents,” which
move at each time step in directions preferentially toward the
emitted attractants. Thus, the agents eventually reach an
equilibrium pathway network, producing a connected 3D
structure that represents the putative filaments of the cosmic
web. The trajectories of the agents are aggregated over
hundreds of time steps to yield a “trace,” which in turn acts
as a proxy for the local density at each point in the volume (see
Burchett et al. 2020 for further details).
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Table 2
SDSS Galaxies with Photometric Redshifts That Potentially Contribute to DMpgjos
R.A. Decl. Separation from FRB u g r i z Zphot OZphot
(deg) (deg) (arcmin) (mag) (mag) (mag) (mag) (mag)

334.01251 —7.88616 0.84 22.09 20.41 19.56 19.34 18.94 0.21 0.06
334.03281 —7.90426 0.86 23.62 22.18 21.25 20.94 20.22 0.27 0.12
334.03590 —7.88558 1.22 22.89 22.33 21.31 21.08 19.63 0.34 0.13
334.00943 —7.87979 1.26 21.00 20.04 19.40 19.16 18.95 0.15 0.04
Our reconstruction of the structure intercepted by our FRB
----- (DMeosmic) sightline is visualized in Figure 7. The MCPM methodology
—— DMeosmic simultaneously offers the features of (1) producing a
1501 —#— DMrrp,c continuous. 3D density field defined even relati.vely far away
from galaxies on megaparsec scales and (2) tracing anisotropic

~ filamentary structures on both large and small scales.
T With the localization of FRB 190608 both in redshift and

£ . . . .

S 1001 projected sky coordinates, we retrieved the local density as a
2 function of redshift along the FRB sightline from the MCPM-
s fitted volume. The SDSS survey is approximately complete to
A galaxies with M, > 10'99 M_, which translates via abundance
50 matching (Moster et al. 2013) to My, > 10'! M. Therefore,
we only used galaxies and halos above these respective mass
limits in our MCPM fits for the SDSS and Bolshoi—Planck data
ol sets. This prevents us from extending the redshift range of our
analysis beyond 0.1, because going further would require a

0.00 0.02 0.04 0.06 0.08 010 0.2
z

Figure 5. DM osmic vs. redshift. The solid blue line corresponds to
DM osmic = DMhalos + (DMigm) With fio, = 0.75 and rmax = 1. The shaded
region represents the quadrature sum of uncertainties in DMpgos (allowing for
0.1 dex variation in stellar mass) and the IGM (taken to be 20% of DMjgm).
The green point is DMggp ¢ (i.e., DMprg — DMpyw — DMy ). The error bars
correspond to the uncertainty in DMyos, Which is 37 pc cm™3. The black line
represents (DM cosmic)-
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Figure 6. DM qymic compared to DMggrg c as a function of halo model
parameters. Here, DM cosmic is defined as DMy,10s + (DMigm) and depends on
two key parameters, f, . and 7imax. fi iS the fraction of baryonic matter present
as hot gas in halos, and 7.« is the radial extent in units of 7 up to which
baryons are present in the halo. At low f and 5. values, DMyyos is small
and DM osmic &~ (DMigm) ~ (DMcosmic). Toward higher f;., and rnax values,
(DMjgm) decreases and DMy, increases. However, DMpai0s < (DMhglos)-
Thus DMosmic decreases further compared to DMggrp,c. In summary, the fact
that DM ¢osmic estimated in this way is small is a reflection of the lower than
average contribution from DMpgjos.

higher mass cutoff and therefore a much sparser sample of
galaxies on which to perform the analysis. At the lower end of
the redshift scale, there are fewer galaxies more massive than
1099 M, (see Figure 2) and therefore the MCPM fits are
limited to z > 0.018. To translate the MCPM density metric
Pphys t0 a physical overdensity 6p/p,,, we applied MCPM to the
dark matter-only Bolshoi cosmological simulation, where the
matter density p,, is known at each point. Rather than galaxies,
we fed the MCPM locations and masses of dark matter halos
(Behroozi et al. 2013). We then calibrated ppy t0 p/p,, as
detailed by Burchett et al. (2020). This produces a mapping to
physical overdensity, albeit less tightly constrained than that of
Burchett et al. (2020) due to the sparser data set we employ
here. For densities p 2 p,, we estimate a roughly order-of-
magnitude uncertainty in p/p,, derived along the line of sight.
Figure 8 shows the density relative to the average matter
density as a function of redshift.

