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Abstract: Through the relationship between dispersion measures (DM) and redshifts, fast radio
bursts (FRBs) are considered to be very promising cosmological probes. In this paper, we attempted
to use the DM-z relationship of FRBs to study the helium abundance (YHe) in the universe. First,
we used 17 current FRBs with known redshifts for our study. Due to their low redshifts and the
strong degeneracy between YHe and Ωbh2, however, this catalog could not provide a good constraint
on the helium abundance. Then, we simulated 500 low redshift FRB mock data with z ∈ [0, 1.5] to
forecast the constraining ability on YHe. In order to break the degeneracy between YHe and Ωbh2

further, we introduced the shift parameters of the Planck measurement (R, lA, Ωbh2) as a prior, where
Ωbh2 represents the baryon density parameter, and R and lA correspond to the scaled distance to
recombination and the angular scale of the sound horizon at recombination, respectively. We obtained
the standard deviation for the helium abundance: σ(YHe) = 0.025. Finally, we considered 2000 higher
redshift FRB data with the redshift distribution of [0, 3] and found that the constraining power for YHe

would be improved by more than 2 times, σ(YHe) = 0.011, which indicates that the FRB data with
high redshift can provide a better constraint on the helium abundance. Hopefully, large FRB samples
with high redshift from the Square Kilometre Array can provide high-precision measurements of the
helium abundance in the near future.

Keywords: cosmology; fast radio bursts; helium abundance; dispersion measure

1. Introduction

Fast radio bursts (FRBs) are very short (ms) transients observed in frequencies from
∼100 MHz up to a few GHz [1–3]. The triggering mechanisms of FRBs are mysterious and
still highly debated, but at least some FRBs can be produced by magnetar engins [4–7], also
possibly by superconducting strings [8], or even by mysterious objects concerning strange
quark stars [9]. The first FRB was discovered by Lorimer et al. [1], and hundreds of FRBs
have been observed since then from several radio surveys, such as CHIME [10], Parkes [11],
and ASKAP [12]. In the future, the Square Kilometre Array (SKA) is expected to detect
∼104 FRBs per decade [13]. Among those discovered FRBs, one repeating burst FRB121102
localized at z ∼ 0.19 established the cosmological origin of these events [14]. Furthermore,
most FRBs have anomalously large dispersion measures (DM), which are related to their
high redshifts. Through the relationship between DM and redshifts, FRBs are considered to
be very promising cosmological probes. Several studies have been conducted to forecast
the determinations of cosmological parameters using the future mock FRBs, such as the
Hubble Constant [15,16], the dark energy equation of state [17], the fraction of baryon
mass in the intergalactic medium (IGM) [18,19], the reconstruction of reionization using
FRBs [20], and so on.

The helium abundance, YHe, can be measured by the cosmic microwave background
(CMB) since the damped tail of the CMB anisotropies is affected by the free electron
density between the helium and hydrogen recombination, which is modified by variations
in YHe [21]. Using this method and allowing YHe to vary as a derived parameter in the
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framework of ΛCDM model, Planck Collaboration et al. [22] gave the following constraints
from the Planck TT, TE, EE, and lowE datasets at a 95% confidence level:

YHe = 0.241± 0.025. (1)

In addition to the CMB anisotropies, the helium abundance can also affect the stellar evolu-
tion and galactic chemical evolution. Traditional measurements of the helium abundance
are mainly based on the big bang nucleosynthesis (BBN) theory [23–25]. In this paper, we
take the results of Aver et al. [23] as a reference, giving a slightly tighter constraint

YBBN
P = 0.2449± 0.0040(68% CL). (2)

Several approaches also have been employed to constrain the helium abundance,
by using the integrated spectra to infer the helium abundance of extragalactic globular
clusters [26], via observations of metal poor HII regions to determine the primordial Helium
abundance [27], by observations of the Extremely Metal-Poor Galaxies to determine the
primordial helium abundance [28], and so on. However, these methods suffer from several
uncontrolled systematic errors.

