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My Postdoc with Trevor

• In 1992, while finishing my thesis, my friend Tim McKay (working on CASA-MIA) told 
me about a paper on the discovery of TeV gamma-rays from Mrk421.    Combined 
with a wonderful talk I had heard by Trevor on the Crab discovery, I remember at that 
moment deciding I must work for Trevor at Whipple! (When I arrived the signal 
disappeared).   

10/26/13 9:24 AMDetection of TeV photons from the active galaxy Markarian 421
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Nature 358, 477 - 478 (06 August 1992); doi:10.1038/358477a0

Detection of TeV photons from the active galaxy Markarian 421
M. PUNCH*†, C. W. AKERLOF‡, M. F. CAWLEY§, M. CHANTELL*, D. J. FEGAN†, S. FENNELL*†, J. A. GAIDOS∥, J. HAGAN†, A. M. HILLAS¶,
Y. JIANG*, A. D. KERRICK£, R. C. LAMB£, M. A. LAWRENCE*, D. A. LEWIS£, D. I. MEYER‡, G. MOHANTY£, K. S. O'FLAHERTY†, P.
T. REYNOLDS£, A. C. ROVERO*, M. S. SCHUBNELL‡, G. SEMBROSKI∥, T. C. WEEKES*, T. WHITAKER* & C. WILSON∥

*Whipple Observatory, Harvard-Smithsonian CfA, Box 97, Amado, Arizona 85645 USA
†Physics Department, University College Dublin, Belfield, Dublin 4, Ireland
‡Physics Department, University of Michigan, Ann Arbor, Michigan 48109, USA
§Physics Department, St. Patrick's College, Maynooth, County Kildare, Ireland
∥Physics Department, Purdue University, West Lafayette, Indiana 47907 USA
¶Physics Department, University of Leeds, Leeds LS2 9JT, UK
£Physics and Astronomy Department, Iowa State University, Ames, Iowa 50011 USA

PHOTONS of TeV energy have been observed from a few sources in our Galaxy, notably the Crab Nebula1. We
report here the detection of such photons from an extragalactic source, the giant elliptical galaxy Markarian 421.
Mk 421 has a nucleus of the BL Lacertae type2,3, and emission from it has been observed at radio4–6, optical3,6 and
X-ray6–8 frequencies, and most recently in the MeV-GeV bands, by the EGRET detector aboard the Compton
observatory9. In March–June 1992, we observed Mk 421 with the Whipple Observatory !-ray telescope10, a
ground-based detector that images Cerenkov light from air showers, and found a signal with statistical significance
of 6er above background. The flux above 0.5 TeV is 0.3 of that from the Crab Nebula. The source location agrees
with the position of Mk 421 within the angular uncertainty (6 arc minutes) of the Whipple instrument. The fact
that we have observed this relatively nearby source (redshift z = 0.031), whereas active galaxies and quasars that
are brighter at EGRET energies but more distant have not been detected in the TeV energy range, may be
consistent with suggestions11,12 that TeV photons are strongly attenuated by interaction with extragalactic
starlight.
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The Road

• I remember, after a quick lunch at Trevor’s home in Green Valley, I took my first ride 
up the mountain as Trevor’s new postdoc - white knuckled but trying to act calm.

• Trevor was very kind, and told me about all of the “head-to-heads” that occurred over 
the years and about the merits of having no guard rails, pointing all of the time to the 
steep drop-off - alternating between trying to put me at ease and to terrify me.

• I soon learned from TCW the great sport of terrifying newcomers with stories about 
wild animals, scary roads and other dangers.
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Working on the Ridge

• Many hazards working on the ridge - 

• Dismal coffee (also at Steward, made by Trevor out of residue of past pots 
and perhaps mouse droppings).

• German drivers, Irish drivers, French drivers (and second-hand smoke.)

• Cows and Javalinas in the road (Mark Chantel’s Saturn)

• Rattle snakes.

• Bears (Vampire Bears, in particlular)

• Mountain lions (especially fond of pouncing on new Irish students walking 
between dorm and 10m - according to TCW)

• The ghost of Geronimo (fond of slamming doors at 3:00 AM)

• The so-called 11m telescope.

