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Figure shows the northern TeV sky as seen by HAWC 



Abstract: 
By observing the universe at different wavelengths (photon 
energies) we find new classes of sources and/or we better 
understand the physics of known sources, for example: 
   > optical wavelengths are well matched to thermal 
      (Black Body = thermal) sources such as stars 
   > radio wavelengths are sensitive to cold thermal 
      sources (eg molecular clouds) and to non-thermal 
      sources eg synchrotron radiation, with discovery 
      of:  radio galaxies and quasars, pulsars and binary pulsars,  ... 
Detection of astrophysical sources at TeV energies took decades 
with the first observation in 1989 of the Crab nebula.   In recent 
years so-called multi-wavelength and multi-messenger 
observations are critical to study the physics of these sources.  
 
So: what does the Universe look like at TeV energies? What type 
of sources dominate the TeV sky?  And what has been learned? 
   



How do we Detect Sources at TeV Energies? 
Curiously Earth’s atmosphere is transparent in only a few regions 
of the electro-magnetic spectrum: visible, (near-IR) and radio.   At 
other wavelengths (energies) measurements are done in space. 



How do we Detect Sources at TeV Energies? 
However by TeV energies the flux of photons is too low to be 
observed by telescopes in space which typically have at best a 
few square meters of effective area!  EG the Fermi-LAT runs 
out of photon counts above a few 10s of GeV! 



How do we Detect Sources at TeV Energies? 

Very high energy gamma rays 
 
100 GeV (1011 eV) to  100 TeV (1014 eV) 
1025 Hz  to  1028 Hz 
1015 K to 1018 K 
➜ entirely non-thermal 
 
“Typical” flux level 
10-11 gamma rays/cm2s 
10-4   gamma rays/m2h 

The good news is that by TeV energies telescopes using the 
atmosphere as part of the detector become practical. 



How do we Detect Sources at TeV Energies? 
The high energy photons (Left sketch: via pair production and 
Bremsstrahlung) initiate an extensive air shower in the 
atmosphere that can then be observed with ground based 
Particle Detectors or Cherenkov Telescopes: 



How do we Detect Sources at TeV Energies? 
High energy photon and high energy Cosmic Ray (CR) extensive 
air showers show significant differences.   These are used to 
separate the numerous CRs from the few photons! 



How do we Detect Sources at TeV Energies? 
The high energy photon, via pair production and Bremsstrahlung, 
initiates an extensive air shower that can then be observed with 
ground based Particle Detectors or Cherenkov Telescopes:  



How do we Detect Sources at TeV Energies? 
The breakthrough with Cherenkov telescopes was in late 
1980s with pixilated Imaging Air Cherenkov Telescopes (IACTs): 

           ` 



How do we Detect Sources at TeV Energies? 

Clue:  
imaging the cascade 
geometry ➜ photon direction 
intensity ➜ photon energy 
shape ➜ cosmic ray rejection 
 

Multi-telescope systems 
provide a 3D view of the 
cascade 

Modern IACTs: HESS (image below), MAGIC, VERITAS combine 
multiple telescopes in stereo for optimal photon energy and 
direction measurement: 



How do we Detect Sources at TeV Energies? 
Of the TeV gamma-ray detectors, the IACTs provide the best 
(sub-0.1 degree) angular resolution and are thus best for 
resolving spatial details in sources: 



How do we Detect Sources at TeV Energies? 
The breakthrough with photon Particle Detectors was in 2003: 
Observation of TeV Gamma-rays from the Crab Nebula with 
Milagro using a New Background Rejection Technique: 

           ` 



How do we Detect Sources at TeV Energies? 
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The currently most advanced photon Particle Detector: the High 
Altitude Water Cherenkov (HAWC) detector, profits from higher 
altitude and larger area (150m x 150m) of fully pixilated detectors 
(than Milagro): 



How do we Detect Sources at TeV Energies? 
Of the TeV gamma-ray detectors, the Particle Detectors 
provide the best sensitivity for low-surface brightness sources: 



How do we Detect Sources at TeV Energies? 
AND this is relevant to nearby TeV gamma-ray sources (eg 
middle-age pulsar sources Geminga and Monogem) that may 
contribute to the local positron excess observed by the AMS 
experiment:  



HAWC: an array of large water tanks 
HAWC’s individual water Cherenkov detector (WCD) pixels are 
7.3m in diameter and ~4m tall!   Each WCD is instrumented with 
4 PMTs.    At 4100m elevation it is sometimes winter even in the 
tropics (19-degrees N latitude)! 
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HAWC: an array of large water tanks 
HAWC has a nice setting next 
to the 3rd highest peak in North 
America! 
The (Left cartoon) shows a 
simulated gamma-ray shower 
onto the HAWC detector. 



