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Abstract

In addition to a gamma-ray burst (GRB), the merger of two neutron stars (NSs) may produce a temporarily or
indefinitely stable NS remnant with a strong magnetic field (a “magnetar”). As this magnetar remnant spins down,
it can deposit its rotational energy into the surrounding kilonova ejecta, producing synchrotron emission that
peaks in the radio bands ∼months to years after the merger (“boosted kilonova”). The nearby (z = 0.0763) long-
duration GRB 211211A, which has an apparent kilonova counterpart and likely NS merger progenitor, may have
produced such a remnant. We observed the location of GRB 211211A at 6 GHz with the NSF’s Karl G. Jansky
Very Large Array (VLA) spanning ≈0.54–1.7 yr after the burst. We do not detect any radio emission, placing
strong limits on the energy deposited into the ejecta by any remnant to ≲4.4 × 1052 erg. Due to the proximity of
the event, we are also able to place limits on a kilonova afterglow that did not receive any additional energy
deposition, though it is possible such emission will be suppressed until ∼4 yr after the burst, when the kilonova is
expected to overtake the forward shock of the GRB. Future observations with the VLA and next-generation radio
facilities will be able to further constrain the magnetar-boosted kilonova and kilonova-afterglow scenarios, as well
as directly constrain models in the scenario that GRB 211211A was instead produced by a collapsar.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Magnetars (992); Neutron stars (1108); High
energy astrophysics (739)

1. Introduction

The merger of neutron stars (NSs) produces gravitational-wave
(GW) emission as well as a gamma-ray burst (GRB), as
demonstrated by the multimessenger detection of GW170817/
GRB 170817A (B. P. Abbott et al. 2017a, 2017b). Such mergers
are expected to produce neutron-rich ejecta by tidal stripping and
accretion disk outflows, which synthesize radioactive nuclei that
power a thermal red transient (a “kilonova”; B. D. Metzger et al.
2010). One such kilonova signal was observed following
GW170817 (AT2017gfo; e.g., R. Chornock et al. 2017;
D. A. Coulter et al. 2017; E. Pian et al. 2017), confirming that
NS mergers produce some of the heaviest elements in the
Universe via rapid neutron capture nucleosynthesis (the
“r-process”; see R. Margutti & R. Chornock 2021 for a review).

In addition to NS mergers, GRBs can be produced by massive
stellar explosions (“collapsars”), a progenitor scenario that has
been confirmed with the routine detection of stripped-envelope
supernovae following GRBs (e.g., T. J. Galama et al. 1998;
A. I. MacFadyen & S. E. Woosley 1999; A. S. Fruchter et al.
2006; S. E. Woosley & J. S. Bloom 2006; Z. Cano et al. 2017;
M. Modjaz et al. 2019). It is typically assumed (and in some
cases proven) that the GRBs with gamma-ray emission lasting
≲2 s are produced by NS mergers, while those with gamma-ray
emission lasting ≳2 s originate from collapsars (“short” and
“long” GRBs, respectively; C. Kouveliotou et al. 1993).
However, there have been a few long-duration GRBs whose
properties are more consistent with an NS merger progenitor than
with a collapsar progenitor (M. Della Valle et al. 2006;
J. P. U. Fynbo et al. 2006; A. Gal-Yam et al. 2006; N. Gehrels
et al. 2006; J. C. Rastinejad et al. 2022; E. Troja et al. 2022a;
J. Yang et al. 2022; A. J. Levan et al. 2024; Y.-H. Yang et al.
2024; H. Sun et al. 2025). J. C. Rastinejad et al. (2025) uniformly
modeled a sample of GRBs (both traditionally short GRBs and
three long GRBs) with claimed kilonovae, and found that the
long GRBs with kilonovae may have higher inferred kilonova
ejecta masses, potentially indicating asymmetric mass ratios for
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NS mergers that produce long GRBs (however, see A. Kitamura
et al. 2025 for a detailed investigation of model inferred masses
for kilonovae). Despite this possible difference, their afterglow
luminosities remain unremarkable compared to the traditional
short-GRB population, further substantiating the merger progeni-
tor scenario (C. Castrejon et al. 2025).
One notable example that has garnered significant interest is

GRB 211211A, a nearby (z = 0.0763) GRB with a long
duration (∼30–50 s; J. Mangan et al. 2021; M. Stamatikos
et al. 2021), yet which has no associated supernova to optical
luminosities of ≲3 × 1040 erg s−1, ∼200 times fainter than the
prototypical GRB-SN 1998bw (J. C. Rastinejad et al. 2022).
Instead, the resulting optical and infrared emission revealed a
red transient consistent with the color and temporal behavior
of AT2017gfo, leading to its identification as a kilonova, and a
general consensus that GRB 211211A was likely produced by
a compact object merger (J. C. Rastinejad et al. 2022;
A. G. Suvorov et al. 2022; E. Troja et al. 2022a; J. Yang
et al. 2022; S.-Q. Zhong et al. 2023; N. Kunert et al. 2024;
Y.-Z. Meng et al. 2024; A. G. Sullivan et al. 2024;
P. C.-K. Cheong et al. 2025; G. P. Lamb et al. 2025; X.-X. Liu
et al. 2025). However, whether the merger was between two
NSs, a white dwarf (WD) and a NS, two WDs, or a black hole
(BH) and NS, is still undetermined. While some studies have
suggested a NS merger with a WD (e.g., J. Yang et al.
2022), most simulations of WD-NS mergers find insufficient
accretion rates to generate neutron-rich disk outflows and r-
process elements (e.g., B. Margalit & B. D. Metzger 2016;
R. Fernández et al. 2019), and such systems may in fact be
rarer than NS-NS mergers (A. A. Chrimes et al. 2025).
Additionally, a collapsar origin, in which the red color comes
from either thermal dust emission (at a higher redshift) or an
unusual r-process-rich supernova, has also been proposed to
explain the red transient (J. Barnes & B. D. Metzger 2023;
M. Ristić et al. 2025; E. Waxman et al. 2025), although the
host offset of the transient disfavors these explanations
(J. C. Rastinejad et al. 2022). While a low-mass collapsar
that produces a GRB through fallback accretion onto a BH,
rather than through direct collapse, could explain the lack of a
luminous supernova (e.g., C. L. Fryer et al. 2007), it is difficult
to reconcile the infrared excess observed following
GRB 211211A in this scenario (E. Troja et al. 2022a), unless
some r-process material is also produced (J. Barnes &
B. D. Metzger 2023; M. Ristić et al. 2025). In the merger
scenario (involving NSs or WDs), one of the proposed
explanations for the prolonged gamma-ray duration is that
the merger produced a highly magnetized NS remnant (a
“magnetar”; J. C. Rastinejad et al. 2022; A. G. Suvorov et al.
2022; J. Yang et al. 2022; S.-Q. Zhong et al. 2023;
P. C.-K. Cheong et al. 2025; L. Combi et al. 2025). In this
scenario, the protomagnetar created in the merger will produce
a relativistic wind, which then powers a longer emission
episode (B. D. Metzger et al. 2008, 2011; N. Bucciantini et al.
2012; B. P. Gompertz et al. 2013, 2014). Since magnetar spin-
down parameters are set by the magnetic field and initial spin,
the extraction of energy from a magnetar naturally occurs on
timescales much longer than the dynamical timescale
of the merger. One way of testing these different progenitor
scenarios, as well as diagnosing the cause of
the long duration, is to constrain the presence of a merger
remnant, and determine whether a magnetar was produced
(C. M. B. Omand et al. 2025).

