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ABSTRACT

Recently, fast radio bursts (FRBs) have become a thriving field in astronomy and cosmology. Due
to their extragalactic and cosmological origin, they are useful to study the cosmic expansion and
the intergalactic medium (IGM). In the literature, the dispersion measure DM of FRB has been
considered extensively. It could be used as an indirect proxy of the luminosity distance d, of FRB.
The observed DM contains the contributions from the Milky Way (MW), the MW halo, IGM, and
the host galaxy. Unfortunately, IGM and the host galaxy of FRB are poorly known to date, and
hence the large uncertainties of DMigm and DMyest in DM plague the FRB cosmology. Could we
avoid DM in studying cosmology? Could we instead consider the luminosity distance dr, directly in
the FRB cosmology? We are interested to find a way out for this problem in the present work. From
the lessons of calibrating type Ia supernovae (SNIa) or long gamma-ray bursts (GRBs) as standard
candles, we consider a universal subclassification scheme for FRBs, and there are some empirical
relations for them. In the present work, we propose to calibrate type Ib FRBs as standard candles
by using a tight empirical relation without DM. The calibrated type Ib FRBs at high redshifts can
be used like SNIa to constrain the cosmological models. We also test the key factors affecting the
calibration and the cosmological constraints.
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I. INTRODUCTION

Recently, fast radio bursts (FRBs) have become a thriving field in astronomy and cosmology [1-7].
FRBs are millisecond-duration transient radio sources, and their origin is still unknown to date. Most of
them are at extragalactic/cosmological distances, as suggested by their large dispersion measures (DMs)
well in excess of the Galactic values. Therefore, it is of interest to study cosmology and the intergalactic
medium (IGM) with FRBs |1H7].

As is well known, one of the key observational quantities of FRBs is the dispersion measure DM, namely
the column density of the free electrons, due to the ionized medium (plasma) along the path. Since the
distance along the path in DM records the expansion history of the universe, it plays a key role in the
FRB cosmology. The observed DM of FRB at redshift z can be separated into [8-16]

DMobs = DMyw + DMhato + DMigm + DMpest /(1 + 2) (1)

where DMyw, DMhato, DMigm, DMpest are the contributions from the Milky Way (MW), the MW halo,
IGM, the host galaxy (including interstellar medium of the host galaxy and the near-source plasma),
respectively. Obviously, the main contribution to DM of FRB comes from IGM. The mean of DMy is
given by [8-16]

3cHo [* ficm(Z) fe(2) (14 2) dZ
8rGmy Jo h(Z) ,

(DMigm) = (2)

where c is the speed of light, Hy is the Hubble constant, 2 is the present fractional density of baryons,
G is the gravitational constant, m, is the mass of proton, h(z) = H(z)/Hy is the dimensionless Hubble
parameter, fiam(z) is the fraction of baryon mass in IGM, and f.(z) is the ionized electron number
fraction per baryon. The latter two are functions of redshift z in principle.

One can see that (DMiygn) is related to the expansion history of the universe through h(z) according
to Eq. [@). Note that (DMjgy) is the mean value of DMjgy in all directions of the lines of sight. This is
only valid due to the well-known cosmological principle, which assumes that the universe is homogeneous
and isotropic on cosmic/large scales. However, it is not homogeneous and isotropic on local/small scales.
Thus, DMigm # (DMigum) for any observed FRB, since the plasma density fluctuates along the line of
sight [17H20] (see also e.g. [8116]). In the literature, the deviation of DMigym from (DMigm) is usually
characterized by the uncertainty oigm(z), which is a function of redshift z in principle. Unfortunately,
IGM is poorly known in fact. So, one can only consider various empirical oigm(2) in the literature, which
is usually large (~ O(10%) to O(103) pc cm~2) [17-20] (see also e.g. [8-16]). In fact, the large uncertainty
o1eMm(z) in DMjguM is one of the main troubles in the FRB cosmology. On the other hand, figm(z) and
fe(z) in (DMigm) are both functions of redshift z in principle. Since we are rather ignorant of IGM and
the cosmic ionization history, they have been extensively assumed to be constant in the literature. Thus,
this also leads to uncertainties in the FRB cosmology.

For convenience, one can introduce the extragalactic DM [8416], namely

DMg = DMgps — DMyw — DMpalo = DMiam + Dlv[host/(1 + Z) . (3)

In the literature, DMy has been extensively used to study cosmology. Note that the host galaxy of FRB
and hence its contribution to DM are also poorly known. Therefore, DMyt was extensively assumed
to be constant in the literature [8-16]. Of course, this simplification prevents us from understanding the
cosmic expansion history better.

Although DM is extensively used to study cosmology in the literature, it is just an indirect proxy of
the luminosity distance d;, of FRB. In addition, the large uncertainties of DMjgy and DMyst in DM
plague the FRB cosmology, as mentioned above. Could we avoid DM in studying cosmology? Could we
instead consider the luminosity distance dy, directly in the FRB cosmology? We are interested to find a
way out for this problem in the present work.

Of course, it is difficult to obtain the luminosity distance d, of FRB. If this FRB is well localized to a
host galaxy, and the luminosity distance of this galaxy has been well measured, d, of this FRB is equal
to the one of the host galaxy. Alternatively, if the luminosity distance of objects in the same host galaxy
of an FRB (e.g. supernova, gamma-ray burst, or gravitational wave event, not necessarily counterparts)



can be measured, dy, of this FRB is also on hand. But these make sense only at low redshifts. We should
find a new method to obtain the luminosity distances dj, for FRBs at high redshifts.