• Killer deer. 

• Bas van’t Sant (biggest risk to Christians or cleaning crew).

• Arizona pack rats.

• Trevor’s wrath if potential observing time was lost.
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IACTs - the Past and Future!

• Since 1968 not much has changed - 10m DC telescopes still rule the gamma-ray sky!

10 METER GAMMA RAY – LARGE OPTICAL REFLECTOR 
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Collaboration with Trevor

• Trevor gave me a lot of freedom to work on science.   He also let me quit working on the 
11m telescope - a task he specifically hired me to work on!  (Would I let my own postdoc 
do that?).

• During my years in Tucson he and I worked closely on a number of topics:

• Origin of Cosmic Rays (following up on the exciting suggestion of Drury, Aharonian and 
Volk, indulging my obsession with IC443)

• Active Galaxies (we came up with the idea that it was time to turn away from EGRET 
sources to look at X-ray selected BL Lacs - some from an old Trevor source list)

• Optical/multiwavelength astronomy with the 48inch and 60inch (encouraging me and 
Julie to work on this)

• Coming from Chicago, I was somewhat obsessed with the idea of detecting dark matter from 
the GC - Trevor teased me ruthlessly, but must have really liked the idea.   My fascination 
with null results (from my early years with Trevor) keeps me interested in dark matter.
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The 11m

The collapse

I learned many lessons about hardware
and data analysis from our failures
as well as successes - importance of killing 
false signals, sometimes the importance of 
putting telescopes out of their misery (although 
divine intervention may be required)
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VHE Gamma-Ray Status

MAGIC
MILAGRO

VERITAS

H.E.S.S.
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VHE Gamma-Ray Status

MAGIC
MILAGRO
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M82

γ-rays from Starburst Galaxy
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VHE Gamma-Ray Status

MAGIC
MILAGRO

VERITAS

H.E.S.S.

M82

γ-rays from Starburst Galaxy

G106.3+2.7

Image of SNR molec 
cloud -π0 γ-rays ?

M87

γ-rays from <50 RG 

of Supermassive BH

Mrk421 4min bins
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Cherenkov Telescope Array CTA

First Science: ~2016
Completion:   ~2019

!"#$%&'#()*#$+++

Core-energy array:
23 x 12 m tel. (MST)

FOV: 7-8 degrees
best sensitivity

in the 100 GeV–10 TeV
domain

Low-energy section:
4  x 23 m tel. (LST)
(FOV: 4-5 degrees)
energy threshold
of some 10 GeV

High-energy section:
30-70 x 4-6 m tel. (SST)
-  FOV: ~10 degrees

10 km2 area at 
multi-TeV energies

• CTA is being built by an international consortium of ~1000 scientists -  Many Body Physics
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CTA-US Science
Simulated Galactic-plane Sky Map with Improved Angular Resolution, FoV, Sensitivity

Dark Matter
Digel, Funk and Hinton

(Buckley et al., APS whitepaper, 2008)

Fermi

Larger Redshifts and Rapid Transients

(JB 2011)
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CTA-US Science
Simulated Galactic-plane Sky Map with Improved Angular Resolution, FoV, Sensitivity

Dark Matter
Digel, Funk and Hinton

(Buckley et al., APS whitepaper, 2008)

CTA FOV

Fermi

Larger Redshifts and Rapid Transients

(JB 2011)
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CTA Site Selection
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Contained Events
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CTA-US

3/7/13 4 

SC-MST (Dual Mirror) DC-MST (Single Mirror) 

Gamma-ray Shower Image (E = 1 TeV) 

SLAC Cosmic Fronter Workshop 

3/7/13 5 

1 km 

CTA: Point-Source Sensitivity!

