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Abstract

We present the first detection of pulsations from a neutron star in the submillimeter range. The source is the magnetar
XTE J1810−197, observed with the James Clerk Maxwell Telescope on 2020 February 27, 2020 July 9, and 2021
May 15. XTE J1810−197 is detected at 353 GHz (λ= 0.85mm) in the three epochs, but not detected in the
simultaneously observed band at 666 GHz (λ= 0.45mm). We measure an averaged flux density at 353 GHz of
6.7± 1.0, 4.0± 0.6, and 1.3± 0.3 mJy, and set 3σ flux density upper limits at 666 GHz of 11.3, 4.7, and 4.3 mJy, at
each of the three observing epochs, respectively. Combining close-in-time observations with the Effelsberg 100m
and IRAM30m telescopes covering noncontiguously from 6 to 225 GHz (5.0 cm> λ> 1.33mm), we investigate
the spectral shape and frequency range of a potential spectral turn-up predicted by some pulsar radio emission
models. The results demonstrate that the beamed radio emission from neutron stars can extend into the submillimeter
regime, but are inconclusive on the existence and location of a potential spectral turn-up within the covered frequency
range. The observed properties of the submillimeter emission resemble those of longer wavelengths and support a
coherent mechanism for the production of pulsations at 353 GHz.

Unified Astronomy Thesaurus concepts: Neutron stars (1108); Magnetars (992); Pulsars (1306); Radio pulsars
(135); Non-thermal radiation sources (1119); Astronomical techniques (1684); Observational astronomy (1145);
Submillimeter astronomy (1647); Radio astronomy (1338)

1. Introduction

Magnetars are a subfamily of highly magnetized rotating
neutron stars (pulsars) showing the largest inferred magnetic
fields (for a review of magnetar properties, see, e.g., Kaspi &
Beloborodov 2017). The majority of magnetar detections are
made at high energies (X- and γ-ray). Nonetheless, of the 30
currently known magnetars9 (Olausen & Kaspi 2014), 6 have
been detected at radio wavelengths (Camilo et al. 2006, 2007b;
Levin et al. 2010; Eatough et al. 2013; Champion et al. 2020;
CHIME/FRB Collaboration et al. 2020).

Magnetar radio emission shows similarities but also notable
differences from the rest of the pulsar population (e.g., Kramer
et al. 2007; Lower et al. 2021). One of these remarkable
properties is a spectral index that can be flat or even inverted
(Camilo et al. 2007b; Lazaridis et al. 2008; Levin et al. 2010;
Torne et al. 2015, 2017; Dai et al. 2019; Huang et al. 2021). As
pulsars typically show steep spectra in radio (〈α=− 1.8〉, for
S∝ να, e.g., Maron et al. 2000), the peculiar spectral properties
of magnetars make them unique sources in which to study the
emission characteristics up to very high radio frequencies.

The underlying radio emission mechanism of pulsars is still
under debate (e.g., Melrose 2017; Melrose et al. 2021). Some
models propose a scenario in which the incoherent component of
curvature emission or inverse Compton scattering produces a turn-
up in the spectral energy distribution (Blandford & Scharle-
mann 1976; Michel 1982). The exact location of this potential
turn-up is not known, but hypothesized to occur between radio and
infrared (IR) wavelengths (Michel 1982). Identifying the frequency
of such a spectral turn-up would allow for a measurement of the
coherence length of the emission process, a valuable observable for
testing and refining our models of pulsar magnetospheres and
radiation mechanisms.
The scenario of a coherence breakdown and spectral turn-up

is supported by the spectral shape of the Crab (PSR B0531
+21), Vela (PSR B0833−45), and Geminga (PSR B0633+17)
pulsars. The IR and/or optical emission of these pulsars
exceeds the extrapolation from radio flux densities (Neuge-
bauer et al. 1969; Danilenko et al. 2011). Furthermore, the IR
and optical emission of the Crab pulsar can be explained by an
incoherent process (Crusius-Wätzel et al. 2001).
The first observations of pulsars in the millimeter band

showed hints of spectral turn-ups around ∼30−40GHz (Kramer
et al. 1996, 1997), with results suggesting that spectral turn-ups
may not appear at the same frequency range for all pulsars
(Morris et al. 1997; Löhmer et al. 2008). Later, observations of
radio magnetars in the short millimeter range (∼80−300 GHz)
showed cases where the millimeter flux density clearly exceeds
the low-frequency values (Torne et al. 2017; Chu et al. 2021).
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Despite the hints of potential turn-ups in the millimeter window,
there is yet no satisfactory conclusion on the location of a
transition frequency.

In the IR, optical, and ultraviolet bands, only about 25
neutron stars (including rotation-powered pulsars, magnetars,
and X-ray-dim, isolated neutron stars) have been detected.
Pulsations were resolved in only a handful of the cases (e.g.,
Cocke et al. 1969; Ransom et al. 1994; Kern & Martin 2002;
Kargaltsev & Pavlov 2007; Dhillon et al. 2009). At these
wavelengths it was often difficult to identify the exact origin of
the detected emission (fall-back disk and/or magnetospheric),
with both thermal and nonthermal components contributing in
many cases (for a review, see Mignani 2011, and references
therein).

