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Fast radio bursts (FRBs) are millisecond-duration, bright (~Jy) extragalactic bursts, whose
production mechanism is still unclear . Recently, two repeating FRBs were found to have
a physically associated persistent radio source of non-thermal origin #2, These two FRBs
have unusually large Faraday rotation measure values »2, likely tracing a dense magneto-
ionic medium, consistent with synchrotron radiation originating from a nebula surrounding
the FRB source #>¢ 78, Recent theoretical arguments predict that, if the observed Faraday
rotation measure mostly arises from the persistent radio source region, there should be a
simple relation between the luminosity of the latter and the first. 7. We report here the
detection of a third, less luminous persistent radio source associated with the repeating FRB
source FRB 20201124A at a distance of 413 Mpc, significantly expanding the predicted re-
lation into the low luminosity — low Faraday rotation measure regime (<1000 rad m—2). At
lower values of the Faraday rotation measure, the expected radio luminosity falls below the

limit of detection threshold for present-day radio telescopes. These findings support the idea
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that the persistent radio sources observed so far are generated by a nebula in the FRB envi-
ronment, and that FRBs with low Faraday rotation measure may not show a persistent radio
source because of a weaker magneto-ionic medium. This is generally consistent with models
invoking a young magnetar as the central engine of the FRB, where the surrounding ionized

nebula - or the interacting shock in a binary system - powers the persistent radio source.

FRB 20201124A is a repeating fast radio burst which underwent a reactivation during March
2021 "0 allowing for an accurate localization with an uncertainty of a few milli-arcseconds
through Very Long Baseline Interferometry (VLBI) observations 2, Its precise localization (milli-
arcsecond) and close distance (redshift = = 0.098) with respect to other FRBs with an identified
host galaxy make it an ideal target to study the physical conditions of its surroundings. Following
the discovery of an extended radio emission associated with star formation in the FRB 20201124A

environment 2

, we targeted the FRB region with deep, sub-arcsec angular resolution Very Large
Array (VLA) observations at 15 and 22 GHz. A sub-arcsec resolution is crucial to disentangling

a possible compact source from the previously detected diffuse (3—4 kpc) emission, allowing us to

assess the presence of a persistent radio source (PRS) associated with the FRB.

Observations at 15 GHz highlight a compact, unresolved emitting region, with a position
consistent with the FRB location (see Fig. [Th). Its flux density outshines the diffuse component
from the host galaxy at the same frequency. This bright, compact PRS falls in the South-West
region of the extended emission previously discovered at higher frequencies 2. At 22 GHz, a

compact component is still detected, although at a lower significance level of 40, at a position



consistent with the FRB location and the peak of the 15 GHz component (see Extended Data Fig.
1)). The estimated projected physical size at 15 GHz is < 700 pc, and a much smaller size cannot
be excluded. As also noted in %, the flux densities measured up to 22 GHz imply that this compact
source could not be detected in previous VLBI observations because it was too faint for the image
noise level reached in those works — ~10 zJy beam! 1303 at the limit of capabilities for current

VLBI arrays.

In order to derive the spectral shape of the source, we have re-imaged and re-analyzed the 6
GHz VLA archival data from ref™ that have a similar resolution to our observations. We could
disentangle the compact PRS from the diffuse star-formation emission, and estimate a flux density
consistent with the one predicted by those authors on the basis of general image-quality consider-
ations. Considering the flux densities collected from multi-frequency (6, 15, 22 GHz) VLA data,

the PRS shows an inverted radio spectrum (£, o< v, with o = 1).
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Figure 1 Images of the host galaxy of FRB 20201124A. a, VLA image at 15 GHz from
this work. Black contours indicate 3, 4, 5, 7, 9 xo levels. The white contours are from
the re-imaged 6 GHz VLA archival data' at similar resolution, and indicate 3, 4, 5, 6 xo
levels. b, HST/UVIS image by 14, with contours reporting the 15 GHz VLA image from left
panel. In both panels the location of the FRB as measured by the EVN 2 is reported as a
yellow cross, while the center of the host galaxy as estimated from the HST/UVIS image

1% (F475X optical filter) is reported as a red cross.

LIS §s linked to

While the global, diffuse radio emission discussed by previous authors
star-forming regions within the host galaxy (see Methods), it is difficult to associate the discovered
compact radio source with the same physical process. First, the inverted spectrum is unlike the
spectral shape observed in radio from star formation, usually steep (« < —0.5) or at most flat
(=0.5 < a < —0.2, see Methods). Furthermore, the radio luminosity of star forming regions is
typically three orders of magnitude lower than the luminosity of the compact radio source. Even
the rarest giant regions, with sizes < 700 pc, are ten times less luminous (see Methods). Fi-
nally, even assuming a star formation rate capable of accounting for the radio luminosity, it would
leave imprints at other wavelengths, that are not detected. Our integral field unit observations
with GTC/MEGARA (see Methods) confirms that the FRB falls at the Northern edge of the host
galaxy’s bar, as seen in previous HST images . The star formation rate (SFR) map, as estimated

from the Ha emission line (see Fig. [2)), reveals that highest SFR is towards the host galaxy’s center,
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and match the Optical emission as seen by HST (see Fig. [Ib). Conversely, close to the FRB po-
sition, an SFR of ~ 0.4 Mg, yr—! is measured. Additionally, we performed mm-band observations
with NOEMA centered on the FRB coordinates to independently estimate the SFR through dust
grey-body emission. These resulted in two non-detections at 236.5 and 250 GHz, corresponding to

3o upper limits of 130 ;Jy beam~! and 160 ;Jy beam—!

, respectively. The angular resolution of
NOEMA images allowed to probe a physical scale of about 1.3x0.7 kpc, comparable with the one
probed by the VLA. We modelled the cold dust spectral energy distribution (SED) with a mod-
ified black body (MBB) function in order to derive upper limits for the dust mass and SFR (see
details in Methods), finding a dust mass of My, < 7.9 x 10° M, and a star formation rate of
SFR< 2.2 M, yr~* at the location of the 15 GHz PRS. However, from our radio images we could
estimate that, in order to account for the observed radio flux density, a SFR = 3 Mg yr~! would be
needed (see Methods). This number is not consistent with either the upper limit from obscured star
formation derived from NOEMA observations (SFR< 2.2 M yr~!), or the Ha-derived SFR at the

location of the compact source as estimated from GTC/MEGARA spectroscopy (~ 0.4 Mg yr1),

further supporting a different origin.
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Figure 2 Star formation rate map of the FRB 20201124A host galaxy, as derived
from GTC/MEGARA integral field spectroscopy. This is estimated from the intrinsic
Ha luminosity, taking into account Galactic and intrinsic dust extinction using the Balmer
decrement (Ha/Hp). Pixels with an Ha significance below a 3¢ threshold are omitted. In
cases where the Hg significance falls below a 2o threshold — so that no accurate correc-
tion for dust extinction is possible — we give a lower limit of the SFR, and represent these
pixels in grayscale. Note that the tick labels above the two colorbars represent lower limit
SFRs and actual SFRs for grayscale and coloured pixels, respectively. The white contours
represent the VLA image at 15 GHz, whereas the red and black crosses represent the
FRB and host galaxy’s centre, respectively. The magenta rectangle define the galactic
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region encompassing six adjacent MEGARA pixels surrounding the FRB and PRS zone.
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Figure 3 The proposed relation between the PRS specific radio luminosity and the
FRB rotation measure . The red dotted, dashed, and solid lines denote the predicted
relation for (.42(R/1072 pc)? = 10,1.0,0.1, respectively. The orange star point indicates
FRB 20201124A. The black upper limit indicates the non-localized FRB 20110523A with
an upper limit of the persistent emission and a measured value of RM, which gives one of
the most conservative constraints for non-localized sources in literature. The blue circles
denote the FRBs with measured persistent emission flux and RM (FRB 20121102A and
FRB 20190520B). The blue upper limits correspond to the FRBs with precise (arcsecond)
localizations. Due to the large RM uncertainty of the host interstellar medium, the data of
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FRBs with |RM| < (10* — 10%) rad m~2 (on the left side of the green dashed line) might

significantly deviate from the predicted relation.

