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Probing the Dispersion and Rotation Measure Contributions from Supernova Remnants in Fast
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ABSTRACT

Fast radio bursts (FRBs) provide a sensitive probe of ionized baryons through their dispersion
measure (DM). In addition to slowly evolving cosmological terms, at least two repeaters now show
clear secular DM-decrease episodes: FRB 20190520B and FRB 20121102 (the latter with a two-stage
trend: early mild rise and late decline), supporting a dense, dynamically evolving local environment.
We adopt a forward-modeling approach and use time-dependent 1D SNR simulations for a young
magnetar embedded in SN ejecta, combining single-star and binary-stripped progenitors with HD+NEI
calculations to follow shock structure, ionization, and electron density. The shocked region contributes
only limited DM (< 10 pcem™32), while the dominant time-varying component is the unshocked ejecta,
whose early behavior follows DM o ¢t~ with o ~ 1.8-1.9. Although shocked-region DM is small, shock-
amplified magnetic fields can still generate substantial RM; in our shock-only RM framework, only the
11 Mg SS model reproduces the FRB 20121102 RM evolution. Binary-stripped progenitors generally
yield smaller DM than single-star models at fixed Myzanms, with composition-dependent mean molecular
weights introducing non-monotonic mass trends. Matching the observed dDM/d¢ of FRB 20190520B
(and the late-stage slope of FRB 20121102), we infer local SNR DM contributions of tens to hundreds
pcem 3. We also find GHz escape is allowed in most models, with 7¢ = 1 typically reached by tesc < 70
yr; for weakly ionized ejecta, the source can be nearly transparent from very early times. These results
support a young CCSN/SNR origin for a substantial fraction of DMgource and highlight that physically

consistent local-environment modeling is essential for robust FRB cosmological DM inferences.

Keywords: fast radio bursts — supernova remnants — magnetars — dispersion measure

1. INTRODUCTION

FRBs are short (~ms), bright radio transients with
large dispersion measures (DMs), implying extragalactic
or even cosmological distances. Since the first Lorimer
burst (D. R. Lorimer et al. 2007), the DM budget of
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FRBs has been recognized as a key observable, connect-
ing FRBs to the baryon content of the Universe (M.
McQuinn 2014; W. Deng & B. Zhang 2014; Z. Zheng
et al. 2014; Z. Li et al. 2019; J. P. Macquart et al. 2020;
R. Takahashi et al. 2021; I. Medlock & R. Cen 2021;
W. Zhu & L.-L. Feng 2021; I. Medlock et al. 2024; L.
Connor et al. 2024; Z. J. Zhang et al. 2025; R. M. Koni-
etzka et al. 2025) as well as to the physical conditions
in their local environments (see also the review by B.
Zhang 2023). Repeating FRBs with well-sampled moni-
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toring campaigns now reveal that the DM is not constant
over time; it can vary secularly on timescales of years,
suggesting that at least part of the DM originates in a
dynamical, evolving medium near the source.

A natural framework is that at least some FRBs are
produced by young magnetars embedded in SNRs and
their surrounding circumstellar medium (CSM). In this
picture, the total observed FRB DM can be decomposed
into several contributions:

DMHG + DMsource

DMrre = DMyw+DMpalos+DMiav+

142z
(1)
Where DMy is the contribution from the Milky Way,
including both the interstellar medium (DMMW’ISM)
and the Milky Way’s circumgalactic halo (DMyw halo)-
DMy.10s represents the cumulative contribution from all
intervening galactic halos along the line of sight, i.e.,

DMyalo,i
:zi: l—i—zj ’

where each term corresponds to the circumgalactic
medium (CGM) of a foreground galaxy intersected by
the FRB sight line, DMjgnm collects the contributions
from the intergalactic medium, DMyq is the contribu-
tion from the host galaxy, and DMgource'® is the lo-
cal contribution in the immediate vicinity of the FRB
engine (typically on parsec or sub-parsec scales). On
timescales of ~years, all components except DMgource
are expected to be negligible (Y.-P. Yang & B. Zhang
2017), so any observed secular change in DM is naturally
attributed to the evolution of the source environment.
Previous theoretical work (Y.-P. Yang et al. 2017; K.
Murase et al. 2016; K. Kashiyama & K. Murase 2017;
Y.-P. Yang & B. Zhang 2017) has explored a variety of
possible contributors to DMgource. These include (i) the
SNR ejecta and shocked shell (e.g., A. L. Piro 2016; A. L.
Piro & B. M. Gaensler 2018; C.-H. Niu et al. 2025), (ii)
a nebula powered by the relativistic pulsar/magnetar
wind (e.g., Y.-P. Yang et al. 2016; B. Margalit & B. D.
Metzger 2018; B. D. Metzger et al. 2019; Z. Y. Zhao
& F. Y. Wang 2021; J. F. Mahlmann et al. 2022), (iii)
dense star-forming or HII regions in the host galaxy
(e.g., S. P. Tendulkar et al. 2017; D. Michilli et al. 2018;
C. G. Bassa et al. 2017), and (iv) small-scale plasma
lensing structures (e.g., J. M. Cordes et al. 2017; R.

DMHalos

10 We note that in Z. J. Zhang et al. (2025), the host-galaxy
term DMpygq was defined to include the DMgource. Here we
intentionally adopt a different convention: DMy is treated as
part of the cosmological contribution, while DMgource is kept
separate. This is done to avoid confusion between the two
papers.

b

Main et al. 2018). Among these, the SNR scenario is
particularly attractive for sources with large host DM
and significant negative dDM/d¢, in which an expand-
ing ionized shell naturally leads to a declining DM over
time. Analytic models based on the McKee & Truelove
treatment of SNR evolution have been used to estimate
the time dependence of the SNR DM in different ex-
pansion phases—ejecta-dominated (ED), Sedov—Taylor
(ST), and radiative snowplow—(C. F. McKee & J. K.
Truelove 1995; J. K. Truelove & C. F. McKee 1999; A. L.
Piro 2016; A. L. Piro & B. M. Gaensler 2018), and to
place constraints on the age and environment of individ-
ual FRB sources.

On the observational side, several FRBs show a sub-
stantial excess or variations in their DM or Rotation
Measure (RM) (K. Masui et al. 2015; G. H. Hilmars-
son et al. 2021; C. H. Niu et al. 2022; F. Y. Wang
et al. 2022; R. Mckinven et al. 2023), indicating the
presence of a dense and magnetized local environment.
FRB 20190520B shows a clear long-term secular de-
crease in DM, with a nearly linear decline over ~ 4 years
at dDM/dt ~ —12pcem =3 yr=! (C.-H. Niu et al. 2025).
Recent monitoring of FRB 20121102 also reveals secular
DM evolution, but with a two-stage behavior: an early
segment with slight DM increase and a late segment with
DM decrease (P. Wang et al. 2025). In this work, when
performing SNR slope matching for FRB 20121102, we
use the late (declining) segment. The slope turnover be-
tween the early and late stages may indicate additional
local-plasma components (e.g., MWN-related contribu-
tions), consistent with hybrid interpretations discussed
in Z. G. Dai et al. (2017), A. M. Beloborodov (2017),
and Y.-H. Yang & Z.-G. Dai (2019).

Beyond these analytical estimates of the SNR con-
tribution to DMgource, numerical simulations provide a
natural and complementary approach for studying the
dynamical evolution of SNRs and its imprint on FRB
DM. Modern stellar evolution calculations, such as those
performed with MESA (version 12115; B. Paxton et al.
2011, 2013, 2015, 2018, 2019; A. S. Jermyn et al. 2023),
self-consistently follow massive stars from the zero-age
main sequence (ZAMS) to core collapse (CC), thereby
providing realistic progenitor structures and ejecta prop-
erties as inputs for subsequent CCSNR simulations.

At the same time, numerical simulations of super-
nova remnants have rapidly advanced, ranging from
one-dimensional (1D) models that incorporate detailed
shock physics, radiative cooling, non-equilibrium ioniza-
tion (NEI), and cosmic ray (CR) acceleration (e.g., D. J.
Patnaude et al. 2010; S.-H. Lee et al. 2012, 2013, 2014;
R. Diesing 2019; R. Diesing et al. 2024; R. Diesing &
S. Gupta 2025) to multi-dimensional (2D/3D) simula-
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tions that reveal the importance of pulsar wind nebu-
lae (PWN), hydrodynamic instabilities, ejecta clump-
ing, asymmetric ejecta—~CSM interactions (e.g., J. M.
Blondin et al. 2001; G. Ferrand et al. 2010; S. Orlando
et al. 2012; G. Ferrand et al. 2012, 2019).

While previous analytical studies have provided valu-
able insights into the global shock structure and approx-
imate DM scalings, they often adopt simplified progeni-
tor and CSM configurations. In particular, massive sin-
gle stars and binary-stripped (BS) progenitors are ex-
pected to produce markedly different CSM density pro-
files due to their distinct mass-loss histories and wind
properties (D. J. Patnaude et al. 2017; T. Jacovich et al.
2021; E. Laplace et al. 2021; R. Farmer et al. 2023; G.
Kawashima et al. submitted). Such differences can lead
to SNR density and ionization structures, and hence DM
evolution, that deviate substantially from the idealized
time-scaling relations commonly assumed in analytical
models.

Motivated by these considerations, in this work we
take a step beyond analytic scalings and investigate the
contribution of SNR to DMgource using detailed 1D HD
simulations with NEI and radiative cooling. We aim to
test whether, and under what conditions, self-consistent
HD SNR models can reproduce the range of DMgoyrce,
dDM/d¢t, and RMgource inferred from FRB observations.
In particular, we investigate whether specific combina-
tions of ZAMS mass, ejecta mass, and circumstellar den-
sity structure, as expected from single-star (SS) and BS
progenitors, can satisfy the observational constraints on
both the absolute DM and its time evolution.

This draft is organized as follows. In Section 2, we
briefly summarize different contributions to the FRB
DM budget and motivate the focus on the local DMgoyyce
term. Section 4 presents the numerical methodology
adopted in this work, including the CSM modeling, SNR
simulation setup, and the calculation methods for DM,
optical depth, and RM. Section 5 presents results for two
cases Myzams = 11 Mg and Mzams = 30 Mg, includ-
ing the time evolution of DM, its derivatives, free-free
optical depth, RM evolution and RMgyuce cOnstraints,
comparisons with analytic/semi-analytic models, and
shocked-region electron-source decomposition. We dis-
cuss model limitations and future directions in Section 6,
and provide a summary in Section 7.

