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ABSTRACT
We investigated the radio spectra of two magnetars, PSR J1622 − 4950 and 1E 1547.0 − 5408, using observations from the
Australia Telescope Compact Array and the Atacama Large Millimeter/submillimeter Array obtained in 2017. Our observations
of PSR J1622 − 4950 show a steep spectrum with a spectral index of −1.3 ± 0.2 in the range of 5.5–45 GHz during its
reactivating X-ray outburst in 2017. By comparing the data taken in different epochs, we found a significant enhancement in
the radio flux density. The spectrum of 1E 1547.0 − 5408 was inverted in the range of 43–95 GHz, suggesting a spectral peak
at a few hundred gigahertz. Moreover, we obtained X-ray and radio data of the radio magnetars PSR J1622 − 4950 and SGR
J1745 − 2900 from the literature and found two interesting properties. First, radio emission is known to be associated with X-ray
outbursts but has a different evolution; furthermore, we found that the rise time of the radio emission is much longer than that of
the X-ray emission during the outburst. Second, radio magnetars may have double-peak spectra at a few GHz and a few hundred
GHz. This could indicate that the emission mechanism is different in the cm and the submm bands. These two phenomena could
provide a hint towards an understanding of the origin of radio emission and its connection with X-ray properties.

Key words: stars: magnetars – stars: neutron – pulsars: individual: PSR J1622 − 4950 – pulsars: individual: 1E 1547.0 − 5408 –
radio continuum: stars.

1 IN T RO D U C T I O N

Magnetars are isolated neutron stars with strong magnetic fields �
1014 G (Duncan & Thompson 1992). Unlike the case for rotation-
powered pulsars, the X-ray luminosities of magnetars are not caused
solely by rotational energy loss. Instead, their strong magnetic fields
provide the energy to power the observed X-ray emission. Magnetars
manifest themselves as soft gamma repeaters (SGRs) or anomalous
X-ray pulsars (AXPs) in observations. SGRs and AXPs were first
discovered in the X-ray as neutron stars with slow rotation periods
(1–12 s) showing burst activity. Currently, there are 24 confirmed
magnetars (Olausen & Kaspi 2014),1 and only five of them show
pulsed radio emission, in which the radio spectra are either flat or
inverted (Camilo et al. 2006, 2007a; Levin et al. 2010; Eatough et al.
2013; Shannon & Johnston 2013; Karuppusamy et al. 2020).

An X-ray outburst of a magnetar involves a sudden increase
in X-ray flux, sometimes accompanied by multiple short X-ray
bursts on millisecond to second time-scales. Sudden magnetar
crustal activities can twist the magnetosphere, resulting in an X-
ray outburst as observed (Thompson 2008; Beloborodov 2009).
The magnetosphere gradually becomes untwisted, so the X-ray flux
decreases. The flux of an outburst usually decays on multiple time-
scales, with one rapid decay within hours to a day followed by a

� E-mail: cychu@gapp.nthu.edu.tw
1McGill Online Magnetar Catalog http://www.physics.mcgill.ca/∼pulsar/ma
gnetar/main.html.

slow decay of several months to years (e.g. Woods et al. 2004). Most
outbursts are associated with radiative phenomena, such as changes
in pulse profile, pulsed fraction and multiwavelength emission,
and X-ray spectral hardening. Multiwavelength studies of radio-
loud magnetars suggest that an X-ray outburst may trigger radio
emission (e.g. Halpern et al. 2005; Camilo et al. 2007a; Anderson
et al. 2012).