Large Faraday rotation measure (RM) values, |[RM|, found for some FRBs imply a dense
and magnetized environment in the vicinity of the sources *. If relativistic electrons constitute a
significant fraction of the medium, the magnetized environment near the FRB source could produce
synchrotron radiation, powering a bright PRS 84245 There should be a simple relation between
the luminosity of the PRS and the Faraday rotation measure, tracing the magneto-ionic medium in
the FRB environment *7. We consider that the electron distribution in the PRS emission region
has a thermal component and a non-thermal component, and the RM is mainly due to the thermal

component. As discussed in the Methods section, the foreseen relation is:
L, o< (C.42R?) x |RM]. (1)

where (, is the fraction of the electrons radiating synchrotron emission in the observed band among
all electrons, . is the typical Lorentz factor defined by 72 = [ n.(v)dv/ [[ne(v)/7?]dv, ne(7)
is the electron differential distribution with electron Lorentz factor ~, and R is the radius of the

plasma that contributes to the emission of the PRS and the RM.

In Figure [3| we plot the relation between the specific luminosity (or upper limit) of the PRS
against the RM of known FRBs. The red dotted, dashed, and solid lines correspond to the predicted
relation for (.v2(R/107% pc)? = 10, 1, 0.1, respectively (see Methods). The observed specific PRS
luminosities of FRB 20121102A, FRB 20190520B, and FRB 20201124A are close to the predicted
value for (.v2(R/1072 pc)? ~ (0.1 — 10). In particular, the detection of the PRS associated with
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FRB 20201124A allows for the first time to test the predicted relation at lower radio luminosity,
at the limits of present-day radio telescopes detection threshold, thus significantly broadening the
probed parameter space. The upper limit of FRB 201809168 is also close to the predicted relation.
As a caveat, we should notice that for FRBs with RM < a few x 100 rad m~2, the RM from the
Galactic component or the host component could dominate. This places FRB 20201124A, with a

|IRM| ~ 900 rad m~2, at the limits of the explorable range.

These findings support a nebular origin for the three detected PRS associated with FRBs
so far. While the possible nature of the FRB engine itself remains unclear, the nebula model is
generally consistent with the proposed scenarios involving a magnetar or a hyperaccreting X-ray
binary as the central engine, which already predict an ionized nebula around it ***, Thanks to the
increasing census of FRBs, and in particular repeating ones, deep radio observations of a larger
sample of these objects could put further constraints on the nebula model, and on the physical

conditions in the surroundings of FRBs in general.
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METHODS

VLA

Observations with the VLA were performed in B-configuration at 15 GHz (Ku-band) and 22 GHz
(K-band), under DDT project 21B-330 [PI: Bruni]. The 22 GHz observations were divided into
two ~ 2-hours blocks, and then concatenated in order to achieve a similar RMS to the 15 GHz
ones. A journal of observations can be found in Extended Data Tab. Data calibration was
performed with the CASAE] VLA pipeline, and images deconvolution through the TCLEAN task.
The signal to noise ratio at 15 GHz allowed us to apply the robust weighting scheme to improve
the angular resolution, obtaining a final value for the FWHM similar to the 22 GHz one. The RMS

was 2-3 pJy/beam at both frequencies.

NOEMA

Observations with the NOrthern Extended Millimeter Array (NOEMA) were carried-out through
project W22BS [PI: Bruni] during March 2023 using the B array configuration with 12 antennas.
A journal of observations can be found in Extended Data Tab. [l The phase center was set at
RA 05:08:03.470, Dec 26:03:38.50. The Band 3 (1 mm) receiver was tuned at 244 GHz, so that
the Lower Side Band (LSB) was centered at 236.5 GHz and the Upper Side Band (USB) at 250
GHz. Visibilities were calibrated using the CLID pipeline within the GILDAS software || The
absolute flux scale accuracy is of the order 10%. Imaging and deconvolution were performed using

MAPPING applying natural weighting. The final continuum maps reach a 10 RMS of 4.3 x 107°

1https ://casa.nrao.edu/, 22
2www.iram.fr/IRAMFR/GILDAS
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Jy/beam in LSB and 5.3 x 10~° Jy/beam in USB. The clean beams are 0”70 x 0”42 and 0”66 x 0”39

(PA =15°) in LSB and USB, respectively.

No clear detection was found in either LSB or USB data towards the FRB position, as derived
from 15 GHz VLA data. We derived 3¢ upper limits of 0.13 mJy and 0.15 mJy/beam in LSB and

USB, respectively.

GTC/MEGARA

The GTC/MEGARA instrument (>¥; 2%) collected a series of 6 observations on October 26, 2022,
under project 99-GTC89/22B [PI: Gardini] using the Large Compact Bundle (LCB) Integral Field
Unit (IFU) mode. It provides a field of view (FoV) of 12”5 x 11”3 using 567 fibres in a hexagonal
tessellation with a spaxel size of 0762. In order to cover the main optical emission lines, useful
to derive the SFR spatial distribution within the galaxy, the observations were carried out with
two different low resolution (LR, resolving power R ~ 6000) volume-phase holographic (VPH)
grating: VPH570-LR (LR-V), and VPH675-LR (LR-R), whose specifications can be found in in
Extended Data Tab. [I] This produces a combined spectrum covering the spectral range from 4350
to 7288 A. This range, at the redshift of our target, includes spectral emission lines such as He,
Hp, [OI11], [NII], needed for deriving the spatial distribution of the galaxy parameters like SFR,
intrinsic extinction and velocity map. The measured seeing during the observations were in the
range 077 — 079. We used the MEGARA data reduction pipeline (DRP) v0.12.0 > to process the
data. We followed the same procedure as described in detail in *®. The final spectra where flux

calibrated using the standard stars HR8634, available in the ESO spectro-photometric standards
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database (%%).

VLA detection of the compact PRS

We detected a compact component both at 15 and 22 GHz. Extended Data Fig. [I] shows the over-
plot of the image at 6-GHz that we have derived reanalyzing archival data from ref* with contours
from our 15 and 22 GHz images at similar resolution. The emission comes from regions consistent
with the EVN position at all frequencies. Indeed, a Gaussian fit results in a compact component
at 15 and 22 GHz, with an integrated flux density of 20.0+3.5 pJy and 30.0+9.7 py, respec-
tively. The peak position of the fitted Gaussian component is RA 05:08:03.50270£0.00097 s, Dec
+26:03:38.44440.014 arcsec at 15 GHz, while RA 05:08:03.494440.0052 s, Dec +26:03:38.423+0.080
arcsec at 22 GHz. Considering a standard astrometric accuracy of ~ 10% of the FWHM, and sum-
ming that in quadrature with the Gaussian fit error, we get a final uncertainty of 0704 <0704 at 15
GHz, and 0708 x0”09 at 22 GHz. The mentioned positional uncertainties imply that the detected
compact component is consistent within 3¢ with the FRB location by ref!?. The measured flux
density at 22 GHz accounts for ~ 40% of the value reported at the same frequency, but at lower res-
olution, in ref™ indicating that the previously detected diffuse emission falls below the detection

threshold per angular resolution element of the new image.

