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ABSTRACT

Radio magnetars are exotic sources noted for their diverse spectro-temporal phe-
nomenology and pulse profile variations over weeks to months. Unusual for radio mag-
netars, the Galactic Center (GC) magnetar PSR J1745—2900 has been continually ac-
tive since its discovery in 2013. We monitored the GC magnetar at 4-8 GHz for 6 hours
in August—September 2019 using the Robert C. Byrd Green Bank Telescope. During
our observations, the GC magnetar emitted a flat fluence spectrum over 5-8 GHz to
within 20 uncertainty. From our data, we estimate a 6.4 GHz period-averaged flux
density, Se4 ~ (240 £ 5) pJy. Tracking the temporal evolution of Sg4, we infer a
gradual weakening of GC magnetar activity during 2016-2019 relative to that between
2013-2015.5. Typical single pulses detected in our study reveal marginally resolved
sub-pulses with opposing spectral indices, a feature characteristic of radio magnetars
but unseen in rotation-powered pulsars. However, unlike in fast radio bursts, these sub-
pulses exhibit no perceptible radio frequency drifts. Throughout our observing span,
~ 5 ms scattered pulses significantly jitter within two stable emission components of
widths, 220 ms and 140 ms, respectively, in the average pulse profile.

Keywords: Galactic Center (565) — Magnetars (992) — Neutron stars (1108) — Radio
pulsars (1353) — Radio transient sources (2008)

1. INTRODUCTION Magnetars are young rotating neutron stars

that emit intense electromagnetic radiation (see
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as3655@cornelledu posito et al. 2021) powered by the decay of their
enormous internal magnetic fields (B ~ 10'3-
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10*® G; Duncan & Thompson 1992; Thompson
& Duncan 1995, 1996). Prominent features
of transient magnetar emission include mil-
lisecond bursts and month-long flares, particu-
larly at X-ray and soft ~-ray wavelengths. To
date, 25 Galactic magnetars (Olausen & Kaspi
2014)' have been confirmed, of which only five
have been seen to display pulsed radio emission
(Camilo et al. 2006, 2007; Levin et al. 2010;
Eatough et al. 2013; Shannon & Johnston 2013;
Esposito et al. 2020; Lower et al. 2020).

The Galactic Center magnetar
PSR J1745—2900 has been continuously ac-
tive at radio frequencies (v) since its discovery
in 2013 (Eatough et al. 2013). Like other radio-
loud magnetars, its mean flux density (S,),
pulse-averaged profile, and emission spectral
index (o = d(log S,)/d(logv)) exhibit substan-
tial variability over weeks to months (Lynch
et al. 2015; Torne et al. 2015, 2017; Pearlman
et al. 2018; Wharton et al. 2019). In addi-
tion, its average pulse profile typically contains
multiple emission components that evolve sig-
nificantly with radio frequency.

Single pulses from the GC magnetar often
comprise narrow “spiky” sub-pulses (Yan et al.
2015), evoking comparisons with rotating radio
transients (RRATs: McLaughlin et al. 2006),
pulsar giant pulses (GPs: Johnston & Romani
2004), and fast radio bursts (FRBs: Cordes &
Chatterjee 2019; Petroff et al. 2019; Chatterjee
2021). However, unlike RRATs and GPs, mag-
netar single pulses can manifest with diverse
morphology between rotations (Pearlman et al.
2018). Additionally, they show no evidence of
the “sad trombone” structure (negative radio
frequency drift with increasing arrival time;
Hessels et al. 2019; Fonseca et al. 2020) that is

1 McGill Online Magnetar Catalog: http://www.physics.

megill.ca/~pulsar /magnetar/main.html

characteristic of some repeating FRBs.

Dissimilar to rotation-powered pulsars (.S, o
v 140 Bates et al. 2013) radio magnetars
usually exhibit flat or inverted spectra (Levin
et al. 2012; Torne et al. 2015, 2017; Dai et al.
2019). Nonetheless, Pearlman et al. (2018) ob-
tained an emission spectral index, « = —2.08 &
0.04, for the GC magnetar on 2015 July 30.
More recently, Lower et al. (2021) observed
emission mode switching in the radio magne-
tar Swift J1818.0—1607 over a 5-month win-
dow. A pulsar-like emission spectrum with
a = —1.7103 on 2020 May 8 flattened to o =
—0.5£0.1 by 2020 October 6. Continued moni-
toring of radio magnetars is essential for identi-
fying potential links between rotation-powered
pulsars and magnetars.

Located ~ 2’4 from Sgr A* (Kennea et al.
2013), observations of the GC magnetar en-
able probes of the turbulent, central interstellar
medium (ISM) of our Galaxy. Using 1-19 GHz
observations of the GC magnetar, Spitler et al.
(2014) derived the pulse-broadening time scale,

(1)

Y

v —3.84+0.2
re(V) = 13+02s ( )

1 GHz

which is nearly three orders of magnitude
smaller than that predicted by the NE2001
Galactic electron density model (Cordes &
Lazio 2002). Tracking the rotation measures
(|JRM| ~ 6.4-6.6 x 10* rad m™2) and disper-
sion measures (DM ~ 1760-1780 pc cm™3) of
single pulses from the GC magnetar, Desvignes
et al. (2018) noted a 5% fractional |[RM| decline
between 2013-2017 with minimal DM varia-
tions. An analogous |RM| decrease with minute
DM fluctuations has lately been observed for
FRB 121102 (Hilmarsson et al. 2021), the only
other known source with [RM| ~ 10° rad m™2
(Michilli et al. 2018) comparable to that of
the GC magnetar. Regular observing of the
GC magnetar is necessary to facilitate further
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Table 1. Log of 4.4-7.8 GHz observations analyzed in our GC magnetar study.