It is well known that the electron fraction, χe, is directly related to the original hydrogen
and helium abundances YH and YHe. Using the electron fraction, we can see that there is
a strong degeneracy between the DM of the FRB and YHe. Therefore, if we can measure
the DM of FRBs and establish a relationship between the DM and redshift and, in the
meantime, use observations to precisely constrain other cosmological parameters, the
helium abundance can also be measured by FRBs, avoiding large systematic errors. In
this paper, we investigate the measurement of helium abundance using current and future
FRB samples. We present methods for probing cosmological parameters via the DM-z
relationship in Section 2. In Section 3, we present the constraint results on YHe from
17 current FRB samples. In Section 4, by introducing the shift parameters of the Planck
measurements, we explore the possibilities of the helium abundance measurements by
simulating future FRB samples. Finally, we present our conclusions in Section 5.

2. Properties of FRBs

The observed dispersion measure, DMobs, is defined as the integral of the free electrons
number density along the line of sight, which consists of the contributions from the IGM,
DMIGM; the FRB host galaxy, DMhost; and the Milky Way, DMMW [2,29]. DMIGM from a
fixed source redshift z is given by:

DMIGM(z) =
∫ z

0

dz
H(z)

ne(z) fIGM(z)
(1 + z)2 , (3)

where Ωb represents the baryon density parameter, E(z) is the dimensionless expansion
function E(z) = H(z)/H0, and f IGM(z) represents the fraction of electrons in the IGM.
Since we only consider the FRB sample with z < 3 and assume that both hydrogen and
helium are fully ionized, the cosmic electron density can be expressed as a function of the
baryon abundance, ne(z) = ρb(z)χe(z)/mp. Here, ρb(z) is the baryon mass density, mp is
the proton mass, and the electron fraction is :

χe(z) = YH +
1
2

YHe ≈ (1−YHe) +
1
2

YHe = 1− 1
2

YHe , (4)

which is related to the primordial hydrogen and helium abundances. At present the CMB
measurement provides the constraint on the helium abundance, YHe = 0.241± 0.025 [22].
Since there is little star formation at low redshifts, the overall fraction of electrons in the IGM
does not evolve significantly over the redshift range covered by the FRB sample [18,19],
and we simply keep fIGM = 0.84 constant.
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Finally, we can write the relation between the DM and redshifts as:

DMIGM(z) =
3cH0Ωb fIGM

8πGmp

(
1− 1

2
YHe

) ∫ z

0

(1 + z′)dz′

E(z′)
, (5)

where c represents the speed of light, and G is the gravitational constant.
The distribution of electrons in the IGM is inhomogeneous, and there is a stochastic

contribution to the dispersion measure of a large scale structure, both of which lead to the
complicated uncertainty of DMIGM. In this paper, for simplicity, we consider a Gaussian
distribution around the mean value of DMIGM, and we interpolate the standard deviation
linearly from the values found in simulations, using σIGM(z = 0) ≈ 40 pc cm−3 and
σIGM(z = 1) ≈ 180 pc cm−3. Due to the lack of understanding of the high redshift universe,
we naively extend this relation, σIGM(z) ≈ 40 + 140z pc cm−3, to the high redshift, which is
roughly similar to the numerical simulation results [30] at z ∼ 1.5. Since most of the FRB
samples we have detected and the simulated samples that appear below lay at redshifts
z < 2, the linear relationship we assume for σIGM affects the results very little.