2. FRB DM COMPONENTS AND LOCAL SOURCE
ENVIRONMENT

2.1. Decomposition of the FRB DM budget

For a given FRB, the total observed DM can be writ-
ten as in Eq. (1). For convenience, we define the non-

local (large-scale, slowly varying) component,

DMaig = DMigm + DMualos, (2)

DM
DMnonlocal = DMMW + DMdiff + He ’ (3)

1+z2
so that

DMSOUI‘CG
DM = DM,onlocal + —————. 4
FRB local + 112 (4)

Here DMy;g traces large-scale structure along the line
of sight and is the component that can be robustly esti-
mated from cosmological simulations or empirical DM-
z relations. These non-local terms are expected to vary
negligibly over human timescales. By contrast, DMgource
is associated with the local environment of the FRB en-
gine, on scales from < 0.1 pc (PWN and magnetar wind
nebula) to a few pc (SNR shell and surrounding H 1I
region). Because this material can evolve dynamically
on timescales of years—decades, DMgource can in princi-
ple be responsible for the secular DM evolution seen in
some repeating FRBs. Moreover, since DMgoyrce 1S sen-
sitive to the progenitor history and explosion properties,
it may carry information about whether the FRB source
formed in a SS or BS channel.

In the following, we focus on modeling DMggyyce Origi-
nating in the SNR and its shocked surroundings. Other
local contributors (PWN, H II regions, plasma lenses)
will be briefly discussed in Section 2.2 as complemen-
tary or additional components.

2.2. Candidate local environments: SNR, PWN, HII
region, plasma lensing

Previous work has explored several possible local envi-
ronments that could contribute significantly to the FRB
DM and its time evolution:

e SNR: An expanding SNR ejecta and its forward
shock shell provide a natural reservoir of dense
ionized gas whose column density decreases over
time. In previous FRB-SNR theoretical stud-
ies, the temporal evolution of the SNR has of-
ten been modeled using the self-similar solutions
of C. F. McKee & J. K. Truelove (1995), which
describes the ED, ST, and radiative snowplow
phases. Within this analytic framework, the re-
sulting DM evolution is commonly written as
DMgnr ot~ with 0 < a < 2!, and the cor-
responding dDM/d¢ values can fall in the range

11 We emphasize, however, that these analytic trends need not
hold for our numerical 1D SNR simulations, whose detailed
ionization, shock structure, and density evolution may deviate
from the idealized self-similar solutions.
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discussed by A. L. Piro (2016); A. L. Piro & B. M.
Gaensler (2018); Y.-P. Yang & B. Zhang (2017).

e PWN / magnetar wind nebula (MWN): A rela-
tivistic wind from the central neutron star can in-
flate a nebula whose internal plasma contributes to
DMsource- Two types of PWN models have been
discussed. In rotation-powered pulsar-wind bub-
bles (e.g., K. Murase et al. 2016; K. Kashiyama &
K. Murase 2017), the nebula is dominated by e*
pairs, and the lepton density is set by the Goldre-
ich—Julian density, the pair multiplicity, and the
spin-down power, generally yielding modest DM.
In contrast, flare-powered, baryon-loaded nebulae
(e.g., B. Margalit & B. D. Metzger 2018) contains
an ion—electron plasma whose density depends on
the baryon-loading factor and energy-injection his-
tory, and can produce substantially larger DM
(and RM). The PWN/MWN can not only en-
hance the e® pair-plasma density near the mag-
netosphere, but also inject baryon-loaded plasma
into the surrounding SNR ejecta/CSM, further
modifying the local DM and RM.

e H II region and star-forming complex: If the FRB
source is located in a compact H II region or a
dense star-forming clump, the associated ionized
gas can contribute a substantial, but relatively
slowly varying, DM.

e Plasma lensing structures: Small-scale overdense
plasma sheets or filaments can both refract and
disperse FRB radiation, potentially producing
burst-to-burst DM variations that are not strictly
secular. Although dense plasma anywhere along
the line of sight can, in principle, cause plasma
lensing, "strong" lensing requires extremely com-
pact, overdense plasma structures (J. M. Cordes
et al. 2017; R. Main et al. 2018), which are found
almost exclusively in the immediate local environ-
ment of the FRB (from sub-AU scales to a few—
tens of parsecs); hence their DM contribution is
naturally assigned to DMgource-

Y.-P. Yang & B. Zhang (2017) presented a unified
framework for these different contributors and empha-
sized that the cosmological and host-galaxy terms are
nearly time-independent, while the SNR and PWN com-
ponents can produce measurable dDM/d¢. In this study,
we concentrate on the SNR'? scenario and ask: given

12 Central compact-object effects, such as PWN/MWN contribu-
tions, are discussed only as an ionization-enhancement upper-
limit scenario in this work.

realistic SNR evolution, what range of DMgource and
dDM/dt can be produced, and how does this depend on
the progenitor channel? We further examine whether
the time evolution of DMgngr alone can account for the
observed secular decrease of FRB 20190520B.

3. ANALYTIC BENCHMARKS FOR DM
EVOLUTION IN SNR ENVIRONMENTS

To establish a reference baseline for the subsequent
comparison with our numerical SNR simulations, we
summarize four commonly used (semi-)analytic DM pre-
scriptions drawn from the literature. These models cap-
ture different physical regimes, including (i) Entire ion-
ized ejecta in free expansion, (ii) a shocked ionized ejecta
contribution, and (ili-iv) wind contributions in the pres-
ence of a forward shock, either excluding or including the
unshocked wind outside the shock. The corresponding
expressions are summarized in Egs. (5)—(13).

(1) Entire Ionized ejecta.—In this scenario, the ejecta
shell (including the unshocked component) is assumed
to be ionized, and the DM is estimated as the electron
column across the ejecta layer, DMgNr ~ ne AR, where
AR = Ry, — R,, with R, and R, denoting the blast-
wave and reverse-shock radii, respectively. A. L. Piro
(2016) provided an analytic treatment of DMgng and
its temporal evolution in this free-expansion limit. Here
we adopt the thin-shell approximation described by Y .-
P. Yang & B. Zhang (2017), which provides an explicit
time scaling, given by

DMsnr (1) ~ 2.6 % 10% x. (‘1‘—’;) Yo t2pe em S,

()
where x. is the average ionization fraction of the
medium in the SNR, pu, is the mean molecular
weight (for reference, p, =~ 1.2 corresponds to a

solar-composition, approximately neutral gas), M; =
M;/(10 Mg), E51 = E/(10°! erg) and ty, = t/(1yr).

(2) Shocked ionized ejecta.—In this scenario, only the
shocked ejecta layer between the reverse shock and the
contact discontinuity is ionized, i.e., AR = R. — R,.
Assuming a uniform ambient ISM with constant number
density ng, this prescription leads to a more gradual
temporal decay in the DM contribution from the ionized
region (A. L. Piro & B. M. Gaensler 2018) :

Hm

€

DMsnr(t) = 52.6 ( > E5_11/4 Mf/4 né/2 t;r1/2 pc em ™3,

(6)
where i, is the mean molecular weight per electron, re-
spectively.
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(3) Wind case: shocked-ejecta contribution in a circum-
stellar wind.—If a proto-stellar wind is present, the
wind density profile follows p, = Kr~2, where K =
M /(4mvy), M is the mass loss rate and v,, is the wind
velocity. In this case, the dominant DM contribution
is also the ionized ejecta layer from the reverse shock.
Compared to the constant-density case, the resulting
DM declines more steeply with time (A. L. Piro & B. M.
Gaensler 2018):

DMsnr(t) & 1.3x10% p; P B3> MY K142 45,3/ pe em ™,

(7)
where Kij3 = K/(10¥3gem™!).  The contribution
from the shocked circumstellar medium, DMgy csm,
arises from the forward-shock—heated wind material and
exhibits a shallower temporal decay. In this case,
DMgh,csm becomes important only at sufficiently late
times, while it remains subdominant over the time range
of interest considered in this work.

(4) Wind case: shocked ejecta and shocked CSM with self-
similar evolution.—In this Scenario, the SNR DM re-
ceives contributions from both the reverse-shock-heated
ejecta and the forward-shock—heated CSM. Following
the self-similar solution of ejecta—wind interaction (Z. Y.
Zhao et al. 2021; Z. Y. Zhao & F. Y. Wang 2021; X.
Tang & R. A. Chevalier 2017), with the relevant charac-
teristic scales and self-similar constants summarized in
Appendix B, we write

DMgnr (t) = DMgh ej(t) + DMgh,csm (t) + DMyn,ej(t)
(8)
where DMy ¢j and DMgp cgm denote the contributions
from the shocked ejecta and shocked CSM, respectively,
and DMy, ¢j is the DM contribution from the unshocked
ejecta (cf. Z. Y. Zhao et al. 2021).
The shocked-ejecta contribution is

) < OB (L) L ()

t

9)
where ro = R,/R., i is the mean atomic weight, m,,
is the proton mass, R,y is the SNR characteristic radius
(i.e., the characteristic length scale in the SSDW nor-
malization), and t., is the corresponding characteristic
timescale, as defined by Eqgs. (B2) and (B3), while the
dimensionless constant (. follows Eq. (B11).

The shocked-CSM (i.e., forward-shocked wind) contri-
bution is

4K 1 1 ten \ "2
DMS t) = 1—— —_— ,
h’CSM( ) Ha™p < Tl) CeRen ( t )

HaMyp E a CcRch

where 1 = Ry /R, is the ratio of the forward-shock ra-
dius to the contact-discontinuity radius for the wind case
(s = 2), and the numerical values of r; (and r5) for a
given (n, s) can be taken from R. A. Chevalier (1982).

The unshocked-ejecta contribution can be decom-
posed into the DM of the unshocked core and the DM
of the unshocked outer power-law envelope,

DMy (t) = DMeore(t) + DMpy() - (11)

For the broken power-law ejecta profile in Eq. (B7), we
may write

R,
core . M.
DM,n .o () = / Xe e fydr

Pamp B
R.: —-n
< Xe Mcj T
Jr/ fo < > dr.
Reore HaTp jo Rcore
(12)

where Reore = Weore llej and we take x. to be the average
electron ionization fraction of the unshocked ejecta. In
the free-expansion (FE) solution, Re; = R., and the
unshocked-core contribution becomes

M

DMcore(t) -
Ha™p

Xewacore )\5_2 U;? t_2 . (13>

The reverse shock radius in the FE solution can be writ-
ten as R, = ¢.R., where ¢, = ¢,/¢gp. For an “apples-
to-apples” comparison with the semi-analytic model of
Z.Y. Zhao et al. (2021), hereafter Zhao+21, we evaluate
the self-similar constants using their fiducial parameters
(n,s) = (10,2), even though our numerical simulations
adopt n = 11 (see Section 4.2).

Although an additional DM contribution from the
unshocked CSM is present, it is subdominant in this
regime. We therefore use Eqgs. (9)—(13) to provide a
more complete analytic estimate for the wind scenario.

4. NUMERICAL METHODS
4.1. Progenitor models: SS and BS channels

We adopt progenitor models computed by G.
Kawashima et al. (submitted), which are primarily
based on the detailed stellar evolution calculations of
R. Farmer et al. (2023) using MESA from the ZAMS to
core collapse. These models self-consistently follow the
mass-loss history, pre-supernova structure, and explo-
sion properties of massive stars, and provide physically
motivated initial conditions for the subsequent SNR evo-
lution.

