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Outline 
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•  Introducing NuSTAR and X-ray astrophysics 

•  Discovery of new source population in the 
Galactic Center  

•  Looking forward: NuSTAR and solar axions 

•  Conclusions 
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First high-energy X-ray focusing 
telescope in orbit 
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1. Two co-aligned, 

multilayer coated, 
grazing incidence 
focusing optics 


2. Deployable 10 m mast


3. CdZnTe pixel 
detector spectrometers
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1. Two co-aligned, 

multilayer coated, 
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Theme Message (List 3 strengths ?) 

From low to high-energy 

HUBBLE
 NuSTAR + CHANDRA


Stars and gas


Black holes, white dwarfs, 
neutron stars, supernovae, 
pulsars, scattering by 
cosmic rays


HUBBLE + SPITZER


FERMI


CHANDRA
 HESS


Pulsars, supernovae, 
AGN
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NuSTAR telescope performance 
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•  Energy Band: 3-79 keV

•  Angular Resolution:



58” (HPD), 18” (PSF)

•  Field-of-view: 12’ x 12’

•  Energy resolution (FWHM): 



0.4 keV at 6 keV, 


0.9 keV at 60 keV


•  Temporal resolution: 0.1 ms

•  Maximum Flux Rate: 10k cts/s

•  ToO response: <24 hours


Harrison et al. (2013) 
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Inner 12 pc x 12 pc at 3-10 keV 

K. Mori, , K. Perez, et al. (2014) 


•  The brightest emission (white) 
comes from the hot plasma 
surrounding Sgr A* and the 
pulsar wind nebula 
G359.95-0.04 

•  The surrounding emission (red 
and yellow) fills the shell of 
supernova remnant Sgr A East 

•  To the north-east lies the 
extended emission of the Sgr A-
East “plume” (bright blue) 

•  The entire region sits in a field 
of diffuse and unresolved point 
source emission (dark blue) 
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•  The brightest emission (white) 
comes from the hot plasma 
surrounding Sgr A* and the 
pulsar wind nebula 
G359.95-0.04 

•  The surrounding emission (red 
and yellow) fills the shell of 
supernova remnant Sgr A East 

•  To the north-east lies the 
extended emission of the Sgr A-
East “plume” (bright blue) 

•  The entire region sits in a field 
of diffuse and unresolved point 
source emission (dark blue) 

Inner 12 pc x 12 pc at 3-10 keV 

CHANDRA point sources - Muno et al. (2009) 
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Inner 12 pc x 12 pc at 20-40 keV 
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•  Bright emission from pulsar 
wind nebula/Sgr A* region 
remains 

•  In addition, there is a 
diffuse >20 keV X-ray 
emission extending along 
the Galactic plane from the 
Galactic Center 

Sgr A East


K. Perez, et al. (2014) 


20-40 keV 
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Inner 12 pc x 12 pc at 20-40 keV 
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Sgr A East


K. Perez, et al. (2014) 


•  Bright emission from pulsar 
wind nebula/Sgr A* region 
remains 

•  In addition, there is a 
diffuse >20 keV X-ray 
emission extending along 
the Galactic plane from the 
Galactic Center 

20-40 keV 
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New emission has 8 pc x 4 pc 
spatial extent 

13 

20-40 keV data 
Extended  
Pt-source 
Background  

Sgr A East


20-40 keV 
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G359.95-0.04!

Sgr A*!

G359.97-0.038!

Cannonball!

E!

N!

Sgr A East!

Either power-law with Γ ~ 1.6 or 
thermal with kT ~ 60 keV 
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Sgr A East 

point sources 

20-40 keV 
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Origins of Diffuse Hard X-ray 
Emission (DHXE) 
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Any possible explanation of the DHXE must account for:

•  symmetric along the Galactic plane around Sgr A*

•  non-thermal with Γ ≈ 1.6 or thermal with kT ≈ 60 keV

•  L(20-40 keV) ≈ 2.4×1034 ergs/s within the 8 pc × 4 pc FWHM

•  transient limits from SWIFT monitoring


Truly diffuse origins are ruled out. Possible explanations:


Scenario 1: Anomalously hot Intermediate Polars (IPs) with kT ≈ 60 keV

•  Much hotter and higher-mass white dwarf (M > 1.0MO) than 
previously observed populations
 


Scenario 2: Quiescent black hole low-mass X-ray binaries (qBH-LMXB)

•  Previously undiscovered large population (~600-1200) 


•  Must have very faint or long-recurrence outburst


Scenario 3: Millisecond pulsars with non-thermal high-energy spectra

•  Same population as could contribute gamma-ray dark matter 
signals!
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Origins of Diffuse Hard X-ray 
Emission (DHXE) 
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“Regardless, the conclusion is that we are observing a 
vast graveyard of stellar remnants in the shadow of the 
supermassive black hole, posing significant theoretical 

challenges to our understanding of stellar evolution and 
binary formation in the Galactic Center”


Scenario 1: Anomalously hot Intermediate Polars (IPs) with kT ≈ 60 keV

•  Much hotter and higher-mass white dwarf (M > 1.0MO) than 
previously observed populations
 


Scenario 2: Quiescent black hole low-mass X-ray binaries (qBH-LMXB)

•  Previously undiscovered large population (~600-1200) 