The magnetar 1E 1547.0 − 5408 was discovered in the supernova
remnant (SNR) G327.24 − 0.13 (Lamb & Markert 1981) and was
later confirmed to be an AXP with a spin period of 2.1 s through
X-ray and radio observations (Gelfand & Gaensler 2007; Camilo
et al. 2007a). In previous cm observations, 1E 1547.0 − 5408
showed a flat spectrum (Camilo et al. 2008) that is a possible
gigahertz-peaked spectrum (GPS; Kijak et al. 2013). The 2007 X-ray
observations suggested that there was an X-ray outburst, which could
have triggered the radio emission of 1E 1547.0 − 5408 between late
2006 and early 2007 (Halpern et al. 2008). Swift/BAT, Fermi/GBM
and INTEGRAL/SPI detected two more outbursts in 2008 October
(Israel et al. 2010; Kaneko et al. 2010) and 2009 January (Mereghetti
et al. 2009; Savchenko et al. 2010; Kaneko et al. 2010). The 2009
X-ray outburst was more energetic but less variable than the 2008
one (Israel et al. 2010; Ng et al. 2011; Scholz & Kaspi 2011). There
was also some short burst activity in 2009 March and 2010 January
(Kaneko et al. 2010; von Kienlin et al. 2012; Kuiper et al. 2012).
Since 2010, however, there have been no X-ray burst reports for 1E
1547.0 − 5408.

PSR J1622 − 4950 was the first magnetar to be discovered in
the radio. At the time of discovery, it showed an inverted spectrum
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from 1.4 to 9.0 GHz with a spectral index of α = 0.71 (Levin et al.
2010). The positive index is very rare, as radio pulsars generally have
indexes ranging from −2 to −1. In later observations, however, it
turned out that the spectrum is not inverted from 17 to 24 GHz (Keith
et al. 2011). PSR J1622 − 4950 shows a GPS similar to the spectra
of 1E 1547.0 − 5408 observed in 2007 (Kijak et al. 2013). The X-
ray data during the epoch of radio discovery of PSR J1622 − 4950
suggest that an X-ray outburst could have happened before 2007
April (Anderson et al. 2012). Follow-up radio observations show
that the radio emission decreased to an undetectable level in 2015
(Scholz et al. 2017) until the reactivating X-ray outburst event in
2017 March (Pearlman et al. 2017; Camilo et al. 2018).

Regarding other magnetars with detected radio emission, XTE
J1810 − 197 was the first radio-detected magnetar (Camilo et al.
2006) that was discovered after its X-ray outburst (Ibrahim et al.
2004). The radio emission disappeared in 2008 (Camilo et al. 2016)
and was then reactivated during the 2018 X-ray outburst (Gotthelf
et al. 2019). SGR J1745 − 2900 is a radio magnetar discovered
near Sargittarius A∗ in 2013 (Kennea et al. 2013; Mori et al. 2013)
and, at 291 GHz, shows the highest-frequency radio detection in a
magnetar (Torne et al. 2017). The newly confirmed magnetar Swift
J1818.0 − 1607 was discovered on 2020 March 12 with a spin
period of 1.36 s (Evans et al. 2020; Enoto et al. 2020; Esposito et al.
2020) and was found to have pulsed radio emission a few days
later (Karuppusamy et al. 2020; Esposito et al. 2020). The radio
emission of Swift J1818.0 − 1607 was detected in a wide band
from 0.65 to 154 GHz. There is another noteworthy magnetar, SGR
1935 + 2154, which was confirmed to be a magnetar in 2014 (Israel
et al. 2014). It entered an active state with a forest of short X-ray
bursts on 2020 April 27 (Palmer 2020). Later, on April 28, a short
radio burst was detected from this object (The CHIME/FRB Collab-
oration et al. 2020; Bochenek et al. 2020). However, pulsed radio
emission was detected at only two epochs (Burgay et al. 2020; Zhu
et al. 2020).

There are two rotation-powered pulsars with high magnetic fields
(∼4.5 × 1013 G), PSR J1846 − 0258 and PSR J1119 − 6127
(Gotthelf et al. 2000; Camilo et al. 2000), which exhibited magnetar-
like X-ray outbursts in 2006 and 2016, respectively (Gavriil et al.
2008; Archibald et al. 2016). Before and after its outburst, the radio
emission of PSR J1119 − 6127 was as steady as in other radio
pulsars. During the outburst, however, the radio emission became
variable (Dai et al. 2018). For PSR J1846 − 0258, no radio emission
was detected before, during, or after the outburst (e.g. Gotthelf et al.
2000; Archibald et al. 2008).