For typical FRBs, there are two objects along the line of sight: the host halo and the
Milky Way. The Milky Way DM can be predicted and removed with the help of models
of the galactic electron distribution. We use the NE2001 model [31] to subtract the Milky
Way contribution for each FRB position in the sky. For sources at high galactic latitude
(|b| > 10◦) where most FRBs are detected, the average uncertainty of the DM contribution
from the Milky Way, σMW, is about 30 pc cm−3 [32]; therefore, we take σMW ≈ 30 pc cm−3

as a measure for the uncertainty of the model.
The host galaxy properties are more uncertain, due to the dependence on the type of

the host galaxy, the relative orientations, and the near-source plasma, which are poorly
known. Macquart et al. [33] estimated DMhost ≈ 50/(1 + zhost)pc cm−3 theoretically from
the localized FRBs. However, in our analysis, we further assume that the host halos are
more or less similar to the Milky Way, DMhost ≈ 100/(1 + zhost)pc cm−3, conservatively,
due to the large value of DMhost ∈ [55, 225] pc cm−3 of FRB 121102, and allow for a large
scatter σhost ≈ 50/(1 + zhost)pc cm−3 [29,34].

Of the hundreds of verified FRBs publicly available, only 19 FRBs have been localized
at present, including the nearest repeating FRB 200110E [35] and FRB 181030A [36]. In our
analysis, we mainly used the 17 localized FRBs1, which are listed in Table 1, to perform the
numerical constraints and neglected the nearest FRB 200110E and FRB 181030A.

Table 1. Overview of all 17 FRBs with the measured redshift. The Milky Way DM is predicted by
using the NE2001 model.

Name Redshift DMobs
(pc cm−3)

DMMW
(pc cm−3)

Telescope Reference

FRB 121102 0.19273 557 188.0 Arecibo Chatterjee et al. [37]
FRB 180916 0.0337 348.8 200.0 CHIME Marcote et al. [38]
FRB 180924 0.3214 361.42 40.5 ASKAP Bannister et al. [39]
FRB 181112 0.4755 589.27 102.0 ASKAP Prochaska et al. [40]
FRB 190102 0.291 363.6 57.3 ASKAP Bhandari et al. [41]
FRB 190523 0.66 760.8 37.0 DSA-10 Ravi et al. [42], Heintz et al. [43]
FRB 190608 0.1178 338.7 37.2 ASKAP Chittidi et al. [44]
FRB 190611 0.378 321.4 57.8 ASKAP Heintz et al. [43]
FRB 190614 0.6 959.2 83.5 VLA Law et al. [45]
FRB 190711 0.522 593.1 56.4 ASKAP Heintz et al. [43]
FRB 190714 0.2365 504.13 38.0 ASKAP Heintz et al. [43])
FRB 191001 0.234 507.9 44.7 ASKAP Heintz et al. [43]
FRB 200430 0.16 380.25 27.0 ASKAP Heintz et al. [43]
FRB 201124 0.098 413.52 123.2 ASKAP Day et al. [46], Ravi et al. [47]
FRB 180301 0.3304 536 152 Parkes Bhandari et al. [48]
FRB 191228 0.2432 297.5 33 ASKAP Bhandari et al. [48]
FRB 200906 0.3688 577.8 36 ASKAP Bhandari et al. [48]
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3. Constraints from Current Data

Assuming the flat ΛCDM model, in our calculations, we performed a global fitting
analysis using the public CosmoMC software package [49], to constrain three parameters: the
helium abundance YHe, the Hubble constant H0, and the dimensionless baryon density
Ωb. Since we are studying the constraints on the helium abundance from FRBs, we set
the choice of not using BBN consistency in our analysis, and our most general parameter
space was:

P ≡
(

Ωbh2, Ωch2, Θs, τ, YHe, ns, ln(As)
)

(6)

where Ωb and Ωc are the baryon and cold dark matter densities relative to the critical
density, Θs is the ratio (multiplied by 100) of the sound horizon at decoupling to the angular
diameter distance to the last scattering surface, τ is the optical depth to reionization, YHe is
the helium abundance, and As and ns are the amplitude and the tilt of the power spectrum
of the primordial scalar perturbations, respectively. Here, we set Ωch2 = 0.1202, τ = 0.0544,
ns = 0.96, and ln(As) = 3.1 as fixed values and varied Ωbh2, Θs, and YHe in our analysis.

