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Talk Outline

- The NuSTAR Observatory Brief Overview!

- Pulsar Timing with NuSTAR!

- A Magnetar Close to the Galactic Center!

- A Pulsar Associated with the Most Luminous HESS Source!

- Summary



Nuclear Spectroscopic Telescope Array (NuSTAR)

• Launched 2013 June 13; Low Earth Orbit, 6o inclination, 10 yr orbit lifetime.!

• Two co-aligned hard X-ray imaging-spectrometer telescopes!

- XMM-type mirror coupled with CdZnTe detector array (64 x 64 pixels),!

- energy bandwidth 3 - 79 keV,!

- spectral resolution ~ 4% @ 10 keV and ~ 1% @ 68 keV,!

- Aeff(NuSTAR) > Aeff(XMM) above 6 keV (for two telescopes),!

- field-of-view ~10’x10’ (max, fov is energy dependent),!

- mirror spatial resolution FWHM ~ 18”  and HPD ~58” ,!

- temporal resolution ~2 ms!

• Science working groups provided over100 initial target list plus survey fields!

• Guest Observer program approved (~March 2015) !



Pulsar Timing With NuSTAR

• All photons time-tagged to 2 microsecond precision !

- full timing resolution for all imaging-spectroscopic data!

• Deadtime, 2.5 ms to process a single event !

- significant for detector rates above100 cps!

- livetime calculated to 1% accuracy even for highest event rates!

• Relative time resolution, 2 ms after applying clock drift correction!

- limited by clock drift correction, 2 ms rms residuals to a spline fit.!

• Absolute time resolution, 2 ± 2 ms, limited by calibration quality!

- Swift-NuSTAR calibration using PSR B1509-58 (Mori et al 2014)!

• Currently NuSTAR not suitable for ms pulsar timing !

- orbital dependent temperature variation on click rate !

- however, sub-millisecond calibration underway to account for above



OK, let’s see what NuSTAR can do…



- Apr 24 2013 - unusual  X-ray flare from Sgr A* detected by Swift (Degenaar 2013)!

- Apr 25 - bright, hard 32 ms X-ray burst triggered Swift BAT (Barthelmy 2013)  !

- Swift temporal/spectral results consistent a magnetar (Kennea 2013)!

- Apr 27 - NuSTAR ToO reveals 3.76 s pulsations from the new source (Mori 2013)!

- Apr 28 - Transient radio pulsar counterpart detected (Burgay 2013; Buttu 2013; !
                                                             Eatough 2013; Shannon & Johnston 2013)!

- Apr 29 - Chandra HRC confirm pulsations, localization 2.4” of Sgr A* (Rea 2013)!

- May 3 - Swift timing ToO rapid spin-down implies magnetar B-field (Gotthelf 2013) !

- Swift/NuSTAR timing results consistent with a magnetar (Kennea 2013, Mori 2013)

First NuSTAR Pulsar Discovery…!
The First Detected Galactic Center Pulsar

Daily Swift monitoring program of Sgr A* (Degenaar 2013)!

Many Sgr A* flares and (re-occuring) transients detected in the GC region.



SGR J1745-2900: a Young Magnetar in Outburst!
(Mori et al. 2014) 

P = 3.76 s ! = P/2Ṗ = 8800 yr

Ė = 4"Ṗ/P3 = 5.0 x 1033 erg/s

Bs = 3.2 x1019 √PṖ = 1.6 x 1014 G

Ṗ = 6.5 x 10-12

Pulse Profile (two cycles)

Periodogram

Close to BH, dynamical spin-down effects?

Spectrum

# ~ 1.5 !
kT ~ 1 keV 

(cf.  Lx = 3.5 x 1035 erg/s)



SGR J1745-2900: Temporal Evolution!
(Kaspi et al. 2014)

• Spin-down rate increased by factor of 2.6,!
• With no apparent frequency shift,!
• Spin-down break coincident with a Swift bust,!
• Precludes measurement of dynamical effects due to SMBH.