Epoch  Calibrator Test pulsar Scan Start MJD Duration 6gc?® Npulses fp€
(number) (number) (UTC) (min.)  (deg.) (number)

1 3C 286  J2022+5154 1.1 58705.175 60 8-15 663 0.32

2 e e 2.1 58734.958 30 21-22 222 0.24
2.2 58734.979 30 22-23 230 0.24

3 3C 286  J2022+5154 3.1 58737.962 30 22-23 380 0.38
3.2 58737.983 30 22-23 367 0.37

3.3 58738.004 30 21-22 368 0.36

3.4 58738.025 30 20-21 380 0.37

3.5 58738.046 30 18-20 346 0.36

3.6 58738.067 30 15-18 353 0.35

3.7 58738.088 30 11-15 337 0.33

3.8 58738.109 30 7-11 345 0.34

UElevation range spanned by the GC during scan

bNumber of GC magnetar pulses detected with matched filtering S/N, (S/N) > 8

CFraction of GC magnetar rotations with (S/N), . > 8 single pulse detections

comparisons with FRB 121102, and better un-
derstand magnetar radio emission.

Here, we present results from a 4-8 GHz study
of the GC magnetar using data from the Robert
C. Byrd Green Bank Telescope (GBT). These
data were acquired as part of the Breakthrough
Listen Galactic Center search for intelligent life
(Gajjar et al. 2021). Section 2 describes our ob-
servations and data pre-processing. We detail
our single pulse and periodicity analyses of the
GC magnetar in Sections 3 and 4 respectively.
Finally, we summarize our key findings, and dis-
cuss their significance in Section 5.

2. OBSERVATIONS

Table 1 presents an overview of our GBT
observations organized as three epochs corre-
sponding to the Modified Julian Dates (MJDs)
58705 (2019 August 10), 58735 (2019 Septem-
ber 9), and 58738 (2019 September 12). Each
epoch consisted of one or more GC scans of
length at least 30 minutes. To verify our data
integrity, we recorded 5-minute scans on the

test pulsar J2022+5154 (B2021+451) during
epochs 1 and 3. In addition, we measured
our sensitivity at these epochs via position
switching on the flux density calibrator 3C 286.
For position switching, we supplemented ev-
ery 2-minute scan on 3C 286 with a 2-minute
off-source pointing directed 1° away from the
calibrator sky position.

All observations utilized the C-band receiver
and the Breakthrough Listen Digital Backend
(MacMahon et al. 2018; Lebofsky et al. 2019).
For details of our backend setup and data prod-
uct generation, refer to Gajjar et al. (2021).
Here, we work with GC data having ~ 43.69 us
time resolution and ~ 91.67 kHz spectral res-
olution. These total intensity data contain
53248 channels spanning 3.56-8.44 GHz, thus
providing 4.88 GHz of bandwidth overlapping
the 3.9-8.0 GHz instantaneous coverage of the
C-band receiver.

2.1. Data Pre-processing
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We searched our data for radio frequency
interference (RFI) using the rfifind routine
of the pulsar software suite PRESTO (Ransom
2011). The rfifind task (see Section 3.4.2
of Lazarus et al. 2015 for details) computes
statistics of time-radio frequency data (dynamic
spectra), and outputs a mask listing the set of
channels and time blocks to be flagged. Run-
ning rfifind with an integration time of 1 s, we
detected persistent narrow-band RFI between
4.24-4.39, 4.90-4.95, and 6.90-7.10 GHz. Clip-
ping bandpass edges and applying our rfifind
mask, the usable frequency band in our data
extends between 4.4-7.8 GHz. Broadband,
short-duration (< 1 s) RFI affected < 1% of
time integrations.

After RFI excision, we dedispersed our test
pulsar data at trial DMs between 0-50 pc cm ™
(both limits included), with a grid spacing of
0.5 pc cm™3. We then executed matched fil-
tering searches for single pulses, and folding
searches for periodic pulsations in the result-
ing dedispersed time series. In doing so, we re-
covered signal-to-noise-maximizing DMs, rota-
tional periods, and average pulse profiles consis-
tent with known properties of PSR J2022+5154
(Manchester et al. 2001)2.

2.2. Flux Density Calibration

Following standard single dish calibration
techniques (O’Neil 2002), we modeled the net
system temperature (T.J¢) towards the GC as
follows.

Tscy;sc(y7 t) = TRg(V) + (TGC(V) —+ TCMB)eiA(t)T”
 Tam(1 = €407, (2)

Here, Too(v) ~ 568 K(v/1 GHz)™"" (Ra-

jwade et al. 2017) is the background continuum
temperature in the direction of the GC for a

2 https://www.atnf.csiro.au/research /pulsar/psrcat
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Figure 1. Spectra of Trg(v) (brown, translated

up by 60 K) and the time-averaged TS< (black).

While Tge(v) in Equation 2 governs the broad-

band spectral variation of Tgf, the bump in Ts(y;sC

at 7.5 GHz arises from narrowband structure in
Tre (V).

single dish radio telescope with the same aper-
ture as the GBT. Further, Toyp =~ 2.73 K is
the isotropic Cosmic Microwave Background
(CMB) temperature (Fixsen 2009), and Ty, ~
267 K is the atmospheric temperature® at
6 GHz. While 7, ~ 10~4(80 + 1.25¢V /1 GH2))
represents the zenith atmospheric opacity?,
A(t) = 1/sinfgc(t) measures the average air-
mass at the elevation, 0gc(t), of the GC

The term Tye(v) in Equation 2 incorporates
noise contributions from the receiver, ground
pickup, and spillover. We determined Tgg(v)
(band-averaged value ~ 11 K) through position
switching on our flux density calibrator 3C 286.
Using Equation 2, we then computed 7T, S(y;sc (v, 1),
the time-averaged spectrum of which is shown
in Figure 1.