•  Must have very faint or long-recurrence outburst


Scenario 3: Millisecond pulsars with non-thermal high-energy spectra

•  Same population as could contribute to FERMI dark matter signal!
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Looking forward: 
NuSTAR and solar axions 
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•  Axions are proposed to address the problem of particle physics CP-
conservation of the strong force

•  Dark Matter candidate with masses in range ~meV - μeV


Axions produced in Sun 

Converted back into 
photons by B-field 
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Conclusions 
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•  NuSTAR is a powerful tool to probe high-energy processes in 
our universe 

•  NuSTAR has discovered a new population of high-energy X-
ray sources in the Galactic Center, with implications for stellar 
evolution, binary formation, and dark matter searches 

•  X-rays are a potential probe of dark matter signatures 

•  NuSTAR has been approved for an extended mission through 
2017, accepting observing proposals beginning end of this 
year 
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BACKUP 
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Hot Intermediate Polars ?  
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Scenario 1: Anomalously hot Intermediate Polars (IPs) with kT ≈ 60 keV 

•  much hotter than the kT ≈ 8 keV in the inner arcminutes (Muno 2004; Heard and 
Warwick 2012) or kT ≈15 keV observed in the inner Galactic bulge (Yuasa 2012) 

•  Swift, INTEGRAL, Suzaku, and XMM-Newton measurements of individual IPs 
show an average temperature of kT ≈  20 keV, but exhibit a range in temperature 
from kT  ≈ 10 keV to kT  ≈  90 keV 

•  Assume Lmin(2-10 keV) ≈ 1030 – 1031 erg/s    
  Lmax(2-10 keV) ≈ 1033 erg/s     
  α ≈ 1.0-1.5 
 800 – 8000 IPs in 8 pc × 4 pc 
 6-60 IPs pc-3 

•  Observed spectrum implies white dwarf mass MWD > 1.0 M 

•  Ensemble mass is significantly higher than that measured for mCVs in either the 
Galactic Center or bulge, though individual IPs with similar masses have been 
observed in the local solar neighborhood 
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Black hole low-mass X-ray 
binaries ? 
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Scenario 2: Quiescent black hole low-mass X-ray binaries (qBH-LMXB) 

•  Knowledge of the luminosity of qBH-LMXBs is limited to 10 known systems 

•  For Lmin(2-10 keV) ≈ 2-4 × 1031 erg/s    600-1200 qBH-LMXBs 

•  In the last decade, X-ray monitoring surveys uncovered virtually all transient 
systems within the inner 50 pc of the Galaxy with 

•  recurrence times of < 5-10 years 
•  outburst durations longer than a few days 
•  outburst L(2-10 keV) > 1034 erg/s 

 Typical qBH-LMXB with Tr ~ 50-100 years could make up at most 10% of DHXE 

•  Long Tr, long outburst BH-LMXB such as GRS 1915+105 also cannot dominate 

•  Fainter, non-transient BH-LMXB have been proposed (Menou 1999)(Casares 
2014): the transition radius between the advection dominated accretion flow and the 
normal thin accretion disk is at large enough radius that the outer disk is always cool 
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Alternate populations 
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Although explanations in terms of hot IPs, qBH-LMXBs, or MSPs present 
challenges, other possible populations have been ruled out as majority 

contributors to the DHXE. 

•  Neutron star LMXBs have typical Tr ~ 5-10 years, would have been detected by 
Swift monitoring 

•  Magnetars with consistent spectra (soft gamma repeaters) have typical Tr ~ 10 
years 

•  A large enough population of non-thermal filaments is not supported by Chandra 
or radio mapping of the Galactic center 

•  Low surface brightness PWN would require at least x10 higher PWN birth rate 

•  Inverse Compton from electrons injected from PWN, Sgr A*, colliding winds etc. 
scattering in the high radiation density of the center has a luminosity too low 

•  Dark matter does not reproduce spatial extent  
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Before NuSTAR: 

INTEGRAL
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After NuSTAR: 
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E = 3-79 keV


B. Grefenstette, et al. (2014) 
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20-40 keV Spatial Model 
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Spectral Model 
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NuSTAR telescope performance 
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•  Energy Band: 3-79 keV

•  Angular Resolution:



58” (HPD), 18” (PSF)

•  Field-of-view: 12’ x 12’

•  Energy resolution (FWHM): 



0.4 keV at 6 keV, 


0.9 keV at 60 keV


•  Temporal resolution: 0.1 ms

•  Maximum Flux Rate: 10k cts/s

•  ToO response: <24 hours


Harrison et al. (2013) 
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Satellite!
(instrument)! Sensitivity!

INTEGRAL"
(ISGRI)"

~0.5 mCrab "
(20-100 keV) with >Ms exposures "

Swift "
(BAT)"

~0.8 mCrab"
(15-150 keV) with >Ms exposures"

NuSTAR" ~0.8 μCrab"
(10-40 keV) in 1 Ms"

•  Energy Band: 3-79 keV

•  Angular Resolution:



58” (HPD), 18” (PSF)

•  Field-of-view: 12’ x 12’

•  Energy resolution (FWHM): 



0.4 keV at 6 keV, 


0.9 keV at 60 keV


•  Temporal resolution: 0.1 ms

•  Maximum Flux Rate: 10k cts/s

•  ToO response: <24 hours