For the data analysis, we assumed Gaussian individual likelihoods to observe a
dispersion measure DMi at a given redshift zi:

L(DMi, zi) =
1√

2πσ2
i

exp

(
− (DMi −DMIGM(zi))

2

2σ2
i

)
. (7)

The total variance for the DM measurement of each FRB follows from the individual uncer-
tainties accounting for the scatter of the IGM contribution, the MW electron distribution
model, and the host galaxy:

σ2
i (zi) = σ2

MW + σ2
host(zi) + σ2

IGM(zi), (8)

Apparently, at high redshifts, the uncertainty of DMIGM will dominate the whole variance
of the DM.

In Figure 1, we see that the current 17 FRB data had very limited constraining ability
for the helium abundance, whose posterior distribution was almost flat. The main reason
is that the redshifts of these 17 FRBs are relatively low, while the helium abundance is
associated with the universe at higher redshifts. Therefore, it is impossible to understand
cosmological information at high redshifts through these FRBs with low redshifts. Second,
in Figure 1, we also show the constraint on the baryon energy density Ωbh2, which was
also very weak compared to other observations. According to Equation (5), there is a strong
degeneracy between YHe and Ωbh2, which was also confirmed in the two-dimensional
constraint of Figure 1. Therefore, it is very difficult to obtain useful results only from the
17 current FRBs’ data.

0.01 0.02 0.03 0.04
Ωbh2

0.1

0.2

0.3

0.4

Y H
e

0.1 0.2 0.3 0.4
YHe

Figure 1. One-dimensional and two-dimensional constraints on the YHe and Ωbh2 from the
17 current FRBs.
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4. Future Prospects

The current limited FRB data can not provide precise constraints on the helium abun-
dance. Fortunately, the amount of available FRBs is expected to grow quickly over the next
few years. In this section, we investigate the constraining ability of FRBs on the helium
abundance from a future mock sample.

4.1. Mock Data

Qiang and Wei [50] studied the effect of the FRB redshift distribution on cosmological
constraints in detail. However, the current limited samples can not provide us with the
accurate information of FRBs’ redshift distribution. For simplicity, we generated the mock
data from the FRB redshift distribution following the galaxy distribution, which can be
written as:

n(z) = z2 exp(−αz) , (9)

where α denotes the effective depth of the sample. Considering that the majority of FRB
detection lies most likely at lower redshifts z < 1, we firstly created a sharp cutoff with
α = 7 and, conservativelym generated 500 samples up to z ∼ 1.5 (the conservative case).
On the other hand, since the future SKA measurement has sufficient sensitivity to detect
high-redshift FRBs, we also set α = 3 to generate 2000 samples up to z ∼ 3 for comparison
(the high-redshift case). The fiducial values of the related parameters were: Ωbh2 = 0.02230,
h = 0.671, Ωm = 0.318, YHe = 0.24, and fIGM = 0.84 to generate DMIGM, and the obtained
sampling results are shown in Figure 2 for these two cases.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
z

0

10

20

30

N

Analytical result
random sampling

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z

0

20

40

60
N

Analytical result
random sampling

(a) (b)

Figure 2. Redshift distributions of the simulated FRBs samples. (a) Conservative case: 500 FRBs with
α = 7. (b) High-redshift case: 2000 FRBs with α = 3.

Extrapolating from the current uncertainty of the measurement, the constraint on
the baryon energy density Ωbh2 was improved by a factor of 2, when considering the
conservative case with N = 500. If we further consider the higher redshift case with
N = 2000 FRB data, the limit on Ωbh2 would further improved, and the standard deviation
is about 0.002. However, as can be seen in Figure 3, unfortunately, no matter what kind of
mock data we consider, it is still impossible to give a reasonably restricted result for the
helium abundance. This is because although the number of mock data has enlarged, if
we cannot provide better constraints on Ωbh2 by using other independent observations,
the strong degeneracy between the helium abundance and the baryon energy density still
cannot be broken, and the constraints on the helium abundance also will not be improved.
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Ωbh2

0.2
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2000FRBs_withoutPrior

Figure 3. One-dimensional and two-dimensional constraints on the YHe and Ωbh2 from the conserva-
tive case with N = 500 (red) and the high-redshift case with N = 2000 (blue).