The nature of the merger remnant (i.e., a NS that survives for
any length of time versus a BH) is dependent on the total masses
of the merger components, as well as the maximum mass of a
cold nonrotating NS (Tolman–Oppenheimer–Volkoff mass,
MTOV). This maximum mass is not well constrained due to the
unknown NS equation of state (EOS). However, observations of
pulsars, short GRBs, and GW170817 have placed constraints on
the range of plausible MTOV (e.g., S. Lawrence et al. 2015;
B. Margalit & B. D. Metzger 2017a; M. Shibata et al. 2019;
H. T. Cromartie et al. 2020). If the mass of the merger remnant
greatly exceedsMTOV, then it is expected to collapse directly into
a BH (A. Bauswein et al. 2013). However, for somewhat less
massive remnants (M ≲ 1.2–1.3MTOV), rotation is able to
prevent immediate gravitational collapse (B. Margalit et al.
2022), and the merger remnant may also exist as a temporarily
stable magnetar that collapses to a BH in milliseconds (so-called
hypermassive NSs) or for seconds to minutes (supermassive
NSs). Remnants with the lowest masses (M < MTOV)
may remain as stable magnetars even after they spin down
(B. Giacomazzo & R. Perna 2013). These different outcomes lead
to drastically different predictions regarding the energy released
into the environment.
Assuming a magnetar remnant is produced following an NS

merger, and its outflow is effectively coupled to its environment,
the lost rotational energy (up to ∼1053 erg for MTOV ∼ 2.2 M⊙;
B. D. Metzger et al. 2015) will be deposited into the surrounding
kilonova ejecta (Y.-W. Yu et al. 2013; B. D. Metzger &
A. L. Piro 2014; K. Fang & B. D. Metzger 2017; N. Sarin et al.
2022; S. Ai et al. 2025). As a result, this “magnetar-boosted
kilonova” is expected to produce synchrotron emission as it
interacts with the surrounding interstellar medium (ISM), with
this emission peaking at ∼GHz frequencies ∼years after the
merger (E. Nakar & T. Piran 2011; B. D. Metzger &
G. C. Bower 2014; K. Hotokezaka & T. Piran 2015;
C. M. B. Omand et al. 2025). Detecting such a radio transient
would not only confirm the production of a magnetar remnant,
but also would have implications for the NS EOS.
Several radio searches for a magnetar-boosted kilonova

have been performed following dozens of GRBs produced by
NS mergers. However, there are no confirmed detections thus
far (B. D. Metzger & G. C. Bower 2014; W. Fong et al. 2016;
A. Horesh et al. 2016; S. Klose et al. 2019; L.-D. Liu et al.
2020; G. Schroeder et al. 2020; G. Bruni et al. 2021;
C. Grandorf et al. 2021; A. M. Nicuesa Guelbenzu et al.
2021a, 2021b; R. Ricci et al. 2021; A. Eddins et al. 2023;
A. Ghosh et al. 2024). Many of these studies are only able to
place weak limits on the energy imparted on the kilonova by a
potential magnetar remnant (≲1053 erg) due to the typically
large distances to these mergers (z ≲ 3, with a median of
〈z〉 ≈ 0.6; W.-f. Fong et al. 2022; A. E. Nugent et al. 2022;
B. O’Connor et al. 2022). As a result, it is difficult to constrain
the presence of a temporarily stable magnetar remnant for
these events, though strong limits of ≲1.3 × 1052 erg have
been placed for the nearby merger GW170817 (G. Schroeder
et al. 2020).
Even if a merger does not produce a magnetar remnant, the

kilonova ejecta has intrinsic kinetic energy (∼1051 erg), and in
turn may produce a radio signature as the kilonova interacts with
the surrounding medium (the “kilonova afterglow”; E. Nakar &
T. Piran 2011; T. Piran et al. 2013; K. Kyutoku et al. 2014;
H. Takami et al. 2014; K. Hotokezaka & T. Piran 2015;
K. Hotokezaka et al. 2018; A. Kathirgamaraju et al. 2019;
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B. Margalit & T. Piran 2020). However, the kilonova afterglow is
expected to be much fainter than the magnetar-boosted kilonova
emission, and therefore limits on this emission can only be placed
on very nearby NS mergers (z ≲ 0.1; E. Nakar & T. Piran 2011),
such as GW170817 (A. Hajela et al. 2019, 2022).
Given its proximity (∼350 Mpc) and its unusual gamma-ray

properties, GRB 211211A provides one of the best opportu-
nities to search for radio emission from a magnetar-boosted
kilonova, as well as the kilonova afterglow. Such observations
offer unique insights into the various proposed progenitor
models of merger-driven long GRBs. Here, we present
observations from the NSF’s Karl G. Jansky Very Large
Array (VLA) of GRB 211211A, to place constraints on two
radio-emission scenarios: a magnetar-boosted kilonova and
kilonova afterglow. In Section 2, we present the details of our
radio observations of GRB 211211A, taken at ∼0.54–1.7 yr
after the burst. In Section 3, we present our updated light-curve
modeling, which we use in Section 4 to explore the parameter
space that our radio observations can rule out for both radio-
emission scenarios. We discuss the implications of our
observations for the various proposed progenitors of
GRB 211211A, as well as future observational prospects, in
Section 5. We conclude in Section 6. In this paper, we employ
Lambda cold dark matter (ΛCDM) cosmological parameters of
H0 = 68 km s−1 Mpc−1, ΩM = 0.31, and ΩΛ = 0.69 (Planck
Collaboration et al. 2020).

