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• The largest effective area 1,900 cm2 at 1.5 keV with high-time resolution (<100 ns)!

X-ray observatory NICER on the ISS
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• The largest effective area 1,900 cm2 at 1.5 keV with high-time resolution (<100 ns)!

X-ray observatory NICER on the ISS

(K. Gendreau, et al., SPIE, 2012; Z. Arzoumanian, et al., SPIE, 2014)



The Crab Pulsar
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Review

16

!elds than normal RPPs [115, 172, 197, 386, 405, 407, 541, 
542]. It is yet unclear whether the observed P–Ṗ  distribution 
of RRATs is genuinely related to their pulsar-intrinsic prop-
erties or is rather an observational selection effect whereby 
longer-periods RPPs are detected with higher signal-to-noise 
ratios in single-pulse searches [540].

Among RRATs, PSR J1819−1458 is one of the most stud-
ied objects. Its magnetic !eld strength inferred from the meas-
ured period and its derivative is Bd = 5 × 1013 G [542], which 
is at a similar level to those of low-B magnetars (section 3.3), 
high-B pulsars (section 3.4), and XINS (section 3.5) and is 
close to the upper end of the scale of the magnetic !eld Bd for 

Figure 16. Pulsar distribution in the P–Ṗ  diagram of (upper-left panel) nulling and mode-changing pulsars which show a discontinuous 
change in the radio pro!le, (upper-right) intermittent pulsars which have a correlation between the discontinuous radio change and spin-
down state, (bottom-left) RRATs which exhibit sporadic radio pulses, and (bottom-right) pulsars with a giant radio pulse(s) (GP). The 
data are taken from [82, 115, 117, 270, 331, 587, 674, 829, 833, 856] for nulling and mode-changing pulsars, [124, 436, 493, 505] for 
intermittent pulsars, the RRATalog (table A1 in appendix) for RRATs, and [153, 169, 228, 229, 373, 402, 403, 419–421, 451, 452, 726, 
739] for pulsars with a GP. As in !gure 1, large open black circles, pentagons, diamonds, and squares are for magnetars, XINSs, HBPs with 
x-ray emission, and CCOs, respectively.

Rep. Prog. Phys. 82 (2019) 106901

(Enoto, Kisaka, and Shibata, 
ROPP 2019)

Credit: NASA/CXC/SAO/STScI

https://iopscience.iop.org/article/10.1088/1361-6633/ab3def
https://iopscience.iop.org/article/10.1088/1361-6633/ab3def
https://chandra.harvard.edu/photo/2017/crab/
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Short exposure to detect the Crab pulsation 



Short exposure to detect the Crab pulsation 
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Significant detection

Detection significance of X-ray pulses NICER X-ray spectrum of  
the Crab pulsar and nebula

• Pulse signals are detectable within 1 sec

• Free from pileups, dead time, and data transfer loss (throughput 3.8×104 cps). 

Pulsar + Nebula 
1.1×104 cps (0.3-10 keV) 

~370 photons/cycle

Background 
<1% of Crab



Best Use of the NICER Telescope’s Performance?
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1. Large effective area (~1900 cm2 at 1.5 keV)

2. High-time resolution (<100 ns)

3. Free from pileups, dead time, and data transfer loss (up to ~4×104 cps) 

4. Flexible observations (quick response to ToO, even within a day)

• Examples and applications

• Discovery of an X-ray enhancement at the Crab giant radio pulses 

• Prompt follow-ups of new magnetars to identify pulsar characteristics 

• Comprehensive studies of magnetar short bursts 

• Search for gravitational waves from rotation powered pulsars

• Automated transient alert system from MAXI (OHMAN project) 



• Sporadic sub-millisecond radio bursts 102-3 times brighter than the normal pulses.

• Only from known ~12 sources, power-law distribution of fluence.

• Fast radio bursts (FRBs) are extragalactic GPs from young and energetic pulsars? 

Giant radio Pulses (GPs) from rotation-powered pulsars
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6 Mikami et al.
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Figure 4. Fluence histograms dN/dF of MPGRPs in the four
bands P, LL, LH, and S. Dashed lines show the fitted power law
function ∝ FΓ. The numbers in the figure are corresponding Γ.

Table 3
Power-law index Γ for the fluence distribution.

Band Γ (Sample Number)
MPGRP IPGRP

P −2.61+0.13
−0.15 (760) −2.73+0.55

−0.83 (101)

LL −2.98+0.11
−0.12 (2166) −2.88+0.37

−0.50 (171)

LH −2.97+0.13
−0.15 (2574) −2.75+0.72

−0.87 (192)

S −2.68+0.11
−0.13 (2681) −3.62+0.55

−0.70 (192)

wide band spectra in our samples are consistent with
single power-laws (hereafter SPLs). The GRP spectra
are fitted by the SPL as a function of frequency ν,

F (ν) = F0.3

( ν

325.1MHz

)α
, (2)

with a normalization parameter F0.3 and index α. The
goodness-of-fit test is done by means of the χ2 statis-
tic. All the fluences from P to S bands are not always
determined. Even if upper limits are included in some
frequency bands, we can test the consistency with a SPL
for each GRP by the modified χ2 statistic as

χ̂2=
∑

i

χ2
i,det +

∑

j

χ2
j,UL. (3)

For the band i where a certain fluence Fi is determined,
its contribution to the χ2 statistic is written as

χ2
i,det≡

(

Fi − F (νi)

σi,tot

)2

, (4)

where σi,tot is the 1σ total error for the given time in-
terval in the band i (see Appendix A). For the band j
where a fluence upper limit Fj,max (see Appendix A) is
set, its contribution is

χ2
j,UL≡−2 ln

∫ Fj,max

−∞

exp

(

−(F ′
−F (νj))2

2σ2
j,tot

)

√

2πσ2
j,tot

dF ′, (5)

(Avni et al. 1980; Sawicki 2012).

Figure 5. Examples of the GRP spectra consistent with SPLs.
The best-fit power-law functions are plotted with the dotted lines.
The obtained parameters with 68% confidence intervals and the
minimum χ̂2 are also shown.

Figure 6. Examples of the GRP spectra inconsistent with SPLs:
hard-to-soft (left), soft-to-hard (middle), and other (right) spectra.
The minimum χ̂2 values and corresponding SPL functions (dotted
lines) are shown.