The image at 6 GHz, and the 15 and 22 GHz ones presented here have a consistent angular
resolution and RMS level, and can then be used to estimate the spectral index of the compact PRS.
At 6 GHz, ™ discuss how a possible PRS would be embedded in a diffuse emission region due to

star formation. Those authors thus provide a conservative upper limit of 10 pJy. We re-imaged
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the 6 GHz data from # (program 22A-213, PI: Fong), and performed an additional analysis to
refine the flux density and compactness estimate of the possible PRS. To account for the diffuse
emission, we estimated the mean flux density in the regions contiguous with the FRB location,
and outside a ~1 beam area centered on the component peak at 6 GHz. In this way, we obtained
an estimate of 8 uJy/beam for the emission plateau due to star formation, consistent with the one
discussed by ¥, We then used this value as an input for the of fset parameter of the IMFIT
task, that allows to account for a zero-level offset when performing a Gaussian fit on the image.
This procedure revealed a compact component at 6 GHz with an integrated flux density of 8.2 4
3.8 uly, and centered at RA 05:08:03.5007+0.0023 s, Dec +26:03:38.54404+0.0438 arcsec. As
previously discussed, considering an astrometric accuracy of ~ 10% of the FWHM we estimate a
final uncertainty of 0”05 x 0706, making again the peak position consistent with the FRB location
within 30. We note that, despite the uncertainty on the component flux density is ~45% of the
value, it is still at a 40 detection level with respect to the image RMS (2 pJy/beam), and 8o
considering its absolute peak of ~16 pJy given by the Gaussian+offset fitting. The estimated flux

density is also consistent with the upper limit of 10 Jy discussed by '+

Considering the estimated flux densities at 6, 15, and 22 GHz, we obtain the following spec-
tral indices (S oc v*) for the PRS: o’ = 0.97 & 0.54, a2 = 1.06 £ 0.96, and an overall value

aZ? = 1.00 4 0.43, indicating an inverted spectrum.

SFR estimates from NOEMA observations

In order to derive upper limits for the dust mass and SFR at the location of the PRS based on the
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NOEMA fluxes, we modelled the SED of the dust emission with a modified black-body (MBB)

function given by

‘ ‘ Q .
Sor = SOy = (e (B (Taust(2)) — Bu(Tems(2))](1 —e™™), (2)

where B, is the black body function that depends on the temperature and rest frequency (v), {2 =
(1+ 2)*Agu Dy ? is the solid angle with Agar , and Dy, is the surface area and luminosity distance

of the galaxy, respectively. The dust optical depth is

Mdust v g
v — k ; 3
T Aty 0(250 GHZ> 3)

with 3 the emissivity index and kg = 0.45 cm? g~! the mass absorption coefficient . The solid
angle is estimated using the size of the NOEMA beam, that is similar for both observations, 0”7 x

074. The effect of the CMB on the dust temperature is given by

1

Taust(2) = ((Tdust)4+ﬁ + Té+5[(1 + Z)4+B —1])5+7, 4)

with T = 2.73 K. We also considered the contribution of the CMB emission given by B, (Tcump(2) =

To(1 + 2)) %%, even if at this redshift it is almost negligible.

Therefore, this model has three free parameters: Tg.s, Maust, and 5. Since we were able
to determine only upper limits in the two NOEMA bands, we evaluated possible combination
of Tyt and [ that can reproduce the limits at 236 GHz and 250 GHz, leaving Mgy, as a free
parameter. Extended Data Fig. [2a presents 4 models built from a reasonable combinations of dust
temperature and emissivity: Ty, = 20,30 K and g = 1.5, 2.0, that are typical values found in
local star-forming galaxies=*=!, We explored the one dimensional parameter space using a Markov
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chain Monte Carlo (MCMC) algorithm implemented in the EMCEE package “%, and we assumed
a uniform prior for the dust mass, 10* My, < Mg < 10° M. We obtained My, /10°M, =
7.9,7.8,4.7,4.5 with [Ty, (K), 8] = [20, 1.5],[20, 2.0], [30, 1.5], [30, 2.0], from a MCMC with 25

chains, 1500 trials and a burn-in phase of ~ 50 for each model.

The SFR is estimated from the total infrared luminosity (TIR) as SFER[Mg, yr—!] = 107'% Lrr[Lo),
assuming Chabrier IMF %3, To compute the TIR luminosity we integrated the MBB from 8
to 1000 pm rest-frame, and therefore we obtained SFR = 0.13, 0.34, 0.69, and 2.24 M, yr—!
for [Taust(K), 8] = [20,1.5],[20,2.0],[30, 1.5], [30, 2.0], respectively. Overall we obtained that

Miust < 7.9 x 10 M, and SFR< 2.2 M, yr—'.

In order to constrain the emission from the host galaxy (see also ref'*), we re-computed
the 30 upper limits at 236 GHz and 250 GHz considering the region with significance > 3o
in the 6 GHz VLA map, which corresponds to a physical region of ~ 2.85 kpc?. The 3¢ up-
per limits are then 0.49 mJy and 0.55 mJy at 236 GHz and 250 GHz, respectively. Panel b of
Extended Data Fig. 2| shows the best-fitting curves to the new upper limits for [Ty, (K), 5] =
20, 1.5], [20, 2.0], [30, 1.5], [30, 2.0]. We obtained 1.6 < Mg, /10"My, < 2.9, implying SFR <

8.8 M yr L.

SFR estimates from GTC/MEGARA observations
Since the emission lines observed in the FRB region and the entire galaxy spectra are produced by
UV radiation from the stellar photosphere (see Supplementary Information), we can thus estimate

SFRs directly from the Ho intrinsic luminosity. First, we corrected Ha for intrinsic dust attenuation
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based on the Balmer decrement. Extended Data Fig. [3|shows the emission line maps together with
the E(B—V) map of the galaxy obtained from the Balmer decrement. The measured line fluxes are
reported in Extended Data Tab. [3] To perform a proper correction for dust extinction, in pixels
with S/N(Hj3) > 2, the colour excess E(B—V) is derived adopting the ref** attenuation law and
assuming the Case B recombination and a Balmer decrement Ho/HS = 2.86 (typical of H II
regions with electron temperatures Te = 10* K and electron density n, between 10? — 10* cm™®
), We assigned E(B—V) = 0 to pixels with negative E(B—V) values between about —0.05 and
~ 0 (i.e. pixels showing ~ 2.7 < Ha/Hf < 2.86). Moreover, we also assigned an E(B—V) lower
limit to pixels with S/N(HS) < 2, using the upper limit in H3 we defined earlier in this section.
The dust-corrected fluxes are converted to luminosity. Then, we derived the SFR using the relation
by ref*® and the initial mass function (IMF) by ref*?. We have already shown and discussed the
resulting SFR map of the galaxy in Fig. 2| To summarize, we report that in the stacked spectrum

of the FRB region (Fig. SPECTRA), we measured an SFR of 0.41700% M/yr, while the entire

galaxy has an SFR of 4.1170:23 Mu/yr.

Expected radio emission from a star forming region

Radio emission from SF regions involves typically two components: a steep component (=~ v~%7)
produced by synchrotron emission from electrons accelerated in SN explosion, with a lifetime
of the order of 100 Myr ®%, that dominates the emission at low frequencies (below 6 GHz); a
thermal, flat (= v~0-552<=092) component by Bremmstrahlung, that is a direct measure of the
383940

current production of ionized photons by young and hot stars with lifetime < 10 Myr

On the other hand, the inverted spectrum observed in the compact radio source is not consistent
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with either SF-driven radio components. In Fig. [5] we compare the radio spectral slopes for the
PRS presented in this work, the host galaxy’s nucleus, and the global host galaxy’s emission. The
nucleus’s flux densities were collected using the data from"# (6 GHz) and this work (15, 22 GHz),
while for the total radio emission of the host galaxy we used the lower resolution VLA observations
from our previous work, capable of recovering the emission from extended regions. The slopes
clearly indicate a different origin for the emission of the PRS, not consistent with the global steep
spectrum of the host galaxy (« = —0.7, as also discussed in Supplementary Information), or the

nuclear one (o« = —0.5).

