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Galaxies and groups of galaxies exist in dark-matter haloes 
filled with diffuse gas. The diffuse gas represents up to 80% 
of the mass in baryonic matter within the haloes1,2, but is 
difficult to detect because of its low density (particle num-
ber densities of ≲10−4 cm−3) and high temperature (mostly 
>106 K). Here we analyse the impact of diffuse gas associated 
with nearby galaxies using the dispersion measures (DMs) 
of extragalactic fast radio bursts (FRBs). FRB DMs provide 
direct measurements of the total ionized-gas contents along 
their sightlines. Out of a sample of 474 distant FRBs from the 
Canadian Hydrogen Intensity Mapping Experiment (CHIME) 
FRB Catalog 1 (ref. 3), we identify a subset of events that prob-
ably intersect the dark-matter haloes of galaxies in the local 
Universe (<40 Mpc). The mean DM of the galaxy-intersecting 
FRBs is larger than that of the non-intersecting FRBs with 
a probability >0.99 and the excess DM is >90 pc cm−3 with 
>95% confidence. The excess is larger than expected for 
the diffuse gas surrounding isolated galaxies, but may be 
explained by additional contributions from gas surrounding 
galaxy groups, including from the Local Group. This result 
demonstrates the predicted ability of FRBs to be used as sen-
sitive, model-independent measures of the diffuse gas con-
tents of dark-matter haloes4–7.

The Canadian Hydrogen Intensity Mapping Experiment 
(CHIME) Fast Radio Burst Project (CHIME/FRB hereafter) pub-
lished its first catalogue of 535 FRBs detected in the 400–800 MHz 
radio band between 2018 July 25 and 2019 July 1 (ref. 3). CHIME 
is a transit telescope that observes the whole northern sky daily8,9. 
CHIME/FRB Catalog 1 includes one-off or ‘non-repeating’ bursts 
from 474 sources, and 18 repeating sources that have been detected 
two or more times. The repeaters were not included in our analysis 
(Methods). This is the largest collection of FRBs from a single survey 
by more than an order of magnitude. The uniformity of the sample, 
both in sky position and in terms of selection effects, provided con-
siderable power for statistical inference3. For example, a correlation 
has been observed between the locations of CHIME/FRB sources 
and the distribution of known galaxies with cosmological redshifts 
0.3 < z < 0.5, which indicates that an order-one fraction of CHIME/
FRB sources originate from correspondingly large distances10.

Despite its central role in the formation and evolution of galax-
ies, diffuse gas surrounding galaxies is notoriously difficult to study 
in detail2. We refer to this medium as the circumgalactic medium 
(CGM) in the case of individual galaxies (with dark-matter halo 
masses of 1011 M⊙ ≲ Mh ≲ 1012.5 M⊙, where M⊙ is the mass of the 
Sun), the intragroup medium (IGrM) in the case of galaxy groups 
(1012.5 M⊙ ≲ Mh ≲ 1013.5 M⊙) and the intracluster medium in the case 
of galaxy clusters (Mh ≳ 1013.5 M⊙). As short-duration (approximately 
millisecond) radio-wavelength pulses, FRBs are dispersed during 

propagation through astrophysical plasmas along their sightlines. 
The dispersion measure (DM) to a redshift z is given by the follow-
ing integral11:

DM(z) = c
H0

∫ z

0

(1+ z)ne(z)√
(1+ z)3ΩM +ΩΛ

dz, (1)

where c is the vacuum speed of light, H0 is the Hubble constant, ne(z) 
is the free-electron number density as a function of redshift, ΩM is 
the fractional cosmic matter density and ΩΛ is the fractional cosmic 
dark-energy density. The observed DM, DMobs, is conventionally 
broken down into a series of components:

DMobs = DMMW + DMMWhalo +

Ngal∑

i
DMCGMi + DMIGM + DMhost,

(2)

where DMMW and DMMWhalo are contributed by the Milky Way inter-
stellar medium and gaseous halo respectively, DMhost is contributed 
by the FRB host galaxy, DMIGM is contributed by the intergalactic 
medium, and the CGM contributions from intervening galaxies 
(DMCGMi) are summed over Ngal objects. DMIGM is often the largest 
term and is thought to lead to the Macquart (DM–z) relation12. The 
exact value of DMCGMi for a given intervening galaxy will depend 
on the impact parameter of the background FRB (b⊥), and the 
unknown spatial gas-density distribution surrounding the galaxy. 
Individual FRBs have been found to intersect foreground haloes13,14, 
but without the statistics of a larger sample it is difficult to extract 
the DM contribution of the CGM4,5,7.

CHIME is a compact telescope and lacks the angular resolution 
to unambiguously identify the host galaxies of FRBs15,16. Typical 
sky-localization error regions are ~0.2 × 0.2 deg2 in CHIME/FRB 
Catalog 1. We therefore focused this work on nearby massive gal-
axies with dark-matter halo virial radii that subtend large angular 
scales. An approximately Milky Way-sized halo with a virial radius 
of ~200 kpc will be larger in angular size than a standard CHIME/
FRB localization region at distances ≲40 Mpc.