The electron number density n,(z) is obtained by multiplying
i, (z) from Equation (2) by the MCPM estimate for p/p,,. Last,
we integrate n, to estimate DM{m and recover DMjine —
78 pccm ™3 for the redshift interval z = [0.018, 0.1] (see
Figure 9(a)). DM;iX¢ is nearly double the value of (DMjgM) at
z = 0.1 assuming f,, = 0.75 and rp. = 1.

The Bolshoi—Planck mapping from the trace densities to
physical overdensity includes an uncertainty of ~0.5 dex in
each trace density bin. To estimate the uncertainty in DML,
we first identify the peaks in Figure 8. For all pixels within the
FWHM of each peak, we vary the relative density by a factor
that does not exceed 0.5 dex. This factor is drawn from a
uniform distribution in log space. Each peak was assumed to
be independent and thus varied by a different factor, and
DM was recomputed. From 100,000 such realizations of
DMSie we estimated a probability density function (PDF)
(Figure 9(b)). The 25th and 75th percentiles of this distribution
are 75 pc cm 3 and 110 pc cm ™3, respectively, and the median
value is 91 pc cm~3. For the redshift intervals excluded, we



THE ASTROPHYSICAL JOURNAL, 901:134 (12pp), 2020 October 1

Top view:

Along the
sightline:

Simha et al.

Figure 7. A 3D model of the cosmic web in physical coordinates reconstructed using the MCPM. Left, top: the red line passing through the web represents the FRB
sightline where light is assumed to travel from right to left. The cosmic web reconstruction (Elek et al. 2020) is shown color-coded by the steady-state Physarum
particle trace density (yellow being high and black being low). The red line with ticks along the top shows the horizontal scale of the reconstruction in redshift. In the
vertical direction, the reconstructed region of the web spans an angular diameter of 800’ on the sky. Left, bottom: a rotated view of the reconstruction. The FRB
sightline falls within a narrow strip of the SDSS footprint, and the vertical size in the side view is smaller than that in the top view. Left, center: a view along the
sightline (which is again visible in red) of a high-density region enclosed by the translucent circles in the top and side views. Right: two close-up views of the locations

indicated by the circles on the left.
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Figure 8. Estimate of cosmic web density from MCPM. We show the MCPM-
derived cosmic overdensity as a function of redshift along the line of sight to
FRB 190608. We first produced our cosmic web reconstruction from SDSS
galaxies within 400’ of the sightline and then calibrated the MCPM trace (see
text) with the cosmic matter density from the Bolshoi—Planck simulation. Note
that there are apparently no galaxy halos (p > 100p,,) captured here, although
several density peaks arise from large-scale filamentary structures. We in turn
use the 3D map from MCPM to model the diffuse IGM gas and produce
DMgMm estimates.

assume n, = 71, and estimate an additional 16 pccm™3 to
DMigm (8 pc cm™3 for z < 0.018 and 8 pc cm~3 for z > 0.1),
increasing DMy to 94 pc cm 3. This is justified by comparing
Figures 2 and 8 to assess that there are no excluded overdensities
that can contribute more than a few pc cm~> over the average

value. In conclusion, we estimate DMjgy = 94 pc cm ™3, with
the 25th and 75th percentile bounds being 91 and 126 pc cm 3.

With detailed knowledge of the IGM matter density, one can
consider defining the boundary of a halo more precisely. A
natural definition for the halo radius would be where the halo
gas density and the IGM density are identical. Therefore, we
tested whether the 7, obtained would significantly differ from
the chosen value of unity, and thus produce substantially
different DMy,0s, for the intervening halos. We estimated
Tmax Using this condition by setting the IGM density as the
value obtained from the MCPM model at each halo redshift,
yielding rn.x & 1.3-2.2 for the halos. DMy, estimated using
these 7.y values for the halos is ~30 pc cm—3 because only
the first two halos in Table 1 contribute. This is only slightly
higher than the upper bound obtained previously for . = 1,
and therefore we choose to continue with the value of
DMy,q105 initially estimated using rn.x = 1. Finally, our cosmic
web reconstruction from the MCPM algorithm also allows us
to refine our estimate of expected intervening galaxy halos in
the KCWI FoV, (nXCW1) — .23, presented in Section 2.1.
Given the inferred overdensity as a function of redshift along
the line of sight, p/p,,(z), and the comoving volume element
given by the KCWI FoV as a function of redshift, dV(z), we can