History always repeats itself. As is well known, the distance ladder has been used in many neighboring
fields. For example, the luminosity distances of Cepheids can be obtained by using the empirical period
versus luminosity (P — L, or, Leavitt) relation [21]. If a type Ia supernova (SNIa) shares the same host
galaxy with a Cepheid, the luminosity distance of this SNIa is equal to the one of Cepheid. The empirical
SNIa light-curve versus luminosity (Phillips) relation [22] could be calibrated by using these SNIa at
low redshifts. Thus, the luminosity distances of SNIa at high redshifts can be obtained by extending
the calibrated SNIa Phillips relation [23]. Similar to the case of calibrating SNIa as secondary standard
candles by using Cepheids as primary standard candles, this has also been considered in the field of
gamma-ray bursts (GRBs). The luminosity distances of long GRBs at low redshifts can be obtained by
using e.g. interpolation from the ones of SNIa at nearby redshifts |24, 25]. Various empirical relations,
especially the Ej, ; — Eiso (Amati) relation |26], could be calibrated by using these long GRBs at low
redshifts |27] (see also e.g. [24, 25]). Thus, the luminosity distances of long GRBs at high redshifts can
be obtained by extending the calibrated GRB empirical relation(s) (24, 125, 128, [29].

The lessons from the above history of calibrating SNIa or long GRBs as standard candles are (a) at
least a tight empirical relation involving the luminosity distance is necessary; (b) the empirical relations
are only valid for some subclasses, namely SNIa (not for type Ib, Ic and IT supernovae), or long GRBs (not
for short GRBs). In the present work, we try to calibrate FRBs as standard candles. Thus, we should
introduce a universal subclassification scheme for FRBs, and find a tight empirical relation involving the
luminosity distance for a subclass of FRBs. Fortunately, they are ready in our previous works.

This paper is organized as followings. In Sec. [[I, we briefly introduce the universal subclassification
scheme and the empirical relations for FRBs. In Sec. [Tl we describe the method to calibrate type Ib FRBs
as standard candles. In Sec. [Vl we test the key factors affecting the calibration and the cosmological
constraints. In Sec. [Vl some brief concluding remarks are given.

II. SUBCLASSIFICATION AND EMPIRICAL RELATIONS FOR FRBS

One of the interesting topics is the classification of FRBs, which is closely related to the origin of FRBs.
Clearly, different physical mechanisms are required by different classes of FRBs. Well motivated by the
actual observations, they are usually classified into two populations: non-repeating FRBs and repeating
FRBs [1H7]. For convenience, we call them type I and II FRBs in [16], respectively.

In the literature, it was speculated for a long time that the FRB distribution tracks the cosmic star
formation history (SFH) [1-7]. The well-known Galactic FRB 200428 associated with the young magnetar
SGR 193542154 [30-33] confirmed that some FRBs originate from young magnetars. On the other hand,
some repeating FRBs (such as FRB 121102, FRB 180916.J0158+65, FRB 201905208, FRB 20181030A)
were observed to be closely correlated with star-forming activities [34-37]. Therefore, it is reasonable
to expect that at least some (if not all) FRBs are associated with young stellar populations, and hence
their distribution tracks SFH. However, this speculation was challenged recently. The newly discovered
repeating FRB 20200120E in a globular cluster of the nearby galaxy M81 [38-4(] suggested that some
FRBs are associated with old stellar populations instead. On the other hand, it was claimed in [41)] that
the bursts of the first CHIME /FRB catalog |42] as a whole do not track SFH. In [15], it was independently
confirmed that the FRB distribution tracking SFH can be rejected at high confidence, and a suppressed
evolution (delay) with respect to SFH was found.

The above discussions based on the actual observations have motivated us in [16] to speculate that
some FRBs are associated with young populations and hence their distribution tracks SFH, while the
other FRBs are associated with old populations and hence their distribution does not track SFH. This
led us to propose a universal subclassification scheme for FRBs [16], as shown in Table [l

In [16], we have exercised this subclassification scheme for FRBs by using the actual data of the first
CHIME/FRB catalog |42]. These FRBs are subclassified in the transient duration vW versus spectral
luminosity L, phase plane, with some isothermal lines of brightness temperature Tp. The vW — L,, phase
plane has been divided into ten regions by three dividing lines vW = 1073 GHz s, L, = 103* erg/s/Hz and
Tp = 2 x 103 K, which are determined by the minimal p-values of Kolmogorov-Smirnov (KS) test [16].
Note that there are 430 non-repeating (type I) FRBs after the robust cut in the first CHIME/FRB



FRBs Class (a) : Class (b) :
associated with old stellar populations | associated with young stellar populations
Type Ia : Type Ib :
Type I: Non-repeating FRBs Non-repeating FRBs
Non-repeating | associated with old stellar populations | associated with young stellar populations
and hence delayed with respect to SFH and hence track SFH
Type Ila : Type IIb :
Type II : Repeating FRBs Repeating FRBs
Repeating associated with old stellar populations | associated with young stellar populations
and hence delayed with respect to SFH and hence track SFH

TABLE I: A universal subclassification scheme for FRBs proposed in [16].

catalog [42]. Then, we test these 10 regions one by one. For each region, 430 type I FRBs are divided
into two samples inside or outside this region. We compare their redshift distributions by using KS test,
and also check whether one of these two sample tracks SFH by using the method proposed in |15, 41}, 143].
Finally, we find that region (8) is very successful, and hence the physical criteria for the subclassification
of type I FRBs have been clearly determined [16], namely

Typela: L, <10*erg/s/Hz & Tp>2x10*°K, (4)
Type Ib:  otherwise. (5)

Note that these physical criteria are suitable for the first CHIME/FRB catalog [42], and they might be
changed for the larger and better FRB datasets in the future, but the universal subclassification scheme
given in Table [l will always hold. We find that in the first CHIME/FRB catalog |42], 65 type Ia FRBs
do not track SFH, but 365 type Ib FRBs do track SFH at high confidence. Similarly, we speculate that
the possible physical criteria for the subclassification of type II FRBs might be given by [16]

Type Ila: L, S10%erg/s/Hz & T 2 10°K, (6)
Type IIb:  otherwise. (7)

We stress that they are highly speculative, because there are only 17 repeaters after the robust cut in
the first CHIME/FRB catalog [42], which are too few to form a good enough sample in statistics. Since
the data of repeaters will be rapidly accumulated in the future, we hope this subclassification of type II
FRBs could be refined. We strongly refer to [16] for the technical details of the subclassification.