We consider two main evolutionary channels for pro-
ducing CCSNe that host young FRB central engines.
For both channels, we adopt progenitors with initial
masses Mzams = 11 and 30 M, which serve as rep-
resentative low- and high-mass cases:
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1. Single-star (SS) channel: Massive stars that
evolve in isolation, losing part of their envelopes
via stellar winds and exploding as hydrogen-rich
Type II SNe. Their wind velocity, mass-loss his-
tory, and stellar radius vary significantly over the
stellar lifetime and are taken directly from the
MESA outputs, in contrast to the steady-wind ap-
proximations adopted in some previous studies
(e.g.,T. Jacovich et al. 2021). The final pre-SN
structure and ejecta mass M,; therefore reflect the
integrated history of wind-driven mass loss.

2. Binary-star (BS) channel: Massive binary sys-
tems in which the primary star loses most of its
hydrogen-rich envelope via Roche-lobe overflow
(RLOF) and winds prior to core collapse, becom-
ing a stripped helium star prior to core collapse
(Type Ib/c). The binary mass ratio is set to
My /M, = 0.8 followed by R. Farmer et al. (2023)
and G. Kawashima et al. (submitted). Binary
evolution is treated in a simplified yet physically
motivated manner: the companion is modeled as
a point mass until the end of core helium burn-
ing, after which the primary continues its evo-
lution without further interaction. Mass trans-
fer during RLOF is parameterized by a mass-loss
condition (e.g., B. Paczynski 1967; E. P. J. van
den Heuvel 1969) and because the exact fraction
of mass retained by the companion is uncertain,
we adopt the assumption that half of the trans-
ferred mass is accreted while the remaining half
is ejected from the system and contributes to the
CSM. This treatment captures the key effect of
binary interaction—a substantially reduced M; a
more compact progenitor at collapse—without in-
troducing additional free parameters.

Note that we include both single and binary progenitors
because a substantial fraction of massive stars reside in
interacting binaries (H. Sana et al. 2012), and for each
Myzams, the SS and BS channels can yield markedly dif-
ferent ejecta masses and composition structures, which
directly affect the density normalization of the SNR and
the resulting electron density (n.) profile relevant for
DMgource- Table 1 summarizes the main properties of
the progenitor models used in the present paper.

4.2. SNe to SNR transition

Modeling the transition from the SN explosion to the
SNR phase requires specifying the initial ejecta struc-
ture at the onset of the remnant evolution. Following
common practice (e.g., J. K. Truelove & C. F. McKee
1999), we do not attempt to model the explosion mech-

anism itself. Instead, we assume that the ejecta have
already reached a homologous expansion (FE) phase.
The ejecta density structure is characterized by a pre-
scribed density profile defined, consisting of a flat inner
core and a steep outer envelope, defined by Eq. (B7)
and detailed in Appendix B.2. The outer ejecta follow
a power-law profile pgj oc 7", and we adopt n = 11 for
both evolutionary channels. This choice is motivated
by the compact pre-supernova progenitors considered in
this work, particularly for the binary-stripped channel.

The SNR simulations are initialized at ¢y = 3 yr
after explosion, by which time the ejecta are well de-
scribed by homologous expansion. The total ejecta mass
M,; and explosion energy Egn are set by the progenitor
models and are listed in Table 1.

4.3. CSM

The CSM is constructed by explicitly following the in-
teraction between the progenitor outflows and the sur-
rounding ISM, rather than prescribing an analytic den-
sity profile (e.g., p oc =2 for a wind-shaped medium), as
commonly adopted in both analytical models and some
numerical treatments (see Section 3). As described in G.
Kawashima et al. (submitted), time-variable mass-loss
rates and wind velocities during different evolutionary
stages can generate complex CSM structures, including
piled-up shells, which strongly influence the subsequent
SNR evolution.

The CSM structure is computed using 1D HD simula-
tions of stellar winds expanding into a uniform ISM, em-
ploying the 1D hydrodynamics code VH-1 (J. M. Blondin
et al. 2001; J. M. Blondin & D. C. Ellison 2001). Ra-
diative cooling is included, allowing dense, geometri-
cally thin shells to form as wind material accumulates.
The adopted ISM number density is nigy = 1.0cm ™3,
and both the wind and ISM temperatures are set to
T = 10* K. The resulting CSM profiles provide the am-
bient density structure into which the SN ejecta expand
in our subsequent SNR simulations. Further details of
the CSM construction and parameter choices are de-
scribed in G. Kawashima et al. (submitted).

4.4. SNR simulation settings

The time-dependent evolution of the SNR is computed
using a 1D, spherically symmetric HD+NEI code. The
numerical framework is conceptually based on the ChN
(CR-hydro-NEI) code (D. C. Ellison et al. 2007; D. J.
Patnaude et al. 2010; S.-H. Lee et al. 2012, 2013, 2014,
2015; T. Jacovich et al. 2021; T. Court et al. 2024), and
is closely related to the implementations employed by
G. Kawashima et al. (submitted). The code follows the
NEI of 30 elements and accounts for radioactive decay by
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Table 1. Summary of SS and BS progenitor models.

Channel Mzams AMyina AMrror  Mej Esn M:em SN type (expected) Fate
(Mo) (Mo) (Mo) (M) (10°! erg)  (Mo)

Single 11 1.64 — 7.83 1.0 1.53 IIP-like NS

Binary 11 0.70 7.12 1.81 1.0 1.62 Ib/c-like NS

Single 30 15.74 — 12.27 1.0 1.99 IIb-like NS

Binary 30 7.50 10.94 9.85 1.0 1.71 Ib/c-like NS

SN-type labels are indicative and based on pre-SN envelope composition (especially residual H/He), not on radiative-

transfer light-curve/spectral modeling.

converting 162 unstable isotopes from the MESA yields
to their stable counterparts using the Python library
radioactivedecay (M. Amaku et al. 2010), based on
the ICRP decay tables ( ICRP 2008).

The code follows the coupled evolution of the for-
ward and reverse shocks as they propagate through the
CSM and SN ejecta, and self-consistently tracks the en-
ergy partition, electron—ion temperature equilibration,
and the time-dependent ionization states of multiple
elements in each radial zone. In this work, we dis-
able the cosmic-ray (CR) evolution/acceleration mod-
ule; consequently, there is no self-consistent magnetic-
field (B) evolution. This simplified setup is nevertheless
sufficient for our purpose, since we focus on the ther-
mal plasma structure— n., T, and ionization fraction
Xe = ne/(p/my)—that determines the FRB DM, rather
than on detailed non-thermal emission or magnetic-field
diagnostics.

The simulations output 1D radial profiles of the hy-
drodynamical and microphysical quantities in each zone,
including the mass and radius coordinates, density, pres-
sure, velocity, electron and proton temperatures, elec-
tron and ion number densities, and element-by-element
ion fractions. These profiles are used in post-processing
to compute the FRB DM and optical depths as functions
of time (See section 4.5).

To adequately resolve the early-time evolution of the
SNR contribution while maintaining computational effi-
ciency, we adopt a non-uniform output cadence. Moti-
vated by the fact that the most significant and rapid evo-
lution of the SNR contribution to the FRB DM occurs
at early times (e.g., A. L. Piro & B. M. Gaensler 2018)
we use a finer time spacing during the first ~ 300 yr after
explosion, followed by a coarser spacing at later times.
Specifically, we start from the simulation initialization
time ¢, = 3 yr, snapshots are recorded at At = 1 yr
intervals from ¢t = 3 to 300 yr, and at At = 4 yr inter-
vals from 300 to 500 yr, resulting in a total of ~ 350
output time bins. This sampling captures the relevant
DM evolution and its temporal variability while keeping
the overall computational cost tractable.

4.5. DM and optical depth calculations

Given the radial profiles of electron density n.(r,t)
produced by the numerical simulations, we compute the
DM contributed by the SNR as

Rmax (t)

DMSNR(t) = / Ne (’I", t) dé, (14)

Rumin(t)

where Ryin and Ry.x denote, respectively, the inner
and outer boundaries of the ionized region in the sim-
ulation. For the shocked region, we take Ryin = R, (t)
and Rmax = Rp(t), ie., the reverse- and forward-shock
radii. For the entire ionized region, we take Ry, =
Run min(t) (the inner boundary of the unshocked ejecta)
and Rmax = RosM,max (the fixed outer boundary of the
unshocked CSM). In our setup, Rcsm max = 39.9 Mpc
is set by the initial conditions. Here d/ is the line ele-
ment along the FRB line of sight. For now we assume
a magnetar as the FRB’s central engine located at the
origin'? of the SNR, such that the DM is independent of
the line-of-sight direction and can be written as a radial
integral of the n..

Given the extremely high energy budget of FRBs, vi-
able progenitors are generally expected to possess ultra-
strong magnetic fields and highly active crustal or mag-
netospheric environments, pointing to a young magnetar
origin. As a result, FRB radio emission can escape only
once the SNR has expanded to become sufficiently op-
tically transparent, while remaining dynamically young.
Therefore, by modeling the time evolution of the optical
depth of the SNR, one can place constraints on the FRB
escape timescale (fesc)-

We consider two sources of opacity in the SNR: elec-
tron scattering and free—free absorption, such that the
total optical depth is given by

Ttot = Tes T TH- (15>

13 In this work, we neglect the effect of magnetar natal kick, as our
analysis is restricted to very early SNR evolution (< 500yr),
during which the kick-induced displacement remains much
smaller than the radial extent of ionized shock region
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At early times, when the SNR is still young and the ion-
ized region remains dense, electron scattering can con-
tribute significantly to the optical depth. In this regime,
FRB propagation is primarily affected by scattering-
induced temporal broadening rather than true absorp-
tion. We approximate the electron scattering optical
depth using Thomson scattering,

Rumax (1)
Tes = / neor dl, (16)
Rumin (t)

where o1 is the Thomson cross section.

As the SNR expands and the electron density
decreases, the contribution from electron scattering
rapidly diminishes. At sufficiently late times, free—free
absorption becomes the dominant opacity source and ul-
timately determines whether FRB radio emission can es-
cape. We therefore compute the free—free optical depth
at an observing frequency v as

Rmax(t)
Tff(l/,t) = ‘/R @ aff(VaTmnevnijaZ’ij)d& (17)

where ag is the thermal free—free absorption coefficient.
For radio frequencies satisfying hv < kT, we adopt
the standard expression from G. B. Rybicki & A. P.
Lightman (1979),

ag(v) =1.9x107° T3 v ™2 ng Y~ Z% nij ga (v, Te, Zij),
4,J

(18)

where Z;; denotes the ionic charge of element ¢ in
its j-th ionization state, and n;; is the corresponding
number density. where Z;; is the ion charge, n; is the
ion number density, and gg is the Gaunt factor, whose
detailed behavior is described in Appendix A. Here, in
practice, we evaluate the Gaunt factor using the mean
fonic charge (Z) = 3, Zijnij/ > ;; iy at each radius
without loss of accuracy. Equation (18) can then be
rewritten as

ag(v) = 19102 T3 =2 ng gg (v, Te, (2)) Y | 275 mij,
,J

(19)

The FRB emission is able to escape once 7oy S 1 at
the observing frequency. Therefore, the combination of
DMgnr(t) and 7ot (t) provides both the instantaneous
DM contribution and an estimate of the “t.s.” for GHz
emission (throughout this work, we adopt v = 1 GHz as
a representative frequency for the GHz observing band

for FRBs).