SLAC Cosmic Fronter Workshop 

Hybrid-1 (50 hr) 
Prod-1 Array I (50 hr) 

~2-3x improvement  
in core energy range 
from US contribution 

Prod-1 Array I 
3 LSTs 
18 MSTs 
56 SSTs 
Hybrid-1 
61 MSTs 

Prod-1: See K. Bernlohr et al. 2012, arXiv:1210.3503 
Hybrid-1: See  T. Jogler et al. 2012, arXiv: 1211.3181 

Fermi (3yr) 

3/7/13 6 

CTA: Angular Resolution!

SLAC Cosmic Fronter Workshop 

Hybrid-1  
SC-MST 

Hybrid-1  
DC-MST 

0.1° 

0.03° 
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Simulated Images
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SCT Prototype

• We are in the second year of a 3-year MRI grant to construct an SCT telescope 
SCT Prototype will be constructed at the VERITAS site, using old T1 pad.

SCT Prototype
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SCT Prototype

• 10m diameter, 2-mirror 
Schwarzshild-Couder optical 
design providing high angular 
resolution over an 8deg FOV

• Small plate-scale (f/0.58) new 
technology camera (with 11,000 
0.06 degree pixels) cost of ~$70 
per pixel.

• As SiPMs improve, could have 
the same light collection as a 
12m DC telescope.
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CTA Camera

!

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

Camera Modules

Monday, January 14, 2013

Electronics based on TARGET were 
developed by SLAC and U. Hawaii

J. Buckley                                  SCT Camera Status                                     UCLA, Jan 2013                                                      

PhotosensorsConcerns 3: PDE

• Losses in the blue are compensated by gains in the 

red

• But gains in the red bring along NSB photons

• Implementation of an IR cutoff is tricky, and cuts both 

signal and background

Sunday, October 21, 12

David Williams

CTA Consortium Meeting – Rome 2012

SiPM Concerns I: Pulse Shape

11

! NSB rates 20–40 MHz; ~25–50 ns separation between pulses

! Excelitas: ~10 ns

! Hamamatsu: ~100-150 ns but fast rise allows differentiation to get a fast output 

pulse: ~8 ns (at large cost in gain)

~8ns~120ns

MPPC + differentiator

(note: using 150MHz scope bandwidth)
‘raw’ MPPC pulse

Sunday, October 21, 12

Concerns 2: Crosstalk

• We worry about afterpulsing in PMTs at 10-3; effect of 

optical crosstalk is 10x larger.

• May not be a show stopper with the right trigger strategy

• Could be fatal with the wrong trigger strategy

• Trenches to reduce crosstalk available/coming from most 

manufacturers

OVop
OVmaxPDE

Sunday, October 21, 12

Multianode PMT
Hamamatsu

H8500-10x MOD8 = H10966B-10x 

• Familiarity of a PMT

• Adequate performance in most respects

• Disappointing PDE, but not as bad as we first 

thought

• Straightforward operation — except for channel 

suppression for stars

• 2” segment less than ideal for camera optics

• A safe fallback option

Sunday, October 21, 12

MAPMTs SiPMs

~1ns

MAPMT Pulse
SiPM Pulses (after preamp)

S11828-3344 MPPC 
(H8500-10x MOD8)

Currently, crosstalk (~10%

and pixel pitch are key

concerns)

Monday, January 14, 2013

Write Pointer Read Pointer

Outputs from

other Channels

L2 Triggers from

other

Telescopes

stop

ADCs

Camera Subfield

Pattern

Trigger (L2)

Timing and Read/Write Control

Switched Capacitor Array

Discriminator

Discriminator

Preamp

Photodetector

Signal

Array 

Trigger

(L3)
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Dark Matter
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Evidence for Dark Matter

mv2

r
=

GmM

r2

Beyond the stars, the enclosed mass M
should be roughly constant

v ∼ r−1/2
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Evidence for Dark Matter

mv2

r
=

GmM

r2

Beyond the stars, the enclosed mass M
should be roughly constant

v ∼ r−1/2

if ρ(r) ∼ r−2 then

mv2

r
=

Gm
� r
0 ρ(r�)d3r�

r2

v ∼ constant⇒
There appears to be a dark halo that extends
beyond the distribution of stars, with a mass
that exceeds that in stars by a factor of >10
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Dark Matter Intro

Ωχ ≈ 0.1
h2

�
3× 10−26cm3sec−1

�σv�

�

Gravitational effect of DM is visible in 
many astrophysical settings (needed to 
hold galaxies and clusters together)

Bullet cluster image shows gravitational 
mass inferred from lensing (blue) and X-
ray emission from baryonic matter (red).