2. Observations

We were awarded Director’s Discretionary Time to observe
the position of GRB 211211A with the Karl G. Jansky VLA at
a central frequency of 6 GHz (4.04–7.96 GHz). We obtained
three epochs at δt ≈ 197–377 days (where δt refers to the time
since the Swift trigger) under program 22A-495 (PI:
Schroeder), and an additional epoch at δt ≈ 608 days under
program 23A-298 (PI: Schroeder). We used 3C286 for
bandpass and flux calibration and J1407+2827 for gain
and phase calibration. We reduced the data using the
Common Astronomy Software Applications Pipeline (CASA;
J. P. McMullin et al. 2007), performing manual flagging when
necessary, and image using standard routines. We do not
detect any emission at or around the location of GRB 211211A
in any of our epochs. In order to measure the rms of the image,
we use the pwkit/imtool program (P. K. G. Williams
et al. 2017), and place 3σ limits of ≲7–13 μJy at the location
of GRB 211211A at δt ≈ 0.54–1.7 yr. A summary of the
observations can be found in Table 1.

3. Magnetar-boosted Kilonova and Kilonova-afterglow
Models

We create a suite of model light curves using a revised
version of the model described in G. Schroeder et al. (2020).
We consider two ejecta shell scenarios: a “single velocity
shell” scenario and a “structured ejecta” scenario. We use
these model light curves to translate our VLA nondetections
into constraints on various parameters in both magnetar-
boosted kilonova (Section 4.1) and ordinary kilonova-after-
glow (Section 4.2) scenarios for GRB 211211A.
For the single-velocity-shell scenario, we calculate the

dynamics of ejecta–ISM forward shock following A. Pe’er
(2012) as in G. Schroeder et al. (2020). The key model
parameters are the energy deposited into the kilonova ejecta
(Eej), the mass of the kilonova ejecta (Mej), the density of the
circumburst material (n0), the nonthermal electron power-law
distribution index (p), and the fractions of energy imparted to
the electrons and magnetic field (εe and εB, respectively). The
ejecta velocity is derived from Mej and Eej.
For the structured-ejecta scenario, the kilonova ejecta is

considered to be radially stratified such that the kinetic energy
of ejecta moving at four-velocities greater than Γβ is
Eej(�Γβ) ∝ (Γβ)−α, where β is the velocity of the kilonova
ejecta, Γ is the Lorentz factor of the ejecta, and α is the
power-law distribution of the energy, as described in, e.g.,
A. Kathirgamaraju et al. (2019). The dynamics in this scenario
are analytically calculated following the formalism of
K. Hotokezaka & T. Piran (2015, their Equation (9)). The
synchrotron emission is calculated following the formalism of
B. Margalit & E. Quataert (2021), which accounts for the
effects of synchrotron self-absorption, synchrotron cooling,
and the impact of the postshock thermal electrons on the
resulting emission. We use a revised version of this formalism
that accounts for additional relativistic effects which were not
included in the original B. Margalit & E. Quataert (2021)
paper, and become important when Γβ ≳ 1 (B. Margalit &
E. Quataert 2024). Note that this analytic approach treats
relativistic effects following a line-of-sight approximation,
similar to, e.g., R. Sari et al. (1998); though see R. Ferguson &
B. Margalit (2025) for a full numerical treatment of relativistic
effects. In our present work, we choose to neglect thermal
electrons in the light-curve modeling. This approach is chosen
primarily for the sake of simplicity (among other things, it
reduces the number of free parameters) and in order to
facilitate comparison with previous work where thermal
electrons were ignored. Furthermore, the absence or presence
of thermal electrons in mildly relativistic transients is still
actively debated (e.g., A. Y. Q. Ho et al. 2022; A. J. Nayana
et al. 2025; L. Rhodes et al. 2025), so our present choice
reverts to default conventions in the literature. The key
parameters of the structured-ejecta scenario are the same as the
single-velocity-shell scenario, with the addition of α.

4. Results

Here, we utilize the radio observations of GRB 211211A
(Section 2) to compare to the generated light-curve models
described in Section 3, in order to place limits on the presence of
magnetar-boosted kilonova emission following GRB 211211A,
as well as place limits on a kilonova afterglow. For direct
comparisons to previous works (e.g., W. Fong et al. 2016;
A. Horesh et al. 2016; S. Klose et al. 2019; L.-D. Liu et al. 2020;

Table 1
VLA Radio Observations

Observation Date δta Fbb

(UT) (day) (μJy)

2022-06-26 197.4 <10.2
2022-08-27 259.3 <13.2
2022-12-23 377.0 <6.9
2023-08-11 608.4 <8.4

Notes.
a Mid-time of entire observation compared to Swift trigger.
b Upper limits correspond to 3σ confidence.
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G. Schroeder et al. 2020; G. Bruni et al. 2021; R. Ricci et al.
2021; A. Ghosh et al. 2024), we derive the limits we can place on
Eej in the magnetar-boosted kilonova scenario assuming the
single-velocity-shell model. Similarly, we assume the structured-
ejecta model when considering the kilonova-afterglow scenario to
directly compare to previous studies on GW170817 (e.g.,
A. Hajela et al. 2019, 2022).

4.1. Constraints on Magnetar Production

4.1.1. Preliminary Constraints

Given the low redshift of GRB 211211A, our observations
are able to probe much lower luminosities (νLν ≲ 1037 erg s−1;
see Figure 1) than previous radio studies of short GRBs at
similar observing frequencies (≳4 × 1037 erg s−1; W. Fong
et al. 2016; S. Klose et al. 2019; G. Schroeder et al. 2020;
G. Bruni et al. 2021; A. M. Nicuesa Guelbenzu et al.
2021a, 2021b; R. Ricci et al. 2021). Motivated by these deep
luminosity limits, we explore the constraints that our
observations can place on Eej for the magnetar-boosted
kilonova scenario using the single-shell velocity model. For
the remaining model parameters, we consider two sets of
values, listed in Table 2. First, we use the median values
inferred from the afterglow for p, n0, εe, and εB, as well as the
derived Mej from the kilonova in J. C. Rastinejad et al. (2022).
A summary of the assumed parameters for this scenario is
provided in the first column of Table 2. We generate a suite of
light curves for Eej = 1052–1053 erg in Figure 1 using the
afterglow parameters. Overall, these values are similar to those

derived in other studies of GRB 211211A (e.g., E. Troja et al.
2022a; J. Yang et al. 2022), except for p, which we assume to
be p ≈ 2.014 whereas other studies find p ≈ 2.1–2.2. We
explore how our choices of parameters affect our results
below.
From a comparison to the single-velocity-shell models, we

determine the maximum ejecta energy (Eej,max) allowed by
our nondetections to be ×E 4.4 10ej,max

52 erg (Figure 1).
Given that the maximum energy for an indefinitely stable
magnetar is Eej ∼ 1053 erg, this limit indicates that if GRB
2112111A produced a magnetar remnant, it was not
indefinitely stable.
However, it is not clear if the microphysical parameters (p,