. KCWI _ Jw/p, v dz
then just scale (n ) by a = T wvoa

we have obtained o = 1.66, and then our refined
(nkCWIy — 0.38. This number is still small and thus fully
consistent with a lack of intervening halos found in the
KCWI FoV.

. In our case,
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Figure 9. DM{i%¢ from MCPM density estimate. Left: a comparison of DMy obtained from the MCPM analysis (blue) and (DMjgy) (red) assuming £, = 0.75
and s = 1. Below z = 0.018, where the MCPM density estimate is not available, DMSLm¢ is assumed to be equal to (DMjgp). At z = 0.1, DMSa%e is nearly twice
(DMigp). Right: the PDF of DM{EM¢ estimated after accounting for the uncertainties in the Bolshoi-Planck mapping from particle trace densities to physical
overdensities. The FWHM of each density peak is independently varied by a factor within 0.5 dex and a cumulative DM is computed. This estimate of the PDF is
obtained from 100,000 realizations of DMjine. DMjune = 88 pc cm—> for z < 0.1, and its distribution is asymmetric with a standard deviation of ~15 pc cm~>.

4. Cosmic Contributions to the Rotation Measure and
Temporal Broadening

We briefly consider the potential contributions of foreground
galaxies to FRB 190608’s observed temporal broadening and
rotation measure. As is evident in Table 1, there is only a single
halo within 200 kpc of the sightline with z < zpeg. It has redshift
z = 0.09122 and an estimated halo mass My, = 10'2 M.

FRB 190608 exhibits a large, frequency-dependent pulse
width 7=33ms at 1.28 GHz (Day et al. 2020), which
exceeds the majority of previously reported pulse widths
(Petroff et al. 2016). Pulses are broadened when interacting
with turbulent media. While we expect a scattering pulse width
much smaller than a few milliseconds from the diffuse IGM
alone (Macquart & Koay 2013), we consider the possibility that
the denser halo gas at z = 0.09122 contributes significantly to
FRB 190608’s intrinsic pulse profile. Here, we estimate the
extent of such an effect, emphasizing that the geometric
dependence of scattering greatly favors gas in intervening halos
as opposed to the host galaxy.

Assuming the density profile as described in Section 3.1
(extending to rp,x = 1), the maximum electron density
ascribed to the halo is at its impact parameter b = 158 kpc:
n, ~ 1074 cm~3, Note that b is much greater than the impact
parameter of the foreground galaxy of FRB 181112 (29 kpc,
Prochaska et al. 2019) and indeed that of the host or the Milky
Way with FRB 190608’s sightline. The entire intervening halo
can be thought of effectively as a “screen” whose thickness is
the length the FRB sightline intersects with the halo, AL =
265 kpc. We assume that the turbulence is described by a
Kolmogorov distribution of density fluctuations with an outer
scale Ly = 1 pc. This choice of L arises from assuming that
stellar activity is the primary driving mechanism. To get an
upper bound on the pulse width produced, we also assume that
the electron density is equal to 10~ cm™> for the entire length
of the intersected sightline. Following the scaling relation in

Equation (1) from Prochaska et al. (2019), we obtain

12/5
T < 0028 ms alz/S(—e )
1.4 GHz 1C 1 3

) AL\ Lo —4/5
265 kpc 1 pc ’

Here, o is a dimensionless number that encapsulates the rms
amplitude of the density fluctuations and the volume-filling
fraction of the turbulence. It is typically of order unity. We note
that our chosen value of L, presents an upper limit on the
scattering timescale. Were Ly > 1 pc (e.g., if driven by jets from
active galactic nuclei), 7 < 0.03 ms. The observed scattering
timescale exceeds our conservative upper bound by two orders of
magnitude. One would require 7, > 6 x 10~ cm™ to produce
the observed pulse width. This exceeds the maximum density
estimation through the halo, even for the relatively flat and high
Joor assumed. We thus conclude that the pulse broadening for
FRB 190608 is not dominated by intervening halo gas.