Not modified gravity, not gas - dark matter 
behaves like weakly interacting particles

For a thermal relic of the big bang,
the larger the annihilation cross section
the longer the DM stays in equilibrium
and the larger the Boltzmann suppression
∼ e−mχ/kT before freeze-out.
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-Rays from DM Annihilation
EγΦγ(θ) ≈ 10−10

�
Eγ,TeV

dN

dEγ,TeV

� �
�σv�

10−26cm−3s−1

� �
100 GeV

Mχ

�2

� �� �
particle physics

J(θ)���� erg cm−2s−1sr−1

Particle Physics Input

γ
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-Rays from DM Annihilation
EγΦγ(θ) ≈ 10−10

�
Eγ,TeV

dN

dEγ,TeV
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10−26cm−3s−1

� �
100 GeV

Mχ
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-Rays from DM Annihilation
EγΦγ(θ) ≈ 10−10

�
Eγ,TeV

dN

dEγ,TeV

� �
�σv�

10−26cm−3s−1

� �
100 GeV

Mχ

�2
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particle physics

J(θ)���� erg cm−2s−1sr−1

Particle Physics Input

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

γ
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-Rays from DM Annihilation
EγΦγ(θ) ≈ 10−10

�
Eγ,TeV

dN

dEγ,TeV

� �
�σv�

10−26cm−3s−1

� �
100 GeV

Mχ

�2

� �� �
particle physics

J(θ)���� erg cm−2s−1sr−1

Particle Physics Input

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

J(θ) =
1

8.5 kpc

�
1

0.3 GeV/cm3

�2 �

line of sight
ρ2(l)dl(θ)

� �� �
astrophysics

Line-of-sight integral of ρ2 for a
Milky-Way-like halo in the VL Lactea II
ΛCDM N-body simulations (Kuhlen et al.)

Astrophysics/Cosmology Input

γ
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Galactic Center and Dark Matter

Whipple 10m

K
os

ac
k,

 e
t a

l. 
(2

00
4)

• EGRET: 3EG J1746-2851 (Hartman et al. 1999)

• Whipple 10m (1995-2003, LZA) - Evidence for GC at 3.7 std. 
dev., flat spectrum source (Kosack et al. ApJ, 608, L97 2004

• H.E.S.S. (2004-2006) - Now >60 std. dev, dN/dE~E-2.1 cutoff 
~15 TeV, no variability, within 15 arcsec Sgr A*?, PWN?  
diffuse emission from molec. clouds dN/dE~E-2.3 (Aharonian et 
al., 2004, A&A, 425, L13;  2006, Nature, 439, 695)

H.E.S.S.
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Dark Matter with CTApMSSM Model Exclusion!

3/7/13 SLAC Cosmic Fronter Workshop 14 

Constraints 
ΩDMh2 > 0.1 
XENON100 (2011) 
CMS+ATLAS (2012) 

tau channel 

bb channel 

(JB)

* A CTA like instrument with ~60 Mid-sized telescopes has the sensitivity to probe the natural 
cross section for WIMP annihilation from 100 GeV to 10 TeV 

(JB)
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Complementarity -SUSY scan (pMSSM)

18M. Cahill-Rowley et al. - 
Snowmass white paper

102 103

m(χ̃0
1) (GeV)

10−17

10−15

10−13

10−11

10−9

10−7

10−5

R
·σ

S
I

(p
b)

XENON1T
Survives DD, ID, and LHC
Excluded by LHC but not DD or ID

Excluded by DD and ID
Excluded by ID but not DD
Excluded by DD but not IDLUX

LZ

VERITAS

 CTA

CTA, DM and Snowmass 

• CTA would provide a powerful new tool for searching for WIMP dark matter.  The angular 
distribution would determine the distribution of dark matter in halos, and the universal 
spectrum would be imprinted with information about the mass and annihilation channels 
needed to ID the WIMP.