Finally, we compute the first and second time deriva-
tives of the SNR DM numerically:

dDM, . DM — DM;_,

ti 9
dt (t:) tiv1 —tic1 (20)
dQDM( )~ DM, — 2DM; + DM,
ez V" (tigr — t:)? ’

which will be compared with observatMatchingionally
inferred dDM/dt and constraints on higher-order varia-
tions.

4.6. RM Calculation and Observational Matching
Method

The rotation measure (RM) is defined as

e3
RM 7/’)16 BH dl, (21)

2rm2ct

which is commonly approximated as
RM =~ 0.81/neB|| dl  (radm™?), (22)

when n, is in em™?, By is in pG, and [ is in pc.

In this work, we compute the RM evolution using only
shocked-region profiles. The magnetic field is parame-
terized as a fixed fraction of the ram pressure,

B2 pv?
Care (23)
so that B = /47 ep pv?, evaluated cell by cell in the
shocked layer. We also track the shocked-region mean
magnetic field as an electron-density-weighted, cell-by-

cell average,
_ 2B

(Ba) = B (24
where ¢ labels the ith cell in the shocked region. The
RM is then obtained by integrating n. B along the line
of sight over 7. < r < 1. We exclude the unshocked
ejecta from the RM integral because, in this prescrip-
tion, it is approximately in free expansion and therefore
does not carry a ram-pressure-supported magnetic field.
For ionization, we directly use the NEI-simulated ioniza-
tion state in the shocked cells. We explore eg = 0.01—
0.3, with a fiducial value of eg = 0.1, consistent with
A. L. Piro & B. M. Gaensler (2018). The adopted
range eg = 0.01-0.3 spans values commonly inferred
in young supernova remnants and shock-powered syn-
chrotron sources, where magnetic amplification by tur-
bulence and cosmic-ray streaming can bring the post-
shock magnetic energy density to a few percent up to
nearly equipartition with the ram pressure.
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To identify the simulated RM interval that matches
the observed evolution of FRB 20121102, we adopt a
slope-matching approach based on the logarithmic RM
decay index. We define the logarithmic slope

dlog RM(t)
dlogt

B(t) (25)

For the simulated RM evolution, the instantaneous slope
is computed numerically in log—log space using finite
differences,

log RM;,1 — logRM,; _
ﬂsim (t1) ~ 0g +1 0g 1
logt; 1 —logt;—1

: (26)

and interpolation is applied to obtain a smooth repre-
sentation of Bgm(t). Using the RM measurements re-
ported in G. H. Hilmarsson et al. (2021) and P. Wang
et al. (2025), we fit the post-peak observational data in
log—log space and derive an observed decay slope of

Bobs =~ —0.36. (27)

We then search for the epoch ¢ in each single-star (SS)
model that satisfies

Bsim (tO) = ﬁobsa (28)
which yields
to ~ 9.54 yr (29)
for the 11 Mg model and

to ~ 9.99 yr (30)

for the 30 M model. To compare the temporal evolu-
tion directly, we shift the observational time axis such
that the median observed RM is placed at ty. The
mapped time is

tmapped =t + (tobs - tref)a (31)

where t.f corresponds to the epoch of the median ob-
served RM, while the observed RM amplitudes are kept
unchanged.

5. RESULTS

Motivated by the analytical considerations in Section
3—which suggest that DMgng may be dominated either
by the shocked ejecta/shell or by the entire ionized re-
gion (including unshocked material)—we carry out the
analysis for both cases.

5.1. Shocked region
5.1.1. DM evolution in the shocked region

Fig. 1 shows the temporal evolution of the charac-
teristic radii in our 1D SNR simulations, including the

reverse shock (R,), contact discontinuity (R.), and for-
ward shock (Rp), for both the SS and BS progenitors.
These radii define the extent of the shocked layer and
its effective thickness, ARg, = Ry — R, (see Fig. 2c¢),
and therefore set the integration boundaries used in our
DM and optical-depth calculations. The radii increase
rapidly at early times and then evolve more smoothly as
the remnant expands.
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Figure 1. Radius evolution for the 11 My (top) and
30 M (bottom) models. Dashed: single-star; solid: bina-
ry-stripped. Blue, green, and red curves indicate the R,, R.,
and Ry, respectively.

Fig. 2 compares the DM evolutions of each case. Aside
from the initial peak due to the NEI during the earliest
expansion stage, both models exhibit a monotonic de-
cline in DMgng(t) as the ejecta expand and their den-
sity decreases. For both Mzans = 11 and 30 Mg, the
SS channel produces a larger DM than the BS chan-
nel, consistent with its larger ejecta mass (Table 1) and
hence a denser ionized ejecta layer.
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Figure 2. Comparison of the time evolution for 11 M and
30 Mo progenitor models in the SS and BS channels. (a)
DM. (b) Volume-averaged electron density (n.). (c) Effec-
tive thickness of the shocked ionized region, ARg. (d) Peak
(maximum) SNR expansion velocity. (e) Cumulative swep-
t-up (shocked) shell mass. Solid curves correspond to the
fiducial unshocked-ionization case Xeunsh = 1 (HH in Ta-
ble 3).

Within the SS channel, the 11 M; model pro-
duces a larger DM than the 30 M model because
DMgnr f ne d¢ depends on both the electron den-
sity (ne o« xep) and the effective path length through
the shocked /ionized layer (characterized here by ARgy).
However, in the thin-shell approximation, these two
factors are not independent. Using (p)sh ~ Msn/Van
with Ve ~ (47/3)(R} — R?) ~ 4w R*ARy,, we obtain
(ne) o Xe Mg/ (4T R?ARy,) and, therefore, DMgNr ~
(ne) ARgn o< Xe Mgy /(47R?), i.e., the explicit depen-
dence on ARy, largely cancels. Consequently, the DM
difference between the 11 Mg and 30 M, SS cases is pri-
marily controlled by (i) the ionization degree x, and (ii)
the ratio Mg,/ R%.

The shocked volume is dominated by the geometric
factor R? rather than by the shell thickness. At the same
age the 11 Mg SS remnant has a noticeably larger char-
acteristic radius than the 30 M case (see Fig. 1); for a
fixed shocked mass, this larger R would reduce (p)sn and
hence DM. In our models, however, the 11 M remnant
has a larger characteristic expansion speed (Fig. 2d), so
at the same age it sweeps up more material and attains
a higher shocked mass My, (Fig. 2e) and hence a higher
Psh, despite the larger shocked volume.

In addition, the systematically larger Mg, in the SS
channel than in the BS channel can be physically under-
stood from binary stripping. In BS progenitors, Roche-
lobe overflow removes much of the pre-SN H-rich en-
velope and suppresses dense pre-SN winds, yielding a
more rarefied surrounding medium. The weaker exter-
nal density profile leads to weaker SNR-shell deceler-
ation and therefore a slower reverse-shock penetration
into the ejecta, while the lower ambient density also re-
duces the shocked CSM component. Equivalently, writ-
ing Mgh = Mgn,ej + Msn,csm, both terms are reduced
in BS models, which naturally drives Mg, s < Msh,ss
even when the total ejecta mass is not the sole control-
ling factor.

We also find that the 11 My model reaches a higher
ionization degree (e.g., x. ~ 0.9) than the 30 Mg model
(xe ~ 0.7; see Fig. 6). This is consistent with NEI
physics, since the approach to ionization equilibrium is
governed by the ionization timescale parameter net: the
higher post-shock electron density in the 11 My shell
leads to a larger n.t at a given age, and thus a higher
Xe- Aside from the early-time NEI-driven rise, the long-
term DM evolution resembles a power-law decay over
hundreds of years, consistent with expectations from ex-
panding SNR dynamics.
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Figure 3. Time evolution of optical depths and mass-weighted averages in the shocked region for the 11 Mg (left) and 30 Mg
(right) progenitor models. Each panel shows 7es and 74, together with (T%), (Z), and (ga), comparing the SS and BS channels.
Throughout this work, the Gaunt factor is evaluated at v = 10° Hz, representative of the GHz band relevant for FRBs.

5.1.2. Optical depth evolution in the shocked region

Within the binary-stripped channel, on practical FRB
timescales (tens to hundreds of years) the DM con-
tribution from the SNR is negligible and exhibits es-
sentially no measurable secular evolution. The 30 Mg
stripped model nevertheless yields a higher DM than
the 11 Mg, stripped model (Fig. 2a). This difference is
mainly driven by the much smaller ejecta mass in the
11 M, stripped case, which results in a particularly low
post-shock electron density. The larger ARy, in that
model further increases the shocked volume; under the
thin-shell scaling, Vi, oc R?A Ry, this increase tends to
dilute n,.

Fig. 3 shows the time evolution of the optical depths
and several mass-weighted averages in the shocked re-
gion. The total optical depth remains 7oy < 1 at GHz
frequencies throughout the simulation, implying essen-
tially no free—free “escape time” when considering only

the shocked region, i.e., GHz FRB emission could es-
cape almost immediately after the explosion. While the
shocked region makes only a limited contribution to the
total DM in our current setup, it provides a useful diag-
nostic of the plasma state: the mass-weighted electron
temperature (T,) declines with time in all cases, reflect-
ing ongoing radiative cooling. We also find that (Z) is
slightly above unity and differs modestly among the pro-
genitor channels, while the Gaunt factor (evaluated at
v = 10° Hz) stays in the range (gg) ~ 7-10. We defer a
more detailed discussion of the composition/ionization
origin of these trends to Section 5.5.

These results highlight the qualitative difference be-
tween the SS and BS channels: for the same Myzawus, a
stripped progenitor with a small ejecta mass produces
both a much lower DM and a substantially more trans-
parent shocked environment. Even at early times (¢ ~
10 yr) when the shocked-region contribution reaches
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its maximum, the peak value remains modest: for the
11 Mg SS model we find DMpeax >~ 8.3 pc cm~3, while
the binary-stripped models exhibit significantly smaller
peaks (< 0.1 pcem™3) that occur during the earliest evo-
lution.