Furthermore, the radio luminosity of star forming regions in either our and external galaxies
is about three orders of magnitude lower than the luminosity of the compact radio source. Even the
brightest giant regions, with sizes < 700 pc, are ten times less luminous*'#2434% " Finally, even
in the implausible assumption of a star forming origin, the level of SFR required to account for
the observed radio emission would violate the limits derived from mm and H, measurements. The

SFR needed to produce the radio thermal component is #2:

SFR" _ 16102 Lo o1 Llvan:)
Meoyr—1 ' 104K M2 epg s Hz1

(&)

The observed Lisqu, = 4.9 x 10%" erg s~ Hz ! would then imply SFR” > 3M, yr~! to account
for the radio emission. This number is not consistent with either the upper limit from obscured
star formation derived from NOEMA or from the Ho measurement at the location of the compact
source. In principle, the limit from the Ho measurement could be alleviated by positing an ob-
scured star formation, but this looks rather unlikely for the following reasons. The fraction of the
obscured star formation for this specific galaxy, derived by comparing the SFRs derived from the
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Ha luminosity and the radio luminosity from the whole galaxy is about 60%, while at the FRB
position an obscured fraction of about 90% would be required to account for the radio luminosity.
There is no evidence of a stronger obscuration towards the FRB, on the contrary the extinction in

that direction is a factor of two lower than towards the center of the galaxy.

Nebular emission model

We consider that the electron Lorentz factor - has a differential distribution n.(y). The total
electron number density is then n. o = f ne(7y)dy. The RM contribution from relativistic electrons
is suppressed by a factor of 72 due to the relativistic mass m, — ym.*°, thus, the RM contributed

by the electrons with the distribution n.(y) could be approximately written as

3 3 B
RM~ —°__B/AR / ne) g, - ¢ neoB\p ©6)

~ 2mmct 72 2rm2ct A2
where B is the mean parallel component of the magnetic field along the line of sight, AR is the

thickness of the nebula, and the Lorentz factor . is defined by

72 — fne(’}/)dﬁ)/
¢ [Ine(v)/+¥dy

(7

The Lorentz factor of the electrons emitting synchrotron radiation in the observation frequency v

is required to be

2Tmecr 1/2 v 1/2 B\ Y2
Tobs ™ < eB ) _600<1 GHz) (1 mG) . ®

We define (. as the number fraction of the electrons radiating synchrotron emission in the observed

band in all electrons. It can be approximately given by

Ce ~ M(%bs). (9)
ne,O
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For example, if the electron distribution has a thermal component satisfying three-dimensional
Maxwell distribution in the low-energy regime and a power-law component in the high-energy
regime, one would approximately have” ., ~ (Yops/7c)! 7P, where p is the distribution index of the
high-energy component. Assuming that the magnetic field is large-scale (leading to the parallel
mean magnetic field of the order of the total magnetic field) the specific luminosity of synchrotron

radiation could be written as >

647 2 2 2 28 g |
L, = WQe%mec R*|RM| ~ 5.7 x 10 erg s~ Hz

) IRM| R\’
X e (104 rad m2) (102 pc (10)

where R? is the radius of the plasma screen that contributes to the PRS and the RM.

In Extended Data Tab. [2f we list 16 FRBs with the measured RM and the measured values
(or upper limits) of the flux densities of the PRSs. Only FRB 20121102A, FRB 20190520B, and
FRB 20201124A have measured values of both. Some sources have precise localizations, so the
redshifts in the top row of Extended Data Tab. [2] are the directly measured values from their host
galaxies. For other FRBs, due to the lack of a precise localization, we estimate their redshifts and
luminosity distances via the extragalactic DM as performed by . Notice that for redshift inferred

from the excess DM, the corresponding redshift error is attributed to the IGM density fluctuation

47.19

Based on the data in Extended Data Tab. [2| we plot the relation between the specific lu-
minosity of the PRS and the RM of FRBs in Figure [3] where we only list some sources with
strong constraints. The red dotted, dashed, and solid lines correspond to the predicted relation for
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¢Y2(R/1072 pe)? = 10, 1.0, 0.1, respectively. It is interesting that the observed specific luminosi-
ties of FRB 20121102A, FRB 20190520B, and FRB 20201124A are close to the predicted value
for (.v2(R/107% pc)? ~ (0.1 — 10). The upper limit of FRB 20180916B is close to the predicted
relation. However, we should notice that for the FRB with RM < afew x 100 rad m~2, the RM

from the Galactic component or the host component would dominate.

Considerations on the observed radio spectrum

As pointed out above, the PRS spectrum of FRB 20201124A satisfies F,, oc v!, which is much
harder than those of FRB 20121102A and FRB 20190520B (see Extended Data Fig. [5|in for a
comparison). If the observed spectrum of the PRS is produced by synchrotron radiation, a spectral
index larger than 1/3 would imply that synchrotron absorption might be dominant at the observed
bands (6 — 22) GHz. Such a high absorption frequency would lead to observed FRBs which
absorbed by the PRS, which is inconsistent with the observation of FRB 20201124 On the
other hand, we notice that the spectral index of the PRS is also consistent with 1/3 within 1.50. In
this case, to explain the spectral shape of the PRS, the typical frequency v, that corresponds to the

minimum Lorentz factor of the accelerated non-thermal electrons required to be

_ VmeB

2 (22 — 240) GHz, (11)

Uy ™2
2Tmec

where B is the magnetic field strength at the emission region. Therefore, we obtain the following

3For example, for a certain FRB repeater, the absorption process would lead to the spectrum of a radio burst
suppressed at a frequency lower than the absorption frequency. This implies that the radio bursts emitted during a
limited time would have the same low-frequency cutoff. However, such a feature has not been found so far even for

FRB 20201124A.
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constraints:

m\ 2 B
(17—03> (10 mG) > (0.8 — 8.6). (12)

FRB 20201124A has an RM fluctuation of {RM ~ 200 rad m~2 on a timescale of 10 days 5.
Its DM fluctuation is not well measured but constrained to be {DM < 3 pc cm™ on a similar
timescale. Thus, one can infer By > 0.1 mG, which is consistent with the above result. The
compact PRS associated with FRB 20201124A might be a magnetized, shocked nebula or an
interacting shock in a binary system due to the following reasons: 1) The observed non-thermal
emission of the PRS is more likely produced by synchrotron radiation of the accelerated relativistic
electrons, and shocks are natural locations to accelerate these particles. 2) The typical magnetic
field strength of B ~ 10 mG is much higher than B ~ 1 uG of the interstellar medium #°.
The observations of supernova remnants show that their magnetic field strength is typically B ~
a few pG to a few mG Y, In a binary system, the magnetic field strength in the stellar wind could
also be much larger than that in the interstellar medium. 3) There are two main possible scenarios
involving a shock region in an astrophysical environment: (1) the interaction between an ejecta
and interstellar medium (e.g., supernova remnants, afterglows of gamma-ray bursts) or between
an electron-positron pair wind and an ejecta (e.g., pulsar wind nebulae); (2) an interacting shock
between a pair wind and a companion wind in a binary system. The former corresponds to a
magnetized shocked nebula and the latter requires that the FRB source is in a binary system. 4)
Other radically different combinations of v,, B seem not easy to implement in real astrophysical

environments. For example, a much lower ~,,, ~ 10 leads to B ~ 100 G according to Eq.(12).

Such a high magnetic field might be in the magnetosphere or the pair wind of a neutron star as
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the FRB source, but the electrons’ Lorentz factor in these regions should be much higher than
Ym ~ 10. On the other hand, a much lower magnetic field B ~ 1 uG requires ~,, ~ 105, which
means that there are many extremely relativistic electrons in the interstellar medium. However, if
these extremely relativistic electrons exist, they should emit and become cool in the near-source

environment with a stronger magnetic field.

At last, if repeating FRBs are indeed powered by a young flaring magnetar embedded within
a supernova remnant, an expanding magnetized electron—ion nebula created by the outbursts could
naturally contribute to the PRS and the large burst’s RM “. Since such a time-dependent model
predicts a secular power-law decay of the RM and PRS luminosity, considering that the source
number should be proportional to the source age, the RMs from a sample of FRB nebulae are

predicted to be distributed logarithmically, which could be tested in the future.