HAWC: times tell us the shower direction 
HAWC pointing accuracy 
varies from about 1-deg 
(near threshold) to about 
0.1-deg for the highest 
energy gamma-rays. 
For reference, angular size 
of the moon is 0.5-deg. 



HAWC: what do events look like? 
Gamma-ray 
events (left) 
are more 
uniform 
than cosmic 
ray (back 
ground) 
events 
(right).    
To 0th order 
this is how 
we 
separate 
gammas 
from CRs. 



HAWC: what do events look like? 

HAWC Data Rates
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Collect 20,000 air showers /second 
~3 TB /day

Rule of Thumb:  
103-104 cosmic ray showers per gamma ray

Need to get Gamma/Hadron separation right!

FYI: finding the gamma-ray needle in the cosmic ray haystack  is 
an interesting challenge.   Our UNM group of Zhixiang Ren and 
myself have enjoyed applying Human and Artificial Intelligence to 
this challenge …  



The Crab was the 1st TeV gamma-ray source 
FYI, the Crab (seen by Particle Detectors or Cherenkov 
Telescopes) is the remnant of a Core Collapse supernova in 
1054.    Today we observe a Super Nova Remnant (SNR) and 
a Pulsar.   What part of the Crab is bright at TeV energies?  



Stars have lives too you know! 
FYI, stars above ~0.08 solar-mass evolve along two paths: 
low-mass path to planetary nebula + white dwarf and higher-
mass path to Core Collapse supernova.  End products of Core 
Collapse supernovas are neutron stars (or black holes). 
Curiously neutron stars were proposed as early as 1934 (Baade and 
Zwicky) but had to wait 34 years for evidence of their existence as Pulsars.   
They have masses of about 1 to 3 solar masses and radii of about 10km; the 
black holes are more massive. 



The Crab was the 1st TeV gamma-ray source 
FYI, neutron stars are 
extreme astronomical 
objects of radius ~10km 
and masses ~1.5 solar 
mass.    Young neutron 
stars have extreme 
magnetic fields and 
rotation periods <1 
second.   Part of the EM 
emission from the 
neutron star is beamed.   
If/when the beam is 
directed toward the Earth 
we observe the neutron 
star as a pulsar. 



What are multi-wavelength studies? 
Curiously one of the brightest TeV gamma-ray sources, the 
Crab (nebula + pulsar), radiates from radio to gamma-ray 
energies!    To help understand the physics of this light source 
takes many individual telescopes: aka multi-wavelength 
astrophysics.  Yes: the nebula and pulsar have different source 
Spectral Energy Distributions (SEDs); what are they telling us? 
 

1eV      1keV    1MeV     1GeV    1TeV 



Aside: what are SEDs telling us? 
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Figure 2

Spectral energy distribution of electrons at injection (light gray with ↵injection = 2.0) and the
steady state including cooling (dashed dark gray) for a source with age tage = 1000 yrs,
B = 100µG, for a scenario in the inner 100 pc of our Galaxy. The cooling break in the electron
spectrum at ⇠ 1.2 TeV is apparent in the steady-state electron distribution (dashed dark gray), in
the synchrotron spectrum and in the IC spectrum. Also apparent is the turnover in the spectra at
even higher energies due to KN cooling which incur catastrophic losses on the electrons. The case
for a much lower B-Field of 3µG is also shown in light gray. The shaded gray region shows the
sensitive range of current gamma-ray detectors (Fermi-LAT, IACTs).

electrons with energy Ee will emit synchrotron photons at an energy Esync with (44):

Esync = 0.2
B

10µG

⇣
Ee

1TeV

⌘2

eV (1)

The synchrotron radiation spectrum of TeV electrons in a typical 10 µG magnetic field thus

peaks at approximately 0.2 eV (i.e. in the visible range of the electromagnetic spectrum).

A more realistic case is one where the electron population has a distribution of energies that

follows a power-law with index ↵e (45). The di↵erential synchrotron spectrum in this case

follows a power-law with index �sync = (↵e+1)/2. Energy losses in the IC Thomson regime

and for synchrotron emission are proportional to E

�1
e . These losses will therefore modify

the initial power-law distribution of electrons so that the steady state energy spectrum of

the electrons will have a break from ↵injected to ↵injected + 1 (see Figure 2). The break

will be at an energy where the cooling time scales become comparable to the age tage of

the source (44) and can be approximated as Ee,br = 1.2 ⇥ 104(B/10µG)�2(tage/10
4yr)�1

GeV. This break will induce a corresponding break in the synchrotron and IC spectrum by

�� = 0.5 at an energy that can be determined by inserting Ee,br into equation 1.

