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LHAASO:  ~ 2 photon / minute @ 100 TeV

1 photon/m2/s/sr

gamma rays are not deflected by B-field
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The power-law nature of diffuse photons and cosmic rays
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Adapted from G. Di Sciascio  
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CTA & LHAASO

To improve CTA LHAASO

High energy coverage Footprint / Effective area Footprint / Effective area

Low energy coverage Collecting area (reflector size) WCDA (larger PMT?)

Angular resolution Imaging capability (optical PSF) / Large FoV Timing? 

Energy resolution Event containment Dense detectors? WFCTA?

Field of view (FoV) Large camera / Optical design Northern sky (zenith>?)

Adapted from Vassiliev 
Gernot Maier  |  Imaging Atmospheric Cherenkov Telescopes |  Jun 2011 

Lateral distribution of Cherenkov photons on the ground

typical mirror area: 100 m2

Maier 13
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Schwarzschild-Couder Telescope (SCT)

• Aplanatic - correct for spherical aberration and 
coma - good optical PSF on and off axis 

• Design requires: large collection area & large 
FoV (étendue), small plate scale.  

• Schwarzschild 1905

Vassiliev, Fegan, & Brousseau Astropart.Phys.28:10-27,2007
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Signal:
γ-ray 

Shower
Energy:        

1 TeV

Background:
Proton 
Shower
Energy:        
3.2 TeVDual-Mirror

SCT

8° FoV 
11,328 
0.067° pixels

Single-Mirror
MST

8° FoV 
1,570
0.18° pixels

SCT Design Advantage



�7
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Prototype SCT (pSCT) inauguration (Jan 17, 2019)
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Mirror Panel Modules (MPMs) Overview

80 edges on M1 to align; 
48 Steward platforms (SPs); 
288 Actuators;  
208 Mirror panel edge sensors (MPESes).

40 edges on M2 to align;  
24 SPs; 
144 Actuators;  
104 MPESes.

~9.6 m with a  
4.3 m hole ~5.4 m

48 Primary Mirror Panels
24 Secondary Mirror Panels
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Webcam

Laser

Panel-to-Panel Alignment System 
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Global Alignment System 
SC-MST as a candidate for the CTA: development of the optical alignment system D. Nieto

Figure 1: Left: Schematic description of the global alignment subsystem showing all relevant
devices. AC stands for autocollimator, SP stands for Stewart platform, and PSD stands for position-
sensitive device. Right: Reconstructed tilt from a prototype autocollimator placed 8 m from a 5 cm
circular mirror mounted on a tilt stage.

The global alignment system is designed to continuously measure relative positions of the
main optical elements of the telescope, M1, M2 and the camera focal plane, as well as to detect
large-scale spatial perturbations of the M1 and M2 figures. The panel-to-panel alignment system is
designed to effectively detect and correct for misalignment between neighboring panels as well as
to continuously monitor the alignment of the optical surfaces’ figures. The integration of both sys-
tems will ensure the aforementioned sub-millimeter and sub-milliradian precision in the alignment
and positioning of the pSCT’s main optical elements.

3. Global alignment system

The global alignment system for the pSCT consists of CCD cameras imaging LEDs to mea-
sure the relative translations between M1, M2, and the gamma-ray camera, and autocollimators to
measure the tilts of M1 and M2 (see Fig. 1, left panel, for a schematic view). Prototypes of all of
the components have been built and tested.

The performance of the translation measurement system was tested as follows. A set of six
LEDs were arranged on a panel in a configuration similar to what will be used on the pSCT. The
LEDs were imaged with a CCD camera, roughly 8 meters away, which was moved along the line
between the LED panel and the camera. An image was acquired at each position and the position of
the LED panel was reconstructed from the known relative positions of the LEDs and their positions
as measured on the image. The reconstruction uses a forward folding technique to iteratively derive
the translation and rotation that provide the best fit to the LED positions measured on the image.
We note that the focal length of the camera’s lens is a critical parameter in the reconstruction. The
Fujinon lenses used have a manufacturing tolerance of 5%, so we measured the lens focal length.
A temperature sensor will be mounted on each camera to allow correction of any temperature
dependence of the focal length.