• A $20M DOE contribution (< a G2 DM experiment) would build the cameras, 2 times that 
from NSF would build the telescopes.
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US Contribution to CTA

US Contribution 

!  Total construction costs: ~$70M 
 
»  Cost per telescope: 2.4M$ 
»  DOE: cameras: 18.5M$ 
»  NSF-Phys: 37M$ 
»  NSF-Astr: 10M$ 

 
!  DOE groups led by SLAC & ANL 

 
!  Secondary optics: 
»  Reduction in plate-scale 
»  Use cheaper sensors and 
»  Improve angular resolution 

x 28 
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Conclusions
• In the field of gamma-ray astronomy, we are standing on the shoulders of giants...  

• The view from the top is always much clearer, and the roads are much smoother after the 
pioneers have paved the way!

• The climb is still steep, and one has to be careful not to look too far ahead, and keep an 
eye on your footing.
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Technical Details

Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area
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Technical Details

Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area

Camera (x 4)
499 PMTs, 3.5o FOV
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Technical Details

Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area

Mirror Facets (x 350)
Reflectivity ~ 88%
(Recoated every 2 years)

Camera (x 4)
499 PMTs, 3.5o FOV
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Technical Details

Stage et al. 2006

Telescope (x 4)
12-m diameter Davies-Cotton
 f 1.0, 110 m2 area

Mirror Facets (x 350)
Reflectivity ~ 88%
(Recoated every 2 years)

Electronics
500 Msp FADC, CFD trigger, 3-fold 
adjacent pixels and 2/4 telescope 
coincidence

Camera (x 4)
499 PMTs, 3.5o FOV
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TARGET Design Overview
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Shedding Light on Positrons

• Pamela excess implies a large radio synchrotron and inverse Compton signal, and a 
boost in secondary gammas from the GC that are not observed.

circumvent the helicity suppression of the annihilation
cross-section into light leptons, the neutralino can oscillate
with charginos !!, which themselves can preferentially
annihilate into leptons. The transition to a chargino state is
mediated by the exchange of a Z0 boson (mZ0 " 90 GeV,
"" 1=30), leading to a Sommerfeld enhancement. The
second model (hereafter model II) introduces a new force
in the dark sector [44]. The new force is carried by a light
scalar field # predominantly decaying into leptons and
with a mass Oð1 GeVÞ and coupling to standard model
particles chosen to prevent the overproduction of antipro-
tons. In such models, dark matter annihilates to a pair of #
scalar particles, with an annihilation cross-section boosted
by the Sommerfeld enhancement. The coupling " of the
light scalar particle # to the dark matter particle is deter-
mined assuming that !! ! ## is the only channel that
regulates the dark matter density before freezeout [98].

Figure 5 shows the VERITAS constraints for each of
these models, derived with the observations of Segue 1.
The dashed curves show the 95% CL exclusion limits
without the Sommerfeld correction to the annihilation
cross-section, whereas the solid curves are the limits
to the Sommerfeld enhanced annihilation cross-section.
The left panel of Fig. 5 shows the constraints on model I,
for the annihilation of neutralinos intoWþW& through the
exchange of a Z0 boson. The Sommerfeld enhancement
exhibits two resonances in the considered dark matter
particle mass range, for m! ’ 4:5 TeV and m! ’
17 TeV, respectively. VERITAS excludes these reso-
nances, which boost the annihilation cross-section far be-
yond the canonical h$vi" 3' 10&26 cm3 s&1. The right
panel of Fig. 5 shows the VERITAS constraints on model
II, for a scalar particle with mass m# ¼ 250 MeV. The
Sommerfeld enhancement exhibits many more resonances,

located at different dark matter particle masses and with
different amplitudes with respect to model I, because the
coupling and mass of the exchanged particle differ. Two
channels in which the scalar particle decays either to eþe&

or %þ%& have been considered. VERITAS observations
start to disfavor such models, especially for the eþe&eþe&

channel where some of the resonances are beyond h$vi"
3' 10&26 cm3 s&1. This result holds for # particle masses
up to a few GeV.