Radio magnetars are quite different from radio pulsars. The radio
spectra of magnetars are flatter than those of radio pulsars. In
contrast to the high numbers of radio pulsars, only five magnetars
have pulsed radio emission. Studying radio magnetars can therefore
shed light on the multiwavelength emission mechanisms of these
mysterious compact objects. In this paper, we examine the high-
frequency radio observations of two magnetars and compare them
with their X-ray light curves to investigate their radio spectral
behaviours.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 Australia Telescope Compact Array

We observed the two target magnetars with the Australia Telescope
Compact Array (ATCA), which consists of six 22-m antennas,
with the longest baseline equal to 6 km. The observations were
made in the 3mm and 7mm bands for 1E 1547.0 − 5408 on

Table 1. Details of the ATCA and ALMA observations.

Telescope Band Frequency Date in Observing Flux
array (GHz) 2017 time (min) calibrator

ATCA 16cm 2.1 Jun 24 15 PKS 1934 − 638
4cm 5.5, 9.0 Jun 24 15 PKS 1934 − 638

15mm 16.7, 21.2 Jun 24 40 PKS 1934 − 638
7mm 43.0, 45.0 Jun 24 50 PKS 1934 − 638

Aug 22 100 PKS 1934 − 638
3mm 93.0, 95.0 Aug 22 120 Mars

ALMA 3 97.5 May 19 8.6 J1617 − 5848
Sep 15 8.8 J1617 − 5848

6 233 May 19 18.6 J1617 − 5848

2017 August 22 with the array configuration EW352. For PSR
J1622 − 4950, we observed in the 7mm, 15mm, 4cm and 16cm
bands on 2017 June 24 with the array configuration H214. Mars and
PKS 1934 − 638 were observed as flux calibrators for the 3mm band
and all other bands, respectively. Observation details are given in
Table 1.

Data reduction was carried out with MIRIAD (Sault, Teuben &
Wright 1995)2 using standard techniques described in the ATCA
Users Guide.3 After applying bandpass, gain and flux calibrations,
the task mfclean was used to clean the entire primary beam, and
then the flux densities were obtained with the task imfit. The
noise levels of all frequency-band observations are smaller than
0.3 mJy beam−1, and the beam sizes are around 4 arcsec.

2.2 Atacama Large Millimeter/submillimeter Array

We observed PSR J1622 − 4950 with the Atacama Large Millime-
ter/submillimeter Array (ALMA) in Band 3 (97.5 GHz) and Band 6
(233 GHz) on 2017 May 19 and September 15. Both bands have a
usable bandwidth of 7.5 GHz. We also observed J1617 − 5848 as
the bandpass and flux calibrators and J1603 − 4904 as the phase
calibrator.

For the May observation, 43 12-m antennas were used with
baselines from 15.1 m to 1.1 km. Band 3 and Band 6 observations had
on-source times of 8.6 and 18.6 min, respectively. For the September
observation, 39 12-m antennas were used with baselines from 41.4 m
to 9.5 km. The Band 3 observation had an on-source time of 8.8 min,
but the Band 6 data were not usable because of poor weather
conditions. Details of the observations are listed in Table 1.

We applied the standard data reduction pipeline with CASA v4.7.2
to process the data. We first flagged bad data points, and then applied
bandpass, gain and flux calibrations. Finally, total-intensity images
were constructed and cleaned using the task tclean. The Band 3
image taken in May has a beam size of 1.1 arcsec and an rms noise of
24 μJy beam−1. The September one has a beam size of 0.16 arcsec
and a noise of 31 μJy beam−1. The Band 6 image from May has a
beam size of 0.45 arcsec and an rms noise of 21 μJy beam−1. All the
noise levels are consistent with theoretical values.