3

Global alignment system (GAS)

Aim point

All units in mm

36
0

36
0

LED (6)

LEDs #3 and #4 are on 
outer edge of panel closest 
to corner as possible

LED #1

#2

#4 #3

#5

LED#6

x

y

Crown point

3 Primary + 3 Secondary GAS panels with LEDs imaged by CCD cams; 
1 Primary + 1 Secondary GAS panel with a mirror for the autocollimator. 

Primary GAS panel
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Pointing Correction with a CCD Sky Camera

astrometry.net

Steward Platform:  
6 actuators controlling the 
6 degree of freedom of the 

motion of any panel. 

Solving starfield gives the actual 
pointing of the telescope. 
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Gamma-Ray Camera
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VERITAS Observatory Overview
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• Study very-high-energy (~85 GeV to ~30 TeV) γ-rays from astrophysical sources
• Full-scale operations since 2007; Major upgrade completed in 2012
• Good-weather data / yr: ~950 h in “dark time” + ~250 h in “bright moon” (illum. >30%)  

Upgraded in Summer 2012

Relocated in Summer 2009 

Commissioning since 2017pSCT commissioning since 2017

• Sensitivity: 1% Crab in <25 h 
• Angular resolution: r68% ~ 0.08°@ 1 TeV  
• Energy resolution: ~17% 

• Energy Threshold: ~85 GeV 
• Spectral reconstruction > 100 GeV 
• Systematic errors: Flux ~20%; Γ ~ 0.1 



Dole 2006
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EBL absorption using Dominguez 
et al., 2011, MNRAS, 410, 2556

Extragalactic Sensitivity & 
Extragalactic Background Light (EBL)

19.07.2017ICRC 2017Elisa Pueschel 

Extragalactic Light Imprint on Blazar Spectra

8
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Constraints on Extragalactic Background Light 
with VERITAS Blazar Observations
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• Interaction of EBL-VHE photons results in attenuation above 100 GeV 

�17

Dole 2006

Minimal assumptions on intrinsic spectral properties 
1. No convex spectral shapes  

2. Extrapolate Fermi-LAT spectra to > 100 GeV 

4 The VERITAS Collaboration et al.
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Fig. 2.— Multiwavelength emission of PKS 1441+25. Side panels show the X-ray (top) and gamma-ray emission (bottom) in April 2015
(MJD 57133-57140). The various exposures and the model are discussed in Sec. 2 and 3, respectively.

36.2± 0.1% between MJD 57133 and MJD 57140.

The OVRO 40-m telescope (Richards et al. 2011) has

monitored PKS 1441+25 at 15GHz since late 2009. A

15GHz VLBA image obtained by the MOJAVE program

(Lister et al. 2009) on 2014 March 30 (MJD 56381) shows

a compact core and a bright, linearly polarized jet fea-

ture located 1.2milliarcsec downstream, at position angle

�68
⇤
. Both features have relatively high fractional po-

larization (⇤ 10%), and electric vectors aligned with the

jet direction, at an angle of 102
⇤
similar to that measured

by SPOL, indicating a well-ordered transverse magnetic

field. The fractional polarization level of the core fea-

ture is among the highest seen in the MOJAVE program

(Lister et al. 2011).

The 2008-2015 observations of PKS 1441+25 shown in

Fig. 1 reveal a brightening of the source in the radio,

optical, and HE bands starting around MJD 56900. A

simple Pearson test (see caveats in Max-Moerbeck et al.

2014a) applied to the radio and HE long-term lightcurves

shows a correlation coe⇤cient r = 0.75 ± 0.02, di⇥ering
from zero by 5.4⇤ based on the r-distribution of shu⌅ed

lightcurve points. Similarly, the analysis of the optical

and HE lightcurves yields r = 0.89± 0.02, di⇥ering from

zero by 4.8⇤. The discrete correlation functions display

broad, zero-centered peaks with widths of ⇤ 100 days, in-

dicating no significant time lags beyond this time scale.