We set a critical value of χ̂2 to reject the SPL hypoth-
esis assuming that χ̂2 follows a χ2 distribution with n−2
degrees of freedom (DoFs) for n data points. In the case
of the spectra for P–S bands, the number of the data
points implies 2 DoFs for χ2 distribution. We adopt a
critical value of χ̂2 = 5.99 (significance level of 5%).
For the GRPs whose spectra are consistent with SPLs,

we estimate the confidence intervals or the upper-limits
of the fitting parameters as follows. For each pair of the
parameters (F0.3,α), we calculate χ̂2, and express

χ̂2 = χ̂2
min +∆χ̂2, (6)

where χ̂2
min is the minimum value of χ̂2. According to

Lampton et al. (1976), we assume that∆χ̂2 follows a chi-
square distribution with p DoFs, where p is the number
of fitting parameters. A 68% confidence interval of each
fitting parameter is that satisfying

∆χ̂2 = 2.3, (7)

for p = 2 in our case.
First, we focus on the GRPs detected at all the four

frequency bands. The fractions of such ideal samples
are relatively small, 8.4% and 18% for MPGRPs and
IPGRPs, respectively (see Table 4). In those samples,
we find that 86 of 268 (32%) MPGRPs, and 27 of
46 (59%) IPGRPs are consistent with SPL spectra at
a significance level of 5%. The spectral index widely

(Mikami et al., 2016)

Fluence histogram

S band (2.2 GHz), L-band (1.4-1.6 GHz) 

(Sallmen et al., 1999)
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• Crab pulsar has been observed in almost 
all electromagnetic waves, including radio, 
infrared, optical, X-rays, and gamma rays.


• GPs of the Crab Pulsar randomly occur in 
the radio band at the main or inter pulses.


• GPs were thought to be a phenomenon 
observed only at radio. However optical 
enhancement coinciding with GPs was 
discovered (Shearer et al., Science 2003).


• Many teams have been trying to search 
for an enhancement in X-rays or gamma 
rays for 20 years, but only the upper limits 
have been obtained (Chandra, Suzaku…). 
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GPs from the Crab Pulsar
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• Crab pulsar has been observed in almost 
all electromagnetic waves, including radio, 
infrared, optical, X-rays, and gamma rays.


• GPs of the Crab Pulsar randomly occur in 
the radio band at the main or inter pulses.


• GPs were thought to be a phenomenon 
observed only at radio. However optical 
enhancement coinciding with GPs was 
discovered (Shearer et al., Science 2003).


• Many teams have been trying to search 
for an enhancement in X-rays or gamma 
rays for 20 years, but only the upper limits 
have been obtained (Chandra, Suzaku…). 

4 Mikami et al.

Figure 1. Dynamic spectra of the GRP #2677, which occurred
at 01:32:49-51 UTC on 2014 September 7. This GRP occurred at
the main pulse phase.

s]µTime [

0

5 P band

0

20 LL band-10 0 10 20 30 40
0
5

10 LH band-10 0 10 20 30 40
0
5

10 S band-10 0 10 20 30 40
0

5 C band-10 0 10 20 30 40
0

2

4 X band

Fl
ux

 D
en

sit
y 

[A
. U

.]

-10 0 10 20 30 40

-2000 -1000 0 1000 2000 3000 4000

GRP #2677

Figure 2. Dedispersed light curves of the GRP #2677 (same GRP
as that shown in Figure 1), which is simultaneously detected at all
the bands. The curve in the P band is smoothed with 10 µs time-
bin. The other curves are smoothed with 125 ns. The spectrum of
this GRP is shown in Figure 16.

is larger than their bandwidths.
RFI and statistical fluctuations of the noise give rise

to fake signals. The thresholds S/N for the GRP selec-
tion (hereafter, “selection thresholds”) were determined
to collect as many GRPs as possible and to avoid con-
tamination of fake GRPs. The GRP candidates, whose

peak S/N values exceed the selection thresholds, are plot-
ted in Figure 3, where the peak time of the main pulse
in LL–S bands is defined as 0.5 in the rotational phase.
For P, LL, LH, and S bands, the phase ranges defined
to accept signals as GRPs were empirically determined
from the distribution of the GRP candidates in our sam-
ples. For LL, LH, and S bands, the phase widths are
0.03 rotational period centering at the peak phases for
both the main pulse and interpulse phase ranges. The
width for the P band is a 0.05 rotational period. At
C and X bands, the number of the candidates is too
small to determine the phase ranges for the GRP selec-
tion. We adopted the same phase ranges as those at S
band for the main pulse. For the interpulse phase, we
shift the central position 0.015 rotational period earlier
than that in S band with a width of 0.06 rotational pe-
riod following the results of Cordes et al. (2004), who re-
ported that the occurrence phases of GRPs shift ∼ 0.03
period earlier at above ∼ 4 GHz. Even in the other
phase ranges so-called HFC1/2, Jessner et al. (2005) and
Mickaliger et al. (2012) reported the detections of GRPs
at X band (however, see Cordes et al. 2004). Though
the HFC GRPs are worth investigating, the wide phase
range and its low occurrence rate make it difficult to dis-
tinguish real GRPs from fake signals due to RFI in our
samples. We do not discuss HFC GRPs in this paper.
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Figure 3. Scatter plots of phase and time for the GRP candidates
from 21h30m on 2014 September 6th to 02h20m on 2014 September
7th for all the frequency bands. The gray shaded areas are the
excluded periods: the calibration observation or the period heavily
affected by RFI. The GRP selection phases are denoted by the
horizontal dashed lines.

Some candidates appearing outside the defined phases
are identified as fake signals. We estimate the expected
number of the fake signals appearing accidentally at the
GRP selection phases. The expected number of such
contamination is at most ∼ 5.2 ± 2.3 (at the LH band,
the errors are estimated assuming that the fake signals
follow the Poisson statistics.) during the entire time of
the simultaneous observation at all the observatories (see

Mikami et al., ApJ (2016) 
Time (micro seconds)

10 micro second

Example of a GP



• 34-m radio telescope of the Kashima 
Space Technology Center (NICT)

Two Radio Observatories (2 GHz) in Japan
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(Credit) NICT/Kashima　 (Credit) JAXA/Usuda

• 64-m radio dish of the Usuda Deep 
Space Center (JAXA)



Long-term monitoring simultaneous in radio and X-rays
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• Coordinated 15 observations with the two radio telescopes in 2017-2019


• The X-ray main pulse peak φ=0.99125±0.00004 relative to the radio peak, 
corresponding to the source-intrinsic 304 us radio delay. 