εe, and εB) of the afterglow and magnetar-boosted kilonova

10 1 100 101

trest (yr)

1035

1036

1037

1038

1039

1040
L

(e
rg

/s
)

1×105
2 erg

3×105
2 erg

5×105
2 erg

10×1052 erg

Previous 5.5-6 GHz Limits
GW170817 (3 GHz)
GRB 211211A

Figure 1. Radio luminosity νLν vs. rest-frame time since gamma-ray trigger (δtrest). Orange triangles represent 3σ limits of our 6 GHz observations of
GRB 211211A. Empty triangles represent previous 6 GHz limits of short GRBs (W. Fong et al. 2016; S. Klose et al. 2019; G. Schroeder et al. 2020; G. Bruni
et al. 2021; A. M. Nicuesa Guelbenzu et al. 2021a, 2021b; R. Ricci et al. 2021), whereas hatched triangles represent the deepest 3 GHz limits for GW170817
(A. Hajela et al. 2022; A. Eddins et al. 2024). Black lines represent single-velocity-shell light-curve models for a variety of ejecta energies (Eej = 1, 3, 5, 10 × 1052

erg). We assume the afterglow-derived values for p, n0, εe, εB, and the kilonova-derived value forMej (Table 2). Given that GRB 211211A was relatively nearby, the
nondetections place strong luminosity limits on any radio emission.

Table 2
Model Parameters

Parameter Afterglow/Kilonova Deriveda Fiducial

p +2.014 0.003
0.007 2.2

n0 (cm−3) +0.54 0.52
10.02 +0.54 0.52

10.02

εe ×+3.28 102.77
14.8 2 0.1

εB ×+1.52 101.44
50.5 4 0.01

Mej (M⊙) +0.047 0.011
0.026 +0.047 0.011

0.026

( )E ergej,max 4.4 × 1052 6.1 × 1051

Note.
a Values from J. C. Rastinejad et al. (2022).
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should be the same. To investigate the effects of this
assumption, we also consider a second set of parameters using
fiducial values drawn from the general GRB population (e.g.,
W. Fong et al. 2015; A. Rouco Escorial et al. 2023) of p = 2.2,
εe = 0.1, and εB = 0.01 (using the same values as derived from
the afterglow or kilonova for all other parameters; see second
column of Table 2). From the comparison of the observations
to the suite of light curves, we find a more stringent

×E 6.1 10ej,max
51 erg, which effectively rules out a supra-

massive, temporarily stable magnetar remnant (Eej ∼ 1052 erg;
B. Margalit & B. D. Metzger 2019). We note that our fiducial
parameters result in a much more stringent limit on Eej,max
primarily because of the higher assumed value of p compared
to that directly inferred from the afterglow. This is due to our
light-curve function scaling15 as Fν ∝ (p − 2), resulting in low
luminosities when p ∼ 2 (p = 2.014 for the afterglow
parameters, compared to p = 2.2 for the fiducial parameters).
Compared to the analysis of 27 short GRBs using similar
methods presented in G. Schroeder et al. (2020), our limit of

×E 4.4 10 ergej,max
52 is deeper than the limits placed on

∼40%–70% of cosmological short GRBs.16

4.1.2. Distribution of Eej,max

We next explore the relationship between Eej,max and the
parameters p, n0, εe, and εB. In Section 4.1.1, we assumed
that the magnetar-boosted kilonova inherits the same
parameter values as the afterglow. However, for preliminary
constraints on Eej,max, we only used the median values of
each parameter, while the full posterior distributions for
some parameters span several orders of magnitude (Table 2;
J. C. Rastinejad et al. 2022). These large uncertainties can
affect the resulting conclusion on magnetar production. Thus,
we leverage the full posterior distributions of p, n0, εe, and εB
from the afterglow model fitting (J. C. Rastinejad et al. 2022)
to compute the distribution of Eej,max. We also investigate
any trends between the afterglow parameters and Eej,max.
We start by sampling the posterior distributions of the

afterglow model presented in J. C. Rastinejad et al. (2022) and
extract 5300 samples (where one “sample” corresponds to
a set of linked values for p, n0, εe, and εB). We then
produce the corresponding model light curves for a range of
Eej (1050–1054 erg), and determine for each sample the largest
value Eej,max that does not violate our nondetections. The full
distributions are displayed in Figure 2, and are colored by
Eej,max. For comparison, we also denote the values of the
afterglow and fiducial parameters assumed in Section 4.1.1.
We first explore what the distribution of Eej,max indicates for

the remnant of GRB 211211A. The median Eej,max for the 5300
samples is ×E 7.4 10ej,max

52 erg, within a factor of ∼2 of
the Eej,max derived from the afterglow parameters in
Section 4.1.1. We find that ∼66% of samples result in

<E 10ej,max
53 erg, indicating that a stable magnetar was likely

not formed by GRB 211211A. However, only ∼2% of samples
result in <E 10ej,max

52 erg, indicating that we cannot rule out
a temporarily stable magnetar.
We next explore which parameters affect the limits placed

on Eej,max the most. Past studies have attempted to constrain

some combination of the many parameters involved in the
magnetar-boosted kilonova model, typically Eej,max, n0, and εB
(e.g., W. Fong et al. 2016; A. Horesh et al. 2016; L.-D. Liu
et al. 2020; G. Schroeder et al. 2020; A. Ghosh et al. 2024),
while holding all other parameters fixed. In our light curves,

( )/+F n p
0

1 4, and therefore the naive expectation is that high
values of n0 would result in the strongest limits on Eej,max.
However, if it is assumed that the magnetar-boosted kilonova
parameters are the same as the afterglow parameters, the
inherent relationships between the afterglow parameters must
be taken into account.
In contrast to expectations, we find that the expected

dependence of Eej,max on n0 appears to be countered with the
negative relationship between n0 and εB within the synchro-
tron afterglow model. This results in high values of Eej,max
for high-n0/low-εB (and low-n0/high-εB) pairs (Figure 2),
with n0/εB pairs in the middle of their distributions leading to
the strongest constraints on Eej,max. We instead note that
Eej,max appears to have the strongest dependence on εe, where
higher εe leads to lower Eej,max. Historically, εe is fixed to 0.1
when assessing the limits that can be placed on Eej,max in the
magnetar-boosted kilonova scenario (W. Fong et al. 2016;
A. Horesh et al. 2016; S. Klose et al. 2019; L.-D. Liu et al.
2020; G. Schroeder et al. 2020; G. Bruni et al. 2021; R. Ricci
et al. 2021; A. Ghosh et al. 2024); however this test indicates
that this may be an overly simplistic assumption.
Overall, this exploration demonstrates the sensitivity of Eej,max

on the assumed parameters. We find that our limit on Eej,max is
more stringent if we assume fiducial parameters (∼6.1 ×
1051 erg; Section 4.1.1) for the magnetar-boosted kilonova, and
less stringent if we utilize the full posterior distribution of the
afterglow parameters (∼7.4 × 1052 erg). Given the uncertainty in
the magnetar-boosted parameters, we proceed with the limit
derived from the median afterglow/kilonova-derived parameters
in Table 2, ×E 4.4 10ej,max