During the period marked by gray dashed lines in Fig. 1,

observations on daily timescales from optical wavelengths

to X-rays reveal fractional flux variations smaller than

25%, compatible with the upper limits set by Fermi-LAT
and VERITAS (30% and 110% at the 95% confidence

level, respectively). Such flux variations are small with

respect to the four orders of magnitude spanned in ⇥F� ,

enabling the construction of a quasi-contemporaneous

spectral energy distribution in Sec. 3.

3. EMISSION SCENARIO

The spectral energy distribution, with the X-ray-to-

VHE data averaged over the active phase in April 2015

(MJD 57133-57140), is shown in Fig 2. The optical-to-

X-ray spectrum is well described by a power law with

photon index � = 2.29 ± 0.01 from 2 eV to 30 keV, in-

cluding a 10% intrinsic scatter in the fit procedure that

accounts for the small-amplitude optical-to-UV variabil-

ity. This spectrum suggests a single synchrotron compo-

nent peaking below 2 eV ⇤ 5 ⇥ 10
14

Hz, created by an

electron population of index p = 2� � 1 ⇤ 3.58 ± 0.02.
As expected in FSRQs (Fossati et al. 1998), the emission

of PKS 1441+25 is dominated by the gamma-ray com-

ponent, well-described by a single component peaking at

3.3+1.8
�1.1 GeV.

The detection of gamma rays up to 200GeV, about

400GeV in the galaxy’s frame, suggests that the emit-

ting region is located beyond the BLR, or else pair pro-

duction would suppress any VHE flux even for a flat

BLR geometry (Tavecchio & Ghisellini 2012). The el-

evated radio state, correlated with the optical and HE

brightening, also suggests synchrotron emission outside

of the BLR where synchrotron self-absorption is smaller.

The hypothesis of large-scale emission is strengthened by

the week-long duration of the optical-to-gamma-ray flare.

This behavior contrasts with other observations of bright

FSRQs, displaying di⇥erent flux variations at di⇥erent
wavelengths (e.g. Abdo et al. 2010), more in line with

multi-component scenarios. The flare of PKS 1441+25

appears to be one of the few events whose detailed tem-

poral and spectral multiwavelength features are consis-

tent with the emission of a single component beyond the

BLR.

The BLR size can be derived using the estimated black-

hole mass, MBH = 10
7.83±0.13M⇥ (Shaw et al. 2012),

assuming rBLR ⌅ 10
17

cm ⇥
�
Ldisk/1045 erg s

�1
(Kaspi

et al. 2007) and an accretion disk luminosity that is a

fraction � = 10% of the Eddington luminosity. Alterna-

tively, Ldisk can be estimated from the BLR luminosity as

Ldisk ⌅ 10 ⇥ LBLR, with LBLR = 10
44.3

erg s
�1

(Xiong

& Zhang 2014). Both estimates yield rBLR ⌅ 0.03 pc,

Abeysekara+ 2015, arXiv: 1512.04434

• Single source constraints: 
A quasar half a Universe away: 
PKS 1441+25 @ z = 0.939 !

https://arxiv.org/find/astro-ph/1/au:+Abeysekara_A/0/1/0/all/0/1


Constraints on Extragalactic Background Light 
with VERITAS Blazar Observations
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• Interaction of EBL-VHE photons results in attenuation above 100 GeV 
• VERITAS long term program on extreme blazars exhibiting high-energy spectrum with no 

evidence of a cutoff up to a few TeV 
• Model-independent upper limits on EBL spectrum from 8 VERITAS blazars =>       

galaxy surveys have resolved most of the sources of the EBL at these wavelengths 
• VERITAS fills a unique niche with observations of extreme blazars at nearby to moderate 

redshift (0 < z < 0.3), great for probing the longer wavelength EBL, complimentary to 
Fermi-LAT, with better sensitivity than HAWC 

�18
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Extragalactic Background Light with VERITAS
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HBL

FSRQ
LBL

IBL

<1014Hz

1014-1015Hz

>1015Hz

VERITAS >85 GeV

LHAASO ~>200 GeV

Blazar sequence & population study

Fossati et al. 1998
14 selected VERITAS HBL

Broderick et al. 2018

• Complete sample of local (z~<0.1) TeV 
emitting AGN (new, extreme HBLs?).  