3 http:/ /www.greenbankobservatory.org/~rmaddale/
WeatherGFS3/tatm.html

4 https://www.gb.nrao.edu/GBT /DA /gbtidl/
gbtidl_calibration.pdf
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To alleviate strong, variable ground pickup
and spillover at low elevations, we restricted our
calibration to scans 3.1-3.6 with Ogc > 15° (see
Table 1). For GBT gain, G ~ 2 K Jy ! at 4-
8 GHz, we then derived calibrated flux densities,
S,(t), from bandpass-corrected dynamic spec-
tra, D, (t), via

- BEC DO

Finally, we computed uncertainties on S, (t) as-
suming a 5% error on our flux calibrator spec-
trum, and 15% errors on Toc(v) and Toym.

3. SINGLE PULSE STUDY

Traditional burst search algorithms generally
perform matched filtering of dedispersed time
series with template filters of various widths.
Incorporating our rfifind mask, we first elim-
inated DM = 0 pc cm™? signals by subtract-
ing the mean across channels from each time
slice in our dynamic spectra. To detect single
pulses from the GC magnetar, we then dedis-
persed our data at trial DMs between 1600-
2000 pc em™ (both limits included), with DM
step size, )(DM = 0.5 pc cm 2. We subsequently
block-averaged our dedispersed time series to
~ 350 ps resolution, and passed these through
a boxcar matched filtering search. We trialed
boxcar filter lengths of 1, 2, 3, 4, 6, 9, 14, 20,
and 30 bins, thus covering ~ 0.4-10.5 ms burst
widths.

Let (S/N)m¢ denote the signal-to-ratio of
a candidate pulse in the convolution of its
dedispersed time series with an optimal box-
car matched filter. Setting (S/N)ms > 8 as
the detection criterion that excludes noisy
peaks, Table 1 enumerates single pulse detec-
tion counts for our GC scans. We confirmed
the astrophysical nature of all (S/N)ys > 8
candidates through manual visual inspection
of their dynamic spectra for continuous 2
dispersive sweeps and natural spectro-temporal

1304
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== e
oS B = SN B B = B S T *
o & & o & ©o & o ©

No. of (S/N),¢ > 20 pulses per bin

o
o o

|

1740 1750 1760 1770 1780 1790 1800 1810 1820
Single pulse DM (pc cm~3)

Figure 2. Histograms of (S/N)p-maximizing
DM:s for epochs 1 (red), 2 (blue), and 3 (grey). The
vertical dashed lines close to the histogram peaks
denote (S/N)?2 .-weighted pulse-averaged DMs at
their respective epochs. Only single pulses with
(S/N)mt > 20 were considered for DM measure-
ment.

sub-structure (analogous to that known in pul-
sars, magnetars, and FRBs).

Assuming a barycentric rotation period of
Py =~ 3.7686 s (see Table 2), we detected sin-
gle pulses in fp ~ 30-40% of GC magnetar
rotations. But, during epoch 2, this detection
fraction dropped to fp =~ 22-23%. In addition,
the mean pulse (S/N)ns at epoch 2 was only
~ 11.3, while the corresponding numbers for
epochs 1 and 3 were about 12.4 and 12.3, respec-
tively. Possible causes for the apparent fp de-
cline and the comparatively low pulse-averaged
(S/N)ms at epoch 2 may be a brief GC magne-
tar weakening, or an increased TS(;SC relative to
other epochs. Unfortunately, we cannot distin-
guish between these scenarios owing to our lack
of calibrator observations at epoch 2.

3.1. DM Measurement

Accurate DM determination requires broad-
band pulse detection with high S/N. Consider-
ing bursts with (S/N)u,s > 20, Figure 2 shows
histograms of (S/N),¢-maximizing DMs for all
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Table 2. DM and barycentric period measure-
ments for the GC magnetar.

Epoch DM? By? Nparm
(MJD)  (pc cm™3) (s) (number)
58705 1776.3+17.6 3.7686(4) 10
58735 1775.3+30.9 3.769(1) 8

58738 1773.1+£9.1  3.7686(8) 10

@Average DM computed according to Equation 4

bRotation period derived from the highest har-
monic of fo = 1/Py seen in power spectrum of
barycentric DM = 1775 pc cm ™3 time series.
Parenthesized numbers reflect uncertainties on
last significant digit of Fy.

“Number of harmonics of fy seen in power spec-
trum of DM = 1775 pc cm™2 time series

observing epochs. For a given epoch with N
burst detections, let DM; represent the (S/N)y¢-
maximizing DM of pulse . We then construct
the (S/N)2.-weighted pulse-averaged DM for
each epoch as

NI 1

DM = = . (4)

The DM uncertainty associated with pulse de-
tection across observing bandwidth B at center
frequency v, is (Cordes & McLaughlin 2003)
-3 Weﬂ,ms VE)GHZ
ADM ~ 506 pcem ™ | ————] . (H)
BMHZ

Here, Weg ~ 5.1 ms is the effective pulse width
(see Section 3.2.1) in a dedispersed time se-
ries. For our observations, B =~ 3.4 GHz
and v. =~ 6.1 GHz, which together imply
ADM ~ 171.3 pc em™3. Applying standard
error propagation rules to Equation 4 with
ADM,; = ADM, we derived uncertainties on
DM.

Table 2 lists DM measurements for different
epochs along with their respective uncertain-
ties. Within 1o limits, we find no evidence
of inter-epoch DM evolution. Hence, we fix
DM = 1775 pc cm™® for the GC magnetar
throughout the remainder of our study.

3.2. GC Magnetar Burst Characterization

Figures 3(a)-3(d) present calibrated, dedis-
persed dynamic spectra of four sample GC
magnetar pulses from epoch 3. While all bursts
contain scatter-broadened tails at late times
(relative to pulse maxima), several pulses ex-
hibit fine spectro-temporal sub-structure at
early times. For example, as evident in Fig-
ures 3(c) and 3(d), broad pulse envelopes oc-
casionally reveal narrow overlapping sub-pulses
with no perceptible radio frequency drifts.