52 erg (Section 4.1.1). We note
that the quantity we are directly constraining here is Eej,max, and
that this is roughly the initial magnetar rotational energy only if
the spin-down energy is strongly coupled to the ejecta. This may
not necessarily be the case if there is significant GW spin-down
(due to deformations caused by secular instabilities or strong
internal magnetic fields) or if an appreciable amount of energy is
channeled into an off-axis magnetized jet or outflow (D. Lai &
S. L. Shapiro 1995; L. Stella et al. 2005; S. Dall’Osso et al.
2009, 2015). However, in physically realizable scenarios, we
expect that these effects do not play an important role or alter our
overall conclusions on the nature of the merger remnant (see
B. Margalit & B. D. Metzger 2017a for a more thorough
exploration).

4.2. Constraints on Kilonova Afterglow

While in our above analysis we assumed a single velocity
shell for the kilonova ejecta, in reality it is likely that the
kilonova received a distribution of velocities, as described in
Section 3. As a result, we can utilize our radio observations to
place constraints on what the velocity distribution may be for
GRB 211211A. Continued follow-up of GW170817 at X-ray
and radio wavelengths has led to constraints on the presence of
a kilonova afterglow, indicating α ≳ 5 (e.g., A. Hajela et al.
2019, 2022; though see also J. Ren & Z. G. Dai 2022; E. Troja
et al. 2022b; A. Katira et al. 2025).
Given the different source of the shock powering the

kilonova compared to the afterglow, it is not guaranteed that

15 We note that this approximation breaks down as p → 2. However, our
constraint on Eej,max for p = 2.014 is more conservative than the constraint that
would be calculated using a more comprehensive treatment of this effect.
16 If we assume ×E 6.1 10 ergej,max

51 , only one short GRB has had deeper
limits placed (G. Schroeder et al. 2020).
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the kilonova will have similar microphysical values of p, εe,
and εB as the afterglow. However, as the kilonova ejecta travel
through the same environment as the afterglow, it is likely that
n0 will remain the same between the two shocks. As a result,
we focus on the constraints we can place on the α–n0
parameter space, since we have a constraint on n0 from the
afterglow. We generate a grid of light curves for various α–n0
pairs, where α = 2–10 and n0 = 10−6–102 cm−3. We fix
Eej = 1051 erg and Mej = 0.01M⊙, to be consistent with
previous modeling of GW170817, which assumed
β ≈ 0.3–0.35M⊙ (A. Hajela et al. 2019; A. Kathirgamaraju
et al. 2019; A. Hajela et al. 2022). We additionally fix p = 2.2,
εe = 0.1, and εB = 0.01, consistent with our single-velocity-
shell fiducial parameters (Table 2).
We generate a grid of light curves fixed at the redshift of

GRB 211211A (z = 0.0763) and matched to the deepest radio
limits (ν = 6 GHz). We then determine the flux density of the

light curve at the time of the last two 211211A limits
(δt ≈ 378–608 days). For low values of α ≲ 3, the rise of the
kilonova afterglow is shallow, and as a result the emission may
be detectable earlier with deeper limits, whereas for high
values of α ≳ 3 the rise is steep and therefore late-time
observations are more constraining (e.g., right panel of
Figure 3). As a result, since the limit at δt ≈ 378 days is
deepest, this observation becomes more constraining for
values of α ≲ 3 than the limit at δt ≈ 608 days, and we
must utilize both limits to properly explore the constraints on
the α–n0 parameter space. We determine the corresponding
solution of both limits for δt ≈ 378–608 days, and use the
maximum (corresponding to the more constraining) value of α
for each solution for the corresponding n0. The solution is
displayed in the left panel of Figure 3. We are able to
place meaningful constraints on α ≳ 2 assuming n0 ≳ 7.5 ×
10−2 cm−3.
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Figure 2. Corner plot showing the one- and two-dimensional projections of the 5300 samples of the posterior distributions of the afterglow model presented in
J. C. Rastinejad et al. (2022). Points are colored by the maximum ejected energy (Eej,max) consistent with our radio limits for a given parameter sample. The posterior
density functions for each parameter are split into 20 bins, and each bin is colored by the median Eej,max for the samples that fall within a particular bin. The bottom
row depicts the dependence on Eej,max with each parameter. The solid (dashed) black line and red (black) point denote the solution assuming the afterglow (fiducial)
parameters, with the color corresponding to ×E 4.4 10ej,max

52 erg (≈6.1 × 1051 erg).
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Afterglow modeling of GRB 211211A provides an inde-
pendent constraint on the circumburst density, which has been
measured to be n0 ≈ (0.65-1060) × 10−2 cm−3 (68%
confidence interval; J. C. Rastinejad et al. 2022). Our
constraints on the α–n0 space fall within the afterglow-derived
range, demonstrating that the VLA nondetections significantly
constrain the presence of a kilonova afterglow. We note that an
additional VLA observation at δt ≈ 4 yr after the burst to a 3σ
limit of ≲7 μJy would constrain a kilonova afterglow for any
value of α for n0 ≳ 0.1 cm−3 (Figure 3).
As a comparison, we next perform the same exercise for

GW170817. Several late-time radio observations of
GW170817 have led to deep constraints on the presence of a
kilonova afterglow (A. Hajela et al. 2019, 2022; A. Balasubr-
amanian et al. 2022; A. Eddins et al. 2024). To match the
GW170817 redshift and deepest radio limits, we generate a
grid of light curves at z = 0.0099 and ν = 3 GHz. We then find
the flux density of the light curve at the time of the deepest
GW170817 limit (Fν ≲ 4.8 μJy at δt ≈ 5.7 yr; A. Eddins et al.
2024). We determine the corresponding solution of this
parameter space, as measured by the observed radio limits.
The solution is displayed in Figure 3. For our chosen Eej, Mej,
p, εe, and εB, we are able to place meaningful constraints of
α ≳ 2 assuming n0 ≳ 1.4 × 10−4 cm−3, whereas the
circumburst density of GW170817 is estimated to be
n0 ≈ (5.8–65) × 10−4 cm−3 (68% confidence interval;
A. Hajela et al. 2019). Within the measured n0 range for
GW170817, the nondetections require α ≳ 4, similar to
previous studies (A. Hajela et al. 2019, 2022). Importantly,
while GRB 211211A is a factor of ≈9 further in distance than
GW170817, the higher measured circumburst density for
GRB 211211A still allows us to place strong constraints on the
α–n0 parameter space compared to GW170817. We note that

this comparison assumes that all other parameters are the same
across the two events.
Finally, we investigate the constraints we can place on the