For electrons, the inverse Compton scattering of mono-energetic electrons on a popula-

tion of target photons (e.g. a black-body spectrum) produces a broad spectral distribution

of high-energy photons. This distribution peaks at

EIC = 5⇥ 109
Eph

10�3eV
Ee

1TeV

2

eV (2)
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What we observe are gamma rays.   What the sources 
accelerate are electrons (and/or protons).   For the gamma-ray 
SED one typically starts with an accelerated power-law spectrum 
of the eg electrons (potentially with a high-energy cutoff at 
Emax) and subsequently calculates the losses into photons from 
the different processes … 



What are multi-wavelength studies? 
IACTs, HAWC and other gamma-ray (X-ray) experiments are 
sensitive in a large but limited energy range.   To understand 
the source physics, eg Synchrotron emission VS Inverse-
Compton emission VS …, many measurements must be 
combined.  This is termed multi-wavelength astro-physics.   
Figure shows VHE gamma-rays (100MeV to 100TeV) require 
2 to 3 instruments! 



100MeV to 100TeV multi-wavelength studies 



What are multi-messenger studies? 
Multi-messenger astrophysics began with SN1987a observed at 
optical wavelengths and at 3 neutrino observatories. 
 
On August 17, 2017, a new era of astronomy was inaugurated by 
a short gamma-ray burst (GRB) accompanying the gravitational 
wave GW170817 detected by LIGO-VIRGO from a neutron 
star:neutron star merger.   The GRB was observed by FERMI 
and INTEGRAL satellites at photon energies <2 MeV. 
 
On 22 September 2017 a high-energy neutrino, IceCube170922A, 
was detected with an energy of ~290 TeV. Its arrival direction was 
consistent with the location of a known gamma-ray blazar TXS 
0506+056, observed to be in a flaring state.  
… This observation of a neutrino in spatial (and temporal) 
coincidence with a gamma-ray emitting blazar, during an active 
phase, suggests that blazars (aka Super Massive Black Holes/
Active Galactic Nuclei) may be a source of high-energy neutrinos.  
 
 



What are multi-messenger studies? 
The Spectral Energy Distribution (SED) for the blazar, TXS 
0506+056, is based on observations obtained within 14 days of 
the detection of the IceCube-170922A event.   Historical 
(average values) are shown as grey points.  Is the enhancement 
above 108eV (neutral pion à 2 gammas turn-on) significant?  
 

108eV 



Aside: what are SEDs telling us? 

Due to the similarity of equations 1 and 2 the spectra for synchrotron emission and for IC

scattering have the same shape (albeit at di↵erent energies). Like in the case of synchrotron

emission, for a continuous injection of electrons with a power-law distribution of the form

dN/dE / E

�↵
e the inverse Compton spectrum in the Thomson regime will have a slope of

� = (↵+1)/2. In the KN regime the IC spectrum will be significantly steeper � = (↵+1).

Therefore, even a power-law distribution of electrons will produce a break in the spectrum

of the gamma-ray emission due to the onset of the KN regime.

3.2. Hadronic emission
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Figure 3

Spectral energy distribution of accelerated protons (powerlaw index ↵injection = 2.0 and cuto↵ at
100 TeV) and gamma rays resulting from inelastic collisions with interstellar material. The
dominant emission into photons is via the decay ⇡0 ! �� (solid brown). As can be seen, the
gamma-ray spectrum follows the parent protons spectrum rather closely in the mid-energy range
and the high-energy cuto↵ region. For all proton indices the low-energy turnover is a
characteristic feature of the pion-decay emission. Also shown is the spectrum of electrons resulting
from the inelastic pp-interactions via the decay chain ⇡± ! µ+ ⌫µ ! e±⌫e (dashed gray). For
the synchrotron emission from these so-called secondary electrons a source with age tage = 1000
yrs, and B = 30µG has been assumed. The shaded gray region shows the sensitive range of
current gamma-ray detectors (Fermi-LAT, IACTs).

Figure 3 shows the gamma-ray spectral energy distribution (SED) for a proton spectrum

with ↵ = 2, Ec = 100TeV. Cooling plays a relatively minor role in sources actively acceler-

ating particles, since even in the case of a typical Galactic density n = 1cm�3 the cooling

time is of the order of 107 years. The shape of the gamma-ray energy spectrum away from

the threshold directly mirrors the shape of the parent proton spectrum. The total fraction

of the energy of each incident proton converted into gamma rays is approximately  = 0.17.

It has been shown (see e.g. 46) that for proton spectrum indices of 2.1� 2.7 the emissivity,

i.e. the number of gamma rays produced per H-atom in the interaction of accelerated pro-

tons with interstellar material is q�(> 100MeV) ⇡ 0.5 ⇥ 10�13
s

�1erg�1cm3(H� atom)�1.