In [16], we have found that there are some tight empirical relations for type Ia FRBs but not for type Ib
FRBs, and vice versa. These make them different in physical properties. Notice that there are only 17
repeaters after the robust cut in the first CHIME/FRB catalog [42], no empirical relations found for
type IT FRBs in [16]. On the other hand, there are 65/365 type Ia/Ib FRBs after the robust cut in the
first CHIME/FRB catalog [42], respectively. Type Ib FRBs dominate obviously, and hence the empirical
relations for them are much tighter than the ones for type Ia FRBs. Unfortunately, the empirical relations
only for type Ia FRBs found in [16] do not involve the luminosity distance. In addition, type Ib FRBs
are associated with young stellar populations, and hence their distribution tracks SFH. This remarkably
facilitates generating the mock type Ib FRBs in simulations. Thus, we choose to only calibrate type Ib
FRBs as standard candles in the present work.

Actually, we found some tight empirical relations between spectral luminosity L, , isotropic energy F
and DMy, for type Ib FRBs in [16], where DME is given by Eq. @), and

L, = 4rd3 S, , E =4ndiv.F,/(1+2), (8)

in which dr is the luminosity distance, S, is the flux, F, is the the specific fluence, v, is the central
observing frequency (v. = 600 MHz for CHIME [42]). The 2-D empirical relations for 365 type Ib FRBs



in the first CHIME/FRB catalog are given by [16]

log E = 0.8862log L,, + 10.0664, 9)
log L, = 2.4707log DM, + 27.3976 , (10)
log B = 2.2345log DM, + 34.2238, (11)

where “log” gives the logarithm to base 10, and E, L, , DMg are in units of erg, erg/s/Hz, pc cm™3,

respectively. In the light of the 2-D empirical relations given by Eqs. (@) — (), it is anticipated that
there is a tight 3-D empirical relation between spectral luminosity L, , isotropic energy £ and DMg .
Fitting to the data, we also found this 3-D empirical relation in [16] for 365 type Ib FRBs in the first
CHIME/FRB catalog, namely

log L, = 1.1330log DM, + 0.5986 log E + 6.9098 . (12)

Noting that the empirical relations in Eqs. (I0) — (I2)) involve DMg , they are not suitable for our goal,
as mentioned in Sec. [[I Fortunately, the empirical relation in Eq. (@) does not involve DM, but it does
involve the luminosity distance dy, (n.b. Eq. [8)), and hence it works well for calibrating type Ib FRBs
as standard candles. We strongly refer to |16] for the technical details of the empirical relations.

III. CALIBRATING TYPE IB FRBS AS STANDARD CANDLES

It is worth noting that the above empirical relations were found by using the first CHIME/FRB
catalog [42], and the values of slopes and intercepts might be changed for the larger and better FRB
datasets in the future. So, one should not persist in their numerical values. The key point is that these
empirical relations do exist in such forms for type Ib FRBs.

Here, we assume that the empirical L, — F relation really exists due to the unknown physical mechanism
for the engines of type Ib FRBs. It takes the form of Eq. (@), namely

E
log— =alo (13)
erg

e T
& erg/s/Hz T
where a and b are both dimensionless constants. In particular, a = 0.8862 and b = 10.0664 [16] for 365

type Ib FRBs in the first CHIME/FRB catalog. Note that the luminosity distance dy, is implicit in the
empirical L, — E relation given by Eq. (I3]). Using Eq. ([8), we recast Eq. (I3) as

5 F,/(1+2z) %6

—_ 1
a 2(1-a) o8 Jy ms 2(1—a)

Sy
log 2% 14
og Jy+ﬂ, (14)

where « = a # 1, f = const. is a complicated combination of a, b, v./MHz, and p is the well-known
distance modulus defined by

dr,
=51
p="5log 3=

+25. (15)

Unlike L, and FE in Eq. [I3]), we note that F,, S, and p (equivalently dj,) are all observed quantities,
and hence it is more convenient to instead use Eq. ([4) in calibrating type Ib FRBs as standard candles.
There are two free parameters « and f in Eq. (I4), and they will be calibrated by using type Ib FRBs
at low redshifts.

Of course, current data of FRBs are certainly not enough to calibrate type Ib FRBs as standard
candles. So, it will be a proof of concept by using the simulated FRBs in the present work. We assume
that there will be a large amount of type Ib FRBs with identified redshifts in the future. If a non-repeating
(type I) FRB has been precisely localized by using e.g. VLBI down to the milliarcsecond level [44, 45] or
better in the future, its host galaxy and local environment can be well determined. Subsequently, it is
a type Ib FRB if this FRB lives in a star-forming environment. Its redshift could be identified by using
the spectrum of the host galaxy.



On the other hand, the luminosity distance dy, (equivalently the distance modulus p) of type Ib FRBs
should be independently measured to build the Hubble diagram. This is a fairly difficult task at high
redshifts. But it is possible to measure the luminosity distance of type Ib FRBs at enough low redshifts.
Fortunately, the redshift range of FRBs is very wide. They could be at very high redshifts z > 3 (even
z ~ 15 [46]), and hence they might be a powerful probe for the early universe. On the other hand, they
can also be at very low redshifts, even in our Milky Way (z = 0) as shown by the Galactic FRB 200428.
In fact, many nearby FRBs at very low identified redshifts were found [47]. Thus, it is possible that a
type Ib FRB and a SNIa or a Cepheid are in the same host galaxy, and hence the luminosity distance
dy, (equivalently the distance modulus p) of type Ib FRB is equal to the one of SNIa or Cepheid. Note
that type Ib FRB and SNIa/Cepheid are not necessarily associated. This is just similar to the case of
calibrating SNIa as standard candles by using Cepheids, as mentioned in Sec. [l Because Cepheids are
certainly at very low redshifts and SNIa can be at not so low redshifts (for example, z ~ 0.1 or 0.5), we
only consider the case of SNIa in this work. As is well known, currently the distance modulus p of SNIa
can be measured very precisely. It is also expected that the precision will be significantly improved in
the future. Thus, it is reasonable to assume that the distance modulus p of type Ib FRB at low redshifts
could also be measured in the future with the precision comparable with the one of SNIa.