We identified a sample of CHIME/FRB sources that prob-
ably intersect nearby haloes within a threshold impact parameter 
(Methods). We utilized the Gravitational Wave Galaxy Catalogue 
(GWGC) that contains the position, distance and B band absolute 
magnitude (MB) of 53,255 galaxies within 100 Mpc (ref. 17). The 
GWGC is probably complete for all galaxies within 40 Mpc with 
MB < −18; we note that our results are only likely to be diluted by any 
incompleteness. We began by using only galaxies with MB < −18.5 
that are within 40 Mpc and are more distant than 500 kpc. For a 
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fiducial threshold impact parameter of b⊥ = 200 kpc, we found 26 
intersecting FRBs. We considered an intersection to occur when the 
impact parameter between a CHIME/FRB and a GWGC galaxy was 
less than b⊥ scaled by galaxy mass (Methods). In Fig. 1, we show the 
sky locations of the full CHIME/FRB catalogue of non-repeating 

FRB sources, as well as the GWGC galaxy–FRB intersections within 
this fiducial b⊥. The list of CHIME/FRB– galaxy intersections is  
presented in Table 1.

The subset of FRBs that intersect the haloes of nearby galax-
ies have statistically higher extragalactic DMs than the rest of 
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Fig. 1 | CHIme/FRB–galaxy intersections. We show the sky locations of 474 one-off FRB sources in CHIME/FRB Catalog 1 (ref. 3), with those that intersect 
nearby (<40 Mpc) GWGC galaxies (grey circles) using the fiducial b⊥ = 200 kpc indicated by larger circles. The colour of the FRB symbols encodes their 
individual extragalactic DMs (colour bar). Although the colour bar is saturated at 1,500 pc cm−3, some FRBs that intersect foreground galaxy haloes 
have significantly higher DMs (Table 1). The radii of the filled grey circles correspond to the angular size using the galaxy’s estimated virial radius at that 
distance. Some specific galaxy groups are indicated by coloured circles around the galaxy locations. The Galactic plane is shown as a dashed grey line.

Table 1 | FRB–foreground galaxy intersections found using CHIme/FRB Catalog 1 and the GWGC for galaxies within 40 mpc

FRB name Galaxy Group log(Mvir/M⊙) Distance (mpc) R⊥ (kpc) Dm (pc cm−3)

FRB20190223B NGC6946 NGC6946 12.1 5.9 153 411.8

FRB20190430B NGC6015 None 15.2 19 2,583.0

FRB20190423A NGC3998 NGC3998 12.6 14.1 48 211.0

FRB20181214C NGC3835 None 34.1 69 599.5

FRB20190612A NGC3034 M81 12.6 3.9 52 390.6

FRB20190701D NGC2403 M81 12.6 3.2 78 877.4

FRB20180925A IC0391 None 20.8 80 167.1

FRB20190211A IC0342 Maffei 12.7 3.3 221 1,084.4

FRB20190130A NGC0660 M74 12.2 9.2 76 1,330.1

FRB20190128A M33 LG 12.4 0.8 90 652.5

FRB20190217B M33 LG 12.4 0.8 54 800.4

FRB20190226C M33 LG 12.4 0.8 95 783.3

FRB20190605D M33 LG 12.4 0.8 51 1,607.7

FRB20190607A M33 LG 12.4 0.8 108 518.5

FRB20181018A M31 LG 12.4 0.8 154 1,008.5

FRB20181101A M31 LG 12.4 0.8 200 1,327.8

FRB20181129A M31 LG 12.4 0.8 165 299.2

FRB20181130A M31 LG 12.4 0.8 170 125.0

FRB20181224A M31 LG 12.4 0.8 163 225.2

FRB20190102A M31 LG 12.4 0.8 202 655.6

FRB20190106A M31 LG 12.4 0.8 132 251.2

FRB20190116E M31 LG 12.4 0.8 173 1,362.6

FRB20190122B M31 LG 12.4 0.8 123 415.1

FRB20190415B M31 LG 12.4 0.8 188 567.6

FRB20190614C M31 LG 12.4 0.8 170 531.7

FRB20190628C M31 LG 12.4 0.8 101 1,649.6

We held b⊥ constant at 200 kpc. Group identifications and masses are from a recent catalogue of groups with radial velocities of <3,500 km s−1, within which all intersected galaxies were found56. R⊥ is the 
impact parameter of the CHIME/FRB source at the reported maximum likelihood position. Mvir is the virial mass of the galaxy’s dark matter halo.
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the CHIME/FRB sample. We calculated the extragalactic DM by 
subtracting a model for the DMMW along each FRB sightline18. 
In this fiducial sample, we excluded FRBs observed at Galactic 
latitudes within ±5 deg of the Galactic plane to mitigate system-
atic errors in the model for DMMW. To determine the significance 
of the mean-DM excess, we employed two statistical tests (see 
Methods for details). The first was a jackknife resampling of the 
data, corresponding to a nonparametric test that did not make any 
assumptions about the underlying DM distribution. Randomized 
FRBs were put through the same cross-matching procedure with 
≲40 Mpc GWGC galaxies as the real data, and the ‘intersecting’ 
CHIME/FRB sources were compared with the ‘non-intersecting’ 
FRB DMs. This allowed us to determine the fraction of ran-
dom samples in which we saw a DM excess larger than the true 
data. This was a one-sided test. The second statistic we used was 
a two-sample one-sided Student’s t-test, which was explicitly 

designed to look for a positive shift in the mean DM of galaxy- 
intersecting FRBs.