We did not detect PSR J1622 − 4950 in the May observation, but
the source was detected in September in Band 3, with a flux density
of 190 ± 30 μJy.

2See https://www.atnf.csiro.au/computing/software/miriad/.
3ATCA User Guide https://www.narrabri.atnf.csiro.au/observing/users guide
/html/atug.html.
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Table 2. Results of observations on magnetars.

Magnetar Date in Frequency Bandwidth Flux density∗
2017 (GHz) (GHz) (mJy)

1E 1547.0 − 5408 Aug 22 43.0 1.84 6.2 ± 0.8
45.0 1.84 6.3 ± 0.8
93.0 1.84 8.1 ± 0.9
95.0 1.84 9.0 ± 1.2

PSR J1622 − 4950 Jun 24 2.1 1.84 < 18
5.5 1.84 10.8 ± 0.4
9.0 1.84 3.5 ± 0.1

16.7 1.84 3.5 ± 0.1
21.2 1.84 1.43 ± 0.05
43.0 1.84 0.43 ± 0.03
45.0 1.84 0.48 ± 0.03

May 19 97.5 7.5 < 0.072
233 7.5 < 0.063

Sep 15 97.5 7.5 0.19 ± 0.03

Note. ∗The upper limit in flux density is the 3σ detection limit.

Figure 1. Radio spectra of PSR J1622 − 4950. The black circles are
spectra observed by Pearlman et al. (2017). The red diamonds are our ATCA
measurements, and red squares and pentagons are our ALMA measurements.
The power-law fitting result in 5.5–45 GHz is shown by the red dashed line
and yields a spectral index of −1.3 ± 0.2. For some of the data, the error bars
are invisible because the errors are smaller than the size of the symbols.

3 R ESULTS

3.1 PSR J1622 − 4950

The results of ALMA and ATCA observations of PSR J1622 − 4950
are listed in Table 2 and plotted in Fig. 1. The radio emission was
clearly detected from 5.5 to 45 GHz by ATCA. We therefore fitted
the steep radio spectrum between 5.5 and 45 GHz with a power law
and derived a spectral index of −1.3 ± 0.2. Our ALMA observations
at 97.5 and 233 GHz showed non-detection with a 3σ upper limit of
0.08 mJy on May 19. However, the flux density at 97.5 GHz increased
to 0.19 mJy after 4 months.

The black points in Fig. 1 are taken from Pearlman et al.
(2017). Their observations on 2017 May 23 yield a flux density
of 3.8/0.41 mJy at 2.3/8.4 GHz, respectively. Our observations taken
one month later, on June 24, however, show flux densities of 10.8 and
3.5 mJy at 5.5 and 9.0 GHz, respectively. The cm-band flux density
increased by nearly an order of magnitude in only one month. Our

Figure 2. Radio spectra of 1E 1547.0 − 5408. The black circles connected
by lines show the data on a different day, taken from Camilo et al. (2008).
The red diamonds are our ATCA observation results fitted with a power law,
shown as a dashed line. Our results show an inverted spectrum from 43 to
95 GHz with a spectral index of 0.4 ± 0.1.

ALMA observations in Band 3 also show an increase in flux density
(see Section 4.1 for discussion).

3.2 1E 1547.0 − 5408

Our ATCA measurements of 1E 1547.0 − 5408 yield flux densities
of 6.2 mJy at 43 GHz, 6.3 mJy at 45 GHz, 8.1 mJy at 93 GHz and
9.0 mJy at 95 GHz. The results are listed in Table 2 and plotted in
Fig. 2. The spectrum is fitted with a power law, and we found a
positive spectral index of 0.4 ± 0.1. The inverted spectrum from
43 to 95 GHz is different from the flat spectrum in the cm band,
indicating a possible spectral peak at high frequency (see Section 4.2
for discussion).

