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VERITAS: Ground-based 𝜸-ray Observatory
Field of View 3.5º diameter

Energy Range ~85 GeV to ~30 TeV

Effective Area ~105 m2 at 1 TeV

Sensitivity 1% Crab in <25 h

Angular Resolution (r68) ~0.08º @ 1 TeV

Energy Resolution ~17%

Sys. Errors: Flux ~20%

Sys. Errors: Spectral Index ~ 0.1A&A 658, A83 (2022)
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Fig. 13. Reconstructed flux of the Crab Nebula above 200 GeV, using 1-day bins and IRFs that correctly match the instrument throughput for
each period. Results are obtained applying moderate cuts to runs with mean elevation >50�. Left panel: each color represents an IRF period. The
blue dot-dashed curve represents the reference Crab Nebula spectrum of Meagher (2015) integrated above 200 GeV, horizontal solid black lines
represent the season-average fluxes, while dashed horizontal curves show the standard deviation of the fluxes for each season. Right panel: shown
in gray is the distribution of fluxes for all seasons combined, with a fit to a Gaussian shape as a solid black line. The dashed black curve shows the
equivalent result when throughput changes are not taken into account in the IRFs. The vertical blue dashed line shows the reference Crab Nebula
flux from Meagher (2015).

Fig. 14. Flux dispersion (�/µ) as a function of threshold energy for
light curves similar to the one of Fig. 13, using moderate cuts. Taking
into account the throughput evolution brings down the statistical uncer-
tainties from ⇠15% baseline to ⇠10%.

ignoring possible correlations. As a caveat, some of the men-
tioned sources of systematic uncertainty are energy dependent
and introduce an error on the reconstructed spectral slope, result-
ing in larger uncertainties for the steepest spectra. The total sys-
tematic uncertainty on the absolute flux level is estimated to be
⇠25% for a �-ray source with a spectral index of ⇡2.5. Starting
from ⇠10 TeV, where the calibration of the low- and high-gain
channels and saturation e↵ects begin to be important, an addi-
tional 5�10% would have to be added in quadrature. Similarly,
we estimate the systematic uncertainty on the spectral index to
be ±0.2 for sources with Crab Nebula-like spectra. For sources
with steeper spectra, the corresponding photon flux is domi-
nated by the emission at the lowest energies, where many of the
systematic uncertainty components that we mentioned become
most relevant. In addition, the impact of the energy scale errors
on the absolute flux become significantly larger and their esti-
mation requires a case-by-case study, beyond the scope of this
document.

Additional sources of systematic uncertainties not directly
linked to the telescope performance have not been included in
this work. Nonetheless, some might have relevant implications
in long-lived ground-based astronomical installations, including
VERITAS. A good example of this is the long-term evolution of
NSB (Massey & Foltz 2000) due to an increased human activity

over time and changes in street lamp technology: from sodium
lamps to LED-based illumination, likely brighter at short wave-
lengths Sánchez de Miguel et al. (2017), where IACTs are most
sensitive. Such long-term variations are likely more evident in
the direction of largely populated areas, for example, Tucson (to
the north) and Nogales (to the southwest) areas, and might have
a significant impact during observations at low elevations. Since
VERITAS simulations are produced for di↵erent NSB levels and
IRFs are interpolated to match the NSB level of each data run,
this e↵ect is corrected to first order in the standard analysis.

7. Conclusions

After almost 15 years of operations, VERITAS performance has
changed due to a combination of hardware upgrades (relocation
of T1, camera and camera electronics upgrades), aging of the
di↵erent components, and maintenance duties, such as recoating
of the most degraded mirror facets. With this work, we aim to
document the calibration e↵orts that have been carried out by
the VERITAS Collaboration during this time.

As a first step, we described in Sect. 3 the di↵erent
approaches that are used to monitor the behavior of the instru-
ment, measuring the gains of each pixel, the relative evolution of
the average camera gain over time, and the changes of reflectiv-
ity and optical throughput due to telescope aging. The described
methodology, now well defined, will continue to be used for the
upcoming years of VERITAS operations and we are confident it
will serve for other experiments as well.

In Sect. 4, we detailed the implementation of the proposed
throughput calibration method in our software pipelines. It is
based on correction factors for the optical throughput or reflec-
tivity ri and the average gain of the camera gi, which we com-
bined into a total throughput factor ti. We showed how the
application of the throughput factors to the measured signals
of the simulated events could be used to produce throughput-
calibrated IRFs for VERITAS. These response functions can
be used to analyze real showers and derive the corrected par-
ticle shower energy and source fluxes. Finally, using the time-
dependent response functions obtained, we evaluated the impact
of the throughput changes on the performance of VERITAS
using di↵erent metrics such as the sensitivity and the energy
threshold.
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Long-term instrument response well understood: 
(Adams et al., A&A 658, A83 (2022)):

Aurora Interruptions, 5th May 2024
Photo credit: John Quinn

Lifelong Swift Coordination
• Swift data in 63 of VERITAS’ 

peer-reviewed publications
• Swift observations regularly 

matched with VERITAS
• Monitoring
• Single-exposure 
• Preplanned and ToO

First Light 
2007



Gamma-ray Binaries
• Massive star +  compact object (BH or NS)
• Periodic emission peaking > 1MeV.
• Natural particle accelerators with changing but regularly repeating environmental conditions.
• Provide a laboratory for particle acceleration, and gamma-ray production, emission and absorption 

processes.
• Each system unique – the population, as well as the data quality, is increasing.