Such sub-pulses, akin to all GC magnetar
pulses detected in our data (also see Figure 15
of Gajjar et al. 2021), show an apparent sharp
emission decline below 5 GHz. Furthermore,
resolved, leading sub-pulses within wide burst
profiles (see Figure 3(d)) often manifest steeper
spectra than their trailing companions. As
temporal overlaps between sub-pulses can vary
dramatically from one burst to the next, ac-
curate statistical characterization of sub-pulse
emission is difficult. Hence, for studying burst
properties, we treat broad pulse envelopes as
solitary bursts with chromatic intrinsic widths.
Sections 3.2.1 and 3.2.2 discuss our investiga-
tion of GC magnetar pulse widths and asym-
metry, respectively. In Section 3.2.3 we study
the in-band spectrum of GC magnetar emission
at epoch 3.

3.2.1. Single Pulse Widths

Consider a radio burst of intrinsic width
Wint(v) in a dynamic spectrum with channel
bandwidth, Av ~ 91.67 kHz. Its effective width
in a dedispersed time series with sample inter-
val, tsamp = 350 ps, is then (Cordes & McLaugh-
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Figure 3. Calibrated, dedispersed dynamic spectra (bottom subplot in each panel), and frequency-averaged
time series (top subplot in each panel) of four GC magnetar bursts detected at epoch 3 (MJD 58738). All
plotted dynamic spectra have been block-averaged to 47 MHz spectral resolution and 0.7 ms time resolution,
yielding an off-pulse standard deviation, ¢ &~ 0.2 Jy. The grayscale axes in all panels are set to range between
—0.4 Jy (—20) and 1 Jy (50). Orange horizontal bars at left edges of all dynamic spectra label flagged
channels. Blue horizontal bars in top subplots of all panels indicate the time window (£6 ms around single
pulse maximum) chosen for computing burst properties. Plausible reasons for the observed abrupt emission
decline below 5 GHz may be an instrumental bandpass issue between 4.4—5 GHz, unknown complexities in
Tcc(v), or a spectral turnover intrinsic to the GC magnetar during our observations.

lin 2003)

Wer = (M/lflt + tgamp :

2 2
+ Tsc + tR + tchan

+ thw

)1/2

(6)

Here, tp ~ (Av)™' ~ 11 ps is the receiver filter
response time. The terms t.., and tgw rep-
resent, respectively, the intrachannel dispersive
smearing and the residual broadband dispersive



8 SURESH ET AL.

1.0 4.4 — 5.3 GHz
—— 53— 6.1 GHz
0.8 \ —— 6.1 - 6.9 GHz
—— 7.1 - 7.8 GHz
—— 44 —-78GHz
0.6 1 \

Average ACF of single pulses

0.0 1

Time lag (ms)

Figure 4. Pulse-averaged auto-correlation func-
tions (ACFs) for different radio frequency bands.
Plotted ACFs are averages over 2194 pulses de-
tected with (S/N)y,s > 8 in scans 3.1-3.6. We
have normalized all ACFs to unit maximum after
removal of their noise spikes at zero lag.

delay, which are given by

DM c cm™ A z
lchan = 8.3 Hs ( . 3 - L ) ) (7)

VaHe
SDM,e em—2 Buiits
Wz8.3us( Be o MH> (8)

VGHz

With B ~ 3.4 GHz, DM = 1775 pc cm ™3, and
ODM = 0.5 pc ecm™3, we have tega, ~ 6 us,
and tgw ~ 62 ps at 6.1 GHz.
Wint, Tse > tchan, tBW, lsamp, Liquation 6 can
then be reduced to

Assuming

1/2 ()
For an intrinsically symmetric burst profile,
Tse(v) therefore captures any asymmetry ob-
served in single pulse time series.

Weff ~ (M/l?lt + sc)

We measured Weg(r) through an auto-
correlation study of burst time series (Cordes
1979; Bartel et al. 1980). To do so, we first split
our observing band (excluding flagged chan-
nels) into four quadrants based on our in-
strumental bandpass shape. These quadrants

Table 3. GC magnetar single pulse widths
at different radio frequency bands. Parenthe-
sized numbers represent lo uncertainties on
final significant digits.

Band yacta Woew Toc©
(GHz) (ms) (ms) (ms)
1453 6.3(5)

5.3-6.1 5.4(5) 3.21(1) 1. 54(1)
6.1-6.9 4.6(5) 3.13(2) 1.28(1)
7178 4.0(5) 4.5(3),0.92(2)4 0.91(4)
1478 5.1(5) 3.32(1) 1.48(1)

AEffective pulse FWHM derived from pulse-
averaged ACF.

b Gaussian pulse FWHM estimated from
burst-averaged skewness function.

€Scatter-broadening time scale obtained from
pulse-averaged skewness function

Intrinsic burst profile modeled as a sum of 2
Gaussians

span radio frequency bands 4.4-5.3, 5.3-6.1,
6.1-6.9, and 7.1-7.8 GHz. For each individ-
ual quadrant as well as for the entire usable
band (4.4-7.8 GHz), we computed their respec-
tive frequency-averaged flux density time se-
ries, S(t), and normalized these to zero off-pulse
mean.

Let tpeax denote the peak time of a single pulse
in the 4.4-7.8 GHz band-averaged time series.
Considering time samples within a tight win-
dow of £6 ms around fpe.x, we evaluated the
autocorrelation function (ACF) of S(t) for ev-
ery burst in each quadrant using the numerical
version of

a(t) = (S(t)S(t+ 1))

- / dt S(t) S(t+7).  (10)

tpeak — 6 ms

Incorporating  Npuises 2194 bursts with
(S/N)ms > 8 in scans 3.1-3.6, we next calcu-
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lated the average ACF of single pulses as

Npulses
1 p

A(t) = > an(7). (11)

N,
pulses n—1

We then cleaned A(7) of its noise spike at
zero lag due to tr. Finally, assuming Gaus-
sian burst shapes®, we derived W' at different
frequency bands from the full-widths-at-half-
maxima (FWHDMSs) of their respective noise-
corrected A(T).

Figure 4 shows noise-corrected A(7) (normal-
ized to unit maximum) for various frequency
bands in our study. From Table 3, we note a
growing W2t with decreasing v, a trend consis-
tent with expectations of scattering from multi-

path wave propagation through the ISM.

