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The Unidentified TeV Gamma-ray Sources

• Of more than 80 cataloged Galactic VERITAS, MAGIC, HESS sources,	


• Most Galactic TeV emission associated with supernova products,	


• Of which 2/3 are associated with a PWN or/and SNR,	


• A handful associated with HMXB or star-forming regions, 	


• Remaining  9 - 20 have no unique counterpart, of which,	


• ~ 7  have no compelling counterpart at any wavelength (“Dark Accelerators”).

What is powering these TeV sources and how?

Pinpointing counterparts in a complex local Galactic environment

Key Science: 

Key Challenge: 



• HESS Galactic Plane Survey Object,	


• Slightly extended HESS TeV sources,	


• Most luminous Galactic TeV source,	


• L(0.2-10 TeV) = 2.8 x 1035 erg/s @ 12 kpc,	


• Coincident with radio SNR G338.3-0.0,	


• Unresolved ASCA X-ray source, 	


• Overlapping Fermi GeV source,	


• Neighboring HII region - hadronic?

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

From Castelletti et al. (2011)
What is powering HESS J1640-465?

HESS J1640-465: The Most Luminous Galactic TeV Source

“HESS Source of the Month” twice - 	

different interpretations!



The Leptonic Case for Powering HESS J1640-465	

(Funk et al. 2007)

Extended XMM X-ray emission Rx < 1’	

Fg(2-10 keV) = 6.6 x 10-13 erg/cm2/s; 	


NH = 6.1 x1022 cm-2; 𝜞PL = 1.7

Try time evolving leptonic model

ɣ-ray 
extension

X-rays

Problem for a static injection model: Rx < Rɣ and Fx > Fɣ

X-ray/𝜸-ray coincidence,	

X-ray location, spectrum & morphology 	

suggests PWN origin for TeV emission  	


Extended HESS TeV emission R𝜸 ~ 3’	

Fg(>0.2 TeV) = 2.1x 10-11 erg/cm2/s; 𝜞PL = 2.4

ɣ-ray: upscattered ambient photons (CMB,IR,Dust),

X-rays: e-- from pulsar, PWN radiating synchrotron emission,

Not possible to fit the radio/X-ray/𝜸-ray SED w/single population of e-- 



Funk et al. 2007

HESS SOM Mar 2007:  “HESS J1640-465 –  A Pulsar Wind Nebula?”

ɣ-rays from IC of older population of e--  	

(low E, B; long 𝜏)

X-rays from PWN (high E, B; short 𝜏)

The Time Dependent PWN Leptonic Model	

(Funk et al. 2007)

Injection rate tinj > 2 x 102 yrs,

Different cooling timescales results 	

in different size 

Different populations results in different 	

cooling time

Difficult to connect with 3EG source.

Model inputs:	


T (age) =20 kyr;	

Ė = 4 x 1036 erg/s	


𝝉 = 300 yr 	

n = 3

Fit results: 	


Emin = 10 GeV	

Emax = 1 PeV	

B(T) = 10 𝜇G	


L(e-) = 1.4 x 1036 erg/s



Latest Chandra mosaiced image

dSNR = 8-10 kpc, from HI absorption 	

SNR and HII region possibly connected

Chandra Observation of X-ray source in SNR G338.3	

Lemiere (2009)

Resolved central point source and elongated nebula 

NH = 1.4x1023 cm-2 (assumed)	

𝜞PL = 1.1,  𝜞PL = 2.7	


Fsrc(2-10 keV) =   2.6 x 10-13 erg/cm2/s,	

Fneb(2-10 keV) = 12.8 x 10-13 erg/cm2/s	


Sedov SNR age ~ 10 - 30 kyrs	

for 𝝆 = 1 - 10 cm-3 



One zone time-dependent PWN model (Lemiere et al. 2009)

	
!
Model Inputs: 	


!
T (age) =15 kyr;	

Ė = 4 x 1036 erg/s 	

σK&C =10-3	


!
	


Fit results: 	

!