The submillimeter window10 linking the short millimeter and
IR bands of pulsar emission is almost totally unexplored, but
has the potential to hide the spectral turn-up. Only one
detection of a pulsar that extends into the submillimeter band is
available to date (the Vela pulsar, Mignani et al. 2017). Those
observations, made in imaging mode with the Atacama Large
Millimeter/Submillimter Array (ALMA), showed that the
(sub)millimeter spectrum of Vela flattens compared to the
longer wavelength emission, and still maintains a level of
coherence (Mignani et al. 2017).

In this paper, making use of a novel observing method with
the SCUBA-2 Transition Edge Sensor (TES) camera on the
James Clerk Maxwell Telescope (JCMT), we present phase-
resolved observations of the magnetar XTE J1810−197 in the
submillimeter regime. For one epoch, we use nearly simulta-
neous observations with the Effelsberg 100 m and IRAM 30 m
telescopes to investigate the spectral shape and a potential
spectral turn-up within the submillimeter band.

2. Observations and Data Reduction

2.1. James Clerk Maxwell Telescope

XTE J1810−197 was observed on 2020 February 27, 2020
July 9, and 2021 May 15 simultaneously at central frequencies
of 353 and 666 GHz (λ= 0.85 and 0.45 mm) using the
SCUBA-2 camera (Holland et al. 2013) at the JCMT, on
Maunakea, Hawai’i. The effective bandwidth was 35 and
47 GHz at 353 and 666 GHz, respectively, and the data of the
bolometer arrays were sampled at ts≈ 5.7 ms.11

The observing strategy and data reduction from the JCMT
were adapted to extract the potential submillimeter pulsations
from the magnetar. With this aim, a custom, small daisy map12

was prepared, and was intended to keep the source within one
subarray in each of the bands, minimizing interruptions to the
on-source time stream by avoiding bad bolometers and gaps
between subarrays. Because the 0.45 mm detection is most
challenging, we selected a focal plane tracking location to
maximize the number of good bolometers within the pattern at
this wavelength. Furthermore, six of the eight subarrays of
SCUBA-2 were disabled (those not being used), in order to
achieve a small but noticeable improvement in sampling time.

Two new data analysis techniques by which pulsations can be
extracted from the raw data were developed. Most straightfor-
wardly, a new makemap “cyclemap” parameter was included
within the software suite STARLINK,13 allowing the generation of
a given number of maps corresponding to phase bins through
the pulsar spin period, with the data being folded14 at this
period. The second technique uses makemapʼs diagnostic
outputs to obtain a final cleaned data stream and an astrometric
look-up table. From these, a time series was extracted from one
or more bolometers closest to the source position using a
Gaussian-shaped filter. The time series was then folded with
XTE J1810−197ʼs spin period, derived from the close-in-time
observations from the IRAM 30 m telescope (see Section 2.2)
and refined to the best topocentric period at the JCMT using a
periodogram. An opacity extinction correction was applied by
makemap based on measurements from the JCMT water vapor
monitor, taken throughout each observation. Both the maps and
time series were calibrated to Jansky scale by multiplying the
data by the recently updated standard flux conversion factors
(FCF) for SCUBA-2 (Mairs et al. 2021).
We provide more details on the new observing strategy with

SCUBA-2 and the data reduction methods for phased-resolved
mapping and time domain analysis in the Appendix.

2.2. IRAM 30 m

On 2020 July 10, we observed the same magnetar at central
frequencies of 86, 102, 138, 154, 209, and 225 GHz (λ; 3.44,
2.97, 2.17, 1.95, 1.43, and 1.33 mm) with the Eight MIxer
Receiver (EMIR; Carter et al. 2012) at the IRAM 30m
telescope in Spain. A broadband continuum back end sampled
8 GHz of bandwidth per frequency band with a sampling time
of ts= 100 μs.
The data processing consisted of a calibration to Jansky scale

by Y-factor measurements on loads of known temperature, plus a
correction for atmospheric opacity (Kramer 1997; Pardo et al.
2001). The time series from each linear feed at each frequency
band were filtered to reduce the low-frequency noise by a running
window of 5 s that fits and subtracts a first-order polynomial. A
second filtering was required to remove sporadic, short-duration
power drop-offs of instrumental origin. The two linear polariza-
tions were then combined to produce total intensity time series per
frequency band. The time series were then folded with the spin
period of XTE J1810−197 obtained using the prepfold routine
of the PRESTO software15 to refine the period derived from the
ephemeris given in Levin et al. (2019). Finally, a correction of
the flux density values at 209 and 225 GHz by a factor 1.38 is
applied to account for a residual pointing offset of 3 8
affecting only those frequency bands.