X-ray main pulse peak

6 µs

Enoto et al., Science, 2021



Discovery of X-ray enhancement coinciding with GPs 
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250 phase bins

• Detected ~2.5×104 GPs at the main pulse phase with the 1.5-day exposure 
in total accumulated in 2017-2019.

1 pulsar cycle (33 ms)

Enoto et al., Science, 2021



Discovery of X-ray enhancement coinciding with GPs 
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X-ray evaluation

• X-ray enhancement of 3.8±0.7% (1σ error) at the pulse phase φ=0.985-0.997.
Enoto et al., Science, 2021

5.4σ
Detection



Discovery of X-ray enhancement coinciding with GPs 
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• X-ray enhancement of 3.8±0.7% (1σ error) at the pulse phase φ=0.985-0.997.
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Optical evaluation

X-ray evaluation

Optical 
enhancement  

(Strader et al., ApJ 2013)  

3.2±0.5% 
（φ=0.987-0.999)

Enoto et al., Science, 2021

5.4σ
Detection



Verified our X-ray detection
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• We confirmed this detection via different verifications. 
Enoto et al., Science, 2021



Implication for the mystery of FRBs 
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• Hypothetical bright GP is a candidate for the origin of FRBs, especially 
repeating FRB sources (e.g., repeating FRB 121102).


• The energy source of such FRBs is assumed to be the spin-down luminosity.


• The discovery of X-ray enhancement suggests: 


• Since bolometric luminosity of GPs, including X-rays, is revealed to be 102-3 
times higher than we previously thought, the simple GP model for FRBs 
became more difficult because pulsars quickly lose its rotational energy. 


• Another example of the connection between the coherent radio emission 
and incoherent X-ray radiation in the neutron star magnetosphere.

See the supplementary part of Enoto et al., Science 2021

Kashiyama  & Murase, 2017; Kisaka, Enoto, Shibata 2017
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Magnetars seen with NICER
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• >2,500 known pulsars (105 in our Galaxy?)


• Challenge to unification of different 
neutron star classes 


• NICER Magnetar and Magnetosphere 
(M&M) subgroup is focusing on highly 
magnetized sources.


• Collaborating with radio telescopes

Magnetars seen with NICER



• >2,500 known pulsars (105 in our Galaxy?)


• Challenge to unification of different 
neutron star classes 


• NICER Magnetar and Magnetosphere 
(M&M) subgroup is focusing on highly 
magnetized sources.


• Collaborating with radio telescopes

Rotation Period (s)

Pe
rio

d 
de

riv
at

iv
e 

(s
/s

)

10.110-2 1010-21

10-10

10-12

10-14 Radio pulsar

Magnetar

XDINS

Millisecond pulsars

CCO

High-B pulsar

high-B

low-B

Young

Old

• >2,500 known pulsars (105 in our Galaxy?)


• Challenge to unification of different 
neutron star classes 


• NICER Magnetar and Magnetosphere 
(M&M) subgroup is focusing on highly 
magnetized sources.


• Collaborating with radio telescopes

19

1014 G

1013 G
1012 G

1011 G

Critical B4x1013G

Magnetars seen with NICER

Pearlman et al., 2020, arXiv:2005.08410 

Radio (8.3 GHz)

NICER (1-4 keV)

https://ui.adsabs.harvard.edu/abs/2020arXiv200508410P/abstract


NICER Follow-ups of Magnetar Outbursts

20

Year Source Note Reference

2017 July 4U 0142+61 Re-brightening in 2017
Pulse morphology change 

2019 February XTE J1810-197 Re-brightening in 2019
Radio-loud magnetar

Guver et al., 2019
Borgdese et al., 2021

2020 March Swift J1818.0-1607 New magnetar 
Radio-loud magnetar

Hu et al., 2020, 
Rajwade et al., 2022

2020 April SGR 1935+2154 Galactic FRB event 
Burst storm events

Younes et al., 2017, 2021, 
and many

2020 October SGR 1830-0645 New magnetar
Pulse peak migration

Younes et al., 2022a,b
Coti Zelati et al. 2021

2021 June Swift J1555.2-5402 New magnetar
Long lasting outburst Enoto et al., 2021

• Since the launch in 2017, one transient magnetar campaign per year on average.



SGR 1935+2154 — Magnetar and FRB connection
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• Galactic magnetar SGR 1935+2154 

• discovered in 2014 (~9 kpc?)

• P=3.24 s, Pdot=1.43e-11 s/s

• B ~ 2.2e+14 G


• A burst was detected with Swift/BAT at 
18:26 on April 27, 2020.


• X-ray follow-up observations by several X-
ray satellite, including NICER (on source 6 
hours later on April 28, 00:40).


• Intense bursting activity for at least 7 hours 
(burst storm): 217+ bursts in 20 minus

Younes et al., arXiv:2009.07886

3

Figure 1. Upper panel. NICER light curve of observation ID 3020560101 shown at 64 ms resolution in the 1-10 keV energy range. The dashed
blue vertical line is the time of FRB 200428. The gray dashed vertical lines delimit the first GTI when the burst forest occurred. The arrow
indicates that the count rate is outside the y-axis limit. Middle panel. A “zoom-in” view of the burst forest. We detect more than 217 bursts
during ⇠1120 seconds. The inset is a zoom-in at the area delimited with a dotted gray box , representing the most intense bursting period.
Lower panel. The light curve (with 0.5 s resolution) of the burst forest after eliminating all identified bursts.

tion time intervals, �T (e.g., Gavriil et al. 2004). We then
create a light curve with 4 ms resolution within each �T ,
resulting in a total number of N = 25000 bins per interval.
Next, we calculate the probability Pi of the total counts in
each 4 ms time bin, ni, to be a random fluctuation around

the average � (the ratio of the total counts within �T over
�T ) as Pi = (�ni exp(��))/ni!. Any time bin satisfying
the criterion Pi < 0.01/N , is flagged as part of a burst. The
procedure is reiterated until no more bins are identified in a
�T . To capture the weaker tails of bursts as well as fainter

https://ui.adsabs.harvard.edu/abs/2020arXiv200907886Y/abstract
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• Two-peak FRB coincided with a magnetar 
X-ray burst (Insight-HMXT, INTEGRAL, 
AGILE, and Konus-Wind)