B. Model-independent constraints on the boost factor

In the previous section, we have explicitly constrained
the Sommerfeld boost factor to the annihilation cross-
section in the framework of two interesting models.
Here, an example of model-independent constraints on
the overall boost factor BF (particle physics and/or astro-
physical boost) as a function of the dark matter particle
mass is presented. The constraints are then compared to the
recent cosmic ray lepton data.
Following [99], we assume that dark matter annihilates

exclusively into muons with an annihilation cross-section
h$vi ¼ 3' 10&26 cm3 s&1. In such a case, we use the
dashed exclusion curve of Fig. 3 (right) to compute
95% CL limits on BF. Figure 6 shows the 95% CL ULs
on the overall boost factor BF. The blue and red shaded
regions are the 95% CL contours that best fit the Fermi-
LAT and PAMELA eþe& data, respectively. The grey
shaded area shows the 95% CL excluded region derived
from the H.E.S.S. eþe& data [99]. The black dot is an
example of a model which simultaneously fits well the
H.E.S.S., PAMELA and Fermi-LAT data. The VERITAS
VHE &-ray observations of Segue 1 rule out a significant
portion of the regions preferred by cosmic ray lepton data.
However, the electron and positron constraints depend on

FIG. 5 (color online). 95% CL exclusion curves from the VERITAS observations of Segue 1 on h$vi= !S as a function of the dark
matter particle mass, in the framework of two models with a Sommerfeld enhancement. The expected Sommerfeld enhancement S
applied to the particular case of Segue 1 has been computed assuming a Maxwellian dark matter relative velocity distribution. The grey
band area represents a range of generic values for the annihilation cross-section in the case of thermally produced dark matter. Left:
model I with winolike neutralino dark matter annihilating to a pair of WþW& bosons. Right: model II with a 250 MeV scalar particle
decaying into either eþe& or %þ%&. See text for further details.
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Figure 3: We compare the region favored by PAMELA (green bands) and ATIC (red regions

within the bands) with the bounds from HESS observations of the Galatic Center [29] (blue

continuous line), Galactic Ridge [41] (blue dot-dashed), and SgrDwarf [42] (blue dashed) and

of observations of the Galactic Center at radio-frequencies ν = 408 GHz by Davies et al. [51]

(red lines) and at ν ∼ 10
14

Hz by VLT [52] (upper purple lines, when present, for equipartition

and constant magnetic field). We considered DM annihilations into e+e− (left column), µ+µ−

(middle), τ+τ− (right), unity boost and Sommerfeld factors and the NFW (upper row), Einasto

(middle), isothermal (lower) MW DM density profiles and the NFW (upper), large core (middle

and lower) Sgr dSph DM density profiles.

12

Radio Synchrotron and gamma-ray IC limits for 
Pamela scenario (Bertone, Cirelli, Strumia and 
Taoso, arXiv:0811.2744v3).  Note: Radio bounds 
are sensitive to assumptions about B-fields and 
diffusion, may be optimistic.

VERITAS Segue Limits with Sommerfeld Enhancement
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Gamma-Ray Sensitivity
CTA covers the high-mass WIMP space

•SS

16S. Funk CF6 parallel talk
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A Typical Source
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IACT Arrays
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IACT Arrays

• Stereoscopic reconstruction provides point of origin of gamma-rays from 
intersection of images (like convergence of lines of perspective)
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IACT Arrays

• Stereoscopic reconstruction provides point of origin of gamma-rays from 
intersection of images (like convergence of lines of perspective)

• Images also converge on impact point on the ground, together with 
multiple samples of total light providing corrections for the Cherenkov 
light lateral distribution and good calorimetry
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CTA-US Angular Resolution
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Snowmass Tough Questions

``Can dark matter be convincingly discovered by indirect searches given astrophysical and 
propagation model uncertainties? Do indirect searches only serve a corroborating role?’’