2.3. Effelsberg 100 m

The Effelsberg 100 m telescope in Germany observed the
source on 2020 July 8 at a central frequency of 6 GHz with the
S45mm receiver and a dedicated pulsar backend based on 2
CASPER16 ROACH2 boards, offering 4 GHz of instantaneous
bandwidth split into 4096 frequency channels sampled at
ts= 131.072 μs.

10 We define the submillimeter window as 1 mm > λ > 100 μm (300 GHz 
ν  3 THz).
11 We note that SCUBA-2 does not produce perfectly regularly sampled data.
5.7 ± 0.6 ms is the mean value of the sampling interval.
12 Daisy refers to the shape of the telescope scan pattern. See the Appendix for
details.

13 https://starlink.eao.hawaii.edu/starlink
14 Folding is a technique by which the data are synchronously averaged in
blocks of size equal to the spin period of a pulsar.
15 https://github.com/scottransom/presto
16 https://casper.berkeley.edu/

2

The Astrophysical Journal Letters, 925:L17 (10pp), 2022 February 1 Torne et al.

https://starlink.eao.hawaii.edu/starlink
https://github.com/scottransom/presto
https://casper.berkeley.edu/


The data recorded in PSRFITS search mode were first
corrected for the effect of interstellar dispersion and folded
modulo the spin period of the magnetar using the PSRFITS_U-
TILS tools17 and the parameters in Levin et al. (2019). The
averaged pulse profile was calibrated for polarization and flux
density using observations of a pulsed noise diode fired on a
reference source, the planetary nebula NGC7027. Finally the
data were cleaned of radio frequency interference. The data
post-processing was done with PSRCHIVE (van Straten et al.
2012).

Table 1 outlines the observing sessions.

3. Results

The magnetar XTE J1810−197 was detected at 353 GHz
(λ= 0.85 mm) at the three observing epochs with the JCMT,
2020 February 27, 2020 July 9, and 2021 May 15 with peak
signal-to-noise ratios18 of 8.6, 3.7, and 4.9, respectively. The
measured averaged flux density (i.e., the flux density integrated
over the pulse and divided by the spin period) is 6.7± 1.0,
4.0± 0.6, and 1.3± 0.3 mJy (1σ errors19), for the three epochs,
respectively. However, the magnetar was not detected in the
simultaneously observed band at 666 GHz (λ= 0.45 mm) in
any of the epochs. From the standard deviation of an empty
region around the source position in the 666 GHz maps, we
derive flux density upper limits of 11.3, 4.7, and 4.3 mJy (for a
3σ detection) for each of the three observing epochs,
respectively. Figure 1 shows the detection maps, and the top
three panels of Figure 2 the averaged pulse profiles at 353 GHz
for 2020 February 27, 2020 July 9, and 2021 May 15. In
Figure 3 we show the mean profile at 353 GHz after averaging
together the profiles from the three observing epochs at
the JCMT.

On 2020 July 10, XTE J1810−197 was detected at all
observing frequencies between 86 and 225 GHz with the
IRAM 30 m telescope (λ; 3.44−1.33 mm) with peak signal-
to-noise ratios ranging from 10.3 to 19.1. The measured
averaged flux densities were 7.6± 0.3, 7.3± 0.3, 7.4± 0.4,
7.2± 0.4, 6.4± 0.7, and 5.5± 0.7 mJy at 86, 102, 138, 154,
209, and 225 GHz, respectively. At Effelsberg, the source was
detected on 2020 July 8, with a more complex profile shape and
a peak signal-to-noise ratio of 173, with an averaged flux
density of 5.5± 0.1 mJy. Table 2 summarizes the results, and
the profile shapes at the millimeter and centimeter bands are
shown in Figure 2.
With the caveat of the known short-term variability from radio

magnetars, including XTE J1810−197 (e.g., Camilo et al. 2007b;
Torne et al. 2015, 2020) and the potential impact of interstellar
scintillation (Camilo et al. 2006; Lazaridis et al. 2008), we try to
investigate the spectral shape of XTE J1810−197. First, we use
only data from the IRAM30m telescope on 2020 July 10, which
cover several frequencies (νä [86, 225]GHz) during a single
observing session. We consider this data set as less affected by
intrinsic intensity variations. A single power-law fit through error-
weighed least squares yields αa=−0.2± 0.2, for Sν∝ να.
Including the data point at 353GHz from the JCMT on 2020
July 9, the fit yields αb=−0.3± 0.2, which is consistent within
the uncertainties. We note, however, that the extrapolation to
centimeter wavelengths in any of these cases gives a significantly
higher flux density at ∼6 GHz than is measured. We then fit the
combined data set with all the flux density measurements of 2020
July 8, 9, and 10 from the three telescopes. Taking advantage of
the large fractional bandwidth (Δν/ν) of the Effelsberg
observations, its total bandwidth was split into four 1 GHz
chunks centered at 4.5, 5.5, 6.5, and 7.5 GHz. The result in this
case yields αc=+0.1± 0.1. Nonetheless, in this latter case, the
data above ∼200GHz are poorly fit. Finally, we fit a broken
power-law model (see, e.g., Jankowski et al. 2018), again to
combined data of 2020 July 8, 9, and 10 from the three telescopes.
This model can account for the apparent spectral break and fits the
spectrum better than a single power law. The yielded spectral
indices are α1=+0.1± 0.1 and α2=−0.7± 0.4, respectively,
for the spectral ranges before and after the frequency of the break,
which is best fit at a frequency of 141±1GHz. Figure 4 presents
the measured spectrum of XTE J1810−197 and compares the
spectral fits.