If the number of type Ib FRBs at low redshifts with measured distance moduli y, redshifts z, fluence
F, and flux S, is large enough, the empirical relation in Eq. (I4) could be well calibrated by fitting it to
these type Ib FRBs. In this way, the free parameters o and § in Eq. (I4)) and their uncertainties will be
determined. Then, we assume this calibrated empirical relation in Eq. (I4) is universal, namely it also
holds at high redshifts. Now, for each type Ib FRB at high redshift, its redshifts z, fluence F, and flux
S, has been observed, and the parameters «, 3 take the same values determined at low redshift in the
previous step. Consequently, its distance modulus p (equivalently the luminosity distance dy,) in the left
hand side of Eq. (Id]) can be derived since the quantities in the right hand side of Eq. (I4) are all known
now. Its error o, can also be obtained by using the error propagation. So, the Hubble diagram of type Ib
FRBs at high redshifts is on hand. We can use these type Ib FRBs with known distance moduli pu, errors
0,, and redshifts z to constrain the cosmological models, similar to the case of SNIa.

IV. KEY FACTORS AFFECTING THE CALIBRATION AND
THE COSMOLOGICAL CONSTRAINTS

As mentioned above, current data of FRBs are not enough to calibrate type Ib FRBs as standard
candles. Thus, we have to use the mock type Ib FRBs instead. But the same pipeline holds for the actual
type Ib FRBs in the future. In the followings, we briefly describe how to generate the mock type Ib
FRBs, and calibrate type Ib FRBs as standard candles. Then, we use the calibrated type Ib FRBs at
hight redshifts to constrain the cosmological model. Clearly, there are many key factors affecting the
calibration and the cosmological constraints. We will test them one by one.

A. Generating the mock type Ib FRBs

Here, we generate the mock type Ib FRBs closely following the method used in [15, [16] (see also |41]),
but the distribution of type Ib FRBs should track SFH. The mock observed type Ib FRB redshift rate
distribution is given by [15, 116, 41]

aNn- 1 dN c 47Td%
dtopsdz 142z dtdV Hy h(z)’

(16)

where the comoving distance dc = dr, /(1 + 2), and dt/dtons = (1 + 2z) ™! due to the cosmic expansion is
used. In the present work, we consider the flat ACDM cosmology, and hence the dimensionless Hubble
parameter h(z) and the luminosity distance dj, read

h(z) = H(z)/Ho= | Qm 1+ 2)° + (1 — Q) 1/2, dL:i(l—i—z)/Oz%. (17)
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FIG. 1: The marginalized 1o constraints on the parameters «, 8 in the empirical relation ([4) and their contours
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FIG. 2: Left panel: The Hubble diagram pu versus z for type Ib FRBs at high redshifts z > z4. The magenta line
indicates the flat ACDM cosmology with the best-fit €2,,, given in the right panel. Right panel: The marginalized
lo constraint on the parameter €2, in the flat ACDM cosmology from the data of type Ib FRBs at high redshifts
z > zq. Note that they are both for the fiducial case. See Sec. [V Bl for details.

Here, we adopt €2, = 0.3153 and Hy = 67.36km/s/Mpc from the Planck 2018 results [48]. Since the
intrinsic type Ib FRB redshift distribution tracks SFH, we have d% (dt dV) o< SFH(z), while the latest
result from the observations for SFH is given by [49] (see also [15, [16])

(1+ 2)26

SFH(z) . (18)
1+ ((1+42)/3.2)%?
On the other hand, we generate the isotropic energy E for the mock type Ib FRBs with ﬂﬁ, @, |4_l|]
dN/dE « (E/E.) " exp (-E/E,) , (19)

where we adopt s = 1.9 and log (E./erg) = 41, well consistent with the observations [15,16]. We generate
Ngim mock type Ib FRBs as follows: (i) for each mock type Ib FRB, randomly assign a mock redshift z



0.1342
0.0454

70, (o)
86, (o)

Simulations
t
[en}
T

1 1 1 1 1 1
0.898 0.900 0.902 64.6 65.0 65.4 0.2 0.3 0.4
(0% ﬁ Qm

FIG. 3: The marginalized 1o constraints on the parameters a (left panel), 8 (middle panel) in the empirical
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within 1o region, respectively. In each panel, n and 100 — n are the numbers of blue and chocolate means with
error bars, respectively. (o) is the mean of the uncertainties of 100 constraints on the parameters « (left panel),
B (middle panel) and Q. (right panel). See Sec. [V Bl for details.

to this FRB from the redshift distribution in Eq. (I8); (ii) generate a mock energy FEj,; randomly from
the distribution in Eq. ([[3)) for this FRB; (iii) derive the luminosity distance dr, it and the distance
modulus pine by using Egs. (I7) and (I3 with the mock redshift z for this FRB; (iv) derive the fluence
F, int by using Eq. @) with Ein, dr,int, ¥ = 600 MHz (the one of CHIME [42]) and the mock redshift
z for this FRB; (v) assign an error op, obs = 0F, el Fy,int to the “observed” flence F, ops for this FRB,
while F, ons is randomly assigned from a Gaussian distribution with the mean F), i, and the standard
deviation oF ons. Note that the relative error of, o1 will be specified below; (vi) repeat the above steps
for Ngim times. Finally, Ng, mock type Ib FRBs are on hand.