This can be turned into a flux at Earth by an astrophysical accelerator putting a fraction

www.annualreviews.org
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What we observe are gamma rays.   What the sources 
accelerate are electrons (and/or protons).   For the gamma-ray 
SED one typically starts with an accelerated power-law spectrum 
of the eg protons (potentially with a high-energy cutoff at Emax) 
and subsequently calculates interactions resulting in photons … 



What does the Universe look like at TeV energies?  
Before 1989 TeVCat had 0 sources …
The figure shows known sources today 
plotted in Galactic Coordinates.  ~1/2 the 
sources are nearby (Galactic) sources, 
and ~1/3 of those are UNIDentified. 



What does the Universe look like at TeV energies?  
UNIDentified sources may be the result of source overlap … 
Figure of HESS-sources shows how sources that are separated 
in 3D could overlap in 2D. 



What does the Universe look like at TeV energies?  

The TeV sky from TeVCat 
tevcat.uchicago.edu 

13 Shell-type SNR (~half resolved) 
10 SNR/molec. cloud 
34 Pulsar wind nebulae 
6 X-ray binaries 
4 Massive star clusters 
1 Globular cluster 
… 

33 HBL 
4 IBL 
4 LBL 
3 FSRQ 
2 Starburst Galaxies 
… 

>60% H.E.S.S. 
discoveries 

List of IDentified sources in 2013.  The figure details Galactic 
sources (Left column) and Extra-galactic sources (Right column) 



What does the Universe look like at TeV energies?  
In broadest terms the TeV sky is dominated: 
 
a)  On Milky Way galaxy scales by Supernova remnants 

(SNR) including Pulsar Wind Nebulae (PWN), Shell-type 
SNR, and mixed SNR/molecular clouds (where the SNR 
particles are colliding with nearby giant molecular clouds) … 
plus probably combined SNR/PWN systems 

 
b)  on Extra-galactic scales by the various manifestations of  

supermassive black holes in an active feeding phase called 
Active Galactic Nuclei (AGNs) 

c)  and on astronomical time scales these are all young: SNRs 
are luminous for possibly hundreds of thousands of years 
and AGNs are all in typically short-lived active feeding 
states. 

 



What does the Universe look like at TeV energies?  
Broadly there are two types of Supernova: Type I which is a 
Carbon bomb and Type II which has a remnant neutron star 
(or black hole).    The Cosmic Ray community always asks: are 
SNs responsible for the Galactic CRs (Right figure)? 



What does the Universe look like at TeV energies?  
AGNs have many nick-names based on how we view them … 
and are observed in EM radiation from radio to gamma rays. 
The Cosmic Ray community always asks: are AGNs 
responsible for (some of) the Extra-Galactic CRs (Right 
figure)? 



TeV sources: Pulsar Wind Nebulae  
The most abundant (TeV) Galactic sources are pulsar-driven 
extended nebulae, so called Pulsar Wind Nebulae (PWN):    
•  are expected to change with time: (diffusion/cooling) 
•  some show energy-dependent morphology 
•  can be offset from pulsar (pulsar likely moving) 
 



TeV sources: Pulsar Wind Nebulae  
The most abundant (TeV) Galactic sources are pulsar-driven 
extended nebulae, so called Pulsar Wind Nebulae (PWN):    
In this composite image of Kes 75, high-energy X-rays observed 
by Chandra are colored blue and highlight the pulsar wind nebula 
surrounding the pulsar, while lower-energy X-rays appear purple 
and show the debris from the explosion. (NASA: youngest known 
pulsar). 



TeV sources: Pulsar Wind Nebulae  
What are pulsar winds? 
Pulsar winds are composed of charged particles (plasma) 
accelerated to relativistic speeds by the rapidly rotating, hugely 
powerful magnetic fields above 1 teragauss (100 million teslas) 
that are generated by the spinning pulsar.   In the wind 
acceleration region (in green), the electromagnetic energy 
contained in the pulsar wind is converted into bulk kinetic energy 
of a relativistic e+/e- plasma: 



TeV sources: Pulsar Wind Nebulae  
Why so many PWN? 
The rotational energy of pulsars is an order of magnitude below 
the kinetic energy released in the SNR … but much of the energy   
goes into electrons which are much more efficient in producing 
gamma rays compared to protons … and pulsars accelerate 
particles over a much longer time scale than SNR: 



TeV sources: Pulsar Wind Nebulae   
It is expected that the emission from PWN should be well 
described by electron processes: synchrotron emission below 
and Inverse Compton above ~1GeV … as shown by Crab data 

Steady emission from the PWN MAGIC Collab.,
ApJ 674 (2008) 1037

• MAGIC measured spectrum down to 60 GeV
• Energy spectrum well described by IC emission
• IC peak estimated at 77 GeV



TeV sources: Shell-type Super Nova Remnant  
HESS Nature 2004:  ``the spatially resolved remnant (RX 
J1713.7−3946) has a shell morphology similar to that seen in X-
rays (contours), which demonstrates that very high-energy 
particles are accelerated there. The energy spectrum indicates 
efficient acceleration of charged particles to energies beyond 100 
TeV consistent with current ideas of particle acceleration in young 
SNR shocks.’’ 