5.2. Entire region

5.2.1. DM evolution in the entire ionized region

As demonstrated above, the shocked region alone can-
not account for the large inferred DMgyyrce and its ob-
served secular evolution in FRB 20190520B or FRB
20121102. This motivates us to extend the calculation
to the entire ionized region of the SNR, incorporating
contributions from the unshocked ejecta and the sur-
rounding unshocked CSM/ISM.

Because our SNR simulations are primarily designed
to resolve the detailed thermodynamic and ionization
evolution in the shocked region, the unshocked ejecta
and the surrounding unshocked CSM/ISM are not
evolved with a physically self-consistent ionization his-
tory. In these regions, the simulation provides the den-
sity structure and elemental abundances, but does not
self-consistently track the temperature evolution and
ionization balance. We therefore treat the ionization
fraction in the unshocked regions as a parameter and
explore physically motivated bounds.

For the unshocked ejecta, R. A. Chevalier & C. Frans-
son (2017) estimated an ionization fraction of Xe ynej ~
0.03 for SN 1993J, in which the ionization is primarily
driven by photoionization from radiation produced at
the reverse shock.

More recently, J. M. Laming & T. Temim (2020) mod-
elled the pre-reverse-shock (i.e., unshocked) inner ejecta
of Cas A under a photoionization—recombination (PR)
equilibrium, with the photoionizing radiation field pro-
vided by UV-to-X-ray emission from both the forward-
and reverse-shocked plasma. In their PR models, the
inferred charge-state distributions that produce the ob-
served IR fine-structure lines imply that the unshocked
ejecta can maintain a non-negligible electron fraction,
potentially at the level of X¢unej 2 0.1 depending on
density /temperature conditions and the strength of the
ionizing radiation field.

Furthermore, the ionization state of the unshocked
ejecta in young core-collapse supernova remnants can
depend sensitively on several factors, including the pro-
genitor mass, mass-loss rate, wind velocity, and the re-
sulting shock luminosity. In addition, the presence of a
central compact object (CCO), such as a neutron star
or magnetar, may provide additional high-energy radia-
tion through spin-down-powered emission or a wind neb-
ula (MWN/PWN), potentially enhancing the ionization

level beyond that inferred from reverse-shock irradiation
alone.

Given these uncertainties, and in the absence of a fully
self-consistent radiative transfer calculation in our hy-
drodynamic models, we treat the ionization fraction of
the unshocked ejecta parametrically and adopt a con-
servative yet physically motivated range:

0.01 < Xe,unej < 17 (32>

where Xeunej ~ 0.01 is taken as the weak-ionization
lower limit and Xeunej ~ 1 represents a fully ion-
ized case, motivated by PR-equilibrium scenarios un-
der strong photoionizing conditions (e.g., J. M. Laming
& T. Temim 2020) and/or potential additional ionizing
contributions from a CCO.

For the unshocked CSM/ISM, we adopt

107% < xersm < 1, (33)

spanning environments from cold neutral media to fully
ionized hot plasma. which spans plausible astrophys-
ical environments. Specifically, x.1sm ~ 107* corre-
sponds to a cold neutral medium (CNM), . 1spm ~ 1072
to a warm neutral medium (WNM), x.1sm ~ 0.1-0.5
to a partially ionized warm ionized medium (WIM),
and xersm ~ 1 to a fully ionized hot ionized medium
(HIM). These bounds allow us to bracket the resulting
DM contribution from the unshocked components and
to quantify the systematic uncertainty associated with
the poorly constrained ionization state in these regions.
Table 3 summarizes a subset of the ionization configu-
rations explored in this work.

Figure 4 shows the time evolution of the characteris-
tic quantities entering our full-region DM estimate. In
this setup, the ionization fraction in the unshocked com-
ponents is treated as a fixed parameter, and we use i,
for the unshocked regions. The fiducial case adopted
in this work is HH, with Xe unej = Xe,;sm = 0.1 (here-
after Xeunsh = 0.1, unless otherwise stated). We also
adopt a low-ionization approximation for the unshocked
ejecta in which each atom contributes at most one free
electron (effectively singly ionized), so the composition
dependence enters primarily through p, (i-e., fte >~ pg)-

During the ejecta-dominated phase, the SS models
yield larger DMs than the BS models, while the rela-
tive ordering between the 11 My and 30 Mg SS cases
changes with time. In the later CSM-dominated phase,
the ordering is set by the CSM contribution and does
not necessarily follow the same SS-BS ranking. At early
times (¢ < 20 yr), the 11 Mg SS model produces a
larger DM than the 30 Mg SS model even though the
latter has a higher unshocked-ejecta mass density (see
the middle panels of Fig. 6a,b). This arises because
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Figure 4. Time evolution of the characteristic quan-
tities for the full-region DM calculation, analogous to
Fig. 2. The results correspond to the fiducial HH case with
Xe,unej = Xe,ism = 0.1. Here we adopt a dynamical path
length ARgyn = ARej + ARsh,csm. In the third panel,
RcsM,max is a constant maximum integration radius for the
ISM/CSM contribution.

the electron density scales as ne = xep/(ttemp): the
30 Mg ejecta has a larger p. (due to its thinner H en-
velope and higher He/metal fraction; see the bottom
panels of Fig. 6a,b), which reduces n. and offsets its
density advantage, leading to n.3p < ne,11 and hence
DMjy < DM, at early times. As the remnant expands,
dynamical dilution becomes dominant; the lower ejecta
mass in the 11 Mg model implies a higher characteris-
tic expansion velocity and a faster density drop, so the
DM curves cross around t ~ 20 yr and DM;; < DMgsg
thereafter. Throughout the evolution, the DM decline
remains approximately power-law, with the unshocked
ejecta dominating at early times (to < 100 yr) before the
CSM contribution grows in importance; for the 11 Mg

BS case, this transition occurs much earlier, at ~ 20 yr.

All models exhibit an initial power-law-like decline
in DM and a progressively smoother evolution at late
times. These two behaviors correspond, respectively, to
the transition from the ED phase to the later stage in
which the swept-up CSM increasingly governs the rem-
nant dynamics.

To identify which physical region dominates DMgnrg,
and when the dominance transitions in each model,
we decompose DMgngr into contributions from the un-
shocked ejecta, the unshocked CSM, and the shocked
region (Fig. 5). At early times, the unshocked ejecta
provide the dominant contribution and exhibit an ap-
proximately power-law decline, DM o ¢t~¢, with best-fit
—a slopes of —1.93 and —1.94 for the 11 Mg SS and
BS models, respectively, and —1.83 and —1.84 for the
30 Mg SS and BS models. The fact that these slopes
are close to —2 is physically expected: in this epoch
the dominant unshocked ejecta are still in free expan-
sion, so if x. is approximately constant and p. evolves
only weakly, then (n.) o< p x R™3 o t~3, while the
characteristic integration length scales as ARqyn o< t.
Therefore DM ~ (n.)ARqyn o< t72. At later times,
the unshocked CSM becomes increasingly important and
eventually dominates; the characteristic transition times
differ across models (e.g., ~ 30 yr and ~ 10 yr for the
11 Mg SS and BS models, respectively, and ~ 100 yr for
the 30 My model). By contrast, the shocked region re-
mains a subdominant contribution throughout the sim-
ulated time span.

Figure 6 provides an independent cross-check of the
above interpretation by showing the radial cumulative
DM (top panels) together with the corresponding mass-
density (middle panels) and ionization-fraction (bottom
panels) profiles at several representative epochs. To fa-
cilitate comparison with analytic expectations, we in-
terpret the radial structure in a set of characteristic
regimes, starting from the density profiles.

(1) Inner-core region. As an illustrative example, we fo-
cus on t = 3yr (the initial condition of our SNR cal-
culations). At this epoch, the ejecta are extremely
dense and retain a core—envelope structure close to
the adopted ejecta profile (Eq. B7), i.e., an approx-
imately flat (nearly uniform) inner core surrounded
by a steeply declining power-law envelope. As the
remnant evolves, the inner-core region gradually de-
velops a modest radial gradient (i.e., a weak decrease
with radius). In the inner-core region, the cumula-
tive DM therefore rises rapidly at small radii and is
dominated by the unshocked ejecta.
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Figure 5. Decomposition of the total SNR DM into individual components in the full-ionized-region calculation. The time-s-
caling shown for the unshocked-ejecta component is obtained from our fit to the unshocked-ejecta evolution.

(2)

(4)

Rapidly declining unshocked-ejecta envelope. Out-
side the nearly uniform core, the unshocked ejecta
enter a steep power-law envelope (with the initial de-
cline set by the ejecta index n). The density there-
fore decreases rapidly with radius, and the cumu-
lative DM correspondingly flattens once the line of
sight exits the core.

Shocked region. After the unshocked-ejecta enve-
lope, the profiles enter the shocked layer. Although
the shocked plasma is highly ionized (see x.), its DM
contribution remains small because the shocked re-
gion has a limited path length and a comparatively
low mass density, consistent with the decomposition
in Fig. 5.

Wind-dominated region (pre-SN windx CSM). Out-
side the shocked layer, the density profile transi-
tions to the circumstellar environment shaped by
pre-SN mass loss, exhibiting an approximately wind-

like scaling p oc 7% over a broad radial range (with
s =2 in most analytic wind models).

Pre-SN wind-CSM interaction morphologies: SS vs.
BS. “Beyond the wind-like region, the SS and BS
channels develop distinct pre-SN wind—CSM interac-
tion morphologies, including a hot cavity excavated
by fast winds and density bumps produced by fast—
slow wind interactions.

e 5SS channel: hot bubble + “double” wall + WR-
driven bump. In the SS models (Fig. 6a,b), the
hot bubble is primarily generated by the inter-
action between the fast OB-type wind and the
ambient ISM: the OB wind sweeps up the am-
bient medium into an outer dense shell (“ISM
wall”), while the reverse shock propagating back
into the wind heats the shocked wind material
and inflates a high-pressure hot bubble. At later
stages, the dense and slower RSG wind is con-
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Figure 6. Radial cumulative profiles for the full-region calculation, including the cumulative DM as well as the mass density
and ionization fraction as functions of radius, evaluated at several characteristic epochs. The top and bottom panels correspond
to the single-star (SS) and binary-stripped (BS) models, respectively.
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fined by the hot-bubble thermal pressure, pro-
ducing an additional inner density enhancement
(“bubble wall”). A WR wind, when present (in
the 30 Mg case), can interact with the RSG
wind and imprint a modest bump in the cav-
ity profile.

e BS channel: ISM wall + WR-like bump(with
an absent/weak bubble wall). In the BS models
(Fig. 6¢,d), the H envelope is stripped quickly,
so the progenitor largely skips the RSG-wind
stage (especially in the 11 M case) and the evo-
lution is dominated by a WR-like He-star wind,
broadly similar to the WR-wind phase in the
30 Mg SS model. In the 30 Mg BS case in par-
ticular, a brief yet physical RSG-like slow-wind
phase can still occur and form an inner “bub-
ble wall,” but the subsequent WR-like fast wind
rapidly disrupts this structure and drives it out-
ward, leaving it nearly coincident with the “ISM
wall” and thus hard to distinguish in the ra-
dial profiles. The remaining prominent feature
is typically a WR-like bump.

