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High-frequency-peaked BL Lacs (HBLs) dominate the extragalactic TeV sky, with more than 50
objects detected by the current generation of TeV observatories. Still, the properties of TeV-
emitting HBLs as a population are poorly understood due to biases introduced by the observing
strategies of Cherenkov Telescopes, limiting our ability to estimate the potential contribution of
TeV blazars to the diffuse neutrino, gamma-ray, and cosmic-ray background as well as their role
in the late-stage evolution of active galactic nuclei. The VERITAS telescope array has designed
a program to quantify and minimize observational biases by selecting a sample of 36 HBLs and
measuring their TeV flux at times that are not weighted towards high-flux states. Such a survey

could form the basis for a measurement of the luminosity function of TeV-emitting HBLs.
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1. The population of TeV-emitting BL. Lacs

High-frequency-peaked BL Lac-type blazars (HBLs) are the dominant population of extra-
galactic sources at E > 1TeV. As of June 2021, they constitute at least 53 out of 89 extragalactic
sources detected by ground-based gamma-ray telescopes [1]. HBLs are likely the main contributors
to the total cosmic TeV radiation, with low-frequency-peaked BL Lacs and flat spectrum radio
quasars being detected at TeV energies only during short-duration flares, with low duty cycles, and
with very soft energy spectra that rarely extend beyond 1 TeV.

Even though more than 50 HBLs have been detected by current-generation Imaging Atmo-
spheric Cherenkov Telescopes (IACTs), the general properties of the population of TeV-emitting
HBLs, such as their spatial and luminosity distributions, are largely unconstrained due to the ob-
servational biases intrinsic to the operation of IACTs. A leading source of observational bias is the
lack of sensitive blind surveys of the extragalactic TeV sky. These cannot be efficiently conducted
with the current generation of IACTs due to their narrow field of view and limited sensitivity.
Blazars with TeV fluxes of the order of 0.01 Crab still take > 25 h of exposure to detect. In addition,
observations of TeV blazars are often triggered by flaring states, with the reported TeV fluxes not
representing the average TeV emission from a source. Water Cherenkov observatories are not
affected by the same sources of observational biases as IACTs thanks to their wide instantaneous
field of view and large duty cycle, but with the current sensitivity level of the HAWC survey only
two nearby blazars have been detected [2].

A measurement of the luminosity function of any class of sources, i.e. the number of sources
per unit volume per unit luminosity, is key to study their properties, their relationship with other
source classes, and their contribution to unresolved radiation fields. In addition, the luminosity
function of TeV-emitting HBLs can be used to constrain the intensity of the intergalactic magnetic
fields (IGMF), to understand if BL Lac-type blazars are plausible sources of astrophysical neutrinos,
and to test models for AGN evolution.

Production of multi-TeV neutrinos in astrophysical sources must be accompanied by production
of gamma rays. Barring opacity generated at the source or in intergalactic space, gamma-rays
produced in these hadronic processes would point to neutrino sources. The ratio of gamma/neutrino
luminosities depends only on the ratio of neutral/charged pions in pp and p — y interactions [3].
Most current efforts to link astrophysical neutrinos with BL Lacs are based on a handful of IceCube
neutrino events that are spatially, and some times temporally coincident with gamma-ray activity
of a BL Lac-type blazar [4, 5]. While these efforts must be continued, they do not make use of
most of the 650,000 candidate neutrino events [6] collected by IceCube that characterize the diffuse
neutrino flux and its energy spectrum. Knowing the global properties of the TeV emission from
HBLs (by measuring their luminosity function) will place a constraint on their contribution to the
extragalactic GeV background, which is the analog of the diffuse neutrino fluxes currently measured
by IceCube. Extrapolating the energy density of this contribution to that of the diffuse high-energy
neutrino flux using a power-law emission model provides an independent, population-based way to
estimate the extent to which HBL blazar jets produce high-energy neutrinos [7-9]. By using the
full IceCube neutrino data set and a complete set of TeV observations, such studies will be more
robust and constraining than current studies limited to small subsamples of TeV and neutrino data.

TeV emission from blazar jets is reprocessed into GeV radiation through pair production on the
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extragalactic background light (EBL) and the cosmic microwave background (CMB) [10]. In the
presence of a non-zero IGMF, this process can lead to the appearance of extended GeV halos around
AGN, although these have so far not been detected [11]. If the intensity of the IGMF is strong, GeV
emission produced by pair cascades would be completely isotropized and appear as a component
of the isotropic diffuse GeV emission measured by Fermi-LAT [12]. Quantitative knowledge of
the number density and intensity of TeV jets, through their luminosity function, combined with
our current knowledge on the EBL density, allows a simple estimation of how much diffuse GeV
emission is expected to arise from pair cascades, with the intensity of the IGMF being the only
variable. This has the potential to dramatically improve current constraints on the intensity of the
IGMF with a measurement that has different systematic uncertainties than searches for extended
halos, increasing our understanding of the cosmological impact of TeV blazar emission.