TeV sources: Shell-type Super Nova Remnant  

proton lifetime O(107 y) 
gamma spectral index 
        ≈ proton index ≈ 2 

p + nucleus Æ π +X 

Î Image accelerators with gamma rays 

Spectra 
and flux reflect 

those of acc. particles  

Seeing cosmic accelerators 

HESS Nature 2004:  And can we distinguish proton  (from 
electron) sources of the TeV emission? 



TeV sources: Shell-type Super Nova Remnant  
HESS Nature 2004:  And can we distinguish proton  (from 
electron) sources of the TeV emission?         … NO! 
 



TeV sources: Shell-type Super Nova Remnant  

electron lifetime O(105 y) 
gamma spectral index 
        ≈ (Γe+1)/2 ≈ 1.5 

e + photon Æ e + γ  

Î Image accelerators with gamma rays 

Spectra 
and flux reflect 

those of acc. particles  

Seeing cosmic accelerators 

HESS Nature 2004:  And can we distinguish electron  (from 
proton) sources of the TeV emission? 



TeV sources: Shell-type Super Nova Remnant  
HESS Nature 2004:  And can we distinguish electron  (from 
proton) sources of the TeV emission?        … NO! 



How does HAWC do TeV science? 
HAWC surveys  ~2/3 of the sky detecting gamma-ray photons 
above a few hundred GeV.   The photons are added “one by one” 
to make a time exposure image of the sky (and identifying ~50 
TeV sources): 

!9

The sky observed by HAWC
- 1128 days 
- Point Source Hypothesis, with spectral index 2.7



How does HAWC do TeV science? 

Zoomed-in images 
show the inner 
Galactic plane  
region plotted in 
Galactic 
Coordinates. 
Sources may be 
extended and 
often overlap. 
(Remember this is 
a 2D projection of 
sources at 
different 
distances). 

8

Figure 3. Parts of the inner Galactic Plane region, in Galactic coordinates. The TS map corresponds to a point source
hypothesis with a spectral index of �2.7. The green contour lines indicate values of

p
TS of 15, 16, 17, etc. In this figure and

the followings, the 2HWC sources are labeled at the bottom of the plot and the xHWC at the top.



How does HAWC do TeV science? 
Zoomed-in images 
show the inner 
Galactic plane  
region … a little 
further along from 
the previous figure. 
 
50 sources in the 
most recent (1128 
day) HAWC source 
catalog are 
denoted xHWC   
versus 40 sources 
in original (507 
day) 2HWC 
catalog … 

9

Figure 4. Same as Figure 3, farther along the Galactic Plane.



How does HAWC do TeV science? 

Some sources show evidence for flaring states with large 
increases in brightness.  These show the resulting HAWC sky 
images centered on Mrk 501 on April  5, 6, 7 and 8 of 2016.   
Note: each image is from a source transit of approximately 5 
hour duration. 



HAWC: monitors Mrk 421 and 501 every day! 



TeV sources: X-ray/gamma-ray binaries 
HAWC also does directed searches based on sources seen at 
X-ray or lower gamma-ray energies.   One example is the SS 
433/W50 X-ray binary  system containing a black hole that is 
most likely 10~20 solar masses …   Previous measurements 
(2017 by IACTs) only set upper limits for TeV emissions. MAGIC and H.E.S.S. Collaborations: SS 433 VHE observations
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Fig. 1. Significance map, derived from the H.E.S.S. data, for the FoV
centred at the position of SS 433/W50 at E ≥ 287 GeV. GB6 4.85 GHz
radio contours (white, from Gregory et al. 1996) are superimposed.
Cyan circles indicate the positions of the interaction regions e1, e2, e3
(eastern “ear") and w1, w2 (western “ear"). The bright source located
north-west of SS 433 is MGRO J1908+06 (Abdo et al. 2007).

E ≥ 800 GeV; the latter allows for a comparison with previous
results on the source reported by the HEGRA (Aharonian et al.
2005) Collaboration. The results are summarised in Table 2. A
day-by-day analysis of the H.E.S.S. and MAGIC data sets was
also performed without any signature of significant emission,
which could suggest a flaring episode during the dates of ob-
servation.