(6) Outer ambient ISM: late-time growth of the cumu-
lative DM. At sufficiently large radii—beyond the
wind-bubble structure—the ambient medium ap-
proaches an approximately constant density. At
early times (¢ ~ 3-10yr) this outer material con-
tributes little to the cumulative DM, whereas at late
times (¢ 2 100yr) the declining ejecta density be-
comes comparable to that of the ambient medium
and the cumulative DM can increase again toward
the outer boundary.

5.2.2. The derivatives of DM

To characterize the secular evolution of DMgnrg (%)
and identify the observational time window in which an
FRB can exhibit a measurable DM drift, we compute
the first and second time derivatives of the simulated
DM using Eq. (20). Figure 7 shows that both dDM/d¢
and d?DM/dt? approximately follow a power-law de-
cline in time over the smooth part of the evolution. At
t 2 100 yr, small-amplitude fluctuations become visible,
and they are especially prominent in the second deriva-
tive. This behavior is expected because finite-difference
estimates of higher-order derivatives amplify snapshot-
to-snapshot irregularities in DM(t); physically, addi-
tional non-smooth features can also be introduced when
the shock structure encounters density inhomogeneities
(shells/bubbles) in the progenitor-shaped CSM.

Motivated by the observed secular decreases in
FRB 20190520B (dDM/dt ~ —12.4pcem3yr—1; C.-
H. Niu et al. 2025) and FRB 20121102 (dDM/dt =

—3.93pcem ™3 yr~!; P. Wang et al. 2025), we identify
the corresponding time window after the SN explosion
at which an FRB would need to occur. We denote this
FRB occurrence time as toccur, i-€., the elapsed time
between the SN explosion and the observed FRB ac-
tivity. Assuming the DM drift is dominated by the lo-
cal SNR contribution and using the fiducial parameter
values adopted in this section, we find toccur =~ 27 yr
(SS) and toecur =~ 8yr (BS) for the 11 Mg models, and
toccur = 27yr (SS) and toceur ~ 23 yr (BS) for the 30 Mg
models for FRB 20190520B. For FRB 20121102, the
same fiducial matching gives systematically later epochs,
toccur = 40yr (11 SS), 11yr (11 BS), 42yr (30 SS), and
35yr (30 BS). The corresponding fiducial DMgnr val-
ues for both sources are summarized in Table 2. No-
tably, the significantly lower DM in the 11 My BS case
compared with the other progenitors is primarily driven
by its much smaller ejecta mass (see Table 1), which
directly lowers the unshocked-ejecta electron column.
These values correspond to the very early SNR phase,
close to the transition from optically thick to optically
thin conditions for GHz radio emission (see Section 5.2.3
and Table 3). The short duration of this “ambiguous”
phase may naturally contribute to the rarity of FRBs
showing a clear SNR-like secular DM signature.

The simulated second-derivative DM curvature eval-
uated at foceur 18 summarized in  Table 3 for
FRB 20190520B and in Appendix Table 5 for
FRB 20121102. At these early epochs, the curva-
ture for FRB 20190520B is typically d?DM/dt? ~
1-4pcem™3yr~=2 across the four models, while for
FRB 20121102 it is generally smaller, ~ 0.1-
1.4pcem—3yr=2. Following the order-of-magnitude es-
timate used by C.-H. Niu et al. (2025), we define
|d2DM/dt2|est = «|[dDM/dt|/tsnr and evaluate it us-
ing tsNR =~ toccur- For both FRB 20190520B and
FRB 20121102, the estimator remains consistent with
the simulated trends at the factor-of-few level, with
agreement within ~ 1.1-1.6.

5.2.3. Optical depth evolution in the full region

To assess whether FRB 201905208 and FRB 20121102
can plausibly escape from an SNR environment during
the inferred occurrence time toccur, we compute the time
evolution of the optical depth in the full-region calcula-
tion and indicate the epoch at which the system becomes
optically thin. Figure 8 shows that at early times the
total optical depth is dominated by free—free absorption,
so we define the GHz escape time .5 by the condition
Tff(tesc) =1

For the models shown in Figure 8, we find tesc = 13 yr
for the 11 Mg SS model and tesc = 17yr for the 30 Mg
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Table 2. Fiducial (HH) local SNR DM values at toccur for FRB 20190520B and FRB 20121102.
Progenitor model DMgngr for FRB 20190520B DMgnr for FRB 20121102
(pecm™?) (pecm™?)
11 Mg SS 183.6 88.5
11 M, BS 44.9 26.2
30 Mg SS 202.8 97.7
30 M BS 167.5 83.0
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Figure 8. Time evolution of the optical depth in the full region for the 11 My (left) and 30 Mg (right) models, including
contributions from free—free absorption and Thomson scattering.

For the 30 My BS model, we find tese =

SS model.

13yr. In contrast, the 11 M; BS model is essentially
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transparent from the beginning (fesc >~ 0yr; Tior < 1 at
all simulated times).

5.3. RM results

The RM and magnetic-field evolutions are shown in
Fig. 9. In this shocked-region-only RM framework, only
the 11 M SS model reproduces the observed RM range
and decay trend of FRB 20121102; the 30 M SS model
and both BS models remain below the data and do not
satisfy the joint amplitude—slope constraints.

The strong RM contrast between SS and BS models
is physically consistent with the shocked-shell dynam-
ics discussed in Section 5.1. In particular, the domi-
nant driver is the large difference in shocked mass Mg,
(Fig. 2e), which translates into a large density contrast
in the shocked region. Although BS models can have a
higher shock velocity vg, in a more rarefied environment
(Fig. 2d), this does not compensate for their much lower
shocked density. As a result, the ram pressure pv3 —and
hence the amplified magnetic field in our prescription—
remains significantly smaller than in SS models. In ad-
dition, the denser SS shocked layer produces a substan-
tially higher post-shock electron density n. (see Fig. 2b),
which further boosts [ neB) dl and amplifies the final
RM separation between SS and BS channels.

Therefore, in a deliberately conservative sense, if we
include only magnetic-field amplification in the SNR
shock region and neglect other nonlinear effects or ad-
ditional magnetic/ionization enhancement (e.g., from a
MWN or photoionization), the current RM data for
FRB 20121102 select the 11 Mg SS case as the only suc-
cessful model in our grid, despite studies arguing for a
strong MWN environment for this source (A. M. Be-
loborodov 2017; Y.-H. Yang & Z.-G. Dai 2019).

5.4. Simulation v.s. analytic models

Fig. 10 compares the DM evolution obtained from
our numerical SNR simulations with several commonly
adopted analytic prescriptions. Hereafter, we denote Y .-
P. Yang & B. Zhang (2017) as YZ17 and A. L. Piro &
B. M. Gaensler (2018) as PG18.

We evaluate the analytic prescriptions using the same
explosion and wind parameters adopted in our progen-
itor setup (Table 1). For the remaining analytic-model
parameters, we follow the values adopted in the original
literature where they are explicitly specified (Table 4).
Here we only restate the mathematical definitions: n, =
p/(.uemp)a Ntot = p/(,ummp)a and pi, = Zi niA;/ Zi N,
where no; denotes the total particle number density
(ions + electrons).

For specific models, Y.-P. Yang & B. Zhang (2017)
adopt g, = 1.2 (solar-composition, approximately neu-
tral material), while Z. Y. Zhao & F. Y. Wang (2021)

state pg, =~ 1 for their fiducial H-dominated ejecta.
When required, we compute p, directly from the sim-
ulated elemental composition. For the PG18 analytic
curves, which do not explicitly state p,, or u., we adopt
fiducial composition assumptions; for a fully ionized
H/He mixture, where X and Y are the hydrogen and
helium mass fractions (X +Y = 1), the standard re-
lations are p. = 2/(1 + X) and p,, = 1/(2X + 3Y/4).
We then use: (i) SS case with H+He-dominated ejecta,
X ~0.7,Y ~ 0.3, giving p,, ~ 0.62 and . ~ 1.18; (ii)
BS case with He-dominated ejecta (H envelope lost),
giving p,, ~ 1.34 and p. ~ 2.0. These adopted values
are the ones used in our PG18 comparisons.

We also evaluate the analytic prescriptions using
the simulated, composition-dependent g, fe, and piy,.
These results are presented in Appendix C and Fig. 13.

In Fig. 10, the black dashed curve denotes the up-
per limit, which assumes H-dominated unshocked ejecta
and CSM (pe = pg = 1) that are fully ionized (x. = 1).
Among the cases shown, the largest deviation from the
numerical results occurs for the shocked-ionized ejecta
scenario, whereas most analytic prescriptions fall within
the upper and lower envelopes of our DM evolution.
Under our fiducial assumptions in Fig. 10, YZ17 most
closely matches the 11 Mg SS case, while the PG18
wind case is closer for the 30 My SS case. These "best-
match" identifications are dependent on progenitor-
model choices and parameter assumptions and are not
intended to indicate a general preference among ana-
lytic prescriptions. Notably, when we adopt simulation-
based, composition-dependent (i, pie, and p., (Fig. 13),
the 11 Mg SS case becomes more consistent with the
Zhao+2021 prediction.

Using the toccur values constrained by Fig. 7, we ob-
tain the corresponding DMgng values of 183.6 pccm™3
(11 Mg SS), 202.8pcem™2 (30 Mg SS), 44.9pcem™3
(11 Mg BS), and 167.5pcem™2 (30 My BS). This in-
dicates that the DM constraint varies significantly not
only with model parameters but also with progenitor
channel. Nevertheless, all inferred contributions lie in
the tens-to-hundreds pc cm ™3 range, representing a non-
negligible extra component that can materially affect
FRB cosmological analyses.

5.5. Shocked-region electron source and ionization
states

In addition to the total DMy, our simulations track
the contribution to the electron density from different
elements and ionization stages in the shocked region
physically. Fig. 11 shows the radial number-density
profiles in the shocked region at the DMy, peak (see
Fig. 2a). A clear channel dependence is visible: in the
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Table 3. Summary of characteristic timescales and DM derivatives evaluated at toccur for different assumed ionization config-
urations of the unshocked ejecta (Xe,unej) and the unshocked ISM (xe,ism).