Flat spectrum radio quasars (FSRQs) display a positive redshift evolution at all measured
energy bands, indicating that there were more FSRQs in the past, up to a cutoff redshift [13, 14].
The situation for BL Lacs is less clear, with some samples showing positive, flat, and negative
redshift evolution [15, 16]. A possible interpretation is that BL Lacs represent an accretion-starved
end-state of an earlier merger-driven gas-rich phase (FSRQs). Under this model, BL Lacs would
evolve further into TeV BL Lacs (HBLs) where particles can be accelerated to the highest energies
due to reduced radiative cooling. This scenario can be confirmed even on small source samples
using the (V/Viax) technique [17, 18] if TeV-selected HBLs show a more negative evolution than
LAT-selected BL Lacs. In addition, the ratio of the TeV and X-ray luminosity functions of HBLs
can be interpreted as a measurement of the prevalence of TeV emission in relativistic jets. This
would allow us to answer the question of how common the presence of TeV emission is, and shed
light on the conditions under which particle acceleration to multi-TeV energies can happen.

2. The VERITAS HBL sample

The most robust way to measure the luminosity function of TeV-emitting blazars would be to
conduct a blind survey of the extragalactic sky [19, 20]. However, the population of blazars detected
by the current generation of IACTs has a spatial density of ~ 2 x 1073 deg™2. This indicates that
unless a large population of bright blazars has eluded detection, the odds of finding a new detectable
blazar with a 25 h VERITAS exposure towards a random extragalactic direction are of the order of
< 1/100.

A more efficient way to set constraints on the luminosity function of HBLs is to measure the
TeV flux of a complete sample of TeV-emitting HBLs. We started our selection with the 2WHSP
catalog [21], which cross-correlates sources with infrared spectra similar to known TeV blazars
with radio and X-ray data to calculate the location and flux density of the synchrotron peak of the
blazars. The 2WHSP catalog was recently superseeded by the 3HSP catalog [22], which uses the
same technique but updates multiwavelength data sets. The VERITAS HBL sample comprises 36
blazars selected according to the following criteria:

* Object is listed in the 3HSP catalog, indicating log(vpeax Hz > 15), i.e. a synchrotron peak
in the ultraviolet to X-ray range (see Figure 1).
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Figure 1: Distribution of the frequency where the synchrotron peak is located (vpeak) and the flux at the
synchrotron peak (Vpeak F Vpeak) as estimated in the 3HSP catalog [22] for the VERITAS HBL sample.

* Object is at declination 1.7° < decl. < 61.7° to guarantee good observing conditions with
VERITAS.

* Object is at galactic latitude |b| > 10° to avoid incompleteness in seed catalogs near the
galactic plane.

* Object has an estimated flux at the synchrotron peak of 1og[vpeak Fy,., / (€rg cm2s™hH] >
—11.2 to focus observing efforts on sources with potential to be detected with VERITAS in
< 25h of exposure (see Figure 1).

The above selection criteria result in 36 northern HBL objects listed in Table 1, 21 of which are
reported in TeVCat [1]. The sources span a range of redshift 0.03 < z < 0.36, with four sources
having unknown or uncertain redshift (Figure 2).

3. VERITAS observations

The VERITAS observatory [23, 24] is an array of four imaging atmospheric Cherenkov tele-
scopes located at the Fred Lawrence Whipple Observatory in southern Arizona (31° 40’ N, 110°
57" W, 1.3km a.s.l.). Each telescope consists of a 12 m diameter reflector and a photomultiplier
camera covering a field of view of 3.5°. The array has an effective area of ~ 5 x 10* m? between
0.2 and 10 TeV.

VERITAS detects a source with 1% of the Crab Nebula flux! in ~ 25 h of exposure, covering
the energy range between 0.1 TeV to > 30 TeV. The angular and energy resolution for reconstructed
gamma-ray showers are ~ 0.1° and 15%, respectively, at 1 TeV.

Since the start of four-telescope operations in 2007, VERITAS has collected more than 2000
hours of exposure on the 36 sources that form the VERITAS HBL sample. This includes 155h of
dedicated observations between 2019 and 2021 that were obtained in order to achieve a sensitivity
of ~ 1% of the Crab Nebula flux for all objects. To avoid biasing the flux measurements towards
flaring states, archival data were filtered by looking at observation logs and removing VERITAS
observations that were triggered by high flux states detected at other wavelengths (optical, X-ray,

11Crab=2.1x 107 1%m 257! at E > 0.2 TeV [25]
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Figure 2: Redshift distribution of the sources in the VERITAS HBL sample. Sources with uncertain redshift
can be incorporated into the calculation of the luminosity function by assuming a probability density function
for their redshift that takes into account redshift constraints [15].