But these Ngm mock type Ib FRBs intrinsically generated above are not the ones “detected” by
the telescope, due to the telescope’s sensitivity threshold and instrumental selection effects near the
threshold. So, the next step is to filter them by using the telescope’s sensitivity model, which is chosen
to be the one for CHIME considered in [15, [16, |41]. The sensitivity threshold is log F, min = —0.5 for
CHIME, where the specific fluence is in units of Jyms. The FRBs with fluences below this threshold
cannot be detected. On the other hand, there is a “gray zone” in the log F,, distribution, within which
CHIME has not reached full sensitivity to all sources, due to the direction-dependent sensitivity of the
telescope |15, 16, 141]. The detection efficiency parameter in the “gray zone” is given by n4e; = R?, where
R = (logFy, th — logFlﬂni‘ﬁ)/(logFlfn?l’f — log F;m;’i‘l) , such that nge¢ — 0 at log F,fn;’i‘l = —0.5 and nget — 1
at log F"f7. Outside the gray zone 7 Ndet = 1. For type Ib FRBs tracking SFﬁ, we set log F)" = 0.9,
which is very close to the best value found in Table II of [16].

In the present work, we generate a pool of mock type Ib FRBs “detected” by the telescope to save
the computational power and time. That is, we randomly generate Ng, = 500,000,000 mock type Ib
FRBs, and then filter them by using the telescope’s sensitivity model, as mentioned above. Finally, about
40,000 mock “detected” type Ib FRBs after the filter enter this pool. When Nprp mock type Ib FRBs
are needed in the following subsections, we randomly sample them from this pool.

The next step is to assign the mock flux and its error for each mock type Ib FRB in this pool. We
assume that the underlying empirical relation in Eq. (I4) is acutally

W= —2510gM —i—22.51ogi + 65, (20)

Jy ms Jy

which corresponds to a = 0.9 and § = 65, or equivalently a = 0.9 and b ~ 10.1 approximately in Eq. (I3).
We can derive Sy int by using Eq. 20) with pint, Fy, int and the mock redshift z for this FRB. We assign
an error 0g obs = 05, rel Ov,int t0 the “observed” flux S, obs for this FRB, while S, obs is randomly
assigned from a Gaussian distribution with the mean S, ins and the standard deviation og, obs. Similarly,
Wwe assign an error 0, obs = Oy, rel fint tO the “observed” distance modulus pions for this FRB, while pions

is randomly assigned from a Gaussian distribution with the mean pin; and the standard deviation o, obs.
Note that the relative errors og, re1 and oy, re1 Will be specified below.
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So far, a pool of about 40,000 mock “detected” type Ib FRBs with the “observed” redshifts z, fluences
F,, obs and their errors o g obs, fluxes S, ons and their errors og, ons, are ready. In addition, the “observed”
distance moduli 1obs and their errors o, obs for the mock type Ib FRBs at low redshits are also on hand.
We will pretend to use them as the actual ones blindly in the followings.

B. The fiducial case

At first, we consider the fiducial case, and the other cases below will be compared with it. In this
fiducial case, we consider Nyrp = 500 mock type Ib FRBs, which can be randomly sampled from the
pool built in Sec. [V Al On the other hand, although the fluence and flux of FRBs cannot be measured
with high precision currently by the telescope (e.g. CHIME), we assume that they could be measured
precisely in the future. So, in the fiducial case, we set the relative errors op re1 and og, re1 to be both 1%.
As mentioned above, we obtain the distance modulus of type Ib FRB at low redshift by equaling it to
the one of SNIa in the same host galaxy. As is well known, currently the distance modulus p of SNIa can
be measured very precisely. It is expected that the precision will be significantly improved in the future.
For example, the expected aggregate precision of SNIa detected by the Roman Space Telescope (formerly
WFIRST, planned for launch in the mid-2020s) is 0.2% at z < 1 [50]. So, in the fiducial case, we set the
relative error o, re1 = 0.2% for type Ib FRBs at low redshifts. Of course, we need a redshift divide z4 to
define “low” (z < z4) and “high” (z > z4) redshifts. In the fiducial case, we set zg = 0.5.

Following the instructions in Sec. [[TI, we calibrate the empirical relation (4] by using type Ib FRBs
at low redshifts z < z4. To this end, we use the Markov Chain Monte Carlo (MCMC) code Cobaya [51],
which is the Python version of the well-known CosmoMC @] Fitting the empirical relation given by
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FIG. 5: The same as in Fig. B but for the cases of Nprp = 300 and zq = 0.1 (left panels), 0.2 (middle panels)
and 0.5 (right panels) type Ib FRBs, respectively. See Sec. for details.

Eq. (Id) to the data of type Ib FRBs at low redshifts z < z4, we find the marginalized 1o constraints on
the parameters o and (3, namely

a = 0.899719:999% B = 64.928270-1347 (21)

and we also present the contours and the marginalized probability in Fig.[Il Then, assuming the calibrated
empirical relation (I4]) with o and S given in Eq. (2])) still holds at high redshifts z > z4, we can derive
the distance moduli p for type Ib FRBs at high redshifts z > z4 with their observed flences F), o1s and
fluxes Sy, obs. Their errors o, can also be obtained by using the error propagation. In the left panel of
Fig. Bl we present the Hubble diagram p versus z for type Ib FRBs at high redshifts z > z,, while the
error bars o, are also plotted. Fitting the flat ACDM cosmology given by Eq. (7)) to the distance moduli
u(z;) data of type Ib FRBs at high redshifts z > z;, we obtain the 1o constraint on 2,,,, namely

Qpn = 0.326075:0362 (22)

while the Hubble constant Hy has been marginalized. We also present the marginalized probability in
the right panel of Fig.Bl Clearly, the assumed value €2,,, = 0.3153 used in Sec. [V Al to generate the mock
type Ib FRBs is well consistent with the one in Eq. (22]).