4.2. Shift Parameters

There are several studies on the degeneracies between cosmological parameters [51–53],
and one way to break the degeneracy between YHe and Ωbh2 is usually to use a Gaussian
prior on Ωbh2, as given by Cooke et al. [54]. In this paper, we introduce the shift parameters
from the CMB measurements, which provides partial information of the CMB anisotropies,
especially the distance information, which can provide constraints of cosmological param-
eters to some extent without using the CMB full power spectra [55,56]. When compared
with the CMB full data, we can obtain similar results on parameters by using the shift
parameter method, without consuming too much time. In practice, we firstly used the full
CMB power spectrum from Planck to obtain the best-fit values and the inverse covariance
matrix of these shift parameters, and then input them into our calculations as a prior to
break the degeneracy. It is worth noting that breaking the degeneracy with a Gaussian
prior gives about the same effect; we introduced the method of shift parameters, since our
calculations of the inverse covariance matrix among these shift parameters can also be
applied in constraining other models.

The shift parameters, R and lA, correspond to the scaled distance to recombination
and the angular scale of the sound horizon at recombination, respectively, given by

R(z∗) =
√

Ωm H2
0 χ(z∗) (10)

lA(z∗) = πχ(z∗)/χs(z∗) (11)

where χ(z∗) denotes the comoving distance to z∗, and χs(z∗) denotes the comoving sound
horizon at z∗. Furthermore, the decoupling epoch, z∗, is given by [57]

z∗ = 1048
[

1 + 0.00124
(

Ωbh2
)−0.738

][
1 + g1

(
Ωmh2

)g2
]

(12)

where

g1 =
0.0783

(
Ωbh2)−0.238

1 + 39.5(Ωbh2)
0.763 , g2 =

0.560

1 + 21.1(Ωbh2)
1.81 . (13)

The comoving sound horizon χs(z∗) is given by

χs(z) =
c√
3

∫ 1/(1+z)

0

da
a2H(a)

√
1 + (3Ωb/4Ωγ)a

,
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where Ωγ = 2.469× 10−5h−2 for Tcmb = 2.725 K, and

H(a) = H0

[
Ωm

a3 +
Ωr

a4 + ΩΛ

]1/2
, (14)

where ΩΛ is the dark energy density parameter, and the radiation density parameter, Ωr, is
the sum of photons and relativistic neutrinos,

Ωr = Ωγ(1 + 0.2271Neff ), (15)

where Neff = 3.04 is the effective number of neutrino species.
We performed a global fitting analysis using the CosmoMC package to constrain R, lA,

and Ωbh2 from the CMB power spectrum of the Planck measurement in the framework of
the standard ΛCDM model. Our most general parameter space follows Equation (6), fixes
YHe = 0.24, and varies Ωbh2, Ωch2, Θs, τ, ns, and ln(As) in our analysis. In Table 2, we list
the mean values of R, lA, and Ωbh2 and the inverse covariance matrix among them. It is
worth noting that the matrix we used was based on a fixed YHe = 0.24, and the result did
not change significantly if we vary YHe.

Since we put the information of the shift parameters into the calculations, which is
independent on the DM of the FRBs, the joint likelihood of the sample is then the product
of the individual likelihoods, and the corresponding χ2 function becomes:

χ2 = χ2
DM + χ2

shift, (16)

where the χ2 function of shift parameters can be written as:

χ2
shift =

(
xth

i − xdata
i

)(
C−1

ij

)(
xth

j − xdata
j

)
(17)

where x =
(
Ωbh2, R, lA

)
is the parameter vector, and

(
C−1

ij

)
is the inverse covariance

matrix among these shift parameters, which is shown in Table 2. In our analysis, we
adopted this updated likelihood function, which included the information of Ωbh2, to break
the degeneracy between YHe and Ωbh2.