Tonization config. Quantity 11 My SS 11Mg BS 30Mg SS 30 Mg BS
tesc (YT) 32 6 62 46
tOCCll[‘ 60 16 65 55
FF: Xe,unej = 17 Xe,ISM = 1 2 (yr)2 3 o
d*DM/d¢* (pcem™ yr—=) 0.65 2.45 0.51 0.73
|d*DM/d¢?|_, (pcem P yr~?)  0.40 1.50 0.35 0.41
tesc (YT) 13 0 17 13
tOCCU.r 27 8 27 23
HEF: Xe,unej = 01, Xe,ISM = 1 9 (yr)2 3 _o
d®’DM/d#?* (pcem ™2 yr=?) 1.40 3.88 1.17 1.40
|d*DM/dt?| , (pcem™?yr~?) 0.89 3.01 0.84 0.99
tesc (yr) 5 0 4 0
MF: Xe,unej = 0.01, Xe,ISM = 1 toccur (yI‘) 13 — 11 10
d®*DM/d#? (pcem ™3 yr~?) 2.60 - 3.28 3.04
|d*DM/dt?|_, (pcem™?yr~?) 1.84 - 2.06 2.28
tesc (VT) 32 6 62 46
toccur 60 16 65 55
FH: Xe,unej = 1, Xe,ISM = 0.1 5 (yr)2 3 _o
d*DM/d¢* (pcem ™ yr™*) 0.065 2.45 0.51 0.73
|d*DM/dt?|_, (pcem ™ yr~?) 0.40 1.50 0.35 0.41
tesc (¥T) 13 0 17 13
HH: Xe,unej = 017 Xe,ISM = 0.1 toccur (yr) 27 8 27 23
d®’DM/dt? (pcem ™2 yr—?) 1.41 3.88 1.17 1.40
|d*DM/dt?| , (pcem™Pyr=?)  0.89 3.01 0.84 0.99
tcsc (yl‘) 5 0 4 0
MH: Xe,unej = 0017 Xe,ISM = 0.1 toccur (yI‘) 13 - 11 10
d®*DM/dt? (pcem ™3 yr=?) 2.59 - 3.28 3.03
|d’DM/d¢?| , (pcemPyr~?)  1.84 - 2.06 2.28

In the ionization configuration labels, H/M /L denote High/Middle/Low ionization levels, and F denotes Fully ionized.
toccur is determined by matching the observed DM derivative of FRB 20190520B, i.e., imposing dDM/d¢ =

1 W

—12.4pcem 3 yr L.
assumption.

indicates that no solution for toccur exists under this condition for the stated ionization

tesc is defined by T (tesc) = 1; tesc = 0 indicates the model is transparent at all simulated times.

SS models, the shocked composition is generally H-rich
with He as the secondary contributor, whereas in the
BS models He dominates and metals remain subdomi-
nant. Notably, compared with the 11 M SS model, the
30 Mg SS model has a smaller hydrogen fraction and
is therefore more Type IIb-like than a typical H-rich
Type IIP case. This difference ultimately reflects the
distinct progenitor-envelope structures: SS ejecta are
largely composed of the progenitor’s H-rich envelope,
while in the BS channel binary interaction efficiently re-
moves the H envelope prior to core collapse (e.g., via
common-envelope evolution and Roche-lobe overflow),
leaving a He-rich progenitor whose ejecta contain com-
paratively little H. As a result, in the BS models the
post-shock electron budget is primarily supplied by ion-

ized He, whereas in the SS models it is dominated by
ionized H.

This composition difference also helps explain why the
BS models reach a larger (Z) at the peak (bottom panels
of Fig. 3) than the SS models: helium can contribute up
to two electrons per ion once ionized, raising the typical
ionic charge and hence (Z) relative to an H-dominated
composition.

This interpretation is further supported by the
ionization-state structure of the shocked region in
Fig. 12: in panel (a), corresponding to the 11 Mg SS
model, the peak number density of HT exceeds that of
He?T, whereas in panel (b), corresponding to the 11 M,
BS model, the shocked region is instead dominated by
Het and He?*t.
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Figure 9. Time evolution of RM and magnetic field for the 11 Mg (left) and 30 My (right) models, with the FRB 20121102
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Table 4. Physical parameters adopted in different analytic/semi-analytic DM prescriptions.

Model

Parameters in formula

Adopted values

YZ17: ionized ejecta (FE; Eq. 4)

Mla E51) Xea

PG18: shocked ionized (Eq. 5-6)

M, Fsi shared
ISM: no, pm, e
wind: pe, K(M,vw)

ISM: ng =1 cm™°
SS: pm = 0.62, pe = 1.18
BS: um = 1.34, pe = 2.0
wind: M =107° Mg yr—1

Ve = 10 kms™?

Zhao+2021: SSDW wind (Eq. 8-12)

Mej, E51> n, S, la, Xe, M7 Vw

n =10, s=2
Wcore = 01, Ha = 1
M =1075 Mg yr™?

Vo = 10 kms™?!

6. MODEL LIMITATIONS AND FUTURE
DIRECTIONS

In this section, we outline some of the main implica-

tions of our preliminary results and discuss directions
for future refinement.

e The ionization and thermal evolution history of
the unshocked ejecta is treated approximately

in the current setup. In particular, we do
not yet include a fully self-consistent ionization—
recombination balance, nor possible CCO-related
heating/ionization channels, in the unshocked
region. This limitation introduces a rela-
tively broad uncertainty when constraining source-
environment parameters from DM evolution, and
should be improved in future work.
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Figure 10. Time evolution of the SNR DM comparing numerical simulations with analytic expectations. Left panels show
11 Ms models and right panels show 30 Mg models; the top row corresponds to SS progenitors and the bottom row to BS
progenitors. The “upper limit” curve assumes that the entire SNR material is fully ionized and that the ejecta are composed
purely of hydrogen. For Zhao+21 and YZ17, we adopt the fiducial assumption xe,unsh = 0.1

e In our current 1D SNR simulations we do not channel considered here represents only one path-

enable cosmic-ray (CR) acceleration and trans-
port. As a result, potentially important CR-
related processes—including escaping CR par-
ticles and CR-driven magnetic-field amplifica-
tion (e.g., streaming instabilities and Bell-type
instabilities)—are absent. Incorporating these ef-
fects in future calculations may provide new phys-
ical insight into the magnitude and time evolution
of RM.

e The present 1D framework assumes spherical sym-
metry and a stationary central engine. Real SNR
evolution is intrinsically 3D and often asymmet-
ric: binary stripping through Roche-lobe over-
flow is non-spherical, the SN explosion and ex-
ternal CSM can be nonuniform and anisotropic,
and a young magnetar may have a substantial na-
tal kick velocity. In addition, the binary-stripped

way within a much broader binary-interaction pa-
rameter space (e.g., different mass ratios, orbital
separations, mass-transfer histories, and common-
envelope outcomes). These effects can produce
significant sightline-to-sightline variance in shell
structure, and therefore in DM and RM. Extend-
ing the model toward multidimensional calcula-
tions and a broader binary-model grid will be es-
sential to quantify these geometric and progenitor-
channel systematics.

e The apparent rarity of FRBs with a clear SNR-
like secular DM signature can be naturally un-
derstood as a short observational window effect,
consistent with the population-level transient-
association and timescale arguments presented by
Y. Dong et al. (2025).



22 ZHANG ET AL.

= 2 .
? |
£ i N~
S —2{— He —
[} —— Li-Zn
° - e
-4 >z2ny - /\I\V
11Mg single@9 yr 11M, binary@T:
0.80 0.85 0.90 0.95 1.000.80 0.85 090 0.95 1.00
R/Rp RIRb
= 2
7 ] \
§ 0 ! °
£
2 -2
o
2
-4
30M, single@10yr 30M, binary@11yr

0.80 0.85 0.90 0.95 1.00 0.85 0.90 0.95 1.00
R/Rp R/R»
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7. SUMMARY

In this paper, we develop a framework to quantify the
local SNR contribution to FRB DM using 1D HD-+NEI
simulations for both 11 Mg and 30 Mg progenitors in °
single-star (SS) and binary-stripped (BS) channels. Our
main conclusions are as follows.

e Considering only the shocked region, the DM con-
tribution is limited (<10pcem™3) and is espe-
cially negligible for BS models. By contrast, even
under this conservative setup—using the simu-
lated shocked-plasma ionization state and ram-
pressure-based magnetic amplification—the pre-
dicted RM can still reach the high values observed
in FRB 20121102 for the 11 Mg SS model. Within
our model grid, this shocked-region RM compari-
son selects only the 11 Mg SS case and disfavors .
the 30 My SS and BS progenitor models as pri-
mary explanations of the FRB 20121102 RM data.

e For DM evolution, the dominant contribution
comes from the unshocked ejecta. Its early-time
decline is governed by free expansion and follows
DM ¢t~ with o ~ 1.8-1.9 (slightly shallower
than 2), while the late-time behavior transitions
toward a regime increasingly influenced by the ap-
proximately constant-density ambient ISM/CSM
contribution.

e BS models generally yield smaller DM than SS
models at the same Mzans because H-envelope
stripping reduces ejecta mass and therefore the

available electron column in the unshocked ejecta,
which dominates DMgng in our simulations. This
SS—BS contrast is additionally modulated by
reverse-shock development and CSM structure:
BS models (and also the massive SS model) can
evolve in lower-density wind-blown cavities, delay-
ing strong reverse-shock formation at ages of a few
hundred years and further reducing the shocked-
ejecta DM contribution.

The total optical depth is generally dominated by
free—free absorption. Using the condition ¢ = 1,
we infer tese < 70yr across the explored ion-
ization configurations. For weakly ionized ejecta
(Xe,unej ~ 0.01), the SNR is nearly transparent to

FRB emission from very early times.

Using the observed DM decay rates of
FRB 20190520B and FRB 20121102 to con-
strain toccur, we find tocenr < 100yr (measured
from the SN explosion) in all fiducial models,
and FRB 20121102 consistently occurs later
than FRB 20190520B within the same progenitor
model; in the great majority of cases, both sources

can be transparent to GHz FRB escape.

The mass dependence is not always monotonic. In
our models, DM is dominated by weakly ionized
unshocked ejecta, so under the low-ionization as-
sumption (approximately fixed y., effectively at
most one free electron per atom), larger mean
atomic/electron weights in metal-rich ejecta can
reduce n. and produce non-monotonic trends
across progenitors. This behavior can change or
even reverse when the reverse shock penetrates
more ejecta and /or reverse-shock-related radiation
(photoionization/PR) further ionizes heavy ele-
ments, increasing the electron yield.

A common conclusion from both FRB 20190520B
and FRB 20121102 is that the inferred local SNR
contribution falls in the tens-to-hundreds pc cm™3
range. At the fiducial-value toccur constrained
from the observed DM slopes, the inferred DMgng
shows a clear model split for both sources: for
FRB 20190520B, the 11 Mg BS model gives only
~ 44.9pccm™3, while the other models are ~
200pcem™3; for FRB 20121102, the 11 My BS
model gives ~ 26.2 pc cm ™3, while the others are ~
100 pcem™3. The significantly smaller DM in the
11 M BS case is mainly due to its much smaller
ejecta mass. Therefore, the early CCSN/SNR lo-
cal contribution to DMggyrce is non-negligible and
can materially affect FRB cosmological inferences.
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Figure 12. Ionization-state profiles in the shocked region at ¢ = 30 yr for the 11 Mg SS and BS models.
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e For FRB 20121102, the coexistence of strong RM
evolution and a two-stage DM-slope evolution
(early weak rise and late decline) suggests that
a pure single-component interpretation is incom-
plete. A hybrid SNR+MWN picture is favored,
where the late-time DM decline is consistent with
SNR expansion while additional local plasma from
MWN-related processes can contribute to the
early-stage slope turnover and magneto-ionic vari-
ability.