4. Discussion and Conclusion

4.1. Variability, Pulse Morphology, and Spectral Shape

The observations of XTE J1810−197 extending for the first
time into the submillimeter regime of magnetar radio emission
show similar characteristics in the submillimeter emission to
those at lower frequencies. There is a clear variability, with a
decrease at 353 GHz of about 40% in the flux density between
2020 February 27 and 2020 July 9, and a factor ∼5 between
2020 February 27 and 2021 May 15. Moreover, the average
pulse morphology at 353 GHz resembles to a high degree that
of the millimeter emission between 86 and 225 GHz, with a
single dominant component. The average pulse at 6 GHz is
more complex, but shows a component equivalent to the one
observed at the higher frequencies.
The radio spectrum over the full frequency range covered is

best described by a broken power law with a break at a
frequency of ≈141 GHz. The spectral indices both before and

Table 1
Summary of Observing Epochs

Epoch Telescope νc Δν tobs 〈τ225〉
(MJD) (GHz) (GHz) (min) (Np)

58906.639 JCMT 353 35 64.4 0.05
666 47 64.4 0.05

59039.296 353 35 225.4 0.05
666 47 225.4 0.05

59349.435 353 35 226.9 0.04
666 47 226.9 0.04

59040.958 IRAM 225 8 70.2 0.35
59040.958 209 8 70.2 0.35
59040.872 154 8 50.2 0.54
59040.872 138 8 50.2 0.54
59040.872 102 8 120.4 0.43
59040.872 86 8 120.4 0.43
59038.995 Effelsberg 6 4 19.7 n/a

Note. Columns indicate: Epoch of observation, telescope, central observing
frequency (νc), instantaneous bandwidth (Δν), integration time on-source (tobs),
and average 225 GHz zenith atmopsheric opacity during the observation
(〈τ225〉). For Effelsberg, “n/a” indicates that no opacity measurement is
available. At 6 GHz the atmospheric effects are negligible. The epoch is given
here as MJD to increase the precision of the datum to ∼1 minute from the start
of the observation.

17 https://github.com/gdesvignes/psrfits_utils
18 Here defined as the maximum value of the average profile divided by the
standard deviation of the off-pulse region.
19 All error figures through the paper represent 1σ uncertainty intervals.
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after the break are broadly consistent with previous measure-
ments reporting a variable spectral index from XTE J1810
−197 during the 2003 and 2018 outbursts of about −1.1<
α<+0.3 (Camilo et al. 2007b; Lazaridis et al. 2008; Dai et al.
2019; Torne et al. 2020). The submillimeter pulsed emission
observed on 2020 July 9 is not brighter than the emission at

lower frequencies from close-in-time observations and there-
fore does not show evidence for a turn-up in the emission in the
range up to 353 GHz. We note, however, that the fact that the
measurements at the centimeter, millimeter, and submillimeter
wavelengths are not fully simultaneous adds some uncertainty
to this conclusion. We do not use the 2020 February 27 or 2021

Figure 1. XTE J1810−197 detection with JCMT/SCUBA-2 at ν ≈ 353 GHz (λ = 0.85 mm). The upper three panels show the results from 2020 February 27, the
three middle panels from 2020 July 9, and the three bottom panels from 2021 May 15. In each case, the total integration time was folded with a resolution of 50 maps
over the spin period of the magnetar (P ≈ 5.54 s), thus with a time resolution of 110.8 ms. For each epoch, the panels show: (left) average of the three maps containing
the pulsation from the neutron star, (center) average of 39 maps during the off-pulse time (those separated at least 4 maps from the 3 maps containing the ON signal),
and (right) resulting image after subtracting the off-pulse average map from the on-pulse average, showing the residual of the on-pulse emission from XTE J1810
−197. The telescope beam size is shown in the lower left corner on each panel. For 2021 May 15, the On–Off map is smoothed with a matched filter with primary
Gaussian component of 11″ to improve the visualization of the residual.
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May 15 detections at 353 GHz to derive conclusions on a
potential spectral turn-up because of the strong variability of
the source, which invalidates the comparison of flux densities
measured at epochs separated by such a long time.