Figure 2: The lightcurve and the hardness evolution during the burst of SGR J1935+2145 observed

with Insight-HXMT. The reference time is T0 (2020-04-28 14:34:24 UTC). The vertical dashed

lines indicate two peaks in the lightcurves and the hardness evolution. The separation between the

two lines are 30 ms. (a): The lightcurve observed with Insight-HXMT/HE with a time resolution

of 1 ms near the peak and 10 ms outside the peak. Due to the saturation effect, there are bins near

the peak with no photons recorded for both HE and LE. (b) and (c) are the lightcurves observed

with ME and LE with a time bin of 5 ms, respectively. (d): The hardness ratio between the counts

in 50–250 keV and 27–50 keV. The inset plot in (d) shows the details of the hardness ratio near the

peak. (e): The hardness ratio between the counts in 10–30 keV and the 1–10 keV. (see Methods

for details of the saturation and the deadtime correction.)
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Figure 1: Burst waterfalls. Total intensity normalized dynamic spectra and band-averaged
time-series (400.1953125-MHz arrival time referenced to the geocentre) of the detections by (a)
CHIME/FRB and (b) ARO, relative to the geocentric best-fit arrival time of the first sub-burst based
on CHIME/FRB data. For CHIME/FRB, the highest S/N beam detection is shown. Dynamic spec-
tra are displayed at 0.98304-ms and 1.5625-MHz resolution, with intensity values capped at the
1st and 99th percentiles. Frequency channels masked due to radio frequency interference are re-
placed with the median value of the off-burst region. The CHIME/FRB bursts show a “comb-like”
spectral structure due to their detection in a beam sidelobe as well as dispersed spectral leakage
that has an instrumental origin (see Methods).
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The CHIME/FRB Collaboration, 
arXiv:2005.10324

Li et al., arXiv 2005.11071

https://arxiv.org/abs/2005.10324
https://arxiv.org/abs/2005.10324
https://ui.adsabs.harvard.edu/abs/2020arXiv200511071L/abstract
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Figure 1. Left panels: Light curves of one of the 24 bursts analyzed in this Article as seen with 
Fermi/GBM (upper-panel) and NICER (Lower-panel). No signal distinguishable from the 
background was observed above ~100 keV by GBM.  The X-axis is time in seconds from a fiducial 
burst start time. Right-panels: NICER+GBM spectrum of this burst in photon flux space, FE 
(upper-panel). The dots represent the data, binned for clarity, color-coded by instrument (NaI 6, 
NaI 7 are the two GBM detectors used for this burst). In all panels, the error bars are presented at 
the 1σ level. The solid curves define the best-fit CPL model. The dashed lines constitute the best 
fit CPL model to a simulated spectrum based on the spectral properties of the FRB-associated burst 
as seen with HXMT.11 Residuals of the best-fit model to our NICER+GBM spectrum are shown 
in the lower-panel in standard deviation units σ. 
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Figure 1. Left panels: Light curves of one of the 24 bursts analyzed in this Article as seen with 
Fermi/GBM (upper-panel) and NICER (Lower-panel). No signal distinguishable from the 
background was observed above ~100 keV by GBM.  The X-axis is time in seconds from a fiducial 
burst start time. Right-panels: NICER+GBM spectrum of this burst in photon flux space, FE 
(upper-panel). The dots represent the data, binned for clarity, color-coded by instrument (NaI 6, 
NaI 7 are the two GBM detectors used for this burst). In all panels, the error bars are presented at 
the 1σ level. The solid curves define the best-fit CPL model. The dashed lines constitute the best 
fit CPL model to a simulated spectrum based on the spectral properties of the FRB-associated burst 
as seen with HXMT.11 Residuals of the best-fit model to our NICER+GBM spectrum are shown 
in the lower-panel in standard deviation units σ. 
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• Example of a magnetar short burst from SGR 
1935+2154 observed with NICER+GBM 
compared with the FRB-associated event. 

Canonical magnetar burst

fitted by a cutoff-power law


(NICER+GBM)
FRB-associated event 


(insight-HMXT)

https://ui.adsabs.harvard.edu/abs/2020arXiv200611358Y/abstract


X-ray burst spectrum: FRB-associated vs. others

24Younes et al.., arXiv: 200611358

• Cutoff energy vs. X-ray flux 
in 1-250 keV.


• Brighter magnetar short 
burst shows higher cutoff 
energy. 


• X-ray flux of the FRB-
associated burst is in the 
distribution of the other 
(canonical) magnetar bursts.


• However, the cutoff energy 
of the FRB-associated one 
is higher than the others. 

 7 

                     
 
Figure 3. Cutoff energy, Ecut, versus flux in the 1-250 keV range for the 24 bursts in our sample 
(black-squares). A 20% systematic uncertainty was added to all flux values (see methods). The 
grey-shaded area is the 3s best fit linear model to 10000 simulated sets of data points drawn from 
a bivariate Gaussian distribution with mean and standard deviation as measured in the actual data 
points. A positive correlation is clearly seen in our sample. The FRB-associated burst is shown as 
a blue-diamond. While possessing a typical flux, the Ecut of the FRB-associated burst is >15s away 
from this correlation. We do not detect any other statistically significant correlation between any 
other pairs of spectral parameters in our sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://ui.adsabs.harvard.edu/abs/2020arXiv200611358Y/abstract


At which pulse phase the FRB event happened?
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1 Day after the burst

• Pulse profile of SGR 1935+2154 at 1 day and 21-39 days after the burst

• Folded burst peak time (light blue) does not show a clear pulse profile. 

• The pulse phase of the FRB event happened at the peak of the pulse profile. 

https://ui.adsabs.harvard.edu/abs/2020arXiv200907886Y/abstract


Comprehensive Studies of Magnetar Short Bursts
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• NICER’s large effective area is ideal to search for weak short bursts 

• M&M team is working for comprehensive studies of magnetar short bursts.