Credit: Guillaume Dubus



Predicting TeV Emission From HESS J0632+057

2007:
HESS discovers 

TeV point 
source 

2009: VERITAS shows variability

2011: 
With Swift , a 315-
day period in X-
rays identified.

2012: VERITAS + 
XRT lightcurves

2009-2011: 
Swift provides good 

coverage to 
understand variability



Gamma-ray Blazars
• Geometrically-selected jetted 

quasar.
• Powered by supermassive 

black holes at center.
• Produce beamed non-thermal 

emission
• Potential progenitors of 

neutrinos and ultra-high-
energy cosmic rays.
• Most commonly detected type 

of gamma-ray emitter.

Image credit: Ajello et 
al., ApJ 892, 105 

(2022) 

Image credit: 
Gao et al., Nature 

Astronomy 3, 88-92 (2019)



How are TeV photons made in blazars? 

Synchrotron Self-Compton (SSC)

External- Compton (EC)

Photomeson processes

Bethe-Heitler process

From The VERITAS Collaboration, ApJ, 954, 70 (2023)



Enhancing VERITAS Blazar Studies with Swift 

• Provides broadband 
perspective on gamma-ray 
blazars
• VERITAS observations made to 

match Swift exposures, e.g. Mrk 
421
• 26 hours simultaneous data of 

Mrk 421
• Strong evidence that the X-ray 

and TeV photons result from the 
same population (SSC)

Credit: Connor Mooney, PhD Candidate, University of Delaware

• Nearly 20 years of VERITAS +Swift coordination 



Enhancing VERITAS Discoveries with Swift
• Gamma-ray photons likely derived from X-

ray photons
• Necessitates contemporaneous X-ray-TeV 

observations for emission modeling
• Many ToO observations with Swift GO
• PI D. A. Williams: 17 published, 3 in prep
• VERITAS discovery of blazar gamma-ray 

emission → Swift ToO
• Constrain emission zone size with variability
• Model optical + Swift + Fermi + VERITAS 

broadband SED
• Many Swift ToO requests outside of GO
• A. Falcone provides regular coordination
• ++ VERITAS members requesting 1-6 exposures 

per month

++

Abeysekara et al. 2015, ApJL

PKS 1441+25



A multi-wavelength Study to Decipher the 2017 Flare 
of the Blazar OJ 287

• Gamma-ray discovery triggered by XRT

• Strong signs of activity in UV/X-ray starting in middle of 2016

• VERITAS observed for months starting 2016

• TeV discovery by VERITAS in February 2017, coincident 
with Swift detected X-ray flare 

• Three states investigated

• Low state: MJD 57731-57740 & MJD57765-57777

• Flare: MJD 57785-57789

• Post-flare: MJD 57813-57843

O’Brien and Hervet for the VERITAS Collaboration (2024) ApJ, 973



A flaring blob in a steady jet

Low state

Flare
Post-flare

A multi-wavelength Study to Decipher the 2017 Flare 
of the Blazar OJ 287

• Variability can be explained by a variation of the blob’s  Doppler 
factor δ

• The abrupt change of δ is consistent with a strong recollimation 
shock (e.g. Hervet+ 2017)

• Contemporaneous radio observations suggest the flare originates 
within a radio knot ~10pc from the core (Lico+ 2022)

O’Brien and Hervet for the VERITAS Collaboration (2024) ApJ, 973



• Possible association with IceCube-211208A (Eν=171 TeV; Dec 2021).
• Swift, NuSTAR, LAT and optical show historically high flux and daily variability.

Multiwavelength Observations of the Blazar PKS 0735+178 in Spatial and Temporal 
Coincidence with an Astrophysical Neutrino Candidate IceCube-211208A

Feng, VERITAS + HESS 2023ApJ...954...70A

• Swift provides 
measurement in 
quiescence + flare

• Year timescale

• Historic high 
fluxes 
coincident with 
the neutrino.

• Day timescale

• Swift observed  
X-ray variability 
constrains             
R < ~5e16 cm



• Upper limits from H.E.S.S. and 
VERITAS indicate cutoff at 100 GeV.

• Swift XRT provide constraint at 
transition from synchrotron bump 
to inverse-Compton bump

• External soft photon field is 
necessary to explain SED

• With BLR photon field: 
• purely leptonic external inverse-

Compton model can explain the 
photon emission.

• dominate at multi-GeV and cutoff 
above 100 GeV.

• Lepto-hadronic with external target 
photons also explain neutrino rate

Feng, VERITAS + HESS 2023ApJ...954...70A

Multiwavelength Observations of the Blazar PKS 0735+178 in Spatial and Temporal 
Coincidence with an Astrophysical Neutrino Candidate IceCube-211208A



Nearly 20 Years of High Impact Collaboration
• Swift continues to provide critical insight on the particles that are responsible for 

TeV emission
• Gamma-ray binaries

• Blazars

• MM studies involving possible neutrino association with gamma-ray emission

• Follow up of Swift GRBs [1, 2, 3]

• VERITAS triggers Swift + Swift triggers VERITAS + MM facilities trigger both

• Contemporaneous Swift exposures have been an integral part of the VERITAS 
observing plan for nearly 20 years
• Benefit from both GO Program and accommodating ToO coordination

• VERITAS looks forward to continued coordination with Swift

https://iopscience.iop.org/article/10.1088/0004-637X/743/1/62
https://iopscience.iop.org/article/10.1088/2041-8205/795/1/L3
https://iopscience.iop.org/article/10.3847/1538-4357/aab371/meta


A thank you from VERITAS to the Swift team!

VERITAS Collaboration Meeting, Oxford UK, July 2024


