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Theme Message (List 3 strengths ?) 

NuSTAR Legacy Survey    

§  ~30% of NuSTAR observation time is devoted to Legacy Surveys.  
§  Long exposure & high-risk observations (not achievable by GO programs) 
§  Beneficial to a wide community in high energy astrophysics => NuSTAR data will 

be immediately archived.  
§  Examples: (1) Long-term monitoring of particular X-ray sources, (2) surveying 

large region, (3) coordinated observations with other telescopes.  

§  C. Hailey and K. Mori (Columbia University) run the NuSTAR Galactic 
Legacy Survey => We are open to suggestions and collaborations!  

§  https://www.nustar.caltech.edu/page/legacy_surveys   

2 Date 
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High Altitude Water Cherenkov 
Gamma-ray Observatory

HAWC observatory

• 300 water Cherenkov detectors at 

Sierra Negra, Mexico.

• Sensitive from 100 GeV to 100 TeV.

• Angular resolution (68% 

containment) 0.2-1.0 degrees.

• 2 sr instantaneous field of view,  

2/3 of sky each day.

• >90% duty cycle.
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High Altitude Water Cherenkov 
Gamma-ray Observatory

TeV Sky Survey

• Most sensitive wide-field survey in TeV.

• Skymap from 507 days of data taken between Nov 2014 

to Jun 2016.

• Point source analysis assuming power-law index of 2.7.

• 39 2HWC sources: 2 blazars, 10 PWN/SNR, 8 UIDs,  

19 unassociated. 

Abeysekara et al., ApJ 843:40 (2017)

source: the distance, then the corresponding name if this
distance is less than 0°.5. This reference to the nearest TeVCat
source is only indicative and not a claim of identification. Each
source is briefly discussed in Section 5.

Table 3 lists the differential photon flux at 7 TeV (F7) and
the spectral index of the power law that fit the source identified
in HAWC data best. For all sources, we report the flux
estimated with the source model corresponding to the search in
which the source was found. For the sources for which an
additional source size hypothesis was defined, as detailed in
Section 3.6, the second flux measurement is also reported.

The results of Table 3 are illustrated in Figure 9. For fluxes
F 3 107

14> ´ - TeV−1 cm−2 s−1, all sources have previously
been detected using other instruments, but the fraction of newly
detected sources dominates the sample below this value. We
note here that, when taking into account the full extent of each
source, the Crab Nebula is only the third-brightest source in the

sky at 7 TeV. The brightest sources are 2HWC J1837−065 and
2HWC J1825−134.
In Figure 9, there is a region around F 0.87 = ´

10 15- TeV−1 cm−2 s−1and power-law index <−2.7, where
new catalog sources cluster. These sources do not have
significant flux beyond the PSF of HAWC, and therefore
should provide interesting targets for follow-up with IACTs.

4.3. Diffuse Galactic Emission

At GeV energies, diffuse emission resulting from the
interaction of cosmic rays with matter and photons is the
dominant component of the gamma-ray sky. This diffuse
emission has a steeper spectrum than Galactic gamma-ray
sources, and the TeV sky is source-dominated as a result. The
Milagro and H.E.S.S. experiments measured the TeV diffuse
emission in Abdo et al. (2008) and Abramowski et al. (2014).

Figure 3. Equatorial full-sky TS map, for a point source hypothesis with a spectral index of −2.7. Black graticule corresponds to the equatorial coordinate system, and
white lines indicate Galactic latitudes ±5°.

Figure 4. Regions around Markarian 421, Markarian 501, and the Crab Nebula: equatorial TS maps, for a point source hypothesis with a spectral index of −2.7. In
this figure and the following, 2HWC sources are represented by white crosses and labels below them, whereas the sources listed in TeVCat are represented with black
circles and labels above them.
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• 300 water Cherenkov detectors at 

Sierra Negra, Mexico.

• Sensitive from 100 GeV to 100 TeV.

• Angular resolution (68% 

containment) 0.2-1.0 degrees.

• 2 sr instantaneous field of view,  

2/3 of sky each day.

• >90% duty cycle.
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• Four 12m atmospheric Cherenkov telescopes 
in Arizona.