3.2.2. Single Pulse Asymmetry

Having measured W2 we estimated 7..(v
eff »

by exploiting the temporal asymmetry of GC
magnetar single pulses. To do so, we defined
the skewness function (Weisskopf et al. 1978;
Stinebring & Cordes 1981) of a burst time series
S(t) as

(S(t)S?(t+ 7)) — (S(t+ 7)S%(¢))
(S3(1)) '

K(T) =

(12)

For time-symmetric S(t), k(r) = 0
by definition.  Following Equation 10, we
again restricted all time integrations in x(7)
t0 [tpeak — 6 mS, fpeax + 6 ms| for every burst.
However, unlike a(7), x(7) is insensitive to
frequency-averaged burst amplitudes. There-
fore, incorporating (S/N)is, the burst S/N in
a band-averaged time series, we constructed a
weighted pulse-averaged skewness function as

5 For a Gaussian of FWHM W, the FWHM of its ACF is

VoW

44 — 53 GHz
0.071 —— 53-6.1GHz
0,061 —— 6.1-69GHz

—— 71-78GHz

0.05 1 44 — 78 GHz

Average skewness of single pulses

0.04 1
0.03 4
0.02 1
0.01 1
0.00 1
0 2 4 6 8 10 12
Time lag (ms)

Figure 5. Pulse-averaged skewness functions for
different radio frequency bands. Plotted curves are
weighted averages over 969 pulses detected with
(S/N)mpt > 15 in scans 3.1-3.6.

follows.
Npulses 9
1 z_:l (S/N)ts,n H”(T)
K(r)= N n_N )
pulses pu ses 2
5" s/,

(13)

To further mitigate against noisy contributions
to K(7) from numerous weak single pulses, we
restricted the summations in Equation 13 to
969 bursts with (S/N)pr > 15 in scans 3.1-3.6.

Figure 5 shows the ensuing K (7) for various
frequency bands in our analysis. We interpret
K(7) in the context of a standard thin screen
scattering model (Rickett 1977), described in
Appendix A. As part of our modeling, we treat
scattered bursts as native Gaussian pulses con-
volved with a pulse broadening function (PBF).
We further assume that the PBF takes the form
of a truncated, one-sided decaying exponential
function with time scale 7. (v).

Figure A1 illustrates skewness distributions
of scattered pulses for various values of the
Gaussian FWHM and 7,.. Comparing Fig-
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Ap = (0.06 = 0.06) ms

R =1.80%0.05
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Wy = (4.5£0.3) ms

=

Wi = (0.92+0.02) ms
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Figure 6. 2D posterior probability distribution functions (PDFs) of model parameters fit to the pulse-
averaged skewness function for the quadrant 7.1-7.8 GHz. In the off-diagonal subplots, the inner and
outer black solid contours enclose 50% and 95% confidence regions, respectively. Diagonal subplots show
marginalized 1D PDFs of fit parameters. Red vertical solid lines denote mean parameter values, whereas
black vertical dashed lines indicate +10 deviations from their respective means. The fitted model is the
skewness distribution of a sum of two Gaussians (numbered 0 and 1) convolved with a pulse broadening
function of time scale 7g.. Let p;, W;, and A; denote, respectively, the mean, the FWHM, and the peak
amplitude of Gaussian i. The fitted parameters are then Ay = py — po, R = A1/Ag, Wo, Wi, and 7.

ure 5 with the right panel of Figure Al, we 5.3-6.1, 6.1-6.9, and 4.4-7.8 GHz qualitatively
note that shape of K (7) in the frequency bands agrees with that of the skewness function of a
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scattered pulse with intrinsic Gaussian profile.
Fitting our model skewness profile to K (7) for
these frequency bands, we thus obtained the
Gaussian burst FWHM and 7. estimates listed
in Table 3, with weak mutual correlations at
each band.

For scatter-broadened pulses, the amplitude
of k(7) generally increases with decreasing v.
However, K(7) does not conform to the above
trend in our bottom quadrant 4.4-5.3 GHz.
Informed by our definition of K(7) in Equa-
tion 13, we attribute this discrepancy to low
average burst (S/N)¢ in the bottom quadrant.
Hence, we refrain from extending our simple
scattered pulse model to K(7) for 4.4-5.3 GHz.

Ultimately, we study K(7) for our topmost
quadrant 7.1-7.8 GHz.  Motivated by the
anomalous kink in K(7) at 7 ~ 5 ms, and
the prominence of sub-pulses in dynamic spec-
tra above 7 GHz, we model the intrinsic burst
emission as a sum of two Gaussians. Label-
ing these Gaussians with subscripts 0 and 1,
let u;, Wi, and A;, represent respectively, the
mean, the FWHM, and the peak amplitude
of Gaussian ¢. Since x(7) is invariant under
translation and scaling of S(t), our burst model

now contains five parameters: Auy = u; — po,
R = Al/A(), Wo, Wl, and Tsc-

Assuming Gaussian likelihood distributions,
and flat, unconstraining priors for all param-
eters, we performed a non-linear least squares
model fit to K (7). Figure 6 shows the resulting
2D posterior probability distributions for every
pair of parameters. Our model fitting sug-
gests an abundance of bursts comprised of two
marginally resolved (Ax = 0.06 £ 0.06 ms)
sub-pulses.  Of these sub-pulses, the lead-
ing pulse is broad (Wy = 4.5 £ 0.3 ms)
and weak, whereas the trailing pulse is nar-
row (W7 = 092 £ 0.02 ms) and intense

(R = 1.80 £ 0.05). Furthermore, all bursts
show a scattering tail with 7, ~ 0.91 ms at
7.1-7.8 GHz. To within lo uncertainty, our
narrowband 7, measurements in Table 3 are
consistent with the broadband scaling law pre-
sented in Equation 1.