• The primary astrophysical uncertainties 
come for gamma-ray production come from 
uncertainties in the halo model.  But even 
with uncertainties, the limits still reach the 
natural decoupling cross section.

• An annihilation line in the gamma-ray 
spectrum would also provide a smoking gun 
signature (if detected at high significance!).

• Neutrinos from DM annihilation in the sun 
would be a smoking gun signature.

• Wouldn’t a hint of a signal of, say 20 TeV 
neutralinos provide important guidance for 
the Energy Frontier, and motivate a new 100 
TeV accelerator?

GC Limits!

3/7/13 12 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

SLAC Cosmic Fronter Workshop 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

bb Channel tau Channel 

500 hour exposure and 3 sigma detection threshold 
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Snowmass Tough Questions
``Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy 
to make progress in a project such as CTA which is in new territory as far as backgrounds go? How can we believe the limit 
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them? 
What would it take to convince ourselves we have a discovery of dark matter?’’

Cosmic Frontier Workshop | CF2 | SLAC | March 6, 2013J. Siegal-Gaskins

The multiwavelength inner galaxy

16

Aharonian et al. 2006 

©!2006!Nature Publishing Group!

!

model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.

LETTERS NATURE|Vol 439|9 February 2006

696

VLA @ 330 MHz HESS > 380 GeV 

CTA (5yr, 0.05◦-0.14◦)

Dwarf galaxies have almost no known astrophysical backgrounds, for backgrounds the GC is worst case.   HESS provides 
the best data on the GC (below, with point source at Sgr A* subtracted).   Better angular resolution can reduce the 
background from the tail of the PSF function, which dominates over other sources in the plane

Point source 
contamination with 
improving angular 

resolution
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Snowmass Tough Questions
``Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy 
to make progress in a project such as CTA which is in new territory as far as backgrounds go? How can we believe the limit 
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them? 
What would it take to convince ourselves we have a discovery of dark matter?’’

Backgrounds get lower at higher energies, but even at 1-3 GeV with no background subtraction get a limit 

                      
 (Tim Linden, SLAC CF meeting)

within 1◦ ∼ 1× 10−7cm −2 s −1 ⇒ �σv� = 1.6× 10−25 cm 3s−1

Unlike other astrophysical sources, would see a universal hard spectrum (typically harder by ~E0.5) with a sharp cutoff.  The 
spectral shape would be universal:  the same throughout the GC halo, in halos of Dwarf galaxies, with no variability.   
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 Particle Accelerators

Black hole extended horizon or accretion disk - 
conductor spinning in a magnetic field - 1020 V 

Generator! (Blandford, Lovelace)

Gamma-ray observations provide
direct evidence for acceleration of charged 

particles up to >tens of TeV in SNR
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Targets?

The sun or earth is 
sometimes the fixed 

target!

Modern accelerators use colliding beams for higher cm energy 
- dark matter halos are matter-antimatter colliding beams!

Molecular clouds can be the 
target

CMB photons and primordial starlight are also targets for 
high energy cosmic particles
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Synchrotron Radiation
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

• Circular motion implies 
acceleration giving radiation
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

• Circular motion implies 
acceleration giving radiation

• The emitted “synchrotron radiation” 
is very different than thermal 
radiation, having a very broad 
spectrum that can span radio to X-
ray wavelengths
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

• Circular motion implies 
acceleration giving radiation

• The emitted “synchrotron radiation” 
is very different than thermal 
radiation, having a very broad 
spectrum that can span radio to X-
ray wavelengths
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Synchrotron Radiation

• Particles are deflected by magnetic 
fields, causing them to gyrate in 
circles.