• Sensitive from 85 GeV to >30 TeV.

• Angular resolution (68% containment) 

0.08-0.13 degrees.

• Field of view of 3.5 degrees.

• 70-100 observation hours per month.

Very Energetic Radiation Imaging Telescope Array System

(VERITAS)
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• Four 12m atmospheric Cherenkov telescopes 
in Arizona.


• Sensitive from 85 GeV to >30 TeV.

• Angular resolution (68% containment) 

0.08-0.13 degrees.

• Field of view of 3.5 degrees.

• 70-100 observation hours per month.

Very Energetic Radiation Imaging Telescope Array System

(VERITAS)

Nuclear Spectroscopic Telescope Array

(NuSTAR)

• X-ray telescope launched in 2012.

• Sensitive from 3 - 79 keV.

• Angular resolution (FWHM) 18 arcsec  

(0.005 degrees).

• Field of view of 12 arcminute (0.2 degrees).

• Legacy surveys: Galactic and Extragalactic

• ~30% of NuSTAR observation time
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2HWC J1953+294 / DA 495

C. Rivière 18

2HWC J1953+294

• No previously known TeV source. 

• New analysis by VERITAS, archival plus new data, source confirmed. 

• Tentative association 3FGL J1951.6+2926 / PWN DA 495? 

• See Jamie Holder’s presentation Tuesday, plenary session, 9:00.

Preliminary  
Reported errors  

are stat. only 

Plenary 
Tuesday:  
J. Holder

c. michelle hui MSU collaboration meeting 2016

• Chandra has observation in all 3
• XMM also looked at the SNR

• G65.7+1.2, filled center, contains PWN
• 1-5kpc, 7k -155k yr
• X-ray size 36”
• seen by:

• Chandra
• XMM
• ROSAT
• ASCA
• Fermi — 3FGL J1951.6+2926

5

2HWC J1953+294
2242 A. Karpova et al.

Figure 1. 2.5 arcmin×2.5 arcmin X-ray Chandra (top), XMM–Newton
(middle) and 30 arcmin × 27 arcmin radio Very Large Array (bottom) images
of DA 495 in 0.3–8 keV range and at 1.42 GHz, respectively. The Chandra
image was smoothed with a 3 pixel Gaussian kernel (logarithmic brightness
scale is used). J1952 is clearly seen in the centre of the PWN in X-rays. The
XMM–Newton image was binned to a pixel size of 1.6 arcsec and smoothed
with a 3 pixel Gaussian kernel (square root brightness scale is used). Filled
and dashed circles depict the extraction region for the PWN+J1952 and
background, respectively. The white circle in the radio image shows the
position and extent of DA 495 in X-rays.

about 20 kyr old. No detection of an associated pulsar in the radio
and γ -rays was reported.

In X-rays, ROSAT and ASCA observations of DA 495 revealed
a faint compact source, 1WGA J1952.2+2925 (hereafter J1952),
which is apparently surrounded by a diffuse non-thermal emission
and is projected on the edge of the radio hole (Arzoumanian et al.
2004, see Fig. 1). It was proposed to be a magnetospherically active
neutron star (NS) powering the PWN, although only an upper limit
on the pulsed emission fraction of 50 per cent for periods !30 ms
was derived from the analysis of the ASCA data. The compact source
J1952 and its diffuse emission were later firmly confirmed by Chan-
dra high spatial resolution observations (Arzoumanian et al. 2008).
It was established that J1952 is the point source located in the
centre of the X-ray nebula with an extent of ∼40 arcsec. The neb-
ula does not show any Crab-like torus+jet structure; however, its
spectrum is described by a power law (PL) with a photon index
" = 1.6 ± 0.3 typical for PWNe. The latter allowed us to state that
it is the X-ray counterpart of the DA 495 PWN. J1952, presumably
the pulsar, has a pure thermal spectrum. It can be described either
by the blackbody (BB) model with a temperature T ≈ 2.5 MK and
an emitting area radius R ≈ 0.3 km or by the neutron star atmo-
sphere (NSA) model (Zavlin, Pavlov & Shibanov 1996) for an NS
with the effective temperature of ≈1 MK and the radius of 10 km.
The interstellar absorption column density for the former and latter
cases was ≈2.3 × 1021 and 6.0 × 1021 cm−2, respectively, which
is a factor of 1.3–3.5 lower than the entire Galactic absorption in
this direction. Because of small count statistics, the spectral param-
eters were poorly constrained. In addition, two key parameters, the
distance and the pulsar spin-down energy loss Ė, also remained un-
certain, which did not allow us to establish firmly the DA 495 PWN
evolution stage. Finally, a high-energy source 3FGL J1951.6+2926,
recently detected with Fermi/LAT, was proposed as a possible γ -ray
counterpart (Acero et al. 2015) of the nebula.