The strong correlations between model pa-
rameters in Figure 6 follow from the finite na-
ture of typical burst widths and fluences. For
example, at fixed Ay and R, an increase in
Tse Necessitates strongly peaked Gaussian sub-
pulses of decreased widths. Alternatively, hold-
ing Wy, Wy, and R constant, a rise in 7, can
be offset by an accompanying increase in Ay to
preserve the total burst width.

3.2.3. Single Pulse Fluence

We explored the in-band spectrum of GC
magnetar radio pulses using 13 non-overlapping
subbands of width, By, =~ 234 MHz, to cover
our entire usable band. For each burst in every
subband, we computed the subband-averaged
burst fluence according to

peak + 6 ms

/ dv / dt S, (
sub

ub pcak -

Fsub

(14)

Averaging Fy(v) over 2194 bursts with
(S/N)m¢ > 8 from scans 3.1-3.6, we obtained
the pulse-averaged fluence spectrum shown in
Figure 7.

Unlike typical GP (Argyle & Gower 1972;
Popov & Stappers 2007; Karuppusamy et al.
2010) and radio magnetar spectra (Torne et al.
2015; Lower et al. 2021), our GC magnetar
fluence spectrum does not obey a power-law
form across our usable bandwidth. In fact, the
observed spectrum shows an apparent steep de-
cline below 5 GHz, and remains flat between
5-7.8 GHz to within 20 uncertainty.
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Figure 7. Pulse-averaged fluence spectrum of the
GC magnetar. Plotted fluences are averages over
2194 pulses with (S/N)p¢ > 8 in scans 3.1-3.6. Ver-
tical error bars represent 1o uncertainties on the
mean burst fluence. Horizontal error bars indicate
subband frequency ranges. Grey vertical bands
mark radio frequencies flagged by our RFI detec-
tion procedure.

A possible sensitivity issue with our 4.4-
5 GHz instrumental bandpass, an unknown
complicated Tgc(v) during our observations, or
a spectral break innate to the GC magnetar
are all likely causes for the observed emission
discontinuity at 5 GHz. Careful distinction be-
tween these hypotheses warrants independent
high-sensitivity observations of the GC magne-
tar.

Integrating Fyup(v) over 5-7.8 GHz, we de-
rive a mean fluence, Fg 4 ~ (1.18+0.03) Jy ms.
With 2194 bursts detected in 3 hours (scans 3.1
3.6), Fe4 then translates to a 6.4 GHz contin-
uum flux density, Sg4 ~ (240 £ 5) puJy for the
GC magnetar on MJD 58738.

4. PERIODICITY STUDY

Periodicity searches for slow pulsars (P, > 1)
in long data sets (> 10 min.) are often compli-
cated by the presence of low-frequency, power-
law noise in Fourier-domain spectra (Ransom
et al. 2002). To minimize the deleterious impact

1.0 MJD 58738
— =) :(3.7686 + 0.0008) S
o
§ 08
=
£
[e]
£0.6
£
=3
5
2 0.4
%)

5]
3
a 0.2
0.0
0 2 4 6 8

Fourier frequency (Hz)

Figure 8. Incoherent summation of power spectra
of barycentric DM = 1775 pc cm ™3 time series from
the eight scans comprising epoch 3 (MJD 58738).
The red crosses label the fundamental rotation fre-
quency (fo = 1/P) of the GC magnetar and its
harmonics.

of such red noise on our periodicity analyses, we
detrended our DM = 1775 pc cm ™ time series
using a running median window of width 0.25 s.
We then incorporated barycentric corrections
in our detrended time series, and computed
their respective Fourier transforms. For epochs
consisting of multiple scans, we incoherently
summed power spectra from individual scans to
increase the S/N of our periodicity detections.

Figure 8 shows the incoherently summed
power spectrum obtained from eight barycen-
tric DM = 1775 pc cm ™ time series at epoch 3.
We visually identify up to ten harmonics of the
fundamental rotation frequency (fy = 1/Fp) of
the GC magnetar at epoch 3. From the high-
est harmonic of f; detected at each epoch, we
inferred Py with the greatest possible precision.
As noted in Table 2, our F, estimates show ex-
cellent agreement between epochs, suggesting a
consistent GC magnetar timing behavior during
our observations.

10
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Figure 9. 4.4-7.8 GHz pulse-averaged profile of
the GC magnetar from scan 3.1. The bottom panel
shows the rotation-resolved DM = 1775 pc cm ™
time series, with 4096 phase bins across Py =
3.7686 s. The middle panel displays the phase-
resolved mean flux density profile after smoothing
with a Hanning window of length 64 phase bins.
GC magnetar single pulses are concentrated in two
emission components separated by ~ 0.125 turns
(= 471 ms) in the average profile. To effectively re-
veal these components, we clipped all data points
with S/N < 4 in the dedispersed time series, and
replaced these with median values. The top panel
shows the average pulse profile obtained by folding
the clipped time series.

We further examined the emission regularity
of the GC magnetar by fitting a timing model
to our single pulse arrival times. Accomplishing
this exercise with PINT (Luo et al. 2021), we ob-
tained pulse jitter-dominated post-fit residuals

J2019.60 — J2019.69

4.4-78 GHz MJD 5870558738

J2015.14

MJD 57073

J2014.70

7.1-9.2, 10.0-12.1 GHz MJD 56915

J2014.31

MJD 56772

J2014.14

MJD 56710

J2014.00

MJD 56658

J2013.72

MJD 56556

J2013.53

8.7 GHz MJD 56486

~03 ~0.2 ~0.1 0.0 01 0.2 0.3
Phase (turns)

Figure 10. Average pulse profile evolution of
the GC magnetar over a 6-year period. Profiles
for MJDs 56486-57073 have been taken from Fig-
ure 2 of Wharton et al. (2019). Our 4.4-7.8 GHz
grand-averaged profile incorporates a net integra-
tion time of 6 hours. All 8.7 GHz profiles come
from a Very Long Baseline Interferometry (VLBI)
campaign (Bower et al. 2014, 2015) with 6-hour ob-
serving sessions, and utilizing 256 MHz of band-
width. The MJD 56915 profile comes from a 6.5-
hour phased VLA observation by Wharton et al.
(2019). We have arbitrarily aligned emission cen-
troids across epochs in the absence of a phase-
connected timing solution.
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(Ojitter = 150 ms) devoid of timing irregularities
(e.g., glitches and anti-glitches). Having thus
confirmed the emission periodicity of the GC
magnetar, we folded our detrended time series
at the F, values indicated in Table 2.