Table 2. The mean values of shift parameters: lA, R, and Ωbh2 from the Planck measurement and the
corresponding inverse covariance matrix among them.

lA(z∗) R(z∗) Ωbh2

lA(z∗) 1.169× 102 −1.164× 103 5.325× 102

R(z∗) −1.164× 103 9.236× 104 1.631× 106

Ωbh2 5.325× 102 1.631× 106 7.844× 107

Mean Value 3.018× 102 1.750× 100 2.230× 10−2

4.3. Results from DM and Shift Parameters

Firstly, we considered the conservative case with N = 500 mock data. In Figure 4,
we present the one-dimensional constraint on the helium abundance from the FRB DM
data, together with the prior of shift parameters. We can clearly see that, due to the tight
constraint on the baryon energy density, σ(Ωbh2) = 0.0001, the degeneracy between YHe
and Ωbh2 has been broken entirely. The consequent constraint on the helium abundance
becomes reasonable with the standard deviation σ(YHe) = 0.025, instead of an almost
flat distribution, as shown in Figure 3. Furthermore, this constraint is not much different
from the current CMB constraint YHe = 0.241 ± 0.025 at a 95% confidence level and
BBN constraint σ(YBBN

P ) = 0.004. This result indicates that with the help of external shift
parameters information, we can use the DM of FRBs mock data to provide a good constraint
on the helium abundance.
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0.15 0.20 0.25 0.30
YHe

500FRBs
2000FRBs

Figure 4. One-dimensional constraints on the helium abundance from the conservative case (black
line) and the high-redshift case (red line), respectively.

Then, we moved to the high-redshift case with more FRB data N = 2000 and a
higher redshift distribution up to z ∼ 3. Since the obtained error bar on the parameters
should be smaller with N−1/2, we expect that the constraint on the helium abundance
would be improved by a factor of 2. In practice, we used the 2000 mock FRBs and the
shift parameters to perform the analysis and obtain the standard deviation of the helium
abundance σ(YHe) = 0.011, which was slightly better than we expected, as shown in the
red line of Figure 4. We think that this is due to the redshift distribution of these mock data,
which was higher than the conservative case. We could have more information from the
high redshift universe to study the helium abundance, which would be helpful to improve
the constraint on YHe. In the future, the SKA project expects to detect FRB samples with
redshifts up to 14 [58], which implies FRB could be a very promising probe to study the
high-redshift universe.

5. Conclusions

In this paper, we performed an analysis to study the helium abundance by using
current and future FRB data, based on the DM-z relation. Here, we summarize our
main conclusions:

• Since the 17 current FRB samples have low redshift, resulting in poor quality of the
samples, we could not obtain a useful constraint on the helium abundance, which is
associated with the universe at higher redshifts.

• Then we simulated two mock data: the conservative case at low redshift and the high-
redshift case. However, due to the strong degeneracy between the helium abundance
and the baryon energy density, the constraints on YHe were still very weak from the
mock FRB data.

• Therefore, we introduced the distance information of shift parameters, derived from
the CMB full power spectra of the Planck measurement. With this help, the constraint
on the baryon energy density was significantly improved, and the degeneracy with
YHe was broken.

• Consequently, the constraints on the helium abundance were also improved with
the standard deviation σ(YHe) = 0.025 and 0.011 for two FRBs’ mock data, respec-
tively. As can be seen from the current CMB constraint YHe = 0.241± 0.025 at a 95%
confidence level and BBN constraint σ(YBBN

P ) = 0.004, the constraints from the FRBs
are comparable. Hopefully, large FRB samples with high redshift from the Square
Kilometre Array will provide high-precision measurements of the helium abundance
in the near future.
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