Here, we report a simultaneous analysis of the Chandra2 and
unpublished XMM–Newton3 X-ray archival data on DA 495. We
also include in our analysis the extinction–distance relation towards
J1952. This allows us to improve considerably the count statistics,
to get an independent DA 495 distance estimate and to set more
stringent constraints on the PWN and pulsar parameters. We also
use high temporal resolution XMM–Newton/EPIC-pn data to search
for periodic pulsations from J1952 and derive a more stringent upper
limit on its pulsed emission fraction. The details of observations are
described in Section 2. The timing analysis is presented in Section 3.
The extinction–distance relation and spectral analysis are described
in Sections 4 and 5. In Section 6 we discuss our results, compare
them with the DA 495 radio and γ -ray data and the data for other
pulsar+PWN systems. A summary is given in Section 7.

2 TH E X - R AY DATA

The XMM–Newton observations of DA 495 were carried on 2007
April 21 with total exposure of about 50 ks. The EPIC-MOS cam-
eras were operated in the Full Frame Mode with the medium filter
setting, and the EPIC-pn camera was operated in the Small Win-
dow Mode with the thin filter. The XMM-SAS v.13.5.0 software was
used to process the data. We selected single and double pixel events
(PATTERN ≤ 4) for the EPIC-pn and single to quadruple-pixel

2 PI Arzoumanian, Chandra/ACIS-I, ObsID 3900
3 PI Arzoumanian, XMM–Newton/EPIC, ObsID 0406960101

MNRAS 453, 2241–2249 (2015)
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Karpova et al 2015

Karpova et al 2015

New TeV source 2HWC J1953+294 
• TeV emission confirmed by VERITAS.

• Potential association: 


• PWN DA 495 seen in X-rays by XMM and Chandra.

• Chandra X-ray nebula size ~ 40 arcsec.

• Radio “hole” morphology with 25 arcmin size.

• PWN age ~20 kyr, located at 1 kpc.

• Pulsation not detected in any wavelength.


• 3FGL J1951.6+2926 (potential SNR/PWN)

36 hours of VERITAS 
observation
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NuSTAR observation of DA 495

• 60 ksec of observations on June 8 2017.

• 3 sources detected:


• S1 is PWN DA 495

• S2 and S3 are point sources, likely active binaries or faint LMXBs  

-> unrelated to TeV emission.

• DA 495 is only likely X-ray counterpart to TeV source.


• high B-field 1.3 mG estimated from radio data (Kothes et al. 2008), 
consistent with small X-ray PWN size due to faster synchrotron cooling.

White contours: HAWC 5, 6, 7 standard deviations
Light pink contours: 1.4 GHz radio

VERITAS image (Nahee Park, ICRC 2017) NuSTAR 3-20 keV image (BKG-subtracted)

64 hours of VERITAS 

observations
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NuSTAR observation of DA 495
• Detected up to 20 keV.  

-> electron energy ~20 TeV if X-rays are via 
synchrotron radiation.  

• Absorbed power-law model fit to Chandra and 
NuSTAR spectra.

• Neutral hydrogen column nH = 1.3 x 1021 cm-2 

-> consistent with 2 kpc distance.

• Photon index of 1.8 +/- 0.1.

• X-ray luminosity (2-10 keV) = 6 x 1031 erg/s.


Chandra

NuSTAR

NuSTAR
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NuSTAR observation of DA 495
• Detected up to 20 keV.  

-> electron energy ~20 TeV if X-rays are via 
synchrotron radiation.  

• Absorbed power-law model fit to Chandra and 
NuSTAR spectra.