Figure 9 shows the pulse-averaged profile of
the GC magnetar from scan 3.1. Across all
scans, GC magnetar average profiles contain
two distinct emission components buried within
noise. To enhance the detection significance of
these components, we combined average pulse
profiles from separate scans using the “shift-
and-add” technique. This methodology involves
shifting input profiles by phase lags that max-
imize their respective cross-correlations with a
benchmark profile. Setting the average pulse
profile from Figure 9 as a reference, we con-
structed a grand-averaged profile incorporating
data from all scans.

Figure 10 compares our 4.4-7.8 GHz grand-
averaged profile against 7-12 GHz profiles from
MJDs 56486-57073 (Bower et al. 2014, 2015;
Wharton et al. 2019). In the absence of a phase-
connected timing solution, we have arbitrarily
aligned emission centroids across epochs. The
pulse morphology of the GC magnetar contin-
ues to gradually evolve over weeks to months,
suggestive of a dynamic magnetosphere power-
ing its radio emission.

Analogous to our single pulse analysis, we
characterized sub-structure within our grand-
averaged profile through its ACF. Figure 11
shows the normalized ACF of the grand-
averaged profile after removal of its noise spike
at zero lag. We confirm the existence of two
emission components in the average profile from
a significant bump in the ACF at phase lag,
74 ~ 0.125. For Py ~ 3.7686 s, this 7, trans-
lates to an average component separation of

Time lag (s)
0.0 0.5 1.0 1.5 2.0

0.6 1

0.4 1

0.2 1

ACF of grand-averaged profile

0.0 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Phase lag

Figure 11. ACF of the 4.4-7.8 GHz grand-
averaged profile shown in Figure 10.

~ 471 ms.

Assuming Gaussian component shapes, the
FWHM of the primary ACF lobe peaked at 74 =
0 implies a temporal width, Wyroaa ~ 220 ms
for the broad emission component in Figure 10.
In comparison, the typical single pulse width
inferred from Figure 4 is ~ Wy0aa/40, indicat-
ing significant pulse jitter in average profiles.
For the narrow emission component, we deduce
Wharrow =~ 140 ms directly from Figure 10. Fi-
nally, we report the statistical consistency of
burst properties (widths, asymmetry, and flu-
ence) between the two emission components in
the average pulse profile.

5. SUMMARY AND DISCUSSION

We have conducted a comprehensive study of
the 4.4-7.8 GHz emission from the GC mag-
netar PSR J1745—2900. Using the GBT, we
monitored the GC magnetar for a total of
6 hours distributed across MJDs 58705, 58735,
and 58738. During our observations, the GC
magnetar emitted a flat fluence spectrum over
5-7.8 GHz to within 20 uncertainty. Averaging
the pulse fluence over 2194 bursts detected in
3 hours, we estimate a 6.4 GHz continuum flux
density, Se4 ~ (240 £ 5) uJy for the GC mag-
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Figure 12. Radio variability of the GC magne-
tar tracked via its 6.4 GHz continuum flux density
(S6.4). For multi-frequency observing campaigns
(Eatough et al. 2013; Shannon & Johnston 2013;
Torne et al. 2015, 2017; Pearlman et al. 2018) that
covered 4-8 GHz, we computed Sg 4 through power-
law interpolation with spectral indices measured at
their respective epochs. For narrow-band 7-9 GHz
observations (Bower et al. 2015; Lynch et al. 2015;
Yan et al. 2015), we assumed a flat spectrum to
derive Sg.4.

netar on MJD 58738.

Figure 12 uses Sg4 as a proxy to trace the ra-
dio variability of the GC magnetar. Following a
prolonged outburst phase between 2013-2015.5,
the GC magnetar has been slowly weakening
since 2016. This behavior is consistent with
its gradual progress towards X-ray quiescence
as reported by the Chandra X-ray observatory
(Rea et al. 2021). Table 1 of Wharton et al.
(2012) summarizes detection upper limits of
GC pulsar searches completed prior to the GC
magnetar discovery (Eatough et al. 2013) in
2013. The deepest early searches for GC pul-
sars at 4-8 GHz reach sensitivity thresholds of
17-30 pJy, implying that the GC magnetar, as
of 2020, is yet to settle to its true “oft” state.

During our observations on MJDs 58705—
58738, the GC magnetar exhibited a stable
average profile containing two distinct com-
ponents with FWHMs, Wy0aqa &~ 220 ms and
Wharrow =~ 140 ms, respectively. Within these
emission components, single pulses of much
narrower width (Weg ~ 5 ms) jitter around in
the average profile. Such spiky burst emission,
while uncommon for radio pulsars, is a noted at-
tribute of radio-loud magnetars (Kramer et al.
2007; Levin et al. 2012; Yan et al. 2015).

Raising particular intrigue, a small subset of
single pulses in our data comprise of resolved
sub-pulses with different spectral indices, but
no detectable radio frequency drifts. To charac-
terize burst sub-structure in dynamic spectra,
we manually selected ten bright pulses akin
to that shown in Figure 3(d).
sen burst, we computed time-averaged spectra
for their constituent sub-pulses. In general,
leading sub-pulses within wide bursts follow
S, o< v1H93 whereas their trailing counter-
parts obey S, oc v~9702 gyer 5-7.8 GHz.