• Luminosity function, diffuse gamma-ray 
background, baseline for testing for evolution. 

• Spectral curvature, EBL constraint



M. Santander - VERITAS Observations of the BL Lac object TXS 0506+056 - Paper walkthrough -  May 22, 2018

2.3 Fermi-LAT observations

11

TXS 0506+056: The "Neutrino Blazar"

�20

SED Modelling examples

Gao+ 18
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• Hard X-ray is VERY constraining 
(Emission from Bethe-Heitler pairs 
cannot exceed the observed flux)  

• EBL absorbs ALL emission > TeV

• z = 0.34
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Fig. 4.— The 95% CL upper limits on the cascade fraction fc as a function of IGMF strength,

for different assumptions about the intrinsic spectrum of 1ES 1218+304 and for two different EBL

models.
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Source name z Γ Cutoff T [min] Nexcess σdetect p− value

Mrk 421 0.031 1.772±0.008 Y 2269 21388 185.3 0.19
Mrk 501 0.034 1.716±0.016 Y 1389 7339 94.8 0.38

VER J0521+211 0.108 1.923±0.024 Y 990 649 23.2 0.31

H 1426+428 0.129 1.575±0.085 Y 1586 659 7.6 0.95
1ES 0229+200 0.139 2.025±0.150 N 3634 810 10.3 0.30

1ES 1218+304 0.182 1.660±0.038 N 3481 3420 35.5 0.52
PG 1553+113 0.4-0.6 1.604±0.025 ? 4502 4852 46.0 0.003

Table 1: Source properties. Column 1: Source name. Column 2: Redshift. Column 3: Assumed

intrinsic spectral index (given by the Fermi–LAT measured index (Ackermann et al. 2015)). Col-

umn 4: Indication of presence of a intrinsic spectral cutoff or break. Column 5: Exposure time.

Column 6: Number of excess events. Column 7: VERITAS detection significance. Column 8:

Probability that the θ2 histograms in data and simulation are drawn from the same distribution.
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Fig. 1.— Comparison between the angular profiles of Mrk 501 and 1ES 1218+304 and their

simulated counterparts. The results of a χ2 probability test are shown in Table 1 for all sources.
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Fig. 3.— The left panel shows the dependence of the width of the simulated angular distribution

on the cascade fraction fc for 1ES 1218+304. This is compared against the width of the angular

distribution measured in data, wdata.

VERITAS Collaboration 2017 ApJ: arXiv:1701.00372

• For IGMF 10-16 G — 10-12 G, pair halos for blazars 
(z: 0.1 – 0.2) are detectable by current IACTs 

• Tested for extended emission around 7 hard-
spectrum blazars

• No deviation from simulated instrument PSF
• Exclude IGMF strengths around ~10-14 G at 

95% confidence level
�21

Constraints on Intergalactic Magnetic Field with 
VERITAS Blazar Observations
e+

e—

>TeV 𝜸

EBL 𝜸

CMB 𝜸
GeV-TeV 𝜸



M 82:  A TeV Starburst Galaxy
● VERITAS detected M82 in 2009 (~3.7 Mpc). 
● Among weakest-ever VHE sources, 0.9% Crab
● No clear determination of the origin of the VHE emission

● VERITAS has since undergone two upgrades
● The exposure on M82 has increased: ~137 hours → ~240 hours
● We have deployed new analysis methods => improved low energy reconstruction 

Preliminary
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=>
Better sensitivity + energy 

resolution will help!
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Local Cosmic-Ray Sources

M. Aguilar et al. (AMS Collaboration)
Phys. Rev. Lett. 110, 141102 (2013)

AU Abeysekara et al (HAWC Collaboration)
Science 358, 6365, 911, 2017

Can local PWN explain the positron excess?
HAWC says no (PSF limited), 
VERITAS is trying at lower energy (FoV limited), 
CTA/LHAASO will improve both.