• Neutral hydrogen column nH = 1.3 x 1021 cm-2 

-> consistent with 2 kpc distance.

• Photon index of 1.8 +/- 0.1.

• X-ray luminosity (2-10 keV) = 6 x 1031 erg/s.


Chandra

NuSTAR

NuSTAR

• Analysis using Chandra archival data:

• No spectral shape variation between 

different annuli regions around the pulsar.

• No radial profile steepening as function of 

photon energy.
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2HWC J1928+177

New TeV source 2HWC J1928+177 

• Stronger than SNR G54.1+0.3.

• Coincident with PSR J1928+1746 (83kyr old, 4.3kpc away, Edot=1e36 erg/s).

• VERITAS and HESS detect G54.1+0.3 but not 2HWC J1928+177.

• Chandra 10 ksec observation in March 2008, no detection of PSR J1928+1746.

SNR G54.1+0.3 region
Two 2HWC sources 

– 2HWC J1930+188 & 2HWC J1928+177

7

HAWC 5, 6, 7, 8σ contour
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White contours: HAWC 5, 6, 7 standard deviations

VERITAS image (Nahee Park, ICRC 2017) NuSTAR 3-20 keV image (BKG-subtracted)

PSR J1928+1746
(no detection)

Only X-ray source
detected

NuSTAR observation of 2HWC J1928+177

• 92 ksec of observations on June 3 2017.

• 1 sources detected at 5 arcmin away from HAWC centroid.


• also seen in Chandra near edge of view.

• PSR J1928+1746 not detected by NuSTAR and Chandra.
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White contours: HAWC 5, 6, 7 standard deviations

VERITAS image (Nahee Park, ICRC 2017) NuSTAR 3-20 keV image (BKG-subtracted)

PSR J1928+1746
(no detection)

Only X-ray source
detected

NuSTAR observation of 2HWC J1928+177

• 92 ksec of observations on June 3 2017.

• 1 sources detected at 5 arcmin away from HAWC centroid.


• also seen in Chandra near edge of view.

• PSR J1928+1746 not detected by NuSTAR and Chandra.

Chandra image 

Chandra zoom-in 
image of NuSTAR 
source.  Appeared 
elongated due to off-
axis Chandra PSF, it is 
a point source (<0.7”)
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Chandra

NuSTAR

NuSTAR

9

NuSTAR observation of 2HWC J1928+177

• Chandra flux is ~4 times higher than NuSTAR flux -> time variable?

• Absorbed power-law model fit to Chandra and NuSTAR spectra


• Neutral hydrogen column nH = 1 x 1023 cm-2  
-> higher than Galactic nH 2 x 1022 cm-2 (local absorption?).


• Photon index of 1.6 +/- 0.4.

• X-ray luminosity (2-10 keV) = (0.9-5) x 1033 erg/s assuming 6 kpc distance.
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NuSTAR observation of 2HWC J1928+177

• NuSTAR lightcurve over 1 day shows no variability.

• Power density spectrum is flat, no pulse-like signals.  

Indicating X-ray emission is NOT powered by accretion.

NuSTAR lightcurve NuSTAR power density spectrum
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IR counterpart to NuSTAR source

• Bright IR source (K-magnitude ~13) at Chandra position 
(2MASS, NOMAD, GLIMPSE, UKIDSS catalogs).


• Estimate to be an O star after crude IR extinction 
correction.

Chandra image of the NuSTAR source 

• NuSTAR X-ray source could be a TeV binary.

• Point-like source (based on Chandra imaging analysis)

• Variable -> X-ray binary or AGN?

• Power-law -> non-thermal


• Follow-up work on TeV/X-ray variability and better localization.



c. michelle hui Follow-up VERITAS and NuSTAR observations of Galactic HAWC gamma-ray sources 12

NuSTAR + VERITAS + HAWC 
Observation Summary

• NuSTAR follow-up of two HAWC sources were highly successful.

• Detection of interesting X-ray sources above 10 keV

• Broadband spectroscopy using NuSTAR and Chandra data


• Follow-up work on SED modeling with NuSTAR + VERITAS + HAWC for DA 495, 
TeV/X-ray variability study for 2HWC J1928+177.