FRB 190608 also has a large estimated RMggrg = 353 £
2rad m~% (Day et al. 2020). We may estimate the RM
contributed by the intervening halo, under the assumption that
its magnetic field is characterized by the magnetic fields of
equipartition strength in galaxies (~10 xG) (Basu & Roy
2013). We note that this exceeds the upper limit imposed on
gas in the halo intervening along our sightline to FRB 181112
(Prochaska et al. 2019).

We estimate

B
RM0s = 0.14 rad m—2 I AL
10 4G ) \ 265 kpe

ne
8 ( 1074 cm™3 ) ™

(6)
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Table 3
Contributions to DMggp from Foreground Components
Component Subcomponent Notation Value (pc cm—3) Comments
Host galaxy ISM DMipost.1sM 47-117 From Chittidi et al. (2020)
Halo DMost. halo 15-41 From Chittidi et al. (2020)
Foreground cosmos Intervening halos DMyos 7-28" Using SDSS spectroscopic galaxies
and 0.16 dex scatter in M*
(DMaos) 45 Average assuming the Aemulus HMF and
Planck 15 cosmology
Diffuse IGM DMigm 91-126 25th and 75th percentiles using
the MCPM method
(DMigm) 54 Average assuming the Aemulus HMF and
Planck 15 cosmology
Milky Way ISM DMuw.ism 38 From Cordes & Lazio (2003)
Halo DMwmw hato 40 From Prochaska & Zheng (2019)
Note.

* Assuming f, ., = 0.75 and ryex = 1.

and conclude that it is highly unlikely that the RM contribution
from intervening halos dominates the observed quantity.

5. Concluding Remarks

To summarize, we have created a semiempirical model of the
matter distribution in the foreground universe of FRB 190608
using spectroscopic and photometric data from the SDSS
database and our own KCWI observations. We modeled the
virialized gas in intervening halos using a modified NFW
profile and used the MCPM approach to estimate the ionized
gas density in the IGM. Table 3 summarizes the estimated
DM contributions from each of the individual foreground
components. Adding (DMy,s) and DMjgy for this sightline,
we infer DM ogmic = 98—154 pc cm™3, which is comparable
t0 (DMcosmic) = 100 pc cm™3. The majority of DM_ogmic is
accounted for by the diffuse IGM, implying that most of the
ionized matter along this sightline is not in virialized halos. We
found only four galactic halos within 550kpc of the FRB
sightline and only one within 200 kpc. We found no foreground
object in emission from our ~1’ sq. KCWI coverage and no
galaxy group or cluster having an impact parameter of less than
its virial radius with our FRB sightline.

We also find it implausible that the foreground structures are
dense enough to account for either the pulse broadening or
the large rotation measure of the FRB. We expect that the
progenitor environment and the host galaxy together are the
likely origins of both Faraday rotation and turbulent scattering
of the pulse (discussed in further detail by Chittidi et al. 2020).

The results presented here are not the first attempt to
measure DM osmic along FRB sightlines by accounting for
density structures. Li et al. (2019) estimated DM osmic
(termed DMjgy in their paper) for five FRB sightlines,
making use of the Two Micron All Sky Survey Redshift
Survey group catalog (Lim et al. 2017) to infer the matter
density field along their lines of sight. They assumed NFW
profiles around each identified group. This enabled them to
estimate the DM contribution from intervening matter for
FRBs with low DM (DMcosmic + DMpo < 100 pc cm™3).