AU Abeysekara et al (HAWC Collaboration)
Science 358, 6365, 911, 2017

=>
Better angular 

resolution + larger 
FoV will help!

https://link.aps.org/doi/10.1103/PhysRevLett.110.141102
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Supernova remnants

Potential accelerators of 
Galactic cosmic ray particles

Shock structure (e.g. X-ray)

Young SNRs 

e.g. Tycho (~444 yr)

Both leptonic and hadronic 
models can describe the 
gamma-ray SED

�24

6 The VERITAS Collaboration
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VERITAS - this work

Fig. 4.— VERITAS spectra. The previous result is plotted as
black empty circles and the result of the present study is shown
with filled red circles. Flux errors were calculated from error prop-
agation of the fitting function and drawn as a 1� error band around
the data points.

The updated spectrum using all data is consistent447

with a power-law dN/dE = N0(E/1 TeV)�� with a448

normalization factor N0 = (2.2 ± 0.5stat ± 0.6sys) �449

10�13 cm�2 s�1 TeV�1 and a spectral index � = 2.92±450

0.42stat ± 0.20sys. The reduced chi-square of the fit is451

1.34 (4.01/3). Above 7.5 TeV, the gamma-ray excess has452

a significance of ⇥ 1�, and a 99% confidence level upper453

limit of 2.5 � 10�15 cm�2 s�1 TeV�1 was obtained by454

Rolke’s method (Rolke et al. 2005) calculated with an455

index of 2.9. The reduced significance of the data point456

at 10 TeV compared to the previous result is likely due457

to a statistical fluctuation. Figure 4 shows the spectral458

analysis from this study in comparison with the previous459

result.460

Previous results reported a spectrum consistent with461

a power-law distribution with a spectral index of 1.95±462

0.51stat±0.30sys for energies higher than 1 TeV. The up-463

dated result extends the measurement to lower energies,464

which was enabled by the camera upgrades of the VER-465

ITAS telescope. Flux measurements of the wider energy466

range extending from 400 GeV to 10 TeV reveal a softer467

index than previously reported.468

4. DISCUSSION469

Figure 5 shows the updated gamma-ray SEDs overlaid470

with the existing theoretical models. Morlino & Capri-471

oli (2012) took a semi-analytical approach to explain the472

morphology and flux of the multi-wavelength spectrum473

of Tycho from radio up to TeV energies, assuming that474

Tycho exploded in a homogeneous circumstellar medium.475

They postulate a distribution of high-velocity scattering476

centers throughout the cosmic-ray precursor and no mo-477

tion in the downstream region, leading to a significant478

reduction in the compression ratio experienced by ener-479

getic particles and consequently to a soft power-law spec-480

trum with a spectral index of 2.2. Berezhko et al. (2013)481

explained the GeV-TeV flux by hadronic emission from482

a two-component medium, comprising a warm di⇥usive483

ISM and cold dense cloud clumps. Gamma-ray emission484

from these two media with di⇥erent densities was used485

to obtain a gamma-ray spectral index of 2.0 in both the486

GeV and TeV range. Zhang et al. (2013) suggested that487
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Fig. 5.— Fermi and VERITAS SEDs with theoretical models.
Filled red squares show the Fermi results and filled red circles show
the VERITAS results from this study. The models discussed in
the text appear as the solid red line (prefered model A from Slane
et al. (2014)), the magenta short broken dashed line (Berezhko
et al. 2013), the blue large broken dashed line (Zhang et al. 2013),
the green dashed line (Morlino & Caprioli 2012), the cyan dotted
line (the leptonic model from Atoyan & Dermer (2012)), and the
brown double-broken dashed line (Morlino & Blasi (2016) with a
neutral fraction of 0.6).