To avoid the statistical noise due to random fluctuations, one should repeat the above constraints for
a large number of simulations. But it is expensive to consider too many simulations since they consume
a large amount of computation power and time. As a balance, here we consider 100 simulations, which
is enough in fact. In Fig. Bl we present the marginalized 1o constraints on the parameters «,  in the
empirical relation (I4) and the cosmological parameter 2, for 100 simulations in the fiducial case. It is
easy to see from Fig. B that the assumed values o = 0.9, 8 = 65, and ,,, = 0.3153 used in Sec. [V Al to
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FIG. 6: The same as in Fig. B but for the cases of Nprp = 500 and zq = 0.1 (left panels), 0.2 (middle panels)
and 0.5 (right panels) type Ib FRBs, respectively. See Sec. for details.

generate the mock type Ib FRBs can be found within 1o region in most of the 100 simulations (~ 70%
for o and 8, 86% for €,,,). This implies that the constraints from these mock type Ib FRBs are fairly
reliable and robust. The pipeline of calibrating type Ib FRBs as standard candles to study cosmology
works well. In the followings, we will test the key factors affecting the calibration and the cosmological
constraints, by considering other cases different from the fiducial case.

C. The number of type Ib FRBs

In the the fiducial case, we have set Nprp = 500, 24 = 0.5, 0, re1 = 0.2%, and o, 1ol = 05, rel = 1%.
Clearly, the number of type Ib FRBs (namely Nprp) plays an important role. It is easy to expect that
the constraints become better for the larger Nprp. However, the time we have to wait becomes longer to
accumulate a larger amount of type Ib FRBs with identified redshifts. So, the suitable question is how
many type Ib FRBs with identified redshifts are enough to get the acceptable constraints?

Here, we modify the fiducial case by considering Ngrp = 100, 300, and 1000, while the other settings
keep unchanged. Following the similar pipeline in Sec. [V Bl for the fiducial case, in Fig. @l we present the
marginalized 1o constraints on the parameters «, § in the empirical relation (I4) and the cosmological
parameter €,,, for 100 simulations in the cases of Nygp = 100, 300, and 1000. Note that Fig.[d should be
viewed together with Fig. B (Nrrp = 500). It is easy to see from Figs. Bl and [ that the assumed values
a=0.9, =65, and Q,, = 0.3153 used in Sec. [VA] to generate the mock type Ib FRBs can be found
within 1o region in most of the 100 simulations (namely 62 ~ 71% for « and 3, 73 ~ 94% for Q). This
implies that the constraints from these mock type Ib FRBs are fairly reliable and robust. Clearly, we
find from Figs. Bl and E that the constraints on «, 3 and §2,,, become better for larger Nrrp, as expected.
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FIG. 7: The same as in Fig. [ but for the cases of Nrrs = 300, zq = 0.2, and o, re1 = 0.2% (left panels), 0.5%
(middle panels), 1% (right panels), respectively. See Sec. [V El for details.

In particular, the mean of the uncertainties (o) = 0.2090 for 2, in the case of Npgp = 100 (bottom-left
panel of Fig. M) is too large (~ 66%) compared with the assumed value Q,, = 0.3153. So, Nggg = 100
is not enough to get the acceptable constraints. But the cases of Nprp = 300 and 500 are acceptable,
since the uncertainties decrease dramatically. Although Npgrp = 1000 is best, the cost is expensive to
accumulate such a large amount of type Ib FRBs with identified redshifts. So, we only consider the cases
of Nrrp = 300 and 500 in the followings.

D. The redshift divide

It is expected that the closer FRBs are easier to be detected and localized in the host galaxies. So, the
lower redshift divide z4 might be better. But it cannot be very low, otherwise there will be not enough
type Ib FRBs at z < z4 to calibrate the empirical relation (I4) with an acceptable precision. We try to
find a suitable redshift divide z4 in the balance.

We consider the redshift divides zy = 0.1, 0.2 and 0.5 for the cases of Ngprp = 300 and 500, respectively,
while the other settings of the fiducial case keep unchanged. Following the similar pipeline in Sec. [V B
for the fiducial case, in Figs. Bl and [0l we present the marginalized 1o constraints on the parameters «,
B and €, for 100 simulations in the cases of Nprp = 300 and 500, respectively. We find from Figs.
and [0] that the constraints from the mock type Ib FRBs are fairly reliable and robust, since the assumed
values o = 0.9, 8 = 65, and Q,,, = 0.3153 used in Sec. [VA] to generate the mock type Ib FRBs can be
found within 1o region in most of the 100 simulations (namely 62 ~ 70% for « and £, 80 ~ 93% for Q,,).
From Figs. Bl and [f] it is easy to see that the uncertainties (o) for a, 8 and 2, in the cases of zg = 0.1
are all much larger than (about 2 times of) the ones in the cases of zg = 0.2 and 0.5. Thus, zq = 0.1 is
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FIG. 8: The same as in Fig. [ but for the cases of Nrrg = 500, zq = 0.2, and o, re1 = 0.2% (left panels), 0.5%
(middle panels), 1% (right panels), respectively. See Sec. [V El for details.

not suitable. Although the constraints on « and § in the cases of z4 = 0.5 are better than the ones in
the cases of z4 = 0.2, the constraints on the cosmological parameter 2, are at the same level in both
cases of zg = 0.5 and 0.2. In this sense, we prefer zy = 0.2 to 0.5 since a lower redshift divide is easier
to achieve, as mentioned above. The number of type Ib FRBs (Nprp = 300 or 500) makes almost no
difference at this point. So, we consider that z; = 0.2 might be a suitable choice on balance.

E. The precision of the distance modulus

In the fiducial case, we have assumed that the distance modulus p can be measured with high precision,
namely the relative error o, ro1 = 0.2% [50] in the era of the Roman Space Telescope (formerly WFIRST).
But before the launch of the Roman Space Telescope, how does this precision affect the calibration and
the cosmological constraints?