Considerations on a possible background source

In the GTC/MEGARA spectrum, we found a detection of a possible emission line in correspon-
dence with the FRB location. If identified as [OII], the emitting source would be at redshift
z = 0.549. We thus tested the scenario of a background source potentially responsible for the

compact radio component, that we instead interpreted as a PRS linked to the FRB.

Deep radio surveys®! show that the radio sky at a flux level of ~ 10 uly exhibit about
1.4 x 1073 sources arcsec2. The vast majority has a steep spectrum, unlike the one displayed by
the source we observe here. Taking into account that only < 7% has a flat spectrum, we derive

that the probability of one of them falling within the beam size at the position of the FRB is
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~ 107°. This already results in a very low chance that the radio emission is due to a serendipitous
background source. However, in the following we discuss the different classes of sources that
could produce the compact radio component studied in this work, and why we can confidently rule

them out.

Possible extragalactic sources producing radio emission are blazars, radio galaxies, radio
quiet AGN, or a star-forming galaxy. At the mentioned redshift (z = 0.549), the radio luminosity
as estimated from our VLA measurement would be Ly ~ 103 erg s™!, thus indicating a radio-
quiet regime. This already rules out a possible background blazar or radio galaxy, although it is
still consistent with the faintest (radio quiet) Seyfert galaxies observed to date in the radio band
(10% < L < 10% erg s7!, ref?¥). A radio quiet AGN could show a radio component due

to a low-power jet, a nuclear wind, or coronal emission 3.

In the first case, while the physical
scale subtended at z = 0.549 by the compact radio component (~ 2 kpc) would be enough to
accommodate the presence of a jet, the expected radio spectrum of its extended regions would be
steep (o < —0.5). The inverted radio spectrum we found would thus require a collimated jet with
an orientation within a few degrees from the line of sight. This would in turn result in a dominant,
Doppler-boosted jet emission visible up to the optical band. This feature has been commonly
observed for powerful jets at different scales, from radio-loud AGN to X-ray binaries, but not
yet in radio-quiet AGN where the flat/inverted radio spectrum is attributed to a coronal emission
mechanism (ref>*>>, see also discussion below). Moreover, the NOEMA non-detection in the mm

band put a strong constraint on that: a simple power-law extrapolation of the radio spectrum up to

250 GHz results in an expected flux density >300 pJy, well above the NOEMA upper limit (<160
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1Jy). In the second case (nuclear wind), a steep radio spectrum is expected, thus not consistent
with the inverted one seen in our VLA measurements. In the third case (AGN coronal emission), a
ratio between radio and X-ray luminosity Lz /Ly ~ 107° is expected °°, while previous Chandra
X-ray measurements in a circular region with a 17 radius centered on the FRB location ™ constrain
this ratio to ~ 1073, The X-ray luminosity is thus much lower than the one expected from a corona
able to produce the radio emission measured with the VLA. Finally, a possible radio emission
from a background star-forming galaxy is excluded by the expected relation between [OII] and
radio emission in SFR =, foreseeing a radio luminosity ~10 times lower than the one measured

here.
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EXTENDED DATA
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Extended Data Figure 1 Multi-frequency radio image of the host galaxy of FRB 20201124A.

Overplot of the 6 GHz VLA image from 14 (in colors) with contours from the 15 (black) and

22 (red) GHz VLA images from this work. The purple cross indicated the host galaxy

center, while the blue cross is the FRB position.

28



T T T T E
L a H b A
102 = 102 3 k-
10! 3 10' f E
3 C ] 3 [ < ]
E 100 4 £ 1004 N 4
Y 3 E B 3 E
w E w ‘ E
[ N ]
10-1 | [ T=30K log(Mqust)=6.67, B=1.5, SFR=0.69 Mo yr~* o 10-1 b |~ T=30K.l0g(Mqust)=7.24, B=1.5, SFR=2.59 Mo yr~* \
E|—+ T=30K, log(Mgyst)=6.65, B=2.0, SFR=2.24 M 5 yr—* \\ E | —- T=30K, log(Mgyst)=7.22, B=2.0, SFR=8.76 M o yr~! E
[ T=20 K, log(Mgust)=6.90, B=1.5, SFR=0.13 M, yrt N [ T=20 K, log(Mqust)=7.47, =1.5, SFR=0.47 M o yr~? h
1072 T=20 K, log(Mgust)=6.89, B=2.0, SFR=0.34 M o yr~? - 102 | T=20 K, log(Mgust)=7.45, B=2.0, SFR=1.3 Mo yr~! -
P | L L L L PR T | ] PR | PE | ]

102 103 102 103

Rest Wavelength (um) Rest Wavelength (um)

Extended Data Figure 2 SEDs of the cold dust emission of FRB 20201124A. Es-
timated values are based on the NOEMA upper limits at 236 GHz and 250 GHz (cyan
squares). a, SED computed in one beam towards the FRB position as seen in the VLA 15
GHz map. The best fitting curves with fixed [T, (K), 5] = [20, 1.5], [20, 2.0], [30, 1.5], [30, 2.0]
are plotted as solid violet, dashed violet, solid blue and dashed blue lines. b, SED of the
cold dust emission of FRB 20201124A based on the NOEMA upper limits at 236 GHz
and 250 GHz (cyan squares) computed for the region with > 3¢ in the 6 GHz map. The
best fitting curves with fixed [T, (K), 8] = [20, 1.5], [20, 2.0, [30, 1.5], [30, 2.0] are plotted as
solid violet, dashed violet, solid blue and dashed blue lines.
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Extended Data Figure 3 GTC/MEGARA maps. a, Galactic extinction corrected Ha

emission line map. b, Map of the intrinsic E(B—V) of the galaxy. We estimated the intrinsic
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E(B—V) taking into account Galactic dust extinction and using the Balmer decrement
(Ha/HpB). In cases where the Hf significance falls below a 20 threshold no accurate
correction for dust extinction is possible. For these pixels we give a lower limit for the
intrinsic E(B—V) and are shown in grayscale. Note that the tick labels above the two
colorbars represent lower limits and actual E(B—V) values for grayscale and coloured
pixels, respectively. ¢, Maps of the emission lines [N IlI] 6584, Hj3, and [O 1ll] 5007. In
cases where the line significance falls below a 20 we give a line upper limit, and represent
these pixels in grey-scale. The tick labels above the two colorbars represent upper flux
limits and actual flux values for grayscale and coloured pixels, respectively. The red and
black crosses represent the FRB and galactic centre, respectively. The magenta rectangle
defines the galactic region encompassing six adjacent MEGARA pixels surrounding the
FRB and PRS zone. For all the maps, pixels with an Ha significance below a 3¢ threshold

are omitted.
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Extended Data Figure 4 Stacked GTC/MEGARA spectra. From left to right, Hg3, [O
[11] 5007, and Ha regions are presented. a, Stacked spectra from the six pixels in the FRB
region (as shown in Extended Data Fig. [3). b, Stacked spectra of the entire galaxy. Indi-
vidual spectra were shifted to align with the reference redshift (= = 0.0978) before stacking
to compensate for any Ha-related velocity effect. Colored vertical dotted lines mark the
centroids of the three lines at the reference redshift. We observe an absorption line at
approximately 5493 A. However, the nature of this spectral feature remains unrecognized
by our analysis. This line is observed in each individual spectrum, too.
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Extended Data Figure 5 The PRS spectrum. a, radio spectra of the 3 PRSs known

so far.

host galaxy’s emission.

b, Radio spectra of the PRS, the host galaxy’s nuclear region, and the total

In both figures: power-law fits are reported as solid line; the

green dashed lines indicate the maximum and minimum slope consistent with measure-

ments within errors for the PRS presented in this work; the yellow triangles represent the

NOEMA upper limits for FRB 20201124A; the blue shaded area represents the region not

detectable by the VLA, in the range 1-50 GHz (we assume a representative RMS = 1 uJy

beam~!, reachable in ~10h at 6 GHz).