For both statistical tests, we analysed the significance of the 
observed DM excess as a function of b⊥. In Fig. 2, we show the DM 
excess for different choices of b⊥ together with the results from 
1,000 jackknife resamplings of the data. For b⊥ between 75 kpc and 
300 kpc, the jackknife and one-sided t-test P values were all less than 
5% and in only 0.5% of the resampled curves were the mean DM 
excesses as extreme as those of the real, unshuffled data (Methods). 
Using simulations we showed that neither test was biased towards 
small P values and that both were more sensitive to shifts in mean 
DM than a more generic nonparametric test, the Kolmogorov–
Smirnov test (see Methods and Extended Data Fig. 1).

As a further test of robustness, we applied different cuts to the 
CHIME/FRB Catalog 1 and the GWGC. In Fig. 3, we plot the 
Galactic latitudes and extragalactic DMs of the intersecting and 
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Fig. 2 | statistical significance of the excess Dm. Top: normalized extragalactic DM distributions of CHIME/FRB sources that intersect foreground 
galaxies (green) and those that do not (black) for a single fiducial value for the threshold impact parameter of b⊥ = 200 kpc, with 1σ Poissonian error bars. 
Bottom: excess DM as a function of b⊥ for the full range. The excess is the difference in mean DMs between intersecting and non-intersecting FRBs (black 
dashed curve). A jackknife test with a random shuffling of DMs among the CHIME/FRB sources (thin blue curves) is also shown for 1,000 realizations. 
The mean excess DMs of the random jackknife realizations was greater than the mean measured excess averaged between 75 kpc and 300 kpc for only 
0.5% of cases.
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non-intersecting CHIME/FRB sources. We found no correlation 
between extragalactic DM and Galactic latitude for both subsamples 
of CHIME/FRB sources (Methods). This showed that the observed 
excess DM of the sample of intersecting FRBs was unlikely to be due 
to errors in modelling the Milky Way disk and halo DM contribu-
tions. For the CHIME/FRB sources, we applied various limits to the 
Galactic latitude (between 0 deg and 20 deg from the Galactic plane) 
and considered an additional model for DMMW (ref. 19) together with 
no subtraction of DMMW. We also varied the MB cut on foreground 
galaxies between −18.0 and −19.5 and the maximum galaxy dis-
tance between 15 Mpc and 50 Mpc. In all of these cases the excess 
DM persisted. However, if we considered only GWGC galaxies at 
distances between 50 Mpc and 100 Mpc the signal disappeared, 
probably because the haloes subtended small solid angles relative to 
the CHIME/FRB localization regions, and the apparent intersections 
were false. We considered other means of identifying CHIME/FRB–
galaxy intersections, and found no change to our results (Methods).

It is unlikely that the FRBs that we associated with nearby gal-
axy haloes in fact originate from these galaxies (Methods). We also 
found that the total number of intersections was consistent with the 
expected range for a background population based on the prob-
ability of halo intersections (Methods). It is also unlikely that these 
FRBs pass through the disks of the nearby galaxies, both from a sta-
tistical perspective and because the effects of multi-path propaga-
tion would render them undetectable given the CHIME observing 
frequencies20. The excess DM in the CHIME/FRB–galaxy intersec-
tions could therefore be robustly ascribed to gas in the haloes of the 
nearby galaxies (including the Local Group galaxies) because there 
was no other difference in the sample selection.

We next computed the observed DM excess over a range of impact 
parameters. For the fiducial sample of CHIME/FRB–galaxy inter-
sections (b⊥ = 200 kpc), we found a mean DM of 790 ± 110 pc cm−3, 
and the remainder of the CHIME/FRB sample had a mean DM of 
600 ± 20 pc cm−3 (1σ errors throughout). We note that this was just 
one choice of b⊥ and there was more statistical power in the full 
DM excess curve. The fiducial value histogram and estimated DM 
excess for different b⊥ are shown in Fig. 2. For b⊥ < 300 kpc, the DM 
excess was ≳75 pc cm −3. This does not necessarily mean that the dif-
fuse gas extends to 300 kpc. Each data point was highly correlated 
between threshold impact parameters, so excess DM at smaller b⊥ 
will also appear at larger b⊥. Not all of the CHIME/FRB galaxy asso-
ciations are secure, and positional uncertainty would act to bias the 
measured DM excess at fixed b⊥ downwards.