Swift busts
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Radio: Eatough 2013



SGR J1745-2900: Conclusions and Implications

• First detected Galactic center pulsar (2.4” from Sgr A*, next ~10’)!

- thousands expected to populate the dense Sgr A* nuclear region,!

- radio pulsar searches suffer from extremely large DM, !

- X-rays highly absorbed by extremely large NH

• Fourth example of outburst of a magnetar with radio emission,!

• Radio RM/DM value constrains GC B-field near Sgr A* (Eathough 2013),!

- probe of local magnetization near SMBH!

- provides a unique test of radiative accretion theory for SMBH!

• SMBH Dynamical effects on spin-down (Mori 2013, Rea 2013),!

- long term monitoring would require highly stable spin-down (Rea 2013)!

- precluded by abrupt change in spin-down rate (Kaspi 2014)



Now, Second NuSTAR pulsar discovery…



• HESS Galactic Plane Survey Object,!

• Slightly extended HESS TeV sources,!

• Most luminous Galactic TeV source,!

• L(0.2-10 TeV) = 2.8x1035 erg/s @12 kpc,!

• Coincident with radio SNR G338.3-0.0,!

• Unresolved ASCA X-ray source,!

• Diffuse XMM source (Funk 2007),!

• Chandra point + nebula (Lemiere 2009), !

• Overlapping Fermi GeV source (Slane 2010)

Radio (blue), IR (8 μm green; 24 μm red), X-ray source (cross) 

From Castelletti et al. (2011)

HESS J1640-465: The Most Luminous Galactic TeV Source

“HESS Source of the Month” twice - different interpretations!

Most Galactic TeV emission associated with supernova products, PWNe, SNRs, SFRs, HMXBs 



Radio (blue), IR (8 μm green; 24 μm red), X-ray source (cross) 

From Castelletti et al. (2011)

HESS J1640-465: The Most Luminous Galactic TeV Source

Key Science: !

What is powering the TeV source!
and how?!

• Neighboring HII region - hadronic?!

• Pulsar Wind Nebula - leptonic?!

• Bit of both, other?

Pinpointing counterparts in a complex !
local Galactic environment

Key Challenge: 



NuSTAR observations of HESS J1640-465 

HESS J1640-465 observed as part of NuSTAR Norma Survey

Sep 29 2013: 3x50 ks exposures

FFT of light curve yields a significant signal (~7 sigma), but not conclusive 
because not evident in all pointings/telescopes - large variance or spurious?!

New mission caution…

PERIODOGRAM P = 206 ms

New

1FHL



Re-observation:  !
significant frequency shift due to rapid spin-down of the pulsar

PSR J1640-4631: young, energetic pulsar sufficient to power HESS J1640-465

Sep 29 2013 Pulse Profile

Discovery of a Young Pulsar Powering HESS J1640-465!
(Gotthelf et al. 2014)

Two cycles show for clarity

PSR J1640-4631 

! = 3350 yr!
Ė = 4.4 x 1036 !!!
Bs = 1.4 x 1013 G

Overlaid Periodograms

P = 206 ms, !
Pdot = 9.7 x 10-13!

PSR J1640-4631 

L$(0.2-10 TeV) / Ė = 6%

No gamma-ray pulsation in a search using 5 years of Fermi data 

Ė is same as assumed for lepton models, characteristic age is much less  



Broad-band Pulsar and Nebula X-ray Spectrum

Use Chandra Spectrum of pulsar to isolate PWN in NuSTAR spectrum4 Gotthelf et al.

2.2. Spectral analysis

For spectral study we extracted photons from the ob-
servations listed in Table 1 using an elliptical region of di-
ameter 3.′4×2.′6 whose major-axis is oriented at position
angle −40◦, centered on the apparent enhanced PWN
emission at (J2000) 16h40m42.s05,−46◦31′47.′′8, which is
offset by 20′′ from the pulsar (see Figure 1). We esti-
mate the background using nearby 50′′ radius circular
regions carefully chosen to account for stray light in the
focal planes in two of the observations. Response matri-
ces were generated for each spectral file using the NuS-
TAR analysis software. All eight spectra were combined,
as were their matching response matrices, and fitted us-
ing the XSPEC software package (Arnaud 1996) with
χ2 minimization. The fitting is limited to the 3–20 keV
range due to low signal-to-noise at higher energies. In
this range, the combined spectrum yields a total of 14,100
source plus background photons, and is grouped to ob-
tain a minimum detection significance of 5σ per spectral
bin.
The NuSTAR spectrum in the large aperture is dom-