α–n0 parameter space assuming a NS merger occurs at
z = 0.045 (≈200Mpc, the limits of LVK O4; B. P. Abbott
et al. 2020). We generate a grid of light curves at this fixed
distance following the same procedure detailed above for
ν = 6 GHz. We find the flux density of the light curve at δt =
2 yr after the merger (similar to our last observation of
GRB 211211A at ∼1.7 yr), and determine the solution
assuming a 3σ limit of ≲7 μJy, the sensitivity reached by a
2 hr observation with the VLA at 6 GHz. Such an observation
would lead to constraints on α assuming n0 ≳ 1.9 ×
10−2 cm−3. Given that the median measured n0 for short
GRBs is ≈(0.3–1.5) × 10−2 cm−3 (W. Fong et al. 2015), we
would require such a merger at 200 Mpc to occur within a
moderately high-density environment in order to probe the
kilonova-afterglow scenario, as in GRB 211211A. Later
observations will place strong constraints on α ≳ 3, similar
to the simulated observation of GRB 211211A at δt ≈ 4 yr.
We next explore an alternative explanation for the lack of

kilonova-afterglow emission. B. Margalit & T. Piran (2020)
demonstrated that the kilonova-afterglow emission could be
suppressed if the kilonova ejecta has yet to catch up with the
shell of the GRB. As the GRB jet plows through the ambient
ISM, it will leave a cone of nearly empty space behind it. The
kilonova ejecta will travel through this cone uninhibited, and
without interacting with the ISM. As a result, prior to the time
of collision (tcol) of the kilonova ejecta and the GRB forward
shock, the kilonova afterglow will be significantly fainter due
to the lack of material with which to interact. Upon collision, a
short-lived (∼1 yr) radio flare is predicted, followed by the
standard kilonova afterglow. We can calculate tcol using

GW170817 limit, 3 GHz
7 Jy limit, 6 GHz, 200 Mpc, t = 2 yr
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GRB 211211A 7 Jy limit, 6 GHz, t = 4 yr
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Figure 3. Left: the α vs. ( )/nlog cm10 0
3 parameter space. This space is created by generating light curves for varying α–n0 pairs, while holding Eej = 1051 erg,

Mej = 0.01 M⊙, p = 2.2, εe = 0.1, and εB = 0.01 fixed, and finding the flux density of the light curve at the time of the radio observations. Solid lines indicate the
limits placed on this space for GW170817 (yellow) and GRB 211211A (purple) based on current radio limits. The orange dashed line represents a merger at
∼200 Mpc, assuming an observation at δt = 2 yr (similar to our final observation of GRB 211211A at ∼1.7 yr) with a 3σ limit of ≲7 μJy at 6 GHz (comparable to
the nondetections of 211211A and the sensitivity of the VLA for a 2 hr observation). The purple dotted line represents the limits that can be placed for an observation
of 211211A at δt = 4 yr with a 3σ limit of ≲7 μJy at 6 GHz. Colored regions indicate the measured n0 for GW170817 (yellow) and GRB 211211A (purple), where
solid shaded regions are consistent with the current radio limits and hatched regions are ruled out by the current radio limits. Right: light curves for the radio
nondetections of GW170817 and GRB 211211A (yellow and purple triangles, respectively). Also plotted are kilonova-afterglow models for α = 2, 4, and 9 (solid,
dashed, and dotted, respectively) and two circumburst densities (10−3 cm−3 in orange and 10−1 cm−3 in red), roughly corresponding to the densities allowed by the
α–n0 parameter space for GW170817 and GRB 211211A.

7

The Astrophysical Journal, 998:93 (11pp), 2026 February 10 Schroeder et al.



Equation (9) from B. Margalit & T. Piran (2020), where the
parameters of interest are the energy of the GRB jet (Ej), n0,
and the velocity of the kilonova ejecta. For the median
afterglow parameters (Ej ≈ 6 × 1049 erg, n0 ≈ 0.5 cm−3), and
assuming a kilonova velocity of ∼0.3c (J. C. Rastinejad et al.
2022), we find tcol ≈ 4.3 yr, whereas our final VLA
observation of GRB 211211A was at ≈1.7 yr. Nominally, this
implies a suppression of the kilonova-afterglow luminosity by
a factor of ≳100 or more. As a consequence, the constraints
we placed on α may be weakened by this effect. For the
suppression estimated above and for large values of α, the
density constraint is similarly weakened by a factor of
≳1004/(p+1) ≈ 300 (i.e., a higher density would be allowed in
Figure 3). Finally, we note that in this scenario it is possible
that future observations of GRB 211211A may reveal a bright
radio flare from the kilonova afterglow.

5. Discussion

5.1. Implications for the Progenitor of GRB 211211A

While a compact object merger scenario remains the leading
progenitor model of GRB 211211A, the details of the compact
objects involved remain unconfirmed. Thus, we explore how our
conclusions based on our analysis would change if
GRB 211211A was not produced by an NS-NS merger, for both
the magnetar-boosted kilonova and the kilonova afterglow.
If GRB 211211A was instead produced by an NS-BH

merger, whose timescales may also produce longer-lived
gamma-ray emission (e.g., Y.-Z. Meng et al. 2024;
A. G. Sullivan et al. 2024; G. P. Lamb et al. 2025), we would
not expect to detect the magnetar-boosted kilonova signal, as
the resulting BH remnant would not deposit any additional
energy into the kilonova. This scenario is consistent with our
observations, as we have not detected any such magnetar-
boosted kilonova. If, however, GRB 211211A was produced
by an NS merger with a WD (e.g., J. Yang et al. 2022;
S.-Q. Zhong et al. 2023; X.-X. Liu et al. 2025), a magnetar
remnant could in principle still be produced; however, the
rotational energy of the remnant may be considerably smaller
than in a NS merger (e.g., B. Margalit & B. D. Metzger 2017b
predicted a final rotational energy of ∼1051 erg), and hence our
constraints on Eej,max are challenged to definitively rule out this
scenario (Section 4.1). Finally, if GRB 211211A was
produced by the accretion-induced collapse of a WD (e.g.,
P. C.-K. Cheong et al. 2025; L. Combi et al. 2025), the
expected rotational energy that the resulting cooled magnetar
remnant could deposit into the kilonova would be ∼3 ×
1052 erg (B. D. Metzger et al. 2008). While we are unable to
rule out this scenario based on our current limits placed on
Eej,max (Section 4.1), future observations will be able to probe
this scenario (Section 5.2). Regardless of what type of compact
objects merged (e.g., NS-NS, WD-WD, NS-BH, or a WD-NS),
our constraints on the presence of the kilonova afterglow
remain valid if the red transient associated with GRB 211211A
is in fact produced by the radioactive decay of neutron-rich
ejecta produced during the merger (Section 4.2).
An alternative explanation for GRB 211211A is the traditional

long-GRB progenitor of a collapsar, with unique properties. For
example, E. Waxman et al. (2025) found that GRB 211211A
could possibly be explained by a collapsar origin within a dust
cloud, which in turn heats the dust and produces thermal
emission, i.e., the red transient associated with GRB 211211A.