The DM excess (>90 pc cm−3 at >95% confidence for 75 kpc  
< b⊥ < 300 kpc; see Methods) was substantially larger than that pre-
dicted for diffuse gas in the haloes of individual galaxies4,6. By esti-
mating the halo masses of the sample of intersected galaxies listed 
in Table 1, we predicted DM excesses of less than 40 pc cm−3 even 
if these haloes retained the expected cosmic fraction of baryons 
(see Extended Data Figs. 2 and 3). However, over two-thirds of the 
FRB–galaxy intersections were with galaxies that belong to groups 
(Table 1); this was not unexpected21. Intersected groups include 
the Local Group, the M81 Group and the M74 Group. Galaxy 
groups host a rich IGrM, aspects of which have been extensively 
studied through extended thermal X-ray emission22, ultraviolet 
absorption spectroscopy23 and its impact on the cosmic microwave 
background (the Sunyaev–Zel’dovich effect)24. It is likely that gal-
axy groups retain significant fractions of their expected baryon 
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contents in a hot (>106 K) phase, although the effects of energy 
feedback may complicate the exact distributions of temperature 
and density25. The observed DM excess was nonetheless consis-
tent with simple models for the DM contribution from the IGrM  
(Methods)6,26.

If we considered only the CHIME/FRB sources that intersect 
the haloes of Local Group galaxies M31 and M33, we found excess 
DM, but it was not statistically significant on its own (jackknife P 
value ≈ 0.08 at the fiducial b⊥). If the Local Group IGrM was mod-
elled with a dark-matter halo mass of 1012.5 M⊙, it could contribute 
significant DM over tens of degrees on the sky in the direction of 
M316. The Local Group IGrM has recently been studied with analy-
ses of X-ray O vii and O viii emission lines and Sunyaev–Zel’dovich 
maps that indicate significant hot-gas content extended to an angular 
radius of approximately 30 deg from M3127. The authors suggested 
that this represents a hot-gas bridge connecting the Milky Way with 
M31 and M33 that corresponds to a DM of 80–400 pc cm−3. We 
anticipate that our measurements, when augmented by additional 
data from CHIME/FRB and other instruments, will significantly 
aid in the modelling and interpretation of the X-ray and Sunyaev–
Zel’dovich observations of the Local Group IGrM, together with the 
IGrM of other nearby intersected groups.

The magnitude of the observed DM excess in the CHIME/FRB–
galaxy intersections is promising for future FRB DM measurements 
of the mass and density profiles of diffuse gas surrounding galax-
ies and galaxy groups. For example, with a larger FRB sample, the 
analysis presented here could be applied to galaxy clusters, where 
the 1014−15 M⊙ haloes with virial radii of around 2 Mpc may con-
tribute DMs greater than 103 pc cm−3 (ref. 6,26). We note that the 
most highly dispersed CHIME/FRB source, with extragalactic 
DM = 3,006.7 pc cm−3, seems to intersect within 1.4 Mpc of the cen-
tre of the galaxy cluster J185.83917+56.47005 at z = 0.328, found by 
cross-matching with the GMBCG cluster catalogue28.

methods
Sample selection. We used the 474 non-repeating CHIME/FRB sources published 
in Catalog 13. We excluded the 18 repeating sources in case they had different 
distance or DM distributions than apparent non-repeaters. This could arise from 
the bias towards seeing two or more bursts from nearby objects29,30, or if repeaters 
have preferentially larger DMhost. CHIME/FRB Catalog 1 has three different DM 
fields: ‘dm_fitb’ is the best-fit total DM of the observed FRB; ‘dm_exc_ne2001’ 
and ‘dm_exc_ymw16’ correspond to the total DM minus the expected Milky 
Way contribution in that direction from the NE200118 and YMW1619 models, 
respectively. We were concerned here with the extragalactic DM, so we opted to use 
dm_exc_ne2001. However, all three fields produced similar results in our analysis. 
To avoid potential uncertainties in modelling the Galactic interstellar medium, we 
excluded CHIME/FRB sources with an absolute value of the Galactic latitude of 
less than 5 deg, and considered a range of limits on the maximum absolute value 
between 0 and 20 deg. We did not attempt to subtract the Milky Way halo because 
its hot gas is assumed to be isotropic and would not have affected our excess  
DM statistic31.

The GWGC contains the sky position, distance, B band magnitude and galaxy 
type for 53,255 galaxies within 100 Mpc (ref. 17). We selected only galaxies at 
distances less than 40 Mpc such that their angular size is large enough to associate 
with the CHIME/FRB uncertainty region. We also set a minimum distance 
of 0.5 Mpc to exclude globular clusters and the Magellanic Clouds. Finally, we 
used only galaxies whose absolute B band magnitude is less than −18.5, and 
explored limits between −18.0 and −19.5. The fiducial cut left 2,829 galaxies. 
This corresponded to a density of roughly 0.01 Mpc−3. The optical depth of 
galaxies with an average virial radius Rvir out to a maximum distance dmax was 
then τ ≈ 0.01Mpc−3 dmaxπR2

vir ≈ 0.05 if we assumed a mean Rvir of 200 kpc and 
dmax of 40 Mpc. We therefore expected approximately 20–25 CHIME/FRB–galaxy 
intersections. This is in line with our observations.