We consider the relative error o, el = 0.2%, 0.5% and 1% for the cases of Ngprg = 300 and 500,
respectively, while zg = 0.2 and op, rel = 05, vel = 1% (as in the fiducial case). Again, in Figs. [l and [§ we
present the marginalized 1o constraints on the parameters a, § and €2, for 100 simulations in the cases
of Nrrp = 300 and 500, respectively. We find from Figs. [ and [B] that the constraints from the mock
type Ib FRBs are fairly reliable and robust, since the assumed values a = 0.9, 5 = 65, and ,,, = 0.3153
used in Sec. [[VAl to generate the mock type Ib FRBs can be found within 1o region in most of the
100 simulations (namely 62 ~ 77% for « and 3, 87 ~ 97% for Q,,). From Figs. [[] and 8 it is easy to
see that the constraints on «, § and Q,, become worse for larger 0, ;1. The number of type Ib FRBs
(Nrrp = 300 or 500) makes almost no difference at this point. In particular, the mean of the uncertainties
(o) = 0.1724 for ,, in the case of Nprg = 300 and o, re1 = 1% (bottom-right panel of Fig. [7) is too
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FIG. 9: The same as in Fig. 3] but for the cases of Nrrs = 300, 24 = 0.2, 0, re1 = 0.2%, and op, rel = 05,re1 = 1%
(left panels), 2% (middle panels), 3% (right panels), respectively. See Sec. [V E] for details.

large (~ 55%) compared with the assumed value Q,, = 0.3153. But it can decrease to (o) = 0.1016 at
the price of increasing the number of type Ib FRBs to Nprp = 500 (bottom-right panel of Fig. ). The
case of 0, el = 0.2% is best, while the case of o, 1 = 0.5% is also acceptable, regardless of Nprg = 300
or 500. Note that currently SNIa can be measured with the precision around 0.6% (see e.g. Union2.1 [53],
Pantheon [54] and Pantheon+ [55, [56] SNTa samples). Thus, it is reasonable to expect 0, ;o1 < 0.5% in
the near future for type Ib FRBs which share the same host galaxies with SNIa. On the other hand,
if the Roman Space Telescope (formerly WFIRST) could be launched in mid-2020s (2025) as planed,
Op,rel = 0.2% @] will be easily achieved very soon.

F. The precisions of the fluence and the flux

In the fiducial case, we have assumed that the fluence F, and the flux S, could be measured with high
precisions, namely the relative errors op el = 05 ,rel = 1%. Of course, such high precisions cannot be
achieved currently in the actual data of FRBs. Since FRBs have become a very promising and thriving
field in astronomy and cosmology recently, many observational efforts have been dedicated to FRBs, and
hence it is reasonable to expect some breakthroughs in the observations and the instruments in the future.
Thus, it is of interest to see the effects of these precisions on the calibration of type Ib FRBs and their
cosmological constraints.

We consider the relative errors og, rel = 05, rel = 1%, 2% and 3% for the cases of Nrgrp = 300 and 500,
respectively, while zq = 0.2 and 0, 11 = 0.2% (as in the fiducial case). Similarly, we present the results in
Figs. @l and [0 We find from Figs. @ and [I0 that the constraints from the mock type Ib FRBs are fairly
reliable and robust, since the assumed values o = 0.9, 3 = 65, and €,,, = 0.3153 used in Sec. [V Al to
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FIG. 10: The same as in Fig.[3 but for the cases of Nyrs = 500, z4 = 0.2, 0, vel = 0.2%, and o F,rel = 05,re1 = 1%
(left panels), 2% (middle panels), 3% (right panels), respectively. See Sec. [V E] for details.

generate the mock type Ib FRBs can be found within 1o region in most of the 100 simulations (namely
62 ~ 74% for « and 8, 79 ~ 91% for ,,,). From Figs.[@ and [IT] it is easy to see that the constraints on
a, B and £, become worse for larger op, rel = 05, rel. The number of type Ib FRBs (Nprp = 300 or 500)
makes almost no difference at this point. In particular, the mean of the uncertainties (o) = 0.2089 for Q,,
in the case of Nprp = 300 and 05, rel = 05, rel = 3% (bottom-right panel of Fig. @) is too large (~ 66%)
compared with the assumed value €, = 0.3153. Although it can decrease to (o) = 0.1396 at the price
of increasing the number of type Ib FRBs to Ngpgg = 500 (bottom-right panel of Fig. [I0)), this is still
unacceptable since 0.1396/0.3153 ~ 44%. In this sense, the case of op el = 0g,rel = 3% is not enough
to get the acceptable constraints on the cosmological models. One of the ways out is to significantly
increase the number of type Ib FRBs (say, Nyrp = 1000 or even more). On the other hand, the cases of
OF rel = 05,vel = 1% and 2% are acceptable. Anyway, improving the precisions of the fluences and the
fluxes for FRBs is an important task in the future.

G. Three-parameter empirical relation

In the above discussions, the empirical relation given in Eq. (I4]) is considered. This is a two-parameter
empirical relation, with o and [ as the free parameters. The coefficients for the terms of log F), and
log S, are not independent. The cause roots in the empirical L, — E relation given in Eq. (I3) due to
the unknown physical mechanism for the engines of type Ib FRBs.