Extended Data Table 1 Journal of radio and GTC/MEGARA observations. The es-

timated flux densities for the PRS are shown, too.

Telescope Date Frequency Bandwidth ~ FWHM PA. RMS Flux density
dd/mm/yyyy (GHz) (GHz) (arcsec) (deg) (wJy/beam) (udy)
VLAT 06/03/2022 6 4 0.38 x 0.36 =51 2.0 8.2+3.8
VLA 07/10/2021 15 6 0.38 x 0.36  +3.6 23 20.0+£3.5
VLA 03-07/01/2022 22 8 0.37 x0.32 =53 3.0 30.0£9.7
NOEMA 12/03/2023 236.5 7.6 0.7x042  +15 43 < 130%
NOEMA 12/03/2023 250 7.6 0.66 x 0.39 +15 53 < 160*

Notes: ' re-imaged archival data from % ¥ 35 upper limits

GTC/MEGARA™ Date Band Exposure R.L.D.* Rf
A) & Apxh
VPH LR-V 28/10/2022 5165.6 -6176.2 3 x 1800 0.27 6078
VPH LR-R 28/10/2022 6158.3 -7287.7 3 x 1200 0.31 6100

Notes: * See thelinstrument cookbook| * Reciprocal linear dispersion; t Resolving power (A\/AApwrm)-
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Extended Data Table 2 FRB sample considered in this work. RM measurements (or

upper limits) and flux densities of the PRS are reported.

FRB Name DMops®  DMyw” 2° dg¢ RM® F! Ve h References
(pcecm™3)  (pcem™?) (Gpe)  (adm™?) (uJy) (GHz) (10%ergs 'Hz 1)

FRB 20121102A 557 188 0.19273  0.98 14x10° 180 1.7 2.1 12,34
FRB 20180916B  348.76 200 0.0337 0.15 -1146 <18 16 < 0.0048 5,6
FRB 20180924B  361.42 40.5 0.3214 1.74 14 <20 6.5 <0.72 7
FRB 20181112A  589.27 102 0.47550  2.76 10.9 <2l 65 <191 8
FRB 20190520B  1204.7 113 0.241 125  —3.6x10* 202 3 3.8 9,10
FRB 20200120E  87.8 55 0.0008  0.0036 -36.9 <20 1.5 <31x107° 11,12
FRB 20201124A 413 140 0.0978 0.47 —889.5 20 15 0.053 13, this work
FRB 20210117A  729.1 34 0.214 1.10 43 <10 6 <0.15 14
FRB 20220912A 220 125 0.0771 0.36 —0.08 <48 14 < 0.074 15,16
FRB 20110523A  623.3 43.52  0.58%02  3.511% —186.1 <40 08 < 58758 17
FRB 20150215A  1105.6 4272 0.69703  4.3%17 1.5 <648 10.1 < 1.4 18
FRB 20150418A  776.2 188.5  0.597031  3.671§ 36 <70 14 <1157 19
FRB 20150807A  266.5 369  0.17H019 0.851037 12 <240 5.5 <2137 20
FRB 20160102A  2596.1 13 3.047050 26475 —2206 <30 5.9 < 24913 21,22
FRB 20180309A  263.42 44.69  0.167015 0.79753%7 <150 <105 2.1 <0.8%3 23
FRB 20191108A  588.1 52 0.531030  3.11173 474 <213 14 <2449 24

Notes: *The observed dispersion measures (DMs) of FRBs. PThe Galactic DM contributions from the references or
the NE2001 from FRB catalog ®Z. “The measured/inferred redshifts of FRBs. The redshifts in the top row are directly
measured by the host galaxies of FRB. The redshifts in the bottom row are inferred by the extragalactic DMs, see 2.
The ACDM cosmological parameters are taken as Q,,, = 0.315, Q,h2 = 0.02237, and Hy = 67.36 kms~! Mpc 158,
4 The luminosity distance calculated by redshift. ¢ The observed RMs of FRBs. For the repeating sources, we take the

largest absolute value for the observed RMs. f The observed PRS flux densities. The upper limits here are corrected

to the 3o flux density limits. & The measured frequencies of the persistent radio source. " The specific luminosities of
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the PRS inferred by the observed flux density and distance. References: (1) ; 2) ; 3) |6_'1'|; (@] IG_ZI; (®)] IQ‘; 6) |6_Z|; @)

63, (8)56; (9)5; (10) 5% (11) 88 (12)% (13) 88 (14) 0% (15) T 16) 72, (17) B3 (18) T (19) 5 (20) 76 21) 774

(22) 78 (23) ™, (24) 80
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Extended Data Table 3 Emission lines from the stacked spectra. Fluxes and uncer-

tainties are in units of [erg/s/cm?]. Fluxes are corrected for Galactic extinction only.

Line Param.  FRB reg. Global
Ho (Istcomp.)  flux  3.03 x 107° 1.53 x 10~
o 2.97 x 10717 1.01 x 10716
Hor (2nd comp.)  flux 1.01 x 107
o 1.34 x 10716
Hf flux 119 x 107 7.96 x 1071
o T68x10717 412 x 10716
[N II] 6584 flux  1.20 x 107 9.69 x 10713
o 3.1x 10717 1.67 x 10716
[O III] 5007 flux 5.63x 1076 3.9x 10"
o 5.03x107'% 3.17 x 10716
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SUPPLEMENTARY METHODS

Host galaxy characterization with GTC/MEGARA

The continuum emission of the projected galaxy extends approximately 9 kpc along the major axis
(a) and around 5 kpc along the minor axis (b), without accounting for PSF effects. By assuming
a straightforward circular galactic geometry, we calculated an inclination angle ¢ of approximately

563 based on the ratio of a/b.

In Fig. {1l we present the map of the net counts of the galaxy. Figure [2| shows a compilation
of optical spectra of the galaxy. In particular, we show the spectra of H3, [O III] 5007 and Ho
corrected for Galactic extinction for the six pixels surrounding the FRB and PRS (referred to as
the FRB region), from left to right. The FRB region is delineated by a magenta rectangle in Fig.
These spectra show blue-shifted emission lines with respect to the reference redshift (z = 0.0978),
indicating rotational velocities between —60 and —80 km/s, as shown in Fig. The Ha line
in the right panels of Fig. |2| shows a clear and highly significant detection. Despite its intrinsic
weakness compared to Ha by a factor of about 3, Hf3 performs quite well, even in a spectral region
with a RMS roughly 2.7 times worse than that in the Ho spectral region. Indeed, the standard
deviation of the continuum is about 1.7 x 10~'7 erg/s/cm?*/A for HS compared to 6.2 x 10~'%
erg/s/cm?/A for Ha. Conversely, the [O III] 5007 line shown in the middle panels of Fig. [2]is
either absent or very weak in all spectra. We will analyse this spectral feature in more detail later
in this section. We have identified an unexpected absorption feature, consistently appearing at an

observed wavelength of approximately A ~ 5493 A in all six pixels within the FRB region. We
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anticipate that this feature is also present in the stacked spectrum of the entire galaxy which we

will introduce later in this session.