We cross-matched CHIME/FRB Catalog 1 with a subset of the GWGC to look 
for FRBs for which

R⊥(θML) � Rvir (3)

which we parameterize as

R⊥(θML) ≤ b⊥ ×

( Mh
1.3 × 1012M⊙

)1/3
. (4)

Here θML is the maximum likelihood position. Mh was estimated from the galaxy’s 
absolute B band magnitude. We allowed b⊥ to vary for Fig. 2, but fixed it at 200 kpc 
for Figs. 1 and 3. We point out that at low b⊥ the number of galaxy-intersecting 
FRBs became small and the variance on excess DM was large. This is one reason 
we chose to compare the excess DM averaged over a range of effective impact 
parameters. We note that the DM excess tended towards zero for large impact 
parameter values, as expected. We tried two other methods to associate CHIME/
FRB sources with galaxies. The first was to ignore galaxy mass and assume that 
a halo was intersected if R⊥(θML) ≤ b⊥. The second was to use the CHIME/FRB 
localization confidence interval arrays, provided with their data release. Using 
these arrays, we took a confidence-weighted average of the impact parameter, as 
opposed to using a single maximum likelihood position. If this weighted mean 
⟨R⊥(θML)⟩ was less than some value, it was considered an intersection. In all three 
cross-matching methods, we found similar results for the statistical significance 
of the difference in mean DMs, as well as similar amplitudes for the DM excess. 
We also tried including the DM selection function reported by CHIME/FRB3 to 
account for incompleteness. We fitted their DM recall curve with a polynomial and 
divided the observed DM distributions for the intersecting and non-intersecting 
subsets by that curve. We then recomputed P values on the debiased DM 
distributions. We found that the statistics were not significantly changed, which is 
in line with expectation as CHIME is relatively complete in DMs and both subsets 
of data had the same selection effects.

Statistical significance. Our analysis focused on two primary statistical tests 
for DM excess: a jackknife resampling of the CHIME/FRB data and Student’s 
one-sided t-test. The former is a nonparametric order statistic in that it makes no 
assumptions about the underlying DM distributions. Its ‘P value’ is the fraction of 
resamplings in which the DM excess is larger than the true data. To compute this, 
we first calculated the excess DM as a function of b⊥ of the real data (Fig. 2). The 
jackknife resampling was done by randomly shuffling the CHIME/FRB DM data 
while keeping the source positions constant, and computing excess DM at each 
threshold impact parameter. This was done for 10,000 realizations, of which 1,000 
are shown in Fig. 2. We then determined how many of those resampled DM/b⊥ 
curves had a larger sum than the real data in the range 75–300 kpc. We found that 
only 0.5% of resamplings had a larger excess DM between galaxy-intersecting and 
non-intersecting FRBs when compared with the real data. Changing the range over 
which the excess was calculated from 75–300 kpc to other reasonable values did 
not significantly affect our result. 75 kpc was our lower limit because of the small 
number of intersections below that impact parameter, but the effect remained 
if that number was set to 0 kpc. Similarly, 300 kpc was approximately double the 
typical Rvir of Milky Way-like galaxies, and allowed for the inclusion of more 
massive haloes, such as galaxy groups.

The P value of our one-sided two-sample t-test can be interpreted as the 
probability that the difference in mean DMs between the two subsets of FRBs 
would be at least as extreme as what was found in the data, if there were no 
positive DM excess. Typical P values are below 0.05 for the expected Rvir of the 
foreground galaxies and the average P values at b⊥ ≲ 300 kpc were smaller than 
in more than 99% of resamplings in our jackknife test. However, the t-test is a 
parametric test, meaning that it makes certain assumptions about the underlying 
data. First, it expects that the means of the two samples being compared are 
normally distributed—a consequence of the central limit theorem. And in the case 
of Student’s one-sided t-test, the variance of the two samples ought to be roughly 
equal. Nonetheless, we point out that t-tests are often robust against moderate 
deviations from the two aforementioned assumptions32. We believe the DMs of 
CHIME/FRB sources can be appropriately compared with Student’s t-test.

To test this claim explicitly, we simulated CHIME/FRB data with a similar DM 
distribution as Catalog 1 to test the validity of the one-sided t-test. We modelled 
the CHIME/FRB DM distribution using a Gamma distribution with shape 
parameter α = 2, scale parameter θΓ = 40, with the DMs scaled by a factor of eight to 
match the empirical distribution. For each realization in this simulation, we drew 
474 FRB DMs from the Gamma distribution and randomly selected 25 as having 
intersected a ‘galaxy’. We then applied a Student’s t-test to the galaxy-intersecting 
sample of FRBs and the remaining 449 simulated sources. The P values were 
uniformly distributed between 0 and 1 and ~5% of the realizations had P < 0.05, 
despite the DM data being non-Gaussian and the sample sizes being different 
by over an order of magnitude. We concluded that the parametric nature of the 
t-test we used on the real data was not a major concern. If it were, we would have 
expected a non-uniform distribution of P values and more than 5% of realizations 
to have P < 0.05, which would indicate an artificially inflated rate of low P values.