These results underscore the need for physically con-
sistent choices of progenitor and local-environment mod-
els when estimating and marginalizing the local DM
term in FRB cosmology. Future work will expand the
progenitor grid and include additional local components
(e.g., MWN and host H II regions) to further tighten
constraints on DMggurce-
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APPENDIX

A. GAUNT FACTOR FOR FREE-FREE ABSORPTION

The free—free absorption coefficient used in Eq. (6) depends on the velocity—averaged Gaunt factor gg (v, Te, Z), which
corrects the classical bremsstrahlung cross section for quantum and kinematic effects. The asymptotic behavior of the
Gaunt factor was derived by I. D. Novikov & K. S. Thorne (1973) and later summarized in Fig. 5.2 of G. B. Rybicki
& A. P. Lightman (1979). Its dependence can be expressed in terms of two dimensionless parameters:

hv o kBTe

7 = =-¢ Al
Wl " 2R, (A1)

u =

where R, = 13.6¢eV is the Rydberg energy.
The Gaunt factor admits three analytic limits:

(1) Large—angle region—The transition to large—angle Rutherford scattering occurs when the impact parameter reaches

the regime where
12wz (A1)

In this regime the Gaunt factor is of order unity,
LA
géf )~ 1. (A2)

(2) Small-angle classical region (u << 1 andn <1)—

@ _ V3, | 1 (kT \'"* (ke
N EYIEA TN hu

where £ = €7 ~ 1.781 and + is Euler’s constant.

; (A3)

(8) Small-angle U.P. region (u < 1 andn >1)—

kgTe
-l (5]

Because the SNR spans a broad range of temperatures (T, ~ 10*-107 K) and the FRB frequencies lie in the GHz
band, different radial layers naturally fall into different asymptotic regimes. To ensure numerical smoothness, we

evaluate the Gaunt factor using a blended interpolation across the boundaries u = /2 and = 1. Throughout this
work, we compute gg at v = 10° Hz.

B. CHARACTERISTIC SCALES AND SELF-SIMILAR CONSTANTS IN THE WIND CASE

In this appendix, we summarize the characteristic scales and dimensionless constants adopted in the self-similar driven
wave (SSDW) solution for a supernova remnant (SNR) expanding into a wind-like circumstellar medium (CSM) with
density profile py, oc 772 (5 = 2).

B.1. Characteristic Radius and Timescale

For a wind environment characterized by K = M /(4mvy,), we define the normalized parameter K3 =
K/(10*® gem™1). Following the standard SSDW scaling (e.g., X. Tang & R. A. Chevalier 2017; Z. Y. Zhao et al.
2021), the characteristic radius and timescale are given by

5.1
Rey =~ 6.58 x 102 pc M, () , (B2)
K3
and -
ten ~ 2.86 x 10° yr Eg,'/? MP/? <> , (B3)
Kis

The numerical factor 5.1 arises from the fiducial normalization M = 10~° My yr~! and v, = 10kms~!, for which

K ~5.1x10" gcm™!. These characteristic scales are used to normalize the self-similar evolution of the forward shock,
reverse shock, and contact discontinuity.



28 ZHANG ET AL.

B.2. Contact Discontinuity and the Constant (.
We follow the standard parametrization of the ejecta and ambient-medium density profiles (e.g., TM99), writing
Pej(T, t)v r < Rej (t)’

p(r,t) = (B4)
pa(T‘)7 r> Rej (t),

where the ambient medium is described by a power law
pa(r) =mnsr™?, (B5)
and the freely expanding ejecta take the form
Mej T
pitrt) = 7505 1 (7 ) (86)
N R () " \ Rej(2)

Here R.;(t) is the outer radius of the ejecta and w = r/R.j. The ejecta structure function f(w) is specified by a flat
inner core and a power-law outer envelope,

fO; OSU)chorc;

Weore \ "
fO T ) wcoregwgla

fw) = (n > 5), (B7)

where wcore denotes the fractional core radius and n is the outer power-law index of the ejecta. The normalization
constant fy is fixed by the mass conservation condition fol drw? f(w) dw = 1, yielding

3 1-n/3
ATwee [1— (n/3) Weore
The radius of the contact discontinuity can be written as (X. Tang & R. A. Chevalier 2017)

R:(t*) _ |:()\C t*)7& + (Ct*ﬂ)*d] —1/&’ (Bg)

where R} = R./Rcn and t* = t/tq,. Here & is the interpolation exponent in the fitting formula of X. Tang & R. A.
Chevalier (2017) and is unrelated to the DM time-scaling index « (defined in the main text via DM o t~%). This
expression interpolates between the early-time free-expansion behavior R} ~ A.t* and the self-similar ejecta-dominated
regime R’ ~ ct*? with 3 = (n — 3)/(n — s). In the SSDW limit (¢ < ta,), R, reduce to

n—3

Re(t) ~ ¢ R, (t) o (B10)

ten

where s = 2 for the wind case. The dimensionless normalization constant (. encapsulates the detailed structure of the
self-similar solution and is given by

1
CC = (A fO wc?)re /\cnig) TR (Bll)
where the constant A is a dimensionless coeflicient that depends on (n, s), with values tabulated in R. A. Chevalier

(1982). In this work, we adopt A = 0.067, corresponding to n = 10 and s = 2. The parameter A. is a dimensionless
constant related to the density profile of the ejecta and can be expressed as

5-n\ (w3 —-n/3
)\2 -9 —2 core . B12
c Weore (3—%) <wc%;e5—n/5) ( )
C. ANALYTIC-MODEL COMPARISON USING SIMULATED MEAN MOLECULAR WEIGHTS

In these appendix figures, the analytic prescriptions are evaluated using the composition-dependent quantities ex-
tracted from the simulations. For the unshocked ejecta and unshocked CSM we adopt p,, under the assumption that
each atom in the unshocked ejecta contributes only one free electron (hence p, = p,), while for the shocked region
we use p and pi,,, computed from the self-consistent ionization evolution. In the PG18 wind case, the time-dependent
te(t) in the shocked region introduces an early-time variation that is qualitatively consistent with the NEI features
seen in our shocked-region simulations. By contrast, the PG18 shocked-ionized case shows a nearly negligible NEI
imprint because the DM evolution depends primarily on the ratio u,,/p. (see Eq. 6); this ratio varies less than p,. or
L individually, thereby suppressing the apparent ionization-driven modulation in DM(t).
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Figure 13. Same format as Fig. 10, but the analytic prescriptions adopt the simulated mean molecular weights (pa, e, ftm)
for each model, rather than the fiducial values used in Section 5.4.

D. OCCURRENCE-TIME AND CURVATURE TABLE FOR FRB 20121102

In this appendix table, toccur and the DM-derivative quantities are evaluated at the epoch where dDM/dt =
—3.93pcem 2 yr—!, corresponding to the second-stage DM evolution of FRB 20121102.
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Table 5. Same format as Table 3, but for FRB 20121102. Here toccur and DM-derivative quantities are defined at
dDM/dt = —3.93pcecm ™ yr~! (the second-stage DM evolution of FRB 20121102).

Tonization config. Quantity 11 My SS 11Mg BS 30Mg SS 30 Mg BS
tese (yT) 32 6 62 46
toccur 87 24 98 84
FF: Xe,unej = 17 Xe,ISM = 1 A (yr)2 I
d*DM/dt* (pcem ™ yr™=) 0.21 0.50 0.15 0.10
|d*DM/dt?| , (pcem™2yr=?)  0.09 0.33 0.07 0.09
tesc (yT) 13 0 17 13
tOCCHI‘ 40 11 42 35
HF: Xe,unej = 0.1, Xe,ISM = 1 9 (yr)2 3 _o
d*DM/d¢* (pcem™> yr—=) 0.28 1.07 0.24 0.29
|d*DM/dt?| . (pcem™®yr=?) 0.19 0.69 0.17 0.21
tese (yr) 5 0 4 0
MF: Xe,unej = 0017 Xe,ISM = 1 toccur (yr) 19 5 17 15
d®*DM/dt? (pcem ™ yr—2) 0.60 1.43 0.65 0.67
|d*DM/dt?| , (pcem™2yr=?)  0.40 1.56 0.45 0.46
tesc (yT) 32 6 62 46
toccur 87 24 98 84
FH: Xe,unej = 17 Xe,ISM = 0.1 2 (yr)2 _3 _o
d*DM/dt* (pccm™ yr—=) 0.21 0.50 0.15 0.10
|d*DM/dt?|_, (pcemyr=2)  0.09 0.33 0.07 0.09
tesc (yT) 13 0 17 13
HH: Xe,unej = 0.1, Xeqsm = 0.1 toceur (y1) 40 11 42 35
d’DM/dt? (pcem ™2 yr—?) 0.22 1.08 0.24 0.29
|d*DM/dt?|_, (pcemyr~2)  0.20 0.69 0.17 0.21
tesc (yr) 5 0 4 0
MH: Xe,unej = 0017 Xe,ISM = 0.1 toccur (yI‘) 19 5 17 15
d®*DM/dt* (pcem™3 yr~?2) 0.60 1.43 0.65 0.67
|d*DM/d¢?|_, (pcem™® yr—?) 0.40 1.56 0.45 0.46




	Introduction
	FRB DM Components and Local Source Environment
	Decomposition of the FRB DM budget
	Candidate local environments: SNR, PWN, HII region, plasma lensing

	Analytic benchmarks for DM evolution in SNR environments
	Numerical Methods
	Progenitor models: SS and BS channels
	SNe to SNR transition
	CSM
	SNR simulation settings
	DM and optical depth calculations
	RM Calculation and Observational Matching Method

	Results
	Shocked region
	DM evolution in the shocked region
	Optical depth evolution in the shocked region

	Entire region
	DM evolution in the entire ionized region
	The derivatives of DM
	Optical depth evolution in the full region

	RM results
	Simulation v.s. analytic models
	Shocked-region electron source and ionization states

	Model Limitations and Future Directions
	Summary
	Gaunt Factor for Free–Free Absorption
	Characteristic Scales and Self-Similar Constants in the Wind Case
	Characteristic Radius and Timescale
	Contact Discontinuity and the Constant c

	Analytic-Model Comparison Using Simulated Mean Molecular Weights
	Occurrence-Time and Curvature Table for FRB 20121102