Various reasons could explain why no single spectral index
fits well all the data points. Radio magnetars (including
XTE J1810−197) show significant intensity variations on short
timescales, even intraday (e.g., Camilo et al. 2007b; Torne et al.
2015, 2020), and this can affect the fit when combining data
that, even when very close in time, are not fully simultaneous.
Furthermore, the potential impact of interstellar scintillation
cannot be neglected, in particular, when a large frequency
range is covered, as in this case. Weak and strong scintillation
effects can have different influence at different frequencies (see
e.g., Lorimer & Kramer 2012).
Notably, the profile at 6 GHz shows more components than that

at higher frequencies. A similar profile evolution with frequency
was observed for the magnetar SGR J1745−2900 (Torne et al.
2015) and could indicate that we are not sampling through the
same emission region at all wavelengths, making the comparison
of total flux density between frequencies imprecise. The lack of
several components seen at higher frequencies can also mean that
the spectral index of the different components is different.20

However, if we would select only the broad component from
6 GHz to fit a single power law, the measured spectral index αc

would be even more inverted and would not improve the fit to
points above 200 GHz. Full-polarization information at the
millimeter and submillimeter wavelengths would enable a
better understanding of the viewing geometry (e.g., Liu et al.
2021), and a comparison with the measurements at centimeter
wavelengths (Camilo et al. 2007a; Kramer et al. 2007; Dai et al.
2019). The polarization degree and position angle could help to
identify equivalent components among frequency bands.
For the highest frequencies, given the small size of the

telescope beams (e.g., θ≈ 11 8, 11 0, 14 0, 7 4 for our
observations at 209, 225, 353, and 666 GHz, respectively21),
even very small pointing and focus errors may translate into
non-negligible intensity underestimations. The data points at
209, 225, and 353 GHz show a lower flux density compared to
the other values between 86 and 154 GHz (see Table 2 and
Figure 4). Our data processing took into account potential
pointing offsets (see Section 2.2 and Appendix), so we do not
consider this the main source of the observed spectral deviation
from the power law.

Figure 2. Average pulse profiles of the magnetar XTE J1810−197 at the
different frequency bands. The top three panels show the detections at 353 GHz
(λ = 0.85 mm). Each profile includes the telescope, frequency, date of
observation, and averaged flux density in the legends. The time resolution is
adapted to improve the signal-to-noise ratio, being 43.3 ms (128 bins) between
209 and 353 GHz, 21.6 ms (256 bins) between 86 and 154 GHz, and 2.7 ms
(2048 bins) at 6 GHz. The profiles were manually aligned to the peak of the
main component.

Figure 3. Mean profile of the magnetar XTE J1810−197 at 353 GHz
(λ = 0.85 mm) after averaging the profiles from the observations of 2020
February 27, 2020 July 9, and 2021 May 15 from the JCMT.

20 In fact, the difference in flux density observed for the four 1 GHz subbands
in the Effelsberg data (see Figure 4) are due to an uneven spectral evolution of
the different components.
21

θ denotes the half-power beam width (HPBW), i.e., the angular separation
in which the received power decreases by 50%.
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Finally, a plausible explanation is simply that the radio
spectrum of XTE J1810−197 is not well described by a single
power law over wide frequency ranges, but shows a more
complex shape. A relatively high number of pulsars show

spectral shapes deviating from single power laws (see Maron
et al. 2000; Jankowski et al. 2018). Interestingly, spectra
showing (or supporting) spectral turn-overs have been reported
in previous observations of XTE J1810−197 (Dai et al. 2019)
and in another four radio magnetars (Camilo et al. 2008; Torne
et al. 2017; Chu et al. 2021; Lower et al. 2021). As shown in
Figure 4, this is the case again for our observations of
XTE J1810−197, where a broken power law fits the spectrum
better than single power laws. These results indicate that radio
magnetar spectra may often show features like spectral turn-
overs, and that these turn-overs may appear at different
frequencies and even change shape over time along with the
frequency-dependent intensity variations.
As more observations of pulsars and magnetars become

available covering large frequency ranges in the radio band, it
is clear that the region between ∼10−70 GHz is undersampled,
but can be key to fully understanding the spectral energy
distribution of the radio emission of neutron stars. The same
lack of information between ∼8 and 86 GHz for the
observations of XTE J1810−197 presented here may well be
hiding remarkable spectral features in this region.