We obtained measurements of the emission lines Ho, H3, [O III] 5007, and [NII] 6584 at
the spaxel level through the following procedure: as a first step we corrected each spectrum for
Galactic extinction (E(B—V) = 0.652) using the ®! extinction law. Subsequently, we removed
the underlying stellar continuum by subtracting a pseudo-continuum, defined as a straight line
connecting adjacent bluer and redder regions to the emission component, devoid of other relevant
spectral features. We used a Python-Astropy routine based on the Levenberg-Marquardt algorithm
and least squares statistic 8 to fit up to two Gaussian components to each line, selecting as the
best-fit solution the one that minimized the reduced chi-square statistic toward 1. We assessed the
validity of our Gaussian fits by directly integrating the total line flux within a wavelength interval
centered in the line centroid and spanning twice the standard deviation of the best-fitted Gaussian
for each line. Finally, we used a bootstrapping technique to quantify uncertainties in the Gaussian
parameters for each emission line (i.e., amplitude, line’s centroid, and standard deviation o). We
iteratively sampled and fitted the spectra 1000 times, introducing Gaussian noise at a spectral
pixel level with a standard deviation equal to the RMS of the spectrum within the spectral regions
corresponding to the pseudo-continuum of the respective line. This bootstrapping process yields a
Gaussian distribution of parameter values, with the standard deviation providing a robust estimate

of the uncertainty associated with the fitted parameter.

In conjunction with our pixel-level analysis of the galaxy, this study includes two additional
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spectra, shown in Extended Data Fig. 4. In panel a we show the composite spectrum derived by
stacking the R and V grism spectra of the six pixels defining the FRB region previously described
in Fig. The individual spectra in this composite spectrum have been corrected to a reference
redshift of = = 0.0978. This correction mitigates any radial velocity shift that would broaden
the width of spectral lines such as Ha and other fainter lines. In this way, we prevent possible
deviations from the Gaussian shape of the lines and limit the dilution of the flux of fainter features
such as HS across multiple spectral elements, which greatly improves the detectability of such
faint features, even if this results in the loss of information about the kinematics of the gas in the
region. Note that the kinematics and dynamics of the gas in the galaxy will be thoroughly discussed
later in this paper. In addition, in Extended Data Fig. 4b we present the global spectrum of the
whole galaxy obtained by stacking the R and V spectra, corrected to z = 0.0978, of all pixels
within the rectangular region delimited by RA 05:08:3.4+-3.6 s and Dec 26:03:35=-40 arcsec. The
line fluxes and uncertainties for both stacked spectra are listed in Extended Data Tab. 3. The
motivation behind the creation of these stacked spectra is to increase the RMS, thereby improving

the statistical significance of weak spectral lines, including the H5 and [O III] 5007 lines.
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Figure 1 GTC/MEGARA map of the net counts of the galaxy. The white contours
represent the VLA image at 15 GHz, whereas the red and black crosses represent the
FRB and galactic centre, respectively. The magenta rectangle defines the galactic region
encompassing six adjacent MEGARA pixels surrounding the FRB and PRS zone.
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Figure 2 Compilation of R+V grisms GTC/MEGARA spectra. From left to right: the
Hg, [O 11l] 5007, and Ha regions, respectively. The spectra in this figure are arranged to
represent the spectral features of pixels within a rectangular selection that defines the FRB
region (see the magenta box in Fig. [). The first three spectra from the top correspond
to the first pixel row of the FRB region, while the last three spectra represent the second
pixel row. The colored vertical dotted lines indicate the spectral positions of the lines
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at the reference redshift (z = 0.0978), revealing that the FRB region is blue-shifted by
60—80 km s~! relative to the reference redshift (see Fig. [4). We observe an absorption
line at approximately 5493 A across all spaxels in the region; however, the nature of this
spectral feature remains unrecognized by our analysis. Note that the H5 and [O 111] 5007
spectral regions have a pixel dispersion of 0.27 A, corresponding to approximately 15.2
and 14.7 km/s/pixel, respectively. Meanwhile, the Ha region has a pixel dispersion of 0.31

A corresponding to approximately 12.9 km s~! pixel .

Emission line maps

Extended Data Fig. 3 shows the galaxy’s Ha emission line map, which has been corrected for
Galactic extinction. In our analysis, we need reliable measures of the Ha line, hence we exclude
pixels whose Ha significance is below 30. In this map, only pixels with an Ha significance above
30 are shown. This Ha map serves as the starting point for our analysis of the GTC/MEGARA
optical spectra, enabling us to derive crucial physical properties of the gas phase in the galaxy,

including gas kinematics and dynamics, ionization levels, SFR, and gas-phase metallicity.

Extended Data Fig. 3 shows maps of three emission lines within the wavelength range cov-
ered by our GTC/MEGARA data, specifically, [N II] 6584, Hf, and [O III] 5007 lines, from top
to bottom. Each panel in Extended Data Fig. 3 uses two color schemes: one represents pixels
where the line is detected above 20 (colored scale pixels), and the other represents pixels with flux
upper limits. We determined upper limits for the lines at a 20 significance level for all pixels where

the signal-to-noise ratio of the line fell below 2. Here, o represents the standard deviation of the
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Gaussian best-fit of the stacked spectrum of the whole galaxy, as shown in Extended Data Fig. 4b.
The [N II] 6584 and Hf line maps exhibit similar flux distribution patterns as observed in the Ho
map, albeit with fainter emissions towards the galaxy’s outer regions (although HJ is intrinsically
fainter, approximately three times less intense than Hev). The [O III] 5007 line, instead, remains
undetected at a 20 level across nearly all pixels of the galaxy, although it is detected in the global
stacking, as also shown in Extended Data Fig. 3 and Fig. 4. This faint emission in the [O III] lines
may be attributed to either high gas metallicity or a low ionization state resulting from diminished

UV radiation ®¥, We will explore this ionization-metallicity degeneracy in the next subsection.

Derived quantities from optical spectra

0.4 * Stacked galaxy
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Figure3 The BPT diagram ®% correlating log([O Il]] 5007/H/5) and log([N 11] 6584/Hc).
The red star marks the position of the entire galaxy’s stacked spectrum, while the magenta
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circle represents upper limit position of the FRB region’s stacked spectrum. Error bars
represent 1o standard errors for the emission line ratios. The gray shade areas represent
the distribution of SDSS galaxies as a reference for the local Universe. The green curve,
derived from ©° serves as an empirical criterion to distinguish ionization sources, with
both data points lying below it. Our data demonstrates that the ionization source in the

galaxy is predominantly radiation from massive and young stars.

In the previous section, we established that the [O III] emission is lacking in the FRB region
and generally weak and undetectable throughout the entire galaxy. This intriguingly suggests
recent star formation quenching. Following a sharp decline in star formation, the high-energy UV
radiation emitted by short-lived, massive O-type stars decreases significantly within a few million
years. This would lead to a rapid decline in the luminosity of lines with high ionisation, such
as the [O III] emission lines. However, emission lines associated with lower ionisation energies,
such as the Balmer lines, would continue to be detectable as long as late O and early B-type stars
with longer lifetimes remain in the main sequence phase. However, [O III] 5007 emission can
be depressed in a similar way also by high gas metallicity, leading to the so-called ionization-

metallicity degeneracy .

The ionization-metallicity degeneracy on the [O III] emission can be mitigated by using
pairs of emission line ratios, each related to either metallicity or ionization. For example, the
[N II] 6584/[O 1II] 3727 or [S II}/Ha ratios can serve as proxies for metallicity, whereas [O III]

5007/He or [Ne III] 3869/[O II] 3727 ratios can serve as proxies for ionization levels 82582188,
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Our GTC/MEGARA wavelength coverage is limited to the four aforementioned lines, thus limit-
ing us to disentangling the two underlying physical properties responsible for the faintness of the
[O III] 5007 line. Nevertheless, the four aforementioned emission lines allow us to explore the di-
agnostic diagram introduced by ¥, hereafter referred to as BPT, which relates log([O IIT] 5007/HS3

and log([N II] 6584/Ha to the ionization level and metallicity contempt in the galaxy.