Hu et al., in prep. (Preliminary)

Appendix B
Burst Analyses

Tables B1 and B2 summarize the detected magnetar short
bursts by Swift/BAT and NICER, respectively. For the burst
search, we recalibrate the event files using nicerl2 with

criteria of elv=30 br_earth=30 underonly_range=0–
300 overonly_range=0–2 overonly_expr=‘‘2.0’’
to maximize the time coverage. The corresponding integrated
fluence distribution detected with NICER is shown in Figure B1.
It shows a power law–like distribution with a low-fluence

Figure B1. Integrated fluence distribution in 2–8 keV of the detected short bursts from Swift J1555.2−5402 obtained with NICER.

Figure B2. Light curves of a burst detected simultaneously with (a) Swift BAT in 15–150 keV, burst number 5 in Table B1, and (b) NICER in 2–8 keV, numbers 32
and 33 in Table B2. The bin size of the light curves is 2 ms. Blue dashed lines denote the start and end of T90 of the Swift light curve, where the red dashed–dotted
lines are the boundaries of Bayesian blocks detected with NICER events. The broadband X-ray spectrum of this burst is shown in panel (c), with the best-fit model
(purple solid line) consisting of two blackbodies (orange dashed–dotted line and green dashed line). The residuals are shown in panel (d).

Table B1
A List of Short Bursts from Swift J1555.2−5402 Detected with Swift/BAT

No. Trigger ID Time Duration S/N kT Fluence χ2

(UTC) T90 (ms) (keV)

1 1053220 2021-06-03T09:45:46.589 12 ± 2.8 9.9 6.66 ± 0.98 9.09 ± 2.32 33.98
2 1053653 2021-06-05T23:52:04.582 14 ± 4.5 7.3 8.53 ± 1.40 7.47 ± 2.62 28.54
3 1053961 2021-06-07T12:33:40.020 4 ± 2.2 5.0 N/Aa N/Aa N/Aa

4 1056025 2021-06-16T14:44:30.489 7 ± 2.8 6.9 6.58 ± 2.22 <3.08 31.20
5 1057131 2021-06-21T17:04:36.839 12 ± 4.5 6.9 6.47 ± 2.03 <3.82 55.54

Notes. Reported errors are 90% confidence for each parameter. Time: burst detection time (UTC) determined as the start time of T90. S/N: Signal-to-noise ratio of the
BAT image in 15–350 keV. kT: blackbody temperature (keV) when fitted by the single blackbody model. Fluence: burst fluence in the 15–150 keV band
(10−9 erg cm−2). χ2: fitting χ2 values for 57 dof.
a Burst 3 is too weak to constrain the spectral-fit parameters.
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Swift J1555.2-5402 (New magnetar in 2021) Short bursts and candidates of 6 magnetars 
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• Near-daily NICER observation during the first 37 days of an 
outburst suggested pulse peak migration in phase. 


• Tectonic motion of the crust? Inferred speed of the crustal 
motion is <100 m/day.


• Hot spot of particle bombardment from a twisted 
magnetosphere — untwist and dissipate on 30-40 day 
timescale? 

(Coti Zelati et al. 2021; G. Younes et al. 2021, in preparation,
hereinafter Y21), implying a dipole field strength
B= 2.7× 1014 G at the equator and a spin-down age of
24.3 kyr. In the several months following the source discovery,
its soft X-ray flux decreased by a factor of 6 due to the
shrinkage of the total emitting area (Y21).

In this paper, we present a study of the thermal pulse shape
temporal evolution of SGR 1830−0645 as observed with
NICER. We also perform the most detailed phase-resolved
spectroscopic analysis of the soft thermal surface emission of
any magnetar to date. The following section summarizes the
observations and data reduction. Section 3 describes the
analysis and presents the results of our campaign. We conclude
in Section 4 with a discussion on the implications of the surface
heat map of this magnetar as well as the role of the crust in
triggering the outburst in SGR 1830−0645 and perhaps in the
magnetar population as a whole.

2. Observations and Data Reduction

NICER has observed SGR 1830−0645 with almost daily
cadence since its discovery on 2020 October 10 up to 2020
November 17, after which the source was Sun-constrained (i.e.,
too close to the Sun) and could not be observed. NICER
restarted its monitoring campaign on 2021 February 10 with
weekly observations. The details of these observations, their
temporal and phase-averaged spectroscopic analyses, and the
burst analysis, as well as radio nondetection limits of the source
are detailed in Y21. In this Letter, we focus on the phase-
resolved spectroscopic analysis as well as pulse-shape temporal
evolution during the first 37 days of the outburst. The near-
daily cadence has allowed us to track the temporal evolution of
these two elements with unprecedented detail. We complement
our analysis with the data stretching from 2021 February to
May for comparison purposes.

For any pulse- and phase-resolved analysis we present in this
Letter, we utilize the phase-coherent timing solution presented
in Y21. The spectral analysis is performed using Xspec version
12.11.0m (Arnaud 1996) in the energy range 0.8–7 keV. We
group all spectra to have 5 counts per bin. We determine the
background spectra for each observation using the niback-
gen3C50 method; we added a conservative 20% systematic
uncertainty to the estimated background number counts per
NICER energy channel (Remillard et al. 2021). We derive best-
fit model parameters and their associated uncertainties utilizing
the pgstat statistic, which is valid for the case of Poisson-
distributed data with background having Gaussian-distributed
uncertainties, as is the case for NICER. We quote all
uncertainties at the 68% confidence level unless otherwise
noted.

3. Results

3.1. Pulse-shaped Evolution

Figure 1 shows the 0.8–7 keV folded pulse profiles (two
rotational cycles are plotted for clarity) at distinct epochs from
source discovery, averaged over one to several days. At the
early stages of the outburst, the profile is markedly triple-
peaked, yet with a clear phase shift in each pulse peak (Y21).
We resort to simple Gaussian fits to the pulse profiles to
identify the centroid of each peak at different epochs. For this,
we group each profile to have 150 phase bins, ensuring a
minimum number of 50 counts in each. We utilize maximum-

likelihood estimation to derive the best-fit model to the data,
which were assumed to be Gaussian distributed. The goodness
of fit is assessed from the χ2 statistics. We obtained 1σ
uncertainties on the best-fit parameters by using the Markov
Chain Monte Carlo sampler emcee (Foreman-Mackey et al.
2013) and assuming flat priors. Finally, we model the pulse
profiles with f ä [0.4, 1.4) to ensure that none of the apparent
main pulses fall at the edge of our fitting parameter space.
We start by fitting the pulse profile averaged over the first

day of the outburst with an increasing number of Gaussian
components (plus a constant, nonpulsed component) up to the
term deemed statistically significant at the 3σ confidence level
through an F-test. We find that a model consisting of four
Gaussians is sufficient to describe the data with a reduced χ2 of
1.27 for 137 degrees of freedom (dof); adding a fifth does not
improve the quality of the fit. The left panel of Figure 2 shows
this best-fit model along with the residuals in terms of σ. The
three peaks are well sampled with the Gaussian curves, while a
fourth, low-amplitude one, is required to fit the off-pulse part of
the profile. In Figure 1, we display the Gaussian centroids of
these three main pulses, to which we refer, hereafter, as peak 1,
peak 2, and peak 3 in ascending phase order.
Subsequently, we fit the rest of the pulse profiles shown in