10

Our approach differs in the methods used to estimate
DM osmic- The precise localization of FRB 190608 allows us
to estimate DMy,os and DMjgy separately. Li et al. (2019)
were limited by the large uncertainties (~10) in the FRB
position, and therefore their estimates of (DM osmic) depended
on the assumed host galaxy within the localization regions.
Furthermore, the MCPM model estimates the cosmic density
field, and thus the ionized gas density of the IGM, due to
large-scale filamentary structure. We note that our estimate of
n, from the MCPM model in overdense regions is similar to
their reported values (107 °-107° cm™%). This naturally
implies that our DM q¢mic estimates are of the same order of
magnitude around z = 0.1 as their estimate. Together with the
results presented by Chittidi et al. (2020), our study represents
the first of its kind: an observationally driven, detailed DM
budgeting along a well-localized FRB sightline. We have
presented a framework for using FRBs as quantitative probes of
foreground ionized matter. Although aspects of this framework
carry large uncertainties at this juncture, the methodology should
become increasingly precise as this nascent field of study
matures. For instance, our analysis required spectroscopic data
across a wide area (i.e., a few square degrees) around the FRB,
which enabled us to constrain the individual contributions of
halos and also to model the cosmic structure of the foreground
IGM. An increase in sky coverage and depth of spectroscopic
surveys would enable the use of cosmic web mapping tools such
as the MCPM estimator with higher precision and on more FRB
sightlines. Upcoming spectroscopic instruments such as DESI
and 4MOST will map out cosmic structure in greater detail and
will, no doubt, aid in the use of FRBs as cosmological probes of
matter.

We expect FRBs to be localized more frequently in the
future, thanks to continued improvements in backends with
high time resolution and real-time detection systems for radio
interferometers. One can turn the analysis around and use the
larger set of localized FRBs to constrain models of the cosmic
web in a region and possibly perform tomographic reconstruc-
tions of filamentary structure. Alternatively, by accounting for
the DM contributions of galactic halos and diffuse gas, one
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may constrain the density and ionization state of matter present
in intervening galactic clusters or groups. Understanding the
cosmic contribution to the FRB DMs can also help to constrain
progenitor theories by setting upper limits on the amount of
DM arising from the region within a few parsecs of the FRB.
We are at the brink of a new era of cosmology with new
discoveries and constraints coming from FRBs.
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Appendix
Cosmic Diffuse Gas Fraction

Central to an estimate of DM ygmic 1S the fraction of baryons
that are diffuse and ionized in the universe, f;, We have
presented a brief discussion of f; in previous works (Prochaska
& Zheng 2019; Macquart et al. 2020) and provide additional
details and an update here.

To estimate f,(z), we work backwards by defining and
estimating the cosmic components that do not contribute to
DM ysmic. These are

1. Baryons in stars, pg,.. This quantity is estimated from
galaxy surveys and inferences of the stellar initial mass
function (Madau & Dickinson 2014).

2. Baryons in stellar remnants and brown dwarfs, p. ...
This quantity was estimated by Fukugita (2004) to be
~0.3p4,s at z=0. We adopt this fraction for all
cosmic time.

3. Baryons in neutral atomic gas, py;. This is estimated from
21 cm surveys.

4. Baryons in molecular gas, py,. This is estimated from CO
surveys.

One could also include the small contributions from heavy
elements, but we ignore this because it is a value smaller than
the uncertainty in the dominant components.

Altogether, we define

pslars(z) + premnants(z) + pISM(Z)
Pb(Z)

L =1- (A1)

where we have defined pigy; = py; + py,- Fukugita (2004) has
estimated Py /Psars = 0.38 at z = 0, and galaxy researchers

—ISM

8.81 M #* +remnants

{(a)

& 0.921

0.98 1 ()

0.96 1

0.94 1

0.90
0.881
0.86 1
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20 25 30 35 40
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00 05 1.0 1.5
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z
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Figure Al. (a) Estimates of the stellar and ISM mass densities in galaxies vs. redshift. (b) Estimate of f; vs. redshift.
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assert that this ratio increases to unity by z = 1 (e.g., Tacconi
et al. 2020). For our formulation of f; we assume that
Pism (2) / Pstars (2) increases as a quadratic function with time and
has values 0.38 and 1 at z = 0 and 1 respectively, and 0.58 at
the halfway time. The quantity is then taken to be unity at
z > 1. Figure Al(a) shows plots of p,. and pg versus
redshift, and Figure A1(b) presents f;. Code that incorporates
this formalism is available in the FRB repository."?

fa, therefore, does not have a simple analytical expression
describing it as a function of redshift. One can always
approximate f; as a polynomial expansion in z. For z < 1,
one can obtain a reasonable approximation (relative error <5%)
by truncating up to the fourth order in z:

f;(2) ~ 0.843 + 0.007z — 0.046z> + 0.106z* — 0.043z*.
(A2)
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