The location of a galaxy (or galactic region) in the BPT plane is very sensitive to the source
of UV radiation that can be radiation from the hot stellar photospheres of recently formed massive
stars, AGN activity, shock processes, or combinations of these. Figure [3]shows the BPT diagram
of the galaxy for the two stacked spectra of the FRB region and the whole galaxy, as well as the
distribution of the SDSS-DR8 " Main galaxies as a reference for low redshift galaxies (gray shaded
area). We have adopted the criterion of ® to distinguish between ionisation due to star formation
(i.e. data points lying below the green curve in Fig. [3), and other radiation sources (e.g., ionization
due to active galactic nuclei). According to the ®, both the stacked FRB spectrum and the entire

galaxy have radiation dominated by star formation.

We estimated the gas phase metallicity of the galaxy using the strong line metallicity indi-
cator O3N,, as initially defined by “? as log([O III] 5007/H/3/[N 1I] 6584/Hc). We adopted the
metallicity calibration by ?!' with a solar abundance value of 12+log(O/H),, = 8.69 ®2. We mea-
sured slightly super solar values of 12+log(O/H) = 8.75 in the stacked spectra of the entire galaxy,
and a lower limit of 8.77 in the FRB region. To mitigate the ionization-metallicity degeneracy in

the [O III] line, we used predictions from the ®* photoionization models using the four emission
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lines defining the BPT diagram. We found that the stacked spectrum of the entire galaxy is com-
patible with emission from HII regions with ionization level U ~ —3.4, typical of a star-forming
galaxy, and solar metallicity. For the FRB region, we obtained a metallicity compatible with solar
metallicity, and an upper limit in the ionization level U < —3.5. The upper limit in the parameter
U is due to the low significance level of the [O III] line of the stacked spectrum in the FRB region.
It is worth noting that the upper limit on the parameter U arises from the lower significance level of
the [O III] line in the stacked spectrum of the FRB region. Consequently, considering the current
depth and S/N of our optical data, along with the absence of information from other emission lines
capable of independently sensing changes in the ionization parameter and gas phase metallicity, we
are unable to resolve the ionization-metallicity degeneracy conclusively. Thus, we cannot confirm

or exclude the possibility that the FRB region has recently experienced a decline in star formation.
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Figure 4 GTC/MEGARA. a, Circular velocity and b, velocity dispersion corrected for
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instrumental resolution maps derived from Ha emission.

Kinematics and dynamics of the gas-phase
Figure [ shows the circular velocity map (velg.) for the galaxy. We derived this map by de-
projecting the Ha radial velocity (vely,s), corrected for the relative velocity at the reference redshift

(z=0.0978), onto the galactic plane using the equation:

Velcirc = Yello-s ) (13)
sin (1)

where ¢ = 56.3° represents the inclination angle of the galaxy, which we estimated based on the
net-counts map (Figure 1). The resulting velocity map demonstrates that the galaxy exhibits well-
ordered gas kinematics predominantly characterized by circular orbits. Rotation velocities range
from 0 to —100 km/s (at the galactic center and a radial distance of ~ 3 kpc, respectively) in the
northern region, and from 0 to approximately 150 km/s (at a radial distance of ~ 3.5 kpc) in the

southern region.

Figure 4b shows the Ho velocity dispersion map (o(Ha)) for the galaxy. To account for
instrumental resolution effects, we subtracted in quadrature the sigma value (in units of A) derived
from the Gaussian fit of the strong Earth sky line at 7276.405 A from that of the measured Ha.
With this approach we obtain a reliable correction as the reference sky line is nearby to the observed
Ha line and clearly detected. The galaxy shows dynamics typical of a local star-forming galaxy

23 with velocity dispersion values reaching up to 80 km/s in the center and lower values of only
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10-20 km/s in the outskirts.

We report here a summary of our findings regarding the GTC/MEGARA data. We found a
star-forming galaxy with an inclination angle of approximately 56°. The Ha velocity map reveals
predominantly circular gas kinematics with velocities ranging from —100 km/s (north) to 150
km/s (south). Emission line measurements, including Ho, HS, [O III] 5007, and [NII] 6584,
corrected for extinction, provide insights into the gas metallicity and star formation rates (SFR).
Gas metallicity is slightly super-solar, and the BPT diagram indicates radiation dominated by star
formation. The SFR map shows a peak near the galactic center as identified by the HST images,
with ¥ SFR of ~ 0.32 to 0.64 My/yr/kpc®. The FRB region exhibits lower SFR levels, and

1002

analysis of stacked spectra yields an estimated SFR of 0.417 )7 Mg/yr, significantly lower than

SFR obtained from the radio emissions.

Host galaxy SED Analysis

We performed a re-analysis of the host galaxy SED to include the recently acquired NOEMA data.
The NOEMA limits set a stringent upper bound to the flux in the mm range, and are over predicted
by the model presented in our previous work!®. We note that these limits seem to be marginally
consistent with the best-fit model presented by ref’, while ref”* does not present their SED out

to these wavelengths for comparison.

In order to determine how the NOEMA data at far-infrared wavelengths (FIR) changes the
results, we re-modeled the SED using PROSPECTOR®® with the methods utilized in ref?. We

similarly include data spanning the ugriz.J H I bands, and in this case we include all four WISE
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bands (W1, W2, W3, W4) in order to properly constrain the mid-infrared (MIR) SED. In order to
constrain the shape of the MIR SED, we likewise included the contribution of dust emission from
polycyclic aromatic hydrocarbons (PAHs), which uses the model presented by “. We additionally

test for the presence of an AGN contributing to the MIR. These effects were not included in ref 2.

The dust emission model has three free parameters: the fraction of dust mass in PAHs Qpay,
lower limit to the strength of starlight in units of the Milky Way U.;,, and the fraction 7, of dust
irradiated by starlight stronger than Uy,,, where the power-law distribution of starlight is a power-
law with slope ov = 2. We adopted broad uniform priors for these parameters: 0.1 < Qpayg < 10.0,
0.1 < Unin < 25 (bounded by the wavelengths included in the fit), and 0.0 < v, < 0.15, as
outlined in ?’. The AGN model utilizes the templates from ®® and is parametrized by the fraction
of bolometric stellar luminosity fagn emitted by the AGN, and the optical depth of the torus Tagn-

We utilize log uniform priors of 0 < fagy < 3 and 5 < Tagn < 150, as in ?Z,

The best-fit SED is shown in Figure[5] We derive the following best-fit parameters: a signif-
icant intrinsic extinction Ay = 0.81701%, a near solar metallicity Z/Z., = 0.7 4 0.2, a stellar mass
log(M,/Mg) = 9.98"00z, an old mass-weighted stellar age ¢, = 3.5 4= 1.2 Gyr, an e-folding time
7 = 4.1729, a star formation rate SFR = 2.4 + 0.3 M, yr—'. The dust parameters, in particular
Qpan = 7£2%, are relatively unconstrained, besides strongly favoring v < 0.25 and a larger value
of Unin > 1.5 (30 confidence level). The preference towards a higher value of U, = 171“3 is due

to the fact that a larger value of irradiance leads to a higher dust temperature, pushing the peak of

the SED away from the NOEMA limits. We further find that an AGN is likely only contributing
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at the ~ 1% level of the total bolometric luminosity, and at most < 5%, in agreement with the

previous value (~ 4%) derived by 1°.

In comparison to ref'’¥, we find a smaller SFR and an older stellar population, closer to the
values reported by 1%, but still with a slightly smaller stellar mass. A similar analysis not including
an AGN returns nearly identical parameters for Ay, Z, M,, t,,, 7, and SFR compared to ref**
(i.e., consistent within 1o errors), while only changing the dust parameters, similarly favoring a

high Uy, ~ 20-25.

Following ®, we can convert the dust model parameters “® to a temperature, for better
comparison to our analytical constraints on the NOEMA data. We find a dust temperature of

Tt = 29.5733 K.
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Figure 5 SED of the host galaxy of FRB 20201124A from radio to X-rays. The
NOEMA limits are shown as dark brown downward triangles. We have only included the
VLA data obtained in the D configuration (reported in ref's).
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