Figure 1 up to day 37 with the same model, which resulted in a
statistically acceptable fit for each case (D xO 12 ). The right
panel of Figure 2 presents the temporal evolution of the

Figure 1. The 0.8–7 keV pulse profile evolution of SGR 1830−0645 with
time. The black dotted–dashed, dark-gray dotted, and light-gray solid lines
represent the Gaussian centroids of the three peaks during the first day of
outburst. A shift, toward the right for the two weaker peaks and the left for the
brightest peak, is evident. This shift produces a simpler, nearly sinusoidal,
pulse shape four months after outburst onset. The numbers to the right indicate
the intervals, in days from outburst onset, that were used to derive each pulse.
Adapted from Y21.
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Gaussian centroids for the three main peaks, along with their
best-fit linear trends. We find that peak 1, peak 2, and peak 3 are
shifting at a rate of (1.5± 0.1)× 10−3, (1.5± 0.1)× 10−3, and
(−1.4± 0.1)× 10−3 cycle day−1, implying that the shift is
occurring to simplify the pulse shape via the merging of the
different peaks.

This rate of motion projected on the sky translates to a speed
∼100 m day−1 assuming the motion is occurring along the
orthodrome and a star radius of 10 km. This estimate ignores
gravitational light bending and other elements, such as
reprocessing of the soft thermal emission in the highly
magnetized atmosphere and the exact shape of the emitting
regions. Fitting each profile with physically motivated models
is beyond the scope of the paper. The latter two elements will
not have a strong impact on the centroid of each pulse peak but
more so on their wings (van Adelsberg & Lai 2006; Taverna
et al. 2020; Barchas et al. 2021), while gravitational light
bending tends to slightly increase the visible area over which
the motion is occurring. Hence, this projected speed should be
considered an order-of-magnitude estimate. We discuss these
results in detail in Section 4.

3.2. Phase-resolved Spectroscopy

We perform our phase-resolved spectroscopic analysis for each
of the pulse profiles presented in Figure 1, grouped to 50 (20 for
the post-Sun-constrained period) phase bins. This choice was
driven by the balance to increase S/N in each phase bin while
retaining the main features in the profiles. We fit all 50 bins of
each profile with an absorbed double-blackbody (BB) model,
which provided the best fit to the phase-averaged spectra of the
source throughout the outburst (Y21). We fix the absorption
column density to the value derived from the latter fit,
NH= 1.17× 1022 cm−2 (Y21). We start by letting the tempera-
tures (kT) and areas of the thermally emitting regions vary freely.
We find that the BB temperatures show no dependence on phase
within their uncertainties. We test the level of scatter around the
average by fitting a horizontal line to kT versus phase and
measuring the reduced χ2, which we find to be in the range of
0.9–1.5, implying little scatter. This temperature constancy with
phase was also noted during the XMM-Newton observation of the
source obtained on October 11 and 12 (Coti Zelati et al. 2021).

Finally, we find that the temperatures matched the values
derived through the phase-averaged spectroscopic analysis with
NICER (kTwarm≈ 0.45 keV and kThot≈ 1.2 keV), which also
reveals constant BB temperatures throughout the outburst
(Y21). Hence, we fix the temperatures of each phase-bin
spectral model to these latter measurements. As an extra layer
of caution, we test the goodness of this fit to each phase bin by
simulating 1000 spectra drawn from the best-fit model and
noting the percentage of the test statistics of these simulated
spectra that are smaller than the true one. This percentage is
consistently around 50%, implying that this model provides an
accurate representation of the data.
Figure 3 shows a sample of our results and can be

summarized as follows. Each panel tetrad represents the epoch
during which the analysis is performed. The upper panels show
the 1–10 keV fluxes as a function of phase for the warm BB
(left panels) and hot BB (right panels), respectively. The lower
panels display the corresponding dynamic spectral profiles
(DSPs, e.g., Rea et al. 2009) which show the photon flux (in
units of photons s−1 cm−2 keV) contours in phase-energy
space. The integrated fluxes per phase-bin as well as the DSPs
present a clear picture of the phase-variability pattern; the
separate pulses in each profile are well resolved in both the
warm and hot BB components at the early stages of the
outburst, though the trough between the peaks is more
pronounced in the latter. The peak-separation becomes less
evident with time, more quickly for the warm component. For
instance, by days 18–21 postoutburst, the peaks remain well
resolved in the hot BB pulse profile while the warm BB profile
has already simplified to a single-peak form. Interestingly, the
pulse profiles of the last four epochs, 4 to 7 months later,
appear stable, with a pure sinusoidal shape for the warm BB
component, and a slightly more complex structure for the hot
BB component, consisting of a double-peaked main pulse.
Finally, the black dashed, dotted dark-gray, and solid light-gray
lines in all panels prior to the Sun-constrained period represent
the centroids of the Gaussian components that fit the three main
peaks in the count pulse profiles as derived in Section 3.1; note
their excellent agreement with the maxima of each peak as
displayed in Figure 3.