the gamma-ray emission arises from cosmic-ray interac-488

tions with a cloud of density of 4–12 cm�3, with an ex-489

plosion energy conversion e⇤ciency of 1%. While these490

models explained the gamma-ray emission via hadronic491

processes, Atoyan & Dermer (2012) attempted to explain492

it with a pure leptonic model by introducing two emission493

zones with di⇥erent properties. They argued that a real-494

istic description of the non-thermal emission from a rem-495

nant with a spatially non-uniform magnetic field should496

at least consider two di⇥erent emission zones with dif-497

ferent magnetic fields and densities. Slane et al. (2014)498

provided the most detailed study, with a full hydrody-499

namic simulation including non-linear di⇥usive shock ac-500

celeration, to estimate both the thermal and non-thermal501

emission components from Tycho. Their simulation al-502

lowed electrons and hadrons to radiate in di⇥erent en-503

vironments and to be shocked at di⇥erent times. Their504

best-fit model suggested that the GeV-TeV gamma-ray505

emission is dominated by a hadronic component.506

All of the models described above were developed to507

explain the previously published GeV-TeV gamma-ray508

emission. The updated fluxes of TeV gamma-ray emis-509

sion found in this paper for energies higher than 400 GeV510

are inconsistent with all these models. The models may511

need to be re-calculated to fit the updated gamma-ray512

spectra.513

The spectral index of 2.9 measured in the energy range514

of VERITAS (E>400 GeV) is somewhat softer than515

that measured in Fermi ’s energy range (E<500 GeV).516

This may indicate a cut-o⇥ of the gamma-ray spectrum517

around a few TeV or lower. To test a possible spec-518

tral index change in the GeV-TeV gamma-ray range,519

we performed a goodness of fit test of the combined520

dataset of Fermi and VERITAS with a single power-521

law dN/dE = N0(E/1 TeV)�� and a power-law with an522

exponential cut-o⇥ dN/dE = N0(E/1 TeV)��e�E/Ecut .523

Figure 6 and Table 1 show the results. Both spectral524

forms are consistent within 2�, although we note that525

Chandra X-ray

Gamma-ray observations of Tycho’s SNR with VERITAS and Fermi 5

proving the background rejection power in the low energy358

range (Park et al. 2015a).359

3.1. Observation360

VERITAS has observed Tycho since 2008, collecting361

a total of 147 hours of data over five observing seasons,362

spanning both major upgrades of the array. The discov-363

ery of gamma-ray emission from Tycho was reported by364

VERITAS based on 67 hours of observation during 2008-365

2010. VERITAS has accumulated a total of 80 more366

hours since the detection paper, 74 hours of which were367

collected following the 2012 upgrade, with enhanced sen-368

sitivity at energies lower than a few TeV.369

Data were collected as close as possible to Tycho’s cul-370

mination, resulting in an average elevation of 55� over all371

observations. Observations were performed in “wobble”372

mode, in which the telescope is pointed 0.5� away from373

the target in the four cardinal directions (Fomin et al.374

1994).375

3.2. Analysis376

A standard Hillas moment analysis has been used for377

this study (Hillas 1985). A detailed description of378

the VERITAS data analysis procedure can be379

found in Daniel et al. (2007), and a description380

of the analysis tools can be found in Cogan et al.381

(2007). Cuts for the analysis were selected a priori to382

provide good sensitivity for a point source with 0.9% of383

the gamma-ray flux of the Crab Nebula. Cuts were opti-384

mized, using Crab Nebula data, separately for the 2009–385

2011 dataset and for the 2012–2015 dataset to account386

for instrumental changes due to the hardware upgrade.387

The optimized cuts for 2009–2011 were also used for the388

2008–2009 data after verifying their sensitivity on Crab389

Nebula data from this earlier period. Cuts were opti-390

mized to achieve a good compromise between broadband391

di�erential sensitivity and a low threshold energy. As392

a result, cuts for the 2009–2011 dataset have an energy393

threshold value at an elevation angle corresponding to394

the observations of Tycho of 800 GeV, similar to the395

analysis presented in the discovery paper, while cuts for396

the 2012–2015 set have a lower energy threshold value of397