The long-term X-ray light curve of 1E 1547.0 − 5408 shows
that the absorbed X-ray flux has gradually decreased since the 2009
outburst, but the flux level in 2017 remained much higher than the
lowest flux level in 2006 (fig. 3 in Coti Zelati et al. 2020). The X-
ray flux during our ATCA observations in 2017 was higher than the
X-ray flux in mid-2007, the epoch of radio observations taken by
Camilo et al. (2008).

4 D ISCUSSION

4.1 Flux evolution

The radio emission of magnetars is known to be variable (e.g. Camilo
et al. 2006; Levin et al. 2010), and it has a different evolution from
the X-ray emission (Lynch et al. 2015; Pennucci et al. 2015). We
obtained radio and X-ray data from the literature and found that the
radio emission has a longer rise time than the X-ray emission. The
most obvious evidence is the 2013 outburst of SGR J1745 − 2900.

The X-ray and the X-band (8.1–9.3 GHz) radio light curves of
SGR J1745 − 2900 taken from the literature are shown in Fig. 3. The
radio emission started to decrease about ∼ 400 d after the outburst,
giving a radio rise time of 400 d. In contrast, the X-ray outburst is an
event of sudden increase in the persistent X-ray flux and it decayed
rapidly after the first day. The rise time of radio emission from SGR
J1745 − 2900 is thus much longer than that of X-ray emission.
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Figure 3. X-ray and radio light curves of SGR J1745 − 2900. The black triangles are absorbed 0.3–10-keV X-ray flux taken from Kennea et al. (2013) and
Coti Zelati et al. (2015, 2017). The green diamonds, squares and circles are the X-band radio flux density taken from Lynch et al. (2015), Pennucci et al. (2015)
and Torne et al. (2015, 2017). For some of the data, the error bars are invisible because the errors are smaller than the size of symbols.

As described in Section 3.1, the radio flux density of PSR
J1622 − 4950 showed a very significant increase while the X-ray flux
was decaying in the 2017 outburst; that is, the rise time is different in
the radio and the X-ray. The radio emission had a longer rise time than
the X-ray emission in the 2017 outburst of PSR J1622 − 4950. Fig. 4
shows the 0.3–10-keV X-ray light curve and the 1.4- and 3.0-GHz
radio light curves of PSR J1622 − 4950. According to the X-ray and
radio observations, there should be an outburst event between 2006
September and 2007 April (Anderson et al. 2012). The 1.4- and 3.0-
GHz observations during this outburst showed very strong variability.
Although the trend of radio emission was monotonic decreasing and
then went down to undetectable levels in 2015, because there are no
data from 2007 to 2009 we cannot rule out that the radio emission
was rising during this time.

Moreover, the newly discovered magnetar, Swift J1818.0 − 1607,
showed a significant rising trend in radio emission during its 2020
March outburst. The S-band (2.0–2.3 GHz) and the X-band (8.3–
8.8 GHz) radio flux densities increased from 0.05 to 0.7 mJy in three
epochs from March to July (Maan & van Leeuwen 2020; Majid et al.
2020a, b) and from 0.026 to 1.29 mJy in four epochs from March to
August (Majid et al. 2020a, b; Pearlman et al. 2020; Ding et al. 2020),
respectively. The increasing trend of radio flux density suggests that
the radio rise time is � 150 d, which is much longer than the X-ray
rise time in outburst (Hu et al. 2020).

For 1E 1547.0 − 5408, there are only a few radio flux density
measurements, so we only discuss the 2007 observations performed
by Camilo et al. (2008). From Fig. 2, we can see that the flux density
increased from June 26 to July 10 at 1.4 GHz and then showed a
decreasing trend for 4.8–8.6 GHz two weeks later in July 24. The
spectral evolution here gives us another example of the cm-band
spectrum seeming to have a longer rise time than the X-ray spectrum
during an outburst. However, the increase of the flux density can also
be explained by the variability, as the radio emission of magnetars is
highly variable.