The H.E.S.S. and MAGIC observations were used to com-
pute the differential flux upper limits for the VHE emission from
the central binary system at orbital/precession phases where ab-
sorption should be at its minimum. These limits were computed
through a maximum-likelihood ratio test applied to the com-
bined data sets obtained by both observatories. Events in the sig-
nal region (nON) and in the background control regions (nOFF)
from each instrument are collected in addition to the ratio of
the areas in the signal and the background regions (α), effec-
tive area (Aeff) and effective observing time teff corresponding
to the observations of each instrument. A likelihood profile is
then computed in each studied energy bin (∆Ei) for both the sig-
nal and background distributions. Systematic uncertainties are
accounted for through the inclusion of additional likelihood pro-
files for the distributions of α, Aeff , and energy resolution, as-
suming systematics at the level of δα = 10%, δAeff = 15%, and
δEi = 15% for the measurements of these quantities by each
instrument (Aharonian et al. 2006a; Aleksić et al. 2016). The in-
clusion of these systematics results in an enhancement by ∼15%
to 30% on the final combined differential flux upper limit val-
ues, depending on the studied energy bin. To obtain the final
combined differential flux upper limits, a likelihood ratio test is
employed assuming a given range of values for the normaliza-
tion factor of the gamma-ray differential spectrum, N0. From
the maximum of the likelihood profile, a 95% confidence in-
terval for the differential upper limit in each energy bin ∆Ei is
derived through dN/dE = N0 × E−Γ, where a fixed spectral in-

dex Γ = 2.7 was assumed. The final differential upper limits are
shown in Fig. 2, both for each instrument and the combined val-
ues, together with the Crab nebula flux, for reference, and the
theoretical predictions on the gamma-ray flux from SS433 ex-
pected at low-absorption precession phases Ψ ∈ [0.9, 0.1] by
Reynoso et al. (2008b).

Table 2. Integral H.E.S.S. and MAGIC flux upper limits derived for
SS 433 during low-absorption orbital/precessional phases and for the
eastern/western interaction regions indicated in Fig. 1 using all available
data. The results obtained with HEGRA (Aharonian et al. 2005) are also
included for comparison. Columns denote from left to right: the region
of study (with coordinates and extension radius for the interaction re-
gions) IACT instrument, effective exposure time, energy threshold for
the UL calculation, and integral flux UL computed at 99% C.L.

Region IACT teff 300 GeV UL 800 GeV UL
[h] [cm−2 s−1] [cm−2 s−1]

SS 433 HEGRA 96.3 – 8.9 ×10−13

RA = 19h 11m 50s H.E.S.S. 8.7 2.3 ×10−12 3.9 ×10−13

Dec = 04◦ 58’ 58” MAGIC 7.8 1.8 ×10−12 4.3 ×10−13

e1 HEGRA 72.0 – 6.2 ×10−13

RA = 19h 13m 37s H.E.S.S. 36.5 6.8 ×10−13 1.4 ×10−13
Dec = 04◦ 55’ 48”

(r = 0.05◦) MAGIC 7.8 1.6 ×10−11 1.9 ×10−12

e2 HEGRA 73.1 – 9.2 ×10−13

RA = 19h 14m 20s H.E.S.S. 34.8 6.0 ×10−13 1.3 ×10−13
Dec = 04◦ 54’ 25”

(r= 0.17◦) MAGIC 7.8 1.7 ×10−11 2.0 ×10−12

e3 HEGRA 68.8 – 9.0 ×10−13

RA = 19h 16m 04s H.E.S.S. 18.9 1.1 ×10−12 9.3 ×10−13
Dec = 04◦ 50’ 13”

(r = 0.25◦) MAGIC 7.8 8.7 ×10−12 6.1 ×10−13

w1 HEGRA 104.9 – 6.7 ×10−13

RA = 19h 10m 37s H.E.S.S. 62.5 2.2 ×10−13 4.0 ×10−14
Dec = 05◦ 02’ 13”

(r = 0.07◦) MAGIC 7.8 1.3 ×10−11 2.2 ×10−12

w2 HEGRA 100.7 – 9.0 ×10−13

RA = 19h 09m 40s H.E.S.S. 60.8 3.2 ×10−13 7.6 ×10−14
Dec = 05◦ 02’ 13”

(r = 0.07◦) MAGIC 7.8 1.4 ×10−11 2.6 ×10−12

4. Discussion

The H.E.S.S. and MAGIC observations reported here do not
show any significant signal of VHE emission from SS 433/W50.
The variable absorption of a putative VHE gamma-ray flux emit-
ted from the inner regions of the binary system, which could be
responsible for this non-detection, is accounted for in this study
by selecting observations corresponding to precession/orbital
phases where this absorption should be at its minimum. The
combination of the MAGIC and H.E.S.S. observations in ad-
dition provides a relatively wide coverage of the relevant pre-
cession phases from 2006 to 2011. If a long-term super-orbital
variability exists in SS 433 with timescales of ∼ few years, for
example related to a varying jet injection power or the chang-
ing conditions of the absorber in the surroundings of the central
compact object, such variability does not result in an enhance-
ment of the TeV flux up to the detection level of current IACTs.