400 GeV with similar sensitivity. A cut on the angular398

distance from the test position to the reconstructed ar-399

rival direction of the shower was set to be 0.1� for both400

sets of cuts. Results were verified with an independent401

secondary analysis (Maier 2016).402

3.3. Results403

The analysis of the combined set of VERITAS data404

detected gamma-ray emission from Tycho with a signifi-405

cance of 6.9⇥. Figure 3 shows the gamma-ray count map406

with the previously published centroid position and the407

updated centroid position. The map was smoothed with408

a Gaussian kernel with a radius of 0.06�.409

The centroid position is estimated by maximizing the410

likelihood value of the data for a given background model411

and a source model. The background model was con-412

structed from the data by estimating the spatial distri-413

bution of events outside of the source region, which was414

defined as a circle with a radius of 0.3� around the cen-415

ter of Tycho. For the source model, it is assumed that416

the gamma-ray distribution is produced by an unresolved417

Fig. 3.— Smoothed VERITAS gamma-ray count map of the re-
gion around Tycho’s SNR. The 1� statistical error on the centroid
position obtained by Acciari et al. (2011) is drawn with a blue
dashed circle. The updated centroid position is marked with a red
cross and 68 and 95% confidence levels of the position is shown with
red contours. Each contour was determined from a fit with two de-
grees of freedom. Chandra’s measurement of the X-ray emission
with energies larger than 4.1 keV is shown by the magenta con-
tours. Black contours are the 12CO (J=1-0) emission integrated
over the velocity range -68 km s�1 to -50 km s�1 using the mea-
surements from the Five College Radio Astronomy Observatory
Survey (Heyer et al. 1998). NuSTAR’s measurements of X-rays in
the energy range between 20 keV and 40 keV (Lopez et al. 2015)
after smoothing are shown by the cyan contours. The best-fit po-
sition and 68% confidence level of the updated Fermi analysis are
shown as a green x mark and circle.

point source. In this case, the source model can be de-418

scribed as an instrumental PSF. The PSF is described419

by a two-dimensional King function,420

K(r) = N0(1 + (r/r0)
2)��

where N0 is a normalization factor, r is an angular dis-421

tance from the centroid, r0 is a radius, and � is an index.422

Two parameters, the radius and index, which define423

the shape of the PSF, are fixed to the best-fit values424

from a fit to simulated data. The simulated data were425

weighted to match the observational elevation and az-426

imuth and measured spectral index of Tycho. This427

method assumes that measured event counts follow a428

Poisson distribution instead of a normal distribution,429

providing more robust estimations of centroid positions430

compared to the method used for the previous paper (Ac-431

ciari et al. 2011).432

The centroid position reported was estimated only with433

the 2012–2015 dataset because it has the highest statis-434

tics and the best angular resolution. The estimated435

centroid is RA 0h25m21s.60 ± 7s.20stat and declination436

64�704800±101200stat. Statistical error contours of the 68%437

and 95% confidence levels are shown in Figure 3 with438

the centroid. The updated centroid matches well with439

the center of the remnant. The uncertainty of VERITAS440

telescope pointing is 0.007� as measured with stars after441

optical pointing o�set correction (Gri⇥ths 2015). We es-442

timate 0.006� of combined systematic uncertainty on the443

centroid position from the shower reconstruction method444

and from the influence of the bin size of the count map445

used for the study.446

>400GeV

VERITAS Collaboration 2017 ApJ: arXiv:1701.06740

=>
Higher energy will help
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Gamma-Ray Transients
• Fast radio bursts (FRBs)
• Galactic transients 

• PWN flares
• Microquasars
• Classic novae
• Stellar bow shocks

• AGN flares
• Other magnetar powered transients

e.g., Superluminous supernovae  

=>
Larger FoV,

larger collecting area, + 
wider energy coverage

 will help!

• Gamma-ray bursts 
• Gravitational wave transients, e.g., 

Neutron star (NS-NS) mergers (kilonova)
• Astrophysical neutrino transients

Yet To Be Detected!
More
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