Furthermore, during the 2003 outburst of XTE J1810 − 197, the
X-ray flux evolved as that of a typical magnetar X-ray outburst,
with a rapid increase in flux followed by a different scale of decay
(Alford & Halpern 2016). The radio flux densities measured in 2003,
2004 and early 2006 were all lower than the measurements in mid-

2006 (Halpern et al. 2005; Camilo et al. 2006, 2016), indicating that
there could be a very long radio rise period between 2004 and 2006.
However, during the 2018 X-ray outburst (Gotthelf et al. 2019), the
radio light curve showed no significant increase (Levin et al. 2019).
The rise time of the radio emission was thus less than 22 d since
outburst, which is much shorter than in other cases.

Rea et al. (2012) pointed out that the emergence of radio emission
from magnetars has a delay after the X-ray outburst. This could
be attributable to the twisted magnetosphere. The twist and the
magnetospheric charge are so strong when the X-ray flux reaches
the peak (Thompson, Lyutikov & Kulkarni 2002) that the particle
cascades, which emit radio emission, cannot easily propagate out-
wards. However, the 2013 outburst of SGR J1745 − 2900 showed
that radio emission can be seen at the very beginning (Pennucci et al.
2015). The delay of the radio emission can then be better described
as a slow rise in radio emission. During the X-ray flux decay, the
magnetosphere gradually untwists so that particles have a higher
chance of propagating outside the magnetosphere. Hence, the radio
emission gradually increases, showing a longer rise time-scale than
the X-ray flux.

In addition to radio magnetars, a radio pulsar with magnetar-like
bursts, PSR J1119 − 6127, also showed a difference between the
evolutions of the X-ray and the radio fluxes. PSR J1119 − 6127
had an X-ray outburst on 2016 July 26. The radio flux density of
PSR J1119 − 6127 was steady at ∼ 1 mJy at 1.4 GHz before this
2016 outburst. However, the radio emission became variable after the
outburst. Observations showed that the radio emission disappeared
after July 29 (Burgay et al. 2016a). On August 9, the radio emission
was reactivated, but the flux density was significantly weaker than
the pre-outburst value (Burgay et al. 2016b). After the reactivation,
the radio flux density gradually increased to its highest value of ∼
5.6 mJy on August 31, one month after the X-ray outburst (fig. 1
in Dai et al. 2018). The radio flux density then decreased to the
minimum value of ∼ 0.14 mJy and then recovered to the previous
steady flux density of 1 mJy. The variable radio emission took one
month to reach its highest value during an X-ray outburst. This longer
rise time is similar to that for other radio magnetars. The variable
state of radio emission caused by the X-ray outburst can thus be
described by a magnetar model. In normal rotation-powered radio
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Figure 4. X-ray and radio light curves of PSR J1622 − 4950. The black triangles are absorbed 0.3–10 keV X-ray flux taken from Anderson et al. (2012) and
Camilo et al. (2018). The green circles and the blue squares are respectively the 1.4- and 3-GHz radio flux density taken from Scholz et al. (2017). The blue
diamonds are the 3-GHz radio flux density derived from Pearlman et al. (2017) and this work (Fig. 1) based on the observed spectral indices. For some of the
data, the error bars are invisible because the errors are smaller than the size of symbols.

pulsars, the radio emission is believed to be generated by particles
in open magnetic field lines near the polar region. Before and after
the X-ray outburst, PSR J1119 − 6127 reacted as a rotation-powered
pulsar. The radio emission came from the radio beam steadily. At the
time of the X-ray outburst, the activity of the neutron star made the
magnetosphere twisted so that the original open field lines became
unstable (Beloborodov 2009; Braithwaite & Spruit 2004). Hence,
the radio emission from the radio beam disappeared. Similarly, the
magnetosphere of PSR J1622 − 6127 changed to a magnetar-like
structure. The radio emission gradually increased as a result of the
untwisting of the magnetosphere. At the end of the outburst, the
magnetosphere gradually re-configured itself back to the structure
of a normal rotation-powered radio pulsar so that the radio emission
became stable again. The difference between the radio pulse profiles
for the radio steady state and the variable state (Archibald et al. 2017;
Majid et al. 2017; Dai et al. 2018) can also support the transition
between the usual radio pulsar model and a radio magnetar model.