While SS 433 remains undetected at VHE, the system dis-
plays non-thermal emission at lower energies along the jets
and/or at the SS 433/W50 interaction regions, which ensures
the presence of an emitting population of relativistic particles
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TeV sources: X-ray/gamma-ray binaries 
The two main scenarios for gamma-ray emission from binaries. 
Left: in the pulsar wind scenario, the variable emission arises 
from the interaction of the pulsar wind with the strong stellar 
wind of the companion star.   Right: in the micro-quasar 
scenario, the emission is powered by the accretion of the 
companion star onto the compact object (black hole or neutron 
star) giving rise to relativistic jets.   SS 433 is likely of the latter 
type. 



TeV sources: X-ray/gamma-ray binaries 
Fortunately SS 433 has been well studied at other energies. 
The jets and disk precess around an axis inclined about 79° to a 
line between Earth and SS 433.   The precessional period is 
around 162.5 days.  The precession means that the jets 
corkscrew through space in an expanding helical spray. 
The jets are mapped by the surrounding W50 supernova remnant 
(NRAO image below): 



TeV sources: X-ray/gamma-ray binaries 
HAWC finds that the TeV emission is consistent with the likely jet 
termination lobes, about 40 pc from the central source. The lobes 
of W50 are expected to accelerate charged particles.  Then what 
dominates the photon emission: electrons or protons?   Find 
some friends to plot the SED: 

13 Broadband Spectral Energy Distrib. of e1 

•  Leptonic: radio + X-ray photons are produced via synchrotron emission in a magnetic 
field and TeV γ rays observed by HAWC are produced via IC scattering of the same e-. 

 
•  Multiwavelength spectral fit (solid + dashed line) of leptonic scenario assumes 

                                
                    
                                                                          

in a magnetic field of strength B. We inferred Emax > 1 PeV. 

dN
dE

∝E−α exp( −E
Emax

),

K. Fang 



TeV sources: X-ray/gamma-ray binaries 
In summary: HAWC finds that the 
TeV emission regions are well 
separated from the micro-quasar at 
the likely jet termination shock/lobes 
(and overlap the X-ray emission) 
(Lower right) 
 
Key points: 
-   First time to resolve jet lobes 
    at such high energies 
-  TeV emission is not from the center 
    of the binary 
-  Leptonic scenario favored over 

pure hadronic scenario 

!13

SS 443*

Key points:
 - First time resolve jets 
at such high energies 
 - TeV emission from jet, 
not the center of the 
binary
 - Leptonic scenario 
favored over pure-
hadronic scenario

MGRO1908

* results are under embargo, please 
refrain from posting on social media

x-ray   
contours



What does the Universe look like at TeV energies?  
TeV gamma rays also allow a variety of fundamental science 
measurements.   Most of these are non-discovery including: Dark 
Matter, Axion Like Particles, …     As I prefer measurements: 
what do TeV gamma rays say about Extra-galactic Background 
Light (EBL)? 

formation using a set of recipes for gas accretion and cooling, star formation, stellar 
feedback, chemical enrichment, black hole growth and AGN feedback.  The evolving 
stellar population of these galaxies is used to predict their evolving unattenuated 
SEDs.  We use simple analytic recipes describing the absorption and re-emission of 
starlight by dust in the interstellar medium of galaxies to predict galaxy counts and 
luminosity functions from the far-ultraviolet to the sub-mm from redshift 5 to the 
present, and compare with an extensive compilation of observations [8,9].  

 

 
FIGURE 2. The EBL in the local universe compared with observations. The solid black curve is our 
fiducial SAM, based on WMAP5 cosmological parameters with an evolving dust attenuation model, 

and the purple dot-dashed curve is the same SAM with a non-evolving dust model.  The red short-long-
dashed curve is the result of our observational determination of the EBL [2], and the pink band shows 

the effect of uncertainties in the SED photometry and template fits, the K-band luminosity function 
used for normalization, and the extrapolation of SED-types to redshifts z > 1.  Two of our older models 
are shown for reference, our 2005 EBL model [14] (dotted), and the CΛCDM EBL from a 2008 version 

of our SAM [16] that used WMAP1 cosmological parameters with a non-evolving dust model (green 
dashed curve).  (This is Fig. 4 of [9], which gives complete references to the observations plotted.) 
 
We find that in order to reproduce the observed rest-UV and optical luminosity 

functions at high redshift, we must assume an evolving normalization in the dust-to-
metal ratio, implying that galaxies of a given bolometric luminosity (or metal column 
density) must be less extinguished than their local counterparts. In our model, all 
energy absorbed by dust is re-emitted at longer wavelengths, using dust emission 

Optical 



What does the Universe look like at TeV energies?  
EBL is  the accumulated radiation in the universe due to star 
formation processes, plus a contribution from active galactic 
nuclei (AGNs).   The direct measurement of the EBL is a difficult 
task mainly due to the contribution of zodiacal light, but … 

dN/dEobs = dN/dEint e-!(z,E)


" = optical depth

Limits on EBL: assumption 
on intrinsic spectrum

log E
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10.  This figure shows that gamma-ray telescopes with lower threshold energies will 
allow us to peer more deeply into the universe. In [19] we did an improved calculation 
for lower gamma-ray energies using a range of models of the hard-UV EBL evolution 
that exemplify the current range of uncertainty regarding the sources of ionizing 
radiation and taking into account the optical depth of the universe to ionizing 
radiation. 
 