4.2. Brightness Temperature and Coherence

We can infer more information on the emission origin from
the brightness temperature (TB) of the pulsations. TB has an
inverse quadratic dependence on the pulse width (e.g., Lorimer
& Kramer 2012), and so it should ideally be derived from
resolved single pulses or at least single pulses detected with
high time resolution. Up to millimeter wavelengths, the radio
emission mechanism of XTE J1810−197 requires coherence to
explain the high TB values (Torne et al. 2020). For the
submillimeter emission that we observed here for the first time,
we unfortunately did not detect individual pulsations.
One way to derive a lower limit for TB at 353 GHz is to

assume that the shortest single pulsations are equal to the
duration of the average pulse. The duty cycle of the average
pulse of XTE J1810−197 at 353 GHz is about 6%, which
corresponds to a Δt≈ 332ms for the spin period of P= 5.54 s.
For a distance to XTE J1810−197 of D= 2.5 kpc (Ding et al.
2020), the minimum brightness temperature needed to produce
the flux density of 6.7 mJy observed on 2020 February 27 is
TB; 3 · 1012 K. A TB∼ 1012 K is in the limit where incoherent
emission alone may explain the high brightness temperature
(see, e.g., Singal 2009). Nevertheless, both XTE J1810−197 and
other radio magnetars usually show radio emission consisting

Table 2
Averaged Flux Densities and Spectral Index for XTE J1810−197

Epoch S6 S86 S102 S138 S154 S209 S225 S353 S666 α α1 α2

(mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)

2020 Feb. 27 L L L L L L L 6.7(10) <11.3 L L L
2020 Jul. 8 5.5(1) L L L L L L L L +0.1(1) L L
2020 Jul. 9 L L L L L L L 4.0(6) <4.7 −0.3(2) L L
2020 Jul. 10 L 7.6(3) 7.3(3) 7.4(4) 7.2(4) 6.4(7) 5.5(7) L L −0.2(2) +0.1(1) −0.7(4)
2021 May 15 L L L L L L L 1.3(3) <4.3 L L L

Note. Columns show epoch of observation, averaged flux density (Sν) at each observing frequency, spectral index from a single power-law model (α), and spectral
indices for a broken power-law model (α1, α2). A “−” symbol indicates that no observation was done at that frequency for the epoch. At 666 GHz, where observations
took place but with no detection of the source, 3σ upper limits are given, indicated by the “<” symbol preceding the value. The “−” symbol in the α, α1, and α2

columns indicates that no spectral fit is done for that epoch for the corresponding model. Values in parentheses indicate the 1σ error on the least significant figures.
2020 July 10 is the only epoch with observations at several frequencies within a single observing session. The spectral indices given for 2020 July 9 and 2020 July 8
and those from the broken power law arise from combinations of flux density values from different days. See Figure 4 and Section 3 for details.

Figure 4. Spectral fits for XTE J1810−197. The upper panel shows single
power-law fits, and the bottom panel a broken power law. In both panels, the
triangle markers show the centimeter-averaged flux densities from Effelsberg at
4.5, 5.5, 6.5, and 7.5 GHz on 2020 July 8, the circles show the millimeter-
averaged flux densities from the IRAM 30 m telescope at 86, 102, 138, 154,
209, and 225 GHz on 2020 July 10, and the black square the averaged flux
density from the detection from JCMT at 353 GHz on 2020 July 9. The purple
star and orange diamond represent the averaged flux density measured at
353 GHz on 2020 February 27 and 2021 May 15 for comparison, but they are
not used for the power-law fits. 1σ error bars are shown, but are often smaller
than the size of the symbols. The black, purple, and orange down-pointing
arrows at 666 GHz mark the 3σ upper flux density limits for our observations
from the JCMT on 2020 July 9, 2020 February 27, and 2021 May 15,
respectively. The top panel shows three different single power-law fits: the blue
dotted line using only the IRAM 30 m data, the dotted–dashed green line is the
fit to a combination of millimeter and submillimeter data, and the dashed red
line shows the single power-law fit to all data from 2020 July combined. See
Sections 3 and 4 and Table 2 for details.
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mainly of very short pulses of the order of ∼1ms within (and
outside) the main pulse region (e.g., Camilo et al. 2006; Levin
et al. 2012; Spitler et al. 2014; Wharton et al. 2019; Maan et al.
2019). This narrow subpulse characteristic extends for
XTE J1810−197 even to millimeter-wavelength radiation
(Camilo et al. 2007b).

If we accept a less restrictive assumption for the minimum
duration of single pulsations of Δt≈ 40 ms, by similarity with
the millimeter-wavelength single pulse emission recently
detected (Torne et al. 2020), the brightness temperature would
reach TB∼ 2 · 1014 K, requiring some coherence amplifying the
emission. As it is likely that the single pulse emission at
submillimeter wavelengths is narrower than the average profile,
we consider the second scenario more plausible, in which the
submillimeter emission still requires a coherent mechanism.
Nonetheless, the detection of single pulses with high enough
time resolution in the submillimeter band will be needed to
obtain a conclusive result.

4.3. Emission at 666 GHz and Turn-up Location

If we extrapolate the power law with α2 (see Section 3), the
flux density at 666 GHz from XTE J1810−197 would be about

-
+2.7 1.2

2.3 mJy (1σ confidence level). This value is below our
detection limit of 4.7 mJy for a 3σ detection, but consistent
within errors. This upper limit does not allow us to set further
constraints on the potential flux density at 666 GHz. For the
2020 February 27 data, the 3σ upper flux density limit of our
observations is significantly higher than in 2020 July 9 and
2021 May 9 due to a shorter integration time and a larger
impact of atmospheric opacity in this epoch. In 2021 May 15,
the magnetar displayed weaker emission at submillimeter
wavelengths. Thus, both cases are even less constraining and
we do not use them to extract any conclusion or constraint on
the submillimeter spectral shape. In any case, emission from
XTE J1810−197 at 666 GHz cannot be ruled out by our results,
which encourage higher-sensitivity observations for a more
stringent limit at 666 GHz.