Emin = 50 GeV	

B(T) = 6 𝜇G	


𝜶 = 0.45

Dust

Stars

CMB

e-- injection dN/dE ~ E-2.4 



hadronic 	

model

leptonic 	

model

Maxwellian	

~0.1 TeV

Modeling the SED Including the Fermi GeV Emission

PWN + SNR model (Gelfand et al. 2009)

 Fermi Excess at < 1 GeV source

(Slane et al. 2010)

Maxwellian dist. of e-- to replaces low energy e--

Model inputs:	


T (age) =10 kyr;	

Ė = 4 x 1036 erg/s	


𝝉 = 500 yr 	

σK&C =10-3

Fit results: 	


Emin = 115 GeV	

B(T) = 5 𝜇G	


𝜶 = 0.65

 Associated Fermi GeV source? Fermi excess real?	


Hadronic explination?  Provides limits on SNR & PWN size

Requires distinct pop. of low energy e--



The Hadronic Case for Powering HESS J1640-465	

(Abramowski et al. 2014)

SED with Slane's Fermi spectrum, 	

XMM upper limit on SNR & radio = SNR/2

More HESS data: revised location nearer SNR shell and larger extent

Fermi and HESS well matched 	

spatially and spectrally.  

TeV from interaction of SNE with H II region

An exceptionally luminous TeV �-ray SNR 7

Figure 4. Spitzer MIPS 24µm image in units of MJy sr�1 with overlaid
contours from the smoothed H.E.S.S. excess map (white) and contours of
the north-western part of the SNR shell from the 610 MHz image, convolved
with the H.E.S.S. PSF (magenta, c.f. Fig. 1).

age of 2.5 kyr would imply some mixing of the stellar-wind mate-
rial and the ISM leading to average densities in the wind bubble of
n0 ⇠0.1 cm�3 (c.f. Section 4.1).

When comparing the TeV morphology of HESS J1640�465
to G338.3�0.0 (Fig. 1) it becomes clear that �-ray emission only
shows significant overlap with the north-western (NW) part of the
radio shell. Thus, in a hadronic scenario the lack of emission from
the south-eastern (SE) shell needs to be explained. In such a model
the �-ray emission is expected to follow the distribution and the
density of available target material in the shock region. Indeed, a
correlation between the molecular and atomic gas and the VHE �-
ray intensity from RX J1713.7�3946 has recently been reported
by Fukui et al. (2012). Thus, if dense target material is much more
abundant in the northern region of G338.3�0.0 compared to the
south, the observed TeV morphology of HESS J1640�465 is con-
sistent with a hadronic scenario. Figure 4 shows the Spitzer MIPS
24µm image of this region, which essentially traces the abundance
of interstellar dust and dense HII star-forming regions. Here it can
be seen that the mean infrared intensity towards the NW part is a
factor of ⇠5 higher than towards the SE area of the shell. Therefore,
the different densities could indeed give rise to the observed mor-
phology. To further test the hypothesis of the NW shell being the
origin of the VHE �-ray emission, only this part of the radio shell
was used as a template and convolved with the H.E.S.S. PSF. The
resulting contours are over-plotted on the Spitzer image in Fig. 4
and show a good agreement with the VHE �-ray excess contours
from H.E.S.S.

Figure 5 shows the measured SED of G338.3�0.0 along with
the new H.E.S.S. data and XMM-Newton limits. Also shown is
a single-zone time-dependent model for the continuous injection
of electrons and protons over an assumed age of G338.3�0.0 of
2.5 kyr (e.g. Funk et al. 2007). High-energy electrons produce
synchrotron and IC �-ray emission in interactions with magnetic
and radiation fields, respectively. High-energy protons produce ⇡0-
decay �-ray emission in interactions with material in the SNR shell.
The broadband SED can be explained in this scenario with a rea-
sonable choice of input parameters. The leptonic component can
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Figure 5. HE and VHE �-ray spectrum of HESS J1640�465 as given in
Slane et al. (2010) and shown in Figure 2, respectively. The X-ray limit
has been derived in the northern part of the radio shell and assuming the
higher column density as derived by Lemiere et al. (2009) (see Figure 1 and
text), and the radio data is from Castelletti et al. (2011), scaled by a fac-
tor of 0.5, assuming that half of the radio emission comes from the north-
ern part of the shell. The long-dashed blue and red dash-dotted curves are
synchrotron and IC emission from non-thermal electrons, respectively. The
green dashed curve is the Bremsstrahlung component and the solid black
curve is hadronic ⇡0-decay �-ray emission.