• Circular motion implies 
acceleration giving radiation

• The emitted “synchrotron radiation” 
is very different than thermal 
radiation, having a very broad 
spectrum that can span radio to X-
ray wavelengths
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Pion Production

• Protons and other nuclei like bags of quarks, interact by radiating and exchanging 
gluons.   Neutral or charged pions can be formed in interactions.
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Pion Production

• Protons and other nuclei like bags of quarks, interact by radiating and exchanging 
gluons.   Neutral or charged pions can be formed in interactions.
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Pion Production

• Protons and other nuclei like bags of quarks, interact by radiating and exchanging 
gluons.   Neutral or charged pions can be formed in interactions.
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Annihilation Channels

Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

Text

p, e, γ, ν
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Annihilation Channels

Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

Text

p, e, γ, ν

internal/final state bremms
inverse Compton γ’s
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φ φ φ

Annihilation Channels

Annihilation Channel Secondary Processes Signals Notes

χχ→ qq̄, gg p, p̄, π±, π0 p, e, ν, γ
χχ→ W+W− W± → l±νl, W± → ud̄→

π±, π0
p, e, ν, γ

χχ→ Z0Z0 Z0 → ll̄, νν̄, qq̄ → pions p, e, γ, ν
χχ→ τ± τ± → ντe±νe, τ →

ντW± → p, p̄, pions

e, γ, ν

χχ→ µ+µ− e, γ Rapid energy loss of

µs in sun before

decay results in

sub-threshold νs

χχ→ γγ γ Loop suppressed

χχ→ Z0γ Z0
decay γ Loop suppressed

χχ→ e+e− e, γ Helicity suppressed

χχ→ νν̄ ν Helicity suppressed

(important for

non-Majorana

WIMPs?)

χχ→ φφ̄ φ→ e+e− e± New scalar field with

mχ < mq to explain

large electron signal

and avoid

overproduction of

p, γ

1

χ0 q

χ0

p

π0

K

q̄

π+

γ

γ

1

χ0

H+

χ+

χ0

χ+

γ

χ+

γ

1

Text

p, e, γ, ν

internal/final state bremms
inverse Compton γ’s
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Halo UncertaintiesMW Density Profile!

3/7/13 11 

150 pc 15 pc 

Search Region 

1.0° 0.1° 

SLAC Cosmic Fronter Workshop 

GC Limits!

3/7/13 12 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

SLAC Cosmic Fronter Workshop 

Cored Isothermal 
NFW 
Einasto 
Einasto (CU10) 

bb Channel tau Channel 

500 hour exposure and 3 sigma detection threshold 
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Parameter Definition 
Parameter \ OS Name Schwarzschild-Couder (SC) 
Schwarzschild aplanat q 2/3 
Schwarzschild aplanat a 2/3 
Focal Length (F) [m] 5.5863 
Aperture [m] 9.6638 
f/# [1] f/0.5781 
Primary Radius max [m] 4.8319 
Primary Radius min [m] 2.1935 
Secondary Radius max [m] 2.7081 
Secondary Radius min [m] 0.3950 
Effective light collecting area /unvignetted [m2] 50.31 
Unvignetted Size [deg] 3.50 
Effective light collecting area at FOV edge [m2] 47.73 
Vignetting at the FOV edge [%] -5.17 
Primary projected area [m2] 58.23 
Secondary projected area [m2] 22.55 
Design FOV [deg] 8.00 
Design FOV solid angle [deg2] 50.35 
Ideal PSF at the FOV edge (2MAX {RMS}) [arcmin] 3.81 
M1 to M2 separation [m] 3/2 * F 
M2 to camera separation [m] 1/3 * F 
Shadowing by the OSS Less than 12% 
Vignetting by the OSS TBD 

 
 
 
 

Parameter Definition 
Parameter \ OS Name Schwarzschild-Couder (SC) 
FOV [deg] 8.00 
FOV solid angle [deg2] 50.35 
Camera FP diameter [m] 0.78 
FP plate scale [mm/arcmin] 1.625 
FP plate scale [microns/arcsec] 27.083 
FP figure Parabolic 
FP sag at the FoV edge [mm] -22.00 
Characteristic photon incidence angle [deg] 51.25 
FP figure constants See [4] 
FP distortion constants See [4] 

 
 
 

Table 1. Main parameters of the SCT OS designed to provide 8 degree FoV.  

Table 2. Main parameters of the SCT OS focal plane  