Our nondetections at 666 GHz on 2020 July 9 are, however,
indicative of a lack of spectral turn-up between 353 and
666 GHz, which would have made the 666 GHz emission
brighter than at 353 GHz, and thus potentially detectable even
with the available sensitivity. This result suggests that if the
spectral turn-up exists, and it is above the millimeter band, it
probably occurs at even higher frequencies, approaching the IR
band or within it. XTE J1810−197 has a known IR counterpart
(Israel et al. 2004) showing variability like that observed in the
radio band (Testa et al. 2008). The available IR data are from
the previous outburst phase of the magnetar in the 2000 s, and
therefore not directly comparable with our current observa-
tions. The multi-wavelength variability of XTE J1810−197
requires simultaneous radio and IR observations to derive
strong conclusions on the possible relationship between radio
and IR radiation and the spectrum shape.

A similar conclusion on the potential location of a spectral
turn-up was obtained by Mignani et al. (2017) for the Vela
pulsar. We remark nonetheless that our results and those from
Mignani et al. (2017) cover two different types of pulsars (a
magnetar and a young rotation-powered pulsar), so we cannot
discard the idea that the magnetospheric characteristics may
differ between the two objects, at least during a magnetar
outburst and active phase (e.g., Beloborodov 2009). Therefore,
the turn-up spectral region might be different for the two

pulsars, as is, for example, the spectral index of the coherent
radio emission for the two neutron stars. In addition, and given
the strong known variability of radio magnetars, we should not
discard the possibility of a variable turn-up spectral position in
XTE J1810−197. Repeated observations of the source are
therefore encouraged to strengthen the constraints on the
potential turn-up region.
Finally, we do not aim here to provide a physical explanation

for the spectral turnover at 141 GHz, to a large extent due to the
different sources of potential variability in the measured flux
densities of XTE J1810−197 outlined in Section 4.1. Never-
theless, several pulsar models include a potential physical
interpretation for a spectral break and a decrease in the emission
intensity, which are usually related to a loss of coherency under
certain circumstances (see, e.g., Sieber 1973; Beloborodov &
Thompson 2007, and references therein). If the spectral break at
141 GHz and observed decrease in the intensity of XTE J1810
−197ʼs coherent radio emission is indeed due to a loss of
coherency of the underlying emission process, this would support
a transition frequency to incoherent emission that lies above our
observed frequencies and the idea that we may be approaching the
spectral range in which a turn-up may be observable.

4.4. Conclusions

The magnetar XTE J1810−197 can emit submillimeter-
wavelength beamed emission, detected as pulsations in our
observations with the JCMT. Given the similarities of the
submillimeter emission properties (variability, pulse morph-
ology, high TB) with those at longer wavelengths, and with the
submillimeter pulsations supporting a link with the co-rotating,
beamed, magnetospheric emission, we conclude that the pulsed
submillimeter emission detected from XTE J1810−197 can be
explained as arising from the same mechanism producing the
longer wavelength radio emission. Our observations do not
detect a spectral turn-up in the emission of XTE J1810−197 up
to 666 GHz, and suggest that the location of such a potential
turn-up is probably at even higher frequencies.

5. Summary and Outlook

The high sensitivity of the SCUBA-2 camera at the JCMT
together with its fast sampling capability and a novel observing
and data analysis technique enabled the first detection of
pulsations from a neutron star in the submillimeter band. We
detected the radio magnetar XTE J1810−197 in three observing
epochs at ν≈ 353GHz (λ= 0.85mm), while no detections were
achieved in the simultaneously observed band at ν≈ 666GHz
(λ= 0.45mm). These detections set a new record in the detection
of pulsations from neutron stars in the radio band (see Torne et al.
2017) and demonstrate that the beamed radio emission from these
objects can extend into the submillimeter range.
The properties of the emission at 353 GHz resemble those of

the lower radio frequencies. XTE J1810−197 shows a pulse
profile similar to the one observed in the short millimeter band
and the broad component at centimeter wavelengths. Further-
more, the submillimeter emission is variable, and a lower limit
for the brightness temperature of the pulses still suggests a level
of coherence. These characteristics strengthen a magneto-
spheric origin of the submillimeter emission, as opposed to, for
example, emission from a fall-back disk, while at the same time
relate the submillimeter pulses to the same coherent mechanism
producing the lower-frequency emission.
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The spectrum over the full observed frequency range is
relatively flat and best described by a broken power law with a
break frequency at about 141 GHz. No clear hint of turn-up is
found in the spectrum up to 666 GHz. This supports the idea
that the region of a potential spectral turn-up is closer to the IR
band or above. Other remarkable spectral turn-overs in the
radio spectrum of XTE J1810−197 could, however, be hiding
in the region ∼10−80 GHz, not covered by the observations
presented here.