The jackknife and t-test are only two inferential statistics that we could have 
applied to the data. One common choice for a nonparametric statistic comparing 
two samples is the Kolmogorov–Smirnov test. The Kolmogorov–Smirnov test did 
not lead to a highly significant detection when applied to our data. However, the 
Kolmogorov–Smirnov test is non-ideal for our purposes because it is a generic test 
to determine whether two samples are drawn from the same distribution. We were 
physically motivated to search for the more specific signal of a positive shift in 
mean DM in FRBs that intersect foreground galaxies, for which both our particular 
jackknife and Student’s one-sided t-test are designed. The Kolmogorov–Smirnov 
test, on the other hand, has less statistical power to look for shifts in median or 
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mean values because it tests more for deviations from the null hypothesis33. In 
Extended Data Fig. 1 we compare three methods for computing P values on our 
simulated CHIME/FRB DM data, both where there was no excess DM (top row) 
and where excess DM was added to galaxy-intersecting sources (bottom row). 
The excess was normally distributed with a mean of 150 pc cm−3 and a standard 
deviation of 50 pc cm−3. We found that the t-test and jackknife test were more 
sensitive to shifts in the mean DM than the Kolmogorov–Smirnov test.

A scenario where we expected the DM excess signal to disappear is when the 
foreground galaxies are too far away for the CHIME/FRB localization region to 
be unambiguously matched with the galaxy’s halo. Although there will be many 
‘intersections’ due to the increasing optical depth with distance, most will be false 
positives because the CHIME/FRB localization uncertainty becomes significantly 
larger than the halo for distances beyond 40 Mpc. We therefore did not expect 
excess DM if the minimum galaxy distance was set to ≳40 Mpc in the GWGC. And 
indeed, we found only P values greater than 0.05 with this cut, despite dozens of 
reported intersections at 100 kpc ≤ b⊥ ≤ 300 kpc.

Quantifying the DM excess. We were able to quantify the excess DM by taking 
an average in the range 75 kpc ≤ b⊥ ≤ 300 kpc. The 1σ error was estimated from the 
distribution of DM excesses in 10,000 jackknife tests. This gave a 90% confidence 
interval of 90–420 pc cm−3 on the excess DM. However, the upper bound was 
not robust. It may be that not all FRB–galaxy associations included here were 
correct because of CHIME localization uncertainties and the uncertain extents 
of haloes. This would lead to our sample being contaminated by non-intersecting 
FRBs. Furthermore, the impact parameters that we assigned to the FRB–galaxy 
associations were uncertain for the same reasons. As more sky area is covered by 
larger b⊥ values than by smaller b⊥, it is likely that the true impact parameters of the 
sample of FRB–galaxy intersections are larger. This would also bias our estimate 
of the DM excess at a specific b⊥ downwards. We therefore only regard the lower 
bound as robust.

Gas in galaxy haloes. Our understanding of the warm/hot gaseous contents of 
dark-matter haloes hosting galaxies, galaxy groups and galaxy clusters remains 
foggy. However, it has long been known that this medium is of significant 
astrophysical importance because it represents between 80 and 90% of the baryon 
contents of dark-matter haloes1,2,34. Fundamental open questions include the 
total mass and radial density profile of the CGM/IGrM/intracluster medium; 
FRB observations are a promising new technique to address these questions4–7,31. 
We express the CGM/IGrM/intracluster medium mass as a fraction, fgas, of the 
expected baryonic mass in a given dark-matter halo, ΩbMh/ΩM, where Ωb = 0.049 is 
the fractional cosmic baryon density and ΩM = 0.315 (ref. 35).

Existing observational probes of fgas for individual galaxies and galaxy  
groups are beset by systematic issues, and yield uncertain results in comparison 
with galaxy cluster measurements. The thermal X-ray emission and thermal/
kinetic Sunyaev–Zel’dovich measurements that are used for galaxy clusters 
become less reliable for lower halo masses because of decreasing emission 
columns, lower gas pressures and the increased effects of feedback from 
astrophysical processes in galaxies. Individual galaxy haloes at low redshift retain 
a multi-phase CGM, with a high covering fraction of cool (~104–105 K; and 
therefore primarily ionized) clouds interspersed within the hot (≳106 K) diffuse 
gas probed by X-ray and Sunyaev–Zel’dovich observations2,36. Intriguingly, stacked 
Sunyaev–Zel’dovich observations of galaxies and galaxy clusters are beginning 
to reveal a potentially self-similar relation between the inferred signal and Mh, 
indicating both a universal fgas close to unity and radial density profile24,37. This is 
consistent with extrapolations of X-ray observations of the IGrM22 but potentially 
in tension with X-ray observations of individual galaxies36. This tension may be 
resolved by considering feedback effects in different samples, and the existence of 
significant gas fractions at sub-virial temperatures. Significant other uncertainties 
remain, including the mass fractions of cool gas in galaxy haloes2, and indeed the 
true extents of galaxies38.

In the following, we consider the expected DM excess for our sample of FRB 
sightlines that intersect nearby galaxy haloes. We first considered each galaxy in 
isolation, and derived the expected DM accrued for each intersection under two 
models for the radial number-density distribution of baryons in haloes, n(r):
•	 The fiducial modified Navarro–Frenk–White profile described in ref. 6.
•	 A ‘beta’ model39,40

n(r) = n0
(

1 +

(

r
rc

)2)−3β/2
, (5)

where n0 is a normalization constant, rc is a core radius that we fixed to 1% of 
Rvir and β is an index that we set to 0.5 for consistency with observations of 
galaxy and galaxy-cluster haloes36.