In this scenario, GRB 211211A would also need to be at z ≈ 0.5
to account for its lack of a detected supernova counterpart.
However, we note that the apparent offset from the z= 0.5
galaxy and lack of underlying star formation is difficult to
reconcile with this scenario (J. C. Rastinejad et al. 2022). Our
radio observations are consistent with this progenitor model, as
we would not expect to detect any late-time radio emission from
such a scenario given the higher redshift. Additionally, the
early radio observations of GRB 211211A (A. Mei et al.
2022; J. C. Rastinejad et al. 2022) were too shallow to rule out a
radio supernova similar to SN 1998bw (S. R. Kulkarni
et al. 1998).
J. Barnes & B. D. Metzger (2023) also found that a collapsar

progenitor scenario accompanied by an unusual supernova
could explain the observed red transient following
GRB 211211A, at the assumed redshift of z = 0.0763 (see
also M. Ristić et al. 2025). In this scenario, the optical/infrared
emission is still the result of the production of r-process
elements; however, the ejecta are produced in the accretion
disk around the collapsar central engine (D. M. Siegel et al.
2019) rather than being ejected during a NS merger. J. Barnes
& B. D. Metzger (2023) found that there exists a narrow range
of parameter space in which a collapsar could produce a
transient that matches the observed behavior of
GRB 211211A. The authors predicted that late-time radio
observations of GRB 211211A would distinguish between a
collapsar and NS merger scenario that produced a magnetar,
with the collapsar scenario producing radio emission that
peaked on longer timescales (δtν,peak ≈ 5–15 yr) compared to
the magnetar-boosted kilonova scenario (δtν,peak ≈ 1–5 yr),
with peaks for both scenarios on the order of Fν,peak ≈ 10–
100 μJy. The values of δtν,peak and Fν,peak are derived using
E. Nakar & T. Piran (2011), and therefore are similar, yet more
simplistic, than our modeling framework. Overall, J. Barnes &
B. D. Metzger (2023) predict earlier tν,peak and brighter Fν,peak
for the magnetar-boosted kilonova than what we presented in
Section 4.1. As a result, we are able to fully rule out all of the
magnetar-boosted kilonova models they present with our
observations. However, our observations are unable to rule out
the collapsar scenario presented in J. Barnes & B. D. Metzger
(2023), and future observations will be needed to do so.

5.2. The Future of Observing GRB 211211A and Other
Merger-driven Long GRBs

We next explore the prospects for future observing campaigns
of GRB 211211A in the context of the magnetar-boosted
kilonova, kilonova afterglow, and the unusual collapsar scenario
presented in J. Barnes & B. D. Metzger (2023). We have already
demonstrated that our VLA observations rule out a magnetar-
boosted kilonova scenario down to Eej≲ 4.4× 1052 erg using the
afterglow-derived parameters (Section 4.1). Further observations
with the VLA are unlikely to achieve much stronger constraints
on this scenario, as the models bright enough to be detected by
the VLA peak around the time of our observations (e.g.,
Figure 1). However, future planned radio facilities such as the
next-generation VLA (ngVLA),17 the Square Kilometer Array
(SKA),18 and the Deep Synoptic Array 2000 (DSA-2000),19
which should begin full science operations in the late 2020s to

17 https://ngvla.nrao.edu/
18 https://www.skao.int/en
19 https://www.deepsynoptic.org/overview
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2030s, should be able to probe models down to Eej ≈ 2 × 1052

erg (Figure 4). Such future observations will not only place
stronger constraints on the NS-NS merger scenario, but also
other scenarios such as accretion-induced collapse of a WD
(e.g., P. C.-K. Cheong et al. 2025; L. Combi et al. 2025).
As mentioned in Section 4.2, our current observations are

able to rule out a kilonova afterglow for n0 ≳ 0.1 cm−3, though
the kilonova afterglow may be suppressed until δt ≈ 4.3 yr. For
n0 = 0.1 cm−3, the kilonova afterglow is also expected to peak
around δt ≈ 4–5 yr (Figure 4), with a peak of Fν ≈ 9 μJy,
detectable with a 2 hr observation at 6 GHz with the VLA.
Additionally, the fading kilonova afterglow should be
detectable with the ngVLA/SKA/DSA-2000. If such radio
emission is detected, this would provide strong support for an
NS merger progenitor for GRB 211211A.
We next utilize the collapsar model parameters presented in

J. Barnes & B. D. Metzger (2023) within our own modeling
framework to explore what constraints can be placed with
future observations. In the collapsar scenario (Eej = 1052–1053

erg, Mej = 0.5–1.0M⊙; e.g., J. Barnes & B. D. Metzger 2023),
we find δtpeak ≈ 20–40 yr with Fν,peak ≈ 0.1–3 μJy at 6 GHz
(assuming the afterglow parameters20 in Table 2; see
Figure 4). With the current capabilities of the VLA, we would
not be able to detect the radio emission. However, the ngVLA,
SKA, and DSA-200021 would be able to place constraints on
the collapsar scenario assuming the collapsar deposited

Eej ≳ 3 × 1052 erg into the ejecta. Importantly, the predicted
late-time behavior after the peak of this emission is
indistinguishable from the magnetar-boosted kilonova emis-
sion. Therefore, it is necessary to observe the rise of this
emission, which will break the degeneracies between the
magnetar-boosted kilonova and collapsar scenarios. As a
result, the DSA-2000, which is expected to come on-line in the
late 2020s (G. Hallinan et al. 2019), will be crucial for
constraining the rise of the emission.
Overall, with currently operational facilities such as the