The ability of the SCUBA-2 camera to simultaneously observe
two frequency bands is a great advantage for testing emission
models in magnetars because of the strong short-term intensity
and spectral shape variability of these objects. A similar advantage
is offered by EMIR at the IRAM 30m telescope, capable of
observing four separate frequencies simultaneously. In order to
correctly measure the spectral energy distribution of magnetars,
the biggest challenge is probably the need to obtain fully
simultaneous observations covering large frequency ranges. The
strong variability of XTE J1810−197, the lack of a clear
identification of a spectral turn-up in its radio spectrum, and the
confirmation now of the existence of pulsations in the
submillimeter band, encourage follow-up observations to track
the variability and evolution of its submillimeter emission.

The advent of pulsar observations with ALMA (see Liu et al.
2019) and new high sensitivity receivers covering the ∼10
−70 GHz range will certainly help to increase the number of
detected neutron stars at high radio frequencies. This will help
us to complete the picture of the radio spectrum from neutron
stars and, in combination with the increasing capabilities of
single-dish (sub)millimeter facilities and IR/optical telescopes
to detect and study pulsars, finally uncover the location of the
spectral turn-up and the connection between coherent and
incoherent emission in pulsar radiation.
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Appendix
Additional Information on JCMT/SCUBA-2 Scan Pattern

and Data Reduction

A.1. Custom Small Daisy Map

Conventional SCUBA-2 observing modes involve scanning
the array fairly rapidly in order to allow the astronomical signal
to be separated from undesired signals such as instrumental 1/f
noise. For observations of small fields, a “constant-velocity
daisy” scan pattern is used. The telescope moves at a constant
speed while making a number of loops around the target
position, with the standard pattern parameters having been
optimized to give uniform coverage over a three arcminute
diameter (Holland et al. 2013). The 850 and 450 μm arrays
view the sky simultaneously via a dichroic beam-splitter, with
each consisting of four subarrays separated by gaps. As shown
in the left panel of Figure A1, the standard scan pattern is
centered in the focal plane such that the target position moves
between all of the subarrays.
In order to minimize interruptions to the time stream, a custom

daisy scan pattern was designed for the observations from the
JCMT presented in this work to keep the target within a single pair
of overlapping subarrays as shown in the right panel of Figure A1.
The location within the focal plane was chosen to maximize the
number of good bolometers at 450μm, since detection was
expected to be most challenging at this wavelength. The main goal
of this custom setup was to minimize the number of bad
bolometers within the scan pattern, maximizing therefore the
number of data points acquired on the point-like source to avoid or
reduce a potential miss of pulsations from the magnetar by
being on a bad bolometer when a pulse arrived to the telescope.
The other subarrays were disabled during our observations to
minimize delays during the data acquisition process—this reduced
the average sample time slightly, e.g., from ∼5.93± 1.4 to
∼5.66± 0.6ms.
To check that the custom scan pattern with the unused

subarrays disabled did not affect the calibration of measured
fluxes, we performed consecutive flux calibration observations
on the source CRL2688 with the standard and custom patterns
and found a difference of only 1.7%—well within the typical
uncertainty for SCUBA-2 observations of 7% (Mairs et al.
2021).

A.2. Data Reduction

The data were reduced using makemap, part of the
STARLINK package SMURF. From initial reductions of each
scan, we estimated relative pointing offsets between them of
typically ∼2 5. These offsets were applied to subsequent
reductions in order to align the resulting images.
The makemap configuration parameters were adjusted to

disable down sampling of the raw data and use principal
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component analysis for improved subtraction of correlated
background signals. Additional diagnostic parameters enabled
writing of the final cleaned time series and astrometric look-up
table to files. These products were used to extract a time series
for the source as it was scanned around the subarray, applying a
Gaussian weighting to each bolometer value based on its
distance from the source location.

A new option “cyclemap” was added to makemap to
produce a sequence of maps corresponding to phase bins
through the magnetar’s spin period, with the cleaned raw data
being folded into these bins at the end of the data reduction
process. These maps were co-added to produce the on-pulse
and off-pulse maps which were subtracted to isolate the pulsar
emission. Finally, the standard SCUBA-2 calibration was
applied using the PICARD post-processor, part of the ORAC-
DR pipeline (Jenness & Economou 2015).
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Figure A 1. Comparison of the standard (left panel) and custom (right panel) SCUBA-2 daisy maps. The red and blue squares represent the position on the focal plane
of the good bolometers in the 850 and 450 μm bands, respectively. The black line shows the position of the center of the target during a ∼2 min scan in each of the
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data points for a point-like source like the magnetar. The calibration of the data was verified to be consistent between the two observing modes within 1.7%.
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