inated by PWN emission and is well fit by an ab-
sorbed power-law model as expected for non-thermal
emission from the nebula. We used the tbabs absorp-
tion model, with Wilms et al. (2000) abundances and
Verner et al. (1996) cross sections, and obtain a best-
fit NH = (1.7 ± 0.9) × 1023 cm−2 and Γ = 1.9 ± 0.4.
Errors are 90% confidence level (∆χ2 = 4.61 for two in-
teresting parameters) determined from the error ellipse
contour extrema. This provides an acceptable fit with a
reduced χ2

ν = 0.87 for 36 degrees of freedom (dof). The
absorbed 2–10keV flux is (8.0+0.4

−2.0)× 10−13 erg cm−2 s−1

(90% confidence). This is consistent with the values re-
ported by Funk et al. (2007) using XMM-Newton data
extracted from a 2.′5 diameter aperture centered on the
PWN.
To further constrain the PWN emission and to isola-

tion the pulsar contribution to the NuSTAR spectrum,
we include the Chandra spectrum of the pulsar and PWN
in the fitting process. We supplemented the Chandra
data set (ObsID 7591) previously analyzed as part of the
study of HESS J1640−465 by Lemiere et al. (2009) with
data obtained on 2011 June 6 (ObsID 12508). These data
were acquired with the Advanced CCD Imaging Spec-
trometer (ACIS, Garmire et al. 2003) and reprocessed
using the chandra repro package of the Chandra Inter-
active Analysis of Observations (CIAO) software suite.
Spectra and their response matrices from the two obser-
vations were produced using specextract. The pulsar
and PWN spectra are grouped with a minimum of 10
and 40 counts per spectral bin, respectively, and each
fitted with the absorbed power-law model, using a com-
mon column density.
We used an extraction radius of 2′′ for the pulsar; the

background is negligible in this small region. For the
PWN we used the NuSTAR elliptical region and simi-
lar background region. We combined spectra from the
individual observations, and their response matrices, as
above. Although the ACIS-I detector is sensitive in the
0.5–10 keV energy range, we restricted the spectral fits to
the 3–7 keV range due to the high absorption and limited
statistics. A total of 142 and 1369 photons were fitted
for the pulsar and PWN, respectively, during the 47 ks

Table 3
X-ray Spectrum of PSR J1640−4631 and its Wind Nebula.

Parameter Chandra only Chandra +NuSTAR

NH (cm−2) (1.2± 0.6)× 1023 (1.8± 0.6)× 1023

ΓPSR 1.2+0.9
−0.8 1.3+0.9

−0.5

FPSR (2–10 keV) 1.9+0.2
−1.4 × 10−13 (1.8± 0.4)× 10−13

ΓPWN 2.3+1.2
−1.0 2.2+0.7

−0.4

FPWN (2–10 keV) 5.4+0.6
−2.3 × 10−13 (5.5± 0.8)× 10−13

χ2
ν (dof) 1.0 (56) 0.82 (79)

Note. — Absorbed power-law model fits to the pulsar
and the PWN spectra with their column densities linked.
The simultaneous fit to NuSTAR and Chandra data is de-
scribed in the text. The uncertainties are 90% confidence
limits determined from the error ellipse extrema. The given
fluxes are absorbed, in units of erg cm−2 s−1.