GeV), alerts and ATel notifications from other TeV observatories, or self-triggered by high flux
states or signal excesses measured with VERITAS or the Whipple 10-m telescope. This typically
results in the exclusion of ~ 30% of the data in the VERITAS archive, although that figure varies
significantly from source to source.

Analysis of the VERITAS data obtained so far is underway, with all additional observations
expected to be completed in the 2021-22 season [26]. Once flux measurements or upper limits
have been derived for all 36 sources in the VERITAS HBL sample, constraints on the luminosity
function can be derived by estimating, via simulations, the completeness of the VERITAS survey
and that of the seed 3HSP catalog, following established techniques [15]. Simulation work indicates
that VERITAS will be able to constrain the spectral index of a power-law luminosity function with
an expected uncertainty of 30%, and would be will be sensitive to potential redshift evolution by
detecting 10%-level deviations from 0.5 in (V/Viax) [27].

Results from the distribution of TeV fluxes from the VERITAS HBL sample and the resulting
measurement of the luminosity function will provide constraints to the total amount of TeV radiation
produced by HBLs, informing future studies with the Cherenkov Telescope Array. While HBLs are
the dominant class of extragalactic TeV sources, VERITAS is also conducting studies to constrain
the contribution from low- and intermediate-frequency peaked BL Lacs and flat spectrum radio
quasars [28] to the cosmic TeV flux from blazars.
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Object RA (J2000) decl. (J2000) v4 TeVCat?
1ES 0120+340 01:23:08.6  +34:20:48.5 0.270

RGB J0136+391 01:36:32.6  +39:05:59.2 Y
RGB J0152+017 01:52:39.6  +01:47:17.4  0.080 Y
1ES 02294200 02:32:48.6  +20:17:17.3 0.139 Y
RGB J0316+090 03:16:12.7  +09:04:43.2 0.372

1FGL J0333.7+2919 03:33:49.0 +29:16:31.5

GB6 J0540+5823 05:40:30.0  +58:23:38.4

1ES 0647+250 06:50:46.5  +25:02:59.5 0.203 Y
RGB J0710+591 07:10:30.1  +59:08:20.5 0.120 Y
PGC 2402248 07:33:26.8  +51:53:55.9 0.090 Y
1ES 0806+524 08:09:49.2  +52:18:58.3 0.137 Y
87GB 083437.4+150850 08:37:24.6  +14:58:20.6  0.278

RGB J0847+115 08:47:12.9  +11:33:50.2 0.198 Y
RX J0910.6+3329 09:10:37.0  +33:29:24.4  0.350

B2 0912+29 09:15:52.4  +29:33:24.0 0.190

1ES 1011+496 10:15:04.1  +49:26:00.8  0.200 Y
1ES 1028+511 10:31:18.5  +50:53:359 0.360

RGB J1037+571 10:37:44.3  +57:11:55.7 0.330

RGB J1058+564 10:58:37.7  +56:28:11.2 0.143

Mrk 421 11:04:27.3  +38:12:31.9 0.030 Y
RX 1117.1+2014 11:17:06.3  +20:14:07.5 0.138

1ES 1218+304 12:21:22.0  +30:10:37.2  0.180 Y
MS 1221.8+2452 12:24:24.2  +24:36:23.6  0.218 Y
S3 1227425 12:30:14.1  +25:18:07.1  0.135 Y
RGB J1243+364 12:43:12.7  +36:27:44.0 0.310

RBS 1366 14:17:56.7  +25:43:25.9 0.240

H 1426+428 14:28:32.6  +42:40:21.0 0.129 Y
RGB J1439+395 14:39:17.5  +39:32:42.8 0.344

1ES 1440+122 14:42:48.2  +12:00:40.3 0.160 Y
PG 1553+113 15:55:43.0  +11:11:244  0.360 Y
Mrk 501 16:53:52.2  +39:45:36.5 0.030 Y
H 1722+119 17:25:04.3  +11:52:15.5 0.180 Y
1ES 1727+502 17:28:18.6  +50:13:10.5 0.055 Y
RGB J1838+480 18:38:49.1  +48:02:34.4 0.300

RGB J2243+4203 22:43:54.7  +20:21:03.8 Y
B3 2247+381 22:50:05.7  +38:24:37.2 0.119 Y

Table 1: The VERITAS HBL sample. Some of the quoted redshifts are uncertain.
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