All five radio magnetars and one magnetar-like rotation-powered
pulsar show hints of a rise-time difference between the X-ray
and radio emission. Although not all the outbursts show similar
phenomena, the evolution difference can provide further insight into
the relationship between X-ray and radio emission from magnetars
during an outburst.

4.2 Double-peak spectra

The observed radio spectra of 1E 1547.0 − 5408 and PSR
J1622 − 4950 show a peak at a few GHz (Camilo et al. 2008;
Levin et al. 2010; Keith et al. 2011). This spectral feature is the so-
called gigahertz-peaked spectrum (GPS), which is used to describe
the spectral turn-over near one GHz for some pulsars (Kijak et al.
2011). Detailed spectral analysis shows that both spectra can be
fitted with a log-parabola and that the peak is at about 5.0 GHz for
1E 1547.0 − 5408 and 8.3 GHz for PSR J1622 − 4950 (Kijak et al.
2013). The fourth radio magnetar discovered, SGR J1745 − 2900,
also shows a GPS with a peak at ∼ 2 GHz (Pennucci et al. 2015).
Moreover, simultaneous wide-band observations from 0.7 to 4 GHz
for XTE J1810 − 197 show an inverted spectrum (Dai et al. 2019).

Compared with its steep cm-band (4.85–14.60 GHz) spectra in
previous observations (Lazaridis et al. 2008), XTE J1810 − 197
is likely to have a GPS feature as well, with a peak at ∼ 4 GHz.
The reason that pulsars have a GPS is probably the low-frequency
absorption from the surrounding environment of pulsars or the
molecular clouds in the line of sight (Kijak et al. 2011). Both 1E
1547.0 − 5408 and PSR J1622 − 4950 are in SNRs (Lamb & Markert
1981; Gelfand & Gaensler 2007; Levin et al. 2010; Anderson et al.
2012), and SGR J1745 − 2900 is only 2 arcsec away from the
Galactic Centre (Kennea et al. 2013). The X-ray, optical and infrared
(IR) images of XTE J1810 − 497 show no evidence of association
with another source (Gotthelf et al. 2004). If the 0.7–4 GHz-band
spectrum of XTE J1810 − 197 is actually a GPS, the absorption
could take place in the molecular clouds along the line of sight, or
the reason for the GPS in magnetars could be different from that in
radio pulsars.

Moreover, the spectra of radio magnetars could have not only
a single peak at GHz but also a second peak at a few hundred
GHz. Observations of SGR J1745 − 2900 in 2015 show an inverted
spectrum from 2.54 to 291 GHz (Torne et al. 2017). However, not
all the data points are well fitted. The cm-band (2.54–8.35 GHz)
spectral index is negative, and the flux density probably decreases
above 200 GHz. The spectral shape can thus be better described by
multiple components. Considering the GPS at lower frequency, the
observed spectral shape in 2015 may have double peaks at ∼ 2 and ∼
200 GHz. Comparing the spectra of SGR J1745 − 2900 at different
epochs from 2014 to 2015, the cm-band flux density decreased by
about 5 times, while the submm-band flux density increased by about
4 times (Torne et al. 2015, 2017). This evolution difference supports
the theory of a double-component radio spectrum.

In addition, the observed inverted spectrum of 1E 1547.0 − 5408
between 43 and 95 GHz gives us a hint of a peak over 100 GHz
(Fig. 2). By combining observations in the cm and the mm bands, 1E
1547.0 − 5408 shows a double-peak spectrum similar to that in SGR
J1745 − 2900. The nature of the hundred-gigahertz peaked spectra
remains unknown. The double peaks in the spectrum are probably the
result of two different emission mechanisms in different bands. Radio
emission from pulsars is known to be coherent, and is characterized
by a high brightness temperature. On the other hand, observations
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in the infrared and higher energies show that the pulsar emission
is incoherent (e.g. Shklovsky 1970), implying a transition between
coherence and incoherence. It has been speculated that the transition
should lie in the mm/submm range (Michel 1982). The spectra of
both 1E 1547.0 − 5408 and SGR J1745 − 2900 show that the
transition between the two peaks is located at ∼ 20–40 GHz, which
could mark the end of coherent emission and the start of incoherent
emission. There is only one example of a double-peak spectra from
SGR J1745 − 2900 and one candidate from 1E 1547.0 − 5408. More
high-frequency radio observations are needed to discuss and verify
the double-peak spectra.