For each cho-

According to our skewness modeling of av-
erage single pulse emission at 7.1-7.8 GHz,
a typical burst in our sample contains two
marginally resolved sub-pulses. Of these sub-
pulses, the trailing pulse is ~ 1.8 times brighter
than its leading companion. The observed flat
fluence spectrum between 5-7.8 GHz can then
be rationalized as a confluence between two
sub-pulses with opposing spectral signatures.
Furthermore, with decreasing radio frequency,
scattering increasingly extends the tail of the
leading sub-pulse into the head of its trailing
counterpart, thus erasing burst structure in dy-
namic spectra.

Proximate sub-pulse emission with contrast-
ing spectral indices is unseen in radio pul-

sars, but is a prominent feature of mag-
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netar radio emission. For example, Lower
et al. (2021) identified the emergence of a
flat 0.7-4 GHz spectrum in the magnetar
Swift J1818.0—1607 through the gradual su-
perposition of a pulsar-like emission component
(S, o« v~ 19%02) with an inverted spectrum
component (S, oc v?4*02) While repeating
FRBs also show sub-bursts with variable spec-
tral indices (Hessels et al. 2019; Pleunis et al.
2021), a notable point of difference is their “sad
trombone” morphology undetected thus far in
radio magnetar spectra. Magnetar models for
FRBs (Platts et al. 2019)® must hence explicate
the empirical spectro-temporal dissimilarities
between Galactic magnetar bursts and FRBs.

Rajabi et al. (2020) propose that FRBs arise
from intrinsic narrow-band emission processes
broadened via relativistic motions. In contrast,
radio magnetars generally emit native broad-
band spectra (Camilo et al. 2006; Torne et al.
2015, 2017). Our apparent abrupt emission de-
cline below 5 GHz in Figure 7 therefore holds
great significance in constraining plausible mag-
netar and FRB emission models. If deemed as-
trophysical through independent observations,
this spectral turnover could provide clues for
unifying Galactic magnetars and FRBs.

Finally, we report the statistical consistency
of our burst DM and pulse broadening mea-
surements with past estimates (DM =~ 1760-
1780 pc em™, 7 (v) ~ 1.3 s vgi¥9%). In-
vestigating the large magneto-ionic variations
at the GC, Desvignes et al. (2018) invoked a
two-screen model for the line-of-sight towards
the GC magnetar. A thin plasma screen at
~ 0.1 pc from the GC magnetar accounts for
its observed 5% fractional |[RM| variation be-
tween 2013-2017. Meanwhile, a second screen
at ~ 6 kpc from the GC is responsible for the

5 FRB theory catalog: frbtheorycat.org
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temporal scatter broadening.

Our DM and 7. estimates suggest long-term
stability of the ISM electron density spectrum
towards the GC. However, continued polarimet-
ric observing of the GC magnetar is essential for
examining magnetic field fluctuations in the in-
ner pc of our Galaxy. A detailed understanding
of our central ISM not only facilitates modeling
of analogous environments towards distant tar-
gets such as FRB 121102, but also helps guide
future searches for elusive pulsar populations
(Wharton et al. 2012; Rajwade et al. 2017) at
the GC.
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GBT, XSEDE (Towns et al.

Software: Astropy (Astropy Collaboration
et al. 2013, 2018), corner (Foreman-Mackey
2016), NumPy (van der Walt et al. 2011), Mat-
plotlib (Hunter 2007), PINT (Luo et al. 2021),


frbtheorycat.org

THE GALACTIC CENTER MAGNETAR AT 4-8 GHz 17
— W =3ms, 7s,c =2 ms 0.0 —— W =3ms, 7s¢c =2 ms
0.101 —— W =6ms, e =2 ms ’ —— W =3ms, e =4ms
—— W =9ms, ,c =2ms —— W =3ms, 7s\c =6ms
< 0.081 —— W =12ms, 7. =2 ms < 0154 W =3ms, 7sc =8 ms
(o] o Y
=] =
(S} (]
c c
2 0.06 1 =
a 3 0.101
c c
_qi, 0.04 _ﬂi»
n n |
0.051 |
0.02
0.00 =" —_— 0.00 —
: 5 20 25 30 35 40 0 10 2 30 40 50 60
Time lag (ms) Time lag (ms)

Figure A1l. Skewness distribution of a scattered pulse with intrinsic Gaussian profile. In the left panel,
we fix the pulse broadening time scale, 75 = 2 ms, and vary the Gaussian FWHM W. In the right panel,
we vary Tgc, holding W = 3 ms constant. For reference, both panels share the same blue curve (W = 3 ms,
Tse = 2 ms). However, note the different axes scales on the two panels.

PRESTO (Ransom 2011), Python 3 (https://www.
python.org), SciPy (Virtanen et al. 2020).

APPENDIX

A. THIN SCREEN SCATTERING MODEL

Radio pulse broadening via scattering arises from multi-path wave propagation through an inhomo-
geneous plasma (Rickett 1977). Scattering models for astrophysical environments often invoke thin
plasma screens that infinitely extend transverse to the line of sight. Such models encapsulate tempo-
ral broadening through a time scale 7., involving the source distance and the underlying turbulent
electron density spectrum. For electron density fluctuations with a square-law structure function,
the pulse broadening function is

PBE(f) — —e~t/™ [ (1). (A1)

TSC

Here, H(t) is the Heaviside step function equal to unity for ¢ > 0, and 0 otherwise.

Consider an astrophysical pulse with native Gaussian profile G(t) of FWHM W. Assuming perfect
instrumental response and negligible post-detection dispersive smearing, the observed burst profile
is given by the convolution,

Pos(t) = G(t) « PBE(¢). (A2)

Equation 12 defines the skewness function x(7), which quantifies the asymmetry of a time series.
For a symmetric time series such as G(t), x(7) = 0. We explore skewness distributions of Py,s(t) for
different W and 7, in Figure A1l. As expected, the peak amplitude of xk shows a positive correlation
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with 7, but a negative correlation with W. In addition, for peak time lag Tpeax, W controls the
slope of Kk at T < Tpeax, Whereas 7, regulates the same at 7 > Tpeak.
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