VLA, we predict that further observations of GRB 211211A
will only be able to place deeper constraints on the emergence
of kilonova-afterglow emission and the optimistic collapsar
scnenario presented in J. Barnes & B. D. Metzger (2023).
However, future planned facilities, such as the ngVLA, SKA,
and DSA-2000, should be able to probe the peak and decline
of the collapsar scenario, as well as the decline of the
magnetar-boosted kilonova and kilonova-afterglow scenarios
to greater depths than currently possible.
In addition to GRB 211211A, GRB 060614 and

GRB 230307A are two other nearby (z ≲ 0.125) long GRBs
with red kilonova-like transients that may have been produced
by a compact object merger (B. Yang et al. 2015; A. J. Levan
et al. 2024; Y.-H. Yang et al. 2024; P. C.-K. Cheong et al.
2025). Previous radio observations of GRB 060614 have led to
some constraints on the magnetar-boosted scenario (A. Horesh
et al. 2016), and, given the age of GRB 060614, it is unlikely
that future observations will be much more constraining on the
progenitor. However, no such study has been done on the more
recent GRB 230307A. At a nearby distance of ∼300 Mpc and
with a relatively high circumburst density of ∼0.25 cm−3

(A. J. Levan et al. 2024; though see also Y.-H. Yang et al.
2024), GRB 230307A represents an additional opportunity to
place strong constraints on both the magnetar-boosted kilo-
nova and kilonova-afterglow scenarios. Additionally, there is
some evidence that features present in the gamma-ray light
curve, including the spectral lag and minimum variability
timescale, may provide insight into the progenitor regardless
of duration (J. C. Rastinejad et al. 2022; A. G. Suvorov et al.
2022; E. Troja et al. 2022a; B. P. Gompertz et al. 2023;
P. Veres et al. 2023; R. Maccary et al. 2026), which will aid in
the future identification of merger-driven long GRBs. The
successful detection of a magnetar-boosted kilonova following
a long GRB would have far-reaching implications for the
progenitors of these systems (helping to confirm an NS merger
origin), the production of long GRBs from such systems, the
NS EOS, heavy-element production, and NS merger rates.
Therefore, continued follow-up of this small but valuable
population is paramount for constraining this emission.

6. Conclusions

We have presented new VLA radio limits for GRB 211211A
spanning ≈0.54–1.7 yr postburst. These limits represent some
of the deepest limits placed following a GRB produced by an
NS merger, due to the proximity of GRB 211211A and its
higher ISM density than GW170817. We used these limits, in
addition to our updated light-curve modeling, to place
constraints on a magnetar-boosted kilonova, as well as a
stratified velocity profile for an unboosted kilonova afterglow.
We have come to the following conclusions:
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two potential emission outcomes of 211211A: a collapsar scenario (purple,
Eej = 1052–1053 erg, Mej = 0.5-1.0 M⊙; e.g., J. Barnes & B. D. Metzger 2023)
and a magnetar-boosted kilonova (orange, Eej = 1052–1053 erg, Mej = 0.047
M⊙). Solid shaded regions indicate the range of light curves for the median
afterglow parameters as measured by J. C. Rastinejad et al. (2022). Also
shown are two kilonova-afterglow light curves (red, Eej = 1051 erg, Mej =
0.01 M⊙; e.g., A. Hajela et al. 2019, 2022) assuming stratified ejecta with
velocity distribution indices of α = 3 (solid) and α = 9 (dashed) and n0 =
0.1 cm−3 (see Sections 4.2 and 5.2). Dark orange triangles represent the curent
VLA upper limits for this burst. The solid black horizontal line indicates the
3σ sensitivity of the VLA for a 2 hr observation at 6 GHz. The vertical black
dashed line indicates the expected time the ngVLA will come on-line, and the
horizontal black dashed line indicates the expected 3σ sensitivity of the
ngVLA at 8 GHz. We note that the SKA and DSA-2000 will also be able to
probe the model light curves plotted here, however they will overall be less
sensitive than the ngVLA.

20 The fiducial parameters (Table 2) typically produce models similar or more
optimistic to those presented in J. Barnes & B. D. Metzger (2023), and as a
result we choose to focus on the afterglow parameters.
21 The collapsar model at the frequency of the DSA-2000 (1.35 GHz) is
Fν,peak ≈ 0.2–6 μJy.
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1. Assuming GRB 211211A is the result of a NS merger in
which a magnetar was produced, we are able to place
limits on the maximum ejecta energy imparted on the
kilonova of ×E 4.4 10 ergej,max

52 (using the median
afterglow parameters). This rules out the presence of an
indefinitely stable magnetar, but does not rule out a
temporarily stable magnetar. If we instead assume
fiducial microphysical parameters for the magnetar-
boosted kilonova, we are able to rule out a temporarily
stable magnetar ( ×E 6.1 10 ergej,max

51 ).
2. Using a sample of afterglow parameters derived by
J. C. Rastinejad et al. (2022), we are able to rule out an
indefinitely stable magnetar ( <E 10 ergej,max

53 ) for
∼66% of the sample. However, we can only rule out a
temporarily stable magnetar ( <E 10 ergej,max

52 ) for
∼2% of the sample.

3. If the kilonova was unboosted (no magnetar formed), but
acquired a stratified velocity profile, our limits are still
able to place meaningful constraints on the presence of a
kilonova afterglow, thanks to the high measured n0 of
GRB 211211A. For an NS merger at 200 Mpc, deep
VLA observations at 2 yr postmerger would be
able to constrain the α–n0 space assuming n0 ≳ 1.9 ×
10−2 cm−3.

4. The radio emission from an unboosted kilonova after-
glow may be suppressed until the kilonova ejecta catches
up to the jet forward shock. In the case of GRB 211211A,
we predict this to occur around ∼4.3 yr.

5. While we are able to fully rule out the magnetar-boosted
kilonova models presented in J. Barnes & B. D. Metzger
(2023), our observations cannot rule out the collapsar
scenario, though future observations may. We find that
future observations with the VLA will not significantly
increase the constraints we can place on the presence of a
magnetar-boosted kilonova, but can probe the presence
of a kilonova afterglow. Observations with future
planned radio observatories should be able to probe the
magnetar-boosted kilonova models and collapsar models
to ∼2–3 × 1052 erg, as well as the kilonova afterglow.

Going forward, additional radio campaigns targeting
GRB 211211A may reveal a radio flare due to an unboosted
kilonova afterglow. While the proximity of GRB 211211A
presents one of the best opportunities to search for the
signature of a magnetar-boosted kilonova, this study demon-
strates the difficulty in constraining the presence of one based
on the dependency of various model parameters. Future radio
observations of nearby NS mergers, discovered via either GW
or gamma-ray observatories, will be key to constraining both
the magnetar-boosted kilonova scenario and the kilonova-
afterglow scenario, and will provide insight into the progeni-
tors of these events.
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