exposure. The second column of Table 3 presents the
resulting spectral fits for the pulsar and PWN spectra
using the Chandra data alone12.
We fitted the Chandra and NuSTAR spectra together

using two power laws as before, with their column densi-
ties tied. To constrain the pulsar and PWN contributions
to the NuSTAR spectrum, we fixed the power-law indices
to the Chandra models and tied their flux together in the
overlapping 2–10 keV band. To allow for flux calibra-
tion differences between the two missions we introduce
an overall normalization constant to the NuSTAR model,
with best fit value of 1.11. The resulting spectrum is
shown in Figure 3, and the parameters are reported in
Table 3. The NuSTAR spectra of the pulsar and PWN
are evidently successfully modeled, as the fitted values
are in good agreement with the Chandra results for each
component. To estimate the PWN contribution to the
pulse profile shown in Figure 2, we repeated our spectral
analysis using a 30′ radius aperture; the PWN is found to
account for ≈ 53% of the background-subtracted source
flux in pulse profile.

3. SEARCH FOR GAMMA-RAY PULSATIONS

Although Slane et al. (2010) argue that the GeV emis-
sion from 1FGL J1640.8−4634 originates from the PWN,
the Fermi source is spatially unresolved and marginally
consistent with the position of the pulsar. Therefore,
we searched the Fermi LAT data at the position of
PSR J1640−4631 for a pulsed signal. The X-ray tim-
ing parameters and their errors given in Table 2 al-
low a search for pulsations around the known values.
We extract photon arrival times from 2008 August 4 to
2013 October 2. These data were reprocessed using the
“Pass 7” event reconstruction algorithm. We selected
“source” photons for zenith angles < 100◦ and restricted
the energy range to > 500 MeV to minimize Earth limb
and diffuse Galactic γ-ray background contamination.
The photon arrival times were corrected to the solar sys-
tem barycenter using the JPL DE405 ephemeris and the
Chandra coordinates. For our nominal pulsar search we
extracted photons from an energy-dependent radius en-
closing 95% of the point spread function.

12 The fluxes described in Lemiere et al. (2009) as unabsorbed
are not consistent with the (absorbed) fluxes given in Table 3
or with those presented by Funk et al. (2007); the Lemiere et al.
(2009) values are likely absorbed fluxes, mischaracterized.

F(0.2-10 TeV) / F(2-10 keV) = 13 

IC losses now dominate over synchrotron 
emission (for leptonic model)



Evolutionary model of PWN+SNR

Gelfand one zone PWN/SNR evolution model using timing results
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- Latest HESS TeV data,!

- Fermi >10 GeV spectrum, *!

- NuSTAR X-ray results !

- d = 12 kpc

Latest SED Modeling of HESS J1640-465!
(Gotthelf et al. 2014)

* 2FGL flux and 1FHL flux < Slane flux; no evidence for source < 10 GeV; cf. hadronic model

Model inputs:!
T (age) = 3.5 kyr;!
Ė = 4 x 1036 erg/s!

d = 12 kpc

Fit results: !

Emin =  TeV!
Emax = 1.3 PeV!

% = 0.017

Initial values: !
Po = 15 ms!
Ėo = 1040!
Eo = 1049



HESS J1640-465: Conclusions and Future Work

Braking index campaign underway using NuSTAR to better estimate the 
true age of the pulsar.

Deep radio search underway using Parks (preliminary non-detection)

PSR J1640-4631 is sufficiently energetic to power HESS J1640-465

The X-ray PWN in SNR G338.3-0.0 is powered by a young, energetic pulsar

The Fermi <10 GeV excess is not likely to be real / knowable

A leptonic interpretation can explain the spectral energy distribution 

A hadronic component is not excluded and is consistent with SNR/H II interaction 

1FHL J1640.5-4634 is marginally coincident with PSR J1640-4632

No gamma-ray pulsation in a search using 5 years of Fermi data 

Gelfand PWN/SNR evolutionary model predicts n ~2 and initial Po ~ 15 ms 



Summary

NuSTAR is an excellent observatory for pulsar timing studies

Allows simultaneous timing / imaging / spectroscopy in the 3-79 keV band

Current calibration allows 2 ms relative and absolute timing

New calibration underway to allow millisecond pulsar studies

Detected first GC pulsar - important for probing SMBH accretion

Detected pulsar engine for the most luminous HESS Galactic Plane source  

The project looks forward to more discoveries in GO phase next year