Figure 2. Upper-left panel. The SGR 1830−0645 pulse profile, shown as black points with corresponding uncertainties as solid vertical bars, derived from the first
day of NICER observations at outburst onset (i.e., 2020 October 10). The red solid line represents the best-fit four-Gaussian model to the data. Lower-left panel.
Residuals from the best-fit model in terms of σ. Right panel. Temporal evolution of the best-fit Gaussian centroids to the three peaks in the SGR 1830−0645 pulse
profiles (the corresponding 68% uncertainties are smaller than the symbol size). All three peaks follow a similar linear trend with an absolute rate of about
(1.5 ± 0.1) × 10−3 cycle day−1. Note the opposite motion of peak 3, the brightest, compared to the other two. See text for more details.
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The subsequent daily NICER spectra (1.7–10 keV) were
systematically fitted with the same model with the hydrogen
column density tied to be the same value among all NICER spectra
at NH= (8.88± 0.12)× 1022 cm−2. Each observation has ∼4
counts s−1 (Figure 1(f)). The reduced χ2 values were ∼0.9–1.2 for
∼100–400 dof. No spectral variation during the initial monitoring
was found. The absorbed and unabsorbed 2–10 keV fluxes were
∼4.3× 10−11 (Figure 1(g)) and ∼7.5× 10−11 erg s−1 cm−2,
respectively. The derived temperature and emission radius were
constant at ∼1.1 keV (Figure 1(h)) and ∼2 d10 km (Figure 1(i)),
respectively (Section 3.5). These NICER parameters are consistent
with those obtained with the WT mode data of Swift/XRT.

We performed joint spectral fits of three observations of
NICER and NuSTAR on June 5–6, 9, and 21. Since the NICER
spectra showed no significant time variation, we extracted the
NICER spectra for the period on the same day as NuSTAR and
regarded them as simultaneous, even if their observation periods
were not fully simultaneous. The column densities among the
three epochs are tied to the same value. The best-fit spectral
model is shown in Figure 3. In addition to the soft X-ray
blackbody component, a hard X-ray component above 10 keV

was detected with 3σ significance extending up to at least
40 keV. The hard X-ray flux, when fitted by the power-law
model, was (7–9)× 10−12 erg s−1 cm−2 in the 10–60 keV band
with a power-law photon index of 1.2–1.7. We also performed a
combined fit of all three epochs, given that no significant spectral
change was observed between them. The resultant average νFν is
shown in the right panel of Figure 3 and Table 1. The νFν plot
shows that the hard X-ray component above 10 keV exceeds the
high-energy tail of the soft blackbody component.

3.3. Short Burst Analyses

Swift BAT detected five short bursts, as summarized in
Appendix Table B1. For the first detected burst on June 3 (an
onboard trigger), we used the data from T− 240 to T+ 100 s,
where T is the burst detection time, whereas we used the ∼3 s
interval events collected through subthreshold triggers35 in our
analyses of the other bursts. The BAT event data have a time

Figure 1. NICER monitoring of the timing (left panels) and spectral evolution (right panels) of the 2021 outburst of Swift J1555.2−5402 over 29 days (2021 June 3–
July 1; MJD 59,368–59,396). The time origin MJD 59,368 is the day when the first burst was detected with Swift/BAT. (a) Intrinsic pulse-phase evolution with
respect to a folding frequency of νfold = 0.258997274 Hz and a folding frequency derivative of �O � � q �1.63 10fold

12 Hz s−1; the dashed line is the best-fit model
with a fifth-order polynomial. (b) Phase residuals (cycles) after correcting for the spin derivatives (up to fifth order). (c) Spin frequency with 2 day windows in steps of
0.5 day. (d) Spin frequency derivative with 4 day windows in steps of 1 day. (e) The rms PF in the 3–8 keV band. (f) Background-subtracted 2–10 keV NICER count
rate. (g) The 2–10 keV absorbed X-ray flux obtained with Swift (open triangles), NICER only (red circles), and NICER simultaneously fitted with NuSTAR (blue
squares). The symbols are the same in panels (h) and (i). (h) Blackbody temperature (keV). (i) Emission radius of the blackbody component assuming a fiducial
distance of 10 kpc. (j) Number of short bursts per day detected with NICER and Swift/BAT. Error bars are at a 68% confidence limit in these plots.

35 These are also called failed triggers, which are detections that pass the rate
trigger criteria but fail the image detection threshold.
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2–8 keV range. Assuming a distance of 10 kpc, the blackbody
radius is estimated to be 7.4± 1.6 km. The fluences of detected
bursts are calculated to be in the range of (1–13)× 10−10 erg cm−2

with an assumed blackbody spectrum of kT= 2.8 keV using the
WebPIMMs Appendix (Appendix Table B2). One of the NICER
bursts was simultaneously detected with Swift BAT (Appendix
Figure B2).

3.4. DSN Radio Analyses

We dedispersed the data of each epoch with trial Dispersion
Measures (DMs) between zero and 5000 pc cm−3 and subse-
quently searched each resulting time series for both periodic and

single-pulse emission. We found no statistically significant periods
with a signal-to-noise ratio (S/N) above 7.0 after folding individual
dedispersed time series modulo period candidates from PRESTOʼs
accelsearch package (Ransom et al. 2002). In addition, we
folded the dedispersed time series at each DM trial using the
timing model from NICER in Table 1 but found no evidence of
radio pulsations at the S or X band during any of our observations.
For each epoch, we place 7σ upper limits on the magnetar’s flux
density, assuming a duty cycle of 10% (see Table A4). Based on
our longest observation with DSS-43, the 70m radio telescope in
Tidbinbilla, Australia, we obtain 7σ upper limits on the magnetar’s
flux of <0.043mJy at the S band and <0.026mJy at the X band.

Figure 2. Panels (a)–(d) are background-subtracted X-ray pulse profiles of Swift J1555.2−5402 in the 2–3, 3–8, 8–12, and 12–20 keV bands, respectively, taken with
(black) NICER and (red) NuSTAR. The amplitudes are normalized relative to the mean count rate. Two cycles are shown in this figure for clarity. Error bars indicate
1σ uncertainties. Panel (e) shows the phase distribution of short bursts. Panel (f): rms PF as a function of energy. The pulsation above 10 keV cannot be significantly
seen. We estimate 2σ upper limits for the last two energy bins.

Figure 3. Left: spectral fitting of the joint NICER and NuSTAR data of Swift J1555.2−5402. Panel (a) shows the background-subtracted response-inclusive spectra obtained
on June 5 and the best-fit model (dark cyan solid line) with its blackbody and power-law components (cyan dashed lines). Photoelectric absorption is not corrected. Panels
(b)–(d) show spectra obtained on June 5, 9, and 21, divided by the best-fit model to the first epoch shown in panel (a). Right: best-fit νFν spectra of NICER and NuSTAR
FPMA and FPMB for the three epochs combined. In both panels, NICER and NuSTAR FPMA and FPMB data are shown in blue, orange, and green, respectively.
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2–8 keV range. Assuming a distance of 10 kpc, the blackbody
radius is estimated to be 7.4± 1.6 km. The fluences of detected
bursts are calculated to be in the range of (1–13)× 10−10 erg cm−2

with an assumed blackbody spectrum of kT= 2.8 keV using the
WebPIMMs Appendix (Appendix Table B2). One of the NICER
bursts was simultaneously detected with Swift BAT (Appendix
Figure B2).