be constrained by the observed synchrotron spectrum from radio to
X-rays. In this model calculation, a magnetic field of B = 35µG,
maximum electron energy of Ec,e = 10TeV and electron spec-
tral index of �e = 2.0 is required to reproduce the radio spectrum
and to not violate the X-ray limit. The target radiation fields have
been chosen based on Lemiere et al. (2009), with a dust compo-
nent that has been increased to account for the five times higher
radiation field energy density in the northern part of the shell. It
is clear from Figure 5 that the predicted IC emission is at least
two orders of magnitude below the observed �-ray emission for
an assumed electron-to-proton (e/p) ratio of 10�2. Furthermore,
the smooth connection of the HE and VHE �-ray spectrum can-
not be explained. A considerably higher e/p ratio of ' 0.1 (and
lower magnetic field of B ' 10µG) is required to reach the TeV
flux. Even in this case, the IC spectral shape and maximum en-
ergy is not supported by the VHE �-ray spectrum. In dense envi-
ronments, Bremsstrahlung can significantly contribute to the non-
thermal emission. Densities as high as 500 cm�3 and e/p ratios of
0.1 are, however, required to reach the flux observed by H.E.S.S.

In a hadronic scenario, a total energy transferred into protons
of Wp = 2.5⇥ 1050 erg, maximum proton energy Ec,p = 50TeV
and spectral index of �p = 2.2 as well as an average ambient
density n̄H = 150 cm�3, is required to reproduce the GeV –
TeV spectrum. The measured TeV flux coupled with the large esti-
mated distance of ⇠ 10 kpc would imply that HESS J1640�465
is the most luminous Galactic VHE �-ray SNR detected so far
(L>1TeV ' 4.6 ⇥ 1035(d/10 kpc)2 erg s�1). The TeV luminos-
ity is therefore about one order of magnitude higher than that of the
W51C SNR (Aleksić et al. 2012). Due to the harder �-ray spectral
index, HESS J1640�465 has a total �-ray luminosity comparable
to W51C. The product of total energy in interacting protons and
mean ambient density of Wpn̄H ' 4⇥1052(d/10 kpc)2 erg cm�3

requires a considerable amount of SN kinetic energy that is trans-
ferred to high-energy protons and/or a high average density of the
target material as motivated before. With the gas densities esti-
mated above, a very large energy in protons is needed to reach

c� 2013 RAS, MNRAS 000, 2–9

SNR / 2 XMM U.L. SNR Slane Updated

Ambient density =150 cm-3 for GeV/TeV spectrum
Low density = 0.1 cm-3 for SNR size - SNe in a wind blow bubble of progenitor star 

SNR age 2500 yr



“Given the now available multi-wavelength data, 
it turns out that the hypothesis of a pulsar-wind 
origin of the gamma-ray emission is difficult to 
maintain; size and spectra (Fig. 2) of the source 
favor emission caused by interaction of supernova- 
accelerated cosmic rays with the dense ambient 
gas, in particular in the northern section of the 
remnant.”	

!
H.E.S.S. Collaboration, A. Abramoswki et al. (2014)



NuSTAR observations of HESS J1640-465 

NuSTAR: 3-80 keV spectroscopy, ~1’ imaging, ~2 ms timing

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?

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

Two cycles show for clarity

PSR J1640-4631 

𝜏 = 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 keV) / 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 X-ray Spectrum Pulsar and Nebula

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 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	


𝜶 = 0.017

Initial values: 	

Po = 15 ms	

Ėo = 1040	

Eo = 1049



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 