However, if one pretends to do not know the empirical L, — E relation given in Eq. (I3]), the empirical
relation between the distance modulus p (equivalently the luminosity distance dj,), the fluence F, and
the flux S, could be instead regarded as a three-parameter empirical relation without any underlying
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FIG. 11: The same as in Fig. [3 but for the case of three-parameter empirical relation with Nprg = 100 (left
panels), 300 (middle panels) and 500 (right panels). See Sec. [V.G] for details.

physical mechanism for the engines of type Ib FRBs, namely

F,/(1 v
M+Blogs_+c, (23)
Jy ms Jy

uw= Alog
where the independent parameters A, B and C' are all dimensionless constants. The assumed underlying
empirical relation given by Eq. [0) used in Sec. [V Al to generate the mock type Ib FRBs corresponds to
A= -25 B =225 and C = 65. One can calibrate the three-parameter empirical relation ([23]) by using
type Ib FRBs at low redshifts z < z4, and then obtain the distance moduli p for type Ib FRBs at high
redshifts z > z4 by using this calibrated three-parameter empirical relation. Thus, one can constrain the
cosmological models with these type Ib FRBs at high redshifts z > zg4.
We consider the cases of Nprp = 100, 300 and 500 with z4 = 0.2, 0, el = 0.2%, and OF, rel = 08, rel =
1% (as in the fiducial case). In Fig. [[1] we present the marginalized 1o constraints on the parameters
A, B, C and ,, for 100 simulations in the cases of Npgrp = 100, 300 and 500, respectively. We find
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from Fig. [l that the constraints from the mock type Ib FRBs are fairly reliable and robust, since the
assumed values A = —25, B = 22.5, C = 65, and Q,,, = 0.3153 used in Sec. [VAl to generate the mock
type Ib FRBs can be found within 1o region in most of the 100 simulations (namely 60 ~ 69% for A,
B and C, 67 ~ 87% for Q,,). Comparing Fig. [Tl with the cases of two-parameter empirical relation,
the uncertainties (o) become larger. This is not surprising, since the number of independent parameters
has been increased. On the other hand, the mean of the uncertainties (o) = 0.2562 for 2,,, in the case
of Nrrp = 100 (bottom-left panel of Fig. [ is too large (~ 81%) compared with the assumed value
Q. = 0.3153. Thus, Nprp = 100 is not enough to get the acceptable constraints. But the uncertainties
dramatically decrease in the cases of Nprp = 300 and 500, and hence they are acceptable. Comparing
with the middle panels of Fig. Bl (Nprp = 300) and Fig. @ (Nprp = 500) in the case of two-parameter
empirical relation, we find that the constraints on the cosmological parameter €, become looser in the
case of three-parameter empirical relation. So, we consider that the two-parameter empirical relation (4]
should be preferred in the FRB cosmology.

V. CONCLUDING REMARKS

Recently, FRBs have become a thriving field in astronomy and cosmology. Due to their extragalactic
and cosmological origin, they are useful to study the cosmic expansion and IGM. In the literature, the
dispersion measure DM of FRB has been considered extensively. It could be used as an indirect proxy
of the luminosity distance dj, of FRB. The observed DM contains the contributions from the Milky Way
(MW), the MW halo, IGM, and the host galaxy. Unfortunately, IGM and the host galaxy of FRB are
poorly known to date, and hence the large uncertainties of DMigym and DMys¢ in DM plague the FRB
cosmology. Could we avoid DM in studying cosmology? Could we instead consider the luminosity distance
dy, directly in the FRB cosmology? We are interested to find a way out for this problem in the present
work. From the lessons of calibrating SNIa or long GRBs as standard candles, we consider a universal
subclassification scheme for FRBs, and there are some empirical relations for them. In the present work,
we propose to calibrate type Ib FRBs as standard candles by using a tight empirical relation without
DM. The calibrated type Ib FRBs at high redshifts can be used like SNIa to constrain the cosmological
models. We also test the key factors affecting the calibration and the cosmological constraints.

We find that the constraints become better for the larger number of type Ib FRBs. Nprp = 100 is
not enough to get the acceptable constraints, while Ngrg = 300 or 500 are suitable. We also find that
the redshift divide z4 = 0.1 is not suitable, and we suggest that z4 = 0.2 might be a suitable choice
on balance. It is found that the precision of the distance modulus o, re1 < 0.5% is enough to get the
acceptable constraints, which can be achieved very soon. On the other hand, the precisions of the fluence
and the flux op rel = 0s,re1 > 3% is not enough to get the acceptable constraints on the cosmological
models. One of the ways out is to significantly increase the number of type Ib FRBs (say, Ngrg = 1000
or even more). Anyway, improving the precisions of the fluences and the fluxes for FRBs is an important
task in the future. Although one could instead consider a three-parameter empirical relation (23], we
suggest that the two-parameter empirical relation ([4]) should be preferred in the FRB cosmology.

Of course, current data of FRBs are certainly not enough to calibrate type Ib FRBs as standard candles.
So, it is a proof of concept by using the simulated FRBs in the present work. But the same pipeline holds
for the actual type Ib FRBs in the future. Since FRBs have become a very promising and thriving field in
astronomy and cosmology recently, many observational efforts have been dedicated to FRBs, and hence
it is reasonable to expect some breakthroughs in the observations and the instruments in the future. Let
us be optimistic with the hope to actually use type Ib FRBs as standard candles.

Clearly, the key to calibrate type Ib FRBs as standard candles is that there is really a tight empirical
relation for them, due to the unknown physical mechanism for the engines of type Ib FRBs. The universal
subclassification scheme for FRBs proposed in [16] and the empirical relations found in |16] should be
carefully examined by using the larger and better FRB datasets in the future. On the other hand, the
theories that could produce such an empirical relation for type Ib FRBs are desirable.

As mentioned in [16], there might be three methods to identify type Ib FRBs: (a) their distribution
tracks SFH. But this does not work for an individual FRB. (b) the physical criteria similar to the ones
given by Egs. @) and ([@). (c) the precise localizations of FRBs. We prefer the last method in practice. If
a non-repeating (type I) FRB has been precisely localized by using e.g. VLBI down to the milliarcsecond
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level [44, 145] or better in the future, its host galaxy and local environment can be well determined.
Subsequently, it is a type Ib FRB if this FRB lives in a star-forming environment. Of course, its redshift
can also be identified accordingly in this way.

Note that in the present work we constrain the cosmological model by using the calibrated type Ib
FRBs at high redshifts alone. But this is not necessary. In fact, similar to the case of SNIa, it is better
to combine them with other observations (e.g. cosmic microwave background (CMB) and large-scale
structure) to obtain the much tighter cosmological constraints.
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