We fixed fgas = 1 and approximately derived the halo masses by scaling the 
approximate Milky Way halo mass41 of 1.3 × 1012 M⊙ by the ratio between the 
absolute B band magnitudes of the GWGC galaxies and the Milky Way B band 
magnitude of −20.8 (ref. 42). We accounted for the primordial helium fraction 
in deriving the DM for each intersection.

The distribution of expected DM excesses for the fiducial sample of 26  
FRB–nearby-galaxy intersections for b⊥ < 200 kpc is shown in Extended Data  
Fig. 2. We found mean excess DMs for the modified Navarro–Frenk–White and 
beta models of 34.7 pc cm−3 and 38.7 pc cm−3 respectively, well below the measured 
95% confidence lower bound of 90 pc cm−3. This analysis also demonstrated how 
the distribution of excesses was sensitive to the chosen radial density profile. 
More centrally concentrated profiles such as the modified Navarro–Frenk–White 
model result in distributions with longer tails. Consistent with previous works 
that derived the expected DM excesses for typical galaxy-halo intersections5,6, 
we concluded that gas within individual galaxy haloes is insufficient to explain 
the observed excess in the FRB–nearby galaxy sample. Although this analysis 
was approximated by factors of a few due to uncertainties in the halo mass 
determination, the conclusions are robust because of our conservative assumption 
of fgas = 1, and because of the downward bias discussed above.

To illustrate how this problem may be solved, we next considered the expected 
excess DM accrued by FRBs intersecting haloes of different masses. Using the same 
models for n(r) as above, we simulated 100 samples of 26 random intersections for 
local (z = 0) haloes of different masses. For each realization, we randomly drew 26 
FRB positions using the uncertainties (assumed to parameterize elliptical Gaussian 
distributions) in right ascension and declination in CHIME/FRB Catalog 1. We 
then calculated the projected offsets from the centres of the haloes they intersect 
(as listed in Table 1). In calculating the predicted mean DM excess of the sample, 
an FRB was assigned a zero value if it intersected the halo beyond the virial radius. 
We did not use the confidence-level maps that accompany each Catalog 1 FRB 
because these cannot be directly translated into posterior predictive distributions 
on the FRB positions. We also emphasize that these simulations are illustrative, 
rather than directly representative of reality, because we assumed that all FRBs 
were intersecting haloes of the same mass. The resulting mean DM excesses for 
halo masses 1012 M⊙ ≤ Mh ≤ 1013.5 M⊙ are shown in Extended Data Fig. 3. Two cases 
were considered:
•	 In the top panel of Extended Data Fig. 3, we assumed fgas = 1 and considered 

the two models for the radial density distribution of baryons introduced 
above.

•	 In the bottom panel of Extended Data Fig. 3, we instead only considered 
the modified Navarro–Frenk–White model, but adopted results from four 
different cosmological simulations for fgas at different halo masses25: SIMBA43, 
the IllustrisTNG 100 Mpc box (TNG100)44, EAGLE45 and ROMULUS46. The 
variations in fgas between simulations were large, lying in the range 0.2–0.85, 
and the values typically increased by factors of a few from lower to higher halo 
masses. These variations were largely due to the (different) feedback prescrip-
tions, which resulted in different amounts of gas being evacuated from haloes. 
The simulation results are synthesized by Oppenheimer et al.25. Results for 
halo masses below 1012.5 M⊙ are not given, and we used the values at 1012.5 M⊙ 
for lower halo masses.

Consistency between the simulated and measured DM excesses was only 
achieved for halo masses well in excess of the Milky Way halo mass. Consistent 
with previous results6, this analysis makes it clear that membership of the 
intersected galaxies in modest galaxy groups can explain the observed DM excess. 
The larger DM offset for the modified NFW profiles for larger halo masses (in the 
fgas = 1 panel) was due to the fixed impact parameter that was assumed. For the 
predicted values of fgas, only some simulations (ROMULUS, and possibly EAGLE) 
are consistent with our observations, given the range of group virial masses listed 
in Table 1. However, several other uncertainties need to be accounted for when 
making a quantitative comparison, including uncertainties in the observed virial 
masses, the true values of b⊥, the radial density profiles and variance between the 
evolutionary histories of haloes at a given mass.

Excess host DM. In this section, we consider and reject the possibility that the 
effect that we observed is explained by a high DM local to FRB host galaxies 
(DMhost). This possibility relied on assuming that FRBs that appear to be spatially 
coincident with nearby galaxy haloes in fact originate from within the nearby 
galaxies. It could then be possible that, by random chance, these nearby FRBs 
had substantially larger values of DMhost than the remainder of the CHIME 
sample. Alternatively, if all FRBs have very large values of DMhost in their rest 
frames, nearby FRBs will be observed to have larger values of DMhost than more 
distant FRBs, because of the suppression of the local DM contribution by a factor 
(1 + z)−1. If all CHIME/FRB sources were observed at sufficiently low redshifts 
such that DMhost was the dominant contributor to the total extragalactic DM, 
then it is possible that the extragalactic DMs of FRBs in fact reduce  
with increasing redshift. In this contrived example, sources that are close to 
nearby galaxies on sky will have higher observed DM than those that  
are not.