However, our ALMA observations of PSR J1622 − 4950 do not
indicate any peak feature at a few hundred GHz. The high-frequency
88.5-GHz observations of XTE J1810 − 197 in 2006 and 2007 also
show no hint of a hundred-gigahertz-peaked feature (Camilo et al.
2007b). Because the hundred-gigahertz peak of SGR J1745 − 2900
in 2014 was ∼ 4 times weaker than in 2015 (Torne et al. 2015, 2017),
there is still the possibility that the high-frequency component of PSR
J1622 − 4950 and XTE J1810 − 197 was not dominant at the time
of their observations.

4.3 The turning off of radio emission

All previously observed radio emission from magnetars can be
associated with an X-ray outburst, except for the archival radio data
of PSR J1622 − 4950 before 2003 obtained by Levin et al. (2010)
because of the lack of X-ray data. The radio emission from XTE
J1810 − 197 and PSR J1622 − 4950 disappeared years after an X-
ray outburst (Camilo et al. 2016; Scholz et al. 2017). Although the last
X-ray outburst of 1E 1547.0 − 5408 was in 2009, 8.5 yr before our
radio observations, we still had detection in the mm band. There are
three possible explanations. The first is that once the radio emission
is turned on, it needs to be turned off by other activities. We consider
this less likely, because there was no evidence of unusual changes in
properties such as the spin frequency or X-ray pulse profile when the
radio emission was undetectable (Camilo et al. 2016; Scholz et al.
2017). Another possibility is simply that the 2009 X-ray outburst
has not ended, so that the X-ray-outburst-associated radio emission
continued. The final one is that the radio emission is not associated
with the X-ray outburst but with the X-ray flux level. The X-ray
flux level in 2017 was higher than that in 2007, when the radio
emission of 1E 1547.0 − 5408 was discovered (Coti Zelati et al.
2020), so we can still detect radio emission. Once the X-ray flux
decreases to a certain level, the radio emission may disappear. The
study by Camilo et al. (2016) of XTE J1810 − 197 also suggests that
the radio disappearance is most likely due to the decrease of X-ray
flux; however, these authors emphasize that the X-ray flux change
is only 20 per cent. More observations in the X-ray and radio and
more timing and/or spectral analysis are needed to confirm the radio
turn-off criteria.

5 SU M M A RY

We performed an analysis of the radio observations of two magnetars,
1E 1547.0 − 5408 and PSR J1622 − 4950. The former showed an
inverted spectrum from 43 to 95 GHz, indicating a peak at high
frequency. The broad-band radio spectra of 1E 1547.0 − 5408 is
similar to that of SGR J1745 – 2900. Both of them may have different
emission mechanisms in the cm and submm bands, resulting in
double-peak spectra with peaks at a few GHz and a few hundred
GHz. Our observations of PSR J1622 − 4950 revealed a steep
spectrum from 5.5 to 45 GHz. By comparing observations in different

epochs, we found that PSR J1622 − 4950 exhibited a significant
increase in radio flux density while the X-ray flux was decreasing.
We further obtained X-ray and radio data of radio magnetars and a
magnetar-like radio pulsar from the literature and found, for the first
time, that the rise time of radio emission is much longer than that
of X-ray emission in some magnetar outbursts. More simultaneous
broad-band observations in different epochs are needed to confirm
these properties and to study the origin of radio emission from
magnetars.
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