 
FIGURE 6.  (Left Panel) Gamma ray attenuation for gamma rays of observed energy Eγ for sources at 

redshifts 0.03, 0.1, 0.25, 0.5, and 1, for our observational EBL (red long-short dash), our WMAP5 
Fiducial model (solid), and our WMAP5 SAM with a fixed dust model using the pre-Spitzer dust 

templates [20] that we used in earlier EBL calculations.  The plateau between 1 and 10 TeV at low 
redshifts is a consequence of the mid-IR velley in the EBL spectrum.  (Right Panel) Gamma Ray 
Attenuation Edge for the same models. The curves show the redshift at which the pair-production 

optical depth τ reaches the value 1, 3, or 10 as a function of observed gamma ray energy.  We have 
included thin lines to guide the eye at 50 and 100 GeV.  (Figures 8 and 9 of [9].) 

 
Both our observationally determined EBL (taking into account the uncertainties) 

and the EBL from our WMAP5 Fiducial SAM calculation are consistent with the 
lower limits from galaxy observations and the upper limits from non-attenuation of 
gamma-rays from distant blazars shown in Fig. 1.  In Fig. 7 we show that this is true 
for the two highest-redshift blazars detected by the MAGIC atmospheric Cherenkov 
telescope (ACT), and for known blazars from all ACTs.  

A detailed analysis of the EBL constraints available from all Fermi observations of 
blazars and GRBs was the subject of a recent paper by the Fermi collaboration [21].  
These limits do not constrain the UV flux in our EBL models [2,8,9,19].  However, 
the EBL models of [3] are ruled out at the 5σ level. 

 
 
 

No attenuation 



What does the Universe look like at TeV energies?  EBL LIMITS FROM GAMMA 
RAY OBSERVATIONS

Set of 106 VHE spectra 
from 36 objects 

!
• The reconstructed EBL 

intensity is preferred at the 
11 sigma level to the absence 
of gamma-ray absorption 

• Eight-point EBL spectrum 
covering the wavelength 
range from mid-UV to far 
IR.  

• The spectrum of the EBL 
based on gamma-ray 
observations is in good 
agreement with estimates 
based on galaxy counts

43

Biteau & Williams, 2015
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Observed SED attenuation in TeV gamma ray data are in good 
agreement with first principles EBL predictions. 



What does the Universe look like at TeV energies?  
In broad terms: what has been learned? 

•  TeV sources are dominated by: supernova remnants, X-
ray binary systems (with one evolved star and one black 
hole or neutron star), and Active Galactic Nuclei with a jet 
directed toward the Earth (aka blazars) … these are 
nature’s high energy accelerators! 

•  While Pulsar Wind Nebulae are well described by models 
accelerating electrons (e+/e-) to ~100 TeV energies, the 
court is still out on the question: are SNs responsible for the 
Galactic CRs? 

•  Not presented: HESS (Nature 2016) reports “Acceleration 
of PeV protons in the Galactic Center” and (Science 2018) 
“Multi-messenger observation of a flaring blazar coincident 
with high energy neutrino IceCube-170922A” support  
AGNs as responsible for (at least some of) the Extra-
Galactic CRs.  



 
 

Backup slides 



TeV sources: X-ray binaries 
Fortunately SS 433 has been well studied at other energies. 
The jets from the primary are emitted perpendicular to its accretion disk.  The jets and 
disk precess around an axis inclined about 79° to a line between Earth and SS 433. 
The angle between the jets and the axis is around 20°, and the precessional period is 
around 162.5 days.  The precession means that the jets corkscrew through space in an 
expanding helical spray. 
The jets are mapped by the surrounding W50 supernova remnant 
(NRAO image below): 



What does the Universe look like at TeV energies?  
What do TeV gamma rays say about Extra-galactic 
Background Light (EBL)?    EBL depends on the history of star 
formation …   Remember that we observed this starlight red 
shifted by the 1+z factor. 



What does the Universe look like at TeV energies?  

When asked: “why did you come to 
Albuquerque?” what comes to mind is the classic 
dialog from Casablanca …                          
  
Captain Renault: What in heaven's name brought you to 
Casablanca? 
Rick: My health. I came to Casablanca for the waters. 
Captain Renault: The waters? What waters? We're in 
the desert. 
Rick: I was misinformed. 
 
Seriously?   No … it was/is the sunshine and 
the unusually creative people in NM … 