The former scenario was unlikely given the large required DMhost values of the 
local FRBs. The characteristic redshift of the CHIME/FRB sample of 0.3 ≲ z ≲ 0.5 
(ref. 10) implies a characteristic DMIGM ≳ 300 pc cm−3 (ref. 11). Assuming no 
significant evolution in FRB properties at z ≲ 0.5, the local sample would need 
to have DMhost values that are more than ~300 c cm−3 larger than those of the 
remainder of the CHIME sample. For reasonable distributions of DMhost generated 
by considering different FRB progenitor scenarios47, this is statistically unlikely.
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The latter scenario was also not supported because characteristic values of 
DMhost ≫ 300 pc cm−3 would be required. This is inconsistent with the DMs of the 
majority of CHIME/FRB sources3. The extragalactic DMs of FRBs with host-galaxy 
redshift measurements typically increase with increasing redshift, and are 
dominated by gas external to galaxies12. The distributions of fluence and DM for 
FRBs observed at the Parkes, ASKAP, FAST and CHIME telescopes are consistent 
with a population that exhibits a positive correlation between distance and DM3,48–

51. Most FRBs localized to host galaxies have DMhost ≲ 300 pc cm−3 (ref. 52). It is also 
possible that FRBs with high values of DMhost will also undergo excess temporal 
broadening due to interstellar scattering in their host galaxies, which would make 
them harder to detect53,54.

There are two interesting counterpoints, but they cannot on their own produce 
our observed DM excess. The first is FRB 190520, whose host DM could be as high 
as 103 pc cm−3 (ref. 55). The second comes from cross-correlating galaxies between 
redshifts 0.3 and 0.5 with high-DM CHIME/FRB sources (DM ≳ 800 pc cm−3)10. 
There is a significant cross-correlation signal between those two samples, 
indicating that some FRBs in that redshift range have large host galaxy dispersion 
(≥400 pc cm−3). In fact, many CHIME/FRB sources with large extragalactic DM 
are at z ≈ 0.4, even though most z ≈ 0.4 FRBs do not have large extragalactic DM. 
These CHIME/FRB sources, however, are distributed randomly over two galaxy 
footprints (DESI and WISExSCOS) that are far more distant than our sample of 
foreground galaxies, which are at z ≈ 0; they do not preferentially intersect nearby 
galaxies. Finally, our galaxy-intersecting FRBs span a much wider DM range. 
Combining these facts, we found no evidence for the minority of FRBs with large 
host galaxy dispersion producing the DM excess reported here.

Data availability
All the data used in these analyses are publicly available. CHIME/FRB Catalog 1 
can be found at https://www.chime-frb.ca/catalog. The GWGC can be downloaded 
at http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=GWGC.

Code availability
This research made use of the open-source hmf, NFW, CHIME/FRB’s cfod package 
and frb (https://github.com/FRBs/FRB/tree/main/frb) python packages. All custom 
code used in our analysis is available from the corresponding author upon request.
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Extended Data Fig. 1 | a simulation of CHIme/FRB Dms to compare the statistical power and appropriateness of three tests: student’s one-sided 
t-test, our jackknife test, and the Kolmogorov-smirnov (Ks) test. We simulate 474 FRB DMs with a similar distribution to the CHIME/FRB sources. In 
the top row, we have not added any excess DM to the galaxy-intersecting sources. In the bottom row, excess DM has been added to the 25 simulated 
FRBs that intersect a foreground galaxy, with a normal distribution of mean 150 pc cm−3 and standard deviation 50 pc cm−3. From the top row, we see that 
none of the tests produces spurious low p-values and their p-values are uniform as expected. The bottom right panel demonstrates that the KS-test is less 
sensitive to DM offsets than the t-test and the non-parametric jackknife test. The t-test and jackknife tests are one-sided, in that they explicitly look for a 
positive mean DM difference, whereas the KS test measures if the two samples were drawn from different distributions and does not make that distinction.

NaTuRe asTRoNomy | www.nature.com/natureastronomy

http://www.nature.com/natureastronomy


Letters Nature astroNomyLetters Nature astroNomy

Extended Data Fig. 2 | Predicted Dm excesses for CHIme/FRB galaxy intersections assuming isolated galaxy halos. The histograms show the relative 
binned counts of DMs accrued by the fiducial sample of 26 FRBs with b⊥ < 200 kpc. Two models for the radial density distribution of the CGM are shown: 
a ‘beta’ model with β = 0.5, and a modified NFW model. Results are shown in blue and orange respectively. The mean DMs of the data shown in each 
histogram are noted in the figure legend.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Predicted Dm excesses for 26 FRBs intersecting halos of different masses. Top: We use a ‘beta’ model with β = 0.5 and a modified 
NFW model for the radial density distribution. Results are shown in blue and orange respectively. For each halo mass, 1σ error ranges are shown based 
on 100 simulations of samples of 26 FRB intersections within the virial radii. The FRB positions relative to the halo centres are simulated using the offsets 
and CHIME/FRB Catalog 1 position uncertainties of the 26 FRBs in Table 1. The grey shaded area indicates the likely (95% confidence) DM excess. fgas = 1 
is assumed. Bottom: Same as top, but with values of fgas specific to each halo mass derived from four cosmological simulations (see text for details). A 
modified NFW radial-density model is assumed.
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