3.4. DSN Radio Analyses

We dedispersed the data of each epoch with trial Dispersion
Measures (DMs) between zero and 5000 pc cm−3 and subse-
quently searched each resulting time series for both periodic and

single-pulse emission. We found no statistically significant periods
with a signal-to-noise ratio (S/N) above 7.0 after folding individual
dedispersed time series modulo period candidates from PRESTOʼs
accelsearch package (Ransom et al. 2002). In addition, we
folded the dedispersed time series at each DM trial using the
timing model from NICER in Table 1 but found no evidence of
radio pulsations at the S or X band during any of our observations.
For each epoch, we place 7σ upper limits on the magnetar’s flux
density, assuming a duty cycle of 10% (see Table A4). Based on
our longest observation with DSS-43, the 70m radio telescope in
Tidbinbilla, Australia, we obtain 7σ upper limits on the magnetar’s
flux of <0.043mJy at the S band and <0.026mJy at the X band.

Figure 2. Panels (a)–(d) are background-subtracted X-ray pulse profiles of Swift J1555.2−5402 in the 2–3, 3–8, 8–12, and 12–20 keV bands, respectively, taken with
(black) NICER and (red) NuSTAR. The amplitudes are normalized relative to the mean count rate. Two cycles are shown in this figure for clarity. Error bars indicate
1σ uncertainties. Panel (e) shows the phase distribution of short bursts. Panel (f): rms PF as a function of energy. The pulsation above 10 keV cannot be significantly
seen. We estimate 2σ upper limits for the last two energy bins.

Figure 3. Left: spectral fitting of the joint NICER and NuSTAR data of Swift J1555.2−5402. Panel (a) shows the background-subtracted response-inclusive spectra obtained
on June 5 and the best-fit model (dark cyan solid line) with its blackbody and power-law components (cyan dashed lines). Photoelectric absorption is not corrected. Panels
(b)–(d) show spectra obtained on June 5, 9, and 21, divided by the best-fit model to the first epoch shown in panel (a). Right: best-fit νFν spectra of NICER and NuSTAR
FPMA and FPMB for the three epochs combined. In both panels, NICER and NuSTAR FPMA and FPMB data are shown in blue, orange, and green, respectively.
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• Burst detected with Swift/BAT on 2021 June 3, followed by NICER 1.6 hours after the burst. 

• Long lasting persistent X-ray flux (4e-11 erg/s/cm2 in the 2-10 keV)



Searching for Gravitational 
Waves (GW) from Pulsars
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• LIGO/Virgo/KAGRA sensitive at νgw > 20 Hz

• ~500 pulsars with νspin > 10 Hz

• Most sensitive GW searches use simultaneous EM 

timing observations (tracking of pulsar spin)

• GW searches of O3 data (2019–20)


• using NICER timing of

• young magnetic pulsars (Abbott+2021a,b; 

2022b,c)

• pulsar glitches (Abbott+2022b)

• accreting millisecond pulsars (Abbott+2022a)


• 6 of 24 below “spin-down limit” are due to NICER 
timing 

• constraints on neutron star mountains and 
oscillations


• Multi-messenger future with GWs and NICER  
• O4 to take place 2023 Mar to 2024 Feb

• NICER pulsar timing project approved thru 2024 Feb

Abbott+2022c

Abbott+2021a

Abbott+2021b

Slide credit: Wynn Ho



• NICER and MAXI joint teams have been organizing 
systematic agile follow-up and subsequent 
monitoring of MAXI-discovered X-ray transients. 

• This is the key why NICER data sets in early 

outbursts are available for discoveries. 

• 61 transients were observed by Feb 2022, most of 

which are within 12 hours of their discoveries.

NICER Follow-up Observations of MAXI Transients
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EXO 1846-031

Slide credit: Wataru Buz Iwakiri

MAXI 
2-20 keV 
Light curveMAXI 

detection

100 days

Power spectrum 
(NICER, 3.4 ks)

QPOs

Burst emission from IGR J17062-6143

Bult+2021

Redshifted 40Ca or 44Ti?

Successful follow-up of a long X-ray 
burst within 3 hours of the discovery



OHMAN (On-orbit Hookup of MAXI and NICER)
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• Fully automatic follow-up observation system beyond the national border in ISS

• Primarily targets are unknown MAXI transients, stellar flares, long X-ray bursts, etc.

• Started in 2022 June, and expected trigger rate is about once a month

Placeholder for cover

Real	MAXI	
in	space	�

2009/8/15	First	light	

NASA	photo	taken	from	the	Space	Shuttle�

H-FOV	

160	deg	

×$	deg	

Z-FOV		
160	deg×$	deg	

Scans dwell time ~60 s
Sensitivity (&5σ)
   1scan 100 mCrab	
   1day     30 mCrab
   1month  5 mCrab
   1year      1 mCrab

(Future example) application to magnetars

• MAXI has detected 3 short bursts 
from SGR 1935+2154 since 2020. 


• OHMAN will enable NICER to 
observe persistent emission 
immediately after a short burst

SGR 1935+2154 
 short burst 

MAXI , 2022/5/23
1. Send MAXI 

data in real-time

2. Detect transients 
by a laptop on ISS

3. NICER Follow-up 
observation within 10 minutes 
(targets within 2 minutes)



1. Advantages of the NICER performance are large effective area (~1900 cm2 
at 1.5 keV), high-time resolution (<100 ns), high throughput (free from 
pileups, dead time, and data transfer loss up to ~4×104 cps), and flexible 
observations (quick response to ToO, even within a day).


2. Here we showed some examples and applications:


a) Discovery of an X-ray enhancement at the Crab giant radio pulses 


b) Prompt follow-ups of transient magnetars and burst studies 


c) Long-term monitoring of magnetar pulse profile (migration)


d) Search for gravitational waves from rotation powered pulsars


e) Automated transient alert system from MAXI (OHMAN project) 

Summary
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